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Abstract

Background: Allergic rhinitis (AR) is globally prevalent and its pathogenesis remains unclear. Alternative
activation of macrophages is suggested in AR and thought to be involved in natural immunoregulatory
processes in AR. Aberrant activation of Nod-like receptor protein 3 (NLRP3) inflammasome is linked with
AR. Human placenta extract (HPE) is widely used in clinics due to its multiple therapeutic potential carried
by diverse bioactive molecules. We aim to investigate the effect of HPE on AR and the possible
underlying mechanism.

Methods: Ovalbumin (OVA)-induced AR rat model was set up and treated by HPE or cetirizine. General
manifestation of AR was evaluated along with the histological and biochemical analysis performed on
rat nasal mucosa. A proteomic analysis was performed on AR rat mucosa. Mouse alveolar macrophages
(MH-S cells) were cultured under OVA stimulation to investigate the regulation of macrophages
polarization. The morphological changes of nasal mucosa, the expression of NLRP3 inflammasome and
immunity-related GTPase M (IRGM) in nasal mucosa as well as in MH-S cells were evaluated respectively.

Results: The general manifestation of AR along with the histological changes in nasal mucosa of AR rats
were improved by HPE. HPE treatment suppressed NLRP3 inflammasome and the decline of IRGM in AR
rats and MH-S cells. HPE regulates macrophage polarization through IRGM/ NLRP3 in AR.

Conclusions: HPE had protection for AR and the protection is achieved partly through suppressing M1
while promoting M2, the process which is mediated by IRGM via inhibiting NLRP3 inflammasome in AR

Background

Allergic rhinitis (AR) is a common disorder involving nasal mucosa. The classic symptoms, which are
often triggered by airborne pollens, molds, dust mites and animal dander, include sneezing, rhinorrhea,
nasal obstruction and nasal itching [1]. Epidemiologic studies suggest that 20 to 30% of adults and up to
40% of children are affected by AR and incur not only poor quality of life but heavy societal burden [2].
Though the pathogenesis of AR remains unclear, it is generally considered that the predominant process
in this allergic inflammation is IgE-mediated immune responses to environmental allergen exposure [3].
Multiple inflammatory cells, such as B and T cells, eosinophils, basophils and mast cells, are involved in
this inflammatory process [4]. Macrophages, as the important constituent of innate and adaptive
immunity, act not only as antigen-presenting cells but have been thought to be involved in the regulation
of the allergic immune responses by virtue of their ability to produce cytokines and inflammatory
mediators [5, 6]. It is well recognized through large amounts of researches that macrophages are
heterogeneous and the delicate balance between the polarization of M1 and M2 are critical to the fate of
an organ in inflammation or injury [7]. Recently the alternative activation program in macrophages is also
implied in AR and the study suggested M2 macrophages may play an important role in natural
immunoregulatory processes in AR [8].
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Nod-like receptor protein 3 (NLRP3) inflammasome, a key component of a multiprotein complex, belongs
to the Nod-like receptors (NLRs) family and can be activated by diverse stimuli, e.g. RNA viruses,
endogenous danger signals and environmental irritants®. The assembly and activation of NLRP3
inflammasome complex results in the activation of caspase-1, which subsequently activate the
precursors of the inflammatory cytokines IL-18 and IL-18 [9]. It has been implicated that the activated
NLRP3, along with the increased caspase-1, IL-1B3 and IL-18 either in patients or mice with AR, promotes
the progression of AR, however suppression of NLRP3 ameliorates the nasal inflammation in AR mice
models [10, 11]. Recently macrophages have been suggested to be involved in this contribution of NLRP3
to the development of AR via NLRP3-mediated pyroptosis [6]. Nevertheless the underlying mechanism of
the role of macrophages in AR is far from being elucidated and the relationship between NLRP3 and
polarization in macrophages need to be investigated.

Human placenta extract (HPE), prepared from the placenta of healthy pregnant females, is known to have
diverse bioactive molecules with therapeutic potential for multiple uses including fatigue relief, skin
whitening, wound healing and Anti-Aging [12-14]. HPE was also reported to have anti-stress effects,
improve liver regeneration and reduce inflammation as well [15-17]. However, the effect of HPE on AR
remains to be explored. Therefore, in the present study, we set up an ovalbumin (OVA)-induced AR rat
model and evaluated the effects of HPE on AR. To investigate the underlying mechanism of the allergic
inflammation in AR, a proteomics analysis as well as macrophages experiments in vitro were performed
to reveal the possible regulation of polarization in macrophages.

Materials And Methods
Antibodies and other reagents

HPE used in the present experiments was commercially obtained from Handan Kangye Pharmaceutical
Co. Ltd (Handan, Hebei, China). OVA was obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Antibodies against IRGM (GTX85038), IL-6 (GTX110527), and caspase 1 p10 (GTX134551) were
purchased from GeneTex (Alton Pkwy Irvine, CA, USA). Antibodies against NLRP3 (ab263899), interleukin
(IL)-1B (ab254360), IL-18 (ab191860) and B-actin (ab8226) were purchased from Abcam (Cambridge,
UK). Antibodies for TNF-a (60291-1-Ig), IL-10 (60269-1-Ig), Arg-1 (16001-1-AP), and CD206 (18704-1-AP)
was purchased from Proteintech (Chicago, IL, USA). Antibody for ASC (67824) was from Cell Signaling
Technology (Beverly, MS). The goat anti-rabbit or mouse IgG-HRP secondary antibody was purchased
from Zhongshan Golden bridge Biotechnology (Beijing, China). Alexa Fluor® 647 Rat Anti-Mouse CD206
(56525, ),PE Rat Anti-Mouse F4/80 (565410), and FITC Rat Anti-Mouse CD86 (561962) were purchased
from BD PharmingenTM. IRGM siRNA (sc-41794) was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). NLRP3 siRNA was obtained from Gene Pharma Biotechnology (Shanghai, China). FUGENE-HD
transfection reagent was obtained from Promega (Madison, WI, USA). Hematoxylin-Eosin (H&E), Giemsa
and Alcian blue-Periodic acid Sciff (AB-PAS) staining kits were bought from Solarbio (Beijing, China),
while Takara (Shiga, Japan) was the source of SYBR Premix Ex Taq Il. The IRGM, IL-4, IL-5, IL-12, IL-13,
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SIgE and Histamine enzyme-linked immunosorbent assay (ELISA) kits were purchased from Mbbiology
Biological Technology Co., Ltd. (Yancheng, Jiangsu, China). All culture media and fetal bovine serum
(FBS) were obtained from Gibco-BRL (Grand Island, NY, USA).

Animal model

Thirty male Sprague-Dawley (SD) rats (body weight: 200-220 g) were obtained from Weitonglihua
Company (Beijing, China) and housed in a level specific pathogen free (SPF) animal room at room
temperature 22-24°C with free access to water and food. The experiments and all the protocols were
approved by the Ethics Review Committee for Animal Experimentation of Hebei Medical University
(IACUC-Hebmu-PD-2021016). After a week of acclimation period, the rats were randomly divided into five
experimental groups (n = 6): control group (Control), AR model group (AR), HPE treatment group (AR +
HPE), solvent control group (AR + V) and cetirizine treatment group (AR + C). AR model rats were
sensitized using OVA as follows. Ovalbumin (0.3mg) diluted in 1 ml sterile saline was administered along
with Al(OH)5 (30mg) to unanesthetized animals seven times by intraperitoneal (i.p.) injections on day 1, 3,
5,7,9,11 and 13. Daily intranasal instillation with 50 mg/ml OVA (diluted with sterile saline, 20 pL per
rat) were subjected from days 15 to 17, then instillation with T00mg/ml OVA from days 18 to 21. The
control group were treated with the same volume of sterile saline and Al(OH)5 without OVA with the same
protocol instead. Once OVA-induced allergic rhinitis model established, the following treatments were
performed on rats every 2 days in each group from days 28 to 46: rats in AR + HPE group or AR +V group
were intraperitoneally injectied with HPE solution (4ml/5ml/kg) or vehicle (phenol solution made with
saline, 2mg/5ml/kg) respectively; and rats in AR + C group were intragastrically administered with
5mg/5ml/kg cetirizine. The experimental process of AR mouse model is depicted in Fig. TA. At the end of
the experiment, the rats were anesthetized with sodium pentobarbital (150mg/kg, i.p.) and the blood of
rats were collected before euthanasia. The nasal mucosal tissues of rats were also collected after
sacrifice.

Behavioral assessment

24 hours after the last OVA administration (day 46), the frequency of nose-rubbing, the degree of runny
nose, and the number of sneezes within 30 min were recorded. A scoring system was set up as follow to
evaluate the symptoms of rhinitis. Nose-rubbing: 1-4 times, 1 point, >4 times, 4 points; Runny nose: flow
to the anterior nostrils, 1 point, over the front nostrils, 2 points, over the face, 3 points; Sneezing: 1-3
sneezes, 1 point; 4—10 sneezes, 2 points; >11 sneezes, 3 points. The rat with the total score over 5 points
was regarded as the successful AR model.

Histological analysis of nasal mucosa

Nasal mucosa specimens were fixed in 10% neutral-buffered formalin overnight and then subject to
alcohol and xylene dehydration respectively. Dehydrated specimens were immersed in paraffin and cut
into 4-um-thick sections. The sections were then dewaxed and stained with hematoxylin and eosin (H&E),
Alcian Blue and Periodic acid-Schiff (AB-PAS) or Giemsa staining according to the manufacturer's
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instructions. The final stained sections were photographed under a light microscope (BX-50 Olympus) at
200x magnification.

Immunofluorescence assays

The immunofluorescence samples were incubated with anti-TNF-a (1:600), anti-CD206 (1:1000), CD68
(1:1000) and IRGM (1:400) at 4°C overnight, and cell nuclei were counterstained with 4'6-diamidino-2-
phenylindole (DAPI). The stained samples were imaged using an Olympus microscope (Olympus
Corporation, Tokyo, Japan).

LC-MS/MS analysis and differentially expressed protein
quantification

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis was performed at PTM
BIO (PTM Biolabs, Hangzhou, Zhejiang, China). Briefly, nasal mucosa tissues were collected and
digested. The tryptic peptides were cleaned with C18 ZipTips (Millipore) according to the manufacturer's
instructions, followed by analysis with LC-MS/MS. The resulting MS/MS data were processed by using
MaxQuant with integrated Andromeda search engine (version 1.5.2.8). False discovery rate thresholds for
protein and peptide were specified at 1%. The subcellular localization prediction analysis of differentially
expressed proteins was using Wolfpsort. The GO, domains, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were used for functional enrichment analyses. A protein with a fold change > 1.5, and
the presence of least 2 unique peptides with a P value <0.05, was considered to be differentially
expressed protein.

Cell culture and treatments

The mouse-derived alveolar macrophage cells, MH-S cell line was obtained from the National
Infrastructure of Cell Line Resource (Being, China). Cells were cultured in DMEM supplemented with 10%
fetal bovine serum, 100U/ml penicillin, 0.1mg/ml streptomycin at 37°C in a humidified incubator with 5%
CO,. MH-S cells were stimulated with different doses of OVA for 24 h to determine the best stimulation
time and concentration. Cell viability were assessed with Cell Counting Kit-8 (CCK-8, HY-K0301,
MedChemExpress, USA). MH-S cells were divided into five groups: cells in the control group were
maintained with DMEM;cells in the OVA group were incubated with 10 ug/ml ovalbumin (OVA) for

24h cells in HPE treatment group, HPE (10 uM) were added 1h before OVA stimulation cells in vector
control group, the same of volume of phenol solution (0.4mg/ml) were added 1h before OVA stimulation,
and for the cetirizine treatment group, 5mM cetirizine added 1h before OVA stimulation. In addition, to
investigate the signaling pathway which may regulate the function of macrophages in AR, thus further to
reveal the underlying mechanism of the protective effect of HEP on AR, MH-S cells were transfected with
Irgm overexpression plasmid pcDNA3.1(+), IRGM siRNA or NLRP3 siRNA for 24h, and then treated with
HPE (10 uM) for 1h before OVA stimulation. The siRNA duplexes used were: IRGM-siRNA-1, 5
GGGCUGGGAUUCUGUCAUA-3'; IRGM-siRNA-2, 5-GA GGTGATCTCTAACATCA - 3'; IRGM-siRNA-3, 5'-
TGGCAATGGCATG TCATCTT-3'; NLRP3-siRNA, 5-CATGAAGAGAACTTTCATGAGTG TC-3'; Scr-siRNA, 5'-

CGUACGCGGAAUACUUCGAUU-3'. All cell experiments were repeated independently at least three times.
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Enzyme-linked immunosorbent assay (ELISA)

Blood samples of each rat and the supernatants from different groups of MH-S cells were collected
respectively. The levels of inflammatory cytokines (IL-4, IL-5, IL-12, IL-13), anti-OVA specific IgE and
histamine were measured using commercially available ELISA kits according to the manufacturer’s
recommendations. The amount of cytokine was calculated from the equation obtained from a standard
curve plot for each cytokine standard solution in the kit.

Protein extraction and Western blotting analysis

Cell lysate was extracted from nasal mucosa tissues and MH-S cells on ice with RIPA lysis buffer
(Millipore, Billerica, MA, USA) according to the standard procedure. Equal amounts of total protein (30
ug/lane) were loaded and resolved by 10% sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA).
After blocking with 5% skimmed milk, the membranes were incubated with primary antibodies (anti-
NLRP3, IRGM, ASC, IL-1B, Caspasel p10, TNF-g, CD206, IL-6, IL-10 and B-actin) overnight at 4°C. Image
acquisition was performed using the chemiluminescent Amersham Imager 600, and band densitometry
was performed using ImageJ software (NIH).

RNA isolation and quantitative real-time RT-PCR

Total RNA and then cDNA were prepared from nasal tissues and cultured MH-S cells using TRIzol reagent
(Invitrogen, Carlsbad, CA) and Takara RNA PCR kit (AMV) Ver. 3.0 (Takara Bio Inc., Shiga, Japan). PCR
primers (Table 1) were designed and synthesized by Sangon Biotech Co, Ltd. (Shanghai, China). Real-
time PCR was performed using SYBR Premix Ex TagTMIl and reactions were performed on Agilent
Mx3000P QPCR Systems (Agilent, CA). The levels of target mRNA were normalized to 18s rRNA and all
experiments were repeated at least three times.
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Table 1

The sequences of PCR primer pairs used in this study

Gene Forward primers (5-3") Reverse primers (5-3")
Rat-NLRP3 CCTGGGGGACT TTGGAATCAG GATCCTG ACAACAC GCGGA
Rat-ASC GTGGGTGGCTTTCCTT GATT TTGTCTT GGCTGGTGGTC TCT
Rat-IL-13 GCCCATCCTCTGTGAC TCAT AGGCCACAGGTATTTTGTC
Rat- TTTCCGCAAGGTTC GATTTTCA GGCATCTGCGCTCTAC CATC
Caspase-1 p10
Rat-ACSM3 AGGAAGATGCTACGTCATGCC ATCCCCAGTTTGAAGTCCTGT
Rat-Tmed7 TTGGAGAAGACCCACCTTTG GCCCTATGCTAACCACCAGA
Rat-IRGM ATGACATACTCAGCACCGGC AGTACTCAGTCCGCGTCTTCGT
Rat-lghm CATCCCTCCCTCCTTTGC TCATAGGTGCCCAGGTTTG
Rat-Agt CATCTTCCCTCGCTCTCTG GCCTCTCATCTTCCCTTGG
Rat-Ank ATGTGGACCTTCATCA AGGGGCAAGCAGTGA
Rat-Adh7 ACCCGAAGCGGACATT GGCATCTCCCTGAACG
Rat-GAPDH GGCAAGTTCAACGGCACAGT ATGACATACTCAGCACCGGC
Mouse-NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
Mouse-ASC CTTGTCAGGGGATGAACTCAA CTGGTCCACAAAGTGTCCTGT
Mouse-IL-13 TGCCACCTTTTGACAGTGATG TGTGCTGCTGCGAGATTTGA
Mouse-Caspase-1 p10  CACAGCTCTGGAGATGGTGA CTTTCAAGCTTGGGCACTTC
Mouse-IL-6 AGACAAAGCCAGAGTCCTTCAGAGA  GCCACTCCTTCTGTGACTCCAGC
Mouse-TNF-a ACGTGGAACTGGCAGAAGAG CTCCTCCACTTGGTGGTTTG
Mouse-Arg-1 AGACAGCAGAGGAGGTGAAGAGTAC GGTAGTCAGTCCCTGGCTTATGGT
Mouse-IL-10 CGACGCTGTCATCGATTTCTC CAGTAGATGCCGGGTGGTTC
Mouse-18s CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT
Flow cytometry assays

At the end of cell experiments, MH-S cells were harvested and M1 and M2 as well as microphases marker
were detected with flow cytometry (FACSCalibur, BD Biosciences) by detecting labeled FITC anti-CD86,
Alexa Fluor® 647 anti-CD206 and PE anti-F4/80, The percentage of M1 or M2 was analyzed using
FlowdJo 10 software (FlowJo LLC).
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Statistical analysis

The results from at least three independent experiments are expressed as the mean + standard error of
the mean. Statistical analysis of the data was performed with one-way analysis of variance (ANOVA)
followed by a Dunnett's test for multiple comparisons. GraphPad Prism 5.01 (GraphPad Software Inc.)
was used for data analysis and statistical significance was set at P<0.05.

Results

HPE improves the general manifestation of AR

1. HPE relieves the symptoms of AR

AR rat model was successfully established according to the symptom scoring methods described before.
The number of sneezes and nose-rubbing events within 30 min were significantly increased in
OVA-induced rats (AR rats) compared to control, while AR rats treated with HPE or cetirizine showed much
less sneezes or nose rubbing than AR rats (Fig. 1B and C). The frequency of AR symptoms in vector only-
treated AR rats is similar to that in AR rats (Fig. 1B and C). No significant differences were found between
HPE and cetirizine treatment group (Fig. 1B and C). These results demonstrated that HPE administration
significantly relieved the symptoms of AR in rats.

2. HPE decreases serum proinflammatory cytokine levels in
AR

To assess the degree of AR-associated inflammation, the serum levels of several inflammatory cytokines
were determined by ELISA. The levels of Th2 cytokines, IL-4, IL-5 and IL-13, were significantly increased in
AR rats compared with those in control group (Fig. 1D-F). Administration of HPE or cetirizine significantly
decreased the IL-4 and IL-13 levels, but the effect on IL-5 did not reach significance (Fig. 1D-F).
Conversely, the level of IL-12, a Th1 cytokine, markedly dropped in AR rats comparing to control rats,
whereas HPE or cetirizine treatment substantially reverse this decline in rats with AR (Fig. 1G).
Furthermore, HPE or cetirizine treatment showed obvious suppression on the levels of OVA-induced IgE
and histamine in AR rats (Fig. TH and I). The efficacy between HPE and cetirizine showed no significant
difference and the vector treatment showed no significant effects on AR rats (Fig. 1).

HPE improves the histological changes of the nasal
mucosa in AR rats

The effects of HPE on the histological changes in nasal mucosa was evaluated by HE, Giemsa, AB-PAS
and Masson trichrome staining. H&E and Giemsa staining showed the nasal mucosa of rats in the
control group were in normal state as the lining epithelia kept intact without inflammatory cell infiltration
(Fig. 2A). By contrast, broken and exfoliated epithelia with plenty of eosinophils and mast cells infiltration
were observed in the nasal mucosa of AR rats (Fig. 2A-C). HPE or cetirizine treatment greatly improved
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the changes of nasal mucosa from the AR rats with much less eosinophils and mast cells infiltration than
those from none or vector only-treated AR rats (Fig. 2A-C).

Goblet cells in nasal mucosa of rats were visualized by AB-PAS staining, which showed the characteristic
mucin in goblet cells as turquoise vesicles (Fig. 2A). A great many of large mucinous vesicles in AR group
confirmed the prominent hypertrophy and proliferation of goblet cells in the nasal mucosa in AR (Fig. 2A).
HPE or cetirizine treatment greatly reduced both the number and the size of goblet cells in AR rats (Fig. 2A
and D). In addition, Masson staining was performed to assess the distribution of extracellular matrix
(ECM) in the nasal mucosa, and the results showed enhanced ECM deposition, presenting as more and
darker blue areas in nasal mucosa of AR rats compared to control group (Fig. 2A and E). Apparently, HPE
or cetirizine treatment effectively prevented collagen deposition in AR rats (Fig. 2A and E). Neither the
comparison between HPE-treated and cetirizine-treated groups nor that of between AR rats without and
with only vector treatment showed significant differences (Fig. 2).

HPE suppresses NLRP3 inflammasome in AR rats

The mRNA and protein expression of NLRP3, apoptosis associated speck like protein containing a CARD
(ASC), caspase-1 p10 and cleaved IL-1B, were detected in the nasal mucosa of rats to assess the
activation of NLRP3 inflammasome. The results of western blot revealed that the protein levels of NLRP3,
ASC, caspase-1 p10 and cleaved IL-13 were increased in AR rats compared with those in control rats, and
HPE or cetirizine treatment drastically attenuated these increases in rats with AR (Fig. 3A-C). Furthermore,
the mRNA expression levels of NLRP3 and ASC in AR group exhibited significant upregulation while these
changes were greatly reversed in HPE or cetirizine-treated group (Fig. 3D and E). Moreover, this markedly
increased NLRP3 protein expression was also detected by IHC staining in nasal mucosa of AR rats
compared to control (Fig. 3F and G). Being consistent with the results of western blot and real-time RT-
PCR, the results of IHC in HEP or cetirizine-treated rats reconfirmed the suppressing effect of HEP or
cetirizine on NLRP3 inflammasome (Fig. 3F and G) and no significant differences showed between these
two groups (Fig. 3).

HPE suppresses the decline of IRGM in AR rats

To clarify the underlying mechanism of HPE's anti-inflammation effects, nasal mucosa tissues from rats
in control, AR and HPE-treated AR groups were subjected to high-resolution LC-MS/MS to perform
proteomics analysis. 53 distinct proteins were screened out between control and AR rats, including 22
downregulated proteins and 31 up-regulated proteins (Fig. 4A). In addition, 257 distinct proteins were
found between HPE-treated AR rats and AR rats, including 105 downregulated proteins and 152 up-
regulated proteins (= 2-fold change in expression level; P < 0.05) (Fig. 4A). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that differentially expressed
proteins of nasal mucosa in HPE-treated rats were strongly associated with regulation of inflammatory
response, extracellular matrix organization, and immune system process (Fig. 4B and C).

Subsequently, 7 differentially expressed factors with significant changes in HPE-treated group were
verified by qRT-PCR. The consequence showed the mRNA level of immunity-related GTPase M (IRGM)
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was the most changed and downregulated in AR rats but dramatically most reversed by HPE treatment
(Fig. 4D). Meanwhile the protein expression of IRGM and its serum levels were detected by western blot
and ELSIA respectively. The consequences showed the changes of IRGM either on protein level or in
serum were consistent with the changes of its mMRNA (Fig. 4E-G). Double immunofluorescence staining
presented the colocalization of IRGM with CD68, which suggested IRGM was within macrophages

(Fig. 4H). The results of the double staining further confirm the dramatic decreases of IRGM in nasal
mucosa of AR rats and these decreases were markedly reversed by HPE or cetirizine treatment in rats with
AR (Fig. 4H and I). However interestingly, we found the changes of IRGM was not parallel to the changes
of macrophage counts as the interstitial macrophages infiltration in nasal mucosa increased in all AR
groups including the rats with or without any treatment while more colocalization of CD68 and IRGM
presented in nasal mucosa in HPE or cetirizine-treated group (Fig. 4H and ).

HPE regulates macrophage polarization through
IRGM/NLRP3

Enlightened by the unparalleled changes of IRGM within infiltrating macrophages, we further interrogated
whether different subtypes of macrophages are involved and contribute differently to AR.

1. HPE regulates macrophage polarization in AR rats and
MH-S cells

Double immunofluorescence staining showed much more colocalization of CD68 and TNF-a in nasal
turbinate mucosa from AR rats than control, which implied macrophages were dramatically activated and
polarized to M1 in AR (Fig. 5A and B). HPE or cetirizine treatment greatly reversed this activation and
transition of macrophages in AR rats (Fig. 5A and B). Double staining of CD68 and CD206 showed M2
macrophages also increased in nasal mucosa of AR rats compared to control (Fig. 5A and C). However, in
contrast to the suppression effects on M1 polarization, HPE or cetirizine treatment drastically enhanced
M2 polarization in AR rats (Fig. 5A and C). To clarify the regulation of macrophages polarization in AR,
mouse alveolar macrophage cells (MH-S cells) were cultured and stimulated with OVA at different
concentration. OVA with the concentration 40pm/L was determined as the stimulus in cell culture
experiments according to cell viability assessment (Fig. 5D). IL-6 and TNF-q, the representative
inflammatory cytokines of M1 as well as Arginase-1 (Arg-1) and IL-10, the representative cytokines of M2
were detected at mMRNA and protein level respectively. gqRT-PCR results indicated that both M1 and M2
cytokines in MH-S cells were induced by OVA stimulation, but the levels of IL-6 and TNF-a in MH-S cells
rise more prominently than Arg-1 and IL-10 (Fig. 5E and F). HPE or cetirizine treatment before OVA
stimulation markedly suppressed the induction of M1 while promoted the M2 cytokines to greater levels
(Fig. 5E and F). The results of western blot experiments showed the changes of protein expressions of

M1 and M2 cytokines were proximately consistent with those of mMRNA levels of M1 and M2 cytokines
(Fig. 5G-I). The above results of MH-S polarization were verified by flow cytometry assay. MH-S cells were
sorted as non-activated macrophages, M1 and M2 by gating cells with F4/80, CD86 and CD206 (Fig. 5J).
Flow cytometry analysis showed, comparing with control, OVA stimulation activated MH-S cells with
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more M1(13.8% vs 0.037%) and M2 (7.21% vs 0.13%). Comparing with OVA group, HPE or cetirizine
treatment significantly promoted M2 (36.4% or 21.2% vs 7.21%) while greatly suppressed M1 (0.13% or
0.7% vs 13.8%) (Fig. 5, J and K). No significant differences were detected between OVA group and vector
control groups (Fig. 5).

2. HPE regulates OVA-induced polarization of MH-S cells by
upregulating IRGM

IRGM protein in MH-S cells were significantly decreased by OVA (40um/L or 50pum/L) simulation at 24h
(Fig. 6A and B). The results of time-course experiment showed the expression of IRGM in MH-S cells
under the stimulation of OVA (40pum/L) decreased from 4h and was down to about 20% of its original
expression at 24h (Fig. 6C and D). HPE or cetirizine treatment reversed the suppression of IRGM induced
by OVA (Fig. 6E and F). To investigate the role that IRGM played in macrophages polarization, MH-S cells
were transfected with IRGM siRNA or overexpression plasmid. IRGM siRNA 2 was picked from 3 designed
siRNA for its most prominent knockdown effect on IRGM protein (Fig. 6G and H). The efficacy of IRGM
overexpression plasmid was also verified by western blot (Fig. 61 and J). The results of qRT-PCR and
western blot showed IL-6 and TNF-a in MH-S cells were markedly increased by OVA stimulation while Arg-
1 and IL-10 were less prominent though also increased in MH-S cells, which implied that MH-S skewed to
M1 predominance by the induction of OVA (Fig. 6K-M). IRGM overexpression or HPE treatment reversed
this skew and promoted greater proportion of MH-S cells to M2 while conversely IRGM knockdown
almost abrogated the effects of HPE on MH-S skew correction (Fig. 6K-M).

3. IRGM regulates MH-S cells polarization via suppressing
NLRP3 inflammasome

OVA stimulation resulted in upregulation of NLRP3 inflammasome (NLRP3, ASC) with the activation of its
downstream pro-inflammatory cytokine IL-1B (cleaved IL-1B) and caspase 1 (caspase-1 p10) in MH-S
cells (Fig. 7A and B). MH-S cells immunofluorescence staining further confirmed the upregulation of
NLRP3 induced by OVA stimulation (Fig. 7C and D). The results of Western blot and immunofluorescence
staining suggested HPE treatment or IRGM overexpression greatly suppressed OVA-induced upregulation
and activation of NLRP3 inflammasome while IRGM silencing before HPE treatment abrogated the
suppression effect of HPE on NLRP3 inflammasome (Fig. 7A-D).

To investigate whether NLRP3 inflammasome regulates macrophages polarization, NLRP3 siRNA was
transfected into MH-S cells. The efficacy of NLRP3 siRNA was verified through downregulation and
deactivation of NLRP3 inflammasome (Fig. 7E and F). gRT-PCR and western blot showed, like the HPE
treatment working on MH-S cell polarization, NLRP3 knockdown markedly suppressed the OVA-induced
expression of IL-6 and TNF-a while enhanced the expression of Arg-1 and IL-10 to greater levels, which
implies NLRP3 mediates OVA-induced M1 skew in MH-S cells (Fig. 7G-J). All results from vector control
groups were not significantly different from OVA groups (Fig. 7).

Discussion
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Evidences extrapolated from clinical and lab researches suggest AR-associated inflammation is primarily
T helper (Th) 2 cell-driven inflammation [3]. Briefly, antigen presenting cells including dendritic cells and
macrophages present processed allergen to naive T cells and the latter are subsequently polarized into
effector memory allergen specific Th2 cells, which by releasing IL-4, IL-5, IL-9 and IL-13 promote Ig E
production in B lymphocytes as well as attract and recruit mast cell, basophils and eosinophils. On
allergen re-exposure, crosslinking complexes of sensitized IgE with FceRI at the surface of mast cells and
basophils lead to degranulation and the release of mediators such as histamine, tryptase and
arachidonic acid derivatives [18-20]. In the present study, OVA-induced AR rat model was established
with typical AR symptoms and morphological changes as well as increased serous Th2 cell cytokines. In
addition to general histological changes such as damaged nasal epithelium with infiltration of mast cell
and eosinophils in AR, goblet cell proliferation and enhanced ECM deposition were observed in nasal
mucosa. Unlike the consensus on the characteristic tissue remodeling in asthma, this upper airway
remodeling issue in AR remains controversial [21, 22]. Corren et al. suggest methodological differences
including histologic assessment, subject grouping as well as differences in employed assays may partly
explain this inconsistency of results across studies [23, 24]. In our study we administered cetirizine, a H1
antihistamine, as positive control of treatment to AR rats, to assess the effect of HPE on AR. According to
the results, HPE exhibited remarkable antiallergic potency comparable to cetirizine either in respect of
relief of AR symptoms or in suppression of Th2 cell cytokines. Moreover HPE, like cetirizine did in AR rats,
also partially reversed the histological changes including some remodeling manifestation of AR. It was
reported topical decongestant being significantly less effective on nasal obstruction in some patients
with longer duration of rhinitis, which the researchers thought may be partly attributed to remodeling of
the nasal mucosa [24]. Considering OVA-induced AR model applied in this study was acute AR, whether
the anti-remodeling effects of HPE or cetirizine pertain to chronic AR need long-term observation.

In the present study, in addition to infiltration of mast cells and eosinophils in nasal mucosa in AR rats,
enhanced macrophage infiltration was also founded in AR rats’ nasal mucosa, which implied
macrophages had been involved allergic inflammation in AR. However, this increase of macrophages did
not decline as the former two cells did with the mitigation of AR symptoms after the treatment with HPE
or cetirizine. The anti-allergic effects of HPE or cetirizine on AR seemed not to be achieved through
changing the number of macrophages in nasal mucosa. To investigate the pathogenesis of AR and the
underlying mechanisms of HPE's antiallergic effects on AR, proteomic analysis was applied and IRGM
was screened out as the most changed (downregulated) cytokine in AR, meanwhile the most reversed by
HPE treatment. What we found particularly intriguing in the subsequent colocalization assay with double
immunofluorescence staining was that HPE or cetirizine treatment led to more IRGM-laden macrophages
in nasal mucosa while didn’'t change the infiltration degree of macrophages in AR rats. Enlightened by
this consequence, we hypothesized different subtypes of macrophages with different functions might be
involved in AR and IRGM might be related to the differentiation of macrophages in AR. Further double
immunofluorescence staining assay verified that the predominant infiltrating macrophages in AR rats’
nasal mucosa were M1(TNF-a*/CD68"%) whereas HPE or cetirizine treatment resulted in a higher
proportion of M2 (CD206*/CD68") among infiltrating macrophages in nasal turbinate mucosa of AR rats.
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This results partly explain the HPE protective effect on AR for HPE suppressing pro-inflammatory
macrophages M1 while promoting anti-inflammatory type of macrophages M2 in nasal mucosa.

IRGM has been associated with a variety of inflammatory diseases including tuberculosis, autoimmune
thyroiditis, and ankylosing spondylitis since a genome-wide association study linked several SNPs near
the IRGM locus to Crohn’s disease [25, 26]. To clarify whether IRGM regulated macrophages polarization
in AR, a mouse alveolar macrophage cell line, MH-S cells was introduced in this study. We found OVA
stimulation, the sensitizer we used in this study to set up AR model, skewed MH-S cells to M1 while
overexpression of IRGM corrected this skew and promoted MH-S cells to M2 predominance, which we
found was similar to the effect that HPE or cetirizine treatment had on MH-S cells under the same OVA
stimulation. Conversely, depletion of IRGM in MH-S cells abrogated the effect of HPE or cetirizine on MH-
S cells polarization. Moreover, both IRGM overexpression and HPE or cetirizine treatment restrained OVA-
induced upregulation and activation of NLRP3 inflammasome in MH-S cells. Aberrant activation of
NLRP3 inflammasome has been linked with several inflammatory disorders including AR [27, 28]. Our
study also detected activated NLRP3 inflammasome in nasal mucosa of AR rats. Along with the
regulating effects of HPE or cetirizine on macrophages polarization in nasal mucosa, NLRP3
inflammasome is markedly suppressed and deactivated by HPE or cetirizine treatment in AR rats.
Considering HPE treatment suppressing the IRGM decline in either AR rats or OVA-stimulated MH-S cells
meanwhile IRGM overexpression deactivating NLRP3 inflammasome in MH-S cells, we supposed that the
effect of HPE on macrophages polarization in AR might be mediated by IRGM through regulating NLRP3
inflammasome. The results from NLRP3 silencing experiments verified our hypothesis. Like IRGM
changed the polarization of MH-S cells, depletion of NLRP3 could also correct the M1 skew and promote
M2 differentiation among MH-S cells, which implied IRGM regulating macrophages polarization through
inhibiting NLRP3 inflammasome. The underlying mechanism that IRGM inhibiting NLRP3 inflammasome
was suggested to be related to NLRP3 inflammasome assembly and autophagy [29, 30]. IRGM was
suggested in early functional studies as a positive regulator of autophagy [29]. Mehto et al. demonstrated
IRGM inhibiting NLRP3 inflammasome by inhibiting its oligomerization and selective autophagic
degradation of NLRP3 and ASC [30]. Although the mechanism underlying the regulation of macrophages
polarization by NLRP3 inhibition need to be dug, the results of our study demonstrate that IRGM regulates
macrophages polarization in AR through inhibiting NLRP3 inflammasome. HPE protective effect on AR is
partly attributed to its regulation of macrophages polarization in nasal mucosa.

Conclusions

HPE has protection for AR and the protection is achieved partly through suppressing M1 while promoting
M2, the process which is mediated by IRGM via inhibiting NLRP3 inflammasome in AR (Fig. 8). Our
findings provide insight into the pathogenesis of AR and highlight the promising therapeutic strategies
targeting IRGM-NLRP3 for AR in future.
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Figure 1

HPE improves the general manifestation of AR. (A) The experimental procedures for the rat model of AR.
(B) The counts of sneezes within 30 min of each indicated group (n=5). (C) The counts of nose-rubbing
events within 30 min in the indicated groups (n=5). D-I The measurements of inflammatory cytokines IL-
4,1L-13, IL-5, IL-12, OVA-specific IgE and histamine in the serum of AR rats by ELISA (n=5). Values are
expressed as means + SEM. “p< 0.05, "p < 0.01 vs. Control group; *p < 0.05, #p< 0.01 vs. AR group. AR:
allergic rhinitis; V: vehicle; HPE: human placenta extract; C: cetirizine; IL: interleukin; IgE: immunoglobulin
E; HIS: histamine; OVA: ovalbumin.
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Figure 2

Effects of HPE on the histological changes of the nasal mucosa in AR rats. (A) Histopathological
changes in the nasal mucosa of rats as detected by H&E (green arrows, eosinophils), Giemsa (yellow
arrows, mast cells), AB-PAS (red arrows, goblet cells) and Masson staining (n=5, scale bar = 50um).
Statistical analysis for (B) eosinophils, (C) mast cells (D) goblet cells and (E) extracellular matrix in the
nasal mucosa. The numbers of eosinophils and goblet cells were counted under a microscope at x400
magnification. Values are expressed as means + SEM. “p < 0.01 vs. Control group; #p< 0.01 vs. AR
group. AR: allergic rhinitis; V: vehicle; HPE: human placenta extract; C: cetirizine; H&E: hematoxylin and
eosin; AB-PAS: alcian blue and periodic acid-schiff.
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Figure 3

Effects of HPE on the NLRP3 inflammasome activation in AR rats. (A) The protein levels of NLRP3, ASC,
cleaved IL-1B and caspase-1 p10 were detected by western blots in nasal mucosa of AR rats. (B-C)
Quantitative analysis of the NLRP3, ASC, cleaved IL-13 and caspase-1 p10 from the Western blot data
(n=5). (D-E) The mRNA levels of NLRP3 and ASC were detected by RT-qPCR (n=5). (F) The quantification
of NLRP3 expression in rat nasal mucosa detected by immunohistochemical staining. (G) Representative
pictures of NLRP3 immunohistochemical staining in rats (n=5, original magnification, x400, scale bar =
50pm). Values are expressed as means = SEM. "p< 0.05, ”p < 0.01 vs. Control group; #p < 0.05, #p< 0.01
vs. AR group. AR: allergic rhinitis; V: vehicle; HPE: human placenta extract; C: cetirizine.
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Figure 4

Effects of HPE on the expression of IRGM in AR rats. (A) Hierarchical clustering of the differentially
expressed genes identified by high-resolution LC-MS/MS analysis. (B-C) Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis for classification of the differentially
expressed genes based on the proteomics. (D) 7 differentially expressed factors with significant changes
in HPE-treated group were verified by qRT-PCR (n=5). (E-F) The protein level of IRGM was detected by
western blots in nasal mucosa of AR rats (n=5). (G) The contents of IRGM in the serum of AR rats were
measured using ELISA (n=5). (H) The colocation of IRGM and CD68 was detected by double
immunofluorescence staining (n=5, original magnification, x400, scale bar = 50um). (I) Statistical
analysis for IRGM expression. (J) The number of macrophages infiltrating in the nasal mucosa. The
number of macrophages were counted under a microscope at x400 magnification. Values are expressed
as means = SEM. “p<0.05, "p< 0.01 vs. Control group; #p<0.05*#p< 0.01 vs. AR group. AR: allergic rhinitis;
V: vehicle; HPE: human placenta extract; C: cetirizine.
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Figure 5

HPE regulates macrophage polarization in AR rats and MH-S cells. (A) The M1 and M2 polarization was
detected by double immunofluorescence staining. (n=5, original magnification, x400, scale bar = 50pym or
20um). Statistical analysis for the number of (B) M1 macrophages and (C) M2 macrophages infiltration
in the nasal mucosa. The number of macrophages were counted under a microscope at x400
magnification. Values are expressed as means + SEM. “p < 0.01 vs. Control group; #p< 0.01 vs. AR
group. (D) Cell viability was assessed with Cell Counting Kit-8 (CCK-8). (E- F) The mRNA levels of IL-6,
TNF-a, Arg-1 and IL-10 were detected by RT-qPCR (n=5). Values are expressed as means + SEM. "p< 0.05,

"p<0.01 vs. Control group; #*p < 0.05, #p< 0.01 vs. OVA group. (G) The protein levels of IL-6, TNF-a, Arg-1
and IL-10 were detected by western blots in OVA-stimulated MH-S cells. (H-l) Quantitative analysis of the

IL-6, TNF-a, Arg-1 and IL-10 from the Western blot data (n=5). Values are expressed as means + SEM. "p <
0.05, ”p < 0.01 vs. Control group; #p < 0.05, #p< 0.01 vs. OVA group. (J-K) Representative flow cytometry
results (J) and summarized percentages (K) of CD86" and CD206 * cells in the F4/80 * macrophages
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(n=3). Values are expressed as means + SEM. “p < 0.01 vs. Control group; #p<0.01 vs. OVA group. AR:
allergic rhinitis; V: vehicle; HPE: human placenta extract; C: cetirizine; OVA: ovalbumin.
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Figure 6

HPE regulates OVA-induced polarization of MH-S cells by upregulating IRGM. MH-S cells were serum
starved for 24 h and cultured with different concentrations of OVA (0-50uM) for 24 h. (A-B) Dose—
dependent effects of OVA on IRGM protein were evaluated by western blot (n = 6). Values are expressed
as means + SEM. "p < 0.01 vs. Control group. (C-D) MH-S cells were serum starved for 24 h and cultured
with OVA (40uM) at various time points. Time course-response of OVA (40uM) on IRGM protein
expression were evaluated by western blot (n = 6). Values are expressed as means + SEM. p< 0.05, “p <
0.01 vs. Oh. (E-F) The protein level of IRGM was detected by western blots in OVA-stimulated MH-S cells

(n=6). Values are expressed as means + SEM. “p < 0.01 vs. Control group; *p< 0.01 vs. OVA group. (G-H)
The representative Western blot and quantification analyses of IRGM in MH-S cells transfected with IRGM

siRNA. ™p < 0.01 vs. Control group. (I-J) The efficacy of IRGM overexpression plasmid was verified by
western blot (n=6). “p < 0.01 vs. Control group; #p< 0.01 vs. OVA group. (K) The mRNA levels of IL-6,
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TNF-q, Arg-1 and IL-10 were detected by RT-gPCR (n=6). (L-M) The representative Western blot and
quantification analyses of IL-6, TNF-qa, Arg-1 and IL-10 in MH-S cells (n=6). Values are expressed as
means + SEM. *p < 0.05, “p < 0.01 vs. Control group; *p < 0.05, *p< 0.01 vs. OVA group; **p< 0.01 vs. HPE
group. Scr: scramble; V: vehicle; HPE: human placenta extract; C: cetirizine; OVA: ovalbumin.
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Figure 7

IRGM regulates MH-S cells polarization via suppressing NLRP3 inflammasome. (A-B) The representative
Western blot and quantification analyses of NLRP3, ASC, Cleaved IL-1p3 and Caspasel p10 in MH-S cells

(n=6). Values are expressed as means + SEM. “p < 0.01 vs. Control group; **p< 0.01 vs. OVA group; %3 p<
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0.01 vs. HPE group. (C-D) The expression levels of NLRP3 were analyzed by immunofluorescence in MH-
S cells (n=6, original magnification, x400, scale bar = 50um). Values are expressed as means + SEM. "p <

0.01 vs. Control group; ##p< 0.01 vs. OVA group; SS’p< 0.01 vs. HPE group. (E-F) The representative Western
blot and quantification analyses of NLRP3, ASC, Cleaved IL-1B and Caspasel p10 in MH-S cells

transfected with NLRP3 siRNA (n=6). Values are expressed as means + SEM. “p < 0.01 vs. Control group.
(G) The mRNA levels of IL-6, TNF-q, Arg-1 and IL-10 were detected by RT-gPCR (n=6). (H-J) The
representative Western blot and quantification analyses of IL-6, TNF-q, Arg-1 and IL-10 in MH-S cells
(n=6). Values are expressed as means + SEM. "p< 0.05, “p < 0.01 vs. Control group; *p < 0.05, #p< 0.01
vs. OVA group. Scr: scramble; V: vehicle; HPE: human placenta extract; C: cetirizine; OVA: ovalbumin.
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Figure 8

Schematic depiction of the protection role of HPE for AR. OVA leads to IRGM downregulation, resulting in
macrophages M1 polarization through the activation of NLRP3 inflammasome. Macrophage M1
polarization further induces persistent inflammation and epithelial cell damage. HPE has protection for
AR and the protection is achieved partly through suppressing M1 while promoting M2, the process which
is mediated by IRGM via inhibiting NLRP3 inflammasome in AR.
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