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ABSTRACT

Background: C/EBP homologous protein (CHOP), a marker of g@hakmic
reticulum (ER) stress, exhibits aberrant exprespadterns during the development of
asthma. However, its exact role in asthma pathagemenot fully understood.
Objectives: We aimed to determine the function and mechara$n@HOP in the
pathogenesis of allergic asthma in patients antalsi

Methods: Studies were conducted in asthmatic patientsGH®P™ mice to dissect
the role of CHOP and ER stress in asthma pathogendsn ovalbumin
(OVA)-induced allergic airway inflammation model sv@mployed to address the
impact of CHOP deficiency on the development ofiast. Next, the effect of CHOP
deficiency on macrophage polarization and relateghading pathways were
investigated to demonstrate the underlying mechasis

Results: Asthmatic patients and mice after OVA inductiothibited aberrant CHOP
expression along with ER stress. Specifically, CH@é&s noted to be specifically
overexpressed in macrophages, and mice deficiel@HOP were protected from
OVA-induced allergic airway inflammation as mantés by attenuated airway
inflammation, remodeling, and hyper-responsiven€sOP was found to exacerbate
allergic airway inflammation by enhancing M2 pragraing in macrophages.
Mechanistic studies characterized an interleuksighal transducer and activator of
transcription 6/transcription factor EC/IL-4R(IL-4/STAT6/Tfec/IL-4Rn) positive
feedback regulatory loop, in which IL-4 induces CGP@xpression, which then
promotes STAT6 signaling to transcribe Tfec expoegsand Tfec transcribes IL-4R
expression to promote M2 programming in macrophages

Conclusions: CHOP and ER stress are implicated in asthma patiesis, which

involves the regulation of M2 programming in madrages.

Key M essages:
1. Mice deficient in CHOP were protected from OVA-imedd allergic airway



inflammation as manifested by attenuated airwalamimation, remodeling, and
hyper-responsiveness.

2. Loss of CHOPattenuated the IL-4/STAT6/Tfec/IL-4Rpositive feedback loop
essential for M2 programming in macrophages.

3. The number of sputum CHOBD206 macrophages is positively correlated with

asthma severity.

Capsule Summary: CHOP exacerbates allergic asthma by regulating the
IL-4/STAT6/Tfec/IL-4Ro. positive feedback loop essential for M2 prograngnin
macrophages, which are positively correlated withe@se severity in asthmatic

patients.

Keywords. CHOP, Asthma, Macrophage, Endoplasmic ReticuluresStr

Running title: CHOP in OVA-induced Allergic Airway I nflammation

Abbreviations. CHOP = C/EBP homologous protein; ER stress = eladapc
reticulum stress; OVA = ovalbumin; AHR = airway leygresponsiveness; LPS =
lipopolysaccharide; TGB-= transforming growth factd; Tfec = transcription factor
EC; IL-4Ra= IL-4 receptor alpha; ChIP = chromatin immunoppéeition; BALF =
bronchoalveolar lavage fluid; ATF4 = activating nisariptional factor 4; elk2 =
eukaryotic initiation factor 2, FIZZ1 = found in inflammatory zone-1; STAT6 =
signal transducer and activator of transcriptioRBY1 = forced expiratory volume in

one second; FVC = forced vital capacity; PEF = p@giratory flow.



INTRODUCTION

Allergic asthma is a chronic pulmonary disorderrabterized by reversible episodes
of airway obstruction, pronounced airway hyper-cesiveness (AHR), peribronchial
inflammation, and airway remodelihg Macrophages are the most abundant
inflammatory cells in the airways, where they progleopious amounts of cytokines
such as interleukin (IL){1, IL-13, and IL-17 to exacerbate asthma patholdgica
processe€s’. Macrophages can be activated by interferon gan(tf&l-y) or
lipopolysaccharide (LPS) to manifest a classicaliyivated phenotype (M3)or by
IL-4 and IL-13 to display an alternatively activatphenotype (M2) Importantly,
airways in allergic asthmatic patients are predamily infiltrated by M2
macrophages during the course of disease develdmmdrprogressidnand studies

in animals revealed that M2 macrophages may represenovel target for the
prevention and treatment of astiind Indeed, M2 macrophages produce many
factors such as IL-13, C-C motif chemokine ligaridl (CCL17), CCL22, eotaxin,
Ym1 and found in inflammatory zone 1 (FIZZ) contriimg to airway inflammatory

and remodeling responses during the course of astievelopment'®*2

CHOP (also known as Gadd153 or CHOP10) is a makendoplasmic reticulum
(ER) stress that is activated by edFphosphorylation and ATF-4 upregulatidn
Recently, aberrant CHOP expression along with ERssthas been reported in
asthmatic patients and animal models of astfiffahowever, the significance of
CHORP in the pathogenesis of asthma remains undiéare is feasible evidence that
ER stress might modulate the activation of M2 mplkeged’, and we also noted that
macrophages derived from induced sputum samplesstbima patients manifest a
significant CHOP upregulation. We thus hypothesizkdt CHOP mediates the
generation of M2 macrophages to facilitate the @athical changes associated with
asthma development. To address this hypothesiO\&&-induced allergic airway
inflammation model was employed to assess the impacCHOP deficiency on

disease development. Remarkably, the loss of CH@Rifisantly attenuated



OVA-induced inflammation along with a marked redoct of M2 macrophage
infiltration in the lungs. Mechanistic studies haegealed that CHOP regulates signal
transducer and activator of transcription 6 (STAT@)osphorylation, thereby
enhancing the expression of mouse transcriptionofa&EC (Tfec), which then
transcribes IL-4 receptor alpha (IL-4Rexpression to promote M2 programming in
macrophages. Together, our data provide novel hisimto the role of ER stress in

the pathogenesis of asthma.



MATERIALSAND METHODS

More details for materials and methods are includdtie online supplement.

Animals

CHOP knockout (CHOP) mice were purchased from the Jackson's LaborgRay
Harbor, ME, USA). Wild-type (WT) mice were obtainegidlom the Animal
Experimental Center of Hubei Province (Wuhan, ChiAdl animals were housed in
a specific pathogen-free (SPF) animal facilityreg Tongji Medical College under a
12 h light/dark photocycle with food and water dafalie ad libitum. All experimental
procedures were approved by the Animal Care and Csamittee of the Tongji

Hospital of Huazhong University of Science and Textbgy.

Model for OVA-induced allergic airway inflammation in mice

Asthma was induced in WT and CHOPmice (8-10 weeks old) as previously
described with minor modificatioi *° Briefly, the mice were sensitized using
intraperitoneal (i.p.) injection of 10Qg OVA (grade V) emulsified in 1 mg of
aluminum hydroxide gel (Thermo Scientific, Rockfptt) in a total volume of 200
ul, on days 0, 7, and 14, respectively. Mice injdctéth an equal volume of saline
served as controls. The sensitized mice were agtestd with diethyl ether and

intranasally challenged with 50 OVA (20 ug/ul) or saline for 7 consecutive days.

Macrophage depletion and macrophage adoptivetransfer studies

Clodronate liposomes (40 pl) were administered #orconsecutive daysia
intratracheal injection 7 days prior to OVA indwxctj and the severity of asthma was
assessed following 7 consecutive days of OVA chgle The adoptive transfer
studies were conducted as previously desctfbeReritoneal macrophages derived
from WT or CHOP™ mice were stimulated by IL-4 (10 ng/ml) or phosiehauffered

saline (PBS) for 12 h, and were then administelneoluigh intratracheal injection into



the lungs of clodronate liposome-treated WT and €@H@ice at a density of 1 x 10
cells/mouse (5Qul) 1 day before OVA challenge as described aboves @nimals

were then sacrificed for further analysis.

Statistical analysis

All data are presented as the mean + SEM, anth aitro studies were replicated a
minimum of 3 times. Statistical analyses of theadatere conducted using the
GraphPad Prism 5 software (GraphPad Software Ban Diego, CA) and the
standard one-way analysis of variance (ANOVA) ombeit’'s multiple comparison
test when appropriate. For all statistical commass p < 0.05 was considered

statistically significant.



RESULTS

Asthmatic patients and mice exhibit aberrant CHOP expression and ER stress

We first examined the expression of CHOP in induggatum samples obtained from
asthmatic patients. CHOP was expressed at lowdenedputum derived from control

subjects, whereas higher levels of CHOP were dedeict induced sputum samples
originated from asthmatic patients (Figure 1A). #Eso examined the expression of
BIP, another marker of ER stress. Similar to CH@IP was expressed at

significantly higher levels in asthmatic patientsmpared with control subjects

(Figure 1B).

To explore the function of CHOP in relation to gdiie airway inflammation, we used
a mouse model induced by OVA peptides. A two-foldréase in CHOP expression
was observed in allergic mice compared with contmale (Figure 1C). Consistently,
the levels of phosphorylated el-Pp-elF2y) (Figure 1D), Atf4 (Figure 1E), and Bip
(Figure 1F), as additional markers of ER stresgevatso significantly increased in
allergic mice compared with control mice. Colleetiy; these data support the notion

that the pathogenesis of asthma is associatedBMthtress.

CHOP deficiency attenuates OVA-induced allergic airway inflammation in mice
Since asthmatic patients and mice were manifesyetid altered expression of ER
stress markers, we next sought to determine theadmpf ER stress on the
development of asthma by employing CHOP deficiemtemAs expected, severe
inflammatory responses were observed in WT micéoviohg 7 days of repeated
OVA challenges, as demonstrated by the infiltratidrinflammatory cells into the
peribronchiolar and perivascular connective tisstesvever, CHOP mice exhibited
markedly lower inflammatory scores, indicating thiae loss of CHOP significantly
attenuated OVA-induced inflammatory responses (1.0420versus 2.96 + 0.3(@ <
0.01; Figure 2A and D). Next, we examined mucugdpection using PAS staining.

Severe goblet cell hyperplasia and mucus hypemseargithin the bronchi were



observed in OVA-challenged WT mice, and these defewere significantly less
severe in OVA-challenged CHOPmice (2.32 + 0.29 versus 1.31 + 0.39< 0.05;

Figure 2B and E). Since the thickening of the aywall is a characteristic feature of
airway remodeling, we thus further assessed aipegjpronchial collagen deposition
using Masson’s trichrome staining. Similarly, refeela exposure to OVA for 7
consecutive days increased peribronchial collaggposition in WT mice compared
with the saline-treated controls. However, the lo6s€HOP dramatically attenuated
OVA-induced peribronchial collagen deposition asllveempared with WT mice

(0.14 £ 0.02 versus 0.24 = 0.g2< 0.001; Figure 2C and F).

Next, we compared the number and subtype of inflatorg cells in the
bronchoalveolar lavage fluid (BALF) group. Consmtavith the above-mentioned
observations, the total number of inflammatory <efi the BALF derived from
CHOP' mice was significantly reduced compared with WEen(7.17 + 0.55x10ml|
versus 11.91 + 1.05x3nl, p < 0.01; Figure 3A). Specifically, BALF derived fro
OVA-challenged CHOP mice contained significantly fewer eosinophils2.+
0.19x16/ml versus 7.89 + 0.78x3nl, p < 0.05; Figure 3B), lymphocytes (0.90 +
0.09x10/ml versus 2.17 + 0.38xX0nl, p < 0.05; Figure 3C), and macrophages (0.83
+ 0.04x10/ml versus 1.47 + 0.17xX0nl, p < 0.05; Figure 3D) compared with
OVA-challenged WT mice. However, the total numbdr neutrophils was not
significantly different between OVA-challengedHOP” and WT mice (0.48 +
0.10x16/ml versus 0.48 + 0.09x¥onl, p > 0.05; Figure 3E). In addition, we
compared the cytokine profiles of BALF samples olgd from OVA-challenged
CHOP" and WT mice by enzyme-linked immunosorbent assiyiSA). BALF
samples derived fro @ HOP" mice were characterized by the significantly ateed
levels of IL-4, IL-5, IL-13, TGH1, and CCL17 (Figure 3F-J) compared with WT
mice. However, no significant differences in thgels of IFNy, IL-1B, and IL-10
were observed (Figure 3K-M). Collectively, thesesules suggest that CHOP

deficiency represses the production of Th2 cytakiog inflammatory cells.



To further evaluate the effect of CHOP deficienay asthma pathogenesis, we
examined AHR by assessing the resistance of thg (IRn) in respons® increasing
concentrations of acetylcholine in mechanically tilated mice. As expected,
OVA-challenged WT mice developed AHR as demongtrditg the increase in Rn
values induced by acetylcholine compared with théne-treated control mice.
Notably, OVA-challenged CHOPmice exhibited a marked reduction in Rn values in
response to acetylcholine compared with OVA-chgléshWT mice (25 mg/ml: 2.57

+ 0.25 cm HO s/ml versus 4.56 + 0.33 cmp® s/ml,p < 0.001; 50 mg/ml: 3.83 £
0.27 cm HO s/ml versus 7.69 + 0.77 cm® s/ml,p < 0.001; Figure 3N). Together,
these data demonstrate that the loss of CHOP mevidotection for mice against

OVA-induced allergic airway inflammation.

CHOP deficiency impairs M 2 macr ophage induction

To dissect the mechanisms by which CHOP deficieregyresses OVA-induced
allergic inflammation and airway responsiveness, determined the specific cell
types associated with aberrant CHOP expression AbFBsamples. CHOP was
predominantly localized within the F4/80-positiveacnophages in OVA-challenged
WT mice compared with saline-treated controls (Feg#A), and similar results were

observed by analysis of lung sections (Supplemeifigure 1).

Macrophages are the most abundant type of inflammypatells in the airway.
Particularly, polarized M2 macrophages produce mapiamount of cytokines in the
airway to exacerbate asthma progressi@ased on these findings, we hypothesized
that CHOP exacerbates OVA-induced allergic inflantanaresponses and AHR by
enhancing M2 programming in macrophages. Indeeol ftytometry analysis
revealed a significantly lower number of M2 macragés in OVA-challenged
CHOP" mice as manifested by cluster of differentiaticd6 ACD206) expression
(2.18 = 0.31% versus 6.79 £ 0.90%0< 0.05; Figure 4B). Furthermore, western blot
analysis of lung samples derived from OVA-challehyéT mice exhibited a six-fold

increase in the levels of the M2 marker Arginassefhpared with the saline-treated



control mice (Figure 4C). However, the expressidmAgyginase-1 was reduced by
one-fold in CHOP™ mice following similar procedures for OVA challeesy (Figure
4C). Similar results were observed by reverse ti@otson polymerase chain reaction
(RT-PCR) analysis of four additional M2 markersZE] YM1 (Figure 4D and E),
CD206, and CCL17 (Supplementary Figure 2A and Bjlikg its impact on M2
macrophages, CHOP deficiency did not seem to aftbet induction of M1
macrophages, as we failed to detect perceptibleerdifces in the number of
CD11¢F4/80° macrophages following OVA challenges (Supplemgnfgure 2C).
Together, these data suggest that the loss of Cpt@ects mice from OVA-induced
allergic airway inflammation by inhibiting the poization of M2 macrophages in the

airways.

M2 macrophages are required for CHOP deficiency-mediated protection against
allergic airway inflammation

To investigate whether the protective effect obserin CHOP™ mice was dependent
on the induction of M2 macrophages, we comparedeadis severity in
OVA-challenged WT and CHOPmice after macrophage depletion. Macrophages in
the lungs were depleted by intratracheally injegtimce with clodronate liposomes as
described’. Following depletion of macrophages by clodronaesomes, both WT
and CHOP" mice were then challenged with OVA as describenvabAs expected,
WT and CHOP mice displayed comparable disease severity as nsmated by
histological assays (Figure 5A). Consistently, B&BLF samples derived from WT
and CHOP mice exhibited comparable levels of inflammatoejlsc (Figure 5B). To
further address this question, we examined the ABIRwing OVA challenges.
Notably, WT and CHOP mice showed comparable Rn values in response to

acetylcholine (Figure 5C).

Next, peritoneal macrophages from WT or CHOmRice were stimulated with IL-4
for induction of M2 macrophages, and equal numbétk-4-induced WT or CHOP

macrophages were then adoptively transferred vimatmacheal injection into



clodronate liposome-treated WT a@HOP" mice 1 day prior to OVA challenges,
respectively. The adoptive transferred WT and CHQmice developed severe lung
inflammation following OVA challenges. Remarkablyp detectable difference in
disease severity was observed between WT and CHfliee, as demonstrated by the
comparable histological phenotype (Figure 5A) aimiilar number of inflammatory
cells in the BALF between four groups of mice (FgbB). Consistently, comparable
Rn values were observed between the adoptive &aedf WT and CHOP mice

(Figure 5C)

To confirm the above data, 1 x ®16f WT MO macrophages were adoptively
transferred into clodronate liposome-treated CHQO#ice, and the same number of
CHOP’ MO macrophages was adoptively transferred intdrcisate liposome-treated
WT mice 1 day prior to OVA challenges. As expect&d] mice adoptively
transferred with CHOP MO macrophages developed less severe inflammatory
responses following OVA challenges compared with OB mice adoptively
transferred with WT MO macrophages, as determinebiftological analysis of lung
sections, the number of inflammatory cells in theALB, and Rn values
(Supplementary Figure 3A-C). Collectively, our dasupport that CHOP
deficiency-mediated protection for mice against GWAuced allergic airway

inflammation is dependent on the attenuation ofgvtyramming in macrophages.

CHOP promotes M 2 programming by regulating an |1L-4 positive feedback loop

To dissect the mechanisms by which CHOP promotesaphage M2 programming,
we first conducted studies in peritoneal macropbage confirm that CHOP
deficiency attenuates macrophage M2 programmingpvimhg IL-4 stimulation.
Western blot analysis revealed a significant redadn the expression of Arginase-1
after 6 h of IL-4 stimulation in CHOP macrophages compared with WT
macrophages (Figure 6A). Next, we examirtbd temporal expression pattern of
CHOP in macrophageduring the course of IL-4 stimulation. CHOP was Ippw

expressed in macrophages prior to IL-4 stimulatidowever, a steady increase in



CHOP expression was observed upon IL-4 inductior] #he highest expression

levels were detected after 12 h of IL-4 stimulat{Bigure 6A).

Levels of phosphorylated STAT6 (p-STAT6) have besported to be critical to the
optimal induction and maintenance of the M2 prograng induced by IL-4 or IL-13
stimulatior!. Therefore, we examined the effect of CHOP deficje on STAT6
phosphorylation in IL-4-stimulated peritoneal maarages. No significant difference
in total STAT6 levels was observed between WT amtO€" macrophages, and
p-STAT6 was undetectable in both types of macropsgwior to IL-4 stimulation.
However, an increase in the p-STAT6 levels was afete after 0.5 h of IL-4
stimulation, and the highest levels were noted dftk of stimulation. After this time
point, p-STAT6 underwent a steady decrease andnimeemdetectable after 6 h of
stimulation (Figure 6B). A similar trend was obsshin CHOP™ macrophages, but
the p-STATG6 levels were substantially reduced caegbavith WT macrophages, and
were undetectable as early as 1 h after IL-4 safran (Figure 6B).

There is evidence that Tfec, a transcription faa®a downstream target of STAT6
signaling>. The above results prompted us to examine the dmp& CHOP
deficiency on Tfec expression following IL-4 stimtibn in peritoneal macrophages.
Remarkably, IL-4 induced a 32-fold increase in Téegression in WT peritoneal
macrophages; however, IL-4-induced Tfec expresgioBHOP macrophages was
reduced by 3.2-fold compared with WT macrophagegufe 6C), indicating that
CHOP promotes STAT6 phosphorylation to enhance fréatscription.

The next key question is how CHOP-induced Tfec i@ M2 programming. To
address this question, we examined all signalindecubes relevant to the IL-4
network.

IL-4 was found to induce an eight-fold increase IlindRa expression, a gene
encoding the high-affinity IL-4 recepfdr in WT macrophages, while the loss of
CHOP attenuated IL-4-induced IL-4Rexpression by three-fold (Figure 6D). These



results prompted us to hypothesize that Tfec maystribe the expression of IL-4R
In silico analysis of the IL-4R promoter identified 11 potential Tfec binding site
the IL-4Rn gene (Supplementary Figure 4). Chromatin immurmpitation (ChliP)
was next conducted, and the resulting products weesl to amplify the IL-4&
promoter regions flanking the above-indicated 1teptal Tfec binding sites. Indeed,
Tfec manifested binding activity to the IL-4Roromoter in a region of -571 bp
upstream of the transcriptional start site (traipsicmal start site as +1, Figure 6E).
IL-4Ra promoter reporter assays were next employed tdiroothese findings. A
mutated IL-4R promoter reporter (MU) was constructed, in whisl Tfec binding
motif (CAGTTG) was mutated to ACGTGT as describ&tyre 6F, upper panel).
Consistently, disruption of the Tfec binding siesulted in a 1.7-fold reduction in
IL-4-induced luciferase reporter activities (FigleE). Collectively, our data support
that CHOP promotes macrophage M2 programming bylaggg an IL-4 positive
feedback loop, in which IL-4 induces CHOP expreasswhich then promotes STAT6
signaling to transcribe Tfec expression, and Tfext transcribes IL-4& expression

to exacerbate M2 programming in macrophages.

CHOP shRNA protects mice against OVA-induced allergic airway inflammation

To demonstrate théherapeutic potential 0€CHOP in OVA-induced allergic airway
inflammation,we constructed lentiviruses expressingldOP shRNA. RT-PCR analysis
of lung tissues after intratracheal transductio of 16 lentiviruses revealed a 66%
reduction of CHOP expression in shRNA-transducedengompared with mock
shRNA-transduced mice (Figure 7A). Next, the mi@ensubjected to repeated OVA
challenges, and lentiviruses were intratracheadlvdred into the lungs as described
above on day 2 of the OVA challenge. RemarkablyOPHshRNA-transduced mice
manifested reduced severity of inflammatory respsnattenuated mucus production
and improved airway remodeling compared with moblRNA-transduced mice
(Figure 7B). In line with these observations, thakt number of inflammatory cells in

the BALF was significantly reduced (7.58 + 0.73%hfl versus 12.11 + 1.33x3fnl,



p < 0.05; Figure 7C). Specifically, the CHOP shRNansduced mice displayed
significantly lower amounts of eosinophils (3.57 #36x16/ml versus 6.72 =+

0.79x16/ml, p < 0.05) and lymphocytes (2.14 + 0.24%M0 versus 3.67

I+

0.17x16/ml, p < 0.001) (Figure 7C)Consistently, CHOP shRNA-transduced mice
exhibited a marked reduction in Rn values comparigid control mice in response to
acetylcholine (50 mg/ml: 3.17 + 0.46 cm®is/ml versus 5.44 + 0.42 cmy® s/ml,p

< 0.001; Figure 7D). To confirm that the above-nmed therapeutic effect of CHOP
shRNA was dependent on the suppression of M2 mbag®p production, we
conducted RT-PCR to analyze the expression of M&kens FIZZ1 and YML1 in the
lung tissues. Indeed, the expression of FIZZ1 aktl Yvas reduced by two-fold and
one-fold, respectively. Together, our data indidatg knockdown of CHOP protects
mice against OVA-induced allergic airway inflamnaoati by suppressing the

production of M2 macrophages.

Sputum CHOP*CD206" macrophages positively correlate with asthma severity

To confirm the above-described notion in asthmaiatients, we first examined
CHOP-expressing macrophages in sputum samplesvididoy correlation analysis
of lung function relevant to asthma severity. Itswaoted that cells with aberrant
CHOP expression were CD1#hacrophages as manifested by the analysis of CHOP
and CD14 (a marker for human macrophages) cells (Figure 8&Yimmunostaining
of CHOP and CD206 further confirmed that those CH®PErexpressing
macrophages were characterized by an M2 phenoBygaré 8B). Next, we assessed
the correlation between the number of sputum CHIDR206 macrophages and
disease severity. The asthma severity was estintayethe ratio between forced
expiratory volume in one second (FEV1) and forcédl \capacity (FVC) and the
value of FEV1. As expected, the number of sputunOBHD206 macrophages was
positively correlated with asthma severity, as restéd by the detection of a
negative correlation with FEV1/FVC ratios{R 0.4061,p < 0.01; Figure 8C) and
FEV1 values (R= 0.4382p < 0.01; Figure 8D).



DISCUSSION

In the present study we demonstrated that asthmatic patients and midé wi
OVA-induced allergic airway inflammation exhibit edoant CHOP expression along
with ER stress. Interestingly, CHOP was overexm@ss macrophages in both
asthmatic patients and mice with OVA-induced alilergirway inflammation.
Accordingly, CHOP deficiency provided protectionr fanice against airway
inflammation, remodeling, and AHR after repeated/O3hallenges. Specifically, the
loss of CHOP protected mice from OVA-induced asthma by inhilgtirthe
polarization of M2 macrophages in the airways. Meustic studies have revealed
that CHOP promotes macrophage M2 programming bulaégg an IL-4 positive
feedback loop, in which IL-4 induces CHOP exprasswhich then promotes STAT6
signaling to transcribe Tfec expression, and Tfext transcribes IL-48& expression
to promote macrophage M2 programming (Figure 8BeSE results not only provide
novel insights into the understanding of the pagimagis underlying asthma, but also
demonstrate evidence that  targeting of CHOP attesua the
IL-4/STAT6/Tfec/IL-4Ro.  positive feedback loop to inhibit macrophage M2
programming, which may have great potential fortileatment of asthma in clinical

settings.

Emerging evidence indicates that patients with raathare associated with the
presence of ER stress as manifested by the deteofialtered BIP and CHOP
expression in lung samples derived from asthmadttepts**® Studies in animals
further revealed that suppression of ER stressdcatienuate airway inflammation
and bronchial hyper-responsiveness in a mouse nodddlergic airways diseaSe®
23 Consistent with these findings, analysis of iretlicsputum samples originated
from our asthmatic subjects also noted signifigahtgher levels of CHOP and BIP
expression, and studies in lung homogenates defived OVA-challenged asthmatic
mice further demonstrated significant overexpressior CHOP, p-elR2 Atf4, and

Bip. Collectively, these data support that CHOP aisdrelated ER stress are



implicated in the pathogenesis of asthma, but ttectemechanisms are yet to be

elucidated.

To dissect the mechanisms by which CHOP contribtdessthma pathogenesis, we
first examined CHOP expression in inflammatory <af sputum samples derived
from asthmatic patients and in BALF samples andyltissues originated from
OVA-challenged mice. In general, CHOP was hardlyedmble in macrophages
derived from normal subjects and control mice. Rdgadaly, significantly higher
levels of CHOP were detected in sputum macrophayg&gnated from asthma
patients compared with those from healthy conti®isilarly, CHOP was noted to be
overexpressed in macrophages derived from OVA-ieduasthmatic mice.
Co-immunostaining of CHOP and CD206 confirmed DEIOP-overexpressing cells
were M2 macrophages, and the number of CHIDIF?06 macrophages was
associated with decreased lung function in astlingtients. These results support
the notion that altered CHOP expression and ERsstmaight trigger asthma

pathogenesis by promoting the generation of M2 optges.

Macrophages are the most abundant inflammatorys agellthe airways, and the
activation of macrophages is vital to asthma pathegis. Indeed, there is evidence
that both M1 and M2 macrophages are importantiferdevelopment of asthma. For
example, for severe forms of asthma in aged aduoiscrophages are shown to
become an M1 phenotype, which produces a great @imaiu pro-inflammatory
mediators, including IL-fi, to exacerbate lung injury and to accelerate airwa
remodeling*. However, for the allergic form of asthma, M2 nugttages are found
to be the key source of IL-4, IL-13, and CCL17, augpression of the functions for
M2 macrophages alleviates airway inflammation inAG@iduced asthmatic animéls

° In the present study, no obvious difference imeeof IL-18 production and the
percent of CD11¢4/80° macrophages was noted between WT and CH@fce
following repeated OVA challenges, which in fad, donsistent with our previous

report that CHOP deficiency does not affect macagehM1 programming following



LPS stimulatiod”. In sharp contrast, the number of M2 macrophages w
significantly lower in CHOP mice compared with WT mice following OVA
challenges as demonstrated by the significantBnatited expression of M2 markers
Arginase-1, Ym1, Fizz1, CD206, and CCL17. In linkhwthese results, mice deficient

in CHOPwere protected from OVA-induced allergic airwaylamhmation.

To address the notion that the ability of CH@#iciency to protect mice against
OVA-induced allergic airway disease is dependent tba attenuation of M2
programming in macrophages, we conducted macrophadgptive transfer studies.
Clodronate liposomes were employed to deplete esmimgs macrophages, and IL-4
polarized WT peritoneal M2 macrophages were theoptwely transferred into
clodronate liposome-treated WT and CHORiice as described, followed by OVA
challenges as described. As expected, CH®#ce developed comparable severity of
allergic airway inflammation to WT mice after adept transfer of WT M2
macrophages. Next, WT MO macrophages were adoyptikaisferred into clodronate
liposomes treated CHOP mice, or CHOP MO macrophages were adoptively
transferred into clodronate liposome-treated WT eniollowed by repeated OVA
challenges as described. WT mice adoptively trarede with  CHOF™ MO
macrophages displayed less severe airway inflamomathan CHOP mice
transferred with  WT MO macrophages. Together, thdaga support that the
protection resulting from CHOP deficiency is depemd on its effect on the

suppression of macrophage M2 programming.

The next critical issue is to dissect the pathwalevant to CHOP-regulated M2
programming in macrophages. Previous studies haygested feasible evidence that
Th2 cytokines (e.g., IL-4 or IL-13) could enhanbe Eexpression of Tfec following
STAT6 phosphorylation, thereby inducing the expmssof a subset of
IL4-responsive genés while IL-4Ro has a high binding affinity for IL-4 and has
been noted to participate in a positive feedbaok lm IL-6-induced macrophage M2

programming in adipose tissG&sThese discoveries prompted us to hypothesize that



CHOP may regulate a positive feedback regulatoop lim promote M2 polarization.
To address this hypothesis, we first assessed fteet @f CHOP deficiency on
IL-4-induced STAT6 phosphorylation in macrophagésdeed, CHOP deficiency
markedly inhibited IL-4-induced STAT6 phosphorytatj and consistently, the
expression of STAT6 downstream transcription factdfec, was significantly
reduced following IL-4 stimulation. It was furthapted that CHOP deficiency also
attenuated IL-4-induced ILed expression, suggesting that Ib-4could be a
downstream target of Tfec transcription factor.ded, ChIP assays demonstrated that
Tfec selectively bound to the ILedpromoter at position of -571 bp upstream of the
transcriptional start site. Promoter reporter asséyrther confirmed that Tfec
transcribed the expression of ll-4ollowing IL-4 stimulation in macrophages. Taken
together, we demonstrated experimental evidenceatidg the existence of an
IL-4/STAT6/Tfec/IL-4o positive feedback regulatory loop in macrophagehkile
CHORP is likely to regulate this positive feedbadgulatory loop to promote M2
programming in macrophages. In support of this amti the number of
CHOP'CD206 M2 macrophages in induced sputum has been notbd tmrrelated

with the severity of asthma.

Previous studies have provided suggestive evidémae CHOP could increase the
secretion of inflammatory cytokines in a murine mlodf neutrophilic asthnf§ and
promote epithelial apoptosis in HDM-induced allergirway diseasé In the current
report, our studies in CHOPmice demonstrated additional evidence that CHOP
deficiency protects mice against OVA-induced alle@rway inflammation, further
suggesting a great potential for CHOP in the prBgenand treatment of allergic
airway diseases, such as asthma. Indeed, our studieg lentiviruses expressing a
CHOP shRNA confirmed that knockdown of CHOP poteatleviated the severity of
airway inflammatory responses along with attenuatedcus production and
improved airway remodeling in mice after repeatédA@hallengesNevertheless,
additional follow-up studies would be necessaryfully establish the therapeutic

potential of CHOP in the prevention and treatmdraiavay inflammatory diseases in



clinical settings.

In summary, we have demonstrated that altered Cld&iession along with ER
stress is a characteristic feature of asthmatiemiat Mice deficient ilCHOP were
found to be protected from OVA-induced airway inflmation and AHR. The most
exciting discovery in the current report is the nitigcation of the
IL-4/STAT6/Tfec/IL-4Ro. positive feedback regulatory loop, which exacerbat
asthma pathogenesis. CHOP has been found to reghistfeedback loop to enhance
M2 programming in macrophages. Together, our dad&cate that targeting CHOP
and ER stress may represent a promising therapappioach for the prevention and

treatment of asthma in clinical settings.
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FIGURE LEGENDS:

Figure 1. Analysis of ER stress markers in asthmatic patiants OVA-challenged
mice. A: CHOP expression in induced sputum samples fromesgic patients (AP,
N=6) and healthy subjects (HS, N=8). BIP expression in induced sputum from AP
and HS.C-F: Expression of CHOPQ), p-elF2: (D), Atf4 (E) and Bip F) in the
lungs of mice after OVA challenge. The data weréected from 6 mice in each study

group. *,p < 0.05; **,p < 0.01; ***, p< 0.001.

Figure 2. Comparison of the severity of lung inflammationvbe¢n CHOP and WT
mice after OVA challengéA: H&E staining.B: PAS stainingC: Masson'’s trichrome
staining.D-F: Bar graphs represent the quantitative mean sdardlammation D),
mucus productionH) and fibrosis ratioK). Images were captured using a microscope
at a magnification of 200x. The data were collediein 4-6 mice in each study

group. *,p < 0.05; **, p < 0.01.

Figure 3. Comparison of inflammatory cells and cytokine8iLF samples between
CHOP’ and WT mice after OVA challeng@: Total number of inflammatory cells in
BALF samplesB-E: Analysis of eosinophilsH), lymphocytes C), macrophaged))

and neutrophils ) in BALF samples.F-M: Inflammatory mediators in BALF
samples. Six mice were included for each study mrdd: The response to

acetylcholine (N=6-7 for each group).p'< 0.05; **, p < 0.01; ***, p < 0.001.

Figure 4. CHOP is overexpressed in infiltrating macrophagesthe lungs of
OVA-challenged miceA: Co-immunostaining of CHOP and F4/80 in BALF ceBs
Flow cytometry analysis of CD206 in macrophage$ot@ihg OVA challenges. C
Arginase-1 expression in the lung-E: FIZZ1 (D) and YM1 E) expression in the
lungs. The data were collected from studies of mi€e in each study group. p, <

0.05; **, p< 0.01; ***, p< 0.001.



Figure 5. CHOPdeficiency protects mice from developing asthmatignuating M2
programming in macrophages.: Representative results of pathological staining
(200x%).B: Number of inflammatory cells in BALF samples dh&d from each group
of mice.C: The response to acetylcholine. Five mice weramgxed in each study

group. *,p < 0.05; **, p< 0.01; ***, p< 0.001.

Figure 6. CHOP regulates the IL-4/STAT6/Tfec/IL-4Rpositive feedback regulatory
loop to exacerbate M2 program.8A B: Temporal expression of Arginase-1, CHOP,
STAT6, and p-STAT6 in macrophages after IL-4 stiatioin. C & D: Expression of
Tfec (C) and IL-4Rx (D). E: ChIP analysis of the IL-4é&kpromoter.F: Results for

IL-4Ro promoter luciferase reporter assay9 % 0.05; **, p < 0.01; ***, p < 0.001.

Figure 7. CHOP shRNA attenuates OVA-induced allergic airmaffammation and
M2 macrophage productior\: Expression of CHOP in the lunB: Representative
results of pathological staining (200X): Inflammatory cells in BALF sample®:
The response to acetylcholirte-F: Analysis of FIZZ1 E) and YM1 E) expression
in the lungs. Four to six mice were examined irhestady group. *p < 0.05; **,p <

0.01.

Figure 8. The number of M2 macrophages in induced sputumpkesmis highly
correlated with asthma severitg: Co-immunostaining of CHOP and CD1B:
Co-immunostaining of CHOP and CD2@®.& D: Results for correlation analysis of
CHOPCD206 macrophage counts and FEV1/FVC (C) and FEV1 (Dpatients
with asthma (n = 18). AP: Asthmatic patients; H®akhy subjects. **p < 0.01. E:
The IL-4/STAT6/Tfec/IL-4Ry positive feedback regulatory loop.
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In Silico analysis of the IL-4Ra promoter for Tfec binding sites
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MATERIALSAND METHODS

Human samples

Induced sputum samples were obtained from healthiynteers (n = 15) and
asthmatic patients (n = 18) enrolled in Tongji Htap All of the study subjects
provided informed consent. The diagnosis of astiwi@s based on the asthma
guidelines provided by the American Thoracic SgciBlone of patients in the asthma
group had undergone inhaled corticosteroid (IC®yapy prior to blood tests and
lung function tests All studies in human subjects were conducteccitoedance with
the NIH guidelines and were approved by the Instial Review Board (IRB) of

Tongji Hospital. The clinical characteristics off sludy subjects are provided in Table

Animals

CHOP knockout (CHOP) mice were purchased from the Jackson Laborat®ay (
Harbor, ME, USA). Wild-type (WT) mice were obtainelom the Animal
Experimental Center of Hubei province (Wuhan, Chiddl animals were housed in
a specific pathogen-free (SPF) animal facilityreg Tongji Medical College under a
12 h light/dark photocycle with diet and water dafalie ad libitum. All experimental
procedures were approved by the Animal Care and Cimamittee of the Tong;i

Hospital of Huazhong University of Science and Textbgy.
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Reagents and antibodies

Murine recombinant IL-4 was obtained from PeproTéBocky Hill, NJ, USA).
Antibodies against ATF4 and Arginase-1 were puretdasom Abcam (Cambridge,
MA, USA), and antibodies against p-etF2and STAT6 were obtained from Cell
Signalling (Danvers, MA, USA). Antibodies againsHGP, BIP, GAPDH and
p-STAT6 were obtained from Santa Cruz Biotechnolffgnta Cruz, CA, USA), and
Tfec antibody was obtained from Proteintech (Wul@mna). Murine enzyme-linked
immunosorbent assay (ELISA) kits for IL-4, IL-5,-0I3, TGF$1, IFN-y, IL-1B,
IL-10, and CCL17 were purchased from BD Bioscien(@an Jose, CA, USA). All
other reagents were purchased from Sigma (St. L&, USA), unless otherwise

stated.

Genotyping

The genotypes of the mice used in this study werditned by PCR. The primers
use to amplify the WT CHORllele were WT-F 5’-CAG ATC CTC ATA CCA GGC
TTC C-3' and WT-R 5-CTC CAC CCT CTG CCA ATG TAG-3'while primer

MU-F 5’-GCC AGG GTT TTC CCA GTC AC-3’ along with ¢habove WT-R primer

were employed to amplify the CHOMlI allele.

OVA-induced allergic airway inflammation model in mice
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Asthma was induced in WT and CHOPmice (8-10 weeks old) as previously
described with minor modificatiofis®. Briefly, the mice were sensitized using
intraperitonea (i.p.) injection of 10Qg OVA (grade V) emulsified in 1 mg of
aluminum hydroxide gel (Thermo Scientific, Rockfptt) in a total volume of 200
ul, on days 0, 7 and 14. Mice injected with an equdilime of saline were served as
controls. The sensitized mice were anesthetizetl digthyl ether and intranasally
challenged with 5@I OVA (20 pg/ul) or saline for 7 consecutive days. CHOP shRNA
lentiviral vectors (AAG AGA ACG AGC GGC TCA A, 8 £(0° IFU) were injected
into the anesthetized animals via intratracheabysdafter the first challenge with
OVA. A mock virus (negative control sShRNA) were ds&s controls. The mice were

sacrificed after 7 consecutive days of OVA chalksng

Analysis of airway responsiveness

Airway responsiveness to acetylcholine (Ach) waseased 24 h after the last OVA
challenge using a computer-controlled small animahtilator system (SCIREQ
Scientific Respiratory Equipment, Inc., Montréal,CQ Canada) as previously
described Briefly, the mice were anesthetized with 10 mgkegamine and 1 mg/kg
xylazine, and the values for airway resistance (8n, HHO s/ml) in response to
incremental doses of Ach (0.00, 6.25, 12.5, 25 &Admg/ml) administered by

nebulizationvia airway were recorded.
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Preparation of bronchoalveolar lavage fluid (BALF)

BALF was collected by cannulating the trachea awgding the lung with 0.6 ml of
sterile PBS using previously described technigudgproximately 0.4 ml of BALF

was recovered from each animal. BALF was centrifuge300 g for 5 min, and the
supernatants were stored at -80°C prior to cytokireasurements. The total cell
suspension was resuspended in 1 ml of PBS. Celle ve®unted using a

haemocytometer. Differential cell counts were meagafter Diff-Quick staining.

Histological analysis and immunostaining

The left lung was inflated with 4% neutral buffeqgaraformaldehyde using 25 cm of
H,O pressure for 1 min. The lungs were subsequeethoved and placed in fresh 4%
neutral buffered paraformaldehyde for 24 h at raemperature. After embedding the
tissues in paraffin, they were sliced into 5-pmtises and subjected to haematoxylin
and eosin (H&E), periodic acid-Schiff (PAS) and Mas staining using the
established techniques-or immunostaining, fresh frozen sectiongu(8) and smears

of the induced sputum samples from asthma pateete prepared as previously
described The slides were co-incubated with primary antibscagainst F4/80 and
CHOP, CHOP and CD206 or CHOP and CD14, followedphybing with Alexa
594-labeled or Alexa 488-labeled secondary antdmdinvitrogen, Carlsbad, CA,

USA). The results were assessed by two pathologssigy a brightfield or fluorescent
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microscope in a blinded fashion.

ELISA analysis of inflammatory cytokines

The levels for inflammatory cytokines IL-4, IL-3,-03, TGF$1, IFN+y, IL-1p, IL-10
and CCL17 in BALF samples were measured using caciedleELISA kits as

previously describéd

Western blot analysis

Lung tissues and cultured peritoneal macrophages twnemogenized in lysis buffer
[300 mM NaCl, 50 mM Tris-HCI, and 1% Triton X-100H 7.5)] using a BBX24
Bullet Blender homogenizer (Next Advance Inc., AVé&ark, NY, USA) according to
the manufacturer’s protocol. Fifty micrograms otraexted proteins were separated
using 12% SDS-PAGE, and the separated proteins wexasferred onto
polyvinylidene difluoride (PVDF) membranes (Bio-Radercules, CA, USA). The
membranes were first probed with indicated primamtibodies, followed by
incubating with an HRP-conjugated secondary anybddhe reactive bands were
visualized using an ECL Plus Western Blot Kit (Ber Rockford, IL, USA) as

previously reportet]

Flow cytometry analysis



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

The mononuclear cells in the lung tissue samplese wabtained as reported
previously®. The cells were then stained with anti-mouse FH8CP/Cy5.5 (1:100),
CD11c-APC (1:100) and CD206-FITC (1:100). After Wes, the cells were analysed
by flow cytometry as previously descridédData analysis was performed using the

FACS Express V3 software (De Novo Software) aguased.

Quantitative RT-PCR analysis

Quantitative RT-PCR analysis was conducted usinSYremix Ex Taq (Takara)
as previously describ&d Briefly, total RNAs were extracted from lung or
macrophages using the RNAiso plus (TaKaRa, Japer)r@ing to the supplier’s
instructions. Real-time RT-PCR was conducted toesssCD206, FIZZ1, YM1,
CCL17, Tfec and IL-4R alpha expression using an Aflsm 7500 Sequence
Detection System (Applied Biosystems, San Franci€&g USA).B-actin or Gapdh
was used for normalization, and relative expressifor each target gene were
calculated using the 2ACt approach as reported. The primers used to ayrgsith
target gene are listed in Table 2.

I solation and culture of peritoneal macrophages

Mouse peritoneal macrophages were prepared aopedyidescribetf. The isolated
macrophages were cultured in RPMI 1640 for 30 mimeimove nonadherent cells.

The adherent cells were then cultured in RPMI 18dPpplemented with 10% FBS,
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100 U/ml penicillin/streptomycin and recombinant4L(10 ng/ml) for the indicated

periods of time.

Macrophage depletion and macrophage adoptivetransfer studies

Clodronate liposomes (40 pl) were administered tiwo consecutive daysia

intratracheal injection 7 days prior to OVA indwctj and the severity of asthma was
assessed following 7 consecutive days of OVA chghs. The adoptive transfer
studies were conducted as previously desctfbeReritoneal macrophages derived
from WT mice were stimulated by IL-4 (10 ng/ml) f&2 h and then administered
through intratracheal injection into the lungs @dronate liposome-treated WT and
CHOP’ mice at a density of 1 x i@ells/mouse (5@l) one day before challenge

with OVA as described above. The animals were gaenificed for further analysis.

Chromatin immunoprecipitation (ChlP) assay and IL-4Re promoter reporter
assay

ChIP assays were conducted using a CHIP assayHdimgen, JS, China) as
previously describéd The primers used in the ChIP assay are as foll&\s 5'
AGCCAACCCAATCCATAAS3' and R1: 5’'CCCTAGAAACCACGCAAA3'A dual
luciferase reporter system (Promega, Madison, VBA)was used for the IL-4R
promoter luciferase reporter assays, in which tfez Binding site within the IL-4&

promoter was disrupted as previously repdfted
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Statistical analysis

All data are presented as the mean + SEM, anoh aitro studies were replicated a
minimum of 3 times. Statistical analyses of theadatere conducted using the
GraphPad Prism 5 software (GraphPad Software $an, Diego, CA, USA) and the
standard one-way analysis of variance (ANOVA) ombeit’s multiple comparison
test when appropriate. For all statistical comparisogmss 0.05 was considered

statistically significant.
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FIGURE LEGENDS:

Supplementary Figure 1. CHOP is overexpressed in infiltrating macrophagethe
lung sections derived from OVA-challenged mi€HOP was stained in green, while

F4/80 was stained in red. **f < 0.001.

Supplementary Figure 2. CHOP selectively modulates the M2 programme in
macrophages. Analysis of CD208)(and CCL17 B) expression in the lung. C: Flow
cytometry analysis of CD11c expression in macropbkdgllowing OVA challenges. *,

p < 0.05; ** p < 0.01.

Supplementary Figure 3. Adoptive transfer studies for MO macrophages. WU M
macrophages were adoptively transferred into cloat® liposome-treated CHOP
mice, or CHOP MO macrophages were adoptively transferred into WiiEe,
followed by repeated OVA challenges. A: Represérgatesults of H&E, PAS and
Masson staining. B: Inflammatory cells in BALF sdegp C: The response to

acetylcholine.

Supplementary Figure 4. In Slico analysis of the IL-4R promoter for potential

Tfec binding sites.



265 Table 1. Characteristics of subjects for induced sputum samples.

induced sputum samples
Asthma (N=18) Control (N=15)
Age, years 40.17 £ 3.95 40.06 + 7.50
Sex
Female 14 (77.88%) 14 (93.33%)
Male 4 (22.22%) 1 (6.67%)
FEV1 (L) 2.11+0.25 3.21+0.60
FVC (L) 3.42+0.66 3.73+0.72
FEV1/FVC% 53.44 + 3.62 85.08+4.46
PEF (L) 3.96 +0.82 7.56+2.26
Atopic” 12 (66.67%)
BMI 22.26 +0.43 2291 +1.06

266 FEV1:. Forced expiratory volume in one second; FW0Grced vital capacity; PEF:
267 Peak expiratory flow. *, p < 0.05 asthma vs. cont#étopic status was confirmed by
268 allergic skin prick test responses.

269

270 Table2. Primersfor RT-PCR

CD206 5'-TTG GAC GGATAG ATG GAG GG-3'




5'-CCAGGC AGT TGA GGAGGT TC-3'

Fizzl 5'-TCC CAG TGAATACTG ATG AGA-3'
5'-CCACTC TGG ATC TCC CAA GA-3'

YM1 5'-GGG CATACC TTT ATC CTG AG-3'
5-CCACTGAAG TCATCCATG TC-3

Ccl17 5-TGG CTG CCCTGCTTC TG-3'
5'-AAT GGC CCC CTT GAAGTAGTC-3'

Tfec 5'-GGA CAACCACAACCT CAT TGA-3'
5'-CCAGCG CATATC AGGATCATT-3'

IL-4Ro 5'-TGA CCT CAC AGG AAC CCAGGC-3'
5'-GAA CAG GCAAAA CAACGG GAT-3'

p-actin 5'-TGA CGT TGA CAT CCG TAAAGA CC-3'
5'-CTC AGG AGG AGC AAT GAT CTT GA-3'

Gapdh 5'-CGACTT CAACAG CAACTC CCACTCTTC C-3
5'-TGG GTG GTC CAG GGTTTC TTACTC CTT-3'
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