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BHLHE40 contributes to allergic asthma
progression in mice through NRTN
downregulation in macrophages
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Alternatively activatedM2-like macrophages have a profound impact on asthma pathogenesis. Basic
Helix-Loop-Helix Family Member E40 (BHLHE40), a dimeric transcriptional factor, plays a key
regulation in macrophage functions. Here we show that ovalbumin (OVA)-challenged mice exhibited
greater expression of BHLHE40 in lung tissues. Bhlhe40 knockdown reduced the pulmonary lesions
and allergy-induced inflammation in asthmatic mice. Moreover, an inhibitory effect of Bhlhe40
knockdown on alternative activation was observed in vivo and in vitro. We show a downstream target
Neurturin (Nrtn) of Bhlhe40. Dual luciferase assay and ChIP-qPCR assay indicated that BHLHE40
bound toNrtn promoter and reduced its transcriptional activity. Simultaneous knockdown ofBhlhe40
and Nrtn recovered the alternative activation of macrophages and rescued the OVA-elicited asthma
phenotype.NRTNdownregulation offset the alleviative effects ofBhlhe40 knockdownonasthma. This
study demonstrates that BHLHE40 promotes allergic asthma, and contributes to the alternative
activation of macrophages in asthma by inhibiting Nrtn transcription.

Bronchial asthma is a chronic airway inflammation disease characterized by
bronchial hyperreactivity and airway inflammation and participated by
various inflammatory cells and cytokines1. Macrophages are the most
abundant immune cells in normal lungs andmacrophage polarization plays
an important role in asthma2. Alveolar macrophages are in direct contact
with the environment as they are located on the epithelial surface of the
lung3. Under stimulation with different microenvironments, macrophages
can be polarized into classically activated M1-like or alternatively activated
M2-like macrophages4. M1-like macrophages, induced by IFN-γ and
lipopolysaccharide (LPS), are responsible for inflammation and protection
against invading pathogens5. M2-like macrophages are stimulated by
interleukin (IL)-4 and IL-13, and it contributes to anti-inflammatory
responses and tissue remodeling6.Asthmacanbe categorized asnon-allergic
or allergic, with the latter being more common. Allergic asthma is char-
acterized with T helper (Th2) immune response and airway hyperrespon-
siveness (AHR), and airway remodeling7. Th2 cytokines can not only
promote IgE production, but also activate M2-like macrophages. Robbe
et al.8 showed thatM2-likemacrophages are themajor effectormacrophages
in allergic asthma whereas M1-like macrophages predominate in non-
allergic asthma. The alternatively activatedmacrophages are associatedwith

the severity of asthma, and it promotes the development of an allergic
inflammatory response9. In turn, M2-like macrophages can enhance the
Th2 immune response to aggravate allergic asthma10. The pathogenesis of
allergic asthma is complex, and it is important to explore the underlying
mechanism of allergic asthma.

Basic helix-loop-helix proteins are dimeric transcriptional factors,
which form a large superfamily and play important roles in asthma devel-
opment, such as hypoxia-inducible factor, aryl hydrocarbon receptor, and
transcription factor EB11–14. BHLHE40 is reported to act as a key regulator in
inflammatory and autoimmune diseases15,16. In acute lung injury,Bhlhe40 is
required for LPS-induced injury, and Bhlhe40 can inhibit GSDMD-
mediated pyroptosis17. Rauschmeier et al.18 showed that BHLHE40 tran-
scription factor regulates alveolarmacrophage self-renewal. In autoimmune
neuroinflammation, Bhlhe40 is reported to be required for the induction of
experimental autoimmune encephalomyelitis19. Besides, BHLHE40
expression was upregulated in the bone marrow derived macrophages
(BMDMs) that were treated with IL-420. However, its roles in asthma have
not been reported yet.

Neurturin (NRTN) is widely recognized as an essential neurotrophic
factor in neuronal development21. Recent studies have suggested thatNRTN
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involves in regulating the physiological process of asthma. A clinical
examination of asthmatic patients showed that sputum NRTN level is
associated with Type 2 airway inflammation in patients with asthma22.
Nrtn−/− mice showed higher levels of neutrophils, cytokine-induced neu-
trophil chemoattractant, and a stronger tendency to activate the Th2
response23. Michel et al.24 reported that knockout of Nrtn enhanced the
pronounced worsening of OVA-induced airway inflammation, Th2
response, and airway hyperresponsiveness. Besides, Nrtn inhibited the
inflammatory response of lung macrophages caused by viral infection25.

In the present study, high-throughput mRNA sequencing was con-
ducted to evaluate the transcriptome of mouse model of asthma. The key
gene Bhlhe40 was upregulated in OVA-challenged mice. It was speculated
that Bhlhe40 might regulate the development of allergic asthma. We
investigated the roles of BHLHE40 in the development of asthma, explored
its effects on activation of macrophages in vivo and in vitro. Additionally,
BHLHE40 usually acts as a transcriptional suppressor to modulate gene
expression.We explored the regulation betweenBHLHE40 andNRTN, and
whether NRTN mediates the roles of BHLHE40 in allergic asthma.

Results
BHLHE40 is upregulated in asthma induced by OVA
We constructed a mouse model of asthma by OVA challenge as shown in
Fig. S1A, and explored the mRNA profile of lung tissue with asthma. His-
tological results confirmed that mouse model of asthma was successfully
established (Fig. S1B). Compared to the mice in the sham group, OVA-
challengedmice showed thickenedairwaywalls, extensive inflammatory cell
infiltration, goblet cell metaplasia, and deformed alveolar structure. From
principal component analysis (PCA), there was a clear separation between
asthmatic mice and sham mice (PCA1= 52.14%, PCA2 = 10.85%)
(Fig. S1C). The differentially expressed genes (DEGs) were identified by a
threshold of |Log2FC| >1 and adj p value <0.05 (SupplementaryData 1) and
displayed it in a volcanomap (Fig. S1D). In addition, GSEAwas performed
to identify pathways enriched among differentially expressed genes. The
results revealed that these differentially expressed genes participate inmany
important signaling pathways (Supplementary Data 2). The GO pathways
“leukocyte chemotaxis”, “macrophage migration”, “mast cell activation”,
and “inflammatory response” were upregulated in asthmatic mice. Subse-
quently, we downloaded the GSE49705 dataset from the GEO database for
further analysis. GSE49705 is a transcriptome analysis of Prdm11 knockout
mice after OVA challenge. We compared the mRNA profiles in lung
samples between wild-type and wild-type mice with OVA challenge and
obtained the DEGs between healthy and asthmatic mice in GSE49705
dataset (Supplementary Data 3). Next, the 24 shared genes that upregulated
in asthmatic mice was showed in a Venn diagram (Fig. S1E). To the best of
ourknowledge, amongall the sharedgenes, 16havebeen reported in asthma
and 8 are novel (Bhlhe40, AA467197, Gpr171, H2-DMb1, Aqp9, Cyp4f18,
Rpl3l, and Arhgdib) (Fig. S1F). Through further literature review and ana-
lysis, we narrowed down the candidates to Bhlhe40, Aqp9, and Arhgdib as
themost suitable for investigation. Among these,Bhlhe40 stood outwith the
highest log2FC value (Supplementary Data 1), demonstrating significant
upregulation in asthma (Fig. S1G). Besides, Bhlhe40 is reported to involved
in inflammation regulation. Therefore, the significantly upregulated
Bhlhe40 gene was identified as the target gene.

To further verify the results of high-throughput sequencing, we repe-
ated themousemodel of asthmaagain.HEstainingandPASstainingof lung
tissues suggested that OVA administration induced airway inflammation,
goblet cell metaplasia, and airway remodeling (Fig. 1A–C). Next, the
expression of three asthma-associated genes, Ppard, Hpgd, and Npr3, was
tested to verify the accuracy of the sequencing results. PPARD involves the
pathogenesis of severe asthma26.Hpgd, andNpr3 are the hit on differentially
expressed gene analysis. RT-qPCR analysis suggested that Ppard was
upregulated in asthmatic mice, and the expression of Hpgd and Npr3 was
downregulated (Fig. S1H), which was consistent with the high-throughput
sequencing results. Besides, compared with sham mice, the mRNA level of
Bhlhe40 was higher in asthmatic mice (Fig. 1D). Western blot and IHC

staining for BHLHE40 indicated a high protein level of BHLHE40 in lung
tissues of asthmatic mice (Fig. 1E, F). By fluorescent microscope, increased
colocalization of BHLHE40 with F4/80 (macrophage marker) was found in
the lung tissues of asthmatic mice (Fig. 1G), suggesting that BHLHE40 was
highly expressed in alveolar macrophages in asthmatic mice.

Bhlhe40 knockdown suppresses the development of asthma
in mice
Furthermore, to interfere Bhlhe40 in vivo, mice in asthma group received
lentiviral vector LV-shBhlhe40 or LV-shNC (Fig. 2A). As expected, Bhlhe40
was clearly reduced at both themRNA and protein levels (Fig. 2B, C). From
histological analysis, more inflammatory cell infiltration around airway,
evident narrowing of the airways, goblet cell hyperplasia, and mucus pro-
duction was induced by OVA. After Bhlhe40 knockdown, we found inhi-
bition of inflammatory cell infiltration, along with decreased goblet cell
hyperplasia and mucus production in the lung tissues (Fig. 2D, E). Besides,
the protein concentration in BALFs was increased after OVA challenge,
while knockdown of Bhlhe40 inhibited it (Fig. 2F). We also counted the
number of inflammatory cells in BALF by Wright-Giemsa staining
(Fig. 3A). OVA challenge increased the number of total inflammatory cells
in BALF, but this increasing was offset after Bhlhe40 silencing (Fig. 3B).
Specifically, accumulation of eosinophil, neutrophil, and macrophages was
observed in mice with OVA inhalation (Fig. 3C–E). There were less
inflammatory cells in mice with BHLHE40 knockdown. OVA induced
aberrant T helper 2 (Th2) inflammatory immune response in lung, which
was evident by increased level of cytokines, IL-4, IL-13, IL-5, and IL-10 in
BALF andmassive IgE production in serum (Fig. 3F, G). However, Bhlhe40
knockdown inhibited the production of these cytokines and IgE.
Allergic asthma is characterized by inflammatory infiltration, airway
hyperresponsiveness, and Th2 cell-mediated immune response. All results
of this part showed that Bhlhe40 knockdown suppressed the typical
symptomsof asthma, indicating thatBhlhe40 involves in thedevelopmentof
asthma.

Bhlhe40 knockdown inhibits the polarization of M2-like macro-
phage markers in asthmatic mice
Macrophage polarization is heavily associated with asthma pathogenesis.
M2macrophage polarization is essential in allergic asthma. In the following
study, we explore whether and how Bhlhe40 affected alternatively activated
macrophages in asthma. YM1, FIZZ1, CD206 and ARG1 are the canonical
markers of alternative activation. OVA challenge increased the concentra-
tion of YM1 in BALF and its mRNA expression in lung tissue (Fig. 4A, B).
Fizz1 expression shared the similar trends (Fig. 4C). Moreover, RT-qPCR
showed an upregulation of Cd206 and Arg1(Fig. 4D, E). Western blot
analysis supported it (Fig. 4F–H). Importantly, the expression of all these
alternative activation markers was decreased after Bhlhe40 knockdown,
which indicates that Bhlhe40 contributes to the alternative activation of
macrophages. Macrophages in the alveoli are divided into tissue-resident
alveolar macrophages (TR-AMs) and monocyte-derived alveolar macro-
phages (Mo-AMs). Under certain pathological conditions, such as allergic
asthma, bloodmonocytesmigrate to the lungs and differentiate toMo-AM,
and replace TR-AMs27–29. In allergic asthma, exposure to allergens results in
rapid monocyte recruitment and an increase in Mo-AMs, which promotes
an acute inflammatory response. By contrast, TR-AMs play a critical role in
the maintenance of lung tissue homeostasis30. In this work, the effects of
Bhlhe40 onMo-AMs were explored. Mo-AMs were isolated from BALF by
flow cytometry analysis (Fig. S2A). We also found few Mo-AMs in sham
mice, while the cell proportion of Mo-AMs was higher in OVA-challenged
mice compared with the sham mice (Fig. S2B). Bhlhe40 downregulation
decreased the recruitment of mononuclear macrophages. Besides, tracheal
delivery of LV-shBhlhe40 decreased the expression of BHLHE40 in Mo-
AMs (Fig. 4I). The status ofMo-AMswas explored by testing the expression
of alternative activation markers. Bhlhe40 knockdown reduced the protein
level of CD206 and Arg1 inMo-AMs (Fig. 4I–L), suggesting that Bhlhe40 is
conducive to the alternative activation of Mo-AMs.
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Fig. 1 | BHLHE40 expression is upregulated in OVA-induced asthmatic mice.
A Schematic graph of animal sensitization and challenge. BHistological analysis of
lung tissues stained with HE staining or PAS staining. C Histology score of HE
staining and PAS staining. Statistical significance was determined with Mann-
Whitney test. DmRNA expression of Bhlhe40 was assayed by RT-qPCR. Statistical
analysis was performed by two-tailed Student’s t-test. E Western blot analysis of
BHLBE40 in lung tissue. Statistical analysis was performed by two-tailed Student’s

t-test. F Immunohistochemistry staining was performed to detected the level of
BHLHE40 in lung tissue. Statistical analysis was performed by two-tailed Student’s
t-test. G Double immunofluorescence staining for BHLHE40 (red) and F4/80
(green) in lung tissues. The number of double positive (F4/80+ BHLHE40+ ) cells
was quantified. Statistical analysis was performed by two-tailed Student’s t-test.
Error bars represent standard deviation. N = 8 biological replicates.
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Bhlhe40 knockdown impaired IL-4–induced alternative activa-
tion of BMDMs
For further confirming the function of Bhlhe40 in M2-like macrophage, we
isolated BMDMs from mice, and it was subjected to IL-4 treatment for
alternative activation of macrophages in vitro (Fig. 5A). Bhlhe40 was
silenced in the cells by lentiviral infection. RT-qPCR showed that IL-4
treatment increased Bhlhe40 expression, and LV-shBhlhe40 decreased the
expression of Bhlhe40 in BMDMs (Fig. 5B). Also, the protein level of
BHLHE40 shared the same trends (Fig. 5C). ThemRNAexpression ofYm1,
Fizz1, Cd206, and Arg1 was raised in BMDMs by IL-4 administration,

indicating that IL-4 induced BMDMs towards M2-like macrophages
(Fig. 5D–G). Compared with untreated cells, IL-4-stimulated BMDMs
showed increased protein level of CD206 and ARG1 (Fig. 5H). However,
Bhlhe40 downregulation counteracts this induction. From IF staining for
Arg1, we also found that IL-4 increased Arg1 protein level, while it was
diminished by Bhlhe40 knockdown (Fig. 5H). Consistent with the results
in vivo, Bhlhe40 knockdown exerted an inhibitory effect on alternative
activation in vitro. Besides, the role ofBhlhe40 inM1 responsewas evaluated
by IF staining of INOS. It was found that Bhlhe40 did not affect iNOS
expression in IL-4-stimulated BMDMs (Fig. S4A).

Fig. 2 | Bhlhe40 knockdown suppresses the development of asthma in mice.
A Mice in asthma group received lentiviral delivery of LV-shBhlhe40 or LV-shNC.
B RT-qPCR tested the mRNA expression of Bhlhe40 in lung tissues. Statistical
analysis was performed by One-way ANOVA with Tukey’s post-test.
C Representative western blot and quantitative analysis of BHLHE40 expression in
lung tissues. Statistical analysis was performed by One-way ANOVA with Tukey’s
post-test. D Representative HE images in lung tissue sections and quantitative

analysis of histologic scoring. Statistical analysis was performed by Kruskal-Wallis
test. E Representative PAS images in lung tissue sections and quantitative analysis of
histologic scoring. Statistical analysis was performed by Kruskal-Wallis test. F Total
protein concentrations in BALF in OVA-induced asthma. Statistical analysis was
performed by One-way ANOVA with Tukey’s post-test. Error bars represent
standard deviation. N = 8 biological replicates.
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NRTNmediates the BHLHE40 regulation for IL-4–induced alter-
native activation
NRTN is a neurotrophin, which is involved in the pathogenesis of asthma23.
In OVA-challenged model, Nrtn knockout mice showed aggravated
inflammation and airway hyperresponsiveness24. According to JASPAR
prediction, there are several transcription factors binding sites of BHLHE40
on the Nrtn promoter. Therefore, we speculated that BHLHE40 might
regulate the transcription of Nrtn. In BMDMs, IL-4 administration
decreased the expression level ofNrtn, whileBhlhe40 knockdown decreased
it (Fig. 6A). Similar results were also found at the translation level (Fig. 6B).
Furthermore, luciferase assay and ChIP-qPCR analysis were performed to
validate that potential regulation. As shown in Fig. 6C, we used three
reporter constructs containing fragments of the Nrtn promoter that drive
luciferase expression when transcriptionally active. The luciferase activities
were lower in Bhlhe40-transfected cells than in vector-transfected cells,
indicating that BHLHE40 inhibits the transcriptional activity ofNrtn. ChiP-
qPCR results showed that BHLHE40 indeed binds to Nrtn, as evident by
increased enrichment of the promoter ofNrtn in BHLHE40-ChIP samples

(Fig. 6D). Subsequently, we explore whether Nrtn mediates the roles of
BHLHE40 in M2-like macrophages. The above results suggested that
BHLHE40 negatively regulated the transcription of Nrtn. Lentivirus for
Nrtn knockdown efficiency was examined by western blot (Fig. S3A). We
silenced BHLHE40 in BDMDs and a rescue experiment for Nrtn was per-
formed. RT-qPCR analysis presented that Nrtn knockdown reversed the
Bhlhe40 silencing-induced downregulation of Fizz1, Ym1, Arg1, and Cd206
in BDMDs (Fig. 6E). Similar changes of CD206 and ARG1 was observed at
protein level (Fig. 6F). Besides, IF staining showed high expression of ARG1
in BMDMs transfected with shBhlhe40 and shNrtn (Fig. 6G). Bhlhe40
downregulation increased the expression ofNrtn, resulting in an inhibition
of alternative activation, while it was activated after co-silencing Bhlhe40
and Nrtn.

Moreover, thepotentialmechanismofBhlhe40-Nrtn axiswas validated
in physiological peritonealmacrophages. As shown in Fig. 7A, physiological
peritoneal macrophages were obtained from mice stimulated with thio-
glycolate and IL-4. BHLHE40 binding to Nrtn was confirmed in physio-
logical macrophages via ChIP-qPCR. As BHLHE40 is reported to bind the

Fig. 3 | Bhlhe40 knockdown suppresses the inflammatory response in
asthmatic mice. A Representative pictures from Giemsa staining for BALF cell.
B The total number of cells in BALF. C The number of eosinophils in BALF.D The
number of neutrophils in BALF. E The number of macrophages in BALF. F ELISA

assay detected the level of IL-4, IL-5, IL-13, and IL-10 in BALF. G ELISA assay for
IgE in serum.N = 8 biological replicates. Statistical analysis was performed by One-
way ANOVA with Tukey’s post-test. Error bars represent standard deviation.
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IL-10 promotor, IL-10 was selected to serve the positive control. It revealed
similar enrichment profiles in Nrtn and IL-10 (Fig. 7B). Infection of LV-
shBhlhe40 decreased the Bhlhe40 expression both at mRNA and protein
level (Fig. 7C, D). Besides, IF staining found that Bhlhe40 decreased the
expression of ARG1 in peritoneal macrophages (Fig. 7E). Knockdown both
Bhlhe40 and Nrtn recovered the expression of ARG1 compared to knock-
down Bhlhe40 alone (Fig. 7F), indicating that Bhlhe40 regulates the mac-
rophage polarization possibly by downregulatingNrtn. IF staining for INOS
was conducted. We showed similar results in peritoneal macrophages as in
BMDMs (Fig. S4B, C). Bhlhe40 did not affect iNOS expression in physio-
logical peritoneal macrophages.

Nrtn knockdown aggravates the development of asthma inmice
To further validate the potential mechanism in vivo, mice in asthma group
received lentiviral delivery of LV-shBHLHE40 and LV-shNrtn (Fig. 8A). RT-
qPCR results showed a downregulation of Nrtn at mRNA level in mice
received LV-shNrtn (Fig. 8B). NRTN protein level shared the same trends
(Fig. 8C). Histologic assessment found that Nrtn knockdown exacerbated
lung pathology in asthmatic mice ((Fig. 8D, E). From the representative HE
images of lung tissues, co-silencing of Bhlhe40 andNrtn increased infiltrated
inflammatory cells and enhanced airway wall thickening compared to
Bhlhe40 silencing alone. Results of PAS staining displayed goblet cell pro-
liferation and mucus over-secretion in mice with Bhlhe40 and Nrtn

Fig. 4 | Bhlhe40 knockdown inhibits the polarization of M2-like macrophage
markers in asthmatic mice. A ELISA forYM1 in BALF. B–E RT-qPCR assay
showed the mRNA expression of Ym1, Fizz1, Cd206, Arg1 in lung tissues. F The
protein level of CD206 and ARG1 in lung tissues.GQuantitative analysis of CD206
protein level.HQuantitative analysis of ARG1 protein level. IWestern blot assessed
the level of BHLHE40, CD206, and ARG1 in monocyte-derived alveolar

macrophages (Mo-AMs). JQuantitative analysis of BHLHE40 protein level in Mo-
AMs. K Quantitative analysis of CD206 protein level in Mo-AMs. L Quantitative
analysis of ARG1 protein level in Mo-AMs. N = 8 biological replicates. Statistical
analysis was performed by One-way ANOVA with Tukey’s post-test. Error bars
represent standard deviation.
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knockdown. Additionally, Nrtn downregulation recovered the Th2 inflam-
matory immune response in asthma mice, which was evident by increased
levels ofTh2cytokines (Fig. 8F).Nrtnknockdownoffset the inhibitory impact
of Bhlhe40 downregulation on Mo-AM recruitment (Fig. S5). Lentiviral
delivery of LV-shNrtn decreased NRTN protein level in Mo-AMs (Fig. 8G),
while increased the expression of ARG1 marker (Fig. 8H). These findings
suggest that NRTN is the key mediator for BHLHE40 function in asthma.

Discussion
In the present study, we analyzed the mRNA profile of lung tissue from
OVA-induced allergic mice and identified Bhlhe40 as a key gene that is
involved in the pathogenesis of the asthma.mRNA sequencing data showed
the upregulation of Bhlhe40 in lung tissue of asthmatic mice. What’s more,
Bhlhe40 knockdown remarkably reduced the pulmonary lesions and Th2
immune response, hampering asthma progression.

Fig. 5 | Bhlhe40 knockdown impairs IL-4–induced alternative activation in vitro.
A Bone marrow derived macrophages (BMDMs) were isolated from BALB/c mice,
and then stimulated with IL-4 to induce M1 polarization. Lentivirus infection was
conducted before IL-4 treatment. B The expression level of Bhlhe40was determined
by RT-qPCR. C Western blot analysis of BHLBE40 in BMDMs. D–G The mRNA

expression level of Ym1, Fizz1, Cd206, and Arg1 in BMDMs.H The protein level of
CD206 and ARG1 in BMDMs. I Immunofluorescence analysis of ARG1 expression
in BMDMs, and the quantification of ARG1 positive cell count. N = 4 biological
replicates. Statistical analysis was performed by One-way ANOVA with Tukey’s
post-test. Error bars represent standard deviation.
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Fig. 6 | NRTN mediates the BHLHE40 regulation for IL-4–induced alternative
activation. A, BNrtn expression level was determined by RT-qPCR and western
blot. Statistical analysis was performed byOne-wayANOVAwithTukey’s post-test.
C Dual-luciferase reporter assay. N = 3 biological replicates. Statistical analysis was
performed by One-way ANOVA with Tukey’s post-test. D Validation by ChIP-
qPCR analysis of BHLHE40 binding to Nrtn in BMDMs. Statistical analysis was
performed by two-tailed Student’s t-test.ERT-qPCR showed themRNA expression

of Fizz1, Ym1, Arg1, and Cd206. Statistical analysis was performed by One-way
ANOVA with Tukey’s post-test. F The protein level of CD206 and ARG1 was
assayed by western blot. Statistical analysis was performed by One-way ANOVA
with Tukey’s post-test. G Immunofluorescence analysis of ARG1 expression in
BMDMs, and the quantification of ARG1 positive cell count. Statistical analysis was
performed by One-way ANOVA with Tukey’s post-test. Error bars represent
standard deviation. N = 3-4 biological replicates.
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Allergic asthma is an IgE-mediated sensitization to inhaled allergens,
which is characterized by Th2 cell response and inflammatory cell
infiltration31. Th2 cells can generate a canonical set of cytokine IL-4, IL-5, IL-
13 and IL-10, which mediates a pathologic role in asthma32. IL-4 and IL-10
inducesBcell activationand leads to excessive IgE secretion33. IL-5markedly
regulates the proliferation, differentiation, and activation of eosinophils,
while IL-13 is responsible for mucus production and airway

hyperresponsiveness34,35. Previous studies have highlighted that BHLHE40
involves in the regulationof immunediseases. In experimental autoimmune
encephalomyelitis (EAE), BHLHE40 is required for Th cells to mediate
pathogenicity19,36. Jarjour et al.16 reported that BHLHE40 is indispensable in
Tcells for aprotectiveTh2cell response.Therefore,BHLHE40may facilitate
inflammatory response in asthma progression, and Th2 response is one of
the important targets. However, Huynh et al.37 showed that absent of

Fig. 7 | BHLHE40 regulates the status of physiological peritonealmacrophages by
targeting Nrtn. A Mice were stimulated with thioglycolate and IL-4 by intraper-
itoneal injection, and then physiological peritoneal macrophages were obtained.
B Validation by ChIP-qPCR analysis of BHLHE40 binding to Nrtn in peritoneal
macrophages. Statistical analysis was performed by two-tailed Student’s t-test.CRT-
qPCR examined the mRNA level of Bhlhe40 in peritoneal macrophages. Statistical
analysis was performed by One-way ANOVA with Tukey’s post-test.
D Representative immunoblot and quantitative analysis of BHLHE40 expression.

Statistical analysis was performed by One-way ANOVA with Tukey’s post-test.
E Immunofluorescence analysis of ARG1 expression in peritonealmacrophages, and
the quantification of ARG1 positive cell count. Statistical analysis was performed by
One-way ANOVA with Tukey’s post-test. F Peritoneal macrophages were infected
with LV-shBhlhe40 and LV-shNrtn, and then were subjected to immuno-
fluorescence staining for ARG1. The number of ARG1 positive cells was quantified.
Statistical analysis was performed by One-way ANOVA with Tukey’s post-test.
Error bars represent standard deviation. N = 4 biological replicates.
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Fig. 8 |Nrtnknockdownaggravates the development of asthma inmice.AMice in
asthma group received lentiviral delivery of LV-shBhlhe40 or LV-shNrtn. B The
mRNA expression ofNrtn in lung tissue. Statistical analysis was performed by One-
way ANOVA with Tukey’s post-test. C Representative immunoblot and quantita-
tive analysis of NRTN expression in lung tissues. Statistical analysis was performed
by One-way ANOVAwith Tukey’s post-test.DHistological analysis of lung tissues
stained with HE staining or PAS staining. EHistology score of HE staining and PAS
staining. Statistical analysis was performed by Kruskal-Wallis test. F ELISA assay

detected the level of IL-4, IL-5, IL-13 and IL-10 in BALF. Statistical analysis was
performed by One-way ANOVA with Tukey’s post-test. G Western blot assessed
the level of NRTN in monocyte-derived alveolar macrophages (Mo-AMs). Statis-
tical analysis was performed by One-way ANOVA with Tukey’s post-test.
HRepresentative immunoblot and quantitative analysis of ARG1 expression inMo-
AMs. Statistical analysis was performed by One-way ANOVA with Tukey’s post-
test. Error bars represent standard deviation. N = 8 biological replicates.
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Bhlhe40 in mice results in higher susceptibility toMycobacterium tubercu-
losis. BHLHE40 exerts different role in these two lung diseases. In tuber-
culosis, BHLHE40 inhibits IL-10 expression, thereby decreasing early
susceptibility. In contrast, in asthma, we found that BHLHE40 knockdown
was accompanied by a decrease in IL-10 secretion in BALF. The different
pathogenicmechanisms in allergic asthmaand tuberculosismayaccount for
it. Mycobacterium tuberculosis infection activates innate and adaptive
immunity in the body38. IL-10 limits the protectiveTh1 immune response to
Mycobacterium tuberculosis, exacerbates infection39. Allergic asthma is a
chronic disease characterized by Th2 immune response. Th2 cytokines
stimulate B-cell activation, thus enhancing mucus hypersecretion and IgE
production. Besides, loss ofBHLHE40 in asthmamice showeddecreased IL-
10 secretion, which is contrary to previous reports. BHLHE40 is reported to
inhibit the transcription of IL-10 in T cells19,40. Alveolar lavage fluid is a
complex environment, and the secretion of IL-10 is related to a variety of
cells. Qian et al.41 indicated that B-cell-derived IL-10 promotes allergic
sensitization and asthma progression. Therefore, it can be speculated that
Bhlhe40 knockdown may decrease the Th2 response, inhibit the B cell
activation, thus reducing IL-10 secretion.

The alternative activated M2-like macrophages was increased in
allergic asthma, while M1-like macrophages predominate in non-allergic
inflammation model4,42. M2-like macrophages predominantly secrete high
level of chemokines, which induces airway eosinophil infiltration and
mucus hypersecretion43. Th2 cytokines, such as IL-4 and IL-13, are major
inducers of M2 macrophage polarization, and the increase in alternative
activated macrophage polarization in the lungs reflects allergic asthma
severity44. In turn, M2-like macrophages can enhance the Th2 immune
response, which forms positive feedback to aggravate allergic asthma10,45.
We also found the alternative activation ofmacrophages inmicewithOVA-
induced asthma. In allergic asthma, allergen exposure induces a rapid
recruitment of monocytes and increase in Mo-AMs that promote acute
inflammatory responses28. BHLHE40 is required for macrophage alter-
native activation, especially Mo-AMs. Downregulation of BHLHE40
reduced the expression of markers of M2-like macrophages in vivo and
in vitro. However, in myeloid cell–conditional Bhlhe40 knockout mice, it
has been reported that Bhlhe40 has no effect on macrophage alternative
activation46,whichcontradicts ourfindings. In thephysiologicmacrophages
obtained from the abdominal cavity, we also found that Bhlhe40 regulates
alternative activation. On the one hand, asthma model is quite different
from the animal model that Jarjour et al.46 reported. The animal strains and
genetic backgrounds used in the two models are also different. Besides, the
pathological response of allergic asthma is complex, and the immune
environment in the lung is also different from that in the abdominal cavity.
These factors could therefore bias the results. On the other hand, in the
allergic asthma model, there are positive feedback between Th2 immune
response and M2-like macrophages, and Bhlhe40 may regulate alternative
activation of macrophages by affecting Th2 cytokine secretion.

Nrtn is originally identified in neuronal cells and its role in inflam-
mationhas been reported47. Besides,Nrtn showed an inhibitory effect on the
progression of asthma23,24. In the present work, we proved that BHLHE40
bound to the promotor region of Nrtn and repressed its transcription.
Besides, simultaneous knockdown of Bhlhe40 and Nrtn induced the alter-
native activation of macrophages, suggesting that NRTN inhibited the
alternative activation and BHLHE40 might target NRTN to regulate mac-
rophage polarization. Nrtn knockdown offset the effects of Bhlhe40
knockdownonOVA-elicited asthmaphenotype. BHLHE40might promote
asthma progression via targeting Nrtn transcription.

Nevertheless, this study has also some limitations which deserve dis-
cussion. In the current study, we focused on the impact of Bhlhe40 onMo-
AM, whereases TR-AM were not investigated at the same level of detail.
Future studies should address this gap to provide a more comprehensive
understanding of the underlying mechanisms. Besides, there may be a
combination of two aspects of Bhlhe40 in asthma. We have explored the
direct roles of Bhlhe40 in alternative activation of macrophages but lacking
the data about the roles of Bhlhe40 in Th2 cells. In the future, we should use

the cell co-culture model of Th2 cells and macrophages to explore whether
loss of Bhlhe40 in Th2 cells will affect the alternative activation of
macrophages.

Together, our findings illustrate the functions of BHLHE40 in allergic
asthma.BHLHE40 is required for theprogression of asthma.Knockdownof
Bhlhe40 reduced Th2 immune response, alternative activation of macro-
phages, accumulation of eosinophils, and airway inflammation response,
thus relieving the progression of allergic asthma. Besides, as a transcription
factor, BHLHE40 negatively regulates the transcription of downstream
target Nrtn and thereby enhancing alternative activation of macrophages.
These findings suggested that BHLHE40 contributes to allergic asthma
development, and the potential mechanism is involved to Nrtn. Thus, the
present work offers an insight into pathogenesis of asthma, and targeting
BHLHE40 may be a potential strategy for intervening allergic asthma.

Material and methods
Animal
Female BALB/c mice (6–8 weeks old) were used for asthma model, as
females are more susceptible to the development of allergic airway
inflammation than males. Mice were housed at 22 ± 2 °C and humidity
55 ± 5%under a 12/12 h dark/light cycle with freewater and food. Total 163
animalswere used and randomly assigned to each experimental groupusing
a random sequence generator. Nine mice in OVA group died after surgery.
The experimental unit is a single animal.

Animal model
As shown in Fig. 1A, the mice in asthma group were intraperitoneally
injected with 20 μg OVA and 2mg Al(OH)3 on days 0 and days 14. One
week after the final injection, themice received inhalationwith 1%OVA for
30min on day 21, day 22, day 23. Themice in sham group were injected an
equal volumeof saline, and then inhaledwithPBS. FormRNA-seq, themice
in Sham and OVA challenge groups (6 animals per group) were sacrificed
24 h after the last inhalation, and the lung tissues were collected for analysis.
Another ShamandOVAchallenge groups (8 animals per group)were set to
verify the sequencing results. Additionally, to explore the role of BHLHE40
in asthma in vivo, mice were randomly allocated to four group (16 animals
per group) and subjected to the following treatments: 1) Sham, 2) OVA
challenge, 3) OVA+ LV-shNC, 4) OVA+ LV-shBhlhe40. Bhlhe40 shRNA
lentiviral vectors (50 μL, 1 × 108 TU/mL) were IT-delivered into the anes-
thetized animals 2 days before the first inhalation with OVA. Amock virus
(negative control shRNA) was used as control. For rescue animal experi-
ments, as depicted in Fig. 8A, asthma mice were injected with Bhlhe40
shRNA lentiviral vectors and Nrtn shRNA lentiviral vectors (8 animals per
group). The construction of the lentivirus vectors was entrusted to General
Biosystems (Anhui) Co., Ltd. Mice were sacrificed 24 h after the last inha-
lation, and peripheral blood, bronchoalveolar lavage fluid (BALF), and lung
tissueswereharvested for further studies.Animal sacrificewasperformedby
exsanguination under deep isoflurane anesthesia at the end of the experi-
ments. When mice exhibit severe respiratory distress, lethargy, unrespon-
siveness, or an inability to eat and drink normally, it is considered a humane
endpoint.We have complied with all relevant ethical regulations for animal
use. An experimental protocol was prepared and approved by the Medical
Ethics Committee of Shengjing Hospital of China Medical University.

Cell line and cell culture
A total of 38 mice were used for primary cell isolation. Bone
marrow–derived macrophages (BMDMs) were isolated from femurs and
tibias of mice as described previously48. Basically, tibia and femur were
collected, the epiphysis was cut, and the bonemarrow cavity was flushed by
phosphate buffer saline (PBS) to obtain the bone marrow. Next, bone
marrow cells were cultured in DMEM containing 10% fetal bovine serum
(FBS) supplemented with 10 ng/mL M-CSF for 7 days to differentiate into
BMDMs. BMDMswere stimulatedwith IL-4 (20 ng/mL) for 24 h to induce
M2-like macrophages. Lentivirus transfection was conducted before IL-4
treatment. BMDMs were infected with lentivirus at an MOI of 10. After
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48 h, infectedBMDMswere treatedwith IL-4. For the isolation of peritoneal
macrophages, according to the previously reported49, mice receive a com-
bination of thioglycolate and IL-4c treatment to induce peritoneal macro-
phage recruitment and differentiation. In detail, 5 μg of murine IL-4 was
mixedwith 25 μg of anti-IL-4 to prepare fresh IL-4c. IL-4c and thioglycolate
was administered via intraperitoneal injection to each mouse at day 0 and
day 2.Micewere euthanized on day 4, and 5mL of PBS plus 5mMEthylene
Diamine Tetraacetic Acid (EDTA) was injected intraperitoneally. After a
short soft massage of the abdomen, the lavage fluid was collected for cen-
trifugation.Next, the cell pelletwas resuspended and seed in RPMImedium
(supplemented with 10% fetal bovine serum, 2mM L-glutamine, 100 μM
non-essential amino acids, 100U/mL penicillin, 100 μg/mL streptomycin,
and 50 μM β-mercaptoethanol). The non-adherent cells were then removed
and the adherent cells were considered as peritoneal macrophages. Mac-
rophages were infected with lentiviral vector, and simultaneous adminis-
tration of IL-4 exogenous stimulation maintains the cellular alternative
activation state.

Histological evaluation
Histological changes were evaluated by hematoxylin and eosin (HE)
staining and Periodic Acid-Schiff (PAS) staining. The lung tissues were
embedded in paraffin and cut into 5 μm sections. HE staining was carried
out according to standard protocol. For PAS staining, the hydrated sections
were immersed with Periodic acid solution for 10min and then incubated
with Schiff’s Solution for 15min. Hematoxylin was used to counterstain.
The images were captured with BX43 microscope (Olympus, Japan). His-
tology scorewasquantified according to theprevious reports. Five randomly
selected areas on each section were blindly evaluated by two experienced
observers. Airway inflammation was scored on HE sections based on the
following inflammatory conditions: 0, no inflammatory infiltrate around all
airways and vessels. 1, some infiltrates are detectable around airways and
vessels. 2, most of the area around the airway is surrounded by 1 layer of
inflammatory cells. 3, the majority of airways and vessels show inflamma-
tory infiltrates. Many layers are thicker than two layers, ranging from 2 to 4
layers. 4, most of the area around the airway is surrounded by 4 or more
layers of inflammatory cells. Mucus production was quantified on PAS
slides. The score is based on the following conditions: 0, no goblet cell. 1, 5%
PAS circumferential goblet cell staining. 2, 30% PAS goblet cells. 3, 30–60%
PAS goblet cells. 4, 60% PAS goblet cells.

Flow cytometry analysis
Mo-AMs were isolated from BALF according to the previous method50.
Briefly, collected BALF was filtered through 70 μm cell filter, and, and

centrifuged with 300 g, 5min at 4 °C. The cell pellet was resuspended in
buffer and incubated with anti-CD16/32 (E-AB-F0997A, Elabscience,
China) toblocknon-specific binding.Next, cellswerewashedand incubated
with anti-CD64 (E-AB-F1186E, Elabscience, China), anti-Siglec-F (53-
1702-82, eBioscience, USA), and anti-CD11b (E-AB-F1081D, Elabscience,
China) at 4 °C for 30min. After that, 5 μL of 7-AAD (E-CK-A162,
Elabscience,China)was added to further incubate the cells indark at 4 °C for
20min. Then the cells were detected by NovoCyte flow cytometer (Agilent,
USA). Gating strategy was done as follows: SSC/FSC>live/
dead>CD64+ >Siglec-F+ >CD11b+ (Fig. S2A). The Mo-AMs (Siglec-
F+ / CD11b+ ) were collected for further analysis.

RT-qPCR
Total RNA was isolated from tissues or cells by TRIpure method. Nucleic
acid concentration was determined by Nanodrop. One microgram of RNA
was reverse transcribed to cDNA and then subjected to qPCR using specific
primers (Table 1). qPCRwas performed using SYBRGreenMasterMix and
Exicycler 96 real-time PCR system (Bioneer, Korea). The gene expression
was normalized by using the 2−ΔΔCT method.Gapdhwas used as an internal
reference gene. All the primers were listed in Table 1.

Western-blot
Tissues or cells were lysed in ice-cold modified RIPA buffer. After cen-
trifugation, the supernatants were collected and BCA method was used to
assess the protein concentration. Next, proteins were separated on SDS-
PAGE and transferred to polyvinylidene fluoride membrane. The mem-
brane was blocked in solution and incubated at 4 °C overnight with the
following primary antibodies: anti- BHLHE40 (1:1000, A6534, ABclonal),
anti-ARG1 (1:1000, A1847, ABclonal), anti-CD206 (1:1000, DF4149, Affi-
nity), anti-NRTN (1:1000, DF13481, Affinity). GAPDH served as a loading
control. The bound primary antibody was detected by peroxidase-
conjugated goat anti-mice IgG (1:3000, SE131, Solarbio) or peroxidase-
conjugated goat anti-rabbit IgG (1:3000, SE134, Solarbio). Protein blot was
visualized with the ECL analysis system.Molecular weight was indicated by
using a pre-stained protein ladder (KF8006, Affinity).

Immunohistochemistry (IHC)
Antigen retrieval was conducted by boiling the sections in citrate-buffered
antigen retrieval solution.After, lung sectionswere incubatedwith 3%H2O2

and then blocked with 1% BSA for 15min. Next, sections were stained with
primary antibodies against BHLHE40 (1:100, 17895-1-AP, Proteintech,
China) and secondary antibodies HRP-labeled goat anti-rabbit IgG (1:500,
#31460, thermoFisher, USA). After developing with diaminobenzidine

Table 1 | The sequence of primer

Target Forward (5’-3’) Reverse (5’-3’)

RT-qPCR

Bhlhe40 AACGGAGCGAAGACAGC CCAAGTGACCCAAAGTAGTAAG

Ppard CGAAGTCTCCGCAAGCC CCCGCAGAATGGTGTCC

Hpgd CAAAGTGGCTCTGGTGA AATCTTCCGAAATGGTCT

Npr3 TGATGCTCGCTCTGTTTCG ACTCGCTCGCTGCCTTG

Arg1 GGAAGACAGCAGAGGAGGTG TCAGTCCCTGGCTTATGGTT

Cd206 GACTGGCATTCTTTACC TACATTTGCTCGTGGAT

Fizz1 CAACTTGTTCCCTTCTCA CACCCAGTAGCAGTCATC

Ym1 CCTACTGGAAGGACCATGGAG GTAGGGGCACCAATTCCAGT

Nrtn GACCGTGCTGTTCCGCTACT GGACACCTCGTCCTCATAGGC

ChIP-qPCR

Nrtn ChIP-1 CGTTTTATGAGCGTCCAC GTTCCCTGTCTCCTCTGTC

Nrtn ChIP-2 GGTGGGGAGGACTTGTG GAGCAGGTGGCAGGAAC

IL-10 AGGTGTCAGGCAATAGTAAC CATTCCATCTTGGGTCA
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solution, the sections were counterstained with hematoxylin. Stained sec-
tions were finally analyzed using BX43 microscope (Olympus, Japan).

Immunofluorescence
For single-staining immunofluorescence, cell slides were fixed with 4%
paraformaldehyde for 15min and then permeabilized with 0.5% Triton
X-100 for 30min. Subsequently, slides were blocked with 1% BSA and
incubatedwith primary antibody againstARG1 (1:100,DF6657,Affinity) or
INOS (1:100, sc-7271, Santa cruz). The slideswere then incubatedwithCy3-
labeled goat anti-rabbit IgG (1:200, A27039, invitrogen). For double
immunofluorescence staining, slides were incubatedwith primary antibody
against BHLHE40 (1:500, NB100-1800SS, Novus), and F4/80 (1:50, Sc-
377009, Santa cruz) at 4 °C overnight. Next, corresponding fluorescent
secondary antibodies (Cy3-labeled goat anti-rabbit IgG, FITC-labeled goat
anti-mouse IgG (1:200, ab6785, Abcam)) were used for incubation. DAPI
was used for nuclear staining. Images were obtained on a fluorescence
microscope (Olympus, Japan). Image analysis was conducted through
Image-Pro Plus (Media Cybernetics). Five visual fields were randomly
selected from each section or slice to count the number of positive cells.

Wright-Giemsa staining
After centrifugation, the pelleted cells in BALFs were resuspended in PBS,
and the total cell numbers were counted. Ten μL cell suspension was made
into the cell smear. AfterWright-Giemsa staining, eosinophils, neutrophils,
and macrophages were differentially counted under microscope (Olym-
pus, Japan).

ELISA
The concentrations of IL-4, IL-5, IL-13 and IL-10 in BALFs were measured
by ELISA, according to themanufacturer’s protocols (Lianke, China). Total
IgE in serum samples was measured using a mouse ELISA Kit (Lianke,
China). The level of YM1 in BALFs were determined using aMouse Chi3l3
ELISA Kit (Fine Biotech, China) in accordance with the manufacturer’s
instructions. The ELX-800 plate reader (BioTek,USA)were used for ELISA.

Dual luciferase assay
According to JASPAR prediction, we found two BHLHE40 binding sites in
Nrtnpromoter. Tomeasurepromoter activity, reporterplasmids containing
different lengths of the Nrtn promoter sequence and Bhlhe40 over-
expression plasmids were constructed. 293 T cells were co-transfected with
reporter plasmids and Bhlhe40 overexpression plasmids for 48 h. Next, cells
wereharvested and luciferase activitywasmeasuredusing thedual luciferase
assay kit according to themanufacturer’s instructions (Keygen, China). The
luciferase signals were detected by a SynergyH1multifunctionalmicroplate
reader (BioTek, USA).

ChIP-qPCR
The ChIP assay was conducted using chromatin immunoprecipitation
(ChIP) Kit (Beyotime, China).

In brief, after IL-4 induction, BMDMs were incubated with 1% for-
maldehyde for 10min to crosslink the target protein and the corresponding
DNA. Next, it was mixed with 1.1mL Glycine solution for 5min. After
washing with cold phosphate buffered saline (PBS) containing 1mM phe-
nylmethylsulfonyl fluoride (PMSF), the samples were resuspended in SDS
lysis buffer containing 1mMPMSF and incubated on an ice bath for 10min
to fully lyse the cells. Ultrasonic cell disruptor (DHS-1000D, Dehongsehng
Biotech, China) was applied to shear the chromatin. The condition of
ultrasonic treatment was set to 10 seconds each time for a total of 4 times,
and the power was set to 30% of the maximum power 50W, and a 2mm
ultrasonic head was used. Chromatin in supernatants was collected by
centrifugationand then incubatedwith anti-BHLHE40at 4 °Covernight.As
a negative control, chromatin was incubated withmouse IgG. The immune
complex was precipitated with protein G-Agarose beads. Precipitated
complex was eluted from the beads. Crosslinks between proteins and DNA
were reversed with 5M NaCl at 65 °C for 4 h. Subsequently, DNA was

purified, and quantification of the DNA target regions was assessed by
qPCR. Data were calculated as enrichment of the ChIP samples relative to
the input. Primers used for ChIP-qPCR were listed in Table 1.

High-throughput sequencing
mRNA sequencing work was commissioned by Lianchuan Biotechnology
Co., Ltd. (Hangzhou, China). Total RNAwas isolated from lung tissues and
purified using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s protocol. The RNA amount and purity of each sample
was quantified using NanoDrop ND-1000 (NanoDrop, Wilmington, DE,
USA). The RNA integrity was assessed by Agilent 2100 with RIN number
>7.0. Next, the mRNA was fragmented into small pieces and the cleaved
RNA fragments were then reverse-transcribed to create the final cDNA
library in accordance with the protocol for the mRNA-Seq sample pre-
paration kit (Illumina, San Diego, CA, USA). At last, the 150 bp paired-end
sequencing was performed on an Illumina Novaseq 6000 (LC Bio Tech-
nology CO.,Ltd. Hangzhou, China) following the vendor’s recommended
protocol. Evaluation of raw sequencing data was done with Fast-QC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Alignment
of sequencing data was performed using Hisat2 (https://daehwankimlab.
github.io/hisat2/).

Bioinformation analysis
Addition to local mRNA sequencing, Datasets GSE49705 were obtained
from GEO database. The mRNA profiles between asthmatic mice and
healthy mice were investigated. GSE49705 dataset is a transcriptome ana-
lysis of Prdm11 knockout mice after OVA challenge, and includes four
groups (wild-type, wild-type challenged, mutant, and mutant challenged
group). We compared the mRNA profiles in lung samples between wild-
type and wild-type mice with OVA challenge. Differentially expressed gene
(DEG) analysis was performed by R package DESeq2 with threshold of |
Log2FC| >1 and adj p-value <0.05. Principal component analysis (PCA)
plot, Volcano diagram, and Heatmap were generated by using R package
(ggplot2 v3.5.0, and pheatmap v1.0.12). Gene Set Enrichment Analysis
(GSEA) was performed by using R package (clusterProfiler v4.10.1).

Statistical and reproducibility
All data are presented as mean ± SD. Animal experiments were performed
with N = 5-8 independent biological replicates per group. Cell experiments
have three or four cell culture batches per group (N = 3-4). Sample size
calculation was performed using an online calculation tool (http://
powerandsamplesize.com/Calculators/). One-way ANOVA with Tukey’s
post-test was conducted for multiple comparisons (except for histology
score). Two-tailed Student’s t-test was used to compare two independent
groups. All data were checked for normal distribution and homogeneity of
variance before analysis. Confounders were not controlled. No exclusion
criteriawere set. FormRNA-seq, the sampleOVA-5was excluded as itwas a
clear outlier by PCA. The criterion of statistical significance was P <0.05.
Statistical analyses of the data were conducted with GraphPad Prism soft-
ware (8.0 version).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Numerical source data are included in the main text (Supplementary data
file). mRNA sequencing files have been deposited into the GEO public
database under accession number GSE295506. The dataset GSE49705 can
be obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE49705).
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