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Abstract Allergic rhinitis (AR), a globally prevalent immune-mediated inflammatory condition, is still

an incurable disease. In the present study, we have validated the impact of the Kelch-like ECH associated

protein 1 (Keap1)-related oxidative stress and inflammatory response in clinical AR patient peripheral

blood and nasal swab samples, emphasizing the biological relevance of Keap1 and AR. Targeting Keap1

-nuclear factor erythroid 2-related factor 2 (Nrf2) related anti-oxidative stress may be effective for AR

intervention. Drawing inspiration from the Keap1 homodimerization and the E3 ligase characteristics,

we herein present a design of novel bivalent molecules for chemical knockdown of Keap1. For the first

time, we characterized ternary complexes of Keap1 dimer and one molecule of bivalent compounds. The

best bivalent molecule 8 encompasses robust capacity to degrade Keap1 as a homoPROTACKEAP1. It effi-

caciously suppresses inflammatory cytokines in extensively different cells, including human nasal epithe-

lial cells. Moreover, in an AR mouse model, we confirmed that the chemical degradation induced by

homoPROTACKEAP1 led to therapeutic benefits in managing AR symptoms, oxidative stress and
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inflammation. In summary, our findings underscore the efficacy of targeting the Keap1 system through the

homoPROTAC-ing technology as an innovative and promising treatment strategy for the incurable

allergic disorders.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Allergic rhinitis (AR) affects approximately 15% of adults in the

United States (∼50 million individuals) and about 18% of adults

(∼250 million individuals) in China, as well as notable percent-

age of children1-4. However, it is still an incurable disease. It has

been characterized to be caused by an immunoglobulin E (IgE)-

mediated immune inflammation to inhaled allergens5,6. It en-

compasses a diverse range of clinical symptoms, with rhinorrhea

and nasal congestion being the most prevalent2,4,7. In addition,

more severe conditions such as asthma, chronic or recurrent

sinusitis, headaches, as well as sleep problems affect quality of

life, and even lead to depression2,8,9. With these problems, AR is

causing underestimated and substantial economic burden and

disability worldwide10.

For clinical management, continuous allergen avoidance

should be the first choice for AR patients8. Many pharmaco-

therapy options are available for AR to encompass symptomatic

managements2,8. Antihistamines (oral and/or intranasal) and cor-

ticosteroids (intranasal), sometimes, coupled with anti-

inflammatory medications are administrated depending on the

severity, yet these interventions frequently fall short of achieving

complete efficacy. Allergy immunotherapy (AIT), embodied

through subcutaneous and sublingual approaches, holds significant

potential for effectiveness11. However, concerns over safety,

inconvenience, the lengthy treatment duration spanning several

years, and poor adherence among patients hinder its widespread

acceptance12. Hence, scientists globally have embarked on a

relentless effort to discover novel therapeutic interventions.

Asthma and AR frequently coexist, displaying a profound inter-

connection that prompts us to mirror the pathogenesis of asthma in

searching effective interventions6,13. Exceeding reactive oxygen

species (ROS), naturally occurring byproducts of cellular meta-

bolism, can lead to oxidative stress, contributing to a wide range

of diseases14. Early in 2002, Crapo and his colleagues highlighted

the involvement of oxidative stress in mediating the activity of

allergic respiratory diseases15. The intricate interplay between

oxidative stress and asthma pathogenesis has been highlighted16-

20. It is revealed that blood leukocytes sourced from asthmatic

patients exhibited elevated levels of superoxide anion and

diminished concentrations of glutathione (GSH). Blood markers

of oxidative stress were also changed, including increased levels

of protein carbonyls, nitrites/nitrates, uric acid and lipid peroxides,

alongside reduced activity of glutathione peroxidase and lower

GSH concentrations. In recent years, growing evidence has

emerged, implicating oxidative stress as a pivotal factor in the

pathogenesis of AR21. The oxidative stress markers, such as

malondialdehyde (MDA), and nuclear factor erythroid 2-related

factor 2 (Nrf2), were found to be dysregulated in the OVA-

induced AR model22,23. Piper nigrum extract was found to

inhibit allergic responses and protect from nasal epithelial barrier

dysfunction via activation of Nrf2 transcription factors in the AR

model24. In human, Koksal et al.25 found the oxidative biomarkers

including total oxidant status (TOS), total antioxidant status

(TAS), and oxidative stress index (OSI) in nasal lavage fluid

(NALF) were dysregulated, highlighting the association between

AR and oxidative stress. Therefore, targeting oxidative stress

signaling and related enzymes may be effective for AR

intervention.

Nrf2, a key regulator in the oxidative stress pathway, is

inhibited by Kelch-like ECH-associated protein 1 (Keap1) to

maintain cell homeostasis26,27. Normally, Keap1 homodimerizes

and binds to Nrf2 and facilitates the ubiquitination and subsequent

proteasomal degradation27. With various stresses, Keap1-reactive

cysteines are covalently modified, leading to the release of Nrf2

and blocking its degradation28,29. Modulating the Keap1—Nrf2

pathway through the utilization of either covalent electrophiles or

noncovalent protein—protein interaction (PPI) inhibitors has

effectively activated Nrf2 and possess remarkable efficacy in

conferring a broad spectrum of diseases30,31. Notably, Keap1

functions as an adaptor protein within the Cullin-RING E3 ubiq-

uitin ligase system, facilitating the ubiquitination of Nrf232.

However, the covalent electrophiles of Keap1 may lead to unde-

sired cytotoxicity26. Significant efforts have been focused on

developing monovalent PPI inhibitors that bind to Keap1 and

subsequently activate Nrf2 in a delayed manner14,33. Nevertheless,

this approach has not fully capitalized on the Keap1 homodime-

rization process, leaving one molecule of Keap1 available for

potential alternative interactions. Recognizing this limitation, the

Jiang group has recently designed bivalent Keap1 inhibitors that

demonstrate enhanced potency by more effectively targeting the

homodimerization interface34. However, these advances have yet

to incorporate the E3 ligase characteristics of Keap1 for degrad-

ing. Consequently, we propose a novel hypothesis: designing a

bifunctional compound, named homobivalent proteolysis-

targeting chimeras of degrading Keap1 (homoPROTACKEAP1),

based on our understanding of Keap1 homodimerization and its

E3 ligase activity. This approach aims to achieve chemical

knockdown of Keap1 by harnessing the ubiquitin—proteasome

system, potentially representing a groundbreaking strategy for

the treatment of AR.

Here, we employed a crystallography-driven approach to

meticulously engineer homodimers incorporating different linkers

and ultimately identified a potent homoPROTACKEAP1 8. Bio-

physical assays and X-ray crystallographic generation of the

ternary complexes definitively established the bivalent binding

mechanism. In multiple cells, homoPROTACKEAP1 8 demon-

strated robust capacity to degrade Keap1 and efficaciously sup-

pressed inflammatory cytokines. Furthermore, we conducted

thorough validation of oxidative stress, inflammatory responses,

and the Keap1—Nrf2 pathway in the context of AR, leveraging

clinical patient peripheral blood and nasal swab samples. In

human nasal epithelial cells, the molecule exerted chemical

degradation effect as biological knockdown of Keap1. Extending
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our findings to an animal model, we further validated the

homoPROTAC-ing effect on AR, positioning it as an innovative

treatment strategy for the incurable allergic disorders.

2. Results

2.1. Crystallography-driven design identifies compound 8 as a

homodimer inhibitor of Keap1—Nrf2 interaction

Our group previously reported a nanomolar inhibitor of

Keap1—Nrf2 interaction, NXPZ-2, as well as the crystal complex

of human Keap1 Kelch domain with the inhibitor (PDB code:

7XM2, Fig. 1A)35,36. We observed the solvent exposed area of

Keap1 for optimization, resulting in more potent inhibitors,

including 6k, POZL and their crystal complexes with Keap1 (PDB

codes: 7XM3 and 7XOT)31,35. Here, in the crystallographic study,

we have further identified a unique dimerization pattern of the

Keap1 protein with a “face-to-face” configuration feature, con-

firming the existence of Keap1 dimer (PDB code: 9J70, Fig. 1B).

Notably, the solvent exposed position is situated at the center of

this arrangement, indicating a new pocket for designing bivalent

molecules. The distance between the two individual molecules of

Keap1 protein is relatively short, allowing for the accommodation

of a monovalent inhibitor equipped with suitable spacers or linkers

within each of them. This design strategy effectively mimics the

Keap1 homodimerization process, enabling it to function as an E3

ligase, thereby facilitating the “self-degradation” of Keap1 and

promoting the dissociation of Nrf2 from its binding with Keap1

dimer.

The novel bivalent compounds were synthesized through a

single-sided linkage at the amino group present on the benzo-

sulfamide moiety (Fig. 1C and Supporting Information Scheme

S1). These compounds (1—10) incorporated two distinct types

of spacers/linkers: alkyl chains (1—4) and polyethylene glycol

(PEG) chains (5—10), both assembling with two amides. Our

findings revealed that all analogues, with the exception of

compounds 3 and 4, demonstrated remarkable inhibitory ac-

tivity against the Keap1—Nrf2 interaction, operating within the

nanomolar range, as accurately assessed through a fluorescent

anisotropy assay (Fig. 1D). Among them, compounds 1, 5, 6, 8,

and 10 possessed KD2 values of <100 nmol/L. Compounds 7

and 9 showed moderate affinities of 136 and 111 nmol/L. In

particular, compound 8 excelled with a best KD2 value of

41 nmol/L, outperforming the monovalent NXPZ-2, which had

a KD2 of 53 nmol/L. Microscale thermophoresis (MST) was

employed as a second biophysics method to cross-validate the

biomolecular interactions between the compounds and the

Keap1 protein37. Consistently, we detected the MST traces and

fitted Kd values of 45 nmol/L for NXPZ-2 (Fig. 1E) and

29 nmol/L for compound 8 (Fig. 1F). Next, size exclusion

chromatography (SEC) was used to validate the ability of the

bivalent compound 8 to induce the formation of ternary com-

plex38. We found that Keap1 protein migrates more quickly in

the presence of compound 8, relative to DMSO control (Fig. 1G

and Supporting Information Fig. S1A—S1F). Upon calibration

using globular proteins that serve as proxies for the Keap1

monomer, the presence of increasing amounts of active com-

pounds augmented the formation of the Keap1 dimer, achieving

its maximum intensity at a ratio of 2:1. Notably, the shifted

peak at a volume of 14.3 mL (flow rate: 0.6 mL/min), corre-

sponded to a molecular weight of approximately 64 kDa,

indicating the peak corresponds to the ternary complex

(Keap1)2: (compound 8)1.

Crystallography is the gold standard for both elucidating

structural insights, particularly in binary protein/ligand in-

teractions39. Consequently, we determined a ternary crystal

structure of Keap1 dimer in complex with a single molecule of

compound 8 at a resolution of 3 Å for the first time (PDB code:

9J7G, Fig. 1H), confirming the result of SEC assay. The binding

pocket of two Keap1 monomers also face to each other as the

dimer crystal (Fig. 1B). Notably, in addition to the core structure

comprising two NXPZ-2 moieties, a significant density of linker

moieties that interconnect these two components within com-

pound 8 is discernible (Fig. 1K). The binding pockets of

Keap1—compound 8 are very similar with other complexes, and

the NXPZ-2 moiety of compound 8 form an extensive interac-

tion network with Keap1, which is the same as interactions

between Keap1 and NXPZ-2 (Fig. 1I and J). The hydrogen-

bonding interactions between residues of Keap1 and the linker

moiety of compound 8 are clearly illustrated, improving the

interactions between Keap1 and 8. Specifically, Arg336 and

Tyr572, both residing on a Keap1 monomer, engage in the

formation of two distinct hydrogen bonds with two oxygen

atoms present on the linker moiety of 8 (Fig. 1J). Meanwhile,

the density of most of the linker moiety can be observed plau-

sibly due to these interactions (Fig. 1H and K). Besides, we also

obtained the ternary crystal complexes of Keap1 dimer with 1

(PDB code: 9J7F, Fig. S1G—S1J) and 7 (PDB code: 9J71,

Fig. S1K—S1N). The density of linker moiety of compound 1

with the shortest linker is visible, and no interaction between

linker moiety and Keap1 is detected due to an alkyl chain within

the compound. In the Keap1—compound 7 ternary complex,

Gln530 of one protein establishes a hydrogen bond with the

carbonyl group situated within the linker region. Data collection

and refinement statistics for the complexes are presented in

Supporting Information Table S1. The visible linker moiety

densities of the ternary complex suggest that introduction of

polar atom such as nitrogen and oxygen into the linker part, as

well as the linker length can facilitate the stabilization and

visualization of linker density and enhance the interaction be-

tween Keap1 and the bivalent compounds. The fluorescent

anisotropy-derived KD2 values strengthen the hypothesis,

demonstrating better binding affinity of bivalents with PEG

chains than those with alkyl chains.

2.2. Compound 8 possesses the best self-degradation efficiency

as a homoPROTAC of Keap1 in MDA-MB-231 cells

We first selected the MDA-MB-231 cell line, which exhibits a

satisfactory level of Keap1 protein expression, for evaluating the

degradation efficiency of bivalent compounds40. Eight bivalents,

excluding compounds 3 and 4 with low Keap1—Nrf2 PPI inhibi-

tory activities, were assessed for their effects on Keap1 protein

levels through Western blotting analysis. No apparent cytotoxicity

of these compounds was demonstrated at 100 μmol/L (Supporting

Information Fig. S2A). We separately treated MDA-MB-231 cells

with 0.1—3 μmol/L of compounds and monitored the change of

Keap1 at a time point of 24 h (Fig. 2A—C, Fig. S2B and S2C). At

the concentration of 3 μmol/L, protein levels were significantly

reduced when treated with compounds 5 (Dmax � 95%, Fig. 2B),

7 (Dmax � 64%), 9 (Dmax � 59%), and 10 (Dmax � 67%). At the

concentration of 0.1 μmol/L, compound 5 still showed a reduction

of about 50%, and particularly, compound 8 exerted the
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Figure 1 Crystallography-driven design identifies compound 8 as a homodimer inhibitor of Keap1—Nrf2 interaction. (A) The crystal complex

of Keap1 and NXPZ-2 (PDB code: 7XM2) in the surface and cartoon types and the chemical structure of NXPZ-2. (B) The crystal complex of

dimerized Keap1 (PDB code: 9J70) in the surface and cartoon types. (C) The design of bivalent compounds 1—10 and their chemical structures.

(D) The dose—response curves for the binding affinity (KD2) of the ten compounds and NXPZ-2 with Keap1 protein generated by a fluorescence

anisotropy assay. Data representative of n � 3 independent experiments as mean ± SD. (E) The MST-trace chart of NXPZ-2 with Keap1 for

determining the binding affinity (Kd). Data representative of n � 3 independent experiments as average. (F) The MST-trace chart of compound 8

with Keap1 for determining the binding affinity (Kd). Data representative of n � 3 independent experiments as average. (G) UV chromatograms

from SEC analysis. Keap1 and compound 8 alone or mixed at a ratio of 2:0.5 or 2:1 mol/L ratio, in the presence of excess DTT (1 mmol/L)

avoiding the self-aggregation of Keap1 protein, were run on a Superdex 200 Increase 10/300 GL column. (H) The ternary crystal complex of one

molecule of compound 8 combined with two molecules of Keap1 (PDB code: 9J7G). Two Keap1 proteins are shown in lightblue and pink cartoon

(50% transparency) and surface (60% transparency) types respectively. Compound 8 is shown in green stick model. (I, J) Interactions between
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degradation with a Dmax of 89% (Fig. 2C). For comparison, the

original NXPZ-2 was unable to elicit such a reduction under the

same range of concentrations. Then, the protein synthesis was

inhibited with cycloheximide (CHX) in HEK293T cells for re-

screening the compounds. Compound 8 demonstrated remark-

able persistence in its degradation capacity at a concentration of

0.1 μmol/L (Dmax � 81%, Fig. S2D—S2F). However, unapparent

degradation of Keap1 was observed upon treatment with other

compounds, even in the higher concentrations (Fig. S2D—S2O).

Subsequently, we selected the best compound 8 and assessed

the influence of varying concentrations (Fig. 2D and E, Fig. S2P

and S2Q) in MDA-MB-231 cells. Our findings revealed that the

compound 8 and two Keap1 monomers. The compound and residues of Keap1 involved in compounds binding are labeled in cyan stick model.

Hydrogen bonds are depicted as yellow dashed lines. (K) Omit Fo-Fc electron density at 3 Å resolution for compound 8 shown in magenta stick

model, contoured at 2σ. Fig. 1A, B, H, J was generated using PyMol (http://pymol.sourceforge.net/).

Figure 2 Compound 8 possesses the best self-degradation efficiency as a homoPROTAC of Keap1 in MDA-MB-231 cells. (A) The degradation

efficiency screening of bivalent compounds treated with different concentrations (24 h) compared to the inhibitor NXPZ-2. (B) The gray-scale

analysis of the degradation efficiency at 3 μmol/L (n � 3). (C) The gray-scale analysis of the degradation efficiency at 0.1 μmol/L (n � 3).

(D, E) The dose-dependent effect on the degradation efficiency of compound 8 at 24 h, and the gray-scale analysis (n � 3). (F—G) The time-

dependent effect on the degradation efficiency of compound 8 at 0.1 μmol/L, and the gray-scale analysis (n � 3). (H—L) Effects of chemical

knockdown using compound 8 (0.1 μmol/L, 24 h) and biological knockdown using Keap1 knockdown lentivirus (shKeap1), as well as the

subsequent changes in downstream gene expression (nuclear Nrf2, HO-1 and NQO1), and the gray-scale analysis (n � 3). Results are expressed

as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

Chemical knockdown of Keap1 and homoPROTAC-ing AR 4141



concentrations of 0.03 and 0.1 μmol/L (Dmax > 90%) at 24 h

showed the best efficacy. However, a notable observation was that

protein levels significantly rebounded when the concentrations

increased. This phenomenon aligns with the ‘hook-effect’

observed in high micromolar concentrations of bivalent com-

pounds for von Hippel-Lindau (VHL)38, which preferentially

function as inhibitors of Keap1 rather than promoting its degra-

dation. Here, the formation of binary 1:1 complex competes

vigorously with, and ultimately prevails over, the establishment of

the productive catalytic 2:1 complex, consistent with the SEC

assay (Fig. 1G). We next evaluated the time-dependent degrada-

tion of compound 8 (Fig. 2F and G, Fig. S2R and S2S). Pro-

gressive removal of Keap1 protein over about 24 h was observed,

degrading Keap1 level by about 50% already after 18 h of treat-

ment (Fig. 2G). Interestingly, Keap1 levels increased again after

24 h, potentially due to the protein synthesis with a longer time as

VHL38. The results together confirmed compound 8 could achieve

almost complete degradation Keap1 protein level in MDA-MB-

231 in 24 h.

As a bivalent compound for degradation, like a strategy for

chemical knockdown, we further compared the efficiency of 8

with the biological knockdown of Keap1. We generated an Keap1-

KD MDA-MB-231 cell line through lentivirus infection

(shKeap1). We found the degradation of Keap1 was very similar to

the efficiency of shKeap1 knockdown (Fig. 2H and I,

Fig. S2T—S2V). As a regulator of Keap1, the Nrf2 is released

from Keap1, and translocates to the nuclear for downstream

transcription30. We found the nuclear Nrf2 was increased after

treatment with 8, as well as the shKeap1 group (Fig. 2J). Then, the

downstream HO-1 and NQO1, were relatively elevated (Fig. 2K

and L). The above findings indicate the bivalent 8 possesses the

best self-degradation efficiency as a homoPROTAC of Keap1 in

MDA-MB-231 cells.

2.3. The homoPROTAC exerts an extensive self-destruction of

Keap1 mediated by the ubiquitin proteasomal system in a panel of

cell lines, including human nasal mucosa epithelial cells

Initially, we endeavored to employ MG132, a potent inhibitor of

proteasomal degradation, as a tool compound to decipher the

underlying mechanism of compound 8. However, our observations

revealed an unexpected effect. MG132 itself was capable of

decreasing Keap1 levels in MDA-MB-231 cells (Supporting In-

formation Fig. S3A), echoing previous findings reported in

HEK293T cells41. Therefore, these two cell lines might be un-

suitable for further studies on mechanism.

We further validated the degradation scope and mechanistic

insights of the homoPROTAC using a panel of different cell lines,

including a human lung epithelial cell line, Beas-2B; a mouse

macrophage cell line RAW264.7, a mouse Lewis lung carcinoma

line LLC; and a mouse hepatocyte cell line AML-12. The cells

were treated with compound 8, and the result showed non-

cytotoxic to the cells at 30 μmol/L (Fig. S3B). In Beas-2B cells,

compound 8 demonstrated a robust ability to degrade Keap1

protein in a dose- and time-dependent manner. Optimal degrada-

tion of Keap1 was achieved at a concentration of 10 μmol/L,

resulting in a significant reduction of 89% (24 h, Fig. 3A and C,

Fig. S3G), and a similar high percentage of degradation at a

time point of 48 h (10 μmol/L, 90%, Fig. 3B and D, Fig. S3H).

The DC50 values were determined as 3.17 μmol/L in Beas-2B

cells, 1.64 μmol/L in HNEpC cells, 1.11 μmol/L in LLC cells,

and 2.98 μmol/L in RAW264.7 cells (Fig. S3C—S3F). Next, we

ascertain whether the degradation process proceeds through the

proteasomal degradation pathway. First, it was evidenced by the

inability of compound 8 to degrade Keap1 in the presence of

MG132 (0.1 μmol/L, Fig. 3M and N, Fig. S3M). Second, pre-

treatment with MLN4924 (0.3 μmol/L), which specifically inhibits

the NEDD8-activating enzyme crucial for the neddylation and

subsequent activation of cullin-RING E3 ubiquitin ligases, effec-

tively blocked the degradation of Keap1. This finding corroborates

the involvement of the proteasomal pathway in the degradation

process. Similar findings were reproduced in RAW264.7 cells,

where compound treatment resulted in nearly complete degrada-

tion of Keap1 protein at concentrations of 10 and 30 μmol/L

(Fig. 3E and G, Fig. S3I). Additionally, a time-course analysis

spanning 24—48 h further substantiated the effects (Fig. 3F and H,

Fig. S3J). The dependency of this degradation on the proteasomal

pathway was conclusively demonstrated (Fig. 3O and P,

Fig. S3N). In LLC cells, we reconfirmed the degradation phe-

nomenon, which was found to be comparable to the biological

knockdown of Keap1 protein using LLC-KO cells (Fig. 3I—L,

Fig. 3Q and R, Fig. S3K, S3L, S3O). Moreover, this degrada-

tion was also mediated through the proteasomal pathway, as well

as in AML-12 cells (Fig. 3S and T, Fig. S3P). These findings

indicate the homoPROTAC exerts an extensive self-destruction

scope of Keap1 dependent on the cellular proteasomal machin-

ery in a panel of cell lines.

Subsequently, we assessed the ability of homoPROTAC to

degrade Keap1 in human nasal mucosa epithelial cells (HNEpC).

In the cells, the homoPROTAC demonstrated a potent capability to

degrade Keap1 protein in a dose- and time-dependent manner. The

degradation was apparent at 3 μmol/L with a Dmax of 71%, and

achieved highest at 10 μmol/L with a Dmax of 99% (Fig. 4A and B,

Supporting Information Fig. S4A). The degradation showed a

Dmax of 78% at 12 h, and high percentages (>90%) at 24 and 48 h

at a concentration of 10 μmol/L (Fig. 4C and D, Fig. S4B). The

degradation could be also reduced by MG132 and MLN4924,

confirming the involvement of the proteasomal pathway (Fig. 4E

and F, Fig. S4C). In order to facilitate the detection of Keap1-

bound ubiquitin, we selected a time point of 12 h for co-

immunoprecipitation (Co-IP). The results showed that the ubiq-

uitization of Keap1 in cells significantly increased with the

treatment of 8 (Fig. 4G). In the immunofluorescence, Keap1 and

ubiquitin were co-localized, showing strong green and red fluo-

rescence in the Vehicle group. After 12 h of treatment with

compound 8, Keap1 (green fluorescence) significantly decreased,

and highly coexpression of Keap1 and ubiquitin in cells were

observed (Fig. 4H). We next generated an Keap1-KD HNEpC cell

line through lentivirus infection (shKeap1). The degradation,

leading to Nrf2 nuclear translocation, was also confirmed by

shKeap1 (Fig. 4I—K, Fig. S4D). The downstream HO-1 and

NQO1 were apparently increased with the homoPROTAC treat-

ment (Fig. 4L and M). Besides, the results of electrophoretic

mobility shift assay (EMSA) showed that the binding of Nrf2 to

the downstream antioxidant response element (ARE) was also

increased after the compound treatment (Fig. 4N). In Keap1-KD

cells, the binding of Nrf2 to ARE in the nucleus was similarly

increased. These results supported that the homoPROTAC treat-

ment increased Nrf2 nuclear translocation and activated

Keap1—Nrf2 pathway to reduce the oxidative stress.

Then, we assessed the anti-inflammatory efficacy of the

homPROTAC, with comparison to NXPZ-2. Employing an in-

flammatory model induced initially with bacterial lipopolysac-

charides (LPS), followed by a secondary stimulus in the form of
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Figure 3 The homoPROTAC exerts an extensive self-destruction of Keap1 mediated by the ubiquitin proteasome system in a panel of cell lines. (A)

The dose-dependent effect on the degradation efficiency of compound 8 at 24 h in Beas-2B cells. (B) The time-dependent effect on the degradation

efficiency of compound 8 at 10 μmol/L in Beas-2B cells. (C, D) The gray-scale analysis of the degradation efficiency was determined in (A, B) (n � 3).

(E) The dose-dependent effect on the degradation efficiency of compound 8 at 24 h in RAW264.7 cells. (F) The time-dependent effect on the degradation

efficiency of compound 8 at 10 μmol/L in RAW264.7 cells. (G, H) The gray-scale analysis of the degradation efficiency was determined in (E, F) (n � 3).

(I) The dose-dependent effect on the degradation efficiency of compound 8 at 24 h in LLC cells, and the comparison with Keap1 expression in Keap1-KO

LLC cells. (J) The time-dependent effect on the degradation efficiency of compound 8 at 10 μmol/L in LLC cells. (K, L) The gray-scale analysis of the

degradation efficiency was determined in (I, J) (n � 3). (M, N) The mechanism verification of the homoPROTAC for Keap1 degradation with or without

MG132 (0.1 μmol/L) and MLN4924 (0.3 μmol/L) in Beas-2B cells at 24 h, and the gray-scale analysis (n � 3). (O, P) The mechanism verification of the

homoPROTAC for Keap1 degradation with or without MG132 (0.1 μmol/L) and MLN4924 (0.3 μmol/L) in RAW264.7 cells at 24 h, and the gray-scale

analysis. n � 3 biologically independent samples. (Q, R) The mechanism verification of the homoPROTAC for Keap1 degradation with or without

MG132 (0.1 μmol/L) and MLN4924 (0.3 μmol/L) in LLC cells at 24 h, and the gray-scale analysis. n � 3. (S, T) The mechanism verification of the

homoPROTAC for Keap1 degradation with or without MG132 (0.1 μmol/L) and MLN4924 (0.3 μmol/L) in AML-12 cells at 24 h, and the gray-scale

analysis (n � 3). Results are expressed as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 The homoPROTACKEAP1 effectively degrades Keap1 protein and inhibits inflammation in human nasal mucosa epithelial cells. (A, B)

The dose-dependent effect on the degradation efficiency of the homoPROTAC at 24 h in HNEpC cells, and the gray-scale analysis (n � 3). (C, D)

The time-dependent effect on the degradation efficiency of the homoPROTAC at 10 μmol/L in HNEpC cells, and the gray-scale analysis (n � 3).

(E, F) The mechanism verification of the homoPROTAC for Keap1 degradation with or without MG132 (0.1 μmol/L) and MLN4924 (0.3 μmol/L)

in HNEpC cells at 24 h, and the gray-scale analysis (n � 3). (G) The ubiquitization level of Keap1 treated with or without compound 8

(10 μmol/L) was detected by Co-IP at 12 h (n � 3). (H) HNEpC cells were incubated with 10 μmol/L of 8 for 12 h, and subjected to Keap1

(green) and ubiquitin (red) immunofluorescence staining. DAPI was used to stain nuclei (blue). Merge: DAPI (blue), Keap1 (green), and ubiquitin

(red). (Scale bar � 20 μm). (I—M) Effects of chemical knockdown using compound 8 (10 μmol/L, 24 h) and biological knockdown shKeap1, as

well as the subsequent changes in downstream gene expression (nuclear Nrf2, HO-1 and NQO1), and the gray-scale analysis (n � 3). (N) The
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allergen-derived protease papain42, we tried two treatment stra-

tegies (pre- and co-treatments) to evaluate the effect (Fig. S4E).

As a result, we observed a notable reduction in the levels of pro-

inflammatory cytokines IL-6 (Fig. 4O) and TNF-α (Fig. 4P) upon

two treatments with the homoPROTAC. Furthermore, this inhib-

itory effect surpassed that exhibited by NXPZ-2. In addition, the

antioxidant capacity of HNEpC cells was restored after compound

8 treatment (Fig. 4Q and R). The anti-inflammatory effect (IL-6,

TNF-α, NO levels) was confirmed using RAW264.7 cells (Fig.

S4F—S4H). These findings underscore the significant potential

of homoPROTAC as a potent tool for degrading Keap1 protein and

its remarkable capacity to effectively reduce inflammation in

HNEpC cells.

2.4. KEAP1-related oxidative stress and inflammation are

dysregulated in the peripheral blood and nasal swabs of AR

patients

To further identify the potential impact of Keap1-related oxidative

stress on occurrence and development of AR, we collected a total

of 15 human peripheral blood monoculear cell (PBMC) and nasal

swab samples, including 10 AR patients and 5 control participants,

for sequencing. Baseline demographic and clinic information is

shown in Supporting Information Fig. S5A. There were no statis-

tically significant differences in age and the male-to-female ratio

between AR and control groups. The five AR patients had a long

history of AR (13.10 ± 4.66 years), and 40% of them accompanied

with a history of asthma. All the enrolled AR patients were in the

symptom onset stage. Their total nasal symptom score

(TNSS: 10.70 ± 1.19) and serum total IgE levels (IgE:

236.10 ± 128.24 pg/mL) were significantly higher than those in the

control group (TNSS: 1.40 ± 1.02; IgE: 43.58 ± 19.30 pg/mL).

Based on the criteria mentioned in the method part, high-quality

mRNA samples were selected, comprising 10 PBMC samples (5

control participants and 5 AR patients), 15 nasal swab samples (5

control participants and 10 AR patients).

Through mRNA sequencing (mRNA-seq), we observed that

the AR group exhibited 1122 significantly upregulated genes and

1155 significantly downregulated genes (P < 0.05,

|log2FC| > 0.5), compared to the control group (Fig. 5A). Notably,

we found that KEAP1, an oxidative stress marker, as well as IL4, a

classic inflammatory marker in AR, were significantly upregulated

in the AR patients. The expression profiles of all differential genes

identified through mRNA-seq, following enrichment analysis, are

presented in the clustering heatmap in Fig. S5B. To investigate the

potential role of KEAP1 in development of AR, we conducted

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) enrichment analysis on all differentially expressed

genes (DEGs, Fig. 5B and Fig. S5C). Particularly, the GO term

enrichment analysis indicated that the DEGs were primarily

associated with biological functions related to immune response,

apoptosis, T cell activation, macrophage differentiation, and

oxidative stress. To corroborate the findings from KEGG and GO

term, the concentrations of oxidative stress indicators, glutathione

(GSH) and superoxide dismutase (SOD), were measured. The

results showed the antioxidant capacity of AR patients was

significantly decreased (Fig. 5C and D). Next, focusing on the

biological functions of KEAP1, we further identified the inter-

section between the oxidative stress related gene set and the DEG

set, obtaining 56 downregulated genes and 58 upregulated genes

(Fig. 5E). Through enrichment analysis, we determined that

KEAP1 was primarily involved in the oxidative stress response,

cellular chemical stress response, and the processes of DNA-

binding transcription factor binding (Fig. 5F). Integrated gene

network was constructed by STRING database (minimum require

interaction score >0.4) using oxidative stress related DEGs

(Fig. 5G). IL4 was undoubtedly one of the hub genes associated

with oxidative stress related DEGs within the integrated gene

network, in which its expression demonstrated a high interaction

score with ARG1 and HMOX1. Following the inclusion of

downstream genes of KEAP1, including HMOX1, NQO1 and

NFE2L2, the network showed KEAP1 was indeed identified as one

of hub genes of oxidative stress related genes in AR. In addition,

the heatmap was utilized to illustrate the specific expression of

oxidative stress and inflammation related DEGs within the

network, showing upregulated genes, including IL4, KEAP1,

CCR2, CCR5, CX3CR1, and TNFAIP8L2, as well as down-

regulated genes such as FOXO3, AREG, CREBBP, and BAG5

(Fig. 5H). To corroborate the findings from mRNA-seq of PBMCs,

we conducted metatranscriptome on nasal swabs collected from

AR patients and control participants. The overall DEGs profile

was illustrated in Fig. S5D. We further employed the statistical

analysis of metagenomic profiles (STAMP) software and identi-

fied the top 20 DEGs, exhibiting the most significant differences

(Fig. S5E). The results showed that the expression of KEAP1, as

one of the top 20 DEGs, was identified to be significantly upre-

gulated in the AR group compared to the control group. Collec-

tively, the above results indicated that KEAP1-related oxidative

stress and inflammation might play an essential role in the

occurrence or development of AR.

2.5. The homoPROTAC mitigates allergic nasal inflammation by

regulating Keap1—Nrf2 pathway in the OVA-induced AR mouse

model

Considering the relationship of the Keap1 pathway and AR

occurrence, we tried to determine the therapeutic effect of the

homoPROTAC in vivo. We constructed an AR mouse model

through intraperitoneal (i.p.) sensitization with OVA for 3 weeks

(i.p., once a week), followed by an intranasal (i.n.) challenge or

treatment for 7 days (i.n., every day) (Fig. 6A). The allergic nasal

symptoms, including number of nasal rubbing (Fig. 6B) and

sneezing (Fig. 6C) every 10 min, were measured after the last

OVA challenge. The behavioral tests showed the overall allergic

symptoms of mice in the OVA group were significantly increased,

compared to those of mice in the control group. The vehicle group

as a negative control showed no difference in nasal symptoms

compared to the control group. Dexamethasone (DEX), a gluco-

corticoid receptor agonist, was selected as a pharmacodynamic

positive control43. We observed the allergic symptoms of mice

bindings of nuclear-Nrf2 to ARE of compound 8 (10 μmol/L, 24 h) after chemical and biological knockout of shKeap1 were detected by EMSA.

(O, P) The changes in inflammatory factors IL-6 and TNF-α in the supernatant were detected by ELISA (n � 3). (Q) The change in oxidative

marker GSH in the cells was detected by ELISA (n � 3). (R) The changes in oxidative marker SOD was detected in the supernatant by ELISA

(n � 3). Results are expressed as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 KEAP1-related oxidative stress and inflammation are dysregulated in the PBMC or NALF of AR patients. (A) The volcano plot of

individual genes between AR patients (n � 5) and control participants (n � 5). The cutoff value is set as P < 0.05 and |log2FC| > 0.5. (B) GO

term enrichment analysis for DEGs between AR patients and control participants. BP: biological process; CC: cellular component; MF: molecular

function. (C, D) The concentrations of GSH (C) and SOD (D) in human NALFs determined by assay kits. n � 5 (control participants) and n � 10

(AR patients) biologically independent samples. (E) The Venn diagram shows the overlap between upregulated or downregulated DEGs (1122/

1155 genes) and oxidative stress related genes (1398 genes) in the GO database. (F) The chord diagram shows the GO and KEGG term enrichment

analysis for oxidative stress related DEGs (P < 0.01 and |log2FC| > 0.5). (G) Integrated gene network using STRING showing interactions with

oxidative stress related DEGs. Red/blue nodes represent upregulated/downregulated genes, and gray nodes represent other genes may strongly
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intranasally treated with DEX were decreased. With the intranasal

treatment of the homoPROTAC 8 (5, 10, 20 mg/kg), the allergic

symptoms were alleviated apparently in a dose-dependent manner.

Next, we evaluated the anti-inflammatory effects of the homo-

PROTAC. Results showed that the compound could dose-

dependently decreased the level of TNF-α (Fig. 6D), IL-1ß

(Fig. 6E), IL-6 (Fig. 6F) and IL-4 (Fig. 6G) in the nasal lavage

fluid (NALF) of the OVA-induced AR model. In addition, the

serum levels of histamine (Fig. 6H), OVA-specific IgE (Fig. 6I)

and IL-13 (Fig. 6J) were effectively alleviated. Moreover, flow

cytometry analysis was employed to quantify the total infiltrating

myeloid cells and eosinophils (Fig. 6K and L, Supporting Infor-

mation Fig. S6A—S6C). The results demonstrated a significant

reduction in both cell types following the chemical knockdown of

Keap1.

Histological staining of Hematoxylin-Eosin (H&E), Giemsa

and immunohistochemistry (IHC) clearly demonstrated that the

homoPROTAC significantly reduced the histological damage of

nasal mucosa caused by AR (Fig. 6M). H&E staining revealed

pronounced nasal mucosal edema, epithelial damage, and secre-

tory acinar hyperplasia in the OVA group compared to the control

group (Fig. S6D). Notably, the histological lesions associated with

the nasal mucosa inflammatory response were effectively miti-

gated by the homoPROTAC treatment, with a similar effect

observed following treatment with DEX. Giemsa staining further

corroborated the eosinophil infiltration within the nasal mucosa,

which was more pronounced in the OVA group compared to the

control group (Fig. S6E). In line with the flow cytometry results,

eosinophil infiltration was significantly reduced after treatment

with DEX or a high dose of 8. In addition, IHC staining of CD45+

cells provided a direct visualization of the changes observed in

flow cytometry (Fig. S6F). Specifically, a marked increase in

CD45+ cells was evident in the OVA group compared to the

control group, which was subsequently reduced upon treatment

with DEX or a high dose of 8. The GSH and SOD levels with

treatments were accordingly regulated, confirming the anti-

oxidative stress capacity of the homoPROTAC (Fig. S6G and

S6H). These findings reinforce the chemical knockdown efficacy

of the homoPROTAC in mitigating the inflammatory response

within the nasal mucosa.

To further verify the effective chemical knockdown of Keap1

in vivo, we initially procured the nasal mucosa samples from the

AR mouse model for mRNA-seq analysis. The comprehensive

assessment encompassed the total number of DEGs and their

expression levels across various conditions, including OVA

versus Control, three doses of the homoPROTAC versus OVA,

and DEX versus OVA, as presented in Supporting Information

Fig. S7A and S7B. We delved into pathways involving Keap1,

specifically “Keap1—Nfe2l2” (Fig. 6N—R) and “Nuclear events

mediated by Nfe2l2” (Fig. S7C) were explored through the

GSEA analysis. We observed a positive correlation between

both pathways in the OVA group compared to the control group.

Conversely, in the treatment groups, these pathways exhibited a

negative correlation, with the disparity in the clustering of

genes belonging to these two pathways becoming more pro-

nounced as the drug dose escalated, when compared to the OVA

group. The above results indicated that homoPROTAC-ing

Keap1 in vivo indeed affected the phenotype of the AR mouse

model by regulating the Keap1—Nrf2 pathway. We further

screened and displayed AR related inflammatory factors and

transcription factors with significant differences in both path-

ways generating a heatmap (Fig. 6S). Consistently, we observed

that the inflammatory factors such as Il4, Il6, Muc5ac, Ccl5,

Ccl11, Ccr2, Ccr5 and Tslp were downregulated following

treatment with 8, which were upregulated in the OVA group

compared to the control group. Next, we performed Western

blot assay using nasal mucosa samples from the AR mouse

model (Fig. 6T and Fig. S7D). After treatment with 8, the OVA-

induced AR mice showed a significant decrease in Keap1

expression in nasal mucosa (Fig. 6U). Conversely, there was an

increase in the expression of downstream factors including HO-

1 (Fig. 6V) and NQO1 (Fig. 6W), suggesting the activation of

Keap1-mediated signaling pathways. In summary, our findings

demonstrate that intranasal administration of the homoPROTAC

effectively induces a chemical knockout of Keap1 in the nasal

mucosa, thereby providing a promising therapeutic approach for

mitigating inflammation and oxidative stress in the nasal mu-

cosa of AR mice.

3. Discussion

We have successfully developed and demonstrated a proof-of-

concept for the self-degradation of Keap1 as a homoPROTAC-

mediated approach for treating AR. Our findings reveal that the

homobivalent molecules, designed to efficiently dimerize the

Keap1 E3 ubiquitin ligase, can induce substantial degradation

of Keap1 protein at nanomolar concentrations. Through first

characterizations of ternary complexes of (Keap1)2:(homo-

PROTAC)1, we have confirmed the underlying binding mecha-

nism. These bivalents effectively target and degrade Keap1 in a

wide range of cell types via an ubiquitin—proteasomal pathway,

demonstrating their broad applicability. Notably, the homo-

PROTAC exhibits remarkable potency in degrading Keap1 in

HNEpCs and significantly anti-inflammatory effects. Further-

more, we have observed dysregulation of Keap1-related

oxidative stress and inflammation in clinical AR patients,

underscoring the biological significance of Keap1 and its role in

AR. Encouragingly, we have employed our novel homo-

PROTACKEAP1 molecule in an AR mouse model and validated

the efficacy in managing AR symptoms, oxidative stress and

inflammation, as well as the ability to regulate gene expression

through mRNA-seq analysis. To our knowledge, it is an un-

precedented achievement in leveraging a novel chemical

knockdown technology to induce the self-degradation of Keap1

protein for homoPROTAC-ing AR treatment.

Targeted protein degradation (TPD) represents an innovative

chemical knockdown approach that harnesses the intricate machinery

of the ubiquitin—proteasomal system to selectively degrade specific

proteins of therapeutic interest44,45. This strategy offers a precise and

potent means of modulating protein levels within cells, thereby

eliciting desired therapeutic effects46. In 2018, Jiang’s group47 vali-

dated the recruitment capability of Keap1 as a ubiquitin E3 ligase

through a PROTAC-mediated Tau protein degradation. In 2022, Gray

group expanded this approach to demonstrate the recruitment

associate with KEAP1 or IL4. The thickness of the line represents the interaction score (minimum required interaction score � 0.4). (H) The

heatmap of oxidative stress related DEGs representatively between AR patients and control participants. Red/blue nodes represent upregulated/

downregulated genes. Results are expressed as the mean ± SEM. ***P < 0.001.
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Figure 6 The homoPROTAC mitigates allergic nasal inflammation by regulating Keap1—Nrf2 pathway in the OVA-induced AR mouse model.

(A) Schematic illustration of constructing the OVA-induced AR mouse model, the schedule of treatment and the administration methods. i.p.,

intraperitoneal injection; i.n., intranasal administration. (B) Behavior analysis showing frequency of sneezing of mice (n � 8). (C) Behavior

analysis showing frequency of rubbing of mice (n � 8). (D—G) The concentrations of nasal mucosal inflammatory factors including TNF-α (D),

IL-1ß (E), IL-6 (F), IL-4 (G) in NALF determined by ELISA (n � 8). (H—J) The concentrations of histamine (H), OVA-specific IgE (I), IL-13

(J) in serum were determined by ELISA (n � 8). (K, L) The changes of inflammatory myeloid cells (CD45+ CD11b+) and eosinophils (CD45+

CD11b+ F4/80+ SiglecF+) in mouse nasal mucosa determined by flow cytometry. n � 4 biologically independent samples. (M) Evaluation of the
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handling for various targets, including BET family proteins and

murine focal adhesion kinase (FAK)48. Despite these advancements,

the degradation scope of Keap1 remains relatively narrow, which is

dominantly degraded by cereblon (CRBN)-linked PROTACs48.

Nevertheless, ongoing research into Keap1-related PROTACs utiliz-

ing diverse Keap1 ligands has led to enhanced degradation efficacy,

showcasing positive results across multiple cell and animal

models40,49-54. Notably, while the degradation of Keap1 remains

limited, its utility as an E3 ligase for targeting other proteins of interest

underscores its significant potential in TPD strategies. The Jiang

group obtained bivalent Keap1 inhibitors because of analyzing the

mechanism on homodimerization of Keap1 with Nrf234. Since the

bivalent inhibitor J3 was not designed based on the E3 ligase char-

acteristics of Keap1, we further verified that it did not exhibit

degradation behavior like compound 8 (Fig. S7E). On the basis of our

crystallography studies, we obtained the dimerization of Keap1 pro-

tein and we have validated our hypothesis by designing a bivalent

homoPROTACKEAP1 construct to occupy the pocket of the dimer

(Fig. 1A). This innovative approach achieved chemical knockdown of

Keap1, embodying the concept of “self-destruction” of a protein. This

strategy has been successfully explored in limited E3 systems,

including CRBN55, von Hippel-Lindau (VHL)38,56, and murine

double minute-2 (MDM2)57,58. More recently, Junk et al.59 have

further advanced this field by introducing a novel homo-bacPROTAC

system, demonstrating its effectiveness in self-degrading the myco-

bacterial protease complex, specifically targeting the ClpC1 and

ClpP1P2 protein subunits. Herein, we embarked on an exploration of

different linkers based on our previous Keap1 inhibitors and screened

out compound 8, featuring a PEG linker, as the optimal binder to

Keap1 and the most potent degrader in a Keap1-overexpressing cell

line. Most pronouncedly, our crystallographic analyses unveiled the

pioneering ternary complex of Keap1 protein with homoPROTACs,

offering invaluable structural insights that pave the way for further

modification.

Extending our investigations, we discovered that this

degradation effect was profound, manifesting across multiple

cell lines, including human nasal mucosa epithelial cells.

Remarkably, this chemical-induced degradation mirrored the

biological knockdown of Keap1, triggering its self-destruction.

The advantage is obvious: more efficient and therapeutic. Our

current research endeavors are centered on elucidating the in-

tricacies of oxidative stress. Leveraging the meticulous collec-

tion of clinical samples, we conducted a comprehensive

analysis of a gene expression profile related to AR. We found

striking dysregulations within the Keap1-associated oxidative

stress and inflammatory pathways in human PBMCs and

NALFs, suggesting a pivotal role in AR pathogenesis. To further

validate these findings, we delved into the nasal mucosa sam-

ples derived from the OVA-induced AR mouse model.

Employing the mRNA-seq analysis, we corroborated the alter-

ations in the “Keap1—Nfe2l2” and “Nuclear events mediated by

Nfe2l2” pathways. These discoveries underscore the intricate

interplay between oxidative stress, and inflammation in the

context of human AR, offering fresh insights into potential

therapeutic direction for this prevalent condition. Of particular

significance, intranasal administration of the homoPROTAC in

an OVA-induced AR mouse model yielded exceptional efficacy.

The treatment effectively reduced inflammatory markers such as

IL-4 and IL-6, while upregulating the expression of downstream

factors HO-1 and NQO1, highlighting its potent immunomod-

ulatory capabilities.

At present, the treatment of AR mainly falls into three cate-

gories: hormone therapy, targeted drug therapy, and immuno-

therapy10. Hormones such as dexamethasone can only control

symptoms in the short term, and prolonged use may lead to sys-

temic side effects. The targeted drugs are in a stage of vigorous

development. However, the effect of many targets is uncertain, and

the cost is high. Immunotherapy, a radical treatment method, re-

quires continuous stimulation with gradient allergens over a long

period (at least half a year or more). Although there is a possibility

of cure, it is time-consuming and costly. Moreover, these three

methods involve the use of systemic drugs, and the side effects are

not conclusive. In particular, immunotherapy may stimulate sys-

temic allergies, posing a risk. Chemical knockdown compounds

are designed based on specific targets, utilizing the endogenous

ubiquitin—proteasome pathway to achieve the same efficacy as

biological knockdown. This innovative molecule effectively in-

duces homodimerization of Keap1, triggering its proteasomal-

dependent “self-destruction” across multiple cell types. In ani-

mal experiments, no side effects were demonstrated even at high

doses, making them safe and reliable.

It is important to acknowledge potential limitations in our

investigation. Firstly, the dimerization of the 1,4-

diaminonaphthalene scaffold, which tightly occupies the bind-

ing pocket with a high affinity, inherently results in a high

molecular weight. This, however, beyond the five principles of

drug-likeness, potentially compromises critical physicochemical

properties such as solubility, bioavailability, and in vivo phar-

macodynamic performance. Notably, our prior endeavors to

asymmetrically optimize one side of the benzosulfamide struc-

ture have yielded active inhibitors, exhibiting enhanced

bioavailability and solubility31,35,36,60,61. Consequently, for the

high-molecular-weight compounds, intranasal administration

may represent a viable route to achieve satisfactory in vivo ef-

ficacy. Our present studies delineate potential strategies forward

and highlight opportunities for synthesizing the next generation

of homoPROTACs for attempting diverse administration routes.

Secondly, the most prominent inflammatory features of AR are

histological damage of nasal mucosa analyses with H&E, Giemsa and IHC staining of nasal mucosa in different conditions. Scale bar � 100 μm.

Black arrow points to the representative cytoplasmic red stained eosinophils in the Giemsa staining; red arrow points to the representative CD45+

cells in IHC staining (n � 3). (N—R) GSEA plots for the “Keap1—Nfe2l2” pathway under different conditions. (S) The heatmap shows the

representatively different expressions of “Keap1—Nfe2l2” pathway related genes and AR related inflammatory genes. (T—W) Effect of the

homoPROTAC on Keap1 in vivo, as well as the subsequent changes in downstream gene expressions (HO-1 and NQO1), and the gray-scale

analysis. (n � 3). Control, control group; OVA, ovalbumin-induced AR mouse model group; Vehicle, control mouse treated with the solvent

of compound 8 (including 5% DMSO, 45% PEG400, 50% PBS); DEX, OVA-induced mouse model treated with DEX (1 mg/kg/mouse); 8 (5), the

OVA-induced mouse model treated with compound 8 (5 mg/kg/mouse); 8 (10) the OVA-induced mouse model treated with compound 8

(10 mg/kg/mouse); 8 (20), the OVA-induced mouse model treated with compound 8 (20 mg/kg/mouse). Data was expressed as the mean ± SEM.

ns, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

Chemical knockdown of Keap1 and homoPROTAC-ing AR 4149



localized within the nasal cavity62,63. Transcriptome sequencing

of human PBMCs collected in this study cannot fully elucidate

all biological information related to AR progression, particularly

the transcriptional changes occurring in the nasal mucosal

epithelium, which may serve as the initial site for oxidative

stress and inflammation. The AR patients enrolled in our study

exhibited overt symptoms accompanied by markedly elevated

IgE levels in peripheral blood, rendering their PBMCs particu-

larly representative of the body’s regulatory response to AR-

induced oxidative stress and inflammation. To delve deeper

into their potential contributions, we conducted an intersection

screening using the oxidative stress-related gene set from the GO

database alongside the DEGs. However, to attain a more precise

portrayal, collecting human nasal mucosa tissues for single-cell

RNA sequencing (scRNA-seq) or nuclear RNA sequencing

(snRNA-seq) would undoubtedly provide invaluable insights.

Thirdly, we have comprehensively validated the homoPROTAC

through an SEC assay, which demonstrated the successful for-

mation of a ternary complex comprising two molecules of Keap1

protein and one molecule of the homoPROTAC. Furthermore,

our crystallographic experiments confirmed the structural integ-

rity and interaction pattern of this complex, providing strong

evidence for the functionality and specificity of our homo-

PROTAC design. The degradation efficacy of the homoPROTAC

within cells has been thoroughly validated, whereas the precise

molecular recruitment process that occurs within these cells re-

mains to be fully elucidated, such as using overexpressed

fluorescent-labeled Keap1 proteins.

In conclusion, we have successfully designed and synthe-

sized the first example of HomoPROTACKEAP1 for the AR

treatment. The homoPROTAC exhibits promising activity in

alleviating AR-related symptoms, inhibiting Keap1-mediated

oxidative stress, and alleviating the inflammation in the AR

mouse model. Our findings highlight the potential of chemical

knockdown of Keap1 via a homoPROTAC technology as an

innovative and promising therapeutic strategy for addressing

AR disorders.

4. Experimental

4.1. Chemistry

All starting materials were obtained from commercial sources

and were analytically pure. The 1H NMR and 13C NMR spectra

were recorded on Bruker Avance 500 and 600 MHz spectrom-

eters (Bruker Company, Germany) using tetramethylsilane as an

internal standard and DMSO-d6 as solvents. Chemical shifts (δ

values) and coupling constants (J values) are given in ppm and

hertz (Hz), respectively. MS data were acquired using a quad-

rupole time-of-flight micro mass spectrometer. Thin-layer

chromatography (TLC) analyses were carried out on silica gel

plates HGF254 (Qingdao Haiyang Chemical, China). Column

chromatography separations were carried out on a silica gel

200− 300 mesh. The purities of the compounds were analyzed

by HPLC (Shimadzu CTO-20A) using a C18 column (YMC-

Pack ODS-A, S-5 μm, 250 mm × 10.0 mm I.D.) with 90%

methanol/10% water as the mobile phase at a flow rate of

2 mL/min, and all final compounds exhibited purities greater

than 95%. Procedures for the preparation and chemical char-

acterizations of the final compounds are described in Supporting

Information.

4.1.1. Recombinant protein expression and purification

Genes coding human Keap1 Kelch domain (residues 322-609,

E540A, E542A) was subcloned into pET28a with a N-terminal,

thrombin protease-cleavable His6-tag and expressed in Escher-

ichia coli. Arctic Express™ (DE3). The cells were grown at

37 ◦C/220 rpm to an approximate OD600 of ∼0.8 before

induced with 0.25 mmol/L ß-D-thiogalactopyranoside (IPTG).

After 20 h at 16 ◦C/220 rpm, the cells were harvested, resus-

pended in lysis buffer containing 20 mmol/L Tris-HCl (pH 8.0),

300 mmol/L NaCl and 1 mmol/L DTT and lysed using a French

press with two passes at 15,000 p.s.i. Cell debris was removed

by centrifugation. Then, the supernatant was loaded onto a

Ni2+-NTA affinity column (Smart Lifesciences). After

competitive wash with 20 mmol/L Tris-HCl (pH 8.0),

300 mmol/L NaCl, 25 mmol/L imidazole, the protein was eluted

from the column using 20 mmol/L Tris-HCl (pH 8.0),

300 mmol/L NaCl and 250 mmol/L imidazole. The eluted His6-

Keap1 Kelch domain protein was further purified by cleaving

the His6-tag with thrombin protease and loaded onto a Hiload

16/600 Superdex 200 pg column (Cytiva) pre-equilibrated with

gel filtration buffer of 20 mmol/L Tris (pH 8.0), 300 mmol/L

NaCl. The fractions of the protein peaks were evaluated by

reducing StainFree SDS-PAGE gel electrophoresis (Bio-Rad)

and concentrated to 20 mg/mL using MWCO spin concentrator

(Millipore) of 30 kDa, and then snap frozen in liquid N2 for

storage at − 80 ◦C.

4.1.2. Fluorescence anisotropy assay

Determination of equilibrium dissociation constants KD2 for each

compound was performed using the fluorescence anisotropy assay.

FITC-ßAla-DEETGEF-OH was applied as a competitive fluores-

cence probe and the binding affinity was characterized as KD1.

The binding affinity of the compounds to Keap1 was read using a

SpectraMax M5 microplate reader in a buffer containing

50 mmol/L HEPES (pH 7.0), 150 mmol/L NaCl, and 1 mmol/L

1,4-dithiosonitol (DTT) with 485 nm excitation and 535 nm

emission after 60 min incubation at room temperature. The final

concentration of the protein was 10 nmol/L, the final concentra-

tion of the probe was 10 nmol/L, and the compounds were half

diluted from 50 μmol/L in sequence.

4.1.3. Microscale thermophoresis assay

The His-tagged Keap1 was labeled with RED-tris-NTA dye

(Nanotemper technologies, MO-L018) and the fluorescence values

were measured with microthermometers (Nanotemper technolo-

gies, MO-K022-SP) in buffer solution containing 1 × phosphate

buffered saline (PBS, pH 7.2—7.4) and 0.05% Tween-20 after

30 min incubation at room temperature. The final concentration of

the labeled protein was 5 nmol/L and the compounds were half

diluted from 12.5 μmol/L in sequence.

4.1.4. Size-exclusion chromatography

The SEC experiments were carried out in a ÄKTA pure system

(Cytiva) at room temperature. The oligomeric state of the

Keap1—compound complex in solution was analyzed by gel

filtration in a buffer containing 20 mmol/L Tris-HCl (pH 8.0),

300 mmol/L NaCl, and 1 mmol/L DTT using a Superdex 200

Increase 10/300 GL column (Cytiva) calibrated with globular

proteins of known molecular weight (Cytiva, 28-4038-42). Keap1

protein (14 μmol/L) was incubated with compounds in different

concentrations or DMSO (<1%) for 1 h at room temperature prior

to injection. Sample volume for each injection was 500 μL, and
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the flow rate was 0.6 mL/min. Peak elution was monitored using

UV absorbance at 280 nm.

4.1.5. Crystallization

The protein was pre-incubated with the compounds on ice at a

molar ratio of 2:1 for 30 min, and the samples were then subjected

to crystallization using the sitting-drop vapor diffusion method.

The Keap1: compound crystals were grown in 3.8 mol/L ammo-

nium acetate, 0.1 mol/L HEPEs (pH 7.0) at 20 ◦C, then soaked in a

cryo-protectant (reservoir solution supplemented with 30% (v/v)

glycerol) and flash-frozen in liquid nitrogen before data collection.

4.1.6. Data collection and structure determination

X-ray diffraction data were collected at BL02U1 and BL19U1

beamline of Shanghai Synchrotron Radiation Facility and pro-

cessed using program XDS. The structure was solved through

molecular replacement using Phaser-MR in program PHENIX.

The structure refinement was carried out using PHENIX, and

manual model building with Coot. All the crystallographic in-

formation is summarized in Table S1.

4.1.7. Cell culture and treatment

MDA-MB-231, HEK293T, HNEpC, Beas-2B, LLC and

RAW264.7 were propagated in DMEM supplemented with 10%

fetal bovine serum (FBS) (Bio-Channel, BC-SE-FBS08) and

100 μg/mL of penicillin/streptomycin (Biochannel, BC-CE-007)

at 37 ◦C and 5% CO2. Culture medium was changed three times a

week, depending on cell density, and cells were passaged for

further cultivation or differentiation experiment at 80%—90%

confluency. For passaging, cells were trypsinized using 0.05%

Trypsin/EDTA (Biochannel, BC-CE-002) during 1—2 min,

washed in medium. For compound treatment experiments, cells

were treated with compounds at the desired concentrations,

reaching final DMSO concentration of 0.1% (v/v). Cells were

incubated for the desired time before harvesting. For mechanism

verification, Beas-2B, LLC, RAW264.7, AML-12, and HNEpC

cells were pretreated with MG132 (CAS#133407-82-6, Targetmol,

USA) and MLN4924 (CAS#905579-51-3, Targetmol, USA). The

bivalent inhibitor J3 (The original code is compound 3 in the

reference paper34) was kindly provided by Prof. Zhengyu Jiang.

MLN4924 was added into the desired wells at 0.3 μmol/L as a

final concentration, MG132 was added into the desired wells at

0.1 μmol/L as a final concentration, containing 0.1% (v/v) of

DMSO. MG132 or MLN4924 was treated the cells for 3 h before

the compound treatment. After that, the desired wells were treated

with compound 8 containing 0.1% (v/v) DMSO.

4.1.8. Establishment of stable cell lines

Lentivirus of KEAP1 (NM_203500.2, Target Seq:

GTGGCGAATGATCACAGCAAT) was purchased from Obio

Technology (Shanghai) Corp., Ltd. MDA-MB-231 and HNEpC

cells were infected with the corresponding lentiviruses for

16—24 h. After 72 h, Keap1-KD cell lines were selected using

puromycin (1 μg/mL) for additional 72 h. LLC KO cells were

purchased from Cyagen (SY-KO-00161).

4.1.9. Acquisition of cell protein extracts

Cells were seeded in 6-well plates with either 3 × 105 or

5 × 105 cells per well in 2 mL of medium. After the compound

stimulation, the supernatant was sucked away, the cells were

washed with ice-cold PBS, and then the NP40 lysis buffer

(Beyotime, ST2045) containing 1% (v/v) of protease&phospha-

tase&PMSF inhibitor (Weiaobio, WB0122) was added. For pro-

tein extracts, the dishes were placed on ice for 15 min. The cell

lysate was collected and centrifuged at 20,000×g at 4 ◦C for

5 min. The protein concentration of the supernatant was measured

with a BCA Protein Assay Kit (Biosharp, BL521A) and then

added 5 × loading buffer into the sample and store at − 80 ◦C for

future use.

4.1.10. Immunoblotting

Protein extracts were separated by SDS-PAGE on 10%—15%

polyacrylamide gels and transferred to a nitrocellulose (NC)

membrane (Millipore) using electro-transfer. The NC membrane

containing the proteins was blocked with 5% skim milk at room

temperature for 1 h. The blocking solution was removed by

aspiration, and the membrane was washed 3 times with the PBS

containing 0.1% Tween-20 (PBST), for 5 min/time. Then, the

diluted primary antibody was immediately added. The mem-

brane was incubated overnight at 4 ◦C. Primary antibodies

included anti-human Keap1 (Santa Cruz, sc-365626); anti-mouse

Keap1 (Cell Signaling Technology, D6B12), anti-Nrf2 (Pro-

teintech, 80593-1-RR), anti-HO-1 (Proteintech, 10701-1-AP),

anti-NQO1 (Abcam, ab34173), anti-Lamin B (Proteintech,

12987-1-AP) and anti-GAPDH (Proteintech, 60004-1-Ig). The

primary antibodies were removed by aspiration, and the mem-

brane was washed 3 times with the PBST, for 5 min/time. Then,

the diluted secondary antibody was immediately added and the

membrane was incubated at room temperature for 1 h. Fluores-

cent secondary antibody included Goat anti-Mouse IgG H&L

(IRDye® 800CW, ab216772) and Goat anti-Rabbit IgG H&L

(IRDye® 800CW, ab216773). The secondary antibodies were

removed by aspiration, and the membrane was washed 3 times

with the PBST, for 5 min/time. Images were photographed with

Odyssey system (Li-Cor Biosciences) and then analyzed with

Image J software.

4.1.11. Co-IP assay

To prepare whole-cell lysates, HNEpC cells were washed with

precooled PBS, and then NP40 lysis buffer with 1% (v/v) of

protease&phosphatase&PMSF inhibitor (Weiaobio, WB0122) was

added to lyse the cells. After centrifugation for 15 min at

20,000×g under 4 ◦C, the supernatant was isolated for subsequent

experiments. The protein concentration was confirmed by a BCA

assay kit. Cell lysates were incubated with the indicated antibodies

(Santa Cruz, sc-365626) on a shaker at 4 ◦C for 24 h. Next, protein

L magnetic beads (MedChemExpress, HY-K0205) were added

and incubated overnight at 4 ◦C. After washing three times with

precooled PBST (1 × PBS + 0.5% Tween-20, pH 7.4), 1 × SDS-

PAGE loading buffer was added. The mixture was then boiled at

95 ◦C for 5 min. Finally, immunoblot analysis was used to assess

protein level. Primary antibodies included anti-human Keap1

(Santa Cruz, sc-365626), anti-ubiquitin (Proteintech, 10201-2-

AP), and anti-GAPDH (Proteintech, 60004-1-Ig). Fluorescent

secondary antibody included Goat anti-Mouse IgG H&L (IRDye®

800CW, ab216772) and Goat anti-Rabbit IgG H&L (IRDye®

800CW, ab216773).

4.1.12. Electrophoretic mobility shift assay (EMSA)

To prepare nucleus-cell lysates, the HNEpC cells were washed

with precooled PBS, and then nuclear extraction lysis buffer

(Minute™ Cytoplasmic and Nuclear Extraction Kits for Cells,
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Invent Biotechnologies, SC-003) with 1% (v/v) of protease&-

phosphatase&PMSF inhibitor (Weiaobio, WB0122) was added to

lyse the cells. After centrifugation for 15 min at 20,000×g under

4 ◦C, the supernatant was isolated for subsequent experiments.

The protein concentration was confirmed by a BCA assay kit.

Then, according to the chemiluminescence EMSA kit (Beyotime

Biotechnology, GS009), the preparation of EMSA PAGE Gel, the

binding reaction with the probe, electrophoresis, film transfer,

cross-linking and detection were carried out. Finally, the image

was developed by automatic chemiluminescence image analysis

system (Tanon Chemi Dog 5200T, China).

4.1.13. Immunofluorescence staining

The cell crawling tablets were prepared after the compound

treatment, washed with PBS, fixed with 4% paraformaldehyde for

10 min, washed with PBS, incubated with 0.1%Triton X-100 for

10 min, washed with PBS, and sealed with 5% BSA for 1 h. The

primary antibody was diluted in appropriate proportions and

incubated at 4 ◦C overnight, and the secondary antibody was

incubated at room temperature for 1 h away from light after

washing with PBS with fluorescent labeling. The nucleus was

stained with DAPI (Beyotime, C1002), and then the film was

sealed with an anti-fluorescence quenching sealing agent. Finally,

the film was observed and photographed under a fluorescence

microscope. Attention was paid to avoiding light and preventing

sample drying during the whole operation, and the operation was

strictly carried out in accordance with the antibody instructions.

Primary antibodies included anti-human Keap1 (Santa Cruz, sc-

365626), and anti-Ubiquitin (Proteintech, 10201-2-AP). Fluores-

cent secondary antibody included Goat anti-Mouse IgG H&L

(Alexa Fluor® 488, ab150113) and Goat anti-Rabbit IgG H&L

(Alexa Fluor® 568, ab175471).

4.1.14. Anti-inflammatory experiment

HNEpC cells were seeded in 96-well plates with 1 × 104 cells per

well in 200 μL medium in order to achieve 80% confluence at

37 ◦C and 5% CO2. Two treatment strategies (pre- and co-

treatments) were performed to evaluate the anti-inflammatory

activity of the target compounds. Pre-treatment: Compound 8

(10 μmol/L) was administered and pre-treated the cells for 19.5 h

at first. Then, the cells were challenged by LPS (200 ng/mL) for

another 4.5 h, and papain (10 μg/mL) stimulated the cells for 0.5 h

before harvesting the supernatant42. Co-treatment: LPS

(200 ng/mL) mixed with compound 8 (10 μmol/L) and then were

added to the cells. After 4 h, papain (10 μg/mL) was added. Plates

were subsequently incubated for another 20 h before harvesting

the supernatant. NXPZ-2 (10 μmol/L) was used as a comparison.

TNF-α and IL-6 in cell supernatant were determined using a

human TNF-α ELISA kit (Invitrogen, 88-7346-88) and a human

IL-6 ELISA kit (Invitrogen, 88-7066-88), and measured by

SpectraMax M5 (USA) with 450 nm. RAW264.7 cells were

seeded in 96-well plates with 1 × 105 cells per well in 200 μL

medium in order to achieve 80% confluence at 37 ◦C and 5% CO2.

LPS (1 μg/mL) mixed with compound 8 (10 μmol/L) and then

were added to the cells. Plates were subsequently incubated for

different period of time points before harvesting the supernatant to

detecting different factors. NXPZ-2 (10 μmol/L) was used as a

comparison. The concentrations of mouse TNF-α and IL-6 were

determined by ELISA kits (Invitrogen, 88-7324-88, and 88-7064-

88). The concentration of NO was determined by a kit (Beyotime,

S0021S).

4.2. Animals

Six-week-old C57BL/6 male wild-type mice were purchased from

Shanghai BK/KY Biotechnology Co., Ltd. Animals were assigned

randomly through a table of random numbers to cohorts by a

technician that was blinded to the appearance or other character-

istics of the animals. All animal experiments were undertaken in

accordance with the National Institute of Health Guide for the

Care and Use of Laboratory Animals, with the approval of the

Animal Care and Use Committee of Naval Medical University,

Shanghai, China (Approval No.: 82022065). All animals were

housed in a virus-free facility and maintained in a standard tem-

perature of 21—23 ◦C with relative humidity of 35%—65% and

light controlled (12 h light/dark) animal facility.

4.2.1. The OVA-induced AR mouse model

The OVA-induced AR mice model was constructed as our previ-

ously description64. In sensitization stage, mice were intraperito-

neal injected with a mixture (1:1) of OVA (1 μg/mL, Sangon,

CAS#9006-59-1)/PBS and Imject™ Alum Adjuvant (Invitrogen,

77161) once every week for 3 weeks. In stimulation stage, mice

were intranasally challenged with OVA (2 mg/20 μL) or PBS

(20 μL) every day for 7 consecutive days. In addition, compound 8

dissolved in the solution including 5% DMSO, 45% PEG and 50%

PBS was used to administer intranasal adjuvant challenge to mice

(0, 5, 10, 20 mg/kg) each once a day for 7 consecutive days 6 h

before OVA challenging. 10 min after each nasal challenge with

OVA, the frequency of sneeze and rubbing were counted in a

blinded manner for 10 min. Sneezing was defined as an explosive

expiration promptly following a deep inspiration, while rubbing

was defined as perinasal scratching with one or both forelimbs.

4.2.2. Tissue and blood sampling

The respiratory nasal mucosal tissues of the OVA-induced AR

mouse model were harvested and subjected flow cytometry,

Western blotting and oxidative stress related kit (GSH, Boxbio,

AKPR008M and SOD, Boxbio, AKAO001M) detection. NALF

subjected to ELISA was collected by perfusing PBS from the

trachea into the nasal cavity, with 1 mL/mouse. Serum subjected

to ELISA was prepared through centrifugation of peripheral blood

collected from the inferior vena cava, after 24 h following the last

nasal challenge. Concentrations of TNF-α, IL-1ß, and IL-6 were

determined by ELISA Kit (Invitrogen, 88-7324-88, 88-7013-88,

and 88-7064-88).

4.2.3. Flow cytometry analysis

Briefly, the nasal mucosa tissues from mice were minced into

small pieces in complete RPMI 1640 medium containing

1 mg/mL DNase I (Servicebio, G3342), 500 U/mL collagenase I

(Servicebio, GC305013) and 250 U/mL hyaluronidase (Sangon

Biotech, A005477) for 1 h at 37 ◦C. The single cell suspension

was then collected by centrifugation. Subsequently, cells were

fixed in 4% paraformaldehyde (Servicebio, G1101-3 ML) and

stained with fluorescent-conjugated antibodies including BV711

anti-mouse CD45 (Biolegend, 103147), FITC anti-rat CD11b (BD

Biosciences, 557396), FITC anti-mouse F4/80 (Biolegend,

123108) and PE/Cyanine7 anti-mouse Siglec-F (Biolegend,

155528). The myeloid cells were identified as CD45+ CD11b+,

and eosinophils were defined as CD45+ CD11b+ F4/80+

SiglecF+. After performing flow cytometric analysis on BD
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Fortessa flow cytometer (BD Biosciences), the data were analyzed

using FlowJo_v10.8.1 software.

4.2.4. Histological and immunohistochemistry staining

The sinonasal cavity structure of the OVA-induced mouse model

was fixed in 4% paraformaldehyde and embedded in paraffin for

further histologic and immunologic analysis. For histopathological

analysis of mouse nasal tissues, the dewaxed 6 μm tissue sections

were stained with H&E and Giemsa. For immunohistochemistry

staining, the sections were incubated with anti-CD45, (Biolegend,

103147) diluted 1:200 in PBS containing 4% bovine serum al-

bumin at 4 ◦C overnight. On the next day, immunostaining was

performed using Dako ChemMate EnVision Detection Kit

Peroxidase/Diaminobenzidine (DAB) Rabbit/Mouse (Dako,

Glostrup, Denmark), which resulted in a brown-colored precipi-

tate at the antigen site. Subsequently, sections were counterstained

with hematoxylin. The images were captured using an Olympus

BX53 microscope. The individual that performed this analysis was

blind to the groups of the experiment.

4.3. Human samples

This study was conducted in accordance with the guidelines by the

Medical Ethics Committee of Shanghai Changzheng Hospital

(No. 2023SL076A). A total of 10 AR patients and 5 control

participants involved in this study were from the Department of

Otolaryngology, Shanghai Changzheng Hospital. The diagnosis of

AR was made according to the international consensus statement

published in 202365. In detail, the AR patients included in our

study met the following criteria: 1. Aged 18—65 years old. 2.

Presenting with typical symptoms of AR, including paroxysmal

sneezing, clear rhinorrhea, nasal congestion, and nasal itching,

often accompanied by ocular itching, tearing, redness, and a

burning sensation. 3. Exhibiting typical signs of AR attacks,

including pale and swollen nasal mucosa, swelling of the inferior

turbinate, and abundant watery nasal secretions. 4. Positive skin

prick test (SPT) results. Alternatively, serum evidence demon-

strating sensitivity to at least one allergen. The control participants

were matched with AR patients within the same age range but

clinically did not meet the diagnostic criteria for AR and had no

history of allergic diseases. All clinical information involved in

this study including gender, age, medical history, and TNSS were

obtained in outpatient service. The NALF was used to detected the

concentration of GSH (Boxbio, AKPR008M) and SOD (Boxbio,

AKAO001M) by kit. The IgE level in serum were measured by the

Department of Clinical Laboratory, Shanghai Changzheng Hos-

pital. PBMCs for mRNA sequencing were obtained by apheresis.

Informed consent was obtained in accordance with the Declaration

of Helsinki from every subject before the sample collection.

4.3.1. Transcriptomics study

The mRNA-seq was performed using human PBMC by OE

Biotech Co., Ltd. (Shanghai, China), human nasal swabs by

Novogene Co., Ltd. (Beijing, China) and mouse nasal mucosa by

Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd.

(Shanghai, China). Total RNA was extracted from PBMC samples,

nasal swab samples and mice nasal mucosa tissues using TRIzol

reagent (Beyotime Biotechnology, China). RNA purity and

quantification were evaluated by NanoDrop2000 spectrophotom-

eter (Thermo Scientific, USA). RNA integrity was assessed using

the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,

CA, USA). High-quality mRNA samples (human PBMC samples

and mice nasal mucosa tissues: OD260/280 � 1.8—2.2,

OD260/230 ≥ 2.0, RIN ≥8.0, 28S:18S ≥ 1.0, >1 μg; human nasal

swab samples: OD260/280 � 1.8—2.2, OD260/230 ≥ 2.0, RIN ≥5.8,

28S:18S ≥ 1.0, >0.5 μg) were involved in a constructing

sequencing library, comprising 10 PBMC samples (5 control

participants and 5 AR patients), 15 nasal swab samples (5 control

participants and 10 AR patients), and 18 mouse samples (3 mice in

each group) that adhered to the established standards. The DEGs

were evaluated using DESeq2. KEGG and GO term enrichment

analysis were performed using online DAVID enrichment analysis

service, and GSEA was performed using GSEA software. In

addition, the gene interaction network was obtained by using

online STRING database.

4.4. Statistical analysis

Unpaired two-tailed t-test was used for comparison of two groups,

if the normality test was not passed the non-parametric

Mann—Whitney test was used. One-Way ANOVA followed by

Tukey’s multiple comparison test was used for comparison of

more than two groups, if normality test was not passed the non-

parametric Kruskal—Wallis test was performed. The statistical

significance level was set at 0.05, unless otherwise stated. All

statistical analyses were performed with GraphPad Prism 8.

4.5. Associated content

Supporting Figures including repeated Western blots (Supporting

Information Figs. 2, 3, 4, and 7), data collection and refinement

statistics for crystal complex, experimental procedures for chem-

istry work, chemical characterizations of the target compounds

(DOCX). Keap1 dimer (PDB code: 9J70), Keap1—compound 7

(PDB code: 9J71), Keap1—compound 8 (PDB code: 9J7G),

Keap1—compound 1 (PDB code: 9J7F).
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