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Background: Allergic rhinitis (AR) is globally recognized as a considerable threat to human health with a rising prevalence and
a substantial medical and socioeconomic burden. Numerous studies have emphasized the significance of long noncoding RNAs
(IncRNAs) in allergic responses. Hence, this research dealt with exploring the involvement of the IncRNA LINCO00998 in the
mechanism of AR.

Methods: LINC00998 expression was assessed by qRT-PCR in peripheral blood mononuclear cells acquired from individuals with
AR. Additionally, the potential relationship between LINC00998 and macrophage polarization was observed in vitro. Then we
constructed AR mice model and macrophage polarization models using THP-1 cells as well as primary human macrophages to verify
the M2 shift in AR and the low expression level of LINC00998 in M2 macrophages. We used gain- and loss-of-function experiments
to explore the modification of LINC00998 in macrophage polarization. Furthermore, we explored the underlying mechanism of
LINC00998 mediates through qRT-PCR, flow cytometry, and Western blot.

Results: The analysis revealed a significant decrease in LINC00998 expression in the samples obtained from patients with AR.
LINCO00998 is markedly increased in M1 macrophages whereas decreased in M2 macrophages in vitro. Furthermore, suppression of
LINC00998 caused a remarkable enhancement in M2 polarization, whereas its overexpression led to its attenuation. Knockdown of
LINC00998 led to a remarkable downregulation of BOB.1 mRNA and protein, while overexpression of LINC00998 upregulated their
expression. Moreover, it was found that BOB.1 modulated macrophage polarization through the PU.1/IL-1p axis. Meanwhile, the
modulation of LINC00098 overexpression on macrophage polarization and PU.1/ IL-1p can be reversed by BOB.1 siRNA.
Conclusion: This research revealed the IncRNA LINC00998 altered M2 macrophage polarization by regulating the BOB.1/PU.1/IL-
1B axis, which open up new avenues for studying the pathogenesis of AR.
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Introduction

Allergic rhinitis (AR), one of the most prevalent diseases globally, affects an estimated 10 to 40% of people worldwide."
AR is characterized by clinical symptoms like paroxysmal sneezing, nasal itching, nasal congestion, and a runny nose, all
of which significantly impair quality of life.> Various treatments, including intranasal cortico-steroids (ICS), antihista-
mines, and allergen immunotherapy, have been constantly developed to alleviate these symptoms.> However, a complete
cure for AR remains elusive, and the underlying pathological mechanism is still poorly understood. AR is a chronic, non-
infectious inflammatory condition strongly associated with “type 2” immune responses characterized by cytokines such
as interleukin-4 (IL-4) and IL-13.* To further comprehend the molecular mechanisms underlying AR and identify new
targets for treatment, it is crucial to identify the primary pathogenic molecules implicated in the pathogenesis of AR.
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Immunity and tissue repair are among the many biological and pathological processes that macrophages contribute to.
However, they can also contribute to tissue damage when activated inappropriately during inflammation response.’
Similar to Th1/Th2 polarization, uncommitted macrophages (MO0) can polarize into classically activated M1 macrophages
or alternatively activated M2 macrophages triggered by specific microenvironment exposure.® The M1 phenotype is
stimulated by Thl cytokines such as interferon-gamma (IFN-y) or tumor necrosis factor-a (TNF-a), as well as some
pathogen-associated molecular patterns like lipopolysaccharide (LPS). Conversely, M2 macrophages are stimulated by
IL-4 or IL-13 stimulation.” Phenotypically, M1 macrophages are characterized by enhanced expression of pro-
inflammatory Thl cytokines (IL-1p, IL-6, and IL-12) and major histocompatibility complex (MHC) class I molecules.
Conversely, M2 macrophages exhibit high levels of CD206, ARGI, and CD163.® Dysregulation of the M1/M2
equilibrium is often associated with various diseases, particularly allergic diseases where M2 macrophages, as part of
the type 2 immune response, play a significant role.” Therefore, acquiring a deeper comprehension of the mechanisms
underlying different macrophage polarizations could contribute to the diagnosis and treatment of allergic diseases.

Long non-coding RNAs (IncRNAs) are an extensive category of non-coding RNAs longer than 200 nucleotides.”
Although the lower sequence conservation of encoding sequences compared to protein-coding genes, it has been
demonstrated that IncRNAs have important functions. Irregular IncRNAs have been reported in various physiological
and pathological processes such as cancer, autoimmunity and other immune dysfunctional diseases.'' Furthermore, it has
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emerged as crucial regulators of inflammation responses, influencing factors such as Th1/Th2 balance, Th2 cell
migration, and the generation of IFNs and inflammatory cytokines.'? This research dealt with investigating the expres-
sion and function of the IncRNA LINC00998 in AR. In our study, LINC00998 was found to be downregulated in patients
with AR. Furthermore, in macrophages, IL-4 and IL-13 stimulation led to decreased expression of LINCO00998.
Importantly, deficiency of LINC00998 promoted M2 polarization through the inhibition of the BOB.1/PU.1/IL-1p
pathway. The data acquired in this research highlight the involvement of LINC00998 in the regulation of allergic
reactions.

Materials and Methods

Bioinformatics Analysis

To find the dysregulated IncRNAs, the GSE73680 dataset was obtained from the Gene Expression Omnibus (GEO) to
discover differentially expressed genes (DEGs) across healthy controls and individuals with allergic asthma.
Additionally, the GSE165934 dataset comprised gene expression profiles of 19 peripheral blood mononuclear cells
(PBMCs) from 10 patients with allergic asthma and 9 controls (healthy individuals). Analysis of the dataset GSE165934
and its annotation data from the GPL23126 platform was executed utilizing R (v 4.1.0) and R Studio software. To
standardize the data and ensure data quality, the limma, and simpleaffy packages were used, respectively. In cases where
duplicate data existed, the average RNA expression value was used. The DEGs were analyzed through the limma
package, considering a threshold of 1g|FC| >1 and an adjusted P-value <0.05. The DEGs were visualized through heatmap
and volcano plot analysis through R software.

Patients, Clinical Specimens and Ethics Statement

To further determine the dysregulation of LINC00998 in AR patients, a total of 22 patients diagnosed with AR were
obtained from the Otorhinolaryngology Department of Renmin Hospital of Wuhan University in the second half of 2022.
The collected information from each participant included general data, past medical history, family history and necessary
medical laboratory data. The criteria for diagnosis of AR were based on the AR and its Impact on Asthma Guidelines
(ARIA)." During the same period, 22 sex- and age-matched healthy individuals from physical examinations without
allergy-related symptoms were recruited as control group. The AR group (n = 22) comprised individuals with a clinical
history of AR, positive skin prick tests or allergen-specific IgE (sIgE) levels of > 0.7 kU/L (measured using the
ImmunoCAP 250 allergen detection device). The control group (n = 22) included individuals with allergen sIgE
concentrations <0.35 IU/mL who did not exhibit any allergic symptoms or have a history of allergies. Patients with
severe nasal septum deviation, systemic disorders, tumor diseases, or nasal infectious diseases were excluded from the
study. Table S1 displays the enrolled participants’ basic clinical characteristics. Peripheral venous blood samples (5 mL)
were acquired from the participants using ethylenediaminetetraacetic acid (EDTA)-anticoagulated tubes. PBMCs were
isolated from the samples using a lymphocyte separation medium (TBD, Tianjin, China) through density gradient
centrifugation for subsequent qRT-PCR assays. This research was subjected to approval by the Institutional Ethical
Review Board of Renmin Hospital at Wuhan University. Prior to their participation in the research, written informed
consent was provided by all adult subjects (above 18) or children (under 18)’ legal guardian (WDRY2018-K052), and
the case complies with the Helsinki Declaration’s ethical standards.

Animal Model and Ethics Statement

To investigate the M2 polarization in AR phenotype, 14 specific pathogen-free (SPF) BALB/C mice, aged 6 to 8 weeks,
were retrieved from Vital River Laboratory Animal Technology (Beijing, China; License No. SCXK2016-0006). The
mice were housed in an SPF-barrier environment at the Animal Experiment Center of Renmin Hospital of Wuhan
University (License No. SYXK2015-0027). Before the investigation, the mice underwent a one-week adaptive feeding
period. The animal study strictly followed the Guidelines for the Care and Use of Laboratory Animals. And the
Institutional Animal Care and Animal Use Committee of Renmin Hospital of Wuhan University (License No.
WDRM-20200602) granted its approval for the animal procedures utilized in this research.
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14 mice were categorized randomly into two groups: the control and the AR groups. In the AR group (n = 7), basic
sensitization was achieved by intraperitoneal injection of 400 pL of a normal saline suspension containing 100 pg of
ovalbumin (OVA; A5503, Sigma-Aldrich, MO, USA) and 2 mg of aluminum hydroxide (Al (OH)3). This injection was
administered every other day for the initial two weeks. From days 15 to 28, a daily intranasal administration of normal
saline suspension (20 pL) containing 10% OVA was performed on both sides of the nasal cavity (10 uL per nasal cavity)
for one week. The control group (n = 7) received saline instead of OVA for both basic sensitization and nasal stimulation
(Figure S1A). Within 30 min following the final nasal challenge, allergy-associated symptoms were observed. These
symptoms included sneezing, scratching, and a runny nose and were counted to quantitatively evaluate the symptoms of
AR (Figure S1B). Eyeball extirpation and blood collection were performed 24 hours after the final nasal challenge,
followed by the euthanasia of the mice for the subsequent experimentation process. The paraffin-embedded nasal mucosa
was exposed to hematoxylin and eosin (H&E) as well as Periodic acid—Schiff (PAS) stains (Figure S1C). The spleen was
then collected and kept at —80 °C for qRT-PCR assays.

Primary Human Macrophages Culture and Stimulation

To explore the expression level of LINC00998 in different polarized macrophages, primary monocytes were retrieved from
leukocyte-enriched buffy coats (The Blood Bank, Renmin Hospital of Wuhan University, China). As per the prior
description, the PBMC was isolated and seeded in cell plates and allowed to adhere for two hours. Prior to washing the
cells, the removal of the growth media was executed. The adherent monocytes were cultured in Roswell Park Memorial
Institute (RPMI) 1640 (PAA Laboratories, Austria) containing 10% fetal bovine serum (FBS; Gibco), macrophage-colony
stimulating factor (M-CSF; 50 ng/mL; R&D Systems, MN) and 1% penicillin-streptomycin (Sigma-Aldrich) for seven
days. The medium was replaced every three days. Concerning M1 differentiation, during the last 48 hours, LPS (20 ng/mL,
Sigma-Aldrich, Germany) and IFN-y (20 ng/mL, R&D Systems) were introduced into the culture. However, for M2
differentiation, IL-4 (20 ng/mL, R&D Systems) was added instead. The cells were harvested after the differentiation period.

THP-1 Cell Line Culture, Stimulation and Transfection

To determine the function of LINC00998 in macrophage polarization, the THP-1 monocyte and HEK293T cell lines
employed in this research were accessed at the Cell Bank of the China Academy of Sciences (Shanghai, China).
Dulbecco’s Modified Eagle Medium-high glucose (HyClone, UT, USA) supplemented with 10% FBS (Gibco, USA)
was employed to grow the HEK293T cells under 5% CO2 and 95% air with the temperature kept at 37 °C. Additionally,
THP-1 cells were cultured in RPMI-1640 medium (HyClone, UT, USA), with 10% FBS (Gibco, CA, USA), antibiotics
(penicillin [100 U/mL], and streptomycin [0.1 mg/mL]) added. Only cells in the logarithmic growth phase were selected
for the experiment in this study.

The differentiation of THP-1 cells into MO macrophages was triggered through Phor-bol-12-myristate-13-acetate
(PMA, Sigma-Aldrich, Germany). To further polarize the cells, 100 ng/mL of LPS was added to induce M1 polarization,
while 20 ng/mL of IL-13 (Sigma-Aldrich, Germany) and 20 ng/mL of IL-4 (Sigma-Aldrich, Darmstadt, Germany) were
added to induce M2 polarization. Afterward, varying concentrations of OVA (A5503; 50-500 pg/mL, Sigma-Aldrich,
USA) were exposed to the cells for 48 hours to assess the impact on macrophage polarization.

The short-interfering RNAs (siRNAs) used in this study were obtained from Sangon Biotech (Shanghai, China). The
sequences of the siRNAs are presented below: si-NC, 5’-UUCUCCGAACGUGUCACGUTT-3" (sense) and 5’-
ACGUGACACGUUCGGAGAATT-3’ (antisense); si-LINC00998, 5’-GACAGUAAUUUGAGGUUCATT-3" (sense) and
5’-UGAACCUCAAAUUACUGUCTT-3’ (antisense); h-BOB.1-si-1, 5’-CGCCACUCAUCACCAAUGUTT-3’ (sense) and
5’-ACAUUGGUGAUGAGUGGCGTT-3’ (antisense); h-BOB.1-si-2, 5’-GGACACCUUACACCGAGUATT-3’ (sense) and
5’-UACUCGGUGUAAGGUGUCCTT-3’ (antisense); h-BOB.1-si-3, 5’-CUAUGCGCUUAACCACACUTT-3’ (sense) and
5’-AGUGUGGUUAAGCGCAUAGTT (antisense). Furthermore, ZetaLife (CA, USA, AD600075) was used to transfect the
siRNAs into cells that had been plated overnight in a six-well plate. The lentivirus (LV) construct for the overexpression of
LINC00998 (LINC00998 LV) was obtained from GeneChem (Shanghai, China). Virus-infected cells were treated with
a puromycin (2 pg/mL)-containing solution (MCE, NJ, USA). Moreover, the clones were sustained in a medium containing 1
pg/mL of puromycin for 72 hours after transfection to ensure stable expression.
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Flow Cytometry for Macrophage Subset Analysis

To examine the polarization state of macrophage, PE-conjugated anti-CD11b (TONBO, USA, 50-0118-T100) was
employed as a pan-macrophage cell surface marker. To distinguish between macrophage M1 and M2 polarization
subsets, PE-Cy™?7-conjugated anti-CD206(321,124; BioLegend, USA) was selected to label the M2 phenotype, and
allophycocyanin (APC)-conjugated anti-CD80 (20-0809-T100; TONBO, USA) was used for the M1 phenotype. The M1
phenotype was defined as CD11b"CD80", while the M2 macrophage was defined as CD11b"CD206".

THP-1 cells were suspended in cold stain buffer (FBS). Afterward, these cells were exposed to anti-CD11b along
with either anti-CD80 or anti-CD206 antibodies on ice for 30 min in the dark. The cells were then washed thrice with
FBS and analyzed utilizing a CytoFlex flow Cytometer (Beckman Coulter, USA) within two hours with the acquired
images assessed through Flowjo.

qRT-PCR

Isolation of the total RNA from the samples was conducted through the TRIzol™ reagent (15,596,026; Invitrogen, CA,
USA). Additional assessments concerning the purity and the concentration of the RNA were executed through the
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). Furthermore, the synthesis of complementary DNA
(cDNA) was conducted through the Evo M-MLV RT Mix Kit (Accurate Biotechnology, Hunan, China, AG11705).
Concerning the qRT-PCR, an SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biotechnology, China,
AG11701) was employed on a BIO-RAD CFX RT-PCR system (Bio-Rad, CA, USA). The expression of mRNA
was measured using B-actin as the internal reference. The primers employed in the research are presented in Additional
File: Table S2.

Immunofluorescence

Fixation of the THP-1 cells involved exposure to 4% paraformaldehyde (20 mins), followed by permeabilization with
0.5% Triton X-100 (15 min) and blocking with 5% bovine serum albumin (BSA) (1 hour). Consequently, the cells were
exposed to primary antibodies against BOB.1, PU.1, and IL-1B overnight at 4 °C, followed by exposure to secondary
antibodies. Additionally, 4’,6-diamidino-2-phenylindole (DAPI) was utilized to stain the nuclei. Fluorescent images were
acquired and quantified using ImageJ software under a fluorescent microscope.

Western-Blotting Analysis

After blocking non-specific binding, overnight incubation of the membranes with primary antibodies against BOB.1
(1:1000; Affinity), PU.1 (1:1000; Immunoway), IL-1f (1:1000; Affinity), and f-actin (1:1000; Cell Signaling
Technology) were performed. Afterward, they were exposed to horseradish peroxidase (HRP)-labeled goat anti-rabbit
immunoglobulin G (IgG) antibody for one hour. The levels of protein were quantified through comparison with
standardized B-actin. Visualization of the protein bands was executed via enhanced chemiluminescence (ECL) substrates.

mRNA Stability Assay

LINC00998 was overexpressed by the LV infection for 48 hours. To block de novo RNA synthesis, actinomycin D (5 pg/
mL) (MCE, NJ, USA) was introduced into the medium. Total RNA was collected at specific time points, whereas the
expression of the mRNA was determined through qRT-PCR. Through comparative assessment of the levels of mRNA
prior to and after adding actinomycin D, the mRNA half-life of BOB.1 was determined.

Dual Luciferase Reporter Gene Assays

The potential interaction between LINC00998 and BOB.1 was predicted using bioinformatics, and the dual luciferase
reporter gene assays validated the interaction. The designing and synthesis of wild-type (WT) and mutant reporter (MUT)
constructs pmirGLO-BOB.1 were executed by Duolaimi Biotechnology (Wuhan, China). These plasmids were co-
transfected with pcDNA3.1-LINC00998 or pcDNA3.1-Control into HEK293T cells for 24 hours. Following transfection,
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measurement and normalization of the quantified relative luciferase activity to the Renilla luciferase activity were
executed. The number of replicates for each experiment was set at three.

Statistical Analysis

Data analysis was conducted using IBM SPSS Statistics for Windows (IBM Corp., Armonk, USA). The mean + standard
error of the mean (SEM) format was employed for data presentation. Each experiment was repeated independently three
times. The normality of distributions was assessed using the Shapiro—Wilk test. A #-test was utilized for normally
distributed data, while a rank sum test was used for non-normally distributed data. Group comparisons were performed
using one-way analysis of variance (ANOVA) with a Tukey post-hoc test. All tests were two-tailed, with a significance
level set at P < 0.05.

Results
Remarkable Downregulation by LINC00998 in Allergic Disease and Its Association
with M2 Macrophage Activation

To examine the involvement of IncRNAs in allergic diseases, microarray data on allergic airway disease were retrieved
from GEO (GSE165934). Utilizing the R “limma”, differentially expressed IncRNAs were determined in individuals
with AR. Consistent with our expectations, remarkable variation was noted in the expression data of IncRNAs, with 136
upregulated and 78 downregulated IncRNAs (Figure 1A) in the GSE165934 dataset.

A total of 22 AR patients and 22 healthy individuals were included in the current analysis. The clinical characteristics
of the participants are shown in Table S2, where groups are categorized according to whether or not they have AR. The
mean ages of the Control group and AR group were 26.23+£2.91 years old and 23.91+3.33 years old. Male-female ratios
were 12/10 and 9/13. The average histories of AR among control group and AR group were 0 year and 1.88 + 0.26 years,
respectively.

Furthermore, we detected the expression of LINC00998 and M2 biomarkers in the PBMCs collected from 22 patients
with AR and 22 control individuals using qRT-PCR. Our data showed that the expression levels of two M2-associated
inflammatory molecules, ARG1 and CD206, were lowered in PBMCs of individuals with AR in comparison with
controls (Figure 1B) (p <0.05 and p<0.001), as well as in spleen tissue of AR mice relative to control mice (AR vs
control mice, 7 vs 7) (p <0.05 and p<0.05) (Figure 1C), which both suggested the role of type 2 inflammation in AR. And
consistent with the microarray data, LINC00998 expression was remarkably attenuated in PBMCs of individuals with
AR in contrast to control individuals (p <0.01) (Figure 1D). We also observed a negative correlation between LINC00998
and 1gE (R=—0.67, p=0.0013) (Figure 1E), a vital player in the pathogenesis of atopic diseases and an indicator of allergic
inflammation.'® Additionally, it was noted that LINC00998 was negatively correlated with ARG1 and CD206 (R=—0.64,
p=0.0018 and R=—0.49, p=0.0021) (Figure 1E). These outcomes indicated that the reduction of LINC00998 may
contribute to M2-related inflammation.

LINCO00998 Expression is Remarkably Enhanced in LPS-Induced M| Macrophages and
Downregulated in IL-4, IL-13, and OVA-Induced M2 Macrophages

To assess the involvement of LINC00998 in macrophage polarization, THP-1 cells were stimulated to the polarized M1
phenotype through 24-hour exposure to LPS and to the M2 phenotype through 48-hour exposure to I1L-4 and IL-13.
Subsequently, the qRT-PCR assay confirmed the successful induction of M1 and M2 phenotype macrophages. The results
of qRT-PCR demonstrated that M1 macrophage indicators, inducible nitric oxide synthase (iNOS), and CD80, were
remarkably upregulated in macrophages exposed to LPS compared to the inactivated control (p <0.01 and p<0.01)
(Figure 2A). Furthermore, compared to the control, M2 macrophage indicators CD206 and ARG1 were remarkably
upregulated in macrophages treated with IL-4 and IL-13 (p <0.05 and p<0.01) (Figure 2A). Additionally, the surface
markers CD80 (M1) and CD206 (M2) were detected using flow cytometry. It was observed that the CD80 levels were
elevated in macrophages exposed to LPS in comparison with the control (p <0.01). Additionally, the expression of
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significance of variation in LINC00998. (B and C) Validation of the relative mRNA expression level of ARG and CD206 in individuals with AR (n = 22) and healthy controls
(n = 22) (B) as well as in the AR animal model (seven AR mice and seven controls) (C). (D) Validation of the relative RNA levels of LINC00998 in patients with AR (n = 22)
and healthy controls (n = 22) through qRT-PCR. (E) Correlation analysis between IgE and LINC00998 and correlation analysis between CD206, ARGI, and LINC00998
(Spearman rank correlation). *p <0.05, **p <0.01, **p <0.001.

Abbreviations: SEM, standard error of the mean, qRT-PCR, quantitative real-time polymerase chain reaction; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide;
IL, interleukin; siRNA, short-interfering RNA; OVA, ovalbumin; IFN, interferon; Ig, immunoglobulin.

CD206 in macrophages was significantly upregulated when stimulated with IL-4 and IL-13 (p <0.01) (Figure 2B). These
outcomes confirmed the successful induction of M1 and M2 macrophages.

To simulate an allergic response at the cellular level, varying concentrations of OVA (50-500 pug/mL) were utilized to
treat the THP-1 cells for 48 hours to assess the impact of treatment with OVA on macrophage polarization. The data
indicated that the expression of M2 macrophage indicators, CD206 and ARG1, was enhanced as the concentration of
OVA stimulation on THP-1 cells increased. However, the expression of M1 macrophage indicators, iNOS and CD80, did
not show remarkable changes (Figure 2C). This finding suggests that higher concentrations of OVA can enhance
macrophage polarization toward the M2 phenotype. Furthermore, the data demonstrated that the LINC00998 level was
downregulated with increasing concentrations of OVA (Figure 2D). It was also noted that LINC00998 was under
upregulation in M1 macrophages treated with LPS and downregulated in M2 macrophages exposed to IL-4 and IL-13
(p <0.05 and p<0.001) (Figure 2D). These findings show that LINC00998 might participate in the regulation of
macrophage polarization. Similar results were obtained in human primary macrophages, supporting the consistency of
our findings (Figures 2E and F).
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Figure 2 LINC00998 expression is remarkably enhanced in LPS-induced M| macrophages and downregulated in IL-4, IL-13, and OVA-induced M2 macrophage. (A) qRT-
PCR analysis demonstrates the levels of iINOS, CD80, CD206, and ARG in LPS-triggered M1 and IL-4 + IL-13-triggered M2 THP-1| cells. (B) The flow cytometry analysis
exhibits the surface expression of CD80 and CD206 in LPS-triggered M1 and IL-4+ IL-13, and OVA (500 pg/mL)-triggered M2 THP-I cells. (C) qRT-PCR analysis shows the
LINC00998 levels in THP-I cells exposed to varying concentrations of OVA (50-500 pg/mL) for 48 hours. The internal control was set as B-actin. (D) qRT-PCR analysis
shows the relative RNA expression of LINC00998 in THP-1 cells treated with LPS, IL-4+ IL-13, and various concentrations of OVA (50-500 pg/mL) for 48 hours. (E) qRT-
PCR shows the relative expression of the mRNA of iNOS, CD80, CD206, and ARGI in LPS-triggered M| and IL-4+IL-13, and OVA (500 pg/mL)-triggered M2 human
macrophages. B-actin was used as an internal control. (F) The flow cytometry analysis shows the surface expression of CD80 and CD206 in LPS+IFN-y-induced M| human
primary macrophages and IL-4 and OVA (500 pg/mL)-induced M2 human primary macrophages. qRT-PCR analysis shows the LINC00998 levels in human primary
macrophages treated with IFN-y, IL-4, and OVA (500 ug/mL) for 48 hours. B-actin served as an internal control. The format of mean + SEMs from at least 3 independent
experiments is utilized for presenting the data. *p <0.05, **p <0.01, **p <0.001, *No significance.
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Overexpression or Knockdown of LINC00998 Correlate with M1/M2 Balance

To investigate the involvement of LINC00998 in macrophage polarization, gain- and loss-of-function experiments were
constructed with LINC00998 in THP-1 cells. This was achieved by transfecting the LINC00998 LV and LINC00998
siRNA. To confirm the effectiveness of the transfection, an immunofluorescence examination and qRT-PCR analysis was
executed. The transfection efficiency of LINC00998 LV was both >80% (Figures 3A). Furthermore, the qRT-PCR
analysis demonstrated that LINC00998 LV transfection remarkably enhanced the expression of LINC00998(p <0.001).
Subsequently, THP-1 cells transfected with LINC00998 LV were induced to M2 macrophage polarization. The
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overexpression of LINC00998 decreased the percentage of CD206" cells and elevated the count of CD80" cells (p <0.01
and p<0.01) (Figure 3B). Consistent with the results of flow cytometry, the overexpression of LINC00998 elevated the
mRNA levels of M1 markers (iNOS and CD80) (p <0.01 and p<0.01) and reduced the mRNA expression of CD206 in
comparison with the negative control (NC) group (p <0.01) (Figure 3C).

We silenced LINCCO0098 expression in THP-1 cells using LINC00998 siRNA (Figure 3D). LINC00998 suppression
exhibited an inhibitory effect on M1 macrophage polarization and a promotive impact on M2 macrophage polarization in
THP-1 cells. Inhibition of the expression of LINC00998 increased the percentage of CD206" cells and decreased the
count of CD80" cells when treated with LPS (p <0.01 and p<0.01) (Figure 3E). In comparison with the NC group, the
knockdown of LINC00998 enhanced the mRNA expression of M1 markers (p <0.05 and p<0.01) and attenuated the
mRNA expression of M2 markers (p <0.05 and p<0.001) (Figure 3F). These findings indicated that the LINC00998
deficiency promoted M2 macrophage polarization.

LINCO0098 Regulates Macrophage Polarization by Stabilizing BOB.I mRNA

Furthermore, through bioinformatics analysis, it was discovered that BOB.1 mRNA contained conserved target sites for
LINC00998 (Figure 4A). Given that IncRNAs have been known to function as mRNA stabilizers,'* ' we investigated
whether LINC00998 could bind to and stabilize BOB.1 mRNA. Consistent with our expectations, bioinformatics
predictions showed that LINC00998 is predominantly expressed in the cytoplasm (Figure S2) and that the decay rate
of BOB.1 mRNA was attenuated in LINC00998 LV-infected cells (Figure 4B). Moreover, a luciferase reporter analysis
revealed that pc-DNA3.1 LINCO00998 increased the activity of BOB.l mRNA 3'-untranslated regions (3’ UTRs)
(Figure 4C). These findings collectively suggest that LINC00998 may directly bind to BOB.1 mRNA to modulate its
expression level.

BOB.1, traditionally recognized as a B cell-specific factor, has been increasingly acknowledged for its crucial role in
the T-cell compartment.'” However, its biological function in macrophages has remained elusive. BOB.1 serves as
a regulatory molecule in immune cells by enhancing octamer-dependent transcription, directly activating the IFN-y
promoter, and influencing the expression of PU.1,'® all of which have an impact on the balance between M1 and M2
macrophages. Taking these facts into consideration, we hypothesized that BOB.1 might function as a regulator of
macrophage polarization (Figure 4D). Consistent with our prediction, we observed that BOB.1 was upregulated in M1
macrophages treated with LPS and downregulated in M2 macrophages treated with IL-4 and IL-13 (Figure 4E), which
predominantly expressed in the nucleus of macrophage cells (Figure 4F).

To further explore whether BOB.1 is a potential target of LINC00998 and how it influences macrophage
polarization, three siRNAs (h-BOB.1-si-1, h-BOB.1-si-2, and h-BOB.1-si-3) targeting BOB.1 were designed
based on the RNA sequence. Among these, h-BOB.1-si-2 led to an approximate 60% reduction in BOB.1 mRNA
expression, prompting us to select h-BOB.1-si-2 as the inhibitor of BOB.1 mRNA (Figure 4G). As anticipated, the
resulting data of qRT-PCR depicted that h-BOB.1-si-2 increased the levels of mRNA of two M1 markers (p <0.05
and p<0.05) and reduced the mRNA expression of M2-related genes in THP-1 cells treated with IL-4 and IL-13 as
compared to the NC siRNA group (p <0.05 and p<0.001) (Figure 4H). Furthermore, flow cytometry indicated that
the CD80 expression was attenuated while the CD206 levels were elevated in IL-4- and IL-13-treated THP-1 cells
transfected with h-BOB.1-si-2 (p <0.001 and p<0.01) (Figure 4I). Overall, these data proposed that BOB.1 may
hold promise as a regulatory marker in macrophage polarization and that its expression is influenced by
LINCO00998.

PU.1/IL-1B is Related to MI or M2 Macrophage Polarization and is Downregulated by
the Knockdown of BOB.|

Based on the aforementioned results, the research demonstrated that the knockdown of BOB.1 contributes to M2
macrophage polarization. To investigate whether BOB.1 regulates macrophage polarization through PU.1 and IL-1B,
we first determined the expression status of PU.1 and IL-1P in THP-1 cells. Western blot and qRT-PCR analyses were
conducted. Compared to the control group, treatment with LPS increased the relative expression of PU.1 and IL-1B,
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analyses are executed to demonstrate the expression of PU.I and IL-IB in THP-I cells treated with LPS and IL-4 + IL-13, respectively. (C) Immunofluorescence analysis
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cells are treated with 100 ng/mL of LPS for 24 hours. (D and E) Western blot (D) and qRT-PCR (E) analyses show the relative mRNA expression of BOB.I, PU.1, and IL-If.
The format of mean *+ SEMs from at least 3 independent experiments is utilized for presenting the data. *p <0.05, **p <0.01.

whereas treatment with IL-4 and IL-13 reduced their expression levels (Figures 5A and B). Subsequently, immuno-
fluorescence indicated that PU.1 was predominantly expressed in the nucleus, while IL-1$ was mainly localized in the
cytoplasm (Figure 5C).

To further confirm that PU.1 and IL-1f are potential targets of BOB.1, h-BOB.1-si-2 were transfected into THP-1

cells. As anticipated, our results demonstrated that the deficiency of BOB.1 downregulated the expression levels of PU.1
and IL-1B in THP-1 cells (Figure 5D and E).

Overexpression or Knockdown of LINC00998 Correlate with the Expression of
BOB.I/PU.I/ IL-1B

To investigate the impact of LINC00998 on the downstream axis BOB.1/PU.1/IL-1p, overexpression and knockdown
experiments targeting LINC00998 were conducted. In THP-1 cells cultured with only 50 ng/mL PMA treatment for
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24h, Western blotting and qRT-PCR analyses suggested that the levels of BOB.1, PU.1, and IL-1f protein and mRNA
were elevated in the LINC00998 LV group (Western blotting: p <0.01, p <0.05 and p<0.01; qRT-PCR: p <0.01,
p <0.05 and p<0.01), while they were reduced in the LINC00998 siRNA group in comparison with the control group
(Western blotting: p <0.001, p <0.05 and p<0.01; qRT-PCR: p <0.001, p <0.01 and p<0.001) (Figure 6A-D).
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Additionally, the results obtained from immunofluorescence analysis corroborated the above-mentioned experimental
findings (Figure 6E).

Knockdown of BOB.| Facilitates M2 Macrophage Polarization and Reverses M|

Macrophage Polarization Triggered by Overexpressing LINC00998

Since we have established that BOB.1 is a direct target of LINC00998 and that BOB.1/PU.1/IL-1 plays a role in macrophage
polarization, the regulatory impact of the LINC00998/BOB.1/PU.1/IL-1B axis was explored. The following groups were
established for this study: NC LV + NC siRNA, LINC00998 LV + NC siRNA, and LINC00998 LV + h-BOB.1-si-2. Flow
cytometry and qRT-PCR analyses were conducted to assess the polarization states of each group. The results indicated that
M2-related genes were enhanced in the LINC00998 LV + h-BOB.1-si-2 group, while M1-related genes were inhibited
compared to the LINC00998 LV + NC siRNA group. Thus, these findings indicate that transfection with h-BOB.1-si-2
relieved the suppression of M2 macrophage polarization induced by the overexpression of LINC00998 (Figures 7A and B).
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Figure 7 Knockdown of BOB. | facilitates M2 macrophage polarization and reverses M| macrophage polarization triggered by overexpressing LINC00998. Transfection of THP-|
cells with NC LV + NC siRNA, LINC0098 LV + NC siRNA, and LINC0098 LV + h-BOB.|-si-2, respectively. The transfected THP-1I cells are then treated with 20 ng/mL of IL-4 and
20 ng/mL of IL-13 for 48 hours. Flow cytometry (A) is conducted to assess the surface expression of CD80 and CD206. qRT-PCR (B) is carried out to measure the relative mMRNA
expression levels of INOS, CD80, CD206, and ARGI. (C and D) Western blot (C) and qRT-PCR (D) are employed to assess the relative expression levels of BOB. 1, PU.I, and IL- I 3.
The format of mean + SEMs from at least 3 independent experiments is utilized for presenting the data. *p <0.05, **p <0.01, **p <0.001.
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Furthermore, the results of Western blotting and qRT-PCR analyses consistently demonstrated significant BOB.1/PU.1/IL-1p
axis activation due to the overexpression of LINC00998, distinguishing it from the NC LV + NC siRNA and LINC00998 LV +
h-BOB.1-si-2 groups. This suggests that the h-BOB.1-si-2 transfection promoted the suppression of M2 polarization caused
by the overexpression of LINC00998 (Figures 7C and D).

Discussion

Being a chronic inflammatory illness, AR is a serious threat to public health. It has been established that IncRNAs
regulate inflammatory diseases including AR.'"'? Herein, the differential expression profiles of IncRNAs in AR were
analyzed using microarray data from GEO. In an initial examination, we found that revealed that LINC00998 was under
remarkable downregulation in in the PBMCs of AR patients. We intended to investigate potential correlations between
AR and LINC00998.

In our following analysis, it is shown that in AR patients, LINC00998 had a negative correlation with IgE levels. IgE
is released by B cells and plasma cells (generally) in reaction to an antigenic stimulus. Induced by IL-4 and IL-13,
Immunoglobulin class switching from other isotypes to IgE.'” It is frequently detected circulating in the blood with
a short half-life of roughly two days and bound to a wide variety of cell types via its receptors.”’ Hence, serum IgE level
is commonly used to evaluate the severity of allergic inflammation. The negative relationship between IgE and our target
gene suggested a potential role for LINC00998 in the type-2 inflammatory response.

Acknowledgement of immune cells’ heterogeneity would lead to a deeper comprehension of the pathophysiology of
AR and the developing of mechanism-oriented precision treatments. Notable advancements have recently been found to
better understand the function of different immune cells in AR such as type 2 innate lymphocytes (ILC2s) and basophils,
which contributed to this early production of type-2 inflammatory cytokines especially IL-4.>'">* Clinical and animal
model studies have consistently exhibited a positive association between elevated levels of M2 macrophages, which are
significantly involved in the onset and progression of allergic diseases, and the severity of allergies.”* 2’ Due to the high
plasticity of macrophages,”® there are various intriguing strategies to alter the M1/M2 balance, such as utilizing
monoclonal antibodies targeting Fc-gamma receptor (FcyRI)?® or employing adoptive polarized macrophage transfer
therapy.>*' Remarkably, increasing evidence indicates that ncRNAs exert complex and precise regulatory functions in
allergic diseases, acting as promotors or suppressors of M2 macrophages.*>** Furthermore, studies on ncRNA-based
therapies for modulating macrophage polarization in autoimmune disorders are currently underway.>*

We discovered that the expression level of LIN00998 is positively linked to M2-specific biomarker (CD206 and
ARG1). We examined LINC00998 expression in both M1 and M2 phenotype macrophages in vitro. LINC00998 is
markedly increased in M1 macrophages whereas decreased in M2 macrophages. It was also found that the over-
expression of LINC00998 in macrophages using LV led to a reduction in the expression of CD206 while increasing
the production of M1-specific molecules, such as iNOS and CD80. Conversely, the knockdown of LINC00998 using
siRNAs in macrophages reversed these effects. These findings indicate that decreased levels of LINC00998 exacerbate
allergic inflammation triggered by allergens by promoting M2 macrophage polarization. M2 macrophages produce 1L-10
and IL-13 and further stimulate the recruitment of eosinophils and the differentiation of Th2 cells,*> which influenced the
switch of IgE from other immunoglobulin isotypes.

Then we intended to explore the way LINC00098 modulates macrophage polarization. LncRNAs are recognized as
crucial regulators of gene expression, influencing various physiological and pathological processes.*® They exert their
regulatory effects by modulating transcriptional levels, translation, and mRNA stability.*” In the study, bioinformatics
predictions were conducted, which revealed that LINC00998 is predominantly expressed in the cytoplasm, where it
interacts with BOB.1 mRNA (Figure S2). Furthermore, multiple binding sites were identified between LINC00998 and
the BOB.1 mRNA 3’UTR (Figure S3). Through gain- and loss-of-function experimental techniques, it was determined
that the expression of LINCO00998 directly impacts the levels of mRNA and protein of BOB.1, indicating that
LINCO00998 plays a regulatory function in controlling the expression of BOB.1. Furthermore, the RNA stability analysis
and dual luciferase reporter assay indicated that LINC00998 forms a duplex with BOB.1 mRNA, leading to the
stabilization of BOB.1 mRNA and subsequently increasing its expression level. Additionally, since RNA-binding
proteins (RBPs) can also influence mRNA stability by directly binding to mRNA 3’UTRs and can be recruited by
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IncRNAs, it would be valuable to determine if RBPs participate in the LINC00998-mediated modulation of BOB.1
mRNA stemness in future studies.

BOB.1/OBF.1 is a lymphocyte-specific transcriptional co-activator involved in octamer-dependent transcription.
Several studies have demonstrated the role of BOB.1 in various diseases, including rheumatoid arthritis,>® primary
biliary cirrhosis,® and multiple sclerosis.** However, its biological function in allergic diseases remains unknown.
Previous studies have shown that BOB.1 deficiency leads to reduced production of Thl cytokines and increased
production of Th2 cytokines. This effect is achieved through cooperative binding with OCT1 to the IFN-y and IL-2
promoters, resulting in an imbalance between Thl and Th2 responses.'® Moreover, IFN-y, a stimulator involved in M1
macrophage polarization within the microenvironment, is a direct target of BOB.1.® In addition to IFN-y and IL-2,
another significant target of BOB.1 is the transcriptional factor PU.1, which has been linked to macrophage activation.*'
Several studies have reported that PU.1 promotes the toll-like receptor (TLR4) promoter,** and is required for NF-kB
recruitment and subsequent H3K27ac, both of which regulate the transcription of IL-1p mRNA.****

The main strength of this research is that we offered evidences of a new LncRNA aberrantly expressed in PBMCs of
AR patients and regulated the macrophage polarization. However, the present study has various limitations. Firstly, more
clinical research with a larger sample size is necessary because of the study’s small sample size. Secondly, the current
study did not exclude the possibility of LINC00998 affecting other genes associated with AR, necessitating further
investigation. Thirdly, a deeper understanding of ncRNAs holds promise for the development of diagnostic tools and
treatments for AR is needed. Several other IncRNAs, including IncRNA HCP5,* LncRNA MIAT,* IncRNA NEAT1,*’
MALAT1,*® Inc-THRIL,* Linc00632,>° HOTAIRMI,’! have been implicated in the pathogenesis of AR. Further
research is required to confirm whether these IncRNAs interconnect and form a regulatory network that precisely
controls the onset and severity of AR. Additionally, investigating the potential of combining these IncRNAs for improved
prediction and diagnosis of AR would be an avenue for future research.

In conclusion, the findings indicate that decreased levels of LINC00998 enhanced the severity of AR by promoting
M2 macrophage polarization through the BOB.1/PU.1/IL-1f axis. Maintaining a balance of macrophage polarization to
prevent allergic inflammation has been thought for AR treatment approaches, Therefore, LINC00998 may serve as
a potential diagnostic molecular marker and therapeutic target for patients with AR.
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