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Abstract

Background: Iguratimod (IGT) is a small-molecule anti-inflammatory agent that effectively attenuates the progression of antibody-
mediated rejection (ABMR). However, the underlying mechanism of action of IGT remains poorly understood. Thus, this study aimed to
investigate the mechanism through which IGT regulates macrophage polarization and ABMR.Methods: Amouse model of ABMR was
established by performing kidney transplantation after skin graft-induced sensitization. Experimental interventions included neurogenic
locus notch homolog protein 4 (NOTCH4) knockoutmice and oral administration of IGT. RNA sequencing, quantitative polymerase chain
reaction, Western blotting (WB), flow cytometry, and immunofluorescence (IF) staining were performed to investigate M1 macrophage
polarization and the Jagged1–NOTCH4 signaling pathway. Results: This study found that IGT significantly reduced M1 macrophage
infiltration into renal allografts in a mouse model of ABMR. Transcriptomic sequencing and subsequent biological experiments indicated
that IGTmay regulate macrophage polarization through the Jagged1–NOTCH4 pathway. Conclusion: M1macrophage polarization may
contribute to the initiation and progression of ABMR following kidney transplantation. IGT attenuates M1 macrophage polarization by
inhibiting Jagged1–NOTCH4–Krüppel-like Factor 4 (KLF4) signaling.
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1. Introduction

Kidney transplantation is the most effective treatment
for end-stage renal disease, significantly prolonging patient
survival and improving patients’ quality of life [1]. De-
pending on the underlying mechanism, rejection episodes
after transplantation can be classified as T cell-mediated re-
jection (TCMR) or antibody-mediated rejection (ABMR)
[2]. Multiple studies have confirmed that ABMR is closely
associated with long-term graft failure [3,4].

During allograft rejection, the extent of mono-
cyte/macrophage infiltration within the graft correlates with
the severity of tissue injury and graft outcome [5,6]. Mono-
cytes/macrophages can modify their phenotype and func-
tion in response to changes in the local microenvironment,
a process termed macrophage polarization [7]. After infil-
trating grafts affected by ABMR, monocytes/macrophages
may acquire proinflammatory phenotypes that exacerbate
antibody-mediated graft injury and rejection [8]. Recent re-
search has revealed that circulating immune cells exert sub-
stantial effects on the function of various organs [9,10]. The
gutmicrobiota and associatedmetabolites also influence the
immunological microenvironment of the graft, thereby af-
fecting graft rejection and survival [11]. However, the pre-

cise molecular mechanisms underlying macrophage activa-
tion within the graft remain unclear.

NOTCH1–4 are highly conserved transmembrane re-
ceptors that are widely expressed in mammalian cells
and participate in diverse physiological and pathological
processes [12,13]. Ligand binding triggers proteolytic
cleavage of the neurogenic locus notch homolog protein
(NOTCH) receptor, releasing the NOTCH intracellular
domain (NICD). The NICD subsequently translocates to
the nucleus, where it interacts with recombination signal-
binding protein for immunoglobulin kappa J region (RBPJ)
to form a transcriptional coactivator complex that regulates
target-gene expression.

Iguratimod (IGT) is a small-molecule anti-
inflammatory drug that has been widely used to treat
rheumatoid arthritis because of its potent ability to inhibit
cytokine-mediated inflammatory responses [14]. Previous
studies have confirmed that IGT delays renal damage in
mouse models of lupus nephritis by suppressing antibody-
mediated immune responses [15]. More importantly,
our previous clinical studies of IGT in transplantation
demonstrated that its combination with conventional im-
munosuppressants reduced the incidence of post-transplant
rejection [16,17]. Our earlier study also revealed that, in a
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rat kidney transplantation model, IGT attenuated ABMR
and reduced renal injury [18]. Nevertheless, the precise
mechanism of action of IGT remains unclear.

In this study, we demonstrated that IGT suppresses
the proinflammatory phenotype of macrophages in renal al-
lografts affected by ABMR and that its anti-inflammatory
effects are associated with the NOTCH signaling path-
way. Thus, we hypothesized that IGT may inhibit M1
macrophage polarization through the NOTCH4/Hairy and
Enhancer of Split 1 (HES1)/Krüppel-like Factor 4 (KLF4)
pathway, thereby improving the function of renal allografts
affected by ABMR. Collectively, these findings elucidate
the regulatory mechanism of IGT and highlight the critical
role of the NOTCH4/HES1/KLF4 axis in macrophage acti-
vation during IGT-mediated alleviation of ABMR.

2. Methods
2.1 Mice

Adult male C57BL/6 and BALB/c mice weighing
20–25 g were obtained from the Animal Core Facility of
Nanjing Medical University, Nanjing, China, and used as
recipients and donors, respectively. NOTCH4-knockout
C57BL/6 mice were purchased from Shanghai Model Or-
ganisms Center, Inc. The study was carried out in accor-
dance with the Animal Research: Reporting of In Vivo Ex-
periments (ARRIVE guidelines). All animal experiments
were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals and the institutional guide-
lines of theNanjingMedical University Institutional Ethical
Guidelines for animal experiments (approval no. IACUC-
2109025). In this study, separate sample sizes were used for
different readouts: n = 5 mice per group for histopathologi-
cal staining and banff scoring, and n = 3 mice per group for
immunofluorescence staining and flow cytometry assays.
Male C57BL/6 and BALB/c mice aged 8–10 weeks with
body weight of 20–25 g were included. Animals that died
within 72 h after transplantation due to surgical complica-
tions or exhibited anastomotic failure were excluded from
analysis. Mice were randomly allocated to experimental
groups by simple random sampling before surgery. The re-
searcher performing histopathological evaluation and C3d
immunofluorescence semiquantitative scoring was blinded
to group assignments.

2.2 Allogeneic Mouse ABMR Model
Full-thickness skin grafts measuring 0.8–1.0 cm × 1.0

cm were harvested from the backs of BALB/c donor mice
and transplanted onto the backs of C57BL/6 recipient mice.
Five days after skin grafting for presensitization, kidney
grafts were harvested from BALB/c mice. The renal artery
and vein were anastomosed end-to-side to the aorta and in-
ferior vena cava of the C57BL/6 recipients, respectively.
The graft ureter was anastomosed to the recipient blad-
der. Oral administration of IGT (S5648, Selleck, Hous-
ton, Texas, USA) at 35 mg/kg/day was initiated on the day

of skin grafting. Acute ABMR in the mouse renal allo-
grafts was diagnosed according to the Banff 2019 criteria.
During surgery, mice were anesthetized by inhalation with
isoflurane (R510-22-10, RWD Life Science Co. Shenzhen,
Guangdong, China), with 3% used for induction and ap-
proximately 1.5% for maintenance [19]. The anesthetic
concentration was adjusted as necessary according to the
animals’ responses. Mice were euthanized by cervical dis-
location under deep anesthesia. Cervical dislocation was
performed by trained personnel only after confirming a suf-
ficient depth of anesthesia, as evidenced by the absence of
the righting reflex and response to noxious stimuli. Death
was confirmed by the cessation of respiration and heartbeat,
together with the absence of reflexes.

The experimental groups were as follows. Syngeneic
(SYN) group: C57BL/6 mice were used as both donors
and recipients to establish SYN kidney grafts. ABMR
group: BALB/c mice were used as donors, and presensi-
tized C57BL/6 mice were used as recipients. IGT group:
BALB/c mice were used as donors, and presensitized
C57BL/6 mice were used as recipients; recipient mice con-
currently received IGT treatment.

2.3 Histology
On day 5 after kidney transplantation, the renal allo-

grafts were harvested, fixed in formalin, embedded in paraf-
fin, and sectioned. Tissue sections were stained with hema-
toxylin and eosin (H&E) and periodic acid-Schiff (PAS).

C3d deposition was detected by immunofluorescence
(IF) staining. Frozen kidney sections were fixed in acetone,
blocked with blocking buffer (P0260, Beyotime, Shanghai,
China), and incubated overnight at 4 °C with an anti-C3d
antibody (5 μg/ml, AF2655-SP, R&D Systems, Minneapo-
lis, MN, USA). The sections were subsequently incubated
with a Cy3-conjugated secondary antibody (1:500, A0507,
Beyotime, Shanghai, China). C3d complement deposition
was separately evaluated by a semiquantitative scoring pro-
tocol established in rodent kidney allograft models [20].

2.4 Isolation, Culture, and Treatment of Bone
Marrow-Derived Macrophages (BMDMs)

BMDMs were isolated from the femurs and tibias
of BALB/c mice, purified by density-gradient centrifuga-
tion, and cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 1%
antibiotics, and macrophage colony-stimulating factor (M-
CSF; 30 ng/mL). After 7 days of differentiation, mature
BMDMs were treated for 24 h with M-CSF alone (M0),
M-CSF plus lipopolysaccharide/interferon-γ (LPS/IFN-γ;
M1), or M-CSF plus LPS/IFN-γ and IGT (10 μg/mL) be-
fore subsequent experiments. All cell lines were validated
by Short Tandem Repeat (STR) profiling and tested nega-
tive for mycoplasma.
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2.5 Flow Cytometry
Kidney grafts were harvested, minced into small frag-

ments, and digested in DMEM containing 1 mg/mL col-
lagenase I and 0.1 mg/mL DNase I using an Octo Dis-
sociator with Heaters. The digested tissue was passed
through a 40-μm cell strainer to obtain a single-cell sus-
pension. The collected cells were stained with Fixable Via-
bility Dye eFluor 780 (1:1000, 65-0865-18, eBioscience,
San Diego, CA, USA) to exclude dead cells and subse-
quently stained with fluorochrome-conjugated antibodies.
Flow cytometric analysis was performed using a Beckman
Coulter CytoFLEX flow cytometer and CytExpert software
version 2.4.0 (Beckman Coulter, Brea, CA, USA). Fluo-
rescein isothiocyanate-conjugated anti-mouse inducible ni-
tric oxide synthase (iNOS) (1:50, 130-116-421, Miltenyi
Biotec, Bergisch Gladbach, Germany) was used to identify
M1 macrophages, allophycocyanin-conjugated anti-mouse
CD206 (1:100, 17-2061-82, eBioscience) was used to iden-
tify M2 macrophages, and phycoerythrin-conjugated anti-
mouse F4/80 (1:100, 12-4801-82, eBioscience, San Diego,
CA, USA) was used to identify macrophages, according to
the manufacturers’ instructions.

2.6 RNA-Seq Analysis
Total RNA was extracted using the FastPure

Cell/Tissue Total RNA Isolation Kit V2 (RC112-01,
Vazyme). RNA sequencing was performed by Beijing
Novogene Co., Ltd. according to the standard Illumina
protocol. Differentially expressed genes (DEGs) were
identified using R software 4.4.3 (R Foundation for Sta-
tistical Computing, Vienna, Austria). DEGs were selected
using cutoff values of an absolute log fold change >0.5
and p < 0.05. The complete list of DEGs is provided in
Supplementary File 1.

2.7 Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) Analysis

Total RNA was extracted using the FastPure
Cell/Tissue Total RNA Isolation Kit V2 and reverse-
transcribed into complementary DNA using HiScript III
All-in-One RT SuperMix Perfect for qPCR (R333-01,
Vazyme). Messenger RNA expression was quantified
using ChamQ SYBR qPCR Master Mix (High ROX Pre-
mixed; Q341, Vazyme) on a StepOnePlus Real-Time PCR
System (Applied Biosystems). Messenger RNA expression
levels were normalized to β-actin and calculated using the
2-ΔΔCt method. Data are presented as the mean ± standard
deviation (SD) of at least three independent experiments.

2.8 Western Blotting (WB)
Proteins were extracted from macrophages using ra-

dioimmunoprecipitation assay lysis buffer supplemented
with a complete protease inhibitor cocktail and phenyl-
methylsulfonyl fluoride. WB was performed according
to standard protocols. The following primary antibod-

ies were used: anti-NOTCH4 (1:1000, TA379234, Ori-
Gene, Rockville, MD, USA), anti-Jagged Canonical Notch
Ligand 1 (Jagged1) (1:1000, 70109, Cell Signaling Tech-
nology, Danvers, MA, USA), anti-iNOS (1:1000, 13120,
Cell Signaling Technology, Danvers, MA, USA), anti-
HES1 (1:1000, R381205, Zenbio, Research Triangle Park,
NC, USA), anti-Hes Related Family bHLH Transcription
Factor with YRPW Motif 1 (HEY1) (1:1000, 19929-1-
AP, Proteintech group, Wuhan, Hubei, China), anti-KLF4
(1:1000, 11880-1-AP, Proteintech group, Wuhan, Hubei,
China), and anti-Glyceraldehyde-3-phosphate Dehydroge-
nase (GAPDH) (1:5000, 60004-1-Ig, Proteintech group,
Wuhan, Hubei, China).

2.9 Chromatin Immunoprecipitation (ChIP)—PCR
ChIPwas carried out with a commercial ChIP assay kit

(P2080S, Beyotime Biotechnology, Shanghai, China) fol-
lowing the manufacturer’s protocols. In short, cells (1 × 106
cells) were fixed via crosslinking in 1% formaldehyde so-
lution at 37 °C for 10 min, and glycine was supplemented
to terminate the crosslinking reaction. Cells were rinsed
using pre-cooled PBS (G4200, Servicebio, Wuhan, Hubei,
China) containing 1 mM phenylmethanesulfonyl fluoride
(ST505, Beyotime Biotechnology, Shanghai, China), fol-
lowed by centrifugation and lysis in sodium dodecyl sul-
fate lysis buffer supplemented with 1 mM PMSF. Chro-
matin fragments ranging from 200 to 500 bp were gener-
ated by sonication: 10 cycles of 10-second sonication sep-
arated by 10-second cooling intervals. Cell lysates were in-
cubated overnight at 4 °C with either control IgG (A7016,
Beyotime Biotechnology, Shanghai, China) or anti-HES1
antibody. Afterwards, Protein A+G Agarose coupled with
Salmon Sperm DNA was added and incubated at 4 °C for
3 h. Sequential washes with low-salt and high-salt buffers,
DNA elution and reverse crosslinking were performed sub-
sequently. Purification of immunoprecipitated DNA was
conducted after treatment with ethylenediaminetetraacetic
acid (C0196, Beyotime Biotechnology, Shanghai, China),
Tris (pH 6.5) and proteinase K at 45 °C for 1 h, and the
recovered DNA was subjected to PCR.

2.10 Statistical Analysis
All experiments were independently repeated at least

three times, and data are expressed as the mean ± SD. Com-
parisons amongmultiple groups were performed using one-
way analysis of variance followed by Tukey’s post hoc test.
Differences between two groups were evaluated using a
nonparametric test because of the limited sample size. A
two-sided p value < 0.05 was considered statistically sig-
nificant.
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3. Results
3.1 M1 Macrophages Exhibit Significant Infiltration in
ABMR Allografts

A mouse model of allogeneic ABMR was established
through skin graft-mediated presensitization followed by
heterotopic kidney transplantation. H&E and PAS staining
showed that, compared with the SYN group, the ABMR
group exhibited marked acute tubular injury, peritubular
capillaritis, and glomerulitis, consistent with the character-
istic pathological features of acute antibody-mediated renal
allograft injury (Fig. 1A,B). IF staining of the renal allo-
grafts from ABMR mice revealed linear C3d deposition in
the peritubular capillaries (Fig. 1C,D). These findings con-
firmed the successful establishment of an allogeneic mouse
model of renal transplant ABMR.

Immunohistochemical (IHC) staining for the
macrophage marker F4/80 was performed on renal
allograft tissues from mice in the SYN and ABMR groups.
The number of F4/80-positive cells in the renal intersti-
tium was markedly higher in the ABMR group than in
the SYN group, with extensive macrophage infiltration
throughout the allograft interstitium (Fig. 1E,F). Analysis
of iNOS, a marker of M1 macrophages, and CD206, a
marker of M2 macrophages, within F4/80-positive cells
revealed a marked increase in the number of iNOS-positive
macrophages infiltrating the renal interstitium of ABMR
mice. In contrast, the number of CD206-positive cells
did not differ significantly, indicating substantial M1
macrophage infiltration into the renal interstitium of
kidney allografts affected by ABMR (Fig. 1G–I). Dual IF
staining for F4/80 and iNOS was also performed on renal
allograft tissues from the SYN and ABMR groups. The
number of F4/80- and iNOS-double-positive cells in the
renal interstitium was markedly higher in the ABMR group
than in the SYN group (Fig. 1J). Similar findings were
identified in human specimens in our previous study [8].

3.2 IGT Inhibits ABMR Progression and Reduces M1
Macrophage Infiltration in a Mouse Model of ABMR

Mice were treated with IGT at 35 mg/kg/day by oral
gavage. H&E and PAS staining showed that, compared
with the ABMR group, the IGT-treated group exhibited
markedly reduced peritubular capillaritis and mononuclear
cell infiltration within large vessels, together with allevi-
ation of arteritis and venulitis (Fig. 2A,B). Concurrently,
C3d deposition in the grafts was significantly reduced fol-
lowing IGT treatment (Fig. 2C,D). These findings indicate
that IGT substantially attenuates the characteristic patho-
logical manifestations of ABMR-associated renal allograft
injury. F4/80 IHC staining was performed on renal allo-
graft tissues from mice in each group. F4/80-positive stain-
ing in the renal interstitium was markedly reduced in the
ABMR+IGT group compared with the ABMR group (Fig.
2E,F). Single-cell suspensions were prepared from the re-
nal allografts of mice in each group and analysed by flow

cytometry. After gating on F4/80-positive macrophages,
the expression of iNOS and CD206 was assessed. The pro-
portion of iNOS-positive cells was markedly reduced in the
IGT group, whereas the proportion of CD206-positive cells
did not change significantly (Fig. 2G–I). Dual IF staining
for F4/80 and iNOS in renal allografts from the ABMR and
IGT groups yielded results consistent with the flow cyto-
metric findings (Fig. 2J). These results suggest that IGT
reduces M1 macrophage infiltration into the renal intersti-
tium of transplanted kidneys.

3.3 IGT Inhibits M1 Macrophage Polarization In Vitro

To further validate the effects of IGT on macrophage
polarization, BMDMs were isolated for in vitro experi-
ments. The mRNA expression levels of iNOS, CD86, tu-
mor necrosis factor alpha (TNF-α), and interleukin-1 beta
(IL-1β) were significantly lower in the M1+IGT group than
in the M1 group (Fig. 3A–D). WB showed that iNOS pro-
tein expression was markedly reduced in BMDMs from the
M1+IGT group compared with those from the M1 group
(Fig. 3E,F). Dual IF staining for F4/80 and iNOS fur-
ther revealed a marked reduction in the number of F4/80-
and iNOS-double-positive cells in the M1+IGT group com-
pared with the M1 group (Fig. 3G).

3.4 IGT Alters the JAG1-NOTCH4 Pathway in M1
Macrophages

To further investigate the mechanism underlying the
effects of IGT, RNAwas extracted fromBMDMs following
IGT treatment and subjected to transcriptomic sequencing.
A total of 7343 DEGs were identified between the M1 and
M0 groups, whereas 163 DEGs were identified between the
M1+IGT and M1 groups (Fig. 4A,B). Intersection analysis
of the DEGs identified in these two comparisons revealed
134 genes that may be involved in the IGT-mediated in-
hibition of M1 macrophage polarization (Fig. 4C). After
excluding genes that were also differentially expressed be-
tween the M1 and M0 groups, we selected the 15 most sig-
nificantly altered genes from the M1+IGT versus M1 com-
parison (Supplementary File 2-Supplementary Table 1).
Among these genes, inflammation-related genes, includ-
ing endothelin receptor type B (EDNRB), hepatitis A virus
cellular receptor 2 (HAVCR2), thrombospondin-1 (THBS1),
andNOTCH4, were subsequently validated using RT-qPCR
and WB (Supplementary File 2-Supplementary Fig. 1).
RT-qPCR analysis showed no significant changes in ED-
NRB or HAVCR2 expression, whereas WB revealed no ap-
parent alteration in THBS1 protein expression. Transcrip-
tomic analysis indicated a significant alteration inNOTCH4
transcription following IGT treatment, whereas changes in
the expression of other components of the NOTCHpathway
remained unclear. RT-qPCR analysis of NOTCH pathway
components in the M1 and M1+IGT groups demonstrated
substantial reductions in the mRNA expression of both the
ligand Jagged1 and the receptor NOTCH4 following IGT
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Fig. 1. Significant infiltration of M1 macrophages in ABMR allografts. Five days after skin transplantation, C57BL/6 recipient mice
underwent kidney transplantation with grafts obtained from either C57BL/6 donors as SYN grafts or BALB/c donors as allografts. The
recipient mice were euthanized on postoperative day 5. (A) Representative histological images of graft sections stained with H&E or
PAS. Original magnification, ×400; scale bar, 20 µm. n = 5. (B) Banff scores for vasculitis, glomerulitis, and peritubular capillaritis
in the grafts. n = 5. (C,D) Representative IF images and quantitative analysis of C3d deposition in the grafts. Original magnification,
×400; scale bar, 200 µm; n = 3. (E,F) Representative IHC images and quantitative analysis of F4/80 expression in the grafts. Original
magnification, ×400; scale bar, 20 µm; n = 3. (G–I) Flow cytometric analysis of the proportions of F4/80+iNOS+ M1 macrophages
and F4/80+CD206+ M2 macrophages in the grafts. n = 3. (J) Representative IF staining for F4/80 and iNOS in the grafts. Original
magnification, ×400; scale bar, 20 µm; n = 3. ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. ABMR, antibody-mediated rejection;
SYN, Syngeneic; H&E, hematoxylin and eosin; PAS, periodic acid-Schiff; IF, immunofluorescence; IHC, immunohistochemistry; iNOS,
inducible nitric oxide synthase.
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Fig. 2. IGT inhibits ABMR progression and reduces M1 macrophage infiltration in a mouse model of ABMR. Oral administration
of IGT at 35 mg/kg/day was initiated on the day of skin graft-mediated sensitization. (A) Representative histological images of graft
sections stained with H&E and PAS. Original magnification, ×400; scale bar, 20 µm; n = 5. (B) Banff scores for vasculitis, glomerulitis,
and peritubular capillaritis in the grafts. n = 5. (C,D) Representative IF images and quantitative analysis of C3d deposition in the grafts.
Original magnification, ×400; scale bar, 200 µm; n = 3. (E,F) Representative IHC images and quantitative analysis of F4/80 expression
in the grafts. Original magnification, ×400; scale bar, 20 µm; n = 3. (G–I) Flow cytometric analysis of the proportions of F4/80+iNOS+

M1 macrophages and F4/80+CD206+ M2 macrophages in the grafts. n = 3. (J) Representative IF staining for F4/80 and iNOS in the
grafts. Original magnification, ×400; scale bar, 20 µm; n = 3. ns, p > 0.05; * p < 0.05; ** p < 0.01. IGT, iguratimod.
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Fig. 3. IGT inhibits M1 macrophage polarizationin vitro. (A–D) RT-qPCR analysis of the mRNA expression levels of iNOS (A),
CD86 (B), IL‐1β (C), and TNF-α (D) in BMDMs following IGT treatment. n = 3. (E,F) Representative WB and quantitative analysis
showing reduced iNOS protein expression in BMDMs following IGT treatment. n = 3. (G) Representative IF staining showing reduced
numbers of F4/80+iNOS+ M1 macrophages among BMDMs following IGT treatment. Original magnification, ×400; scale bar, 20 µm;
n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001. RT-qPCR, real-time quantitative polymerase chain reaction; IL‐1β, interleukin-1 beta;
TNF-α, tumor necrosis factor alpha; BMDMs, bone marrow-derived macrophages; WB, Western blotting.

treatment. In contrast, the mRNA expression levels of other
receptors, including NOTCH1, NOTCH2, and NOTCH3,

did not differ significantly between the M1 and M1+IGT
groups (Fig. 4D–H). Consistent with the RT-qPCR results,
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Fig. 4. IGT alters the Jagged1-–NOTCH4 pathway in M1 macrophages. (A) Volcano plot showing DEGs between the M0 and M1
groups. n = 3. (B) Volcano plot showing DEGs between the M1 and M1+IGT groups. n = 3. (C) Venn diagram showing the genes shared
between the two sets of DEGs. (D–H) RT-qPCR analysis of the mRNA expression levels of NOTCH1 (D), NOTCH2 (E), NOTCH3 (F),
NOTCH4 (G), and JAG1 (H) in BMDMs following IGT treatment. n = 3. (I,J) Representative WB and quantitative analysis showing
reduced NOTCH4 and Jagged1 protein expression in BMDMs following IGT treatment. n = 3. ns, p > 0.05; * p < 0.05; ** p < 0.01; ***
p < 0.001. DEGs, differentially expressed genes; JAG1, Jagged Canonical Notch Ligand 1.

WB showed that JAGGED1 and NOTCH4 protein expres-
sion was significantly reduced in M1+IGT cells (Fig. 4I,J).

3.5 IGT Inhibits M1 Macrophage Polarization by
Targeting the JAG1–NOTCH4 Pathway

Because NOTCH4 signaling requires receptor cleav-
age and the release of the NOTCH4 intracellular do-
main (N4ICD), we examined changes in N4ICD expres-
sion following IGT treatment. N4ICD expression was
significantly reduced in response to IGT treatment (Fig.
5A,B). siRNA-mediated knockdown of NOTCH4 was sub-

sequently used to inhibit the NOTCH pathway. NOTCH4
knockdown significantly reduced N4ICD generation in
BMDMs, consistent with the effects of IGT treatment.
Concurrently, inhibition of the NOTCH pathway reduced
the expression of the M1 macrophage marker iNOS (Fig.
5C,D). The effects of N4ICD overexpression on iNOS
expression were subsequently examined in macrophages.
iNOS remained undetectable in both the M0 and M0+IGT
groups, whereas iNOS expression was markedly elevated
in N4ICD-overexpressing M1macrophages compared with
control M1 macrophages. Following IGT treatment, the re-
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Fig. 5. IGT inhibits M1 macrophage polarization by targeting the JAG1–NOTCH4 pathway. (A,B) Representative WB and quan-
titative analysis of NOTCH4 and N4ICD expression in BMDMs following IGT treatment. (C,D) WB analysis of iNOS, NOTCH4, and
N4ICD expression in macrophages following NOTCH4 knockdown. (E,F) WB analysis of iNOS and N4ICD expression in macrophages
following N4ICD overexpression. (G) Representative IF staining for F4/80 and NOTCH4 in grafts following IGT treatment. Original
magnification, ×400; scale bar, 20 µm; n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001. N4ICD, NOTCH4 intracellular domain.

duction in iNOS expressionwas less pronounced inN4ICD-
overexpressing macrophages than in control macrophages
(Fig. 5E,F). IF staining further confirmed that IGT reduced
NOTCH4 expression in macrophages (Fig. 5G).

3.6 NOTCH4 Deficiency Alleviates ABMR and Reduces
M1 Macrophage Infiltration

To further validate the role of NOTCH4 in
macrophage polarization and ABMR progression, an
ABMR model was established using NOTCH4-knockout
mice as recipients. Mouse genotypes were confirmed
by extracting genomic DNA from tail-tip samples
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Fig. 6. NOTCH4 deficiency alleviates ABMR and reduces M1 macrophage infiltration. (A) Representative histological images
of graft sections stained with H&E and PAS. Original magnification, ×400; scale bar, 20 µm; n = 5. (B) Banff scores for vasculitis,
glomerulitis, and peritubular capillaritis in the grafts. n = 5. (C) Representative IF staining for F4/80 and iNOS in the grafts. Original
magnification, ×400; scale bar, 20 µm; n = 3. * p < 0.05.

(Supplementary File 2-Supplementary Fig. 2). Histo-
logical examination using H&E and PAS staining revealed
reduced mononuclear cell infiltration in the renal inter-
stitium of grafts transplanted into NOTCH4-knockout
mice. Acute tubular injury was attenuated, accompanied
by markedly reduced peritubular capillaritis and signif-

icantly decreased mononuclear cell infiltration within
large vessels. Arterial and venous inflammation was also
substantially less pronounced than that in the ABMR
group (Fig. 6A,B). IF analysis further demonstrated that
NOTCH4 deficiency reduced M1 macrophage polarization
(Fig. 6C).
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Fig. 7. IGT promotes KLF4 expression by inhibiting N4ICD/HES1 signaling. (A,B) RT-qPCR analysis of the mRNA expression
levels of HES1 (A) and HEY1 (B) in BMDMs following IGT treatment. n = 3. (C–E) Representative WB and quantitative analysis of
HES1 and HEY1 protein expression in BMDMs following IGT treatment. n = 3. (F–H) WB analysis of iNOS and HES1 expression in
macrophages following HES1 overexpression. n = 3. (I,J) Representative WB and quantitative analysis of KLF4 protein expression in
BMDMs following IGT treatment. n = 3. (K,L) WB analysis of KLF4 expression in macrophages following HES1 overexpression. n
= 3. (M) The HES1-binding motif was predicted by JASPAR, and schematic images of the potential HES1 binding sites in the KLF4
promoter region are shown. (N) ChIP-PCR analysis of HES1 binding on KLF4 promoter. * p < 0.05; ** p < 0.01; *** p < 0.001. HES1,
Hairy and Enhancer of Split 1; HEY1, Hes Related Family bHLH Transcription Factor with YRPWMotif 1; KLF4, Krüppel-like Factor
4; ChIP, chromatin immunoprecipitation.
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3.7 IGT Promotes KLF4 Expression by Inhibiting
N4ICD/HES1 Signaling

To further investigate the effects of IGT on the
NOTCH signaling pathway, we examined HES1 and
HEY1, two downstream transcription factors activated by
NOTCH4. RT-qPCR analysis showed that IGT signifi-
cantly suppressed the transcription of both HES1 andHEY1
(Fig. 7A,B). Analysis of HES1 and HEY1 protein expres-
sion revealed a particularly pronounced reduction in HES1
expression (Fig. 7C–E). Following HES1 overexpression
in macrophages, the expression of the M1 macrophage
marker iNOS was markedly increased (Fig. 7F–H). More-
over, HES1 overexpression attenuated the inhibitory ef-
fect of IGT on M1 macrophage polarization, suggesting
that HES1 acts downstream of IGT. To determine whether
HES1 is also influenced by pathways other than the Notch
pathway, we used JSH (3 μM) to inhibit the Nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-κB)
pathway. The results showed that HES1 levels remained
unchanged following inhibition of the NF-κB pathway, sug-
gesting that HES1 is not influenced by the NF-κB pathway
acting in isolation (Supplementary File 2-Supplementary
Fig. 3).

Previous studies have demonstrated that KLF4 plays
a critical role in M1 macrophage polarization. Our pre-
vious investigation also showed that IGT increased KLF4
expression in macrophages [18]. This finding was fur-
ther confirmed byWB analysis of KLF4 protein expression
(Fig. 7I,J). Because HES1 functions as a transcriptional re-
pressor, we hypothesized that the IGT-induced alteration
in KLF4 expression might be dependent on HES1. Ac-
cordingly, KLF4 expression was assessed following HES1
overexpression, revealing a marked reduction in KLF4
protein levels in HES1-overexpressing macrophages (Fig.
7K,L). These findings indicate that IGT may regulate M1
macrophage polarization through N4ICD/HES1 signaling,
thereby modulating KLF4 expression.

We identified whether HES1 directly regulated KLF4
transcription. The prediction of HES1 binding sites in the
KLF4 promoter region using the JASPAR website (http:
//jaspar.genereg.net/) revealed two putative motifs, which
had high scores, in the KLF4 promoter (Fig. 7M). Fur-
ther, ChIP-PCR confirmed that HES1 binds to both pro-
moter sites (Fig. 7N).

4. Discussion
Macrophages play a critical role in maintaining

immune microenvironmental homeostasis [21,22]. In
this study, we observed substantial infiltration of M1
macrophages into renal allografts in a mouse model of
ABMR. IGT treatment reduced M1 macrophage polar-
ization and attenuated renal allograft injury. Our find-
ings further suggest that the inhibitory effect of IGT on
M1 macrophage polarization may be mediated through the
NOTCH4/HES1/KLF4 axis.

The NOTCH signaling pathway participates in nu-
merous biological processes, including cell-fate determi-
nation, embryonic and tissue development, tissue repair,
and inflammatory responses [23]. Unlike many signal-
ing pathways, NOTCH signaling does not involve a con-
ventional intracellular cascade of intermediary molecules.
Instead, the NOTCH receptor undergoes sequential pro-
teolytic cleavage, resulting in the release of the NICD,
which translocates directly to the nucleus and regulates
target-gene transcription. Furthermore, S2 cleavage of the
NOTCH receptor is initiated through its interaction with
ligands expressed on neighboring cells. Consequently,
NOTCH signaling acts over a relatively short range but elic-
its a rapid cellular response [24]. Previous studies have
identified the NOTCH signaling pathway as an important
regulator of CD4+ T cells in graft-versus-host disease [25].
Inhibition of NOTCH signaling reduces target-organ injury
and germinal-center formation, thereby markedly decreas-
ing the severity and mortality of graft-versus-host disease.
Conversely, activation of NOTCH signaling directly stim-
ulates T cells and enhances their effector functions [26].
Further studies reveal that expression dynamics on regula-
tory T cells suppress dual-regulatory protein-dependent tis-
sue repair, promoting severe pulmonary inflammation [27].
NOTCH4 activation also exacerbates nuclear factor-κB-
mediated inflammation in human immunodeficiency virus-
associated nephropathy [28]. Previous studies have con-
firmed that there is a certain degree of functional overlap
between the Notch and NF-κB pathways. Another research
on NOTCH4 has also proposed and validated a hypothe-
sis that NICD4 upregulates HES1 expression by compet-
itively binding to the HES1 promoter in opposition to p-
STAT3 [29]. Furthermore, activation of NOTCH signal-
ing markedly enhances B-cell receptor responsiveness [30].
Thus, the NOTCH signaling pathway plays critical roles in
both adaptive and innate immunity by regulating the func-
tions of multiple immune-cell populations [31]. Our in vitro
experiments similarly demonstrated that NOTCH4 expres-
sion was elevated in M1 macrophages and that this increase
was reversed by IGT treatment. We therefore hypothe-
size that NOTCH4 promotes inflammatory responses by en-
hancing M1 macrophage polarization.

Our group previously conducted clinical studies eval-
uating IGT in combination with conventional immunosup-
pressive regimens in kidney transplant recipients. The in-
cidence of biopsy-proven acute rejection was significantly
lower in the IGT group than in the control group, with no
significant between-group differences in adverse reactions
[16,17]. However, the immunosuppressive mechanisms of
IGT remain unclear, limiting its broader clinical applica-
tion. Previous studies have found that IGT could inhibit
the M1 and M2 polarization of macrophages in pulmonary
fibrosis [32]. In the present study, we found that IGT signif-
icantly attenuated the progression of ABMR following kid-
ney transplantation, an effect associated with the targeted
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inhibition of M1 macrophage polarization. These findings
partially elucidate the mechanism by which IGT alleviates
ABMR and provide a theoretical basis for its further clinical
application in kidney transplantation.

Our research further supports a potential associa-
tion between NOTCH4 and KLF4. Previous studies
have demonstrated that the active intracellular domain of
NOTCH1 suppresses KLF4 promoter activity in colorec-
tal cancer cells [33]. Another study showed that NOTCH1
inhibits KLF4 expression in intestinal epithelial cells [34].
However, evidence supporting such an association in im-
mune cells remains limited. Our study demonstrated that
HES1, a downstream transcriptional repressor of NOTCH4,
suppresses KLF4 expression.

HES1 is a popular research target in renal injury, es-
pecially in acute kidney injury and renal fibrosis. In is-
chemia reperfusion injury, HES1 expression is upregulated
[35]. However, its role is complex. Some studies suggest it
promotes inflammation and apoptosis, acting as a detrimen-
tal factor, while others indicate it can activate protective
anti-inflammatory pathways [36,37,38,39]. Our study con-
firmed that HES1 is highly expressed in M1 macrophages
infiltrating the ABMR kidneys.

This study has several limitations. First, the ef-
fects of NOTCH4 on macrophage polarization and ABMR
were validated only in global knockout mice. Further
in vivo validation using an ABMR model established in
macrophage-specific NOTCH4-knockout mice would pro-
vide more compelling evidence. Second, the interactions
between macrophages and endothelial cells, as well as the
molecular mechanisms underlying these interactions, re-
quire further investigation.

In summary, findings from both the mouse model of
ABMR and the in vitro experiments suggest that IGT may
delay ABMR progression following kidney transplantation
by inhibitingNOTCH4-mediatedM1macrophage polariza-
tion. This effect may be mediated through regulation of
the NOTCH4/HES1/KLF4 axis. Elucidating the effects and
mechanisms of IGT provides new insights into its further
development and application in transplantation medicine.

5. Conclusion
Our study demonstrated that M1 macrophage po-

larization contributes to the initiation and progression of
ABMR following kidney transplantation. IGT attenu-
ates M1 macrophage polarization by inhibitingJagged1–
NOTCH4 signaling. These findings expand the current un-
derstanding of the mechanisms underlying the effects of
IGT and may provide new insights into the effective pre-
vention and treatment of ABMR.
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