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SUMMARY

Intrauterine adhesion (IUA) is a common cause of uterine infertility and its histo-
pathologic characteristic is endometrial fibrosis. A shortage of stem cells in the
endometrial basalis has been recognized as a common cause of IUA development
because approximately 90% of patients suffer from IUA after endometrial injury.
In this study, we provide evidence that persistent inflammation is the main
contributor to endometrial fibrosis in IUA patients. We further found that
treating an IUA-like mouse model with ITI-hUC-MSCs (hUC-MSCs reprogrammed
by IL-1b, TNF-a and IFN-g) significantly decreased endometrial inflammation and
fibrosis. Mechanistically, high levels of complement 1 inhibitor (C1INH) secreted
by ITI-hUC-MSCs prevented inflammation from inducing profibrotic CD301+
macrophage polarization by downregulating the JAK-STAT signaling pathway.
In conclusion, persistent inflammation in the endometria of IUA patients provides
macrophage polarization with a profibrotic niche to promote endometrial
fibrosis, and the powerful immunomodulatory effects of ITI-hUC-MSCs improve
the immune microenvironment of endometrial regeneration.

INTRODUCTION

Intrauterine adhesion (IUA), which is the typical uterine manifestation of Asherman’s syndrome, is charac-

terized by endometrial fibrosis with partial or complete uterine cavity obliteration due to adhesion of the

uterine wall.1,2 Based on the extent of endometrial cavity obliteration, the appearance of adhesions under

hysteroscopy and the patient’s menstrual characteristics, IUA can be divided into mild, moderate, or severe

IUA.3 Most cases of IUA are an acquired pathological condition since approximately 90% of IUA patients

develop after injury to the endometrium following surgical procedures, such as dilation and curettage

(D&C),4,5 and it has been recognized that a shortage of stem cells in the endometrial basalis is the main

cause of IUA.6,7 Trials using endometrial stem cells/progenitor cells or other kinds of adult stem cell therapy

for IUA have been conducted.8–10 We and others have reported that this adult stem cell-based therapy

resulted in some beneficial outcomes in IUA patients, such as improvements in endometrial fibrosis and

successfully becoming pregnant and giving birth, but most patients were still infertile.8,9 Therefore, it is

important to deepen our understanding of the pathological changes in the endometrial microenvironment

in IUA patients to examine effective treatments for IUA. In studies of organ fibrosis development, such as

idiopathic pulmonary fibrosis and liver cirrhosis, it is accepted that inflammation participates in and even

triggers tissue fibrosis.11–13 However, the inflammatory conditions of the endometrium in IUA patients

remain unclear.

In contrast to other human tissues, the endometrium experiences up to 400 cycles of proliferation, deci-

dualization, breakdown and regeneration in a woman’s reproductive lifetime.14 Physiologically, during

decidualization and menstruation, the endometrium experiences strictly controlled inflammation, and

the immune cells in the endometrium play important roles in endometrial homeostasis.14–16 We and others

have reported that there are many kinds of immune cells in the human endometrium, including macro-

phages, T cells, B cells and NK cells,17,18 andmacrophages constitute approximately 10% of the total leuko-

cyte population in the proliferative phase of the human endometrium; influx largely occurs in the menstrual

period to quickly clear tissue debris to avoid persistent inflammation, ultimately achieving scarless healing

of the endometrium.19,20 Macrophages are malleable depending on their environment,21–26 and our
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Figure 1. Aberrant inflammatory activation exists in the endometria of IUA

(A) PC (principal components) analysis of bulk RNA-seq data of endometria of severe IUA patients (n = 7) and controls (n = 7).

(B) Volcano plot of DEGs (differentially expressed genes) in the endometria of severe IUA patients (n = 7) and controls (n = 7). The red dots represent the

upregulated transcripts, and the blue dots represent the downregulated transcripts (p < 0.05 and fold change >2).

(C) Heatmap of DEGs in the endometria of severe IUA patients (n = 7) and controls (n = 7).

(D and E) Major enriched GO biological processes and KEGG analysis of the upregulated DEGs.

(F) Heatmap of the inflammation-related genes in the endometria of severe IUA patients (n = 7) and controls (n = 7).

(G–J) The mRNA levels of Il1b, Tnfa, Ifng and Acta2 in the endometria of normal controls (n = 9) and IUA patients (n = 9) measured by qRT‒PCR.
(K and L) Masson’s trichrome staining (scale bars: 100 mm) and immunohistochemical staining of a-SMA (scale bars: 50 mm) in the endometria of normal

controls (n = 9) and IUA patients (n = 9).

(M) The correlation of -log10(Acta2) and -log10(Il1b) expression in the endometria of normal controls (n = 9) and IUA patients (n = 9). Spearman’s correlation

coefficient R = 0.5393, p = 0.0209.

(N) The correlation of -log10(Acta2) and -log10(Tnfa) expression in the endometria of normal controls (n = 9) and IUA patients (n = 9). Spearman’s correlation

coefficient R = 0.7176, p = 0.0008.

(O) The correlation of -log10(Acta2) and -log10(Ifng) expression in the endometria of normal controls (n = 9) and IUA patients (n = 9). Spearman’s correlation

coefficient R = 0.5902, p = 0.0099.

(P–S) Immunohistochemical staining of CD45, CD68 (scale bars of CD45 and CD68: 100 mm), CD3 and CD56 (scale bars of CD3 and CD56: 50 mm) in the

endometria of normal controls (n = 9) and IUA patients (n = 9).

(T) The mean number of CD45+ leukocytes, CD68+ macrophages, CD3+ T cells and CD56+ NK cells per field at a magnification of 2003. Each point

represents a patient. (G-J) and (T) Error bars indicate the mean G SD. No significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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previous study showed that macrophage phenotypes are altered in the endometria in IUA and involved in

the development of endometrial fibrosis.27

Mesenchymal stem cell (MSC)-based therapy has been applied to some refractory immune diseases to

control inflammation, such as lupus nephritis, Crohn’s disease, and rheumatoid arthritis,28–30 and the ther-

apeutic mechanism mainly relies on immunomodulation, resulting in a favorable immune microenviron-

ment.29,31 However, accumulating evidence has shown that the immunomodulatory capacity of naive

MSCs is mild and limited.32,33 To enhance MSC immunomodulatory functions, researchers developed a

new method to reprogram MSCs by pretreatment with inflammatory cytokines.31,34 However, whether

primed MSCs could improve the therapeutic efficacy of common MSCs on IUA remains unknown.

In the present study, we demonstrated that persistent inflammation was present in the endometria of IUA

patients, which was positively correlated with the degree of endometrial fibrosis. In an IUA-like mouse

model, we showed that increased endometrial inflammation contributes to more severe endometrial

fibrosis. Furthermore, we found that hUC-MSCs primed with IL-1b, TNF-a and IFN-g (ITI-hUC-MSCs) had

powerful anti-inflammatory abilities and inhibited endometrial inflammation and prevented profibrotic

CD301+ macrophage polarization through the secretion of complement 1 inhibitor (C1INH) to alleviate

endometrial fibrosis in the IUA-like mouse model.
RESULTS

Aberrant inflammatory activation and fibrosis coexist in the endometria of IUA patients

To understand the difference in endometrial transcriptomic profiles in severe IUA and normal controls, bulk

RNA-seq was performed on endometrial biopsies from 7 severe IUA patients and 7 normal controls in the

late proliferative phase of the menstrual cycle. The results showed 321 upregulated and 250 downregu-

lated genes (p < 0.05; FC > 2) in severe IUA patients compared to the controls, as shown by PC (principal

components) analysis (Figure 1A), a volcano plot (Figure 1B) and a heatmap of DEGs (differentially ex-

pressed genes) (Figure 1C). GO biological process enrichment analysis revealed that fibrosis-related terms,

including extracellular matrix organization and cell adhesion, and inflammation-related terms, such as

complement activation, inflammatory response and the immune response, were significantly associated

with the upregulated genes (Figure 1D). Consistently, KEGG pathway enrichment analysis showed that

genes related to vascular smooth muscle contraction and complement and coagulation cascades were

significantly upregulated in IUA patients (Figure 1E). A similar result was found in the heatmap clustering

analysis, which showed the upregulation of inflammation-related genes in patients with severe IUA

compared to normal controls (Figure 1F). Furthermore, proinflammatory cytokines (Il1b, Tnfa and Ifng)

and a fibrotic molecule (Acta2) were detected in the endometria of another group of 9 patients with IUA

and 9 normal controls. The results confirmed that the mRNA levels of proinflammatory cytokines and

fibrotic molecules were increased (Figures 1G–1J) in IUA patients. In addition, Masson’s trichrome
iScience 26, 107201, July 21, 2023 3
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Figure 2. Inflammation induces changes in macrophage subtypes and the development of IUA

(A–D) H&E staining (scale bars: 200 mm), Masson’s trichrome staining, and immunohistochemical staining of a-SMA and

collagen 1 (scale bars of Masson, a-SMA and Col1: 50 mm) in the endometria of mice after sham operation (sham, n = 8)

and on Day 5 (day 5, n = 8), Day 7 (day 7, n = 8) and Day 10 (day 10, n = 8) after modeling.

(E) The relative integrated optical density (IOD) was analyzed by Image-pro plus.

(F–K) H&E staining (scale bars: 200 mm), immunohistochemical staining of CD45, immunofluorescence analysis of F4/80

(scale bars of CD45 and F4/80: 100 mm), and immunohistochemical staining of CD3, Eomes and CD301 (scale bars of CD3,

Eomes and CD301: 50 mm) in the endometria of mice after sham operation (sham, n = 8) and on Day 1 (Day 1, n = 8), Day 2

(Day 2, n = 8), Day 3 (Day 3, n = 8), Day 4 (Day 4, n = 8) and Day 5 (Day 5, n = 8) after modeling.

(L) Double immunofluorescence staining of F4/80 (green) and CD301 (red) in the endometria of mice. Scale bars: 50 mm.

Arrow: F4/80+ CD301+ macrophage.

(M) The mean number of CD45+ leukocytes, F4/80+ macrophages, CD3+ T cells and Eomes+ NK cells per field at a

magnification of 2003. Each point represents one mouse.

(N) The mean number of CD301+ macrophages per field at a magnification of 4003. Each point represents one mouse.

(E) and (M-N) Error bars indicate the mean G SD. No significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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(Figure 1K) and a-SMA (Figure 1L) staining were significantly elevated in the endometrial stroma of IUA pa-

tients. Correlation analysis showed that Acta2 expression was positively correlated with the expression of

Tnfa (R = 0.7176, p < 0.01), Il1b (R = 0.5393, p < 0.05) and Ifng (R = 0.5902, p < 0.01) in the endometria of IUA

patients (Figures 1M–1O).

To understand the changes in the main immune cells in the endometria, we conducted immunohistochem-

ical staining of CD45 (Figure 1P), CD68 (Figure 1Q), CD3 (Figure 1R) and CD56 (Figure 1S). Immunohisto-

chemical staining of CD138 was routinely conducted by clinical pathologists for endometritis diagnosis.

The results showed that the numbers of CD45+ leukocytes and CD3+ T cells were increased in the

endometria of IUA patients compared to controls (Figure 1T), suggesting activated inflammation in the

endometrium; however, no CD138-positive cells were found in the IUA patients and controls. Becausemac-

rophages play a key role in inflammation and fibrosis, we focused on macrophages. We noticed that the

number of CD68+ macrophages did not significantly change, but the phenotypes of macrophages were

altered, and there was an increase in profibrotic CD301+ macrophages in the fibrotic endometria of IUA

patients compared with controls (Figure S1), which indicated that persistent inflammatory activation was

present in the fibrotic endometria of IUA patients.
Endometrial inflammation contributes to endometrial fibrosis and changes in macrophage

phenotypes in the IUA-like mouse model

To investigate the effect of inflammation onmacrophage differentiation and endometrial fibrosis in IUA, we

compared a dual-injury mouse model (curettage plus LPS stimulation)35 with a single-injury mouse model

(curettage). More severe fibrosis was present in the endometria of mice with dual injury than in curettage

only mice, indicating the important role of exacerbated inflammation in promoting endometrial fibrosis

(Figure S2). Therefore, we used this dual-injury mouse model in the following experiments. As shown by

H&E staining (Figure 2A), Masson’s trichrome staining (Figure 2B), and a-SMA (Figure 2C) and collagen

1 (Figure 2D) immunohistochemical staining, endometrial fibrosis developed on Day 5, peaked on Day 7

and was sustained on Day 10 (Figure 2E) after modeling. However, total leukocytes (CD45+), macrophages

(F4/80+), T cells (CD3+) and NK cells (Eomes+) were recruited to the injured sites of the uterus in the model

mice, mainly on Days 1 and 2 (Figures 2F–2J and 2M) after modeling. Consistently, the mRNA levels of the

proinflammatory cytokines Il1b and Tnfa were significantly increased on Day 1 after modeling, which

occurred earlier than the fibrotic molecule Acta2 on Day 7 (Figure S3). Macrophages accounted for the

largest proportion of leukocytes (Figure 2M), and the subtypes of macrophages were dramatically altered

after modeling; there was an increase in proinflammatory and profibrotic CCR2+ (C-C motif chemokine re-

ceptor 2)36 cells and MSR1+ (macrophage scavenger receptor 1)37 cells (Figure S4) and especially profi-

brotic CD301+ macrophages (Figures 2K, 2L and 2N), which were similar to the findings in IUA patients.
ITI-hUC-MSCs relieve endometrial fibrosis induced by inflammation in the IUA-like mouse

model

To examine whether inhibiting inflammation could alleviate endometrial fibrosis, we used naive MSCs

and inflammatory cytokine-pretreated MSCs to inhibit endometrial inflammation and compared their

anti-inflammatory and antifibrotic effects. Three cytokines (IL-1b, TNF-a and IFN-g), were used to treat
iScience 26, 107201, July 21, 2023 5



ll
OPEN ACCESS

iScience
Article
hUC-MSCs to enhance their immunomodulatory properties. By examining the mRNA levels of the anti-in-

flammatory mediators Cox2, Tsg6 and Ido1 and the immunomodulatory factors Il6, Il8 and Ccl2 (Figure S5),

we determined the best stimulation concentration and duration, which was 10 ng/mL IL-1b for 24 h, 20 ng/

mL TNF-a for 24 h and 20 ng/mL IFN-g for 24 h. Furthermore, we proved that the combination of these three

cytokines (ITI-hUC-MSCs) exerted the best anti-inflammatory effect compared to pretreatment with one or

two cytokines, as indicated by the highest mRNA and protein levels of the immunoregulatory factors IL-6,

IL-8, CCL2, COX-2, TSG-6 and IDO1 (Figure 3). In contrast, cell proliferation, MSC phenotypic markers and

trilineage differentiation remained unchanged in ITI-hUC-MSCs compared with hUC-MSCs (Figure S6).

Next, we randomly assigned C57BL/6J female mice into five groups, including the sham (n = 10), PBS (n =

10), Matrigel (n = 10), hUC-MSC/Matrigel (n = 10) and ITI-hUC-MSC/Matrigel (n = 10) groups, to compare

the therapeutic effects of ITI-hUC-MSCs and common hUC-MSCs in IUA-like mice. As shown in the sche-

matic diagram (Figure 4A), we injected PBS, Matrigel alone, ITI-hUC-MSCs and hUC-MSCs loaded withMa-

trigel into the uterus on Day 2 after modeling, whereas sham-operated mice were subjected to opening

and closing of the abdominal walls, and on Days 3 and 5 after treatment, the mice were sacrificed to

examine the inflammatory conditions and the severity of endometrial fibrosis, respectively. As shown by

immunohistochemical staining of proinflammatory TNF-a and IL-6 and anti-inflammatory IL-10

(Figures 4B–4E), although the inflammation levels in the hUC-MSC and ITI-hUC-MSC treatment groups

were significantly reduced compared with those in the PBS and Matrigel groups (Figure 4M), the lowest

level of inflammation was observed in the ITI-hUC-MSC-treated group (Figures 4M and S7). Moreover, Mas-

son’s trichrome staining (Figure 4G), a-SMA staining (Figure 4H) and collagen 1 staining (Figures 4I and 4J)

showed that the degree of endometrial fibrosis was the lowest in the ITI-hUC-MSC treatment group

(Figures 4N and S8), although in the hUC-MSC-treated group, the degree of fibrosis was milder than

that in the PBS and Matrigel only treatment groups (Figure 4N), indicating the superior effect of ITI-

hUC-MSCs on inhibiting endometrial inflammation and fibrosis.

We further investigated the changes in the subtypes of macrophages in the different groups. Immunohis-

tochemical staining revealed that the abundance of profibrotic CD301+ macrophages in the ITI-hUC-MSC

group was significantly lower than that in the hUC-MSC, PBS and Matrigel groups (Figures 4K and 4O), and

this trend was consistent with the degree of endometrial fibrosis. Immunofluorescence staining also

confirmed that CD301 colocalized with F4/80, and the proportion of CD301+ F4/80+ cells was the lowest

in the ITI-hUC-MSC group (Figure 4L). Furthermore, the proportions of CCR2+ (Figure S9A) and MSR1+

(Figure S9B) macrophages were decreased in the ITI-hUC-MSC group compared with the hUC-MSC,

PBS and Matrigel groups but to a lesser extent than CD301+ macrophages. The expression levels of

CD206 (Figure S9C), CD163 (Figure S9D) and CD86 (Figure S9E) were not different between the ITI-hUC-

MSC and hUC-MSC groups (Figure S9F). Overall, CD301+ macrophages may be the target cells of ITI-

hUC-MSC-mediated inhibition of endometrial inflammation and fibrosis.
ITI-hUC-MSC-secreted C1INH reversed inflammation-induced CD301+ macrophage

polarization

To understand the underlyingmechanisms by which ITI-hUC-MSCs decreased CD301+macrophagesmore

significantly than common hUC-MSCs in vivo, we further examined CD301+ macrophage polarization

in vitro. Human THP-1 cells were induced with PMA to differentiate into naive macrophages,38,39 which

were then stimulated with LPS (100 ng/mL) and IFN-g (20 ng/mL) to mimic the inflammatory microenviron-

ment. Consistently, LPS and IFN-g enhanced the proportion of CD301+ macrophages, and the mean fluo-

rescence intensity (MFI) of CD301 was higher than that in the unstimulated group, which could be reversed

by coculture with the supernatant of hUC-MSCs and ITI-hUC-MSCs; however, ITI-hUC-MSCs induced fewer

CD301+ macrophages than hUC-MSCs (Figures 5A, 5B and S10A).

To identify the potential molecules by which ITI-hUC-MSCs mediate macrophage polarization, we

compared the transcript profiles of ITI-hUC-MSCs and hUC-MSCs and found 811 upregulated and 1340

downregulated DEGs (FDR <0.05; FC > 2) in ITI-hUC-MSCs, as shown in the DEG heatmap (Figure 5C)

and volcano plot (Figure 5D). We screened the top 200 genes by FC, top 200 genes by FDR and top 200

genes by expression abundance among these 811 genes and performed Venn analysis of the top three

200 genes to determine the most significantly upregulated genes in ITI-hUC-MSCs (Figure 5E). Finally,

43 genes were filtered out through Venn analysis (Figure 5F), and the top 10 genes by FC were

C15orf48, Cxcl5, Il32, Psmb9, Mmp3, Oas2, Serpinb2, Ifi44L, Serping1 (C1INH) and Cd274. We focused
6 iScience 26, 107201, July 21, 2023



Figure 3. Inflammatory cytokine pretreatment enhances the immunomodulatory properties of hUC-MSCs

(A–F) ThemRNA levels of Il6, Il8, Ccl2, Cox2, Tsg6 and Ido1 in hUC-MSCs that were untreated (n = 3) and treated with IL-1b

(n = 3), TNF-a (n = 3), IFN-g (n = 3), IL-1b+TNF-a (n = 3), IL-1b+IFN-g (n = 3), TNF-a+IFN-g (n = 3) and IL-1b+TNF-a+IFN-g

(n = 3) for 24 h were measured by qRT‒PCR.
(G–L) The protein levels of IL-6, IL-8, CCL2, COX-2, TSG-6 and IDO1 in the supernatants of hUC-MSCs that were untreated

(n = 3) and treated with IL-1b (n = 3), TNF-a (n = 3), IFN-g (n = 3), IL-1b+TNF-a (n = 3), IL-1b+IFN-g (n = 3), TNF-a+IFN-g

(n = 3) and IL-1b+TNF-a+IFN-g (n = 3) for 24 h were detected by ELISA kits. Error bars indicate the mean G SD. No

significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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onCxcl5, Il32, Mmp3 and Serping1 (C1INH), which encode secreted proteins and have been reported to be

involved in the inflammatory process,40–44 and we verified their upregulation at the mRNA level by qRT‒
PCR (Figure 5G). The increase in C1INH (encoded by Serping1) at the protein level was also confirmed

by western blotting (Figures 5H and 5I). Subsequently, recombinant CXCL5, IL-32b, IL-32g, MMP3 and

C1INH proteins were used to treat CD301+ macrophages induced by LPS and IFN-g. Flow cytometry

showed that only C1INH significantly reversed CD301+ macrophage polarization (Figures 5J, 5K and
iScience 26, 107201, July 21, 2023 7
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Figure 4. ITI-hUC-MSCs relieve endometrial inflammation and fibrosis in the IUA-like mouse model

(A) Schematic diagram of the animal experiments. The mice were divided into the following five groups: sham operation

(n = 10), curettage + LPS + PBS treatment (n = 10), curettage + LPS + Matrigel treatment (n = 10), curettage + LPS + hUC-

MSC/Matrigel treatment (n = 10) and curettage + LPS + ITI-hUC-MSC/Matrigel treatment (n = 10). Five mice from each

group were sacrificed on Day 5 after modeling, and the others were sacrificed on Day 7 after modeling.

(B–E) H&E staining (scale bars: 200 mm) and immunohistochemical staining of TNF-a, IL-6 and IL-10 (scale bars: 50 mm) in

the endometria of mice on Day 5 (n = 5) after modeling.

(M) The relative integrated optical density (IOD) was analyzed by Image-pro plus. Each point represents one mouse.

(F–J) H&E staining (scale bars: 200 mm), Masson’s trichrome staining, immunohistochemical staining of a-SMA and

collagen 1, and immunofluorescence analysis of collagen 1 (scale bars of Masson, a-SMA and Col1: 50 mm) in the

endometria of mice on Day 7 (n = 5) after modeling.

(N) The relative integrated optical density (IOD) was analyzed by Image-pro plus. Each point represents one mouse.

(K and L) Immunohistochemical staining of CD301 and double immunofluorescence analysis of F4/80 (green) and CD301

(red) in the endometria of mice on Day 5 (n = 5) after modeling. Scale bars: 50 mm. Arrow: F4/80+ CD301+ macrophage.

(O) The mean number of CD301+ macrophages per field at a magnification of 4003. Each point represents one mouse.

(M–O) Error bars indicate themeanG SD. No significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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S10J), while IL-32g slightly decreased it (Figures S10H–S10I), and CXCL5, IL-32b andMMP3 had no effect on

CD301+ macrophage polarization (Figures S10B–S10G).

To investigate the critical role of C1INH in ITI-hUC-MSC-mediated inhibition of CD301+ macrophage po-

larization, we performed C1INH knockdown in ITI-hUC-MSCs. The results showed that all three interfer-

ence sequences (si-1, si-2 and si-3) significantly suppressed the mRNA and protein expression of C1INH

after transfection for 48 h (Figures 5L–5N). Among them, si-2 was the most efficient siRNA, which reduced

the mRNA level to 29.63% and the protein level to 37.23% (Figures 5L–5N). Therefore, we chose si-2 for the

following experiments. After downregulating C1INH, the effect of ITI-hUC-MSC conditioned media on

reducing CD301+ macrophage polarization was reversed (Figures 5O and 5P), indicating that C1INH

was indispensable for ITI-hUC-MSC-mediated inhibition of CD301+ macrophage polarization.

To determine the mechanisms mediating the increase in C1INH secretion in ITI-hUC-MSCs, we performed

KEGG pathway analysis of the DEGs between ITI-hUC-MSCs and hUC-MSCs. Figure S11A shows the top 10

pathways, and among them, the NF-kB signaling pathway changed significantly, which is universally

accepted to be involved in different inflammation-related responses. Furthermore, western blotting

showed that the protein levels of p-p65 were significantly upregulated in ITI-hUC-MSCs compared with

hUC-MSCs (Figures S11B and S11C), confirming the activation of the NF-kB signaling pathway. To validate

the critical role of the NF-kB signaling pathway in mediating C1INH upregulation, we used a selective NF-

kB inhibitor (JSH-23) to treat ITI-hUC-MSCs. As shown in Figures S11D and S11E, JSH-23 (20 mM) inhibited

the protein expression of p-p65 and C1INH, suggesting that the increase in C1INH in ITI-hUC-MSCs

compared with hUC-MSCs was partly dependent on the NF-kB signaling pathway.
C1INH inhibited CD301+ macrophage polarization by inhibiting the JAK-STAT signaling

pathway

To investigate the pathway mediating CD301+ macrophage polarization, we sorted macrophages in the

mouse endometria with F4/80 magnetic beads and analyzed the bulk RNA-seq data of macrophages in

sham-operated mice and Matrigel-treated mice, in which the proportion of CD301+ macrophages was

significantly increased. As shown in Figures 6A and 6B, several classic pathways, including the NF-kB,

JAK-STAT, PI3K-Akt and MAPK signaling pathways, were significantly up- or downregulated in the Matri-

gel-treated group compared with the sham group. Furthermore, we examined the changes in these path-

ways in vitro and found that the protein levels of p-STAT1 and p-STAT3 were significantly upregulated after

LPS and IFN-g stimulation and were reversed by C1INH treatment, which was consistent with the change in

CD301+ macrophages (Figures 6C and 6D). Moreover, the NF-kB, PI3K-Akt and MAPK signaling pathways

showed slight changes (Figures S12A–S12C and S12H). Therefore, we hypothesized that the JAK-STAT

signaling pathway plays an important role in CD301+ macrophage polarization.

To further analyze the critical role of the JAK-STAT signaling pathway in CD301+macrophage polarization,

we used a selective STAT1 phosphorylation inhibitor (fludarabine), a selective STAT3 phosphorylation in-

hibitor (Stattic) and a JAK1/2 phosphorylation inhibitor (ruxolitinib) to treat CD301+macrophages induced

by LPS and IFN-g. The final concentrations of fludarabine, Stattic and ruxolitinib were 0.5 mM, 2.5 mM and
iScience 26, 107201, July 21, 2023 9
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Figure 5. ITI-hUC-MSCs secrete C1INH to inhibit CD301+ macrophage polarization

(A and B) The proportion of CD301+ macrophages and mean fluorescence intensity (MFI) of CD301 in PMA-treated THP-1 cells stimulated with LPS and IFN-

g for 24 h and then treated with conditioned media (CM) from hUC-MSCs (n = 3) and ITI-hUC-MSCs (n = 3) for another 24 h was measured by flow cytometry.

(C and D) Heatmap and volcano plot showing DEGs in hUC-MSCs (n = 3) and ITI-hUC-MSCs (n = 3). The red dots represent the upregulated transcripts, and

the blue dots represent the downregulated transcripts (FDR (false discovery rate) < 0.05 and fold change >2).

(E) Venn analysis of the top 200 genes by FC (fold change), top 200 genes by FDR and top 200 genes by expression abundance.

(F) Heatmap showing the 43 genes filtered out through Venn analysis.

(G) The mRNA levels of Serping1, Cxcl5, Il32, Il32a, Il32b, Il32g and Mmp3 in hUC-MSCs (n = 4) and ITI-hUC-MSCs (n = 4) were measured by qRT‒PCR.
(H) The protein level of C1INH was examined by western blotting in hUC-MSCs (n = 3) and ITI-hUC-MSCs (n = 3).

(I) The relative band intensities of C1INH were analyzed by ImageJ.

(J and K) The proportion of CD301+ macrophages and MFI of CD301 in PMA-treated THP-1 cells stimulated with LPS and IFN-g for 24 h and treated with

100 ng/mL recombinant C1INH for another 24 h (n = 3) were measured by flow cytometry.

(L) The mRNA level of Serping1 in hUC-MSCs (n = 5) transfected with three different small interfering RNA-seq of Serping1 (si-1, si-2, si-3) or negative control

(si-NC) for 48 h was examined by qRT‒PCR.
(M) The protein level of C1INH in hUC-MSCs (n = 3) transfected with si-1, si-2, si-3 or si-NC for 48 h was examined by western blotting.

(N) The relative band intensities of C1INH were analyzed by ImageJ.

(O and P) The proportion of CD301+ macrophages and MFI of CD301 in PMA-treated THP-1 cells stimulated with LPS and IFN-g for 24 h and treated with

conditioned media of ITI-hUC-MSCs transfected with si-NC (n = 3) and si-Serping1 (si-2; n = 3) for another 24 h was measured by flow cytometry. (A-B), (G),

(I-L) and (N-P) Error bars indicate the mean G SD. No significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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2.5 mM, respectively, depending on the cell viabilities tested with the CCK-8 kit (Figures S12D–S12F). As

shown in Figures 6E–6J, fludarabine, Stattic and ruxolitinib inhibited the protein levels of p-STAT1 and

p-STAT3. Furthermore, the proportions of CD301+ macrophages were significantly decreased after treat-

ment with fludarabine, Stattic and particularly ruxolitinib (Figures 6K, 6L and S12G), which was consistent

with the levels of STAT1/3 phosphorylation. Overall, these inhibitor experiments confirmed that the

JAK-STAT signaling pathway was necessary for CD301+ macrophage polarization.

We also tested the activation of the JAK-STAT signaling pathway in the IUA-like mouse model. The protein

levels of p-STAT1 and p-STAT3 were significantly upregulated in the PBS and Matrigel groups compared

with the sham group and were reversed in the ITI-hUC-MSC group (Figures 6M and 6N). In conclusion,

CD301+ macrophages were polarized, which was accompanied by STAT1/3 phosphorylation, and ITI-

hUC-MSCs inhibited the activation of the JAK-STAT signaling pathway to decrease the proportion of

CD301+ macrophages.

DISCUSSION

Understanding the pathogenesis of IUA can aid in the search for effective treatments for patients. Although

it is widely accepted that inflammation is involved in tissue fibrosis,11–13 few scientific reports have focused

on and verified the importance of inflammation in the development of IUA. Inflammation is characterized by

the recruitment of inflammatory cells and the mass secretion of proinflammatory cytokines.45 During the

physiological cycle of the endometrium, the inflammatory process takes place in endometrial decidualiza-

tion and menstruation when large amounts of immune cells infiltrate the endometrium and inflammatory

cytokines are produced.46,47 However, this inflammation is self-limiting, which is necessary for successful

conception.18,46,47 In this study, to avoid the interference of physiological inflammation, all endometrial

specimens were specifically collected in the late proliferative phase since endometrial inflammation is

low in this phase.18 Clinical diagnosis of chronic endometritis is based on the presence of CD138-positive

cells,48 and in this study, we demonstrated that despite negative CD138 staining, inflammatory activation

was present in IUA patients (Figure 1). Because the clinical diagnosis of IUA is based on observations under

hysteroscopy, whereas endometrial fibrosis is based on biopsy and pathological diagnosis, it is difficult to

prove the causal relationship between endometrial inflammation and fibrosis. We showed the coexistence

of inflammation and fibrosis in the endometria of IUA patients and the positive correlation between the

levels of inflammatory cytokines and fibrotic molecules. Then, we used animal models to compare the

timing of inflammation and fibrosis through sequential sampling and the degree of endometrial fibrosis

in curettage plus LPS and curettage-only mouse models to show that inflammation occurred first, fibrosis

occurred later and increased endometrial inflammation worsened fibrosis.

Macrophages are an important class of immune cells that adapt to their environment and are involved in

the immune response and fibrosis in various tissues and organs.24,49,50 Previously, our single-cell sequencing

study showed a significant increase in CD301+ macrophages in the endometria of IUA patients, and targeted

deletion of CD301+macrophages inhibited endometrial fibrosis and improved the outcomes of pregnancy in
iScience 26, 107201, July 21, 2023 11
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Figure 6. C1INH inhibits CD301+ macrophage polarization by inhibiting the JAK-STAT signaling pathway

(A) Major enriched pathways based on KEGG analysis of the upregulated DEGs inmacrophages in the endometria of mice

with curettage + LPS + Matrigel treatment (n = 3) compared with sham operation (n = 3).

(B) Major enriched pathways based on KEGG analysis of the downregulated DEGs in macrophages in the endometria of

mice with curettage + LPS + Matrigel treatment (n = 3) compared with sham operation (n = 3).

(C) The protein levels of p-STAT1 (Ser727), p-STAT1 (Tyr701), STAT1, p-STAT3 (Ser727), p-STAT3 (Tyr705) and STAT3 were

examined by western blotting in PMA-treated THP-1 cells that were unstimulated (n = 3) or stimulated with LPS + IFN-g

(n = 3) and LPS + IFN-g + C1INH (n = 3).

(D) The relative band intensities were analyzed by ImageJ.

(E–G) The protein levels of p-STAT1 (Ser727), p-STAT1 (Tyr701), STAT1, p-STAT3 (Ser727), p-STAT3 (Tyr705) and STAT3

were examined by western blotting in PMA-stimulated THP-1 cells that were untreated (n = 3) or treated with LPS + IFN-g

(n = 3), LPS + IFN-g + 0.5 mM fludarabine (n = 3), LPS + IFN-g + 2.5 mM Stattic (n = 3) and LPS + IFN-g + 2.5 mM ruxolitinib

(n = 3) for 24 h.

(H–J) The relative band intensities were analyzed by ImageJ.

(K and L) The proportion of CD301+ macrophages and MFI of CD301 in PMA-treated THP-1 cells after treatment with

LPS + IFN-g + fludarabine (n = 3), LPS + IFN-g + Stattic (n = 3) and LPS + IFN-g + ruxolitinib (n = 3) for 24 h was measured

by flow cytometry.

(M) The protein levels of p-STAT1 (Ser727), p-STAT1 (Tyr701), STAT1, p-STAT3 (Ser727), p-STAT3 (Tyr705) and STAT3 were

examined by western blotting in the endometria of mice with sham operation (n = 4), curettage + LPS + PBS treatment (n =

4), curettage + LPS + Matrigel treatment (n = 4), curettage + LPS + hUC-MSC/Matrigel treatment (n = 4) and curettage +

LPS + ITI-hUC-MSC/Matrigel treatment (n = 4) on Day 5 after modeling.

(N) The relative band intensities were analyzed by ImageJ. (D), (H-L) and (N) Error bars indicate the mean G SD. No

significant difference (ns), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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mice,27 but therapies targeting CD301+ macrophages remaining unknown. In this study, we revealed that the

inflammatory environment in the endometrium of IUA promoted CD301+ macrophage polarization and that

applying ITI-hUC-MSCs with powerful anti-inflammatory abilities could dramatically decrease profibrotic

CD301+ macrophages and endometrial inflammation and fibrosis in an IUA-like mouse model. Moreover,

CCR2+ and MSR1+ macrophages, which are associated with cardiac and liver fibrosis,36,37 were increased

in the IUA-like mouse model and were slightly decreased after ITI-hUC-MSC treatment.

MSCs are present in almost all tissues and participate in tissue regeneration and homeostasis.29,30,51–53

Increasing evidence has shown that their therapeutic effect mainly relies on immunomodulatory functions

(‘cell empowerment’), which could be enhanced by exposure to an inflammatory environment.54 In this

study, unlike other reports, we first used a cocktail of three cytokines (IL-1b, TNF-a and IFN-g) to treat

hUC-MSCs and found that these cells possessed stronger immunomodulatory properties than cells treated

with only one or two cytokines, which provides a more effective strategy for MSC pretreatment. Further-

more, we transplanted primed human MSCs into an IUA-like mouse model to examine their immunomod-

ulatory capacity, and we used common MSCs as controls. Immunohistochemical staining of CD3 showed

that there was no difference in the abundance of T cells between the MSC treatment group and the PBS

treatment group (Figure S13), excluding the effect of MSCs on tissue rejection, which is consistent with

the low immunogenicity of human MSCs in animal models.55–57 Then, animal models showed that our

ITI-hUC-MSCs decreased endometrial inflammation, profibrotic CD301+ macrophage polarization and

endometrial fibrosis much better than common hUC-MSCs.

To search for a therapeutic mechanism of ITI-hUC-MSCs, we first reported that ITI-hUC-MSCs could secrete

a large amount of C1INH, which reversed CD301+macrophage polarization and thereby exerted a superior

effect on inhibiting endometrial inflammation and fibrosis compared to common hUC-MSCs. C1INH, which

is encoded by Serping1 and is known as C1 inhibitor, is a serpin that regulates complement and contact

(kallikrein-kinin) system activation.44 C1INH deficiency results in hereditary angioedema, which is a disease

characterized by episodes of angioedema of the skin or the mucosa of the gastrointestinal tract or the

oropharynx.58,59 Recently, several reports have used recombinant C1INH protein to treat some inflamma-

tory diseases, such as sepsis, burn wounds, peritonitis and meningitis animal models, and showed that

C1INH could inhibit the inflammatory cascade, suggesting the anti-inflammatory effects of C1INH.60–63

In this study, we identified that C1INH may reduce endometrial inflammation by inhibiting the JAK-STAT

signaling pathway to inhibit CD301+ macrophage polarization.

Overall, we demonstrated that persistent inflammatory activation coexisted with fibrosis in the endometria

of IUA patients and that the degree of inflammation was positively correlated with that of endometrial
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fibrosis. By targeting the immune microenvironment, we proposed a new strategy for IUA treatment using

cytokine-primed ITI-hUC-MSCs. Mechanistically, ITI-hUC-MSCs secreted more C1INH than common hUC-

MSCs, which blocked inflammation-induced profibrotic CD301+ macrophage polarization through the

JAK-STAT signaling pathway. These results provide a promising therapy for clinical patients with IUA in

the future.
Limitations of the study

We have showed the positive correlation of inflammation and fibrosis in the endometria of IUA patients and

the contributing role of endometrial inflammation in endometrial fibrosis of IUA mice, but the causal rela-

tionship between endometrial inflammation and fibrosis still needs further direct evidence from patients.

Besides, in addition to immunomodulation, other functions, such as proangiogenesis, could also be acti-

vated by inflammatory factors31,54 and their roles in the inhibition of endometrial fibrosis by ITI-hUC-MSCs

still need further investigation.
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Gonçalves, R.M. (2018). Mesenchymal
Stromal Cell Secretome: Influencing
Therapeutic Potential by Cellular
Pre-conditioning. Front. Immunol. 9, 2837.
https://doi.org/10.3389/fimmu.2018.02837.

34. Yuan, X., Qin, X., Wang, D., Zhang, Z., Tang,
X., Gao, X., Chen, W., and Sun, L. (2019).
Mesenchymal stem cell therapy induces
FLT3L and CD1c+ dendritic cells in systemic
lupus erythematosus patients. Nat. Commun.
10, 2498. https://doi.org/10.1038/s41467-
019-10491-8.

35. Zhou, Z., Wang, H., Zhang, X., Song, M.,
Yao, S., Jiang, P., Liu, D., Wang, Z., Lv, H., Li,
R., et al. (2022). Defective autophagy
contributes to endometrial epithelial-
mesenchymal transition in intrauterine
adhesions. Autophagy 18, 2427–2442.
https://doi.org/10.1080/15548627.2022.
2038994.

36. Revelo, X.S., Parthiban, P., Chen, C., Barrow,
F., Fredrickson, G., Wang, H., Yücel, D.,
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Antibodies

Rabbit polyclonal anti-CD45 Abcam Cat# ab10558; RRID:AB_442810

Rat monoclonal anti-F4/80 Abcam Cat# ab6640; RRID:AB_1140040

Mouse monoclonal anti-CD68 Abcam Cat# ab955; RRID:AB_307338

Rabbit monoclonal anti-CD3 Abcam Cat# ab16669; RRID:AB_443425

Rabbit monoclonal anti-CD56 Abcam Cat# ab75813; RRID:AB_2632384

Rabbit monoclonal anti-Eomes Abcam Cat# ab216870; RRID:AB_2721040

Rabbit polyclonal anti-CD301 Novus Cat# NBP1-84591; RRID:AB_11031743

Goat polyclonal anti-CD301 R&D Systems Cat# AF4297; RRID:AB_2248147

Rabbit monoclonal anti-CCR2 Abcam Cat# ab273050; RRID:AB_2893307

Rabbit monoclonal anti-MSR1 Cell Signaling Technology Cat# 98215; RRID:AB_2798781

Rabbit monoclonal anti-CD163 Abcam Cat# ab182422; RRID:AB_2753196

Rabbit polyclonal anti-CD206 Abcam Cat# ab64693; RRID:AB_1523910

Mouse monoclonal anti-CD86 Novus Cat# NBP2-25208; RRID:AB_2923115

Rabbit monoclonal anti-CD86 Cell Signaling Technology Cat# 19589; RRID:AB_2892094

Rabbit polyclonal anti-a-SMA Abcam Cat# ab5694; RRID:AB_2223021

Rabbit polyclonal anti-Col1 Proteintech Cat# 14695-1-AP; RRID:AB_2082037

Mouse monoclonal anti-Col1 Abcam Cat# ab88147; RRID:AB_2081873

Mouse monoclonal anti-TNFa Abcam Cat# ab1793; RRID:AB_302615

Rabbit polyclonal anti-IL-6 Abcam Cat# ab208113; RRID:AB_2927421

Rabbit polyclonal anti-IL-10 Abcam Cat# ab217941; RRID:AB_2847946

Goat anti-rat (Alexa Fluor 488) Abcam Cat# ab150157; RRID:AB_2722511

Goat anti-mouse (Rhodamine) Jackson ImmunoResearch Labs Cat# 115-026-003; RRID:AB_2338491

Goat anti-rabbit (Rhodamine) Jackson ImmunoResearch Labs Cat# 111-026-045; RRID:AB_2337934

Goat anti-mouse (FITC) Jackson ImmunoResearch Labs Cat# 115-095-003; RRID:AB_2338589

Donkey anti-goat (Alexa Fluor 647) Abcam Cat# ab150135; RRID:AB_2687955

Mouse monoclonal anti-C1INH Proteintech Cat# 66882-1-Ig; RRID:AB_2882214

Rabbit monoclonal anti-p-STAT1 (Ser727) Cell Signaling Technology Cat# 8826; RRID:AB_2773718

Rabbit monoclonal anti-p-STAT1 (Tyr701) Cell Signaling Technology Cat# 9167; RRID:AB_561284

Rabbit monoclonal anti-STAT1 Cell Signaling Technology Cat# 14995; RRID:AB_2716280

Rabbit monoclonal anti-p-STAT3 (Ser727) Cell Signaling Technology Cat# 94994; RRID:AB_2800239

Rabbit monoclonal anti-p-STAT3 (Tyr705) Cell Signaling Technology Cat# 9145; RRID:AB_2491009

Mouse monoclonal anti-STAT3 Cell Signaling Technology Cat# 9139; RRID:AB_331757

Rabbit monoclonal anti-p-p65 Cell Signaling Technology Cat# 3033; RRID:AB_331284

Mouse monoclonal anti-p65 Cell Signaling Technology Cat# 6956; RRID:AB_10828935

Rabbit monoclonal anti-p-Akt Cell Signaling Technology Cat# 4060; RRID:AB_2315049

Rabbit monoclonal anti-Akt Cell Signaling Technology Cat# 4691; RRID:AB_915783

Rabbit monoclonal anti-p-Erk1/2 Cell Signaling Technology Cat# 4370; RRID:AB_2315112

Rabbit monoclonal anti-Erk1/2 Cell Signaling Technology Cat# 4695; RRID:AB_390779

Rabbit monoclonal anti-p-p38 Cell Signaling Technology Cat# 9211; RRID:AB_331641

Rabbit monoclonal anti-p38 Cell Signaling Technology Cat# 9212; RRID:AB_330713

Rabbit monoclonal anti-p-JNK Cell Signaling Technology Cat# 4668; RRID:AB_823588
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Rabbit monoclonal anti-JNK Cell Signaling Technology Cat# 9252; RRID:AB_2250373

Goat anti-rabbit IgG Cell Signaling Technology Cat# 7074S; RRID:AB_2099233

Goat anti-mouse IgG Cell Signaling Technology Cat# 7076S; RRID:AB_330924

Anti-b-actin (HRP-conjugated b-Actin Rabbit mAb) Abclonal Cat# AC028; RRID:AB_2769861

Fixable Viability Stain 510 BD Bioscience Cat# 564406; RRID:AB_2869572

Anti-human CD14-FITC Biolegend Cat# 301804; RRID:AB_314186

Anti-human CD301-APC Biolegend Cat# 354706; RRID:AB_11219389

Anti-F4/80 MicroBeads UltraPure, mouse Miltenyi Biotec Cat# 130-110-443; RRID:AB_2858241

Anti-human CD14-FITC BD Bioscience Cat# 557153; RRID:AB_396589

Anti-human CD19-FITC BD Bioscience Cat# 555412; RRID:AB_395812

Anti-human CD34-FITC BD Bioscience Cat# 555821; RRID:AB_396150

Anti-human CD45-FITC BD Bioscience Cat# 555482; RRID:AB_395874

Anti-human CD105-PE BD Bioscience Cat# 560839; RRID:AB_2033932

Anti-human CD90-PE BD Bioscience Cat# 555596; RID:AB_395970

Anti-human CD73-PE BD Bioscience Cat# 550257; RRID:AB_393561

Anti-human HLA-DR-PE BD Bioscience Cat# 555561, RRID:AB_395943

Biological samples

Normal and IUA patient endometrial biopsies Nanjing Drum Tower Hospital N/A

Chemicals, peptides, and recombinant proteins

Recombinant human IL-1b R&D SYSTEMS Cat# 201-LB-010

Recombinant human TNF-a R&D SYSTEMS Cat# 210-TA-020

Recombinant human IFN-g R&D SYSTEMS Cat# 285-IF-100

Recombinant human C1INH Peprotech Cat# 130-20

Recombinant human CXCL5 Peprotech Cat# 300-22

Recombinant human MMP3 Peprotech Cat# 420-03

Recombinant human IL-32b R&D SYSTEMS Cat# 6769-IL-025

Recombinant human IL-32g R&D SYSTEMS Cat# 4690-IL-025/CF

Lipopolysaccharides (LPS) from E. coli Sigma-Aldrich Cat# L2630

PMA Sigma-Aldrich Cat# P8139

Fludarabine MedChem Express Cat# HY-B0069

Stattic MedChem Express Cat# HY-13818

Ruxolitinib MedChem Express Cat# HY-50856

JSH-23 MedChem Express Cat# HY-13982

Critical commercial assays

CCK-8 Cell Counting Kit Vazyme Cat# A311-01/02

Human IL-6 ELISA Kit R&D SYSTEMS Cat# D6050

Human IL-8 ELISA Kit Elabscience Cat# E-EL-H6008

Human CCL2 ELISA Kit Elabscience Cat# E-EL-H6005

Human COX-2 ELISA Kit Elabscience Cat# E-EL-H1846c

Human TSG-6 ELISA Kit SenBeiJia, Nanjing, China N/A

Human IDO1 ELISA Kit SenBeiJia, Nanjing, China N/A

Deposited data

Raw data of human endometria This paper GEO: GSE224093

Raw data of hUC-MSCs This paper GEO: GSE224190
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REAGENT or RESOURCE SOURCE IDENTIFIER

Raw data of mouse endometrial macrophages This paper GEO: GSE224288

Original western blot images This paper; Mendeley Data https://data.mendeley.com/datasets/g456rmfhvc/draft?

a = 86cf.5d8c-7b00-42d4-b3c7-f57385a06293

Experimental models: Cell lines

Human MSCs from the umbilical

cord (hUC-MSCs)

Clinical Stem Cell Center of the

Affiliated Drum Tower Hospital

N/A

Human THP-1 cell line Cell Bank at the China

Academy of Science

TCHu 57

RRID:CVCL_0006

Experimental models: Organisms/strains

Mouse:C57BL/6J Animal Center of Nanjing

Medical University

N/A

Oligonucleotides

qPCR Primers (See Table S2) This paper N/A

Recombinant DNA

siRNA targeting Serping1 Guangzhou RiboBio Co., Ltd. stB0002404B

Software and algorithms

Prism version 8.0 GraphPad Software Inc RRID:SCR_002798

ImageJ NIH RRID:SCR_003070

Image-Pro Plus NIH RRID:SCR_007369

DESeq2 R package N/A

Other

Matrigel Corning Inc. Cat# 356231

Trypsin Wisent Inc. Cat# 325-043-EL

Type I collagenase Sigma-Aldrich Cat# C0130
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yali Hu (yalihu@nju.edu.cn).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d The RNA sequencing data have been deposited in GEOwebsite and are publicly available as of the date

of publication. Accession numbers: GSE224093 (GEO), GSE224190 (GEO) and GSE224288 (GEO). Orig-

inal western blot images have been deposited at Mendeley and are publicly available as of the date of

publication. The DOI is listed in the key resources table.

d This paper does not report the original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Female C57BL/6J mice (8–10 weeks old) weighing about 20-22g were purchased from Animal Center

of Nanjing Medical University (Nanjing, China). The animals were housed in a temperature and
20 iScience 26, 107201, July 21, 2023
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humidity-controlled room with a 12-day/night cycle and free access to food and water. All animal proced-

ures were approved by the Ethics Review Board for Animal Studies of the Affiliated Drum Tower Hospital of

Nanjing University (No. 2020AE01087).

Human endometrial samples

This study was approved by the Ethics Committee of Nanjing Drum Tower Hospital (No. 2012022), and

informed consent was obtained from each participant. Endometrial biopsies were collected from 7 patients

with severe IUA and 7 normal controls (14 Asian females, age 27–37, for details see Table S1) for bulk RNA

sequencing analysis during hysteroscopy for infertility screening in the late proliferative phase of the men-

strual cycle. The late proliferative phase was defined based on a follicle size between 15 and 18 mm by ul-

trasonography and a low level of serum progesterone. The diagnosis of severe IUA was based on the

criteria recommended by the American Fertility Society. In parallel, endometria from 9 controls and 9

IUA patients were collected for further mRNA extraction and immunohistochemistry (18 Asian females,

age 25–37, for details see Table S1).

Cell culture

HumanMSCs from the umbilical cord (hUC-MSCs) were a kind gift from the Clinical Stem Cell Center of the

Affiliated Drum Tower Hospital of Nanjing University Medical School, Nanjing. hUC-MSCs weremaintained

in LG-DMEM (Gibco, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, USA), 100 U/ml

penicillin, and 0.1 mg/ml streptomycin at 37�C with 5% CO2 and were passaged when the confluence

was over 90%. Cells at passages 3 to 5 were used for further manipulations. The THP-1 cell line was pur-

chased from the Cell Bank at the China Academy of Science. THP-1 cells were cultured in RPMI 1640 me-

dium (Gibco, USA) supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml

streptomycin at 37�C with 5% CO2.

METHOD DETAILS

Cell culture and drug treatment

Different concentrations of IL-1b (R&D system, USA), TNF-a (R&D system, USA) and IFN-g (R&D system,

USA) were used to treat hUC-MSCs for 24, 48 and 72 hours. For conditioned media collection, ITI-hUC-

MSCs and common hUC-MSCs were rinsed with cold PBS and cultured in RPMI 1640 medium (Gibco,

USA) supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin

for another 24 hours. Then, the culture supernatants were centrifuged and collected for further experi-

ments. For C1INH knockdown, hUC-MSCs were transfected with three small interfering RNAs (siRNAs) tar-

geting Serping1 (si-Serping1-1, si-Serping1-2 and si-Serping1-3) and the normal control (si-NC) for 24 hours

and then treated with IL-1b, TNF-a and IFN-g for another 24 hours. A selective NF-kB inhibitor (JSH-23;

MedChemExpress, USA) was added 1 hour prior to IL-1b, TNF-a and IFN-g treatment, and then the cells

were used for further experiments.

THP-1 cells were differentiated into cells with macrophage-like characteristics by 5 ng/mL PMA (Sigma‒Al-
drich, USA). Forty-eight hours later, the PMA was removed, and the cells were stimulated with 100 ng/ml

LPS (Sigma‒Aldrich, USA) and 20 ng/ml IFN-g for 24 hours to polarize them into CD301+ macrophages.

Conditional media from ITI-hUC-MSCs and hUC-MSCs and recombinant human C1INH (Peprotech,

USA), CXCL5 (Peprotech, USA), IL-32b (R&D system, USA), IL-32g (R&D system, USA) and MMP3 (Pepro-

tech, USA) were added after LPS and IFN-g treatment for another 24 hours, and then the cells were

collected and used for further experiments. A selective STAT1 phosphorylation inhibitor (fludarabine;

MedChemExpress, USA), a selective STAT3 phosphorylation inhibitor (Stattic; MedChemExpress, USA)

and a JAK1/2 phosphorylation inhibitor (ruxolitinib; MedChemExpress, USA) were added 1 hour prior to

LPS and IFN-g treatment, and then the cells were used for further experiments.

RNA isolation and quantitative real-time PCR (qRT‒PCR)

Total RNA was extracted from cells or tissues with TRIzol reagent (Tiangen, China) according to the man-

ufacturer’s instructions and measured by Nanodrop spectroscopy (Thermo Scientific, USA). The RNA (1 mg)

was reverse-transcribed using a HiScript III 1st Strand cDNA Synthesis Kit (Vazyme, China). qRT‒PCR ampli-

fication was performed using ChamQSYBR�qPCRMasterMix (Vazyme, China) in a LightCycler 480 (Roche,

USA). GAPDH served as an internal control for mRNA normalization. Relative mRNA expression was calcu-

lated by the 2-DDCT method. All primer sequences used in this study are summarized in Table S2.
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Western blot analysis

Cells or tissues were lysed in lysis buffer (Biosharp, China) supplemented with a protease inhibitor cocktail

(MedChemExpress, USA) and phosphatase inhibitor cocktail (MedChemExpress, USA) and clarified by

centrifugation at 12,000 3 g for 20 min. The protein concentrations were determined using a Pierce

BCA protein assay kit (Thermo Scientific, USA). Equal amounts of the protein lysate were separated by

10% SDS‒PAGE gel, transferred onto PVDF membranes (Bio-Rad, USA), and incubated in 5% nonfat

milk (Bio-Rad, USA) at room temperature. The membranes were incubated with primary antibodies at

4�C overnight and then hybridized with HRP-conjugated secondary antibodies at room temperature for

1 h. The signals were visualized with ECL solution (Bio-Rad, USA) and quantified by analyzing the integrated

density, which was normalized to the level of b-actin using ImageJ software (NIH, USA). The antibodies

used are shown in Table S3.

Cell viability assay

The viability of hUC-MSCs and THP-1 cells was determined using a Cell Counting Kit-8 assay (CCK-8; Va-

zyme, China) according to the manufacturer’s protocol. Cells (2 3 104) were seeded into 96-well plates

overnight and then exposed to different drug treatments. After the supernatant was removed, the cells

were incubated with 200 ml of LG-DMEM or RPMI 1640 medium containing 20 ml of CCK-8 solution for

an additional 2 h at 37�C and 5% CO2. The optical density (OD) values were measured at a wavelength

of 450 nm.

ELISA

hUC-MSCs were treated with different combinations of IL-1b, TNF-a and IFN-g for 24 hours. The cell super-

natants were centrifuged and collected and then analyzed by IL-6 (R&D system, USA), IL-8 (Elabscience,

China), CCL2 (Elabscience, China), COX-2 (Elabscience, China), TSG-6 (SenBeiJia, China) and IDO1

ELISA kit (SenBeiJia, China) ELISA kits according to the manufacturer’s protocols.

Flow cytometry

hUC-MSC and ITI-hUC-MSC surface antigens were analyzed by flow cytometry. In total, 53105 detached

cells were incubated with 1% bovine serum albumin (BSA)/PBS (Gibco, USA) for 30 min to block nonspecific

antigens. Subsequently, the cells were incubated in the dark with fluorescein isothiocyanate (FITC)-labeled

anti-CD14 (BD bioscience, USA), CD19 (BD bioscience, USA), CD34 (BD bioscience, USA), and CD45 (BD

bioscience, USA) and phycoerythrin (PE)-conjugated anti-CD105 (BD bioscience, USA), CD90 (BD biosci-

ence, USA), CD73 (BD bioscience, USA), and HLA-DR (BD bioscience, USA) at 4�C for 30 min. The cells

were washed twice with 1% BSA/PBS and resuspended in 200 ml of 1% BSA/PBS. The data were acquired

using CytoFLEX (Beckman Coulter, USA). Analysis was performed using CytExpert (Beckman Coulter, USA).

THP-1 cells were treated, digested with trypsin/EDTA (Gibco, USA) and centrifuged at 1500 rpm for 5 mi-

nutes. After being washed and resuspended in PBS, the cells were stained to determine viability (FVS510;

BD Biosciences, USA) and with the following antibodies for 20 min at room temperature: CD14-FITC (Bio-

legend, USA) and CD301-APC (Biolegend, USA). All isotype-matched controls were purchased from Bio-

legend. The cells were washed twice with PBS and then resuspended in 200 mL of PBS. Data were acquired

using CytoFLEX (Beckman Coulter, USA). Analysis was performed using CytExpert (Beckman Coulter, USA).

The trilineage differentiation of UC-MSCs

For adipogenesis induction, ITI-hUC-MSCs and common hUC-MSCs were cultured in adipogenic induction

medium (HyCyteTM, China) for 14�21 days and confirmed to have intracellular lipid accumulation by Oil red

O staining. For osteogenic induction, ITI-hUC-MSCs and common hUC-MSCs were cultured in osteogenic

induction medium (HyCyteTM, China) for 14�21 days and confirmed to have calcium deposition by Alizarin

red staining. For chondrogenic induction, ITI-hUC-MSCs and common hUC-MSCs were cultured in chon-

drogenic medium (HyCyteTM, China) for approximately 21 days as a 3D sphere. Then, the cartilage sphere

was fixed in 4% formaldehyde, embedded in paraffin, cut into slices, and confirmed to have cartilage dif-

ferentiation by Alcian blue staining.

Experimental animal models

To establish an IUA-like mouse model, mechanical and inflammatory damage were performed at the es-

trum stage.35 Briefly, after anesthetization with isoflurane inhalation, the uterus was exposed by
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laparotomy. A rough-surfaced 7-gauge needle was inserted and used to carefully scratch the entire uterine

wall approximately 50 times until the uterus became hyperemic, and then 10 ml of LPS (1 mg/ml; Sigma‒
Aldrich, USA) was injected into each uterine horn and clamped with tweezers for 5 min. Finally, the uterus

was gently placed back into the abdominal cavity, and the abdomen wall was closed. The other group was

subjected to curettage without LPS. Sham-operated mice underwent the same procedure without curet-

tage or injection of LPS. To observe the development of inflammation and fibrosis, the mice were sacrificed

on Days 1, 2, 3, 4, 5, 7 and 10 after the model was established. Furthermore, mice subjected to only curet-

tage were sacrificed on Day 7 after modeling to compare the degree of endometrial fibrosis with the

curettage + LPS model. The uteri were obtained for further analysis.

For cell treatment of the IUA-like mouse model, on Day 2 after modeling, the mice underwent a second lap-

arotomy, and ITI-hUC-MSCs and hUC-MSCs (23104/ml, 20 ml) loaded in Matrigel (Corning, USA) were injected

into each uterine horn and clamped with tweezers for 7 min. The abdominal cavity was subsequently closed.

PBS and only Matrigel (20 ml) were used as corresponding controls. Sham-operated mice underwent opening

and closing of the abdominal wall. These mice were sacrificed on Days 3 and 5 after cell therapy (Days 5 and 7

after the IUA-like model was established), and the uteri were collected for further study.

Magnetic bead sorting of macrophages

Mouse endometrial tissues (on Day 3 after cell therapy) were cut into small pieces, digested with 0.1% trypsin

(Wisent Inc., Canada) for 8 min and then transferred into type I collagenase (0.8 mg/mL, Sigma‒Aldrich, USA)
for 90 min at 37�C and 5% CO2 with regular vigorous shaking in a humidified incubator. The released endo-

metrial cells were filtered through a 70 mm cell strainer (BD Bioscience, USA), centrifuged and resuspended in

1 mL of red blood cell lysis buffer (eBioscience, USA) for 2 min to remove any remaining red blood cells. Then,

the endometrial cells were resuspended in PBS and stained with Anti-F4/80 MicroBeads UltraPure (Miltenyi

Biotec, Germany) for 15 min at 4�C. The labeled cells were washed and resuspended in MACS buffer (Miltenyi

Biotec, Germany) and underwent magnetic separation with MS columns according to the manufacturer’s pro-

tocol. The final sorted F4/80+ cells were collected for further bulk RNA sequencing.

Histology and immunohistochemistry

For immunohistochemistry, human and mouse endometrial tissues were fixed in 4% formaldehyde over-

night and then embedded in paraffin after dehydration and hyalinization. The paraffin-embedded tissues

were cut into 5-mm-thick slices and stained with hematoxylin and eosin (H&E) or Masson’s trichrome

according to the kit instructions (Solarbio, China). For immunohistochemical staining, the slices were dew-

axed and rehydrated, endogenous peroxidase was eliminated with 3% hydrogen peroxide, and heat-medi-

ated antigen retrieval was performed. Then, nonspecific binding sites were blocked with 2% bovine serum

albumin (BSA; Biofroxx, Germany) for 30 minutes at room temperature. After this, the slides were incubated

with primary antibodies at 4�C overnight and then with corresponding HRP-conjugated secondary anti-

bodies (Typng, China; MXB, China) at room temperature for 8 or 15 minutes. The sections were then devel-

oped with 3’3-diaminobenzidine (DAB; Typng, China) to visualize the antigen signals and counterstained

with hematoxylin. After being sealed with a neutral resin, the sections were viewed under a microscope

(DMi8; Leica, Germany), and the integrated optical densities were quantified with Image-Pro Plus software.

The antibodies used in this study are listed in Table S3.

Immunofluorescence analysis

Tissues from mouse uteri or human endometria were fixed with 4% paraformaldehyde overnight, dehy-

drated in graded sucrose, embedded in OCT and frozen. The OCT-embedded mouse endometrial tissues

were cut into 5-mm-thick slices. The slices were permeabilized with 0.1% PBST (0.1% Triton X-100 [Solarbio,

China] in PBS) and blocked with 2% BSA for 30 minutes. Then, the slices were incubated with primary an-

tibodies overnight at 4�C and with secondary antibodies at room temperature away in the dark for 1 h.

Nuclei were labeled with DAPI (Abcam, USA). Images were taken with a fluorescence microscope (DMi8;

Leica, Germany) and quantified by measuring the integrated optical density using Image-Pro Plus. The an-

tibodies used in this study are listed in Table S3.

Bulk RNA sequencing

RNA sequencing of the endometria of 7 normal and 7 severe IUA patients was performed at Vazyme

Biotech Co. (Nanjing, China). Total RNA was extracted by an RNeasy Plus Micro Kit (Qiagen, Germany).
iScience 26, 107201, July 21, 2023 23



ll
OPEN ACCESS

iScience
Article
RNA quality was checked using 1% agarose gel electrophoresis and an RNA Nano 6000 Assay Kit (Agi-

lent, USA).

Transcriptome sequencing analysis of in vitro hUC-MSCs and sorted F4/80+ mouse macrophages was per-

formed on an Illumina HiSeq4000 by Gene Denovo Biotechnology Co. (Guangzhou, China). Total RNA was

extracted using TRIzol reagent. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technol-

ogies, USA) and RNase-free agarose gel electrophoresis.

Differential expression analysis between two different groups was performed with DESeq2 software. Genes

with a false discovery rate (FDR) or p value less than 0.05 and absolute fold change (FC) greater than 2 were

considered differentially expressed genes (DEGs). Gene Ontology (GO) biological process enrichment

analysis and KEGG pathway enrichment analysis were performed for all DEGs with the DAVID Functional

Annotation Tool (https://david.ncifcrf.gov/).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed usingGraphPad Prism Version 8 (GraphPad Software, USA) software, and

the results are presented as the means G standard deviation (SD) or meansG standard error of the means

(SEM) of at least three independent experiments. Differences between two groups were analyzed using

Student’s t test, and differences among three or more groups were analyzed using one-way ANOVA fol-

lowed by a Student-Newman‒Keuls multiple comparisons test. A P value < 0.05 was considered statistically

significant.
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