
 

One-Sentence Summary: Repairs to ruptures in the amniotic sac may involve EMT elicited by fetal 1 
macrophages.  2 
 
Editor’s Summary: 3 
Fetal macrophages to the rescue 4 
Premature rupture of the amniotic sac, which encloses the fetus, may trigger preterm birth. Because the 5 
amniotic sac may reseal, Kawamura et al. investigated repair mechanisms in the innermost epithelial cell 6 
layer of the amniotic sac, known as the amnion. The authors found that macrophages were recruited to 7 
rupture sites in human and mouse amnion, which showed signs of epithelial-mesenchymal transition 8 
(EMT), a process that confers mesenchymal attributes to epithelial cells and that is critical for tissue 9 
repair. Depletion of macrophages in fetuses in pregnant mice prevented macrophage recruitment, EMT, 10 
and repair of amnion ruptures. Thus, fetal macrophages induce EMT in the epithelial cells surrounding 11 
rupture sites in the amnion to facilitate repair. 12 
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Abstract: The premature rupture of the amniotic sac, a condition referred to as a preterm 25 
prelabor rupture of membranes (pPROM), is a leading cause of preterm birth. In some cases, 26 
these ruptured membranes heal spontaneously. Here, we investigated repair mechanisms of the 27 
amnion, a layer of epithelial cells in the amniotic sac closest to the embryo. Macrophages 28 
migrated to and resided at ruptured sites in both human and mouse amnion. A process called 29 
epithelial-mesenchymal transition (EMT), in which epithelial cells acquire a mesenchymal 30 
phenotype and which is implicated in tissue repair, was observed at rupture sites. In dams 31 
bearing macrophage-depleted fetuses, the repair of amnion ruptures was compromised, and EMT 32 
was rarely detected at rupture sites. The migration of cultured amnion epithelial cells in wound-33 
healing assays was mediated by EMT through TGF-β–Smad signaling. These findings suggest 34 
that fetal macrophages are crucial in amnion repair because of their ability to induce EMT in 35 
amnion epithelial cells. 36 

 37 

Main Text: 38 

 39 

INTRODUCTION 40 



Preterm birth is a leading cause of perinatal morbidity and mortality (1). Preterm prelabor 41 

rupture of membranes (pPROM) is a main cause of preterm birth (2). Although approximately 42 

30% of pPROM is caused by ascending infection (3), causes unrelated to infection include 43 

smoking, maternal undernutrition or psychological stresses, intrauterine bleeding during 44 

pregnancy, and iatrogenic causes such as amniocentesis, fetoscopy, and accidental rupture at the 45 

time of cervical cerclage (2). Rupture of the fetal membranes has been previously considered to 46 

be an irreversible process, and most women with pPROM begin labor spontaneously within 47 

several days. However, a small proportion of women with pPROM remain undelivered (2), and 48 

spontaneous repair of the membranes has been observed (4). The mechanism by which ruptured 49 

membranes repair is not known. 50 

    Fetal membranes are composed of three layers: amnion, chorion, and decidua (1). The primary 51 

load-bearing structure of the fetal membranes is the collagen-rich amnion (fetal tissue comprised 52 

of superficial epithelial cells and underlying mesenchymal cells). Amnion mesenchymal cells 53 

synthesize interstitial collagens that maintain mechanical integrity of the amnion. 54 

    Epithelial-mesenchymal transition (EMT) is a biological process in which epithelial cells 55 

differentiate and acquire a mesenchymal phenotype (5). EMT enhances migration, invasion, and 56 

synthesis of the extracellular components of epithelial cells. These epithelial cells are essential in 57 

embryogenesis, organ development, wound healing, and cancer metastasis and invasion (6), and 58 

EMT assists in tissue repair in various tissues (7, 8).  59 

    Macrophages play important roles in wound-healing processes (9, 10). Tissue-resident 60 

macrophages reside in various organs, such as the brain, lung, liver, spleen, and intestines, where 61 

they regulate homeostasis of resident tissues, patrolling for external pathogens (11). If a tissue is 62 

damaged, these resident macrophages immediately defend the tissue from noxious pathogens and 63 

repair the injury. The roles of macrophages in the developing fetal tissues when the fetal 64 

membranes are injured, however, remain unknown.   65 

    Here, we revealed the role of resident macrophages in the fetal membranes. Using mice in 66 

which fetal macrophages were conditionally depleted, we showed that these macrophages are 67 

necessary for wound healing of amnion and are crucial for induction of EMT in injured amnion 68 

epithelial cells.  69 

 70 



RESULTS  71 

Macrophages and EMT at the rupture site of human amnion 72 

First, we histologically analyzed the rupture site of human fetal membranes in 6 pregnancies 73 

complicated by rupture of the fetal membranes (ROM) (Fig.1, A to D, fig. S1A-E, and Table 1). 74 

Macroscopic analysis of spontaneous pPROM without infection at 30 weeks of gestation and 75 

subsequent cesarean delivery revealed that the numbers of both amnion epithelial and 76 

mesenchymal cells were increased at the rupture site compared with the intact site (Fig. 1A). 77 

Although rarely observed in intact fetal membranes, CD68+ and CX3CR1+ macrophages were 78 

prevalent at the edge of rupture (Fig. 1B, C). These macrophages migrate to the site because the 79 

amnion is avascular. At intact amnion, CD86+ macrophages (M1-phenotype) were rare, and 80 

although their number was slightly increased in the rupture site, it was not statistically significant 81 

(Fig. 1D). In contrast, CD206+ macrophages (M2-phenotype) were increased in the rupture site 82 

(Fig. 1D). Specifically, most of the macrophages that migrated to the rupture site were CD206+ 83 

M2-phenotype macrophages.  84 

    Next, we sought to detect EMT in human fetal membranes. The epithelial marker E-cadherin 85 

was expressed in the monolayer of human amnion epithelial cells in intact fetal membranes, and 86 

the mesenchymal marker vimentin was expressed beneath the mesenchymal layer of amnion (Fig. 87 

2A). At the rupture site, however, vimentin+ cells as well as N-cadherin+ cells were observed in 88 

the epithelial layer, and their numbers were increased in cases of ROM (Fig. 2A, B), suggesting 89 

that EMT occurs in human amnion. E-cadherin and cytokeratin 18 (CK18) were consistently 90 

expressed in the epithelium of the rupture site (100%), even in vimentin+ epithelial cells (Fig. 2A, 91 

C), suggesting that this change was partial (or intermediate) EMT. The overall number of cells in 92 

the amnion epithelial layer at the rupture site was increased significantly relative to intact fetal 93 

membranes (Fig. 1B). This finding was reinforced by the detection of Ki67+ cells in the injured 94 

epithelial layer, but not in intact membranes, suggesting that amnion epithelial cells proliferate 95 

only at the site of injury (fig. S1F). Collectively, these results suggest that when fetal membranes 96 

are damaged and ruptured, macrophages migrate to the rupture site of amnion where EMT and 97 

proliferation are induced. Tissue remodeling processes are therefore ongoing in the amnion.   98 

 99 

Mouse model of sterile pPROM 100 



Next, we assessed the healing of amnion in vivo using the mouse model of mechanical ruptured 101 

membranes (13). On 16 days post coitum (dpc) after laparotomy, fetal membranes were ruptured 102 

with a sterile needle. Macroscopically, perforation of the amnion was visible 0 and 24 h after 103 

rupture, but the rupture was almost repaired at 48 h (Fig. 3A). The wound size was markedly 104 

decreased from 24 h to 48 h (Fig. 3B). Histology revealed that the intact amnion was composed 105 

of a monolayer of epithelial cells and mesenchymal cells intermittently dispersed beneath the 106 

epithelial layer (Fig. 3C). In contrast, cell numbers were increased at the edge of the rupture site 107 

although the surface was covered by a monolayer of epithelial cells (Fig. 3C). Masson’s 108 

trichrome staining revealed collagen deposition at the edge of healing amnion (Fig. 3D). 109 

     In intact mouse amnion, F4/80+ CX3CR1+ macrophages were rarely observed (Fig. 3E). In 110 

contrast, migration of macrophages to the rupture site was apparent (Fig. 3E). The number of 111 

F4/80+ CX3CR1+ macrophages was increased 4-fold at 24 and 48 h around the rupture site 112 

compared to that in intact amnion (Fig. 3E). In contrast to humans, the number of Ki67+ cells 113 

was not increased in the rupture site of amnion in mice (fig. S2). This suggests that the increased 114 

cells at the rupture site may be due to cell migration or EMT, not to proliferation.   115 

   We further analyzed whether EMT occurred at the rupture site in amnion in mice. In intact 116 

amnion, the monolayer of E-cadherin+ epithelial cells was distinct from the underlying vimentin+ 117 

mesenchymal cells (Fig. 4A). At the rupture site, however, E-cadherin+ vimentin+ double-118 

positive cells appeared in the epithelial layers (Fig. 4A, B). Particularly at the site of repair, 119 

superficial E-cadherin+ amnion epithelial cells (AECs) were found within the thickened 120 

vimentin+ mesenchymal layer suggesting the possibility that AECs supplied these mesenchymal 121 

cells that were arrayed perpendicularly between epithelial and mesenchymal layers (Fig. 4B). 122 

Another epithelial marker, CK18, was expressed throughout both intact and rupture sites (Fig. 123 

4C). Although the mesenchymal marker N-cadherin was rarely observed in intact epithelium, N-124 

cadherin was increased in the rupture site (Fig. 4D). The presence of mesenchymal markers in 125 

the epithelium led us to explore TGF-β-Smad signaling (a pathway crucial for inducing EMT). 126 

Cytokines in the TGF-β superfamily bind to TGF-β1 receptors which then activate intracellular 127 

Smad3 by phosphorylation (5). At the wound site, the number of phosphorylated Smad3+ cells 128 

was increased in the ruptured site of murine amnion whereas they were rarely observed in the 129 

intact amnion (Fig. 4E). Gene expression analysis revealed that Tgfb1 mRNA was increased at 130 

the rupture site compared to intact fetal membranes (Fig. 4F). In contrast, Tgfb2 and Tgfb3 131 



mRNA were not increased (Fig. 4F). Collectively, these results suggest that rupture of murine 132 

amnion results in migration of macrophages to the injured site which may activate the TGF-β-133 

Smad pathway and lead to partial EMT in AECs. 134 

 135 

Generation of fetal macrophage–depleted mice 136 

To validate the roles of macrophages in the wound repair in the amnion, we generated fetus-137 

specific conditional knockout mice using the tamoxifen (TAM)-induced Cre-LoxP system (Fig. 138 

5A). Cx3cr1CreER/CreER Csf1r flox/flox male mice were crossed with Cx3CR1+/+ Csf1r flox/flox female 139 

mice, and the genotype of all fetuses was Cx3cr1CreER/+ Csf1r flox/flox (denoted as “Cre+”). On 14 140 

and 16 dpc, TAM was intraperitoneally injected into pregnant Cx3CR1+/+ Csf1r flox/flox dams (Fig. 141 

5B), and CSF1R in CX3CR1-expressing cells was deleted in fetuses but not in dams. As a 142 

control, we used fetuses with the Cx3cr1+/+ Csf1r flox/flox genotype (denoted as “Cre-”), generated 143 

by crossing Cx3CR1+/+ Csf1r flox/flox male mice with Cx3CR1+/+ Csf1r flox/flox female mice. CSF1R 144 

in CX3CR1-expressing cells was not deleted in control fetuses.  145 

    First, we checked the status of macrophages in maternal tissues. In maternal lungs, the number 146 

of macrophages was not changed in TAM-injected Cre- and Cre+ mice, as expected (Fig. 5C). 147 

Next, flow cytometry analysis showed that vehicle injection did not change the percentage of 148 

CD45+ macrophages that were CX3CR1+ in fetal membranes and lungs (Fig. 5D, fig. S3). 149 

However, TAM injection depleted the number of CX3CR1+ macrophages in Cre+ fetal 150 

membranes compared to Cre- fetal membranes (Fig. 5D). In contrast, the number of CX3CR1- 151 

macrophages was not changed by TAM injection in Cre+ fetal membranes (Fig. 5D). Similarly, 152 

the number of CX3CR1+ macrophages was decreased by TAM injection in Cre+ fetal lungs, but 153 

not in Cre- fetal lungs (Fig. 5E). TAM injection also decreased Csf1r mRNA expression in fetal 154 

membranes and lungs (Fig. 5F). Fetal weights among the four groups were similar (Fig. 5G), and 155 

there were no aborted fetuses among the four groups. Together, these data indicated the 156 

successful generation of conditional CX3CR1+ macrophage–depleted fetuses.   157 

 158 

Compromised amnion repairing in macrophage-depleted fetal membranes 159 



To test amnion repair capacity in these macrophage-depleted (Mφ-) fetuses, we ruptured fetal 160 

membranes at 16 dpc and collected tissues 24 h after rupture (Fig. 5B). In Mφ- fetuses (Cre+ 161 

TAM), the rupture of the amnion was larger at 24 h compared to that in macrophage-replete 162 

(Mφ+) fetuses (Cre- TAM, Fig. 6A). The wound size at 24 h was larger in Mφ- fetuses compared 163 

to that in Mφ+ fetuses (Fig. 6A). Repair of amnion was normal in Mφ+ fetuses. Specifically, as 164 

seen in WT mice, the continuity of the amnion structure was restored and numerous 165 

mesenchymal-like cells and immune cells aggregated around the rupture site (Fig. 6B). 166 

Conversely, amnion structure was disrupted in Mφ- fetuses (Fig. 6B) and the amnion was thinner 167 

compared to Mφ+ fetuses (Fig. 6B). Immunofluorescence analysis confirmed CX3CR1+ F4/80+ 168 

macrophages at the amnion rupture site in Cre- TAM fetuses but not in Cre+ TAM fetuses (Fig. 169 

6C). This result suggests that the wound-repairing macrophages were of fetal origin rather than 170 

of maternal origin. Next, we determined if EMT of AECs during amnion repair was affected by 171 

loss of these macrophages. Consistent with WT amnion (Fig. 4A), E-cadherin+ vimentin+ cells 172 

appeared in the epithelial layer of the rupture site in Mφ+ amnion, and amnion mesenchymal 173 

cells were localized to two or three cell layers beneath the epithelial lining (Fig. 6D). Vimentin+ 174 

cells were absent in the epithelial layer in Mφ- amnion (Fig. 6D). Whereas CK18 was present in 175 

both Mφ+ and Mφ- amnion (Fig. 6E), the abundance of mesenchymal marker N-cadherin was 176 

decreased significantly in Mφ- amnion (Fig. 6E). Phosphorylated Smad3 was present in the 177 

epithelial layer of Mφ+ amnion but not in Mφ- amnion (Fig. 6F). Further, Tgfb1 and Tgfb2 178 

mRNA was suppressed in ruptured Mφ- fetal membranes (Fig. 6G). Vehicle injection did not 179 

improve wound repair of the amnion in Mφ- mice (Fig. 6A, 6C-F). Collectively, these results 180 

suggest that fetal macrophages are indispensable for amnion repair and that they are crucial for 181 

activation of TGF-β signaling and induction of EMT in AECs.  182 

 183 

Macrophages enhance EMT in amnion epithelial cells 184 

To investigate the interactions between amnion epithelial cells (AECs) and macrophages in vitro, 185 

fetal macrophages (isolated from human placenta; fMφ, Hofbauer cells) and adult macrophages 186 

(isolated from human adult peritoneal fluid; Mφ) were used. In wound-healing scratch assays, 187 

iAECs co-cultured without direct contact with macrophages showed increased migration 188 

compared to those not cultured with macrophages (Fig. 7A, fig. S4A). Further, spindle-shaped 189 



mesenchymal-like cells appeared at the wound edge whereas epithelial morphology was retained 190 

in the non-wounded, intact areas (fig. S4A). When AECs were co-cultured with macrophages 191 

such that two cell types had direct contact, AEC migration in wound healing assays was further 192 

accelerated (Fig. 7B, fig. S4B) and the number of vimentin+ AECs was increased (Fig. 7C, 7D, 193 

fig. S4C, S4D). These vimentin+ cells accumulated at the wound edge, suggesting the occurrence 194 

of EMT at the wound site. All AECs expressed the epithelial markers E-cadherin and CK18 in 195 

both intact cell layers and at wound edges (Fig. 7D, 7E, fig. S4D, S4E). Confocal microscopy at 196 

high magnification revealed that N-cadherin was not detected in AECs monocultures but was 197 

present on the edges of direct contact mixed cultures (Fig. 7F, fig. S4F). Collectively, these data 198 

suggest that macrophages accelerate migration of AECs through partial EMT (acquisition of 199 

mesenchymal markers with retention of epithelial characteristics). Expression of EMT-related 200 

genes was quantified in both macrophages and AECs. TGFB isoform mRNA expression did not 201 

increase in AECs or fetal and adult macrophages that were co-cultured without direct contact (fig. 202 

S5A, S6A). Further, mRNA levels of the EMT markers CDH1 (which encodes E-cadherin), 203 

CDH2 (which encodes N-cadherin), and VIM (which encodes vimentin) were not changed in 204 

AECs by co-culture with adult or fetal macrophages (fig. S5B, S6B). This could be due to EMT 205 

occurring mainly at the scratched edges and not in all AECs and therefore resulting in the 206 

dilution of the expression of mesenchymal marker genes during the analysis of all AECs in the 207 

culture dish. Finally, measurement of the concentration of TGF-β1 in the medium showed that 208 

although basal synthesis of TGF-β1 was greater in fetal and adult macrophages cultured alone 209 

than in AECs, it was not increased by co-culture with AECs (Fig. 7G, fig. S6C). In addition, 210 

immunoblotting revealed that relatively low TGF-β abundance in AECs was not increased by co-211 

culture with fetal and adult macrophages (fig. S5C, S6D, S7). This finding suggests that 212 

macrophages enhance EMT in AECs through the release of TGF-β but that TGF-β synthesis by 213 

AECs is not augmented by macrophages or the presence of wounded AECs.  214 

 215 

TGF-β1 promotes EMT and migration in AECs 216 

Finally, the effects of TGF-β1 in AECs were analyzed. TGF-β1 accelerated migration of AECs 217 

(Fig. 8A, 8B). Treatment with TGF-β1 changed epithelial cell morphology to mesenchymal-like 218 

and induced lamellipodia-like features in cells at the wound edge (Fig. 8A). Treatment of AECs 219 



with TGF-β1 not only decreased expression of the epithelial marker CDH1 but also increased the 220 

expression of mesenchymal markers CDH2, VIM, SNAI1 (which encodes Snai Family 221 

Transcriptional Repressor 1), SNAI2, and ZEB2 (which encodes Zinc Finger E-Box Binding 222 

Homeobox 2) (Fig. 8C). Moreover, TGF-β1 increased the number of vimentin+-spindle-shaped 223 

cells in the intact, unwounded AEC monolayer and at the wound edge (Fig. 8D).  224 

   The TGF-β1 inhibitor SB431542 blocked increases in AEC migration induced by co-culture 225 

with fetal or adult macrophages (Fig. 8E, fig. S6E). In proliferation assays, TGF-β1 decreased 226 

the number of cells (Fig. 8F). Immunoblot analysis revealed that the treatment of AECs with 227 

TGF-β1 resulted in the appearance of phosphorylated, nuclear Smad3 in as little as 5 min, the 228 

abundance of which peaked at 30 min whereas phosphorylated Smad3 was not detectable in 229 

untreated AECs at 30 and 60 min (Fig. 8G, fig. S7). In human amnion, the phosphorylation of 230 

Smad3 was increased in AECs around the rupture site relative to those in intact membrane (Fig 231 

8H). In the murine ruptured fetal membrane model, injection of SB431542 in each gestational 232 

sac after rupture of fetal membranes significantly compromised repair of amnion (Fig. 8I). 233 

Collectively, these results suggest that rupture of amnion results in fetal macrophage migration to 234 

the wound site and release of TGF-β1, which activates the Smad3 pathway, EMT, and migration 235 

of AECs.  236 

 237 

DISCUSSION  238 

Here, we investigated mechanisms by which sterile rupture of amnion is repaired. We 239 

demonstrated that macrophages migrated to the rupture site in both humans and mice and were 240 

essential for repairing the amnion by inducing EMT in AECs (Fig. 9). The amnion possesses 241 

regenerating ability, and spontaneous repair of ruptured membranes mid-gestation or following a 242 

small puncture by amniocentesis has been reported (4, 14). However, a small injury by a punch 243 

biopsy of human fetal membranes does not undergo repair in vitro (15), suggesting that the fetal 244 

membranes alone were not able to repair and that other cells such as immune cells may be 245 

necessary. Our experiments indicated that fetal macrophages migrate to the damage site, are 246 

crucial for amnion repair, and induce EMT in AECs predominantly through TGF-β1 signaling. 247 

    The pathogenesis of ROM is complex and may be due to mechanical force, infection, 248 

oxidative stress, and intrauterine hemorrhage, all of which may lead to fragile fetal membranes 249 



and consequent rupture. Our simplified preclinical model of ruptured membranes mimicked one 250 

of the causes:  mechanical rupture such as that in fetoscopy or fetal surgery. We sought to 251 

investigate amnion repair mechanisms under conditions without infection or chronic physical 252 

stresses. Johnston et al. reported a 15% sealing rate of ROM (4), and the American College of 253 

Obstetrics and Gynecology Practice Bulletin states that cessation of amniotic fluid leakage may 254 

occur in spontaneous pPROM (16). Thus, spontaneous repair is possible if intrauterine 255 

conditions are favorable for wound repair.  256 

    In addition to classical macrophages differentiated from circulating monocytes, which engage 257 

in phagocytosis against pathogens and apoptotic or necrotic tissues, there is another group of 258 

macrophages called tissue-resident macrophages (11). These resident macrophages are involved 259 

in various biological processes including thermogenesis in adipose tissue (17), erythrocyte 260 

disposal and iron recycling in the spleen and liver (18), synaptic pruning by microglia in the 261 

brain (19), limiting absorption of fungal metabolites by the epithelium in the distal colon (20), 262 

facilitation of electrical conduction (21), and supporting mitochondrial homeostasis in the heart 263 

(22). Tissue-resident macrophages are not restricted to the previous M1 or M2 classification due 264 

to their diverse functions (11). Here, we report that macrophages have a role in repair of ruptured 265 

amnion and that these macrophages express CX3CR1. The chemokine CX3CR1 mediates 266 

recruitment of macrophages at injured skin, which is necessary for skin wound healing (23). Use 267 

of CX3CR1-depleted fetal macrophages indicated that similar mechanism might apply to repair 268 

of the injured amnion. Resident macrophages were observed in the amnion of WT mice. Csf1r+ 269 

macrophages are of yolk sac origin (24), and these macrophages were depleted in our conditional 270 

KO mice, indicating that murine amnion-resident macrophages appear to be of yolk sac origin. In 271 

humans, however, the origin of amnion-resident macrophages is not known.  272 

    EMT of AECs has been reported by several authors. TGF-β in amniotic fluid, presumably 273 

synthesized in amnion, is increased by labor (25). EMT occurs in AECs exposed to oxidative 274 

stresses (26, 27) during pregnancy through endogenous production of TGF-β by AECs. 275 

Vimentin-positive AECs have been reported to be increased in the vaginally delivered amnion 276 

compared to that of cesarean delivery (28). Spontaneous EMT occurs in AECs by autocrine 277 

production of TGF-β (29), and AECs undergo TGF-β-dependent EMT shortly after being 278 

cultured (30). TGF-β is also synthesized in intrauterine tissues from trophoblasts and decidua of 279 

placental tissue (31). We and Menon’s group previously showed that TNF and IL-1β accelerate 280 



the EMT of AECs in vitro and in vivo (13, 32). Our experiments results expand these findings 281 

and demonstrate that TGF-β released by macrophages played a central role in inducing EMT in 282 

amnion undergoing repair. Further, wounded amnion in macrophage-depleted fetuses do not 283 

undergo EMT, a process that is essential for tissue repair (33). The Snail family transcriptional 284 

factor Slug (also known as Snai2) regulates EMT, and Slug-knockout mice exhibit compromised 285 

cutaneous wound healing without evidence of EMT (34). EMT functions during wound healing 286 

to speed up epithelial cell migration and to supply the myofibroblasts that synthesize 287 

extracellular components and tissue remodeling. Cell migration is necessary to repair the injured 288 

tissue, so epithelial cells at the wounded edge are induced to undergo EMT. At the same time, 289 

mesenchymal-like cells aggregate at the wound edge in the amnion. These cells are presumably 290 

supplied by proliferating epithelial cells, because a substantial portion of myofibroblasts arise 291 

from epithelial cells undergoing EMT in the wound healing process (35). These proliferating 292 

mesenchymal-like cells secrete ECM proteins such as collagens, and they contribute to the re-293 

construction of the collapsed tissues. In regard to fetal membranes, we have previously suggested 294 

the potential of EMT in the healing of ruptured amnion in a preclinical mouse model (13). 295 

Therefore, EMT appears to be a survival technique for the amnion when fetal membranes are 296 

damaged.          297 

    In clinical situations, spontaneous healing of ruptured fetal membranes is rare. This is likely 298 

due to the numerous factors that inhibit amnion repair, such as inflammation from infection, a 299 

large wound, and continuous leakage of amniotic fluid through the rupture which destroys the 300 

scaffold needed for wound healing. Menon et al. proposed the concept of cellular senescence in 301 

fetal membranes (36). In general, senescent cells lose their proliferative and repair capacity, thus 302 

preventing tissue regeneration (37). Telomere length is shorter toward term and in the fetal 303 

membranes of pPROM cases than that from gestational age-matched preterm birth cases without 304 

ruptured membranes (36). We suspect that the senescent amnion of mid to late gestation has 305 

weak regenerative potency and spontaneous repair is rare whereas the rupture of fetal 306 

membranes due to diagnostic amniocentesis performed on the amnion earlier pregnancy is 307 

repaired (14). To overcome this problem, we are seeking better methods of utilizing wound-308 

repairing macrophages. We conclude that amnion has high regenerative potential through EMT 309 

of AECs and that fetal macrophages are important in mediating this wound-repairing process. 310 



These findings therefore provide new insights into potential future treatment of pPROM and 311 

prevention of preterm birth. 312 

 313 

MATERIALS AND METHODS 314 

Collection of human fetal membranes 315 

Human fetal membranes were collected from six cases of spontaneous ruptured membranes with 316 

cesarean delivery (Table 1). We chose cases in which clinical chorioamnionitis was not observed 317 

upon placental pathological examination. The rupture sites of the fetal membranes were 318 

macroscopically identified (Fig. 1A, fig. S1A), and they were pinned down on the plate to 319 

properly spread the membranes. The tissues were then fixed with 4% paraformaldehyde 320 

overnight and kept in 70% ethanol until paraffin embedding. After fixation in paraffin, 4-μm-321 

thick sections were prepared for histology.  322 

Generation of fetal macrophage–depleted mice 323 

Cx3cr1CreER mice (B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ, Stock No: 021160) and Csf1rflox 324 

mice (B6.Cg-Csf1rtm1.2Jwp/J, Stock No: 021212) were purchased from Jackson Laboratory and 325 

subsequently maintained and bred under standard housing conditions (14 h light/10 h dark cycle 326 

and fed ad libitum) in a specific pathogen–free room. All mice were on a C57BL/6J background. 327 

For macrophage depletion, Cx3cr1CreER/ CreER Csf1rflox/flox male mice were mated with Cx3cr1+/+ 328 

Csf1rflox/flox female mice. The fetal genotype from this cross was Cx3cr1CreER/ + Csf1rflox/flox (Cre+). 329 

At 14 and 16 days post-coitum (dpc), 4 mg of TAM was intraperitoneally injected into the dams 330 

(Fig. 5B). Theoretically, the Csf1r gene of Cx3cr1-expressing cells in the fetus is deleted when 331 

TAM is injected because Cre recombinase is globally expressed in fetus. In contrast, the 332 

maternal Csf1r gene of Cx3cr1-expressing cells is not affected by TAM injection because all of 333 

the Cx3cr1-expressing cells lack Cre recombinase. As a control, Cx3cr1+/+ Csf1rflox/flox male 334 

mice were mated with a Cx3cr1+/+ Csf1rflox/flox female mice to generate fetuses with the genotype 335 

of all of the fetuses is Cx3cr1+/ + Csf1rflox/flox (Cre-). Therefore, the Csf1r gene of Cx3cr1-336 

expressing cells in both dams and fetuses is not deleted by TAM injection because all of these 337 

cells lack Cre recombinase. For both macrophage-depletion and control experiments, TAM or 338 

vehicle (Vehicle) was injected (Fig. 5B).  339 

Mouse model of sterile ruptured membranes 340 



C57BL/6J wild-type mice were purchased from SLC Japan. Pregnant mice were anesthetized 341 

with isoflurane at 16 dpc. A ventral incision was made and the fetal membranes were punctured 342 

through the uterus using a sterile 20-gauge needle. In each uterus, half of the gestational sacs 343 

were punctured (rupture group) and half were not (intact control). To mark the rupture sites, 344 

needles were soaked in 10% India ink before the puncture, which resulted in black staining of the 345 

edge of the punctured fetal membranes (Fig. 3A). After each procedure, the maternal abdomen 346 

was closed with 5-0 silk. At the time of sampling, the diameter of the rupture was measured 347 

using a digital caliper under a microscope. Where indicated, SB431542 (20 μg/g) or vehicle 348 

(ethanol) was injected between the uterus and the fetal membranes of each gestational sac 349 

immediately after rupture with a 20-gauge needle at 16 dpc. The diameter of the rupture was 350 

measured after 24 h. Fetal membranes were collected after washing with phosphate-buffered 351 

saline (PBS), quick frozen in liquid nitrogen, and stored at -80°C.  352 

Immunofluorescent staining  353 

Tissues were fixed in 4% paraformaldehyde overnight at 4°C and kept in 70% ethanol until 354 

paraffin embedding. Four micrometer sections were cut and stained. Sections were 355 

deparaffinized. Antigen retrieval was performed by incubation with proteinase K (P8107S, New 356 

England Biolab; working concentration, 0.6 units/mL) for 1 min at 37°C or by boiling in 10 mM 357 

sodium citrate buffer (pH 6.0) in a microwave for 20 min and cooling for 30 min at room 358 

temperature, or by boiling in Tris/EDTA buffer (10 mM Tris base, 1 mM EDTA solution, 0.05% 359 

Tween 20, pH 9.0) in a microwave for 20 min and cooling for 30 min at room temperature (table 360 

S1). After antigen retrieval, sections were incubated with 10% normal goat serum (50062Z, Life 361 

Technologies) with 0.3% Triton X-100 for 30 min at room temperature. Tissue sections were 362 

incubated with a primary antibody in PBS with 1% BSA and 0.3% Triton X-100 at 4°C 363 

overnight. The primary antibodies used are shown in table S1. Tissue sections were next 364 

incubated with Alexa Fluor 488- or 594-conjugated secondary antibodies (Ig, heavy and light 365 

chains, Invitrogen, 1:500 dilution) in 10% normal goat serum for 1 h at room temperature. The 366 

sections were mounted with Prolong Gold Antifade Reagent with DAPI (P36935, Molecular 367 

Probes). Images were obtained by a Leica TCS-SP8 confocal microscope or a Keyence BZ-368 

X800. Image J software was used to generate individual images. For quantification, the number 369 

of positive cells was counted in a blinded manner and divided by the number of DAPI+ total 370 

cells. 371 



Cell suspension preparations 372 

Murine fetal membranes and lungs were homogenized and incubated in PBS containing 1 mg/ml 373 

collagenase D (#11088858001, Roche) and 0.1 mg/ml DNase (#10104159001, Roche) for 1 h at 374 

37°C, and were then passed through a cell strainer made of 100 μm nylon mesh to obtain a 375 

homogeneous cell suspension. 376 

Flow cytometry      377 

Data were acquired using a MACS Quant analyzer (Miltenyi Biotec) and analyzed using FlowJo 378 

software (Tree Star). Cells were stained with the following antibodies for 15 min at 4°C: CD45 379 

(30-F11, BioLegend, #103115), F4/80 (BM8, BioLegend, #123107), and CX3CR1 (SA011F11, 380 

BioLegend, #149025). Non-viable cells were stained with 7-amino-actionomycin D (AAD) 381 

solution. The gating strategy used to identify CX3CR1+ or CX3CR1- macrophages was as 382 

follows: CX3CR1+ macrophages, CD45+ F4/80+ CX3CR1+; CX3CR1- macrophages, CD45+ 383 

F4/80+ CX3CR1-. 384 

Isolation and culture of human AECs and macrophages 385 

Separation and isolation of human AECs were performed as previously described (38). Briefly, 386 

amnion tissue was separated by blunt dissection and minced. Cells were dispersed by enzymatic 387 

digestion with trypsin (#27250-018, Gibco). Isolation of placental macrophages was performed 388 

as previously described with slight modification (39). Briefly, a placenta was obtained from an 389 

elective cesarean section without complication. Fetal membranes and decidua were removed, and 390 

approximately 20 g of placental fragments were washed with sterile PBS four times. Tissues 391 

were minced into 2 to 3 mm3 fragments and transferred to 4 sets of 25 mL of DMEM/F12 392 

(#11581-15, Nakalai Tesque) with 1 mg/mL of collagenase (Collagenase B, #11088831001, 393 

Roche) and 0.1 mg/mL of DNase (#10104159001, Roche) in 50 mL Falcon tubes. Tissues were 394 

incubated for 75 min in a 37°C water bath by shaking. After digestion, tissues were filtered by 395 

metal sieves and 100 μm nylon mesh. Flow-through tissues were centrifuged at 300 g for 10 min. 396 

After removing supernatant, pellets were re-suspended in 10 mL of DMEM/F12. Two sets of 5 397 

mL of Ficoll-Paque Plus (#17-1440-02, Cytiva) in 15 mL Falcon tubes were prepared, and the 398 

cell suspension was slowly overlaid on top before being centrifuged at 500 g for 30 min at 4°C. 399 

After centrifugation, the upper layer was removed with a pipette. The band at the intermediate 400 



layer was collected and washed with DMEM/F12 (centrifuged at 300 g for 10 min, twice). Cells 401 

were seeded in a 75 cm2 flask and adherent macrophages were used for experiments.           402 

    Human peritoneal macrophages were isolated from the lavage of peritoneal fluid from patients 403 

with benign gynecological diseases undergoing laparoscopic surgery. After centrifugation at 200 404 

g for 10 min, cells were seeded on plastic culture dishes. After 2 h of incubation at 37°C, non-405 

adherent cells were removed by washing with PBS. Adherent macrophages were used for 406 

experiments. Isolated amniotic epithelial cells and macrophages were harvested in DMEM/F12 407 

with 10% fetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin (#2625384, Nakalai 408 

Tesque). Cells were cultured in 5% CO2 and 95% air at 37°C. Cell culture inserts (#353095, 409 

CORNING) were used when AECs were co-cultured with macrophages. 410 

    In the system in which cell types were cocultured using cell inserts, placental or peritoneal 411 

macrophages and AECs were harvested together when they reached confluence, so that the cell 412 

density ratio was 1:1. In mixed cultures, cells were seeded at a 5:1 ratio of AECs:macrophages 413 

(AECs: 5.0 × 105 cells/cm2, macrophages: 1.0 × 105 cells/cm2). 414 

RNA isolation and quantitative real-time polymerase chain reaction (PCR) 415 

Total RNA was isolated from human AECs, macrophages, and the fetal membranes and lungs of 416 

mice using a PureLink RNA mini kit (#12183020, Invitrogen). Reverse transcription of RNA 417 

was performed using ReverTra Ace (#TRT-101, Toyobo Life Science). Primer sequences are 418 

shown in table S2. Quantitative real-time polymerase chain reaction (PCR) was performed using 419 

a Thunderbird SYBR qPCR mix (#QPS-201, TOYOBO Life Science) on a LightCycler 480 420 

Real-time PCR system (Roche). All data were normalized using the indicated housekeeping gene. 421 

Wound-healing scratch assay 422 

Human AECs were plated on 96- or 24-well plates. At confluency, the center of each well was 423 

scratched with a 200 μl pipette tip. Ten ng/mL of TGF-β1 (#240-B, R&D Systems) or PBS, in 424 

the absence or presence of the TGF-β inhibitor SB431542 (10 uM, #13031, Cayman Chemical) 425 

was utilized in serum-free medium. The width of the wound was measured microscopically. 426 

Three different fields were selected in each well, and the width was averaged. Percent closure 427 

was calculated by dividing the width of the indicated time by the width of 0 h. 428 

Proliferation assay 429 



Cells were seeded on 96-well plates and treated with 10 ng/mL of TGF-β in serum-free medium. 430 

Proliferation assay was performed using a CellTiter-Blue cell Viability Assay (#G8080, 431 

Promega) according to the manufacturer’s protocols. 432 

Immunocytochemistry 433 

Human AECs or macrophages were plated in 8-well chamber slides. Cells were fixed in 4% 434 

paraformaldehyde for 10 min. After washing with PBS, slides were incubated with 10% normal 435 

goat serum for 30 min at room temperature. Slides were incubated with primary antibodies 436 

overnight at 4°C. The primary antibodies used are shown in table S1. Slides were incubated with 437 

Alexa Fluor 488- or 594-conjugated secondary antibody (Invitrogen, 1:500) and mounted with 438 

Prolong Gold Antifade Reagent with DAPI (P36935, Molecular Probes). Images were obtained 439 

by Leica SP8 confocal microscope and generated by Image J software. For quantification, the 440 

number of marker-positive cells was counted in a blinded manner. 441 

Nuclear protein extraction 442 

Nuclear extraction from AECs was performed as described previously (40). Cells were harvested 443 

in 2 ml of cold PBS containing 0.6 mm EDTA and centrifuged at 5000 ×g for 30 s. Cell pellets 444 

were gently resuspended in 800 μl of cold Buffer A (10 mm Tris-HCl, pH 7.9, 10 mm KCl, 0.1 445 

mm EDTA, 0.1 mm EGTA, 1 mm dithiothreitol) containing protease inhibitor (cOmplete Mini, 446 

#11836170001, Roche) and phosphatase inhibitor (phosSTOP, # 4906837001, Roche) and 447 

allowed to swell on ice for 30 min. Twenty five μl of a 10% Nonidet P-40 solution was added to 448 

the cell suspensions, which were vortexed for 5 s. After centrifugation at 12,000 ×g for 30 s, the 449 

supernatant was reserved as cytoplasm extracts. Nuclear pellets were resuspended in 150 μl of 450 

cold Buffer B (20 mm Tris-HCl, pH 7.9, 400 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1 mm DTT) 451 

containing protease and phosphatase inhibitors and rocked for 1 h at 4°C. After the removal of 452 

nuclear debris by centrifugation at 12,000 ×g for 5 min at 4°C, nuclear extracts were stored at 453 

4ºC. 454 

Immunoblots 455 

Nuclear and cytoplasm extracts were loaded to an acrylamide gel immediately after extraction. In 456 

immunoblots of TGF-β, cells were lysed in RIPA buffer containing protease and phosphatase 457 

inhibitor cocktails. Samples were centrifuged at 10,000 g for 20 min and the supernatant was 458 



loaded to an acrylamide gel. After SDS-PAGE, membranes were blocked with 5% BSA for 1 h 459 

at room temperature and incubated with primary antibodies overnight at 4°C (table S1). HDAC1 460 

and β-actin were used as the loading controls for the nuclear fraction and cytoplasmic fractions, 461 

respectively. Blots were next incubated with a secondary antibody (Goat Anti-Rabbit IgG-HRP 462 

Conjugate, #170-6515, Biorad, 1:10000 or Goat Anti-Mouse IgG-HRP Conjugate, #170-6516, 463 

Biorad, 1:10,000) at room temperature for 1 h. Signal were detected by chemiluminescence 464 

(Pierce ECL Plus Western Blotting Substrate, #32132, Thermo Scientific). Images were captured 465 

using ChemiDoc XRS+ (Bio-Rad Laboratories). 466 

Enzyme-linked immunosorbent assay (ELISA) 467 

TGF-β1 concentration in the conditioned media was measured by Quantikine ELISA kits for 468 

human TGF-β1 (DB100B, R&D Systems) according to the manufacturer’s instructions. 469 

Statistical analysis 470 

Values were expressed as means ± standard error of the mean (SEM) or standard deviation (SD). 471 

Comparisons of parametric data between the two groups were performed using Student’s t-test, 472 

and comparisons among more than three groups were performed using one-way analysis of 473 

variance (ANOVA). Comparisons of non-parametric data between the two groups were 474 

performed using two-tailed Mann-Whitney U test, and comparisons among more than three 475 

groups were performed using Kruskal-Wallis test followed by Dunn’s multiple comparison test. 476 

Non-parametric data of paired human samples (Fig. 1, B to D) was analyzed by Wilcoxon 477 

matched-paires signed rank test. Statistical analyses were performed using GraphPad Prism 6. p-478 

values less than 0.05 were regarded as statistically significant. 479 

Study approval 480 

Human tissues were obtained in accordance with the Kyoto University Graduate School and 481 

Faculty of Medicine, Kyoto University Hospital Ethics Committee (G1149) after obtaining 482 

written informed consent from participants prior to inclusion in the study. Animal experiments 483 

were approved by the Institute of Laboratory Animals, Graduate School of Medicine, Kyoto 484 

University (MedKyo 20149).  485 
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 658 

Figure Legends 659 

 660 

Fig. 1 Macrophages at the rupture site of human amnion 661 

 (A) Hematoxylin-eosin (H&E) staining of the intact and ruptured) sites of the human amnion of 662 

a representative ROM case (30 weeks of gestation) with cesarian delivery. Bars, 50 µm. (B-D) 663 

Right: representative immunofluorescence images for CD68 (B), CD68 and CX3CR1 (C), 664 

CD206 and CD86 (D), and DAPI for the case in (A). Bars, 50 µm. Graphs showing the 665 

percentage of CD68+ (B), CD68+ CX3CR1+ (C), CD86+ (D), and CD206+ (D) cells per DAPI+ 666 

cells in field or epithelium. n = 6 ROM cases. Ruptured amnion was rolled at fixation, and the 667 

edge is indicated by an yellow arrow. Epi: epithelial, Mes: mesenchymal layer of amnion. n.s. 668 

indicates not significant. **, p < 0.01, ***, p < 0.001 using Wilcoxon matched-pairs signed rank 669 

test. 670 

 671 

Fig. 2 EMT at the rupture site in human amnion 672 

(A-C) Right panels: representative immunofluorescence images for vimentin and E-cadherin (A), 673 

N-cadherin (B), CK18 (C), and DAPI staining of the case described in Fig. 1A. Bars, 50 µm. 674 

Left graphs showing the percentage of vimentin+ (A), and N-cadherin+ (B) cells per DAPI+ cells 675 

in field or epithelium. n = 6 ROM cases. The edge is indicated by an yellow arrow. Epi: 676 

epithelial, Mes: mesenchymal layer of amnion. *, p < 0.05, **, p < 0.01 using Wilcoxon 677 

matched-pairs signed rank test. 678 

 679 

Fig. 3 Mouse model of sterile ROM 680 

(A) Representative macroscopic view of murine ruptured fetal membranes at 0 h, 24 h, and 48 h. 681 

White arrows indicate a rupture site that was stained with India ink. Bars, 2 mm. (B)  Diameter 682 

of the ruptured amnion at 24 h and 48 h; n =12–15 fetal membranes from 4 pregnant mice in 683 

each group. (C) Representative H&E staining of intact and ruptured amnion at lower 684 

magnification (upper panels) and higher magnification (lower panels). Black arrows indicate the 685 



rupture site. Bars, 50 µm. (D) Representative Masson’s trichrome stain of intact (left) and 686 

ruptured (right) sites. Bars, 50 µm. (E) Representative immunofluorescence images of F4/80, 687 

CX3CR1, and DAPI in the intact and ruptured amnion. Bars, 50 µm. Graphs showing the 688 

number of F4/80+ CX3CR1+ cells in the intact and ruptured amnion at 24 h and 48 h; n = 9 fields 689 

from 3 fetal membranes from 3 pregnant mice in each group. Am: amnion. Each graph shows 690 

means ± SEM of the values obtained.  **, p < 0.01 using two-tailed Mann–Whitney U test. 691 

 692 

Fig. 4 EMT in murine ruptured amnion 693 

(A-E) Representative immunofluorescence images of vimentin and E-cadherin (A, B), CK18 (C), 694 

N-cadherin (D), phospho (p)-Smad3 (E), and DAPI of intact and ruptured amnion. Graphs 695 

showingthe number of vimentin+ E-cadherin+ cells per total DAPI+ cells in epithelium (A), N-696 

cadherin+ cells per total DAPI+ cells in epithelium (D), phospho-Smad3+ cells per total DAPI+ 697 

cells in epithelium (E) ; n = 9–12 fields from 3–4 fetal membranes from 3–4 pregnant mice in 698 

each group. (F) mRNA expressions of Tgfb isoforms in intact and ruptured fetal membranes; n = 699 

5 fetal membranes from 3 pregnant mice in each group. Epi: epithelial, Mes: mesenchymal layer 700 

of amnion. Bars, 50 μm. Graphs show means ± SEM of the values obtained. n.s. indicates not 701 

significant. *, p < 0.05, **, p < 0.01, using two-tailed Mann–Whitney U test. 702 

 703 

Fig. 5 Generation of fetal macrophage–depleted mice 704 

(A) Schematic for the generation of fetal macrophage (Mφ)–depleted mice using the CreERT-705 

mediated loxP-deletion system. (B) Time course of the experiment. (C) Representative 706 

immunofluorescence images of F4/80, CX3CR1, and DAPI in maternal lungs (dam: Cx3CR1+/+ 707 

Csf1r flox/flox). Left: fetal genotype is Cx3cr1+/+ Csf1r flox/flox (Cre- TAM, control fetuses), right: 708 

fetal genotype is Cx3cr1CreER/+ Csf1r flox/flox (Cre+ TAM, Mφ-depleted fetuses). Bars, 50 µm. 709 

Graph: the number of F4/80+ CX3CR1+ cells in the maternal lungs per total DAPI+ cells; n = 9 710 

fields from 3 mice per group. (D, E) Flow cytometry analysis of fetal membranes (D) and fetal 711 

lungs (E). Proportion of Mφ is expressed as a percentage of total CD45+ leukocytes. Vehicle or 712 

tamoxifen (TAM) was injected into dams in which the fetal genotype was Cx3cr1+/+ Csf1r flox/flox 713 

(Cre-) or Cx3cr1CreER/+ Csf1r flox/flox (Cre+); n = 9 fetal membranes from 3–5 pregnant mice in 714 



each group. (F) Csf1r mRNA expression in the fetal membranes and fetal lungs; n = 4 fetal 715 

membranes or lungs from 3 pregnant mice in each group. (G) Fetal weights among the four 716 

groups; n = 6–14 fetuses from 3–7 pregnant mice in each group. Graphs show means ± SEM of 717 

the values obtained. n.s. indicates not significant. *, p < 0.05, **, p < 0.01, using two-tailed 718 

Mann–Whitney U test. 719 

 720 

Fig. 6 Repair of ruptured amnion is compromised in fetal macrophage–depleted mice 721 

(A-E) Representative images of Cx3cr1+/+ Csf1r flox/flox fetal membranes (Cre- TAM, Mφ+, left) 722 

or Cx3cr1CreER/+ Csf1r flox/flox fetal membranes (Cre+ TAM, Mφ-, right) were obtained 24 h after 723 

rupture (17 dpc). (A) Macroscopic view of the rupture site. Bars, 1 mm. Graph: diameter of the 724 

rupture in vehicle-  or tamoxifen (TAM)-treated fetuses in which the fetal genotype is Cx3cr1+/+ 725 

Csf1r flox/flox (Cre-) or Cx3cr1CreER/+ Csf1r flox/flox (Cre+). n = 14-23 punctures from 3 pregnant mice 726 

in each group. (B) Hematoxylin-eosin (H&E) staining of the ruptured site. Graph: thickness of 727 

the ruptured and healed site. n = 5-6 fetal membranes from 3 pregnant mice in each group. (C-F) 728 

Representative immunofluorescence images for F4/80 and CX3CR1 (C, green and red, 729 

respectively), vimentin and E-cadherin (D, green and red, respectively), phopho-Smad3 (E, 730 

green), N-cadherin and CK18 (F, green and red, respectively) and DAPI (blue) of ruptured 731 

amnion (Am). Graph: F4/80+ CX3CR1+ cells per total DAPI+ cells (C), vimentin+ cells per total 732 

DAPI+ cells in epithelium (D), phospho-Smad3+ cells per total DAPI+ cells in epithelium (E), N-733 

cadherin+ cells per total DAPI+ cells in epithelium (F).  n = 9–16 fields of 3–4 fetal membranes 734 

from 3 pregnant mice in each group for (C) to (F). Bars, 50 μm. (G) mRNA expression of Tgfb 735 

isoforms in ruptured fetal membranes. n = 4 fetal membranes from 4 pregnant mice in each 736 

group. Graphs show means ± SEM of the values obtained. n.s indicates not significant. *, p < 737 

0.05, **, p < 0.01, using two-tailed Mann–Whitney U test. 738 

 739 

Fig. 7 Fetal macrophages induce the EMT in human AECs 740 

 (A) Schematic showing how AECs were cultured alone or co-cultured with fetal macrophages 741 

derived from placenta (fMφ) in a separate compartment. Representative images from the wound 742 

healing scratch assay at 0 h and 48 h showing AECs cultured alone (left) or co-cultured with 743 



fMφ (right). Bars, 200 µm. Dotted lines indicate the edge of the scratched area. Graph: the 744 

percent coverage of the scratched area as a function of time. AECs alone (black line) or co-745 

cultured with fMφ (red line). n = 6 biological replicates per group, 3 independent experiments. 746 

(B) Schematic showing how AECs were cultured alone or mixed with fMφ. Representative 747 

images from the wound-healing scratch assay at 0 and 24 h showing AECs alone (left) or mixed 748 

with fMφ (right). Bars, 200 µm. Graph: the percent coverage of the scratched area at 24 h. n = 6 749 

biological replicates per group, 3 independent experiments.  (C-E) Representative 750 

immunofluorescence images of CD68 and vimentin (C), vimentin and E-cadherin (D), CK18 (E), 751 

N-cadherin (F) and DAPI in scratched AECs (left) or AECs mixed with fMφ (right).. Bars, 200 752 

µm (C), or 50 µm (D-F). Graphs: the number of vimentin+ cells per total DAPI+ cells (C), N-753 

cadherin + cells per total DAPI+ cells in the wound edge (F). n = 9 biological replicates per group, 754 

3 independent experiments. (G) TGF-β1 concentration in the conditioned medium from AECs 755 

cultured alone, fMφ cultured alone, or both cell types co-cultured together.  n = 6 biological 756 

replicates per group, 3 independent experiments. Graphs show means ± SD of the values 757 

obtained. n.s indicates not significant. *p < 0.05, **p < 0.01 using the two-tailed Mann–Whitney 758 

U test (A, B, C, F), or Kruskal-Wallis test followed by Dunn’s multiple comparison test (G). 759 

 760 

Fig. 8 TGF-β1 promotes the EMT and migration in AECs 761 

(A) Representative images of the wound-healing scratch assay with AECs treated with vehicle or 762 

TGF-β1 (10 ng/mL). Insets: enlarged images of the areas. Bars, 200 µm. (B) The percent 763 

coverage of the scratched area as a function of time. n = 6 biological replicates per group, 3 764 

independent experiments. (C) Quantitative PCR analysis of EMT-related gene expression in 765 

AECs treated with TGF-β1 (10 ng/mL). n = 6 biological replicates per group, 3 independent 766 

experiments. (D) Representative immunofluorescence images of vimentin and DAPI in AECs 767 

subjected a wound-healing scratch asssay and treated with TGF-β1 (10 ng/mL) at 48 h.  Dotted 768 

lines indicate the edge of a scratch. Bars, 200 µm. Graph: the number of vimentin+ cells per total 769 

DAPI+ cells. n = 12 biological replicates per group, 3 independent experiments. (E) Schematic of 770 

the migration assay using the TGF-β1 inhibitor SB431542 (10 μM). AECs were cultured alone, 771 

co-cultured with fetal macrophages (fMφ), or co-cutured with fMφ and SB431542. Graph: the 772 

percent coverage of the scratched area at 24 and 48 h. n = 6 biological replicates per group, 3 773 



independent experiments. (F) Proliferation assay of AECs treated with TGF-β1 (10 ng/mL)  or 774 

control. n = 6 biological replicates, 3 independent experiments. (G) Immunoblots of phospho-775 

Smad3 and Smad3 in nuclear and cytoplasmic fractions from AECs treated with TGF-β1 (10 776 

ng/mL). HDAC1 was used as a loading control for the nuclear fraction and β-actin was used as a 777 

loading control for the cytoplasmic fraction. Representative of 3 independent experiments. See 778 

also fig. S7. (H) Representative immunofluorescence images for phospho-Smad3 and DAPI of 779 

the intact and ruptured human amnion (Am). Dotted lines indicate the amnion. Bars, 50 µm. 780 

Graph: the percentage of phospho-Smad3+ cells per DAPI+ cells in epithelial cells in the 6 cases 781 

of ROM. (I) Schematic showing how SB431542 (20 μg/g) or vehicle was injected between fetal 782 

membranes and uterus in each gestational sac. Graph: diameter of the ruptured amnion at 24 h ; n 783 

=8–12 fetal membranes from 4 pregnant mice in each group. n.s. indicates not significant. *p < 784 

0.05,  **p < 0.01,  ***p < 0.001 using two-tailed Mann–Whitney U test (B-D, F, I), Kruskal–785 

Wallis test followed by Dunn’s multiple comparison test (E), or Wilcoxon matched-pairs signed 786 

rank test (H). 787 

 788 

 789 

Fig. 9 Model of macrophage-mediated healing of ruptured amnion 790 

When sterile rupture of amnion occurs, fetal macrophages migrate to the injured site and TGF-β1 791 

released from these macrophages induces EMT in amnion epithelial cells by activating the TGF-792 

β-Smad3 pathway, which accelerates the migration of epithelial cells and the wound healing of 793 

amnion. 794 

 795 

  796 



Table 1. Six cases of human ruptured fetal membranes. 797 

 798 

Cases Maternal age 
(years old) Parity 

Gestational 
age at 
ROM 

(weeks) 

Gestational 
age at 

delivery 
(weeks) 

Days from 
ROM to 
delivery 

Chorioamnionit
is by 

pathologist 
Complications 

1 39 M 30 30 0 - Diabetes mellitus, angina pectoris 

2 32 M 33 33 0 - Breech presentation 

3 27 P 28 29 4 -  

4 40 M 31 31 2 - Dichorionic diamniotic twin 

5 33 M 35 35 1 - Myasthenia gravis 

6 30 P 38 38 0 - Breech presentation 

 799 
ROM: ruptured fetal membranes, M: multiparous, P: primiparous. 800 
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Fig. S1. Rupture site of human amnion. (A-E) Hematoxylin-eosin (H&E) staining of the  ruptured  human 1 
amnions used in this study. Case 2: GA 33 weeks (A), case 3: GA 29 weeks (B), case 4: GA 31 weeks (C), case 5, 2 
GA 35 weeks (D), and case 6, GA 38 weeks (D). Bars, 50 µm. (F) Representative immunofluorescence images for 3 
Ki67 (green) and DAPI (blue) of the case described in Fig. 1A. Bars, 50 µm. Graphs: the number of Ki67+ cells per 4 
DAPI+ cells (n = 5 ROM cases). The edge is indicated by a yellow arrow. Epi: epithelial cell of amnion, Mes: 5 
mesenchymal cells of amnion.  *p < 0.05 using Wilcoxon matched-pairs signed rank test. 6 
  



 
Fig. S2. Representative immunofluorescence images of Ki67 in the intact and ruptured murine amnion. 7 
Graph: the number of Ki67+ cells per total DAPI+ cells in the field; n = 9 fields from 3 fetal membranes from 3 8 
pregnant mice in each group. Bars, 50 µm. Am: amnion. The graph shows the mean ± SEM of the values obtained.  9 
n.s., not significant. Two-tailed Mann-Whitney U test.   10 
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 11 
Fig. S3. Representative flow cytometry plots of fetal membrane samples from conditional knock-out mice. 12 
A,B: Cre- TAM fetuses. C,D: Cre+ TAM fetuses. A,C: leucocytes (CD45+ cells) in live cells. B,D:  CX3CR1+ F4/80+ 13 
macrophages (CX3CR1+ Mϕ) and CX3CR1- F4/80+ macrophages (CX3CR1- Mϕ) in leukocytes. 14 
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Fig. S4. Adult macrophages induce EMT in human AECs. 15 
(A) Schematic showing how AECs were cultured alone or co-cultured with adult peritoneal macrophages (Mφ) in a 16 
separate compartment. Representative images from the wound healing scratch assay at 0 h and 96 h showing AECs 17 
cultured alone or co-cultured with Mφ (left). Bars, 200 µm. Dotted lines indicate the edge of the scratched area. 18 
Graph: the percent coverage of scratched area as a function of time. AECs alone (blue line) or co-cultured with Mφ 19 
(red line). n = 6 biological replicates in each group, 3 independent experiments. Right,  enlarged images to the left. 20 
Bars, 200 μm. (B) Schematic showing how AECs were cultured alone or mixed with Mφ. Representative images 21 
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from the wound-healing scratch assay at 0 and 48 h showing AECs alone or mixed with Mφ (left). Bars, 200 µm. 22 
Graph: the percent coverage of the scratched area as a function of time. n = 6 biological replicates in each group, 3 23 
independent experiments. (C-F) Representative immunofluorescence images for CD68 and vimentin (C), vimentin 24 
and E-cadherin (D), CK18 (E), N-cadherin (F) and DAPI. in scratched AECs (left) or AECs mixed with Mφ (right). 25 
Bars, 200 µm (C) and 50 µm (D-F). Graphs: the number of vimentin+ cells per total DAPI+ cells in the field (C) or 26 
N-cadherin+ cells per DAPI+ cells in the field (F). n = 9-12 biological replicates per group, 3 independent 27 
experiments. Graphs show means ± SD of the values obtained. n.s., not significant. *p < 0.05, **p < 0.01 using two-28 
tailed Mann-Whitney U test. 29 
  



 30 
Fig. S5. Co-culture of human AECs with fetal macrophages. 31 
(A, B, C) Schematic showing how fetal macrophages (fMφ) or AECs were cultured alone or the two cell types were 32 
co-cultured in separate compartment. (A, B) Quantitative PCR analysis of gene expression in AECs, fMφ or 33 
AECs+fMφ. n = 6 biological replicates in each group, 3 independent experiments. Graphs show means ± SD of the 34 
values obtained. n.s., not significant using two-tailed Mann-Whitney U test. (C) Representative immunoblots of 35 
TGF-β and β-actin in AECs or AECs+fMφ. Three independent experiments.  36 
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Fig. S6. Co-culture of human AECs with adult macrophages. 38 
(A-C) Schematic showing how adult peritoneal macrophages (Mφ) or AECs were cultured alone or the two cell 39 
types were co-cultured in separate compartment. (A, B) Quantitative PCR analysis of EMT-related gene expression 40 
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in Mφ (A) or AECs (B). n = 6 biological replicates, 3 independent experiments. (C) TGF-β1 concentration in the 41 
conditioned medium from AECs cultured alone, Mφ cultured alone, or both cell types co-cultured together. n = 6 42 
biological replicates, 3 independent experiments. Graphs show means ± SD of the values obtained. (D) 43 
Representative immunoblots of TGF-β and β-actin in AECs or AECs+Mφ. Three independent experiments. (E) 44 
Schematic of the migration assay using the TGF-β1 inhibitor SB431542 (10 μM). AECs were cultured alone, co-45 
cultured with Mφ, or co-cutured with Mφ and SB431542. Graph: the percent closure of migration assay at 12 and 24 46 
h. n = 6 biological replicates per group, 3 independent experiments. n.s., not significant, **p < 0.01. Two-tailed 47 
Mann-Whitney U test (A, B) or Kruskal-Wallis test followed by Dunn’s multiple comparison test (C, E). 48 
  49 



Table S1. Primary antibodies used in experiments. 50 
 51 

Immunohistochemistry      

Antibody Company No. RRID 
Antigen 
retrieval Concentration 

CD68 eBioscience 14-0688-80 AB_11151503 Sodium citrate 1/500 

CD86 
Cell 
signaling 91882 AB_2797422 Sodium citrate 1/200 

CD206 BioLegend 321101 AB_571922 Sodium citrate 1/100 
CX3CR1 eBioscience 14-6093-81 AB_467880 Sodium citrate 1/200 
F4/80 eBioscience 14-4801 AB_467558 Proteinase K 1/50 
Vimentin Dako M0725 AB_10013485 Sodium citrate 1/200 

E-cadherin 
Cell 
Signaling 14472 AB_2728770 Sodium citrate 1/100 

N-cadherin (for 
human) 

Cell 
Signaling 13116 AB_2687616 Tris/EDTA 1/125 

N-cadherin (for 
mouse) abcam ab76011 AB_1310479 Sodium citrate 1/300 
CK18 (for human) Biolegend 628402 AB_439770 Tris/EDTA 1/100 
CK18 (for mouse) Proteintech 10830-1 AB_2133164 Sodium citrate 1/300 
Ki67 eBioscience 14-5698-80 AB_10853185 Sodium citrate 1/100 
phosho-Smad3 Abcam ab52903 AB_882596 Tris/EDTA 1/200 
      
Immunocytochemistry      

Antibody Company No.  RRID 
Antigen 
retrieval Concentration 

CD68 eBioscience 14-0688-80 AB_11151503 N/A 1/500 
Vimentin Dako M0725 AB_10013485 N/A 1/200 
CK18 Proteintech 10830-1 AB_2133164 N/A 1/100 

N-cadherin 
Cell 
Signaling 13116 AB_2687616 N/A 1/200 

      
Immunoblots      

Antibody Company No.  RRID 
Antigen 
retrieval Concentration 

phosho-Smad3 Abcam ab52903 AB_882596 N/A 1/2000 

Smad3  
Cell 
Signaling 9523 AB_2193182 N/A 1/1000 

HDAC1 Proteintech 66085-1-Ig AB_11232033 N/A 1/20000 

TGF-β 
R&D 
systems MAB1835 AB_357931 N/A 1/500 

β-actin abcam ab8227 AB_2305186 N/A 1/1000 
 52 
 53 
RRID: Research Resource Identifiers   54 



 55 

Table S2. Primer sequences used for qPCR 56 

 57 
Mouse    

Gene Forward  Reverse 

Tgfb1 5'- AGCGCTCACTGCTCTTGTGA -3'  5'- GCTGATCCCGTTGATTTCCA -3' 

Tgfb2 5'- CCTTCGTGCCGTCTAATAATTACA -3'  5'- TGCCATCAATACCTGCAAATCT -3' 

Tgfb3 5'- CCACCGTGTTCTTCGACATTG -3'  5'- CGAAGTATCTGGAAGAGCTCAATTC -3' 

Csf1r 5'- CAGCAATGATGTTGGCACA -3'  5'- TCAAGTTTAAGTAGGCACTCTCCA -3' 

B2m 5'- CCGAGCCCAAGACCGTCTA -3'  5'- AACTGGATTTGTAATTAAGCAGGTTCA -3' 

    
Human    
TGFB1 5'- ACTACTACGCCAAGGAGGTCAC -3'  5'- TGCTTGAACTTGTCATAGATTTCG -3' 

TGFB2 5'- CAAAGGGTACAATGCCAACTT -3'  5'- GCAGATGCTTCTGGATTTATGG -3' 

TGFB3 5'- GCTGGAGGAGATGCATGG -3'  5'- TTAGGGCAGACAGCCAGTTC -3' 

CDH1 5'- TGGGCAGAGTGAATTTTGAAGA -3'  5'- TGAAACCGTAGAGGCCTTTTGA -3' 

CDH2 5'- GGTGGAGGAGAAGAAGACCAG -3'  5'- GGCATCAGGCTCCACAGT -3' 

VIM 5'-GGTTGATACCCACTCAAAAAGGA -3'  5'- TTCGTTGATAACCTGTCCATCTCTAG -3' 

SNAI1 5'- ATGCCGCGCTCTTTCCT -3'  5'- GCTGGAAGGTAAACTCTGGATTAGA -3' 

SNAI2 5'- CCATTCCACGCCCAGCTA -3'  5'- TCACTCGCCCCAAAGATGAG -3' 

ZEB1 5'- GCACTTCCAGAATTAAAGCACTATGA -3'  5'- AAACAGAGGACTCAGGCTTCTCA -3' 

ZEB2 5'- TTTTCCTGCCCTCTCTGTAGCT -3'  5'- GGTTAGCATTTGGTGCTGATCTG -3' 

GAPDH 5'- GGAGTCAACGGATTTGGTCGTA -3'  5'- CAACAATATCCACTTTACCAGAGTTA -3' 

    

    

    
 58 
  59 



 
Fig. 8G, Uncropped immunoblots, biological replicate #1 60 
  61 
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 62 
Fig. 8G, Uncropped immunoblots, biological replicate #1, continued 63 
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Fig. S5C, Uncropped immunoblots, biological replicate #1 65 
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 67 
Fig. S6D, Uncropped immunoblots, biological replicate #1 68 
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