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ABSTRACT
Impaired NK cell cytotoxic activity contributes to the local dysfunctional immune environment in
endometriosis (EMS), which is an estrogen-dependent gynecological disease that affects the function
of ectopic endometrial tissue clearance. The reason for the impaired cytotoxic activity of NK cells in an
ectopic lesion microenvironment (ELM) is largely unknown. In this study, we show that the macroauto-
phagy/autophagy level of endometrial stromal cells (ESCs) from EMS decreased under negative regula-
tion of estrogen. The ratio of peritoneal FCGR3− NK to FCGR3+ NK cells increases as EMS progresses.
Moreover, the autophagy suppression results in the downregulation of HCK (hematopoietic cellular
kinase) by inactivating STAT3 (signal transducer and activator of transcription 3), as well as the increased
secretion of the downstream molecules CXCL8/IL8 and IL23A by ESCs, and this increase induced the
upregulation of FCGR3− NK cells and decline of cytotoxic activity in ELM. This process is mediated
through the depression of microRNA MIR1185-1-3p, which is associated with the activation of the target
gene PTGS2 in NK cells. FCGR3− NK with a phenotype of PTGS2/COX2high IFNGlow PRF1low GZMBlow

induced by hck knockout (hck−/-) or 3-methyladenine (3-MA, an autophagy inhibitor)-stimulated ESCs
accelerates ESC’s growth both in vitro and in vivo. These results suggest that the estrogen-autophagy-
STAT3-HCK axis participates in the differentiation of PTGS2high IFNGlow PRF1low GZMBlow FCGR3− NK cells
in ELM and contributes to the development of EMS. This result provides a scientific basis for potential
therapeutic strategies to treat diseases related to impaired NK cell cytotoxic activity.

Abbreviations: anti-FCGR3: anti-FCGR3 with neutralizing antibody; Ctrl-ESC: untreated ESCs; CXCL8: C-X-
C motif chemokine ligand 8; ectoESC: ESCs from ectopic lesion; ELM: ectopic lesion microenvironment;
EMS: endometriosis; ESCs: endometrial stromal cells; eutoESC:eutopic ESCs; HCK: hematopoietic cellular
kinase; HCK(OE): overexpression of HCK; IFNG: interferon gamma; IL23A (OE): overexpression of IL23A;
KLRK1: Killer cell lectin like receptor K1; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3
beta; 3 -MA: 3-methyladenine; 3-MA-ESC: 3-MA-treated ESCs; MIR1185-1-3p+: overexpression of
HsMIR1185-1-3p; NK: natural killer; normESCs: normal ESCs; Rap-ESC:rapamycin-treated ESCs; PCNA:
proliferating cell nuclear antigen; PF: peritoneal fluid; SFKs: SRC family of cytoplasmic tyrosine kinases;
si-HCK: silencing of HCK; siIL23A: silencing of IL23A; USCs: uterus stromal cells.
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Introduction

Natural killer (NK) cells are important components of the
innate immune system and play a central role in the defense
against viral infections, as well as tumor surveillance [1]. The
effector functions of NK cells include cytotoxicity and produc-
tion of cytokines and chemokines. In humans, more than 90%
of the NK cells are NCAM1/CD56dimNK cells (in these cases,
‘bright’ and ‘dim’ are used to denote the relative expression of

NCAM1/CD56) in the peripheral blood that can induce apop-
tosis of virus-infected cells through the release of granzymes
and PRF1 or binding of ligands to their death receptors. This
subset of NK cells usually expresses high levels of the low-
affinity FCGR3 (Fc fragment of IgG receptor IIIa).
Engagement of FCGR3 is necessary for antibody-dependent
cell-mediated cytotoxicity (ADCC) and sufficient to induce
IFNG (interferon gamma) and TNF (tumor necrosis factor)
secretion in addition to chemokine secretion [2,3]. NK cell
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function is controlled by the integration of signals from various
activation and inhibitory receptors, which bind to components
of pathogens and tumoral antigens [4–6]. The most potent
activation receptors of NK cells are the ADCC-mediating mole-
cule FCGR3 and KLRK1/NKG2D (killer cell lectin like receptor
K1) [3–6]. Moreover, NK cells mediate ‘natural cytotoxicity’
through a set of activating natural cytotoxicity receptors, e.g.
NCR1/NKp46 (natural cytotoxicity triggering receptor 1),
NCR2/NKp44, and NCR3/NKp30, which recognize their
ligands in tumor or virus-infected cells [3,4,7]. In contrast,
NCAM1bright FCGR3− NK cells are poorly cytotoxic and are
major cytokine producers that respond to cytokines, such as
IL12, IL18, or IL15. Although this subset of NK cells constitutes
the minority of peripheral blood NK cells, it is primarily in
secondary lymphoid organs or other tissues [2,3].
Accumulating evidence indicates that the imbalance of
NCAM1dim FCGR3+ NK and NCAM1bright FCGR3− NK ratio
and impairment of NK cells cytotoxic activity are associated
with several physiological and pathological processes, including
normal pregnancy, infectious diseases, malignancies, and endo-
metriosis (EMS). However, the mechanisms for the imbalance
of NK cell subsets and the impaired cytotoxic activity remain
largely unclear in the local tissue and organ microenvironment.

Under the influence of various factors, shed endometrial-
like tissue in retrograde menstruation reaches the peritoneal
cavity, adheres to endoabdominal structures, proliferates and
implants to form ectopic lesions that lead to dysmenorrhea,
chronic pelvic pain and infertility, which is referred to as EMS
[8]. Although the majority of women have retrograde men-
struation during their reproductive years, only about one in
ten women develop EMS. Therefore, the pathogenesis of EMS
still remains controversial despite extensive research. Today,
EMS is considered to be an estrogen-dependent benign dis-
ease with malignancy-like behavior (e.g. unrestrained prolif-
eration, decreased apoptosis and aggressive invasion as well as
the potential for recurrence). A large body of evidence sug-
gests that immune system alterations play critical roles in the
initiation and progression of this enigmatic disorder in addi-
tion to hormonal and intrinsic abnormalities of the endome-
trium [9,10].

The distorted immune response against endometrial cells is
responsible for the poor response to treatment, and poor
clearance of the ectopic endometrium. Several studies have
shown that the levels of activated macrophages, T cells, B
cells, and inflammatory cytokines are increased in women
with EMS [9–11]. Specifically, reductions in NK cell cytotoxi-
city (such as low levels of GZMB, PRF1, TRAIL, and LAMP1/
CD107a) have been observed in the peritoneal fluid (PF) of
patients with EMS [12,13]. Moreover, the levels of most cell-
activating receptors decreased when NK cells are downregu-
lated, whereas the levels of most inhibitory receptors are
upregulated. However, the underlying mechanisms remain
unknown.

MicroRNAs are small, non-coding RNAs that regulate
target genes though degradation or the inhibition of post-
transcriptional gene expression [14]. Recently, the role of
microRNAs in the management of NK cell developmental
and functional programs have been suggested [15–17].
MIR1185–1-3p (accession number: MIMAT0022838;

miRBase ID: hsa-miR-1185-1-3p) was identified in mamma-
lian genomes in 2008 [18]. It has been reported that MIR1185
can induce endothelial cell apoptosis by targeting UVRAG
(UV radiation resistance associated gene) and KRIT1 (krev1
interaction trapped gene 1) [19], and promotes arterial stiff-
ness by modulating VCAM1 (vascular cell adhesion molecule
1) and SELE/selectin E expression [20]. However, expression
and function of MIR1185-1-3p in NK cells is still unclear.

Of note, autophagy has been linked to various pathophy-
siological processes, including tumorigenesis [21], develop-
ment [21], cell death [21], and immunity [22]. Our previous
study shows that the autophagy of ectopic endometrial stro-
mal cells (ESCs) is significantly decreased, and this status is
possibly mediated by the estrogen-SDF1/CXCL12-CXCR4
axis [23]. However, whether and how the change in the
autophagy level of ESC is associated with the functional
defects and impaired cytotoxicity of NK cells in PF from
EMS are still unknown.

Therefore, the aim of this study was to investigate whether
ESC autophagy regulates the balance of FCGR3+ NK to
FCGR3− NK cells, as well as the levels of cytotoxicity-related
molecules in the endometriotic milieu, and to explore the
effects of these ESCs (abnormal autophagy)-educated NK
cells on the growth of ectopic ESCs and lesions in vitro and
in vivo.

Results

The low cytotoxic FCGR3− NK cells increase in ELM with
disease progression

To investigate the change pattern of the NK cell ratio and
phenotype with disease progression, we first collected the PF
from women with or without EMS. As shown in Figure 1, the
percentage of NCAM1+ NK cells in PTPRC/CD45+ total leu-
kocytes of PF increased from patients in the stage I-II disease,
whereas it further declined in patients with stage III-IV dis-
ease (Figure 1(a,b). The decrease in the advanced-stage
patients possibly resulted from the sharp rise in macrophages
(the highest population, ~ 60%) [24], and regulatory T cells
[25,26]. In contrast, the ratio of FCGR3− NK to FCGR3+ NK
cells (FCGR3−:FCGR3+ NK) declined in the early stages and
then peaked in patients with advanced EMS (Figure 1(a,c)).
These results indicated the dominant subset of NK cells is
FCGR3+ NK in the initial stage of this disease. However, such
an advantage tends to favor FCGR3− NK during the advanced
stage.

Compared with normal ESCs (normESCs), ESCs from
ectopic lesions (ectoESCs) of patients with stage III-IV disease
expressed lower levels of activating NK cell ligands HLA-E
and PVR/CD155 (Figure 1(d)). ESCs led to the elevation of
LAMP1 on NK cells, especially normESCs (Figure 1(e)).
Compared with ectoESCs, NK cells displayed a more powerful
cytotoxic activity in response to normESCs (Figure 1(f)). After
coculture with ectoESC, the level of LAMP1 on FCGR3+ NK
cells was higher than that on FCGR3− NK cells (Figure 1(g)).
These results above suggest that the decrease of cytotoxic
activity of NK cells in PF should be closely related to
ectoESC, and FCGR3+ NK cells preferentially degranulate in
response to ectoESC.
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Figure 1. The low cytotoxic FCGR3− NK cells increase in ELM with disease progression. (a-c) The percentage and the ratio of FCGR3−:FCGR3+ NK cells in PF from
women with or without EMS were analyzed by FCM (one-way ANOVA). (d) The expression of HLA-E, MICA/B and PVR on normESCs (n = 6) and ectoESCs (n = 6) was
detected by FCM (Student t test). (e) After coculture with normESCs or ectoESCs for 48 h, the expression of LAMP1 on NK cells (n = 6) was detected by FCM (one-way
ANOVA). (f) NK cells (n = 6) were cocultured with normESCs or ectoESCs for the cytotoxicity assay at different T/E (target cells:effector cells) ratios (1:100, 1:10, 1:1, 3:1
or 10:1) for 4 h (Student t test). (g) After coculture with ectoESCs for 48 h, the expression of LAMP1 on FCGR3+ NK cells and FCGR3− NK cells (n = 6) was analyzed by
FCM (Student t test). Ctrl, PF from women without endometriosis (n = 10); EMS (I-II), PF from women with endometriosis were in early stages (stage I and II, n = 10);
EMS (III-IV), PF from women with endometriosis were in advanced stages (stage III and IV, n = 10). normESC, normal ESCs from healthy women; ectoESC, ectopic ESCs
from women with EMS. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. NS, no statistical difference.
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The low autophagy of ESCs leads to a high level of
FCGR3− NK cells in ELM

Before analyzing the relationship between ESCs and the accu-
mulation of FCGR3− NK cells, we observed that the autop-
hagy-related molecules MAP1LC3B/LC3B (microtubule-
associated protein 1 light chain 3 beta) and BECN1/Beclin 1
of ectoESCs were significantly decreased compared to
normESCs (Figure 2(a)), and stimulation with 17-β estradiol
also markedly led to the suppression of autophagy grade
(Figure 2(b)). Then we established a coculture system to
mimic the microenvironment of the peritoneal cavity and
detected the ratio of FCGR3− NK cells from peripheral
blood when the cells were cultured alone or cocultured with
3-methyladenine (3-MA, an autophagy inhibitor)-treated
ESCs (3-MA-ESC), rapamycin (an autophagy inducer)-treated
ESCs (Rap-ESC), or untreated, control ESCs (Ctrl-ESC). After
coculture with ESC, the ratio of FCGR3− NK cells and the
levels of KIR2DL1 and KIR3DL1 perceptibly increased, but
NCR3, NCR2, IFNG, PRF1 and GZMB of NK cells signifi-
cantly decreased (Figure 2(c,d and Fig. S1). The treatments
with 3-MA-ESC and Rap-ESC further enhanced and restricted
these effects, respectively (Figure 2(c,d) and Fig. S1).
Coculturing with ATG5-silenced ESCs (siATG5-ESC) also
led to a higher ratio of FCGR3− NK cells and a less cytotoxic
activity compared with control ESCs (NC-ESC) (Figure 2
(e-g).

To further explore the reasons of FCGR3− NK cells accu-
mulation, as depicted in Figure 3A, PKH26-labeled FCGR3+

NK and PKH67-labled FCGR3− NK cells were mixed and
further cocultured with NC-ESC or siATG5-ESC for 48 h.
As shown, there was no different of PKH67+ NK cells pro-
liferation (Figure 3(b)) and dead PKH26+ NK cells (Figure 3
(c,d)) between NC-ESC culture group and siATG5-ESC cul-
ture group. However, there was a subset of FCGR3− PKH26+

NK cells after coculture with NC-ESC or siATG5-ESC
(Figure 3(c,e)), suggesting ESCs can trigger the differentiation
of PKH26+ FCGR3− NK from PKH26+ FCGR3+ NK.
Moreover, the ratio of FCGR3− PKH26+ NK cells in group
of culture with siATG5-ESC was higher than that of culture
with NC-ESC (Figure 3(c,e)). These data above suggest that
the low autophagy of ESC led to more differentiation of
FCGR3− NK cells from FCGR3+ NK cells in vitro.

Additionally, intraperitoneal injection with 3-MA showed
an increased weight of ectopic lesion (Figure 3(f,g)) as well as
a high level of FCGR3− NK in PF in a mouse EMS model
(Figure 3(h,i)). Taken together, these data suggest that the
suppression of the autophagy level in ectoESCs possibly
mediated by high estrogen plays a crucial role in the regula-
tion of FCGR3− NK differentiation and the growth of ectopic
lesions.

The suppression of ESC autophagy upregulates FCGR3−

NK cells by downregulation of HCK

To investigate the potential effect of ESCs autophagy on
FCGR3− NK cells, a proteomic microarray was performed to
evaluate the differential proteins of cell lysates and super-
natants between Ctrl-ESC and 3-MA-ESC (Figure 4(a,b)).

Furthermore, based on the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (http://www.genome.jp/
kegg), we obtained the highest relationship between the cen-
trality of differential expressions of proteins (non-cytokines)
and their interacting partners of NK-function molecules (e.g.
FCGR3, KIR2DL1, KIR3DL1, NCR3, NCR2, NCR1, KLRK1,
IFNG, PRF1 and GZMB) in the autophagy-NK cell signaling
pathway. Then some proteins (such as HCK, hematopoietic
cell kinase) came to our attention (Figure 4(a) right and 4B
right). HCK is a member of the SFKs (SRC family of cyto-
plasmic tyrosine kinases) and is mainly expressed in cells of
the myeloid and B-lymphocyte cell lineages [27]. Compared
to normESC, and eutopic ESCs (eutoESC), HCK expression in
ectoESC was significantly decreased, which was consistent
with the autophagy level of these ESCs (Figure 4(c)). As
autophagy regulators, both 3-MA and rapamycin regulated
the expression of HCK in ESCs and lesions in vitro and in
vivo (Figure 4(d,e)). Similarly, siATG5-ESC had low levels of
autophagy (low level of ATG5, BECN1, LC3B and high level
of SQSTM1/p62) and HCK compared with NC-ESC
(Figure 4F,G), which suggests the low level of autophagy in
ectoESCs leads to a decrease in HCK.

It has been reported that there is a close link between
autophagy, STAT3 (signal transducer and activator of tran-
scription 3) and HCK [28–31]. Therefore, we further investi-
gated the mechanism of autophagy on HCK protein level. As
shown, silencing ATG5 led to the decrease of autophagy, HCK
expression and STAT3 phosphorylation in ESCs (Figure 4(f to
i). In addition, the upregulation of HCK induced by rapamy-
cin was partly inhibited by a selective STAT3 inhibitor (HO-
3867) (Figure 4(j)). These data suggest that autophagy upre-
gulates the expression of HCK by activation of STAT3.

Further analysis showed that silencing of HCK (siHCK)
and overexpression of HCK (HCK [OE]) (Fig. S2) amplified
and impaired the stimulatory effects of ESCs on FCGR3− NK
differentiation and expression of functional molecules
(KIR2DL1, KIR3DL1, NCR3, NCR2, IFNG, PRF1 and
GZMB), respectively (Figure 5(a,b) and Fig. S3).
Subsequently, an endometrial fragment from the hck knock-
out (KO) mouse (hck−/-) was injected intraperitoneally into a
wild-type mouse (WT) for constructing a hck special KO-EMS
mouse model (Figure 5(c). Consistent with 3-MA, the absence
of HCK gave rise to the upregulation of the MKI67/Ki-67
level and the weight of mouse ectopic lesions (Figure 5(d)),
which suggests the low autophagy and HCK levels result in
the growth of ectopic lesions. In addition, the ratio of FCGR3−

NK cells significantly increased, but PRF1+, GZMB+ and
IFNG+ NK cells were decreased in hck−/- EMS mice
(Figure 5(e,f). These data above suggest that the downregula-
tion of autophagy and HCK in ESCs increases the ratio of
FCGR3− NK cells in ELM.

The HCK-CXCL8/IL8-IL23A signal axis of ESCs regulates
FCGR3− NK cell differentiation

According to the differential expression of cytokines (the
differential fold >10 in ESC lysate and supernatants)
(Figure 6(a,b)) and KEGG database-derived signal net analy-
sis, differentially expressed cytokines IL1A, CXCL8 and IL23A
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Figure 2. The low autophagy of ESCs leads to the high level of FCGR3− NK cells in vitro. (a) The expression of LC3B and BECN1 in normESC (n = 6) and ectoESC
(n = 6) was analyzed by western blotting. (b) The expression of LC3B and BECN1 in normal ESC (n = 6) treated with or without 17β-estrogen (10−8 M) was analyzed
by western blotting. (c,d) After coculture with Ctrl-ESC, 3-MA-ESC or Rap-ESC for 48 h, the ratio of FCGR3−:FCGR3+ NK cells (n = 6) was analyzed by FCM (one-way
ANOVA). (e) The ATG5 mRNA levels in NC-ESC and siATG5-ESC by RT-PCR (Student t test). (f) After coculture with NC-ESC and siATG5-ESC for 48 h, the ratio of FCGR3−:
FCGR3+ NK cells (n = 6) was analyzed by FCM (Student t test). (g) NK cells (n = 6) were cocultured with NC-ESC or siATG5-ESC for the cytotoxicity assay at different T/
E ratios (1:100, 1:10, 1:1, 3:1 or 10:1) for 4 h (Student t test). E2, 17β-estrogen; Ctrl-ESC, normal ESCs; 3-MA-ESC, normal ESCs pretreated with 3-MA (10 mM) for 4 h;
Rap-ESC, normal ESCs pretreated with rapamycin (1 mM) for 4 h. NC-ESC, Control ESCs transfected with control lentivirus; siATG5-ESC, ATG5-silenced ESCs transfected
with ATG5 lentivirus. Data are expressed as the mean± SEM. **P < 0.01 and ***P < 0.001. NS, no statistical difference.
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Figure 3. The low autophagy of ESCs triggers more differentiation of FCGR3− NK cells from FCGR3+ NK cells. (a,e) FCGR3+NK and FCGR3− NK cells were sorting from
peripheral blood NK cells, and then labeling with PKH26 and PKH67, respectively. Then, PKH26-FCGR3+ NK and PKH67-FCGR3− NK cells (n = 6) were mixed and
further cocultured with NC-ESC and siATG5-ESC (a). After 48 h, the positive ratio and MIF of MKI67 in PKH67+ NK cells (b), Zombie Aqua+ dead PKH26+ NK (c,d), and
the differentiation of PKH26-FCGR3+ NK to PKH26-FCGR3− NK cells (c,e) were analyzed by FCM (Student t test). (f,g) The size and weight of EMS-like lesions from the
EMS mouse model treated with vehicle, 3-MA (100 mg/kg/d) or Rap (100 mg/kg/d) (n = 6 mice/group) were measured (one-way ANOVA). (h,i) The C57BL/6 EMS
mouse model was constructed, and treated with vehicle, 3-MA (100 mg/kg/d) or rapamycin (Rap, 100 mg/kg/d) (n = 6 mice/group) on day 3 and day 10 after
surgery. Then the ratio of FCGR3−:FCGR3+ NK cells in PF was analyzed by FCM (one-way ANOVA). Data are expressed as the mean± SEM. **P < 0.05, **P < 0.01 and
***P < 0.001. NS, no statistical difference.
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were predicted to be downstream of HCK (Figure 6(c)). HCK
(OE) or siHCK as well as stimulation with rapamycin or 3-
MA resulted in the decrease and increase of CXCL8 and
IL23A levels respectively, from ESCs in vitro, not IL1A

(Figure 6(d) and Fig. S4A). Compared to the control group,
the level of IL23A was elevated in ectopic lesions or PF from a
hck−/- EMS mouse or 3-MA treatment group (Figure 6(e) and
Fig. S4B). These results indicate that the low level of

Figure 4. ESC autophagy upregulates expression of HCK by activating STAT3 signaling pathway. (a,b) The proteomic microarray was performed to evaluate the
different proteins of cell lysate (A, left) and supernatant (B, left) between Ctrl-ESC and 3-MA-ESC. KEGG database-derived bioinformatics analysis was used to look for
the differential expressions of proteins (non-cytokines) (A and B, right), which has the relationship with NK function molecules (FCGR3, KIR2DL1, KIR3DL1, NCR3,
NCR2, NCR1, KLRK1, IFNG, PRF1 and GZMB). (c) The expression of HCK in normESC (n = 6), eutoESC (n = 6) and ectoESC (n = 6) was analyzed by western blotting. (d)
The expression of HCK in Ctrl-ESC (n = 6), 3-MA-ESC (n = 6) or Rap-ESC (n = 6) was analyzed by western blotting. (e) The C57BL/6 EMS mice were treated with
vehicle, 3-MA or Rap (n = 6 mice/group) on day 3 and day 10 after surgery. Then the transcriptional level of Map1lc3b, Becn1 and Hck in EMS-like lesions was
detected by RT-PCR (one-way ANOVA). (f,g) NC-ESC and siATG5-ESC were stimulated with Rap (1 mM) for 4 h, and then cultured for another 12, 24, or 48 h, and the
protein level of ATG5, BECN1, SQSTM1, LC3B and HCK, and the mRNA level of HCK was detected by western blotting and real-time PCR. (h,i) NC-ESC and siATG5-ESC
were stimulated with Rap (1 mM) for 4 h, and then cultured for another 6, 12, or 24 h, and the level of phosphorylated and total STAT3 was analyzed by FCM. (j) Ctrl-
ESC was treated with Rap (1 mM) for 4 h, and incubated with the selective inhibitor of STAT3 (HO-3867, 10 μM) for another 4 h, and then the mRNA level of HCK was
analyzed by real-time PCR. eutoESC, ESCs of eutopic endometrium from women with EMS. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.001.
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Figure 5. Hck downregulates FCGR3− NK cells. (a,b) The ratio of FCGR3−:FCGR3+ NK cells were analyzed after coculture with or without NC-ESC, HCK (OE)-ESC or
siHCK-ESC by FCM (Student t test). (c) The endometrial fragment from Hck knockout (KO) mice (hck−/-) was intraperitoneally injected to wild-type mice (WT) for
contrast with a hck special KO-EMS mouse model. (d) The level of MKI67 in USCs (left), and the weight of EMS-like lesions (right) from WT and hck−/- (n = 6 mice/
group) EMS mice by FCM (Student t test). (e,f) The levels of PRF1+ NK, GZMB+ NK and IFNG+ NK cells were analyzed in PF from WT (n = 9 mice/group) and hck−/-

(n = 10 mice/group) EMS mice by FCM (Student t test). NC-ESC, control ESCs transfected with GV230-vector plasmid; HCK (OE), HCK-overexpressing ESCs transfected
with the GV230-HCK plasmid; WT: EMS mice (donor mice, WT mice); hck−/-, hck special KO-EMS mice (donor mice, hck−/- mice); USCs, mouse uterus stromal cells. Data
are expressed as the mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.001.
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autophagy and HCK signaling stimulates the secretion of
CXCL8 and IL23A by ESCs.

Based on KEGG database-derived bioinformatics analysis
about the relationship between HCK, downstream cytokines
(CXCL8, IL23A and IL1A), and Fc receptors FCGR3A and
FCGR3B (Figure 7(a)), we next sought to confirm these
relationships. As shown, recombinant human CXCL8 pro-
tein and IL23A overexpression (IL23A (OE), and neutrali-
zation antibodies for CXCL8/IL8 (anti-CXCL8) and siIL23A
reversed the roles of HCK (OE) and siHCK in the regula-
tion of FCGR3− NK differentiation and expression of func-
tional molecules (e.g. IFNG, PRF1 and GZMB) in a
coculture system, respectively (Figure 7(b) and Fig. S3).
Blocking IL23A led to the decreased weight of ectopic
lesions in EMS mice (Figure 7(c,d)). Of note, both PF and
ESCs from EMS (stage III-IV) had higher level of CXCL8
and IL23A compared with healthy controls (Figure 7(e,f).
Collectively, these data suggest that the HCK-CXCL8-IL23A
signal axis of ESCs is involved in regulating FCGR3− NK
differentiation and cytotoxicity.

The FCGR3− NK cell differentiation in ELM is negatively
regulated by MIR1185-1-3p

A variety of microRNAs have been found to be involved in
the regulation of NK cell differentiation, maturation, and
function, such as Mir155 [16], and MIR150/Mir150 [17].
However, the key microRNA and target genes for regulat-
ing the differentiation of FCGR3− NK cells remain largely
unknown. Therefore, microRNA 4.0 and Human
Transcriptome Array (HTA 2.0) microarrays were per-
formed to analyze the differential miRNAs and genes in
NK cells cocultured with Ctrl-ESC and 3-MA-ESC. Among
these differential miRNAs (Figure 8(a)), the changes in 9
MIRs were beyond 3-fold. Further experiments confirmed
that 3-MA-ESC or siHCK-ESC only decreased the level of
MIR1185-1-3p in cocultured NK cells (Figure 8(b)). In
contrast, MIR1185-1-3p in NK cells was perceptibly upre-
gulated after the cells were cocultured with rapamycin-sti-
mulated-ESCs (Rap-ESC) or HCK (OE)-ESC (Figure 8(b)).
Meanwhile, CXCL8 and IL23A downregulated the
MIR1185-1-3p level of NK cells in the coculture system
(Figure 8(c,d)). Compared with healthy controls, NK cells
in PF from EMS had a low level of MIR1185-1-3p
(Figure 8(e)).

We then investigated the role of MIR1185-1-3p in
FCGR3− NK differentiation and molecule expression in
MIR1185-1-3p overexpressing (MIR1185-1-3p+) or control
(NC) NK cells (Fig. S5A) that were cocultured with
normESCs. Compared to the NC group, NK cells in
MIR1185-1-3p+ group had less FCGR3, PRF1, GZMB and
IFNG (Figure 8(f,g) and Fig. S5B). In addition, overexpres-
sion of MIR1185-1-3p partly abrogated the effect of 3-MA-
ESC on FCGR3− NK differentiation and functional mole-
cules (Fig. S5B). Collectively, these results suggest that
MIR1185-1-3p regulated by autophagy and the HCK level
in ESCs should be an important suppressor for FCGR3−

PRF1low GZMBlow IFNGlow NK differentiation.

The PTGS2 targeted by Mir1185-1-3p upregulates
FCGR3− NK cells

We only found an intersection gene (PTGS2) based on the
intersection analysis between differential genes in NK cells
(coculture with Ctrl-ESC or 3-MA-ESC) and predicted target
genes (i.e. EGR2, EREG and PTGS2) of MIR1185-1-3p
(Figure 9(a,b). Meanwhile, the results of bioinformatics ana-
lysis (KEGG database-derived Signal net) told us that PTGS2/
COX-2/COX2 was predicted as downstream of FCGR3/FcγR3
and was associated with CXCL8 and IL23A (Figure 9(c)). As
shown, MIR1185-1-3p could target to regulate the transcrip-
tion of PTGS2 (Figure 9(d,e)). Subsequently, we observed that
MIR1185-1-3p+ suppressed the PTGS2 level in NK cells
(Figure 9(f,g) and partly abolished the stimulatory effects of
siHCK-ESC and 3-MA-ESC on PTGS2 expression in NK cells
(Figure 9(f,g). In addition, PTGS2+ NK cells in PF of hck−/-

EMS mice were significantly higher compared to WT EMS
mouse cells (Figure 9(h)). Blocking IL23A decreased the ratio
of PTGS2+ NK cells and FCGR3− NK cells in PF of the mouse
EMS model (Fig. S6). Overall, these data indicate that the
autophagy and HCK signaling of ESCs is involved in regulat-
ing the PTGS2 level in NK cells by MIR1185-1-3p.

Prior to the confirmation test about the role of PTGS2 in
FCGR3− NK cell production, we analyzed the phenotype
between PTGS2+ NK cells and PTGS2− NK cells in PF of
WT EMS mice. As shown, PTGS2+ NK cells poorly expressed
FCGR3, PRF1 and IFNG compared with PTGS2− NK cells
(Figure 10(a)). Additionally, there were more FCGR3+ PRF1+

GZMB+ IFNG+ NK cells in PF and the uterus of ptgs2−/- mice
(Figure 10(b-d) and Fig. S7A).

PTGS2+ FCGR3− NK cells present low levels of PRF1,
GZMB and IFNG

Interestingly, blocking FCGR3 with a neutralizing antibody
(anti-FCGR3) led to an increase of PTGS2 in NK cells cocul-
tured with ESCs (Figure 11(a)), and the results of fcgr3−/- mice
(Figure 11(b,c) and Fig.S7B) echoed this phenomenon. In
contrast to ptgs2−/- mice, the PF and uterus of fcgr3−/- mice
presented fewer PRF1+GZMB+ IFNG+ NK cells (Figure 11(d
and Fig. S7B to e). Intraperitoneal injection with anti-FCGR3
and celecoxib (a PTGS2-specific inhibitor) led to completely
opposite effects on PTGS2, GZMB and IFNG in NK cells
(Figure 11(e,f). In addition, the ratio of PTGS2+ FCGR3− to
PTGS2− FCGR3+ NK cells in PF from EMS was significantly
increased (Figure 11(g,h)), and PTGS2+ FCGR3− NK cells had
lower level of PRF1, GZMB and IFNG (Fig. S8A,B).
Therefore, it can be concluded that PTGS2 triggers
FCGR3−PRFlow GZMBlow IFNGlow NK differentiation, and
there is a negative feedback regulation loop between PTGS2
and FCGR3 in NK cells, which may be important for home-
ostasis regulation of NK cell differentiation and function.

The ptgs2high FCGR3− NK cells accelerate the growth of
ectopic lesions and progression of EMS

Our previous work shows that IL10 [24,25] and TGFB [258]
can promote the growth and invasion of ESCs in EMS. Owing

1384 J. MEI ET AL.



Figure 6. The low level of autophagy and HCK signaling stimulates the secretion of CXCL8 and IL23A by ESCs. (a,b) The differential expressions of cytokines (the
differential fold > 10) in ESC lysate (a) and supernatants (b) by the proteomic microarray. (c) The differentially expressed cytokines IL1A, CXCL8 and IL23A were
predicted as the downstream of HCK, according to KEGG database-derived signal net analysis. (d) The secretion levels of CXCL8, IL1A and IL23A from mock ESC
(n = 6), HCK (OE)-ESC (n = 6), NC-ESC (n = 6) and siHCK-ESC (n = 6) were evaluated by ELISA (Student t test). (e) The levels of IL23A were evaluated in USCs of EMS-
like lesions from WT (n = 6 mice/group) and hck−/- (n = 6 mice/group) EMS mice by FCM. (Student t test) mock, control ESCs transfected with GV230-vector plasmid;
HCK (OE), HCK-overexpressing ESCs transfected with the GV230-HCK plasmid; Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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to the higher level of IL10 and TGFB in PTGS2+ FCGR3− NK
cells (Figure 12(a,b), we next investigate the feedback effect of
PTGS2high FCGR3− NK cells (as the downstream product of
autophagy and HCK signaling) on ESCs biological behaviors,
we collected NK cells from fcgr3−/- or ptgs2−/- mice and found
that fcgr3−/- NK cells stimulated and restricted the viability
and apoptosis of mouse uterus stromal cells (USCs) in vitro.
However, the effects of ptgs2−/- NK cells were diametrically
opposed (Figure 12(c,d). In vivo trials further verified these
results because blocking FCGR3 and PTGS2 led to high and
low levels of BIRC5/survivin (baculoviral IAP repeat contain-
ing 5) and PCNA (proliferating cell nuclear antigen) and
weight of ectopic lesions, respectively (Figure 12(e-g).
Compared with NK cells from WT mice, NK cells from ptgs2-
−/- mice decreased the weight of ectopic lesions in NK-
depleted EMS mice (Figure 12(h,i), suggesting that PTGS2+

NK cells promote the growth of ectopic lesions in vivo. Taken
together, when driven by an impaired autophagy and HCK

signaling, PTGS2high FCGR3− NK cells, in turn, promote the
growth of ectopic lesions and development of EMS.

Discussion

Autophagy affects various physiological and pathological pro-
cesses, including cell death, development, immunity, and tumor-
igenesis. As a double-edged sword, autophagy has both tumor-
suppressive and tumor-promoting functions in tumorigenesis
and metastasis [32]. Autophagy has also been recognized as an
effector and regulator of innate and adaptive immunity, and
there is a broad variety of studies that have focused on its role
in the response against intracellular pathogens [33]. However,
the role and mechanism of non-immune cell autophagy in
regulation of immune cell differentiation and function are
almost unknown. We found in this study that there was a low
autophagy level of ESCs in ectopic lesions from patients with
EMS, and this abnormality is associated with a local high

Figure 7. The HCK-CXCL8-IL23A signal axis of ESCs regulates FCGR3− NK cells differentiation. (a) KEGG database-derived bioinformatics analysis about the relationship
between HCK downstream cytokines (CXCL8, IL23A and IL1A), Fc receptors FCGR3A and FCGR3B. (b) (left) After coculture with Ctrl-ESC, HCK (OE)-ESC, CXCL8 protein
(100ng/ml) and/or IL23A (OE)-ESC for 48 h; (right) After coculture with Ctrl-ESC, siHCK-ESC, anti-CXCL8 (2 ug/ml) and/or siIL23A-ESC for 48 h, the ratio of FCGR3−:
FCGR3+ NK cells (n = 6, right) were analyzed by FCM (one-way ANOVA). (c,d) The weights of EMS-like lesions from C57BL/6 EMS mice (n = 8 mice/group) were
counted after treatment with or without intraperitoneal injection of anti-mouse IL23A neutralizing antibody (anti-IL23A, 0.1 mg/kg/d) on day 3 and day 10 (Student t
test). (e,f) The concentration of CXCL8 and IL23A in PF from healthy control (n = 20) and EMS patients (stage III and IV, n = 20), supernatants of ESCs from healthy
control (n = 10) and EMS patients (stage III and IV, n = 10) were detected by ELISA (Student t test). CXCL8, recombinant human CXCL8 protein; anti-CXCL8, anti-
human CXCL8 neutralizing antibody. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01and ***P < 0.001 (compared to Ctrl-ESC); #P < 0.05 and ###P < 0.001
(compared to HCK (OE)-ESC or siHCK-ESC group).
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Figure 8. The FCGR3− NK cell differentiation in ELM is negatively regulated by MIR1185–1-3p. (a) The differential MicroRNAs (> 3-fold) in NK cells cocultured with Ctrl-
ESC and 3-MA-ESC by microRNA 4.0 array. (b) The transcriptional levels of HsMIR1185-1-3p in NK cells (n = 6) were detected by RT-PCR, after coculture with Ctrl-ESC,
3-MA-ESC or Rap-ESC. In addition, the transcriptional levels of HsMIR1185-1-3p in NK cells (n = 6) cocultured with NC-ESC, HCK (OE)-ESC or siHCK-ESC were detected by
RT-PCR (Student t test). (c,d) After coculture with Ctrl-ESC, IL23A (OE)-ESC, Ctrl-ESC plus CXCL8 protein (100 ng/ml) or IL23A (OE)-ESC plus CXCL8 protein (100 ng/ml),
Ctrl-ESC, siIL23A-ESC, Ctrl-ESC plus anti-CXCL8 (2 µg/ml), or siIL23A-ESC plus anti-CXCL8 (2 µg/ml) for 48 h, the transcriptional levels of HsMIR1185-1-3p in NK cells
(n = 6) were detected by RT-PCR (one-way ANOVA). (e) The transcriptional levels of HsMIR1185-1-3p in NK cells from healthy control (n = 6) and EMS patients (stage III
and IV, n = 6) were detected by RT-PCR (Student t test). (f,g) FCM analysis of FCGR3, PRF1, GZMB and IFNG in NC NK cells (n = 6) and MIR1185-1-3p+ NK cells (n = 6)
after coculture with normal ESCs (Student t test). NC, Ctrl NK cells transfected with control miRNA lentivirus; MIR1185-1-3p+, HsMIR1185-1-3p-overexpressing NK cells
transfected with Mir-1185-1-3p mimic lentivirus. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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concentration of estrogen. Interestingly, the decrease in autop-
hagy promoted FCGR3− NK cells differentiation and impaired
NK cell cytotoxicity (such as low levels of LAMP1, GZMB, PRF1,
and IFNG) induced by ESCs, which was mediated by HCK.

HCK is a member of the highly conserved Src-family of
cytoplasmic protein tyrosine kinases (SRC, FYN, YES, LCK,

HCK, FGR, LYN, and BLK) that transduce a variety of extra-
cellular signals, which ultimately affects cellular processes
such as proliferation, migration and differentiation [34].
HCK is specifically expressed in myeloid cells, such as neu-
trophils, eosinophils, monocytes and macrophages and den-
dritic cells (DCs), which are considered as key regulators for

Figure 9. The autophagy and HCK signaling of ESCs are involved in regulating the PTGS2 level in NK cells by MIR1185-1-3p. . (a) The NK function-related genes in NK
cells cocultured with Ctrl-ESC and 3-MA-ESC by Human Gene 2.0 ST Array. (b) The intersection analysis between differential genes in NK cells (coculture with Ctrl-ESC
or 3-MA-ESC) and predicted target genes (i.e. EGR2, EREG and PTGS2) of MIR1185-1-3p. (c) The bioinformatics analysis (KEGG database-derived Signal net) about the
relationship between PTGS2 (COX-2), FCGR3, CXCL8 and IL23A. (d,e) The relative luciferase activity of PTGS2 in HEK-293T cells was analyzed by a dual luciferase
reporter assay, after cotransfection with plasmids (NC, MIR1185-1-3p mimics, MIR1185-1-3p inhibitor) and luciferase reporter plasmids (PTGS2-Luc [WT], PTGS2
mutation-Luc [MUT]) (Student t test). (f) FCM analysis of PTGS2 level in NC NK cells (n = 6) and MIR1185-1-3p + NK cells (n = 6) after coculture with Ctrl-ESC or siHCK-
ESC (one-way ANOVA). (g) FCM analysis of PTGS2 level in NC NK cells (n = 6) and MIR1185-1-3p +NK cells (n = 6) after coculture with NC ESC or 3-MA-ESC (one-way
ANOVA). (h) FCM analysis of PTGS2 level in NK cells of PF from WT (n = 9 mice/group) and hck−/- (n = 10 mice/group) EMS mice by FCM (Student t test). MIR1185-1-
3p mimics, HsMIR1185-1-3p mimics; MIR1185-1-3p inhibitor, HsMIR1185-1-3p inhibitor. Data are expressed as the mean± SEM. **P < 0.01, ***P < 0.001 and
****P < 0.0001.
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Figure 10. There are more FCGR3+ PRF1+ GZMB+ IFNG+ NK cells in PF and the uterus of ptgs2−/- mice. (a) FCM analysis of FCGR3, IFNG and PRF1 in PTGS2+ NK and
PTGS2− NK cells of PF from C57BL/6 mice (n = 6 mice/group) (Student t test). (b,c) The ratio of FCGR3−:FCGR3+ NK cells were analyzed in PF and uterus from WT,
ptgs± and ptgs−/- mice (n = 6 mice/group) by FCM (one-way ANOVA). (d) FCM analysis of PRF1, GZMB and IFNG in NK cells of PF and uterus from WT, ptgs2+/- and
ptgs2−/- mice (n = 6 mice/group) by FCM (one-way ANOVA). Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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controlling gene expression in alternatively activated mono-
cytes and macrophages and FCGR-mediated phagocytosis of
macrophages [35]. Prior investigations have reported that

particular subsets of stromal cells have the capacity to func-
tion as non-professional APCs (antigen presenting cells) with
constitutive or stimulation-induced expression of MHC class

Figure 11. PTGS2+ FCGR3− NK cells present low levels of PRF1, GZMB and IFNG. (a) The expression of PTGS2 (n = 5) in NK cells cocultured with ESCs and treated with
or without anti-FCGR3 (10 µg/ml) for 24 h was analyzed by western blotting. (b-d) FCM analysis of PTGS2, PRF1, GZMB and IFNG in NK cells of PF and uterus from WT
and fcgr3−/- mice (n = 6 mice/group) by FCM (Student t test). (e,f) The C57BL/6 EMS mice were treated with vehicle, anti-FCGR3 (0.25 mg/kg/d) or celecoxib (5 mg/
kg/d) (n = 6 mice/group) on day 3 and day 10 after surgery. Then the levels of PTGS2, GZMB and IFNG in NK cells of PF were detected by FCM (one-way ANOVA). (g)
The ratio of PTGS2+ FCGR3− to PTGS2− FCGR3+ NK cells was analyzed in PF from healthy controls (n = 10) and EMS patients (stage III and IV, n = 10) by FCM (Student
t test). Anti-FCGR3, anti-FCGR3 neutralizing antibody. Data are expressed as the mean± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.
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II molecules. For example, decidual stromal cells (DSCs) in
the uterus differentiated from ESCs driven by pregnancy-
related hormones, have been shown to express MHC class II

molecules and display an ability to regulate allogenic T cells in
vitro [36]. In our present study, we found that HCK is highly
expressed in normESC. However, there is abnormally low

Figure 12. PTGS2highFCGR3− NK cells accelerate the growth of ectopic lesion and progression of EMS. (a,b) The expression of IL10 and TGFB in PTGS2+ FCGR3− NK
cells and PTGS2− FCGR3+ NK cells in PF from patients with EMS (stage III and IV) (n = 10) was analyzed by FCM (Student t test). (c,d) The NK cells from WT, fcgr3−/- or
ptgs2−/- mice were cocultured with mouse uterus stromal cells (USCs) for 48 h, and then the viability and apoptosis of USCs in vitro were analyzed by CCK8 assay (c)
and apoptosis assay (d) (one-way ANOVA). (e) Immunohistochemistry analysis for the expression of BIRC5/survivin and PCNA in EMS-like lesions, in the EMS mouse
model treated with vehicle, anti-FCGR3 (0.25 mg/kg/d) or celecoxib (5 mg/kg/d) (n = 6 mice/group). Original magnification: × 200. (f,g) The weight of EMS-like
lesions in the EMS mouse model treated with vehicle, anti-FCGR3 or celecoxib (n = 6 mice/group) (one-way ANOVA). (h,i) The weight of EMS-like lesions in the NK-
depleted EMS mouse model (anti-NK1.1 antibodies on days 0 and 3) treated with NK cells (day 5) from WT or ptgs2−/- mice (n = 8 mice/group) (Student t test). Data
are expressed as the mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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HCK expression in ectoESC. It is noteworthy that HCK is
positively controlled by ESC autophagy and STAT3. Further
experiments should clarify the molecular mechanism of the
estrogen and autophagy-STAT3 axis on HCK expression in
ESCs.

HCK, which is rapidly activated by LPS signaling in neutro-
phils and macrophages usually mediates host defense and
inflammatory responses (e.g., stimulates nitric oxide and TNF
production, chemotaxis, and degranulation) [34]. Exposure with
3-MA stimulates CXCL8 and IL23A production from ESCs. The
bioinformatics analysis and subsequent experiments in the cur-
rent study confirm that HCK inhibits the secretion of CXCL8
and IL23A by ESCs, not IL1A. These effects may be associated
with downstream PIK3R5 (phosphoinositide-3-kinase regula-
tory subunit 5)-KRAS-MAPKs (mitogen-activated protein
kinases) [37], as well as JUN and FOS signals, which need further
research.

Both siHCK and 3-MA-ESCs induce high levels of
FCGR3−PTGS2high NK cells with impaired cytotoxic activity
(low levels of GZMB, PRF1, IFNG, NCR3, andNCR2, high levels
of KIR2DL1A and KIR3DL1) in a coculture system, and in vivo
trials in the hck−/- EMS mouse model show similar results.
Interestingly, both blocking CXCL8 and IL23A in ESCs or over-
expressing MIR1185-1-3p in NK cells can partially reverse these
effects, which suggests that autophagy, as well as HCK-CXCL8
and IL23A signals in ESCs regulate the differentiation of
FCGR3−PTGS2high NK cells by MIR1185-1-3p. Blocking IL23A
decreased the differentiation FCGR3−PTGS2high NK cells of PF
and weight of ectopic lesions in the mouse EMS model. Limited
evidence has shown that Mir155 and Mir15/16 appear to be
essential for normal NK cell maturation [38], and MIR182 aug-
ments NK-cell cytotoxicity against liver cancer by modulating
KLRK1 and KLRC1/NKG2A expression [39]. In fact, the post-
transcriptional regulation of NK cells development by MIRs is
largely unknown. Although this study was the first to discover
the potential role of MIR1185-1-3p in regulating NK cell cyto-
toxic function, we could not further validate it in vivo because of
the absence of mouse-derived Mir1185-1-3p. Fortunately, the
role of its target gene (PTGS2) in FCGR3− IFNGlow PRF1low

GZMBlow NK cells differentiation in ELM was confirmed.
It has been reported that many transcription factors (e.g., ID2

[40,41], TBET [42], EOMES [40,42] and NFIL3 [40]) are
involved in the regulation of early and late stages of NK cell
development. The results of the gene array indicate the low
autophagy of ESCs induced by 3-MA does not change the levels
of ID2 and EOMES expression, but upregulates levels of PTGS2/
COX-2 and KIRs, and downregulates the levels of GZMB,
FCGR3A, FCGR3B and IFNG in cocultured NK cells.
Therefore, instead of maturation and development of NK cells,
ESC autophagy just regulates the differentiation of impaired
cytotoxic FCGR3−PTGS2high NK cells. Extensive research has
shown high PTGS2 in ectopic ESCs from patients with EMS, and
thus overproduction of prostaglandin E2 (PGE2) is involved in
the development of EMS [43,44]. In this study, we have found
that NK cells in PF and the uterus from ptgs2−/- mice show an
IFNGhigh PRF1high GZMBhigh FCGR3high phenotype. In contrast,
NK cells of fcgr3−/- mice tend to exhibit an IFNGlow PRF1low

GZMBlow FCGR3low phenotype. Further analysis reveals that
there is a negative feedback regulation loop between PTGS2

and FCGR3 in NK cells, which may be important for home-
ostasis regulation of NK cell function. It has been reported that
PGE2 participates in the suppression of NK cell functions in
breast cancer, which is generated largely through the elevated
activity of PTGS2 that is common to many epithelial tumors
[45,46]. Therefore, further research is needed to determine
whether the regulation of PTGS2 on FCGR3 in NK cells depends
on the production of PGE2, and the mechanism of bidirectional
negative regulation between FCGR3 and PTGS2.

As impaired cytotoxic NK cells, ptgs2−/- NK cells restrict the
apoptosis and enhance the viability of mouse USCs in vitro,
while fcgr3−/- NK cells promote the opposite effects. Similarly,
PTGS2+ NK cells promote the growth of ectopic lesions in vivo.
Blocking FCGR3 or PTGS2 in vivo regulates the growth-related
molecules BIRC5 and PCNA and leads to the development of
EMS-like lesions. These effects may be associated with IL10 and
TGF-β. Therefore, FCGR3−PTGS2high IFNGlow PRF1low

GZMBlow NK cells induced by ESCs with low levels of autop-
hagy and HCK stimulate the growth and accelerate the pro-
gression of EMS.

Collectively, as shown in Fig. S9, the aberrant low level of
HCK in ectopic ESCs triggered by the decrease of ESC autop-
hagy leads to the increase of CXCL8 and IL23A secretion, and
further results in the differentiation of FCGR3−PTGS2high

IFNGlow PRF1low GZMBlow NK cells by downregulating
MIR1185-1-3p. On the one hand, these less cytotoxic NK cells
mediate the immune escape of ectopic ESCs. On the other hand,
these cells promote ectopic growth. With the progression of
disease, the growth of ectopic ESCs may induce more
FCGR3−PTGS2high IFNGlow PRF1low GZMBlow NK cells in
ELM through autophagy and HCK signals. These processes
will form a vicious positive feedback circle and finally accelerate
the development of EMS.

There are several treatment options for EMS, including hor-
monal and surgical treatment. However, these approaches do
not provide long-term relief. The high recurrence rate makes
EMS intractable in clinical situations. It has been reported that a
PTGS2 inhibitor can effectively inhibit the growth of ectopic
lesion in mouse and rat EMS models [47]. Clinically, this treat-
ment is widely used to relieve abdominal pain in patients with
EMS. Based on this study, future treatment of EMS will likely
combine both a PTGS2 inhibitor and hormonal treatment. In
addition, COX inhibitors relieve MHC-mediated inhibition of
NK cytotoxicity, which leads to recognition and lysis of meta-
static tumor cell [48]. Therefore, these studies indicate that
PTGS2 inhibitors may have a potential therapeutic value for
treating diseases related to NK cell cytotoxic activity.

Materials and methods

Patients and sample collection

The protocol for this study was approved by the Human
Research Ethics Committee of Obstetrics and Gynecology
Hospital, Fudan University, and written informed consent
was obtained from all participants. All of the eutopic endo-
metrial and endometriotic tissues were obtained by laparo-
scopy from 75 patients with EMS (mean age 38.5 years; range
33 to 45 years) at the Obstetrics and Gynecology Hospital of
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Fudan University. The patients were classified according to
the revised American Fertility Society (AFS) classification: 10
patients were in early stages (stage I and II), and 65 patients
were in advanced stages (stage III and IV) of the disease.
Normal endometrium was obtained through hysterectomy
from patients with leiomyoma (168 cases) as healthy control
samples. None of the included patient experienced complica-
tions related to pelvic inflammatory disease and no patients
took any medications or received hormonal therapy within
6 months prior to surgery. All of the samples were obtained in
the secretory phase of the cycle, which was confirmed histo-
logically according to established criteria.

Collection and preparation of PF

PF was aspirated from the cul de sac at the beginning of the
standard laparoscopic procedure under general anesthesia.
Samples of PF contaminated by blood were excluded from
the study. The mononuclear cells were isolated from the PF
using lymphocyte separation medium and density-gradient
centrifugation at 300 × g for 20 min at 4°C. The cells were
collected, washed in ice-cold phosphate-buffered saline (PBS;
GENOM Co., Ltd, Hangzhou, China, GNM-20,012) and sus-
pended in antibody staining buffer (BioLegend, 926,002) at
the desired concentration for flow cytometry.

Mice

Fcgr3 (003171) and Ptgs2 (002476) heterozygous mice were
obtained from The Jackson Laboratories, Hck heterozygous
mice were bred by Shanghai Model Organisms Center, Inc.
(Shanghai, China) and all mice were maintained in the
Laboratory Animal Facility of Fudan University (Shanghai,
China). Fcgr3 knockout (fcgr3−/-), ptgs2−/- and hck−/- mice
and wild-type littermates (WT) were obtained by mating of
male and female Fcgr3, Ptgs2, or Hck heterozygous mice,
respectively. A group of adult female C57BL/6 mice were
purchased from the Laboratory Animal Facility of Fudan
University and used for this study. The mice were usually
maintained for 2 wk in the animal facility before the experi-
ments. The Animal Care and Use Committee of the Obstetrics
and Gynecology Hospital, Fudan University approved all of
the animal protocols.

Antibodies for flow cytometry (FCM)

To identify and evaluate the NK cells in mononuclear cells from
peritoneal fluid, the cells were stained with fluorescein isothiocya-
nate (FITC)-conjugated anti-human PTPRC/CD45 antibody
(304,006); phycoerythrin-cyanine 7 (PE-Cy7)-conjugated anti-
human CD3 antibody (300,420); Brilliant Violet 421TM (BV421)
anti-human NCAM1/CD56 antibody (318,328) and allophyco-
cyanin (APC)-conjugated anti-human FCGR3 antibody (302,012)
(all fromBioLegend). HumanNK cells cocultured with ESCswere
stained with PE-Cy7 or BV510-conjugated anti-human NCAM1/
CD56 (318,318, 318,340), PE-Cy7 or APC-conjugated anti-
human FCGR3 (302,012, 302,016), PE-Cy7 anti-human
LAMP1/CD107a (328,618), APC anti-human MKI67/Ki-67
(350,514), BV510-conjugated anti-human IFNG (502,544),

BV421-conjugated anti-human PRF1 (308,122), FITC-conjugated
anti-human/mouse GZMB (515,403), APC-conjugated anti-
human IL10 (501,410), APC-conjugated anti-human TGFB1
(349,608) (all from Biolegend) and PE-conjugated anti-human/
mouse PTGS2/COX2 (Cell Signaling Technology, 13,314). Dead
NK cells were analyzed by using Zombie Aqua Fixable Viability
Kit (BioLegend, 423,102). Human ESCs were stained with APC-
conjugated anti-human PVR/CD155 (337,618), APC-conjugated
anti-human MICA/MICB (320,907), APC-conjugated anti-
human HLA-E (342,605), PE APC anti-human STAT3
(371,804), and Alexa Fluor® 647-conjugated anti-human phos-
pho-STAT3 antibodies (651,008) (all from BioLegend).

Mouse NK cells were stained with FITC-conjugated anti-
mouse PTPRC/CD45 (103,108), percp/cy5.5-conjugated anti-
mouse CD3 (100,218), PE-Cy7-conjugated anti-mouse NK1.1
(108,714), APC-Cy7-conjugated anti-mouse FCGR3/CD32
(101,327), BV421-conjugated anti-mouse IFNG (505,829),
Alexa Fluor® 647-conjugated anti-human/mouse GZMB
(515,405) (all from BioLegend), and APC-conjugated anti-
mouse PRF1 (eBioscience, 17–9392). The mouse uterus stro-
mal cells (USCs) were stained with a FITC-conjugated anti-
mouse VIM/vimentin antibody (MyBioSource, MBS570210),
an eFluor® 660-conjugated anti-mouse IL23A antibody
(eBioscience, 50–7023) and am APC-conjugated anti-mouse
MKI67/Ki-67 antibody (BioLegend, 652,406).

Western blotting

Cells were washed in PBS, detached with a cell scraper and
centrifuged for 20 min at 10,000 × g at 4°C. The pellet was
resuspended in high efficiency cell tissue rapid lysis buffer
(RIPA; Beyotime, P0013J) containing 1% phenylmethanesulfo-
nylfluoride (PMSF; Beyotime, P1008) proteinase and 1% phos-
phatase inhibitors (Roche Diagnostics, 04 693 132 001). Cell
lysates were boiled for 10 min at 95°C and then were stored at
−80°C. Protein concentrations were quantified using the BCA
protein assay kit (Beyotime, P0012). Total proteins (20 µg) were
electrophoresed in SDS-PAGE gels (Epizyme Biotech, LK102)
using a Miniprotein III system (Bio-Rad, USA) and were trans-
ferred to PVDF membranes (Millipore, USA) for 2 h, followed
by overnight incubation with primary antibody against LC3B
(1:500; Cell Signaling Technology, 3868), BECN1 (1:500; Cell
Signaling Technology, 3495), HCK (1:500; Cell Signaling
Technology, 14,643), ATG5 (1:1000; Cell Signaling
Technology, 12,994), SQSTM1 (1:1000; Cell Signaling
Technology, 5114) and ACTB (1:1000; Cell Signaling
Technology, 4970) at 4°C. Then PVDFmembranes were washed
three times with PBST solution (Beyotime, P0222) and were
incubated at room temperature for 1 h in peroxidase-conjugated
goat anti-rabbit IgG secondary antibodies (1:5000; Bioworld
Technology, Co. Ltd., Louis Park, MN). Thereafter the mem-
brane was washed three times and processed for chemilumines-
cence using the Immobilon Western Chemiluminescent HRP
Substrate Kit (Millipore).

Isolation and culture of human ESCs and mouse USCs
We isolated human ESCs from the endometrium of healthy
control, eutopic endometrium and or ectopic lesion from
women with EMS according to a previously described method

AUTOPHAGY 1393



[24]. This method supplied more than 98% VIM+ KRT7/
CK7− ESCs, which were confirmed by FCM analysis. The
separation of USCs was similar to ESCs.

Purification of NK cells
PBMCs were isolated from healthy fertile women (n = 101). PF
was collected from healthy control and EMS patients (stage III
and IV). Human NK cells were isolated from PBMCs or PF using
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany,
130–096-892) for in vitro experiments. The FCGR3+ NK and
FCGR3− NK cells were sorted from PBMC by fluorescence-acti-
vated cell sorting (FACS), and then these cells were labeled with
PKH26 (red fluorescence dye; Sigma, PKH26GL) and PKH67
(green fluorescence dye; Sigma, PKH67GL), respectively. In addi-
tion, mouse NK cells were isolated from PF of fcgr3−/- mice,
ptgs2−/- mice or WT mice through fluorescence-activated cell
sorting (FACS) for in vitro experiments.

HCK-overexpressing ESCs, HCK-silenced ESCs, ATG5-
silenced ESCs, IL23A-silenced ESCs and HsMIR1185-1-3p-
overexpressing NK cells
We obtained the HCK-overexpressing ESCs (HCK (OE)),
IL23A (OE) and control ESCs (mock) through transfection
with the GV230-HCK plasmid, GV230-IL23A plasmid and
GV230-vector plasmid (all from GeneChem Co., Ltd); the
HCK-silenced ESCs (siHCK), siIL23A and control ESCs
(NC) through transfection with HCK-siRNA, IL23A-siRNA
and negative control siRNA (all from GeneChem Co., Ltd)
and were confirmed by western blotting analysis. In addition,
the ATG5 lentivirus and its corresponding control lentivirus,
the HsMIR1185-1-3p mimic lentivirus (MIR1185-1-3p-
mimics) and its corresponding control MIR lentivirus (MIR-
NC, negative ctrl) were constructed by GenePharma. Control
ESCs (NC-ESC), ATG5-silenced ESCs (siATG5-ESC),
HsMIR1185-1-3p-overexpression (MIR1185-1-3p+) and the
corresponding control (NC) of NK cells was then established.
The efficiency of overexpression was verified by QuantStudio
6 Flex Real-Time PCR System (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA, 4,485,694).

Protein microarray, microrna array and gene array

After stimulation with 3-MA (10 mM) or not, the lysate and
supernatant from Ctrl-ESC (secretory phase, n = 10) and 3-MA-
ESC (secretory phase, n = 10) were collected and analyzed using
the proteomic microarray RayBio® L-Series Human Antibody
Array 1000 (RayBiotech Inc.). For protein microarray: After cul-
ture of cells, the supernatants were centrifuged at 1,000 × g for
10 min. The attached cells were washed by PBS twice and lysed
with Cell Lysis Buffer (Invitrogen; Thermo Fisher Scientific, Inc.,
FNN0021). Then the lysates were gently rocked at for 30 min and
centrifuged at 10,000 × g for 10 min at 2 to 8°C. And cells were
normalized between arrays by determining cell lylate concentra-
tion using a total protein assay (BCA Protein Assay Kit; Pierce,
23,252). Then the supernatants and lysates were hybridized to
RayBio® L-Series Human Antibody Array 1000 glass slide, and
incubated and washed as the manufacturer’s instructions. Then
the slide was scanned by HiLyte Plus™ Fluor 532, and analyzed by
the RayBio® Analysis Tool software (RayBiotech Inc.).

After coculture with Ctrl-ESC and 3-MA-ESC, NK cells
(n = 10) were collected and characterized by Affymetrix
GeneChip® Human Gene 2.0 ST Array (Affymetrix Inc.)
and Affymetrix GeneChip® microRNA 4.0 Array
(Affymetrix Inc.). For microRNA array: For Affymetrix
microarray profiling, total RNA was isolated with TRIzol®
reagent (Invitrogen, 10,290–010) and purified using RNeasy
Mini Kit (Qiagen, 74,106), including a DNase digestion
treatment. Ensure that the purification method retains low
molecular weight (LMW) RNA. RNA concentrations were
determined by the absorbance at 260 nm and quality control
standards were A260:A280 = 1.8–2.1, using NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Inc.). RNA
was labeled using FlashTag® Biotin HSR labeling kit as per
the manufacturer’s instructions (Genisphere, HSR30FTA).
Labeled RNA was hybridized to Affymetrix GeneChip®
microRNA 4.0 array (Affymetrix Inc.) according to the
User Manuals. Affymetrix® Expression Console Software
(version 1.3.1) was used for microarray analysis, including
data normalization, summarization, and quality control
assessment. Median-centric normalization was used for the
custom microRNA oligonucleotide chips. Affymetrix chips
were normalized using the robust multichip analysis (RMA)
procedure. For gene array: The Affymetrix GeneChip®
Human Gene 2.0 ST Array (Affymetrix Inc.) is composed
of lncRNAs and protein-coding mRNAs from the human
genome. We collected 11,086 lincRNAs, 9,066 ncRNAs and
40,716 mRNAs from authoritative data sources including
NCBI RefSeq (release 51), Ensembl (release 65), lncRNA
db, Broad Institute, Human Body Map lincRNAs and
TUCP (transcripts of uncertain coding potential) catalog.
Each Human Gene 2.0 ST Array is composed of 1.35 million
distinct probes (25-mers) and each transcript is represented
by 21 probes (median) to enhance statistical confidence.
Each transcript is represented by a specific exon or intron
probe to identify individual transcripts accurately. The
microarray hybridization and bioinformatics analysis were
performed by Genminix, Shanghai, China.

Cytotoxicity trials of NK cells to ESC (LDH release-based)

The cytotoxicity of NK in response to ESC (normal ESC,
ectopic ESC, NC-ESC, siATG5-ESC) was analyzed using a
LDH (lactate dehydrogenase) release assay according to our
previous procedure [49]. ESC (2,500 to 5,000 cells/well)
were plated, and the next day NK cells were added at
various ratios (the ratio of ESC to NK was 100:1, 10:1,
1:1, 1:3, or 1:10) (all samples in triplicate). After 4 h of
coculture, an aliquot of 50 μl media was used in the LDH
cytotoxic assay using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, G1780). The value of cor-
rected experimental LDH release was calculated by sub-
tracting the value of spontaneous LDH release from
effector cells at corresponding dilutions. NK cytotoxicity
was defined as %Cytotoxicity = (Experimental value −
Effector Cells Spontaneous Control − Target Cells
Spontaneous Control)/(Target Cell Maximum Control −
Target Cells Spontaneous Control) × 100.
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Enzyme-linked immunosorbent assay (ELISA)

The supernatants of ctrl ESCs, ESCs from patients with EMS
(stage III and IV), mock ESC, HCK (OE) ESC, NC ESC and
siHCK ESC were collected, and cytokine concentrations
(CXCL8, IL23A and IL1A) in the supernatants were measured
using ELISA kits (R&D, D8000C, D2300B, DLA50).

The transcription of ATG5, HCK, Map1lc3b, Becn1, Hck and
MIR1185-1-3p
The transcription levels of ATG5 and HCK in ESCs, Map1lc3b,
Becn1 and Hck in mouse ectopic lesions and the levels of
MIR1185-1-3p in NK cells were analyzed by QuantStudio 6
Flex Real-Time PCR System (Thermo Fisher Scientific,
4,485,694) according to standard protocols. Human MIR1185-
1-3p (CD201-T) and U6 (CD201-0145) primers were designed
and synthesized by TIANGEN. Other primer sequences were
designed and synthesized by TaKaRa Biotechnology Co., Ltd as
described in Table S1.

Dual luciferase reporter assay

The NC, HsMIR1185-1-3p mimics, HsMIR1185-1-3p inhibi-
tor, PTGS2, PTGS2 mutation luciferase reporter plasmids
were constructed by RiboBio Co., Ltd. These plasmids were
transfected into HEK-293T cells by Effectene Transfection
Reagent (QIAGEN, 301,425) according to our previous pro-
cedure [24]. The relative luciferase activity was analyzed by
the Dual-Luciferase® Reporter (DLR™) Assay (Promega,
E1910).

Cell viability and apoptosis assays
ESCs were resuspended in DMEM/F-12 with 10% FBS, and
seeded at a density of 1 × 104 cells/well in 96-well flat-bottom
microplates (for the CCK-8 assay), or 1 × 105 cells/well in 24-well
flat-bottom microplates (for ANXA5/Annexin V-FITC assay).
After attaining 70 to 80% confluence, the cells were starved with
DMEM containing 1% FBS for 12 h before treatment. The med-
ium was removed once again, and the cells were treated with NK
cells from WT, fcgr3−/-mice or ptgs2−/- mice, respectively. Then
the Cell Counting Kit-8 (CCK-8) (Dojindo, CK04) assay and
ANXA5-FITC (eBioscience, BMS500FI-100) assay were applied
to evaluate the effects of NK cells on cell viability and apoptosis of
ESCs, according to our previous procedure [24].

Intraperitoneal EMS model

We divided female C57BL/6 mice (age: 8 weeks old, weight:
20 to 23g) into 3 groups, including control, 3-MA and rapa-
mycin (Rap) groups as well as control, anti-FCGR3 and cel-
ecoxib groups by using a table of random numbers organized
by body weight, age and family. This study was an unblinded
trial.

ForWTC57BL/6mice, intraperitoneal EMS-like lesions were
induced surgically by suturing uterine tissue samples to the
abdominal wall. For autologous transplantation, the left uterine
area of the recipient animal was divided into 4 equal parts and
sewn into 4 quadrants of the peritoneum. EMS-like lesions
developed along the transplanted uterine tissue samples. The

mice were treated with vehicle, 3-MA (100 mg/kg/d, Sigma,
M9281), Rap (100 mg/kg/d, Sigma, V900930), anti-FCGR3
(0.25 mg/kg/d, R&D, AF1960), celecoxib (5 mg/kg/d, Sigma,
Y0001445) or anti-mouse IL23A neutralizing antibody
(0.1 mg/kg/d, R&D, AF1619) on days 3 and 10 after surgery.
After 2 weeks, the sizes of the EMS-like lesions were measured.
In addition, the EMS-like lesions and PF were collected and
detected. The relative molecule expression of NK cells in PF
was analyzed by flow cytometry. In addition, immunohisto-
chemistry was used to analyze the expression of BIRC5 and
PCNA in the endometriosis-like lesions.

For immunohistochemistry, paraffin sections (5 µM) of the
endometriosis-like lesions were dehydrated in graded ethanol,
then incubated with hydrogen peroxide and 1% bovine serum
albumin (BSA)/TBS to block endogenous peroxidase. The
samples were then incubated with rabbit anti-mouse BIRC5/
survivin (1:200; CST, 2808), rabbit anti-mouse PCNA (1:200;
CST, 13,110) or rabbit IgG isotype overnight at 4°C in a
humid chamber. After washing 3 times with TBS, the sections
were overlaid with peroxidase-conjugated goat anti-mouse
IgG, and the reaction was developed with 3,3-diaminobenzi-
dine (DAB) and counterstained with hematoxylin.

For the hck special KO-EMS mouse model, an endometrial
fragment from hck−/- mice was injected intraperitoneally into
wild-type mice (WT) for constructing the hck special KO-
EMS mouse model.

For depletion of NK cells, C57BL/6 EMS mice were injected
with 100 ml of 0.5% FBS in PBS containing 300 mg of anti-NK1.1
(BioLegend, clone PK136) or isotype control antibodies on days 0
and 3 according to Christopher et al. report [50]. The NK cells
were sorted from spleen of WT mice or ptgs2−/- mice by fluores-
cence-activated cell sorting (FACS), and then these cells were
labeled with PKH67. These NK cells were then intraperitoneally
injected to NK depleted EMS mice on day 5.

Statistics

The continuous variable is shown as the mean ± SEM.
Continuous variables were analyzed using a Student t test for 2
groups and one-way ANOVA using the Tukey post-hoc test for
multiple groups. All analyses were conducted using the SPSS
19.0 Statistical Package for the Social Sciences software. The
results were considered statistically significant at P < 0.05.
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