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Therapeutic activity of proinflammatory macrophages
in endometriosis is driven by their antiproliferative
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Abstract: Relevance. Despite longstanding recognition of endometriosis, there’s an absence of effective treatment.
Existing treatments carry significant risk, so research into cell therapy is gaining popularity. Macrophages are a promising
agent. A previous study using an animal model demonstrated that introducing proinflammatory macrophages led to a significant
reduction in endometriosis lesions. The aim of the study is to analyze the effect of macrophages with a proinflammatory phenotype
introduced into an animal model on the proliferation and survival of cells in endometriosis lesions. Materials and Methods.
A syngeneic model of endometriosis was obtained in female C57B1/6 mice by intraperitoneal transplantation of uterine fragments
from a donor mouse. RAW264.7 mouse macrophages were utilized as the cellular agent. The animals were then divided into
groups: “Control” comprised mice that did not receive macrophage therapy; “Control of therapy” comprised mice that received
unpolarized RAW264.7 macrophages; and “Therapy” comprised mice with endometriosis that were injected with RAW264.7
macrophages with a proinflammatory phenotype. Results and Discussion. Consequently, the administration of macrophages
with a proinflammatory phenotype resulted in a significant decrease in the production of the proliferation marker protein Ki-67
and a significant increase in the production of effector caspase 3 in the cells of endometriosis lesions compared to the “Control”
group. Concurrently, the level of production of the tumor suppressor protein p53, which is involved in the initiation of apoptosis
in cells, was comparable to that in the “Control” group. This is in contrast to the group of animals that received unpolarized
macrophages. Conclusion. We found that the anti-endometriosis activity of macrophages with a proinflammatory phenotype is
associated with the fact that their introduction suppressed the proliferation of endometriosis cells and enhanced their apoptotic
death through the activation of p53 and caspase 3.
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Introduction

Endometriosis, a serious disease affecting 10% of
women of reproductive age, is characterized by pelvic
pain and infertility, which can have a significant im-
pact on the quality of life of patients [1, 2]. The gold
standard in the treatment of endometriosis remains
laparoscopic removal of lesions, but this surgical pro-
cedure is associated with risks of damage to healthy
tissues and organs [3]. Furthermore, research has
demonstrated that the frequency of repeat operations
following surgical removal of lesions ranges from
27% to 58%, as evidenced by various data sources [4,
5]. In addition to laparoscopic removal of lesions, the
administration of pharmaceuticals is also employed
to alleviate pain symptoms [1]. Moreover, there have
been documented cases in which the administration
of drug therapy within six days following surgical
excision of lesions has been shown to reduce the

CYTOLOGY

risk of recurrence [4]. However, the efficacy of phar-
maceutical interventions in managing the disease’s
symptoms is questionable, as is their potential to
induce adverse effects. These include, but are not
limited to, irregular bleeding, nausea, cardiovascular
complications, weight gain, and the potential for
contraceptive effects [1]. In this regard, a relevant
area of research is the development of minimally
invasive therapies using cellular agents.

In a preceding study, an investigation was con-
ducted on a syngeneic mouse model of endometriosis,
in which it was demonstrated that the introduction of
allogeneic macrophages with a proinflammatory phe-
notype into the animal model resulted in a significant
reduction in the size and number of lesions [3].

The objective of the present study was to ascertain
the mechanisms underlying this effect, specifically to
evaluate the impact of introducing macrophages with
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a proinflammatory phenotype on the survival of cells
in endometriosis lesions and their proliferation.

Materials and methods

Syngeneic model of endometriosis

Thirty female mice of the C57Bl/6 strain, aged 4-8
weeks and weighing 18-20 g, were obtained from the
Andreevka Branch of the National Center for Biomed-
ical Technologies (NCBMT) of the Federal Medical
Biological Agency (FMBA) of Russia. The animals were
maintained under standard conditions, with unrestricted
access to water and food for a total of 12 hours per day/
night. Two weeks after acclimatization, the animals
were included in the experiment. A syngeneic model of
endometriosis in mice was obtained by intraperitoneal
transplantation of uterine fragments using a method like
that described in our previous work [3].

Therapy of animals with proinflammatory

macrophages

The RAW264.7 mouse macrophage cell line
(Cat. No. 186, BioCollection, Moscow, Russia) was
cultured in complete RPMI-1640 medium (PanEco,
Russia) with the addition of 10% fetal bovine serum
(FBS) (Biowest, Brazil), L-glutamine (PanEco, Rus-
sia), and penicillin-streptomycin (PanEco, Russia)
at +37 °C and 5% CO2 in 175 cm2 culture flasks
(Corning Inc., USA) until a 100% confluent mon-
olayer was achieved.

Then, to polarize macrophages toward a proin-
flammatory phenotype, according to the protocol
presented in our previous study [3], the cells were in-
cubated with lipopolysaccharide (LPS) isolated from
Escherichia coli O111: B4 (Sigma-Aldrich, USA)
(100 ng/ml) for 24 hours. Unpolarized macrophages
were used as a control for the therapy. Three weeks
after transplantation of uterine fragments, the animals
were divided into three groups: “Control” — animals
with endometriosis that did not receive macrophage
therapy; “Therapy control” — animals with endo-
metriosis that received unpolarized macrophages;
“Therapy” — animals with endometriosis that were
injected with polarized macrophages with a proin-
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flammatory phenotype. After the cells were injected,
the animals were removed from the experiment by
overdosing them with Zoletil 100 (Virbac, France)
and Xylanit (Nita-Farm, Russia) two weeks later. The
study was approved by the local ethics committee of
the Petrovsky National Research Center for Surgery,
protocol No. 3 of March 23, 2023.

Western blot analysis

Following the removal of the animals from the
experiment, the endometriosis lesions were extracted
and lysed in Protein Solubilization Buffer (PSB) (Bio-
Rad Laboratories, USA), which was supplemented
with Complete™ Protease Inhibitor Cocktail (Roche,
Switzerland), with the objective of obtaining a protein
fraction. The protocol for the western blot analysis
was executed in accordance with the method outlined
in a previously published study [6]. The following pri-
mary antibodies were used in the staining procedure:
mouse anti-GAPDH (cat. no. 5G4, clone 4G5, HyTest,
Russia) (1/5000), rabbit anti-Ki-67 (ab16667, Ab-
cam, UK) (1/1000), and mouse anti-p53 (ab154036,
Abcam, UK) (1/1000). Secondary antibodies were
used for detection: goat anti-rabbit [gG H&L (HRP)
(ab6721, Abcam, UK) (1/5000), goat anti-mouse I1gG
H&L (HRP) (ab6789, Abcam, UK) (1/2000). The
membranes were developed using the NovexTM
ECL HRP Chemiluminescent Substrate Reagent
Kit (Invitrogen, USA). The signal was detected on
a Fusion FX system (Vilber Lourmat, France) using
Fusion Software. The relative protein content of the
sample was assessed by normalization to the signal
of the control protein GAPDH.

Immunohistochemical (IHC) analysis

The extracted endometriosis lesions were pre-
served in liquid nitrogen, then cryosections were
prepared and transferred to Superfrost Plus Micro-
scope Slides (Thermo Fisher Scientific, USA). Prior
to staining, the sections were washed with phosphate-
buffered saline (PBS) (Panecho, Russia). The sections
were then subjected to an overnight incubation with
antibodies directed against caspase 3 (AF6311, Affinity
Biosciences, China) at a concentration of 1:100. Sub-
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sequently, the sections were subjected to a thorough
washing process with phosphate-buffered saline (PBS).
Thereafter, they were placed into an incubator with
secondary antibodies that were rabbit-conjugated with
Alexa Fluor 555 (AS058, ABclonal, Inc., China) at
a concentration of 1/200 for a duration of one hour
at ambient temperature. Subsequently, the nuclei
were stained with DAPI (0.1 pg/ml). A quantitative
analysis of the content of positively stained cells was
performed using QuPath software, developed in the
United Kingdom [7].

Statistical analysis

The statistical data processing was performed us-
ing GraphPad Prism 8 software (GraphPad Software,
USA). The normality of distribution was assessed
using the Shapiro-Wilk test. In the case of normal
distribution, multiple comparisons of samples were
performed using one-way ANOVA with Tukey’s
post-hoc test. In instances where the distribution
was deemed to be non-normal, the non-parametric
Kruskal-Wallis test was employed, followed by the
Dunn’s post-hoc test to identify significant differenc-

es. The analysis was conducted using two-tailed tests
and a 95% confidence interval. Statistical significance
was defined as p <0.05.

Results and discussion

Proinflammatory macrophages induced
a decrease in cell proliferation in endometriosis
lesions and supported p53 protein
production in them

In established endometriosis lesions following
therapy with proinflammatory macrophages, a signifi-
cant decrease (p <0.05) in the production of the Ki-67
proliferation marker protein was observed compared to
control lesions extracted from animals not exposed to
therapy (Figure 1 A, B). A parallel decline in protein
production was observed in nonpolarized macrophages
upon administration.

Furthermore, an assessment was conducted to de-
termine the level of production of the stress-activated
protein p53. The investigation revealed that the in-
troduction of macrophages with a proinflammatory
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Fig. 1. A. — Western blot analysis of Ki-67, p53 proteins in endometriosis lesions in the “Control”, “Control of Therapy”,
and “Therapy” groups. The reference protein GAPDH was used as a loading control. B — Relative levels of Ki-67, p53 proteins.
Statistical analysis was performed using the non-parametric Kraskell-Wallis test with Dunn’s post-hoc test (mean with SEM)

Note: * — significance of differences at p < 0.05; ** — significance of differences at p < 0,005.
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phenotype did not suppress the production of p53
protein in endometriosis lesions when compared to the
introduction of unpolarized macrophages as a control
therapy (Figure 1 A, B).

Proinflammatory macrophages induced apoptosis
in endometriosis lesions

As a consequence of the IHC analysis, it was deter-

mined that the introduction of macrophages exhibiting

both a proinflammatory phenotype and an unpolarized

state into animal models resulted in the activation of

Control

Control of therapy

effector caspase-3 production in endometriosis lesions
cells (Figure 2).

A quantitative analysis of positively stained
cells revealed a significant increase (p <0.05 and
p <0.005) in the content of cells actively producing
caspase 3 following the introduction of macrophages
(Figure 3). Concurrently, comparable levels of
caspase 3-producing cells were observed subsequent
to the introduction of proinflammatory and unpolar-
ized macrophages.

Therapy

Fig. 2. A — IHC staining of endometriosis lesions against caspase 3 (red) in the “Control”, “Control of Therapy”,
and “Therapy” groups. Nuclei are stained with DAPI (blue). Scale bar 25 um
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Fig. 3. Relative content of cells positively stained for caspase 3. Statistical analysis was performed using the non-parametric
Kraskell-Wallis test with Dunn’s post-hoc test (mean with SEM)

Note: *- significance of differences at p < 0.05; ** — significance of differences at p < 0,005.
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Consequently, endometriosis manifests as a highly
proliferative disease, exhibiting characteristics reminis-
cent of malignant neoplasms in its progression [8]. It has
been demonstrated in previous studies that macrophages
with a proinflammatory phenotype exhibit antitumor
activity [9].

A similar therapeutic effect of proinflammatory
macrophages in endometriosis has been previously
studied [3]. The introduction of macrophages with
a proinflammatory phenotype resulted in their migration
to the lesions of endometriosis, thereby contributing
to a reduction in the number and size of the lesions.
Furthermore, the population of peritoneal macrophages
was restored to a level corresponding to that observed
in animals without endometriosis.

In this study, we sought to investigate the mecha-
nisms by which macrophages with a proinflammatory
phenotype exert an anti-endometriosis effect. Thus, we
demonstrated that macrophages with a proinflammatory
phenotype suppressed cell proliferation and stimulated
the production of effector caspase 3, which triggers
apoptosis in the cells of the lesions. Previous studies
have shown that macrophages with a proinflammatory
phenotype suppress proliferation and induce apoptosis
in tumor cells [10].

Concurrently, our data suggest that the introduc-
tion of unpolarized macrophages into an animal model
of endometriosis also led to a significant decrease in
Ki-67 protein production compared to the control group,
which corresponds to a decrease in cell proliferation
in endometriosis lesions. Furthermore, unpolarized
macrophages augmented the activation of caspase 3
production in the cells of the lesions in comparison to
the control group. Consequently, the transplantation of
macrophages that were not polarized towards proinflam-
matory activation also exerted an inhibitory effect on
the growth of endometriosis lesions by suppressing cell
proliferation and activating apoptosis. Consequently,
unpolarized macrophages may also function as effective
agents in the treatment of endometriosis.

Furthermore, it was demonstrated that the in-
troduction of macrophages with a proinflammatory
phenotype, in contrast to nonpolarized macrophages,
does not result in the suppression of the production

CYTOLOGY

of the stress-induced tumor suppressor protein p53.
A previous study indicated that reduced levels of p53
protein production in lesions in patients are associat-
ed with a recurrent form of deep endometriosis [11].
Furthermore, a decline in the proapoptotic activity of
lesions cells has been observed to be associated with
a recurrent form of endometriosis.

Conclusion

In a syngeneic mouse model of endometriosis,
we demonstrated that the introduction of polarized
macrophages toward a proinflammatory phenotype led
to the inhibition of cell proliferation in endometriosis
lesions, as well as their apoptosis due to increased
production of p53 and caspase 3 proteins. Moreover,
unpolarized macrophages have been shown to suppress
cellular proliferation in endometriosis lesions and to
activate apoptosis.
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AnHoTamms: AKmyanbHoCmb. DHAOMETPUO3, HECMOTPSI Ha JAJTMTe/IbHOe U3y4YeHHe, 0CTaeTcs 3ab0/ieBaHreM C Hel0CTaTOuHO
3¢ ¢dekTHBHBIMU 1 Ge30TIaCHBIMH METOZIaMH Tepartiy, KOTOpble MOV ObI MPe0TBPaTUTh €0 TIPOrPeCCHPOBAHKME U YTy ULIHTh
KauecTBO )KM3HH MaljieHToB. Pa3paboTka HOBBIX MeTO/IOB JIeUeHHsI SHJOMeTPHO3a — 3TO aKTyaslbHasi 3a/laua COBPeMeHHOH
OvoMeVLIMHBL. B CBSA3M C 3TUM pacTeT MHTepeC K KJIeTOUHOH Teparyy, B YaCTHOCTH K MpUMeHeHHr0 Makpodaros. Lfeas uc-
€/1e008aHUs — TTPOAHA/TM3UPOBATh BMSIHIE BBeJEHHbBIX B KUBOTHYIO MOZle/lb MaKpogaros € IMpOBOCHaINTe/TbHBIM (PeHOTHITOM
Ha nposvepario ¥ BbDKMBaHKE KJIETOK B ouarax sH7ioMeTpro3a. Mamepuanbt u memoodsb!. Ha camkax mbimu mHun C57B1/6
TI0JTyYa/Id CHHT€HHYFO MOZie/Tb SHAOMeTpHO3a ITyTeM BHYTPUOPIOILIMHHOM TPaHCII/IaHTAlMK ()parMeHTOB MaTKH OT MBILIH-Z0HOPA.
B KauecTBe K/IeTOYHOTO areHTa UCIO/Ib30Ba/IM MBIILIMHBIE MaKpodary miH RAW264.7. 3aTeM »KMBOTHBIX pasziesisIi Ha TPYTIIIBL:
«KoHTpOb» — MBIIIH, KOTOPEIM He TIPOBOJWJIN Teparvio Makpodaramu; « KOHTposIb Tepanun» — MBIIIY, KOTOPBIM BBOJUIN
HeToJIipu30BaHHbIe Makpodaru mHun RAW?264.7; «Tepariuisi» — MBIIIH C SHZOMETPH030M, KOTOPBIM BBOJIUIM Makpodaru
mau RAW264.7 ¢ npoBocnanuTenbHbIM GeHOTHIIOM. Pe3yabmambi u 06cyxicoeHue. B pe3ynbsrare BBejleHHs] MakpogaroB
C TIPOBOCIAIUTE/EHBIM (DEHOTHIIOM MBI BBISSBI/IM 3HAUMMOE CHIKeHHe MpoAyKUWH besika-Mapkepa npormudeparpn Ki-67,
a 3HaYMoe yBernueHre NpoAyKLUMH 3¢ eKTopHOM Kacrasel 3 B K/IeTKaX 04aroB SH0OMEeTPHO3a 10 cpaBHeHMIO ¢ «KoHTposiem».
I[Tpu 3TOM YpOBeHb POAYKLIMY OelKa-Cynpeccopa OMmyXo/u p53, y4acTBYIOLIMX B 3alTyCKe aronTo3a B K/IeTKaX, ObUT COMOCTaBUM
C TaKOBBIM Yy rpymIibl «KOHTpO/b», B OT/IMYKE OT TPYMIThI JKUBOTHBIX, KOTOPBIM BBOAW/INCEH HEIlO/IsIpU30BaHHbIe Makpodary.
Bbi600bl. MBI BBISIBUIH, UTO aHTHU-3HOMeTPHO3Hast aKTUBHOCTh Makpo(daros C IIpOBOBOCIIAINTETBHBIM (DEHOTHUIIOM CBsI3aHa
C TeM, UTO KX BBeJleHVe B MBILIMHYIO MOZeb I0JaB/Isiio MpoudepaLiiio KJIeToK SHA0MeTPH03a 1 yCH/IMBAJIO MX allONTOTHUEeCKYI0
rubens Grarofaps aktUBauu 6enkoB p53 ¥ Kacmassl 3.
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