
 International Journal of 

Molecular Sciences

Article

Peritoneal Fluid from Patients with Ovarian Endometriosis
Displays Immunosuppressive Potential and Stimulates
Th2 Response

Joanna Olkowska-Truchanowicz 1, Agata Białoszewska 2, Aneta Zwierzchowska 3,4, Alicja Sztokfisz-Ignasiak 2,
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Abstract: Endometriosis is a common gynaecological disorder characterized by the ectopic growth
of endometrial tissue outside the uterine cavity. It is associated with chronic pelvic inflammation
and autoimmune reactivity manifesting by autoantibody production and abrogated cellular immune
responses. Endometriotic peritoneal fluid contains various infiltrating leucocyte populations and a
bulk of proinflammatory and immunoregulatory cytokines. However, the nature and significance
of the peritoneal milieu in women with endometriosis still remains obscure. Therefore, the aim of
the present study was to investigate the immunoregulatory activity of the peritoneal fluid (PF) from
women with endometriosis. The peritoneal fluid samples were collected during laparoscopic surgery
from 30 women with and without endometriosis. Immunoregulatory cytokines (IL-2, IL-4, IL-6,
IL-10, IL-17A, IFN-γ and TNF) and chemokines (CCL2, CCL5, CXCL8 and CXCL9) were evaluated
in PF and culture supernatants generated by unstimulated and CD3/CD28/IL-2-stimulated CD4+

T cells cultured in the presence of PF. The effect of PF on the generation of Treg and Th17 cells in
CD4+ T cell cultures, as well as the natural cytotoxic activity of peripheral blood mononuclear cells,
was also investigated. Concentrations of IL-6, IL-10, CCL2, CXCL8 and CXCL9 were significantly
upregulated in the PF from women with endometriosis when compared to control women, whereas
concentrations of other cytokines and chemokines were unaffected. The culturing of unstimulated
and CD3/CD28/IL-2-stimulated CD4+ T cells in the presence of endometriotic PF resulted in the
downregulation of their IL-2, IFN-γ, IL-17A and TNF production as compared to culture medium
alone. On the other side, endometriotic PF significantly stimulated the production of IL-4 and IL-10.
Endometriotic PF also stimulated the release of CCL2 and CXCL8, whereas the production of CCL5
and CXCL9 was downregulated. Endometriotic PF stimulated the generation of Treg cells and had
an inhibitory effect on the generation of Th17 cells in cultures of CD4+ T cells. It also inhibited the
NK cell cytotoxic activity of the peripheral blood lymphocytes. These results strongly imply that
the PF from patients with endometriosis has immunoregulatory/immunosuppressive activity and
shifts the Th1/Th2 cytokine balance toward the Th2 response, which may account for deviation of
local and systemic immune responses. However, a similar trend, albeit not a statistically significant
one, was also observed in case of PF from women without endometriosis, thus suggesting that
peritoneal milieu may in general display some immunoregulatory/immunosuppressive properties.
It should be stressed, however, that our present observations were made on a relatively small
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number of PF samples and further studies are needed to reveal possible mechanism(s) responsible
for this phenomenon.

Keywords: endometriosis; peritoneal fluid; cytokines; chemokines; Th1 cells; Th2 cells; Treg cells;
Th17 cells

1. Introduction

Endometriosis is a common gynecological disorder affecting ca. 10% women of re-
productive age. The disease is related to the endometrial-like tissue (endometrial glands
and stroma) located outside the uterine cavity, mainly on the pelvic viscera and/or ovaries.
Endometriosis is associated with chronic pelvic inflammation and manifests with dys-
menorrhea, dyspareunia or chronic pelvic pain. It also accounts for ca. 50% of women’s
infertility. Endometriosis is a debilitating disorder having a significant impact on pa-
tients’ quality of life. Nevertheless, the etiopathogenesis of this disease is still poorly
understood [1–4].

There are several theories on the origin of the endometriosis; however, the most
accepted cause of this disease is retrograde menstrual blood flow [5]. In this mechanism
shed endometrial cells enter the peritoneal cavity, where they survive and form ectopic foci
of the endometriotic tissue. This may be possible owing to the resistance of endometriotic
cells to apoptosis and their increased adhesiveness and invasiveness [6–9]. It is also
plausible that the formation of ectopic endometriotic lesions may also be facilitated by a
permissive local peritoneal milieu as well as abrogated elimination of endometriotic cells
by the cells of the local immune system, e.g., NK cells and macrophages [10,11].

Due to chronic pelvic inflammation and the elevated production of a variety of au-
toantibodies such as anti-nuclear, anti-phospholipid, and anti-endometrial antibodies,
endometriosis may be considered as an autoimmune/autoinflammatory disorder [11–14].
The disease manifests with the local and systemic abnormal lymphocyte responses and
abrogated NK cell cytotoxicity [10,13,15–17]. Pelvic inflammation includes peritoneal infil-
tration with a variety of immune cells including various subsets of lymphocytes, activated
macrophages and granulocytes [18,19]. The endometriotic peritoneal milieu is also char-
acterized by a local excessive production and accumulation of a bulk of proinflammatory
and regulatory cytokines [20,21].

The role of the peritoneal milieu and the peritoneal fluid (PF) in the immunopathogen-
esis of endometriosis still remains obscure. Although endometriosis is considered to be an
inflammatory disorder there is a growing body of evidence that the local peritoneal milieu
may display, rather, an immunosuppressive character. Indeed, it has been reported that
endometriosis is characterized by increased numbers of the peritoneal Treg cells displaying
immunosuppressive and anti-inflammatory activity [22–25]. Furthermore, the PF from
women with endometriosis also contains increased levels of suppressive anti-inflammatory
cytokines such as TGF-β and IL-10 [20,26]. Thus, it is plausible that the PF from women
with endometriosis may display some immunoregulatory properties. These properties,
however, are still poorly characterized. Therefore, the present study was aimed at testing
the immunomodulatory effects of the PF from women with endometriosis in comparison
to control women without the disease. We investigated the effects of the PF on the im-
munoregulatory cytokine and chemokine production by the isolated CD4+ T cells as well
as on the differentiation of CD4+ T cells into Treg and Th17 cells. Finally, we also tested the
effect of PF on the cytotoxic activity of the peripheral blood natural killer (NK) cells.

2. Results
2.1. Concentrations of Cytokines and Chemokines in PF

Concentrations of IL-2, IFN-γ, IL-17A, TNF, IL-4, IL-10 and IL-6 in the peritoneal fluid
of control women and patients with endometriosis are shown in Table 1. Women with
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endometriosis had increased concentrations of IL-6 and IL-10. There were no differences
between the control and endometriosis groups in concentrations of IL-2, IFN-γ, IL-17A,
TNF, and IL-4.

Table 1. Immunoregulatory cytokine concentrations in peritoneal fluid from patients with en-
dometriosis and control women.

Cytokine Control (n = 14) Endometriosis (n = 16) p-Value *

IL-2 0.3 (0.1–0.6) 0.4 (0.1–0.9) ns

IFN-γ 0.3 (0–1.0) 0.1 (0–0.9) ns

IL-17A 2.0 (0–8.1) 3.5 (0–28.4) ns

TNF 1.2 (0.4–1.4) 0.9 (0.4–2.2) ns

IL-4 0 (0–1.4) 0 (0–0.6) ns

IL-10 1.5 (0–9.7) 8.0 (1.5–96.9) 0.0107

IL-6 35.8 (1.7–312.8) 313 (26.2–6436) 0.0435
Values are expressed in pg/mL and are shown as medians (range). * p-values were calculated by Mann–Whitney
U test. ns, non-significant.

Concentrations of CCL2, CCL5, CXCL8 and CXCL9 in PF of control women and
patients with endometriosis are shown in Table 2. PF from the women with endometriosis
displayed significantly increased concentrations of CCL2, CXCL8 and CXCL9 as compared
with the control subjects.

Table 2. Chemokine concentrations in peritoneal fluid from patients with endometriosis and con-
trol women.

Chemokine Control (n = 14) Endometriosis (n = 16) p-Value *

CCL2 64.7 (16.6–198.7) 316.8 (10.1–10,333) 0.0232

CCL5 14.2 (5.8–227.2) 8.0 (5.3–33.9) ns

CXCL8 7.7 (1.4–62.0) 72.2 (8.7–9027) 0.0015

CXCL9 16.6 (5.2–50.8) 46.2 (24.1–628.3) 0.0030
Values are expressed in pg/mL and are shown as medians and a range. * p-values were calculated by Mann–
Whitney U test. ns, non-significant.

2.2. Effect of PF on Cytokine and Chemokine Production by CD4+ T Cells

To reveal whether the PF from the patients with endometriosis and the control sub-
jects may affect the cytokine and chemokine production by CD4+ T cells, we evaluated
cytokine and chemokine production following the 5-day culture of unstimulated and
CD3/CD28/IL-2-stimulated CD4+ T cells, where stimulation with CD3/CD28 beads mim-
ics antigen stimulation conditions [27,28]. The results of IL-2, IFN-γ, IL-17A, TNF, IL-4,
IL-10 and IL-6 concentrations in CD4+ T cell culture supernatants are shown in Figure 1.
As can be seen, CD4+ T cell stimulation with CD3/CD28 beads and IL-2 resulted in the
very high upregulation of production of all tested cytokines as compared to unstimulated
cells. The addition of the endometriotic PF to the culture of CD4+ T cells revealed its sup-
pressive effect on the production of IL-2 (Figure 1A), IFN-γ (Figure 1B), IL-17A (Figure 1C)
and TNF (Figure 1D), particularly by stimulated cells. Control PF also displayed some
inhibitory activity toward the production of these cytokines; however, a statistically sig-
nificant inhibition was seen only in the case of IL-2 production (Figure 1A). On the other
hand, endometriotic PF significantly upregulated production of IL-4 (Figure 1E) and IL-10
(Figure 1F) by stimulated CD4+ T cells. The production of IL-10 by stimulated CD4+ T cells
was also upregulated by the control PF (Figure 1F). The production of IL-6 by unstimulated
CD4+ T cells was significantly stimulated by endometriotic PF, whereas the production of
this cytokine by stimulated lymphocytes was affected by neither control nor endometriotic
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PFs (Figure 1G). There were no significant differences between PF from endometriosis and
control group.
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Figure 1. Production of (A) IL-2, (B) IFN-γ, (C) IL-17A, (D) TNF, (E) IL-4, (F) IL-10 and (G) IL-6 by cultured CD4+ T
cells unstimulated or stimulated with CD3/CD28 beads and IL-2 in the presence of the culture medium alone (CM),
peritoneal fluid from control woman (Control PF) or peritoneal fluid from woman with endometriosis (ENDO PF). The
results are shown as scatter dot plots with a median and interquartile range. Statistical significance was computed by paired
non-parametric ANOVA (Friedman’s test) followed by a post hoc test. * Statistically significant from the control group at
least at p < 0.05. Baseline concentration ranges of the tested cytokines (pg/mL), respectively, in Control PF and ENDO PF
used for the experiments were as follows. IL-2, 0.13–0.56 and 0.13–0.88; IFN-γ, 0–0.82 and 0–0.95; IL-17A, 0–8.10 and 0–8.70;
TNF, 0.43–1.32 and 0.38–2.24; IL-4, 0–0.70 and 0–0.59; IL-10, 0.59–9.65 and 1.46–11.2; IL-6, 16.4–312.8 and 47.1–492.

The results of the evaluation of the effects of PF on chemokine (CCL2, CCL5, CXCL8
and CXCL9) production by CD4+ T cells are shown in Figure 2. As seen, CD3/CD28/IL-2
stimulation of CD4+ T cells significantly affected the production of all chemokines except
CXCL8. It should be stressed, however, that production of the latter was extremely rela-
tively high even in unstimulated CD4+ T cells. The production of CCL2 was significantly
upregulated in both unstimulated and stimulated CD4+ T cells by the control as well
as endometriotic PF (Figure 2A). The stimulation of CXCL8 production was seen only
with endometriotic PF in unstimulated CD4+ T cells (Figure 2C). On the other hand, both
control and endometriotic PF significantly inhibited the production of CCL5 (Figure 2B)
and CXCL9 (Figure 2D) by stimulated CD4+ T cells. There were no significant differences
between PF from endometriosis and control group.
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Figure 2. Production of (A) CCL2, (B) CCL5, (C) CXCL8 and (D) CXC9 by cultured CD4+ T cells
unstimulated or stimulated with CD3/CD28 beads and IL-2 in the presence of the culture medium
alone (CM), peritoneal fluid from control woman (Control PF) or peritoneal fluid from woman with
endometriosis (ENDO PF). The results are shown as scatter dot plots with a median and interquartile
range. Statistical significance was computed by paired non-parametric ANOVA (Friedman’s test)
followed by a post hoc test. * Statistically significant from the control group at least at p < 0.05.
Baseline concentration ranges of the tested chemokines (pg/mL), respectively, in Control PF and
ENDO PF used for the experiments were as follows. CCL2, 16.6–198.7 and 10.12–393.2; CCL5, 2.5–9.6
and 6.0–33.9; CXCL8, 7.08–61.98 and 15.4–400.0; CXC9, 12.1–50.8 and 39.2–72.6.

2.3. Effect of PF on Generation of Treg and Th17 Cells

To see whether the PF from the patients with endometriosis and the control subjects
may affect in vitro generation of Treg and Th17 cells we evaluated specific phenotype
changes of the unstimulated and CD3/CD28/IL-2-stimulated CD4+ T cells following their
5-day culture. As seen in Figure 3, stimulation of CD4+ T cells with CD3/CD28 beads
and IL-2 resulted in significant generation of CD25high and CD25high FOXP3+ Treg cells.
The addition of the endometriotic PF significantly enhanced generation of the CD25high

T cells as compared to culture medium control and PF from women without endometriosis.
A similar effect of the endometriotic PF on the generation of CD25high FOXP3+ cells was
also seen in cultures of unstimulated CD4+ T cells (Figure 3B), whereas there were no
differences in the generation of CD25high FOXP3+ cells in CD3/CD28/IL-2-stimulated
cultures. Control PF did not affect generation of CD25high and CD25high FOXP3+ T cells in
either unstimulated or stimulated CD4+ T cell cultures.

Figure 4 shows that stimulation with CD3/CD28/IL-2 significantly increased the
generation of CD161+ T cells while having no significant effect on the generation of the
CD161+ RORγ+ cells. Endometriotic PF had a significant suppressive effect on generation
of CD161+, both in unstimulated and stimulated CD4+ T cell populations (Figure 4A).
Neither PF affected the generation of CD161+ RORγ+ cells (Figure 4B). There were no
significant differences between PF from endometriosis and control group.
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Figure 3. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or
peritoneal fluid from woman with endometriosis (ENDO PF) on generation of CD25high and CD25high

FOXP3+ Treg cells in cultures of CD4+ T cells unstimulated or stimulated with CD3/CD28 beads
and IL-2. (A) Gating strategy and a representative flow cytometry analysis showing identification
of the respective CD25high and CD25high FOXP3+ T cell subpopulations in CD4+ T cells under
different culture conditions. (B) Proportions of CD25high T cells and (C) CD25high FOXP3+ Treg
cells in population of unstimulated or CD3/CD28 beads+IL-2-stimulated CD4+ T cells. The results
are shown as scatter dot plots with a median and interquartile range. Statistical significance was
computed by paired (Friedman’s test) or unpaired (Kruskal–Wallis test) non-parametric ANOVA
followed by a post hoc test.
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Figure 4. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or
peritoneal fluid from woman with endometriosis (ENDO PF) on generation of CD161+ and CD161+

RORγ+ Th17 cells in cultures of CD4+ T cells unstimulated or stimulated with CD3/CD28 beads
and IL-2. (A) Gating strategy and a representative flow cytometry analysis showing identification of
the respective CD161+ and CD161+ RORγ+ T cell subpopulations in CD4+ T cells under different
culture conditions. (B) Proportions of CD161+ T cells and (C) CD161+ RORγ+ Th17 cells in population
of unstimulated or CD3/CD28 beads+IL-2-stimulated CD4+ T cells. The results are shown as scatter dot
plots with a median and interquartile range. Statistical significance was computed by paired (Friedman’s
test) or unpaired (Kruskal–Wallis test) non-parametric ANOVA followed by a post hoc test.
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2.4. Effect of PF on NK Cell Cytotoxicity

To reveal an effect of the PF from the patients with endometriosis and the control sub-
jects on the NK cells, we evaluated the cytotoxic activity of the cultured PBMC against K562
erythroleukemia cells. As seen in Figure 5, a one day culture of PBMC with endometriotic
PF resulted in a significant decrease in their cytotoxic activity. The control PF also displayed
some inhibitory effect; this, however, was not statistically significant. There was also no
significant difference between PF from endometriosis and control group.
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Figure 5. Effect of culture medium alone (CM), peritoneal fluid from control woman (Control PF) or peritoneal fluid from
woman with endometriosis (ENDO PF) on the NK cell cytotoxic activity of cultured PBMC. (A) The representative flow
cytometry analysis showing the controls for the NK assay. Shown are the fluorescence-negative effector cells (PBMC),
green fluorescence (FITC) labeled K562 target cells and spontaneously dying K562 cells (red fluorescence, PE). Spontaneous
death of target cells was determined in cultures without effector cells. (B) An example of identification of target K562 cells
killed by NK cells from the PBMC population (red fluorescence). (C) Relative cell mediated cytotoxicity of untreated and
peritoneal fluid-treated PBMC against K562 cells. The results are expressed as an index of specific cytotoxicity of peritoneal
fluid-treated PBMC relative to untreated control PBMC. Each bar represents mean ± SD from 4 independent experiments.
Statistical significance was computed by paired non-parametric ANOVA (Friedman’s test) followed by a post hoc test.

3. Discussion

The results of the present study show for the first time that PF from women with
advanced endometriosis displays immunomodulatory activity toward both unstimulated
and CD3/CD28/IL-2-stimulated CD4+ T cells. We chose the stimulation of CD4+ T cells
with CD3/CD28 beads and IL-2 as this method is considered to be a good model for
assessment of T cell receptor-dependent T cell activation and expansion [27,28]. We found
that endometriotic PF inhibited the production of IL-2, IFN-γ, IL-17A and TNF by CD4+

T cells. On the other hand, it stimulated the production of IL-4 and IL-10. The production
of IL-2, IFN-γ and TNF is a feature of the Th1 subpopulation of CD4+ T cells, which is
responsible for inflammatory and cell-mediated immunity, whereas the production of IL-4
and IL-10 is an attribute of Th2 cells, which are involved in the regulation of antibody
production and the downregulation of cell-mediated responses [29,30]. Thus, our results
may suggest that endometriotic PF displays an ability to shift CD4+ T cell differentiation
into the Th2 phenotype. This observation is in line with the previous suggestions that the
Th1/Th2 balance is abrogated in the endometriosis patients and that Th2 cells may favor
development of the disease [31,32]. It should be stressed, however, that our observations
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were limited to cytokine evaluations and further studies on the shifting of the Th1/Th2
balance to Th2 phenotype are required.

We also found that the PF from women with endometriosis modulates the production
of some T cell-derived chemokines. The treatment of CD4+ T cells with endometriotic PF
resulted in stimulation of CCL2 (also known as MCP-1) release. This is consistent with our
observation that CCL2 concentrations are elevated in the PF from endometriosis patients
as compared to healthy women (Table 2) as well as previous observations of many other
investigators [33]. CCL2 is a key chemokine responsible for chemotaxis/infiltration and
activation of monocytes/macrophages [34], thus, our present results strongly argue for the
role of the PF milieu in generation of pelvic inflammation in the course of endometriosis.
Interestingly, we also found that endometriotic PF inhibited the production of CCL5
(RANTES) and CXCL9 (MIG) by the CD4+ T cells. CCL5 is responsible for the chemotaxis
of T cells and some other leukocyte populations [35] and is considered to play a part in the
pathogenesis of endometriosis [33]. CXCL9 is also responsible for T and NK cell infiltration,
and, in particular, Th1 cells [36,37]. The expression of CXCL9 is upregulated by IFN-γ,
thus, its downregulated production in endometriotic PF may reflect the inhibition of this
cytokine release. These results seem to be in line with and extend the previous observations
of Na et al. that endometriotic PF modulated production of CCL2, CCL3 (MIP-1α) and
CCL5 by monocytes, neutrophils and T cells [38]. These findings strongly suggest that the
PF from women with endometriosis displays immunosuppressive properties which may
affect local infiltration and differentiation of T cells.

In addition to the observation that the PF from women with endometriosis affects
cytokine/chemokine production by CD4+ T cells. We also found that it stimulates dif-
ferentiation/expansion of CD25high FOXP3+ Treg cells. Increased numbers of Treg cells
were repeatedly reported in the peritoneum of patients with endometriosis, thus sug-
gesting their role in the suppression of the local immune responses [17,23,25,39,40]. Our
present result suggests that the mechanism responsible for the increased numbers of Treg
cells in the endometriotic PF may be at least partially due to their local activation by the
peritoneal milieu.

A stimulatory effect of the endometriotic PF on generation of Treg cells was accompa-
nied by an inhibition of expansion of CD161+ Th17 cells. However, it should be noted that
we did not observe any effect on the CD161+ RORg+ cells. It has been claimed that Th17
cells may play a part in the immunopathogenesis of endometriosis by exacerbation of the
inflammatory response [41–43]. Nevertheless, our present observation suggests that the
activity of Th17 cells may be suppressed by the factors present in the PF. Our observation
might also explain the differential levels of Treg and Th17 cells in patients with different
stage of the endometriosis [25].

Finally, we also confirmed the previous observations that the peritoneal fluid form
women with endometriosis may also inhibit the cytotoxic activity of the NK cells [44,45].

Interestingly, the suppressive/modulatory effects of the PF of women with endometrio-
sis were also reported on monocytes/macrophages. Accordingly, PF from the patients
with endometriosis was reported to downregulate the expression of the MHC class II
molecules as well as CD80 and CD86 costimulatory molecules in monocytes [46]. Further-
more, PF from women with endometriosis was also found to inhibit production of matrix
metalloproteinases in the peritoneal macrophages [47].

Taken all together, our present results provide evidence that the PF of patients with
endometriosis displays immunomodulatory/immunosuppressive activities toward CD4+

T cells. These activities manifest by inhibition of Th1 and stimulation of Th2 cytokine
production, the inhibition of some lymphocyte chemotactic factor production, the shift
of the Treg/Th17 balance to Treg phenotype and the inhibition of NK cell cytotoxic ac-
tivity. The nature of these modulatory/suppressive properties of the endometriotic PF
remains a subject of speculations. It should be stressed, however, that unlike in compar-
ison to culture medium control, there were no significant differences in immunomod-
ulatory/immunosuppressive activities between endometriotic PF and PF from control
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women without the disease. Furthermore, some inhibition of IL-2 and stimulation of IL-10
production by CD4+ T cells was also seen in the case of PF from the control women. The
control PF also stimulated CCL2 and inhibited CCL5 and CXCL9 production. This strongly
suggests that PF from control women with ovarian dermoid cysts also displays some im-
munoregulatory activity. We included patients with ovarian dermoid cysts as control since
this is a benign ovarian teratoma that typically does not manifest with local inflammatory
response or systemic immune deviations [48]. Considering that the immunology of ovarian
dermoid cysts remains elusive, the significance our present observation and the nature of
this phenomenon remains to be elucidated.

The levels of some investigated cytokines and chemokines, such as IL-6, IL-10, CCL2,
CXCL8, and CXCL9, were significantly increased in PF from patients with endometrio-
sis as compared to control. This observation is consistent with a variety of previous
reports [20,21,49,50] and argues for the role of endometriotic peritoneal milieu in the
regulation of local inflammatory responses. It is tempting to speculate that the modula-
tory/suppressive activity of the endometriotic PF is at least partially attributable to the
increased local production of some regulatory cytokines such as TGF-β and IL-10 [20].
Both cytokines exert strong anti-inflammatory activity and were found to be produced by
and to facilitate the induction of Treg cells [51–54]. TGF-β may be also responsible for local
inhibition of the NK cell activity [45]. It should be stressed, however, that the regulation
of the Treg/Th17 balance cannot simply be explained by an excessive stimulation with
TGF-β [55] and this issue requires further investigations. Similarly, it is also difficult to
speculate about the possible mechanisms responsible for the change of the Th1/Th2 bal-
ance. The differentiation of both subpopulations of Th cells appears to be a complicated
phenomenon depending on a bulk of immunoregulatory cytokines and accessory cells [56]
and also deserves further study.

It should be stressed that due to difficulties in obtaining the sufficient amounts of
PF for the research purposes, the present study was performed on a limited number
of PF samples. Nevertheless, the present results suggest that the peritoneal milieu of
women with endometriosis shows immunosuppressive properties and shifts the Th1/Th2
balance toward the Th2 phenotype. These properties may help us to understand how the
endometrioid tissue may escape from under local immune surveillance. The shift of the
Th1/Th2 balance may also account for the dysregulated control of antibody production
and may explain the origin of endometriosis-associated autoimmune phenomena. This
may strongly support the view that the peritoneal milieu plays an important part in the
pathogenesis of endometriosis and may be a target for specific clinical interventions.

4. Materials and Methods
4.1. Patients

The study included 16 women (mean age 35.8 years, range 25–46) with laparoscopi-
cally and histopathologically confirmed endometriosis. All patients had ovarian endometri-
otic cysts and the disease was classified as moderate/severe (III/IV) stage according to the
revised criteria of the American Society for Reproductive Medicine [57]. The control group
comprised 14 women (mean age 31.8 years, range 19–46) without visible endometriosis
foci, pelvic inflammation or related pathology who underwent laparoscopic excision of
ovarian dermoid cysts. All women had regular menses and none of them had a history of
previous pelvic surgery or chronic systemic disease. The patients were not subjected to any
hormonal or immunomodulatory therapy for at least six months prior to the study.

All participants gave a written informed consent to the study. The procedures were
approved by the Institutional Bioethical Review Board of the Medical University of Warsaw,
Poland and were conducted according to the Helsinki Declaration ethical principles.
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4.2. PF Sample Collection

PF samples were collected on the same day at the mid-follicular phase (8–10 day) of
the menstrual cycle. The mid-follicular menstrual cycle phase was additionally confirmed
by the ultrasound examination.

PF was aspirated from the cul de sac at the beginning of the standard laparoscopic
procedure under general anesthesia. Samples of the peritoneal fluid contaminated with
blood were excluded from the study. PF samples were centrifuged at 400g at 4 ◦C for
10 min and the cell-free supernatants were collected, aliquoted, and stored frozen at −80 ◦C
until used for further evaluations and experiments. The mean yield of PF obtained from
the endometriosis patients and the control subjects was 6.2 (range 2–12.5) and 4.6 (range
0.5–13) mL, respectively.

4.3. Isolation, Stimulation and Culture of CD4+ T Cells

Peripheral blood mononuclear cells (PBMC) were isolated from the buffy coat from
healthy volunteers from the local blood drive by Histopaque®-1077 (Sigma-Aldrich, St. Louis,
MO, USA) density gradient centrifugation. Then, CD4+ T cells were isolated using CD4+

Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the detailed
protocol provided by the manufacturer. The purity of isolated cells was >90% as evaluated
by flow cytometry analysis (see below). A representative flow cytometry analysis of CD4+

T cell purity is shown in Supplementary Figure S1.
Isolated CD4+ T cells were resuspended in RPMI 1640 culture medium supplemented

with 10% Fetal Bovine Serum, 1% HEPES buffer and 1% Pen-Strep (all from Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA) and subjected or not to stimulation with
Dynabeads™ Human T-Activator CD3/CD28 [27,28] at bead-to-cell ratio 1:1 and 30 U/mL
rIL-2 (all from Invitrogen, TermoFisher Scientific) according to the protocol provided by the
manufacturer. Then, 1 × 106 of unstimulated or stimulated cells were cultured for 5 days in
the medium alone or in the medium with control or endometriotic PF at 1:1 ratio without
medium refreshment in the wells of 12-well plates (Corning Inc., Corning, NY, USA) at
37 ◦C and 5% CO2 atmosphere.

The following culture cell-free supernatants were collected and stored frozen at −70 ◦C
until used for cytokine and chemokine quantification. The cells were also harvested, and
their phenotype was evaluated by flow cytometry as described below.

Peritoneal fluids containing particular cytokines or chemokines at concentrations far
exceeding interquartile range values were not used in the experiments. Baseline concentra-
tion ranges of each tested cytokines and chemokines present in control and endometriotic
PF used in the experiments are given in the legends to Figures 2 and 3. As seen, these
baseline concentrations of cytokines and chemokines were relatively very low compared to
those found in the cell-free supernatants following CD4+ T cell cultures and therefore may
be considered as negligible.

4.4. Cytokine Evaluations

Concentrations of cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ, and TNF) and
chemokines (CCL2, CCL5, CXCL8, and CXCL9) in peritoneal fluids and culture media
were measured using the BD™ Cytometric Bead Array (CBA) Human Th1/Th2/Th17
Cytokine and Human Chemokine kits (BD Bioscience, USA), respectively. The samples
were evaluated using a FACSVerse flow cytometry with BD Suite software (BD Bioscience)
according to the protocol provided by the manufacturer. The results were analyzed with
FCAP Array software (BD Bioscience). The advertised theoretical limit of detection de-
fined as the corresponding concentration at two standard deviations above the median
fluorescence of 20–30 replicates of the negative control (0 pg/mL) for IL-2, IL-4, IL-6, IL-10,
IL-17A, IFN-γ, and TNF was 2.6, 4.9, 2.4, 4.5, 18.9, 3.7, and 3.8 pg/mL, respectively. The
respective theoretical limit of detection for CCL2, CCL5, CXCL8, and CXCL9 was 2.7, 1.0,
0.2, and 2.5 pg/mL. The measurements were always within the respective standard curve.
Raw data of standard curves for all assays are shown in a supplementary file.
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4.5. Flow Cytometry Analysis

For flow cytometry analysis 0.5 × 106 cells were labelled with 1 mg/mL of a respective
antibody for 30 min at 4 ◦C, as described in detail elsewhere [23,58]. In brief, for evaluation
of the purity of isolated CD4+ T cells the cells were labelled with FITC-conjugated anti-CD4
monoclonal antibodies (BD Biosciences, San Jose, CA, USA). For evaluation of Treg cells in
CD4+ T cell cultures the harvested cells were labelled with PerCP-conjugated anti-CD4 and
APC-conjugated anti-CD25 monoclonal antibodies (both from BD Biosciences) followed by
a permeabilization-fixation procedure and intracellular staining with Phycoerythrin (PE)
Anti-Human Foxp3 Staining Set (eBioscience Inc., San Diego, CA, USA) according to the
detailed protocol provided by the manufacturer. For identification and evaluation of Th17
cells cultured CD4+ T cells were labelled with FITC-conjugated anti-CD161 monoclonal
antibody (BD Biosciences) followed by intracellular staining with Phycoerythrin (PE)-
conjugated Anti-Human ROR-γ antibody (eBioscience Inc.). As a negative control served
nonspecific isotype IgG antibodies conjugated with the respective fluorochrome.

Cell samples were analyzed on the FACSCalibur using CellQuest / BD FACS DivaTM

software (BD Biosciences). The cells were specifically analyzed by selective gating, based on
the parameters of forward and side scatter as described elsewhere [23,58]. The results were
based on analysis of at least 100,000 cells and were shown as the percentage of positively
labelled cells. The gating strategy for identification and evaluation of Treg and Th17 cells is
shown in Supplementary Figures S2 and S3, respectively.

4.6. NK Cell Cytotoxicity Assay

PBMC were isolated from the buffy coat by Histopaque®-1077 (Sigma-Aldrich) den-
sity gradient centrifugation, washed and cultured in RPMI 1640 + GlutaMAX medium
supplemented with 10% FBS and 1% antibiotic–antimycotic solution (all from Invitrogen,
TermoFisher Scientific) with or without addition of PF (1:1) from patients with endometrio-
sis or control subjects at a density of 2 × 106/mL in 12-well plates at 37 ◦C in 5% CO2
atmosphere. Following 24 h of culture natural cytotoxic activity of PBMC was evaluated
by means of NKTEST™ (Glycotope Biotechnology, Heidelberg, Germany) according to
the detailed description provided by the manufacturer. In brief, cultured effector PBMC
and K562 target cells prestained with a green fluorescent membrane dye were mixed at
50:1, 25:1 and 12.5:1 effector-to-target (E:T) ratio in a test medium and incubated for 3 h
at 37 ◦C in 5% CO2 atmosphere. Following incubation, the cells were stained with DNA
staining solution for 5 min at 4 ◦C and the cytotoxicity was measured using CytoFLEX
(Beckman Coulter) and CytExpert 2.0 software. Specific cytotoxicity was calculated on the
basis of analysis of 5000 target cells and shown as percentage of positively stained cells.
The results of cytotoxicity of PF-preincubated effector cells were presented in relation to
control effector cells preincubated in medium alone.

4.7. Statistical Analyses

All statistical analyses and graphical presentations were performed using GraphPad
Prism 8.2.0 (GraphPad Software, San Diego, CA, USA). Statistical differences between
groups were calculated using the Mann–Whitney U-test or non-parametric analysis of vari-
ance (ANOVA) for paired or unpaired samples followed by post hoc multiple comparison
test where applied. Differences were considered significant at least at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22158134/s1.
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