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Zusammenfassung

Hintergrund

Endometriose ist eine weit verbreitete chronische Erkrankung, die durch ektopes
Endometrium charakterisiert ist. Die Pathogenese der ektopen Ansiedlung von endo-
metrialem Gewebe wurde noch nicht einhellig identifiziert, jedoch gilt eine maBgebli-
che immunologische Komponente als gesichert. Hiaufige Symptome der Endometriose
sind chronischer Schmerz und Infertilitat, welche bei den betroffenen Frauen oft mit
depressivem Verhalten und erhohter Stresswahrnehmung assoziiert sind. Eine erhohte
Stresswahrnehmung kann das Gleichgewicht des endokrinen und des Immunsystems
stark beeinflussen. Ziel der vorliegenden Studie war es daher, die Wechselwirkung zwi-
schen Psyche, Hormonen und Immunsystem bei infertilen Frauen mit Endometriose
im Vergleich zu infertilen Frauen ohne Endometriose zu untersuchen.

Methoden

Insgesamt 69 Teilnehmerinnen unterzogen sich einer diagnostischen Laparoskopie, bei
30 wurde ein friihes, bei 8 ein fortgeschrittenes Stadium der Endometriose und bei 31
keine Zeichen fiir Endometriose gefunden. Psychosoziale Merkmale wurden anhand
von etablierten Fragebogen wie dem Perceived Stress Questionnaire (PSQ) fiir Stress-
wahrnehmung, der Allgemeinen Despressionsskala (ADS) fiir depressives Verhalten,
dem SF-36 zur Lebensqualitit und dem Fragebogen zur sozialen Unterstiitzung (F-
SoZU) evaluiert. Im Serum wurden die Zytokine Interleukin (IL)-2, -4, -5, -6, -10, -12,
-13, Interferon (IFN)-a und -y, Tumor-Nekrose-Faktor (TNF), 16sliches Interzelluldres
Adhasionsmolekiil (SICAM)-1 und Progesteron bestimmt. Haufigkeit und Phianotyp von
Subpopulationen peritonealer Leukozyten wurden durchflusszytometrisch untersucht.
Die in vitro Produktion von TNF und IL-10 durch peritoneale Leukozyten nach Stimu-
lation mit dem Stresshormon Corticotropin Releasing Hormone (CRH) und/oder ei-
nem Progesteronderivat, sowie die Synthese des unter Progesteron stimulierten Pro-
gesterone Induced Blocking Factor (PIBF) wurden mittels Cytometric Bead Array bzw.
ELISA gemessen. SchlieSlich wurde die Expression des Progesteronrezeptors (PR) auf
Endometrioseherden analysiert.



Ergebnisse

Patientinnen mit Endometriose litten unter verminderter Lebensqualitidt, erhohter
Stresswahrnehmung und depressiven Symptomen. Im Serum dieser Patientinnen zeig-
te sich ein pro-inflammatorisches Profil, mit einer ex vivo Thi1>Th2-Ratio. In der
Peritonealfliissigkeit fand sich eine Erh6hung von Neutrophilen, ein Abfall von CD25+
sowie CD4+*CD25*CD103*+ T-Zellen und insbesondere bei fortgeschrittener Endome-
triose ein Abfall von Monozyten, sowie von dendritischen HLA-DR+*CD11c*CD123* Zel-
len und eine erhohte Frequenz von PR* Natiirlichen Killerzellen (CD56*PR*) sowie
CD8*PR* T-Zellen. Die Spiegel von Progesteron im Serum von Patientinnen mit
Endometriose waren erniedrigt und korrelierten bei fortgeschrittenem Krankheitssta-
dium invers mit Schmerzen. Die Produktion von pro-inflammatorischem TNF durch
peritoneale Leukozyten in vitro war bei Patientinnen mit Endometriose erhoht und
diese TNF>IL-10 Ratio konnte durch in vitro Stimulation mit CRH weiter erhoht wer-
den. Die Zugabe des Progesteronderivates Dydrogesteron konnte die CRH-vermittelte
TNF>IL-10 Inflammation in vitro aufheben. Dariiber hinaus war die Produktion von
PIBF durch peritoneale Leukozyten erhoht.

Schlussfolgerungen

Psychosozialer Stress und erniedrigte Progesteronspiegel scheinen zur peritonealen
Inflammation und Schmerzwahrnehmung bei Patientinnen mit Endometriose beizu-
tragen. Die therapeutische Applikation von Progesteronderivaten, CRH-Blockern sowie
verbessertes Stress-Coping konnten den Teufelskreis zwischen chronischer Entziin-
dung und hohem psychologischen Stress durchbrechen.



Einleitung und Zielstellung

Endometriose, eine chronische gynikologische Erkrankung, ist durch endometriales
Driisengewebe und Stroma auBerhalb der Uterushohle charakterisiert. Bis zu 22% aller
Frauen im reproduktionsfahigen Alter sind betroffen.! Symptome wie Dysmenorrhoe,
Dyspareunie, chronische Unterbauchschmerzen und Infertilitat beeinflussen ihr Sozial-
leben, ihre Sexualitit und ihr psychisches Wohlbefinden. Patientinnen mit Endo-
metriose weisen eine erhohte Stresswahrnehmung und haufiger Zeichen von Depressi-
on und Angst auf.24 Die klinischen Symptome der Endometriose konnen somit als
persistierende Stressoren angesehen werden, jedoch liegen beziiglich der Spiegel von
Depressionsmarkern wie Interferon (IFN)-a und l6sliches Interzellulires Adhasions-
molekiil (sSICAM)-1 im Serum bisher keine Daten vor.

Die diagnostischen sowie therapeutischen Moglichkeiten bei (Verdacht auf) Endome-
triose sind bisher nicht befriedigend, da nicht-invasive Tests fehlen, selbst die operative
Therapie nicht vor Rezidiven schiitzt und die endokrine Behandlung bei bestehendem
Kinderwunsch problematisch ist.

Vitales Endometrium gelangt bei den meisten Frauen wihrend der Menstruation ret-
rograd in die Bauchhohle,s jedoch entwickeln nicht alle eine Endometriose. Daher wur-
de postuliert, dass u.a. eine ungentigende Reaktion des Immunsystems auf das Gewebe
bei manchen Frauen die Entwicklung einer Endometriose beférdert.¢ Zahlreiche Publi-
kationen stiitzen diese Vermutung und zeigen z.B. eine verminderte Aktivierung oder
Funktion von peritonealen Natiirlichen Killer (NK)-Zellen, Makrophagen und T-
Lymphozyten trotz zum Teil hoher Anzahl der entsprechenden Zellen.6 Uber die Fre-
quenz und Funktion von Granulozyten, regulatorischen T-Lymphozyten sowie Dendri-
tischen Zellen (DZ) im Rahmen der Endometriose ist bisher wenig bekannt, ebenso
variieren Angaben iiber die Anzahl von NK-Zellen in der Peritonealfliissigkeit.°

Neben verminderter Zytotoxizitidt peritonealer Immunozyten scheint eine (sterile) In-
flammation von Bedeutung zu sein: Pro-inflammatorische Zytokine wie Tumor-
Nekrose-Faktor (TNF), Interleukine (IL)-1 und 6 sowie Prostaglandine und der
Vascular Endothelial Growth Factor (VEGF) werden bei Endometriose in groer Menge
z.B. von peritonealen Makrophagen produziert.® Sie tragen zusammen mit Matrix-
Metalloproteinasen (MMP) zur Adhidsion des Endometriums am Peritoneum, zu
Schmerzen, Angiogenese und damit der Blutversorgung des ektopen Gewebes sowie
iiber embryotoxische Effekte zu Infertilitat bei [Abb. 1].6 Beziiglich der Spiegel von
Zytokinen im Serum liegen kaum Daten vor.
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ADbb. 1: Peritoneales neuroendokrin-immunologisches Ungleichgewicht bei Endometriose
AAb, auto-antibodies; Ach, acetylcholine; CGRP, calcitonin gene related peptide; CRH, corticotropin
releasing hormone; E, estrogens; E2, estradiol; Hb, hemoglobin; HO, heme oxygenases; IL, interleukin;
HLA, human leukocyte antigen; IFN-y, interferon-y; KIR, killer cell inhibitory receptor; M-CSF,
macrophage colony stimulating factor; MCP-1, monocyte chemotactic protein-1;, MHC-I, major
histocompatibility complex class-I; MMP, matrix metalloproteinase; NGF, nerve growth factor; NK,
natural killer; P, progesterone; PAR-2, protease-activated receptor-2; PGE(2), prostaglandin E(2); pHp,
peritoneal haptoglobin; RANTES, regulated upon avtivation, normal T cell expressed and secreted;
sCD23, soluble CD23; SCF, stem cell factor; sICAM-1, soluble intercellular adhesion molecule-1; SP,
substance P; TGF-f, transforming growth factor- B; TH, tyrosine hydroxylase; TNF-a, tumor necrosis
factor-a; VEGF, vascular endothelial growth factor

(aus: Tariverdian et al., Semin Immunopathol,® © Tariverdian et al., 2007)

Es ist bekannt, dass hohe Stresswahrnehmung Ausbriiche inflammatorischer Erkran-
kungen und Schwangerschafts-assoziierte Komplikationen verursachen kann.¢ Uber die
Aktivierung der Hypothalamus-Hypophysen-Nebennieren (HHN)-Achse werden
Neurohormone wie Corticotropin Releasing Hormone (CRH) frei und immunregulato-
rische Prozesse aktiviert. Peripheres CRH, das ebenfalls durch psychischen Stress er-
hoht wird,” hat jedoch auch pro-inflammatorische Wirkungen®* und wird inte-
ressanterweise in Endometrioseherden stark exprimiert,2 wobei als Produzenten akti-
vierte Mastzellen, Lymphozyten und deszendierende Nervenfasern in Betracht kom-
men.® Bei gesunden Probanden korrelieren hohe Stresswahrnehmung und stress-
bezogene Angst mit inflammatorischen Zytokinen,s jedoch ist noch nicht geklart, ob
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psychischer Stress und erhohtes CRH auch fiir die peritoneale Inflammation bei
Endometriose verantwortlich zeichnen.

Endometriose wird auBerdem als Ostrogenabhingige Erkrankung verstanden, da
Ostradiol die endometriale Proliferation stimuliert.6 Dariiber hinaus spielen ein relati-
ver Mangel an Progesteron bzw. dessen ungeniigende Wirkung eine Rolle; so werden
z.B. das durch Ostradiol vermittelte endometriale Wachstum oder die ostradiol-
abhangige Stimulation von MMP und Mastzellen weniger gehemmt.¢ In klinischen Stu-
dien konnte durch Progestine eine Besserung der Symptome, insbesondere der
Schmerzen, erreicht werden.4 Diese Wirkung konnte von CD8* Lymphozyten, NK-
Zellen und deren Progesteronrezeptor (PR) abhingen. Fiir das Progesteronderivat
Dydrogesteron wurden anti-inflammatorische Effekte nachgewiesen,’> wobei der
Progesterone Induced Blocking Factor (PIBF) als Mediator fungiert und NK-Zellen blo-
ckiert.?® Weiterhin reguliert Dydrogesteron den Neurokinin (NK)-1 Rezeptor herab,s
einen Rezeptor fiir Substanz P (SP), die eine Rolle in der Vermittlung von Schmerzen
spielt.

Ziel der vorliegenden Studien war es herauszufinden, ob:

1. psychosoziale Faktoren bei Endometriose verandert sind,

2. Endometriose oder damit verbundene psychosoziale Aspekte sich in Immun-
markern von Depression im Serum spiegeln,

3. andere Immunmarker fiir Endometriose im Serum vorliegen,
4. die Frequenz peritonealer Leukozytensubpopulationen verandert ist,
5. Frequenz und Phanotyp von peritonealen T-Lymphozyten (CD25*, CD4*,

CD8+), T-regulatorischen Zellen (CD4+*CD25+*CD103*) und T-Suppressor-
Zellen (CD8+CD28-), NK-Zellen (CD56+, CD57+) und DZ
(HLA-DR*CD11c*CD123+*) sowie CD56*PR* und CD8+PR* Zellen differieren,

6. Progesteronspiegel im Serum sich zwischen den Gruppen unterscheiden,

7. Zytokinprofile der peritonealen Leukozyten sich nach Stimulation mit CRH
verandern und ob Dydrogesteron den potentiellen Effekten von CRH entge-
genwirkt,

8. Spiegel von PIBF aus peritonealen Leukozyten variieren und ob

0. endometriotische Zellen PR exprimieren und sich diese Expression zwischen

beginnender und fortgeschrittener Endometriose unterscheidet.

11



Methodik

Studienpopulation

Fiir diese Studie wurden Frauen ausgewahlt, die sich wegen Infertilitat einer diagnosti-
schen Laparoskopie unterzogen. Die Teilnehmerinnen wurden in der Abteilung fiir Gy-
niakologie und Geburtshilfe des DRK-Klinikums Westend in Berlin rekrutiert. Alle
Frauen gaben ihr schriftliches Einverstandnis und die Studie wurde vom Ethikkomitee
der Charité bewilligt.

Frauen in der Lutealphase ihres Menstruationszyklus, solche, die hormonelle oder im-
munsuppressive Medikamente einnahmen, sich einer in vitro Fertilisation (IVF) unter-
zogen sowie Fille mit fehlenden Unterlagen oder Ko-Morbiditét (chronische infektiose
oder autoimmune Erkrankungen) wurden ausgeschlossen. Insgesamt 69 infertile Frau-
en in der Follikelphase zum Zeitpunkt der Laparoskopie konnten eingeschlossen wer-
den. Die klinische Diagnose wurde im Anschluss an die Laparoskopie von einem unab-
héangigen Untersucher histologisch gesichert. Alle Frauen stellten Informationen zu
Demographie und Biometrie sowie, anhand einer numerischen Analogskala, der Inten-
sitat der erlebten Schmerzen bereit. Die Peritonealfliissigkeit sowie endometriotisches
Gewebe wurden wihrend der Laparoskopie entnommen und zusammen mit den Seren
innerhalb von 2-4h nach Entnahme bearbeitet.

In 38 Faillen ergab sich eine Endometriose. Die erkrankten Patientinnen wurden an-
hand der revidierten Klassifizierung der American Society for Reproductive Medicine
(1997)7 in Subgruppen von frither Endometriose der Stadien I oder II (n=30) sowie
fortgeschrittener Endometriose der Stadien III oder IV (n=8) eingeteilt. In 31 Fillen
konnte keine Endometriose bestatigt werden.

Psychometrische Evaluation

Anhand etablierter Fragebogen wurden Stresswahrnehmung (Perceived Stress
Questionnaire: PSQ), Depression (Allgemeine Depressionsskala: ADS), Lebensqualitat
(SF-36, Mental Component Summary: MCS-12; Physical Component Summary: PCS-
12) und soziale Unterstiitzung (Fragebogen zur sozialen Unterstiitzung: F-SoZU) evalu-
iert.
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Labormethoden

Die folgenden immunologischen Labormethoden kamen in dieser Studie zum Einsatz,

wobei die Details den jeweiligen Publikationen entnommen werden konnen:

Enzyme-linked Immunosorbent Assay (ELISA)
Cytometric Bead Array (CBA)

Multiplex Analysis (Luminex)
Leukozytendifferenzierung

Durchflusszytometrie

In vitro Stimulation von peritonealen Leukozyten
Immunhistochemie

Statistische Auswertung

Fiir die statistischen Analysen wurde SPSS 15.0 fiir Windows benutzt. Unterschiede

zwischen den Gruppen wurden mithilfe des Chi2-Testes fiir nominale Variablen bzw.

des Mann-Whitney-U-Testes fiir kontinuierliche Variablen berechnet. Korrelationen

wurden unter Verwendung des nicht-parametrischen Spearman-Testes berechnet,

intra-Gruppen Variationen mit dem Wilcoxon-Test, das Signifikanzniveau wurde auf
P<0.05 festgelegt.
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Ergebnisse

Im Folgenden werden die pragnantesten Ergebnisse in Kiirze vorgestellt. Die entspre-
chenden Originalpublikationen sind als Referenzen 3, 18 und 19 gelistet. Fiir die kor-
respondierenden Graphiken sowie weitere Erkenntnisse der Studie wird auf die
jeweiligen Sektionen der Publikationen verwiesen.

Soziodemographische, biometrische und anamnestische Daten sowie psy-
chosoziale Evaluation

Zwischen den untersuchten Gruppen, infertilen Frauen ohne Endometriose bzw. mit
Endometriose in frithen oder fortgeschrittenen Stadien, ergaben sich keine signifikan-
ten Unterschiede hinsichtlich Alter, Body Mass Index (BMI), Ko-Morbiditét, sekunda-
rer Infertilitit, Rauchen, Schulbildung, Familien- oder Berufsstand.3 8 9 Frauen mit
Endometriose gaben stirkere Schmerzen an, das Signifikanzniveau wurde hier nicht
erreicht.»

Frauen mit Endometriose dokumentierten eine hohere Stresswahrnehmung (PSQ),
insbesondere in der Subskala Anforderungen.3 Dariiber hinaus fielen bei fortgeschrit-
tener Endometriose hohere Depressionswerte (ADS) auf.3 Die Lebensqualitat (MCS-12)
von Frauen mit Endometriose, v.a. in hoheren Stadien, war niedriger als die von Frau-
en ohne Endometriose.3

Zytokine/Depressionsmarker im Serum

Die mit ELISA gemessenen Spiegel von IFN-a im Serum waren bei Endometriose er-
hoht, wobei eine Vielzahl der Proben, insbesondere die von Frauen ohne Endometriose,
nicht im Bereich der Sensitivitit lag.3 Wenn auch IL-2 im Serum bei Frauen mit frithen
Stadien der Endometriose erh6ht und andere Marker leicht verdndert waren, erkann-
ten wir im CBA keinen allgemeinen Trend.3 Die Thi/Th2-Ratio zeigte eine Verschie-
bung Richtung Inflammation (Th1) in frithen Stadien der Endometriose.3 Auch durch
Luminex-Messungen konnten wir keine charakteristischen Marker fiir Endometriose
finden und bei geringer Sensitivitat die durch CBA generierten Daten nicht bestitigen.3
SchlieBlich fanden wir eine starke inverse Korrelation zwischen der Thi/Th2-Ratio
(CBA) und den PSQ-Werten bei Patientinnen mit fortgeschrittener Endometriose.3
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Leukozyten-Subpopulationen in der Peritonealfliissigkeit

Die Gesamtzahl der peritonealen Leukozyten war bei frither Endometriose signifikant
hoher als bei Frauen ohne Endometriose.’® Wir fanden prozentual signifikant niedrige-
re Monozytenzahlen bei fortgeschrittener Endometriose sowie hohere Neutrophile in
allen Stadien, signifikant in den Stadien I und II.:8 Weitere Zellgruppen zeigten ledig-
lich leichte Veranderungen.:8

Peritoneale T-, NK-, PR+-Zellen und DZ

Bei Endometriose waren die prozentualen Anteile der CD25* Zellen an allen Lympho-
zyten niedriger, in den Stadien IIT und IV signifikant.’® Des Weiteren beobachteten wir
bei Endometriose einen Abfall von CD4+*CD25+*CD103* T-regulatorischen Zellen
innerhalb der CD4* Zellen, signifikant fiir Stadien I wund II, sowie der
HLA-DR+*CD11c*CD123+ DZ.®® Die Haufigkeiten von NK-Zellen (CD56*, CD57+), T-
Suppressor-Zellen (CD8+CD28-) sowie CD4* und CD8* Zellen unterschied sich nicht
signifikant.’8 PR+ Zellen waren bei fortgeschrittener Endometriose héufiger, insbeson-
dere bei Ko-Expression mit CD56 bzw. CD8.19

Progesteronspiegel im Serum und Korrelation mit Schmerzen

Progesteron war bei Endometriose im Serum erniedrigt, in fortgeschrittenen Stadien
signifikant.’9 Hier korrelierte Progesteron stark invers mit den angegebenen Schmer-
zen.'

Zytokinprofil in vitro und Wirkungen von CRH und Dydrogesteron

Die TNF/IL-10-Ratio in vitro war bei Endometriose hoher, was ein starker inflam-
matorisches Zytokinprofil der peritonealen Leukozyten widerspiegelt.® In beiden
Gruppen stieg die TNF/IL-10-Ratio unter Stimulation mit CRH an; dieser Effekt konn-
te durch Dydrogesteron aufgehoben werden.»

PIBF-Produktion durch peritoneale Leukozyten und Expression von PR
auf endometriotischem Gewebe

Die in vitro Spiegel von PIBF, produziert von peritonealen Leukozyten, waren bei
Endometriose marginal hoher als bei Frauen ohne Endometriose.?

Wir konnten bei allen Proben von Endometrioseherden eine deutliche Expression von
PR beobachten.9 Die Heterogenitit des Gewebes verhinderte eine tiefergehende Quan-
tifizierung und Charakterisierung von PR-Subtypen.
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Diskussion

In der vorliegenden Studie konnten wir zeigen, dass bei Endometriose relevante psy-
chosoziale Faktoren verandert sind, sogar das Niveau manifester Depression erreich-
ten. Bei fortgeschrittener Endometriose fielen hohe Werte fiir Depression (ADS) sowie
eine niedrigere mentale Lebensqualitit (MCS-12) auf, begleitet von hohen IFN-a-
Spiegeln, einem Serummarker fiir Depression. Es konnte jedoch im Serum kein fiir
Endometriose charakteristischer ,,immunologischer Fingerabdruck® gefunden werden,
wenn auch ein Th1>Th2 Zytokinprofil auffiel. Andere Autoren hingegen beschrieben
bei Endometriose eine vermehrte Synthese von pro-inflammatorischen Zytokinen
(TNF, IL-6, IL-8) in Monozyten des peripheren Blutes.20

Die Zahlung peritonealer Leukozyten unterstiitze die Hypothese von Inflammation bei
Endometriose mit verstarkter Rekrutierung von Immunzellen in die Bauchhohle, ins-
besondere in frithen Stadien.® Ein Schliisselergebnis unserer Studie ist der hohe Pro-
zentsatz an intraperitonealen Neutrophilen bei Endometriose. Bisherige Veroffent-
lichungen konnten jedoch nicht abschlieBend kldren, ob diese Neutrophilen funktional
sind.2- 22 Nennenswerter Weise konnen neutrophile Granulozyten VEGF sezernieren,
welcher ein potenter angiogenetischer Faktor und bei Endometriose in der Peritoneal-
fliissigkeit erhoht ist.23- 24 Durch die Sekretion von VEGF konnten Neutrophile also zur
Blutversorgung und zum Wachstum von Endometrioseherden beitragen. Es bleibt of-
fen, ob eine Stimulation ihrer phagozytierenden Eigenschaften von Nutzen ware oder
nicht. Hierbei miissen auch Studien beachtet werden, die fiir eine gewisse ,Resistenz”
endometriotischer Zellen gegen Lyse durch Immunzellen, beispielsweise durch Expres-
sion von MHC-Molekiilen, sprechen.2s 26

Ein weiteres Kernergebnis dieser Untersuchung ist der signifikante Abfall von Monozy-
ten in der Peritonealfliissigkeit von Frauen mit fortgeschrittener Endometriose. Mono-
zyten konnen in Gewebe migrieren und sich zu Makrophagen oder DZ differenzieren.
Eine Erklarung fiir niedrige Monozyten konnte somit eine vermehrte Migration und
Differenzierung sein. Viele Studien postulieren eine hohe Anzahl an peritonealen Mak-
rophagen bei Endometriose® und es bleibt zu kliaren, ob der Anteil an Monozyten in der
vorliegenden Studie Makrophagen einschlief}t.

Wir fanden weiterhin niedrigere CD25+* Lymphozyten bei Endometriose. Bei hohen
Zahlen von T-Lymphozyten in der Peritonealfliissigkeit konnte diese niedrigere Popula-
tion von hauptsichlich aktivierten Lymphozyten auf einen funktionellen Defekt bei
Endometriose hinweisen. Wir zeigten auBBerdem eine niedrigere Anzahl von peritonea-
len CD4+*CD25*CD103* T-regulatorischen Zellen bei Endometriose. Diese konnen in
entziindete Gewebe migrieren, wo sie ihre suppressive Funktion ausiiben, z.B. im Rah-
men einer Infektion. Sollte die niedrigere Anzahl dieser Zellen bei Endometriose Folge
einer mangelhaften Migration in die Peritonealhohle sein, konnte das mogliche Fehlen
von Immunsuppression die peritoneale Inflammation erklaren.®
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Die in dieser Studie nachgewiesenen niedrigen Spiegel von Progesteron im Serum ins-
besondere bei hoheren Stadien der Endometriose sind moglicherweise ebenfalls fiir die
Progression der Erkrankung verantwortlich, z.B. durch die Verldngerung der prolifera-
tiven Phase im ektopen Gewebe aufgrund einer relativen Ostrogendominanz. Die
Progesteronwerte waren bei allen Studienteilnehmerinnen unabhingig von
Endometriose niedriger als gewohnlich bei gesunden Frauen in der Follikelphase (0.2-
1.4ng/ml). Diese Beobachtung legt nahe, dass Progesteron unabhingig von
Endometriose eine Rolle bei Infertilitat spielt. Es werden jedoch serielle Messungen
iiber den Zyklus einschlieBlich der Lutealphase empfohlen. Diese konnten kldaren, ob
vermindertes Progesteron die relative Defizienz durch verminderte PR an ektopem
Endometrium, gestorte Regulation von Progesteron-abhingigen Enzymen wie 173-
hydroxysteroid dehydrogenase Typ 2 (173-HSD-2) und Aromatase, die zur Akkumula-
tion von Ostradiol in Endometrioseherden beitragen [Abb. 2],27-29 erginzt.
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a e aromatase l—l
‘—» E1 E2

cyclic proliferation —» proliferation
and apoptosis

—

Abb. 2: Endometriose: verminderte Expression von PR sowie Mechanismen,
die zur Aklkumulation von Ostradiol fiihren

E1, estrone; E2, estradiol; P, progesterone; PR, progesteone receptor; 175-HSD-1, 170-
hydroxysteriod dehydrogenase type 1; 17B-HSD-2; 17B-hydroxysteriod dehydrogenase
type 2 (aus: Tariverdian et al., Semin Immunopathol,® © Tariverdian et al., 2007)
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In der vorliegenden Studie korrelierte bei fortgeschrittener Endometriose Progesteron
stark invers mit den Schmerzwerten, was mit Studien in Einklang steht, die zeigten,
dass Progesteron Schmerzen zu lindern vermag, z.B. durch Herabregulierung des NK-1
Rezeptors, eines Rezeptors fiir SP.14 15 Es wire von groBem Interesse zu erforschen, ob
dieser Rezeptor auch bei Endometriose Schmerz vermittelt. Nervenfasern sind in peri-
tonealen Endometrioseherden zahlreich vorhanden. Hierbei handelt es sich neben
parasympathischen und sympathischen Fasern u.a. um SP+ sensorische Fasern.so 3t
Dariiber hinaus ist der nerve growth factor (NGF), welcher die Produktion von SP sti-
muliert, in der Ndahe von endometriotischen Driisen reichlich vorhanden.3°

Des Weiteren fanden wir eine erhohte Expression von PR auf der Oberflache peritonea-
ler Lymphozyten bei fortgeschrittener Endometriose. Hierbei konnte es sich um eine
kompensatorische Erhohung aufgrund niedriger Progesteronspiegel im Serum han-
deln. Bedauerlicherweise konnte Progesteron in der Peritonealfliissigkeit in dieser Stu-
die nicht ermittelt werden. Die Expression von PR auf CD56* NK- und CD8* T-Zellen
legt nahe, dass diese Zellen mogliche Ziele von Progesteron sind. Die in vitro Produkti-
on von PIBF durch unstimulierte peritoneale Leukozyten war bei Endometriose erhoht.
Von PIBF weifl man, dass es NK-Zellen funktional blockieren kann,® was im Kontext
der Endometriose unerwiinscht sein konnte. Diese Interpretation verlangt jedoch wei-
tere Untersuchungen der Produktion von PIBF bei Endometriose und wird durch eine
Studie in Zweifel gezogen, die zeigte, dass Dienogest, ein synthetisches Steroid, die Ak-
tivitat von NK-Zellen erhoht.s2

Es ist bekannt, dass CRH {iiber eine Unterdriickung des immunregulatorischen Effektes
von Serotonin in vitro zu einer Erhohung der TNF-Produktion durch periphere Blutzel-
len fiihrt.33 Unsere Untersuchungen bestitigten nun weiterhin einen inflamma-
torischen Effekt von CRH auf peritoneale Zellen. Dieser Effekt konnte durch Dydro-
gesteron aufgehoben werden. Erwartungsgemaf waren diese Wirkungen auch bei Pati-
entinnen ohne Endometriose zu beobachten, jedoch in geringerem Ausmaf3. CRH und
das verwandte Urocortin aus Mastzellen wurden reichlich in endometriotischem
Gewebe gefunden®2 und der Anstieg des CRH-Bindungsproteins in der Peritoneal-
fliissigkeit von Patientinnen mit Endometriose34 konnte als Versuch des Korpers inter-
pretiert werden, hohe Spiegel freien peripheren CRHs aus Immunozyten und/oder des-
zendierenden Nervenfasern herab zu regulieren.®

Infolge einer Aktivierung der HHN-Achse durch Stress wird CRH ausgeschiittet. Dieses
inhibiert die Sekretion von hypothalamischem Gonadotropin Releasing Hormone
(GnRH) und iiber Adrenocorticotropes Hormon (ACTH) und Glucocorticoide (GC) die
Ausschiittung von Luteinisierendem Hormon (LH) aus der Hypophyse sowie von Ost-
rogen und Progesteron aus den Ovarien.® 35 Wie schon erwahnt wurde gezeigt, dass die
Spiegel von CRH auch in der Peripherie ansteigen.” Peripheres CRH fiihrt zur Prolifera-
tion von Immunozyten und der Freisetzung von IL-1, -2 und -6 sowie VEGF, z.B. aus
Mastzellen.® Zusammen mit unseren Daten legt dies nahe, dass CRH im Zusammen-
hang mit Endometriose die inflammatorische Reaktion von peritonealen Zellen sowie
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das Wachstum endometriotischer Léasionen direkt oder indirekt iiber eine Hemmung
von Progesteron, einem potenten Suppressor von Inflammation, verschirft. Es ist
wahrscheinlich, dass weiterhin von Katecholaminen abhingige Vorgidnge zur perito-
nealen Reaktion auf Stress beitragen.¢

Eine wachsende Zahl von Veroffentlichungen forcieren eine interdisziplinire Annihe-
rung an komplexe Erkrankungen wie Endometriose durch die Aufklarung von Quer-
verbindungen zwischen dem Immun-, Hormon- und Nervensystem.® Psychischer
Stress kann hier Inflammation, Angiogenese, Schmerz und Infertilitiat durch die bisher
beschriebenen Mechanismen verstirken. Hinzu kommt, dass immunologische Ereig-
nisse wie z.B. groBe Mengen an pro-inflammatorischen Zytokinen, zu einem Anstieg
zentralen CRHs fiihren3® 37 und bestimmten Hirnregionen signalisieren konnen, das
»Sickness Behaviour” zu induzieren,3® welches depressionsdhnliche Verhaltensmuster
wie Antriebslosigkeit, Appetitlosigkeit, verminderte soziale Interaktionen und veran-
dertes Sexualverhalten einschlieBt und so einen Teufelskreis zwischen peritonealer
Inflammation, Schmerz und Infertilitiat auf der einen und psychischem Stress auf der
anderen Seite schlieBt.6 Dies konnte bei Endometriose neben einer Erh6hung systemi-
scher Zytokine durch vagale Afferenzen vermittelt werden. Azetylcholin (Ach)* Nerven-
fasern wurden in endometrialem Gewebe gefunden,3° somit konnten pro-/ inflammato-
rische Zytokine bei Endometriose zu Verhaltensdnderungen und erhoéhter Stresswahr-

nehmung beitragen, indem sie via vagale Afferenzen Signale von der Bauchhohle an das
Gehirn senden [Abb. 3].¢

9 _, Sickness response
= * Increase central CRH -
o o2 * Sickness behaviour 3
- S'c =
S gll o & =
8 s||E8 O3
8(1 82 25 Abb. 3:
|| 5 @ =2
[7) © = . .
o 5 82 ) % Hypothetisches Szenario:
g = % g wz ,»,Brain-Body-Brain-Cross
S «|3 B ‘:; 8 Talk“ bei Endometriose
% £ g '§ % g BBB, blood-brain-barrier; CGRP,
e & 25 Ry s calcitonin gene related peptide;
~— M . 3 . . .
g ? m Inflammation ES CRH, corticotropin releasing hor-
< 4[ Angiogenesis ] mone; NGF, nerve growth factor,

SP, substance P (aus: Tariverdian

et al., Semin Immunopathol,®
© Tariverdian et al., 2007)
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Die Komplexitit des immunologischen Ungleichgewichts bei Endometriose spiegelt
sich in der gleichzeitigen Existenz von Studien, die einen positiven Effekt von Inflam-
mation, z.B. der Applikation von IL-12, zeigen,3? neben solchen, die immunsuppressi-
ven Substanzen wie dem TNF Binding Protein-1 einen Nutzen zuschreiben.4°
Neue Immuntherapien miissten eine Stimulation des Immunsystems mit der Regulati-
on von Inflammation gut balancieren.

Bevor Ansitze wie die Blockade peripheren CRHs oder eine Mastzellstabilisierung in
Betracht gezogen werden, sollten Strategien zur Verbesserung von Stress-Coping im-
plementiert werden. Patientinnen mit Endometriose geben ein Bediirfnis nach Strate-
gien zur Verbesserung ihrer Lebensqualitat an4' und es gibt Hinweise, dass Entspan-
nungs-Programme wie z.B. die Progressive Muskelrelaxation nach Jacobson oder Au-
togenes Training Stresswahrnehmung und édngstliche Depressionen vermindern und,
faszinierender Weise, eine Abnahme von TNF, z.B. im Serum von Patienten, die unter
Tinnitus leiden, induzieren konnen.42 Dariiber hinaus konnte die Organisation in
Selbsthilfegruppen, gegebenenfalls psychotherapeutische Behandlung und nach sorg-
faltiger Erwdgung die Anbindung an spezialisierte Abteilungen fiir Schmerztherapie
hilfreich sein. Die Relevanz solcher Ansitze steigt, wenn wir uns bewusst machen, dass
viele Frauen, die an Endometriose leiden, sich Kinder wiinschen und daher nicht mit
Substanzen wie GnRH-Analoga oder oralen Kontrazeptiva behandelt werden sollten,
die mit der Ovulation oder dem Erhalt einer Schwangerschaft interferieren.
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Abstract Endometriosis, a chronic disease characterized
by endometrial tissue located outside the uterine cavity,
affects one fourth of young women and is associated with
chronic pelvic pain and infertility. However, an in-depth
understanding of the pathophysiology and effective treat-
ment strategies of endometriosis is still largely elusive.
Inadequate immune and neuroendocrine responses are
significantly involved in the pathophysiology of endome-
triosis, and key findings are summarized in the present
review. We discuss here the role of different immune
mechanisms particularly adhesion molecules, protein—
glycan interactions, and pro-angiogenic mediators in the
development and progression of the disease. Finally, we
introduce the concept of endometrial dissemination as
result of a neuroendocrine-immune disequilibrium in
response to high levels of perceived stress caused by
cardinal clinical symptoms of endometriosis.
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Introduction

Endometriosis, first described in 1860 by von Rokitansky,
is a chronic disease that is characterized by the occurrence
of endometrial glands and stroma outside the uterine cavity
[1]. Endometriosis affects up to 22% of women in their
reproductive age [2] and is associated with chronic pelvic
pain. Additionally, endometriosis is closely linked to
severely impaired fertility, as it can be diagnosed in 68%
of patients suffering from infertility [3]. To date, insights
into the pathophysiology of endometriosis, and thus the
development of effective treatment strategies, are surpris-
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ingly meager, which is attributed in part to the difficulties in
studying the disease in humans.

Various forms of endometriosis have been described,
such as endometriosis genitalis interna with endometrium
adjacent to the eutopic endometrium, e.g., within the
myometrium (adenomyosis) or the fallopian tubes.
Further, endometriosis genitalis externa is being referred
to if lesions can be located adjoining ovaries (endome-
triomas, endometriotic cysts), Douglas pouch, uterine
ligaments, vagina, vulva, or perineum. Additionally,
endometriosis extragenitalis mostly occurs within the
pelvic cavity, septum rectovaginale, intestine, and ureter
[4]. Deep infiltrating endometriosis, e.g., in the Douglas
pouch, the sacrouterine ligaments, or the septum retro-
vaginale, is a very painful form of endometriosis charac-
terized by fibrosis, smooth muscle proliferation, and
fibromuscular nodules; this clinical entity is also called
adenomysis externa [5]. According to Redwine [6], the
most common sites of pelvic endometriosis are the
Douglas pouch and the uterosacral ligaments.

A widely used classification of endometriosis has been
introduced by the American Society for Reproductive
Medicine (rASRM) and incorporates number, size, and
location of endometrial implants, endometriomas, and/or
adhesions as well as their morphology (red, white, and black)
yielding to a classification from stage 1 (minimal endometri-
osis) to stage 4 (severe endometriosis) [7]. The unambiguous
diagnosis of endometriosis is generally accepted by clini-
cians only after laparoscopic macroscopic evaluation and
subsequent histomorphometric analyses of biopsies. Non-
invasive diagnostic tools are not yet available.

Because the clinical symptoms of endometriosis range
from severe dysmenorrhea, dyspareunia, dysuria to
severe chronic pelvic pain, it is apparent that the disease
rigorously interferes with the patients’ quality of life and
affects social life, sexuality, and psychological well-
being. Accordingly, due to the link between endometri-
osis and infertility, quality of life is even further reduced
if women suffering from the clinical symptoms are
surplus childless. It has been proposed that infertility in
endometriosis patients might be due to altered folliculo-
genesis [8], reduced preovulatory steroidogenesis of
granulosa cells [9], and decreased capability of fimbrial
ovum capture in endometriosis [10]. Furthermore, sperm
phagocytosis by peritoneal macrophages [11] and
oviductal macrophages [12], anti-sperm antibodies [13],
and reduced sperm penetration and velocity [14] have
been observed. In addition, an altered egg—sperm inter-
action [15] and toxicity against early embryonic devel-
opment [16], as well as defective implantation [17] have
been proposed to be responsible for the infertility in
endometriosis patients.
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Etiology

Different theories have been proposed to explain the
etiology of endometriosis: first and foremost, the trans-
plantation theory [18], which is based on observations
that retrograde menstruation of vital endometrium results
in the implantation of such tissue into the peritoneum. To
date, this theory is undeniably the most accepted concept.
However, it may be challenged by the fact that retrograde
menstruation is physiologically occurring in the majority
of women, but endometriosis only occurs in approxi-
mately one fourth of women in their reproductive years.
In this regard, endometriosis may be the result of a failing
immune surveillance in the peritoneal cavity in women
susceptible to endometriosis. Thus, immunologists should
become far more attentive to this disease, as insights on
its susceptibility, pathophysiology, and the identification
of therapeutic approaches are likely to arise from
immunologically based research. Another premise, the
so-called metaplasia theory, is based on the notion that
pluripotent coelomic cells differentiate into endometrial
cells [19]. This theory may provide explanation for deep
adenomyosis and relatively uncommon locations of
endometriosis such as the brain or the lung. On the other
hand, the denervation—reinnervation theory assumes that
damage and denervation during valsalva maneuvers are
followed by reinnervation [20] leading to a loss of uterine
polar contractility and promoting retrograde menstrua-
tion. Spread endometrial tissue then adheres to injured
tissue. Here, the extent of denervation and reinnervation
is interpreted as primary source for clinical symptoms and
their recurrence even after denervatory surgery. This
theory is supported by the fact that the majority of
patients with pelvic peritoneal defects and a history of
pain also suffer from endometriosis [21].

Additionally, various exposure factors are thought to
be associated to endometriosis, e.g., dioxin (2,3,7,8-
tetrachlorodibenzo-p-dioxin) [22]. Here, the idea is that
dioxin promotes the development of endometriosis by
interfering with immune-mediated mechanisms, more
specifically by stimulating the production of pro-inflam-
matory cytokines. A genetic etiology has also been
proposed due to the high prevalence in relatives of
affected women [23]. Although a wealth of genetic
factors have been anticipated to be linked to an increased
susceptibility to endometriosis [24], generally accepted
marker gene(s) for endometriosis could not yet be
identified. Emerging evidence points towards differential
gene expression in eutopic and ectopic endometrium in
humans [25, 26], and future research will be needed to
provide a more in-depth understanding of the biological
significance of this disease.
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Immunological aspects in endometriosis

Because endometrial lesions are frequently present in the
peritoneal cavity, they are in direct contact with peritoneal
fluid, which bathes the pelvic cavity, uterus, fallopian tubes,
and ovaries. However, in endometriosis, ectopic endome-
trial cells escape pathways involved in immune-mediated
surveillance. In search for a better understanding of the
pathogenesis of endometriosis, here, we analyzed different
immune-mediated mechanisms and mediators that might be
involved in disease development and resolution.

Role of innate immune responses in endometriosis
Macrophages

Macrophages are the main population of peritoneal leuko-
cytes and—according to the published evidence so far—
comprise up to 90% of peritoneal fluid cells [27]. In women
suffering from endometriosis as well as in baboons with
spontaneously occurring mild endometriosis, the concen-
tration of peritoneal macrophages is increased as compared
to healthy or infertile controls or animals with normal
pelvis, respectively [27, 28] (Fig. 1). However, their
percentage of total mononuclear cells seems to be decreased
in favor of lymphocytes [29]. Further, an increased percent-
age of peritoneal macrophages is positive for the cell
activation marker acid phosphatase in mild endometriosis
[30]. Increased cell counts may be attributable to elevated
levels of macrophage colony-stimulating factor (M-CSF)
[31] and monocyte chemotactic protein (MCP)-1 [32]
(Fig. 1). Here, M-CSF and MCP-1 have been proposed to
derive from endometrial/endometriotic cells or peritoneal
macrophages, respectively.

In vitro studies revealed that peritoneal macrophages
derived from patients with endometriosis produce
increased levels of the cytokines interleukin (IL)-6
[33], IL-13, and tumor necrosis factor (TNF)-a [34],
compared to peritoneal macrophages of women with other
benign gynecological disorders (Fig. 1). Because IL-6,
IL-1$3, and TNF-o promote the adhesion of endometrial
cells to peritoneum, increased secretion of these cytokines
by peritoneal macrophages in patients with endometriosis
might contribute to the development and progression of
the disease [35] (Fig. 1). It is further noteworthy that
IL-6, IL-1, and TNF-o correlate with infertility and
embryotoxicity when secreted at high levels [36, 37].
Further, TNF-« induces proliferation of ectopic stromal
cells, which would subsequently result in the growth of
endometriotic lesions [38] (Fig. 1). Moreover, TNF-«
target genes have been proposed to be overexpressed in
experimental endometriosis in rats [39].

Elevated prostaglandins (PG), particularly PGE, in the
peritoneal fluid of endometriosis patients [40] (Fig. 1), may
result from macrophage activation and have been proposed
to subsequently aggravate endometriosis-associated pain by
altering uterine and tubal contractility and cause infertility
due to a delayed ovum transport [41]. On the other hand,
emerging evidence addresses the decrease in human
leukocyte antigen (HLA)-ABC and HLA-DR on peritoneal
macrophages in endometriosis patients (Fig. 1), suggesting
defective antigen presentation [42]. In advanced stages,
macrophage-mediated cytotoxicity against endometrial cells
is reduced as compared to early stages [43] (Fig. 1).
Interestingly, cytotoxic activity could be restored by
application of the non-steroidal, PG-inhibiting drug indo-
methacin, which points towards a dampening effect of PG
on macrophage cytotoxicity in endometriosis [43] (Fig. 1).
In early stages, however, the cytotoxicity of peritoneal
macrophages is increased compared to fertile controls.
Thus, hypothetically, activated macrophages in the perito-
neal fluid may control the number and size of peritoneal
endometriotic lesions. On the other hand, a wealth of
mediators derived from peritoneal macrophages such as the
abovementioned cytokines may promote adherence and
proliferation of endometrial cells and angiogenesis, thus
facilitating the dissemination of endometriotic lesions. In
conclusion, additional work aiming to dissect the role of
peritoneal macrophages in endometriosis is needed.

Mast cells

Mast cells play a pivotal role within innate immune responses.
In addition, these cells play a critical role in sustaining Th2-
mediated responses by secreting high levels of IL-4. Because
mast cells are predominantly resident cells of loose connective
tissue, mast cells’ presence and function have been investi-
gated in endometriotic tissue [44]. Here, Kempuraj et al.
observed increased numbers of highly activated mast cells in
the stroma of peritoneal endometriotic lesions as compared
to eutopic endometrium (Fig. 1). Mast cell migration and
proliferation may be related to increased levels of stem cell
factor (SCF) in the peritoneal fluid of women with early
stage endometriosis and the expression of its cognate
receptor on ectopic endometrium [45], whereby SCF may
derive from fibroblasts, endothelial, and granulosa cells [46].
Activated mast cells release enzymes, such as tryptase,
which stimulate protease-activated receptor (PAR)-2. Strik-
ingly, PAR-2 agonist induces proliferation of purified
endometriotic stromal cells and the release of IL-6 and IL-
8 in vitro [47] (Fig. 1). Especially in deep infiltrating
endometriosis, mast cells were found near nerve fibers. This
led to the suggestion that mast cells might play a pivotal role
in endometriosis-related pain [48].
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Fig. 1 Neuroendocrine-immune disequilibrium in endometriosis. A4b
autoantibodies, Ach achetylcholine, CGRP calcitonin-gene-related pep-
tide, CRH corticotropin-releasing hormone, £ estrogens, E2 estradiol,
Hb hemoglobin, HO heme oxygenases, /L interleukin, HLA human
leukocyte antigen, /FN-vy interferon-y, KIR killer cell inhibitory
receptor, M-CSF macrophage colony stimulating factor, MCP-1
monocyte chemotactic protein-1, MHC-I major histocompatibility
complex class-I, MMP matrix metalloproteinase, NGF' nerve growth
factor, NK natural killer, P progesterone, PAR-2 protease-activated
receptor-2, PGE(2) prostaglandin E(2), pHp peritoneal haptoglobin,
RANTES regulated upon activation normal T cell expressed and
secreted, sCD23 soluble CD23, SCF stem cell factor, sICAM-1 soluble
intercellular adhesion molecule-1, SP substance P, TGF-£3 transforming
growth factor-f, TH tyrosine hydroxylase, 7NF-oc tumor necrosis
factor-a, VEGF vascular endothelial growth factor. In endometriosis,
elevated levels of M-CSF, MCP-1, RANTES, and SCF in peritoneal
fluid might lead to increased numbers of macrophages, T cells, and mast
cells. Although markers of antigen presentation on macrophages such as
HLA-ABC and HLA-DR are decreased in endometriosis, macrophage-
derived IL-6, IL-13, TNF-o, TGF-f3, VEGF, and IL-8 are increased in
peritoneal fluid, together with MMP-1 and MMP-2 stimulating
angiogenesis. IL-6, IL-1[3, and TNF-o support adhesion of endometrial

Natural killer cells

Natural killer (NK) cells play a pivotal role at the crossroads
of innate and adaptive immunity not only through their
ability to lyse infected or tumor cells but also by the secretion
of cytokines that contribute to direct selective adaptive
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cells to the peritoneum, and TNF-a stimulates the proliferation of
ectopic tissue, resulting in high levels of Hb. T cell-derived IL-2 and
IFN-y decrease HO, leading to oxidative stress, and would, in sufficient
levels, increase NK cell activity. IFN-y has been inconsistently
described as increased or decreased. Increased T cell-derived 1L-4 and
IL-10 inhibit cellular immunity and stimulate B cells to AAb
production. sCD23 is increased in peritoneal fluid in endometriosis
and might derive from activated B cells. Lymphocytes are increased in
peritoneal fluid and abundantly present in ectopic tissue. Decreased NK
cell cytotoxicity might be due to high anti-inflammatory T cytokines,
increased KIR, high macrophage-derived PGE(2) and TGF-f3, high
MHC-I expression on ectopic cells, and high sICAM-1 levels in
peritoneal fluid. Nerve fibers found within lesions are positive for
CGRP, SP, TH, and Ach, and NGF and CRH were demonstrated. CRH
and accumulated E can activate mast cells to release tryptase, activating
PAR-2, which leads to increased secretion of VEGF, IL-8, and IL-6 and
proliferation of ectopic tissue. pHp, expressed by ectopic tissue,
decreases adherence and, in stage 3 and 4, cytotoxicity of peritoneal
macrophages. E2 further increases RANTES, IL-8, and VEGF, whereas
P inhibits IL-1(3 secretion from peritoneal macrophages and increases
NK cell numbers

responses. Published data indicate that NK cells derived
from peripheral blood, characterized by markers such as
CD16 and CD57, are involved in the cytotoxicity against
endometrial cells in vitro [49]. The cytotoxic activity of
peritoneal NK cells derived from endometriosis patients
against NK-cell-sensitive K562 target cells was shown to
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be reduced [50, 51] (Fig. 1). The literature varies with
regards to the percentages of NK cells within the peritoneal
fluid among different patients. Nevertheless, the alterations
in cytotoxicity seem to depend on a functional defect of NK
cell activity in endometriosis rather than differences in the
total cell number [50]. One explanation for such a decrease
in NK cell activity might rely on the increased levels of
transforming growth factor (TGF)-f3 [52] and PGE, [40] in
peritoneal fluid of women with endometriosis, which both
inhibit NK cell activity and are derived from macrophages
(Fig. 1). A second explanation for the reduced function of
these cells in endometriosis involves a group of receptors
referred to as killer cell inhibitory receptors (KIR). These
receptors recognize major histocompatibility complex class
I (MHC-I) antigens, which inhibit cytotoxicity against
MHC-I-expressing target cells. Interestingly, the expression
of KIRs on peritoneal NK cells of women with endome-
triosis is increased [53] (Fig. 1). Insights on MHC
expression of endometriotic lesions are surprisingly mea-
ger; however, in a recent study using cDNA microarray
technique, an up-regulation of genes encoding MHC
antigens could be detected on ovarian endometrial cysts
[54], which would support the notion of an escape of NK-
cell-mediated cytotoxicity induced by the endometriotic
lesion itself. Strikingly, in severe endometriosis, endometri-
otic cells are also more resistant to lysis by heterologous
NK cells derived from peripheral blood [49], which further
supports the immune escape theory.

Role of adaptive immune responses in endometriosis

The absolute number as well as the relative percentage of
lymphocytes in peritoneal fluid of endometriosis patients
have been shown to be significantly augmented [29].

T cells

Endometriotic lesions may be considered as an ‘autologous
transplant’; nonetheless, one might expect T cells in the
peritoneal fluid to be a candidate population in the rejection
of endometric tissue. Indeed, T cells expressing markers
such as CD3, CD4, and CD8 have been described to be
elevated in endometriotic tissue [55, 56] (Fig. 1). RANTES
(short for ‘regulated upon activation normal T cell
expressed and secreted’), chemoattractant, e.g., to T cells,
is expressed in ectopic endometrium [57] and elevated in
the peritoneal fluid in endometriosis [58] (Fig. 1), which
might explain the high number of T cells within the lesion.
However, an in-depth analysis of the frequency of T cells
and, in particular, their functional differentiation into
cytotoxic (CD8") or helper (Thl, Th2, or Th17 cells) cell
subsets in peritoneal fluids of endometriosis patients still
remains elusive.

Surprisingly, no published evidence is currently avail-
able whether or not regulatory T cells (Treg) [59] are
involved in the undesired ‘immunological tolerance’ of
endometriotic lesions. Autoreactive T cells are capable of
encountering self-peptide/MHC complexes. Hence, the
basic importance of Tregs in the maintenance of immune
cell homeostasis is to suppress such autoreactive T cells.
One might speculate that, in the context of endometriosis, it
may be desirable to have autoreactive T cell-like popula-
tions in the peritoneal fluid, which may be capable of
targeting the autologous endometriotic transplant. Hence,
the presence of peritoneal Treg—which could suppress
such autoagressive cells—would be undesired. However,
no published data indicate the existence of autoreactive T
cell-like populations in the peritoneal cavity of women
without endometriosis, which could provide an explanation
for the successful deletion of endometrial tissue entering the
peritoneal cavity by retrograde menstruation in these
women.

Natural killer T (NKT) cells are also cells that bridge
innate and adaptive immune mechanisms. They produce a
wide range of cytokines, mainly IL-4, driving the develop-
ment of Th2-mediated responses and recognize glycolipids
associated to CD1d molecules. Therefore, it appears rather
puzzling that no published evidence is currently available
indicating the presence or function of such cells in peritoneal
fluid in the context of endometriosis.

Various authors have addressed the issue of Thl/Th2
cytokine balance in the peritoneal fluid of patients with endo-
metriosis. Several of these cytokines may be produced by cells
of the adaptive immune response, and especially the ratio of
pro-inflammatory Thl-like and anti-inflammatory Th2-like
cytokines has been in the center of scientific attention. In
endometriosis, the production of pro-inflammatory interferon
(IFN)-y and IL-2 as well as the anti-inflammatory cytokines
IL-4 and IL-10 was found to be increased in peritoneal fluids,
although controversial data have been published especially
with regard to IFN-y [29, 60, 61] (Fig. 1). Thl cytokines
such as IFN-y and IL-2 are well known to lead to the
activation of T cell-mediated and delayed-type hypersensi-
tivity (Fig. 1). On the other hand, Th2 cytokines such as IL-4
and IL-5 stimulate antibody-mediated immunity via B cell
differentiation to plasma cells and inhibit Thl-mediated
responses (Fig. 1). Whether endometriosis is a typical Thl-
or Th2-mediated disease is not clear. In addition, future
studies are warranted on the role of the recently identified
pro-inflammatory Th17 cells, which secrete high levels of
IL-17A, IL-17F, IL-6, and TNF-« and sustain tissue damage.

A pro-inflammatory status has been proposed to result in
the down-regulation of heme oxygenases (HOs) [62]
(Fig. 1). HOs are required to degrade heme into biliverdin
and carbon monoxide (CO) to avoid toxic heme effects
such as oxidative stress; hence, HOs have been proposed to
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be involved in tissue protection. Increased proliferation of
endometrial tissue leads to high levels of hemoglobin
(Fig. 1) as well as heme, which requires adequate HO
activity to sustain tissue protection. Hemoglobin [63] as
well as markers of oxidative stress such as lipid peroxides
[64] are elevated in patients with endometriosis (Fig. 1).
Thus, it has been suggested that the HO system might be
insufficient to detoxify heme in women with endometriosis.
Such insufficiency of the HO system may result from the
continuous pro-inflammatory environment in the peritoneal
cavity of patients with endometriosis. As a consequence of
the insufficient HO system, high levels of oxidative stress
may further enhance adhesion of more refluxed endometrial
cells onto the peritoneum during menstruation and perpet-
uate the progression of endometriosis (Fig. 1).

Interestingly, recombinant human TNF-binding protein-1
reduces experimental endometriosis in rats [65], supporting
the notion of an adverse effect of this pro-inflammatory
cytokine. In contrast, intraperitoneal injection of the Thl-
like cytokine IL-12 also reduces endometriotic lesions in
vivo [66], probably by enhancing cytotoxic activity. It is,
thus, not finally resolved whether pro- or anti-inflammatory
responses or both of them should be suspected to contribute
to the development of endometriosis.

B cells

B cells are involved in antibody-mediated adaptive immune
responses. While B2 cells can give rise to classical plasma
cells producing many distinct immunoglobulin (Ig) isotypes
(IgG, IgA), other B cell types including B1 cells, which are
present in the peritoneal cavity, and BZM cells, which are
located in the marginal zone of the spleen, produce only
high levels of IgM to T-independent antigens. An increase
in activated CD20" B cells could be demonstrated in
ectopic endometrium [67] (Fig. 1). Soluble CD23, which
may be derived from mature B cells and also from activated
macrophages, eosinophils, follicular dendritic cells, and
platelets, is increased in serum and peritoneal fluid of
endometriosis patients, which may be suggestive of an
exacerbated B cell activation in endometriosis [68] (Fig. 1).
In addition, an increase in autoantibodies (AAb) such as
anti-phospholipid and anti-histone IgG could be detected in
the peritoneal fluid of endometriosis patients [69] (Fig. 1).
Serum and cervical secretions of women with endometriosis
contain organ-specific anti-endometrial and anti-ovarian
specific IgG and IgA, suggesting the activation and plasma
cell differentiation of B2 cells [70].

Some of the antigens from endometriotic tissue, which
are recognized by serum AAb, have been identified; these
include mainly glycoproteins including the human chori-
onic gonadotropin (hCG) receptor [71], carbonic anhydrase
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isoforms I and II [72, 73], transferrin, and &,-Heremans
Schmidt glycoprotein (o,-HSG) [74]. Interestingly, Lang
and Yeaman [73] demonstrated that removal of carbohy-
drate moieties from endometrial antigens prevented antibody
binding via Thomsen—Friedenreich disaccharide-dependent
pathways. Thomsen—Friedenreich antigens, which are
expressed on epithelial cells of the uterus, bind to a variety
of glycan-binding proteins including galectin (Gal)-1 and
Gal-3, which are also expressed in endometrial tissue. Gal-1
and Gal-3 are evolutionarily conserved glycan-binding
proteins that have been shown to contribute to cell-cell and
cell-matrix interactions, cell migration, and angiogenesis
[75]. In addition, galectins have been shown to modulate
T cell apoptosis and immune privilege in vivo [76], thus
contributing to autoimmunity by dampening antigen-specific
immune responses. Because levels of AAb against Thomsen—
Friedenreich antigen are significantly up-regulated in endo-
metriosis tissue, it is possible that these AAb might block or
mimic some of the biological functions of galectins. How-
ever, to date, no data are available indicating the regulated
expression of Gal-1 and Gal-3 in endometriotic tissue.

In conclusion, AAb might be directly involved in the
pathogenesis of endometriosis supporting an autoimmune
etiology. However, AAb against Thomsen—Friedenreich
antigen could also be an autoimmune epiphenomenon due
to aberrantly glycosylated endometrial antigens. If the latter
assumption is correct, it would be of great interest to
investigate cells of the adaptive immune response with
regard to the recognition of such altered self-antigens.

Adhesion molecules and protein—glycan interactions
in endometriosis

Due to the prevailing inflammation in endometriosis, adhe-
sion molecules have been suggested to be involved, e.g., by
mediating the migration of leukocytes into the peritoneal
cavity. In this context, published data point towards altered
cell adhesion mechanisms, which might interfere with
leukocyte function. The following scenarios might—at least
in part—provide an explanation for the failing immune
surveillance in endometriosis. First, leukocyte function
antigen (LFA)-1" effector cells interact with intercellular
adhesion molecule (ICAM)-1 expressed by target cells,
whereby soluble ICAM-1 (SICAM-1) may interfere with
such interactions. In endometriosis, the severe decrease in
NK cell-mediated lysis of endometrial cells could be
manifested when endometrial supernatants contained high
levels of SICAM-1 (Fig. 1), whereby it remains to be fully
elucidated whether peritoneal NK cells express LFA-1 [66].
Strikingly, the expression of sSICAM-1 by ectopic endome-
trium is increased as compared to eutopic endometrium [77],
and the levels of SICAM-1 are elevated in peritoneal fluid of
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endometriosis patients [78] (Fig. 1). Hence, endometriotic
lesions may ‘neutralize’ peritoneal LFA-1" effector leuko-
cytes via SICAM-1, which results in impaired immune
surveillance of such effector cells.

A second putative scenario involves the glycoprotein
peritoneal haptoglobin (pHp) or endometriosis protein-I
(Endo-I). This glycoprotein is highly expressed in perito-
neal endometriotic lesions [79] (Fig. 1) and interacts with
various lectins or glycan-binding proteins [80]. Increased
interaction of pHp with different lectins might be due to
variations in the ratios of a3y to &(,_¢) sialic acid and
fucose [80]. These alterations could be connected to
increased expression of glycans mainly involved in carbo-
hydrate—selectin interactions and cell-cell adhesion. Some
studies report increased expression of E- and P-selectins in
endometriosis [39, 81]. Because several reports are contro-
versial [82], one might hypothesize that the function of
selectins, determined by the binding to their epitopes, is
more important than their quantitative levels. Sharpe-Timms
etal. [83] showed that peritoneal macrophages from women
with endometriosis bind more pHp in vivo than those from
women without the disease, although the concentration of
pHp is similar in both groups. The authors speculate that
this effect may be due to altered forms of haptoglobin.
Glycoproteins with increased numbers of glycans contain-
ing Sialyl-Lewis X structures are able to block adhesions of
immune cells [84, 85], which may provide an explanation
for the decreased ability of peritoneal macrophages to
mediate cytolysis of misplaced endometrial tissues, as
detectable in the peritoneal cavity (Fig. 1), which is further
associated with an increased resistance of these cells to
apoptosis in women with endometriosis [83].

Glycosylation and morphological changes were further
investigated in a baboon model of endometriosis, and an
increased lectin binding to fucosylated N-acetylglucos-
amine residues could be detected in early stages of the
disease, whereas such binding—accompanied by a late
secretory phenotype of endometrial glands—was
decreased in later stages of the disease [86]. A clear
evidence of an asynchrony between the estimated day of
the menstrual cycle and the observed histological/ultra-
structural appearance of the glands could be identified.
Fucosylated N-acetylglucosamine residues are essential for
the adhesion of the hatched blastocyst to the endometrium
[87]. Glycosylation is important in the regulation of
embryo attachment, and differential glycosylation can be
regulated in the endometrium by the action of several
hormones mainly during the secretory phase [88]. There-
fore, one might speculate that abnormal glycosylation in
endometriosis may be one of the factors leading to reduced
fertility and other clinical and pathological manifestations
of the disease.

Angiogenesis in endometriosis

The establishment of a new blood supply is essential for the
survival of endometrium attached to the peritoneum and the
maintenance of endometriosis. Increased microvessel den-
sity in endometriotic tissue with high proliferative activity
has been demonstrated compared to lesions with low
proliferative activity [89], which could be inhibited by
blocking vascular endothelial growth factor (VEGF) [90].
High levels of VEGF and more specifically VEGF-A are
present in peritoneal fluid of endometriosis patients [89]
(Fig. 1). Other macrophage- or mast cell-derived factors,
which either directly or indirectly induce angiogenesis and
are up-regulated in endometriosis, include IL-1, IL-6, TNF-
«, and TGF- [91-93] (Fig. 1). In addition, IL-8 is
increased in peritoneal fluid in endometriosis [94] and
contributes to angiogenesis [95] (Fig. 1). Finally, matrix
metalloproteinases (MMP) are involved in tissue remodel-
ing and angiogenesis. The expression of MMP-1 by
endometriotic cells is increased as compared to eutopic
endometrium of patients and controls [96], and levels of
MMP-2 were found to be elevated in peritoneal fluid of
endometriosis patients [97] (Fig. 1). In contrast, another
study reported MMP-1 and MMP-2 to be highly expressed
in eutopic but not ectopic endometrium of women with
endometriosis and a decrease in the MMP-2 inhibitor
(TIMP-2) [98], suggesting a role of MMP in the very early
development of the disease.

It may be concluded that immune cells in the peritoneal
fluid and probably within the lesions do not only fail to
reject endometriotic lesions but also support their growth
by promoting vascularization and thus nourishing of the
tissue with their secreted factors such as cytokines.

The role of steroid hormones in endometriosis

Circumstantial and laboratory evidences are indicative of
critical roles of steroid hormones in the establishment and
maintenance of endometriosis. A lower incidence of the
disease is noted in women with decreased endogenous
estrogen production due to extensive exercise or smoking
[99]. Although the development of endometriosis has
historically been viewed as an estrogen-dependent disease,
recent studies suggest that a failure of progesterone to
appropriately regulate the expression of genes during
endometrial differentiation might be a critical component of
the disease process. It is well accepted that progesterone
inhibits estradiol (E2)-dependent proliferation in the uterine
epithelium. In humans and other vertebrates, the biological
activities of progesterone are mediated by interaction with
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specific progesterone receptors (PRs) that are members of
nuclear receptor superfamily of transcription factors. In
contrast to healthy endometrium, hormone receptors remain
at constant levels during the menstrual cycle in endometri-
osis [100], which points at a disruption of the normal cyclic
responsiveness to hormonal changes with regular apoptosis
of the epithelial stratum functionalis in endometriotic lesions.

The following molecular observations support a role of
progesterone in endometriosis. First, a PR gene polymorphism
was reported to be associated with endometriosis [101]
(Fig. 2b). Second, only low levels of PR isoform A (PR-A)
and no PR-B are detectable in extraovarian endometriosis
[102] (Fig. 2b). Third, progesterone-dependent regulation of
target genes was found to be perturbed in endometriosis. In
the normal secretory endometrium, progesterone indirectly
induces the 17[3-hydroxysteroid dehydrogenase type 2 (173-
HSD-2), which converts estradiol (E2) to estrone (E1) [103]
(Fig. 2a). In endometriotic tissue, 17(3-HSD-2 is undetectable
[104] (Fig 2b). As a consequence, E2 accumulates and
probably induces proliferation of endometrial tissue. More-

a

C\'/) eutopic endometrium
P P

PR-A PR-B

17B-HSD-2

E2 E1

FeE

cyclic proliferation
and apoptosis

—

Fig. 2 Progesterone resistance and estradiol accumulation in endo-
metriosis. £/ estrone, E2 estradiol, P progesterone, PR progesterone
receptor, /73-HSD-1 173-hydroxysteriod dehydrogenase type 1, 1703-
HSD-2 173-hydroxysteriod dehydrogenase type 2. a In normal
endometrium, P actions are mediated by PR; its isoforms PR-A and
PR-B are both expressed on the tissue. P indirectly induces 173-HSD-
2, which converts E2 to El; aromatase is not expressed. Tissue
proliferation is followed by cyclic apoptosis. b In endometriotic tissue,
only low expression of PR-A and the lack of PR-B have been
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over, the enzyme aromatase is exclusively found in endo-
metriotic stroma [105] and provides El, which is further
converted to E2 by 173-HSD type 1 (173-HSD-1),
contributing to the accumulation of E2 (Fig. 2b). The
importance of aromatase for the endometriotic growth has
been demonstrated by its genetic or enzymatic disruption
[106].

Besides, E2 might also be involved in endometriosis-
related inflammation, as it stimulates several mediators of
inflammation such as IL-8 and RANTES [57, 107] (Fig. 1).
Levels of MMP-2 in peritoneal fluid positively correlate
with E2, but inversely with progesterone [97], and estro-
gens can also co-stimulate peritoneal mast cell activation in
rats [108] (Fig. 1). Further, both E2 and progesterone
increase the release of VEGF from peritoneal macrophages
[109] and may hereby promote angiogenesis in endometri-
otic lesions. Given the high levels of E2 within the lesion,
E2 might be more relevant in this context.

In contrast to estrogens, progesterone or synthetically
produced progestogens called progestins exert potent im-

ectopic endometrium
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observed, which leads to a partial resistance to P actions. Additionally,
a PR gene polymorphism has been described to be more frequent in
patients with endometriosis, which may be additionally involved in
the partial resistance to P actions. Low levels of 173-HSD-2 along
with the enzymatic activity of aromatase—which is exclusively found
in endometriotic stroma—Iead to an accumulation of E2. Hence,
physiological cyclic regulation of proliferation and apoptosis is
disrupted in endometriosis
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munosuppressive properties, and mechanisms of dampen-
ing inflammation have been demonstrated for the progestin
dydrogesterone [110-112]. Using other progestins available
to date, a reduction in transplant growth, a degeneration of
transplants, an increase in NK cells in peritoneal fluid, and
a decrease in IL-1[3 secretion from peritoneal macrophages
could be demonstrated [113—-115] (Fig. 1). It would be
interesting to investigate the cross talk between hormones
and regulatory T cells in this process.

One might conclude from these observations that E2
promotes endometriosis and progesterone/progestins damp-
en it, which is the rationale why progestins are widely used
to treat endometriosis. In general, they act as agonists on
the PR and have a functional anti-proliferative effect on
endometrial tissue and endometriotic lesions. In addition,
progestin treatment is generally better tolerated than other
endometriosis therapies, which are associated with rather
severe side effects [116]. Importantly, progestins are known
to be effective in the control of pain symptoms in general or
related to endometriosis [112, 116, 117]. However, not all
patients respond to this regimen [118]. This clinical
observation may be explicable by the partial resistance of
endometriosis tissue to progesterone action due to the
down-regulation of its receptors, as outlined earlier.

Neurological aspects in endometriosis

The female reproductive organs are innervated by sympa-
thetic, parasympathetic, and sensory afferent nerves. Their
distribution and the immunoreactivity to various peptides
point at a role in hemodynamics and smooth muscle con-
traction. Uteri of patients with advanced endometriosis—
similar to chronic pelvic pain—show increased numbers of
nerve fibers and perivascular nerve fiber proliferation [119].
In addition, small nerve fibers were detected in the
functional layer of the eutopic endometrium in endometri-
osis patients but not in controls [120].

Compared to normal peritoneum, nerve fibers in human
peritoneal endometriotic lesions are increased [121]. In
addition, artificially induced endometriotic cysts in rats are
robustly innervated by fibers accompanying blood vessels
and extending in patterns similar to the uterus [122].
Because endometriotic tissue may be considered as a
‘vascularized autologous transplant’, its innervation has
been suggested to occur via sprouting of para- and
perivascular nerve fibers. This coordination of vasculariza-
tion and innervation has also been observed in other
transplanted organs such as the parathyroid glands [123]
and skin [124]. Immunostaining of endometriotic tissue
revealed calcitonin-gene-related peptide (CGRP)" and
substance P (SP)" sensory C and AS [121, 122], acetyl-
choline (Ach)" parasympathetic as well as tyrosine hydrox-

ylase (TH)" sympathetic [121] fibers (Fig. 1). CGRP" and
SP" fibers even reach the epithelium of the ectopic tissue
[122]. Endometriosis-related pain might be mediated by
these pro-inflammatory neuroactive agents. They are
increased by nerve growth factor (NGF) [125, 126], which
also sensitizes terminals of sensory nerve fibers [127].
Interestingly, intense immunoreactivity for NGF and its
receptor NGFRp75 was demonstrated near endometriotic
glands [121] (Fig. 1). Whether and how this might be
connected with immunological alterations in endometriosis
will be discussed in the course of the following section.

Stress perception, endometriosis, and sickness response

As previously outlined, cardinal symptoms of endometri-
osis are chronic pain and infertility, which may severely
interfere with the patient’s quality of life and be perceived
as a persistent stressor. To date, it is well established that
high perception of stress may trigger or aggravate the
incidence or exacerbation of diseases such as inflammatory
bowel disease [128, 129], immune dermatoses [130, 131],
or pregnancy complications such as spontaneous abortion
and pre-eclampsia [132]. Further, high levels of perceived
stress have been proposed to contribute to the progression
of endometriosis [133].

Nowadays, it is well established that high levels of
perceived stress activate the release of neurohormones such
as corticotropin-releasing hormone (CRH) as well as
adrenocorticotropic hormone (ACTH) and glucocorticoids
(GCs) largely via the hypothalamus—pituitary—adrenal
(HPA) axis [134-136]. Via these stress-related hormones,
accompanied by additional stress response mediators like
neuropeptides or neurotrophins [137, 138], immune
responses are profoundly altered [135, 136]. For example,
GCs dampen the release of IL-12, IFN-y, and TNF-« by
antigen-presenting cells and Thl cells, but up-regulate the
production of IL-4, IL-10, and IL-13 by Th2 cells [139,
140]. Thus, it has been proposed that the release of CRH,
ACTH, and subsequently GCs induces the selective
suppression of the Thl-mediated cellular immunity and
elicits a skew in the direction of Th2-dominated immunity.
Indeed, it has also been postulated that such Th2 shift may
actually protect the organism from systemic surpassing of
pro-inflammatory cytokines, which could have severe
tissue-injuring features [141].

However, besides such well-described immunosuppres-
sive effects of GCs, relevant examples of pro-inflammatory
actions of peripheral CRH have recently been introduced,
e.g., in the synovia of rheumatoid arthritis patients [142].
This peripheral CRH leads to proliferation of immunocytes
[143, 144] and production of IL-1, IL-2, and IL-6 [145,
146]. Moreover, CRH antagonizes some of the immuno-
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regulatory effects of serotonin (5-HT), e.g., the suppression
of TNF-a production [147]. Inflammation can be damp-
ened by blocking CRH at the periphery [148], as CRH
receptors occur on immune cells, e.g., on T cells, mono-
cytes [149], and mast cells [150]. Peripheral CRH may,
thus, be referred to as “immune” CRH. Immune cells such
as T cells, B cells [151], and mast cells [152] may be the
source of peripheral CRH. Besides, CRH-like immunoreac-
tivity was demonstrated in splenic nerve fibers [153], in the
dorsal horn of the spinal cord, and dorsal root ganglia as
well as sympathetic nerve fibers [154] pointing at a neuronal
source of “immune” CRH in descending nerve fibers.

Intriguingly, CRH is highly expressed in endometriotic
lesions [44] and has been proposed to stimulate mast cells
to secrete VEGF [150] (Fig. 1). This would facilitate
angiogenesis in endometriotic lesions and perpetuate the
dissemination of the disease. Thus, it may be proposed that
high levels of perceived stress promote the dissemination of
endometriosis via CRH-dependent pathways, as peripheral
CRH is found increased in response to psychological stress
[155]. It remains to be elucidated whether and how CRH
can be made attributable for the peritoneal inflammation
present in the peritoneal cavity of patients suffering from
endometriosis. In contrast to endometriotic tissue, CRH
levels in peritoneal fluid of endometriosis patients were not
different from controls; however, CRH-binding protein
(CRH-BP) is increased in advanced stages of endometri-
osis, compared to early stages or healthy controls [156],
which may be interpreted as an attempt of the body to
down-regulate high CRH levels.

Neurohormonal responses to stress also include an activa-
tion of the sympathetic nervous system with the subsequent
increase in catecholamines [137], and published evidence
strongly supports that the immune response can be regulated
via the sympathetic nervous system/catecholamines at
regional, local, and systemic levels [134]. For example,
lymphocytes express adrenergic receptors and respond to
catecholamine stimulation with the development of stress-
induced lymphocytosis, inflammation, and distinct changes
in lymphocyte trafficking, circulation, proliferation, and
cytokine production [139, 157, 158]. Because sympathetic
nerve fibers are present in endometriotic tissue, it appears
likely that—besides CRH—catecholamines contribute to the
peritoneal inflammation in endometriosis, and an increased
release of catecholamines in response to high levels of stress
could additionally perpetuate local inflammation.

Besides the classical stress-related neurohormones—the
players of the HPA axis and catecholamines—NGF and the
neuropeptide SP are now recognized as pivotal mediators of
the stress responses [131, 159-161]. SP co-functions as
neurotransmitter in the central and peripheral nervous
system in pain, anxiety, and emotional centers besides
stress [131]. Additionally, SP is a potent pro-inflammatory
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mediator, as it induces the production and release of
cytokines such as IL-1, IL-6, and TNF-« and NGF [162,
163] and promotes angiogenesis during inflammation
[164]. NGF also enhances pro-inflammation and has been
proposed to increase the release of SP [161, 165, 166]. SP
and NGF derived from nerve endings induce leukocyte
recruitment and release of pro-inflammatory cytokines,
which is generally referred to as neurogenic inflammation.
Vice versa, pro-inflammatory cytokines may induce the
expression of neuropeptides such as SP and NGF and their
cognate receptors [167, 168], which might provide an
explanation for the up-regulation of NGF expression in
inflamed areas, e.g., in peritoneal endometriosis [121].
Interestingly, the activation of PAR-2 on afferent neurons,
e.g., by proteases such as mast cell tryptase, leads to
subsequent release of pro-inflammatory CGRP and SP
[169], which might provide explanation for pain during
inflammation. To date, published evidence on the expres-
sion of SP in endometriosis is very limited; some authors
report no changes of SP in endometriosis, which could be
due to the difficulties in detecting SP because it is a rather
small peptide of no more than 11 amino acids [170]. Hence,
future studies employing novel technologies such as gene
or protein arrays may allow to investigate the expression of
pain-related neurotransmitters as well as their receptors,
e.g., SP high affinity receptor neurokinin (NK)-1R [112]
on endometrial tissue. However, as outlined earlier,
Tokushige et al. [121] recently identified an increased
number of nerve fibers in peritoneal endometriotic lesions
using immunohistochemistry; in fact, these nerve fibers
were immunoreactive for SP, CGRP, Ach, NGF, and TH
(Fig. 1).

In conclusion, a hypothetical scenario on how high stress
perception might be related to endometriosis is depicted in
Fig. 3. It may be postulated, in terms of a “brain-body cross
talk”, that psychologically stressful conditions promote the
aggravation of inflammatory processes, angiogenesis, pain,
and infertility via pathways that most likely involve
catecholamines, “immune” CRH, NGF, SP, and CGRP
(Fig. 3 right), whereby the dependancy between NGF/SP
and CRH should be addressed in future experimental
settings.

Peripheral immunological events in turn signal certain
brain regions to induce the so-called sickness response
including (neuro)hormonal and behavioral changes [171].
These profound behavioral alterations are referred to as
sickness behavior, which comprises depressive-like behavior
and is characterized by reduced locomotor activity, fatigue,
hypophagia or anorexia, diminished social interactions, and
female sexual behavior [171-173]. Interestingly, such sick-
ness behavior can be experimentally provoked by peripheral
administration of IL-1 or TNF-x [172, 173]. In healthy
humans, levels of anxiety, depressed mood, and memory
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Fig. 3 Hypothetical scenario for endometriosis: the ‘brain—body—brain
cross talk’. BBB blood-brain barrier, CGRP calcitonin-gene-related
peptide, CRH corticotropin-releasing hormone, NGF' nerve growth
factor, SP substance P. Perceived stress aggravates peritoneal
inflammation and angiogenesis, chronic pain, and infertility in patients
with endometriosis via neuronal pathways involving catecholamines,
CRH, NGF, SP, and CGRP; this may be referred to as ‘brain—body
cross talk’ because it involves central stress response pathways.
Clearly, the aspect of infertility—a frequent clinical symptom in
patients with endometriosis—may be perceived as an additional
stressor besides stressors such as daily hassles. Peripheral ‘inflamma-
tory stress’—as described in endometriosis—and the strain of clinical
symptoms such as chronic pain may in turn induce a sickness
response, which can be entitled ‘body—brain cross talk’. Such ‘body—
brain cross talk’ may subsequently perpetuate stress perception and
trigger the release of central CRH and the onset of behavioral
alterations, i.e., sickness behavior, via elevated circulating pro-
inflammatory cytokines bypassing/crossing the BBB or via stimula-
tion of vagal afferents by peritoneal pro-inflammatory cytokines. As a
result, a vicious circle of ‘brain—body-brain cross talk’ is closed in
patients suffering from endometriosis

function correlate with levels of TNF-¢, its soluble receptors,
and IL-6 [174]. Brain regions identified to date comprise
structures associated with the central stress system, namely,
the hypothalamus, hippocampus, frontal/prefrontal struc-
tures, and the limbic system including the amygdala [175].
Intravenous as well as intraperitoneal applications of IL-1
result in an increased CRH production in the hypothalamus
[176, 177]. Because elevated levels of central CRH have
been associated to the abovementioned behavioral changes
during sickness [178], non-cognitive ‘inflammatory stress’
can induce behavioral and emotional alterations via increase
in central CRH. As mentioned earlier in this review, I1L-1,
IL-6, and TNF-o are elevated in peritoneal fluid of
endometriosis patients. Evidently, due to the up-regulation

of pro-inflammatory cytokines not only in the peritoneal
fluid but also in the peripheral blood of patients with
endometriosis [179], this ‘inflammatory stress’ may
increase stress perception in affected patients due to the
onset of the sickness response, which includes an increase
in central CRH as well as behavioral changes and which
would aggravate the strain generated by symptoms such as
pain and infertility in terms of a ‘body—brain cross talk’
(Fig. 3, left).

Undoubtedly, the question that arises is how peripheral
‘inflammatory stress’ can reach the central nervous system.
Here, it has been proposed that peripheral blood cytokines
bypass the blood—brain barrier (BBB) entering in the circum-
ventricular organs [180]. Secondly, these cytokines might
cross the BBB, especially when its permeability is enhanced,
e.g., in stressful conditions [181]. Thus, perceived stress
might predispose certain individuals to develop sickness
behavior during illness. Finally, vagal nervous afferents
might be involved, as suggested by experiments in rats
where behavior has been investigated before and after
vagotomy and upon intraperitoneal application of IL-1f3
[182], and IL-1p-induced inhibition of social exploration
was attenuated in vagotomized rats. Because Ach’ nerve
fibers were found in endometriotic tissue, as illustrated
above, behavioral changes mediated by vagal afferents might
play a relevant role in endometriosis (Fig. 3, left).

In conclusion, dissemination of endometriosis may be
sustained and advanced by high levels of perceived stress
accompanying neuroendocrine-immune disequilibrium in
affected patients. This, in turn, fosters additional stressors
such as pain and infertility and induces sickness response.
As a result, stress perception is even higher, which induces
a vicious cycle of ‘brain—body-brain cross talk’ in affected
women (Fig. 3).

Animal models of endometriosis

As evident from the previous paragraphs, an in-depth
knowledge on the pathophysiology of endometriosis is
limited, mostly due to the difficulty in studying the disease
in the human [(a) need for laparoscopy, (b) painful lesions
are often very small in size and invisible from the peritoneal
cavity, and (c¢) high individual patient variation]. To
overcome this gap, convincing animal models are needed
in addition to clinical studies. Endometriosis is a primate-
specific disease, but primate studies can only be performed
adequately in a limited number of laboratories [183] and are
rather time-consuming. To date, the rat is one of the most
thoroughly studied laboratory animal species, and in spite
of its phylogenetic distance to the human, surgically
generated transplants of uterine fragments at different sites
of the peritoneal cavity have been shown to resemble
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human endometriotic lesions in many respects [184].
Advantages and disadvantages of such rat models have
been vividly discussed, e.g., the absence of menstruation
into the peritoneal cavity in rats and consequently the lack
of retrograde menstruation as one of the key prerequisites
for the development of endometriosis. On the other hand,
rat endometrium undergoes hormone-dependent tissue
remodeling; surgically transplanted uterine tissue in the rat
mirrors human endometriotic lesions, and endometrial lesions
in rats are responsive to steroid treatment. The benefits of
using the rat model are also supported by observations that, in
rats with surgically induced endometriosis—similar to
humans—fertility and fecundity are also impaired [41, 185].

Similar to rats, mice do not menstruate and—similar to
rats—murine endometrium undergoes hormone-dependent
tissue remodeling. Further, mouse models are commonly
used in immunological research. Hence, based on the
growing evidence of a failing immune surveillance in
endometriosis, the need for a murine mouse model to study
immunological aspects of endometriosis is becoming more
and more evident. To date, a few mouse models have already
been introduced and are summarized in Table 1. In some of
these models, human or murine endometrium is injected into
the peritoneal cavity [66, 186, 187] or fixed on the mesentery
or the peritoneum [188, 189] of either intact or ovariecto-
mized mice of different strains. In other murine models,
human endometrioma tissue was either injected subcutane-
ously in nude mice [190] or injection is performed upon
transducing whole fragments of human endometrium in vitro
by adenoviral infection with the green fluorescent protein
(GFP) cDNA before transplantation into nude mice. Implan-
tation and growth of endometriotic-like lesions could be here
non-invasively followed and repeatedly documented by in
vivo imaging [191]. Such rodent models may provide tools
for drug testing and/or gene target validation in endometriosis.

Clinical considerations

Current approaches to therapy for endometriosis are
surgical, directed at resecting endometriotic tissue, and

Table 1 Recently published mouse models of endometriosis

pharmacologically, aiming at inhibiting estrogenic stimula-
tion, thus reducing dissemination and disease burden.
However, despite such therapeutical approaches, endome-
triosis is still a progressive disease, and recurrences are
observed in up to 74.4% after medical treatment depending
on the stage of disease [192].

Hormonal therapeutic approaches currently used for
amelioration of endometriosis-associated pelvic pain in-
clude GnRH agonists and daily oral contraceptives used in
a cyclic or continuous regimen [118]. Because these
interventions inhibit ovulation and interfere with the cyclic
remodeling of the endometrium, the onset of pregnancy is
impossible, and one potential stressor of endometriosis, the
infertility, is not targeted. In line with such hormonal
approach in endometriosis treatment, clinical studies sug-
gest an apparent resolution of endometriosis-related symp-
toms during pregnancy, supporting the rationale of
treatments aiming at a pseudo-pregnancy regime [193]. As
mentioned earlier in this review, published evidence
suggests that progestins are effective therapies in the
treatment of pain symptoms associated with endometriosis
and ameliorate symptoms of endometriosis, as the pro-
inflammatory setting in the peritoneal cavity may be
dampened and pain receptors such as the NKI1 receptor
are down-regulated [112, 194]. Clearly, the future holds
promise for highly specific therapeutic agents aiming at
targeting the pro-inflammatory setting in endometriosis.
Such approaches may include aromatase inhibitors, proges-
tins, and progesterone receptor modulators. Therapeutic
approaches aiming at diminishing inflammation also in-
clude cytokine antagonists such as the aforementioned
application of recombinant human TNF-x-binding protein-1
[65]. Further, MMP inhibitors and mast cell stabilizers such
as the flavonoid quercetin may have the potential to
ameliorate symptoms in endometriosis, as they have been
shown to inhibit the release of pro-inflammatory mediators
[195]. Interestingly, progesterone is known to suppress
MMPs and to enhance the expression of MMP inhibitors
(TIMPs) during endometrial differentiation [196]. Hence, a
combinational therapy of progestins and MMP inhibitors
may be envisioned to be highly effective in endometriosis.

Mouse strain Ovariectomy Initial tissue placement Reference #
ncr/nude (athymic) + Subcutaneous injection of human endometrioma biopsies [190]
C57BL/6 Balb/c + Intraperitoneal inoculation of murine endometrial fragments [66]
ncr/nude —/+ Intraperitoneal injection of human endometrioma biopsies [186]
Progesterone receptor —/— + Intraperitoneal fixation of murine endometrium on mesentery [188]
C57BL/6 - Intraperitoneal fixation of murine endometrial punches on peritoneum [189]
and mesentery
C57BL/6 + Intraperitoneal injection of GFP-labeled murine endometrial fragments [187]

GFP Green fluorescent protein, PR progesterone receptor
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Conclusions

Profound and comprehensive insights on neuroendocrine-
immunological disequilibrium are required to fully under-
stand the pathophysiology of endometriosis and to develop
primary and secondary prevention strategies. Clearly,
multidisciplinary research activities are needed, and future
basic science and clinical trials must refrain from analyses
of single pathways, but aim at identifying currently known
key protagonists in endometriosis. In this regard, markers
and mediators introduced and summarized in the present
review may just reflect the often quoted ‘tip of the iceberg’,
but foster vivid scientific discussions and mutual research
endeavors between basic scientists and physicians aiming at
successfully targeting symptoms of this complex and
multifactorial disease that affects up to 22% of women in
their reproductive age. Obviously, the effect of psychoso-
cial counseling or psychotherapy of patients with endome-
triosis—which has noticeably been underrated in previous
studies—may be beneficial because an improved stress
management may disrupt the vicious cycle of cross talk
between peritoneal inflammation, sickness response, pain
perception, and stress.
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