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Abbreviations 

 

ac-LDL, acetylated low density lipoprotein; ADIM, adaptive immunity; 3β-HSD, 

hydroxysteroid dehydrogenase; CK, cytokeratin; CL, corpus luteum; DCs, dendritic cells; 

FVIIIr, factor VIII related antigen; IFN-, interferon-; INIM, innate immunity; MHC, 

major histocompatiblity complex ; oxLDL , oxidized low density lipoprotein; PPRs, 

pattern recognition receptors; PRL, prolactin; ROS, reactive oxygen species; TLR, toll-

like receptor; TLR4, toll-like receptor 4; TNF-, tumor necrosis factor  ; ZO-1, tight 

junction protein 



Page 3 of 26

Acc
ep

te
d 

M
an

us
cr

ip
t

 3 

ABSTRACT 

 

Progress in understanding the background of structural luteolysis depends on insights into 

the physiological function of innate immunity (INIM), in particular the presence of 

dendritic cells (DCs) in the corpus luteum (CL). For this reason, the cultures of five 

endothelial cell-like phenotypes derived from the bovine CL and their long-lasting 

analysis (morphology, function, and origin) become important. Types 1 and 2 represent 

microvascular endothelial cells with cytokeratin (CK) expression, assumed to be danger-

sensing cells. Types 3 and 4 express features of common endothelial cells. Type 5 

indicates a steroidogenic cell type, which could be derived from steroidogenic CK
+ 

cells 

in the CL of development after loss of CK expression. Type 5 is a promising candidate to 

become a mature DC. It might act with the microvascular CK
+
 cell/type 1 like a 

luteovascular unit, which connects INIM with adaptive/cell-mediated immunity (ADIM) 

in structural luteolysis. 
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1. Introduction 

 

The CL arises from the ruptured follicle wall. The transformation process depends on 

complex molecular patterns, which change during stages of development, secretion and 

regression (Stocco et al., 2007; Devoto 2009 et al., 2009). The bovine CL of regression 
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looses the capillary bed and shunt-like arterioles become prominent. Proliferating 

monocytes are noted together with T cells (Spanel-Borowski et al., 1997; Reibiger and 

Spanel-Borowski, 2000; Bauer et al., 2001). The CL finally becomes a hyalinised scar 

known as corpus albicans in humans and in cows. It has been forwarded many years ago 

that the luteolytic process compares with an immunoregulatory event (Murdoch et al., 

1988; Brännström and Friden, 1997). The possibility is now being substantiated by the 

exciting progress in understanding INIM function as highly beneficial for the body 

(Turvey and Broide, 2010). The detection of pattern recognition receptors (PRRs) on 

immunocompetent cells attributes INIM the capability to recognize clusters of lipids, 

lipoproteins, proteins and nucleic acids either from the outside or the inside (O'Neill and 

Bowie, 2007; Takeuchi and Akira, 2010). Among the four families of PRRs the toll-like 

receptor (TLR) family is well studied and the TLR4 receptor (TLR4) recognized as the 

binding site of oxidized low density lipoprotein (oxLDL). Ligands of PRRs like heat 

shock proteins, acute phase proteins, defensins, high mobility box group 1, S100 proteins 

are termed alarmins, because they are released from damaged/dead cells and represent 

danger signals (Matzinger, 2002; Bianchi, 2007). They are sensed by DCs, which respond 

with the multipurpose signaling cascade of inflammation for the release of cytokines and 

chemokines. In addition, specified cell processes/filipodia of DCs present the processed 

antigen together with the major histocompatiblity complex (MHC) to naïve T cells, which 

then differentiate into T cell subsets such as helper and suppressor/cytotoxic cells 

(Banchereau and Steinman, 1998, Steinman and Banchereau, 2007, Zhang and Zhang 

2010). The DCs thus connect INIM with ADIM (Takeda and Akira, 2005; Iwasaki and 

Medzhitov, 2010). 

The CL represents a heterogeneous cell population consisting of steroidogenic cells, 

microvascular cells, connective tissue cells and leukocytes. Fully luteinized steroidogenic 

cells and leukocytes do not survive in culture because of their high end stage of 

differentiation, whereas vascular cells and fibroblasts multiply and thus can be passaged. 

The mature CL is a young tissue with a still fragile cell cohesion. This explains the 

successful isolation of five endothelial cell-like phenotypes using a simple mechanical 

procedure (Spanel-Borowski, 1991; Spanel-Borowski and van der Bosch, 1990; Davis et 

al., 2003). The five phenotypes maintain a stable morphology in long-term culture also 

after deep-freezing. At first, the five phenotypes seemed to express the typical criteria of 

endothelial cells as there is the epithelial monolayer as sign of contact-inhibited growth, 

spontaneous tubule formation in vitro, expression of factor VIII related antigen (FVIIIr) 
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and the uptake of acetylated low density lipoprotein (ac-LDL). This led to the concept that 

the cells are either from the arterious and the venous side of the microvascular bed or that 

different endothelial cells form a mosaic-like pattern. The search was thus intensified to 

attribute specific functions to the five phenotypes. The findings confirmed heterogeneity 

of endothelial cell cultures but also revealed inconsistencies. It became evident that type 5 

cells were reminiscent of granulosa-like cells forming a monolayer in the absence of 

growth factors (Spanel-Borowski et al., 1994a; Spanel-Borowski et al., 1994c). That type 

5 cells expresses similarities with type 1 cells has been registered without further 

interpretations (Fenyves et al., 1993). The retrospective analysis of own findings has 

generated a novel understanding for types 1 and 5 being potential immunocompetent cells 

for danger signal recognition (Spanel-Borowski, 2011a). Types 1 and 5 are presently 

judged as sentinels of INIM either in the vascular system or in the parenchyma of the CL. 

Both cells could become important tools to study the physiological side of INIM in 

control of luteolysis. 

 

2. Cytokeratin-positive type 1 cells 

 

Understanding the function of the CK
+
 surface epithelium cells meets a continuous 

interest because of the ongoing debate on the origin of epithelial ovarian cell cancer 

(Auersperg et al., 2001; Kumar et al., 2009). On the contrary, the study of CK
+
 follicle 

cells is widely neglected. In the fetal period, CK
+
 follicle cells of primordial follicles arise 

from the medullar part of the sex cords of bovine and human ovaries (Löffler et al., 2000). 

In the adult period, CK expression transiently disappears in growing follicles, and 

reappears in granulosa cell subtypes of preovulatory follicles. After follicle rupture, 

steroidogenic CK
+
 cells form peripheral zones in the CL of development, and gradually 

pass away between stages of secretion and regression (Fig. 1). The fading of steroidogenic 

CK
+
 cells could explain the controversial reports displaying either presence or absence of 

CK
+
 luteal cells in the human and bovine CL (Czernobilsky et al., 1985; Santini et al., 

1993; Ricken et al., 1995). In addition to the steroidogenic CK
+
 cells, a microvascular 

CK
+
 type is revealed in the CL at the stage of secretion (Fig. 1). These cells, which are 

scattered within the endothelium of luteal capillaries and of septal venules, come up to 

roughly 1% of all CK
+
 cells within a CL. Because a few single CK

+
 cells can be disclosed 

in the septal area (previous thecal layer) of the developing CL, the possibility is forwarded 

that the microvascular CK
+
 cells are derived from endothelial progenitor cells. Their 
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ancestors could have been segregated as hemangioblasts from the ventral somite into the 

paraxial/intermediate mesoderm of the aorto-gonado-mesonephros region according to 

studies in the avian embryo (Dieterlen-Lièvre et al., 2006; Pouget et al., 2006). After 

separation into hematopoietic progenitor cells and angioblasts, angioblasts immigrate into 

visceral organs and likely into the genital ridge with the primitive ovary. By using the 

sophisticated gene tracing strategy for VE-cadherin-expressing hemangioblasts, VE-

cadherin positive endothelial cells are traced in the aorta, the liver, and the bone marrow 

of the midgestation mouse embryo (Zovein et al., 2008). In the adult mouse with the 

inducible VE-cadherin cell line, single positive endothelial cells are detected in various 

organs. Provided that the VE-cadherin positive endothelial cells co-express CK, they 

represent the rare subpopulation of CK
+
 endothelial cells with ubiquitous occurrence and 

a still unknown function (Jahn et al., 1987; Patton et al., 1990; Mineau-Hanschke et al., 

1993). The CK
+
 endothelial cells should be distinguished from the CK

+ 
vascular smooth 

muscle cells described in the intima and the media and increasing with atherosclerotic 

progress (Johansson et al., 1997; Stintzing et al., 2009). 

The epithelioid CK
+
 type 1 cell might represent a steroidogenic cell derived from the 

early CL. This possibility is convincingly excluded. Type 1 cells lack the steroidogenic 

enzymes like 3β hydroxysteroid dehydrogenase (3β-HSD) activity, steroidogenic acute 

regulatory protein as well as the mRNA for follicle stimulating hormone and for 

luteinizing hormone (Spanel-Borowski, 2011a). Yet the receptor mRNA for prostaglandin 

F2a and E2, for vascular endothelial cell growth factor 2 as well as for Tie-2 (binds 

angiopoietin 1 and 2) compares type 1 cells with endothelial cells as does the isomorphic 

cobble-stone like monolayer, the uptake of ac-LDL, the diffuse expression of FVIIIr and 

the presence of 2 macroglobulin (Spanel-Borowski. 2011a). 

The CK
+ 

type 1 cell seems to be cut out for special functions. The dense array of 

microvilli at the ultrastructural level speaks for high resorption activity, and 

discontinuities of the apical plasma membrane , which are associated with concanavalin A 

positive vesicles, might indicate the morphological correlate of ectocytosis (Herrman et 

al., 1996). It is considered as nonclassical protein-trafficking through exosomes (not 

through rough endoplasmic reticulum and Golgi-apparatus) and could stand for the still 

unclear secretion of leaderless proteins comprising many alarmins/danger signaling 

factors (Bianchi, 2007; Rock et al., 2010). Type 1 shows a peripheral ring of actin 

filaments, a vimentin network as well as abundant microtubules. Among them acetylated 

-tubulin forms the nonmotile single cilium (Wolf and Spanel-Borowski, 1992), which is 
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no longer considered to be a nonfunctional evolutionary relict, but as a mechano-and 

chemosensory organelle. Because the ciliary proteins are implicated in signal transduction 

and morphogenetic pathways (Davis et al., 2006; Singla and Reiter, 2006), the single 

cilium could be the danger sensor like an antenna. Type 1 cells offer the unique 

possibility to study whether selective danger receptors/PRRs are expressed by the single 

cilium. Type 1 cells thus could become a unique endothelial cell type, also because of its 

surprising response to treatment with interferon- (IFN-, 200 u/0.5 ml for three days). 

Whereas IFN- is detrimental for common endothelial cells (Stolpen et al., 1986; Friesel 

et al., 1987), the cytokine does not harm confluent type 1 monolayer but reinforces 

specific cell-cell contacts. Tight junctions proteins like occludin and ZO-1 are upregulated 

as are adherens junction proteins to name plakoglobin, desmoplakin, desmoglein and E-

cadherin (Ricken et al., 1996). By contrast, the gap junction protein connexin 43 

decreases. Interferon- is judged as key cytokine with mighty influence DC function 

(Billiau and Matthys, 2009; Rojas and Krishnan, 2010). The cytokine could mediate the 

development of specific cell contacts to generate a microenvironment for limited 

molecule communication. The formation of tight junctions is reported for DCs when 

migrating through the gut epithelium (Rescigno et al., 2001) It is noteworthy that 

epithelioid CK
+
 cell cultures from the ovarian surface epithelium display an IFN- 

dependent response, which is similar to cell-cell contact increase in treated CK
+
 type 1 

cells (Spanel-Borowski, 2011a). The similarity in function between the two CK
+
 cell 

types might be dated back to a shared phylogenetic origin in the aorta-gonado-

mesonephric region as explained above. It is noteworthy that in vitro CK
+
 colonies are 

obtained in similar numbers from the bovine CL comparing stages of development, 

secretion and regression (Spanel-Borowski, 2011a). The observation speaks for the 

presence of microvascular CK
+ 

cells independent of the ovarian cycle and its endocrine 

function. Collectively, the CK
+
 type 1 cells appear to be specialized endothelial cells with 

the capacity of a particular immunoresponse. 

 

3. Cytokeratin-positive type 2 cells 

 

The CK
+
 type 2 cell cultures have endothelial cell criteria similar to type 1 culture, and 

supplementary findings. They are likely due to the cell isolation procedure strictly 

avoiding collagenase digestion to reduce fibroblast contamination. The mechanical 

disintegration seems to preserve desmosomes in microvessels (Spanel-Borowski, 1991). 
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This leads to doublets of endothelial cells and vascular smooth-muscle cells. Both 

proliferate in vitro and spontaneously form three-dimensional tubules, which originate 

from a principal stem within the monolayer. Cells with the apical side towards the culture 

medium are aligned like a helix around the tubule centre containing extracellular matrix. 

The structure is reminiscent of the endothelial cell helix seen in vascular corrosion casts 

of small arterioles from the human ureter (Spanel-Borowski et al., 1992). Type 2 cells are 

thus a co-culture system and its origin attributed to arterioles within the CL septa. The in 

vitro cross-talk between two vascular cell types might give insight into the molecular 

demands for arteriole formation, maintenance and function. The aspect could become 

important when studying vasoconstriction in CL arterioles at the onset of luteolysis 

(Schams and Berisha, 2004). Given as marginal note, seldom occurring helical tubules in 

type 1 cultures are indicative of co-cultivation with vascular smooth muscle cells.  

 

4. Type 3 and 4 cells 

 

Capillaries of the CL have a key position in blood flow velocity and exchange of 

molecules. Capillaries are also a powerful paracrine factory for the production of growth 

factors and chemokines, and capillaries are the site for leukocyte recruitment (Stocco et 

al., 2007; Devoto et al. 2009). Inspite of the 40% of vascular cells in a CL, the isolation of 

endothelial cells using enzyme digestion of CL tissue or lectin-coated-magnetic beads 

often fails to obtain persistent protein expression in long-term culture (Acosta et al., 

2005). In our hands, mechanical disintegration of peripheral tissue from the CL of 

secretion, followed by cell seeding into 24-well-plates at semi-clonal conditions leads to 

more than five healthy colonies of CK-negative (CK
-
) types 3 and 4 within 7-10 days 

(Spanel-Borowski, 2011a). The cell types behave like typical microvascular endothelial 

cells with many FVIIIr positive granules, abundant uptake of ac-LDL, and many 

pinocytotic vesicles at the basal cell side. The monolayer differs in phenotype being either 

spindle-shaped cells with a dominant single intracytoplasmic vesicle or round cells. Type 

3 often switch morphology to type 4 after cell passage, which is explained by different 

proliferation rates during the recovery phase (Fenyves et al., 1993). Type 3 spontaneously 

develops a delicate three-dimensional network of tubules loosely tethered to the 

monolayer through delicate cell projections. The molecular control of tubule formation 

remains unclear. Type 4 displays a two-dimensional network, which is spread on the 

apical monolayer’s side and discloses apoptotic cells. Thus, specific growth factor 
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conditions seem in favor of intact tubule formation in type 3 cells, but insufficient in type 

4 culture. Cell cultures type 3 and 4 are considered as models for the analysis of healthy 

and impaired in vitro tubule formation. In analogy, a different molecular pattern is likely 

active for an intact microvascular bed in the CL of secretion compared with the CL of 

regression. In contrast to type 1, types 3 and 4 show cell senescence and death under the 

treatment with IFN-, which is typical for endothelial cells. Types 3 and 4 have been 

successfully studied by diverse laboratories for presence and regulation of angiotensin II, 

endocrine gland vascular endothelial cell growth factor/prokineticin-1, and for the 

endothelin system (Hayashi et al., 2000; Klipper et al., 2004; Kisliouk et al., 2005).  

 

5. Type 5 cells, metamorphosis from steroidogenic/luteal CK
+
 cells into DCs, and 

similarities between microvascular type 1 and steroidogenic type 5  

 

The conspicuously flat monolayer of type 5 cells was explained by a venous 

endothelium origin at first (Spanel-Borowski, 1991; Spanel-Borowski and van der Bosch, 

1990). A closer look displayed unique long processes overlapping from cell margins as 

well as lipid droplets. The monolayer changed into a multilayer by growth factors derived 

from serum or co-cultivated types 3 or 4 (Spanel-Borowski et al., 1994c). Signs of 

steroidogenesis (density of lipid droplets, activity of 3β-HSD, and progesterone 

concentration in the supernatant) were significantly elevated compared to basal levels. 

The big surprise that type 5 cultures looked like CK
-
 granulosa cell cultures led to the 

name “granulosa-like cells” (Spanel-Borowski et al., 1994a). Because they are obtained 

from the CL of all stages, the granulosa-like cells obviously have escaped luteinisation, 

which conflicts with the common instruction that all granulosa cells become fully 

luteinized in the CL. The primary guess of an immature steroidogenic precursor cell, 

which supplies steroidogenic luteal cells in case of pregnancy, became doubtful because 

type 5 cells resisted fully luteinisation in culture.  

The specific nature of type 5 cells is indicated by the positive response to the treatment 

with IFN-. Treated type 5 cells stay healthy, show mitotic figures, and increase N-

cadherin-positive adherens junctions (Fenyves et al., 1994). Most of all, type 5 

upregulates the MHC class II by 80 fold compared to basal level (Spanel-Borowski and 

Bein, 1993). The unique cytokine-responses compares with the typical response pattern of 

DCs (Banchereau and Steinman, 1998, Steinman and Banchereau, 2007; Zhang and 

Zhang, 2010). The well-illustrated concept is that type 5 cells are derived from 
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preovulatory CK
+
 granulosa cells showing the regulation of TLR4 and CD14 under 36 h 

of oxLDL treatment (Serke et al., 2009; Spanel-Borowski 2011a). Nonapoptotic cell death 

occurs and reactive oxygen species (ROS) are increased in these cultures. The CK
+
 

follicle cells supposedly become steroidogenic CK
+ 

luteal cells in the bovine CL of 

development, which, according to fading intensity of CK immunostaining, gradually 

switch off CK expression in the stage of secretion (Fig. 1). The CL of pregnancy lacks 

any steroidogenic CK
+ 

cells. In analogy to the transient disappearance of CK expression 

in granulosa cells of growing follicles (Löffler et al., 2000), the same possibility is 

theoretically given for the CL system and would compare with the spontaneous loss of 

CK 8 gene expression in transformed cells (Knapp and Franke, 1989). Switching off one 

of the CK genes leads to the disappearance of CK filaments and to CK filament-

depending adhesions plaques. Their loss provides high cell mobility. The postulated cell 

metamorphosis could be caused by the depravation of the luteinizing hormone. Its effect 

on CK
 
expression in granulosa cell cultures has been described (Ben-Ze'ev and 

Amsterdam, 1989). High persistent progesterone levels might also be involved. Our 

concept has missing links and requires further validation. In particular, type 5 cells have 

to be studied for the expression and regulation of TLRs by specific alarmins. The IFN- 

dependent profile of cyto-and chemokines is wanted by studying the supernatants of 

activated type 5 cultures. As DCs have diverse surface antigens, the antigen-pattern 

analysis of type 5 should be conducted by using flow cytometry. The strongest antigen 

response in isolated cells then might allow the in situ localization of type 5 with 

immunostaining both in the cyclic CL and the CL of pregnancy. Fate mapping 

experiments with a CK19 knockin mouse line as developed by (Means et al. 2008) could 

give final evidence that CK
+
 granulosa cells are converted into steroidogenic type 5 cells 

(Fig. 1).  

Type 1 and type 5 cells depict similar features, which were recently summarized 

(Spanel-Borowski, 2011a): single cilium or single ciliary stub, uptake of ac-LDL, diffuse 

perinuclear response for FVIIIr immunostaining, peripheral ring of actin filaments, 

expression of the neuronal cell adhesion molecules 140, and comparable leukocyte 

adhesion after stimulation with phorbol myristate acetate. This observation could be 

explained by a shared phylogenetic origin in the aorta-gonado-mesonephric region with 

angioblasts in the mesenchyme (postulated to become microvascular type 1 cells) and 

with CK
+
 sex cord cells to transform into follicle cells (postulated to become type 5 cells) 

as shown for the fetal ovary (Löffler et al., 2000). The aorta-gonado-mesonephric region 
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is coined by the passage of primordial germ cells immigrating from the dorsal yolk sac 

through the dorsal mesogastrium into the genital ridge around week 6 in the human 

embryo (Sadler, 2000). A transient contact between germ cells, angioblasts and sex cord 

cells might imprint genes with the imperishable message to develop immunocompetence 

as vascular and steroidogenic cells in the adult ovary.  

 

6. Microvascular and steroidogenic cells as luteovascular unit bridging INIM and 

ADIM in control of structural luteolysis 

 

The audacious concept is forwarded that INIM has educated CK
+
 cells as sentinel to 

conceive and immediately respond to danger signals in the micro-and macrovascular 

system through PRRs/TLRs like TLR4. Their activation triggers the powerful 

inflammatory cascade, which, in macrovessels, obviously contributes to atherosclerotic 

progress (Zhang YI and Zhang C, 2010; Miller et al., 2011). The CK
+ 

cell cultures, which 

were derived from the bovine aorta and vena cava  and produce CK8, 18, and 19 as 

polypeptides (Spanel-Borowski et al. 1994b), could be comparable with the microvascular 

type 1 from the CL. In favor of the possibility are similarities between the macro-and 

microvascular CK
+
 cells as have been demonstrated for the cytoskeleton and the 

intercellular contacts by using immunostaining (Fenyves et al., 1993; Spanel-Borowski et 

al., 1994b). In addition to the microvascular CK
+
 cells, steroidogenic CK

+
 cells represent 

the second cell type with potential danger sensing function in the CL. The statement relies 

on the surmise that the preovulatory CK
+
 granulosa cells with an oxLDL-dependent TLR4 

regulation continue their life as steroidogenic CK
+ 

cells in the developing CL for tissue 

reconstruction (Serke et al., 2009; Spanel-Borowski 2011b). In the CL stage of secretion 

with progesterone synthesis at its maximum, the steroidogenic CK
+
 cells respond by 

getting a new costume without CK filaments (Fig. 1). In a broader sense, presence and 

absence of CK expression might be associated with a change in immunocompetence 

similar to immature DCs becoming mature DCs after migration to the antigen-presenting 

side (Banchereau and Steinman, 1998; Zhang YI and Zhang C, 2010).  

Functional luteolysis with an acute interruption of progesterone synthesis occurs days 

before the onset of structural luteolysis in the bovine and human ovary. Monocytes and 

increasing numbers of T cells with dominance of cytotoxic T cells must be recruited 

before the decay of capillaries and the fatty degeneration of luteal cells (Brännström et al., 

1993; Best et al., 1996; Bauer et al., 2001). It remains a mystery what really happens until 
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structural luteolysis becomes evident (Stocco et al., 2007; Devoto et al., 2009). The 

scenario could be triggered by sudden ischemia due to vasoconstriction by e.g. 

prostaglandin F2 , endothelin-1, angiotensin II (Shirasuna et al., 2004). Ischemia harms 

common endothelial cells in the CL (Fig. 2). They secrete danger signals/alarmins being 

sensed and responded by microvascular CK
+
 cells. The signaling cascade through TLRs 

then initiates inflammatory cytokines for the recruitment of monocytes, and naïve T cells. 

Interferon- as key cytokine might activate adjacent steroidogenic “DCs” there promoting 

two signaling pathways (Billiau and Matthys, 2009). One might affect genes for the 

production of cytotoxic cytokines like tumor necrosis factor  (TNF-), which could 

damage steroidogenic and vascular luteal cells. The other pathway might induce the 

upregulation of the MHC complex for presenting the processed antigens (released from 

damaged luteal cells) to naïve T cells. T cell subsets and their actions could then modify 

the form of death-agony suffered by luteal cells and vascular cells. In the hamster CL, the 

apoptotic form is the dominant form, whereas in human CL the autophagic and luteolytic 

form of cell death is described (Gaytán et al., 2001a; Del Canto et al., 2007; Gaytán et al., 

2008). Collectively, there is reason to believe that steroidogenic cells/type 5 cells 

converted from CK
+
 cells bridge INIM and ADIM in the luteolytic process (Fig. 2). In 

follicular rupture, INIM function seems to dominate (Spanel-Borowski, 2011b).  

Provided luteolysis compares with a sterile chronic inflammation (Medzhitov, 2008, 

2010), the precisely limited immunoresponse to the CL’s site seems to require the absence 

of mast cells. They are considered as critical mediators of ADIM functions (Kalesnikoff 

and Galli, 2008), and, in the ovary, are in fact restricted to the interstitial cortical tissue 

and to the medulla (Reibiger and Spanel-Borowski, 2000; Heider et al., 2001). Garbage 

removal by macrophage phagocytosis and connective tissue substitution are judged as the 

final steps of luteolysis. In other words, the luteolytic show starts at the level of the 

microvascular CK
+
 cell together with the steroidogenic/type 5 cell. They are introduced as 

luteovascular unit with a rapid simultaneous response to focal ischemia. The postulated 

unit might requires pericytes, which are known to exert immunologic defense in addition 

to other functions (Fisher, 2009). The suggested luteovascular unit compares with the 

ischemia-sensitive neurovascular unit consisting of microvessels, neurons and glial cells 

(del Zoppo, 2010). As long as the luteovascular unit remain quiescent, the endocrine 

function of the CL continues as is the case in pregnancy. The prolactin (PRL) -PRL 

receptor system could influence the suggested luteovascular unit, because the permissive 

action of PRL on the antigen-presenting function of monocyte-derived DCs is reported 
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(Matera et al., 2001). Additionally, the luteolytic action of PRL is accepted in rodents, and 

might be related to the antiangiogenic 16 kDa PRL fragment generated from extracellular 

cleavage by cathepsin D (Gaytán et al., 2001a; Nguyen et al., 2006). Type 5 cells 

produces cathepsin, full-length 23 kDa PRL as well as the short 34 kDa receptor form 

(Ricken et al., 2007; Erdmann et al., 2007). In retrospect, rapid luteolysis defined by 

segregation of luteal cell complexes into ruptured luteal microvessels in white-footed 

mice, which had been kept under short photoperiod, could rely on the antiangiogenic PRL 

action. Rapid luteolysis was increased under subcutaneous PRL treatment with 30 µg/0.1 

ml for 4 and 6 days (Spanel-Borowski et al., 1983).  

 

7. Clinical perspectives and concluding remarks 

 

The cyclic ovary is a site of precisely timed tissue damage and repair. Hidden in the 

endocrine system, INIM is considered as the driving force of follicle rupture (Spanel-

Borowski, 2011b). Furthermore, INIM together with ADIM might arrange the onset of 

structural luteolysis. The novel concept relies on many illustrations (Spanel-Borowski, 

2011a) and is here heightened in details. Different fine-tuning of immunoresponses could 

explain why, in the hamster ovary, CLs completely disappear within one ovarian cycle 

(Spanel-Borowski and Heiss, 1986; Gaytán et al., 2001b), whereas regressing stages are 

seen for several cycles in ovaries of rats, cows and human. Luteal cysts and the persistence 

of a CL, which leads to a prolonged ovarian cycle, might be explained by immune-

mediated failure. The premature immunoregulation of luteolysis could lead to CL 

insufficiency with failed or delayed implantation, and pregnancy loss (Erlebacher et al., 

2004). The authors note in a mouse model that the blockade of CD40 (TNF receptor 

superfamily member involved in the adaptive immunoresponse) overactivated INIM, 

while progesterone synthesis was impaired and PRL stimulation failed. This points to the 

influence of the PRL-PRL receptor system on the luteolytic immunoregulation. The 

autoimmune damage leading to premature ovarian failure in women under 40 years of age 

might also represent a disturbed interaction between INIM and ADIM, because patients 

show altered T cell subsets and T cell-mediated cell injury (Vujovic, 2009).  

Time has provided tremendous progress in understanding the molecular pattern of 

luteolysis and the function of INIM in sterile inflammation like in atherosclerosis and 

rheumatoid arthritis (Stocco et al., 2007; Devoto et al., 2009; Medzhitov, 2008, 2010). 

The exciting insights together with the thorough analysis of types 1-5 are the ground-line 
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to validate the old speculation of .immunoregulated luteolysis (Murdoch et al., 1988). 

Future experiments on receptor and cytokine regulation should include analysis of 

pericytes, which are obtained as byproduct by the cell isolation procedure from the bovine 

CL (Spanel-Borowski, 2011a). Much work lies ahead to convincingly proof the existence 

of a luteovascular unit and to understand the complexity of signaling pathways for 

immunoregulated luteolysis.  
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Legends 

 

Figure 1  

 

Two types of potential danger-sensing cells (steroidogenic, microvascular) are depicted in 

the developing CL (left), and the CL of secretory stage (right ) at low and high 

magnification (a,b) and at cellular level (c). a:The gyrated structure of the young CL 

shows peripheral zonation formed by steroidogenic CK
+
 cells (red). The fully 

differentiated CL contains uniformly distributed steroidogenic CK
+
 cells with decreasing 

CK expression (red and pink). b and left: The microvascular CK
+
 cell (red) associates 

with the sprouting vessel (green) in the forming septum as previous thecal cell layer; 

steroidogenic CK
+
 cells in the former granulosa cell layer show a strong CK expression 

(red). b and right: Three microvascular CK
+
 cells are attributed to vessels in the CL 

parenchyma. It also displays steroidogenic cells with a decreasing intensity of CK 

expression (red, pink and white). Signals are received from the microvascular CK
+ 

cell 

type (short arrows). c and left: The microvascular CK
+ 

cells becomes type 1 cell (double-

lined arrows). c and right. The steroidogenic CK
+
 cells convert into type 5 cells. After loss 

of CK expression long cell processes develop (broken arrows). Arrows indicate 

theoretical associations. Drawn by R. Spanel and adapted from Spanel-Borowski (2011a).  

 

Figure 2  

 

The concept of early structural luteolysis depends on the luteovascular unit, which 

connects INIM and ADIM function. A: Danger signals from ischemia-damaged common 

endothelial cells are sensed by the TLR-positive microvascular CK
+
 cell equipped with a 

single cilium (red). The signaling cascade generates gateways either for recruitment of 

monocytes and T cells, or for IFN- secretion. B: The cytokine affects the potential 

dendritic cell (pink). It is the steroidogenic cell with TLRs, which has converted from a 

steroidogenic CK
+ 

cell by loosing CK expression and developing long cell processes. 

Interferon- activates the TNF- gene, and the TNF- protein harms a common 

steroidogenic cell (yellow, left side in C). Interferon- also turns the converted cell into an 

antigen-presenting cell by upregulation of the MHC II complex. The antigen comes from 

the damaged steroidogenic cell in C. Naive T cells (blue) are trained into T cell subsets 
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(green), which will induce cell death in the intact common steroidogenic cell (right side in 

C). Arrows represent theoretical associations. Drawn by R. Spanel 
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Early structural luteolysis might depend on innate immunity function, in particular on the 

presence of dendritic cells in the corpus luteum. We characterize two out of five endothelial-

cell-like phenotypes as candidates of danger-sensing function. The concept is forwarded that 

the microvascular cytokeratin (CK) -positive type 1 and the steroidogenic type 5 after loss of 

CK form a luteovascular unit. It is activated by a rapid simultaneous response to focal 

ischemia and supplies the bridge to adaptive immunity. 
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