Chapter 2
Functional Diversity of Fibroblasts

H. Peter Rodemann and Hans-Oliver Rennekampff

2.1 Introduction

Solid tumours are multi-cellular tissues comprised of tumour cells and stromal
cells, including fibroblasts, endothelial cells and inflammatory cells. When a can-
cer cell metastasizes, it first will be exposed to cancer associated fibroblasts in the
immediate tumour microenvironment and subsequently to normal fibroblasts as it
traverses the underlying connective tissue on its way to the bloodstream. So far,
the interactions of tumour cells with stromal fibroblasts influence tumour biology
by mechanisms that are not yet fully understood. It is known that cells of the tu-
mour parenchyma and stroma are in extensive crosstalk, and the composition of the
stroma and the nature of tumour stromal interactions change over time with tumour
progression (Beacham and Cukierman 2005; Proia et al. 2005). The tumour-stroma
crosstalk markedly influences not only tumour growth by modifying and control-
ling angiogenesis, suppressing or subverting immune responses of the host, but also
by modulating extracellular matrix composition, and secreting factors which in turn
stimulate cells to further alter cell physiology as well as the cellular and acellular
composition of the tumour microenvironment (Stuelten et al. 2010; Olumi et al.
1999; Liotta and Kohn 2001).

Fibroblasts as ubiquitous stromal cells are accessory cells which influence other
neighbouring cell types through secretion of cytokines as well as growth and dif-
ferentiation factor factors (Baglole et al. 2006; Micke and Ostman 2005). While in
the early phase fibroblasts can have tumour suppressing activity the phenotype of
fibroblasts can alter to a tumour promoting state as carcinogenesis progresses (Proia
et al. 2005). This phenotypic switch does occur in two stages in which a revers-
ible “primed” fibroblasts type is generated first followed the manifestation of an
irreversible phenotype of fibroblasts which present tumour-promoting properties
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(Beacham and Cukierman 2005). These so-called cancer associated fibroblasts
(CAF) have properties distinct from normal fibroblasts and actively promote tu-
morigenesis as it has been described for example for prostate and breast cancer
(Olumo et al. 1999; Orimo et al. 2005).

The topic of cancer associated fibroblasts, however, is discussed in separate
chapters of this book. In the following various aspects of the functional diversity of
normal not cancer associated fibroblast will be discussed as the capacity of fibro-
blasts to produce and organize the extracellular matrix and to communicate with
other cell systems makes them a central component of tissue biology.

2.2 Fibroblast Phenotypes

Fibroblasts from different anatomical regions display characteristic phenotypes.
Early work on the heterogeneity of fibroblasts performed by Castor and co-workers
(Castor et al. 1962) demonstrated metabolic differences between mesothelial fibro-
blasts, fibroblasts of the skin, articular tissues and periosteum. Studies by Chang
et al. (2002) and Rinn et al. (2006, 2008) characterized the gene expression profile
of fibroblasts derived from different anatomical regions of the body with cDNA
microarray technology. These authors were able to show a site specific gene ex-
pression pattern with a striking division into: anterior-posterior, proximal-distal and
dermal-non dermal. In addition they demonstrated diversity in topographic expres-
sion for genes involved in extracellular matrix synthesis, growth and differentiation,
cell migration as well as genes involved in genetic syndromes. Work by Chipev and
Simon (2002) indicated that fibroblasts from different body sites differ in size, with
palmar fibroblasts being smaller than non-glabrous derived fibroblasts. In addition
growth kinetics and TGF (Transforming Growth Factor) -B1 Receptor II expres-
sion as well as the ability to contract collagen lattices were found to differ with
palmoplantar skin derived fibroblasts having lower receptor levels and an increased
mitotic rate. The authors speculated that this regional diversity may in part account
for localized susceptibility to disease manifestation like scarring and keloid for-
mation. Recent work on oral mucosal fibroblasts has demonstrated the differences
in the capacity of these fibroblasts to reorganize collagen lattices by an increased
matrix metalloproteinase (MMP)-2 expression as compared to skin derived fibro-
blasts (Stephens et al. 2001). Furthermore, it was shown that oral mucosa derived
fibroblasts proliferated more rapidly and had a higher capacity for cell doublings.
A functional correlation was linked to the fact that cultured oral fibroblasts secret
more hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF) than
skin fibroblasts (Gron et al. 2002). It was suggested that both effects may contribute
to a ‘fetal’ wound healing phenotype of oral fibroblasts.

Beside the differences in fibroblasts from different anatomical sites fibroblasts
separated from a single tissue are similarly not composed of a homogeneous pop-
ulation but rather consist of subsets of different fibroblasts. Sorrell and Caplan
(2004) have reviewed differences between papillary fibroblasts, which reside in the
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superficial dermis and reticular fibroblasts which are located in the deeper dermis,
highlighting the difference in matrix molecule production from these two distinct
cell populations. Versican is produced at low levels by papillary fibroblasts while
reticular fibroblasts produce high levels of this molecule. In contrast, decorin is
produced in high levels by papillary fibroblast but only in small amounts by reticu-
lar fibroblasts. Collagen type I and collagen type III production and the subsequent
ratio of these two dermal collagens were not found to differ between these popula-
tions of fibroblasts.

Studies from the laboratory of the author also point toward the existence of dif-
ferent morphological and biochemical subsets of fibroblasts within the same tissue.
Two major populations of fibroblasts have been detected in the dermis, lung and
kidney termed mitotically active, i.e. replicative progenitor fibroblasts (MF) and
irreversible postmitotic fibrocytes (PMF). These two subsets have subsequently
been classified by cytomorphological and biochemical characteristics (Bayreuther
et al. 1988; Rodemann 1989; Rodemann and Mueller 1990; Rodemann and Bam-
berg 1995; Lara et al. 1996; Rodemann et al. 1996; Burger et al. 1998; Herskind
et al. 1998; Hakenjos et al. 2000). Based on in vitro and ex vivo-in vitro experi-
ments it was shown that fibroblasts of human, rat and mouse skin but also lung as
well as renal fibroblasts differentiate in vivo and in vitro along a lineage of repli-
cative progenitor fibroblast cell types and non replicative, postmitotic functional
fibrocytes of man, rat and mouse (Mollenhauer and Bayreuther 1986; Bayreuther
et al. 1988; Rodemann et al. 1991). According to their cytomorphology (Fig. 2.1),
replicative potential and ability to synthesize specific cytokines and growth factors,
like TGF-P and Keratinocyte Growth Factor (KGF), MF-progenitor fibroblasts can
be further classified into the cell types MF I, MF II, and MF III (Rodemann 1989;
Herskind et al. 1998; Burger et al. 1998; Hakenjos et al. 2000). Subcloning experi-
ments revealed that these MF-cell types differentiate along the lineage MF I, MF 11,

Parameter MFI MFII MFIII PMF
Cell division potential +++ ++ + -

SA-B-Gal expression - (+) + +++
Total collagen synthesis (+) + + +++
KGF-production (+) + ++ +++
TGFB1-production + + 4+ +++

Fig. 2.1 Differentiation lineage, marker and collagen expression, as well as growth factor pro-
duction profile of progenitor fibroblasts and postmitotic fibrocytes. The differentiation lineage
of progenitor fibroblasts (MF) and postmitotic fibrocytes (PMF) along the sequence MFI-MFII-
MFIII-PMF cell types was analysed on the basis of cell biological and biochemical parameters.
Quantitative and qualitative differences could be demonstrated for the parameter cell division
potential, SA-f-galactosidase (SA-B-Gal) expression, total collagen synthesis, KGF and TGFp1
production. A relative indicator system (— negative; (+) very low; + low; ++ moderate; +++ high)
is chosen for cell type specific comparison of these parameters
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MF 111, before differentiation into irreversible postmitotic fibrocytes (PMF) occurs
(Bayreuther et al. 1988, 1989; Rodemann et al. 1996). MF I-type progenitor fibro-
blasts have the highest replicative capacity. MFI progenitor fibroblasts of human
origin can go through about cell divisions before differentiating into MF 1II type
cells. This cell type can divide approximately 15-20 times before differentiating
into cell type MF III which has the potential for only 5-8 further division cycles
before differentiating spontaneously into irreversible postmitotic fibrocytes (Rode-
mann et al. 1989). Based on its biochemical activity the latter cell type reflects the
functional cell type of the fibroblast-fibrocyte cell system. Per cell it produces about
5-8 times more total collagen as compared to progenitor fibroblasts and provides
the correct ratio of interstitial collagens type I, III, and V needed for homeostasis
and maintenance of interstitial tissues (Rodemann et al. 1989). The cellbiological
and biochemical parameters of progenitor fibroblasts and postmitotic fibrocytes are
summarized Fig. 2.1.

As reported earlier for human skin (Bayreuther et al. 1988; Rodemann 1993;
Herskind et al. 1998) as well as rat lung (Hakenjos et al. 2000) a constant ratio in the
in vivo proportion of progenitor fibroblasts and functional postmitotic fibrocytes of
2:1 exists and seems to be independent of the age of the donor. Thus it can be as-
sumed that biochemical homeostasis of the dermis as well as of interstitial tissues
in various organs depends on a correct ratio of progenitor fibroblasts and functional
postmitotic fibrocytes. Disturbance of this ratio by exogenous or endogenous fac-
tors may lead to an altered cellular homeostasis in the affected tissue and can result
in pathologic tissue remodelling, similar to that observed in renal, lung and skin
fibrosis (Rodemann and Bamberg 1995; Rodemann et al. 1996; Burger et al. 1998;
Herskind et al. 1998; Rodemann and Mueller 1990; Rodemann et al. 1991; Haken-
jos et al. 2000; von Pfeil et al. 2002).

Under in vitro conditions, progenitor fibroblasts and functional postmitotic fi-
brocytes can be classified according to the specific expression of the senescence
activated-B-Galactosidase activity (SA-B-Gal), which is also known as pH6-activity
of B-galactosidase. Postmitotic fibrocytes show a strong expression of SA-B-Gal
activity whereas MF-progenitor fibroblasts do not (Hakenjos et al. 2000). The
expression of this enzyme activity has been used in attempts to identify cellular
ageing processes in fibroblasts cultures (Dimri et al. 1995). The expression of pH6-
B-galactosidase activity could only be demonstrated in fibroblasts which have un-
dergone replicative senescence, i.e. in irreversible postmitotic cells (Dimri et al.
1995). These fibroblast populations are predominantly composed by the functional
and irreversible postmitotic fibrocytes (Herskind et al. 1998; Hakenjos et al. 2000)
(for summary see Fig. 2.1). Decreased proliferative potential of fibroblasts has also
been noticed in a stress-induced senescence-like phenotype. Replicative senescence
can be induced via pathways that accelerate shortening of the telomere, while pre-
mature stress-induced senescence can be caused by DNA damage via telomere-in-
dependent mechanisms e.g. oxidative stress or UVB exposure (Von Zglinicki et al.
1995; Pascal et al. 2005; Debacq-Chainiaux et al. 2005). The analysis of purified
subpopulations of human MF-progenitor fibroblasts derived from skin and obtained
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through subcloning procedures indicated that MFI, MFII and MFIII progenitor
fibroblasts show increased telomere-shortening along the differentiation sequence
MF1-MFII-MFIII (Herskind et al. unpublished results).

As demonstrated for the rabbit kidney two biochemically diverse subpopulations
of fibroblasts have been characterized in the cortex and papilla (Rodemann et al.
1991; Knecht et al. 1991). Papillary fibroblasts presented an about 50% longer mi-
totic lifespan than cortical fibroblasts before both subtypes differentiate into post-
mitotic fibrocytes. In addition to differences in protein expression, these two renal
fibroblast subtypes respond differentially to growth factor stimulation as well as to
stimuli from co-cultured epithelial cells. While no differences in growth response
of these two subtypes could be observed after mitogenic stimulation with either
epidermal growth factor (EGF) or insulin-like growth factor-1 (IGF-1) a signifi-
cant differential response could be demonstrated for platelet derived growth factor
(PDGF). PDGF exerted a potent mitogenic stimulus for papillary fibroblast but was
only weakly mitogenic for cortical fibroblasts (Knecht et al. 1991).

Additional patterns of fibroblasts heterogeneity have been identified through
the study of wounding and wound healing. Wound healing proceeds in three inter-
related phases (reviewed in Clark et al. 1993): inflammation phase, proliferation
phase, and maturation phase. Although fibroblasts have long been recognized as
key cells in those process, it is only recently that we have begun to understand the
origin and phenotypic differences of fibroblasts as related to the specific phases of
wound healing. The initial inflammatory phase consists of an orderly extravasation
of leucocytes like PMN and monocytes/macrophages into the wound. Bucala et al.
(1994) have shown that a population of fibroblasts which arise from blood-borne
circulating progenitor cells migrate into the wound site and may account for as
many as 10% of the cells that infiltrate sites of acute tissue injury. These cells were
also termed fibrocytes and express markers for cells of both hematopoietic and
mesenychmal origin. These fibrocytes have to be clearly distinguished from the
fibrocytes described by author and which resemble postmitotic fibroblasts. In ad-
dition it is unclear whether Bucala’s fibrocyte of hematopoetic origin enters the fi-
broblast lineage described above. The collagen*/vimentin*/CD 34*/CD 13/CD45*
positive fibrocyte cells may contribute to normal wound repair by antigen presenta-
tion but may also participate in pathologic fibrotic responses (Chesney et al. 1997).
Tredget and his group (Yang et al. 2005) identified this cell type in hypertrophic
scarring of the skin.

During the proliferative phase of wound healing granulation tissue and fibro-
vascular ingrowth occurs. Rossio-Pasquier et al. (1999) have demonstrated that
in full thickness dermal loss, fibroblasts migrating into the wound originate from
the subcutaneous wound bed rather than from the non injured surrounding dermis.
Van den Bogaerdt et al. (2002) have shown that mitotic and contractile activity
differs significantly between these dermal and fat derived fibroblasts. Middelkoop
(2005) suggested that these differences may have a great impact on the use of either
acellular dermal substitutes which repopulate from the subcutaneous fat or dermal-
derived fibroblast-seeded matrices.
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In the final phase of wound healing, a specialized population of differenti-
ated fibroblasts occur (Gabbiani et al. 1971, 2003). It has been demonstrated
that fibroblasts under mechanical tension and under the influence of Platelet De-
rived Growth Factor (PDGF) express stress fibers. This cell type is termed pro-
to-myofibroblast. Additional tension, TGF-B and a splice variant of fibronectin
promote further differentiation into the myofibroblasts. These contractile myofi-
broblasts express alpha smooth muscle actin and are involved in the production
of extracellular matrix and tissue contraction. Germain et al. (1994) provided evi-
dence that human wound fibroblasts represent a functionally different population
than fibroblasts isolated from unwounded dermis. In their analysis they concluded
that 30—40% of wound-derived fibroblasts were myofibroblasts whereas only 1%
of normal fibroblasts were alpha smooth muscle actin positive. Early studies from
Bell et al. (1979) demonstrated that fibroblasts of high population doubling which
have left the cell cycle can carry out lattice contraction at least as effectively as
cycling cells from early passages, leading the authors to conclude that the contrac-
tion of wounds is not due to myofibroblasts. In vivo data indicated that the number
of myofibroblasts in the wound is dependent upon the amount of transplanted
deeper dermal portion (Rudolph et al. 1991). Unfortunately it remains unclear
whether this effect is due to the matrix or the resident cell population. Regardless
of whether myofibroblasts are the true motile force for wound contraction, there
is general agreement that wound contraction is an active cellular phenomenon
depending on the activity of viable fibroblasts. Biological control of these cells
either by the matrix or by surrounding cells may minimize scar contraction (Bell
1995; Bell et al. 1981).

Interestingly, and of great importance for the understanding of the biology of
chronic wounds, is the fact that a different fibroblast phenotype has been iden-
tified in diabetic ulcers when compared to normal undiseased skin as well as
healthy skin from non-diabetic volunteers (Loots et al. 1999). Fibroblasts from
non-insulin-dependent diabetic ulcers exhibited a lower proliferation capacity
and more flattened morphologic appearance (Loots et al. 1999). It is tempting to
speculate that this fibroblast population resembles postmitotic fibroblasts. Wheth-
er these phenotypic differences in fibroblasts are the underlying cause for non-
healing diabetic ulcers or a secondary phenomenon reflecting an altered growth
factor profile in this type of wound was not examined. Studies by Morocutti et al.
(1996, 1997) revealed that dermal fibroblasts from insulin dependent diabetic pa-
tient with progressive fibrosis exhibit a remarkably decreased potential for pro-
liferation as well as increased collagen production correlating with an increased
proportion of postmitotic fibrocytes. Interestingly, these altered fibroblasts were
not derived from lesional skin but from otherwise healthy skin of these patients.
Hasan et al. (1997) also presented evidence that fibroblasts from chronic venous
ulcer wounds are phenotypically altered, as a slower proliferation rate of wound
derived fibroblasts was noticed. In addition a decreased expression of type 2 TGF-
B receptors of ulcer fibroblast was accompanied by a failure to phosphorylate
Smad 2, Smad 3, and p42/44 mitogen activating protein kinase (MAPK).
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2.3 Functional Effects of Fibroblast Subpopulations

Besides the well established matrix building effect of fibroblasts, there is experi-
mental evidence for a fibroblast-derived mesenchymal—epithelial crosstalk regu-
lating epithelial growth factors (Clark 2003). For example reepithelialisation of
cutaneous wounds as a concert of proliferation and migration of keratinocytes is
strongly dependent on mesenchymal cell- derived factors.

Fibroblasts are able to secrete IL-6, IL-8, HGF, and KGF all of which are
known to stimulate keratinocyte proliferation and migration. Fusenig and his group
(Fusenig 1994; Maas-Szabowski et al. 1996) have demonstrated that growth-ar-
rested X-ray-irradiated fibroblasts and proliferating fibroblasts profoundly differ
in their profiles of IL-1 alpha stimulated cytokines and growth factor secretion.
IL-1 alpha stimulated postmitotic fibroblasts depicted lower transcriptional levels
(mRNA) of KGF, IL-1 alpha, IL-8, while HGF mRNA was dramatically increased.
However, on the protein level IL-1 alpha-stimulated irradiated fibroblasts presented
lower HGF levels than proliferating dermal fibroblasts. In previous work by others
(Limat et al. 1989; Waelti et al. 1992) the growth promoting effect of postmitotic
fibroblasts on keratinocytes was clearly demonstrated in vitro.

As recently published (Nolte et al. 2008), non-stimulated subpopulations of
dermal derived MF-progenitor fibroblasts or postmitotic fibrocytes constitutively
secrete significantly different amounts of KGF. When compared to progenitor fibro-
blasts MF II the amount of KGF produced per cell increases significantly in MF III
type progenitor cells by a factor of about 2.2 (see also Fig. 2.1). Postmitotic fibro-
cytes, however, produce more than 3-times more KGF than MFII-type progenitors
and app. 1.5-times more than MFIII type progenitor fibroblasts. These observations
indicate a specific role of the subtypes of progenitor fibroblasts and postmitotic
fibrocytes in the mesenchymal—epithelial interaction and specifically in the homeo-
stasis of the epithelial cell system in skin.

As previously described, TGF-P, another important growth factor is secreted by
fibroblasts and counteracts the mitotic effect of KGF on keratinocytes. Among the
three isoforms of TGF-f3, TGF-B1 is the most prominent regulator. TGF-1 was
shown to down regulate epithelial growth and induce differentiation and apoptosis
in keratinocytes (Mansbridge and Hanawalt 1988). Hakenjos et al. (2000) and von
Pfeil et al. (2002) have previously demonstrated that TGF-P1 is predominantly pro-
duced by MF III type progenitor fibroblasts as well as postmitotic fibrocytes (see
also Fig. 2.1). This cytokine plays an important role in the autocrine regulation of
the differentiation process of progenitor fibroblasts to functional fibrocytes through
the induction of cell cycle inhibitor proteins like p21 and p27 mediating permanent
cell cycle arrest in G, (Lee and Bae 2002).

The importance of fibroblast/fibrocyte interaction with tissue specific epithelia
is also demonstrated by the use of fibroblasts to construct skin substitutes. Fibro-
blasts seeded into a collagen-GAG matrix were shown to promote rapid epithelial
outgrowth on the collagen-GAG matrix as compared to a non seeded collagen-GAG
(Boyce et al. 1988, 1995, 2000; Boyce 2001). In contrast, the feeder layer system
used to culture keratinocytes utilizes postmitotic fibrocytes, originally derived from
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the irradiated transformed mouse 3T3 cell line for co-culture (Rheinwald and Green
1975). There is strong evidence from radiobiological research that irradiation does
not necessarily kill the feeder cells, but rather induces terminal differentiation with
irreversible growth arrest (Rodemann and Bamberg 1995), yet largely preserves
physiologic function in producing growth factors and extracellular matrix proteins
(Rodemann and Bamberg 1995; Lara et al. 1996; Hakenjos et al. 2000; von Pfeil
et al. 2002). So far however, the functional influence of the secreted cocktail of
growth factors and cytokines by the various subpopulations of fibroblasts on kera-
tinocyte proliferation remains unclear. Despite the possible qualitative and quanti-
tative differences between the different subpopulations it is well described that a
direct cell-cell contact is crucial to promote keratinocyte growth because fibroblast
conditioned medium cannot substitute for feeder cells (Briggaman and Wheeler
1968; Krejci et al. 1991).

In addition to growth promoting experiments, a novel line of research is focus-
sing on site specific interaction of fibroblast subtypes on development and tissue
homeostasis. In an elegant set of experiments (Yamaguchi et al. 2005) it was shown
that fibroblasts derived from soles and palms are able to induce keratin 9 mRNA in
cultured non-palmoplantar keratinocytes. Non-palmoplantar keratinocytes cultured
alone or in co-culture with non-palmoplantar fibroblasts failed to express keratin
9, indicating the extrinsic regulation by signals from site specific fibroblasts. In a
similar set of experiment site specific regulation of melanocytes and pigmentation
was also demonstrated (Yamaguchi et al. 2005).

In the context of functional epitheliazation there is evidence that fibroblasts
play a major role in basement membrane formation either alone or in conjunction
with overlying keratinocytes (Contard et al. 1993; Cooper et al. 1993; Sahuc et al.
1996). These studies have demonstrated that keratinocytes alone were either un-
able to or limited in the production of laminin 1, collagen IV and laminin 5. In
contrast, human fibroblasts, alone or in combination with overlying keratinocytes
showed significant production of laminin 1 and collagen IV, and laminin 5. Sub-
sequently, fibroblasts seeded into a collagen-GAG matrix were shown to promote
basement membrane formation and epidermal homeostasis as compared to a non
seeded collagen-GAG. Total collagen production by fibroblasts is dependent on
the subpopulation of fibroblasts with postmitotic fibroblasts producing 5 to 8 times
more collagen type I, Il or V as compared to progenitor fibroblasts (Rodemann
et al. 1989). Moreover, cultured postmitotic fibrocytes in comparison to progenitor
fibroblasts produce the in vivo-like proportion of interstitial collagens me, III and V
indicating again the important role of this cell type for tissue and ECM homestasis.

2.4 Functional Effects of Extracellular Matrix
on Fibroblasts

While it is well accepted that fibroblasts produce and modulate extracellular matrix
there is strong evidence that extracellular matrix material as well as the specific lat-
tice shape regulate cell shape and function of fibroblasts and may act as a form of
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switch between proliferative and differentiate states. Eckes et al. (1993) examined
fibroblast behaviour in a three-dimensional contracted collagen matrix and com-
pared them to fibroblast monolayers. They found that culture of dermal fibroblasts
seeded in collagen gel leads to a time-dependent depression of pro alpha 1(I) colla-
gen mRNA levels. It was not however investigated whether under these conditions
fibroblasts changed in morphology or in their receptor expression. There is evi-
dence that activation of the integrin alphal betal leads to down-regulation of col-
lagen synthesis (Langholz et al. 1995). Studies by Nakagawa et al. (1989) on skin
fibroblasts demonstrated that collagen embedding influences the cellular response
and subsequent growth factor release of some but not all growth factors, e.g. IL-1f.
Contracting lattices placed under tension lead to synthesis of collagen and regulated
the expression of cytokines like TGF- beta 1 differently from relaxed collagen lat-
tices embedding (Eckes et al. 2000; Kessler et al. 2001). Unfortunately phenotypic
changes of these embedded fibroblasts were not investigated.

Different matrix materials were also shown to have a significant influence on
fibroblast function. Normal human cultured fibroblasts undergo programmed cell
death in a three- dimensional contractile collagen gel while fibrin gels did not exert
this effect (Fluck et al. 1998). In addition fibroblasts did contract the fibrin gel but
did not proliferate. In anchored collagen gels fibroblasts showed a doubling time
of 2 days and no apoptotic cell death. Despite all this evidence only limited in vivo
studies have been undertaken to objectively evaluate scarring as a function of differ-
ent dermal matrices, which is of crucial interest for dermal engineering.

Mansbridge and his group (Kern et al. 2001, 2002) analysed fibroblasts behav-
iour in monolayer collagen cultures and scaffold based three-dimensional cultures
with special attention to the expression of molecules associated with immune sys-
tem activation. In monolayers of dermal fibroblasts expression of HLA class I but
not of HLR-DR was found. Induction of HLA-DR and an increase in HLA -class
I expression was observed after interferon-gamma stimulation. In contrast fibro-
blasts cultured in three-dimensional scaffolds consisted of a fraction of fibroblasts
which were non-responsive to gamma interferon. After isolation and subsequent
monolayer culture this effect was reversible. Interestingly, collagen-gel-based
three-dimensional fibroblast cultures did not exert a similar unresponsiveness and
it was concluded that the interaction of fibroblasts with naturally deposited extra-
cellular matrix other than collagen was responsible for this effect. Kern et al. (2002)
examined the expression of CD40 on fibroblasts as the interaction of fibroblasts
and T-lymphocytes through the CD40 receptor was suggested to contribute to fi-
brogenesis. Human dermal fibroblasts express CD40 in a manner that is inversely
related to proliferation and it was concluded that CD40 expression is greater in the
stationary phase than in the log phase. In three-dimensional scaffold based fibro-
blast cultures responsiveness to interferon-gamma with subsequent CD40 expres-
sion was significantly reduced providing a possible etiology for the lack of rejec-
tion of allergenic three-dimensional scaffold based fibroblast cultures. This effect
appears to be significantly dependent upon the scaffold utilized as Navsaria and his
group (Griffiths et al. 2004) and Lamme et al. (2002) have shown that allergenic
fibroblasts seeded in a collagen matrix do not persist but rather induce a fibrotic
response.
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2.5 Concluding Remarks

As reviewed in all investigated tissue and organ systems fibroblasts represent a
functional diverse population of cells. Phenotypic differences are manifested in a
variety of ways: extracellular matrix production and organization as well as the
secretion of and response to growth factors. The functional diversity of the differ-
ent fibroblast subtypes have to be considered when aspects of tissue homeostasis,
especially with respect to stromal or mesenchymal-epithelial interactions and cross-
talk are discussed. For example as stated by Sorrel and Caplan (2004) for dermal
fibroblasts the term “fibroblast” is an oversimplification. All investigations into
phenotypic characteristics of stromal fibroblasts indicated that these cells represent
a dynamic and diverse population of functional cell types. A specific nomenclature
should reflect this fact and greater care should be taken when defining the popula-
tion of fibroblasts used in experimental studies. The terminology fibrocyte should
be reserved for the postmitotic subtype of fibroblasts as the term ‘cyte” implicates a
non-proliferative cell population.
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