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Introduction

Chronic inflammation occurs in a wide range of disabling
diseases including rheumatoid arthritis, psoriasis and
inflammatory bowel disease. One of the most important but
as yet unanswered questions in inflammation research is not
why inflammation occurs (episodes of self-limiting inflam-
mation are normal and essential for the clearance of patho-
gens), but why it does not resolve. Historically, models of
inflammation have stressed the role of antigen-specific lym-
phocyte responses. However, recent studies have begun to
challenge the primacy of the leucocyte and are focused
instead on an extended immune system in which stromal
cells such as fibroblasts play a role in the persistence of the
inflammatory lesion. This review aims to highlight the role
that fibroblasts play in regulating the switch from acute
resolving to chronic persistent inflammation.

Fibroblasts: more than just structural cells

The stroma comprises a number of cell types thought tradi-
tionally to act mainly as structural cells that produce matrix.
These cell types include fibroblasts, endothelial cells, peri-
cytes and epithelial cells. It is becoming clear that these con-
nective tissue cells are far from inert immunologically, and
play a key role in choreographing and orchestrating the
immune response.
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Fibroblasts are ubiquitous cells identified by their mor-
phology, ability to adhere to plastic and lack of epithelial,
vascular and leucocyte lineage markers [1]. Despite being
the most abundant cells of the stroma, they have remained
relatively poorly characterized in molecular terms [2]. This
lack of fibroblast-specific markers has made characteriza-
tion of fibroblast subsets, and hence function, difficult.
Increasingly fibroblast-specific proteins have been identi-
fied, and in 2006 Kalluri and Zeisberg et al. [1] summarized
the major markers. These include fibroblast activation
protein 1 (FAP1), CD248 and vascular cell adhesion mol-
ecule 1 (VCAM-1), which are found on fibroblasts, as well
as other markers that are better known as endothelial
markers such as o-smooth muscle actin (SMA) and
vimentin. More recently, Pilling et al. [3] screened a large
number of antibodies in an attempt to distinguish between
monocytes, macrophages, fibrocytes (monocyte-derived)
and fibroblasts. One of the striking findings from these
studies is that, although many of the markers were absent
from fibroblasts, none were present only on fibroblasts,
highlighting the current difficulties in identifying these cells
in vivo.

Fibroblasts are primarily responsible for the synthesis and
remodelling of extracellular matrix components (ECM) in
tissues. However, their ability to produce and respond to
growth factors allows reciprocal paracrine interactions
which maintain the homeostasis of adjacent cell types such
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as epithelial and endothelial cells [1]. These interactions
regulate the morphogenesis of epithelial and endothelial
structures in tissues and, as a consequence, fibroblasts play a
critical role during tissue development, differentiation and
repair. Therefore, understanding the biology of fibroblasts
and their synthetic products is a vital area of research.

Fibroblasts are implicated in disease at a number of levels.
Tissue resident fibroblasts play a crucial role in driving the
inflammatory response [4]. In chronic inflammation the
resolution phase is prolonged and disordered, leading to
the persistent accumulation of the inflammatory infiltrate.
This occurs because of the inappropriate production of sur-
vival factors such as type I interferon [5], as well as the
ectopic expression and function of constitutive chemokines
implicated in the retention of lymphocytes within lymphoid
tissues such as the bone marrow and lymph node [6]. Fibro-
blasts isolated from different anatomical sites (synovium,
skin, bone marrow, lymph nodes) display topographic
differentiation and positional memory [7,8]. We have
explored the functional consequences of these anato-
mical differences using models of leucocyte—fibroblast
and leucocyte—endothelial-fibroblast co-culture which have
allowed us to determine the effects of fibroblasts in regulat-
ing the recruitment, survival and distribution of different
leucocyte subsets in vitro [9,10].

Fibroblasts are also key mediators of tissue destruction,
both directly via secretion of matrix metalloproteinases
(MMPs), cathepsins, inflammatory cytokines and chemok-
ines [11] and indirectly via regulation of monocyte differen-
tiation to osteoclasts [12]. In the rheumatoid joint, activated
fibroblasts attach to and overgrow the cartilage surface, then
invade and destroy cartilage and induce bone reabsorption
[13]. Remarkably, fibroblasts maintain this destructive phe-
notype under in-vitro conditions even after multiple pas-
sages, allowing experiments to be performed in vitro with
cells that are functionally representative of their in-vivo
counterparts [14]. Furthermore, it has been demonstrated
that the invasiveness of fibroblasts in vitro correlates with
rates of bone erosion in the individual patients from whom
they were isolated [15]. Strikingly, cultured rheumatoid
arthritis synovial fibroblasts (but not normal or osteoarthri-
tis synovial fibroblasts) attach to and invade co-implanted
human cartilage even after multiple passages in vitro, indi-
cating that this invasive phenotype is both stable and
disease-specific [16].

Fibroblasts also play a principal role in fibrosis, tumour
survival and metastasis [1]. At a cellular level the accumula-
tion of myofibroblasts (aSMA" fibroblasts) leads to the
formation of granulation tissue and hypertrophic scars,
excessive ECM production and rarefaction of the microvas-
culature [15]. Recently, myofibroblasts in fibrotic tissue
have been shown to be resistant to apoptosis and are able
to promote their own survival by killing surrounding
lymphocytes [17]. A pathogeneic role for fibroblasts has also
been observed in cancer [18]. Tumour stroma is comprised
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predominantly of cancer-associated fibroblasts (CAF). These
cells, which resemble myofibroblasts, accelerate cancer cell
growth by providing nutritional support, encouraging
angiogenesis and facilitating tumour invasion [19]. Injection
of a mixture of CAF with breast cancer cells into mice
revealed that these cells help to accelerate tumour growth
[20,21]. In an elegant series of experiments, a key role for
fibroblasts in suppressing immune cell activity against
tumours has been demonstrated recently [22].

Finally, functional similarities between fibroblasts and
mesenchymal stem cells (MSC) have been highlighted
recently suggesting a close relationship between these two
types of stromal cells [23]. Dramatic benefits have been
reported in animal models and early-phase clinical trials
where MSC have proved to be capable of powerful immu-
nosuppression [24]. However, a proinflammatory pheno-
type for MSC has also been described [25,26]. In fact, the
administration of murine MSC in models of arthritis has led
to divergent results, highlighting the need for a closer exami-
nation of the origins of MSC and fibroblasts [27,28]. MSC
are defined by their ability to adhere to plastic, expression of
anumber of markers and ability to differentiate down osteo-
geneic, chondrogenic and adipogenic lineages [29]; but these
properties and the markers they express are also shared
by fibroblasts [30]. These observations suggest that MSC
and fibroblasts share more in common than recognized
previously. Such diversity in cell subsets is a well-accepted
paradigm in leucocyte biology where, for example, within
the same family of CD4" T cells, regulatory as well as inflam-
matory subsets exist [31]. Whether similar diversity exists
within the fibroblast family of cells has not yet been explored
adequately.

Chronic inflammation: defined by persistence
and specificity

Chronic inflammation has two major characteristics: persis-
tence and specificity.

Persistence of inflammation requires the balance of
recruitment, emigration, division and apoptosis of cells in
the inflammatory lesion to be perturbed. During the initial
stages of an inflammatory response, preferential recruitment
of cells to the inflammatory lesion occurs in a process which
is relatively well understood [32]. The mechanisms control-
ling the survival and retention of these leucocytes within the
inflamed tissue are just as vital to the regulation of the process
and yet remain largely unexplored. If increased survival or
reduced egress of leucocytes occurs, the result is excessive,
persistent inflammation largely irrespective of the levels of
pathogen or autoantibody that triggered the initial response.

The interaction between leucocytes and stromal cells
during an acute, resolving inflammatory response depends
on the sequential expression of adhesion molecules,
chemokines and cytokines [33-35]. Aberrant temporal and
spatial expression of these proteins and their receptors leads
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to persistent leucocyte retention and survival in these inap-
propriately stable stromal cell microenvironments. For
example, we have found that inappropriate production of
survival factors such as interferon B [4] and stromal cell-
derived factor-1 (SDF-1) [36,37] are implicated in the reten-
tion of lymphocytes within lymphoid tissues such as the
bone marrow and lymph node [3,5,8,38,39]. These data
suggest that while normal homeostasis and resolution of
acute inflammation depends on the right cell being in the
right place at the right time, it is likely that chronic inflam-
mation involves immune cells being positioned in the wrong
place at the wrong time.

During the development of an immune response, leuco-
cytes have to be positioned appropriately within tissues. This
movement of cells to appropriate niches within immune
organs is driven by chemokines and their receptors. A long-
standing observation has been that tissues undergoing
chronic inflammatory reactions contain infiltrates of distinct
subsets of leucocytes that are often organized into well-
defined lymphoid-like structures (tertiary lymphoid tissue).
For example, within the rheumatoid synovium, B cells orga-
nized in clusters are in close contact with macrophages, syn-
oviocytes and CD8 T cells at the periphery of a CD4 T cell
area. Stromal cells are required for this tertiary lymphoid
tissue organization to occur, mediated by stromal cell pro-
duction of cytokines and chemokines such as CXCL13,
CCL19, CCL21, intercellular adhesion molecule 1 (ICAM-1)
and VCAM-1 [40,41]. A schematic representing the role of
fibroblasts in attracting and retaining lymphocytes at the site
of inflammation is shown in Fig. 1. An often overlooked
mesenchymal stromal cell is the fibrocyte, derived from
monocyte precursors. Little detail is known about the func-
tional abilities of this cell type, but they have the ability to
produce cytokines and extracellular matrix as well as to
present antigen (reviewed in [42]). These cells are found
frequently at sites of chronic inflammation, including in
autoimmune disease, cardiovascular disease and asthma.
Mathai et al. [43] demonstrated that the presence of circulat-
ing fibrocytes correlates closely with increased lymphocyte
cell numbers and these leucocytes showed an activated
phenotype.

There is now accumulating evidence that stromal cells
define tissue topography, provide positional memory and
regulate the switch from resolving to persistent inflamma-
tion [44]. Previously, Parsonage et al. [45] and Fries et al.
[46] have reviewed the evidence that fibroblasts isolated
from different sites exhibit distinct transcriptional profiles
which define their migratory capacity, extracellular matrix
production and immunomodulatory functions. Differences
are also seen in fibroblasts from the same anatomical site
(synovium) but different diseases (rheumatoid versus
osteoarthritis arthritis), and these differences are similarly
retained despite long-term culture [7,47].

The fact that these phenotypic differences are so stable in
culture suggests semi-permanent epigenetic modifications
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Fig. 1. Homeostatic control of leucocyte accumulation at sites of
inflammation. The left image shows the normal steady state whereby
cell recruitment, emigration, cell death and division are stable and
controlled to prevent the excessive build-up of leucocytes with a
tissue. The right image shows how fibroblasts at an inflammatory site
orchestrate the maintenance of a leucocytic infiltrate by producing
survival factors such as type 1 interferon (IFN-1), interleukin (IL)-15
and B cell activating factor (BAFF) to prevent cell death. Chemokines
such as CXCL12 and CCL21 prevent cell emigration and CXCL1/5
and IL-8 act to recruit leucocytes to the lesion. Unless there is active
removal of survival factors and reordering of chemokine gradients,
the net result is chronic accumulation, survival and retention of
leucocytes at sites of disease.

(reviewed extensively in Jiingel et al. [48]). Indeed, synovial
tissue from rheumatoid arthritis patients has been shown
to have decreased expression of the histone deacetylases
(HDAC)-1 and -2 compared to the same tissue from normal
and osteoarthritis patients in one study [49], but increased
activity in another, similar study [50]. Conversely, Sirtl and
4 (also deacetylases) have been shown in a separate study to
be up-regulated in synovial fibroblasts from rheumatoid
compared to osteoarthritis patients [51]. In a model of
inflammation driven by innate immunity (severe hypoxic
pulmonary hypertension), Li et al. [52] demonstrated that
pulmonary fibroblasts exhibited a profound and stable
proinflammatory phenotype characterized by increased
HDAC activity and high expression of cytokines and
chemokines as well as VCAM and CD40. This inflammatory
profile could be reduced by treating activated pulmonary
fibroblasts with class I HDAC inhibitors [52]. Clearly, more
work is required to understand the epigenetic changes that
occur in fibroblasts during inflammation and how these
might explain the stability of the phenotypes observed in
culture.

Although site-specific fibroblast phenotypes are remark-
ably stable during in-vitro culture it is possible to alter the
phenotype by changing the inflammatory stimuli given. For
example, the transcriptional profile of fibroblasts isolated
from the synovium can be made to resemble that of lym-
phoid fibroblasts, implying that fibroblast regional identity
can be modified by inflammation [7,44,46,53]. This work
has led to the proposal that stromal cells define an ‘area

© 2012 The Authors

Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Imnmunology, 171: 30-35


mats
Markering

mats
Markering


The role of stromal cells in the persistence of chronic inflammation

Activated

Persistent

Resting \

\
\
AN

Intensity

Resolving

&

resolution of inflammation. As the intensity of inflammation increases

Time
Fig. 2. Model to demonstrate the role of fibroblasts in active

over time, fibroblasts switch from a regulatory/resting to an activated
phenotype. There are two potential outcomes; either the fibroblasts
can switch to a resolving phenotype and reduce their cytokine/
chemokine output to allow inflammation to resolve or they may
retain their activated proinflammatory phenotype and prevent the
resolution of inflammation. If this occurs, it is possible that even with
removal of the initial stimulus the leucocyte infiltration will remain.

postcode’ that allows leucocytes to identify their position
within the body [45]. This hypothesis predicts that compo-
nents of the stromal area postcode become disordered
during acute inflammatory episodes, leading to the accumu-
lation of lymphocytes in tertiary lymphoid-like struc-
tures and consequently persistent, chronic inflammation. We
would therefore predict that fibroblasts act not only as the
drivers of disease but are also required to resolve inflamma-
tion by actively removing cytokine/chemokine gradients and
allowing leucocytes to leave the affected area or to remove
survival signals, allowing the infiltrating cells to undergo
apoptosis (Fig. 2).

Recently Lefevre et al. [16] have shown that synovial fibro-
blasts from rheumatoid patients but not osteoarthritis
patients have not only invasive but also systemic homing and
migratory abilities. It is intriguing to speculate that in rheu-
matoid arthritis it is these activated migratory synovial fibro-
blasts that spread the disease throughout the articular joints,
thereafter attracting leucocytes to the synovium.

Conclusion

The architecture of organs is adapted very closely to
their function. Tissue resident stromal cells define the
microanatomy and architecture of organs and provide the
appropriate microenvironment in which specialized func-
tions can occur. In addition to their landscaping properties,
fibroblasts are not simply passive players in immune
responses but play an active role in governing the persistence
of inflammatory disease, as well as enabling immunological
memory to become established in a site-specific manner
[54]. The response of the immune system to tissue
damage involves a carefully choreographed series of cellular
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interactions between immune and non-immune cells.
Immune cells require stromal cells in order to home to and
survive within the site of inflammation. Given that all
inflammatory reactions take place within a defined back-
ground of specialized stromal cells, understanding the
biology of fibroblasts in lymphoid and non-lymphoid tissues
is important in understanding how immune cell infiltrates
become established and persistent in chronic immune-
mediated inflammatory diseases.

Therefore, populations of leucocytes recruited to sites of
inflammation should not be considered in isolation but in
conjunction with fibroblasts that provide survival, differen-
tiation and positional cues upon which the formation and
persistence of leucocyte infiltrates depend. In light of these
data we propose that inflammation is not a generic process,
but contextual, and that differences in the response of dif-
ferent inflammatory diseases to therapy are likely to be due
to intrinsic differences in the behaviour of fibroblasts within
microenvironments. Ignoring the contribution of fibroblasts
to the pathogenesis of chronic inflammatory disease may
account for the failure of current therapies to affect a per-
manent cure. We suggest that stromal cells in general and
fibroblasts in particular offer a new family of organ-specific
targets to treat chronic immune-mediated inflammatory dis-
eases such as rheumatoid arthritis, psoriasis and inflamma-
tory bowel disease.
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