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1 | INTRODUCTION

| Yuval Rinkevich?

Abstract

Fibroblastic stromal cells are as diverse, in origin and function, as the niches they
fashion in the mammalian body. This cellular variety impacts the spectrum of re-
sponses elicited by the immune system. Fibroblast influence on the immune system
keeps evolving our perspective on fibroblast roles and functions beyond just a pas-
sive structural part of organs. This review discusses the foundations of fibroblastic
stromal-immune crosstalk, under the scope of stromal heterogeneity as a basis for
tissue-specific tutoring of the immune system. Focusing on the skin as a relevant im-
munological organ, we detail the complex interactions between distinct fibroblast
populations and immune cells that occur during homeostasis, injury repair, scarring,
and disease. We further review the relevance of fibroblastic stromal cell heteroge-
neity and how this heterogeneity is central to regulate the immune system from its

inception during embryonic development into adulthood.

KEYWORDS
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studies highlight the diversity of stromal cell populations in tissues

“Stromal” cell refers to the cellular component that form and main-
tain the structural parts of an organ, whereas parenchymal cells per-
form the specific organ function. Stromal cells, such as fibroblasts,
have traditionally been considered as quiescent cells that primarily
function to make extracellular matrices. Relevant in the clinic, these
cells contribute to excessive connective tissue formation during in-
jury repair, cancer, and fibrosis. However, these dedicated cells, and
the niches they create, also orchestrate immunological functions by
influencing the differentiation, movement, and activation of immune

cells. Recent genetic lineage-tracing and single-cell RNA sequencing

This article is part of a series of reviews covering Immunological functions of
fibroblasts in human health and disease appearing in Volume 302 of Immunological
Reviews.

and revealed how eclectic stromal cells orchestrate the diversity of
immunological functions.

These days, fibroblasts are no longer considered as mere struc-
tural components of organs but as dynamic participants in immune
processes. We discuss four major mechanisms by which fibroblasts
and immune cells interact: (a) paracrine signaling via cytokine and
chemokine secretion, (b) direct priming via juxtacrine interactions,
and (c) behavioral modulation through extracellular matrix remodel-
ing. Finally, and more recently described, (d) transfer or mobilization
of extracellular matrix microenvironments. In the following sections,
we review the impact of these four modes of interaction between
distinct fibroblast populations and immune cells during homeostasis,
injury repair, scarring, and disease in the mammalian skin. Finally, we

discuss the origins, of these and other stromal lineages, and their
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close association with the immune system in an array of organs

during development and adulthood.

2 | SKIN STROMA AS AN
IMMUNOLOGICAL NICHE IN HOMEOSTASIS

The skin is the first line of contact with the external environment
and its homeostasis relies on complex interactions between skin
resident fibroblasts and immune cells. The epidermis, considered as
the parenchyma of the skin, forms a stratified epithelium of stacked
keratinocytes in a gradient of differentiation states. In the stratum
basale, basal keratinocytes and resident immune Langerhans and T
cells dwell above a basement membrane that separates the epider-
mis from the underlying dermis.!

The dermis below further subdivides into interconnected
stromal compartments. Directly under the epidermis, there is a
thinner and more cellularly dense layer named papillary dermis
that contains papillary fibroblasts. Underneath, the thicker and
matrix-denser reticular dermis hosts reticular fibroblasts and skin
appendages such as sebaceous glands and hair follicles. Two merg-
ing connective tissue layers below, known as superficial and deep
fascia, attach the skin to the musculoskeletal system. These layers
accommodate adipocytes, blood vessels, nerves, and fascia fibro-
blasts. In addition to fibroblasts, pericytes coating capillaries are
another stromal component in the skin. Coinhabiting and closely
interacting with these stromal populations are immune cells such
as dermal dendritic cells, resident macrophages, mast cells, and
lymphocytes.! The current section describes the skin fibroblasts
populations and their influence on immune cells during homeo-
static processes, such as hair growth, antigen surveillance, and cell

recruitment.

2.1 | Papillary fibroblasts interact with
perifollicular macrophages during the hair cycle

Murine papillary fibroblasts promote hair follicle organogenesis
and growth by giving rise to hair-supportive populations such as
dermal papilla, dermal sheath, and arrector pili cells.? By action
of these dedicated mesenchymal cells, hair follicles cycle through
rest, growth, and regression phases named telogen, anagen, and
catagen, respectively.® During this process, several immune cells
organize along the hair follicle.*> Perifollicular macrophages sub-
sets have diverse effects on the hair cycle“”7 and alternate their
presence depending on the hair cycle phase.‘s'g’9 Interestingly, both

macrophage depletion and inhibition,”*°

and macrophage presence
stimulate growth,**'2 indicating specialized subsets that promote
hair growth (anagen) or regression (catagen). Similar to perifolli-
cular macrophages, papillary fibroblast subpopulations also alter-
nate during hair cycle phases suggesting a close cellular relation
between papillary fibroblasts and perifollicular macrophages.*®

Lymphocyte function-associated antigen 1 (LFA1) receptor on

perifollicular macrophages regulates macrophage functions by in-
teracting with its ligand, intercellular adhesion molecule 1 (Icam1),
on dermal fibroblasts. Deletion of Icam1 results in spontaneous
hair regression,'* suggesting an indirect alteration in perifollicular
macrophage activity. LFA1l-lcaml interaction promotes survival

and cell-cell adhesion,*>%¢

suggesting that papillary fibroblasts
participate in the regulation of perifollicular macrophage homing

and survival during hair cycle (Figure 1).

2.2 | Fibroblasts-produced stroma impact antigen
surveillance

Beneficial commensals defend skin from pathological microorgan-
isms.!” To enable such defense, the immune system must adapt to
specific and stable commensal communities.*® CD4* regulatory T
cells (Tregs) home into the skin perinatally to mediate immunotoler-
ance.” Such immunotolerance is indirectly regulated by the extra-
cellular matrix produced by papillary fibroblasts.

Cutaneous Tregs highly express integrin alpha 2 (Itga2) and its
blockage alters migration of T cells in vitro.20%! Itga2 forms a recep-
tor for type | collagens,22'23 the most prominent extracellular matrix
component of the skin produced by both reticular and papillary fi-
broblast.?*2> Besides migration, type | collagens also enhance prolif-
eration of skin Tregs26 via Itga2.27

The glycosaminoglycan, hyaluronan, is another prominent ex-
tracellular matrix component that is particularly enriched in the
papillary dermis,?® with which immune cells interact via its recep-
tor CD44. Similar to type | collagens, CD44 function or hyaluronan
presence in cultures enhance T-cell migration.21

Papillary fibroblasts also produce the extracellular matrix protein
tenascin C (Tnc),?? which induces a stupor state on T cells without
affecting their antigen recognition function.®® In this way, papillary
fibroblasts produce an environment that influences Treg migration,
proliferation, and activity to ensure immunotolerance.

Commensal and pathological microorganisms are also controlled
via antigen surveillance by cutaneous antigen-presenting cells,®* in-
cluding dermal dendritic cells and epidermal-embedded Langerhans
cells. Upon antigen processing, these cells must traverse the skin
stroma into the draining lymph nodes to prime naive T cells and elicit
specific responses.®?

Fibroblasts promote this mobilization in Langerhans cells and
other leukocytes in culture.®>3* This migration is regulated via acti-
vation of the C-X-C chemokine receptor type 4 (Cxcr4) by the C-X-C
motif chemokine 12 (Cxcl12),%> which is expressed by both reticular
and papillary fibroblasts.®¢%”

The skin stromal niches also physically influence the migration
of antigen-presenting cells. Langerhans cells, being embedded
in the epidermis, must traverse into the dermis via pores in the
basement membrane®® aided by the interaction of integrin alpha
6 (Itgaé) with laminins (LAMs) in the basement membrane.®? 4!
Blocking this interaction reduces Langerhans cells migration into
draining lymph nodes.*> LAMs and other basement membrane
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FIGURE 1 Stromal-immune interactions in the healthy skin. Papillary fibroblasts regulate hair growth by modulating the function

of perifollicular macrophages via Icam1 juxtacrine interactions. Papillary fibroblasts also generate the hyaluronan-rich papillary dermis
stroma that adheres to Tregs that are responsible for immunotolerance. The LAMs-rich pores in the epidermal basement membrane, also
produced by papillary fibroblasts, indirectly mediate the migration of Langerhans cells in charge of external antigen surveillance. Migration
of Langerhans cells is directly stimulated by Cxcl12, which is secreted by papillary and reticular fibroblasts. Reticular fibroblasts recruit
monocytes and dendritic progenitors by secreting Ccl2. The recruited cells then, mediated by papillary and reticular fibroblasts, differentiate
into dermal dendritic cells, macrophages, and Langerhans cells. Stromal-produced ligands and extracellular matrix proteins are in bold and
connected by blue and red arrows, respectively. Immune cell-expressed receptors are in italics. Differentiation trajectories are depicted with

graded brown arrows

components are produced by papillary fibroblasts,*344

indicating
that papillary fibroblasts may control and regulate the migration
of antigen-presenting cells from the skin to draining lymph nodes

(Figure 1).
2.3 | Fibroblasts mediate recruitment and
differentiation of immune progenitors

The replenishment of skin resident immune cells is also mediated

by the action of skin fibroblasts. Bone marrow-derived monocytes

that infiltrate the skin stroma differentiate into macrophages,*>#¢
monocyte-derived  dendritic  cells,¥”  or monocyte-derived
45,48

Langerhans cells.

Fibroblast recruit circulating progenitors via secretion of the
chemokine (C-C motif) ligand 2 (Ccl2),47°0 3 powerful chemo-
attractant for bone marrow-derived monocytes and dendritic cell
precursors.51 Monocyte infiltration initiates in deeper layers of the
skin,*? suggesting that reticular and fascia fibroblasts are the pri-
mary agents that engage and recruit monocytes.

Once monocytes differentiate into resident macrophages in the
reticular dermis, the proteoglycan decorin®® promotes their adhe-
sion, quiescence, and survival.”®

Conversely, bone marrow-derived dendritic cell precursors dif-
ferentiate into mature dendritic cells in the presence of the colony-

stimulating factor 2 (Csf2),>* which is preferentially expressed by

papillary fibroblasts.”® This suggests that the fibroblast-produced
compartmentalized niches, namely papillary and reticular dermis,
differentially influence monocyte and dendritic cells fate in the
skin.

3 | WOUND FIBROBLAST ARISE DURING
WOUND HEALING AND SCARRING

Skin repair in response to injury comprises a complex collection
of cellular interactions from resident and recruited cells that often
end up in patches of fibrous tissue that replace the damaged skin.
Unbalance in these interactions can result in chronic non-healing
wounds, or oppositely, in pathological overwhelming scars.

The wound healing and scarring processes are classically di-
vided into three temporally distinct phases with defined cellular
activities.! In the hemostasis and inflammatory phase, that fol-
lows injury, the platelet-mediated clotting cascade seals the open
wound and prevents bleeding. Then on, inflammatory cells rush in
via signals from resident cells at the damaged site to clear debris
and remove pathogens. Following the inflammatory phase, a pro-
liferation phase ensues where new connective tissue develops. A
provisional stroma is formed where new blood vessels restore the
tissue oxygen supply while re-epithelialization of the damaged epi-
dermis occurs. During the last remodeling phase, the provisional
stroma matures into a fibrous tissue or scar with a limited tensile
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strength that lacks skin appendages such as hair follicles and sweat
glands (Figure 2).

Throughout these different phases, stromal communities con-
stantly regulate immune activity through a specialized population
of fibroblasts termed as wound fibroblasts. This transient fibroblast
population appears at injured areas where they communicate with
immune cells to orchestrate the wound response and scar formation.
The cellular origins of wound fibroblasts have been a matter of con-
siderable debate. Lineage-tracing methods have shown that wound
fibroblasts are mostly derived from reticular and fascia but not papil-
lary fibroblasts.2¢57 More recently, studies from our group, using an-
atomical fate mapping, revealed that fascia fibroblasts are the major
contributor to wound fibroblasts.’®¢° Other studies have suggested
additional, non-stromal, and sources. For example, fibrocyte is a term
given to bone marrow-derived monocytic cells with transcriptional
fibroblast-like traits, whose presence is associated with fibrosis and
chronic inflammation.®42 The idea of a cell subset with dual immune
and stromal features is reinforced by recent single-cell RNA sequenc-
ing studies showing that some wound fibroblasts express myeloid
markers.®®%* Additional studies indicate that subcutaneous adipo-
cytes could serve as yet another source of wound fibroblasts.®>¢”
These apparent cross-lineage interconversions have been deduced
primarily from morphological and marker expression changes, de-
finitive proof of interconversion between myeloid- and adipocyte-

derived cells to wound fibroblasts await more rigorous studies.

3.1 | Wound fibroblasts modulate
immune responses

Regardless of their genealogical origins, wound fibroblasts activate
immune cells during the inflammatory phase by producing pro-
inflammatory cytokines, such as tumor necrosis factor, interferon
gamma, and interleukins 6 and 12. These fibroblasts also release a
wide range of C-C and C-X-C chemokines, to further recruitimmune

cells to injury sites, including Cxcl1 and Cxcl8 for neutrophils, Ccl1,
Ccl2, Ccl3, and Cxcl10 for monocytes and macrophages, and Ccl5,
Cxcl12, and Cx3cl1 for T-cell recruitment. Wound fibroblasts also
secret hematopoietic growth factors such as colony-stimulating
factor 1 (Csf1), Csf2, and Csf3, which further fortifies the immune
response.®®

Wound fibroblasts also modulate immune cell behavior, reten-
tion, and survival in wounds sites via juxtacrine interactions and by
upregulating surface adhesion molecules in response to the pro-
inflammatory environment in wounds. For example, the elevated
expression of Icam1 and vascular cell adhesion molecule 1 (Vcam1)
on fibroblasts promotes fibroblasts-monocyte and fibroblast-
macrophage interactions.é?7°

The higher Icam1 expression on wound fibroblasts further in-
creases the chance of wound fibroblasts contacting immature
dendritic cells expressing the Icam1 binding partner, integrin beta
2 (Itgb2). Wound fibroblasts also express costimulatory molecules
such as CD40,”* which interact with its ligand CD154 (CD40L) ex-
pressed on immature dendritic cells. The enhanced Icam1-Itgh2 and
CD40-CD154 co-stimulation induce dendritic cell maturation and
higher T-cell activation potency. With this mechanism, wound fibro-
blasts act as potent inducer of dendritic cell differentiation and func-
tion during their trafficking from skin to lymph nodes.”?

Wound fibroblasts also influence the movement and activation
of inflammatory cells in wounds by modifying their surrounding
niche by producing matrix-degrading enzymes such as matrix metal-
loproteinases 2 and 9, and lysyl oxidase, thus, loosening the extra-
cellular matrix and facilitating the invasion of inflammatory cells to
injury sites. Furthermore, wound fibroblasts sense the changing in-
terstitial flow and fluid pressure caused by the inflammatory edema
and respond by modulating the physical properties of the immune
microenvironment, including rigidity, porosity, elasticity, and viscos-
ity,73 making it more immunologically active (Figure 3).

In addition to wound fibroblasts, other stromal populations also
mediate immune cell behavior during the inflammatory phase. Skin
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FIGURE 2 The wound healing and scarring process. The wound healing divides into three general phases, during which specific
cellular activities occur: (1) immediately after an injury and during the hemostasis and inflammatory phase, activated platelets trigger
the clotting cascade to prevent blood loss. Shortly after, inflammatory leukocytes rush into the injury site to remove tissue debris and

pathogens. (2) During the following proliferation phase, wound fibroblasts restore the dermal extracellular matrix while angiogenesis and
re-epithelialization restore tissue homeostasis. Wound fibroblasts derive from several sources, including fascia and reticular fibroblasts. (3)
During the last remodeling phase, myofibroblasts continue to deposit extracellular material that ends up generating scar tissue devoid of skin
appendages, low on cellular content, and with a deprecated elasticity
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stromais lined with a dense network of blood and lymphatic vessels,
which form migratory circuits for immune cells during inflammation
and wound repair. Pericytes are stromal cells with smooth-muscle
characteristics that encase the microvasculature and small blood
vessels. Due to this intimate interaction with the endothelium, peri-
cytes are critical mediators of the migration of circulating immune
cells. Similar to wound fibroblasts, pericytes recruit several immune
cells such as T cells, natural killer cells, neutrophils, and monocytes/
macrophages via secretion of several cyto/chemokines, such as
Cxcl10, Cxcl1, Ccl2, and via overexpression of adhesion molecules
such as Icam1 and Vcam1.”#

3.2 | Wound fibroblasts mobilize immunologically
active tissue

In addition to directly interacting with immune cells via paracrine/
juxtacrine factors and indirectly modifying the surrounding immune
microenvironment, we have recently described a novel way by which
wound fibroblasts impact on the immune cell activity during repair.
In this new process, fibroblasts physically translocate immunologi-
cally active tissue containing embedded immune cells into injury
sites. In response to deep injuries, fascia fibroblasts migrate collec-

tively upwards into wounds>”%°

steering the surrounding extracel-
lular matrix and the diverse range of embedded immune cells within,
including fascia tissue-resident monocytes and macrophages.®® By
applying such a tissue steering mechanism, stromal cells ensure the

presence of relevant immune cells where they are most needed.
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FIGURE 3 Wound fibroblasts orchestrate the immune
response during wound healing. Wound fibroblasts regulate
immune cell functions directly by (1) releasing soluble factors,
such as Cxcl1, Cx3cl1, and Ccl2, that attract inflammatory cells. (2)
Juxtacrine interactions, via lcam1 and CD40 expression, activate
dendritic cells. (3) Mobilizing immunologically active extracellular
matrix from the fascia. and (4) remodeling the wound stroma

via MMPs secretion to allow immune cell infiltration. Stromal-
produced ligands and extracellular matrix proteins are in bold and
connected by blue and red arrows, respectively. Immune cell-
expressed receptors are in italics

Immunological Reviews

The immunologically active fascia extracellular matrix is rich in
hyaluronan, fibronectin 1 (Fni), and elastin, all of which regulate
immune cell trafficking and function. For instance, the hyaluronan
receptor, CD44, is expressed by monocytes and macrophages and
hyaluronan recognition plays a role in macrophage polarization
during wound healing.”>7%

The fascia connective tissue further instructs immune response
by modulation of its biomechanical properties during injury. For
example, manipulation of the fascia system by compressing and
stretching the subcutaneous fascia is commonly used by physio-
therapists to resolve inflammation and manage pain. In a fascia
inflammation-induced mouse model, manipulation of the fascia
system practices reduced neutrophil counts and increased levels of
interleukin 4 and transforming growth factor-beta (TGF-beta), point-
ing to an anti-inflammatory effect by modulating fascia connective
tissue biomechanics.”” Future work in this area will reveal the clinical
relevance of how changing fascia tissue biomechanics can affect its
immunological activity and the pivotal interactions between stromal
and immune populations, to support wound repair and regeneration
(Figure 3).

3.3 | Immune dysregulation by pathological
fibroblasts

When the reciprocal crosstalk between wound fibroblasts and in-
flammatory cells is not resolved properly during the proliferation
phase of wound healing, it leads to a vicious cycle that switches
acute inflammation into a chronic persistent inflammation, which
results in pathological scarring and fibrosis.

Several factors in stromal cells regulate the acute-to-chronic
transition of inflammation. Adhesion molecules, such as lcam1, on
wound fibroblasts, mediate interactions with leukocytes during
the normal wound-healing process. However, the persistent over-
expression of lcam1 leads to a skin fibrotic disorder named sclero-
derma, both in mutant mice’® and human patients.”’ The high
expression of Ilcam1 leads to an abnormal enhanced and persistent
interaction between scleroderma fibroblasts and leukocytes such as
T cells’® and mast cells.2° This enhanced cell interaction results in
further activation of both scleroderma fibroblasts and associated
leukocytes, thus amplifying the fibrotic response. Consistent with
this, lcam1 deficiency significantly suppressed development of
scleroderma. Compared to normal fibroblasts, scleroderma fibro-
blasts also adhere strongly to extracellular matrix components, such
as LAMs, Fn1, and collagens I, IV, and VI. This strong adherence en-
hances matrix stiffens and augments the recruitment and activation
of leukocytes.

Another trigger of chronic inflammation is the local mechanical
forces that fibroblasts exert on connective tissues, which leads to
tissue contraction. For example, large area burn scars, hypertrophic
scars, and keloids are very often associated with both persistent in-
flammation and skin contracture.®? Intriguingly, one of the surgical
techniques used after removal of keloids is the use of subcutaneous/
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fascial tensile reduction sutures. The suturing of fascia, in addition to
dermal and superficial sutures, reduces tension on the edges of the
wound. This procedure significantly decreases the inflammation in
the skin and prevents the resurgence of pathological scars.®!

Another example where enhanced crosstalk between fibroblasts
and immune cells drives pathologic scars occurs in Dupuytren's dis-
ease, which is a localized fibrotic condition of the connective tissue
underneath the palm and fingers that leads to contractures in the
fingers. In this disease, overexpression of lcam1 is also involved in
the progression of contractures and fibrosis. Using single-cell RNA
sequencing, Layton and colleagues identified a functionally distinct
ICAM1" fibroblast subset isolated from Dupuytren's nodules across
multiple patients. ICAM1" fibroblasts also express inflammatory
chemokines such as interleukin 6 (ILé), indicating enhanced leuko-
cyte chemotaxis potential.82 The authors proposed ICAM1*1L-6Hish
fibroblasts as the key stromal population that sustain inflammation
and stromal activation leading to fibrosis progression in Dupuytren's
disease.

Dysregulation of cytokine and chemokine release from wound
fibroblasts is also implicated in the pathogenesis of chronic inflam-
matory skin diseases, such as psoriasis and atopic dermatitis. As
compared to healthy fibroblasts, fibroblasts from psoriatic plaques
are deficient in the prostaglandin E2 signaling pathway, which is im-
portant for the resolution of inflammation. The reduced release of
prostaglandin E2 from psoriatic fibroblasts leads to the polarization
of macrophages toward a pro-inflammatory phenotype.8® Using
single-cell RNA sequencing, He and colleagues recently identified
a psoriatic fibroblast subset that was unique to skin lesions of atopic
dermatitis, featured with an over-expressed profile of CCL2 and
CCL19 cytokines. In consequence, the crosstalk between fibro-
blasts and dendritic cells that express the CCL19 receptor, CCR7, is
augmented. The dysregulated dendritic cell behavior results in in-
creased T-cell migration and polarization toward type 2 inflamma-
tion in atopic dermatitis.*

Similarly, in rheumatoid arthritis, single-cell RNA sequencing
identified a disease-associated synovial fibroblast subset. This sy-
novial fibroblast subset is characterized by cadherin 11 (CDH11)
expression and is threefold more abundant in rheumatoid arthritis
than in osteoarthritis. These fibroblasts localize to the perivascular
zone in inflamed synovium, secrete pro-inflammatory cytokines, and
maintain the chronic inflammation that leads to joint destruction in
arthritis.®> CDH11-mediated adhesion between synovial fibroblasts
increases their migration and invasion. This synergizes the activation
of more fibroblasts to produce matrix metalloproteinases, cytokines,
and chemokines that promote chronic inflammation.

Pathological fibroblasts are also central in the progression of tu-

8687 cancer-associated fibro-

mors. In analogy to wound fibroblasts,
blasts are key immune modulators in skin tumors. Increasing evidence
suggests that a reciprocal feedback loop between cancer-associated
fibroblasts and leukocytes is essential to protect the tumor from
the immune surveillance.?® In general, cancer-associated fibro-
blasts directly dampen immune cell recruitment and effector func-

tions by cytokine/chemokine/growth factor secretion and cell-cell

interaction, and indirectly suppress immune cell trafficking and po-
larization via extracellular matrix remodeling and vascular permea-
bility.89 Cancer-associated fibroblasts, therefore, hijack and modify
the mechanisms wound fibroblasts use during the normal wound-
healing process to regulate the tumor niche. In sarcomas, such as
in dermatofibrosarcoma protuberans, cancer-associated fibroblasts
directly suppress the recruitment and activation of leukocytes by
secreting a characteristic cocktail of inhibitory factors.”® Whereas in
the case of melanoma, basal cell carcinoma, and squamous cell car-
cinoma, cancer-associated fibroblasts change their basic glycogen
metabolism to create a competitive metabolic microenvironment
that suppresses the immune cell functions but supports oxidative
cancer cells.”?

Evidently, interactions between stromal populations and im-
mune cells are bi-directional and immune cells greatly affect and
shape the function of various fibroblast communities. For example,
TGF-beta and the type 2 cytokines are well-known immunological
drivers of connective tissue matrix deposition and skin fibrosis.”?
Also, it has recently been shown that skin Tregs are essential in sup-
pressing fibroblast activation and dermal fibrosis.”® For a more de-
tailed description of the instructions from immune cells to stromal
populations, the reader is referred to several excellent reviews on

the subject.?*?*

4 | STROMAL AND IMMUNE
INTERACTIONS BEYOND SCARRING

For each individual organ niche, stromal cells produce specific ex-
tracellular matrices rich in macromolecules, such as collagen and
elastic fibers that confer specific biochemical and biomechanical
traits. Such dedicated microenvironments, sustained by stromal
cells, intimately influence the function of immunological agents. In
this section, we briefly describe the developmental origins of the
mammalian stromal lineages and provide examples of stromal niches
that regulate the behavior of immune cells.

4.1 | Origins of stromal cell populations

Stromal populations are highly conserved in mammals and are almost
identical between human and mouse, which is thus the natural model
for stromal cells studies. Genetic lineage-tracing methods’® are par-
ticularly informative to trace stromal cell origins in diverse mouse or-
gans. With these systems, specific cell populations can be tagged with
reporter proteins, such as green fluorescent protein, Lac-Z. The tagging
can be directed to specific cell populations by using cre-recombinase
driver lines under promoters of genes specifically expressed in the
target cells. An additional temporal control can be obtained by using
chemically triggerable recombinase lines, thus allowing the controlled
tagging of cells in time and space. By tracing the location and pheno-
typical changes of the resulting lineage of past tagged cells, the genea-
logical cell tree of tissues can be inferred.
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Using this technology, the origin of virtually all stromal pop-
ulations of internal organs traces back to a single source from the
coelomic epithelium during development. The coelomic epithelial
cells form the mesothelial linings of internal organs such as the epi-
cardium of the heart, the pleura of lungs, the peritoneum, and the
linings of kidneys and liver. The coelomic epithelial cells and the
mesothelial linings specifically express the mesothelin (MSLN) gene.
Lineage tracing of MSLN" cells, tagged during mid-term develop-
ment and observed in late fetal stages, proved that the vast majority
of stromal populations of internal organs originated from these pro-
genitors. Furthermore, MSLN" mesothelial cells keep contributing to
the stromal cell pool perinatally and modestly in adult stages.97

Naturally, the regional specification on the mesothelial precur-
sors results in the kaleidoscope of stromal populations observed in
different organs. All stromal components in the heart originate from
mesothelial cells of the epicardium expressing the transcription fac-
tor 21. In contrast, Wilms tumor 1 homolog-expressing pleural and
peritoneal mesothelium give rise to lung and liver stromal popula-
tions, respectively.”8-100

The minimal contribution of mesothelial cells to the stromal pool in
adult stages suggests that, after this regional specification occurs, each
population has the capacity to self-replenish.100 Additionally, organs
might harbor progenitors that continuously replenish the stromal pop-
ulations. Such is the case of the spleen, where a multipotent progenitor
gives rise to all stromal populations of the young adult spleen.*°?

Due to its ability to differentiate into stromal lineages, the me-
sothelium also participates in inflammatory processes and influ-
ence immune cell behavior.'°? Under injury conditions, mesothelial
cells secrete chemokines that recruit neutrophils, monocytes, and
macrophages.?319 This mediates the transmigration of peritoneal
macrophages into internal organs.'% In the peritoneum, patches of
stromal cells secrete neutrophil-attracting chemokines and generate
lymphoid aggregates that remove peritoneal contaminants during
peritonitis. Expression of the mesothelial marker Pdpn and single-
cell RNA sequencing placed the stromal population in a mesothelial
lineage.1%”

Damaging mesothelial linings, after injuries such as thoracic sur-
gery, often results in surgical adhesions across organ surfaces. Post-
surgical adhesions are dense connective tissue bridges populated by
fibroblast-like stromal cells. Complementary lineage-tracing meth-
ods prove that the stromal cells in postsurgical adhesion originate
from peritoneal MsIn- and endothelial protein C receptor-expressing
mesothelial cells.?°®%? During this mesothelial-to-mesenchymal
transition, mesothelial cells actively recruit neutrophils that pro-
duce neutrophil extracellular traps, which further contributes to the
pathological scar formation between mesothelial linings of internal
organs.1%®

Skin stromal cells originate from a separate embryonic lineage
from that of internal organ stroma. This external barrier contains
stromal populations that originate from distinct embryonic lin-
eages. For example, back-skin fibroblasts originate from somitic
progenitors expressing the engrailed 1 (Enl) gene, while ventral
and limb skin populations originate from paired related homeobox

W1 LEYJ—7

1 (Prrx1)-expressing progenitors. Although these two lineages
comprise the vast majority of stromal populations in the adult skin,
complementary lineages persist in low numbers. These Enl- and
Prrx1-naive fibroblast lineages (ENFs and PNFs respectively), which
never expressed either gene, thrive during mid-to-late development
and progressively get replaced by the Enl-past and Prrx1-positive
fibroblast lineages (EPFs and PPFs, respectively).1%*! Functional
experiments after transplanting either EPFs or ENFs showed that
the abundant EPF cells possess an intrinsic capacity to produce scar
tissue, while the ENFs promoted the generation of healthy normal

stroma, 110112

pointing out the need to further explore and identify
additional and physiological heterogeneous stromal lineages. These
observations also indicate that organs undergo dramatic changes
in stromal cell composition during development. In the skin, this
lineage exchange of regenerative ENFs to scarring EPFs leads to a
phenotypic shift in the skin's response to injury, namely from regen-
eration in development to scarring in adults.

The 3rd major stromal source derives from neural crest-
derivatives that contributes to the stromal populations in cra-
niofacial organs, such as the oral mucosa and brain stroma, 113114
Interestingly, heterotopic transplantation of oral mucosa fibroblast
into the skin stroma, and vice versa, had no influence on the intrinsic
qualities of these populations, as they generated their native tissue
architectures even when placed in a new environment.**° This indi-
cates that each individual stroma microenvironment is the direct re-
sult of their resident stromal population. And is not the environment
that dictates the behavior of the resident stromal cells.

The advent of rapidly evolving single-cell-omics, aided by the
promptly appearing algorithms dedicated in predicting intercellular
interactions, has unveiled an unexpected fibroblast diversity. For in-
stance, single-cell sequencing of human hearts revealed six cardiac
fibroblast populations that are differently distributed between the
atria and ventricles and likely possess different fibrotic potential.115
Interestingly, one such population was predicted to interact with im-
mune cells via secretion of the CD74-ligand, macrophage migration
inhibitory factor, highlighting the potential of single-cell sequencing
to uncover details of stromal-immune interactions in several biolog-
ical set ups.

The combination of these novel informative methods with
lineage-tracing techniques will become the new gold standard when
studying the origin and heterogeneity of stromal populations as well
as to reveal their specialized interaction mechanisms with immune
cells.

4.2 | Stromal niche for early immune development

Stromal cells are central to the immune system from its inception
during development. The cells that give rise to all blood cells, the
hematopoietic stem and progenitor cells (HSPCs), endure a journey
along a variety of embryonic niches before allocating into their final
residence in the marrow of long bones. Primordial HSPCs surge from
the “hemogenic endothelium” in the Aorta-Gonad-Mesonephros
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region. In humans, the HSPCs appear between day 27 and 40 after
fertilization; and at 10-14 days post-coitum in mouse embryos.}6-118
HSPCs then migrate into the fetal liver, in which they settle until
late fetal stages, when they migrate into the bone marrow and sec-
ondary lymphoid organs such as spleen and lymph nodes. At each
step, HSPCs experience pivotal interactions with multiple stromal
lineages that facilitate their migration, survival, and differentiation.
Stromal cells regulate HSPCs in the Aorta-Gonad-Mesonephros
region of the mouse embryo through various interaction mecha-
nisms. In the Aorta-Gonad-Mesonephros region, HSPCs interact
with a specific class of stromal cells expressing aminopeptidase
N (Anpep) and the lymphocyte antigen 6A (Lyéa). These particu-
lar, Lyéa*Anpep* stromal cells promote long-term maintenance of
HSPCs'712% via the production of Cxcl12 cytokine and Kit ligand.
The membrane-bound Kit ligand on stromal cells binds and activates
the tyrosine kinase receptor Kit on HSPCs triggering a juxtacrine sig-
nal that regulates proliferation through the mitogen-activated pro-
tein kinase pathway.'?* The stromal-secreted CcxI12 binds to Cxcr4
on HSPCs and promotes their homing into, and maintenance in, the
Aorta-Gonad-Mesonephros region.'?>!?® An additional stroma-
immune interaction mechanism in the Aorta-Gonad-Mesonephros
region involves the biosynthesis of hyaluronan.?”*28 When secreted
by stromal cells, hyaluronan interacts with the CD44 receptor on
HSPCs enabling their mobilization to their niches.*?’ Indeed, CD44
expression marks the early hemogenic cells in the Aorta-Gonad-
Mesonephros region and blocking its interaction with hyaluronan
decreases HSPC generation.130 Accordingly, degradation of hyaluro-
nan prevents HSPCs forming from human embryonic stem cells.*3!
In summary, stromal cells influence the early development, prolifer-
ation, and passage of HSPC through the Aorta-Gonad-Mesonephros

region through three separate mechanisms: via direct cell-cell
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binding via Kit ligand, through secretion of the cytokine Cxcl12, and
thirdly by generating a hyaluronan-rich niche in the Aorta-Gonad-
Mesonephros (Figure 4A).

4.3 | Mesothelial-derived stromal cells regulate
hematopoiesis in the fetal liver

Stromal lineages continue to instruct HSPCs activity in the fetal liver
during mid-gestation (12 to 16 days post-coitum in mice).’®? Once

in the liver, hematopoiesis is supported by hepatic pericytes called

hepatic stellate cells, >3 which derive from mesothelium progenitors.

Cxcl12 and Kit ligand mediate HSPCs homing into the fetal

liver'®* and both of these factors are produced by hepatic stellate

cells,**51%7 in addition to a collection of cytokines that regulate the

immune cells fate.!%®
Hepatic stellate cells secrete insulin-like growth factor Il (Igf2)
which binds to its receptor Igf2r on HSPCs promoting their prolif-

136,139 \while 1gf2 reduction hampers fetal liver hematopoie-

eration
sis.}9 Erythropoietin (Epo) is another cytokine secreted by hepatic
stellate cells.}3313¢ By signaling through its receptor (Epor) Epo
triggers, the activation of several transcription factors that mediate
erythroid maturation.*! In the fetal liver, Epo deletion only prevents
the appearance of terminally differentiated erythrocytes without
affecting HSPCs numbers, suggesting that Epo specifically instructs
the survival, proliferation, and maturation of erythroblasts.l‘u’143
Nonetheless, overexpression of Epor in HSPCs conferred a repopu-
lating advantage over normal HSPCs in lethally irradiated mice,1#44°
suggesting that Epo signaling, mediated by hepatic stellate cells, en-
hances survival of HSPCs during their travel through the fetal liver.

133,136

Similarly, Csfl secreted by hepatic stellate cells enhances
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FIGURE 4 Stromal populations that accompany hematopoietic stem and progenitor cells during development. Stromal cells instruct
HSPCs proliferation and long-term stemness from their inception in the (A) Aorta-Gonad-Mesonephros region, and during their passage
through the (B) fetal liver and (C) fetal spleen. In the Aorta-Gonad-Mesonephros region, Ly6a*Anpep*stromal cells instruct HSPC

through the Cxcl12 and Kit ligand cytokines, and by maintaining a hyaluronan-rich niche. In the fetal liver, hepatic stellate cells promote
hematopoiesis by providing additional instructive signals, like Igf2 and Epo, in an Fn1- and Postndecorated extracellular matrix. In the
fetal spleen, erythropoiesis and myelopoiesis are instructed by Itgav+and Ly6a*Pdpn*stromal cells by secreting Igf1 within an Fn1-
enriched microenvironment. Stromal-produced ligands and extracellular matrix proteins are in bold and connected by blue and red arrows,

respectively. Immune cell-expressed receptors are in italics
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monocyte and macrophage progenitor proliferation through its re-
ceptor Csf1r.14¢14® Hepatic stellate cells also promote differentia-
tion of dendritic cells and natural killer cells by secreting Csf2 and
interleukin 15, respectively.1#%1>0

Besides cytokine secretion, hepatic stellate cells indirectly in-
fluence immune cells by modulating their microenvironment.>!
Hepatic stellate cells produce extracellular matrix components such
as Fni, Tnc, vitronectin (Vtn), and LAMs during in the fetal liver
and decrease their expression once hematopoiesis takes place in

the bone marrow.'3® Fn1 supports growth of HSPCs!®?

via integrin
receptors. In the fetal liver, expression of heterodimers of integrin
beta 1 (Itgh1) in combination with several alpha integrins isoforms
mediates Fnl-based adhesion of HSPCs.}*3%% Deletion of Itgbl
severely affects the homing of HSPCs into primary lymphoid or-
gans after mid-term development, indicating that Fn1, deposited by
stromal populations like hepatic stellate cells, is important for HSPC
homing into the fetal liver.2>”*%® Similarly, integrin alpha 4 (ltga4)
deletion severely impairs progenitor migration and differentiation,
both in the fetal liver and postnatally in the primary lymphoid or-
gans.**” Fn1-binding receptors are clearly at the hub of many pro-
cesses and a complexity of responses between stromal and immune
cells. Different integrin receptors also mediate a plethora of inter-
actions between stromal cell-derived matrix proteins and HSPCs.
For example, integrin alpha V-integrin beta 3 receptor mediates VTN
binding by fetal liver-derived mast cells. ¢ Signals through the same
receptor ensure HSPCs long-lasting stemness by interacting with
the extracellular matrix component periostin, which is present in the
perivascular stroma of the fetal liver.1¢%:162

In summary, hepatic stellate cells utilize a plethora of soluble and
extracellular proteins to influence the adhesion, proliferation, mi-
gration, stemness, and differentiation of HSPCs during their transit
through the fetal liver (Figure 4B).

4.4 | Mesothelial-derived stromal cells in the
fetal and adult spleen

At late fetal stages, hematopoiesis switches from the fetal liver to
other organs, such as the spleen in which specialized stromal popu-
lations promote macrophage and erythrocyte differentiation.?63164
Alike hepatic stellate cells, stromal cell populations of the spleen de-
rive from mesothelium progenitors.c"7 Integrin alpha V* stromal cells
in the fetal spleen enhance erythropoiesis via Kit ligand and Insulin-
like growth factor 1 (Igf1) production.'®* Igf1 binding to its receptor
(Igf1r) itself fails to sustain growth of HSPCs but in combination with
Epo and Kit ligand enhance erythropoiesis.’®® As in the fetal liver,
Itgb1 deletion also affects homing into the fetal spleen’®® suggesting
that its extracellular matrix ligands, for example, Fn1, play also a role
in fetal spleen hematopoiesis. Fetal spleen myelopoiesis is also sup-
ported by a splenic stromal population. Studies using immortalized
splenic cell lines revealed the existence of a population that supports
myelopoiesis in culture.’®® Later, a comparative study of fraction-
ated splenic stromal populations at perinatal stages identified the

Lyéa*Podoplanin® (Pdpn) stromal subpopulation as being functionally
equivalent to the immortalized cell line that supports myelopoie-
sis.X” Therefore, in the fetal spleen, two stromal populations regu-
late hematopoiesis through cytokine production and the creation of
a Fnl-rich niche (Figure 4C).

In adults, the spleen becomes an antigen-presenting site for lym-
phocyte activation as well as a supportive organ for extramedullary
hematopoiesis under stress conditions such as blood loss. To accom-
plish these functions, the spleen organizes in an external red pulp
around an internal white pulp, where erythrocyte- and lymphocyte-
related functions take place, respectively. Within these compart-
ments, distinct stromal cells derived from a common progenitor
interact and regulate the activity of immune cells.681¢?

When extramedullary hematopoiesis ensues, perivascular stro-
mal cells in the red pulp express Kit ligand and Cxcl12 to attract cir-
culating HSPCs and promote erythropoiesis.}’%171

Inside the white pulp, three different stromal populations seg-
regate into “B follicle” and “T zone” compartments to regulate the
interactions between naive lymphocytes and presenting cells. Cells
arriving in the T zone encounter a network of fibroblastic reticular
cells that express Cxcl12, C-C motif ligand 19, and 21 chemokines
(Ccl19 and Ccl21) as well as interleukin 7 (117).17>'7% Both Ccl19 and
Ccl21 signal through the C-C chemokine receptor type 7 (Ccr7), and
deletion, of the ligands or the receptor, severely impairs homing of

172-174 while

173,175

T-cell lymphocytes and dendritic cells into the spleen
117 binding to its receptor (lI7r) promotes survival of T cells.
Thus, fibroblastic reticular cells mediate the interaction of antigen-
presenting cells with naive T-cell lymphocytes by facilitating their
homing and survival within the T zones.

A second population of splenic stromal cells, referred as follic-
ular dendritic cells, secretes C-X-C motif chemokine 13 (Cxcl13).176
Deletion of the Cxcl13 receptor, Cxcr5, impairs the transit of B cells
into the B follicles,’”” highlighting the role of follicular dendritic cells
to direct the migration of B cells into their specialized niches inside
the spleen. Covering the B follicles and bordering the red pulp, a
third stromal population, termed marginal reticular cells, secretes the
tumor necrosis factor ligand superfamily member 11 (Tnfsf11).}78
Deletion of the Tnfsf11 receptor, Tnfrsfl1a, reduces the number of
B cells but not T cells in the spleen and increases the extramedullary
hematopoiesis in the red pulp.179 Marginal reticular cells thus have
multiple roles in easing the transit of B cells into the B follicles and
restricting erythropoiesis in the red pulp.

Besides cytokine secretion, splenic stromal cells, particularly fi-
broblastic reticular cells, exert their influence on the immune cell
function by altering their niche.180-182 Lymphocyte interactions with
fibroblastic reticular cells stimulate the production of extracellular
matrix components such as LAMs, Fn1, collagens, and Tnc, resulting
in the construction of a reticulated stroma that physically limits the
access of leukocytes into the white pulp.t838 |n the red pulp, dele-
tion of integrins that mediate the recognition to several extracellular
matrix components, severely impairs HSPCs migration and extra-
medullary erythropoiesis.>”°%18¢ At the marginal zone of the B fol-
licles, where marginal reticular cells reside, a specialized basement
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membrane composed of laminin alpha 5 promotes survival of B
cells via interactions with the Itga6-ltgbl receptor.®” Hyaluronan
present in the white pulp increases the stickiness of lymphocytes
via expression of the receptor for hyaluronic acid-mediated motility
or Rhamm,88 further denoting the relevance of immune cell inter-
action with extracellular matrix components in the splenic stroma.
Thus, specialized splenic stromal cells not only mediate tissue-
specific immune cell functions in the spleen by secreting cytokines,
but also generate and maintain unique extracellular matrix microen-

vironments that fuel these immunological processes.

4.5 | Other immuno-supportive stromal niches
Similar to splenic stromal populations, lymph nodes also possess
resident stromal cells that exert a major influence on their immu-
nological functions.’®1%° These stromal populations, collectively
called fibroblastic reticular cells, include six to nine functionally dis-
tinct stromal cell subsets.'®7*7! The origin of this plethora of stromal
populations traces back to a single lineage of perivascular progeni-
tors near the lymph node anlagen during mid-term development.
These progenitors proliferate locally, generating regional clones
that differentiate into multiple stromal populations.? As in the
spleen, fibroblastic reticular cells generate a reticulated stroma in
the lymph nodes'®* that works as a filtering mesh that permits the
sensing of soluble antigens. During the adaptative immune response,
lymph nodes expand, and the reticulated matrix becomes transiently
disrupted granting access to myeloid subsets that support antigen
recognition.'8?

The adult bone marrow works as the final residence of HSPCs
and is the most extensively characterized stromal niche.}’® As in
other stromal niches, Cxcl12 and Kit ligand exerts major influences
on HSPCs in the bone marrow.**?® Two main sources for Cxcl12
and Kit ligand in the bone marrow include periarteriolar pericytes,
which reside on larger blood vessels, and perisinusoidal stromal cells,
which inhabit the smaller capillaries.*?>1??2%! periarteriolar peri-
cytes also support the maintenance of B-cell progenitors?°? via 117

203 and, via Csfl expression,204 induce osteoclast differ-

expression
entiation to preserve endosteal niche fitness.?%° Perisinusoidal stro-
mal cells are dedicated cytokine secretors that also produce Csfl
and 117.200:204.206 Racent single-cell RNA sequencing studies further
expanded this stromal population heterogeneity with potentially dif-
ferent immune regulatory functions.??”

Bone marrow stromal cells also regulate immune cell behavior
by altering the extracellular matrix landscape within the bone mar-
row. Fn1, LAMs, and collagens are major components of the bone
marrow stroma.?’® Receptors for Fnl and LAMs are required for
HSPCs migration from the fetal liver into the bone marrow.??? Fn1

210

binding restricts proliferation of HSPCs,™ while blocking its bind-

211-213

ing hampers the homing capacity of HSPCs and the survival of

B-cell progenitors.214 Higher expression of the Fnl receptors also
correlates with a higher homing capacity of B-cell progenitors to

the bone marrow niche,?%® indicating that the Fn1-rich niche favors

B-cell progenitor sustenance. On the other hand, myeloid progeni-

209218 indicating that

tors adhere preferably to LAMs via its receptor,
stromal cells can modulate the adhesion of different progenitors in
potentially specialized lymphoid versus myeloid niches.

Mutant bone marrow stromal cells, uncapable of supporting
HSPCs, downregulate several collagen genes, particularly colla-
gen 1X.2Y7 Analogously, collagen IX knockout mice had impaired
myelopoiesis.?*® This suggested that bone marrow stromal cells
produced collagen IX regulates myeloid populations. Collagens I,

219-222 \y hereas

VI, and XIV also promote adhesion of myeloid cells,
hyaluronan favors adhesion of monocytes via the CD44 recep-
tor.223224 Thjs indicates that collagen- and hyaluronan-rich niches
are preferred docking sites for myeloid and monocytic progeni-
tors, respectively.

Tnc produced by bone marrow stromal cells also supports hema-
topoiesis.225 Blocking or deleting Tnc from stromal cells reduce their
HSPCs-maintenance potential in culture?26227; conversely, removing
Tnc from the bone marrow niche favors T-cell differentiation and
mobilization of HSPCs.?%® Interestingly, Tnc-null mice present nor-
mal bone marrow hematopoiesis but recover poorly after myeloabla-
tion,?%? indicating that Tnc has passive and active HSPCs-regulation
functions by enhancing adhesion in homeostasis and promoting pro-

liferation under immunosuppressive conditions.

5 | FUTURE RESEARCH

In the past, most studies on stromal-immune cell interactions have
been focused on stromal-produced paracrine and juxtacrine factors
that instruct immune cell behavior. There are also increasing exam-
ples of matrix components, deposited by stromal cells, impacting cell
physiology. This is altering the perception of these molecules from
just structural components to important regulators of immunologi-
cal processes. Consequently, future studies focused on the activ-
ity of immune cells will also need to consider the composition and
changes in the tissue niches produced and maintained by particular
stromal populations. Particularly, emerging evidence showing the
capacity of stromal cells to actively mobilize immunologically active
niches to sites of injury further expands the recruitment strategies
implemented by stromal cells beyond chemokine secretion. We en-
vision the discovery of similar and more diverse niche rearrange-
ment mechanisms by stromal cells, which meaningfully impact the
immune system function.

Understanding the aforementioned venues of communication
with immunological agents will require a profound insight into the
full heterogeneity of the stromal populations within each organ.
Informative new technologies, such as single-cell RNA sequenc-
ing, have been and will continue to be fundamental to discover
new stromal cell populations and potential novel forms of inter-
action with immune cells. Coupling these findings with genetic
lineage-tracing, cell type-specific cell ablation and gene knock-
outs, organoids, and more complex co-culture methods will con-

tinue to enrich our knowledge on the synergy between stromal
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and immune communities that occur over our lifetime and in every
tissue of the human body.

These specialized stromal populations and their particular niches
represent valuable candidates for directed therapies in multiple
diseases. Treatments focused on altering the direct (paracrine/jux-
tacrine factors) or indirect (extracellular matrix composition and
dynamics) venues of communication between dedicated stromal
to different immune cells, to elicit a desired immune response, will
have a major impact when treating cancers, fibrosis, autoimmune,

and chronic diseases.

ACKNOWLEDGEMENTS

YR is supported by the Human Frontier Science Program Career
Development Award (CDA00017/2016), the German Research
Foundation (Rl 2787/1-1 AOBJ: 628819), the Fritz-Thyssen-Stiftung
(2016-01277), (2016_A21),
and the European Research Council Consolidator Grant (ERC-CoG
819933).

the Else-Kroner-Fresenius-Stiftung

CONFLICT OF INTERESTS

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
D. C-G.and D. J. performed the literature research and figure prepa-
ration. YR coordinated the review's narrative.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID

Dongsheng Jiang " https://orcid.org/0000-0003-0961-2671

Yuval Rinkevich "= https://orcid.org/0000-0003-3658-0257

REFERENCES

1. Nguyen AV, Soulika AM. The dynamics of the Skin's immune sys-
tem. Int J Mol Sci. 2019;20(8):1811.

2. Driskell RR, Lichtenberger BM, Hoste E, et al. Distinct fibroblast
lineages determine dermal architecture in skin development and
repair. Nature. 2013;504(7479):277-281.

3. Saxena N, Mok KW, Rendl M. An updated classification of hair fol-
licle morphogenesis. Exp Dermatol. 2019;28(4):332-344.

4. Paus R, van der Veen C, Eichmdiiller S, et al. Generation and cy-
clic remodeling of the hair follicle immune system in mice. J Invest
Dermatol. 1998;111(1):7-18.

5. Christoph T, Miiller-Réver S, Audring H, et al. The human hair folli-
cle immune system: cellular composition and immune privilege. Br
J Dermatol. 2000;142(5):862-873.

6. Hardman JA, Muneeb F, Pople J, et al. Human perifollicular mac-
rophages undergo apoptosis, express wnt ligands, and switch their
polarization during catagen. J Invest Dermatol. 2019;139(12):2543-
2546.€9.

7. Wang ECE, Higgins CA. Immune cell regulation of the hair cycle.
Exp Dermatol. 2020;29(3):322-333.

8. Eichmiiller S, van der Veen C, Moll |, et al. Clusters of perifollicular
macrophages in normal murine skin: physiological degeneration of

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Immunological Reviews BVIZE B on'goaa
selected hair follicles by programmed organ deletion. J Histochem
Cytochem. 1998;46(3):361-370.

Castellana D, Paus R, Perez-Moreno M. Macrophages contribute
to the cyclic activation of adult hair follicle stem cells. PLoS Biol.
2014;12(12):e1002002.

Wang ECE, Dai Z, Ferrante AW, et al. A subset of TREM2" der-
mal macrophages secretes oncostatin m to maintain hair fol-
licle stem cell quiescence and inhibit hair growth. Cell Stem Cell.
2019;24(4):654-669.e6.

Osaka N, Takahashi T, Murakami S, et al. ASK1-dependent recruit-
ment and activation of macrophages induce hair growth in skin
wounds. J Cell Biol. 2007;176(7):903-909.

Wang X, Chen H, Tian R, et al. Macrophages induce AKT/B-catenin-
dependent Lgr5* stem cell activation and hair follicle regeneration
through TNF. Nat Commun. 2017;8:14091.

Joost S, Annusver K, Jacob T, et al. The molecular anatomy of mouse
skin during hair growth and rest. Cell Stem Cell. 2020;26(3):441-
457.e7.

Miuiller-Réver S, Bulfone-Paus S, Handjiski B, et al. Intercellular
adhesion molecule-1 and hair follicle regression. J Histochem
Cytochem. 2000;48(4):557-568.

Sonnet C, Lafuste P, Arnold L, et al. Human macrophages rescue
myoblasts and myotubes from apoptosis through a set of adhesion
molecular systems. J Cell Sci. 2006;119(Pt 12):2497-2507.
Bednarczyk M, Stege H, Grabbe S, Bros M. p2 Integrins-multi-
functional leukocyte receptors in health and disease. Int J Mol Sci.
2020;21(4):1402.

Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nat Rev
Microbiol. 2018;16(3):143-155.

. Oh J, Byrd AL, Park M, Kong HH, Segre JA, NISC Comparative

Sequencing Program. Temporal stability of the human skin micro-
biome. Cell. 2016;165(4):854-866.

Scharschmidt TC, Vasquez KS, Truong HA, et al. A wave of regu-
latory T cells into neonatal skin mediates tolerance to commensal
microbes. Immunity. 2015;43(5):1011-1021.

Fan X, Moltedo B, Mendoza A, et al. CD49b defines functionally
mature Treg cells that survey skin and vascular tissues. J Exp Med.
2018;215(11):2796-2814.

Friedl P, Noble PB, Zanker KS. T lymphocyte locomotion in a three-
dimensional collagen matrix. Expression and function of cell adhe-
sion molecules. J Immunol. 1995;154(10):4973-4985.

Boisvert M, Gendron S, Chetoui N, Aoudjit F. Alpha2betal
integrin signaling augments T cell receptor-dependent pro-
duction of interferon-gamma in human T cells. Mol Immunol.
2007;44(15):3732-3740.

Boisvert M, Chetoui N, Gendron S, Aoudjit F. Alpha2betal integrin
is the major collagen-binding integrin expressed on human Th17
cells. Eur J Immunol. 2010;40(10):2710-2719.

Tajima S, Pinnell SR. Collagen synthesis by human skin fibroblasts
in culture: studies of fibroblasts explanted from papillary and re-
ticular dermis. J Invest Dermatol. 1981;77(5):410-412.

Lochner K, Gaemlich A, Stidel KM, et al. Expression of decorin and
collagens | and Il in different layers of human skin in vivo: a laser
capture microdissection study. Biogerontology. 2007;8(3):269-282.
Clark RA, Kupper TS. IL-15 and dermal fibroblasts induce prolifer-
ation of natural regulatory T cells isolated from human skin. Blood.
2007;109(1):194-202.

Rao WH, Hales JM, Camp RD. Potent costimulation of ef-
fector T lymphocytes by human collagen type I|. J Immunol.
2000;165(9):4935-4940.

Bertheim U, Hellstrom S. The distribution of hyaluronan in human
skin and mature, hypertrophic and keloid scars. Br J Plast Surg.
1994,;47(7):483-489.

Janson D, Rietveld M, Mahé C, Saintigny G, El Ghalbzouri A.
Differential effect of extracellular matrix derived from papillary


https://orcid.org/0000-0003-0961-2671
https://orcid.org/0000-0003-0961-2671
https://orcid.org/0000-0003-3658-0257
https://orcid.org/0000-0003-3658-0257

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

CORREA-GALLEGOS €T AL.

Immunological Reviews
and reticular fibroblasts on epidermal development in vitro. Eur J
Dermatol. 2017;27(3):237-246.
Riegg CR, Chiquet-Ehrismann R, Alkan SS. Tenascin, an extracel-
lular matrix protein, exerts immunomodulatory activities. Proc Natl
Acad Sci USA. 1989;86(19):7437-7441.
Naik S, Bouladoux N, Linehan JL, et al. Commensal-dendritic-cell
interaction specifies a unique protective skin immune signature.
Nature. 2015;520(7545):104-108.
Kaplan DH. Ontogeny and function of murine epidermal
Langerhans cells. Nat Immunol. 2017;18(10):1068-1075.
Kobayashi Y, Staquet MJ, Dezutter-Dambuyant C, Schmitt
D. Development of motility of Langerhans cell through ex-
tracellular matrix by in vitro hapten contact. Eur J Immunol.
1994,24(9):2254-2257.
McGettrick HM, Buckley CD, Filer A, Rainger GE, Nash GB. Stromal
cells differentially regulate neutrophil and lymphocyte recruit-
ment through the endothelium. Immunology. 2010;131(3):357-370.
Kabashima K, Shiraishi N, Sugita K, et al. CXCL12-CXCR4 engage-
ment is required for migration of cutaneous dendritic cells. Am J
Pathol. 2007;171(4):1249-1257.
Florin L, Maas-Szabowski N, Werner S, Szabowski A, Angel P.
Increased keratinocyte proliferation by JUN-dependent ex-
pression of PTN and SDF-1 in fibroblasts. J Cell Sci. 2005;118(Pt
9):1981-1989.
Quan C, Cho MK, Shao Y, et al. Dermal fibroblast expression of
stromal cell-derived factor-1 (SDF-1) promotes epidermal kera-
tinocyte proliferation in normal and diseased skin. Protein Cell.
2015;6(12):890-903.
Oakford ME, Dixon SV, August S, et al. Migration of immunocytes
across the basement membrane in skin: the role of basement
membrane pores. J Invest Dermatol. 2011;131(9):1950-1953.
Le Varlet B, Dezutter-Dambuyant C, Staquet MJ, Delorme P,
Schmitt D. Human epidermal Langerhans cells express integrins of
the beta 1 subfamily. J Invest Dermatol. 1991;96(4):518-522.
Le Varlet B, Staquet MJ, Dezutter-Dambuyant C, Delorme P,
Schmitt D. In vitro adhesion of human epidermal Langerhans cells
to laminin and fibronectin occurs through beta 1 integrin recep-
tors. J Leukoc Biol. 1992;51(4):415-420.
Staquet MJ, Levarlet B, Dezutter-Dambuyant C, Schmitt D. Human
epidermal Langerhans cells express beta 1 integrins that medi-
ate their adhesion to laminin and fibronectin. J Invest Dermatol.
1992;99(5):125-14S.
Price AA, Cumberbatch M, Kimber I, Ager A. Alpha 6 integrins are
required for Langerhans cell migration from the epidermis. J Exp
Med. 1997;186(10):1725-1735.
Smola H, Stark HJ, Thiekétter G, Mirancea N, Krieg T, Fusenig NE.
Dynamics of basement membrane formation by keratinocyte-
fibroblast interactions in organotypic skin culture. Exp Cell Res.
1998;239(2):399-410.
Ghetti M, Topouzi H, Theocharidis G, et al. Subpopulations of
dermal skin fibroblasts secrete distinct extracellular matrix: im-
plications for using skin substitutes in the clinic. Br J Dermatol.
2018;179(2):381-393.
Ginhoux F, Tacke F, Angeli V, et al. Langerhans cells arise from
monocytes in vivo. Nat Immunol. 2006;7(3):265-273.
Gaga M, Ong YE, Benyahia F, Aizen M, Barkans J, Kay AB. Skin
reactivity and local cell recruitment in human atopic and nona-
topic subjects by CCL2/MCP-1 and CCL3/MIP-1alpha. Allergy.
2008;63(6):703-711.
Solano-Galvez SG, Tovar-Torres SM, Tron-Gomez MS, et al. Human
dendritic cells: ontogeny and their subsets in health and disease.
Med Sci (Basel). 2018;6(4):88.
Nagao K, Kobayashi T, Moro K, et al. Stress-induced production of
chemokines by hair follicles regulates the trafficking of dendritic
cells in skin. Nat Immunol. 2012;13(8):744-752.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Galindo M, Santiago B, Rivero M, Rullas J, Alcami J, Pablos JL.
Chemokine expression by systemic sclerosis fibroblasts: abnormal
regulation of monocyte chemoattractant protein 1 expression.
Arthritis Rheum. 2001;44(6):1382-1386.

Parsonage G, Falciani F, Burman A, et al. Global gene expression
profiles in fibroblasts from synovial, skin and lymphoid tissue
reveals distinct cytokine and chemokine expression patterns.
Thromb Haemost. 2003;90(4):688-697.

Vanbervliet B, Homey B, Durand I, et al. Sequential involvement
of CCR2 and CCRé6 ligands for immature dendritic cell recruit-
ment: possible role at inflamed epithelial surfaces. Eur J Immunol.
2002;32(1):231-242.

Rodero MP, Licata F, Poupel L, et al. In vivo imaging reveals a pio-
neer wave of monocyte recruitment into mouse skin wounds. PLoS
One. 2014;9(12):e115508.

Xaus J, Comalada M, Cardé M, Valledor AF, Celada A. Decorin
inhibits macrophage colony-stimulating factor proliferation of
macrophages and enhances cell survival through induction of
p27(Kip1) and p21(Waf1). Blood. 2001;98(7):2124-2133.

Poulin LF, Salio M, Griessinger E, et al. Characterization of human
DNGR-1+ BDCA3+ leukocytes as putative equivalents of mouse
CD8alpha+ dendritic cells. J Exp Med. 2010;207(6):1261-1271.
Sorrell JM, Baber MA, Caplan Al. Site-matched papillary and re-
ticular human dermal fibroblasts differ in their release of specific
growth factors/cytokines and in their interaction with keratino-
cytes. J Cell Physiol. 2004;200(1):134-145.

Korosec A, Frech S, Gesslbauer B, et al. Lineage identity and
location within the dermis determine the function of papil-
lary and reticular fibroblasts in human skin. J Invest Dermatol.
2019;139(2):342-351.

Philippeos C, Telerman SB, Oulés B, et al. Spatial and single-
cell transcriptional profiling identifies functionally distinct
human dermal fibroblast subpopulations. J Invest Dermatol.
2018;138(4):811-825.

Correa-Gallegos D, Jiang D, Christ S, et al. Patch repair of deep
wounds by mobilized fascia. Nature. 2019;576(7786):287-292.
Jiang D, Christ S, Correa-Gallegos D, et al. Injury triggers fascia
fibroblast collective cell migration to drive scar formation through
N-cadherin. Nat Commun. 2020;11(1):5653.

Wan L, Jiang D, Correa-Gallegos D, et al. Connexin43 gap junction
drives fascia mobilization and repair of deep skin wounds. Matrix
Biol. 2021;97:58-71.

Bellini A, Mattoli S. The role of the fibrocyte, a bone marrow-
derived mesenchymal progenitor, in reactive and reparative fibro-
ses. Lab Invest. 2007;87(9):858-870.

Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A. Circulating
fibrocytes define a new leukocyte subpopulation that mediates
tissue repair. Mol Med. 1994;1(1):71-81.

Guerrero-Juarez CF, Dedhia PH, Jin S, et al. Single-cell analysis
reveals fibroblast heterogeneity and myeloid-derived adipocyte
progenitors in murine skin wounds. Nat Commun. 2019;10(1):650.
Sinha M, Sen CK, Singh K, et al. Direct conversion of injury-site
myeloid cells to fibroblast-like cells of granulation tissue. Nat
Commun. 2018;9(1):936.

Shook BA, Wasko RR, Rivera-Gonzalez GC, et al. Myofibroblast
proliferation and heterogeneity are supported by macrophages
during skin repair. Science. 2018;362(6417):eaar2971.

Shook BA, Wasko RR, Mano O, et al. Dermal adipocyte lipolysis
and myofibroblast conversion are required for efficient skin repair.
Cell Stem Cell. 2020;26(6):880-895.€6.

Zhang Z, Shao M, Hepler C, et al. Dermal adipose tissue has high
plasticity and undergoes reversible dedifferentiation in mice. J Clin
Invest. 2019;129(12):5327-5342.

Bautista-Hernandez LA, Gomez-Olivares JL, Buentello-Volante
B, Bautista-de Lucio VM. Fibroblasts: the unknown sentinels



CORREA-GALLEGOS ET AL.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

eliciting immune responses against microorganisms. Eur J Microbiol
Immunol (Bp). 2017;7(3):151-157.

Lin YM, Hsu CJ, Liao YY, Chou MC, Tang CH. The CCL2/CCR2 axis
enhances vascular cell adhesion molecule-1 expression in human
synovial fibroblasts. PLoS One. 2012;7(11):e49999.

Steinhauser ML, Kunkel SL, Hogaboam CM, Evanoff H, Strieter
RM, Lukacs NW. Macrophage/fibroblast coculture induces mac-
rophage inflammatory protein-lalpha production mediated by in-
tercellular adhesion molecule-1 and oxygen radicals. J Leukoc Biol.
1998;64(5):636-641.

Smith TJ. Insights into the role of fibroblasts in human autoimmune
diseases. Clin Exp Immunol. 2005;141(3):388-397.

Saalbach A, Klein C, Sleeman J, et al. Dermal fibroblasts induce
maturation of dendritic cells. J Immunol. 2007;178(8):4966-4974.
Langevin HM, Nedergaard M, Howe AK. Cellular control of connec-
tive tissue matrix tension. J Cell Biochem. 2013;114(8):1714-1719.
Harrell CR, Simovic Markovic B, Fellabaum C, Arsenijevic A,
Djonov V, Volarevic V. Molecular mechanisms underlying thera-
peutic potential of pericytes. J Biomed Sci. 2018;25(1):21.
Farajzadeh R, Zarghami N, Serati-Nouri H, et al. Macrophage re-
polarization using CD44-targeting hyaluronic acid-polylactide
nanoparticles containing curcumin. Artif Cells Nanomed Biotechnol.
2018;46(8):2013-2021.

Govindaraju P, Todd L, Shetye S, Monslow J, Puré E. CD44-
dependent inflammation, fibrogenesis, and collagenolysis regu-
lates extracellular matrix remodeling and tensile strength during
cutaneous wound healing. Matrix Biol. 2019;75-76:314-330.
Franca MED, Sinhorim L, Martins DF, et al. Manipulation of the
fascial system applied during acute inflammation of the con-
nective tissue of the thoracolumbar region affects transforming
growth factor-B1 and interleukin-4 levels: experimental study in
mice. Front Physiol. 2020;11:587373.

Matsushita Y, Hasegawa M, Matsushita T, et al. Intercellular ad-
hesion molecule-1 deficiency attenuates the development of skin
fibrosis in tight-skin mice. J Immunol. 2007;179(1):698-707.
Sollberg S, Mauch C, Eckes B, Krieg T. The fibroblast in systemic
sclerosis. Clin Dermatol. 1994;12(3):379-385.

Pincha N, Hajam EY, Badarinath K, et al. PAI1 mediates
fibroblast-mast cell interactions in skin fibrosis. J Clin Invest.
2018;128(5):1807-1819.

Ogawa R. Keloid and hypertrophic scars are the result of chronic
inflammation in the reticular dermis. Int J Mol Sci. 2017;18(3):606.
Layton TB, Williams L, McCann F, et al. Cellular census of human
fibrosis defines functionally distinct stromal cell types and states.
Nat Commun. 2020;11(1):3275.

Arasal, TerencioMC, Andrés RM, et al. Defective induction of COX-2
expression by psoriatic fibroblasts promotes pro-inflammatory acti-
vation of macrophages. Front Immunol. 2019;10:536.

He H, Suryawanshi H, Morozov P, et al. Single-cell transcriptome
analysis of human skin identifies novel fibroblast subpopulation
and enrichment of immune subsets in atopic dermatitis. J Allergy
Clin Immunol. 2020;145(6):1615-1628.

Mizoguchi F, Slowikowski K, Wei K, et al. Functionally distinct
disease-associated fibroblast subsets in rheumatoid arthritis. Nat
Commun. 2018;9(1):789.

Dvorak HF. Tumors: wounds that do not heal. Similarities be-
tween tumor stroma generation and wound healing. N Engl J Med.
1986;315(26):1650-1659.

Dvorak HF. Tumors: wounds that do not heal-redux. Cancer
Immunol Res. 2015;3(1):1-11.

Jones JO, Moody WM, Shields JD. Microenvironmental modula-
tion of the developing tumour: an immune-stromal dialogue. Mol
Oncol. 2020:1-34. https://doi.org/10.1002/1878-0261.12773

Bu L, Baba H, Yoshida N, et al. Biological heterogeneity and versa-
tility of cancer-associated fibroblasts in the tumor microenviron-
ment. Oncogene. 2019;38(25):4887-4901.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Immunological Reviews BVIZE B on'goad
Yamauchi M, Gibbons DL, Zong C, Fradette JJ, Bota-Rabassedas
N, Kurie JM. Fibroblast heterogeneity and its impact on extracel-
lular matrix and immune landscape remodeling in cancer. Matrix
Biol. 2020;91-92:8-18.

Chang CH, Qiu J, O'Sullivan D, et al. Metabolic competition in the
tumor microenvironment is a driver of cancer progression. Cell.
2015;162(6):1229-1241.

Borthwick LA, Wynn TA, Fisher AJ. Cytokine mediated tissue fi-
brosis. Biochim Biophys Acta. 2013;1832(7):1049-1060.

Kalekar LA, Cohen JN, Prevel N, et al. Regulatory T cells in skin
are uniquely poised to suppress profibrotic immune responses. Sci
Immunol. 2019:4(39):eaaw2910.

Boothby IC, Cohen JN, Rosenblum MD. Regulatory T cells in skin
injury: at the crossroads of tolerance and tissue repair. Sci Immunol.
2020;5(47):eaaz9631.

Van Linthout S, Miteva K, Tschépe C. Crosstalk between fibroblasts
and inflammatory cells. Cardiovasc Res. 2014;102(2):258-269.
Baron CS, van Oudenaarden A. Unravelling cellular relationships
during development and regeneration using genetic lineage trac-
ing. Nat Rev Mol Cell Biol. 2019;20(12):753-765.

Rinkevich Y, Mori T, Sahoo D, Xu PX, Bermingham JR Jr, Weissman
IL. Identification and prospective isolation of a mesothelial pre-
cursor lineage giving rise to smooth muscle cells and fibroblasts
for mammalian internal organs, and their vasculature. Nat Cell Biol.
2012;14(12):1251-1260.

Asahina K, Zhou B, Pu WT, Tsukamoto H. Septum transversum-
derived mesothelium gives rise to hepatic stellate cells and peri-
vascular mesenchymal cells in developing mouse liver. Hepatology.
2011;53(3):983-995.

Acharya A, Baek ST, Huang G, et al. The bHLH transcription fac-
tor Tcf21 is required for lineage-specific EMT of cardiac fibroblast
progenitors. Development. 2012;139(12):2139-2149.

von Gise A, Stevens SM, Honor LB, et al. Contribution of fetal, but not
adult, pulmonary mesothelium to mesenchymal lineages in lung ho-
meostasis and fibrosis. Am J Respir Cell Mol Biol. 2016;54(2):222-230.
Ueno Y, Fujisaki K, Hosoda S, et al. Transcription factor TIx1 marks
a subset of lymphoid tissue organizer-like mesenchymal progeni-
tor cells in the neonatal spleen. Sci Rep. 2019;9(1):20408.
Koopmans T, Rinkevich Y. Mesothelial to mesenchyme transition
as a major developmental and pathological player in trunk organs
and their cavities. Commun Biol. 2018;1:170.

Tsai JM, Shoham M, Fernhoff NB, et al. Neutrophil and monocyte
kinetics play critical roles in mouse peritoneal adhesion formation.
Blood Adv. 2019;3(18):2713-2721.

Helmke A, Nordlohne J, Balzer MS, et al. CX3CL1-CX3CR1 inter-
action mediates macrophage-mesothelial cross talk and promotes
peritoneal fibrosis. Kidney Int. 2019;95(6):1405-1417.

Helmke A, Hising AM, Gaedcke S, et al. Peritoneal dialysate-range
hypertonic glucose promotes T-cell IL-17 production that induces
mesothelial inflammation. Eur J Immunol. 2021;51(2):354-367.
Wang J, Kubes P. A reservoir of mature cavity macrophages that
can rapidly invade visceral organs to affect tissue repair. Cell.
2016;165(3):668-678.

Jackson-Jones LH, Smith P, Portman JR, et al. Stromal cells cov-
ering omental fat-associated lymphoid clusters trigger formation
of neutrophil aggregates to capture peritoneal contaminants.
Immunity. 2020;52(4):700-715.e6.

Tsai JM, Sinha R, Seita J, et al. Surgical adhesions in mice are derived
from mesothelial cells and can be targeted by antibodies against
mesothelial markers. Sci Transl Med. 2018;10(469):eaan6735.
Fischer A, Koopmans T, Ramesh P, et al. Post-surgical adhesions
are triggered by calcium-dependent membrane bridges between
mesothelial surfaces. Nat Commun. 2020;11(1):3068.

Rinkevich Y, Walmsley GG, Hu MS, et al. Skin fibrosis. Identification
and isolation of a dermal lineage with intrinsic fibrogenic potential.
Science. 2015;348(6232):aaa2151.



https://doi.org/10.1002/1878-0261.12773

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

CORREA-GALLEGOS €T AL.

Immunological Reviews
Leavitt T, Hu MS, Borrelli MR, et al. Prrx1 fibroblasts repre-
sent a pro-fibrotic lineage in the mouse ventral dermis. Cell Rep.
2020;33(6):108356.
Jiang D, Correa-Gallegos D, Christ S, et al. Two succeeding fibro-
blastic lineages drive dermal development and the transition from
regeneration to scarring. Nat Cell Biol. 2018;20(4):422-431.
Isaac J, Nassif A, Asselin A, et al. Involvement of neural crest and
paraxial mesoderm in oral mucosal development and healing.
Biomaterials. 2018;172:41-53.
Yamanishi E, Takahashi M, Saga Y, Osumi N. Penetration and dif-
ferentiation of cephalic neural crest-derived cells in the developing
mouse telencephalon. Dev Growth Differ. 2012;54(9):785-800.
Litvinukova M, Talavera-Lopez C, Maatz H, et al. Cells of the adult
human heart. Nature. 2020;588(7838):466-472.
Jaffredo T, Gautier R, Eichmann A, Dieterlen-Liévre F. Intraaortic
hemopoietic cells are derived from endothelial cells during ontog-
eny. Development. 1998;125(22):4575-4583.
Oberlin E, Tavian M, Blazsek |, Péault B. Blood-forming poten-
tial of vascular endothelium in the human embryo. Development.
2002;129(17):4147-4157.
Sugiyama D, Ogawa M, Hirose |, Jaffredo T, Arai K, Tsuji K.
Erythropoiesis from acetyl LDL incorporating endothelial cells at
the preliver stage. Blood. 2003;101(12):4733-4738.
Xu MJ, Tsuji K, Ueda T, et al. Stimulation of mouse and human primi-
tive hematopoiesis by murineembryonicaorta-gonad-mesonephros-
derived stromal cell lines. Blood. 1998;92(6):2032-2040.
Matsuoka S, Tsuji K, Hisakawa H, et al. Generation of definitive he-
matopoietic stem cells from murine early yolk sac and paraaortic
splanchnopleures by aorta-gonad-mesonephros region-derived
stromal cells. Blood. 2001;98(1):6-12.
Oostendorp RA, Harvey KN, Kusadasi N, et al. Stromal cell lines from
mouse aorta-gonads-mesonephros subregions are potent supporters
of hematopoietic stem cell activity. Blood. 2002;99(4):1183-1189.
Qostendorp RA, Medvinsky AJ, Kusadasi N, et al. Embryonal
subregion-derived stromal cell lines from novel temperature-
sensitive SV40 T antigen transgenic mice support hematopoiesis. J
Cell Sci. 2002;115(Pt 10):2099-2108.
Robin C, Bollerot K, Mendes S, et al. Human placentais a potent he-
matopoietic niche containing hematopoietic stem and progenitor
cells throughout development. Cell Stem Cell. 2009;5(4):385-395.
Khodadi E, Shahrabi S, Shahjahani M, Azandeh S, Saki N.
Role of stem cell factor in the placental niche. Cell Tissue Res.
2016;366(3):523-531.
Greenbaum A, Hsu YM, Day RB, et al. CXCL12 in early mesenchy-
mal progenitors is required for haematopoietic stem-cell mainte-
nance. Nature. 2013;495(7440):227-230.
Miao R, Lim VY, Kothapalli N, et al. Hematopoietic stem cell niches
and signals controlling immune cell development and maintenance
of immunological memory. Front Immunol. 2020;11:600127.
Tien JY, Spicer AP. Three vertebrate hyaluronan synthases are ex-
pressed during mouse development in distinct spatial and tempo-
ral patterns. Dev Dyn. 2005;233(1):130-141.
Torronen K, Nikunen K, Kirnd R, Tammi M, Tammi R, Rilla K.
Tissue distribution and subcellular localization of hyaluronan syn-
thase isoenzymes. Histochem Cell Biol. 2014;141(1):17-31.
Cao H, Heazlewood SY, Williams B, et al. The role of CD44 in
fetal and adult hematopoietic stem cell regulation. Haematologica.
2016;101(1):26-37.
Oatley M, Béliikbasi OV, Svensson V, et al. Single-cell transcrip-
tomics identifies CD44 as a marker and regulator of endothelial to
haematopoietic transition. Nat Commun. 2020;11(1):586.
Schraufstatter U, Serobyan N, Loring J, Khaldoyanidi SK.
Hyaluronan is required for generation of hematopoietic cells
during differentiation of human embryonic stem cells. J Stem Cells.
2010;5(1):9-21.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Morrison SJ, Hemmati HD, Wandycz AM, Weissman IL. The purifi-
cation and characterization of fetal liver hematopoietic stem cells.
Proc Natl Acad Sci USA. 1995;92(22):10302-10306.

Kordes C, Sawitza |, Goétze S, Haussinger D. Hepatic stellate cells
support hematopoiesis and are liver-resident mesenchymal stem
cells. Cell Physiol Biochem. 2013;31(2-3):290-304.

Christensen JL, Wright DE, Wagers AJ, Weissman IL. Circulation
and chemotaxis of fetal hematopoietic stem cells. PLoS Biol.
2004;2(3):E75.

Kubota H, Yao HL, Reid LM. Identification and characterization
of vitamin A-storing cells in fetal liver: implications for functional
importance of hepatic stellate cells in liver development and he-
matopoiesis. Stem Cells. 2007;25(9):2339-2349.

Tan KS, Kulkeaw K, Nakanishi Y, Sugiyama D. Expression of cyto-
kine and extracellular matrix mRNAs in fetal hepatic stellate cells.
Genes Cells. 2017;22(9):836-844.

Lee Y, Leslie J, Yang Y, Ding L. Hepatic stellate and endothelial
cells maintain hematopoietic stem cells in the developing liver. J
Exp Med. 2021;218(3):20200882.

Trivedi P, Wang S, Friedman SL. The power of plasticity-metabolic
regulation of hepatic stellate cells. Cell Metab. 2021;33(2):242-257.
Zhang CC, Lodish HF. Insulin-like growth factor 2 expressed in a
novel fetal liver cell population is a growth factor for hematopoi-
etic stem cells. Blood. 2004;103(7):2513-2521.

Wu Q, Kawahara M, Kono T. Synergistic role of Igf2 and DIk1 in
fetal liver development and hematopoiesis in bi-maternal mice. J
Reprod Dev. 2008;54(3):177-182.

Perreault AA, Venters BJ. Integrative view on how erythropoie-
tin signaling controls transcription patterns in erythroid cells. Curr
Opin Hematol. 2018;25(3):189-195.

Wu H, Liu X, Jaenisch R, Lodish HF. Generation of committed
erythroid BFU-E and CFU-E progenitors does not require eryth-
ropoietin or the erythropoietin receptor. Cell. 1995;83(1):59-67.
Lin CS, Lim SK, D'Agati V, Costantini F. Differential effects of an
erythropoietin receptor gene disruption on primitive and defini-
tive erythropoiesis. Genes Dev. 1996;10(2):154-164.

Kirby S, Walton W, Smithies O. Hematopoietic stem cells with con-
trollable tEpoR transgenes have a competitive advantage in bone
marrow transplantation. Blood. 2000;95(12):3710-3715.

Huang X, Pierce LJ, Chen GL, Chang KT, Spangrude GJ, Prchal JT.
Erythropoietin receptor signaling regulates both erythropoiesis
and megakaryopoiesis in vivo. Blood Cells Mol Dis. 2010;44(1):1-6.
Dai XM, Ryan GR, Hapel AJ, et al. Targeted disruption of the
mouse colony-stimulating factor 1 receptor gene results in os-
teopetrosis, mononuclear phagocyte deficiency, increased primi-
tive progenitor cell frequencies, and reproductive defects. Blood.
2002;99(1):111-120.

Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-resident
macrophages originate from yolk-sac-derived erythro-myeloid
progenitors. Nature. 2015;518(7540):547-551.

Pridans C, Sauter KA, Irvine KM, et al. Macrophage colony-
stimulating factor increases hepatic macrophage content, liver
growth, and lipid accumulation in neonatal rats. Am J Physiol
Gastrointest Liver Physiol. 2018;314(3):G388-G398.

Ozeki R, Kakinuma S, Asahina K, et al. Hepatic stellate cells medi-
ate differentiation of dendritic cells from monocytes. J Med Dent
Sci. 2012;59(1):43-52.

Miller JS, McCullar V. Human natural killer cells with polyclonal
lectin and immunoglobulinlike receptors develop from single he-
matopoietic stem cells with preferential expression of NKG2A and
KIR2DL2/L3/S2. Blood. 2001;98(3):705-713.

Charbord P, Moore K. Gene expression in stem cell-supporting
stromal cell lines. Ann N Y Acad Sci. 2005;1044:159-167.

Yokota T, Oritani K, Mitsui H, et al. Growth-supporting activities
of fibronectin on hematopoietic stem/progenitor cells in vitro and



CORREA-GALLEGOS ET AL.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

in vivo: structural requirement for fibronectin activities of CS1 and
cell-binding domains. Blood. 1998;91(9):3263-3272.

Roy V, Verfaillie CM. Expression and function of cell adhesion mol-
ecules on fetal liver, cord blood and bone marrow hematopoietic
progenitors: implications for anatomical localization and develop-
mental stage specific regulation of hematopoiesis. Exp Hematol.
1999;27(2):302-312.

Szilvassy SJ, Meyerrose TE, Ragland PL, Grimes B. Differential
homing and engraftment properties of hematopoietic progenitor
cells from murine bone marrow, mobilized peripheral blood, and
fetal liver. Blood. 2001;98(7):2108-2115.

Emambokus NR, Frampton J. The glycoprotein Ilb molecule
is expressed on early murine hematopoietic progenitors and
regulates their numbers in sites of hematopoiesis. Immunity.
2003;19(1):33-45.

Eshghi S, Vogelezang MG, Hynes RO, Griffith LG, Lodish HF.
Alpha4dbetal integrin and erythropoietin mediate temporally dis-
tinct steps in erythropoiesis: integrins in red cell development. J
Cell Biol. 2008;181(2):395.

Hirsch E, Iglesias A, Potocnik AJ, Hartmann U, Fassler R. Impaired
migration but not differentiation of haematopoietic stem cells in
the absence of betal integrins. Nature. 1996;380(6570):171-175.
Potocnik AJ, Brakebusch C, Fassler R. Fetal and adult hematopoi-
etic stem cells require betal integrin function for colonizing fetal
liver, spleen, and bone marrow. Immunity. 2000;12(6):653-663.
Arroyo AG, Yang JT, Rayburn H, Hynes RO. Alpha4 integrins reg-
ulate the proliferation/differentiation balance of multilineage he-
matopoietic progenitors in vivo. Immunity. 1999;11(5):555-566.
Shimizu Y, Irani AM, Brown EJ, Ashman LK, Schwartz LB. Human
mast cells derived from fetal liver cells cultured with stem cell
factor express a functional CD51/CDé1 (alpha v beta 3) integrin.
Blood. 1995;86(3):930-939.

Khurana S, Schouteden S, Manesia JK, et al. Outside-in integ-
rin signalling regulates haematopoietic stem cell function via
Periostin-ltgav axis. Nat Commun. 2016;7:13500.

Biswas A, Roy IM, Babu PC, et al. The periostin/integrin-av axis
regulates the size of hematopoietic stem cell pool in the fetal liver.
Stem Cell Rep. 2020;15(2):340-357.

Bertrand JY, Desanti GE, Lo-Man R, Leclerc C, Cumano A, Golub R.
Fetal spleen stroma drives macrophage commitment. Development.
2006;133(18):3619-3628.

Tan KS, Inoue T, Kulkeaw K, Tanaka Y, Lai MI, Sugiyama D.
Localized SCF and IGF-1 secretion enhances erythropoiesis in the
spleen of murine embryos. Biol Open. 2015;4(5):596-607.
Ratajczak J, Zhang Q, Pertusini E, Wojczyk BS, Wasik MA,
Ratajczak MZ. The role of insulin (INS) and insulin-like growth
factor-1 (IGF-I) in regulating human erythropoiesis. Studies in vitro
under serum-free conditions-comparison to other cytokines and
growth factors. Leukemia. 1998;12(3):371-381.

Periasamy P, Tran V, O'Neill HC. Ildentification of genes which
regulate stroma-dependent in vitro hematopoiesis. PLoS One.
2018;13(10):e0205583.

Lim HK, O'Neill HC. Identification of stromal cells in spleen which
support myelopoiesis. Front Cell Dev Biol. 2019;7:1.

Castagnaro L, Lenti E, Maruzzelli S, et al. Nkx2-5(+)islet1(+) mes-
enchymal precursors generate distinct spleen stromal cell subsets
and participate in restoring stromal network integrity. Immunity.
2013;38(4):782-791.

Golub R, Tan J, Watanabe T, Brendolan A. Origin and immu-
nological functions of spleen stromal cells. Trends Immunol.
2018;39(6):503-514.

Inra CN, Zhou BO, Acar M, et al. A perisinusoidal niche
for extramedullary haematopoiesis in the spleen. Nature.
2015;527(7579):466-471.

Wang X, Cho SY, Hu CS, Chen D, Roboz J, Hoffman R. C-X-C motif
chemokine 12 influences the development of extramedullary

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Immunological Reviews BVIZE B on'goad
hematopoiesis in the spleens of myelofibrosis patients. Exp
Hematol. 2015;43(2):100-9.e1.

GunnMD, Kyuwa S, Tam C, et al. Mice lacking expression of second-
ary lymphoid organ chemokine have defects in lymphocyte hom-
ing and dendritic cell localization. J Exp Med. 1999;189(3):451-460.
Link A, Vogt TK, Favre S, et al. Fibroblastic reticular cells in lymph
nodes regulate the homeostasis of naive T cells. Nat Immunol.
2007;8(11):1255-1265.

Forster R, Schubel A, Breitfeld D, et al. CCR7 coordinates the pri-
mary immune response by establishing functional microenviron-
ments in secondary lymphoid organs. Cell. 1999;99(1):23-33.
Onder L, Narang P, Scandella E, et al. IL-7-producing stro-
mal cells are critical for lymph node remodeling. Blood.
2012;120(24):4675-4683.

Ngo VN, Korner H, Gunn MD, et al. Lymphotoxin alpha/beta and
tumor necrosis factor are required for stromal cell expression of
homing chemokines in B and T cell areas of the spleen. J Exp Med.
1999;189(2):403-412.

Forster R, Mattis AE, Kremmer E, Wolf E, Brem G, Lipp M. A pu-
tative chemokine receptor, BLR1, directs B cell migration to de-
fined lymphoid organs and specific anatomic compartments of the
spleen. Cell. 1996;87(6):1037-1047.

Katakai T, Suto H, Sugai M, et al. Organizer-like reticular stromal
cell layer common to adult secondary lymphoid organs. J Immunol.
2008;181(9):6189-6200.

Dougall WC, Glaccum M, Charrier K, et al. RANK is essen-
tial for osteoclast and lymph node development. Genes Dev.
1999;13(18):2412-2424.

Roozendaal R, Mempel TR, Pitcher LA, et al. Conduits mediate
transport of low-molecular-weight antigen to lymph node follicles.
Immunity. 2009;30(2):264-276.

Yang CY, Vogt TK, Favre S, et al. Trapping of naive lymphocytes
triggers rapid growth and remodeling of the fibroblast net-
work in reactive murine lymph nodes. Proc Natl Acad Sci USA.
2014;111(1):E109-E118.

Martinez VG, Pankova V, Krasny L, et al. Fibroblastic reticular cells
control conduit matrix deposition during lymph node expansion.
Cell Rep. 2019;29(9):2810-2822.e5.

Kaldjian EP, Gretz JE, Anderson AO, Shi Y, Shaw S. Spatial and
molecular organization of lymph node T cell cortex: a labyrinthine
cavity bounded by an epithelium-like monolayer of fibroblastic
reticular cells anchored to basement membrane-like extracellular
matrix. Int Immunol. 2001;13(10):1243-1253.

Katakai T, Hara T, Sugai M, Gonda H, Shimizu A. Lymph node fibro-
blastic reticular cells construct the stromal reticulum via contact
with lymphocytes. J Exp Med. 2004;200(6):783-795.

Sobocinski GP, Toy K, Bobrowski WF, Shaw S, Anderson AO,
Kaldjian EP. Ultrastructural localization of extracellular matrix pro-
teins of the lymph node cortex: evidence supporting the reticular
network as a pathway for lymphocyte migration. BMC Immunol.
2010;11:42.

Ulyanova T, Jiang Y, Padilla S, Nakamoto B, Papayannopoulou T.
Combinatorial and distinct roles of as and a, integrins in stress
erythropoiesis in mice. Blood. 2011;117(3):975-985.

Song J, Lokmic Z, Lammermann T, et al. Extracellular matrix of sec-
ondary lymphoid organs impacts on B-cell fate and survival. Proc
Natl Acad Sci USA. 2013;110(31):E2915-E2924.

Till KJ, Zuzel M, Cawley JC. The role of hyaluronan and in-
terleukin 8 in the migration of chronic lymphocytic leu-
kemia cells within lymphoreticular tissues. Cancer Res.
1999;59(17):4419-4426.

Krishnamurty AT, Turley SJ. Lymph node stromal cells: cartogra-
phers of the immune system. Nat Immunol. 2020;21(4):369-380.
Pikor NB, Cheng HW, Onder L, Ludewig B. Development and
immunological function of lymph node stromal cells. J Immunol.
2021;206(2):257-263.




192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

CORREA-GALLEGOS €T AL.

Immunological Reviews
Rodda LB, Lu E, Bennett ML, et al. Single-cell RNA sequencing of
lymph node stromal cells reveals niche-associated heterogeneity.
Immunity. 2018;48(5):1014-1028.e6.
Denton AE, Carr EJ, Magiera LP, Watts AJB, Fearon DT. Embryonic
FAP* lymphoid tissue organizer cells generate the reticular net-
work of adult lymph nodes. J Exp Med. 2019;216(10):2242-2252.
Szade K, Gulati GS, Chan CKF, et al. Where hematopoietic
stem cells live: the bone marrow niche. Antioxid Redox Signal.
2018;29(2):191-204.
Tzeng YS, Li H, Kang YL, Chen WC, Cheng WC, Lai DM. Loss of
Cxcl12/Sdf-1 in adult mice decreases the quiescent state of hemato-
poietic stem/progenitor cells and alters the pattern of hematopoietic
regeneration after myelosuppression. Blood. 2011;117(2):429-439.
Peled A, Petit I, Kollet O, et al. Dependence of human stem cell
engraftment and repopulation of NOD/SCID mice on CXCRA4.
Science. 1999;283(5403):845-848.
Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the he-
matopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling
in bone marrow stromal cell niches. Immunity. 2006;25(6):977-988.
Kahn J, Byk T, Jansson-Sjostrand L, et al. Overexpression of CXCR4
on human CD34+ progenitors increases their proliferation, migra-
tion, and NOD/SCID repopulation. Blood. 2004;103(8):2942-2949.
Thorén LA, Liuba K, Bryder D, et al. Kit regulates maintenance of qui-
escent hematopoietic stem cells. J Immunol. 2008;180(4):2045-2053.
Kunisaki Y, Bruns |, Scheiermann C, et al. Arteriolar niches
maintain  haematopoietic stem cell quiescence. Nature.
2013;502(7473):637-643.
Omatsu Y, Sugiyama T, Kohara H, et al. The essential functions
of adipo-osteogenic progenitors as the hematopoietic stem and
progenitor cell niche. Immunity. 2010;33(3):387-399.
Asada N, Kunisaki Y, Pierce H, et al. Differential cytokine contribu-
tions of perivascular haematopoietic stem cell niches. Nat Cell Biol.
2017;19(3):214-223.
von Muenchow L, Alberti-Servera L, Klein F, et al. Permissive roles
of cytokines interleukin-7 and FIt3 ligand in mouse B-cell lineage
commitment. Proc Natl Acad Sci USA. 2016;113(50):E8122-E8130.
Méndez-Ferrer S, Michurina TV, Ferraro F, et al. Mesenchymal
and haematopoietic stem cells form a unique bone marrow niche.
Nature. 2010;466(7308):829-834.
Baccin C, Al-Sabah J, Velten L, et al. Combined single-cell and spa-
tial transcriptomics reveal the molecular, cellular and spatial bone
marrow niche organization. Nat Cell Biol. 2020;22(1):38-48.
Jacome-Galarza CE, Percin Gl, Muller JT, et al. Developmental
origin, functional maintenance and genetic rescue of osteoclasts.
Nature. 2019;568(7753):541-545.
Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ. Leptin-receptor-
expressing mesenchymal stromal cells represent the main source of
bone formed by adult bone marrow. Cell Stem Cell. 2014;15(2):154-168.
Tikhonova AN, Dolgalev |, Hu H, et al. The bone marrow microenvi-
ronmentatsingle-cell resolution. Nature. 2019;569(7755):222-228.
Hamilton R, Campbell FR. Immunochemical localization of
extracellular materials in bone marrow of rats. Anat Rec.
1991;231(2):218-224.
Qian H, Buza-Vidas N, Hyland CD, et al. Critical role of thrombo-
poietin in maintaining adult quiescent hematopoietic stem cells.
Cell Stem Cell. 2007;1(6):671-684.
Hurley RW, McCarthy JB, Verfaillie CM. Direct adhesion to bone
marrow stroma via fibronectin receptors inhibits hematopoietic
progenitor proliferation. J Clin Invest. 1995;96(1):511-519.
Papayannopoulou T, Craddock C, Nakamoto B, Priestley GV, Wolf
NS. The VLA4/VCAM-1 adhesion pathway defines contrasting
mechanisms of lodgement of transplanted murine hemopoietic
progenitors between bone marrow and spleen. Proc Natl Acad Sci
USA. 1995;92(21):9647-9651.
Scott LM, Priestley GV, Papayannopoulou T. Deletion of
alpha4 integrins from adult hematopoietic cells reveals roles

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

in homeostasis, regeneration,
2003;23(24):9349-9360.

van der Loo JC, Xiao X, McMillin D, Hashino K, Kato I, Williams DA.
VLA-5 is expressed by mouse and human long-term repopulating
hematopoietic cells and mediates adhesion to extracellular matrix
protein fibronectin. J Clin Invest. 1998;102(5):1051-1061.

Arroyo AG, Yang JT, Rayburn H, Hynes RO. Differential require-
ments for alpha4 integrins during fetal and adult hematopoiesis.
Cell. 1996;85(7):997-1008.

Messinger Y, Chelstrom L, Gunther R, Uckun FM. Selective hom-
ing of human leukemic B-cell precursors to specific lymphohema-
topoietic microenvironments in SCID mice: a role for the beta 1
integrin family surface adhesion molecules VLA-4 and VLA-5. Leuk
Lymphoma. 1996;23(1-2):61-69.

Gu YC, Kortesmaa J, Tryggvason K, et al. Laminin isoform-specific
promotion of adhesion and migration of human bone marrow pro-
genitor cells. Blood. 2003;101(3):877-885.

Derecka M, Herman JS, Cauchy P, et al. EBF1-deficient bone
marrow stroma elicits persistent changes in HSC potential. Nat
Immunol. 2020;21(3):261-273.

Probst K, Stermann J, von Bomhard |, et al. Depletion of col-
lagen IX alphal impairs myeloid cell function. Stem Cells.
2018;36(11):1752-1763.

Fernandez M, Minguell JJ. G-CSF regulates the expression of
mRNA for collagen type VI and collagen VI production in human
bone marrow stromal cells. Hematology. 1997;2(3):219-227.
Koenigsmann M, Griffin JD, DiCarlo J, Cannistra SA. Myeloid and
erythroid progenitor cells from normal bone marrow adhere to
collagen type I. Blood. 1992;79(3):657-665.

Klein G, Miiller CA, Tillet E, Chu ML, Timpl R. Collagen type VI in
the human bone marrow microenvironment: a strong cytoadhe-
sive component. Blood. 1995;86(5):1740-1748.

Klein G, Kibler C, Schermutzki F, Brown J, Miiller CA, Timpl R. Cell
binding properties of collagen type XIV for human hematopoietic
cells. Matrix Biol. 1998;16(6):307-317.

Wang A, Midura RJ, Vasanji A, Wang AJ, Hascall VC. Hyperglycemia
diverts dividing osteoblastic precursor cells to an adipogenic path-
way and induces synthesis of a hyaluronan matrix that is adhesive
for monocytes. J Biol Chem. 2014;289(16):11410-11420.

Avigdor A, Goichberg P, Shivtiel S, et al. CD44 and hyaluronic acid
cooperate with SDF-1 in the trafficking of human CD34+ stem/
progenitor cells to bone marrow. Blood. 2004;103(8):2981-2989.
Seki M, Kameoka J, Takahashi S, et al. Identification of tenascin-C
as a key molecule determining stromal cell-dependent erythropoi-
esis. Exp Hematol. 2006;34(4):519-527.

Klein G, Beck S, Miiller CA. Tenascin is a cytoadhesive extracellu-
lar matrix component of the human hematopoietic microenviron-
ment. J Cell Biol. 1993;123(4):1027-1035.

Ohta M, Sakai T, Saga Y, Aizawa S, Saito M. Suppression of
hematopoietic activity in tenascin-C-deficient mice. Blood.
1998;91(11):4074-4083.

Ellis SL, Heazlewood SY, Williams B, et al. The role of Tenascin Cinthe
lymphoid progenitor cell niche. Exp Hematol. 2013;41(12):1050-1061.
Nakamura-Ishizu A, Okuno Y, Omatsu Y, et al. Extracellular ma-
trix protein tenascin-C is required in the bone marrow micro-
environment primed for hematopoietic regeneration. Blood.
2012;119(23):5429-5437.

and homing. Mol Cell Biol.

How to cite this article: Correa-Gallegos D, Jiang D,

Rinkevich Y. Fibroblasts as confederates of the immune
system. Immunol Rev. 2021;00:1-16. https://doi.org/10.1111/
imr.12972



https://doi.org/10.1111/imr.12972
https://doi.org/10.1111/imr.12972

