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Preface

The concept for this book arose as a result of growing interest in the investigation of 
non-hematopoietic stromal cells and their impact on immune responses. Through 
interactions during diverse doctoral and postdoctoral research programmes spanning 
several years at the University of York, the University of Cambridge and the 
University of Oxford, we recognised a need for a cohesive group to bring together 
scientists interested in the concepts underlying stromal immunology, and the 
Stromal Immunology Group (StIG) was born.

Having organised several successful international StIG conferences, we felt that 
a missing part of the picture was an advanced book comprising a collection of writ-
ings from leaders in stromal immunology that could act as a primer for professional 
researchers new to this specialist field. This book would also provide support for the 
teaching of graduate and undergraduate students in science and medicine.

What follows is the collected work of scientists and physicians from across the 
world, all of whom share a belief in the huge potential for research into stromal 
immunology to contribute to medical research. Topics covered range from the inter-
action between leukocytes and lymph node stromal cells, inflammatory responses of 
mesenchymal stem cells and fibroblasts to the key roles of stromal cells in response 
to infection, the tumour microenvironment and the healthy and inflamed intestine. 
Important avenues for future research are addressed, as are the uses of advanced cell 
culture systems for the investigation of human tissue stromal cell function and stro-
mal cell targeting for therapeutic benefit.

Numerous studies have addressed the significant therapeutic potential of exploit-
ing stromal cells in combating disease. Pancreatic cancer, for example, and specifi-
cally pancreatic ductal adenocarcinoma (PDAC), is a stromal-rich, lethal malignancy 
fundamentally resistant to standard of care therapies. Much work has been carried 
out targeting the desmoplasmic nature of PDAC, particularly the cancer-associated 
fibroblast and endothelial cell containing component. Whilst strategies aimed at 
depleting these cell types to aid drug perfusion and immune cell infiltration work 
well in murine models, the translatability of such approaches remains in question.

This approach is not limited to pancreatic cancer. Many other stromal-rich 
tumours which employ a highly desmoplastic stroma as a physical barrier to immune 
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cell infiltration could be treated in such a way. Breast, prostate, and colon cancer all 
recruit and influence their tumour microenvironment in order to regulate immune 
escape, promote metastasis and aid progression. These cancers, and more recently 
others such as non-small cell lung carcinoma, are put through a prognostic test 
evaluating their tumour:stroma ratio and the outcome is used to successfully predict 
prognosis and the chances of relapse. Soon, tools such as the tumour:stroma ratio 
measurement could serve as an influencing factor on suggested treatment and 
whether targeting the stroma is a valid approach for those specific diseases.

Similarly, gaining a deeper understanding of specific mediators of stromal cell 
activation in chronically inflamed tissue – such as the recent discovery of Oncostatin 
M as a driver of intestinal stromal cell activation during inflammatory bowel dis-
ease – may lead to the identification of novel therapeutic axes that can be targeted 
to revolutionise therapy for patients with these debilitating inflammatory 
conditions.

We hope that this introduction to advanced concepts in stromal immunology 
serves as a useful, stimulating and enjoyable tool for those with an interest in 
learning more about this exciting area of immunology, and we look forward to 
seeing the field expand and grow over the coming years.

And remember, ‘It’s all about the Stroma’

Oxford, UK� Benjamin M.J Owens  
Hertfordshire, UK
Cambridge, UK � Matthew A. Lakins 

Preface
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Chapter 1
Leukocyte-Stromal Interactions Within 
Lymph Nodes

Joshua D’Rozario, David Roberts, Muath Suliman,  
Konstantin Knoblich, and Anne Fletcher

Abstract  Lymph nodes play a crucial role in the formation and initiation of immune 
responses, allowing lymphocytes to efficiently scan for foreign antigens and serving 
as rendezvous points for leukocyte-antigen interactions. Here we describe the major 
stromal subsets found in lymph nodes, including fibroblastic reticular cells, lym-
phatic endothelial cells, blood endothelial cells, marginal reticular cells, follicular 
dendritic cells and other poorly defined subsets such as integrin alpha-7+ pericytes. 
We focus on biomedically relevant interactions with T cells, B cells and dendritic 
cells, describing pro-survival mechanisms of support for these cells, promotion of 
their migration and tolerance-inducing mechanisms that help keep the body free of 
autoimmune-mediated damage.

Keywords  Stromal cells · Lymph nodes · Fibroblasts · FRCs · Lymphoid fibro-
blasts · Lymphatic endothelium · Endothelial cells · LECs · Stromal Immunology · 
Podoplanin · Non-haematopoietic

1.1  �Introduction

Lymph nodes are the most prevalent secondary lymphoid organ (SLO), contained in 
the neck, armpits, lungs, abdomen, collarbone, knee and groin regions [1]. They 
range in size from a few millimetres to over 2 cm and enlarge significantly under 
certain conditions involving immune activation, such as infection or cancer [1, 2].

J. D’Rozario · K. Knoblich (*) · A. Fletcher (*) 
Department of Biochemistry and Molecular Biology, Monash University,  
Clayton, VIC, Australia 

Institute of Immunology and Immunotherapy, University of Birmingham,  
Birmingham B15 2TT, United Kingdom
e-mail: konstantin.knoblich@monash.edu; anne.l.fletcher@monash.edu 

D. Roberts · M. Suliman 
Institute of Immunology and Immunotherapy, University of Birmingham,  
Birmingham B15 2TT, United Kingdom

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-78127-3_1&domain=pdf
mailto:konstantin.knoblich@monash.edu
mailto:anne.l.fletcher@monash.edu


2

Lymph nodes are structurally organised and contain a cortex, paracortex and 
medulla, which are separated into different regions to allow the movement of lymph 
through the organ [3]. The cortex is situated beneath the capsule and subcapsular 
sinus with B lymphocytes and follicular dendritic cells contained within follicles 
present in the cortical region [4]. The paracortex lies deeper within the lymph node 
structure with T lymphocytes homing to these regions to interact with antigen-
presenting cells [4]. The medulla consists of B lymphocytes and macrophages dis-
persed within medullary cords which allow for the movement of lymph from the 
cortex into efferent lymphatic vessels [4]. This structure allows for antigen-bearing 
antigen-presenting cells (APCs) and lymphocytes to efficiently interact within the 
lymph node, enabling an appropriate immune response against an invading patho-
gen [5]. The microenvironment of the lymph node is crucial for immune function 
and consists of endothelial cells lining lymphatics and blood vessels and fibroblastic 
reticular cells which create the internal reticular structure of lymphoid organs [6].

Lymph, which may bear soluble antigen, enters the lymph node through afferent 
lymphatic vessels, where it empties into the subcapsular sinus and then traverses 
through the medullary sinuses surrounding the medullary cords to interact with B 
cells [4]. The lymph filters though the cortex where it exits via the efferent lym-
phatic vessels contained in the hilus [4]. Dendritic cells (DCs) actively migrate into 
the lymph node via afferent lymphatics [7]. Dendritic cells then migrate to paracor-
tical T cell zone using stromal cells as a scaffold for migration [8]. B and T cells also 
use the stroma to migrate, entering lymph nodes from the bloodstream through spe-
cialised high endothelial venules [9]. Following entry, B cells move to the B cell 
follicles in the cortex, while T cells move to the paracortical T cell zone where they 
can begin scanning arriving APCs for their cognate antigen [8, 10, 11].

Structural components of the lymph node are now broadly appreciated as pri-
mary regulators of the adaptive immune response [10, 12–26]. These lymphatic 
structural components, termed lymph node stromal cells (LNSCs), comprise of non-
haematopoietic cells that can be divided into functionally and phenotypically dis-
tinct subsets based on surface expression of glycoproteins CD31 and podoplanin 
(gp38) with an absence of haematopoietic marker CD45 [14]. These include blood 
endothelial cells (BECs), lymphatic endothelial cells (LECs), integrin α7+ pericytes 
(IAPs), follicular dendritic cells (FDCs) and fibroblastic reticular cells (FRCs) [14, 
22, 27]. These stromal cells play a variety of roles in lymph node homeostasis and 
function, as they interact with lymphocytes to create an optimal microenvironment 
for cell activation and migration.

1.2  �Fibroblastic Reticular Cells (FRCs)

Selectable markers: Gp38+, CD31-, ER-TR7+, LTβR+, desmin+, aSMA+
FRCs are myofibroblasts that have evolved to create a specialised microenviron-

ment within lymph nodes. FRCs are heterogeneous and exist in different niches 
within the lymph node, fulfilling unique immunoregulatory roles [27] (Table 1.1, 
Fig. 1.1a–f).

J. D’Rozario et al.
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1.2.1  �Structural Roles

FRCs play crucial roles in secreting extracellular matrix components and forming a 
cellular meshwork to give the lymph node strength, flexibility and structure [8, 14, 
22, 28–30].

While not a focus of this review, as a general characteristic, FRCs secrete a broad 
array of extracellular matrix components, including collagens and laminins, 
decorin, biglycan, fibromodulin and vitronectin, to maintain the lymph node struc-
ture [8, 14, 22] (Fig. 1.1d).

T zone resident FRCs facilitate leukocyte migration and priming by supporting 
and secreting a 3D conduit network to maintain the lymph node microenvironment 
[8, 14, 30–32]. Conduits are microtubules created by FRCs, which secrete constituent 

Table 1.1  Lymph node FRC subsets

FRC 
subtype Characteristics Phenotype Function References

T cell zone 
reticular 
cells 
(TRCs)

Secretion of CCL19,CCL21 
and IL-7 within paracortex

PDPN+, 
desmin+, 
MAdCAM-, 
CCL19+, 
CCL21+

Maintaining T cell 
homeostasis
Forming conduit 
network
Allowing 
lymphocytes to 
migrate and 
interact efficiently 
on the 3D 
meshwork

[8, 11, 14, 
22, 30, 33, 
36]

B cell zone 
reticular 
cells 
(BRCs)

Located in (resident) or near 
(inducible) B cell follicles. 
They secrete BAFF and are 
induced during inflammation 
to produce CXCL13

Resident cells: 
PDPN+, 
CCL19+, BAFF+
Inducible cells: 
PDPN+, 
CXCL13+

Supporting B cell 
survival and 
follicle boundary 
integrity

[24, 25, 37, 
38]

Marginal 
reticular 
cells 
(MRCs)

Located in subcapsular 
region
Not found in tertiary 
lymphoid organs

PDPN+, desmin, 
MADCAM1, 
IL-7Hi, 
CXCL13+, 
RANKLHi

Produce very high 
levels of IL-7. 
Precursor cell type 
for FDCs within 
lymph nodes

[39–41]

Follicular 
dendritic 
cells 
(FDCs)

Within lymph nodes, FDCs 
develop from MRCs but are 
nonetheless highly distinct 
from other FRC types. 
Located within primary and 
secondary B cell follicles. 
Secretion of CXCL13

CD21+, CD35+, 
MFGE8+, 
CXCL13+, 
ICAM1+, 
VCAM1, BAFF+

Maintains 
germinal centre 
integrity. 
Facilitates the 
production of 
high-affinity 
antibodies

[41, 42]

Pericytic 
FRCs

Surrounds HEVs
PDPN signals to CLEC-2 on 
platelets to maintain 
endothelial integrity

PDPN+ Prevents bleeding 
from HEVs into 
lymph nodes

[34]

Medullary 
FRCs

Associated with plasma 
cells and macrophages

PDPN+ Poorly studied [4]

1  Leukocyte-Stromal Interactions Within Lymph Nodes
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basement membrane components and ensheath them. They permit low-molecular-
weight molecules arriving via lymphatics to permeate quickly into the T cell zone 
to access resident dendritic cells (DCs) [30, 32, 33]. This allows DCs to rapidly 
process and present antigen to scanning T cells, permitting speedy initiation of an 
adaptive immune response. FRCs also surround high endothelial venules (HEVs) 
where they maintain the blood-lymph barrier by signalling to CLEC2 expressed by 
infiltrating blood-borne platelets, via the FRC-expressed glycoprotein ligand podo-
planin [34]. CLEC-2 signalling induces the release of sphingosine-1-phosphate 
from the platelet surface, which regulates the binding strength of endothelial cells 
through VE-cadherin junctions [34].

T

CCL19
CCL21

II
CCR7+

T cell and DC 
a�rac�on

B

BAFF

Y

BAFF-R+

B and  T  cell survival

IL-7

IL-7-R+
T
II

B

CXCL13

Y
CXCR5+

B cell and ILC3 
a�rac�on

ILC3

Conduit and ECM network

O O

O

O
O

O

O

O O

Primary B cell follicle (B)

T cell zone
(A, B, D, E)

Subcapsular &
perifollicular zone (C)

Perivascular
Zone (F)

A.

DC migra�on

Pdpn+

E.D.

C.

Platelet

P
PDPN CLEC2

SYK

S1P

VE Cadherin
junc�ons

HEVFRC

SIP1R1

F.

HEV integrity

B.

Medulla

D’Rozario et al.

Fig. 1.1  FRC subsets reside in different lymph node niches and fulfil distinct functions. (a) T zone 
FRCs produce CCR7 ligands CCL19 and CCL21, which promote migration of naïve T cells and 
dendritic cells [8, 11]. (b) Within primary B cell follicles, B zone FRCs produce BAFF to promote 
the survival of naïve B cells [24], while within the paracortex, T zone FRCs produce IL-7 to pro-
mote the survival of naïve T cells [14]. (c) Within the subcapsular zone, marginal reticular cells 
produce CXCL13 to interact with innate lymphoid-like cells [39]. In the perifollicular zone close 
to primary B cell follicles, during inflammation some FRCs inducibly express CXCL13 to facili-
tate B cell follicle expansion [37]. (d) FRCs within the T zone create the conduit network through 
secretion of basement membrane and other extracellular matrix components [8, 14, 22, 33]. (e) T 
zone FRCs drive DC migration via signalling through DC-expressed CLEC-2, which binds podo-
planin expressed by FRCs [56]. (f) In the perivascular zone, FRCs maintain the blood-lymph bar-
rier by responding to infiltrating platelets. Platelets express CLEC-2, which binds podoplanin on 
FRCs, delivering a SYK-mediated signalling cascade that results in release of sphingosine-1-
phosphate-1 from platelet surfaces, which binds S1P1-receptor on high endothelial venules, stimu-
lating upregulation of VE-cadherin, which tightens endothelial cell junctions and prevents further 
nontargeted cell and liquid influx from the bloodstream [34]

J. D’Rozario et al.
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In response to infection or inflammation, FRCs dynamically regulate lymph 
node expansion and contraction through expression of podoplanin, which maintains 
actomyosin contractility under homeostatic conditions and permits relaxation when 
it binds its ligand CLEC-2, expressed by DCs during inflammation [28, 29]. FRCs 
also proliferate during inflammation [28, 29, 35]. These dual mechanisms allow the 
lymph node to dynamically respond to and accommodate changing numbers of 
lymphocytes during activation and contraction phases of the immune response [28, 
29, 35].

These important structural roles for FRCs are briefly discussed here but have 
been reviewed in detail elsewhere [22, 27].

1.2.2  �Interactions with T Cells

1.2.2.1  �Provision of Migration and Survival Factors

FRCs exist throughout the paracortical T cell zone; accordingly, interactions with T 
cells have been most closely studied. Chemotactic factors secreted from paracorti-
cal FRCs create the T cell zone by attracting naïve T cells and antigen-presenting 
cells (APCs) allowing them to initiate an immune response [10, 11, 14, 43]. This 
occurs through secretion of CCL19 and CCL21, which signal to CCR7 expressed 
by naïve T cells, leading to their migration through the lymph node [8, 10, 43, 44] 
(Fig. 1.1a).

T zone FRCs have also been shown to promote the survival and turnover of naïve 
lymphocytes via the secretion of T cell survival and growth factor IL-7 [14] 
(Fig. 1.1b). The secretion of this factor regulates and maintains the naïve CD4+ and 
CD8+ T lymphocyte pool within the lymph node ready for cell priming [14].

These effects of FRCs are particularly relevant to naïve T cells, since activated T 
lymphocytes within the lymph node are retained and can continue to function when 
FRCs are depleted [25].

1.2.2.2  �Suppressive Tolerance

FRCs are capable of robustly suppressing CD8+ T cell proliferation early after their 
activation [19–21] (Fig. 1.2a).

Early after activation, T cells secrete inflammatory cytokines interferon gamma 
(IFN-γ) and tumour necrosis factor alpha (TNF-α), which stimulate FRCs to secrete 
nitric oxide (NO). NO acts in a paracrine manner on T lymphocytes curbing their 
proliferation [19–21]. NO is a highly pleiotropic molecule which facilitates many 
metabolic and immunologic pathways within the body [45]. Activated T cell-derived 
factors increase NO-producing enzyme nitric oxide synthase 2 (NOS2) mRNA and 
protein levels in FRCs leading to the release of NO [19–21]. Accordingly, NOS2−/− 
FRCs are unable to mediate T cell suppression [19–21]. Cyclooxygenases 1 and 2 

1  Leukocyte-Stromal Interactions Within Lymph Nodes
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(COX1 and 2) in conjunction with NO2 expression have been hypothesised to play 
a potential role in T cell suppression, though further study is required [21].

This mechanism functions in vivo [20], though the immunological reach is still 
poorly understood.

Lymph node stromal cells may also induce tolerance in CD4+ T cells types 
through expression of MHC class II and associated antigen presentation pathway 
molecules under steady state and inflammatory conditions [22, 23, 26]. This theory 
has been reinforced by the ability of lymph node stromal cells to tolerise CD4+ T 
cells through the presentation of self-antigens via peptide-MHC class II expression 
[23, 26] and to induce homeostatic Treg proliferation [23]. In vitro data suggest that 
FRCs, LECs and BECs may acquire MHC II molecules from dendritic cells through 
cell-to-cell contact [26].

A

B

Fibroblastic 
reticular cell

Lymphatic 
endothelial cell

Dendritic cell

T cell

2. Nitric oxide release
curbs T cell 
proliferation

1. IFN-γ,  
TNF-α

NOS2 
expression

CD4

T cell receptor specificity for peptide/MHC = deletion

Low/no T cell receptor specificity for peptide/MHC = survival

T cell receptor specificity for peptide/MHC = deletion

Low/no T cell receptor specificity for peptide/MHC = survival

D’Rozario et al.

CD4

CD8

CD8

CD8

CD8

CD8

CD8

Fig. 1.2  Lymph node stromal cells impose suppressive and deletional tolerance. (a) Newly acti-
vated CD8+ T cells produce IFN-γ, TNF-α and an unidentified signal, which induce FRCs to 
increase expression of enzyme nitric oxide synthase 2 (NOS2) and produce nitric oxide (NO). 
FRC-derived NO acts on the T cell population to curb proliferation [19–21]. LECs are similarly 
capable of releasing NO to curb T cell proliferation [20]. (b) LECs and FRCs present endoge-
nously expressed tissue-restricted antigens on MHC class I molecules to CD8+ T cells and delete 
T cells that respond with sufficient affinity [17, 18]. Similar mechanisms involving MHC class 
II-dependent antigen presentation are likely to operate for CD4 T cells [23, 26]

J. D’Rozario et al.
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1.2.2.3  �Deletional Tolerance

T cell tolerance induction by lymphoid stromal cells was first noted by Lee et al. 
[13], who showed that CD8+ T cells expressing a TCR reactive to ovalbumin (OVA) 
were specifically tolerised following interactions with lymph node stromal cells 
expressing OVA and that this prevented mice that expressed OVA in the gut (iFABP-
tOVA) from developing autoimmunity. It was then shown that this response was due 
to FRCs and that FRCs could directly present self-antigen to T cells via MHC class 
I [18] (Fig. 1.2b), demonstrating that FRCs were capable of deleting autoreactive T 
cells and preventing autoimmunity. PD-1−/− T cells or PD-L1-blocking antibodies 
have been used to interfere with tolerance mechanisms in the iFABP-tOVA model, 
causing autoimmune enteritis [46].

FRCs were shown to express an array of organ-specific and tissue-restricted anti-
gens [17, 18]. Tissue-restricted antigens (TRAs) are self-antigens native to periph-
eral tissues and organs and expressed at low levels within lymphoid organs for the 
purpose of educating the immune system for tolerance induction [47]. A major 
regulator of TRA expression in the thymus is the autoimmune regulator gene (Aire) 
[47]. However, in non-haematopoietic lymph node stromal subsets, Aire is not 
expressed [18]. It has been shown in human and murine tissues that increased 
expression of the Aire-like protein DEAF-1 correlates with peripheral tissue antigen 
(PTA) expression [48]. While other factors may simultaneously exist, these results 
suggest a role of the DEAF-1 gene in regulating lymphatic PTA expression, which 
requires further elucidation.

1.2.2.4  �Systemic Effects of Interactions with T Cells

The depletion of FRCs has been shown to significantly attenuate cell-mediated 
immunity, as FRCs are required for the initiation of antiviral immune responses [25, 
49]. In conditional FRC knockout models (DM2 BAC transgenic/FAP-DTR mice), 
naïve T and B lymphocytes were significantly depleted resulting in poor T and B 
cell-mediated immune responses during influenza A virus infection [25].

Similarly, the CCL19-Cre × Ltbr−/− mouse, which has an abnormal FRC network 
low in podoplanin, CCL19, CCL21 and IL-7, was unable to clear systemic lympho-
cytic choriomeningitis virus (LCMV) or mouse hepatitis virus showing a requirement 
for full FRC maturity [49]. These mice showed a 60–70% depletion of T cells and 
were unable to clear the viral infections by day 10 compared to control mice [49].

CCL19-Cre × iDTR mice, which are susceptible to inducible depletion of FRCs 
upon administration of diphtheria toxin, exhibited the loss of naïve CD4+ and CD8+ 
T cells within the lymph node during FRC ablation, as immunisation of mice with 
inactive influenza A virus led to an impairment of T cell priming and proliferation, 
with deterioration of antiviral T cell responses [24].

Furthermore, transplantation of IL-7Cre × R26-EYFP mice lymph nodes into 
C57BL/6 mice have shown that FRCs play a crucial role in providing IL-7 to ini-
tialise successful reformation of lymph node structure after avascular transplanta-
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tion [50]. IL-7 derived from FRCs was also shown to promote T cell 
immunocompetence leading to structural adaptation of the lymph node microenvi-
ronment following systemic viral infection [50]. Damage to FRCs in clinical set-
tings, in particular HIV infection, causes profound T cell immunodeficiency 
independent of viral load [51, 52].

1.2.3  �Interactions with B Cells

FRCs in primary B cell follicles produce B cell-activating factor (BAFF) [24], a 
cytokine which drives the proliferation and maturation of B cells [53]. The produc-
tion of this cytokine within primary follicles provides a favourable niche for B lym-
phocytes to develop [24] (Fig. 1.1b). Accordingly, FRC depletion has been shown 
to reduce the pool of naive B cells within lymph nodes [24, 25].

FRCs in the perifollicular zone have been shown to produce CXCL13 during 
infection, enabling the B cell follicle to expand and provide a favourable microen-
vironment for B cell activation and maturation [37, 54] (Fig. 1.1c). Inflammation 
was initiated by the injection of complete Freund’s adjuvant into the ears of mice, 
and interactions with B cell zone reticular cells were analysed in ear-draining lymph 
nodes [37]. During systemic inflammation, B cells entered T zone areas of the 
lymph node in response to CXCL13 expressing B cell zone reticular cells, to expand 
the B follicle region [37].

1.2.3.1  �Systemic Effects of Interactions with B Cells

Cremasco et al. [24] portray the loss of FRCs as detrimental to humoral immunity 
with immunisation with an inactivated influenza A virus leading to a reduction in 
influenza-specific immunoglobulin M in conditional FRC knockouts (CCL19-
Cre × iDTRfl/fl mice) compared to control mice. In addition, these mice also exhib-
ited impaired B cell viability and poor B cell follicle organisation, suggesting a 
systemic FRC importance in humoral immune responses.

In mouse graft-versus-host disease (GVHD) models, CD157+ FRC damage has 
been shown to impair IgG and IgA humoral immune responses to subcutaneous and 
oral antigens as B cell follicles are disrupted following FRC reduction [55].

1.2.4  �Interactions with Dendritic Cells

Lymph node stroma has been shown in vivo to promote DC motility into and within 
the lymph node via the interactions between FRCs or LECs bearing podoplanin and 
activated DCs expressing Clec-2 [56]. Using Clec1b (CLEC-2) −/−foetal liver chi-
meras compared to wild type, it was shown that CLEC-2+ DCs navigate from 
parenchymal tissues to lymphoid organs by migrating along stromal scaffolds that 
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display the glycoprotein podoplanin [56]. Activation of CLEC-2 by podoplanin 
downregulates RhoA activity and phosphorylation of myosin light chains, causing 
cell spreading, and induces formation of protrusions through Vav signalling and 
activation of Rac1 [56]. Together these mechanisms promote DC motility across 
LEC and FRC stromal surfaces to allow antigen-bearing DCs to reach the lymph 
node and migrate within it in search of antigen-specific T cells.

Recent work highlights an important role for DCs in maintaining FRC survival 
and proliferation. DCs directly maintain FRC survival through provision of lym-
photoxin ligands, which bind lymphotoxin beta receptor (LTbR) on FRCs, which 
upregulates podoplanin, in turn providing survival stimulus through maintenance of 
integrin-mediated adhesions [57]. Chyou et  al. [58] showed that the initiation of 
FRC proliferation early in infection does not require DCs but that DCs induce FRCs 
to upregulate VEGF, which drives expansion of BECs and LECs. Yang et al. [35] 
revealed that DCs play an important indirect role in initiating FRC proliferation, by 
inducing naïve lymphocyte trapping within the lymph node early after infection is 
sensed. Moreover, various chains of MHC class II molecules were shown to become 
upregulated under inflammation on LECs, FRCs and BECs [22, 23, 26]. This sug-
gests that subsets of LNSCs may be transcribing MHC class II molecules and/or 
receiving peptides from antigen-presenting cells, demonstrating a further encom-
passing role of LNSCs in innate immune responses.

1.2.5  �Direct Detection of Inflammatory Stimuli 
and Interactions with Other Immune Cells

FRCs may be involved in the detection of lymph-borne infection or inflammatory 
signals via the expression of genes associated with pattern recognition toll-
like receptors (TLRs) 3 and 4 [18, 22]. As TLRs respond to foreign pathogens by 
alerting the immune system, this data suggests that FRCs may directly detect viruses 
and bacteria. This idea has been reinforced by various studies which have docu-
mented the (direct or indirect) activation of LECs and FRCs via the usage of viral 
and bacterial immunostimulants or analogues which interact with TLR 3 and TLR 
4 [18, 22, 28, 29, 35, 59].

The upregulation of chemoattractants and regulatory factors associated with the 
innate immune response has also been identified by transcriptional analysis of 
LNSCs [22]. FRCs express CXCL1, CXCL10, CCL2, CCL7, IL-33, IL-34, CSF1, 
CCL5 and CXCL9 and also express receptors for type I and II interferons [22].

1.3  �Marginal Reticular Cells

Marginal reticular cells (MRCs) populate the outer regions of the cortex of lymph 
nodes [39]. They are located deep to the floor of the subcapsular sinus (SCS) and are 
phenotypically distinct from T zone fibroblastic reticular cells (FRCs) and follicular 
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dendritic cells (FDCs). MRCs strongly express MAdCAM-1, CXCL13 and RANKL 
[39, 40]. The latter is an essential cytokine for lymph node development [60, 61]. 
However, the markers CCL21 expressed by T zone FRCs and CR1/CD35 expressed 
by FDCs are, respectively, absent or only trace expressed [39], indicating that MRCs 
are indeed a distinct stromal subset to these populations. Phenotypically similar 
groups of reticular cells have been found in other secondary lymphoid organs 
(SLOs), including the spleen and mucosa-associated lymphoid tissues [39, 62]. 
Contrastingly no similar groups of cells have been found in the tertiary lymphoid 
organs (TLOs) [5] associated with chronic inflammation.

During organogenesis, lymph nodes develop from accumulations of mesenchyme 
and haematopoietic cells associated with epithelium or vasculature, known as anla-
gen [63]. The haematopoietic cells are known as lymphoid tissue inducer (LTi) cells 
which bear the phenotype CD45+ CD4+ CD3−. LTi cells interact with the mesen-
chymal cells known as lymphoid tissue organiser (LTo) cells. LTo cells express adhe-
sion molecule (ICAM-1, VCAM-1, MAdCAM-1) and chemokine (CXCL13, 
CCL19, CCL21) profiles upon stimulation by LTi through their secretion of lympho-
toxin (LT)-α1β2 [63, 64]. Subsequently CXCL13 attracts LTi through binding cells 
at its CXCR5 receptor, propagating a positive feedback loop of development [63, 
65–67]. MRCs are thought to be a direct descendent of LTo cells [40]. While yet to 
be proven, supportive evidence includes their similar molecular phenotypes and the 
high concentration of LTo cells and RANKL expression in the outer areas of embry-
onic LNs, which in adult lymph nodes becomes a niche for MRCs [39, 68].

In addition to their embryonic developmental role, the ability of MRCs to give 
rise to FDCs in the adult lymph node has also been demonstrated. The MRCs exhibit 
maturation into a transitional phenotype before evolving into phenotypically mature 
FDCs through a two-step process [41]. FDCs in the spleen arise through other 
mechanisms, developing from perivascular precursors [69].

Immune-stromal interactions of MRCs are still poorly understood. MRCs are 
located in various SLOs adjacent to the primary route of antigenic entry, suggesting 
that they may play a role in the regulation of antigen transportation pathways [39, 
68]. In adult mice, MRCs produce CXCL13 to attract CXCR5+ innate lymphoid-
like cells type 3 (ILC3), which drive lymph node repair and regeneration after dam-
age [50, 70]. CXCL13 is also a B cell chemoattractant, and it has been hypothesised 
that MRCs may be involved in the transport of antigens from the SCS into the B 
follicle or to facilitate the motility of B cells in the outer follicle through their 
expression of adhesion molecules [39].

The cytokines IL-7 and RANKL are both expressed to high levels by MRCs [39, 
68] and are thought to be crucial for lymphoid homeostasis. IL-7 is a naïve T cell 
survival factor suggesting that it is also involved in regulation of T cell survival. In 
an in vitro murine model, the inoculation of mice with LTβR-Fc resulted in disor-
ganisation of the follicular assembly of the white splenic pulp, and the disappear-
ance of MRC layers, demonstrated by a loss of CXCL13 and RANKL staining [68]. 
In lymph nodes, LTβR-Fc downregulated CXCL13 but did not alter RANKL stain-
ing. This indicates that either RANKL expression in lymph nodes is independent of 
LTβR-NIK signalling or that another RANKL-expressing cell type is able to com-
pensate for loss of LTβR ligands within the lymph node [68].
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Their anatomical placement proximal to the inflow tract of antigens in SLOs, 
along with cytokine and chemokine expression, suggests that MRCs have an impor-
tant role in regulating lymphoid function and SLO homeostasis.

1.4  �Lymphatic Endothelial Cells (LECs)

Selectable markers: Gp38+, CD31+, Lyve-1

1.4.1  �Structural and Chemoattractive Role

LECs create afferent and efferent lymphatic vessels, primarily to allow for the entry 
of antigen-presenting dendritic cells and soluble antigens into the paracortex of the 
lymph node [71, 72] and the egress of lymphocytes from the medulla [73]. LECs are 
also contained within medullary sinuses and line the ceiling (cLECs) and the floor 
(fLECs) of the subcapsular sinus [72]. It is thought that because of their prime posi-
tion close to lymph, LECs might also be an early cell type to encounter and present 
antigens by environmental sampling [74]. LECs from different areas of the lymph 
node show differing expression of key surface markers: subcapsular LECs are 
PD-L1hi, ICAM-1hi, MAdCAM-1+ and LTbRlo; medullary LECs are PD-L1hi, 
ICAM-1hi, MAdCAM-1neg and LTbR+; and cortical LECs are PD-L1int, ICAM-
1int, MAdCAM-1neg and LTbR+ [75].

Under inflammatory conditions, LECs direct macrophages and antigen-bearing 
dendritic cells along lymphatics, between LECs lining the subcapsular sinus, into 
the lymph node structure. LECs express podoplanin and similar to FRCs are capable 
of driving DC migration towards and within lymph nodes through signalling to 
CLEC-2 [56] (see Sect. 1.2.4). They produce CCL21 [22] and are thought to regu-
late availability of chemokines such as CCL21 and CCL19 in the subcapsular sinus 
and local parenchymal tissue through expression of scavenging receptors ACKR2 
and ACKR4 [76] (Fig. 1.3a). ACKR2 is a scavenging receptor tasked with removing 
inflammatory cytokines from the cell surface of LECs during inflammation [76]. 
This allows for suppression of immature DCs and other inflammatory cells and 
keeps leukocytes from adhering to LECs. ACKR4 is thought to control the distribu-
tion of CCL19 and CCL21 to assist DC migration through cognate receptor CCR7, 
by maintaining optimal availability of these chemokines [76].

While mouse LECs are able to adhere to plastic like FRCs, human LECs are 
unable to do so indicating a difference in adhesion factors or requirements that is not 
yet understood [77]. This might be a case of gene downregulation, as many as 50% 
of LEC-defining genes were found to be silenced under culture conditions com-
pared to freshly isolated cells [78].
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1.4.2  �Interactions with T Cells and DCs

1.4.2.1  �Provision of Survival Factors

LECs are a robust source of IL-7 and together with FRCs, which also produce IL-7, 
likely to be important regulators of T cell homeostasis [79] (Fig. 1.3a). IL-7 has 
proliferative and anti-apoptotic signalling abilities and is important for T cell 
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Fig. 1.3  Crosstalk between endothelial cell subsets and leukocytes. (a) Lymphatic endothelial 
cells (LECs) produce IL-7 to promote survival of naïve T cells, binding to the IL-7 receptor (IL-
7R) [79]. They express programmed death ligand 1 (PD-L1) which binds PD-1 on T cells. When 
this interaction occurs after T cells recognise self-antigen presented by LECs via MHC class I, 
deletional tolerance is induced [17, 74]. LECs also control leukocyte migration and adhesion 
through expression of atypical cytokine receptor ACKR2, which sequesters inflammatory CC che-
mokines, and ACKR4, which binds CCL19 and CCL21 [107]. (b) High endothelial venules are 
constructed from blood endothelial cells (BECs) expressing peripheral node addressin (PNAd) 
[58]. Naïve leukocytes enter the lymph node through interactions with HEVs. First, they roll and 
loosely tether to the HEV when L-selectin binds PNAd on the HEV. Next, the T cell undergoes 
chemokine-mediated activation when CCL21 and CCL19 secreted into the lumen of the vessel 
bind CCR7. This induces conformational changes to LFA-1, allowing it to undergo tight adhesion 
by binding ICAM-1. Lastly, homeotypic interactions between CD31 and CD99, each expressed by 
both the leukocyte and endothelial cell, position the leukocyte between two endothelial cells, 
where VE-cadherin junctions unzip allowing the leukocyte to move through [84]. (c) BECs 
undergo homeostatic proliferation through signals with FRCs, which produce VEGF, and dendritic 
cells, through mechanisms that may include secretion of IL-1b [58, 93]
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survival in SLOs. In vitro experiments of co-cultures of LECs with T cells or T cells 
with conditioned media from LECs show an improved ability to promote T cell 
survival compared to a similar setup with the addition of anti-IL7 neutralising anti-
body [50].

1.4.2.2  �Suppressive Tolerance

LECs are capable of suppressing the proliferation of newly activated CD4 and 
CD8+ T cells through the production of nitric oxide, similar to FRCs [20] (Fig. 1.2a). 
Under inflammatory conditions, but in the absence of infection, LECs suppress 
maturation of DCs, reducing expression of CD86 and their ability to prime CD8+ T 
cells [80]. This occurred through binding between ICAM-1 on LECs and Mac-1 on 
DCs and is hypothesised to reduce the risk of immune priming under inflammatory 
conditions in the absence of infection [80].

LECs show upregulation of surface MHC class II 18  h after initiation of an 
inflammatory response [22]. This may contribute to CD4 T cell tolerance through 
increased antigen presentation. This upregulation is IFNg dependent [26]. LECs are 
capable of transiently acquiring peptide-MHC class II from DCs in vivo and in vitro, 
directly proportional to the number of DCs present [26]. In the same study, LECs 
were shown to promote apoptosis of CD4+ T cells in an antigen-specific fashion 
[26].

Recently, Hirosue et al. [74] demonstrated that LECs can absorb exogenous OVA 
and will process and cross-present the OVA-derived SIINFEKL peptide fragment to 
CD8+ T cells in vitro [74] (Fig. 1.3a). LECs also upregulated PD-L1, which signals 
to PD-1 expressed by T cells and is a well-known cause of T cell exhaustion under 
conditions of prolonged inflammation (Fig.  1.3a). OVA-specific CD8+ T cell 
activation was impaired; T cells stimulated by LECs made less IL-2 and upregulated 
CTLA-4 earlier than those activated by DCs [74].

1.4.2.3  �Deletional Tolerance

Similar to FRCs, LECs within lymph nodes express a variety of peripheral tissue-
restricted antigens (PTAs), including Deaf-1 controlled Ins2 and Ppy [48, 81], 
though FRCs and LECs do not express identical arrays of PTAs [17, 18]. PTA 
expression by tolerance-inducing cells, such as LECs, is pivotal to delete T cells 
reactive to endogenous antigens expressed in relatively few tissues. Cohen et  al. 
[17] showed using an endogenous melanocyte-specific self-antigen derived from 
tyrosinase that LECs directly presented self-antigen to Tyr-specific CD8+ T cells, 
deleting those that respond and purging the repertoire of autoimmune clones 
(Figs. 1.2b and 1.3a). In contrast, LECs indirectly induce CD4+ T cell anergy by 
presentation of PTAs to DCs [82], showing that LECs utilise different mechanisms 
of tolerance induction for CD4+ and CD8+ T cells.
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In the thymus, Aire controls the expression of PTAs, but in lymph node stromal 
cells, Aire is not expressed [18]. However, studies in NOD mice demonstrate that 
PTA genes that are Aire-controlled in the thymus, such as Ambp, Fgb and Ppy, are 
regulated by the transcription factor Deaf-1  in the lymph node [48], which is 
expressed by LECs as well as FRCs [18]. During the progression of diabetes, alter-
native splicing of Deaf-1 occurs reducing PTA expression in mice and humans, but 
the effect of alternative splicing and PTA expression with respect to development of 
diabetes and other diseases is yet to be determined [48].

LECs do not express CD80, CD86, OX40L, 4-1BBL or CD70. These are essen-
tial molecules to drive accumulation of activated T cells, and their lack of costimu-
latory molecule expression may help account for their ability to delete naïve 
autoantigen expressing T cells. However, LECs express high levels of PD-L1, a 
molecule associated with deletion of tolerance-specific CD8+ T cells [17, 75].

Lymph node LECs were unique in their high expression of PTAs and PD-L1, 
compared with LECs in peripheral tissues such as the diaphragm and colon, show-
ing that the lymph node microenvironment is uniquely specialised for tolerance 
induction [75].

1.5  �Blood Endothelial Cells (BECs)

Selectable markers: Gp38-, CD31+, ICAM-1+

1.5.1  �Transendothelial Migration

BECs facilitate the migration of naïve lymphocytes into lymph nodes by forming 
specialised postcapillary venules known as high endothelial venules (HEVs) [3]. 
BECs comprising HEVs show a distinctive cuboidal morphology supported by a 
basement membrane and have been shown to play a specialised role in allowing 
lymphocyte entry to SLOs through the process known as diapedesis, transendothe-
lial migration or leukocyte extravasation (Fig. 1.3b). Migration into lymph nodes 
does not require inflammation, but bears similarities with migration of leukocytes to 
inflamed sites [83]. HEVs act as gatekeepers for lymph nodes by creating pockets 
holding newly arrived lymphocytes until space in the parenchyma becomes avail-
able, granting entry at a rate proportionate to egress from the lymph node [9].

During cell circulation, naïve T and B cells enter the medulla by squeezing 
between tightly adherent endothelial cells forming high endothelial venules (HEVs). 
The process of slowing down and breaching the endothelial barrier involves well-
characterised interactions including leukocyte rolling, activation, adhesion and 
intraluminal crawling [84], which involve targeted interactions between endothe-
lium and T cells [85] (Fig. 1.3b).
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L-selectin is a primary mediator of rolling and loose attachment to HEVs. During 
inflammation, cytokines also upregulate expression of P-selectin and E-selectin by 
HEVs [3]. L-selectin binds peripheral node addressin (PNAd), referring to a group 
of sialomucins including CD34, podocalyxin, endomucin and nepmucin (mice and 
humans), as well as Glycam-1 (mice only). PNAd is expressed only by BECs com-
prising HEVs [58]. These glycoproteins are heavily sialylated, fucosylated and sul-
phated, in part through the activity of HEV-restricted GlcNAc-6-sulfotransferase 
[86]. Next, lymphocytes undergo integrin-mediated arrest primarily involving 
LFA-1 [87], binding endothelial ICAM-1 molecules, which cluster beneath the T 
cell to anchor it. Signalling to ICAM-1 also initiates intracellular processes that 
prepare endothelial cells for transendothelial migration. Next, PECAM (CD31) and 
CD99, each expressed by both leukocytes and endothelial cells with homophilic 
affinity, arrest leukocytes near the junction of adjacent endothelial cells [84]. Loss 
of CD31 arrests leukocytes at the junction, while loss of CD99 arrests leukocytes 
after they have begun to enter the junction [84]. Lastly, adherens junctions joining 
endothelial cells are disassembled through phosphorylation of VE-cadherin, which 
occurs downstream of ICAM-1 signalling and SHP2 recruitment [84] (Fig. 1.3b).

In mice, but not humans, BECs produce CCL21, which assists with arrest of roll-
ing lymphocytes by binding G protein-coupled receptor CCR7 expressed by naïve 
T cells [3, 88] and may drive lymphocyte migration across the HEV barrier into the 
paracortex [89]. During inflammation, lymphatics bring an influx of pro-
inflammatory chemokines including CCL2 and CXCL9, which are transported 
through conduits to the HEV lumen to increase the influx of T cells, B cells, NK 
cells and monocytes [3].

HEV barriers into the lymph node are thought to be regulated by atypical cyto-
kine receptor 1 (ACKR1) that is responsible for the transport of chemokines in vivo. 
However, more experimental evidence is needed to substantiate this theory, as 
knockout ACKR1 knockout mice exhibit a varied phenotype [76].

1.5.2  �BEC Proliferation and Homeostasis

Mice with endothelial cell-specific ablation of LTbR (VE-cadherin-Cre × Ltbr fl/fl) 
showed reduced lymph node formation, altered HEV phenotype and a reduction of 
lymphocytes entering lymphatic organs [90]. Endothelial cells lost their cuboidal 
shape and polarisation with reduced ICAM-1 expression. An overall reduction in 
homing of lymphocytes was recorded, but T cell motility once inside the lymph 
node was not affected [90]. BECs have also been shown to increase in number dur-
ing inflammation and are responsible in maintaining vascular integrity and haemo-
stasis [34, 35, 91, 92].

Like FRCs and LECs, BECs are also important for network remodelling of the 
lymph node. Stromal proliferation is common for FRCs, LECs and BECs upon 
infection, and FRCs and HEV BECs appear to begin proliferating simultaneously as 
early as 2 days postinfection [58]. FRCs are the highest producers of vascular endo-
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thelial growth factor (VEGF) and are likely to contribute to growth of BECs through 
this molecule [58] (Fig. 1.3c).

DCs also regulate HEV phenotype and function (Fig. 1.3c). Webster et al. [93] 
showed that mice depleted of DCs (CD11c-DTR mice) showed a significant 
decrease in lymph node size and endothelial cell proliferation after injection of 
OVA/CFA, compared to controls. In addition, RAG1−/− mice that exhibit decreased 
cellularity and basal levels of endothelial cells still showed size increase of lymph 
nodes upon injection of bone marrow-derived DCs [93]. IL-1β is thought to play a 
partial role in in inducing endothelial cell proliferation by DCs, but not T and B 
cells, though other factor are yet to be identified [94]. Subsequent studies also show 
that T and B cells, while dispensable in initial endothelial proliferation, play a major 
role in subsequent maintenance and expansion of the lymph node [58].

Recent transcriptomic analysis has revealed the need for caution when using 
cultured BECs and LECs. The transcriptional profile of cultured BECs resembles 
that of LECs and might lead to misidentification during experimental procedures 
[78]. Specifically, more than 65% of genes selectively expressed by BECs in vivo 
are downregulated during culture, including MHC class II, E-selectin and ICAM-1 
[78]. However, LECs maintain podoplanin and CD146 gene expression in culture, 
allowing differentiation from BECs [78].

1.6  �Follicular Dendritic Cells (FDCs)

Selectable markers: CD35+, CD21+ FDC M1+, CXCL13+ ICAM1+ VCAM1+ 
BAFF+

1.6.1  �Interactions with B Cells

FDCs are non-haematopoietic stromal cells contained in B cell follicles within lym-
phoid organs, where they are able to capture incoming antigen and store it long-term 
for presentation to B cells while also producing the B cell survival factors BAFF and 
IL-6 [42, 95–97]. FDCs play critical roles in the formation of efficient germinal 
centres and efficient somatic hypermutation of B cells and subsequent production of 
high-affinity antibodies [98, 99]. B cells can also directly capture antigen from 
FDCs [100], and elimination of FDCs eliminates germinal centres [98, 99, 101, 
102].

FDCs are the major source of CXCL13  in lymph nodes, a chemokine which 
plays a crucial role in organising B follicles and the formation of germinal centres 
[43, 103, 104]. CXCL13 also signals to B cells and T helper cells leading them 
towards the follicles [43], and it enhances B cell activation [54]. FDCs retain intact 
antigen for extended periods (up to 12 months), which facilitates germinal centre 
maintenance and B cell somatic hypermutation [42].
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Activated B cells migrate to the border of the follicle to present antigen to T 
helper cells, which provide essential costimulatory signals. B cells receiving help 
then migrate to the follicle’s centre to proliferate and undergo hypermutation and 
are then subjected to selection by FDCs on the basis of recognition of antigens dis-
played by FDCs. Activated B cells interact with antigen presented on FDCs in a 
process called affinity selection, after which they progress to one of several fates (to 
proliferate further, class-switch or become plasma or memory B cells), while non-
responding B cells become apoptotic [42].

FDCs are of enormous immunological relevance; accordingly there is an exten-
sive literature on FDCs (see Heesters et al. [42]) that unfortunately cannot be dis-
cussed at length in this review.

1.7  �Double-Negative Stromal Cells and Podoplanin-Negative 
Pericytes

Selectable markers: Gp38-, CD31-, ITGA7+, calponin-1

1.7.1  �Identification and Characterisation

GP38-CD31 double-negative (DN) stroma represent approximately 10–20% of 
non-haematopoietic lymph node stromal cells [14, 18, 59]. Until recently the lin-
eage, location and function of these cells were undescribed.

Malhotra et al. [22] used transcriptomics of sorted lymph node stromal subsets to 
identify a high similarity between the DN cells and fibroblastic reticular cells 
(FRCs), including similarities in chemokine, cytokine and growth factor expression. 
FRCs showed higher expression of CCL19 and CCL21 [22], though this may have 
been due to the heterogenous nature of the DN pool, as not all DN cells were likely 
to be fibroblastic in origin. A noteworthy difference was that IL-7 expression was 
restricted to FRCs and lacking in DN cells, while DN cells showed higher expres-
sion of the genes responsible for structure and contractile functions including higher 
expression of actin subtypes and myosin chain genes, which usually control smooth 
muscle contraction [22].

Accordingly, approx. 50% of DN cells were identified as a specialised subset of 
myofibroblastic pericytes, localised using specific expression of calponin-1 and 
integrin α7 [22]. Both calponin-1 and integrin α7 contribute to muscular function; 
calponin-1 is a specific actin protein that regulates force in contractile cells, espe-
cially smooth muscle cells [105], and integrin α7 connects the extracellular matrix 
with muscle fibres [106]. Staining with these antibodies identified this subset of 
double-negative cells around certain vessels in the cortex and the medulla [22]. The 
subset was named integrin alpha-7+ pericytes [22]. Their function is undescribed, 
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but shared expression of many immunologically relevant molecules with FRCs may 
suggest similar functions. The other 50% of cells comprising the DN subset are 
undescribed.

1.8  �Conclusions

Lymph node stromal cells form crucial roles in maintaining lymph node structure 
and homeostasis and have evolved to become major contributors to the immune 
system via their cellular interactions. This area of study has instigated a paradigm 
shift in the study of tolerance and has increased our understanding on immune cel-
lular interactions. Evidence of biologically significant crosstalk occurring between 
stromal cells and the immune system continues to emerge, including interactions 
that rebuild the immune system after damage or prevent autoimmunity. These find-
ings continue to demonstrate the importance of further research into stroma from 
lymphoid organs.
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Chapter 2
Stromal Cell Responses in Infection

Paul M. Kaye

Abstract  Stromal cells and the immune functions that they regulate underpin 
multiple aspects of host defence, but the study of stromal cells as targets of infec-
tion and as regulators of anti-infective immunity is in its infancy and still limited 
to a few well-worked examples. In this review, the role of stromal cells at each 
sequential stage of infection is discussed, with examples drawn from across the 
spectrum of infectious agents, from prions to the parasitic helminths. Gaps in 
knowledge are identified, the challenges in studying stromal cell biology in the 
context of infection are highlighted, and the potential for stromal cell-targeted 
therapeutics is briefly discussed.

Keywords  Stromal infection · Innate immunity · TLOs · Stromal architecture · 
Stromal APCs · Inflammation resolution

2.1  �Introduction

The pathogenesis of infectious disease is complex and involves a myriad of 
processes, some but not all related to core immune mechanisms, most of which in 
one form or another are underpinned by features of stromal cell biology. Stromal 
cells provide the tissue architecture at the primary interface with infectious agents 
(e.g. the skin or mucosa), act as a potential cellular target for infection, provide the 
framework for the compartmentalized functions of lymphoid tissue and immune 
response induction and generate and maintain the vascular environment that 
allows for effector cell trafficking to the sites of infection. At the end of infection, 
stromal cells play a role in resolution of immune-mediated pathology and the 
return to homoeostasis. Details of many of these functions of stromal cells during 
development, under homoeostatic conditions and during cancer are described in 
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detail elsewhere in this volume. Here, the focus will be on providing key exemplars 
of how stromal cells interact, directly or indirectly, with pathogens and help to 
orchestrate subsequent inflammatory and immune responses that ultimately lead 
either to pathogen elimination or the establishment of a chronic persistent 
infection. The broader role of stromal cells in the resolution of infection-associated 
pathology is also discussed, although to date there are few studies addressing this 
important aspect of infection biology. For the sake of brevity, discussion regarding 
stromal cell interactions with pathogens associated with the development of cancer 
(e.g. Epstein-Barr Virus) has been omitted (Fig. 2.1).

2.2  �Initiation of Infection: Stromal Cells as Targets 
for Adhesion and Infection

For successful infection to begin, pathogens require means to adhere to and/or 
penetrate external barriers. For mucosal pathogens, epithelial cells represent a major 
site of pathogen attachment at mucosal surfaces, and an intact epithelium provides 
a barrier to direct interaction between these infectious agents and underlying mes-
enchymal stromal cells. The role of crosstalk between epithelial cells and stromal 
cells, serving as an integral part of the signaling required for epithelial barrier func-
tion and maintenance, is well documented, notably in the female reproductive tract 
and mammary gland [1, 2]. This establishes a paradigm likely to be operating at 

Fig. 2.1  The temporal role of stromal cells in regulating immunity to infection. Schematic shows 
a stylized time course depicting the events from initial pathogen contact through to disease resolu-
tion that may be influenced by stromal cell interactions and functions. For examples of stromal cell 
interactions with specific pathogens at each stage (numbered stars), see main text

P. M. Kaye



25

most epithelial sites and suggests that any disruption to this functional unit may 
occur through either epithelial or stromal cell changes.

Some mucosal pathogens such as Entamoeba histolytica [3] are professional 
tissue invaders and use a variety of molecular and cellular strategies to penetrate 
deep into the mucosa and submucosa; yet little attention has been paid to the 
consequences of such local tissue trauma for stromal cell function. Gastrointestinal 
worms have a variety of ways to interact with and manipulate the mucosal epi-
thelium and otherwise disrupt local immunity [4, 5]; however, the direct action 
of helminth-derived molecules on intestinal stromal cells has not been reported 
in any detail.

Many of the major pathogens of man are transmitted via breaks in skin barrier 
that occur during blood feeding by their arthropod vector. For these pathogens, 
there may be more direct and immediate access to tissue stromal cells, and the 
tropism of intracellular pathogens to stromal cells after epithelial barrier breach 
provides an opportunity for their establishment and long-term survival. In addition 
to facilitating access to stromal cells, the tissue trauma caused by the bite of hae-
matophagous insects may also directly trigger stromal cell release of alarmins (see 
below) [6]. In the case of the intracellular parasites, the reduced microbicidal 
capacity of stromal cells compared to myeloid cells may provide a driver for this 
behaviour. For example, the parasitic protozoan Trypanosoma cruzi invades the 
skin and oral mucosa in a process of contaminative transmission, with infectious 
metacyclic parasites being deposited in the faeces of feeding triatomine bugs. T. 
cruzi has a broad host cell range, making use of a plethora of attachment mole-
cules and active processes to invade stromal cells in a process of triggered phago-
cytosis [7]. Other vector-borne parasites such as Leishmania, whilst historically 
regarded as having a more limited host cell range, have also been noted as intracel-
lular parasites of stromal cells at chronic stages of infection [8, 9]. It is not clear 
whether stromal cell infection also occurs early after infection and has hitherto 
gone unrecognized.

In experimental models of infection, stromal cell tropism is also noted and may 
illustrate how tropism may be both cell- and tissue-specific in nature. For example, 
after intraperitoneal murine cytomegalovirus (MCMV) infection, ERTR7+ marginal 
zone reticular cells represent the major target for infection within the spleen, with 
subsequent viral spread to red pulp fibroblasts. In contrast, in the lymph node pri-
mary infection occurs within CD169+ subcapsular sinus macrophages [10].

These various studies also raise an important question regarding the temporal 
regulation of adhesion and/or pathogen selective receptors on stromal cells (e.g. by 
mediators involved in inflammation) and whether this may also contribute to the 
patterns of cellular tropism that are observed. For example, in the case of corneal 
infection with HSV, the major viral receptor nectin-1 is initially absent from stromal 
cells, but expression is induced early during inflammation allowing increased viral 
host cell range [11, 12]. Further studies in a variety of infection models to address 
the role of direct stromal cell infection at different stages of the infection process 
would clearly help in delineating the importance of such interactions to disease 
progression and pathogen life cycle maintenance.

2  Stromal Cell Responses in Infection
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HIV infection provides an interesting and relevant example of how stromal cells can 
both be target for infection and regulator of infection in other cells. HIV infects follicu-
lar dendritic cells (FDC), which provide a reservoir for viral infection of CD4+ T cells 
and macrophages [13–15], but in addition, these infected FDCs provide TNF-dependent 
augmentation of HIV transcription and viral replication in CD4+ T cells [16].

Finally, to fully define pathogen cellular tropism, it may be necessary to consider 
the potential for lineage transformation. At least one intracellular pathogen has been 
shown to induce epithelial-to-mesenchymal transition (EMT). The cag pathogenic-
ity island of Helicobacter pylori encodes a type 4 secretion system that delivers 
bacterial effectors into the cytosol of gastric epithelial cells and induces EMT [17]. 
Whether this can be induced by other intracellular pathogens remains to be deter-
mined. Another instance where lineage boundaries become blurred is the case of the 
fibrocyte, which shares markers of haematopoietic cells and fibroblasts [18]. 
Recently, the capacity of human and murine blood fibrocytes to support internaliza-
tion of promastigotes of Leishmania amazonensis was reported, along with the 
capacity of these cells to support intracellular transformation to amastigotes [19]. 
Strikingly, fibrocytes produced high levels of NO and cleared parasites within a few 
days of infection, suggesting that transient waves of infection within fibrocytes 
in vivo could go unnoticed. Furthermore, a variety of Leishmania species have been 
shown to infect adipose-derived mesenchymal stem cells in  vitro [20], though 
whether this alters stem cell function and differentiation capacity has yet to be 
determined. It seems likely that at least some intracellular pathogens will be found 
to have the capacity to affect the pluripotency of stem cells, but this remains an area 
to be explored experimentally.

2.3  �Early Inflammation: Stromal Cells as Contributors 
to Innate Immunity

Cooperation between haematopoietic and stromal cells can play an important role 
in initiating inflammation. For example, TLR4 expression on stromal cells is 
required for optimal resistance against uropathogenic E. coli but is not sufficient for 
induction of inflammation in the absence of TLR4 expression on haematopoietic 
cells [21]. Protection in a lethal model of vesicular stomatitis virus (VSV) infection 
required intact TLR and retinoic acid-inducible gene I-like helicase (RLH) signal-
ing in both radioresistant stromal cells and haematopoietic cells [22]. Likewise, 
effective immunity in a model of oropharyngeal candidiasis required expression of 
the NLRC4 inflammasome in radioresistant stromal cells, working cooperatively 
with NLRP3 inflammasome [23].

Recent studies in the well-established MCMV infection model have also pro-
vided insight into how stromal cells can play a direct role in innate immunity. Type 
I interferons are required for the early control of MCMV replication in the mouse 
spleen, and various studies have indicated that both plasmacytoid and conventional 
dendritic cells (DCs) play temporally discrete roles in producing the bulk of type I 
interferon detectable between 36 and 48 h postinfection. However, this wave of type 
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I interferon is preceded (2 h postinfection) by a burst of type I interferon derived 
from LTβR-expressing splenic marginal zone reticular cells, acting in concert with 
LTαβ-producing B cells [24, 25].

Alarmins represent a constitutively available group of evolutionarily diverse 
molecules that normally have important intracellular roles but which can be released 
into the extracellular environment through tissue injury or inflammatory signaling 
cellular roles during regulation of innate immunity and may be triggered directly by 
tissue damage or indirectly through the production of other early mediators of 
inflammation such as IL-17. Alarmins include IL-33, various S100 molecules, 
HMGB1 and thymic stromal lymphopoietin (TSLP) [26, 27]. The contribution of 
stromal cells to the production and/or regulation of alarmins in the context of epi-
thelial cell injury during infection is, however, poorly understood.

Some of the aforementioned papers, however, highlight a conspicuous difficulty 
in the field of stromal cell biology: assignment of the term “stromal” to cells that are 
radioresistant in radiation bone marrow chimeras. Whilst this experimental approach 
can identify, but not distinguish between, properties attributable to radioresistant 
mesenchyme-derived stromal cells and epithelial cells, the recent identification of 
radioresistant resident tissue macrophages of yolk sac origin [28–30] introduces 
some significant question marks over previous attribution of cell function. The abil-
ity to generate mouse strains for lineage tracing and for selective stromal cell-
targeted gene ablation (e.g. [31]) is an important step towards clarifying the function 
of stromal cells throughout the infection process.

2.4  �Induction of Acquired Immunity: Stromal Cells as APC 
During Infectious Disease

The notion that antigen presentation within lymphoid tissues is restricted to 
haematopoietic cells has been over-turned by a number of recent studies that indi-
cate that stromal cells have all the machinery necessary for both MHCI [32, 33] and 
MHCII-dependent antigen presentation [34] and in addition can acquire and func-
tionally express MHCII-peptide complexes derived from DCs [35]. Under homoeo-
static conditions, this imparts an ability to effect CD8+ T cell deletion to self-antigens 
and regulate the extent of CD4+ T cell priming, either directly by inducing anergy 
[35] or indirectly by maintaining the pool of CD4+ Tregs [34]. The extent to which 
pathogen-derived antigens are presented in this way by stromal cells within the 
lymphoid tissue microenvironment is as yet unknown but clearly warrants further 
investigation given the potential for this route of antigen presentation to modify the 
quantity (and perhaps quality) of the response to infection. Whether stromal cells 
outside lymphoid tissue also are endowed with these properties will be important to 
address, as will be the question of whether stromal cell antigen presenting function 
“matures” through infection, in an equivalent manner to that seen in the haemato-
poietic lineage. In this context, it is interesting to note that inflammation, including 
that driven by infection, can lead to local tissue fibroblasts recapitulating the ontog-
eny of lymphoid tissue fibroblasts, expressing the canonical lymph node stromal 
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marker podoplanin (gp38) [36]. Whether these cells acquire all functions associated 
with their lymphoid tissue resident counterparts remains to be determined, and 
illustrates an experimental setting where transcriptomic analysis of stromal cells 
might be particularly helpful.

2.5  �Maintaining the Balance: Stromal Cells and Immune 
Regulation

As indicated above, new evidence indicates that lymph node stromal cells can 
directly engage with T cells via MHCI and MHCII restricted antigen presentation, 
and that the primary purpose of these interactions under homeostatic conditions 
appears to be the induction of one or other mechanism of self-tolerance. To date, 
however, most attention has been focused on how stromal cells induce a regulatory 
environment and thus influence T cell activation indirectly rather than directly. 
Early studies in vitro demonstrated the capacity of stromal cell lines to drive HSPC 
into a programme of myelopoiesis, often generating novel subsets of dendritic like 
cells [37–39]. In a model of Leishmania donovani infection, it was shown that 
ex vivo isolated stromal cells were able to induce lin−c-kit+ progenitors to differenti-
ate to a greater extent that stromal cells isolated from uninfected mice. Furthermore, 
the resulting CD11clo CD45RB+ IL-10-producing DCs had potent regulatory prop-
erties (defined in vitro by suppression of T cell proliferation to antigen presented by 
conventional CD11c DC and in vivo by the induction of antigen-specific tolerance) 
[9]. Subsequently, it was demonstrated that infection-associated inflammation 
enhanced the function of this splenic red pulp stromal haematopoietic niche, princi-
pally through aberrant expression of CCL8 [40].

A challenge for studying stromal cell biology in an infection model where stro-
mal cells themselves can be infected, albeit at variable frequency, is to distinguish 
whether any changes in stromal cell function are directly attributable to intracellular 
parasitism (e.g. mediated via parasite-induced host cell intrinsic changes in signal-
ing pathways) or whether they reflect the action of cytokines and or other factors 
operating in trans in a complex inflammatory “soup”. Importantly in the latter study 
[40], stromal cell lines were used to show that CCL8 expression was directly 
induced in stromal cell lines in vitro by infection with L. donovani and that in vivo, 
CCL8+ ERTR-7+ stromal cells also contained parasites. These data do not however 
rule out trans-acting factors as contributors to the in vivo response. Indeed, as endo-
thelial cells and fibroblasts isolated from various tissues, with or without inflamma-
tory stress, have been shown to induce regulatory myeloid cells capable of inhibiting 
T cell responses [41–45] and in one case to block virus-mediated activation of pDC 
[46], it is likely haematopoietic support is a generic tunable property of stromal 
cells that helps maintain immune balance.

Stromal cells have been less well studied in the context of helminth infections 
and immune regulation. B cells have been shown to play a role in immune regulation 
in some chronic infections. In the case of Schistosoma mansoni infection, regulatory 
B cell development has been linked to the production of BAFF, a cytokine produced 
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by DC and stromal cells in response to helminth antigens [47]. Surprisingly, stromal 
cell modifications have also been implicated in the onward transmission of this para-
site. S. mansoni egg excretion is essential for completion of the life cycle, and this 
is facilitated by entry of eggs into Peyer’s patches, which respond with extensive 
remodeling of their stromal elements [48].

In summary, whilst it is tempting to “hand-wave” by saying that stromal cells are 
almost certain to have a role in the overall generation of the changing immune envi-
ronment during infection, through participation in the control of lymphocyte and 
dendritic cell functions or through their contribution to the cytokine environment, 
only carefully designed and executed studies using stromal cell specific targeting of 
key immune mediators will provide the answer to the question of how important 
stromal cell responses are relative to those of other cells in driving the ultimate 
phenotype – pathogen elimination or persistence of infection.

2.6  �Perpetuating Chronic Infection: Breakdown of Stromal 
Cell Architecture

As detailed elsewhere within this volume, stromal cells play a central role in the 
development and maintenance of lymphoid tissue architecture. On the assumption 
that immune architecture is therefore integral to the efficiency of the immune sys-
tem, it is perhaps not surprising that many studies of disease, including infectious 
disease, have noted changes in lymphoid tissue architecture and associated these 
with dysregulation of immunity.

Examination of the lymph nodes of patients with progressive HIV infection 
demonstrated marked degenerative changes to germinal centres, including the 
depletion of the FDC network, a process termed follicle lysis [49, 50]. Of note, a 
study in SIV-infected macaques demonstrated that although FDCs were also greatly 
reduced in number in this model infection, residual FDCs appeared to make more 
functionally productive interactions with B cells [51]. This study serves as a 
reminder that pathology-associated loss of cell number should not be equated 
directly with loss of function. Similar structural changes to the FDC network have 
also been observed in non-viral infection models, including chronic visceral leish-
maniasis. Here, FDC loss was determined both by immunohistochemistry and by 
lack of immune complex trapping within GCs [52]. Strikingly, heavily parasitized 
macrophages became abundant within these GCs, resembling the tingible body 
macrophages described in HIV infection [49].

The demonstration that a distinct population of podoplanin+ fibroblastic reticu-
lar cells was present within the T cell zone of lymphoid tissues focused attention on 
how this stromal cell subset was altered in a variety of infection models. In chronic 
HIV infection, fibrosis of lymphoid tissue becomes apparent, and this results in loss 
of integrity of the FRC network. Importantly, the extent of loss of FRCs and colla-
gen deposition are predictors of the ability of highly active antiretroviral therapy 
(HAART) to restore T cell count. Furthermore, HAART is most effective at restor-
ing FRC networks when given early during disease [53, 54].
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FRCs are also lost during infection with Leishmania donovani in mice [55].  
As expected, FRC deficiency was also characterized by a loss of constitutive CCL21 
and CCL19 production in the spleen of infected mice and by alterations in DC and 
T cell traffic. Although DC migration from the marginal zone into the T cell zone 
was impaired in infected mice, this was not the direct result of loss of FRCs. By 
adoptive transfer, it was shown that the residual FRCs and CCL21-expressing endo-
thelium were sufficient to allow migration of DC isolated from naïve mice, and 
whereas conversely DCs from infected mice failed to migrate even in naïve hosts. 
Hence in this case, loss of CCR7 expression by DCs in infected mice, which was in 
turn regulated in a TNF and IL-10-dependent manner, appeared to play a more 
dominant role in affecting DC-T cell interactions than the loss of stromal architec-
ture per se. Of interest in this regard, computational models have been developed to 
assess the impact of changes in FRC network density and inter-connectivity in regu-
lating cellular encounters between T cells and DC [56].

Unlike the situation in chronic HIV and visceral leishmaniasis, experimental 
viral infections provide examples of situations where extreme but transient pathol-
ogy occurs. In LCMV infection, splenomegaly is transient, peaking during the first 
week of infection but subsiding to normal range within 10  days. Loss of FRCs 
accompanies splenomegaly, as does inability to respond to challenge with exoge-
nous antigens, but the FRC network recovers remarkably quickly as infection is 
cleared. Restoration of this architecture is dependent upon the presence of RORγ+ 
lymphoid tissue inducer cells and LTαβ signaling, suggesting that “repair” of lym-
phoid tissue architecture recapitulates processes that occur during lymphoid tissue 
development [57]. During MCMV, disruption of lymphoid stroma appears restricted 
to the FRCs, which show similar alterations in gp38 staining pattern and changes in 
CCL21 expression as observed in visceral leishmaniasis and LCMV infection. B 
zone stromal cells, however, appear not to be significantly affected during this infec-
tion, as judged by maintenance of CXCL13 [58].

In addition to stromal cell changes, other microarchitectural changes often 
accompany splenomegaly, notably loss or displacement of “stromal” macrophages 
within the marginal zone. Mice infected with L. donovani [59], Plasmodium cha-
baudi [60] and MCMV [58] all show loss of SIGNR1+ marginal zone and CD169+ 
marginal metallophils to a greater of lesser extent. Collectively, these data illustrate 
that there is a degree of commonality in the structural changes seen irrespective of 
infectious agent. However, the process of remodeling may be driven by quite 
independent mechanisms. For example, in LCMV infection, antiviral CD8+ T cells 
destroy FRCs [57]; in P. chabaudi infection, CD8+ T cells selectively kill CD169+ 
marginal metallophils through a perforin and Fas-dependent pathway [60]; and dur-
ing L. donovani infection, SIGNR1+ marginal zone macrophages are lost in a TNF-
dependent manner [59]. The precise impact that can be attributed to changes in 
secondary lymphoid tissue, in terms of immunocompetence, may not be possible to 
discern from simple single infection models such as those described above and may 
require adaptation of various co-infection models to become fully apparent.

The chronicity and extent of Leishmania donovani-induced splenomegaly also 
provide a context in which pathologic angiogenesis occurs to an exaggerated extent. 
Vascular remodeling in this disease requires the coordinated action of distinct myeloid 
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cell populations, working in a compartment-specific manner. Thus, inflammatory 
monocytes regulated the expansion of the red pulp vasculature [61], whereas a popu-
lation of “resident” macrophages, which were found bordering the denuded marginal 
zone, play a role in inducing neo-angiogenesis in the white pulp. Of note, this local-
ized angiogenesis is controlled by the aberrant expression of the neurotrophin Bndf 
and its receptor Ntrk2 (Trkb) on macrophages and endothelial cells, respectively [62].

2.7  �Perpetuating the Response: Ectopic Lymphoid 
Structures

Chronic inflammation is often associated with the generation of ectopic or tertiary 
lymphoid tissue, a topic summarized elsewhere in this volume. Not surprisingly, 
therefore, infections may also give rise to these structures, although their signifi-
cance for disease progression is less well understood than in other settings.

Perhaps best characterized in animal models is the development of ectopic 
lymphoid structures associated with salivary gland inoculation of MCMV [63] and in 
the bronchus-associated tertiary lymphoid tissue associated with influenza virus 
infection [64]. A recent comparative study of M. tuberculosis infection in humans, in 
non-human primates and in mouse models provides perhaps the best characterized 
evaluation of the role of ectopic lymphoid tissue in disease progression [65]. Of note, 
whereas tuberculosis (TB) granulomas in patients and non-human primates with 
latent disease had associated ectopic lymphoid tissue, this was not the case for granu-
lomas in patient or animals with active TB, suggesting a role for these structures in 
immune control. The finding of ectopic lymphoid tissue associated with the TB gran-
uloma may be a special case, associated with either the chronicity of infection or the 
inherent adjuvant properties and/or immunogenicity of this pathogen. In other granu-
lomatous diseases, e.g. experimental visceral leishmaniasis [66], granulomas do not 
acquire this feature.

2.8  �Closure: Stromal Cells and the Resolution 
of Inflammation

Pathogen clearance ultimately leads to a reversal of most of the associated tissue 
pathology, through an active process of resolution. Recent evidence suggests that 
resolution is as complex a process as the generation of immunity and immunopa-
thology, involving a plethora of distinct signals often mediated through shifts in 
metabolic profile of the tissue. As stromal cells are regarded as the key drivers for 
chronic inflammation [67], it goes without saying that resolution must bring about 
changes to the stromal compartment and that stromal cells may indeed drive this 
process, for example, through consumption of survival signals or the active produc-
tion of resolution-promoting molecules [68].
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The role of pro-resolution inflammatory mediators in the resolution of inflammation 
during infectious disease, including the role of lipoxins in models of Toxoplasma gondii, 
Trypanosoma cruzi and Plasmodium berghei infections, has recently been reviewed 
[69], whereas the role of resolvins has been most clearly illustrated in the control of 
herpes simplex virus infection [70]. Nevertheless, in the context of infectious disease, 
this area of stromal cell biology still offers huge potential not only for uncovering new 
regulatory pathways per se but for the identification of novel approaches to hasten, when 
appropriate, the resolution of infection-associated inflammation in the clinic.

2.9  �Host-Directed Therapy: Stromal-Targeted Therapeutics 
for Infectious Disease

The development of immunotherapies targeting stromal cells is also described in 
detail elsewhere in this volume. Studies in infectious disease have provided three 
main examples to date where stromal cell-targeted immunotherapy might have an 
impact on the disease outcome. In the case of HIV, there is a good correlation 
between the extent of FRC disruption, collagen deposition and the ability of HAART 
to restore CD4+ Tcell count in patients [54, 71]. In experimental MCMV infection, 
targeting the LTβR with an agonistic mAb was able to restore otherwise defective 
CCL21 production and to improve homing of T cells into the T zone of MCMV-
infected mice [58]. Finally, in an experimental model of visceral leishmaniasis, 
therapeutic administration of the broad-spectrum tyrosine kinase inhibitor sunitinib 
had no direct therapeutic benefit but was able to restore FRC and FDC networks. 
When used in a sequential therapy regimen with conventional antimonial-based 
chemotherapy, a marked dose-sparing effect was observed that correlated with 
enhanced T cell effector function [62]. Given the narrow therapeutic window for 
many anti-parasite drugs and the common occurrence of lymphadenopathy and/or 
splenomegaly, these data suggest that immunotherapies targeted at restoring lym-
phoid tissue architecture or minimizing collateral damage due to fibrosis may have 
a unique place in the future development of anti-infective therapies.

2.10  �Concluding Remarks

Although there has been an explosion in the study of stromal cells in recent years, an 
appreciation of their role in infectious disease pathogenesis is still in its infancy. 
Tools are now becoming available to fate map stromal cells under conditions of 
ongoing infection, conditionally deplete or modify their function and explore their 
characteristics at a global level, suggesting a rich harvest awaits those who choose to 
enter this field, bringing with them the diversity of pathogens that have contributed 
so much in the past in terms of understanding the biology of haematopoietic cells. 
Ultimately, the ability to study stromal cell populations in human infectious disease 
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will become more tractable, and perhaps in the not too distant future, manipulating 
stromal cell function to combat infectious disease may become a clinical reality.
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Chapter 3
Fibroblasts and Osteoblasts in Inflammation 
and Bone Damage

Jason D. Turner, Amy J. Naylor, Christopher Buckley, Andrew Filer, 
and Paul-Peter Tak

Abstract  This review discusses the important role fibroblasts play in the process of 
inflammation and the evidence that these cells may drive the persistence of inflam-
mation. Fibroblasts are key components of the stroma normally involved in mainte-
nance of extracellular matrix and tissue function; however, the term ‘fibroblast’ is 
used to describe a heterogeneous population of cells that vary in phenotype both 
between and within anatomical sites. Fibroblasts possess Toll-like receptors allow-
ing them to respond to pathogen and damage-related signals by producing proin-
flammatory mediators such as IL-6, PGE2, and GM-CSF and can produce a range of 
chemokines such as CXCL12, CXCL13, and CXCL8 which attract B and T lym-
phocytes, monocytes, and neutrophils to sites of inflammation. Interactions between 
leukocytes and fibroblasts can facilitate increased survival of the leukocytes and 
modulate phenotypes leading to differential gene expression in the presence of 
mediators involved in inflammation. Fibroblasts also contribute to collateral tissue 
damage during inflammation through the production of members of the metallopro-
teinase family and cathepsins and also through induction of osteoclastogenesis lead-
ing to increased bone resorption rates. In persistent diseases, fibroblasts obtain an 
imprinted, aggressive phenotype leading to the production of higher basal levels of 
proinflammatory cytokines and the ability to damage tissue in the absence of con-
tinual stimuli. This aggressive phenotype offers an attractive new target for thera-
peutics that could help alleviate the burden of persistent inflammation.
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3.1  �Introduction

Historically inflammation has been considered to be a process driven by leukocytes, 
with tissues and the stromal cells within viewed as bystanders in inflammatory pro-
gression and resolution. Such cells may include tissue fibroblasts, endothelial cells, 
and supportive cells such as pericytes. It is now apparent that the stroma is critically 
involved in all stages of inflammation and may play a role in the switch from resolv-
ing to persistent inflammation. Researchers investigating diseases such as cancer, 
fibrosis, and rheumatoid arthritis (RA) are focusing efforts on elucidating the role 
the stroma plays in inflammation. In particular, a key cellular component of the 
stroma, the fibroblast, has been incriminated in multiple diseases and shows prom-
ise as a target of future therapeutics. Another tissue-specific stromal component of 
mesenchymal origin, the osteoblast, plays an important role in inflammation in 
rheumatoid arthritis (RA), a systemic persistent inflammatory disorder that will be 
used as a model of the fibroblast inflammatory phenotype in this review.

3.2  �What is a Fibroblast?

The term ‘fibroblast’ is used to describe organ-specific resident cells of body tissues 
and organs whose primary function is to maintain the extracellular matrix (ECM) of 
those tissues in health and during wound healing. Although sharing the common 
title of fibroblast, the function and phenotype of these cells are specialised towards 
the site in which they reside.

3.2.1  �Fibroblast Origins

It is accepted that fibroblasts develop from the primary mesenchyme during embryo-
genesis; however, the contribution of blood-borne fibrocytes and mesenchymal 
stem cells (MSCs) of bone marrow origin to the fibroblast pool during wound heal-
ing and inflammation is an area of contention [1].

Fibrocytes have been identified in the pool of peripheral blood mononuclear cells 
(PBMCs) in humans and mice [2]. They are unusual as they initially express the 
haematopoietic marker CD45 which fibroblasts lack but also express markers asso-
ciated with fibroblasts and wound healing such as collagen I and αSMA and have 
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the ability to contract ECM.  Treatment of PBMCs with transforming growth 
factor-β1 (TGF-β1) can drive fibrocyte differentiation from a CD14+ precursor 
highlighting the link these cells have to tissue maintenance and repair [2, 3]. In addi-
tion fibrocytes express a range of chemokine receptors such as CXCR4, CCR3, 
CCR5, and CCR7 that facilitate migration to wounds as demonstrated using a 
murine skin puncture model. However, it remains unclear whether fibrocytes actu-
ally give rise to tissue fibroblasts or instead serve a specialised role during wound 
healing.

MSCs have been isolated from the majority of connective tissues and are identi-
fied using a broad range of markers such as the presence of CD73, CD90, and 
CD105 and the absence of markers of other cell populations such as CD45, CD11b, 
CD19, and HLA-DR (for a comprehensive review, see Uccelli et al. [4]). Treating 
MSCs with connective tissue growth factor (CTGF) over 2–4 weeks results in a 
downregulation of markers specific for MSCs and a concurrent upregulation of 
markers associated with fibroblasts such as vimentin, fibroblast-specific protein-1 
(FSP-1), and collagen I and additionally a reduction in the capability of the cells to 
differentiate into other MSC-derived lineages such as osteoblasts or adipocytes [5].

3.2.2  �Fibroblasts from Different Sites in the Body Are 
Heterogeneous

Fibroblasts are not a homogenous population and show variation in gene expression 
and behaviour depending on the site from which the cells are isolated. Microarray 
analysis of genes associated with inflammation highlighted that not only do unstimu-
lated fibroblasts have differing gene expression patterns but also that the response of 
fibroblasts to various stimuli varies with the site from which the cells were taken [6]. 
Filer et al. [7] demonstrated that differentially expressed genes in dermal, synovial, 
and bone marrow fibroblasts follow a hierarchy with the largest number of differen-
tially expressed genes being between anatomical locations, followed by response to 
serum and finally disease (RA vs. osteoarthritis (OA)). Although fibroblasts from 
different sites share generic aspects of the serum response programme and the effect 
of disease, site-specific differences unique to each tissue of origin were also observed.

Variation in fibroblast phenotype is not limited to fibroblasts from different tissues 
but also occurs between fibroblasts taken from different sites within the same tissue. 
Comparing transcriptomes of predominantly dermal fibroblasts from 43 anatomical 
locations, Rinn et al. [8] demonstrated clustering of fibroblasts from the same geo-
graphic region of the body and that the variance within sites is less than that between 
donors, a finding which had previously been reported by Chang et al. [9]. Some of 
the differentially expressed genes are members of the HOX gene family which are 
involved in embryological patterning and development. This is also evidenced by 
maintenance of the site-specific gene patterns even after long-term culture.
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Work in this area led to the hypothesis of a stromal address code that functions in 
concert with endothelial tissues [1]. This address code, mediated via chemokine and 
adhesion molecule expression, regulates the influx and efflux of appropriate leuko-
cytes from the endothelium into tissues or from tissues into lymphatics. This theory 
also provides an interesting perspective on persistent inflammatory diseases, viewing 
the persistence of inflammation as a result of an inappropriate shift in stromal postcode 
towards a lymphatic pattern, rather than solely an effect of the inflammatory milieu.

3.2.3  �Stromal Subpopulations Exist Within Tissues

In addition to the variation of fibroblast phenotype between sites, it is apparent that 
fibroblasts vary within sites and various subsets/phenotypes can be identified. Using 
the synovium as an example which has been extensively studied in RA, at least two 
phenotypes of fibroblast can be identified. The synovium can be segregated into the 
lining layer, which is adjacent to the joint space, and the less organised sublining 
layer. Lining layer fibroblasts can be identified by the expression of cadherin-11, a 
cell surface marker that allows homotypic adhesion of the lining layer fibroblasts to 
one another facilitating the formation of a functional lining layer in the absence of 
a basal lamina [10–12]. Other markers have also been associated with lining layer 
fibroblasts such as CD55, fibroblast activation protein (FAP), and podoplanin 
(GP38) [13–15]. Sublining fibroblasts can be identified with alternative markers 
such as CD90 (THY1) or CD248 (endosialin) and appear to have different roles to 
lining layer fibroblasts [13, 16–19].

3.3  �Regulation of Inflammation

3.3.1  �Fibroblasts Can Both Respond to and Promote 
Inflammation

A sign that fibroblasts are not merely bystanders during the course of inflammation 
but can actually respond to proinflammatory signals can be seen in the capability of 
synovial fibroblasts to respond to IL-1β and TNFα with an increased proliferative 
rate [20]. This proliferation is not unrestrained as IL-1β and TNFα also induce the 
expression of prostaglandin E2 from the cells and this mediator inhibits prolifera-
tion demonstrating autocrine regulation of fibroblast proliferation in response to 
two prototypical proinflammatory mediators.

However, proliferation alone is not truly demonstrative of involvement in inflam-
mation. Synovial fibroblasts express multiple Toll-like receptors (TLRs) and so pos-
sess the ability to respond to pathogens or damage casting them in an immune sentinel 
role with similarities to macrophages [21]. TLR3 and TLR4 are the most abundantly 
expressed TLRs in synovial fibroblasts, but fibroblasts can also respond to PAMPs 
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such as flagellin and bacterial lipoprotein through TLR5 and TLR1 or TLR6, respec-
tively. Poly(I:C), LPS, bacterial lipoprotein, and flagellin all stimulate production of 
IL-6 in synovial and, to a lesser extent, skin fibroblasts. Synovial fibroblasts isolated 
from the joints of patients with RA (RASF) express mRNA for IL-6, IL-11, and OSM 
and in response to IL-1α or TNFα increase the production of these cytokines [22]. 
RASF can also respond to IL-17 stimulation with increased secretion of IL-6 and the 
neutrophil chemoattractant CXCL8 [23], whilst TNFα and T-cell-derived IL-17 induce 
synergistic production of GM-CSF and neutrophil survival [23, 24]. Additionally, lung 
fibroblasts have been shown to produce GM-CSF in response to IL-1α or IL-1β allow-
ing them to influence the differentiation and survival of cells such as monocytes [25].

Fibroblasts can regulate the response of a large number of TNFα-responsive 
genes in macrophages. In vitro coculture of M-CSF differentiated macrophages 
with synovial or lung fibroblasts in the presence of TNFα results in differential 
regulation of genes in macrophages that are normally up- or downregulated by 
TNFα [26]. The upregulation of around 22% of genes by TNFα was attenuated by 
≥50% during coculture compared to macrophages cultured alone, and interestingly 
many attenuated genes were related to interferon- or myc-regulated gene signatures, 
indicating a coordinated response to coculture. Conversely the expression of 
approximately 34% of genes normally downregulated in macrophages by TNFα 
was upregulated by twofold or more in the presence of fibroblasts, with the genes 
affected related to growth factors such as TGF-β, M-CSF, and GM-CSF. Prior to this 
study, it was known that fibroblast and monocyte coculture indirectly increases the 
release of IL-6 in an IL-1β-dependent manner and that GM-CSF, LIF, and CXCL8 
are also increased simply through the coculture of these two cell types [27].

Taking these findings together highlights not only the involvement of fibroblasts 
in responding to inflammatory cues but also the ability of this family of cells to 
produce mediators involved in the process of inflammation and even manipulate the 
response of cells of the immune system to pro-inflammatory mediators.

3.3.2  �Fibroblasts Regulate Leukocyte Infiltration and Survival

The ability of fibroblasts to regulate the recruitment or retention of leukocytes 
within tissues is well documented. RASF constitutively express CXCL12, CCL2, 
and CXCL8 which through interactions with CXCR4, CCR2, CCR4, CXCR1, and 
CXCR2 facilitate the infiltration of B and T lymphocytes, monocytes, and neutro-
phils [28–30]. RASF that have been stimulated with the TLR2 ligand peptidoglycan 
increase the secretion of CXCL8, CCL5, and CCL8 which are chemoattractants of 
neutrophils, monocytes, and CD4+ T cells [31]. The concentration of CXCL12 in 
RA synovial fluid is higher than that of patients with OA. Coculture of RASF with 
CD4+ T cells increases CXCL12 production via CD40-CD40L interactions and 
IL-17 release [32]. Furthermore, RASF secrete higher levels of CCL2 and CXCL8 
than synovial fibroblasts from osteoarthritis patients (OASF) or dermal fibroblasts 
leading to increased levels of monocyte migration [33].
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Inappropriate retention of leukocyte subsets within a tissue leads to persistence of 
inflammation. Retention, as modelled by assays of pseudoemperipolesis, in which a 
monolayer of stromal cells facilitates migration of cells underneath the monolayer, is 
often used as an in vitro assessment of the ability of fibroblasts to hold cells within 
tissues. RASF and OASF induce pseudoemperipolesis in peripheral blood B cells and 
activated T cells, whereas dermal fibroblasts can only induce limited B-cell pseudoem-
peripolesis and do not have this effect on mature T cells [28, 29]. In B cells this process 
is mediated via CXCL12-CXCR4 and VCAM-1-VLA-4 interactions, whereas in T 
cells only the CXCL12-CXCR4 axis is required. Synovial fibroblasts can also support 
the pseudoemperipolesis of natural killer (NK) cells, and coculture of the two cell 
types together elicits an increase in IL-15, GM-CSF, IL-6, CXCL8, and CCL2 [34].

The survival of leukocytes is also increased by coculture with synovial fibroblasts. 
Dermal fibroblasts and OASF increase the viability of B cells after isolation but not 
to the same extent as RASF which increase viability from 3.6% in monoculture to 
53.2% in coculture after 6 days [29, 35]. RASF constitutively express membrane-
bound IL-15 and B-cell activating factor (BAFF), and TLR3 ligation can increase 
BAFF and a proliferation-inducing ligand (APRIL) expression, whereas IL-15 
expression is increased in synovial fibroblast-NK cell cocultures [34–36]. BAFF 
increases the expression of IL-15R which through engagement with IL-15 acts as a 
survival signal for B cells and NK cells in combination with cell contact. In addition 
to promoting the survival and retention of B cells, BAFF and APRIL also induce class 
switching in B cells, demonstrated by the induction of activation-induced cytidine 
deaminase (AID) and an increase in IgA and IgG expression, indicating fibroblasts 
can affect the differentiation of B cells. Activated CD4 T-cell survival is also increased 
through coculture with synovial fibroblasts in an IFNβ-dependent method [37].

3.3.3  �Inflammation Can Drive Aberrant Expression of ECM 
Remodelling Enzymes

RASF are known to produce ECM remodelling factors such as MMP3, MMP9, and 
MMP13 and cathepsins B, D, and L [21, 34, 38, 39]. The mediators produced facili-
tate the invasion of RASF into the cartilage compared to limited invasion by OASF 
that have not been involved in the persistent inflammation seen in RA [38, 40]. RASF 
are capable of invading the cartilage in the absence of stimuli from leukocytes con-
firming that in persistent disease fibroblasts can obtain an ‘imprinted’ aggressive phe-
notype and, in an in  vivo model of cartilage invasion (severe combined 
immunodeficiency mouse cartilage xenograft model), fibroblasts can migrate from 
the cartilage in one site to another via the vasculature offering hints towards the tem-
poral involvement of more joints in RA [41].

The formation of fibroblast-rich pannus tissue that invades and damages the car-
tilage and bone is a signature of RA. The invasive fibroblasts within the pannus 
tissue most likely derive from the subset of lining layer fibroblasts within the 
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synovium given that cadherin-11 is expressed in invading pannus and up- or down-
regulation of this marker has a corresponding effect upon invasion of the cartilage 
[10, 11]. There is also evidence suggesting that the interaction of fibroblasts with 
cells of the monocyte/macrophage lineage can increase the invasive capability of 
these cells in vitro via increased MMP production [42–44].

3.3.4  �Histone Methylation and Acetylation Are Perturbed 
in RASF

RASF are characterised by a persistent pro-inflammatory phenotype. Epigenetic 
mechanisms regulating accessibility of DNA transcription complexes to gene pro-
moters are thought to play a key role in maintenance of this phenotype and include 
modifications of the histone proteins around which DNA is wound, such as acetyla-
tion, methylation and phosphorylation, and direct methylation of CpG dinucleotides 
of DNA (for a review see Portela and Esteller [45]). Changes to histone proteins are 
regulated by protein complexes containing enzymes that add or remove groups at 
specific amino acid residues, for instance, acetyl groups are added and removed, 
respectively, by families of histone acetyltransferases (HATs) and histone deacety-
lases (HDACs). Methyl groups are added to CpG dinucleotides within DNA by a 
well-described family of DNA methyltransferases (DNMTs), although mechanisms 
of dynamic removal of methylation groups remain poorly understood [46].

Results regarding the activity of enzymes involved in histone acetylation are 
contrasting. Huber et  al. [47] found that nuclear HDAC activity is significantly 
lower in extracts from RA synovial tissue than from osteoarthritis or normal syno-
vial tissue, whereas Kawabata et  al. [48] found evidence for the opposite. Both 
studies agreed that there was no significant difference in the activity of HATs. Of 
interest, Kawabata et al. [48] proceeded to investigate the levels of HDAC mRNA 
and found that levels of HDAC1 were significantly higher in RA synovium than 
controls. Stimulation of RASF with TNFα increases HDAC1 mRNA and HDAC 
activity, and TNFα and HDAC1 transcript levels are positively correlated. 
Subsequent studies have also provided contrasting findings with histone H3 acetyla-
tion in the IL-6 promoter found at higher levels in RASF than OASF, IL-6 mRNA 
being expressed at higher basal levels in RASF, and the inhibition of HATs decreas-
ing both histone H3 acetylation and IL-6 production in response to TNFα [49]. On 
the other hand, Grabiec et al. [50] found that inhibition of HDAC enzymes inhibited 
IL-6 production in response to TNFα which highlights the complexity associated 
with histone marks and the possibility of both activation and inhibition of gene 
expression depending on the location of the modification.

Levels of DNA methylation also vary in RA compared to osteoarthritis. RASF 
are hypomethylated compared to OASF within the synovial tissue and maintain this 
difference during in vitro culture [51]. Treating synovial fibroblasts from healthy 
donors with the demethylating agent 5-azacytidine for a period of 3 months upregu-
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lates around 180 genes by more than twofold, many of which have been implicated 
in RA. When comparing RASF and OASF, a different study found 575 genes asso-
ciated with hypomethylated sites and 714 genes associated with hypermethylated 
sites with a total of 3470 differentially expressed genes highlighting the changes in 
fibroblast phenotype elicited by the RA environment [52].

3.3.5  �MicroRNAs Regulate Fibroblast Biology

MicroRNAs (miRNAs) are small non-coding RNA sequences 21–25 nucleotides in 
length that regulate the expression and stability of multiple coding mRNA species 
through direct and indirect mechanisms (for a comprehensive review, see He and 
Hannon [53]). The coordinated expression of miRNAs is coming to prominence as 
an important aspect of the induction and resolution of inflammation.

RASF have increased basal expression of several miRNAs compared to OASF 
such as miR-155 and miR-146a. The expression of miR-155 in RA synovial tis-
sue is eightfold higher than in OA [54, 55]. miR-155 acts to downregulate the 
expression of the matrix-destructive enzymes matrix-metalloproteinase-3 
(MMP3) and MMP1  in response to various TLR ligands and IL-1β, indicating 
that increased expression of miR-155 may be a pro-resolution regulator released 
during inflammation. Another miRNA, miR-22, downregulates proliferation and 
IL-6 production by synovial fibroblasts through downregulation of the mediator 
Cry61 and has been found to be expressed at lower levels in the RA synovium 
than OA [56]. Many miRNAs were found to be differentially regulated between 
RASF and OASF in a study by de la Rica et al. [52]. The regulatory hierarchy 
between DNA methylation and miRNA expression was found to be complex, 
varying from gene to gene.

3.4  �Bone Remodelling in RA

In addition to the direct involvement of fibroblasts in cartilage degradation, they 
can also indirectly regulate bone damage through regulation of the osteoclast/
osteoblast axis.

3.4.1  �Normal Bone Maintenance Is Perturbed in RA

In order to maintain its strength and integrity, bone tissue is continuously turned 
over throughout adult life at a rate of approximately 10% total bone content per 
year. Two key cell types required for this process are the osteoblast, which produces 
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bone, and the osteoclast, which resorbs it. These cells signal to each other via osteo-
blast production of ‘receptor activator of NF-κβ ligand’ (RANKL) and osteoprote-
gerin (OPG). RANKL binds to its receptor RANK on the osteoclast to induce 
osteoclastogenesis; OPG acts as a RANKL decoy receptor and thus inhibits osteo-
clast formation (reviewed in Bar-Shavit [57]). This cellular crosstalk (often referred 
to as osteoblast-osteoclast coupling) serves to balance the activity of the two cell 
types ensuring equilibrium between bone production and bone resorption is main-
tained (reviewed in [58]). Defects in this relationship can lead to disorders of bone 
destruction by osteoclasts (e.g. osteoporosis) or excessive bone formation by osteo-
blasts (e.g. osteopetrosis).

The coupling between osteoclast-mediated bone resorption and osteoblast-
mediated bone formation is perturbed during persistent inflammation. In the RA 
inflammatory environment, this results in net bone loss manifested in three ways: 
focal bone loss caused by erosions at the joint margins, periarticular osteopenia in 
bones adjacent to inflamed joints, and a generalised osteoporosis of the entire skel-
eton [59]. Despite improvements in RA treatment made since the introduction of 
biologics and increases in reported rates of remission [60], patients with inade-
quately controlled RA have increased fracture risk and inadequate fracture healing 
(reviewed in Claes et al. [61]) making the control of bone integrity an important 
clinical issue [60].

Osteoblasts are stromal cells derived from MSC precursors, whilst osteoclasts 
are multinucleated cells of the haematopoietic lineage. Much of the coupling imbal-
ance seen in RA can be explained by defects in osteoblast signalling and activity. 
The differentiation process from MSC through pre-osteoblast to mature osteoblast 
is dependent initially on the transcription factor RUNX2 and, as the osteoblast 
matures, on the combination of RUNX2 and osterix (reviewed in Long [62]). The 
mature osteoblast produces osteocalcin, alkaline phosphatase, and collagen type I in 
order to lay down ‘osteoid’ ECM, which is later mineralised through the accumula-
tion of hydroxyapatite to form bone.

Walsh et al. [63] have shown that in mice with inflammatory arthritis, the rate of 
osteoid (unmineralised bone matrix) formation by osteoblasts is the same at sites 
affected by arthritis, where active bone resorption is taking place, as it is at unaf-
fected sites. This alone suggests that the amount of bone formation at sites where 
active resorption is taking place cannot equal the greatly increased degree of bone 
loss. Even more strikingly, the degree of mineralised bone formation at sites adja-
cent to inflammation is reduced compared to non-inflamed sites. A paucity of mature 
osteoblasts (those expressing alkaline phosphatase) was observed despite the pres-
ence of reasonable numbers of immature osteoblasts (cells expressing Runx2) [63].
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3.4.2  �Pro-inflammatory Cytokines and the Inflammatory 
Microenvironment Suppress Bone Formation

The cause of this defect may be, at least in part, due to the presence of high levels 
of pro-inflammatory cytokines during inflammation. Gilbert et  al. [64, 65] have 
identified that addition of TNFα to pre-osteoblast cultures arrests osteoblast differ-
entiation and maturation in vitro. Others have similarly demonstrated that markers 
of osteoblast maturation such as alkaline phosphatase, collagen type I, and osteocal-
cin are all reduced in the presence of TNFα and treated cells are unable to upregu-
late matrix mineralisation [66–69]. Osteoblasts in vitro cultured with serum from 
patients treated with infliximab (an anti-TNF biologic agent) show reduced expres-
sion of IL-6, a cytokine that has been linked to arthritis-related bone loss at least in 
part by binding the IL-6 receptor, an interaction which induces prostaglandin E2 
synthesis, in turn reducing the ratio of OPG/RANKL expression by the osteoblast, 
favouring osteoclastogenesis [70, 71]. In addition to its effect on IL-6, osteoblasts 
cultured with serum from patients treated with infliximab show reduced expression 
of IL-1β, known to inhibit bone formation in vitro and to impair osteoblast migra-
tion towards chemotactic factors in vivo [71–74].

In rheumatoid arthritis, the local microenvironment is profoundly changed due to 
the influx of immune cells and proliferation of synovial fibroblasts within affected 
joints. This produces a localised hypoxia and a reduced pH, both of which are capable 
of influencing osteoblasts within the joint. Hypoxia inhibits Wnt signalling (discussed 
in more detail below) in osteoblasts by sequestering β-catenin to inhibit transcrip-
tional activity and by upregulating DKK-1; low pH causes the downregulation of 
alkaline phosphatase synthesis in osteoblasts which prevents mineralisation [75–77].

RASF also have the capacity to manipulate the balance of osteoblast/osteoclast 
directly through the expression of RANKL. In the RA synovium, RANKL expres-
sion is higher than in OA, and the expression co-localises with the lining layer 
marker CD55 [78, 79]. Stimulating RASF with TLR2, TLR3, or TLR4 ligands 
induces RANKL expression indirectly through the induction of IL-1β expression; 
however, OASF or dermal fibroblasts do not increase RANKL expression in response 
to these ligands. RASF stimulated with peptidoglycan, lipopolysaccharide, or 
poly(I:C) are able to induce osteoclastogenesis in monocytes as demonstrated by the 
expression of the osteoclast marker tartrate-resistant acid phosphatase (TRAP).

Further evidence that total resolution of inflammation (and thus maximal reduction 
in the expression of pro-inflammatory factors such as IL-1 and TNFα) is required 
for recovery of bone integrity comes from mouse studies in which resolving models of 
RA can be utilised. In one example, Matzelle et al. [80] showed that complete reso-
lution of inflammation allowed for osteoblast-mediated bone formation and repair of 
bone damage in a process mediated by the induction of the anabolic, pro-minerali-
sation factors Wnt10b and DKK2 and suppression of Wnt antagonists. TNFα may 
also inhibit normal osteoblast function through other mechanisms, including effects 
on the Wnt signalling pathway. Diarra et al. [81] have shown that TNFα modulates 
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Wnt signalling causing enhanced DKK-1 expression in synovial fibroblasts, whilst 
blockade of DKK-1 induces fusion of sacroiliac joints mimicking ankylosing spondy-
litis [82]. Sclerostin, a Wnt signalling inhibitor expressed by osteocytes (osteoblasts 
that have become entombed within the bone matrix), has shown promise as a drug 
target in RA. Anti-sclerostin antibodies were able to inhibit bone loss (systemic, 
periarticular, and local) in mouse models of arthritis [83]. Importantly, this anti-
body was also able to induce bone repair but only if used in combination with anti-
TNF antibody (infliximab), again suggesting that bone repair can only occur when 
systemic inflammation is controlled.

3.5  �Stromal Cells Are Promising Therapeutic Targets

With increasing understanding of the role of stromal cells in inflammation, new 
therapeutic approaches that differ from the approach of directly targeting inflamma-
tory mediators are being piloted. Treatments with histone deacetylase inhibitors 
have been used in both mice and humans with positive effects seen in both cases. 
For example, treatment of human RASF in vitro with the histone deacetylase inhibi-
tor Trichostatin A inhibits the cell cycle and sensitises cells to apoptosis induction 
by the TNF-related apoptosis-inducing ligand (TRAIL) which is found at higher 
concentrations in RA synovial fluid than OA [84]. Use of the same treatment in 
murine collagen antibody-induced arthritis reduced the overall clinical arthritis 
score, significantly reduced histological signs of synovial inflammation and carti-
lage damage, and reduced the expression of MMP3 and MMP13 in chondrocytes, 
cells responsible for the maintenance of the cartilage [85]. Another histone deacety-
lase inhibitor, givinostat, has been used to treat patients with juvenile idiopathic 
arthritis and resulted in a reduction in swollen and tender joint counts [86]. However, 
due to the non-specific nature of the drug, many adverse effects were seen such as 
vomiting, nausea, and fatigue which may limit the usefulness of the relatively non-
selective histone deacetylase inhibitors.

Recent work has indicated miRNA-orientated treatments could be used in 
arthritic disorders. Treatment of OASF with the miRNA-146a-upregulating com-
pound denbinobin indirectly reduced monocyte adhesion to these cells by interfer-
ing with an IL-1β-mediated increase of ICAM-1 and VCAM-1 [87]. Denbinobin 
also increased HAT activity in OASF. Yao et  al. [88] developed a pre-miR-146a 
delivery system using virus-like particles to upregulate miR-146a expression in 
monocytes. Upregulation of miR-146a in monocytes inhibited osteoclastogenesis 
induced by RANKL and M-CSF and reduced bone resorption in vitro.
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3.6  �Conclusions

Fibroblasts are not merely bystanders during inflammation and can produce and 
respond to inflammatory mediators (Fig.  3.1). Additionally, they possess TLRs 
allowing them to respond to pathogens and damage and are critically involved in 
regulating the influx and retention of leukocytes within tissues. Fibroblasts can be 
driven to damage the tissues within which they reside through the inappropriate 
expression of digestive enzymes such as MMPs and also indirectly via regulation of 
the osteoblast/osteoclast axis. In RA the proinflammatory milieu interferes with 
normal osteoblast function allowing osteoclast-mediated bone resorption to pre-
dominate. Given the roles stromal cells play in inflammation and its persistence, 
these cells are promising targets for new therapies.

Fig. 3.1  Fibroblasts are heavily involved in inflammation. Chemokines such as CCL2, CXCL8, 
CXCL12, and CXCL13 attract leukocytes into the tissue where fibroblasts release factors such as 
IL-6, IL-11, and GM-CSF to  propagate inflammation. Interactions of B cells and T cells with 
fibroblasts via CXCL12-CXCR4 and VCAM-1-VLA-4 interactions retain the cells in the tissue 
and provide survival signals in concert with IL-15 released from fibroblasts. Binding of fibroblast-
expressed RANKL to RANK on monocytes in combination with M-CSF drives osteoclast differ-
entiation. MMP and cathepsin release damages the extracellular matrix and articular cartilage in 
joints
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Chapter 4
Molecular and Cellular Requirements  
for the Assembly of Tertiary Lymphoid 
Structures

C. G. Mueller, S. Nayar, J. Campos, and F. Barone

Abstract  At sites of chronic inflammation, recruited immune cells form structures 
that resemble secondary lymphoid organs (SLOs). Those are characterized by seg-
regated areas of prevalent T- or B-cell aggregation, differentiation of high endothe-
lial venules (HEVs) and local activation of resident stromal cells. B-cell proliferation 
and affinity maturation towards locally displayed autoantigens have been demon-
strated at those sites, known as tertiary lymphoid structures (TLSs). TLS formation 
has been associated with local disease persistence and progression as well as 
increased systemic manifestations. While bearing a similar histological structure to 
SLO, the signals that regulate TLS and SLO formation can diverge, and a series of 
pro-inflammatory cytokines has been ascribed as responsible for TLS formation at 
different anatomical sites. Here we review the structural elements as well as the 
signals responsible for TLS aggregation, aiming to provide an overview to this com-
plex immunological phenomenon.
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4.1  �Introduction

4.1.1  �Definition of Tertiary Lymphoid Organs

Tertiary lymphoid structures (TLSs), also named ectopic lymphoid structures, are best 
defined as the organoid assembly of cells of the adaptive immune system (B and T 
lymphocytes) in non-immune tissue. They comprise one or more follicles of B cells 
that may cluster around fibroblastic stromal cells, usually referred to as follicular den-
dritic cells (FDCs) [1]. TLSs are also characterized by T cells that, with interdigitating 
dendritic cells (DCs), collect around fibroblastic reticular cells (FRCs) [2]. These 
structures are vascularized, and the blood endothelial cells express high levels of che-
mokines and integrins to actively recruit leucocytes. Endothelial cells and fibroblasts 
express cell adhesion factors such as MAdCAM-1 (mucosal vascular addressin cell 
adhesion molecule 1), VCAM-1 (vascular cell adhesion molecule 1) or ICAM-1 
(intercellular adhesion molecule 1). HEVs can also express PNAd (peripheral node 
addressin), the ligand for L selectin, to maximize the recruitment of lymphocytes from 
the bloodstream [3]. In addition, lymphatic endothelial cells can also be found at sites 
of TLS development; however, on the contrary to what is seen in lymph node archi-
tecture, connective tissue encapsulating TLSs is a rare finding.

From a purely conceptual point of view, TLSs develop when the forces that 
recruit and retain leucocytes exceed those expulsing them from the tissue. This can 
occur either through an overactive recruitment via blood endothelial cells or by a 
diminished lymphatic endothelial cell-regulated cell output. Nonetheless, lymph-
edema is unlikely to be sufficient to create TLSs when the retaining force is under-
developed. Therefore, a coordinated interplay between entry-retention-exit is 
probably required for TLS formation. Moreover, lymphocytes retained in the tissue 
rarely achieve the level of organization sufficient to form a TLS, thus suggesting that 
an active process of recruitment and organization is required for TLS formation [4].

TLSs arise in tissues whose main function is other than the generation of immune 
cells or the initiation of an adaptive immune response. This excludes the bone mar-
row, thymus (primary lymphoid organs) or spleen, lymph nodes and Peyer’s patches 
(SLOs). The kidney, heart, pancreas, synovium, etc. are regarded as non-immune 
organs. However, such classification is not as clear for organs like the intestine or 
the liver. One of the functions of the intestine is to protect the body against potential 
pathogenic microflora, and Peyer’s patches, cryptopatches and isolated lymphoid 
follicles arise as part of this function in response to normal living conditions. 
Therefore, these structures should not be regarded as TLSs. On the contrary, the 
liver fulfils a haematopoietic function in the embryo [5] that then fades into negli-
gence in the adult. The function of the adult liver is no longer to provide haemato-
poietic cells but to run the body’s chemical powerhouse. Therefore, an assembly of 
organized lymphocytes in the adult liver should be regarded as TLSs. As for the lung 
or the salivary glands, these organs either have an efficient innate immune system or 
can rely on efficient drainage to SLOs to combat pathogens without the need of 
TLSs. Therefore, in non-pathogenic condition, salivary glands and lungs normally 
do not comprise lymphoid structures, and any organoid immune cell assembly aris-
ing there should be considered as TLSs (Fig. 4.1) [6, 7].
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4.1.2  �Function of TLSs

An important function associated with TLS formation is local production of anti-
bodies. TLSs do so by providing T- and B-cell survival factors, IL-7 and B-cell 
activating factor (BAFF), to locally recruited lymphocytes and favouring the inter-
action between these cell types in a confined environment [8]. Local B-cell activa-
tion has been demonstrated by expression of AICDA (the enzyme responsible for 
class switch recombination and somatic hypermutation) [9] and active proliferation 
in ectopic germinal centre-like structures. Local differentiation of autoreactive 
plasma cells has also been shown [10].

Ectopic expression of lymphoid or homeostatic chemokines, known to regulate naïve 
and central memory T margination, CCL21 and CCL19, and B-cell organization in fol-
licles and germinal centres, CXCL13 and CXCL12, are also found in TLSs [11, 12].

Transient formation of TLSs can occur in physiological settings in response to 
pathogens, and, in these cases [4, 13, 14], TLSs are believed to contribute to the 
generation of antigen-specific B cells to fight local infection [4, 15].

During chronic inflammation, for example, in the salivary glands of patients with 
Sjögren’s syndrome (SS) and in the synovium of rheumatoid arthritis (RA), the 
presence of TLSs is strongly associated with disease progression rather than resolu-
tion. TLS formation correlates with autoantibody serum levels and disease severity 
in several autoimmune diseases and in animal models of diabetes and SS [7, 16, 17]. 
In patients with SS, the presence of TLSs is associated with higher levels of circulat-
ing autoantibodies and systemic manifestations [10, 18–20]. TLSs that form during 
RA in the subchondral bone contribute to osteoclast activation and tissue damage. 
In addition, the levels of CXCL13, a chemokine canonically associated with TLS 
formation, correlate with disease severity in RA, and the persistence of subclinical 
synovitis is detected by ultrasound [21, 22].

TLS-associated B-cell activation is a recognized mechanism of lymphoma progres-
sion in the salivary glands of patients with SS and in the gastric mucosa of patients with 
Helicobacter pylori gastritis [23–26]. In SS the identification of ectopic TLSs with 
fully formed germinal centres (GC) within the minor salivary glands is currently used 
as histological biomarker and prognostic tool for lymphoma development [20].

Fig. 4.1  a. and b. Microphotographs illustrating TLS formation in the salivary glands of a patient 
with Sjogren’s Syndrome. Sequential section showing T/B cell segregation (CD3, brown and 
CD20 in pink in b)
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In contrast, TLSs that form in the vascular adventitia during atherosclerosis 
inhibit disease progression through a mechanism that involves lymphotoxin-β 
receptor (LTβR) signalling [27]. Similar observations support an immunosuppres-
sive role for TLSs in solid tumours [28], thus raising the intriguing possibility that 
TLS function is contextual and their pro- or anti-inflammatory properties are tissue 
and disease specific.

4.1.3  �Spontaneous Versus Induced TLS

TLS can spontaneously arise under conditions of chronic inflammation caused by 
the persistence of inflammatory signals, self-antigen during autoimmunity or recur-
rent infections.

In the genetically predisposed nonobese diabetic (NOD) mouse strain, TLSs 
form in the pancreas, increase in size and acquire highly structural parameters as the 
disease progresses from peri- to intrainsulitis [16]. Mouse models develop sponta-
neously TLSs in the adventitial aorta (ATLSs) [29], in the central nervous system 
(CNS) [30] and in the gastrointestinal tract (stomach) [31, 32]. In humans, TLSs are 
associated with RA [12, 33] and SS [2].

TLSs can also be generated artificially. The overexpression of chemokines or 
other organizing molecules and the administration of inflammatory substances or 
pathogens can lead to the organoid assembly of T or B cells [34]. The site of assem-
bly can be chosen with the appropriate tissue-specific promoter (i.e. the rat insulin 
promoter of the liver ovalbumin promoter) [35] or by the necessary technique to 
introduce exogenous material [7, 8].

These two types of TLS differ in two ways, immune activity and persistence. An 
immune activity of spontaneous TLS is always present but can be considered as low 
resulting in long-term chronicity. In contrast, that of induced TLSs is variable, 
depending on the type of stimulus employed to trigger them. For instance, the orga-
nized recruitment of immune cells by overexpression of chemokines [36] would 
likely result in a weak activation, whereas introducing high concentrations of patho-
gens or pathogen-derived product would lead to an overly active immune response 
[4]. However, the distinction between spontaneous and induced TLSs based on 
immune activity is ambiguous, since there is no clear measure to grade immune 
activity and its assessment is highly subjective. In addition, it is possible that 
immune activity evolves, for instance, the gradual lymphocyte accumulation can 
disturb organ function and then result in overt inflammation.

A more useful way to distinguish between spontaneous and induced TLSs is 
maintenance. The elimination of the signal that induced the organoid immune cell 
assembly should also lead to its disappearance [37]. This can be tested using a pro-
moter for gene overexpression whose activity is controllable or using pathogen or 
pathogen-derived products with a short half-life. In the case of the spontaneously 
arising TLS, the signal that triggered its formation is complex, redundant and par-
tially not understood, hence difficult to eliminate, which leads to persistence. This 

C. G. Mueller et al.



59

aspect raises much interest in the scientific and medical community, since the iden-
tification of those inductive signals would allow their medical targeting to resolve 
TLSs. From this point of view, also induced TLSs have great value since they allow 
the identification of those molecules capable of inducing TLSs (and involved in 
their development and maturation) and provide a rapid study system to test thera-
peutic efficacy.

4.2  �Molecular Cues for TLS Formation

The studies of experimentally induced TLS have largely contributed to our under-
standing of the mechanisms that lead to TLSs, and they have co-evolved with the 
dissection of the molecular programming that underlies the normal development of 
SLOs. Indeed, the finding that the same molecular programmes that control SLO 
development also induce TLS formation led to the notion that TLSs greatly resem-
ble SLOs in structure and function. However, it is still premature to conclude that 
these concepts can be generally applied to prevent their formation or resolve exist-
ing TLSs.

4.2.1  �Chemokines

CXCL13 is expressed by fibroblastic stromal cells and is a key chemokine for B 
cells and lymphoid tissue inducer (LTi) cells. Mice deficient in CXCL13 lack all 
lymph nodes except facial, cervical and mesenteric lymph nodes [38]. Its overex-
pression by the rat insulin promoter (RIP), active in the pancreas and kidney, a 
popular model system for induced TLS formation [39], leads to TLS formation 
characterized by segregated B-/T-cell zones, the presence of conventional DCs and 
a dense network of stromal cells and HEV-type blood vessels [35]. Increased expres-
sion of CXCL13 and B-cell infiltration was also described in the central nervous 
tissue of mice in experimental autoimmune encephalomyelitis [30]. Among other 
chemokines (notably CXCL10), CXCL13 has been found in the spontaneous mouse 
model of autoimmune gastritis [31]. The spontaneous TLSs in the pancreas of dia-
betic NOD mice show a local upregulation of CXCL13, CXCL12 and CCL19, con-
comitant with FDC formation and B-cell activation, while the mRNA expression 
levels of CXCR5, CCR7 and CXCR4 increase less markedly [16]. In a mouse model 
of ATLSs, aorta smooth muscle actin-expressing cells synthesized CXCL13 and 
CCL21 [29]. CXCL13, CCL21 and CXCL12 were found in Sjögren’s syndrome 
tissue but varied according to the different clinical stages [17, 23, 40]. Hashimoto’s 
thyroiditis [41] ectopic lymphoid tissue formation in the thyroid gland shows the 
presence of CXCL13 mRNA that correlates with CXCR5 mRNA levels and the 
number of focal lymphocytic infiltrates and germinal centres [41]. CXCL13 is pres-
ent in rheumatoid arthritis and plays a predominant role over CCL21 in lymphoid 
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foci formation [33]. Indeed, there is some evidence suggesting that CXCL13 and 
LTb expression might predict the development of ectopic germinal centres in 
patients with RA and SS [3, 17, 42, 43].

CXCL12 (or stromal cell-derived factor 1, SDF1) is critical in bone marrow hae-
matopoiesis and B-cell development, where it is expressed by bone marrow stromal 
cells [44]. It is displayed by HEVs in SLOs and acts as an important B cell recruit-
ing chemokine, while T cells are mostly unresponsive [45]. Therefore, and not sur-
prisingly, RIP (rat insulin promoter)-CXCL12 transgenic mice presented with small 
infiltrates comprising few T cells but enriched in DCs, B cells and plasma cells [46]. 
Significant upregulation of CXCL12 is observed in TLS associated with lymphoma 
development in the salivary glands of patients with SS [23].

CCL19 and CCL21, expressed by endothelial cells and some stromal cells, are 
ligands for CCR7 carried by T cells, DCs and LTi cells. A critical role for CCR7 and 
CCL19/CCL21 in T-cell homing was shown by plt mice that lack the CCL19 gene 
and the CCL21-ser expressed by lymphatic vessels of the lymphoid tissue. In the 
RIP overexpression model, CCL21 appears more effective than CCL19 in forming 
ectopic lymphoid structures [46, 47]; however, even with CCL21 overexpression, a 
distinctive B-cell follicle fails to form [46]. CCL19 and CCL21 have both been 
detected in ectopic infiltrates of RA and SS [12, 33].

Ectopic expression of CCL21 in the thyroid gland was sufficient to induce TLS 
formation that resembled the structures seen in Hashimoto’s thyroiditis and Graves’ 
disease [48]. As neither of the two CCL21 transgenic models [46, 48] presented 
evidence for CD35+ FDCs or CXCL13+ stromal cells, these studies suggested that 
CCL19 or CCL21 overexpression alone is not sufficient to induce complete lym-
phoid tissue neogenesis.

4.2.2  �TNFSF Members

The TNFSF (tumour necrosis factor superfamily) members TNFα, lymphotoxin 
(LT) α and β and their signalling receptors TNFRI/II and LTβR were promptly sug-
gested to promote the formation of TLSs when their critical role in SLO develop-
ment emerged. Seminal work by Ruddle and her group showed that ectopic 
expression of TNFα or LTα, but not LTβ, under the control of rat insulin promoter 
led to formation of TLSs [49, 50]. The strongest effect was seen when LTα and LTβ 
were co-expressed, resulting in an invasive leukocyte accumulation of the pancre-
atic islets and significantly larger TLSs than in LTα transgenic mice [49]. Moreover, 
the HEVs were characterized by luminal PNAd expression, thus providing the 
molecular mechanisms for naïve T-cell and B-cell recruitment [49]. Of the two 
TNFRs, TNFRI, the principal mediator of lymphoid tissue organogenesis and ger-
minal centre reaction [51], plays the major role in mediating LTα-induced pancre-
atic TLS [52]. Investigators have demonstrated that LTα expression in tumour cells 
leads to the formation of intratumoural lymphoid tissue able to sustain an efficient 
immune response [53]. Activation of LTβR and TNFRI was implicated in aortic 
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TLS, where interruption of the LTβR signalling suppressed CXCL13 and CCL21 
expression, reduced HEVs formation and disrupted TLS structure and maintenance 
[29, 54]. In NOD mice, pancreatic TLSs show local upregulation of LTαβ and 
LIGHT, an alternative LTβR ligand [55, 56]. In contrast, inducible bronchus-
associated lymphoid tissues (iBALT), tear duct-associated lymphoid tissues and 
nasopharynx-associated lymphoid tissues (NALTs) appear to develop indepen-
dently of LTαβ and LTβR [7, 57–59]. However, LT signalling is crucial for mainte-
nance and organization of these structures in the infected lung tissues, and TLSs are 
disrupted in LTα-deficient mice [7]. The growth of a lymphatic network in this 
model is dependent on LTβR signalling [60].

While an effect of LTα, alone or with LTβ, appears to be evident, the role of TNFα 
is conflicting. In some inflammatory diseases, including those with TLS presence, 
TNFα exhibits anti-inflammatory activity [61]. For instance, insulitis in NOD mice and 
lupus in New Zealand lupus-prone mice are improved after injection of TNFα [62, 63].

LIGHT is an alternative ligand for LTβR, and its transgenic overexpression 
drives TLS formation in animal models of melanoma and fibrosarcoma [53, 64]. In 
the TLSs of NOD mice, there was a local upregulation of LTαβ and LIGHT [16]. 
Pancreatic LIGHT overexpression in NOD mice exacerbates the disease [56].

BAFF regulates B-cell survival and is highly expressed in the meninges-
associated ectopic GC in a mouse model of CNS inflammation [30]. Although dif-
ferent patterns of lymphoid arrangements usually coexist, TLSs harbouring highly 
organized ectopic lymphoid follicles tend to express significantly higher levels of 
LTα, CXCL13 and CCL21 than those with diffuse lymphoid infiltrates [12, 33, 
65–67]. In fact, the expression levels of CXCL13 and LTβ may be highly predictive 
of the presence of ectopic germinal centres in synovial biopsies of patients with RA 
and SS [12, 33, 43, 65–67].

4.2.3  �Cytokines

The ubiquitous transgenic co-expression of IL-6 and IL-6R leads to perivascular accu-
mulation of lymphocytes with an important proportion of B cells and mature plasma 
B cells [68]. Overexpression of IL-5 in the respiratory epithelium also results in devel-
opment of organized iBALT. However, unlike the models of homeostatic chemokines 
or TNF-family ligands mentioned above, which do not develop diabetes or thyroiditis 
despite TLS formation, the IL-5-dependent induction of iBALT leads to epithelial 
hypertrophy, goblet cell hyperplasia, accumulation of eosinophils in the airway lumen 
and peribronchial areas and focal collagen deposition, which are all signs of severe 
lung pathology [69]. Stimulation of T cells with IL-4 or IL-7 induced LTαβ expres-
sion, with IL-7 being most potent for CD4+ T cells [46].

The IL-17 gene family plays an important role in the defence against pathogens 
and has been implicated in various chronic inflammatory contexts. Like TNFRSF 
members, IL-17 receptor signals via NF-κB.  IL-17 T cells are induced by IL-6, 
TGFβ and IL-23 but inhibited by IL-27. Mice deficient for IL-27 have been shown 
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to develop more severe pathology in a model of induced arthritis and show higher 
numbers of TH17 cells in draining lymph nodes and increased IL-17 in serum [70]. 
Furthermore, in RA patients, the levels of IL-27 are negatively associated with the 
presence of TLSs, T- and B-cell infiltration in the synovial tissue and levels of IL-17 
expression [70].

IL-17 emerged as an important mediator or iBALT induced by lipopolysaccha-
ride [71]. IL-17 induced inflammatory and homeostatic chemokine production in 
the absence of LTα and LTβ, but the lymphotoxins were required for the differentia-
tion of fibroblastic reticular cells (FRCs), FDCs and HEVs.

Pseudomonas aeruginosa infection induced the pulmonary accumulation of 
IL-17-producing γδ T cells, triggering CXCL12 production by stromal cells and 
thus the recruitment of B cells into structures that lack however FDCs [72]. Using a 
T-cell transgenic animal model of experimental autoimmune encephalomyelitis 
(EAE) that mimics multiple sclerosis, Peters and colleagues demonstrated that T 
cells expressing IL-17 cells induce ectopic lymphoid tissues in the central nervous 
system (CNS) [73]. BALTs induced by M. tuberculosis are also dependent on IL-17 
and modulated by IL-23 [6].

Studies of human SS have detected IL-22 mRNA in the affected salivary glands 
[74], and serum levels of IL-22 correlated with clinical manifestations of the dis-
ease, including hypergammaglobulinaemia and autoantibody production [75]. In a 
mouse model of viral-induced SS, inhibition of IL-22 strongly reduces TLS size [8].

IL-7R is expressed by LTi cells, and, together with CXCR5, IL-7 promotes their 
accumulation in SLOs [38]. IL-7 overexpression led to ectopic lymphoid structures 
in non-lymphoid tissues, such as in the pancreas or the salivary glands, which were 
LTα-dependent [76].

4.3  �Cellular Requirements for Induced TLSs

4.3.1  �Haematopoietic Cells

SLO development depends on the interaction of the haematopoietic LTi cells 
(CD3-CD4 + IL-7Ra + RANK+) with lymphoid tissue organizers (LTos), cells of 
mesenchymal origin characterized by expression of VCAM-1, ICAM-1 and 
MAdCAM-1 [77–79]. In the context of TLS formation, key cell types have been 
implicated, including LTi, LTo, IL-17-secreting CD4+ T cells and T follicular helper 
cells (TFH) [80].

The release of IL-7 and RANKL by LTo cells promotes the expression of LTa1B2 
by LTi cells, which in turn engages the LTBR on LTo. Such cascade of events leads to 
homeostatic chemokine release and vascularization by HEVs [80]. In the context of 
chronic inflammation-associated TLSs, it has been hypothesized that stromal cells 
found in close relationship with TLSs may acquire LTo-like properties [12, 81, 82].

It was shown that LTi cells express LTαβ in response to IL-7, TNFα and RANKL 
[83]. They respond to CXCL13 and CXCL12 chemotactic signals and carry integ-
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rins that interact with MAdCAM-1 and VCAM-1. LTi cells persist in the adult as 
innate lymphoid cells of group 3 (ILC3). Hence, the finding that CXCL13, CCL21, 
CCL19 and CXCL12 are not equal in their ability to promote TLSs may be due, in 
part, to their differential capacity to attract and maintain LTi/ILC3 cells and promote 
LTαβ expression.

ILC requirement for TLS formation is debated. ILC3 cell supports isolate lym-
phoid follicle (ILF) formation, via IL-22 production; but whether those structures 
can be considered TLSs is argued [4]. Indeed, there is evidence from different ani-
mal models that ILCs, including LTi/ILC3 cells, are not essential for the formation 
of ectopic lymphoid aggregates. In a model of thyroid CCL21 overexpression, TLS 
formation occurs in the absence of transcription factor Id2 required for LTi/ILC cell 
maturation [48, 59, 84]. The above-cited models of Th17-stimulated iBALS forma-
tion appear to be independent on LTi cells [7]. It is now accepted that in the context 
of inflammatory conditions, the signals required for TLS maturation can be pro-
vided by other cells [59]. B cells and T cells are an alternative source of LTαβ when 
appropriately stimulated [38, 85]. In the original model of transgenic CXCL13 
overexpression under the RIP, TLS formation was dependent on the presence of B 
cells [35].

DCs contribute to the growth and maintenance of SLOs [84] by providing VEGF 
and LTαβ to HEVs and by stimulating the expression of CCL21 by FRCs [86, 87]. 
DC was also shown to play a critical role in the construction of artificial murine 
lymphoid structures [88]. The presence of DCs is necessary for the maintenance of 
iBALT (Incducible bronchus-associated lymphoid tissue) in the model of viral pul-
monary infection [89]. In the LPS-induction model of lung iBALT (Incducible 
bronchus-associated lymphoid tissue), CD11c + DCs are necessary for the mainte-
nance of the ectopic lymphoid structures [89]. Myeloid CD68+ cells are also a 
source of chemokines such as CXCL13 or CXCL12 [23].

4.3.2  �Non-haematopoietic Cells

The mesenchymal lymphoid tissue organizers (LTos) of the embryo give rise to the 
stromal cells of the adult SLO, FRCs of the T-cell zone, marginal reticular cells 
(MRCs) of the marginal zone and FDCs of the B-cell follicle. Together, they regu-
late organ compartmentalization, cell mobility and distribution of cells and small 
molecules [90].

The presence of the fibroblastic stromal cells in TLSs is determined using spe-
cific markers, such as CD35/CXCL13 for FDCs and gp38/CCL19/21 for FRCs. 
FDCs are generally present in TLSs that form a distinct B-cell follicle and/or a 
germinal centre [9]. However, because also MRCs produce CXCL13 or BAFF, the 
identity of FDCs must rely on discriminative markers such as CD35 for FDCs and 
RANKL for MRCs. FRCs, commonly characterized by the expression of gp38 and 
the production of CCL21, are again generally found in TLSs with a prominent T-cell 
recruitment [4, 80]. Krautler et al. showed that PDGFRβ+ stromal-vascular cells 
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from non-lymphoid organs have the capacity to differentiate into FDCs upon LTβR 
and TNFR triggering, suggesting that FDCs can arise at sites of stromal-vascular 
cells [91]. Peduto et al. also demonstrated that local resident fibroblasts give rise to 
immune-stromal cells in experimental models of cancer and local inflammation 
[92]. In mouse models of ATLSs, aorta smooth muscle cells acquired features simi-
lar to LTo expressing of VCAM-1, CXCL13 and CCL21 upon activation of the 
LTβR and TNFR signalling receptors. In human ATLS different types of stromal 
cells, including LTo-like cells, were also identified [93]. P. aeruginosa-induced 
BALT were characterized by a prominent B-cell compartment and gp38 + CXCL12+ 
stromal cells, while CXCL13+ FDCs did not develop [72]. Similarly in the salivary 
glands of mice infected with a replication-deficient adenovirus, gp38+ fibroblast 
differentiation is accompanied by local CXCL13 and CCL19 production ([8] and 
Fig. 4.2).

Analyses of chronically inflamed tissues from patients with SS or primary biliary 
cirrhosis have shown these tissues contain T-cell areas with reticular networks of 
gp38-expressing cells believed to share functional and phenotypical features of 
FRCs in areas rich in CCL19 and DCs [2, 94]. Similarly, CCL21+ and CXCL13+ 
stromal cells are present in synovial tissues of RA patients [2, 12].

SLO stromal cell differentiation is dependent on TNFSF members, and LTα/β 
and TNFα play an important role in immune stroma differentiation and compart-
mentalization in TLSs. However, LTαβ or TNFα can be dispensable for the initial 
events of TLS formation. In the experimental models of cancer and local inflamma-
tion by mechanical and inflammatory stimuli, the induction of LTo-like cells was 

Fig. 4.2  a-d. Microphotograph illustrating TLS formation in the salivary glands of wild type mice  
cannulated with a replication deficient adenovirus. Staining for gp38 (green in a. and b), CD3 (red) 
and CD19 (blue) and CXCL13 (green in c.) and CCL21 (green in d.) illustrates the degree of lym-
phoid organization of the aggregates at day 15 post viral infection
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shown to be independent of TNF signalling and most probably linked to the pres-
ence of polymorphonucleated cells in the first phases of the inflammatory process 
[92]. IL-17 directly stimulates the differentiation of CXCL13- and CCL21-
expressing stromal cells [7], and lung or salivary gland fibroblasts stimulated in vitro 
with IL17A and IL-22 upregulated CXCL13 [6, 8]. IL-4 and IL-13 are known to 
activate the expression of the adhesion molecules VCAM-1 and ICAM-1 in human 
lung fibroblasts [95].

In a model of subcutaneous tumour apoptosis, it was found that TGF-β-induced 
CXCL13 expression by endogenous myofibroblasts [96]. Aorta smooth muscle 
cells in ATLSs also express VCAM-1, CXCL13 and CCL21 upon activation of the 
LTβR and TNF-RI-signalling pathways [29, 54].

Blood endothelial cells play an important role by signalling the entry of blood-
derived haematopoietic cells through expression of integrins, addressins and che-
mokines which respond to LTαβ signals [46]. Lymphatic vessels, key structures 
involved in leucocyte egress, expressed CCL21 and CXCL12, while the vascular 
endothelium stained strongly for CXCL12 in the salivary tissue of patients with 
SS [23]. Peri- and vascular cells express CCL21 in the rheumatoid synovium and SS 
[12], and CXCL13 was found on endothelial cells in salivary glands from SS 
patients [11]. In an inducible model of TLS formation in murine salivary glands, it 
has been shown that the pre-existing lymphatic vascular network undergoes expan-
sion during TLS development, which is dependent on IL-7, LTα1β2 and the presence 
of lymphocytes [97].

Although epithelial cells can transform into mesenchymal cells, there is so far no 
evidence that this occurs in TLS formation. In a model of skin inflammation (not 
characterized by full TLS maturation), stromal cells are derived from local fibro-
blasts but not from keratinocytes [92]. Epithelial cells appear involved in SS, where 
CXCL12 is expressed by the salivary duct epithelium and CXCL13  in acini and 
ducts [17, 23].

4.4  �Treatment

Treatments aimed at depleting lymphocytes in human conditions have partially 
failed where established chronic TLSs were present, thus suggesting that both stro-
mal and leucocyte components should be targeted in TLS-associated pathologies 
[24]. Among the therapies explored in mouse models, the administration of LTα-/β--
blocking reagents has been the most used [98]. For example, in ATLS LTβR-Fc 
reduced TLS size concomitant with CXCL13 mRNA and B cellularity reduction 
and decremented HEV incidence [29]. In RIP-CXCL13 transgenic mice, LTβR-Fc 
led to a markedly reduction in TLS [2], but the reagent had little effect in RIP-
CCL21 mice [46]. In the model of thyroiditis, LTβ-Fc inhibited HEV formation but 
did not disrupt lymphocyte entry [99]. Insulitis of NOD mice is effectively treated 
with LTβ-Fc or HVEM-Fc but not with anti-LTβ antibody [56]. LTβ-Fc has also 
favourable effects on SS in NOD mice [100] and in collagen-induced arthritis with 
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a prophylactic administration [101]. LT inhibitors are currently in clinical trials for 
SS and RA [102, 103]. Beyond LTαβ inhibition, blocking gp38  in the model of 
Th17-dependent EAE appears to reduce the number of TLSs in the CNS [73]. IL-22 
blocking greatly reduces TLS in a model of virus-induced SS [8], while LPS-induced 
iBALS was sensitive to anti-IL-17 treatment [7]. Blockade of IL-21R signalling 
ameliorated disease in animal models of arthritis and lupus, and an anti-human 
IL-21 monoclonal antibody is in clinical trials in rheumatoid arthritis and lupus 
[104]. Gene therapy with IL-27 in NOD mice resulted in disrupted TLS architecture, 
weaker antinuclear antibodies staining and improved saliva flow rates [105]

Currently, several clinical trials in autoimmune diseases target pathways 
described here and known to be involved in TLS formation and function, namely, 
IL-17, IL-21, LT, RANKL and BAFF [106].

Whether those compounds will be efficient in disaggregating TLSs in different 
tissues is debated, and histological results in treated humans are awaited to establish 
biological and clinical efficiency.

4.5  �Conclusion

TLS assembly is a complex phenomenon, which can be regulated at different sites 
by diverse cytokines and cellular requirements. While the pathogenic versus tolero-
genic role of those structures is still debated [20, 27], in chronic autoimmune dis-
ease TLSs persistence is considered a negative predictive factor for disease 
progression [1, 23]. Recent advances in the understanding of SLO biology and the 
development of novel tools to dissect leucocytes/stromal cell interaction provided 
critical insights in TLS assembly and regulation [7, 8]. This will translate into the 
development of compounds able to interfere with TLS structure and persistence in 
the tissue, thus decreasing local autoimmunity and the risks associated with ectopic 
lymphocytic expansion.
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Chapter 5
Mesenchymal Stem Cells as Endogenous 
Regulators of Inflammation

Hafsa Munir, Lewis S. C. Ward, and Helen M. McGettrick

Abstract  This chapter discusses the regulatory role of endogenous mesenchymal 
stem cells (MSC) during an inflammatory response. MSC are a heterogeneous popula-
tion of multipotent cells that normally contribute towards tissue maintenance and 
repair but have garnered significant scientific interest for their potent immunomodula-
tory potential. It is through these physicochemical interactions that MSC are able to 
exert an anti-inflammatory response on neighbouring stromal and haematopoietic 
cells. However, the impact of the chronic inflammatory environment on MSC function 
remains to be determined. Understanding the relationship of MSC between resolution 
of inflammation and autoimmunity will both offer new insights in the use of MSC as a 
therapeutic, and also their involvement in the pathogenesis of inflammatory disorders.

Keywords  Mesenchymal stem cells · Endothelial cells · Neutrophils · 
Lymphocytes

5.1  �Introduction

Mesenchymal stem cells (MSC) are non-haematopoietic, multipotent tissue-resident 
precursor cells with immunomodulatory capabilities [1]. They exist in small num-
bers in a variety of tissues including the bone marrow (BM), Wharton’s jelly (WJ), 
adipose tissue (AD), dental pulp, brain, and spleen [2]. Even within different tis-
sues, MSC are thought to exhibit heterogeneous phenotypes based on cellular size, 
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surface marker expression, differentiation capacity, and function [3–6]. Thus, not all 
MSC are the same. Indeed, growing evidence suggests that the MSC niche is unique 
in distinct tissues and that variation in tissue microenvironments may lead to tissue-
specific differences in MSC functions [7–10]. As well as their reparative roles, MSC 
possess immunomodulatory capabilities and therefore have the potential to regulate 
inflammation and its resolution. MSC-mediated immunomodulation occurs through 
two mechanisms: release of soluble factors and cell-cell contact-dependent interac-
tions (Table 5.1). Here, we review the origins of tissue-resident MSC, their interac-
tion with the tissue microenvironment, and how this may influence inflammatory 
responses. A brief synopsis on MSC as a therapeutic strategy for the treatment of 
graft-versus-host disease is also discussed.

Table 5.1  Immunomodulatory effects of MSC on haematopoietic and stromal cells

Affected 
cell Effect Mediator(s) Species Passage References

Stem cells
HSC ↓ BM egress CXCL12 Mouse – [11–13]

↑ Proliferation and 
maintain HSC in an 
undifferentiated state

β-catenin Mouse – [14, 15]

Leukocytes
Neutrophils ↑ Phagocytosis Soluble factors Human 3–5 [16]

↓ Respiratory burst and 
apoptosis

Soluble factors Human 3–5 [16, 17]

NK cells ↓ IFN‖ secretion and 
cytotoxicity

PGE2, HLA-G5 Human 1–6 [18–20]

Monocytes ↓ IL-12 secretion PGE2 Human ≥2–4 [21, 22]
↑ BM egress CCL2 Mouse – [23]
↓ Differentiation into 
DC

IL-6, M-CSF, PGE2 Human ≤15 [21, 22]

↑ Polarisation to M2 
macrophage

IDO, PGE2 Human/
mouse

3–7 [24–26]

T-cells ↓ Proliferation TGFβ, HGF, PD-1-
PD-L1/2, NO, PGE2

Human/
mouse

1–6 [21, 
27–37]

↓ IFNγ secretion Cell contact, IL-10 Human ≤6 [38, 39]
↑ Expansion of Treg HLA-G Human 1 [30]

B-cells ↓ Antibody production Soluble factors Human – [40]
↓CXCR4, CXCR5, 
CCR7 expression 
inhibiting trafficking

Soluble factors Human – [40]

↓ Proliferation Cell contact Human/
mouse

– [32, 40]

DC ↓ TNFα secretion IL-10 Human ≤6 [38]
↓ Antigen-presenting 
functions

– Human/
mouse

– [22, 39, 
41]

↓ CCR7 expression ↓ 
trafficking

Soluble factors Human – [42]

(continued)
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Affected 
cell Effect Mediator(s) Species Passage References

Stromal cells
Endothelial 
cells

↑ Proliferation and 
migration

CCL2,CXCL12VEGF, 
PDGF

Human/
rodent

3–5 [43–45]

↑ Angiogenesis ROS Rat – [46]
↓ Vascular permeability S-1-P Human 3–7 [47–50]
↓ Leukocyte recruitmenta IL-6, TGFβ Human 3 [51–53]

All behaviours were analysed with BMMSC
aAlso analysed for WJ MSC
IDO indoleamine 2,3-dioxygenase, PD1 programmed cell death 1, PGE2 prostaglandin E2, ROS 
reactive oxygen species, S-1-P sphingosine-1-phosphate

5.2  �Origin of MSC

Our best definition of an MSC is defined in the International Society for Cell 
Therapy 2006 guidelines (Fig. 5.1) [54]. Additional surface proteins (e.g. CD146 
and CD271) are thought to identify highly potent (suppressive) MSC subpopula-
tions as assessed by T-cell proliferation assays [55]. Despite this, no specific MSC 
marker  – based on either surface expression or function  – has been identified. 
Moreover, “MSC” markers are also found on non-MSC stromal populations (e.g. 
fibroblasts) indicating that this criterion is too generic for defining a specific popula-
tion in tissue. Also of concern is that the morphology, differentiation capacity, and 
expression of “MSC” markers are modified to varying degrees by in vitro culture 
conditions [56]. Identification of a unique, functionally relevant marker is urgently 
required to truly elucidate the endogenous role of tissue-resident MSC in modulat-
ing inflammation and the effects of MSC therapy in vivo. Understanding the origin 
of MSC may identify early lineage-specific markers that are exclusively expressed 
on MSC and can be used to distinguish these cells from other stromal cells.

Little is known about the developmental origin of MSC, with recent evidence 
suggesting at least two distinct lineages: neural crest and mesoderm. MSC can dif-
ferentiate into cells of the neural lineages, and subsets of murine BM-derived MSC 
have been reported to express neural crest stem cell-specific genes [57], leading 
several groups to postulate this as their origin [57, 58]. Additionally, murine neural 
crest-derived cells can migrate through the bloodstream to populate numerous tis-
sues, including the bone marrow, where they exhibit a differentiation capacity indic-
ative of stem cells [58]. In contrast, lineage tracing studies showed that cells from 
the primary vascular plexus give rise to perivascular cells that exhibit MSC-like 
properties [59–61]. Whilst the origin of MSC is still being debated, it is clear that 
the cells described in these studies exhibit the same phenotypic features of MSC 
in vitro. Identifying the origin of MSC and their organ distribution (i.e. differences 
between MSC populations) may explain functional variations observed in MSC iso-
lated from different anatomical sites.

Table 5.1  (continued)
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5.3  �MSC in the Bone Marrow Niche

BMMSC can contribute to the haematopoietic stem cell (HSC) niche by regulating 
haematopoiesis [11, 14, 15] and trafficking of BM-derived cells into the circulation 
[11–13]. Depletion of MSC or MSC-like progenitors caused an increase in HSC 
mobilisation [11] and augmented the expression of early myeloid selector genes by 
HSC, reducing their overall number in the bone marrow [15]. This indicates that the 
presence of MSC in the HSC niche is essential for inducing their proliferation and 
maintaining HSC in an undifferentiated state [15]. Indeed, stimulation of β-catenin 
in MSC has been shown to promote HSC self-renewal in vivo suggesting that this 
signalling pathway is involved [14]. MSC can also “hold” HSC in the perivascular 
niche through CXCL12-CXCR4-dependent interactions, preventing them from 
exiting the bone marrow into the bloodstream, akin to the mechanism reported for 
mature leukocytes [11, 12]. Importantly, the expression of CXCL12 by MSC can be 
regulated by CD169+ macrophages within the BM niche [13]. Depleting these BM 
macrophages reduced CXCL12 expression on MSC and in turn enhanced HSC 
egress [13]. Thus, MSC play an integral role in maintaining HSC within the BM 
niche through soluble mediators but also complex multicellular cross-talk with HSC 
and mature leukocytes.

Evidence suggests that MSC may also regulate the trafficking of monocytes and 
B cells from the bone marrow [13, 23]. During systemic infection, BMMSC up-
regulated CCL2 in response to toll-like receptor (TLR) activation, promoting the 

Fig. 5.1  Definition for mesenchymal stem cells. MSC can be isolated from a variety of sources 
(bone marrow, placenta/umbilical cord, and adipose tissue) primarily based on plastic adherence. 
Due to the heterogeneity of these cells, further characterisation is required. The International 
Society for Cell Therapy described the minimum criteria necessary to define MSC [54]. The cells 
must express the stromal markers, CD73, CD90, and CD105, and lack expression of haematopoi-
etic and endothelial markers, CD14, CD19, CD34, CD45, and HLA-DR. They must also be able 
to differentiate into other mesodermal lineages (adipogenic, osteogenic, and chondrogenic). Lastly, 
MSC must be able to undergo clonal expansion during in vitro culture
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egress of CCR2+ monocytes into the bloodstream [23]. This mobilisation of 
monocytes also promotes HSC egress away from the stem cell niche [13, 23] 
encouraging their maturation into leukocytes. This tightly regulated process requires 
cross-talk between MSC, monocytes, and HSC to coordinate an appropriate immune 
response. BMMSC also down-regulated expression of CXCR4 by B cells, which 
may promote their exit from the bone marrow [40]. Whether MSC influence matu-
ration of other leukocyte populations remains to be determined (reviewed by [62]). 
The main function of BM-resident MSC is to endogenously regulate the prolifera-
tion and maturation of HSC and may therefore indirectly influence leukocyte gen-
eration. Additionally, MSC may also regulate leukocyte egress in response to 
infection and/or inflammatory cues. This indicates a novel and potentially tissue-
specific role of BM-resident MSC.

5.4  �MSC Regulation of Immune Cells

5.4.1  �Effects on Innate Immunity

Within the tissue, resident MSC are thought to modulate the movement, effector 
functions, and survival of recruited neutrophils. Several studies have reported 
enhanced neutrophil chemotaxis across blank filters towards conditioned media 
from resting MSC, lipopolysaccharide (LPS)-primed MSC, or MSC isolated from 
diseased tissue (e.g. gastric cancer) [16, 63, 64]. However, direct coculture of MSC 
with neutrophils for 1 h, in contrast, had no effect on the ability of neutrophils to 
migrate along a gradient of C5a, IL-8, or fMLP [17]. In conflicting studies, BMMSC 
have been shown to dampen the fMLP-induced respiratory burst of neutrophils [17], 
whilst supernatants from BMMSC enhanced oxidative release in LPS-primed neu-
trophils [16]. Indeed, these supernatants were also demonstrated to augment neutro-
phil phagocytosis [16]. Furthermore, coculture with BMMSC or WJMSC or 
supernatants from parotid gland MSC reduced neutrophil apoptosis in  vitro at 
18–24 h [16, 17, 65]. Certain contexts require cell-cell contact in conjunction with 
soluble mediators to elicit the effects of MSC; however the reasons for this remain 
unknown. One possibility is that these rely on similar mechanisms to those observed 
with ICAM1-mediated suppression in lymphocytes [18, 19], but further investiga-
tions are required.

MSC have also been reported to dampen innate immune responses by suppress-
ing the effector functions of natural killer (NK) cells and skewing the differentiation 
of monocytes towards a more anti-inflammatory M2 phenotype [20]. Human 
BMMSC suppressed IFNγ secretion by IL-2 [21, 38] or IL-15 [66] activated NK 
cells. In the case of the latter study, this was partially mediated through prostaglan-
din E2 [PGE2] and to a lesser extent TGFβ [66]. Cytotoxic effector functions of 
activated NK cells are also suppressed by BMMSC in vitro [21, 66] via indolamine-
2,3-dioxygenase [IDO] and PGE2 acting synergistically [21]. Similarly, contact 
with BMMSC also promoted monocyte polarisation to IL-10 producing M2 
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macrophages, once again in a soluble mediator (IDO and PGE2)-dependent manner 
[24–26]. Indeed, IL-10 produced from M2 macrophages reduced neutrophil infiltra-
tion and lethality of sepsis in vivo following infusion of BMMSC [67]. In contrast, 
human BMMSC can suppress allogeneic CD14+ monocyte differentiation into den-
dritic cells in vitro (driven by GM-CSF, IL-4, and LPS) when cells were cultured in 
close proximity, but not direct contact, on opposite sides of a porous filter [22]. 
MSC appear to have the ability to “turn off” inflammatory responses promoting 
resolution. Indeed preconditioning U937 cells (monocytic cell line) with BMMSC 
for 16 h reduced their adhesion to inflamed pulmonary endothelial cells in vitro 
[68]. Thus, tissue-resident MSC may act as endogenous sensors of inflammation, 
influencing the activity of recruited leukocytes. Moreover, they may also coordinate 
the switch from innate to adaptive immunity during protective inflammation.

5.4.2  �Effects on Adaptive Immunity

MSC modulation of T-cell behaviour has been extensively studied (reviewed by 
[27]). MSC from a variety of tissues promote the survival of T-cells whilst maintain-
ing them in a quiescent state by suppressing proliferation [28–30] and the produc-
tion of pro-inflammatory cytokines (e.g. IFNγ) [38]. Indeed, these represent the 
standard assays used to test the potency of MSC. As with other cell types, MSC 
mediate their effects through soluble factors (e.g. TGF-β, IDO, and PGE2) and cell 
contact (e.g. programmed cell death 1 [PD-1]) (reviewed by [69]). These factors can 
synergistically induce maximal suppression of T-cell proliferation when MSC are in 
direct contact with the T-cells [31]. Cell-cell contact between MSC and T-cells leads 
to bidirectional cross-talk affecting both cell types. For example, ICAM-1 is up-
regulated by human ADMSC following interaction with T-cells and is necessary for 
the suppression of proliferation, where blocking ICAM-1 on ADMSC releases 
T-cells from IDO-induced inhibition [70]. BMMSC can also enhance the expansion 
of the Treg population in peripheral blood mononuclear cells in a HLA-G-dependent 
manner, which may be further enhanced by IL-10 [30]. Moreover, human ADMSC 
have been shown to redirect B-cell plasmablast formation into a regulatory B-cell 
subset (Breg), although the mechanism remains unknown [71, 72]. Consequently, 
MSC could potentially amplify their effects on T-cells indirectly, by promoting the 
proliferation of local Treg and Breg populations.

How MSC regulate other cells of the adaptive immune system is poorly under-
stood. Human BMMSC have been reported to preserve naive B-cells in a resting 
state suppressing their proliferation and antibody production [19, 40]. Similar obser-
vations have been made in mice where BMMSC inhibited the expansion of follicular 
and marginal zone B-cells in vitro [73]. Coculture in contact with MSC reduced the 
expression of chemokine receptors on B-cells (CXCR5 and CCR7) and dendritic 
cells (CCR7; [42]) required for trafficking through lymphoid organs [40]. 
Additionally MSC are capable of promoting tolerance in vitro: coculture on oppo-
site sides of a porous filter impaired NF-κB signalling in dendritic cells resulting in 
reduced CD80/CD86 and HLA expression and impaired stimulation of T-cell clonal 
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expansion [22, 39, 41, 74]. In contrast data from phase I to phase II clinical trials in 
patients undergoing liver transplants has observed no tolerogenic effect of BMMSC 
infusion [75]. In most cases MSC-derived agents are sufficient to drive their effects 
on adaptive immune cells. However in a few cases, direct cell contact appeared nec-
essary to produce a maximal response possibly involving the PD-1 pathway [32, 73].

5.5  �MSC Interactions with Platelets

MSC are also capable of interacting with circulating platelets. Whilst we know 
much less about these interactions, they are likely to be critically important in the 
context of MSC cell-based therapy and vascular damage where perivascular MSC 
become exposed to blood [59, 60]. Human MSC bind circulating platelets in a β1-
integrin-dependent manner [76], where such interactions enhanced MSC adhesion 
to arterial endothelium in vitro [77] and facilitated BMMSC recruitment to lung 
vasculature in a rat model of pulmonary arterial hypertension [78]. Similarly 
platelet-MSC interactions also impact the ability of the MSC therapy to bind to 
extracellular matrix proteins such as collagen and fibronectin [76]. Furthermore, 
depleting platelets have been shown to impair MSC homing, a murine model of 
LPS-induced dermal inflammation [79]. Collectively these studies indicate that 
platelet-MSC interactions may aid their “homing” to damaged sites following thera-
peutic administration. However, caution is required as recent evidence indicates that 
such interactions have the potential to induce platelet activation and cause thrombus 
formation. The glycoprotein podoplanin, which is expressed by human WJMSC, 
can bind to CLEC-2 on platelets and induce platelet activation and their subsequent 
aggregation [76]. When administered systemically, podoplanin-expressing WJMSC 
cause a significant reduction in platelet numbers in the blood, with the platelets 
forming higher-order aggregates of activated cells [76]. Thus, platelet-MSC interac-
tions have the potential to be beneficial in facilitating MSC homing to inflammatory 
sites but also detrimental associated with increased the risk of thrombotic events. 
Further investigations are required to resolve the functional impact of MSC on 
platelets and vice versa.

5.6  �MSC Regulation of Vascular Endothelial Cells 
and Tissue-Resident Stroma

MSC reside in the perivascular niche in close proximity with endothelial cells (EC) 
lining the vasculature (blood and lymphatic) and other tissue-resident (stromal) 
cells [59, 60]. Comparatively speaking we understand very little about the interac-
tions of MSC with these populations and their functional consequences. Indeed the 
effects of MSC on the behaviour of endothelial cells have been analysed in three 
contexts (see below), whilst their interactions with stromal cells have solely focused 
on the reparative properties of both cell types.
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5.6.1  �Regulation of Angiogenesis

Under resting conditions, human and rodent BMMSC have been reported to release 
factors (e.g. VEGFα and PDGF-BB) known to enhance the proliferation and migra-
tion of endothelial cells [43–45]. The production of these agents indicates that MSC 
have the potential to promote angiogenesis. In a murine model of wound repair, 
BMMSC (injected intradermally) and BMMSC-derived conditioned media 
(injected subcutaneously at the site of injury) increased endothelial cell and macro-
phage numbers at the site of the wound [44, 80]. These studies suggest that MSC 
promote wound healing by inducing angiogenesis. In vitro, proliferation and migra-
tion of both human and murine endothelial cells was induced in the presence of 
conditioned media from BMMSC but not dermal fibroblasts [44]. For further infor-
mation on the effects MSC have on in vitro tube-forming assays, see review [81]. 
Of note, the main stimulators of angiogenesis, like shear stress and oxygen tension, 
were not modelled in these studies. Furthermore, co-injection of MSC with B16 
melanoma cells increased tumour size and vessel area in vivo, indicating that they 
are pro-angiogenic [82]. In contrast, MSC suppressed angiogenesis in a Matrigel 
model through production of reactive oxygen species when in direct contact with 
rat lung microvascular EC [46]. Whether these factors are the key drivers of MSC-
induced angiogenesis has not been explored. Numerous putative angiogenic pro-
teins have recently been identified in exosomes derived from MSC cultured under 
serum-starved hypoxic conditions [83]. MSC-derived factors may well communi-
cate with endothelial cells to control angiogenesis during development and wound 
repair. Endogenous MSC regulation of angiogenesis in adult pathologies remains 
unclear.

5.6.2  �Regulation of Blood Vascular Permeability

Evidence suggests that perivascular MSC can communicate with endothelial cells 
to regulate vascular permeability and maintain vessel integrity in resting and acute 
inflammatory conditions [47–50, 84]. Coculture with MSC increased the stability of 
junctional molecules (e.g. VE-cadherin and β-catenin) by inhibiting their turnover 
at the plasma membrane of endothelial cells, reducing endothelial permeability to 
FITC-dextran [50]. This effect was reproduced when endothelial cells were treated 
with conditioned media from the coculture, implicating soluble mediators as the 
main drivers [50]. In LPS-driven infection, infusion of BMMSC reduced pulmonary 
microvessel permeability and increased endothelial barrier function in vivo, reduc-
ing murine lung vascular permeability [49]. Similar observations were made using 
both mouse and rat models of haemorrhagic shock [47, 84]. Nevertheless, therapeu-
tic administration of MSC may have beneficial effects for individuals with severe 
vascular damage.
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5.6.3  �Regulation of Leukocyte Recruitment

In terms of regulating inflammatory responses, perivascular MSC communicate 
directly with neighbouring endothelium to indirectly regulate leukocyte recruitment 
during inflammation [47, 51, 68]. However, very few studies have examined this, 
and none have questioned whether MSC from different tissues have the same capac-
ity to regulate this process (i.e. tissue-specific effects).

Therapeutic administration of murine BMMSC increased the number of circulat-
ing neutrophils whilst simultaneously decreasing circulating monocytes in a murine 
model of sepsis, suggesting MSC can actively influence leukocyte recruitment [67]. 
Moreover, pretreating pulmonary endothelial cells with conditioned media from 
human endothelial-BMMSC cocultures reduced their ability to support monocytic 
leukaemia cell line (U937) adhesion in response to TNFα in vitro, by tightening 
endothelial adherens junctions (VE-cadherin and β-catenin) and reducing adhesion 
molecule expression, ICAM-1 and VCAM-1 [47]. Thus, MSC can reduce leukocyte 
adhesion when they interact directly with target cells. However, these studies anal-
ysed adhesion under static conditions, which do not mimic physiological recruit-
ment of leukocytes from flowing blood. Moreover, they focus on soluble 
mediator-induced effects on naive endothelium, rather than the direct bidirectional 
cross-talk between MSC and endothelial cells.

To address this, we developed an in vitro multicellular flow-based adhesion assay 
that mimicked intravenous BMMSC and WJMSC infusion and subsequent integra-
tion into the endothelial monolayer [51, 52]. We reported that MSC communicate 
with neighbouring vascular endothelial cells to limit leukocyte recruitment induced 
by inflammatory cytokines [51, 53]. Specifically, BMMSC potently down-regulated 
the recruitment of both neutrophils and lymphocytes by inflamed endothelium [51, 
53]. Whilst WJMSC and TBMSC elicited similar effects, these MSC populations 
showed greater suppressive effects compared to BMMSC, which could be attributed 
to tissue-specific differences [51, 53]. A two-way conversation between MSC and 
endothelial cells was essential for these effects, with activation of TGFβ and release 
of IL-6 being critical factors [51, 53]. Coculture with MSC also inhibited the secre-
tion of chemokines (CXCL8 and CXCL10) responsible for stabilising leukocyte 
adhesion and driving onward migration [51].

Alternatively, MSC and endothelial cells were cocultured together on opposite 
sides of a porous insert. This construct more accurately models the cross-talk that 
occurs within the tissue but can also be used to examine the effects of site-specific 
infusion of MSC [52, 53]. Like the therapeutic model, we observed that BMMSC 
and WJMSC suppressed neutrophil recruitment. Once again, coculture conditioned 
media mimicked the effects of coculture, indicating a soluble mediator-dependent 
mechanism. Indeed, IL-6 and TGFβ were identified as the main mediators. 
Interestingly, production of the soluble mediator by WJMSC, but not BMMSC, 
was dependent upon close proximity between the MSC and EC [53]. This suggests 
that BMMSC can communicate with endothelial cells in a contact-independent 
manner [53]. We have shown that MSC communicate directly with neighbouring 
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endothelium to modulate the inflammatory response. Whilst MSC from different 
anatomical sites have the same functional effects, they appear to utilise different 
mechanisms which may ultimately affect their regulatory capacity. These func-
tional differences may be due to differences in developmental origin of different 
MSC populations, a phenomenon previously observed in different smooth muscle 
cell populations [85]. This has important implications for therapy, as it suggests 
that MSC from different sources may only suppress recruitment when administered 
in close proximity to the endothelium.

These observations are not restricted to tissue-resident MSC. We and others have 
shown that healthy stromal cells from a variety of tissues (e.g. fibroblasts, podo-
cytes, and secretory smooth muscle cells) exhibit immunosuppressive capabilities, 
limiting leukocyte recruitment induced by inflammatory cytokines [[51, 86–88]; 
also see Chap. 3]. Moreover, stromal populations, including endothelial cells and 
fibroblasts, display distinct spatial identities [89] that govern their behaviour. This 
allows them to establish tissue-specific “address codes” that actively regulate the 
recruitment of leukocytes to inflamed sites (reviewed by [90]). Whether MSC 
exhibit such tissue-specific differences requires further investigation. Collectively 
these studies suggest that healthy mesenchymal tissue-resident cells use the same 
mechanism to act as endogenous regulators of the inflammatory infiltrate, with IL-6 
and TGFβ acting as master regulators [51, 53]. Given these agents are present in 
endothelial-MSC conditioned media, infusion of culture supernatant or MSC-
derived agents may be more efficacious than infusion of cells. Ultimately this would 
eliminate the need for MSC infusions where the long-term effects (safety and effi-
cacy) of therapy are unknown.

5.6.4  �Regulation of Tissue Repair: Interactions  
with Stromal Cells

Limited evidence suggests MSC may interact with other tissue-resident mesenchy-
mal stromal cells to facilitate their reparative functions during tissue repair and bone 
remodelling [91–95]. BMMSC have been reported to migrate towards damaged 
bone in response to TGFβ1 released by osteoclastic bone at resorptive sites, where 
they differentiate into osteoblasts promoting bone remodelling [91]. Moreover, 
rheumatoid synovial fibroblasts secrete placental growth factor, promoting BMMSC 
chemotaxis [96]. In rodent models of tissue damage (surgically or chemically 
induced), injection of BMMSC or BMMSC conditioned media reduced tissue fibro-
sis in the affected organ (kidney, heart, liver, and skin; [92–95]). One interpretation 
is that MSC migrate into the damaged tissue to communicate with resident fibro-
blasts and influence their production and/or deposition of extracellular matrix com-
ponents, reducing fibrosis. Indeed, Yates et al. have recently demonstrated that MSC 
and fibroblasts can synergistically reduce extracellular matrix production and thus 
scarring when transplanted into a CXCR3-deficient mouse model [97]. New lines of 
research are necessary to determine whether MSC manipulate stroma responses to 
regulate the tissue microenvironment during inflammation.
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5.7  �Regulation by the Physical Microenvironment

MSC respond to nanoscale features altering their growth and differentiation poten-
tials according to the patterns of nanotopography they experience [98]. For exam-
ple, soft (0.5 kPa) hydrogels promoted MSC differentiation towards neural cells, 
whilst stiff (40 kPa) gels drive osteogenesis in the absence of additional growth 
factors [99]. Moreover, MSC pluripotency can be maintained using a highly ordered 
distribution of nanopits on the culture surface [100]. Introducing a relatively small 
amount of disorder to such features was sufficient to stimulate osteogenesis [101]. 
Sensing topographical features smaller than adhesion molecules (~10 nm) indicates 
that MSC observe fine details (physical and chemical) within their environment and 
are able to mount potent responses in an effort to maintain tissue homeostasis. Such 
insights could enable the ex vivo expansion of MSC for therapeutic use on specially 
designed surfaces that can topographically maintain, e.g. “stemness”.

5.8  �MSC Response to Acute Inflammation

The inflammatory microenvironment is complex with a context-specific medley of 
agents that can shape the behaviour of leukocytes, endothelial cells, and stromal 
cells. Do tissue-resident MSC also respond to their local environment and does this 
impact their effector functions?

One avenue that has been explored is the effects of exogenous cytokines on the 
phenotype of MSC (Table 5.2) and the functional consequences of these changes 
(Table 5.3). Pretreating MSC (BM, WJ, AD) with IFNγ in combination with TNFα 
for 18  h altered their phenotype: differentially modifying TLR expression (see 
Table 5.2) and increasing the release of cytokines (e.g. IL-6) and chemokines (e.g. 
CXCL8, CCL5) when compared to untreated MSC [104]. Murine BMMSC treated 
with IFNγ in combination with either TNFα, IL-1α, or IL-1β for 24 h up-regulated 
expression of adhesion molecules (e.g. ICAM1, VCAM1) and chemokine (e.g. 
CXCL9) compared to untreated MSC [18, 106]. Of note, single cytokine treatments 
had little effect on these parameters [18, 106]. In contrast, IFN‖, but not TNF‖, 
stimulation for 72 h induced IDO expression by BMMSC and WJMSC relative to 
resting MSC [102]. Many of these changes mirror the response of other stromal cell 
types to inflammation ([114, 115]; see Chap. 3) and support cell-cell interactions 
necessary for migration to the damaged tissue. In certain contexts, cytokines can 
further enhance the immunomodulatory effects of MSC when compared to naive 
MSC [102, 116, 117]. Indeed, pretreating MSC (BM or placental) with IFNγ for 
48 h suppressed T-cell proliferation to a greater extent than untreated MSC [113]. 
Cord-derived MSC had a greater suppressive effect than BMMSC when primed 
with IFNγ as assessed by T-cell proliferation assays and mixed lymphocyte reac-
tions in vitro [102]. Furthermore, IL-2 secretion by T cells was significantly reduced 
when BMMSC, but not WJMSC, were primed with TNFα for 72 h prior to coculture 
in the presence of PHA [102]. However, enhancing MSC functions can have detri-
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Table 5.2  Response of MSC to inflammatory environments

Effect on MSC
MSC 
source Species Passage References

Cytokine treatment
IFNγ ↑ PD-L1, HGF and PGE2 

expression and IDO activity
BM/AD Human/

mouse
2–10 [19, 102, 

103]
↓ TGFβ1 secretion BM Mouse 3–10 [103]

TNFα ↓ TGFβ1 and HGF secretion BM/WJ Human/
mouse

3–10 [102, 103]

↑ TGFβ1 mRNA WJ Human 5–10 [94]
↑ HGF, PGE2 secretion BM/WJ Human/

mouse
3–8 [102, 103]

Poly(I:C) ↑ IDO, PGE2, SMAD7 mRNA BM Human ≤4
↓ TGFβ1, IL-6, IL-8, CCL10, 
secretion

BM [33]

↑ Fibronectin deposition –
↓ Differentiation capacity –

LPS ↑ Jagged-1/2, SMAD3 mRNA BM Human ≤4 [33, 94]
↓ TGFβ1 and HGF expression BM/AD
↑ Osteogenesis and collagen 
deposition

– [33, 104]

↓ Adipogenesis –
↑ IL-1Ra, IL-6, IL-8, and IL-4 
secretion

AD

TGFβ1 ↑ Migration BM Mouse – [91]
IFNγ+TNFα ↑ ICAM-1, VCAM-1, HIF-1α, 

VEGF, iNOS, PD-L1 expression
BM Mouse 3–20 [18, 103, 

105]
↑ IL-6, IL-8, CXCL9, CXCL10 
secretion

BM Human/
mouse

– [34, 106]

IL-1β+IFNγ 
+TNFα+IFNα

↑ IL-1β mRNA and IL-6 and IL-8 
secretion

BM/WJ/
AD

Human <2 [104]

↑ TLR2, TLR3, ↓ TLR6 mRNA BM/WJ/
AD

↑ TLR1 mRNA WJ
↓ TLR5 mRNA WJ/AD
↑ IFN-γ and ↓ HGF secretion BM

Disease
RA ↓ MSC proliferation BM Human 1–6 [107, 108]

Impaired ability to support 
haematopoiesis
↓ Cyclin-D; ↑ cyclin-D inhibitor

SLE ↓ MSC proliferation BM/WJ Human/
mouse

>3 [109–112]
↓ Differentiation into osteoblasts

AD adipose, BM bone marrow, DC dendritic cell, WJ Wharton’s jelly
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Table 5.3  Effects of inflammatory cytokines on the immunomodulatory properties of MSC

Effect Mediator(s) MSC source Species Passage References

IFNγ ↓ Proliferation of 
T- and B-cells

IDO, PD-1 Placenta/
BM/AD

Human/
mouse

>2 [19, 73, 
113]

↓ B-cell 
differentiation into 
plasma cells

PD-1 BM Mouse 20–25 [73]

↓ Secretion of 
IFN-γ and TNFα 
by T-cell

– BM Human ≤10 [102]

↓ Expansion of 
Breg

IDO AD Human 2–5 [19]

TNFα ↓ DC maturation – BM Mouse 3–10 [42]
↓ CCR7 expression 
on DC
↓DC migration to 
CCL19
↓ Secretion of 
IFNγ and TNFα 
by T-cells

– BM Human ≤10 [113]

↓ Splenocyte 
proliferation

PGE2 BM Mouse 3–10 [103]

IL-10 ↓ T-cell 
proliferation

HLA-G5 BM Human 1 [30]

↓ NK cytotoxicity
↑ Expansion of Treg

IL-1β+IFNγ 
+TNFα+IFNα

↓ T-cell 
proliferation

– BM/WJ/AD Human <2 [104]

AD adipose, BM bone marrow, DC dendritic cell, IDO indoleamine 2,3-dioxygenase, PD1 pro-
grammed cell death 1, PGE2 prostaglandin E2, WJ Wharton’s jelly

mental effects. For example, IFNγ-stimulated MSC are better able to suppress 
B-cell proliferation but have a reduced capacity to induce Breg [19]. Co-injection of 
primed murine BMMSC (12 h TNFα and IFNγ) with a C26 colonic cancer cell line 
caused a significant increase in tumour growth when compared to untreated MSC 
[105]. That said, priming itself is not essential for the suppressive actions of MSC 
[17, 20, 21, 24–26, 38, 66]. But it does suggest that the MSC can respond to their 
local microenvironment, which in turn could affect their behaviour (reviewed by 
[118]). Whether priming of MSC in vitro is representative of the in vivo situation 
requires further research.

Engagement of TLR-3 in vitro was initially reported to enhance the effects of 
BMMSC, inducing the release of anti-inflammatory factors (e.g. IDO) [33]. In con-
trast, TLR-4 activation of BMMSC abrogated their ability to suppress T-lymphocyte 
proliferation and induced the release of pro-inflammatory cytokines (e.g. TNFα) 
and deposition collagen [33]. In vivo, systemic administration of TLR3-primed 
MSC ameliorated symptoms of lung injury and diabetic neuropathy, whilst TLR4-
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primed MSC exacerbated disease compared to infusion of naive MSC [33]. Although 
MSC were defined as MSC2 and MSC1, respectively, it should be noted that these 
terms refer to the phenotype acquired following TLR activation, rather than the 
origin of the cells. Subsequent in vitro studies presented conflicting findings: IDO 
or PGE2 secretion and T-cell proliferation have been reported to be enhanced, 
reduced, or unchanged by TLR 3- and TLR 4-stimulated BMMSC [34, 104, 119]. 
Different experimental conditions (treatment concentrations and duration) and the 
number and source of MSC are the likely explanation for these contradictory out-
comes. Furthermore, MSC infusion has previously been shown to reduce lung 
oedema and inflammatory infiltrates in murine models of sepsis where high levels 
of LPS (TLR4 ligand) are present [49, 120]. As MSC dampened inflammation, 
rather than augment it, it is likely that the effects of TLR priming observed in vitro 
may not reflect MSC responses in vivo.

The behaviour of MSC is highly plastic, with the local inflammatory milieu 
(cytokines, danger signals, and bacterial components) having the potential to shape 
the immune regulatory effects of tissue-resident MSC [33]. Further work is essen-
tial to fully understand MSC biology during inflammatory responses and the impact 
of chronic inflammation. Such plasticity could have implications for MSC as a cell 
therapy – can we guarantee that the cells administered will maintain their immuno-
suppressive effects in a chronically inflamed site?

5.9  �The Dangers of Chronic Inflammatory Environments 
on MSC Behaviour

Mesenchymal stromal cells (see other chapters), including MSC, endogenously 
moderate inflammation, so why does it persist? Also, does chronic inflammation 
adversely and/or permanently affect MSC function? Ex vivo studies report that 
human BMMSC isolated from patients with RA have impaired ability to support 
haematopoiesis [107]. Furthermore, BMMSC from systemic lupus erythematosus 
(SLE) and RA patients have reduced proliferative capacity and reduced telomere 
length, indicative of a senescent phenotype when compared to healthy controls 
[108–110]. Likewise, reduced proliferation and osteogenesis were observed in 
BMMSC from patients with SLE and a murine preclinical model of SLE [111, 112]. 
In contrast, no such changes were observed in BMMSC isolated from patients with 
multiple sclerosis (MS; [121, 122]) or systemic sclerosis (SS; [35]). Importantly, 
MSC from patients with SLE, RA, and SS appear to maintain their immunomodula-
tory effector functions – as measured by T-cell proliferation assays [35, 108, 110]. 
Culturing healthy BMMSC in the presence of 20% synovial fluid from patients with 
osteoarthritis, but not post-mortem donors with no signs of joint inflammation, 
increased the gene expression of IL-6 and IDO [123]. Moreover, proteomic analysis 
of RA BMMSC revealed changes in molecules responsible for regulating cell cycle 
from G1 to S-phase when compared to healthy age and gender-matched controls, 
namely, an increase in cyclin-D inhibitors and decrease in cyclin-D [108]. The 
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chronic inflammatory milieu appears to be capable of driving the proliferation and 
premature senescence of BMMSC, possibly contributing to further pathogenesis. 
Unfortunately, all of these studies analysed BMMSC, leaving the effect of the 
chronic inflammatory milieu on local tissue-resident MSC to be elucidated.

Ectopic fat deposits and/or alterations in local adipose tissue are associated with 
a number of disorders including Duchenne muscular dystrophy [124], myocardial 
infarction [125], type II diabetes [126], and RA [127–129]. Similarly aberrant bone 
formation or calcification has been described in fibrodysplasia ossificans progres-
siva [130], the vasculature of chronic kidney disease [131], and the adipose tissue in 
intra-abdominal surgery [132]. These deposits could be the result of inappropriate 
differentiation of tissue-resident MSC induced by inflammatory mediators in the 
affected tissue. Thus, under certain conditions, MSC could change their phenotype, 
no longer acting as brakes on the inflammatory response and possibly taking on a 
stimulatory state. This might occur during “classic” differentiation, e.g. into adipo-
cytes, or conversion into a non-specific state in chronically insulted tissue. Indeed, 
MSC-derived adipocytes have lost the ability to suppress neutrophil capture to 
inflamed endothelium, as seen with undifferentiated MSC [133]. In a 3D multicellular 
migration assay, both MSC-derived adipocytes and osteoblasts were no longer able 
to suppress neutrophil adhesion to and migration through an inflamed endothelial 
monolayer, suggesting that transdifferentiation of MSC abrogates their immuno-
modulatory capacity [134]. In contrast, native stromal cells, adipocytes derived 
from them, and mature adipocytes from adipose tissue were all immuno-protective 
[133]. Thus disruption of normal tissue stroma homeostasis, as occurs in chronic 
inflammatory diseases, might drive “abnormal” adipogenesis which adversely influ-
ences the behaviour of MSC and contributes to pathogenic recruitment of leuko-
cytes [133]. These novel findings parallel those we made when comparing stromal 
cells from healthy and diseased tissues, where stromal cells from chronically 
inflamed sites lost immunosuppressive properties and modified endothelial cells to 
inappropriately recruit leukocytes ([87, 88, 135–137]; see Chap. 3). Moreover, these 
effects were mediated by altering the bioactivity of IL-6 or TGFβ, making them act 
in a “pro-inflammatory” manner [138]. Whether a diseased environment (chronic 
inflammation or tumour) drives a similar pathogenic response in MSC remains to be 
addressed.

5.10  �MSC in Therapeutics to Treat Inflammatory Disorders

The ability of MSC to modify immune responses has been the basis for clinical tri-
als in a range of conditions [139]. Of these graft vs. host disease (GvHD) has been 
the most extensively studied, with early studies showing good therapeutic potential. 
To date there are 12 recently completed and 25 trials ongoing in this area; in all 
cases the outcomes have yet to be announced [139]. Systemic infusion of matched 
or mismatched BMMSC into patients with or at risk of GvHD improved clinical 
scores [140–142], with a few patients reporting complete remission at the 12-month 
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follow-up [141, 143–145]. BMMSC therapy improved survival at 12–24 months in 
~50–60% of patients with steroid-refractory GvHD in phase II trials [142, 146]. 
Due to the nature of these studies, none included a placebo control arm necessary to 
assess the true clinical benefit of MSC infusion. Early trials report therapeutic effi-
cacy of MSC. However, randomised multicentre phase III trials of steroid-refractory 
GvHD showed no significant difference between treatment (“off-the-shelf” alloge-
neic MSC) and placebo groups [147]. The lack of efficacy may be due to differences 
in disease severity (degree of steroid resistance) between patients. Individuals with 
moderate disease severity may have a better response to MSC infusion compared to 
those with more severe disease, which could affect the outcome of trials. Recent 
follow-up studies have shown an increased incidence of haematological malignan-
cies [148] or risk of pneumonia [149] in GvHD patients treated with MSC. That 
said, there was no evidence of tumour formations following intravenous infusion of 
MSC in patients with neuromyelitis optica spectrum disorder at 2 years follow-up 
[150]. The long-term risks and potential side effects of MSC therapy will need fur-
ther investigation.

Based on promising data from preclinical models, trials are also examining the 
efficacy of MSC in autoimmune diseases, with a significant number involving 
patients with Crohn’s disease, SLE, and RA (reviewed by [151]). However, a con-
cern with these studies is the cyclical nature of patient’s symptoms, making it dif-
ficult to determine whether improvements in the condition are due to the MSC or the 
natural disease cycle. As mentioned for GvHD, many of these studies also lack the 
appropriate placebo controls. Nevertheless, preclinical and clinical studies have 
shown potential clinical benefits of MSC treatment [53, 141, 143–145].

5.10.1  �Limitations of Current Clinical Trials

Conflicting outcomes in clinical trials may arise from differences in trial design and 
lack of understanding of MSC biology. Variations in the clinical outcome of these 
trials may also be due to ex vivo expansion (passaging) of MSC which has a nega-
tive effect on their proliferation, differentiation, and immunosuppressive effects 
[152]. Due to the scarcity of MSC in tissues, large-scale culture ex vivo expansion 
is necessary to generate sufficient cell numbers for therapeutic administration, 
which may limit their clinical benefits. MSC are a heterogeneous population of cells 
with similar phenotypic features as other stromal populations such as fibroblasts. As 
such, MSC will need to be more stringently defined before becoming an “off-the-
shelf” therapeutic strategy for treatment of inflammatory disorders.

Key concerns regarding the optimum route of administration, dose of MSC, the 
best source of cells, and the fate of the cells after infusion also need to be addressed 
(reviewed by [151]). Systemically infused MSC have a low homing efficiency 
(<1%) and become mechanically trapped in the lungs (reviewed by [153]), suggest-
ing that the beneficial effects of MSC treatment are mostly likely due to soluble 
mediators [56]. However, a recent study reported that intravenously infused fluores-
cently labelled BMMSC initially lodged in the lungs but importantly were no longer 
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detected at 24  h [153]. They subsequently have suggested that previous studies 
showing MSC redistribution in other tissues were detecting cell debris or phagocy-
tosed MSC that are still labelled and postulated that any long-term immunosuppres-
sive effects observed after MSC infusion are mediated by other cell types and not 
the MSC themselves [153]. For example, infused MSC can be phagocytosed by 
monocytes, inducing the monocytes to acquire the non-classical anti-inflammatory 
phenotype through up-regulation of CD16 and therefore transferring their MSC 
immunomodulatory effects onto the monocytes [154]. Alternatively, human 
BMMSC-derived apoptotic bodies have been suggested to initiate MSC-induced 
immunosuppressive in a murine model of GvHD [155].

The long-term effects of MSC treatment (5–10 years follow-up) have not been 
carried out. Any long-term risks of MSC treatment are currently unknown, and 
issues such as MSC response to other therapeutic interventions, potential tumorige-
nicity, and tissue distribution upon administration will need to be addressed to elim-
inate possible risks of MSC treatment. Manipulating the functions of endogenous 
MSC for therapeutic use may therefore be an attractive alternative to current treat-
ment modalities for inflammatory conditions. However, without fully ascertaining 
the mode of actions of endogenous MSC, it will be difficult to elucidate their true 
therapeutic potential.

5.11  �Conclusions

Tissue-resident MSC are endogenous regulators of inflammation. They have an 
inherent capacity to sense even the subtlest of changes in their microenvironment 
and respond accordingly. MSC maintain tissue homeostasis: replacing damaged 
cells through their differentiation into the target stromal cell and also supporting the 
haematopoietic niche. During inflammation, MSC inhibit the archetypical inflam-
matory behaviours of their target cell whilst simultaneously promoting anti-
inflammatory, pro-resolution agents and/or the generation of regulatory cells. We, 
ourselves, have shown that MSC communicate with blood vascular endothelial cells 
to regulate the inflammatory infiltrate. MSC predominately mediate their effects 
through the release of soluble factors, but in certain context, direct cell-cell interac-
tions are thought to be required to enhance these further. Whilst MSC cell therapy 
is currently being explored for clinical benefit, many of the clinical trials are in the 
earliest phases with the outcomes yet to be announced or inconclusive. Such studies 
are confounded by differences in their design, source, and dose of MSC and the 
absence of placebo controls, making it difficult to ascertain the true clinical benefit 
of MSC treatment. Further research is needed to understand how MSC communi-
cate with cells, other than leukocytes, within tissues and whether these interactions 
change during an inflammatory response. Moreover, it is critical we understand the 
impact chronic inflammation has on the function of MSC. Can we guarantee that 
therapeutic MSC will maintain their immunosuppressive effects in a chronically 
inflamed site? Whether MSC-derived media or effector molecules (either from 
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MSC or cocultures with other cell types) would be a safer and more efficacious 
alternative intervention remains to be seen.
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Chapter 6
Stromal Cells in the Tumor Microenvironment

Alice E. Denton, Edward W. Roberts, and Douglas T. Fearon

Abstract  The tumor microenvironment comprises a mass of heterogeneous cell 
types, including immune cells, endothelial cells, and fibroblasts, alongside cancer 
cells. It is increasingly becoming clear that the development of this support niche is 
critical to the continued uncontrolled growth of the cancer. The tumor microenvi-
ronment contributes to the maintenance of cancer stemness and also directly pro-
motes angiogenesis, invasion, metastasis, and chronic inflammation. In this chapter, 
we describe on the role of fibroblasts, specifically termed cancer-associated fibro-
blasts (CAFs), in the promotion and maintenance of cancers. CAFs have a multitude 
of effects on the growth and maintenance of cancer, and here we focus on their roles 
in modulating immune cells and responses; CAFs both inhibit immune cell access 
to the tumor microenvironment and inhibit their functions within the tumor. Finally, 
we describe the potential modulation of CAF function as an adjunct to bolster the 
effectiveness of cancer immunotherapies.
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6.1  �Introduction

The critical role of the tumor microenvironment in carcinogenesis has long been 
recognized, with Virchow first noting that malignancy arose at sites of chronic 
inflammation in 1863 [1]. In 1889 a more holistic hypothesis, that of the “seed and 
soil,” was proposed by Paget suggesting that elements of the stroma were important 
for tumor development [2]. At a similar time, physicians noted that the status of the 
immune system may have important consequences for tumor development. Indeed 
sarcoma remissions had been observed following Streptococcus pyogenes infec-
tions, and in 1868 Busch induced a local infection and demonstrated a reduction in 
tumor burden, at least while the infection was ongoing [3]. Later several other phy-
sicians demonstrated remissions through localized applications of infectious agents 
[4–6]. However, these observations were soon overshadowed by other contempo-
rary discoveries, namely, the identification of tumor suppressor genes and onco-
genes as well as the advent of chemotherapy and radiotherapy. These led to increased 
focus on cell intrinsic mechanisms of carcinogenesis and more easily controlled 
therapeutic options, respectively, consigning the immune system and the stroma to 
the backburner.

6.2  �Fibroblasts

There has, however, been a resurgence of interest in the tumor stroma in more recent 
times. In 1982 Bissell et al. outlined a modern formulation of Paget’s seed and soil 
hypothesis stating that the tumor microenvironment is as important for tumor devel-
opment as the accumulation of enabling genetic mutations [7]. This was based on 
the several elegant experiments showing that normalization of the stromal microen-
vironment could suppress tumor development; Illmensee and Mintz showed that 
while teratocarcinoma cells could be repeatedly transplanted and grow as ascites 
tumors, they would contribute to normal tissues when injected into a blastocyst [8]. 
Bissell’s group also showed that normalization of integrin signaling in both 3D 
culture and in vivo could abrogate the malignant phenotype of genetically deranged 
breast cancer cell lines [9]. This focus on the extracellular matrix (ECM) and its role 
in modulating tumor cell behavior led to a general interest in cells responsible for 
generating and modulating the collagen matrix-fibroblasts. First described in 1858 
based on their morphology and location [10], fibroblasts are non-epithelial, nonvas-
cular, and non-hematopoietic cells in the connective tissue and are largely respon-
sible for the synthesis of the ECM [11].

Fibroblasts are critical in both normal homeostasis and during wound healing. At 
steady state, fibroblasts are essential for epithelial homeostasis in many normal tis-
sues having both direct interactions with the epithelial cells and secreting growth 
factors [12]. During wound healing macrophages produce transforming growth 
factor-β (TGF-β) and platelet-derived growth factor (PDGF) leading to activation of 
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normal tissue fibroblasts [13, 14] to acquire a myofibroblast state defined by expres-
sion of α-smooth muscle actin (α-SMA) [15]. These myofibroblasts, first described 
in granulation tissue [16], play important roles in wound healing. Early histological 
studies showed that tumors appear similarly to healing wounds with Dvorak describ-
ing them as “wounds which do not heal” [17]; in the context of a healing wound 
angiogenesis, remodeling of the ECM and epithelial proliferation are all adaptive; 
however in the tumor microenvironment, these aid in tumor development. As may be 
expected in the tumor microenvironment, similar processes are ongoing as in healing 
wounds, and carcinoma-associated fibroblasts (CAFs) have also previously been 
defined by their expression of α-SMA [18]. Indeed the roles outlined above are all 
subverted during tumor progression to facilitate continued growth. In this context 
there has been great attention to the roles CAFs play compared to normal tissue fibro-
blasts; however, it has been challenging to study these cells in vivo due to the absence 
of ideal markers of these cells and the heterogeneity of the CAF population.

6.3  �CAFs

Markers used to identify CAFS are often controversial. Fibroblast-specific protein-1 
(FSP-1), one marker widely used to identify CAFs, has also been shown to be 
expressed by monocytes and invasive carcinoma cells [19, 20]; α-SMA on the other 
hand is expressed by pericytes and vascular smooth muscle cells [21, 22], while 
platelet-derived growth factor receptor-α (PDGFR-α) marks normal tissue fibro-
blasts [23] and some non-fibroblastic cells in the retinal pigment epithelium (unpub-
lished observations and [24]). One promising marker for CAFs was fibroblast 
activation protein-α (FAP-α), which was identified by its reactivity with the F19 
monoclonal antibody and reported to be selectively expressed on fibroblasts in heal-
ing wounds and in adenocarcinomas [25]. Further study appeared to support this 
with FAP-expressing cells being found in chronic inflammatory situations [26, 27]; 
however, when a reporter of FAP was generated, it was found to also be expressed 
on normal tissue fibroblasts, on fibroblastic reticular cells of the lymph node, and on 
some epithelial cells in the retinal pigment epithelium ([28, 29], unpublished obser-
vations) indicating that this too suffered from similar limitations regarding specific-
ity. As such there has been a general lack of genetic systems by which to alter 
fibroblast function in  vivo to dissect these roles more precisely. Furthermore, in 
many studies CAFs have been treated as a single entity, which is likely an oversim-
plification. Even normal tissue fibroblasts display remarkable heterogeneity with 
fibroblasts isolated from skin at different sites being as different transcriptomically 
as different leukocyte subsets [30]. Kidd et al. demonstrated in 2012 that fibroblast 
subsets defined by different markers originated from different sites with FSP-1+ 
fibroblasts deriving from the bone marrow, while other stromal cells may originate 
from adjacent tissues [31]. Indeed CAFs have many potential origins but most are 
thought to arise from local progenitors. CAFs are most commonly derived from 
tissue-resident fibroblasts [18, 32, 33], which are induced to undergo activation in 
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response to the tumor microenvironment produced by neoplastic cells [34–38]. 
CAFs can also be derived from stellate cells [39, 40], migration of adipose or bone 
marrow-derived stromal cells [31, 41, 42], and endothelial and epithelial cells, 
through endothelial- or epithelial-to-mesenchymal transition [43, 44]. Despite these 
caveats there have been many successful ingenious studies elucidating the critical 
roles CAFs play in tumor development.

6.4  �Driving Cancer Cell Proliferation

As stated earlier fibroblasts support epithelial homeostasis through secretion of 
growth factors, and CAFs too have been shown to have a direct effect on cancer cell 
growth in some systems. Orimo et  al. showed that CXCL12 produced by CAFs 
drove cancer cell growth through CXCR4 expressed on the cancer cells [45]. CAFs 
have also been shown to produce numerous growth factors in different systems 
including insulin-like growth factors [46], connective tissue growth factor (CTGF) 
[47], platelet-derived growth factor (PDGF) [48], and hepatocyte growth factor 
[49], which have been shown to stimulate tumor cell growth in vitro. There is also 
evidence that CAFs can stimulate cell growth by releasing growth factors from the 
ECM through expression of matrix metalloproteases (MMPs). This indirect effect 
of MMP expression is a character shared with tumor-associated macrophages 
(TAMs) and other stromal cells [50]. CAFs do not simply affect the growth of can-
cer cells; however, they also modulate their phenotype making them more carcino-
genic. Wang et  al. showed that injection of an SV40-immortalized but not 
transformed prostate cancer cell line with CAFs led to poorly differentiated carcino-
mas developing, while there was minimal growth and no tumor development when 
this was carried out with normal prostate fibroblasts. When these cells were injected 
along with urogenital mesenchyme, epithelial cell growth was observed although 
there was no tumor development. As a result this series of experiments suggested 
that while the CAFs did stimulate growth, they had other pro-tumorigenic effects 
distinct from stimulating cell division [51].

6.5  �Maintaining Cancer Stemness

Recent work has suggested that CAFs may also have a role in maintaining the “stem-
ness” of cancer stem cells. Work in the intestinal crypt has shown that Wnt signaling 
is important in the maintenance of stem cells and crypt homeostasis [52]. Vermeulen 
et al. used a reporter of β-catenin-driven transcription to show that there was heter-
ogenous Wnt signaling within colon cancer spheroidal cultures despite all cancer 
cells having mutations in the APC gene. The cells with higher levels of Wnt signal-
ing were shown to be “cancer stem cells,” that is, they had enhanced clonogenicity 
and were able to recreate a tumor similar to the initial malignancy if injected into an 
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immune-deficient mouse. As there was heterogeneity in the spheroids, it was appar-
ent that there was some cell autonomous regulation of Wnt signaling, and this has 
been shown previously in stem cells in the crypts [53]. However Wnt signaling in 
both the normal and the cancer stem cells is also modulated by surrounding cells 
[54]. Subsequently it was shown that HGF produced by CAFs induced high levels of 
Wnt signaling and increased “stemness” [55]. Thus in at least one system, CAFs 
have been reported to be important for the maintenance of cancer “stemness.”

6.6  �Driving Angiogenesis

In their study mentioned earlier, Orimo et al. isolated fibroblasts from human breast 
carcinomas and normal fibroblasts from the same patients. These fibroblasts were 
co-injected with breast carcinoma cells into nude mice, and it was shown that CAFs 
promoted tumor growth significantly more than did the normal fibroblasts. This was 
shown to be due, at least partially, to the high levels of CXCL12 secreted by CAFs 
which recruited endothelial progenitors, increasing vascularization of the tumors 
[45]. Furthermore Yang et al. subsequently showed that CAFs isolated from human 
prostate cancer similarly promoted xenograft growth due to the action of CTGF. It 
was found that CTGF expression was induced by TGFβ and that overexpression of 
CTGF in 3T3 fibroblasts also led to these cells increasing tumor size and microves-
sel density in a xenograft model [56]. CAFs can also promote angiogenesis in a less 
direct method by releasing active growth factors from the ECM due to their expres-
sion of MMPs. CAFs are a source of MMP9 [57] and MMP13 [58], which have 
both been shown to be involved in angiogenesis. MMP9 and MMP13 have both 
been shown to release vascular endothelial growth factors (VEGF) from the ECM 
increasing angiogenesis in the tumor [59, 60]. This work is complicated by the fact 
that in integrin α1 knock out mice which lack integrin α1β1, an inhibitor of MMP 
synthesis, there is decreased tumor vascularization due to the increased production 
of angiostatin [61]. Angiostatin is produced by MMP9 and MMP7 acting on circu-
lating plasminogen. As such MMPs have been shown to have conflicting roles in 
angiogenesis. As stated previously MMPs are not restricted to CAFs as TAMs, and 
other stromal cells are also important sources of these molecules [62].

6.7  �Promoting Invasion and Metastasis

CAFs may also exert their effects through modulation of ECM composition; 
Levental et al. showed that CAFs express lysyl oxidase, which leads to collagen 
cross-linking and increased tissue stiffness. This increased stiffness was associ-
ated with changes in integrin signaling and progression to invasive disease, and 
treatment of the mammary fat pad with lysyl oxidase could promote growth and 
invasion of premalignant cells highlighting the critical role for these stromal cells 
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[63]. CAFs have also been shown to express multiple MMPs that, by altering 
interactions between tumor cells and the extracellular matrix, alter tumor cell phe-
notype [57, 64, 65]. MMP activity has been implicated in all of the functions of 
CAFs so far, and it has been demonstrated that activation of MMPs is sufficient to 
produce a CAF-like phenotype in fibroblasts [66]. In this study, by deleting all 
four tissue inhibitors of metalloproteinases (TIMPs), the authors demonstrated 
that exosomes from the CAFs induced cancer cell motility and upregulated stem 
cell markers. These effects were dependent on the metalloproteinase ADAM10 
[66]. Fibroblast exosomes have been shown to drive Wnt-planar cell polarity sig-
naling in a CD81-dependent manner. This promoted breast cancer cell invasive 
behavior [67]. Interestingly communication between cancer cells and stromal 
components using exosomes appears to occur in both directions to promote metas-
tasis with transfer of miR-105 from cancer cells to endothelial cells leading to 
increased vascular permeability and metastasis [68]. Furthermore cancer-derived 
exosomes appear to have roles in transmitting invasive behaviors between differ-
ent cancer cell clones [69]. Intriguingly it appears that stromal cells may even play 
a more direct role in metastasis, with tumor cells which were part of heterotypic 
cell clusters demonstrating increased robustness and increased potential to develop 
metastases. Furthermore using a parabiosis model CAFs from the original tumor 
could transiently be found in metastases indicating these cells could be important 
in establishing metastases [70].

6.8  �Promoting Resistance to Therapy

CAFs have also been implicated in driving resistance to chemotherapy. Previous 
work using the KPC mouse has shown that the chemotherapeutic drug gemcitabine 
is excluded due to dense ECM and high intratumoral tissue pressure. Enzymatically 
disrupting the ECM led to increased infiltration of the tumor and increased response 
[71, 72]. While this is a presumed effect of CAFs due to their role in producing the 
dense desmoplastic stroma in these tumors, fibroblast-derived exosomes have been 
shown to directly promote resistance to chemotherapy. One study demonstrated that 
exosomes carried numerous RNAs which stimulated RIG-I in breast cancer cells 
and along with NOTCH3 signaling driven by the CAFs themselves converged on 
STAT1 signaling which led to expansion of tumor cells resistant to both chemo-
therapy and radiotherapy [73].

6.9  �CAFs and Inflammation

There have been also been unbiased approaches to understand how CAFs differ 
from normal fibroblasts in an attempt to define their roles in cancer. FAP+ cells 
sorted from normal tissues were found by RNA-seq to be similar to one another, 
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while different CAF populations characterized by co-expression or lack of 
CD34 were found to be more similar to one another validating this as an 
approach [74]. Hanahan conducted a more complete analysis sorting PDGFR-α+ 
cells from a range of normal tissues and from tumors and demonstrated a CAF-
specific gene signature [23]. This gene signature was characterized by CAFs 
producing greater amounts of CXCL1, CXCL2, IL-1β, and IL-6 (among others) 
than fibroblasts in normal tissues. This inflammatory gene signature implies 
that CAFs could be important players within the tumor inflammatory environ-
ment. Previous work has shown that inflammatory mediators play important 
roles in carcinogenesis: IL-6 may also protect tumor cells from apoptosis in a 
STAT3-dependent mechanism [75] and can drive angiogenesis [76], and IL-1β 
has also been shown to drive IL-23 expression and thus to promote skin carci-
nogenesis [77]. Despite these more direct effects, the inflammatory signature 
also suggests that CAFs may be modulating the immune system in the tumor 
microenvironment.

6.10  �Tumor Immunology

While the role for the tumor stroma in tumor development was becoming more 
widely accepted, the role for the immune system in tumor development was con-
troversial until more recently. Indeed in 2000 Hanahan and Weinberg wrote a 
highly influential review about the hallmarks of cancer noting that there was an 
overly narrow focus on the genetically deranged cancer cells and that heterotypic 
signaling with normal stromal cells explained at least some of the aforementioned 
hallmarks of cancer [78]; however, it wasn’t until 2011 when they penned an 
update that evading the immune system appeared as a critical hallmark of tumor 
development [79]. Interest in the immune response to cancer reemerged as more 
focused approaches to immune modulation began to demonstrate results. After the 
initial demonstration that blockade of CTLA-4 could induce rejection of a trans-
planted primary tumor and lead to protection from a rechallenge [80], immune 
therapies gradually made their way to the clinic. Recently numerous immunothera-
peutic approaches to tumor therapy have shown dramatic responses in patients 
resulting in numerous approvals of checkpoint blockade targeting CTLA-4 and 
PD-1 [81–87], as well as the use of chimeric antigen receptor (CAR) T cells to 
target tumor stroma [88]. It is now clear that vast complement of immune cells 
populate tumors, including dendritic cells, macrophages, neutrophils, natural killer 
cells, mast cells, B cells, CD8+ T cells, CD4+ T cells (and the many subsets 
thereof), and regulatory T cells (Treg cells). These cells have multiple roles in 
tumor and can have both pro- and antitumoral effects. These effects are, at least in 
part, directed by the microenvironment and are a product of CAFs and the inflam-
matory milieu they contribute to.
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6.11  �Stromal and Tumor Immune Responses

While these two areas have experienced renewed interest, interactions between 
these fields have only begun to emerge more recently. One of the most well-defined 
roles CAFs play in suppressing the antitumoral immune response regards entry of T 
cells. T cell infiltration into cancer nests within the tumor has long been recognized 
as an important predictor of patient survival, with increased infiltration of CD8+ T 
cells into cancer-dense regions strongly associated with improved outcomes for the 
patient [89–92]. Indeed, recent clinical trials using checkpoint blockade inhibitors 
and/or adoptive T cell therapy do not show strong results in tumors typically associ-
ated with high stromal burden, such as pancreatic ductal adenocarcinoma, prostate 
cancer, ovarian cancer, and colorectal cancer [82, 83, 93], in part due to a failure of 
CD8+ T cell to infiltrate cancer nests [94]. Normally, once activated, T cells leave 
the lymph node and migrate toward the inflammatory site, where they exit the blood 
stream and enter the tumor. The tumor vasculature inhibits extravasation of T cells 
from the blood stream into the tumor mass, resulting in accumulation of T cells 
within the stroma while still allowing movement of monocytes and neutrophils into 
the tumor. Indeed, overexpression of endothelin B receptor on tumor vasculature 
decreases lymphocyte adherence to endothelium [95], while the disorganization of 
tumor vasculature that is typically associated with tumor progression [96] limits T 
cell extravasation and entry into the tumor parenchyma [97].

6.12  �CAFs and T Cell Infiltration

CAFs themselves may also directly limit T cell infiltration of cancer nests within the 
tumor. CAFs both deposit and degrade extracellular matrix (ECM) components and 
thus remodel the ECM during cancer progression; a severe desmoplastic reaction 
correlates with poor prognosis in many cancers [98–101]. The remodeling of the 
ECM allows CAFs to determine the migration and localization of cells within the 
tumor. Live cell imaging of human lung cancer [102] demonstrated poor T cell infil-
tration and motility in the dense collagen surrounding cancer nests, while more 
active T cell behavior was observed in regions with looser matrix deposition. 
Treatment with collagenase degraded the dense matrix surrounding cancer nests, 
and increased T cell infiltration and contact with cancer cells, suggesting that the 
nature of matrix deposition can have profound effects on the efficacy of antitumor T 
cell immunity. Recently, Fearon and colleagues demonstrated that, through produc-
tion of CXCL12, pancreatic cancer-associated CAFs inhibit T cell infiltration of 
pancreatic carcinoma [74]. In this study, administration of checkpoint blockade 
inhibitors alone did not alter the course of tumor progression, mirroring that observed 
for human pancreatic cancer [93]. However, administration of the CXCR4 antago-
nist AMD3100 alongside checkpoint inhibitors significantly diminished tumor 
growth and allowed T cell infiltration and killing of cancer cells. Overexpression of 
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CXCL12 by CAFs [103] has been shown to promote cancer growth through direct 
effects on the cancer cells, promoting cancer cell proliferation, migration, and inva-
sion [104–109]. However, since no change in tumor growth was observed in the 
absence of a T cell response, CXCL12 blockade must be affecting the immune regu-
lation rather than the tumor-promoting aspect of CXCL12-CXCR4 signaling. 
Importantly, these studies have shown that the pre-existing T cell response is capable 
of inducing tumor regression when suppression is alleviated, suggesting that vacci-
nation again tumor antigens will not be necessary to harness the antitumor immune 
response for immunotherapy.

6.13  �Suppressing Intratumoral T Cells

Once T cells enter a tumor, they must migrate toward the cancer cells, engage the T 
cell receptor, and then deliver cytotoxic- and/or cytokine-mediated kill signals. There 
are several obstacles that T cells must overcome in the tumor microenvironment in 
order to achieve their aim. The tumor microenvironment is full of suppressive signals 
for T cells, including secreted factors, suppressive immune cells, and the immuno-
suppressive actions of CAFs. CAFs have been shown to exert a directly immunosup-
pressive mechanism of action. Depletion of FAP-expressing stromal cells using a 
diphtheria toxin-mediated model results in failure of tumor growth that is entirely 
dependent on the presence of an intact immune response, demonstrating that CAFs 
are a critical regulator of tumoral immunosuppression of the T cell response [110]. 
Tumor killing in this model was dependent on interferon-gamma and TNF-alpha, 
and was induced by hypoxic necrosis, all hallmarks of T cell-mediated immunity. 
Some factors produced by CAFs have also been identified; CAFs, along with myeloid 
cells and cancer cells, are important sources of tumoral indoleamine 2,3-dioxygen-
ase (IDO), an enzyme that depletes local tryptophan by catabolizing tryptophan 
through the kynurenine pathway. Overexpression of IDO in the tumor microenviron-
ment promotes tumor growth through immune resistance, as both T cell- and NK 
cell-mediated antitumoral responses are severely dysfunctional in the presence of 
IDO [111, 112]. CAFs also secrete TGFβ, and tumoral TGFβ expression is associ-
ated with significant pro-tumoral effect. TGFβ reduces CD8+ T cell and NK cell 
function [113–115], promotes the polarization of macrophages and neutrophils to a 
pro-tumoral type 2 phenotype [116–118], and enhances Treg cell and Th17 cell dif-
ferentiation [119–121]. It is important to note that CAFs are not the sole source of 
TGFβ in the tumor microenvironment, with both neoplastic cells and myeloid-
derived cells expressing high amounts of this cytokine. Accordingly, TGFβ blockade 
significantly inhibits tumor progression and enhances tumor immunotherapy [122, 
123]. In addition to these effects, CAFs have been shown to promote the accumula-
tion of immature myeloid cells, or MDSCs [124], which produce large amounts of 
suppressive cytokines, such as TGFβ, into the tumor microenvironment.
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6.14  �Skewing T Cell Recruitment

Alteration of CAFs by cancer cells has also been shown to alter the immune cell 
components within the tumor. For example, expression of the lymph node che-
moattractant chemokine CCL21  in cancer cells, which is induced in invasive 
cancer cells [125], resulted stromal organization reminiscent of fibroblastic 
reticular cells (FRCs) of the lymph node. This FRC-like stromal organization 
recruited CCR7-expressing DCs, naïve T cells, and Treg cells to the tumor, lead-
ing to enhanced tumor growth through suppressive mechanisms including Treg 
cells and secreted molecules such as IDO [126]. Indeed, suppression was so 
profound it was able to prevent rejection of non-syngeneic allografts, demon-
strating the immense capability of the tumor microenvironment to prevent T 
cell-mediated eradication of tumors. While this has not been shown to occur in 
human tumors, it points to the intriguing possibility that fibroblast populations 
as well as being heterogeneous are incredibly plastic, and our understanding of 
CAFs may be increased by investigating their roles in normal tissues like the 
lymph node.

6.15  �Conclusions

There has been great interest in the potential of targeting CAFs in order to improve 
the response to immunotherapy in the clinic. While the responses to checkpoint 
blockade have been impressive with a proportion of patients showing complete, 
durable remissions [87], there are still many patients who do not respond. While 
direct ablation of CAFs led to tumor regression with immunogenic tumors [74, 
110], the lack of specificity for the tumor led to significant side effects including 
cachexia and anemia when these cells were eliminated through administration of 
diphtheria toxin or by targeting with a FAP-specific chimeric antigen receptor T 
cell [29, 127]. As stated earlier there is a lack of markers that are specific for 
CAFs, and as such this type of approach is currently not feasible, and so greater 
understanding of the mechanisms by which CAFs exert their effects is needed in 
order to develop more targeted therapeutics. A promising example is the previ-
ously mentioned study by Feig et al. demonstrating that AMD3100 could potenti-
ate the activity of checkpoint blockade [74]. As previously stated the heterogeneity 
of normal tissue fibroblasts [30] would suggest that while Hanahan found a CAF 
signature across different tumor types [23], there is still likely to be great hetero-
geneity in the mechanisms of immune suppression that CAFs are employing in 
different contexts. As such it is unlikely that there is any single CAF mechanism 
of action that can be targeted across all tumor types. It is critical that future work 
continues to elucidate the essential roles CAFs are playing in immune modulation 
in different tumor types, and it is also crucial that findings in mouse models are 
extended into patient samples to examine whether these potential therapeutic 
directions are viable.
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Chapter 7
Immunosuppression by Intestinal Stromal 
Cells

Iryna V. Pinchuk and Don W. Powell

Abstract  This chapter summarizes evidence that intestinal myofibroblasts, also 
called intestinal stromal cells, are derived in the adult from tissue mesenchymal 
stem cells under homeostasis and may be replenished by bone marrow mesenchy-
mal stromal (stem) cells that are recruited after severe intestinal injury. A compari-
son of mechanism of immunosuppression or tolerance by adult intestinal stromal 
cells (myofibroblasts) is almost identical with those reported for mesenchymal stem 
cells of bone marrow origin. The list of suppression mechanisms includes PD-L1 
and PD-L2/PD-1 immune checkpoint pathways, soluble mediator secretion, toll-
like receptor-mediated tolerance, and augmentation of Treg cells. Further, both mes-
enchymal stem cells and intestinal stromal cells express an almost identical 
repertoire of CD molecules. Lastly, others have reported that isolate intestinal stro-
mal cells are capable of differentiating into bone and less well into chondrocyte, but 
not into adipocytes, a finding that we have confirmed. These findings suggest that 
intestinal stromal cells (myofibroblasts) are partially differentiated adult, tissue-
resident stem cells which are capable of exerting immune tolerance in the intestine. 
Their role in repair of inflammatory bowel disease and immune suppression in 
colorectal cancer needs further investigation.
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7.1  �Introduction

There are a multitude of pleotropic functions of intestinal stromal cells (myofibro-
blasts, fibroblasts, and pericytes) that have been discovered and investigated over 
the past 20 years. Previous reviews document knowledge about these cells up until 
the current era [1–7]. Our chapter defines the role of mucosal stromal cells in gut 
tolerogenic responses, including immunosuppression by B7 suppressor molecules 
(PD-L1 and PD-L2) which are present on these MHC class II-expressing antigen-
presenting cells, immunosuppression by soluble mediators secreted by stromal 
cells, role in altering Th17 cell and Treg formation, and toll-like receptor-mediated 
modulation of immunosuppression. The PD-L1/PD-1 signaling pathways have 
recently become famous with the discovery of immune checkpoint therapy for can-
cer, revolutionizing the field of oncologic immune therapy and bringing effective 
therapies to previously untreatable cancers [8–10]. Our interest in these molecules 
developed when we discovered that mucosal CD90+ stromal cells in gastric, small 
intestinal, and colonic mucosa were novel, innate immune cells expressing MHC 
class II [11–13]. Seeking an antigen-presenting function for these cells, we found 
that the positive B7 co-stimulatory molecules CD80 and CD86 were not normally 
expressed, although CD86 could be demonstrated after engagement of T cells [13]. 
Nevertheless, the negative co-stimulatory molecules PD-L1 and PD-L2 were 
robustly constitutively expressed [14], suggesting that CD90+ stromal cells were far 
more important in tolerance than in activation of immunity.

In attempting to understand why stromal cells of all types – intestinal, chondro-
cytes, synovial, lung, and skin fibroblasts – might have such potent immunosuppres-
sive functions [15], an attractive hypothesis was found in the emerging concepts of 
the origin of intestinal stromal cells and the idea that they might be derived from 
adult or tissue-resident, adult mesenchymal stem cells (tMSC) or from the recruit-
ment of bone marrow-derived mesenchymal stromal cells (BMMSC). This was 
especially true since the mechanisms of MSC-mediated immunosuppression and 
the ability of MSC, like intestinal stromal cells, to switch from inflammation to sup-
pression have been more recently become better understood [16–18]. Therefore, 
before describing the information we have learned about the immune suppressive 
role of intestinal stromal cells, we will briefly review the current understanding of 
the origin of intestinal stromal cells and of the immune functions of MSC.

7.2  �Origin of Intestinal Stromal Cells

It was once thought that parenchymal mesodermal cells in the embryo originated 
from the neural crest [19]. However, more recent lineage tracing experiments have 
defined the mesothelium as the embryological origin of tissue parenchymal (myo)
fibroblasts, perivascular pericytes, and vascular smooth muscle cells [20, 21]. In the 
adult, the discussion has centered on whether the origin of subepithelial stromal 
cells (myofibroblasts), during homeostasis or after tissue damage, is from a 
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tissue-resident, adult mesenchymal stem cells (tMSC) or from engraftment of circu-
lating bone marrow mesenchymal stem cell (BMMSC) [22]. Stappenbeck’s labora-
tory presented evidence for a tMSC, identified by its avid expression of COX-2 (and 
thus prostaglandin secretion), located in the upper aspects of the lamina propria but 
seemingly homing to a pericryptal location adjacent to epithelial stem cells in 
response to toll-like receptor (TLR) signaling [23]. Prostaglandin secretion from 
these relocating cells was critical for repair of dextran sodium sulfate (DSS)-induced 
colitis and for repair of experimental colonic perforating wounds [23]. While these 
cells had the repertoire of stems cells, their origin remained unclear [22]. Strong 
evidence that these cells may be tMSC has recently been published by Worthely 
et al. [24] in impressive lineage-tracking experiments using Gremlin 1 (Grem 1) as 
a marker of subepithelial mesenchymal cells. Tamoxifen-induced expression in a 
Grem1-creERT mouse identified single subepithelial cells in the small intestine isth-
mus, the region that serves as the transition from villi to crypts. These cells divided 
exceedingly slowly, incorporating BrdU over the course of a month and taking 
3  months for these labeled cells to populate the entire pericryptal mesenchymal 
sheath and a year to completely populate the entire villus with smooth muscle 
α-actin-positive myofibroblasts and smooth muscle α-actin-negative, but not NG2-
positive, stromal pericyte-like cells. These marked cells persisted for 2  years. 
Worthely named these cells intestinal reticular stem cells (iRSC) denoting the retic-
ular network that they formed. This network was entirely distinct from the closely 
approximated s100b-/NES-positive glial network. Thus, this publication gives 
strong evidence for a slow cycling, tissue stem cell providing homeostasis for small 
intestinal epithelial and lamina propria small vessel function and for tissue struc-
ture. Although results of studies in colonic and gastric tissues were not reported, 
Worthely has stated that similar observations were made for colonic and gastric 
mucosa (personal communication).

While it is possible that under conditions of significant intestinal damage these 
tMSC might be called to the damaged area by chemotaxis to repopulate the myofi-
broblast/fibroblasts and pericytes network, an alternative mechanism for rapid repair 
is also possible: homing of BMMSC. As demonstrated first by Britten and colleagues 
[25], and reviewed in detail by Mifflin et al. [5], using the Y chromosome from male 
bone marrow infused into female recipients under conditions of significant tissue 
wounding, BMMSC may reconstitute 40–60% of subepithelial myofibroblasts and 
pericytes within 10 weeks of transplantation. A similar phenomenon has been shown 
for the cancer microenvironment where 20% of cancer-associated fibroblasts in 
colorectal cancers are derived from BMMSC [26, 27]. Thus, one might reasonably 
postulate that tMSC are responsible for the homeostasis of the intestinal epithelium 
and lamina propria architecture, but that BMMSC replenishment serves as the mech-
anism for more rapid repair after acute damaging disease or trauma (Fig. 7.1).

More compelling proof that intestinal stromal cells are derived from MSC comes 
from the study of Signore et al. [28] who used CD146, a known MSC marker, to 
visualize lamina propria cells by confocal microscopy and to isolate them. The 
CD146-positive cells have the location and appearance of colonic CD90+ myofibro-
blasts/fibroblasts. Importantly, isolated colonic CD146 cells had the same marker 
phenotype as BMMSC but had a decreased intensity of the CD13, CD29, and 
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CD49c expression (Table 7.1). When these isolated CD146 colonic cells were place 
in differentiation media, they became osteocytes and differentiated less efficiently 
into chondrocytes, but not at all to adipocytes. Thus, we believe that, at least in nor-
mal intestinal mucosa, CD90+ myofibroblasts/fibroblasts are restricted progenitor 
cells of mesenchymal stem cell origin. Functional differences between conventional 
MSC and intestinal stromal cells will no doubt be clarified over the coming years.

7.3  �Immunosuppression by MSC

B7 Molecule-Mediated Suppression  A fundamental property of MSC is their 
ability to alter the profile of dendritic cells, naive and effector T cells, and natural 
killer cells to induce an anti-inflammatory or tolerant phenotype [16]. While they 
express MHC class I constitutively, class II molecule expression must be induced. 
B7 co-stimulatory molecules CD80 (B7-1) and CD86 (B7-2) are robustly expressed 
by professional antigen-presenting cells (APCs) such as dendritic cells. These B7 
ligands engage the T cell receptors CD28 (resting t cells) and CTLA-4 (activated T 
cells), although with a dramatically higher affinity (100- to 1000-fold higher) for 
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Fig. 7.1  Mesenchymal stem cell replacement of subepithelial myofibroblasts (stromal cells) dur-
ing homeostasis (left) and following injury or damage from disease (right). Stromal cell replace-
ment during homeostasis occurs by division of slow cycling tissue mesenchymal cells (tMSC) in a 
process that takes months to populate the top and bottom of the colonic crypts. After damage or 
disease, stromal cell replacement appears to be largely from recruitment of bone marrow-derived 
mesenchymal stem cells (BMMSC) which takes days or weeks. tMSC may also take part in stro-
mal cells’ replacement after damage
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Table 7.1  Phenotypic comparison of BMMSC, gastrointestinal mucosal tMSC, and myofibroblasts

Marker BMMSC tMSC Myofibroblasts Description/function

CD4 nd − 
[28]

nd T cell coreceptor/interact with non-polymorphic 
regions of MHC class II and HIV protein gp120 
[66]

CD10 + [28] + [28] nd Metalloproteinase/development and cancer [67]
CD11b nd nd − [11] Integrin/adhesion, migration, phagocytosis, 

chemotaxis, cytotoxicity [68]
CD11c – nd − [11] Integrin/interacts with lipid A moiety of LPS [69]
CD13 ++ + ±a Aminopeptidase N/regulator of signals triggered 

by other receptors, apoptosis [70]
CD14 − [28] − 

[28]
+a Co-receptor for TLR4/implicated in LPS-induced 

skin fibroblast proliferation [71]
CD 24 − [28] ± [28] + [72] Cell-cell and cell-matrix adhesion glycoprotein/

facilitates metastasis [73]
CD29 ++ [28] + [28] +a Integrin β1/adhesion receptor for ECM 

components/epithelial differentiation, 
development and tissue organization [74]

CD31 − [28] − 
[28]

−a Platelet endothelial cell adhesion molecule/T cell 
homeostasis, effector function and trafficking 
[75]

CD34 − [28] − 
[28]

−a Hematopoietic progenitor cell Ag/cell adhesion 
regulation [76]

CD44 ++ [28] ++ 
[28]

++a Glycoprotein, a hyaluronic acid receptor/
regulates cell adhesion, proliferation, survival, 
migration, and differentiation [73]

CD45 +−[28] − 
[28]

−a Leukocyte common antigen, a transmembrane 
phosphatase/development and function of 
lymphocytes [77]

CD49a ++ ++ nd Integrin α1, heterodimerizes with the β1 subunit 
to form a cell-surface receptor for collagen and 
laminin/adhesion [78]

CD49c ++ [28] ++ 
[28]

+a Integrin α3, heterodimerizes with the β1 subunit/
cell migration and adhesion, regulation of ECM 
components [79]

CD49d ++ [28] ++ 
[28]

++a Integrin α4, heterodimerizes with the β1 subunit/
interact with VCAM-1; cell adhesion [80]

CD54 ++ [28] ++ 
[28]

++ [81] Glycoprotein, also known as intercellular 
adhesion molecule 1, ICAM-1/cell adhesion [80]

CD80 ± [32] nd − [11] B7 family co-stimulator/interacts with CD28, 
CTLA-4, and PD-L1/regulation of T and 
macrophage activity [30, 57]

CD86 ± [32] nd ± [11] B7 family co-stimulator/interacts with CD28, 
CTLA-4/regulation of T and macrophage activity 
[30, 57]

CD90 ++ ++ ++ Activation-associated cell adhesion molecule 
(Thy1)/cell adhesion [82]

(continued)
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CTLA-4 [29–31]. Ligation of CD28 by CD80 and/or CD86 enhances T cell prolif-
eration, intensifies pro-inflammatory cytokine secretion, and upregulates anti-
apoptotic genes. MSC have low or negative expression of the positive B7 
co-stimulatory molecules CD80 and CD86 but are reported to express high level of 
B7 inhibitory molecules PD-L1 and PD-L2 [32, 33]. These inhibitory molecules are 
critically involved in suppression of activated T lymphocyte proliferation, thus con-
tributing to the maintenance of peripheral tolerance [33, 34]. PD-L1 is also reported 
to be implicated in MSC-mediated suppression of Th17 cell differentiation [35]. 
Importantly, there is evidence that PD-L1 expression on MSC may be responsible 
for suppression of autoreactive T cells in experimental autoimmune type 1 diabetes 
[36] and in inducing immune tolerance to cardiac allografts when given in combina-
tion with rapamycin [37]. Recent reports have demonstrated that PD-L1 is involved 
in the regulation of inflammatory Th17 [38] and immunosuppressive CD4+ CD25high 
FoxP3+ regulatory T cell (Treg) responses [39]. MSC have been shown to contribute 
to the regulation of the Th17/Treg balance and may repress mature Th17 cells in a 
PD-L1-dependent manner [35]. Taken together, these properties allow MSC to 

Table 7.1  (continued)

Marker BMMSC tMSC Myofibroblasts Description/function

CD105 ++ [28] ++ ± Also known as an endoglin, accessory receptor 
for TGF-β/implicated in angiogenesis and 
neovascularization [83]

CD146 ++ [28] ++ 
[28]

++a Cell adhesion molecule (CAM)/implicated in 
development, cell migration, mesenchymal stem 
cells differentiation, angiogenesis, immune 
responses [84]

CD166 ++ [28] ++ 
[28]

+a Activated leukocyte adhesion molecule 
(ALCAM)/bind to CD6; adhesion and T cell 
activity regulation [85]

HLA-
ABC

++ [28] ++ 
[28]

++a MHC class I molecules/MHC class I restricted 
Ag presentation to CD8+ T cells [86]

HLA-DR − [28] ++ 
[28]

+ [14] MHC class II molecule/MHC class II restricted 
Ag presentation to CD4+ T cells [86]

PD-L1 + [87] + [87] + [14] B7 family co-inhibitor (B7-H1)/interacts with 
PD-1 and CD80; regulation of T and macrophage 
activity [30, 57]

PD-L2 + [87] + [87] + [14] B7 family co-inhibitor (B7-DC)/interacts with 
PD-1; regulation of T and macrophage activity 
[30, 57]

B7-H2 nd nd +a B7 family co-stimulator (ICOSL)/interacts with 
ICOS; activate T cell proliferation and induction 
of T17 type responses [88]

a-SMA − [6] + [28] + [11] Alpha-smooth muscle actin-2/involved in cell 
motility, structure, and contractile apparatus [6]

vimentin + + ++ [89] Type III intermediate filament protein/major 
cytoskeletal component of mesenchymal cells; 
cell adhesion and endothelial sprouting [90]

aUnpublished data
nd non-determined, Ag antigen, ECM extracellular matrix
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escape rapid immune rejection, and they establish the reason for the therapeutic 
value of MSC in the treatment of experimental and human immune-mediated dis-
eases such as graft-versus-host disease, autoimmune encephalomyelitis, multiple 
sclerosis, type 1 diabetes mellitus, rheumatoid arthritis, systemic lupus erythema-
tous, Crohn’s disease, and cirrhosis, to name but a few [17, 40].

Soluble Mediator-Mediated Suppression  The mechanisms that allow MSC-
mediated immunosuppression were initially thought to occur only through secretion 
of soluble immune suppressors such as prostaglandin E2 (PGE2), indoleamine 
2,3-dioxygenase (IDO, especially in human MSC), nitric oxide (NO, especially in 
murine MSC), and human leukocyte antigen (HLA)-G, as well as TGF-β, HGF, and 
hemoxygenase [17, 41–43]. Murine secretion of PGE2 is upregulated by both 
interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α), while IDO upregulation 
requires IFN-γ [32]. Therefore, soluble factor secretions of immunosuppressant mol-
ecules together with PD-L1-/PD-L2-mediated signaling are among the critical immu-
nosuppressive mechanisms exerted by MSC which contribute to immune tolerance.

TLR Signaling Modulates Suppressive Properties of MSC  While the biological 
and functional properties of murine and human MSCs differ, MSC from both spe-
cies express toll-like receptors (TLRs) and NOD-like receptors (NLRs) NOD1 and 
NOD2 [18, 44]. TLRs and NLRs are known to trigger an innate immune response 
against microbial stimuli [45]. It has been suggested that stimulation of TLR3 has 
opposing effects from that occurring after activation of TLR4-mediated signaling 
[18]. TLR3 ligation by its putative ligand, dsRNA, results in an anti-inflammatory 
MSC phenotype with secretion of high levels of soluble immune suppressants, 
including IDO, PGE2, and TGF-B, and enhances MSC capacity to induce suppres-
sive regulatory T (Treg) cells and M2 (suppressive) macrophages. Conversely, acti-
vation of TLR4 by its putative receptor, LPS, results in reduction of soluble 
suppressor secretion and in an increase in lymphocyte-recruiting chemokine 
(PIP-1a, MIP-1b, RANTES, CXCL9, and CXCL10) production [46]. However, 
Chen et al. [42] could not reproduce a differential suppressive effect of TLR 3 or 
TLR 4. In their experiments, ligation of neither TLR3 nor TLR4 affected the self-
renewal, apoptosis, or expression of stem cell markers on MSC, while stimulation 
of TLR3 enhanced MSC differentiation into adipocytes and osteocytes, but activa-
tion of TLR4 signaling inhibited MSC differentiation. Thus, further investigation of 
TLR signaling in both MSC and MSC progeny, stromal cells, is necessary.

7.4  �Immunosuppression by Intestinal Stromal Cells

B7 Molecule-Mediated Suppression  While recent study of MSC immune func-
tion brought attention to the immunosuppressive potential of these cells [47, 48], 
initial studies of intestinal stromal myofibroblasts/fibroblasts (MFs) focused on 
their role in antigen presentation. In 2006 our group reported that human colonic 
MFs were among the major cell phenotypes in the normal human colonic lamina 
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propria and were capable of presenting antigens in a MHC class II-dependent man-
ner [13]. Expression of MHC class II was also observed on small intestinal and 
gastric MFs after stimulation with IFN-γ [12, 13]. In 2013, Owens et al. [49] dem-
onstrated that, although somewhat limited when compared to dendritic cells, colonic 
MFs were able to uptake, phagocyte, and process Salmonella typhimurium antigens. 
Thus, MFs may possibly play a role of local APCs in the gastrointestinal mucosa.

MHC class II was shown to be involved in CD4+ T cell proliferation induced by 
allogeneic and syngeneic MFs [11, 13, 50], but we observed that MFs isolated from 
healthy gut mucosa had a limited capacity to induce proliferation of naïve/resting 
CD4+ T cells. Similar to the MSC, the limited capacity was thought to be due to 
constitutive absence of CD80 expression and low CD86 expression on MFs. These 
observations make it likely that CD86 mostly engages CTLA-4 on the activated 
effector T cells present in gut mucosa, and this engagement will contribute to the 
CTLA-4-mediated immunosuppression. Although further studies are required to 
understand the mechanisms and involvement of stromal cell CD86 expression in 
CTLA4-mediated suppression of activated T cells, a similar suppressor function has 
been proposed for immature dendritic cells which also have a low level of surface 
CD80 expression [51, 52].

Our finding of low levels of CD86 expression on normal human colonic MFs led 
us to hypothesize that these cells normally serve as “suppressors” of activated T cell 
responses in the healthy colon. MFs derived from normal colonic mucosa express 
strong basal level of PD-L1 and PD-L2 [14], and we found a similar robust expres-
sion of PD-L1 and PD-L2 in small intestinal and gastric MFs (unpublished data). As 
has been previously reported for MSC, PD-L1 and PD-L2 were found to be criti-
cally involved in MF-mediated suppression of the CD3-/CD28-activated CD4+ T 
cell proliferation and IL-2 production [14].

Besides suppression of T cell proliferation, PD-L1 and PD-L2 are implicated in 
regulation of IFN-γ production by different immune cell subsets [53–56]. We dem-
onstrated that PD-L1 is involved in the colonic MF-mediated suppression of the 
IFN-γ production by activated CD4+T cells [57]. Recently we have observed that 
PD-L2 also contributes to MF-mediated suppression of both Th1 transcription fac-
tor T-bet expression and IFN-γ production by activated CD4+T cells (unpublished 
data). Further studies are necessary to delineate the differences in the PD-L1- and 
PD-L2-mediated MF tolerogenic responses in the gut mucosa.

Suppression by Soluble Mediators  While our laboratory has focused mostly on 
MF B7 molecule-mediated immunosuppression, similar to MSC, MFs in GI mucosa 
produce multiple soluble immunosuppressive cytokines, growth factors, and small 
metabolites (IL-10, IL-21, TGF-β, PGE2, and IDO) [13, 50, 58, 59]. These mole-
cules are known to contribute to the regulation of immune responses in the gut and 
are implicated in the regulation of Th1/Th17/Treg cell balance [5, 7]. Treg are espe-
cially important for maintaining gut mucosal tolerance [60]. We demonstrated that 
production of PGE2 is critical to colonic MF-mediated induction of immunosup-
pressive Treg cells from naïve CD4+CD45RA+ T cells [50]. PD-L1 was minimally 
involved (contributing only ~10%) to colonic MF ability to induce Treg which 
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appeared to be also dependent on MF expression of MHC class II [50]. Further stud-
ies will allow better understanding of the role of the soluble immunosuppressive 
molecule produced by MFs in their ability to promote tolerogenic responses.

TLR-Like Receptor-Mediated Modulation of Tolerogenic Responses  The GI 
tract is populated by a resident and transitory microbiome. The continuous presence 
of normal physiological microflora in the GI lumen and mucosal surface provides a 
significant source for TLR and NLR ligands [45]. Signaling through these innate 
immunity receptors is thought to play a major role in orchestrating mucosal tolero-
genic responses [57, 61]. Because MFs are located just beneath the basement mem-
brane of the epithelial layers, are exposed to luminal ligands when epithelial tight 
junctions are leaky, express TLR 1–9 and NOD 1/NOD 2, and actively participate in 
wound repairs in GI mucosa [62], it is likely that MF-mediated immunosuppression 
is modulated by microbiota at least during wound healing process. Indeed, we recently 
demonstrated that stimulation of TLR2, TLR4, and TLR5 enhances the immunosup-
pressive capacity of normal colonic MFs via an increase in PD-L1 expression [57].

Myeloid differentiation factor 88 (MyD88) serves as an adaptor for the majority 
of TLRs (except TLR3) and is required for the initiation of intracellular signaling in 
response to the binding of a microbial ligand to TLR [63]. Using primary human MF 
cultures and fibroblast-specific MyD88 conditional knockout mice, we demonstrated 
that both basal- and TLR-induced levels of PD-L1 on MFs in the colonic mucosa 
depend on MyD88 [57]. TLR4-mediated upregulation of MF PD-L1 resulted in 
enhanced suppression of CD4+ effector T cell proliferation and IFN-γ production. 
Taking into consideration the key role of PD-L1 in the negative regulation of Th1 
and IFN-γ production, the TLR-mediated increase in PD-L1 expression by MFs 
might serve the function of tuning the immune balance between inflammation and 
tolerance in the colonic mucosa and would serve to protect the colonic mucosa 
against overt inflammatory responses toward otherwise innocuous microflora.

7.5  �Summary and Future Challenges

We have highlighted the current knowledge supporting an emerging concept that 
mucosal CD90+ stromal cells are partially differentiated MSC, and like MSC they 
are key participants in gut mucosa tolerogenic responses. While more extensive 
work is needed to understand the functional differences between MFs and MSCs, it 
is clear that MFs derived from normal GI mucosa preserve several MSC immuno-
suppressive functions through expression of common immunosuppressive mole-
cules: PD-L1, PD-L2, PGE2, IDO, and TGF-β. However, MFs acquire some specific 
innate immunogenic effector functions that are, perhaps, relevant to the specific 
organs/tissue [64]. The similarity and difference in molecule expression by 
BMMSC, tMSC, and MFs are summarized in Table 7.1. For instance, although less 
efficient than professional APCs, the intestinal MFs express MHC class II and are 
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capable of the uptake, processing, and presenting of antigen to T cells [11, 49]. In 
contrast to the MSC, MFs express the positive co-stimulator CD86 (although this 
expression is limited) but strong constitutive expression of ICOSL (a.k.a. B7-H2) 
and B7-H3 (unpublished data) whose immune roles in MFs are unclear.

Multiple challenges must be overcome to better understand the role of these cells 
in the maintenance of health and in the development and progression of gastrointes-
tinal inflammatory diseases. For example, although recently published evidence 
supports the mesenchymal origin of these cells, additional source of MFs has been 
described: epithelial to mesenchymal transition, endothelial to mesenchymal transi-
tion, and mucosal engraftment of circulating fibrocytes, presumably of hematopoi-
etic origin. A better panel of MF-, tissue-, and lineage-specific markers is necessary 
to understand the stromal cell’s role in chronic intestinal inflammatory diseases and 
cancers [5, 65]. Over the last decade, we have achieved some understanding on the 
role of the gastrointestinal MF in the regulation of the CD4+ T cell responses. 
However, the role of these innate immune cells in the regulation of CD8+ T cells, 
gamma/delta T cells, B cells, and professional APCs is unreported and will defini-
tively be topics to clarify over the coming years.

Finally, recent published reports support the concept that mucosal stromal cells 
are innate immune cells contributing to the maintenance of the mucosal tolerance. 
A critical importance for stromal cells in inflammatory bowel disease and cancer 
has been suggested [5, 13, 50, 65]. Here, we have only discussed current knowledge 
of the immunological functions of stromal cells during homeostasis. However, we 
and others have observed that these cells appear to undergo hardwired phenotypic 
changes, switching from immunosuppressive to an inflammation-promoting pheno-
type at the chronic stage of the GI inflammatory diseases and cancers [13, 50]. 
Understanding these pathological processes will likely provide investigators with 
novel biomarkers and new therapeutic targets.
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Chapter 8
Novel Models to Study Stromal Cell-
Leukocyte Interactions in Health and Disease

Mattias Svensson and Puran Chen

Abstract  To study human immunology in general and stromal immunology in par-
ticular, it is highly motivated to move from monolayers to 3D cultures, such as 
organotypic models, that better mimic the function of living tissue. These models 
can potentially contain most if not all cell types present in tissues, in combination 
with different extracellular matrix components that can critically affect cell pheno-
type. Besides their well-established use in studies of tissue-specific cells, such as 
epithelial cells, endothelial cells and stromal fibroblasts in combination with extra-
cellular components, these models have also been shown to be valuable to study 
how tissue participates in the regulation of leukocyte differentiation and function. 
Organotypic models with leukocytes represent novel powerful tools to study human 
stromal immunology and mechanisms involved in the regulation of leukocyte func-
tions and inflammatory processes in human health and disease. In particular, these 
models are robust, long-lived and reproducible and allow monitoring of disease 
progression in real time, as well as the mixing of cellular constituents from healthy 
and pathological tissues. These models are also easy to manipulate, either geneti-
cally or by adding external stimulants, such as cytokines and pathogens, to mimic 
pathological conditions. It is thus not surprising that these models are proposed to 
be useful in toxicology screening assays, evaluating therapeutic efficacy of drugs 
and antibiotics, as well as in personalized medicine. Within this chapter, the most 
recent developments in creating organotypic models for the purpose of study of 
human leukocyte and stromal cell interactions, in health and disease, will be dis-
cussed, in particular focusing on live imaging. Special emphasis will be given on an 
organotypic model resembling human lung and its usefulness in studying the fine 
control of physiological and pathological processes in human health and disease. 
Using these models in studies on human stromal cell and leukocyte interactions will 
likely help identifying novel disease traits and may point out new potential targets 
to monitor and treat human diseases.
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8.1  �Introduction

Host responses to pathogens and inflammatory reactions in tissue are highly 
dynamic processes dependent on the cooperation between leukocytes, tissue-
specific cells and extracellular matrix components [1–3]. Thus, complexities of cell-
cell interactions between the same and different types of cells, as well as cell-matrix 
interactions, must be considered when performing studies of, for example, host-
pathogen interactions, tumorigenesis and inflammatory reactions in tissue. As the 
interest of tissue-specific cells including epithelial cells, stromal fibroblasts and 
endothelial cells, as well as extracellular matrix proteins, and the interactions with 
leukocytes and pathogens have grown increasingly, a variety of approaches have 
been developed. Approaches span the spectrum from two-dimensional (2D) cul-
tures with mixed cell populations to living organisms, with the study systems along 
the spectrum having their respective strengths and weaknesses. The 2D culture sys-
tems are easy to use and highly reproducible, but the representation of intact tissue 
is poor. Furthermore, many cells isolated from tissue biopsies are terminally dif-
ferentiated, short-lived cells that generally have lower metabolic capacity than 
actively growing cells in vivo or in vitro [4]. These monolayer systems are also 
limited by the lack of polarized cell phenotype and lack a large number of cell-cell 
contacts, which affects their function and response to external stimuli [5]. Also, 
constitutive as well as inducible expression of proteins in these cells may be highly 
variable due to donor variability. Thus, moving from monolayers to three-dimen-
sional (3D) cultures that better mimic the function of living tissue is motivated [6]. 
Intact tissues represented by tissue explants from, for example, skin punch biopsies 
and bronchoscopies [7] represent the real set of complex constituents and behav-
iours but have some limitations on how they can be manipulated and monitored in 
real time, particularly in humans. In contrast, advanced technologies, such as intra-
vital microscopy, have been developed to study cell-cell and cell-matrix interactions 
during homeostasis and inflammation, as well as host-pathogen interactions in 3D 
environments in vivo, but these approaches are often limited to animal models [8, 
9]. Organotypic culture models can offer a balance of strengths and weaknesses, 
and although they do not contain all of the cell types present in tissues, they often 
include endothelium or epithelium in combination with stromal cells and extracel-
lular matrix, which can critically affect cell phenotype and function [10–14]. To 
date, highly reproducible 3D organotypic models of oral and lung mucosa as well as 
skin epidermal/dermal tissue among others have been developed. These 3D tissue 
models are typically engineered using cell lines or directly isolated primary tissue-
specific cells. There are also examples of approaches where human 3D skin equiva-
lents and 3D vascular networks have been reconstituted from induced pluripotent 
stem cells [15, 16]. Altogether, the further development and use of such approaches 
to build ‘immunocompetent’ human tissue models will allow researchers to perform 
immunological-based assays to study interactions between human tissue-specific 

M. Svensson and P. Chen



133

cells and leukocytes, as well as mechanisms regulating physiologic and pathologic 
immunological events in live tissue. To date, a limited number of such 3D model 
tissue cells have been described, including models recapitulating the human lung 
[17], skin [18] and intestinal tissues [19]. Approaches aimed at further developing 
in vitro human 3D models that allow tissue-specific cells to be combined with leu-
kocytes are highly warranted and will provide useful tools to study human stromal 
immunology and mechanisms involved in the regulation of leukocyte functions and 
inflammatory processes in the microenvironment.

8.2  �Recapitulating Human Tissue in Three-Dimensional 
Models

To build appropriate 3D models, there are various aspects that need to be taken into 
account. This includes the species and target tissue to be modelled and what specific 
processes that will be studied. These and other aspects should determine which cell 
types and analytical methods may be used to answer the specific questions of interest.

8.2.1  �Human 3D Tissue Models

Different species’ immune systems are to some extent identical, but there are also 
important differences, all of which may be important for specific disease processes 
which may be poorly imitated in non-related species. For example, there are inter-
species variations in bacterial binding surface receptors, important for infection [20, 
21]. Other examples are certain chemokines that are only found in humans and 
contribute to inflammatory processes by recruiting leukocytes to inflammatory and/
or infected tissues, as well as directing leukocytes in the target tissue [22–24]. 
Recapitulating human tissue in 3D tissue models can therefore serve as important 
tool to recapitulate certain aspects of human health and disease, for example, to 
delineate mechanisms of tissue pathology associated with aberrant inflammatory 
reactions to infections, cancer and chronic inflammation. Indeed, there is evidence 
demonstrating that adhesion and migration are markedly different in cells within 3D 
environments [13]. Three-dimensional lung tissue models of normal airway mucosa 
have proven to be informative for analysing the behaviour of epithelial cells, in 
particular [12, 25, 26]. Altogether, the multicellular assembly provides secreted fac-
tors and multiple cell-to-cell communications within the tissue microenvironment 
that is likely to play an essential role in regulating leukocyte function by stromal 
cells and vice versa [27] in different pathological settings (Fig. 8.1). In addition to 
the ‘large-scale’ approaches described herein, the application of microtechnology, 
as demonstrated for human liver tissue (hepatocytes and fibroblasts) [28], may 
allow the engineering of microscale tissue subunits for high-throughput experi-
ments, such as toxicology screenings, and testing of therapeutic efficacy of novel 
immunomodulatory drugs in various tissues.
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8.2.2  �The Stroma and Other Tissue-Specific Components

The stroma consists principally of fibroblasts and extracellular matrix proteins 
(ECM), which vary in phenotype depending on the tissue. The fibroblast component 
is not only critical in promoting survival, remodelling and deposition of matrix 
components but also ensures the maintenance of elasticity to lung tissue [10, 11]. 
Fibroblasts actively interact with the adjacent epithelial layer and have a key role in 
inflammation and tissue repair [29]. Several models with a physiologically relevant 
fibroblast matrix layer and a stratified epithelium that better recapitulate human tis-
sue have been developed [12, 19, 30, 31]. Under such conditions, fibroblasts prolif-
erate slowly, and their extracellular matrix is likely to provide better conditions for 
growth and differentiation of epithelial cell barriers in vitro compared with artificial 
gels or membranes, possibly via the release of growth and survival factors [11, 32]. 
The selection of scaffolds probably also influences cell functionality, at least ini-
tially, before the cells themselves begin to produce ECMs and build structures such 
as basement membranes, essential for tissue function. In this context, both biologi-
cal and nonbiological compounds are used. Biological material includes various 
types of collagen type I and type IV, or Matrigel®, which is a complex protein 
mixture. More recently, nonbiological scaffolds based on nanotechnology and the 

Fig. 8.1  Illustration of established model. Schematic drawing that illustrates the composition of 
the human 3D lung tissue model and its usefulness in various research areas in which the stroma-
leukocyte interactions will be explored
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synthesis of fibre structures using polymers have been developed. Although differ-
ent type of scaffolds may be used, it is important that the cellular constituents retain 
their phenotypes and functions that best mimic the tissue of origin. Fibroblasts are 
relatively easy to derive from human tissue biopsies and kept in culture without 
immortalization, but it may be more difficult to establish in vitro cultures with, for 
example, primary lung epithelial cells or skin keratinocytes. An alternative approach 
used by many investigators is to use in vitro immortalized cells of interest; however, 
it is recommended to verify that the cells used have not lost important features. 
Certain epithelial cells should, for example, have the capacity to stratify and form 
functional epithelial barriers, including the production of adherence and tight junc-
tion proteins. Carcinoma-derived cell lines should preferably be avoided, unless 
certain functionalities associated with cancer are studied, as these cells can display 
abnormal organ-/tissue-specific functions. For example, the bronchial 16HBE14o- 
(16HBE) cell line is derived from a healthy individual and form proper epithelial 
barriers, while the adenocarcinoma cell line A549 form aberrant tight junctions and 
epithelial barriers [33]. However, such cell types are often reproducible and inex-
pensive, but whenever possible, it is advisable to use primary cell or immortalized 
cells derived from a healthy individual. Primary human endothelial cells also seem 
to grow in organotypic models and retain their original function to invade and sprout 
in various matrices [34, 35]. Often human umbilical vein endothelial cells are used; 
however, accumulating evidence suggests that endothelial cells (ECs) display sig-
nificant heterogeneity across tissue types, playing an important role in tissue-
specific regeneration and homeostasis. It has therefore been suggested that 
endothelial cell can be generated from human pluripotent stem cells and specific 
differentiation protocols may be directed towards tissue-specific fates [36]. Although 
endothelial cells have been cultured mainly in the context of different cellular matri-
ces, the introduction of endothelial cells into the already existing organotypic mod-
els composed of stromal cells, epithelial barriers and leukocytes is the future goal. 
In this respect, the studies on bioartificial lung engineering using different types of 
synthetic scaffold material may provide useful information into how to further 
develop organotypic models to introduce essential structures for different types of 
cellular constituents [37].

8.2.3  �The Leukocyte Component

Tissue macrophages and dendritic cells (DC) are phagocytic innate leukocytes that 
respond directly to pathogens or via environmental signals and in turn modulate 
other cells locally or after migration to secondary lymphoid organs. The use of leu-
kocytes in organotypic models has so far mainly included the implantation of 
phagocytic cells [38–41]. In 3D models of human lung, human monocytes from 
peripheral blood as well as macrophages and dendritic cells generated in vitro from 
blood monocytes using M-CSF or GM-CSF and IL-4, respectively, have been used 
for implantation [40, 41]. In addition, a 3D model of human skin has successfully 
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been used to implant Langerhans cells/dendritic cell precursors, which were gener-
ated by culturing haematopoietic progenitor cells cultured in GM-CSF, TGFβ1 and 
TNF prior to implantation [18]. The use of leukocytes with lymphoid origin (i.e. T 
cells and natural killer cells) is more challenging, as HLA mismatches can induce 
unwelcomed lymphocyte activation and in worst cases cytotoxic responses against 
the cells building up the model tissue. This may be overcome by establishing autol-
ogous tissue models in which the leukocytes and tissue-specific cells are derived 
from the same donor or with a matched HLA haplotype. Thus, it should be possible 
to build organotypic models with a variety of cell types in different combinations 
depending on the specific questions to be answered.

8.2.4  �Tissue Model Set-Up

Human organotypic models or 3D tissue models with leukocytes can preferably be 
built in 3.0 μm transwell inserts placed in six-well plates based on a protocol for 
human oral mucosal models [19]. The procedure of establishing a model tissue takes 
approximately 2 to 3 weeks (Fig. 8.2) and includes cell expansion, culturing of the 
cells in the model and air exposure of the tissue model. Using this approach, we 
have successfully established three different organotypic models recapitulating 
human lung and oral or skin tissue, in which human phagocyte cells can be implanted. 
The established standardized human 3D organotypic lung model, recapitulating 
human lung described below, uses the ‘normal’ bronchial epithelial cell line 16HBE 
immortalized with the SV40 large T antigen, the MRC-5 fibroblasts derived from 
foetus lung tissue and human monocyte-derived DC [40]. From day 3 of air expo-
sure, tissue models are used for immunohistological, immunofluorescence as well 
as live-imaging microscopy analyses. At this stage the model recapitulates key ana-
tomical and functional features of lung mucosal tissue, including deposition of 
extracellular matrix proteins and the formation of tight junctions and adherence 
junctions. Once the epithelial cell layer is formed, epithelial cells proliferation 
decreases, likely due to the presence of fibroblasts [42, 43], and the model can be 
maintained in culture for long-term experiments (>two month). The intactness of 
the epithelial barrier is confirmed with transepithelial resistance measurements. The 
deposition of structural framework proteins, such as the adherence and tight junc-
tion proteins, E-cadherin and claudin-1, respectively, is visualized in the appropriate 
compartment of the model. By enzymatically digesting the established tissue mod-
els, DC survival and phenotype of DC (CD45, HLA-DR and CD1a) can be verified 
[39]. The confocal microscopy analyses of lung models also revealed that DC were 
distributed mainly in the subepithelial layer, and their survival was confirmed also 
in live tissue models labelling DC with a cell tracker dye prior to implantation and 
using live-imaging confocal or multiphoton microscopy analysis (Fig. 8.3). Notably, 
the implanted DC can survive for at least 1 month without the addition of external 
growth factors. Whether the DC retain or change their phenotype and functionality 
over such long culturing periods remains to be investigated in more detail. 
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Fig. 8.2  Tissue model set-up. Schematic drawing of the model set-up in a six-well insert from day 
1 to the time of live imaging, totally 14–16 days. Day 1: Culture MRC-5 fibroblasts in bovine col-
lagen type I for 7 days in a six-well insert, and by day 3 the collagen should have contracted. Day 
7: Add monocyte-derived DC on top of the fibroblast-collagen layer. Day 8: Seed 16HBE epithelial 
cells on top of the DC-fibroblast layer and submerge the culture in medium for 3 days. Day 11: 
Culture the model in an air-liquid interface for 3–5 days. Day 14–16: Stimulate the models for 
live-imaging experiments
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Nevertheless, combining DC and other leukocytes with tissue-specific stromal cells 
in organotypic models will most likely provide deeper understanding of fundamen-
tal stromal cell immunology as well as immunologic traits predisposing to immune 
activation, enabling the possibility to assess host-pathogen interactions and tumori-
genesis, as well as the efficacy of adjuvants and immunomodulatory regimens.

8.3  �Investigating Stromal Cell-Leukocyte Interactions

Macrophage and DC belong to heterogeneous populations of widely distributed 
phagocyte cells, with overlapping and unique functions, and both cell types play 
central roles in homoeostatic events, as well as the initiation and orchestration of 
immune responses [44–46]. Within the lung, DC mainly associate with the epithe-
lial layer, and there is evidence of DC regulation by the epithelium, and that epithe-
lial dysfunction leads to overzealous immune cell activation [47, 48].

8.3.1  �DC Sensing the Tissue Microenvironment

Further evidence that DC are regulated by the lung tissue microenvironment comes 
the observations that DC implanted in the lung model produce CCL18, a chemokine 
that is constitutively expressed in lung at steady state and is elevated in several 
human disorders, including various malignancies and inflammatory lung, skin and 
joint diseases [22, 24]. Lung tissue models with DC abundantly expressed CCL18 
mRNA and protein, while CCL18 expression was undetectable in the lung tissue 
model without DC [40]. In contrast, CCL17 and CCL22, which are chemokines that 
are barely detectable in peripheral tissues at steady state and that are induced during 
inflammatory reactions and associated to human skin and pulmonary inflammatory 
diseases [49, 50], were suppressed in tissue model DC compared to DC cultured in 
GM-CSF and IL-4. These findings support the importance of studying DC biology 
in more physiological relevant milieus rather than in monolayers on plastic surfaces. 

Fig. 8.3  3D rendering of tissue model. A representative 3D projection from live-imaging micros-
copy showing DC in red/orange situated just beneath the epithelium in green (fibroblasts excluded). 
At the time of imaging, DC had been in the tissue model for 1 month. Epithelial cells constitutively 
express green fluorescent protein, and DC were labelled prior to implantation with a cell tracker 
dye (PK-26). Images were acquired with a Nikon A1R confocal microscope
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These investigations also revealed that the complexity of tissue generated products 
inducing chemokine production by DC. This was shown by the fact that soluble 
components secreted from the 3D lung model, rather than from monolayers of fibro-
blast or epithelial cells, induced CCL18 production in DC.

8.3.2  �3D Live Imaging of the Tissue Microenvironment

The organotypic model was further developed to enable live imaging and quantifi-
cation of phagocyte cell (DC or macrophages) migratory behaviour in lung epithe-
lial tissue. For live-imaging experiments, the 16HBE were transduced to express 
fluorescent proteins, while DC were labelled with a cell tracker dye prior to implan-
tation. Live-imaging experiments were performed using an inverted confocal micro-
scope that enables sequential analysis of six models at a time, and DC or macrophages 
were imaged at a depth of up to approximately 150 μm from the epithelial surface. 
Confocal image analysis revealed a well-defined stratified layer of epithelial cells 
well separated from the underlying collagen matrix of fibroblasts. Although both 
DC and macrophages were found on both sides of the boundary separating the fibro-
blast matrix layer and the epithelial layer, several DC and macrophages were identi-
fied interacting closely with the stroma fibroblasts (Fig. 8.4 and data not shown). In 
addition to defining phagocyte cell distribution relative to stromal cells and epithe-
lial cells, the live-imaging set-up also allows quantitative analysis of phagocyte cell 
migration by tracking individual cells in the tissue at steady state and in response to 
stimulation (Fig. 8.5). Together, these data indicate that the organotypic model of 
the human lung is well suited for studying the interplay between stromal cells and 
phagocyte cells, how this might impact on phagocyte cell distribution and migration 
and the induction of inflammatory responses [51].

Fig. 8.4  Leukocyte 
interaction with stromal 
cells. A representative 
image of the lung model 
with dendritic cells (red) 
closely associated with the 
reticular stromal network
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8.4  �Three-Dimensional Tissue Models to Understand Human 
Infection, Inflammation and Pathology

Using human tissue models has several advantages. For example, many important 
human pathogens (e.g. Mycobacterium tuberculosis (Mtb), group A streptococcus 
(GAS) and Staphylococcus aureus) induce species-specific responses [25, 52]. Along 
these lines, we have successfully established skin organotypic models suitable for 
GAS infections and lung organotypic models for Mtb or S. aureus infections.

8.4.1  �Bacterial Infection of the Lung Model

To model human tuberculosis (TB), infections are usually performed with human 
blood cells in monolayer cultures [53, 54], which poorly represents the real course 
of the disease. As an alternative approach, monocyte-derived macrophages were 
infected and implanted in the lung tissue model described above. Histological anal-
ysis revealed macrophage-associated acid-fast bacteria in the tissues 7 days post 
implantation of macrophages. The association of Mtb with macrophages was fur-
ther assessed by introducing macrophages infected with GFP-expressing Mtb and 

Fig. 8.5  Illustration of live-imaging 3D tracking. A representative image showing migration of 
one macrophage (red) in the organotypic human lung model. Epithelial cells constitutively express 
green florescent protein, and macrophages were labelled prior to implantation with a cell tracker 
dye (PK-26). Images were acquired with a Nikon A1R confocal microscope. To quantitatively 
investigate macrophage migratory behaviour in response to various stimuli, live-imaging fluores-
cence microscopy data were analysed with Imaris Surface tracking algorithm and ImarisVantage. 
The line represents the centre of the macrophage in a stimulated (bacterial culture supernatant) 
model over time, where violet colouring of the line represents the position at 0 hours and red 
colouring of the line represents the position 14 hours post stimulation
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subsequent immunofluorescence-based detection of the macrophages at day 7 post 
implantation. In further support of the 3D lung tissue model’s suitability for studies 
of human TB, fluorescently labelled monocytes migrated towards infected macro-
phages and clustered [41], defining initiation of granuloma formation with Mtb-
infected macrophages [55]. Also, confocal microscopy analyses revealed that 
infection with the virulent H37Rv, but not the nonvirulent strain H37Ra or BCG, 
induced clustering of macrophages [41]. The virulence RD1 region of Mtb is 
required for granuloma formation [55–57], and using a ∆RD1 strain to infect the 
lung model revealed an inability to induce clustering of macrophages. Similarly, an 
Mtb strain with a deletion in the virulence gene ESTAT-6 was unable to induce 
clustering of phagocytic cells at site of infection, further underlining the suitability 
of the lung models for studies on human TB.

In addition, exposure of the lung model to S. aureus-derived toxins revealed 
tissue-destructive events (Fig. 8.6) and demonstrates that usefulness of the model to 
delineate mechanisms of inflammation and tissue pathology, including disruption of 
the lung epithelium [58]. In line with previous studies, the loss of tissue integrity 
was likely mediated via the activation of a disintegrin and metalloprotease 10 
(ADAM10), which activities include proteolytic cleavage of the adherence junction 
protein E-cadherin [59, 60]. Furthermore, the relative contribution of stromal cells 
and phagocyte cells to the local inflammatory reaction and exaggerated pathology is 
currently under investigation.

Fig. 8.6  Illustration of tissue bacterial toxin-induced pathology. For cryosectioning, lung tissue 
was treated with 2.0 M of sucrose for 1 hour before embedding in optimum cutting temperature 
compound (Sakura Finetek) followed by freezing in liquid nitrogen and stored at −80 °C until 
used. Eight μm cryosections were cut onto diagnostic microscope glass slides (Thermo Scientific, 
Waltham, MA) using a MICROM cryostat HM 560 MV (Carl Zeiss, Jena, Germany) and fixed in 
2% freshly prepared formaldehyde in PBS for 15 minutes at RT or in ice-cold acetone for 10 min-
utes at −20 °C. Haematoxylin/eosin staining of cryosections of lung tissue, unstimulated (top) or 
stimulated (bottom) for 24 hours with S. aureus bacterial culture supernatant. The sections were 
stained for 15 sec in Mayer’s haematoxylin and counterstained for 2 minutes in eosin
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8.4.2  �Inflammation and Phagocyte Cell Migration

By responding to toll-like receptor (TLR) ligands (PAMPs) and danger signals 
(DAMPs), DC and macrophages determine how immune responses to pathogens 
are initiated and completed, as well as the magnitude of inflammation [61–63]. Both 
DC and macrophages partake in orchestrating immune responses to pathogens by 
sensing pathogens and producing cytokines and chemokines that are important in 
the activation and recruitment of other inflammatory cells [64]. Although TLR 
ligands can induce DC maturation directly, other cells in the tissue such as epithelial 
cells and fibroblasts also express TLR and release cytokines that can contribute to 
induction of DC responses, such as cytokine production and increased cell motility. 
To explore the effect of TLR ligands on DC migration in a 3D microenvironment, 
the organotypic lung model was stimulated with TLR-4 and TLR-1/2 ligands. In 
addition, recombinant human CCL2, a chemokine known to induce DC migration 
[65], as well as DC maturation [66], was administered to the lung tissue model. 
Comparing the position of each DC in relation to the epithelial cell layer 4 hours 
post stimulation revealed that TLR-1/2 and CCL2, but not TLR4, induced migration 
of DC towards the apical side of the epithelium, demonstrating that there are differ-
ences between distinct inflammatory stimuli and the pathways involved in directing 
DC migration at the local site of inflammation. These experimental set-ups provide 
new possibilities investigating mechanisms of tissue communication circuits under-
lying DC motility in the microenvironment [67] of human lung tissue. This is also 
in line with previous studies that have shown that DC migration is largely influenced 
by tissue origin, degree of maturity and the 3D structure of the microenvironment 
[68]. Understanding mechanisms behind changes in DC motility and the imprinting 
of distinct migratory patterns in response to particular stimulating agents is impor-
tant in understanding mechanistic actions of infections. Overall these data demon-
strate that this protocol is useful for visualizing and dissecting interactions between 
stromal cells and leukocytes with time-lapse microscopy in models mimicking real 
tissue and that it is amendable to use with multiple stimuli.

8.5  �Future Perspectives

Robust and reliable tissue model systems are key to further advance the field of basic 
human immunology, as well as the translational exploitation of such basic knowl-
edge. Assays of human stromal cells and leukocyte behaviour in live tissue are gen-
erally difficult to perform, but this may be overcome by the use of organotypic 
model systems that resemble the morphological and functional features of their 
in vivo parental tissues. Research reviewed herein implicates the usefulness of 3D 
tissue models to gain further understanding of human tissue immunology in general 
and tissue-specific cell-leukocyte interactions in particular. Many questions remain 
to be answered with respect to the contribution of stromal cell and phagocyte cell to 
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tissue homeostasis, inflammation and pathology. The model systems should be 
amendable to the manipulation of tissue-specific cell gene expression and allow for 
intervention in combination with monitoring over time using single- and multipho-
ton imaging. Future models will most likely be more complex and include additional 
leukocyte populations, and this will enable the design of human tissue models in 
which we can study both innate and adaptive immune cell components that interact 
with the stroma. We also foresee that both the tissue-specific cell and leukocyte 
components can be derived from either healthy individuals or patients. In this con-
text, we recently initiated studies using the skin and lung organotypic models to 
investigate the functionality of monocytes from Langerhans cell histiocytosis 
patients, and alveolar macrophages from sarcoidosis patients, respectively. These 
novel approaches may play a significant role in identifying pathways associated with 
human disease and may also have great potential in some places replacing experi-
ments performed on animals, for example, in the context of toxicity assays. Increased 
understanding of the principles and mechanisms of tissue inflammation and pathol-
ogy using organotypic models can provide strong incentives to initiate new lines of 
research to generate new treatment regimens and monitoring of disease.
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