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Initially known as a cytokine produced by and regulating the function of monocytes and
macrophages, interleukin-34 (IL-34) can be synthesized by many cell types and interacts
with receptors expressed by multiple immune and non-immune cells. IL-34 is
constitutively expressed in the healthy human small intestine and colon and its
production is markedly increased in damaged gut of patients with Crohn’s disease and
patients with ulcerative colitis, the main forms of chronic inflammatory bowel diseases
(IBD) in human beings. Circumstantial evidence suggests that, in these pathologies, IL-34
plays a crucial role in mediating cross-talk between immune cells and stromal cells,
thereby promoting activation of signalling pathways, which amplify the ongoing mucosal
inflammation as well as production of fibrogenic molecules. In this article, we summarize
the available data supporting the multiple effects of IL-34 in human IBD with particular
attention to the role of the cytokine in immune and stromal cell interactions.
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INTRODUCTION

Crohn’s disease (CD) and ulcerative colitis (UC) are the main forms of chronic inflammatory bowel
diseases (IBD) in human beings (1-3). These pathologies are characterized by various degrees of
mucosal damage and tissue remodelling, which favour the development of ulcers, strictures and
fistulae, and local complications (1, 2). The aetiology of both CD and UC remains unknown, but a
large body of evidence suggests that both diseases are due to interaction among multiple genetic,
environmental and microbial factors, which eventually triggers and sustains an excessive immune
reaction within the intestinal wall direct against components of the luminal flora (4, 5).

In inflamed gut of IBD patients, there is massive presence of immune cells (e.g. neutrophils, T
and B lymphocytes, natural killer (T) cells and CD14+ monocytes), which are continuously
recruited from the peripheral blood (6). These cells synthesize huge amounts of cytokines that
can trigger inflammatory signals in both immune and non-immune cells, thus contributing to
expand the pathologic process (7). Consistent with this is the demonstration that blockade of
effector cytokines, such as interleukin (IL)-12/IL-23 and tumor necrosis factor (TNF), helps
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attenuate the detrimental responses in the gut of IBD patients (8-
10). However, some patients are primarily or secondarily
resistant to such drugs or develop drug-related adverse events,
thus suggesting the necessity of additional therapeutic
agents (11).

Initially known as a cytokine produced by monocytes and
macrophages, IL-34 can be synthesized by additional cell types,
including epithelial cells, macrophages, endothelial cells,
fibroblasts, neurons, hepatocytes and, and is constitutively
expressed in many adult human organs, such as heart, brain,
liver, spleen, thymus, testis, ovary, prostate, small intestine, and
colon (12-16).

IL-34 is a powerful regulator of myeloid cell differentiation
and behaviour. In addition, IL-34 mediates the function of many
other cell types with the downstream effect of either amplifying
or limiting immune-inflammatory responses in some organs/
tissues (17-24).

In this article, we review the available data supporting the
multiple effects of IL-34 in human IBD with particular attention to
the role of the cytokine in promoting stromal and immune cell
interactions. We discuss also similarities and differences in the roles
of IL-34 and macrophage colony-stimulating factor (M-CSF-1) in
the control of gut homeostasis and inflammation as these two
molecules bind the same receptor, namely macrophage colony-
stimulating factor receptor (M-CSF-1R) (12).

INTERLEUKIN 34 SIGNALLING

Although IL-34 and M-CSF-1 bind to overlapping regions of M-
CSF-1R (25) they can activate distinct signalling pathways
depending on the hydrophobic/hydrophilic interaction of each
cytokine with M-CSF1-R (26-30). IL-34 binds to M-CSF-1-R by
hydrophobic interaction while M-CSE-1 binding to M-CSF-1R is
mediated by a hydrophilic interaction. Hydrophobic interactions
are more stable than hydrophilic ones and, therefore, IL-34
induces a stronger and faster auto-phosphorylation of tyrosine
residues of the intracellular domain of M-CSF-1R, as well as of
FAK, MAP Kinases and other downstream targets as compared
to M-CSF-1 (30). In human monocytes, IL-34 and M-CSE-1 are
equally able to promote phosphorylation of AKT, ERK1/2,
AMPK and ULKI1 (31, 32). These differences in intracellular
pathways help explain the non-redundant roles of the two
cytokines on some macrophage functions, as well as the fact
that IL-34 activity on monocytes is independent of M-CSF-1
(12). In this context, for instance, it has been demonstrated that
IL-34-differentiated macrophages exhibit over-expression of
eotaxin 2 and HLA-DR and down-regulation of CD54 and
MCP-1 as compared to M-CSF-1-stimulated macrophages
(30). Moreover, M-CSF-1-treated macrophages have enhanced
capacity for bacteria phagocytosis as compared to IL-34-derived
macrophages (33). IL-34-derived macrophages and M-CSF-1-
derived macrophages produce similar amount of IL-10 but low
level of IL-12 (34). However, upon inflammatory macrophage
type 1 (M1) polarization (i.e. LPS + IFNY), IL-34-treated

macrophages express higher IL-10 and CXCLI11 levels than M-
CSF-1-stimulated macrophages, while in response to regulatory
M2 polarization (i.e. IL-4), IL-34-treated macrophages produce
more chemokine ligand (CCL) 17 and CCL22 and less IL-10 than
M-CSF-1-differentiated macrophages (31).

Unlike M-CSEF-1, which only interacts with M-CSF-1R, IL-34
can bind to additional receptors, such as receptor-type protein-
tyrosine phosphatase zeta (PTP-(), a chondroitin sulfate
proteoglycan primarily expressed on neuronal progenitors and
glial cells, kidney tubular cells, monocytes and B cells, and
syndecan-1 (also known as CD138), a heparane sulfate and/or
chondroitin sulfate proteoglycan prevalently expressed by
epithelial cells and able to bind many other ligands (i.e.
proteins of the extracellular matrix, cytokines and growth
factors (30, 31).

During embryogenesis as well as at the adult stage, IL-34 and
M-CSEF-1 have distinct expression patterns and there is evidence
that M-CSF-1 exerts a more systemic function while IL-34 has
tissue-restricted actions. Studies in knockout mice showed that
loss of M-CSF-1R or M-CSEF-1 led to a more severe phenotype,
with severe deficiency in mature macrophages and osteoclasts,
reduced lifespan, growth, fertility as compared to IL-34-deficient
animals, probably reflecting the major involvement of M-CSF-1
in the development of osteoclasts, myeloid cells and in the
production of IGF-1, the activity of which is essential to
growth and organ maturity (14, 15, 35-38). However, M-CSF-
1R-deficient animals exhibit a more harmful phenotype than M-
CSF-1-deficient mice, indicating a contribution of IL-34 in
such mechanisms.

ROLE OF M-CSF-1R-DRIVEN SIGNALLING
IN THE CONTROL OF GUT HOMEOSTASIS

Analysis of M-CSF-1R in the gut revealed its expression
throughout the crypts in both the mouse and human colon, to
the crypt base (i.e. Paneth cells) of the small intestine as well as
on lamina propria myeloid cells and stromal cells (21, 39, 40).
However, data from Sehgal and colleagues contradicted this view
and showed that M-CSF-1R mRNA expression is restricted to
macrophages, which are intimately associated with the crypt
epithelium, and is undetectable in Paneth cells (41). The reasons
for the discrepancy between these studies are uncertain.
Regardless of whether Paneth cells express M-CSF-1R, studies
in mice lacking either M-CSF-1R- or M-CSF-1 clearly indicate a
prominent role of M-CSF-1R in the control of epithelial cell
differentiation. Specifically, M-CSF-1R loss impeded the
development of M cells in Peyer’s patches, and associated with
deficits in small intestinal enterocytes and enteroendocrine cells,
excessive goblet cell production, and reduced crypt proliferative
capacity and stem cell niche maintenance in the small
intestine (42). Consistently, loss of either M-CSF-1R or M-
CSF-1 resulted in defects in enterocytes and enteroendocrine
cell fate, with excessive goblet cell production and reduced cell
proliferation in the colon (39). These data are in line with the in
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vitro demonstration that M-CSF-1 enhances murine fetal and
prenatal colon cell proliferation (40).

In order to assess the M-CSF1- and IL-34-mediated
regulation of macrophage homeostasis, Lin and colleagues
treated C57BL6 mice with highly selective antibodies against
M-CSEF-1 or IL-34, either separately or in combination for 4
weeks, and then evaluated various tissues by immunostaining
using F4/80 antibody to identify resident macrophages.
Treatment with anti-M-CSF-1 or anti-M-CSF-1+anti-IL-34 but
not with anti-IL-34 alone reduced the number of intestinal
macrophages. Although these findings do not help ascertain
whether the effect of the IL-34/M-CSF-1 blockers on intestinal
macrophage survival is either direct or indirect, they clearly
indicate a dominant role of M-CSF-1 versus IL-34 in the control
of macrophage homeostasis in the gut (43). Expression of M-
CSF-1R on macrophages seems to be also crucial in the cross-talk
between macrophages and intestinal epithelial cells. Indeed, it
has been demonstrated that intestinal crypt-associated
macrophages are required to maintain the crypts in the small
intestine as depletion of macrophages by prolonged M-CSF-1R
blockade inhibited Paneth cell differentiation and led to a
reduction of Lgr5+ intestinal stem cells (41). The factors
produced by the crypt-associated M-CSF-1R-expressing
macrophages, which support Paneth cell differentiation,
remain unknown.

We and others have shown that human intestinal stromal
cells express M-CSF-1R and produce both M-CSF-1 and IL-34
(18, 44). By using a 3D human organotypic colorectal cancer
model, Stadler and colleagues showed that stromal cell-derived
M-CSF-1 can target M-CSF-1R on myeloid cells and positively
regulate the macrophage number in the cultures as well as
expression of chemokines and CD163 (44). The phenotype of
M-CSF-1-stimulated macrophages resembles that of normal
intestinal resident macrophages, which are highly positive for
CD163, CD163L1 and CD206 and have the ability to promote
epithelial barrier integrity and activate counter-regulatory
pathways (45, 46). Overall, these findings support the view that
M-CSF-1R signalling, by promoting the link between
macrophages and epithelial cells/stromal cells, contributes to
maintain gut homeostasis.

IL-34 IS OVER-EXPRESSED IN THE GUT
OF IBD PATIENTS AND REGULATES
INFLAMMATORY CYTOKINE AND
CHEMOKINE PRODUCTION

As pointed-out above, IBD tissue is massively infiltrated with
activated monocytes/macrophages and dendritic cells, which
have the ability to respond to bacterial products by producing
a large array of inflammatory molecules and tissue-degrading
enzymes (4). Therefore, identifying the key regulators of the
function of such cells could help advance our understanding
about the basic mechanisms underlying the IBD-associated
pathogenic process. Analysis of IL-34 RNA and protein

expression in paired biopsy samples taken from involved and
uninvolved mucosal areas of IBD patients and normal controls
showed the predominant induction of the cytokine in inflamed
gut of both CD patients and UC patients as compared to
uninflamed gut of the same patients and healthy intestine (23).
Accordingly, data from the IBD Transcriptome and
Metatranscriptome Meta-Analysis (TaMMA) framework, a
comprehensive survey of publicly available IBD RNA-
sequencing datasets, confirmed the increased IL-34 gene
expression in ileal CD compared to controls (47). Similarly, M-
CSF-1 RNA transcripts were found to be elevated in inflamed gut
of CD patients and UC patients compared to non-IBD control
diverticulitis and normal tissues (43). Additionally, M-CSF-1
gene sets were enriched in the colonic mucosal transcriptomes of
CD patients and particularly in those who did not respond to
TNF blockers (48).

Up-regulation of both IL-34 and M-CSF-1 was documented
in the colons of mice with dextran sulfate sodium (DSS)-colitis
(49). Analysis of these two cytokines in gut samples of TNFA*RE
mice, which show some immunological similarities with CD
(50), showed that M-CSF1 was increased in the ileum and cecum,
whereas IL34 was elevated primarily in the jejunum and
ileum (43).

Immunohistochemical analysis of human gut mucosal
samples showed that, in IBD, IL-34 was over-produced not
only by lamina propria myeloid cells but also by stromal cells
and epithelial cells (23). These findings raised the possibility that,
in IBD, IL-34 production is positively regulated by molecules
synthesized and/or acting within the inflamed gut. Indeed,
stimulation of unfractioned lamina propria mononuclear cells
(LPMC) isolated from normal colonic samples with TNF, a
cytokine over-produced in both CD and UC (4), increased IL-
34 production while blockade of TNF with a neutralizing TNF
antibody in IBD LPMC cultures and ex vivo mucosal explants
taken from IBD patients reduced IL-34 synthesis. Additionally,
several toll-like receptor ligands, such as peptidoglycan, Poly
(I:C) and CpG stimulated IL-34 production in LPMC (23)
(Figure 1). Functionally, IL-34 triggered ERK1/2 activation in
normal colonic LPMC thus enhancing IL-6 and TNF production.
Consistently, blockade of IL-34 with a neutralizing antibody
reduced TNF and IL-6 expression in IBD mucosal explants.
Overall, these findings fit with the demonstration that IL-34 has
significant action in regulating immune responses through a
complex signaling network, involving not only MAP kinases but
also nuclear factor-kappa B, a crucial molecule for activation of
inflammatory signaling processes (23) (Figure 1). Indeed, IL-34
has been reported to amplify production of pro-inflammatory
cytokines, chemokines, and tissue-damaging proteases by
various immune and non-immune cell types (51) and up-
regulation of the cytokine has been seen in pathologies
characterized by accumulation of pro-inflammatory monocytes
in inflamed sites (52).

Studies in other systems have also shown that, under specific
circumstances, IL-34 can act as a regulatory molecule and
this relies in part on the ability of the cytokine to induce
differentiation of monocytes to type 2 macrophages, which
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possess an immunosuppressive effect on NK and T cell responses
(34, 53). However, treatment of intestinal LPMC with IL-34 did
not change expression of CD206 and Arginasel, two markers of
type 2 macrophages, thus suggesting that IL-34-driven
induction of inflammatory cytokines in the gut is not
secondary to shifts in the differentiation/development of
monocyte/macrophages (23).

Although no study has yet evaluated the action of IL-34 on
the differentiation/function of T cells in IBD, it is noteworthy
that IL-34-primed macrophages constitutively express
membrane-type IL-lo, which stimulates differentiation of
memory Th17 cells (54), a subset of CD4+ T cells that
infiltrates massively inflamed gut in IBD and contributes to
mucosal injury seen in mice with experimental colitis (55, 56).

In IBD, the expansion of the pathogenic inflammatory
response is partly mediated by recruitment of immune cells
from the circulation to inflamed mucosa, as a result of
interaction between integrins and adhesion molecules and
action of multiple chemokines. Chemokines are mainly
secreted by epithelial cells in response to inflammatory stimuli
(e.g. cytokines) derived from immune cells and stromal cells
(6, 57). IL-34 could be one these cytokines, as recent studies
indicate that gut epithelial cells are a potential target of IL-34.
Indeed, by immunohistochemistry, we showed that in the
normal colon, epithelial cells constitutively expressed M-CSFR-
1 even though M-CSFR-1-producing cells were more frequent in
both the epithelial and lamina propria compartments of IBD
patients (23). Stimulation of gut epithelial cells with IL-34, but
not M-CSF-1, enhanced secretion of the CCL20 (21).
Consistently, neutralization of IL-34 in ex vivo mucosal
explants taken from IBD patients with a blocking IL-34
reduced CCL20 secretion (Figure 1). These findings could be
pathogenetically relevant as CCL20 is highly produced by IBD

epithelial cells and supposed to contribute to the recruitment of
immune cells from the circulation to inflamed intestine (58).

Functional studies aimed at evaluating the effect of M-CSE-1
and/or IL-34 neutralization in murine models of colitis showed
that pre-treatment of mice with both anti-M-CSF1 and anti-IL-
34 one day prior to DSS challenge reduced the number of
intestinal macrophages, the expression of inflammatory
cytokines and limited damage as compared to mice treated
with control antibody. Single treatment with either anti-M-
CSF1 or anti-IL-34 was only marginally beneficial. Similarly,
dual inhibition of IL-34 and M-CSE-1 improved body weight and
reduced gut inflammation in TNFA*®* mice while single
monotherapies were not effective. Finally, simultaneous
blockade of IL-34 and M-SCF-1 reduced intestinal
inflammation developing in mice with IL-10 deficiency (43).
Consistently, mice lacking M-CSF-1R were protected from DSS-
induced colitis as compared to wild-type mice (39).
Administration of JNJ-40346527, a small molecule inhibitor of
M-CSEF-1R, to mice with T-cell transfer colitis attenuated clinical
disease scores and reduced inflammatory gene expression (48).

Altogether, these observations are consistent with the
pathologic role of IL-34 and M-CSF-1 in the gut and indicate
that neutralization of both IL-34 and M-CSF-1 can help dampen
the local tissue-damaging inflammatory response.

INTERLEUKIN-34 ENHANCES THE
PRO-FIBROGENIC PROPERTIES OF
GUT STROMAL CELLS

IBD course can be complicated by fibrosis and development of
strictures. These complications are seen more frequently in

(@)
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FIGURE 1 | IL-34 regulates inflammatory cytokine and chemokine production in inflamed gut. IL-34 produced by lamina propria immune-inflammatory cells in
response to TNF and toll-like-receptor stimulation stimulates immune cells to produce inflammatory cytokines and epithelial cells to secrete chemoattractants. MAPK,
mitogen-activated protein kinase; NFKB, nuclear factor kappa-light-chain-enhancer of activated B cells; CCL20, chemokine (C-C motif) ligand 20; TNF, tumor
necrosis factor; IL-34, interleukin-34; PGN, Peptidoglycan; CpG, 5'C-phosphate-G3'; Poly I:C, polyinosinic:polycytidylic acid.
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patients with ileal CD, but fibrosis can be also found in colonic
CD and UC (59, 60). The basic mechanisms underlying fibrosis
are not yet fully understood, even though accumulating evidence
supports the hypothesis that fibrosis results from the chronic
activity of immune-inflammatory cells, which stimulate excessive
deposition of extracellular matrix (ECM) proteins by stromal
cells (e.g. fibroblasts) (61, 62). The activated stromal cells secrete
in turn several pro-fibrogenic cytokines [e.g. TGF-, interleukin
(IL)-1B, and IL-6], with the downstream effect of enhancing
ECM deposition and amplifying the fibrotic process (59, 63-66).
Indeed, administration of compounds inhibiting the function of
such profibrotic cytokines to mice prevented or cured colitis-
induced intestinal fibrosis (67-71).

Since IL-34 has been involved in the control of lung and joint
fibroblasts (72, 73), we examined whether IL-34 regulates gut
stromal cell function. The initial studies showed that M-CSFR-1
expression was markedly increased in gut samples taken from
CD patients with fibrostrictures as compared to samples taken
from CD patients with inflammatory phenotype and normal
controls and immunohistochemical analysis of such samples
showed that stromal cells were highly positive for the receptor
(18). We also showed that stromal cells isolated from
fibrostricturing specimens of CD patients and expressing
typical markers of myofibroblasts, such as vimentin, 0-SMA,
and CD90, responded in vitro to IL-34 by enhancing COL1A1
and COL3A1 expression and secretion of soluble forms of
collagen. The positive effect of IL-34 on collagen synthesis was
abrogated by a pharmacological inhibitor of p38 MAP kinase. In
line with this was also the demonstration that IL-34 RNA and
protein expression was up-regulated in fibrotic samples of CD
patients as compared to both inflamed and normal controls and,
in fibrostricturing CD tissues, stromal cells were largely positive
for IL-34. Knockdown of IL-34 with a specific antisense
oligonucleotide in CD myofibroblasts isolated from

fibrostricturing specimens reduced both p38 MAP kinase
activation, COL1A1 and COL3A1 expression, and secretion of
collagen in the culture supernatants (18). It is thus plausible that
intestinal myofibroblasts are both a cell source and a target of IL-
34. This fits also with recent studies showing that IL-34
stimulates migration and proliferation of synovial fibroblasts
isolated from patients with rheumatoid arthritis (74, 75) and
enhances production of inflammatory cytokines by lung
fibroblasts (72). The potential involvement of IL-34 in the
amplification of fibrotic processes is supported by studies in
other disorders. For example, IL-34 stimulates liver macrophages
to acquire profibrotic propertiesy, and in chronically hepatitis C
virus (HCV)-infected patients, serum level of IL-34 well correlate
with the fibrosis stage (16). IL-34 is highly produced in patients
with diffuse cutaneous systemic sclerosis, and the serum levels of
the cytokine in such patients correlate positively with fibrotic
score on chest computed tomography (76). Finally, in patients
with non-alcoholic fatty liver disease, serum IL-34 level increases
with the progression of fibrosis (77).

DISCUSSION

Our understanding about the involvement of IL-34 in IBD
pathogenesis is still limited, but in recent years, some studies
have highlighted the multiple effects of the cytokine on the
ongoing mucosal inflammation in these disorders. It is now
evident that IL-34 has many cell sources in the gut and signalling
pathways activated by locally-produced cytokines and/or
bacterial products sustain IL-34 production. At the same time,
the main IL-34 receptor, namely M-CSFR-1, is simultaneously
expressed by immune cells and non-immune cells, such as

tumor necrosis factor; IL-6, interleukin-6; IL-34, interleukin-34.
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IL-34 %00
e°
% ° Immune cells
Stromal cells U U
[ ] ...

COL1A1 Amplification of the oy 16
COL3A1 Inflammatory and fibrotic ° :
Collagen processes °.

FIGURE 2 | IL-34 mediates cross-talk between stromal cells and immune cells in inflammatory bowel diseases. IL-34 produced by intestinal stromal cells stimulates
immune cells to make inflammatory cytokines and regulates, in an autocrine or paracrine manner, production of collagen by stromal cells. Similarly, immune cell-
derived IL-34 regulates the function of both stromal cells and immune cells. COL1A1, collagen type | alpha 1 chain; COL3A1, collagen type lll alpha 1 chain; TNF,
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epithelial cells and stromal cells (18, 23). This helps delineate a
scenario, in which IL-34, by acting via a paracrine or autocrine
manner, either alone or in combination with M-CSF-1, can
mediate the cross-talk among different mucosal cell types in
IBD (Figure 2). Considering that IL-34 protein expression is
barely detectable in the human healthy gut and its production is
pronounced in inflamed gut of both CD patients and UC
patients, it is conceivable that IL-34 may have a role in
promoting tissue destruction. This hypothesis is supported by
in vitro observations indicating that IL-34 triggers signals that, in
the gut, amplify production of inflammatory cytokines and
chemokine and pro-fibrogenic molecules (18, 21, 23).
Nonetheless, very little is known about the in vivo function of
the cytokine. Recent studies in wild-type mice with colitis treated
with neutralizing antibodies indicate that depending on the
disease, single or dual blockade of M-CSF-1 and IL-34 is
needed for inhibiting mucosal inflammation consistent with
the concordant tissue-specific expression of both cytokines in
inflamed gut (43). Nonetheless, further studies are necessary to
explore the role of both IL-34 and M-CSF-1 in additional models
of colitis and colitis-associated fibrosis as we cannot exclude the
possibility that selective inhibition of IL-34 may either not be
adequate to control gut pathology or paradoxically exacerbate
the disease. Indeed, it has been reported that IL-34 not only
induces immunosuppressive macrophages but also enhances in
vitro suppressive function of CD4+ and CD8+ regulatory T cells
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other receptors, the distribution of which in inflamed gut
remains poorly characterized. At the same time, there is little
knowledge about the distinction between the functional effects of
such receptors and those mediated by M-CSF-1R. All these issues
make the biology of IL-34 in IBD complex and far from being
clearly defined. The future work will provide the necessary
insight into whether IL-34 can be exploited as a therapeutic
target for attenuating the detrimental immune and fibrotic
responses in patients with IBD.
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