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Abstract
IBD (inflammatory bowel disease), where CD (Crohn’s disease) and UC (ulcerative colitis) represent the two main
forms, are chronic inflammatory conditions of the intestine. Macrophages play a central role in IBD pathogenesis
and are regulated by major differentiation factors such as CSF-1 (colony-stimulating factor 1) in homoeostasis and
inflammation. IL (interleukin)-34 has recently been discovered as a second ligand for CSF-1R (CSF-1 receptor).
However, expression and involvement of IL-34 in IBD remain unknown. In the present paper, we investigated the
expression of IL34, CSF1 and their shared receptor CSF1R in normal human ileum and colon, in inflamed and
non-inflamed tissues of CD and UC patients, and in a mouse model of experimental colitis. We found distinct
expression patterns of IL34 and CSF1 in ileum and colon, with higher IL34 in ileum and, in contrast, higher CSF1 in
colon. Furthermore, IL34 and CSF1 expression was increased with inflammation in IBD patients and in experimental
colitis. In humans, infiltrating cells of the lamina propria and intestinal epithelial cells expressed IL-34, and TNF-α
(tumour necrosis factor α) regulated IL-34 expression in intestinal epithelial cells through the NF-κB (nuclear factor
κB) pathway. These data demonstrate the expression pattern of IL-34 in ileum and colon and suggest IL-34 as a
new modulator of inflammation in IBD.
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INTRODUCTION

IBD (inflammatory bowel disease) is a group of chronic inflam-
matory conditions of the intestine where CD (Crohn’s disease)
and UC (ulcerative colitis) represent the two main forms. Genetic
predisposition, environmental factors and dysregulated immune
responses, as well as impaired intestinal epithelial function, sus-
tain the inflammation; however, the complete pathogenesis re-
mains unknown [1–3].

Macrophages are central to intestinal homoeostasis, being
strategically positioned in the subepithelial lamina propria to
clear microbes that breach the epithelial barrier. Tissue mac-
rophages originate from the mononuclear phagocyte lineage that
differentiate under the control of the transcription factor PU.1
through a series of events that ends with the binding of CSF-1
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IKKβ, IκB (inhibitor of NF-κB) kinase β; IL, interleukin; LSD, least significant difference; NF-κB, nuclear factor κB; qPCR, quantitative real-time PCR; RA, rheumatoid arthritis; TNF-α,
tumour necrosis factor α; UC, ulcerative colitis.
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(colony-stimulating factor 1) to its tyrosine kinase receptor CSF-
1R (CSF-1 receptor) (reviewed in [4–7]). In the non-inflamed gut,
terminally differentiated macrophages can be distinguished from
other tissue macrophages and do not become activated or produce
pro-inflammatory cytokines in response to bacteria or bacterial
products [8]. However, in the presence of inflammation, newly
recruited monocyte-derived macrophages increase in numbers,
and display phenotypical and functional differences. Compared
with the non-inflamed bowel, differences in Fc and complement
receptors that mediate cellular activation and enhanced secretion
of TNF-α (tumour necrosis factor α) are evident [9–12].

On the basis of the finding that CSF-1R-deficient mice show
a more severe phenotype than mice lacking CSF-1, a second
functionally overlapping ligand for the receptor had been pro-
posed [13]. IL (interleukin)-34 was identified as an additional
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ligand through a functional screen of extracellular proteins [14].
Like CSF-1, IL-34 is a key regulator of the differentiation, pro-
liferation and survival of cells from the mononuclear phagocytes
lineage [14,15]. Highly conserved, IL-34 and CSF-1 are struc-
turally related [16], but differences have been reported in their
expression patterns in embryonic and adult tissue. IL-34 is ex-
pressed in the early development of the embryonic brain before
the expression of CSF-1, and more abundantly in postnatal and
adult brain in non-overlapping regions to CSF-1 [15,17]. The
main sources of IL-34 in adult mice are neurons and skin kerat-
inocytes [18]. However, other cellular sources and the regulation
of IL-34 under inflammatory conditions and in humans have been
sparsely studied.

The involvement of IL-34 in RA (rheumatoid arthritis) and
other inflammatory conditions has caught recent interest. IL-34
is expressed in RA synovium where it relates to the synovitis
severity [19] and is elevated in serum and synovial fluid of RA
patients [19]. Furthermore, IL-34 expression is up-regulated in
inflamed salivary glands from patients with Sjögren’s syndrome
[20]. Moreover, synovial and gingival fibroblasts produce IL-34
in response to TNF-α and IL-1β through NF-κB (nuclear factor
κB) and JNK (c-Jun N-terminal kinase) pathways, and IL-34 can
substitute for CSF-1 in osteoclastogenesis [19,21]. Furthermore,
blockade of TNF-α in RA patients by infliximab reduces IL-
34 expression [22]. Until now, studies on the expression and
regulation of IL-34 in the intestine and its potential involvement
in IBD pathogenesis are lacking.

The aim of the present study was to assess the expression of
IL-34, CSF-1 and their joint receptor, CSF-1R, in human ileum
and colon under normal conditions. Furthermore, we investigated
their regulation with inflammation in human IBD and in exper-
imental colitis in mice. We also investigated the localization of
IL-34 in the intestine and hypothesized that IL-34 expression was
regulated by TNF-α through NF-κB, a pivotal cytokine in IBD
pathogenesis. We assessed further the expression of IL-34, CSF-
1 and pro-inflammatory factors in healthy and IBD monocytes,
and investigated the expression of cytokines in IL-34- compared
with CSF-1-differentiated macrophages. Together, our findings
provide evidence for the expression pattern and a potential role
for IL-34 in IBD.

MATERIALS AND METHODS

Human IBD cohort
A total of 52 adult patients investigated for a known IBD diagnosis
or in the work-up for suspected gastrointestinal disorders (Supple-
mentary Table S1) were subjected to colorectal and ileal mucosal
biopsies during routine endoscopy. In addition, 33 patients not
afflicted with IBD and without intestinal inflammation or patho-
logical findings were included as non-inflamed non-IBD controls.
Biopsies were collected in parallel to, and from the same loca-
tions as, biopsies for histopathological assessment. Each biopsy
was classified as ‘inflamed’ or ‘non-inflamed’ on the basis of a
composite evaluation of macroscopic findings assessed by one ex-
perienced endoscopist (S.A.) and routine histopathologic assess-

ment. Biopsy specimens for RNA purification were immersed in
RNAlater RNA stabilization reagent (Qiagen) and stored at 4 ◦C
overnight and thereafter at −20 ◦C until RNA purification. The
study was carried out in accordance with the Declaration of Hel-
sinki (2008) of the World Medical Association and approved by
the Regional Ethical Review Board in Linköping, Sweden (Dnr
2011/201-31). Written informed consent was obtained from all
participants.

Macrophage cultures
PBMCs (peripheral blood mononuclear cells) were isolated from
buffy-coated blood using Ficoll-Hypaque gradient centrifuga-
tion (BD Diagnostics), followed by monocyte isolation using the
EasySep Human monocyte enrichment kit without CD16 deple-
tion (StemCell Technologies), according to the manufacturers’
protocols. Then, 5×105 monocytes/well were plated in six-well
plates with complete RPMI 1640 medium supplemented with
50 ng/ml CSF-1 or IL-34 (BioLegend) for 8 days to generate
macrophages.

DSS-induced colitis in mice
Colitis was induced by administration of 3 % DSS (dextran
sodium sulfate) (molecular mass 40 kDa, #DB001, TdB Con-
sultancy) with the drinking water, provided ad libitum for 5 days.
Untreated control mice received tap water only. The mice,
>10 weeks of age, were housed in groups of three to ten at 20–
22 ◦C in a 12 h light/12 h dark cycle and fed with standard chow
diet. All animal procedures were in compliance with protocols
approved by local government authorities (The Board of Agri-
culture, Experimental Animal Authority, Stockholm, Sweden).
Body weight was measured daily.

Colon epithelial cells
Caco-2 cells (A.T.C.C., Manassas, VA, U.S.A.) were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10 % (v/v) FBS (Gibco-BRL/Life Technologies), 1 % NEEA
(Gibco-BRL/Life Technologies) and 1 % GlutaMAXTM (Invitro-
gen) at 37 ◦C and 5 % CO2. Cells were seeded in 24-well plates
and, after attachment for 48 h, the medium was changed and the
cells were incubated in the absence (controls) or presence of TNF-
α (1–100 ng/ml, BioLegend) or the signalling pathway inhibitors
celastrol (catalogue number 3203; Tocris) or IMD 0354 (cata-
logue number 2611; Tocris) 1 h before stimulation with TNF-α.
Cell lysates were subjected to RNA isolation.

RNA isolation, cDNA synthesis and qPCR
(quantitative real-time PCR)
Human intestinal biopsies were homogenized using a Tis-
sueRuptor and disposable probes (Qiagen). RNA was purified
using the AllPrep DNA/RNA mini kit (Qiagen) according to the
manufacturer’s instructions, either manually or using the auto-
mated QIAcube system (Qiagen). RNasin plus RNase inhibitor
was added to the RNA (Promega Corporation). Two prepara-
tions of 2 μg of RNA from each biopsy were reverse-transcribed
in a total volume of 20 μl each using the High-Capacity cDNA
Reverse Transcription Kit with RNase inhibitor (Applied Biosys-
tems) according to the manufacturer’s instructions. For each
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biopsy, the resulting cDNA libraries were pooled and stored at
−80 ◦C. qPCR was performed using iTaq Universal SYBR Green
supermix (Life Technologies) on a ViiA7 Real-Time PCR Sys-
tem (Life Technologies). From the DSS-induced colitis model
RNA was purified with lithium chloride as described previously
[23], since DSS inhibits reverse transcriptases and polymerases.
The ��CT method was used to quantify the mRNA using TBP
(human) compared with Tbp (mouse) as housekeeping genes
(TBP/Tbp encodes TATA-box-binding protein). From Caco-2
cells and macrophages, total RNA was isolated using the Quick-
RNA MiniPrep kit (Zymo Research) and reverse-transcribed us-
ing the High-Capacity cDNA Reverse Transcription Kit accord-
ing to the manufacturer’s instructions. SYBR Green (Bio-Rad
Laboratories) in the 7500-fast-real-time detection system (Ap-
plied Biosystems) was used to detect the mRNA levels of IL34,
CSF1, CSF1R, TNFA and IL1B by specific primers (Eurofins)
related to the housekeeping genes ACTB (encoding β-actin) and
RPL-13a by the ��CT method. To rule out the possibility of
DNA contamination, samples in which the reverse transcription
reaction had been omitted were also subjected to PCR, yielding
no amplification. Primer sequences are given in Supplementary
Table S2.

Immunohistochemistry
Intestinal biopsies were immediately placed in Histocon solu-
tion (Histolab Products) after excision, embedded in optimal
cutting temperature compound (OCT; Histolab Products), and
kept at −80 ◦C until sectioning. Sections of 7 μm were sub-
jected to fixation in acetone, blocking of endogen peroxidase
in methanol and H2O2 followed by blocking of endogenous al-
kaline phosphatase by 20 % acetic acid. Sections were blocked
using avidin and biotin solutions (Vector Laboratories) and in-
cubated in appropriate serum. Anti-IL-34 antibody (catalogue
number AB-75723; Abcam) was added, and slides were incub-
ated overnight at 4 ◦C. Sections were incubated with the second-
ary antibodies using goat anti-rabbit (biotinylated) (catalogue
number BA-1000; Vector Laboratories), followed by incubation
in Vectastain ABC complex (Vector Laboratories), and develop-
ment in DAB (diaminobenzidine) solution (Vector Laboratories).
Sections were dehydrated and mounted in histograde mounting
media (Histolab Products). Rabbit IgG control (catalogue number
I-1000; Vector Laboratories) was used as isotype control.

Immunofluorescence
Immunofluorescent staining was performed on Caco-2 cells cul-
tured on chamber slides (Sarstedt) that were fixed in acetone
followed by blocking with 10 % (v/v) normal goat serum in PBS.
Anti-IL-34 antibody (catalogue number AB-75723; Abcam) was
added, and slides were incubated overnight at 4 ◦C. Chamber
slides were incubated with secondary goat anti-rabbit IgG con-
jugated with Alexa Fluor® 488 (catalogue number A11034; In-
vitrogen), diluted in blocking buffer. Sections stained with the
secondary antibody alone were used as negative controls. Sec-
tions were mounted in ProLong Gold antifade reagent with DAPI
(Invitrogen). Slides were scanned on a LSM710 confocal micro-
scope (Zeiss) in single-photon mode.

Data handling and statistical analysis
Each patient presented one biopsy from ileum, whereas colon
biopsies of each patient were one or more. Therefore we calcu-
lated the average of all inflamed biopsies and the average of all
the non-inflamed biopsies for each patient in colon. Differences
between groups of patients or between ileum and colon were de-
termined using a Mann–Whitney U test, and between different
sites of colon by ANOVA with an LSD (least significant differ-
ence) post-hoc test. The Spearman’s correlation coefficients were
calculated for correlation assessments. For analyses, SPSS (ver-
sion 19.0; IBM Corporation) was used. Results are presented as
means +− S.E.M. The significance levels were set to P � 0.05 (∗),
0.01 (∗∗) or 0.001 (∗∗∗).

RESULTS

IL34, CSF1 and CSF1R are differently expressed in
normal human ileum and colon
To assess whether the expression of IL34, CSF1 and CSF1R dif-
fers in human normal ileum and colon, we analysed their mRNA
expression in biopsies from 33 control subjects without intestinal
inflammation or any other pathological findings. The expression
of IL34 was significantly higher in ileum compared with colon
(Figure 1A), whereas, in contrast, higher CSF1 expression was
detected in colon compared with ileum (Figure 1B). CSF1R was
equivalently expressed in ileum and colon (Figure 1C). Sub-
sequently, we sought further to assess the expression in different
regions of the colon. IL34 expression was significantly higher in
rectum compared with sigmoid, descending, transverse, ascend-
ing and caecum, and IL34 expression was higher in sigmoid com-
pared with transverse and ascending colon (Figure 1D). There
were no regional differences in the expression of CSF1 in human
normal colon (Figure 1E), whereas CSF1R expression was higher
in sigmoid compared with transverse colon (Figure 1F). IL34 and
CSF1 correlated positively with each other and with TNFA in
ileum (Figures 1G–1I) and colon (Figures 1J–1L). There were no
differences in IL34, CSF1 or CSF1R expression with respect to
gender or age (results not shown).

Increased expression of IL34, CSF1 and CSF1R in
inflamed compared with non-inflamed colon of
patients with IBD
We then investigated the expression of IL34, CSF1 and CSF1R
in inflamed colon of IBD patients. Strikingly, inflamed colonic
areas of IBD patients showed a significant increase in the ex-
pression of IL34, CSF1 and CSF1R compared with non-inflamed
colon (Figures 2A–2C). The difference in IL34 was evident also
when subdividing the IBD patients into CD and UC (Figure 2A),
whereas CSF1 was higher in the inflamed compared with non-
inflamed colon of CD patients only (Figure 2B), and CSF1R was
higher in the inflamed compared with non-inflamed colon of UC
patients (Figure 2C). There were no differences for IL34 or CSF1
in non-inflamed regions of ileum and colon between IBD patients
and controls (Supplementary Figures S1A and S1B and S1D and
S1E respectively). The expression of CSF1R was significantly
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Figure 1 IL34, CSF1 and CSF1R are differently expressed in normal human ileum and colon
(A) IL34, (B) CSF1 and (C) CSF1R relative mRNA expression in ileum and colon, presented as the mean per colon sites
for each patient. (D) IL34, (E) CSF1 and (F) CSF1R relative mRNA in different sites of the colon. Correlations between (G
and J) IL34 and CSF1, (H and K) IL34 and TNFA, and (I and L) CSF1 and TNFA in ileum (G–I) and colon (J–L). Comparisons
between ileum and colon were calculated using Mann–Whitney U tests, and between different sites of colon by ANOVA
with post-hoc LSD tests. Correlations were assessed by Spearman’s correlation coefficients. n = 24 for ileum, n = 29 for
colon. Results are means +− S.E.M. ∗P � 0.05; ∗∗P � 0.01; ∗∗∗P � 0.001.

Figure 2 Increased expression of IL34, CSF1 and CSF1R in inflamed compared with non-inflamed colon of patients with
IBD
(A) IL34, (B) CSF1 and (C) CSF1R relative mRNA expression in colon presented as the mean per colon sites for each
patient in IBD patients subdivided into CD and UC. Comparisons were calculated by Mann–Whitney U tests. n = 21 for
non-inflamed IBD, n = 34 for inflamed IBD, n = 13 for non-inflamed CD, n = 8 for non-inflamed CD, n = 17 for non-inflamed
UC, n = 24 for inflamed UC. Results are means +− S.E.M. ∗P � 0.05; ∗∗P � 0.01; ∗∗∗P � 0.001.
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Figure 3 Presence of IL-34 in gut epithelium, and NF-κB-dependent regulation of TNF-α-induced IL34 and CSF1 expression
in colon epithelial cells
(A) Immunohistochemical staining of human colon showing the presence of IL-34 and isotype control. (B) TNF-α
(1–100 ng/ml) up-regulates IL34 gene expression at 6 h. (C) Blocking NF-κB with celastrol down-regulates IL34 expres-
sion in colon epithelial cells. (D) The presence of IL-34 shown by immunofluorescent staining of intestinal epithelial cells
following TNF-α stimulation. Comparisons were calculated by ordinary one-way ANOVA. Results are means +− S.E.M. for two
to four individual experiments. ∗P � 0.05; ∗∗P � 0.01; ∗∗∗P � 0.001.

lower in CD compared with controls in ileum (Supplementary
Figure S1C), and lower in the IBD group and UC compared with
controls in colon (Supplementary Figure S1F).

Presence of IL-34 in the intestinal epithelium and
NF-κB-dependent regulation of TNF-α-induced IL34
and CSF1 expression in colon epithelial cells
Given the finding of IL34 expression in the gut, we next investig-
ated the localization of IL-34 in colon tissue using immunohis-
tochemistry. A positive signal of IL-34 was detected in the epi-
thelial layer; additionally, IL-34-expressing cells were detected
in the connective tissue suspected to be infiltrating immune cells
(Figure 3A). TNF-α induces the IL-34 expression in fibroblasts
and anti-TNF-α inhibits its expression in vivo [19,22]. We there-
fore assessed whether intestinal epithelial cells (Caco-2 cells) ex-
press IL34 and CSF1 and whether the expression was regulated
by TNF-α. For IL34, a dose-dependent increase was detected fol-
lowing TNF-α stimulation with the highest expression observed
at 100 ng/ml. Also, CSF1 expression was dose-dependently in-
creased (Figure 3B). The expression of IL-34 was also detected at

the protein level by immunofluorescent staining of intestinal epi-
thelial cells; the higher magnification suggests IL-34 expression
around the nucleus (Figure 3D). To determine the intracellular
signalling involved in TNF-α-induced IL34 and CSF1 expression
in intestinal epithelial cells, we next used pharmacological inhib-
itors of NF-κB, a transcription factor downstream of the TNF-α
receptor. Treatment with celastrol, an inhibitor of NF-κB, res-
ulted in 80 % inhibition of TNF-α-induced IL34, and treatment
with the inhibitor of the downstream IKKβ [IκB (inhibitor of
NF-κB) kinase β] resulted in 25 % inhibition of TNF-α-induced
IL34, which did not reach statistical significance. We found no
significant differences in the expression of CSF1 after blocking
NF-κB by the NF-κB inhibitor or the IKKβ inhibitor (Figure 3C).

IL-34- and CSF-1-differentiated macrophages show
decreased TNFA and IL1B expression, whereas
pro-inflammatory cytokines are increased in
monocytes from patients with IBD
Given the finding that intestinal epithelial cells express IL34 and
CSF1 and that IL-34 and CSF-1 are key regulators of monocytes
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Figure 4 IL-34- and CSF-1-differentiated macrophages show regulated expression of TNFA, IL1B and IL-10, whereas pro-
inflammatory cytokines are increased in monocytes from patients with IBD
Regulated expression of TNFA, IL1B and IL10 by (A–C) IL-34 and (D–F) CSF-1 induced differentiation of macrophages (day
8). Expression of (G) TNFA, (H) IL1B and (I) IL10 in CSF-1- and IL-34-differentiated macrophages. Expression of (J) IL34, (K)
CSF1, (L) TNFA and (M) IL1B in monocytes from IBD patients and controls. The differentiation experiment was performed
twice with similar results. n = 6 for control monocytes, n = 10 for IBD-monocytes. Results are means +− S.E.M. ∗P � 0.05;
∗∗P � 0.01; ∗∗∗P � 0.001.

and macrophages, we next investigated the expression of pro-
inflammatory cytokines in monocytes differentiated with IL-34
or CSF-1. Following differentiation at day 8 (fully differentiated
macrophages), the expression of both TNFA and IL1B was sig-
nificantly decreased by IL-34, and TNFA, IL1B and IL10 were
significantly decreased by CSF-1 (Figures 4A–4F). There was
no difference in the expression of TNFA or IL1B between IL-34-
and CSF-1-differentiated macrophages, but IL10 was signific-
antly higher in the IL-34-differentiated cells (Figures 4G–4I).
Since monocytes frequently enter the intestine in IBD, we next
compared the expression of pro-inflammatory cytokines in mono-
cytes from patients with IBD and from healthy donors as controls.
Compared with healthy donors, monocytes from IBD patients
showed an increased expression of IL1B, and a tendency for in-
creased expression of TNFA and CSF1 which, however, did not
reach statistical significance (P = 0.19 compared with P = 0.37).
We did not detect any difference in the expression of IL34 in
monocytes (Figures 4E–4H).

Increased expression of Il34 and Csf1 in
DSS-induced colitis
Mice lacking one allele of the CSF-1R are protected from chem-
ically induced colitis, indicating a potential beneficial effect of

CSF-1R ligands in colonic inflammation [24]. In the light of the
increased IL34 and CSF1 expression in the inflamed intestine
of patients with IBD, we next assessed their involvement in the
widely used DSS model of murine colitis [25]. At day 7 after
DSS administration, in a state of acute epithelial damage and
severe acute intestinal inflammation, both Il34 and Csf1 were
significantly up-regulated in the colon (Figures 5A and 5B re-
spectively), and correlated positively with each other (Figure 5C).
We evaluated, further, their expression at a later time point
(21 days after DSS was stopped), in which inflammatory in-
filtrates remain paralleled to enhanced epithelial regeneration
processes [26]. At this later time point, Csf1 was continuously
up-regulated; however, just a tendency of Il34 up-regulation was
measured, which did not reach statistical significance.

DISCUSSION

Macrophages are functionally dependent on CSF-1 or the newly
identified factor IL-34 and the intestines represent the largest
reservoir of macrophages of the body [14]. Despite an import-
ant role of macrophages in the course of IBD, the expression
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Figure 5 Increased expression of Il34 and Csf1 in DSS-induced colitis in mice
(A) Il34 and (B) Csf1 relative mRNA expression in colon on day 5. (C) Correlation between Il34 and Csf1 in colons of
DSS-treated mice on day 5. (D) Il34 (E) Csf1 relative mRNA expression in colon on day 26. (F) Correlation between
Il34 and Csf1 in colons of DSS-treated mice on day 26. The experiment was performed twice with similar results. Res-
ults are means +− S.E.M. Correlations were assessed by Spearman’s correlation coefficients. NT, non-treated. ∗P � 0.05;
∗∗P � 0.01; ∗∗∗P � 0.001.

and relevance of intestinal IL-34 in health and disease is un-
til now unknown. In the present study, we demonstrate distinct
expression patterns of IL34 and CSF1 in human normal intest-
ine, regulation of IL34 and CSF1 with inflammation in human
IBD and a mouse model of colitis, and identify intestinal epi-
thelial cells as a cellular source of IL-34. This is, to our know-
ledge, the first study providing evidence for the expression pat-
tern of IL-34 in ileum and colon of healthy subjects and IBD
patients.

Compartmental differences between ileum and colon have
previously been studied where left colonic segments of CD
patients have lesions to a higher extent compared with other
segments in colon [27]. In human normal intestine, we
found higher IL34 in ileum and, in contrast, higher CSF1
in colon. Moreover, IL34 expression was highest in the left
colonic segments with highest expression in the rectum, fol-
lowed by the sigmoid colon. This is also interesting in rela-
tion to reported regional differences in macrophages between
segments [28].

We found an increase in the expression of IL34 and CSF1 with
inflammation in CD and UC patients. This is intriguing as IL-34
has been associated with local inflammation in other chronic
inflammatory diseases including RA and Sjögren’s syndrome
[19,20]. It is known that the composition of intestinal macro-
phages changes with inflammation and CD14high macrophages
that produce TNF-α, IL-1, IL-6 and nitric oxide accumulate
[9,29]. As these cells may be of importance for therapeutic target-
ing, it is important to establish whether they represent monocyte-
derived cells and not altered resident macrophages. The pro-
or anti-inflammatory role of IL-34 is until now unknown. We
found that intestinal epithelial cells produce IL34 and CSF1, and
that monocytes differentiated by IL-34 and CSF-1 decrease their

expression of TNFA and IL1B. Moreover, IL-34-differentiated
macrophages expressed significantly more IL-10 compared with
macrophages differentiated by CSF-1. This is interesting as it sug-
gests a potential role for IL-34 in stimulating the differentiation
towards resident macrophages, which contribute to the integrity
of the intestinal epithelium, and enhanced expression of IL-34
could reflect a need to increase the pool of resident macrophages
in order to maintain the intestinal barrier function. Further stud-
ies are, however, needed to investigate whether these cells would
originate from circulating monocytes, especially in the light of
previously published work showing that many membrane-bound
receptors are absent from intestinal macrophages compared with
blood monocytes [8].

TNF-α is one of the most potent pro-inflammatory mediators
in IBD pathogenesis. Anti-TNF-α treatment reduces inflamma-
tion and can induce and maintain remission in patients with CD
and UC [30–36]. TNF-α has also been shown to disrupt the in-
testinal epithelial barrier by degradation of the tight junctions
[11,37]. In the present study, we show expression of IL34 in the
intestinal epithelium and demonstrate increased IL34 and CSF1
expression in intestinal epithelial cells in response to TNF-α.
To date, no previous studies have identified IL-34 expression and
regulation in gut epithelial cells. Skin keratinocytes represent one
of the major cellular sources of IL-34 in mice [18] and expression
in human skin keratinocytes was shown recently [38]. Interest-
ingly, IL-34 expression in skin was decreased in lesional skin of
AD (atopic dermatitis) patients [38], described to be related to
the skin barrier, which is affected in AD. This is, despite the large
differences in the epithelium of the skin and intestine, interest-
ing as impaired epithelial barrier is also a hallmark of inflamed
tissues in IBD patients where we find an increase in IL34 expres-
sion. This could possibly partly be explained by differences in
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the cytokine environment where AD is a Th2/Th22-induced in-
flammatory skin disease, whereas RA and IBD are more closely
related to a more complex Th1/Th17 cytokine milieu (reviewed in
[39,40]). Nevertheless, identification of IL-34 expression in skin
keratinocytes supports our finding that IL-34 is expressed by res-
ident non-immune cells of tissues, supported further by previous
studies by our group and others that identify IL-34 expression in
fibroblasts [21,38].

Blocking the NF-κB pathway resulted in reduced TNF-α-
stimulated IL34 expression in colon epithelial cells. Since mac-
rophages in IBD express pro-inflammatory cytokines, TNF-α
from macrophages could induce IL-34 and CSF-1 expression
in epithelial cells. Several studies have investigated the interac-
tion between macrophages and epithelial cells in IBD. Depletion
of macrophages and dendritic cells worsened the histopathology
with crypt destruction and epithelial disruption in experimental
colitis [41]. Furthermore, macrophages promote proliferation and
survival of colonic epithelial progenitor cells independently of
lymphocytes or neutrophils [42]. Additionally, defective prolif-
eration of colon epithelial cells is described in the Csf1r−/− and
Csf1op/op mice and reduced expression of cell cycle genes is meas-
ured in crypts of the Csf1r-deficient mice [24]. Thus, CSF-1
and also IL-34 may have protective functions by recruiting tis-
sue macrophages, which, compared with monocyte-derived pro-
inflammatory macrophages, do not respond to inflammation but
promote cell proliferation and survival of colon epithelial cells
[8,9,24].

In conclusion, we show for the first time the expression pat-
tern of IL-34 in human normal intestine and in human and exper-
imental IBD. We identify intestinal epithelial cells regulated by
TNF-α as a cellular source of IL-34. The present study provides
evidence for the expression and a potential role for IL-34 in
IBD.

CLINICAL PERSPECTIVES

� Inflammatory bowel disease (IBD) is a chronic inflammatory
condition of the intestines where macrophages play a central
role. Macrophages depend on CSF-1 and IL-34; however, un-
til now, the expression and regulation of IL-34 in the gut is
unknown.

� We show distinct expression patterns of IL34 and CSF1
in human normal intestine, expression in intestinal epithe-
lium, and increased expression in human and experimental
IBD.

� This provides evidence for the involvement of IL-34 in IBD
and may lead to new therapeutic strategies modulating intest-
inal macrophages.
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E.A.B.), the Swedish Patent Revenue Fund (to E.A.B.), and the
Swedish Dental Society (to M.M.). M.G. received a scholarship
from the German Research Foundation [grant number Ge 2386/1-
1]. R.C. and M.M. are recipients of Ph.D. scholarships from the
Karolinska Institutet. The funders had no role in the study design,
data collection and analysis, decision to publish or preparation of
the paper.

REFERENCES

1 Krishnan, K., Arnone, B. and Buchman, A. (2011) Intestinal
growth factors: potential use in the treatment of inflammatory
bowel disease and their role in mucosal healing. Inflamm. Bowel
Dis. 17, 410–422 CrossRef PubMed

2 Ordas, I., Eckmann, L., Talamini, M., Baumgart, D.C. and
Sandborn, W.J. (2012) Ulcerative colitis. Lancet 380,
1606–1619 CrossRef PubMed

3 Baumgart, D.C. and Sandborn, W.J. (2012) Crohn’s disease.
Lancet 380, 1590–1605 CrossRef PubMed

4 Chow, A., Brown, B.D. and Merad, M. (2011) Studying the
mononuclear phagocyte system in the molecular age. Nat. Rev.
Immunol. 11, 788–798 CrossRef PubMed

5 van Furth, R., Cohn, Z.A., Hirsch, J.G., Humphrey, J.H., Spector,
W.G. and Langevoort, H.L. (1972) The mononuclear phagocyte
system: a new classification of macrophages, monocytes, and
their precursor cells. Bull. World Health Organ. 46, 845–852
PubMed

6 Hettinger, J., Richards, D.M., Hansson, J., Barra, M.M., Joschko,
A.C., Krijgsveld, J. and Feuerer, M. (2013) Origin of monocytes
and macrophages in a committed progenitor. Nat. Immunol. 14,
821–830 CrossRef PubMed

7 Anderson, K.L., Smith, K.A., Conners, K., McKercher, S.R., Maki,
R.A. and Torbett, B.E. (1998) Myeloid development is selectively
disrupted in PU.1 null mice. Blood 91, 3702–3710 PubMed

8 Smythies, L.E., Sellers, M., Clements, R.H., Mosteller-Barnum,
M., Meng, G., Benjamin, W.H., Orenstein, J.M. and Smith, P.D.
(2005) Human intestinal macrophages display profound
inflammatory anergy despite avid phagocytic and bacteriocidal
activity. J. Clin. Invest. 115, 66–75 CrossRef PubMed

9 Bain, C.C., Scott, C.L., Uronen-Hansson, H., Gudjonsson, S.,
Jansson, O., Grip, O., Guilliams, M., Malissen, B., Agace, W.W.
and Mowat, A.M. (2013) Resident and pro-inflammatory
macrophages in the colon represent alternative
context-dependent fates of the same Ly6Chi monocyte
precursors. Mucosal Immunol. 6, 498–510
CrossRef PubMed

288 c© 2015 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution License (CC-BY) (http://creativecommons.
org/licenses/by/3.0/), which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.1002/ibd.21316
http://www.ncbi.nlm.nih.gov/pubmed/20848489
http://dx.doi.org/10.1016/S0140-6736(12)60150-0
http://www.ncbi.nlm.nih.gov/pubmed/22914296
http://dx.doi.org/10.1016/S0140-6736(12)60026-9
http://www.ncbi.nlm.nih.gov/pubmed/22914295
http://dx.doi.org/10.1038/nri3087
http://www.ncbi.nlm.nih.gov/pubmed/22025056
http://www.ncbi.nlm.nih.gov/pubmed/4538544
http://dx.doi.org/10.1038/ni.2638
http://www.ncbi.nlm.nih.gov/pubmed/23812096
http://www.ncbi.nlm.nih.gov/pubmed/9573007
http://dx.doi.org/10.1172/JCI200519229
http://www.ncbi.nlm.nih.gov/pubmed/15630445
http://dx.doi.org/10.1038/mi.2012.89
http://www.ncbi.nlm.nih.gov/pubmed/22990622
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


IL-34 in inflammatory bowel disease

10 Rugtveit, J., Nilsen, E.M., Bakka, A., Carlsen, H., Brandtzaeg, P.
and Scott, H. (1997) Cytokine profiles differ in newly recruited
and resident subsets of mucosal macrophages from
inflammatory bowel disease. Gastroenterology 112, 1493–1505
CrossRef PubMed

11 Vivinus-Nebot, M., Frin-Mathy, G., Bzioueche, H., Dainese, R.,
Bernard, G., Anty, R., Filippi, J., Saint-Paul, M.C., Tulic, M.K.,
Verhasselt, V. et al. (2014) Functional bowel symptoms in
quiescent inflammatory bowel diseases: role of epithelial barrier
disruption and low-grade inflammation. Gut 63, 744–752
CrossRef PubMed

12 Van Deventer, S.J. (1997) Tumour necrosis factor and Crohn’s
disease. Gut 40, 443–448 CrossRef PubMed

13 Dai, X.M., Ryan, G.R., Hapel, A.J., Dominguez, M.G., Russell,
R.G., Kapp, S., Sylvestre, V. and Stanley, E.R. (2002) Targeted
disruption of the mouse colony-stimulating factor 1 receptor
gene results in osteopetrosis, mononuclear phagocyte
deficiency, increased primitive progenitor cell frequencies, and
reproductive defects. Blood 99, 111–120
CrossRef PubMed

14 Lin, H., Lee, E., Hestir, K., Leo, C., Huang, M., Bosch, E.,
Halenbeck, R., Wu, G., Zhou, A., Behrens, D. et al. (2008)
Discovery of a cytokine and its receptor by functional screening
of the extracellular proteome. Science 320, 807–811
CrossRef PubMed

15 Wei, S., Nandi, S., Chitu, V., Yeung, Y.G., Yu, W., Huang, M.,
Williams, L.T., Lin, H. and Stanley, E.R. (2010) Functional overlap
but differential expression of CSF-1 and IL-34 in their CSF-1
receptor-mediated regulation of myeloid cells. J. Leukoc. Biol.
88, 495–505 CrossRef PubMed

16 Ma, X., Lin, W.Y., Chen, Y., Stawicki, S., Mukhyala, K., Wu, Y.,
Martin, F., Bazan, J.F. and Starovasnik, M.A. (2012) Structural
basis for the dual recognition of helical cytokines IL-34 and
CSF-1 by CSF-1R. Structure 20, 676–687
CrossRef PubMed

17 Nandi, S., Gokhan, S., Dai, X.M., Wei, S., Enikolopov, G., Lin, H.,
Mehler, M.F. and Stanley, E.R. (2012) The CSF-1 receptor ligands
IL-34 and CSF-1 exhibit distinct developmental brain expression
patterns and regulate neural progenitor cell
maintenance and maturation. Dev. Biol. 367, 100–113
CrossRef PubMed

18 Wang, Y., Szretter, K.J., Vermi, W., Gilfillan, S., Rossini, C., Cella,
M., Barrow, A.D., Diamond, M.S. and Colonna, M. (2012) IL-34 is
a tissue-restricted ligand of CSF1R required for the development
of Langerhans cells and microglia. Nat. Immunol. 13, 753–760
CrossRef PubMed

19 Chemel, M., Le Goff, B., Brion, R., Cozic, C., Berreur, M.,
Amiaud, J., Bougras, G., Touchais, S., Blanchard, F., Heymann,
M.F. et al. (2012) Interleukin 34 expression is associated with
synovitis severity in rheumatoid arthritis patients. Ann. Rheum.
Dis. 71, 150–154 CrossRef PubMed

20 Ciccia, F., Alessandro, R., Rodolico, V., Guggino, G., Raimondo,
S., Guarnotta, C., Giardina, A., Sireci, G., Campisi, G., De Leo, G.
et al. (2013) IL-34 is overexpressed in the inflamed salivary
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