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Background: Incidences of inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, are escalating worldwide and can 
be considered a global public health problem. Given that the gold standard approach to IBD therapeutics focuses on reducing the severity of 
symptoms, there is an urgent unmet need to develop alternative therapies that halt not only inflammatory processes but also promote mucosal 
repair. Previous studies have identified increased stem cell factor (SCF) expression in inflamed intestinal mucosal tissues. However, the role that 
SCF plays in mediating intestinal inflammation and repair has not been explored.
Methods: Changes in the expression of SCF were evaluated in the colonic tissue of healthy mice and during dextran sodium sulfate (DSS)-
induced colitis. Furthermore, mucosal wound healing and colitis severity were analyzed in mice subjected to either mechanical biopsy or DSS 
treatment, respectively, following intestinal epithelial cell–specific deletion of SCF or anti-SCF antibody administration.
Results: We report robust expression of SCF by intestinal epithelial cells during intestinal homeostasis with a switch to immune cell-produced 
SCF during colitis. Data from mice with intestinal epithelial cell–specific deletion of SCF highlight the importance of immune cell–produced SCF 
in driving the pathogenesis of colitis. Importantly, antibody-mediated neutralization of total SCF or the specific SCF248 isoform decreased im-
mune cell infiltration and enhanced mucosal wound repair following biopsy-induced colonic injury or DSS-induced colitis.
Conclusions: These data demonstrate that SCF functions as a pro-inflammatory mediator in mucosal tissues and that specific neutralization of 
SCF248 could be a viable therapeutic option to reduce intestinal inflammation and promote mucosal wound repair in individuals with IBD.

Lay Summary 
Our investigation demonstrates that blocking cleavable SCF248 isoform by administration of specific stem cell factor antibodies enhances healing 
of the intestinal mucosa and restores critical barrier function, suggesting an alternative therapeutic option to treat individuals with active IBD.
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Introduction
Inflammatory bowel disease (IBD), including Crohn’s disease 
(CD) and ulcerative colitis (UC), comprises a chronic and re-
lapsing inflammatory disorder of the gastrointestinal tract.1,2 
Due to globally increasing incidence rates, IBD represents a 
serious worldwide health care burden.3–5 Although the exact 
etiology of IBD remains largely unknown, its pathobiology 
is thought to involve complex interactions between genetic, 
environmental, or microbial factors combined with immune 
dysregulation.6,7 The efficacy of current treatment strategies 
for IBD such as targeting tumor necrosis factor (TNF)-α or 
integrins to reduce mucosal inflammation is limited due to 
high rates of primary nonresponse, loss of response over time, 
and adverse off-target effects.8 Therefore, there is an unmet 
need for novel therapeutic approaches that drive mucosal re-
pair resulting in a full return to a healthy intestinal mucosa.

Stem cell factor (also known as SCF, KIT-ligand, or steel 
factor) is a pleiotropic cytokine that mediates regulatory 
effects on inflammation, tissue remodeling, and fibrosis 

through binding to its receptor c-KIT.9–12 Stem cell factor 
plays a well-described role in regulating the survival, pro-
liferation, migration, and differentiation of hematopoietic 
progenitors, melanocytes, and germ cells. More recent studies 
have demonstrated SCF expression in dermal and intestinal 
epithelial cells.13–15 Although increased SCF expression has 
been reported in the inflamed mucosa of individuals with IBD 
and colitic mice, the role of SCF during mucosal inflammation 
in the gut remains poorly understood.15–18

Previous studies have demonstrated that total inhibition 
of binding interactions between SCF and c-KIT results in 
undesirable off-target effects,19–21 highlighting the need 
for more specific and refined approaches when it comes to 
SCF targeting. Endogenous SCF occurs in 2 main forms, 
a 248 amino acid (AA) cleavable form (SCF248) and a 220 
AA “noncleavable” form (SCF220). In the present study, 
we investigated the role of SCF248 and SCF220 isoforms in 
regulating colonic inflammation and repair. Our data dem-
onstrate increased expression of SCF248 during colitis and 
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that targeted SCF248 neutralization protects against dextran 
sodium sulfate (DSS)-induced damage by promoting intes-
tinal mucosal wound healing. Studies using mice lacking 
expression of SCF in intestinal epithelial cells revealed that 
immune cell–produced rather than intestinal epithelial cell 
(IEC)-produced SCF drives pathogenesis during colitis. 
We also show that neutralization of SCF in vivo reduces 
leukocyte infiltration in response to DSS-induced colitis, 
suggesting that improved mucosal repair downstream of 
SCF inhibition is in part mediated by attenuating the lamina 
propria influx of immune cells. Collectively our results sug-
gest that specific blockade of soluble SCF during intestinal 
inflammation might represent a novel therapeutic approach 
for promoting mucosal wound repair in individuals with 
IBD.

Material and Methods
Animals
Mice were kept under strict specific pathogen-free conditions 
with ad libitum access to normal chow and water. Wild 
type male C57BL/6 mice between 10 and 14 weeks were 
purchased from the Jackson Laboratory (C57BL/6J) and 
maintained at the University of Michigan (Ann Arbor, MI) 
under a 12-hour light/dark cycle. Mice with selective SCF 
deficiency in intestinal epithelial cells (IECs) were generated 
on a C57BL/6 background by breeding SCF floxed mice 
(Kitlgf/f) with mice expressing the inducible mutated es-
trogen receptor fused to Cre-recombinase under control 
of the Villin promoter: Villin-CreERT2; Kitlgf/f (KitlgERΔIEC). 
Mice were bred in house at the University of Michigan 
and maintained as described previously. Eight-week-old 
KitlgERΔIEC and control littermates Kitlgf/f mice were injected 
intraperitoneally (i.p.) with 1  mg/100 μL of tamoxifen 
(Sigma, T5648) dissolved in sterile corn oil (Sigma, C8267) 
for 5 consecutive days. Animals were used 4 weeks after the 
final tamoxifen injection. All experiments were approved 
and conducted in accordance with guidelines set by the 
University of Michigan Institutional Animal Care and Use 
Committee.

DSS-induced Experimental Colitis
Mice were provided with 3% (w/v) 40-50  kDa DSS (Alfa 
Aesar, Affymetrix, Cat. 9011-18-1,) dissolved in drinking 
water ad libitum for 5 days followed by a recovery period of 

3 or 5 days with normal drinking water (DSS colitis/recovery 
model) or with 3 cycles of 3% DSS dissolved in drinking 
water ad libitum for 5 days followed by a recovery period of 
4 days with drinking water (chronic DSS colitis).

Disease Activity Index and Histological Colitis 
Score 
Clinical disease assessment was performed daily, with scores 
of 0 to 4 assigned for body weight loss, stool consistency, 
and presence of blood in stools (Fisher HealthCare, Fecal 
Occult Blood Test-E.S, Cat. 23038035). Individual scores 
were added, and averages were recorded as disease activity 
index (DAI), with higher values reflecting the increasing se-
verity of colitis. At the end of the experiment, mice were hu-
manely euthanized, and colonic tissue was formalin-fixed 
and paraffin-embedded (FFPE). Hematoxylin-eosin (H&E) 
staining of sections of Swiss roll mounts of the entire colon 
(4-μm thick) was performed to quantify colonic mucosal in-
jury by calculation of histological colitis score (HCS), a metric 
which considers the length of injured/ulcerated area (≥50% 
crypt loss) relative to the length of the entire colon.22 Slides 
were scanned using an Aperio AT2 from Leica Biosystems, 
with a resolution of 0.25 µm per pixel using a 40x objec-
tive. The total length, areas of inflammation, and ulceration 
were measured by 2 independent investigators using Aperio 
ImageScope 12 (Leica Biosystems).

Wound Healing Assay
In vivo wound healing assays were performed using a high-
resolution video endoscope (Coloview Veterinary Endoscope, 
Karl Storz) equipped with biopsy forceps (Karl Storz; 
Germany) as described previously.23,24 Briefly, biopsy-induced 
mucosal wounds were generated at 3 to 5 sites along the 
dorsal aspect of the colon of anesthetized mice (i.p. injection 
of ketamine 100 mg/kg, xylazine 5 mg/kg). Wound healing 
was quantified at 1 and 3 days after injury. Endoscopic 
procedures were viewed with high-resolution (1024  ×  768 
pixels) images on a flat-panel color monitor. Each wound 
region was photographed at 1 and 3 days postinjury, and 
wound areas were calculated using ImageJ. In each experi-
ment, 3 to 5 wounds per mouse were quantified.25

Enzymatic Isolation of Subepithelial Lamina 
Propria-enriched cellular Fractions
Lamina propria (LP)-enriched fractions were isolated by 
enzymatical digestion at 37°C under mechanical agitation at 
200  rpm (relative centrifugal force, RCF = 0.41 x g) in an 
Infors HT Ecotron orbital shaker (Infors AG, Bottmingen, 
Switzerland) as described previously.23 Briefly, the distal 
colon was collected and opened longitudinally before mesen-
teric vessels were removed. Mucus layers were next removed 
by incubating the tissue in phosphate buffered saline (PBS) 
without calcium and magnesium (PBS−) supplemented with 
2% fetal bovine serum (FBS) and 5  mM of dithiothreitol 
(DTT) (Fisher BioReagents, BP1725) for 20 minutes. 
Intestinal epithelial cells were then removed by 3 consecu-
tive washes in chelating buffer (PBS− containing 2% FBS and 
5 mM etheylenediamine tetraacetic acid (EDTA). Lonza, Cat. 
51201). The remaining tissue was minced into small (<1 mm2) 
pieces and digested in Hanks’ balanced salt solution (HBSS) 
with calcium and magnesium (HBSS+) supplemented with 
10 mM of HEPES (Corning, Cat. 25-060-CI), Liberase (37.5 

Key messages

What is already known?

The inhibition of the pro-inflammatory cytokine SCF 
promotes recovery after lung inflammation/fibrosis.

What is new here?

The immune cell–produced SCF248 variant expression is 
increased during intestinal inflammation, and its inhibition 
promotes recovery after mucosal injury.

How can this study help patient care?

Targeted inhibition of SCF248 may serve to improve clinical 
care and reduce rates of adverse events in IBD patients.
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U/mL; Roche Life Science Products, Cat. 5401127001,) 
and DNase I (300 Kuntz units/mL; EMD Millipore Corp., 
Cat. 260913,) for 30 minutes. Digested tissue was fur-
ther disaggregated mechanically by passing the suspension 
through an 18-gauge needle, followed by filtration through a 
70-μm cell strainer before washing in a solution of cold PBS− 
supplemented with 10% FBS and 2  mM of EDTA. Purity 
of LP-enriched fractions was determined by flow cytometry 
analysis.

Flow Cytometry Analysis
Detailed information on antibodies is provided in Table 
1; 2 x106 cells from LP-enriched fractions were stained 
under standard conditions. For dead cell exclusion, cells 
were stained with an eFluor780 live/dead discrimination 
dye (1:1000, eBiosciences, Cat. 65-0865). The Fc receptors 
were blocked using mouse Fc-block (CD16/CD32; dilution 
1:100) followed by cell staining with the indicated cocktail of 
antibodies. Lineage markers were gated out using a PE dump 
channel (CD3, CD4, CD8, gdTCR, CD19, TER119; dilution 
1:200), PercP-CD45+ (1:200), PE-Cy7-FceRI (1:400), Alexa 
Fluor 647-Ly6G (1:200), and BV421-SiglecF (1:200). After 
thorough washing with staining buffer, CountBright counting 
beads were added to determine the absolute number of cells 
according to the manufacturers’ instructions (Invitrogen, 
Cat. C36950). Acquisition of stained cells was performed 
on a NovoCyte Flow Cytometer (ACEA Biosciences Inc. San 
Diego, CA). Data were analyzed using FlowJo v10.8.1 soft-
ware (Tree Star, Ashland, OR).

Neutralizing Antibodies
The anti-SCF248&220 polyclonal and anti-SCF248 monoclonal 
antibodies were generated as previously described.26,27 
Polyclonal IgG (Lampire, Cat. 74060404) and mouse IgG1 
kappa (K) isotype (Rockland, Cat. 010-001-330) were 
purified using protein A affinity chromatography. For DSS co-
litis, studies mice were intraperitoneally injected with either 
3  mg/mouse of rabbit anti-SCF248&220 neutralizing antibody 
or control rabbit IgG antibody or with monoclonal anti-
SCF248 antibody or control IgG antibody at a concentration 
of 0.4 mg/mouse. For wounding experiments, 10 μg of anti-
SCF248&220 or IgG control antibodies were injected into the 
wound bed as previously described.28

Immunofluorescence Labelling
Tissues were formalin-fixed and embedded in paraffin 
(FFPE). Sections were cut at 4 μm, baked at 60°C for 1 
hour, followed by deparaffinization, dehydration, and an-
tigen retrieval for 15 minutes (Vector labs, Cat. H-3300). 
Sections were permeabilized/blocked with a solution of PBS+ 
containing 0.3% triton X-100 and 3% bovine serum al-
bumin (BSA) for 1 hour at room temperature. The primary 
antibody was incubated in blocking solution (Thermo Fisher, 
SCF polyclonal antibody, 1:200, Cat. PA5-20746 and Cell 
Signaling, c-kit polyclonal antibody, 1:200, Cat. 3074) over-
night at 4°C and washed with Hanks’ balanced salt solu-
tion the following day. Secondary antibody incubations were 
performed for 1 hour, and nuclei were stained with DAPI 
(Thermo Fisher Scientific, 1:1000, Cat. D1306). Finally, 
samples were mounted using ProLong Gold antifade reagent 
(Thermo Fisher, Cat. P36930) and visualized using a Leica 
SP5 inverted microscope.

RNAscope
The localization of kitlg and kit mRNA was performed by 
RNAscope in 8-μm sections of FFPE as previously reported.29 
Briefly, FFPE-colonic tissue sections were baked for 1 hour 
at 60°C, followed by deparaffinization, dehydration, and an-
tigen retrieval at 100°C for 15 minutes (ACD, Cat. 322000). 
Tissues were digested by protease plus (ACD, Cat. 322331) 
for 15 minutes at 40°C. The RNAscope probes (ACD, Probe-
Mm-Kitl, Cat. 423401, and Probe-Mm-kit, Cat.314151) 
were hybridized for 2 hours at 40°C, followed by signal am-
plification. Detection was performed according to RNAscope 
Multiplex Fluorescent Reagent Kit v2 (ACD, Cat. 323100). 
Nuclei were stained with DAPI (Thermo Fisher Scientific, 
1:1000, Cat. D1306) for 10 minutes. Finally, samples were 
mounted using ProLong Gold antifade reagent (Thermo 
Fisher, Cat. P36930) and visualized using a Leica SP5 inverted 
microscope.

Real-time Quantitative Polymerase Chain Reaction
Total RNA was isolated from the distal colon of mice using 
the RNeasy kit (Qiagen, Cat. 74106). The mRNA was purified 
using 20 μg of total RNA and the Dynabeads kit (Ambion, 
Cat. 61006); mRNA was reverse transcribed into cDNA 
using iScript Reverse Transcription Supermix (Bio-Rad, Cat. 
1708841). Gene expression was evaluated by quantitative 

Table 1. Antibodies used for flow cytometric characterization of the myeloid population in lamina propria of mouse colon.

Lineage marker Fluorochrome Dilution Cat. No. Manufacturer 

CD16/CD32 (Fc Blocker) NA 1:100 553142 BD Pharmingen

CD3 PE 1:200 553063 (Clone 145-2C11) BD Pharmingen

CD4 PE 1:200 553049 (Clone RM4-5) BD Pharmingen

CD8 PE 1:200 100708 (Clone 53-6.7) BioLegend

γδTCR PE 1:200 12-5711-82 (Clone eBioGL3) Invitrogen

CD19 PE 1:200 12-0193-83 (Clone eBio1D3) Invitrogen

TER119 PE 1:200 116208 (Clone TER-119) BioLegend

CD45+ PercP 1:200 557235 (Clone 30-F11) BD Pharmingen

FceRI* PE-Cy7 1:400 134318 (Clone: MAR-1) BioLegend

Ly6G Alexa Fluor 647 1:200 108418 (Clone: RB6-8C5) BioLegend

SiglecF BV421 1:200 562681 (Clone E50-2440) BD Biosciences
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PCR (qPCR) using SsoAdvanced Universal SYBR (Bio-Rad, 
Cat. 172574) with a Bio-Rad CTX Cycler measuring SYBR 
green incorporation. Reactions were performed in triplicate 
with at least 3 biological replicates. Relative expression of 
genes of interest was calculated using the 2−ΔΔCt method with 
normalization to the housekeeping gene ribosomal protein 18 
(Rp18). Primer sequences were as follows: Kitlg248 (forward) 5’- 
GCCAGAAACTAGATCCTTTACTGA-3’; Kitlg248 (reverse) 
5’-ACATAAATGGTTTTG TGACACTGACTCTG-3’; Kitlg220 
(forward) 5’-CCCGAGAAAGGGAAAGCCG-3’; Kitlg220 
(reverse) 5’-ATTCTCTCTTTCTGTTGCAACATACTT-3’; 
Kitlg248&220 (forward) 5’-TTGTTACCTTCGCACAGTGG-3’; 
Kitlg248&220 (reverse) 5’-AATTCAGTGCAGGGTTCACA-3’; 
Rp18 (forward) 5’-ACTTTTGGGGCCTTCGTGTC-3’; 
Rp18 (reverse) 5’ GCCCAGAGACTCATTTCTTCTTG -3’; 
Tnfa (forward) 5’-CCACCACGCTCTTCTGTCTAC -3’; 
Tnfa (reverse) 5’-TGGGCTACAGGCTTGTCACT-3’; Infg 
(forward) 5’- AAGTGGCATAGATGTGGAAG -3’; Infg (re-
verse) 5’-GAATGCATCCTTTTTCGCCT-3’; Il17a (forward) 
5’-TGCTACTGTTGATGTTGGGAC-3’; Il17a (reverse) 
5’- AATGCCCTGGTTTTGGTTGAA -3’; Il22 (forward) 
5’-CAGAAGGTCCGATTTCAGTCCAG-3’; Il22 (reverse) 
5’-TCCCATTGGCTCTGTCCATACATC-3’; Il23 (forward) 
5’ - ACTCAAGGACAACAGCCAGTTC-3’; Il23 (reverse) 
5’ -TCCTAGTAGGGAGGTGTGAAGTTG-3’; S100a9 (for-
ward) 5’-CAAATGGTGGAAGCACAGTTGGCA-3’; S100a9 
(reverse) 5’-TTGTGTCCAGGTCCTCCATGATGT-3’.

Results
Expression of SCF and Its Receptor c-KIT in 
Intestinal Mucosa
To investigate SCF function, we first examined spatial expres-
sion of Kitlg (SCF) and its receptor Kit (c-KIT) in the intes-
tinal mucosa. The RNAscope in situ hybridization of colonic 
tissue obtained from wild-type C57BL/6J mice revealed ro-
bust expression of Kitlg and Kit in intestinal epithelial cells 
(Figure 1A, arrow) with lower levels of expression detected in 
underlying lamina propria cells (***P < .001, ***P < .0001, 
Figure 1A, arrowhead). To complement spatial mRNA detec-
tion, immunofluorescence labeling for SCF and c-KIT pro-
tein was performed. Confocal microscopy analyses revealed 
expression of SCF protein in colonic epithelial cells residing 
in the lower third of intestinal crypts, whereas c-KIT protein 
expression was restricted to epithelial cells in the crypt-base 
(Figure 1B, arrow). In contrast, minimal SCF and c-KIT pro-
tein were identified in lamina propria cells (*P < .05, ****P 
< .0001, Figure 1B, arrowhead). These data indicate that 
under conditions of mucosal homeostasis, SCF and c-KIT are 
predominantly expressed in colonic intestinal epithelial cells 
(IECs).

Intestinal Inflammation Induces Increased Mucosal 
Expression of SCF
Increased expression of SCF has been reported in the co-
lonic mucosa of individuals with IBD15,16,30 and asthma.31 
Two transmembrane isoforms SCF220 and SCF248 have been 
reported in humans and mice.32 Although cleavage of SCF248 
generates a soluble product of 165 AA, previous work 
has reported that SCF220 remains intact at the membrane. 
Therefore, we next analyzed changes in expression of specific 
SCF isoforms during intestinal inflammation and repair using 

a well-established dextran sodium sulfate (DSS) colitis and 
recovery model that involves 5 days of DSS administration 
followed by 5 days of recovery with drinking water.22 Colitis 
severity was assessed by calculating the disease activity index 
(DAI), a composite score incorporating weight loss, stool con-
sistency, and the presence of blood. As expected, DSS-treated 
mice had significantly increased DAI scores from day 1 to day 
10 compared with control mice that were not exposed to DSS 
(****P < .0001, Figure 1C). Evaluation of transcriptional 
levels of Kitlg220 (SCF220) and Kitlg248 (SCF248) isoforms in the 
colonic mucosa by RT-qPCR revealed significantly increased 
expression of Kitlg248 mRNA (cleavable SCF) on day 5 of 
DSS treatment, with a peak in expression observed 2 days 
after mice were switched to water (day 7) and recovery to 
basal levels of expression observed by day 10. In contrast, 
decreased levels of Kitlg220 mRNA were detected on day 5 
(*P < .05, ***P < .001, Figure 1D). Taken together, data re-
veal robust upregulation of cleavable SCF248 during intestinal 
inflammation, suggesting that this SCF variant may play an 
important role in the pathobiology of colitis.

Intestinal inflammation is characterized by mucosal infil-
tration of SCF-expressing leukocytes including eosinophils, 
neutrophils, and mast cells.33,34 Therefore, we analyzed 
infiltrating leukocyte populations in the lamina propria during 
DSS-induced colitis and repair. Data revealed robust recruit-
ment of neutrophils, mast cells, and eosinophils 2 days after 
mice had been switched from DSS to water (Neutrophils: ***P 
= .0003, Mast cells: **P = .0081, Eosinophils: **P = .0041, 
Figure 1E). Given that this time point is when maximum ex-
pression of SCF248 was detected, these data highlight the im-
portance of SCF248 for immune cell infiltration during colonic 
repair. We next sought to determine levels of SCF and c-KIT 
expression in lamina propria immune cells recruited during 
recovery from DSS-induced colitis. Immunofluorescence 
analyses revealed robust expression of both SCF and c-KIT 
proteins in lamina propria immune cells from inflamed co-
lonic mucosa (***P < .001, ****P < .0001, Figure 1F). In 
contrast, expression of SCF and c-KIT was mainly restricted 
to epithelial cells in healthy colonic tissue (Figure 1, A and 
B). Taken together, these data highlight that colitis increases 
intestinal SCF248 expression and immune cell recruitment 
(Figure 1, D and E).

Targeted Deletion of SCF in IECs Does Not 
Influence Intestinal Homeostasis or Increase 
Susceptibility to DSS-induced Colitis
In addition to immune cells, epithelial cells have also been 
shown to produce SCF in mucosal tissues including the lungs 
and intestine.15,26 Therefore, to explore the functional contri-
bution of epithelial-expressed SCF during intestinal inflam-
mation and repair, we generated mice with IEC-specific and 
tamoxifen-inducible deletion of SCF (KitlgERΔIEC). These mice 
were generated by breeding Kitlg floxed mice (Kitlgf/f) to mice 
constitutively expressing an ERT2-Cre fusion protein under 
control of Villin promoter.35 The RT-qPCR analysis of colonic 
mucosal tissues revealed complete loss of SCF expression in 
IECs 30 days following tamoxifen injection in KitlgERΔIEC mice 
but not in control Kitlgf/f mice (**P = .0043, Figure 2A). In 
contrast, similar SCF expression was detected in lamina pro-
pria cells for both KitlgERΔIEC and Kitlgf/f mice (Figure 2A). 
Histologic analysis of colonic mucosa in KitlgERΔIEC mice re-
vealed normal architecture, with no gross abnormalities or 
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signs of mucosal inflammation (Figure 2B). These results sug-
gest that specific loss of SCF in IECs does not affect baseline 
intestinal mucosal homeostasis.

We next examined the role of epithelial expressed SCF 
during intestinal injury and repair. Surprisingly, data revealed 
no significant difference in disease severity during either the 
inflammatory or recovery phases when KitlgERΔIEC or control 
Kitlgf/f mice were subjected to DSS-induced colitis followed by 
recovery (Figure 2C). Subsequent experiments were performed 
to determine the effects of intestinal epithelial–specific loss 

of SCF in a model of chronic intestinal inflammation that 
employs multiple cycles of DSS administration followed by 
a recovery period. As expected, KitlgERΔIEC and control Kitlgf/f 
mice developed escalating clinical colitis when subjected to 
repeated alternating cycles of DSS administration and water 
recovery. However, no significant difference in disease severity 
was observed for KitlgERΔIEC compared with control Kitlgf/f 
littermates (Figure 2D). These findings indicate that loss of 
SCF in IECs does not impact disease severity in response to 
acute or chronic DSS-induced intestinal inflammation. Finally, 

Figure 1. SCF248 isoform expression is increased during acute colitis. A, Representative images of colonic tissue sections from WT C57BL/6J mice 
showing Kitlg (top) and Kit (bottom) mRNA expression (white) detected by RNAscope in situ hybridization. Expression in colonic epithelial cells 
(arrow and number 1 Ep inset) and lamina propria cells (arrowhead and number 2 lamina propria [LP] inset) are highlighted. Nuclei were stained with 
DAPI. Histograms show fluorescent intensity of Kitlg and Kit mRNA in epithelial cells and LP cells of the mouse colon. Data are combined from 2 
independent experiments with a total of 3 fields per experiment and are expressed as means ± SEM. Significance was determined by 2-way ANOVA 
followed by Bonferroni’s posttest. ***P < .001; ****P < .0001. Scale bar is 50 µm. Abbreviations: Ep, Epithelial; LP, lamina propria. B, Representative 
confocal microscopy images of SCF and c-KIT expression in colonic epithelial cells (arrow and number 1 Ep inset) and lamina propria cells (arrowhead 
and number 2 LP inset). Nuclei are stained with DAPI. Histograms show fluorescent intensity of SCF and c-KIT protein in epithelial cells and LP 
cells of the mouse colon. Data are combined from 2 independent experiments with a total of 3 fields per experiment and are expressed as means 
± SEM. Significance was determined by 2-way ANOVA followed by Bonferroni’s posttest. *P < .05; ****P < .0001. Scale bar is 50 µm. Abbreviations: 
Ep, Epithelial; LP, lamina propria. C, Disease activity index (DAI) score consisting of body weight, stool consistency, and presence of blood in feces 
in wild type C57BL/6J mice treated with 3% DSS for 5 days followed by 5 days of recovery on water (red circles). Disease activity index scores for 
control untreated mice are also shown (white circles). N = 11, Control; 15 DSS animals/group achieving 95% power where alpha value = 0.05 at day 
10. Data are combined from 2 independent experiments and are expressed as means ± SEM. Significance was determined by 2-way ANOVA followed 
by Bonferroni’s posttest. ****P < .0001. D, mRNA expression analysis for Kitlg220 (red circles) and Kitlg248 (white circles) was performed by qRT-PCR 
analyses of lamina propria cells isolated from the colons of control and DSS-treated mice. Results are mean ± SEM and are representative of 2 
independent experiments, with at least 4 mice per condition. Significance was determined by 2-way ANOVA followed by Bonferroni’s posttest. *P < 
.05; ***P < .001. E, Flow cytometric analysis of lamina propria cells isolated from the colon of untreated mice (white circles) and DSS-treated mice (red 
circles) revealed increased colonic mucosal infiltration of neutrophils, mast cells, and eosinophils in DSS-treated animals at day 7. Each point denotes 
data from an individual mouse. N = 16 Control; 18 DSS animals/group achieving 95% power where alpha value = 0.05. Data are combined from 3 
independent experiments and are expressed as means ± SEM. Statistical analysis was performed using multiple 2-tailed Student’s t test. ***P = .0003 
for Neutrophils; **P = .0081 for Mast cells; **P = .0041 for Eosinophils. F, Representative images of inflamed colonic tissue sections of DSS-treated 
mice showing SCF (top) and c-KIT (bottom) protein expression (green) detected by immunofluorescence. Expression in colonic epithelial cells (arrow 
and number 1 Ep inset) and lamina propria cells (arrowhead and number 2 LP inset) are highlighted. Nuclei were stained with DAPI. Histograms show 
fluorescence intensity of SCF and c-KIT protein expression in epithelial cells and LP cells of the mouse colon. Data are combined from 2 independent 
experiments with a total of 3 fields per experiment and are expressed as means ± SEM. Significance was determined by 2-way ANOVA followed by 
Bonferroni’s posttest. ***P < .001; ****P < .0001. Scale bar is 50 µm. Abbreviations: Ep, Epithelial; LP, lamina propria.
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Figure 2. Loss of SCF expression in intestinal epithelial cells (IECs) does not alter intestinal mucosal architecture or susceptibility to DSS-induced colitis. 
A, RT-qPCR analyses of SCF expression in the colon of KitlgERΔIEC mice and control littermate Kitlgf/f mice 30 days following injection with tamoxifen. 
Shown is Kitlg (SCF) mRNA expression in colonic IECs and lamina propria (LP) cells isolated from KitlgERΔIEC or control Kitlgf/f mice. Data points represent 
mRNA expression values from individual mice, which were normalized to the housekeeping gene ribosomal protein 18 (Rps18). Each point denotes 
data from individual mice. For IECs, N = 9 Kitlgf/f; 9 KitlgERΔIEC animals/group achieving 95% power where alpha value = 0.05. For LP cells, 6 Kitlgf/f; 6 
KitlgERΔIEC animals/group. Graph represents values obtained from 3 independent experiments with a minimum of 6 mice per group. Data are expressed 
as means ± SEM. Significance is determined by a 2-tailed Student’s t test with Welch’s correction. **P = .0043. B, Representative images of H&E 
staining of sections of colonic Swiss roll mounts showing a gross mucosal architecture of KitlgERΔIEC vs Kitlgf/f mice. Scale bar is 90 μm. C-D, Loss of SCF 
expression in IECs does not exacerbate acute or chronic colitis as reflected by similar DAI scoring for Kitlgf/f and KitlgERΔIEC mice. Data were generated 
from one experiment with at least 6 to 7 mice per group and are expressed as means ± SEM. Significance was determined by 2-way ANOVA followed 
by Bonferroni’s posttest. E, Analysis of wound closure at day 3 postbiopsy wounding revealed no differences in wound repair in the absence of IEC-
expressed SCF. Dots represent the mean value from 3 to 5 wounds from individual mice. Data are combined values of 2 independent experiments with 
a total of 8 to 12 mice for Kitlgf/f and KitlgERΔIEC groups and are expressed as mean ± SEM.
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the contribution of IEC-produced SCF to intestinal mucosal 
wound healing was investigated using a third model of in-
jury and repair that employs a miniaturized endoscopic to 
create biopsy-induced wounds in the distal colon. In line with 
our previous observations, KitlgERΔIEC and control Kitlgf/f mice 
exhibited similar rates of wound healing 3 days after biopsy-
induced injury (Figure 2E). When combined, these results 
highlight the importance of nonepithelial cell–produced SCF 
during colitis and mucosal repair in the gut.

Neutralization of SCF248 and SCF220 Isoforms 
Promote Colonic Repair
To better assess the functional role of SCF during intes-
tinal inflammation and repair, we utilized an inhibitory 
anti-SCF polyclonal antibody (SCF248&220) developed in 
the Lukacs laboratory and validated as previously re-
ported26; 3  mg/mouse anti-SCF248&220 or rabbit anti-IgG 
control antibodies (Abs) were administered on days 5 and 
7 by intraperitoneal injection before assessment of DAI 
during DSS-induced colitis and recovery. Data revealed sig-
nificantly decreased inflammation, as reflected by reduced 
stool index (SI) and DAI scores on days 7 and 8 in mice 
injected with anti-SCF248&220 antibody (**P < .01, ***P < 
.001, Figure 3, A and B). Histological analysis of colonic 
tissue from IgG-treated control mice showed severe mucosal 
inflammation characterized by superficial ulceration, crypt 
destruction, mucosal damage, and leukocyte infiltration. In 
contrast, analysis of colonic mucosa from mice injected with 
neutralizing anti-SCF248&220 Ab revealed significantly reduced 
levels of mucosal inflammation and epithelial loss/erosion, 
and ulceration, that was reflected by a 70% reduction in the 
Histological Colitis Score (HCS, ***P = .0006, Figure 3, C 
and D). Compared with mice injected with control Ab, flow 
cytometry analysis of infiltrating leukocyte populations in 
the lamina propria of DSS-treated mice revealed significantly 
decreased recruitment of neutrophils upon anti-SCF248&220 
Ab administration. In addition, mast cells and eosinophil 
populations also displayed a downward trend. (*P = .04, 
Supplemental figures 1 and 2). In addition to immune cell 
infiltration, intestinal inflammation is also characterized by 
increased pro-inflammatory cytokine expression. Therefore, 
we investigated effects of SCF neutralization on expression 
of pro-inflammatory cytokines in the lamina propria during 
DSS-induced colitis. Data revealed significantly decreased 
expression of the proinflammatory cytokines Tnfa, Il17a, 
and S100a9, following SCF neutralization in DSS-treated 
mice (Tnfa, *P = .0481; Il17a, *P = .0355; S100a9, **P = 
.0018, Supplemental Figure 3). Taken together, our findings 
suggest that the blockade of SCF induces an anti-inflamma-
tory response during DSS induced colitis.

We next determined effects of SCF inhibition during mu-
cosal repair following biopsy-induced colonic injury. For 
these assays, anti-SCF248&220 or IgG control Abs were injected 
directly into colonic wounds before assessment of wound 
closure 1 and 3 days postinjury. Importantly, a significantly 
increased wound repair was observed at day 3 in mice 
injected with anti-SCF248&220 Ab compared with IgG control 
Ab injected animals (***P = .0002, Figure 3E). Taken to-
gether, data demonstrate that SCF inhibition enhances repair 
following DSS-induced colitis and improves rates of mucosal 
repair following mechanical injury in the colon by reducing 
myeloid cell infiltration into the lamina propria.

Given the robust upregulation of SCF248 observed during in-
testinal inflammation (Figure 1D), we next determined effects 
of inhibition of specific isoforms of SCF on intestinal repair 
using a monoclonal antibody (mAb) that specifically inhibits 
the cleavable SCF248 isoform.27 As was observed for total SCF 
neutralization, administration of an inhibitory anti-SCF248 
antibody significantly improved recovery from DSS-induced 
colitis as determined by a significant reduction in SI and DAI 
on days 7 and 8 relative to IgG control Ab injected mice (*P < 
.05, **P < .01, ***P < .001, Figure 4, A and B). Histological 
evaluation of colonic mucosa revealed significantly reduced 
mucosal inflammation and ulceration in mice treated with 
anti-SCF248 mAb vs IgG control Ab (**P = .0088, Figure 4, 
C and D). Taken together, these findings suggest that specific 
neutralization of SCF248 drives mucosal repair in the colon.

Discussion
The importance of SCF/c-KIT signaling in driving stem cell 
survival, proliferation, and differentiation during hemat-
opoiesis, gametogenesis, and melanogenesis has been well 
documented.36 Furthermore, although increased SCF expres-
sion has been reported in the inflamed mucosa of individuals 
with IBD,15,16 the role of SCF/c-KIT signaling during intes-
tinal inflammation and repair has not been explored. Here 
we report differential expression of SCF and c-KIT in IECs 
along the crypt luminal axis of the colon. Data showing SCF 
expression in colonic goblet cells are in line with previous 
reports demonstrating a functional interplay between SCF/c-
KIT and mucin-2 production/mucus secretion by goblet cells 
in colorectal adenocarcinoma.37,38 Our data also revealed SCF 
and c-KIT expression in stem cells at the crypt base, which is 
consistent with previously published cell-specific expression 
patterns identified by multicolor fluorescence-activated cell 
sorting and multiplexed single-cell qRT-PCR.39 Specifically, 
this previous study identified that SCF expression was 
detected predominantly in Lgr5+ stem cell populations; but it 
is important to note that c-KIT expression was found in small 
intestine Paneth cells and a subset of colonic goblet cells, clas-
sified as Paneth-like cells in the crypt-base. Taken together, 
these data suggest that at least 2 different crypt epithelial 
cell populations produce SCF and c-KIT during homeostatic 
conditions in the murine colon. Further studies will be re-
quired to determine if SCF produced by goblet cells vs Lgr5+ 
cells mediates differential downstream signaling and func-
tional outcomes during intestinal inflammation and repair.

Data shown here identifying IECs to be a source of SCF 
and c-KIT during mucosal homeostasis are supported by pre-
vious work reporting increased expression of both molecules 
in IECs relative to lamina propria cells.15 Stem cell factor and 
c-KIT expression have been previously reported in lamina 
propria cells, including enteric nervous cells, mast cells, and 
Cajal interstitial cells.40–44 However, further studies are needed 
to determine which specific lamina propria cells (structural or 
immune) express SCF and c-KIT in order to regulate mucosal 
repair.

The clinical relevance of SCF expression to human intes-
tinal disease is highlighted by a previous study demonstrating 
increased SCF expression in the epithelial lining, mucosa, and 
submucosa from individuals with UC and CD.15 Similarly, 
exposure to cholera toxin (CT) or Salmonella typhimurium 
has been shown to induce expression of SCF in the intestinal 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad003#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izad003#supplementary-data


1140 Garcia-Hernandez et al

Figure 3. Neutralization of SCF enhances mucosal wound repair in the colon. A-B, SI and DAI scores from mice injected with 3 mg/mouse anti-
SCF248&220 Ab or IgG control Ab at days 5 and 7 during DSS-induced colitis and repair. N = 13 DSS + IgG Ab; 13 DSS + SCF248&220 Ab animals/group 
achieving 95% power where alpha value = 0.05 at day 8. Data are combined from 2 independent experiments and are expressed as means ± SEM. 
Significance is determined by 2-way ANOVA followed by Bonferroni’s posttest. **P < .01; ***P < .001. C, Representative images of H&E staining of 
sections of Swiss roll mounts from the distal colon of mice treated with either anti-SCF248&220 or IgG antibodies. Colonic tissues were harvested on 
day 8 of the experiment. Scale bars are 2 mm (whole colon) and 200 µm (inset). D, Calculation of histological colitis score of injury/ulceration that 
represents the ratio of the length of injured/ulcerated areas (≥50% crypt loss) relative to the entire colon length reveals less mucosal ulcerations in anti-
SCF248&220 Ab-treated mice compared with controls. Dots represent individual mice. N = 5 DSS + IgG Ab; 5 DSS + SCF248&220 Ab animals/group achieving 
95% power where alpha value = 0.05 at day 8. Data are combined from 2 independent experiments and are expressed as means ± SEM. Significance 
is determined by a 2-tailed Student’s t test. ***P = .0006. E, Neutralization of SCF improves mucosal wound healing following biopsy-induced injury; 
10 μg of SCF248&220 or IgG antibodies were injected into the wound bed on day 1. Analysis of wound closure at day 3 postbiopsy wounding revealed a 
significant increase in wound repair following SCF neutralization. Dots represent the mean value calculated from the analysis of 3 to 5 wounds from 
individual mice. N = 7 DSS + IgG Ab; 7 DSS + SCF248&220 Ab animals/group achieving 95% power where alpha value = 0.05 at day 3. Data are combined 
from 2 independent experiments and are expressed as means ± SEM. Significance is determined by a 2-tailed Student’s t test. ***P = .0002.
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tract in vivo and the murine intestinal epithelial cell line 
MODE-K.17,18 Given the complex mechanisms that govern 
SCF signaling, an increased understanding of the role of spe-
cific SCF isoforms is of paramount importance. For example, 
previous work has shown that soluble and membrane-
bound SCF isoforms activate different signaling pathways 
downstream of c-KIT in order to affect distinct biologic 
outcomes.45,46 Here we show for the first time that the cleav-
able form of SCF (SCF248) can be specifically inhibited to 
promote intestinal repair and block colitis in mice subjected 
to either mechanical biopsy or DSS treatment, respectively. 
In contrast to our findings, a recent study that did not con-
sider the effects of specific SCF isoforms suggested that SCF 
signaling promotes epithelial tissue-regenerative responses 
mediated by Paneth cell de-differentiation in vitro.15 It is 

likely that differing effects observed on repair can also be 
attributed to the fact that this study was performed in vitro 
in the absence of nonepithelial cell populations.

The importance of SCF248 to mucosal inflammation is 
supported by previous reports demonstrating increased SCF248 
isoform expression and involvement in inflammatory conditions 
such as pulmonary fibrosis and chronic allergic asthma.27,47 
Consistent with SCF248 playing an important role in intestinal 
pathobiology, increased levels of soluble SCF have been reported 
in the plasma of individuals with UC and CD.30 Importantly, 
elevated SCF248 expression levels during DSS-induced colitis 
coincided with increased infiltration of neutrophils, mast cells, 
and eosinophils. Given that previous studies have demonstrated 
that mast cells42 and eosinophils48 produce SCF during in-
flammation, it is likely that these cells are a source of SCF248 

Figure 4. Specific neutralization of the SCF248 isoform promotes mucosal recovery after DSS-induced injury. Wild-type C57BL/6J mice were subjected 
to DSS-induced colitis followed by water recovery with 0.4 mg/mouse of anti-SCF248 Ab or IgG control Ab administrated by i.p. injection at days 3, 5, and 
7. (A, B) Anti-SCF248 Ab treatment enhanced recovery from DSS-induced colitis as reflected by significantly decreased SI and DAI scoring compared with 
IgG control Ab-treated mice. N = 8 DSS + IgG Ab; 7 DSS + SCF248 Ab animals/group achieving 95% power where alpha value = 0.05 at day 8. Data are 
combined from 2 independent experiments and are expressed as means ± SEM. Significance is determined by 2-way ANOVA followed by Bonferroni’s 
posttest. *p < .05, **p < .01; ***p < .001. C, Representative H&E images of sections of Swiss roll mounts from the distal colon of DSS-treated mice 
injected intraperitoneally with either anti-SCF248 or IgG antibodies. Colonic tissues were harvested at day 8 of the experiment. Scale bars are 2 mm 
(whole colon) and 200 µm (inset). D, Histological colitis score showing reduced mucosal ulceration in anti-SCF248 Ab-treated mice compared with 
controls. Dots represent individual mice. N = 5 DSS + IgG Ab; 4 DSS + SCF248 Ab animals/group achieving 95% power where alpha value = 0.05 on day 
8. Data represent one experiment and are expressed as mean ± SEM. Significance is determined by a 2-tailed Student’s t test on day 8. **P = .0088.
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in inflamed intestinal tissues. Similar findings in terms of mast 
cell–produced SCF248 have previously been reported in inflamed 
lung tissues.12,26,49,50 However, future studies are required to de-
termine if other cells such as neutrophils, enteric nervous cells, 
or fibroblasts51,52 produce SCF248 during intestinal inflamma-
tion. Importantly, both mast cells and eosinophils utilize SCF 
for activation and survival and may be part of the pathogenesis 
associated with disease severity.

To better understand contributions of SCF produced by in-
dividual mucosal cell types during colitis, we generated mice 
with intestinal epithelial-specific deletion of SCF (KitlgERΔIEC). 
Surprisingly, loss of expression of epithelial SCF did not in-
fluence susceptibility to or recovery from DSS-induced co-
litis, suggesting that SCF produced by nonepithelial cell 
populations is important for IBD pathogenesis. Therapeutic 
benefits of targeting SCF248 have been demonstrated for in-
flammatory conditions, including chronic asthma, pulmo-
nary fibrosis, and food allergen-induced intestinal disease. 
Importantly, these studies demonstrated that antibody-
mediated inhibition of SCF248 decreased lung pathogenesis 
and resulted in decreased pro-inflammatory cytokine produc-
tion and reduced levels of c-KIT+ innate immune cells, in-
cluding mast cells, eosinophils, and ILC2s.27,47,53 In support 
of this, it has been previously reported that SCF248 neutrali-
zation reduced infiltration of mast cells and eosinophils into 
the small intestine in response to food allergy53 and reduced 
immune cell influx during chronic asthmatic disease in vivo.47 
Furthermore, intrapulmonary instillation of SCF antisense 
oligonucleotides during allergen challenges was shown to re-
duce the infiltration of eosinophils into the lung.49

Here we report that SCF inhibition decreased neutro-
phil infiltration into inflamed colonic mucosal tissues. This 
decrease in neutrophil trafficking may be secondary to 
decreased eosinophil numbers and/or activation observed 
upon SCF inhibition, as eosinophils are known to play an 
important role in trafficking and activation of neutrophils 
to sites of intestinal inflammation through release of che-
motactic factors including IL-8, CXCL5, and GM-CSF.54–57 
Although the acute DSS plus recover injury model em-
ployed in this study recapitulates many events impor-
tant for the initiation and persistence of inflammation in 
human IBD, this model can be considered most relevant for 
studying a UC-like intestinal inflammation.58 Furthermore, 
the acute DSS model is particularly useful for studying the 
contributions of innate immune cells to intestinal inflam-
mation independent from adaptative immune response 
considerations.59 Given these limitations, future studies 
will explore effects of SCF248 blockade in other well-estab-
lished mouse CD-like models, such as acute and chronic 
2,4,6-trinitrobenzene sulfonic acid (TNBS)/ethanol expo-
sure59–61 and the spontaneous CD-like colitis model using 
SAMP1/Yit mice,62 which involve an adaptive immune re-
sponse. In conclusion, our studies highlight that specific in-
hibition of SCF248 during intestinal inflammation promotes 
mucosal healing, suggesting that anti-SCF neutralizing 
antibodies have potential as therapeutic agents to drive 
intestinal repair and reduce the severity of symptoms for 
individuals with IBD.

Supplementary Data
Supplementary data is available at Inflammatory Bowel 
Diseases online.
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