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The colonic epithelial lining undergoes constant replacement,
driven by epithelial stem cells in crypts of Lieberkühn. Stem cells
lost because of damage or disease can be replaced by adjacent
crypts that undergo fission. The close proximity of an extraordi-
nary number of luminal microbes creates a challenge for this repair
process; infection must be prevented while immune system acti-
vation and epithelial stem cell genetic damage must be minimized.
To understand the factors that modulate crypt/stem cell replace-
ment in the mouse colon, we developed an in vivo acute injury
system analogous to punch biopsy of the skin. In contrast to
epidermal stem cells, colonic epithelial progenitors did not migrate
over the wound bed. Instead, their proliferative expansion was
confined to crypts adjacent to wound beds and was delayed to the
latter phase of healing. This increased epithelial proliferation was
coincident with the infiltration of Trem2 expressing macrophages
and increased expression of IL-4 and IL-13 in the wound bed.
Interestingly, Trem2�/� mice displayed slow and incomplete
wound healing of colonic mucosal injuries. We found the latter
phase of healing in Trem2�/� mice showed a diminished burst of
epithelial proliferation, increased expression of IFN-� and TNF-�,
diminished expression of IL-4 and IL-13, and increased markers of
classical macrophage activation. Ablation of these cytokines in
injured WT and Trem2�/� mice demonstrated that their expression
ultimately determined the rate and nature of wound healing.
These studies show that Trem2 signaling is an important pathway
to promote healing of wounds in the colon where stem cell
replacement is necessary.
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The colonic epithelium forms the physical barrier between the
host and the colon’s luminal contents. It is primarily com-

posed of a single layer of terminally differentiated absorptive
enterocytes with contributions from two smaller populations:
mucous-secreting goblet cells and enteroendocrine cells. This
epithelium undergoes constant replacement driven by tripotent
epithelial stem cells located at the base of numerous epithelial
invaginations (approximately 400/mm2) called crypts of
Lieberkuhn (1). This absorptive barrier encloses a vast popula-
tion of microbes (upwards of 1012 organisms/ml) that normally
promotes numerous beneficial physiologic processes in the host
(2, 3). Despite the symbiotic nature of this interaction, breaches
of the colonic epithelium, particularly injuries involving focal
loss of epithelial stem cells, put the host at risk for localized and
systemic infection.

A number of experimental systems have been developed to
study the regulatory mechanisms of colonic epithelial homeosta-
sis in response to injury including drugs (e.g., dextran sodium
sulfate and indomethacin) and activating mutations within the
immune system (e.g., IL-10�/� mice) (4, 5). Previous studies
using these systems have suggested that the proliferative re-
sponse of the colonic epithelium to chronic injury stimuli
requires detection of these microbes through Myd88-mediated
Toll-like receptor signaling (6–8).

Although these systems produce severe colonic injury, includ-
ing focal epithelial stem cell loss, they are less conducive to
determining the exact mechanism of subsequent wound healing

because of the imprecise timing and location of the injury foci.
Therefore, we developed a simpler injury system analogous to a
widely used punch biopsy system in skin (9) to facilitate our
understanding of the process of colonic wound repair. Using this
system, we found that the cellular process of healing differs from
skin and that Trem2 is an important regulator of inflammatory
cytokines that greatly influences the efficiency of epithelial stem
cell/barrier replacement.

Results and Discussion
Enhanced Epithelial Proliferation Is Confined to Wound-Adjacent
Crypts and Is Delayed in Biopsy Injured WT Mice. Under the visual
guidance of a straight-type rigid miniature endoscope (10, 11),
we used 3 French biopsy forceps to create 3–5 discrete, oval-
shaped wounds in the mucosal lining of the distal colon of each
mouse (Fig. 1A). We selected lesions for further analysis that
produced an obvious depression in the mucosa measuring 1.75 �
0.25 mm along the major axis and 0.25 � 0.05 mm along the
minor axis at the time of the initial biopsy (day 0). We analyzed
images of individual lesions that were obtained during repeat
endoscopy every two days to quantify changes in the surface area
of the depressed region of each lesion. In WT, adult C57BL/6
mice, we observed a reproducible reduction in the average lesion
surface area over time: Two days postinjury the wound area was
reduced by 45.4% (SD � 9.5%; day 0 � baseline), by day 4 it was
reduced by 70.7% (SD � 8.5%), and by day 6 by 98.7% (SD �
1.0%; Fig. 1 A and B).

Analysis of histology and epithelial proliferation showed two
distinct phases of healing. Several processes occurred during the
first phase. At 6 h postinjury, fibrin, platelets, neutrophils, and
red blood cells attached to surface of the wound bed (Fig. 1C).
By day 1–2 this cellular material was replaced by a monolayer of
epithelial cells (Fig. 1C). Reduction of wound bed surface areas
during this initial phase appeared to depend on contracture of
the surface epithelium around the wound as adjacent crypts
slanted inwards toward the wound bed. Epithelial proliferation
did not increase in these crypts during the first day after injury
as determined by bromodeoxyuridine (BrdU) incorporation
(Fig. 1D).

Two features defined the second phase of mucosal regener-
ation. First, a statistically significant increase in epithelial pro-
liferation occurred that was confined in space (to the 2–4 crypts
adjacent to the wound bed) and time (days 2 and 4 postinjury;
P � 0.01, Fig. 1 D and E). Second, an increase in the number of
stromal cells was observed in the wound bed beginning at day 2
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postinjury. By day 6, recovery of the injured area was nearly
complete as epithelial proliferation and stromal cell census had
returned to preinjury levels (Fig. 1C).

The epithelial cells that initially covered the wound during the
first phase (wound associated epithelial [WAE] cells) did not
proliferate from the time of injury to day 4 postinjury. During
this time frame, we never observed WAE cells that incorporated
BrdU after a one hour pulse label (Fig. 1F for day 1 and data not
shown for day 2 and day 4). In addition to being postmitotic,
WAE cells expressed high levels of claudin-4 (Fig. 1G), were
shorter, and expressed decreased levels of villin relative to
surface epithelial cells located distant from the wound bed
(supporting information (SI) Fig. S1 A). Interestingly, claudin-4
is known to be expressed on follicular associated epithelial cells
that overlay mucosal lymphoid aggregates (12, 13). We found
that the WAE cells contained the tight junction protein occludin,
but not ZO-1, in their cytoplasm (Fig. S1 B and C). Specific
mislocalization of occludin in cultured epithelial cells has been
associated with leaky tight junctions (14). The source of the
WAE cells appeared to be the crypts that were adjacent to the
wound bed. To test this idea, we performed a pulse–chase
experiment using BrdU incorporation to label crypt epithelial
progenitors at the time of biopsy injury (Fig. S1 D and E). After
a two day chase period, we readily found BrdU-positive WAE
cells (Fig. S1 F and H). After a four day chase period, BrdU-
positive WAE cells were no longer present, indicating rapid
migration and turnover of these cells (Fig. S1G).

Overall, the process of epithelial wound repair differs when
comparing colon to skin. In colon, epithelial proliferation is
delayed whereas epidermal stem cells increase proliferation at
the time of injury (9). In the colon, postmitiotic WAE cells
initially cover the wound bed, whereas in the skin, proliferative
epidermal stem cells migrate underneath a persistent clot and
later regenerate the epidermis (9).

Efficient Wound Healing Did Not Require Neutrophils or TLR-Signaling.
Recent studies have suggested that colonic epithelial stem cells
are strongly influenced by their local stromal microenvironment
and Myd88-dependent Toll-like receptor signaling during mu-
cosal injury (7, 15). We quantified the major stromal cell types
in both the wound bed and adjacent crypt areas of WT and
Myd88�/� mice. Two cell types showed significant increases in
both strains: neutrophils peaked during the first phase of healing
(6 h postbiopsy) and macrophages peaked during the second
phase (days 2–4 postbiopsy; Fig. S2 A and B). In contrast, the
number and location of B and T lymphocytes, dendritic cells,
myofibroblasts, and endothelial cells were not obviously altered
within wound sites in either strain (Fig. S2 A).

The increase in stromal neutrophils and macrophages at
defined times suggested accompanying alterations in cytokine
production. Therefore, we performed qRT-PCR analysis using
total RNA extracted from biopsy injury sites, including a 0.5-mm
margin of the adjacent colonic mucosa. Interestingly, mRNAs
indicative of Th1 cytokine stimulation (TNF-� and IFN-�) were
enriched in the wounds of WT mice before the emergence of the
WAE cells (6 h; Fig. S2C). As expected, Myd88�/� mice did not
show an elevation of Th1 cytokine RNAs. In contrast, mRNAs
encoding Th2 cytokines were elevated (IL-4 and IL-13) in
wounds of WT and Myd88�/� mice during the second phase of
wound healing (day 2–4; Fig. S2C).

We hypothesized that the major cell types and cytokines
elevated at specific times during wound healing might be essen-
tial for mucosal regeneration. We treated biopsy-injured WT
mice with antibodies directed against (i) GR-1 to ablate neu-
trophils by �95% (similar to previous injury studies; ref. 7, 16)
and (ii) TNF-� and IFN-� (17–19) to ablate Th1 cytokines. We
found that in both of these experiments, the process of wound
healing was indistinguishable from isotype control-treated mice

Fig. 1. Mucosal regeneration of WT mice after colonic biopsy injury. (A)
Serial endoscopic views of a biopsy injury site in a WT mouse colon. The yellow
dotted lines depict the depressed area margin of the lesion at each time point.
No depressed area was observed at day 6. The length of the major axis � 1.75
mm (day 0), � 1.5 mm (day 2), � 1.0 mm (day 4) and � 0.6 mm (day 6). (B) Plot
of the average surface area of lesions � SD relative to the original size of the
wound (n � 20 lesions from 5 mice). (C) H�E-stained sections of WT mouse
colons at various times post biopsy injury. At 6 h, fibrin, platelets, neutrophils,
and red blood cells were extruded and attached to surface of the injured area
(arrow). By day 1, clotted material was no longer present and in its place an
epithelial cell monolayer had formed over the wound bed (arrowheads).
Between days 2 and 4, the cell census of adjacent crypts was expanded. By day
6, crypts repopulated the wound bed. Bars � 100 �m. (D) Serial sections from
C stained with BrdU to label cells in S-phase. Insets (yellow dashed boxes) show
crypts adjacent to wound. Bars � 100 �m (Insets � 20 �m). (E) Quantification
of epithelial cell proliferation (percentage of BrdU positive cells) in the three
crypts adjacent to the wound (n � 12 lesions/group from 3 mice per group). At
days 2 and 4 postinjury, epithelial cell proliferation was significantly increased
as compared with day 0 (P � 0.01; blue asterisks). (F) BrdU stained sections of
a WT mouse one day post biopsy injury showing two populations of BrdU
negative surface epithelial cells emanating from a crypt (BrdU positive cells).
(Scale bar: 20 �m.) (G) Section of WT injury stained with antisera directed
against claudin-4 (red) and �-catenin (green). Only the WAE cells are claudin-4
positive (Inset). (Scale bars: 100 �m for main panel and 20 �m for the Inset.)
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(data not shown). These results indicate that decreasing either
neutrophils or Th1 cytokines that are normally elevated during
the early phase of healing did not influence that overall rate of
wound healing.

We previously showed that the TLR signal adaptor, Myd88
was required in bone marrow derived cells to stimulate epithelial
proliferation in crypts adjacent to mucosal ulcers that formed
during DSS injury (7). Therefore, we tested whether Myd88 was
necessary to increase epithelial proliferation during the second
phase of healing in our biopsy injury system. Interestingly, our
analysis of biopsy injuries in Myd88�/� mice showed a time
course of healing and epithelial cell proliferation were indistin-
guishable from similarly biopsy injured WT mice. (Fig. S3).
Thus, efficient wound healing appears to be Myd88-independent
for acute colonic mucosal injuries. One possible explanation for
the difference of the two systems is that DSS inhibits epithelial
proliferation that requires both TLR and prostaglandins to
rescue it in WT mice (15). This finding is similar to skin, where
Myd88 signaling was required for proper wound healing only when
punch biopsies were inoculated with pathogenic microbes (20).

Efficient Wound Healing Requires Trem2 Signaling. We next evalu-
ated other macrophage-expressed genes that can modulate
Th1/Th2 cytokine production. We considered Trem2 for two
major reasons. First, Trem2 is a cell surface receptor (with as yet
undetermined ligand) that is specifically induced in macrophages
by IL-4/IL-13. Second, Trem2 signaling is important in injury
responses (21–26). In situations where low levels of TLR ligands
are present, Trem2 suppresses TLR signaling (23, 24). Greater
levels of TLR ligands suppress the expression of Trem2, thereby
abrogating its function. The osteoclast (a close relation to the
macrophage) is another cell type that requires Trem2 function
(22). We found that in WT and Myd88�/� mice, Trem2 mRNA
was induced to its maximum levels at day 2 postinjury, concur-
rent with peak macrophage accumulation. Trem2 mRNA levels
returned to baseline at day 6, when wound repair was complete
(Fig. 2A). Immunofluorescence analysis showed that Trem2
protein expression was detectable only in a subpopulation of
macrophages within the wound bed of WT and Myd88�/� mice
(Fig. 2 and Fig. S4A).

Colonic biopsy injury of Trem2�/ mice resulted in significantly
slowed and incomplete mucosal healing (out to day 10 postin-
jury; Fig. 2 C–F). Histological analysis of biopsy injury sites of
Trem2�/� mice showed WAE cells formed normally over the
wound bed by day 2 postinjury. However, in contrast to WT
injuries, the wound beds of Trem2�/� mice exhibited a sustained
increase in stromal cells at day 6 and beyond (Fig. 2D). Inter-
estingly, the crypts adjacent to biopsy injuries in Trem2�/� mice
displayed decreased epithelial cell proliferation (and, as a sur-
rogate, crypt height) at day 2 and day 4 postinjury as compared
with WT mice (Fig. 2G and Fig. S4B), despite the fact that
neutrophil and macrophage elevation in the wound bed showed
a similar timing and peak magnitude between these groups of
mice (Fig. 2H).

Trem2 Signaling Influences the Cytokine Balance in Colonic Wounds
That Effects Macrophage Activation State and Healing. Trem2 ex-
pression was an important factor in the control of the balance of
Th1 and Th2 cytokines during the second phase of mucosal
healing. In contrast to WT mice, TNF-� and IFN-� mRNA
expression in Trem2�/� mice was significantly elevated during
the second phase of wound healing (Fig. 3A). Interestingly,
expression of IL-4 and IL-13 were decreased in the second phase
of wound healing in Trem2�/� mice as compared with WT
(Fig. 3A).

We performed two experiments to test the role of these
cytokines in wound healing. First, we ablated TNF-� and IFN-�
in biopsy-injured Trem2�/� mice using neutralizing antibodies,

Fig. 2. Trem2 is required for proper colon mucosal healing. (A) Plot of Trem2
mRNA expression (mean � SD) at times postinjury. WT and Myd88�/� mice
showed similar patterns of Trem2 mRNA up-regulation that peaked two days
after biopsy (n � 12 lesions/group from 4 mice per group, P � 0.01; asterisks
indicatestatistically significantdifferences forWTinblueandMyd88 inredversus
their own 0 h baselines). (B) Double-label immunohistochemistry from WT and
Trem2�/� mice showing expression of Trem2 protein (red) and F4/80-positive
macrophages (green) located in the wound bed two days after biopsy. (C) Serial
endoscopic views of a biopsy injury site from an adult Trem2�/� mouse colon. The
yellow dotted lines depict the margin of the lesion at each time point. A de-
pressed area remained at day 6 and persisted through day 10. The length of the
major axis � 1.5 mm (day 0), � 1.0 mm (day 6), and � 0.8 mm (day 10). (D)
H�E-stained sections of Trem2�/� mouse colons at times postbiopsy injury. The
surface of the wound bed was covered by epithelial cells by day 2 in Trem2�/�

mice.Stromalcellspersisted inthewoundbed(asterisk)atday6. (E) Serial sections
from (C) stained with BrdU (Insets of crypts adjacent to the wound bed in yellow
dashed boxes). (F) Plot of square root (to generate linear graphs) of the mean
(� SD) surface area of lesions in Trem2�/� mice (orange) and WT (blue) mice
showed healing was delayed in the absence of Trem2. These healing curves are
statistically significantly different (see Table S1 for description). (G) Quantifica-
tion of percentage BrdU incorporation in three crypts adjacent to injured areas
(WT and Trem2�/� are compared at each time point, n � 12 lesions/group from
3 mice per group, blue asterisk indicates P � 0.01 by student’s t test). (H) Plots of
Gr-1 positive neutrophils at 6 h postinjury (Left) and F4/80-positive macrophages
at day 2 postbiopsy injury (Right) in WT, Myd88�/�, and Trem2�/� mice (n � 16
lesions/group from 4 mice per group). (Scale bars: 10 �m in B; 100 �m in D and E;
and 20 �m in E Insets.
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which significantly (but not completely) rescued the defects in
healing and epithelial census of crypts adjacent to the wound by
day 4 postinjury (Fig. 3B and Fig. S5A). In a second group of
experiments, we treated biopsy-injured WT mice with neutral-
izing antibodies directed against IL-4 and IL-13 that resulted in
wounds that did not completely heal by day 10 (similar to
Trem2�/� mice; Fig. 3C). We also evaluated Stat6�/� mice as
Stat6 is a downstream mediator of IL-4/IL-13. These mice also
showed abnormal wound repair and displayed decreased epi-
thelial census in crypts adjacent to the wound (Fig. S5 B–E).
Thus, control of the expression of these cytokines in the wound
bed, in part through the influence of Trem2, is important for
efficient and complete wound repair.

Recent studies have suggested that Th2 cytokines, especially

IL-4 and IL-13, can stimulate an ‘‘alternative’’ (M2) activation of
macrophages (27–28) as opposed to ‘‘classical’’ (M1) activation
of macrophages by Th1 cytokines that is stimulated by IFN-�. We
therefore examined mRNA expression of markers of M1 and M2
activated macrophages in the wound bed. We found that induc-
ible nitric oxide synthase and Iigp (M1 markers) were signifi-
cantly increased in Trem2�/� mice as compared with WT and
Myd88�/� mice (Fig. 3D). At the same time points, arginase 1,
Ym1 and mannose receptor (M2 markers) mRNA expression
were significantly decreased in Trem2�/� mice (Fig. 3D).

Taken together, these data suggest that Trem2 signaling not
only inhibits expression of M1 markers of activation but also
promotes expression of markers of M2 activation of wound bed
macrophages by terminating proinflammatory cytokine produc-
tion. Because Trem2 is detected in wound bed macrophages, we
infer that alteration in M1/M2 marker expression occurs in these
cells. Trem2 activity in macrophages then terminates proinflam-
matory cytokine production either in macrophages themselves
or another as yet unidentified cell type in the wound bed. Trem2
also is required to maintain high levels of the expression of Th2
cytokines that facilitate wound healing. We found that one

Fig. 4. Trem2 sits at a focal point for the promotion of wound repair. Trem2
expression peaks in wound associated macrophages (blue circle) at day 2 post
injury at a time when the WAE cell layer is formed and IL-4 and IL-13 also
increase. IL-4 and IL-13 are known to increase Trem2 expression on macro-
phages (24). Our hypothesis is that the WAE cells form a barrier that limits
exposure to bacterial products (either none or low levels). At low levels of TLR
antigens, Trem2 is known to inhibit Myd88-mediated TLR signaling (23, 24). At
higher levels of TLR antigens, Trem2 expression is inhibited (24), thus relieving
the inhibition of TLR signaling that we hypothesize leads to an increase in
proinflammatory cytokines in macrophages and/or other wound bed cells. Key
unanswered questions are the nature of the interaction of the WAE cells and
macrophage activation, the precise functional sources of IL-4 and IL-13 in this
system and the role of the activated macrophage products on colonic epithe-
lial progenitor proliferation and thus wound healing (all indicated by asterisks
in diagram).

Fig. 3. IL-4 and Il-13 are required for proper biopsy wound healing. (A) Plots
of mRNA expression (mean � SD) for Th1 and Th2 cytokines in biopsy injured
WT and Trem2�/� mice. For each mouse genotype, comparisons between
individual time points post injury were compared with uninjured areas (0 h).
Statistically significant differences (P � 0.01) are denoted by either blue
asterisks (WT) or red asterisks (Trem2�/�). (B and C) Administration of neu-
tralizing antibodies for TNF-� and IFN-� accelerated the healing in Trem2�/�

mice. Administration of neutralizing antibodies for IL-4 and IL-13 delayed
wound healing in WT mice. For both experiments, the healing curves were
statistically different (P � 0.001) as determined by generalized estimating
equations, n � 12 lesions from 3 mice per group (see Table S1 for description
and p values). (D) Plots of mean (� SD) fold-change of relative mRNA expres-
sion as determined by qRT-PCR analysis of wound beds procured at day 2 post
injury (baseline of expression is 0h for each genotype) for WT, Myd88�/�,
Trem2�/� mice (n � 12 lesions/group from 3 mice per group). Statistically
significant differences (P � 0.01) as determined by Student’s t tests between
groups are indicated by an orange asterisk.
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source for IL-4 appears to be a subset of T cells in the wound bed
(Fig. S6) as was previously demonstrated in the spleens of mice
with a parasitic infection (29). Future studies will be required to
further delineate the functional cellular source(s) of these
cytokines.

These findings can be generalized to other inflammatory
systems of the colon. We found that diminished wound healing
of biopsy injuries also occurred in WT mice treated with dextran
sodium sulfate (DSS)(Fig. S5F). DSS creates an injury with an
M1 signature in the mesenchyme (7) further supporting the idea
that this type of macrophage activation inhibits colonic wound
healing.

Prospectus. Using a novel in vivo model of acute mouse colonic
mucosal regeneration, we found that Trem2 promotes efficient
wound healing by inhibiting cytokines that can enhance M1
macrophage activation and promoting cytokines that can pro-
mote M2 macrophage activation in the wound bed (Fig. 4). An
important question is the cellular source(s) of IL-4 and/or IL-13.
One aspect of wound healing that is correlated with the presence
of M2 macrophages is an increase in epithelial census and
proliferation in wound-adjacent crypts. One possible target that
requires additional study is arginase 1 produced from M2
macrophages. This molecule can shift L-arginine utilization to
production of polyamines, which might contribute to adjacent
epithelial proliferation through c-myc and p21 (27, 30, 31). The
resulting elongated crypts may then undergo fission (32) and
thus participate in wound healing.

We also propose that further understanding the role of WAE
cells in colonic wound repair will be important as the timing of
their appearance correlates with Trem2 expression. We predict
that circumstances where this barrier (and thus WAE cells) is
chronically damaged will decrease Trem2 expression in recruited
macrophages and lead to inefficient healing as macrophages will
be directly exposed to high levels of bacterial TLR antigens. With
infection by bacterial pathogens, this course of action may be
temporarily preferable so that M1-activated macrophages can
clear the wound bed of microbes. We predict this system will
provide a framework to test the role and mechanism of beneficial
indigenous microbes (given as ‘‘probiotics’’) in wound healing.
Under conditions of colonic damage, specific microbial compo-

nents either stimulate Th1 type cytokines or Th2 type cytokines
(33). These cytokines may modulate the type of macrophage
activation state to influence the nature of wound healing that
occurs. In addition, these findings suggest that patients with
defects that effect barrier function or immune cell activation in
the intestine will promote Th1 cytokines during injury that will
overwhelm the ability of Trem2 to inhibit this process and cause
impaired healing.

Materials and Methods
Mice. All animal studies were performed according to protocols approved by
the Washington University School of Medicine Animal Studies Committee. All
strains were maintained on a C57BL/6J (B6) genetic background and were
maintained free of specified pathogens in a barrier facility under a strict 12-h
light cycle. Adult (8- to 16-week-old) male mice were used for all of the
experiments.

Endoscopic Procedures. To create discrete mucosal injuries in the mouse colon
and to monitor their regeneration, we used a high-resolution miniaturized
colonoscope system (10, 11). This system consisted of a miniature rigid endo-
scope (1.9-mm outer diameter), a xenon light source, a triple chip high
resolution CCD camera, and an operating sheath with 3 Fr. instrument channel
and water injection bulb to regulate inflation of the mouse colon (all from Karl
Storz). Endoscopic procedures were viewed with high resolution (1024 � 768
pixels) images on a flat panel color monitor.

Procedure for Biopsy Injury. The night before the initial biopsy injury, food was
removed from the mouse cages. The following morning, mice were anesthe-
tized by using ketamine and xylazine. The endoscope with outer operating
sheath was inserted to the mid-descending colon and the mucosa was sur-
veyed to the ano-rectal junction. Then, we inserted flexible biopsy forceps
with a diameter of 3 French, and removed single full thickness areas of the
entire mucosa and submucosa. We took particular care to avoid penetration
of the muscularis propria. Each mouse was biopsy injured at 3–5 sites along the
dorsal side of the colon (spacing was �5 mm).

Detailed descriptions of methods for quantification of wound regenera-
tion, antibody neutralization studies, immunohistochemistry, and RNA gene
expression analysis can be found in the SI Supplemental Materials and
Methods.
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