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SUMMARY

This work presents a novel pathway of intestinal regener-
ation wherein infiltrating microbial signals promote the

recruitment of granulocytic immature myeloid cells that
activate proregenerative lymphatic cells. Ablation of the gut
microbiome or immature myeloid cells reduces intestinal
regeneration after irradiation injury.

BACKGROUND & AIMS: The intestinal epithelium functions
both in nutrient absorption and as a barrier, separating the
luminal contents from a network of vascular, fibroblastic, and
immune cells underneath. After injury to the intestine, multiple
cell populations cooperate to drive regeneration of the mucosal
barrier, including lymphatic endothelial cells (LECs). A popu-
lation of granulocytic immature myeloid cells (IMCs), marked
by Hdc, participate in regeneration of multiple organs such as
the colon and central nervous system, and their contribution to
intestinal regeneration was investigated.
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METHODS: By using male and female histidine decarboxylase
(Hdc) green fluorescent reporter (GFP) mice, we investigated the
role of Hdc" IMCs in intestinal regeneration after exposure to 12
Gy whole-body irradiation. The movement of IMCs was analyzed
using flow cytometry and immunostaining. Ablation of Hdc™ cells
using the Hdc“™ER*" tamoxifen-inducible recombinase Cre system,
conditional knockout of Prostaglandin-endoperoxidase synthase 2
(Ptgs2) in Hdc" cells using Hdc®™; Ptgs2 floxed mice, and visu-
alization of LECs using Prox1™T°™ mice also was performed.
The role of microbial signals was investigated by knocking down
mice gut microbiomes using antibiotic cocktail gavages.

RESULTS: We found that Hdc* IMCs infiltrate the injured intestine
after irradiation injury and promote epithelial regeneration in part
by modulating LEC activity. Hdc™ IMCs express Ptgs2 (encoding
cyclooxygenase-2/C0X-2), and enables them to produce prosta-
glandin E,. Prostaglandin E; acts on the prostaglandin E; receptor 4
receptor (EP4) on LECs to promote lymphangiogenesis and induce
the expression of proregenerative factors including R-spondin 3.
Depletion of gut microbes leads to reduced intestinal regeneration
by impaired recruitment of IMCs.
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CONCLUSIONS: Altogether, our results unveil a critical role for
IMCs in intestinal repair by modulating LEC activity and
implicate gut microbes as mediators of intestinal regeneration.
(Cell Mol Gastroenterol Hepatol 2024;17:321-346; https://
doi.org/10.1016/j.jcmgh.2023.10.007)
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pithelial tissues such as the skin or intestine un-
dergo constant stress and injury and must contin-
uously regenerate to maintain proper barrier function.
Compromise of the intestinal barrier leads to penetration of
numerous microbial products from commensal bacteria,
such as the endotoxin class lipopolysaccharides (LPS),
which affects tissues locally and systemically. LPS exposure
generally is considered harmful, so regeneration of the
epithelium is tightly regulated to limit endotoxin exposure
and maintain proper healing after injury without excessive
growth." In the intestine, epithelial regeneration relies on
complex crosstalk between intestinal stem cells (ISCs), and
surrounding niche cells, including endothelial cells, fibro-
blasts, and immune cells.>”* These niche cells produce
several signals, including R-spondins, wingless-related
integration site factors (Wnts), and epidermal growth factor
(EGF) family ligands, that are essential for ISC maintenance
and epithelial regeneration.”®
One population of niche cells, lymphatic endothelial cells
(LECs), have been shown to be an essential source of R-
spondin 3 (RSP0O3) in the intestine.”'” RSPO3 is the major
ligand for the leucine rich repeat containing G protein
coupled receptors 4 and 5 (LGR4/5)4/5 receptors on ISCs
and progenitor cells and is necessary for proper regeneration
after injury."' LECs exist in a network in the intestine that
consists of a central lacteal located in the center of the villus,
which connects to precollectors in the submucosa.'* Pre-
collector LECs surround the crypt base and associate with
ISCs to regulate their activity.'’ This LEC population expands
in the intestine after whole-body irradiation (WB-IR), and
conditional knockout of the Rspo3 gene in LECs hinders in-
testinal regeneration, highlighting the importance of LEC-
derived RSPO3 in regenerating the intestine."*'* Lym-
phatics also expand in the bone after WB-IR and participate in
bone regeneration.'” Although the expansion of LECs and
increased RSPO3 production are necessary for intestinal
regeneration, it is unclear how LECs are activated and RSPO3
secretion is induced in response to intestinal injury. In
addition to secreting niche factors, LECs are important me-
diators of inflammatory signaling by regulating the traf-
ficking of immune cells from lymphoid organs to inflamed
tissues. LECs are known to secrete several chemokines that
modulate lymphocyte and dendritic cell migration during
inflammation, such as CC motif chemokine ligand 21 (CCL21),
CCL27, C-X-C motif chemokine ligand 12 (CXCL12), and
CXCL14.'¢"*° Although the role of LECs in immune regulation
has been well studied in adaptive immunity,”’ how LECs
regulate innate immune cells is less understood.
Myeloid cells, a type of innate immune cells, have been
shown to play essential roles in intestinal homeostasis and
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regeneration.”’ ** During injury, lymphocyte antigen 6
family member C1 positive (Ly6C™) monocytes accumulate
rapidly in the intestine and integrate signals coming from
gut microbes to the injured epithelium through Toll-like
receptor (TLR) signaling.”**" Infiltrating monocytes are a
vital source of Wnts that promote survival of Lgr5" cells
during injury and epithelial repair.> Myeloid-derived Wnt
signaling also plays an important role in regulating LEC
proliferation in the dermal epithelium.”® Myeloid cells also
can regulate lymphatic cell angiogenesis through the pro-
duction of vascular endothelial growth factor (VEGF)-A and
VEGF-C.””*® In addition to Wnt and Vegf signaling, myeloid
cells in the intestine also express Ptgs2 (the gene encoding
the cyclooxygenase-2 [COX-2] enzyme), which catalyzes the
rate-limiting step in producing prostaglandin E, (PGE2).2%*°
PGE2 is a bioactive lipid that mediates inflammatory signals
through several different types of receptors, including the E-
type prostanoid receptors (EP).** PGE2 has been known to
protect mice against IR injury-induced death since the
1980s.* Specifically, pretreating mice with PGE2 protects
epithelial cells from IR-induced apoptosis by inhibiting Bcl-
2-associated X protein (Bax) signaling.*® Moreover, PGE2
also is able to promote intestinal epithelium repair by
expanding the pool of regenerative progenitor cells through
prostaglandin E, receptor 4 (EP4)-receptor signaling.””***°
Notably, in breast tissue, PGE2 is a known activator of LEC
lymphangiogenesis through the EP4 receptor,’® but its role
in regulating intestinal LECs is unknown.

A certain subset of immature myeloid cells (IMCs) ex-
presses histidine decarboxylase (encoded by the gene
Hdc).*”® Histidine decarboxylase (Hdc) " IMCs are primarily
granulocytic, marked by CD11b" Ly6G", with a smaller
subset being monocytic and Ly6C*. During homeostasis,
these cells comprise >80% of IMCs in the bone marrow and
rarely are found in the circulation or peripheral tissues.>? In
addition to maintaining the bone marrow hematopoietic
stem cell niche through histamine production, this IMC
population is mobilized rapidly from the bone marrow to

*Authors share co-first authorship.
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damaged tissues in response to inflammatory conditions
such as acute colitis, cancer, or LPS endotoxemia.>”-394°

Here, we studied the role of Hdc" IMCs in intestinal
regeneration after IR injury. We found that after damage to
the intestinal barrier, LECs are exposed to microbial-derived
signals, which trigger their up-regulation of the chemokine
Cxcl1. This in turn recruits Hdc* IMCs near intestinal LECs
in a CXCR2-dependent manner. Within the intestine, Hdc*
IMCs support mucosal regeneration by secreting PGE2,
which activates the LECs through EP4 and promotes their
up-regulation of proregenerative factors including Rspo3,
Ccl21a, and Wnt2a. Using transgenic mouse models, we
show that Hdc® IMCs are essential for mediating the
response to microbial signals and orchestrating LECs’ role in
intestinal regeneration.

Results
Hdc™ IMCs Are Recruited to the Damaged
Intestine After Irradiation Injury

We previously have shown that Hdc™ IMCs are mobilized
from the bone marrow to the colon during dextran sodium
sulfate-induced colitis and promote regeneration.>? To test if
Hdc™" IMCs are involved in intestinal regeneration, we used a
model of 12-Gy WB-IR, which induces acute damage to the
intestinal epithelial stem and progenitor zone cells.*' To
track the movement of Hdc™ IMCs, we took advantage of our
previously generated Hdc-green fluorescent protein reporter
(Hdc®"®) mice, which fluorescently label the majority of
CD11b" Ly6G™ granulocytic IMCs.*®* Immunofluorescent
visualization of the jejunum, and flow cytometry analyses of
the jejunum and ileum, revealed that Hdc®*®* cells are
virtually absent from the small intestine of unirradiated mice,
but infiltrate the tissue 3 days after 12-Gy WB-IR exposure
(Figure 14-C). Within 10 days after IR, when regeneration is
mostly finished,** Hdc®""" cells were absent in the intestine.
Importantly, immunophenotypic analysis of Hdc®** cells in
the intestine after irradiation confirmed that these cells are
CD45" immune cells, and further analysis showed that
approximately 95% are CD11b" Ly6G* granulocytic IMCs,
with the remaining 5% consisting of CD11b" Ly6C+ mono-
cytic IMCs (Figure 1D). Hdc also is expressed by other cell
types such as basophils and mast cells,** however, we found
that 0% of Hdc“"*" cells in the intestine after irradiation
were mast cells or basophils (Figure 1D). This finding aligns
with our previously published data that mast cells and ba-
sophils are not marked in our Hdc®*® mice, likely because of
their expression of Hdc being lower than IMCs.*

Hdc™ IMCs Are Indispensable for Intestinal
Regeneration After IR

Because the gut-homing kinetics of Hdc' IMCs after WB-IR
aligns with the temporal dynamics of intestinal regeneration,
we hypothesized that these IMCs may be important for intes-
tinal regeneration after IR. To test this hypothesis, we selec-
tively ablated Hdc" cells in vivo using a tamoxifen-inducible
diptheria toxin A mouse model (Hdc“®®™%; R26°T4)7 After
Cre induction via a tamoxifen-containing diet, Hdc“®R"%
R26°™ mice showed an up to 10-fold reduction in IMCs
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infiltrating the intestine 3 days post-IR, relative to wild-type
controls (Hdc“5R™2; R26"™), confirming the cell depletion in
this model (Figure 2A-C). We found no difference in the number
of mast cells or basophils in the intestines of Hdc“"* "%, R26°™
after irradiation compared with controls (Figure 2D-E). Abla-
tion of Hdc™" cells in the setting of IR reduced intestinal regen-
eration, as evidenced by reduced villus length, epithelial cell
proliferation, and fewer regenerating crypts in the jejunum of
Hdc“"*ERT2; R26PTA mice relative to controls (Figure 2F-I). This
impairment of intestinal regeneration was associated with
decreased survival (Figure 2J). To confirm the role of Hdc* IMCs
in intestinal regeneration, we performed adoptive transfer of
CD11b™; Hdc® ™+ or HAc®™ bone marrow cells from nonirra-
diated Hdc®F mice into irradiated Hdc®®ERT; R26°™ mice. Mice
receiving Hdc®*®* cells had significantly more IMCs accumu-
lated in the intestine 6 days after IR and adoptive transfer,
confirming that the transferred cells can home to the intestine
(Figure 2K-L). Transfer of Hdc®™®*, but not Hdc®™, cells
increased intestinal regeneration, suggesting that Hdc* IMCs
contribute to intestinal regeneration more than their Hdc
counterparts (Figure 2M-0). Together, these results suggest
that Hdc™ IMCs are indispensable for intestinal regeneration
after IR injury.

Hdc™ IMCs Promote Epithelial Regeneration via
Production of PGE2

Myeloid cells in the intestine are known to be sources of
PGE2,2°** which has been shown to promote intestinal
epithelial regeneration.***> We previously reported that
Hdc" IMCs express Ptgs2, encoding COX-2, a key enzyme
responsible for PGE2 production.”’ Interestingly, we found
that intestinally recruited Hdc™ IMCs in irradiated mice
significantly up-regulate PtgsZ2 expression compared with
those found in the bone marrow of healthy mice (Figure 34).
However, Hdc' IMCs sorted from the bone marrow of irra-
diated mice do not up-regulate Ptgs2, suggesting that there
may be specific signals in the intestine that promote this up-
regulation. Sorted Hdc"™ IMCs from the intestine of irradiated
mice express Ptgs2 significantly more than their Hdc™ coun-
terparts, as previously reported (Figure 3B).*" Finally, we
performed immunostaining for COX-2 in the intestines of
irradiated Hdc“"* mice and found that a subset of Hdc" IMCs
that infiltrate the intestine are positive for COX-2 (Figure 3C).
Together, these data suggests that recruited Hdc™ IMCs
supply PGE2 to the regenerating intestine.

To study the role of Hdc* IMC-derived PGE2, we selec-
tively abrogated Prostaglandin-endoperoxidase synthase 2
(Ptgs2) expression in Hdc" cells using Hdc®®; Ptgs2®/f
mice.*” After WB-IR exposure, overall Ptgs2 expression in-
creases within whole-jejunum tissue, but ablation of Hdc™
cells or conditional knockout of Ptgs2 in Hdc* cells signifi-
cantly reduced this increase, indicating that infiltrating Hdc"
IMCs are a major source of PtgsZ expression in the regener-
ating intestine (Figure 3D). Similarly, ablation of Hdc* cells or
conditional knockout of Ptgs2 in Hdc™ cells significantly
lowered the amount of COX-2" area in the jejunum via im-
munostaining (Figure 3E and F). These data suggests that
during regeneration, infiltrating IMCs are a major source of
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Figure 1.Hdc* IMCs
infiltrate the intestine af-
ter IR. (A) Representative
100x images of H&E
staining (top) and immu-
nofluorescence  (bottom)
from the 'E)roximal jejunum
of Hdc® " mice that were
unirradiated, or mice 3 and
10 days after 12-Gy WB-
IR. (B) Bar plot showing
quantification of GFP+
cells of images in panel A.
n = 3. (C) Bar plot showing
quantification of flow cyto-
metric analysis of Hdc® "
cells isolated from the
jejunum and ileum of unir-
radiated Hdc® mice or
mice 3 and 10 days after
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COX-2. In line with this, after 12-Gy WB-IR challenge, Hdc®;
Ptgs2™™ mice showed significantly fewer proliferating
bromodeoxyuridine-positive (BrdU") cells per crypt,
reduced villus length, and fewer regenerating crypts in the
jejunum compared with Hdc®™ controls, mirroring what we
observed in the setting of Hdc" cell ablation (Figure 44-E).
Together, these results suggest that the regenerative capa-
bilities of Hdc™ IMCs can be attributed, at least in part, to their
expression of Ptgs2 and secretion of PGE2.

PGE2 Promotes Epithelial Cell Expansion via the
EP4 Receptor

PGE2 has been reported previously to promote intestinal
regeneration by acting directly on epithelial cells through

> CCR8 —————>»  monocytic IMC.

the EP4 receptor.’**> We confirmed these findings by
treating intestinal organoids with the stable PGE2 analog
16,16 dimethylprostaglandin E, (dmPGE2) in vitro. Orga-
noids treated with dmPGE2 showed increased diameter but
not number, suggesting PGE2 may act as a growth factor for
epithelial cells, consistent with previous literature.””*> The
effects of dmPGE2 on organoids was reversed by adding a
selective inhibitor for the prostaglandin receptor EP4 (EP4i)
(Figure 4F-H).

Given the importance of IMC-derived PGE2 in intestinal
epithelial regeneration after IR, we tested the effects of
dmPGE2 in vivo on mice challenged with 12-Gy WB-IR. To
distinguish from the reported function of dmPGE2 in pro-
tecting epithelial cells against IR-induced apoptosis, we
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began treatment 2 days after IR, when apoptosis of
epithelial cells already has occurred.***' Five days after
irradiation, dmPGE2-treated mice had increased BrdU" cells
per crypt, villus length, and regenerating crypts compared
with vehicle-treated mice, but these effects could be abro-
gated by pretreatment with EP4i (Figure 5A-E). Intrigu-
ingly, unirradiated mice that received dmPGE2 also showed
an increased number of BrdU™ cells per crypt, but no dif-
ference in villus length or regenerating crypt number, sug-
gesting that the promitogenic activity of PGE2 is
independent of tissue damage (Figure 5F-I). Altogether,
these data indicate that IMC-derived PGE2 promotes intes-
tinal regeneration, at least in part, by regulating epithelial
proliferation through EP4 signaling.

Hdc™* IMCs Activate LECs via a PGE2/EP4 Axis

Intestinal LECs are resistant to IR-induced apoptosis
and expand during regeneration,’**® where they serve
as an essential source of proregenerative niche factors
such as RSPO3, Wnt2a, and Ccl21a.2%** Given that LEC
expansion is most pronounced 3 days after IR, coinciding
with the timing of intestinal infiltration of IMCs, we
sought to investigate if there could be crosstalk between
these cell types. To simultaneously track these cell
populations, we crossed our Hdc®"® mice with the
Prox1'Tomat® gljele, which labels LECs.*” Three days af-
ter exposing these mice to 12- Gy WB-IR, Hdc' IMCs
were found to localize within 20 um of LECs in the
jejunum, suggesting these cells may interact during in-
testinal regeneration (Figure 64 and B).

A population of RSPO3-secreting LECs in the intestine
can be marked as CD31" CD90.2™.° As previously published,
this population of LECs expands 3 days after irradiation
(Figure 6C). We further confirmed this population to be
LECs by sorting them from the jejunum and ileum of healthy
mice using fluorescence-activated cell sorter (FACS), and
then analyzing their expression of Lyvel, Pdpn, Prox1, and
Vegfr3, which distinguishes them from sorted blood endo-
thelial cells (CD31" €D90.27) (Figure 6D)."® Ablation of
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Hdc' cells during WB-IR in Hdc“*®R™%; R26°™ mice
diminished LEC expansion in the jejunum and ileum
compared with controls (Figure 6F). Adoptive transfer of
Hdc®"F* IMCs (but not Hdc®"® IMCs) partially rescued this
reduction, suggesting that Hdc* IMCs can regulate the
expansion of LECs after irradiation (Figure 6F). Because our
data indicate that Hdc™ IMC-derived PGE2 is important for
regeneration, we hypothesized that the reduction of LECs in
the absence of IMCs may be owing to the lack of IMC-
derived PGE2. In support of this hypothesis, PGE2 previ-
ously was described to induce lymphangiogenesis of LECs
in vitro through the EP4 receptor.’® We also found that
intestinal LECs isolated via FACS primarily express Ptger4,
the gene encoding the EP4 receptor (Figure 6G).

To determine if Hdc™ IMC-derived PGE2 is important for
LEC activity during regeneration, we returned to the Hdc®";
PtgsZﬂ/ﬂ mice. After WB-IR, Hdc“™; PtgsZﬂ/ﬂ mice had
diminished lymphatic vessel endothelial hyaluronan recep-
tor 1 (LYVE1+) area near the intestinal crypts in the jejunum
compared with Hdc®™® controls via immunostaining, and a
smaller percentage of LECs via FACS analysis (Figure 74-C).
FACS-isolated LECs from the jejunum and ileum of Hdc®™;
Ptgs2™/M mice after WB-IR also had reduced expression of the
activation marker Icaml, and the proregenerative genes
Rspo3, Ccl21a, and Wnt2a compared with controls
(Figure 7D). Together, these data indicate that Hdct IMC-
derived PGE2 is important for activating LECs after IR injury.

Given the importance of Hdc" IMC-derived PGE2 on
LECs during intestinal regeneration, we then asked if the
observed increase in intestinal regeneration in irradiated
mice treated with dmPGE2 could be owing to increased LEC
activity. Mice that received dmPGE2 after 12-Gy WB-IR had
an increased LEC percentage as well as lymphatic expansion
near the small intestine crypt bases in the jejunum
compared with controls, as shown by LYVE1l immuno-
staining and FACS analysis, and this effect was blocked by
EP4i pretreatment (Figure 7E-G). FACS-isolated intestinal
LECs from mice treated with dmPGE2 showed a higher gene
expression of activation and proregenerative factors

(Figure 7H).

Figure 2. (See previous page). Hdc* IMCs are indispensable for intestinal regeneration. (A) Experimental scheme of
Hdc+ cell ablation experiment. (B) Representative FACS plot of 4/,6-diamidino-2-phenylindole (DAPI)", CD45™, cells isolated
from the jejunum and ileum of Hdc®E""2 mice 3 days after 12-Gy WB-IR. (C) Bar plot showing quantification of panel B. n = 3,
4, or 5. (D) Bar plot showing quantification of FACS analysis of the percentage of mast cells out of live cells from the jejunum
and ileum of mice from panel A. n = 3, 4, or 5. (E) Bar plot showing quantification of FACS analysis of the percentage of
basophils of live cells from the jejunum and ileum of mice from panel A. n = 3, 4, or 5. (F) Representative 100x images of H&E
(top) and BrdU (bottom) staining from the proximal jejunum of mice from panel A. (G) Bar plot showing quantification of the
average villus length from panel F. n = 3, 4, or 5. (H) Bar plot showing quantification of BrdU staining from panel F. n = 3, 4, or
5. (/) Bar plot showing quantification of the average number of regenerating crypts per 1 mm from panel F. n = 3, 4, or 5. (J)
Survival curve of mice from panel D. Hdc®ER12; R26P™ no IR median, >10 days. Hdc®™®ER™2 with IR median, 7 days.
HdcCERT2; R26P™ with IR median, 5.75 days. n = 5 (Hdc®®®""2; R26°™ no IR) or 10 (HdcC™ER™2 with IR and HdcCreERT2;
R26P™ with IR). (K) Experimental scheme of adoptive transfer study. (L) Bar plot showing quantification of FACS analysis of the
percentage of Hdc® "+ cells out of live (4',6-diamidino-2-phenylindole [DAPI]-) cells from the jejunum and ileum of mice from
panel K. n = 3. (M) Bar plot showing quantification of the average villus length of mice from panel K. n = 3. (N) Bar plot showing
quantification of BrdU staining of mice from panel K. n = 3. (O) Bar plot showing quantification of the average number of
regenerating crypts per 1 mm of mice from panel K. n = 3. Scale bars: 50 um. Bar graph data are means + SEM. Statistical
analysis was performed using an (C-E, G-/, and L-0) ordinary 1-way analysis of variance with multiple comparisons with each
group, or a (J) Kaplan—-Meier simple survival analysis. *P < .05, **P < .005, ***P < .0005, ***P < .00005. A.T., adoptive transfer;
TAM, tamoxifen.
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100x images of COX-2 staining from the proximal jejunum of mice 3 days after 12-Gy WB-IR. (F) Bar plot showing quanti-
fication of the average COX-2—positive area per 100x field from images in panel E. n = 3. Scale bars: 50 um. Bar graph data
are means + SEM. Statistical analysis was performed using an (A, D, and F) ordinary 1-way analysis of variance with multiple
comparisons with each group, or a (B) 2-sided Student t test. *P < .05, **P < .005, **P < .0005, ***P < .00005. DAPI, 4',6-
diamidino-2-phenylindole.
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To further investigate the direct effects of PGE2 on LECs,
we used human dermal lymphatic endothelial -cells
(HDLECS), an in vitro model of LECs.*® We performed bulk
RNA sequencing on HDLECs treated with dmPGE2 or
vehicle, and found that analysis of the pathways that are up-
regulated by dmPGE2 treatment revealed genes involved in
endothelial cell adhesion, wound healing, and angiogenesis

average sphere number in
panel F. n = 3. (H) Bar plot
showing quantification of
the average sphere size in
panel F. n = 3. Scale bars:
50 um. Bar graph data are
means + SEM. Statistical
analysis was performed
using a (C, D, and E) 2-
sided Student t test or an
(G and H) ordinary 1-way
analysis of variance with
multiple comparisons with
each group. *P < .05, ™P <
.005, *™P < .0005. Ctrl,
control. DAPI, 4’ 6-
diamidino-2-phenylindole.

(Figure 8A4). To confirm if PGE2 can induce lymphangio-
genesis of HDLECs, we performed an in vitro endothelial cell
bead sprouting assay.”’ HDLECs sprouted when treated
with dmPGE2, but this was inhibited by EP4i treatment
(Figure 8B and C). In addition, dmPGE2-treated HDLECs had
a higher expression of activation and regenerative factors,
and RSPO3 secretion, compared with cells treated with a
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vehicle, but this effect could be diminished by co-treating
the cells with EP4i (Figure 8D and E). These results indi-
cate that PGE2 promotes LEC activation, sprouting, and
expression of proregenerative factors through the EP4 re-
ceptor in vitro.

Taken together, these data indicate that PGE2 from
infiltrating Hdc™ IMCs, besides acting directly upon the
epithelium, also exerts effects on LECs via the EP4 receptor
to promote activation, lymphangiogenesis, and expression of
proregenerative factors.

Hdc™* IMCs Are Recruited to the Damaged
Intestine via CXCR2 and CXCR4 Signaling

To better understand the connection between intestinal
damage, Hdc" IMCs, and LECs, we then investigated how Hdc™
IMCs initially are recruited to the damaged tissue. To this aim,
we performed the RT? Profiler polymerase chain reaction
(PCR) (Qiagen) array for chemokine receptors on Hdc“** cells
isolated from the jejunum and ileum of Hdc®*® mice 3 days
after 12-Gy WB-IR. Results showed that these cells express
high levels of the chemokine-receptor genes Cxcr2 and Cxcr4,
consistent with previous literature on granulocytic IMCs
(Figure 94).°" LECs are known to secrete CXCL1 and CXCL12,
ligands for CXCR2 and CXCR4, respectively, thus these che-
mokine receptors likely play a role in the recruitment of IMCs
near intestinal LECs."*”* To determine if CXCR2 and CXCR4
signaling are important for Hdc" IMC recruitment to the
damaged intestine, we treated Hdc®™ mice with a CXCR2 or
CXCR4 inhibitor before and after exposure to IR (Figure 9B).
Inhibition of CXCR2 or CXCR4 was sufficient to significantly
reduce the number of Hdc* cells infiltrating the intestine via
histologic and FACS analysis of GFP™ cells, suggesting that
these receptors are important for trafficking IMCs to the
regenerating intestine (Figure 9C-E). In addition, we found
that mice treated with a CXCR2 or CXCR4 inhibitor had
reduced expansion of LECs in the jejunum and ileum 3 days
after IR compared with controls, as measured by LYVE1l
staining and flow cytometry (Figure 9C, F, and G). Inhibitor-
treated mice also showed reduced regeneration in the
jejunum 5 days after IR, as shown by reduced villus length, a
lower number of BrdU™ cells per crypt, and fewer regenerating
crypts in the jejunum compared with controls (Figure 9H-K).

The Microbiome Modulates Hdc™ IMC

Recruitment and LEC Expansion

Next, we asked how CXCR2 and CXCR4 signaling could
be initiated during intestinal injury. During intestinal barrier
disruption, commensal microbes that reside in the lumen
breach the barrier and contact the epithelium and under-
lying mesenchyme, initiating a variety of different responses
from the niche.”** LPS is a major component of the cell
walls of gram-negative bacteria, and mediate intestinal in-
flammatory responses.”” Previous studies have reported
that LECs express the LPS receptor TLR4,”° and exposing
lymph node LECs to LPS causes them to secrete CXCL1.°?
We validated these findings in vitro by exposing HDLECs
to LPS and found that these cells significantly up-regulate
CXCL1 and CXCL8 (encoding interleukin 8, the human-
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specific CXCR2 ligand) compared to vehicle-treated con-
trols (Figure 10A4). In addition, LPS-stimulated HDLECs
actively promoted migration of sorted Hdc*™ IMCs in a co-
culture migration assay, but this migration could be abro-
gated using a CXCR2 inhibitor or the mitogen-activated
protein kinase kinase 1/2 (MEK1/2) antagonist U0126,
which has been shown to inhibit CXCR2 signaling
(Figure 10B and €).°” We therefore hypothesized that LPS
exposure from barrier disruption could serve as a trigger for
Hdc' IMC recruitment via LECs into the intestine through a
CXCL1/CXCR2 axis. In support of this, we found that FACS-
sorted intestinal LECs up-regulate their expression of Cxcl1
compared with controls 3 days after WB-IR (Figure 10D).

To investigate if microbial signals can induce recruit-
ment of IMCs in vivo, we used an endotoxemia model in
which LPS was injected into unirradiated Hdc®™" mice,
which has been shown to mimic the entrance of microbes
into the circulation during intestinal barrier disruption
(Figure 10E).>® After 3 days of LPS exposure, LECs from the
jejunum and ileum of mice significantly up-regulated Cxcl1
compared with controls, and this was associated with more
Hdc™ IMCs infiltrating the jejunum mucosa (Figure 10F-I).
These data suggest that LPS signaling can act upon intestinal
LECs to trigger recruitment of Hdc™ IMCs, and this
recruitment can occur independently of barrier damage.

Next, to test if gut microbes are necessary for recruiting
IMCs after WB-IR, we gavaged Hdc®"® mice twice daily with
an antibiotic cocktail to deplete the intestinal microbiome,
as previously reported.”” Four days of antibiotic cocktail
treatment significantly reduced the number of fecal bacteria
compared with controls (Figure 114). Three days after
exposure to WB-IR (Figure 11B), antibiotic-treated mice had
significantly fewer Hdc®** cells infiltrating the jejunum and
ileum (Figure 11C-E). Addition of LPS to the water of the
antibiotic-treated mice after IR rescued the recruitment of
Hdc®""" cells into the intestine, highlighting the importance
of microbial signals in this recruitment pathway. FACS-
sorted LECs from the jejunum and ileum of antibiotic-
treated mice showed reduced expression of Cxcll, which
was rescued in mice supplied with LPS water (Figure 11F).
Antibiotic-treated mice also had reduced expansion of LECs in
the jejunum 3 days after IR, as measured by LYVE1 staining
and flow cytometry, but this was rescued by LPS water
(Figure 11G and H). Five days after WB-IR (Figure 12A4), mice
treated with antibiotics had significantly reduced villus length,
number of BrdU™ cells per crypt, and regenerating crypts in
the jejunum compared with controls, but these were all at
least partially rescued by the addition of LPS to their drinking
water (Figure 12B-E). These results suggest that signals
coming from gut microbes activate LECs to promote IMC
recruitment and initiate intestinal repair after epithelial bar-
rier disruption. Together, these data suggest that microbial
signals are a crucial trigger for LEC expression of Cxcll and
consequent recruitment of IMCs.

Discussion
The mammalian intestine has co-evolved with the gut
microbiome and has developed mechanisms of interactions
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Figure 5. PGE2 promotes intestinal epithelial regeneration. (A) Experimental scheme of dmMPGE2 treatment after irradiation
experiment. (B) Representative 100x images of H&E staining (top) and BrdU immunostaining (bottom) from the proximal
jejunum of mice from panel A. (C) Bar plot showing quantification of the average villus length from panel B. n = 4. (D) Bar plot
showing quantification of BrdU staining from panel B. n = 4. (E) Bar plot showing quantification of the average number of
regenerating crypts per 1 mm from panel B. n = 4. (F) Experimental scheme of dmPGE2 treatment experiment on healthy mice.
(G) Representative 100x images of H&E (top) and BrdU (bottom) staining from the proximal jejunum of mice from panel F. (H)
Bar plot showing quantification of the average villus length of images in panel G. n = 3. (/) Bar plot showing quantification of
BrdU staining from panel G. n = 3. Scale bars: 50 um. Bar graph data are means + SEM. Statistical analysis was performed
using an (C, D, and E) ordinary 1-way ANOVA with multiple comparisons with each group or a (J and K) 2-sided Student ¢ test.
*P < .05, P < .005, **P < .0005. IP, intraperitoneal injection of vehicle, dmPGE2, or dmPGE2 with EP4i pretreatment. DAPI,
4’ 6-diamidino-2-phenylindole.

with these microbes to modulate host metabolism, immu- requiring a response from the host to restore homeostasis.
nity, and physiology. Breaches of the intestinal barrier cause Lymphatic endothelial cells have been shown to be central
disruptions to the balance of normal microbial interactions, to the intestinal regeneration program because they expand



2024 Myeloid Cells Help Intestinal Regeneration 331

>
W

HdcS: Prox1tmate No |R Hdc®™; Prox1¢™ma 12 Gy IR 100 -
90 — *
80 -
70 -
60 -
50 4

/P rox 1 tdTomato

40 'I‘
30

20 4

Percent GFP *cells in
proximity to LEC

DAPI/

Gated on: A
. Singlets
. DAPI-
A ] A
J ] ®
o
O
4 &
(@]
E Lol s § i | i ] b Ty T (£ T ‘, e b | T T R Ty g
CD45 > EpCAM ————— % A
—~ 0.08 =
E% .
5 '~ 0.06 - °
] -
g & 004 g M sec 8
e O
33 LEC - 5
58 002 CD90.2
¥ o :l:
8 000 LI
© 0.00 = - s -
Lyvel Pdpn Prox1 Vegfr3
»
%’3 2.0+ 8 15— *k — 2.0 1
0 =t *ok C('|<)1
B 15 B e 9 E— SN 45
O B Hdcere=R2 R26WT (N0 IR) 4.0 B NoAT RS
= 2 . > s 8
6 1.0 / % HdCCreERTZ; R26WT (|R) I3 - GFPAT g (g 1.0 -
(s} o S =
I} w =t
CreERT2- DTA 0.5 + %
% - é } B HdcoreER™2; R26P™ (no IR) % . B GFP* AT § % e
a / / V/‘ HdcCreeR2; R260™ (R) 8 g
& 0.0- 4 0.0 0.0 -
R X

AR Iy
Q\Qe Q\Q@ Q\Qe Q\QG



332 Jiang et al

during injury and are a major source of RSP0Q3.”'%!%1*

Here, we have shown a crucial role for enteric microbes
and immature myeloid cells in regulating intestinal regen-
eration, in part through modulating LEC activity.

Understanding the mechanism of mucosal repair is
crucial for improving therapy for tissue injury. Until now,
the involvement of IMCs as a regenerative cell type had been
understudied. We report that Hdc™ IMCs are rapidly
recruited to the IR-injured intestine, where they are neces-
sary for proper regeneration. Moreover, we found that the
proregenerative effects of Hdct IMCs can be attributed, at
least in part, to their secretion of PGEZ2. In line with previous
reports, we found that IMC-derived PGE2 exerts direct
mitogenic effects on intestinal epithelial cells.***> Further-
more, we found that PGE2 can act directly on LECs via the
EP4 receptor to stimulate lymphangiogenesis and up-
regulate the expression of proregenerative genes, such as
Rspo3, Ccl21a, and WntZ2a.

Intriguingly, we found that the recruitment of Hdc* IMCs
to the intestine is initiated by exposure of intestinal lym-
phatics to invading microbial signals. Specifically, LPS trig-
gers LECs to up-regulate Cxcl1, the ligand for CXCR2, which
is highly expressed on Hdc" IMCs. Treatment of healthy
mice with LPS can enforce this recruitment pathway;
conversely, clearance of the intestinal microbiome abro-
gated Hdct IMC recruitment after IR injury, confirming the
key role of microbes in triggering IMC migration. These
findings suggest that loss of barrier integrity and bacterial
infiltration per se are not solely consequences of epithelial
damage, but constitute a pathway that initiates intestinal
regeneration. Although severe injury and bacterial infiltra-
tion may lead to sepsis, moderate levels of microbial expo-
sure appear to promote regenerative signals needed to
restore intestinal health and homeostasis. Indeed, the ne-
cessity of TLR4 signaling in maintaining intestinal epithelial
homeostasis has been described previously, although not in
the context of regenera’cion.60 Thus, at least in the intestine,
microbial signals serve as physiologic signals that can
initiate mucosal repair.

Limitations of the Study
In our work, we propose that microbial signals drive a
proregenerative axis between intestinal LECs and IMCs

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

after acute whole-body irradiation. It has been reported
previously that after exposure to radiation, the bone
marrow is suppressed and may fail at higher doses.®!
Given that IMCs originate from the bone marrow and
have a crucial role in regulating hematopoiesis,’” it is
possible that some of the effects we observed may be the
result of alterations to the bone marrow after IR, espe-
cially at the high dose of 12 Gy we used in this study. Thus,
the WB-IR model may not fully reflect the circumstances
of other types of intestinal injury, and more work should
be performed to observe the role of IMCs in other models,
such as abdominal irradiation with bone marrow
shielding.

In addition, Hdc is expressed in other cell types in the
body, such as mast cells, enterochromaffin-like cells in the
gastric mucosa, and histaminergic neurons in the
brain.*>°%%3 Thus, our Hdc-driven ablation and conditional
knockout models may have produced off-target effects by
depleting these cell populations or knocking out their
expression of PtgsZ. Further studies will need to better
parse out the impact on depleting other Hdc-expressing cells
on intestinal biology.

Another limitation to this study is the use of LPS to
simulate the breach of enteric microbes during intestinal
barrier disruption. Although this is an established model
that has been widely used to study endotoxemia,”® LPS does
not fully recapitulate the diverse signals delivered to the
body by invading microbes. It is possible that other bacterial
toxins and metabolites are important for signaling the in-
testinal mesenchyme during barrier disruption, so further
studies investigating the crosstalk between microbes and
other niche cell populations should be performed to better
understand this pathway.

Finally, this study did not investigate the contribution
of PGE2 by other cell populations on intestinal lymphatics.
Although our data suggest that infiltrating Hdc™ IMCs are
a major source of Ptgs2 expression and COX-2 signal in the
injured intestine, other mesenchymal cell types also ex-
press Ptgs2, such as tuft cells,® pericryptal fibro-
blasts,>*3° and macrophages.zg The contribution of PGE2
from these cells also may signal to lymphatics and pro-
mote regeneration, so more experiments investigating the
role of PGE2 from each cell population may provide more

Figure 6. (See previous page). Hdc* IMCs promote the expansion of LECs after injrury. (A) Representative 200x images of

HdcC®™ and Prox1'9T°ma® yjisyalization from the proximal jeiu
P

12-Gy WB-IR. (B) Bar plot showing the percentage of Hdc®

num of Hdc®™": Prox
cells in proximity to Prox1'9T°mat cells in Hdc®FF; Prox1tdTomate

1 tdTomato

mice unirradiated (No IR), or after

mice 3 days after 12-Gy WB-IR. n = 3. (C) Representative FACS plots showing gating strategy for blood endothelial cells
(BECs) and LEC isolation from unirradiated mice or mice 3 days after 12-Gy WB-IR. (D) Real-time qPCR analysis of sorted
BECs and LECs from the jejunum and ileum of unirradiated mice for LEC-related genes. n = 4. (E) Quantification of the
percentage of CD90.2+ LECs out of all 4',6-diamidino-2-phenylindole (DAPI)” CD45™ EpCAM" cells from the jejunum and ileum
of HdcC®RT2; R26P™ or HdcCER™2; R26™T mice with no irradiation (No IR), and Hdc®™ERT2: R26WT or HdcCeERT2; R26PTA
mice 3 days after 12-Gy WB-IR obtained via FACS. Figure 2A shows the experimental scheme. n = 3. (F) Bar plot showing
quantification of the percentage of LECs from the jejunum and ileum of Hdc®ER™2; R26P™ mice after 12-Gy WB-IR that
received adoptive transfer of Hdc® P~ bone marrow cells (GFP™ adoptive transfer [A.T.]) or Hdc®F* bone marrow cells (GFP*
A.T.) from healthy Hdc®" mice twice after irradiation, obtained via FACS. Figure 2K shows the experimental scheme. n = 3.
(G) Real-time gPCR analysis of Ptger genes of sorted LECs from the jejunum and ileum of unirradiated mice. n = 3. Scale bars:
50 um. *P < .05, *P < .005, ***P < .0005. Bar graph data are means + SEM. Statistical analysis was performed using a (B) 2-
sided Student t test or an (E and F) ordinary 1-way analysis of variance with multiple comparisons with each group. FSC-A,
forward scatter area. EpCAM, epithelial cellular adhesion molecule.



2024

>

Hdccre
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injury. (A) Representative
100x images of LYVE1
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jejunum  of Hdc® or
Hdc®™; Ptgs2™ mice after
12-Gy WB-IR. Figure 4A
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scheme. (B) Bar plot
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n = 4. (C) Quantification of
the percentage of LECs
from the jejunum and ileum
of mice after 12-Gy WB-IR.
n = 4. (D) Real-time gPCR
analysis of sorted LECs
from the jejunum and ileum
of mice after 12-Gy WB-IR.
n = 4. (E) Representative
100x images of LYVE1
staining from the proximal
jejunum of mice after 12-
Gy WB-IR. (F) Bar plot
showing quantification of
the average LYVE1+ area
per 100x field of images in
panel E. n = 4. (G) Quanti-
fication of the percentage
of LECs from the jejunum
and ileum of mice after 12-
Gy WB-IR obtained via
FACS. n = 4. (H) Real-time
gPCR analysis of sorted
LECs from the jejunum and
ileum of mice after 12-Gy
WB-IR. n = 3. Scale bars:
50 um. *P < .05, P <
.005. Bar graph data are
means + SEM. Statistical
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using a (B, C, D, and H) 2-
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Materials and Methods

Experimental Model and Subject Details

Mouse crosses and care. All mouse experiments were
conducted under the Institutional Animal Care and Use
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Committee protocols AABE1556 and AABT7651 at the
Columbia University Irving Medical Center, and all mouse
studies were approved by the Columbia University Institu-
tional Animal Care and Use Committee. For all experiments,
male and female mice were used at 8-12 weeks of age at the
beginning of each experiment. Hdc®” and Hdc“"***" mice
have been described previously.>”*® Hdc““ER™ was mated



334 Jiang et al Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

Enriched Pathways in PGE2-treated HDLEC
regulation of cell adhesion - .

regulation of cell-cell adhesion ()

actin filament organization . Count

wound healing - o ® 50
@
. 90
@

p.adjust
1.6e-06

leukocyte migration -
positive regulation of cell motility -
positive regulation of cell migration -

positive regulation of locomotion -

cell-cell adhesion

response to wounding -
positive regulation of cellular
component movement |
positive regulation of immune system process - . 4.06-07

1.2e-06

8.0e-07

regulation of cytokine production - .

blood vessel development - .

angiogenesis { @

0.20 0.22 0.24 0.26 0.28
GeneRatio

W
o

Vehicle dmPGE2 dmPGE2 + EP4, 1509 _*  *

100

50

Average sprout length (um)

O
m

c o © T T
S T 15 . 2 £ 30-
o Q ®e B Vehicle
Q.< - C
3 @ 10 g2 207 ¥ dmPGE,
L o T o
=2 cE .
83 5 * * g 8 10 I dmPGE, + EP,i
r 8 a6
E o
8 04

ICAM1 RSPO3 CCL21a WNT2a

Figure 8. PGE2 promotes lymphangiogenesis of lymphatics. (A) Pathway analysis of differentially expressed genes ob-
tained from bulk RNA sequencing of cultured HDLECs treated with PGE2 compared with control. n = 4. (B) Representative
200x images of HDLECs on microcarrier beads treated with vehicle, dmPGE2, or dmPGE2 with EP4i. (C) Bar plot showing
quantification of the average sprout length of panel B. n = 3. (D) Real-time gPCR analysis of activation and regenerative genes
of cultured HDLECs treated with vehicle or dmMPGE2 for 6 hours. n = 3. (E) Enzyme-linked immunosorbent assay analysis of
supernatant RSPO3 isolated from cultured HDLECs treated with vehicle, dmMPGE2, or dmPGE2 + EP4i for 16 hours. n = 3.
Scale bar: 50 um. Bar graph data are means + SEM. Statistical analysis was performed using an (C and E) ordinary 1-way
analysis of variance with multiple comparisons with each group or a (D) 2-sided Student t test. p.adjust, false discovery
rate-adjusted p value. *P < .05, **P < .005.

to Rosa26-DTA (007909; Jackson Labs) (R26°™) mice for gifted by Harvey Herschman.*® Hdc“® was mated to Ptgs2"/
generating Hdc“"*¥R"2; R26°™ mice. Hdc“™® mice were pur- to generate Hdc“"; Ptgs2”" mice. All mice were maintained
chased from Jackson Labs (021198).°° Ptgs2™" mice were in a C57BL/6] background.
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Mouse drug treatments. Mice were given the CXCR2 in-
hibitor SB225002 (S7651; Selleck Chemicals) at a dose of 1 mg/
kg in phosphate-buffered saline (PBS) + 0.33% Tween 80, or
vehicle, intraperitoneally daily for 4 consecutive days. The
CXCR4 inhibitor MSX-122 (S6617; Selleck Chemicals) was
administered at a dose of 10 mg/kg in PBS + 10% dimethyl
sulfoxide + 45% (2-hydroxypropyl)-8-cyclodextrin (332593;
Sigma) vehicle, or vehicle, intraperitoneally daily for 4 consec-
utive days. dmPGE2 (14750; Cayman Chemical Company) was
administered intraperitoneally at a dose of 1 mg/kg in PBS +
10% ethanol, or just this vehicle, daily for 3 consecutive days.
The EP4-receptor inhibitor L-161,982 (10011565; Cayman
Chemical Company) was administered intraperitoneally at a
dose of 10 mg/kg in PBS + 10% ethanol 1 hour before
dmPGE2 administration. For LPS injections, LPS (tlrl-3pelps;
Invivogen) was dissolved in PBS, and this or just PBS was
injected intraperitoneally at a dose of 2 mg/kg. For LPS treat-
ment in drinking water, LPS was dissolved in sterile water (10
ug/mL) and given to mice for 7 days. For Hdc" cell ablation and
Cre activation, mice were fed a tamoxifen diet (delivering 80
mg/kg body weight daily, TD.130858; Envigo) for 2 days before
irradiation, and continued the diet until the end of the experi-
ment. The mass of food was monitored daily to ensure that the
mice were consuming the proper amount of food to deliver the
desired concentration of tamoxifen. For BrdU proliferation ex-
periments, 100 uL BrdU (10 mg/mL, 423401; BioLegend) was
injected intraperitoneally into the mice 2 hours before being
killed.

Irradiation experiments. Mice were challenged with 12-
Gy WB-IR delivered by either a cesium 137 irradiator or a
Multirad 350 X-Ray irradiator (Precision X-Ray). Tissue was
collected on various days after irradiation.

Antibiotic treatments. Mice were gavaged with an anti-
biotic cocktail twice a day for 4 days, as published previ-
ously.”” The cocktail consisted of ampicillin (1 g/L, A1593;
Sigma), neomycin sulfate (1 g/L, N6386; Sigma), metronida-
zole (1 g/L, 9002409; Cayman Chemical Company), and van-
comycin hydrochloride (0.5 g/L, SBR0O0001; Sigma). Bacterial
depletion was measured using the QIAmp DNA stool mini kit
(Qiagen) and following the manufacturer’s instructions.

Methods
Tissue collection and preparation for microscopy. For
all microscopy experiments, the jejunum was collected,

Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3

cleaned with PBS, then fixed in 4% paraformaldehyde at 4°C
for 24 hours. For sectioning, fixed tissues were embedded in
optimal cutting temperature compound (OCT) before being
sectioned to a thickness of 4 um.
Immunohistochemistry, immunofluorescence, and
BrdU labeling. For immunofluorescent studies, frozen
slides were permeabilized with 1% sodium dodecyl sulfate
in PBS at room temperature for 5 minutes, blocked with
10% normal goat serum in 0.1% Tween 20 at room tem-
perature for 1 hour, and stained with primary antibody (rat
monoclonal anti-LYVE1, 1:100, 14-0443-82; Thermo Fisher
Scientific; rabbit polyclonal anti-COX-2, 1:200, BS-8538R;
Bioss Antibodies) at 4°C overnight. Then, sections were
incubated with secondary antibodies at room temperature
for 2 hours (goat polyclonal anti-rat IgG conjugated to AF
555, 1:400, A-21434; or goat polyclonal anti-rabbit IgG
conjugated to AF 555, 1:400, A-21428; Thermo Fisher Sci-
entific). All slides were counterstained and mounted with
VECTASHIELD Antiface Mounting Medium with 4/,6-
diamidino-2-phenylindole (Vector Laboratories). Fluores-
cent images were acquired with an X-Cite Series 120
illuminator (Excelitas) on a Nikon Eclipse TE2000-I] mi-
croscope stand (Nikon Instruments). H&E images were ac-
quired with an AT2 microscope slide scanner (Leica), and
then processed using QuPath v0.4.°°

For BrdU fluorescent staining, slides were incubated
with 10 mg/mL DNAse I in PBS at 37°C for 20 minutes.
Then, BrdU staining was performed as described previously
using an anti-BrdU antibody (rat monoclonal anti-BrdU,
1:100, ab6326; Abcam).
Quantification of staining. All image analysis was per-
formed using Fiji software.®” The average number of Hdc“" "
cells per high-power field was quantified by counting the
number of Hdc“**" cells for 5 randomly selected image fields
per mouse, and then averaged. The average number of BrdU™
cells per crypt was quantified by counting the number of
BrdU™ cells per crypt for every crypt in 5 separate 100x
image fields, and then calculating the mean for each mouse.
For the mean villus length, the length of every villus was
measured in 5 separate 100x image fields per mouse, and
then averaged. The number of regenerating crypts was
calculated by counting the number of BrdU" crypts per 5
different 1 mm continuous stretches per mouse, and then
averaged. Lymphatic vessel density was quantified by

Figure 9. (See previous page). Hdc* IMCs are recruited to the injured intestine via CXCR2 and CXCR4. (4) RT® gene
expression analysis for chemokine receptors on isolated Hdc™ cells from the jejunum and ileum of mice 3 days after 12-Gy
WB-IR. n = 3. (B) Experimental scheme of CXCR2/CXCR4 inhibition experiment. (C) Representative 100x images of GFP
visualization (top) or LYVE1 staining (bottom) from the proximal jejunum of mice from panel B. (D) Bar plot showing quanti-
fication of GFP+ cells of images in panel C. n = 3. (E) Bar plot showing quantification of FACS analysis of the percentage of
Hdc®FP* cells out of live (4',6-diamidino-2-phenylindole [DAPI]-) cells from the jejunum and ileum of mice from panel B.n = 3
or 5. (F) Bar plot showing quantification of the average percentage of LYVE1-+ area per 100x field of images in panel C. n = 3.
(G) Quantification of the percentage of LECs from the jejunum and ileum of mice from panel B obtained via FACS. n = 3. (H)
Representative 100x images of H&E staining (fop) and BrdU immunostaining (bottom) from the proximal jejunum of mice from
panel B. (/) Bar plot showing quantification of the average villus length from panel H. n = 3. (J) Bar plot showing quantification
of BrdU staining from panel H. n = 3. (K) Bar plot showing quantification of the average number of regenerating crypts per 1
mm from panel H. n = 3. Mice were analyzed (C-G) 3 days after WB-IR or (H-K) on day 5. Bar graph data are means + SEM.
(D-G and I-K) Statistical analysis was performed using an ordinary 1-way analysis of variance with multiple comparisons with
each group. Scale bars: 50 um. *P < .05, **P < .005, and ***P < .0005. HPF, high-power field; IP, intraperitoneal injection of
vehicle, SB225002 (CXCR2i), or MSX-122 (CXCR4i).
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Figure 10. Microbial signals promote LEC recruitment of Hdc* IMCs. (A) Real-time gPCR for CXCL 1 and CXCLS8 in cultured
HDLECs treated with various LPS concentrations for 6 hours. n = 3. (B) Scheme of Transwell migration assay. (C) Quantification
of results of Transwell migration assay. n = 3. CXCR2i, SB225002; MEK1/2i, U0126. (D) Real-time gPCR analysis of sorted LECs
from the jejunum and ileum of unirradiated mice or mice 3 days after 12-Gy WB-IR. n = 3. (E) Experimental scheme of LPS
injection experiment. (F) Real-time gPCR analysis of sorted LECs from the jejunum and ileum of mice from panel E. n = 3. (G)
Representative 100x images of GFP visualization from the proximal jejunum of mice from panel E. (H) Bar plot showing
quantification of Hdc® "+ cells ofimages in panel G. n = 3. (/) Bar plot showing quantification of FACS analysis of the percentage
of Hdc®™* cells of mice from panel E. n = 3. Scale bars: 50 um. Bar graph data are means + SEM. Statistical analysis was
performed using an (A and C) ordinary 1-way analysis of variance with multiple comparisons with each group ora (D, F, H, and /)
2-sided Student t test. *P < .05, **P < .005, **P < .0005, ****P < .00005. DAPI, 4’ ,6-diamidino-2-phenylindole; HPF, high-power
field; IP, intraperitoneal injection of vehicle or LPS. MEK1/2, mitogen-activated kinase kinase 1/2.

measuring the average LYVE-1-positive area out of the total Small intestine tissue digestion and flow cytometry

area for 5 separate 100x image fields per mouse. Images gnalysis. Lymphatic cells were isolated from the small
seen in figures are all composites of different channels unless  intestine as previously described.'*®® Briefly, the entire

otherwise stated. small intestine from adult male and female mice was
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amino acids (11140050; Thermo Fisher), 2.5% HEPES
(H3662; Sigma), 1% antibiotic-antimycotic (15240062;
Thermo Fisher), 5 mmol/L EDTA (11575-038; Thermo
Fisher), 3% fetal bovine serum (900-108; Gemini Bio-
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tissues were strained through a 100-um cell strainer,
washed twice with Hank’s balanced salt solution (HBSS),
and minced finely using scissors. The minced tissue then
was placed in 25 mL digestion media (HBSS + 1% Gluta-
MAX, 1% nonessential amino acids, and 2.5% HEPES with
2.5 mg/mL Collagenase II, LS004176; Worthington), 1 U/mL
Dispase II (D4693; Sigma), and 30 ug/mL DNAse I
(10104159001; Sigma), and incubated at 37°C for 15 mi-
nutes on a rotator. The solution was passed through a 14-
gauge needle 5 times using a syringe, then placed back on
the rotator to digest for 15 more minutes at 37°C. The
digested cells were strained through a 100-um strainer, and
any remaining tissue was digested again for 30 more
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minutes. The cell suspensions were mixed, pelleted, then
placed in 5 mL 1x RBC lysis buffer (420301; BioLegend) for
5 minutes on ice. The reaction was quenched with PBS, then
spun down, and the remaining single-cell suspension was
incubated with TruStain FcX (101319; BioLegend) for 5
minutes on ice. Finally, the suspension was stained with the
following antibody cocktail: CD45-Pacific Blue (1:200,
103125; BioLegend), TER119-Pacific Blue (1:200, 116231;
BioLegend), Ep-CAM-APC-Cy7 (1:200, 118217; BioLegend),
CD31-PE (1:500, 160203; BioLegend), Lyvel-PE-CY7
(1:300, 25-0443-82; eBioscience), and CD90.2-BV605
(1:300, 105343; BioLegend). Propidium iodide (421301;
BioLegend) or 4/,6-diamidino-2-phenylindole (422801;
BioLegend) was used as a viability dye to exclude dead cells
from the analysis. Cells were analyzed on a NovoCyte
Quanteon or sorted using a Sony MA900 with a 100-micron
nozzle. GFP" cells were defined as prodidium iodide (PI),
GFP™. Lymphatic endothelial cells were defined as PI, Ep-
CAM’, CD45, CD31", CD90.2", LYVE1". For RNA isolation,
cells were sorted directly into TRIzol LS (10296028;
Thermo Fisher). The data were analyzed using Flow]o
software (version 10; TreeStar).

Bone marrow cell isolation. HDC* bone marrow cells
were obtained from Hdc®F* mice by crushing leg, arm, and
pelvic bones in HBSS containing 2% heat-inactivated fetal
bovine serum (900-108; Gemini). Single-cell suspensions
were purified on a Ficoll gradient (17544202; Cytiva), and
then red blood cells were lysed using 1x RBC lysis buffer
(420301; BioLegend). The cells were stained with the
following antibody cocktail: CD45-AF 700 (1:800, 103127;
BioLegend), CD11b-PE-Cy7 (1:800, 101215; BioLegend),
and Gr-1-APC (1:400, 108411; BioLegend). Propidium io-
dide was used as a viability dye to exclude dead cells. Cells
were sorted using a Sony MA900 with a 100-micron nozzle.
CD45%, CD11b™, Gr-1", and GFP™ cells were sorted directly
into X-VIVO 15 media (04-418Q; Lonza) for further culture
experiments, or directly into TRIzol LS for RNA isolation.
Adoptive transfer. HdcCre®™®"%; R26°™ mice were placed
on a tamoxifen diet for 2 days, then were challenged with
12-Gy WB-IR. CD11b* Hdc** or CD11b™ Hdc®® myeloid
cells were isolated from the bone marrow of 3 healthy
Hdc“"® gender-matched, littermate donor mice and pooled.
Six hours after WB-IR, HdcCreER™?; R26P™ recipient mice
were injected with 3 million CD11b™ Hdc®®* or CD11b™
HdcC" cells via the tail vein, and this was repeated 72
hours later. Samples were collected 6 days after WB-IR.

In vitro organoids. The entire small intestine from 8- to
12-week-old male and female mice was collected, and then
the duodenum was removed. The remaining tissue was
flushed with cold PBS, cleaned of the mesentery, and opened
lengthwise. EDTA-based (15575020; Invitrogen) dissocia-
tion was performed as previously described.®” After EDTA
dissociation, crypts were resuspended in Advanced Dul-
becco’s modified Eagle medium/F12 (12634-010; Gibco)
supplemented with GlutaMAX (35050061; Thermo Fisher
Scientific), HEPES (15-630-080; Thermo Fisher Scientific),
antibiotic-antimycotic (15240062; Fisher Scientific), 10%
fetal bovine serum (900-108; Gemini Bio-Products), B27
(17504044; Thermo Fisher Scientific), N-2 supplement
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(17502048; Fisher Scientific), N-acetyl-L-cysteine (A9165;
Sigma-Aldrich), EGF (PMG8043; Thermo Fisher Scientific),
Noggin (250-38; PeproTech), Rspol (3474-RS-050; R&D
Systems), and CHIR (SML1046; Sigma-Aldrich). Crypts were
counted under a microscope, and then 200 crypts were
seeded into 20 uL GFR Matrigel (356231; Corning) and
plated in a prewarmed 24-well plate as domes. dmPGE2
and/or EP4i treatment began 24 hours after plating, and
media was replaced every 2 days. Organoid size and number
data were collected on day 6 after plating.

HDLEC cell culture. HDLECs from juvenile foreskin were
purchased from Promocell (C-12216) and cultured in
Endothelial Cell Growth Media MV2 (C22121; Promocell).
Cells were maintained in a humidified incubator set to 37°C
and 5% CO,. For PGE2 stimulation experiments, 3 x 10°
cells per well were plated in a 12-well plate and allowed to
seed overnight. dmPGE2 was added to a concentration of
500 nmol/L or 1 umol/L, and L-161,982 was added to a
concentration of 2 umol/L. For gene expression analysis, the
cells were treated for 6 hours, lysed with Buffer RLT Plus
(Qiagen), and then RNA was collected using the RNEasy Plus
Mini Kit (74134; Qiagen). For quantification of supernatant
RSPO3, the cells were treated for 18 hours and then the
supernatant was harvested for enzyme-linked immunosor-
bent assay analysis. For LPS stimulation, 3 x 10° cells per
well were plated in a 12-well plate and allowed to seed
overnight. Ultrapure LPS (tlrl-3pelps; Invivogen) was added
at a concentration of 1, 10, or 100 ng/mL and the cells were
incubated for 6 hours before being harvested for RNA
isolation or migration analysis.

HDLEC sprouting assay. An endothelial cell assay was
performed as described previously.”’ Briefly, Cytodex 3
microcarrier beads (17048502; Cytiva) were coated by
adding 10° detached HDLECs to 1200 beads suspended in
PBS. The bead-cell suspension was incubated at 37°C for 4
hours, agitating every 20 minutes. Then, the coated beads
were plated on a 6-cm plate in Endothelial Cell Growth
Media MV2 overnight. The next morning, the beads were
inspected under a microscope to ensure consistent coating
of the beads. The beads were washed, resuspended in a
fibrinogen solution (F8630; Sigma), and then plated into
thrombin (T4648; Sigma) to form a fibrin gel in a 24-well
glass-bottomed plate. Once the gel was fully solidified, the
cells were treated with control media or media containing
dmPGE2 at a concentration of 1 umol/L with or without L-
161,982, at a concentration of 2 umol/L. The media was
changed after 24 hours, and then the cells were inspected
for sprouting under a microscope 48 hours after implanta-
tion into the gel. The average sprout length per group was
calculated by measuring the length of every sprout coming
off 5 different beads per well, and then calculating the mean.
HDC" cell and HDLEC co-culture and migration
assays. For migration analyses, HDLECs that had been
stimulated with 0, 1, 10, or 100 ng/mL LPS were detached
using a DetachKit (C-41200; PromoCell), pelleted, then
washed twice with PBS. Cells (5 x 10*) were plated in the
bottom well of a 96-well Transwell plate with 5.0-um pores
(3387; Corning), and allowed to seed overnight. The CXCR2
inhibitor SB225002 was added to some of the HDLEC-
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Table 1.gPCR Primer Sequences for Mouse Genes

Gene Forward sequence, 3'-5’ Reverse sequence, 3’-5’
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTC
Ptgs2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT
Rspo3 ATGCACTTGCGACTGATTTCT GCAGCCTTGACTGACATTAGGAT
Icam1 GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
Ccl21a AAGGCAGTGATGGAGGGGGT CTTAGAGTGCTTCCGGGGTG
Whnt2a CTCGGTGGAATCTGGCTCTG CACATTGTCACACATCACCCT
Reln GGACTAAGAATGCTTATTTCC GGAAGTAGAATTCATCCATCAG
Lyvet TAGCTTTGAAACTTGCAGCTATG TCAACAAATGGTTCAGTTTCTGTAG
Prox1 ACGTAAAGTTCAACAGATGCATTAC CCAGCTTGCAGATGACCTTG
Vegfr3 GAGACCTGGCTGCTCGGAAC TCAGCATGATGCGGCGTATG
Padpn CCCAGGAGAGCAACAACTCAAC CTCGATGCGAATGCCTGTTAC

containing wells at a concentration of 200 nmol/L, or the
mitogen-activated protein kinase kinase 1/2 (MEK1/2) in-
hibitor U0126 (S1102; Selleck Chemicals) was added to
some wells at a concentration of 5 umol/L. Sorted HDC"
immature myeloid bone marrow cells (10%) from Hdc®®
mice were placed in the upper insert of the Transwell, and
the plate was incubated for 12 hours. The top insert was
discarded, and the average number of migratory cells per
200x field was calculated by counting the number of GFP"
cells for 5 independent 200x fields per bottom well and
then calculating the average.

Enzyme-linked immunosorbent assay. The concentra-
tion of RSPO3 was measured using the human R-Spondin-3
Picokine enzyme-linked immunosorbent assay Kit (EK1512;
Boster Bio) according to the manufacturer’s instructions.
HDLEC-conditioned media (18 hours after treatment with
vehicle or dmPGE2 with or without L-161,982) was used at
1, 1:2, and 1:4 serial dilutions. The protein concentration
was measured at 450 nm on a SpectraMax iD3 Microplate
Reader (Molecular Devices).

RNA isolation and complementary DNA synthe-
sis. RNA was isolated from fresh whole tissue, tissue that
had been preserved in RNAlater (AM7020; Invitrogen), or

cell pellets. A total of 5-10 mg distal jejunum tissue from
control or irradiated Hdc®* mice treated with dmPGE2 with
or without L-161,982 was homogenized using metal beads
in a Bullet Blender Tissue Homogenizer (Next Advance). The
resulting homogenate was dissolved in Buffer RLT Plus
(Qiagen) and RNA was isolated using the RNEasy Plus Micro
kit (74030; Qiagen) according to the manufacturer’s in-
structions, including genomic DNA elimination. The final
elution volume was 14 or 30 uL, and RNA quantity and
quality were measured on a NanoDrop 8000 spectropho-
tometer (Thermo Fisher). For RNA isolation from sorted
bone marrow or small intestinal lymphatic endothelial cells,
1-5 x 10° cells were sorted directly into TRIzol LS. RNA
then was isolated via chloroform phase separation and
isopropanol precipitation. RNA from cultured HDLECs was
collected by lysing 80%-90% confluent cells seeded on a
12-well plate in 500 mL Buffer RLT Plus, and then homog-
enized using a QIAshredder column. The same amount of
RNA (up to 1 ug) was loaded per sample for subsequent
complementary DNA (cDNA) synthesis. cDNA was synthe-
sized by loading at least 100 ng RNA per sample and using
the qScript cDNA Supermix (Quantabio). Briefly, in a final
volume of 20 uL, the qScript Supermix (5x) was mixed with

Table 2.gPCR Primer Sequences for Human Genes

Gene Forward sequence, 3'-5’ Reverse sequence, 3’-5’
GAPDH CAAGAGCACAAGAGGAAGAGAG CTACATGGCAACTGTGAGGAG
PTGER1 GGGCTTAACCTGAGCCTAGC GTGATGTGCCATTATCGCCTG
PTGER2 CGATGCTCATGCTCTTCGC GGGAGACTGCATAGATGACAGG
PTGER3 CGCCTCAACCACTCCTACAC GACACCGATCCGCAATCCTC
PTGER4 CCGGCGGTGATGTTCATCTT CCCACATACCAGCGTGTAGAA
ICAM1 TCAGCCTGAGCTACAGATGC CTTTAGCTTCGGGTCAATGC
RSPO3 GGAGTGTGTCAGTATTGTGCACTG GCTTCTTCTGCTGCTGTTTGTT
CCL21a GTTGCCTCAAGTACAGCCAAA AGAACAGGATAGCTGGGATGG
WNT2a GCTGGAATTGCAACACCCTG ACCGCTTTACAGCCTTCCTG
CXCL1 GCGCCCAAACCGAAGTCATA ATGGGGGATGCAGGATTGAG
CXCL8 AAGAGAGCTCTGTCTGGACC GATATTCTCTTGGCCCTTGG
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Reagent or resource Source Identifier
Antibodies
Alexa Fluor 700 anti-mouse CD45 BioLegend Cat# 157210; RRID: AB_2860730
Alexa Fluor 700 anti-mouse Ly6G BioLegend Cat# 127621; RRID: AB_10640452
APC anti-mouse Ly-6C BioLegend Cat# 128015; RRID: AB_1732087
APC anti-mouse Ly-6G/Ly-6C (Gr-1) BiolLegend Cat# 108411; RRID: AB_313376
APC/Cyanine 7 anti-mouse CD326 (Ep-CAM) antibody  BioLegend Cat# 118217; RRID: AB_1501158

Cat# 134325; RRID: AB_2572063
Cat# 140318; RRID: AB_2650924

APC/Cyanine7 anti-mouse FcepsilonR1alpha antibody  BioLegend
Brilliant Violet 605 anti-mouse CD90.2 (Thy1.2) antibody BiolLegend

Brilliant Violet 785 anti-mouse CD117 (c-kit) BiolLegend Cat# 105841; RRID: AB_2629799
Goat polyclonal anti-rabbit horseradish peroxidase Thermo Fisher Cat# 32260; RRID: AB_1965959
Goat polyclonal anti-rat AF 555 Thermo Fisher Cat# A-21434; RRID: AB_2535855
Goat polyclonal anti-rabbit AF 555 Thermo Fisher Cat# A-21428; RRID: AB_2535849
Pacific Blue anti-mouse CD45 antibody BioLegend Cat# 103126; RRID: AB_493535
PE anti-mouse CD123 antibody BiolLegend Cat# 106005; RRID: AB_2124403
PE anti-mouse CD31 antibody BiolLegend Cat# 102508; RRID: AB_312915
PE-Cyanine 7 anti-mouse LYVE1 Thermo Fisher Cat# 25-0443-82; RRID: AB_2802237
PE/Cyanine 7 anti-mouse/human CD11b BioLegend Cat# 101215; RRID: AB_312798

PerCP/Cyanine 5.5 anti-mouse CD193 (CCRS3) antibody BioLegend Cat# 144515; RRID: AB_2565741

Rabbit monoclonal anti-Ki67 Abcam Cat# ab16667; RRID: AB_302459
Rat monoclonal anti-BrdU Abcam Cat# ab6326; RRID: AB_305426
Rat monoclonal anti-LYVE1 Thermo Fisher Cat# 14-0443-82; RRID: AB_1633414
Rabbit polyclonal anti-COX-2 Bioss Cat# bs-0732R; RRID: AB_10859004
Chemicals, peptides, and recombinant proteins

(2-Hydroxypropyl)-3-cyclodextrin Sigma Cat# 332593

10% neutral buffered formalin VWR Cat# 16004

16, 16-dimethyl prostaglandin E, (dmPGE2) Cayman Chemical Company Cat# 14750

32% paraformaldehyde Electron Microscopy Services Cat# 15714

5-Bromo-2’-deoxyuridine (BrdU) BioLegend Cat# 423401
Advanced Dulbecc’’s modified Eagle medium/F12 Gibco Cat# 12634-010
Ampicillin Sigma Cat# A1593

Antibiotic—antimycotic (anti-anti)
B27

Thermo Fisher
Thermo Fisher

Cat# 15240062
Cat# 17504044

Bovine serum albumin Sigma Cat# A9418
Cell staining buffer BioLegend Cat# 420201
CHIR Sigma Cat# SML1046
Collagenase Il Worthington Cat# LS004176
Cytodex 3 Microcarrier Beads Cytiva Cat# 17048502
Dako Liquid DAB+ Substrate Chromogen System Agilent Technologies Cat# K3468
DAPI BioLegend Cat# 422801
DetachKit Promocell Cat# C-41200
Dispase Il Sigma Cat# D4693
DNAse | Sigma Cat# 10104159001
DPBS, no calcium, no magnesium Gibco Cat# 141190250
DTT Sigma Cat# 43816
EDTA Thermo Fisher Cat# 11575-038
EGF Thermo Fisher Cat# PMG8043
Endothelial Cell Growth Media MV2 Promocell Cat# C22121
Fetal bovine serum Gemini Bio-Products Cat# 900-108
Fibrinogen from bovine plasma, type I-S Sigma Cat# F8630
Ficoll-Paque Premium Cytiva Cat# 17544202
GFR Matrigel Corning Cat# 356231
GlutaMAX Gibco Cat# 35050-061
HBSS Gibco Cat# 14175-095
HEPES Sigma Cat# H3662

ImmPACT DAB Substrate Kit
L-161,982 (EP4i)

Vector Laboratories
Cayman Chemical Company

Cat# SK-4105
Cat# 10011565

LPS ultrapure Invivogen Cat# tIrl-3pelps
Metronidazole Cayman Chemical Company Cat# 9002409
Molecular biology grade water Corning Cat# 46-000-CV

MSX-122 (CXCR4i) Selleck Chemicals Cat# S6617
N-2 supplement Thermo Fisher Cat# 17502048
N-acetyl-L-cysteine Sigma Cat# A9165
Neomycin sulfate Sigma Cat# N6386
Noggin PeproTech Cat# 250-38
Nonessential amino acids Thermo Fisher Cat# 11140050
Normal goat serum Vector Laboratories Cat# S-1000

PerfeCTa SYBR Green FastMix, Low ROX VWR Cat# 101414-286
Propidium iodide BioLegend Cat# 421301
Qscript cDNA Supermix VWR Cat# 101414-108
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Table 3.Continued

Reagent or resource

Source Identifier

RBC lysis buffer (10X)
RNA/ater

RPMI 1640 with L-glutamine
Rspo1

SB225002 (CXCR2i)

SDS

Thrombin from bovine plasma
Triton X-100

TRIzol LS

TruStain FcX

TWEEN 20

TWEEN 80

u0126 (MEK1/2i)

Vancomycin

VECTASHIELD Antifade Mounting Medium with DAPI
X-VIVO 15 media

Critical commercial assays
Human R-Spondin-3 Picokine ELISA Kit
QIAmp DNA Stool Mini Kit
Rneasy Mini Kit
RT? Profiler PCR Array
Deposited data
Bulk RNAseq data of PGE2-treated HDLEC
Experimental models: organisms/strains
Cell line: HDLEC (from juvenile foreskin)
Mouse: HdcCre
Mouse: HdcCreERT2
Mouse: HdcGFP
Mouse: Ptgs2fl/fl
Mouse: Rosa26-DTA

Software and algorithms
clusterProfiler
FlowJo V10.8
GraphPad Prism 9
ImagedJ version 2.3/FIJI
QuPath V0.4

Cat# 420301
Cat# AM7020
Cat# 11875-119
Cat# 3474-RS-050

BioLegend

Thermo Fisher
Thermo Fisher
R&D Systems

Selleck Chemicals Cat# S7651
Thermo Fisher Cat# BP166-500
Sigma Cat# T4648

Cat# BP151-500
Cat# 10296028

Thermo Fisher
Thermo Fisher

BioLegend Cat# 101319
Sigma Cat# D8418
Sigma Cat# P1754
Selleck Chemicals Cat# S1102
Sigma Cat# SBR00001
Vector Laboratories Cat# H-1200
Lonza Cat# 04-418Q
Boster Bio Cat# EK1512
Qiagen Cat# 51604
Qiagen Cat# 74104
Qiagen Cat# 009669
This paper GEO: GSE223854
Promocell Cat# C-12216

The Jackson Laboratory Cat# 021198
Chen et al,*” 2017
Yang et al,*® 2011
Gift from Harvey Herschman, University of California Los Angeles

The Jackson Laboratory Cat# 009669

Wu et al,”® 2021
FlowJo, BD

GraphPad Software
Schindelin et al”’, 2012
Bankhead et al,®® 2017

https://doi.org/10.18129/B9.bioc.clusterProfiler
https://www.flowjo.com
http://graphpad.com
http://imagej.net
http://qupath.github.io

CCRS, C-C motif chemokine receptor 3; DAB, 3,3’-Diaminobenzidine; DAPI, 4',6-diamidino-2-phenylindole; DPBS, Dulbec-
co’s Phosphate-Buffered Saline; DTT, dithiothreitol; EGF, epidermal growth factor; ELISA, enzyme-linked immunosorbent

assay; Ep-CAM, epithelial cellular adhesion molecule; MEK1/2i, mitogen-activated kinase kinase 1/2; PE, phycoerythrin;
Ptgs2fl/fl, prostaglandin-endoperoxidase synthase 2 flox/flox; Rspo, R-spondin; SDS, sodium dodecyl sulfate.

RNA template and molecular biology grade water (46-000-
CV; Corning). cDNA was synthesized using the following
PCR program: 5 minutes at 25°C, 30 minutes at 42°C, and
then 5 minutes at 85°C. For all reverse transcriptase
quantitative PCR (RT-qPCR) reactions, cDNA was diluted to
a final concentration of 5 ng/ulL.

Reverse transcriptase qPCR. Reverse transcriptase qPCR
was performed by adding equal amounts of cDNA template to a
mix of validated gene-specific primers, molecular biology grade
water, and PerfeCta SYBR Green FastMix Low ROX (2x)
(84073; Quantabio). Real-time qPCR was performed with 3
technical replicates using a QuantStudio3 Real-Time PCR sys-
tem (Thermo Fisher). Relative expression was calculated as the
fold change using the 2"**“ method. Primer sequences are
shown in Tables 1 and 2.

RT? Profiler PCR assay. cDNA from isolated Hdc®" cells
was used in the RT? Profiler PCR Array (Qiagen) for Mouse
Chemokines and Receptors. The manufacturer’s protocols
were followed.

Bulk RNA sequencing and data processing. Isolated
total RNA from HDLECs was measured for purity and
integrity (RNA integrity number [RIN], >8) on a 2100 Bio-
analyzer (Agilent) and then sent to the JP Sulzberger
Columbia Genome Center for sequencing. Poly-A pulldown
was used to enrich messenger RNAs from samples, and then
libraries were constructed using Illumina TruSeq chemistry.
RNA sequencing experiments were run on an Illumina
NovaSeq 6000 with a sequencing depth of 20 million reads
per sample and a targeted number of paired-end 100-base
pair reads for each sample. RTA (Illumina) was used for
base calling and bcl2fastq2 version 2.19 (Illumina) was used
to create FASTQ files and trim adaptors. Pseudoalignment
was performed to a kallisto index created from tran-
scriptomes (Ensembl v96, GRGm38.p6) using Kkallisto
version 0.44.0.% Differentially expressed genes were
determined using DESeq2 version 1.24.0.”° Gene set
enrichment analysis was performed using clusterProfiler
version 4.0.”°


https://doi.org/10.18129/B9.bioc.clusterProfiler
https://www.flowjo.com
http://graphpad.com
http://imagej.net
http://qupath.github.io
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Statistical Analysis

Statistical testing was performed using GraphPad Prism 7
software (GraphPad Software, Inc). For experiments with 2
groups, unless otherwise specified, the differences between the
means were compared using the 2-sided Student ¢ test. For
experiments with 3 or more groups, 1-way analysis of variance
with post hoc Tukey multiple comparisons was performed. For
survival experiments, the Kaplan-Meier simple survival anal-
ysis was used. Significance was defined as a P value < .05.
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