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ORIGINAL RESEARCH

CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

Macrophage COX2 Mediates Efferocytosis, Resolution

Check for
Updates

Reprogramming, and Intestinal Epithelial Repair
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Nasrin Dorreh,? Shoreh Noori,” Victor Grijalva,?
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"Division of Digestive Diseases, Department of Medicine, David Geffen School of Medicine, University of California, Los
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SUMMARY

Efferocytosis of apoptotic neutrophils by macrophages an-
chors the resolution of intestinal inflammation and is
implicated in the pathogenesis of inflammatory bowel dis-

ease. We demonstrate that macrophage cyclooxygenase 2

potentiates  efferocytosis  capacity and facilitates
efferocytosis-dependent macrophage reprogramming and
intestinal epithelial repair.

BACKGROUND AND AIMS: Phagocytosis (efferocytosis) of
apoptotic neutrophils by macrophages anchors the resolution
of intestinal inflammation. Efferocytosis prevents secondary
necrosis and inhibits further inflammation, and also repro-
grams macrophages to facilitate tissue repair and promote
resolution  function. = Macrophage  efferocytosis  and
efferocytosis-dependent reprogramming are implicated in the
pathogenesis of inflammatory bowel disease. We previously
reported that absence of macrophage cyclooxygenase 2 (COX2)
exacerbates inflammatory bowel disease-like intestinal
inflammation. To elucidate the underlying pathogenic mecha-
nism, we investigated here whether COX2 mediates macrophage
efferocytosis and efferocytosis-dependent reprogramming,
including intestinal epithelial repair capacity.

METHODS: Using apoptotic neutrophils and synthetic
apoptotic targets, we determined the effects of macrophage
specific Cox2 knockout and pharmacological COX2 inhibition on
the efferocytosis capacity of mouse primary macrophages.
COX2-mediated efferocytosis-dependent eicosanoid lipidomics
was determined by liquid chromatography tandem mass
spectrometry. Small intestinal epithelial organoids were
employed to assay the effects of COX2 on efferocytosis-
dependent intestinal epithelial repair.

RESULTS: Loss of COX2 impaired efferocytosis in mouse pri-
mary macrophages, in part, by affecting the binding capacity of
macrophages for apoptotic cells. This effect was comparable to
that of high-dose lipopolysaccharide and was accompanied by
both dysregulation of macrophage polarization and the inhibi-
ted expression of genes involved in apoptotic cell binding. COX2
modulated the production of efferocytosis-dependent lipid

inflammatory mediators that include the eicosanoids prosta-
glandin 12, prostaglandin E2, lipoxin A4, and 15d-PGJ2; and
further affected secondary efferocytosis. Finally, macrophage
efferocytosis induced, in a macrophage COX2-dependent
manner, a tissue restitution and repair phenotype in intestinal
epithelial organoids.

CONCLUSIONS: Macrophage COX2 potentiates efferocytosis
capacity and efferocytosis-dependent reprogramming, facili-
tating macrophage intestinal epithelial repair capacity. (Cell Mol
Gastroenterol Hepatol 2022;13:1095-1120; https://doi.org/
10.1016/j,jcmgh.2022.01.002)

Keywords: Macrophage; Inflammation Resolution; Inflammatory
Bowel Disease; Lipidomics; Eicosanoids.

I nflammatory bowel disease (IBD)—including both
ulcerative colitis and Crohn’s disease (CD)—is a
chronic and relapsing inflammatory disorder of the intestinal
tract. IBD includes a dysregulated mucosal immune response
to commensal gut microbiota, often brought about by envi-
ronmental triggers in genetically susceptible individuals.'

Abbreviations used in this paper: 1°, primary; 2°, secondary; AA,
arachidonic acid; apMPRO, apoptotic MPRO; AnV, annexin V; BL6,
C57BL/6 mice; BMDM, bone marrow-derived macrophage; BP, barrier
permeability; BSA, bovine serum albumin; CCHF, cholate-containing
high fat diet; CD, Crohn’s disease; CM, conditioned media; COX2,
cyclooxygenase 2; COX2i, COX2 pharmacologic inhibition; CSF, col-
ony-stimulating factor; FBS, fetal bovine serum; FLOX, Cox2 floxed;
HGF, hepatocyte growth factor; IBD, inflammatory bowel disease; IL,
interleukin; KO, total knockout; LC-MS/MS, liquid chromatography
tandem mass spectrometry; LP, lamina propria; LPS, lipopolysac-
charide; LXA4, lipoxin A4; MKO, myeloid-specific knockout; MRM,
multiple reaction monitoring; NT, no treatment; PBS, phosphate-buff-
ered saline; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PG, prostaglandin; PM, peritoneal macrophage; PS, phosphatidylser-
ine; gPCR, quantitative polymerase chain reaction; TLR, Toll-like re-
ceptor; TNFa, tumor necrosis factor «; WAE, wound-associated
epithelium; WT, wild-type.
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Over 200 genetic susceptibility or risk loci, including cyclo-
oxygenase 2 (COX2) (also known as PTGS2), have been
identified for IBD.” Pathway analysis of prognosis-associated
SNPs has implicated regulation of innate immune responses
and mononuclear phagocytes in CD prognosis.”

COX2 is an inducible enzyme responsible for the rate-
limiting step in the conversion of arachidonic acid to
prostanoids.” While COX2 is commonly thought to be
proinflammatory, we recently reported that myeloid-
specific knockout (MKO) of Cox2 causes mice to develop
Toll-like receptor (TLR)-dependent CD-like inflammation
when intestinal barrier function is compromised by a
cholate-containing high-fat (CCHF) diet.” Macrophage COX2
thus appears to provide an inhibitory check on TLR-
dependent intestinal inflammation. In part, this check may
be anti-inflammatory. Consistent with prior reports,”® we
observed an increased LPS-dependent expression of inflam-
matory cytokines in Cox2 MKO macrophages.5 However,
macrophage COX2 may also modulate inflammation resolu-
tion. Lipoxin A4 (LXA4) is a potent lipid inflammatory medi-
ator that can be synthesized from arachidonic acid via
macrophage COX2-dependent production of 15HETE.” LXA4
is broadly anti-inflammatory, but it can also increase the
inflammation macrophage resolving capacity.'” We observed
that Cox2 MKO reduced the level of LXA4 in intestinal in-
flammatory lesions of CCHF-fed mice and that administration
of a stable LXA4 analog rescued disease. We speculated that
absence of COX2 compromised the resolving capacity of
macrophages, and that this dysfunction contributed to the
intestinal pathology of our IBD model.”

Physiological inflammation is self-limiting, and the res-
olution of inflammation is an active and coordinated pro-
cess.'' Acute intestinal inflammation starts upon detection
of pathogen or damage-associated molecular patterns,
leading initially to a coordinated trafficking of neutrophils
and inflammatory monocytes into the lamina propria (LP).
The resolution process begins with neutrophil apoptosis,
but macrophages play at least 2 roles whose impairment
could lead to chronic intestinal inflammation. First, clear-
ance of apoptotic neutrophils is necessary to prevent sec-
ondary necrosis and further inflammation.'? Macrophages
first find and then phagocytose apoptotic neutrophils in a
process known as efferocy‘cosis.13 Within the LP, the
macrophage population of the inflammatory microenviron-
ment must thus be capable of naive or primary effer-
ocytosis—of initiating efferocytosis with respect to an
increasingly apoptotic neutrophil population.'* Second,
efferocytosis of apoptotic cells reprograms macrophages
from an inflammatory to an anti-inflammatory, resolving,
and tissue repair phenotype somewhat akin to that of
mature resident macrophages.*’® This reprogramming
shifts the inflammatory distribution of cytokines, sup-
pressing expression of interleukin (IL)-18 and IL-12 while
increasing both IL-10 and transforming growth factor 8.'°
This reprograming includes upregulation of genes involved
in efferocytosis itself,’®> thereby increasing secondary
efferocytosis capacity. Finally, the initial efferocytosis in-
creases production of trophic and repair factors like annexin
Al and extracellular vesicle-packaged WNTs that are
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important for re-establishing the epithelial barrier following
disruption of the intestinal epithelium.’* Thus, inflamma-
tory, immature LP macrophages must successfully repro-
gram following naive efferocytosis to suppress neutrophil
chemotaxis and Thl and Th17 responses, to further clear
apoptotic cells, and to repair intestinal epithelium.

There exists increasing evidence that defects in both
macrophage efferocytosis and macrophage reprogramming
may be involved in the pathogenesis of IBD. Following
efferocytosis of apoptotic cells, LP macrophages overex-
pressed genes overlapping with 41 susceptibility loci for
IBD'”—suggesting a role for efferocytosis in IBD. In addi-
tion, an analysis of genome-wide association studies
concluded that IBD susceptibility loci were enriched for
promoters involved in macrophage differentiation.'®
Furthermore, human intestinal immature inflammatory
macrophages, rather than tolerogenic mature macrophages,
are expanded in IBD."” As a result, efferocytosis and
reprogramming offer possible targets for the treatment of
IBD. Several new therapies that seek to promote the dif-
ferentiation of immature macrophages into resolving mac-
rophages are currently under consideration.™*

We investigate here the role of macrophage COX2 in
primary efferocytosis and in efferocytosis-dependent
macrophage reprogramming, including intestinal epithelial
repair capacity. We report that COX2 potentiates the pri-
mary efferocytosis capacity of mouse macrophages, in part
by promoting their binding capacity for apoptotic cells.
We also find that COX2 modulates several aspects of reso-
lution reprogramming: COX2 mediates the production of
efferocytosis-dependent lipid inflammatory mediators that
include the eicosanoids prostaglandin (PG) 12, PGE2, LXA4,
and 15d-PGJ2; potentiates macrophage secondary effer-
ocytosis capacity; and mediates the efferocytosis-dependent
capacity of macrophages to augment and amplify intestinal
epithelial repair. We suggest that these findings identify a
potential target for enhancing the resolving phenotype and
function of macrophages in a manner that may prove pro-
tective against IBD.

Results
Cox2 MKO modulates both the degree and
character of ileo-ceco-colic inflammation in mice
fed a CCHF diet

Both Cox2 MKO and control Cox2 floxed (FLOX) mice
were fed a CCHF diet for 10 weeks. The degree of intestinal
inflammation in histological cross-sections of the ileo-ceco-
colic regions from these mice was determined (Figure 1A4).
Consistent with our prior report,5 MKO mice possessed
approximately 30-fold more inflammation by % area than
FLOX mice. The neutrophil-to-macrophage ratio for MKO
and FLOX in regions of comparable macrophage burden was
also determined (Figure 1B and C). MKO mice exhibited a
significantly  higher  neutrophil-to-macrophage ratio,
compared with FLOX mice, within these macrophage-high
inflammatory regions. We conclude that, in mice fed the
CCHF diet, Cox2 MKO alters not only the degree of intestinal
inflammation, but also its character.
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COX2 modulates the efferocytosis capacity of consistent with dysregulated macrophage efferocytosis
mouse macrophages capacity.13 In addition, we previously observed that Cox2

The comparative failure of Cox2 MKO macrophages to MKO and chronic COX2 inhibition increased the inflam-
clear neutrophils within inflammatory regions (Figure 1) is matory response of LPS-activated murine macrophages.’

A FLOX + CCHF v MKO + CCHF

3

o
o

@
o
*
*
*

Inflamed area
(% of total area from H&E tile scan)
3
D
[m]

N
o

N
o

%ﬁ—_
FLOX + CCHF MKO + CCHF

B FLOX MKO G

3% %k %k %k

)
]
o

m o-

F4/80

200

[m]

a

m
CHp

100

)
Q
e}

o
g

FLOX + CCHF MKO + CCHF

LY6G

LY6G/F480
(% area ratio in (200um)2 ROI

. EE 244

CDH1

F4/80
LY6G




1098 Meriwether et al

Inflammatory macrophages (so-called classically activated
or M1 macrophages) possess less efferocytosis capacity
than either unpolarized macrophages (MO0) or those that
promote inflammation resolution and wound repair (so-
called alternatively activated or M2 macrophages).?’
Consequently, we hypothesized that both CoxZ2 MKO and
chronic COX2 inhibition would impair the efferocytosis
capacity of murine macrophages.

The efferocytosis capacity of macrophages can be
quantitatively assayed with labeled apoptotic immune
cells or labeled phosphatidylserine (PS)-coated synthetic
apoptotic bodies.?® Efferocytosis capacity was first
assessed by determining the number of labeled apoptotic
murine neutrophils bound or internalized by murine
macrophages.

MPRO cells are a granulocyte-macrophage colony-stimulating
factor (CSF) dependent, immortalized neutrophil progeni-
tor line that exhibits a number of neutrophil characteristics
that include cell surface expression of mouse neutrophil-
specific antigen 7/4.”* Both 1 uM staurosporine and heat
shock at 43°C?° were tested for effectiveness at inducing
apoptosis in MPRO cells. The degree of MPRO cell
apoptosis was determined by annexin V-FITC staining.
Staurosporine was more effective than heat shock (data
available upon request). Apoptotic MPRO (apMPRO) cells
were labeled with Cell Proliferation Dye eFluor 450—a
violet, fluorescent live cell dye that binds to any cellular
protein containing primary amines—for subsequent effer-
ocytosis assays.

The efferocytosis capacity of mouse thioglycolate-
elicited peritoneal macrophages (PMs) was investigated
first. Thioglycolate-elicited PMs are more inflammatory
than resident PMs in response to LPS activation® and thus
better model the inflammatory macrophages that associate
with intestinal inflammation’® that we observed in our
prior study.” Moreover, only continuous COX2 inhibition
with SC236 across 7 days but not across 2 days (chronic
COX2 inhibition) significantly increased the LPS-dependent
inflammatory response of PMs compared with COX2 un-
inhibited control cells (Figure 24). PMs from day 7 with
and without chronic COX2 inhibition were nonetheless as
viable as 2-day controls (Figure 2B). In addition, both 7-
day and 2-day COX2-uninhibited PMs responded compa-
rably to LPS (Figure 2A and (), suggesting that the
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additional days in culture did not as such result in loss of
function. Consequently, PMs from day 7, rather than from
day 2, of culture were employed throughout.

The number of bound or internalized apMPRO cells
per PM was determined for PMs from Cox2 MKO and
FLOX mice cultured for 7 days and treated with labeled
apMPRO cells for 30, 60, and 90 minutes. Both 60- and
90-minute incubations significantly increased the
apMPRO-to-PM ratio compared with 30 minutes for FLOX
PMs; deletion of COX2 in MKO cells significantly
decreased the apMPRO-to-PM ratio at both later time
points (Figure 34). Chronic pharmacologic COX2 inhibition
also reduced the efferocytosis capacity of 7-day PMs
(Figure 3B and ().

We also asked whether loss of COX2 would impair the
efferocytosis capacity of macrophages that exhibited a
more inflammation resolving phenotype than PMs. Bone
marrow-derived macrophages (BMDMs) can be pushed
into a resolving phenotype through several means,
following their differentiation from bone marrow derived
monocytes by macrophage CSF. First, IL-10 polarizes
BMDMs to a type of alternatively activated phenotype
associated with inflammation resolution (viz. M2c); these
M2c macrophages exhibit enhanced efferocytosis capacity
when compared with either classically activated M1 mac-
rophages or IL-4-activated MZ2a macrophages (more
closely associated with wound repair).”® Second, low-dose
LPS (10 ng/mL over 48 hours) can also induce a partial
resolution-like phenotype in mouse macrophages. LPS
stimulates IL-10 secretion within 24 hours after addition,
and IL-10 can signal in autocrine fashion.?* Third, even
BMDMs that are differentiated in macrophage CSF but are
otherwise not polarized (so-called MO macrophages), ex-
press M2 markers,” and exhibit M2c-like efferocytosis
Capacity.20

The effect of Cox2 MKO on the efferocytosis capacity of
unpolarized (no treatment [NT]), IL-10-polarized (IL-10),
and 10-ng/mL low-dose LPS polarized (10 ng LPS) BMDMs
was determined (Figure 4). Absence of COX2 significantly
suppressed the binding and internalization of apMPRO cells
for all 3 groups (Figure 44 and C). Chronic COX2 inhibition
across both BMDM differentiation and polarization signifi-
cantly and comparably suppressed efferocytosis of apMPRO
cells (Figure 4B).

Figure 1.(See previous page). Absence of myeloid COX2 modulates the degree and character of ileo-ceco-colic
inflammation in mice fed a CCHF diet. Four-to-6 month old Cox2 MKO and Cox2 FLOX control mice were fed a CCHF
diet for 10 weeks (n = 3—-4/group). The ileo-ceco-colic regions were fixed in formaldehyde, and paraffin-embedded cross
sections were prepared for histological analysis. (A) Left panels show cross-sections from each ileo-ceco-colic region stained
with hematoxylin and eosin, and tiled micrographs were generated. Representative images from FLOX and MKO mice are
shown. Red scale bars = 1 mm. Black scale bars = 250 um. Black boxes = areas of magnification. The right panel shows the
% total tissue area of intestinal inflammation within each cross-section determined in FlJI. (B) Cross-sections were probed
with antibodies against the epithelial marker CDH1, the neutrophil marker LY6G, and the macrophage marker F4/80; tiled
confocal micrographs were generated. Representative micrographs taken of comparable F4/80-positive regions in both MKO
and FLOX cross-sections are shown. White scale bar = 200 um. Imaging was performed on a Zeiss LSM 900 confocal mi-
croscope as described in the Materials and Methods. (C) Tiled micrographs of comparable F4/80-positive regions within each
MKO and FLOX cross-section were analyzed in FlJI. The % area ratio of LY6G to F4/80-positive fluorescence was determined
in 15-20 (200 um)? regions of interest (ROIs) within each micrograph. **P < .001; ***P < .0001. Unpaired Student’s t tests.
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Figure 2. Chronic COX2 inhibition across 7 days, but not 2 days, increases the LPS-dependent inflammatory response
of murine PMs; while seven days of culture does not otherwise affect PM viability or PM function. (A) PMs from BL6 mice
were treated with vehicle (NT) or the COX2 inhibitor SC236 for 2 or 7 days. LPS (100 ng/mL) or vehicle was then added.
Treatment was otherwise maintained, and 24 hours later, TNFa (TNF) gene expression was determined by gPCR on day 3 and
day 8. Three biological replicates per condition. (B) Cell viability of 2-day and 7-day PMs with and without chronic COX2
inhibition was determined by DAPI exclusion via fluorescence-activated cell sorting. 3 biological replicates per condition. (C)
LPS-dependent PGE2 levels in the media of the experiment represented in panel A were determined by LC-MS/MS. **P <
.001; *™P < .0001. Two-way analysis of variance with Tukey’s multiple comparisons test and adjusted P values. d, day;

ns, not significant.

COX2 modulates efferocytosis in part by
affecting the binding capacity of macrophages

for apoptotic neutrophils

Macrophage efferocytosis in vivo consists of 3 stages:
apoptotic cell finding, apoptotic cell binding, and apoptotic
cell internalization and degradation.”® The in vitro effer-
ocytosis assay described in Figures 3 and 4 cannot interrogate
apoptotic cell finding: apoptotic neutrophils are added
directly to cultured macrophages. Thus, the inhibitory effects
associated with Figures 3 and 4 must reflect differences of
apoptotic cell binding or apoptotic cell internalization. We
next investigated whether macrophage COX2 loss reduces the
binding capacity for apoptotic neutrophils (Figure 5).

Apoptotic cell internalization begins when engagement
of cell surface receptors on efferocytes activates the RHO
family of GTPases, including RAC1, to mediate apoptotic cell
internalization.?® Upon activation, RAC1 localizes to the
apoptotic cell engagement site on the plasma membrane
where, through several steps, actin is polymerized to form
the phagocytic cup, leading to apoptotic cell internaliza-
tion.”° Inhibition of actin polymerization, by pretreating
macrophages with the mycotoxin cytochalasin D, prevents
apoptotic cell internalization.’” With internalization
blocked, any differences in the association of macrophage
populations with apMPRO cells would be due to differences
in macrophage apoptotic cell binding capacity.

BMDMs generated from Cox2 MKO and control FLOX
mice were polarized as described previously. The BMDMs
were pretreated with 5 uM cytochalasin D for 30 minutes
then assayed at 60 minutes for association between apM-
PRO cells and BMDMs. As expected, cytochalasin D blocked
apMPRO cell internalization. However, COX2 absence in

macrophages significantly suppressed the binding of apM-
PRO cells for all 3 groups of BMDMs (NT, IL-10, and 10 ng
LPS) (Figure 54 and D). Chronic pharmacologic COX2 inhi-
bition also reduced the binding capacity of BMDMs
(Figure 5B) and PMs (Figure 5C) for apMPRO cells.

Loss of COX2 activity suppresses efferocytic
index in a manner comparable to M1 polarization
When cells undergo apoptosis, they externalize PS to
their outer cell membrane. Efferocytes can bind to apoptotic
cells by binding to this PS directly, or through bridge mol-
ecules that bind membrane-associated PS.*° It is possible to
generate synthetic apoptotic targets that consist of silica
beads coated with PS and phosphatidylcholine (PC). Mac-
rophages will bind and internalize these PS/PC liposomes as
if they were apoptotic cells.”’ By adding to the PS/PC lipo-
somes both phosphatidylethanolamine (PE) conjugated to
rhodamine and PE conjugated to biotin, it is possible to
quantitatively distinguish between liposomes that are
bound to macrophages and liposomes that have been
internalized by the macrophages.”’ The liposomes are al-
ways rhodamine positive; however, they can acquire a sec-
ond color if bound to a labeled streptavidin. Streptavidin,
however, cannot enter unpermeabilized cells. Thus, if
streptavidin is added prior to fixation and permeabilization,
liposomes bound to the cell surface but not yet internalized
will contain 2 colors. By contrast, internalized liposomes
will only be rhodamine positive. The number of internalized
apoptotic bodies per efferocyte, called the efferocytic index,
is a measure of efferocytosis capacity. The number of
internalized apoptotic bodies as a percent of the total number
of bound and internalized apoptotic bodies, called efferocytic
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Figure 3. COX2 modulates the efferocytosis of apoptotic neutrophils by murine PMs. (A) Thioglycolate-elicited PMs
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were determined at 30, 60, and 90 minutes. (B) PMs isolated from BL6 mice were either treated with vehicle (NT) or the COX2
inhibitor SC236 for 7 days, then treated with labeled apMPRO cells. The numbers of cell-associated neutrophils per PM were
determined after 60 minutes. (C): For all analyses in panels A and B, up to 12 fields of approximately 100 macrophages each
were analyzed from 3 separate biological replicates per condition. Data are shown for the experiment in panel B. PM cell
numbers were determined by staining with nuclear green DCS1 and wheat germ agglutinin (WGA) Texas Red-X conjugate.
apMPRO cell numbers were determined by prestaining with Cell Proliferation Dye eFluor 450. x40 magnification; represen-
tative images are shown. Scale bar = 50 um. *P < .05; **P < .01; **P < .001; ***P < .0001. (A) One-way analysis of variance
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efficiency, is a measure of the efficiency of internalization
following binding.”’ This scheme is illustrated in Figure 6A.
While the efferocytic index is a function of both binding and
internalization capacities, efferocytic efficiency more directly
assesses internalization capacity alone.

The effect of COX2 on the efferocytic index and the
efferocytic efficiency of variously polarized BMDMs was
determined. BL6 BMDMs were chronically COX2 inhibited
with SC236 or left uninhibited (wild-type [WT]). BMDMs
were either unpolarized (NT), polarized with IL-10 (IL-10),
or polarized with 10-ng/mL low-dose LPS (10 ng LPS).
Because M1 polarization suppresses the efferocytic index
and efferocytic efficiency compared with MO and M2 po-
larizations,?® additional BMDMs were polarized with
100-ng/mL high-dose LPS (100 ng LPS) to serve as M1-
polarized negative control cells. BMDMs were challenged
with PC/PS/PE-rhodamine/PE-biotin liposomes; streptavi-
din AF-635 was added; the cells were stained and fixed; and
the fixed cells were imaged with a confocal microscope.

The efferocytic index of WT BMDMs was significantly
reduced by 100 ng LPS compared with NT. Chronic COX2

(B) Unpaired Student’s t tests. m, minutes.

inhibition with SC236 also significantly reduced the effer-
ocytic index of BMDMs for NT, IL-10, and 10 ng LPS groups
compared with WT. The effects of 100 ng LPS and SC236 on
efferocytic index were comparable. In contrast, SC236 did
not affect the efferocytic index of 100 ng LPS-treated
BMDMs (P = .4) (Figure 6B and D). The efferocytic effi-
ciency of both WT and SC236-treated BMDMs was signifi-
cantly reduced by 100 ng LPS compared with 10 ng LPS
BMDMs, but COX2 inhibition did not significantly reduce the
efferocytic efficiency in NT, IL-10, and 10 ng LPS groups
(Figure 6C). These results suggest that loss of COX2 inhibits
efferocytosis by affecting apoptotic cell binding without
necessarily affecting apoptotic cell internalization as such.

Loss of COX2 biases macrophage differentiation
phenotype and inhibits induction of genes
expressed in efferocytosis-competent
macrophages

Chronic COX2 inhibition and Cox2 MKO both reduced
macrophage efferocytosis capacity. In contrast, COX2
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inhibition from 60 minutes prior to the addition of apMPRO
cells (acute COX2 inhibition) did not alter binding or
internalization of apMPRO cells (Figure 74). Chronic COX2
inhibition biases macrophage phenotype toward an inflam-
matory M1 state.”® Inflammatory M1 macrophages exhibit
less efferocytosis capacity than either MO or M2c macro-
phages.”’ We thus considered the possibility that chronic or
constitutive COX2 loss impairs macrophage efferocytosis by
biasing macrophage phenotype during differentiation or
polarization.

Prostanoid levels in the media on day 4 of differentiating
BMDM cultures were determined by liquid chromatography
tandem mass spectrometry (LC-MS/MS) (Figure 7B).
Elevated levels of PGE2 and its degradation product 15keto-

10 LPS

NT IL10 10LPS

eFluor 450

Merged

PGE2, together with 6keto-PGF1a—the degradation product
of prostacyclin—were present. Moreover, chronic COX2 in-
hibition during differentiation significantly reduced the
levels of all 3 prostanoids.

Gene expression of common polarization markers was
analyzed by quantitative polymerase chain reaction (qPCR)
under treatment conditions that induce alternatively acti-
vated phenotypes: (1) NT, with its M2 bias in BMDMs,*” as
well as (2) IL-4 (M2a inducing) and (3) IL-10 (M2c-
inducing) treatments. Both chronic COX2 inhibition and
Cox2 MKO significantly reduced expression of the M2
marker Ym1”® when compared with their corresponding
control cells (Figure 7C). The M1 marker inducible Nos2,
normally expressed at very low levels under IL-4 and IL-10
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prevent the internalization of cell surface bound apoptotic cells. (A) FLOX and Cox2 MKO BMDMs were either left unpolarized
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apMPRO was determined as in panel A. (D) Representative data from the experiment presented in panel A. BMDMs were
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stained with Cell Proliferation Dye eFluor 450. x40 magnification. Red arrows point to apMPRO cells bound to the macro-
phage cell membrane, but not internalized. Scale bar = 50 um. For panels A-C, 5-9 fields were analyzed from 3 biological
replicates per condition. *P < .05; P < .01; **P < .001; ***P < .0001. (A, B) Two-way analysis of variance with Tukey’s
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treatment,“” was also significantly increased for all 3 BMDM
groups (NT, IL-4, IL-10) by both chronic COX2 inhibition
and Cox2 MKO (Figure 7D).

Absence of COX2 reduced both the macrophage binding
capacity for apoptotic neutrophils (Figure 5) and the
macrophage efferocytic index (Figure 6). These observations
suggested that COX2 loss would affect gene expression
levels of various components of the cellular machinery
involved in efferocytosis. It was next determined whether
COX2 inhibition would reduce expression of efferocytosis-
specific genes in a manner comparable to high-dose LPS.

Chronically COX2-inhibited (SC236) BMDMs and untreated
BMDMs (WT) were treated with either IL-10 or 100 ng LPS.
Gene expression levels were determined for the direct PS
receptors STAB1 and TIM3; the bridge molecules GAS6,
MFG-E8, and PROS1; the indirect PS receptors MERTK and
AXL; the internalization elements ELMO1 and DOCK1; and
RAC1, the GTPase activated by apoptotic cell binding
(Figure 8).° The 100 ng LPS induced significantly lower
expression of several genes involved in apoptotic cell
binding compared with IL-10. These genes included the
direct PS receptors Stab1 and Tim3 (Figure 84 and B); the
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bridge molecules Gas6 (Figure 8C), Mfge8 (Figure 8D), and
Pros1 (Figure 8E); and the indirect PS receptor Axl
(Figure 8G). COX2 inhibition did not alter expression of
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these genes in response to 100 ng LPS. However, in
response to IL-10, COX2 inhibition significantly suppressed
expression of Stabl (Figure 8A), Gas6 (Figure 8C), and
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Figure 7. Acute COX2 inhibition does not affect efferocytosis, but chronic or constitutive loss of COX2 activity sup-
presses prostanoids otherwise present across the differentiation of monocytes into BMDMs while biasing the po-
larization state of BMDMs toward an inflammatory phenotype. (A) BL6 PMs were culture for 7 days and then pretreated
with vehicle (NT) or SC236 for 60 minutes prior to addition of labeled apMPRO cells. Numbers of apMPRO cells per PM were
determined by assessing multiple micrographic fields of at least 200 PMs for 3 biological replicates. (B) Bone marrow—derived
monocytes were isolated from BL6 mice and treated with vehicle (NT) or the COX2 inhibitor SC236 from time 0. Media
collected on day 4 were analyzed by LC-MS/MS for eicosanoids including PGE2, the PGE2 degradation product 15keto PGE2,
and the PGI2 degradation product 6ketoPGF1«. Data from 3 biological replicates. (C, D) Bone marrow—derived monocytes
from BL6 and Cox2 MKO mice were treated with vehicle or SC236 from time 0 (WT = BL6 BMDM + vehicle; SC236 = BL6
BMDM + SC236; MKO = Cox2 MKO BMDM + vehicle). On day 8, BMDMs were further treated with vehicle, IL-4 (20 ng/mL),
or IL-10 (20 ng/mL). On day 10, gene expression levels of the activation markers Ym1 (M2/M2a marker) and Nos2 (M1 marker)
were determined by qPCR. Data are expressed as fold differences from the corresponding intragroup COX2 WT and unin-
hibited control (WT). *P < .05; **P < .01; **P < .001; ***P < .0001. (A) Unpaired Student’s t test. (B-D) 2-way analysis of
variance with Tukey’s multiple comparisons test and adjusted P values. ns, not significant.

Mfge8 (Figure 8D). These reductions in expression of genes
related to the direct and indirect binding of PS may explain
why loss of COX2 reduces the binding capacity of macro-
phages for apoptotic neutrophils. Reduction in binding ca-
pacity, but not in expression of cellular machinery
associated with internalization, may explain why COX2 loss
reduced the efferocytic index without significantly altering
efferocytic efficiency—without, in order words, seemingly
altering the capacity of macrophages to internalize apoptotic

cells once they are surface bound. See Figure 8K for a
summary of the genes analyzed.

Efferocytosis triggers the production of COX- and
lipoxygenase-dependent lipid signaling
mediators in macrophages

COX2 and PGE2 are induced in murine macrophages by
exposure to apoptotic cells, and apoptotic cell-dependent

Figure 6. (See previous page). BMDM COX2 inhibition suppresses efferocytic index in a manner comparable to M1
polarization. BMDMs derived from BL6 mice were chronically inhibited with SC236 from isolation or left uninhibited (WT). BMDMs
were left unpolarized (NT) or polarized with IL-10, low-dose LPS (10 ng LPS), or high-dose LPS as an M1 control (100 ng LPS). After
48 hours, synthetic apoptotic targets (silica beads coated with PC, PS, PE conjugated to rhodamine, and PE conjugated to biotin)
were added to the macrophages. After 45 minutes, streptavidin Alexa Fluor-635 together with DAPI to stain nuclei and WGA Alexa
Fluor-488 conjugate to stain cell membranes were added; and the cells were fixed with paraformaldehyde. (A) Schematic for the
determination of efferocytic index (the number of internalized liposomes per cell) and efferocytic efficiency (% of all cell associated
liposomes that were internalized) using the 2-color liposomal bead assay. (B, C) Both efferocytic index and efferocytic efficiency were
determined from confocal micrographs by independently averaging the scores of 4-6 micrographs from each of 4 biological repli-
cates. (D) Representative fluorescent images for data in panels B and C. Imaging was performed on a Zeiss LSM 900 confocal
microscope as described in the Materials and Methods. Image analysis was performed using ImageJ. Scale bar = 20 um. *P < .05;
P < .01; ™P < .001; *™*P < .0001. Two-way analysis of variance with Tukey’s multiple comparisons test and adjusted P values.
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.001; ***P < .0001. Two-way analysis of variance with Tukey’s multiple comparisons test and adjusted P values. ns, not

significant.

PGE2 can modulate, in an autocrine fashion, the production
and release from mouse macrophages cellular growth fac-
tors, including hepatocyte growth factor.”” We thus hy-
pothesized that COX2 would modulate several aspects
of efferocytosis-dependent macrophage reprogramming,
including intestinal epithelial repair.

Eicosanoids released by PMs in response to efferocytosis
were determined by scheduled multiple reaction monitoring
LC-MS/MS.” BL6 PMs were treated with apMPRO cells and
apMPRO cells + cytochalasin D. To isolate the effect of COX2
only during apMPRO-dependent macrophage response, PMs
were treated with apMPRO cells + acute SC236. Media were
sampled over a 32-hour period, during which time the

cultures were maintained in lipoprotein-deficient fetal
bovine serum (FBS).

Efferocytosis enhanced the production of multiple
eicosanoids (Figure 94), significantly increasing at 32
hours the levels of the prostanoids PGE2 and PGD2
(Figure 9B), as well as degradation products of PGE2,
PGD2, PGI2, and PGF2« (Figures 9C). Efferocytosis also
significantly increased the levels of 2 anti-inflammatory
and inflammation resolving eicosanoids, LXA4 and
15d-PGJ2  (Figure 9D). Efferocytosis significantly
increased levels of the monohydroxylated arachidonic
acid (AA) products 15HETE, 5HETE, and 11HETE as well

(Figure 9E).
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The efferocytosis dependence of these products was
further validated by determining the effect of recombi-
nant murine annexin V (AnV) on the levels of these spe-
cies following induction by apMPRO cells. AnV can bind to
PS and block the binding of PS to macrophages.’’ AnV
pretreatment of apMPRO reduced the binding and uptake
of apMPRO cells by approximately 50% (data available
upon request). AnV pretreatment also caused a com-
parable reduction in apMPRO-dependent eicosanoids
(Figure 9F). These results support the suggestion that

way analysis of variance
for each lipidomic analyte
with false discovery rate at
level « = 0.05, followed by
2-way analysis of variance
with  Tukey’s  multiple
comparisons test and
adjusted P values.

15HETE SHETE 11HETE

apMPRO-dependent eicosanoids are induced by effer-
ocytosis itself.

The prostanoids and their degradation products are
COX-dependent metabolites of AA. The selective COX2
inhibitor SC236 significantly reduced PGE2 and PGD2
levels, indicating a role for COX2 (Figure 9B). SC236 also
reduced the anti-inflammatory eicosanoid 15d-PGJ2, a
derivative of PGD2 (Figure 9D). The anti-inflammatory and
inflammation resolving eicosanoid LXA4 was also reduced
by SC236 treatment. LXA4 can be produced from AA in
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mice by the combined activity of 5 lipoxygenase (ALOX5)
and 12/15 lipoxygenase (ALOX15). LXA4 can also be
produced in macrophages by ALOX5 acting on the 15HETE
derived from COX2.” COX2 thus appears to be involved in
the efferocytosis-dependent production of LXA4.
Cytochalasin D had a differential effect on the
efferocytosis-dependent eicosanoids. None of the COX prod-
ucts that were increased by efferocytosis were reduced by
inhibiting apoptotic cell internalization (Figures 9B-D). This
result suggests that PM COX activity is induced simply by the
binding of apoptotic cells to macrophages. In contrast, cyto-
chalasin D significantly reduced the levels of both 15HETE
and S5HETE (Figure 9E)—suggesting that apoptotic cell
internalization plays at least some role in triggering the
production of these possible lipoxygenase products.

Both acute and chronic COX2 inhibition suppress
primary efferocytosis-dependent increase in
efferocytosis capacity without affecting opsonin-
dependent phagocytosis

Primary efferocytosis increases macrophage secondary
efferocytosis capacity”®; however, the underlying mechanism
of this reprogramming is not well understood. LXA4,
15dPGJ2, and PGE2 were all induced by efferocytosis in a
COX2-dependent manner (Figure 9). Both LXA4*" and PGE2>?
can increase efferocytosis directly. Moreover, both 15dPGJ2°*
and PGE2** can induce M2 macrophages, which possess
greater efferocytosis capacity than do M1 macrophages.”’ We
thus hypothesized that loss of COX2 activity would impair the
primary efferocytosis-dependent increase in secondary
efferocytosis capacity.

The effects of both acute and chronic COX2 inhibition on
the primary (1°) and secondary (2°) efferocytosis capacities
of murine macrophages were determined. BL6 PMs were
first treated with vehicle (NT) or SC236 (chronic SC236)
from isolation. On day 7, the media were changed to serum-
free Opti-MEM + 0.2% bovine serum albumin (BSA), to
avoid the possibility that eicosanoids and other factors
variably present in FBS might confound the results.*>*® PMs
were pretreated with vehicle or unlabeled apMPRO cells;
and after 24 hours, labeled apMPRO cells were added to all
cultures. The numbers of labeled apMPRO cells per PMs
were determined as measures of 1° and 2° efferocytosis
capacity. In NT PMs, 1° efferocytosis significantly increased
2° efferocytosis capacity. Chronic COX2 inhibition signifi-
cantly inhibited 1° efferocytosis while also blocking the 1°
efferocytosis-dependent increase in 2° efferocytosis capac-
ity (Figure 104 and B). Chronic COX2 inhibition of murine
BMDMs produced comparable results (data available upon
request). In contrast, acute COX2 inhibition of COX2 did
not suppress 1° efferocytosis capacity (cf. Figure 7A4).
Nonetheless, as with chronic COX2 inhibition, the 1°
efferocytosis-dependent increase in 2° efferocytosis capac-
ity was also blocked (Figure 10C and D). These results
suggest that COX2 and COX2-dependent autocrine factors
induced by 1° efferocytosis are necessary for the increase in
efferocytosis capacity observed in our measures of 2°
efferocytosis.

Macrophage COX2 Mediates Efferocytosis and Intestinal Epithelial Repair

1107

To partially assess whether loss of COX2 activity selec-
tively impaired efferocytosis or affected phagocytosis more
generally, the experiment of Figures 104 and B was repeated
except that apMPRO cells were first pretreated in mouse
serum to initially opsonize the apoptotic cells (Figure 10E and
F).?° Unlike efferocytosis, phagocytosis of opsonized
apoptotic cells depends on receptors for immunoglobulin-Fc
and complement.®” In contrast to the results for efferocytosis,
(1) 1° phagocytosis did not increase 2° phagocytosis, and (2)
chronic COX2 inhibition did not affect either measure of the
phagocytic capacity for opsonized apoptotic cells.

Absence of COX2 modulates intestinal epithelial
proliferation in mice fed a CCHF diet

The efferocytosis of apoptotic neutrophils reprograms
inflammatory macrophages toward both inflammation
resolving and tissue repair phenotypes.” We thus asked
whether absence of COX2 affects intestinal epithelial pro-
liferation in our COX2-dependent murine IBD models.” Cox2
total knockout (KO) mice were fed chow (CHOW) or CCHF
diets for 2 weeks, and EdU uptake over 24 hours by the
intestinal epithelium in the terminal ilea of these mice was
determined (Figure 114). While Cox2 KO did not modulate
intestinal epithelial proliferation under homeostasis, it
significantly suppressed epithelial proliferative response in
the context of intestinal inflammation and barrier damage
(see Meriwether et al® for our prior characterization of
this model). The ileo-ceco-colic cross-sections of the ex-
periment detailed in Figure 1 were also assessed for the de-
gree of proliferation in inflammation-adjacent epithelium
(Figure 11B and C). The level of the proliferation marker K167
was determined by confocal microscopy in crypts that had
been sectioned longitudinally on axis. Crypts from Cox2 MKO
cross-sections had significantly less KI67 expression than did
Cox2 FLOX crypts. These data suggest that dysregulation of
macrophage-dependent intestinal epithelial repair contrib-
utes to the pathogenic mechanism by which Cox2 MKO drives
intestinal inflammation in this murine model of IBD.

COX2 potentiates macrophage efferocytosis-
elicited small intestinal epithelial repair

Macrophages from CoxZ2 MKO mice exhibited dysregu-
lated efferocytosis function (Figures 3-6); and intestinal
epithelium within inflamed regions of Cox2 MKO mice fed a
CCHF diet exhibited dysregulated proliferation (Figure 11).
Because efferocytosis can stimulate macrophage-dependent
tissue repair,”® we directly investigated whether COX2
modulates the intestinal epithelial repair capacity of effer-
ocytic macrophages by assessing the effect of macrophage
conditioned media (CM) on tissue repair of small intestinal
epithelial organoids (enteroids).

Enteroids in differentiation medium recapitulate the
normal growth and partial structure of small intestinal
epithelium and contain all intestinal epithelial cell types,
including Lgr5+ stem cells, Paneth cells, secretory cells, and
enterocytes.>® Enteroids appear dense and opaque as they
develop in Matrigel, and they take on a budding structure as
new crypts grow or bud out from the primary core
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Figure 10. Both chronic and acute COX2 inhibition inhibit primary efferocytosis-dependent increase in efferocytosis
capacity without affecting opsonin-dependent phagocytosis. (A) Thioglycolate-elicited PMs isolated from BL6 mice were
treated from isolation with vehicle (NT) or SC236 (chronic SC236). On day 7, the media were changed to serum free
OptiMEM + 0.2% BSA, and PMs were pretreated with vehicle or unlabeled apMPRO cells. After 24 hours, labeled apMPRO
cells were added to all cultures, and the numbers of labelled neutrophils per PM at 60 minutes were determined as measures of
primary (1° Eff) and secondary efferocytosis (2° Eff) capacity. Five fields of approximately 100 macrophages each were
analyzed from each of 3 separate biological replicates per condition. (B) Representative data for the assessment presented in
panel A. PMs were stained with nuclear green DCS1 as well as the cell membrane dye WGA Texas Red-X conjugate, while
MPRO cells were stained with Cell Proliferation Dye eFluor 450. x40 magnification; scale bar = 50 um. (C) The prior exper-
iment and analysis were repeated, with the exception that COX2 was acutely inhibited (acute SC236) by addition of SC236 1
hour prior to the addition of the unlabeled or labeled apMPRO cells (for assessment of 2° Eff and 1° Eff, respectively). (D)
Representative data for the assessment presented in Panel C, with staining and microscopy as in panel B. (E) The experiment
and analysis presented in panel A was repeated, except that apMPRO cells were opsonized in mouse serum for 30 minutes
prior to their addition to PMs. Determination in apMPRO to PMs resulted in measures of primary phagocytosis (1° Phag) and
secondary phagocytosis (2° Phag). (F) Representative data for the assessment presented in Panel E, with staining and mi-
croscopy as in panels B and D. P < .01; ™P < .001; ™™P < .0001. Two-way analysis of variance with Tukey’s multiple
comparisons test and adjusted P values.

(Figure 12A4).°® The number of viable structures that
develop from isolated crypts or passaged enteroids, and the
degree of enteroid budding, are 2 common measures of
small intestinal epithelial regenerative or repair capac-
ity.*>>*° Crypts or passaged enteroids can also produce
hollow and translucent spherical structures known as
spheroids (Figure 12A4). These spheroids are less differen-
tiated than enteroids, and they can reproduce gene

We previously used enteroids to interrogate inflamma-
tory crosstalk between TLR-activated macrophages and
small intestinal epithelium.” Murine enteroids were now
employed to assess the role of COX2 in modulating the
epithelial repair or regenerative capacity of efferocytic
macrophages. PMs from BL6 and Cox2 MKO mice were
cultured either with or without chronic SC236. On day 7,
PMs were treated with apMPRO cells or vehicle and main-

expression patterns and cellular processes associated
in vivo with intestinal epithelial restitution.*>** Formation
of spheroids in differentiation medium has been used as a
measure of epithelial plasticity.**

tained in medium containing lipoprotein-deficient FBS.
Conditioned media were collected after 24 hours. Enteroids
were also grown from crypts isolated from the distal small
intestines of BL6 mice.
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Figure 11. Absence of COX2 modulates intestinal epithelial proliferation in mice fed a CCHF diet. (A) Cox2 KO and BL6
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longitudinal cross-sections of the terminal ilea from these mice were prepared for histological analysis. Left panel shows
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produced. (B) Composites of representative KI67 and CDH1 micrographs of FLOX and MKO ileo-ceco-colic cross-sections are
shown. Scale bar = 200 um. White arrows point to crypts sectioned longitudinally on axis. Imaging was performed on a Zeiss
LSM 900 confocal microscope as described in the Materials and Methods. (C) For every tiled micrograph and each crypt that
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Two-way analysis of variance with Tukey’s multiple comparisons test and adjusted P values. (B) Unpaired Student’s t test.
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Figure 12. COX2-dependent products present in macrophage efferocytosis CM modulate induction of a tissue repair
phenotype in small intestinal enteroids. (A) Crypts isolated from small intestinal epithelium and grown in Matrigel can form
spheroids and complex multibudding enteroids (representative images). (B-D) Thioglycolate-elicited PMs were isolated from
BL6 mice and cultured without (BL6) or with chronic COX2 inhibition (SC236). Thioglycolate-elicited PMs were also isolated
from Cox2 MKO mice. Each of the 3 types of PMs were then treated with apMPRO cells or vehicle; CM was collected from
both apMPRO (Eff CM) and vehicle-treated (NT CM) PMs after 24 hours. The various CM were added to passaged enteroids
derived from BL6 mice from time 0 hours following passage. The numbers of (B) viable structures at 72 hours, (C) complex 3+
budding enteroids and 72 hours, and (D) spheroids at 24 hours were determined as measures of epithelial restitution and
repair. *P < .05; P < .01; **P < .001; ***P < .0001. One-way analysis of variance with Tukey’s multiple comparisons test and
adjusted P values. media control = macrophage media only; ns, not significant.

The mature enteroids were disrupted and recultured in
fresh Matrigel, to model a tissue damage response. Imme-
diately upon passage, enteroids were treated with 50%
conditioned media from the 6 different PM cultures: BL6 +
apMPRO cells, SC236 + apMPRO, and Cox2 MKO + apMPRO
cells. These groups were compared with both NT and
macrophage media-only control groups. The number of
viable structures (Figure 12B) and 3+ budding structures
(Figure 12C) were determined at 72 hours; the number of
spheroids was determined at 24 hours (Figure 12D). BL6
efferocytic CM significantly increased all 3 measures
compared with control media, while both Cox2 MKO and
chronic COX2 inhibition significantly suppressed these CM-
dependent effects.

PGE2 induces spheroid formation in a PGE2-EP4 recep-
tor dependent manner in enteroids grown under differen-
tiation conditions.*! Spheroids induced by PGE2 under
these conditions are associated with epithelial restitution
and express several markers characteristic of wound-

associated epithelium (WAE) including Cldn4, Dpcr2, and
Daf2/Cd 55b.** We had observed that the degree of spheroid
formation following enteroid passage was correlated with
the degree of enteroid disruption, and that PGE2 enhanced
this effect.** Moreover, we had observed that an EP4
antagonist but not antagonists for EP1, EP2, or EP3 pre-
vented PGE2-induced spheroid formation by crypts.**
Independently, PGE2 increased additional enteroid mea-
sures of epithelial repair including the numbers of both
viable and 3+ budding enteroids at 72 hours after passage
(data available upon request).

Analysis by LC-MS/MS of the PM CM used in the
experiment associated with Figure 12 demonstrated that
apMPRO cell efferocytosis induced, in a COX2-dependent
manner, PGE2, PGI2 (as measured by 6ketoPGFla), and
LXA4 (Figure 13A-C). These data suggested that CM from
these macrophages would induce expression of WAE
marker genes. The experiment associated with Figure 12
was repeated, using enteroid cultures grown from freshly
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Figure 13. COX2 modulates the restitution signature induced in small intestinal enteroids by macrophage efferocytosis.
(A-C) Thioglycolate-elicited PMs were isolated from BL6 mice and cultured without (BL6) or with chronic pharmacologic
COX2 inhibition with SC236 (SC236). Thioglycolate-elicited PMs were also isolated from Cox2 MKO. Each of the 3 types of
PMs was treated with apMPRO cells (MPRO) or vehicle (NT), and CM was collected after 24 hours. Eicosanoid levels in the
macrophage conditioned medias were determined by LC-MS/MS. All eicosanoids differentially increased by efferocytosis are
represented, including PGE2, the PGI2 metabolite 6ketoPGF1«, and the inflammation resolving mediator LXA4. (D) Freshly
isolated small intestinal crypts were grown in Matrigel as untreated control samples (NT) or treated with either 10 nM
(approximately 3 ng/mL) PGE2 or macrophage media—only control (media control). Crypts were also treated with each of the 6
macrophage CMs associated with panels A-C. Eff CM indicates CM from macrophages treated with apMPRO cells; NT CM
indicates CM from macrophages treated with vehicle. The induction of 24-hour spheroids was determined as a measure of
restitution. Representative x40 images with x10 insets. Scale bars = 100 um. (E-G) Gene expression of the restitution-
associated WAE markers Daf2/Cd55b, Dpcr1, and Cld4 was determined for every group by qPCR. Three to 4 independent
biological replicates were analyzed per condition. *P < .05; P < .01; **P < .001; ***P < .0001. (A-C) Two-way analysis of variance
(ANOVA) with Sidak’s multiple comparisons test and adjusted P values. (D) One-way ANOVA with Tukey’s multiple comparisons
test and adjusted P values. (E-G) Nested 1-way ANOVA with Holm-Sidak’s multiple comparisons test and adjusted P values.

isolated crypts instead of passaged enteroids. PGE2 (10 nM)
treatment was added for comparison. PGE2 strongly
induced spheroid formation by 24 hours. BL6 efferocytic CM
also significantly induced spheroid formation compared
with control media, while both Cox2 MKO and chronic COX2

inhibition significantly suppressed this effect (Figure 13D).
Gene expression profiles of the enteroid cultures at 24
hours were analyzed (Figures 13E-G). Consistent with the
prior report,”' PGE2 significantly induced expression of the
WAE markers Cldn4 and Dpcr2 and trended the induction of
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Daf2/Cd55b. BL6 efferocytic CM significantly induced
expression of the markers Daf2/Cd55b and Dpcr2, while
trending Cldn4 induction. Both Cox2 MKO and COX2 inhi-
bition blocked these inductive effects. Of note, BL6 effer-
ocytic CM significantly increased Daf2/Cd55b expression
when compared with PGE2 alone, suggesting that additional
COX2-dependent factors beyond PGE2 were responsible for
this increase.

Discussion
The role of macrophage COX2 in preserving
intestinal immune homeostasis

We previously reported that Cox2 MKO mice, but not
control Cox2 FLOX mice, developed TLR-dependent CD-like
inflammation when their intestinal epithelial barrier was
damaged by a cholate-containing diet.” Macrophage COX2
serves as check on TLR-dependent intestinal inflammation,
in part by maintaining an appropriate balance of inflam-
matory and inflammation resolving mediators.” However,
the results of the present investigation add importantly both
to our understanding of the pathogenic mechanism of this
model and to our understanding of the role of macrophage
COX2 in preserving intestinal immune homeostasis.

Inflamed intestinal regions from Cox2 MKO mice fed a
CCHF diet exhibited high levels of both neutrophils and
macrophages. In contrast, neutrophils were largely absent
from comparable macrophage populations within COX2-
expressing Cox2 FLOX mice (Figure 1). This result suggested
that the absence of COX2 within macrophages impairs their
efferocytosis capacity; our subsequent in vitro studies sup-
port this hypothesis. The loss of COX2 suppresses the pri-
mary efferocytosis capacity of murine macrophages
(Figures 3-6), and it further dysregulates the process by
which primary efferocytosis programs an increase in effer-
ocytosis capacity for secondary uptake of additional
apoptotic cells (Figure 10).

Intestinal epithelium in inflammation-adjacent regions of
Cox2 MKO mice also exhibited considerably less prolifera-
tion than comparable regions in FLOX mice (Figure 11). This
result further suggested that macrophage COX2 might
modulate the effects of macrophage efferocytosis on intes-
tinal epithelial restitution and repair. Again, our subsequent
in vitro studies support this hypothesis. CM taken from
macrophage cultures following efferocytosis of apoptotic
neutrophils increased several measures of both intestinal
epithelial restitution and repair, while loss of COX2 activity
through either Cox2 deletion or COX2 inhibition blocked
these regenerative effects (Figures 12 and 13).

The overall picture that emerges of the pathogenic
mechanism in the Cox2 MKO model of IBD is of a set of
complimentary dysregulations that appear to interlock into
a multifaceted positive feedback loop (Figure 14). In this
model, diet first disrupts epithelial barrier function and
results in an influx of microbe-associated molecular pat-
terns into the intestinal lamina propria.” Macrophages that
lack COX2 respond to these inflammatory triggers with
heightened inflammatory signaling including tumor necrosis
factor « (TNF«) production (Figure 2). Higher levels of

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 4

TNF« and other inflammatory signals recruit more neutro-
phils to the sites of response.*”” At the same time, macro-
phages that lack COX2 are less able to clear apoptotic
neutrophils, and they further fail to produce anti-
inflammatory signals like LXA4 that might suppress
neutrophil recruitment (Figure 9). Apoptotic neutrophils
that are not eliminated by macrophages undergo secondary
necrosis and release the contents of intracellular granules,
which can induce pathological epithelial damage.”® Yet
macrophages that lack COX2 are also less capable of pro-
moting intestinal epithelial restitution and repair to coun-
teract this damage. The damaged epithelium in turn admits
even more microbe-associated molecular patterns to the LP
while also directly triggering an inflammatory response. The
cycle repeats and amplifies, overwhelming the capacity of
the intestinal mucosal immune system to maintain homeo-
stasis. Chronic pathological inflammation and tissue damage
are the end results.

Aspects of this mechanism are consistent with emerging
evidence that dysregulation of macrophage resolution
function and reprogramming contributes to IBD.'**”*
First, several mouse models implicate efferocytosis in
IBD,"? and efferocytosis resulted in the overexpression of 41
susceptibility genes associated with IBD in intestinal mac-
rophages.’” Second, defects in the differentiation of in-
flammatory monocytes and immature macrophages into
resolving macrophages appear to contribute to IBD,"* with
colonic macrophages in CD patients displaying abnormal
inflammatory maturation.”® Third, macrophage-dependent
intesstlinal epithelial regeneration also appears to modulate
IBD.

Robustness of primary efferocytosis assay

Our basic efferocytosis assay produced a somewhat wide
range of apMPRO or macrophage values at baseline and
under COX2 deletion or inhibition (cf. Figure 34 and B).
Across the 11 times we have performed this basic experi-
ment, the baseline apMPRO-to-macrophage ratio for control
macrophages ranged from approximately 0.6 to 3. (The
average was 1.4, with SD = 0.9 and relative SD = 62%.) For
the Cox2 MKO and COX2 inhibited experimental groups, the
apMPRO-to-macrophage ratio ranged from 0.5 to 1.5 (the
average was 0.76, with SD = 0.44 and relative SD = 58%.)
This degree of variance might call into question the
robustness of the assay. We think that this variation is due
at least in part to natural biological variation between PMs
and BMDMs, between mice strains (BL6, cox2f/f and
COX2ﬂ/ﬂ;LysMCre+/’ mice), and across MPRO cultures.
However, some of the interexperimental variation could also
be due to technical noise that is introduced across experi-
ments by the multiple cell counts, washes, treatments, and
stains necessary to perform each assay. Nonetheless, in
every case across these 11 studies, Cox2 deletion (MKO) or
COX2 pharmacologic inhibition (COX2i) significantly
reduced the apMPRO-to-macrophage ratio. Moreover, across
these experiments the levels of the MKO and COX2i groups
ranged from 30% to 70% of control groups, with an average
of 54%, an SD of 13%, and a relative SD of 24%.
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Figure 14. The pathogenic mechanism by which absence of myeloid COX2 produces CD-like inflammation in mice
whose diet impairs their barrier function. A CCHF diet impairs barrier function and results in an influx of microbe-associated
molecular patterns (MAMPs) into the lamina propria. Macrophages that lack COX2 overproduce inflammatory mediators
including TNF« (Figure 2). TNFa recruits neutrophils, which undergo apoptosis. Macrophages that lack COX2 are unable to
adequately clear apoptotic neutrophils (apNeutrophils) (Figures 2-5 and 7), which can undergo necrosis. Necrotic neutrophils
damage intestinal epithelium. In the absence of COX2, macrophages that undergo efferocytosis fail to secrete anti-
inflammatory and inflammation-resolving lipid mediators (Figure 6), and they are inadequate in promoting epithelial restitu-
tion and repair (Figures 9 and 10). The subsequent necrotic neutrophil-damaged epithelium results in even more influx of
MAMPs, amplifying the cycle. Red symbols indicate the effects of loss of macrophage COX2.

Determination of the effect of Cox2 MKO and COXZ2i on the
efferocytosis capacity of PMs and BMDMs was thus largely
immune to the presence of interexperimental variance. At
this second-order level, the assay was thus comparatively
robust: it yielded the same result in every study regardless
of any possible technical variation.

Modulation of the primary efferocytosis capacity
of mouse macrophage

Our results partially elucidate the mechanism by which
COX2 loss reduces the primary efferocytosis capacity
of mouse macrophages. COX2 modulated the binding ca-
pacity of primary macrophages for apoptotic neutrophils
(Figure 5), and it also modulated expression of genes
involved in apoptotic cell binding (Figure 8). These results
suggest that COX2 affects the levels of proteins involved in
apoptotic cell binding—reducing apoptotic cell binding ca-
pacity and consequently reducing efferocytosis capacity.
The failure of COX2-inhibited macrophages to significantly
reduce efferocytic efficiency (Figure 6C) is consistent with
these results.

High-dose LPS also reduced the expression of genes
involved in apoptotic cell binding (Figure 8), and loss of
COX2Z activity reduced the efferocytosis index of primary
macrophages to a level comparable to high-dose LPS

(Figure 6). These results strengthen the correlation between
overall efferocytosis capacity, and the expression levels of
genes involved in apoptotic cell binding. They also suggest a
further explanation for the effect of COX2 on efferocytosis.

High-dose LPS induces M1 polarization, and M1 macro-
phages have less efferocytosis capacity than M2/M2c¢ mac-
rophages.?’ Likewise, there is evidence that COX2 can
modulate macrophage polarization phenotype, thereby
modulating efferocytosis capacity.”***>* Altogether, these
reports indicate that COX2 activity during both differentia-
tion and polarization can potentiate alternatively activated
phenotypes and that the COX2 loss can promote classical
activation. Consistent with these reports, we detected COX2-
dependent prostanoids during the differentiation of BMDMs
(Figure 7). We also observed that absence of COX2 activity
during differentiation and M2-specific BMDM polarization
enhanced expression of iNos while reducing expression of
Ym1 (Figure 7). These data suggest that COX2 loss may
reduce primary efferocytosis capacity in both PMs and
BMDMs by biasing these macrophages toward a classically
activated M1 state.

Efferocytosis-dependent eicosanoidomics
There exist reports of individual eicosanoids produced
by efferocytic macrophages.””°°~°? There are also reports of
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eicosanoid lipidomic (eicosanoidomic) profiles associated
both with classically and with alternatively activated mac-
rophages.®®®' However, our LC-MS/MS examination of the
levels of efferocytosis-dependent eicosanoids secreted by
elicited murine PMs across 32 hours (Figure 9) is the only
example we are aware of for any eicosanoidomic profiles of
efferocytic macrophages over the time course associated
with efferocytosis-dependent macrophage reprogramming.

Macrophage efferocytosis of apoptotic neutrophils
significantly increased, in a time-dependent manner, the
secreted levels of several eicosanoids associated with res-
olution. PGE2 can promote intestinal immune tolerance and
can enhance the anti-inflammatory function of mouse in-
testinal macrophages,®> while PGD2 can signal through its
receptor DP1 to promote M2 polarization.®® Both the PGD2-
deriviative 15d-PGJ2 and LXA4 can increase macrophage
efferocytosis and efferocytosis capacity.®™**

LXA4 is formed from arachidonic acid by enzymatic
oxygenation at the 15th carbon and fourth/fifth carbons.
LXA4 can be produced by macrophages in a COX2-
dependent manner; COX2-derived 15HETE is conjugated
to LXA4 by ALOX5.° LXA4 can also be produced by the
combined actions of both ALOX5 and ALOX15. COX2 inhi-
bition significantly suppressed LXA4 levels (Figure 9D),
suggesting that COX2 substantially mediates efferocytosis-
dependent LXA4 production. Apoptotic cell binding alone,
without macrophage ingestion, is sufficient to induce LXA4
(Figure 9D). This last observation is consistent with reports
that activation of the indirect PS receptor MERTK is suffi-
cient to trigger LXA4 production in macrophages.‘rﬁ'58

Efferocytosis-dependent intestinal epithelial
repair capacity

The intestinal epithelium consists of a single layer of
epithelial cells that separate the intestinal luminal contents
from the immune cells, vasculature, and structural cells of
the LP. During homeostasis, epithelial cells are constantly
replaced from a population of self-renewing proliferative
cells (intestinal stem cells) that reside at the base of
crypts.®>®® When the intestinal epithelium is injured or
damaged, the barrier must be quickly reestablished, to
prevent exposure to luminal antigens and invasion of in-
testinal microorganisms. The intestinal epithelium un-
dergoes repair in 2 separate steps, epithelial restitution and
epithelial repair. During epithelial restitution, a transient
class of specialized epithelial repair cells of atypical differ-
entiation state forms within hours. These WAE cells migrate
over wounds and damaged epithelium and seek to rees-
tablish the epithelial barrier.*"°”~°° During epithelial repair,
the intestinal stem cells proliferate and differentiate into
progenitors more rapidly than in undamaged epithelium,
and damaged crypts either regenerate or are replaced by
budding or fission from neighboring crypts.”%”*

The small intestinal enteroid assays described here
provide some measure of both epithelial restitution and
epithelial repair. WAE cells differentially express the
markers Cldn4,”" Dpcr1,** and Cd55 or Daf2."" WAE cells are
also associated with spheroids that develop quickly
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following passage of intestinal organoid cultures into media
depleted of growth factors including WNT.*! To measure
restitution, we determined the degree of spheroid produc-
tion in partially depleted medium at 24 hours following
either enteroid passage or crypt culture and also analyzed
Cldn4, Dpcrl, and Cd55/Daf2 gene expression. To assess
epithelial repair, we determined both enteroid budding as a
measure of crypt regeneration and the percentage of
passaged elements or isolated crypts that gave rise to viable
enteroids at 72 hours. We assumed throughout that both
crypt isolation and enteroid passage constituted types of
mechanical epithelial damage.

PGE2 is a key mediator of WAE cell expansion in
response to epithelial wounding, enhancing WAE gene
expression while inducing EP4 receptor-dependent spher-
oids upon passage of small intestinal epithelial organoids
into depleted media containing only EGF.*" Our results are
consistent with observations from this report, and we thus
suggest that PGE2 contributes to the restitution and repair
responses we observed. Nonetheless, it is important to
emphasize that PGE2 is not the only contributing factor to
the observed response. BL6 efferocytosis CM contained
approximately 10-fold less PGE2 than did our PGE2-positive
control media (Figure 134). Nonetheless, BL6 CM induced
significantly higher levels of Daf2/Cd55b and comparable
levels of Dpcr2 and Cldn4 compared with PGE2 alone. These
results suggest that there exists at least some additional
COX2 dependent factor, other than PGE2, that is present in
efferocytosis CM and that also affects intestinal epithelial
restitution and repair. Hepatocyte growth factor, produced
by macrophages in a COX2-dependent manner upon expo-
sure to apoptotic cells, is a possible candidate.’” LXA4 and a
PGI2 degradation product 6ketePGFla are also present in
in BL6 efferocytosis CM (Figure 13B and €)’? and may
contribute to intestinal epithelial restitution and repair in
our assays.”> In future studies, we will try to identify
additional COX2-dependent factors that mediate the effect of
macrophage efferocytosis on intestinal epithelial repair, and
further clarify the role of PGE2.

Materials and Methods
Mice

The procedures for all animal experiments were
approved by the UCLA Animal Research Committee, and all
experiments were carried out in accordance with the
approved guidelines. Cox2"™;LysMCre ™/~ (Cox2 MKO) mice,
Cox2""; LysMCre™~ (FLOX), and Cox2"“" (Cox2 KO) mice
were bred and genotyped as previously described.””*
C57Bl/6] (BL6) mice were from the Jackson Laboratory
(Bar Harbor, ME). All mice used in experiments were
approximately 4-6 months old. Equal numbers of male and
female mice were used when possible. For studies involving
CCHF diet (TD.88051; Envigo, Indianapolis, IN), mice were
fed for either 2 weeks or 10 weeks as indicated.

Primary Macrophages
Thioglycolate-elicited PMs and BMDMs were isolated
and maintained as previously described.” Macrophages
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differentiated from bone marrow derived monocytes in
macrophage CSF were subcultured on day 6 and polarized
on day 8. BMDMs were polarized with 20 ng/mL IL-10, 20
ng/mL IL-4, 10 ng/mL LPS, or 100 ng/mL LPS, or were left
without further treatment. All BMDM experiments were
performed on day 10 unless otherwise specified. All PM
studies were conducted on day 7 unless otherwise specified.
Macrophage COX2 was inhibited with 250 nM SC236
(Cayman 10004219; Cayman Chemical, Ann Arbor, MI)
either chronically from primary cell isolation or acutely
from 1 hour prior to the study in question. For continuous
inhibition, SC236 was refreshed with every media change.
Actin filament polymerization and apoptotic cell engulfment
were inhibited with 5 uM cytochalasin D (PHZ1063; Life
Technologies, Carlsbad, CA).

Murine MPRO Neutrophils

MPRO cells (#11422; ATCC, Manassas, VA) were main-
tained in accord with the ATCC protocol. Growth medium
consisted of Iscove’s modified Dulbecco’s medium with 4
mM L-glutamine adjusted to contain 1.5 g/L sodium bicar-
bonate containing 10 ng/mL murine granulocyte macro-
phage CSF (murine granulocyte-macrophage CSF, # 315-03;
PeproTech, Rocky Hill, NJ) and 20% heat-inactivated
horse serum. Apoptosis was induced in MPRO cells with 1
uM staurosporine (#20056; Abcam, Cambridge, United
Kingdom) for 4 hours at 37°C.”° ApMPRO cells were fluo-
rescently stained with Cell Proliferation Dye eFluor 450 (65-
0842-85; Invitrogen, Waltham, MA) per the manufacturer’s
protocol. This fluorescent dye binds to any cellular proteins
containing primary amines, thereby labeling the entire cell
violet (ex 405/em 450).

Efferocytosis Capacity

Efferocytosis capacity was determined as the number of
cell internalized or membrane bound apMPRO neutrophils
per primary macrophage at 60 minutes. Our protocol was
adapted from Evans et al.?° In brief, apMPRO cells were
added to primary macrophages grown in glass bottom 12
well plates (Cellvis, Burlington, Canada; p12.1.5H-N) at 1 x
10° apMPRO cells per well. The apMPRO cells were either
centrifuged at 300 g for 1 minute, or allowed to settle at
room temperature for 10 minutes, in order to bring the
apMPRO cells into contact with the macrophages. After 1
hour at 37°C, primary macrophages were washed 3 x with
phosphate-buffered saline (PBS). Macrophage nuclei were
stained with Nuclear Green DCS1 (17550; AAT Bioquest,
Sunnyvale, CA), while macrophage cell membrane was
stained with wheat germ agglutinin Texas red (Invitrogen;
W21405). Cells were fixed using 4% paraformaldehyde in
PBS for 15 minutes. Cells were imaged on a Leica DMi8
(Leica, Wetzlar, Germany) inverted fluorescent microscope
as further described herein.

Phagocytosis Capacity
Phagocytosis capacity for opsonized apMPRO was
determined as for efferocytosis capacity, except that
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apMPRO cells were opsonized in mouse serum for 30 mi-
nutes at 37°C prior to application.

Efferocytic Index and Efficiency

Both efferocytic index and efficiency were determined
using 2 color synthetic apoptotic cell targets in accord with
published protocols.?’ In brief, these synthetic targets con-
sisted of 2.5 um silica beads (Bangs Labs, Fishers, IN;
SS05000) coated with 80% PC, 20% PS, 0.1% PE-
rhodamine, and 0.1% PE-biotin (all from Avanti Polar
Lipids, Alabaster, AL). Primary macrophages were grown in
confocal compatible dishes. Concentration-optimized beads
were added to the macrophages, spun at 300 g for 1 minute,
and allowed to bind at 37°C for 10 minutes, and then the
cells were washed of remaining beads. After an additional
45 minutes, cells were washed 3x with PBS and stained
with streptavidin AF 647 (Invitrogen; S32357) for 4 mi-
nutes. After washing, cells were fixed in 4% para-
formaldehyde and further stained with membrane dye
wheat germ agglutinin (Alexa Fluor 488 Conjugate; Invi-
trogen; #W11261) and nuclear dye DAPI (Invitrogen;
#D1306). Cells were imaged on a Zeiss confocal microscope
(Zeiss, Oberkochen, Germany) as further described herein.
Efferocytic index was defined as the number of single color
rhodamine positive beads per macrophage. Efferocytic effi-
ciency was defined as the number of single-color rhoda-
mine-positive beads as a percent of both single-color
rhodamine-positive beads and double-color rhodamine and
far red-positive beads.

Flow Cytometry

Flow cytometry analysis was utilized to determine PM
viability. Cells were detached from tissue culture dishes by
gentle scraping in 500 uL of Accutase (Innovative Cell
Technologies, San Diego, CA) and then washed twice with
fluorescence-activated cell sorting buffer (PBS + 2% [v/V]
FBS). Following washes, cells were suspended in 1 ug mL™
DAPI and analyzed on flow cytometer (Attune NxT; Thermo
Fisher Scientific, Waltham, MA). FlowJo X10.0.7r2 (Flow]Jo,
Ashland, OR) was used to quantify the DAPI exclusion of live
cells.

Histology

lleo-ceco-colic regions from Cox2™M; LysMCre™~ and
cox2™" mice were fixed in formaldehyde and paraffin
embedded for sectioning. The sections were de-paraffinized
in xylene, rehydrated, and treated with citrate buffer for
antigen retrieval. Triton X-100 (0.2%) was used for per-
meabilization. Slides were stained with hematoxylin and
eosin for determination of total area of inflammation within
each cross-section. Additional slides were probed with pri-
mary antibodies against LY6G (BioLegend, San Diego, CA;
#127601), F4/80 (Cell Signaling Technology, Danvers, MA;
#D2S9R), KI67 (Cell Signaling Technology; #D3B8), and
CDH1 (R&D Systems, Minneapolis, MN; #AF748) overnight
at 1:200 in blocking buffer. After washing with 1x PBS, the
corresponding secondary antibodies (goat AF568 [Abcam]
#ab175704; rabbit AF647 [Abcam] #ab150063; rat AF647
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[Abcam] #ab150155; rabbit AF488 [Invitrogen] #A32790)
along with DAPI and then mounted with glass coverslips
using mounting media (AAT Bioquest; #20009) for confocal
imaging.

Microscopy

Confocal microscopy. Confocal imaging was performed
on a Zeiss LSM 900 confocal microscope equipped with 405
nm, 488 nm, 561 nm, and 640 nm laser lines. For fixed cells,
images were acquired using a Plan-Apochromat x20/0.8
M27 objective and Airyscan 2 GaAsP-PMT detector. Identical
laser intensity settings were applied to all samples and Z-
stacks were performed to acquire 11-um sections. After
acquisition, a maximum intensity projection of the Z-stack
was applied using ZEN Blue 3.0 software (Zeiss). Intestine
imaging was perform using a Plan-Apochromat 10x/0.45
M27 objective. Z-stack tile scans (3 x 3 or 28 x 28) were
acquired to capture the full thickness of the slice and large
regions of the intestinal tissue. After acquisition, tiles were
stitched and a maximum intensity projection of the Z-stack
was applied using ZEN Blue 3.0 software.

Inverted fluorescence microscopy. Imaging was per-
formed on a Leica DMi8 inverted fluorescent microscope
equipped with DAPI, rhodamine, and FITC fluorescent filters
and controlled by Leica LAS X software. Optimized settings
were applied evenly across all samples, and pictures were
taken with a Leica DFC7000T camera. For all imaging
studies, multiple random fields per condition were taken.

Image Analysis

Nuclei, apMPRO cells, and PC-PS beads were counted in
Image] (National Institutes of Health, Bethesda, MD; v1.53k)
by analysis of the appropriate fluorescent images using the
Analyze Particles function following color thresholding and
settings optimization. F4/80 and LY6G were determined in
FIJI (Image]) by measuring signal intensity in approximately
20 (200 um)? regions of interest within higher magnifica-
tion tiled micrographs of each cross-section. Both the areas
to tile and the subsequent ROI were selected on the basis of
comparable F4/80 intensity across samples. For KI67, re-
gions of interest were traced in FIJI by cursor around the
boundary of every crypt that was longitudinally sectioned
on axis; and KI67 was determined as % positive area within
each region of interest after color thresholding.

RNA isolation and qgPCR analysis of
macrophages

For RNA isolation, 4 x 10° BMDMs or PMs were seeded
into 12-well plates and polarized or treated as detailed
previously. Following polarization, RNA was isolated using
the Zymo Research Quick-RNA Microprep kit. Complemen-
tary DNA was synthesized with the high-capacity comple-
mentary DNA reverse transcription kit (Applied Biosystems,
Waltham, MA). Reverse-transcriptase qPCR assay was per-
formed using PowerUp SYBR Green qPCR Master Mix kit
(Applied Biosystems) and QuantStudio system (Applied
Biosystems). Data were analyzed using the comparative Ct
method with 36b4 as the reference gene. For TNFq, the
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primer sequences F: TGCCTATGTCTCAGCCTCTTC and R:
GAGGCCATTTGGGAACTTCT were used.

Efferocytosis genes

Primer sequences for efferocytosis specific genes were
selected from validated sequences presented in PrimerBank
(https://pga.mgh.harvard.edu/primerbank/) and employed
in at least 1 peer reviewed study. Primer sequences: Stab1 F
TCTGAGTATCAATGCCAGCC; R ATTTGACCTTGAGGACCCTC.
Tim3 F TCAGGTCTTACCCTCAACTGTG; R GGCATTCTTAC-
CAACCTCAAACA. Gas6 FAGGTCTGCCACAACAAACCA; R
GCGTAGTCTAATCACGGGGG. Mfge8 F ATATGGGTTT-
CATGGGCTTG; R GAGGCTGTAAGCCACCTTGA. Prosl F
GCACAGTGCCCTTTGCCT; R CAAATACCACAATATCCTGA-
GACGTT. Mertk F GCTCGAAACTGCATGTTGCGGGAT; R
CTCGGTCCGCCAGGCTCTCG. AxI F ATGCCAGTC AAGTG-
GATTGCT; R CACACATCGCTCTTGCTGGT. Elmol F
ACTTTGGTCTCACTTGTAGCAG; R CAGTGTGATA-
GAGGGATTGGTC. Dock2 F TCGGTGGAGAACTTTGTGAG; R
ACGGTTGTCTTTGCTCTCATC. Racl F  ATAGGCCCA-
GATTCACTGGTT; R GAGACGGAGCTGTTGGTAAAA.

Determination of efferocytosis-dependent
eicosanoids by LC-MS/MS

Mouse primary macrophages were plated into 6-well
dishes at 1 x 10° cells/well and equilibrated to lipopro-
tein deficient FBS for 1-2 hours. Macrophages were treated
with apMPRO cells as previous. After 1 hour, unbound
apMPRO cells were washed off. Media were collected across
32 hours and frozen at -80°C prior to preparation and
analysis. Eicosanoids were isolated from media and
analyzed by LC-MS/MS as previously described.” In brief, 40
separate eicosanoids and docosanoids from COX and LOX
pathways were measured along with 20 matching or class
specific heavy labeled internal standards using a SCIEX
5500 QTrap (AB Sciex, Framingham, MA) instrument and
Agilent 1290 UHPLC system (Agilent, Santa Clara, CA)
controlled by SCIEX Analyst 1.6. Analysis was performed
with SCIEX Multiquant software.

AnV inhibition of efferocytosis

Apoptotic neutrophils with and without labeling by Cell
Proliferation Dye were combined with vehicle or 500 ng/mL
murine recombinant annexin V (Kingfisher Biotech, St Paul,
MN; RP1685M). PMs were treated with labeled apMPRO +
AnV for determination of efferocytosis by fluorescent mi-
croscopy. For determination of eicosanoids released over 24
hours, PMs were treated with unlabeled apMPRO + AnV.

Secondary efferocytosis and phagocytosis
capacities

Primary macrophages were grown in 12-well plates.
Media were changed to OptiMEM (Gibco, Gaithersburg,
MD) + 0.2% BSA, and treated with apoptotic but unstained
MPRO cells (1 x 10° apMPRO cells/well). After 1 hour,
unbound apMPRO cells were washed off and OptiMEM +
0.2% BSA was replenished. After 24 hours, efferocytosis
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capacity was determined by adding labeled apMPRO cells,
as previous. For secondary phagocytosis capacity, the same
protocol was followed, except that apMPRO cells were
opsonized in mouse serum for 30 minutes at 37°C prior to
addition to PMs.

Enteroids

Small intestinal enteroids were grown in Matrigel from
isolated small intestinal crypts or upon passage of existing
enteroids as previously described.”>’® In brief, crypts or
passaged enteroids were seeded at approximately 150
structures per 25 ul Matrigel per well. Culture medium
consisted of Advanced Dulbecco’s modified Eagle Medium/
F12 containing 50 ng/mL EGF, 100 ng/mL Noggin, 500 ng/
mL human R-spondin 1, 1 mM N-acetylcysteine, and 1% N2
supplement and B27 supplement.

Macrophage CM and enteroid repair and
restitution assay

Primary macrophages were equilibrated with lipoprotein-
deficient FBS and treated with unstained apMPRO cells as
previous. Media were sampled across 24-32 hours and
stored at -80°C prior to use. Eicosanoid levels were deter-
mined by LC-MS/MS as previous. CM or control media was
diluted 1:2 in 2x enteroid growth media. Enteroid cultures
were monitored over 24-72 hours. Spheroid and viable
structure percentages, and the number of 3+ budding
enteroids, were determined by analyzing bright-field micro-
scope images that covered the entirety of each Matrigel cul-
ture. RNA was isolated and analyzed at 24 hours. Spheroid
percentage was determined at 24 hours. Viable structure
percentage and 3+ budding structure number were deter-
mined at 72 hours.

RNA isolation and gPCR analysis of enteroids

RNA was isolated from enteroids using a PureLink RNA
Mini Kit (Invitrogen). Following RNA isolation, qPCR was
performed using a 1 step-TagMan assay (Life Technolo-
gies, Carlsbad, CA; #43928938) in a real-time thermo-
cycler (Applied Biosystems; 7500). The results obtained
for each individual gene were normalized to GAPDH;
Cldn4 Catalog number: 4448892 (Assay ID:
MmO01196224_s1), Daf2 Catalog number: 4448892 (Assay
ID: Mm00432792_g1), Dpcrl Catalog number: 4448892
(Assay ID: Mm02600627_g1), GAPDH Catalog number:
4448892 (Assay ID: Mn99999915 g1).

Statistics

For lipidomic analyses, false discovery rate corrections
were performed by application of the Benjamini-Hochberg
procedure to P values determined for each analyte by 1-
way analysis of variance, with false discovery rate
controlled at level & = 0.05. For each analyte within a data
set deemed a discovery or significant, post hoc analyses
consisted 2-way analysis of variance with Tukey’s multiple
comparisons test. Heatmap was generated in ClustVis; rows
were clustered using correlation distance and average
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linkage.”” For all other multiple comparisons, 1- or 2-way
analysis of variance was followed by Tukey’s, Sidak’s, or
Holm-Sidak’s multiple comparisons tests (see figure legends
for application details) For comparisons involving 1 inde-
pendent variable with 2 groups, we performed Student’s t
tests; for studies consisting of more than 1 Student’s ¢ tests,
we performed Holm-Sidak’s multiple comparisons test. In all
cases of multiple comparisons and tests, we adjusted P
values in accord with the appropriate correction. Statistical
significance was set at P < .05 with respect to final
(adjusted) P values. Variation is reported as SD. All experi-
ments were conducted in at least biological triplicate and
performed multiple times.
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