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Background: The colonic epithelium is the most rapidly renewing tissue in the body and is organized into a single cell layer of invaginations
called crypts. Crypt renewal occurs through Lgrb + gut stem cells situated at the crypt base, which divide, produce daughter cells that pro-
liferate, migrate, differentiate into all the cells required for normal gut function, and are finally shed into the crypt lumen. In health, this rapid
renewal helps maintain barrier function next to the hostile gut microbial luminal environment. Inflammation results in an influx of immune cells
including inflammatory M1 macrophages into the gut mucosa next to the crypt epithelium, but the direct effect of macrophages on crypt regen-
eration and renewal are poorly understood.

Methods: Using an in vitro macrophage-crypt coculture model, we show that homeostatic M2 macrophages and inflammatory M1 macrophages
confer different effects on the crypt epithelium.

Results: Both M1 and M2 increase crypt cell proliferation, with M2 macrophages requiring physical contact with the crypt epithelium, whereas
M1 macrophages exert their effect through a secreted factor. Only M1 macrophages reduce goblet and Tuft cell numbers and increase
Lgrb + crypt stem cell numbers, all dependent on physical contact with the crypt epithelium. Further studies showed that M1 macrophages
increase the Wnt signaling pathways cyclin D1 and LEF1 through physical contact rather than a secreted factor.

Conclusions: These findings highlight the importance of understanding distinct cellular interactions and direct dialogue between cells and
increase our understanding of the contribution of different immune cell subtypes on crypt cell biology during inflammation.

Lay Summary

Inflammatory macrophages but not homeostatic macrophages modulate crypt epithelial cell differentiation. Direct physical contact between
an inflammatory macrophage and the crypt epithelium is required for regulation of differentiation, but crypt proliferation is via a secreted factor.
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Introduction in the human body, where blood derived Ly6C+ monocytes
are recruited to the submucosa where they then differentiate
towards a mature macrophage phenotype.* Through their
proximal peri-cryptal localization in the lamina propria, these
macrophages swiftly apprehend invasive foreign pathogens in
a tolerogenic manner, while an escalating inflammatory re-
sponse is repressed.”” Macrophages are highly plastic, and
their phenotypical properties are often influenced through en-
vironmental cues within the lamina propria.'®

Early studies have broadly defined 2 distinctive macro-
phage phenotypes based on their physiology and function
commonly known as M1 and M2 macrophages.!! Here, acute
epithelial injury results in the influx of pro-inflammatory
and bactericidal subsets of M1 macrophages, while residen-
tial macrophages in the steady-state reportedly possess an
M2-like macrophage phenotype.'>"® Interestingly, the tran-
scriptional profile of macrophages present in patients with

The intestinal epithelium, lining the innermost layer of the
large intestine, plays a crucial role in the physical protection
of the underlying tissue from pathogenic threats, commonly
encountered in the lumen, where a single-cell thick epithelium
is perpetually renewed every 4 to 5 days.! Leucine-rich repeat
containing G protein-coupled receptor 5 (Lgr5) expressing
stem cells at the base of epithelial invaginations, termed crypts,
drive epithelial renewal.> Here, LgrS+ intestinal stem cells
in the colon generate highly proliferative transit amplifying
daughter cells, which migrate along the crypt-axis and give
rise to fully differentiated epithelial cells such as enterocytes,
goblet cells, tuft cells, and enteroendocrine cells until they are
shed into the lumen at the end of their life cycle.’

To further counteract the looming threat the large micro-
bial presence poses over the colonic epithelium, the underlying
lamina propria employs the densest macrophage population
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Key Messages

What is already known?

Tolerogenic intestinal macrophages are abundantly present in
the microenvironment of the colonic epithelium and its stem cell
niche, while aberrant infiltration of inflammatory macrophages
contributes to intestinal disease pathogenesis.

What is new here?

Inflammatory (M1) macrophages regulate colonic epithelial cell
differentiation through direct macrophage-crypt contact, not
observed with anti-inflammatory (M2) macrophages. Crypt cell
growth is induced by both macrophage subsets, but for M1, it
occurs via a secreted factor, while M2 requires physical contact
with the crypt epithelium.

How can this study help patient care?

Understanding the physical interactions of gut epithelial cells
and macrophages in health vs inflammation will help identify
new therapeutic targets for inflammatory bowel disease that
regulate epithelial cell growth and differentiation.

Crohn’s disease (CD) and ulcerative colitis (UC) closely aligns
with the definition of the M1 macrophage phenotype and is
postulated to contribute to disease progression.'

Over the last decade, gene signature studies have postulated
that the M1 and M2 activation states likely represent the op-
posite ends of the phenotypical macrophage spectrum.!' Here,
several studies have demonstrated that M1 macrophages ex-
press distinct pro-inflammatory cytokines and chemokines
compared with its M2 macrophage counterpart, where the
cytokine profile is dominated by the expression of anti-in-
flammatory associated chemokines such as IL-10 and TGF-
among other.!'!¢ Furthermore, it has been established that
M1 and M2 macrophages can be defined by their relative ex-
pression of CD38, where M1 are mostly CD38*.1”

The classical role of macrophages in tissue clearance and
intestinal immunity has been extensively studied, however, as
M1 and M2 macrophages often cohabitate the submucosal
space in vivo, little is known regarding their respective ca-
pacity to engage with the colonic epithelium and their respec-
tive contributory role in epithelial renewal.’

Indeed, ablation of the macrophage population in the small
intestine resulted in the marked reduction of Lgr5 + expressing
stem cells and reduced intestinal motility.'®!"” Furthermore,
early work from Pull et al, demonstrated that a subset of ac-
tivated macrophages are recruited to the site of injury and
induce proliferation of epithelial progenitor cells within the
crypt, while Skoczek and colleagues further showed that in-
flammatory monocytes, a macrophage precursor, are recruited
and juxtaposed to LgrSEGFP + stem cells at the base of co-
lonic crypts upon exposure to E.coli in vivo and induced an
increase in epithelial proliferation in vitro.?%?!

As cell-to-cell contact between two cell types may evoke a
signaling cascade in the target cell, collectively these studies
suggest that macrophages likely function as a secondary me-
diator of the intestinal stem cell niche. However, it is unclear
whether secretory factors or physical contact is utilized to
regulate the intestinal stem cell niche. Regardless, it begs the
question of whether the phenotypic states of M1 and M2
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macrophages that are commonly exhibited during intestinal
inflammation and steady state, respectively, can differentially
regulate colonic crypt renewal.

The intestinal lamina propria plays an essential role in the
maintenance of the colonic stem cell niche, where the un-
derlying mesenchymal, immune cells, or extracellular ma-
trix compartments were demonstrated to modulate the stem
cell niche.?>>* However, due to the myriad of subepithelial
signaling stimuli involved, in vivo models face challenges
in delineating their respective effects on the stem cell niche.
As most adult intestinal macrophages are derived from the
monocytic cell lineage, we are able to mirror the in vivo crypt-
macrophage microenvironment using our in vitro reductionist
3D coculture model, allowing for the close spatial-temporal
study of bone marrow—derived M1 and M2 macrophage
interactions and its effects on colonic crypt renewal.?!

We show that both M1 and M2 macrophage can increase
colonic crypt proliferation, while M1 macrophages can in-
duce colonic crypt proliferation through secreted factors. We
further demonstrate that juxtracrine contact between M1 but
not M2 macrophages results in decreased tuft and goblet cell
expression, while observing an increase in Lgr5-expressing
stem cell numbers, where direct M1 macrophage-epithelial
interactions result in the upregulation in downstream Wnt
(Wingless/Integrated)-signaling targets LEF1 (Lymphoid
enhancer binding factor 1) and CyclinD1 (G1/S-specific
cyclin-D1) in the colonic epithelium.

Materials and Methods

Mouse Studies

All animal experiments were conducted in accordance with
the Home Office Animals (Scientific procedures) Act of 1986,
with approval of the University of East Anglia Ethical Review
Committee, Norwich, United Kingdom. Female C57BL/6
(UEA-Disease Modelling Unit) aged between 8 and 12 weeks
were euthanized by CO, asphyxiation and subsequent cer-
vical dislocation in accordance with Schedule 1 of the Act.

Isolation and Culture of Bone Marrow Derived
Macrophages

Following the isolation of the femur/tibia and the removal of
residual connective tissue, the bone’s epiphyses were severed,
and the bone marrow was flushed in a sterile environment
using a 28-gauge syringe and cold RPMI (Roswell Park
Memorial Institute) 1640 (+10% FBS, +1% Pen/Strep, Gibco).
The flushed bone marrow contents were then then filtered
through a 70- m nylon cell strainer (Falcon) and collected in
a 50-mL centrifuge tube (Falcon). Following centrifugation
at 600 g for 10 minutes, the cell suspension was resuspended
in warm RPMI1640. A bone-marrow yield was established,
and the cells were seeded onto 6-well ultra-low attachment
plates (Corning) at a cell density of 1 x 10° cells/mL. To drive
BMDM (bone-marrow derived macrophages) differentia-
tion towards macrophages, supplementary murine RM-CSF
(Peprotech) at a concentration of 0.2 g/mL was added on
day 0 and 3 and macrophages were harvested on day 8.

Polarization of Macrophage Population

Macrophages were polarized based on methods previously
described by Ying et al in 2013. The BMDM cells were cul-
tured in RPMI 1640 media up to day 7. On day 7, the floating
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cell population was removed, and the media was replaced by
new fresh media. For M1 activation, supplementary LPS (100
ng/mL) and interferon (IFN)- (50 ng/mL) were added to the
media for a further 24 hours; and for M2 activation, inter-
leukin (IL)-4 (10 ng/mL) and IL-13 (10 ng/mL) were added
instead.

Isolation and Culture of Murine Colonic Crypts

Colonic crypts were isolated from the distal colon of C57BL/6
mice, as previously described by Skoczek and colleagues.?!
Briefly, following the culling of the mouse, the colon was
removed and washed with ice-cold PBS (Phosphate buffered
saline) to remove excess fecal matter; the colon was then cut
longitudinally, and excess mucus within the tissue was gently
dissociated. Next, 0.5-mm tissue pieces were placed in a sa-
line solution [50 mL dH,O with NaCl [140 mM], KCI [$
mM], HEPES [10 mM], d-glucose [5.5 mM], Na,HPO, [1
mM], MgCl [0.5 mM], CaCl [1 mM], EDTA [1 mM], DTT
[0.153 g/mL], L-glutamine [200 mM], Pen/Strep [200 U/
mL] and NEAA [2%]) for 1 hour. To liberate the crypts, the
solution containing the tissue was shaken to aid gentle disso-
ciation and then collected following crypt sedimentation. The
single crypts were embedded in growth factor-reduced ma-
trix Matrigel (VWR) and seeded onto No.0 glass coverslips
(0.08-0.13 mm) contained within 12-well plates (Starlab).
Following polymerization of the Matrigel after 8 minutes at
37°C, the coverslips were flooded with colonic crypt culture
media (advanced DMEM/F12, containing B27 [20 1/mL],
N2 [10 I/mL], N-acetyl-L-cysteine [0.163 g/mL], HEPES
[10 mM], Pencillin/Streptomycin [100 U/mL], GlutaMAX
[2 mM], EGF [50 ng/mL], Noggin [100 ng/mL; all from
Peprotech], Wnt-3A [200 ng/mL] and R-spondin-1 [1 mg/mL,
BioTechne]).

Coculture of Macrophages and Colonic Crypts

To isolate the macrophage population, cells were harvested
on day 8. On day 8, the adherent population was liberated
using 0.48 mM Versene. The optimum macrophage seeding
density was previously determined to be 5.7 x 10° cells per
well, which was then added to the colonic crypt/Matrigel so-
lution. The mixture was then seeded onto a No.0 glass cov-
erslip (Thermofisher). Following Matrigel polymerization at
37°C, the Matrigel was then flooded with colonic crypt cul-
ture medium (as described previously).

Culture of Colonic Crypts with Macrophage-
Conditioned Media

Macrophages and crypts were isolated and cultured as pre-
viously described previously. To study macrophage secretory
factor-derived effects on colonic crypts, four conditioned-
media culture models were devised. Under the “control
crypt” model, 2 separated Matrigels with colonic crypts alone
are seeded onto a well. Under the “M1 coculture” model, 2
separated Matrigels seeded with M1 macrophages and co-
lonic crypts were seeded onto a well. Under the M1 condi-
tioned media (CM) model, 2 separated Matrigels with M1
macrophages seeded along with colonic crypts, and another
seeded with crypts alone was cultured. Under the “M1 only”
model, 2 separated Matrigels, one with colonic crypts seeded
alone and another with M1 macrophage seeded alone, were
cultured onto a well. For EdU (5-ethynyl-2'-deoxyuridine) in-
corporation experiments, the “control crypt,” “M1/M2-crypt
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coculture,” and “M1/M2 conditioned media” setup was
utilized. The diagram in Supplementary Figure 3 summarizes
the experimental setup described previously.

Immuno uorescent Labelling

For characterizing cells within the coculture system, epithelial-
specific antibodies were used. Following the coculture, the
coverslips were fixed with 4% PFA (paraformaldehyde) for 1
hour on ice. Washing steps were carried following each step.
Ammonium chloride (100 mM in PBS, pH 7.4) was added to
each coverslip for 13 minutes, washed with PBS, followed by
further incubation with 10% SDS (sodium dodecyl sulfate) in
PBS (pH 7.4) for 5 minutes. Next, 1% Triton-X was added
for 30 minutes to permeabilize the organoids. Nonspecific
binding was inhibited using 10% donkey or goat serum
(Gibco, depending on antigen retrieval) for 20 minutes.

Primary antibodies for enteroendocrine cells (CgA+,
Abcam), tuft cells (DCAMKL1+, Abcam), Caspase 3 (cell
signaling), or stem cells (Lgr5+, Origene) were added for over-
night incubation at 4°C. The following day, immunolabelling
was visualized using a species-specific Alexa-Fluor-conjugated
secondary antibodies (488, 568, 647) raised in mouse,
donkey, goat, or rabbit and added for 2 hours at 4°C. PE
(Phycoerythrin)-conjugated Ulex europaeus lectin (UEA-1)
was acquired from VectorLabs to label goblet cells. Finally, the
slides were washed and mounted with Hoechst/Vectashield
(VectorLabs); the slides were later visualized using an epifluo-
rescence or confocal microscopy.

Colonic Crypt EdU Incorporation Experiments

Colonic crypts were cultured as previously described. After
24 hours, EAU (10 pM) was added and incubated at 37°C/5%
CO, overnight. On day 2, the crypts were fixed and processed
as described previously and EdU incorporation detected
through a Click-iT reaction as per manufactures’ instructions
(Thermofisher).

Image Analysis

All fluorescent images were captured on the equatorial plane
of the crypt as previously described? using either a Nikon TI
with a x20 0.4 NA, Zeiss Axiovert 200 with a x20 NA ob-
jective or using a Zeiss LSM-510-META confocal microscope
with a x63 1.4NA 0.75 mm WD oil immersion objective.

All images were analyzed with Fiji (Image ]) software.
To identify enteroendocrine cells (CgA+; Abcam), tuft cells
(DCAMKL1+; Abcam), goblet cells (UEA-1+; Vectorlabs),
Caspase 3 (Cell signaling) and stem cells (Lgr5+; Origene),
Z-stacks were taken at a 1- m intervals for 5 m above and
below the crypt equatorial plane, to ensure counting of cells
only in the equatorial plane. For cell counting of crypt dif-
ferentiation markers, the crypt was divided 3 crypt regions:
base (cells within the +4 position of the crypt), mid, and top
region. To identify the stem cells within a crypt, the basal Lgr5
expression of each cell across the Z- stack (optical slices) §

m above and below the equatorial plane was counted.
Crypt budding numbers were quantified by counting the buds
present on day 1 and day 6 of culture.

Quanti cation of Nuclear Fluorescence Intensity

Images were captured using the confocal microscope (LSM-
510-META) with a x63 1.4NA 0.75 mm WD oil immersion
objective. To quantify the expression of Cyclin-D1 and LEF1
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within the nucleus, the average fluorescence value of every
nucleus present at the equatorial plane was measured. Using
Fiji Image J’s polygon tool, the nuclear area was identified by
following the perimeter of each individual DAPI+ nuclei in
the equatorial plane. The arbitrary fluorescent value of the
channels occupied by Cyclin-D1 and LEF1 were then meas-
ured as shown in Supplementary Figure 4.

Statistical Analysis

All experiments were repeated at least 3 times unless stated
otherwise. Data are expressed as mean = standard error
of mean (SEM, n=number of independent experiments,
N = minimum total number of crypts), and a minimum of
20 crypts per experiment were counted. Statistical anal-
ysis was carried out using the Graphpad Prism 9 software.
Comparisons between 2 or more groups were measured
using 1-way ANOVA with post hoc Tukey analysis, and a
paired t test was utilized to compare differences between 2
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groups. A P value of less than 0.05 was considered statisti-
cally significant.

Results

M1 and M2 Macrophages Stimulate the
Proliferation of Colonic Crypts

To determine the effects M1 and M2 macrophages have on
colonic crypt growth, we cultured M1 or M2 macrophages
along with freshly isolated crypts, where macrophages are ei-
ther in contact or proximally localized near the crypts (Figure
1A). Primarily macrophages were found to be in contact
with the base and mid region of the crypt (Supplementary
Figure 2). We then examined EdU incorporation in the co-
lonic epithelium using immunofluorescent microscopy
(Figure 1B). The coculture of crypts with either M1 or M2
macrophages resulted in a significant increase in EAU incor-
poration (green) compared with control (Figure 1B). Most

Figure 1. The M1 and M2 macrophages increase EdU incorporation of colonic crypts in in vitro coculture. A, Representative white light images showing
crypts cultured alone and with M1 or M2 macrophages, where macrophages are either (a) in contact or (b) not in contact with crypts (white arrows).
Scale bar at 15 um (B) Representative epi-fluorescent images showing EdU incorporation (green) in the nuclei (red) within colonic crypt-macrophage
cocultures. Colabelling of nucleus and EdU shown in yellow (C) Histogram showing the percentage of EdU positive nuclei per crypt within the
macrophage subtype coculture condition. (n = 3, ***P < .001 compared with control; M1 compared with M2 £££ P < .001). Scale bar at 15 pm.
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