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Cryopreserved Interleukin-4-Treated Macrophages
Attenuate Murine Colitis in an Integrin f7-Dependent Manner
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The adoptive transfer of alternatively activated macrophayes (AAMs) has proven to attenuate inflamnmation in multiple mouse
models of colitis; however, the effect of cryopreservation on AAMs, the ability of previously frozen AAMs to block dinitrobenzene
sulfonic acid (DNBS) (Th1) and oxazolone (Th2) colitis and their migration postinjection remains unknown. Here we have found
that while cryopreservation reduced mRNA expression of canonical markers of interleukin (IL)-4-treated macrophayes (M(IL-4)),
this step did not translate to reduced protein or activity, and the cells retained their capacity to drive the suppression of colifis.
The anticolitic effect of M(IL-4) adoptive transfer required neither T or B cell nor peritoneal macrophayes in the recipient. After
injection into the peritoneal cavity, M(L-4)s migrated to the spleen, mesenteric lymph nodes and colon of DNBS-treated mice.
The chemokines CCL2, CCL4 and CX3CL1 were expressed in the colon during the course of DNBS-induced colitis. The expression
of intfegrin B7 on transferred M(IL-4)s was required for their anticolitic effect, whereas the presence of the chemokine receptors
CCR2 and CX3CR1 were dispensable in this model. Collectively, the data show that M(IL-4)s can be cryopreserved M(IL-4)s and
subsequently used to suppress colitis in an integrin 7-dependent manner, and we suggest that these proof-of-concept studies
may lead to new cellular therapies for human inflammatory bowel disease.
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INTRODUCTION

There is increasing interest in cell-based
therapies to treat diseases such as cancer
(1,2), spinal cord injuries (3) and inflam-
matory bowel disease (IBD) (4), for which
the main subtypes include Crohn’s disease
(CD) and ulcerative colitis. Mesenchymal
stem cells are currently being evaluated
experimentally and clinically for their
efficacy in IBD, particularly in fistulizing
CD (5). Autologous T cells differentiated
into Tregs in vitro are also thought to
have an antiinflammatory effect when
adoptively transferred to patients with
CD, since a dose-dependent reduction in
the Crohn’s disease activity index (CDAI)
was observed in a small safety trial (6).

Here we propose the use of interleukin
(IL)-4treated alternatively activated
macrophages—M(IL-4)—as a potential
therapeutic for the management of IBD.
Alternatively activated macrophages
(AAMs) are considered antiinflammatory
because of their ability to dampen T-cell
expansion through their expression of
programmed-death ligands (PD-L1, PD-L2)
(7,8), decreased proinflammatory cytokine
and superoxide secretion (9) and their
ability to regulate fibrogenesis through
arginase 1 activity in mice (10) and
CCL18-mediated fibroblast stimulation in
humans (11). In addition to their associ-
ation with tissue restitution, this macro-
phage phenotype is also associated with

Address correspondence to Derek M McKay, Department of Physiology and Pharmacology,
HSC 1877, University of Calgary, 3330 Hospital Drive NW, Calgary, Alberta, T2N 4N1, Canada.
Phone: 403-220-7362; Fax: 403-210-8119; E-mail: dmckay@ucalgary.ca.

Submitted August 25, 2015; Accepted for publication December 8, 2015, Published

Online (www.molmed.org) December 9, 2015.

The Feinstein Institute Nerth
for Medical Research ~ ShorellJ

Empowering Imagination. Pioneering Discovery.®

924 | LEUNG ET AL. | MOL MED 21:924-936, 2015

infection with parasitic helminths (and
other strong Th2 environments), and infec-
tion with a variety of helminths has been
shown to ameliorate inflammatory disease
in rodents, including models of colitis (12).
There is a plethora of evidence to
support the use of adoptively transferred
M(IL-4)s as an antiinflammatory therapy.
Whereas the method of inducing alter-
native activation may differ—alternative
activation being comprised of a spectrum
of differentiation states (13)—collectively,
it has been shown that treatment with
M(IL-4)s or M(IL-4)-like cells is antiinflam-
matory in mouse models of colitis (14-19).
AAMs have also been demonstrated to re-
duce the severity of nephropathy (20) and
diabetes (21) in mice. This effect is thought
to be dependent on the macrophage’s abil-
ity to express IL-10 (18) and arginase 1 (22)
and the ability to retain its antiinflamma-
tory phenotype posttransfer (23). How-
ever, despite significant proof-of-principle
data that adoptive transfer of M(IL-4)s, or
other regulatory macrophages, can block
colitis, there are significant gaps in the
knowledge of how this effect is mediated,



which would stand as an impediment to
the development of M(IL-4) to treat IBD.
Thus, the current project, building on

our earlier observations on M(IL-4) ame-
lioration of dinitrobenzene sulfonic acid
(DNBS)-induced colitis in mice (14,18),
addresses the following questions: (a) are
cryopreserved M(IL-4)s capable of sup-
pressing DNBS-induced colitis; (b) would
any anticolitic effect of cryopreserved
M(IL-4)s apply to the oxazolone model of
colitis; (c) are macrophages or T cells in
the recipients required for the anticolitic
effects of transferred M(IL-4)s; and (d) is
recruitment to the colon or peripheral
lymphoid tissue important for the anti-
colitic effect of M(IL-4)s?

MATERIALS AND METHODS

Animal Cell Retrieval and
Experimentation

All animal experiments adhered to the
Canadian Council on Animal Welfare
as administered by the University of
Calgary Animal Care Committee under
protocol AC13-0015.

Murine Macrophages and
Cryopreservation

Bone marrow cells were isolated
from the femurs and tibia of mice and
then treated with ammonium chloride
potassium (ACK) buffer to remove
erythrocytes. Cells were plated onto
plastic Petri dishes and differentiated
into macrophages by culture for 7 d in
RPMI-1640 medium (Sigma-Aldrich)
supplemented with 2% Pen/Strep,
1 x GlutaMAX™, 20% fetal bovine
serum (FBS) (all Gibco) and 20 ng/mL
recombinant macrophage-colony stim-
ulating factor (M-CSF) (R&D System:s),
changing medium every 2-3 d. To
dissociate cells, a 1:1 mix of TrypLE
Express™ (Gibco) and 1 mmol/L eth-
ylenediaminetetraacetic acid (EDTA)
in Dulbecco’s phosphate-buffered
saline (DPBS) was added for 30 min
at 37°C followed by gentle scraping
with a rubber policeman. Cells were
then reseeded and differentiated for
48 h with recombinant IL-4 + IL-13

(both at 20 ng/mL) (Cedarlane Labs)
in RPMI-1640 medium supplemented
with 2% penicillin-streptomycin
(10,000 U/mL) from Thermo Fisher Sci-
entific, 20 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES)
and 10% FBS (all Gibco). In some ex-
periments, macrophages were treated
with interferon (IFN)-y (10 ng/mL, 48 h;
Cedarlane Labs). For cryopreservation,
differentiated macrophages were re-
suspended in 10% dimethyl sulfoxide
(DMSO) in FBS at 5 x 10° cells/mL
and frozen for >7 d by placing in a
Mr. Frosty™ Freezing Container (Thermo
Fisher) containing isopropanol to slow
the freezing rate to ~1°C per minute
(overnight —80°C) and then transferring
the vials to liquid nitrogen the next day.
For use of frozen cells, vials were quickly
thawed by removing from liquid nitro-
gen storage, immersed into a 37°C water
bath, washed in complete medium and
resuspended for use. For fresh versus
frozen comparisons, cell cultures were
grown and analyzed (“fresh”), and a
fraction of the population was frozen and
analyzed at a later time point (“frozen”).
Arginase activity and Griess assays
(to measure nitrite as a surrogate for
nitric oxide) were performed as previ-
ously described (18). Arginase activity
is represented in units, where 1 unit
represents the amount of arginine hydro-
lyzed within 1 min per 1 million cells.
Lipopolysaccharide (LPS)-stimulated
secretion of cytokines were analyzed by
stimulating 1 x 10° macrophages with
1 pug LPS (Sigma-Aldrich) in 1 mL fresh
medium, collecting the supernatant
after 24 h and analyzing samples using
DuoSet® ELISA kits (R&D Systems) as
per the manufacturer’s protocol.

Human Macrophages

Experiments with human samples were
conducted under a protocol approved by
the University of Calgary Conjoint Health
Research Ethics Board (protocol 24827).

Peripheral blood from healthy donors
was collected in heparinized tubes and sep-
arated by using a Ficoll-Paque™ PREMIUM
(GE Healthcare Bio-Sciences AB) density
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gradient, as per the manufacturer’s proto-
col. Buffy coat cells were incubated for 4 h
in serum-free medium (RPMI-1640 me-
dium supplemented with 2% Pen/Strep,
20 mmol/L HEPES; all Gibco), which was
then replaced with complete medium
(containing 10% FBS) and incubated for

7 d with 10 ng/mL recombinant human
M-CSF. Macrophages were differentiated
for 48 h with recombinant IL-4 + I[-13,
both at 10 ng/mL (Cedarlane Labs). Cells
were dissociated and/or cryopreserved as
described for murine macrophages.

Mice and Induction of Colitis

Male BALB/ ¢ mice (Charles River
Laboratories) were 8-10 wks old at
the time of experimentation. The
following other mice were used: Itgh7™"
(C57BL6-Itgh7™" /T); RAG1 KO
(B6129S7-Rag1™™" /7); BALB/c eGFP;
C57BL/6] mice (all the Jackson Labo-
ratory); CCR2 KO (C57BL6-Ccr2"P/™P)
and CX3CR1 KO (C57BL6-Cx3cr15P/5)
mice were gifts from the laboratory of
Paul Kubes, University of Calgary. Fol-
lowing a previously established protocol,
1 x 10° M(IL-4)s in 250 pL PBS (10° spleen
cells or PBS alone for naive controls) were
injected intraperitoneally 48 h before the
induction of colitis (18) (earlier studies
had shown that a threshold for an anti-
colitic effect of AAMs was 0.75 x 10°
cells [14]). Acute colitis was induced by
intrarectal administration of DNBS (MP
Biomedicals) (3 mg for BALB/c or 5mg
for C57BL/6) or 4-ethoxymethylene-
2-phenyl-2-oxazolin-5-one (oxazolone;
Sigma-Aldrich) (4 mg) in 100 pL 50%
ethanol (or 100 uL. PBS for naive controls)
by using a polystyrene catheter 3 cm prox-
imal from the anus, while mice received
3% inhaled isoflurane (Pharmaceutical
Partners of Canada). In some experiments,
clodronate-loaded liposomes (Nico van
Rooijen, Amsterdam, Netherlands) were
rocked for 5 min at room temperature to
yield a homogeneous preparation and 200
pL was intraperitoneally injected on d -3
and -5 before the administration of DNBS
(14). Macrophage depletion in the perito-
neal cavity was confirmed by the absence
of F4/80" cells on d 0, as measured by
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flow cytometry on peritoneal exudate
cells; neutrophils (Grl*) were still detec-
table in lavages after treatment with
clodronate intraperitoneally. Animals
were monitored daily for weight changes,
and on d 3 postcolitis, a necropsy was
performed. The colon was excised and
measured and a mid-10% portion fixed in
10% neutral-buffered formalin, processed
into paraffin, sectioned at 7 um onto pos-
itively charged slides and stained with
hematoxylin and eosin. Macroscopic and
histological damage scores were assessed
as previously described (18).

In Vivo Localization of Adoptively
Transferred Macrophages

Animals were fed a modified AIN-93M
diet (TD.00102, Harlan Laboratories)
starting on d —6 to reduce background
fluorescence. Cells (6.0-7.5 x 10° macro-
phages or splenocytes) were stained with
VivoTrack 680 NIR (PerkinElmer) as per
their instructions, just before injection
on d -2. Spleen cells were isolated by
mashing a naive control spleen through a
100-um nylon strainer using the plunger
from a 10-mL syringe and then treating
the isolate with ACK buffer for 90 s to re-
move erythrocytes. DNBS-induced colitis
was induced on d 0 as described above
and mice assessed 3 d later.

Noninvasive whole-body imag-
ing was performed by using In-Vivo

Xtreme 4MP (Bruker, formerly Care-
stream). Mice were shaved 24 h before
imaging. Macrophages were visualized
using 670-nm excitation and 750-nm
emission wavelengths. Every 24 h, an-
imals were imaged ventrally, laterally
and dorsally. The imaging protocol
contained three steps: reflectance im-
aging (2-s exposure time), fluorescent
imaging at 670/750 (6-s exposure time)
and X-ray imaging (10-s exposure time).
During the whole imaging procedure
the mice were anesthetized with 1-3%
isoflurane and kept at 37°C in the imag-
ing chamber. Images from the In-Vivo
Xtreme were acquired and analyzed
by using Bruker molecular imaging
software MI SE (version 7.1.3.20550).
Whole-body images were quantified
daily by measuring fluorescence (cor-
rected by background) in a constant re-
gion of interest for all animals covering
the ventral abdominal area.

After whole-body in vivo imaging,
mice were necropsied on d 3 post-
DNBS, and their organs (lungs, heart,
liver, small intestine, mesenteric lymph
nodes, colon) were removed, flushed
and washed with PBS for further
imaging. The whole colon and ran-
domly selected sections of the liver
and spleen were mounted onto a slide
underneath a glass coverslip with flu-
orescence-mounting medium (Dako).

Spinning disk confocal intravital
microscopy was performed using an
Olympus BX51W1 (Olympus) up-
right microscope equipped with a
20x/0.95 XLUM Plan Fl water immer-
sion objective. The microscope was
equipped with a confocal light path
(WaveFx, Quorum) on a Yokogawa
CSU-10 head (Yokogawa Electric Cor-
poration). Laser excitation at 640 nm
(Cobalt) was used, and fluorescence

in the blue channel was visualized
with the appropriate long pass filter
(624 + 40 nm, respectively; Semrock).
Exposure time was constant at 200 ms.
Sensitivity settings were maintained
at the same level for all experiments.
A 512 x 512—pixel back-thinned EMCCD
camera (C9100-13, Hamamatsu)

was used for fluorescence detection.
Volocity Acquisition software (Impro-
vision) was used to drive the confocal
microscope. Images captured using
the spinning disk were processed and
analyzed in Volocity 4.20. Fluorescence-
labeled cells in the colon were enumer-
ated by selecting three random fields of
view at 20x magnification.

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction
(PCR) of murine and human macrophages
was done as previously described (18).
Primers used are listed in Table 1.

Table 1. PCR primers used to assess murine bone marrow-derived macrophayges, murine colon tissue and human peripheral blood-derived

macrophayes.
PubMed accession

Species Gene Alias number Forward Reverse

Mouse  Rni8s 18S NR_003278.3 ATGGCCGITICTTAGTTIGGTG CGCTGAGCCAGTCAGTGTAG
Argl Arginase 1 NM_007482.3 AACACTCCCCTGACAACCAG CCAGCAGGTAGCTIGAAGGTC
Nos2 iINOS NM_010927.3 AGACCTCAACAGAGCCCTICA GCAGCCICTIGTCTITGACC
Chi3l3  Ym]1 NM_009892.2 TGCCAGGATGGAAGTITGGAC AATGATICCTGCTCCIGTGG
Retnla  Relm-a NM_020509 AGCAATCCCATGGCGTATAA CAGTAGCAGTCATCCCAGCA
Ccl4 CCl4 NM_013652.2 GCTCTGCGTGTCTGCCCTCT TCTGTGAAGCTIGCCGCGGAGGT
Cx3cll  Fractalkine NM_009142.3 GCCCGCCGAATTICCTGCACT CAATGGCACGCITGCCGCAG
Cclb CCLS NM_013653.3 TCTCTGCAGCTGCCCTCACCA GCGCGAGGGAGAGGTAGGCA
Ccl2z5  CCL25 NM_009138.3 GACCAGAAAGGCATIGGTGGCCC CGGCATCCAGGCCCCAACAAAA

Human RN18S5 18S NR_003286.2 ATGGCCGTICTTAGTIGGTG CGCTGAGCCAGTICAGTGTAG
CD14 CD14 NM_000591.3 GCCGCTIGTGTAGGAAAGAAG GCTIGAGGTICGGAGAAGTTG
MRC1 Mannose receptor NM_002438.3 GGCGGTGACCTCACAAGTAT ACGAAGCCATITGGTAAACG
CcCLi8 CCL18 NM_002988.3 CCCCAAGCCAGGIGTCATCCTC GGGCCATIGCCCTIGGCTICAG
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Flow Cytometry

Annexin V and propidium iodide
staining were conducted by using the
Annexin V Binding Buffer (BioLegend)
and following the manufacturer’s in-
structions.

For flow cytometry staining with
antibodies, cells were resuspended in
flow buffer (PBS containing 0.1% so-
dium azide and 1% FBS) and blocked
(TruStain fcX™ anti-mouse CD16/32
or human TruStain FcX Fc receptor
blocking solution; BioLegend) for 15
min at 4°C. Surface staining was con-
ducted for 30 min at 4°C in the dark.
Fixation, permeabilization and intra-
cellular staining was done at room
temperature using the FOXP3 Fix/
Perm buffer set (BioLegend). Data were
analyzed using Attune® software
(Applied Biosystems) or FlowLogic™
(Inivai). Mouse and human macro-
phages were previously assessed for
purity and found to be >96% F4/80" or
CD68", respectively (data not shown).
Cells were derived from culture and
gated on a single forward and side
scatter population.

Flow cytometry antibodies and
stains used in this study were as follows:
FITC-conjugated Annexin V (5 pL; 640906,
BioLegend), propidium iodide solu-
tion (10 pL; 421301, BioLegend), APC-
conjugated anti-mouse/human arginase
1 (5 pL; IC5868A, R&D), PE-conjugated
anti-mouse MRC1 (intracellular stain-
ing, 0.2 pg; 141705, BioLegend), APC-
conjugated anti-mouse F4/80 (0.2 pg;
123115, BioLegend), PE/Cy7-conjugated
Ly-6C (0.06 pg; 128018, BioLegend);
PE-conjugated anti-mouse Gr1 (0.2 ng;
108407, BioLegend), PE-conjugated
anti-human MMR (intracellular stain-
ing, 5 pL; FAB25342P, R&D) and pacific
blue—conjugated anti-human CD14
(1 pg; 325615, BioLegend).

Coculture of Peritoneal Cells with
Bone Marrow-Derived Macrophages
Mice were humanely sacrificed using
4% isofluorane followed by cervical
dislocation. A peritoneal lavage was
conducted by injecting 8 mL 4°C PBS

with a 10-mL syringe and 18-G

needle into naive control BALB/c mice,
massaging the abdomen for a minute
and then collecting fluid with the same
apparatus. Peritoneal exudate was
pooled from two mice and divided
equally into three Petri dishes in RPMI-
1640 medium supplemented with 2%
Pen/Strep, 20 mmol/L HEPES and 10%
FBS. Bone marrow-derived M(IL-4)s
from BALB/c eGFP mice (for which
cells express GFP under the human
ubiquitin C promoter) were generated
as described above and added to each
Petri dish at 1 x 10° cells to a final vol-
ume of 10 mL THP-1 medium per dish.
Cells were cocultured for 48 h, and then
all cells (floating and adhered, as de-
scribed above for bone marrow—derived
macrophages) were collected for analy-
sis by flow cytometry.

T-Cell Proliferation

The T-cell proliferation experiment
was conducted by using methods
similar to Huber ef al. (8). The 24-well
plates were coated with anti-CD3
(2 pg/mL; BioLegend) for 24 h at
4°C. CD4" T cells from naive control
BALB/c mice were isolated from the
spleen by using a magnetic isolation
kit (EasySep, StemCell Technologies),
stained with CFSE (5 um for 10 min
at 37°C, CellTrace™ CFSE Cell Pro-
liferation Kit, Thermo Fisher) and
added to the plate at 4 x 10 cells
per well with anti-CD28 (1 ug/mL;
BioLegend). Fresh and frozen macro-
phages (1 x 10%), derived as previously
described, were added to the wells at
a final 1:4 macrophage to T cell ratio.
Cells were collected 96 h later, spun
down, fixed with 4% paraformalde-
hyde (PFA) and analyzed by flow
cytometry.

Statistical Analysis

Data are presented as the mean +
standard error of the mean (SEM).
Data were analyzed and graphed
using GraphPad Prism 5 (GraphPad
Software). Unless otherwise stated,
data were analyzed using a one-way
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analysis of variance with Tukey or
Newman-Keuls post hoc test for para-
metric data and Dunn multiple com-
parison test for nonparametric data
(that is, macroscopic and histological
scores); p <0.05 was accepted as a level
of statistically significant difference.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Addition of IL-13 with IL-4 Does Not
Synergistically Enhance the M(IL-4)
Phenotype

Previously, IL-4 and IL-13 alterna-
tively activated murine peritoneal mac-
rophages and bone marrow—derived
macrophages were found to inhibit
colitis in mice (14,18). To optimize
this potential therapeutic option, the
abilities of IL-4 and IL-13 alone, and in
combination, to induce an alternatively
activated phenotype in murine bone
marrow—derived macrophages and
human blood-derived macrophages
were compared. Real-time PCR analy-
ses revealed that IL-4 and IL-4 + IL-13
resulted in similar upregulation in
mRNA expression of canonical markers
of murine and human AAMs: IL-13
by itself was generally less effective
in inducing an AAM phenotype (Sup-
plementary Table S1). This pattern
was confirmed by analysis of arginase
1 expression and activity, LPS-evoked
nitric oxide production (all for mouse;
Supplementary Figure S1A), CD14 and
MRC1 expression and CCL18 produc-
tion (all for human; Supplementary
Figure S1B). These data indicated that
IL-4 was sufficient to induce alternative
activation in both murine and human
macrophages. Because the macrophages
treated with IL-4 or IL-4 + IL-13 were
not substantially different (at least by
the parameters assessed herein) and
given the primary goal to optimize
AAM therapy to treat colitis in murine
model systems, all subsequent experi-
ments focused on IL-4—treated macro-
phages [M(IL-4)s].
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Cryopreserved Macrophages Retain
an M(IL-4) Phenotype and Reduce the
Severity of Colitis

From a practical standpoint, M(IL-4)
anticolitic therapy would be best served
by the immediate availability of the cells
from cryopreserved stocks. Freshly dif-
ferentiated murine and human M(IL-4)s
showed no differences in viability com-
pared with thawed cryopreserved
M(IL-4)s, as measured by propidium
iodide staining and flow cytometry anal-
ysis (% dead cells before cell calculations
for adoptive transfer studies: mouse
fresh 17.8 + 6.0% versus frozen 11.5 +
3.0%, n = 4-8; human fresh 16.5 + 3.5%
versus frozen 17.6 + 6.6%, n = 3). Com-
parison of fresh with cryopreserved
M(IL-4)s revealed reduced transcripts
for Arg1, Chi3I3 (Ym1), Retnla (Relm-o.)
in murine cryopreserved M(IL-4) and
reduced MRC1 and CCL18 mRNA in
human cryopreserved M(IL-4)s. CD14
mRNA levels were similarly reduced
in the two human macrophage groups
(Table 2). Despite these mRNA changes,
protein differences were minimal be-
tween the groups. Thus, arginase activity
and MRC1 were similarly upregulated
in fresh and cryopreserved M(IL-4)s
(Figure 1A), and, notably, the increase in
LPS-induced nitric oxide (NO) in fresh

M(IL-4)s was not observed with cryo-
preserved murine M(IL-4)s. For human
M(IL-4)s, both fresh and frozen cells dis-
played reduced CD14 protein expression,
and similar upregulation of MRC1 expres-
sion, although the cryopreserved M(IL-4)
s had a compromised ability to sponta-
neously produce CCL18 (Figure 1B).

Adoptively transferred cryopreserved
M(IL-4)s protected mice against DNBS
colitis-associated cachexia, colon shorten-
ing, macroscopic and histological dam-
age (Figures 2A, B). Testing the broad
ability of M(IL-4)s to suppress intestinal
inflammation, experiments were con-
ducted in which mice were treated with
M(IL-4)s and colitis evoked by intrarec-
tal delivery of oxazolone, a hapten that
induces colitis by activation of NKT cells
and mobilization of IL-13 secretion (24).
M(IL-4)s significantly limited the severity
of colitis in mice induced by oxazolone
(Figures 2C, D).

M(IL-4) Suppression of Colitis Does Not
Require Macrophages or Adaptive
Immunity in Recipients

Assessing the mechanism of M(IL-4)
suppression of colitis, we posited a re-
quirement for either regulatory macro-
phages or mobilization of regulatory T or
B cells in the recipients of M(IL-4)s.

Table 2. Comparison of murine and human fresh versus cryopreserved M(IL-4) by real-time

PCR.
Fold-change over M(-)
Species Gene Fresh M(IL-4) Cryopreserved M(IL-4)
Mouse Argl 183,966 * 54,719%° 1,254 + 552
Nos2 11.06 + 3.05°° 2.31£0.825
Chi3I3 (Ym1) 2,296 + 678%° 177 £17
Retnla (Relm-a) 1,955,323 + 470,3719% 72,331 + 20,697
Human CD14 0.110 + 0.03679° 0.0231 + 0.0135°
MRC1 10.66 * 1.649° 549 + 1.41°
CCLI18 64.75 £ 27.919° 427 £1.72

Mouse bone marrow-derived macrophayes were treated with IL-4 for 48 h and
compared before and after cryopreservation for AAM marker expression (Argl, Chi3l3,
Retnla) and Nos2 as a neygative control. Likewise, fresh and frozen human monocyte—
derived M(IL-4)s from healthy blood donors were compared on their capacity to
downregulate CD14 and upregulate MRC T and CCL 18 transcripts. M(-), undifferentiated
macrophage. Mouse, n = 7; human, n = 9. p < 0.05: “compared with M(-); °‘compared

with cryopreserved M(IL-4).
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Using a validated strategy to deplete
macrophages before adoptive transfer
of M(IL-4)s, mice were treated with clo-
dronate liposomes (25), and effective
depletion of peritoneal macrophages
was confirmed by flow cytometry (data
not shown). With the protocol used (see
Materials and Methods), the number
of neutrophils was minimally affected.
Assessment of the colitis in clodro-
nate-treated mice was not markedly
different from that observed in liposome
only—treated mice, and regardless of clo-
dronate or liposome treatment, M(IL-4)s
retained their anticolitic activity, indi-
cating that the M(IL-4)s did not need
to activate/recruit endogenous macro-
phages to mediate or participate in the
suppression of colitis (Supplementary
Figure S2A). An in vitro experiment sup-
ported this finding. Peritoneal cells were
isolated by peritoneal lavage and were
cocultured with 10° GFP-expressing
bone marrow—derived M(IL-4)s for
48 h. Protein analysis by flow cytome-
try showed that there was no difference
in the expression of the AAM markers
MRC1 or arginase 1 in cocultured peri-
toneal macrophages compared with
non-cocultured controls, indicating
that the transfer of M(IL-4)s did not
enhance the expression of these pro-
teins (data not shown).

While the mechanism of DNBS-
induced colitis in RAG1™~ mice may
differ from that in wild-type animals,
the macroscopic and histological pre-
sentation of the disease in both mice
is remarkably similar. Colitis induced
in RAG1™~ mice by DNBS was sig-
nificantly reduced by pretreatment
of the mice with M(IL-4)s, demon-
strating that neither T cells nor B cells
were essential to the anticolitic effect
of M(IL-4)s (Figure 3). In addition,
in vitro coculture with neither fresh nor
cryopreserved M(IL-4)s suppressed
anti-CD3 and anti-CD28 antibody-
induced proliferation of splenic T cells
[dividing cells: unstimulated T cells
7.7 £ 0.2%, CD3- and CD28-stimulated
T cells 34.7 + 0.9%, CD3- and
CD28-stimulated T cells cocultured
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Figure 1. Comparison of fresh and cryopreserved (Cryo.) mouse and human M(IL-4)s.

(A) Mouse macrophages were assessed by their capacity to express the mannose recep-
tor (MRC1) by flow cytometry (n = 3), arginase activity and ability to produce nitric oxide
in response to LPS, as measured by nitrite levels in a Griess assay (n = 7, two experiments).
(B) Human M(L-4)s from healthy control blood donor monocytes were similarly assessed by
their capacity to downreyulate CD14 and upregulate MRC1 as measured by flow cytom-
etry (n = 3) and spontaneously secrete CCL18 into the culture supernatant, as measured
by ELISA (n = 5, two experiments). MFI, mean fluorescence intensity. p < 0.05: Tcompared
with M(=); “‘compared with Cryo. M(IL-4). Data are represented as the mean + SEM.

with fresh M(IL-4)s 37.8 + 1.0%, CD3-
and CD28-stimulated T cells cocul-
tured with cryopreserved M(IL-4)s
44.8 + 0.9%; n = 3-4].

Transferred M(IL-4)s Localize to the
Colon during DNBS Colitis

Given that macrophages were in-
jected into the peritoneal cavity before
the induction of DNBS, we sought
to investigate where the cells might
preferentially locate in the presence of
colitis. Splenocytes were used as a
non-macrophage-cell control and
indicator of random cell distribution.
On d 3, fluorescence intensity was
strongest in the peritoneal area of the
M(IL-4)-treated mice (Figure 4A), a
pattern that was similar to d -2 just

immediately after the injection of cells
(not shown). Fluorescence quantifica-
tion in the ventral abdomen shows that
the signal was significantly brighter by
d 3 in DNBS + M(IL-4) mice compared
with M(IL-4) alone, suggesting that
macrophages were being actively re-
cruited to the colon during DNBS coli-
tis. Dissected organs revealed that the
signal was most intense in the liver;
however, the mesenteric lymph nodes,
colon and spleen contained increased
fluorescence in mice treated with both
M(IL-4) and DNBS. Negligible fluo-
rescence was detected in the heart and
lungs (data not shown). Whole mount
imaging (Figure 4C) confirmed that
macrophages localized to the liver

of all M(IL-4)-treated mice, whereas

MOL MED 21:924-936, 2015 |
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DNBS induced localization of macro-
phages to the spleen and colon. Quan-
tification of macrophages within the
colon revealed that whereas M(IL-4)s
were found in colons of both control
and DNBS mice, there was a higher
number of macrophages found in mice
with colitis. Macrophages were found
in patchy areas throughout the length
of the colon (data not shown).

Integrin B7 Expression on Transferred
M(IL-4)s Is Necessary in Their Ability to
Block Colitis

The adhesion molecule 047 is import-
ant in leukocyte trafficking to the gut
during both homeostatic and inflamma-
tory conditions. Given that transferred
M(IL-4)s localized to the gut preferentially
during colitis, we hypothesized that a lack
of B7 would prevent this migration and
the ability of M(IL-4)s to protect against
inflammation. Initial studies revealed no
difference in the ability to generate an
M(IL-4) from bone marrow from Itgb7‘f1ull
mice, as assessed by arginase and Ym1 ex-
pression (Figure 5); however, in compari-
son with M(IL-4)s from WT mice, Itgb7""
M(IL-4)s were incapable of suppressing
DNBS-induced colitis, as assessed by any
of the indices used here (Figure 6).

Absence of CCR2 and CX3CR1 on
Transferred M(IL-4)s Does Not Hinder
Their Anticolitic Activity

A time course analysis of DNBS-
induced colitis revealed similar disease
activity scores 1-3 d after treatment
(Supplementary Figure S3A), and quan-
titative PCR on colonic tissue extracts
showed increased expression of mRNA
for the chemokines Ccl2 and Cx3cl1
(fractalkine) (Supplementary Figure S3B).
Recognizing that redundancy is a fea-
ture within chemotaxis signaling, we
nevertheless tested a strict requirement
for either of the receptors for these
chemokines (that is, CCR2 and CX3CR1,
respectively) on the anticolitic effect of
M(IL-4)s. Hence, WT, CCR2 KO and
CX3CR1 KO M(IL-4)s were compared
in their ability to attenuate DNBS coli-
tis. As with Itgh7™" M(IL-4)s, CCR2 KO
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Figure 2. Transfer of cryopreserved (Cryo.) M(IL-4)s protect against murine colitis. One million M(IL-4)s were fransferred infraperitoneally 48 h
before the induction of colitis. The extent of damage in DNBS (Th1) colitis was measured by weight loss, shortened colon lengths and
extent of colon macroscopic damage (A) and histopathology (B). Experiments with DNBS were repeated twice: naive control (n = 9),
DNBS (n = 10) and DNBS + Cryo. M(L-4) (n = 10). (C, D) By using the same experimental timeline, M(IL-4)-mediated protection against
oxazolone (Th2)-induced colitis was assessed by the same parameters. Experiments with oxazolone were repeated four tfimes: naive
control (n = 15), Oxa (n = 14), Oxa + M(IL-4) (n = 17). p < 0.05: Tcompared with naive control; *‘compared with DNBS + Cryo. M(IL-4). Bar
represents 50 um; M, muscularis; L, lumen. Data are represented as the mean + SEM.
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Figure 3. Intraperitoneal transfer of M(IL-4)s does not require host lymphocytes to protect against DNBS colitis. The M(IL-4) transfer model
was repeated in RAG1 KO mice (lacking T and B cells) to determine whether host lymphocytes were essential for the anticolitic effect.
The data show that wild-type M(IL-4) were still able to attenuate (A) colon shortening, and only mice treated with DNBS alone were sig-
nificantly different from naive controls in ferms of macroscopic damaye, MPO activity, and (B) histological damagye. Experiments were
repeated twice: naive control (n = 5), DNBS (n = 10), DNBS + M(IL-4) (n = 10). p < 0.05: 'compared with naive control; “compared with DNBS +
M(L-4). Bar represents 50 um; M, muscularis; L, lumen. Data are represented as the mean + SEM.

and CX3CR1 KO M(IL-4)s were not sig-
nificantly different compared with WT
M(IL-4)s using arginase and Yml1 as the
canonical markers of a M(IL-4) (data not
shown). In the analysis of DNBS-induced
colitis, adoptive transfer of WT, CCR2
and CX3CR1 M(IL-4)s all had similar
abilities to reduce the severity of disease
(Supplementary Figure S4).

DISCUSSION

The macrophage is an incredibly ver-
satile cell (26), and definition of its role
in the suppression of inflammation and
tissue restitution after injury has led to
the speculation that the AAM could be
used in cellular immunotherapy to treat
or prevent inflammatory disease (14).

Indeed, we, and others, have shown that
adoptive transfer of AAMs retrieved
from mice or differentiated in vitro from
bone marrow precursors or peritoneal
macrophages can suppress colitis (14-19).
In the current study, we sought to extend
these provocative data by determining
whether cryopreserved M(IL-4)s, a de-
fined AAM subtype, could be used to
suppress colitis and to assess roles for
the recipient’s macrophages and T and B
cells, and mucosal homing in the M(IL-4)-
driven suppression of colitis.

With the ultimate goal of translating
the proof-of-principle data from mu-
rine models to the treatment of human
disease, it was important to consider
two practical issues before conducting

mechanistic studies: would M(IL-4)s
suppress colitis in a manner equivalent
to that observed with M(IL-4 + IL-13)s,
and would cryopreserved M(IL-4)s retain
their ability to inhibit colitis. It is gener-
ally accepted that IL-4 is the key cytokine
in the alternative activation of macro-
phages and that IL-13 complements

or enhances the differentiation of the
AAM via STAT3 and STAT6 signaling
(27,28). Assessment of canonical markers
of mouse and human AAMs revealed
almost identical responses to IL-4 and
IL-4 + IL-13 (IL-13 alone was a less po-
tent stimulus of an AAM phenotype), a
finding in accordance with data showing
that bone marrow—derived macrophages
and human monocytes were more
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sensitive to stimulation by IL-4 than
IL-13 (28). Macrophages can be frozen
and upon thawing retain their phenotype
and function as defined by in vitro assays
(29). While murine and human cryopre-
served M(IL-4)s had fewer mRNA tran-
scripts for marker genes, this result did
not translate into reduced protein expres-
sion/enzyme activity that was virtually
identical when fresh and previously fro-
zen cells were compared, suggesting (a)
upregulation of mRNA levels in freshly
differentiated M(IL-4) greatly surpasses
that needed to mediate significant in-
creases in protein expression and (b) that
the fresh and frozen M(IL-4)s were likely
to be functionally equivalent.

When tested in the DNBS model of
colitis, cryopreserved M(IL-4)s sig-
nificantly ameliorated disease and,
to a degree, were no different from
previous observations with M(IL-4)s
freshly differentiated from peritoneal
macrophages or bone marrow—derived
macrophages (14,18). Murine colitis
evoked by intrarectal administration
of oxazolone is driven, at least in part,
by epithelial cell apoptosis as a re-
sult of excessive IL-13 expression by
NKT cells (24) and has been compared
with human ulcerative colitis. The
striking finding that adoptive transfer
of cryopreserved M(IL-4)s inhibited
oxazolone-induced colitis suggests an
elegant natural solution to disease in an
IL-4-skewed microenvironment, that of
the mobilization of an IL-4—-dependent
antiinflammatory macrophage. In ad-
dition, DNBS- and oxazolone-induced
colitis present some features of Crohn’s
disease and ulcerative colitis, respec-
tively, and the ability of systemically
delivered M(IL-4)s to suppress both
DNBS- and oxazolone-induced disease
suggests that this strategy might be
broadly applicable to patients with IBD.

The suppression of colitis by AAMs
has been attributed to their ability to
produce IL-10, a skewing in the balance
of their response to LPS, where IL-10
synthesis is favored over that of IL-12
and the production of arginase (14-19).
In addition, AAMs may promote wound
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Figure 5. Alternative activation of bone marrow-derived macrophages from WT and
Itgb7™" mice is comparable. (A) Expression of AAM markers Arg1 and MRC1 are not
significantly different in ityb7™" mouse macrophayges, as measured by flow cytometry,
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compared with WT. (B) This result was confirmed at the functional level where arginase
activity was similar between WT and KO M(L-4)s. All groups (n = 3), one experiment.

p < 0.05: fcompared with WT. Data are represented as the mean + SEM.

healing via effects on epithelial cells or
fibroblasts (11). However, it is unknown
if the anticolitic effect of M(IL-4)s is
critically dependent on an immune
cell(s) in the recipient mice.

By using sensitizing protocols and
chronic repeated regimens, T cells have
been implicated in DNBS-induced
colitis; however, T cells are not a pre-
requisite for the acute colitis that de-
velops within 1-3 d post-DNBS, since
DNBS-treated RAG1™/~ mice develop
macroscopic and histological signs of
disease that are virtually indistinguish-
able from similarly treated wild-type
mice (30). T cells can influence AAM
function, and vice versa (8,31), so we
speculated that M(IL-4) mobilization of
a regulatory T cell could be important to
the suppression of colitis (6). Contrary
to this, RAG1™”~ mice treated with DNBS
and M(IL-4)s developed significantly
less disease than time-matched DNBS
only-treated mice, revealing that nei-
ther T nor B cells (neither effector nor

regulatory cell) in the recipient mice are
an absolute requirement for M(IL-4)s

to suppress colitis. This does not, how-
ever, negate the possibility that in an
immunocompetent animal, T or B cells
could contribute, to some degree, to the
M(IL-4)-driven suppression of colitis.
Moreover, should these findings trans-
late to humans, it suggests that individ-
uals with compromised T-cell activity
because of recent medications would
still experience the therapeutic benefit of
M(L-4)s.

The concept of macrophage-macro-
phage interaction is not unprecedented
(32), and it was intriguing to consider
the possibility that the therapeutic
benefit of adoptive transfer of M(IL-4)s
could be amplified by co-opting macro-
phages in the recipient mice. By using
clodronate-filled liposomes to deplete
macrophages (minor effects on neu-
trophils and dendritic cells have been
described with this technique [25]), it
was found that peritoneal macrophages

RESEARCH ARTICLE

in recipient mice were not essential for
the anticolitic effect of treatment with
M(IL-4)s [a finding in accordance with
data showing that endogenous macro-
phages in the peritoneal cavity were not
affected by coculture with M(IL-4)s, as
gauged by expression of MRC1, Ly6C
and Argl by flow cytometry]. However,
it is possible that colonic macrophages
could escape depletion via clodronate,
and subsequent studies need to be di-
rected at this issue. There remains the
possibility that gut macrophages were
not eliminated, either in part or fully
after clodronate treatment intraperito-
neally, and therefore M(IL-4)s that have
migrated to the gut could be locally af-
fecting resident intestinal macrophages
and/or newly recruited monocytes.
Nevertheless, collectively, the data are
consistent with the hypothesis that
M(IL-4)s have an endogenous anticolitic
capacity (for example, antiinflammatory
cytokine response) or directly interact
with stromal cells to protect the tissue
or promote tissue resistance. It is also
clear that, while we have provided

data on the lack of requirement for

T cells, B cells and macrophages in the
recipients, the potential involvement of
other immune cells, such as NK cells,

or fibroblasts (via arginase activity) in
the recipient cannot be dismissed and
warrants further study.

With cellular immunotherapy, it is
intuitive to ask, do the cells traffic to
the target organ to suppress disease?
Adoptive transfer of regulatory
T cells inhibits colitis in mice, and this
was accompanied by accumulation
of the cells in secondary lymphoid
organs and/or the colon (33). It has
also emerged that the peritoneal cavity
may be an inductive site for immune
activity (34). Indeed, in conjunction
with testing the effect of mesenchymal
stem cell (MSC) transfer in patients
with Crohn’s disease (4), it has been
shown that this approach is effective
in the mouse model of dextran sodi-
um-sulfate—induced colitis and that the
MSCs that remained in the peritoneal
cavity exerted an anticolitic effect (34).
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In addition, intraperitoneal adminis-
tration of splenic B cells from Hyme-
nolepis diminuta—infected mice blocked
DNBS-induced colitis, with no obvious
infiltration of the transferred cells into
either the spleen or the colon (30). Fur-
thermore, in patients treated intrave-
nously with donor macrophages after
kidney transplantation, transferred
cells were found to localize initially
to the lung, and within 24 h, dissemi-
nated nonspecifically throughout the
body (35).

In vivo imaging of transferred M(IL-4)s
revealed that at the time of necropsy

(that is, 3 d post-DNBS), substantial
M(IL-4) fluorescence was detected in
the peritoneal cavity, and little or no
fluorescence was detected in the heart,
lungs or kidney. In both naive control
and colitic mice, M(IL-4)s migrated to
the liver, and this hepatic localization
may represent normal drainage from
the peritoneal cavity. However, DNBS-
treated mice did display a preferential
accumulation of the transferred M(IL-4)s
in the spleen, mesenteric lymph nodes
and colon. Despite the aforementioned
data on MSCs in the peritoneum, earlier
studies with trinitrobenzene sulphonic
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acid (TNBS)-induced colitis had revealed
that a portion of the transferred cells
homed to the gut (36,37). Observation
of the anticolitic effect of M(IL-4)s in
RAGI1™" mice suggested that activity in
the peritoneal cavity or the gut may be
important to the inhibition of disease.
The integrin a4f7 is important for
homing to the gut via interaction with
the mucosal addressin, MAdCAM
(38,39), and oEB7 interaction with
E-cadherin in the gut mucosa can fa-
cilitate the retention of T cells (40). Use
of M(IL-4)s differentiated from the
bone marrow of Itgb7 knockout (KO)
mice failed to suppress DNBS-induced
colitis, identifying mucosal homing of
M(IL-4)s as being critical to their abil-
ity to suppress inflammation in this
model of colitis. Subsequent analysis
of the DNBS model revealed upregu-
lation of mRNA for Cc¢l2 and Cx3cl1 in
the colon, both of which could drive
the recruitment of cells via CCR2 and
CX3CR1, respectively. However, adop-
tive transfer of M(IL-4)s from CCR2-KO
and CX3CR1-KO mice were as effective
as M(IL-4)s from wild-type mice in re-
ducing the severity of DNBS-induced
colitis, indicating that neither receptor
is essential for the anticolitic effect of
M(IL-4)s: given the redundancy that
resides within chemokine to chemokine
receptor chemotaxis, these data do not
unequivocally rule out a role for either
CCR2 or CX3CR1 in M(IL-4)s from
wild-type mice.

CONCLUSION

Cellular immunotherapy has gained
significant momentum in recent years
with a focus on regulatory T cells and
MSCs to treat inflammatory disease
(6,36). Macrophages have received
lesser attention, although macrophage
transfer in two patients after kidney
transplantations was found to enhance
organ engraftment and patient outcome
(35). Here, we provide support for the
concept of adoptive transfer of macro-
phages to treat colitis and specifically
show that cryopreserved M(IL-4)s can
inhibit oxazolone and DNBS-induced



colitis (disorders with very differ-

ent immune spectrums). The M(IL-4)
suppression of colitis required neither
macrophages nor T and B cells in the
recipient, and while the anticolitic effect
was independent of CCR2 or CX3CR1 on
the M(IL-4)s, the ability to home to muco-
sal tissue was an essential prerequisite for
suppression of inflammation. We specu-
late that additional mechanistic studies,
comparisons of murine and human
M(IL-4)s and analyses of putative side
effects following the delivery of M(IL-4)s
delivery will pave the way for M(IL-4)
treatment of inflammatory bowel disease.
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