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SUMMARY

Acute intestinal inflammation involves early accumu-
lation of neutrophils (PMNs) followed by either reso-
lution or progression to chronic inflammation. Based
on recent evidence that mucosal metabolism influ-
ences disease outcomes, we hypothesized that
transmigrating PMNs influence the transcriptional
profile of the surrounding mucosa. Microarray
studies revealed a cohort of hypoxia-responsive
genes regulated by PMN-epithelial crosstalk. Trans-
migrating PMNs rapidly depleted microenviron-
mental O2 sufficiently to stabilize intestinal epithelial
cell hypoxia-inducible factor (HIF). By utilizing HIF re-
porter mice in an acute colitis model, we investigated
the relative contribution of PMNs and the respiratory
burst to ‘‘inflammatory hypoxia’’ in vivo. CGD mice,
lacking a respiratory burst, developed accentuated
colitis compared to control, with exaggerated PMN
infiltration and diminished inflammatory hypoxia.
Finally, pharmacological HIF stabilization within the
mucosa protected CGD mice from severe colitis. In
conclusion, transcriptional imprinting by infiltrating
neutrophils modulates the host response to inflam-
mation, via localized O2 depletion, resulting in micro-
environmental hypoxia and effective inflammatory
resolution.

INTRODUCTION

Transmigration of neutrophils (PMNs, polymorphonuclear leuko-

cytes) to regions of injury or infection is one of the earliest man-

ifestations of acute inflammation, necessary for host defense.

However, without efficient PMN clearance at sites of infiltration,

PMNs can accumulate and contribute to chronic inflammatory

states. Infiltration of PMNs is associated with a number of

chronic disease states, including ischemic colitis, ulcerative
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colitis, and Crohn’s disease. Energy-demanding processes

such as migration, phagocytosis, and generation of an NADPH

oxidase burst accompany infiltration of PMNs and are thought

to shift the metabolic homeostasis of tissue during inflammation

(Kominsky et al., 2010). Considerable advances in understand-

ing the cell-cell interactions that facilitate PMN migration across

epithelia have beenmade (Zen and Parkos, 2003). Relatively little

is known, however, about the influence exerted by PMNs on sur-

rounding cell types and whether such changes influence tissue

function and disease outcome (Colgan et al., 2013a, 2013b).

In their role within innate immunity, PMNs detect and kill

invading microbes, through mechanisms involving mobilization

of plasma membranes and extrusion of granule contents (Stie

and Jesaitis, 2007). Recruitment of PMNs to sites of infection re-

sults in killing of invading pathogens via release of granule con-

tents (Amulic et al., 2012), phagocytosis with respiratory burst

(Cross and Segal, 2004), release of reactive oxygen or nitrogen

species (Radi et al., 1991), and in some instances generation

of extracellular traps (Brinkmann et al., 2004). In this capacity,

sites of inflammation tend to become depleted of molecular O2

(Karhausen et al., 2004). These findings have led to the concept

of ‘‘inflammatory hypoxia,’’ in which inflammation and hypoxia

are inextricably linked (Colgan and Taylor, 2010). It remains

unclear to what extent inflammatory hypoxia impacts the local

microenvironment and how such changes might influence dis-

ease outcome.

Here we demonstrate mechanisms and outcomes of inflam-

matory hypoxia in vitro and in vivo and implicate infiltrating

immune cells, principally neutrophils, in shaping the tissue

microenvironment through depletion of local molecular O2.

Guided by global mRNA profiling to ascertain whether PMNs

‘‘transcriptionally imprint’’ epithelial cells during transmigration

in vitro, we hypothesized that PMN-dependent O2 depletion is

integral to regulating inflammatory resolution. Microarray anal-

ysis revealed a cohort of hypoxia-responsive genes. Validation

studies demonstrated that activated PMNs are capable of

depleting local O2 to such an extent that epithelia in close prox-

imity ‘‘sense’’ hypoxia and stabilize the HIF transcriptional

machinery. This influence on epithelial HIF activity was depen-

dent on the PMN respiratory burst. Moreover, such localized
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Figure 1. Transmigrating Neutrophils

Induce Transcriptional Imprinting in Intesti-

nal Epithelial Cells

(A) Microarrays were hybridized with cDNA

synthesized from epithelial RNA isolated from

direct versus indirect transmigration experi-

ments. Three separate experiments were per-

formed (n = 3).

(B) Table highlighting fold changes between

groups. Statistical cut-off was set to p < 0.05.

(C) Validation of hypoxia-responsive gene cluster

by qPCR in the indirect model. Values are means ±

SEM and are pooled from three independent ex-

periments (n = 3; *p < 0.05; **p < 0.01; ***p < 0.001;

two-way ANOVA).

(D) Validation of hypoxia-responsive target in-

duction by immunoblotting for GLUT1, PGK1,

and ADM. b-actin used as loading control.

Images are representative of three independent

experiments.

See also Figure S1.
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O2 depletion proved to be critical for effective mucosal protec-

tion and inflammatory resolution.

RESULTS

Neutrophil Transepithelial Migration Induces
Expression of Hypoxia-Dependent Genes
To define the impact of PMN transmigration on the transcrip-

tional profile of intestinal epithelial cells (IECs), we induced

PMNs to migrate across IECs, harvested RNA, and analyzed

transcriptional profiles by microarray. Pilot studies involving

magnetic bead negative selection involved excessive manipula-

tion and time and resulted in widespread cell death. To minimize

alterations in the transcriptional profile as a result of handling, we

adopted a different approach to rapidly obtain representative

mRNA. Parallel experiments were performed. First, PMNs were

induced to transmigrate toward fMLF across polarized mono-

layers of IECs for 90 min, monolayers were washed in fresh

medium, and after 2 hr RNA was harvested (Figure S1A available

online). Because of the physical interaction of PMN-IECs, we

termed this ‘‘direct’’ migration. In the second experiment, migra-

tion toward fMLF was performed as before, cell-free superna-

tants were collected after transmigration and applied to naive

IEC monolayers (Figure S1B), and after 2 hr RNA was harvested.

Thismodel was termed ‘‘indirect’’ because of the lack of physical

contact between harvested IECs and PMNs. In the direct exper-

iment, profiling revealed predominantly PMN-specific genes,

because of contamination of the monolayer with incompletely

migrated neutrophils. In the indirect experiment, gene regulation

induced by physical contact between neutrophils and epithelial

cells were lost. However, genes regulated as a result of factors

released during transmigration were present. Analyzing genes

that were similarly regulated in both experiments enabled us to

discern epithelial-specific regulation of genes in response to

activated PMNs (Figure 1A). We identified a cohort of hypoxia-

regulated genes that were induced in both models in response

to PMNs (Figure 1B). Gene targets from hypoxia-responsive
cluster were validated by qPCR via cDNA from indirect transmi-

gration (Figure 1C) and by immunoblot (Figure 1D) by means

of lysates from both direct and indirect for GLUT1, PGK1,

and ADM.

Activated Neutrophils Imprint a Hypoxic
Microenvironment into the Surrounding Tissue
Guided by our findings that PMN transmigration establishes a

hypoxic niche, we developed a system to allow for real-time

O2 monitoring. Initial experiments were performed with an

Oxylite 2000 probe. Neutrophils were incubated in a hypoxia

chamber set at 4% O2 in the presence of the chemotactic pep-

tide fMLF (N-formyl-methionine-leucine-phenylalanine). A time-

dependent depletion of dissolved O2 was observed (Figure 2A).

Given the need for more high-throughput analysis, we adapted a

real-time O2 sensor (SDR, PreSens) where PMNs were sus-

pended above the sensor (Figure S1D), which promptly depleted

all dissolved O2. With this system we demonstrated that acti-

vated PMNs rapidly deplete all available O2 in a cell number-

and chemoattractant-dependent manner (Figure 2B).

We sought to ascertain whether PMN-mediated O2 depletion

was sufficient for epithelial cells in close proximity to ‘‘sense’’

hypoxia. PMNs were suspended in a 0.4 mm pore Transwell

above T84 intestinal epithelial cells (Figure S1C) in the presence

of hypoxia-dependent adduct-forming compound (pimonida-

zole-HCl) dye and activated with fMLF. After 0 min (Figure 2C)

and 60min (Figure 2D), cells were fixed and localized for hypoxia

adducts with Hypoxyprobe-1 antibody. In parallel, examination

of epithelial nuclear extracts revealed that PMN transmigration

readily stabilized HIF at 3 and 6 hr of exposure (Figure 2E). To

ascertain whether increased nuclear HIF levels resulted in

transcriptional activity, HRE-luciferase reporter assays were

employed and revealed that incubation of transfected IECs

with activated PMNs for 3 or 6 hr resulted in increased HIF activ-

ity as reflected by increased luciferase signal (Figure 2F).

Next we examined the mechanism of O2 depletion by

PMNs. Neutrophils were exposed to either vehicle (DMSO) or
Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc. 67



Figure 2. Activated Neutrophils Rapidly Deplete O2 and Induce HIF-1a Stabilization via Respiratory Burst

(A) pO2 values were recorded in hypoxia chamber set to 4%O2, bymeans of a OxoProbe at indicated time points in the presence of 13 106 PMNs, activated with

fMLF. Data are representative of three independent experiments and presented as means ± SD (n = 3; p < 0.001; two-way ANOVA).

(B) Consumption of dissolved O2 in normoxia was monitored in real-time by OxoDishes mounted on an SDR O2 sensor reader in the presence of increasing

numbers of PMN ± activation with fMLF set up with the SDR real-time O2 (see Figure S1D) model. Data are representative of three independent experiments and

presented as means ± SD (n = 3; p < 0.001 throughout time course for ±PMN; p < 0.001 throughout time course for 13 106 PMNs ± chemoattractant; p < 0.001

between 46 and 948 s for 53 106 PMN ± chemoattractant; p < 0.001 between 46 and 407 s for 13 106 versus 53 106 with chemoattractant; two-way ANOVA).

(C and D) Immunofluorescent staining of T84 IECs exposed to PMNs by the coculture model (see Figure S1C) for 0 min (C) and 60 min (D); representative images

from two independent experiments. Hypoxyprobe-1 adduct staining (red), ZO-1 (green), and nuclei (blue). Scale bars represent 200 mm.

(E) Nuclear accumulation of HIF-1a protein was assayed by Mesoscale ELISA, after exposure of epithelia to activated PMNs by coculture model. Data are

represented as means ± SEM and are pooled from three independent experiments (n = 3; p < 0.001 by two-way ANOVA).

(F) IECs transfected with HRE-firefly and SV40-renilla Luciferase reporters and subsequently exposed to activated PMNs indicated increased HIF activity. Data

are represented as means ± SEM and are pooled from three independent experiments (n = 3; p < 0.001 by two-way ANOVA).

(G) IECs transfected with HRE-firefly and SV40-renilla luciferase reporters and subsequently exposed to pretreated PMNs in the presence of fMLF. Data are

represented as means ± SEM and are pooled from three independent experiments (n = 3; p < 0.05 for ±PMN; p < 0.01 for PMN versus PMN+DPI; one-way

ANOVA; DPI = diphenyleneiodonium).

(H) HRE-transfected Caco-2 IECs, with subsequent exposure to activated PMNs from wild-type or CGD mice. Data are represented as means ± SEM and are

pooled from three independent experiments (n = 3; p < 0.001 for no PMN versuswild-type PMN; p > 0.05 for no PMN versus PMN+DPI; p > 0.05 for no PMN versus

CGD PMN; one-way ANOVA).

See also Figure S2.

Immunity

PMN and Microenvironmental Inflammatory Hypoxia
diphenyleneiodonium (DPI, to inhibit the respiratory burst) (Cross

and Jones, 1986) for 15 min, washed in PBS, and exposed to

HRE-Luc-transfected IECs. PMNswithout pretreatment resulted

in an induction of luciferase whereas DPI completely abrogated

PMN-mediated stabilization of HIF in adjacent IECs (Figure 2G).

These findings strongly implicate the PMN respiratory burst in

microenvironmental depletion of molecular O2.

Mice lacking functional NADPH oxidase in PMNs (Nox2�/�, or
CGD mice) phenotypically mirror human chronic granulomatous

disease (CGD) because of a deficiency in PMN respiratory burst

activity (Dinauer et al., 1987). To define the contribution of the

respiratory burst in O2 depletion, we harvested bone marrow

PMNs from both wild-type C57BL/6 and CGD mice, incubated

with/without DPI for 15 min on ice, and tracked consumption

of dissolved O2 by utilizing a novel real-time O2 sensor (Fig-

ure S2). As proof-of-principle, PMNs from phorbol myristate

acetate (PMA)-activated wild-type mice increased luciferase

activity in HRE-transfected epithelia, and this influence was
68 Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc.
abrogated with DPI. Moreover, CGD PMNs were incapable of

inducing epithelial hypoxia (Figure 2H) in the presence or

absence of DPI. Taken together, these data demonstrate that

PMNs deplete sufficient O2 to render nearby IECs hypoxic, via

the NADPH oxidase burst.

Neutrophil Infiltration Establishes a Hypoxic
Microenvironment during Acute Colonic Inflammation
To recapitulate our findings in vivo, we utilized the trinitrobenze-

nesulfonic acid (TNBS) colitis model of murine acute colonic

inflammation. Chemically induced models of colitis are fre-

quently criticized for not accurately recapitulating ulcerative

colitis in humans, a chronic inflammatory condition complicated

by defects of both innate and adaptive immunity (Khor et al.,

2011), and are considered merely models of acute colonic

inflammation. We elected to use TNBS over other acute models

of colonic inflammation because of its early potent recruitment of

PMNs (maximal at 12–24 hr). The dextran sulfate sodium model,



Figure 3. Neutrophil Accumulation in Colitis

Induces Inflammatory Hypoxia

(A) Representative image of colons excised from

vehicle and TNBS-treated ODD-Luc reporter

mice, injected with D-Luciferin before sacrifice

and imaged for luciferase activity.

(B) Quantification of bioluminescent imaging

values represent mean ± SEM (n = 5; **p < 0.01;

two-tailed Student’s t test).

(C and D) Gr-1 antibody was used to deplete

PMNs in ODD-Luc mice, prior to induction of

colitis with TNBS. PMN-depleted ODD-Luc mice

developed more severe colitis than did sham

injected mice, demonstrated by (C) weight-loss

curves (p < 0.001 for vehicle versus TNBS; p <

0.001 TNBS versus TNBS+Gr-1; two-way ANOVA)

and (D) colon length (p > 0.05 for vehicle

versus TNBS; p < 0.05 for vehicle+Gr-1 versus

TNBS+Gr-1; one-way ANOVA). Data are repre-

sented asmeans ± SEMand are pooled from three

independent experiments (n = 12).

(E) Protein lysates were profiled for cytokines and

normalized to total protein (*p < 0.05; ***p < 0.001;

one-way ANOVA).

(F) MPO activity in tissues after TNBS ± Gr-1. Data

are represented as means ± SEM and are pooled

from three independent experiments (n = 12).

(G) Tissue homogenates from distal colons of

TNBS-treated mice ± Gr-1 depletion revealed an

increase in luciferase activity in TNBS-treated

mice (p < 0.05) that was attenuated by Gr-1

depletion (p < 0.05; one-way ANOVA). Data rep-

resented as means ± SEM and pooled from two

independent experiments (n = 8).

(H) Representative H&E-stained sections revealed

PMN accumulation in TNBS, which was attenu-

ated by Gr-1. Inset highlights typical infiltrate

observed.

(I) IHC for luciferase and Ly6g indicated accumu-

lation of PMNs in TNBS (highlighted in inset),

which coincided with hypoxic luciferase accumu-

lation and an abrogation of both with Gr-1 deple-

tion. Scale bars represent 100 mm.

(J) Fold increases in HIF target gene transcript

expression in TNBS ± Gr-1 measured by qPCR,

data represent means ± SEM and are pooled from

three independent experiments (n = 12).

See also Figure S3.

Immunity

PMN and Microenvironmental Inflammatory Hypoxia
which relies on denuding epithelia to expose the mucosa

to luminal contents, makes investigation of PMN-epithelial

interactions difficult. Finally, TNBS is a self-resolving acute

inflammation, making it an ideal model to study PMN-epithelial

interactions in the context of colonic inflammation (Van Rees

et al., 1997). By utilizing HIF reporter ODD-luc mice (Safran

et al., 2006) in combination with whole-tissue imaging, we quan-

tified induction of colonic inflammation-associated hypoxia (Fig-

ures 3A and 3B). Maximal luciferase expression in colitis was

observed in the cecum (Figure 3A) and was patchy throughout

the colon of colitic animals.

To define the role of PMNs in tissue hypoxia during colitis, we

depleted PMNs by using Gr-1 in ODD-luc mice (Kühl et al., 2007)

and elected to harvest after 2 days to capture tissue changes

occurring before clearance of PMNs by macrophages. Flow
cytometry indicated a >90% depletion of circulating PMNs

with Gr-1 (91.63% in vehicle and 97.47% in TNBS), with minimal

influence on circulating monocyte numbers (Figure S3). TNBS

administration resulted in marked weight loss on days 1 and 2

(Figure 3C). Depletion of PMNs during colitis resulted in ulti-

mately more severe weight loss on day 2 (Figure 3C). A trend

toward colon shortening occurred with TNBS, but with PMN

depletion, greater colon shortening was observed (Figure 3D).

Tissue myeloperoxidase (MPO) measurements were performed

to quantify PMN influx and demonstrated a reduced number of

tissue PMNs during colitis (Figure 3E). Multiplex ELISAs revealed

increases of tissue cytokines for IL-1b and IL-12/p70 in TNBS,

which was abrogated by Gr-1 depletion of PMNs. Additionally,

increases in tissue IFN-g and mKC were observed in TNBS but

levels were amplified by PMN depletion (Figure 3F). Tissue
Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc. 69



Figure 4. Ulcerative Colitis Patients with Crypt Abscesses Demonstrate Hypoxia-Dependent Target Induction

(A–F) Biopsies from (A, B, C) uninflamed margins and (D, E, F) inflamed regions with active crypt abscess formation in patients with ulcerative colitis, were

processed for H&E (A, D) and stained for hypoxia-responsive Glut-1 (green), neutrophil p47phox (red), and nuclei (blue). Higher magnification of uninflamed tissue

(C) or colitis (F) indicates de novo Glut1 (white arrowhead) adjacent to transmigrating PMN (yellow arrowhead).

(G and H) Disease controls from uninflamed (G) and HIV patient (H) biopsies.

(I and J) Quantification of staining intensities for p47 (I) and Glut1 (J). Measurements were made from five ROIs per slide and five slides per group. Data represent

means ± SEM (n = 25). (**p < 0.01; ***p < 0.001; one-way ANOVA).

Scale bars represent 50 mm.
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HIF-dependent luciferase activity was abrogated by Gr-1-medi-

ated PMNdepletion (Figure 3G). Histologic examination revealed

a prominent granulocytic infiltrate in TNBS mice coupled with

severe mucosal damage (Figure 3H, middle), consistent with

clinical parameters of weight loss and colon shortening (Figures

3C and 3D). PMN depletion aggravated the mucosal damage,

wherein infiltrating leukocytes were non-PMN cell types (Fig-

ure 3H, right), consistent with previous findings that PMN deple-

tion significantly enhances inflammation in colitis in rats (Kühl

et al., 2007). Immunohistochemical staining for hypoxia-depen-

dent firefly luciferase (green) and neutrophil-specific marker

Ly6g (red) indicated a concomitant induction of luciferase in

regions of neutrophil infiltration in TNBS (Figure 3I, middle)

relative to vehicle-treated mice (Figure 3I, left) or in TNBS with

Gr-1-mediated PMN depletion (Figure 3I, right). Finally, isolated

epithelia were assessed for changes in mRNA (Figure 3J),

demonstrating an overall decrease in hypoxic target gene

expression with Gr-1. Taken together, such findings substantiate

our in vitro results that infiltrating PMNs deplete local O2

amounts and that ensuing hypoxia influences the severity of

the inflammatory response.

Evidence of Microenvironmental Hypoxia in Crypt
Abscesses
We extended these findings to humans and identified biopsies

from patients with ulcerative colitis that showed active disease
70 Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc.
with crypt abscess formation. Serial sections were stained for

H&E and immunohistochemical detection of the HIF target

Glut1. As shown in Figure 4, tissue margins revealed healthy

crypts (Figure 4A) and low expression of Glut1 (Figure 4B). In

stark contrast, regions of tissue with active crypt abscesses (Fig-

ure 4D) revealed prominent parallel localization of PMNs and

robust staining for Glut1 (Figure 4E). Highermagnification of con-

trol (Figure 4C) and colitis (Figure 4F) revealed de novo staining

surrounding transmigrating PMNs (inset, Figure 4F). Colonic

biopsies from uninflamed patients (Figure 4G) and HIV patients

(Figure 4H) with marked T cell infiltration but few neutrophils

were stained as an inflammatory disease control to demonstrate

specificity of tissue hypoxic responses to PMNs. Quantification

of image intensities illustrates PMN (Figure 4I) and Glut1 (Fig-

ure 4J) staining. Thus, inflammatory hypoxia occurs in vivo and

is specific for inflammatory lesions associated with PMN influx.

Mice Lacking Respiratory Burst Exhibit Defective
Inflammatory Resolution
To specifically delineate the influence of the PMN respiratory

burst in the establishment of a hypoxic microenvironment during

colitis, we attempted to induce colitis in the CGD mice. In these

mice, TNBS elicited a response so prominent that few animals

survived (Figure 5A). A dose response with various concentra-

tions of TNBS and vehicle carrier (ethanol) identified conditions

that permitted the study of colitis without excessive attrition



Figure 5. Neutrophil Respiratory Burst-Deficient Mice Develop Severe Nonresolving Colitis

(A) Survival curves for C57BL/6 versus CGDmice after TNBS administration (p < 0.001 compared with vehicle; p < 0.05 compared with wild-type TNBS; Gehan-

Breslow-Wilcoxon test). Data represent means ± SEM (n = 6).

(B) Survival curves for CGDmice on regular (reg) (2.5%TNBS in 50%EtOH), medium (med) (2%TNBS in 45%EtOH), and low (low) (2%TNBS in 40%EtOH) TNBS

regimen. Data represent means ± SEM (n = 6) (p < 0.005 low compared with regular dose; p < 0.05 low compared with medium dose TNBS; Gehan-Breslow-

Wilcoxon test).

(C and D) Weight-loss curves (C) and colon lengths (D) of CGDmice on low TNBS regimen indicated a defect in resolution. Data are represented as means ± SEM

and are pooled from three independent experiments (n = 8–12).

(E) Representative H&E-stained sections revealed severe PMN accumulation in CGD mice treated with TNBS.

(F) Hypoxyprobe (red) staining and nuclear (blue) counterstain of wild-type versus CGDmice ± TNBS. White arrowheads indicate presence or absence of luminal

epithelial cells; yellow arrowheads indicate crypts. Arrows indicate potential presence of bacteria.

Scale bars represent 100 mm.

(G) Myeloperoxidase activity assay indicated increased PMNs in TNBS (**p < 0.01; ***p < 0.001; one-way ANOVA). Data are represented asmeans ± SEM and are

pooled from three independent experiments (n = 8–12).

(H) Hypoxia target gene expression from purified colonic epithelial cells for Pgk1 and Glut1 in TNBS. Data are represented as means ± SEM (**p < 0.01; ***p <

0001; one-way ANOVA).

(I) O2 consumption of B6x versus CGDxm (male) and f (female) (p < 0.001 B6x ± PMA; p > 0.05 male CGDx ± PMA; p < 0.001 female CGDx versus B6x –PMA; p <

0.001 female CGDx versus B6x +PMA; two-way ANOVA). Data are representative of three independent experiments and presented as means ± SD (n = 6).

(J) Tissue luciferase was assayed after a low TNBS regimen in both B6x (p < 0.01 vehicle versus TNBS in B6x) and CGDx (p > 0.05 CGDx vehicle versus TNBS; p <

0.05 for B6x TNBS versus CGDx TNBS; one-way ANOVA). Data are represented as means ± SEM and are pooled from two independent experiments (n = 8).

See also Figure S4.
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(Figure 5B). In wild-type mice, peak disease usually occurs on

day 2, with resolution beginning on day 3. Based on weight

loss curves (Figure 5C) and colon length (Figure 5D), the lack

of a respiratory burst appeared to impede the resolution phase

of disease. Such findings were not a result of failure of PMNs

to migrate to the tissue, evidenced by myeloperoxidase activity

(Figure 5G). Indeed, histologic examination of these tissues re-

vealed prominent increase in PMNs within the colonic submu-

cosa of CGD mice (Figure 5E), which may indicate delayed or

failed resolution. In Figure 5F, sections were stained with

Hypoxyprobe-1. Vehicle-treated wild-type and CGD mice dis-

played prominent luminal epithelial staining, indicated by white

arrowheads. TNBS resulted in extensive Hypoxyprobe-1 stain-

ing, permeating deep into the crypt structure, indicated by yellow

arrowheads. Concomitant with increased PMN infiltration, the

CGD mice had an appreciable lack of Hypoxyprobe-1 staining

within themucosa.Most strikingwas the apparent lack of luminal

epithelial staining. Notable were regions with what appear to

be bacteria deep in crypt lumen, wherein the epithelium re-

sponded with positive Hypoxyprobe-1 staining (white arrows).

Enrichment of epithelial cells followed by RNA isolation and

qPCR revealed increased expression of Pgk1 and Glut1 tran-

scripts in TNBS-treated wild-type, which were not induced in

CGD mice (Figure 5H).

To quantify the relative contribution of the respiratory burst to

hypoxia in colitis, we bred a first-generation cross of CGD mice

with the ODD-lucmice (CGDx) and a control C57BL/6 crossed to

ODD-luc (B6x) (see Figure S4 for breeding strategy). Because

Nox2 is X-linked, mating female CGD mice with ODD-luc males

resulted in a progeny that was either hemizygous for the CGD

phenotype (females) or homozygous (males). Bone-marrow-

derived PMNs from the control cross (B6x) consumed O2 rapidly

in response to PMA stimulation; however, male CGDx mice did

not deplete O2 in response to activation. Hemizygous female

CGDx mice did deplete O2, but at a slower rate than the B6x

mice (Figure 5I). Moreover, tissue luciferase levels from B6x

mice reaffirm the finding that TNBS induces tissue hypoxia (Fig-

ure 5J) becausemale CGDxmicewere unable to generate a hyp-

oxic microenvironment in response to TNBS, as measured by

tissue luciferase (Figure 5J). These findings demonstrate that

CGD mice develop severe nonresolving colonic inflammation

coupled with a failure to elicit mucosal hypoxia.

Mucosal HIF Stabilization Ameliorates Colitis Severity in
Mice Lacking Respiratory Burst
Our previous work demonstrated that pharmacological HIF sta-

bilization is protective in mucosal inflammation in wild-type mice

(Robinson et al., 2008). We consequently proposed that the

severity of colitis in CGD mice was due to a lack of hypoxic

signaling within the mucosa. We examined whether pharmaco-

logical intervention could restore normal hypoxic signaling, reca-

pitulate the wild-type inflammatory hypoxic microenvironment

within the mucosa, and attenuate the severity of colitis in the

CGD mice. To accomplish in vivo HIF stabilization, both wild-

type and CGD mice were administered the PHD inhibitor (HIF

stabilizer) AKB-4924 (Okumura et al., 2012). In wild-type mice,

TNBS administration with sham injection resulted in weight

loss (Figure 6A, top; p < 0.001 compared with vehicle on days

1–4 by two-way ANOVA). AKB-4924 administration was protec-
72 Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc.
tive as reflected by decreased weight loss (p < 0.001 compared

with TNBS alone on days 2–4; p > 0.05 compared with vehicle +

AKB-4924 on days 2–3) and a more rapid return to normal body

weight. In the CGD mice, TNBS elicited severe weight loss (Fig-

ure 6A, bottom; p < 0.001 compared with CGD vehicle on days

1–4). By day 3, TNBS-treated wild-type mice regained weight,

which was not evident in CGD mice (p < 0.05 CGD versus

WT + TNBS on day 3). Although an improvement was observed

in the CGD mice with AKB-4924 administration (p < 0.05 on

day 1; p < 0.01 on day 2; p < 0.001 on day 3–4), there remained

a significant difference between the vehicle-treated and the

AKB-4924-treated CGD mice (p < 0.001). In fact, AKB-4924

administration during colitis to CGD mice more closely resem-

bled wild-type mice with TNBS (p > 0.05 by two-way ANOVA).

AKB-4924 administration resulted in protection against colon

shortening in both wild-type and CGD mice (Figures S5A and

S5B). Histological scoring revealed increases in both inflamma-

tory score and injury score of wild-type and CGD mice after

TNBS administration (Figure 6B). Although no significant differ-

ences were observed in the overall inflammatory score between

wild-type and CGD-TNBS treatments without AKB-4924, CGD

mice exposed to TNBS without AKB-4924 demonstrated higher

injury scores. Moreover, AKB-4924 attenuated both inflamma-

tory and injury scores. These findings were also evident by

H&E (Figure 6E, top; see also Figure S6A).

Colon tissues were processed for flow cytometry to determine

the extent of infiltration of various cell types. TNBS resulted in

increased recruitment of CD45+ cells to the colon in both wild-

type and CGD mice. Interestingly, in CGD mice, the increase in

CD45+ cells appeared to be predominantly neutrophils and

monocytes, both of which were abrogated by AKB-4924 admin-

istration (Figure 6C, see also Figure S5C). No appreciable differ-

ences in total CD3+ T cell numbers were observed.

Tissue cytokines were assayed and revealed trends toward

increased proinflammatory cytokines (IL-1b, IFN-g, mKC, and

IL-12) in both wild-type and CGD mice during TNBS that were

largely abrogated by AKB-4924. Furthermore, mucosal protec-

tive cytokine (IL-6 and IL-10) levels were enhanced by HIF stabi-

lization (Figure 6D). Considering the role of bioactive lipids in

resolution of acute inflammation (Serhan and Chiang, 2013)

and our previous findings demonstrating resolution of colitis

with proresolving lipids (Campbell et al., 2010), we assessed

the influence of TNBS and AKB-4924 treatment on the genera-

tion of proresolving lipids, including Resolvin D1 (RvD1) and

15-epi-Lipoxin A4 (Figure S5D). Tissue ELISAs revealed in-

creased local RvD1 generation (after TNBS treatment) in wild-

type and a decrease in CGD mice. Significant increases in

RvD1 were observed after AKB-4924 treatment in both wild-

type (p < 0.001) and CGD (p < 0.05) mice. Similarly, trends

toward increased 15-epi-LXA4 were detected in TNBS-treated

wild-type mice and decreased levels in CGD. A significant in-

crease was detected in wild-type mice after treatment with the

PHD inhibitor (p < 0.05). To rationalize these findings, we inves-

tigated expression of Ptgs2 (cyclooxygenase-2), an enzyme

involved in the de novo generation of both of these lipids and a

known hypoxia-dependent gene. We detected a trend toward

increased Ptgs2 transcript in wild-type mice after TNBS treat-

ment and in AKB-4924-treated colitic mice (Figure S5E) and in-

creases in expression in CGD after PHD inhibition.



Figure 6. Pharmacological Intervention with Prolyl Hydroxylase Inhibitor Rectifies Resolution Defect in CGD Mice

Wild-type and CGD mice treated with AKB-4924 or vehicle on days �1 through 2 and TNBS or vehicle was administered on day 0.

(A) Weight loss curves for wild-type (p < 0.001 for vehicle versus TNBS on days 1–3; p < 0.001 TNBS versus TNBS+ AKB-4924 on days 2–3; p > 0.05 TNBS+AKB-

4924 versus vehicle+ AKB-4924 on days 2–3) and CGD (p < 0.001 CGD vehicle versus CGD TNBS on days 1–3; two-way ANOVA) mice. Data are represented as

means ± SEM and are pooled from three independent experiments (n = 8–12).

(B) Histological scoring of colon sections (n = 4–6; *p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA).

(C) Flow cytometric analysis of infiltrating leukocytes: CD45+ (bulk leukocytes), CD3+ (T cells), Ly6g+CD11b+ (neutrophils), and Ly6c+CD11b+ (monocytes)

(*p < 0.05; **p < 0.01; two-way ANOVA). Data are representative of two independent experiments and presented asmeans ± SD (n = 4–6mice per group) (p < 0.01

by one-way ANOVA).

(D) Tissue ELISAs for cytokines from wild-type and CGD mice treated with AKB-4924 ± TNBS (*p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA). Data are

represented as means ± SEM and are pooled from three independent experiments (n = 8–12).

(E) Representative H&E-stained sections (top) from CGD mice with (+) or without (�) AKB-4924 and IHC staining (bottom) for HIF-1a (green) and nuclei (blue).

Scale bars represent 100 mm. Yellow arrowheads indicate colocalization in TNBS and AKB-4924-treated crypt epithelial cells.

(F and G) Quantification of staining intensities (F) for HIF-1a and colocalization analysis (G) of HIF-1awith nuclear DAPI. Data are represented as means ± SEM of

three pooled experiments (n = 8–12) (*p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA).

See also Figures S5 and S6.
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Immunohistochemical staining for Hypoxyprobe-1 (Fig-

ure S6B) indicated enhanced tissue hypoxia in wild-type

mice after TNBS administration, but this was absent in CGD

mice. These disparate phenotypes were both abrogated

by AKB-4924 treatment. Sections were also stained for HIF-

1a in CGD (Figure 6E, bottom) and wild-type (Figure S6C),

which revealed both enhanced HIF-1a staining (Figure 6F)

and colocalization of HIF-1a with nuclei in colonic crypts after

AKB-4924 administration (indicated by yellow arrowheads

and quantified in Figure 6G), demonstrating that AKB-4924

mediated HIF-1a stabilization within the mucosa. Taken

together, these studies reveal that the innate immune deficit

of CGD mice can be overcome by PHD inhibition within the

colonic mucosa.
Mucosal HIF Stabilization Enhances Barrier Function by
Increasing Goblet Cell Number
We elected to focus on the apparent infiltration of bacteria in the

colonic crypts of CGD mice during colitis by utilizing fluorescent

in situ hybridization (FISH) with a ubiquitous Eubacterial probe. In

both CGD (Figure 7A) and wild-type (Figure S7A) vehicle-treated

mice, bacteria associate with luminal epithelia. There was no

indication of bacterial invasion into the mucosa. Upon exposure

to TNBS, bacteria were observed to invade deep into the crypts

of CGD but not wild-type mice (Figure S7A). Conversely, in

PHD-inhibited mice, bacteria were not observed to interact

with epithelia and a clear margin was observed. To determine

whether these bacteria disseminate past the mucosa, we asep-

tically removed mesenteric lymph nodes (MLNs) and harvested
Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc. 73



Figure 7. HIF Stabilization Promotes Mucosal Protection against Luminal Bacteria in CGD Mice via Goblet Cell Function

CGD mice treated with AKB-4924 or vehicle on days �1 through 2 and TNBS or vehicle was administered on day 0. Fluorescent in situ hybridization (FISH) was

performed with Eub338 probe (magenta) in CGD mice.

(A) Representative images indicated crypt infiltration of bacteria during colitis.

(B) Quantification of bacterial dissemination to mesenteric lymph nodes was achieved by 16S rDNA qPCR. Data are presented as means ± SEM (n = 6).

(C) Serum LPS quantification was measured by LAL assay. Data are represented as means ± SEM of three pooled experiments (n = 8–12).

(D) Representative Alcian blue staining staining for goblet cells from CGD mice.

(E) Quantification of goblet cell number per crypt in CGD mice.

(F) GI permeability was assessed by measuring serum FITC 4 hr after gavage. Data are represented as mean ± SEM of three pooled experiments (n = 8–12).

(G) Real-time qPCR ofmucosal epithelial hypoxia target genes involved in regulatingmucus barrier Tff3 andMuc3. Data are represented asmeans ± SEM of three

pooled experiments (n = 8–12).

*p < 0.05; **p < 0.01; ***p < 0.001; one-way ANOVA. See also Figure 7.
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blood by cardiac puncture. Bacterial dissemination was quanti-

fied by qPCR for 16S rDNA in MLN (Figure 7B) and serum LPS

measurements (Figure 7C), both indicating an increased bacte-

rial load in CGD mice after TNBS treatment, prevented by pre-

treatment with AKB-4924.

To investigate whether the decreased bacterial infiltration was

mitigated via altered epithelial barrier function, we examined

mucus production by Alcian blue staining in CGD (Figure 7D)

and wild-type (Figure S7B) mice. More intense staining of goblet

cells were observed and quantification of goblet cell numbers

per crypt (Figure 7E) revealed an increase after PHD inhibition.

Concordantly, epithelial barrier permeability was determined

by assaying serum fluorescence after FITC-dextran gavage (Fig-

ure 7F). We conducted qPCR from enriched epithelial isolates for

known HIF-dependent barrier protective genes that modulate

the mucus layer, Muc3 (Louis et al., 2006) and Tff3 (Furuta

et al., 2001), both of which were induced by AKB-4924 PHD
74 Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc.
inhibition (Figure 7G). Such results implicate a prominent induc-

tion of mucin and mucin-binding elements by PHD inhibition.

DISCUSSION

‘‘Inflammatory hypoxia’’ (Karhausen et al., 2004) is thought to

result from numerous factors including increased metabolic

demand and decreased O2 delivery (Colgan and Taylor, 2010).

Here, we demonstrate that actively migrating PMNs establish a

microenvironment permitting surrounding tissues to ‘‘sense’’

O2 depletion. Epithelial cells left in the wake of migrating PMNs

become transcriptionally imprinted, displaying a prominent

hypoxic signature. By utilizing both a ‘‘direct’’ and ‘‘indirect’’

transmigration model and examining genes regulated similarly

in both, we were able to exclude the potential for PMN gene

contamination. Our in vitro real-time oxygen-sensing experi-

ments demonstrate the extent of oxygen depletion in media after
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PMN activation, despite continuous mixing. Incubation of

epithelia with indirect supernatants also resulted in HIF stabiliza-

tion, which we attributed simply to oxygen depletion. Although

we cannot outright exclude other mechanisms, for instance

epithelial-derived exosomes (Bobrie et al., 2012), PMN-derived

microparticles (Dalli and Serhan, 2012; Lim et al., 2013) effecting

intercellular genetic communication via microRNAs (Mittelbrunn

and Sánchez-Madrid, 2012), or adenosine-mediated non-

oxygen-related signaling pathways such as deneddylation of

Cul-2-containing RING ligases (Ehrentraut et al., 2013) leading

to HIF-1a stabilization in normal oxygen tensions, ultimately

the endpoint is epithelial HIF signaling.

Given the protective nature of HIF in themucosa, such findings

reveal a previously unappreciated molecular mechanism for

PMN-mediated resolution of inflammation. Likewise, NF-kB

has been demonstrated to be antiapoptotic in intestinal epithelia

and is protective in murine models of colitis (Chen et al., 2003).

The stabilization and activity of both NF-kB and HIFa subunits

are regulated by the O2-dependent PHDs (prolyl hydroxylases).

Inhibition of PHDs results in enhanced HIF and NF-kB activity

and has been implicated as mucosal protective in both DSS

(Cummins et al., 2008) and TNBS (Robinson et al., 2008) models

of colitis.

ODD-luciferase mice permitted quantification of inflammatory

hypoxia in experimental colitis. Consistent with previous work

(Karhausen et al., 2004), this analysis revealed prominent stabi-

lization of HIF in both the cecum and in patchy regions along the

wall of the colonicmucosa. Patient samplesmirrored this finding,

revealing concomitant staining of HIF-target Glut-1 in epithelia

surrounding crypt abscesses. Antibody-mediated depletion of

murine PMNs indicated that PMNs fundamentally contribute to

the establishment of the hypoxic microenvironment evident dur-

ing acute inflammation. Consistent with previous work in rats

(Kühl et al., 2007), PMN depletion exacerbated colitis, suggest-

ing that stabilization of HIF, by infiltrating PMNs in the present

work, promotes a protective phenotype within the mucosa.

Mechanistically, PMN-mediated tissue hypoxia required a

functional respiratory burst, mediated via the PMN NADPH

oxidase complex (Nauseef, 2008). Use of the flavoprotein inhib-

itor DPI and CGD mice implicated NADPH oxidase in O2

depletion and stabilization of HIF in adjacent epithelia. Murine

CGD PMNs were incapable of generating a hypoxic microenvi-

ronment or stabilizing epithelial HIF. Of interest in this regard, it

is recognized that a subset of CGD patients develop colonic

inflammation (Huang et al., 2004). Consistent with this clinical

observation, CGD mice developed a severe colitic phenotype.

Although the epithelium remained relatively intact in wild-type

mice with TNBS, severe damage to the mucosa occurred,

accompanied by a lack of discernible pimonidazole adduct

localization in CGD mice and a greater influx of PMNs. Likewise,

our results demonstrated that HIF stabilizers (PHD inhibitors) are

sufficient to provide mucosal protection and abrogate the CGD

phenotype.

Neutrophil numbers decrease during resolution of TNBS

colitis as a result of clearance by macrophages (Cox et al.,

1995; Savill et al., 1989). In the CGDmice, neutrophil andmacro-

phage numbers are increased in the absence of a respiratory

burst, potentially indicative of failed clearance (Sanmun et al.,

2009). PHD inhibition was protective against the CGD colitis
phenotype, restoring PMN and monocyte levels to normal,

concomitant with enhanced tissue protection and mucosal HIF

stabilization. Whereas the PHD inhibitor AKB-4924 has been

recently demonstrated to augment the antimicrobial activity of

PMNs independent of the respiratory burst (Okumura et al.,

2012), our studies demonstrate diminished bacterial transloca-

tion as a result of enhanced mucosal barrier function, which

probably has a greater impact in the CGD mice. Identification

of bacteria deep in the colonic crypts of CGD mice after colitis,

coupled with aberrant goblet cell distribution throughout the

crypts that was reversible with PHD inhibition, suggested that

AKB-4924 may influence goblet cell survival or function.

Adherent and fluid mucus layers, secreted by goblet cells, limit

physical interaction with luminal bacteria (Johansson et al.,

2011). Impaired goblet cell function or mucus layer forming pro-

teins (Muc2, Tff3) have been implicated in the pathogenesis of

chronic colonic inflammation (Beck et al., 2010; Van der Sluis

et al., 2006). We examined murine epithelial Muc3 and Tff3,

known HIF-dependent gene products, as a proof-of-principle

and demonstration that colonic mucus was being affected. HIF

has been implicated in goblet cell hyperplasia in the lung (Polo-

sukhin et al., 2011). Moreover, Tff3 expression has been

implicated in limiting epithelial apoptosis (Taupin et al., 2000)

and promoting mucosal healing (Mashimo et al., 1996), possibly

via induction of IL-6 (Taupin and Podolsky, 2003). Considering

the sheer plethora of potential innate and adaptive deficiencies

potentially associated with chronic inflammatory conditions like

ulcerative colitis (Khor et al., 2011), it is unclear whether PHD

inhibition could provide a viable therapeutic option. However,

as mentioned previously, the innate deficit in CGD patients often

leads to severe chronic colonic inflammation similar to ulcerative

colitis (Huang et al., 2004).

Taken together, these results provide molecular insight into

the role of PMNs in inflammatory resolution. Transcriptional

imprinting of select signaling pathways, exemplified here by

HIF, provides mucosal memory after the clearance of PMNs

and elicits functional resolution responses important to tissue

homeostasis. Although PMN accumulation in crypt abscesses

is a hallmark of mucosal inflammation, our findings suggest

that PMN infiltration is a necessity for limiting disease severity.

Our studies show that the respiratory burst is fundamental for

initiating a hypoxic microenvironment, impeding further PMN

infiltration, and that restoring hypoxic signaling to the mucosa

is sufficient to overcome the resolution deficit (e.g., in CGD

mice). These findings demonstrate the beneficial impact and

regulatory influence of PMN-mediated HIF stabilization within

discrete regions of the mucosa and provide important insight

into therapeutic options for inflammatory mucosal disease.

EXPERIMENTAL PROCEDURES

Materials and Methods

IECs were cultured and transfected as described previously (Campbell et al.,

2010). Caco-2 were used for transfections; T84 were used for all other in vitro

experiments. HIF-1a and tissue cytokines were quantified by Mesoscale

(MSD). PHD inhibitor (AKB-4924) was provided by Akebia Pharmaceuticals.

Neutrophil-Epithelial Interaction Models

Neutrophils were subjected to either direct transmigration, indirect trans-

migration, coculture, or SDR real-time O2 models (Figure S1). For direct
Immunity 40, 66–77, January 16, 2014 ª2014 Elsevier Inc. 75
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transmigration, T84 IECs were grown to confluence (TER > 2,000 U$cm2) on

the underside of collagen-coated Transwell 5.0 mm pore permeable supports

(Corning). A chemotactic agent (1 mM fMLF in HBSS) was applied to the apical

surface (bottom chamber). Neutrophils (1 3 106) were applied to the basolat-

eral side (top) to allow transmigration in the physiologically relevant basolat-

eral-apical direction. In the indirect model, conditioned supernatants from

direct transmigration were collected, clarified by centrifugation (350 3 g for

10min), and applied to naive T84monolayers. In the coculturemodel, epithelial

cells were cultured in 24-well plates. PMNs were suspended above them on

permeable supports that prevented physical interaction between PMNs and

epithelia (0.4 mm pore).

O2 Measurements

Initial pO2 experiments were carried out with an Oxylite 2000 probe (Oxford

Optronix). Measurements were performed at 4% O2 in a hypoxia chamber.

Subsequent real-time O2 measurements were made with Oxodish plates on

an SDR reader (PreSens) and performed in normoxia. Oxodish 24-well plates

were pre-equilibrated with HBSS+ or HBSS+ containing either fMLF or PMA.

Transwell filters (Corning; 0.4 mm pore) were suspended above the O2 sensor

to physically separate PMNs from the sensor. Freshly isolated neutrophils from

either whole venous blood of healthy volunteers or mouse bone-marrow-

derived PMNs were applied to the filter.

Microarray and Analysis

Cyanine-3 (Cy3)-labeled cRNA was prepared from 0.2 mg total RNA via the

One-Color Quick Amp Labeling kit (Agilent) according to themanufacturer’s in-

structions, followed by RNAeasy column purification (QIAGEN). Cy3-labeled

cRNA and hybridized to Agilent 4x44K human whole-genome arrays. Data

were analyzed with GeneSpring GX12 (Agilent Technologies).

Patient Samples and Histological Scoring

Sections from archived biopsy tissue from IBD patients were obtained accord-

ing to approved human research protocols from the Colorado Multi-

Institutional Review Board and screened for presence of active disease with

crypt abscesses. Histological assessment was performed by a pathologist

(P.J.), blinded to strain and treatment groups. The following standardized

semiquantitative system scores were applied for the following parameters:

(1) active inflammation (granulocyte infiltration); (2) chronic inflammation

(lymphocytes and macrophages in the mucosa and submucosa); and (3)

colonic gland distortion. Biopsy samples with crypt abscesses were used

for immunohistochemical analysis.

Mice and Chemically Induced Colitis

Wild-type (C57BL/6), CGD (Nox2�/�), and ODD-luciferase mice were pur-

chased from Jackson Laboratories. Mice were housed in ventilated cages.

One week prior to induction of colitis, mice were presensitized by skin painting

with 1% TNBS in 80%EtOH. On day 0, mice were anesthetized and received a

100 ml rectal instillation of either vehicle (50% EtOH) or TNBS (2.5% TNBS in

50% EtOH). For neutrophil depletion, mice were injected with either 1 mg/kg

i.p. of Gr-1 or sham (isotype control rat IgG2b), on days �1 and day 0, prior

to TNBS rectal instillation. Daily treatment with 5 mg/kg either AKB-4924 or

vehicle (carboxymethylcellulose) by i.p. injection occurred on days �1

through day 2. Colons were removed from ODD-luciferase mice after TNBS

administration for bioluminescent imaging with an IVIS Imaging System 50

Series (Caliper Life Sciences/Xenogen Corp). Animal protocols were approved

by the Institutional Animal Care and Use Committee at the University of

Colorado.

Epithelial Enrichment, Immune Cell Isolation, and Flow Cytometry

For demonstration of granulocyte depletion, whole blood was collected from

anesthetized animals by cardiac puncture and anticoagulated with K2-EDTA.

Mouse colonic sections were prepared by removal of the epithelium in

HBSS- with 5 mM EDTA. After agitation, liberated epithelia were removed by

passing through a 70 mmpore filter. Remaining tissuewas digested for immune

cell isolation. Flow-through epithelia were washed in HBSS- and purified by

immunomagnetic negative selection with the EasySep Mouse epithelial cell

enrichment kit (StemCell Technologies) as directed by manufacturer. Recov-

ered epithelia were immediately processed for RNA isolation.
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Remaining tissue was digested at 37�C for 15 min with agitation in diges-

tion buffer (1 mg/ml Collagenase [Sigma], 0.5 mg/ml Dispase [GIBCO],

0.1 mg/ml DNase I [Sigma] in RPMI 1640 [HyClone] with 1% FBS [GIBCO])

and subsequently neutralized with an equal volume of cold complete

medium. Debris was removed by decanting through 70 mm pore mesh filter.

Cells were pelleted and resuspended in FACS buffer (5% FBS, 1% BSA,

0.1% NaN3 in PBS).

Cells were incubated with fluorescently labeled antibodies against mouse

CD45 (30-F11) MHC class II (M5/114.15.2), CD11c (N418), Ly6c (HK1.4)

(eBioscience), CD11b (M1/70), Ly6g (1A8), and SiglecF (E50-2440) (BD

Bioscience), or corresponding isotype controls. Cells were fixedwith 2%para-

formaldehyde and 7-color analysis was performed with a BD FACSCanto II

(BD Biosciences). Data were analyzed with BD FACS Diva software (BD

Biosciences).
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