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Ulcerative colitis (UC) patients exhibit elevated histamine, but how histamine exacerbates disease is unclear as targeting

histamine 1 receptor (H1R) or H2R is clinically ineffective. We hypothesized that histamine functioned instead through

the other colon-expressed histamine receptor, H4R. In humans, UC patient biopsies exhibited increased H4R RNA and

protein expression over control tissue, and immunohistochemistry showed that H4R was in proximity to

immunopathogenic myeloperoxidase-positive neutrophils. To characterize this association further, we employed both

the oxazolone (Ox)- and dextran sulfate sodium (DSS)-induced experimental colitis mouse models and also found

upregulated H4R expression. Mast cell (MC)-derived histamine and H4R drove experimental colitis, as H4R–/– mice had

lower symptom scores, neutrophil-recruitment mediators (colonic interleukin-6 (IL-6), CXCL1, CXCL2), and mucosal

neutrophil infiltration than wild-type (WT) mice, as did MC-deficient KitW-sh/W-sh mice reconstituted with histidine

decarboxylase–deficient (HDC� /� ) bone marrow–derived MCs compared with WT-reconstituted mice; adaptive

responses remained intact. Furthermore, Rag2� /� �H4R� /� mice had reduced survival, exacerbated colitis, and

increased bacterial translocation than Rag2� /� mice, revealing an innate protective antibacterial role for H4R. Taken

together, colonic MC-derived histamine initiates granulocyte infiltration into the colonic mucosa through H4R,

suggesting alternative therapeutic targets beyond adaptive immunity for UC.

INTRODUCTION

Ulcerative colitis (UC) is a subtype of inflammatory bowel
disease (IBD) with chronic symptoms of abdominal pain and
bloody diarrhea secondary to colonic inflammation.1 The
pathogenesis is complex, but a dysfunctional mucosal immune
response is critical.2 Genome-wide association studies and
experimental animal models indicate a role for both innate
and adaptive immunity, yet few therapies primarily target
innate immunity.2 Although these therapeutic advances
in treating adaptive immune pathways have revolutionized
UC patient outcomes, one in four patients still require
colectomy, urging elucidation of other mechanisms that drive
inflammation.3,4

In healthy colon tissue, inflammatory cells are limited from
entering the mucosa until the barrier is breached by luminal

insults (e.g., bacteria).5 Neutrophils in particular enter the
mucosa to kill the bacteria and initiate wound repair; the
inflammation ultimately resolves.6 A hallmark of active UC is
neutrophilic infiltration into the lamina propria that leads to
mucosal crypt destruction and neutrophil abscess formation;7

neutrophil-derived mediators that cause tissue damage, such as
myeloperoxidase (MPO), correlate with disease activity.8,9

Although molecules critical to this type of mucosal neutrophil
recruitment are well known (e.g., the pleiotropic cytokine
interleukin-6 (IL-6) and chemokine CXCL1),10 the signals
critical to initiating and regulating these innate processes are
poorly understood.

The inflammatory cellular milieu of active UC includes a
diverse group of granulocytic cells found in T helper
lymphocyte type 2 diseases, including mast cells (MCs),
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basophils, and eosinophils.2,11 Of these, MCs are uniquely
tissue resident and thus poised as early sensors of luminal
insults, capable of signaling innate and adaptive immune
responses.12,13 Activated MCs rapidly release granules contain-
ing preformed mediators such as the vasoactive amine,
histamine.12,14 Although the precise roles of MCs and
histamine in UC pathogenesis remain unclear, previous studies
implicate both.15 For MCs, several reports note correlations
between active UC and increased mucosal MC density.16–18

Although results from experimental colitis models in MC-
deficient animals vary, the overwhelming evidence suggests an
important role for MCs and their mediators in driving
pathogenesis, as reviewed by Boeckxstaens19 in 2015. Elevated
mucosal histamine as well as N-methylhistamine metabolite
excretion correlate well with patient disease activity.13,20–22

Bene et al.23 found mice lacking histidine decarboxylase
(HDC)––an enzyme necessary for histidine-to-histamine
conversion––exhibited reduced inflammation severity to
dextran sulfate sodium (DSS)-induced colitis. Additionally,
polymorphisms in diamine oxidase, an enzyme critical in
histamine breakdown, may affect the outcome of immune-
modulator therapeutics in IBD patients.24 Though these
studies point to a role for MCs and histamine in UC, the
precise mechanisms underlying the connections among MCs,
histamine, and UC pathogenesis have not yet been fully
determined.

Histamine functions through 4 different receptors, hista-
mine 1 receptor (H1R)–H4R, but which receptor(s) is
important in UC pathogenesis remains unknown. Small trials
utilizing widely available antihistamine blockers for H1R and
H2R in IBD fail to demonstrate clear efficacy, suggesting that
they may not be critical in IBD pathogenesis.25 Among the
remaining histamine receptors, H3R is not expressed in the gut
mucosa, and H4R is expressed in the gut mucosa by mucosal
immune cells14 (including MCs, eosinophils, T cells, and
dendritic cells) as well as nonimmune neuroendocrine cells,
enterocytes in the crypt of Lieberkuhn, neurons, and small
submucosal blood vessels. Interestingly, prior work suggests
that H4R contributes to IBD immunopathogenesis. Varga
et al.26 found that an H4R antagonist reduced inflammatory
responses in 2,4,6-trinitrobenzenesulfonic acid-induced rat
colitis. Schirmer et al.27 found milder symptoms and histo-
pathologic severity to DSS-induced colitis in H4R� /� BALB/c
mice compared with wild-type (WT) mice or in WT mice
undergoing constant pharmacological H4R blockade; the
milder symptoms correlated with a broad reduction in
cytokines from restimulated mesenteric lymph node cells
and serum IL-6. Although these studies support a potential role
for H4R and/or histamine in regulating colitis, the pathways
remain unknown, and the key cellular source of histamine
remains unidentified.

We demonstrate here that MCs, histamine, and H4R
coordinate to promote innate immune–mediated immuno-
pathology and damage associated with mucosal inflammation
in colitis. Furthermore, our data show not only that MCs
support an innate inflammatory response during colitis

distinct from adaptive, T cell–associated inflammation but
also that these two mechanisms are mutually cooperative in
maintaining intestinal defenses.

RESULTS

H4R expression is increased in a subset of untreated
patients with active UC and is found in local proximity of
activated neutrophils

Histamine is increased in the mucosa of patients with active
IBD, but the underlying immune mechanism to drive
inflammation via histamine receptors is not well defined.28

Previous studies in humans have failed to identify a clear role
for either H1R or H2R,28 despite both being found on cells in
the gut. We hypothesized that H4R––the only other histamine
receptor expressed in the gut––may play a critical role. We
initially quantified mRNA expression levels of H1R, H2R, and
H4R by real-time reverse transcription–PCR in banked clinical
samples from newly diagnosed UC patients to determine
whether any changes occurred in the histamine receptors
compared with non-UC control participants undergoing
routine surveillance colonoscopy. Whereas UC patients and
control participants had similar H1R and H2R mRNA
expression in their colon, UC patients exhibited significantly
higher H4R expression (Figure 1a); H4R protein levels were
also higher by quantifying H4R immunohistochemical staining
(Figure 1b). As a hallmark of UC is neutrophilic infiltration
and release of pre-formed MPO-containing granules, we
examined MPO protein levels by immunohistochemistry
and found significantly higher MPO levels in UC patient
colons than control colons (Figure 1c). Comparing serially
sectioned immunohistochemical slides from UC patients, we
noted areas in which H4R and MPO staining occurred in close
proximity to each other (Figure 1d). Taken together, we
observe higher H4R expression and increased MPO-positive
cells in the colons of newly diagnosed, untreated UC patients
compared with control participants, leading to the possibility
that histamine, H4R, and granulocytic infiltration may be
associated in UC.

H4R drives the severity of experimental colitis

To explore this potential connection among histamine, H4R,
granulocytic infiltration, and severity of colonic inflammation,
we utilized two different, well-established experimental models
of colitis. Oxazolone (Ox)-induced colitis is a T cell–driven
colitis characterized by a prominent adaptive T helper cell type
2 (Th2) response with elevated IL-4 and IL-13 as well as a strong
innate granulocytic response. DSS-induced colitis, in contrast,
has a limited Th1/Th17 response and a profound innate
granulocytic response. We first observed that Ox-treated WT
mice exhibited significantly higher H4R expression than
untreated control WT mice, mirroring our observations in
the patient population (Supplementary Figure S1a online).
Additionally, isolated RNA from untreated murine colonic
epithelial cells (480% epithelial cell adhesion molecule positive
by flow cytometry) did not have detectable H4R expression
(Supplementary Figure S1b) despite robust H1R and H2R
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expression, suggesting that H4R tissue expression in the colon
is primarily restricted to immune cells, as has previously been
described.25 To test whether H4R functionally contributed to
disease pathogenesis, we examined clinical disease severity
between WT and H4R-deficient knockout (H4R� /� ) mice
by measuring both changes in weight and degree of bloody
diarrhea (disease activity index score). In both models, H4R� /�

mice had reduced weight loss over the course of 3 days
compared with WT mice (Figure 2a,e) and reduced disease
activity index scores at the peak of disease (Figure 2b,f). This
protection against clinical severity in H4R� /� correlated with a
decrease in tissue damage, as the colons of H4R� /� mice had
significantly reduced histology scores (Figure 2c,g) compared
with WT colons. Notably, among the principal components
evaluated for the histology score, H4R� /� mice had
significantly lower cellular infiltration and decreased overall
mucosal damage in both Ox- and DSS-induced colitis
(Figure 2d, h–j). Taken together, H4R may play a role in
driving key aspects of the inflammatory responses––in
particular, tissue damage–promoting cellular infiltration––
observed in both colitis models.

H4R drives neutrophil recruitment to the mucosa

Neutrophil infiltration is a hallmark of UC; in particular,
activated neutrophils attacking mucosal crypts create the
characteristic neutrophil abscesses. We therefore quantified
neutrophil abscess formation in the tissues of WT and H4R� /�

and found that H4R� /� colons had significantly less frequent
neutrophil abscesses in the mucosa (area above the submucosal
space) than WT in both Ox- and DSS-induced colitis (Figure 3a
and Supplementary Figure S2). These data suggest that H4R
plays a role in neutrophil movement and migration into the
mucosa, where neutrophils elicit the most tissue damage in
colitis. Focusing on the Ox model––the model most linked to
Th2-type responses observed in UC––we sought to more fully
characterize this neutrophil infiltration. Consistent with
neutrophil abscess frequency, H4R� /� colons contained
fewer MPO-activated mucosal neutrophils compared with
WT (Figure 3b,c). One possible explanation is that neutrophil
migration signals are affected in the absence of H4R signaling.
Indeed, H4R� /� colon lysates had significantly reduced levels
of the neutrophil-attracting molecules IL-6, CXCL1, and
CXCL2 than WT (Figure 3d); in DSS-induced colitis,

Figure 1 Histamine 4 receptor (H4R) is increased in active ulcerative colitis (UC) and regionally colocalizes with MPOþ cells. (a) Quantitative real-time
PCR of RNA isolated from biopsy lysates from non-UC individuals (Control) and UC patients displayed as fold induction vs. control for H1R, H2R, and
H4R. (b) Relative intensity quantification of H4R immunohistochemistry (IHC) from non-UC individuals and UC patients displayed as relative units per
mm2. (c) Relative intensity quantification of myeloperoxidase (MPO IHC for non-UC individuals and UC patients in relative units per mm2. (d) Example of
H4R/MPO staining on serial sections of colon tissue (circle indicates area of regional colocalization). *Po0.05.
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Figure 2 Histamine 4 receptor (H4R) drives clinical and histologic severity in oxazolone (Ox)- and dextran sulfate sodium (DSS)-induced experimental
colitis. (a–d, i) Ox-induced and (e–h, j) DSS-induced colitis experiments. (a, e) Percentage weight change in BALB/c vs. H4R� /� mice (n¼16–26
mice/group). (b, f) Disease activity index (DAI) score for wild-type (WT) and H4R� /� mice. (c, g) Composite histology score for WT and H4R� /� mice.
(d, h) Component histology score for cellular infiltrate and mucosal damage in WT and H4R� /� mice. (i, j) Representative histology in WT and H4R� /�

mice. *Po0.05, **Po0.01, ***Po0.001. Data represented as mean±s.e.m. from 3–4 independent experiments.

Figure 3 Histamine 4 receptor (H4R) signaling allows for neutrophil recruitment into the mucosa during experimental colitis. (a) Percentage neutrophil
abscesses/high-powered field (HPF) present within colon sections (3–5 sections/animal). (b) Representative myeloperoxidase (MPO)
immunohistochemistry (IHC) in wild-type (WT) and H4R� /� oxazolone (Ox)-treated mice. (c) Mucosal MPOþ cells per mm2 quantification in WT vs.
H4R� /� Ox-treated mice. (d) Colonic interleukin-6 (IL-6), CXCL1, and CXCL2 protein quantification by ELISA. *Po0.05, ***Po0.001. Data represented
as mean±s.e.m. from three independent experiments.
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H4R� /� colon lysates had significantly lower IL-6 and CXCL1
than WT (Supplementary Figure S3). Taken together, these
data suggest that H4R plays a role upstream of recruiting
neutrophils into colon tissue at least in part by regulating
neutrophil-attracting chemokine/cytokine production.

MC-derived histamine drives severity of experimental
colitis at least in part by recruiting neutrophils into the
colonic mucosa

To next determine whether histamine, the ligand for H4R, was
also required for neutrophil infiltration into the colon after Ox-
induced colitis, we examined Ox-induced colitis in histamine-
deficient HDC� /� and WT mice and found that HDC� /�

mice exhibited less severe colitis with significantly reduced
weight loss, disease activity index scores, and histology scores
(Figure 4a–c), similar to H4R� /� mice. Importantly, HDC� /�

mice recapitulated the reduced neutrophil infiltration observed
in the H4R� /� mice with significantly lower neutrophil
abscess formation and lower IL-6, CXCL1, and CXCL2
expression (Figure 5a,b). To rule out whether this effect of
histamine on exacerbating colitis worked through either of
the other gut-expressed histamine receptors, we performed
the Ox-induced colitis model in H1R/H2R double-knockout
mice (H1R� /� �H2R� /� ) and found similar weight loss,
disease activity index scores, and histology scores between
H1R� /� �H2R� /� and control WT mice (Supplementary
Figure S4). Thus, the effect of histamine on proinflammatory
clinical and histologic severity in experimental colitis is likely
independent of H1R or H2R effects in the mucosa and
functions instead through H4R-mediated processes.

MCs and basophils are considered the predominant
histamine sources. As MCs reside in tissues whereas basophils
mainly circulate in blood, MC-derived histamine may play a
role in coordinating neutrophil infiltration and exacerbating
colitis. We tested this by reconstituting MC-deficient Sash mice
with bone marrow–derived MCs (BMMCs) grown from either
WT or HDC� /� mice and then challenging the recipient mice
with the Ox-driven model; to control for procedural stress,
vehicle-reconstituted mice were first sensitized to Ox and then
challenged with vehicle. Compared with WT BMMC-recon-
stituted Sash mice, those reconstituted with HDC� /� BMMCs
exhibited decreased disease severity, neutrophil abscesses,
and neutrophil-attracting molecules (Figures 4d–f and
5c,d). Collectively, MC-derived histamine plays a previously
unappreciated role in regulating innate immune–mediated
inflammation through H4R within the colonic mucosa.

T-cell responses during experimental colitis are
independent of H4R, histamine, or MC-derived histamine

The pathogenesis and severity of Ox or DSS experimental colitis
is often attributed to adaptive immunity, in particular the T-cell
response.29–31 To test whether the histamine/H4R axis had any
effect on adaptive immunity that could account for exacer-
bating colitis, we examined several T cell–associated responses
in the colon after Ox- or DSS-induced colitis. Despite
significant differences in disease severity between WT and
H4R� /� mice in the Th2-associated Ox model, they exhibited
similar Th2-driven IL-4 and IL-13 expression and CD4þ T-cell
frequency within the CD45þ pool of lamina propria mono-
nuclear cells at day 3 (Figure 6a,b). Similarly, T cell–driven
IL-17A was also similar between H4R� /� and WT mice in the

Figure 4 Mast cell (MC)-derived histamine drives clinical and histologic severity of experimental colitis. (a) Percentage weight change in oxazolone
(Ox)- or vehicle-treated wild-type (WT) and histidine decarboxylase–deficient HDC� /� ) mice (n¼11–24 mice/group). (b) Disease activity index (DAI)
score in Ox- or vehicle-treated WT and HDC� /� mice (day 2). (c) Histology score in Ox- or vehicle-treated WT and HDC� /� mice (day 3). (d) Percentage
weight change in Ox- or vehicle-treated WT or HDC� /� bone marrow–derived MC (BMMC)-reconstituted Sash mice (n¼ 7–10 mice/group). (e) DAI
score in Ox- or vehicle-treated WT or HDC� /� BMMC–reconstituted Sash mice (day 2). (f) Histology score in Ox- or vehicle-treated WT or HDC� /�

BMMC-reconstituted Sash mice (day 3). *Po0.05, **Po0.01, ***Po0.001. Data represented as mean±s.e.m. from three independent experiments.
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Th1/Th17-associated DSS-induced colitis at day 9 (Figure 6c).
T cell–dependent contact hypersensitivity responses (ear
swelling) to Ox challenge were also similar between sensitized
H4R� /� and WT mice (Supplementary Figure S5). We also
observed no changes in Th2-driven IL-4 and IL-13 expression
between HDC� /� and WT mice, or between WT BMMC– and
HDC� /� BMMC-reconstituted Sash mice (Figure 6d,e).
Taken together, the competent T-cell responses observed in

the H4R� /� , HDC� /� , and HDC� /� BMMC-reconstituted
Sash mice suggest the histamine/H4R axis is not required for
adaptive T-cell responses in these colitis models.

H4R plays a key protective antibacterial role in innate
immune signaling

As both adaptive T-cell and innate immune responses likely
contribute to inflammation in colitis, we wondered what the

Figure 5 Mast cell (MC)-derived histamine aids in neutrophil recruitment into the mucosa during experimental colitis. (a) Percentage neutrophil
abscesses/high-powered field (HPF) present within colon sections (n¼3–5 sections/animal) from oxazolone (Ox)- or vehicle-treated wild-type (WT) and
histidine decarboxylase–deficient (HDC� /� ) mice. (b) Quantitative real-time PCR of colon lysates for interleukin-6 (IL-6), CXCL1, and CXCL2 from
Ox- or vehicle-treated WT and HDC� /� mice; fold induction shown relative to vehicle. (c) Percentage neutrophil abscesses/HPF present within colonic
sections (n¼ 3–5 sections/animal) from Ox- or vehicle-treated WT and HDC� /� bone marrow–derived MC (BMMC)-reconstituted Sash mice. (d)
Quantitative real-time PCR of colon lysates for IL-6, CXCL1, and CXCL2 from Ox- or vehicle-treated WT and HDC� /� BMMC-reconstituted Sash mice.
*Po0.05, **Po0.01, ***Po0.001. Data represented as mean±s.e.m. from 3 independent experiments.

Figure 6 T-cell responses during experimental colitis are unaffected by mast cell (MC)-derived histamine or histamine 4 receptor (H4R). (a) Quantitative
real-time PCR for T cell–derived cytokines in colonic lysates from oxazolone (Ox)- or vehicle-treated wild-type (WT) and H4R� /� mice (day 3). (b)
Frequency of CD4þCD45þ lamina propria mononuclear cells (LPMCs) isolated from colon from Ox- or vehicle-treated WT and H4R� /� mice (day 3). (c)
Quantitative real-time PCR for interleukin-17A (IL-17A) in colonic lysates from dextran sulfate sodium (DSS)- or vehicle-treated WT and H4R� /� mice
(day 9). (d) Quantitative real-time PCR from colonic lysates from Ox- or vehicle-treated WT vs. histidine decarboxylase–deficient (HDC� /� ) mice (day 3).
(e) Quantitative real-time PCR from colonic lysates from Ox- or vehicle-treated WT or HDC� /� bone marrow–derived MC (BMMC)-reconstituted Sash
mice (day 3). *Po0.05, **Po0.01. Data represented as mean±s.e.m. from three independent experiments, except b (two independent experiments).
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effect of losing both adaptive immunity and this novel innate
immune H4R-mediated pathway would be on mice undergoing
experimental colitis. We thus crossed Rag2� /� mice (incap-
able of mounting adaptive immunity because of lacking T and B
cells) to H4R� /� mice (Rag2� /� �H4R� /� ) and performed
DSS-induced colitis as Ox-induced colitis depends on T cells.
We predicted that Rag2� /� �H4R� /� mice would show less
disease severity than Rag2� /� mice, similar to their immu-
nocompetent counterparts. To our surprise, Rag2� /� �
H4R

� /�
mice exhibited more profound weight loss and lower

survival rates compared with Rag2� /� mice (Figure 7a,b).
Rag2� /� �H4R� /� mice had significantly more bacteria
disseminated into the regional mesenteric lymph nodes than
Rag2� /� mice (Figure 7c), indicating that septicemia was the
probable cause of Rag2� /� �H4R� /� death. These results
demonstrate that H4R-dependent innate inflammation is
required to control bacterial invasion in the absence of
adaptive immunity.

DISCUSSION

Although histamine is elevated in the mucosa of active UC, and
urinary histamine metabolites correlate with disease activ-
ity,22,32 the mechanistic consequences of histamine release and
receptor activation is lacking, limiting its consideration as a
therapeutic target. Our work herein identifies a key role for
MC-derived histamine release and subsequent H4R activation
in driving clinical and histopathologic severity in UC-like
inflammation by regulating innate neutrophil recruitment and
associated mucosal injury, likely via coordinating the down-
stream local production of IL-6 and neutrophil-attracting
chemokines.

Although an early pilot study with ketotifen (an H1R blocker
and MC stabilizer) showed some efficacy in a small subset of
pediatric UC patients,33 the role of histamine receptors in the
pathogenesis of colitis has remained unclear, with no clear role
for H1R,34,35 a proposed protective role for H2R via microbial
crosstalk,35,36 and preclinical evidence of a proinflammatory
role for H4R.26,27,37 Our data demonstrate that mice lacking
both H1R and H2R mount a competent response in experi-
mental colitis and suggest that MC-derived histamine functions

via H4R to exacerbate disease immunopathology. In patients,
we noted a selective increase in H4R over the other receptors;
for H1R, this is in accordance with recent work,35 but H2R
upregulation previously described in a UC patient subset35 was
not observed here. One explanation for this difference might be
that the previous study compared inflamed with noninflamed
tissue derived from the same individual, whereas we compared
inflamed tissue from UC patients with control tissue from non-
UC patients.

Our work focuses on determining how the histamine/HR
pathway drives clinical and pathologic severity through innate
and/or adaptive immune mechanisms. In addition to elevated
H4R transcripts in UC, we note that elevated H4R protein is
found in proximity to areas of active MPO-associated cryptitis,
a hallmark of UC.38 Building on previous findings,26,27,37 our
data support the conclusion that H4R exacerbates immuno-
pathology in experimental colitis, but the connections to innate
inflammation presents a novel H4R-regulated pathway.
Despite not placing mice on a histamine-free diet, our work
defines a key role for endogenous MC-derived histamine in
driving phenotypic severity. Although histamine levels are
difficult to measure because of a lack of molecular stability
in vivo, results from BMMC-reconstituted Sash mice define a
signaling cascade whereby MC-derived histamine activates
H4R to support neutrophil infiltration into the mucosa, likely
through upstream regulation of neutrophil-attracting cytokine/
chemokine production. Precisely how H4R and the release of
these mediators are connected––either directly or indirectly––
as well as the identity of the H4R-bearing cell (discussed further
below) remains to be determined. Although H4R may also
function to limit the resolution of inflammation, the phenotype
in H4R� /� mice occurs during the inflammatory phase of the
colitis models wherein cell influx into the tissue is a critical
factor. Thus, colonic histamine/H4R helps to create a
neutrophil-attracting milieu that promotes neutrophil migra-
tion into the mucosa, where they are poised to damage the
crypts and drive clinical severity; importantly, our data do not
rule out other H4R-mediated pathways to neutrophil infiltra-
tion, such as an indirect effect on intestinal barrier function, but
these mechanisms remain to be determined in future studies.

Figure 7 In the absence of functional adaptive immunity, histamine 4 receptor (H4R) protects against weight loss, death, and increased bacterial
translocation to the mesenteric lymph node (MLN) after dextran sulfate sodium (DSS)-induced colitis. (a) Percentage weight change for DSS- or
vehicle-treated Rag2� /� and Rag2� /� �H4R� /� mice (n¼ 5–17 mice/group). (b) Survival curve to day 7 in DSS- or vehicle-treated Rag2� /�

and Rag2� /� �H4R� /� mice. (c) Colony-forming unit (CFU) counts from sterile MLN on blood agar plates on day 7 from DSS- or vehicle-treated
Rag2� /� and Rag2� /� �H4R� /� mice. *Po0.05. Data represented as mean±s.e.m. from three independent experiments.
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Overall, these observations reflect what is known to occur in
IBD: the mucosa abnormally responds to bacterial signals,
directing neutrophils to invade the mucosa and cause
inadvertent damage to healthy tissue, a process sustained by
signals like IL-6, IL-1b, and tumor necrosis factor.10 Thus, this
work is an important step forward, establishing that MCs,
histamine, and H4R coordinate innate responses to drive
clinical severity in IBD.

As the loss of H4R led to partial, but not complete,
restoration of WT findings compared with vehicle controls, the
sufficient role of non-H4R–dependent inflammation via
adaptive immune pathways remains clear. Potentially, H4R
signaling could provide an alternative target for IBD treatment
differing from most current IBD therapies that target adaptive
immune pathways; indeed, targeting innate immunity via H4R
may be a novel treatment consideration for UC patients with a
limited response to T-cell or other adaptive immune therapies
(i.e., glucocorticoids).

In the context of H4R promoting neutrophil-associated
immunopathology, our work describes the following mechan-
istic scenarios: (i) activated local MCs produce histamine, (ii)
histamine activates H4R-expressing cells, (iii) H4R signals
either directly or indirectly to induce chronic neutrophil-
attracting chemokine release, and (iv) neutrophils invade the
mucosa, simultaneously causing inadvertent damage to healthy
tissue and protecting against sepsis by limiting bacteria that
invade the damaged tissue. Thus, neutrophils in IBD likely play
dual roles as (i) damage-inducing yet (ii) infection-fighting
innate granulocytes. Indeed, our Rag2� /� experiments high-
light an important role for H4R in protecting against bacterial
invasion after mucosal barrier damage, and WT mice with
experimental colitis are ultimately protected from lethal sepsis
because of a compensatory balance between both innate and
adaptive immunity. How can we disrupt the persistent vicious
cycle of neutrophil-induced damage leading to bacterial
translocation leading to more inflammation and more
neutrophil recruitment? Perhaps blocking H4R may limit
neutrophil invasion and ‘‘put the brakes’’ on perpetuating this
cycle with a shut-off signal at the innate immune level, and this
may be most successful in a specific set of patients that retain a
fully functioning adaptive immune system.

Although not a pure Th2 disease, UC has clear evidence of
Th2 activation (e.g., IL-13).39 The weight loss and pathologic
inflammation still observed even after removing HDC or H4R
signals suggested that histamine- and H4R-independent
pathways led to inflammation persistence, likely via the
well-described T-cell response in IBD. Supporting this con-
clusion, mucosal CD4þ T cells and Th-associated cytokine
(IL-4, IL-13, IL-17) transcript levels remained intact in HDC� /�

and H4R� /� mice after experimental colitis induction. Thus,
in contrast to the described function of H4R to skew T cells
in Th2-mediated allergic asthma,40 histamine and H4R likely
do not modulate adaptive mucosal immunity in experimental
colitis models.

Interestingly, Mudter et al.41 described that the pleiotropic
cytokine IL-6 limited T-cell apoptosis and enhanced T-cell

survival in Ox-induced colitis; here, however, H4R� /� mice
had diminished IL-6 compared with WT during experimental
colitis but exhibited equal CD4þ T-cell numbers and T cell–
derived cytokines in the mucosa. Thus, we propose that colonic
IL-6 released downstream of H4R likely has an innate function
in colitis to help recruit neutrophils via a direct or indirect
mechanism. H4R can support IL-6 production in an experi-
mental peritonitis inflammation model, as H4R blockade
diminishes IL-6 production and the downstream neutrophil
chemokines, CXCL1 and CXCL2.42 Moreover, IL-6 has been
linked to neutrophil chemokine induction in colitis, as mice
lacking gp130––an IL-6 receptor component––have reduced
neutrophil chemokines after DSS colitis.43 We are actively
pursuing the outstanding question of whether and which H4R-
bearing cell produces IL-6 directly upon activation or through
an indirect mechanism. A number of potential H4R-bearing
candidate cells in the colon may participate in this process,
some of which are known direct sources of IL-6 in the colon
(innate cells such as MCs, neutrophils, and macrophages) and
others that may play an intermediate role, like natural killer
T cells.44 Notably, H4R blockers reduce IL-6 production in
several cell types including MCs,45–47 suggesting a common
pathway between MC activation and production of this
important cytokine; indeed, autocrine regulation of IL-6 by
histamine-producing MCs themselves might be possible, as
H4R agonists can stimulate IL-6 and neutrophilic chemokines
from human MCs in vitro.48

Collectively, these data suggest that MC-derived histamine
and H4R help to create an environment conducive to
pathogenic neutrophil infiltration into the colonic mucosa,
exacerbating the symptoms of experimental colitis. Alongside
prior preclinical work utilizing H4R blockers in UC mod-
els,26,27,37 our work in human UC samples and experimental
mouse models lends promise towards considering H4R
blockers as a therapeutic option for UC in patients who are
not severely immunocompromised as well as a useful adjunct
therapy to be used alongside current therapies targeting the
adaptive immune system. However, more studies are needed to
determine the safety of H4R blockers as induction agents or in
the setting of coexisting infections based on the importance of
the histamine–H4R–neutrophil innate immune axis demon-
strated in our study.

METHODS

See Supplementary Methods for the following additional methods
sections: Reagents, Monitoring of Disease Activity, Histology, Mast
Cell Reconstitution, Real-Time PCR, and Colonic Cytokine
Measurement.

Patient samples. Previously banked, institutional review board–
approved complementary DNA samples and unstained formalin-
fixed, paraffin embedded slides were obtained from Dr. Terrence
Barrett (Northwestern University, Chicago, IL). Samples were col-
lected from healthy, consented adults (age 18–70 years) undergoing
surveillance colonoscopy for cancer found to have benign polyps (12
non-UC control patients; mean age 44±12 years; 33% male) or
individuals experiencing UC symptoms undergoing diagnostic testing,
not currently on UC medications (14 UC patients; mean age 44±13
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years; 57% male). Investigators were blinded to clinical information,
including degree of disease severity for the UC patients.

Animals. Male and female (6–8 weeks old) C57BL/6J and KitW-sh/W-sh

(Sash) mice (C57BL/6 background) were from the Jackson Laboratory
(Bar Harbor, ME). HDC� /� mice (C57BL/6 background) have been
previously described.49 H4R� /� mice (BALB/c background) have
been previously described.50 BALB/c and Rag2� /� mice (BALB/c
background) were from Taconic (Hudson, NY). Rag2� /� mice were
bred with H4R� /� mice to generate Rag2� /� �H4R� /� mice; Rag2
phenotype was assessed by flow cytometry for the absence of CD3þ

cells, and H4R genotype was assessed by genotyping. H1R� /� �
H2R

� /�
double-knockout mice (C57BL/6 background) were obtained

from Dr. Takeshi Watanabe (RIKEN Institute, Yokohama, Japan). All
animal studies were performed under the guidelines for care and
welfare by Institutional Animal Care and Use Committee under
protocols approved by the Northwestern University Animal Care and
Use Committee. All procedures were performed during the light cycle.
Mice were housed in micro-isolator barrier cages (Lab Products,
Seaford, DE) lined with coarse-grade Aspen Sani-Chips (Envigo,
Indianapolis, IN) and provided with environmental enrichment
including a Shepherd shack, Nestlet, Igloo, Safe Harbor retreat, and
Nyla bones on a rotating schedule; high efficiency particulate air-
filtered air circulated in the cages with positive air flow. Experimental
mice were fed irradiated standard mouse diet (Envigo 7912): 5.8% fat,
19.1% crude protein, and 44.3% carbohydrate. Breeder mice were fed
irradiated breeder diet (Envigo 7912): 11.4% fat, 17.2% crude protein,
and 45.2% carbohydrate. In an attempt to standardize the microbiome
among all experimental mice, mice originally obtained from com-
mercial vendors or other facilities were bred in-house for more than 3
generations to acclimate to the same environment before performing
experiments.

Ox-induced colitis. Males (8–10 weeks old) were used for Ox-induced
colitis in all experiments using C57BL/6, HDC� /� , BALB/c, and
H4R� /� mice. For experiments with Sash mice, mice were 11–12
weeks old to allow for MC reconstitution in the gut. Mice were
anesthetized, the abdomen was shaved (2 cm� 2 cm area), and 3%
Ox in 100% EtOH was applied and allowed to dry. After 1e week,
anesthetized mice received 1% Ox in EtOH/normal saline (1:1) enema,
which was given 4 cm from the anal verge with a neonatal umbilical
venous catheter (Utah Medical Products, Midvale, UT). Animal was
held in the head-down position for 60 s after enema administration.

DSS-induced colitis. DSS colitis was given to 8–10-week-old female
BALB/c, H4R� /� , Rag2� /� , and Rag2� /� �H4R� /� – mice by
administering 3.5% DSS in water ad libitum for 6 days, followed by
normal water until killing (water bottle changed every 3 days).

H4R immunohistochemistry. Formalin-fixed, paraffin-embedded
slides were stained for H4R (ab188978, Abcam, Cambridge, MA).
Relative H4R protein intensity was quantified using the Tissue
Gnostics System (Vienna, Austria).

Myeloperoxidase stain and quantification. Anti-MPO staining was
performed on formalin-fixed colonic tissue sections (4 mm). Lamina
propria and intraepithelial MPO staining was quantified for each 40�
high-powered field to determine average density of MPO-positive cells
per high-powered field per section.

Assessment of bacterial translocation. Mesenteric lymph nodes
were dissected under sterile conditions 7 days after initiating DSS
colitis. Lysates were prepared in sterile phosphate-buffered saline, and
100ml was sterilely cultured on blood agar plates and incubated at
371C. Bacterial colonies were counted 96 h later.

Statistical analysis. Data are represented as the mean±s.e.m. unless
otherwise noted. Statistical significance was determined using two-
tailed Student’s t-test for two-group comparisons or analysis of

variance (Dunnett’s test) for more than two group differences.
Two-way analysis of variance (Bonferroni’s) was used to compare
weight change between multiple groups over a time course. Analyses
were performed using GraphPad Prism 5.0 (La Jolla, CA).

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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