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Abstract
In mucosal inflammatory disorders, the protective influence 
of heme oxygenase-1 (HO-1) and its metabolic byproducts, 
carbon monoxide (CO) and biliverdin, is a topic of significant 
interest. Mechanisms under investigation include the regu-
lation of macrophage function and mucosal cytokine ex-
pression. While there is an increasing recognition of the im-
portance of epithelial-derived factors in the maintenance of 
intestinal mucosal homeostasis, the contribution of intesti-
nal epithelial cell (IEC) HO-1 on inflammatory responses has 
not previously been investigated. We examined the influ-
ence of modulating HO-1 expression on the inflammatory 
response of human IECs. Engineered deficiency of HO-1 in 
Caco-2 and T84 IECs led to increased proinflammatory che-
mokine expression in response to pathogenic bacteria and 
inflammatory cytokine stimulation. Crosstalk with activated 
leukocytes also led to increased chemokine expression in 
HO-1-deficient cells in an IL-1β dependent manner. Treat-
ment of Caco-2 cells with a pharmacological inducer of HO-1 

led to the inhibition of chemokine expression. Mechanistic 
studies suggest that HO-1 and HO-1-related transcription 
factors, but not HO-1 metabolic products, are partly respon-
sible for the influence of HO-1 on chemokine expression. In 
conclusion, our data identify HO-1 as a central regulator of 
IEC chemokine expression that may contribute to homeo-
stasis in the intestinal mucosa. © 2018 S. Karger AG, Basel

Background

Epithelial cells are unique regulators of the mucosal 
immune response, related to their function of serving as 
the barrier between the external luminal environment 
and the mucosal immune system. Crosstalk between the 
epithelium and the immune system is dictated by a com-
plex interplay of host genetic factors, the luminal micro-
biota, and environmental contributions. Despite expo-
sure to high concentrations of various potentially inflam-
matory environmental and bacterial antigens on their 
apical surface, intestinal epithelial cells (IECs) contribute 
to the immune tolerant state of the intestinal mucosa 
through dampened homeostatic responses, in the ab-
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sence of barrier disruption. IECs additionally have the 
complicated role of regulating the uptake of nutritionally 
derived macromolecules from the intestinal lumen. One 
of these molecules is heme, which is preferentially ab-
sorbed by the proximal small intestine. Heme is metabo-
lized by the heme oxygenase (HO) group of enzymes into 
biliverdin, carbon monoxide (CO), and ferrous iron. 
HO-1 is the inducible isoform of HO, which is present in 
most tissues of the body but is highly expressed in the 
liver, spleen, and intestines [1]. HO-1 and its metabolites 
have been demonstrated to have anti-inflammatory, an-
tiapoptotic, and antioxidative properties [2, 3]. HO-1 in-
duction and CO exposure are protective in multiple mu-
rine models of inflammatory disease, including models of 
experimental colitis, through the regulation of pro- and 
anti-inflammatory cytokine expression, and the promo-
tion of the macrophage antibacterial function [4–7].

While an anti-inflammatory role has been ascribed to 
immune cell HO-1/CO signaling, the influence of HO-1 
in IECs has not been well explored. There is an increased 
appreciation of the role of epithelial-derived factors in 
mucosal immunity [8]. While the epithelium may not be 
the major source of cytokines produced in the intestinal 
mucosa, it is a rich source of various homeostatic cyto-
kines. For example, epithelial-derived IL-8 and TGF-β 
are critically important for recruiting the resident muco-
sal macrophage population [9]. The epithelium also plays 
a critical role in the response to pro- and anti-inflamma-
tory cytokine signaling [8]. Disruption of the epithelial 
barrier results in bacterial invasion and an organized  
innate immune response, including the elaboration of 
several chemoattractants from the epithelium. Several  
epithelial-derived chemokines are implicated in the 
pathogenesis of inflammatory bowel disease [10–13]. Re-
cruitment to and trafficking of neutrophils across the ep-
ithelium is a consistent feature in conditions like human 
ulcerative colitis, where findings such as crypt abscesses 
are a common manifestation.

We have previously shown that transmigration of neu-
trophils across epithelial cells molds epithelial gene ex-
pression, most prominently through localized oxygen de-
pletion and the stabilization of hypoxia-inducible factor 
(HIF) [14]. This signaling promotes protective/restor-
ative epithelial responses in the setting of inflammation 
[15]. One of the genes upregulated in this setting is the 
HO-1 gene, HMOX1. Here, we evaluate the influence of 
epithelial HO-1 on immune responses from IECs. Our 
findings suggest that HO-1 contributes a regulatory check 
on epithelial inflammatory responses and may contribute 
to maintaining a homeostatic balance in the mucosa.

Methods

Reagents
Cobalt(III) protoporphyrin IX chloride (CoPP) was from 

Frontier Scientific (Logan, Utah). Human TNF and IL-1β cyto-
kines were from Invitrogen (Carlsbad, CA, USA). The Bacterial 
strain used was Salmonella enterica serovar Typhimurium from 
the American Type Culture Collection ([ATCC]: 700408; Manas-
sas, VA, USA). Actinomycin D, tricarbonyldichlororuthenium (II) 
dimer (CORM-2) and its negative control ruthenium (II) chloride 
hydrate (RuCl3) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). An inhibitor of the p38 mitogen-activated protein ki-
nase, SB202190, was obtained from Santa Cruz Biotechnology 
(Dallas, TX, USA). Compounds were tested for cytotoxicity using 
the cell counting kit-8 (Sigma-Aldrich), with all compounds used 
demonstrating > 90% viability within the experimental parameters 
compared to untreated cells.

Cell Culture
Human Caco-2 and T84 IECs as well as the monocytic THP-1 

cell line were obtained from the ATCC and cultured according to 
standard protocol in 95% air with 5% CO2 at 37  ° C [16]. Lentiviral 
transduction of Sigma MISSION® shRNA against HMOX1 
(TRCN0000290436) and a non-targeting control (NTC) shRNA 
(SHC216) was performed using established protocols (University 
of Colorado Functional Genomics Facility, Aurora, CO, USA) 
[17]. THP-1 cells were exposed to bacteria at a MOI of 10: 1. IL-1 
receptor antagonist (Anakinra, Amgen, Thousand Oaks, CA, 
USA) was used at a concentration of 100 ng/mL. Polarized IECs 
were grown on Transwell inserts with a 0.4-μm pore size (Corning, 
Tewksbury, MA, USA), and cultured at least overnight with THP-
1 cells for co-culture experiments.

Western Blot
Western immunoblot analyses were performed on whole-cell 

extracts from Caco-2 cells in RIPA buffer. Blots were incubated 
overnight with anti-HO-1 (1: 1,000; ADI-SPA-895, ENZO, 
Farmingdale, NY, USA) and anti-β-actin (ab8227; Abcam, Cam-
bridge, MA, USA). Immunoreactive proteins were visualized using 
Gel-Doc imager with Image LabTM software (Bio-Rad, Hercules, 
CA, USA).

Cytokine Immunoassay
Human IL-8 immunoassay (BioLegend, San Diego, CA, USA) 

was used according to the manufacturer’s instructions. A human 
IL-1β immunoassay (MSD Diagnostics, Rockville, MD, USA) was 
performed according to the manufacturer’s instructions. Human 
NRF2 colorimetric cell-based ELISA (Assay Biotechnology Co., 
Fremont, CA, USA) was performed according to the manufactur-
er’s instructions. Results were normalized to cell density as deter-
mined by crystal violet staining, and confirmed with GAPDH as 
an internal positive control. The activation of human p38 MAPK 
was assessed using cell-based ELISA to measure levels of phos-
phorylated (phospho)-Thr180 and phospho-Tyr182 compared to 
total p38 MAPK (antibodies #9211 and #9212, Cell Signaling 
Technology, Danvers, MA, USA).

Luciferase Assay
Promoter constructs for phospho-NF-κB-luciferase and phos-

pho-AP-1 have been described previously [18]. Transfection of 
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Caco-2 cells was performed using LipofectamineTM LTX with 
PLUSTM reagent (ThermoFisher Scientific, Waltham, MA, USA). 
Following overnight transfection, cells were assayed for luciferase 
activity at 6 h after stimulation, respectively, with IL-1β at 1 ng/mL 
using the luciferase reporter assay system on a GloMax-multi  
microplate multimode reader (both from Promega, Madison,  
WI, USA). Luciferase signal was controlled using total protein  
via Bradford assay or a control Renilla luciferase-expressing pro-
moter.

Quantitative Polymerase Chain Reaction
RNA was extracted using TRIzol reagent (Invitrogen), and 

first-strand complementary DNA synthesis was performed with  
1 μg of total RNA using iScript reverse transcription supermix 
(Bio-Rad). Real-time qPCR was performed using SYBR green on 
an ABI 7900HT fast real-time PCR system (both from Applied 
Biosystems, Carlsbad, CA, USA). β-Actin (ACTB) was used as the 
housekeeping gene. Primer sequences were: ACTB, sense 5′- 
CACTCTTCCAGCCTTCCTTCC-3′, antisense 5′-CAGGTCTT-
TGCGGATGTCCACG-3′; HMOX1, sense 5′-CATGACACC-
AAGGACCAGA-3′, antisense 5′-AGTGTAAGGACCCATCG-
GAG-3′; IL-8, sense 5′-CTGGCCGTGGCTCTCTTG-3′, anti-
sense 5′-CCTTGGCAAAACTGCACCTT-3′; MIP3a (CCL20), 
sense 5′-CTGGCTGCTTTGATGTCAGT-3′, antisense 5′-CGT-
GTGAAGCCCAC AATAAA-3′; CXCL1, sense 5′-AACCGAAG-
TCATAGCCAC AC-3′, antisense 5′-GTTGGATTTGTCACTGTT-
CAGC-3′; MCP1, sense 5′-ATCAATGCCCCAGTCACC-3′, anti-
sense 5′-AGTCTTCGGAGTTTGGG-3′.

Statistical Analysis
Unless otherwise indicated, values are given as means +/– stan-

dard error of the mean. Statistical analysis was performed using 
GraphPad Prism v7 for Windows (San Diego, CA, USA). Differ-
ences between groups were evaluated using the unpaired Student 
t test or one-way analysis of variance with the Fisher LSD where 
appropriate. Two-tailed p < 0.05 was considered to be significant.

Results

HO-1 Deficiency Enhances Chemokine Release from 
Human IECs
During active mucosal inflammation, the epithelium 

coordinates site-specific recruitment of leukocytes to the 
intestinal mucosa through the elaboration of chemokines 
[19]. This is often augmented by signaling from resident 
immune cells like macrophages and their proinflamma-
tory cytokines such as IL-1β and TNF [8]. To determine 
whether HO-1 influences IEC inflammatory responses, 
HO-1 was targeted for knockdown in Caco-2 cells (HO-1 
KD) using lentiviral-transduced vectors expressing 
HMOX1 shRNA, with a corresponding NTC shRNA vec-
tor-expressing line serving as the control. A significant re-
duction in HMOX1 mRNA and protein was determined 
by qPCR (online suppl. Fig 1A; for all online suppl. ma- 
terial, see www.karger.com/doi/10.1159/000488914) and 

ELISA (Fig.  1a) compared to the NTC shRNA-trans-
duced cells. Knockdown of HO-1 was also achieved using 
the same methods in T84 epithelial cells (online suppl. 
Fig. 1B), with comparable success.

To define the contribution of IEC HO-1 to stimulated 
chemokine expression, we modeled inflammation by ex-
posing IECs to recombinant IL-1β, TNFα, or both. The 
expression of various epithelial chemokines was assessed 
by qPCR and ELISA. TNFα, and especially IL-1β, induced 
chemokine expression in both Caco-2 and T84 cells. Tar-
geted knockdown of HO-1 resulted in a significant in-
crease in cytokine-induced expression of the chemokines 
IL-8 (CXCL8, Fig.  1b–d), CCL20 (MIP3A, Fig.  1e), 
CXCL1 (Fig. 1f), and MCP-1 (CCL2, Fig. 1g). Indeed, the 
loss of HO-1 enhanced mRNA expression of IL-8 by as 
much as 5 times more than similarly stimulated NTC 
shRNA cells (Fig. 1c, p < 0.001). To a lesser extent than 
with mRNA, such increases were also reflected at the pro-
tein level (p < 0.05, Fig. 1d).

To demonstrate that these results were not cell line-
specific, similar analysis in T84 cells revealed that the loss 
of HO-1 resulted in significantly increased expression of 
IL-1β-stimulated IL-8 (Fig. 1h) and MCP-1 (Fig. 1i) (p < 
0.05). Such findings strongly implicate the HO-1 pathway 
in the control of epithelial chemokine expression.

Epithelial-Leukocyte Crosstalk Is Regulated by HO-1
To extend these results and explore the influence of 

epithelial HO-1 on leukocyte-epithelial crosstalk, we uti-
lized a co-culture model of IECs and monocytes/macro-
phages to simulate interactions that may occur in vivo. 
Monolayers of polarized Caco-2 cells were grown on the 
upper side of Transwell inserts, and co-cultured with 
THP-1 monocytes in the lower chamber. To activate co-
cultures, we infected THP-1 cells (2 × 105) with the inva-
sive pathogen Salmonella Typhimurium (2 × 106), and 
then harvested epithelial mRNA and profiled the chemo-
kine expression (Fig. 2a, model).

Utilizing this model system, we defined whether THP-
1-derived IL-1β would stimulate epithelial chemokine ex-
pression and whether IEC HO-1 regulated such respons-
es. As shown in Figure 2, Salmonella Typhimurium-in-
fected THP-1 cells significantly increased the expression 
of IL-8, CCL20, and CXCL1 mRNA in both NTC shRNA 
and HO-1 KD IECs (p < 0.01 for each; Fig. 2b–d, respec-
tively). This response was confirmed to be primarily driv-
en by THP-1-derived IL-1β since the addition of an IL-1 
receptor antagonist (Anakinra) markedly diminished this 
chemokine response (p < 0.001 for IL-8, CCL20, and 
CXCL1). We verified that, in these defined conditions, 
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Salmonella Typhimurium induced the prominent ex-
pression and secretion of IL-1β from THP-1 cells (Fig. 2e; 
p < 0.05), and that IL-1β secretion was consistent when 
exposed to NTC shRNA and HO-1 KD cells (Fig. 2f).

To evaluate the influence of epithelial HO-1 on re-
sponses to luminal bacteria, we exposed the apical surface 
of the polarized IECs to a gram-negative enteric patho-
genic bacterium (Salmonella Typhimurium) in the pres-
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Fig. 1. HO-1 regulates chemokine expression in Caco-2 intestinal 
epithelial cells (IECs). a Lentiviral transduction of HMOX1  
shRNA and non-targeting control shRNA in wild-type (WT) 
Caco-2 IECs was performed, and HO-1 protein was analyzed by 
ELISA. Expression of chemokines by confluent monolayers 4 h 
after stimulation with IL-1β (10 ng/mL, unless otherwise stated) 
and/or TNF was compared to vehicle (Control) in HMOX1  
shRNA- and control shRNA-transduced Caco-2 IECs as measured 

by qPCR and ELISA for IL-8 (b–d), CCL20 (e), CXCL1 (f), and 
MCP-1 (g). IL-1β-induced (5 ng/mL) expression of IL-8 (h) and 
MCP-1 (i) was also compared to vehicle in T84 HMOX1 shRNA 
and control shRNA IECs. Data represent the combined results 
from at least 3 independent experiments. * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001 compared to untreated control or 
other comparisons shown on graph. # p < 0.01 and ## p < 0.0001 
versus untreated control HMOX1 shRNA group.
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ence and absence of THP-1 cells (Fig. 2g). After 6 h of 
exposure, we evaluated the expression of IL-8 from our 
control and from HO-1 KD IECs using qPCR. Salmonel-
la Typhimurium elicited an increase in IL-8 expression 
that was enhanced in the HO-1-deficient cells (Fig. 2h). 
This was significantly increased in the presence of THP-1 
cells (p < 0.01). Previous work demonstrated that cross-
talk between IECs and leukocytes can promote an inflam-
matory response to bacterial exposure on IEC apical 
membranes [20]. These results suggest that HO-1, in part, 
also regulates the magnitude of epithelial inflammatory 
responses to bacterial challenge.

Consistent with our findings of direct stimulation with 
recombinant IL-1β (Fig. 1), the knockdown of IEC HO-1 
enhanced IL-8 (p < 0.0001), CCL20 (p < 0.0001), and 
CXCL1 (p < 0.05) mRNA responses to activated THP-1 
cells and pathogenic bacteria (p < 0.01), indicating that 
even in a more complex and physiologically relevant set-
ting, the HO-1 pathway is central to the regulated IEC 
expression of chemokines.

Induction of HO-1 Inhibits IEC Chemokine Release
We next sought to determine if, alternatively, increas-

ing HO-1 could impact IEC chemokine expression. To do 
this, endogenous HO-1 was induced in the wild-type 
(WT) Caco-2 cell line using CoPP, a potent heme analog 
small-molecule inducer of HO-1 expression. Treatment 
with CoPP resulted in a significant increase in HO-1 
mRNA (Fig. 3a; p < 0.01) and protein (Fig. 3b) expression. 
Compared to vehicle controls, CoPP-pretreated cells, 
subsequently treated with IL-1β, demonstrated dimin-
ished induction of the chemokines IL-8 and CCL20, but 
not of CXCL1 (Fig. 3c, d).

HO-1 Metabolic Products Do Not Suppress IL-8 
Expression
Consequences of HO-1 induction are frequently me-

diated by HO-1 metabolic products such as CO and bili-
verdin, which is further metabolized to bilirubin. Caco-2 
IECs have been demonstrated to take up and metabolize 
exogenous HO-1 metabolic products [21–23]. To deter-
mine if these molecules regulate chemokine expression, 
we treated our control and HO-1-deficient IECs over-
night with biliverdin and its product bilirubin (Fig. 4a, b). 
Neither biliverdin nor bilirubin significantly impacted 
IL-1β-induced IL-8 expression, and there was no signifi-
cant change in the relative IL-8 expression in the HO-
1-deficient cells compared to in controls. Alternatively, 
exogenous CO has been demonstrated to have an inhibi-
tory influence on chemokine expression in IECs stimu-

lated with a mixture of cytokines (IL-1β, TNF, and IFN-γ) 
[21]. We exposed our Caco-2 cells briefly to CO via a CO-
releasing molecule (CORM-2 at 100 μM) as previously de-
scribed, and again examined the IL-8 release after stimu-
lation with IL-1β. Contrary to previous studies, we did 
not see a significant decrease in IL-8 secretion. Instead, 
we saw a small increase, suggesting a more complicated 
mechanism of regulation of IL-8 in response to IL-1β 
alone compared to a mixture of cytokines (Fig. 4c).

Mechanisms of Regulation of Epithelial Chemokines 
by HO-1
To determine the role of transcriptional regulation of 

chemokine expression by HO-1, actinomycin D (ActD) 
was used to block transcription in IL-1β-treated Caco-2 
cells. After 1 h of IL-1β exposure, significantly higher lev-
els of IL-8 were expressed in the HO-1 KD cells compared 
to in the NTC shRNA cells. The addition of ActD after  
1 h subsequently resulted in a marked and similar reduc-
tion in IL-8 expression in both controls and HO-1 KD 
cells at 2–4 h (Fig. 5c), indicating that the enhanced IL-8 
expression in HO-1 KD IECs is secondary to increased 
transcriptional activation but not stabilization of the 
mRNA.

The transcription factor, nuclear factor erythroid 2-re-
lated factor 2 (NRF2) is activated under cellular stress and 
inflammation, and is largely responsible for the activation 
of HMOX1 transcription in mice and humans [24]. NRF2 
has also been shown to promote IL-8 transcription in cer-
tain cells [25, 26]. A likely compensatory increase in 
NRF2 in the setting of HO-1 deficiency was felt to poten-
tially play a role in IL-8 expression. Therefore, we mea-
sured NRF2 protein in our control and HO-1 KD Caco-2 
IECs by indirect ELISA (Fig. 5b). We found significantly 
increased NRF2 protein in our HO-1 KD cells.

Previous studies have shown that the transcription fac-
tors AP-1 and NF-κB are critical to the activation of IL-8 
transcription by IL-1β [27, 28]. Therefore, we examined 
the relationship between HO-1 expression and activity of 
these transcription factors using luciferase reporter con-
structs. Caco-2 cells were transiently transfected with 
AP-1 and NF-κB reporter plasmids, and treated with IL-
1β (1 ng/mL for 6 h) (Fig.  5c, d). HO-1 deficiency in-
creased IL-1β-induced AP-1 (p < 0.05), but not NF-κB  
(p = ns) activity, implicating a role for AP-1 in HO-1-de-
pendent increases in chemokine expression.

The relationship between MAPKs, AP-1, and the in-
duction of IL-8 transcription has been previously de-
scribed [28]. In addition, p38 MAPK has been demon-
strated to regulate HO-1 via NRF2, while the inhibition 
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of HO-1 increases p38 MAPK activation [29, 30]. There-
fore, we assessed the level of (activated) phospho-p38 
MAPK (controlled for total p38) in our HO-1-deficient 
cells compared to controls. We found that, after IL-1β 
treatment, there was a small but significant increase in 
phospho-p38 in the HO-1-deficient IECs (Fig. 5e). We 
then inhibited p38 MAPK to determine if it played a role 

in the increased IL-8 expression seen in our HO-1 KD 
cells in response to IL-1β treatment. As shown in Figure 
5f, inhibition of p38 MAPK significantly inhibited the 
HO-1-dependent enhancement of IL-8 expression at 2 h. 
Such results implicate, at least in part, p38 MAPK activa-
tion in the increased chemokine induction in the setting 
of HO-1 deficiency.

Fig. 2. Epithelial HO-1 regulates leukocyte-epithelial crosstalk.  
a Model to examine epithelial-leukocyte interactions using polar-
ized Caco-2 intestinal epithelial cells (IECs) in the upper chamber 
of a Transwell insert with THP-1 monocytes in the lower chamber, 
activated with Salmonella Typhimurium for 6 h (for mRNA) or 24 
h (for protein). b–d Expression of IL-8, CCL20, and CXCL1 mRNA 
from Caco-2 IECs during co-culture with activated THP-1 cells.  
e IL-1β secretion from THP-1 cell supernatants after 24 h, as mea-
sured by ELISA. f IL-1 β secretion from THP-1 cells co-cultured 
with control shRNA- and HMOX1 shRNA-transduced Caco-2 

IECs after 24 h. Data represent combined results from at least 3 
independent experiments. g Model to examine physiologic bacte-
rial-epithelial activation using polarized IECs in the upper cham-
ber of a Transwell insert exposed to enteric bacteria in the presence 
(or absence) of leukocytes in the lower chamber, evaluating IEC 
chemokine expression. h Expression of IL-8 mRNA from Caco-2 
IECs 6 h after exposure of the apical surface to pathogenic bacte- 
ria in the presence or absence of THP-1 monocytes. Combined 
results from 3 independent experiments. * p < 0.05; *** p < 0.001; 
**** p < 0.0001.
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Fig. 3. HO-1 induction inhibits chemokine expression. Wild-type 
(WT) Caco-2 intestinal epithelial cells (IECs) were treated with 50 
μM of CoPP or vehicle overnight, and HMOX1 expression was 
measured by qPCR (a) and Western blot (b). c–e After vehicle or 
CoPP treatment, WT Caco-2 cells were treated with 10 ng/mL of 

IL-1β for 2 and 4 h, and chemokine expression assessed by qPCR. 
Combined results from 3 experiments. *  p < 0.05; **  p < 0.01;  
*** p < 0.001; **** p < 0.0001 compared to untreated vehicle con-
trol or other comparisons shown on the graph.
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Discussion

The intricate maintenance of an effective mucosal im-
mune system in the gastrointestinal tract is composed of 
numerous components working in concert [31]. Induc-
tion of HO-1 in the intestine and delivery of its metabo-
lite, CO, have previously been shown to contribute to the 
maintenance of homeostasis in various murine models of 
colitis [4–6]. This has been associated with augmented 
macrophage function, including a balance towards in-
creased anti-inflammatory cytokine expression and de-
creased proinflammatory cytokine expression [6, 32]. 
The role of the intestinal epithelium in the protective in-
fluence of the HO-1 pathway has not been evaluated.

The increasingly understood importance of epithelial-
derived factors and responses has expanded our view of 
the epithelium as an important contributor to the im-
mune response and as a regulator of mucosal homeostasis 
[8, 9, 33]. Dysregulated expression of epithelial-derived 
chemokines has been strongly associated with the patho-
genesis of inflammatory bowel disease (IBD) [10, 12, 34, 
35]. The result of increased chemokine expression in the 
intestine typically includes the increased recruitment and 
activation of immune cells and increased proinflamma-
tory cytokine expression in the mucosa [8], and can lead 
to a loss of epithelial barrier integrity, increased bacterial 
invasion, and perpetuation of inflammation [33]. Our re-
sults identify a prominent role for HO-1 in the regulation 
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Fig. 4. The role of HO-1 metabolic products. a, b Control and HO-
1-deficient Caco-2 intestinal epithelial cells (IECs) were treated 
with biliverdin and bilirubin (50 µM) overnight and then stimu-
lated with IL-1β (1 ng/mL) for 3 h. IL-8 was measured by qPCR. 
Data reflect combined results from at least 3 independent experi-
ments. c Cells were exposed to a freshly prepared CO-releasing 
molecule CORM-2 for 1 h, or to its negative control RuCl3, prior 

to stimulation with IL-1β (1 ng/mL) for 24 h. IL-8 was measured 
by cytokine immunoassay and normalized to milligrams of total 
protein. Data are representative of results from 2 independent ex-
periments. * p < 0.05, *** p < 0.001 versus untreated control shRNA 
cells or other comparisons shown. # p < 0.05 versus IL-1β-treated 
control shRNA cells.
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of epithelial chemokine expression. Using HO-1 loss-/
gain-of-function approaches, we have found that the epi-
thelial HO-1 pathway regulates epithelial chemokine pro-
duction and serves as an endogenous “braking” mecha-
nism to the mucosal inflammatory response.

As part of these studies, we developed a co-culture 
model system to define soluble factor crosstalk between 
monocyte/macrophage and IECs. We previously identi-
fied the induction of epithelial HO-1 in a cohort of genes 
upregulated during neutrophil transepithelial migration 
[14]. In this setting, neutrophils induce HIF [14] and, giv-
en that HO-1 is a well-established HIF target gene [36], it 
is likely that HIF contributes to epithelial HO-1 expres-
sion in this co-culture system. We developed the co-cul-

ture model system to define soluble factor crosstalk be-
tween monocytes/macrophages and IECs. Consequently, 
we have shown that HO-1 deficiency in IECs leads to an 
elevated inflammatory response demonstrated by mark-
edly increased proinflammatory chemokine expression. 
This appears to be the case both in the response to mac-
rophage-derived cytokines and the exposure to patho-
genic bacteria. Similar findings have recently been dem-
onstrated for alveolar epithelial cells in a murine model 
of acute lung injury [37]. Diminished lipopolysaccharide-
induced chemokine expression and neutrophil migration 
was observed after HO-1 induction, and these were found 
to be dependent on non-myeloid, HO-1, including pul-
monary epithelial cells and endothelial cells.
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Fig. 5. Mechanisms of transcriptional regulation by HO-1. a Ex-
pression of IL-8 in confluent control shRNA- and HMOX1  
shRNA-transduced Caco-2 IECs treated with IL-1β (1 ng/mL) +/– 
transcriptional blockade with actinomycin D after 1 h. b Expres-
sion of NRF2 protein at baseline normalized to cell density via 
crystal violet staining and presented as % of control. The activation 
of AP-1 (c) and NF-κB (d) transcription factors by IL-1β (1 ng/mL) 
was measured using luciferase reporter plasmid transfection in 
non-targeted control shRNA- and HMOX1 shRNA-transduced 

Caco-2 IECs. e Activation (phosphorylation) of p38 MAPK was 
assessed at baseline and in the setting of IL-1β treatment (1 ng/mL 
× 30 min) by cell-based ELISA. f The influence of inhibition of p38 
MAPK on the increased expression of IL-8 in HMOX1 shRNA 
Caco-2 cells was assessed by pretreatment with a p38 MAPK in-
hibitor (p38i) SB202190 at 40 µM, 1 h prior to IL-1β (1 ng/mL) 
exposure for 2 h. Data represent the combined results from at least 
3 independent experiments. * p < 0.05; ** p < 0.01.
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The regulation of inflammatory responses by HO-1 
has been demonstrated in other cell types as well [38]. The 
induction of HO-1 in astrocytes, for example, has been 
reported to inhibit nitric oxide production in response to 
IL-1β treatment through the modulation of p38 MAPK 
activation. Helicobacter pylori infection-induced secre-
tion of IL-8 by gastric epithelial cells also appears to be 
inhibited by HO-1 induction [39]. The findings of HO-1 
regulation of the IL-8 secreted by IECs is particularly im-
portant, given the previous evidence of IECs and intesti-
nal mast cells being the main source of basal intestinal 
IL-8 secretion [9]. Such basal secretion is responsible for 
the recruitment and protective retention of intestinal 
macrophages, but, in excess, can contribute to IBD patho-
genesis [11]. We propose that, in this setting, HO-1 sub-
serves the mucosal inflammatory response by function-
ing as an endogenous braking mechanism to uncon-
trolled chemokine production.

Prior studies have shown that the HO-1 metabolic by-
product CO likely plays an intermediate role in the regu-
lation of cytokine expression in macrophages by modu-
lating MAPKs and AP-1 [40, 41]. In addition, exogenous 
CO (in the form of CORM-2) inhibits the inflammatory 
response in Caco-2 cells to a mix of inflammatory cyto-
kines [21]. This response includes the inhibition of IL-8 
expression in Caco-2 cells and the contribution of AP-1, 
NF-κB, and MAPK family signaling. We have extended 
these findings by showing the importance of endogenous 
HO-1 levels on IEC responses to pathogenic bacteria, on 
IEC-leukocyte signaling, and on a broader range of IEC 
chemokines associated with IBD. Additionally, we have 
shown that the HO-1 metabolic byproduct, biliverdin, 
which has anti-inflammatory properties in other settings, 
does not appear to be responsible for the regulation of 
IEC chemokines.

However, in contrast to previous studies, we did not 
see any inhibition of IL-8 expression upon CO exposure 
when stimulating with a single cytokine, IL-1β, in the 
presence of CORM-2 in either our control or HO-1-defi-
cient cells. Instead, we saw slightly increased IL-8 relative 
to controls. The influence of CO may be specific to the 
mix of cytokines used; here we used IL-1β only, in con-
trast to the previous study which stimulated cells with a 
combination of 3 different inflammatory cytokines [21].

Alternative mechanisms to explain our findings in-
clude a role for HO-1 protein independent of its metabo-
lites, which has been demonstrated in other settings [42–
44]. In this regard, there is evidence that HO-1 protein 
helps directly to coordinate the transcriptional activity of 
NRF2 and related oxidative stress genes. We demonstrat-

ed a likely compensatory increase in NRF2 protein in our 
HO-1-deficient cells, which, if dysregulated, may contrib-
ute to increased chemokine (e.g., IL-8) transcription [25]. 
Not surprisingly, p38 MAPK and CO are both activators 
of NRF2, which may explain the contrasting responses we 
found to inhibiting p38 and CO treatment [45–47].

In conclusion, we identify HO-1 as a central regulator 
of epithelial chemokine expression. Using loss-/gain-of-
function approaches, we demonstrate that HO-1, through 
the regulation of transcriptional mechanisms, controls 
the expression of multiple IEC-derived chemokines. In 
the absence of such control, as occurs in diseases such as 
IBD, mucosal inflammation may proceed in an un-
checked manner. These results further suggest that ad-
ministration of HO-1-inducing agents (e.g., certain heme 
analogs) and/or promoting HO-1 gene expression (e.g., 
HIF stabilizers) may be of therapeutic benefit.
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