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ABSTRACT
Skeletal abnormalities are common comorbidities of inflammatory bowel disease (IBD). Patients suffering from IBD, including
ulcerative colitis and Crohn’s disease, present with skeletal complications. However, the mechanism underpinning IBD‐associated
bone loss remains vague. Intestinal inflammation generates an inflammatory milieu at the intestinal epithelium that leads to
dysregulation of mucosal immunity through gut‐residing innate lymphoid cells (ILCs) and other cell types. ILCs are recently
identified mucosal cells considered as the gatekeeper of gut immunity and their function is regulated by intestinal epithelial cell
(IEC)‐secreted cytokines in response to the inflammatory microenvironment. We first demonstrate that serum as well as IECs
collected from the intestine of dextran sulfate sodium (DSS)‐induced colitis mice contain high levels of inflammatory and
osteoclastogenic cytokines. Mechanistically, heightened inflammatory response of IECs was associated with significant intrinsic
activation of NF‐κB (nuclear factor kappa‐light‐chain‐enhancer of activated B cells) in IECs and increased frequency of ILC1, ILC3,
and myeloid osteoclast progenitors. Validating the central role of IEC‐specific NF‐κB activation in this phenomenon, conditional
expression of constitutively active inhibitor kappa B kinase 2 (IKK2) in IECs in mice recapitulates the majority of the cellular,
inflammatory, and osteolytic phenotypes observed in the chemically induced colitis. Furthermore, conditional deletion of IKK2
from IECs significantly attenuated inflammation and bone loss in DSS‐induced colitis. Finally, using the DSS‐induced colitis model,
pharmacologic inhibition of IKK2 was effective in reducing frequency of ILC1 and ILC3 cells, attenuated circulating levels of
inflammatory cytokines, and halted colitis‐associated bone loss. Our findings identify IKK2 in IECs as viable therapeutic target for
colitis‐associated osteopenia. © 2019 American Society for Bone and Mineral Research.
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Introduction

Bone homeostasis is tightly regulated by osteoclasts and
osteoblasts.(1) Numerous immune cells and factors contribute

to homeostasis of this process, while imbalanced activity of these
cells in pathologic states uncouples bone resorption and bone
formation, leading to skeletal anomalies. It has been long
established that inflammatory insults alter bone homeostasis,
leading to various skeletal anomalies.(2–7) Although this process is
complex, it is apparent that the inflammatory response dysregu-
lates osteoclast and osteoblast differentiation and function, a
process that is mediated by pro‐inflammatory factors and anti‐
anabolic modulators. Specifically, inflammatory mediators promote
differentiation of myeloid cells into osteoclasts to exacerbate bone
resorption and negatively impact bone formation by targeting
mesenchymal and osteoblast cells.

At the cellular level, hematopoietic stem cells (HSCs), innate
lymphoid cells (ILCs), and other immune cells are activated,
leading to elevated levels of pro‐inflammatory cytokines
including interleukin‐23 (IL‐23), interleukin‐17 (IL‐17), granulo-
cyte‐macrophage colony‐stimulating factor (GM‐CSF), granulo-
cyte colony‐stimulating factor (G‐CSF), tumor necrosis factor α
(TNFα), interleukin‐1β (IL‐1β), and more. This pro‐inflammatory
milieu mobilizes bone marrow cells to the bloodstream and
periphery, thus altering the bone marrow microenvironment
and adversely affecting bone cells. In fact, it has been shown
that elevated levels of the pro‐inflammatory factors TNFα,
interferon γ (IFNγ), and G‐CSF potently inhibit osteogenesis.(8)

In this regard, numerous clinical case reports linked high
circulating levels of inflammatory cytokines, including TNFα,
IL‐1β, IL‐17, interleukin‐4 (IL‐4), interleukin‐6 (IL‐6) and others,
with the bone phenotype of the affected subjects.(9–11) In other
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studies, elevated levels of sclerostin and Dickkopf WNT
signaling pathway inhibitor 1(DKK1), factors driven by inflam-
mation, were reported in animal models of rheumatoid
arthritis(12) and in synovial tissue from rheumatoid arthritis
patients compared with controls, and bone repair was often
delayed or repressed in patients with systemic inflammatory
background.(13–15)

A prime example of chronic inflammatory disease with
detrimental skeletal consequences is inflammatory bowel disease
(IBD).(7,16) In fact, osteoporosis has been considered as a
comorbidity in patients suffering from chronic inflammatory
diseases, such as rheumatoid arthritis and IBD,(4,6,7,17–20) who
typically present with increased fracture risk. The pathogenesis of
IBD, which includes Crohn’s disease and ulcerative colitis,(2,21,22)

remains unclear; however, it is believed to be a consequence of
dysregulation of the mucosal immune system, leading to
excessive immunologic responses and due to changes in the
composition of gut flora. In severe cases, these responses are
associated with damaged intestine epithelial barrier. The intestinal
epithelium, formed by a monolayer of intestinal epithelial cells
(IECs), is a crucial protective physical barrier to maintain intestinal
homeostasis. Dysfunction of intestinal epithelium or epithelial
cells is associated with dysregulation of the mucosal immune
system during the clinical course of IBD patients and experimental
IBD models, such as in DSS‐treated mice.(23) Immune cells such as
macrophages, dendritic cells (DC), type 1 T‐helper (Th1) and type
2 T‐helper (Th2) lymphocytic cells as well as non‐immune cells
such as epithelial cells are directly involved in IBD pathogen-
esis.(2,21,24) A breakthrough in recent years has implicated the
inflammatory T‐helper cell 17 (Th17) subtype and ILCs as major
culprits of IBD pathogenesis. ILCs, as well as ILC‐produced
cytokines, play a central role during intersection of innate and
adaptive immune systems, by coordinating inflammation, im-
munity, wound healing, and tissue homeostasis, with a wide
range of influence from immunology to metabolism to tumor
defense.(25,26) In this regard, a genomewide association study
(GWAS) identified linkage between ILCs and IBD through the IL‐
23/IFNγ/IL17/G‐CSF axis.(8,27–31) Congruently, we have noted
exuberant levels of IL‐17A, IFNγ, IL‐23, G‐CSF, GM‐CSF, and
numerous other cytokines in the serum of mice with experimental
ulcerative colitis. Some of these cytokines have been shown to be
produced within Paneth cells of intestinal mucosa and expressed
within intestinal epithelial cells (IECs)(32–34) and stimulate cells of
the innate immune system (neutrophils, macrophages, and
DCs).(8,31)

Interestingly, stimulation of the various cell types during
inflammatory states leads in all cases to activation of
NF‐κB signaling cascade and subsequent production of pro‐
inflammatory(35–38) and, as we propose, osteoclastic cytokines.
At the center of this pathway, the kinase complex containing
IKK1, IKK2, and IKKγ/NEMO is crucial for its activity.(39,40) IKK2
activates the classical NF‐κB pathway and mediates the vast
majority of inflammatory responses.(41–45) Constitutively active
IKK2 (IKK2ca) (S177/181E) sustains heightened NF‐κB activity
and intrinsically recapitulates the inflammatory response.(46–48)

In this regard, we have shown that knock‐in of this IKK2ca form
in the myeloid or mesenchymal lineages in mice induced
systemic osteopenia owing to elevated endogenous osteoclas-
togenesis(46) and inhibition of bone formation,(49) respectively.
In the current study, we hypothesized that gut inflammation
contributes to systemic bone loss through NF‐κB activation in
gut‐residing immune cells. Indeed, we demonstrate that
expression of active IKK2 in gut IECs triggers colitis‐like

pathology and significant bone loss similar to that associated
with the experimental dextran sodium sulfate (DSS)‐induced
colitis. We further provide direct evidence that genetic ablation
of IKK2 in IECs or systemic pharmacologic inhibition of this
kinase attenuates experimental colitis‐induced bone loss.
This finding buttresses the pathogenic role of NF‐κB as the
principal player that links inflammation (acute and chronic)
with systemic bone loss and presents it as a viable therapeutic
target.

Materials and Methods

Study design: animals and treatments

The objective of this study was to determine the mechanism
underpinning colitis‐associated bone loss. Based on our
preliminary observations, we tested the hypothesis that IEC‐
specific activation of NF‐κB and subsequently secreted cytokine
mediate bone loss associated with murine colitis. We validated
this by using multiple in vivo approaches employing young
(7‐ to 8‐week‐old) male and female C57BL/6 mice (in
approximate equal ratios) as well as NF‐κB‐GFP luciferase
(NGL) reporter mice, and mice with conditional gain and loss of
NF‐κB. Specifically, to generate gain‐of‐function (GOF) or loss‐
of‐function (LOF) NF‐κB mice, IKK2ca (constitutive activated
IKK2)(46,49) or IKK2flox mice(50) were respectively crossed with
Villin‐Cre mice and kept on a C57BL/6 background generating
intestine epithelium conditional knock‐in (cKI) and conditional
knock‐out (cKO) mice. Littermates were always used for control
and treated groups. To induce colitis/IBD model, C57BL/6 mice
(8 weeks old; n= 6–8 per treatment group) were given two
intermittent cycles of 3 days of 3% DSS (Sigma, St. Louis, MO,
USA) in their drinking water separated by 1 day of regular
drinking and a final 2‐day cycle of water at the end of the
protocol. For administration of IKK2 inhibitors, DSS‐ or water‐
treated mice (n= 5–9) were intraperitoneally injected with a
combination of two IKK2 inhibitor (ACHP 2mg/kg and sc‐514
30mg/kg, MedChem Express, Monmouth Junction, NJ, USA) or
vehicle (DMSO) daily, starting from 1 day before DSS treatment.
At the end of the second cycle of treatment, mice were
euthanized for analysis. To induce colitis in NF‐κB reporter
mice, DSS was added to the drinking water of NGL (NF‐κB‐GFP‐
luciferase) mice (The Jackson Laboratory, Bar Harbor, ME, USA)
for 6 days, in which NF‐κB signaling leads to the expression of a
GFP/luciferase reporter. Collection of serum, cells, bones,
intestines, and related analyses are described in detail in the
sections that follow. Flow cytometry data were collected from
pools of cells obtained from at least 4 mice per experiment and
repeated 3 times. Serum cytokines were analyzed in individual
mice (n= 3–6 per group). Approval for using animals was
obtained from Washington University School of Medicine
Institutional Animal Care and Use Committee in accordance
with NIH guidelines before performing this study. Mice
were housed at the Washington University School of Medicine
barrier facility.

Statistical analysis

Results are presented as 1) mean± SD; 2) fold change; and 3)
representative images. Sample size ranged from 5 to 12 animals
per group based on specific experiments. In cases where
sufficient numbers of transgenic mice were not available
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because of breeding limitations, 3 or 4 mice per group were
conducted and pooled with repetition experiments to reach
the desired number of mice per initial plan. In limited cases (2
cases), data were not collected from mice that succumb to
death for unknown reasons. Within each experimental group,
mice that were significantly smaller (>30% body weight) were
excluded from the study to eliminate contribution of unknown
factors to study results. During the duration of the study, only 2
mice were excluded. All experiments were repeated at least 3
times. Statistical analysis was performed using Prism 5.0
(GraphPad Software, GraphPad, La Jolla, CA, USA). The
nonparametric Mann‐Whitney test was applied for all statistical
comparisons. Multiple treatments were analyzed by using one‐
way ANOVA followed by post hoc Newman‐Keuls test of
significance. Our goal is to reach 0.05 significance and an
expected effect size of 25%. Standard deviation within groups
is expected to not exceed 15%. Using a commercial power
analysis tool (Rosner B, Fundamentals of biostatistics, 4th ed.,
section 8.10), we figured that for a desired difference 80% of
the time, sample size is 6 mice per group. Where applicable, p
values are indicated and consistently were *p< 0.05, **p< 0.01,
and ***p< 0.001 throughout the study. Specific p values that
trended but were not significant were noted where applicable
because of their overall importance.

μCT scan, bone histomorphometry, and histology

Femurs from experimental mice were harvested and fixed
overnight in 10% formalin followed by washing with phosphate
buffer saline (PBS) 3 times and transferred to 70% ethanol (v/v).
Bones were scanned by Scanco Medical μCT systems (Scanco,
Wayne, PA, USA) at the musculoskeletal core facility at
Washington University (St. Louis, MO, USA). Briefly, images
were scanned at a resolution of 20 μm, slice increment 20 μm,
voltage 55 kV, current 145 μA, and exposure time of 200 ms.
After scanning the whole bone, contours drawn from the
growth plate toward trabecular regions of tibia of approxi-
mately 100 slices were analyzed, and 3D images were
constructed. For bone histomorphometry analysis, fixed bones
were decalcified by 14% EDTA for 14 days, followed by
dehydration in graded alcohol before embedding in paraffin.
Paraffin blocks were sectioned longitudinally. Five‐micron
sections were then stained with hematoxylin and eosin or
tartrate‐resistant acid phosphatase (TRAP) staining. For Tri-
chrome’s staining, intact (undecalcified) femurs were used for
plastic sections after embedding in polymethyl methacrylate.
For assessment of dynamic bone formation, mice were injected
with calcein and alizarin (Sigma) 8 and 2 days, respectively,
before euthanization. Sagittal histological bone sections were
prepared, and the calcein bands were visualized by utilizing
confocal laser microscopy. Single‐labeled bone surface (sLS),
double‐labeled bone surface (dLS), and total bone surface (BS)
were measured separately. Mineralizing surface per bone
surface (MS/BS) was calculated as (dLS+ sLS/2)/BS2, and the
mineral apposition rate (MAR) (μm/d) was measured as the
distance between the parallel calcein labels.(51) Bone formation
rate was calculated by multiplying MAR and MS/BS. For
intestinal histology, colon and ileum from small intestine
were fixed overnight in 10% formalin, followed by washing
with PBS 3 times and transferred to 70% ethanol (v/v). Five
microns of paraffin embedding sections were applied for H&E
staining.

Isolation of bone marrow and flow cytometry

Single‐cell suspensions from bone marrow were prepared by
flushing the marrow out of femur and tibia. After red blood cell
lysis, whole bone marrow cells were stained by Zombie UV dye
to distinguish live/dead cells. Then bone marrow cells were
resuspended in PBS with 2% FBS (FACS buffer), and further
stained with biotin‐conjugated lineage Ab cocktail (anti‐B220,
anti‐CD3e, anti‐Gr1, anti‐Ter119). LSK+ (Lin‐Sca1+ckit+) cells
were stained with Ab cocktail (anti‐Sca1 PerCP Cy5.5, anti‐c‐Kit
APC eFluor 780, anti‐CD34 FITC, and CD16/32 eFluor450). All
FACS antibodies were purchased from either eBioscience,
BioLegend (San Diego, CA, USA), or BD Bioscience (San Diego,
CA, USA). After incubation on ice for 45 minutes, Ab‐labeled
cells were washed with FACS buffer and subjected to flow
cytometric analysis (BD X‐20). Data were analyzed with FlowJo
software (TreeStar Inc., Ashland, OR, USA).

Cell culture

For osteoclastogenesis assay, 50 K whole bone marrow cells
(WBMs) were counted and cultured in 96‐well tissue culture
plate with α‐MEM (Invitrogen, Grand Island, NY, USA) con-
taining 10% heat‐inactivated FBS (Equitech‐Bio, Kerrville, TX,
USA), in the presence of macrophage colony‐stimulating factor
(M‐CSF) (20 ng/mL) and receptor activator of NF‐κΒ ligand
(RANKL) (50 ng/mL). After 5 days, mature osteoclasts were fixed
and stained for TRAP‐positive multinuclear cells by using TRAP‐
leukocyte kit (Sigma). For assay of osteoclastogenesis‐specific
genes, 200 K of whole bone marrow free of red blood cells were
cultured in osteoclastogenesis media for 3 days and cells were
lysed for mRNA isolation. In case of osteoclastogenesis from
IECs cocultured with WBMs, 20 K of sorted CD326+ IECs were
infected with lentivirus containing IKK2ca construct or control
overnight (for 16 hours). Infected IECs were cocultured with
50 K of wild‐type (WT)/WBMs in the absence or presence of
permissive levels of RANKL (5 ng/mL) and M‐CSF. After 5 days,
cells were fixed and proceeded for TRAP staining to identify
TRAP+MNCs formation. Additionally, infected IECs were also
designed to be cocultured with sorted CD3e‒CD19‒CD45+ ILC
population for 48 hours to investigate ILC population by flow
cytometry.

Quantification of mRNA levels by real‐time PCR

Gene expression analyses were processed by lysing cells in
Trizol reagent (Life Technologies). Total RNA was isolated using
the PureLink RNA mini kit (Invitrogen). Complementary DNA
was synthesized with High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Carlsbad, CA, USA). Gene
expression was analyzed through real‐time quantitative PCR
reactions (qPCR) using the iQ SYBR Green Supermix (Bio‐Rad,
Hercules, CA, USA) and specific primers are listed in Supple-
mental Table S1. Target mRNA expression was calculated and
normalized to the expression of the housekeeping gene Actin.

Enzyme‐linked immunosorbent assay (ELISA)

Mice sera were collected from submandibular vein, and the
serum inflammatory cytokine levels were detected using
multiplex mouse cytokine kits (R&D Systems [Minneapolis,
MN, USA] and Millipore [San Diego, CA, USA]). Serum cross‐
linked telopeptide of type I collagen (CTX‐I) level was
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quantified using the RatLaps EIA assay (Immunodiagnostic
Systems, Boldon, UK). All procedures were performed according
to their manufacturer’s instructions.

Flow cytometry analysis of IKK2, pIKK2, and p‐p65 in BM,
spleen cells, MLNs, and IECs

Mice small intestines were cut open longitudinally, and Peyer’s
patches and fat were removed. Small intestines were cleaned
and cut into pieces. Epithelial layers were extracted by
incubation twice in HBSS containing 0.5 mM EDTA (Sigma)
and 1 M HEPES (Sigma) for 20minutes each at room
temperature. The supernatant containing intestinal epithelial
cells (IECs) were collected for flow cytometry analysis, and the
remaining mucosa was further processed for lamina propria cell
isolation. Pooled IECs were centrifuged with HBSS/PBS; the
pellet was resuspended in PBS with 2% FBS and blocked with
anti‐CD16/32 antibody (BioLegend) for 30minutes on ice. Cells
were then stained with IEC markers anti‐CD326 APC/Fire 750
(BioLegend) for 1 hour on ice. Bone marrow (BM) and spleen
cells‐derived CD45+ lymphocytes, CD4+ T cells, Th17 cells, and
CD11b+macrophages were stained with Ab cocktail with anti‐
CD45 APC, anti‐CD4 PE, and anti‐RORγt PE‐CF594. Mesenteric
lymphoid cells (MLN)‐derived T cells, B cells, and CD45+

lymphocytes were stained with Ab cocktail with anti‐CD3e
PE‐Cy7, anti‐CD4 PE, anti‐CD8 APC‐Fire 750, anti‐CD19 ef450,
and anti‐CD45 APC, respectively. For intracellular kinase
staining, cells were fixed and permeabilized by Intracellular
Fixation & Permeablization Buffer Set (eBioscience), followed by
staining with antibodies against intracellular IKK2 (Novus
Biologicals, Centennial, CO, USA), p‐IKK2 (Cell Signaling,
Danvers, MA, USA) or p‐p65 (Cell Signaling) for 30minutes on
ice, and subsequently staining with FITC anti‐rabbit IgG
(BioLegend) or Alex 488 anti‐mouse IgG (BioLegend) as
conjugated second antibody for 1 hour. Stained cells were
washed with FACS buffer and subjected to flow cytometric
analysis (BD X‐20). Data were analyzed with FlowJo software
(TreeStar Inc.).

ILC isolation and flow cytometry

Lamina propria cells were isolated by digesting remaining
mucosa after IEC extraction with collagenase VII (Sigma, St.
Louis, MO) for 40 min at 37°C. After centrifuging at 2000 rpm
for 10 minutes, mononuclear cells were isolated with 40% to
70% Percol gradient (Sigma) and washed twice with PBS.
Pooled Lamina propria cells were resuspended in PBS with 2%
FBS and blocked with anti‐CD16/32 antibody (BioLegend) for
30 minutes on ice. ILCs were identified by staining with lineage
Ab cocktail (anti‐CD3e FITC, anti‐CD19 FITC) and ILC1 Ab
cocktail (anti‐CD45 BV510, anti‐NKp46 BV710, anti‐NK1.1 PE), or
ILC2 Ab cocktail (anti‐CD45 BV510, anti‐GATA3 Alex647), or
ILC3 Ab cocktail (anti‐CD45 BV510, anti‐NKp46 BV710, anti‐
RORγt PE‐CF594).(25,26) For intracellular cytokine and/or tran-
scription factor staining, cells were fixed and permeablized by
Intracellular Fixation & Permeablization Buffer Set (eBioscience),
followed by staining with antibodies against intracellular
cytokines or transcription factors (anti‐TNFα ef450, anti‐IFNγ
BV650, anti‐IL‐17A BV786, anti‐TGFβ PerCP‐ef710, anti‐GATA3
Alex647, and anti‐RORγt PE‐DZ594). All FACS antibodies were
purchased from eBioscience, BioLegend, or BD Bioscience.
Stained cells were washed with FACS buffer and subjected to
flow cytometric analysis (BD X‐20). Data were analyzed with

FlowJo software (TreeStar Inc.). Gating strategy for each of the
cell types is described in Supplemental Fig. S7A–C.

Results

Intestinal inflammation in DSS‐colitis murine model
leads to severe bone loss

To investigate the effect of colitis on bone, we utilized dextran
sodium sulfate (DSS)‐induced gut inflammation, a well‐estab-
lished murine IBD/colitis model.(52) In our study, 7‐ to 8‐week‐
old C57BL/6 male and female mice were given two 3‐day cycles
of 3% (w/v) DSS in drinking water, an intermediate water‐only
day, and 2 days water as a final cycle before euthanization for a
total period of 9 days. Administration of DSS induced colonic
inflammation evident by histology and H&E staining of colon
sections from DSS‐treated mice, which displayed severe
mucosal lesions manifested by alteration of epithelial structure,
disruption of crypts structure, mucosal hyperplasia, shortening
of intestine (Supplemental Fig. S1A, B), and significant loss of
body weight compared with control (water)‐treated mice
(Supplemental Fig. S1C). To examine whether bone parameters
were affected in DSS‐treated mice, femoral trabecular bones
were subjected to micro‐CT analysis. As shown in Fig. 1A, a
significant loss of trabecular bone structure was observed in
femurs from DSS‐treated mice compared with control mice, as
reflected by reduced quantitative BV/TV (Fig. 1B), connective
density (Supplemental Fig. S1D), trabecular number (Supple-
mental Fig. S1E), trabecular thickness (Supplemental Fig. S1F),
and increased trabecular space (Supplemental Fig. S1G). Thus,
chemical injury to the intestines causes significant bone loss.

Osteoclastogenesis is elevated and osteogenesis is
impaired in DSS‐induced colitis in mice

The significant bone loss we observed in DSS‐colitis mice can
be attributed to increased bone resorption, reduced bone
formation, or a combination of both. Hence, we first tested the
effect of DSS on osteoclasts and osteoblasts in vivo. To this end,
femoral bone sections from control and DSS‐treated mice were
subjected to TRAP and trichrome staining. Bone formation rate
(BFR) was determined by calcein and alizarin red double
labeling in mice. TRAP staining of femur sections from DSS‐
treated mice showed an elevated osteoclast number in vivo
(Fig. 1C, arrows pointing to red/purple‐stained osteoclasts),
which was further supported by exuberant ex vivo osteoclas-
togenic differentiation of bone marrow progenitors derived
from DSS‐treated mice compared with cells collected from
vehicle counterparts (Fig. 1D, E; purple‐stained cells). Consis-
tently, expression of osteoclast‐specific genes, such as TRAP,
nuclear factor of activated T cells (NFATc1), and cathepsin K
(CTSK), was higher in DSS‐derived bone marrow cells (Fig. 1F).
In addition, femoral trichrome, calcein/alizarin red double
staining, and mRNA expression experiments showed reduction
of mineralized compartments (indicated by reduced blue
color), lower bone formation rate (Fig. 1G–I), and reduced
expression of the osteogenic markers runt‐related transcription
factor 2 (RUNX2), collagen type I (Col1a), osteocalcin (OCN), and
bone morphogenetic protein 2 (BMP2) (Supplemental Fig. S1H)
in DSS‐treated mice compared with control mice. These results
indicate that DSS treatment generates a systemic response
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favoring osteoclast differentiation and, subsequently, bone
resorption while inhibiting bone formation.

DSS/colitis‐induced bone loss is associated with
heightened inflammatory profile of IECs

Inflammation, characterized by overproduction of cytokines, is
associated with increased bone resorption and decreased bone
formation. The inflammatory cytokines produced during
intestinal inflammation have also been reported in patients

with bone loss.(53,54) Indeed, we measured copious amounts of
inflammatory cytokines in the serum of DSS‐treated mice,
which included TNFα, IL‐1β, MCP‐1, IL‐6, and RANKL, all of
which contribute to inflammatory bone loss (Fig. 2A). We also
found variably robust and some modest increases of circulating
level of IL‐17, IL‐23, IL‐10, G‐CSF, GM‐CSF, and DKK1 (Fig. 2A),
cytokines that are notably involved in both bone and intestinal
pathologies.(54,55) To elucidate the possible cellular source of
these factors, we examined IECs, the gatekeepers of intestine
mucosa. We find that IECs collected from the epithelial layer of
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Fig. 1. DSS‐induced colitis results in bone loss in mice. Water alone or water+3% (W/V) DSS was administered to 7‐ to 8‐week‐old WT mice (n= 5 per
group, repeated 3 times) for 9 days intermittently. Mice were also injected, respectively, with calcein and alizarin 8 and 2 days before euthanization. At
the end of the experiment, mice were euthanized and long bones were processed for analyses. (A) Micro‐CT images of distal femur diaphysis (scale
bar= 1mm) and quantification of (B) bone volume (BV/TV). (C) TRAP staining of trabecular bone sections (scale bar= 100 μm). Separate bones were
flushed and bone marrow progenitors were cultured for osteoclastogenesis (D, E), a portion of which was used to extract RNA and measure
expression of osteoclast markers (F). Another set of long bones were processed for trichrome staining (G) and imaging to assess bone formation (H, I).
(G, H) Scale bars= 100 μm. *p< 0.05, **p< 0.01, ***p< 0.001 [Color figure can be viewed at wileyonlinelibrary.com].



DSS‐treated mice express high levels of IL‐23, IL‐17, TNFα, GM‐
CSF, and RANKL mRNA compared with vehicle IECs (Fig. 2B).

DSS‐induced gut inflammation activates NF‐κB signaling
in IECs

Because of its central role in inflammatory responses and
cytokine secretion in various diseases including colitis,(3,56–60)

we examined expression and activation of NF‐κB in IECs. Using
DSS‐induced gut inflammation in NF‐κB reporter mouse model,
in which NF‐κB signaling leads to the expression of a GFP‐
luciferase reporter, we show that overall NF‐κB activation is
significantly enhanced in IECs from DSS‐treated reporter mice
(Fig. 2C). To measure the intracellular NF‐κB signaling pathway,
expression and phosphorylation of IKK2 as well as phosphor-
ylation of p65 were assessed in IECs by flow cytometry. DSS‐
induced colitis showed a greater percentage of IECs responding
via increased IKK2 expression and phosphorylation (Fig. 2D, E)
and p65 phosphorylation (Fig. 2F), indicative of NF‐κB
activation. These data suggest that activation of NF‐κB
signaling pathway in IECs mediates DSS‐induced intestinal
inflammation and is likely responsible for the abundant
production of proinflammatory cytokines that ensues there-
after (Fig. 2A, B).

Genetic activation of NF‐κB/IKK2 signaling in IECs mimics
intestinal inflammation and induces bone loss

To directly test our proposition that NF‐κB activation in IECs is
sufficient to induce intestine inflammation and osteopenia, we
generated a mouse model in which the constitutively active
form of the principal NF‐κB kinase IKK2 (IKK2ca thereafter) is

specifically expressed in IECs. This task was accomplished by
crossing mice carrying floxed IKK2ca in the pROSA locus(47) with
Villin‐cre mouse, resulting in conditional knock‐in (cKI) and gain
of function of IKK2ca in IECs (referred to as cKI mice). We
reasoned that expression of IKK2ca in gut IECs could explain
the pro‐inflammatory skewing profile and the subsequent
osteoclastic and bone loss phenotype observed in the DSS‐
intestine inflammation model.
Expression of IKK2 was analyzed in BM, spleen, gut residing

mesenteric lymph node (MLN), CD45+ lamino propria cells, as
well as CD326+ intestinal epithelial cells using flow cytometry.
This analysis showed that IKK2 expression in CKI mice is
specifically higher in CD326+ IEC compared with other cell
types, although there is also modest increased expression in
CD11b+ BMs (Supplemental Fig. S2A–E). In addition, cKI mice
exhibited higher percentage of pIKK2 level in CD326‐positve
IECs cells (Supplemental Fig. S2F) compared with WT mice, an
observation consistent with our previous findings in IECs
derived from DSS‐treated mice. cKI mice showed moderately
reduced body weight (Supplemental Fig. S2G). H&E staining of
colon and small intestine section showed that these transgenic
mice developed spontaneous intestinal inflammation (thick-
ening of membrane; arrow) with disorganized epithelial
structure yet with no evidence of tissue erosion (Supplemental
Fig. S2H). Notably, femoral micro‐CT analysis results showed
that cKI mice displayed significant trabecular bone loss (Fig.
3A–E) compared with their littermate wild‐type (WT) mice.
Consistently, immunohistochemistry showed abundant osteo-
clasts in trabecular bone sections of cKI mice (Fig. 3F; arrows
pointing to red‐stained osteoclasts). These findings were
further supported by increased CTX values (biomarkers of
bone resorption) in cKI mice (Fig. 3G) and by ex vivo findings
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Fig. 2. Expression of inflammatory cytokines in serum and IECs derived from DSS‐colitis is associated with robust NF‐κB activation in IECs. (A) Serum
and intestinal epithelial cells were collected from control (n= 6) and DSS‐treated (n= 6) mice. Levels of serum cytokines were measured using
Millipore Luminex ELISA. (B) Small intestine was processed to extract epithelial layer–derived IECs. Q‐PCR was used to measure cytokine expression in
IECs. (C) Luciferase assay was performed in IECs to measure NF‐κB activation. The IECs were further sorted for CD326+ cells and either lysed to
measure mRNA expression of IKK2 (D) or stained to measure p‐IKK2+CD326+ IECs (E) and p‐p65+CD326+ IECs (F). The y axis in A and B is a log scale
with breaks to accommodate presentation of low and high expressed cytokines in the same graph. *p< 0.05, **p< 0.01, ***p< 0.001.
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Fig. 3. Genetic activation of IKK2 in IEC mimics mild intestinal inflammation and induces bone loss. To analyze the direct role of NF‐κB signaling in the
progression of colitis, constitutively active IKK2 (IKK2ca)‐floxed mice were crossed with the Villin‐cre mice as described in Materials and Methods. At 8
weeks of age, the control (WT) (n= 8) and conditionally IKK2ca knock‐in (cKI) mice (n= 8) were euthanized and were processed for different readouts.
Long bones: μCT images of distal femur diaphysis (scale bar= 1mm) (A) and quantification of bone volume (BV/TV) (n= 4) (B), trabecular number
(Tb.N) (C), trabecular thickness (Tb.Th) (D) and trabecular separation (Tb.Sp) (E). After μCT, the bones were processed for histology (F) TRAP staining to
visualize osteoclast per bone area (scale bar= 100 μm) and trichrome staining (scale bar= 100 μm) (K). CTX was measured in serum (G). Total bone
marrow cells were isolated from WT and cKI mice and cultured in osteoclast differentiation media containing M‐CSF and RANKL for 4 days and fixed,
then TRAP‐stained and counted (H, I). Cells were plated with M‐CSF and RANKL followed by mRNA isolation and qPCR (n= 8) for OC genes TRAP,
CTSK, and NFATc1 (J). The mice were also injected with consecutive labels of calcein and alizarin red (6 days apart) to measure bone formation rate
(BFR) (L,M) (n= 6). Expression of different pro‐inflammatory and anti‐inflammatory cytokines in serum was measured using Millipore Luminex ELISA
(N) (n= 6). mRNA expression of different cytokines was measured in isolated IECs using Q‐PCR (O). The y axis in N is a log scale with breaks to
accommodate presentation of low and high expressed cytokines in the same graph. *p< 0.05, **p< 0.01, ***p< 0.001 [Color figure can be viewed at
wileyonlinelibrary.com].



demonstrating that bone marrow‐derived myeloid cells col-
lected from cKI mice generated far more osteoclasts in culture
(Fig. 3H, I). Congruently, cKI‐derived osteoclasts exhibited
osteoclast gene expression profile much higher than cells
derived from WT mice littermates (Fig. 3J). In addition,
trichrome staining showed reduced mineralized compartments
(Fig. 3K; reduced blue color) and reduced bone formation rate
(Fig. 3L, M) in cKI mice. Analysis of femoral cortical bone
showed that genetic activation of NF‐κB/IKK2 signaling in IECs
has a modest effect on cortical bone, which might be due to
the short duration of experiments and the relative younger
mice used for analysis (data not shown). Next, we attempted to
verify whether the osteopenic phenotype in cKI mice was a
consequence of highly exaggerated inflammatory cytokines.
Similar to our observation in DSS‐treated mice, levels of serum
circulating cytokines in cKI mice showed elevated proinflam-
matory cytokines, with particular increased expression of TNFα,
IL‐6, IL‐1β, MCP1, and IL‐17A (Fig. 3N). Interestingly, we
detected copious amounts of IL‐10, a well‐established antago-
nist of intestinal inflammation, and significant increase in
RANKL levels, which is essential for osteoclastogenesis. To
determine if these changes correlate with intrinsic effect of
IKK2ca in IECs, we isolated these cells from the intestine
epithelial layer of cKI mice and detected high expression of
mRNA transcript for IKK2, IL‐17A, IL‐1β, TNFα, IL‐10, RANKL, GM‐
CSF, and G‐CSF among other cytokines (Fig. 3O and Supple-
mental Fig. S3), although a minor change of DKK1 level,
pointing to a direct correlation between IEC cytokine expres-
sion profile and circulating cytokines. Collectively, these data
provide direct evidence that conditional constitutive activation
of IKK2 in the intestine mimics the osteopenic skeletal
phenotype observed in DSS‐treated mice, which supports a
significant role of IKK2/NF‐κB signaling in IECs as the culprit in
IBD‐bone loss axis.

Treatment with DSS or intrinsic expression of IKK2ca in
IECs alters frequency of ILCs

It is believed that IEC‐derived cytokines such as IL‐23 and IL‐
17A facilitate cross‐talk with innate lymphoid cells (ILCs),
gut‐residing cells that are considered professional cytokine‐
producing cells and crucial for mucosal homeostasis main-
tenance.(61) However, direct evidence that IECs regulate ILCs
remains scarce. For this reason, we also examined frequency

and cytokine expression by ILCs and observed increased
frequency, in DSS‐treated mice, of the pro‐inflammatory
ILC1(NK1.1+) and ILC3(RORγt+) cell populations (Fig. 4A), which
also expressed high levels of inflammatory cytokines measured
by cell fluorescence (Supplemental Fig. S4A, B). ILC2(GATA3+)
subsets appeared to be reduced after DSS treatment.
Consistent with the notion that IECs regulate ILCs, as we
suggested in the DSS‐treated model, we identified enriched
frequency of ILC3 and ILC1 populations within the CD45+

lamina propria cells (Fig. 4B and Supplemental Fig. S4C)
subsequent to knock‐in of IKK2ca in IECs. We also determined
enrichment of the corresponding signature intracellular cyto-
kines, such as IFNγ, IL17A, and TNFα levels in ILC3 subsets (Fig.
4C). Interestingly, we also detected a drastic decrease in TGFβ
in ILC3 (Fig. 4C), high levels of which have been shown to
protect gut from injury by Smad‐dependent suppression of NF‐
κB and proinflammatory cytokine production.(62) Collectively,
although not conclusive, these results suggest that in response
to chemical insult (DSS irritation), IECs produce a wide range of
inflammatory cytokines, some of which, namely IL‐23 and IL‐17,
are known to induce and activate ILCs.(63) Subsequently, ILC1
and ILC3 further produce cytokines and other factors that feed
into and contribute to the rise of systemic inflammatory
mediators.

Constitutive activation of IKK2ca in IECs alters frequency
of osteoclast progenitors and IKK2 overexpressed IECs
stimulates bone marrow‐derived osteoclastogenesis

To further unravel the reasons for enhanced osteoclastogen-
esis, we examined the frequency of the myeloid progenitor
population that gives rise to osteoclasts. Therefore, the LSK
(Lin‐Sca+cKit+) population ratio, from which potent osteoclast
progenitors and osteoclast founders arise, was determined in
bone marrow from DSS‐treated and cKI mice and their control
counterparts. In both cases, the bone marrow of these mice
exhibited enriched LSK population (Fig. 5A, B). This increased
frequency together with the high propensity of these LSK cells
to form more osteoclasts as we have shown previously(64)

supports our hypothesis that the marrow microenvironment is
sensitized by IEC and ILC‐secreted cytokines and that NF‐κB
activity orchestrates this heightened response. Thus, IECs in the
epithelial layer serve as sensors and guide inflammatory
cytokines in an NF‐κB‐dependent manner to mount an ILC
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Fig. 4. Genetic activation of IKK2 in IECs leads to increased expression of inflammatory mediators in serum, IECs, and ILC3 cells. Small
intestinal–derived lamina propria cells were collected from control (n= 6) and DSS‐treated (n= 6) mice. Frequency of ILCs was measured using FACS
analysis as described in Materials and Methods (A). Eight‐week‐old WT and cKI mice (n= 6 for each group) were euthanized and serum, bone marrow,
and intestines were collected. Percent of ILC3 in total Lin‐CD45+ lymphocyte population was measured by flow cytometry (B and Supplemental Fig.
S7). Percent of cytokine‐positive ILC3 was measured by flow cytometry of in‐cell cytokine‐specific fluorescence (C and Supplemental Fig. S7).
*p< 0.05, **p< 0.01, ***p< 0.001.



inflammatory response that culminates with increased fre-
quency and potency of osteoclast progenitor population.
To further investigate whether IKK2‐expressing intestinal

epithelial cells are able to directly lead WBM‐derived osteo-
clastogenesis, CD326+ IECs were infected with lentivirus con-
taining IKK2ca construct or control to generate stable pools of
cells with increased expression of IKK2 (Fig. 5C). Co‐culturing
IECs with bone marrow cells showed that IECs infected with
IKK2ca (IKK2caIEC) are able to either directly induce WBM‐
derived osteoclastogenesis independent of exogenous RANKL
(illustrated as –R) evident by presence of small TRAP+multi-
nucleated osteoclasts (MNCs) (Fig. 5D) and also favor osteoclast
differentiation in the presence of exogenously added permis-
sive levels of RANKL (Fig. 5D, lower panels [+ R]). Since we
suggest that inflammatory cytokine‐producing ILCs are the
major cells targeted by IKK2‐intrinsic epithelial cells, to favor
inflammatory bone environment, we also investigated direct
effect of IKK2ca‐infected epithelial cells on ILC population. Co‐
culture of IKK2caIECs with ILCs (CD3e‒CD19‒CD45+) induced
modest propagation of ILC3 population (Supplemental
Fig. S4D), pointing to direct polarization of the latter cells by
IKK2ca‐expressing IECs. Note that the amount of cytokines (ie,
RANKL) produced by IECs or ILCs in vitro represent a small
fraction of what these cell typically produce in vivo because of
suboptimal microenvironment in vitro; hence, the reason
behind conducting parallel experiment with permissive levels
of RANKL. Next, we turn to examine whether IKK2ca‐infected
ILCs directly induce WBM‐derived osteoclastogenesis. As shown
in Fig. 5E–G, ILC cells infected with IKK2ca showed enhanced

potential to increase WBM‐derived osteoclastogenesis both in
the presence or absence of RANKL stimulation, evident by
increased expression of osteoclast‐specific genes, such as TRAP,
NFATc1, and CTSK. Indeed, our results showed that regardless
of the experimental setting, IKK2‐enriched IECs or ILCs are able
to stimulate more osteoclastogenesis.

Conditional IKK2 deletion in IECs or pharmacological
inhibition of IKK2 signaling normalizes changes in ILC
populations, mitigates inflammatory burden, and
protects DSS‐treated mice from bone loss

Having established that constitutive activation of IKK2 in IECs is
sufficient to mount an intestinal inflammatory response that
leads to increased frequency of ILCs, secretion of pro‐
inflammatory cytokines, increased osteoclastogenesis, and
subsequent bone loss, we surmised that deletion of IKK2 in
IECs should abrogate the cellular changes and attenuate the
inflammatory bone loss observed in DSS‐treated mice. To this
end, we generated one allele deletion of IKK2 in IECs by
crossing floxed‐IKK2 mice with villin‐cre mice, which were then
subjected to the DSS protocol. Examination of the bones by
μCT of conditionally deleted IKK2 (cKO) mice revealed partial
protection of the cKO from bone loss compared with
significantly higher trabecular bone loss found in wild‐type
mice (Fig. 6A, B and Supplemental Fig. S5A–D), which was
further supported by decreased osteoclast abundance in
histological sections of DSS‐treated cKO mice compared with
DSS‐treated WT mice (Supplemental Fig. S5E; arrow). More
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Fig. 5. cKI mice exhibit altered frequency of osteoclast progenitors, and IKK2 overexpressing IECs and ILCs stimulate bone marrow–derived
osteoclastogenesis. Frequency of osteoclast progenitors (LSK cells) was measured by FACS analysis of marrow cells in DSS‐treated mice (A), and cKI
mice (B), with their corresponding control. An amount of 20 K of sorted CD326+ IECs were infected with control lentivirus (Ctl) or IKK2ca (IKK2caIEC)
overnight (for 16 hours), and efficiency of infection was evaluated by determination of % of IKK2 in CD326+ epithelial cells (C). Infected IECs were co‐
cultured with 50 K of WT/whole bone marrow in 96‐well plates, in the absence (–R) or presence of permissive levels of RANKL (5 ng/mL) (+ R) and M‐

CSF (10 ng/mL). After 5 days, cells were fixed and proceeded for TRAP staining to identify TRAP+MNCs formation (D). An amount of 100 K of sorted
CD3‐CD19‐CD45+ILCs were infected with retrovirus containing control (Ctl) or IKK2ca construct (IKK2caILC) overnight (for 16 hours), and infected ILCs
were co‐cultured with 200 K of wild‐type bone marrow cells, in the absence (–R) or presence of permissive levels of RANKL (5 ng/mL) (+ R) and M‐CSF.
Osteoclast‐specific genes, such as TRAP, NFATc1, and Cathpsin K (CTSK), were determined in co‐cultured cells after 5 days (E–G). *p< 0.05, **p< 0.01,
***p< 0.001 [Color figure can be viewed at wileyonlinelibrary.com].



importantly, deletion of IKK2 in IECs variably but significantly
attenuated expression of the pro‐inflammatory and osteoclas-
togenic cytokines IL‐17A (Fig. 6C–E) and to a lesser degree of
RANKL (Supplemental Fig. S5F), while increasing levels of the
anti‐inflammatory cytokine IL‐10 (Fig. 6F) and IFNγ (Supple-
mental Fig. S5G) in cKO mice were sustained. Buttressing the
key role of IKK2 in IEC and its secreted cytokines as gatekeepers
of the intestine inflammatory response, we detected no
increase in ILC3 frequency in DSS‐treated IEC‐cKO mice
compared with the expected significant increase in DSS‐treated
WT mice (Fig. 6G). Similarly, frequency of LSKs was decreased in
DSS‐cKO mice compared with DSS‐treated WT mice (Fig. 6H),
which is consistent with protection of DSS‐treated cKO mice
from bone loss. Our results show a protective effect against DSS
effect when IECs lack IKK2, as evident by significant and some
modest decreases in levels of circulating cytokines, the latter
which may be due to the systemic effect of DSS on other cell
types. The variability we observed in detecting inconsistent
amounts of cytokines, such as RANKL and IL‐23, stems from the
varying levels of IECs in vivo and dilution of the cytokines in the
serum as opposed to consistently strong intrinsic expression by
IECs. On the other hand, IL‐10 levels increased more than
10‐fold in DSS‐treated cKO mice compared with corresponding
controls, which may indicate a significant protective effect.
However, the precise mechanism underpinning IL‐10 changes
remains to be explored.
To further probe the therapeutic value of our findings

regarding the central role of IKK2/NF‐κB in intestinal inflamma-
tion‐mediated bone loss, we pharmacologically inhibited IKK2
activity by injecting DSS‐treated mice with a combination of
two IKK2‐specific inhibitors (IKK2i), ACHP and sc‐514. Gross
examination (Supplemental Fig. S6A) and histological analysis
of H&E‐stained colon sections from DSS‐treated mice (Supple-
mental Fig. S6B) showed that under IKK2i‐treated conditions,

significant reduction of inflammatory indices such as reduced
intestine shortening, reduced tissue thickening, improved
intestine crypt architecture, and viable cellularity were ob-
served compared with vehicle‐treated mice. This assessment
was consistent with plummeted expression levels of inflam-
matory cytokines (Fig. 7A–F and Supplemental Fig. S6C, D), and
reduced trend of ILC1 and ILC3 frequencies in DSS‐treated mice
exposed to IKK2 inhibitors compared with those treated with
DSS alone (Fig. 7G, H). Most importantly, consistent with this
overall reduced inflammatory burden in IKK2i‐treated mice, μCT
analysis of bone parameters showed that treatment of mice
with IKK2 inhibitors significantly rescued bone loss induced in
DSS‐treated mice compared with vehicle‐treated mice (Fig. 7I)
evident by improved trabecular BV/TV (Fig. 7J) and other bone
parameters such as connective tissue density, trabecular
number, as well as reduced trabecular space (Supplemental
Fig. S6E–H). Histological analysis of TRAP‐stained bone sections
further confirmed that IKK2i reduced osteoclasts in DSS+ IKK2i‐
treated animals compared with those treated with DSS alone
(Fig. 7K). These observations were further substantiated by
decreased levels of cross‐links (CTX) that reflect bone resorptive
activity of osteoclasts in vivo in the IKK2i‐treated mice
(Supplemental Fig. S6I). Taken together, our findings show
that intrinsic expression of active IKK2 elicits inflammatory
effects in IECs and that IEC‐specific deletion or systemic
inhibition of this kinase is beneficial to reduce levels of
inflammatory cytokines and cells in the lamina propria and
alleviates bone loss associated with gut inflammation.

Discussion

Bone loss has been linked to chronic gut inflammation. Despite
extensive research, the mechanistic underpinning of this health
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Fig. 6. IEC‐specific inactivation of IKK2 significantly rescues DSS‐induced bone loss. Serum, long bones, bone marrow, and intestines were collected
from water or DSS‐treated WT and IKK2 fl/fl:Villin cre‐ (cKO) mice. (A) μCT images of distal femur diaphysis (scale bar= 1mm) and quantification of (B)
connective density (WT/Ctl, n= 6; cKO/Ctl, n= 6; WT/DSS, n= 7; cKO/DSS, n= 7). (C–F) Serum levels of circulating cytokines measured by ELISA (WT/
Ctl, n= 7; CKO/Ctl, n= 6; WT/DSS, n= 8; cKO/DSS, n= 6). (G) Percent of ILC3 cells in total lymphocytes collected from the lamina propria cells
measured by FACS analysis (WT/Ctl, n= 8; cKO/Ctl, n= 6; WT/DSS, n= 9; cKO/DSS, n= 7). (H) Percent of LSK+ OC progenitors in the marrow of
different groups was measured using FACS analysis (WT/Ctl, n= 9; cKO/Ctl, n= 8; WT/DSS, n= 10; cKO/DSS, n= 9). *p< 0.05, **p< 0.01, ***p< 0.001
[Color figure can be viewed at wileyonlinelibrary.com].



predicament remains elusive. In this study, we identified IKK2 in
IECs as a primary mediator of this inflammatory response. cKI
mice showed mild intestinal inflammation evident by moder-
ately reduced body weight (Supplemental Fig. S2G), relative
disorganized colon epithelial structure (Supplemental Fig. S2H)
not affecting colon length (data not shown), and no evidence
of erosion compared with DSS colitis‐induced mice (Supple-
mental Fig. S1A–C). Hence, we took advantage of the mild
pathology of IKK2ca IBD‐like model to interrogate the
mechanistic aspects sparing the confounding epithelial erosive
aspects associated with DSS‐IBD. Stimulated IECs trigger
changes in pro‐inflammatory ILC1 and ILC3 cells, which, similar

to IECs, produce ample inflammatory cytokines and growth
factors in response to mucosal antigen‐presenting cells, evident
by expression of IL‐1β, IL‐6, IL‐23, IL‐17A, and IFNγ, as well as in
response to local cytokine milieu. This leads to increased
frequency of ILCs locally, which is consistent with previous
findings that described increased ILCs in the gut and in gut‐
associated lymph nodes during IBD (summarized in Buela and
colleagues(65)). Local changes in IECs and ILCs appear to
summon remote systemic effects including increased fre-
quency of marrow myeloid cells, the precursor cells for
osteoclasts, presumably due to abundance of circulating
cytokines. Indeed, our novel observation that IECs, and
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Fig. 7. Pharmacological inhibition of IKK2 partially but significantly rescues DSS‐induced bone loss. Serum, bones, bone marrow, and intestines were
collected from vehicle or IKK2 inhibitor–injected (9 days) control and DSS‐treated mice (Ctl, n= 3; Ctl+ IKK2i, n= 4; DSS, n= 3; DSS+ IKK2i, n= 4;
repeated 3 times). Serum levels of pro‐ and anti‐inflammatory cytokines were measured using ELISA (A–F). (G, H) Percent of ILC1 and ILC3 cells in total
lymphocytes was measured by FACS analysis (Ctl, n= 3; Ctl+ IKK2i, n= 4; DSS, n= 3; DSS+ IKK2i, n= 4). μCT images (scale bar= 1mm) of distal
femur diaphysis (I) and quantification of bone volume (BV/TV) (J) (Ctl, n= 3; Ctl+ IKK2i, n= 4; DSS, n= 3; DSS+ IKK2i, n= 4). Long bones were fixed
and processed for immunohistochemistry using TRAP staining (K; scale bar= 100 μm) to detect osteoclasts (red/purple color). *p< 0.05, **p< 0.01,
***p< 0.001 [Color figure can be viewed at wileyonlinelibrary.com].



potentially ILCs, express RANKL, TNFα, and IL‐17 directly
support the role of these cells as regulators of bone cells, as
they both support osteoclastogenesis (Fig. 5). To our knowl-
edge, these findings are the first to establish the role of IECs
and ILCs in bone homeostasis and pathogenesis.
The highlight of our studies is establishing the direct and

critical role played by NF‐κB at the apex of gut inflammation,
connecting gut and bone pathogeneses. Specifically, using cell‐
specific genetic approach, we provide unequivocal evidence that
conditional expression or deletion of IKK2 in IECs modulates
intestine‐residing immune cells, namely ILCs, regulates expres-
sion of inflammatory and osteoclastogenic factors, and mod-
ulates bone homeostasis. Specifically, gain‐of‐function IKK2ca in
IECs mimics the DSS irritant effect evidenced by secretion of
TNFα, IL‐1β, IL‐6, MCP‐1, IL‐17, and RANKL. Consistently, deletion
of IKK2 in IECs dwindled secretion of these cytokines in response
to chemical irritants. The role of NF‐κB as a principal effector of
gut inflammation was validated in earlier studies,(56,59,66,67) in
which it was demonstrated that IKK2 and IKKγ/NEMO directly
regulate intestine immunity and their dysregulation through
activation or genetic ablation, respectively, contributes directly
to the pathogenesis of IBD in mice. However, it is important to
note that whereas exacerbated activation of NF‐κB under
inflammatory conditions is pathogenic and harmful, baseline
activity of NF‐κB is important for the maintenance of physiolo-
gical immune homeostasis, which was predominantly observed
in epithelial cells. It is for this reason that we employed an IKK2
haplo‐insufficient approach. In this regard, and consistent with
previous studies,(66) we observed that complete deletion of both
IKK2 alleles in IECs results in destructive effects, whereas deletion
of one allele elicits the opposite result, namely, lowers the
inflammatory burden and protects IECs, resulting in healthy
intact intestine crypts that are less responsive to chemical insults.
On the other hand, we also noticed the expression of
constitutively active IKK2 in IECs, while mounting robust
inflammatory response, did not affect the integrity of the
intestine epithelial layer and did not lead to tissue destructive
effects. This latter finding is also supported by earlier observa-
tion.(68) The data depicted in this body of work suggests that
inflammatory IECs produce a wide range of cytokines including
RANKL, TNFα, IL‐17, IL‐1β, IL‐6, and other osteotropic cytokines
and growth factors. Cellular analysis shows that frequency of the
potent marrow‐derived osteoclast progenitors LSK population is
increased under gut inflammatory conditions. These cells are
sensitized and readily differentiate into osteoclasts in the
presence of RANKL, TNFα, IL‐17, and the various osteoclasto-
genic cytokines mentioned earlier. This circumstance is consis-
tent with earlier findings in which we show that systemic
inflammation in scurfy (foxp3 mutant) mice leads to dramatic
osteopenia due to expression of copious amounts of cytokines,
skewing, and sensitization of the bone marrow LSK popula-
tion,(69) resulting in exacerbated osteoclastogenesis. More to this
point, we observed significant reduction of TGFβ in ILCs derived
from cKI mice, while serum levels of IL‐10 remained high. TGFβ
and IL‐10 are anti‐inflammatory factors typically produced by
regulatory T cells (TREGS)

(70) and as our data suggest by ILC cells.
TGFβ has also been shown to protect from gut injury by
inhibiting NF‐κB and pro‐inflammatory cytokine production in a
Smad‐dependent manner.(62) Therefore, it is reasonable that
reduced TGFβ levels, which is also essential for activating TREG
cells, may contribute to decline in the anti‐osteoclastogenic
activity and elevated levels of pro‐inflammatory and pro‐
osteoclastogenic factors by these lymphocytes. On the other

hand, elevated levels of IL‐10 may reflect a feedback mechanism
to counter the robust inflammatory response.
Individual therapies such as neutralization of IL‐17, blocking

IL‐13, or IP‐10 have failed to produce protective effect in
ulcerative colitis patients, suggesting that greater cytokine
redundancy exists in colitis.(71) This is especially detrimental in
the case of the bone loss comorbidity due to its sensitivity to
most inflammatory cytokines, rendering strategies to target
individual cytokines obsolete. In contrast, targeting NF‐κB,
which resides at the apex and mediates the actions of most
inflammatory cytokines, encompasses greater breadth and
explains the therapeutic efficacy we demonstrate in our study.
Caution should be taken, however, to avoid complete shut-
down of NF‐κB signaling, baseline activity of which is essential
for cell survival and cellular homeostasis.
It has been suggested that the IL23/IL17A inflammatory axis

governs the cross‐talk between innate and adaptive immunity
during gut inflammation and induces ILCs. In this regard,
Buonocore and colleagues(72) identified ILCs as being respon-
sible for intestinal inflammation through secretion of IL‐17A or
IFN‐γ and recruitment of other cells. This process includes
recruitment of adaptive immune T‐cell populations evident by
rising levels of IL‐12, IFN‐γ, and IL‐2. Altogether, it is likely that
the initial trigger of IECs by irritants leads to NF‐κB‐dependent
production of first‐tier inflammatory cytokines, which subse-
quently recruit and activate innate and adaptive immune cells
that exacerbate the inflammatory response through production
of excessive amounts of cytokines.
We have observed cytokine variability among different

models that we believe reflect fundamental differences due
to the nature of immune response in DSS‐induced model
compared with the tissue‐restricted IKK2ca‐elicited model.
Specifically, it is well documented that DSS disrupts the
intestinal barrier function and summons a wider‐range immune
response compared with cKI mice. Therefore, targeting NF‐κB in
the IECs, while appearing effective in reducing the inflamma-
tory burden and bone loss, is not expected to reverse the entire
destructive effects of DSS. Hence, the relative intestine
architectural protection that we observed after deletion versus
inhibition of IKK2 in the two models must reflect a conse-
quence of the decreased abundance of inflammatory cytokines
and immune cells that contribute to and exacerbate tissue
damage in each model. Although deletion of IKK2 in IECs is not
expected to attenuate the inflammatory response of other gut‐
residing immune cells in response to DSS, systemic inhibition of
IKK2 alters the overall inflammatory response, albeit in a non‐
cell‐specific manner.
Our study has some limitations. Gut inflammation causes

dramatic changes in the microbiota, whose impact on skeletal
health has been recently recognized.(73) Although it is likely
that such changes occur in our IKK2 gain‐ and loss‐of‐function
models, studying this aspect deserves an independent study.
We have also limited the scope of our studies to the function of
IECs and ILCs. We recognize the robust research performed
over the past decades defining the contribution of various
innate and adaptive immune cells during gut inflammation.
Our focus on IECs and ILCs emanates from our belief that these
cells coordinate the mucosal immune response and regulate
innate and adaptive cell responses. Future studies will explore
the specific impact of NF‐κB manipulations on other immune
cells and its relevance to skeletal homeostasis.
Finally, despite our observation that gut inflammation affects

both bone resorption and bone formation, we have focused on
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characterizing the mechanism underpinning bone resorption.
This choice was based on our belief that inhibiting bone
resorption will provide significant bone protection outcome
due to the heightened bone breakdown we observed. This
choice does not detract from the likely significant effect of gut
inflammation on inhibiting bone formation. In fact, our data
show that levels of bone inhibitors such as the Wnt antagonist
DKK1(74,75) and G‐CSF(76) are elevated in the serum of mice with
gut inflammation. Although studies targeting these molecules
have been described, future mechanistic studies are required to
unravel the full spectrum of their negative effect on the
skeleton.
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