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Abstract

Background & Aims—IxB kinase-p (IKKp) mediates activation of the nuclear factor-xB
(NFxB), which regulates immune and inflammatory responses. Although NFxB is activated in
cells from patients with inflammatory diseases or cancer, little is known about its roles in
development and progression of esophageal diseases. We investigated whether mice that express
an activated form of IKKJ in the esophageal epithelia develop esophageal disorders.

Methods—We generated £D-L2-Cre/RosaZ6-1KK2caSFL mice, in which the ED-L2 promoter
activates expression of Cre in the esophageal epithelia, leading to expression of a constitutively
active form of IKKp (IKKpca) in epithelial cells but not inflammatory cells or the surrounding
stroma (IKKBca mice). Mice lacking the Cre transgene served as controls. Some mice were given
intraperitoneal injections of neutralizing antibodies against granulocyte macrophage colony-
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stimulating factor (GMCSF) or tumor necrosis factor (TNF), or immunoglobulin G1 (control),
starting at 1 month of age. Epithelial tissues were collected and analyzed by immunofluorescence,
immunohistochemical, and quantitative real-time PCR assays. Transgenes were overexpressed
from retroviral vectors in primary human keratinocytes.

Results—IKKfca mice developed esophagitis and had increased numbers of blood vessels in the
esophageal stroma, compared with controls. Esophageal tissues from IKKpca mice had increased
levels of GMCSF. Expression of IKKfca in primary human esophageal keratinocytes led to 11-
fold overexpression of GMCSF and 200-fold overexpression of TNF. Incubation of human
umbilical vein endothelial cells with conditioned media from these keratinocytes increased
endothelial cell migration by 42% and promoted formation of capillary tubes; these effects were
blocked by a neutralizing antibody against GMCSF. Injections of anti-GMCSF reduced
angiogenesis and numbers of CD31+ blood vessels in esophageal tissues of IKKfBca mice but did
not alter the esophageal vasculature of control mice and did not alter recruitment of intraepithelial
leukocytes to esophageal tissues of IKKpca mice. Injections of anti-TNF prevented development
of esophagitis in IKKfca mice.

Conclusions—Constitutive activation of IKKp in the esophageal epithelia of mice leads to
inflammation and angiogenesis, mediated by TNF and GMCSF, respectively.

Keywords
microenvironment; immune regulation; transcription factor; gene regulation

Introduction

The mucosal integrity of the esophagus is regularly challenged by its continuous exposure to
irritant factors such as refluxates of gastro-duodenal contents, alcohol, cigarette smoke, and
hot beverages. Defective esophageal epithelial homeostasis has been linked to inflammation
and injury and is implicated in the pathogenesis of esophageal diseases, resulting in
significant morbidity, mortality, and health care expenditures®: 2. For example, esophageal
cancer is the sixth most common cause of cancer-related death worldwide3, and most of
these cancers arise from squamous mucosa®. Moreover, patients receiving irradiation for
thoracic malignancies typically develop an acute esophagitis which can necessitate
hospitalization or treatment interruption and eventually lead to stricture or ulceration?®.
Overall, a greater understanding of the mechanisms and consequences of esophageal
inflammation and injury will lead to new therapeutic approaches for these diseases.

Dysregulation of signaling by the NF«B transcription factor family is associated with
numerous inflammatory diseases and cancers, including reflux esophagitis®-19, and members
of the NFxB family are pivotal for the maintenance of homeostasis by controlling diverse
biological processes, such as inflammation, cell survival, and cell growthl. However, the
direct consequences of NFxB activation on the esophageal microenvironment are not
known, and the complex mechanisms by which NF«B signaling leads to the development
and/or progression of esophageal diseases have yet to be determined.
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The protein kinase IKKp (IKK2), a member of the 1xB kinase (IKK) complex, is responsible
for activation of the NFkB signaling pathway!2 13. To date, most studies of epithelial IKKp
signaling have focused on processes intrinsic to epithelial cells, or linked to immune
regulation. Yet epithelial inflammation has consequences outside of the epithelium, and our
knowledge of the mechanisms by which epithelial IKKp signaling modulates endothelial
cells, immune cell recruitment, and other components of the stroma is still limited.
Moreover, the effects of IKKf activation on esophageal epithelial homeostasis have not been
been studied /in vivo.

Here, we have utilized mice with activation of IKKp specifically in the epithelia of the
esophagus to demonstrate that epithelial IKKp activation leads to esophagitis and to changes
in the stromal vasculature. Moreover, epithelial IKK[ activation stimulates secretion of pro-
angiogenic granulocyte-macrophage colony-stimulating factor (GM-CSF) by esophageal
keratinocytes, resulting in neovascularization, and GM-CSF blockade prevents the pro-
angiogenic effects of activated NFxB signaling /n vitro and in vivo. Thus, epithelial IKKf
signaling is an important regulator of esophageal stromal vasculature through GM-CSF and
of inflammation through TNF.

Materials and Methods
Generation of ED-L2-Cre/Rosa26-IKK2caSFL Mice

All animal studies were approved by the Institutional Animal Care and Use Committee at
the University of Pennsylvania. Mutant mice were hemizygous for Rosa26-Stop-Floxed-
Constitutively active IKK2 (Rosa26-1KK2casFL, Jackson Laboratories, Bar Harbor, ME) and
for the Cretransgene. All mice used for experiments were on a pure c57BL/6 background.
For all experiments with £D-L2-Cre/Rosa26-1KK2ca*FL (L 2/IKKfca) mice, sex-matched
littermate /KK2ca> lacking the Cretransgene served as controls. Additional details are
provided in the Supplementary Materials and Methods section.

Cell Culture and Treatment

Mouse and primary human esophageal keratinocytes and primary human esophageal
fibroblasts were isolated as described!®. Human umbilical vein endothelial cells were
purchased from Lonza (Walkersville, MD). Human Embryonic Kidney 293T cells, Phoenix-
Ampho, and Phoenix-Eco cells were purchased from ATCC (Manassas, VA). Cells were
cultured, transfected or infected, and quantitation was performed as described in the
Supplementary Materials and Methods section

Immunofluorescence, Immunohistochemistry, and Microvessel density

Immunofluorescence and immunohistochemistry were performed using standard protocols.
For descriptions of protocols and antibodies used, see the Supplementary Materials and
Methods section. Blood vessels were visualized by staining endothelial cells with CD31
antibody. Six high-power fields were identified on each slide, and the MV Ds were calculated
as the total area of vessels in a x200 field relative to the total stromal area.
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Western Blots

Western Blots were performed as described previously®. Additional details are provided in
the Supplementary Materials and Methods section.

RNA Analyses

RNA was extracted using the GeneJET RNA purification kit (Thermo Scientific, Pittsburg,
PA) following the manufacturer's instructions. Quantitative real-time polymerase chain
reaction (PCR) analyses were performed as described!®. Additional details are provided in
the Supplementary Materials and Methods section.

Tube Formation Assay

Basement membrane extract (Trevigen, Gaithersburg, MD) was added to the wells of a 96-
well plate and allowed to solidify at 37°C for 30 minutes. HUVEC (15,000 cells per well)
were added in conditioned media from primary human esophageal keratinocytes, in the
presence or absence of a neutralizing antibody against human GM-CSF (R&D systems).
Cells were incubated at 37°C for 4h. The tubular networks were photographed in the wells
using a Qimaging digital camera (Surrey, BC, Canada) attached to an inverted microscope
(Leica DMIRB, Buffalo Grove, IL) with 10x objective.

Endothelial Cell Migration Assay

HUVEC (5x10* cells) were added into the top chamber of an 8uM FluoroBlok insert
(Corning) in 300pl of serum-free EBM2 media (Lonza) in triplicate. The inserts were placed
into the bottom chamber of a 24-well plate containing conditioned media from primary
human esophageal keratinocytes. At 24h, cells that migrated through the pores of the
membrane to the bottom chamber were stained with calcein 8 pg/ml (Molecular Probes,
Eugene, OR) in PBS for 30 min at 37°C. The fluorescence of migrated cells was quantified
using a fluorescence microplate reader (Biotek FLx800, Winnoski, VT) at 485 nm excitation
and 530 nm emission. Data are expressed as number of cells that migrated through or
invaded pores +/— SEM.

In vivo MP1-22E9 and XT3.11 treatment

Starting at 1 month of age, L2//KKfcamice and littermate controls were given
intraperitoneal injections of the GM-CSF neutralizing antibody MP1-22E9, the TNF
neutralizing antibody XT3.11, 1gG2a control (for MP1-22E9), or IgG1 control (for XT3.11)
at doses of 800ug per mouse for MP1-22E9 or 500ug per mouse for XT3.11 (BioXCell,
West Hanover, NH). Mice were treated every Monday and Thursday until they reached 1.5
month of age. The following numbers of matched littermate control and mutant mice were
injected with neutralizing antibody or control: 1gG2a, three pairs; MP1-22E9, three pairs.
The following numbers of mutant mice were injected with neutralizing antibody or control:
1gG1, four mice; and XT3.11, 4 mice.

Statistical Analyses

Results were expressed as mean + standard error of the mean, with statistical significance of
differences between experimental conditions established at 95%. Two-way analysis of
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variance (ANOVA) and Student ¢test were used to indicate the statistical difference between
groups using GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA). Additional
details are provided in the Supplementary Materials and Methods section.

To delineate the role of epithelial NFkB/IKK signaling in the control of the esophageal
microenvironment, we crossed £D-L2/Cre micel® to mice in which a constitutive active
form of IKKp (IKKfca) and EGFP were inserted into the endogenous ROSA26 locus
(IKK2caSFL; Jackson Laboratory)!’ (Supplementary 1A). £D-L2/Cre mice express Cre
recombinase under the control of the Epstein-Barr Virus (EBV) £D-L2 promoter, which
drives transgenic expression specifically within the epithelia of the tongue, esophagus, and
forestomach and the skin of the ventral neck!® 18, 1 2/Cre;ROSA26-1KKfca+/L mice (L2/
IKKpca mice) had increased IKKp signaling in esophageal epithelia, with increased IKKf
expression, and decreased expression of IxBa, a downstream target typically inhibited by
IKK activation (Supplementary Figure 1B). Recombination efficiency within esophageal
epithelia of 1 month-old L2//KKfca mice was confirmed by immunofluorescence for EGFP
(Supplementary Figure 1D). In contrast, no EGFP expression was observed in control mice
(Supplementary Figure 1C).

At 1 month of age, LZ/IKKcamice demonstrated mild hyperplasia (Figure 1B), compared
to littermate controls (Figure 1A). By 1.5 month of age, compared to control mice (Figure
1C), esophageal mucosa of L2//IKKfcamice became irregular, with the elongation of lamina
propria papilla, and the presence of an inflammatory infiltrate (Figure 1D). By 3 months of
age, the stromal architecture of L2//IKKf5camice was further disrupted (Figure 1F),
compared to controls (Figure 1E), with hydropic changes, indicative of cellular injury
(Figure 1F, arrow). BrdU labeling showed increased proliferation in esophageal epithelia of
LZ/IKKpBca mice at 4 weeks of age (Supplementary Figure 2A). Interestingly, TUNEL
assay revealed a dramatic increase in apoptotic cells of L2//KKfca mice (Supplementary
Figure 2C) compared to littermate controls (Supplementary Figure 2B) only at 3 months
of age, suggesting a response of the epithelium to the inflammation seen at 6 weeks of age
or a compensatory response to the increased proliferation. We also observed hyperplasia of
the tongue and ventral neck skin but not the forestomach of L2//KKffca mice
(Supplementary Figure 3), and L2/IKKfca mice developed crusted skin lesions and
alopecia that necessitated euthanasia by 3 months of age. No lesions were observed in
control mice.

To confirm the presence of esophageal inflammation in L2//KKfca mice, we stained
esophageal mucosa of control and L2//KK5ca mice for the leukocyte marker CDA45.
Infiltrating leukocytes were observed in the epithelia and lamina propria of L2//KKfca mice
(Figure 2B/D), compared to controls (Figure 2A/C), at 6 weeks (Figure 2A-B) and 3
months (Figure 2C-D) of age. Using PCR arrays, we also observed statistically significantly
changes in expression of 13 cytokines, including several key chemokines, in esophageal
epithelia isolated from 4 week-old L2//KK/fca mice, compared to epithelia from littermate
controls (Supplementary Table 1). Among these, interleukin-10, lymphotoxin A, tumor
necrosis factor, interleukin 12B, interleukin 12A, Chemokine (C-X-C motif) ligand 5,
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granulocyte-macrophage stimulating factor, and thrombopoietin were upregulated in
esophageal epithelia of L2/IKKf5camice, while bone morphogenetic protein 2, bone
morphogenetic protein 7, macrophage migration inhibitory factor, bone morphogenetic
protein 4, and cardiotrophin 1 were downregulated. To characterize the immune cell
infiltrate observed in L2/IKK/5ca mice, we performed FACS analyses on spleen and
esophagus from 6 week-old mice. We analyzed the leukocyte fraction (CD45+) for
macrophages, natural killer cells (NK), dendritic cells (DC), myeloid-derived suppressor
cells (MDSC), T-cells, T helper cells (Th), cytotoxic T cells (CTL), and regulatory T (Treg)
cells (Supplementary Table 2). Among these, only MDSCs were significantly different
between L2/IKKfcaand control mice, when controlling for tissue type, with MDSCs
increased by more 6-fold in esophageal epithelia and more than 9-fold in spleens of L2/
IKKpcamice compared to controls. No significant changes were observed for macrophages,
NK cells, DC, MDSC, T-cells, Th cells, CTL cells, and T-reg cells.

Initial histological studies of esophageal mucosa from L2//KKfca mice suggested that these
mice had alterations in their esophageal vasculature. To delineate the esophageal stromal
vasculature of L2/IKKfca mice, we stained esophageal sections for the endothelial cell
marker CD31 (Figure 3A-B). Compared to littermate controls, L2//IKKfjca mice had a 3- to
4-fold increase in microvessel density (MVD) starting at 1.5 months of age (Figure 3C).
Pericytes are mesenchymal-derived cells that support endothelial cell maturation and blood
vessel integrity, and coverage of blood vessels by pericytes is reflective of a functional
microvasculaturel®. By co-staining with CD31 for endothelial cells and desmin for pericytes
(Figure 3D-F), we demonstrated that pericyte coverage was preserved in LZ/IKK/ca mice.

The formation of new vasculature shapes the microenvironment and has been detected early
in the pre-malignant stages of cancer and in the context of inflammation and injury20. We
hypothesized that pro-angiogenic factors were secreted by esophageal epithelial cells in
response to IKKp activation, leading to changes in the stromal vasculature. To identify these
pro-angiogenic factors, we performed mouse cytokine/chemokine PCR arrays on esophageal
epithelial peelings from LZ2/IKKfficamice at 1 month of age, before the onset of changes in
the esophageal vasculature. Among the most highly induced pro-angiogenic factors was
GM-CSF, which was increased by 4.6-fold in 1 month-old L2//KKpca mice (Figure 4A). In
contrast, expression of VEGF, a well-known inducer of angiogenesis, was not significantly
changed (not shown). Immunohistochemistry also demonstrated increased GM-CSF in
esophageal epithelia of 4 week-old L2//IKKfca mice (Supplementary Figure 4B) compared
to littermate controls (Supplementary Figure 4A). To confirm that changes in GM-CSF
MRNA expression were a direct effect of /KKJ5activation, we infected primary human
esophageal keratinocytes with /KKf5ca overexpressing retrovirus or control. Compared with
control cells, /KKpca overexpressing primary human esophageal keratinocytes had an 11—
fold induction in GM-CSFmRNA (Figure 4B). In addition, conditioned media from
cultured primary human esophageal keratinocytes expressing /KK/5ca revealed increased
secretion of GM-CSF, compared to controls (Figure 4C). Taken together, these data
demonstrate that epithelial IKKf promotes secretion of pro-angiogenic GM-CSF.

We next sought to determine whether increased angiogenesis with IKKp activation was a
direct result of GM-CSF secretion by esophageal epithelial cells. Treatment of HUVECs
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with conditioned media from primary human esophageal keratinocytes expressing /KKpca
increased capillary tube formation (Figure 5C/E), compared to controls (Figure SA/E).
This increase in tube formation was abolished by treatment with GM-CSF blocking antibody
(Figure 5D/E). Importantly, GM-CSF neutralization did not affect tube formation when the
assay was performed in the presence of conditioned media from keratinocytes expressing
empty vector control (Figure 5B/E). We next performed endothelial cell migration assays in
the presence of conditioned media from /KKpca expressing keratinocytes. HUVEC
migration was increased by 42% in the presence of conditioned media from esophageal
keratinocytes with constitutively active IKK[, compared to controls, and GM-CSF
neutralizationblocked this increased cell migration (Figure 5F). GM-CSF blockade did not
alter HUVEC cell migration treated with conditioned media from control esophageal
keratinocytes (Figure 5F). Thus, increased epithelial IKKR signaling promotes angiogenesis
via GM-CSF.

To determine if GM-CSF was also responsible for neovascularization in mice with increased
IKK signaling, we treated L2//KK5camice and littermate controls with the GM-CSF
blocking antibody MP1-22E9 or 1gG2a control. Control mice treated with 1gG or MP1-22E9
had no differences in the esophageal vasculature or homeostasis (not shown). In contrast,
compared to L2/IKKpca mice treated with 19G2a (Figure 6A/D), L2/IKKfca mice with
GM-CSF neutralization (Figure 6B/E) had a significant reduction in the number of CD31+
blood vessels (Figure 6C) and VWEF positive endothelial cells. GM-CSF can induce
angiogenesis either by a direct effect on endothelial cells or through the recruitment of
macrophages that subsequently release pro-angiogenic factors 2123, However, GM-CSF
inhibition did not appear to alter recruitment of intraepithelial leukocytes, as we observed
similar numbers of CD45+ cells in esophageal epithelia of L2//KKfca mice treated with
GM-CSF blocking antibody (Supplementary Figure 5B), compared to mutant mice treated
with 1gG2a control (Supplementary Figure 5A). Thus, IKKp activation in keratinocytes
induces GM-CSF secretion to triggers stromal neovascularization.

We next sought to determine whether other cytokines identified in our PCR array were
responsible for the inflammatory response and immune cell infiltration in L2//KKfca mice.
Among the cytokines we identified as up-regulated in esophageal keratinocytes of mice with
constitutively-active IKKB was pro-inflammatory tumor necrosis factor (TNF), which was
increased by 200-fold (Supplementary Table 1). Interestingly, TNF signaling drives
accumulation of MDSCs?4 25, which were increased in L2//KKfca mice. To determine if
TNF was required for the inflammatory response and immune cell infiltration following
IKK activation, we treated L2//KKf5ca mice with the TNF neutralizing antibody XT3.11 or
1gG1 control. LZ/IKKfcamice treated with 1gG1 had irregular basal layers (Figure 7A)
compared to L2/IKKpca mice treated with XT3.11 (Figure 7B). Staining for the leukocyte
marker CD45 showed decreased immune cell infiltration in the esophageal mucosa of L2/
IKKpca mice treated with XT3.11 (Figure 7D-E) compared to L2//IKKfca mice treated with
IgG1 (Figure 7C/E). Taken together, these data suggest that activation of epithelial IKKf
leads to inflammation and immune cell recruitment via TNF.

Inflammation is implicated in the development of numerous malignancies26-28 including
esophageal squamous cell cancer (ESCC), which often arises in the setting of chronic
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inflammation15: 29-32, et the implications of activated IKKB/NFxB signaling, GM-CSF
upregulation, and increased TNF for human esophageal squamous cell carcinogenesis are
not well defined. Using human tissue microarrays (TMA), we examined IKKB/NFxB, GM-
CSF, TNF, angiogenesis, and inflammation in normal and inflamed human esophageal
tissues as well as human ESCC. Consistent with important functions during esophageal
squamous cell carcinogenesis, p65 NFkB, GM-CSF, TNF, CD45, and microvessel density
(MVD) all increased progressively from normal to inflamed human esophageal tissues and
were highest in ESCC (Supplementary Figures 6-11 and Supplementary Tables 3-5).
Moreover, in human ESCC, p65 NF«xB expression correlated with expression of the IKKp/
NF«B targets GM-CSF and TNF (Supplementary Table 6), and TNF levels correlated with
CD45 expression. However, none of these individual markers was significantly associated
with the histopathological or clinical characteristics of the ESCC patients (Supplementary
Table 7).

Discussion

Esophageal homeostasis involves dynamic crosstalk between epithelial cells and underlying
stromal cells. Yet, while alterations of the stromal microenvironment occur in esophageal
diseases such as esophageal cancer and esophagitis, our knowledge of the molecular
mechanisms that mediate changes in the microenvironment and that regulate epithelial-
stromal interactions in the context of esophageal diseases is still very limited. Here, by
activating IKKB/NFxB signaling specifically in epithelial cells of the esophagus, we have
interrogated the effects of epithelial inflammation on both esophageal epithelia and the
stromal microenvironment. Moreover, this model has allowed us uniquely to define the
consequences of esophageal inflammation in the early changes of esophageal diseases.

IKK activation in esophageal epithelia of mice causes esophagitis, with recruitment of
intraepithelial leukocytes by 6 weeks of age and overt esophageal mucosal injury by 3
months of age. Interestingly, inflammation in L2//KKpca mice develops in the absence of
physical changes to increase acid or non-acid reflux. Moreover, this epithelial inflammation
is sufficient to drive changes in not only the epithelia but also the surrounding stroma.
Notably, increased levels of the pro-inflammatory cytokine TNF precede immune cell
infiltration into the esophageal mucosa of L2//KKfcamice, and TNFa blockade prevents
immune cell accumulation in the esophageal mucosa following IKKp activation. TNF
signaling leads to accumulation of MDSCs24 25, and MDSCs were increased by more than
6-fold in esophageal epithelia of L2//KKf5ca mice. Since both TNFa and MDSCs are
implicated in chronic inflammation and squamous cell carcinogenesis in mouse
esophagus?® 29, we are currently investigating the role of TNF in MDSC recruitment
following activation of epithelial IKK}.

Our findings not only improve our understanding of the early stages of esophagitis but also
provide important insights into the development of ESCC. IKKB/NFxB signaling is elevated
in patients with esophagitis, as well as those with esophageal squamous cell carcinoma33: 34,
In fact, we demonstrated previously that the IKKB/NFkB pathway is activated in a mouse
that develops esophagitis and esophageal squamous cell carcinomal®. Moreover increased
angiogenesis and GM-CSF expression are also observed in ESCC2% 35, and elevated levels
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of GM-CSF correlate directly with future development of ESCC in high-risk patients36.
Here, we demonstrate that p65 NFxB, GM-CSF, and TNF, along with angiogenesis and
inflammation increase step-wise during progression from normal esophagus to esophageal
inflammation to ESCC. An important caveat is no single factor among those that we
examined predicts the histopathological or clinical characteristics of human ESCC,
suggesting that other factors contribute to tumor growth, spread, and patient survival. Future
studies will be directed towards determining the contributions of IKKB/NFxB, GM-CSF, and
TNF to human ESCC growth and progression and to identifying other key factors, ideally
through a large clinical trial allowing the collection of both tissue and biochemical samples.
Constitutive epithelial IKKp activation induces spontaneous tumor formation and accelerates
tumor initiation in the intestine37: 38, Unfortunately, because of a severe skin phenotype, L2/
IKKpca mice cannot be aged beyond 3 months. Thus, to define the consequences of
epithelial IKKp activation on esophageal carcinogenesis, we are administering chemical
carcinogens such as nitroso-compounds to /KKf5ca mice. Nonetheless, our current study
provides compelling evidence for a role of the IKKB/NF«B pathway and its downstream
targets GM-CSF and TNF in the development of esophagitis and ESCC.

Angiogenesis is essential for tissue repair in inflammatory diseases and wound healing, and
insufficient vascularization is associated with chronic, non-healing wounds3®. However,
angiogenesis must be tightly regulated, since uncontrolled neovascularization promotes the
development and progression of cancer?. Our studies here demonstrate that constitutive
activation of IKKJ in esophageal epithelial cells leads to GM-CSF production, resulting in
increased neovascularization. GM-CSF can play a pro-angiogenic role either through the
recruitment of macrophages or by acting directly on endothelial cells?-23, Since
neovascularization precedes recruitment of intraepithelial leukocytes in the esophagus of L2/
IKKpca mice, our data suggest that GM-CSF secretion directly activates esophageal
neovascularization. However, given the functions of GM-CSF in myeloid cell
differentiation4?, we cannot exclude that GM-CSF also regulates angiogenesis indirectly
through myeloid cells.

Recombinant GM-CSF promotes wound healing and angiogenesis in multiple tissues and
contexts*1-44, Of note, GM-CSF improves esophageal mucosal healing and enhances blood
vessel formation in patients with severe radiation esophagitis*. However, human studies of
radiation-induced esophagitis are challenging, due to difficulties with biopsying the region
and attendant risks for the patient. Since whole-body irradiation models are well established
in mice, molecular mechanisms of angiogenesis can readily be investigated in LZ2/IKKfca
mice with radiation-induced esophageal injuries.

Another implication of our data is the potential dissociation of IKKB/NF«xB pathway effects
in the esophagus on angiogenesis and on inflammation and immune cell recruitment.
Theoretically, therapeutic strategies in esophageal diseases could be tailored towards either
GM-CSF or TNF in order to specifically target angiogenesis or inflammation. In the future,
we plan to delineate the consequences of modulating other cytokines that we have identified
to be differentially expressed in L2//IKKf5ca mice compared to controls, allowing us to define
the mechanisms underlying esophagitis and ESCC.
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In sum, we propose a model (Figure 7F) in which IKKS activation in esophageal epithelium
promotes esophagitis and angiogenesis, triggering an epithelial-mesenchymal signaling
network mediated by cytokine secretion from esophageal epithelial cells. We identify GM-
CSF as an important pro-angiogenic factor secreted by esophageal keratinocytes following
IKK activation that leads directly to stromal neovascularization. Furthermore, we identify
TNF as a key pro-inflammatory cytokine necessary for inflammation and immune cell
infiltration following IKK activation. As such, we define IKKB, GM-CSF and TNF as
potential therapeutic targets for esophagitis and ESCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Control L2/IKKpca

Figure 1.
Epithelial specific IKKp activation alters the esophageal microenvironment. (A-B) At 1

month of age, mice with increased epithelial IKKp signaling had epithelial hyperplasia (B),
compared to littermate controls (A). (=5 mice per group) (C-D) At 1.5 month of age,
control mice (C) demonstrated homogenous basal cells while basal layers of L2/IKKfca
mice (D) were expanded and irregular. Moderate inflammatory infiltrates were also observed
(arrow). (n=8 mice per group) (E-F). At 3 months of age, hydropic changes (arrow) and
stromal remodeling were seen in the esophageal microenvironment of L2//KK/ca mice (F),
compared to controls (E). (n=5 mice per group) Scale bars, 25 um.
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Control L2/IKKBca

Figure 2.
L2/IKKca mice have increased esophageal infiltration of immune cells. (A-D) Esophageal

mucosa of control mice (A/C) contained few leukocytes, as indicated by staining for CD45,
but multiple leukocytes were present in esophageal epithelia and lamina propria of L2/
IKKpca mice (B/D) at 6 weeks of age (A-B) (n=8 mice per group) and 3 months of age (C-
D) (n=5 mice per group). Scale bars: 25um.
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6 weeks 3 months

Control L2/IKKBca

Figure 3.
LZ/IKK5ca mice have increased angiogenesis. (A-B) At 1.5 months of age, L2-/KKfjca mice

(B) had increased staining for the endothelial cell marker CD31 (red) compared to littermate
controls (A). DAPI was used as a nuclear stain, and the dotted line was drawn to
demonstrate the location of the basement membrane. (n=8 mice per group) Scale bars, 25
um. (C) Quantification of microvessel density per high power field (MVD/hpf) revealed a
statistically significant (*p<0.05, Student ftest) increase in L2//KKfca mice beginning at 1.5
months of age. (D-E) Co-staining for the endothelial cell marker CD31 (red) and the smooth
muscle cell marker desmin (green) revealed no difference in pericyte coverage between 6
week-old control (D) and LZ2/IKKf5camice (E). (F) Left panel: Insert from picture in 3D,
Right panel: Insert from picture in 3E. (h=4 mice per group).
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Cells

Conditioned
media

Activation of epithelial IKKJ signaling leads to increased GM-CSF expression and
secretion. (A) By quantitative real-time PCR, GM-CSF mRNA expression levels were
induced 4.6-fold in esophageal epithelia of 4 week-old L2//IKKfca mice (n=3). *Significant
difference from control at p-value of less than 0.01. (B) In immortalized primary human
esophageal keratinocytes retrovirally transduced to express constitutively-active IKKB, GM-
CSFmRNA expression was increased by 11-fold, compared with esophageal keratinocytes
with control plasmid (n=4). * Significant difference from control plasmid at p-value of less
than 0.01, Student #test. (C) Primary human esophageal keratinocytes with increased IKKf{
signaling had increased secretion of GM-CSF in their conditioned media, compared to

control cells (n=4).
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Figure 5.
Epithelial-derived GM-CSF promotes angiogenesis /n vitro. (A-D) In a tube formation assay,

HUVEC cultured in the presence of conditioned media from human esophageal
keratinocytes with constitutively-active IKKf had increased ability to form tubes (C),
compared to HUVEC treated with conditioned media from control esophageal keratinocytes
(A). (B/D) Treatment with a blocking antibody against GM-CSF abolished the increased
tube formation induced by the presence of conditioned media from esophageal keratinocytes
with increased IKKp signaling (D) but did not affect control cells (B). (h=3 in triplicates) (E)
Quantification of the number of tubes per high power field in cells treated with control (C)
and IKKpca (1) conditioned media, with and without GM-CSF blockade. (F) Transwell
assays demonstrated that conditioned media from esophageal keratinocytes with
constitutively-active IKKp increased HUVEC cell migration, compared to control cells.
GM-CSF blockade abolished the increased cell migration of HUVEC incubated in the
presence of conditioned media from esophageal keratinocytes with active IKKp. (n=3 in
triplicates) *Significant difference from control plasmid at p-value of less than 0.01. **
Significant difference from IKKfca at p-value of less than 0.01, Student #test and ANOVA.
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Figure 6.
GM-CSF inhibition decreases angiogenesis in LZ2/IKKfca mice. (A-E) 4 week-old L2/

IKKpca mice and their littermate controls were treated with 1gG2a control antibody or
MP1-22E9 every Monday and Thursday for 2 weeks. (A-B) By immunofluorescence, CD31
positive blood vessels were decreased in L2//KKfca mice treated with MP1-22E9 (B)
compared to those treated with 1gG2a (A). (n=3 mice per group) (C) Quantification of
microvessel density per high power field (MVD/hpf) in mice treated with MP1-22E9 or
IgG2a. *Significant difference from LZ2//IKKfca mice treated with 1gG2a at p-value of less
than 0.01, Student #test. (D-E) Immunohistochemistry revealed decreased numbers of VWF
positive endothelial cells in L2/IKKfca mice treated with MP1-22E9 (E), compared to those
treated with 1gG2a (D). (n=3 mice per group) Scale bars, 25 um (A-B), 50 um (D-E).
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Figure 7.
TNF neutralization decreases immune infiltration and inflammation in L2//KKfcamice. (A-

D) 4 week-old L2/IKK5ca mice and their littermate controls were treated with IgG1 control
or XT3.11 every Monday and Thursday for 2 weeks. (A-B) Esophageal epithelia of L2/
IKKpca mice treated with XT3.11 (B) had homogeneous basal cells and regular basal layers
compared to L2/IKKcamice treated with IgG1 control antibody (A). (n=4 mice per group)
(C-D) By immunohistochemistry, CD45 positive leukocytes were decreased in L2/IKKfca
mice treated with XT3.11 (D) compared to 1gG1 control antibody (C). Scale bars: 50um. (E)
Quantification of the number of CD45 positive cells per high power field (# of CD45+ cells/
hpf) in the esophageal mucosa of mice treated with 1gG1 control or XT3.11. (n=4 mice per
group) *Significant difference from L2//KKfca mice treated with 1gG1 control at p value of
less than 0.01, Student #test. (F) A model for the role of epithelial IKK} signaling in
inflammation and angiogenesis within the esophagus.
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