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SUMMARY

Interleukin (IL)-4 and IL-13 are critical drivers of immune activation and inflammation in ulcerative
colitis, asthma, and other diseases. Because these cytokines may have redundant function, dual
targeting holds promise for achieving greater efficacy. We have recently described a bifunctional
therapeutic targeting IL-4 and IL-13 developed on a novel protein scaffold, generated by combining
specific binding domains in an optimal configuration using appropriate linker regions. In the current
study, the bifunctional IL-4/IL-13 antagonist was evaluated in the murine oxazolone-induced colitis
model, which produces disease with features of ulcerative colitis. The bifunctional IL-4/IL-13 antagonist
reduced body weight loss throughout the 7 day course of the model, and ameliorated the increased
colon weight and decreased colon length that accompany disease. Colon tissue gene expression was
modulated in accordance with the treatment effect. Concentrations of serum amyloid P (SAP) were
elevated in proportion to disease severity, making it an effective biomarker. Serum concentrations of
the bifunctional IL-4/1L-13 antagonist were inversely proportional to disease severity, colon tissue
expression of pro-inflammatory genes, and serum SAP concentration. Taken together, these results
define a panel of biomarkers signifying engagement of the I1L-4/IL-13 pathway, confirm the Th2 nature of
disease in this model, and demonstrate the effectiveness of dual cytokine blockade.

INTRODUCTION

IL-4 and IL-13 are key immunoregulatory cytokines, whose dysregulation may contribute to a range of
inflammatory disease states, including ulcerative colitis and asthma. Although they are both Th2
cytokines, IL-4 and IL-13 can have distinct functional roles. IL-4 is a critical Th2-skewing cytokine and
acts to direct immune responses, while IL-13 functions primarily as an effector cytokine, driving
epithelial and fibrotic responses (1). A bifunctional molecule targeting murine IL-4 and IL-13 on a novel
multi-specific protein platform was developed to neutralize both cytokines, with the goal of delivering a
more potent therapeutic than could be achieved by blocking either cytokine alone. This may result from
blocking the distinct actions of the separate agents, or from blocking the combined effect of their
cooperative interactions and functional overlap.

In ulcerative colitis (UC), IL-4 and IL-13 cytokine transcripts are detectable at lesion sites of active
disease, both in the tissue and in infiltrating mononuclear cells (2-5). Both IL-4 and IL-13 can drive
pathogenic mechanisms, including impaired resistance in human intestinal epithelial monolayers, that
may contribute to disease (4, 6). In accordance with this, reduced IL-13 secretion from infiltrating
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lamina propria mononuclear cells (LPMC) has been associated with disease amelioration following
interferon-beta treatment in subjects with ulcerative colitis (7). The oxazolone-induced colitis model in
mice recapitulates many of the disease features of human ulcerative colitis, including epithelial cell loss,
depletion of goblet cells, inflammatory cell infiltration, edema formation, hemorrhage, and vascular
dilatation (8). In this model, mice lacking IL-13 are protected (9), and IL-4 or IL-13 neutralization
ameliorates disease (3, 10).

IL-4 and IL-13 act through a shared receptor consisting of IL-4Ra and IL-13Ral chains (11). In addition,
IL-4 activates T cells through the IL-4Ra/y common receptor, which does not respond to IL-13 (11).
Expression of both IL-4Ra and IL-13Ral chains is elevated in mucosal epithelial cells of UC lesions (12).
Expression of the IL-13 decoy receptor, IL-13Ra2, inducible in response to IL-4, IL-13 and TNFa, is also
elevated at sites of UC lesions (12, 13), indicative of cytokine activity. I1L-4 and IL-13 signaling responses
are mediated by phosphorylation of the transcription factor, STAT6. The detection of pSTAT6 at sites of
UC lesions, with intensity related to disease activity (14), further supports involvement of IL-13 and/or
IL-4 in disease pathogenesis.

The bifunctional IL-4/1L-13 antagonist consists of an N-terminal IL-13 binding domain derived from the
murine IL-13Ra2 extracellular sequence, linked to the C57BL/6 IgG2c Fc, and connected by a linker
sequence to a C-terminal IL-4 binding domain derived from anti-mouse IL-4 mAb 11B11 (15). The
antagonist effectively binds to and inhibits biological activity of both IL-4 and IL-13. The binding of one
cytokine did not alter affinity for the other cytokine (15). In mouse models of immune activation in
response to immunization and challenge with ovalbumin, IL-4 blockade reduced late phase ear swelling
and IgE production, and IL-13 blockade reduced airway hyper-responsiveness, lung eosinophilia, serum
chitinase levels, and chemokine gene expression. The bifunctional IL-4/IL-13 antagonist effectively
blocked all responses (15). These findings demonstrate that a bifunctional molecule that recognizes
mouse IL-4 and IL-13 could effectively target both cytokines in vivo.

The current study was aimed at evaluating the efficacy and potency of a biotherapeutic targeting both
IL-4 and IL-13 in a mouse model of oxazolone-induced ulcerative colitis. The bifunctional antagonist
reduced body weight loss throughout the 7 day course of the study, reduced overall disease activity, and
counteracted the decreased colon length that accompanies disease. Furthermore, use of this
bifunctional IL-4/IL-13 antagonist revealed a panel of effective biomarkers indicative of IL-4/I1L-13
pathway activation in this model.

MATERIALS AND METHODS

Construction of Murine Anti-Mouse IL-4 Antibody. Heavy chain and light chain variable regions were
cloned from rat 11B11 hybridoma cells (ATCC; Manassas, VA) using the SMART cDNA synthesis system
(Clontech Laboratories Inc, Mountain View, CA) followed by PCR amplification. The VH and VL
sequences were sub-cloned into the pSMED2-mouse I1gG1 and pSMEN3-mouse Kappa expression
vectors, respectively, to construct the 11B11-mouse IgG1/kappa version of this antibody (mu11B11
mAb). DNA was transiently transfected into COS-1 (M6) cells, using TransIT (Mirus Bio LLC, Madison,
WI1)/Opti-MEM system (Gibco; Invitrogen Life Technologies, Carlsbad, CA), and maintained in DMEM
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containing 10% heat-inactivated fetal bovine serum (FBS), 100 IU penicillin, 100 ug/mL streptomycin,
and 2 mM glutamine, in a 37°C incubator at 10% CO,.

Generation of Murine Bifunctional IL-4/IL-13 Antagonist. The mouse bifunctional IL-4/IL-13 antagonist
consists of mouse sIL-13Ra2-Fc, mouse C57BL/6 1gG2c Fc domain lacking the C-terminal lysine residue
(16), a linker sequence, anti-mouse IL-4 mul1B11 V|, a minimal 16 amino acid glycine-serine linker, and
anti-mouse IL-4 mul1B11 V,. DNA fragments encoding these components were generated by PCR
amplification of gene specific DNA templates with VENT polymerase (New England Biolabs, Ipswich, MA)
using appropriate oligonucleotide primers (Integrated DNA Technologies, Coralville, IA). CHO PA-Dukx
153.8 cells were stably transfected with DNA encoding the bifunctional antagonist using TransIT (Mirus
Bio LLC)/Opti-MEM (Gibco; Invitrogen). Concentrated conditioned medium was loaded onto Protein A
Sepharose Fast Flow (Invitrogen), washed with PBS pH 7.2, and bound protein eluted with 20 mM citric
acid, 150 mM NaCl, pH 2.5. Material was immediately neutralized with 5% 2 M Tris pH 8.0, then loaded
onto a Superdex 200 column to remove aggregates. The final pool was analyzed by OD 280, endotoxin
assay, protein A ELISA, analytical size exclusion and SDS/IEF PAGE. The material (MW = 180 kD) was
formulated in Ca2+, Mg2+ free PBS, pH 7.2 (CMF-PBS).

Measurement of Bifunctional Antagonist Concentration in Serum. ELISA plates (MaxiSorp; Nunc,
Rochester, NY) were coated with anti-FLAG M2 (Sigma Aldrich, St. Louis, MO) in PBS. Plates were
blocked with 0.5% gelatin in PBS, and washed in PBS containing 0.05% Tween-20 (PBS-Tween). Standard
dilutions of bifunctional antagonist or serum samples were added, along with a mixture of human IL-13
FLAG (Pfizer Global Research and Development; PGRD; Cambridge, MA) and murine IL-4 (R&D Systems,
Minneapolis, MN). Plates were incubated at room temperature for 4 hours then washed with PBS-
Tween. Biotinylated goat anti-mouse IL-4 (R&D Systems) was added and incubated for 2 hours at room
temperature. Plates were washed with PBS-Tween, and binding was detected with peroxidase-linked
streptavidin (SouthernBiotech, Birmingham, AL) and Sure Blue substrate (KPL Inc, Gaithersburg, MD).
The reaction was stopped with 0.01 M sulfuric acid, and absorbance was read at 450 nm in a
SpectraMax plate reader (Molecular Devices, Sunnyvale, CA). The lower limit of quantification (LLOQ) of
the assay was 2 ng/mL bifunctional antagonist.

STAT6 Phosphorylation Assay. The murine Ba/F3 pro-B cell line (ATCC), which expresses IL-4Ra and y
common receptor chains, was transfected with murine IL-13Ral to generate a line responsive to IL-13 in
addition to IL-4. Cells were challenged with 1 ng/mL IL-13 or 0.5 ng/mL IL-4 in the presence or absence
of antagonist at 37°C for 30 min, washed into ice-cold PBS containing 1% BSA, then fixed in 1%
paraformaldehyde for 15 min at 37°C. To permeabilize the nucleus, cells were incubated overnight at —
20°C in absolute methanol, washed into PBS-BSA, then stained with AlexaFluor 488-labeled antibody to
STAT6 (pY641; BD Biosciences, San Jose, CA). Fluorescence was analyzed with a FACSCalibur (BD
Biosciences), and FlowJo software version 7.2.4 (Tree Star Inc, Ashland, OR).

ELISA for Acute Phase Proteins. The concentration of serum amyloid P (SAP) was determined in sera

from end bleeds using a commercially available ELISA from Kamiya Biomedical Company (Seattle, WA),
following the manufacturer’s recommended procedures. SAP was assayed in sera that had been stored
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at -80°C, and diluted at 1:30,000. The concentration of analyte in each diluted sample was determined
from the measured absorbance at 450 nm by interpolation from a standard curve.

Mouse Oxazolone-Induced Colitis Model. Studies were conducted by Invitek Corp (San Francisco, CA).
All animal studies were performed in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All work was conducted according to Invitek Standard Operating
Procedures, and in accordance with the Pfizer Animal Care and Use Policy. After at least 7 days of
acclimatization, mice were grouped according to their body weight. Each treatment group consisted of
15 SJL/J female mice (Jackson Lab, Bar Harbor, ME), 7-8 weeks of age, weighing 18-20 g. Mice were pre-
sensitized under light anesthesia with a ketamine (80 to 120 mg/kg) and xylazine (5 to 10 mg/kg)
cocktail. A small area of dorsal skin was shaved and approximately 200 uL of 3% (w/v) solution of
oxazolone (4-ethoxymethylene-2-phenyl-2-oxazoline-5-one; OXA) in 100% ethanol was applied. After 5
days of pre-sensitization, mice were challenged intra-rectally with 150 plL of 1% oxazolone in 50%
ethanol under light anesthesia with ketamine/xylazine. One group of mice was sensitized and
challenged with OXA, but was given no treatment (OXA group). Treatment groups were administered
bifunctional antagonist, IL-13 blocker (sIL-13Ra2-mouse IgG2aFc), anti-IL-4 (murine 11B11), or mouse
IgG2a control, IP, at the indicated doses in saline. A separate control group of 6 mice was pre-sensitized
with 200 pL of 100% ethanol containing no oxazolone (no OXA control group), and did not develop
disease. Dosing solutions were prepared in freshly sterile-filtered PBS. The test substances were
administered intraperitoneally (IP) once every 2 days, beginning one day before the intrarectal challenge
(Days -1, 1, 3, 5 and 7) for a total of 5 doses. Exactly 24 hours post final dose, all surviving mice were
euthanized using CO, asphyxiation and serum was collected and immediately stored at -70°C.

Measurement of Body Weights and Disease Activity Index. Body weights were measured before
intrarectal administration of oxazolone on Day 0 and daily thereafter for seven days using a calibrated
laboratory balance. The parameters used for clinical assessment using disease activity index are shown
in Figure 2B and were a composite score based on body weight, stool consistency, and the presence of
blood in the stools. Stool consistency was observed visually and occult/gross bleeding measured using
Beckman Coulter occult blood testing kit (Brea, CA). Disease activity index (DAI) scores for animals that
died prior to study termination were excluded from analysis.

Tissue Harvest, RNA Preparation, and Gene Expression Analysis. At study termination, mice were
euthanized by CO, asphyxiation and colons (including cecum) were removed. Colon lengths and weights
were taken (excluding cecum and all fecal matter). The colons (including cecum) were cleaned of all
fecal matter with PBS. The inflamed colon was isolated as the portion spanning approximately 6
centimeters proximal to anus, placed in RNA-later (Catalog No. 76106; Qiagen, Valencia, CA) and
immediately frozen in liquid nitrogen. RNA was prepared from 350 uL of colon homogenate using
RNeasy Mini reagents and a QlAcube fully automated sample prep system (Qiagen). RNA quality was
assessed by the integrity of 285 and 18S peaks on the Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA) and quantified by spectrophotometry at 260 and 280 nm on a Nanodrop 2000 (Thermo
Scientific, Wilmington, DE). A260/280 ratios were also used as an additional assessment of RNA quality.
A high capacity cDNA Synthesis kit (Applied Biosystems) was used to generate cDNA. For each low
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density array reaction, 100 ng of RNA was converted to cDNA in a 10 pl total reaction volume.

Following cDNA synthesis, 10 uL of the total reaction was combined with 40 pL of water and 50 pL of
Tagman Gene Expression Master Mix (Applied Biosystems). TLDA cards were loaded and run on a
7900HT Real-Time PCR System (Applied Biosystems). Expression levels were normalized to control
genes across all samples and relative quantification (RQ) values were calculated in relation to an average
of the “no oxazolone” control subset using Spotfire DecisionSite 9.0 (TIBCO, Somerville, MA). Gene
expression differences between individual groups was compared and Welch Test statistical analysis was
applied.

Statistical analysis. For analysis of colon length, colon weight, and DAI at sacrifice, treatment groups
were compared to the mouse IgG2a-treated control group, and p-values were determined by unpaired
two-tailed t-test, with normality determined by D'Agostino-Pearson omnibus test. For analysis of body
weight changes over the course of disease, treatment groups were compared to the IgG2a control group
by 2-way ANOVA. Survival was analyzed using Kaplan-Meier curves, and differences between the
groups determined by Mantel-Cox log rank test. All analysis was performed using GraphPad PRISM
software, version 6 (GraphPad Software Inc, La Jolla, CA).

RESULTS

Generation and Characterization of Murine IL-4/IL-13 Bifunctional Antagonist. A bifunctional molecule
with specificity for murine IL-4 and IL-13 was produced on a mutispecific protein therapeutic platform
(Emergent BioSolutions), as described (15). The N-terminus of the molecule consisted of an IL-13
binding domain derived from the murine IL-13Ra2 extracellular sequence, linked to the C57BL/6 1gG2c
Fc. This was connected through a linker sequence to a C-terminal IL-4 binding domain, comprised of the
scFv generated from CDR sequences of the rat anti-mouse IL.-4 mAb 11B11 (17) (Figure 1A). A schematic
of the bifunctional IL-4/I1L-13 antagonist is shown in Figure 1B. Binding data indicated binding of two
molecules of IL-13 but only one molecule of IL-4 per molecule of bifunctional antagonist (15). In a STAT6
phosphorylation bioassay in mouse Ba/F3 cells transfected with IL-13Ra1 and IL-4Ra, the bifunctional
effectively inhibited bioactivity of both murine IL-4 and IL-13. The activity against IL-4 was reduced
compared to that of purified mAb 11B11, and the activity against IL-13 was comparable to that of slL-
13Ra2-Fc (Figure 1C). Overall, the bifunctional antagonist had approximately 20-fold lower potency in a
cell-based assay against IL-4 compared to IL-13. The bifunctional molecule had a serum half-life of
approximately 4.7 days in C57BL/6 mice (15).

Effect on Disease Endpoints in Oxazolone-Induced Colitis Model. A schematic outline of the oxazolone-
induced colitis model is shown in Figure 2A. To induce disease, mice were pre-sensitized with a solution
of OXA in 100% ethanol, painted onto the skin daily for 5 days, as described in Materials and Methods.
After 5 days of pre-sensitization, mice were challenged intrarectally (IR) with OXA in 50% ethanol daily
for 8 days (days 0 - 7). A control group of mice was sensitized and challenged with ethanol in the
absence of oxazolone (no OXA control). Study drug was administered IP every other day, starting one
day before the intra-rectal challenge (days -1, +1, +3, +5, and +7). Animals were monitored daily for
signs of disease, as summarized in the Disease Activity Index (DAI; Figure 2B). At sacrifice, colons were
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excised, photographed, and measured for length and weight. Disease severity was associated with a
reduction in colon length and increase in colon weight.

The bifunctional IL-4/1L-13 antagonist, administered at doses of 8, 2, or 0.5 mg/kg, had efficacy in the
model (Figure 3). It reduced body weight loss throughout the 7 day course of disease (Figure 3A),
maintained colon length (Figure 3B, D), minimized gains in colon weight (Figure 3C), ameliorated the
increase in colon weight/colon length ratio (Figure 3E), and reduced overall DAI (Figure 3F). Although
the three doses of bifunctional antagonist showed comparable activity, within the limits of quantitative
discrimination afforded by the model, there appeared to be a reverse dose dependence in the body
weight (Figure 3A) and DAI (Figure 3F) endpoints.

Effects of the bifunctional molecule were compared to those of single cytokine blocking agents, anti-
mouse IL-4, and the IL-13 antagonist, sIL-13Ra2-Fc. Both anti-IL-4 and the bifunctional antagonist
showed efficacy in modulating body weight loss (Figure 4A) and counteracting the reduction in colon
length (Figure 4B). Although effects of the sIL-13Ra2-Fc activity failed to reach statistical significance in
this study, there was a trend toward efficacy on moderation of colon length (Figure 4B), and on body
weight loss on days 4-7 (Figure 4A). None of these agents had a significant effect on mortality in this
model (Figure 4C).

Proportional Neutralization of IL-4 and IL-13 by the Bifunctional Antagonist

As summarized in Figure 1, the bifunctional IL-4/1L-13 antagonist effectively inhibited the bioactivity of
murine IL-4 and IL-13 cytokines in the STAT6 phosphorylation bioassay. To evaluate the relative IL-4 and
IL-13 neutralization capacity in circulation of treated mice, we examined the ability of serum from
treated animals to inhibit the STAT6 phosphorylation response of IL-13Ral/IL-4Ra-expressing BaF3 cells
in response to limiting concentrations of exogenously added IL-4 or IL-13. IL-4 neutralization was
assayed at a serum dilution of 1:20, and IL-13 neutralization at a dilution of 1:300, consistent with the
relatively lower potency of the bifunctional molecule against IL-4 as compared to IL-13. When these
values were normalized for relative potency against each cytokine, results showed that the bifunctional
molecule reduced the bioactivity of IL-4 and IL-13 proportionally (Figure 5A, and that the relative
amount of IL-4 and IL-13 neutralization activity was directly related to serum titers of the dual
antagonist (Figure 5B).

Serum SAP Concentration is Associated with Disease Severity. Because elevations in serum amyloid
proteins SAA and SAP have been reported in mouse colitis models (18, 19), SAP concentration was
assayed in serum. The concentration of serum SAP was elevated with oxazolone administration, and
was inversely proportional to body weight (Figure 6A) and colon length (Figure 6B), indicating an
association with active disease. Serum concentrations of the bifunctional molecule were assayed in end
bleeds of treated mice. Concentrations recovered in the serum were proportional to dose administered
to the mice. Figure 6C shows an inverse relationship between serum concentrations of bifunctional IL-
4/1L-13 antagonist and colon length, consistent with an effect on disease severity. Reduced serum SAP
concentration was seen in animals treated with bifunctional antagonist, in proportion to the antagonist
titer in end bleeds (Figure 6D). Similar findings were seen for SAA (data not shown).
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Effects of IL-4/IL-13 Bifunctional Antagonist on Colon Gene Expression. To assess biomarkers reflective
of IL-4 and/or IL-13 biology within the inflamed colon, gene expression analysis was performed with
colon tissue. Anti-IL-4, sIL-13Ra2-Fc, and the bifunctional IL-4/IL-13 antagonist all affected the
expression of several genes associated with inflammation in the colon. Relative gene expression was
calculated using the untreated control group as the comparator. Expression of a panel of genes was
found to correlate with markers of disease severity, including colon length (Figure 7). A set of genes was
identified that was significantly changed by the bifunctional molecule across several experiments. Gene
expression patterns were related to the amount of antagonist that was detectable in the sera from end
bleeds of the individual animals (Figure 8). These findings support the dose-dependent modulation of
disease activity with bifunctional IL-4/IL-13 antagonist.

DISCUSSION

A bispecific immunotherapeutic targeting murine IL-4 and IL-13 was generated on a novel multi-specific
protein therapeutic scaffold. The molecule consists of N-terminal IL-13 binding domains derived from
the murine sIL-13Ra2 extracellular region, linked to murine 1gG2c Fc, followed at the C-terminus by scFv
domains targeting IL-4, derived from the anti-mouse IL-4 mAb, 11B11. The bifunctional IL-4/IL-13
antagonist potently binds to and neutralizes both cytokines, and was used to establish proof of concept
for efficacy of the bifunctional strategy in mouse models of inflammation. Previous studies have shown
that the bifunctional molecule effectively targets both cytokines. In a murine model of lung
inflammation following immunization and airway challenge with ovalbumin, the bifunctional antagonist
reduced all inflammatory responses to IL-4 and IL-13 (15). The current study utilizes this novel modality
to test the efficacy of IL-4/IL-13 blockade in a mouse model of colitis. Although it is based on the
immunoglobulin scaffold, the bifunctional antagonist described here is a novel protein construct, with a
half-life of 4.7 days in the mouse (15). While in vivo neutralization, anti-drug antibodies, and other
mechanisms of depletion were not apparent in the short-term disease model described here, further
studies will be required to confirm that this type of molecule can be used with chronic dosing paradigms
to treat ongoing disease.

Like human UC, the oxazolone-induced colitis model is thought to be Th2-driven. Both IL-4 and IL-13
may contribute to intestinal inflammation and disease pathogenesis, through several potential
mechanisms. IL-4 has been reported to reduce transepithelial resistance in monolayers of intestinal
epithelial cells (6). Similarly, IL-13 can compromise transepithelial resistance and lead to
permeabilization of the epithelial barrier through epithelial cell apoptosis and disruption of tight
junctions (4, 20). By elevating expression of the tight junction paracellular pore component, claudin-2,
IL-13 may also promote ion flux across the barrier (21, 22). In parasite infection models, both IL-4 and
IL-13 have been found to influence goblet cell hyperplasia (23-25), eotaxin expression in colonic mucosa
(26) and smooth muscle hypercontractility (27, 28) in the gut. IL-13 is a potent inducer of tissue fibrosis
(29), has been associated with fibrotic changes in fistulas of IBD (30), and represents a promising
therapeutic target for treatment of colitis (31).
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Adoptive transfer studies have established that IL-4 producing CD4+ T cells can mediate disease
induction in the oxazolone-induced colitis model, and that production of IL-13 by these cells drives
pathology (32). IL-4 can also be produced by lesional infiltrating T cells, and anti-IL-4 antibody 11B11
reduced disease severity in oxazolone-induced colitis (10). Secretion of Th2 cytokines (IL-4, IL-5, and IL-
13) from lesional infiltrating T cells can be modulated by additional anti-inflammatory treatments,
including FTY-720 and dexamethasone (33). In CD30L-deficient mice, exacerbated disease accompanied
by enhanced secretion of IL-4, IL-5, and IL-13 from lamina propria T cells (34, 35) could be effectively
treated with anti-IL-4 antibody 11B11 (34), further validating the critical role of Th2 cytokines in this
disease model.

Other studies have implicated NKT cells as the source of IL-13 in this model, and demonstrated the
therapeutic activity of neutralizing IL-13 with sIL-13Ra2-Fc (3), or reducing its production following
treatment with antibodies to IL-25 or the IL-25 receptor, IL-17BR (36). iNKT cells, capable of producing
both IL-4 and IL-13, have been associated with the greater disease susceptibility of germ-free mice
compared to specific pathogen-free mice in the oxazolone-induced colitis model (37). Furthermore,
recent studies have implicated IL-4 in mediating exacerbation of colitis induced by IL-33, suggesting that
IL-33 triggers induction of IL-4 (38).

Mice lacking IL-4Ra (32) or those deficient in STAT6 (39), are unable to respond to either IL-4 or IL-13,
and do not develop disease in the oxazolone-induced colitis model, further supporting the critical role of
these cytokines. By targeting the receptor chain or signaling pathway shared by IL-4 and IL-13, these
studies have shown the potential for disease amelioration by modulation of the common pathway, but
relied on genetic depletion of IL-4Ra or STAT6. This carries the potential for developmental impacts that
may not be mimicked therapeutically. Our study is the first to examine effects of simultaneous IL-4 and
IL-13 blockade in intact animals using a therapeutic intervention. Furthermore, because IL-4Ra is widely
expressed on fibroblasts, epithelial cells, endothelial cells, lymphocytes, and other cell types, and STAT6
is an intracellular target that has yet to be effectively blocked therapeutically, targeting trace amounts
of cytokine offers a potential advantage in terms of efficiency of target engagement and coverage.

Because the oxazolone-induced colitis model does not support a high degree of quantitative
differentiation between treatment paradigms, we could not confirm that dual blockade of IL-4 and IL-13
had enhanced potency over inhibition of either cytokine alone. Nevertheless, studies of the same
bifunctional antagonist in a model of ovalbumin-induced lung inflammation did support the greater
potency of dual cytokine blockade (15). In the current study, the simultaneous targeting of IL-4 and IL-
13 with the bifunctional molecule allowed us to examine a range of biomarkers affected by disruption of
the Th2 pathway in this disease. These biomarker changes allow quantitative associations to be drawn
between the degree of response and relative exposure, measured as concentration of antagonist in end
bleeds. We observed changes in SAP in mice treated with bifunctional IL-4/1L-13 antagonist, with the
magnitude of effect found to be inversely related to that of antagonist. Elevated serum concentrations
of the acute phase proteins SAA and SAP have been reported in mouse colitis models (18, 19). In human
inflammatory bowel disease (IBD), the acute phase C-reactive protein (CRP) is associated with Crohn’s
disease, but appears less related to the inflammatory response of ulcerative colitis (40, 41). Our findings
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suggest that serum concentration of SAP could be an informative biomarker of disease severity in the
oxazolone-induced colitis model in mice.

Similarly, changes in expression of numerous tissue-associated genes were seen in mice treated with
bifunctional IL-4/IL-13 antagonist, and the degree of gene modulation was proportional to serum
concentration of the therapeutic in the end bleeds. This group of genes included the chemokines Ccl2
(MCP-1), Ccl3 (MIP-1a), Ccl4 (MIP-1pB), Cxcl1 (Gro-a), and Cxcl2 (MIP-2), the cytokines IL.-1a and IL-1B, a
formyl peptide receptor (Fprl), the matrix metalloproteases Mmp3 and Mmp8, and the calprotectin
subunits $100a8 and S100a9. Several of these markers have been found to be elevated in IBD (42-45),
and both Mmp-3 (46) and Mmp-8 (47) transcripts are associated with UC. Expression of the
calprotectin protein (5100a8/a9) in sera, mucosal, or fecal samples is a biomarker for human IBD
diagnosis, activity, or relapse (48), and the $100a9 gene is over-expressed in inflamed colon tissue of
human UC and CD (49). The increased expression of these genes is consistent with disease activity in
oxazolone-induced colitis, and helps to validate the therapeutic activity of IL-4/1L-13 blockade at the site
of inflammation.

The quantitative limitations of this model made it difficult to evaluate the dose responses seen with the
bifunctional antagonist. In some readouts, including body weight loss (Figure 3A) and DAI (Figure 3F),
there appeared to be a reverse dose dependence, with the 0.5 mg/kg dose showing greater activity than
the 8 mg/kg dose. In other readouts, including serum SAP (Figure 6D) and gene expression (Figure 8),
the magnitude of change was directly proportional to the circulating concentration of antagonist.
Although these findings most likely reflect variation due to the relatively small therapeutic window seen
in this model, we cannot rule out a biologic rationale. In a recent phase 2b asthma study, anti-IL-13
lebrikizumab appeared to display a reverse dose response for modulation of exacerbation rate (50).
Future studies will further explore the dose dependence of Th2 modulation in these systems.

Taken together, these findings support the involvement of IL-4 and IL-13 in oxazolone-induced colitis, a
murine model of ulcerative colitis. 1L-13 antibodies are being developed for treatment of colitis (31),
and a role for IL-4 is beginning to be appreciated. Recent reports that IL-13 blockade had only limited
efficacy in human ulcerative colitis studies (51, 52) emphasize the potential importance of neutralizing
the shared effector activities mediated by IL-4 along with IL-13. Use of the bifunctional IL-4/IL-13
antagonist has allowed us to confirm the efficacy of dual cytokine blockade in a mouse model of colitis,
and to define a panel of biomarkers quantitatively associated with IL-4/IL-13 pathway inhibition. Where
both agents are known to be involved, bifunctional targeting presents a novel and promising therapeutic
option.
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FIGURE LEGENDS

Figure 1. Schematic of murine IL-4 IL-13 dual antagonist. (A) Configuration of IL-4 IL-13 dual
antagonist, from N-terminal mouse IL-13Ra2 extracellular domain (ECD) to C-terminal scFv of
anti-mouse IL-4 mAb mul1B11. (B) Schematic indicating overall structure of the IL.-4 IL.-13
dual antagonist, with two binding sites for each cytokine. (C) Cell-based ICsy and SPR-derived
K4 values for anti-mouse IL-4 mAb mul1B11, sIL-13Ra2-Fc, and bifunctional IL-4/IL-13
antagonist. ICsy values were derived from a STAT6 phosphorylation bioassay using BaF3 cells

expressing murine IL-13Ral and IL-4Ra.

Figure 2. (A) Schematic representation of oxazolone-induced colitis model. Female SJL/J mice
were sensitized with oxazolone painted on the skin daily for 5 days, then challenged intrarectally
with oxazolone daily starting on Day 0. Starting the day before intrarectal challenge (Day -1)
and every other day, mice were administered protein therapeutics IP. At sacrifice on Day 8,
colons were excised and length and weight determined. (B) Disease activity index. The daily
clinical assessment was performed after the IR oxazolone challenge. Stool consistency was
observed visually and occult/gross bleeding was assessed using the Beckman Coulter occult

blood testing Kkit.

Figure 3. Activity of Bifunctional IL-4/IL-13 Antagonist in Oxazolone-Induced Colitis Model.
Groups of 15 female SJL/J mice were sensitized with oxazolone painted on the skin on Day -5,
then challenged intrarectally with oxazolone on Day 0. Starting the day before intrarectal

challenge (Day -1), mice were administered bifunctional antagonist at 8, 2, or 0.5 mg/kg IP,
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Q2D. Control animals were given oxazolone but no treatment (OXA), were given OXA and
treated with mouse IgG2a control, or had no disease induction (no OXA). (A) On Days 1 to 7,
the animals were scored for body weight. At sacrifice on Day 8, colons were excised. (B)
Morphology of colons at sacrifice. Representative colons are shown from animals given OXA
but no treatment (OXA), thosegiven OXA and treated with bifunctional IL-4/IL-13 antagonist (8
mg/kg) or animals that had no disease induction (no OXA). (C) Colon weight, (D) colon length;
(E) ratio of colon weight/length; and (F) Disease activity index (average over the 7 day study)
are shown as indicators of disease severity. P-values were determined by t-test in comparison to

the mouse IgG2a-treated control group.

Figure 4. Activity of anti-IL-4, sIL-13Ra2-Fc and bifunctional IL-4/IL13 antagonist (3 mg/kg) in oxazolone-
induced colitis. Female SJL/J mice were sensitized and challenged with oxazolone as described above.
Starting the day before intrarectal challenge (Day -1), mice were administered the protein therapeutics
at 3 mg/kg IP, Q2D. Control animals were given oxazolone but no treatment (OXA), were given OXA and
treated with mouse IgG2a control, or had no disease induction (no OXA). The no OXA group contained 6
animals. All other groups contained 15 animals on day 0. (A) Body weight throughout the course of
treatment. P-values were determined by 2-way ANOVA in comparison to the mouse IgG2a-treated
control group. (B) Colon length at sacrifice. P-values were determined by t-test in comparison to the
mouse IgG2a-treated control group. (C) Kaplan-Meier curves, showing % survival throughout the
course of treatment. In separate panels, survival of treatment groups is plotted in relation to the OXA,
no OXA, and mouse IgG2a control groups; Bifunctional antagonist (left), sIL-13Ra2-Fc (middle), anti-IL-4
(right). There were no statistically significant differences in survival between mice in these groups and
those given mouse IgG2a control, as determined by Mantel-Cox log rank test.

Figure 5. IL-4 and IL-13 neutralization capacity in sera of mice from oxazolone — induced
colitis model is proportional to serum concentration of bifunctional antagonist. Female SJL mice
were sensitized and challenged with oxazolone as described above. Starting the day before
intrarectal challenge (Day -1), mice were administered bifunctional IL-4/IL-13 antagonist at 3 or

8 mg/kg IP, Q2D. On Day 8, sera were collected and titers of antagonist measured by ELISA.

This article is protected by copyright. All rights reserved.



BaF3 cells expressing IL-4 and IL-13 receptors were incubated with sub-optimal concentrations
of murine IL-4 or IL-13, in the presence of serum dilutions, for 30 minutes at 37°C. Cells were
fixed, permeabilized, and stained for expression of phosphorylated STAT6. The presence of IL-
4 or IL-13 neutralization activity in the sera reduced the STAT6 phosphorylation response to
exogenous murine IL-4 or IL-13. (A) The relative IL-4 or IL-13 neutralization activity of
individual serum samples was evaluated as the percent inhibition of the pSTAT6 response,
corrected for serum dilution. The relative potency of IL 4 and IL 13 neutralization was
proportional. (B) IL 4 or IL 13 neutralization activity, plotted as a function of serum titer of IL-

4/IL-13 antagonist.

Figure 6. Serum concentrations of SAP are associated with disease activity in the oxazolone-induced
colitis model. Female SJL mice were sensitized and challenged with oxazolone. Starting the day before
intrarectal challenge (Day -1), mice were administered bifunctional IL-4/IL-13 antagonist, at 8. 3, or 0.5
mpk. At sacrifice on Day 7, sera were collected and assayed for SAP by ELISA. Associations between
these readouts and disease correlates are shown for all animals in the study, across all treatment
groups: (A) average body weight vs serum SAP; (B) colon length vs serum SAP; (C) serum bifunctional IL-
4/IL-13 antagonist concentration vs colon length; (D) serum concentrations of bifunctional IL-4/1L-13
antagonist vs SAP for the 0.5 mpk dose group. R-square and p-values were derived from linear
regression analysis.

Figure 7. Colon gene expression changes associated with disease severity. Gene expression data
were plotted as a function of colon length for individual animals, with shorter colon indicative of

more severe disease. In each case, p < 0.0001 for the correlation.

Figure 8. Colon gene expression changes are proportional to serum concentration of bifunctional
IL-4/IL-13 antagonist. Gene expression data were plotted against the concentration of
bifunctional antagonist in the serum for individual animals given a 0.5 mg/kg dose. R square and

p values are shown as measures of correlation and significance.
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