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ABSTRACT
Deficits in gastrointestinal (GI) paracellular permeability has been implicated in etiology of 
Inflammatory Bowel Disease (IBD), and E-cadherin, a key component of the epithelial junctional 
complex, has been implicated in both barrier function and IBD. We have previously described 
antibodies against E-cadherin that activate cell adhesion, and in this study, we show that they 
increase transepithelial electrical resistance in epithelial cell monolayers in vitro. We therefore 
tested the hypothesis that adhesion activating E-cadherin mAbs will enhance epithelial barrier 
function in vivo and limit progression of inflammation in IBD. Activating mAbs to mouse E-cadherin 
were tested in different mouse models of IBD including the IL10-/- and adoptive T cell transfer 
models of colitis. Previously established histological and biomarker measures of inflammation were 
evaluated to monitor disease progression. Mouse E-cadherin activating mAb treatment reduced 
total colitis score, individual histological measures of inflammation, and other hallmarks of inflam
mation compared to control treatment. Activating mAbs also reduced the fecal accumulation 
lipocalin2 and albumin content, consistent with enhanced barrier function. Therefore, E-cadherin 
activation could be a potential strategy for limiting inflammation in UC.
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Introduction
Epithelial barrier function plays an important role 
in gastrointestinal (GI) mucosal immunity and 
inflammation, and deficits in GI epithelial barrier 
function is etiologically linked with Inflammatory 
Bowel Disease (IBD).1–6 An intact GI barrier pre
vents leakage of antigens derived from intestinal 
flora and foodstuffs from the intestinal lumen into 
the interstitial space and the lamina propria where 
immune cells reside. It also regulates the migration 
of polymorphonuclear leukocytes (PMN) across 
the epithelium of the crypts into the lumen, a com
mon occurrence in IBD that is associated with dis
ease symptoms.7–9 Moreover, it regulates the 
functions of mucosal dendritic cells (DCs) and 
T-cells through their interactions with epithelial 
cells.2,10–15 Increased intestinal permeability is 
even observed in asymptomatic relatives of patients 
with IBD, suggesting that there may be a genetic 
component to the barrier defects.16–18 Increased 
paracellular permeability has also been strongly 

implicated in the development of IBD in animal 
models.,1,2,19,20 including SAMP1/YitFc (SAMP) 
mice, which develop ileitis spontaneously,1 and 
mice lacking the Interleukin-10 (IL-10) gene19 

that develops colitis. The genetic basis for ileitis in 
the SAMP1 model is not fully known.21–23 Several 
inflammatory mediators, including TNFα and 
INFγ are known to increase intestinal epithelial 
permeability, and both early and late effects on 
permeability could also be important for promoting 
disease.24–27 Inflammatory mediators are induced 
by naïve T cells transferred from healthy donor into 
lymphophenic mice and adoptive T cell transfer is 
used as a model of colitis to study the onset and 
progression of chronic inflammation that mimics 
human IBD.28–30 Hence, IL10-/- and adoptive T 
cell transfer are commonly studied mouse models 
for barrier dysfunction investigation in IBD 
research.10,11,14,28,30–42

The E-cadherin cell-cell adhesion protein in 
complex with cytoplasmic catenins is a particularly 
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important component of the epithelial barrier that 
regulates paracellular permeability. It is the princi
ple adhesive component of the adherens junction 
and early studies demonstrated its role in facilitat
ing the formation of tight junctions43 and organiz
ing the entire epithelial junction complex.44 The 
junctional complex, in association with the con
tractile actomyosin cytoskeleton has been shown 
to regulate epithelial paracellular permeability in 
response to inflammatory mediators.24,45 MLCK1 
has been reported to down regulate claudin in 
response to TNFα in IBD and the therapeutic 
potential of selective MLCK1 inhibitor Divertin 
was investigated recently in the IL10-/- and adop
tive T cell transfer in RagN12 mice models of 
IBD.31

Evidence for a role for E-cadherin in the 
development of IBD includes the GWA studies 
implicating the E-cadherin gene in UC,3,17,46,47 

as well as the finding that the expression of a 
dominant interfering cadherin mutant in the 
intestinal epithelium caused IBD in mice.48 

Moreover, the cytoplasmic E-cadherin-associated 
protein p120-catenin has also been functionally 
implicated in inflammatory disease and IBD. 
Mice with a tissue specific knockout of p120- 
catenin in the intestine develop an inflammatory 
response and IBD-like pathology.49,50 P120-cate
nin controls both E-cadherin levels49 as well as 
the allosteric regulation of E-cadherin adhesive 
function at the cell surface.51,52

We have developed new insights about the reg
ulation of E-cadherin adhesive function with sig
nificant implications for understanding and 
altering its role in GI barrier function and IBD. 
Regulation of its adhesive activity occurs at the 
cell surface in response to various stimuli indepen
dent of any changes in its surface levels and may 
involve changes in its conformation. We have pre
viously identified monoclonal antibodies (mAbs) 
that bind to E-cadherin and activate adhesion in a 
variety of epithelial cells.51 We also reported that 
adhesion activation inhibited tumor metastasis in 
various in vivo models of metastatic breast cancer.53 

In the current study, E-Cadherin activating Fabs 
rescued barrier function challenge with respiratory 
syncytial virus in vitro.

In IBD E-cadherin levels have sometimes been 
reported to decrease near regions of neutrophil 

migration, but often remains expressed in most 
of the intestinal tissue.54–56 We hypothesize that 
the E-cadherin still present may be subject to 
cell surface regulation in pathophysiological con
ditions to allow immune cell transmigration or 
other changes that increase permeability. 
Therefore E-cadherin activating mAbs may 
work in these conditions to enhance adhesion 
and cell junctions. Therefore, we conducted 
experiments to investigate whether activating 
E-cadherin mAbs strengthen epithelial barrier 
function and limit progression of inflammation 
in mouse models of IBD.

Materials and methods

Cell culture

16HBE14o- cells (Human broncho epithelial cell 
line) was a generous gift from Dr. Dieter 
Gruenert lab (California Pacific Medical Center 
Research Institute, SF, CA) to Dr. Teal 
Hallstrand lab which were then received by us. 
T-25 cm2 flasks were coated with fibronectin- 
collagen solution. 16HBE14o- cells were cultured 
and differentiated on FNC coated transwells fil
ter. FNC solution was prepared by adding 1 ml 
Rat tail Type I Collagen (2.9 mg/ml), 250 μl of 
Fibronectin (1 mg/ml), 2.5 ml BSA (1 mg/ml) in 
21.25 ml of D-PBS. 25 ml of FNC solution was 
then filter sterilized using 0.2 μm filter. 
16HBE14o- cells (between passage 12 and 16) 
were grown up to 80% confluency in MEM 
(minimum essential medium with Earl’s salt) 
supplemented with 10% heat inactivated FBS, 
2 mM L-glutamine, 1% wt/vol Penicillin/ 
Streptomycin, 1 mM sodium pyruvate, and 
0.015 mol/L HEPES. Cells were sub-cultured at 
80% confluency. 16HBE14o- cells were grown on 
0.4 μm pore size filters (Transwell; Costar;) for 
transepithelial electrical resistance (TEER) stu
dies and immunofluorescence staining, 
respectively.

C2BBe1 (clone of Caco2) cells were purchased 
from ATCC and cultured in T-75 cm2 flasks in 
DMEM medium supplemented with 0.01 mg/ml 
human transferrin (sigma-aldrich T5391), 
0.015 mol/L HEPES, 10% heat inactivated FBS, 
and 1% wt/vol Penicillin/Streptomycin.
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Trans epithelial electrical resistance (TEER) assay

16HBE14o- cells were plated at a sub confluent 
density of 1.5 × 105 cells/cm2 on FNC coated inserts 
(PET membrane, 0.4 μm pore size, 6.5 mm insert, 
costar 3470) and allowed to reach confluency at 
liquid-liquid interface culture for 7 days. The med
ium was changed the next day and followed by 
every other day up to 7 days. At day 7, the basal 
TEER across confluent monolayers on insert was 
measured using EVOM 2 epithelial volt-ohmmeter 
(World Precision Instruments, Sarasota, Fla) and 
STX2 chopstick electrodes according to device 
manufacturer’s protocol. The confluent 
16HBE14o- monolayer baseline unit area resistance 
(TEER) on indicated membrane inserts at 7 day 
that ranged between 550–1000 Ω x cm2 were used 
for challenge experiments. Cells grown on inserts 
were then either pre-treated with control or with 
activating human E-Cad Fabs (3 ug/ml) on both 
apical and basal sides for 4 hours and subsequently 
challenged either with virus or with chemical 
agents for testing barrier function at 6, 24, and 
48 hours. E-Cad Fabs were added both in apical 
and basal chamber at every 24 hours. The resistance 
of cell free FNC coated insert was subtracted from 
each experimental values and data represented 
either as absolute values (Ω x cm2) or as changes 
relative to the corresponding control groups. Cell 
viability was tested during sub-culture by trypan 
blue exclusion test.

Caco2 cells (1 x 105 cells/cm2) were grown as 
monolayers on rat tail collagen coated inserts (PET 
membrane, 0.4 μm pore size, 6.5 mm insert, costar 
3470) and allowed to reach confluency at liquid- 
liquid interface culture for up to 15–20 days to be 
fully differentiated according to previously estab
lished protocol.31 The medium was changed the 
next day and followed by in every two days for up 
to 15–20 days. Baseline TEER was measured in fully 
differentiated monolayers on inserts which were 
then either treated with control or with activating 
human E-Cad Fabs (3 ug/ml) on both apical and 
basal sides for 4, 12, and 16 hours, and TEER was 
measured with STX2 chopstick electrodes accord
ing to device manufacturer’s protocol.

Immunofluorescence staining and cytotoxicity 
assay:

After the indicated treatment cells were fixed with 
ice cold methanol for 10 minutes followed by PBS 
wash, 5% BSA blocking, and overnight staining 
with primary and corresponding secondary anti
body staining for 1 hr at room temperature for 
junctional proteins. The experimental cell super
natant from TEER assay was used for testing cyto
toxicity at indicated time points by measuring 
release of cytosolic enzyme lactate dehydrogenase 
(LDH) according to the manufacturer’s protocol.

Respiratory syncytial virus

Human respiratory syncytial virus (RSV strain L19) 
virus stock (4.7 x 109 pfu/ml) that was propagated 
in Hep2, PEG concentrated, and quantified by pla
que assay in Vero cells was a generous gift from 
Jason Scott Debley lab, Seattle Children’s Research 
Institute, WA. RSVL19 stock was used to infect 
apically on polarized monolayer of 16HBE14o- 
cells.57

Recombinant E-cadherin antibodies and Fabs

E-cadherin activating and control monoclonal anti
bodies against mouse and human E-cadherin were 
established previously.58,51 Briefly, variable regions 
of heavy and light chain sequence of rabbit activat
ing antibodies to mouse E-cadherin were 
sequenced by GenScript and cloned into the 
mouse IgG1 constant region backbone. 
Recombinant mAbs were expressed in our labora
tory in Expi-CHO cells, affinity purified using pro
tein G column and mAb r56-4 was tested for 
functional activity using an activation assay with 
E-cadherin expressing Colo205 cells53 . E-cadherin 
control mAb r19.1–10 binds to E-cadherin but does 
not activate. Recombinant Fab fragments for 
human E-cadherin activating mAb (19A11) or con
trol mAb (46H7) were produced, purified, and 
screened using similar protocol as described 
previously.51
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Animals

All animal experiments were conducted in accor
dance with SCRI’s (Seattle Children’s Research 
Institute) IACUC (Institutional animal care and 
use committee) compliance. Mice experimental 
procedures and protocols were reviewed and 
approved by SCRI IACUC (protocol #0413) and 
performed in compliance with SCRI’s ethical reg
ulation for animal care and use. Mice were housed 
and bred under specific pathogen free conditions at 
SCRI. Mice were obtained commercially either 
from Jackson laboratory or Taconic biosciences 
and mated (as required) according to the vendor’s 
specification.

B6.129P2-IL10tm1Cgn/J (The Jackson laboratory 
strain #002251) male and female mice were used as 
IL10KO homozygous breeders in house to generate 
experimental cohort. Mice were weighed at weaning. 
Mice were treated twice weekly either with E-Cad 
activating (r56-4) or control (r19.1–10) mAb (5 mg/ 
kg of body weight) in saline via intraperitoneal route 
between 8.5 and13.5 weeks of age. Mice were eutha
nized and colonic tissues were harvested for histol
ogy assessment at treatment endpoint.

B6.Cg-Prkdcscid/SzJ (The Jackson laboratory 
strain #001913) male and female mice were used 
as immunocompromised homozygous breeders in 
house to generate experimental cohort. B6.Cg- 
Prkscscid/SzJ males were used for this experiment. 
Mice were treated twice weekly either with E-Cad 
activating (r56-4) or control (r19.1–10) mAb 
(5 mg/kg of body weight) in saline via intraperito
neal route between 5 and 7 weeks of age prior 
receiving T cell transfer. Adoptive transfer model 
of colitis was then established in 7 weeks old B6.Cg- 
Prkscscid/SzJ male mice by tail vain injection of 
400,000 CD4+CD45RBhi T cells isolated from age 
matched male donor C57BL6/J (The Jackson 
laboratory strain #000664). CD4+CD45RBhi T 
cells were prepared for injection by a two-step 
procedure i.e., CD4+ T cells were purified first 
from immune sufficient age matched healthy 
donor male splenocytes via negative isolation pro
tocol using EasysepTM mouse CD4+ T cell isolation 
kit (STEMCELL technologies) according to manu
facturer’s protocol and subsequently purified cells 
were labeled with surface marker specific antibo
dies namely, APC anti-mouse CD45RB and PE- 

Cy7 anti-rat CD4 in FACS buffer for sorting labeled 
populations into CD4+CD45RBhi and 
CD4+CD45RBlo sub-populations (supplement 1a). 
CD4+CD45RBhi T cell transfer recipient mice were 
continued to receive either E-Cad activating (r56-4) 
or control (r19.1–10) mAbs at indicated dose and 
frequency and euthanized after 6 weeks of post T 
cell transfer. Colonic tissues were harvested for 
histology assessment at treatment endpoint.

B6.129S6-Rag2tm1Fwa N12 (Taconic Biosciences 
strain #RAGN12-M) 4 weeks old male mice and 
corresponding control C57BL6/NTac (Taconic 
Biosciences strain #B6-M) were commercially 
obtained as experimental cohort. Mice were 
allowed to adjust in house SPF facility for 2 weeks 
before starting any experimental procedure. Mice 
were treated twice weekly either with E-Cad acti
vating (r56-4) or control (r19.1–10) mAb at 5 mg/ 
kg of body weight and a single dose 50 mg/kg of 
body weight in saline via intraperitoneal route 
between 6 and 8 weeks of age prior receiving T 
cell transfer. Another experimental mouse cohort 
were treated with anti-rat-IL12 antibody once 
weekly at 12.5 mg/kg body weight injected via i.p. 
route as positive treatment control of colitis prior 
receiving T cell transfer. Adoptive transfer model of 
colitis was then established in 8 weeks old 
B6.129S6-Rag2tm1Fwa N12 male mice by intraperi
toneal injection of 400,000 CD4+CD45RBhi T cells 
isolated from age matched male donor C57BL6/ 
NTac (Taconic Biosciences strain #B6-M). 
CD4+CD45RBhi T cells were prepared for injection 
by a two-step procedure same as mentioned above 
for SCID model (Supplemental figure 2a). 
CD4+CD45RBhi T cell transfer recipient mice 
were continued to receive either E-Cad activating 
(r56-4) or control (r19.1–10) mAbs or anti-rat-IL12 
antibody at indicated dose and frequency and 
euthanized after 7 weeks of post T cell transfer. 
Colonic tissues were harvested for histology assess
ment at treatment endpoint.

Histology

At experimental endpoint, colonic swiss rolls were 
prepared according to established protocols59 and 
cassettes containing tissue rolls were fixed overnight 
either in 10% formalin for colons. Samples were 
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processed at CDBRM (center for developmental biol
ogy and regenerative medicine) tissue processing core 
and paraffin embedded. Tissue embedded paraffin 
blocks were then submitted to HistoTox Labs on a 
fee-for-service basis for experimental histopathology 
analysis of IBD progression in experimental models of 
colitis. HistoTox Labs conducted tissue sectioning, 
Hematoxylin and Eosin (H&E) staining, imaging, 
and scoring of inflammatory bowel disease progres
sion according to acceptance criteria established 
a-priori (as described in the supplemental table). 
Evaluation of staining was conducted by a board- 
certified veterinary pathologist at HistoTox Labs.

Lipocalin2 ELISA

Stools and tissue extracts from experimental ani
mals were evaluated for LCN2/NGAL levels using R 
& D duo set ELISA kit (DY1857) according to 
manufacturer’s protocol. Briefly, stool samples 
were prepared by diluting equal number of pellets 
or wt/vol liquid feces with 500 ul of 0.1% Tween20 
in PBS followed by homogenization using lysing 
matrix E tubes for 40 secs. Stool extracts were 
then centrifuged for 10 minutes at 12,000 rpm at 
4° C. Supernatants were used for ELISA at 1:200 
minimum required dilution. Tissue extracts were 
prepared using Invitrogen Novex tissue extraction 
reagent according to the kit protocol. Briefly, 
homogenization buffer with freshly added protease 
inhibitor cocktail was used proportionately to the 
tissue weight and homogenized using tissue homo
genizer followed by centrifugation at 10,000 rpm 
for 5 minutes to remove the debris. The superna
tant was used for ELISA.

Western blotting (WB)

Stool extract prepared as indicated above and 
diluted in 2X laemmli sample buffer and heat-dena
tured at 95°C for 5 minutes for loading onto 4–20% 
gradient SDS-PAGE. Equal volume of samples was 
loaded and transferred on to methanol activated 
PVDF membrane to transfer the protein using 
Bio-Rad’s semi-dry transfer unit. Western blot run
ning and transfer buffers were commercially pur
chased, and WB performed according to 
manufacturer’s protocol. Membrane was then 
blocked with 5% NFDM in TBST for 1 hour and 

incubated overnight with anti-albumin antibody 
(ab207327, Abcam) at 1:1000 concentration in 5% 
NFDM in TBST followed by three times (5 minutes 
each) washing with 1X TBST next morning and 
subsequent 1-hour incubation in 1:5000 goat anti- 
rabbit HRP conjugated secondary antibody. 
Membrane was then washed again three times 
(5 minutes each) washing with 1X TBST followed 
by substrate incubation and capture of bands using 
Bio-Rad’s ChemiDoc imaging unit.

Statistics

Statistical analyses were performed using GraphPad 
Prism9 software (Graphpad Software, Inc., CA, 
USA). Statistically significant differences between 
two groups were determined using the nonpara
metric Mann-Whitney U test or ANOVA as 
described in the result section. P < .05 was consid
ered significantly different as described in the figure 
legends.

RESULTS

Human E-cadherin activating antibody Fab 
increases barrier function in vitro in epithelial cells

Our previous findings demonstrated that human 
E-cadherin activating antibody increased cell:cell 
adhesion in several different epithelial cell lines in 
vitro.51,53,58,60 Therefore, to determine whether 
E-cadherin activation at epithelial cell-cell junc
tions can counteract a loss in barrier function 
induced by various agents, 16HBE14o- cells 
(Human broncho epithelial cell line) were cultured, 
differentiated, and epithelial permeability was 
assessed using a TEER assay. 16HBE14o- cells 
were pre-treated either with human E-cadherin 
activating (19A11) or neutral E-cadherin (46H7) 
Fabs and subsequently challenged with three differ
ent agents which have been previously identified to 
induce loss in trans epithelial electrical resistance 
(TEER) in this cell line.57,61,62 Infection with RSV- 
L19 reduced TEER in 16HBE14o- cells at multi
plicity of infection (MOI) of 0.15 and 1 in a time 
dependent manner. 19A11 activating Fab treatment 
reduced the loss of TEER in 16HBE14o- cells com
pared to control 46H7 Fab treatment after 24 hours 
(p-values .0092 and .0411 respectively) and 

TISSUE BARRIERS e1940741-5



48 hours (p-values .0078 and .0021 respectively) 
post infection, which is statistically significant 
when analyzed by 2-way ANOVA followed by 
Sidak’s multiple comparison test (Figure 1a. values 
indicated in the figure legend). Poly I:C (viral RNA 
mimic) and IL-4 have also been reported to reduce 
TEER in 16HBE14o- cells.62 Although we observed 
that Poly I:C and IL-4 treatment reduced TEER in a 
dose and time dependent manner, in no condition 
did E-cadherin activating Fab pre-treatment slow 
the reduction in TEER (Figure 1b and Figure 1c). 
The unit area TEER values in Ω x cm2 from these 
experiments are provided in the Supplemental 
Figure 7a – 7 c. Because E-cadherin activating anti
body treatment did not increase TEER compared to 
untreated 16HBE14o- cells (data not shown), these 
finding indicate that E-cadherin activation selec
tively enhanced barrier function against some 
inflammatory stimuli.

We also examined whether the loss in TEER in 
response to treatments was due to gross junctional 
disruption or even cell death. In RSVL-19 infected 

16HBE14o- cells we did not observe changes in 
junctional staining of E-cadherin or the tight junc
tion proteins ZO1 as examined by immunostaining 
(Supplemental Figure 1.a and b). This suggests a 
more subtle molecular change in cell junctions, 
both in response to infection and to activating Fab 
treatment. An LDH release assay revealed no sta
tistically significant cell cytotoxicity due to any of 
the challenges (Supplemental figure 1. c, d, and e), 
indicating that the reduction in TEER was not due 
to gross loss of cells due to cell death.

We also found that E-cadherin activation 
increase TEER in a cultured intestinal epithelial 
cell line. A subclone of the Caco2 cell line (human 
colorectal adenocarcinoma) C2BBe1 was cultured, 
differentiated and examine by TEER measurements 
as described in materials and methods. In contrast 
to the 16HBE14o- cells, E-cadherin activating 
(19A11) Fabs increased TEER over time in other
wise unchallenged Caco2 compared to 46H7 Fab 
treated cells. The data were statistically analyzed by 
2-way ANOVA followed by Sidak’s multiple 

Figure 1. Effect of human E-cadherin activation in epithelial barrier function in vitro.(a-c) Measurement of transepithelial electrical 
resistance (TEER) in 16HBE14O- cells pre-treated with either with human E-cadherin activating Fab 19A11 or with control neutral Fab 
treatment followed by (a) RSV challenge at different MOI under indicated time points of post infection, (b) IL4 or (c) poly I:C challenge. 
Statistical significance was analyzed by ANOVA followed by Sidak’s multiple comparisons test of group mean SD ** = p-value <.005 
and * = p-value <.05 (d) Differentiated Caco2 cells were treated either with E-cadherin activating (19A11) or neutral (46H7) Fabs and 
basal TEER was monitored for indicated time points and TEER values over time was analyzed. ANOVA with Sidak’s multiple comparisons 
test performed. (group mean SD, *** = p values <.0001 between two groups reported).
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comparison test (Figure 1d. values indicated in the 
figure legend). The unit area TEER values in Ω x 
cm2 from these experiments are provided in the 
Supplemental Figure 7d. This suggests that the rest
ing C2BBe1 Caco2 line already has some down
regulation or deficit in cell junctions that can be 
countered by E-cadherin activation under the cul
ture conditions of this experiment.

Mouse E-cadherin activating antibody treatment 
reduced inflammation progression in spontaneous 
IL10-/- model of ulcerative colitis

To test the physiological significance of epithelial 
E-cadherin activation in barrier function in vivo, we 
studied their effects in mouse models of inflamma
tory bowel disease (IBD) that implicate intestinal 
barrier dysfunction. We chose the IL10-/- model 
because barrier dysfunction has been implicated in 
the disease19,63–65 and because of the spontaneous 
nature of disease progression may permit examina
tion of whether activating mAbs prevent disease 

onset. We used the IL10-/- B6.129P2 strain which 
is the least aggressive model of chronic ulcerative 
colitis compared to C3H/HeJBir or 129/Sv 
background.40 The IL10-/- model is also well 
known to be dependent on intestinal microbiota 
for disease progression65 and therefore to minimize 
any microbial bias due to change in environment 
during transportation, we generated the IL10-/- 
experimental cohort in house at SCRI specific 
pathogen free vivarium facility. B6.129P2- 
IL10tm1Cgn/J mice cohorts (we will refer the strain 
as IL10-/- from here on) were bred, weighed and 
treated by IP injection biweekly with either with 
mouse E-cadherin activating (r56-4) or neutral 
(r19.1–10) antibodies. Both sexes were included in 
the study and male cohorts had statistically signifi
cant higher body weight regardless of antibody 
treatment compared to female cohorts (Figure 2a). 
Over time, E-cadherin activating antibody (r56-4) 
treated male and female cohorts had statistically 
significant higher body weight compared to neutral 
antibody (r19.1–10) treated male and female 

Figure 2. Effect of mouse E-cadherin activating antibody in IL10KO BL6 model of ulcerative colitis.(a) Measurement of body weight in 
IL10-/- mice cohorts (n = 8–10 mice per antibody treatment group) receiving either E-cadherin activating r56- 4 or control neutral 
r19.1–10 antibody (group mean SEM, Mann-Whitney test p-values <0.0001); (b) Representative microscopic images of H&E stained 
colonic swiss roll section (scale bar 200 μm). Quantification of inflammation parameters presented for (c) inflammation, (d) sum of 
histopathology, and (e) sum of colitis (sum of all parameters, group mean SEM); Mann-Whitney test for significance performed; (f) 
Comparative analysis of colonic length measurement between treatment cohorts at treatment endpoint and (g) Lcn2 content in stool 
analysis by ELISA. (group mean SEM, Mann-Whitney test p-values reported in the figure).
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cohorts respectively (analyzed by nonparametric 
Mann-Whitney U test, p-value <0.0001), which 
indicates that overall health status of r56-4 treated 
mice cohorts were better than r19.1–10 treated 
cohort.

Experimental histopathology evaluation of dis
ease progression was independently conducted by 
the commercial service HistoTox at the treatment 
end point of age 13.5 weeks. Examples of histologi
cal sections are shown in Figure 2b and histology 
raw data analysis graphs from HistoTox are 
reported in supplemental Figure 2. Figure 2b 
shows that IL10-/- mice had expected histologic 
lesions of the intestinal tract, including inflamma
tion, hyperplasia, epithelial damage/gland loss, and 
edema (Supplemental Table 1). Mid and distal 
colons were evaluated, and inflammation was char
acterized by infiltration of the mucosa and submu
cosa by lymphocytes and macrophages with fewer 
numbers of eosinophils and neutrophils. Epithelial 
hyperplasia was characterized by elongation of 
colonic glands, epithelial cell basophilia, and 
increased numbers of epithelial mitotic figures. 
Regions of hyperplasia occasionally formed poly
poid-like projections of the mucosa with branching 
and fusion of crypts/glands. Epithelial damage 
included epithelial infiltration of inflammatory 
cells, crypt loss, and complete loss of colonic 
glands; erosions were not observed in this study. 
Edema was characterized by expansion of the 
lamina propria and/or submucosa by clear space 
or pale eosinophilic fluid, variably accompanied by 
dilation of lymphatic vessels.

Lesion severity was generally minimal to mild in 
this model, as observed in both the control neutral 
r19.1–10 treatment group (Group 1) and the r56-4 
activating mAb treatment group (Group 2). 
Nonetheless, average lesion severity scores were 
lower in the r56-4 activating mAb treatment 
group (Group 2) in comparison to the r19.1–10 
treatment group (Group 1) for sum colitis scores 
(Figure 2e), mucosal hyperplasia, inflammation, 
and gland loss scores (Supplemental Figure 2a), 
edema extent (Supplemental Figure 2b), and neu
trophilic infiltration (Supplemental Figure 2c). 
Significance tested on histologic parameters such 
as inflammation and sum histopathology score 
(Figure 2c and Figure 2d) were substantially lower 
in r56-4 activating mAb treated IL10-/- mice 

compared to r19.1–10 treated cohort. Fecal lipoca
lin2 (LCN2) was used as a noninvasive biomarker 
associated with barrier dysfunction, neutrophil 
migration, and inflammation in IBD.66,67 The 
level of fecal LCN2 was also significantly reduced 
in activating mAb r56-4 treated IL10-/- mice when 
compared to its corresponding control group 
(Figure 2g). In addition, activating mAb r56-4 trea
ted IL10-/- mice cohort had significantly higher 
colonic length compared to r19.1–10 treated cohort 
(Figure 2f) as evaluated at treatment end point 
(analyzed by nonparametric Mann-Whitney U 
test, P values indicated in the figure legend). 
These results show that treatment with E-cadherin 
activating antibody significantly reduced IBD pro
gression in IL10-/- spontaneous model of ulcerative 
colitis.

In addition to the appearance of LCN2 in the 
stool, we also measured albumin protein content in 
mice stool extract (by western blotting) as a hall
mark of barrier dysfunction (supplemental figure 
5).68 Activating mAb r56-4 treatment (lane 7) in 
IL10-/- mice reduced stool albumin in protein level 
compared to r19.1–10 treatment (lane 6) poten
tially by enhancing barrier function. This suggests 
that E-cadherin activating antibody may have 
reduced IBD progression by enhancing barrier 
function in IL10-/- mice.

Mouse E-cadherin activating antibody treatment 
reduces progression of experimentally induced 
inflammatory bowel disease, adoptive T cell transfer 
model of colitis

Adoptive T cell transfer induces a progressive and 
chronic experimental model of colitis by direct trans
fer of isolated naive T-cells from syngeneic WT donor 
into the age and sex matched recipient lymphophenic 
animals. This allows for better control of disease initia
tion and progression and timing of antibody treat
ment before and during onset of inflammation. Two 
different immunocompromised strains, SCID and 
RAG were used as T cell recipients from correspond
ing age and sex matched healthy donor mice strains.

B6.Cg-Prkscscid/SzJ mice (referred to as B6.SCID 
from here on) were bred, weighed and treated with 
either E-cadherin activating (r56-4) or neutral (r19.1– 
10) antibodies, and then followed by adoptive transfer 
of CD45RBhi T-cells with continuing antibody 
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treatment. The control for disease induction was 
CD45RBlow T-cells, which do not cause 
inflammation28 (Figure 3(a, b)). Sorting of these cell 
populations by FACS is shown in supplemental 
Figure 3a. The CD45RBhi T-cells caused significant 
weight loss in control neutral r19.1–10 mAb treated 
mice compared to those receiving the CD45RBlow 

T-cells, and treatment with activating mAb r56-4 
had significantly higher body weight compared to 
r19.1–10 treated cohort, almost the same as the 
CD45RBlow group (Supplemental Figure 3b).

At treatment end point, experimental histo- 
pathology evaluation of disease progression was 
independently conducted by HistoTox. Examples 
of histological sections are shown in Figure 3a and 
histology raw data analysis graphs from HistoTox is 
reported in supplementary Figure 4. Mid and distal 
colons were evaluated and Figure 3a demonstrates 
that transfer of CD45RBhi T-cells from donor mice 
to immunocompromised B6.SCID mice produced 
typical histologic lesions for the adoptive transfer 
model including inflammation of the mucosa/ 

submucosa, crypt damage, erosions, edema, and 
epithelial hyperplasia (Supplemental Table 1). 
These lesions were not observed in the mice receiv
ing the CD45RBlow T-cells. Mid and distal colons 
were evaluated, and inflammation was character
ized by infiltration of neutrophils, lymphocytes, 
macrophages, and occasional multinucleated giant 
cells into the mucosa and submucosa. Crypt 
damage ranged from infiltration of lymphocytes 
into crypts with distortion of crypt profiles, crypt 
necrosis or abscessation, or complete loss of colonic 
glands. Erosions were characterized by necrosis or 
loss of surface epithelium superficial to the muscu
laris mucosae. Edema was characterized by expan
sion of the lamina propria and/or submucosa by 
clear space or pale eosinophilic fluid, variably 
accompanied by dilation of lymphatic vessels. 
Epithelial hyperplasia was characterized by elonga
tion of colonic glands, epithelial cell basophilia, and 
increased numbers of epithelial mitotic figures. 
Sum colitis scores (Supplemental Figure 4c), muco
sal hyperplasia, inflammation, and gland loss scores 

Figure 3. Effect of mouse E-cadherin activating antibody in adoptive T cell transfer SCID model of ulcerative colitis.(a) Representative 
microscopic images of H&E stained colonic swiss roll section (scale bar 100 μm); (b) Measurement of colonic length in SCID mice 
cohorts (n = 3–5 mice per treatment group, group mean SEM, ANOVA with Tukey’s multiple comparisons test, p-values <0.05); 
Quantification of inflammation parameters presented for (c) hyperplasia, (d) inflammation, (e) gland damage, and (f) sum of 
histopathology scores (group mean SEM, Mann-Whitney p-values for significance); (g and h)) Lcn2 content analyses in serum and 
stool by ELISA. (group mean SEM, Mann-Whitney test p-values reported).
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(Supplemental Figure 4a), were higher in mice trea
ted with r19.1–10 and CD45RBhi transfer (Group 3) 
when compared to mice treated with activating 
mAb r56-4 (Group 2) or CD45Rblow transfer 
(Group 1); similar scores were observed in the low 
transfer mice (Group 1) and high transfer r56-4- 
treated mice (Group 2). Erosion (Supplemental 
Figure 4a) and edema (Supplemental Figure 4b) 
were only observed in the mice treated with 
r19.1–10 and CD45RBhi transfer (Group 3). Mean 
lymphoid aggregate counts (4.25, 4.20, and 1 for 
groups 1,2, and 3 respectively) and diameter (225, 
160, and 137 μM for groups 1,2, and 3 respective) 
further supported the observation that activating 
mAb r56-4 reduced inflammation in CD45RBhi T- 
cell recipient mice. Statistical significance tested on 
hallmarks of inflammation parameters such as 
hyperplasia, inflammation, gland damage, sum of 
histopathology scores, were significantly higher in 
r19.1–10 treated B6.SCID mice cohort compared to 
activating mAb r56-4 treated cohort after 6 weeks 
of CD45RBhi T cell transfer (Figure 3c, Figure 3d, 
Figure 3e, Figure 3f). Moreover, the noninvasive 
biomarker lipocalin2 (LCN2) levels in serum and 
stool were significantly higher in r19.1–10 treated 
B6.SCID mice cohort compared to activating mAb 
r56-4 treated cohort (Figure 3g, and Figure 3h) and 
activating mAb r56-4 treated B6.SCID mice had 
significantly higher colonic length compared to 
r19.1–10 treated cohort (Figure 3b) after 6 weeks 
of CD45RBhi T cell transfer. Statistical significance 
was analyzed by nonparametric Mann-Whitney U 
test (P values indicated in the figure). These results 
show that treatment with E-cadherin activating 
antibody significantly reduced inflammatory 
bowel disease progression in the adoptive T-cell 
transfer model using the B6.SCID strain.

We also measured albumin protein content in mice 
stool extract in T cell transfer model as a hallmark of 
barrier dysfunction (Supplemental figure 5). Activating 
mAb r56-4 treatment (lane 4) in CD45RBhi T cell 
recipient B6.SCID mice reduced stool albumin in pro
tein level compared to r19.1–10 treatment (lane 3). The 
r56-4 treatment group had similar albumin level as the 
control or CD45RBlow T cell recipient B6.SCID mice 
(lane 2) . These results suggest that the reduction of 
inflammation by the E-cadherin activating antibody 
may have been due to rescuing barrier dysfunction.

Another lymphophenic model B6.129S6- 
Rag2tm1Fwa N12 mice (we will refer the strain as 
RagN12 from here on) were treated with either 
mouse E-cadherin activating (r56-4), neutral 
(r19.1–10), or with anti-rat-IL12 antibodies fol
lowed by adoptive transfer of CD45RBhi T cells 
and continuing antibody treatment during the rest 
of the experiment. Anti-IL12 antibody was used as 
positive treatment control as published literature 
demonstrated role for the IL-12 in the initiation 
of intestinal inflammation caused by epithelial bar
rier disruption.69,70 By the end of the experiment 
the RagN12 cohort treated with neutral antibody 
had lower survival (57%) compared to the cohorts 
treated with either anti-IL12 antibody treatment 
(100% survival) or r56-4 activating mAb (85% sur
vival) or animals that received no T-cell transfer 
(100% survival). For this reason, it was not possible 
to compare all the experimental groups between 
each other at same time point of induction in our 
facility. It’s possibly that this low survival compared 
to the other facilities was due to a change in micro
biome during transfer of RAG1 mice from Taconic 
Biosciences and their adaptation to the SCRI vivar
ium affected the baseline disease severity, which is 
known to occur in a microbiome dependent disease 
like IBD.71

Nonetheless at the treatment end point for the 
surviving animals (7 weeks post T cell transfer) 
experimental histo-pathology evaluation of disease 
progression was conducted using a-priori acceptance 
criteria as described under the histology section in the 
supplemental table 1. Mid and distal colons were 
evaluated, and the findings presented in Figure 4a 
demonstrate that adoptive T-cell transfer in RagN12 
mice produced typical histologic lesions similar to the 
adoptive transfer model in SCID mice as described in 
Figure 3a. However, in our experience T cell transfer 
in RagN12 mice strain in general developed colitis 
starting at 5 weeks of post CD45RBhi T cell transfer 
and this model also had aggressive body weight loss in 
mice starting at 5 weeks in our facility (Supplemental 
figure 6b). Colitis lesions were generally moderate 
overall. No lesions of colitis were observed in naïve 
mice (no T cell transfer, Group 1). No T cell transfer 
groups were the WT RagN12 mice that did not 
receive any antibody treatment. The experimental 
disease groups were compared to this control group 
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to monitor disease progression compared to healthy 
colon because the survival differences between experi
mental disease groups made direct comparisons 
between them inappropriate. Hyperplasia, inflamma
tion, glad damage score, sum of histopathology, and 
edema scores were increased significantly in mice that 
received T cell transfer and neutral antibody (r19.1– 
10, Group 2) as treatment. However, groups that 
received either anti-IL12 antibody (Group 4) or acti
vating E-cadherin mAb (r56-4, Group 3) did not 
develop any significant changes with respect to the 
indicated pathological hallmarks of inflammation 
(Figure 4b, Figure 4c, Figure 4d, Figure 4e, and 
Figure 4f). These findings demonstrate that 
E-cadherin activating antibody (r56-4) was partially 
affective in reducing inflammation in the adoptive T 
cell transfer model of colitis in RagN12 mice, although 
not as much as the anti-IL12 antibody, which is an 
established treatment for ulcerative colitis.

We also measured albumin protein content in 
stool from these experimental mice (Supplemental 
figure 5). The CD45RBhi T cell recipient cohort that 

also received anti-IL12 treatment (lane 12) had low 
level of stool albumin, comparable to the control no 
T cell transfer group (lane 9). Although the cohort 
that received r56-4 (E-cadherin activating anti
body) treatment had elevated levels of in the stool 
(lane 11), the cohort treated with r19.1–10 (neutral 
antibody) treatment had even higher albumin levels 
(lane 10). These data suggest that activating mAb 
was only partially effective in enhancing barrier 
function in this model.

Discussion

A loss of epithelial barrier function has often been 
proposed to contribute to the development of 
mucosal inflammation, especially in the lung and 
digestive tract. E-cadherin, as the central adhesive 
component of the epithelial adherens junction spe
cifically has been implicated. However, it has been 
difficult to elucidate the roles of barrier function 
and E-cadherin specifically because of the difficulty 
of assessing and manipulating their functions in the 

Figure 4. Effect of mouse E-cadherin activating antibody in adoptiveT cell transfer Rag-/- model of ulcerative colitis.(a) Representative 
microscopic images of H&E stained colonic swiss roll section (scale bar 100 μm); Quantification of inflammation parameters presented 
for (b) hyperplasia, (c) inflammation, (d) gland damage, (e) sum of histopathology, and (f) edema scores (n = 6–8 mice per treatment 
group, group mean SEM, ANOVA with Dunn’s multiple comparisons test, p-values reported in the figure).
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context of disease states. Alterations in E-cadherin 
function may not be revealed by gross changes in its 
expression since it can be allosterically regulated at 
the cell surface in response to various factors. We 
have developed and characterized novel monoclo
nal antibodies that bind to E-cadherin and allos
terically activate its adhesive function at the cell 
surface and have used them as tools to manipulate 
E-cadherin function and examine its role in epithe
lial barrier function and in the development and 
progression of IBD.

Previous work with our E-cadherin activating 
antibodies showed that they enhance E-cadherin 
mediated adhesion in several cell lines, stimulate 
epithelialization of colorectal tumor cells, and inhi
bit metastasis of mammary tumor cells to the lung. 
51,53,58 In this paper we directly tested their ability 
to enhance barrier function in differentiated epithe
lial cell lines. We examined the human airway 
epithelial line 16HBE14o- because previous studies 
showed that its permeability, as measured by TEER, 
could be downregulated by inflammatory stimuli, 
including infection with respiratory syncytial virus. 
Indeed, activating Fabs to human E-cadherin pre
vented the loss of TEER caused by RSV infection. 
The Fabs did not prevent TEER loss induced by 
viral RNA mimic polyI:C or inflammatory cytokine 
IL4. It’s not clear why but these agents could either 
affect barrier function by another mechanism or 
have a stronger more persistent effect on 
E-cadherin function. These activating Fabs also 
enhanced the basal TEER of the Caco2 intestinal 
cell line not challenged with other agents. Together 
these results demonstrate that the activating mAbs 
not only stimulate cell adhesion but also can 
enhance epithelial barrier function under some 
conditions. Therefore, E-cadherin activation have 
the potential to enhance barrier function in vivo 
and possibly reduce mucosal inflammation.

We chose to study the role of E-cadherin cell 
surface regulation in IBD because of the impor
tance of epithelial barrier function in the disease 
and because several lines of evidence have impli
cated E-cadherin in IBD.6,17,43,47,72–77 We avoided 
common chemically induced models of IBD 
because they are likely to cause serious cellular 
damage or death, disrupting the epithelium in a 

way that is unlikely to be directly affected by 
E-cadherin regulation. Rather we used genetic 
and/or immune driven models that probably reg
ulate barrier function physiologically, the IL10 gene 
deletion and adoptive T-cell transfer models of 
ulcerative colitis. For mouse models we used a 
different activating mAb to mouse E-cadherin 
which we previously showed to trigger strong adhe
sion and epithelialization in cell culture and to be 
effective in vivo in a mouse model of tumor 
metastasis.53

IBD developed gradually and asynchronously in 
the IL10-/- mice in our facility. The rate and extent 
of IBD in the IL10-/- mice is known to be depen
dent on the microbiome, and therefore the facility 
in which they are raised, as well as the specific 
mouse strain. These mice developed less aggressive 
inflammation than the adoptive T-cell transfer 
model (below), but we did observe a significant 
reduction in the readouts of inflammation in the 
mice treated with E-cadherin activating mAb. The 
effect was not due simply to mAb binding to 
E-cadherin since it was compared to mice treated 
with control neutral E-cadherin mAb which does 
not activate adhesion. Thus, the reduction of 
inflammation is likely due to mAb increased state 
of adhesion at the cell surface. This suggests there
fore, that changes in E-cadherin function due to 
environmental or inflammatory factors is responsi
ble for the loss of barrier function. The cell culture 
assays using airway 16HBE14o- and intestinal 
Caco2 epithelial cells indicate that the activating 
antibodies work directly to decrease epithelial per
meability, although we can’t completely rule out 
other effects in vivo due to allosteric activation of 
E-cadherin-associated signaling. Nonetheless, the 
decreases in serum resident albumin and granulo
cyte associated marker LCN2 in stool in activating 
mAb treated animals provide evidence that the 
mAbs act to decrease intestinal permeability. 
Thus, loss of barrier function due, at least in part, 
to E-cadherin misfunction contributes to the devel
opment of IBD in IL10-/- mice.

The adoptive T-cell transfer models have the 
advantage of inducing an acute and rapid IBD, 
which makes it more advantageous model to synchro
nize mAb treatment with onset of disease. We 
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observed that E-cadherin activating mAbs signifi
cantly reduced inflammation in two immunodeficient 
mice models using either SCID mice or Rag mice as 
T-cell recipients (by criteria shown in the supplemen
tal table 1). The activating mAb seems to have 
reduced intestinal permeability because it decreased 
the amount of serum resident albumin in the stool 
compared to control mAb treated mice. The reduc
tion of fecal biomarker LCN2 with E-cadherin activa
tion was significant in the SCID model. This is 
consistent with the effects of the activating mAb in 
the IL10-/- model as well as the effect of activating 
Fabs to human E-cadherin on epithelial permeability 
in cell culture. Thus, activating mAbs likely reduced 
IBD severity in adoptive T-cell transfer models by 
enhancing barrier function. In the adoptive T-cell 
transfer models it is unlikely that the mAbs act to 
reverse a barrier defect that precedes the onset of 
inflammation. Rather, inflammatory factors them
selves are likely to cause a loss in barrier function 
that can be reversed temporarily by activating mAb 
treatment.

Decreased barrier function has been long sus
pected as an important factor in the development 
of IBD but has been difficult to test experimentally. 
A recent study by Jerrold Turner’s group provided 
some evidence that a specific barrier enhancing 
drug acting on the tight junction by diversion of 
intracellular MLCK1 could reduce inflammatory 
symptoms in IL10-/- and Rag-/- models of IBD.31 

Our findings demonstrate that stimulating 
E-cadherin adhesive function can also enhance 
barrier function and reduce inflammation in 
mouse models of IBD. Although these findings 
do not demonstrate that these E-cadherin activat
ing antibodies can be used as induction therapy 
for treating disease, these proof of concept experi
ments suggests a potential for modulating 
E-cadherin adhesive function as a means to devel
oping barrier enhancing therapeutic approaches 
for treating IBD.
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