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ORIGINAL RESEARCH

Blockade of TGF-β signaling with novel synthetic antibodies limits immune
exclusion and improves chemotherapy response in metastatic ovarian cancer
models
Daniel Newsteda, Sunandan Banerjeeb, Kathleen Watta, Sarah Nersesiana, Peter Truesdella, Levi L. Blazer b,
Lia Cardarellib, Jarrett J. Adams b, Sachdev S. Sidhub, and Andrew W. Craig a

aDepartment of Biomedical and Molecular Sciences, Queen’s University; Cancer Biology & Genetics division, Queen’s Cancer Research Institute,
Kingston, ON, Canada; bThe Donnelly Centre, University of Toronto, Toronto, ON, Canada

ABSTRACT
Epithelial ovarian cancer (EOC) is a leading cause of cancer-related death in women. EOC is often diagnosed at
late stages, with peritoneal metastases and ascites production. Current surgery and platinum-based chemother-
apy regimes fail to prevent recurrence in most patients. High levels of Transforming growth factor-β (TGF-β)
within ascites has been linked to poor prognosis. TGF-β signaling promotes epithelial-mesenchymal transition
(EMT) in EOC tumor cells, and immune suppression within the tumor microenvironment, with both contributing
to chemotherapy resistance and metastasis. The goal of this study was to develop specific synthetic inhibitory
antibodies to the Type II TGF-β receptor (TGFBR2), and test these antibodies in EOC cell and tumor models.
Following screening of a phage-displayed synthetic antigen-binding fragment (Fab) library with the extracellular
domain of TGFBR2, we identified a lead inhibitory Fab that suppressed TGF-β signaling in mouse and human
EOC cell lines. Affinity maturation of the lead inhibitory Fab resulted in several derivative Fabs with increased
affinity for TGFBR2 and efficacy as suppressors of TGF-β signaling, EMT and EOC cell invasion. In EOC xenograft
and syngeneic tumor models, blockade of TGFBR2 with our lead antibodies led to improved chemotherapy
response. This correlated with reversal of EMT and immune exclusion in these tumor models with TGFBR2
blockade. Together, these results describe new inhibitors of the TGF-β pathway that improve antitumor
immunity, and response to chemotherapy in preclinical EOC models.
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Epithelial ovarian cancer (EOC) is the leading cause of gyne-
cological cancer-associated death in women.1 EOC is typically
diagnosed at late stages with metastases already present within
the peritoneal cavity.2 Although most EOC patients show
initial responses to platinum-based chemotherapy, recurrence
is frequent, leading to an overall survival rate of only 30%.3

Within the EOC tumor microenvironment, TGF-β signaling
promotes survival of cancer stem cells, epithelial-to-mesench-
ymal transition (EMT), and chemoresistance.4–6 The observed
impact of TGF-β signaling in EOC suggests that inhibition of
this pathway is a reasonable therapeutic complement to the
existing platinum-based chemotherapies.

Targeting TGF-β signaling to treat cancer is a contentious issue
due to the paradoxical role of TGF-β in tumor suppression and
progression.7 In early stages of tumor development, TGF-β signal-
ing acts as a tumor suppressor by inducing apoptosis, promoting
senescence, andmaintaining tissue homeostasis.8 However, in late
stage cancers, TGF-β signaling promotes cell invasion, tumor
angiogenesis, immune suppression, and survival of cancer stem
cells.9 The variable effects of TGF-β signaling on tumor growth is
dependent on the tumor microenvironment, with paracrine sig-
naling between tumor and stroma dictating the impact of TGF-β
signaling.10 Inhibiting TGF-β signaling in a tumor microenviron-
ment may therefore have profound effects on the tumor, as

evident from several recent studies implicating TGF-β signaling
as an antagonist of immunotherapy responses in multiple cancer
types.11–14 However, appropriate use of this potential therapeutic
strategy requires a robust understanding of TGF-β signaling, and
its role in specific cancer types and microenvironments.

TGF-β signaling is initiated when latent pools of ligands TGF-
β1, TGF-β2 or TGF-β3 within the extracellularmatrix are released
by proteases that allow ligand binding to Type II receptor
(TGFΒR2) on the cell surface.15 TGFΒR2 is a constitutively active
serine/threonine/tyrosine kinase that forms a heterotetramer with
Type I receptor (TGFBR1/ALK5) upon TGF-β binding. TGFΒR1
activation leads to phosphorylation of receptor-regulated SMAD
proteins (SMAD2/SMAD3) that promotes interaction with
SMAD4 and regulation of TGF-β target genes in the nucleus.15

Non-canonical TGF-β signaling to mitogen-activated protein
kinases (MAPKs) and Rho GTPases contributes to the potent
effects of TGF-β in promoting cancer cell motility and invasion.7

A number of small molecules, a ligand trap, and antibodies have
been developed to inhibit the TGF-β pathway.16 However, these
inhibitors have not translated effectively from preclinical studies
to clinical use.17 Thus, improvements are needed in our under-
standing and means of targeting the TGF-β pathway to realize the
potential advantages of limiting aberrant TGF-β signaling in the
tumor microenvironment.

CONTACT Andrew W. Craig, ac15@queensu.ca Department of Biomedical and Molecular Sciences, Queen’s University; Cancer Biology & Genetics division,
Queen’s Cancer Research Institute, Kingston, ON, Canada

ONCOIMMUNOLOGY
2019, VOL. 8, NO. 2, e1539613 (14 pages)
https://doi.org/10.1080/2162402X.2018.1539613

© 2018 Taylor & Francis Group, LLC

http://orcid.org/0000-0001-9594-4642
http://orcid.org/0000-0002-0182-922X
http://orcid.org/0000-0002-2039-2393
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2018.1539613&domain=pdf&date_stamp=2019-01-05


In this study, we report on new tools for TGF-β pathway
blockade and their effects on preclinical EOC tumor models.
A single framework, phage-displayed synthetic antibody
library produced a panel of anti-TGFBR2 Fabs when screened
against the Fc-tagged extracellular domain (ECD) of TGFBR2
(TGFBR2-Fc). The Fabs were stratified based on their binding
affinities and TGF-β signaling blockade. A lead inhibitory Fab
(5775) was selected for affinity maturation and the resulting
clones were formatted and purified as human IgG1 antibo-
dies, which showed improved avidity and efficacy in blocking
TGF-β-induced EOC cell invasion and mesenchymal gene
expression. Two affinity matured IgGs (8311 and 8322) were
also capable of reversing EMT and immune exclusion in
metastatic EOC tumor xenograft and syngeneic models, and
thus facilitating an improved response to chemotherapy.

Results

Novel synthetic antibodies for TGF-β pathway blockade
identified by phage display

To identify novel inhibitory antibodies for the blockade of TGF-β
signaling, we prepared an expression construct composed of the
complete TGFBR2 extracellular domain (ECD) expressed as a
fusion protein with IL-2 signal sequence (IL2ss) and the human
IgG1 Fc domain (TGFBR2-Fc, Figure 1(a)). This construct, and Fc
domain alone, were expressed in FreeStyle™ 293-F cells by transi-
ent transfection andwere readily purified from conditionedmedia
(Figure 1(b)). Purified TGFBR2-Fc was then used as antigen to
screen a Fab-phage library for selective human monoclonal
antibodies.18 After 4 rounds of positive and negative selection
with TGFBR2-Fc and Fc respectively, we identified 30 unique
TGFBR2-specific Fab-phage clones from clonal ELISA
(Fig. S1A). Based on unique paratope sequence properties, 18
clones were selected for Fab protein production and validated for
binding to the cognate antigen by protein ELISA (Fig. S1B).
Binding kinetics of antigen specific Fabs weremeasured by surface
plasmon resonance (SPR) revealing several Fabs with high affinity
(KD < 10 nM) for the immobilized human TGFΒR2-Fc protein
(Figure 1(c)). Among the panel of Abs, Fab 5775 (F5775) showed
the highest Fab affinity (4.08 x1010M) and no cross-reactivity with
TGFBR1 at saturating concentrations (Fig. S1C/D).

To screen for effects of these Fabs on TGF-β signaling, we
transfected HEK293T cells with a TGF-β/SMAD2/3-responsive
firefly luciferase reporter, along with a constitutively expressed
renilla luciferase reporter as a control. The following day, cells
were seeded in 12 well plates, serum starved overnight, and treated
with TGF-β1 (10 ng/ml) alone, or with Fabs (500 nM) for
10 hours. Dual luciferase assays revealed the relative firefly:renilla
luciferase ratio for TGF-β1 treatment alone (set at 100%) com-
pared to co-treatments with each Fab (Figure 1(d)). Results from
three independent experiments revealed significant but incom-
plete suppression of TGF-β-induced SMAD2/3 activation by
F5775 (Figure 1(d)). To directly assess effects of Fabs on
SMAD2/3 phosphorylation, we pretreated MDA-MB-231 cells
for 1 hour with Fabs (500 nM), followed by treatment with TGF-
β1 (10 ng/ml) for 1 hour. The relative phosphorylation of SMAD2/
3 was measured by immunoblotting and densitometry revealed
similar results with strong suppression by several Fabs including

F5775 (Figure 1(e)). Together, these results identify F5775 as a
novel synthetic Fab that inhibits TGF-β signaling via TGFBR2.

Fab 5775 suppresses TGF-β signaling and cell invasion in
mouse and human EOC cells

Since F5775 was the most effective inhibitor of TGF-β signal-
ing, we selected this Ab as our lead candidate for further
testing in EOC models. We selected human SKOV3 and
mouse ID8 cell lines for testing, as these widely used EOC
models are responsive to TGF-β treatment.19–21 Indeed, pre-
treatment of SKOV3 and ID8 cells with increasing doses of
F5775 (0.5–4 μM) led to dose-dependent suppression of TGF-
β1-induced SMAD2/3 phosphorylation in both cell models
(Figure 2(a)). The higher doses required for F5775 to suppress
pSMAD in ID8 cells expressing mouse TGFBR2, is consistent
with F5775 being cross-reactive with mouse TGFBR2, but
with lower affinity than the human ortholog.

To further characterize the effects of our lead inhibitor on
phenotypic changes induced by TGF-β in EOC cells, we
analyzed the effects of treatments with TGF-β and F5775 on
the kinetics and extent of SKOV3 cell invasion. SKOV3 cells
were grown to confluence in a 96 well plate, and a wound area
was generated prior to overlay with Matrigel, we then mea-
sured invasion of the wound area by SKOV3 cells treated with
or without TGF-β alone, or together with small molecule
TGFBR1 inhibitor SB431542 (SB, 1 µM), or F5775 (1 µM).
As expected, TGF-β treatment increased the rate and extent of
SKOV3 cell invasion, and this was suppressed by SB or F5775
(Figure 2(b)). At endpoint, the suppression of SKOV3 cell
invasion by SB and F5775 were statistically significant, with
F5775 showing the largest effect (Figure 2(c)). Together, these
results identify F5775 as a novel inhibitor of TGF-β signaling
in human and mouse EOC cells that can limit cell invasion.

Improved blockade of TGF-β signaling following affinity
maturation screening

To further optimize the cellular potency of Ab 5775, we aimed to
further improve the affinity of F5775 to hTGFBR2. To achieve this,
we attempted to affinity mature F5775 by reselecting antibody
sequences from a phage-displayed sublibrary based on the para-
tope sequence of F5775. For the sublibrary, we ‘soft-randomized’
CDRs L3, H1, H2 and H3 of F5775 to create a repertoire of
combinatorially mutated clones with a bias for the F5775 paratope
sequence.22 The resulting librarywas screened against TGFBR2-Fc
with increased stringency to bias the phage pool towards higher
affinity clones. Through this process we identified 45 unique
TGFBR2-specific Fab-phage clones from enriched phage pools,
of which 20 clones were prioritized for Fab expression based on
increased affinity compared to F5775 in a single-point competitive
phage ELISA (Fig. S2). The resulting 20 Fab clones were purified
and compared to F5775 in the dual luciferase assays described
above. Results from three independent experiments identified 8
Fabs that were significantly improved inhibitors of the TGF-β-
responsive luciferase reporter compared to F5775 (Figure 3(a)).
Further testing of these Fabs was performed by measuring their
effects on TGF-β-induced pSMAD2/3 in SKOV3 or ID8 cells
pretreated with SB, F5775 or the 11 inhibitory Fabs for 1 hour.
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In SKOV3 cells, treatment with 10 of these Fabs showed complete
loss of pSMAD2/3 at 200 nM(Fig. S3). The effects in ID8 cellswere
more variable and allowed us to select several promising inhibitors
(F8311, F8322, F8326, F8293) that suppressed TGF-β-induced
pSMAD2/3 in mouse EOC cells (Fig. S3). Comparative titration
of thematured Fabs in the dual luciferase assay revealed improved
potency for these affinity matured Fab clones compared to F5775

in HEK293T cells (Figure 3(b)). All 4 of these lead inhibitory Fabs
were effective in limiting TGF-β-induced pSMAD2/3 in SKOV3
cells compared to F5775 or SB (Figure 3(c)). In mouse ID8 cells,
F8322 was the most potent inhibitor (Figure 3(c)). These lead
inhibitory Fabs were converted to the human IgG1 format, and
screened for homogeneity by size exclusion chromatography
(Fig. S4). We also evaluated their kinetic binding properties

Figure 1. Blockade of TGF-β signaling with synthetic Fabs identified by phage display screening.
a) The extracellular domain of TGFBR2 was inserted between an IL2 signal sequence (N-terminus) and the human Fc IgG1 domain (C-terminus). b) Expression and
capture of the Fc and Fc-ECD proteins from transfected HEK293F cell conditioned media (CM) using Protein A Sepharose beads and immunoblot (IB) with anti-human
Fc (mock represents no transfection, positions of molecular mass markers indicated on the left). c) Affinity constants (KD) represent the interactions between unique
Fabs and the TGFBR2-Fc protein, as measured by SPR. d) A Dual luciferase assay was used to measure effects of Fab treatments on Smad2/3 activity in HEK293T cells
treated with TGFβ1 (10 ng/ml) for the final 10 hours of a 48 hour period post transfection (* p < 0.05, *** p < 0.001). e) Graph depicts densitometry analysis of
immunoblot results for the relative SMAD2/3 phosphorylation levels in TGF-β-treated MDA-MB-231 cells with or without pretreatment with the indicated Fab’s
(500 nM).
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towards both human and mouse TGFBR2 (Fig. S5). These assays
revealed that IgG-8311 had the highest avidity for both human and
mouse TGFBR2 (Table 1), and a candidate for lead inhibitor of
TGFBR2 in our EOC cancer models.

Optimized TGFBR2 antibodies suppress TGF-β-induced
EMT and EOC cell invasion

Next, we tested the optimized inhibitory Abs for their effects
on TGF-β-induced EMT and EOC cell invasion. In SKOV3
cell invasion assays using the IncuCyte ZOOM system, the
increase in cell invasion mediated by treatment with TGF-β
was abolished by co-treatment with F8311, F8322 or F8326 at

250 nM (Figure 4(a)). These results were comparable to the
small molecule TGFBR1 inhibitor SB. These antibodies were
further tested in a 3D cell motility assay, with SKOV3 cells
grown as spheroids in round bottom wells prior to transfer to
flat bottom wells compatible with outward migration in the
presence of TGF-β. Treatments with SB or affinity matured
Fabs (1 µM) led to significant suppression of SKOV3 cell
motility (Figure 4(b), Fig. S6). Considering the importance
of EMT for EOC cell invasion, we tested the effects of F8311
(500 nM) on the expression of selected EMT genes that are
positively regulated by TGF-β using quantitative RT-PCR.
The results of three independent assays revealed that F8311
significantly attenuated the effects of TGF-β treatment of

Figure 2. Inhibition of TGF-β signaling and EOC cell invasion by Fab 5775.
a) The effects of Fab 5775 on TGFβ1-induced SMAD2/3 phosphorylation (pSMAD2/3) was tested at the indicated doses in human SKOV3 and mouse ID8/Trp53−/- cells
by IB with pSMAD2/3 and pan reactive SMAD2/3 antibodies. b) Graph depicts the kinetics of SKOV3 cell invasion over 48 hours in media with or without TGFβ1
(10 ng/ml), TGFβ1 + SB431542 (SB, 1 µM) or TGFβ1 + Fab 5775 (1 µM) using an IncuCyte ZOOM system. c) Graph depicts quantification of relative cell invasion for
each treatment group described above at the assay endpoint (* p < 0.05, ** p < 0.01).
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SKOV3 cells on the expression of mesenchymal markers Slug,
Snail and Fibronectin (Figure 4(c)). The TGF-β-induced
switch from epithelial to mesenchymal morphology, and
increased N-cadherin expression was also reversed by F8311

treatment in ID8/Trp53−/ – cells (Figure 4(d)). To define the
mode of action of F8311, we tested the localization of F8311
in EOC cells by immunoflourescence (IF) staining relative to
markers of endosomes (EEA1) and lysosomes (Lamp1). We

Figure 3. Identification of lead Fabs after affinity maturation.
a) Dual luciferase assay measuring augmented inhibition of affinity matured Fabs relative to Fab 5775 (statistical significance compared to Fab 5775 are indicated by
* p < 0.05, ** p < 0.01, *** p < 0.001). b) The IC50 values for lead Fabs was determined in dual luciferase assays over a range of doses (1000–0.01 nM). c) The IC50
values are provided for each Fab based on values obtained from 3 experiments. d) The effects of affinity matured Fabs on TGFβ signaling relative to Fab 5775 and
SB431542 (SB) was analyzed by IB with pSMAD2/3 and pan SMAD2/3 antibodies in SKOV3 cells (all inhibitors used at 200 nM) and ID8/Trp53−/- cells (all inhibitors
used at 1 µM).

Table 1. Affinities of lead inhibitory antibodies for human and mouse TGFBR2.

IgG clones KD (M) for human TGFBR2-Fc* KD (M) for mouse TGFBR2-Fc*

5775 1.68 x10−10 7.30 x10−10

8311 5.30 x10−12 1.18 x10−10

8322 8.34 x10−11 4.95 x10−10

8326 3.95 x10−11 2.12 x10−10

8293 6.34 x10−12 1.38 x10−10

Affinity constants were calculated from SPR experiments testing binding of the
indicated IgG clones to human or mouse TGFBR2 ECD constructs fused to
hIgG1 Fc domain.

Table 2. Genes upregulated in SKOV3 tumors treated with anti-TGFBR2 IgG-8311.

Name p value* fold change* TGF-β pathway*

CDH1 0.025 2.01 yes
SYNE1 0.021 1.62 yes
SLIT2 0.036 1.55 yes
SOX9 0.03 1.34 yes
JAG1 0.002 1.31 yes
SOX17 0.011 1.23
SMURF1 0.029 1.21 yes

*based on Nanostring analysis of tumor RNA for IgG-8311 treatment group
relative to control IgG
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observed diffuse localization of F8311 in small puncta
throughout the cells at early times, followed by concentration
in EEA1+ endosomes after 45 minutes, and Lamp1+ lysosomes
at 75 minutes of treatment (Fig. S7). This likely reflects the
targeting of F8311/TGF-β receptor complexes for endocytosis
and degradation in EOC cells, leading to desensitization of
these cells to extracellular TGF-β. Together, these results
provide evidence of the effects of TGF-β blockade with our
lead inhibitory antibodies in EOC cell models, allowing for
prioritization of particular antibodies for testing in EOC
tumor models.

TGFBR2 blockade improves chemotherapy response in a
metastatic EOC tumor xenograft model

To test our lead inhibitor IgG-8311 in a model of metastatic EOC,
we performed intraperitoneal (i.p.) injections of SKOV3-Luc cells
in female Rag2−/-:IL2Rɣc−/ – mice (lacking B, T and NK cells;
Figure 5(a)). After 3 weeks, mice were randomized (5 per group)
between treatments with control IgG (Ctl IgG) or IgG-8311 alone
(1 mg/kg, twice weekly), or in combination with carboplatin
(Carbo; 15 mg/kg, weekly). After 5 weeks of treatment, mice were
injectedwithD-luciferin tomeasure total metastatic tumor burden,
which trended lower for mice treated with IgG-8311 alone or in
combination with Carbo (Figure 5(b)). Mice were sacrificed and
tumor nodules were isolated throughout the peritoneum, and a
significant reduction in total tumor mass in the IgG-8311/Carbo

treatment group compared to control was observed (Figure 5(c)).
To investigate the effects of IgG-8311 treatment on gene expression
within the SKOV3 tumors, we isolated total RNA from 3 tumors
from separate mice in the Ctl IgG and IgG-8311 treatment groups.
The expression of human cancer progression genes were analyzed
using Nanostring technology, and differentially expressed genes
with TGFBR2 blockade were visualized in a volcano plot
(Figure 5(d)). The genes that were significantly upregulated in
tumors treated with IgG-8311 included those that are negatively
regulated by TGF-β (e.g. CDH1, SOX9, SMURF1), and target
genes for SMAD or Wnt/β-catenin (Table 2, Fig. S8A). Of the
genes that were downregulated in IgG-8311-treated tumors, several
are known targets of the TGF-β pathway (e.g. IL-6, CXCR4, MET;
Table 3). Interestingly, the expression of SMAD3 was also signifi-
cantly reduced, along with other genes regulated byWnt/β-catenin,
p300/CBP, Myc and Fos/Jun (Fig. S8B). Together, these results
demonstrate that TGFBR2 blockade can reverse mesenchymaliza-
tion of EOC tumors, and this is known to increase sensitivity to
chemotherapy drugs such as carboplatin.

TGFBR2 blockade limits exclusion of cytotoxic immune
cells in a syngeneic metastatic EOC model

To test the effects of TGFBR2 blockade in an immune com-
petent model of metastatic EOC, we used mouse ID8 cells
with CRISPR/Cas9-mediated deletion of Trp53 (ID8/Trp53−/-

),23 for i.p. injections in female C57BL/6 mice. After 2 weeks,

Figure 4. Affinity matured Fabs inhibit TGFβ-induced EMT in EOC cells.
a) Graph depicts the relative invasion of SKOV3 cells treated with or without TGFβ1 (10 ng/ml), or TGFβ1 + control IgG, SB431542, Fab 5775, or affinity matured Fabs
(all inhibitors added at 250 nM). b) Spheroid reattachment motility assays were performed using SKOV3 cells treated with vehicle (DMSO), SB431542, or the indicated
Fabs (1 µM) for 72 hours. c) Expression of EMT genes (Slug, Fibronectin, Snail) in SKOV3 cells were analyzed by quantitative RT-PCR to test the effects of TGFβ1
(10 ng/ml) treatment alone, or together with Fab 8311 (500 nM) for 48 hours (statistically significant differences from TGFβ1 alone are indicated by * p < 0.05, **
p < 0.01). d) Immunofluorescence staining of N-cadherin, Phalloidin staining of F-actin and DAPI staining of nuclei in ID8/Trp53−/- cells treated with or without TGFβ1
(10 ng/ml) and Fab 8311 (1 µM) for 48 hours prior to fixation.
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mice were randomized (5 per group) between control IgG or
IgG-8322 treatments alone (1 mg/kg, i.p., twice weekly), or in
combination with Carbo (15 mg/kg, i.p., weekly) treatment
(Figure 6(a)). After 5 weeks of treatment, mice were sacrificed
and tumor nodules were collected and weighed. Although the
total tumor burden trended lower with IgG-8322 treatment,
only Carbo treatment alone or in combination with IgG-8322
showed a significant reduction (Figure 6(b)). To investigate
the immune modulatory effects of TGFBR2 blockade in this
model, we isolated total RNA from EOC tumors from control
IgG and IgG-8322 treatment groups. We then quantified RNA
transcript levels for immune markers, including Cd45 (pan
leukocyte), and Cd8a (CD8 T cells) by RT-qPCR. Compared
to tumors from IgG control group, tumors from the IgG-8322
treatment group had significantly increased Cd8a and Cd45
levels (Figure 6(c)). This is consistent with TGF-β signaling
promoting immune exclusion in EOC tumors.

To further investigate the immune state of the EOC tumors,
we prepared cryosections for immunofluorescence staining of
markers for regulatory T cells (Tregs, FoxP3) and cytotoxic
CD8 T cells or NK cells (Granzyme B). We observed a significant

skewing of these immune populations, with fewer Tregs and
increased numbers of cytotoxic immune cells when introducing
the TGFBR2 blockade alone or in combination with chemother-
apy (Figure 6(c), (d)). Our results are consistent with the immune
suppressive and immune exclusion effects of TGF-β signaling
reported in other cancers,11–14 and the potential benefit of TGF-
β blockade to sensitize EOC tumors to chemotherapy and anti-
tumor immune responses.

Discussion

Treatments for EOC patients have remained largely
unchanged for decades, and although chemotherapy response
rates are initially high, recurrence is inevitable and results in
low survival rates.3 In this paper, we developed novel syn-
thetic antibodies to inhibit TGF-β signaling, and tested their
effects on EMT, immune suppression, and chemotherapy
responses in EOC using both cell and tumor models
(Figure 7). We identified several promising synthetic antibo-
dies that were effective inhibitors of TGF-β signaling in vitro.
By deploying these antibodies in EOC tumor models, we

Figure 5. Effects of TGFBR2 blockade in metastatic EOC xenograft mouse model.
a) Schematic of metastatic EOC xenograft model involving intraperitoneal (i.p.) injection of SKOV3-Luc cells in female Rag2−/-:IL2Rɣc−/- mice. After 3 weeks, mice were
randomized between control IgG or 8311 IgG (1 mg/kg, i.p., twice weekly) treatments alone, or in combination with carboplatin (Carbo, 15 mg/kg, i.p., weekly) and
treated for 5 weeks. b) Biophotonic imaging of D-luciferin-injected mice was performed, with graph depicting the total photon flux for each mouse and treatment
group. c) The tumor nodules were collected and total mass recorded for each mouse and treatment group (* p < 0.05). D) Volcano plot depicts differentially
expressed genes in tumors from the 8311 IgG treatment compared to control (n = 3/group) using Nanostring.
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demonstrated the sensitizing effects of TGF-β signaling block-
ade for effective chemotherapy responses through reversal of
EMT and immune exclusion. In future, there may also be
strong potential for TGFBR2 blockade to synergize with
other emerging forms of cancer therapies for EOC, including
immunotherapies.

In this study, we report on a panel of novel synthetic
antibodies that were engineered to selectively bind TGFBR2
and mediate the blockade of TGF-β signaling in both mouse
and human cancer cells and tumor models. The primary
screen led to identification of a lead inhibitory antibody
clone (F5775) with low nanomolar affinity that was most
effective in suppressing TGF-β1-induced expression of a
SMAD2/3-responsive luciferase reporter. From this clone, a
number of derivatives were obtained by affinity maturation
screening, and four of these clones functioned as optimized
inhibitors of TGF-β1 signaling. To boost the avidity and
stability of these lead inhibitors, we converted the Fabs to
full-length human IgG1 antibodies for further testing in EOC
cell and tumor models. In human EOC cells treated with
TGF-β, F8311 and IgG-8311 showed potent suppression of
mesenchymal gene expression and cell invasion. This corre-
lated with rapid association rates (ka) and slow off rates (kd)
for this antibody in SPR assays with human TGFBR2-ECD. In
EOC cells treated with F8311, we observed co-localization of
the F8311 with markers of early endosomses and lysosomes.
This is consistent with these inhibitory antibodies promoting
internalization and degradation of TGFBR2, causing reduced
sensitivity to TGF-β in the EOC cell models. This is similar to
at least one mode of action of the clinical grade HER2 inhi-
bitory antibody Trastuzumab, that promotes internalization of
HER2 in HER2-positive EOC cancer cells.24 However, further
studies are needed to map the TGFBR2 epitopes of these lead
inhibitory antibodies, and fully dissect their potential modes
of action.

We used a xenograft model of advanced metastatic
ovarian cancer to further characterize the effects of our

lead inhibitory antibody. In mice with peritoneal SKOV3
tumors, treatment with IgG-8311 led to a partial reversal
of EMT in these tumors, but no significant reduction in
tumor burden. However, combination treatments with
IgG-8311 and carboplatin led to significant reduction in
tumor burden for this EOC model with chemoresistant
properties. This is consistent with a previous study show-
ing that treatment with small molecule inhibitors of TGF-
β signaling in EOC spheroid cells led to increased sensi-
tivity and response to platinum-based chemotherapies.5

This likely relates to evidence that EMT and chemoresis-
tance, with mesenchymal or undifferentiated cells being
more resistant to chemotherapy.25 In our study, treatment
of SKOV3 cells in vivo with IgG-8311 led to the upregula-
tion of genes that characterize an epithelial phenotype
(CDH1, SLIT2), while reducing the expression of genes
associated with a mesenchymal phenotype (ITGA3,
ELF3).26–28 Moreover, evidence is mounting in favor of
cancer stem cells (CSCs) activating EMT as a mechanism
of intrinsic drug resistance.29 During EOC progression,
SMAD3-dependent TGF-β signaling promotes EMT and
the proportion of cells expressing stemness markers
(CD44+/CD117+) via transglutaminase 2 (TG2).4

Interestingly, inhibition of TGF-β signaling by IgG-8311
resulted in the downregulation of SMAD3, an important
regulator of the stem cell phenotype in multiple cancers,
and a potential route through which the undifferentiated
state of CSCs is perturbed.30–33 Considering the critical
role of EMT in EOC tumor progression, and the potential
contribution of CSCs to chemotherapy resistance, new
strategies are needed that target CSCs and undifferentiated
EOC cells. In addition to this study showing benefit of
TGFBR2 blockade, another recent study using the
TGFBR1 small molecule inhibitor LY2157299/
Galunisertib showed promise in several EOC xenograft
models.34 They showed that LY215729 treatments prior
to EOC cell injection, and throughout tumor outgrowth,
led to reduced ascites development and tumor growth.34

Given these recent findings, it will be important to test
whether pretreatment of mice with our inhibitory TGFBR2
antibodies leads to improved efficacy as a monotherapy. It
will also be important to extend further testing of
LY215729 to immune competent models of EOC in com-
bination with chemotherapy and immunotherapy regimes.

The impact of TGF-β signaling on developing a per-
missive EOC tumor immune microenvironment is pro-
found, and provides rationale for TGF-β blockade in
metastatic EOC. Treg cells (CD4+/CD25+/FoxP3+) are
key immune suppressors in EOC, with high levels in
malignant ascites linked to poor survival outcomes in
patients with ovarian carcinoma.35 Tregs are thymus – or
peripherally – derived, and release factors such as TGF-β
that suppress the cytolytic functions of NK cells and
CD8 T cells.36 Tumor-derived TGF-β can promote the
conversion of CD4 T cells to Tregs and thereby promote
immune evasion.37 Interestingly, our treatments with IgG-
8322 in the syngeneic ID8/Trp53−/- engraftment model of
metastatic EOC resulted in a significant reduction in
FOXP3+ cells within the tumors. In contrast, the numbers

Table 3. Genes downregulated in SKOV3 tumors treated with anti-TGFBR2 IgG-
8311.

Name p value* fold change* TGF-β pathway*

IL6 0.027 −3.176 yes
CXCR4 0.05 −1.788 yes
PTPRB 0.005 −1.688
ZC3H12A 0.021 −1.678
ELF3 0.007 −1.637
F3 0.01 −1.596 yes
SLC2A1 0.027 −1.423
LAMC2 0.03 −1.411
DST 0.02 −1.381
LAMB3 0.004 −1.365 yes
LAMA3 0.008 −1.348
MET 0.025 −1.334
CLDN4 0.032 −1.332
CCBE1 0.03 −1.33
MYLK 0.033 −1.317 yes
ITGA3 0.013 −1.315 yes
HKDC1 0.006 −1.302
ANXA2P2 0.026 −1.284
LGALS1 0.022 −1.265
SMAD3 0.038 −1.242 yes
ALOX5 0.006 −1.195

*based on Nanostring analysis of tumor RNA for IgG-8311 treatment group
relative to control IgG
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of Granzyme B+ cells were significantly elevated in the
IgG-8322-treated tumors, thus demonstrating that
TGFBR2 blockade can limit exclusion of cytotoxic
CD8 T cells or NK cells in this EOC model. Moreover,
IgG-8322 treated tumours exhibited higher expression
levels of CD45 and CD8a (Figure 6(c)) but not CD49b
(data not shown). This suggests that TGFBR2 blockade

was linked to enhanced infiltration of CD8 T cells, com-
pared to promoting NK cell recruitment. The net opposing
effects of TGFBR2 blockade on FOXP3+ and Granzyme B+

cells is consistent with known roles of TGF-β promoting
immune suppression in EOC cancer models.36,38 In
human ovarian cancer, the density of CD8 T cells in
tumors has been linked to favorable response to

Figure 6. Highly cross reactive Fab 8322 modifies the immune cell landscape in a syngeneic model of EOC.
A) Schematic of sygeneic model of metastatic EOC involving i.p. injections of ID8/Trp53−/- cells in female C57BL/6 mice. After 2 weeks, mice were randomized
between control IgG (Ctl) or 8322 IgG (1 mg/kg, i.p., twice weekly) treatments alone, or in combination with Carboplatin (Carbo, 15 mg/kg, i.p., weekly; n = 5/group).
B) Graph depicts the total mass of tumor nodules for each mouse and treatment group (* p < 0.05, ** p < 0.01). C) Total RNA was extracted from Ctl IgG and 8322
IgG treated tumors and subjected to RT-qPCR with primers for Cd8a and CD45, with normalization to GAPDH. Graph depicts the mean values for each mouse in the
treatment group (* p < 0.05). D) Tumor cryosections were subjected to IF staining of FoxP3+ (green) and Granzyme B+ (red) immune cell populations in mice treated
with control IgG or 8322 (total area marked by DAPI+ nuclei). E) Graph depicts scoring for each mouse and treatment group (* p < 0.05, ** p < 0.01, *** p < 0.001).
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chemotherapy.38,39 This may also explain the benefits of
combining TGFBR2 blockade with Carboplatin in the syn-
geneic EOC tumor model studies, with this treatment
group having minimal tumor burden at endpoint. It will
be important to extend these combination treatments in
future survival studies, and directly compare with survival
benefits with Carboplatin alone. Given the skewed
immune profile of the EOC tumors with TGFBR2 block-
ade in our study, it will also be interesting to pursue
additional combination therapies with immune checkpoint
inhibitors. Previous studies with PD-1 or PD-L1 blockade
revealed improved survival for 25–40% of mice in the ID8
syngeneic model.40 Future studies will be needed to test
the potential benefit of combination therapies with these
agents and TGFBR2 blockade. These studies in EOC
tumor models will build on recent studies implicating
TGF-β signaling as a limiting factor for effective immune
checkpoint inhibitor treatments in several other cancer
types.11,13,14 In EOC tumors, we predict that TGF-β sig-
naling blockade will limit immune exclusion, and provoke
a robust response to immune checkpoint inhibitors. Given
the clinical approval of several immune checkpoint inhi-
bitors, this may lead to rapid translation of this knowledge
into new combination clinical trials with TGF-β pathway
inhibitors.

In conclusion, new therapies capable of eliminating metastatic
ovarian cancers are urgently needed to improve overall survival in
these patients. We predict that disruption of immune suppressive
paracrine signaling networks in the peritoneal tumor microenvir-
onment will sensitize these tumors to platinum-based chemother-
apy treatment regimes. Specifically, the blockade of TGF-β
signaling represents a promising avenue for improving the sensi-
tivity of EOC tumors to chemotherapy and to bolster anti-tumor
immunity.

Materials and methods

TGFBR2 extracellular domain cloning, expression and
phage selections

A mammalian expression construct was designed for expres-
sion of amino acids 23–534 of the human TGFBR2 ECD in
frame with an IL-2 signal sequence at the N-terminus and
human IgG1 Fc domain at the C-terminus using the pFuse2
vector (InvivoGen, San Diego, CA, USA). The construct was
expressed and affinity purified from conditioned media of
FreeStyle™ 293-F cells (InvivoGen) following transient trans-
fection using XtremeGene HP (Roche). The mouse TGFBR2-
Fc (catalog number 532-R2) and human TGFBR1-Fc (catalog
number 3025-BR) were purchased from R&D Systems. The

Figure 7. Model of TGFBR2 blockade effects on TGF-β signaling.
Binding of TGF-β ligand to TGFBR2 subunits results in clustering in a complex with TGFBR1/ALK5 that is competent for downstream signaling. The subsequent
phosphorylation of receptor-activated SMAD (R-Smad) proteins (Smad2, Smad3) triggers interaction with Smad4 and nuclear entry. In tumor cells, this Smad complex
promotes expression of genes driving EMT. In immune cells, this Smad complex promotes immune suppressive gene expression. The development of synthetic
antibodies targeting TGFBR2 reported in this study, and their deployment in cancer models results in loss of TGF-β binding and downstream signaling. Thus, TGFBR2
blockade can evoke improved responses to chemotherapy in ovarian cancer models, and possibly other forms of therapy that rely on immune activation within the
tumor microenvironment.
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ECD-Fc fusion protein was used as the antigen to screen a
phage displayed synthetic humanized Fab library.18 Binding
selections, phage ELISAs and Fab protein purification were
performed as described.41,42 Briefly, 1013 phage from a syn-
thetic Fab library were cycled through rounds of binding
selection with the antigen immobilized on 96-well Maxisorp
Immunoplates (Fisher Scientific, Nepean, ON, Canada).
After four rounds of positive selection, preceded by negative
selection using human IgG1 Fc domain alone, phages from
round 4 were produced as individual Fab-phage clones in
96-well format and Fab-phage ELISAs were performed to
detect specific binding clones. Clones with positive binding
to TGFBR2-Fc compared to Fc domain were subjected to
DNA sequencing. The genes encoding for variable heavy-
and light-chain domains of unique positive clones were sub-
cloned into vectors designed for production of Fab or hIgG1
proteins in Escherichia coli or transfected FreeStyle™ 293-F
cells, respectively, and proteins were affinity-purified on
Protein A columns (GE Healthcare, Mississauga, ON,
Canada). Affinity maturation phagemid libraries were cre-
ated using optimized procedures that allow for the rapid
construction of very large phage-displayed antibody reper-
toires (> 1010 unique clones).41,42 A dut−/ung− E. coli CJ236
host was transformed with template plasmid (5775) and
helper phage. The result of transforming a dut−/ung− host
was the propagation of phage encapsulating uracil-contain-
ing ssDNA (dU-ssDNA) which was then purified by preci-
pitation with polyethelyne glycol. Oligonucleotides
containing the mutagenic sequences for soft-randomizing
CDRs of 5775, flanked by fifteen base pairs of sequence
complementary to the annealing region, were annealed to
the dU-ssDNA template of 5775. After annealing, the muta-
genic oligonucleotides served to prime synthesis by T7 DNA
polymerase of a DNA strand complementary to the uracil-
containing template strand, forming a synthetic daughter
strand lacking uracil. T4 DNA ligase ligated the synthesized
DNA fragments, forming covalently closed circular double-
stranded heteroduplex DNA (CCC-dsDNA). CCC-dsDNA
was desalted and concentrated in preparation for electro-
poration. Selections using the affinity matured library were
performed as earlier with increased stringency of washes and
incorporating a final incubation of TGFBR2-Fc-bound phage
with solution-phase TGFBR2-Fc (200 μg/mL) in round 4 to
enrich for clones with slow off-rates. Estimation of affinity
for selected matured phage clones was performed using
high-throughput competitive phage ELISA.43

Surface plasmon resonance

SPR measurements were performed using a Bio-Rad ProteOn
XPR instrument.

Human TGFBR2-Fc protein (180 RUs) was captured on a
GLC sensor chip with an immobilized anti-Fc antibody
(Jackson ImmunoResearch cat # 109–005-098) for Fab affinity
measurement while human and mouse TGFBR2-Fc proteins
were immobilized using amine-coupling for IgG avidity mea-
surements. Four three-fold serial dilutions of Fab (200 nM) or
IgG (100 nM) protein in PBS, 0.05% Tween20 were injected
for 120 seconds to monitor association, followed by injection

of PBS, 0.05% Tween-20 for 900 seconds to monitor dissocia-
tion. Experiments were performed at 25 °C. Sensorgrams were
fit globally to a 1:1 binding Langmuir model using Bio-Rad
ProteOn Manager fitting software.

Size-exclusion chromatography analyses of TGFBR2 IgGs

Size exclusion chromatography analysis was performed on a
BioRad NGC chromatography system fitted with a C96 auto-
sampler. Fifty micrograms of an IgG sample (and
Trastuzumab control) at a concentration of 1 g/l was injected
using a onto a Tosoh Bioassist G3SWxL column at a flow rate
of 0.5 ml/min in a phosphate-buffered saline mobile phase
(pH 7.5). Protein elution was monitored by measuring absor-
bance at 215 and 280 nm.

Smad-dependent luciferase reporter assay

The inhibition of SMAD activation by unique Fab clones
was measured using a SMAD-dependent firefly luciferase
reporter construct (Caga(12)-Luc) containing 12 repeated
Smad transcriptional response elements (TRE) directly
upstream of firefly luciferase (provided by Dr. JJ LeBrun,
McGill University). HEK293T cells were transfected with
the Smad-dependent firefly reporter vector (2.5 ug) and a
separate control vector, pLightSwitch_3UTR, enabling
constitutive expression of Renilla luciferase (0.25 ug).
After 24 hours, cells were washed and distributed across
24-well plates coated with poly-L-lysine in serum free
media overnight. Cells were then washed and incubated
with serum free media containing PBS, 10 ng/mL TGF-β1
(PeproTech) or 500 nM Fab for 10 hours prior to lysis and
quantification of luminescence using the Dual-Luciferase
Reporter Assay System (Promega). The Firefly luciferase
signal was normalized to the Renilla luciferase signal for
each condition and percent inhibition was measured rela-
tive to the TGFβ1 treatment alone. Titration curves were
generated using a log(inhibitor) vs. response non-linear fit
model using GraphPad Prism 6.0 software.

Immunoblotting and quantitative RT-PCR

For immunoblot screening of Fabs identified by phage dis-
play, cells were distributed in 24-well plates at a density of
1.25 × 105 cells/well. After adherence, cells were washed
with PBS and provided serum free media for 24 hours prior
to the addition of control IgG or Fab for 1 hour in fresh
serum free media. Cells were then incubated with TGF-β1
(10 ng/mL) for 1 hour prior to lysis in RIPA lysis buffer
(50 mM Tris, 5 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5%
Sodium Deoxycholate, 0.1% SDS, 10 μg/mL aprotinin, 10
μg/mL leupeptin, 1 mM Na3VO4, 100 μM phenylmethylsul-
fonyl fluoride, 50 mM NaF). Anti-SMAD2/3 (CST) and
anti-phospho-SMAD2 (CST) primary antibodies were used
(1:1000) during the initial screens in conjunction with a
horseradish peroxidase-linked anti-rabbit secondary anti-
body (CST, 1:5000). ECL Western Blotting Substrate
(Thermo Scientific) was used for detection. For quantitative
RT-PCR, cells were incubated with media, TGF-β1 alone
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(10 ng/ml) or in combination with F8311 (500 nM) for
48 hours prior to RNA isolation using TRIZOL (Sigma-
Aldrich). Total RNA was quantified and served as template
for cDNA synthesis using iScript Select cDNA Synthesis Kit
(Bio-Rad). Quantitative PCR was performed using the iO
SYBR Green Supermix Kit (Bio-Rad). The comparative CT
method was used to generate relative gene expression using
GAPDH as the control for input. All conditions were ana-
lyzed relative to the media control.

Cell invasion assays

SKOV3 cells were distributed in 96 well plates (Sarstedt) at 20,
000 cells/well. After 24 hours, cells were pretreated overnight
with the indicated Fab or IgG and controls in media supple-
mented with 0.2% FBS. A single wound area was made in each
well using a woundmaker device (Essen Bioscience), wells
were rinsed in sterile PBS, and each well was overlayed in
media (with 0.2% FBS) supplemented with 10% Matrigel (BD
Biosciences). We continued treatments with or without the
indicated Fab or IgG and TGF-β1 (10 ng/ml) for 48 hours
with phase contrast images acquired for each well at 2 hour
intervals using an IncuCyte ZOOM system (Essen
BioScience). The cell densities in the wound areas for tripli-
cate wells were calculated using IncuCyte software. For spher-
oid invasion assays, SKOV3 cells were grown as spheroids by
seeding 1,000 cells/well across a 96-well round bottom plate
coated with poly-HEMA (Sigma Aldrich). After 72 hours of
growth in 10% FBS, individual spheroids were retrieved and
were distributed across a 24-well plate with treatment media
with or without TGF-β1 (10 ng/ml) and indicated Fab or IgG
(1 µM) for 24 hours. Images were acquired immediately
following spheroid attachment and after 24 hours in treat-
ment media. Differences in the area of cell dissemination
compared to spheroid area at time 0 hours was quantified
using Image-J software.

Fab 8311 internalization assay

SKOV3 cells were seeded on fibronectin-coated coverslips,
and the following day were incubated with or without F8311
(1 µM) for 45 or 75 minutes in growth media supplemented
with Leupeptin (100 µg/ml) to limit lysosomal degradation.
Cells were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton-X100, and subjected to immunofluorescence
staining with mouse anti-EEA1 or rabbit anti-Lamp1 over-
night at 4 °C. Following extensive rinsing in PBS/0.1% Triton-
X100, detection antibodies were added: Alexa Fluor 488-anti-
human Fab together with either Alexa Fluor 568-conjugated
goat anti-mouse IgG or Alexa Fluor 568 goat anti-rabbit IgG
(DAPI was included to visualize cell nuclei). The coverslips
were rinsed and mounted in Mowiol prior to spinning disk
confocal imaging (Queen’s University Biomedical Imaging
Centre, WAVE FX confocal microscope, Quorom Tech.).
Images from each channel were merged and analyzed using
Metamorph software.

EOC tumor xenograft and syngeneic models

To evaluate effects of TGFBR2 blockade on metastatic EOC
tumor progression, SKOV3-pWPI-Luc cells (5 x106) were
injected in the peritoneum of female Rag2−/-:IL2ɣc−/- mice.
After 3 weeks, mice were randomized (5/group) between
control IgG (gammaglobulin) or 8311 IgG (1 mg/kg, i.p.,
twice weekly) treatments alone, or in combination with car-
boplatin (15 mg/kg, i.p., weekly). Treatments continued for
5 weeks, until any of the animal protocol-defined endpoints
were reached in control cohort. At endpoint, biophotonic
imaging was conducted on mice that were injected with
D-luciferin (10 µL/g of a 7.5 mg/ml solution i.p.) and anesthe-
tized with isoflurane (Queen’s University Biomedical Imaging
Centre). Following this, all mice were sacrificed and visible
tumor nodules were collected within the peritoneum, and the
total tumor mass recorded for each animal. Total RNA was
isolated from tumor nodules from control IgG and IgG-8311
treatment groups by homogenization in TRIZOL (Sigma-
Aldrich). RNA (100 ng) was hybridized to specific capture
and barcoded reporter probes from the PanCancer
Progression codeset (Nanostring Technologies, Seattle, WA)
prior to being immobilized on a cartridge. An nCounter
Digital Analyzer was used to count the fluorescent barcoded
probes to quantify each target RNA molecule (Queen’s
Laboratory for Molecular Pathology, Queen’s University).
Processing and normalization of the data was performed
using nSolver 4 software (Nanostring) to identify and rank
differentially expressed genes that were statistically significant
between treatment groups. The differentially expressed genes
were mapped to the TGF-β pathway (Nanostring Advanced
Analysis) and transcription factor networks (Enrichr). For
syngeneic EOC tumor studies, the ID8/Trp53−/- cell model
was used23 (kindly provided by Dr McNeish, University of
Glasgow). Cells (5 x106) were injected i.p. in female C57BL/6
mice (6–8 weeks old, Charles River, Canada). After 2 weeks,
mice were randomized between treatments with control IgG
or IgG-8322 (1 mg/kg, i.p., twice weekly) alone, or in combi-
nation with carboplatin (15 mg/kg, i.p., weekly). At endpoint,
visible tumor nodules were collected within the peritoneum,
and the total tumor mass recorded for each animal.

Tumor nodules were prepared for cryosectioning, and
frozen 20-μm sections were post-fixed in acetone and
blocked for 1 hour with 3% bovine serum albumin prior
to addition of primary antibodies overnight at 4°C. Sources
and dilutions of primary antibodies were as follows: Alexa
Fluor 488 rat anti-mouse FOXP3 (BioLegend, MF-14;
1:100) and rabbit anti-Granzyme B (Abcam, ab4059,
1:200). The detection antibody was Alexa Fluor 568-con-
jugated goat anti-rabbit secondary antibody (Molecular
Probes, 1:200), and was incubated for 60 minutes at room
temperature (DAPI was also included to detect cell nuclei,
1:400). Images were acquired by epifluorescence microscopy
and analysis of FOXP3+ and Granzyme B+ cell density
performed in Image J. Intra-tumoural gene expression by
qRT-PCR was performed following tumour RNA extraction
in TRIZOL according to the previous describe method.
Primers (5ʹ-3ʹ) for CD8a: (Forward:CCGTTGACC
CGCTTTCTGT, Reverse:TTCGGCGTCCATTTTCTTTGG)
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and CD45: (Forward:AAGAGTTGTGAGGCTGGCAC,
Reverse:GCTCAAACTTCTGGCCTTTG). All animals were
housed in a specific pathogen-free facility, and procedures
were approved by the Queen’s University Animal Care
Committee in accordance with the Canadian Council on
Animal Care guidelines.

Statistical analysis

Data were analyzed using Graphpad Prism (GraphPad
Software, La Jolla, CA) using ANOVA with Tukey’s multiple
comparison test, and p < 0.05 was considered significant.
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