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Previously we reported that a novel avb6-specific peptide-drug conjugate (SG3299) could eliminate
established human pancreatic ductal adenocarcinoma (PDAC) xenografts. However the development of
effective therapies for PDAC, which is an essential need, must show efficacy in relevant immunocom-
petent animals. Previously we reported that the KPC mouse transgenic PDAC model that closely re-
capitulates most stages of development of human PDAC, unlike in humans, failed to express avb6 on
their tumours or metastases. In this study we have taken the KPC-derived PDAC line TB32043 and
engineered a variant line (TB32043mb6S2) that expresses mouse integrin avb6. We report that ortho-
topic implantation of the avb6 over-expressing TB32043mb6S2 cells promotes shorter overall survival
and increase in metastases. Moreover, systemic treatment of mice with established TB32043mb6S2
tumours in the pancreas with SG2399 lived significantly longer (p < 0.001; mean OS 48d) compared with
PBS or control SG3511 (mean OS 25.5d and 26d, respectively). Thus SG3299 is confirmed as a promising
candidate therapeutic for the therapy of PDAC.
© 2024 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the third most
common cause of cancer death [1]. The majority of patients (~80%)
have metastatic disease at presentation, most commonly in the
liver (80%), peritoneum (69%), lungs (50e70%), and adrenal glands
(25%) [2]. Prognosis is poor, with 1 and 5 year survival rates of 25%
and 7% respectively [3]. Combination cytotoxic chemotherapies are
the mainstay of treatment for metastatic disease [4,5]. Despite the
introduction of novel chemotherapy regimens, there has been no
improvement in long term survival since the 1970s [3], and more
effective therapies are urgently needed.

The integrin avb6 is expressed on ~85% of pancreatic cancers
with minimal expression in healthy tissues, and thus is a valid
therapeutic target [6e11]. We previously developed the A20FMDV2
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peptide that binds with high-affinity to avb6 [12]. SG3299 is a
peptide-toxin conjugate that conjugates A20FMDV2 to a synthetic
pyrrolobenzodiazepine (PBD) dimer cytotoxic warhead with a
cathepsin B-cleavable valine-alanine linker. We have shown that
SG3299 is highly effective in subcutaneous pancreatic cancer xe-
nografts in immunodeficient models, with prolonged survival and
tumour eliminations [13].

However, these models do not recapitulate the PDAC tumour
microenvironment (TME) that is considered a major barrier to
effective therapies. The TME accounts for 40e90% of tumour bulk,
half of which are immune cells that produce a profoundly immu-
nosuppressive and fibrotic TME [14e18]. Human xenografts require
immunodeficient mice that cannot faithfully recreate the TME and
murine cell-line xenografts within immune-competent mice
generate a “vaccine effect” with immune activation and an atypical
TME [19e21]. Heterotopic xenografts (typically subcutaneous)
rarely metastasise and their outputs are rarely reproducible in
clinical studies [22]. The KPC (LSL-KrasG12D; LSL-Trp53R172H;Pdx-1-
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Cre) PDAC immunocompetentmouse PDACmodel overcomes these
limitations, with highly desmoplastic tumours comprising an
immunosuppressive TME, metastases, and clinical features that
mimic that of PDAC including resistance to therapies [20,23e28].

In this manuscript, we describe the development of an avb6-
expressing orthotopic PDAC model in immunocompetent mice
and demonstrate the effectiveness of the avb6-targeted peptide
toxin SG3299 in this system.
2. Methods

2.1. Cell culture

Murine PDAC tumour derived cell cultures were from KPC:
TB13381, TB32043, TB32047, R254L, Claus (a gift from Claus Jorgen-
son, Manchester, UK); KPF (LSL-KrasG12D/þ;LSL-p53R172H/þ;Pdx-Flp):
TB32048; and KC (LSL-KrasG12D;Pdx-1-Cre) (DT6066, a gift from from
Dave Tuveson, Cold Spring Harbor Laboratory, USA) mice. Murine
PDAC cells were grown as adherent monolayers in DMEM supple-
mented with 10% FBS in 5% (vol/vol) of CO2/air at 37 �C.
2.2. Flow cytometry

Murine PDAC cells were dissociated with TrypleE Express
(12604013, ThermoFisher) and washed three times with ice cold
DMEM 0.1%/0.1% buffer (0.1% (w/v) bovine serum albumin (BSA)
(A7906, Sigma Aldrich)/0.1% (w/v) sodium azide (NaN3) (S8032,
Sigma Aldrich)). Cells were incubated with 1 ml of anti- avb6 anti-
body (clone 10D5) (MAB2077Z, Millipore) for 1 h at 4 �C. The cells
werewashed againwith cold DMEM0.1%/0.1% buffer and incubated
with Alexa Fluor 488econjugated goat anti-mouse secondary
antibody (10337882, ThermoFisher) antibody at a 1:200 dilution
for 30 min at 4 �C in the dark. Following one final wash with cold
DMEM 0.1%/0.1% buffer, cells were resuspended in FACS buffer
(DMEM 0.1%/0.1% buffer and 0.5 mg/mL DAPI 1:5000 (62248,
ThermoFisher)) and analysed by flow cytometry on a BD LSR For-
tessa (BD Biosciences).

A series of fluorochrome-labelled variants of A20FMDV2 were
synthesised by Peptide Protein Research 284 Ltd. (Cambridge, United
Kingdom): Cy3-A20FMDV2 and Cy5- A20FMDV2 were produced by
conjugating Cy3 or Cy5 directly to the N-terminus of the A20FMDV2
peptide (NK(biotinyl)VPNLRGDLQVLAQKVART). A separate scram-
bled peptide (NK(biotinyl)LRDQTGLKNPVQLARVAV) with an N-ter-
minal Cy3 was also created (previously described by Meecham et al.,
2022 [29]). For flow cytometry analysis samples were prepared as
above and cells were incubated with 100 nM of peptide.
2.3. In-vitro cell proliferation assays

Mitochondrial activity, as a surrogate measure for cell viability,
was measured using WST-1 assay. Cells were seeded at 3x103 cells/
mL in a 96-well plate in triplicate. After 24 h the cells were treated
with 0e105 nM of avb6-targeted SG3299 or non-targeted SG3511
peptide drug conjugate. After 48 h the cells were used in WST-1
assay. Media was removed from cells and 200 ml of Proliferation
Reagent WST-1 (5015944001, Merck) (diluted 1:10) was added to
the wells. After 2 h the absorbance of the wells was measured at
450 nm with a reference wavelength of 650 nm, using a colori-
metric plate reader (InfiniteF50, Tecan).
2

2.4. Immunofluorescence staining

1.8X104 cells were seeded onto 13 mm coverslips overnight. The
following day cells were washed three times with cold PBS and
fixed with 4% paraformaldehyde for 10 min. Cells were washed
three times in PBS before blocking for 30 minwith DMEM 0.1%/0.1%
buffer. Primary antibody was diluted 1:100 in blocking buffer and
cells were incubated at RT for 1 h. Following three washes with
DMEM 0.1%/0.1% buffer the cells were permeabilized for 10 min
with 0.1% Triton X-100 in blocking buffer. Cells were then incubated
with anti-mouse IgG Alexa Fluor-488 (A11029, Invitrogen) sec-
ondary antibody diluted 1:500 for 30 min at room temperature.
Cells were counterstained with Rhodamine Phalloidin (R415, Invi-
trogen) (1:1000) and DAPI (62248, ThemoFisher) (1:5000). Cover-
slips were washed and mounted onto slides using ProLong Gold
Antifade mountant (P36934, ThermoFisher). Cells were visualized
using LSM710 confocal microscope (Zeiss).

2.5. Western blotting

3 x 105 cells were seeded in 6-well plates. After 48 h the cells
were washed 3X with ice cold PBS, and lysed with 200 ml sample
buffer (3% SDS, 60 mM sucrose, 65 mM Tris pH 6.8). Lysates were
homogenized by passing through a 27G needle followed by
centrifugation at 13,000 RPM for 3 min. Protein concentration was
determined using the DC™ Protein Assay Kit (5000111, Bio-Rad)
following the manufacturer's guidelines. 10 mg of protein was
loaded into a 10%mini-SDS-PAGE gel and the gel was run at 80 V for
30 min followed by 90 min at 120 V. Resolved proteins were
transferred to a nitrocellulose membrane (Amersham Hybond TM
ECLTM RPN303D, GE Healthcare©) using wet transfer overnight at
12V. Non-specific binding was blocked by incubating membrane in
3% BSA TBST for 30 min at room temperature. The blots were
probed with primary antibody overnight at 4 �C. avb6 was detected
using goat anti-b6 C-19 diluted in 3% BSA TBST þ0.1% NaN3 (sc-
6632, Santa Cruz)((1:1000). Secondary anti-goat HRP was incu-
bated with the blot for 1 h at room temperature (P0160, Dako)
(1:2000).

2.6. Cloning and virus production

A gene fragment (gBlock) encoding murine b6 (uniprot Q9Z0T9)
was synthesised by IDT (Integrated DNA Technologies, Belgium).
The fragment was cloned into the pWPXL vector using restriction
digest cloning. pWPXL was a gift from Didier Trono (Addgene
plasmid # 12257). The correct insertion of the sequence was
confirmed by Sanger sequencing.

Lentiviral particles were produced via transfection of the lenti-
viral constructs into HEK293T human embryonic kidney cells. 24
hrs after seeding, cells were transfected with VSV.G (Addgene,
14888), Pax2 (Addgene, 35002), and WPXL-mb6 plasmids using
Lipofectamine 2000 Transfection Reagent (11668030, Thermo-
Fisher). 48 and 72 h supernatants were collected, pooled and
ultracentrifuged (23,000�g, 2 h, 4 �C). The concentrated virus,
supplemented with polybrene 4 mg/mL (H9268, Sigma Aldrich),
was added to an adherent monolayer of TB32043 cells at approxi-
mately 80% confluency.

Firefly luciferase-expressing cells were established by trans-
ducing cells with a PGK-GFP-IRES-Luciferase Lentivector system
from Addgene. Cells expressing firefly luciferase were sorted for by
selecting cells with GFP expression with a FACS BD Aria II instru-
ment (BD) and subsequently expanded in vitro.
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2.7. Orthotopic murine tumor models

All in vivo experiments were performed in accordance with the
guidelines issued by the UK Home Office under approved Project
Licenses. C57BL/6J mice (approximately 12 weeks old) were pre-
medicated with 100 mL buprenorphine (30 mg/mL) intraperitoneally
(57133-02, Vetergesic; Ceva) and anaesthetised with isofluorane
(10015516, Zoetis). An incision was made in the skin on the left
axillary line, 5 mmbelow the costal margin. A 7e8mm incisionwas
made in the peritoneum and the spleen was mobilised extracor-
poreally. 1000 TB32043 or TB32043mb6s2 cells mixed with 10 mL of
Matrigel (354234, Corning) to a volume of 30 mL were injected into
the pancreas using an insulin syringe (0.3 ml MicroFine, 324826,
BD). The pancreas and spleen were returned to the abdominal
cavity, the peritoneum closed with absorbable sutures (C0022002,
Braun), and the skin with wound clips (726063, Harvard Appa-
ratus). Wound clips were removed one week after surgery. Mice
were terminated following UK Home Office regulations or when
the Humane Endpoints (HE) had been reached.

2.8. Magnetic resonance imaging

MRI's were performed on a Bruker ICON™ 1T MRI system
(Bruker). Mice were anaesthetised with isoflurane. Images were
acquired using Rapid Imaging with Refocused Echoes spiral T2-
weighted (T2-RARE) sequences, with signal acquisition gated to
respiration. MR Images were analysed in VivoQuant v3.5 (InviCRO).
Tumour volume was measured by adding manually delineated re-
gions of interest (ROIs) for each MR slice. Where multiple tumours
were visible, the volume of the largest primary tumour was
measured.

2.9. In-vivo bioluminescence imaging

Mice received 150 mg/kg luciferin (P1043, Promega) intraperi-
toneally 10 min before image acquisition. Hair was shaved from the
torso of the mice and they were anaesthetised with isoflurane.
Bioluminescent images were acquired using an in vivo imaging
system (IVIS) (Lumina III with ZFOV-24 Lens, PerkinElmer) for 10 s,
30 s, and using the “Auto” setting with medium and small binning.
Images were analysed with Living Image (Caliper Life Sciences). A
rectangular region of interest was used to delineate mice and
luciferase activity was reported as photons per second (p/s/cm2/sr).

2.10. Peptide-toxin administration

Peptide-Toxins SG3299 and SG3511 were generated by Spirogen
(QMB Innovations, London) using modified A20FMDV2 peptides
synthesised by Peptide Protein Research Ltd (Hampshire, UK; >95%
purity). Thus A20FMDV2wasmodified by addition of an N-terminal
biotin and a C-terminal cysteine. SG3249 (tesirine), composed of a
cathepsin B-cleavable valine-alanine linker conjugated to a syn-
thetic pyrrolobenzodiazepine dimer SG3199 [30], was conjugated
to the C terminus of the peptide to create the avb6 targeting
peptide-toxin conjugate SG3299. A non-targeting peptide scram-
bled was conjugated to the same cytotoxic payload SG3249 to
create the control SG3511, as previously described by Moore et al.,
2020 [31]. Mice received 136 mg/kg of SG3299 or SG3511 (equiva-
lent to 20 mg/kg SG3199) intraperitoneally in 200 ml PBS twice a
week for two weeks. Mice in the PBS control group were given
200 ml of intraperitoneal PBS.

3. Immunohistochemistry

Tumours and tissues of interest were immediately post-mortem
3

placed in 10% formalin (BAF-0010-01A, Cellstor) for 24-h, placed in
70% ethanol, and then paraffin embedded. Tumour sections were
stained for CD3 (A0452, Dako), endomucin (SC-53941 V.5C7, Santa
Cruz), Ki67 (15580, Abcam), cleave caspase 3 (9664, Cell Signaling
Technology)(1:2000), and sirius red (F3B, C.I.35782). Staining was
performed using the discovery XT automated IHC research slide
staining system. Staining for avb6 was performed manually as
described previously [32]. Slides were scanned using Pannoramic
250 High Flash III (3DHISTECH) and images were viewed in Pan-
noramic Viewer v1.15.4 (3DHISTECH).

Visiopharm Image Analysis Software (Visopharm) was used to
quantify tissue staining and immunohistochemistry. The Tissue
Detection application (Visopharm) was used to delineate tissue
from background. Non-tumour tissue was manually delineated and
removed from the ROI. Visiopharm applications (APPs) for respec-
tivemorphological and immunohistochemistry stains (designed in-
house) were used to quantify the positive staining within the ROIs.

3.1. Statistical analysis

Statistical analysis was performed using GraphPad Prism (Systat
Software, USA). Error bars in all experiments represent standard
deviation (SD) in in vitro studies and standard error of the mean
(SEM). For 2 variables, data were analysed using an unpaired-two-
tailed student t-test (unless otherwise stated). For 3 or more vari-
ables data were analysed using one-way ANOVA with Tukey's
multiple comparisons test. Individual tumour growth curves were
plotted and differences between treatments were tested using
simple linear regression analysis. IC50 values were calculated using
non-linear regression analysis with sum-of-squares F test. The
statistical analyses used in each experiment is detailed in the figure
legend. In in vivo experiments, n refers to the number of animals. In
in vitro experiments, n refers to the number of biological replicates.

4. Results

4.1. Development of an KPC-derived avb6-expressing PDAC tumour
model

The integrin avb6 expression was evaluated by flow cytometry
using antibody 10D5 on cell cultures derived from 8 PDAC tumours
from immunocompetent murine transgenic models, including KPC
(LSL-KrasG12D; LSL-Trp53R172H;Pdx-1-Cre), KC (LSL-KrasG12D;Pdx-1-
Cre), and KPF (LSL-KrasG12D/þ;LSL-p53R172H/þ;Pdx-Flp) mice. avb6
expression was absent to moderate in all cell lines tested (Fig. 1A),
comprehensively lower than that seen inhumanPDACsamples [11,31].
TheKPCderived culture TB32043was selected as a consistentminimal
expresser of avb6 via flow cytometry (4.4 ± 2.9%) (Fig. 1A). TB32043
cells were transduced with pWPXL-mb6 lentivirus, and were FACS
sortedtwice toselect for thehighestavb6expressers, theresultantcells
termedTB32043mb6s2(Fig. S1). TheKPCoriginofTB32043mb6s2was
confirmedbygenotyping (Transnetyx, Inc;USA)withKras-G12D±and
TP53þþ mutations present. TB32043mb6s2 consistently expressed
avb6, evenwith prolonged culture (Fig. 1B and S1).

Immunofluorescence staining on adherent cells confirmed sur-
face expression of avb6 on TB32043mb6s2 cells, with no visible avb6
on TB32043 cells (Fig. 1C). avb6 expression caused a morphological
change in the TB32043 cells, causing a more mesenchymal appear-
ance with marked lamellipodia. Western blotting similarly
confirmed the presence of b6 within TB32043mb6s2 cells, with no
detectable avb6 in TB32043 (Fig. 1D). Thus the apparent ‘minimal’
avb6 expression on TB32043 cells detected by flow cytometry is
likely to be an artefact due to cytometry gating as both western
blotting and immunofluorescence confirm these cells are avb6-
negative.



Fig. 1. Development of a KPC-derived PDAC tumour cell model expressing avb6. (A) avb6 expression on a panel of murine KPC-derived PDAC cell lines by flow cytometry
(mean ± SD, n ¼ 2e9 samples/condition). (BeD) Expression of avb6 in the parental b6-negative TB32043 cell line and b6-positive TB32043mb6S2 cell line by flow cytometry (B),
immunofluorescence (C) and Western blot (D). Scale bar 50 mm. Data representative of at least 3 biological replicates. (E) Binding of Cy3/Cy5-A20MDV2 or Cy3/Cy5-scrambled
peptide to TB32043mb6s2 (b6þ) and Claus (b6-) cells. (F) Relative growth rate of TB32043mb6S2 cells relative to TB32043 cells in 2D culture (n ¼ 4 biological replicates, un-
paired t-test).
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The functionality of the murine avb6 expressed on
TB32043mb6s2 was evaluated by assessing the binding of fluo-
rophore conjugated-A20FMDV2 peptides using flow cytometry.
4

The control peptide used the same amino-acids as A20FMDV2 but
was scrambled. A20FMDV2-Cy3 bound to 96.5% of TB32043mb6s2
cells compared to 0.59% binding with the control-Cy3 peptide.



Fig. 2. avb6 expression reduces survival and increases spontaneous metastases of mice with pancreatic tumours. (A) Orthotopic injection of PDAC cells into the pancreas
results in the formation of solid pancreatic tumours with spontaneous metastases, shown in a representative mouse. Red arrows: tumour; white: pancreas; blue: spleen lesion:
green: small intestine adherent to tumour. (B) Dissected primary tumours, peritoneal tumours, spleen metastases, and liver porta hepatis tumour shown as indicated. (C) H&E
staining of metastases within liver and lung sections (scale bars represent 200 mm) (D) Primary tumour volume determined by MRI in mice injected with TB32043 cells (b6-) or
TB32043mb6S2 cells (b6þ) (n ¼ 6 mice/condition, p < 0.0001, simple linear regression analysis). (E) Primary tumour volume at death of mice injected with b6-or b6þ PDAC cells
(n ¼ 6 mice/condition). (F) Maximum weight loss of mice injected orthotopically with b6-or b6þ PDAC cells (mean ± SEM, n ¼ 6 mice/condition, representative of 3 biological
experiments). (G) Mice injected with b6-positive PDAC cells have a significantly shorter survival relative to mice injected with b6-negative PDAC cells (n ¼ 6 mice/condition,
p < 0.05, logrank Mantel-Cox test). (HeJ) avb6 expression enhances the spontaneous metastasis of pancreatic tumours to the peritoneum (H), spleen (I) and liver (J) when injected
orthotopically into C57BL/6 mice (n ¼ 5 mice/group, p < 0.01, Chi-square test). Statistical significance is indicated by asterisks; * for p < 0.05, ** for p < 0.01, **** for p < 0.001.
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Binding to avb6-weak-expressing cells was minimal with 0.1% and
0.06% binding seen with A20FMDV2-Cy3 or scrambled-Cy3
respectively (Fig. 1E). avb6 expression caused a significant
5

increase in the relative growth rate of TB32043mb6s2 compared to
the parental avb6 negative line in vitro (1.346 vs 1.000, p ¼ 0.005)
(Fig. 1F).
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Fig. 4. Efficacy of b6-targeted SG3299 therapy in vitro. (A) Cytotoxic efficacy of the avb6-targeting SG3299 or non-targeting SG3511 peptide drug conjugates against b6-
TB32043 cells or b6þ TB32043mbs2 cells. Graphs show fold change relative to untreated cells (B) Summary of IC50 data. Each value is mean ± SD, n ¼ 3 biological repeats for
SG3511, n ¼ 2 biological replicates for SG3299; each comprises 3 technical repeats. P < 0.0001, non-linear regression analysis with sum-of-squares F test.
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4.2. avb6 expression reduces survival and increases metastases of
mice with pancreatic tumours

In vivo, orthotopic injection of TB32043mb6s2 cells into the
pancreas of C57BL/6J mice resulted in the formation of dense pri-
mary pancreatic tumours as well as metastasis on the peritoneum,
spleen and liver (Fig. 2AeC). The rate of tumour volume increase in
mice injected with the avb6-expressing TB32043mb6s2 cells was
significantly lower than those injected with the avb6-negative
parental TB32043 cells (Fig. 2D; p < 0.0001), with a significantly
lower final volume (234.4 vs 459.3 mm3, p ¼ 0.0089) (Fig. 2E).
However, despite a smaller tumour burden, TB32043mb6s2 mice
experienced significantly greater weight loss (14.1% vs 8.5%.
Fig. 3. b6 expression promotes the formation of poorly vascularised tumours with increa
TB32043-derived tumours (n ¼ 6) and b6þ TB32043mbs2-derived tumours (n ¼ 6) staine
tumour area for avb6 (B), sirius red (C), endomucin (D) and CD3 (E). Mean ± SEM, *p < 0
comparisons test.
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p ¼ 0.0418) (Fig. 2F) and significantly shorter survival (median
survival 27 vs 37.5 days, p ¼ 0.0223) compared to TB32043 mice
(Fig. 2G). Additionally, a higher proportion of mice injected with
TB32043mb6s2 developed metastases in the spleen (100 vs 0%,
p < 0.01), peritoneum (100 vs 20%, p < 0.01), and liver (80 vs 20%
p ¼ 0.058) (Fig. 2HeJ).
4.3. avb6 expressing pancreatic ductal adenocarcinomas have
distinct histology

Both TB32043 and TB32043mb6s2 derived tumours were
generally poorly differentiated with areas of differentiated glan-
dular tissue and central necrosis (data not shown). As expected
sed collagen desmoplasia. (A) Representative sections of healthy pancreas (n ¼ 3), b6-
d for avb6, sirius red, endomucin and CD3. (BeE) Quantification of positively stained
.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey's multiple



Fig. 5. avb6-targeting peptide-drug conjugate SG3299 significantly increases survival and reduces tumour burden of immunocompetent mice with avb6-positive
pancreatic tumours. (A) Kaplan Meier survival curve of mice injected orthotopically with TB32043mb6s2 cells and treated with SG3299, SG3511 or PBS after 7 days (n ¼ 8e9
mice/group, p < 0.001, logrank Mantel-Cox test). Median overall survival (mOS) displayed in days in inset. (B) Hazard ratio (HR), 95% confidence interval (CI) and statistical sig-
nificance between PBS, SG3511 and SG3299 treatment groups (n ¼ 8e9 mice/group, repeated logrank Mantel-Cox test with Bonferroni correction). (C) Maximumweight loss of mice
treated with PBS, SG3511 or SG3299 (mean ± SEM, n ¼ 8e9 mice/group, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey's multiple comparisons test). (D) Tumour burden of
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avb6 expression was higher in TB32043mb6s2 tumours than
TB32043 tumours and normal pancreas (34 vs 2 vs 0% respectively,
p < 0.0001) (Fig. 3A and B). TB3204mb6s2 tumours contained
significantly more collagen than TB32043 tumours (47 vs 35%,
p¼ 0.0461) and normal pancreas (47% vs 18%, p¼ 0.0005) (Fig. 3C).
TB32043 and TB32043mb6s2 were both hypovascular relative to
normal pancreas (0.35 vs 0.43 vs 1.2%, p < 0.05) and contained
higher numbers of T-cells (0.93% vs 1.38% vs 0.11%, p < 0.01) (Fig. 3D
and E).

4.4. SG3299 has avb6-specific cytotoxicity against murine PDAC
cells in vitro

In previous studies our group identified a high-affinity 20
amino-acid sequence NAVPNLRGDLQVLAQKVART (termed
A20FMDV2) that binds specifically to integrin avb6, and subse-
quently developed an A20FMDV2 based peptide-drug conjugate
[13,33,34]. SG3299 is composed of A20FMDV2 peptide with an N-
terminal biotin and a C-terminal cysteine conjugated to the cyto-
toxic payload tesirine (SG3249). Tesirine is composed of a cathepsin
B-cleavable linker and the PBD dimer cytotoxic warhead SG3199
[30]. The toxin prevents cell replication by covalently cross-linking
DNA in the minor groove. A non-targeting scrambled peptide was
also conjugated to the toxic payload to create a control, SG3511. We
sought to test the cytotoxic activity of SG3299 in our avb6-
expressing immunocompetent model of PDAC.

The relative specificity of SG3299 for avb6, and the in vitro
cytotoxic effect of SG3299 on avb6-expressing murine cancer cells
was confirmed with a growth inhibition assay performed on
TB32043mb6s2 and TB32043 cells (high & negative avb6 expres-
sion respectively). Cell viability was evaluated with a WST-1 assay
following treatment with 0e105 nM of SG3299 or SG3511. The IC50
of avb6-targeted SG3299 in TB32043mb6s2 was over 15-fold lower
than in TB32043 cells (24 nM vs 418 nM, p < 0.001) (Fig. 4A and B).
There was no significant difference in the IC50 values for the non-
targeted SG3511 between TB32043mb6s2 and TB32043 cells (223
vs 300 nM, p ¼ 0.17) (Fig. 4).

4.5. SG3299 improves survival and reduces tumour burden in an
in vivo immunocompetent orthotopic metastatic avb6-expressing
PDAC model

Seven days after orthotopic injection of TB32043mb6s2 cells,
when tumours were visible by bioluminescence, mice were treated
with PBS, SG3299 or SG3511 at doses equivalent to 20 mg/kg of the
payload. Median survival was significantly longer in mice treated
with the avb6-targeted SG3299 (48 days) compared to those
treated with non-targeting SG3511 (26 days, HR 0.22 95% CI
0.070e0.68, p < 0.0001) or PBS (25.5 days, HR 0.23, 95% CI
0.015e0.21, p < 0.0001) (Fig. 5A and B). Mice treated with SG3299
experienced significantly less total body weight loss (2.33%) than
those treated with SG3511 (11.57%, p ¼ 0.0082) or PBS (8.83%,
p ¼ 0.0002) (Fig. 5C). Tumour burden was assessed by MRI volume
and IVIS bioluminescence quantification (Fig. 5CeG). There was no
significant difference in pre-treatment tumour burden by IVIS
(p ¼ 0.57) nor MRI (p ¼ 0.13). Following treatment, biolumines-
cence was significantly lower in mice treated with SG3299 than
SG3511 (p ¼ 0.0037) and PBS (p ¼ 0.0178), and tumour volume
mice treated with PBS, SG3511 or SG3299 assessed by bioluminescence imaging (BLI) (me
multiple comparisons test. (E) Representative BLI pictures of mice treated with PBS, SG3511
with PBS, SG3511 or SG3299. Tumours are delineated in orange. Mice displayed had the med
Tumour volume of mice treated with PBS, SG3511 or SG3299 assessed by MRI (mean ± SEM
comparisons test.

9

assessed by MRI was lower in the SG3299 group than SG3511
(p < 0.001) and PBS (p < 0.05) groups. Using an ELISA assay specific
for the payload (described previously [13]) a pharmacokinetic
study demonstrated that intraperitoneal administration of SG3299
led to rapid absorption into bloodwith a peak concentration seen at
15 min of 69.5þ/111.8 nM, the concentration remaining above
60 nM for 2h, before complete elimination by 4 h (Fig. S2).
5. Discussion

More effective therapies are desperately needed for patients
with pancreatic cancer. Patient studies confirm integrin avb6 as a
potential target for therapy [6e11], and we have previously
demonstrated the therapeutic efficacy of targeting avb6 in vivo
[11,13]. This study describes for the first time the creation of an
immunocompetent murine PDAC model that expresses avb6,
thereby more closely mimicking human PDAC tumours. We show,
that the peptide-drug conjugate SG3299 remains an effective
therapeutic in this immunocompetent PDAC model.

This study affords new insights into how avb6-expression may
alter PDAC behaviour. In vitro, avb6-expression increased cell
growth, yet in vivo avb6-expressing tumours grew more slowly but
led to greater weight loss and shorter survival, with more collag-
enous tumours that metastasised more readily. This is consistent
with human PDAC where avb6-expression is associated with
poorer survival [9,11]. Whilst increased proliferation in vitro with
higher avb6-expression is documented [35,36], reduce tumour size
in vivo was not predicted. avb6-expression appeared to result in
significant loss of body weight (Fig. 2F), which is a prominent
feature of human pancreatic cancer. It would be premature to
suggest that avb6 promotes cancer-associated cachexia which is a
complex metabolic phenomenon of which TGFb is a key mediator
[37] even though avb6 can induce TGFb activation [38e40], as we
cannot exclude that our observations could have resulted from
avb6-induced local pancreatic invasion, reducing pancreatic
enzyme secretion, and limiting nutrient absorption.

This study in our immunocompetent orthotopic PDAC murine
model supports previous studies in heterotopic immunodeficient
PDAC models that the avb6-targeted peptide-toxin SG3299 is
tolerable, reduces tumour growth, and improves survival. It is
worth noting that in vitro our KPC-derived cells appear relatively
resistant to SG3299 therapy when compared to human cell lines,
with IC50 of 24 nM vs 0.06 and 0.55 nM in Colo357 and PancO43
human PDAC cell lines respectively, despite similarly high avb6-
expression [13]. The broadly similar avb6-specificity ratios (ratio
of IC50 value for SG3511/SG3299) of 18 with TB32043mb6s2 versus
10.97 for Colo357 and 13.22 for Panc0403 [13] suggests the treat-
ment resistance is inherent to the TB32043 KPC derived cells, rather
than a feature of ectopic avb6 expression.

Our previous studies with SG3299 in heterotopic immunodefi-
cient PDAC models have found tumour eradication and cure with
established Capan-1 xenografts, and tumour regression but not
eradication in Panc04.03 þ PS1 pancreatic stellate cell xenografts.
However, we did not observe any tumour regressions in our
immunocompetent model. Thus whilst SG3299 has demonstrated
efficacy in all assessed PDAC models, it appears to be less effective
as the tumour exceeds a certain size and/or the tumour microen-
vironment becomes increasingly rich and established, supporting
an ± SEM, n ¼ 8e9 mice/group, *p < 0.05, **p < 0.01, two-way ANOVA with Tukey's
or SG3299 taken o Day 14 post-surgery. (F) Representative MRI images of mice treated
ian tumour size in their respective treatment groups on Day 20 (n ¼ 5 mice/group). (G)
, n ¼ 5 mice/group, *p < 0.05, ****p < 0.0001, two-way ANOVA with Tukey's multiple
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future combination studies with anti-stromal agents.
There is a stark disparity between the effectiveness of anticancer

therapies in preclinical models and patients. Only 2.3% of pancre-
atic cancer therapies tested in phase I trials are eventually approved
for clinical use [41]. It is therefore reasonable to deduce that the
PDAC models used in the majority of prior preclinical studies
(typically heterotopic xenografts in immunodeficient animals) do
not sufficiently recapitulate the human disease to predict response
or resistance to therapy. Given the vast majority of human PDAC
tumours express avb6, and the immune-component is a key
element of the tumour micro-environment, we believe it is
important that these components are included in any model eval-
uating therapies for PDAC, whether the therapies are targeting
avb6 or not.
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