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Collagen Signaling via DDR1 Exacerbates Barriers to
Macromolecular Drug Delivery in a 3D Model of Pancreatic
Cancer Fibrosis

Mayu Ohira, Moe Kitamura, Hiroyo Iwasaki, Haruko Ohta-Okano, Hiyori Tsujii,
Reika Nakamura, Takuya Nakazawa, Akihiro Nishiguchi, Masaya Yamamoto,
Kensuke Osada, Shinichi Toyooka, Horacio Cabral, Atsushi Masamune,
Mitsunobu R. Kano,* and Hiroyoshi Y. Tanaka*

Fibrosis is a significant barrier to drug delivery in pancreatic ductal
adenocarcinoma (PDAC) and contributes to its dismal prognosis. Pancreatic
stellate cells (PSCs) drive fibrosis by excessively secreting extracellular matrix
proteins such as collagen I. Collagen I is thought to physically obstruct the
delivery of macromolecules, such as albumin, antibodies, and nanomedicines.
Apart from its structural role, collagen signals through dedicated cell surface
receptors, such as the discoidin domain receptors (DDR) 1/2. However,
whether and how collagen signaling contributes to fibrotic barrier generation
remains uncharacterized. Here, a 3D culture model of PDAC fibrosis
constructed from patient PSCs is used to assess the contribution of
DDR1/2-mediated collagen signaling. DDR1/2 inhibition diminishes collagen
I expression in PSCs to enhance macromolecular delivery. Moreover, MEK
inhibitors exacerbate the fibrotic barrier by up-regulating collagen I, an effect
reversed by inhibiting DDR1/2. Through isoform-specific targeting, inhibiting
DDR1, but not DDR2, is shown to be effective. Downstream of DDR, the
involvement of the PI3K/AKT/mTOR pathway is demonstrated, particularly
alternative mTOR complexes involving MEAK7 and GIT1. Altogether, the
results show in vitro that DDR1-mediated collagen signaling exacerbates the
fibrotic barrier and may be targeted to enhance macromolecular drug delivery
in PDAC.
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1. Introduction

Pancreatic cancer, ≈95% of which are pan-
creatic ductal adenocarcinomas (PDAC), is
characterized by prominent stromal fibro-
sis occupying 40–80% of tumor tissue.[1]

Fibrosis poses a significant physical bar-
rier to drug delivery, and is particularly
problematic for the delivery of macro-
molecules, such as albumin, therapeutic
antibodies, and nanomedicines.[2,3] Indeed,
an intravenously administered drug must
pass through this fibrotic tissue with a me-
dian thickness of 10–30 μm to reach tumor
cells.[4,5] Fibrosis thus contributes to the dis-
mal prognosis of PDAC, with a 5-year sur-
vival rate just above 10%.[6,7] Targeting of fi-
brosis therefore is necessary to enhance the
delivery and efficacy of therapeutics and im-
prove treatment outcome in PDAC. Though
the failure of stromal ablation strategies
points at the need for precise targeting
of fibrotic processes,[3,8] our understanding
of the molecular mechanisms driving fi-
brotic barrier generation remains limited.
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Resident fibroblastic cells of the pancreas, pancreatic stellate
cells (PSC), orchestrate the fibrotic process. PSCs are mainly
responsible for the excessive production of extracellular matrix
(ECM).[9,10] Collagen I is the most abundant ECM component
in PDAC,[11] and its excessive deposition is believed to physi-
cally obstruct macromolecular delivery.[2,3,12] Apart from its role
as a structural protein, collagen I also signals through trans-
membrane receptors to regulate various cellular processes.[13,14]

However, the involvement of collagen I signaling in fibrotic
barrier generation remains uncharacterized. Interestingly, the
collagen-activated receptor tyrosine kinase discoidin domain re-
ceptors (DDR) 1/2 seem to be involved in fibro-inflammatory
processes in the pancreas. Elevated expressions of both DDRs
were reported in the cerulein-induced acute pancreatitis model,
and ECM deposition was ameliorated by imatinib, which has in-
hibitory activity against DDR1/2.[15] We thus hypothesized that
targeting collagen I signaling through DDRs may be effective in
overcoming the fibrotic barriers tomacromolecular drug delivery
in PDAC.
Here, we leverage a 3D cell culture model of the fibrotic tis-

sue in PDAC (3D-PDAC fibrotic tissues[4,16]) constructed from
patient-derived PSCs to assess the role of DDR1/2-mediated
collagen signaling in fibrotic barrier generation. We demon-
strate that pharmacological targeting of DDR1/2 diminishes
collagen I expression in PSCs and enhances permeability of
3D-PDAC fibrotic tissues to macromolecules, including clini-
cally relevant nanomedicines. Interestingly, we show that MEK
inhibitors, which previously failed to demonstrate clinical ef-
ficacy despite signaling overactivation due to KRAS muta-
tions prevalent in PDAC,[17,18] up-regulate collagen I expres-
sion in PSCs. MEK inhibitors exacerbated the fibrotic bar-
rier at clinically relevant doses, an effect that could be re-
versed by DDR1/2 inhibition. Notably, using isoform-specific
inhibitors and siRNAs, we establish that targeting of DDR1,
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but not DDR2, enhances macromolecular permeability. Down-
stream of DDRs, we demonstrate the involvement of the phos-
phatidylinositol 3-kinase (PI3K)/AKT/mammalian target of ra-
pamycin (mTOR) pathway. The regulation of collagen I ex-
pression in PSCs and macromolecular permeability of 3D-
PDAC fibrotic tissues did not require the canonical mTOR com-
plexes (mTORC), mTORC1 or mTORC2. In contrast, the com-
bined targeting of alternative mTORC components MEAK7 and
GIT1 diminished collagen I expression and enhanced macro-
molecular permeability. Altogether, we demonstrate that DDR1-
mediated collagen I signaling exacerbates the fibrotic barrier and
may be targeted to enhance macromolecular drug delivery in
PDAC.

2. Results

2.1. Pharmacological Inhibition of DDR1/2 Attenuates Collagen I
Expression by PSCs to Enhance Macromolecular Permeability of
3D-PDAC Fibrotic Tissues

To assess the role of collagen signaling through DDR1/2 in fi-
brotic barrier generation, we first utilized VU-6015929, aDDR1/2
inhibitor with comparable activity against both isoforms.[19]

VU-6015929 decreased collagen I expression by PSCs cul-
tured in 2D (Figure 1A–C) and collagen I deposition in 3D-
PDAC fibrotic tissues (Figure 1D–F). While VU-6015929 dimin-
ished growth of PSCs cultured in 2D on conventional plas-
tic culture-ware (Figure S1A–D, Supporting Information), VU-
6015929 at the concentrations tested did not affect the thick-
ness of 3D PDAC-fibrotic tissues (Figure 1G–J). This is in
line with our previous report reporting relatively higher via-
bility of PSCs in 3D PDAC-fibrotic tissues against inhibitor
treatment compared to 2D culture,[16] and likely results from
altered microenvironmental cues due to the 3D experimental
setup.[20]

Next, to investigate the effect of DDR1/2 inhibition on macro-
molecular permeability, we loaded fluorescein isothiocyanate
(FITC)-labeled dextrans with an average molecular weight of
2000 kDa to the 3D-PDAC fibrotic tissues. Consistent with
its effects on collagen I expression, 10 μm VU-6015929 en-
hanced permeation of 2000 kDa FITC-dextrans through the
tissues (Figure 1K,L). Additional time course experiments re-
vealed that permeability enhancement occurs between 24–48 h
after initiation of VU-6015929 treatment (Figure S2A–C, Sup-
porting Information). Together with the lack of effect of VU-
6015929 on 3D-PDAC fibrotic tissue thickness, these results
overall suggest that DDR1/2 inhibition enhances macromolec-
ular permeability via a mechanism different from stromal
ablation.
To ascertain if the observed enhancement in permeabil-

ity of 3D-PDAC fibrotic tissues is dependent on macromolec-
ular size, the permeation of smaller FITC-dextrans (150 or
70 kDa), as well as FITC-IgG antibodies and FITC-albumin
were assessed (Figure S3A–H, Supporting Information). VU-
6015929 at 10 μM enhanced permeation in both PSCs
for all macromolecules tested except in the case of FITC-
albumin, in which enhancement was seen in PSC #1 but
not PSC #2 (Figure S3G,H, Supporting Information). This
is perhaps due to the smaller size of albumin compared to
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the others tested, showing the highest permeation even at
baseline.
To test whether the observed enhancement inmacromolecular

permeability is sufficient to induce therapeutic effect, 3D-PDAC
fibrotic tissues were pre-treated with VU-6015929 before admin-
istration of two clinical nanomedicine formulations, Doxil (lipo-
somal doxorubicin) and Abraxane (nab-paclitaxel). Of note, Doxil
and Abraxane were both used at 10 μg mL−1, which is below the
reported Cmax values in patients.

[21,22] Doxil and Abraxane used at
this concentration suppressed PSC growth by up to≈50% (Figure
S4A–H, Supporting Information), but did not significantly di-
minish 3D-PDAC fibrotic tissue thickness (Figure S4I–L, Sup-
porting Information). Themedia beneath the culture inserts con-
taining the permeated nanomedicines were then collected and
used to treat the PDAC cell-line MiaPaCa-2 to compare effect on
cell growth (Figure 1M). Compared to direct administration of
Doxil (Figure 1N,O) and Abraxane (Figure 1P,Q), the interposi-
tion of 3D-PDAC fibrotic tissues attenuated therapeutic effect.
The diminution of therapeutic effect by 3D-PDAC fibrotic tis-
sues was more pronounced for Doxil than Abraxane. While this
seems counterintuitive given the greater nominal size of Abrax-
ane (≈130 nm diameter) versus Doxil (≈100 nm),[23] the greater
therapeutic effect of Abraxanemay reflect its propensity to rapidly
dissociate into smaller albumin-bound paclitaxel complexes.[23]

Importantly, pre-treatment of 3D-PDAC fibrotic tissues with
VU-6015929 led to a stronger suppression of MiaPaCa-2 cell
growth (Figure 1N–Q). These results altogether suggest that VU-
6015929 enhances macromolecular drug delivery through 3D-
PDAC fibrotic tissues to improve therapeutic effect of clinical
nanomedicines.

2.2. MEK Inhibitors Induce Collagen I Expression in PSCs and
Diminish Macromolecular Permeability of 3D-PDAC Fibrotic
Tissues via a DDR1/2-Dependent Mechanism

Incidentally, we found that theMEK inhibitor trametinib strongly
induces the protein (Figure 2A–C, Supporting Information) and
mRNA (Figure 2D,E) expression of collagen I in PSCs. The in-
duction of collagen I by trametinib is not a specific feature to
this compound but rather a general characteristic of MEK in-
hibitors, as two other MEK inhibitors, CI-1040 (Figure S5A–C,
Supporting Information) and U0126 (Figure S5D–F, Supporting
Information), also up-regulated collagen I expression in PSCs.
Higher doses of MEK inhibitors understandably suppressed PSC

cell growth, albeit at substantially higher concentrations than re-
quired to inhibit growth of PDAC tumor cells (Figure S6A–C,
Supporting Information).
Of note, trametinib diminished macromolecular permeabil-

ity of 3D-PDAC fibrotic tissues at 10 nm in PSC #1 and 10–
30 nm in PSC #2 without decreasing 3D-PDAC fibrotic tis-
sue thickness (Figure 2F–I). Trametinib administered 2 mg
daily, as previously tested in a phase II clinical trial against
PDAC,[18] has a reported serum Cmax of 14.0–32.9 ng mL−1.[26]

This equates to 22.7–53.5 nm, which suggests that trame-
tinib at clinically relevant concentrations may exacerbate the fi-
brotic barrier. On the other hand, higher concentrations (100–
1000 nm) of trametinib increased macromolecular permeabil-
ity (Figure S6D–G, Supporting Information). This is presum-
ably due to its inhibitory effect on cell proliferation/viability
(Figure S6A–C, Supporting Information), which corresponds
with the tendency for tissue thickness to decrease at the high-
est concentration tested (1000 nm; Figure S6D,E, Supporting
Information).
To establish whether a causative relationship exists between

up-regulated collagen I levels and diminished macromolecu-
lar permeability induced by trametinib at clinically relevant
concentrations, we compared 3D-PDAC fibrotic tissues con-
structed from PSCs treated with a 1:1 mixture of siRNAs against
COL1A1 and COL1A2 (siCOL1A1+2) to target both constituent
chains of collagen I (two 𝛼1 chains + one 𝛼2 chain, encoded
by COL1A1 and COL1A2 genes, respectively) versus a control
(ctrl) siRNA. First, we confirmed successful knockdown of col-
lagen I expression by siCOL1A1+2 treatment in PSCs (Figure
S7A–D, Supporting Information). In line with the importance
of collagen I accumulation in generation of the fibrotic bar-
rier, siCOL1A1+2 treatment increased macromolecular perme-
ability at baseline although the thicknesses of 3D-PDAC fibrotic
tissues were similar (Figure S7E–H, Supporting Information).
Importantly, while trametinib diminished macromolecular per-
meability in 3D-PDAC fibrotic tissues constructed from ctrl
siRNA-treated PSCs, permeability was not significantly dimin-
ished by trametinib in 3D-PDAC fibrotic tissues constructed
from siCOL1A1+2-treated PSCs (Figure S7G,H, Supporting
Information).
We next wondered whether DDR1/2 inhibition, which de-

creased collagen I production in PSCs and enhanced macro-
molecular permeability of 3D-PDAC fibrotic tissues at baseline
(Figure 1), could counteract the effect of trametinib. Indeed,

Figure 1. Pharmacological inhibition of DDR1/2 attenuates collagen I expression by PSCs to enhance macromolecular permeability of 3D-PDAC fibrotic
tissues. A) Representative immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in PSCs treated with the DDR1/2 inhibitor VU-6015929.
Nuclei (blue) were stained with Hoechst 33342. B,C) Quantification of mean collagen I fluorescence per cell using CellProfiler[24] in VU-6015929-treated
PSCs. Aggregated data for three independently performed experiments are shown in distinct colors as superplots:[25] small data points in the background
demonstrate quantified values of individual cells, large data points in the foreground show the per experiment mean, together with error bars indicating
standard deviation (SD) of the means. D) Maximum intensity projection images of VU-6015929-treated 3D-PDAC fibrotic tissues immunofluorescently
stained for collagen I. Insets show insert-wide images. E,F) Insert-wide quantification of mean collagen I fluorescence of VU-6015929-treated 3D-PDAC
fibrotic tissues. G–J) Representative 3D-reconstructed images (G,I) andmeasured thickness (H,J) of VU-6015929-treated 3D-PDAC fibrotic tissues. n= 8
measurements. K,L) Permeability of VU-6015929-treated 3D-PDAC fibrotic tissues to fluorescein isothiocyanate (FITC)-labeled dextran with an average
molecular weight of 2000 kDa. M) Schematic depiction of assay assessing therapeutic effect of permeated clinical nanomedicines on PDAC cancer
cells. N–Q) Effect of Doxil (N,O) and Abraxane (P,Q) which permeated the 3D-PDAC fibrotic tissues on MiaPaCa-2 proliferation was compared to direct
administration of the respective nanomedicine (second row). Cell numbers are shown relative to untreated MiaPaCa-2 cells (No trt; first row). Insets
depict representative crystal violet stains. Scale bars = 100 μm, except in insets of (D) where scale bars = 1 mm and 3D-reconstructed images in (G)
and (I) where vertical scale bars = 20 μm. One-way analysis of variance (ANOVA) with post hoc Dunnett’s multiple comparisons test was performed with
0 μm as the reference condition, and n.s., *, **, ***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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VU-6015929 suppressed collagen I up-regulation induced by
trametinib in PSCs in 2D (Figure 2J–L) as well as in 3D-PDAC
fibrotic tissues (Figure 2M–O). Moreover, VU-6015929 concomi-
tantly reversed the trametinib-induced diminution of macro-
molecular permeability without decreasing 3D-PDAC fibrotic tis-
sue thickness (Figure 2P–S). These results altogether suggest
that at clinically relevant concentrations, MEK inhibitors induce
collagen I up-regulation in PSCs to impede macromolecular
permeability in 3D-PDAC fibrotic tissues via a DDR1/2-
dependent mechanism.

2.3. Targeting of DDR1 is Sufficient to Enhance Macromolecular
Permeability of 3D-PDAC Fibrotic Tissues

The above results suggest the utility of targeting DDR1/2
to enhance macromolecular permeability of fibrotic tissue in
PDAC. To test this notion further, we assessed two addi-
tional DDR inhibitors (Figure 3A): DDR1-IN-1 (more spe-
cific to DDR1[27]) and WRG-28 (more specific to DDR2[28]).
Higher concentrations (>1 μm) of both DDR1-IN-1 and WRG-
28 decreased PSC cell growth (Figure S1E–L, Supporting In-
formation). Interestingly, while neither compound affected 3D-
PDAC fibrotic tissue thickness (Figure 3B–E), DDR1-IN-1 at
5 μm enhanced macromolecular permeability (Figure 3F,G),
while in contrast an equal concentration of WRG-28 did not
(Figure 3H,I).
These results implicated the effectiveness of specifically tar-

geting DDR1 rather than DDR2 in enhancing macromolecular
permeability. We thus turned to isoform-specific knockdown of
DDRs with siRNAs (Figure S8A–D, Supporting Information) to
establish the differential roles of DDR1 versus DDR2. Knock-
down of either DDR1 or DDR2 somewhat diminished PSC cell
growth, with DDR1 knockdown tending to have a stronger effect
(Figure S1M–P, Supporting Information). Knockdown of neither
DDRs decreased 3D-PDACfibrotic tissue thickness (Figure 3J,K).
However, DDR1 knockdown enhanced macromolecular perme-
ability whereas DDR2 knockdown did not (Figure 3L,M), corrob-
orating the results obtained with DDR1-IN-1 andWRG-28.More-
over, consistent with the effect on macromolecular permeabil-
ity, DDR1 knockdown diminished collagen I expression in PSCs
by ≈20% whereas DDR2 knockdown had no significant effect
(Figure 3N–P). Altogether, these results suggest that targeting of
DDR1 suffices to diminish collagen I expression in PSCs to en-
hance macromolecular permeability of fibrotic tissues.

2.4. Pharmacological Inhibition of PI3K Attenuates Collagen I
Expression by PSCs and Enhances Macromolecular Permeability
of 3D-PDAC Fibrotic Tissues

We next sought to elucidate the signaling mechanisms down-
stream of DDRs involved in regulating collagen I expression by
PSCs as well as the macromolecular permeability of fibrotic tis-
sues. Inspired by a recent report that DDR1 signaling through
the pro-inflammatory transcription factor nuclear factor-kappa B
(NF𝜅B) promotes PDAC progression,[29] we treated PSCs with
the NF𝜅B inhibitor BAY 11-7082 (Figure S9A–D, Supporting In-
formation). BAY 11-7082 treatment of up to 3 μm did not sup-
press 3D-PDAC fibrotic tissue thickness (Figure S9E,F, Support-
ing Information) nor did it reliably improve macromolecular
permeability of the 3D-PDAC fibrotic tissues, as significant im-
provement was observed only in PSC #1, but not in PSC #2
(Figure S9G,H, Supporting Information). Concentrations above
3 μm strongly suppressed PSC cell growth (≈90% reduction
at 10 μm) and were not testable (Figure S9A–D, Supporting
Information).
We next turned to the PI3K/AKT/mTOR pathway, since it

is a known downstream effector of DDR1,[30] and dysregula-
tion of PI3K activity was previously implicated in the pathogen-
esis of chronic pancreatitis.[31] To this end, we first assessed
whether VU-6015929 affects the phosphorylation of ribosomal
protein S6 (p-S6), given that S6 is a well-characterized phospho-
rylation substrate indicative of mTOR activity.[32] Indeed, VU-
6015929 decreased p-S6 levels (Figure 4A–C), suggesting the
involvement of the PI3K/AKT/mTOR pathway downstream of
DDR1 in PSCs. Further supporting this notion, the PI3K in-
hibitor LY294002 diminished both p-S6 levels (Figure 4D–F) and
collagen I expression by PSCs in 2D (Figure 4G–I). LY294002
also diminished collagen I deposition in 3D-PDAC fibrotic tis-
sues (Figure 4J–L). LY294002 at these concentrations moder-
ately diminished PSC cell growth (Figure S10A–D, Support-
ing Information), but did not decrease 3D-PDAC fibrotic tis-
sue thickness (Figure 4M,N). Macromolecular permeability was
nonetheless enhanced by LY294002 in a dose-dependent manner
(Figure 4O,P).
Based on our above observation that VU-6015929 is effec-

tive in enhancing macromolecular permeability of 3D-PDAC fi-
brotic tissues at baseline (Figure 1), as well as in reversing the
fibrotic barrier exacerbated by trametinib (Figure 2), we won-
dered whether similar downstream effectors are at play. Indeed,
LY294002 effectively reversed collagen I induced by trametinib in

Figure 2. MEK inhibitors induce collagen I expression in PSCs and diminish macromolecular permeability of 3D-PDAC fibrotic tissues via a DDR1/2-
dependent mechanism. A) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in PSCs treated with the MEK inhibitor trametinib
(tram). Nuclei (blue) were stained with Hoechst 33342. B,C)Mean collagen I fluorescence per cell in trametinib-treated PSCs. D,E) Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analyses of COL1A1 mRNA expression by trametinib-treated PSCs. F–I) Thickness (F,G) and perme-
ability to 2000 kDa FITC-dextran (H,I) of trametinib-treated 3D-PDAC fibrotic tissues. J) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin
(red) in PSCs treated with VU-6015929 (VU) and trametinib. Nuclei (blue) were stained with Hoechst 33342. Scale bars = 100 μm. K,L) Mean colla-
gen I fluorescence per cell in PSCs upon VU-6015929 and trametinib treatment. M) Maximum intensity projection images of 3D-PDAC fibrotic tissues
treated with VU-6015929 and trametinib immunofluorescently stained for collagen I. Insets show insert-wide images. N,O) Insert-wide mean collagen
I fluorescence of 3D-PDAC fibrotic tissues treated with VU-6015929 and trametinib. P–S) Thickness (P,Q) and permeability to 2000 kDa FITC-dextran
(R,S) of 3D-PDAC fibrotic tissues treated with VU-6015929 and trametinib. In all experiments, trametinib was administered at 10 nm for PSC #1 and at
30 nm for PSC #2. n = 8 in all thickness measurements. Scale bars = 100 μm, except in insets of (M) where scale bars = 1 mm. One-way ANOVA with
post hoc Dunnett’s multiple comparisons test was performed with 0 nm trametinib as the reference condition, and n.s., *, **, ***, and **** denote not
significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

Small 2025, e06926 © 2025 The Author(s). Small published by Wiley-VCH GmbHe06926 (6 of 19)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202506926 by A
kihiro N

ishiguchi - N
ational Institute For , W

iley O
nline L

ibrary on [04/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. Targeting of DDR1 is sufficient to enhance macromolecular permeability of 3D-PDAC fibrotic tissues. A) Schematic figure showing targets
of pharmacological inhibitors and siRNA knockdowns performed. B–I) Thickness (B–E) and permeability to 2000 kDa FITC-dextran (F–I) of 3D-PDAC
fibrotic tissues treated with the DDR1 inhibitor DDR1-IN-1 (B,C,F,G) or DDR2 inhibitor WRG-28 (D,E,H,I). J–M) Thickness (J,K) and permeability to
2000 kDa FITC-dextran (L,M) of 3D-PDAC fibrotic tissues constructed from PSCs treated with an siRNA targeting DDR1 (siDDR1), DDR2 (siDDR2), or
a 1:1 mixture of the two (siDDR1+2) versus control siRNA (ctrl siRNA). N) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in
PSCs treated with ctrl siRNA, siDDR1, siDDR2, or siDDR1+2. Nuclei (blue) were stained with Hoechst 33342. Scale bars = 100 μm. O,P) Mean collagen
I fluorescence per cell in PSCs treated as in (N). n = 8 in all thickness measurements. In (L), (M), (O), and (P), one-way ANOVA with post hoc Tukey’s
multiple comparisons test was performed. In all other graphs, one-way ANOVA with post hoc Dunnett’s multiple comparisons test was performed with
0 μm or ctrl siRNA as the reference condition. In all graphs, n.s., *, **, ***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,
respectively.
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PSCs in 2D (Figure S11A–C, Supporting Information). Though
3D-PDAC fibrotic tissue thickness was not appreciably altered
(Figure S11D,E, Supporting Information), LY294002 enhanced
macromolecular permeability even in the presence of trametinib
(Figure S11F,G, Supporting Information).

2.5. Pharmacological Inhibition of AKT Attenuates Collagen I
Expression by PSCs and Enhances Macromolecular Permeability
of 3D-PDAC Fibrotic Tissues

To further assess the involvement of the PI3K/AKT/mTOR path-
way, we utilized the pan-AKT inhibitor MK2206.[33] As with
LY294002, MK2206 dose-dependently diminished collagen I ex-
pression by PSCs in 2D (Figure 5A–C) and collagen I depo-
sition in 3D-PDAC fibrotic tissues (Figure 5D–F). MK2206 at
these concentrations somewhat diminished PSC cell growth
(Figure S10E–H, Supporting Information) but did not decrease
3D-PDAC fibrotic tissue thickness (Figure 5G,H). Macromolec-
ular permeability was enhanced by MK2206 dose-dependently
(Figure 5I,J). We furthermore asked whether MK2206 could re-
verse the changes induced by trametinib. Indeed, MK2206 ef-
fectively reversed trametinib-induced collagen I in PSCs (Figure
S11H–J, Supporting Information). MK2206 did not appreciably
alter 3D-PDAC fibrotic tissue thickness (Figure S11K,L, Support-
ing Information), but enhanced macromolecular permeability
even in the presence of trametinib (Figure S11M,N, Supporting
Information).
Interestingly, despite MK2206 diminishing collagen I expres-

sion by PSCs and enhancing macromolecular permeability, it
minimally affected p-S6 levels (Figure 5K–M). Although diminu-
tion of p-S6 levels by VU-6015929 (Figure 4A–C) led us to as-
sess and confirm the involvement of PI3K/AKT/mTOR, these re-
sults suggested that the changes in p-S6 levels per se are not di-
rectly correlated with collagen I expression or macromolecular
permeability.

2.6. Pharmacological Inhibition of mTOR Attenuates Collagen I
Expression by PSCs and Enhances Macromolecular Permeability
of 3D-PDAC Fibrotic Tissues

Having confirmed the effect of PI3K (Figure 4) and AKT
(Figure 5) inhibition in diminishing collagen I expression
by PSCs and enhancing macromolecular permeability of fi-
brotic tissues, we finally turned to mTOR. As expected, the
mTOR inhibitor AZD8055[34] reduced p-S6 levels (Figure 6A–C).
AZD8055 diminished collagen I expression by PSCs in 2D
(Figure 6D–F) as well as collagen I deposition in 3D-PDAC fi-
brotic tissues (Figure 6G–I). Though AZD8055 dose-dependently

diminished PSC cell growth (Figure S10I–L, Supporting Infor-
mation), AZD8055 at concentrations enough to reduce colla-
gen I expression (0.1 or 0.3 μm) did not decrease 3D-PDAC fi-
brotic tissue thickness (Figure 6J,K). Macromolecular permeabil-
ity was however enhanced by AZD8055 at these concentrations
(Figure 6L,M).
Here, too, we assessed the efficacy of AZD8055 against the

changes induced by trametinib. Indeed, AZD8055 effectively re-
versed collagen I induced by trametinib in PSCs (Figure S11O–Q,
Supporting Information). Thickness of 3D-PDAC fibrotic tissues
treated with both trametinib and AZD8055 were somewhat di-
minished compared to trametinib alone, but overall compara-
ble to tissues treated with neither (Figure S11R,S, Supporting
Information). Nonetheless, AZD8055 enhanced macromolecu-
lar permeability, even in the presence of trametinib, to levels
higher than baseline (Figure S11T,U, Supporting Information).
Altogether, the above results suggest that DDR1 signals through
the PI3K/AKT/mTOR pathway to induce collagen I expression in
PSCs to impede macromolecular permeability of fibrotic tissues
(Figures 4–6), and furthermore that this pathway is exacerbated
by MEK inhibition (Figure S11, Supporting Information).

2.7. Knockdown of RPTOR and/or RICTOR Fails to Attenuate
Collagen I Expression by PSCs or Improve Macromolecular
Permeability of 3D-PDAC Fibrotic Tissues

Having established the involvement of the DDR1/PI3K/
AKT/mTOR pathway, we sought to further clarify the nature of
mTOR signaling, as mTOR usually functions as a component
of two canonical complexes, mTOR complexes (mTORC) 1
and mTORC2 (Figure 7A), with non-redundant functions.[32]

We hypothesized that mTORC2 is predominantly involved,
as mTORC1 regulates p-S6 levels through phosphorylation-
dependent regulation of p70 S6 kinase 1, while mTORC2 does
not.[32] We reasoned that a predominant role of mTORC2
would explain the disjunction between changes in p-S6 levels
versus changes in collagen I expression or macromolecular
permeability.
To assess this, we performed knockdown of RPTOR (encod-

ing Raptor, a requisite component of mTORC1; Figure S8E,F,
Supporting Information) and/or RICTOR (a requisite compo-
nent of mTORC2; Figure S8G,H, Supporting Information). As
expected, knockdown of RPTOR, but not RICTOR, reduced p-
S6 levels in PSCs (Figure 7B–D). Surprisingly, however, knock-
down of neither RPTOR nor RICTOR decreased collagen I ex-
pression by PSCs (Figure 7E–G). PSC cell growth was com-
parably diminished by knockdown of either RPTOR, RICTOR,
or both combined (Figure S12A–D, Supporting Information).

Figure 4. Pharmacological inhibition of PI3K attenuates collagen I expression by PSCs and enhances macromolecular permeability of 3D-PDAC fibrotic
tissues. A) Immunofluorescent staining for phospho-S6 (p-S6; green) and 𝛽-tubulin (red) in PSCs treated with VU-6015929. Nuclei (blue) were stained
with Hoechst 33342. B,C) Mean p-S6 fluorescence per cell in VU-6015929-treated PSCs. D) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin
(red) in PSCs treated with the PI3K inhibitor LY294002. Nuclei (blue) were stained with Hoechst 33342. Scale bars= 100 μm. E,F)Mean p-S6 fluorescence
per cell in LY294002-treated PSCs. G) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in LY294002-treated PSCs. Nuclei (blue)
were stained with Hoechst 33342. H,I) Mean collagen I fluorescence per cell in LY294002-treated PSCs. J) Maximum intensity projection images of
LY294002-treated 3D-PDAC fibrotic tissues immunofluorescently stained for collagen I. Insets show insert-wide images. K,L) Insert-wide mean collagen
I fluorescence of LY294002-treated 3D-PDAC fibrotic tissues. M–P) Thickness (M,N) and permeability to 2000 kDa FITC-dextran (O,P) of LY294002-
treated 3D-PDAC fibrotic tissues. n = 8 thickness measurements. Scale bars = 100 μm, except in insets of (J) where scale bars = 1 mm. One-way
ANOVA with post hoc Dunnett’s multiple comparisons test was performed with 0 μm as the reference condition, and n.s., *, **, ***, and **** denote
not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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Figure 5. Pharmacological inhibition of AKT attenuates collagen I expression by PSCs and enhancesmacromolecular permeability of 3D-PDAC fibrotic tis-
sues. A) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in PSCs treated with the AKT inhibitorMK2206. Nuclei (blue) were stained
with Hoechst 33342. B,C) Mean collagen I fluorescence per cell in MK2206-treated PSCs. D) Maximum intensity projection images of MK2206-treated
3D-PDAC fibrotic tissues immunofluorescently stained for collagen I. Insets show insert-wide images. E,F) Insert-wide mean collagen I fluorescence of
MK2206-treated 3D-PDAC fibrotic tissues. G–J) Thickness (G,H) and permeability to 2000 kDa FITC-dextran (I,J) of MK2206-treated 3D-PDAC fibrotic
tissues. n= 8 thickness measurements. K) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin (red) in MK2206-treated PSCs. Nuclei (blue) were
stained with Hoechst 33342. L,M) Mean p-S6 fluorescence per cell in MK2206-treated PSCs. Scale bars = 100 μm, except in insets of (D) where scale
bars = 1 mm. One-way ANOVA with post hoc Dunnett’s multiple comparisons test was performed with 0 μm as the reference condition, and n.s., *, **,
***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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Figure 6. Pharmacological inhibition of mTOR attenuates collagen I expression by PSCs and enhancesmacromolecular permeability of 3D-PDAC fibrotic
tissues. A) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin (red) in PSCs treatedwith themTOR inhibitor AZD8055.Nuclei (blue) were stained
with Hoechst 33342. B,C) Mean p-S6 fluorescence per cell in AZD8055-treated PSCs. D) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin
(red) in AZD8055-treated PSCs. Nuclei (blue) were stained with Hoechst 33342. E,F) Mean collagen I fluorescence per cell in AZD8055-treated PSCs. G)
Maximum intensity projection images of AZD8055-treated 3D-PDAC fibrotic tissues immunofluorescently stained for collagen I. Insets show insert-wide
images. H,I) Insert-wide mean collagen I fluorescence of AZD8055-treated 3D-PDAC fibrotic tissues. J–M) Thickness (J,K) and permeability to 2000 kDa
FITC-dextran (L,M) of AZD8055-treated 3D-PDAC fibrotic tissues. n = 8 thickness measurements. Scale bars = 100 μm, except in insets of (G) where
scale bars = 1 mm. One-way ANOVA with post hoc Dunnett’s multiple comparisons test was performed with 0 μm as the reference condition, and n.s.,
**, ***, and **** denote not significant, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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Moreover, combined knockdown ofRPTOR andRICTOR did not
lead to consistent changes in the thickness or macromolecular
permeability of 3D-PDAC fibrotic tissues (Figure 7H–K).
The lack of effect of both RPTOR and RICTOR knockdown

first led us to suspect mTOR-independent off-target pharmaco-
logical effects of AZD8055, despite its reportedly highly selective
activity profile.[34] However, as with AZD8055 treatment,MTOR
knockdown (Figure S8I,J, Supporting Information) decreased
p-S6 levels (Figure 7L–N) and collagen I expression by PSCs
(Figure 7O–Q). Moreover, MTOR knockdown decreased PSC
cell growth (Figure S12E–H, Supporting Information). Though
MTOR knockdown did not consistently affect 3D-PDAC fibrotic
tissue thickness (Figure 7R,S), macromolecular permeability was
nonetheless enhanced (Figure 7T,U). Overall, AZD8055 treat-
ment andMTOR knockdown yielded consistent, similar results.
This suggests that mTOR is indeed involved in the regulation
of collagen I expression by PSCs and macromolecular perme-
ability of 3D-PDAC fibrotic tissues, albeit in an mTORC1/2-
independent manner.

2.8. Combined Knockdown of MEAK7 and GIT1 Attenuates
Collagen I Expression by PSCs and Enhances Macromolecular
Permeability of 3D-PDAC Fibrotic Tissues

Although less characterized than the canonical mTORC1 and
mTORC2, alternative mTORCs (Figure 8A) have recently been
reported. For example, an alternative mTORC characterized by
the interaction of mTOR with the ETS variant transcription fac-
tor 7 (ETV7),[35] as well as another by interaction of MTOR as-
sociated protein, Eak-7 homolog (MEAK7) and DNA-PKcs have
been reported.[36] These alternative mTORCs have been named
mTORC3 and mTORC4, respectively.[37] Proteomic analysis has
also uncovered an mTORC characterized by mTOR interaction
with G protein-coupled receptor kinase interacting ArfGAP 1
(GIT1).[38]

Given the above results implicating Raptor (mTORC1) and
Rictor (mTORC2)-independent involvement of mTOR in colla-
gen I expression by PSCs and macromolecular permeability of
3D-PDAC fibrotic tissues (Figure 6), we wondered whether al-
ternative mTORCs might be involved. To test this notion, we
assessed ETV7, MEAK7, or GIT1 knockdown in PSCs (Figure
S8K–P, Supporting Information). Only GIT1 knockdown con-
sistently decreased PSC cell growth (Figure S12I–L, Support-
ing Information). None of the knockdowns significantly dimin-

ished p-S6 levels (Figure 8B–D) or collagen I expression by PSCs
(Figure 8E–G).
Because targeting individual mTORCs alone did not recapit-

ulate the effects seen upon targeting mTOR, we next turned to
combinatorial targeting of mTORCs. Given the ineffectiveness of
combined RPTOR and RICTOR knockdown (Figure 7E–G,J,K),
we asked whether combinatorial targeting of the alternative
mTORCs could be effective. Specifically, we investigated the ef-
fect of combinedMEAK7 andGIT1 knockdown for the following
two reasons. First, MEAK7 or GIT1 knockdown, though statis-
tically not significant, tended to reduce collagen I expression by
about 20% in PSCs (Figure 8E–G). Second,GIT1 knockdown up-
regulated MEAK7 expression (Figure S8M,N, Supporting Infor-
mation), which would presumably weaken its inhibitory effect on
collagen I expression.
Consistent with knockdown of MEAK7 or GIT1 alone, com-

bined MEAK7 and GIT1 knockdown did not reduce p-S6 levels
(Figure 8H–J). In contrast, combined MEAK7 and GIT1 knock-
down significantly decreased collagen I expression by 50–60%
in PSCs (Figure 8K–M), an effect larger than either knockdown
alone (Figure 8E–G). Collagen I deposition in 3D-PDAC fibrotic
tissues was also significantly diminished by combined MEAK7
and GIT1 knockdown (Figure 8N–P). Furthermore, while com-
binedMEAK7 andGIT1 knockdown diminished PSC cell growth
(Figure S12M–P, Supporting Information), 3D-PDAC fibrotic
tissue thickness was not consistently affected (Figure 8Q,R).
Nonetheless, combinedMEAK7 andGIT1 knockdown enhanced
macromolecular permeability of the 3D-PDAC fibrotic tissues
(Figure 8S,T). The above results together suggest that the effects
observed upon pharmacological or siRNA-mediated targeting of
mTOR can be explained, at least in part, by its combined effects
on alternative mTORCs involving MEAK7 and/or GIT1.

3. Discussion

We herein investigated the involvement of the collagen-activated
receptor DDR in the PDAC fibrotic barrier. We show that inhi-
bition of DDR1, but not DDR2, enhances macromolecular per-
meability (Figure S13, Supporting Information). Although pre-
vious studies focused on excessively deposited collagen as a
physical barrier,[2,3,12] our results highlight an additional, non-
structural role of collagen in impeding macromolecular drug
delivery. Specifically, DDR1-mediated collagen signaling pro-
motes fibrotic phenotypes in PSCs, forming a vicious cycle driv-
ing the fibrotic barrier. This suggests that focusing on cellular

Figure 7. Knockdown of RPTOR and/or RICTOR fails to attenuate collagen I expression by PSCs or improve macromolecular permeability of 3D-PDAC
fibrotic tissues. A) Schematic depiction of canonical mTORC1 andmTORC2 components. B) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin
(red) in PSCs treated with an siRNA targeting RAPTOR (siRPTOR), RICTOR (siRICTOR), a 1:1 mixture of the two siRNAs (siRPTOR + siRICTOR), or ctrl
siRNA. Nuclei (blue) were stained with Hoechst 33342. C,D) Mean p-S6 fluorescence per cell in PSCs treated as in (B). E) Immunofluorescent staining
for collagen I (green) and 𝛽-tubulin (red) in PSCs treated with ctrl siRNA, siRPTOR, siRICTOR, or siRPTOR + siRICTOR. Nuclei (blue) were stained
with Hoechst 33342. F,G) Quantification of mean collagen I fluorescence per cell in PSCs treated as in (E). H–K) Thickness (H,I) and permeability to
2000 kDa FITC-dextran (J,K) of 3D-PDAC fibrotic tissues constructed from PSCs treated with ctrl siRNA, siRPTOR, siRICTOR, or siRPTOR + siRICTOR.
L) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin (red) in PSCs treated with ctrl siRNA or an siRNA targetingMTOR (siMTOR). Nuclei (blue)
were stained with Hoechst 33342. M,N) Mean p-S6 fluorescence per cell in PSCs treated as in (L). O) Immunofluorescent staining for collagen I (green)
and 𝛽-tubulin (red) in PSCs treated with ctrl siRNA or siMTOR. Nuclei (blue) were stained with Hoechst 33342. P,Q) Mean collagen I fluorescence per
cell in PSCs treated as in (O). R–U) Thickness (R,S) and permeability to 2000 kDa FITC-dextran (T,U) of 3D-PDAC fibrotic tissues constructed from
PSCs treated with ctrl siRNA or siMTOR. n = 8 for all thickness measurements. Scale bars = 100 μm. One-way ANOVA with post hoc Dunnett’s multiple
comparisons test was performed with ctrl siRNA as the reference condition in (C), (D), (F), and (G). In all other graphs, Student’s un-paired t-test
with Welch’s correction was performed. In all graphs, n.s., *, **, ***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,
respectively.
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Figure 8. Combined knockdown of MEAK7 and GIT1 attenuates collagen I expression by PSCs and enhances macromolecular permeability of 3D-PDAC
fibrotic tissues. A) Schematic depiction of alternative mTORC components. B) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin (red) in
PSCs treated with an siRNA targeting ETV7 (siETV7), MEAK7 (siMEAK7), GIT1 (siGIT1), or ctrl siRNA. Nuclei (blue) were stained with Hoechst 33342.
C,D) Mean p-S6 fluorescence per cell in PSCs treated as in (B). E) Immunofluorescent staining for collagen I (green) and 𝛽-tubulin (red) in PSCs treated
with ctrl siRNA, siETV7, siMEAK7, or siGIT1. Nuclei (blue) were stained with Hoechst 33342. F,G) Mean collagen I fluorescence per cell in PSCs treated
as in (E). H) Immunofluorescent staining for p-S6 (green) and 𝛽-tubulin (red) in PSCs treated with ctrl siRNA or a 1:1 mixture of siMEAK7 and siGIT1
(siMEAK+ siGIT1). Nuclei (blue) were stained with Hoechst 33342. I,J) Mean p-S6 fluorescence per cell in PSCs treated as in (H). K) Immunofluorescent
staining for collagen I (green) and 𝛽-tubulin (red) in PSCs treated with ctrl siRNA or siMEAK7 + siGIT1. Nuclei (blue) were stained with Hoechst 33342.
L,M) Mean collagen I fluorescence per cell in PSCs treated as in (K). N) Maximum intensity projection images of 3D-PDAC fibrotic tissues constructed
from PSCs treated with ctrl siRNA or siMEAK7 + siGIT1 and immunofluorescently stained for collagen I. Insets show insert-wide images. O,P) Insert-
wide mean collagen I fluorescence of 3D-PDAC fibrotic tissues constructed as in (N). Q–T) Thickness (Q,R) and permeability to 2000 kDa FITC-dextran
(S,T) of 3D-PDAC fibrotic tissues constructed from PSCs treated with ctrl siRNA or siMEAK7 + siGIT1. n = 8 thickness measurements. Scale bars =
100 μm, except in insets of (N) where scale bars = 1 mm. In (C), (D), (F), and (G), one-way ANOVA with post hoc Dunnett’s multiple comparisons test
was performed with ctrl siRNA as the reference condition. In all other graphs, Student’s un-paired t-test with Welch’s correction was performed. In all
graphs, n.s., *, **, and *** denote not significant, p < 0.05, p < 0.01, and p < 0.001, respectively.
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signaling elicited by the ECMmay offer novel therapeutic targets
to enhance drug delivery through the PDAC fibrotic barrier.[3]

We focused on collagen I due to its prime abundance within
the PDAC tumor microenvironment,[11] but different subtypes,
post-translational modifications, and conformations of collagen
uniquely affect its signaling[29,39,40] and deserves detailed assess-
ment in the future.
Ddr1 knockout in a genetically engineered murine PDAC

model reportedly increased deposition of fibrillary collagen.[41]

Our results seem contradictory at first glance, but this may be
explained by differences between acute (inhibitors and siRNAs)
versus chronic (genetic knockout) targeting of DDR1. In fact, the
role of DDR2 in fibrosis is reported to differ between acute ver-
sus chronic settings.[13] Though further studies are necessary to
delineate the context-dependent role of DDR1 in PDAC, our re-
sults highlight the non-redundant functions of the DDRs[13,42]

and the potential of acute, DDR1-specific targeting to enhance
macromolecular drug delivery in PDAC.
Furthermore, we show that diminution of PI3K/AKT/mTOR

activity underlies the enhancement of macromolecular perme-
ability upon targeting DDRs. Diminution of collagen I expres-
sion by inhibiting PI3K/AKT/mTOR agrees with a recent re-
port of dysregulated PI3K activity in chronic pancreatitis[31] and
aligns with clinical interest in targeting this pathway in pul-
monary fibrosis.[43] Apart from PI3K/AKT/mTOR, DDR1 signals
through other effectors such as NF𝜅B and the mitogen-activated
protein kinases (MAPKs).[30] Of note, DDR1-NF𝜅B signaling in
response to cleaved collagens was recently shown to promote
PDAC progression.[29] NF𝜅B in PSCs specifically also has been
implicated in fibro-inflammatory processes of the pancreas.[44,45]

However, the NF𝜅B inhibitor BAY 11-7082 did not reliably im-
prove macromolecular permeability in our 3D-PDAC fibrotic tis-
sues. Other effectors of DDR signaling were not assessed and is
a potential avenue of further research.
To gain deeper insight into the molecular mechanisms of fi-

brotic barrier generation, we also analyzed the contribution of the
variousmTORCs. Surprisingly, disruption of canonicalmTORCs
or alternative mTORCs individually were ineffective. However,
combined targeting of MEAK7 and GIT1, neither of which have
previously been implicated in fibrotic processes, effectively di-
minished collagen I expression and enhanced macromolecular
permeability. The benefit of targeting MEAK7 and GIT1 together
may be explained by the compensatory up-regulation ofMEAK7
upon GIT1 knockdown. These findings highlight the intricate
crosstalk and trans-regulation of various mTORCs and warrant
further mechanistic investigation.
Additionally, we discovered that MEK inhibitors up-regulate

collagen I expression in PSC at clinically relevant concentra-
tions, paralleling a recent study on human keloidal fibroblasts.[46]

Importantly, the increased expression of collagen I diminished
macromolecular permeability of 3D-PDAC fibrotic tissues. This
suggests that exacerbation of the fibrotic barrier by MEK in-
hibitors, together with acquired resistance of cancer cells,[47] may
have played a role in the failure of these compounds in clin-
ical trials against PDAC.[18] Interestingly, MEK inhibitor treat-
ment has previously been reported to increase collagen deposi-
tion and associate with therapeutic resistance in murine models
of melanoma.[48,49] Although therapy-induced changes in ECM
expression/remodeling within the tumor microenvironment is

gradually gaining attention,[50] our study is, to the best of our
knowledge, the first to demonstrate therapy-induced exacerba-
tion of the fibrotic barrier leading to diminished macromolec-
ular permeability. While the exact mechanisms by which MEK
inhibition drive collagen I expression remain unknown, a pre-
vious study suggests regulation of collagen I promoter activity
and mRNA stability by ERK, the direct downstream target of
MEK.[51] Nevertheless, we show that targeting DDR1 or its down-
stream effectors PI3K, AKT, or mTOR reverses MEK inhibitor-
induced exacerbation of the fibrotic barrier. Targeting collagen
signaling in combination with MEK inhibitors may thus be ben-
eficial and warrant detailed future assessment. Of note, our sim-
ple and highly replicable in vitro system allows a detailed anal-
ysis of the molecular/cellular mechanisms underlying therapy-
induced changes in the fibrotic barrier to identify promising tar-
gets and/or target combinations.
In summary, we demonstrate in vitro that targeting colla-

gen I signaling through the DDR1/PI3K/AKT/mTOR pathway
enhances macromolecular delivery through 3D-PDAC fibrotic
tissues, both at baseline and in the context of MEK inhibitor-
induced exacerbation of the fibrotic barrier. Our results suggest
the potential of targeting DDR1-mediated collagen signaling to
overcome fibrotic barriers to macromolecular drug delivery in
PDAC and provide the rationale for further confirmation of ef-
ficacy in vivo.

4. Experimental Section
Cell Culture and Reagents: PSC #1 and PSC#2, immortalized PSC

cell lines from human PDAC patients, were previously established and
described.[52] PDAC cell-lines BxPC-3, Capan-2, HPAF-II, and MiaPaCa-
2 cells were obtained from American Type Cell Collection (Manassas,
VA, USA), and SUIT-2 from the Japanese Collection of Research Biore-
sources (Osaka, Japan). PSCs weremaintained in Dulbecco’smodified Ea-
gle medium (Gibco/Thermo Fisher Scientific, Eugene, MA, USA) supple-
mented with 10% (v/v) fetal bovine serum, 1 ×GlutaMAX (Gibco/Thermo
Fisher Scientific), 50 U mL−1 penicillin, and 50 μg mL−1 streptomycin.
BxPC-3, HPAF-II, and SUIT-2 cells were maintained in RPMI 1640medium
(Gibco/Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS), 50 U mL−1 penicillin, and 50 μg mL−1 streptomycin. Capan-
2 cells were maintained in McCoy’s 5A medium (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% FBS, 1 × GlutaMAX, 50 U mL−1 peni-
cillin, and 50 μg mL−1 streptomycin. MiaPaCa-2 cells were cultured in Dul-
becco’s modified Eagle medium supplemented with 10% FBS, 50 U mL−1

penicillin, and 50 μg mL−1 streptomycin.
All pharmacological inhibitors used in this study were prepared as

dimethyl sulfoxide (DMSO) solutions and are as follows: AZD8055, BAY
11-7082, CI-1040, DDR1-IN-1, LY294002, MK2206, trametinib, U0126, VU-
6015929, and WRG-28. BAY 11-7082 was obtained fromWako Pure Chem-
icals (Osaka, Japan) and WRG-28 from MedChemExpress (Monmouth
Junction, NJ, USA). All other compounds were from Selleck Chemicals
(Houston, TX, USA). Clinical nanomedicines used in this study, Doxil
and Abraxane, were from Janssen Pharmaceutical K.K. (Tokyo, Japan) and
Taiho Pharmaceutical Co., Ltd. (Tokyo, Japan), respectively. Abraxane was
prepared, as per manufacturer instructions, as a 5 mg mL−1 solution in
physiological saline (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan).

Cell Proliferation Assay: PSCs were seeded onto 6-well plates (BD Fal-
con/Corning, Corning, NY, USA; 1 × 105 well−1) or onto 24-well plates
(BD Falcon/Corning; 2 × 104 well−1), except when assessing the effect
of Doxil and Abraxane, where the seeding density was doubled. PDAC
cells were seeded onto 24-well plates (2 × 104 well−1 for all cell-lines, ex-
cept for Capan-2: 1 × 105 well−1). When assessing the effect of siRNA-
mediated knockdown, siRNA transfection was performed 24 h post cell
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seeding as described below. The culture medium was replaced every day.
When assessing pharmacological inhibitors, compounds were adminis-
tered at the time of medium change. Plates were collected 72 h post
cell seeding, except when assessing the effect of Doxil and Abraxane,
where plates were collected at 48 h. Plates were washed once briefly with
phosphate-buffered saline (PBS) then fixed with 4% (w/v) paraformalde-
hyde (PFA)/PBS (5min, room temperature [RT]). Plates were againwashed
once briefly with PBS, then stained with 0.5% (w/v) aq. crystal violet (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) upon gentle rocking (20 min,
RT). The staining solution was subsequently removed, and plates rinsed
with water to remove any residual stain. Plates were then completely
dried. Stained 6-well plates were photographed using a handheld cam-
era. Stained 24-well plates were used for quantification, as described be-
low. To extract crystal violet, equal amounts of 10% (v/v) aq. acetic acid
were applied to each well, and plates were rocked gently (20 min, RT).
After extraction, 100 μL well−1 was collected and applied onto 96-well
plates (Nunc/Thermo Fisher Scientific, Roskilde, Denmark). Absorbance
at 590 nm was measured using TriStar2 LB942 (Berthold Technologies,
Bad Wildbad, Germany). Relative cell numbers were obtained by divid-
ing each absorbance values by the average of the control condition (vehi-
cle control for experiments involving pharmacological inhibitors, and ctrl
siRNA for experiments involving siRNAs).

Immunofluorescent Staining and Analysis: PSCs (2 × 104 cells) were
seeded onto 15 mm glass-bottom dishes (Matsunami Glass Ind., Osaka,
Japan) coated with collagen (Nitta Gelatin, Osaka, Japan; Cellmatrix
Type I-C; 0.1 mg mL−1, >30 min at 37 °C). For experiments requiring
knockdown, cells were transfected with the respective siRNAs prior to
seeding onto glass-bottom dishes, as detailed below. First, 1 × 105 cells
were seeded onto 6-well plates. Then, 24 h later, siRNAs (10 nm) were
transfected using Lipofectamine RNAiMAX (Invitrogen/Thermo Fisher
Scientific, Carlsbad, CA, USA). When performing combined knockdowns
of two genes, relevant siRNAs were mixed in a 1:1 ratio, while keeping
the total concentration of siRNAs administered the same as when
performing individual knockdowns (10 nm). The siRNAs used in this
study were pre-designed (MISSION siRNA, Sigma-Aldrich) except for
the control siRNA (ctrl siRNA; sigma genosys, Tokyo, Japan; sense:
GUACCGCACGUCAUUCGUAUC; anti-sense: UACGAAUGACGUGCG-
GUACGU). For the pre-designed siRNAs, the respective IDs supplied
by the manufacturer are as follows: siCOL1A1 (SASI_Hs02_00301842),
siCOL1A2 (SASI_Hs02_00301848), siDDR1 (SASI_Hs01_00165213),
siDDR2 (SASI_Hs01_00022152), siGIT1 (SASI_Hs02_00317765), siETV7
(SASI_Hs01_00239852), siMEAK7 (SASI_Hs01_00247281), siMTOR
(SASI_Hs02_00338641), siRICTOR (SASI_Hs02_00366683), and siRP-
TOR (SASI_Hs01_00048380). Cells were harvested for seeding onto
glass-bottom dishes 24 h after siRNA transfection. The culture medium
was replaced daily. Respective compounds were administered at the time
of medium change.

Samples were collected for immunofluorescent staining 72 h after cell
seeding. Cells were fixed with 4% (w/v) PFA/PBS (1 min, RT), perme-
abilized with 0.2% (v/v) Triton X-100/PBS (5 min, RT), and blocked with
Blocking One (Nacalai tesque, Kyoto, Japan; 1–2 h, RT). Cells were then
incubated overnight (O/N) at 4 °C with primary antibodies diluted in
Blocking One. The primary antibodies used in this study are as follows:
𝛽-tubulin (014-25041; Wako Pure Chemicals; mouse monoclonal, clone:
10G10, 1/500 dilution), collagen I (ab183492; Abcam, Cambridge, UK; rab-
bitmonoclonal, clone: EPR7785, 1/1000 dilution), and phospho-S6 riboso-
mal protein (#4856; Cell Signaling Technology, Danvers, MA, USA; rabbit
monoclonal, clone: 2F9, dilution: 1/400). After washing with PBS thrice,
cells were incubated with the respective Alexa Fluor-labeled secondary an-
tibodies (Molecular Probes/Thermo Fisher Scientific, Eugene, OR, USA;
O/N, 4 °C; 1/200 dilution) diluted in Blocking One. Cells were finally
stainedwithHoechst 33342 (Thermo Fisher Scientific,Waltham,MA,USA;
2 μg mL−1 in PBS; O/N, 4 °C). After washing with PBS twice, cells were
observed under a BZ-9000 or BZ-X810 fluorescence microscope (Keyence,
Osaka, Japan). Acquired images were analyzed using CellProfiler[24] to ob-
tain mean fluorescence intensity per cell.

Generation of 3D-PDAC Fibrotic Tissues: Methods for 3D-PDAC fibrotic
tissue generation are as reported previously.[4,16] Cells after trypsiniza-

tion were first incubated, upon gentle rocking, in Tris-buffered saline (pH
7.4) containing fibronectin (0.04 mg mL−1; Sigma-Aldrich) and gelatin
(0.04 mg mL−1; Wako Pure Chemicals) for 30 min at RT. Cells were
then briefly centrifuged, re-suspended in fresh culture media, and then
seeded (1 × 106 insert−1) on cell culture inserts with 0.4 μm pores (BD
Falcon/Corning) for 24-well plates (BD Falcon/Corning), coated with fi-
bronectin (0.12 mg mL−1). This cell seeding density results in 3D-PDAC
fibrotic tissues with a thickness of ≈15–20 μm, which is within the clin-
ically observed range of the distance that an intravenously administered
therapeutic agent must penetrate to reach a tumor target within the fi-
brotic human PDAC tumormicroenvironment.[4] Transparent inserts were
used for fluorescent staining and thickness measurements of 3D-PDAC
fibrotic tissues, and translucent (high pore density) inserts for assess-
ment of macromolecular permeability. Culture media were replaced every
24 h. Compounds were administered to 3D-PDAC fibrotic tissues begin-
ning from 24 h after cell seeding at the time of medium change, except for
the time course analyses of the duration of VU-6015929 treatment required
to enhancemacromolecular permeability where details are provided in the
figure as a schematic (Figure S2A–C, Supporting Information).

For the generation of 3D-PDAC fibrotic tissues requiring knockdown,
siRNA transfections were performed prior to 3D tissue generation. PSCs
(6 × 105 cells) were first seeded onto 100 mm culture dishes (BD Fal-
con/Corning), and siRNAs were transfected 24 h post cell seeding as de-
scribed above. Cells were harvested for generating 3D-PDAC fibrotic tis-
sues 24 h after siRNA transfection.

Fluorescent Staining of 3D-PDAC Fibrotic Tissues: After 3 days of cul-
ture, 3D-PDAC fibrotic tissues were washed once with PBS and fixed with
4% (w/v) PFA/PBS (5 min, RT). After fixation, 3D-PDAC fibrotic tissues
were blocked with Blocking One (1–2 h, RT) and then incubated with anti-
collagen I antibody (ab138492; Abcam) diluted in BlockingOne (1/1000 di-
lution; O/N, 4 °C). After washing with PBS thrice, 3D-PDAC fibrotic tissues
were incubated with the respective Alexa Fluor-labelled secondary antibod-
ies diluted in Blocking One (1/200 dilution; O/N, 4 °C). Finally, 3D-PDAC
fibrotic tissues were stained with Hoechst 33342 (2 μg mL−1 in PBS; O/N,
4 °C). After washing with PBS thrice, culture insert membranes were care-
fully excised using a scalpel and mounted on coverslips using fluorescent
mounting medium (Dako/Agilent, Santa Clara, CA, USA). Samples were
then observed under a BZ-X810 fluorescence microscope. To visualize the
collagen network within the 3D-PDAC fibrotic tissues, Z-stack images of
0.4 μm slices were obtained for maximum intensity projection of collagen
staining using the BZ-H4A image analysis software (Keyence). For quan-
tification of collagen I, insert-wide images were stitched using the BZ-H4A
image analysis software and mean fluorescence intensity measured using
ImageJ (NIH, Bethesda, MD, USA).

Thickness Measurements of 3D-PDAC Fibrotic Tissues: Measurement
of the thickness of 3D-PDAC fibrotic tissues was performed as reported
previously.[16] After 3 days of culture, 3D-PDAC fibrotic tissues were
washed once with PBS, fixed with 4% (w/v) PFA/PBS (5 min, RT), and
permeabilized with 0.2% (v/v) Triton X-100/PBS (20 min, RT). SYTOX
Green nucleic acid stain (Molecular Probes/Thermo Fisher Scientific; 0.2
μm; O/N, 4 °C) was then used to stain cell nuclei. After washing with PBS
thrice, culture insert membranes were carefully excised using a scalpel.
Excised membranes were then mounted on coverslips using Dako fluo-
rescent mounting medium. Samples were observed under a BZ-X810 flu-
orescencemicroscope, and Z-stack images of 0.5 μmslices were obtained.
Images were 3D-reconstituted, and the thickness measured using the BZ-
H4A image analysis software.

Assessment of the Macromolecular Permeability of 3D-PDAC Fibrotic Tis-
sues: Macromolecular permeability of 3D-PDAC fibrotic tissues were as-
sessed as reported previously.[16] 3 days after generating 3D-PDAC fibrotic
tissues, culturemedia were replaced (0.45mL inside the insert and 1mL in
the well). Afterward, 50 μL of the respective fluorescently labeled macro-
molecule (described below) to be assessed were gently loaded onto the
inserts. The 3D-PDAC fibrotic tissues were incubated for another 24 h, af-
ter which the inserts were carefully removed and discarded. Media within
the wells were collected and stored in the dark until measurement. Each
sample (100 μL) was loaded onto clear 0.5 mL tubes (Greiner Bio-One,
Kremsmünster, Austria) and measured using a fluorometer (DS-11 with
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the FX module; DeNovix, Wilmington, DE, USA). The concentration of the
macromolecule in the sample was determined from a standard curve ob-
tained using known concentrations of the macromolecule diluted in cul-
ture media. The percentage of macromolecules that permeated the 3D tis-
sues was calculated as C/C∞ × 100, where C is the measured sample con-
centration and C∞ is the theoretical concentration without 3D tissues at
equilibrium.Given the volumes of culturemedia in the insert (total 0.5mL)
and the well (1 mL), C∞ equals C0/3, where C0 is the initial concentration
of the macromolecule inside the insert.

The macromolecules used in this study are, as follows: FITC-labeled
dextran (average molecular weight of 70, 150, or 2000 kDa; all from
Sigma-Aldrich; 4 mg mL−1 in PBS), FITC-labeled bovine albumin (Sigma-
Aldrich; 4 mg mL−1 in PBS), and FITC-labeled human IgG (Sigma-Aldrich;
4 mg mL−1 in PBS). The reported hydrodynamic radii of FITC-dextran (70,
150, and 2000 kDa), FITC-albumin, and FITC-IgG are≈6,≈8,≈27,≈3, and
≈5 nm, respectively.[53,54]

Assessment of Macromolecular Drug Delivery through 3D-PDAC Fibrotic
Tissues: VU-6015929 was administered on day 1 and day 2 post 3D-
PDAC fibrotic tissue generation. After pretreatment for 48 h, culture
media containing VU-6015929 were replaced as follows: 0.5 mL me-
dia with either Doxil or Abraxane, both at 10 μg mL−1, inside the in-
sert and 1 mL media within the well. The 3D-PDAC fibrotic tissues were
incubated for another 24 h, after which the inserts were carefully re-
moved and discarded. Media within the wells were collected and used
to treat MiaPaCa-2 cells seeded onto 6-well plates (1 × 105 well−1) or
24-well plates (2 × 104 well−1) for 48 h. Untreated MiaPaCa-2 cells as
well as MiaPaCa-2 cells directly treated with Doxil or Abraxane at C∞

(i.e., 3.3 μg mL−1) were included as negative and positive controls.
MiaPaCa-2 cells were then fixed and stained with crystal violet as described
above.

Reverse Transcription-Quantitative Polymerase Chain Reaction: PSCs
(1 × 105 well−1) were seeded onto 6-well plates. Transfection of siRNAs
were performed 24 h after cell seeding as described above. Total RNA
was isolated using the FastGene RNA Basic Kit (Nippon Genetics Co.,
Ltd., Tokyo, Japan) 48 h after siRNA transfection. Total RNA (1 μg) was
reverse transcribed to complementary DNA (ReverTra Ace -𝛼-; TOY-
OBO, Osaka, Japan) according to the manufacturer’s protocol. Reverse
transcription-quantitaive polymerase chain reaction (RT-qPCR) was
performed using the THUNDERBIRD SYBR qPCR mix (TOYOBO) on the
StepOne Plus real-time PCR system (Applied Biosystems, Foster City, CA,
USA). Primer sequences are as follows (all primers obtained from Sigma
Genosys): ACTB (Forward: 5′-TCACCCACACTGTGCCCATCTACGA-3′;
Reverse: 5′-CAGCGGAACCGCTCATTGCCAATGG-3′), COL1A1 (Forward:
5′- CCCTGGAAAGAATGGAGATG-3′; Reverse: 5′-CCATCCAAACCACTGA-
AACC-3′), DDR1 (Forward: 5′- AGTGGAGATGCTGACATGAAGG-3′;
Reverse: 5′-AAGCAGAGATGTCACTGTCTGG-3′), DDR2 (Forward: 5′-
TGGTGGCTGTGAAAATGCTC-3′; Reverse: 5′-TGATGTTTGGGTCCTTGA-
GC-3′), ETV7 (Forward: 5′-AGACAAGGACGCCAAGATCTTC-3′; Reverse:
5′-TAGGTCATGTTCACCCGGTTC-3′), GIT1 (Forward: 5′-TGATGTTAATG-
GCCGCACAC-3′; Reverse: 5′-ATTCTTGTGATCCGGCTTGC-3′), MEAK7-
(Forward: 5′-ACATGAAGCTGCAAGATGGC-3′; Reverse: 5′-AAGCCC-
TTGCAAATGACCAC-3′), MTOR (Forward: 5′-ATTGATACGCCCAGACCC-
TTG-3′; Reverse: 5′-TCTTGTTGGCTGCATTGTGC-3′), RICTOR (Forward:
5′-TGCTGTCACACTGCACATTC-3′; Reverse: 5′-AGGTTGCTTTGGTGGT-
GTTG-3′), and RPTOR (Forward: 5′- TGTGCCTGAATGTTGGTGTG-3′;
Reverse: 5′-TTTGCACCGATGGTTTCCAG-3′). ACTB expression was used
as the internal control for all RT-qPCR experiments.

Statistical Analysis: All statistical analyses were performed in Graph-
Pad Prism 10 (GraphPad Software, Inc., La Jolla, CA, USA). In each graph,
individual data points indicating biological replicates are shown as dis-
tinct points in the figure. Of note, graphs showing quantified fluorescence
intensity are presented as SuperPlots,[25] color-coded to represent the in-
tercellular variation observed in each experimental replicate. All quantita-
tive data are presented as mean ± standard deviation (SD). The statistical
tests performed are all two-sided, and details are provided in the respec-
tive figure legends. For all analyses, statistical significance was set a p <

0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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