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CANCER

Modulating tumoral exosomes and fibroblast
phenotype using nanoliposomes augments

cancer immunotherapy
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Cancer cells program fibroblasts into cancer associated fibroblasts (CAFs) in a two-step manner. First, cancer cells
secrete exosomes to program quiescent fibroblasts into activated CAFs. Second, cancer cells maintain the CAF

, Hagar E. Emam‘,

Copyright © 2024 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

phenotype via activation of signal transduction pathways. We rationalized that inhibiting this two-step process
can normalize CAFs into quiescent fibroblasts and augment the efficacy of immunotherapy. We show that cancer
cell-targeted nanoliposomes that inhibit sequential steps of exosome biogenesis and release from lung cancer
cells block the differentiation of lung fibroblasts into CAFs. In parallel, we demonstrate that CAF-targeted nanoli-
posomes that block two distinct nodes in fibroblast growth factor receptor (FGFR)-Wnt/B-catenin signaling path-
way can reverse activate CAFs into quiescent fibroblasts. Co-administration of both nanoliposomes significantly
improves the infiltration of cytotoxic T cells and enhances the antitumor efficacy of aPD-L1 in immunocompetent
lung cancer-bearing mice. Simultaneously blocking the tumoral exosome-mediated activation of fibroblasts and
FGFR-Wnt/p-catenin signaling constitutes a promising approach to augment immunotherapy.

INTRODUCTION

Cancer cells remodel the tumor microenvironment (TME) to evade
the immune system, limiting the efficacy of cancer immunotherapy
(1). For example, cancer cells program normal quiescent fibroblasts
into a tumor-supportive myofibroblast phenotype known as cancer-
associated fibroblasts (CAFs), which form the most abundant stro-
mal cells in the TME (2). While normal quiescent fibroblasts exert
inhibitory effect on the tumor cells, the activated CAFs suppress the
immune cells and promote resistance, tumorigenesis, and metasta-
sis (3). Disrupting this vicious loop between cancer cells and CAFs
can potentially enhance the efficacy of cancer immunotherapy and
inhibit tumor progression.

A broad range of nanomedicines have been engineered for dis-
rupting the cross-talk between CAFs and cancer cells by different
mechanisms. However, despite the central role of CAFs in tumor pro-
gression, attempts to deplete them have not translated into improved
antitumor outcomes (4). Although targeted depletion of CAFs could
relieve the stromal barrier, CAF depletion resulted in eliminating the
essential extracellular matrix (ECM) components and hence disrupt-
ed the tissue homeostasis resulting in tumor hyperplasia and increased
risk of metastasis. For example, the genetic deletion of a-smooth
muscle actin (¢SSMA) + CAFs increased the infiltration of immuno-
suppressive regulatory T cells (Tregs) in the tumor, induced stemness,
and ultimately led to aggressive tumor progression (5). Depletion of
CAFs by doxorubicin or cisplatin-loaded nanoparticles induced up-
regulation of damage response program (DRP) molecules such as
Wnt16, resulting in development of resistance (6). Similarly, targeting
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fibroblast activation protein (FAP) + CAFs with a monoclonal anti-
body or FAP-targeting immunotoxin led to suppression of tumor
growth but failed in early phase 2 clinical trial due to limited efficacy
(7, 8). Therefore, the emerging paradigm is that reprogramming the
CAFs into quiescent fibroblasts can better hinder tumor progression
and render the tumor more responsive to treatment as opposed to de-
letion of CAFs (3, 4). This strategy tends to keep the homeostatic role
of fibroblasts while reversing their protumoral activity.

Three challenges pose a substantial barrier to reprogramming the
CAFs into antitumor quiescent fibroblasts. First, new CAFs are con-
tinuously generated as the cancer cells release multiple factors that
drive fibroblast programming into CAFs (3). Hence, to tilt the bal-
ance toward the quiescent fibroblasts, these factors need to be inhib-
ited such that new CAFs are not generated. Second, by the time the
tumor is detected, most fibroblasts have already been programmed
into CAFs. These existing CAFs need to be repolarized back to a qui-
escent state. Third, multiple factors are involved in the above pro-
cesses, introducing redundancies in the signaling pathways. These
redundancies can limit the efficacy of monotherapy that target a sin-
gle factor. To address the above limitations, it is therefore important
to simultaneously inhibit the generation of new CAFs while inducing
quiescence of the already existing ones and, rather than targeting a
single factor, perturb the processes at two distinct molecular levels
using rational drug combinations to overcome the redundancies.

We rationalized that cancer cell-targeted nanoliposomes that com-
bine an exosome biogenesis inhibitor with an exosome release inhibitor
can exert an effective inhibition of fibroblast programming into CAFs
by cancer cells. Simultaneously, CAF-targeted nanoliposomes that com-
bine a fibroblast growth factor receptor (FGFR) inhibitor with a down-
stream signal transduction inhibitor can reprogram the existing CAFs
into quiescent fibroblasts. Recently, exosomes released from cancer cells
were shown to deliver cytokines, DNA fragments, and coding and non-
coding RNAs to the fibroblasts, triggering their differentiation into
CAFs (9, 10). For example, exosomal miR-1247 secreted by cancer cells
was reported to induce activation of fibroblasts into myofibroblasts
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(11, 12). In addition, multiple fibrogenic growth factors and mediators
have been found associated with exosomal membrane including trans-
forming growth factor-p (TGFp), tumor necrosis factor-o (TNF-v),
epidermal growth factor (EGF), FGE and others (10). Compared to
their soluble counterparts, exosomal proteins were reported to be more
efficient in triggering differentiation of mesenchymal stem cells (MSCs)
and normal fibroblasts into activated CAF phenotype. For example, the
exosomal membrane-bound TGFf induced remarkably higher fibro-
blast activation than identical amount of the soluble TGFp (9). There-
fore, we rationalized that inhibiting exosome biogenesis and release can
exert a broader inhibitory effect on the cancer-mediated programming
of fibroblasts over targeting a specific factor. Similarly, to maintain the
activated CAF state, cancer cells secrete fibrogenic factors such as
platelet-derived growth factor (PDGF) and FGF-2 (13). Downstream,
the up-regulation of Wnt/B-catenin, Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT), and histone deacetylase 6
(HDACES) pathways in fibroblasts has also been found to promote and
maintain the activated fibroblasts. Therefore, simultaneously inhibiting
the upstream receptor and downstream nodes in the signaling path-
ways, i.e., blockade at two distinct levels, holds promise to reverse the
activated fibroblast phenotype (Fig. 1A) (14).

Here, we performed a comprehensive study with a library of
nanoliposomes that can perturb the above processes by inhibiting
various molecular targets. We define two distinct combinations that
efficiently inhibit exosome biogenesis and release and can repolarize
CAFs into quiescent fibroblasts. Last, we tested the efficacy of the en-
gineered nanoliposomes combined with anti-Programmed Death-
Ligand 1 (aPD-L1) antibodies in lung cancer syngeneic mice to
augment the antitumor immune response.

RESULTS

Comparative analysis of exosome biogenesis
inhibitor-loaded nanoliposomes

We first validated the ability of the cancer cell-derived exosomes to
induce programming of fibroblasts into CAFs. We isolated exosomes
from the culture media of A549 lung cancer cells grown for 48 hours
in exosome-depleted media, which were then characterized (fig. S1A),
labeled using a PKH67 green fluorescent tag, and incubated with
MRC5 human lung fibroblasts for another 48 hours. The exosomes
were internalized into the fibroblasts (Fig. 1B and fig. S1B) and in-
duced their differentiation into CAFs, which are characteristically
larger than their quiescent counterparts and have considerably higher
expression of aSMA, the classical CAFs biomarker, compared with
fibroblasts incubated in culture medium without exosomes (Fig. 1B
and fig. S1B).

While each of the steps involved in exosome biogenesis and re-
lease have been genetically or chemically targeted, we rationalized
that nanoliposomes that exert a dual inhibition on both biogenesis
and release of exosomes from cancer cells could exert a powerful in-
hibitory effect on the generation of CAFs (Fig. 1C). However, a com-
prehensive analysis comparing the impact of targeting different
signaling pathways that are implicated in exosome biogenesis and
release is lacking. We therefore first engineered an array of nanolipo-
somes with inhibitors that perturb different molecular targets impli-
cated in either biogenesis or release of exosomes and tested them on
the release of exosomes from lung cancer cells and programming of
fibroblasts into CAFs (15-18). GW4869 (GW) inhibits neutral sphin-
gomyelinase that generates ceramides, 1-phenyl-2-decanoylamino-3-
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morpholino-1-propanol (PDMP) inhibits glucosylceramide synthase,
and tipifarnib is a farnesyltransferase inhibitor that modulates ESCRT,
while NAV-2729 inhibits ADP ribosylation factor 6 (Arf6), thereby
blocking exosome biogenesis. Similarly, Nexinhib20 blocks Rab27,
while Shikonin (SHK) inhibits pyruvate kinase M2 (PKM2) and
downstream SNAP23 (soluble NSF attachment protein 23) and SNAP
receptor (SNARE) complex formation, blocking exosome release. Ke-
totifen, a mast cell stabilizer, is also known to inhibit exosome release,
while calpeptin perturbs the cytoskeletal structures that underlie
multivesicular bodies (MVBs) trafficking. We incorporated these in-
hibitors into nanoliposomes, which were engineered via thin-film
hydration followed by extrusion through 200-nm porous mem-
branes. Other than PDMP and NAV-2729, which failed to form stable
nanoliposomes (and hence not studied further), the others resulted in
stable nanoliposomes between 90 and 170 nm and low polydispersity
(table S1 and fig. S2).

We next treated human A549 lung cancer cells with the different
nanoliposomes and quantified the release of exosomes. Compared to
the control nontreated cancer cells, all the nanoliposomes significantly
reduced the release of exosomes from cancer cells to different extents
as shown by reduction of total protein content measured using Bicin-
choninic Acid (BCA) protein assay (Fig. 1D). More specifically, we
quantified the isolated exosomes based on their expression of the sur-
face tetraspanin marker molecule CD63 using ExoELISA assay kits
(19). The concentration of the CD63" exosomes released from A549
cells was significantly reduced from 9.41 x 10" particles/ml in control
A549 cells to a range of 1.5 X 10" to 3.4 x 10° particles/ml following
treatment of the cells with the nanoliposomes (Fig. 1D). We next vali-
dated the number of harvested exosomes from cancer cells by mea-
suring the enzymatic activity of the exosomal acetylcholinesterase,
known to be enriched in the exosomal membrane, using an EXOCET
colorimetric assay (20). The nanoliposome-treated cancer cells re-
leased a significantly lower number of exosomes compared to the
nontreated cancer cells (controls) (Fig. 1D). To further validate these
observations across exosome heterogeneity, we used an interferomet-
ric imaging technique to count individual exosomes and fractionate
populations of exosomes that exhibit specific surface proteins (21, 22).
This confirmed the inhibitory effect of our nanoliposomes on the re-
lease of various populations of exosomes (CD63*, CD81", CD9*, and
EpCAM™) from A549 cancer cells compared to the nontreated cells
(fig. S3, A to F). The data from label-free interferometric analysis con-
firmed that the nontreated cells released 2- to 2.5-fold more exosomes,
particularly CD9" exosomes, than the nanoliposome-treated cells,
while GW-treated cells released the fewest number of exosomes.

We next tested the impact of treatment of cancer cells with the exo-
some release inhibitory nanoliposomes on programming of fibroblasts
into CAFs. We directly cocultured growth-arrested MRC5 fibroblasts
with exosomes isolated from A549 cells that were treated with the above
nanoliposomes (Fig. 1E). Treatment of cancer cells with the nanolipo-
somes resulted in significantly lower degree of fibroblast activation
quantified by both flow cytometry and immunofluorescence imaging
for the CAFs biomarker aSMA (Fig. 1, F to H) and fibronectin (fig. S4).
We additionally validated these observations in a murine Lewis lung
cancer (LLC) cell line. Treatment of LLCs with the nanoliposomes sig-
nificantly decreased exosome release and programming of murine
NIH3T3 fibroblasts into CAFs (fig. S5). Together, these studies show
SHK- and GW-loaded nanoliposomes resulted in numerically greatest
reduction of exosome release from lung cancer cells, whereas tipifarnib
and calpeptin exhibited the lowest inhibitory effect on exosome release.
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Fig. 1. Mechanistically inspired nanoliposomes remodel CAFs. (A) Tumor-targeted nanoliposomes enter lung cancer cells via binding to EpCAM and release their
cargo to inhibit exosome biogenesis and release. In parallel, GPR77/CD10-targeted nanoliposomes allow selective targeting of CAFs, where the incorporated drugs re-
verse activated CAFs into quiescence. The combined nanoliposome-mediated normalization of CAFs blocks their immunosuppressive activity and augment aPD-L1 im-
munotherapy. (B) Immunofluorescence images show MRC5 human lung fibroblasts cultured for 48 hours without exosomes (left) and its activation into CAFs when
cocultured with A549 cancer cell-derived PKH67-labeled exosomes for 48 hours (right) followed by staining with anti-aSMA antibody. Scale bars, 50 pm. (C) GW and SHK
inhibit two consecutive steps in biogenesis and release of exosomes from a cancer cell. GW inhibits neutral sphingomyelinase enzyme (nSMase) to prevent inward bud-
ding of ceramide into intraluminal vesicles, while SHK blocks PKM2-mediated phosphorylation of SNAP23 to prevent SNARE complex formation and exocytosis, respec-
tively. (D) Graphs show the effect of nanoliposomes on release of cancer-derived exosomes, quantified using BCA standard protein assay, CD63 ExoELISA, and EXOCET
assay. A549 cancer cells were treated with nanoliposomes containing different exosome biogenesis inhibitors for 24 hours. Data shown are means + SE [n = 3 to 4,
###%P < 0.0001, analysis of variance (ANOVA) followed by Bonferroni’s post hoc test]. (E) A549 cancer cells were treated with nanoliposomes, and the released exosomes
were cultured with MRC5 fibroblasts for 48 hours. (F) Flow cytometric analysis shows the effect of nanoliposomes on aSMA expression in MRC5 fibroblasts cultured with
exosomes isolated from treated cancer cells. (G) Graph shows the quantified aSMA expression in MRC5 fibroblasts. Data shown are means + SE (n = 2, ***P < 0.001,
ANOVA with Bonferroni’s post hoc test). (H) Immunofluorescence imaging for xSMA in MRC5 fibroblasts cultured with nanoliposome-treated A549 cancer cell-derived
exosomes for 48 hours. Scale bar, 50 pm. DAPI, 4',6-diamidino-2-phenylindole; MVB, multivesicular body.
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Suppression of exosome release from lung cancer cells using
SHK/GW nanoliposomes

As GW and SHK inhibit the sequential steps of biogenesis and release
of exosomes, respectively, we rationalized that nanoliposomes that
combine both these molecular therapeutics would exert optimal effi-
cacy in reducing exosome-mediated activation of fibroblasts into CAFs.
We therefore engineered nanoliposomes with three different molar ra-
tios (1:1, 1:5, and 1:10 SHK/GW ratios). Coupling of antibodies on the
surface of nanoliposomes has been shown to enhance tumor targeting
and improve antitumor efficacy (Fig. 2A). We therefore coupled anti—
Epithelial Cell Adhesion Molecule (EpCAM) antibodies to the surface
of the nanoliposomes through the carboxylic group of 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-
2000] (DSPE-PEG). The nanoliposomes ranged between 90 and 140 nm
in diameter and were stable over time (Fig. 2, B to D, and table S2). As
the 1:10 ratio of SHK to GW resulted in optimal size of 93.89 nm, and
additionally at all three ratio, the nanoliposomes exhibited a similar
concentration-dependent cytotoxicity against lung cancer cells (Fig. 2E
and fig. S6A), we selected the 1:10 SHK/GW drug ratio for further
studies. Both drugs exhibited high-loading efficiency and were released
from the nanocarrier in a sustained rate (Fig. 2, F and G). We used the
drug nanoliposomes at a concentration corresponding to 1 uM SHK
and 10 pM GW, lower than its ICsy (median inhibitory concentration)
(5 and 10 pM, respectively), to dissect the impact on the release of exo-
somes with limited confounding effect from cell death. Increasing the
anti-EpCAM antibody concentration resulted in increased binding to
A549 cancer cells from 41.6 to 72% as demonstrated by flow cytometry
analysis. Furthermore, the EpCAM-targeted nanoliposomes demon-
strated higher internalization into the cells compared to nontargeted
ones as evidenced by fluorescence microscopy (Fig. 2, H and 1, and
figs. S6B and S7). We next confirmed the inhibitory effect of the com-
bined nanoliposomes on exosome release by nanoparticle tracking
analysis (NTA). NTA demonstrated a high concentration of the non-
treated cancer cell-derived exosomes (5.4 X 10" particles/ml), which
was reduced by 4.7-, 7.4-, and 9.9-folds upon treatment of cells with
SHK, GW, and SHK-GW nanoliposomes, respectively (Fig. 2, ] and K).
This was validated via flow cytometry using CD9 anti-tetraspanin
antibody-coated magnetic microbeads for immunocapturing of exo-
somes (Fig. 2, L and M, and fig. S8), CD81/CD63 anti-tetraspanin
antibody-coated beads (figs. S9 and S10), BCA protein assay (Fig. 2N),
CD63 ExoELISA assay (Fig. 20), and EXOCET cholinesterase assay
(Fig. 2P). A similar observation was made in LLC cells, where the com-
bined nanoliposomes exerted a greater inhibition than either drug
nanoliposomes alone (Fig. 2Q).

Reducing fibroblast activation using EpCAM-targeted
SHK/GW nanoliposomes

We next tested the ability of the EpCAM-targeted SHK/GW
nanoliposome-treated cancer cells to program fibroblasts into CAFs.
We treated the A549 lung cancer cells with the nanoliposomes for
24 hours and then indirectly cocultured with MRC5 fibroblasts via a
Transwell system that allows the transfer of exosomes to the fibro-
blasts (Fig. 3A). The fibroblasts cocultured with the nontreated cancer
cells were highly activated and differentiated into CAFs with charac-
teristic striated morphology of large bundles of microfilaments. On
the other hand, treatment of cancer cells with the SHK/GW nanolipo-
somes inhibited the activation of fibroblasts as evidenced by remark-
able phenotypic difference from the activated CAFs with no striations
and the decreased expression of all CAFs markers and ECM proteins
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as revealed by immunostaining (Fig. 3B) and flow cytometry (Fig. 3C).
Flow cytometry revealed that the treatment of A549 cancer cells by the
SHK/GW nanoliposomes reduced the expression of xSMA and Col-
lagen Type I Alpha 1 (COL1ALl) in fibroblasts by 2.8- and 2.95-folds,
respectively, compared to activated CAFs cocultured with nontreated
cancer cells. Similarly, the expression of FAP, S100A4, and fibronectin
in normalized fibroblasts was reduced by 1.4-, 1.3-, and 1.6-folds, re-
spectively. These results were further validated using additional two
experimental setups that did not include a Transwell system. In the
first model, MRCS5 fibroblasts were treated with the conditioned me-
dia (CM) of A549 cells pretreated with the SHK/GW nanoliposomes,
while in the second model, the A549 cells were directly cocultured
with MRCS5 fibroblasts and then were treated with the SHK/GW nano-
liposomes for 24 hours followed by further 48-hour coculture. In both
models, the drug treatment inhibited fibroblast activation with re-
duced expression of both ®SMA and COL1A1 (Fig. 3, D and E). Simi-
lar results were obtained using indirect Transwell coculture of murine
lung cancer LLC cells/murine NIH3T3 fibroblasts and human HT29
colon cancer cells/CCD-18Co colon fibroblasts (fig. S11).

Mechanistically, GW, a neutral sphingomyelinase 2 inhibitor, pre-
vents the formation of MVBs by inhibiting the inward budding of ce-
ramide, while SHK, PKM2 inhibitor, inhibits the phosphorylation of
SNAP23, thus preventing the formation of SNAREs complex involved
in membrane docking and release of exosomes. As shown in fig. S12,
immunostaining the SHK/GW nanoliposome-treated A549 cells for
pPKM2, pSNAP23, and ceramide showed a reduced expression com-
pared to the nontreated cells. In addition, quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) analysis of the MRC5
fibroblasts indirectly cocultured with SHK/GW nanoliposome-treated
A549 cancer cells showed down-regulation of CCNA2 proliferation
gene (Fig. 3F). Silencing of CCNA2 gene was reported to inhibit cell
proliferation, migration, and invasion (23, 24). In addition, our treat-
ment resulted in down-regulation of both interleukin-6 (IL-6) and
TNFao, two inflammatory cytokines that markedly contribute to CAF-
mediated immunosuppression, tumorigenesis, metastasis, and drug
resistance (25, 26). Up-regulation of the stemness marker SRY-box
transcription factor 2 (SOX2) in CAFs was found to promote CAF-
activated phenotype and enhance tumorigenesis (27). CD44 overex-
pressed by CAFs also contributes to cancer stemness and drug resistance
(28). Both biomarkers were down-regulated in fibroblasts after treat-
ment of cancer cells with SHK/GW nanoliposomes (Fig. 3F). Collec-
tively, inhibition of exosome-mediated activation of fibroblasts reduced
the expression of genes responsible for proliferation, immunosuppres-
sion, cancer stemness, and drug resistance.

Halting CAF programing to dampen their tumorigenic and
immunosuppressive functions

We evaluated the secretory profiles of CAFs cocultured in the Tran-
swells with A549 cancer cells pretreated with the nanoliposomes. Tu-
moral TGFp1 expressed at exosomal membrane constitutes 53.4 to
86.3% of the total TGFp1 secreted by cancer cell and is reported to be
one of the key drivers of fibroblast activation through the stimulation
of SMAD pathway (29). The cancer-derived exosomal TGFf1 is main-
ly responsible for fibroblast differentiation into the tumor-promoting
CAFs, which, in turn, secretes TGFp1 that induce an immunosup-
pressive TME. The levels of TGFP1 were reduced by ninefold upon
treatment with the combined SHK/GW nanoliposomes (Fig. 3G).
TGFp1 is also reported to increase the production of fibroblast FGF2,
which, in turn, binds to FGFR to promote tumor growth, migration,
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Fig. 2. Tumor-targeted dual drug-loaded nanoliposomes decrease exosome load. (A) Schematic shows EpCAM antibody-coupled nanoliposomes coloaded with
SHK and GW4869. (B) Effect of drug molar ratio on nanoliposome size. (C) Hydrodynamic diameter of SHK/GW nanoliposomes upon storage at 4°C as a measure of stabil-
ity. (D) CCK8 viability assay of A549 cancer cells treated with nanoliposomes for 24 hours at 37°C CO; incubator. (E) Cryo-transmission electron microscopy (cryo-TEM)
image of nanoliposomes. (F) Drug incorporation and (G) release from nanoliposomes in PBS pH 7.4 at 37°C. Data shown are means + SE (n = 2). (H) Binding of EpCAM-
targeted fluorescein isothiocyanate (FITC)-loaded nanoliposomes after incubation with A549 lung cancer cells for 4 hours at 4°C analyzed by flow cytometry. (I) Fluores-
cence imaging shows internalization of EpCAM-targeted FITC-loaded nanoliposomes into A549 cancer cells after their coculture for 24 hours at 37°C CO, incubator. Scale
bar, 50 pm. (J and K) NTA of exosomes isolated from A549 cancer cells treated with SHK/GW nanoliposomes. Graph shows means + SD (n = 3, **##P < 0.0001, ANOVA
followed by Bonferroni’s post hoc test). (L) CD9 EXO-Flow cytometry of A549 exosomes immunocaptured on CD9 antibody-coated magnetic microbeads, followed by
staining with phycoerythrin-conjugated fluorescent antibody. (M) Graph shows means + SD (n = 2 to 4, ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc test).
Quantification of A549 exosomes after treatment with SHK/GW nanoliposomes via (N) BCA protein assay. Data shown are means + SD (n = 6 to 10, **##*P < 0.0001,
ANOVA followed by Bonferroni’s post hoc test) and (0) CD63 Exo-ELISA assay. Data shown are means + SD (n = 3 to 4, ****P < 0.0001, ANOVA followed by Bonferroni’s
post hoc test). (P) EXOCET cholinesterase assay. Data shown are means + SD (n = 3 to 4, *P < 0.05, ***P < 0.001, and ****P < 0.0001, ANOVA followed by Bonferroni’s post
hoc test). (Q) Quantification of exosomes isolated from LLC cells treated with SHK/GW nanoliposomes via BCA protein assay. Data shown are means + SD (n = 6 to 10,
##ikp < 0.0001, ANOVA followed by Bonferroni's post hoc test). IgG, immunoglobulin G; a.u., arbitrary units; ns. not significant.
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Fig. 3. Exosome release inhibitory nanoliposomes block CAF generation. (A) Indirect coculture of A549 lung cancer cells cultured on the top chamber of 0.4-um
transwell and MRC5 lung fibroblasts cultured on the bottom chamber. Top: Nontreated A549 cells. Bottom: A549 cells pretreated with EpCAM-targeted SHK/GW nanoli-
posomes for 24 hours. (B) Immunofluorescence imaging of fibroblast and ECM activation markers in MRC5 fibroblasts indirectly cocultured for 48 hours with A549 cancer
cells pretreated with SHK/GW nanoliposomes. Scale bars, 50 pm. (C) Flow cytometry analysis of the expression of fibroblast and ECM activation markers in MRCS5 fibro-
blasts indirectly cocultured for 48 hours with A549 cancer cells pretreated with SHK/GW nanoliposomes. Graphs show means + SD (n = 2 to 5, *P < 0.05, **P < 0.01,
##%P < 0,001, and ****P < 0,0001, ANOVA followed by Bonferroni’s post hoc test). (D) MRC5 fibroblasts cocultured for 48 hours with CM of A549 cancer cells pretreated
with SHK/GW nanoliposomes followed by fluorescence microscopy. Scale bar, 50 pm. (E) MRC5 fibroblasts directly cocultured with A549 cancer cells at 1:1 ratio and then
treated with SHK/GW nanoliposomes for 24 hours. The medium was then replaced with fresh medium supplemented in 5% exosome-depleted FBS for 48 hours, followed
by fluorescence microscopy. Scale bar, 50 um. (F) Relative mRNA expression of MRC5 fibroblasts indirectly cocultured for 48 hours with A549 cancer cells pretreated with
SHK/GW nanoliposomes for 24 hours, followed by gRT-PCR analysis. Data are shown as means + SD (n =2 to 5, ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc
test). (G) Secretory ELISA profile of MRC5 fibroblasts indirectly cocultured for 48 hours with A549 cancer cells pretreated with SHK/GW nanoliposomes for 24 hours. Graphs
show means + SD (n = 2 to 5, **P < 0.01, ***P < 0.001, and **¥*P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). MFl, mean fluorescence intensity. IFN-y,

inteferon-y.
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and angiogenesis (10). We observed a decrease in secreted FGF2 from
49.2 to 11.2 pg/mg protein when treated with the SHK/GW nanolipo-
somes (Fig. 3G). CAFs are the main source of CXCL12 (SDF-1) in
TME. CXCL12 binds to CXCR4 and CXCR7 in TME, which enhances
cancer cell migration and growth and contributes to development of
resistance to immune checkpoint inhibitors (ICIs) (30, 31). In addi-
tion, as an autocrine function, CXCL12 maintains the tumorigenic
CAF phenotypes. Therefore, reducing the secretion of CXCL12 can
reverse the immunosuppressive TME and maintains the quiescent fi-
broblasts. In our study, treating the cancer cells with the SHK/GW
nanoliposomes reduced the secretion of SDF-1 from CAFs by 1.2-fold
compared to CAFs cocultured with nontreated cancer cells (Fig. 3G).

Subsequently, we tested if normalization of fibroblast can weaken the
cross-talk with cancer cells. In a scratch assay, we found that treatment
of A549 cancer cells with CM of the activated CAFs significantly accel-
erated their migration (~527.3 pm) compared to when cultured in con-
trol media (~127.3 pm) or with media from quiescent fibroblasts
cocultured with cancer cells treated with the dual drug nanoliposomes
(~178.2 pm) (Fig. 4, A to C). Similarly, the CM from activated CAFs
increased the invasive properties of A549 cancer cells in collagen-coated
Transwell coculture test. This invasive behavior was inhibited when the
cancer cells were cultured with CM from normalized fibroblasts (Fig. 4,
D to F). We also evaluated the effect of fibroblast normalization on the
polarization status of macrophages (32). Activated CAFs were generated
by coculturing with cancer cell-derived exosomes. Treatment of phor-
bol 12-myristate 13-acetate (PMA)-pretreated THP-1 macrophages
with the CM of activated CAFs enhanced their polarization into M2
phenotype where the cells became more elongated and spindle shaped
with higher expression of the M2 markers Arginase 1 and CD163. In
contrast, the coculture of PMA-pretreated THP-1 macrophages with the
CM of fibroblasts, cultured with cancer cells treated with the SHK/GW
nanoliposomes, increased their M1 polarization with the cells became
dendritic-like with filopodia or cytoplasmic extrusions and with higher
expression of the M1 markers TNFa and CD86 resulting in threefold
higher M1/M2 ratio compared to cells treated with activated CAF CM
(Fig. 4, G to ], and fig. S13). Similar results were previously obtained
where pancreatic CAFs that promoted polarization of monocytes to M2
phenotype by secreting macrophage colony-stimulating factor and in-
creasing reactive oxygen species (ROS) production in monocytes (33).
Last, we tested the effect of CAF phenotype programming on the activ-
ity of cytotoxic T cells. Treatment of splenic CD8" T cells with CM of
normalized CAFs resulted in significant up-regulation of the expression
of some key genes essential for the cytotoxic activity of T cells, including
perforin (2.6-), granzyme B (13.2-), and interferon-y (2.2-folds) (Fig. 4, K
and L). Several studies have reported the ability of CAFs to impair the
activity and proliferation of effector CD8" T cells by secreting different
factors such as TGF-P1, Arginase 2, Indoleamine 2,3-dioxygenase 1
(IDOL1), and galectin-1 (26, 34).

Screening the potential of FGFR inhibitors to reverse the
activated CAFs phenotype

We rationalized that the pre-existing CAFs can be reprogrammed
into quiescent fibroblasts using nanoliposomes that perturb the sig-
naling loops that maintain the activated CAF phenotypic state. FGE
which is elevated in the coculture of cancer cells and fibroblasts as
seen earlier, stimulates key signaling pathways in CAFs to maintain
their activated phenotype (35). We therefore engineered a compre-
hensive array of nanoliposomes using thin-film hydration followed
by extrusion as described earlier, incorporating FGFR inhibitors (e.g.

Freag et al., Sci. Adv. 10, eadk3074 (2024) 28 February 2024

nintedanib, erdafitinib, pemigatinib, fisogatinib, TAS-120, H3B-
6527, and BGJ398) (36, 37) or downstream signal transduction
inhibitors including JAK2/STAT inhibitor (e.g., AG-490) (38), Wnt/
B-catenin inhibitor (e.g., ICG-001) (39), Twistl inhibitor (e.g., Har-
mine) (40, 41), and HDACS inhibitor (e.g., CAY10603) (42) (Fig. 5A,
table $3, and fig. S14).

We next screened these nanoliposomes for their ability to reverse
TGFp1-activated MRC5 fibroblasts to a quiescent state at concen-
trations used in previous studies (Fig. 5B). Among the tested nano-
liposomes with FGFR inhibitors, TAS-120 showed the most efficient
phenotype reversal of TGFp1-preactivated MRC5 and NIH3T3 fi-
broblasts quantified as decrease in fluorescence intensity of aSMA
(Fig. 5C and figs. S15 and S16) and significant reduction of expres-
sion of CAF markers (aSMA and FAP) and ECM proteins (COL1A1
and fibronectin) measured by flow cytometry (Fig. 5D and figs. S15B
and S16). Harmine-loaded nanoliposomes resulted in considerable
apoptosis of fibroblasts, while ICG-001-, CAY10603-, and AG490-
loaded nanoliposomes successfully reversed the activated pheno-
type of TGFp1-preactivated fibroblasts. The Wnt/p-catenin inhibitor,
ICG-001, was found to be most effective downstream molecular-
targeted inhibitor in reversing the activated CAF phenotype (Fig. 5E
and figs. S15 and S16B).

Targeting nanoliposomes to stemness-promoting CAFs
Targeting a specific subset of CAFs fostering immunosuppression
and promoting tumor growth rather than targeting heterogenous
CAF populations remains an unmet need. Recently, CD10, a zinc-
dependent metalloproteinase (43, 44), and G protein-coupled re-
ceptor 77 (GPR77) (45, 46), an alternative receptor for complement
C5a, were identified as highly specific surface markers for protu-
morigenic CAFs and strongly related to resistance of CAFs to che-
motherapy (3). GPR77TCD10" CAFs have been found to enrich
cancer stem cells (CSCs) by secreting prostemness factors IL-6 and
IL-8, which are also known by their immune-suppressive effects (43,
47-49). Breast cancer and non-small cell lung cancer (NSCLC) pa-
tients with higher numbers of GPR77"CD10" CAFs in tumors ex-
hibited shorter survival, and those CAFs were observed surrounding
CSCs in the clinical tumor samples (43).

Therefore, we developed nanoliposomes targeting GPR77*CD10*
CAFs based on their reported role in promoting tumor growth and
drug resistance (43). We observed the concentration-dependent
binding of antibodies against CD10 and GPR77 on MRC5 cultured
in CM of A549 cells (fig. S17, A and B). Engineering the nanolipo-
somes with increasing concentrations of the antibodies on their sur-
face increased their MRC5 cell binding in a linear pattern (Fig. 5, F
and G). CAFs exhibit remarkable heterogeneity (3). For example, a
dual CD10"GPR77* CAF comprised more than 70% of the total
CAFs in a drug-resistant tumor (43). There are CAFs that express
CD10 but low levels of GPR77 and vice versa (43). We therefore ra-
tionalized that nanoliposomes that displayed antibodies against both
GPR77 and CD10 should specifically target the desired CAFs popu-
lation. The dual GPR77/CD10 (1:1 ratio)-targeted nanoliposomes
showed significantly higher binding to CAFs compared to single
CD10- or GPR77-targeted nanoliposomes by 1.4- and 1.9-folds, re-
spectively (Fig. 5H) and resulted in the higher internalization of
nanoliposomes into MRC5 CAFs compared to nontargeted nanoli-
posomes (Fig. 5I and fig. S17C).

A GPR77/CD10-targeted dual drug nanoliposomes for CAF re-
programing. Pharmacologically, the inhibition of signaling pathways
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Fig. 4. Effect of fibroblast phenotype on behavior of cancer and immune cells. (A) Wound healing assay for testing the migration of A549 cancer cells treated with CM
of activated and normalized CAFs. (B) Bright-field images of the wound before and after treatment with each CAF CM. Scale bars, 100 pm. (C) Quantification of migration
distance calculated from the width of wound measured at 0-, 24-, and 48-hour time points. Graphs show means + SD (n = 3, *P < 0.05, ***P < 0.001, and ****P < 0.0001,
ANOVA followed by Bonferroni's post hoc test). (D) Transwell invasion assay for evaluating the invasion of A549 cancer cells seeded into a collagen-coated transwell cham-
ber and allowed to invade toward CM of activated and normalized CAFs in the lower chamber for 24 hours. (E) Fluorescence microscope images and (F) Quantification of
the invading A549 cells stained with calcein AM. Scale bars, 100 pm. Graphs show means + SD (n = 2 to 3, **P < 0.01, ANOVA followed by Bonferroni’s post hoc test).
(G) Schematic showing coculture of THP-1 macrophages with CM of CAFs. (H) Bright-field and (I) immunofluorescence imaging of THP-1 monocytes pretreated with PMA
(25 ng/ml) for 24 hours and then treated with CM of activated (left) or normalized CAFs (right) for 48 hours. Scale bars, 50 pm. (J) M1/M2 macrophage polarization ratio
calculated from the expression of Arginase/TNFa analyzed by flow cytometry. Graph shows means + SD (n = 2, *P < 0.05 and **P < 0.01, ANOVA followed by Bonferroni's
post hoc test). (K) Schematic showing coculture of CD8" T cells isolated from mouse splenocytes by negative selection with CM of activated and normalized CAFs for
48 hours. (L) Analysis of mRNA expression of the harvested T cells via qRT-PCR. Graph shows means + SD (n = 3, *P < 0.05 and ****P < 0,0001, ANOVA followed by Bonfer-
roni’s post hoc test).

Freag et al., Sci. Adv. 10, eadk3074 (2024) 28 February 2024 8of 19



SCIENCE ADVANCES | RESEARCH ARTICLE

A
GPR77/CD10-targeted fibroblast _TGFB1 |
phenotype switching nanomedlcme
. ..y, Normal MRC5 Activated MRC5
@ FGFR4 p = AN . fibroblasts CAFs
% goPR7ZY — AT CAF-targeted
(»;)0 T SR nanomedicine
AAS120 1 )
<ok z S—
B-Catenin> -7 ‘v. b
g Quiescent MRC5
QQ\ \
\c©@ ———— ok fibroblasts
e \. Hea \\,._» "\
,/ B-Catenin> ‘. * \\cG%°
\ CBP _r~ Gene )
N LTSI LI expression
~ //
SoEm=e - A
= 0SMA H3B m— aSMA
D i i E mm [ i
=== Fibronectin TAS E'Srf:::t'n
-
100 = COL1A1 100
3 _|fy, = FAP
c g0 == FAP ;; PG ol c 80
=] = = —_
o 5 & 60 3
g 60 8 BGJ g %
o 40— c
X
40 ) 3
= 20 . X 20 I I
TGFB1
0 ' 0 \ i B i 2 4 6
N o o 10 10 10 10
AR R FL1-A (aSMA
/\Cg%\&q,%@@«‘?& FL1-A (aSMA) ,\c§< X ¥ ( )
F *ok Kok A G *kk A
: A
- *kk ~ 2000 .
2 400,000 — = — -
< 300000 3 < 1500 2
o ’ © j=)) ~
5 z . 5 1000 €
£ 200000 g g §
& 100,000 o 18 500
© & ‘
= 0 ‘ = o 0 I B
0 25 50 100 R R 0 25 50 100 100 10
CD10 mAb (ug/ml) FL1-A GPR77 mAb (ug/ml) FL4-A
*
H — A I __FITC_DAPI Phalloidin
~ 150,000 ns %
[T | — I —
= -
2100000 .- 2
s . =
Q0
5 50,000 3
O
4
= 0
NI ,\'\ 10° 10° 10° 10°
S &L &L
o & & FL1-A
O
00

Fig. 5. Targeting signaling pathways switches CAFs into a quiescent phenotype. (A) Schematic shows that GPR77/CD10-targeted nanoliposomes allow selective
targeting of CAFs. The nanoliposomes were internalized into CAFs via binding to the overexpressed proteins GPR77 and CD10 and then releases inhibitors of FGFR and
Wnt/p-catenin signaling pathways; TAS-120 and ICG-001, respectively, to synergistically induce reversal of the activated phenotype of CAFs into a quiescent one. (B) Pre-
activation of MRC5 lung fibroblasts into CAFs via treatment with TGFB1 (10 ng/ml) for 24 hours then treated with CAF-targeted drug nanoliposomes for 24 hours for initial
screening. (C) Immunofluorescence imaging of MRC5 lung fibroblasts preactivated using TGFB1 (10 ng/ml) for 24 hours and then treated with CAF-targeted nanolipo-
somes followed by fluorescence microscopy. Scale bars, 50 pm. Flow cytometry analysis of fibroblast activation markers and ECM markers in TGFp1 preactivated MRC5
fibroblasts after treatment with (D) FGFR inhibitors and (E) downstream signal transduction inhibitors. Flow cytometry analysis of the binding of (F) single CD10, (G) single
GPR77,and (H) dual GPR77/CD10-targeted nanoliposomes after incubation of antibody-coupled nanoliposomes with A549 CM-preactivated MRC5 fibroblasts for 4 hours
at 4°C. Data are shown as means + SD (n = 3, *P < 0.05, ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). (I) Fluorescence imaging of the internalization of
dual GPR77/CD10-targeted FITC-loaded nanoliposomes into MRC5 lung fibroblasts after incubation for 24 hours at 37°C CO, incubator followed by fluorescence micros-
copy. Scale bars, 50 pm. mAb, monoclonal antibody.
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at distinct loci results in increased efficacy (50). On the basis of the
above findings, we next engineered dual-payload nanoliposomes
combining TAS + ICG, TAS + AG, and TAS + CAY. Treatment of
TGFp1-activated fibroblasts with the TAS/ICG nanoliposomes for
24 hours resulted in the maximal reduction in the expression of CAF
biomarkers, aSMA, S100A4, COL1A1l, and fibronectin, compared
with the other combinatorial nanoliposomes or to a single payload
TAS nanoliposomes (Fig. 6, A to E, and fig. S18). All treatments re-
sulted in significant reduction in secreted TGFp1, CXCL12, and
FGF2 compared with nontreated CAFs (Fig. 6, F to H). The nanoli-
posomes formed were stable, had >95% loading efficiency for both
drugs, a size range of 140 to 155 nm, and a polydispersity index of
<0.2 (Fig. 61, table S4, and fig. S14). As the TAS + ICG emerged as
the most effective combination nanoliposomes to induce quiescence
of the activated CAFs phenotype, we selected this combination for
further studies.

A GPR77/CD10-targeted nanoliposomes coloaded with ICG-001
and TAS-120 showed a size of ~153.7 nm and a surface charge of
—44.6 mV, with optimal drug loading and release over 72 hours (Fig. 6,
J to N). The GPR77/CD10-targeted nanoliposomes coloaded with
ICG-001 and TAS-120 exhibited similar cell viability as ICG- or TAS-
loaded nanoliposomes (Fig. 60). Our nanoliposome treatment resulted
in substantial induction of quiescent fibroblast phenotype as reflected
by remarkable up-regulation of three quiescence genes CDKNIA (en-
coding p21), CDKNIB (encoding p27), and ENTPDI1 (CD39) com-
pared to the nontreated CAFs, which in turn triggers cell cycle
quiescence (Fig. 6P) (51, 52). Furthermore, gRT-PCR analysis of the
TAS/ICG nanoliposome-treated TGFp1-preactivated MRC5 fibro-
blasts showed down-regulation of CCNA2, IL-6, TNFa, and CD44 re-
sponsible for the activation, tumorigenic, immunosuppressive, and
stemness of CAFs compared to the nontreated ones (Fig. 6Q) (53).
After activation of MRCS5 fibroblasts by TGFf1 for 24 hours, treatment
with GPR77/CD10-targeted TAS/ICG nanoliposomes for 24 hours re-
versed the phenotype of activated fibroblasts as shown by reduction in
the fluorescence intensity of ®SMA, COL1A1, fibronectin, FAP, and
S100A4 compared to control CAFs (Fig. 6R). Similar results were ob-
tained upon treatment of A549-MRC5 coculture by GPR77/CD10-
targeted TAS/ICG nanoliposomes for 24 hours (Fig. 6S). The results
were validated by flow cytometry where the combined TAS/ICG nano-
liposomes demonstrated lower expression of those CAF markers com-
pared to single TAS or ICG nanoliposomes (fig. S18).

Augmenting the antitumor efficacy of aPD-L1 via
combination with dual nanoliposomes

CAFs have been implicated in limiting the efficacy of ICIs (54). We
therefore tested whether the combined use of EpCAM-targeted SHK/
GW exosome release inhibitory and/or GRP77/CD10-targeted TAS/
ICG FGFR/f-catenin inhibitory nanoliposomes with aPD-L1 anti-
body results in a greater antitumor effect than aPD-L1 alone in vivo
using the aggressive LLC syngeneic C57BL/6 mice model. Using five
cycles of treatment (Fig. 7A), the combination of SHK/GW nanolipo-
somes with aPD-L1 significantly resulted in 19.7-fold reduction of
tumor volume relative to the vehicle-treated group, whereas treatment
with aPD-L1 alone had limited efficacy (~2.5-fold reduction of tumor
volume) (Fig. 7B). Similarly, the concomitant use of TAS-120 or ICG-
001 or TAS/ICG nanoliposomes with aPD-L1 enhanced the antitu-
mor efficacy. On the other hand, monotherapy using either drug-loaded
nanoliposomes alone or aPD-L1 therapy alone showed lower tumor
inhibitory effects compared to combined drug nanoliposomes/
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aPD-L1 therapy, revealing their synergistic antitumor efficacy
(fig. S19, A and B). Last, the combination of the EpCAM-targeted
SHK/GW and/or GRP77/CD10-targeted TAS/ICG nanoliposomes
(N9) with aPD-L1 resulted in the highest tumor growth inhibitory
effect among all the treatment groups, with an almost complete inhibi-
tion of tumor growth (about 94.9% reduction of tumor volume) com-
pared to only 58.9% reduction of tumor volume in aPD-L1-treated
mice relative to the vehicle-treated mice (Fig. 7B). The results of tumor
growth suppression were confirmed by immunofluorescence staining
of the tumor sections for activation markers of CAFs (aSMA, FAP,
S100A4, and PDGFRa) and ECM markers (COL1A1 and fibronec-
tin). The expression of all fibroblast activation and ECM markers in
tumor tissue samples of combined nanoliposome-treated group (N9)
was lower than vehicle-treated group (Fig. 7C). This reduction in
abundance of CAFs in tumor tissues corroborates with the reduced
expression of exosomal markers CD63 and TSG101 in tumors treated
with the combination of the nanoliposomes (N9) compared to vehi-
cle- and aPD-L1-treated tumors (Fig. 7D).

According to flow cytometric analysis of tumor tissues, the
CD45 EpCAM CD24~CD105" PDGFRa* CAFs were highly abun-
dant in vehicle- (79.6%) and oaPD-L1 (76.9%)-treated tumors, with
no significant difference between the two groups. This indicates that
treatment with «PD-L1 alone does not reduce the abundance of CAFs
in TME. On the contrary, treatment with dual-drug exosome release
inhibitory and CAF phenotype-reversal nanoliposomes reduced the
abundance of CAFs to 57.1 and 66.8%, respectively. The combined
use of both dual-payload nanoliposomes (N9) with aPD-L1 reduced
CAFs in TME to 46.4% (Fig. 7E and fig. S20). Moreover, the intratu-
moral infiltration of cytotoxic CD8" T cells was increased with the
combinations of the two dual-payload nanoliposomes (N9) (Fig. 7D).
According to flow cytometric analysis, using the combined strategy
(N9) increased the infiltration of CD8™ T cells to 59.2% compared to
36.2% for aPD-L1 treatment (Fig. 7F and fig. S21).

We did not notice any remarkable change in body weight of all
treated mice groups over the treatment period, revealing a favorable
safety profile with the absence of notable drug toxicity at the doses
used in our treatment approach (Fig. 8A). Compared to aPD-L1-
treated group, in which 60% of the mice died within 30 days, coad-
ministration of SHK/GW and TAS/ICG nanoliposomes with aPD-L1
therapy resulted in 100% survival rate in our observation period of
50 days (Fig. 8B). In comparison, all the vehicle-treated mice died
within 30 days of tumor inoculation.

CAFs are the major cells responsible for secretion of ECM pro-
teins such as collagen and fibronectin, which form fibrous stromal
barrier that physically hinders immune cell infiltration. Masson’s tri-
chrome staining of tumor tissues of aPD-L1- and dual-payload
nanoliposome (N9)-treated mice showed 1.4- and 4.8-fold reduction
in the deposition of collagen fibers compared to the vehicle-treated
tumor tissues (Fig. 8C). This decrease in collagen deposition in tumor
tissue is a consequence of the reduced abundance of CAFs by using
our dual strategy. In addition to their stromal barrier function, CAFs
generate immunosuppressive TME via secretion of factors such as
SDF1 (CXCL12), CXCL13, TGFp1, and Arginase 1, which reduce the
activity of cytotoxic T lymphocytes and hence limit the antitumor
efficacy of aPD-L1 immunotherapy. In the in vitro studies, the nor-
malized fibroblasts showed reduced secretion of those immunosup-
pressive factors compared to activated CAFs. Moreover, CAFs, via
secreting CXCL12 and other cytokines, stimulate the intratumoral
infiltration of the immunosuppressive Tregs and M2 tumor-associated
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Fig. 6. CAF-targeted dual payload nanoliposomes reverse activated CAFs into a quiescent phenotype. Flow cytometry analysis of TGFp1 pre-activated MRC5 fibro-
blasts treated with GPR77/CD10-targeted nanoliposomes for 24 hours showing the expression of fibroblast and ECM activation markers: (A) aSMA, (B) COL1AT1, (C) fibro-
nectin, (D) S100A4, and (E) PDGFRa. Data are shown as means + SD (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ANOVA followed by Bonferroni’s post
hoc test). Secretory profile of TGFB1 preactivated MRCS5 fibroblasts treated with nanoliposomes for 24 hours compared to nontreated cells followed by ELISA of (F) TGFp1,
(G) CXCL12, and (H) FGF2. Data are shown as means + SD (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc test).
(1) Physical stability of nanoliposomes measured as particle size change upon storage at 4°C. (J) Particle size distribution of TAS/ICG nanoliposomes measured by dy-
namic light scattering. (K) Zeta potential of TAS/ICG nanoliposomes. (L) Cryo-TEM of TAS/ICG nanoliposomes. (M) Drug incorporation and (N) release from TAS/ICG nano-
liposomes in PBS pH 7.4 at 37°C. (0) CCK8 viability of MRC5 fibroblasts treated with TAS/ICG nanoliposomes for 24 hours at 37°C CO; incubator. (P and Q) Relative mRNA
expression of quiescence, proliferation, and stemness markers in MRC5 lung fibroblasts preactivated using TGFf1 (10 ng/ml) for 24 hours and then treated with TAS/ICG
nanoliposomes for 24 hours followed by gRT-PCR analysis. Data are shown as means + SD (n = 3, ***P < 0.001 and ****P < 0.0001, ANOVA followed by Bonferroni’s post
hoc test). (R) Immunofluorescence imaging of MRC5 lung fibroblasts preactivated using TGFB1 (10 ng/ml) for 24 hours and then treated with TAS/ICG nanoliposomes for
24 hours. Scale bars, 50 pm. (S) Immunofluorescence imaging of MRCS5 fibroblasts directly cocultured with A549 cancer cells (1:1) and then treated with TAS/ICG nanoli-
posomes for 24 hours. Scale bars, 50 pm.
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Fig. 7. Combination of CAF-modulating dual-payload nanoliposomes enhances antitumor efficacy of aPD-L1 in LLC syngeneic C57BL/6 mice. (A) Subcutaneous
inoculation of 1x10° LLC cells into syngeneic C57BL/6 mice to induce tumor. (B) Tumor growth curves and representative images of tumors show the effect of different
multidose treatments on tumor volume in LLC tumor-bearing mice. Each animal was injected into the tail vein with five doses of vehicle (control), aPD-L1 at a dose of 200
ug per mouse (10 mg/kg), single or combined EpCAM-targeted SHK/GW nanoliposomes (at equivalent dose of 0.4 and 0.75 mg/kg for SHK and GW, respectively), and
single or combined GPR77/CD10-targeted TAS/ICG nanoliposomes (at equivalent dose of 1 and 2 mg/kg for TAS and ICG, respectively) on days 7, 9, 11, 13, and 15 after
inoculation. Data shown are mean tumor volume + SEM (n =5, *P < 0.05, ***P < 0.001, and ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). Immunofluo-
rescence imaging of tumor tissues isolated from LLC mice treated with vehicle, aPD-L1, and dual SHK/GW and TAS/ICG nanoliposomes (N9) + aPD-L1 shows the expres-
sion of (C) CAF activation and ECM markers and (D) CD8 and exosomal markers (CD63 and TSG101). Inmunophenotyping analysis showing (E) abundance of CAFs
(PDGFRo CD105%). Graph shows means + SD (n = 3, *#*#P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). (F) Infiltration of effector T cells (CD45*CD8"),
quantified using flow cytometry. Graph shows means + SD (n = 3, **P < 0.01, ***P < 0.001, and ****P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). Tumors
were harvested on day 19 after inoculation, and single-cell suspensions were prepared. N5, anti-EpCAM-targeted SHK/GW nanoliposomes; N8, anti-GPR77/CD10-
targeted ICG/TAS nanoliposomes; N9, anti-EpCAM-targeted SHK/GW nanoliposomes + anti-GPR77/CD10-targeted ICG/TAS nanoliposomes. PE, phycoerythrin; PerCP,
Peridinin-Chlorophyll-Protein.
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Fig. 8. CAF-modulating dual-payload nanoliposomes show favorable safety profile and prolong survival of LLC syngeneic mice. (A) Drug safety of SHK/GW and
TAS/ICG nanoliposomes assessed by measurement of overall body weight. Data shown are means + SEM (n = 5). (B) Survival rate of mice treated with vehicle
(control), aPD-L1 at a dose of 200 pg pe mouse (10 mg/kg), single or combined EpCAM-targeted SHK/GW nanoliposomes (at equivalent dose of 0.4 and 0.75 mg/kg for
SHK and GW, respectively), or single or combined GPR77/CD10-targeted TAS/ICG nanoliposomes (at equivalent dose of 1 and 2 mg/kg for TAS and ICG, respectively) on
days 7,9,11,13,and 15 after inoculation. Data shown are mean + SEM (n = 5). (C) Masson'’s Trichrome staining of tumor tissues isolated from LLC mice treated with vehicle,
aPD-L1, and dual SHK/GW and TAS/ICG nanoliposomes (N9) + oPD-L1 illustrated as imaging of paraffin embedded tumor tissues. Scale bars, 500 um. Graph shows quan-
tification of collagen in tumor tissues. Data are shown as means + SD (n = 3 to 4, **P < 0.0001, ANOVA followed by Bonferroni’s post hoc test). (D) Immunofluorescence
imaging of tumor tissues isolated from LLC mice treated with vehicle, «PD-L1, and dual SHK/GW and TAS/ICG nanoliposomes (N9) + aPD-L1 shows the expression of im-
munosuppressive markers PD-L1 and SDF1 as well as T4 cell marker (FOXP3). Inmunophenotyping analysis showing (E) PD-L1 expression and (F) infiltration of M2
(CD206™) and M1 (CD86™) macrophages in tumor tissues isolated from LLC mice. Graphs show means + SD (n = 3, #P < 0.05, ***P < 0.001, ***#P < 0.0001, ANOVA
followed by Bonferroni's post hoc test). Tumors were harvested on day 19 after inoculation, and single-cell suspensions were prepared. (G) Immunofluorescence imaging
of tumor tissues shows the infiltration of M2 (CD206") and M1 (CD86%) macrophages. N5, anti-EpCAM-targeted SHK/GW nanoliposomes; N8, anti-GPR77/CD10-targeted
ICG/TAS nanoliposomes; N9, anti-EpCAM-targeted SHK/GW nanoliposomes + anti-GPR77/CD10-targeted ICG/TAS nanoliposomes.
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macrophages (55, 56). Nanoliposome-treatment of tumor tissues re-
duced the expression of SDF-1 (CXCL12) and FOXP3, markers of the
Theg cells, relative to vehicle and aPD-L1 treatments (Fig. 8D). Treat-
ment with nanoliposomes also reduced the expression of the T cell
inhibitory marker Programmed Cell Death Protein 1 (PD-1) while
enhancing the expression of inducible T cell costimulator (ICOS)
compared to the vehicle- and aPD-L1-treated group. The apoptosis
denoted by Caspase 3 was significantly higher in tumor tissues treat-
ed by nanoliposomes/aPD-L1 combination compared to «PD-L1- or
vehicle-treated mice. On the contrary, Ki67 staining indicated re-
duced proliferation of tumor treated by the combined nanoliposomes
compared to vehicle-treated mice (fig. $22). Those results reveal that
the immunosuppressive nature of the TME could be reversed by our
combined nanoliposomes treatment strategy that induce quiescence
of CAFs with consequently decreased recruitment of immunosup-
pressive cells and increased infiltration of cytotoxic CD8™ T cells. This
explains the synergistic antitumor efficacy achieved by the combined
use of nanoliposomes (N9) and aPD-L1 treatments.

Another mechanism that adds to the CAFs normalizing effect
by the nanoliposomes is the reduced expression of PD-L1 in
TME. Treatment with nanoliposomes reduced the expression of PD-L1
in TME to 38.7% for combined nanoliposomes (N9) compared to 71.7
and 68.8% for vehicle and aPD-L1 treatments, respectively (Fig. 8E and
fig. $23). This was also confirmed by the results of immunofluorescence
imaging (Fig. 8D). CAF-secreted CXCL12 has been reported to in-
crease the PD-L1 expression in lung adenocarcinoma cells A549, PC-9,
and H1975 (57), and blocking of FGFR also can reduce the expression
of PD-L1 in lung cancer cells (58, 59). Moreover, the intratumoral infil-
tration of protumoral CD206" M2 macrophages was reduced, while
that of CD86" M1 antitumoral macrophages was increased in com-
bined nanoliposome (N9)-treated tumors compared to vehicle and
aPD-L1 treatments (Fig. 8, F and G). These findings are matching with
in vitro studies where the quiescent fibroblasts promoted polarization
of THP-1 macrophages to M1 phenotype.

DISCUSSION

The intricate cross-talk between cancer cells and CAFs within the
TME is crucial in promoting immunosuppression, which, in turn,
undermines the efficacy of ICIs. Therefore, there is an urgent need to
inhibit activation of resident stromal fibroblasts into CAFs. Using a
physical approach, Zhou et al. (60) suppressed the prometastatic
role of fibroblasts by inhibiting their activation in distant organs.
The tumor up-regulated matrix metalloproteinase 2 was exploited to
cleave the peptide FR17 to form a lamellar structure “nano-blanket.”
The nano-blanket wrapped the surface of fibroblasts acting as a
physical shield to inhibit their activation by tumor-derived factors.
Administration of FR17 peptide into B16F10 melanoma lung me-
tastasis mouse model effectively inhibited the formation of pulmo-
nary premetastatic niche and metastasis. Moreover, because of the
high heterogeneity of CAFs, an efficient strategy that can inhibit
activation of fibroblasts originating from different sources is re-
quired. Cancer cell-derived exosomes not only are involved in the
differentiation of resident fibroblasts but also contribute to transdif-
ferentiation of endothelial cells, epithelial cells (61-63), bone mar-
row-derived MSCs (64), and pericytes into CAFs (65). Therefore,
we anticipate that suppressing the release of tumoral exosomes is a
promising approach that can inhibit induction of activated CAF
phenotypes from different cell origins.
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Exosome biogenesis starts within the endosomal system where in-
ward invagination of the limiting membrane of the endosome to give
rise to intraluminal vesicles (ILVs) defines the maturation of the early
endosome into late endosome, called the MVB (66). Multiple steps
and pathways are implicated in exosome biogenesis. For example, the
early steps involve the neutral sphingomyelinase-mediated synthesis
of ceramide, which coalesce into raft-based microdomains to promote
the inward invagination or budding of the membrane (67). In addi-
tion, small guanosine triphosphatase (GTPase) ARF6 (ARF) and its
effector phospholipase D2 can regulate syntenin that regulates bud-
ding of ILVs into MVBs. These MVBs are then trafficked to the plasma
membrane via interactions with cytoskeletal proteins, which is pri-
marily mediated by Rab GTPases (68). The fusion of the MVBs with
the plasma membrane, mediated by the SNARE complex, enables the
release of the exosomes into the extracellular environment (66, 68).

We therefore engineered nanoliposomes encapsulating molecular
inhibitors of different steps implicated in exosome biogenesis, which
resulted in suppression of exosome release from lung cancer cells. This,
in turn, inhibited the differentiation of lung fibroblasts into CAFs.
Among all inhibitors tested, the combined SHK/GW nanoliposomes
demonstrated superior ability to suppress the exosome release and fi-
broblast activation via synergistic inhibition of MVB and SNARE com-
plex formation. The SHK/GW nanoliposomes reduced the release of all
exosome phenotypes particularly CD9" exosomes from lung cancer
cells. CD9 is a tetraspanin commonly found on the surface of exosomes
and has been implicated in cell adhesion, migration, and metastasis of
cancer cells (69). Dimitrakopoulos et al. (70) shows that CD9* plasma
exosomes are increased in patients with lung cancer in comparison to
healthy controls, while lower levels of CD9* exosomes have been de-
tected after chemotherapy, suggesting a prognostic value. Moreover,
CD9" exosomes have been shown to facilitate tumor-stroma cross-talk,
including fibroblasts (69, 71). According to our observations, CD9*
exosomes may play a role in promoting a protumorigenic TME by aid-
ing the reprogramming of fibroblasts to CAFs. Our findings indicate a
reduced release of exosomes, particularly CD9* ones, from lung cancer
cells treated with our SHK/GW nanoliposomes. This suggests that our
therapeutic strategy potentially interferes with the exosome-mediated
communication pathways essential for tumor progression. Further-
more, the enrichment of CD9" exosomes in nontreated lung cancer
cells may suggest a potential biomarker role for CD9" exosomes in lung
cancer progression.

EpCAM is up-regulated on lung cancer cells and undergoes in-
ternalization and recycling (72, 73), which is critical for targeted
drug delivery. Therefore, decoration of liposomal surface with anti-
EpCAM antibodies further enhanced their lung cancer cell target-
ing. This, in turn, increases drug accumulation in cancer cells,
resulting in enhanced therapeutic efficacy and maximal inhibition
of release of tumoral exosomes.

Our study primarily focused on shifting CAFs from a protumori-
genic and immunosuppressive state to a more quiescent state to al-
leviate immunosuppression and enhance the efficacy of ICIs. While
our research did not explicitly explore the induction of an antitu-
morigenic phenotype in CAFs, we observed a significant reduction
in the migration and invasive ability of cancer cells, promoted mac-
rophage polarization to M1 antitumoral phenotype, and enhanced
the activity of CD8™ T cells. These findings suggest that our strategy
may have potential to reverse CAFs to antitumoral phenotype not
only a quiescent one. This can be explained by the ability of exosome
release inhibitory nanoliposomes to change the fibroblast secretome
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and gene expression profile, resulting in reduced secretion of TGFf1,
CXCL12, and FGF2 and down-regulation of proliferation, immuno-
suppression, and stemness markers. Collectively, our exosome re-
lease inhibitory strategy could maintain the fibroblasts in a quiescent
phenotype, which, in turn, could reduce their tumorigenic and im-
munosuppressive functions. These results demonstrate the ability of
SHK/GW nanoliposomes to weaken the cross-talk between CAFs
with cancer cells, macrophages, and cytotoxic T lymphocytes in the
TME. To further elucidate whether our strategy can promote an an-
titumorigenic phenotype in CAFs, future additional studies that
would involve a more detailed phenotypic and functional character-
ization of CAFs after treatment will be needed.

While the exosome-inhibitory nanoliposomes prevent the gen-
eration of new CAFs, it is imperative to switch the activated pheno-
type of pre-existing CAFs into quiescent one. Nanomedicines have
been previously used to reprogram CAFs by interfering with TGFp-
induced fibroblast differentiation via delivery of TGFp inhibitors
such as relaxin-2 (74), a-mangostin (75), and fraxinellone (76). The
nanoparticles successfully inactivated CAFs as denoted by reduced
expression of ®SMA and collagen. In another approach, hydroxy-
chloroquine liposomes could inhibit autophagy-mediated activation
of pancreatic stellate cells into CAFs (77). This consequently en-
hanced the cytotoxicity of the coloaded paclitaxel against pancreatic
cancer cells. Furthermore, other types of nanomedicines have been
investigated as potential CAF deactivators by down-regulating ROS
in the TME (78), hypoxia inhibition (79), stimulating vitamin D re-
ceptor (80), or regulating lipid metabolism (81).

Among the various signaling inhibitors investigated in our study, the
combined TAS-120/ICG-001 nanoliposomes resulted in the most effi-
cient quiescence of TGFp1-activated lung fibroblasts via blockage of the
up-regulated FGFR and Wnt/f-catenin axes in CAFs, respectively. This
was evidenced by marked down-regulation of CAF activation and ECM
markers. This combination is consistent with the reported cross-talk be-
tween the FGF and p-catenin signaling pathways where FGE, via bind-
ingto FGFR, was found to enhance proliferation of cells via AKT-induced
p-catenin activation and CBP/B-catenin—-mediated transcription (82).
In many cancer types, FGFR was found to facilitate Wnt/p-catenin path-
way; for example, FGFR4 was reported to enhance CAF-mediated
epithelial-mesenchymal transition in colorectal cancer cells through
activation of B-catenin pathway (83, 84). Active targeting is a promising
approach to enhance the selectivity of nanoliposomes and increase drug
accumulation at the specific cell target. The commonly used CAF mark-
ers such as a-SMA and FAP characterize different cell populations that
show distinct expression profiles, revealing a strong degree of heteroge-
neity of CAFs (85). Therefore, targeting a-SMA™ or FAP* CAF popula-
tions is nonspecific and targets different populations of CAFs that may
cause contradicting results. Therefore, because of the pleiotropic func-
tions and heterogenous subsets of CAFs, we targeted a specific subset of
tumorigenic and stemness-promoting CAFs (GPR77*CD10" CAFs)
rather than targeting the other CAF subsets. As a result, the GPR77/
CD10-targeted TAS/ICG nanoliposomes efficiently induced quiescence
of CAFs, resulting in up-regulation of quiescence markers together with
impaired tumorigenic and immunosuppressive functions.

In addition to the challenge of CAFs™ heterogeneity, the high
plasticity CAFs, ability to dynamically change their phenotype in
response to different TME signals, represents another challenge for
anticancer therapies (86, 87). Our dual-therapeutic approach is not
only focused on inducing quiescence of CAFs but also can mitigate
the dynamic nature of CAFs by simultaneously targeting multiple
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components of the TME that contribute to CAF plasticity. First,
modulating tumoral exosome release aims to disrupt the communi-
cation between cancer cells and fibroblasts within TME. Therefore,
we hypothesize that our SHK/GW ERI nanoliposomes could stabi-
lize CAFs in a more quiescent state, reducing their phenotypic plas-
ticity. In parallel, by targeted inhibition of FGFR-Wnt/B-catenin
signaling axes in GPR777CD10" CAFs, critical pathways involved
in the activation and maintenance of the CAF phenotype, our TAS/
ICG nanoliposomes address not only the heterogeneity of CAFs but
also their ability to transition between different activation states.
This could potentially limit the dynamic range of CAF plasticity.

Upon administration into LLC syngeneic lung cancer-bearing mice,
the combination of exosome release inhibitory and FGFR/B-catenin in-
hibitory nanoliposomes with aPD-L1 immunotherapy resulted in the
highest antitumor efficacy with almost complete tumor regression
among the treated groups. In our study, we used SHK and GW at doses
of 0.4 and 0.75 mg/kg, respectively, lower than their reported cytotoxic
doses [1 to 10 mg/kg and 1.25 to 2.5 mg/kg, respectively (88, 89)] in
combination with aPD-L1 at a dose of 200 pg per mouse (10 mg/kg)
each alternate day. Therefore, we assume that their tumor growth in-
hibitory effect is mediated via inhibition of tumoral exosome release,
which, in turn, reduces activation of fibroblasts in the TME and hence
decrease their immunosuppressive functions. In parallel, we used TAS-
120 and ICG-001 at doses of 1 and 2 mg/kg, respectively, much lower
than their reported anticancer doses [TAS-120; 25 mg/kg orally daily for
14 days (90); ICG-001; 5 mg/kg orally daily for 10 days (91)] to reverse
the activated phenotype of CAFs via blocking of two major signaling
pathways responsible for maintaining the activated CAFs phenotype.

Collectively, reduction of CAFs  abundance in the TME in combina-
tion with aPD-L1 therapy could efficiently reduce tumor burden and
prolong the survival of lung cancer bearing mice. Mechanistically, the
dual-payload nanoliposome-mediated quiescence of CAFs reversed the
immunosuppressive TME via multifaceted approach. First, the stromal
barrier was relieved due to reduced secretion of ECM proteins (e.g., col-
lagen), which enhances immune cell infiltration. Second, reprogram-
ming of CAFs reduced the secretion of immunosuppressive mediators
such as PD-L1, TGFp1, and CXCL12. Those factors inhibit the activity
and infiltration of CTLs while enhancing recruitment of immunosup-
pressive cells. Third, the infiltration of immunosuppressive cells, e.g.,
Tregs and M2 macrophages into the tumor, has been reduced. CAFs are
known to secrete the chemokines CCL22 and CCL2 that attract Treg
and M2 macrophages to the TME (92). Therefore, normalization of
CAFs changes its secretory function and hence reduces chemoattrac-
tion of Tregs and M2 macrophages while promoting polarization to M1
phenotype. Last, consequently, the intratumoral infiltration of cytotoxic
CDS8" T cells has been increased. Moreover, the up-regulated ICOS, a
member of CD28 superfamily, by T cells indicates their costimulation
and proliferation where ICOS promotes T helper 1 (Ty1) and Ty17 re-
sponses, leading to strong antitumor immune response. In contrast, the
expression of the T cell inhibitory receptor PD-1 has been down-
regulated, which, in turn, reverses T cell exhaustion and amplify their
antitumor activity. The effect of modulating CAFs on the expression of
ICOS and PD-1 can be mediated by alteration of the secretion pattern
of cytokines and chemokines.

In summary, our proposed treatment strategy rationalizes the
modulation of CAFs as a tool to reverse the immunosuppressive
TME to immune-competent one. The programming of CAFs into
quiescent fibroblasts has been a holy grail in cancer medicine but has
been a substantial hurdle to cross. Our results indicate that a two-step
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process—first, shutting down tumoral exosome biogenesis and release—
could inhibit the transdifferentiation of fibroblasts into CAFs and—
second, perturbing the pathways that sustain the activated CAF
state—can restore the quiescent phenotype of activated CAFs. This is
a comprehensive study, where we have screened multiple nanolipo-
somes with payloads that target different molecular targets mediating
the above processes. However, our results suggest that each step is
better achieved by combining two distinct molecular-targeted pay-
loads in one liposome. Recent clinical studies have revealed that the
combination of two drugs in a nanoparticle resulted in a greater anti-
tumor efficacy compared to the combination of the same drugs ad-
ministered in the classical formulations (93). Here, the need to
inhibit at multiple levels of exosome biogenesis and release, and FGF
signaling together with Wnt/B-catenin to perturb the existing CAFs
indeed highlights the complexity of manipulating CAFs as a target
and also the opportunity of harnessing nanoliposomes to address this
challenging problem.

In this study, we suggest that the combined use of SHK/GW exo-
some release inhibitory and TAS/ICG FGFR/B-catenin blocking nano-
liposomes is more effective in fibroblast normalization than single use
of the individual nanoliposomes. First, SHK/GW nanoliposomes suc-
cessfully suppressed the differentiation of normal fibroblasts into CAFs.
However, they cannot induce quiescence of the already activated CAFs
due to lack of antifibrotic activity. Similarly, TAS/ICG nanoliposomes
successfully induced quiescence of activated CAFs. However, they can-
not inhibit activation of fibroblasts. Multiple factors (e.g., TGFpI,
TNFa, FGF2, PDGE and EGF) are involved in the fibroblast differen-
tiation into CAFs. Therefore, suppressing the release of tumoral exo-
somes that contain multiple fibrogenic factors is more efficient to
prevent fibroblast differentiation than blocking one or two signaling
pathways. Overall, it is necessary to combine SHK/GW nanoliposomes
with TAS/ICG ones to maintain a quiescent fibroblast phenotype.

A noteworthy finding in the current study is the augmentation of
the efficacy of a PD-L1 ICI with the combinatorial nanoliposomes. De-
spite the promise of ICIs, only a subset of patients exhibit durable re-
sponse (94). Improving outcomes with immune checkpoint inhibition
has emerged as a major goal in cancer therapy (95). Our results validate
the critical role that CAFs play in limiting the efficacy of immunother-
apy (96). The treatment with combination nanoliposomes decreased
the production of the immunosuppressive and protumorigenic media-
tors in TME; reduced the expression of PD-L1, PD-1, CXCL12, and
FOXP3; increased the expression of stimulatory molecules such as
ICOS; and increased the intratumoral infiltration of cytotoxic CD8* T
lymphocytes, which can explain the increased antitumor efficacy when
the ICI is combined with the CAF-modulating nanoliposomes. While
we observed strong efficacy in animal studies, clinical translation will
require the development of more selective inhibitors of the molecular
targets. Our integrative strategy underpinned by CAF modulatory
dual-drug nanoliposomes can emerge as a paradigm shift in the search
for strategies to enhance the efficacy of cancer immunotherapy.

MATERIALS AND METHODS
Methods are presented in detail in the Supplementary Materials.

Engineering nanoliposomes

Drug payload [at typically 10 mol percent (mol %) unless specified],
cholesterol(5mol%),1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy(polyethylene glycol)-2000] (35 mol %), and l-a-
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phosphatidylcholine (50 mol %) were dissolved in 1-ml mixture of di-
chloromethane/methanol at 1:1 (v/v). The solvent was evaporated into a
thin and uniform film using a rotary evaporator. The film was then hy-
drated with 1.0 ml of sterile PBS for 1.5 hours at 60°C. After hydration,
one equivalent of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and
N-hydroxysuccinimide were each added and incubated at room tem-
perature for 2 hours. To the samples, different concentrations (1,4, 8, and
20, of 0.5 mg/kg concentration) of immunoglobulin G (control), anti-
EpCAM antibodies, or anti-GPR77/anti-CD10 (1:1) were added and the
samples were incubated at 4°C for 12 hours. After incubation, the sam-
ples were extruded at 60°C using a 400 nm and then a 200-nm PC mem-
brane to prepare particles <200 nm. The samples were then more
purified by passing through a Sephadex G-25 column to remove free
molecular drugs and nonconjugated antibodies.

Physicochemical characterization

The drug incorporation efficiency in nanoliposomes was determined
by using ultraviolet-visible spectroscopy. The hydrodynamic diameter
and zeta potential of the liposomes were measured by dynamic light
scattering using Zetasizer Nano ZS90 (Malvern, UK). The physical
stability of the drug-loaded nanoliposomes was evaluated by measur-
ing the particle size at predetermined time intervals during storage at
4°C. Morphological analysis of the nanoliposomes was carried out via
cryo-transmission electron microscopy.

Testing in vitro

The binding and internalization of the nanoliposomes were assessed
using fluorescence microscopy and flow cytometry, respectively,
while their cytotoxicity to cancer cells and fibroblasts was tested us-
ing a CCKS8 cell viability kit.

Exosome purification, characterization, and analysis

A549 lung cancer cells were cultured in F-12K media containing
10% fetal bovine serum until be 70 to 80% confluency. The cells
were then treated with the exosome release inhibitory nanolipo-
somes for 24 hours. Then, the medium was replaced with fresh
media containing 5% exosome-depleted FBS for 48 hours. The
conditioned medium was centrifuged to 2000g for 30 min to re-
move cells and debris, supernatant was mixed with 0.5 volumes of
the Total Exosome Isolation Reagent (Invitrogen), and exosomes
were separated according to manufacturer’s protocol and lastly re-
suspended in PBS. The total protein concentration of the isolated
exosomes was measured using the BCA Protein Assay Kit (Pierce;
Thermo Fisher Scientific). The exosomal particle concentration
and size distribution were determined using NTA with a Nano-
Sight NS300 (Malvern Instruments). The tetraspanin marker ex-
pressing exosomes were quantified using CD63 ExoELISA ULTRA
kit and ExoFlow cytometry using magnetic DynaBeads. The exo-
some count was also determined via EXOCET colorimetric assay
based on its cholinesterase activity. The phenotype of isolated exo-
somes was further analyzed via interferometric imaging using
ExoView R100 reader (NanoView Biosciences, Boston, MA).

Testing the effect of exosome biogenesis and
release-inhibitory nanoliposomes on generation of CAFs
MRC5 human lung fibroblasts were seeded in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% FBS up to 50% con-
fluency in 12-well glass bottom plate. The medium was then
replaced with serum-free DMEM for 48 hours growth arrest.
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Then, the fibroblasts were activated using different experimental
designs including (i) direct coculture of fibroblasts with A549
lung cancer cell-derived exosomes, (ii) indirect coculture with
A549 cell-released exosomes via Transwell culture insert system,
(iii) coculture of fibroblasts with A549 cancer cell-generated CM,
and (iv) direct coculture of fibroblasts with A549 cancer cells. The
effect of nanoliposome treatment on activation of fibroblasts was
then evaluated via immunofluorescence imaging and flow cytom-
etry. The secretory profile of the fibroblasts was investigated using
enzyme-linked immunosorbent assay (ELISA), while the gene ex-
pression was assessed using qRT-PCR. For testing the effect of
treatment with exosome release inhibitory nanoliposomes on the
cross-talk between CAFs and different TME cell populations in-
cluding cancer cells, macrophages, and cytotoxic T lymphocytes,
we carried out wound healing assay, invasion assay, macrophage
polarization testing, and lastly investigating the in vitro cytotoxic
T cell activity.

Testing FGFR/f-catenin-blocking nanoliposomes to induce
reversal of activated CAFs

MRCS lung fibroblasts were grown to 50% confluence, growth ar-
rested for 48 hours, and then activated by adding human TGFp1
(10 ng/ml) for 24 hours. The drug nanoliposomes were then added
to the preactivated fibroblasts for 24 hours, followed by analysis of
the fibroblast phenotype as previously described.

In vivo efficacy studies

LLC lung cancer cells (1 x 10°) were implanted subcutaneously in
the flanks of 8- to 10-week old C57BL/6 mice (weighing 25 g;
Charles River Laboratories) to generate tumor bearing syngeneic
mice model. The drug therapy was started when the tumor vol-
ume reached ~80 to 100 mm’. The tumor-bearing mice were
treated with drug therapy administered by intravenous tail-vain
injection every alternate day for total of five dosages according to
the schedule illustrated in table S5. The tumor volumes and body
weights were monitored on every alternate day for 11 days after
injection. The survival rate was also calculated. The tumor volume
was calculated by using the formula, L X B*/2, where the longest
diameter was considered as L and the shortest diameter as B mea-
sured using a Vernier caliper. The animals were euthanized when
either the average tumor volume of the control exceeded 2000 mm®
in the control group or the tumors were necrotic. The tumors
were harvested immediately following euthanizing and processed
for further analysis including flow cytometry analysis, hematoxylin
and eosin staining, Masson’s trichrome staining, and immunofluo-
rescence imaging. All animal procedures were approved by the
Brigham and Women's Hospital (BWH) Institutional Use and
Care of Animals Committee.

Statistical analysis

GraphPad Prism 8.0 (GraphPad Software Inc.) was used for all sta-
tistical analysis. Comparison between two groups was performed
with Student’s ¢ test. The difference in tumor volume in mice among
treatment groups was analyzed using analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test. All tests were two-tailed.
In vitro data are expressed as means + SD; in vivo data are ex-
pressed as means + SEM. A P value of <0.05 was considered statis-
tically significant. All data had at least three independent replicates.
All pathological analysis was blinded.
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