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e Liposomal dexamethasone depletes profibrotic SPP1*
tumor-associated macrophages

e Liposomal dexamethasone reduces tumor extracellular
matrix deposition

e Tumor microenvironment priming with liposomal
dexamethasone improves drug delivery

e Liposomal dexamethasone pre-treatment enhances the
efficacy of cancer nanotherapy
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In brief

Tumor inflammation can create a hostile
microenvironment that limits drug
delivery. This study shows that clinical-
stage liposomal dexamethasone can
reprogram the tumor microenvironment,
improving blood vessel perfusion and
reducing extracellular matrix deposition.
As a result of this, the accumulation,
penetration, and distribution of
subsequently administered drugs and
drug delivery systems can be improved,
resulting in improved antitumor treatment
efficacy in desmoplastic cancers.
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THE BIGGER PICTURE Systemic cancer therapy faces major challenges due to the complex tumor microen-
vironment, where inflammation-driven abnormalities, such as poor vascular perfusion and excessive extra-
cellular matrix deposition, hinder drug delivery and efficacy. This study demonstrates that liposomal dexa-
methasone can be employed to beneficially modulate the tumor microenvironment in desmoplastic
tumors, enhancing the accumulation and efficacy of drugs and drug delivery systems. Unlike free dexameth-
asone, liposomal dexamethasone efficiently targets and inhibits profibrotic tumor-associated macrophages,
and it thereby primes the tumor vasculature and extracellular matrix forimproved drug delivery and treatment
efficacy. By integrating nanomedicine-based pharmacological tumor priming in systemic cancer therapy, it
may be possible to significantly improve the outcome of drug treatments. Given that liposomal glucocorti-
coids have already been shown to be effective and safe in patients with rheumatoid arthritis, uveitis, athero-
sclerosis, and multiple myeloma, translating this concept to the clinic for tumor (and metastases) priming
seems a realistic and promising approach.

SUMMARY

Inflammation is a hallmark of cancer. It contributes to a heterogeneous, hyperpermeable, and poorly perfused
tumor vasculature, as well as to a dense and disorganized extracellular matrix, which together negatively
affect drug delivery. Reasoning that glucocorticoids have pleiotropic effects, we use clinical-stage dexameth-
asone liposomes (LipoDex) to prime the tumor microenvironment for improved drug delivery and enhanced
treatment efficacy. We show that LipoDex priming improves tumor vascular function and reduces extracellular
matrix deposition. Single-cell sequencing corroborates LipoDex-mediated inhibition of pro-inflammatory,
pro-angiogenic, and pro-fibrogenic gene expression in mononuclear cells, tumor-associated macrophages,
and cancer-associated fibroblasts. Multimodal optical imaging illustrates that LipoDex pre-treatment in-
creases the tumor accumulation and intratumoral distribution of subsequently administered polymeric and
liposomal drug delivery systems. Using Doxil as a prototypic nanodrug, we finally show that LipoDex priming
promotes antitumor treatment efficacy. Altogether, our findings demonstrate that desmoplastic tumors can
be primed for improved drug targeting and therapy using clinical-stage glucocorticoid liposomes.

'._3,. Cell Biomaterials 7, 100051, April 22, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

The heterogeneous tumor microenvironment (TME), marked by
irregularities in vascular morphology and function and by a typi-
cally dense extracellular matrix (ECM) deposition, poses a formi-
dable barrier for anticancer drug delivery and therapy.'~ Abnor-
malities in the TME include heterogeneous vessel distribution,
vessel compression, and poor vessel perfusion, together
impeding the accumulation and distribution of drugs and drug
delivery systems (DDSs) in tumors.*® The dense ECM exacer-
bates this situation, by increasing the hydrostatic pressure in tu-
mors, hindering extravasation, distribution, and penetration of
drugs and DDS, thus negatively affecting the therapeutic perfor-
mance of pharmacological agents.*®

To overcome TME barriers, several pharmacological and
physical priming strategies are being explored, including the
use of low-dose antiangiogenic agents, anti-fibrotic agents,
and physical pretreatments based on hyperthermia, radiation,
and ultrasound.®” Physical TME modulation strategies are highly
appealing for local tumor treatment, but not suitable for over-
coming barriers in difficult to reach malignancies and metastatic
lesions.” In such situations, pharmacological or physiological tu-
mor priming is needed.

Inflammation plays a pivotal role in tumorigenesis.® During tu-
mor progression, cancer cells manipulate infiltrating immune
cells to remodel the tumor ECM.® Among the immune cells in tu-
mors, macrophages are particularly abundant, and they have
been prominently linked to angiogenesis, tumor progression,
and metastasis.®'® Tumor-associated macrophages (TAMs)
also contribute to ECM deposition, through the activation and
trans-differentiation of smooth muscle cells into desmoplastic fi-
broblasts, as well as through collagen deposition and crosslink-
ing.>""""% In this regard, particularly secreted phosphoprotein-1
(SPP1)-expressing macrophages, also termed as scar-associ-
ated macrophages, have crucial role in fibrosis development in
various diseases, including in cancer and COVID-19."*"7

Targeting TAM with potent anti-inflammatory drugs may help
lower the ECM burden, thereby eventually improving drug deliv-
ery to and drug distribution in tumors. Glucocorticoids (GCs) are
highly potent immunomodulatory agents which are routinely
used in the clinic for the management of many different diseases,
including various cancers.'® ' In multiple myeloma, the GC drug
dexamethasone (Dex) is used as part of induction therapy, typi-
cally combined with chemotherapy and anti-CD38 antibody-
based treatment.’’?" GC act via GC receptors that are abun-
dantly expressed in a range of tissues, explaining their broad
spectrum of therapeutic applications and side effects. One of
the key adverse effects of GC is their potent catabolic activity
at the level of connective tissue production and maintenance.
This can lead to pathological conditions such as osteoporosis
and skin atrophy, depending on GC dose and exposure
time.??72*

Taking the above notions into account, we hypothesized that
high-dose GC delivery to tumors via liposomes can be exploited
to reduce the dense ECM in desmoplastic tumors, exploiting
their catabolic capacities, and thereby improving the accumula-
tion, penetration, and efficacy of subsequently administered
drugs and DDSs. PEGylated liposomes are known to efficiently
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target GC to sites of inflammation, as well as to reduce GC expo-
sure in off-target tissues.?® Accordingly, TAM-targeted lipo-
somal GC delivery holds promise for pharmacological tumor
priming. We here used the highly desmoplastic MLS human
ovarian cancer model’*?® and clinical-stage Dex liposomes
(i.e., LipoDex)?°*? to evaluate the effect of LipoDex priming on
the TME, on the tumor-directed delivery of clinically relevant
polymeric and liposomal nanocarriers, and on the therapeutic
performance of clinically used PEGylated liposomal doxorubicin
(i.e., Doxil) (Figure 1).

RESULTS

LipoDex treatment modulates TAM and tumor
vasculature
We studied TME modulation in the highly stromal MLS ovarian
cancer model, which exhibits the highest levels of collagen
deposition among a panel of 10 different tumor models routinely
used in our lab (Figure S1).26® For tumor priming, we employed
a well-characterized and long-term-stable LipoDex formulation
(Figure S2), which we recently tested in a first-in-human
clinical trial at the CTC-A (Center for Translational & Clinical
Research) in Aachen in patients with multiple myeloma.?® Mice
bearing established subcutaneous MLS tumors were intrave-
nously treated (weekly for 3 weeks) with saline, 2.5 mg/kg free
Dex, and three different doses of LipoDex (2.5, 5, and 10 mg/
kg; Figure 2A). In comparison with saline-treated controls, only
the 10 mg/kg LipoDex treatment showed a delay in tumor growth
after day 12 and the differences at day 18 were found to be sig-
nificant as compared to the control (Figure 2B). The difference
was only significant for the LipoDex 10 mg/kg group. Addition-
ally, the body weight of mice was significantly reduced upon
treatment with LipoDex at a dose of 10 mg/kg (Figure 2C).
TAM are the most prevalent immune cells in tumors, and they
are involved in inflammation, angiogenesis, ECM orchestration,
and tumor progression.'®'" GC have been shown to affect
TAM genomically and non-genomically, thereby phenotypically
and functionally changing their properties.®*° We started off
analyzing TAM area fraction and total number in MLS tumors
via F4/80 staining (i.e., a pan-macrophage marker), observing
a dose-dependent depletion in the case of LipoDex, which was
statistically significant for the 10 mg/kg dose (Figures 2D, 2H,
and S3). These findings are consistent with the reports showing
that GC and liposomal GC can deplete macrophages at sites of
inflammation.®*® We next visualized and quantified Dex and
LipoDex effects on SPP1-expressing TAM, because of their
prominent involvement in ECM deposition.'®'® Figures 2E, 2F,
21, and 2J show a significant decline in SPP1-positive TAM,
already upon treatment with the lowest dose of LipoDex. For
free Dex, the SPP1-positive TAM population remained unaf-
fected (Figures 21 and 2J). To which extent these effects are
mediated via genomic vs. non-genomic effects of GCs needs
to be assessed in follow-up studies. Additionally, we analyzed
the level of M2-like macrophages via immunofluorescence stain-
ing of the mannose receptor C-type 1 (MRC-1), revealing that the
majority of TAM in MLS exhibit an M2-like phenotype and that
LipoDex treatment induced a strong and dose-dependent deple-
tion of M2-like macrophages (Figure S4).
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Figure 1. Study design

The potential of LipoDex to modulate the TME and improve tumor-targeted drug delivery was assessed in a highly stromal MLS ovarian cancer mouse model.
First, the effects of free Dex and LipoDex priming on cellular (TAM and fibroblast) and structural (vessels, hyaluronan, and collagen) components of the TME were

studied, by performing histology and scRNA-seq.

Next, the effects of free Dex and LipoDex priming on the tumor accumulation and penetration of fluorophore-labeled 10-20 nm-sized polymeric and 100 nm-sized
liposomal nanocarriers were assessed, using multimodal and multiscale optical imaging. In addition, the effect of free Dex and LipoDex priming on the therapeutic

efficacy of Doxil was assessed.

As TAM are involved in angiogenesis via multiple mecha-
nisms,'® we next analyzed the effect of LipoDex treatment on
the morphological and functional characteristics of the tumor
vasculature. We stained CD31 as an endothelial cell marker
and smooth muscle actin (®SMA) as a marker for pericyte-
covered mature blood vessels (Figure 2G). In the 10 mg/kg
LipoDex group, a strong and significant decrease in CD31-pos-
itive vessel density was observed (Figure 2K), nearly a 2-fold
reduction as compared to the control group. Conversely, in the
free Dex 2.5 mg/kg group, we found a slight but significant in-
crease in CD31-positive vessels, although the levels of aSMA-
positive mature vessels were unaltered as compared to control
(Figures 2K and 2L). An increase in aSMA-positive vessels was
observed for 5 and 10 mg/kg LipoDex (Figure 2L). For the lowest
LipoDex dose, a trend toward improved vessel maturation was
noted, which was very close to statistical significance (p =
0.051 vs. control). In line with these findings, we observed in-
creases in the fraction of lectin-positive functional blood vessels;
however, values were only found to be significant for the
10 mg/kg LipoDex group (Figure 2M).

Tomechanistically explore the tumor priming effects of LipoDex,
we next performed single-cell RNA sequencing (scRNA-seq). We
only did this for the saline control and 2.5 mg/kg LipoDex groups.
For scRNA-seq analysis, murine host cells were sorted via flow cy-
tometry (Figure S5). After normalization and feature selection, clus-
tering showed six different cell population (Figure 2N). The clusters
were annotated using single-cell cluster-based automatic annota-
tion toolkit for cellular heterogeneity (ScSCATCH) and curated

marker genes (Figures 2N and S6). Among these cell clusters,
we studied mononuclear phagocyte cells (MPCs), TAMs, and fi-
broblasts. Functional enrichment analysis of TAM cluster revealed
a significant downregulation of transforming growth factor beta
(TGF-B) signaling in the top five pathways affected by LipoDex
treatment. This pathway is crucially involved in macrophage
chemotaxis, polarization, angiogenesis, and ECM production (Fig-
ure 20; Data S2).%9° In case of MPC, none of the relevant path-
ways appeared in the top five downregulated pathways by
LipoDex treatment. Nonetheless, the expression of key pro-in-
flammatory, proangiogenic, and pro-fibrogenic genes such as
Csf1, Nfkb2, Jak3, NiIrc3, Angpt2, Ang, Egln2, Bgn, Ecm1,
Col1A1, Smad3, and Cdk9 were found to be significantly downre-
gulated in both TAM and MPC in the LipoDex 2.5 mg/kg group (see
Figures S7TAand S7B and Data S1 for details and full gene names).
In line with this, the levels of phosphorylated SMAD2/3, which
plays a key role in TGF-B-mediated pro-fibrosis signaling, were
reduced in the LipoDex 2.5 mg/kg group as compared to both
the free Dex 2.5 mg/kg and the control group (Figure S11C).

These initial tumor priming experiments show that a clinical-
stage LipoDex formulation affects tumor growth, depletes TAM, in-
hibits angiogenesis, and normalizes the tumor vascularization
when given at a high 10 mg/kg dose. When administered at a
low 2.5 mg/kg dose, it does not significantly deplete TAM and
normalize blood vessels, but it does reduce the number of
SPP1* pro-fibrogenic TAM, and it does suppress the expression
of several relevant genes related to inflammation, angiogenesis,
and ECM deposition.
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Figure 2. LipoDex treatment modulates TAM and tumor vasculature

(A) Experimental setup.

(B) Relative MLS tumor growth in mice treated with saline, free Dex, and three doses of LipoDex (n = 9-3).

(C) Relative body weight loss (n = 9-3).

(D-G) Immunofluorescence images of F4/80 as a pan-macrophage marker (D), SPP1 as a pro-fibrogenic macrophage marker (E and F), and CD31, rhodamine-
lectin, and aSMA as markers for all, perfused, and pericyte-covered vessels, respectively (G).

(H-J) Area fractions of F4/80 (H), SPP1 (I), and normalized area fraction of SPP1 (J) indicate dose-dependent depletion of TAM and SPP1* TAM by LipoDex.
(K-M) Quantification of tumor blood vessel density (K), vessel maturation (L), and vessel functionality (M).

(N) UMAP plots show distinct clusters of cells in control and 2.5 mg/kg LipoDex-treated tumor.

(O) The top five significantly downregulated biological processes in TAM by 2.5 mg/kg LipoDex treatment include pathways associated with TGF-f signaling (all
p < 0.05). Values represent average + SD. In (B) and (C), statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test. In
(H)—(M), two-tailed t test were performed. ns > 0.05, *p < 0.05, and **p < 0.01, and ***p < 0.001. Scale bars represent 50 um (D and G) and 20 um (E and F).
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LipoDex treatment reduces ECM deposition

Fibrotic ECM components such as hyaluronan and collagen
are major barriers, impeding the penetration of drugs and DDSs
in tumors.”® Therefore, we next analyzed how free Dex and
LipoDex affect ECM deposition in MLS tumors. Immunofluores-
cence analysis of platelet-derived growth factor receptor beta
(PDGFRB), a marker of fibroblast, showed a significant depletion
of cancer-associated fibroblasts (CAFs) by LipoDex in a dose-
dependent manner (Figures S8A and S8B). Unlike free Dex, we
found a strong and significant reduction in hyaluronan-positive
area fraction for all three LipoDex doses (Figures 3A and 3D).
Similarly, a dose-dependent and significant reduction in collagen
deposition was observed for LipoDex (Figures 3B, 3C, 3E, and
3F). In vitro tumor spheroids were used to validate these findings.
Heterospheroids of MLS cancer cells and NIH fibroblasts were
treated with free Dex and LipoDex for 3 and 7 days, at two
different doses. In line with our in vivo observations, LipoDex
significantly reduced collagen deposition (Figures S8C and
S8D). The in vitro 3D spheroid experiments furthermore demon-
strate a significant reduction in collagen production also by free
Dex treatment, suggesting that in vivo, the levels of free Dex
were insufficiently high to achieve similar effects as those
observed with long-circulating LipoDex.

As for TAM (Figure 20), we also performed biological pathway
and gene expression analysis in CAF clusters obtained from
control and LipoDex-treated tumors. Consistent with our find-
ings of decreased ECM production following LipoDex treatment,
functional enrichment analysis of the CAF cluster revealed that
four of the top five significantly downregulated pathways
were related to ECM deposition in response to 2.5 mg/kg
LipoDex treatment (Figure 3G; Data S3). Additionally, in line
with Figures S8A and S8B, cell cluster ratio analysis revealed
that LipoDex significantly depleted CAF/fibroblasts (Figure S9A).
Furthermore, the expression of genes associated with ECM
deposition such as Col1al, Tnc, Fn1, Serpinh1, Lox, Cd44,
and Vcan were found to be significantly downregulated in fibro-
blast cluster in the LipoDex 2.5 mg/kg group compared to the
control (Figure S9B and Data S1 for details and full gene names).
Together, these findings demonstrate that in tumors, LipoDex
more potently reduces ECM deposition than free Dex.

LipoDex priming improves tumor-targeted drug delivery
Based on the notion that LipoDex priming reduces tumor inflam-
mation (Figure 2), modulates tumor vasculature (Figure 2), and
decreases ECM deposition (Figure 3), we presumed that tumors
are more accessible for nanomedicine targeting. To study
this, we treated MLS tumor-bearing mice with saline, Dex
(2.5 mg/kg), and LipoDex (2.5, 5, and 10 mg/kg) once a week
for 3 weeks. 24 h after the final treatment, mice were intrave-
nously injected with 10-20 nm fluorophore-labeled poly-(N-2-
hydroxypropyl)methacrylamide (PHPMA) polymers or 100 nm
PEGylated liposomes. Mice were subjected to non-invasive
whole-body micro-computed tomography-fluorescence molec-
ular tomography (uCT-FMT) imaging at 0, 4, 24, and 72 h time
points post intravenous (i.v.) administration*' (Figure 2A).

We first evaluated the effect of the different doses of LipoDex
on the tumor targeting of polymeric nanocarriers (Figure 4). The
CT-FMT images in Figure 4A represent the biodistribution and
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tumor accumulation of PHPMA polymers, showing that priming
with LipoDex enhances tumor targeting only at a dose of
2.5 mg/kg (Figure 4B). The mean fractions of polymer tumor
accumulation at 72 h after i.v. administration were 3.1% =+
0.5%, 4.7% + 0.9%, 3.1% = 0.6%, and 2.1% + 0.6% injected
dose (ID) per 400 mm?® tumor volume (i.e., the average volume
of tumors in this experiment) for the control, LipoDex 2.5, 5,
and 10 mg/kg group, respectively.

To assess the impact of LipoDex-based TME priming on the
tumor penetration of 10-20 nm-sized polymeric drug carriers,
we visualized and analyzed their fluorescence intensity within a
60 um perimeter around lectin-positive functional blood vessels.
As illustrated in Figures 4C and 4D, in saline-treated control tu-
mors, 35.2% =+ 11.3% of polymers were found within or directly
proximal to vessels. This fraction could be significantly reduced
by LipoDex priming, to 16.3% + 7.2% (p = 0.01 vs. control),
8.8% + 2.2% (p = 0.001), and 7.3% = 1.5% (p = 0.002) in the
LipoDex 2.5, 5, and 10 mg/kg treatment groups, respectively.
In the deepest tissue compartment, located 40-60 um away
from the tumor blood vessel surface, the polymer fraction was
found to be significantly higher in the LipoDex groups compared
to the control group. The largest overall increase was observed
for 5 mg/kg group of LipoDex, with a value of 45.9% + 4.7%
vs. 11.4% + 3.9% for control.

Up to this point, our primary objective was to assess the ef-
fects of different doses of LipoDex on nanocarrier tumor target-
ing. We next set out to examine whether LipoDex, administered
at optimal dose, can also enhance the tumor accumulation of
100 nm-sized liposomes. For this purpose, based on our in vivo
findings (Figure 4), we employed LipoDex at a dose of 2.5 mg/kg
and compared it head-to-head with free Dex administered at an
identical dose.

We found that LipoDex enhanced the tumor accumulation of
fluorophore-labeled PEGylated liposomes as compared to
both saline control and free Dex (Figures 5A and 5B). At 24 h,
mean tumor accumulation values of 3.8% + 1.0%, 2.7% =+
1.0%, and 6.2% + 1.0% ID per 400 mm?® were obtained for con-
trol, free Dex, and LipoDex, respectively. These values dropped
t02.6% +1.2%, 1.2% + 0.6%, and 5.5% =+ 0.5% ID per 400 mm?>
at 72 h, but also at this time point, LipoDex was significantly more
potent than free Dex in promoting nanomedicine tumor targeting
(Figures 5A and 5B). Interestingly, we also observed at this final
time point that the tumor accumulation of fluorophore-labeled
PEGylated liposomes was 2-fold lower upon free Dex treatment
than upon control treatment (and 4-fold lower than LipoDex
treatment; Figure 5B).

As for the smaller-sized polymers, we also analyzed liposome
penetration out of tumor blood vessels into the interstitium.
Consistent with the observed ECM-related histological (Figure 3)
and ex vivo polymer penetration findings (Figures 4C and 4D),
we detected significantly enhanced liposome penetration upon
LipoDex priming (Figures 5C and 5D). Within the first 20 um
surrounding the blood vessel compartment, 56.9% + 6.4%,
74.3% +6.9%, and 49% + 9.0% of liposomes were retained in un-
treated, Dex, and LipoDex pretreated tumors, respectively. In
the deepest compartments, located 40-60 um away from the
vessel surface, the fraction of liposomes was 27.3% + 4.7%
for the LipoDex-treated group, as compared to 17.9% + 2.8%
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Figure 3. LipoDex treatment reduces ECM deposition

(A and B) Immunofluorescence microscopy analysis of hyaluronan (A) and collagen | (B).
(C) Two-photon microscopy images of collagen fibers, obtained via second-harmonic generation imaging.
(D-F) Quantifications of hyaluronan (D), collagen | (E), and total collagen content in two-photon microscopy (F), exemplifying that even low-dose LipoDex

treatment significantly reduces ECM deposition in MLS tumors.

(G) Top five significantly downregulated biological processes in CAFs by 2.5 mg/kg LipoDex treatment include ECM associated pathways (all p < 0.05). Values
represent average + SD. For (D)-(F), two-tailed t tests were performed; ns > 0.05, *p < 0.05, and **p < 0.01. Scale bars represent 50 pm.

(p = 0.008) for control and 9.6% =+ 4.3% (p = 0.0001) for free Dex
(Figure 5D). These findings thus corroborate the priming potential
of LipoDex, showing significant enhancement of tumor accumula-
tion and tumor penetration for both 10-20 nm polymers and
100 nm liposomes.
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LipoDex priming enhances cancer nanomedicine
treatment efficacy

At a dose of 2.5 mg/kg, LipoDex improves the accumulation and
penetration of nanocarriers (Figures 4 and 5), without causing
side effects and without intrinsically inducing tumor growth
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Figure 4. LipoDex priming improves the tumor accumulation and penetration of polymeric nanocarriers

(A) Top: whole-body CT-FMT images showing longitudinal PHPMA biodistribution and tumor accumulation in MLS tumor-bearing mice. Bottom panel: CT-
segmented tumor slices (in green) exemplify FMT-assessed polymer accumulation (color-coded clouds).

(B) Normalized PHPMA tumor accumulation quantification in control vs. LipoDex-treated mice, exemplifying that the 2.5 mg/kg dose of the liposomal GC im-

proves polymer tumor targeting.

(C) Fluorescence microscopy analysis of polymer extravasation and penetration out of lectin-stained tumor blood vessels into the interstitium.
(D) Quantification of PHPMA intratumoral distribution reveals that all LipoDex doses enhance polymer penetration as compared to the saline-treated controls.
Values represent average + SD. One-way ANOVA with Tukey’s multiple comparisons test was performed for statistical analysis. ns > 0.05, “p < 0.05, *p < 0.01,

***p < 0.001, and ***p < 0.0001. Scale bar represents 50 um.

inhibition (Figures 2B and 2C). We consequently used this
2.5 mg/kg dose to study the therapeutic potential of pharmaco-
logical tumor priming with liposomal glucocorticoids. To this
end, the antitumor efficacy of the prototypic cancer nanomedi-
cine formulation Doxil (i.e., PEGylated liposomal doxorubicin;
administered once weekly for 3 weeks at a dose of 5 mg/kg; Fig-
ure 6A) was evaluated with and without free Dex and LipoDex
priming at 2.5 mg/kg. An interval of 2 days was maintained be-
tween priming and nanochemotherapy. In the monotherapy
groups, saline was injected instead of Dex, LipoDex, and Doxil.

In good agreement with improved nanocarrier targeting to and
into tumors (Figures 4 and 5), we found that LipoDex priming
potently enhanced Doxil treatment efficacy (Figures 6B-6l).
Importantly, while it significantly improved Doxil responses,
LipoDex itself did not have antitumor activity of its own (Figures
6B, 6E, 6F, 6H, and 6l), corroborating the results reported in Fig-
ure 2B. Remarkably, in the case of free Dex, we observed a
decline in Doxil performance (Figures 6B, 6F, 6G, and 6l), which
is in line with the reduced tumor accumulation of PEGylated lipo-
somes upon free Dex priming (Figure 5). CT-segmented tumor
volumes obtained at day 17 exemplify the superior efficacy of
the LipoDex + Doxil combination regimen (Figure S10A). Further-
more, all treatments were well tolerated, as evidenced by the
lack of body weight loss in the treated mice (Figure S10B) and
the absence of physical or behavioral abnormalities observed
throughout the treatment period.

Finally, for validation purposes, we analyzed collagen | levels
as well as Doxil/doxorubicin accumulation in tumor sections
from the respective treatment groups at the end of the exper-

iment. We observed a 2- to 3-fold decrease in collagen depo-
sition for LipoDex + Doxil combination treatment as compared
to the Doxil and Dex + Doxil groups (Figures 6J and 6M).
Accordingly, we detected higher levels of doxorubicin accu-
mulation in the LipoDex + Doxil combination group as
compared to Doxil alone and to free Dex + Doxil (Figures 6K,
6N, and S10C). As a result of priming and improved (nano)
drug delivery, we also observed significantly higher levels of
apoptosis and DNA damage upon LipoDex + Doxil combina-
tion treatment, as evidenced by immunofluorescence staining
and quantification of caspase-3 as a marker of apoptosis
(Figures 6L and 60) and phosphorylated histone H2A.X as a
marker of DNA damage (Figures S11A and S11B). Western
blot analysis of phosphorylated H2A.X confirmed increased
DNA damage induction by LipoDex + Doxil (Figure S11C).
LipoDex treatment alone did not induce a significant increase
in apoptosis or DNA damage as compared to saline, show-
casing that the increase in cell death induction as a result of
combining LipoDex with Doxil can be solely attributed to
LipoDex-mediated enhancement of Doxil tumor accumulation
and penetration.

DISCUSSION

We show that treating desmoplastic tumors with clinical-stage
dexamethasone liposomes favorably modulates the TME,
enhancing tumor-targeted drug delivery and improving cancer
nanomedicine treatment efficacy. Importantly, we demonstrate
that the encapsulation of dexamethasone in a nanomedicine
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Figure 5. LipoDex priming improves the tumor accumulation and penetration of liposomal nanocarriers

(A) Top: whole-body CT-FLT imaging exemplifies PEGylated liposome biodistribution and tumor accumulation in untreated, free Dex-treated, and LipoDex-
treated mice. Bottom panel: CT-segmented tumor slices (green) show liposome tumor accumulation (color-coded clouds).

(B) Quantification of liposome tumor accumulation demonstrates significant enhancement in overall tumor accumulation upon LipoDex priming compared to free

Dex treatment and saline controls.

(C) Fluorescence microscopy images depict extravasation and penetration of liposomes out of lectin-labeled tumor blood vessels into the interstitium.
(D) Quantification of intratumoral distribution reveals that LipoDex priming significantly enhances liposome penetration into deeper tumor compartments. Values
represent average + SD. One-way ANOVA with Tukey’s multiple comparisons test was performed. ns > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, and ***p <

0.0001. Scale bar represents 50 pm.

formulation is required to achieve these effects, outperforming
free dexamethasone in almost all regards.

Liposomal glucocorticoids were initially conceived for treating
inflammatory disorders, such as rheumatoid arthritis and inflam-
matory bowel disease.”>***® Subsequently, they were gradually
explored for cancer therapy, with experimental evidence
showing potent anti-melanoma efficacy in syngeneic mouse
models via blocking inflammation and angiogenesis,®* and
with promising proof-of-concept results achieved in mouse
models and patients with multiple myeloma.?®*® Importantly, in
multiple myeloma, dexamethasone is routinely used in the clinic
as part of first-line induction therapy.?%-2"+444

Building upon previous reports showing efficient tumor target-
ing by liposomal gluocorticoids,*>*"** our scRNA-seq and
immunohistochemistry analyses demonstrate that LipoDex
effectively downregulates TGF-B signaling, suppresses the
expression of inflammation-associated genes in TAM (Figures
20 and S7A), depletes SPP1* profibrotic TAM, and normalizes
the tumor vasculature (Figures 2E-2M). Histological analysis
and in vivo imaging revealed the importance of not overdosing
LipoDex (Figures 2 and 4). At relatively high doses of 5 and
10 mg/kg, LipoDex very strongly reduced TAM and vessel den-
sity. The degree of vessel normalization and relative fraction of
perfused blood vessels was the highest for the 10 mg/kg dose,
increasing from 60% for control to approximately 75% (Fig-
ure 2M); however, when taking into account that the same high
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dose reduced the total tumor vascular volume by a factor 2 (Fig-
ure 2K), it becomes obvious that optimal dosing is required when
intending to use LipoDex for desmoplastic tumor priming pur-
poses. With regard to reducing ECM deposition, the dose depen-
dence was less obvious, with all three doses lowering hyaluronan
and collagen levels (Figure 3). In line with these notions, an
optimal dose of 2.5 mg/kg of LipoDex was identified, which was
able to significantly enhance both the accumulation and the pene-
tration of polymeric and liposomal nanomedicines in tumors (Fig-
ures 4 and 5). These observations are in good agreement with
other pharmacological priming approaches, particularly with
classical vascular normalization treatments with low to medium
doses of anti-angiogenic agents, which when overdosed result
in vessel pruning and in a reduction of drug delivery to tu-
mors.5*6~%9 While the current work did not explore doses of
LipoDex lower than 2.5 mg/kg, future studies should also explore
this approach, as it could potentially achieve comparable or even
furtherimproved tumor priming effects at reduced drug exposure.

When comparing LipoDex to free Dex for tumor priming, we
observed a clear benefit for the liposomal gluocorticoid formula-
tion, in terms of both enhancing tumor-targeted drug delivery
(Figure 5) and promoting cancer nanomedicine treatment efficacy
(Figure 6). As a matter of fact, free Dex treatment even reduced
the tumor accumulation and penetration of liposomes as
compared to untreated controls (Figure 5). In these experiments,
we noted that a higher fraction of liposomes tended to get stuck
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Figure 6. LipoDex priming enhances cancer nanomedicine treatment efficacy
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(B-H) Tumor growth curves showing that LipoDex boosted the antitumor activity of Doxil, while free Dex negatively affected therapeutic outcome.
(I) Relative tumor volume change at day 20 post therapy start.

(J-O) Fluorescence microscopy analysis of collagen | (J and M), doxorubicin tumor accumulation (K and N), and apoptosis (L and O), substantiating the added
value of LipoDex priming. Values represent average + SD. Brown-Forsythe ANOVA with Dunnett’s multiple comparisons test (l) and two-tailed t test were
performed (M-0). ns > 0.05, *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Scale bars represent 50 um (J and L) and 2 mm (K).
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within the first/vascular compartment (Figure 5D). This suggests
that free Dex reduces vessel permeability, at least to some extent,
potentially due to pharmacological interference with the tumor
endothelium response to vascular endothelial growth factor
signaling as a consequence of activation of the glucocorticoid re-
ceptor. In line with this, Heiss et al. reported reduced vascular
permeability toward albumin in rat glioma tumors upon free Dex
treatment.®® Similarly, Neuwelt et al. observed a significant
reduction in the tumor accumulation of methotrexate in glioma le-
sions upon free Dex treatment,®’ and van der Veldt et al. observed
asignificant reduction in tumor accumulation of [''C]-docetaxel in
patients with lung cancer.®” These findings concur with our ob-
servations (Figure 5), and they may explain why we saw a signif-
icant reduction in the antitumor efficacy of Doxil upon combina-
tion with free Dex (Figures 6B, 6F, 6G, and 6l). Conversely,
when entrapping Dex in liposomes and employing LipoDex for
priming purposes, tumor-targeted drug delivery is found to be
increased for both 10 and for 100 nm nanocarriers (Figures 4
and 5), as well as for liposome-entrapped doxorubicin (Figures
6K and 6N), thereby prominently promoting the antitumor activity
of Doxil (Figures 6B, 6F, 6H, 61, and 60).

Recognizing the ECM as a major barrier to tumor delivery under-
scores the critical need for potent and specific interventions. Ef-
forts to develop small molecules targeting TGF- and Rho-kinase,
which have been the focus of significant recent research, aimed at
disrupting ECM deposition, have faced obstacles due to off-target
interactions and toxicity,>® akin to challenges associated with free
Dex treatment.””>° Since LipoDex—upon initial proof-of-concept
studies and good safety observed in patients with multiple
myeloma—is now ready for expanded evaluation in clinical trials,
we propose to incorporate LipoDex instead of free Dex in combi-
nation (chemo)therapy regimens, to help enhance tumor-targeted
drug delivery and anticancer therapy outcomes.

METHODS

Materials and formulations

Caelyx (Doxil) was procured from RWTH university hospital phar-
macy, and Dex sodium phosphate, pharmaceutical grade (Dex),
was obtained from Sigma-Aldrich. The synthesis procedure of
PHPMA labeled with ATTO-488 or Dy750 was followed as
detailed previously.*">* Briefly, in order to prepare fluorophore-
labeled PHPMA polymer, (N-2-hydroxypropyl)methacrylamide
(HPMA, 85 mol %) and 3-(N-methacryloyl-glycyl-glycyl)thiazoli-
dine-2-thione (Ma-GG-TT, 15 mol %) were copolymerized via
radical polymerization in DMSO at 50°C for 6 h. After separation
from polymer mixture and characterization the poly(HPMA-co-
Ma-GG-TT) was dissolved in N,N’-dimethylacetamide together
with the fluorophores ATTO 488-NH2 and Dy750-NH2 in the pres-
ence of N,N'-diisopropylethylamine. After 30 min, the polymer
was aminolyzed with 1-aminopropan-2-ol, followed by precipita-
tion using diethyl ether. The polymer precipitate was further
purified using preparative HPLC (high-performance liquid chro-
matography) and PD-10 desalting column (GE Healthcare, Solin-
gen, Germany). The content of ATTO 488 (2.1% [w/w]) and Dy750
(1.6% [w/w]) was determine spectrophotometrically. The molec-
ular weight and the polydispersity index (PDIl) of PHPMA-Dy750
were 67 and 1.7 kDa, respectively.
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BDP-FL- and Cy7-labeled liposomes were prepared by the
conventional thin film hydration technique. In short, dipalmitoyl-
phosphatidylcholine (DPPC: 180.6 mg), cholesterol (51.8 mg),
poly(ethylene glycol) 2000-distearoyl phosphatidylethanola-
mine (DSPE-mPEG2k: 56.1 mg), DSPE-3-Bodipy-propanoic
acid (DSPE-BDP-FL: 4 mg), and DSPE-Cyanine 7 (DSPE-Cy7:
0.52 mg) were dissolved in chloroform in a round bottom flask.
Athinlipid film was prepared by evaporating chloroformin a rotary
vacuum for 1h at max vacuum at 70°C. Thin lipid film was then hy-
drated with 10 mL phosphate-buffered saline, pH 7.4) under 1 h of
rotary mixing at 70°C. Liposomes were then downsized by means
of extrusion, five times with 200 and 100 nm track-etched polycar-
bonate membrane filter using a Liposofast LF-50 extruder (Aves-
tin). The hydrodynamic diameter and PDI of LipoDex were
measured using dynamic light scattering (DLS, Nano-S, Malvern
Panalytical PLC, UK) at 25°C with a fixed scattering angle of
1732, resulting in values of 128 nm and 0.04, respectively.

LipoDex size and morphology were analyzed using DLS and
cryogenic transmission electron microscopy (cryo-TEM). The
hydrodynamic size of LipoDex was measured using DLS
(Nano-S, Malvern Panalytical PLC, UK) at 25°C with a fixed
scattering angle of 173°. For cryo-TEM analysis, Quantifoil
1.2/1.3 Cu 200 grids with a 2 nm carbon film (Quantifoil Micro
Tools, Germany) were plasma-cleaned and prepared using
the VitroJet system (CryoSol-World B.V., the Netherlands).
Liposomal samples were applied via pin-printing and vitrified
with liquid ethane. Imaging was conducted on a 200 kV Talos
Arctica microscope (Thermo Fisher Scientific, MA, USA) equip-
ped with a K3 BioQuantum energy filter at 100,000 x magnifica-
tion, with a pixel resolution of 0.816 A and a total electron dose
of 30 e /A2,

Heterospheroid growth and immunofluorescence image
analysis

MLS and mouse embryonic fibroblast (NIH-3T3) cell lines were
grown in -MEM (minimum essential medium alpha modifica-
tion) and DMEM media, respectively, and both media were sup-
plemented with 10% fetal bovine serum and 1% penicillin/strep-
tomycin. Heterospheroid formation of MLS and NIH cells was
attained via the hanging drop method in a 96-well plate. Briefly,
trypsinized MLS and NIH were mixed to a 1:1 (v/v) ratio at a den-
sity of 6 x 10° cells/mL. 20 pL of this suspension containing
12.000 cells were seeded onto the bottom of the inverted lid
and spheroids were generated by the well-plate flip technique.
After 7 days, spheroids were treated with Dex (0.1 and 5 pM)
or LipoDex (0.1 and 5 uM). Spheroids were then collected on
day 3 and day 7 post treatments and were further embedded
in Tissue-Tek and cryopreserved at —80°C until cryosectioning.
For immunofluorescence staining, cryosections (7 uM) were pre-
pared and stained for DAPI and collagen | using collagen | anti-
body (Novus Biologicals, UK). The stained slides were then
glass-covered using Mowiol 4-88 (Carl Roth, Germany). Images
of all stained slides were acquired using fluorescence micro-
scopy at a 10x magnification (Axio Imager M2, Carl Zeiss Micro-
scopy, Oberkochen, Germany). For the quantification, collagen
area fraction in 3-4 spheroids was analyzed using the
AxioVision SE64 Rel. 4.8 software (Carl Zeiss Microscopy, Ober-
kochen, Germany).
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Animal handling and tumor induction

All experiments were performed according to the guidelines of
the local and national ethics authorities for animal welfare
(German State Office for Nature, Environment and Consumer
Protection [LANUV\ North Rhine-Westphalia). 6-8 weeks old,
CD-1BALB/cAnN-Fox1 female nude mice (n = 31) were obtained
from Charles River. Mice were kept in pathogen-free ventilated
cages under a light/dark cycle of 12/12 h. Food and water
were given ad libitum. 5 x 10° MLS cells (i.e., human ovarian car-
cinoma) were inoculated subcutaneously on the right flank of the
mice. Mice body weight and tumor growth (via caliper measure-
ments) were monitored daily. Mice were randomly assigned
to therapy groups (n = 5-3) when tumors reached a size of
4-6 mm in diameter.

Non-invasive imaging protocol and image processing
Mice bearing subcutaneous MLS tumors were pretreated with
either saline (NaCl 0.9%) or Dex 2.5 mg/kg or three different
doses of LipoDex (i.e., 2.5, 5, and 10 mg/kg) once a week for
3 weeks. 2 days prior to CT-FMT imaging, the regular diet of
mice was changed to a chlorophyll-free diet (ssniff Spezial-
didten, Soest, Germany) to reduce background fluorescence in
the FMT scan. The day after the last treatment injection, mice
were intravenously injected with 2 nM of either ATTO-488-/
Dy750-labeled fluorescent PHPMA polymer or BDP-FL-/Cy7-
labeled fluorescent liposomes. All the i.v. administrations were
done via the tail vein using a catheter with a 30G needle (B.Braun
Melsungen, Germany) under anesthesia using 2% isoflurane
(Forene, Abbott, Wiesbaden, Germany) in oxygen-enriched air
supplied via a dedicated vaporizer. After i.v. administration of flu-
orophores, anesthetized mice were subjected to CT-FMT scans
at 0, 4, 24, and 72 h to longitudinally assess fluorophore tumor
accumulation. Initially, mice were scanned using a dual-energy
flat-panel nCT scanner (TomoScope 30s Duo, CT-Imaging,
Erlangen, Germany), capturing 720 projections with 1,032 x
1,012 pixels in 1.1 full rotation within 90 s. Subsequently, volu-
metric datasets were reconstructed at an isotropic voxel size
of 35 um using a Feldkamp-type algorithm and a smooth kernel.
Following the uCT scan, the mouse bed was transferred to the
FMT (FMT 2500 LX, PerkinElmer, MA, USA), and FMT scans
were conducted at 750 nm using 115-120 grid points.

For liposome accumulation assessment, the pCT-FLT device
(U-CT Ol, MiLabs B.V., a Rigaku Company, Utrecht, the
Netherlands) was utilized. Initially, the animal holder was auto-
matically positioned between the FLT laser and the cooled
charge-coupled device (CCD) camera. Scanning was performed
using a laser with a 730 nm wavelength and an emission filter
(775 + 25 nm) to capture excitation and emission images of
approximately 130 laser points. Following the FLT scan, the an-
imal holder was automatically repositioned for CT scanning. A
total-body puCT scan was performed with a full rotation in step-
and-shoot mode, acquiring 480 projections (1,944 x 1,536
pixels) at an X-ray tube voltage of 55 kV, power of 0.17 mA,
and an exposure time of 75 ms, with low-dose radiation (approx-
imately 0.1 Gy/whole-body scan). To cover the entire animal, two
subscans were acquired.

After the last CT-FMT or CT-FLT scan, mice were intrave-
nously injected with rhodamine-lectin (to stain blood vessels)
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and 10 min later, they were sacrificed. Hybrid CT-FMT images
were reconstructed and analyzed using Imalytics Preclinical
(Gremse-IT, Germany).>® Based on the analytical information
from CT scans, tumors were segmented, and fluorescence
signal from FMT or FLT scans, allocated in the tumor region
was quantified as % ID per 400 mm?® tumor volume.

Histology and histological analysis

For each histological staining, cryopreserved tumors (in Tissue-
Tek, Sakura Finetek Europe, the Netherlands) were cut into 7
um-thick sections from three different tumor layers and stored
at —80°C until further use. To determine the effect of treatments
on macrophages, vasculature, fibroblasts, hyaluronan, collagen
I, cell apoptosis, M2-like macrophages, and DNA damage, tumor
tissues were stained with, pan-macrophage marker F4/80 (Bio-
RaD #MCA497GA), CD31 (endothelial cell marker, BD Biosci-
ences #553370), aSMA (perivascular cells, Progen #BK61501),
DAPI (nuclei, Sigma-Aldrich), PDGRB antibody (Cell Signaling
#3169), hyaluronan antibody (Abcam #53842), collagen | antibody
(Novus Biologicals #NB600-408), caspase-3 antibody (abcam
#ab49822), MRC-1 (Acris #SM1857P), and phosphorylated his-
tone H2A.X (Cell Signaling #97182S), respectively. Additionally,
tissue slices were permeabilized with 0.3% Triton X-100 in PBS
buffer (pH 7.2) for 7 min to facilitate apoptosis and DNA damage
analysis. Images were acquired using the Axiolmager M2 micro-
scopy system (Carl Zeiss Microscopy, Oberkochen, Germany).
Vascular analyses such as vessel density, vessel maturation,
and vessel functionality were analyzed by counting CD31+ ves-
sels (total no. of vessels), calculating % of aSMA positive-CD31
vessels, and rhodamine-lectin-positive CD31 vessels, respec-
tively. TAM, collagen, and hyaluronan turnover were determined
in terms of area percent using AxioVision software. Ex vivo tumor
penetration analysis was done by in 7-um-thick tissue sections
using Definiens Developer XD 2.0.4 software (Germany). Briefly,
Definiens rule sets generated concentric rings of different step
sizes around the tumor blood vessels (21 rings, corresponding
to a total distance of 60 um away from the blood vessel wall),
and in eachring, the fluorescence intensity values of accumulated
fluorophore-labeled polymers or liposomes were obtained. From
these values, the percentage distribution of polymers and
liposomes was then graphically plotted. Doxorubicin or Doxil
ex vivo tumor accumulation was assessed via acquiring images
using the Axiolmager M2 microscopy. Fluorescence intensity of
accumulated doxorubicin in tumor tissues was measured using
Imaged.

SPP1 RNA in situ hybridization

SPP1 RNA ISH on cryopreserved tumors was performed using
the RNA-Scope detection kit (Multiplex Fluorescent Reagent
Kit v2 Assay) according to the manufacturer’s protocol. C3-
mSPP1 (435191-C3) was used for SPP1 RNA-hybridization.
Pan-macrophage marker F4/80 (Bio-RaD #MCA497GA) immu-
nofluorescence staining was performed. Next, slices were
stained with DAPI (1 pg/mL) for 2 min. Sections were mounted
with ImmuMount media and covered by coverslips. The hybrid-
ized slides were imaged using a Zeiss LSM 980 confocal laser
microscope and the acquired images were processed and quan-
tified using Zeiss Zen software.
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Western blot

Sample preparation and protein extraction

Two 100 um cryosections from tumor specimens were thawed
onice. The tissue was carefully extracted with forceps to remove
excess Tissue-Tek and placed in RIPA buffer supplemented with
complete protease inhibitors (Roche Diagnostics, Mannheim,
Germany) and phosphatase inhibitor cocktail Il (Sigma-Aldrich).
Homogenization was performed using an MM400 ball mill
(Retsch, Haan, Germany) with a pre-cooled Eppendorf holder
at 30 Hz for 10 min, followed by sonication with three 10-s bursts
on ice using an ultrasonic disintegrator (UP100H, Hielscher
Ultrasound Technology, Teltow, Germany). The homogenates
were sheared using a 27 G needle (0.4 x 20 mm), incubated
on ice for 30 min, and centrifuged at 10,000 rpm for 10 min at
4°C. Protein concentration was determined using the DC protein
assay (Bio-Rad, Dusseldorf, Germany).

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis and western blot analysis

Equal amounts of total protein (60 pg per lane) were mixed with
NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Invitrogen,
Thermo Fisher Scientific, Dreieich, Germany) containing dithio-
threitol (DTT). After denaturation at 70°C for 10 min, proteins
were separated on 4%-12% gradient gels using MES running
buffer and transferred onto 0.2 pm nitrocellulose membranes
with NUPAGE blotting buffer.>® Proper protein transfer was veri-
fied using Ponceau S staining. Membranes were blocked with
5% (w/v) non-fat milk in Tris-buffered saline with 0.1% Tween
20 (TBST). Primary antibodies were diluted in 2.5% (w/v) non-
fat milk in TBST and incubated overnight. The following primary
antibodies were used: B-actin (AC-15, Sigma, A5441), pPSMAD2
(CT, Cell Signaling, CS-8828), and p-Histone H2A.X (Cell
Signaling, CS97182S). Detection was performed using anti-
mouse, anti-rabbit, or anti-goat IgG secondary antibodies (Santa
Cruz Biotech, Santa Cruz, CA, USA) and SuperSignal chemilumi-
nescent substrate (Pierce, Bonn, Germany).

Two-photon laser scanning microscopy

Tumor tissues (100 um thick) were subjected to two-photon im-
aging. Images were acquired using a 25X water-immersed
objective lens mounted on the Olympus FV1000MPE multi-
photon microscopy system. Each image consisted stacks of
50 images with a step size of 1 um. With this technique, images
of tumor blood vessels (rhodamine-lectin stained) and collagen
content (via second-harmonic generation imaging) were ac-
quired.®” The acquired images were then analyzed using Imaris
Software, version 7.4 (Bitplane AG, Zurich, Switzerland). By
means of intensity thresholding, the relative collagen content
was quantified.

scRNA data analysis

scRNA-seq sample preparation

To generate a single-cell solution, tumor samples were minced
using a scalpel, over an ice bath. The minced tissue samples
were then transferred to 50 mL falcon tubes containing 6 mL
digestion medium that contains RPMI 1640 #31870025 with
0.2 mg/mL Liberase TL Research Grade (Roche 5401020001)
and 60 U/mL DNase | (Sigma D5025) followed by incubation
for 40 min at 200 RPM at 37°C on an orbital shaker. The digestion
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was stopped by adding 10 mL ice-cold buffer (PBS + 10% fetal
bovine serum) and from now on the samples were always kept at
4°C. Next, each sample was filtered through a 100 pm cell
strainer, and cells were washed by centrifugation for 5 min at
300 x g and resuspended in 20 mL ice-cold fluorescence-acti-
vated cell sorting (FACS) buffer (PBS + 2% fetal bovine serum).
Erythrocytes were lysed for 5 min on ice (eBioscience 1X RBC
Lysis Buffer, in MilliQ water), and the cells were washed again
with 10 mL FACS buffer. To enrich PDGFRp-positive live
cells, the cells were incubated with an anti-mouse PDGFRf
antibody (concentration 1:100, 12-1402-81 eBioscience) and
stained with DAPI (Roche, 10236276001). Cells were sorted
with a Sony LE-SH800 for DAPI negative, PDGFRB-positive
signal.

Alignment, preprocessing, and quality control

Using the CellRanger analysis pipeline (v7.1.0) from 10x Geno-
mics, we performed alignment to the murine transcriptome (refer-
ence sequence GRCmM39-2024-A), yielding 5,459 and 5,913 cells
and an average of 6,555 and 26,250 reads per cell corresponding
a sequencing saturation of 28.3% and 42% in control and
LipoDex treatment samples, respectively. The generated filtered
gene expression count matrices were used for further down-
stream analysis. For downstream analysis, we generated a
Seurat object (v5.0.2) by using the generated gene expression
count matrices as input by the function CreateSeuratObject.
Here, we filtered for cells containing at least 200 gene features
and removed gene features present in 3 or less cells. Further,
cells containing less than 200 or more than 5,000 gene features
as well as cells containing >10% mitochondrial RNA (“"mt-")
were excluded. After quality control, we obtained 5,140 and
49,69 cells in control group and LipoDex treatment group,
respectively. For data integration of both samples, we used the
merge function and integrated the data using the Harmony inte-
gration algorithm.*® Lastly, we normalized the count matrix using
the NormalizeData() function ("LogNormalize", scale.factor =
10,000) and performed data scaling using the ScaleData() func-
tion. Variable features were identified (FindVariableFeatures, fea-
tures set to 2000, Seurat), and principal components (RunPCA,
Seurat) were calculated. Optimal dimensions for uniform mani-
fold approximation and projection (UMAP) visualization were
determined by generating individual elbow plots. Subsequently,
we performed UMAP dimensionality reduction (RunUMAP,
Seurat) with dimensions set to 25.

Cell clustering

Cell clustering was performed using FindNeighbors (dim = 25,
Seurat) and FindClusters (res = 0.1, Seurat), and we used differ-
ential gene expression analysis (FindMarkers, Seurat) to identify
marker genes. The final cluster annotation was performed manu-
ally based on information from actual literature. For further down-
stream analysis, we subsetted the dataset for the identified clus-
ters of TAM, proliferating MPC, MPC, and fibroblasts.

Gene set enrichment and differential expression
analysis

For gene set enrichment analysis, we used the R package
gProfileR and restricted analysis for the Gene Ontology database
(GO Biological process).”® Functional enrichment analysis was
performed with the gene ontology statistical test (GOST) function
of gProfileR setting a p value of 0.05. All genes with log, fold
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change > 0.1 and adjusted p < 0.05 were used in the functional
enrichment analysis without considering the order of the genes.
Differential expression analysis in each cluster was performed
using the FindMarkers function with the Wilcoxon test.

In vivo therapeutic efficacy study

Mice bearing subcutaneous MLS tumors were randomly as-
signed to six groups (n = 5/group) when the tumors reached a
size of 4-6 mm in diameter. The treatments were administered
intravenously via the tail vein using a catheter with a 30G needle
(B. Braun, Melsungen, Germany) under anesthesia using 2%
isoflurane in oxygen-enriched air supplied via a dedicated
vaporizer. Mice were intravenously pretreated with either saline
or Dex 2.5 mg/kg or LipoDex 2.5 mg/kg once a week for
3 weeks. 2 days after the pretreatments, mice were intrave-
nously treated with commercially available Doxil (5 mg/kg) or
saline once a week for 3 weeks. Right after the last therapy in-
jection (Doxil or saline), mice were subjected to whole-body CT
scan (U-CT Ol, MiLabs B.V., a Rigaku Company, Utrecht, the
Netherlands) under anesthesia (2% isoflurane). Mice body
weight and tumor growth were monitored daily. Tumor mea-
surements were done manually using a caliper. Mice were
sacrificed under anesthesia via cervical dislocation 20 days
post the first therapy injection.

Statistical analysis

Statistical analysis was done using GraphPad Prism 9. All the re-
sults are presented as average + standard deviation. Statistical
was performed using the two-tailed t test, one-way ANOVA
with Tukey’s multiple comparison test, and Brown-Forsythe
ANOVA with Dunnett’s multiple comparisons test. p < 0.05
were considered to be statistically significant.
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