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The immunosuppressive tumor immune microenvironment (TIME) renders glioblastoma (GBM) refractory to
current chemo-immunotherapeutics. We sought to explore a novel approach for local GBM-associated TIME
immunomodulation based on a synergistic combination of the repurposed chemotherapeutic drugs doxorubicin
(DOX), which acts to induce immunogenic cell death (ICD) and gemcitabine (GEM), which depletes immuno-
suppressive myeloid-derived suppressor cells (MDSCs). We conjugated DOX and GEM to hyaluronic acid (HA) to
improve efficacy, given this polymer’s ability to target CD44 which are overexpressed on cancer cells. The HA-
DOX and HA-GEM polymer-drug conjugates provided synergistic cytotoxic effects and maintained ICD-related
properties in GBM cells compared to a combination of free drugs. HA-DOX and HA-GEM also reverted the
immunosuppressive GBM-associated TIME in orthotopic GL261 tumor-bearing mice by selectively depleting
MDSCs and reprogramming M2-like macrophages towards a pro-inflammatory M1-like state, resulting in
controlled tumor growth. Local HA-DOX and HA-GEM delivery also increased median survival and controlled
tumor growth in an immune refractory SB28-GBM orthotopic mouse GBM model. These findings highlight the
potential of repurposing clinically applicable chemotherapeutics in the context of polymer-drug combination
treatments for novel immunomodulation strategies in unresectable GBM, which may open new avenues for
developing innovative therapies.

1. Introduction

Glioblastoma (GBM, defined by the World Health Organization, as
‘isocitrate dehydrogenase wild type GBM’ Louis et al., 2021) is the most
aggressive and common primary brain tumor in adults (Louis et al.,
2016). The current standard of care involves maximal safe resection
followed by radiotherapy and concomitant temozolomide (TMZ) treat-
ment (Stupp et al., 2015). Surgery represents the central pillar of GBM
management, with complete resection known to increase survival;
however, a fraction of GBM patients are not eligible for surgery — the
percentage may vary but it is generally around 10-20 % of the cases,
owing to the tumor location in eloquent brain areas — and suffer from a
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worse prognosis (<8 months) (Serban et al., 2022; Lober-Handwerker
et al., 2022). Therefore, we require novel therapeutic options for pa-
tients with unresectable GBM.

Cancer immunotherapy has attracted interest in oncology (Mellman
et al., 2011), with several approaches currently undergoing preclinical
and clinical investigations, including vaccines, immune checkpoint in-
hibitors, oncolytic viruses, and CAR T cell therapies (Majc et al., 2021);
however, most GBM patients displayed negligible clinical responses
attributed to a lack of T cell infiltration and the presence of an immune-
suppressive tumor immune microenvironment (TIME) (Bausart et al.,
2022b). Based on these considerations, localized immunomodulation
might overcome immune dysfunction and prompt more successful
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outcomes (Zhou et al., 2023). The TIME is characterized by the presence
of tumor-associated myeloid cells (TAMCs) — myeloid cells with he-
matopoietic origins that include tumor-associated macrophages (TAMs)
and myeloid-derived suppressor cells (MDSCs) (Sica et al., 2011) — that
play a crucial role in dampening immune system responses by inhibiting
innate and adaptive immunity and rendering GBM non-responsive to
immunotherapies (Sica et al., 2011; Sampson et al., 2020; Gabrilovich
and Nagaraj, 2009; Petty and Yang, 2017; Won et al., 2019). MDSCs — a
heterogeneous population of bone marrow-derived immature cells
subclassified into monocytic (M-MDSCs) and polymorphonuclear (PMN-
MDSCs) — infiltrate GBM tumors and drive the suppression of antitumor
immune responses. MDSCs accumulation in the GBM-associated TIME
correlates with poorer outcomes, highlighting the importance of tar-
geting this immunosuppressive cell type (Zhang et al., 2019a).

Treatment with chemotherapeutic drugs — a traditional approach for
cancer cell eradication (Shurin, 2013) — actively impacts immune sys-
tem responses (Shurin, 2013; Pusuluri et al.,, 2019). Repurposing
clinically-approved drugs for immunomodulatory applications repre-
sents a potentially time- and cost-effective treatment strategy (Gonzalez-
Fierro and Duenas-Gonzalez, 2021). The topoisomerase I inhibitor
doxorubicin (DOX) induces immunogenic cell death (ICD) by inducing
the release of ’eat me’ signals (e.g., calreticulin [CRT] exposure and
Interferon beta 1 [INF-f]/C-X-C motif chemokine ligand 10 [CXCL10]
gene expression) involved in provoking dendritic cell maturation and
consequent antigen presentation to adaptive T lymphocytes (Fucikova
et al., 2020; Bezu et al., 2015; Amiri et al., 2023). Evaluations of
intracranial DOX delivery in animal GBM models and human GBM
clinical studies have provided encouraging results and suggested treat-
ment safety (Lesniak et al., 2005; Voulgaris et al., 2002; Zhang et al.,
2015; Chao et al., 2020); however, few studies have explored the impact
of DOX on GBM-associated TIME (Chao et al., 2020; Arrieta et al., 2024).
Additional chemotherapeutic drugs can directly affect specific immune
cell populations; this includes gemcitabine (GEM) — a nucleoside analog
of the antimetabolite deoxycytidine that can deplete MDSCs (Sasso
et al., 2016). The evaluation of GEM in preclinical GBM studies as a
monotherapy or in combination with other drugs/radiotherapy (due to
its radio-sensitizing properties) has reported improved survival rates
(Bastiancich et al., 2018). Of note, a combination of free DOX and GEM
(DOX + GEM) in immune-refractory cancers such as triple-negative
breast cancer demonstrated efficacy in tumor “re-education” by
switching the TIME into an immunologically inflamed environment
while depleting MDSCs, leading to superior T cell infiltration and cancer
eradication (Sasso et al., 2016; Catania et al., 2023; Vogus et al., 2017).
However, no studies evaluated the effects of this combination in GBM
tumors, both as pure chemotherapeutics and their consequent effects on
the immune response. Importantly, the blood-brain barrier hampers the
penetration and diffusion of DOX and GEM throughout the brain,
resulting in insufficient doses reaching the GBM tumor site and a lack of
local immune responses (Chao et al., 2020; Noch et al., 2018; Nam et al.,
2018; Zhao et al., 2020). Off-target chemotherapy-induced toxicity in
healthy tissues represents an additional hurdle associated with systemic
administration (Bush et al.,, 2019); however, localized chemo-
immunomodulation can potentiate drug- and immune-related anti-
tumor effects by overcoming the blood-brain barrier and minimizing
off-target toxicities (Nam et al., 2018; Zhao et al., 2020). In this sense,
the intracranial administration of drugs via convention-enhanced de-
livery (CED) establishes a pressure gradient that allows uniform drug
distribution into the brain (Bastiancich et al., 2021).

In the hope of further improving therapeutic outcomes, studies have
sought to reformulate drugs into polymer-based drug delivery systems as
this approach (i) improves the physicochemical properties of the drugs
(e.g., enhancing water solubility), (ii) provides specific cancer-targeting
features, (iii) controls release over time, and (iv) improves the thera-
peutic efficacy of the drug (Rodriguez-Otormin et al., 2019; Ashford
et al., 2021). Hyaluronic acid (HA) represents a widely used polymeric
nanocarrier due to its biocompatibility and physicochemical properties
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(Kotla et al., 2021). HA has been extensively employed as a means to
selectively target the CD44 receptor overexpressed on cancer cells
(including GBM (Jiang et al., 2011) and, as such, reduce any harmful
consequences on healthy tissues (Gupta et al., 2019).

In this study, we repurposed DOX and GEM as part of a novel com-
bination chemo-immunomodulatory approach for the local treatment of
unresectable GBM. We hypothesized that conjugating DOX and GEM to
HA could improve TIME re-education by enhancing ICD and MDSCs
depletion when administered in combination, thereby supporting better
control over GBM tumor growth and extending the survival of GBM-
bearing mice.

2. Materials and methods
2.1. Materials and reagents

Hyaluronic acid (HA, 100 kDa) was purchased from Lifecore
Biomedical, LLC (Chaska, MN, USA); doxorubicin (DOX) and gemcita-
bine (GEM) were purchased from Chemielieva (JiangBei, China). 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydrox-
ysuccinimide (NHS), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMTMM Cl), paraformaldehyde (PFA), 2-
(pyridyldithio)ethylamine hydrochloride, and crystal violet were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Ethyl-
enediaminetetraacetic acid (EDTA), TRIzol™ reagent, Alamar blue,
Calreticulin Recombinant Rabbit Monoclonal Antibody, and cell culture
media and reagents were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Zombie Aqua™ fixable viability dye was pur-
chased from Biolegend (San Diego, CA, USA). Agarose, Tris borate EDTA
(TBE), SybrSafe, and bovine serum albumin (BSA) were purchased from
VWR International Srl (Leuven, Belgium). Endotoxin-free TE buffer was
purchased from Qiagen (Hilden, Germany). GoScript™ Reverse Tran-
scription Mix and Oligo (dT) GoTaq® qPCR Master Mix were purchased
from Promega (Madison, WI, USA). XenoLight TM D-Luciferin potas-
sium salt was purchased from Perkin Elmer (Shelton, CT, USA). Oligo-
nucleotide primers were purchased from Integrated DNA Technologies
(IDT) (Leuven, Belgium) and are listed in Supporting information (SI)
(Table S1). The antibodies used and the provider are listed in Table S2.

2.2. Synthesis of HA-conjugates

HA-DOX was synthesized as previously described (Malfanti et al.,
2022). For HA-GEM, HA (100 mg, 0.248 mmol, 1 eq.) was dissolved in
20 mL ultrapure water. After total HA dissolution, EDC (12.5 mg,
0.0812 mmol, 0.125 eq.) and NHS (7.5 mg, 0.066 mmol, 0.076 eq.) were
added and stirred at room temperature for 1 h. GEM (15 mg, 0.056
mmol, 0.225 eq.) was then added to the mixture, and the reaction was
stirred at 50 °C for 48 h. The mixture was primarily purified by ethanol
precipitation (100 mL x 3) and then dialyzed against water (48 h). The
final product was collected and desiccated under a vacuum and freeze-
dried.

Yield(s): HA-DOX: 92 mg (%w/w DOX: 6.71 %, HA: 93.29 %);

HA-GEM: 84 mg (%w/w GEM: 1.41 %, HA: 98.59 %).

2.3. Physicochemical characterization of HA-conjugates

1H NMR. Spectra were recorded on a Bruker Ultrashield Advance II
400 MHz instrument. HA-conjugates were diluted in deuterated water at
5 mg/mL.

Fourier-transform infrared spectroscopy (FT-IR). 5 mg HA-DOX and
HA-GEM were mixed with approx. 40 mg KBr, and a pill was prepared.
FT-IR analysis was recorded using Spectrum BX-PerkinElmer (San
Diego, CA, USA) Instrument.

Drug loading. DOX loading was determined by UV-VIS spectroscopy
at 488 nm, using a calibration curve produced with DOX solutions in the
concentration range of 1-200 pg/mL (R? = 0.99). GEM content was
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measured using 'H NMR spectroscopy.

Size and zeta potential measurements. Dynamic light scattering (DLS)
analyses were performed in triplicate using a Malvern Zetasizer ZS
(Malvern, Cambridge, UK) equipped with a red laser (A = 633 nm) at a
fixed angle of 173° at 25 °C. HA-DOX and HA-GEM (0.5 mg/mL) were
dispersed in 10 mM phosphate buffer containing 150 mM NaCl at pH 7.4
(PBS). Zeta potential values were measured by dissolving HA-DOX and
HA-GEM in 1 mM KClI (2 mg/mL). Analyses were performed in triplicate.

2.4. Invitro studies

2.4.1. Cell lines

GFP-expressing murine glioma SB28 cells (DSMZ, German Collection
of Microorganisms and Cell Cultures GmbH, Leibniz Institute,
Braunschweig, Germany) and Rat gliosarcoma 9L cells (American Type
Culture Collection, ATCC, Manassas, VA, USA) were grown in Dulbec-
co’s Modified Eagle Medium (DMEM) with L-glutamine, 4.5 g/L D-
glucose, and sodium pyruvate. Murine glioma GL261 cells (DSMZ,
German Collection of Microorganisms and Cell Cultures GmbH, Leibniz
Institute, Braunschweig, Germany) were maintained with Dulbecco’s
Modified Eagle’s Medium (DMEM) with L-glutamine, 1 g/L D-glucose,
and sodium pyruvate. Murine microglial BV-2 cells (American Type
Culture Collection, ATCC, Manassas, VA, USA) were maintained in
DMEM GlutaMAX with 4.5 g/L D-glucose.

All media were supplemented with 10 % fetal bovine serum (FBS),
100 U/mL penicillin, and 100 ug/mL streptomycin. SB28 and GL261
were incubated at 37 °C in a 10 % CO atmosphere, while 9L and BV-2
cells were grown at 37 °C in a 5 % CO, atmosphere.

2.4.2. GBM cell viability

SB28, GL261, or 9L cells (5 x 103 cells/well) were seeded in 96-well
plates and incubated for 24 h. Cells were treated with free DOX, free
GEM, HA-DOX, HA-GEM, DOX + GEM, or HA-DOX + HA-GEM in the
range of 0.0001-10 uM of DOX eq. concentrations with a 1:1 mol ratio
DOX:GEM (Fig. S1). The solution of HA-conjugate was prepared with a
desired concentration (uM) according to the % w/w and the molecular
weight of the conjugated drug. After 72 h of treatment, cells were fixed
with PFA (4 % v/v in water) and incubated with 50 uL/well crystal violet
(0.5 % w/v in 20 % methanol v/v) at room temperature for 30 min.
Plates were then rinsed three times with ultrapure water and left to dry
overnight. Finally, cells were solubilized in methanol, and the absor-
bance (A: 560 nm) was read with the SpectraMax ID5 microplate reader
(Molecular Devices, San Jose, CA, USA). Assays were carried out in three
independent experiments, and the data were normalized for the un-
treated group (100 % viability) and the Triton-X 100 group (0 %
viability). ICsy values were calculated using a non-linear regression
(curve-fit) mode, and Combination Indexes (CI) were calculated using
the Chou-Talalay equation (1) (Chou, 2010).

_ IC50(drugl + drug2) IC50(drugl + drug2)

IC50(drug2) IC50(drugl) )

2.5. Immunogenic cell death hallmarks

2.5.1. Calreticulin cell-surface exposure

SB28 cells (2 x 10° cells/well) were seeded in 12-well plates and
maintained in a complete growth medium for 24 h. Cells were then
treated with 0.1 uM (DOX concentration eq.) DOX, GEM, HA-DOX, HA-
GEM, DOX + GEM, or HA-DOX + HA-GEM (ratio 1:1). After 24 h of
treatments, flow cytometry (FACS) quantified viable cells positive for
calreticulin (CRT). Cells were detached from the plate using trypsin-
EDTA, washed three times with PBS, and suspended in PBS supple-
mented with 5 mg/mL BSA and 100 pL EDTA (0.5 M) (FACS buffer).
Cells were stained with a primary anti-CRT antibody for 30 min at 4 °C,
protected from light, and then treated with a secondary DyLight649-
coupled antibody (DyLight™ 649 donkey anti-rabbit IgG, Biolegend,
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San Diego, CA, USA) for 30 min at 4 °C in the dark. Finally, data were
acquired with Cytek® Aurora flow cytometer (Cytek Biosciences, Fre-
mont, CA) and analyzed with FlowJo software (FlowJo, Ashland, OR,
USA) with a gating strategy considering CRT-positive cells among viable
GFP-expressing cells (Fig. S3).

2.5.2. Immunogenic cell death-associated cytokine gene expression

SB28 cells seeded (2 x 10° cells/well) in 12-well plates were treated
with 0.1 uM (DOX concentration eq.) DOX, GEM, HA-DOX, HA-GEM,
DOX + GEM or HA-DOX + HA-GEM (ratio 1:1). After 24 h of incubation
at 37 °C, the quantitative measurement of CXCL10 and INF-§ relative
gene expression was carried out with a real-time quantitative poly-
merase chain reaction (RT-qPCR). The cell medium was removed, and
TRIzol™ Reagent (200 uL) and 40 pL chloroform were added to each
sample. Cells were centrifuged at 12,000g for 15 min at 4 °C, and the
mRNA contained in the water-soluble phase was precipitated in iso-
propanol and washed with 75 % ethanol solution. After drying, the
mRNA pellet was dissolved in 10 pL endotoxin-free TE buffer, and the
total concentration (ng/mL) was measured using a Nanodrop 2000
spectrophotometer (Thermo Scientific, USA). Reverse transcription of
mRNA (0.33 pg/uL) was performed using GoScript™ Reverse Tran-
scription Mix, Oligo dT (Promega, USA), and qPCR with GoTaq® qPCR
Master Mix (primer sequences reported in Table S1). The relative mRNA
expression was normalized to RPL19 reference gene expression and
calculated with the comparative method (2724CT,

2.5.3. Pro-inflammatory and tolerance-associated cytokine expression and
surface marker expression in microglial cells

BV-2 cells were seeded (2 x 10° cells/well) in 12-well plates and
maintained in a complete culture medium for 24 h. Next, cells were
incubated with BV-2 native medium supplemented with SB28-treated
conditioned media (30:70 ratio). After 6 h of incubation, cytokine
gene expression of pro-inflammatory (TNF-a, IL-14, and INF-f) and tol-
erogenic markers (Arginase and CD206) was measured via RT-qPCR.

To study surface markers, cells were treated as described above, and
flow cytometry analysis was performed by detaching cells from the plate
using trypsin-EDTA, washing three times with PBS, and suspending in
FACS buffer. Cells were stained with PE anti-mouse MHC II (I-A/I-E) and
Brilliant Violet 421™ anti-mouse CD206 antibodies (MMR) (Biolegend,
San Diego, CA, USA) for 30 min at 4 °C, protected from light. Finally,
data were acquired with Cytek® Aurora flow cytometer (Cytek Bio-
sciences, Fremont, CA) and analyzed with FlowJo software (FlowJo,
Ashland, OR, USA).

2.6. In vivo studies

All experiments were performed following the Belgian national
regulation guidelines and the EU Directive 2010/63/EU and were
approved by the ethical committee for animal care of the Faculty of
Medicine of the Université Catholique de Louvain (2023/UCL/MD/65).
Animals had free access to water and food. Mice were monitored daily.

2.6.1. Orthotopic GL261 mouse model and localized treatments
Immunocompetent C57BL/6J mice (female, six weeks old), pur-
chased from Charles River Laboratories (Wilmington, MA, USA), were
orthotopically grafted with 1.5 x 10° GL261 cells/mouse (2 L) in the
right frontal lobe by CED using a Hamilton syringe (26S gauge needle)
mounted on an infusion syringe pump (Harvard Apparatus, Holliston,
MA, USA). Mice were anesthetized with an intraperitoneal injection of
ketamine/xylazine (100 and 12 mg/kg, respectively) and positioned on
a stereotactic frame. The injection was performed after drilling a hole
into the skull with a surgical high-speed drill (Velleman, Gavere,
Belgium) with the following coordinates: 2.1 mm lateral, 0.5 mm pos-
terior from the bregma, and 2.6 mm deep from the outer border of the
skull. The presence and volume of intracranial tumors were monitored
by magnetic resonance imaging (MRI), as previously described (Bausart
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et al., 2022a). MRI imaging confirmed tumor growth 9 days after GL261
orthotopic grafting. On day 10, mice were randomized according to the
tumor size into three groups (n = 9) and treated via CED with DOX +
GEM or HA-DOX + HA-GEM or left untreated. Treatments were
administered at a dose of 5 ug DOX: 2.42 ug GEM (DOX: GEM molar ratio
1:1) in a 5 pL volume with a constant flow rate of 0.5 pL/min. Tumor
growth was monitored on day 17 by MRI, and mice were euthanized on
day 21 to assess the immune profile in the brain via FACS.

2.6.2. Antitumor activity analysis in the orthotopic SB28 mouse model

Immunocompetent C57BL/6J mice (female, six weeks old), pur-
chased from Charles River Laboratories (Wilmington, MA, USA), were
orthotopically grafted with 3 x 10% SB28 cells/mouse (2 pL) into the
right frontal lobe by CED, following the same procedure described
above. The presence and size of intracranial tumors were monitored by
bioluminescence imaging using the IVIS Spectrum In Vivo Imaging
System (Perkin Elmer, Waltham, MA, USA). For imaging, mice were
anesthetized with inhaled isoflurane, intraperitoneally injected with D-
luciferin (150 mg/kg), and imaged after 15 min. Obtained tumor sizes
are expressed as total flux. Bioluminescence imaging confirmed the
tumor presence 9 days after orthotopic SB28 cell grafting. On day 10,
mice were randomized according to the tumor size into three groups (n
=7) and treated via CED with DOX + GEM or HA-DOX + HA-GEM or left
untreated.

Treatments were administered at a dose of 5 ug DOX and 2.42 ug of
GEM (DOX:GEM 1:1 drug eq. dose) in a 5 uL volume with a constant flow
rate of 0.5 yL/min. Tumor growth was monitored over time by IVIS, and
survival rate was assessed. Mice were euthanized according to the
endpoints of 20 % body weight loss, 10 % body weight loss, and clinical
signs of morbidity (lack of movement, paralysis, arched back). Brains
were collected at the endpoints to evaluate the impact of the treatments
on immune cells.

2.6.3. Flow cytometry analysis of the inmune populations in brains

GBM-bearing brains were collected at specific time points or end-
points. Single-cell suspensions were obtained via mechanical dissocia-
tion and passage through a 70-um cell strainer (Greiner Bio-One,
Vilvoord, Belgium) and stored in a solution of FBS and 10 % DMSO at
—80 °C until use. Before FACS analysis, cells were stained with a panel of
antibodies (Table S2) for 30 min at 4 °C to quantify different cell pop-
ulations. Samples were analyzed at Cytek® Aurora flow cytometer
(Cytek Biosciences, Fremont, CA) by acquiring 20,000 events/samples
and analyzed with FlowJo software (FlowJo, Ashland, OR, USA). Gating
strategies are described in Fig. S4.

2.7. Statistical analyses

Statistical analyses were performed using GraphPad Prism (Graph-
Pad Software Version 9.1.2, San Diego, CA, USA). Survival was plotted
using Kaplan-Meier curves and analyzed with a log-rank (Mantel-Cox)
test. Multiple comparisons were assessed via one-way ANOVA with
Dunnett’s multiple comparison tests. A difference of P < 0.05 was
considered to indicate statistical significance. For in vivo studies, the
power calculations were performed assuming a significance level () of
0.05 and 80 % power and a Cohen effect of 1.5 and assuming a 10 % loss
due to unforeseen events.

3. Results
3.1. Synthesis and characterization of HA-based conjugates

We designed a strategy to conjugate DOX and GEM to HA (100 kDa
Mw) and achieve drug synergism by locally and simultaneously
administering them to GBM tumors. Our synthetic strategy is easily
scalable and consists of linking DOX to HA via a pH-responsive linker
through a HA-hydrazine intermediate and the DOX ketone group
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(Catania et al., 2023); GEM has been linked to HA via direct amide
conjugation using an EDC/NHS strategy, exploiting the free amino
group on the GEM pyrimidine ring (Fig. 1A). We purified HA-drug
conjugates (HA-DOX and HA-GEM) by precipitation in ethanol and
extended dialysis against water to remove any excess unconjugated
drug.

We comprehensively characterized HA-DOX and HA-GEM via 'H
NMR and FT-IR, demonstrating purity and chemical identity. As
demonstrated by NMR (Fig. 1B), the conjugation of DOX or GEM to HA
resulted in the expected widening of characteristic drug signals (5 =
8.02-7.17 ppm, associated with the aromatic regions of DOX; § = 7.75,
6.25 and 6.16 ppm, associated with the pyrimidine signals of GEM). We
employed these signals to quantify the total drug content of HA-GEM
(1.41 % w/w); alternatively, we determined the drug loading of HA-
DOX via UV-Vis (6.71 % w/w) due to the overlap of the NMR spectra
for HA and GEM. FT-IR analysis of HA-DOX and HA-GEM confirmed
successful conjugation (Fig. 1C). For HA-DOX, we observed a shift in the
stretching vibration of the amide group (—NH) associated initially with
HA from 1508 to 1636 cm ™!, highlighting the formation of a new amide
bond; moreover, the formation of n-r interactions reduced the stretching
vibrations associated with hydroxyl groups (—OH) of HA (3400 cm’l)
due to the conjugation of DOX (more hydrophobic and planar), sug-
gesting the formation of nanoaggregates. The FT-IR spectra of HA-GEM
revealed a slight shift in the stretching vibration of the amide group
(—NH) associated with HA from 1520 to 1540 cm ™! ; moreover, the peak
at 3400 cm ™! corresponding to the free amine group of the pyrimidine of
GEM decreased, thus highlighting the involvement of this free amine in
HA conjugation. Finally, we explored the size and zeta potential of HA-
DOX and HA-GEM, which revealed a size of approximately 16 nm and a
negative zeta potential (—21.4 mV for HA-DOX and —9.8 mV for HA-
GEM) for both conjugates (Fig. 1D). Overall, our data support the
chemical identity and purity of the synthesized HA-conjugates.

3.2. HA-DOX + HA-GEM provides a synergistic antitumor effect in GBM
cells

We investigated the antitumor activity of HA-DOX and HA-GEM
alone or in combination in three glioblastoma cell lines: murine SB28
and GL261 cells and rat 9L cells. We employed a 1:1 M ratio for the
combination treatment, identified by preliminary studies on DOX and
GEM showing the lowest ICsg, compared to the other molar ratio tested
(reported in Fig. S1). We observed that HA-DOX + HA-GEM induced
more significant cytotoxicity than HA-DOX, HA-GEM, or DOX + GEM
(Fig. 2A); HA-DOX + HA-GEM displayed significantly decreased ICsq
values (11.2 nM for SB28, ***p < 0.0001; 5.5 nM for GL261, **p < 0.01;
and 11.0 nM for 9L, *p < 0.05) compared to DOX + GEM (20.6 nM for
SB28; 8.4 nM for GL261; and 18.9 uM for 9L) (Fig. 2B). Analysis of
combination index (CI) values revealed a significant synergistic inhibi-
tory effect in SB28 and 9L cells (0.6022 for SB28, *p < 0.05 and 0.3517
for 9L, ****p < 0.0001) compared to DOX + GEM which displayed
additive behavior in SB28 (1.1879) and 9L (0.8381) cells (Fig. 2C).

Overall, HA-DOX + HA-GEM induced higher cytotoxicity than DOX
+ GEM in mouse and rat GBM cell lines.

3.3. HA-DOX + HA-GEM treatment enhances the induction of
immunogenic cell death and immunogenic behavior

Our previous study demonstrated that the conjugation of DOX to HA
does not alter the ICD properties of the drug in GL261 GBM cells
(Catania et al., 2023). Here, we explored ICD induction by DOX + GEM
and HA-DOX + HA-GEM in an immune-refractory cell line such as SB28
to evaluate the role of GEM and HA-conjugation on ICD, given that GEM
has no reported ICD-inducing function. As a first readout, we investi-
gated CRT exposure on the membrane of SB28 cells and the expression
of the CXCL10 and INF-§ relative genes as hallmarks of ICD (Fucikova
et al., 2020).



G. Rodella et al. International Journal of Pharmaceutics 676 (2025) 125612

HO_
A) L] .
/0”0 OHO O

a. DMTMM, H,0, N °

Hydrazine

\

b. Doxorubicin HCI,
H,0, pH=5, 72h, RT

OH,  OH HN OH S\S T
d'o_o ¢\ o . . .. e, P
%&ﬁ(o o Hyaluronic Acid-Doxorubicin (2.7 /' ®

®

o, (HA-DOX) \ 2

[
OH  _ OH
di° o £ on °
90 © O 0" Lon
A~ o. h‘l - 4
o NN
Acid (HA) e > %&ggj‘;o alo g d>Cal  Hyaluronic Acid-Gemcitabine  (<®.77) /™
b. Gemcitabine, o~ o~ (HA-GEM) S
H,0, 48h, 50°C 5 x °
[ 4
B) C)
— HA DOX HA-DOX — HA GEM HA-GEM
HA-DOX " M. HA-GEM al ’ 1003 100+ =
b ~ ~
____U;‘_,._/ 1 ‘J“ ‘AMU‘ ’ \ \ | % kL,/ "\_J* %, %
HA [ \' ‘ HA ' £ o s
i N
g g
‘ I } = =
w‘““ —‘L i 'P U‘"JL | l "‘I iono 30'00 zoloo 1o'oo (l) :ooo 30'00 zo'oo 1o'oo 6
iy 1023 30 2 280 o Wavelength (em™) Wavelength (cm™)
D) . , ,
Size Zeta Potential Drug Loading
(% number, nm) (mV) (% wiw)
HA-DOX 15.9 -21.4 6.71
HA-GEM 16.0 -9.8 1.41

Fig. 1. Characterization of HA-DOX and HA-GEM. (A) Schematic representation and chemical formula of HA-DOX and HA-GEM. (B) 'H NMR spectra of HA-DOX,
HA, and DOX and HA-GEM, HA, and GEM. The arrows indicate the peaks associated with the aromatic region of DOX (5 = 8.02-7.17 ppm) and the pyrimidine signals
of GEM (8 = 7.75, 6.25 and 6.16 ppm) conjugated to HA. (D) Table describing the physicochemical characterization results for HA-DOX and HA-GEM.

All treatments (0.1 uM; DOX, GEM, HA-DOX, HA-GEM, and combi-
nations) induced a significant increase in the proportion of CRT-positive
SB28 cells compared to the untreated (UT) control group (Fig. 3A). SB28
cells displaying exposed CRT underwent a 2-fold increase in all treat-
ment groups (all ****p < 0.0001) except DOX (**p < 0.01). INF-$
relative gene expression analysis highlighted the synergistic activity of
combination therapies (Fig. 3B); while DOX or GEM treatment induced
INF-§ relative gene expression 18- and 139-fold compared to the un-
treated control, DOX + GEM supported a 330-fold increase relative to
the untreated control (****p < 0.0001), suggesting a significantly
greater induction of ICD. The increment of INF-§ relative expression
induced by GEM compared to UT has been reported by others in the
literature (Hayashi et al., 2020). Likewise, HA-DOX or HA-GEM treat-
ment induced INF-§ relative expression by 35-fold and 124-fold
compared to the untreated control, while HA-DOX + HA-GEM induced
a 360-fold increase relative to the untreated control, again suggesting a
significantly greater induction of ICD (****p < 0.0001, relative to the
untreated control). Of note, DOX + GEM and HA-DOX + HA-GEM dis-
played a comparable ability to induce INF-j relative expression. Con-
cerning CXCL10, all treatments induced a significantly higher
expression of this hallmark of ICD when compared to the untreated
group (Fig. 3B). Surprisingly, DOX and HA-DOX displayed less ability to

induce CXCL10 expression than GEM, HA-GEM, DOX + GEM, and HA-
DOX + HA-GEM. These results might be explained by the higher CD44
expression on SB28 suggesting an HA-driven endocytosis (Fig. S5), in
line with our previous findings with BV-2 microglia and GL261 GBM
cells (Catania et al., 2023).

Next, we investigated the impact of single and combination therapies
on microglial activation, aiming to explore the capacity of our treatment
to trigger innate immunity (Quail and Joyce, 2017). We exposed murine
BV-2 cells to conditioned media collected from pre-treated SB28 cells to
explore the influence of released factors on immune cell activation
(Fig. 3C). We observed that HA-DOX significantly increased the
expression of pro-inflammatory marker genes (TNF-a and IL-1$ but not
for INF-f) compared to free DOX (TNF-a: DOX — 0.33-fold vs. HA-DOX —
3.99-fold, ****p < 0.0001; IL-1p: DOX — 9.94-fold vs. HA-DOX —
369.93-fold, *p < 0.05 with fold increases calculated compared to the
untreated controls) (Fig. 3C). GEM and HA-GEM did not enhance the
expression of pro-inflammatory marker genes while significantly
enhancing Arginase as a tolerogenic factor compared to all other treat-
ment groups (**p < 0.01). No differences on CD206 were observed.
Finally, we discovered that HA-DOX + HA-GEM induced significantly
higher levels of immunogenic marker gene expression than DOX + GEM
(¥***p < 0.0001), although we saw no significant differences when
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analyzing tolerance marker gene expression. These data highlight how
HA-conjugation may improve microglial activity through a combination
drug anti-GBM approach (Fig. 3C).

We confirmed the immunogenicity/tolerance results using flow
cytometry to detect the expression of the MHCII" (pro-inflammatory)
and CD206™ (pro-tolerance) cell surface markers in BV-2 cells (Fig. 3D).
We observed an unbalanced MHCII:CD206 ratio indicative of a pro-
inflammatory phenotype of BV-2 cells (low expression of CD206 in
favor of high expression MHCII) when exposed to conditioned media
from GBM cells treated with combination therapies (1.60-fold increase
for DOX + GEM and 1.68-fold increase for HA-DOX + HA-GEM
compared to the untreated control group, both ****p < 0.0001
compared to the untreated control), DOX (1.67-fold increase compared
to the untreated control group, ****p < 0.0001), and HA-DOX (1.70-fold
increase compared to the untreated control group, ****p < 0.0001).
GEM and HA-GEM treatment did not significantly affect the MHCIL:
CD206 ratio compared to the untreated control group (Fig. 3D).

Overall, DOX, GEM, HA-DOX, and HA-GEM and their combinations
induced ICD, as shown by increased CRT exposure and the expression of
ICD-associated marker genes; however, only conditioned medium
derived from GBM cells treated with DOX + GEM and HA-DOX + HA-
GEM boosted the expression of immunostimulatory cytokines in
microglia and induced microglial activation.

3.4. HA-DOX + HA-GEM treatment depletes monocytic MDSCs and
controls tumor growth in GL261-bearing GBM model mice

Next, we explored the potential re-education of the TIME in GBM-
bearing mice via TAMCs depletion after the CED-mediated

administration of DOX + GEM and HA-DOX + HA-GEM. To this end, we
orthotopically grafted mice with GL261 cells and intratumorally treated
with DOX + GEM or HA-DOX + HA-GEM via CED on day 10 after tumor
cell inoculation. We selected the administered dose (5 ug DOX and 2.43
ug GEM, drug equivalent dose) according to previous studies performed
in our group (Catania et al., 2023); we analyzed the presence and
location of induced tumors via MRI on days 9 and 17 and then sacrificed
mice on day 21 to study the GBM-associated TIME (Fig. 4A). Analysis of
tumor growth on day 9 (pre-treatment) revealed a similar level of tumor
growth in all animals (Fig. 4B); subsequent analyses 7 days post-
treatment (day 17 post-tumor inoculation) provided evidence that HA-
DOX + HA-GEM induced a greater degree of tumor growth inhibition
than DOX + GEM when compared to the untreated control group
(Fig. 4B). No significant changes in body weight were observed
(Fig. S1B). HA-DOX + HA-GEM induced a 52.1 % average decrease in
tumor volume, while DOX + GEM induced a 27.8 % average decrease in
tumor volume (Fig. 4B). However, no statistical difference between
groups was observed.

On day 21 following tumor inoculation, we collected brains and
evaluated changes in the TAMC cell populations (Fig. 4C). Only mice
locally treated with HA-DOX + HA-GEM displayed a significant incre-
ment in the proportion of M1-like TAMs compared to the untreated
control group (*p < 0.05); however, we observed a similar significant
decrease in the proportion of M2-like TAMs following treatment with
both DOX + GEM (*p < 0.05) and HA-DOX + HA-GEM (*p < 0.05)
compared to the untreated control group. Interestingly, we observed a
significant reduction in the proportion of M-MDSCs induced by HA-DOX
+ HA-GEM (but not DOX + GEM) compared to the untreated control (*p
< 0.05). However, we failed to see any significant alterations in the
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proportion of PMN MDSCs. The ratio between monocytic/PMN MDSCs
is 0.08 for DOX + GEM, 0.05 for HA-DOX + HA-GEM (*p < 0.05), and
0.09 for UT. These results support the hypothesis that repurposing
chemotherapeutics as HA conjugates provides some benefit over the free
drugs when combined. Our data also suggests that the immunomodu-
latory activity of HA-DOX + HA-GEM rewires the immune-refractory
nature of the GBM-associated TIME towards a pro-inflammatory state.
Unfortunately, this effect was not enough to provide an advantage in
terms of survival when comparing the treatments (Fig. S6).

3.5. HA-DOX + HA-GEM controls the GBM growth and ameliorates the
survival rate of SB28-GBM bearing mice

We finally explored the efficacy of DOX + GEM and HA-DOX + HA-
GEM in a more immunosuppressive GBM model. We orthotopically
grafted mice with SB28 cells and intratumorally administered DOX -+
GEM or HA-DOX + HA-GEM via CED at day 10 after tumor inoculation
(Fig. 5A). For consistency, we used the same dose as in the previous
model. Taking advantage of the intrinsic fluorescence of this model, we

monitored GBM presence and location by IVIS on days 9, 14, and 17 and
then evaluated mouse survival. We did not include standard of care
(SOC) treatment as a control group since the SB28 model is known to be
resistant to temozolomide (Genoud et al., 2021; Maeoka et al., 2023). In
addition, this drug is known to induce immunosuppression which is
counterintuitive for this work (Sengupta et al., 2012). HA-DOX + HA-
GEM treatment maintained a smaller tumor size — although this failed to
reach significance (p = 0.0549) — compared to DOX + GEM-treated or
untreated mice (Fig. 5B). No decrease in body weight was observed,
associated with no toxicity signs (Fig. S2B). Survival curves also
revealed a trend (unfortunately, not reaching significance) towards
improved survival with DOX + GEM treatment (28 days) and HA-DOX
+ HA-GEM treatment (32 days) compared to untreated mice (25 days)
(Fig. 5C). At the experimental endpoint, we collected brains and eval-
uated changes in the TAMCs populations. While we failed to encounter
any significant differences induced by HA-DOX + HA-GEM, a significant
increase in the proportion of M2-like TAMs by DOX + GEM suggests that
the HA-DOX + HA-GEM combination does not promote an immune-
refractory TIME compared to the free drugs (Fig. 5D).
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Fig. 4. The Local Administration of HA-DOX + HA-GEM by CED Depletes TAMCs and Controls Tumor Growth in GL261-bearing GBM Model Mice. (A)
Schematic protocol for the intra-tumoral injection of DOX + GEM and HA-DOX + HA-GEM into GL261-bearing mice and subsequent analysis. (B) Analysis of tumor
volume at days 9 (pre-treatment) and 17 (post-treatment) of the experimental time frame, measured by MRI with representative brain images shown. (C) FACS
analysis of the cellular makeup of the GBM-associated TIME in the brain at day 21 (n = 9). Values represent mean + SEM. Statistical analyses performed using one-
way ANOVA with Dunnett’s multiple comparison test. (Data with different superscript letters are significantly different, p < 0.05).

4. Discussion

The immunosuppressive TIME, systemic side effects, and a lack of
therapeutically relevant doses at the tumor site have limited the success
of systemically administered chemo- and immuno-therapies in unre-
sectable GBM (Bausart et al., 2022b; Noch et al., 2018; Bush et al., 2019;
Shaha et al., 2024). We hypothesized that the local administration of
chemotherapeutics with inherent immunological activities linked to HA
may induce an efficient antitumor-immune response with reduced off-
target toxicity. Our polymer-based strategy combines two repurposed
chemotherapeutics, DOX and GEM, conjugated to HA (100 kDa) at a
synergistic ratio for the treatment of unresectable GBM (Amiri et al.,
2023; Sasso et al., 2016; Eriksson et al., 2016) (Fig. 6). The novelty of
our approach resides in revisiting the role of the chemotherapeutics that
are not used only to kill cancer cells but also to immunomodulate the
GBM-associated TIME by simultaneously activating the immune system
and depleting M2-like TAMs and MDSCs (Kotla et al., 2021; Dalla Pieta
et al., 2021; Tavianatou et al., 2019).

We synthesized HA-based conjugates using a cost-effective and easy
scalable reaction, which we followed with robust purification by
washing steps (including precipitation in ethanol and dialysis) that
enabled the avoidance of time-consuming column purification. DOX
conjugation through a pH-sensitive hydrazone linker supports the
release of DOX from conjugates in the acidic GBM-associated TIME (pH
< 3.4 in the ’necrotic zone,” <5.5 in the ’pseudo-palisading cell zone’
and 6.2-7.0 in the *cellular tumor zone’) (Malfanti et al., 2022; Halcrow
et al., 2019). As rapid DOX release could prompt uncontrolled inflam-
matory reactions, we hypothesized that conjugation with a bio-
responsive linker could enhance the selective targeting of cancer cells
while reducing undesired neurotoxicity, which might be supported by
the lack of body weight during the treatment in both GBM models used
that is usually a predictor of toxicity (Wang et al., 2016). On the other
hand, GEM was linked through an amide bond. HA conjugates displayed
a hydrodynamic diameter of ~20 nm for both conjugates, suggesting the
presence of bulky aggregates that might favor GBM penetration and

uniform distribution (Nance et al., 2014). The nanometric size of HA-
conjugates stabilizes the drugs and prolongs their half-life in the
tumor compared to free drugs, which might translate into an increase in
anti-GBM activity in vivo. Moreover, the negative zeta potential of both
HA-conjugates confers physiological stability (e.g., in cerebral spinal
fluid) and better biocompatibility (Malfanti et al., 2022).

We employed SB28 cells to determine an optimal ratio between DOX
and GEM and exploit any synergistic cytotoxic effect; a molar ratio of 1:1
prompted the synergistic inhibition of cell proliferation. Next, we
investigated the cytotoxicity of HA-conjugates alone or in combination
in three different high-grade glioma cell lines — GL261, SB28, and 9L —
which mirror different patient groups. The GL261 murine model has
been extensively used in the preclinical evaluation of immunothera-
peutic approaches due to its well-characterized features and reproduc-
ibility (Haddad et al., 2021); however, this model remains susceptible to
immune checkpoint inhibitors and may recapitulate the response of a
few rare GBM patients (Genoud et al., 2018; Khalsa et al., 2020). The less
immunogenic and poorly mutated SB28 model could better represent
the immunotherapy sensitivity of most human clinical settings for
translational purposes (Genoud et al., 2021). We included rat 9L cells, as
they had been previously considered when investigating immunother-
apeutic and cytokine treatments (Iwadate et al., 2005; Liu et al., 2007; Li
et al., 2020). Our results describing the increased cytotoxicity of drug
combinations compared to monotherapies align with previous reports in
other “immunologically cold” cancer types (breast and ovarian tumors)
(Vogus et al., 2017; Liu et al., 2014). Following HA-conjugation, both
drugs retained their activity in vitro in all tested GBM cell lines;
furthermore, the combination of HA-conjugates (HA-DOX + HA-GEM)
appeared to display more significant cytotoxicity and synergism than the
simple additive effect of the free drugs (DOX + GEM). This behavior
remains crucial to target the highly heterogeneous nature of GBM
through the different mechanisms of action of the drugs (Zhao et al.,
2020; Lim et al., 2023); moreover, this approach could also be beneficial
in the case of multidrug resistance established by GBM cells to circum-
vent chemo- and immuno-therapies (Zhao et al., 2020). Our findings
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Fig. 5. Invivo study of DOX + GEM and HA-DOX + HA-GEM treatment in an SB28 orthotopic GBM model. (A) Schematic describing the intra-tumoral injection
of DOX + GEM and HA-DOX + HA-GEM into SB28 tumor-bearing mice and the subsequent analytical approach. (B) Analysis of SB28 tumor volume via total flux
measured by IVIS spectrum on days 9, 14, and 17 after tumor inoculation and representative IVIS images. (C) Kaplan-Meier survival curves for untreated (n = 6) and
DOX + GEM- (n = 7), and HA-DOX + HA-GEM- (n = 6) treated mice, and a table describing median survival values. Data analyzed with a log-rank (Mantel-Cox) test.
(D) FACS analysis of the cell makeup of the GBM-associated TIME at the experimental endpoint (n = 6/7). Values represent means + SEM. Statistical analyses
performed using one-way ANOVA with Dunnett’s multiple comparison test. (Data with different superscript letters are significantly different, p < 0.05).

agree with a similar study demonstrating that polymer-based multidrug
targeting leads to improved synergistic behavior; DOX and GEM
encapsulated in micelles induced enhanced synergism compared to a
combination of free drugs in ovarian, breast, and hepatocarcinoma
cancer cell lines (Liu et al., 2014). In our approach, HA binding the CD44
receptor would also prompt higher cell uptake and consequently
increased cytotoxicity (as we previously revealed) (Catania et al., 2023;
Malfanti et al., 2022; Chaudhry et al., 2021; Thummarati et al., 2022);
moreover, the biological “stickiness” of HA may facilitate adhesion to
cell membranes (He, 2010; Kobayashi et al., 2020).

GBM cells treated with ICD inducers like DOX or mitoxantrone can
result in a remarkable increase in CRT exposure — a major ICD hallmark
— that, together with other factors, could support immune cell infiltra-
tion and GBM elimination (Amiri et al., 2023; Catania et al., 2023;
Bausart et al., 2023). Our data in SB28 cells agree with previous reports,
revealing a significant increase in CRT exposure following treatment
with HA-conjugates and free drugs (Catania et al., 2023). These findings
have particular relevance, considering the immunosuppressive nature of
this GBM model that promotes immune evasion and low mutational
burden (Genoud et al., 2018). In this context, the conjugation of drugs to
HA played a crucial role: HA-DOX prompted greater CRT exposure than
DOX alone, which could support the hypothesis of faster HA-driven cell

uptake and the induction of intracellular cascades (Catania et al., 2023;
Kobayashi et al., 2020). Accordingly, a related study revealed that HA-
DOX triggered significantly greater CRT exposure in leukemia cells in
vitro than the free drug (Krishnan et al., 2022). We also observed an
unexpected effect of GEM in eliciting ICD hallmarks despite being
acknowledged as a non-ICD inducer (Hayashi et al., 2020). Importantly,
our data agree with other reports describing an in vitro-in vivo mismatch
of GEM immunological behavior; despite it being acknowledged as a
non-ICD inducer, GEM is well known to induce the release of danger-
associated molecular patterns (DAMPSs), in vitro (Hayashi et al., 2020).
The role of GEM may be ascribed to the simultaneous induction of
inhibitory DAMPs (e.g., prostaglandin E2), leading to the suppression of
macrophage function and a non-immunogenic appearance in Vivo
(Hayashi et al., 2020). Despite the unexpected activity of GEM, DOX +
GEM or HA-DOX + HA-GEM did not affect DOX mechanisms, thus
maintaining ICD-related properties (Malfanti et al., 2022). We observed
the immune immunomodulatory behavior of HA-conjugates following
BV-2 microglia exposure to conditioned media from pre-treated SB28
cells. We observed the highest immunogenic cytokine genes (e.g., TNF-
o, IL-1f, and INF-$) expression when exposing microglia to conditioned
medium from HA-DOX + HA-GEM-treated SB28 cells; moreover, HA
conjugation ameliorated immune responses via the upregulation of the
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Fig. 6. Schematic representation of the proposed strategy. Doxorubicin (ICD inducer) and gemcitabine (MDSC depletion) have been used in a hyaluronic acid-
conjugate combination treatment approach for the local immunomodulation of the glioblastoma microenvironment.

pro-inflammatory marker MHCII', consistently with the results ob-
tained by Alaniz et al. (Alaniz et al., 2009). In this study, spleen dendritic
cells from HA-treated mice displayed the increased expression of cos-
timulatory signals (CD11c*, MHCII', and CD80™) that favored antigen
presentation to effector T cells.

Due to the complex interplay between cancer and immune cells in
the GBM-associated TIME and the lack of representative 2D/3D in vitro
GBM models involving infiltrating TAMCs (Peereboom et al., 2019), we
investigated the immunomodulatory activity of HA-conjugates in vivo.
The effects of the individual drugs have already been investigated in
other GBM models (Bastiancich et al., 2018; Catania et al., 2023). Due to
ethical considerations, we did not assess the effects of the single con-
jugates in this study; in addition, in light of the in vitro studies, we
speculated that their combined application may better reshape the GBM
TIME landscape compared to the individual components. We treated
immunocompetent GBM GL261-bearing mice characterized by the dy-
namic infiltration of immune cells and a peak number of TAMC presence
at around day 21 following tumor inoculation (Ulasov et al., 2020). Our
HA-based chemo-immunomodulating regimen induced significant
changes in the TIME and, more specifically, in the TAMCs population via
(1) the reduction of M2-like TAMs in favor of their pro-inflammatory
counterparts and (ii) the depletion of M-MDSCs without impacting
PMN-MDSCs. These findings agree with a previous study in our group
highlighting the ability of HA-DOX in combination with an immune
adjuvant (HA-CpG) to revert the TAM phenotype in orthotopic GL261-
bearing tumors, which prompted improvements in long-term survival
(Catania et al., 2023). HA-DOX + HA-GEM acted selectively on M-
MDSCs, the most immune-suppressive subpopulation, to drastically
reduce the proportion of these cells (Ren et al., 2023). This level of ac-
tivity may be driven by the specific ability of GEM to inhibit M-MDSC
infiltration in the tumor, as demonstrated by previous reports; for
example, murine melanoma tumors (immuno-refractory in mice) treated
with GEM displayed a reduced local number of MDSCs and a phenotypic
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switch from M2- to M1-like TAMs (Zhang et al., 2019b). Sasso et al. also
demonstrated that treatment with GEM-lipid nanocapsules transiently
reduced the level of M-MDSCs in lymphoma (Sasso et al., 2016). Inter-
estingly, low doses of systemically administered capecitabine
(belonging to the same family of drugs as GEM) in GBM patients
significantly reduced the number of infiltrated M-MDSCs and induced
remarkable changes in the TIME (Peereboom et al., 2019). In our study,
M-MDSC depletion occurred following HA-conjugate treatment, which
may relate to faster CD44-mediated cell uptake. Given the reduction in
tumor growth following treatment with HA-DOX + HA-GEM, we spec-
ulate that immunomodulation may impact antitumor outcomes when
combined with other therapeutics and warrants further investigation.
Notably, a growing body of evidence suggests that the immunogenic
GL261 model does not fully recapitulate the immune features of human
GBM (Genoud et al., 2018). For this reason, we sought to determine the
effect of our treatment approach on a more immune-resistant GBM
model — SB28 cells. We found that SB28 tumor-bearing mice treated
with HA-DOX + HA-GEM displayed reduced tumor growth over time
and a trend toward increased median survival compared to DOX + GEM-
treated or untreated mice (p = 0.0593). These results agree with the
results of studies using similar strategies applied in tumor models
generally recognized as poorly T cell infiltrated (e.g., breast and prostate
cancer). Indeed, a HA-DOX-GEM conjugate developed for breast cancer
treatment improved tumor growth inhibition and reduced acute toxicity
compared to the mixture of free drugs (Vogus et al., 2017). Lammers
et al. also demonstrated that a polymer-based DOX-GEM nanomedicine
more efficiently inhibited the growth of prostate tumors than free drugs,
suggesting the critical role of the polymeric carrier in improving out-
comes (Lammers et al., 2009). In our study, the lack of TIME changes in
this model may be attributed to the incapacity of treatments to induce
long-lasting immune responses (Wu et al., 2021). Of note, we observed
an improvement in the median survival in a highly immune-suppressive
and infiltrative GBM model, considering that only a single dose of
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treatments has been applied without any resection; nevertheless, the
insights gained here might represent a conceivable starting point for
implementing combination therapies with other clinically relevant
immunotherapeutic approaches, such as CAR-T cells (Brown et al.,
2024).

5. Conclusion

We developed a novel approach to locally immunomodulating
unresectable GBM by repurposing two chemotherapeutics, DOX and
GEM, by conjugation to HA and combining them at a synergistic ratio.
The FDA approval of all components employed in this study supports the
clinical translation of HA-DOX and HA-GEM; furthermore, their prepa-
ration and scaling-up procedures remain simple and cost-effective. The
encouraging results obtained with one single CED administration of HA-
DOX + HA-GEM in two GBM models highlight the importance of
considering the immune response as an additional factor that can be
leveraged in treating GBM. In conclusion, our innovative strategy could
open new avenues for the development of multimodal treatments
involving immunotherapies.
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