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ABSTRACT: Ongoing research is actively exploring the use of immune checkpoint inhibitors to treat solid tumors
by inhibiting the PD-1/PD-L1 axis and reactivating the function of cytotoxic T effector cells. Many types of solid
tumors, however, are characterized by a dense and stiff stroma and are difficult to treat. Mechanotherapeutics have
formed a recent class of drugs that aim to restore biomechanical abnormalities of the tumor microenvironment,
related to increased stiffness and hypo-perfusion. Here, we have developed a polymeric formulation containing
pirfenidone, which has been successful in restoring the tumor microenvironment in breast tumors and sarcomas. We
found that the micellar formulation can induce similar mechanotherapeutic effects to mouse models of 4T1 and
E0771 triple negative breast tumors and MCA20S5 fibrosarcoma tumors but with a dose 100-fold lower than that of
the free pirfenidone. Importantly, a combination of pirfenidone-loaded micelles with immune checkpoint inhibition
significantly delayed primary tumor growth, leading to a significant improvement in overall survival and in a
complete cure for the E0771 tumor model. Furthermore, the combination treatment increased CD4" and CD8* T
cell infiltration and suppressed myeloid-derived suppressor cells, creating favorable immunostimulatory conditions,
which led to immunological memory. Ultrasound shear wave elastography (SWE) was able to monitor changes in
tumor stiffness during treatment, suggesting optimal treatment conditions. Micellar encapsulation is a promising
strategy for mechanotherapeutics, and imaging methods, such as SWE, can assist their clinical translation.

KEYWORDS: nanocarriers, tumor microenvironment, immune checkpoint inhibition, stroma normalization, drug delivery,
nano-immunotherapy, oncology

INTRODUCTION

Mechanotherapeutics have been recently introduced as a class Received:  April 12, 2023

of drugs that aim to reprogram components of the tumor Revised:  November 21, 2023
microenvironment (TME) in order to reduce/normalize tissue Accepted: November 30, 2023
stiffness, improve perfusion and immunostimulation, and thus, Published: December 6, 2023
enhance efficacy of cytotoxic therapies.' Losartan, a common

antihypertensive and angiopoietin receptor blocker, has been a
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Figure 1. Characterization of pirfenidone/m. (A) Schematic of the process employed for the formation of pirfenidone-loaded micelles in
aqueous media. The micelles were generated by mixing [BzMA-co-DEAEMA]-b-HEGMA and pirfenidone in aqueous conditions. (B) Size
distribution of different batches of free micelles and (C) mean diameter size as determined by tunable resistive pulse sensing (TRPS) (n =
3). Data presented as the mean + SE. (D) UV—vis spectra of the pirfenidone-loaded [BzMA;4-co-DEAEMA]-b-HEGMAg, micelles recorded
at different time intervals after being immersed in PBS solution (pH 7.2—7.4) (right plot) and in an aqueous solution at pH = 6.0 (left plot).
(E) Pirfenidone release kinetics recorded at different pHs at room temperature: pH 7.2—7.4 (blue), pH 6.0 (green). Average values were
recorded from two repetitions. (F) Time-dependent decay of blood concentration after intravenous injection of 10 mg/kg pirfenidone/m i.v.
Values are normalized with the data from the first time point, i.e., 30 min. Data are shown as the mean + SE (n = 4 mice).

successful example of mechanotherapeutics that effectively
improved treatment of patients with locally advanced
pancreatic cancer.” Ongoing clinical trials for the use of
losartan in combination with chemoradiation and/or immune
checkpoint inhibition (ICI) in pancreatic and breast cancer
highlight the promise of mechanotherapeutics to be widely
added to the treatment regimen of desmoplastic, hard to treat,
and thus fatal tumor types (Clinicaltrials.gov identifiers:
NCTO03563248, NCT05097248). Besides losartan, other
mechanotherapeutics entering clinical trials include the
endothelin receptor blocker and common antihypertensive
bosentan for pancreatic cancer (Clinicaltrials.gov identifier
NCTO04158635) and the antihistamine ketotifen for sarcomas
(EudraCT Number: 2022-002311-39).
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The rationale for using mechanotherapeutics to boost cancer
therapies is based on the fact that many tumors stiffen as they
grow within the host tissue. Tumor stiffening—the sole
mechanical aspect of a tumor that patients and clinicians can
feel/sense, coupled with the rapid growth of the tumor within
the restricted space of the host tissue cause the accumulation
of mechanical forces within the tumor. This, in turn, leads to
the compression of tumor blood vessels, resulting in hypo-
perfusion.””® Hypo-perfusion and the resulting hypoxia can
impose detrimental barriers to the efficacy of therapeutics,
including a limited delivery of drugs, immunosuppression,
immune exclusion, and an increased metastatic phenotype.” "'
Therefore, strategies to normalize the abnormalities in stiffness
and mechanical forces in order to improve perfusion and
oxygenation have been developed.'”"? Mechanotherapeutics
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Figure 2. Pirfenidone/m modulate the physical TME. (A) Schematic of the experimental protocol created with BioRender.com. Effects of
free pirfenidone and pirfenidone/m on 4T1 tumor growth (B) (n = § mice) and (C) mouse mass (n = 5 mice). (D) Representative SWE
images for the control group and the two groups receiving pirfenidone/m at the end of the experimental protocol. The black line denotes the
tumor margin. (E) Elastic modulus values measured with SWE (n = 5 mice, N = 2 image fields per mouse). (F) Representative images
depicting the spatial distribution of microbubbles with contrast enhanced ultrasound (CEUS) at the time of peak intensity obtained at the
end of the experimental protocol (n = 5 mice). (G) Rise time measured with CEUS (n = S mice). (H) Interstitial fluid pressure (IFP)
measured with the wick-in-needle technique (n = S mice). Data are presented as mean + SE. Statistical analyses were performed using two-

way ANOVA with multiple comparisons of the Dunnett test.

that have been tested for this purpose are mainly approved
drugs repurposed to normalize the TME. Such drugs include
the antihypertensives losartan and bosentan, the corticosteroid
dexamethasone, the antihistamines tranilast and ketotifen, and
the antifibrotic pirfenidone.*™"” The administration of these
drugs at a proper dose can enhance tumor perfusion, increase
the delivery of chemotherapy, immunotherapy, and nano-
medicines, and induce antitumor immunity in preclinical
tumor models characterized by abundant compressed

20-22
vessels.
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Even though these mechanotherapeutic agents are approved
and thus safe for clinical use, they are still subject to dosage
limitations and patient exclusion. For instance, in the losartan
clinical study,” patients with hypotension were excluded and
the losartan dose could not be raised because of its potent
antihypertensive effects. Incorporation of mechanotherapeutics
into nanoparticle formulations could drastically reduce the
dose administered due to enhanced pharmacokinetic character-
istics and selective accumulation within the tumor. Indeed,
angiotensin receptor blockers and tranilast loaded in nano-
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Figure 3. Pirfenidone/m effectively decrease collagen and hyaluronan levels. (A) Representative light microscope images of Picrosirius red
staining (red color). Black scale bar indicates 0.2 mm. (B) Graph depicting the area fraction of Picrosirius red, representing collagen fibers
in tissue sections, normalized to the average value in control tumors (n = 3 mice; N = 3 or 4 image fields). (C) Immunofluorescence images
showing hyaluronan binding protein staining (HABP1, green) counterstained with nuclear staining (in blue). The white scale bar denotes a
size of 1 mm. (D) Graph of the area fraction of bHABP1 in immunofluorescence images (n = 3 mice, N = 3 or 4 image fields). Data are
presented as mean + SE. Statistical analyses were performed by using ordinary one-way ANOVA with multiple comparison Dunnett test.

particle formulations have shown to normalize the TME and
enhance immunotherapy and nanotheragy at significantly
lower concentrations than the free drug. 3725 To this end,
taking advantage of the mechanotherapeutic properties of
pirfenidone,'” we developed pirfenidone-loaded polymeric
micelles (pirfenidone/m) and explored their potential to
facilitate a more efficient normalization of the TME compared
to the free drug and at a significantly lower dosage as well as to
improve immunostimulation and the efficacy of immune
checkpoint inhibition in murine tumor models.

RESULTS/DISCUSSION

Characterization of Pirfenidone/m Nanocarriers.
Amphiphilic micellar drug nanocarriers were synthesized,
consisting of a HEGMA water-soluble corona and a water-
insoluble core bearing aromatic BzZMA moieties combined with
pH-responsive, cationic DEAEMA units in a random
copolymer structure, and were prepared and further employed
as nanocontainers for the encapsulation of pirfenidone. On one
hand, the HEGMA polymer segments constituting the
hydrophilic micellar corona (shown in blue color in Figure
1A) exhibit high biocompatibility and improved blood
circulation times.”® On the other hand, the incorporation of
the benzyl moieties as well as of the tertiary amino
functionalities in the BzZMA-co-PDEAEMA random copolymer
chains constructing the micellar core (shown in red color in
Figure 1A) aimed at (i) enhancing the drug loading efficiency
via the development of 7— attractive forces developed among

the benzene aromatic rings of the BzMA units and of
pirfenidone and (ii) promoting the pH-responsive release of
pirfenidone under acidic environments, since DEAEMA
functionalities exhibiting a pK, = 7.3 turn from neutral/
hydrophobic into cationic/hydrophilic by lowering the
solution pH.”” Tunable resistive pulse sensing (TRPS)
technology was employed to determine the concentration
and size distribution of the micellar nanoparticles. Specifically,
the mean micellar diameter was determined to be 107 nm
following analysis of three different batches (Figure 1B,C). The
pH-responsive release of pirfenidone was recorded at different
time intervals upon immersing the micellar solution-containing
dialysis cassette in PBS (pH 7.2—7.4) and in an aqueous
solution of lower pH (pH = 6) (Figure 1D). As expected,
under physiological pH conditions, the absorption signal
appearing at 310 nm corresponding to pirfenidone that is
encapsulated within the micelles decreases slowly, reaching a
35% release percentage after 3 h. Likewise, by performing the
drug release study at a lower pH (pH = 6) the absorption
signal decreased in a slightly but statistically significant faster
rate (p = 0.0011 for 210 min). This is due to the existence of a
small number (i.e., 6 units) of the pH-responsive DEAEMA
moieties within the copolymer, which increases the drug
release rate to some extent when the pirfenidone-loaded
micelles are exposed in acidic conditions, reaching a 51%
release percentage after 3 h (Figure 1E). The micelles also
achieved a long circulation time, being detected in the blood of
healthy mice for more than 24 h, exhibiting a blood half-life of
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Figure 4. Pirfenidone/m significantly enhances the effectiveness of immunotherapy. (A) Experimental treatment protocol. Created with
BioRender.com. (B) Images of E0771 tumors after removal (n = 9 or 10 mice, in the group of pirfenidone/m + ICI, three mice were cured).
(C) Tumor growth (n = 9 or 10 mice), (D) tumor mass (n = 9 or 10 mice), and (E) tumor elastic modulus (n = 9 or 10 mice, N = 2 images
field per mouse) measured with SWE of E0771 tumors treated with pirfenidone/m and anti-CTLA4/anti-PD-1 antibodies. (F)
Representative immunofluorescence images of nuclear marker (blue), CD31 endothelial marker (red), and «SMA pericyte marker (green)
immunostaining of 4T1 breast tumors treated as indicated. White scale bar indicates 0.5 mm. (G) Quantification of pericyte coverage
fraction determined by the colocalization of CD31 and aSMA. (H) Quantification of the CD31 area fraction following immunostaining with
an anti-CD31 endothelial cell marker. Data are presented as mean + SE. Statistical analyses were performed by using for (C) mixed-effects
analysis with multiple comparisons Tukey test, for (D, G, H) ordinary one-way ANOVA with multiple comparisons Dunnett test, and for (E)
two-way ANOVA with multiple comparisons Dunnett test.
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Figure 5. Pirfenidone/m and ICI increase immune cell infiltration and induce immunostimulation. Quantification of (A) CD3* CD4" (SP,
single positive) and (B) CD3" CD8" (SP, single positive) cells among CD45" lymphocytes (n = 6—10 mice). (C) Ratio of cytotoxic CD8" T
cells to immunosuppressive CD4* regulatory T cells (Tregs) (n = 6—10 mice). Tregs are defined as Foxp3*CD127°CD25" CD4 SP gated on
CD45* lymphocytes. (D) Frequency of CD4*, CD8", and Tregs in total lymphocyte population (n = 6—10 mice). (E) Quantification of
intratumoral MDSCs (CD45* CD11b* GR1") and (F) TAMs (CD45" CD11b* GR1~ F4/80") gated on live cells. Percentage of antitumor
(G) Ml1-like TAMs (CD45* CD11b* GR1™ F4/80*CD206 CD38") and (H) M2-like TAMs (CD45* CD11b* GR1~ F4/80*CD206'CD38~)
gated on total TAM population (1 = 6—10 mice). Data are presented as mean + SE. Statistical analyses were performed by using ordinary

one-way ANOVA with multiple comparisons Dunnett test.

the f-phase of 27 h (Figure 1F). We further studied the
distribution of the micelles (labeled with the fluorophore DiR)
in mice bearing 4T1 breast tumors at 24 and 48 h
postadministration and found that their intratumoral accumu-
lation remains the same (Supplementary Figure S1). Finally,
the impact of exposure to pirfenidone/m on overall cell
viability of 4T1 breast cancer cells was monitored through the
quantification of mitochondrial activity using the MTT assay.
The viability of pirfenidone/m compared to the micelles
without the pirfenidone load was tested at the concentration of
0.1 ug/mL following 6, 24, and 48 h of incubation,
demonstrating a noncytotoxic effect (Supplementary Figure
S2).

Pirfenidone/m Effectively Normalize the TME in a
100-fold Reduced Dose. We first tested the ability of
pirfenidone/m to induce TME normalization when adminis-
tered in amounts significantly lower than those of the free drug,
Mice bearing syngeneic, orthotopic 4T1 breast tumors were

24659

treated with either free pirfenidone or pirfenidone/m (Figure
2A). Free pirfenidone was administered daily at the dose of
500 mg/kg orally'” or by intravenous injection (iv.) at the
dose of 5 mg/kg. Pirfenidone/m were administered iv. at the
dose of 5 or 10 mg/kg daily, i.e., 100 and S0 times lower than
the oral administration of the free drug. No significant effects
on tumor growth or the body mass of mice were observed with
any of the administered doses (Figure 2B,C). The impact of
various pirfenidone treatments on normalizing the TME was
examined in vivo, focusing on physical properties such as
stiffness, perfusion, and interstitial fluid pressure (IFP). Tumor
stiffness and perfusion were measured with ultrasound shear
wave elastography (SWE) and contrast enhanced ultrasound
(CEUS), respectively, whereas IFP was measured with the
wick-in-needle method.”">**~*° Tumor stiffness was measured
as the average elastic modulus of the tumor, and for perfusion,
the rise time (RT) was employed, derived from the time—
intensity curve created by the transfer of a bolus of
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Figure 6. Pirfenidone micelles combined with ICI increase CD3 and CD8' T cell density in 4T1 tumors. (A) Representative
immunofluorescence images of CD3 staining (red) and CD31 staining (green) counterstained with nuclear staining (blue). White scale bar
indicates 0.1 mm. (B) Graph illustrating the area fraction of the CD3 T cell marker in immunofluorescence images standardized to DAPI
nuclear staining. (C) Graph depicting the area fraction of the CD31 marker in immunofluorescence images, normalized to DAPI nuclear
staining. (D) Graph of the overlapping signal of the CD3 T cell and CD31 endothelial marker in immunofluorescence images. (E)
Representative immunofluorescence images of CD8" T cell staining (green) and proliferation marker, Ki67 staining (red), counterstained
with DAPI nuclear staining (blue). White scale bar indicates 0.5 mm. (F) Graph illustrating the area fraction of Ki67 colocalized with CD8*
relative to the total CD8* area in immunofluorescence images. (G) Graph of the area fraction of the T cell marker CD8" in
immunofluorescence images normalized to DAPI stain. Data are presented as mean + SE. Statistical analyses were performed by using
ordinary one-way ANOVA with multiple comparisons Dunnett test. P-values less than 0.05 are denoted on the graphs.
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microbubbles through the tumor tissue. The groups that
received either the 5 or the 10 mg/kg pirfenidone/m had a
statistically significant reduction in stiffness and IFP and an
increase in perfusion compared to the control group (Figure
2D—H). Also, when treatment with pirfenidone/m is
compared to the 500 mg/kg free pirfenidone, we observe
that pirfenidone/m can more effectively alleviate stiffness,
improve perfusion, and increase IFP, even though in some
cases the difference is not statistically significant. Interestingly,
the administration of 5 mg/kg free pirfenidone i.v. did not have
any effects on the TME, presumably due to its rapid clearance.
Furthermore, treatment with pirfenidone/m did not have any
impact on tissue stiffness of major healthy organs, such as the
liver, spleen, and kidneys (Supplementary Figure S3).

The restoration of physical properties in desmoplastic
tumors, as observed in the tumor models examined in our
study, is attributed to a large extent to the hyaluronan and
collagen content.”*"** Pirfenidone targets both these
components.'” We assessed the levels of collagen and
hyaluronan using histological analysis and fluorescence
immunostaining, respectively. Indeed, we found a decrease in
collagen and hyaluronan protein levels following treatment
with pirfenidone/m at both doses similar to the free drug (500
mg/kg orally) and which ranged from 40% to 60% compared
to the control group (Figure 3). Treatment with pirfenidone/
m did not affect collagen and hyaluronan levels of major
healthy organs (Supplementary Figure S4). Therefore,
pirfenidone/m can effectively normalize the TME, reducing
drastically the required dose of free pirfenidone.

Pirfenidone/m Enhance Drug Delivery and Antitu-
mor Efficacy of Immunotherapy. Subsequently, we
examined the capacity of pirfenidone/m to enhance drug
delivery and the antitumor effectiveness of immune checkpoint
inhibitors (ICIs). BALB/c mice bearing 4T1 tumors were
pretreated with either pirfenidone/m (10 mg/kg, iv.) or
control for 6 days and then administered an intravenous
injection of DiR-labeled pirfenidone-free micelles of the same
composition. Pretreatment with pirfenidone led to an
improved and more uniform accumulation of DiR-labeled
micelles and fluorescent immunotherapy in the tumor site
(Supplementary Figures S5—S7), affirming that TME normal-
ization induced by pirfenidone/m can enhance drug delivery.

Then, we explored the antitumor efficacy of ICIs combined
with the pirfenidone/m. For this and subsequent experiments,
the 10 mg/kg dose of pirfenidone/m was employed. Initially,
we investigated the ability of pirfenidone/m to sensitize the
TME to immune checkpoint inhibition by altering PD-L1
levels (Supplementary Figure S8). No significant changes were
observed after pirfenidone/m treatment compared to the
untreated group. To examine the combined effect of
pirfenidone/m with ICIs, animals were treated with control
solution (anti-IgG, H,O), pirfenidone/m, ICIs cocktail (S mg/
kg anti-CTLA4, 10 mg/kg anti-PD-1), and combination
therapy of pirfenidone/m and ICIs (Figure 44, Supplementary
Figure S9A, Supplementary Figure S10A). Immunotherapy
alone had no antitumor effects, but treatment with
pirfenidone/m potentiated anti-CTLA4/anti-PD-1 therapy in
both tumor models in terms of significant reduction in tumor
volume and mass (Figure 4B—D, Supplementary Figure S9B—
D, Supplementary Figure S10A). Additionally, immunotherapy
alone had no effect on tumor elastic properties measured with
SWE compared to the control group and did not affect the
elastic modulus of the groups treated with pirfenidone/m

(Figure 4E, Supplementary Figure SOE, Supplementary Figure
S10A). Also, we examined the effect of various treatments on
the cancer-associated fibroblast (CAF) population and activity,
which could result in a decrease in tumor elastic properties
through remodeling of the extracellular matrix (Supplementary
Figure S11). The combination of pirfenidone/m and ICIs
decreases (not with a statistical significance) the population
and activity of CAFs. Lastly, we explored the effect of the
combined treatment on the coverage of blood vessels by
pericytes (Figure 4F—H), which is an indicator of vascular
normalization. In contrast with host tissue, in tumors the
absence of pericyte coverage leads to increased vessel
permeability and decreased drug delivery. Interestingly, we
found that ICI alone or in combination with pirfenidone/m
significantly increases the pericyte coverage in 4T1 tumors
(Figure 4G) without causing any effect on the overall count of
vessels (Figure 4H).

Inclusion of Pirfenidone/m to ICI Treatment Enhan-
ces T Cell Infiltration. As tumor perfusion correlates with
heightened immune cell infiltration and activity, we aimed to
investigate whether the robust antitumor responses observed
with pirfenidone/m in combination with ICIs are dependent
on the levels of tumor immunogenicity. Flow cytometry
analysis revealed that immunotherapy treatment increases the
ratio of cytotoxic CD8" T cells to immunosuppressive
regulatory T cell (Tregs) (Figure SA—D, Supplementary
Figure S12). We also performed immunofluorescence staining
for the pan T cell marker, CD3, in the 4T1 tumors treated with
pirfenidone/m, ICI, or their combination and found that only
the combination could significantly increase intratumoral T
cell levels, particularly at the tumor center (Figure 6A,B,
Supplementary Figure S13). Adding to this, we also
demonstrated that these T cells accumulate close to blood
vessels, as indicated by the overlapping fluorescence signal of
the endothelial markers CD31 and CD3 (Figure 6C,D),
suggesting that restoring vessel functionality with pirfenidone
primes the TME for immunotherapy. Additionally, ICI
treatment increased the intratumoral recruitment of prolifer-
ative cytotoxic CD8" T cells, whereas the combination of ICI
with pirfenidone/m increased CD8" T cell density (Figure
6E—G). Levels of Tregs do not change over any treatment,
suggesting that the immunotherapy effect is primarily depend-
ent on the CD8" T cell population (Figure SD). Furthermore,
ICI treatment reduces intratumoral levels of immunosuppres-
sive MDSCs, while the combination with pirfenidone/m
enhances this effect (Figure SE). ICI treatment does not
affect overall macrophage levels but reverts their immunosup-
pressive phenotype as indicated by the reduction in M2-like
phenotype (CD38~ CD206") and upregulation of antitumor
M1-like phenotype (CD38" CD206~) (Figure SF—H).

Pirfenidone/m and Immunotherapy Combination
Enhances Overall Survival and Triggers Immunological
Memory. Our data strongly suggest that the combination of
pirfenidone/m with ICIs improves the therapeutic outcomes.
To investigate whether this synergy correlates also with
improved survival, we surgically removed primary tumors
following the completion of the treatment protocol. The goal
was to evaluate animal survival in the presence of potential
spontaneous metastases that develop during the course of
treatment. We found that the combined treatment of
pirfenidone/m and ICI cocktail significantly extended the
survival of mice in both cancer cell lines, whereas ICI alone
had no effect (Figure 7A,B). Particularly, for the E0771
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Figure 7. Combination of pirfenidone/m and immunotherapy improves overall survival of mice and induces immunological memory.
Kaplan—Meier survival curves for the various treatments considered in (A) E0771 and (B) 4T1 tumors. Statistical analysis was performed by
a log-rank test (Mentel—-Cox) comparing pirfenidone/m-ICI combination with all other treatment groups. On day 100, survivors of the
pirfenidone/m-ICI (n = 10) group were rechallenged with § X 10* E0771 cells in the site opposite to the first injection. A group of naive
mice of the same age was challenged in parallel to serve as a control. On day 150, mice that remained tumor-free and a group of naive mice
were simultaneously exposed to the irrelevant MCA205 fibrosarcoma cell line (2.5 X 10° cells) through injection in the leg muscle.
Individual growth curves of (C) naive mice (D) pirfenidone/m-ICI group challenged with E0771 (left) and MCA205 (right) tumor cells.

The count of mice free from tumors is also depicted in each study.

tumors, all mice receiving the combinatorial treatment
survived. On day 100, all surviving mice from the
pirfenidone/m+ICI along with a group of eight naive mice
were challenged with E0771 cells (Figure 7CD). As
anticipated, all mice in the naive group did not survive, while
the mice in the combination treatment group -effectively
rejected E0771 cells. Tumor-free mice were challenged again
on day 150 with an injection of 2.5 X 10° cells from the
unrelated MCA205 fibrosarcoma cancer cell line. In parallel, a
group of naive mice was subjected to the same challenge.
Notably, none of the mice in either group managed to reject
this irrelevant tumor cell line, highlighting the tumor antigen
specificity of the acquired long-term immune memory (Figure
7C,D). Nonetheless, in the pirfenidone/m-ICI group, the
tumor growth of fibrosarcoma cancer cells was slower
compared to naive mice.

CONCLUSIONS

It has been widely accepted that abnormalities in the TME
hinder therapeutic efficacy. In particular, fibrotic tumors, such
as breast and pancreatic cancers and sarcomas are resistant to
chemo- and immunotherapy because of physical or mechanical
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abnormalities that interfere with drug delivery and immune cell
function.”'"**** Determination of the causes of mechanical
forces on tumor blood vessels and the consequences of blood
vessel collapse on cancer treatment led”'* toward the
development of the mechanotherapeutic class of drugs.
Importantly, the losartan study led to a phase II clinical trial,
which concluded that when losartan is combined with
FOLFIRINOX, 60% of unresectable pancreatic tumors
become eligible to be resected, thereby making it a “potentially
curable” treatment.” These successes demonstrate the clinical
potential of mechanotherapeutics to improve cancer therapy,
rendering losartan as the “gold standard”.

However, because of the potent antihypertensive properties
of losartan, other drugs with mechanotherapeutic properties
are being tested in clinical trials, such as the antihistamine
ketotifen (EudraCT number: 2022-002311-39). In addition,
incorporation of the drug in a nanoparticle formulation can
significantly improve its pharmacokinetic properties and, thus,
improve safety of administration by reducing its required dose.
Here, we developed and thoroughly tested in mouse breast
tumor and fibrosarcoma models the efficacy of a nano-
formulation of pirfenidone. We found that encapsulation of
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pirfenidone in a polymeric micelle could be equally effective to
the free agent at a 50- to 100-fold reduced dose. Pirfenidone is
an approved drug for idiopathic pulmonary fibrosis, and
reducing the required pirfenidone dose to modulate the TME
by 100-fold can significantly improve the therapeutic window
of the drug. We should note that the pH release of pirfenidone
is only marginal, which is due to the small number (6) of the
pH-responsive DEAEMA moieties that are present within the
backbone of the [BzMA;4-co-DEAEMA]-b-HEGMAg, copoly-
mer chains, which are randomly distributed within the
BzMA;4-co-DEAEMAg core-forming copolymer segment. Con-
sequently, by increasing the number of the DEAEMA groups,
it is expected that the pH effect will become more
pronounced.*

Further establishing the use of mechanotherapeutics in
cancer therapy requires monitoring their effects during
treatment for the development of patient-specific treatment
strategies. Toward this direction, we showed the ability of
ultrasound imaging, particularly, shear wave elastography for
monitoring changes in tissue stiffness and contrast-enhanced
ultrasound for monitoring the degree of tumor perfusion, to
determine the proper dose of pirfenidone and the duration of
treatment prior to administration of ICIs. This work
compliments previous research for the use of atomic force
microscopy to determine changes in tissue mechanical
properties during mechanotherapeutic treatment by taking
tumor biopsies at different time points.’® Ultrasound imaging,
however, has the advantage of being not invasive; it can be
more easily processed, and ultrasound elastography is already
employed for diagnosis of other diseases, such as liver fibrosis.
In addition, testing the effects of the pirfenidone/m in other
models of cancer, such as transgenic or PDX models, could
further confirm its efficacy to reprogram the TME and assist its
clinical translation. In conclusion, our study demonstrates the
promise of the use of nanotechnology and ultrasound imaging
to consolidate mechanotherapeutics for the patient-specific
treatment of fibrotic tumors.

METHODS/EXPERIMENTAL

Cell Culture. The 4T1 (ATCC CRL-2539) and E0771 (94A001,
CH3 BioSystems) breast adenocarcinoma cell lines were maintained
in Dulbecco’s modified Eagle medium (DMEM, LM-D1109, Biosera)
and Roswell Park Memorial Institute medium (RPMI-1640, LM-
R1637, Biosera), respectively, and supplemented with 10% fetal
bovine serum (FBS, FB-1001H, Biosera) and 1% antibiotics (A595S,
Sigma). Cell lines were preserved in 5% CO, at 37 °C. MCA20S
fibrosarcoma cells (SCC173, Millipore) were cultured in RPMI-1640
(LM-R1637, Biosera) containing 2 mM L-glutamine (TMS-002-C,
Sigma-Aldrich), 1 mM sodium pyruvate (TMS-005-C, Sigma-
Aldrich), 10% FBS (FB-1001H, Biosera), 1X nonessential amino
acids (TMS-001-C, Sigma-Aldrich), 1% antibiotics (AS9SS, Sigma),
and 1X f-mercaptoethanol (ES-007-E, Sigma).

Drugs and Reagents. Drugs. Pirfenidone (Esbriet, Roche
Pharmaceuticals, Switzerland) was dissolved in deionized water
upon heating at 60 °C for 30 min. The immune checkpoint inhibitors
mouse monoclonal anti-PD-1 antibody (CD279, clone RMP1-14)
and mouse monoclonal anti-CTLA-4 antibody (CD152, clone 9D9)
were purchased from BioXCell and diluted in InVivoPure pH 7.0
dilution buffer.

Reagents. Aluminum oxide activated (Sigma-Aldrich) and CaH,
(Merck, 99.9%) were used as received. Benzene (Fluka, >99.5%) and
ethyl acetate (Scharlau) were stored over CaH, and distilled before
polymerizations. Ethanol (Sharlau, 96%), n-hexane (LabScan, 99%),
phosphate buffer saline (PBS, Biosera, 10X), and deuterated
chloroform CDCl; (Sharlau, 99.8 atom % D) were used as received.

Hexa(ethylene glycol) methyl ether methacrylate (HEGMA,
Sigma-Aldrich) was initially diluted in tetrahydrofuran (THEF,
HPLC grade, Scharlau), and the resulting solution was then passed
through a basic alumina column for purification. THF was removed
under reduced pressure (Heidolph rotary evaporator), and HEGMA
was recovered and used in the polymerization processes, without
employing additional purification steps. 2-(Diethylamino)ethyl
methacrylate (DEAEMA, 95%, Sigma-Aldrich) was initially passed
through basic alumina, stored over CaH,, and distilled under vacuum
at 50 °C before polymerizations. Benzyl methacrylate (BzMA, 96%,
Sigma-Aldrich) was stored over CaH, and bubbled with high-purity
N, gas for 30 min immediately prior to the polymerization reaction.
2,2'-Azobis(2-methylpropionitrile) (AIBN, 95%, Sigma-Aldrich),
which was employed as the radical initiator, was purified by
recrystallization in ethanol. The recrystallization process was
performed twice. 2-Cyano-2-propyl benzodithioate (Cyano-CTA,
>97%, Sigma-Aldrich) was employed as the chain transfer agent
(CTA) without further purification.

Pirfenidone (Esbriet capsules, 267 mg) was recrystallized prior to
use as follows: Esbriet powder (0.3192 g) was placed in a 25 mL
round-bottom flask followed by the addition of ethanol (16 mL) and
stirring for 7 days at room temperature under dark conditions. The
resulting solution was filtered to remove the insoluble solids.
Afterward, the filtrate was transferred into a 25 mL round-bottom
flask, and the solvent was removed using a rotary evaporator. A pale-
yellow oil was produced, which was placed in a vacuum oven for 4 h
to dry, resulting in a white-yellow powder.

Polymer Synthesis and Characterization. Polymer synthesis
was performed using reversible addition—fragmentation chain transfer
(RAFT)-controlled radical polymerization. RAFT is a highly versatile
polymerization method enabling the facile synthesis of polymers of
various chemical compositions and architectures having well-defined
structural characteristics.”’ > The synthesis of the targeted [BzMA,-
co-DEAEMA ]-b-HEGMA, diblock copolymer involved two steps.
Initially, a BzMA,-co-DEAEMA, random copolymer was prepared
bearing hydrophobic/aromatic BzZMA moieties combined with pH-
responsive DEAEMA units. The aforementioned random copolymer
was further used as a macro-CTA for HEGMA to obtain the [BzMA,-
co-DEAEMA, ]-b-HEGMA, functional diblock copolymer.

The chemical structure of the produced polymers prepared in this
study was verified by "H NMR spectroscopy using an Avance Bruker
500 MHz spectrometer. '"H NMR spectra were recorded in CDCl,.
Tetramethylsilane (TMS) was used as an internal standard. Their
number-average molar mass (M;"C) was determined by size exclusion
chromatography (SEC) using Styragel HR 3 and Styragel HR 4
columns (Polymer Standards Service. The calibration curve used was
based on poly(methyl methacrylate) (PMMA) standards.

1. Synthesis of BZzMA,-co-DEAEMA, Random Copolymer. Cyano-
CTA was placed in vacuo for S min prior to use. In a 100 mL round-
bottom flask maintained under an inert atmosphere (N,, 99,999%),
Cyano-CTA (147.1 mg, 0.665 mmol) and AIBN (33.8 mg, 0.206
mmol) were dissolved in freshly distilled ethyl acetate (38 mL). The
monomers DEAEMA (2.67 mL, 13.3 mmol) and BzMA (9.0 mL, 53.2
mmol) were transferred into the flask, and the resulting solution was
degassed by performing three freeze—evacuate—thaw cycles. This was
followed by heating at 65 °C for 21 h. The polymerization was
stopped by leaving the solution to cool at RT. The random
copolymer, the chemical structure of which is provided in
Supplementary Figure S14 (9.67 g, 82% polymerization yield, M3=C:
7538 g mol ™', orange color), was precipitated in n-hexane and left to
dry in vacuo for 24 h. '"H NMR (500 MHz, CDCL,): § (ppm) =
0.724—0.914 (b, b’, 3H, br), 1.327—1.952 (a, a’, 2H, br), 3.031—
3.058 (e, 4H, br), 3.242—3.302 (d, 2H, br), 4.878 (c’, 2H, br), 5.195
(¢, 2H, s), 7.260—7.376 (g—k, SH, s).

2. Synthesis of [BzMA,-co-DEAEMA,J-b-HEGMA, Diblock Copoly-
mer. Chain growth of the initially prepared BzMA,-co-DEAEMA,
random copolymer was realized by adding HEGMA. The procedure
followed for the synthesis of the [BzMA,-co-DEAEMA, ]-b-HEGMA,
diblock copolymer is as follows: The macro-CTA, [BzMAj4-co-
DEAEMA] (M€ = 7538 g mol™, 1.50 g, 0.20 mmol), was placed in

https://doi.org/10.1021/acsnano.3c03305
ACS Nano 2023, 17, 24654—24667


https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c03305/suppl_file/nn3c03305_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c03305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

a 50 mL round-bottom flask, and benzene (14 mL) was added under
an inert atmosphere. AIBN (10 mg, 0.062 mmol) dissolved in
benzene and HEGMA (5.37 g, 0.0179 mmol) were then transferred
into the flask. The reaction mixture was degassed by three freeze—
evacuate—thaw cycles and heated at 65 °C for 21 h. The reaction was
stopped upon cooling at RT. The obtained solution was condensed
using a rotatory evaporator, and the produced diblock copolymer (the
chemical structure of which is provided in Supplementary Figure S14,
6.17 g, 87% polymerization yield, M5°C: 31685 g mol™', pink color)
was precipitated in n-hexane and dried in a vacuum oven overnight.
"H NMR (500 MHz, CDCL,): § (ppm) = 0.720—1.015 (b, b’, b”, 9H,
br), 1.720—1.879 (a, o/, a”, 6H, br), 2.153—2.206 (d, ¢, 6H, s), 3.377
(n, 3H, s), 3.648 (m, 1, 4H, s), 4.078 (c’, 2H, br), 4.891 (c, 2H, s),
7.276—7.356 (g—k, SH, s).

3. Preparation of Diblock Copolymer Micellar Nanocarriers.
3.1. Preparation of Pirfenidone-Loaded [BzMA;4-co-DEAEMAG]-b-
HEGMAg, Micelles. The diblock copolymer [BzMA;¢-co-DEAEMA]-
b-HEGMAg, (MW = 31685 g mol™, 75 mg, 0.0022 mmol) was
placed in a glass vial (20 mL) with a screw cap, and it was left to
dissolve in PBS (15 mL) under stirring conditions at RT.
Subsequently, the solution was filtered twice by using a filter paper.
Recrystallized pirfenidone (9 mg, 0.0485 mmol) was mixed with the
diblock copolymer micellar solution, and the mixture was placed in
the ultrasonic bath for 1 h, followed by stirring at RT in dark
conditions. Subsequently, the mixture was filtered using a 0.45 um
cellulose acetate filter, and the filtrate (8 mL) was dialyzed (Slide-A-
Lyzer dialysis membrane with a molecular cutoff of 2 kDa) against
PBS (1.2 L) to remove any unbound pirfenidone drug. Pirfenidone
loading % was determined by means of UV—vis spectrophotometry by
recording the UV—vis spectrum of the micellar solution that was
recovered after dialysis, at 310 nm (corresponding to pirfenidone).
The concentration (and thus the mass) of the encapsulated
pirfenidone was determined using the pirfenidone calibration curve
(Supplementary Figure S15). This was divided by the initial mass of
pirfenidone (9 mg) that was added in the micellar solution (ie., %
loaded pirfenidone = [mass of the encapsulated pirfenidone/initial
mass of pirfenidone] X 100), and it was found to be in the range of
90—95%.

3.2. Drug Release Kinetic Studies. The pirfenidone-loaded micellar
solution prepared in PBS (pH = 7.2—7.4) that was placed in a dialysis
cassette was immersed into (a) PBS solution (pH = 7.2—7.4) and (b)
slightly acidic aqueous solution (pH = 6). It was then removed from
the cassette at specific time intervals, and after measuring its
absorbance (310 nm), it was returned back to the cassette. The
process was completed within 3 h.

3.3. Preparation of Pirfenidone/DiR-Loaded [BzMA;s-co-DEAE-
MAg]-b-HEGMAgq Micelles. Pirfenidone and the fluorescence imaging
agent 1,1’-dioctadecyltetramethyl indotricarbocyanine iodide (DiR)
were loaded into the [BzMA;4-co-DEAEMAG]-b-HEGMAy, diblock
copolymer micelles.* Initially, the block copolymer (75 mg) was
dissolved in acetone (12 mL) followed by the addition of pirfenidone
(9 mg, 0.0485 mmol). Subsequently, DiR (3 mL from stock solution
prepared in acetone, solution concentration: 0.25 g L™') and PBS (15
mL) were added, and the resulting mixture was left to stir overnight in
dark conditions at RT, allowing the acetone to evaporate. Insoluble
DiR and pirfenidone were removed by centrifugation at 1000g for 10
min. The aqueous micellar solution was passed through a cellulose
acetate filter (0.45 ym). Unbound DiR and pirfenidone were removed
by ultrafiltration in PBS using a Slide-A-Lyzer dialysis tube (molecular
cutoff 2 kDa). Both DiR and pirfenidone loading concentrations were
determined by recording the UV—vis spectrum of the micellar
solution at 750 nm (corresponding to DiR) and 310 nm
(characteristic absorption wavelength of pirfenidone), respectively,
using the corresponding calibration curves (Supplementary Figure
S15).

Micellar Concentration and Size. The concentration and size
distribution of free micellar particles were measured by TRPS using a
qNano gold instrument (IZON Science, Oxford, UK). The
instrument was set up and calibrated according to the manufacturer’s
recommendations. The nanopore membrane NP80 (size range of 40—

250 nm) was used and was axially stretched to 47.00 mm. For
calibration, CPC100 polystyrene beads (1:1000) (IZON Science,
Oxford, UK) were used. The apparatus for both calibration and
sample measurements was operated at a voltage of 0.76 V and a
pressure equivalent to 20 mbar. Data processing and analysis were
performed using the Izon Control Suite software v2.2 (IZON Science
Ltd., Oxford, UK).

In Vitro Cytotoxicity of Pirfenidone-Loaded Micellar
Particles. Cell viability was measured using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Al-
drich, USA) colorimetric assay following the manufacturer’s
recommendations. 4T1 cells were plated in a 96-well plate at a
density of 1.5 X 10* cells/well. After 24 h, cells were treated in
triplicate with different concentrations of free and pirfenidone/m.
DMSO was used as a negative control. Treatments were tested at
three different time points: 6, 24, and 48 h. At the end of each
treatment, 10 yL of MTT was added into each well. After 3 h of
incubation at 37 °C the formazan crystals formed were dissolved in
100 uL of DMSO (Sigma-Aldrich, USA), and the absorbance was
measured at 570 and 690 nm using a Multiskan FC microplate
photometer (Thermo Fisher Scientificc, USA). The background
absorbance at 690 nm was subtracted. Cell viability was expressed
as a percent compared with the untreated control.

Syngeneic Tumor Models and Treatment Protocols.
Pirfenidone Dose Response Studies. The syngeneic orthotopic
murine breast cancer model was generated by injecting 40 L of a 5 X
10* 4T1 cell suspension in serum-free medium into the third
mammary fat pad of 6—8-week-old female BALB/c mice. Upon
reaching an average volume of 150 mm?® mice were randomly
assigned to five groups (n = 8 per group) as follows: control (H,O,
oral gavage), free pirfenidone S00 mg/kg (oral, gavage), free
pirfenidone S mg/kg (intravenous injection, iv.), pirfenidone/m $§
mg/kg (iv.), and pirfenidone/m 10 mg/kg (i.v.). Mice were treated
with pirfenidone daily for 5 days.

Antitumor Activity of Inmunotherapy in the Orthotopic Breast
Tumor Models. Syngeneic, orthotopic tumor models were established
through implantation of either § X 10* 4T1 or 5 X 10* E0771 murine
breast cancer cells in 40 yL of medium without serum into the
mammary fat pad of 6-week-old female BALB/c and C57BL/6 mice,
respectively. When tumors reached an average size of 150 mm?®, mice
were randomized in the following groups (n = 10 per group): H,0/
IgG (control group, ip.), pirfenidone/m (10 mg/kg, iv.), immune
checkpoint inhibitors-ICI (cocktail of anti-PD-1, 10 mg/kg, and anti-
CTLA-4, S mg/kg, i.p.), and pirfenidone/m+ICI. Mice were treated
with pirfenidone/m for 3 days (ie, on days 10, 11, and 12
postimplantation of cancer cells). The ICI cocktail and IgG isotype
control were given every 3 days following pretreatment with
pirfenidone/m (ie., days 13, 16 and 19). Mice received a second
cycle of pirfenidone/m injections on days 14, 15, 17, and 18.
Fibrosarcoma tumors were generated by inoculating female and male
C57BL/6 mice at 6 weeks of age (equal number) with 2.5 X 10°
MCA205 cells in SO uL of serum-free medium into the leg muscle.
When tumors reached an average size of 150 mm®, mice were
randomized in the groups described previously (n = 10 per group).
Mice were treated with pirfenidone/m for 3 days (i.e,, on days 8, 9,
and 10 postimplantation of cancer cells). The ICI cocktail and IgG
isotype control were given every 3 days following pretreatment with
pirfenidone/m (i.e., days 11, 14, and 17). Mice received a second
cycle of pirfenidone/m injections on days 12, 13, 15, and 16. Two
days after completion of the treatment protocol, primary tumors were
removed and stored for further analysis.

Mice E0771 Rechallenge. Assessment of immunological memory
in the pirfenidone/m-ICI study: Tumor-free mice from the
pirfenidone/m+ICI (n = 10) therapy group were rechallenged after
100 days from the initial tumor injection with E0771 cells in the
opposite mammary fat pad (left) and on day 150 with MCA20S
fibrosarcoma cells (2.5 X 10°) in the leg muscle. Naive C57BL/6 mice
of the same age were also subcutaneously injected with MCA205 or
E0771 tumor cells to serve as a control.
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The planar dimensions (x, y) of the tumors were monitored every 2
or 3 days using a digital caliper, and tumor volume was estimated
from the volume of a sphere with a diameter equal to the average of
planar dimensions. Animal survival was quantified based on the time
of death after initiation of treatment.'* All in vivo experiments were
approved and licensed by the Cyprus Veterinary Services (CY/EXP/
PR.L2/2018, CY/EXP/PR.L14/2019, CY/EXP/PR.L15/2019).

Statistical Analysis. Data are presented as means with standard
errors. Groups were compared using one-way or two-way ANOVA
with a Dunnett test for multiple comparisons to study statistical
significance. Only statistically significant differences along with the
exact P values are displayed in the figures. A P value less than or equal
to 0.05 was considered statistically significant.
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