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Improving the tumor reoxygenation to sensitize the tumor to radiation
therapy is a cornerstone in radiation oncology. Here, the pre-clinical develop-
ment of a clinically transferable liposomal formulation encapsulating trans
sodium crocetinate (NP TSC) is reported to improve oxygen diffusion through
the tumor environment. Early pharmacokinetic analysis of the clinical trial

of this molecule performed on 37 patients orient to define the optimal fixed
dosage to use in a triple-negative breast cancer model to validate the thera-
peutic combination of radiation therapy and NP TSC. Notably, it is reported
that this formulation is non-toxic in both humans and mice at the defined
fixed concentration, provides a normalization of the tumor vasculature within
72 h window after systemic injection, leads to a transient increase (50%
improvement) in the tumor oxygenation, and significantly improves the effi-
cacy of both mono-fractionated and fractionated radiation therapy treatment.
Together, these findings support the introduction of a first-in-class thera-
peutic construct capable of tumor-specific reoxygenation without associated

first identified mechanisms related to the
treatment activity. Indeed, it was dem-
onstrated that the killing of tumor cells
by radiation in well-oxygenated regions
is up to three times greater than in a
hypoxic portion of the tumor. In addition,
oxygen appears to be not only a sensitizer
through chemical reactions, but also a
trigger to some physiological and mole-
cular effects in the tumor. Low oxygen
levels within tumors result in hemody-
namic changes and provoke neoangio-
genic responses leading to leaky tumor
vasculatures, limiting the transport of
therapeutics into the tumor.~!

As a result, many approaches to circum-
vent the therapeutic resistance induced
by hypoxia have been examined through

toxicities.

1. Introduction

Hypoxia is the hallmark of many tumors’ malignancies,
supporting carcinogenesis as well as resistance to radiation
therapy and many other anticancer therapies.!=3] In radiation
oncology, the radiobiological effect of oxygen was one of the

various clinical trials, such as the use
of hyperbaric oxygen,®l exogenous red
blood cell transfusions,””! systemic eryth-
ropoietin,” and nanoscale hemoglobin-based oxygen car-
riers (HBOCs)™ that accumulate in the perivascular spaces
of tumors by the enhanced permeability and retention (EPR-)
effect.'23] None of these approaches, however, have led to reli-
ably successful clinical results to date, with the exception of
several antiangiogenic agents targeting the tumor vasculature
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either by preventing the formation of new blood vessels or
by selectively damaging the abnormal blood vessels within
tumors.[>]

Several studies have demonstrated that these agents could
induce a normalization of the tumor vasculature, producing
improvements in tumor perfusion and decreasing the inter-
stitial pressure. The use of vascular-targeted agents to improve
tumor oxygenation during radiotherapy and to increase the
delivery and efficacy of anticancer drugs have offered great
promise and substantial clinical benefits.[!!

However, given the limited efficacy and significant
off-target toxicities observed with the aforementioned therapies,
we focused our efforts on developing an approach that could
improve the diffusion of oxygen within the deeper part of the
tumor. Originally developed in patients with acute respiratory
distress syndrome (ARDS) in the context of SARS-COV2,1!® the
liposomal nanoparticles encapsulating trans sodium crocetinate
(NP TSC) demonstrated an improvement of the oxygen diffu-
sion without associated toxicities; TSC is a kosmotropic agent
enhancing systemic oxygen diffusion along a diffusion gradient
in water and plasma based on its ability to alter the structure
of water in plasma, causing additional hydrogen bonds to form
in the water.'”2!l The encapsulation approach also enables the
improvement of the circulation time of TSC in the blood to
prolong its reported efficacy.?224 Currently being evaluated in
Phase III clinical trial in ARDS, we sought to evaluate the NP
TSC formulation in the context of cancer research to decrease
the tumor hypoxia levels. In this context, we studied a triple
negative breast cancer (TNBC) model; a tumor type well known
for its high proliferation status providing extensive tumor
growth with large hypoxic regions and active neoangiogenic
development.

To advance this NP TSC formulation as a companion to
external radiation therapy, we hypothesized that NP TSC would
provide an adapted circulation time of the free TSC in the body
i) to penetrate the tumor by EPR effect, and ii) to provide an
adequate temporal window of reoxygenation within the tumor
to enhance the efficacy of the external radiation therapy. The
results presented here support the development of a therapeutic
molecule that displays no toxicities at the defined fixed
concentration, selective tumor uptake, and, when combined
with localized radiation therapy, acts as a radiosensitizer by tran-
siently reducing the amount of hypoxia levels within the core of
the tumor to result in an enhanced radiation therapy effect.

2. Results and Discussion

2.1. Systemic Injection of a Fixed Dose of NP TSC Displays
Minimal Off-target Toxicities in Mice and Humans

The NP TSC used in this study (Figure S1, Supporting Informa-
tion) is currently being investigated in the context of COVID-19
as a reoxygenation molecule (Figure S2, Supporting Informa-
tion). Thanks to this ongoing clinical trial (NCT04378920), we
performed pharmacokinetic (PK) population modeling and sim-
ulation demonstrating that a fixed dose of NP TSC given every
12 h was comparable to a dose based on the patient’s weight
(i-e., 300 mg of encapsulated TSC, 2.62 g of phospholipids,
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every 12 h versus an adjusted dosage of 2.5 mg kg™ of NP
TSC every 24 h with or without an initial boost of 5 mgkg™).
Indeed, the pharmacokinetic parameters of the fixed
concentration (300 mg of NP TSC every 12 h) were within the
margins of both dose-adjusted dosages and above the minimum
threshold of activity in the blood that was preliminary deter-
mined as the target concentration to achieve (49 ug.mL™! of NP
TSC), (Figure 1A-D, Figure S3, Supporting Information). As
the fixed-dose PK profile was within the margins of error of the
dose-adjusted approach, confirming the rationale to switch to
this methodology of treatment, we, therefore, selected this con-
centration and dosing schedule to be used for this study.

However, the dose-limiting toxicity of the NP TSC formu-
lation was linked to liver toxicities occurring at high doses in
the phase I study. At the aforementioned recommended dose,
no major toxicities directly linked to the systemic injection NP
TSC were reported over 5 days of treatment, with the excep-
tion of transient toxicities in the liver (grade 3 hepatic biology
increase; Figure S4, Supporting Information) inherent to the
large quantities of administered liposomes. All the liver toxici-
ties fully recovered at the interruption of the treatment.l’!

To repurpose this molecule as a companion drug for radia-
tion therapy to act as a radiosensitizer, we translated these
300 mg fixed NP TSC doses to a pre-clinical concentration
equal to =0.5 mg for a mouse (based on the abacus “mouse to
human” provided by the US Food and Drug Administration
(FDA)). The PK profile of the NP TSC was similar to those
previously reported at lower concentrations of NP TSCs®
(Figure 1E,F) for a single administration and confirmed the
improvement of TSC circulation in the body in comparison
to the free formulation (TSC only intravenous (i.v.) injection
administered at the same concentration). At 0.5 mg, no acute
nor chronic toxicities were observed in healthy nude mice after
one i.v. injection per day for five consecutive days (Figure S5,
Supporting Information), as well as no modification of their
body weight (Figure S6, Supporting Information). These find-
ings confirmed the safety profile of this NP TSC concentration
at the pre-clinical level.

2.2. Cellular Morphologic Changes of Endothelial Cells
and Their Permeability is Linked to the Reoxygenation
Properties of NP TSC
Based on previously reported data for liposomes,?®%’] we
expected =5% of the injected dose per gram (%ID/g) of the
previously determined 0.5 mg of NP TSC to effectively reach
the tumor. Using this previous data, we estimated the basal
level of in vitro activity of the NP TSC should be observed at
=25 pg mL™ of NP TSC (i.e., 76 uM of TSC). We first sought
to validate the reoxygenation properties of the NP TSC on
endothelial cells (HUVECs), as these cells would be the first
impacted by the presence of NP TSC and free TSC in the tumor
microenvironment. This decision is not only based on the
usual passive targeting route used by liposomes to enter solid
tumors, but also on the fact that the vast majority of NPs tend
to penetrate the tumors through endothelial cells.[?®!

We treated the HUVECs with various concentrations of
NP TSC over 72 h to determine their toxicity (Figure 2A). The

© 2023 The Authors. Small published by Wiley-VCH GmbH

85U8017 SUOWILLOD BAIRS1D) 8|qedljdde ays Aq peusenob a1e S3jo e VO ‘88N JO S3INJ 10} ArIq1T BUIUO AB]1/M UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M Afelq 1 [oul|UO//SARY) SUORIPUOD pUe SWid | 8y} 89S *[£202/70/8T] U0 Ariqiauluo A |IM 9 L Aq T96502202  1IWS/200T OT/I0p/W0D" A8 | M AReuq| U Juo//Sdny WOy papeo|umoq ‘2T ‘€202 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

A S B 2.5 mg/kg/24h of NP TSC C 300 mg/12h of NP TSC
i.v.injection
- 60 <60
£ £
D D
ﬁ\ 240 240
O O
%] 1%}
=20 =20
2.5 mg/kg/24h «— g g
of NP TSC = 5 2 F ool . .
5 mglkg + Fixed 300 mg/12h 6 12 18 24 c 3 6 9 12
2.5 mglkg/24h of NP TSC Time after injection (h) Time after injection (h)
of NP TSC
D 2000 150 25
4
o
£
< 1000
&
=]
< 0
s]
q\\&\
NN
>
‘1:9 ,{lfp
NS
&
)
E

i.v. injection

Conversion to
fixed 0.5 mg NP TSC

§ - .

- --0.5mg free TSC
£ 15 < 0.5mg NP TSC
D
210
“» -\

F 5

S 3o
L2 0 5 10 15

injection Time after injection (h)

Figure 1. Determination of the pre-clinical fixed concentration of NP TSC based on preliminary clinical studies. A) Three cohorts (2.5 mg.kg™'/day,
n=6; 5 mg.kg™ + 2.5 mg.kg”'/day, n = 6; 300 mg/12 h n =12) of patients were i.v. infused with NP TSC. B) Pharmacokinetic analysis was performed
and analyzed over 24 h for the weight-adjusted NP TSC cohort (merged of the 2 cohorts without including the loading dose of 5 mg.kg™") and C) fixed
concentration NP TSC cohort. Data are represented as mean (solid line) + std (grey area). D) Pharmacokinetic parameters confirmed that the fixed
dose is within the margins of both dose-adjusted cohorts. P-value < 0.05, one-way ANOVA with post-hoc Bonferroni. E) The conversion of NP TSC
concentration from human to mouse enabled to determine a fixed pre-clinical concentration of NP TSC equal to 0.5 mg of TSC. F) At this concentration,
the NP formulation significantly improves the circulation time of the TSC in comparison to the free TSC i.v. administered at the same concentration.

Data are represented as mean (solid line) £ std (shade).

observed ICy, was calculated as =100 pg.mL™ and the ICs, is
equal to 218 ug.mL™! at 72 h post-treatment. To perform the
reoxygenation studies, the HUVECs were cultivated overnight
under normoxic (20% O,) or hypoxic (1% O,) conditions before
treatment with various concentrations of NP TSC. An almost
complete reoxygenation was observed after treatment under
hypoxic conditions, with a plateau of reoxygenation (17% of
PO,) observed from 50 pg.mL™! of NP TSC after 48 h of incu-
bation (Figure 2B), which remains above the minimal targeted
plasmatic concentration in humans (49 pug.mL™).® As such,
we selected 75 pg.mL™ of NP TSC as our baseline concentra-
tion for the remaining studies on the HUVECs to ensure a
complete reoxygenation effect.

We further aimed to validate the impact of the reoxygena-
tion properties of the NP TSC to aid in the permeabilization
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of the endothelial cell layer. First, we identified that after 6, 24,
and 48 h of treatment at 75 ug.mL™! of NP TSC, the size and
the shape of the HUVECs did not differ from the untreated
HUVECs under normoxic conditions. Interestingly, after 48 h of
treatment with the NP TSC under hypoxic conditions, the size
of the HUVECs tended to be similar to those in normoxic condi-
tions and significantly larger than the untreated hypoxic control
cells (Figure 2C). In addition, the HUVECs were more viable
after 48 h of incubation in hypoxic conditions after being treated
with NP TSC than without treatment (Figure S7, Supporting
Information). This increase in the size of the HUVECs upon
treatment with the NP TSC was also confirmed when we
studied the permeability of the endothelial cell layer (Figure 2D).
To validate the permeabilization of the endothelial cell layer, we
treated them either in normoxic or hypoxic conditions using a
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Figure 2. Reoxygenation of the endothelial cells (HUVECs) using NP TSC. A) The NP TSC is nontoxic to HUVECs with an ICyy equal to =100 pug.mL™
at 72 post-treatments. B) A plateau of reoxygenation is observed from 50 pug.mL™". C) NP TSC (75 pug.mL™") allows the restoration of HUVECs under
hypoxic conditions over time (n = 3 per condition). Magnification 40X, scale bar = 20 um. Data are represented as mean * std. D) The treatment of
HUVECs with NP TSC (75 pg.mL™) enables to decrease the endothelial permeability under hypoxic conditions (n =3 per condition). Statistical analyses
were performed using a two-tailed t-test, * indicates a p-value <0.05.

well-chamber. FITC-dextran was then added on top of the cell —upon treatment with NP TSC, confirming the size increase
layer and the total amount that leaked through the cell layer was  of the HUVECs upon treatment leading to a decrease of the
quantified over time. While no differences in terms of FITC-  permeability of the endothelial layer with the NP TSC under
dextran leakage was observed between non-treated and NP TSC-  hypoxic conditions. Altogether, these results suggest that the NP
treated cells in normoxic condition, a significantly decreased = TSC has a direct effect on the endothelial cells under hypoxic
amount of FITC-dextran was observed in hypoxic conditions  conditions and tends to restore their morphological shape.
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2.3. In Vitro Reoxygenation of Tumor Cells (Figure 3D). To note, no differences were observed between
Enables Radiosensitization the radiation group alone and the group combining NP TSC

+ radiation therapy in normoxic conditions, in contrast with
We then evaluated the radiosensitization properties of the the significant proliferation differences observed in hypoxic
NP TSC on TNBC cells (MDA-MB-231). As observed with the  conditions favoring the exposure to NP TSC to radiosensitize
HUVECs, we first validated that the NP TSC did not induce any  the tumor cells. We then validated that the treatment of the
toxicity to the cells (i.e., decrease of viability), with an IC5y in  cells with the NP TSC did not increase the basal level of yH2AX
MDA-MB-231 cells calculated as 485 pug.mL™ 48 h after treat-  foci in both normoxic and hypoxic conditions in MDA-MB-231
ment (Figure 3A). Similarly to the HUVECs, we observed that  cells (Figure 3D). This experiment was further extended and
the reoxygenation properties of the NP TSC are time- and validated to an additional cell type (A549) to confirm the
concentration-dependent (Figure 3B), with the first signs  versatility of the approach (Figures S8 and S9, Supporting
of reoxygenation observed at =24 h post-treatment at high  Information).
concentration (>160 pg.mL™), corresponding to the time at
which the nanoparticles are internalized by the cells and exit
the lysosomes.?’l Hence, subsequent in vitro radiosensitization ~ 2.4. A Decrease of Tumor Hypoxia Is Observed and Leads to
studies were performed at 75 pg.mL™! concentration to ensure  Improve Radiation Therapy Efficacy
full efficacy of the NP TSC was reached in vitro, with a treat-
ment time of 24 h before external radiation therapy. Noteworthy,  In the context of radiation therapy, we sought to reoxygenate
this concentration remains within the margins of toxicity the tumor through a single i.v. injection of NP TSC performed
observed by viability assay and in the same concentration range  at the optimal peak of reoxygenation. In this context, we first
as for the HUVEC assays. We first validated the therapeutic ~ observed the reoxygenation levels of the tumor after one iv.
efficacy of the combination radiation therapy-NP TSC in normoxic  injection (0.5 mg) of NP TSC. By using a xenograft tumor
and hypoxic conditions by clonogenic assay (Figure 3C). Impor-  model of MDA-MB-231, we validated by fluorescence imaging
tantly, the reoxygenation effects induced by NP TSC in hypoxic ~ that the NPs reach the tumor after =4 h post-injection and
conditions significantly increased the number of yH2AX foci  that the tumor retention is observed for at least 72 h. The
(a common biomarker of DNA double strand breaks) in cells mean tumor uptake is equal to 3.3 + 1.2%ID/g (Figure S10,
in comparison to radiation therapy alone under the same  Supporting Information), which is comparable to what can be
culture conditions (p-value <0.001 in both cell lines, t-test), achieved with other polymeric and lipidic NPs. Based on these
confirming the benefit NP TSC could have in hypoxic tumors  results, we further analyzed ex vivo the tumor reoxygenation

A 100~ B Treatment time
3 24h 30h 48h

=y
N

=y
o

PRTTIT B
OCOD N ONUI.

% viability

-
PETTTY

OO O O OoUIOUI Ul

N—= o

11C50 = 485 pg/mL

Concentraion of NP (ug/mL)

0_ -—rrmq—rrrnq—rrrmq—rrrnmm
102 10" 10° 10" 102 10° 10¢ 1% el 20%
_ % PO,
Concentration of NP (ug/mL)
C _ ' D 26y 2Gy + NP MDA-MB-231
Normoxia - MDA-MB-231 Hypoxia - MDA-MB-231 o Normoxia Hypoxia
1004 =
o
£
T 2 2
c L
7 107 . 9
© g S
-PBS g
-200 pg/mL of NP T
1 1 1 1 T 1
0 2 4 0 2 4
Dose (Gy) Dose (Gy) DAPI

Figure 3. NP TSC enables the improvement of in vitro tumor radiosensitivity. A) NP TSC is non-toxic to MDA-MB-231 cells. B) Tumor cells
(MDA-MB-231) reoxygenation is concentration dependent and persists over 48 h after treatment. C) Clonogenic assay confirms the radiosensitization
effects of NP TSC (75 ug.mL™") in MDA-MB-231 cell line. Data are presented at mean + std. D) The DNA double-strand breaks are increased with
the presence of 75 ug.mL™" of NP TSC and 2 Gy irradiation under hypoxic conditions but do not modify the cell response in normoxic conditions in
MDA-MB-231 cells. Red bar indicates the average value for each group. Statistical analyses were performed using a two-tailed t-test, * indicates a
p-value <0.05, n = 3 replicate per assay.
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Figure 4. Therapeutic efficacy of NP TSC as a radiosensitizer in pre-clinical TNBC mouse model. A) Hematoxylin and eosin (H&E) staining of the
tumors before, 48 h, and 72 h after treatment with 0.5 mg of NP TSC. B) CD105 staining confirming the increased amount of neovessels within
the core of the tumor after treatment with NP TSC. C) Pimonidazole staining confirming the presence of hypoxia at randomization of the mice into the
different tumor groups and the decrease levels 72 h after treatment with NP TSC. N = 3/group. D) Combined with radiation therapy (mono-fraction
or fractionated treatment), the NP TSC demonstrates a synergistic effect and improves the tumor growth while E) enhancing the therapeutic benefit
of external radiation therapy. In the context of mono-fraction, NP TSC was administered 72 h before radiation therapy. For the fractionated treatment,
NP TSC was iv administered during the 5 days of treatment every 12 h, starting the evening before the first radiation treatment. N = 6/group. * indicates

a p-value <0.05, Log Rank test.

by performing hematoxylin and eosin staining (Figure 4A),
CD105 staining to determine the effect of the NP TSC on the
neovascularization of the tumor (Figure 4B, Figure S11, Sup-
porting Information), and pimonidazole staining to quantify
the hypoxia levels over time after a single i.v. injection of NP
TSC (Figure 4C). The reoxygenation levels (i.e., decrease of the
hypoxic staining) decreased over time with a maximal effect 72 h
after treatment. This reoxygenation was, however, transient,
as pimonidazole staining performed 120 h after treatment
depicted clear hypoxic regions within the tumor margins. We
hypothesized that this decrease of hypoxia within the tumors is
induced by an improvement in the oxygen diffusion generated
by the release of free TSC in the blood and tumors, leading to a
normalization of the neovasculature architecture in the tumor.
Therefore, we next compared the effect of radiosensitiza-
tion upon a single radiation dose (10 Gy) performed 72 h after
treatment (maximal effect of reoxygenation). The injection of
NP TSC without irradiation did not impact tumor growth or
survival outcomes. However, once coupled to irradiation, NP
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TSC treatment provided a significant improvement both in
terms of tumor response (1.8-fold tumor growth inhibition
compared to 10 Gy alone) (Figure 4D) and survival improve-
ment (Figure 4E). Overall, treating the mice 48 h before
irradiation provided the optimal therapeutic results (p-value
<0.05, Log Rank test). Importantly, these treatments did not
engender a loss of body weight in any of the studied groups
(Figure S12, Supporting Information).

Based on the immunohistochemistry results, which suggest
that i.v. injection of NP TSC 72 h before the first radiation treat-
ment would be optimal (Figure 4A-C). We further aimed to
validate the overall improvement of the therapeutic efficacy of
the NP TSC in a more translationally-relevant radiation treat-
ment. As such, instead of performing a 1 x 10 Gy treatment, we
performed a fractionated treatment of 5 x 2 Gy with an iwv.
maintenance of 0.5 mg of NP TSC every 12 h, starting 12 h
before the initial fraction until the last radiation treatment
(Figure 4D,E). Under these conditions, at day 50 after the
irradiation dose, we observed a complete response with 100%

© 2023 The Authors. Small published by Wiley-VCH GmbH
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survival. Importantly, both groups treated with NP TSC com-
bined with radiation therapy demonstrated a significant tumor
growth inhibition in comparison to radiation therapy alone
starting at 14 days after the inclusion in the study (p-value<0.05,
t-test). Those results confirmed the potential therapeutic
efficacy that provides NP TSC in combination therapy and its
radiosensitivity properties.

3. Conclusion

While clinical data confirmed the tolerability of NP TSC and
provided encouraging results in terms of overall patients reoxy-
genation in the context of severe COVID-19, this study enabled
us to confirm pre-clinically the potential to restore normoxia
transiently in hypoxic areas of the tumors to improve patient’s
tumor control using a fixed NP TSC dose. These data confirmed
the possibility of transiently reoxygenating the tumor without
impacting its tumor growth while providing a significant tumor
radiosensitization effect, both under single high dose radiation
therapy treatment or over a more conventional fractionated
treatment with multiple administrations of NP TSC. These data
suggest the need to further evaluate this molecule as a poten-
tial non-toxic radiosensitizer through clinical trials. This ability
to correct hypoxia by increasing radiation therapy efficacy is a
major indicator of the potential of NP TSC agent to improve the
effectiveness of other anticancer agents impacted by the tumor
hypoxic condition. In respect of TNBC, NP TSC might be com-
bined with immunotherapy supporting a continued improve-
ment of treatment.

4. Experimental Section

Narnoparticle Synthesis: NP TSC (also called LEAF-4L6715) was
provided under good manufacturing process compliance by LEAF4Life
(Woburn, MA). Briefly, NP TSC was prepared by the active loading
of free transcrocetin into liposomes through a calcium gradient.®
HSPC, cholesterol, and DSPE-PEG,o were dissolved in chloroform
(ratio 6:2:1), then multilamellar vesicles (MLVs) were formed by hydration
of the lipids in calcium acetate solution at 65 °C (above HSPC transition
temperature). The MLVs were passed through high-pressure extruder
successively over 200 nm and then 100 nm polycarbonate membranes
at 65 °C to form small unilamellar vesicles (SUVs). The external calcium
acetate was removed by tangential flow filtration (TFF) to generate
the calcium gradient. Free TSC was then mixed with the diafiltered
liposomes and loaded into the liposomes through a heat exchanger. The
TSC-loaded liposomes were purified by buffer exchange with histidine-
buffered saline (pH 6.5, 10 mM histidine, 145 mM NacCl) through TFF.
The bulk drug product was diluted to the target concentration of TSC
(2 mg.mL™"), sterile filtered, and stored at 2-8 °C. The drug loading
was 109 g.mol™' (drug/phospholids). The NP TSC drug products used
in the clinical trial were manufactured in cGMP environment according
to the procedures defined in the batch record and released after
meeting the specifications. The average size of the NP-TSC was equal to
106 nm (DLS) with a polydispersity index of 0.133, and a charge equal
to -10.2 mV at pH =7.2.

Cell Culture: MDA-MB-231 cell line was purchased from ATCC
(Manassas, VA, USA). MDA-MB-231 cells were cultivated in RPMI
medium containing 10% fetal bovine serum, 1% penicillin/streptomycin.
HUVECs were purchased from ATCC. The HUVECs were cultivated
in ready to use endothelial cell growth medium (Sigma Aldrich, ref
C-22010). A549 cell line was purchased from ATCC. A549 cells were
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cultivated in Ham’s F12 with L-glutamine medium containing 10% fetal
bovine serum, 1% penicillin/streptomycin.

Generation of Hypoxic Cells: Cells were cultivated overnight under
hypoxic conditions (1% O,, 5% CO,) using a cell incubator (InCu-saFe
MCO-170 M, PHCHD). Cells were then treated with different conditions
and stored back in the incubator for the length of the experiment.

In vitro Studies—Viability assay: HUVECs and MDA-MB-231 cells were
plated at 5000 cells/well in a 96-well plate overnight and then treated
for 72 h with varying concentrations of NP TSCs. Cell viability was
determined by flow cytometry after Annexin V/Propidium lodide staining
following the manufacturer’s instructions.

Endothelial Morphology Experiment: HUVECs were treated without or
with 0.75 pg.mL™ of NP TSC under normoxic and hypoxic conditions.
Cells were then fixed and stained with an anti-CD31 antibody to visualize
the HUVEC membrane (anti-CD31-FITC, MiltenyiBiotech, ref 130-117-224)
and DAPI (Fluoromont-G, ThermoFischer, ref 00-4959-52) before to be
imaged by fluorescence microscopy (Nikon Eclipse 80i). The size of
each cell was quantified using Fiji software by manual segmentation of
100 cells. The experiment was performed in triplicate.

Quantification of the Cell Reoxygenation: Cells (HUVEC and MDA-
MB-231 cells) were treated with varying concentrations of NP TSC and
incubated either under normoxic or hypoxic conditions. Over the course
of treatment, 100,000 cells were stained with the BioTracker 520 Green
Hypoxia dye (SigmaAldrich, #SCT033) for hypoxia quantification by flow
cytometry (MACSQuant, MiltenyiBiotech). Data were normalized to
untreated cells in normoxic conditions (20% O,) and hypoxic conditions
(1% Oy).

Permeability Assay: A total of 300,000 HUVECs were plated in
transwell inserts fitting a 6-well plate overnight either under hypoxic
or normoxic condition before being treated or not with NP TSC
(0.75 ug.mL™"). We deposited on top of the tissue culture media 7.5 pL
per well of CF488A-dextran 40 kDa (VWR, ref 80 126) at 2 mg.mL™.
The FITC-dextran solution leaking through the membrane was further
quantified over time by a plate reader (ex/em 480/520 nm) (Molecular
Devices, SpectraMax ID) to determine the permeability of the endothelial
layer. Three experimental replicates were conducted that each contained
3 technical replicates per sample point. The concentration of FITC-
dextran in each well was calculated based on its fluorescence emission
using a standard curve.

Clonogenic Assay: A total of 5,000 cells of either MDA-MB-231 or A549
cells were plated in 6-well plates and incubated with 75 pg.mL™" of NP
TSC for 24 h under normoxic or hypoxic conditions prior to irradiation
with an open field 220 kVp beam. Radiation dose levels of 2, 4, 6, 8,
and 10 Gy were employed using a Biobeam GM8000 machine (Gamma
Service Medical). The cells were further incubated in hypoxic or normoxic
conditions for an additional 5 days period post-radiation treatment
before being washed, and stained with a 1% crystal violet in 10% ethanol
dye solution. The plates were digitally scanned and manually counted.
Measurements were performed in triplicate.

In Vitro DNA Double-Strand Breaks: MDA-MB-231 and A549 cells were
incubated 24 h with NP TSC at a concentration of 75 pg.mL™ prior to
2 Gy irradiation. Cells were fixed in 4% paraformaldehyde in PBS at room
temperature for 15 min. After fixation, cells were blocked in 1% BSA,
10% FBS, and 0.3% tritonX-100 in PBS. Next, cells were stained with anti-
H2AX antibody (Millipore) overnight at 4 °C. Subsequently, cells were
incubated with secondary anti-mouse AlexaFluor-594 conjugated 1gG
(Abcam) for the noted primary antibody for 1 h at room temperature.
A semiquantitative analysis was performed to evaluate the number of
foci per cell expressing the yH2Ax markers. Images were visualized with
a Nikon Eclipse 80i microscope. Foci were identified in the images and
their signal intensity was quantified using Fiji software.

Statistical Analysis: All in vitro and in vivo statistical analyses were
performed with GraphPad Prism Software (V9.0).

Animals: All the animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals as set forth by the
Institutional Care and Use Committee (IACUC) of the Nottingham University.

Preliminary Toxicity Evaluation of Fixed Dose of NP TSC: Toxicity studies
were performed in healthy female balb/c mice injected intravenously
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every 12 h with 0.5 mg (in 200 pL solution) of NP TSC for 1 week. Body
weight was monitored daily, starting on the day of the first injection.
After 20 days, the mice were sacrificed and blood samples were collected
by heart puncture to determine basic metabolic profiles, complete blood
counts, and white blood cell differential counts.

Orthotopic Triple Negative Breast Cancer Model: 750,000 MDA-MB-231 .,
cells were implanted in the mammary fat pad of the mice to generate the
tumors. Tumor engraftment was assessed by bioluminescence imaging
(IVIS, PerkinElmer). Mice were randomly attributed to a study group
once the tumor reached 100 mm? in volume. The volume of the tumor
was determined by daily caliper measurements. Mice were sacrificed
when the tumor reached 1,500 mm?.

Biodistribution Study: Biodistribution studies were performed using
fluorescently labeled NP TSC (Cy5.5) using the IVIS system. Mice were
then sacrificed for ex vivo fluorescence quantification of the major organs
(n = 3/time point).

Proof-of-concept Study Confirming the Reoxygenation of the Tumors:
Injection of NP TSC at the pre-determined fixed concentration
followed by sacrifice at 24, 48, and 72 h post treatment was performed.
90 min before euthanasia, intraperitoneal injection of 60 mg.kg™ of
pimonidazole HCl (Hypoxyprobe Kit, Hypoxiprobe, Inc) 90 min prior
to sacrifice. The NP TSC groups were culled at 24, 48, and 72 h post
injection. Ex vivo staining was performed to stain the tumor as per
the manufacturer protocol (n = 3/time point). After that, tumors were
harvested and fixed for immunohistochemistry analysis.

External Radiation Therapy Study: Mice were irradiated using the Small
Animal Radiation Research Platform (SARRP) (Xstrahl, Inc.). Animals were
anaesthetized with 1-3% isoflurane for the duration of the irradiation.
Similar to the clinical workflow, a cone beam computed tomography
(CBCT) was performed on each mouse to calculate the dosimetry
(Muriplan) and to determine the radiation beam arrangement (65 kVp,
1.5 mA). Treatment was performed using a 12 mm circular collimator
(220 kVp, 13 mA). The radiation dose was delivered in one fraction of 10 Gy
by two beams at 0° and 90° angles or in 5 fractions of 2 Gy using the same
irradiation setup. A total of five mice per group were used to characterize
the effect of the NP TSC as a radiosensitizer. In the NP TSC group, mice
were i.v. administered 0.5 mg (200 pL) of NP TSC. Each day, a caliper
measurement was performed to determine the volume of the tumor.

In vivo experiments to investigate biodistribution and the effect of
nanoparticles on reoxygenation were conducted under the UK Home
Office Licence number PPL P435A9CF8. LASA good practice guidelines,
FELASA working group on pain and distress guidelines, NCRI guidelines
for the welfare and use of animals in cancer research, and ARRIVE
reporting guidelines were also followed.

All mice were purchased from Charles River UK. Mice were maintained
in individually ventilated cages (Tecniplast, UK) within a barrier unit,
illuminated by fluorescent lights set to give a 12 h light-dark cycle (on
07.00, off 19.00), as recommended in the guidelines to the Home
Office Animals (Scientific Procedures) Act 1986 (UK). The room was
air-conditioned by a system designed to maintain an air temperature
range of 21 £ 2 °C and a humidity of 55%. Mice were housed in social
groups, 4 per cage, during the study, with irradiated bedding and
autoclaved nesting materials and environmental enrichment (Datesand
UK). Sterile irradiated 5V5R rodent diet (IPS Ltd, UK) and irradiated
water (Baxter, UK) were offered ad libitum. Mice were also weighed
weekly and given a daily health check by an experienced technician.

After a week’s acclimatisation, the mice were initiated with tumors.
40 female 6-8 week old CD-1 NuNu mice were implanted with 2 x 106
MDA-MB231-HRE (MDA-MB231 cells expressing a hypoxia reporter,
consisting of luciferase under the control of 3 hypoxia response
elements and a minimal SV40 promoter in the pLVX [Clontech]
backbone, introduced by lentiviral transduction) cells re-suspended in
100 pl of Growth Factor Reduced Matrigel (Corning). Only female mice
were used as the tumor under investigation was a breast line. Although
only 32 mice were required for the study, 40 were set up in order to be
able to select the 32 most evenly matched in terms of size. They were
injected subcutaneously into the right-hand flank of the mice and the
resulting tumors were measured twice weekly using Vernier calipers and
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the volumes were calculated using the formula V = ab2/6, where a is
the length and b is the width. Tumors were also imaged weekly in the
IVIS® Spectrum imaging system by 2D optical imaging, with tumor
measurements made using Living Image (4.3.1) software and standard
open filters to assess hypoxia levels based on the hypoxia reporter or the
Hypoxisense probe (see below for details).

5. Biodistribution Study

The biodistribution study was performed as follows:

On day 43 after tumor initiation, when tumor volumes had reached
an average of 200 mm?, 200 pl of 5 mg.mL™ fluorescently labeled
NP TSC (Cy5.5) were injected i.v. via the tail vein in 3 groups of three
mice which were culled at 3 timepoints (4, 24, 48 h). Pimonidazole
HCI (Hypoxyprobe Kit, Hypoxiprobe, Inc) at 60 mg.kg™ was injected
intraperitoneally 90 min prior to sacrifice by an approved ST method.
Ex vivo fluorescent imaging of tumors and organs (kidney, urine (25 pl),
liver, spleen, pancreas, lung, heart, bladder, brain, lymph nodes-subiliac,
spine, and whole blood (25 pl)) was carried out using the IVIS Spectrum
and data was analyzed using Living Image (4.3.1) software. The fourth
group of three mice that did not receive nanoparticles was used as an
imaging control. Tumors were fixed in 4% Neutral Buffered Formalin for
immunohistochemistry analysis.

Statistical Analysis: All the data are presented as mean £ std and all
statistical analyses were performed with GraphPad Prism Software
(V.8.1.0).

Supporting Information

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