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Résumé : Les mutations activatrices du géne KRAS
sont les plus fréquents drivers oncogéniques et sont
corrélées avec la radiorésistance dans de multiples
cancers y compris le cancer bronchique non a petites
cellules (CBNPC) et le cancer colorectal. Méme si
KRAS était considéré comme impossible a cibler
jusqu’a trés récemment, plusieurs inhibiteurs de
KRAS ont atteint le stade de développement clinique
et deux d’entre eux, sotorasib (AMG510, Amgen) et
adagrasib (MRTX849, Mirati Therapeutics) ont été
autorisés par la FDA dans le traitement des cancers
CBNPC KRAS®!2C mutés.

MRTX849 a montré des résultats cliniques
encourageants dans le traitement de patients
sélectionnés atteints de cancers bronchiques et
colorectaux, cependant trés peu de données sur la
combinaison radiothérapie (RT) et inhibition de KRAS
dans les tumeurs KRAS mutées sont disponibles
actuellement.

Dans ce travail, nous avons démontré que
MRTX1257, inhibiteur covalent de KRAS®'%C, et
similaire @ MRTX849, était en mesure d’augmenter

I'effet cytotoxique de la RT dans différents modéles
cellulaires KRAS®*?¢ ainsi que dans les modéles
murins, mais pas chez leurs homologues KRASC?%¢
wild type (WT).

Les effets radiosensibilisants a la fois /in vitro et in
vivo ont été observés de maniere temps et dose
dépendante. De plus, l'utilisation de la RT et
MRTX1257 chez les souris BALB/c portant des
tumeurs CT26 KRASG!2¢*/+ 3 permis d’obtenir un
taux de guérison de 20%. L‘analyse du
microenvironment  immunitaire  tumoral des
tumeurs murines CT26 KRASS!2¢+/+ gpres RT et
MRTX1257 a montré une augmentation de la
proportion de plusieurs sous-types cellulaires, y
compris lymphocytes CD4* conventionnels, cellules
dendritiques de type 2 (cDC2) et monocytes
inflammatoires. De plus, I' expression de PD-L1
était drastiguement diminuée au sein des cellules
tumorales et cellules myéloides , illustrant la
polarization du microenvironnement tumoral vers
un phénotype pro-inflammatoire suite a Ila
combinaison.

Title : Therapeutic efficacy of the combination radiotherapy+ KRASS'%C inhibitor MRTX1257
(Mirati Labs) in preclinical KRASS'2¢ mutant models

Keywords : radiotherapy, KRAS®!2¢, KRAS inhibitors, MRTX1257, radio-sensitizing

Abstract : KRAS activating mutations are considered
the most frequent oncogenic drivers and are
correlated with radio-resistance in multiple cancers
including non-small cell lung cancer (NSCLC) and
colorectal cancer. Although KRAS was considered
undruggable until recently, several KRAS inhibitors
have reached clinical development and two of them,
sotorasib (AMG510, Amgen) and adagrasib
(MRTX849, Mirati Therapeutics) have been approved
in 2022 by the FDA for the treatment of KRAS?*?¢
mutant NSCLC.

MRTX849 showed encouraging clinical outcomes for
the treatment of selected patients with NSCLC and
colorectal cancers, however, only scarce data
exploring the combination of radiotherapy (RT) and
KRAS inhibition in AKRAS mutated tumors are
available.

In this work, we demonstrated that MRTX1257, a
potent covalent KRAS®!?¢ inhibitor similar to

MRTX849, was able to increase the cytotoxic effect
of RT in different KRAS*?¢ mutated cell lines and
murine tumors, but not in their KRAS®2¢ wild type
(WT) counterparts.

Both /n vitro and in vivo radio-sensitizing effects
were observed in a time and dose dependent
manner. Moreover, the use of RT and MRTX1257
in BALB/c mice bearing CT26 KRASG2“*/+ tumors
resulted in an observable cure rate of 20%. The
analysis of the tumor immune microenvironment of
murine CT26 KRASC2C+/*+ tumors following RT and
MRTX1257 showed an increase in the proportion of
various cell subtypes including conventional CD4+
T cells, dendritic cells type 2 (cDC2) and
inflammatory ~ monocytes. Moreover, the
expression of PD-L1 was dramatically reduced
within tumor cells and myeloid cells, thus
illustrating the polarization of the tumor
microenvironment towards a pro-inflammatory
phenotype following the combination.
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RESUME DETAILLE

La radiothérapie joue un role central dans le traitement des cancers. Pendant leur parcours
thérapeutique, prés de 50% des patients atteints de cancers ont une indication de traitement par
radiothérapie, et ce 34% a visée curative et 14% a visée palliative et symptomatique. La
radiosensibilité est multifactorielle, la probabilité de contrdle de la croissance tumorale et la survie
globale sont en effet intrinsequement liées. La radiosensibilité est un facteur clé mais pas unique
de la probabilité de contréle de la croissance tumorale et guérison. Parmi les autres facteurs,
I'activation d'oncogénes et de voies de signalisation sont des parametres déterminants. Les
mutations activatrices de I'oncogene RAS (Rat sarcoma viral oncogene homolog) sont considérées
comme étant les mutations oncogéniques les plus fréquentes. L'isoforme KRAS (Kirsten rat
sarcoma viral oncogene) est impliqué dans 75% des cancers RAS mutés. Les mutations de KRAS
sont présentes dans 20-25% des cancers bronchiques non a petites cellules (CBNPC), 80% des
adénocarcinomes du pancréas et 30% des cancers colorectaux et des voies biliaires. L'isoforme
KRASG12C est présent dans 14% des CBNPC et 3-4% des cancers colorectaux. Les mutations de
KRAS sont corrélées a la radiorésistance de multiples cancers. Jusqu’a trés récemment, la protéine
KRAS était considérée comme impossible a cibler. Les progrés récents ont permis la mise au point
d'inhibiteurs covalents et sélectifs de KRAS®1%¢ dont les principaux candidats Sotorasib (AMG-510,
Amgen) et Adagrasib (MRTX849, Mirati) ont donné des résultats thérapeutiques encourageants
dans le cadre d’essais cliniques précoces chez les patients prétraités porteurs de tumeurs solides
KRASG12C mutées. Trés peu de données sont actuellement disponibles sur la combinaison
thérapeutique radiothérapie et inhibiteurs de KRASG1%C,

Dans ce contexte, notre projet explore I'effet radio-sensibilisant de la combinaison thérapeutique
radiothérapie et inhibiteur de KRAS®2¢, MRTX1257 (Mirati Labs) dans le modéle préclinique CT26
KRASG1?C muté. Il s'agit d’un analogue préclinique de MRTX849 (Adagrasib). Dans un premier
temps nous avons exploré in vitro 'action radio-sensibilisante de MRTX1257 dans les modéles CT26
KRASG12C+/+ 'CT26 WT, LL2 WT et LL2 NRAS KO (LL2 NRAS~/~). Dans un second temps, nous avons
testé in vivo la combinaison MRTX1257 avec la radiothérapie dans le modéle sous-cutané murin
syngénique CT26 KRASG12C+/+,

MRTX1257 a montré une réduction significative de la croissance tumorale résultant en 20% de
guérisons durables dans le groupe combinaison MRTX1257 et radiothérapie.

Enfin, nous avons exploré l'influence de MRTX1257 seul ou en combinaison avec l'irradiation sur la
modulation du microenvironnement tumoral montrant une augmentation de la proportion de
lymphocytes CD4+, cellules dendritiques de type 2, et monocytes inflammatoires. De plus nous
avons démontré une régulation a la baisse de I'expression de PD-L1 a la fois dans les cellules
tumorales et myéloides, illustrant une polarisation pro-inflammatoire du microenvironnement
tumoral.

Ce travail est le premier a notre connaissance a démontrer in vitro et in vivo l'effet radio-
sensibilisant de MRTX1257 dans le modeéle préclinique CT26 KRAS®'%C et représente une étape
importante vers le développement de nouvelles combinaisons thérapeutiques dans les tumeurs
KRASG12C mutées.
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5 INTRODUCTION

The discovery of X-rays as a new type of radiation in 1895 by Wilhelm Conrad
Réntgen (“Uber eine neue Art von Strahlung. (Vorlaufige Mitteilung)”) followed
shortly after by the study of radioactivity by Pierre and Marie Curie in 1898,
have opened a new therapeutic era by the first years of the 20" century
(Lederman, 1981). With the story unfolding, radiotherapy has been an effective
tool for treating cancer for more than 100 years.

Of the 10.9 million people diagnosed with cancer worldwide each year
(International Agency for Research on Cancer), around 50% require
radiotherapy, 60% of whom are treated with curative intent

Currently radiotherapy plays a central role in cancer treatment. It is indicated in
the treatment of more than 50% of solid tumors (Barton et al., 2014a) in most
developed countries either alone or in combination with other treatment
modalities, chemotherapy, immunotherapy or targeted therapy.

It has been shown to provide significant local control (LC) and overall survival
(OS) benefits as part of evidence-based cancer care. Hanna, et al.(Hanna et al.,
2018) in their population based study reporting on the benefit of radiotherapy
in high-income countries , found that 48% of all cancers have indications for
RT, 34% curative and 14% palliative. RT provided a 5-year local control LC
benefit in 10.4% of all cancer patients and a 5-year OS benefit in 2.4% (T. P.
Hanna et al., 2018a).

The benefit of curative RT among patients with curative indications was for 5-
year LC 31.9%.

As expected, the local control benefit with radiotherapy alone was highest in
cancer types where RT was most commonly used including cervix 33%, head
and neck 32% and prostate 26%. However, the 5-year LC benefit was almost
inexistant in unknown primary, pancreas, ovary, liver, kidney, gallbladder and
colon. (T. P. Hanna et al., 2018a)
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Fig 1. Radiotherapy Population 5-year local control benefit. Ordered by magnitude of
radiotherapy alone absolute proportional benefit. Radiotherapy benefit is separated into
radiotherapy alone benefit and chemoradiation benefit.

Cervix
Head and Neck
Prostate
Breast
Vulva
Lymphoma
Testis
Rectum
Brain
Other

Lung

Uterus

(3]
Q.
=
a Bladder
Mel
o elanoma
= Myeloma
(4°)
(&) Stomach
Thyroid
Esophagus

Leukemia
Unknown Primary
Pancreas

Ovary

Liver

Kidney

Gall bladder

Colon

@ Radiotherapy Alone

O Chemoradiation

0%

10% 20% 30% 40%

Absolute Benefit (%)

https://doi.org/10.1016/j.radonc.2017.11.004

More specifically, radiotherapy is the standard approach for the definitive
treatment of early-stage lung and colorectal cancers. Its role has dramatically
changed over the last decades. Despite technological advances and novel
radiotherapy techniques, such as conformal radiotherapy and image-guidance
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of stereotactic-body radiotherapy (SBRT) or IMRT, resistance to RT and disease
recurrence remain major limitations.

Therefore, despite RT being a highly effective treatment modality, radiation
resistance which results in local or distant relapse, cancer recurrence and poor
prognosis remains a major obstacle calling for new treatment approaches.

Factors contributing to disease relapse and radioresistance are multiple,
including but not limited to tumor heterogeneity, tumor microenvironment or
numerous gene alterations. (Kim et al., 2015)(Olivares-Urbano et al., 2020).

A more profound understanding of molecular mechanisms underpinning

radioresistance and interactions with the tumor microenvironment are needed
in order to identify new treatment strategies and improve clinical outcomes.

6 RADIOTHERAPY GENERAL PRINCIPLES AND TECHNIQUES

6.1 RADIOTHERAPY TECHNIQUES

6.1.1 3D-CRT

Before the advent of computed tomography (CT), treatment plans were carried
out using 2-dimensional treatment planning for a short time resulting in large
volumes of normal tissue being irradiated. Computed tomography (CT) came
into wide use around 1972 and started to be used in radiation treatment
planning. The availability of CT based treatment planning has allowed for direct
identification and delineation of relevant target volumes in 3D. This combined
with multi-level collimators has enabled 3D conformal radiotherapy (3D-CRT)
development leading to increased treatment accuracy and reduction in normal
tissue irradiation.

6.1.2 Intensity modulated RT (IMRT) vs. 3D conformal RT.

Intensity-modulated radiotherapy (IMRT), and volumetric arc therapy (VMAT)
represent recent developments offering improved dose conformality therefore
allowing lower doses to organs at risk (OARs).(Cilla et al., 2012) (Drége et al.,
2015).
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They have been increasingly used for pelvis radiotherapy and support the
delivery of concavely shaped dose distributions. They are based on the delivery
of highly modulated dose fluence from multiple directions limiting high dose
volume outside the treatment target. This results in lower radiation induced
toxicities.

Dosimetric studies showed that bowel volume receiving 45-50 Gy was
significantly reduced with IMRT which could potentially reduce bowel toxicity.
(Tseng et al., 2019).

However, one of the limitations is that most studies were small scale or
dosimetric in nature. Some of the shortcomings of these techniques include
organ motion, volume variability or dose inhomogeneity, hence raising the
potential concern of underdosing. This could be attributed to a rapid drop-off of
dose beyond target volumes. Therefore, more prospectively generated data are
needed.

6.1.3 Standard RT techniques in Colorectal cancer

According to the World Health Organization (WHO), colorectal cancer is the
third most common cancer worldwide, accounting for approximately 10% of all
cases. About two-thirds occur in the sigmoid colon or rectum and are stage II
or above at diagnosis requiring chemoradiotherapy in addition to surgery.

The current standard is 3-dimension 3D conformal radiotherapy allowing

localization and dose analysis of organs at risk (OARs) via 3D planning and
dose-volume histograms.
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Fig 2. Dose distributions of (a) 3D conformal radiotherapy, (b) intensity-
modulated radiotherapy and (c) spot-scanning proton therapy plans. The 50 Gy
(red), 40 Gy (yellow) and 20 Gy (blue) isodose lines are highlighted. The
planning target volume is shown in green.

(a)

(b)

(c)

July 2016 Journa/ of Radliation Research 57(5) DOI:10.1 093/1rr/rrw052

Fig 3. Dose distribution for 3D conformal radiotherapy (left) and IMRT (right).
Prescription dose 50.4 Gy. IMRT, intensity-modulated radiotherapy
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6.1.4 Conventional fractionated RT vs. Stereotactic Body Radiotherapy (SBRT)

Conventional radiation is delivered via multiple fractions of low-dose radiation.

In contrast, SBRT is described as a high-precision external beam radiotherapy
technique using numerous beams all converging in a small target volume,
allowing the accurate delivery of high doses per fraction (>6-7 Gy) in very few
treatment fractions to an extracranial target (Guckenberger et al., 2014). Its
main indications include small or solitary lesions, oligometastatic disease or
painful metastasis.

It is worth pointing out that detailed understanding of the radiobiology of SBRT
is still lacking.

6.2 CLINICAL ROLE OF RADIOTHERAPY

6.2.1 Curative setting

Curative intent radiotherapy is given in patients with early and locally advanced
disease. Its aim is to improve local control and survival benefit.
It is estimated that RT contributes to 40% of all cancer cures worldwide.

As dose constraints are placed on organs at risk (OARs) and normal tissues to
avoid acute and late toxicity, the dose of radiation delivered to the tumor is
therefore often limited by the dose that can be safely delivered to the normal
tissues. This can represent a real challenge in situations with large volume
disease or disease close to critical normal structures. As it has been shown that
local control correlates with improved survival, this could potentially translate in
a poorer outcome (Aupérin et al., 2010) (Machtay et al., 2012).

The last two decades have seen the development of great advancements in
radiotherapy technology (Diwanji et al., 2017).

One of those is conformal three-dimensional RT (3D-CRT) where CT planning
allows improved tumor coverage and reduction in dose to organs at risk (OARs)
has been established as the gold standard for radical RT since the 1990’s.
Improved conformal treatment has become possible with the advent of
intensity modulated radiotherapy (IMRT), a high precision radiotherapy mode
using linear accelerators to deliver precise radiation doses to a tumor whilie
minimizing the dose to surrounding normal tissues.
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Subsequent 4D planning incorporating tumor motion into the planning process
has further facilitated a reduction in tumor margins and therefore dose
delivered to normal tissue (Brown et al., 2019).

Fig 4. Improved conformity of the high-dose region to the target volume and
improved sparing of organs at risk with intensity-modulated radiation therapy
compared to 3-dimensional conformal radiation therapy

Gross tumor volume including nodal disease is depicted by the red/orange contour. Spinal cord
is depicted by the green contour. Esophagus is depicted by the yellow contour. The relative
isodose is depicted in colorwash as per the color scale in the picture.

Trans/ Lung Cancer Res. 2017 Apr; 6(2): 131-147.
doi: 10.21037/tlcr.2017.04.04
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Fig 5. Example of RT planning and dose distribution to organs at risk

IMRT

Dose to organ at risk IMRT PS-PT
Mean lung dose 24.2 Gy 18.6 Gy
Lung V5 78.8% 44.6%
Lung V20 41.4% 38%

Mean heart dose 14.7 Gy 5.3 Gy

Five-field intensity-modulated radiation therapy (IMRT) plan vs. three-field passive scatter proton therapy (PS-PT) plan
for a large stage IIIA non-small cell lung cancer treated with definitive chemoradiation therapy to 60 Gy in 2 Gy per
fraction. Unlike PS-PT, IMRT distributes significant exit dose to the left lung and heart. As a result, PS-PT leads to
decreased mean lung dose, lung volume receiving at least 5 Gy (V5), and mean heart dose. Both plans depict the 10 Gy
colorwash on lung windows on the average scan of the 4-dimensional computed tomography simulation. The red

contour outlines the gross tumor volume.

J Thorac Dis. 2018 Aug; 10(Suppl 21): S2474-S2491.
doi: 10.21037/jtd.2018.07.29

6.2.2 Oligometastatic setting

For a long time, the focus of treatment in the metastatic setting has been
palliative systemic therapy with low-dose radiotherapy being used only for
palliation of symptoms. The hypothesis that patients with a small volume of
metastatic disease can benefit from ablation of all metastasis with some
achieving long-term disease control or even cure started emerging in the late
1930’s (Barney and Churchill, 1939).
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While surgery has long been considered as the primary modality for metastasis-
directed treatment, stereotactic ablative radiotherapy (SABR) has emerged as a
newer and less-invasive option (Palma et al., 2020).

Palma et al, (Palma et al., 2020) have shown that patients with a limited
burden of metastatic disease derive a benefit in long-term outcomes with
metastasis-directed treatment, whether surgical resection or stereotactic
ablative radiotherapy (SABR).

Fig. 6. Example of SABR planning on a metastatic bone lesion
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Gradually accumulating evidence has helped define the oligometastatic state as
a separate entity, a transitional state between localized and widespread
disease.
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The Hellman’s spectrum theory (Hellman, et al.) hypothesizes that “the
metastatic spread is a continuum reflecting a step-wise process leading to the
transformation of localized disease to a widespread one”. Based on this theory,
cancer is a continuum of diseases ranging from being a local disease to one
that metastasizes. The oligometastatic disease could be seen as « an
intermediate state both quantitatively and qualitatively between the two
extremes, almost as an epiphenomenon of restricted virulence resulting in
limited metastatic capacity ».(Miglietta, et al).

Fig 7. Oligometastatic breast cancer

OHEOMETASIATICERNEAST CANCER

DEFINITION
o =
ey s
OM-BC jp BC
" (@O N,
{ @

upto5
lesions*

not necessarily all potentially amenable
in the same site/organ to ablative treatment

INTERMEDIATE ST
between a localized tumor
widespread disease
' -
0{:} ) ) /
O
\

localized 0
overt
0~

disease .
i 5 o metastatic BC
micrometastatic disease

OM-BC

PHYLOGENETIC EVOLUTION

DAUGHTER
METASTASIS-TO-METASTASIS DISSEMINATION

Metastases represent an additional
source of seeding
Multiple parallel seeding events@
occur both from primary tumor b
and metastatic sites

@

&

PARENTAL
METASTASIS-TO-METASTASIS
DISSEMINATION

Primary tumors is the
parental source of seeding

.
0. g pRMATE MUTATIONS
e the

RADIOLOGICAL
CONFIRMATION

MANAGEMENT
Cornerstones

MULTIDISCIPLINARY
DISCUSSION

%ﬂ!

STANDARD FIRST-LINE
SYSTEMICTREATMENT

METASTATIC TISSUE
RE-SAMPLING

MARKS!
n

EVOLVING THE CONCEPT
OF OM-BC

FORWARD OM-BC DIAGNOSIS

Cancer Treatment Reviews Volume 110 (November 2022)
DOI: 10.1016/j.ctrv.2022.102462

or
O B ABLATIVE LOCOREGIONAL

tx of METASTASES
\ @{\

SURGERY of the
PRIMARY TUMOR

BRINGING

5) AR N

Even tough randomized phase III data are still awaited, growing evidence is
suggesting that SABR can improve long-term outcomes in patients with a
limited burden of metastatic disease.

The SABR-COMET phase II randomized trial (Palma et al., 2020) enrolled 99
patients with a controlled primary tumor (breast, lung, colorectal or prostate)
and 1-5 metastatic lesions all amenable to SABR showing showed a 5-year OS
rate of 17.7% (95% CI, 6% to 34%).

19




in the standard of care arm vs. 42.3 months (95% CI, 28% to 56%; stratified
log-rank P = .006) in the SOC plus SABR arm. There was no detrimental impact
on QOL or new safety signals.

Other phase II trials have suggested benefits in the setting of colorectal cancer
liver metastasis (Ruers et al., 2012), in non-small-cell lung cancer (NSCLC)
(Gomez et al., 2019), and in prostate cancer (Ost et al., 2018).

Data from phase III trials will aim to confirm outcome benefits and develop
biomarkers predictive of benefit with SABR.

6.2.3 Metastatic setting
Palliative radiotherapy

Radiotherapy is known to have beneficial effects in the palliative treatment of
cancer, and some data even suggest some survival improvement (Mac Manus
et al., 2006).

Local RT is an established option to achieve rapid, effective palliation of
symptomatic metastases with few side effects. Oncological emergencies and
cancer-related severe symptoms are two clinical scenarios in which timely
radiation therapy is crucial.

The manifestations of oncological emergencies are diverse ranging from
mechanical obstruction such as SVCO, metastatic spinal cord compression
(MSCC), hemoptysis, brain metastasis with impending herniation, etc.

In addition to short-term symptom palliation, radiotherapy provided better
survival by improving Performance Status (ECOG PS) and potentially opening
the door to consideration of more aggressive systemic treatment options

6.2.4 ASTRO Clinical guidelines

ASTRO clinical guidelines (Wo et al., 2021) recommend neo-adjuvant RT for
patients with stage II-III rectal cancer, with either conventional fractionation
with concurrent 5-FU or capecitabine or short-course RT. Pre-operative RT is
recommended over post-operative.
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For patients with clinical stage II-III rectal cancer, there is strong evidence to
recommend neoadjuvant RT. Multiple prospective trials have demonstrated that
neoadjuvant RT decreases the risk of local recurrence, even in the era of total
mesorectal excision (TME). (Folkesson et al., 2005)(Roh et al., 2009)(Sauer et
al., 2012)

These results were confirmed by several meta-analyses, which consistently
found that the hazard ratio for local recurrence with RT was approximately 0.5
compared with surgery alone. (Abraha et al., 2018)(Camma et al., 2000)

Despite the strong evidence supporting the use of neoadjuvant RT for patients
with stage II-III rectal cancer, a subset of patients may be at low risk for
locoregional recurrence based on proximal tumor location and MRI-determined
“safe” circumferential resection margin.(Ruppert et al., 2018)(Taylor et al.,
2014).

Based on this moderate evidence, a conditional recommendation may be made
to omit neoadjuvant RT in favor of upfront surgery for patients in clinical stage
ITA (cT3a/b NO) when the cancer is located >10 cm from the anal verge and
there is a predicted circumferential resection margin =2 mm and the absence of
extramural vascular invasion as determined by MRI with rectal cancer protocol.

Three prospective trials randomizing patients between preoperative and
postoperative chemoradiation demonstrated improvements in disease-free
survival and/or local recurrence-free survival with the preoperative approach.
(Roh et al., 2009) (Sauer et al., 2012) (Sebag-Montefiore et al., 2009)

Therefore, when RT is indicated for rectal cancer, the evidence strongly
supports a recommendation favoring pre-operative over post-operative
treatment.

Preoperative RT can be conditionally omitted in selected patients with lower risk
of locoregional recurrence.

Addition of chemotherapy before or after chemoradiation or after short-course
RT is conditionally recommended.

Shared decision making and improved stratification of risk within stage II-III
rectal cancer in required to individualize the use of neoadjuvant RT.

21



7 RADIOBIOLOGY

7.1 RADIATION RESPONSE CURVES AND DOSE VOLUME CONSTRAINTS

The aim of RT is to deliver a sufficient dose of radiation to the tumor cells to
destroy them without irradiating normal tissue to a dose that would lead to
severe toxicity or normal tissue damage. The probability of achieving tumor
control and developing healthy tissue complications as a function of radiation
dose was first theorized in 1936 by Hermann Holthusen.The principle is
generally represented by two sigmoid curves, one for the tumor control
probability, and one for the probability of normal tissue damage.

Fig 8. Radiation response curves
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Radiotherapy planning can be seen as a precision exercise or careful balancing
act between optimal tumor control and limitation of damage to normal tissue.
In order to avoid toxicity on the normal tissue, dose constraints are placed on
the normal tissues or organs at risk (OARs) such as heart, esophagus, lungs,
spinal cord to avoid functional damage.
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Table 1. Example of general volume constraints for adult patients — organ
nomenclature based on the Global Quality Assurance of Radiation Therapy
Clinical Trials Harmonization Group (GHG) contouring guidelines. (Mir, et al.)

Organ Constraints Constraints (Hypofractionation)
(conventional fractionation)
1 fraction 3 fractions 5 fractions 8 fractions
Bowel Vis gy < 120 cm?; For primary
Vas gy < 195 cm® (A) prostate SBRT
(Bisello, et al.) only:
Vig.i gy < 5 cm’;
Vg <1 cm’
(mandatory)
Brainstem Brainstem PRV: Dmax(0.035 cm’) < 15 Dax (0.035 cm’) < Dmax(0.035 am’) < 31

Dwmax < 54 Gy;
Di-10 em®> < 59 Gy
(peripheral edge)

GY(mandatory);
Dmax(0.035 cm’) < 10
Gy(optimal); (A)

23.1 Gy(mandatol'y);
Dmax(0.035 cm’) < 18
Gy(optimal); (A)

GY(mandatory);
Dwmax (0.035 am’) < 23
Gy(optimal); (A)

Cauda equina

Dmax(0.035 am) < 16

Dmax (0.035 cm’) < 24

Dwax (0.035 cm’) < 32

GyY(mandatory) (Diez et | Gy(mandatory) GY(mandatory)
al., 2022)(A); (Diez et al., 2022) | (Diez et al., 2022)
Vidgy <5 (A); (A);
Cm3(optimal); Dsen® < 21.9 Dsen’® < 30
(Benedict etal.,, GY (optimal); GY (optimal);
2010) (A) (Benedict et al.,

2010) (A)

Heart Dwvean < 26-30 Gy Dmax(0.03 em’) < 22 Dwmax(0.5 em’) < 26 Dwmax(0.5 em’) < 29 Dwmax(0.5 cm3)
Vas ey < 10%; GY(mandatory) (Benedi GY(mandatory); GY(mandatory); <60 Gy (man-
Vaoy < 30%; ct et al., 2010) *; Dwmax(0.5 em’) < 24 Dwmax(0.5 em’) < 27 datory); Dwax(0.5

Dis Cm3 < 16 Gy(optimal); Gy(optimal); Cm3) < 50 Gy
GY (optimal); (G. G. Hanna et (G. G. Hanna et (optimal); (G. G.
[(Benedict et al., al., 2018) (A) al., 2018) (A) Hanna et al.,
2010)] (A) Dwmax < 30 D15 em® < 32 Gy 2018) (A)
GY(mandatory) [%] (Benedict et al.,
(A); 2010) (A)
D15 am® < 24 Gy Avoid 105% of
(Benedict et al., PTV prescription*
2010) (A);
Vaigy < 5
cm? (Grimm et al.,
2011) (B)
Lung Vao gy < 10%: Lungs and Lungs and Lungs and Lungs and
Lungs-ITV: Lungs-ITV: Lungs-ITV: Lungs-ITV:
V3oey £ 15%; Vaoey < 15% Ve < 15% Vaey < 15% Vo ey < 15%
Vo ey < 20%; (mandatory); (mandatory); (mandatory), (mandatory);
Viooy < 40%: DMFAN .< 8 Gy DM.EAN .< 8 Gy DMFAN .< 8 Gy DMFAN .< 8 Gy
(optimal), (optimal), (optimal), (optimal),
Vs gy < 50%); Vaey < 10% Ve < 10% Vaey < 10% Vaey < 10%
Dwmean < 20 Gy (optimal); (DieZ etal., (optimal); (DieZ et (optimal); (DieZ et (optimal); (Diez et
2022) (A) al., 2022) (A) al., 2022) (A) al., 2022) (A)

Disooem® < 7 Gy;
D1o0o cm3 <74 Gy;
(Benedict et al.,
2010)(A)

Disooem® < 11.6
Gy;

Diogocm® < 12.4
Gy; (Benedict et
al., 2010) (A)

Disoocem® < 12.5
Gy;

Diogoem® < 13.5
Gy; [(Benedict et
al., 2010)](A)
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Key: D = dose received (by % of the organ volume / by cubic centimeter of the organ
volume); Dwmax: Maximum Dose received by the organ; Dwvean: Mean Dose received by the organ;
Gy: Gray; PRV: planning risk volume; SBRT: stereotactic body radiation therapy; V = Volume
receiving a dose = Gy; Volumes and doses were expressed as percentage (%) or absolute
values (cm? or Gy, respectively). (A) source of recommendation : international guidelines.

* 1 NCNN Practice Guidelines in Oncology-Non-small cell lung cancer. Version 5.2022.

Bisello, et al.
Curr Oncol, 2022 Oct; 29(10): 7021-7050.
doi: 10.3390/curroncol29100552

As seen in the table above, the dose or radiation delivered to the tumor is often
limited by the dose that can be safely delivered to the normal tissues.

With the advent of IMRT where treatment can be delivered using non-uniform
dose distributions aiming to reduce the dose to critical organs-at-risk, new
dose-volume constraints have become increasingly necessary. However, the low
doses cover more healthy volume.

A similar situation is encountered with SBRT as published dose constraints are
obtained using different methods including BED conversion and different clinical
and dosimetric parameters leading to a lack of consistency with each other .
The failure to take into account the variation in those factors could potentially
lead to suboptimal treatment, highlighting the need for validated dose tolerance
limits (Xue et al., 2016).

7.2 THE THERAPEUTIC RATIO

The development of IGRT and IMRT have allowed to achieve a substantial gain
in the therapeutic ratio, that is the balance between the probability of cure and
probability of treatment related toxicity.

Conventional fractionated radiotherapy focuses on attempting to maximize the
therapeutic ratio.

There are two main mathematical formulations of therapeutic ratio; the equal
dose and the equal effect equation.

The equal dose equation is defined as the ratio of damage to the tumor cells to
damage to normal cells for the same dose.
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Therapeutic Ratio = Damage to tumor cells/damage to normal cells at
Equal dose

Therapeutic Ratio= Dose to normal cells/Dose to tumor cells Equal
Effect

With improved cancer cure rates, survivorship issues such as long-term
toxicities are becoming increasingly important.

Fractionated radiotherapy was developed in an attempt to achieve optimal
killing of the tumor cells while keeping to a minimum damage to surrounding
normal tissues and OARs.

While single high-doses of radiation are associated with poor elimination of
hypoxic cells and exposure of cells within resistant phases of the cell cycle,
radiation fractionation allows tumor cells to redistribute into more radio-
sensitive phases and reduces hypoxia by reoxygenation (Withers, 1975).

Radiotherapy fractionation attempts to maximize the therapeutic ratio, offering
the best trade-off between probability of cure and probability of adverse
reaction.

However, technical advances and altered dose fractionation alone won't be
sufficient in attempting to maximize toxicity free survival, unless taken in
conjunction with new drug combinations and radiosensitivity (Barnett et al.,
2009).

7.2.1 The linear quadratic model

The Linear Quadratic model (LQ) is a mathematical model providing a simple
relationship between cell survival and the radiation dose delivered: S =
e~90—BD2 (McMahon, 2018) It describes the radiation response of the tumor, in
which the a/p ratio is used to characterize the sensitivity of a particular tissue
type to fractionation (Jones and Dale, 2018).

It has been considered the standard method of modelling for decades and has
been used to predict response to radiation both in vitro and in vivo.

The classical theory of radiation action emerged with the help of Douglas Lea
(Lea D.E. Action of radiation on living cells. In: ASIN: BO007JLWKQ. 1st Edition
(1946), 2nd edition (1962): The British Institute of Radiology.; 1962) who
expressed the average yield of severe chromosomal aberrations per cell (E) in
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the form of a linear-quadratic relationship with single-dose d and
radiosensitivity parameters a and f3:

E=ad+pd>

Where: E (logarithmic cell kills) is the fraction of cells killed by an absorbed
dose d; a is the linear component of cell kills related to DSBs caused by a single
hit of radiation; B describes double hits (the quadratic) component of cell kills.
(Lea, 1946)

The most common expression of the LQ model used is: S = e ~aD-#D2

It describes the probability of cell survival following exposure to a single dose of
radiation S where D is the dose delivered a and B are parameters of cell
radiosensitivity.

Survival is generally plotted on a log scale, giving a quadratic response curve.

The a/p ratio expressed in Gy is generally defined as the degree of curvature
and corresponds to the dose at which the linear a and quadratic  contributions
are equal.(McMahon, 2018)

Fig 9. Illustration of LQ curves

ol = 5Gy

1
= o
2 Kl -~
g g &
Q <
[ (i
o o 0.1
c < I
= 2
E E [ Total Survival !
0 L w L o Component — — I
. One-hit
- High o/B \ [ ng-h‘rt !
Lowa/p — —
0.01 1 L 1 1 1 L ) J 0.01 1 1 1 1 1 L 1 J
0 1 2 3 < 5 6 7 8 0 1 2 3 - 5 6 7 8
Dose (Gy) Dose (Gy)

Left: Responses for cell lines with high and low g/S ratios. High g/ cell lines (10 Gy) have nearly-constant
rates of cell killing with increasing dose, while low g/ lines (3 Gy) show a pronounced curvature, with
greater killing per unit dose at higher doses. Right: Separation into one- and two-hit kinetics. At low
doses, response is dominated by one-hit events, while at higher doses multi-hit killing is more important.

These effects are equal when the dose matches the O/ 17 ratio of the cell line (5 Gy).

Stephen Joseph McMahon 2019 Phys. Med. Biol. 64 01TRO1
DOI 10.1088/1361-6560/aaf26a
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The applicability and validity of the LQ model is increasingly becoming
scrutinized in light of increasing complexity of underlying biology of new
radiotherapy techniques and a deeper understanding of intrinsic and extrinsic
factors modulating radiosensitivity.

7.2.2 Biological effective dose (BED)

The Biologically effective dose (BED) term was introduced in 1989 (Fowler,
1989) based on the LQ model and indicates the biological effect of a radiation
treatment. It takes into account the dose per fraction, total dose and includes
the time factor as opposed to previous formulas.

In clinical practice, the use of BED requires careful interpretation of modelling
results before making treatment decisions and can involve the use of multiple
parameters in some situations. (Jones et al., 2001). For instance, this is
particularly true in cases where the dose per fraction is being modified due to
concerns about normal tissue tolerance, those with a large planning target
volume (PTV) or those including combinations of radiotherapy treatments or
different histological subtypes of cancer (Jones et al., 2001).

7.3 BIOLOGICAL EFFECTS OF RADIOTHERAPY ON CANCER CELLS

While reponse to radiation is largely mediated by cytotoxic DNA damage,
multiple radiation-induced effects on both tumor cells and the tumor
microenvironment are in play.

Current data indicate that radiotherapy can activate multiple cell signaling
pathways which lead to the induction of senescence, apoptosis, autophagy
(leading to cell death or survival) and/or cell cycle checkpoint activation and
DNA repair (Chen et al., 2019)(Havaki et al., 2015)(Santivasi and Xia, 2014)
(Schmukler et al., 2013)(Nguyen et al., 2018).
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Fig 10. Cellular response to radiation-induced damage
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Cellular response to radiation-induced DNA damage. Ionizing radiation (IR) induces DNA damage in cancer
cells in the form of either single-strand breaks (SSB) or double-strand breakes (DSB). DNA damage sensed
by cells results in various cellular responses/senescence, apoptosis, autophagy, cell cycle arrest, and DNA
repair. Signaling pathways that promote cell cycle checkpoint activation /DNA repair and inhibition of
apoptosis can protect cancer cells drom IR-induced cytotoxicity, promoting survival and the subsequent
radiation resistance of cancer cells.

Diagnostics (Basel). 2022 Mar; 12(3): 656.
Published online 2022 Mar 8. doi: 10.3390/diagnostics12030656

Ionizing radiation’s cytotoxicity or ability to control tumors is mainly the result
of direct DNA damage which in turn activates a number of damage response

and repair (DDR) signaling cascades that control cell cycle arrest, DNA repair

and the cell’s fate.(Santivasi, et al.) (Raleigh and Haas-Kogan).

DNA double-strand breaks (DSBs) generated by IR represent the most lethal
form of damage and are repaired either via homologous recombination (HR) or
nonhomologous end-joining (NHEJ) pathways. (Raleigh and Haas-Kogan,
2013).
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7.3.1 Types of radiation induced DNA damage

DNA damage is considered to be the primary target for cell inactivation by
ionizing radiation, and cell death induced by radiation is largely the result of
lack of repair or mis-repair of complex DNA lesions.

DNA lesions are reported to affect a significant number of cells in the human
body, occurring at a reported rate of 10 000 to 1,000,000 molecular lesions per
cell per day (Friedberg, 2019). If unrepaired, or incorrectly repaired this
damage can lead to serious genome aberrations or mutations resulting in cell
death.(Jackson and Bartek, 2009).

It is estimated that ionizing radiation produces about 1000 single-strand breaks
(SSBs) and 25-40 double-strand breaks (DSBs) per diploid cell per gray
regardless of cell type (except in hypoxic cells or cells deficient in GSH) (Olive,
1998).

Fig 11. Types of DNA damage induced by ionizing radiation
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The major types of DNA damage induced by IR include base and sugar damage, single strand double-
strand breaks, double-strand breaks, clustered DNA damage, and covalent intra-strand or inter-strand
crosslinking.

Signal Transduction and Targeted Therapy
(Sig Transduct Target Ther) ISSN 2059-3635 (online)
https.//doi.org/10.1038/541392-020-0150-x

Irradiation can induce a great variety of DNA damage including single-strand
breaks (SSBs), double DNA strand breaks (DSBs) and base modifications such
as oxidation, alkylation deamination, loss of bases residues to produce apurinic
or apyrimidinic sites (AP sites), all of which can indirectly lead to SSBs and/or
DSB’s. (Huang and Zhou, 2020).
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There are also crosslinks formed involving DNA-DNA and DNA-protein
interactions.

Radiation causes formation of ROS (Reactive Oxygen Species) which are
indirectly involved in DNA damage. These ROS generate apurinic or apyriminidic
sites (abasic sites) in the DNA, SSBs, sugar modifications and deaminated
adducted bases (Redon et al., 2010)(Aparicio et al., 2014).

Collectively all these changes induce cell death and mitotic failure.

While IR does induce a variety to DNA lesions, double-strand breaks are
considered the lesion responsible for lethality of tumor cells, but also for the
genomic instability that leads to development of secondary cancers among
normal cells.

7.3.2 Double-strand breaks (DSBs)

DSBs are considered the most critical lesion in terms of lethality and mutation
probability, they are viewed as a form of complex DNA damage, also called
clustered damage. (Ward, 1994).

Following irradiation with X-rays or Gamma-rays, clustered DNA lesions are
reported to be 3-4 times more abundant than single-strand damage. (Nikitaki et
al., 2016)(Sage and Shikazono, 2017).

Complex DNA damage is commonly described as two or more lesions within one
or two helical turns of the DNA arising from a single radiation track and distinct
from endogenous DNA damage (Goodhead, 1994). IR causes DNA lesions by
direct interaction with DNA or indirectly via the generation of reactive species
(ROS).

While simple single strand breaks are generally rapidly repaired by base
excision repair (BER), complex DSBs are more slowly and inefficiently repaired
resulting in genomic instability (Li et al., 2016)(Goldstein and Kastan, 2015).
Additionally, once complex DSBs form, the repair processes occur slowly and
chromosomal aberrations can cause cell death or delayed mitosis without
further repair.(Nikitaki et al., 2016)(Stewart, 2018)

Double-strand breaks generated by irradiation are by far the most deleterious

form of DNA damage, leading to cell death and viable chromosomal
rearrangements.
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7.3.3 The DNA damage response (DDR)

Over time, cells have developed an efficient and rapid DDR to maintain genomic
integrity. DDR is a major determinant of cancer cell responses to radiotherapy
and hence radiosensitivity.

The DDR components can be divided in three groups: sensors, signal
transducers, and effectors.

DNA damage sensors are generally described as response proteins that can first
detect DNA damage and recruit transducer proteins triggering cell signaling
transduction signals to enzymes to respond to the break (Schuch et al., 2013)
(Kouranti and Peyroche, 2012). Signal transducers are often seen as functional
partners of DNA damage sensors (Ciccia and Elledge)(Heijink, et al). As DNA
damage sensors and transducers usually coexist, it is difficult to classify them.
That said, signal transducers have kinase activity triggering the activity of
downstream effectors (Hau and Tsao, 2017).

The effector pathways include proteins involved in cell cycle control, DNA repair
and apoptosis (Nakanishi et al., 2006).

/.3.3.1 DNA damage sensor proteins

One of the first DNA sensor proteins identified was Rad24p by Ford et al.in
1994. It is required for DNA damage checkpoint activation and is essential for
cell proliferation (Voicu et al., 2007).

To date a series of DNA sensor proteins have since been identified including
yH2AX, Rad50, 53BP1, Nbs1, BRCA1/2, or Ku (Ku70/Ku80 heterodimer).

They share some common characteristics: they localize to the sites of DSBs
within seconds or minutes after IR exposure, they can recruit other proteins to
sites of damage, and can also regulate each other.

YH2AX

YH2AX is a typical example of a marker that has been translated from bench to
bedside and has been used as a predictive biomarker for radiotherapy
sensitivity in certain cancer types (Siddiqui et al., 2015). The expression of
gamma-H2AX has been established as a sensitive indicator of DSBs.

31



Phosphorylation of H2AX histone at the S139 site to form gamma-H2AX is a
known marker of DSBs induced by irradiation and occurs at a very early time at
the sites of those DSBs leading to visible yH2AX nuclear foci.(Rogakou et al.,
1998).

As indicated by Siddiqui et al, (Siddiqui et al ,2015), yH2AX persisted after
exposure to IR under treatment with various radiosensitizing drugs, indicating
that this sensor could be used to monitor cancer therapy.

More than a decade ago, Kuo and Yang (Kuo and Yang, 2008) suggested that
yH2AX foci could be used as a biomarker for DNA damage as they represent
DSBs in a 1:1 ratio.

Of particular interest is the fact that the disappearance of yH2AX foci occurs
earlier than that of other IR exposure response proteins. Therefore, yH2AX
constitutes a useful and widely used tool to measure irradiation or cytotoxics-
induced DNA damage due to its high sensitivity.
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Table 2. Summary of a few main DNA damage sensors induced by IR (human

versions)
Length Subcellular Interaction partners
location

YH2AX 143 Nucleus Several other proteins
(Kobayashi, et al.) | (Kobayashi et al., 2002)
chromosome (Stewart et al., 2003)

Nbs1 754 Nucleus (Lee, et | MCM9 (Lee et al., 2015);
al.) ; telomere, BRCA1, MSH2, MSH6, MLH1,
chromosome ATM, BLM, RAD50, MRE11, and

NBN (Wang et al., 2015)

Mrell 708 Nucleus, MCM9 (Lee et al., 2015)(Trujillo
telomere, et al., 1998)
chromosome (Lee
et al., 2015)

Rad50 1312 Nucleus, MCM8 and MCM9 (Lee,et al.),
telomere, BRCA1 (Zhong et al., 1999),
chromosome (Lee | MSH2, MSH6, MLH1, ATM,
et al., 2015) BLM, RAD50, MRE11, NBN

MDC1 2089 Nucleus, MRE11, RAD50 and NBN,
chromosome CHEK?2, the BRCA1-BARD1
(Becherel et al., complex, SMC1A and TP53BP1,
2010) ATM and FANCD2

53BP1 1972 Nucleus (Drané et | P53 /TP53 (Derbyshire, 2002),
al., 2017), H2AFX (Stewart et al., 2003),
chromosome CHEK2 (Wang et al., 2000)

RIF1, PAXIP1, IFI202A and
SHLD2
BRCA1 1863 Nucleus (Wu et BARD1, UIMC1/RAP80,

al., 2016),
cytoplasm
(Hiraike et al.,
2010)

ARBRAXAS1, BRCC3/BRCC36,
BABAM2 and BABAM1/NBA1

Available from https://www.uniprot.org
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Fig 12. Damage sensors and their functional complexes in response to DNA
double-strand breaks
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Damage sensors and their functional complexes in response to DNA double-strand breaks. (1) Upon DSB occurrence,
the core histone protein variant H2AX is instantaneously phosphorylated on its S139 position to form yH2AX foci, which
can be detected at the DSB site. yH2AX provides a platform to recruit DDR proteins, such as 53BP1, MDC1, and ATM, to
DSBs to initiate DDR signal transduction. (2) DNA-dependent protein kinase (DNA-PK), composed of Ku70, Ku80, and
the catalytic subunit DNA-PKcs, is a classical DSB-sensing and -binding complex. DSB binding by DNA-PK protects the
broken DNA end from degradation by endogenous nucleases; on the other hand, it recruits and activates the
downstream components in the NHEJ pathway of DSB repair. (3) BRCA1 and BRCA2 are key proteins involved in DSB
binding and initiating the HR pathway and later repair processing. BRCA2 directly recruits RAD51 to sites of DNA
damage through interaction with conserved BRCT motifs to stabilize the RAD51 nucleoprotein filament on the ssDNA
end of DSBs. Following end resection of the DSBs, BRCA1 activates RAD51 to promote gene conversion of homologous
recombination. (4) The MRN complex (Mre11-Rad50-Nbs1) is the primary sensor of DSBs and localizes to damage sites
to initiate end resection and HR processing. The MRN complex also promotes the recruitment and activation of ATM and
PARP-1. PARP-1 produces poly(ADP-ribose) polymers and extends DNA damage signaling

Signal Transduct Target Ther. 2020; 5: 60.
Published online 2020 May 1. doi: 10.1038/s41392-020-0150-x

P53

P53 protein is a crucial tumor suppressor encoded by the TP53 gene. It is
activated and phosphorylated on serine-15 in response to cellular stress (Horn
and Vousden, 2007).

The p53 pathway is a key player in determining cells fate via involvement in

DNA repair, induction of permanent or transient cell cycle arrest and induction
of apoptosis (Purvis et al., 2012).
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In response to cell stress such as telomere shortening and radiation, ataxia
telangiectasia mutated (ATM) protein kinase phosphorylates p53 leading to its
stabilization and transcriptional activation of p21 (CDKN1A)-mediated cell cycle
arrest. Other kinases involved in checkpoint control, such as ataxia-
telangiectasia and Rad3-related protein (ATR), checkpoint kinase 1 (CHK1), and
checkpoint kinase 2 (CHK?2), also target p53 (Harris and Levine, 2005).

Fig 13. Factors that might determine the outcome of p53 activation by IR

Nature Reviews | Cancer

Gudkov, A., Komarova, E. The role of p53 in determining sensitivity to
radiotherapy. Nat Rev Cancer 3, 117-129 (2003).
https://doi.org/10.1038/nrc992
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7.3.4 Signaling pathways of DDR and repair
/7.3.4.1 The IR-induced DNA damage response

As seen earlier, IR leads to cell death via the induction of DSBs in cancer cell
DNA resulting in genomic instability, indirectly via induction of ROS, (Smith et
al., 2017) apoptosis, cell cycle checkpoint alteration or post-mitotic death.

When DNA damage occurs, the repair machinery stops the cell cycle at specific
control checkpoints to repair DNA damage and prevent continuation of the cell
cycle. Intrinsic radiosensitivity of tumor cells is strongly influenced by the cells
DSB repair capacity (Mladenov et al., 2013).

If the radiation damage can be efficiently repaired by tumor cells, this leads to
development of radiation resistance enabling cells to survive and replicate. In
the event that the damage remains unrepaired, these mechanisms induce
programmed cell death or apoptosis to prevent accumulation of mutations in
daughter cells (Deckbar et al., 2011).

The major repair pathways used by cells for dealing with DSBs are homologous
recombination repair (HRR) non-homologous end-joining (NHEJ), and
alternative NHEJ, operating as a backup. The goal of these is to handle
different forms of DNA lesions eventually achieving DSB removal and
maintaining genomic integrity (Iliakis et al., 2019). Importantly, their function
represents a major mechanism of radiation resistance in tumor cells.
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Fig 14. Major DNA double-strand break repair pathways
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The pathways of DNA double-strand break repair. The nonhomologous end-joining (NHEJ)
pathway is an error-prone repair pathway that functions through the cell cycle. The homologous
recombination pathway is an error-free repair pathway that requires intact homologous DNA as
a repair template and is active in the later S and G2 phases. The alternative end-joining (a-EJ)
pathway, which repairs DNA double-strand breaks (DSBs), is initiated by end resection that

generates 3’ single strand.

The HR repair pathway was the first to be discovered and named due to the
close proximity of homologous strands during mitosis. It is specifically triggered
in the later S and G2/M phases (Resnick, 1976).

In 1980's , the DNA end-joining pathway was discovered. The NHEJ pathway is
triggered in the GO/G1 phase as well as G2/M phases (Lodovichi et al., 2020)
and is supposed to be predominant in mammalian cells compared to
microorganisms. (Roth et al., 1985)

The HR repair pathway requires a template, is slow but highly accurate. It is
only initiated at the later G2 and S phases, can repair both one and tow-ended
breaks, and can repair protein-blocked ends. (Turan and Oktay, 2020).
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The HR pathway has also been used as a genome editing tool, an example
being the clustered regularly interspaced short palindromic repeats (CRISPR)-
Cas9 technique.(Knott and Doudna, 2018).

Importantly, the HR pathway is associated with radioresistance.

A recent study by Jin et al.(Jin et al., 2019) found that Deinococcus shows high
resistance to IR exposure due to a combination of defense mechanisms such as
self-repair of DNA damage through the HR pathway. (Lopez Perez et al.,

2019) reported that glioblastoma cells exposed to carbon ions initiated the HR
repair pathway with significant cell cycle delays, predominantly in G2 phase.

In clinical practice both HR and NHEJ pathways are important for repairing
irradiation-induced DSB's.

For example, GSK212, a MEK1/2 inhibitor functionally repressed both HR and
NHEJ repair pathways leading to delayed DNA repair and persistent increased
expression of gH2AX as a way to modulate radiosensitivity (Estrada-Bernal et
al., 2015).

As such, upregulation of DNA repair pathways or up-regulation of DDR genes
(BRCA1, RAD51, FANCG) are recognized as a primary acquired mechanism
through which cancer cells may become radioresistant (Young et al., 2014).
Additionally, DDR alterations also alter the TME and the inflammatory cascade
(Khalil et al., 2016).

7.3.5 Activation of cell cycle checkpoints

The cell cycle is essential for cell growth, proliferation and reproduction. It
allows cellular components to be replicated and delivered to the next
generation of cells (Barnum and O’Connell, 2014). It involves a large number of
regulatory proteins.

Cell cycle checkpoints, maintain genomic integrity and ensure an ordered
succession of cell cycle events. These checkpoints are critical for protecting cells
from progressing into the next phase of the cell cycle before resolution of prior
molecular events such as DNA damage or spindle structure disruption has taken
place (Wang et al., 2015).
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Radiotherapy induced DNA damage triggers cell cycle checkpoints activation to
block cell cycle progression therefore allowing time for cells to repair the
damage.

Depending on the phase of the cell cycle the damage is sensed, the cells can be
blocked at the G1/S or G2/M phase of the cell cycle. (Fig 15)

Fig 15. Irradiation and celle cycle checkpoints
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Irradiation induces G1 and G2 cell cycle checkpoint activation and DNA repair. Most cancer cells are defective in G1
checkpoint, commonly due to the mutations/alterations of the key regulators of the G1 checkpoint (in blue), but contain
a functional G2 checkpoint.

Irradiation induced DNA damage is one of the major triggers for the activation of a number of DNA structure
checkpoints, leading to cell cycle arrest at various stages called G1 /S phase arrest, S-phase arrest and G2/M arrest,
spindle checkpoint arrest and M-phase arrest.

Int J Oncol. 2014 Nov; 45(5): 1813-1819.
Published online 2014 Aug 20. doi: 10.3892/ij0.2014.2614

/7.3.5.1 G1/S checkpoint

In G1/S arrest, the cyclin D-CDK4/6 complex phosphorylates pRB, leading to
the release of transcription factor E2F from pRB and activation of cyclin E
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transcription. Cyclin E forms a complex with CDK2, which further
phosphorylates pRB in a positive feedback loop and promotes the transition
from G1 to S phase. (Finkielstein et al., 2002)(Peng et al., 2020a).

Irradiation may contribute to transient delays or interruption of the G1/S
transition, resulting in S phase arrest. Theoretically, a G1/S arrest would give
cells with radiation exposure more time to perform DNA damage repair.
Transcription factor p53 has been shown to regulate the cell cycle (Kotteman
and Bale) mainly by monitoring G1 and G2/M checkpoints (Barnum and
O’Connell). P53 is required for the arrest in G1 phase and G1 arrest is
consequently associated with its status.

The crucial p53 protein is encoded by the TP53 gene. The p53 pathway
determines the fate of the cell via involvement in DNA repair, induction of
permanent or transient cell cycle arrest and induction of apoptosis.

Ataxia telangiectasia mutated (ATM) kinase ATM functions as an important
initiator of the DNA damage response and activates p53 a strong tumor
suppressor.

ATM is activated under several cellular stress condition including radiation,
oxidative stress or hypoxia. (Khoronenkova and Dianov, 2015)(Chow et al.,
2019) Once activated, it phosphorylates p53 leading to its stabilization and
transcriptional activation of p21 cyclin-dependent kinase inhibitor-mediated cell
cycle arrest.

In their study, Nagasawa et al. have shown the absence of G1/S arrest in
cancer cells expressing normal p53 synchronized by mitotic selection following
irradiation. Subsequent data point that p53 is regulated at post-translational
level by a series of protein interactions (Fabbro et al., 2004) and
phosphorylation.

As a result, phosphorylation of p53 serves to monitor G1/S arrest by inducing
the cyclin-dependent kinase inhibitor, p21.

Regulation of p53 in response to irradiation is complex, therefore recovery or
activation of p53 could be a strategy for overcoming radiation resistance.

/7.3.5.2 S-phase arrest

During IR induced cell damage response, S-phase arrest is activated to inhibit
DNA synthesis (Wang). Several DNA damage patterns can trigger S-phase
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arrest including DSBs, DNA crosslinks and DNA adducts.(Barnum and O’Connell,
2014)(Deckbar et al., 2011).

Deficiencies in S-phase checkpoints accelerate DNA synthesis in case of DSBs in
patients with ataxia -teleangiectasia or other chromosomal syndromes.
Additionally, ATM phosphorylates both Nbs1 and CHK2 leading to S-phase
checkpoint activation following irradiation.

Regulation of the S-phase checkpoint is complex as it involves multiple
pathways.

7.3.5.3 The G2/M checkpoint

The G2/M checkpoint is considered crucial in preventing premature mitosis in
cells with damaged DNA especially in cells with p53 functional deficiency.
(Cuddihy and O’Connell, 2003).

G2/M arrest prevents cells from entering the Mitosis phase in presence of DSBs
(Wang et al., 2015). There is high variability in the duration and level of cell
cycle arrest and recovery time among different cell lines. G2/M arrest often
occurs 0.5 to 4h post irradiation in mammalian cells and then resolves. (Peng et
al., 2020b)

It is generally considered that the higher the dose of IR, the more obvious the
G2/M arrest, and the more delayed the recovery effect.

In response to DNA damage caused by IR, cancer cells are arrested in
proliferation and increased apoptosis. However, radiation resistant cells are able
to overcome the cell cycle block and proceed to proliferation.

In their study, Peng et al. (Peng et al., 2020a)show that radioresistant cells

show a recoverable G2/M phase during prolonged cell cycle and manifested
lower apoptosis rate and more colony formation.
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Fig 16. Functional complexes and cyclin-dependent kinases (CDKs) and the
signaling pathways involved in the regulation of cell cycle checkpoints in
response to IR-induced DNA damage.

Signal Transduct Target Ther. 2020; 5: 60.
Published online 2020 May 1. doi: 10.1038/s41392-020-0150-x




Targeting DNA damage repair in order to sensitize cancer cells to irradiation
remains a promising therapeutic approach. However most DNA damage
pathway inhibitors lack toxicity assessments and require estimation of the risk
of carcinogenesis prior to clinical application.

The idea of inhibiting kinases involved in the cell cycle checkpoint control
responsible for cell cycle progression and DNA damage repair is a promising
approach to overcoming radioresistance. (Vlatkovic et al., 2022).

7.4 FROM THE 4 TO THE 6 R’S OF RADIOTHERAPY

Whiters et al. defined the 4 R’s of radiotherapy in 1975. The classical 4 R’s
“Repair, Redistribution, Repopulation, Reoxygenation” were mainly used in
order to understand the differential response from one patient to another to RT
and to explain the effect of RT fractionation on the treatment efficacy.

Later, a key 5th "R” or Radiosensitivity (Steel et al., 1989) has emerged in the
form of intrinsic radiosensitivity as a probable result of our inability to explain at
the mechanistic level the different radio-curabilities of malignancies like
lymphomas, seminomas or gliomas or melanomas.

Each « R » can be viewed as a double-edged sword, such that changes can
occur in either direction to increase or decrease the net therapeutic effect
(Chew et al., 2021).

It is now widely accepted that the immune response could play a critical role in
RT response leading to the emergence of a 6™ R: Reactivation (of the anti-
tumor immune response). (Boustani et al., 2019)( Fig 17).
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Fig 17. The 6 R’s of radiotherapy
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The six “"Rs” dictating the response to radiotherapy.

Radiotherapy response depends on six parameters: Radliosensitivity, refers to the cell-intrinsic mechanisms (e.g.,
metabolic adaption, ROS detoxification), explaining differences in cell responses to irradiations; Repair, refers to the cell
capacity to survive by repairing radio-induced damages (particularly DSBs), in theory, more characteristic of healthy
cells; Repopulation, refers to the tumor cells capacity to grow following a radiotherapy fraction; Redistribution, refers to
the progression of cancer cells from radioresistant cell cycle phases (/.e., G1/S) toward more radiosensitive phases (i.e.,
G2/M), between radiotherapy fractions; Reoxygenation, refers to the oxygen level recovery following irradiation, due to
well-oxygenated cells death and tumor vascularization; Reactivation, refers to the triggering of a systemic anti-tumor
immune response following irradiation-induced immunogenic cell deaths.

https://doi.org/10.3389/fendo.2021.742215

7.4.1 Repair

Ionizing radiation causes DNA damage, as a result, cell survival following
radiation depends on its ability to repair itself and on the type of DNA lesion. In
the event the DNA lesions are irreparable, cell activate death programs
(Schultz, et al.). In case of post-irradiation survival, tumor cells continue to
proliferate (Brown et al., 2019).

Different DNA repair mechanisms are involved including base excision repair
(BER), nucleotide excision repair and DNA DSB repair. Homologous
recombination repair (occurs in late S/G2 phase) uses undamaged sister
chromatin as template and represents a slow process, while honhomologous
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end joining is a fast but error prone and potentially mutagenic process
occurring in G1 phase.

7.4.2 Redistribution through the division cycle

Cells are likely to be in different phases of the cell cycles during irradiation and
exhibit different levels of radiosensitivity during the cell cycle as discussed
earlier. Cells in the S phase are more radioresistant and cells in G2/M more
radiosensitive. During the fractionated radiation cells in the G2/M phase are
preferentially killed. The time between the two fractions allows resistant cells
from the S-phase to redistribute into cell cycle phases in which cells are more
radiosensitive.

7.4.3 Repopulation

“Repopulation” is the process of renewal and increase in cell division seen in
surviving normal and malignant cells in between irradiation fractions. It
represents one of the main reasons for failure of conventionally fractionated
radiotherapy.

The time of onset and rate of repopulation after irradiation vary with the tissue.

Some tumors exhibit accelerated repopulation, a marked increase in their
growth fraction and doubling time and decrease in cell cycle time at 4 weeks,
such as in SCC head and neck or cervix. It can be countered if treatment time
extends over 5 weeks.

Extensive data support the role of cancer stem cells (CSCs) in cancer
progression and post-radiothrapy recurrence (Liu et al., 2020). and their
subsequent association with hypoxia (Phillips et al., 2006)(Najafi et al., 2020).
An important characteritstic of somatic stem cells, whether normal or malignant
is their ability to perform asymmetric cell divisions which give rise to a daughter
stem cell and a committed progenitor cell (Chhabra and Booth, 2021). In a
symmetric cell division in contrast, stem cells divide into two committed
progenitor cells or two daughter stem cells.

The asymmetric cell division is key to tissue homeostasis (Yamashita et al.,
2010) as even small changes in the way stem cells divide have huge impact on
organization of a tissue or tumor and are thought to be behind the mechanism
of accelerated repopulation.
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7.4.4 Re-oxygenation

The sensitivity of radiation increases in well oxygenate tissues.Hypoxia is a
consequence of the high tumor cell proliferation rate and the abnormal
structure of the tumor vasculature (Rey et al., 2017).

Pre-clinical data suggest that tumor cells in a hypoxic environment have a
higher probability of surviving after irradiation.

Reoxygenation refers to the fact that between radiotherapy fractions, well-
oxygenated cells death leads to oxygen release, reduction in oxygen demand
and tumor shrinkage which in turn allows better oxygen diffusion and
angiogenesis.(Rakotomalala et al., 2021).

While reoxygenation turns initially hypoxic areas to a more radiosensitive state,
the process leads to oxidative stress and paradoxically stabilizes HIF-1. (Harada
et al., 2009).

Numerous studies have shown that reoxygenation of tumors may occur only 24
to 72h after irradiation (Crokart et al., 2005) (Harada et al., 2009)

Harada et al,(Harada et al., 2009) show that tissue reoxygenation leads to an
increase of HIF-1 (hypoxia inducible factor-1) activity through AKT/mTOR
signaling activation.

At present, the role of reoxygenation in response to RT remains ambiguous.
While the oxygen level increase radiosensitizes tumor cells via the so called
“oxygen effect”, reoxygenation induces radioresistance through hypoxia-related
signaling (HIF-1 stabilization mediated by oxidative stress) (Kabakov and
Yakimova, 2021).
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Fig 18. Reoxygenation
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Radiotherapy induces tissue reoxygenation through Oz release and angiogenesis.

Hypoxia also favors reoxygenation since HIF1 protects endothelial cells from irradiation and
promotes VEGF expression. Nevertheless, hypoxia induces mitochondrial respiratory
supercomplexes formation, which could persist after reoxygenation and cause high 02
consumption and depletion. Oxidative stress due to irradiation and reoxygenation stabilizes HIF-
1, which can maintain radioresistance

Front. Endocrinol.;02 September 2021 Sec. Cellular Endocrinology
Volume 12-2021
https://doi.org/10.3389/fendo.2021.742215

Different mechanisms contribute to the process of re-oxygenation. Oxygen
availability is closely linked with the microvascular network. While Grogan, et
al.(Grogan et al., 2017) used 3-D vessel network representations, various
models have been developed to study the dynamics of hypoxia and the effect of
reoxygenation in fractionated radiotherapy (Kempf et al., 2015)(Harting et al.,
2007).

Hami et al, (5), developed a multi-scale model considering the spatio-temporal

evolution of oxygen during radiotherapy treatment as well as the whole 5 R’s of
radiotherapy to predict the effects of radiation on tumor growth.

7.4.5 Radiosensitivity
A fifths factor was added by Steel: radiosensitivity, in recognition of the fact

that the intrinsic vulnerability of cancer cells differs markedly, as well as
individual radiosensitivity. (Steel et al., 1989).
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In conventional radiotherapy therefore, the relative biologic effectiveness of
radiation is influenced by the ‘5Rs’. A linear quadratic model prevails to describe
the radiation response of the tumor in which the alpha/beta ratio is used to
characterize the sensitivity of a particular tissue type to fractionation.

7.4.6 Reactivation

While radiotherapy was long considered immunosuppressive, the last two
decades have shed some new light.

Radiotherapy leads to immunogenic cell death (ICD) by inducing critical events
for DC activation and effector T cell priming : the cell translocation of
calreticulin, the extracellular release of high-mobility group protein B1 HMGB1
and the release of ATP (Kroemer et al., 2013).

In addition to this, RT can modulate the expression of several receptors and
cytokines by cancer cells and tumor stroma resulting in modifications of the
TME that can be harvested to enhance the effect of immunotherapy (Demaria
et al., 2005).

It has been shown that RT promotes the cytotoxic CD8 and Th1 cells
recruitment to TME by the induction of chemokines CXCL9, CXCL10 and CXCL16
(Matsumura, et al.)

While reshaping of the TME undoubtedly includes immunosuppressive effects
such as MDSC, T-regs, M2- like marcrophage polarization, up-regulation od PD-
L1 and CTLA-4, , RT also induces immunostimulatory effects. Those
modifications including DC, CD8+ Tcells and NK cells activation, interferon type
I and II response or Fas apoptotic cell death, contribute to an increase in the
ability of tumor cells to be recognized by the immune system and to the
activation of the adaptive and innate immunity effectors leading to a specific
anti-tumor response. Therefore, the irradiated tumor becomes an in-situ
vaccine contributing to a systemic anti-tumor response in addition to the local
RT effect.
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Fig 19. Reactivation
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Because of exacerbated metabolism, hypoxic cancer cells consume nutrients from the microenvironment and starve
immune cells. In addition, glycolytic metabolism produces lactate which polarizes TAMs in M2 immuno-suppressive and
activates MDSCs inhibiting T-cells. HIFs expression in TAMs increases their immunosuppressive activity. Also, in MDSCs
HIF-1 promotes PD-L1 expression that inhibits T-cell through PD-1/PD-L1 immune checkpoint. HIF-1a differentiates T-
cells into immunosuppressive regulatory T-cells via FOXP3 expression. Finally, hypoxia can cause T-cells exhaustion by
reducing their energetic metabolism through MFN1 down-regulation.

Front. Endocrinol.;02 September 2021 Sec. Cellular Endocrinology
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8 FACTORS INFLUENCING RADIOSENSITIVITY

Radiosensitivity can be influenced both by factors intrinsic and extrinsic to a
cancer cell.

8.1 EXTRINSIC FACTORS

8.1.1 Hypoxia

One of the factors in the tumor microenvironment (TME) extrinsic to the cancer
cell that can influence radiosensitivity is oxygenation.

In vivo, it is generally accepted that radiosensitivity of a tumor depends on the
complex interaction between the intrinsic sensitivity of the cancer cells, and that
of the tumor microenvironment, with hypoxia representing a major modulator
of radiosensitivity (Vaupel, 2004).

Ambient air is 21% O, (150 mm Hg); however, most mammalian tissues exist

at 2%-9% O (on average 40 mm Hg). Hypoxia is usually defined as < 2%
O2.(Bertout et al., 2008)

Research into hypoxia’s role in tumor biology started in the early 20t century
by Otto Warburg who demonstrated that tumor cells favor glycolysis unlike
normal cells. Increased glycolysis and subsequent CO2 production result in
acidification of the tumor microenvironment (Vaupel et al., 2019). This hypoxic
and acidic environment can in turn make cells resistant to both radiation and
chemotherapy (Cairns et al., 2006).

Following Warburg’s observation, first research attempts looked at determining
whether hypoxic or anoxic cells can be found in mammalian tumors and how
these cells affected radiotherapy. (Bertout et al., 2008)

In 1940’s Lacassagne and Evans et al. demonstrated the radioprotective effect
of anoxia in normal tissues using whole body anoxia in newborn rodents
(reviewed in {Gray, 1953 #6395}). Since then, it has been largely
demonstrated that molecular oxygen significantly modifies the effectiveness of
radiotherapy.(Evans and Koch, 2003)(Wilson and Hay, 2011). More precisely,
the response of anoxic regions of the tumor to irradiation is 2.5-3 times weaker
(Zdrowowicz et al., 2022) compared to that of their well-oxygenated
ccounterparts, known as the oxygen enhancement ratio. (Hall and Giaccia,
2006)(Bertout et al., 2008).
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Low tissue oxygenation influences the response to several treatment modalities
by contributing to to chemoresistance, radioresistance, angiogenesis,
vasculogenesis, invasiveness, resistance to cell death, altered metabolism and
genomic instability. (Wilson and Hay, 2011). Hypoxia is considered to be a
negative prognostic and predictive indicator as hypoxic tumors are more
biologically aggressive and more likely to recur locally and metastasize.

Indeed, other elements in the TME such as stromal cells and the expression of

factors such as VEGF and hypoxia-inducible factor-1 (HIF-1) may influence
tumor radiosensitivity.

8.1.2 Hypoxia Inducible factors (HIFs)

HIFs are heterodimeric transcription factors consisting of an a and a B sub-unit.
HIF1 is found in mammalian cells cultured in hypoxic conditions and is required
for transcriptional activation mediated by the erythropoietin gene enhancer in

hypoxic cells.(Wang et al., 1995)

Fig 20. Genes activated by hypoxia-inducible factors involved in tumor
progression
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Genes encoding proteins involved in numerous aspects of tumor initiation, growth and metastasis are transcriptionally
activated by either HIF-1a or HIF-2a. Examples include: inflammatory cell recruitment (SDF-1a, CXCR4), proliferation
(cyclin-D2, IGF-2), survival (VEGF, erythropoietin), metabolism/mitochondrial function (glycolytic enzymes, PDK-1),
extracellular matrix function (fibronectin-1, collagen type-5), motility (c-MET, SPF-1a), angiogenesis (VEGF, PDGF), and
pH regulation (carbonic anhydrase-9).

Nat Rev Cancer. 2008 Dec; 8(12): 967-975.
Published online 2008 Nov 6. doi: 10.1038/nrc2540

8.2 INTRINSIC FACTORS

Law of Bergonie and Tribondeau

The law of Bergonie and Tribondeau states that the “The radiosensitivity of a
cell is directly proportional to its reproductive rate and is inversely proportional
to its degree of differentiation.”

This means that radiosensitivity increases with:
- Increased rate of cell division
- Low degree of specialization (stem cells are very radiosensitive)
- Higher metabolic rate
- Increased oxygenation
- Increased length of time they are actively proliferating

8.2.1 Intrinsic radiosensitivity

Radiosensitivity is correlated to the ability of cells to detect and repair or not
the irradiation induced DNA damages.

In vivo, radiosensitivity of a tumor depends on the complex interaction between
the intrinsic sensitivity of the cancer cells, and that of the tumor
microenvironment, with hypoxia representing a major modulator of
radiosensitivity (Vaupel) as seen earlier.

Normal cell radiosensitivity
The first evidence for a genetic basis of individual sensitivity to radiation came

from the observation that people with ataxia telangiectasia were very sensitive
to radiation in vitro.
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Taylor et al. described that extreme normal-cell radiosensitivity in those
patients played a role in severe radiotherapy toxicity and morbidity (Taylor, et
al).

By the end of 1980’s, extensive evidence was accumulating showing that there
was variation in in vitro sensitivity to radiation of cells cultured from patients
without any genetic syndrome (Malaise et al. 1987).

Tumour cell radiosensitivity

Early in the 20™ century Studies by West et al.(West et al., 1989) (West et al.,
1993) highlighted the potential prognostic role of of tumour cell radiosensitivity
measurements in assessing response to radiotherapy. They measured intrinsic
radiosensitivity of cervical carcinoma using a clonogenic assay in patients
undergoing radical radiotherapy showing that the 3 year patient survival rate
was higher for those with SF3.5 values less than median.

In 1993 Girinsky et al. (Girinsky et al., 1993) studied radiosensitivity in biopsies
obtained from head and neck cancer patients undergoing surgery and
radiotherapy or radiotherapy alone suggesting in vitro parameters might be
useful in predicting treatment outcomes.

It is now widely accepted that intrinsic radiosensitivity is defined by multiple
factors including radiation physics, comorbidities, treatment, Poisson statistics
(chance that a cell in irradiated normal tissue sustains lethal damage), inherited
genetic basis, epigenetics or inter-individual variability.

However, tumour sterilization by irradiation depends above all upon intrinsic

radiosensitivity of tumour cells and factors affecting it, such as hypoxia,
proportion of cells in S phase, loss of repair pathways integrity.

8.2.2 The cell cycle effect
Role of the cell cycle in mediating sensitivity to radiotherapy
Three major radiation-induced checkpoints exist, in G1, S and G2 phases.

Following DNA damage, cell cycle checkpoints are activated to block cell cycle
progression and prevent propagation of cells with damaged DNA.
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Cell cycle blockage in the G1 phase after irradiation is believed to allow time for
recognition/repair of DNA damage prior to the initiation of DNA synthesis.

The G1 checkpoint is mediated mainly by ATM resulting in activation of P53
tumor suppressor transcriptional activity which is often deficient or lacking in
tumor cells.

Tumor cells may therefore rely more on the S and G2 checkpoints for repair of
radiation damage compared to normal cells.

Radiation resistance in the S phase is thought to be due to an elevated amount
of DNA synthesis and repair enzymes, as well as high intracellular levels of
glutathione (a free radical scavenger). Cells in S-phase at the time of radiation
have a slower DNA synthesis which is mediated by two distinct pathways,
ATM/NBS1/SMC1 and ATM/CHK2/CDC25A/CDK2. (Kastan and Bartek, 2004).

Cells are most sensitive in the G2/M phase of the cell cycle, partly due to the
lack of time for adequate repair before chromosome segregation takes place.
(Sharda et al., 2002) Encyclopedia of Cancer (second edition 2002).

A checkpoint arrest in G2 is not dependent on ATM, p53 or p21, in contrast to
checkpoint response in G1 phase. Activation of the G2 checkpoint in response
to DNA damage prevents entry of cells into mitosis and is initiated by ATM-
mediated activation of ChK1 and ChK2. While ATM is the initial activator of this
pathway, ATR activation and Chk1 are essential to checkpoint maintenance (Liu
et al., 2000)(Flynn and Zou, 2011).
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Fig 21. Cell cycle phases with the most and least radiosensitive phases.
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In the late 1960’s studies started to examine the dependence of the radiation
response on the phase of the cell cycle. It has since then been known that cells
in different cell cycle phases display different radiosensitivity.

Cell survival data have shown that cells were most sensitive to irradiation
during mitosis M and G2 phase, less sensitive in G1 and least sensitive during
the late phase S (Sinclair and Morton, 1963)(Sinclair, 2012).

Synchronization studies were performed in different cell lines (e.g.; Hela cells,
Yoshida sarcoma cells, mouse fibroblasts or L cells) (Terasima and Tolmach,
1963a) (Therasima and Tolmach Science), (Mak and Till, 1963) and during
those early experiments methods used include excess thymidine, serum
starvation, mitotic “shake-off” or hydroxyurea (Sinclair and Morton,
1966)(Terasima and Tolmach, 1963b)(Sinclair, 1967). More recently, lovastatin
or fluorescence activated cell sorting were some of the methods used to isolate
phase-specific cell populations. (Wlodek and Hittelman, 1988)(Herzenberg et
al., 2002).
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As a general rule, the method of synchronization used determines the phase of
the cell cycle that cells are arrested in. For example, excess thymidine blocks
the cell cycle in the S phase, and lovastatin in early G1 phase. Regardless of the
method used, maximal radiosensitivity has been generally found in the mitosis
phase with resistance during the S phase reaching a maximum in the late part
of the S phase (Sinclair, 2012) (Sinclair, 1968). Following those findings, the
concept of cell cycle synchronization has emerged as a potentially important
way to enhance RT efficacy (Formenti et al., 1999)(Hennequin et al., 1996)
(Kano et al., 1998)(Zoli et al., 1999).

Despite extensive progress made in understanding the cell-cycle phase, the
therapeutic application of synchronization remains limited. This is partly due to
the fact that timing of synchronization varies in different cell lines and that
optimal synchronization is seldom achieved (Pawlik and Keyomarsi, 2004).
Synchrony of cell populations is difficult to maintain and many human tumors
display a kinetic heterogeneity even after synchronization (Steel, 1994).
Additionally, the synchronization of cell populations before each RT fraction
would be difficult to achieve, given the average cell cycle time and the
heterogeneity of most cancer cells.

Nonetheless, cell type and organ specific variations in intrinsic radiosensitivity
exist and are to be taken into consideration. Deschavanne and Fertil
(Deschavanne and Fertil, 1996) showed that in vitro radiosensitivity varied
depending on the cell type and organ. Biade et al. studied the effects of RT on
ovarian OVCAR10 and HT29 colon cells showing that both cell lines exhibited a
maximal radioresistance near the G1-S phase boundary but HT29 cells
remained relatively radioresistant in th G2 phase, while ovarian cells became
more radiosensitive (Biade et al., 1997).

8.2.3 Ability to repair DNA damage

Exposure to RT induces activation of a complex signal transduction network,
the DNA damage repair (DDR).

DDR pathways are also part of some hereditary syndromes and oncogenesis
and are not limited to post-irradiation. (Knijnenburg et al., 2018).
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Fig 22. Genomic and molecular landscape of DNA Damage Repair Deficiency
across the Cancer Genome Atlas
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The ability of tumor cells to elicit a DNA damage response following radiation

via activation of DNA repair and cell cycle checkpoints promotes radioresistance
and tumor cell survival.
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Fig 23. The effects of radiation-induced DNA damage
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A, major types of radiation-induced DNA damage with respective DNA damage sensor proteins are illustrated. Radiation
induces SSBs either directly or indirectly as intermediates of BER. Simple DSBs involve two broken DNA ends in close
proximity and occur in euchromatin (EC). Complex DSBs involve two broken DNA ends (i.e., two-ended DSB) in
proximity to additional DNA damage (e.g., cross-links, SSBs, etc.) or within heterochromatin (HC), or a DSB within a
replication fork (one-ended DSB).

B, SSBs and simple DSBs are repaired with fast kinetics by SSB repair and NHEJ pathways, respectively. Alt-EJ is a slow,
compensatory repair pathway activated when DNA-PKcs is absent or when NHEJ/HR attempt, but fail to complete



repair. Alt-EJ likely contributes to repair of complex two-ended DSBs. HR operates under slow kinetics and is partly
responsible for repair of complex two-ended DSBs and exclusively responsible for repair of one-ended DSBs. These
repair pathways function in a cell-cycle-dependent manner, as illustrated.

C, cell-cycle checkpoints are activated in response to DNA damage to prevent propagation of cells with damaged DNA
and to permit time for DNA repair. The major checkpoints include those occurring in Gz, S, and Gz. While ATM activation
is the initial response to radiation-induced DNA DSBs, ATR is subsequently activated and contributes to a sustained cell-
cycle checkpoint response. Dashed lines

represent incompletely understood pathways. ATRIP, ATR interacting protein.

Clin Cancer Res (2015) 21 (13): 2898-2904.
https://doi.org/10.1158/1078-0432.CCR-13-3229

Multiple agents targeting the DNA damage response and therefore preventing
repair or cell cycle checkpoints in response to radiation have been under
development. The majority of those are effective radiosensitizers. However an
outstanding issue remains tumor cell selectivity.
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Table 3. Agents targeting the DNA damage response in clinical and pre-clinical

development
Single agent I . .
Combination agent [Reference or clinical trial
Target /Agent ;Ite;v:elopment development stage (identifier number(s)
KU55933, s e
ATM KU59403 Pre-clinical Pre-clinical (RT, chemo)| (Cremona and Behrens, 2014)
AZ32 - Pre-clinical (RT) (Karlin et al., 2014)
AZD6738 Phase 1 Phase 1 (RT, chemo!) NCT02223923, NCT02264678
ATR  VEB2INVEB22, b cjinical Phase 1 (chemo?) NCT02157792
VX-970
Pre-clinical (RT) (Fokas et al., 2012).
l('gﬁlff/g?fs Phase 2 Phase 1 (chemo?) NCT02124148
CHK1  11v2603618  |Phase 2 Phase 2 (chemo’) NCT01139775, NCT00839332
MK8776 Phase 1 Phase 2 (chemo?) NCT01870596, NCT00779584
CC-115 (DNA- oo 1 A NCT01343625
PK & mTOR)
DNA-PK 7o 11474 (PI3
; Phase 2 - NCT01682473
kinase)
LIG4 [SCR7 Pre-clinical Pre-clinical (RT, chemo) (Srivastava et al., 2012)
. Phase 1 (RT,
Olaparib Approved chemoRT?) NCT01460888, NCT01562210
Phase 3 (chemo?) NCT01924533
PARP Veliparib Phase 3 Phase 1 (RT) NCT01264432, NCT01589419
Phase 2 (chemoRT?) NCT01514201, NCT01386385
Phase 3 (chemo?) NCT02163694, NCT02152982
Niraparib Phase 3 Phase 1 (chemo!%) NCT01847274, NCT02044120
RI-1 Pre-clinical Pre-clinical (chemo) (Budke et al., 2012)
RAD51
B02 Pre-clinical Pre-clinical (chemo) (Huang and Mazin, 2014)
Compound 8  |Pre-clinical - (Frank et al., 2013)
RPA HAMNO Pre-clinical Pre-clinical (chemo) (Glanzer et al., 2014)
SMI MCI13E  |Pre-clinical Pre-clinical (chemo) (Neher et al., 2011)
Phase 1/2 (RT,
WEEL AZD1775 Phase 1 chemoRT) NCT01922076, NCT02037230

Phase 2 (chemo)

NCT02272790, NCT01076400
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As monotherapy, PARP inhibition in BRCA1/2 mutant cancers probably
represent the historical example of synthetic lethality between a molecule and a
gene involved in the DNA damage response. Various other cases of synthetic
lethal interactions have been described, including ATM defective cancers that
are susceptible to DNA-PK or ATR inhibition (Riabinska et al., 2013)(Reaper et
al., 2011).

Likewise, ATR pathway inhibition has been shown to be synthetically lethal in
cancers with ERCC1 deficiency (Mohni et al., 2014).

The search for further synthetic interactions beyond DDR genes is ongoing,
such as KRAS and MYC.

In case of deregulation, those oncogenes lead to replication stress, genomic
instability, endogenous DNA damage and increased reliance on DNA damage
response pathways such as those mediated by ATR/CHK1. (Gilad et al., 2010)
Gilad et al. showed that ATR inhibition in combination with oncogenic Ras
expression synergistically increased genomic instability.

Many cancers expressing oncogenic Ras also harbor p53 mutations which is
reported to produce an increased sensitivity to ATR/Chk1 pathway
inhibition.(Lapenna and Giordano, 2009)(Zhou and Bartek, 2004).

8.2.4 Differential gene expression

Cell cycle dependent radiation sensitivity has also been shown to depend on the
genetic background.

Wechselbaum et al. observed that cells from the same tissue of origin, but from
different patients can show varying radiation sensitivities, therefore tumors
from different patients with the same histologic diagnosis can show different
responses to irradiation. This has also been observed within a single tumor.

In their paper Weichselbaum et al. reported that four different cell lines clonally
derived from the same tumour source showed different radiation sensitivities

Tutt, et al. (Tutt et al., 2003) found that BRCA2 mutation has little effect on
cells irradiated in quiescence, but sensitized proliferating cells to ionizing
radiation on a p53(-/-) background. BRCA2’s role in mediating cell survival
occurred in the S and G2 phases of the cell cycle.
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It appears therefore that both gene status and origin of cell line account for
variations in intrinsic radiosensitivity and should be taken into prospect when
addressing radioresistance.

8.3 RADIOTHERAPY-INDUCED SIGNAL TRANSDUCTION AND
RADIORESISTANCE

PI3K/AKT/mTOR pathway is a key cascade downstream of several protein
kinases, especially membrane-bound receptor protein-kinases, including EGFR
family members.

Hyperactivation of the PI3K/AKT pathway has been widely observed (Valerie et
al., 2007) and is correlated with tumor development, progression, poor
prognosis and resistance to cancer therapies including radiotherapy.(Toulany
and Rodemann, 2015).

Radiation causes a rapid ROS dependent activation of ERBB family and other
tyrosine kinases, leading to activation of RAS proteins and multiple protective
downstream signaling pathways (e.i. AKT and ERK1/2) which alter apoptotic

treshold of cells.

Therefore, activation of Ras/PI3K/AKT/mTOR pathway is one of the factors
implicated in radioresistance (Gupta et al., 2001)(Grana et al., 2002) PI3K
pathway activation can occur via loss of PTEN, by RAS mutation or by increased
expression of EGFR.

Multiple groups have demonstrated that the PI3K/AKT/mTOR pathway
activation in response to radiotherapy is a major mechanism of radioresistance.
(Chen et al., 2015)(Yu et al., 2017) (Toulany and Rodemann, 2015).

PI3K/Akt pathway is constitutively active in tumor cells presenting mutation in
one of the components of the EGFR downstream pathways, such as
phosphatase and tensin homolog (PTEN), PIK3CA and RAS (Cengel et al.,
2007)(McKenna et al., 2003).
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Fig 24. Involvement of PI3K/Akt/mTOR signaling pathways in development of
cancers.

@ OU Growth Factors
: Cytokines

RTK Hormones

anti-apoptosis

SYTTTITTT T 3
Oncogenic
Tumor suppressor
miRNAs

l RN _

@
mTORC1 7 mTORC2

CANCER CELL RESISTANCE t CELL GROWTH =
CELL CYCLE PROGRESSION | 4" TP BRI SONTHESTS p— w mTOR @
CELL PROLIFERATION &

Involvement of PI3K/Akt/mTOR signaling pathways in development of cancers. The auto-
phosphorylation of PI3K leads to the activation of AKT trough PIP2 to PIP3 conversion.
PI3K/AKT and mTORC1 contribute to tumor growth and energy storage of cancer cells. The
upregulation of AKT promotes the phosphorylation of target genes and proteins which promote
the inhibition of apoptosis and autophagy. Deregulated miRNAs also contribute to cancer cell
proliferation.

Cancers 2021, 13(16), 3949; https://doi.org/10.3390/cancers13163949

PI3K is generally activated by extracellular signals, such as growth factors,
cytokines and hormones. Additionally, PI3K may be directly or indirectly
triggered by small Ras-related GTPases.

RAS is one of the major oncogene in human cancers, and PI3K is thought to be
its main effector (Rascio et al., 2021).

PI3K/RAS interaction has been shown to be essential for maintaining cancer cell
survival and carcinogenesis (Castellano and Downward, 2011).
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Fig 25. RAS signaling and PI3K pathway
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8.4 NON-TARGETED EFFECTS OF RADIATION

8.4.1 Bystander and abscopal effects

Early radiobiological studies reported that the major mechanisms of action of
ionizing radiation were related to DNA damage (Ravanat et al., 2014)(Nikjoo et
al., 2001). While it has been widely accepted that effects of radiotherapy are
mediated by direct damage to DNA or through indirect damage through free
radicals generated by water radiolysis, this was subsequently challenged by
observations that non-irradiated cells either nearby or away from the irradiated
site can undergo the same response as irradiated cells.(Seymour and Mothersill,
1997) (Blyth and Sykes, 2011)(Ng and Dai, 2016).

This was further supported by the discovery that irradiated cancer cells can
release signals able to influence the outcome of non-irradiated cells. (Levy et
al., 2013).

Fig 26. Schematic overview of local and distant effects triggered by tumour
irradiation
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At the heart of the primary lesion that is irradiated (panel on the left), two local effects can be distinguished: first,
bystander effects occur between high-dose-targeted cells (dark orange) or low-dose-targeted cells (light orange) and
non-irradiated cells (blue); second, cohort effects occur between high-dose-targeted cells and low-dose-targeted cells.
Whether/how non-irradiated cells can influence the outcome of irradiated cells (depicted with a question mark) remains
to be determined. Irradiation induces immunogenic cell death in cancer cells and the subsequent release of tumour-
associated antigens (TAAs) (pink dots), thereby activating the immune system, especially antigen-presenting cells (APC,
in purple) and macrophages (in pink). APCs then cross-present TAAs to T cells in draining lymph nodes. As a result,
polyclonal antigen-specific T cells are primed to attack tumours located within the irradiated field as well as those in
distant locations. This distant radiation-induced effect is termed an abscopal effect (panel on the right). Exosomes (in
green) are novel mediators thought to participate in these non-targeted effects locally and at distant sites

Br J Cancer. 2020 Aug 4; 123(3): 339-348.
Published online 2020 Jun 25. doi: 10.1038/s41416-020-0942-3

Three types of non-targeted effects can be distinguished depending on the
relationship between the irradiated and non-irradiated cells, as well as the
proximity to the original site of treatment. (Blyth and Sykes, 2011)

According to the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), the radiation-induced bystander effect is a radiobiological
effect that is transmitted from irradiated cells to neighbouring unirradiated cells,
leading to biological changes in the recipient cells. (Azzam et al.,
2001)(UNSCEAR 2006)

The radiation-induced abscopal effect (from the Latin ‘ab scopus’, meaning
‘away from the target’) is a « local radiation-induced systemic effect that
extends outside the treated volume, and is able to drive the regression and
rejection of non-irradiated, distant tumour lesions ». (Reynders et al., 2015)

When first proposed in 1953, the term ‘abscopal’ referred to an action at a
distance from the irradiated volume but within the same organism.

Further clinical and preclinical work have helped redefine it as a systemic effect
of radiation on ‘out-of-field” tumor deposits. This effect is mediated by local
immune-effector cells and is capable of antitumor activity towards both
targeted and distant lesions. (Kaminski et al., 2005).

The bystander refers to the induction of biological effects in cells that are not
directly traversed by a charged particle, but are close to those (Hall, 2003). It
was first described by Nagasawa et al. in 1992 when his experiment revealed
that irradiation of 1% of cells led to chromatid exchange in more than 30% of
cells. (Nagasawa and Little, 1992)

It could be reasonably seen as a local communicative effect at the primary site
over a very short distance (few millimeters), mediated through the secretion of
inflammatory mediators (Prise and O’Sullivan, 2009), signaling through gap
junctions or exosomes.
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By contrast, the abscopal effect is a long-distance (up to tens of centimetres
outside of the irradiated field) and systemic effect at a distant metastatic site
that is mediated through immunogenic responses. (Ng and Dai, 2016)(Hall,
2003)(Burdak-Rothkamm and Rothkamm, 2018).

In the context of irradiated/non-irradiated sites within the same organ, it
remains difficult to distinguish between a long-range bystander effect and an
abscopal effect.

8.4.2 The ‘cohort effect’

Although less known, a third type of non-targeted effect “the cohort effect” is
defined as the interaction between irradiated cells within an irradiated volume
where, under heterogeneous irradiation, high-dose-irradiated cells might affect
low-dose-irradiated cells, and vice versa; (McMahon et al., 2013) the cohort
effect is limited to an area of millimetres within the target. (Sun et al., 2014).

9 RAS GENE SUPERFAMILY

RAS (Rat Sarcoma virus) gene family represent some of the earliest described
oncogenes, whose identification has deeply transformed the understanding of
cancer biology.

Somatic gain-of-function mutations in RAS genes were originally identified in
the 1960s as a viral component that induced formation of sarcomas in rats
(Harvey, 1964)(Kirsten and Mayer, 1967). They were later identified as normal
components of the human genome that were capable of transforming normal
human cells (Chang et al., 1982)(Ellis et al., 1981).

H-ras, N-ras and K-ras oncogenes are part of the RAS gene superfamily of small
GTP-ases (Wennerberg et al., 2005) made up by more than 150 members.

The five main superfamilies are Ras, Rho, Ran, Rab and Arf GTPases (Goitre et
al., 2014).
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The RAS family itself is divided into 6 subfamilies Ras, Rak, Rap, Rheb, Rad
each sharing the common core G domain providing the essential GTP-ase and
nucleotide exchange activity.

The RAS oncoprotein family comprised of H-, K-, and N-Ras are frequently
activated by mutation in certain tumours such and pancreatic and NSCLC and
activated by tyrosine-kinase activity in an even wider range of tumours.

Fig 27. RAS gene super family
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9.1 RAS PROTEINS

Under physiological conditions, RAS proteins function as a binary molecular
switch, cycling between an inactive GDP-bound and an active GTP-bound
conformation. Activation of RAS is facilitated by guanine nucleotide exchange
factors (GEFs) and inactivating GTP hydrolysis is enhanced by GTPase-
activating proteins (GAPs) (Mo et al., 2018).

RAS proteins have been shown to be essential components of signaling
networks controlling cell proliferation and metabolism, differentiation, migration
or survival. (Simanshu et al., 2017).

Fig 28. Conformational Changes in Switch Regions when RAS Transitions from
Inactive GDP-Bound State to Active GTP-Bound State
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Switch I and switch II regions are colored blue and violet, respectively, and side chain atoms of residues that undergo
large conformation changes during transition are shown in stick representation. Interactions formed by y-phosphate
and magnesium ions are shown using dashed lines. HRAS.GDP and HRAS.GppNHp are from PDB: 4Q21 and 5P21,
respectively. RAS is activated by GDP/GTP exchange stimulated by GEFs and inactivated by GTP hydrolysis stimulated
by GAPs.

Cell. 2017 Jun 29; 170(1): 17-33. doi: 10.1016/j.cell.2017.06.009
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KRAS is initially synthesized as an inactive cytosolic pro-peptide before
undergoing a series of post-translational modifications at its carboxyl terminus
that increase its hydrophobicity allowing its localization to the lipid-rich cell
membrane (Ghobrial and Adjei, 2002).

In the GTP-bound state, KRAS binds and activates different downstream
effectors in order to activate cell proliferation and survival signaling pathways
including mitogen-activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K) pathways (Vivanco and Sawyers, 2002).

It has been shown that RAS activation causes a conformational change that
allows engagement with more than 20 different proteins from 10 effector
families (Hobbs et al., 2016). Activated RAS concentrates effector proteins into
plasma membrane signaling non-cluster where they can interact with necessary
proteins and lipids to control downstream pathways (Zhou, et al.)

The most extensively studied from an oncological perspective, have been RAF
and PI3 kinase families. RAS proteins are tightly regulated by guanine
nucleotide exchange factors (GEF) that promote GDP dissociation and GTP
binding, and GTPase-activating proteins (GAP) that stimulated the intrinsic
GTPase activity of Ras to switch off signaling. Aberrant RAS function is
associated with a single mutation typically at codon 12, 13 or 61. (Quinlan and
Settleman, 2009).

Upon point mutations, most commonly at codons 12 and 13, KRAS becomes
constitutively active and acquires oncogenic properties.
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Fig 29. Oncogenic mutations of RAS isoforms
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The key oncogenic mutations are in the region that is identical between the 3 isoforms. Forty-
four separate point mutations have been identified in Ras isoforms, with 99.2% occurring at
codons 12, 13 and 61. Mutations that cluster in and around loops 1, 2 and 4 and are
responsible for nucleotide binding and result in enhanced GTP binding. Residues that are
mutated in cancer are highlighted in red, those mutated in developmental disorders are
underlined, and those that are variable among isoforms are in grey (26,65,66).

Cancer Res. 2012;72(10):2457-2467. doi: 10.1158/0008-5472.CAN-11-2612

While RAS activating mutations are widely observed in cancer, an interesting
fact is that different types of cancer seem to be coupled to a mutation of a
particular Ras isoform (Boss). Therefore, they are distinctive patterns in the
mutation frequencies associated with each RAS gene and cancer type (Prior et
al., 2020a).
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9.2 RAS ONCOGENE AND ISOFORM FREQUENCY

RAS (Rat sarcoma viral oncogene homolog) is considered the most frequently
mutated oncogene with nearly 19% of human cancers harboring a RAS
mutation (Soh et al., 2009). Among the 3 main Ras isoforms (KRAS, NRAS and
HRAS), KRAS is the most frequently altered gene with mutations occurring in 17
to 25% of all cancers.

Fig 30. RAS isoform and mutations in cancer at a glance

RAS mutations in cancer
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Pancreatic ductal adenocarcinoma K 98
Colorectal adenocarcinoma K 52
Multiple myeloma K, N 43
Lung adenocarcinoma K 32
Skin cutaneous melanoma N 29
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Acute myeloid leukemia N>K>H 11
Bladder urothelial carcinoma H,K>N 11
Gastric adenocarcinoma K 10
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9.2.1 KRAS isoform frequency

The KRAS (Kirsten rat sarcoma viral oncogene) isoform represents 75% of RAS
mutant cancers and is therefore considered a crucial oncogene.

According to the catalogue of somatic mutations in cancer (COSMIC) dataset K-
Ras is the most frequently mutated isoform present in 22% of all tumors
analysed (Forbes et al., 2011).

KRAS isoform mutations occur in approximately 20-30% of non-small-cell lung
cancers (NSCLC), 80% of pancreatic adenocarcinomas and more than 30% of
colorectal and cholangial cancers. (Skoulidis and Heymach, 2019)

Approximately 40% of CRC patients harbor activating mutations in KRAS with
most of them occurring at codons 12, 13 and 61 (Dienstmann et al., 2020).
Patients with KRAS-mutant CRC have a poorer prognosis than those with KRAS-
wild type CRC, especially in the metastatic setting (Roth et al., 2010) (Zhu et
al., 2021). Moreover, the upstream signal regulation of KRAS is interrupted by
aberrant activation of the KRAS pathway, resulting in resistance to monoclonal
antibodies against epidermal growth receptor (EGFR) (cetuximab,
panitumumab) in patients with KRAS-mutant CRC.(Zhu et al., 2021)

1. KRAS®12€ jsoform

When it comes to KRASG12C isoform mutations, they are estimated to occur in
13% of NSCLC adenocarcinomas and 3-4% of colorectal cancers (Biernacka et
al., 2016)

Colorectal cancer represents a major cause of morbidity and mortality in
western countries. Fifty percent of patients will die within five years from
diagnosis, usually as a result of metastatic disease.

It is generally accepted that sporadic colorectal cancers frequently arise from
preneoplastic lesions through activation of oncogenes (KRAS and BRAF) or
inactivation of tumor suppressor genes (APC, p16, p53, DCC) and mismatch
repair genes such as MLH1 and MSH2 and to a lower extent PMS2 and hMSH6.
(Tanaka et al., 2006). Importantly, approximately a third of colon cancers carry
a KRAS mutation.
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9.3 RAS EFFECTOR SIGNALING

Fig 31. RAS effector signaling

RAS effector signaling
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Once in its active, GTP-bound state, RAS preferentially binds to its downstream effectors
resulting in stimulation of their catalytic activity. The main effectors are shown here. RAS-GTP
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preferentially binds to RAS-binding-domain (RBD) or RAS-association (RA)-domain-containing
effectors. Although the RBD and RA domains do not share primary sequence similarity, they are
structurally related and share the topology of the ubiquitin superfold (Kiel et al.,
2005)(Wohlgemuth et al., 2005). There are at least 11 distinct RAS effector families, each of
which activates a distinct protein signaling cascade (Vigil et al., 2010).

Hobbs, et al. doi:10.1242/jcs. 182873

Fig 32. Signaling upstream of RAS

The activation state of RAS is controlled by the cycle of hydrolysis of bound GTP, which is
catalyzed by GTPase activating proteins (GAPs), and the replacement of bound GDP with fresh
GTP, which is catalyzed by guanine nucleotide exchange factors (GEFs). The best-studied
activation mechanism involves the assembly of complexes of activated, auto-phosphorylated
growth-factor receptor tyrosine kinases with the GEF SOS through the adaptor protein GRB2,
and possibly SHC, resulting in the recruitment of SOS to the plasma membrane, where RAS is
located. Several other GEFs exist that have distinct regulatory mechanisms. In addition, a wide
range of GAPs have now been identified for RAS, some of which are also subject to regulation.
RAS is also activated through GEFs in response to activation of a wide range of G-protein-
coupled receptors
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Fig 33. RAS pathway genes (simplified version)
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Genes highlighted in pink are frequently deleted in human cancers and RASopathies. Genes in
green are frequently activated by mutation. This pathway is a simplified version of the
pathways illustrated on http://www.cancer.gov compiled by the RAS initiative and the RAS
research community.

Extensive data suggest that the expression of active Ras promotes tumor
initiation by activating at least three different effectors based on pre-clinical
work using Ras effector binding mutants, dominant-negative and constitutively
active proteins downstream of Ras, and pharmacological inhibitors: Raf, PI3-
kinase (PI3K) and RalGEFs (Shields et al., 2000)(Ulki and Der, 2003).
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9.3.1 The RAF-MEK-ERK effector pathway

The first RAS effector pathway to be identified was the RAF-MEK-ERK pathway
(Moodie et al., 1993)(Zhang et al., 1993). It is an essential element of
mitogenic signaling involving tyrosine kinases receptors , leading to a wide
range of cellular responses including cell growth, differentiation, inflammation
and apoptosis (Roux and Blenis, 2004).

Fig 34. Ras /Raf/MAPK pathway
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Dysregulation of the Ras/Raf/MAPK pathway is a common event as RAS is the
most frequently mutated oncogene in human cancer.

Raf is the best characterized Ras effector. It is a member of serine/threonine
kinases that includes Raf-1, A-Raf and B-Raf. Raf activation initiates a MAP
kinase (MAPK) signal transduction cascade that lead to transformed
morphologies, anchorage-independent growth and angiogenesis (Morrison and
Cutler, 1997)(Shields et al., 2000). It stimulates a signaling cascade by
phosphorylation of MAPK which phosphorylate and activate downstream
proteins, such as ERK1 and ERK2. Activation of ERK is critical for a large
number of Ras-induced cellular responses.

MAPK, also called MEK in mammalians, is a serine/threonine kinase activated in
response to multiple signals including growth factors and cytokines to promote
cell survival and apoptosis through a number of mediators such as JNK, SAPK,
14-3-3 and NF-KB (Schlesinger et al., 1998).

MAPK may also regulate both Raf and ERK, providing for cross talk between
multiple signaling pathways. It has been shown to directly interact with K-ras in
a GTP-dependent way. (Karandikar et al., 2000).

Indeed, Raf and MAPK are not the only downstream targets of K-ras, other
downstream effectors include the PI3K cell survival pathway, the small GTP-
binding proteins Rac and Rho, and the stress-activated protein kinase pathway
(also referred to as the c-jun N-terminal kinase (JNK) pathway) (Schlesinger et
al., 1998).

9.3.2 PI3K-AKT-mTOR Pathway

PI3K is one of the main effector pathways of RAS-mediated cell growth, cell
cycle entry, cell survival, cytoskeleton reorganization and metabolism (Vivanco
and Sawyers, 2002)(Cantley, 2002)

When active, PI3K converts phosphatidylinositol (4,5)-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 in turn stimulates
Akt/PKB kinase activity resulting in the phosphorylation of other proteins that
affect cell growth cell, cycle entry and cell survival (Castellano and Downward,
2011).
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Fig 35. PI3BK-AKT-mTOR Pathway
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It has been shown that PI3K signaling is heeded to maintain transformed
growth in RAS mutant cell lines both in vitro and in xenografts in mice.
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While, PI3K signaling is essential for RAS-driven tumor maintenance, inhibition
of PI3K alone is not sufficient to cause regression of tumors once established.

Ras effector pathways MAPK, RalGEF and PI3K are required to initiate tumor
growth. Conversely, activation of the PI3K/AKT pathway replaced Ras once
tumors were established, although other effectors were still activated
independently of Ras, presumably by factors provided upon the establishment
of a tumor microenvironment (Lim and Counter, 2005).

Lim et al. suggest that once tumorigenesis progresses, the addiction of cancers
to their initiating oncogene was reduced to the PI3K/AKT pathway in the case
of Ras.

Activation of the phosphatidylinositide-3-kinase (PI3K)/serine/threonine-specific
protein kinase (AKT)/mammalian target if rapamycin (mTOR) pathway has been
implicated in the growth and progression of various cancers, as well as
resistance to therapies (Liao et al., 2012).

9.3.3 New directions in targeting of RAS pathways

When it comes to targeting important growth and survival pathways, a
persistent challenge remains how to achieve a sufficient therapeutic window
that enables the elimination of tumour cells but not their normal neighbors.
Most of the pathways described earlier are used by normal cells as well as by
tumour cells, although tumour cells might develop a greater degree of reliance
on them. In theory, an ideal cancer therapy would exclusively target
transformed abnormal cells, but in practice, this is very difficult.

The development of RTK inhibitors targeting RAS signaling pathways (Garcia-
Echeverria, 2009) represents a successful attempt however limited to patients
with oncogenic RTK signaling while not benefiting patients with mutant RAS.
Other strategies are explored with the aim to inhibit signaling pathways that
commonly show increased activity in tumours, even if they are also used by
normal cells. Various Raf, MEK, PI3K and mTOR inhibitors have been developed
and evaluated in preclinical and for some of them in clinical trial setting
(Misaghian et al., 2009)(Choo and Blenis, 2009).

Targeting mTOR has so far been most promising.(Choo and Blenis, 2009).
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9.4 HISTORICAL PERSPECTIVES ON KRAS TARGETING THERAPY

Until very recently, KRAS was considered undruggable. Firstly, KRAS protein is a
small protein with a relatively smooth surface. Moreover, the KRAS protein
doesn’t provide enough pockets for small molecular inhibitor binding in addition
to the GTP/GDP binding pocket (Papke and Der, 2017). Efforts to target this
oncogene directly have faced major difficulties owing to its picomolar affinity for
GTP/GDP and the absence of allosteric regulatory sites.

KRAS oncogenic mutations result in functional activation of Ras family proteins
by impairing GTP hydrolysis. With diminished regulation by GTPase activity, the
nucleotide state of Ras becomes more dependent on relative nucleotide affinity
and concentration. (Ostrem et al., 2013a)

KRAS mutated proteins have a reduced capability to hydrolyze GTP or to
interact with the GTPase-activating proteins, maintaining the oncogene and the
downstream pathways constitutively activated. The lack of specific inhibitors
targeting the KRAS hydrophobic pocket and the complexity of downstream
pathways have contributed to the challenge of developing effective therapeutic
strategies (Hong et al., 2020).

Recent crystallographic studies have revealed the formation of a new pocket,
beneath the effector binding switch-II region. Ostrem, et al.(Ostrem et al.,
2013) successfully predicted their compounds would disrupt the conformation
of the GTP state of Ras and impair interactions with effectors such as Raf and
opened the way to drug discovery targeting KRAS®12¢,

Importantly, indiscriminate inhibition of both wild-type and mutant KRAS may

lead to potential toxicity (Ostrem et al., 2013a). Therefore inhibiting KRAS
directly is a great challenge for KRAS-mutant tumour treatment.
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Fig 36. Approaches for anti-RAS drug discovery
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Attempts that indirectly target KRAS including the inhibition of nucleotide
exchange, processing, membrane localization and the molecules in signaling
pathway have not been very effective clinically partly because multiple positive
and negative feedback loops implicated in KRAS signaling network enable easy
rebound of the therapeutic (Passiglia et al., 2020)(Nagasaka et al., 2020).

Event tough not a major process, the mutant KRAS cells can activate the cell
Warburg metabolism to maintain tumour growth resulting in low inhibitory
effect of the indirect targeting of KRAS (Serna-Blasco et al., 2019).
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9.4.1 KRASS12C inhibitors

KRASG12C arises from a glycine-to-cysteine substitution at codon 12, and the
thiol group in the cysteine residue has been an attractive target for covalent
inhibitors.

In contrast, wild-type KRAS is not inhibited by this covalent approach due to
lack of cysteine in the active site.

Recently, a series of novel KRAS®?C inhibitors were developed including ARS-
853 (Patricelli et al., 2016), ARS-1620 (Janes et al., 2018), AMG-510 (Canon et
al., 2019a) and MRTX849 (Hallin et al., 2020)(Christensen et al., 2020).

Only two of them, first Sotorasib (AMG 510) and later Adagrasib (MRTX849)
earned the breakthrough designation by the US Food and Drug Administration
(FDA) to treat metastatic lung cancer patients harboring KRAS®2¢ mutations
who have progressed on at least one systemic therapy. Those inhibitors
selectively target KRASG12C while preserving wild-type or other mutant KRAS to
circumvent the toxicity caused by inhibition of all KRAS isoforms.

9.4.1.1 Sotorasib

Sotorasib (AMG510) is a small molecule that specifically and irreversibly inhibits
KRASG12C through a unique interaction with the P2 pocket trapping KRAS®1%C in
the inactive GDP-bound state similar to other allele-specific inhibitors (Lito et
al., 2016a).

Lito et al have described that efficient inhibition of KRAS®%C signaling and
cancer cell growth required intact GTPase activity and occurs because drug-
bound KRASS1%C js insusceptible to nucleotide exchange factors and thus
trapped in its inactive state. This was enabled by the discovery of the new
binding pocket as discussed above.

A large part of the success of AMG-510 can be attributed to the discovery of a
surface groove created by an alternative orientation of Histidine residue (His95)
which could be occupied by aromatic rings enhancing its interactions with the
KRASG12 protein(Gentile et al., 2017). As a result, AMG-510 is approximately
10 times more effective than ARS-1620, although they are structurally related
and overlap (Canon et al., 2019a).
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AMG-510 was the first compound to enter clinical trials showing single-agent
efficacy in the phase I/II CodeBreak-100 trial (NCT03600883). The trial enrolled
129 patients with KRAS®2C mutant cancers (59 NSCLC, 42 CRS and 28 other
tumors). Among them, NSCLC showed the highest response rate with an
objective response rate (ORR) of 33% and and disease control rate (DCR) of
88.1%. The median PFS for all NSCLC patients was 6.3 months. However, the
activity in CRC was less impressive with 7.1% had an objective response,
73.8% had disease control and the median PFS for all CRC patients was 4.0
months. No dose-limiting toxicities were reported.

Considering the relatively modest efficacy of AMG-510 as monotherapy in CRC,
combination approaches with other therapeutic agents are being explored
(NCT04185883) Table

Recently, LUMAKRASTM (Sotorasib) also known as AMG-510 received
accelerated FDA approval for the treatment of patients with KRAS412¢ mutant
locally advanced and metastatic NSCLC who have received at least one prior
systemic therapy in this indication (Skoulidis et al., 2015).

9.4.1.2 Adagrasib (MRTX849)

In 2021, Adagrasib (MRTX849) was granted Breakthrough Therapy designation
to for the treatment of patients with KRAS®2¢ mutant NSCLC following prior
systemic therapy.

In the preclinical setting, MRTX849 showed remarkable anti-tumor efficacy
exclusively in KRASG12¢ mutant cell lines resulting in tumor regression in
xenograft models (Hallin et al., 2020).

In the same study, anti-tumor efficacy was improved when combined with
upstream (EGFR and SHP2) and downstream inhibitors (mTOR and cyclin-
dependent kinase 4/6) (CDK4/6)

The phase I/II multiple expansion cohort trial KRYSTAL-1 (NCT03785249) is
ongoing with a planned recruitment of 822 patients with KRASG12¢ mutant
advanced solid tumors.

Results reported from the first disclosure including all patients enrolled in
Cohort A, a phase 2 cohort evaluating Adagrasib given 600mg BID in patients
with NSCLC previously treated with platinum-based chemotherapy and anti-PD-
1/L1 therapy showed that Adagrasib was well tolerated and demonstrates
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promising efficacy in pretreated NSCLC patients. The reported ORR was 42.9%
and the disease control rate 79.5%. The median duration of response was 8.5
months (95% CI 6.2-13.8), median PFS 6.5 months (95% CI 4.7-8.4) and
median OS was 12.6 months (95% CI 9.2-NE) (Spira et al., 2022).

A phase 3 trial evaluating Adagrasib monotherapy versus Docetaxel in
previously treated patients with KRAS®2C mutant NSCLC is ongoing
(NCT04685135) (Riely et al., 2021).

Table 4. Current KRAS®2C combination therapies

KRAS®12¢ | Combination | Cancertype | Phase NCT
Inhibitor number
AMG-510 Panitumumab Advanced solid | Ib/II NCT04185883
and FOLFIRI tumors
AMG-510 Trametinib and | Advanced solid | Ib/II NCT04185883
panitumumab tumors
AMG-510 EMVASI Advanced solid | Ib/II NCT04185883
(Bevacizumab- | tumors
awwb) and
FOLFIRI or
FOLFOX
MRTX-849 |TNO155 Advanced solid |II NCT04330664
tumors
MRTX-849 | Cetuximab Advanced or I1I NCT04793958
metastatic CRC
MRTX849 mFOLFOX6 Advanced or ITI NCT04793958
metastatic CRC
MRTX849 FOLFIRI Advanced or ITI NCT04793958
metastatic CRC

Abbreviations : CRC colorectal cancer; FOLFOX 5-fluorouracil, leucovorin, and

oxaliplatin, FOLFIRI: 5-fluorouracil, leucovorin, and irinotecan.
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9.5 RAS ONCOGENE AND RADIORESISTANCE

The ability of the RAS oncogene to drive radioresistance has been extensively
studied since the 1990's.

Pre-clinical results provide compelling evidence that RAS mutation or
overexpression of KRAS, NRAS or HRAS can alter radiosensitivity and render
tumor cells more resistant to radiation. (FitzGerald et al., 1985a)(Buday and
Downward, 2008a) (M. D. Sklar, 1988a). Whether in rodent cells transfected
with RAS (McKenna et al., 2003)(Bernhard et al., 1998a) or a series of human
derived cell lines bearing endogenous RAS mutations it was shown that
inhibition of RAS activation resulted in radio-sensitization whether using
lovastatin (A. C. Miller et al., 1993), farnesyl-transferase inhibitor (Bernhard et
al., 1998b), transfection of cells expressing activated RAS (Russell et al.,
1999a), or expression of antisense vector to RAS (A. Rait et al., 2000), results
are concordant with those of cells with endogenous RAS activation (Bernhard,
et al. 1998).

9.5.1 Farnesyltransferase inhibitors

The covalent attachment of the farnesyl isoprenoid group to the HRAS, KRAS
and NRAS proteins is the first step in the carboxy-terminal post-translational
modification of these proteins. This processing results in a stable localization of
RAS to the plasma membrane and is essential for the biological activity or RAS.
Several strategies have therefore been developed to inhibit the farnesylation of
RAS. A large number of FTIs have been identified through high-throughput
screening and although they efficiently inhibit farnesylation of HRAS in vitro,
this potential has not translated into the expected clinical benefit (Kohl et al.,
1995). Some of this might be accounted for by the fact that although HRAS is
exclusively modified by FTIs, KRAS and to a lesser extent NRAS can also be
modified by gernalygeranlystransferase (GGT). This results in the transfer of
RAS to a different isoprenoid group supporting the biological activity of RAS.
Attempts to inhibit the function of KRAS and NRAS by using FTIs and GGTIs
together has failed because of the very high toxicity that is associated with this
combination (Lobell et al., 2001).

It appears likely that the lack of toxicity of FTIs is due to the fact that they fail

to inhibit effectively the function of all endogenous RAS proteins, which are
known to be essential for normal cell growth.
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Despite uncertainty about their mechanism of function, FTIs do have marked
effects on the growth and survival of some tumour cell lines /n vitro and on
xenografts in nude mice, although not necessarily those expressing activated
RAS. Because FTIs inhibit the growth of some oncogenic KRAS-expressing
human tumour cells as xenografts in hude mice, despite the fact that KRAS
processing is not blocked, they clearly have potential as anti-tumour drugs,
even though the mechanism of action is uncertain. The effects of FTIs in these
pre-clinical systems have been reviewed extensively recently (Ohkanda et al.,
2002).

Additionally, radiotherapy itself activates RAS-MAPK signaling in KRAS mutant
cells and inhibition of MAPK signaling can reduce cell survival after radiotherapy
(Williams et al., 2012a).

RAS mutations are often associated with resistance to targeted therapies and
poor outcomes in patients with cancer (Nadal et al., 2014a)(Fiala et al., 2016a)
(Jones et al., 2017a).

KRAS mutations are associated with radioresistance in
colorectal and lung cancer : clinical evidence

Forty years ago, Slebos et al.(R. J. Slebos et al., 1990) identified that the
subgroup of patients with KRAS mutated lung adenocarcinoma had a very poor
prognosis and disease-free survival despite radical resection and small tumor
burden.

In 1988 early in vitro studies suggest that RAS mutations or overexpression of
KRAS, NRAS or HRAS induce radioresistance and may therefore be associated
with resistance to therapy(M. D. Sklar, 1988b).

Since then, clinical significance of KRAS mutation has been broadly studied but
yielded sometimes conflicting results (Schiller et al., 2001)(Mascaux et al.,
2005)(Tsao et al., 2007) . This can be partly explained by the heterogeneity of
patient population, tumor type, stage or treatments included in the analyses.

More recently, growing clinical evidence supporting the fact that KRAS

mutations are associated with radioresistance in colorectal and lung cancer has
been emerging.
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The “RASCAL" study authors show that KRAS mutations in colorectal cancer are
associated with increased risk of relapse and death, with mutation in valine
codon 12 conferring an independent increased risk or recurrence and death
(Andreyev et al., 2001). Duldulao et al.(Duldulao et al., 2013) have shown that
rectal tumors with any KRAS mutation were less likely to have a pCR compared
to wild-type KRAS. Similarly, a higher likelihood of pCR after preoperative CRT
for locally advanced rectal carcinoma in the absence of mutations has been
described (Russo et al., 2014).

Yagishita et al.(Yagishita et al., 2015) have reported a reduced efficacy and
shortened survival in patients with KRAS mutated non-squamous stage III
NSCLC treated with chemoradiotherapy.

In a phase II study of SBRT in colorectal cancer liver metastases, KRAS
mutations were associated with increased risk of failure after radiation (Hong et
al., 2020). Additionally, radiotherapy itself activates RAS-MAPK signaling in
KRAS mutant cells and inhibition of MAPK signaling can reduce cell survival
after radiotherapy (Williams et al., 2012a).
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10 PROJECT RATIONALE AND OBJECTIVES

Considering that:

Despite recent clinical advances, resistance to radiation therapy remains a
major challenge leading to disease relapse and increased mortality.

As discussed previously, although multifactorial, radioresistance remains largely
driven by genomic and molecular alterations.

In view of the reported KRAS-induced radioresistance, and recent development
of covalent KRASG!2C inhibitors with promising clinical efficacy in KRAS-mutant
tumors, our aim was to explore the radiosensitizing effect of MRTX1257 a novel
KRASS12C inhibitor.

In a first part of this pre-clinical work we have focused on exploring radio-
sensitizing properties of MRTX1257 alone and in combination with radiotherapy
using in-vitro radiosensitivity assays.

Our second aim consisted in testing tumor growth inhibitory properties of the
combination MRTX1257 and radiotherapy using in vivo syngeneic murine
models.

Finally, we explore the immunomodulatory effects of the combination on the
tumor microenvironment.
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11 RESULTS

This paper has been published as a 1%t co-author in Journal of Translational
Medicine in October 2023. A brief summary is followed by the full version paper
and by supplementary material that was not included in the published paper.
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Objectives

Following recent successful development of covalent KRAS®!?C inhibitors, and
the therapeutic challenges associated with KRAS mutant cancers, the focus of
this work was to explore the radiosensitizing and immunomodulatory properties
of MRTX1257 a potent KRAS®?C covalent inhibitor in combination with
radiotherapy.
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Results summary

MRTX1257 radio-sensitizes CT26 and LL2 /n vitro depending on RAS
mutation profile.

MRTX1257 was able to radio-sensitize CT26 KRASG12¢+/+ cells but not CT26 WT
cells when used at the concentrations of 20 and 50 nM for 48 hours after
irradiation (normalized survival fractions at 4 Gy: 0.06 and 0.04 respectively at
20 nM and 50 nM versus 0.23 in control group; p<0.0001). We then explored
MRTX1257 in association with RT in two different LL2 cell lines harboring
KRASC12¢*/-heterozygous mutation, the LL2 WT and LL2 NRAS”- line harboring
both a heterozygous mutation of KRAS and a knock-out (KO) mutation of NVRAS.
MRTX1257 at 20 or 50 nM for 48 hours was not able to influence their radio-
sensitivity.

Therefore, these data show MRTX1257 is able to radio-sensitize tumor cells /n
vitro depending on their RAS mutational profile.

MRTX1257 increases the efficacy of RT in nude mice bearing CT26
KRASG12¢+/+ tumors.

MRTX1257, administered three times at 50 mg/kg increased the efficacy of a
single-dose of 6 Gy delivered on CT26 KRASG2C+/+ tumors in nude mice.

Combination treatment showed a better tumor growth and survival however
without being able to induce any durable responses. This suggests the
involvement of a functional and complete immune compartment in achieving
durable responses.

MRTX1257 increases the efficacy of RT in immunocompetent BALB/c
mice bearing CT26 KRAS®12¢+/+ tumors, and is able to induce durable
responses in combination with RT.

Mice in the group treated with MRTX1257 alone relapsed quickly after the end
of the treatment whereas those in the combination group showed a better
survival (p=0.04).Twenty percent of mice (2/10) achieved a durable response
in the combination group.

To determine if the combination treatment using irradiation and MRTX1257 led
to significant anti-tumor immune memory in mice, we rechallenged the mice
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showing complete response with s.c.CT26 KRASG12C+/+ or CT26 WT cells in
contralateral flank. None of the mice rechallenged this way showed new
tumors, in contrast with 100% of naive mice receiving similar s.c. injections.
This observation illustrates the potent anti-tumor immune memory provided by
the combination treatment against both CT26 KRASG12¢+/+ and CT26 WT tumor
cells

MRTX1257 increases the anti-proliferative effects of RT in
CT26 KRAS®12¢+/+ tumors but not in CT26 WT tumors

We performed immunohistochemistry (IHC) analyses in both tumor types the
day after the last administration of MRTX1257, i.e. D4 after RT.

Although irradiation alone was not able to significantly decrease the expression
of Ki67 within CT26 KRASG'2¢+/*+ tumors, the combination of RT with MRTX1257
greatly decreased the density of Ki67* cells within these tumors (p=0.003
versus the control). Moreover, in CT26 KRAS®12¢+/+ tumors, the combined
treatment significantly decreased the density of Ki67* cells compared to
irradiation alone (p=0.02), thus confirming the ability of MRTX1257 to increase
the efficacy of RT in CT26 KRASG12¢+/* tumors, in line with the tumor growth
experiments.

CD8* T cells are not sufficient to explain the efficacy of the
association between RT and MRTX1257 in CT26 KRASG12C+/+
tumors

We then performed the staining and the quantification of CD8* cells within both
CT26 KRASG12C+/+ and CT26 WT tumors (Fig. 6A).

Compared to the control group, the density of CD8* cells within CT26
KRASG12C+/+ tumors was increased in the group treated using MRTX1257 alone
(p=0.05), but not in the combined treatment group (p=0.15) (Fig. 6B and 6C).
This shows that the radio-sensitizing effect induced by MRTX1257 in CT26
KRASG12C+/+ tumors cannot be solely attributed to an increase in the infiltration
of CD8* T cells within the microenvironment of these tumors, which is
consistent with the efficacy of the combined treatment observed in T cell-
deficient nude mice.

Regarding CT26 WT tumors, we did not observe any significant difference in

the density of CD8* cells within tumors regardless of the treatment (Fig. 6B and
6D).
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In CT26 KRASS12¢+/* tumors, MRTX1257 drives the down-
regulation of PD-L1 and counteracts its upregulation
following RT alone

First, in tumor and stromal cells, identified as CD45 negative cells, we found the
expression of PD-L1 was upregulated following RT alone (p=0.005) while it was
dramatically downregulated in both MRTX1257 alone and combination groups
(p<0.0001). The same outcomes were observed in myeloid cells, with the
upregulation of PD-L1 following RT alone (p<0.0001) and its downregulation in
groups treated with MRTX1257 alone (p=0.0003) or the combined treatment
(p=0.02).

Then, the proportion of lymphoid cells was increased in groups treated with
MRTX1257 alone and the combination compared to the control group. Among
the lymphoid subtypes, the proportion of conventional CD4* T cells, defined as
FoxP3 negative CD4* T cells, was increased in both the groups treated with
MRTX1257 alone and with the combined treatment.

However, regarding the proportion of CD8* T cells, we did not observe any
difference between the irradiation alone group and the combination group,
while this proportion increased in the MRTX1257 alone group (MRTX1257 alone
versus control: p=0.004). This is in line with the quantification of CD8* cells in
the IHC experiment above.

RT and the combined treatment were able to polarize macrophages into a pro-
inflammatory and anti-tumor phenotype characterized by the upregulation of
the activation marker CD80 Moreover, the combination treatment increased the
proportion of conventional dendritic cells type 2 (cDC2) and their expression of
MHC class II within the tumor immune microenvironment.

Conclusions and Perspectives

To our knowledge, this study is the first to explore the efficacy and
immunological properties of the specific association of a KRASS!2C inhibitor with
RT in a preclinical animal model of KRAS6!2¢ mutated cancer.

In this work, we first demonstrated the ability of MRTX1257, a potent covalent
KRASG12€ inhibitor analogous to MRTX849, to enhance the effect of radiotherapy
both /n vitro and in vivo. This effect depended on RAS mutational status, dose
and timing of administration and was associated with a good safety profile.
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Moreover, the use of RT and MRTX1257 led to a significant cure rate in BALB/c
mice bearing CT26 KRASG2¢+/* tumors, but not in nude mice, highlighting the
role of the tumor immune microenvironment in the radio-sensitizing effect of
MRTX1257. This work constitutes a first step towards the implementation of
new combinatorial approaches involving RT and MRTX1257 in KRASG12C
mutated cancers, with the aim of providing new therapeutic strategies with a
prolonged clinical benefit. The optimal treatment sequencing and selected
patient populations warrant further characterization both in the preclinical and
clinical settings.
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Abstract

Background KRAS activating mutations are considered the most frequent oncogenic drivers and are correlated
with radio-resistance in multiple cancers including non-small cell lung cancer (NSCLC) and colorectal cancer.
Although KRAS was considered undruggable until recently, several KRAS inhibitors have recently reached clinical
development. Among them, MRTX849 (Mirati Therapeutics) showed encouraging clinical outcomes for the treat-
ment of selected patients with KRAS®'?“ mutated NSCLC and colorectal cancers. In this work, we explore the abil-
ity of MRTX 1257, a KRAS®'?“ inhibitor analogous to MRTX849, to radio-sensitize KRASC'?“** mutated cell lines
and tumors.

Methods Both in vitro and in vivo models of radiotherapy (RT) in association with MRTX1257 were used, with dif-
ferent RAS mutational profiles. We assessed in vitro the radio-sensitizing effect of MRTX1257 in CT26 KRAS®12<+/+,
CT26 WT, LL2 WT and LL2 NRAS KO (LL2 NRAS™") cell lines. In vivo, we used syngeneic models of subcutaneous CT26
KRASC™2“+* tumors in BALB/c mice and T cell deficient athymic nu/nu mice to assess both the radio-sensitizing effect
of MRTX1257 and its immunological features.

Results MRTX1257 was able to radio-sensitize CT26 KRAS®'?“*/* cells in vitro in a time and dose dependent manner.
Moreover, RT in association with MRTX1257 in BALB/c mice bearing CT26 KRAS®'?“*/* subcutaneous tumors resulted
in an observable cure rate of 20%. However, no durable response was observed with similar treatment in athymic
nude mice. The analysis of the immune microenvironment of CT26 KRAS®'2“* tumors following RT and MRTX 1257
showed an increase in the proportion of various cell subtypes including conventional CD4+T cells, dendritic cells
type 2 (cDC2) and inflammatory monocytes. Furthermore, the expression of PD-L1 was dramatically down-regulated
within both tumor and myeloid cells, thus illustrating the polarization of the tumor microenvironment towards a pro-
inflammatory and anti-tumor phenotype following the combined treatment.

Conclusion This work is the first to demonstrate in vitro as in vivo the radio-sensitizing effect of MRTX1257, a potent
KRASC'?C inhibitor compatible with oral administration, in CT26 KRASS'“ mutated cell lines and tumors. This is a first
step towards the use of new combinatorial strategies using KRAS inhibitors and RT in KRAS®'?“ mutated tumors,
which are the most represented in NSCLC with 14% of patients harboring this mutational profile.
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Background

Radiotherapy (RT) plays a central role in cancer treat-
ment. During the course of their treatment, it is
estimated that nearly 50% of all cancer patients have indi-
cations for radiotherapy either with curative or palliative
intent [1, 2].

The presence and type of activated oncogenes within
tumor cells influence prognosis and therapeutic response,
including RT. RAS (Rat sarcoma viral oncogene homolog)
is considered the most frequently mutated oncogene with
nearly 19% of cancer patients harboring a RAS mutation
[3]. The KRAS (Kirsten rat sarcoma viral oncogene) iso-
form represents 75% of RAS mutant cancers and is there-
fore considered a crucial oncogene.

KRAS mutations occur in approximately 20-25% of
non-small-cell lung cancers (NSCLC) [4], more than 80%
of pancreatic cancers and 30% of colorectal and chol-
angial cancers [5]. When it comes to KRASC™2C jsoform
mutations, they are estimated to occur in 14% of NSCLC
adenocarcinomas [6] and 5% of colorectal cancers [7].

The ability of the RAS oncogene to drive radio-resist-
ance has been extensively studied since the 1990’s. RAS
mutations are long known to provide radiation resistance
to tumor cells, as demonstrated first in mouse cell lines
transformed with HRAS, NRAS or KRAS mutations [8, 9].
Upstream and downstream pathways from RAS, includ-
ing EGFR expression, AKT phosphorylation, PI3K and
MAPK signaling are also associated with the response to
radiation [10, 11].

These results are in line with clinical observations in
patients with RAS mutated cancers, often showing overall
resistance to therapies and thus associated with poor out-
comes [12-15]. Therefore, RAS mutations appear to be
a target of interest, and different strategies of RAS inhi-
bition using transfected rodent cells or human derived
cell lines showed promising radio-sensitizing outcomes.
These strategies involve farnesyltransferase inhibitors
[16], lovastatin [17], prenyltransferase inhibitors [18], the
transfection of anti-RAS single chain antibody fragment
[19], or the use of an antisense vector [20].

Until recently, KRAS mutations were considered
undruggable. Efforts to target KRAS directly have
faced major difficulties owing to its pico-molar affinity
for GTP/GDP and the absence of allosteric regulatory
sites. KRAS oncogenic mutations result in functional
activation of RAS family proteins by impairing GTP
hydrolysis [21]. KRAS mutant proteins have a reduced
capability to hydrolyze GTP or to interact with the

GTPase-activating proteins, maintaining the oncogene
and the downstream pathways constitutively activated.
The lack of specific inhibitors targeting the KRAS
hydrophobic pocket as well as the complexity of down-
stream pathways have contributed to the challenge of
developing effective therapeutic agents.

Two  specific KRASG2C  inhibitors, sotorasib
(AMG510, Amgen) and adagrasib (MRTX849, Mirati
Therapeutics) recently earned the breakthrough desig-
nation by the US Food and Drug administration to treat
metastatic lung cancer patients harboring KRAS%*¢
mutations who have progressed on at least one sys-
temic therapy. These small molecules are able to irre-
versibly inhibit KRASS!?“ through a unique interaction
with the P2 pocket trapping KRASS!*C in the inactive
GDP-bound state similar to other allele-specific inhibi-
tors [22].

Data from the registrational phase 1/2 KRYS-
TAL-1 trial (NCTO03785249) reported results of a
phase 2 cohort including 116 patients with metastatic
KRAS?C mutated NSCLC treated with at least one
prior systemic therapy before receiving adagrasib
[6]. The objective response rate (ORR), progression-
free survival (PFS) and median overall survival (OS)
were respectively 42.9%, 6.5 months and 12.6 months.
Despite these promising results, resistance often occurs
in patients, paving the way for further strategies able to
improve the long-term efficacy of KRASS'2C inhibitors.
Among these strategies, the association of KRASS!2¢
inhibitors with focal RT is of interest.

RT is standard of care at all non-advanced inopera-
ble NSCLC stages, including KRAS®?¢ mutant tumors
[23]. Therefore, demonstrating the benefit of an asso-
ciation between KRASS'?C inhibitors and RT has the
potential to make patients with KRAS®?C mutations
benefit from this new therapeutic strategy. Further-
more, KRAS is responsible of an immunosuppressive
tumor microenvironment within mutated tumors in
a PD-L1 dependent manner [24, 25], and the effect of
MRTX849 was diminished when CT26 KRASC™ZC*/*
were grown in T cell deficient nude mice [26]. This
illustrates the necessity to consider the infiltrating
immune cells in the studies assessing the therapeutic
associations using KRAS inhibitors.

In this work, we explore the efficacy of the association
between RT and MRTX1257, a selective and covalent
KRASS!2C inhibitor analogous to MRTX849, in ani-
mal models of cancer. Moreover, we show the different
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effects of the association of RT and MRTX1257 in
reshaping the tumor immune microenvironment, i.e.
the important down-regulation of PD-L1 in tumor and
myeloid cells, as well as the increase of the infiltration
of conventional CD4* T cells, inflammatory monocytes
and dendritic cells type 2 (cDC2).

Material and methods

Cell culture, chemicals and antibodies

Cell lines CT26 WT and LL2 WT were obtained from
ATCC. CT26 harboring homozygous KRAS“'?° muta-
tion (CT26 KRASS?“*/*) and LL2 KO for NRAS (LL2
NRAS™/7) were provided by Mirati Therapeutics (USA).

CT26 KRASS™“* and CT26 WT cell lines were
maintained in RPMI-1640 (Gibco) supplemented with
10% fetal calf serum and 1% penicillin—streptomycin
(Gibco) and cultured at 37 °C with 5% CO2. LL2 WT
and LL2 NRAS™/~ were maintained in DMEM + Glu-
taMAX + Pyruvate (Gibco) supplemented with 10% fetal
calf serum and 1% penicillin—streptomycin (Gibco) and
cultured at 37 °C with 5% CO2.

MRTX1257 was provided by Mirati Therapeutics and
reconstituted using cyclodextrin Captisol (Ligand, San
Diego, USA) in case of oral administration in mice or
dimethylsulfoxide (DMSO) for in vitro experiments.

Clonogenic survival assay

CT26 WT, CT26 KRASS“** 112 WT and LL2
NRAS™/~ were collected using trypsin-EDTA 0.05%
(Gibco) and counted with Cellometer K2 Fluorescent cell
counter (NEXCELOM, Massachussetts, USA) by trypan
blue viability at least equal to 90%.

For CT26 WT and CT26 KRASS™“*'* cell lines, cells
were seeded in triplicates at 50 to 400 cells/well (CT26
WT) or 100 to 1200 cells/well (CT26 KRASS2H) in
6-well plates during 12 h in 2 mL of culture medium.
Three hours before irradiation, the culture medium was
changed for the medium containing MRTX1257 at the
indicated concentration. Twenty-four or 48 h after irra-
diation, the medium containing MRTX1257 was changed
for drug-free medium.

For LL2 WT and LL2 NRAS™", 250 to 500 cells were
seeded per well in 6-well plates during 3 h in 1 mL of
Methocult M3134 (StemCell Technologies) supple-
mented in culture medium and containing MRTX1257
at the indicated dose. Twenty-four or 48 h after irradia-
tion, a dilution of MRTX1257 by a factor 10 was done by
adding 9 mL of drug-free culture medium to the 1 mL of
Methocult M3134 in each well.

Plates were irradiated at the indicated dose using an
X-RAD 320 irradiator (Precision X-Ray, USA). Seven
days after irradiation, colonies equal or higher to 50
cells were counted. The number of colonies counted was
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normalized by the number of cells per well seeded at the
start of the experiment in order to define the survival
fraction. The different survival fractions were finally nor-
malized by the survival fraction in the control non-irra-
diated condition for each concentration of MRTX1257
tested and then plotted in survival curves.

Mouse models

Animal studies were conducted in compliance with
all applicable regulations and guidelines of the Ethical
approval Committee CCEA 26 at Gustave Roussy.

Seven-week-old BALB/c WT and athymic nude female
mice were obtained from Janvier Labs (Le Genest-Saint-
Isle, France) and housed in a pathogen-free facility. Mice
were subcutaneously inoculated in their right flank with
10% CT26 KRASS* cells or 5.10° CT26 WT cells in
50uL of pH 7.2 phosphate-buffer saline (PBS) solution
(Gibco).

Once the tumors reached an average volume of 90-100
mm?, estimated using the following formula Tumor vol-
ume = (length x width x width)/2, with length and width
of tumors measured using a digital caliper, mice were
randomized into the different treatment groups.

On the day of randomization (=D-1 before RT), as well
as on D1 and D3 after RT, mice received an oral admin-
istration of MRTX1257 at the dose of 50 mg/kg reconsti-
tuted in 5 ml/kg of Captisol vehicle or the same volume of
Captisol vehicle alone, according to the treatment group.
At DO, mice randomized into RT only and combination
groups received a single fraction of 6 Gy to the tumor
volume using a Varian Tube NDI 226 (X-ray machine;
200 kV; tube current 15 mA; beam filter: 0.2 mmCu,
dose-rate 1.15 Gy/minute). Radiation was only delivered
to the tumor mass by using a custom shielding and an
appropriate device to immobilize the mouse.

Tumor volumes were measured twice a week using a
digital caliper and the previous formula. When tumor
volumes reached 1200 mm? or when any of critical points
including weight loss>20%, tumor necrosis or suffering
appeared, mice were sacrificed.

BALB/c mice showing complete response of CT26
KRASSY“** tumors following irradiation combined
with MRTX1257 were rechallenged with s.c. injection
of either 10° CT26 KRASS?“*/* cells or 5.10° CT26 WT
cells in contralateral flank. Tumor growth and survival
were evaluated using the same methods than described
above, and these data were compared with those of naive
BALB/c mice receiving similar s.c. injections.

Immunohistochemistry
The day after the last administration of MRTX1257 (=D4
after RT), animals were sacrificed by cervical dislocation
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and subcutaneous tumors were harvested and then fix-
ated using paraformaldehyde (PFA) 4%.

For detection of cleaved CDS8, 4 pum sections were
processed for heat-induced antigen retrieval (ER2 cor-
responding EDTA buffer pH9) for 20 min at 100 °C.
Slides were incubated with the antibody (clone D4W2Z
#98,941, 1: 400, Cell Signaling) for 1 h at room temper-
ature. Then, the slides were incubated with the Rabbit
HRP PowerVision Kit (Leica Biosystems, #PV6119). The
signal was revealed with diaminobenzidine (DAB).

For Ki67, slides were incubated with a monoclonal rab-
bit anti-Ki67 antibody (Cell Signaling, 1: 500). The signal
was revealed with the Rabbit PowerVision Kit (UltraVi-
sion Technologies).

All slides were scanned at 20X using VS120 scanner
(Olympus, Japan). Images were processed and staining
quantified using QuPath v0.4.0 [27]. Regions of inter-
est were manually delineated. Inside these regions, tis-
sue was automatically detected using a trained classifier.
Color deconvolution (Hematoxylin, DAB and residual)
was applied to the images. Cells were detected based on
their optical density and positivity (CD8" or Ki671) was
assessed based on the amount of DAB signal in each cell.
Results were expressed as a number of stained cells by
square millimeter of analyzed tissue.

Flow cytometry

The day after the last administration of MRTX1257 (=D4
after RT), animals were sacrificed by cervical dislocation
and subcutaneous tumors were harvested. Tumors were
mechanically and then enzymatically dissociated by using
the “Tumor Dissociation Kit Mouse” (Miltenyi Biotec,
Germany) for 30 min at 37 °C and 1750 rpm. Cell suspen-
sions were then filtered using 70 pum cell strainers (Milte-
nyi Biotec, Germany), and further used for Fc receptor
blockage and then immune-cell staining.

For Fc receptor blockage, cell suspensions were incu-
bated with purified anti-mouse CD16/32 (clone 93;
BioLegend) during 10 min at 4 °C. Subsequently, cell
populations were stained 20 min at 4 °C using antibod-
ies listed in supplementary table and at dilutions recom-
mended by the manufacturer.

For tumor-infiltrating immune cell staining, anti-CD45
(REA737), anti-Ly6G (REA526), anti-CD11c (REA754;
Miltenyi Biotec), anti-CD11b (M1/70; BD Horizon),
anti-Ly6C (HK 1.4) and anti-CD64 (X54-5/7.1; BioLe-
gend) were used to identify non-immune cells (CD45-),
myeloid cells (CD45" CD11b"), macrophages (CD45"
CD11b" Ly6G~ Ly6C~"° CD64"), inflammatory mono-
cytes (CD45% CD11b* Ly6G~ Ly6C"i8" CD647) and con-
ventional dendritic cells type 2 (cDC2: CD45% CD11b™"
Ly6G~ CD64~ CDI11c*). Anti-CD45 (REA737; Milte-
nyi Biotec), anti-CD8 (53-6.7; BD Horizon), anti-CD4
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(RM 4-5), anti-CD11b (M1/70) and anti-NKp46 (29A
1.4; BioLegend) were used to identify lymphoid cells
(CD45" CD11b™) CD4" T cells (CD45%, CD11b~ CD4%),
CD8* T cells (CD45" CD11b~ CD8%), NK cells (CD45"
CD11b~ NKp46™). Furthermore, after fixation and per-
meabilization using the « Mouse FoxP3 Buffer Set» (BD
Pharmingen), anti-FoxP3 (REA788; Miltenyi Biotec) was
used to distinguish between conventional CD4" T cells
(CD45" CD11b~ CD4" FoxP37) and Treg cells (CD45"
CD11b~ CD4" FoxP3").

Anti-PD1 (REA802), anti-CD80 (REA983), anti-MHC
II (REA813; Miltenyi Biotec) and anti-PD-L1 (MIH5; BD
Optibuild) were used. For these markers, mean fluores-
cence intensities (MFI) for each target population were
normalized to an unstained control in each treatment
group (DeltaMFI).

Samples were acquired on a LSR Fortessa X20 (BD,
Franklin Lakes, NJ) with FACSDiva software, and data
were analyzed using FlowJo V10.8.1 software (Tree Star,
Ashland, OR).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Software version 8. Differences between groups were
analyzed using a one-way ANOVA followed by Dunnett’s
correction. All values were expressed as means + standard
errors to mean (SEM). All analyses were two-sided and a
difference with a P-value<0.05 was considered statisti-
cally significant. Regarding survival data, Kaplan—Meier
curves were compared using the log-rank test, with
P-values <0.05 considered statistically significant.

Results

MRTX1257 radio-sensitizes CT26 and LL2 in vitro depending
on RAS mutation profile

We first assessed in vitro the efficacy of the combina-
tion between MRTX1257 at various concentrations and
different RT doses in CT26 cell lines harboring different
RAS mutation profiles. MRTX1257 was able to radio-
sensitize CT26 KRASS2C*/* cells when used at the
concentrations of 20 and 50 nM for 48 h after irradia-
tion (normalized survival fractions at 4 Gy: 0.06 and 0.04
respectively at 20 nM and 50 nM versus 0.23 in control
group; p<0.0001) (Fig. 1A).

Regarding CT26 WT cells, which are reported in lit-
erature as harboring homozygous KRASS™?P mutation
[28, 29], MRTX1257 at 20 nM or 50 nM for 48 h did not
increase their radio-sensitivity at the tested RT doses, i.e.
from 2 to 6 Gy (Fig. 1B). To explore the absence of effi-
cacy of MRTX1257 in this cell line, we performed a dose-
escalation assay by using increasing concentrations of
MRTX1257 in vitro. The results showed a half maximal
inhibitory concentration (IC50) between 2 and 10 pM,
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Fig. 1 MRTX1257 radio-sensitizes in vitro CT26 and LL2 tumor cell lines according to their KRAS mutational status. Clonogenic survival assays were
performed after treatment using RT and MRTX1257 at various doses in different cell lines harboring different KRAS mutational profiles. Normalized
survival fractions are represented in mean + standard-error to mean (SEM), with n=3 to 6 replicates per condition. Survival curves are extrapolations
according to the linear quadratic model. ****: p<0.0001 (one-way ANOVA). Survival curves for (A) CT26 KRASS'2<+/+: B CT26 WT; C LL2 NRAS™~; D
LL2 WT. E, F Dose-response curves for CT26 WT and LL2 WT cell lines exposed to various concentrations of KRAS.S'2< inhibitor MRTX1257
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far beyond the 20 to 50 nM used in CT26 KRASS2CH+
(Fig. 1C).

We then explored MRTX1257 in association with RT
in two different LL2 cell lines. Regarding LL2 WT cells,
we decided to sequence the gene Kras and found this cell
line harbors KRAS%?“* heterozygous mutation (data not
shown). MRTX1257 at 20 or 50 nM for 48 h did not influ-
ence the radio-sensitivity of this cell line (Fig. 1D), which
suggests that a heterozygous G12C mutation of KRAS is
not sufficient to allow a proper efficacy of the combina-
tion treatment. As in CT26 WT cell line, we performed
a dose-escalation assay in LL2 WT cell line and found an
IC50 between 100 and 500 nM (Fig. 1E), which is inferior
to the IC50 in CT26 WT cell line and may be explained
by the presence of a single KRAS®**C mutation.

LL2 NRAS™/~ cells harbor both a heterozygous muta-
tion of KRAS and a knock-out (KO) mutation of NRAS.
Although we observed a trend in radio-sensitizing these
cells using MRTX1257 at 20 nM for 48 h, this effect was
not statistically significant (p=0.07) (Fig. 1F). This sug-
gests that, even when silencing NRAS, a heterozygous
KRASS?C mutation is not sufficient to provide a strong
radio-sensitizing effect of MRTX1257 comparable to the
one observed in KRASS2CH cells.

Of note, the use of MRTX1257 at the concentrations
of 5 and 10 nM during 24 h did not provide any radio-
sensitizing effect in both CT26 KRAS?“*'* and LL2
NRAS ™/~ tumor cells (Additional file 1: Figure S1A, B

Overall, these data show MRTX1257 is able to radio-
sensitize tumor cells in vitro depending on their RAS
mutational profile. Moreover, the impact of KRAS®%¢
mutational status on this effect was predominant, since
NRAS mutational status had a moderate, non-significant
impact on it in addition to KRAS status.

MRTX1257 increases the efficacy of RT in nude mice bearing
CT26 KRASS™>“*'* tumors

After the demonstration of in vitro radio-sensitization
of CT26 KRASS12“*/* using MRTX1257, we aimed to
explore a similar setting of combinatorial approach in
athymic nude mice bearing CT26 KRASS*“*/* tumors.
This allowed us to assess the in vivo efficacy of the com-
bination of MRTX1257 and RT in a lymphoid compart-
ment-depleted setting, serving as an extension of the
previous in vitro experiment.

MRTX1257, administered three times at 50 mg/kg
(Fig. 2A) increased the efficacy of a single-dose of 6 Gy
delivered on CT26 KRASS?“*/* tumors in nude mice.
Regarding the tumor growth curve (Fig. 2B) as well as the
average tumor volume in each group at D10 after radio-
therapy (Fig. 2C), the differences are significant in all
treatment groups compared to control group (p <0.0001).
Moreover, the group treated with combination treatment
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shows better outcomes compared to both the groups
treated with irradiation alone (p=0.005) and with
MRTX1257 alone (p=0.03).

This translated in a better survival in the group treated
with combination (p<0.0001 versus the control group
and MRTX1257 alone group, p=0.006 versus the irra-
diation alone group) (Fig. 2D and 2E). However, despite
these interesting results, none of the conditions tested
was able to induce a durable response in nude mice, since
all mice finally relapsed. This observation may be due to
the putative involvement of a functional and complete
immune compartment in achieving durable responses
following RT and MRTX1257.

MRTX1257 increases the efficacy of RT in
immunocompetent BALB/c mice bearing CT26 KRA
tumors, and is able to induce durable responses in
combination with RT

We then decided to explore the efficacy of the combi-
nation of MRTX1257 and RT in immunocompetent
BALB/c mice bearing CT26 KRASS>“+/* tumors.

As in nude mice, MRTX1257 administered 3 times at
50 mg/kg (Fig. 3A) increased the efficacy of RT delivered
at a single dose of 6 Gy. Indeed, the tumor growth rate
decreased in all treated groups compared with the con-
trol untreated group with a maximum of efficacy reached
in the combination group (irradiation alone: p=0.004;
MRTX1257 alone: p=0.0005; irradiation+MRTX1257:
p<0.0001) (Fig. 3B). Moreover, the difference in aver-
age tumor volume at D10 between the irradiation alone
group and the combination group, even if not meet-
ing the statistical significance threshold, was notable
(p=0.07, Fig. 3C). Furthermore, as illustrated in the indi-
vidual growth profiles (Fig. 3D) and in the survival curves
(Fig. 3E), mice in the group treated with MRTX1257
alone relapsed quickly after the end of the treatment
whereas those in the combination group showed a better
survival (p=0.04), with 2 mice out of 10 achieving dura-
ble responses. To determine if the combination treat-
ment using irradiation and MRTX1257 led to significant
anti-tumor immune memory in mice, we rechallenged
the mice showing complete response with s.c. injection
of CT26 KRASSXH/* or CT26 WT cells in contralat-
eral flank. None of the rechallenged mice developed new
tumors, in contrast with 100% of naive mice receiving
similar s.c. injections, suggesting a potent anti-tumor
immune memory provided by the combination treatment
against both CT26 KRASS>“*/* and CT26 WT tumor
cells (Fig. 3F).

Of note, no significant toxicities were observed in
mice when treating with MRTX1257 and RT in these
conditions.

SG12C+/+
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Fig. 2 MRTX1257 increases the efficacy of RT in nude mice bearing CT26 KRAS®'?“*/* however without achieving durable responses A Athymic
nude mice were subcutaneously inoculated with CT26 KRASC?“* cells. Once the tumors reached an average volume of 90-100 mm?, mice
received via oral administration 50 mg/kg of MRTX1257 or vehicle. The day after, mice received a single fraction of 6 Gy on the tumor mass.
MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1 and D3 after RT. The experiment was repeated twice. B Tumor growth
(mean £ SEM) ***: p<0.001; ****: p <0.0001 (two-way ANOVA). C Mean tumor volumes in each group 10 days after RT are represented. *: p <0.05;
*% 5 <0.001; *** p<0.0001 (one-way ANOVA). D Individual growth profiles of CT26 KRAS 512+ tumors are represented for each condition. E
Survival Kaplan—Meier curves were compared between each group using the log-rank test. **: p <0.01; ****: p <0.0001
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As a reminder, we did not observe any durable response
in nude mice and, as illustrated in their individual growth
profiles (Fig. 2D), all nude mice experienced fast and
homogeneous relapses. This suggests that the presence
of a functional lymphoid compartment has an impact on
the efficacy of the combination of RT and MRTX1257.

We then explored whether the combination of irra-
diation and MRTX1257 was able to generate systemic
anti-tumor immune response leading to the abscopal
response of a lesion outside of the irradiation field. To
this end, we administered this combination in BALB/c
mice bearing 2 s.c. CT26 KRASS>“*'* tumors of which
only one received irradiation (Additional file 1: Fig. S2A).
In primary (irradiated) tumors, in a comparable man-
ner than in the one-tumor experiments described above,
MRTX1257 increased the anti-tumor efficacy of RT
(IRT+MRTX1257] VS RT alone: p=0.003). Moreover,
at late timepoint (D13 after RT), the combined treatment
showed an interesting anti-tumor superiority compared
to MRTX1257 alone, although not reaching the signifi-
cance criteria due to the low number of mice included
in each group (p=0.10) (Additional file 1: Figure S2B).
In secondary (unirradiated) tumors, the addition of RT
to the primary tumor failed to improve the efficacy of
MRTX1257, thus suggesting the absence of abscopal
effect in this setting (Additional file 1: Figure S2C). These
findings translated into the absence of significant ben-
efit of survival in mice treated with primary tumor irra-
diation and MRTX1257 compared to those treated with
MRTX1257 only (Additional file 1: Figure S2D).

MRTX1257 does not show any significant efficacy in CT26
WT derived tumors
To determine if the efficacy of the combination between
RT and MRTX1257 relies upon the presence of KRAS®2¢
mutation in CT26 tumors, we performed a similar tumor
growth experiment in BALB/c mice bearing CT26 WT
tumors (Fig. 4A).

A significant decrease in tumor growth rate was
observed in both groups treated using RT compared to

(See figure on next page.)
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the control group (p=0.0006 for groups treated with RT
alone and RT + MRTX1257) (Fig. 4B and C). However, we
did not observe any positive effect on tumor growth rate
attributable to the administration of MRTX1257 alone
or in combination with RT in mice bearing CT26 WT
tumors.

Regarding the survival outcomes, survival was
improved only in groups treated with RT compared to
their non-irradiated counterparts [(6 Gy+ VEHICLE)
versus (NIR+ VEHICLE): p=0.001; (6 Gy + MRTX1257)
versus (NIR+MRTX1257): p=0.0009]. Interestingly,
we were able to cure 4 mice out of 11 in the combina-
tion group, which is higher than in CT26 KRASG>CH+
tumors. However, we were also able to cure 2 mice out
of 11 in the irradiation alone group, with similar associ-
ated tumor growth profiles (Fig. 4D) and non-statistically
different survival (Fig. 4E). Taken together, these data
suggest a higher level of radio-sensitivity of CT26 WT
tumors compared to CT26 KRASS12¢+/F,

MRTX1257 increases the anti-proliferative effects of RT in
CT26 KRASS'?“** tumors but not in CT26 WT tumors
To assess the anti-proliferative effect of the association
between RT and MRTX1257 in CT26 KRASS*“*/* and
CT26 WT tumors, we performed immunohistochemistry
(IHC) analyses in both tumor types the day after the last
administration of MRTX1257, i.e. D4 after RT (Fig. 5A).

Although irradiation alone was not able to signifi-
cantly decrease the expression of Ki67 within CT26
KRASSYC** tumors, the combination of RT with
MRTX1257 greatly decreased the density of Ki67*
cells within these tumors (p=0.003 versus the control)
(Fig. 5B, C). Moreover, in CT26 KRASS 2+ tumors, the
combined treatment significantly decreased the density
of Ki67* cells compared to irradiation alone (p=0.02),
thus confirming the ability of MRTX1257 to increase the
efficacy of RT in CT26 KRASS2°+/* tumors, in line with
the tumor growth experiments.

In CT26 WT tumors, unlike in CT26 KRASS!>+/*
tumors, the expression of Ki67 decreased only in

Fig. 3 MRTX1257 increases the efficacy of RT in immunocompetent BALB/c mice bearing CT26 KRASS'2“*/* tumors and achieved durable
responses in association with RT. A BALB/c mice were subcutaneously inoculated with CT26 KRAS®?“*/* cells. Once the tumors reached

an average volume of 90-100 mm?, mice received via oral administration 50 mg/kg of MRTX1257 or vehicle. The day after, mice received a single
fraction of 6 Gy on the tumor mass. MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1 and D3 after RT. The experiment
was repeated twice. B Tumor growth (mean +SEM). **: p <0.01; ***: p <0.001; ****: p < 0.0001 (two-way ANOVA). (C) Mean tumor volumes in each
group 10 days after RT are represented. **: p<0.01; ***: p <0.001; ****: p <0.0001 (one-way ANOVA). D Individual growth profiles of CT26 KRAS
G12C** tumors are represented for each condition. The number of mice achieving durable response with no tumor being assessed at the end
of the experiment is indicated below each panel. E Survival Kaplan-Meier curves were compared between each group using the log-rank test.

* p<0.05; **: p<0.07; *** p<0.0001. FImmunocompetent BALB/c mice bearing CT26 KRAS®'?“*/* tumors and cured by the combination of RT
and MRTX1257 were subsequently rechallenged with either 1.1 0° CT26 KRASC!2C++ (top) or 5.10° CT26 WT cells (bottom) subcutaneously injected
in their contralateral flank. Their survivals were then compared with those of naive mice receiving similar injections
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Fig. 4 MRTX1257 does not have any significant effect alone or in combination with RT in immunocompetent BALB/c mice bearing CT26 WT
tumors. A BALB/c mice were subcutaneously inoculated with CT26 WT cells. Once the tumors reached an average volume of 90-100 mm?, mice
received via oral administration 50 mg/kg of MRTX1257 or vehicle. The day after, mice received a single fraction of 6 Gy on the tumor mass.
MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1 and D3 after RT. The experiment was repeated three times. B Tumor
growth (mean £ SEM). ***: p<0.001 (two-way ANOVA). C Mean tumor volumes in each group 10 days after RT are represented. **: p < 0.01; ***:
p<0.001 (one-way ANOVA). D Individual growth profiles of CT26 KRAS G12C.*/* tumors are represented for each condition. The number of mice
achieving durable response with no tumor being assessed at the end of the experiment is indicated below each panel. E Survival Kaplan—Meier

curves were compared between each group u

sing the log-rank test. ***: p<0.001
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received via oral administration 50 mg/kg of MRTX1257 or vehicle. The day after, mice received a single fraction of 6 Gy on the tumor mass.
MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1 and D3 after RT. At D4 after RT, mice were sacrificed, tumors were
harvested and then fixated using paraformaldehyde (PFA) 4%. Immunohistochemistry for Ki67 and then the quantification of Ki67* cells were
performed. B Photographs at magnification 13X of 4 um-thick CT26 KRASC1?S* (left) or CT26 WT (right) tumor slices stained with anti-Ki67
antibody. Two representative photographs, each of them from a different tumor, are represented for each condition. C Quantification of Ki67* cells
per mm? in CT26 KRAS G12C** tumor slices. Each point is representative of a single tumor. Mean + standard-errors to mean (SEM). N=3-5 tumors/
group. *: p<0.05; **: p<0.01 (one-way ANOVA). D Quantification of Ki67* cells per mm.? in CT26 WT tumor slices. Each point is representative
of a single tumor. Mean + standard-errors to mean (SEM). n=3 tumors/group. *: p < 0.05 (one-way ANOVA)
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irradiated tumors, with or without the adjunction of
MRTX1257 (p=0.02 and p=0.03 respectively for irra-
diation alone versus the control and combination ver-
sus the control) (Fig. 5B, D). This is in line with the
tumor growth experiments showing the absence of effi-
cacy of MRTX1257 in CT26 WT tumors.

CD8* T cells are not sufficient to explain the efficacy

of the association between RT and MRTX1257 in CT26
KRASS"2*"* tumors

We then performed the staining and the quantification of
CD8™" cells within both CT26 KRAS G12C** and CT26
WT tumors (Fig. 6A).

Compared to the control group, the density of CD8"
cells within CT26 KRASS'?“*/* tumors was increased in
the group treated using MRTX1257 alone (p=0.05), but
not in the combined treatment group (p=0.12) (Fig. 6B,
C). This result shows that the radio-sensitizing effect
induced by MRTX1257 in CT26 KRASS>“*/* tumors
cannot be solely attributed to an increase in the infil-
tration of CD8" T cells within the microenvironment
of these tumors, which is consistent with the efficacy of
the combined treatment also observed in T cell-deficient
nude mice.

Regarding CT26 WT tumors, we did not observe any
significant difference in the density of CD8™ cells within
tumors regardless of the treatment (Fig. 6B, D).

In CT26 KRASS'2t/* tumors, MRTX1257 drives the
down-regulation of PD-L1 and counteracts its upregulation
following RT alone

The tumor growth experiments exposed earlier in this
article showed that, after treatment, nude mice bearing
CT26 KRASS?“+'* relapsed faster than immunocom-
petent BALB/c mice. Thus, we did not observe any dura-
ble response in nude mice treated with the combination.
Therefore, we hypothesized MRTX1257 could reshape
the immune microenvironment of CT26 KRASS2CH+
tumors into a pro-inflammatory and anti-tumor phe-
notype that contributes to the radio-sensitizing effect
observed in these tumors. We hence used flow cytometry

(See figure on next page.)
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to explore the microenvironment of CT26 KRASC12¢++
tumors harvested from BALB/c mice (Fig. 7A).

First, in tumor and stromal cells, identified as CD45
negative cells, we found the expression of PD-L1 was
upregulated following RT alone (p=0.005) while it was
dramatically downregulated in both MRTX1257 alone
and combination groups (p<0.0001) (Fig. 7B). The same
outcomes were observed in myeloid cells, with the upreg-
ulation of PD-L1 following RT alone (p<0.0001) and
its downregulation in groups treated with MRTX1257
alone (p=0.0003) or the combined treatment (p=0.02)
(Fig. 7D).

Then, the proportion of lymphoid cells was increased
in groups treated with MRTX1257 alone and the combi-
nation compared to the control group. Among the lym-
phoid subtypes, the proportion of conventional CD4*
T cells, defined as FoxP3 negative CD4" T cells, was
increased in both the groups treated with MRTX1257
alone and with the combined treatment. (Fig. 7C).

However, regarding the proportion of CD8" T cells,
we did not observe any difference between the irradia-
tion alone group and the combination group, while this
proportion increased in the MRTX1257 alone group
(MRTX1257 alone versus control: p=0.004). This is
in line with the quantification of CD8" cells in the IHC
experiment above. In contrast, we observed a non-signif-
icant trend in the increase of NK cells following the com-
bination treatment compared to the untreated control
condition (p=0.14) (Fig. 7C).

The analysis of the myeloid compartment also revealed
the microenvironment of CT26 KRASS*“*/* tumors
was reshaped depending on the treatment condition.
Indeed, the combination treatment increased the pro-
portion of conventional dendritic cells type 2 (cDC2)
and their expression of MHC class II within the tumor
immune microenvironment (Fig. 7E). Moreover, the
combined treatment increased the proportion of inflam-
matory monocytes within the tumor microenviron-
ment (p=0.008) while it decreased the proportion of
macrophages (p=0.02). However, RT and the combined
treatment were able to polarize macrophages into a

Fig. 6 Anincrease in tumor-infiltrating CD8" T cells is not sufficient to explain the radio-sensitizing effect of MRTX1257. A BALB/c mice were
subcutaneously inoculated with CT26 WT cells or CT26 KRAS G12C** cells. Once the tumors reached an average volume of 90-100 mm?, mice
received via oral administration 50 mg/kg of MRTX1257 or vehicle. The day after, mice received a single fraction of 6 Gy on the tumor mass.
MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1 and D3 after RT. At D4 after RT, mice were sacrificed, tumors were
harvested and then fixated using paraformaldehyde (PFA) 4%. Immunohistochemistry analyses for CD8 and then the quantification of CD8"

cells were performed. B Photographs at magnification 1.5X of 4 um-thick CT26 KRASS?“/* (left) or CT26 WT (right) tumor slices stained

with anti-CD8 antibody. C Quantification of CD8" cells per mm?in CT26 KRAS®'?“** tumor slices. Each point is representative of a single tumor.
Mean + standard-errors to mean (SEM). n=3-5 tumors/group. *: p < 0.05 (one-way ANOVA). D Quantification of CD8" cells per mm? in CT26 WT
tumor slices. Each point is representative of a single tumor. Mean =+ standard-errors to mean (SEM). n=3 tumors/group. Ns: non-significant (one-way

ANOVA)
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pro-inflammatory and anti-tumor phenotype character-
ized by the upregulation of the activation marker CD80
(Fig. 7F, G).

Taken together, these results highlight the different
impacts of RT and MRTX1257 on the lymphoid and
the myeloid compartments within CT26 KRASS!2+/+
tumors, with therefore the combinatorial approach tak-
ing benefit of the positive effects of both treatments.
They also highlight an important decrease in the expres-
sion of PD-L1 within tumor cells and myeloid cells fol-
lowing MRTX1257 alone and RT + MRTX1257, which is
likely to reshape the tumor immune microenvironment
into a pro-inflammatory, anti-tumor phenotype, contrib-
uting to the efficacy of the combination.

Discussion
To our knowledge, this study is the first to explore the
efficacy and immunological properties of the specific
association of a KRAS®?¢ inhibitor with RT in a pre-
clinical animal model of KRASS1?“ mutated cancer. The
recent work by Zheng et al. mainly focused on a tri-
ple association of RT, MEK inhibitor and KRAS inhibi-
tor (AMG510), with therefore the difficulty to identify
which features are attributable to each of these 3 treat-
ments [30]. Moreover, we chose to perform flow cytom-
etry directly in single-cell suspensions from CT26 KRAS
mutated tumors, which is more reliable than a flow
cytometry analysis of the spleen. In their study, RT in
association with AMG510 was able to decrease the tumor
growth of LLC tumors. This is in line with our results and
confirms in vivo the radio-sensitizing effect of a potent
KRAS inhibitor in preclinical setting, and therefore the
interest to move towards the implementation of combi-
natorial strategies involving RT and KRAS inhibitors in
KRAS-mutated cancers.

Furthermore, our results demonstrate the concomi-
tant administration of MRTX1257 in multiple doses

(See figure on next page.)
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provides optimal efficacy and durable responses in CT26
KRASSM+* tumors in combination with RT. As a pre-
liminary experiment (data not shown), we administered
MRTX1257 in a single dose of 75 mg/kg in BALB/c mice
bearing CT26 KRASS?*/* tumors the day before RT.
This resulted in the absence of efficacy of MRTX1257,
and the only positive effects observed were due to RT,
similarly to what we observed in CT26 WT tumors.
Therefore, we next decided to administer MRTX1257 in
3 doses of 50 mg/kg at different time points both before
and after RT. This resulted in an increase in the efficacy
of RT due to MRTX1257 leading to the achievement of
durable responses in immunocompetent mice and the
generation of a potent anti-tumor immune memory
against both CT26 KRASS“*/* and CT26 WT cells.
Such cross-reactive immune memory may result from
the high clonal proximity between these two cell lines.
Of note, in our study, we did not achieve any complete
remission using MRTX1257 alone.

Moreover, MRTX1257 did not provide any effect in
CT26 WT cell lines nor tumors, demonstrating the
absence of off-target effect and therefore the safety of
MRTX1257, which is a crucial issue in the particular
setting of a combination with RT. This is in line with
the absence of toxicity observed in mice treated with 3
administrations of 50 mg/kg of MRTX1257 alone or with
RT.

Regarding the radio-sensitizing effect of MRTX1257
in CT26 KRASS2 '+ tumors, sensitizing KRAS mutant
cells to radiation using KRAS inhibitors is a well-known
strategy and various agents have been used in such a goal,
of which prenyltransferase inhibitors [18], farnesyltrans-
ferase inhibitors [16], or antisense vectors [20]. However,
these studies did not explore the immunological aspects
of the association of RT and KRAS inhibitors in KRAS
mutant tumors. In our study, the achievement of cures
in 20% of the immunocompetent mice treated with the

Fig. 7 RT and MRTX1257 reshape the tumor immune microenvironment in CT26 KRAS®'?“*/* tumors. Flow cytometry analyses were performed

in single-suspensions derived from CT26 KRAS®'?“*/* tumors. Results are represented in mean + standard-error to mean (SEM). Each point
represents a single tumor in both the untreated control group (NIR+VEHICLE) and the group treated with RT alone (IR 6 Gy +VEHICLE). Each point
represents 2 different tumors pooled in a single sample in both the group treated with MRTX1257 alone (NIR+MRTX1257) and the group treated
with combined RT and MRTX1257 (IR 6 Gy + MRTX1257). n=3/group. Except for dendritic cells, the proportions of the different immune cell
subtypes are expressed in percentage in viable cells whereas the expression of PD-L1, major histocompatibility complex Il (MHC II), and CD80 are
expressed in the difference in mean fluorescence intensity compared to an unstained control within each condition (Delta MFI). NS: non-significant;
*p<005;**: p<001;** p<0.001; *** p<0.0001 (one-way ANOVA) A BALB/c mice were subcutaneously inoculated with CT26 KRAS®'2/+

cells. Once the tumors reached an average volume of 90-100 mm?, mice received via oral administration 50 mg/kg of MRTX1257 or vehicle. The
day after, mice received a single fraction of 6 Gy on the tumor mass. MRTX1257 at the dose of 50 mg/kg or vehicle were then administered at D1
and D3 after RT. At D4 after RT, mice were sacrificed, tumors were harvested and were used to perform flow cytometry. B Expression of PD-L1

in tumor and stromal CD45~ cells. Mean + SEM (left panel) and histogram overlay (right panel). C Proportion of lymphoid cells, conventional CD4+T
cells, CD8+T cells and Tregs. D Proportion of myeloid cells and expression of PD-L1 within myeloid cells. E Proportion of dendritic cells type 2
(cDC2) in percentage of myeloid cells and expression of MHC Il within cDC2. F Proportion of inflammatory monocytes and expression of MHC |l
within inflammatory monocytes. G Proportion of macrophages and expression of CD80 within macrophages
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combination, in contrast with the fast relapses observed
in nude mice, suggest the involvement of the immune
compartment in the efficacy of the combined treatment.
However, MRTX1257, alone or in combination with RT,
significantly delayed tumor growth also in nude mice.
Therefore, T cells, although crucial in the anti-tumor
immune response, cannot be considered as the key pillar
of the immunological outcomes observed following the
combination. This deduction is in line with our results
of IHC and flow cytometry not showing any significant
increase in the infiltration of CD8" T cells following the
combined treatment.

In addition to CD8" T cells, the proportion of NK cells
within CT26 KRASS2*/* tumors only showed a slight
and non-significant increase following the combination
of RT and MRTX1257. Overall, these results are in favor
of the participation of non-lymphoid cell subtypes in the
efficacy of the combined treatment. In line with such a
hypothesis, our flow cytometry experiments in CT26
KRASS2“H* tumors showed meaningful changes within
the non-lymphoid compartment, including the downreg-
ulation of PD-L1 in myeloid cells as in tumor and stromal
cells. The other meaningful changes observed in myeloid
cells following the combination were an increase in the
proportion of inflammatory monocytes and conventional
dendritic cells type 2, as well as the upregulation of the
activation marker CD80 within macrophages which is
in favor of a more pro-inflammatory phenotype of these
cells following RT alone or RT with MRTX1257.

The down-regulation of PD-L1 is a major positive
effect of MRTX1257, and may be crucial for the efficacy
of the combination as it counterbalances the upregula-
tion of PD-L1 following RT, demonstrated in our study
as in many other models [31, 32]. Moreover, the specific
downregulation of PD-L1 in myeloid cells in the groups
treated using MRTX1257 may be of major importance.
Indeed, Strauss et al. demonstrated the specific ablation
of PD-1 in myeloid cells more effectively decreased tumor
growth compared to T cell-specific PD-1 ablation, nota-
bly by preventing the accumulation of myeloid-derived
suppressor cells (MDSC) [33]. Therefore, this downregu-
lation may contribute to the efficacy of RT + MRTX1257
in nude mice, but is not sufficient to induce long-term
responses among them.

Overall, our immunological outcomes are in phase
with most of those presented in the work by Briere
et al. on MRTX849 used alone in preclinical models of
KRASS?C mutated cancers, including an increase in
the proportion of CD4" T cells, CD4" helper T cells and
CD8* T cells [26]. Moreover, our results are also congru-
ent with the outcomes highlighted by Canon et al. with
AMG510, including an increased infiltration of T cells
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and dendritic cells [34]. However, we are not able to com-
pare the immunological outcomes for the association of
RT with MRTX1257, since none of these studies associ-
ated KRAS inhibition with RT. It is notable that, in our
immune profiling of CT26 KRASS“™* tumors, the
lymphoid compartment appeared to be enhanced in the
conditions treated with MRTX1257 whereas the myeloid
compartment appeared to be enhanced following RT. A
key feature of the combination of RT and MRTX1257
may be to leverage the enhancement of both of these
immune cell compartments, a condition achievable only
in immunocompetent mice. Therefore, one of the chal-
lenges for the future of combinations of RT with KRAS
inhibitors will consist in identifying the individual impact
of each immune subtype apart from the others and there-
fore benchmark the best strategies of combinations treat-
ments in solid tumors harboring KRAS?¢ mutation.
Finally, recent data support a heterogeneity in the
innate cancer cell radio-sensitivity itself, independent of
cell cycle and microenvironment [35]. Taken together
with a varying degree of dependence of cancer cells on
the presence of KRAS®C mutations for growth and sur-
vival, as well as the heterogeneity of intratumoral KRAS
mutation expression, our data highlight the importance
of combination strategies in overcoming treatment resist-
ance. This hypothesis is confirmed by the potent immune
memory generated in mice bearing CT26 KRASG!2C++
tumors which have been cured following RT combined
with MRTX1257. Indeed, this immune memory rejected
both CT26 KRASS2°+/* and CT26 WT tumors sub-
sequently implanted. In this complex setting, where
monotherapies draw the limits of durable response
achievement and most oncogene driven cancers relapse,
while immune checkpoints benefit only a small patient
group, defining new rational combinations is paramount.

Conclusion

In this work, we first demonstrated the ability of
MRTX1257, a potent covalent KRAS12€ inhibitor analo-
gous to MRTX849, to enhance the effect of radiotherapy
both in vitro and in vivo. This effect depended on RAS
mutational status, dose and timing of administration and
was associated with a good safety profile. Moreover, the
use of RT and MRTX1257 led to a significant cure rate
in BALB/c mice bearing CT26 KRASS“*/* tumors,
but not in nude mice, highlighting the role of the tumor
immune microenvironment in the radio-sensitizing effect
of MRTX1257. This work constitutes a first step towards
the implementation of new combinatorial approaches
involving RT and MRTX1257 in KRAS G12C mutated
cancers, with the aim of providing new therapeutic
strategies with a prolonged clinical benefit. The optimal
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treatment sequencing and selected patient populations
warrant further characterization both in the preclinical
and clinical settings.
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11.2 SUPPLEMENTARY MATERIAL AND METHODS

Dose-response curves on WT cells:

Two hundred thousand CTT26 WT or LL2 WT cells were seeded in 6-well plates
with 2 mL of their respective culture media containing MRTX1257 at various
concentrations ranging from 0 nM to 50 uM. At 48 hours of culturing, the
medium containing MRTX1257 was changed and washed for a drug-free one.
The day after, i.e. at 72h of culturing, cells were harvested separately in each
well by using tryspin-EDTA 0.05% (Gicbo) and counted using an automated cell
counter Cellometer K2 (Nexcellom Bioscience, MA) after trypan blue staining.
The viable cells were thus counted and plotted in dose-response curves.

Two-tumors experiment

Immunocompetent female BALB/c mice were subcutaneously inoculated with 1.2
10% CT26 KRASG12C+/+ in their right flank and 8.10° CT26 KRAS®12C+/+cells in their
left flank, in 50uL of pH 7.2 phosphate-buffer saline (PBS) solution (Gibco).
Once the tumors reached an average of 100-110 mm? for right tumors (primary
tumors) and 60-70 mm? for the corresponding left tumors (secondary tumors),
estimated using the formula exposed in the methods section, mice were
randomized into the different treatment groups.

On the day of randomization (= D-1 before RT), as well as on D1 and D3 after
RT, mice received an oral administration of MRTX1257 at the dose of 50 mg/kg
reconstituted in 5 ml/kg of Captisol vehicle or the same volume of Captisol vehicle
alone, according to the treatment group. At DO, mice randomized into RT only
and combination groups received a single fraction of 6 Gy to the primary tumor
volume using a Varian Tube NDI 226 (X-ray machine; 200 kV; tube current 15mA;
beam filter: 0.2 mmCu, dose-rate 1.15 Gy/minute). Radiation was only delivered
to the primary tumor by using a custom shielding and an appropriate device to
immobilize the mouse.

Tumor volumes were measured 3 times a week using a digital caliper and the
formula described in the methods section. When any of the tumors reached 1200
mm?3 or when any of critical points including weight loss > 20%, tumor necrosis
or suffering appeared, mice were sacrificed.
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Supplementary Table: List of the antibodies used and their respective
dilutions in flow cytometry experiments.

Supplementary Figure 1 (complementary to Figure 1): MRTX1257 at
the concentration of 5 nM or 10 nM for 24 hours does not sensitize
CT26 KRASG12C+/+ or LL2 NRAS/- tumor cells to radiation.

Clonogenic survival assays were performed in CT26 KRASG2C+/+ or LL2 NRAS™-
tumor cells exposed to various concentrations of MRTX1257 for 24 hours.
Normalized survival fractions are represented in mean +/- standard-error to
mean (SEM), with n=3 to 6 replicates per condition. Survival curves are
extrapolations according to the linear quadratic model. Survival curves for (A)
CT26 KRASG12C+/+ cell line and (B) LL2 NRAS™- cell line.

Supplementary Figure 2: A single-fraction irradiation of 6 Gy does not
increase the efficacy of MRTX1257 in a distant unirradiated tumor.
The combination of RT delivered to a single-tumor and oral administration of
MRTX1257 was experimented in BALB/c mice bearing bilateral s.c. CT26
KRASG12C+/+ tumors according to the supplementary material and methods. (A)
Schematic view of the experimental setting. A single fraction of 6 Gy was
delivered to the right (primary) tumor (primary) whereas the left (secondary)
tumor remained unirradiated. (B) Primary tumor volumes in each condition at
the different timepoints (left), and specifically at D6 and D13 after RT (right).
All the volumes are represented in mean +/- standard-error to mean (SEM)
(mm?3). *: p<0.05; **: p<0.01; ****: p<0.0001 (one-way ANOVA). (C)
Secondary tumor volumes in each condition at the different timepoints (left),
and specifically at D6 and D13 after RT (right). All the volumes are represented
in mean +/- standard-error to mean (SEM) (mm3). *: p<0.05; **: p<0.01;
***x: p<0.0001 (one-way ANOVA). (D) Survival Kaplan-Meier curves were
compared between each group using the log-rank test. The sacrifice of mice
was determined by the conditions described in the supplementary material and
methods. ns: non-significant; **: p<0.01.
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SUPPLEMENTARY

TABLE

(flu'g?;fr?r ?rlne) Clone Manufacturer
CD 16/32 Fc Block 93 BioLegend
CD45 (APC Vio770) REA 737 Miltenyi Biotec
CD11b (BUV395) M1/70 BD Biosciences
CD11b (BV605) M1/70 BioLegend
PD1 (PerCp Vio700) REA 802 Miltenyi Biotec
PD-L1 (BV650) MIH5 BD Biosciences
CD4 (BV510) RM 4-5 BioLegend
CD8 (BUV737) 53-6.7 BD Horizon
NKp46 (BV421) 29A 1.4 BioLegend
CD64 (BV605) X 54-5/7.1 BioLegend
Ly6G (PerCp Vio700) REA 526 Miltenyi Biotec
CD11c (PE Vio770) REA 754 Miltenyi Biotec
H-2Ld/H-2Db (BV650) 28-14-8 BD Optibuild
Ly6c (AlexaFluor700) HK1.4 BioLegend
MHC II (VioGreen) REA 813 Miltenyi Biotec
FoxP3 (PE) REA 788 Miltenyi Biotec
CD80 (PE Vio615) REA 983 Miltenyi

115

Dilution

1:50
1:50
1:100
1:100
1:50
1:100
1:400
1:400
1:100
1:50
1:50
1:50
1:100

1:50
1:50
1:50
1:50
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SUPPLEMENTARY
FIGURE 2
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Durable responses. To determine if the combination treatment using irradiation
and MRTX1257 led to significant anti-tumor immune memory in mice, we
rechallenged the mice showing complete response with s.c. injection of 10°
CT26 KRASG12C+/+ or 5,10° CT26 WT cells in contralateral flank. None of the
mice rechallenged this way showed new tumors, in contrast with 100% of naive
mice receiving similar s.c. injections. This observation illustrates the potent anti-
tumor immune memory provided by the combination treatment against both
CT26 KRASG12C+/+ and CT26 WT tumor cells (Fig. 3E).

Of note, no significant toxicities were observed in mice when treating with
MRTX1257 and RT in these conditions.

As a reminder, we did not observe any durable response in nude mice and, as
illustrated in their individual growth profiles (Fig. 2E to 2H), all nude mice
experienced fast and homogeneous relapses. This suggests the presence of a
functional lymphoid compartment has an impact on the efficacy of the
combination of RT and MRTX1257.
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12 DISCUSSION AND PERSPECTIVES

Therapeutic resistance to RT and chemo-immunotherapy remains a
considerable challenge in KRAS®12¢ mutant cancers. Therefore understanding
underlying mechanisms is crucial.

Recent successful development of covalent KRAS®1%C inhibitors with
encouraging pre-clinical and clinical efficacy has opened a new therapeutic
combinations era.

Monotherapy with KRAS®'2C inhibitors Adagrasib or Sotorasib has demonstrated
tolerability and antitumor activity in heavily pretreated patients.

Adagrasib (MRTX 849) is being tested in an ongoing phasel/2 trial (Krystal-
1°across multiple tumor types harboring KRAS®12¢ mutations including CRC
(NCT03785249), it has currently showed an objective 45% response rate (ORR)
among patients with NSCLC and 17% among those with colorectal cancer.

Evaluation of Adagrasib in combination with Cetuximab in KRAS®1?¢ mutant
metastatic CRC is ongoing in a phase 1/2 trial with a median PFS of 6.9 months
(95% CI, 5.4 to 8.1) vs. 5.6 months (95% CI, 4.1 to 8.3) in the Adagrasib
monotherapy group as of June 2022 (Yaeger, et al).

Sotorasib in KRAS®12C mutant advanced or metastatic NSCLC in the CodeBreak
100 trial (NCT03600883).

A first phase 3 randomized controlled trial CodeBreak 200 comparing the
efficacy of Sotorasib vs. standard of care Docetaxel chemotherapy in previously
treated advanced KRAS®1?C -mutant NSCLC has shown an increase in the PFS
for the Sotorasib arm 5.6 months vs 4.5 months. (p=0017).

However, despite encouraging results, treatment resistance is emerging either
due to short-term signaling adaptation or long-term selection of minor variants
One can reasoanably anticipate that acquired resistance to the KRAS®12¢
inhibitors will represent an inevitable challenge going forward.

Awad et al. looked at the acquired mechanisms of resistance in 38 patients
treated with Adagrasib monotherapy. Putative mechanism of resistance to
Adagrasib were identified in 45% of patients with nearly one in five had
multiple concomitant alterations. In their study, acquired bypass mechanisms of
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resistance were complex,including MET amplification; activating mutations
in NRAS, BRAF, MAP2K1, and RET;, oncogenic fusions

involving ALK, RET, BRAF, RAF1, and FGFR3, and loss-of-function mutations
in VF1 and PTEN.

Preclinical studies have suggested several mechanisms of upfront resistance
including reactivation of ERK- dependent signaling to bypass KRASG12¢ blockade
(Hallin, et al). Subsequently, adaptive RAS pathway feedback reactivation has
emerged as a key mechanism of primary resistance to KRAS®1%C inhibition.
(Solanski, et al.) (Ryan, et al.)

Upstream feedback reactivation of the RAS/MAPK pathway signaling through
wild-type NRAS and HRAS, as opposed to a shift in KRASE1%C to its active GTP-
bound state can drive adaptive resistance to KRAS®1%¢ inhibitors in a KRASG12¢
independent manner as shown by Ryan et al. Data published by Tanaka et al.
also suggest polyclonal RAS-MAPK reactivation as a central resistance
mechanism to Adagrasib.

To further complexify the picture, multiple receptor tyrosine kinases (RTKs) can
drive feedback reactivation potentially requiring targeting of convergent
signaling nodes.

As discussed earlier, diverse genomic and histologic mechanisms impart
resistance to covalent KRAS¢%C inhibitors, and new therapeutic strategies are
required to delay and overcome this drug resistance in patients with cancer.
Therefore, combination strategies are needed and are very likely to yield
additional therapeutic benefit.

A profound inhibition of the pathways downstream of KRAS is required for a
durable suppression of cell proliferation and tumor regression which can be
achieved through combined inhibition of MEK, mTOR and IGF1R.

However, attempts to combine MEK inhibition with Trametinib and mTOR
inhibition with Everolimus in clinic have led to unacceptable adverse effects
(Tolcher, et al).

In the preclinical setting, addition of mTOR and IGF1R inhibitor greatly
increased the impact of ARS-1620 on KRASG!2¢ mutant cancer cell lines in vitro
and in vivo.When ARS-1620 was combined with Linsitinib and Everolimus in the
pre-clinical setting, no cell growth was observed for up to 17 days suggesting
that such a combination might also delay or prevent the appearance of
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resistance mechanisms that emerge when inhibiting PI3K/AKT or MEK/ERK
pathways with single targeted agents (Molina-Arcas et al).

Due to a variety of mechanisms of resistance, shutting down growth signaling
pathway reactivation by cross-talk and negative feedback is very likely to be
superseded by the evolution of treatment resistance du to tumor heterogeneity
complexifying the picture further.

The integration of different therapeutic approaches is likely to be needed.

In an attempt to address the need for novel therapeutic approaches and
radioresistance of KRAS mutant cancer, our work is the first to our knowledge
to explore radiosensitizing and immunomodulatory properties of the specific
association of a covalent KRAS®1%C inhibitor with RT in a preclinical animal
model of KRAS®1?C mutated cancer.

The recent work by Zheng et al. mainly focused on a triple association of RT,
MEK inhibitor and KRAS inhibitor (AMG510), with therefore the difficulty to
identify which features are attributable to each of these 3 treatments.

In vitro radio-sensitizing properties

The first objective of this thesis work consisted in exploring in vitro
radiosensitizing properties of MRTX1257 and its combination with RT before
moving to pre-clinical in vivo modeling.

Regarding CT26 WT cells, which are reported in the literature as harboring
homozygous KRASG12P mutation, MRTX1257 at 20nM or 50nM for 48 hours did
not increase their radio-sensitivity at the tested RT doses, i.e. from 2 to 6 Gy To
explore the absence of efficacy of MRTX1257 in this cell line, we performed a
dose-escalation assay by using increasing concentrations of MRTX1257 /n vitro.
The results showed a half maximal inhibitory concentration (IC50) between 2
and 10 pM, far beyond the 20 to 50 nM used in CT26 KRASG!2¢+/+ Such a dose
would be lethal in mice, therefore we decided not to explore it further in
association with RT.

We then explored MRTX1257 in association with RT in two different LL2 cell
lines. We started with the LL2 WT celle line where we carried out KRAS gene
sequencing confirming this cell line harbors KRAS2¢*/- heterozygous mutation.
MRTX1257 at 20 or 50 nM for 48 hours did not influence the radio-sensitivity of
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this cell line which suggests that a heterozygous G12C mutation of KRASis not
sufficient to allow a proper efficacy of the combination treatment.

As in CT26 WT cell line, a dose-escalation assay performed in LL2 WT cell line
found an IC50 between 100nM and 500nM which is inferior to the IC50 in CT26
WT cell line and may be explained by the presence of a single KRASC12¢
mutation.

We subsequently tested LL2 NRAS”- cells harboring both a heterozygous
mutation of KRAS and a knock-out (KO) mutation of NVRAS. Although we
observed a trend in radio-sensitizing these cells using MRTX1257 at 20 nM for
48 hours, this effect was not statistically significant (p=0.07). These results
suggests that, even when silencing NVRAS, a single KRAS®12C mutation is not
sufficient to provide a strong radio-sensitizing effect of MRTX1257 comparable
to the one observed in KRASG2C+/+ cells,

Halin et al. evaluated cell viability across a panel of 17 KRAS52¢ mutant cell
lines and 3 non-KRAS®2C mutant cancer cell lines. The IC50 values ranged
between 10 and 973 nM in the 2D format showing a differential degree of
sensitivity to treatment within the KRAS62¢ mutant lines. All three non-
KRASG12C cell lines demonstrated IC50 values great er than 1 uM which is in line
with our values seen in the CT26 WT model (between 2 and 10 uM).

Taken together, our data show that MRTX1257 is able to radio-sensitize tumor
cells /n vitro depending on their RAS mutational profile. Moreover, the impact of
KRASC2¢ mutational status on this effect was predominant, since NRAS
mutational status had a moderate, non-significant impact on it in addition to
KRAS status.

Characterization of vivo efficacy

We used the CT26 KRAS®2C and CT26 WT colon cancer cell lines in a syngeneic
immunocompetent BALB/c mouse model choosing a single 6 Gy non-ablative
dose of radiation to determine the therapeutic efficacy of the combination
RT+MRTX1257.

Our dosing regimen consisted of only 3 oral administrations starting 24h pre-
RT, 24h and 48h post-irradiation in line with the radiosensitizing effect being
explored. As a matter of fact, pharmacodynamic studies published by Halin, et
al. show an extended pharmacodynamic effect of MRTX849 consistent with
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irreversible KRAS®12¢ inhibition and prolonged half-life of the KRAS¢!2C protein
(24-48h). After a single dose of 30mg/kg the modified fraction of KRAS¢1%C was
74% at 6 hours and remained very close to that level in the first 24h, gradually
decreasing to 47% by 72 hours. Their studies also point out a dose-dependent
increase in covalent modification of KRAS412¢ by MRTX849 highlighting that the
majority of targetable KRAS was covalently modified over a repeated
administration schedule at dose levels at or exceeding 30mg/kg.

The choice of our dosing regimen consisting of three treatments starting 24h
before RT, 24h and 48h post-RT reflecting consideration of the
pharmacodynamic data and the aim to provide sufficient KRAS inhibition cover
in the first days post RT, period after which main immunomodulatory effects
are expected to start manifesting.

In vivo efficacy in the CT26 KRASS'2Cimmune competent model

Mice treated with MRTX1257 alone relapsed quickly after the end of treatment
with no durable remissions achieved, while KRAS®12¢ inhibition combined with
radiation therapy induced significant tumor growth retardation and durable
tumor regressions in 20% of cases. As expected, this also translated into overall
survival benefit (p<0.05).

Our results are in line with those of Briere et al. where MRTX849 used at double
dose of 100mg/kg daily through study day 25 caused tumor growth retardation
while its combination with a PD-1 antibody administered every 3 days for 3
doses (days 1, 4 and 7) caused tumor regression in mice bearing subcutaneous
CT26 KRASS2C tumors.

Survival was statistically significant in the combination-treated cohort compared
with all others (p<0.05).

Effect of KRASG12C inhibition in the CT26 WT model

MRTX1257 did not provide any effect in CT26 WT cell lines nor tumors,
demonstrating the absence of off-target effect and therefore the safety of
MRTX1257, which is a crucial issue in the particular setting of a combination with
RT. This is in line with the absence of toxicity observed in mice treated with 3
administrations of 50 mg/kg of MRTX1257 alone or with RT.

Effect of KRAS®12C inhibition in the LL2 mouse syngeneic lung cancer
cell line harboring KRAS®%12€ and NRAS?%H mutations
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Although an antitumor efficacy was observed, no durable responses were
achieved in line with Briere et al. results, where tumors treated with MRTX1257
at 50mg/kg for a total of 4 or 8 days decreased in volume over time of
administration. Those results are corroborated by our in vitro data showing that
MRTX1257 was able to radio-sensitize tumor cells depending on their RAS
mutational profile. As such, the impact of ARAS??¢ mutational status on this
effect was predominant, since NRAS mutational status had a moderate, non-
significant impact on it in addition to KRAS status.

Nude mice
Generation of anti-tumor immune memory

We then explored the existence of anti-tumor immune memory in our
immunocompetent BALB/c mice bearing CT26 KRASG2¢+/* tumors treated with
RT and MRTX1257. To do so, we rechallenged the mice showing complete
response with s.c. injection of CT26 KRASG12¢+/* or CT26 WT cells in the
contralateral flank. None of the mice rechallenged this way showed new
tumors, in contrast with 100% of naive mice receiving similar s.c. injections.
This observation illustrates the potent anti-tumor immune memory provided by
the combination treatment against both CT26 KRASG12¢+/+ and CT26 WT tumor
cells (Fig. 3E). Such cross-reactive immune memory may result from the high
clonal proximity between these two cell lines.

Generation of systemic antitumoral response

To further characterize the antitumoral immune response, we sought to
determine if the combination was able to generate a systemic anti-tumor
immune response leading to the abscopal response of a lesion outside of the
irradiation field. Therefore, we administered MRTX1257+/- RT combination in
BALB/c mice bearing 2 s.c. CT26 KRASG!2C tumors of which only one received
irradiation (Supplementary Fig. 1A). However, as expected both treatments
MRTX1257 alone or in combination with RT showed interesting growth delay of
both primary/irradiated (Supplementary Fig. 1B) and secondary/unirradiated
tumors (Supplementary Fig. 1C).. However, the addition of irradiation to
MRTX1257 provided no additional benefit in survival (Supplementary Fig. 1D)

These results suggest that the combination of single-fraction 6 Gy irradiation

and MRTX1257 despite generating significant anti-tumor immune memory is not
able to enhance the effect of MRTX1257 in a distant lesion outside of the
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irradiation field through the abscopal effect. From this point of view, a deeper
understanding of the impact the fractionation regimen, as well as the
concurrent use of immune checkpoint blockades to increase systemic anti-
tumor immunity are most likley necessary.

Exploring immunological aspects of the RT and KRAS61%¢
inhibition with MRTX1257

Sensitizing to radiation KRAS mutant cells has been a well know strategy and
agents such as prenyltransferase inhibitors, farnesyltransferase inhibitors, or
antisense vectors have been used in such a goal.

However, these studies did not explore the immunological aspects of the
association of RT and KRAS inhibitors in KRAS mutant tumors.

In our study, the achievement of cures in 20% of the immunocompetent mice
treated with the combination, in contrast with the fast relapses observed in
nude mice, suggest the involvement of the immune compartment in the efficacy
of the combined treatment.

However, MRTX1257, alone or in combination with RT, despite not being able
to achieve durable cures, significantly delayed tumor growth also in nude mice.
Therefore, T cells, although crucial in the anti-tumor immune response, cannot
be considered as the key pillar of the immunological outcomes observed
following the combination. This deduction is in line with our results of IHC and
flow cytometry not showing any significant increase in the infiltration of CD8* T
cells following the combined treatment.

In line with the participation of non-lymphoid cell subtypes to the anti-tumor
immune response following the combination treatment, the analysis of NK cells
showed only a slight and non-significant increase in their proportion following
the combination treatment compared to the untreated control condition.

Moreover, our flow cytometry experiments in CT26 KRASG2C+/+ tumors showed
meaningful changes within the non-lymphoid compartment, including the
downregulation of PD-L1 in myeloid cells as in tumor and stromal cells. The
other meaningful changes observed in myeloid cells following the combination
were an increase in the proportion of inflammatory monocytes and conventional
dendritic cells type 2, as well as the upregulation of the activation marker CD80
within macrophages which is in favor of a more pro-inflammatory phenotype of
these cells following RT alone or RT with MRTX1257.
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The down-regulation of PD-L1 is a major positive effect of MRTX1257, and may
be crucial for the efficacy of the combination as it counterbalances the
upregulation of PD-L1 following RT, demonstrated in our study as in many
other models (Sato, et al.) (Dovedi, et al.).

PD-L1 expression is upregulated in many cancers in response to exogenous
cellular stress. Mutiple studies have shown that IR synergistically promotes
antitumor immunity when applied in combination with immune checkpoint
inhibitors.

Sato et al, show that expression of PD-L1 in cancer cells is upregulated in
response to DSBs via STAT and IRF1. Importantly, PD-L1 expression in cancer
cells was found to be transiently upregulated following RT including for several
days after irradiation, PD1/PD-L1 blockade during this upregulation achieved
with an anti-PD-1 antibody was able to rescue T cell activity and delay tumor
growth (Wu, et al.)(Dovedi, et al.).

Moreover, the specific downregulation of PD-L1 in myeloid cells in the groups
treated using MRTX1257 may be of major importance. Indeed, Strauss et al.
demonstrated the specific ablation of PD-1 in myeloid cells more effectively
decreased tumor growth compared to T cell-specific PD-1 ablation, notably by
preventing the accumulation of myeloid-derived suppressor cells (MDSC).
Therefore, this downregulation may contribute to the efficacy of RT+MRTX1257
in nude mice, but is not sufficient to induce long-term responses among them.

Overall, our immunological outcomes are in phase with most of those presented
in the work by Briere et al. on MRTX849 used alone in preclinical models of
KRASG12¢ mutated cancers, including an increase in the proportion of CD4+ T
cells, CD4* helper T cells and CD8* T cells. Moreover, our results are also
congruent with the outcomes highlighted by Canon et al. with AMG510,
including an increased infiltration of T cells and dendritic cells. However, we are
not able to compare the immunological outcomes for the association of RT with
MRTX1257, since none of these studies associated KRAS inhibition with RT. It is
notable that, in our immune profiling of CT26 KRASG!2C+/+ tumors, the lymphoid
compartment appeared to be enhanced in the conditions treated with
MRTX1257 whereas the myeloid compartment appeared to be enhanced
following RT. A key feature of the combination of RT and MRTX1257 may be to
leverage the enhancement of both of these immune cell compartments, a
condition achievable only in immunocompetent mice. Therefore, one of the
challenges for the future of combinations of RT with KRAS inhibitors will consist
in identifying the individual impact of each immune subtype apart from the
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others and therefore benchmark the best strategies of combinations treatments
in solid tumors harboring KRAS%?2¢ mutation.

Finally, recent data support a heterogeneity in the innate cancer cell radio-
sensitivity itself, independent of cell cycle and microenvironment (Allam, et al.).
Taken together with a varying degree of dependence of cancer cells on the
presence of KRAS®??¢ mutations for growth and survival, as well as the
heterogeneity of intratumoral KRAS mutation expression, our data highlight the
importance of combination strategies in overcoming treatment resistance. This
hypothesis is confirmed by the potent immune memory generated in mice
bearing CT26 KRAS®12C+/+ tumors which have been cured following RT
combined with MRTX1257. Indeed, this immune memory rejected both CT26
KRASG12C+/+ and CT26 WT tumors subsequently implanted. In this complex
setting, where monotherapies draw the limits of durable response achievement
and most oncogene driven cancers relapse, while immune checkpoints benefit
only a small patient group, defining new rational combinations is paramount.

13 CONCLUSION

In this work, we first demonstrated the ability of MRTX1257, a potent covalent
KRASG12€ inhibitor analogous to MRTX849, to enhance the effect of radiotherapy
both /n vitro and in vivo.

This effect depended on RAS mutational status, dose and timing of
administration and was associated with a good safety profile. Moreover, the use
of RT and MRTX1257 led to a significant cure rate in BALB/c mice bearing CT26
KRASG12C+/+ tumors, but not in nude mice, highlighting the role of the tumor
immune microenvironment in the radio-sensitizing effect of MRTX1257. This
work constitutes a first step towards the implementation of new combinatorial
approaches involving RT and MRTX1257 in KRAS G12C mutated cancers, with
the aim of providing new therapeutic strategies with a prolonged clinical
benefit. The optimal treatment sequencing and selected patient populations
warrant further characterization both in the preclinical and clinical settings.
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14 ANNEX

How to improve SBRT outcomes in NSCLC: from pre-clinical modeling
to successful clinical translation.

Marina Milic, Michele Mondini, Eric Deutsch
Published as a first author in Cancers, March 2022
Objectives

Despite major research and clinical efforts, lung cancer remains the leading
cause of cancer-related death. While the delivery of conformal radiotherapy and
image guidance of stereotactic body radiotherapy (SBRT) have revolutionized
the treatment of early-stage non-small-cell lung cancer (NSCLC), additional
research is needed to elucidate underlying mechanisms of resistance and
identify novel therapeutic combinations. Clinical progress relies on the
successful translation of preclinical work, which so far has not always yielded
expected results. Improved clinical modelling involves characterizing the
preclinical models and selecting appropriate experimental designs that faithfully
mimic precise clinical scenarios. We review the current role of SBRT and the
scope of pre-clinical armamentarium at our disposal to improve successful
clinical translation of pre-clinical research in the radiation oncology of NSCLC.

Results

More than ever, one dose or schedule does not fit all clinical scenarios, but
neither does it synergize with all immunomodulatory agents. Preclinical models
represent an essential tool in the process of harvesting this fundamental
understanding and translating it to patient-derived benefits. Clinical benefits
derived from recent progress can only be achieved by appropriate and reliable
preclinical research mimicking clinical scenarios in almost every aspect: immune
status, dose and fraction, radiotherapy delivery modality and planning and
tumor microenvironment. Better immunocompetent mouse models of lung
cancer are urgently needed to allow faithful study of the tumor-immune
interactions and therapeutic modalities relying on those very interactions such
as SBRT and immunotherapy. For this reason, orthotropic implantation sites
should be systematically used in the currently available immunocompetent
syngeneic models.
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Simple Summary: Despite major research and clinical efforts, lung cancer remains the leading cause
of cancer-related death. Stereotactic body radiotherapy (SBRT) has emerged as a major treatment
modality for lung cancer in the last decade. Additional research is needed to elucidate underlying
mechanisms of resistance and to develop improved therapeutic strategies. Clinical progress relies
on accurate preclinical modelling of human disease in order to yield clinically meaningful results;
however, successful translation of pre-clinical research is still lagging behind. In this review, we
summarize the major clinical developments of radiation therapy for non-small-cell lung cancer
(NSCLC), and we discuss the pre-clinical research models at our disposal, highlighting ongoing
translational challenges and future perspectives.

Abstract: Despite major research and clinical efforts, lung cancer remains the leading cause of can-
cer-related death. While the delivery of conformal radiotherapy and image guidance of stereotactic
body radiotherapy (SBRT) have revolutionized the treatment of early-stage non-small-cell lung can-
cer (NSCLC), additional research is needed to elucidate underlying mechanisms of resistance and
identify novel therapeutic combinations. Clinical progress relies on the successful translation of pre-
clinical work, which so far has not always yielded expected results. Improved clinical modelling
involves characterizing the preclinical models and selecting appropriate experimental designs that
faithfully mimic precise clinical scenarios. Here, we review the current role of SBRT and the scope
of pre-clinical armamentarium at our disposal to improve successful clinical translation of pre-clin-
ical research in the radiation oncology of NSCLC.
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1. Introduction

Despite major research and clinical efforts, lung cancer remains the leading cause of
cancer-related death. While the delivery of conformal radiotherapy and image guidance
of stereotactic body radiotherapy (SBRT) have revolutionized the treatment of early-stage
non-small-cell lung cancer (NSCLC), additional research is needed to elucidate underly-
ing mechanisms of resistance and identify novel therapeutic combinations. Clinical pro-
gress relies on the successful translation of pre-clinical work, which so far has not always
yielded expected results. Improved clinical modelling involves understanding our mod-
els and selecting appropriate experimental designs that faithfully mimic precise clinical
scenarios. Here, we review the current role of SBRT and the scope of pre-clinical arma-
mentarium at our disposal to improve the successful clinical translation of pre-clinical
research in the radiation oncology of NSCLC.
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2. Place of SBRT in the Treatment of NSCLC

The fundamental difference between SBRT and conventional radiotherapy is that
SBRT allows the delivery of ablative doses in 1 to 5 fractions with high conformal tech-
niques. A typical SBRT course of stage I disease delivers 54 Gy in three fractions over 1
week.

2.1. Early-Stage NSCLC

SBRT has established itself as the standard of care in peripheral stage I disease in
those patients who are not medically fit for surgery. The high tolerability rate and the
outpatient nature of treatment make it a highly appealing treatment option without com-
promising local tumor control rates, which exceed 90%.

Whether SBRT should be offered as an alternative to surgery to those patients who
are medically fit remains a matter of debate [1] as most data originate from retrospective
or non-randomized studies. Findings from the single-arm phase 2 NRG Oncology
RTOGO0618 Trial [2] involving operable early-stage patients suggest a favorable 96% local
control rate and treatment-related morbidity, supporting the need for further phase 3 ran-
domized trials. That said, carrying out phase 3 trials has proven challenging. A pooled
analysis by Chang et al. [3] of two phase 3 STARS (NCT00840749) and ROSEL
(NCT00687986) trials that were closed prematurely due to poor accrual showed a 3-year
overall survival of 95% vs. 79% favoring SBRT. Additionally, a better quality of life was
reported [4] in the SBRT arm.

However, high-quality level 1 evidence is still scarce and recent randomized trials
comparing SBRT vs. surgery including SABRTooth (NCT02629458) have failed to bring
such evidence, partly due to barriers to recruitment and intrinsic patient preferences.
Nonetheless, several phase 3 or randomized trials are on the way, including JoLT-Ca/STA-
BLE-MATES (NCT02468024), VALOR (NCT02984761) and POSTILV (NCT03833154).

2.2. Oligometastatic Disease

Patients with oligometastatic disease [5,6], meaning a limited number of metastases
in a limited number of organs (typically less than five in 1 to 3 organs), represent an in-
creasingly important subset that can benefit from the addition of SBRT to systemic treat-
ment [7]. They represent a subset of patients in which we can aim to achieve long-term
survival or even cure. SBRT has been increasingly integrated into the treatment schemes
of selected oligometastatic patients as an alternative to surgery. Data from multiple early-
phase studies have shown that SBRT is a technically feasible, low-toxicity and highly ef-
fective local therapy (70-90% local control) for patients with metastasis in the lung, liver,
spine, brain or multiple sites. Local control using SBRT was achieved across tumor types
including colorectal [8], breast [9], NSCLC [10] and other rather radioresistant types such
as sarcoma, renal cell and melanoma [11].

In NSCLC, most trials investigating systemic treatments do not stratify patients by
the number of lesions, leading to a wide range of PES and OS [12]. It is only recently that
trials have started looking into the benefits of SBRT in NSCLC patients. In a prospective
phase 2 study, De Ruysscher et al. [13] enrolled metastatic NSCLC patients with <5 syn-
chronous lesions treated with SBRT showing a median overall survival (OS) of 13.5
months and a median PFS of 12.1 months. Only two patients (5%) had local recurrence.
The treatment was well tolerated, highlighting a favorable subgroup of NSCLC with syn-
chronous oligometastasis who might benefit from radical treatment. Similarly, Salama et
al. [14] included patients with five or less NSCLC lesions administering a dose of 50 Gy in
five fractions. Median OS and PFS were 22.7 and 7.6 months. A worse PFS was observed
in patients who had more than two sites treated with SBRT, adenocarcinoma histology or
progression after systemic therapy. These data are to be taken with caution due to the
single-arm nature of studies and the scarcity of randomized level 1 evidence data. Palma
et al. rightly argue that non-randomized data suggest that ablative treatment is feasible
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and able to achieve local control in patients with liver, lung, spine or brain metastasis and
even at multiple organ sites. When used in patients with CRC hepatic metastasectomy,
SABR led to a nearly 50% 5-year survival but was as low as 15% in the less favorable risk
factors patient group [15]. Ablative treatment of adrenal metastasis led to a 25% 5-year
survival in NSCLC patients [16], while treatment of hepatic metastasis in breast cancer
patients resulted in a 22% 5-year survival [17].

Additionally, some of the studies included multiple tumor histologies with different
curability rates and behaviors. Even though the survival data reported are encouraging
and sometimes better than anticipated, one should also ask the question of selection bias
based on favorable inclusion criteria [18] and support urgent prospective randomized tri-
als.

3. From Bench to Bedside: Pre-Clinical Models and Their Challenges

As discussed above, the field of radiation oncology has rapidly evolved in terms of
both the understanding of radiobiology and technical advances including image-guided,
intensity-modulated and stereotactic radiotherapy. We should rightly ask ourselves the
question: have all those advances translated into clinical benefit? If not, why? Indeed, the
harvesting and successful translation of discoveries relies on the development of ad-
vanced preclinical models that reflect clinical scenarios both in terms of radiation expo-
sure conditions and biological responses [19,20].

While SBRT has begun to revolutionize the clinical management of patients, much
remains to be investigated in the preclinical setting in order to reveal its full potential.
Recent evidence highlights a different underlying radiobiology of high dose per fraction
to that of conventionally fractionated radiotherapy [21-23]. Therefore, there is an urgent
need for appropriate preclinical models that are able to accurately mimic the clinical use
of SBRT and provide reliable and translational information on radiobiology, efficacy, com-
binations and toxicities.

The current poor performance of many investigational treatments suggests that the
preclinical models used so far to investigate the efficacy of SBRT lack clinical predictive
power. One of the explanations is the lack of preclinical models that truly recapitulate
human disease heterogeneity and complexity. The scientific community has attempted to
address this issue with the development of increasingly complex models [24], some of
which are reviewed below. It has become clear over the last decades that a significant
mismatch exists between data generated in preclinical in vitro and in vivo models and
successful clinical translation (Johnson et al.). The failure of preclinical models to recapit-
ulate patients’ tumor heterogeneity and complexity is the most cited reason.

4. In Vitro Models
4.1. Cell Lines

Even though cell culture has immensely contributed to expanding our knowledge of
cancer biology, the translation of in vitro data into clinical practice has been inconsistent.
Many different reasons have been put forward to account for this inconsistency. First, cell
lines are difficult to derive from patients’ tumors and, when expanded, develop outside
their natural tumor microenvironment in an artificial normoxic environment that is rich
in glucose and growth-factors, which selects for a nearly clonal subpopulation of rapidly-
growing cells, neutralizing the initial cell heterogeneity [25]. In a primary xenograft model
of small-cell lung cancer (SCLC), Daniel et al. [26] compared gene expression within the
xenograft model, identifying a group of tumor-specific genes expressed in primary SCLC
and xenografts that was lost during the transition to tissue culture and that was not re-
gained when the tumors were re-established as secondary xenografts. It can be reasonably
argued that such genetic divergence may be a common feature of many cancer cell culture
systems and their primary tumors, highlighting the functional limitations of such models
in preclinical development. As discussed above, solid evidence indicates that the genetic



Cancers 2022, 14, 1705

4 0f 22

divergence between a primary tumor and the derived cell line is greater than that of a
direct xenograft [27].

Determining cancer cell radiosensitivity using clonogenic assays has been the gold
standard approach over last few decades, and it was shown to be relevant to the tumor
response to irradiation [28]. One of the first links between oncogenes and radioresistance
was established with the KRAS oncogene more than two decades ago. RAS activation was
shown to increase clonogenic survival and decrease tumor growth delay following irra-
diation [29-31]. However, it is only recently that the association of genetic profiles such as
EGFR mutational status in NSCLC on clonogenic survival parameters has been described
[32,33]. Similarly, cell lines have been used to investigate the role of p53 in sensitivity to
radiation. It has been generally admitted that p53 is required for radiation-induced apop-
tosis. Hu et al. [34] showed that H460 wild-type cells were more radiosensitive than their
p53 null (H460crp53) counterparts but that this differential response was due to increased
senescence rather than apoptosis. Considering that radiosensitivity is influenced by other
concomitant genetic alterations, preclinical models integrating the inherent genetic profile
complexity are needed.

4.2. Ex Vivo Tumor Models

First described in 1993 by Benali et al. [35], lung organoids have been subsequently
established to model cystic fibrosis or bronchiolitis and, more recently, COVID-19 (SARS-
CoV-2) infection. Different types of organoids exist, including tissue-derived, embryonic
stem-cell-derived and induced pluripotent stem-cell-derived organoids. The successful
three-dimensional culture of patient-derived NSCLC organoids was reported in 2013 by
Endo et al. [36], with an 80% success rate being achieved using matrigel. However, it was
not before 2019 that a protocol for long-term expansion was described by Sachs et al. [37]
One of the challenges inherent to the long-term expansion of NSCLC organoids is the
overgrowth by normal airway tissue over primary NSCLC as tumor cells lack a selective
advantage in the organoid model, leading potentially to the loss of certain NSCLC sub-
types. This has also been reported in colorectal and prostate cancers [38]. Organoids have
been proposed to be a better in vitro model than 2D cell lines due to higher rates of preser-
vation of histologic and molecular characteristics of their parental tumors.

Patient-derived organoids have contributed to successful drug screenings, showing
concordance with matched patient tumors [39,40]. Until now, only a few reports of pri-
mary NSCLC organoids for drug screening have been published. Sachs et al. showed dif-
ferential responses of NSCLC organoids to conventional chemotherapy agents including
cisplatin and paclitaxel and reproduced tyrosine kinase inhibitors (TKI) sensitivity in
ERBB2-mutant organoids. Recently, Li et al. [41] demonstrated the feasibility of a high-
throughput drug response screening using 24 drugs with a consistent drug-response pro-
file to parental NSCLC.

Organoid technology offers new opportunities to study tumor immunobiology and
is rapidly adapting to cancer modelling [42]. Organoid cultures using native or reconsti-
tuted tumor micro environment (TME) components have the potential to provide valua-
ble information on the role of the TME immune components in cancer development and
progression. Tumor organoids recapitulating the immune TME or immune-organoids of-
fer promising future applications including the testing of immunotherapy agents as well
as personalized cancer immunotherapy [43].

Despite those novel approaches, a direct clinical application for personalized treat-
ment is still awaited. Some of the challenges that will have to be faced include the availa-
bility of sufficient tissue in patients’ samples and establishing sufficiently fast-growing
organoids in order to inform treatment decisions on time.
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4.3. In Vivo Models

There is no doubt that animal models represent invaluable experimental tools and
have played a key role over decades in the advances made in radiation biology. One of
the first example is the use of the ram testicular model by Regaud and Nogier in 1911 [44]
to investigate the ability of fractionation to spare normal tissue. In the oncology discovery
race, the mouse model has established itself as the gold standard tool to study tumor re-
sponse and novel drug-radiation combinations.

4.3.1. Traditional Xenograft Models

Xenotransplantation is the process of transplanting living cells or tissues to another
species. Traditional xenograft mouse models involving transplantation of human immor-
talized cell lines engrafted into immunocompromised mice have been the cornerstone of
research. Human cancer cells can be injected subcutaneously, orthotopically or systemi-
cally by intravenous injection. They involve the use of athymic nude mice or severe-com-
promised immunodeficient (SCID) mice. Several cell lines are currently used to model the
lung adenocarcinoma response to treatment, including A549, H1975, HCC406 and
HCC827, with A549 carrying the highest engraftment rate. The NCI-H226 line is com-
monly used to model squamous-cell carcinoma and carries a variable engraftment rate.
The vast majority of those models use subcutaneous implantation sites (Table 1), repre-
senting a major drawback, as discussed later in this paper.

Table 1. Preclinical models of NSCLC.

Reference Cell Line Histology Implantation Site Animal Model
BALB/cAnNCrIBR
Raben et al. [45], ) s.C. /C, nNCr
McLemore et al. [46] A549 Adenocarcinoma do bronchial athymic (nu+/+)
chemore et ak enco bronca BALB/c or NMRI-nu/nu
Akhtar et al. [47], . .
Ath
Chen et al. [48], H1299 Carcinoma s.c thymic nude mice
BALB/c nude
Wang et al. [49]
Steiner et al. [50],
McLemore et al. [46], . s.C. .
Carter et al. [51], Yamori NCI-H460  Large cell carcinoma endo bronchial athymic nude (Ncr nu/nu
et al. [52]
) ) Athymic nude (nu/nu)
L H197 A .C.
Steiner et al. [50] 975 denocarcinoma s.C NMRI-nu/nu mice
. Squamous cell carci- BALB/c nude
Yamori et al. [52] NCI-H226 noma S.C. SCID/SCID mice
Akhtar et al. [47], Wang . s.c. Athymic nu/nu
et al. [53] HCC827 Adenocarcinoma orthotopic BALB/cA nude mice
. Nude
Lam et al. [54] HCC4006 Adenocarcinoma s.C. BALB/cAnN-nu
Zimonjic et al. [55], Stei- Broncho alveolar s Athymic nu/nu mice
ner et al. [50], Lam et al. NCI-H358 . . BALB/c nude
carcinoma orthotopic

[54],

Athymic nude
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Onn et al. [56]

Doki et al. [57],

Lewis Lung carci-

LL hotopi 7BL i

Mordant et al. [58] C noma Orthotopic (57BL/6 mice

Yamori et al. [52] NCI-H23 Adenocarcinoma s.C. BALB/c nude mice

11 i-
Williams et al. [25] TL-1 Squamous cell carci s.C. CB-17 scid/scid mice
noma
. NCI-H441 . . .

Takahoshi et al. [59] and H440 Adenocarcinoma Orthotopic Athymic nude

s.c.: subcutaneous.

Traditional xenograft models harbor several limitations, including a significant loss
of heterogeneity of human cancers. As tumor cell lines are often grown in vitro for many
years, they are likely to develop genotypic and phenotypic alterations [60] and, more im-
portantly, such models fail to reproduce human TME. It is now widely accepted that, at
least in part, the efficacy of radiotherapy relies on the host immune response. Four dec-
ades ago, Stone et al. [61] demonstrated that the tumor response to irradiation was im-
paired in the absence of a normal T-cell repertoire. They used a syngeneic mouse model,
showing a drastic difference in radio-sensitivity where T-cell-deficient mice required over
60 Gy to achieve a comparable tumor control to immunocompetent mice who received 30
Gy.

Since then, extensive evidence has accumulated regarding the involvement of the
immune system in the response to RT [62]. These observations highlight the importance
of the use of immunocompetent animal models to study the antitumoral effect of radio-
therapy.

The widespread use of immune-deficient animals, together with the other factors en-
listed above, have resulted in the low success of clinical translation, approaching a failure
rate of 85% in early-stage clinical trials [63]. Wong et al. [64] estimated the probability of
success of each clinical phase across multiple indications, concluding that 13.8% of all
drug development programs lead to approval. However, this figure was only 3.4% for
oncology drugs, which was even lower than previously estimated [65].

4.3.2. Patient-Derived Xenograft Models

In an attempt to improve preclinical models and clinical translation rates, patient-
derived xenograft models (PDX) have been developed. PDX models allow the transplan-
tation of fresh patient tumor samples or cell suspensions but this comes with a cost: need-
ing increasingly immuno-deficient hosts to prevent rejection. Many different mouse
strains were developed over time in an attempt to increase the low take rate associated
with human tissue transplantation as opposed to immortalized cell lines. They have wid-
ened the horizons of possible preclinical models and rendered previously difficult en-
graftments possible. Early generations of genetically determined immuno-deficient mice
harbor a single mutation and confer modest immune dysfunction. They include nude [66],
severe combined immunodeficient (SCID) [67], non-obese diabetic/SCID (NOD/SCID)
[68] or RAG-1 null [69] or RAG-2 null [70] mice. A step further was the development of
mice carrying a deletion or truncation of the common gamma chain/II2rg [71], who com-
pletely lack NK activity, for example, with new complex immunodeficient models emerg-
ing constantly. However, careful attention should be paid to the choice of experimental
irradiation models: when it comes to their relevance in radiation oncology, one should
bear in mind that some immunodeficient models are inherently radiosensitive due to im-
paired double strand breaks (DSB) repair capacities. Riibe et al. [72] showed distinct
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yH2AX-foci kinetics in various immunodeficient mouse strains characterized by different
genetically defined DSB repair capacities. In addition, using SCID mice that lack func-
tional lymphocytes and have heightened sensitivity to ionizing irradiation [73] with a
LD50/30 of 3 Gy might not be the preferred experimental tool in view of the key role of
lymphocytes in the immune response to radiation. Importantly, the vast majority of xen-
ograft models use the subcutaneous site of injection and studies involving orthotopic im-
plantation are rare.

One of the advantages of PDX models is that they retain the characteristics of the
primary patient tumors, including the histological characteristics and architectures, gene
expression profiles, and molecular and tumor heterogeneity [74], and are to date one of
the most reliable in vivo human cancer models displaying the most concordant drug re-
sponse profile to human cancer. A good illustration is a recent study by Crystal et al. [75]
demonstrating the utility of establishing in vivo PDX NSCLC models directly from pa-
tients” biopsy specimens for identifying new drug combinations in a model of acquired
drug resistance. On the other hand, in PDX models, the tumor stroma, including the vas-
culature, is that of the host (mouse), and therefore does not reflect the human tumor situ-
ation. This makes it difficult to faithfully evaluate tumor and stroma interactions that are
key to response radiation therapy but also to combinations with drugs. Additionally, a
“murine drift” was described in severely immunocompromised mice, where human tu-
mors became more mouse-like with repeat passaging [27].

4.3.3. Syngeneic Immunocompetent Mouse Models

Syngeneic models involve the injection of murine tumor cell lines that are grown and
expanded in vitro into immunocompetent animals. This presents the major advantage of
preserving an intact murine immune system, making them the only available choice to
test immunomodulatory drugs in vivo. Nevertheless, they also present major drawbacks,
such as the lack of mutational and microenvironmental heterogeneity, as seen in human
cancers: the cell lines used a lack of mutational patterns that recapitulated human intra-
patient genomic heterogeneity and were implanted into a limited number of inbred
mouse strains that lacked inter-patient heterogeneity. Additionally, the vast majority of
syngeneic models are injected subcutaneously, failing to reproduce the complex architec-
ture associated with de novo tumor growth and the natural development of the tumor
microenvironment.

Only two C57BL/6-derived murine lung cancer cell lines are currently commercially
available. One of them is the Lewis Lung Carcinoma (LLC) established in 1951 from the
lung of a C57BL/6 mouse bearing a tumor established from the implantation of primary
Lewis Lung Carcinoma [76]. The second is the CMT64 cell line (and its derivative CMT167
line sub cloned for metastatic potential) derived from a spontaneous lung tumor [77]. Re-
cently, some GEMM-derived cell lines have emerged, such as KRASG12D p53-/-, forming
lung tumors after intravenous injection, but also giving rise to a metastatic model. In 2020,
Nolan et al. [78] were able to develop six new lines capable of forming orthotopic tumors
in 75% of recipient C57BL/6 host lungs. While those lines will need further validation,
such initiatives are very much needed.

4.3.4. Orthotopic Mouse Models

While subcutaneous injection is easy to perform, it does not allow the simulation of
the natural history of cancer dissemination as no lymphatic or hematogenous metastatic
extension is occurring. More importantly, it is associated with a low translation rate, as
evidenced by the high rate of negative clinical trials [79].

Orthotopic implantation involves the engraftment of tumor cells into the relevant
organ of tumor origin or metastatic site, preserving microenvironmental interactions and
offering appropriate microvasculature and angiogenesis for tumor growth. The tumor mi-
croenvironment is crucial in tumor development and response to treatment [80] and re-
cent evidence suggests that it varies with the anatomical site of implantation. Devaud et
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al. [81] observed that despite injecting matched cancer cells, the same tumors implanted
in different anatomical sites varied in their response to immunotherapy and differed in
their microenvironment. In addition, the surrounding normal tissue at the site of implan-
tation plays a key role in shaping the TME composition, and by extension, the response to
treatment. Growing evidence suggests that the TME itself is involved in the initiation and
progression of primary lung carcinoma [82,83]. Another important characteristic not to be
overlooked is hypoxia, a key feature of solid tumors significantly affecting the sensitivity
to radiation therapy and, as a result, clinical outcomes including tumor progression, like-
lihood to metastasize and overall survival [84,85]. Preclinical modelling ought to take into
account that different animal models can yield different hypoxic profiles [86] and influ-
ence treatment outcomes. Graves et al. studied hypoxia in A549 human lung adenocarci-
noma orthotopic and subcutaneous models, showing the presence of hypoxia in the het-
erotopic model, while hypoxia was minimal in orthotopic models [87].

All these data suggest that the site of implantation matters and careful attention
should be paid when considering which model is best suited to replicate individual hu-
man scenarios and assess responses to individual treatment modalities. Another challenge
in orthotopic lung models is the development of solitary nodules with no regional or met-
astatic dissemination simulating the clinical features of human lung cancer and clinically
relevant treatment modalities including SBRT.

The traditional implantation route for orthotopic models is surgical transpleural or
percutaneous, allowing the induction of localized tumors with multiple nodules such as
the model developed by our group [58,88]. Recently, Nakajima et al. [89] established an
orthotopic lung cancer model by means of a non-surgical transbronchial approach in nude
mice using human NSCLC lines, establishing a clinically relevant model human xenograft
model bearing a solitary nodule.

To allow the generation of more reliable preclinical data, the use of such orthotopic
models should be expanded in the forthcoming years.

4.3.5. Genetically Engineered Mouse Models (GEMMs)

GEMM models have been developed using gene targeting by inserting targeted do-
nor constructs into embryonic stem cells of mice. These embryonic stem cells, containing
the desired gene mutation, are then injected into recipient mice blastocysts and implanted
into pregnant females [90]. This complex process was recently facilitated by the develop-
ment of genome-editing tools such as the CRISPR/Cas9 systems, allowing the insertion of
targeted mutations into the mouse germ line [91] and the study of gene function in vivo.

GEMMs models develop de novo spontaneous tumors due to the oncogene activa-
tion or somatic inactivation of tumor suppressor genes in a natural immune-proficient
microenvironment. Tumors developing in GEMM:s accurately mimic histological and mo-
lecular features of human cancers but also reasonably preserve genetic heterogeneity. In
this way, they are superior models to cancer cell inoculation models, which can also be
metastatic in nature from the start. They are a useful model to study tumor responses to
radiotherapy in specifically defined genomic backgrounds that are seen in human tumors.
Recently, successful models of AIJ-SPC-TP53-273H transgenic mice allowed the explora-
tion of the oncogenic potential of TP53 gene in the spontaneous development of lung ad-
enocarcinoma [92]. Importantly, cancer development in these mice had a latency period
and was associated with other genetic alterations that are similar to human adenocarci-
noma. Equally, they allow the study of radiation-induced carcinogenesis and normal tis-
sues. GEMMs have been successfully used in assessing radio-sensitizers and, more re-
cently, immune checkpoint inhibitors in a KRAS-mutant NSCLC model [93].

However, as with all models, GEM models have limitations. Several mutations are
often introduced simultaneously, not mimicking the sequential acquisition of mutations
in the multistep oncogenesis of human cancers, which can have a significant impact on
tumor evolution and modelling. For example, in a GEM model with simultaneous activa-
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tion of K-Ras and inactivation of p53, the tumor would undergo lower evolutionary pres-
sure and present less genetic complexity than if sequential events were happening. While
this can be overcome by using different recombination systems, we should bear in mind
that GEM-derived tumors are not human tumors. They are developed within months,
whereas human tumors may take years or sometimes decades and carry less genetic ab-
errations and complexity. Another challenge lies in the ability of GEMs to model metas-
tasis [94]. However, more importantly, GEMs often develop multiple spontaneous tumors
at different sites, limiting the applicability to SBRT where a precise delineated radiation is
applied to the target lesion. Another drawback is that developing GEMMSs models re-
quires significant time, money and expertise.

Nonetheless, GEMMSs represent valuable tools in cancer research. They have the ad-
vantage of offering preserved microenvironmental, genetic and histological features and,
therefore, can be predictive of human tumor response. In pre-clinical radiation research,
they are an interesting tool, allowing the preservation of an immunocompetent host and
the study of tumor—stroma interactions. The main pros and cons of preclinical models
discussed are summarized in Table 2 below.

Table 2. Summary of advantages and limitations of the main preclinical models used in cancer re-
search.

Models Advantages Limitations
Fail to reproduce tumor
Cell line models (2D) Easy and widely available heteroger'le.lty
wide range of tumor models Do not reflect original tumor
biology
Simple Difficult long-term culture
Organoids Mass production &

Co-culture possible Low throughput

Patient-derived tumor

Immune-deficient hosts

Reproduce heterogeneity of human . o
P & Y Vasculature and stroma of murine origin

xenograft models (PDX) disease . .
Low implantation rate
Robust human immune system en- Requires autologous immune
Humanized patient-de- graftment reconstitution
rived xenografts Resemblance of tumors to human do- Residual mouse innate immunity
nor Cost and infrastructure

Syngeneic mouse models

Immunocompetent host
Evaluation of targeted therapies and
toxicity
Good concordance in drug response
Ease of manipulation
Rapid growth and reproducible

Lack of native tumor
microenvironment
Lack of heterogeneity
Few host strains
Limited number of transplantable cell lines

Genetically Engineered
Mouse Models (GEMMs)

Study of the role of specific mutations Slow tumor development
in cancer development and progres- Simultaneous study of a limited number of
sion genes
Native microenvironment Tumor and TME of murine origin
Variety of genetic backgrounds possi- Frequent multiple simultaneous tumors

ble Breeding challenges
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5. Discussion and Future Perspectives
5.1. Drug Combinations with SBRT

The immunomodulatory effects of SBRT have revealed a promising potential world
of synergy with immune-modulatory agents, starting with immune checkpoint inhibitors
in the treatment of NSCLC.

5.1.1. Immune-Checkpoint Inhibitors

Mounting evidence suggests that radiotherapy combined with PD-1/PD-L1 inhibi-
tors can improve immunosuppression and restore CTL responses, leading to tumor
growth suppression and improved survival. Radio-immunotherapy combinations are of-
fering new perspectives from early stage to oligo and metastatic disease spectrums.

Current clinical practice in advanced NSCLC is largely based on results from the
phase 3 PACIFIC trial [95], which demonstrated the benefit of consolidation therapy with
the PD-L1 inhibitor Durvalumab in patients who did not have disease progression after
two or more cycles of chemo-radiotherapy. Patients treated in the Durvalumab arm had
a median PFS (Progression-Free Survival) of 16.8 months vs. 5.6 months and an overall
response rate (ORR) of 28.4% vs. 16.0% in the placebo arm. Similarly, an ongoing phase 2
Hooiser Cancer Research Study, LUN14-179 [96](NCT02343952), looking at the benefit of
consolidation pembrolizumab following concurrent chemo-radiotherapy in patients with
unresectable stage IIl NSCLC has shown promising results, with a mPFS of 18.7 months.
It is becoming increasingly clear that SBRT has the features of a key partner in adjuvant
immunotherapy. SBRT has the advantage of sparing radiation-induced lymphopenia as
compared to conventionally fractionated radiation, a key consideration considering the
increasing importance of the immune system in antitumoral response and in combination
with immune-checkpoints [97,98]. Currently, more than 100 trials combining SBRT and
anti-PD-1/ PD-L1 are ongoing despite limited knowledge on how dose and fractionation
schedules or timings affect antitumor responses. The majority of available data are cur-
rently from retrospective or small-size cohorts, meaning that the optimal sequencing and
time window for combination treatment are still to be determined, as discussed later.

5.1.2. SMAC Mimetics

SMAC (second mitochondria-derived activator of caspase) is a pro-apoptotic mito-
chondrial protein that is an endogenous inhibitor of a family of cellular proteins called the
Inhibitor of Apoptosis Proteins (IAPs). SMAC mimetics (SMs) are promising new agents
that are progressing from bench to bedside. They induce cancer cell death predominantly
via a cIAP-dependent mechanism regulated by death receptor ligands [99] acting as sen-
sitizers and reducing the threshold for cell death induced by chemo or radiotherapy. Eight
new molecules have been tested in clinical trials and proven to be well tolerated and, im-
portantly, non-toxic towards healthy tissue. However, their clinical efficacy as monother-
apies is limited. Recent data indicate that tumors must be able to produce and respond to
tumor necrosis factor alpha (TNFa) in order for SMs to exert their anti-tumor effect. Tu-
mors that do not fulfil the previous TNFa criteria are inherently resistant to SM treatment
[100].

Radiation therapy is a promising candidate for combination treatment with SMs in
order to overcome TNF-mediated resistance. In a pre-clinical model of HNSCC, Eytan et
al. [101] were able to cure mice using the SM Birinapant and radiotherapy and observed
an increase in endogenous TNFa in the tumors. Similar findings supporting a radio-sen-
sitizing role of SMs were observed in different models including NSCLC and Esophageal
Squamous Carcinoma (ESCC) using the SM Debio 1143. Encouraging pre-clinical data has
been taken forward in HNSCC clinical trials with Birinapant (NCT03803774) and Debio
1143 (NCT02022098). Tao et al. [102] reported increased specific adaptive immunity after
treatment with Debio 1143 and ablative radiotherapy (30 Gy) in a LLC-OVA syngeneic
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model of NSCLC, highlighting a new treatment strategy to increase the immunogenicity
of radiation therapy.

5.1.3. Other Immuno-Stimulatory Agents

Similarly, recent preclinical evidence addressing other immuno-stimulatory agents
such as TLR (Toll Like Receptors) agonists (TLR2,3,7 and 9) and cytokines (e.g., GM-CSF
and FLT-3 ligand) have resulted in some promising preclinical data; however, successful
clinical translation has failed to date, partly due to toxicity. TLR agonists are important
mediators of inflammatory pathways in the gut, playing a major role in mediating im-
mune responses towards a wide variety of pathogen-derived ligands linking adaptive and
innate immunity. Younes et al. [103] showed that immunosuppressive properties of radi-
ation therapy such as recruitment of CD11b+ myeloid cell population can be at least partly
overcome by a TLR9 agonist, as those cells express Toll-like-receptors (TLRs). Other im-
munotherapeutic modalities including cytokines and their inducers, vaccines or adoptive
cell transfer (NK cells, DCs, T cells) have been described to augment RT-induced tumor
killing.

Intra-tumoral delivery of dendritic cells (DCs) in combination with RT has led to a
CD8+ T cell increase in the TILs in a localized prostate cancer model [104] and in tumor-
specific immune responses in soft tissue sarcoma [105].

Another explored strategy is the reprogramming of the TME and, more precisely, of
Tumor-Associated Macrophages (TAMs). Successful pre-clinical attempts to block M2 po-
larization by inhibiting STAT3 and STAT6 transcription factors have been reported.
Resveratrol was used to block M2 polarization (by decreasing STAT3 activity) and inhibit
tumor growth in a mouse xenograft model of lung cancer [106]. However, none of the
inhibitors were taken further to clinical studies. Very recently, Lan et al. [107] reported
promising data on the simultaneous targeting of TGFf and PD-L1 with the bispecific an-
tibody Bintrafusp alpha in combination with radiotherapy. The combination resulted in a
TME reprogramming and reconstitution of tumor immune-surveillance in poorly immu-
nogenic syngeneic mouse models with very encouraging preclinical results. Additionally,
the associated TGF{ sequestration has the potential to result in reduced overlapping tox-
icities of combination immune-checkpoint inhibition and RT treatment and spare normal
tissue toxicity.

5.2. Challenges

Despite encouraging combination treatment data, multiple challenges remain.

5.2.1. Dose and Fractionation

One of the challenges is the optimal dose and fractionation of SBRT, as there is cur-
rently no international consensus for use in clinical practice. Different regimens have been
tested in clinical trials including 30-34 Gy x 1, 15-20 Gy x 3, 12 Gy x 4 and 10-12 Gy x 5in
different settings, making it difficult to favor one single regimen over another.

Demaria et al. [108] proposed a classification of SBRT regimens into three categories,
immunogenic ablative (34 Gy x 1, 18 Gy x 3, 10 Gy x 5), immunomodulatory sub-ablative
(8 Gy x 3, 6 Gy x 5) and TME modulatory (0.5 Gy x 4), based on their dominant effects on
the crosstalk between the tumor and the immune system. In this way, RT can be viewed
as an immunomodulatory tool that can be dispensed or delivered at different doses and
fractions according to the nature of the desired immunomodulatory effect to be elicited.

Designing successful combination treatments with radiotherapy requires under-
standing precisely how dose and fractionation do matter and accepting that one size dose
or regimen do not fit all scenarios. Different fractionation regimens result in distinct im-
mune-modulatory effects, which still remain to be fully deciphered [108]. Considering the
dual effects of RT on the host immune system, the RT schedule should be tailored and
optimized based on the synergistic effect expected and the immunomodulatory agent
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used. While aiming at determining one or a range of optimal doses for each type of mod-
ulatory agent seeking synergy with RT may seem daunting, it is a necessary task. Simi-
larly, even though synergistic effects with RT have been reported with different agents
and tumor models, the mechanisms involved are likely to be different.

Understanding the underlying biology of different doses and fraction regimens of RT
is key and can be achieved with adequately designed preclinical research followed by
prospective validation in clinical trials.

5.2.2. Sequence of Treatments

Combination treatment can be delivered concurrently to or sequentially to radiation
therapy, and once again, the optimal sequence remains to be determined. Considering
that different immunomodulatory agents target different pathways and result in different
immune changes, careful attention should be paid to the sequencing of treatment in order
to elicit the greatest synergistic effect. Preclinical and early clinical data examining both
approaches suggest that both sequential and concurrent sequencing are safe and feasible.
It is worth nothing that, so far, the optimal sequencing seems to be dependent on the tu-
mor type and the immunotherapy agent being used. Young et al. [109] showed that
hypofractionated radiotherapy with anti-CTLA4 worked most effectively when given be-
fore irradiation, but anti-OX40 was more effective when administered 1 day after radia-
tion. Another preclinical study by Dovedi et al. [110] showed that PDL-1 inhibition was
effective only when given concurrently or at the end of radiation and not one week later.

Several clinical trials that are testing the concurrent approach are ongoing. Pembroli-
zumab with concurrent SBRT (50 Gy in four fractions) to lung and liver lesions was
deemed safe in patients with metastatic NSCLC in a randomized phase I/II trial. [111].
Another single arm I/II trial testing concurrent Ipilimumab commenced with SABR is on-
going [112]. While multiple early-phase data suggest the combination is efficacious and
safe, confirmatory large-scale data are eagerly awaited.

Currently the sequential or early sequential approach as seen in the PACIFIC trial is
preferred in the treatment of NSCLC [95]. A secondary analysis of the PACIFIC trial points
to a better PFS in patients who started Durvalumab within 14 days of chemoradiation
completion as opposed to after 14 days. On the other hand, a retrospective analysis of 758
patients who received immunotherapy and radiotherapy within 30 days of each other
showed a better overall survival when ICIs were started at least one month before RT
[113].

It appears evident that more extensive data on the optimal treatment sequencing are
needed, taking into account the types of immunotherapy agents used in selected tumor
types. This will enable confirmation of the safety and efficacy of the combination in large
cohorts of patients.

5.2.3. How do We Predict Response?

Predicting the likelihood of individual patients to respond to a radio-immunomodu-
latory combination is certainly a challenge for the next decade. While some types of bi-
omarkers have been shown to have a predictive value of response to RT, such as compo-
nents of the DDR machinery [34], genetic [114-116], epigenetic signatures [117] and mi-
croenvironmental biomarkers [118,119], they have had little impact on the individualized
RT treatment delivery, with a few exceptions.

Predictive markers of response to immune-checkpoint blockers have emerged and
some are already informing individual decision making in clinical practice, such as PD-
L1 expression or the tumor mutational load [120], or DNA mismatch repair (MMR) status
[121]. However, markers able to predict the potential synergistic effects of radio-immuno-
therapy combinations are still in the candidate roles. Expression of the soluble NKG2D
(NK-cell-activatory receptor) ligand was described as a potential predictive biomarker
candidate. NKG2D was shown to stabilize immunological synapsis between CD8+ CTL
and their targets and support adaptive immunity [122]. Radiotherapy promotes exposure
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of NKG2D ligands on malignant cells, exposing them to NK-cell-dependent lysis or im-
proved recognition by CTLs [123]. In their study, Ruocco et al. [123] showed that the
NKG2D ligand is required for synergy between RT and anti-CTLA-4 in 4T1 tumors in
vivo.

Another promising approach is the quantification of radiotherapy’s ability to induce
a Type 1 interferon response in individual tumors. This could be achieved by measuring
levels of TREX1, which has been shown to counteract RT’s ability to drive the secretion of
Type 1IFN by degrading cytosolic dsDNA [124] in ex vivo PDX irradiation models. That
would potentially enable dose selection that synergizes with immune checkpoint inhibi-
tors. Recent developments in functional imaging and large scale data analyses using com-
puter algorithms have seen the advent of radiomics [125]. Radiomics allows the extraction
of quantitative imaging biomarkers named “radiomic signatures” that most statistically
significantly relate to a measured outcome or a tumor biology parameter. A recent review
found 43 CT-image based studies, evaluating prognostic or predictive roles of radiomic
signatures in NSCLC, that reported at least one positive association between the CT radi-
omic signature and either outcome or tumor biology [126]. However, the particular radi-
omic signature derived varies among studies, making a direct comparison difficult. De-
spite some methodological challenges that need to be addressed before large multicenter
studies, imaging biomarkers carry a considerable potential for successful translation.

5.2.4. SBRT-Related Treatment Toxicity

The therapeutic index [127] represents the ratio between the probability of tumor
control and that of normal tissue damage or toxicity. SBRT is associated with a steep-dose
gradient outside the target volume, thus minimizing the dose to organs at risk and the
probability of normal tissue complications. Moreover, advancements in imaging and
SBRT delivery including IGRT and IMRT allow a remarkably precise delivery of high dose
radiation per fraction to intra-thoracic targets with a good tolerability profile. Neverthe-
less, toxicities are still reported, ranging from mild fatigue and transient esophagitis to
pneumonitis, hemorrhage, chest wall pain, rib fracture or brachial plexopathy [128,129].
Normal tissue toxicity can manifest itself days to years after irradiation, mainly in the
heart and lung tissues in patients whose thoracic tumors are irradiated. The most common
toxicities include acute pneumonitis, chronic lung fibrosis [130] or radiation-induced heart
dysfunction (RIHD) [53,131,132]. Another important manifestation of radiation toxicity is
endothelial/vascular injury leading to a loss of endothelial barrier function, resulting in
tissue injury [133]. When organs at risk are exposed to sufficiently high doses, the endo-
thelial damage and its associated vascular changes can lead to chronic lesions in those
organs [134]. Initial reports suggested an increased risk of toxicity when treating centrally
located lung tumors with SBRT, including an 8% risk of death with the 60 Gy in 3 fraction
dose [135]. As a result, efforts to sub-classify central lesions and adapt treatment with
protracted courses of radiation (5 to 10 fractions) have been made, indicating that SBRT
may be safe [136]. However, the results highlight the need for careful attention when se-
lecting patients with ultracentral tumors. An example of the risk-adapted dose fractiona-
tion in early-stage NSCLC is 8 x 7 Gy for centrally located tumors [137] and 3 x 18-20 Gy
for peripheral lesions. Ultra-central tumors that GTV (Gross Tumor Volume) or PTV
(Planned Tumor Volume) directly abuts or overlaps the trachea or proximal bronchial tree
still represent a treatment challenge [138], but prospective data from ongoing SUNSET
(NCT03306680) and future trials may provide further guidance.

Combination treatment regimens including SBRT and immune-checkpoint inhibitors
raise the question of potential additive toxicities and adverse impact on normal tissues
[139]. To date, there are few reports describing the toxicity of the combination but pro-
spective data are slowly emerging. Several phase I and II trials investigating the immune-
checkpoint inhibitors Pembrolizumab (NCT02608385) Pembrolizumab, Atezolizumab
(NCT02400814) and Durvalumab (NCT02904954) in combination with SBRT are on the
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way. Thus, the importance of accurate preclinical modelling of radiation is key for identi-
fying and preventing normal tissue toxicities. Currently, small animal image-guided con-
formal irradiators are commercially available and are able to deliver irradiation with a
precision close to that used in clinical practice. They also deliver a lower mean dose to
surrounding tissues and their use should become standard in studies modelling irradia-
tion in the preclinical setting.

6. Conclusions

The field of radiation oncology has significantly evolved with the advent of SBRT,
leading to clinical benefits in the management of NSCLC patients. At the same time, an
increasing amount of preclinical and clinical data continues to emerge regarding the com-
bination of radiotherapy and immunomodulatory agents. While the rationale for such
combinations is strong and promising, several key factors still need to be fully addressed,
such as dose and fractionation, sequencing, selection of the best-suited immunomodula-
tory agent, toxicities of the combination on healthy tissues and biomarkers to predict re-
sponses (Figure 1).

Dose
Healthy tissue
Toxicity Fraction
Sequencing
Biomarkers

Drug

characteristics Site(s) of IR

Figure 1. Ongoing challenges of radiotherapy—drug combinations.

We are starting to acknowledge unique immune-modulatory properties of different
dose-fraction regimens and the subsequent need for individually tested combination ap-
proaches tailored to the desired synergistic effect. More than ever, one dose or schedule
does not fit all clinical scenarios, but neither does it synergize with all immunomodulatory
agents. Preclinical models represent an essential tool in the process of harvesting this fun-
damental understanding and translating it to patient-derived benefits. Clinical benefits
derived from recent progress can only be achieved by appropriate and reliable preclinical
research mimicking clinical scenarios in almost every aspect: immune status, dose and
fraction, radiotherapy delivery modality and planning and tumor microenvironment. Bet-
ter immunocompetent mouse models of lung cancer are urgently needed to allow faithful
study of the tumor-immune interactions and therapeutic modalities relying on those very
interactions such as SBRT and immunotherapy. For this reason, orthotropic implantation
sites should be systematically used in the currently available immunocompetent synge-
neic models. In addition, considering that the majority of preclinical studies looking at
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synergy between radiotherapy and immunotherapy have been performed in syngeneic
ectopic models, GEMMs represent a valuable tool in this setting despite their cited limita-
tions. A further optimization, not achieved yet, would be represented by the development
of state-of-the-art humanized PDX models using immunocompetent mice to mimic tu-
mor- and organ-specific microenvironments, especially using orthotropic implantations.

Due to considerable tumor and micro-environmental heterogeneity, multi-target
multi-agent therapeutic strategies are currently being explored and are likely to yield
promising results in the near future. One such example is the combination of anti-PD1
and anti-angiogenic agents aiming to alleviate immunosuppression with radiotherapy
[140]. Similarly, dual immune-checkpoint blockade including established (anti-PD-1 and
anti-CTLA-4) but also new combinations such as Relatlimab (anti LAG-3), as demon-
strated in the RELATIVITY-047 (NCT03470922) study on the reinvigoration of T-cell ac-
tivity, are awaited to be explored in combination with radiation therapy.

While multi-agent multi-modality strategies seem promising, we are a long way from
their routine clinical use as a frontline treatment. Not only does the safety profile remain
largely unexplored, but as discussed earlier, patient selection, biomarkers, optimal dose
and sequencing are all to be addressed. The complexity of any multi-modal combination
treatment can be broken down by understanding the immunomodulatory properties of
each individual treatment component and how to achieve a balance to make them thrive
together. Finally, personalization of radiotherapy is likely to be the cornerstone of the next
decade’s progress. Delivering the same dose and fraction to each unique patient and tu-
mor with unique biology and radiation sensitivity is likely to be a distant memory. This
cannot be achieved without the development of preclinical models integrating biological
and immunological tumor parameters in the dose-fraction equation in order to maximize
therapeutic effects.
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