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UNDERSTANDING RADIATION 
THERAPY: THE EARLY SCIENTIFIC 
THINKING AND STILL STANDING 
FUNDAMENTALS
Along the last two decades an incredible amount 
of knowledge concerning the molecular pathways, 
and the immunobiological and microenvironmen-
tal mechanisms allowing cancer development, the 
mechanisms of metastases and treatment resist-
ance, has risen thanks to a multidisciplinary coor-
dinated efforts. At the present, clinicians can count 
on a clearer picture that allows them to define 
the best oncological treatment on a personalized 
based medicine. On these grounds, we believe 
that both radiation therapy (RT) and oncological 
pharmacology (including chemo-immuno and 
molecular-target therapy) are two fields in which 
a strong cooperation and a mutual exchange of 
information and scientific integration are needed.  
This work is, therefore, directed at both Radiother-
apy and Oncology residents, with the aim of pro-
viding a common scientific perspective. 
RT contributes to the success of most oncological 
multi-disciplinary treatments, but its inherent role 
is less easily understandable by clinical oncologists 

on mechanistic bio-molecular grounds, compared 
to pharmacological agents. The present manu-
script addresses this shortcoming, for possible ex-
perimental developments aimed at “precision RT”.

HISTORY OF RADIATION THERAPY

The early years

At the beginning of the twentieth century, a revolu-
tionary paradigm change occurred in physics, that 
is, a new point of view on science, based on two 
conceptions: 1) a shift from the immutable natu-
ral laws to the awareness of “events”, critical for 
any transformation; 2) the irreducibility of proba-
bility for scientific analysis (The International Con-
ference on Electron and Photons, Brussels 1927). 
These concepts remarkably influenced the devel-
opment of RT of human malignancies, after the WC 
Roentgen’s and M Curie’s discoveries (X-rays, 1895; 
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Radium, 1899, respectively) already undergoing 
a fast implementation in medicine (radiological 
diagnosis and RT) and gave rise to “quantitative” 
radiobiology. The involved medical scientists bor-
rowed the physicists’ approach for investigating 
the results derived from empirical observations, 
in absence of any mechanistic interpretation, with 
mathematical modelling of radiation effects.  Skin 
cancer was the first field of clinical radiobiology, 
due to the visually perceptible response to exter-
nal beam X-ray therapy in terms of both tumor 
regression and healthy tissue reaction. Increasing 
radiation doses delivered in several fractions over 
time, progressively achieved better therapeutic 
results (healing of cancer) but increased also inci-
dence and severity of radiation adverse effects (AE: 
erythema, dry and moist desquamation, etc., up to 
necrosis), whereas time exerted a modulatory in-
fluence in both cases. Pioneer scientists guessed 
that these relationships were multi-factorial but 
couldn’t demonstrate the causal links: they only 
observed non-linearity in the cause-effect plot-
ted graphs. Non-linearity, multi-factorial interac-
tions, opacity of the mechanisms underlying the 
observed emergence (that is, “complexity”) were 
challenges the scientific thinking was facing in the 
years at the midst of the 20th century, thus math 
modelling provided useful tools for investigating 
complex phenomena, such as radiation biological 
effects. In fact, a formalism was devised (1), that is, 
plotting the various dose-time parameters for the 
same outcomes (the non-linear “isoeffects”) result-
ing in straight lines on logarithmic graphs, whose 
angular coefficient is an obtainable, quantitative 
parameter, i.e., anexponential factor. This method 
was shown reproducible and fitting to skin (skin 
cancer cure and AEs), thus grounding successful 
applications for clinical purposes, also in other ne-
oplasm contexts. 

Development of radiobiology and preclinical 
models 
In the meanwhile, radiobiology lab experiments 
on cell cultures showed that the probability of cell 
death due to radiation is dependent on radiation 
dose (hit/target theory), according to the Poisson’s 
negative exponential relationship. Surprisingly, the 
killing effect at low doses was less than expected 
as the dose-survival curve showed an initial “shoul-
der,” suggesting the possibility that more than one 
target per cell should be hit to obtain cell death. 
All together these findings led to the definition of 

a “linear quadratic (LQ) model”. This was based on 
the theory of few single- and non-repairable lethal 
hits at low doses (single target), and of two-target 
hits for cell death at higher doses (2). The concep-
tualization of this model came around the fifties of 
the last century, almost contemporarily with the 
discovery of the double-helix structure of DNA, thus 
providing a strong suggestion for the centrality of 
DNA as the main target for radiation cell killing.
The practice of fractionated RT (typically 2 Gy each 
daily session (dose-per fraction: dpf), per 5 days 
a week, up to total doses (TD) of 30-80 Gy in 3-8 
weeks) was adopted in the meanwhile for clinical 
external beam radiation therapy (EBRT), even if the 
time factor was not considered in the LQ model. 
The above typical schedule - which is still largely 
used - is based on the flatness of the “shoulder” of 
the LQ function, considering that rapidly growing 
substrates, responding with early effects to radi-
ation (e.g., cancer cells and high-renewal tissues) 
show a flat shoulder. Thus, fractionation impacts 
less on the outcome, compared to late-reacting tis-
sues (vascular endothelia, connective, low-renewal-
normal tissue in general) characterized by a more 
bowed shoulder. Given that the late-reacting tissues 
are deemed responsible for the severe, irreversible 
AEs of high dose of radiation (3), a markedly frac-
tionated treatment can obtain a good outcome on 
cancer with tolerable AEs. In fact, early responding 
healthy tissues can have brisk acute AEs, reversible 
in most cases (but less reversible in many cancers) 
and late severe damages, such as necrosis, are 
normally avoided. In short, early vs. late reacting 
tissues are distinguished based on the “ ratio” pa-
rameter: it is high in the former and low in the latter 
ones. Note that the ratio is – dimensionally - a dose 
(inGy), as an exponent is a pure number by defini-
tion; thus are the inverses of a dose. This concep-
tualization found a sound confirm in the isoeffects 
of early and late responding tissues, revisited on 
these bases. A plain conformation resulted for the 
former, compared to the greater slope of the latter 
isoeffect curves, respectively (4), thus providing the 
basis for a favorable therapeutic index achievable 
by fractionation.

Contribution of imaging technology in the 
newest era of radiation therapy
The explosive progress of the last thirty years in 
the field of imaging technology (CT, MRI, US), has 
improved the effectiveness of external beam ra-
diation therapy (EBRT) for deep-sited tumors, en-
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(stereotactic radio-surgery, SRS) or a few fractions. 
Particle (proton or heavy-ion) beams, produced by 
synchrotrons, on the other hand, give advantages 
in dose deposition, due to an increased ioniza-
tion density at a given depth, which depends on 
the initial kinetic energy impressed to particles 
(a phenomenon denominated “Bragg peak”) with 
improved volume selectivity. For heavy ions (e.g., 
carbon ions), their high relative biological effec-
tiveness (RBE) also improves cell lethality, mostly 
along the Bragg peak region. 

EXPERIMENTAL CLINICAL 
RADIATION THERAPY: EVIDENCE-
BASED AND TRANSLATIONAL 
ISSUES
The evidence-based approach (EBM, evi-
dence-based medicine) for clinical research 
grounds the procedure of random comparative 
trials (RCTs) for innovative therapeutic disclosures. 
However, less RCTs were carried out in oncolo-
gy for emerging RT modalities, compared to new 
pharmacological agents. The most advanced RT 
technology – in terms of precision in dose delivery 
- should be employed whenever available, without 
formal RCTs:  a RT practice or technology overtly 
outdated as a control arm is deemed unjustified 
from an ethic point of view. Contrarily, it is man-
datory to test an innovative RT setting - as the ex-
perimental arm - against a standard and reliable-
modality of care, in the context of multidisciplinary 
approaches, provided that suitable endpoints are 
selected, as it was in the case of the following ex-
amples:
(1) Radical prostatectomy was tested in a RCT 
against RT for cure of localized prostatic cancer, with 
the result of equivalent outcomes of overall- and re-
lapse-free survival (OR and RFS, respectively) (5).  
(2) Mastectomy was compared to lumpectomy and 
to lumpectomy plus RT in a fundamental, three-
arm RCT, with the former and the latest groups 
showing equal OS and event-free survival, whereas 
40% out of the patients assigned to lumpectomy 
alone experienced mammary relapse (6).
(3) Total nodal RT (supra-diaphragmatic mantle- 
and infra-diaphragmatic inverted Y-fields) was 
abandoned, for the cure of Hodgkin’s disease, in 
favor of limited- or involved field irradiation with 
the advent of effective chemotherapy (CHT) sched-
ules, given the high incidence of heavy adverse ef-

hancing control rates due to the reliable assess-
ment of disease extension, shape and location, 
better definition of tumor response and radiation 
AE to surrounding healthy structures. The analysis 
of the available, reported data of these aspects is 
mandatory for the optimal benefit/damage ratio, 
that is, tumor control probability (TCP) vs. normal 
tissue complication probability (NTCP), respective-
ly. An optimization of the TCP/NTCP ratio can be 
achieved, based on the most suitable radiation 
sources and treatment planning facilities: technol-
ogy provided very sophisticated resources to these 
purposes.

Physical precision radiation delivery for 
precision oncology
The advanced technology of the radiotherapy ma-
chines, including particle beam sources presently 
allow precise high dose delivery to the tumor vol-
ume, thus sparing the surrounding healthy tissues 
with pronounced gradients. This impacts on the 
most diffused practice with linear accelerators for 
high-energy (6-25 MeV) photon beam EBRT, due to 
low surface dose, high deep dose deposition, re-
duced laterally scattered radiation, homogeneity 
in dose distribution among tissues of various mean 
Z-number, etc. Technical tools were implemented 
for multiple-field convergent irradiation of the tar-
get volume in three-dimensional arrangements, 
along with the possibility of shaping accordingly 
the cross-sectional conformation of each beam 
through multi-leaf collimators (three-dimension-
al conformal RT: 3D-CRT) that can also modulate 
the photons’ intensity inside of the beam (inten-
sity-modulated RT: IMRT), enabling the targeting 
of irregular shapes (or even to achieve different 
dose level inside of the target). Of course, this evo-
lution was possible due to the contemporary de-
velopment of advanced imaging resources, which 
is CT, MRI, PET-CT, etc., and of computer science. 
Shrinking of the tumor during treatment allows 
“adaptive RT” (ART). The sophisticated calculation 
algorithms, presently available, are outstanding 
scientific results whose coverage, however, is be-
yond the scope of the present paper.
High dose selectivity to the tumor is maximized in 
stereotactic RT (SRT, based on many thin, non-co-
planar beams rigorously converging on a usually 
small focus, precisely defined by 3D spatial coor-
dinates), that scales down the importance of frac-
tionation and can achieve tumor “ablation” (stere-
otactic ablative RT) in a single high-dose session 
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fects - including second cancers - of wide radiation 
volumes after prospective trials performed during 
the last decades of the nineties (7). 
(4) Similarly, RT volumes for full- or post-operative 
treatment of locally advanced lung cancer were re-
duced in favor of limited-field treatment associated 
with CHT, after RCTs (8), without significant differ-
ences in survival results, but with a less incidence 
of lung fibrosis due to the reduced volume-RT. 
Brain metastases are no longer undergoing whole 
brain irradiation (WBI) as a standard approach - 
with rare exceptions - after the RCT demonstration 
of better outcomes by SRS (9), even in patients un-
dergoing Tyrosine Kinase inhibitors (10, 11).

Clinical and biological considerations 
Thus, there is an evident, general trend towards a 
RCT-based, modulated use of RT in the context of 
multidisciplinary treatment of cancer. However, it 
can be remarked that only in the last one, out of 
the above examples, the hypothesis grounding the 
RCT was based on a biomolecular determinant. 
Many excellent and extensive reviews are availa-
ble (12), concerning genetic and biomolecular de-
terminants (or markers) for a precision-driven use 
of RT in multidisciplinary approaches, also listing a 
multitude of ongoing RCTs on this subject, but few, 
reliable translational conclusive data have been 
published to date (13). However, this is exactly 
what should be necessary for “precision medicine” 
(precision RT, in this case).

Biological determinants and newest radio-
oncological treatments 
An example of how a biological determinant of 
radiation sensitivity can drive clinical trials and, 
subsequently, real-world RT practice is the case 
of Human Papilloma Virus-positive oropharyngeal 
cancer (HPV+ OPC) after the identification of the 
mechanisms underlying the high radiation sensi-
tivity of these tumors, paving the way to the de-
velopment of biologically-based, precision cancer 
therapy protocols, tailored for an enhanced TCP/
NTCP ratio (14-16).  Some drugs, such as cispla-
tin and paclitaxel, have the same anti-proliferative 
effects of RT, besides acting on systemic spread. 
Thus, systemic therapy can cooperate for both the 
local effectiveness of RT and can limit the meta-
static spread. The validity of this theory was tested 
in some clinical experiences, such as the prospec-
tive phase II ECOG 1308 study (17) in which also 
the monoclonal antibody (mAb) cetuximab (tar-

geting EGFR) was used besides platinum-based 
chemotherapy. Patients achieving complete clini-
cal response after initial chemo- and mAb therapy 
(IC), that is, 70% out of seventy-seven evaluable 
cases, received a reduced-dose, standard frac-
tionated IMRT course (54 Gy) associated with ce-
tuximab, whereas less-than-complete IC-respond-
ing cases underwent full-course (70 Gy) IMRT and 
cetuximab. Results showed an optimal progres-
sion free survival (PFS) and overall 2-year surviv-
al (OS) (80% and 94%, respectively) in the former 
patients, and also the other ones, undergoing full 
dose IMRT, fared fairly well (OS: 67% and PFS: 87%, 
respectively), but with impaired swallowing (40% 
in the reduced, vs. 89% in the full-dose group) and 
a poorer nutrition status (10%, vs. 44%, respective-
ly), due to mucositis. 

Prostate cancer as a possible experimental 
paradigm for RCTs
Advanced technology-based IMRT or SBRT (body 
SRT), with high dose-deposition in an accurately 
defined target volume and sharp dose gradients, 
allows treatment of cancers (typically prostate 
cancer, PC) characterized by a low  ratio (similarly 
to the surrounding healthy tissues, critical for late 
and irreversible adverse effects), and few large 
dpfs in a short time (hypo-fractionation, HF). In 
fact, in these cases extreme HF (in general 5 frac-
tions, 6.5-7.5 Gy each and a total dose of 32.5-37.5 
Gy, overall treatment time ≤14 days) may achieve 
superimposable (or possibly better) therapeutic 
outcomes and not substantially enhanced late, 
severe adverse effects, when compared to the 
standard fractionated RT (1.8-2 Gy per fraction, 5 
fractions per week, up to 70-80 Gy in 7-8 weeks 
or more). However, the acute urinary and rectal 
adverse effects of HF may be contained due to the 
sharp gradients of the most advanced RT facili-
ties. These hypotheses are tested in both clinical 
experimental phase III RCTs on localized low- or 
intermediate risk-PC (18, 19), and a multitude of 
random prospective reports (revised in 20). Bio-
chemical relapse-free survival was reported in 
the 85%-100% range at 5 years in most series, 
with 0%-5% intestinal- and 1%-7% genitourinary 
chronic adverse effects, not significantly differ-
ent from conventional fractionation. As expected, 
these results are coherent with the low alfa-beta 
ratio of PC (generally identified in 1.5 Gy) and sim-
ilar values for late damages to the organs imme-
diately adjacent to prostate (that is, rectum: = 3 
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ers and tailored treatment modalities in different 
neoplasms.

Cancer immunity and Radiation therapy 
Due to the established link between inflamma-
tion and cancer immunity, the immunomodulato-
ry role of RT is, therefore, of great interest. With 
a typical 3 x 8 Gy schedule, regression of tumors 
was observed in different in vivo models even in 
distant sites not exposed to treatment, a phe-
nomenon called “abscopal effect” (AbE) of RT (24). 
This term derives from the Latin (ab: distant from; 
scopus: intent) and describes the effect of tumor 
cytolysis out of the irradiated field, resulting in 
the regression of other neoplastic localizations, 
as shown by sporadic clinical observations report-
ed in the last fifty years. Approximately 50 cases 
have been reported after RT alone since 1970, a 
number that rose to 3,500 patients when RT was 
associated with the most recent immuno-oncology 
treatments, that began their clinical development 
since 2012. For the potential clinical benefits of RT 
treatment in combination with immunotherapy, a 
multitude of preclinical and clinical studies, includ-
ing 30 prospective clinical trials, have addressed 
- or are addressing - this specific topic (25). There-
fore, it would be of great interest, in particular to 
set up the optimal biological and clinical conditions 
for triggering the AbE with RT in combination with 
PD-1/PDL-1 and CTLA-4 immune-checkpoint inhib-
itors (ICIs). 
Clinical investigations mainly focus on some tumor 
types, including non-small lung cancer (NSCLC), 
melanoma, bladder, kidney, head and neck can-
cers, that have shown sensitivity to anti- CTLA-4, 
PD-1, and PD-L1 mAbs and may take advantage of 
RT on specific sites (26).
As we have elsewhere summarized (27), RT in-
duces release of antigens by damaged or dyeing 
tumor cells and activates the immune-priming by 
enhancing a specific immune response. RT can po-
tentiate a tumor-specific immune response by 1) 
damaging the DNA and thus inducing neoantigen 
processing and their presentation to modulatory 
T cells and cytotoxic tumor lymphocyte (CTL) pre-
cursors, which are induced to proliferate in the 
regional lymph nodes, 2) producing inflammatory 
cytokines and chemokines (e.g., CXCL16) and tu-
mor vessel-associated adhesion molecules (VCAM-
1, ICAM-1) harvesting activated tumor infiltrating 
lymphocytes (TILs) 3) improving cancer cells sus-
ceptibility to specific immune effectors through 

Gy; bladder; = 3-5 Gy), confirming similar (or even 
better) TCP/NTCP ratio to extreme HF treatments.
The reported aggressiveness of HR-deficient PCs 
and their response to PARP inhibitors (21) may be 
a clue for in-depth investigating possible personal-
ized, multimodality treatment strategies, based on 
biological selectivity and associations with target 
drug therapy. 
The genomic risk classification, integrated with 
clinical data may be, instead, an appealing ap-
proach for a “precision” strategy, recently hypoth-
esized (22) but still lacking experimental confirma-
tion in clinics, even if prospective trials are ongoing 
(NCT03070886, NCT03371719). 

TUMOR MICROENVIRONMENT 
(TME), IMMUNOTHERAPY AND 
NEXT GENERATION SEQUENCING 
(NGS) 
Recent advances in understanding the interplay 
between TME and resistance of cancer cells to 
treatments have sparked the interest in inves-
tigating the effects of the different RT regimens 
on the modulation of inflammation and immune 
response. RT induces increased vascular perme-
ability, edema, and production of cytokines by fi-
broblasts and endothelial cells, attraction of mac-
rophages and white cells in general, resulting in 
inflammation (3). It has been extensively demon-
strated, in in vitro studies, that high dpf IMRT and 
SRT techniques cause enhanced vascular damage 
to the TME, whereas standard fractionated (SFRT) 
induces less endothelial and mesenchymal dam-
age. In fact, a still persistent oxygen perfusion was 
considered advantageous for cancer cells early 
re-oxygenation (and ROS generation) during the 
progressive tumor shrinkage along a SFRT course: 
thus, a theoretical limit of TCP for the short-course 
HF RT has been - probably erroneously - hypoth-
esized for the less time allowed to inter-fraction 
tumor re-oxygenation. Conversely, experiments 
on animal fibrosarcoma models with single 20-30 
Gy radiation doses have shown that the induced 
reduction in blood perfusion and hypoxia resulted 
in impaired tumor cell clonogenicity in in vivo-in vit-
ro excision assays, related to overexpressed VEGF, 
HIF-1α, and carbonic anhydrase-9 (23). Thus, the 
overturning of the hypoxia paradigm in extreme 
HF RT may be the subject for clinical prospective 
research, addressing the possible molecular mark-
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Furthermore, this correlation between biomo-
lecular and genetic determinants and cell damage 
from radiotherapy can make use of modern ap-
proaches based on artificial intelligence and neural 
networks, entering the world of -omics (36).

CONCLUSIVE REMARKS
Radiation therapy evolved over a time lapse of 
about 120 years in a scientific process based most-
ly on math modelling of empiric clinical observa-
tion and lab experiments, leading to coherent and 
reliable conceptual paradigms, that are still refer-
ence points in many oncologic clinical settings. On 
the other hand, mechanistic investigations on the 
bio-molecular determinants grounding RT have 
been also implemented since the half of the last 
century, not only concerning the DNA damage 
and repair, but also the RT-induced effects on cell 
membranes, lipids and proteins, and including 
also TME and healthy tissues. For brevity, we did 
not attempta general coverage of these subjects, 
that have been extensively and in-depth treated by 
other authors (37).
A limited translational outlet of biomolecular dis-
closures followed, apart from pre-clinical studies 
on RT interactions with anticancer drugs. Many ef-
forts in lab radiation research have been devoted 
to disentangle the opacity laying beyond the math 
models by explicative genomic and molecular dis-
closures, however without strict connections with 
clinical investigations. Further - since the last dec-
ades of the nineties - the overwhelming develop-
ments of the RT facilities and the related computer 
science provided effective tools for optimal dose/
volume arrangements that “personalizes” cancer 
RT for safe and effective TCP/NTCP ratios, often 
sidelining the relevance of the mechanistic, mo-
lecular radiobiology. The paradigm of 1.8-2 Gydpf 
over long treatment times was progressively left 
behind, in favor of the short-course HF schedules 
aiming at sub-ablative or ablative effects on can-
cer. Satisfactory outcomes followed in many cases, 
due to the sharp fall-off of the dose at the borders 
of the treated volume. In the meanwhile, the cat-
egorical imperative of the RCTs caught on in the 
medical scientific thinking, to support EB results. 
In fact, as we hinted at before, RCTs do not nec-
essarily require a sound, experimentally grounded 
mechanistic hypothesis that is almost considered 
an added value. More, the highly circumscribed 

upregulation of HLA molecules and death recep-
tors (FAS, NKG2DL, etc.).
Overall, the available studies aimed at addressing 
the best therapeutic conditions and at identifying 
suitable predictive and prognostic markers, are 
extremely heterogeneous for the RT technique, 
dosage (TD, dpf), treatment timing, and type of ICI 
used in combination. However, a “canonical” 8 Gy x 
3 schedule (24) is usually administered with SBRT, 
that may be not suitable for all therapeutic appli-
cations (e.g., RT for definitive cure), highlighting 
the need to establish a comprehensive research 
framework for the future studies. In fact, most 
RCTs on radio-immunotherapy are not primarily 
aimed at defining the most effective RT modality in 
this context (28), but mainly at optimizing the use 
of the immunotherapeutic agents.

Next Generation Sequencing and 
Radiotherapy
Precision oncology, where patients are given ther-
apies based on their genomic profile and disease 
trajectory, is rapidly evolving to become a pivotal 
part of cancer management, supported by regu-
latory approvals of biomarker-matched targeted 
therapies and cancer immunotherapies (29). 
Precision Medicine in Radiotherapy can be investi-
gated from a point of view of sensitivity to ionizing 
radiation, both for healthy tissues and for cancer 
cells. 
Radiation therapy is associated with a spectrum 
of early and late tissue lesions; however, within 
a group of identically treated patients, there is a 
great deal of variability in the incidence and sever-
ity of radiation sequelae (30).
This concept is also identical with regard to cancer 
cells, as clinicians cannot identify responders from 
non-responders before radiotherapy (31, 32).
From this point of view, in the clinical setting there 
are still no screening tests that can allow you to 
identify these categories a priori, which ideally 
would allow you to choose to perform radiothera-
py or alternative methods, or even modulate tech-
nique, dose and fractionation to enhance or limit 
the radiobiological effects of ionizing radiation on 
healthy tissues and on cancer cells.
New information on the molecular mechanisms 
underlying this sensitivity comes from studies 
which evaluate associations between common 
polymorphisms in DNA damage detection and re-
pair genes and the development of adverse reac-
tions to radiotherapy (33-35). 
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tical grounds, it is almost impossible to modify this 
framework. Thus, a change in basic assumptions 
is necessary for experimental RT. Large collections 
of suitable results from both preclinical lab, and 
reliable clinical case studies (that is, using a com-
mon “ontology”), together with advanced statistical 
methods and in-silico analyses, are mandatory and 
must be pursued by the radiation oncology scientif-
ic communities, which must also vigorously solicit 
public funding. Only the soundest hypotheses, thus 
selected, should be chosen for prospective RCTs in 
radiation oncology, always keeping in mind that 
“big data need big theory too” (39).
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ABSTRACT: In recent years, castration resistant prostate cancer patients therapeutic landscape has dramatically changed. The 
use of taxane-based chemotherapy, new generation hormone therapy, an immunotherapeutic agent Sipuleucel-T, an alpha-emitter 
Radium-223, and recently PARP-inhibitors has provided a consistent benefit in terms of survival and quality of life.
In particular, androgen receptor (AR) remains a key player of prostate cancer progression also in this setting and more effective 
therapeutic agents are still directed against AR pathway. Unfortunately, not all patients respond to available treatments and al-
most all will develop a drug resistance. The resistance mechanisms involve not only AR dependent signaling pathways but also AR 
independent cells survival pathways. In this review we discuss the potential mechanisms of resistance to drugs employed in the 
treatment of metastatic castration resistant prostate carcinoma patients.

Impact statement: Understanding the mechanisms of resist-
ance in castration-resistant prostate cancer by investigating all 
agents used in this setting.

INTRODUCTION

Prostate cancer is the most common tumor in 
men with a rate of 111.3 new cases per 100,000 
men per year and the second leading cause of 
death among men in the USA with a death rate 
of 18.9 per 100,000 men per year. About 7% of 
patients develop metastatic disease with a 5-year 
survival rate of 30.6% (1). Androgen deprivation 
therapy (ADT), by inhibiting testosterone syn-
thesis, is the cornerstone of advanced disease 
systemic therapy. De novo metastatic castration 
sensitive patients with “high volume disease” 
(defined as having either visceral metastases or 
a number of >4 bone lesions including at least 
one outside the vertebral column and pelvis) may 
benefit from the addition of Docetaxel to ADT giv-
ing an improvement in progression free survival 

(PFS) (20.2 vs. 11.7 months; HR 0.61; P < 0.001) 
and overall survival (OS) (57.6 vs. 44.0 months; 
HR 0.61; P < 0.001) (2). In addition, clinical stud-
ies have demonstrated that the addition of new 
generation hormonal therapies (NGHT) to ADT in 
this setting, such as Abiraterone (3, 4) Enzaluta-
mide (5, 6) and Apalutamide (7), provide a ben-
efit in terms of PFS and OS, irrespectively from 
disease burden. Furthermore, Apalutamide and 
Enzalutamide have been demonstrated to have 
a role in both de novo (synchronous) and recur-
rent (metachronous) hormone-sensitive meta-
static disease. Despite these brilliant results, the 
castration sensitivity phase is transient and most 
patients eventually develop metastatic castration 
resistant prostate cancer (mCRPC) after a median 

Doi: 10.48286/aro.2022.49 Key words: mCRPC; drug resistance; new generation hormone therapy; 
prostate cancer; androgen receptor.
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of 18-36 months (8). At present, according to the 
latest guidelines of the European Association of 
Urology, mCRPC is defined as: (1) serum testos-
terone <50 ng/dl or 1.7 mmol/L and (2) one of the 
following conditions including: (i) three consec-
utive increases in PSA one week apart, with two 
increases of 50% above nadir and/or (ii) the ap-
pearance of new lesions and in particular two or 
more new lesions on bone scan or the detection 
of a soft tissue lesion based on the response eval-
uation criteria in solid tumor (9) .
Treatment of mCRPC patients has been revolu-
tionized in the last decade. In particular, the use 
of chemotherapy (Docetaxel (10) and Cabazitaxel 
(11)), new generation hormone therapy (Abirater-
one (12) and Enzalutamide (13)), Sipuleucel-T (14), 
alpha-emitters such as Radium-223 (15) and re-
cently the use of PARP-inhibitors (Rucaparib (16), 
Olaparib (17)) has provided a consistent benefit in 
terms of survival in this setting (table I).
Several trials are currently ongoing evaluating 
the correct therapeutic sequence of these drugs 
and possible combination regimens, in order to 
increase efficacy and personalize treatment. De-
spite the introduction of these new therapies, 
several escape mechanisms have been estab-
lished, conferring resistance to these molecules. 
The aim of this review is to analyze the pharmaco-
logical effect of these drugs focusing on potential 
mechanisms of resistance.

NEW GENERATION HORMONAL 
THERAPIES
In recent years, androgen receptor (AR) signal-
ing inhibitors such as Abiraterone and Enzalut-
amide have been introduced into the standard 
treatment of mCRPC demonstrating significant 
survival benefit. Unfortunately, a not negligible 
portion of patients ranging from 15 to 20% ap-
pears resistant ab initio or will develop resist-
ance to new generation hormonal therapies due 
to the outbreak of mechanisms of resistance. 
Primary resistance is commonly defined as the 
treatment failure within the first 3 months after 
the start, as a result of clinical progression, with 
or without radiological progression (18). Accord-
ing to this conventional definition of primary 
resistance acquired resistance is considered as 
a treatment failure that occur later during treat-
ment.

AR-dependent mechanism of resistance 
Androgens are sex hormones required for devel-
opment of the male reproductive system and sec-
ondary sexual characteristics. In adult male tes-
tosterone (T) and 5-a-dihydrotestosterone (DHT) 
are mainly produced in the testes. 5%-10% of their 
synthesis occurs in the adrenal glands. 
The androgen receptor is a protein consisting 
of a DNA-binding domain (DBD), an N-terminal 
transactivation domain, containing dominant 
AF-1 transactivation region, an Hinge region (H), 
which carries a nuclear localization signal and 
a ligand binding domain (LBD), containing also 
the AF-2 transactivation region. In physiologi-
cal conditions androgens such as testosterone 
and dihydrotestosterone bind to the AR result-
ing in a conformational change of the receptor. 
Upon binding to the ligand, AR separates from 
the heat shock protein 90 complex, undergoes 
homodimerization, translocates into the nucle-
us and binds to androgen-specific elements in 
the promoter regions of androgen regulatory 
genes. Transcriptional activity is supported by 
the interaction of other pathways involved in 
the cellular signaling pathway, including coac-
tivator and suppressor proteins (19). Non-DNA 
binding dependent pathways may also be in-
volved in the cascade generated by the andro-
gen/AR complex. In particular, the activation of 
alternative pathways (second messengers) such 
as ERK, Akt and MAPK have been identified in 
several cell lines. There is evidence to suggest 
that some of the non-DNA binding-dependent 
actions of androgens are mediated by the ac-
tivation of membrane-bound protein receptors 
to activate intracellular signaling pathways that 
can occur even in the presence of low androgen 
levels. Identification and characterization of cell 
surface receptors that can mediate the quick 
non-DNA binding-dependent effects of estro-
gens and progestins have been documented in a 
large variety of tissues and cell types. However, 
until now, membrane-bound AR receptors were 
not investigated as extensively (20). 
AR aberrant expression and activity is the key 
factor in the development of prostate cancer, 
irrespective of stage or grade. Binding of andro-
gen and AR within prostate cells occurs predom-
inantly in the prostatic stroma and glandular 
epithelium, regulating several biological mecha-
nisms. The androgen/AR signaling pathway plays 
an important role in the regulation of prostate 
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epithelial cell proliferation, apoptosis and cell 
growth. Nowadays it is recognized that the shift 
from castration sensitive disease to mCRPC is not 
necessarily due to ADT resistance but is closely 
related to functional abnormalities of the andro-
gen receptor. Prostate carcinoma cells escape 
to ADT and adapt to a microenvironment with 
low T levels producing their own androgens or 
mutate AR gene so that it requires less or no an-
drogens. Several AR-related changes in mCRPC 
were described including AR overexpression, 
AR splice variants and AR mutation activation, 
over expression of molecules promoting AR ac-
tivity and alternative androgens production. The 
presence of AR as a tumor promoter was largely 
showed in mCRPC. About 80% of mCRPC under-
go an increase in AR expression, while 20% show 
AR depletion (21). AR amplification occurs in 20-
30% of patients with CRPC. AR gene amplification 
typically occurs when the tumor progresses to a 
castration-resistant state and is associated with a 
two-fold increase in AR mRNA levels. 
Splice variants of AR encode for an aberrant variant 
of the AR protein characterized by the absence of 
C-terminal LBD, an intact N-terminal domain and a 
partial or complete DBD able to interact with DNA 
and AR co-receptors. AR splice variants are consti-
tutively active as transcription factors, promoting 
the expression of target genes activating down-
stream AR signaling pathways. Another AR related 
mechanism in mCRPC is the gain of AR functional 
mutations through point mutations. Clinically rele-
vant point mutations mainly affect the LBD. How-
ever, rather than conveying constitutive activation, 
functional mutations in AR have been shown to in-
duce increased sensitivity to androgens low levels 
and affinity for non-androgenic ligands (glucocor-
ticoids, progestins ,estrogens, dehydroepiandros-
terone). In addition, AR point mutations cause the 
switch of drug mechanism of action from antago-
nist to agonist (19).

Abiraterone Acetate
Abiraterone is a potent androgen biosynthesis 
inhibitor, which acts inhibiting 17α-hydroxylase/
C17,20-lyase (CYP17). This enzyme is expressed in 
testicular, adrenal, and prostatic tumor tissues and 
is a key player in androgen biosynthesis. 
It was observed that treatment of human CRPC 
xenografts with Abiraterone increased the expres-
sion of full-length AR (FL-AR) and truncated vari-
ants of AR threefold. Furthermore, in vivo studies 

showed that AR knockdown results in reduced cell 
growth and AR-related gene expression, leading to 
delayed tumor growth (22).
AR splice variants play an important role in mCRPC 
progression. Several AR splice slice variants have 
been described, although the most clinically rele-
vant are AR-V7 and ARV567es. The most frequent 
causes of AR splice variants expression are mRNA 
aberrations due to splicing events or, less fre-
quently, gene alterations (23). In tumor samples 
obtained from mouse models of CRPC resistant to 
Abiraterone the authors observed increased mRNA 
levels of AR-V7, FL-AR and ARV567es. Additional pre-
clinical evidence showed that disease progression 
in patients treated with NGHT is closely related to 
an up-regulation of intratumoral CYP17A1. Intratu-
moral androgen suppression and subsequent re-
sistance to Abiraterone may arise through mech-
anisms involving upregulation of CYP17A1, as well 
as induction of AR and splice AR variants expres-
sion conferring ligand-independent AR transacti-
vation. In particular, in VCaP castration-resistant 
xenografts receiving Abiraterone upregulation of 
CYP17A1 increases androgens-dependent genes 
expression by approximately twofold in case of tu-
mor recurrence (24).
The T878A mutation seems to occur after treat-
ment with androgen synthesis inhibitors such as 
Abiraterone. T878A mutations can be strongly 
stimulated by progesterone, which is generally a 
moderate agonist of wild-type AR. Interestingly, 
since progesterone is an upstream substrate of 
CYP17A1, its level does not decrease with abirater-
one treatment. Therefore, inhibition of CYP17A1 
picks out tumor clones that harbor progester-
one-sensitive AR variants. Other point mutations 
which activate AR during glucocorticoids and abi-
raterone therapy have been described (25). Abi-
raterone treatment needs the concomitant ad-
ministration of prednisone to reduce side effects 
induced by CYP17A1 inhibition. L702H seems to be 
involved in resistance to abiraterone and steroid 
treatment (26). 

Enzalutamide
Enzalutamide is an AR inhibitor which affects mul-
tiple step of AR signaling pathway. It is a potent 
competitive binder of AR. It prevents the translo-
cation of the AR from the cytoplasm to the nucleus. 
Within the nucleus, it inhibits AR binding to chro-
mosomal DNA, preventing transcription of andro-
gens-related genes.



182

Vol. 2(3), 178-95, 2022

N-terminal domain, the LDB and the DNA bind-
ing domain. For this reason, some GR activators 
may bind to the promoter regions of AR, identi-
fying GR as a potential overlapping target of acti-
vation. Arora et al., showed in murine models of 
CRPC resistant to Enzalutamide and Apalutamide 
a significant upregulation of genes encoding for 
GR. Moreover, suppression of GR in tumor cells 
derived from resistant cells restores sensitivity 
to Enzalutamide (25). 
The progesterone receptor (PR) may participate 
in overlap phenomena with AR and consequently 
may contribute to development of NGHT mecha-
nism of resistance. The expression of PR in stro-
mal fibroblasts and smooth muscle, but not in 
epithelial cells, provides the appropriate home-
ostasis of cell growth. It has been suggested that 
an upregulation of PR as a result of AR blockade 
due to feedback imbalance may have a role in the 
establishment of resistance mechanisms to NGHT 
(44). However, Seritella et al. published preliminary 
data of a phase I/II study evaluating the addition 
of Mifepristone, a progesterone receptor inhibitor, 
to Enzalutamide, revealing that there is no delay 
in PSA progression when Mifepristone is added to 
Enzalutamide (45).
Other mechanisms of resistance AR-independent 
includes the epithelial-mesenchymal transition 
(EMT) and the activation of the PI3K-AKT-mTOr 
pathway.
The term EMT was used for the first time in 1995 to 
describe dramatic changes in the extracellular en-
vironment impacting on cell polarity (46). Although 
crucial in the physiological processes of embryo-
genesis, EMT also plays a crucial role in pathologi-
cal development such as fibrosis and tumors. EMT 
development in prostate cancer provides therapy 
resistance, cancer invasion and impact on patient 
survival. The switch of epithelial to mesenchymal 
cells leads to severe structural changes, including 
impaired cell adhesion, basement membrane deg-
radation, loss of cell polarity and gain of migratory 
and invasive properties (47). Therefore, EMT is a 
crucial step for epidermal cancer cells to become 
invasive and metastasize. EMT provides cells with 
migratory properties, prevents apoptosis, and de-
livers stem properties to cells.
Several transcription factors play an essential 
role in EMT such as SNAI1 (Snail), SNAI2 (Slug) 
and ZEB 1/2 which repress the expression of 
E-cadherin and other genes responsible of the 
epithelial proliferation regulation. Some studies 

Several resistance mechanisms to enzalutamide 
are similar to those described for abiraterone. 
Yamamoto et al demonstrated that high levels 
of both FL-AR and AR splice variants are pres-
ent in enzalutamide-resistant LNCaP cells and 
that these alterations are not present in classical 
LNCaP responsive to NGHT. AR-V7 overexpres-
sion in CRPC cells is associated with resistance 
to NGHT. These findings were observed in xen-
ograft mouse models with primary resistance to 
Enzalutamide (27, 28).
In addition, some studies in vivo showed that de-
tecting AR-V7 in circulating tumor cells in patients 
treated with Abiraterone or Enzalutamide could 
predict cases with lower PSA response rates and 
shorter PFS (29). 
Although point mutations in the AR gene may 
be sporadically present in castration sensitive 
disease, it is estimated that there is a higher 
(>10%) frequency of mutations in CRPC patients, 
especially in patients who progress to ADT and 
NGHT (30). AR mutations can generally lead to 
either a loss or a functional increase in AR ac-
tivity. However, point mutations of AR seem to 
be the result of somatic events, mostly affecting 
the LBD (31). Accordingly, mutations leading to 
gain of function of the AR-LBD region are most 
often activated by weak androgens and other 
hormonal agents pathways such as progestins, 
glucocorticoids, estrogens and paradoxically an-
tiandrogens. Point mutations which develop in 
mCRPC aim to overcome the selective pharma-
cological blockade and to confer a survival ad-
vantage in tumor cells by providing the activa-
tion of alternative survival pathways within the 
microenvironment. Despite the most frequently 
observed mutations are F877L and T878A. The 
F877L mutation has been studied in vivo models 
and appears most frequently during treatment 
with Enzalutamide. This mutation favors the con-
version of Enzalutamide from an antagonist to a 
strong agonist (32). 

AR independent pathways
Upregulation of the glucocorticoid receptor (GR) 
may be another potential resistance mechanism 
wherein blockade of the AR leads to activation 
of alternative tumor survival signaling pathways. 
Both AR and GR are members of the class I ster-
oid receptors, which also includes estrogen and 
progesterone receptors. GR is similarly consti-
tuted to AR by three functional domains: the 
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monly mutated in patients with metastatic pros-
tate cancer, in order to reduce the most common 
side effects such as hyperglycaemia and insulin 
resistance. However, both categories of drugs 
showed that inhibition of both complete and 
PI3K isoforms leads to hyperactivation of other 
extracellular pathways, such as AR hyperactiva-
tion (56, 57). 
Conversely, AKT is involved as a key mechanism 
in tumor anti-apoptotic regulation. The first AKT 
inhibitors studied are Ipatasertib and AZD5363, 
ATP-competitive inhibitors of AKT (58). Preclinical 
studies have shown that direct inhibition of AKT 
leads to reduced proliferation and induction of 
apoptosis and differentiation in prostate cancer 
cell lines (59). The greatest limitation of this group 
of drugs is the activation of a negative feedback 
that activates other different tyrosine kinase re-
ceptor pathways (60). Data from the phase 3 
study evaluating the efficacy of Ipatasertib in 
combination with Abiraterone were recently pub-
lished, showing an OS advantage in patients with 
a loss of PTEN only. 
Finally, mTOR is proposed as a downstream path-
way that combines extracellular downstream 
signals and metabolic processes involved in reg-
ulating cell growth. Allosteric mTOR complex 1 
inhibitors such as Everolimus and Temsirolimus 
were the first PI3K-AKT-mTOR pathway inhibitors 
to be evaluated in clinical trials. However, several 
trials failed to demonstrate a clinical  advantage 
in patients with prostate cancer (61). A possible 
explanation is the activation of upstream path-
ways such as AKT, resulting in an anti-apoptotic 
and cell growth boost. As a result of this evidence, 
a role in combination therapies has been hy-
pothesized. The use of inhibitors of this pathway 
could be useful in overcoming resistance mech-
anisms to chemotherapeutics such as docetax-
el (NCT04404140) or new-generation hormonal 
therapies (NCT03072238) (figure 1).

ROLE OF LIQUID BIOPSY
The need to overcome some traditional mark-
ers over time has enabled the development of 
new, minimally invasive methods such as liq-
uid biopsy, which can provide essential infor-
mation on prognostic stratification, molecular 
characterisation and monitoring response to 
therapy in prostate cancer. Cell-free-DNA (CfD-

have shown that inhibition of AR results in a de-
pression of Snail as an adaptive response, rep-
resenting a critical mechanism for therapeutic 
efficacy in CRPC (48). It has also been observed 
that members of the transforming growth factor 
beta (TGF-beta) super family play a key role with-
in the transcriptional activation of Snail and Slug. 
Therefore, both TGF-beta and activation of the 
protein kinase C (PKC)/Twist1 complex are po-
tential mechanisms of CRPC resistance (49). In-
deed, decreased epithelial signalling in AR knock-
out tumors may lead to increased expression of 
mesenchymal transcription factors in preclinical 
models (50). Phase I and II trials evaluating the 
potential combination of next-generation hor-
mone therapy with TGF-beta inhibitors are cur-
rently ongoing (NCT02452008, NCT03685591). 
Ultimately, it is currently under investigation the 
role of Metformin, an oral hypoglycemic agent 
in combination with enzalutamide. A recent trial 
demonstrated the role of this drug in restoring 
sensitivity to new-generation hormone therapy 
and inhibiting EMT in mouse models, with en-
couraging results. However, the latest data indi-
cate that the addition of Metformin to new-gen-
eration hormone therapy does not lead to an 
advantage in terms of PSA progression (51). 
The PI3K-AKT-mTOR signaling axis is frequently 
dysregulated in prostate cancer. It is estimated 
that about 20-40% of prostate cancers have an 
altered PI3K-AKT-mTOR signaling pathway, up to 
about 50% in mCRPC patients (52). This pathway 
is also widely investigated for its interaction with 
AR signaling. Therefore, alterations within this 
pathway may be responsible for resistance to 
current therapies, supporting tumor progression 
and carcinogenesis (53). Considering the high 
frequency of activation of this signalling path-
way, it was suggested as a potential therapeutic 
target in inhibiting tumorigenesis and overcom-
ing resistance during therapy. Several inhibitors 
have been investigated in both monotherapy 
and combination therapies. The use of pan-PI3K 
inhibitors and isoform-specific inhibitors have 
raised particular interest in recent times. No-
tably, encouraging results were observed with 
BKM120, a pan-PI3K inhibitor that showed prom-
ising outcomes in a phase I trial (54). Unfortu-
nately, these data were not confirmed in phase 
II trials (55). Isoform-specific inhibitors of PI3K 
such as BYL719 and MLN117 were able to target 
selectively the p110alpha catalytic subunit, com-
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NA) and circulating tumor cells (CTCs) may be 
representative of disease burden. In fact, they 
may reflect characteristics of the entire tumor, 
and may also be used as biomarkers to define 
prognosis and response to therapy. In particu-
lar, the IMMC-38 study defined the cut off <5 
CTCs in 7.5 ml of blood to distinguish a favora-
ble from an unfavorable prognosis (CTCs >5) in 
patients with mCRPC with significant impact in 
terms of OS (20.7 months in patients with fa-
vourable counts compared to 9.5 months for pa-
tients with unfavourable counts) (33). The use of 
CfDNA has also proved to be even superior to 
PSA variation in predicting OS (34). Some clinical 
studies have shown that the presence of AR-V7 
variants on cfDNA in mCRPC patients suggests 
poor response to NGHT (35, 36). Conversely, the 

presence of these variants does not suggest OS 
changes when using taxanes in subsequent lines 
(37). Although currently no method has received 
Food and Drug Administration (FDA) approval, 
multiple methods have been developed to iden-
tify AR-V7 variants on liquid biopsy. Scher et al. 
reported that the presence or absence of the AR-
V7 variant may have an impact on second-line 
therapy choice, discriminating the use of taxanes 
from NGHT using a decision-making algorithm 
(38). Brown et al. emphasize that the detection 
of the AR-V7 variant should be the prerogative 
of high-risk mCRPC after progression to first-
line hormonal therapy (39). According to current 
ESMO guidelines, the detection of the AR-V7 var-
iant is of limited value in clinical practice (40).
Furthermore, genetic mutations resulting in defi-

Figure 1. Main mechanisms of therapeutic resistance in mCRPC.
1) Mechanisms of resistance to new generation hormonal therapies. AR-related and non-AR-related alterations such as glucocorticoid 
receptor (GR) overexpression, cyclin-dependent kinase pathway (CDK4/6), phosphaditidyl-inositol-3-kinase (PI3K).  
2) Docetaxel resistance. Mechanisms preventing drug engagement (efflux pumps) and parallel mechanisms interfering with drug efficacy (AR 
signaling, inhibition of apoptosis via bcl-2/mcl1). 
3, 4) Resistance to PARPi and platinum-based chemotherapy. Enhancement of DNA repair mechanisms and activation of efflux pumps, as 
well as activation of alternative mechanisms such as CDK 4/6 for PARPi alone. 
5) Resistance to radiolabeled therapy with Ra-223. Enhancement of single helix repair mechanisms and stimulation of growth factors such as 
VEGF, PDGF, Endothelin-1.
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gests that resistance is driven by a loss of drug 
target engagement whereby microtubules are 
not stabilized and microtubule bundles are not 
formed. Altered microtubules may inhibit tax-
ane stabilization. In this regard, beta-tubulin 
mutations identified in preclinical models were 
not confirmed in vivo experiments (65). Other 
tubulin alterations such as disruption of micro-
tubule-associated proteins and acetylation may 
impair drug binding and suppress stabilization. 
Another mechanism of resistance described is 
the aberrant activation of efflux pumps which re-
duce drug accumulation and prevent target en-
gagement such as ATP-binding cassettes (ABC). 
In particular, P-glycoprotein expression is closely 
related to Docetaxel resistance in prostate can-
cer (66, 67). This mechanism of resistance un-
derlies the efficacy of Cabazitaxel in Docetaxel 
refractory patients, due to the reduced affinity 
of Cabazitaxel to this transporter protein (68). 
However, assessment of the ABC protein has 
not shown in clinical practice (69) (figure 1). 
One alternative hypothesized mechanism is the 
ERG overexpression due to aberrant activity of 
the TMPRSS2:ERG gene fusion, which occurs in 
50% of prostate cancer patients. ERG binds to 
soluble tubulin destabilizing the microtubules, 
shifting the dynamic balance between soluble 
and polymerized tubulin towards soluble. Since 
the microtubule polymer is the most active sub-
strate for taxane binding, overexpression of ERG 
results in taxane resistance (70).
The second group analyses resistance mecha-
nisms induced by pathways downstream of target 
engagement, establishing a so-called ‘tolerance 
to microtubule stabilization’. This process direct-
ly involves BCL-2 or MCL-1overexpression, p53 
functional loss, Notch upregulation, NFkB activa-
tion or Gata2-IGF-2 increase (71-74). 
There is also a close correlation between AR and 
taxanes (75). Microtubules integrity and dynamism 
is crucial for nuclear translocation of AR. In a phase 
II study enrolling taxane-treated mCRPC patients 
the overexpression of nuclear AR in circulating tu-
mor cells (CTC) was a predictive resistance marker 
to taxane treatment (76). 
Cabazitaxel, a second-generation taxane, was de-
veloped to overcome resistance to Docetaxel. In 
the phase III trial Cabazitaxel has been shown to 
elicit clinical responses and provide improved OS, 
compared with Mitoxantrone, in mCRPC patients 
previously treated with docetaxel (11).

ciencies of the DNA repair mechanism are associ-
ated with resistance to NGHT and poor prognosis 
in mCRPCs (41). As will be discussed below, the 
most frequent mutations are characterized by 
loss of function in BRCA1, BRCA2 and ATM, which 
encode for proteins involved in the homologous 
recombination repair mechanism (HRR), a path-
way involved in DNA double helix repair. Detec-
tion of homologous recombination deficiency 
(HRD) in cfDNAs is useful in stratification of pa-
tients eligible for PARPi. Current NCCN guide-
lines recommend the use of liquid biopsy for 
HRD detection in mCRPCs if tumour tissue is not 
sufficient for genetic testing. The usefulness of 
these tests, in addition to the use of target ther-
apies, could have an impact on the therapeutic 
sequence (42). The PROREPAIR-B study showed 
that patients with carrier mutations for BRCA2 
have worse outcomes when treated with taxanes 
followed by NGHT rather than NGHT followed by 
taxanes (43). Despite the use of cfDNA has shown 
great promise in monitoring the presence of re-
verting mutations associated with PARPi resist-
ance, further studies are needed to validate the 
usefulness of the majority of HRR genes correlat-
ed with worse prognosis outcomes (e.g. CDK 12) 
when using NGHT. 

TAXANES
Currently, taxanes are the only family of chemo-
therapeutic agents demonstrating an OS benefit 
in mCRPC (12, 11). Docetaxel, a taxane chemo-
therapeutic, was approved for the treatment of 
mCRPC men in 2004, according to the positive re-
sults of the TAX 327 trial, and is now standard of 
care for mCRPC (62). In addition, recent evidences 
demonstrated that de novo metastatic castration 
sensitive prostate cancer patients benefit from 
docetaxel administration, especially in case of 
high volume disease (2).
Docetaxel is an antineoplastic drug with an 
antimitotic function able to bind tubulin beta 
subunits in microtubules, stabilizing them and 
preventing depolymerization to complete mi-
tosis (63). Taxanes also disrupt mitotic spindle 
formation, promoting apoptosis. The mecha-
nisms of resistance to taxanes have been thor-
oughly investigated in recent years. There are 
two main strands of thought regarding taxanes 
resistance mechanisms (64). The first group sug-
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sponse to this last drug, they analyzed his genom-
ic profile using next-generation sequencing panel 
tests on patient’s pre-treatment blood samples. 
They identified 12 different somatic reversion 
mutations that restored the BRCA2 open reading 
frame and potentially protein function. They as-
sumed that the limited benefit was likely due to 
these reversion mutations responsible for the tu-
mor insensitivity to PARP inhibitor treatment. 
Many in vitro and in vivo studies, especially in ovar-
ian and breast cancer patients, have identified 
several mechanisms of drug resistance (85): an in-
creased drug efflux due to the upregulation of ABC 
transporters, a stabilization of stalled fork, a reduc-
tion of the trapping mechanism and a restoration 
of homologous recombination (86) (figure 1). This 
last mechanism was previously described in ovar-
ian or breast cancer trough the reversal of BRCA2 
mutations. Quigley et al tried to detect if the same 
mechanism could be applied to prostate cancer 
and whether it can be detected in liquid biopsies. 
They described two patients which responded and 
then later relapsed on PARPi therapy (87). In one 
patient they performed a liver biopsy after pro-
gression to Talazoparib and then they analyzed 
DNA mutations finding the presence of two pro-
teins with shorter lengths polypeptide chain that 
carried an altered BRC repeat domain 7. This do-
main would likely restore HRR function leading to 
treatment resistance. Carneiro et al. reported a 
case of acquired resistance to Olaparib (88). After 
the identification of two mutations in BRCA2, they 
treated a patient with Olaparib 400 mg twice per 
day observing a rapid PSA decrease (from 821 to 
300 ng/mL) and a radiological response. The pa-
tient subsequently developed a disease progres-
sion and a ctDNA analysis was performed show-
ing reversion mutations restoring both the BRCA2 
germline mutation and the somatic second-hit 
loss-of-function mutation on the second allele. 
Furthermore, they also investigated using ctDNA 
tests the prevalence of BRCA2 reversion mutations 
among a cohort of more than 1500 patients with 
mCRPC, finding a frequency of 40% in the germline 
mutation–positive PARP-exposed subgroup.
In this setting become particularly relevant to in-
vestigate the role of the liquid biopsy not only as 
a predictive marker of response but also as a re-
sistance biomarker in metastatic prostate cancer. 
A prospectively planned analyses of TOPARP-A 
phase II trial investigated the variations in circu-
lating cell free DNA (cfDNA) using whole-exome 

The underlying mechanisms of resistance to Caba-
zitaxel are still largely unknown. However, a role of 
the mutidrug resistance gene 1 (MDR1) has been 
suggested (77). Interestingly, the expression of 
chemokines and especially the secretion of CCL2 
upon AR inhibition induces increased activity of 
transcription activator 3 (STAT3), leading to Caba-
zitaxel resistance due to increased migration and 
invasion of prostate cancer cells (78).

PARP-INHIBITORS 
In the last decade poly (ADP-ribose) polymerase 
inhibitors (PARPi) were approved as a treatment 
in several forms of cancer. PARPi are a group of 
antineoplastic agents that induce the so-called 
synthetic lethality, a mechanism that occurs when 
PARPi and either another agent or an underlying 
genetic alteration together led to an unfixable DNA 
damage and consequently to the cell death. 
These drugs showed promising results in patients 
with BRCA1/2 mutations and have currently be-
come part of the standard treatment for breast 
and ovarian cancer. 
According to NCCN guidelines (79) two PARPis - 
Rucaparib and Olaparib - have received approval 
as monotherapy by Food and Drug Administration 
(FDA) for the treatment of metastatic castration-re-
sistant prostate cancer (mCRPC). Both agents are 
indicated for tumors with BRCA1/2 alterations, 
Olaparib is also indicated for patients with other 
homologous recombination deficiency (HRD) gene 
alterations. 
Although the encouraging activity shown by PARP-
is in prostate cancer, their use is limited due to the 
relatively low frequency of BRCA germline muta-
tions, accounting for about 20% (80). In addition, 
primary or acquired drug resistance markedly re-
stricts the indications for use of these drugs.
Clinical resistance to PARPi in mCRPC has not been 
clearly elucidated. Resistance to PARP inhibitors 
may be innate, due to pre- existing mechanism, or 
acquired, when PARP inhibitors become ineffec-
tive after an initial clinical benefit (81-83).
Knowing the potential mechanism of primary re-
sistance is particularly relevant to optimize treat-
ment sequencing in mCRPC. Simmons (84) and col-
leagues reported the case of a patient with mCRPC 
with a germline BRCA2 mutation that was treated 
with carboplatin and subsequently with the PARP 
inhibitor rucaparib. Due to the patient’s limited re-
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we can distinguish between direct and indirect 
mechanisms of resistance.
The direct mechanism involves the inability of the 
drug to generate non-repairable DNA damage due 
to upregulation of DNA repair mechanisms by 
positive feedback. It is recognized that dysregula-
tion of DNA repair mechanisms leads to chromo-
somal translation, chromosomal rearrangements, 
and high mutation rates, resulting in a growth ad-
vantage for the tumor cells (96). In particular, the 
non-homologous end-joining repair (NHEJ) mecha-
nism plays a key role in radioresistance phenome-
na. Preclinical studies revealed that some AR genes 
are directly involved in upregulation of DNA repair 
genes, in particular NHEJ, conferring increased re-
sistance to treatments requiring DNA double he-
lix damage (97, 98). In support of these findings, it 
was also hypothesized that patients treated with 
Ra223 who were deficient in the DNA damage re-
pair (DDR) mechanism could benefit more from 
such treatment. It has been demonstrated that the 
absence of DNA repair mechanism deficits results 
in lower response rates to radiation treatment 
and worse survival compared with patients with 
DDR (96). Based on these data, it was suggested 
that the inhibition of exogenous single helix repair 
mechanisms may provide a rationale for combi-
nation therapies with PARPi. In particular, there 
are ongoing clinical trials evaluating the efficacy of 
combination therapies between Ra223 and PARPi.
Other direct mechanisms include the inability to 
deliver the drug to the bone surface due to altered 
vascularization near the tumor mass and the over-
expression of the multidrug resistance protein 
(MDR).
Indirect mechanisms are related to the capability 
of tumor cells in stimulating the bone tumor mi-
croenvironment. In this regard, the overexpression 
of some angiogenesis related proteins released 
by prostate cancer cells within the bone because 
of the damage induced by radionuclide therapy, 
leads to an escaping of DNA damage at the double 
helix, which further drives tumor proliferation. The 
main proteins involved in this process are vascular 
endothelial growth factor (VEGF), platelet-derived 
growth factor (PDGF) and endothelin 1 (99, 100) 
(figure 1)
Recently, the FDA approved beta-emitting radioi-
sotope 177Lu conjugated with a small molecule of 
PSMA-617 (177Lu- PSMA) for men with PSMA-pos-
itive mCRPC previously treated with NGHT. How-
ever, a percentage of patients showed both 

sequencing in mCRPC patients treated with Olap-
arib (89). Ten of sixteen patients showed an initial 
tumor response to Olaparib, but then the disease 
progressed. The analyses of plasma samples col-
lected before Olaparib treatment and at disease 
progression highlighted mechanisms of secondary 
resistance to PARP inhibition (like different new 
mutations restoring the PALB2 reading frame) 
suggesting the presence of a clonal evolution from 
treatment-selective pressure.
The challenge for the future is to find strategies to 
overcome resistance to PARPi. 
One option is the combination with CDK inhibitors. 
In fact, it was demonstrated that the upregulation 
of the oncogene MYC can lead to double-strand 
DNA breaks requiring the activation of HR pathway 
to repair lesions (90). Furthermore, the increased 
expression of MYC can drive therapeutic resist-
ance to other targeted therapeutic agents (91). A 
study conducted using triple negative breast can-
cer (TNBC) cell lines showed that Dinaciclib (a pan 
CDK 1/2/5/9 inhibitor) re-sensitized cells which had 
acquired resistance to niraparib and that this strat-
egy combining could be also highly efficacious in 
ovarian, prostate, pancreatic, colon, and lung can-
cer cells (92).
Another described mechanism of resistance in-
volves the upregulation of the multidrug efflux 
transporter P-glycoprotein (PgP) that lead to a re-
duced availability of PARP inhibitor (93). In some 
murine tumor models, which have developed PgP 
– mediated Olaparib resistance, the administration 
of a next generation PARP inhibitor with poor PgP 
affinity (AZD2461), demonstrated efficacy (94). 

RADIOLABELED THERAPY 
Radium-223 (Ra223) is an alpha emitting radio-
nuclide currently approved by FDA and EMA in 
patients with mCRPC with symptomatic bone me-
tastases and no known visceral metastases, pro-
gressing after at least two prior lines of systemic 
therapy. Alysmpica study showed the efficacy of 
this radionuclide in this setting in terms of OS (15). 
The Ra223 mechanism of action is mediated by the 
binding to the surface of metastatic bone lesions. 
Upon binding, the radiopharmaceutical emits al-
pha particles that cause lethal and significant dam-
age to double-stranded DNA (95). At present, there 
are few data concerning possible mechanisms of 
resistance during therapy with Ra223. However, 



188

Vol. 2(3), 178-95, 2022

Approximately 20% of patients with CRPC will 
present as having NE differentiation, whereas 
only 2% of patients experience de novo NE differ-
entiation. There are several theories about the 
possibility of NE differentiation in mCRPC. The 
most recent hypothesis is that a divergent clonal 
evolution from CRPC-adenocarcinoma to CRPC-
NE results in an AR-dependent to AR-independ-
ent condition (108). Another hypothesis suggests 
that prostate cancer cell plasticity events during 
AR suppression induces overexpression of tran-
scription factors such as SOX2,11 and retinoblas-
toma 1(Rb1), TP53 and PTEN tumor suppressor 
gene alterations (105, 106). In this regard, Rb1 is 
the most investigated target in overcoming re-
sistance during new generation hormone thera-
py, as the interaction between RB1 and AR tran-
scription genes is widely known. Loss of function 
of Rb1 stimulates the tumor microenvironment 
to increased proliferation and to uncontrolled 
cell growth, promoting the development of NE 
transformation (107). Cyclin-dependent kinase 
inhibitors can prevent RB1 phosphorylation and 
inactivation, restoring sensitivity to hormonal 
treatment (105). 
As previously reported, patients with neuroen-
docrine differentiation may benefit from plati-
num-based therapy, albeit with limited survival 
(108). Patients treated with platinum-based ther-
apy may develop early resistance to treatment 
due to a progressive inability to induce apopto-
sis. Apoptosis is the final step in the chemother-
apy mechanism of action, resulting in induced 
cell death. Platinum-based antineoplastic drugs 
enhance the ability to activate apoptosis path-
ways, inducing direct DNA damage. Conversely, 
defects in activation of the apoptosis pathway re-
sult in ineffectiveness of these agents, resulting 
in the development of drug resistance (figure 1). 
In this regard, it is known that activation of the tu-
mor suppressor gene TP53, having a DNA repair 
function through production of the p53 protein, 
is closely involved in platinum resistance. Plati-
num-resistant tumor cells usually exhibit defects 
in the apoptosis induction as a result of overex-
pression of anti-apoptotic proteins or deficient 
mitochondrial signaling. Notably, pro-apoptosis 
signaling pathways such as MAPK, ERG, PI3K, NF-
kB, the tumor microenvironment, and epigenetic 
regulatory factors play a crucial role in these un-
expected phenomena.
A further mechanism of platinum-related resist-

innate and acquired resistance to PSMA-radio-
labelled therapy. The mechanisms of resistance 
to 177Lu-PSMA therapy are still under investiga-
tion. Tumor heterogeneity still remains one of 
the main limitations in the efficacy of 177Lu-PSMA 
therapy. In mCRPC tumors most metastatic le-
sions keep reasonable expression levels of pros-
tate epithelial markers such as PSMA. Neverthe-
less, loss of prostate-specific epithelial markers 
with increased phenotypic plasticity as well as 
increased neuroendocrine differentiation may 
occur in some cases, affecting the efficacy of ra-
diometabolic therapy. Disease distribution may 
also impact on treatment efficacy. Indeed, we 
know that metastatic lymph nodes show superi-
or responses compared to bone sites of disease 
in patients receiving Lu-PSMA therapy. Liver me-
tastases, on the other hand, show a lower chance 
of response and poorer survival outcome. In 
contrast, lung metastases show encouraging re-
sponse rates with Lu-PSMA and do not confer a 
negative survival outcome. These changes in re-
sponse may also be due to different tumor het-
erogeneity according to the examined metastatic 
sites. Finally, insufficient dose delivery may also 
contribute to the establishment of resistance 
mechanisms in Lu-177-PSMA therapy. The most 
frequent pattern of progression after Lu-PSMA 
therapy is diffuse tumor infiltration, likely due 
to a small volume of disease receiving an inade-
quate effective radiation dose (101). 

CARBOPLATIN BASED CHEMO-
THERAPY AND NEUROENDO-
CRINE TRANSFORMATION 
Neuroendocrine differentiation (NE) in prostate 
cancer is an event that rarely occurs de novo and ap-
pears most commonly in patients with CRPC (102). 
Some patients may also present with an aggres-
sive variant of the disease with similar features to 
small cell prostate cancer (SCPC) although without 
clear NE differentiation. Both the abovementioned 
variants are highly sensitive to platinum-based 
therapy though for a limited time (103). 
Actually, platinum-based therapy is not generally 
used for the treatment of mCRPC because phase 3 
studies have failed to show a survival benefit in un-
selected patients. Nevertheless, responses to sin-
gle-agent chemotherapy with a platinum analogue 
have been reported (104). 
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Known mechanisms of resistance to chemotherapy 
are distinct, and include: tubulin alterations, in-
creased expression of multidrug resistance genes, 
TMPRSS2-ERG fusion genes, kinesins, cytokines, 
and components of other signaling pathways, and 
epithelial-mesenchymal transition. Several trials 
testing molecules targeting the different identified 
AR and non- AR-driven pathways involved in the 
drug resistance mechanisms are currently ongoing. 
Future research will have to focus on the identifica-
tion of predictive markers of response and on the 
evaluation of treatment sequencing and combina-
tion able to overcome drug resistance (table I). 

ETHICS

Fundings

There were no institutional or private fundings for 
this article.

Conflict of interests
The authors have declared no conflict of interests. 

Availability of data and materials 
The data underlying this article can be shared just
before a reasonable request to the corresponding 
author.

Authors’ contributions
All authors contributed equally. 

Ethical approval
N/A. 

REFERENCES
1. Society AC. Cancer Facts & Figures 2020. 

American Cancer Society 2020:1-52. Available 
from: http://www.cancer.org/acs/groups/con-
tent/@nho/documents/document/caff2007p-
wsecuredpdf.pdf. Accessed: June 16, 2022. 

2. Sweeney CJ, Chen Y-H, Carducci M, et al. 
Chemohormonal Therapy in Metastatic 
Hormone-Sensitive Prostate Cancer. N Engl 
J Med 2015;373(8):737-46. doi: 10.1056/NE-
JMoa1503747. 

3. Fizazi K, Tran N, Fein L, et al. Abiraterone plus 
Prednisone in Metastatic, Castration-Sensitive 
Prostate Cancer. N Engl J Med 2017;377(4):352-

ance is the lack of intracellular accumulation of the 
drug, resulting in a loss of letal effect on DNA. In 
this case, reduced drug uptake at the intracellular 
level due to inefficient diffusion mechanisms and 
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ABSTRACT: Metastatic cold tumors with a large primary site (i.e., >5 cm) represent an open issue as surgery is often excluded and 
immunotherapy (IT) have reported limited response, because of the immunosuppression present in their microenvironments (cold 
TME). Due to their dimensions and hypoxia, large tumors are especially radioresistant, requiring to be irradiated with higher doses, 
not deliverable by conventional radiotherapy (RT) without an increased toxicity to the surrounding tissues. Even stereotactic body 
radiation therapy (SBRT) is excluded, as it is usually limited to targets with a diameter below 5 cm. Lattice Radiation Therapy (LRT) is 
a novel RT technique, based on an inhomogeneous dose delivery, that allows to safely achieve an outstanding cytoreduction of large 
lesions by concurrently administering ablative high doses inside the tumor and controlled doses near the adjacent organs at risk 
(OARs). In addition, preliminary data suggest that LRT might reengineer tumor microenvironment (TME), making it more immunogenic, 
and it could boost the host immune system response against irradiated and not irradiated lesions. Hence, LRT could represent an 
interesting strategy to deal with localized and widespread diseases in metastatic cold tumors with a large primary lesion.

Impact statement: Lattice radiation therapy (LRT) is an inno-
vative type of spatially fractionated radiation therapy. In addition 
to an outstanding cytoreduction, LRT is hypothesized to prime a 
vigorous immune reaction that could be exploited in cold tumors 
to rejecet metastatic cancer cells.

INTRODUCTION
The advent of immunotherapy (IT) has revolution-
ized oncologic patients’ managment, especially in 
the metastatic setting (1). However, metastatic pa-
tients with the so-called “cold tumors” and a large 
primary lesion (T) continue to represent an open 
issue, since they have a poor response to IT as well 
as to other systemic therapies (2). 
According to the National Cancer Institute, sever-
al tumors of pancreas, prostate, ovary, brain, and 
breast can be considered as cold tumors. They  are 
characterized by an immunosuppressive tumor 
microenvironment (cold TME), that prevents the 
creation of an adequate immune response and im-
pairs IT effectiveness. Cold TMEs are a comfortable 
“ecological niche” for the carcinogenesis process, 

as they protects neoplastic cells from the host im-
mune system. By evading the host immune-sur-
veillance, cold tumors tend to grow and spread, 
reaching voluminous T dimension and causing in-
validating symptoms. A large T usually present an 
atypical lympho-vascular matrix with many hypox-
ic and necrotic areas that prevent an effective drug 
concentration (3). In addition, when a large cold tu-
mor becomes metastatic, the widespread lesions 
favour cancer cells polyclonal evolution and, con-
sequently, drugs resistance.
The cytoreductive action of radiotherapy (RT), 
and in particular of stereotactic body radiothera-
py (SBRT), could represent an appealing option to 
manage a large T. SBRT is traditionally considered 

Doi: 10.48286/aro.2022.51
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as an ablative treatment delivering daily fractions 
≥5 Gy in a number of fractions from 1 to 5, to a 
lesion with a maximum diameter of 5 cm. There is 
a general agreement that the higher the delivered 
dose in a single fraction, the higher the tumor re-
sponse. Thus, for eligible lesions, SBRT is preferred 
over conventional RT, however, for larger lesions, a 
SBRT treatment would entails an excessive extent 
of toxicity. Considering metastatic patients with 
a large T, this is particularly important, as these 
patients are often “fragile” due to the advanced 
disease stage and the burden of symptoms, and 
a viable therapeutic strategy should be as much 
tolerable as possible (4, 5).
In light of this, Lattice Radiation Therapy (LRT) 
could represent a promising option, as preliminary 
data show that it allows to safely deliver ablative 
doses to lesions above 5 cm, achieving a satisfac-
tory response. In addition to the promising cytore-
ductive action, the literature data suggest that LRT 
can modulate cold TME. More precisely, LRT might 
reengineer the immunosuppressive TME making it 
more tumor-killing, priming host immune system 
and improving IT response.  The aim of this article 

is to analyse, debate, and open up future research 
fields for LRT in the management of metastatic 
cold tumors with a voluminous T.  

LATTICE RADIATION THERAPY
LRT is a spatially fractionated radiation therapy 
technique deriving from a 3D volumetric config-
uration of the 2D GRID therapy with a heteroge-
neous target irradiation. More precisely, LRT is 
based on the creation of an array inside the bulky 
lesion where the areas of high dose (namely, ver-
tices or hotspots) and the areas of lower dose are 
interspersed as peaks and valleys (figure 1) (6).
This particular dose distribution allows to deliver 
ablative doses inside discrete sub volumes of the 
target and acceptable doses in the lesion periph-
ery. The ablative dose increases the tumor control 
probability, allowing to reach outstanding respons-
es of lesions not eligible for SBRT. Conversely, the 
area of lower dose limit the parasitic dose to closer 
OARs, reducing treatment toxicity (7). 

Figures 1 a, b. The figures illustrate the difference between dose prescription of: a. LRT and b. conventional RT in the axial and coronal 
planes (shown isodose: 20 Gy). The LRT plans show the hotspots where we delivered a dose of 66.70 Gy in the vertices and 20 Gy in the 
remaining volume (13.34 Gy and 4 Gy in 5 fractions, respectively). Conversely, the conventional RT plans depicts a mediastinal treatment 
with a dose prescription of 50 Gy in daily fractions of 2 Gy. The LRT allows to reach an ablative biological effective dose in the target and 
acceptable doses near OARs, to improve lesion response and minimize toxicity.
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the myeloid derived suppressive cells, and the 
cancer-associated fibroblasts. The de-escalation 
is physiological to maintain the immune toler-
ance and to prevent the autoimmunity, however, 
in cold TME the anti-inflammatory wave is boost-
ed, preventing an effective immune reaction and 
leading to a chronic inflammation (12).
As a result, the neoplastic cells can easily escape 
the immune surveillance, the carcinogenesis pro-
cess can prosper, and every attempt to start a new 
immune system counterattack with IT administra-
tion is promptly neutralized (13, 14).  

COLD TME RADIOMODULATION
TME is not a static element but it dynamically mu-
tates, and it can be modulated by irradiation ac-
cording to RT dose, schedule, and timing. Thus, 
RT can reengineer the TME from an immunosup-
pressive status (cold TME) to an immunogenic one 
(hot TME), which favours the host immune sys-
tem action (13). More precisely, RT can cause the 
ICD with the release of DAMPs, moreover, it can 
increase the concentration of intra-cytosolic DNA 
that boosts INF-I production and CD8+ activities 
through the STING pathway. 
Although the RT optimal schedule for converting 
cold TMEs are still under study, current data seem 
to support the delivery of 8 Gy daily fractions in 3 
sessions (15, 16). Daily doses above 12 Gy are less 
effective as they provoke the activation of an exonu-
clease (TREX1) which degrades intra-cytosolic DNA, 
precluding STING pathway activation. Conversely, 
delivering daily doses below 8 Gy could not be suf-
ficient to prime an effective immune response (16, 
17). In addition, by creating a more favourable TME, 
RT can improve IT response. Hence the association 
of RT and IT could create an opportunity for the host 
immune system to reject neoplastic cells (figure 2).

LATTICE RADIATION THERAPY 
FOR LARGE METASTATIC COLD 
TUMORS
In recent literature, monocentric studies reported 
positive feedbacks on LRT for large tumor (18, 19); 
however, no trials about LRT safety were conduct-
ed until the recent publication of the “LITE SABR 
M1 trial” (20). This study highlighted the safety of 
LRT cytoreduction and its promising results en-

In addition, it is hypothesized that the gradient 
generated in the treated volume could improve 
host immune system response against neoplastic 
cells both in irradiated and not irradiated sites (ab-
scopal effect) (8).  More precisely, the immunogen-
ic cells death (ICD) in the hotspots should cause 
the release of many cancer antigens and damaged 
associated molecular patterns (DAMPs). These el-
ements are recognized by the antigen presenting 
cells (APCs) on their major histocompatibility com-
plex. This process should elicit an effective immune 
adaptive response, as the more preserved vascular 
system in the valleys improves the homing and the 
activation of the immune elements involved in the 
effector phase of the immune reaction (9). Hence, 
LRT could concurrently exploits both the ablative 
and the immune-modulating properties of RT.

COLD TME 
The TME is a three-dimensional architecture of ex-
tracellular matrix that encompasses blood vessels, 
immune cells, local resident cells and neoplastic 
cells. According to the availability of cancer anti-
gens (i.e., the tumor mutational burden: TMB), the 
type of inflammation, and the presence of different 
immune elements or cytokines involved in the im-
mune response, TMEs can be defined as hot (immu-
nogenic) or cold (immunosuppressive). It is worth 
noting that the association between inflammation 
and TME is extremely complex and it can strongly in-
fluence tumor progression. The acute inflammatory 
response can contribute to an efficient anti-cancer 
immune response, while a chronic or smoulder-
ing inflammation can ease tumor progression (10). 
Acute inflammatory response is associated with an 
increase in INF-I production, APCs recruitment and 
cross presentation, and CD8 + lymphocyte priming. 
These immune elements are peculiar in a hot TME, 
where cancer cells rejection by the host immune 
system is more likely to occur (11). 
Conversely, cold tumors are characterized by 
a cold TME with a low availability of targetable 
cancer antigens (i.e., a low TMB). This leads to an 
enhanced expression of receptors and signalling 
molecules catalysed by cancer cells, which finally 
leads to the recruitment of cells normally involved 
in the de-escalation and in the ending of the im-
mune reaction (anti-inflammatory wave). These 
immunosuppressive elements encompass the 
lymphocytes T regulatory, the macrophages M2, 
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couraged the authors to undertake a phase II clin-
ical trial (NCT 04553471) to further investigate the 
LRT efficacy and its late toxicity. 
Exploring available literature, it is possible to single 
out different LRT approaches. In some studies an 
initial LRT fraction is followed by a conventionally 
fractionated RT, while in others the whole treatment 
is delivered exclusively with LRT fractions (table I). 
An interesting case series of Amendola et al. anal-
yses the response of 10 patients affected by large 
NSCLC, to the combined approach of LRT and con-
ventional RT (18). They administered a single LRT 
fraction (18 Gy on hotspots and 3 Gy on the re-
maining volume) followed by 25-33 RT convention-
al daily fractions (1.8-2 Gy per fraction), achieving 
a median volume reduction of around 42%, while 

not observing significant toxicities (18). In addition, 
they reported another case series of 10 patients af-
fected by stage IIIB–IVA bulky cervical cancers, that 
received three upfront LRT fractions (24 Gy on the 
vertices and 9 Gy on the periphery in 3 fractions) 
followed by 39.60-45.00 Gy, in 1.8 Gy per fraction 
(21). Again, a mean tumor regression of around 
54% was observed, with no grade ≥3 toxicity. 
Regarding the other approach, Duriseti et al. and 
Iori et al. both administered exclusive LRT frac-
tions, still without observing a grade ≥3 toxicity. 
Duriseti et al. delivered an exclusive LRT to a cohort 
of 20 patients with lesions >4.5 cm, with doses up 
to 66.70 Gy in the hotspots and 20 Gy in the periph-
ery, in 5 daily fractions (20). Iori F et al. reported the 
case of a patient affected by a sarcomatoid lung 

Figure 2. A cold TME protects cancer cells from the host immune system response induced by IT administration. IT alone is unable to adequately 
counteract the cold TME immunosuppression and, consequently, the cancerogenesis process can progress and spread. The possibility to 
associate RT to IT strengthens the host immune system activation. In addition, RT is hypothesized to switch the TME from cold (i.e., immune-
suppressive) to hot (i.e., tumor-killing), thereby depriving cancers cells of cold TME protection and favouring cancer cell rejection. As a result, 
cold TME irradiation associated with IT could produce an adequate host immune system counter-attack against cancer cells.
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nary collaboration between radiation oncologists, 
medical oncologists, and immunologists to design 
and explore the LRT potentialities in clinical trials, 
and to spread its use into clinical practice. 
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INTRODUCTION
The European Regulation 536/2014 (1), entered 
into force on June 16, 2014 but not effective for 
several years for a delay in the development of a 
fully functional European Portal (CTIS), has repre-
sented a turning point in the legislation regarding 
clinical trials on medicinal products.
The previous legislation (2), in fact, despite being the 
first to include Good Clinical Practices in the Europe-
an Law and having represented the first attempt to 
harmonize the local legislations of the different mem-
ber states, had led to an increase in costs and lengthy 
timelines for study activation. Over the years, this has 
led to a reduction in trial authorization requests and 
notable disparities among Member States (3, 4). 

The Regulation introduces novelties aimed at opti-
mizing the process of regulatory approval for Clinical 
Trials, first and foremost the new authorization pro-
cess, that sees the introduction of one authorization 
at European level (Part I) and leaves at each Member 
State the possibility of accepting or not accepting 
this decision. The new process, tackled the issue of 
high costs from the previous legislation, drastically 
cutting down timelines, and was meant to repre-
sent an opportunity for Member States like Italy, for 
a long time restrained by the complex bureaucracy 
and the need to undergo multiple evaluations by the 
competent authority and the various Ethics Commit-
tees (ECs), to increase their performance (5, 6).

Doi: 10.48286/aro.2022.53
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The delays portal go-live date, initially foreseen for 
May 2016, have led to a continuous postponing 
of the date of the applicability of the Regulation, 
ultimately fixed for the January 31, 2022. In these 
6 years of halt Member States have had the op-
portunity to gain knowledge on and prepare for all 
changes that would be implemented with the en-
forcement of the new Regulation. 
The update of the legislation was done in the form of 
a Regulation instead of a new Directive purposely to 
avoid more disparities among States; in fact, the Reg-
ulation, unlike the Directive, does not require further 
legislative steps by the single nations and can be en-
forced directly in single Member State. Some nations 
managed to prepare for the new regulation through 
a thorough revision and simplification of their regu-
latory apparatus; Spain is exemplary of this, imple-
menting only one Decree that includes all aspects of 
interventional clinical trial with medicinal product (7).
This could not be easily done in Italy, where the 
previous Directive had triggered the implementa-
tion of multiple ministerial decrees and other legis-
lative measures that, unlike in Spain, could not be 
easily translated into one legislative act. The reor-
ganization process was thus initiated in 2017 with 
the decree known as “Decreto Lorenzin” but is still 
far from being completed. A never-ending story (8) 
(figure 1), that is based on a management propos-
al made by the Competent Authority (9). This pro-
cess that should have been an opportunity for sim-
plification and harmonization leaves us, instead, 
completely unprepared despite six months have 

gone by since the go-live date of the new Regula-
tion. This unpreparedness was foreseeable years 
ago when the majority of the personnel involved 
was oblivious of the imminent changes ahead (10).

LAW 3/2018 E LEGISLATIVE 
DECREE 52/2019
Italy made its first attempt towards adapting to 
Regulation 536/2014 with Law 3/2018, known as 
“Lorenzin Law” (11). The law provided for important 
changes (table I), introducing the need for a sim-
plification of the articulated process of submission 
and evaluation of new Clinical Trials by the Ethics 
Committee, necessary in light of the very stringent 
deadlines introduced with the Regulation for this 
process. Another important novelty was the need 
for a drastic reduction in the number of ECs active 
throughout the country, in line with the hypothesis 
that the evaluation performed by one designated 
Committee would be valid for all clinical centers 
on the national territory. Moreover, this law recog-
nized for the first time the importance of research 
infrastructures, currently absent in many of the Ital-
ian clinical centers (12, 13), providing that clinical 
trials on medicinal products be conducted through 
the support of specific professionals in the field of 
data management and research coordination. 
The Legislative Decree 52/2019 (14) was the natu-
ral evolution and a mere implementation of Law 
3/2018, aimed at establishing areas of competence 

Figures 1. Timeline of the European Regulation's implementation in Italy.
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the request for an opinion was made not only to an 
Ethics Committee but to all those representing the 
centers involved in the trial (16, 17). A Coordinat-
ing Ethics Committee, with the power to request 
changes to the entire document package from the 
promoter, provided a “single opinion” that Satellite 
Committees were called to accept or not accept, 
with the possibility of requesting changes solely to 
the documentation for the patient.
The tight deadlines granted by the new European 
legislation impose a single opinion at national lev-
el (9), as already experienced in the pandemic era 
for Covid-19 studies (18). To implement this new 
process, a drastic cut in the number of Ethics Com-
mittees operating on the national territory, which 
exceeded 90 units is crucial.
Law 3/2018 decreed that 40 local and 3 national 
ECs would be adequate, all under the supervision 
of the CNCCE. National committees have been es-
tablished; two, at AIFA, will evaluate pediatric trials 
and trials with advanced therapies, respectively; 
the third, under the Italian Institute for health (ISS), 
will deal with national clinical trials carried out in 
public research centers (19). So far, there is no 
mention of which will be the territorial ethics com-
mittees, despite the first two proposals of the final 
implementing decree on the reorganization of eth-
ics committees have been circulated. 

and application timelines, for the issue of subse-
quent implementing decrees, the final acts nec-
essary to obtain what is established by the law. A 
series of tasks entrusted to the Italian Medicines 
Agency (AIFA) and the Ministry of Health, the least 
“urgent” of which had to be carried out within 120 
days after the publishing of decree 52.
Between these two legislative acts, the first (and 
for a long time only) implementing decree arrived, 
with which the Ministry of Health established the 
Coordination Center of Territorial Ethics Commit-
tees (CNCCE) (15). A body, based at AIFA, which 
has been assigned tasks of coordinating, directing 
and monitoring the process of ethical evaluation 
of clinical trials on medicinal products for human 
use and medical devices entrusted to the territori-
al ethics committees that should have been estab-
lished shortly thereafter.

THE MAIN ISSUE: ETHICS 
COMMITTEES 
In Italy, the arrival of the Regulation has led to a rev-
olution in the authorization and ethical evaluation 
process, not so much for Part I, which is conducted 
through a coordinated process between Member 
States, but especially for Part II. Historically, in fact, 

Area Novelty
Requirements 
clinica centers

Identification of requirements of centers authorized for the conduct of clinical trials for phase 
I studies and other phase studies.  

Requirements 
clinica centers

Presence in the trial centers of professional profiles specialized in data management and 
coordination of clinical trials. 

Requirements 
clinica centers Mechanisms of evaluation of results of clinical trials within public hospitals.

Legislation Simplification of the bureaucratic process regarding the request for evaluation by the Ethics 
Committee and the conduct and evaluation of studies. 

Legislation Identification of the tasks and objectives of the local Ethics Committees (maximum 40) and 
introduction of the Coordination Center of Territorial Ethics Committees (CNCCE). 

Legislation Provision mechanisms of compensation or participation in any profits deriving from the 
marketing of research results or in public research centers.

Legislation Reformulation and rationalization of the administrative sanctioning apparatus for the 
violation of current regulations.

Legislation
Establishment, at the Istituto Superiore di Sanità, of a national list of qualified individuals 
with adequate experience, selected through public notices, on the basis of criteria and 
requirements predefined.

Legislation Simplification of procedures for the use for research purposes of remaining biologic or 
clinical material remaining from previous diagnostic or therapeutic activities.

Training Identification of general criteria to define specific course programs on clinical research 
methodology, management and conduct of clinical trials on medicinal products.

Table I. Main novelties introduced by Law 3/2018.
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What seems certain is that members will be ap-
pointed by the single regions and that these com-
mittees will be in charge of evaluating interven-
tional studies with medicinal products and medical 
devices and any end-of-life requests; there might 
be the intention of involving these ECs in Part I 
of the evaluation. Numerous issues remain un-
attended, first of all the definition of the areas of 
competence and possible strategies to avoid over-
lapping of areas of expertise between national and 
territorial committees. It will also be necessary to 
clarify who will be in charge of evaluating all the 
research of the national and territorial committees 
that is not applicable to the Regulation, such as the 
evaluation of observational and / or intervention-
al studies of other nature and requests for com-
passionate use drugs. At the moment the role of 
the territorial committees is carried out by a fair-
ly high number who, following a self-nomination, 
have been charged with managing the temporary 
phase. Costs and the economic aspect still need 
to be defined. It is certain that the promoters will 
pay a single fee to cover the evaluation but there 
is no specific decree that clarifies specific payment 
methods, amounts and their division between the 
various actors involved.

CURRENT MANAGEMENT 
OF STUDIES ACCORDING TO 
REGULATION
The temporary management proposal released by 
AIFA, is buffering the situation in view of the com-
pletion of the regulatory review process.
Clinical centers that in the past had participated 
in clinical trials have been registered on the sin-
gle portal directly by AIFA while the CNCCE has 
published all the documents required for Part II: 
curriculum template and public declaration on 
conflict of interest for the principal investigators, 
specific site eligibility form, eligibility model for 
participants’ reimbursement, as well as guidelines 
for the preparation of informed consent forms and 
contract templates.
The ethics committee that will evaluate the specif-
ic site feasibilities cannot currently count on a list 
of minimum requirements established by law, ex-
cept for phase I studies, for which, for years now, 
a self-certification is required as confirmation of 
compliance to the minimum standards set out by 
the competent Authority (20). Law 3/2018 intro-

duces the obligation of requirements extended 
also to the other phases, confirmed by a specific 
decree (21), although to date the specific require-
ments identified by AIFA, remain unknown.
It will be interesting to understand, and perhaps 
the delay in identification is also due this issue, 
which requirements will be able to guarantee an 
adequate quality for clinical studies in profoundly 
different therapeutic areas, without excluding any 
bodies that might have an important role in scientif-
ic advancements in specific fields. It will perhaps be 
important not to repeat some mistakes made with 
phase I studies, which in fact in many cases have re-
quired considerable efforts greater than the actual 
needs for the conduct of clinical trials and a large 
investment both in economic and non-economic 
terms, perhaps also incompatible with the current 
possibilities of the National Health System (22, 23).

A NEW SOURCE FOR ACADEMIC 
RESEARCH 
The biggest novelty introduced by the regulatory 
revolution, after the need for a single national opin-
ion, is certainly the breakthrough in data transfer 
for registration purposes in non-profit studies (24), 
previously prohibited in Italy. A possibility that in-
volves a fairly complex process, which perhaps will 
require further clarification and perfecting, but 
which in fact could represent the first real oppor-
tunity to give an economic value to the intellectual 
property of academic research. A significant ad-
vancement especially in a nation populated by bril-
liant minds but penalized by the limited interest, 
also and above all in terms of investments, of the 
institutions (25). The possibility of including data 
of the non-profit trials in the dossier for applica-
tion for authorization naturally translate into the 
need for a considerable increase in the standards 
of conducting such studies, especially with respect 
to data management, as well as in the increased 
exposure of centers and promoters to possible au-
dits, previously very rare in academia. So far it is 
unclear how all this will be compatible with an en-
vironment that is notably weak in research support 
staff (26) and infrastructures, the real Achilles’ heel 
of the Italian research system (5, 6). While pharma-
ceutical companies will manage, albeit with some 
initial difficulties, to perform the necessary reor-
ganization in order to face the increased quality 
standards in compliance with the new Regulation, 
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cation of some comparator drugs as “analogous 
Investigational Medical Products” only for regula-
tory purposes (with consequent obligation for the 
promoter to provide them free of charge to the 
centers) is only contemplated by national legisla-
tion (17), and would create a first discrepancy with 
other Member States. 
These are the three most obvious examples, but 
not the only ones, of the work that needs to be 
done in terms of revision and adjustment of the 
regulatory apparatus in Italy. 

FUTURE PROSPECTS
Certainly, further legislative measures will be need-
ed to complete the implementation framework. In 
addition to the decree for the reorganization of the 
ethics committees and the one to define the sin-
gle fee, there is a great deal of expectation with 
respect to the measure that will define the mini-
mum requirements of clinical centers authorized 
for the conduct of clinical trials. This is true also for 
any other decrees necessary to address the critical 
issues described above. 
One point of reflection is without a doubt the great 
missed opportunity, even if it does not fall directly 
into the sphere of 536/2014, for observational re-
search. Given the overflow of decrees, it could have 
been a good time to regulate an area that has al-
ways been inexplicably gray (31), while once again 
the scientific appropriateness is recognized only 
for observational studies on medicinal products. 
There remain three priorities for the immediate fu-
ture: having interlocutors defined within the insti-
tutions, so that technicians can help avoid further 
errors and delays; seek a channel of dialogue with 
the national privacy officer; dignify the work of re-
search infrastructures and support personnel. 
Now the kick-off will be simultaneous for all mem-
ber states; not being last depends solely on us.
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it is highly improbable that academic Sponsors will 
succeed in this endeavor, given the already critical 
situation in terms of lack of resources. This situa-
tion, as described by Gehering et al., places Italy in 
a state of disadvantage compared to other Mem-
ber States, also where the quality system, consid-
ered to be the most affected area in terms of time 
and personnel required, is managed by external 
Promoters. The enormous workload and responsi-
bility that come with promoting a new clinical trial 
is hardly tackled with the available resources in a 
system that lies in a political reality not inclined to 
granting public investments.

POTENTIAL FURTHER HURDLES 
The first criticality is that the current state of im-
plementation of the regulation contrasts with the 
intentions of the European legislation and above 
all of the Law 3/2018, which called for a “simplifica-
tion of the purely formal obligations pertaining the 
modalities of submission of the request for eval-
uation to the ethics committee and for conduct 
and evaluation clinical trials”. Moreover, there are 
many other areas where the current national legis-
lation is discordant with what is dictated by regula-
tion 536/2014. This is the case, for example, of the 
reimbursement of expenses to patients: the Euro-
pean Regulation greatly widens, compared to the 
past, the areas of applicability of reimbursements, 
while in Italy a rule is still in force that restricts 
these benefits only to rare diseases within selected 
recognized hospitals (17). Same goes for the use 
of secondary data; while the European trend, both 
in accordance with the provisions of Regulation 
536/2014 and the premises of the General Data 
Protection Regulation, GDPR (27), would allow for 
the patient to provide an extended informed con-
sent, and the secondary use (always for research 
purposes) of data previously collected, without the 
need to re-contact the patient again. Possibility in 
fact prohibited, or at least hindered, by the recent 
Italian legislation in the field of privacy (28) which 
always requires, with very rare exceptions and 
with the need for prior authorization from the pri-
vacy officer, the collection of a new consent, with 
serious negative consequences with respect to the 
secondary use of data (29, 30). Furthermore, it will 
be necessary to clarify to the Sponsors what their 
obligations are with respect to the free supply of 
the drugs used in the trial, given that the classifi-
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To the Editor,

in the oncologic setting, the primary goal of nutri-
tional interventions is the avoidance of malnutri-
tion as nutrition care is not only important in the 
prevention of cancer but also plays a role in can-
cer treatment compatibility (1). This assumption is 
based on a bulk of scientific literature. Unfortunate-
ly, every day a new diet is proposed to make weight 
loss easier while simultaneously reducing the in-
take of unhealthy foods. These diets, presented as 
effective both for prevention and complementary 
treatments for several diseases including cancer, 
are often anarchic, and many could put health in 
danger, not being scientifically validated (2-4). 
We propose a simple “at home” approach capa-
ble of rapidly reducing calories intake and favor-
ing weight loss, called interchangeable cutlery diet 
(ICD). It simply works by using the wrong cutlery 
for a given dish; i.e. fork for soup, spoon for steak, 
thereby making the consumption of food difficult 
without otherwise changing eating habits. The use 
of knives, especially if very sharp, is not recom-
mended for the safety of diners.
Advantages of this dietary strategy are: (i) the 
pleasure of cooking is not lost, and you can in-

vite friends for dinner without forcing them to 
eat tasteless foods; (ii) the cost of viands you may 
have to throw in the trash are compensated by the 
saving on unnecessary and expensive visits by nu-
tritionists and on the purchase of prescribed die-
tary supplements and “dietetic” foods. Also, having 
pets may help.
Limitations are: (i) preclinical animal models, in-
cluding studies in non-human primates, are not 
applicable in this setting; (ii) the ICD does not work 
for East Asian populations due to the lack of dis-
similar cutlery, nor for fast-food/finger-food ad-
dicted persons.
Once validated (a pilot experience within our circle 
of friends has been limited by a high dropout rate) 
the ICD will help to get rid of those supposed “nu-
trition experts” who proliferate on TV and the web 
for whom smooth silk scarfs, Calvin Kline suits, and 
tongue are powerful substitutes for evidence (5, 6).
In conclusion, although the suggested method is 
clearly a provocative call, it is intended to gain at-
tention on a key aspect of the management of can-
cer patients, too often left at mercy of unreliable 
and potentially harmful information.

Doi: 10.48286/aro.2022.50

Key words: diet; malnutrition; cancer patient.
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