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ABSTRACT

KEYWORDS

In contrast to the conventional radiotherapy/chemoradiotherapy paradigms used in the treatment of majority of cancer types,
this review will describe two areas of radiobiology, hyperfractionated and hypofractionated radiation therapy, for cancer
treatment focusing on application of novel concepts underlying these treatment modalities. The initial part of the review
discusses the phenomenon of hyper-radiation sensitivity (HRS) at lower doses (0.1 to 0.6 Gy), describing the underlying
mechanisms and how this could enhance the effects of chemotherapy, particularly, in hyperfractionated settings. The second
part examines the radiobiological/physiological mechanisms underlying the effects of high-dose hypofractionated radiation
therapy that can be exploited for tumor cure. These include abscopal/bystander effects, activation of immune system,
endothelial cell death and effect of hypoxia with re-oxygenation. These biological properties along with targeted dose delivery
and distribution to reduce normal tissue toxicity may make high-dose hypofractionation more effective than conventional
radiation therapy for treatment of advanced cancers. The novel radiation physics based methods that take into consideration
the tumor volume to be irradiated and normal tissue avoidance/tolerance can further improve treatment outcome and
post-treatment quality of life. In conclusion, there is enough evidence to further explore novel avenues to exploit biological
mechanisms from hyper-fractionation by enhancing the efficacy of chemotherapy and hypo-fractionated radiation therapy that
could enhance tumor control and use imaging and technological advances to reduce toxicity.

Low Doses Fractionated Radiation Therapy (LDFRT); hyper-radiation sensitivity (HRS); induced radiation resistance (IRR);
hyperfractionation; chemopotentiation; stereotactic body radiation therapy (SBRT); stereotactic ablative radiosurgery (SARS);
stereotactic ablative radiotherapy (SABR); stereotactic radiosurgery (SRS); spatially fractionated GRID radiotherapy (SFGRT);

lattice

Introduction

Approximately 60% of patients with solid tumors are treated

with radiation therapy, which highlights its importance in cancer
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treatment. For 15% of patients radiation therapy is the only form
of treatment and the remaining 45% are treated with radiation
combined with chemotherapy. The latter includes breast,
lung, prostate, head & neck, bladder, gynecological, pancreas,

colorectal and anal cancers and brain tumors (1). The efficacy of

radiation therapy, whether treated alone or in combination, can
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be further improved by adopting recent technological advances
and biological approaches. These advances in technology include
improved dose distribution with intensity modulated and image
guided radiotherapy (IMRT and IGRT), dose escalation (higher
dose) and dose intensification (higher and more focused dose).
Biological approaches include (I) adopting time-honored,
“classical” concepts such as DNA damage repair, tumor cell
repopulation and cell cycle distribution; (II) exploiting tumor

microenvironmental changes such as hypoxia, reoxygenation,
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vasculature, etc.; (III) use of different types of particles (e.g.,
protons and carbon ions), which may have a high-linear energy
transfer for improved radiobiological effectiveness; (IV) use of
altered dose and schedule such as hyper- and hypo-fractionation;
and (V) use of radiation protectors and sensitizers including
concurrent chemotherapy. In this paper, we define standard
fractionation as conventional 1.8 to 2.2 Gy (one fraction per day,
five days a week continuing for 3-7 weeks), hyperfractionation as
0.5 to 2.2 (two fractions per day, 2-S days a week, for 2-4 weeks),
and hypofractionation as doses of 3-20 Gy (one fraction a day
given for 1-3 days for doses 8-20 Gy).

As with cancer treatment in general, progress in radiation
therapy has been steady with much more organ preservation (e.g.,
head & neck cancer, anal and rectal cancer, esophageal cancer)
because of (I) patient selection based on improved clinical
parameters, mostly of tumor stage but some with biomarkers
such as proliferation and metabolism (e.g., PET scanning); (II)
modified surgical/radio-surgical approaches; and (III) use of
chemo/hormonal therapy based on pathological and molecular
subtype (e.g., breast cancer). Progress is likely to accelerate with
the incorporation of emerging new knowledge in cancer biology
including tumor classification by molecular characterization
and precision medicine, i.e., providing right treatment to right
patient. Key to progress relies on well done randomized clinical
trials that need to be based on improved preclinical models and
careful post-trial analysis because well-conceived hypotheses
may not be confirmed for a variety of reasons (2).

It is always wise to exploit what can be exploited based on
careful clinical observation—some of which may have been
hypothesis driven but much of it may be hypothesis generating
based on thorough observations and innovative analyses.
Examples from clinical treatments based on so-called “classical”
radiation biology includes modifying radiation dose and
treatment volume based on the shape of the survival curve (alpha
and beta components of the linear-quadratic curve) but it would
be preferable to understand the benefits of a particular dose size
at the molecular, cellular, and tissue levels. Understanding what
happens in various tumor types and relevant normal tissues at
the clinically relevant dose fractions of 2 Gy is important, as
there are extensive historical clinical-outcome data over many
decades. This may help identify targets such as radiation-induced
pro-survival factors that can confer induced radiation resistance
(IRR). Were those the situation, one could use a particular
radiation dose window (below threshold IRR dose) and
schedule it in such a way that it does not activate pro-survival
events. Resistance to treatment could relate more to factors
within the heterogeneous tumor microenvironment niche or to

other factors that might benefit from the use of chemotherapy

as part of the regimen. The first part of the review will focus on
low-dose hyperfractionation (below IRR dose or HRS-inducing
dose) and chemopotentiation providing evidence both at
pre-clinical and clinical level. In the second part, we provide data
that support the contention that high-dose radiation has the
potency to induce a robust bystander effect, as well as abscopal
(distant) effects (3). Since high-dose hypofractionation regimens
are now commonly adopted in the clinic (such as stereotactic
radiation surgery), is there a defined dose/fractionation window
to exploit certain potential sensitization avenues initiated
by abscopal factors that can be potentially combined with
agents (including immune modulating agents) or subsequent

radiotherapy?

Low-dose hyperfractionation and

chemopotentiation

In the past 100 years, the biological effects of various size doses of
low-LET radiation have been examined in the clinic as well as by
in vitro clonogenic assay since first reported by Puck and Marcus
in 1955. Radiation hormesis or an effect of radiation at very low
doses which can stimulate the repair mechanisms on the cellular
level and thereby potentially protect cells from future exposure,
are known to be induced at 0.1 to 0.2 Gy (100 to 200 mGy) (4).
There is controversy as to what is the lowest radiation dose that
can produce radiation-inducible cancer however, at doses above
0.10 Gy there is a risk of radiation-induced carcinogenesis, which
increases with dose (5). Generally, at doses above 1 Gy growth
arrest occurs and cell killing predominates above 2 Gy. A daily
dose size in the range of 2-3 Gy and multiple dose schedules had
been empirically selected over the years based on both normal
tissue sparing from fractionation and evidence of clinical efficacy.
However, as the biological effects of dose have been examined,
novel regimens are being explored.

Low dose hyper-radiosensitivity (HRS) and induced radiation
resistance (IRR)

Although, there is an understanding of the mechanism of cell
death by radiation at conventional doses (1.5-2.2 Gy per fraction),
the mechanism of radiation effects at lower doses (<1 Gy)
is still emerging (6). The initial slope of the radiation cell-
survival curve (doses of 0.1-1 Gy) was presumed to be ineffective
for human tumor therapy, however, with dynamic microscopic
imaging to study the effects of low dose radiation on individual
cells within a larger cell population, it was demonstrated that
X-rays are effective at cell killing at very low doses, around

0.1 Gy, then become less effective as the dose increased with
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Table 1. Potential underlying mechanisms in HRS and IRR doses an

d in chemopotentiation settings.

Treatments Mechanisms

Normal cells

Tumor cells

HRS LDFRT (<0.6 Gy) ATM activation and DNA repair
programs initiated.

IRR dose (> | Gy) ATM activation and DNA repair
programs initiated.

LDFRT + chemotherapy  No data

IRR dose + chemotherapy No data

Bax upregulation with bcl-2 down regulation; pro-apoptotic proteins
upregulated

ATM activation, pro-survival transcription factors (NFxB and NF-Y)
upregulated, MDR- | upregulated

Bax upregulation with bcl-2 down regulation, cytochrome C release;

several pro-apoptotic proteins are upregulated

XIAP was downregulated, but upregulated in LDFRT-resistant cells
Bcl-2 and MDRI protein increased; increase in NF«B and NF-Y activity
XIAP is significantly upregulated

IRR, induced radiation resistance; HRS, hyper-radiation sensitivity; LDFRT, Low Doses Fractionated Radiation Therapy.

minimal effectiveness at about 0.6 Gy, and then becoming more
effective again as the dose increased to 1.5 Gy and above. This
phenomenon is referred to as hyper radiation sensitivity (HRS)
(6,7). At doses <1 Gy, many cell lines show low dose HRS (8-10).
Interestingly, the HRS is most pronounced in radio-resistant
cells, defined in this case as those with mutant pS3 expression
(11,12). Enns ef al. (13) examining the response of human A549
lung carcinoma, T98G glioma, and MCF?7 breast carcinoma
cell lines to gamma radiation in the dose range 0 to 2 Gy,
showed marked HRS at doses below 0.5 Gy. It was further
determined that low dose hypersensitivity is possibly related to
p53-dependent apoptosis, as treatment of cells with Pifithrin,
an inhibitor of pS3 function, completely ablated HRS. Thus, the
role of pS53 function in HRS is still unclear and requires further
investigation using pS3 knockout cell lines and validation in
GEMMs.

HRS is evident in murine models (14), but it appears to be
an underexplored phenomenon in humans. Since development
of resistance is a major cause of treatment failure, circumventing
resistance by exploiting HRS would greatly benefit in the
treatment of many cancer types. Further, as seen in vitro HRS
does not involve activation of pro-survival pathways [found at
higher doses (15)] (16), providing a mechanism to explain the
efficacy of radiation at these low doses. However, as Short and
Joiner have pointed out, in order to benefit from low dose-per-
fraction radiation in the clinical setting, therapy needs to be
extended over 7-12 weeks for sufficient total dose to be delivered.
During this prolonged period of treatment, tumor proliferation
can occur, which would abate the gain due to enhanced cell
killing at HRS radiation doses (17). Prolonged treatment in
clinic, lasting 7-12 weeks, will result in several logistic issues as
well as increasing cost. Hence, it is logical to combine a radiation

dose that results in HRS with chemotherapy to potentiate the
effects of chemotherapy and also shorten the treatment time.

In summary, there is a functional evidence for the existence of
HRS in vitro and its exploitation in the clinic can be challenging.
One possibility is to benefit in the clinic from HRS is by using
Low Doses Fractionated Radiation Therapy (LDFRT) as a
potentiator of systemic chemotherapy that would not trigger the
activation of pro-survival pathways in the tumors. Here below,
we describe the preclinical evidence to this end.

HRS-inducing LDFRT as a potentiator of chemotherapy:
preclinical evidence

Extensive data are available on the HRS/IRR phenomenon
observed in more than 40 tumor cell lines in response to single low
dose radiation (18,19). HRS occurs after fractionated low doses
in in vitro (18,19). Pretreatment with paclitaxel followed by multi-
fractionated low dose radiation (0.5- or 1-Gy fractions for a total
dose of 2 Gy) significantly enhanced the radiosensitizing effect in
both HCT-116 and HT-29 cells when compared to single fraction
2 Gy dose (12). LDFRT was found to potentiate the effects of
taxanes in head and neck cancer cell lines in vitro (15,20) as well
as cisplatin in lung cancer cells in vitro (21).

The molecular mechanisms underlying the process of
chemopotentiation by LDFRT are shown in Table 1. In brief,
there is involvement of NF«xB, NF-Y, bcl-2, XIAP and MDRI in
IRR and at the same time p53, bax, and pro-apoptotic effectors
such as cytochrome C seems to be involved (Figure 1). Further,
in a recent meeting presentation, HDAC inhibitor SAHA
(Vorinostat) was combined with LDFRT in GBM cells lines D54
and U118. Findings of this study demonstrated that LDFRT
potentiated the effect of Vorinostat in p53 dependent manner
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Figure 1. Reported molecular events in IRR and LDFRT. IRR is achieved similarly as DNA damage repair programs such as by activation of ATM,

inefficient DNA repair, increase in NF«B, Bcl-2 and MDR1 (purple arrows); along with minimal extrinsic apoptotic induction via TNFa (orange arrows).

In LDFRT settings in tumor cells (not in normal cells), ATM kinase is not activated and hence no DNA-repair, lack of increase in NF«B activity as well as

in Bcl-2 and MDR1 proteins (green dashed lines). LDFRT activates directly bax to induce an intrinsic apoptotic killing (green dashed lines).

with the requirement of PTEN (22). It is important to note that
at doses of approximately 0.5 Gy, ATM autophosphorylation
occurs in normal cells such as skin fibroblast (23) and peripheral
blood lymphocytes (24) resulting in activation of DNA
repair programs, but in cancer cells the dose to activate ATM
pathways is >1 Gy (25). Thus, it appears that HRS is due to a
lack of activation of ATM autophosphorylation pro-survival
pathways (Figure 1) (modification of apoptosis, NFxB). Thus,
these mechanistic data from cell culture studies indicate that
chemopotentiation by LDFRT is primarily due to cell killing,
thus leading to further studies in vivo.

HRS inducing doses in fractionation setting were tested alone
or with combination of chemotherapy in several mouse models
and the results have not always been reflective of data obtained
using cell cultures. For example one study, compared the effect

of low dose ultra-fractionation schedule (0.4 Gy/fraction—126

fractions in six weeks; an approach to exploit the HRS) with
the conventional fractionation schedule (1.68 Gy/fraction,
30 fractions in six weeks) of a total dose of 50.4 Gy for
inhibiting A7 tumor growth in nude mice (26). Although,
ultrafractionation resulted in a significant decrease in tumor
growth delay, it also showed a significant increase of the top-up
TCDy, dose (the dose needed to cure 50% of animals) compared
with conventional fractionation dose, but failed to prove the
existence of HRS in in vivo (26). Thus, despite a pronounced
HRS phenomenon observed in vitro, ultrafractionation appeared
to be significantly less effective than conventional fractionation
in the above nude mice xenograft model. The results from this
study simply indicate that extrapolation of such data on single
dose exposure or a few fractionated doses in in vivo is not always
predictive of in vitro data and does not exclude the potential
clinical value (27).
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Low dose fractionation allows the delivery of a higher total
radiation dose to the tumor for a better result as indicated in
the studies below. In a mouse glioma tumor xenograft model,
repeated irradiation with low dose (0.8 Gy 3 times/day x 4 days/
wk x 2 wks, total dose of 19.2 Gy) was markedly more effective
compared to a conventional fractionated dose schedule (2 Gy/
day x 4 days/wk x 2 wks; total dose of 16 Gy) in inhibiting
tumor growth (28). Similarly, Spring ef al. (29) showed that
LDEFRT (0.5 Gy 2 times/day x 2 days/wk x 6 wks; total dose
of 12 Gy) significantly prolonged tumor re-growth delay
compared to a conventional fractionation dose schedule (2 Gy
one fraction/day x 1 wk x 6 wks) in a SCCHN xenograft mouse
model (29).

Recently, Tyagi et al. demonstrated the capability to deliver
ten 0.2 Gy pulses in 8 mins [referred to as Pulsed Low-Dose
Radiation (PLRT)] (30). This approach of dose-escalated PLRT
was compared with standard radiation therapy (Std-RT), where
2 Gy fractions were delivered continuously in a single fraction in
eight minutes, in an intracranial U87MG GBM nude mice tumor
model (31). Both PLRT and Std-RT groups received treatments
for § days/wk. One cohort of mice was treated with 20 Gy Std-RT
or 20 Gy PLRT; a second cohort was treated with 30 Gy. Results
showed that the mean survival was significantly better with
34.2 days for 30 Gy PLRT compared to 29 days with Std-RT,
although there was no tumor cure in either of the groups.

Even though these results imply a minimally a better outcome
when radiation is used alone as LDFRT in preclinical models,
because of the existence of HRS at lower radiation doses as
described above, there exists potential to benefit from the
effects of chemotherapy when LDFRT is used in conjunction
with chemotherapy. However, demonstration of efficacy of
combination of chemotherapy with LDFRT in animal model(s)
optimizing dose, time, and sequence is a critical prerequisite for
a successful clinical translation.

Below we discuss three such studies in which combination
of LDFRT or PLRT with chemotherapy has been used that
substantiate potential opportunities for enhancing chemotherapy
effects for better treatment outcome. (I) Complete tumor cure
was demonstrated in the studies by Spring et al. (29), that
evaluated the efficacy of LDFRT in potentiating tumoricidal
properties of taxotere in SCCHN tumor xenograft animal
model. Tumor regression was significant in all LDFRT groups.
Mechanistic studies involving molecular analyses of resected
tumor specimens showed an increase in Bax levels with an
increase in cytochrome c release suggesting an apoptotic
mode of cell death in LDFRT chemopotentiation of taxotere
effects rather than clonogenic inhibition, albeit G2M cell cycle

arrest by taxotere also appears to be an important sequencing

component of chemopotentiation. (II) PLRT in combination
with Temozolamide (TMZ) was more effective in reducing
tumor volume and normal tissue damage and improving
survival compared to standard fractionation RT with TMZ in an
orthotopic GBM xenograft murine model (32). Increased and
differential vascularization and significantly fewer degenerating
neurons were seen in normal brain after PLRT with TMZ
compared to standard RT with TMZ. (III) Similarly, in an
on-going study in a mouse ovarian cancer model, combination of
LDFRT with paclitaxel showed significantly improved survival
over paclitaxel alone or LDRFT alone. A similar trend was noted
when cisplatin was combined with LDFRT in the treatment
of ovarian cancer (33) as well as when TMZ was used with
LDFRT in the treatment of GBM in mouse models (unpublished
observations).

The above preclinical in vivo studies assessing the benefit of
combining LDFRT or PLRT with chemotherapy demonstrating
improved efficacy and survival as well as reducing normal
tissue toxicity together with supporting mechanistic evidences
provided adequate rationale for conducting safety and efficacy
trials in the clinic as these studies might unlock novel treatment
avenues for radio-resistant and/or aggressive tumors with poor
clinical outcome (e.g.,, GBM and ovarian cancers). LDFRT
can be exploited to potentiate the effect of chemotherapy
for achieving maximum tumor cell killing with significantly
reduced toxicity and a favorable clinical translation of the HRS
phenomenon observed at low radiation doses to help overcome
IRR at radiation doses above 0.6 Gy seen in standard fractionated
chemo-radiotherapy regimen. In summary, there is strong pre-
clinical evidence and mechanistic reasoning for using HRS low-
doses of radiation to potentiate the effects of chemotherapy

particularly in hyperfractionated settings.

HRS-inducing LDFRT as a potentiator of chemotherapy:
clinical evidence

Several clinical trials have been conducted to assess the benefit
of combining LDFRT with standard chemotherapeutic agents
for improved outcome (Table 2). Arnold et al. (34) studied
LDERT as a chemopotentiator of paclitaxel and carboplatin in
40 patients with locally advanced SCCHN. LDFRT was given
in two doses of 0.80 Gy (based on the average dose that yielded
maximal HRS in four SCCHN cell lines each on days 1 and 2,
administered 4-6 hours apart, and the sequence was repeated
on days 22 and 23. Definitive RT began three weeks after the
last dose of chemotherapy and LDFRT. The combinations of
LDEFRT, carboplatin and paclitaxel were extremely well-tolerated,

with toxicity comparable to that of carboplatin and paclitaxel
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Table 2. Reported clinical trials combining LDFRT with chemotherapy in solid tumors.
Clinical trial Induction
) Phase | Phase Il
parameters regimen
Site Locally Recurrent Locally advanced ~ Stage Ill/IV Recurrent/ Stage IIA/B-IIIA  Recurrent
advanced ovarian fallopian  pancreatic or endometrial progressive breast cancer  NSCLC
SCCHN tube/peritoneal  small bowel carcinoma GBM
cancers adenocarcinoma
Design Paclitaxel One of three Gemcitabine Six weekly cycles LDFRT 0.3 Gy LDFRT 0.4 Gy/ Pemetrexed
(225 mg/m’), doselevelsof 1,250 mg/m’at  of FD-CDDP twice daily with per fraction,  (500mg/m’ IV)
carboplatin  docetaxel (20, 10 mg/m?/min on (40 mg/m’, cisplatin and 2 fractions per  and concurrent
(areaunder 25,0r30mgim’) days | and8of  maximum 70 mg fotemustineif  day, for 2 days, LDFRT (40cGy
the curve weekly with a3-week cycle.  IV) + LDFRT progressingon  every 2| days for bid on days | and
of 6), and concurrent LDFRT at two at 0.5 Gy/fx temozolomide, 6-8 cycles) with 2) was repeated
four 80-cGy LDFRT givenas dose levels: (total 3 Gy)and or 0.4 Gy twice non-pegylated fourfold every
fractions of 60 cGy bid 60 cGy per 0.75 Gy/fx (total  daily with liposomal 2| days
radiotherapy 2 days weekly for fraction and 4.5 Gy) temozolomide if doxorubicin and
(two each on 6 weeks 70 cGy per recurrent docetaxel
days | and 2). fraction on days |,
This sequence 2, 8,and 9 for
was repeated 4 weeks
on days 22
and 23
Duration 5 years 2 years 37 months 27 months 20 months 2 years
Recruitment 40 13 10 26 10 19
References  Arnoldetal.  Kunoset dl. Regine et al. Wrenn et al. Balducci et al. Nardoneetal.  Mantiniet al.
(34); Gleason  (36) (37) (38) (39) (40) 1)
Jretal. (35)
LDFRT, Low Doses Fractionated Radiation Therapy.

alone in a similar patient cohort.

Recently, the Arnold group reported S-year results of the
above prospective Phase II SCCHN trial (35). After a median
follow-up of 83 months, LRC was 80% and distant control was
77%. Out of 39 evaluable patients, S-year OS, diseases specific
survival (DSS), and PES were 62%, 66%, and 58%, respectively.
These data strongly indicate a favorable outcome compared
to historical controls and excellent compliance with definitive
therapy.

In the above trial, the status of p16 was evaluated, which is
a validated marker for HPV status and an important predictor
of response to various treatment modalities for SCCHN (42).
Immunohistochemistry analysis of available 42 pre-treatment
specimens showed 15 HPV positive (ten were oropharynx sub
group) and 27 (seven were oropharynx subgroup) were negative.
Of 15 patients with p16 positive tumors CR, PR, SD and SD
were S (33.3%), 8 (53.3%) 1 (6.7%), and 1 (6.7%) respectively,

compared to 2 (7.4%), 18 (66.7%), 6 (22.2%) and no PD among
27 patients with p16 negative tumors (P=0.0616), respectively.
Similar results were also found in HPV positive oropharynx
sub-group. Two-year OS was 93.3% for p16 positive patients
compared to 73.08% in p16 negative patients (P=0.0252);
two-year PFS was 80% (p16 + ve) and 69.23% (p16 — ve). In
oropharyngeal subgroup, the 2-year OS was 100% (p16 + ve)
and 42.86% (p16 — ve) tumors respectively (P=0.001). These
results stress the point that p16 status can be an important
predictor of response to LDFRT mediated chemopotentiation
induction treatment similar to that seen in standard of care,
in head and neck cancer treatment an observation recently
described (43,44).

Based on the pre-clinical data (33), the Gynecology
Oncology Group (GOG) conducted a feasibility study (36), of
whole abdomen LDFRT for patients with recurrent epithelial

ovarian fallopian tube, or peritoneal cancers along with weekly
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Phase I

Recurrent and Recurrent Unresectable Locally Advanced

Inoperable SCCHN

SCCHN

No description Erbitux 400 mg/m” as a loading dose one

available week prior to radiation and taxotere,

and then at 250 mg/m” given weekly on
Mondays. Taxotere 20 mg/m’ IV once a
week on Mondays on weeks 2 to 7. LDFRT
0.5 Gy per fraction BID at least 6 hours apart
on Tuesday and Wednesday of weeks 2 to 7
for a total dose of 12 Gy

3.5 years

38 35

NCTO01820312 NCTO01794845

Not available

Table 3. Open clinical trials combining LDFRT with chemotherapy in solid tumors.

Clinical trial parameters

Site Recurrent Anaplastic Astrocytoma
and Glioblastoma Multiforme

Design Temozolomide (150 to 200 mg
per square meter for 5 days
during each 28-day cycle). LDFRT
0.5 Gy of radiation therapy twice
daily with the first six 28-day
cycles of temozolomide

Duration | year

Recruitment 49

ClinicalTrials.gov identifier NCTO01466686

LDFRT, Low Doses Fractionated Radiation Therapy.

treatment of docetaxel 25 mg/m*. LDFRT was delivered in
60 cGy fractions, twice daily for two days, with a minimum of 4 hr
inter-fraction interval, starting on day 1 of each chemotherapy
cycle. Three out of four patients completed therapy and none
of the toxicities were dose limiting. Another phase I study (38),
delivering once a week for six consecutive weeks of morning
cisplatin followed 6-8 hours later by afternoon low dose-whole
abdomen radiation therapy (LD-WART), enrolled 12 patients
with optimally debulked Stage III/IV endometrial cancer.
The results suggested feasibility of using LD-WART as a novel
chemopotentiator to cisplatin in combination therapy as an
adjuvant regimen (38). This trial showed no dose-limiting
toxicities with follow-up that ranged from 4-36 months (median:
14 months). These data as well as the data from the GOG trial
does indicate that 0.60 Gy/fraction was well tolerated.

Regine et al. (37) studied upper abdominal LDFRT given
as a chemopotentiator for gemcitabine in patients with locally
advanced pancreatic or small bowel adenocarcinoma. Gemcitabine
was given at 1,250 mg/m” at 10 mg/m”/min on days 1 and 8 of a
3-week cycle. Low-dose fractionated radiotherapy was tested at
two dose levels: 0.6 Gy and 0.7 Gy/fraction. Radiotherapy was
given b.i.d. on days 1, 2, 8, and 9. Two of the four patients at dose
level 0.7 Gy/fraction experienced dose-limiting toxicity, therefore
0.6 Gy/fraction was deemed the MTD.

Balducci et al. (39) reported a study of LDFRT and
chemotherapy for recurrent or progressive GBM in 17 patients
who had previously received radiotheraqpy and recurred: they
received total LDFRT dose of 7.2 Gy in 0.3 Gy fractions with
concomitant chemotherapy (TMZ and Fotemustine). LDFRT

regimen was well tolerated. In reality, a robust randomized
clinical is warranted to establish as a new treatment modality for
GBM patients with poor prognosis.

In recurrent NSCLC, Mantini et al. (41) found that LDFRT
was safe when added to 500 mg/m2 Pemetrexed as a 10-minute
intravenous infusion on day 1 of a 21-day cycle, concurrent with
LDFRT on days 1 and 2 at 0.4 Gy twice daily with each faction
given 5-6 hrs apart, and the median total dose was 6.40 Gy. LDFRT
was also tested in combination with liposomal doxorubicin
and docetaxel in stage IIA/B-IIIA breast cancer that led to
higher histological response rates compared to the sequential
application of the same two drugs (40).

There are three more clinical trials ongoing (http://
www.clinicaltrials.gov), which are summarized in Table 3.
Unfortunately, as with the trials discussed above, none of them
is randomized for evaluating the efficacy of LDFRT using robust

end-points such as survival or quality of life.
Summary of hyperfractionation

e Over the years clear evidence has emerged from the cell
culture studies on the existence of HRS and IRR phenomena
that have provided adequate mechanistic rationale for using
radiation dose in the HRS range to potentiate the effects of
chemotherapy.

e Preclinical in vivo animal studies using mouse xenograft
tumor models, as discussed above, assessing the benefit
of combining LDFRT or PLRT with chemotherapy

demonstrate improved efficacy and survival as well as a
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reduction in normal tissue toxicity and have helped optimize
dose, time, and sequence schedule in experimental setting
and lead to clinical trials.

o Several Phase I/II clinical trials conducted in different
cancer organ sites, such as SCCHN, GBM, ovarian,
pancreatic, breast and lung cancers, are in process for an
optimized LDFRT dose and schedule in order to potentiate
the effects of chemotherapeutic drugs such as cisplatin,
taxanes, TMZ, and also demonstrated improved efficacy.

e More randomized clinical trials are warranted to study the
role of LDFRT as an adjuvant for chemotherapy in definite
settings rather than induction regimen.

In conclusion, LDFRT has some very intriguing preclinical
data, however, despite the fact that about ten clinical trials have
been or are being performed, at present, it can be concluded
that this technique appears to be relatively safe. Based on the
reported as well as on-going clinical trials, it still remains unclear
whether the patients can be benefited from the addition of
LDFRT to chemotherapy and hence better designed prospective
trials (randomized against chemotherapy-only controls, and
with more robust endpoints such as survival and quality of
life) must be conducted to ascertain the value of LDFRT in the

management of solid tumors.

Hypofractionation: novel windows of opportunity

To take advantage of the technological ability to deliver precision
radiation therapy and to utilize the biological effects of a large
dose per fraction as well as the smaller dose per fraction just
described, hypofractionated radiation therapy can provide
a different pathway of biological effects either used alone or
combined with chemoradiotherapy. A potential advantage of
hypofractionated radiation therapy, which makes it an attractive
approach for the management of advanced cancers, is the
reduction in treatment time and cost and reduced burden of
frequent and numerous radiotherapy sessions.

Hypofractionated radiation therapy can be approached in two
different ways: (I) is to consider o/ ratio and Biologically Effective
Dose (BED), where the “classical” concepts of repair, re-assortment,
re-oxygenation and re-population (4-Rs) are applicable. This is a
categorical approach for hypofractionated radiotherapy that uses
3 to 6 Gy dose fractions; (II) Hypofractionation schedule that uses
above 8 Gy doses/fraction in radiotherapy, in which the biological
changes different than the “classical” 4-Rs are felt to be applicable,
generally known as high-dose hypofractionation radiation therapy
(HDHRT). This section of the review will focus HDHRT with
more detailed understanding of new radiobiology.

There are data to suggest that the use of HDHRT radiation

is effective as an alternative means of dose escalation with
conventional fractionation treatment schedule. The results with
HDHRT in the early-stage lung cancer population have thus far
been very encouraging with local control rates up to 90% (45,46),
being superior to the control rates obtained with conventionally
fractionated radiation. Biologically, new mechanistic insights
suggest that HDHRT may cause four unique effects that can
be further exploited for sensitization. HDHRT can (I) cause
non-targeted pharmacodynamics effects (such as intra-tumoral
bystander as well as abscopal effects) mediated by TNF-a,
TRAIL, PAR-4 and ceramide (47-49); (II) robustly induce
tumor endothelial death at doses above 8-11 Gy (50); (III)
increase host immune recognition of radiation-induced enhanced
antigen presentation, such that a single fraction may incite an
immune response that enhances the effects of radiation (51);
and (IV) result in a better response of that tumors that are
heterogeneous with different cell populations, whose clonal
radiosensitivity considerably differ (52).

The interaction between HDHRT and hypoxia needs to
more fully understood. The effects would depend in part on the
initial hypoxic fraction, the dose size used and fractionation, as
reoxygenation could occur. Brown et al. (53), Song et al. (54),
suggest the need for drugs to treat the hypoxic fraction whereas
Meyer et al. (55) suggest that reoxygenation and the selection of
a dose at the “hypoxia transition zone” could overcome hypoxia.
With other potential mechanism of action of HDHRT, as noted
above, studies that determine changes in hypoxia including
imaging and biomarkers of hypoxia, as well as studies to modify
hypoxia and or use cytotoxic agents would be needed to dissect
out the complexity of the effect of hypoxia. Another interesting
consideration could be the use of conventional radiation therapy
following single high dose or high dose in combination with
chemotherapeutic drugs to improve the response of tumors to
treatment. There are strong biological data to suggest that a large
induction dose of radiation preceding conventional fractionated
radiation therapy results in significantly greater tumor regression
(56,57). However, high doses of radiation prescribed uniformly
to large tumor volumes are generally associated with significant
side effects and potentially serious late toxicity, which can take
many years to be manifest. At this point in time, there is limited
use of high-dose-per-fraction radiation to smaller targets, as
in the case of SABR for T1-2NO lung cancer. In patients with
stage III lung cancer, high-dose-per-fraction radiation to the
entire target volume is precluded due to normal tissue tolerance.
Therefore, future approaches could combine the capability of
new imaging and treatment technology for target selection,
including novel approaches described next, including HDHRT

and its biological properties.
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Technical aspects of hypofractionated radiation therapy

The challenges of hypofractionated radiotherapy for better
treatment outcome primarily include development of optimal
radiation dose delivery techniques. We provide a very brief
account of technical development of SRS, SBRT and 3D lattice
radiotherapy (LRT), with the understanding that high-dose rate
brachytherapy with radionuclides or miniature X-ray source can
also be an effective way of delivering highly localized radiation.

Traditionally SRS refers to single fraction stereotactic delivery
of an intended ablative dose (58). The first full-scale successful
radiosurgery system, Leksell Gamma Knife, was developed in
the late 1960s. Since then its successful clinical utilization has
established the foundations for intracranial radiosurgery and
radiosurgery, in general. Following its success, a number of
LINAC-based systems were developed since 1980s (59) and
protons beams are also being used (60).

The concept of intracranial radiosurgery was first applied to
other body sites in the early 1990s using modified conventional
LINACs. The introduction of dedicated radiosurgery systems
has widened the application, most noticeably from the early
2000s and clinical efficacy has been well demonstrated (61). In
current terminology, SBRT refers to stereotactic body radiation
treatments delivered in more than one fraction. While the
term SBRT has been widely adopted, it is noteworthy that the
difference between radiotherapy and radiosurgery is in the
fractional-dose size that ostensibly leads to their differences
in therapeutic effects—as a result of different radiobiological
effects. The term stereotactic only indicates the method of target
localization.

The goal of SABR is to administer a markedly higher dose to
the treatment target volume without damaging the surrounding
normal tissue thereby achieving enhanced local control and less
normal tissue toxicity compared to conventional radiotherapy.
The unique physical characteristics of traditional SRS are: high
precision (sub-millimeter), highly-focused dose distribution
(about a 10% dose fall-off per millimeter outside the treatment
margin) and high dose (10 Gy and higher) (58).

In traditional SRS or SBRT, the coverage of prescribed dose
to the treatment target volume is to be maximized. In contrast,
the spatially fractionated high dose radiation therapy delivered
in forms of spatially fractionated GRID radiotherapy (SFGRT)
technique covers only partial tumor volume with the prescribed
dose (48,49,62).

In the last decade, improvements in GRID design, ability to
deliver higher tumor dose by improved target penetration along
with reduced normal tissue damage as well as superior dosimetry

have resulted in dramatic improvements in clinical responses

(62-67). Unnecessary high dose exposure of the surrounding
normal tissue can be significantly reduced by reconfiguring the
GRID treatment into a 3D GRID dose in form of LATTICE. We
now define 3D GRID as LATTICE which is a new approach to
spatially fractionated radiation that takes advantage of modern-
era technology of SABR systems in a safer and efficient way (68).
The difference in the dose delivery is shown at the URL (http://
assets.cureus.com/uploads/figure/file/538/13figl.png)
published by Wu et al. (68). Using this technique, high doses of
radiation are concentrated at vertices within the tumor volume,
with drastically lower dose between vertices (peak-to-valley
effect) and leaving anything outside of tumor volume minimally
exposed. Because more pronounced radiation dose peaks and
valleys are generated using LATTICE technique compared to
2D-GRID, it may be more radio-biologically effective, with lower
radiation dose to adjacent normal tissues resulting in a reduction

in normal tissue toxicity.
Hypofractionation and normal tissue toxicity

The a/p ratios derived from linear quadratic model of the
radiation survival curve describes the effectiveness of the dose
and is used to model cell survival at different conventional
doses used in radiation therapy (69). A similar approach has
also been adapted to model cell survival with the large doses
for hypofractionation studies (70,71). However, this approach
may overestimate tumor control. Because of the improvements
in radiotherapy planning and delivery, targeting accuracy of
radiation to the tumor is also improved with a reduction in
surrounding normal tissue damage. It is feasible to use higher
doses of radiation per fraction without inducing significant
acute and late radiation induced toxicity with SABR. However,
concerns still remain on the late toxicity with high dose
hypofractionation and it must be emphasized that these may
take many years or a decade or more to be seen. An intriguing
concept for both technological limitations and capabilities and
also for biological advantages is to consider irradiating only
limited portions of the tumor and still achieve similar or better
outcomes with SABR as discussed next.

When large doses of radiation are delivered to only a fraction
of the target volume, scaling back on the irradiated tumor
volume invariably results in a reduction of dose to the adjacent
normal tissues. Such scaling back of target treatment volume
may not compromise the benefits of high dose per fraction for
better control because underlying radiobiological mechanisms
of damage by large dose per fractions remain the same. SEGRT
(2D-Grid) and now LATTICE (3D-Grid), results in a better

dose distribution in tumor spatially rather than temporally,
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which results in significantly improved sparing of normal tissue
achieving a better tumor control.

Next we discuss the role of three underlying radiobiological
mechanisms of bystander/abscopal effects, activation of immune
system, and damage to endothelial cells, that might contributing
to a better tumor control with SFGRT and LATTICE in salvage
settings, however, needs randomized trials for definitive

treatment practices.

High dose radiation-induces factors leading to bystander/
abscopal effects

Brooks et al. reported the first observation of radiation-induced
non-targeted effects in a hamster model (72). Although evidences
for these effects have accumulated over time, the exact mechanisms
by which they cause tumor regression distant to site of irradiation
remains somewhat speculative. A few major mechanistic
categories have been proposed to account for abscopal effects
based on studies involving different malignancies: immune system,
cytokines and pseudo-abscopal effect (73).

Cell-cell communication appears to play an important
role in mediating the bystander effect, and there may also be
contributions from the transfers of soluble mediators generated
in irradiated medium. It is most likely that multiple mechanisms
are involved in bystander effects. The presence of gap junctions is
not essential. Transfer of radiation-conditioned medium (RCM)
from confluent cell culture is more effective, a phenomenon
that is termed as “indirect radiation effects” (74-77). Irradiated
cells may release clastogenic factors into serum that will induce
chromosomal damage when transferred to cultured cells from
unirradiated donors (78-80). In a study in rats, for example,
clastogenic activity persisted in circulating plasma of irradiated
animals for the 10-week duration of the study, and was not
abrogated by diluting with non-irradiated serum. Serum
irradiated in vitro was not clastogenic suggesting that these
factors were released from the irradiated cells (81).

Although evidence for the presence of these factors has been
accumulating over past decades, their exact nature as well as the
mechanisms by which they cause the distant bystander effects (more
of an abscopal effect) has proven elusive. One such mechanism
might be through radiation-induced early genes and induction
of cytokines. Indeed, TNF-¢, and TRAIL are directly involved
in apoptosis and are induced by ionizing radiation (82-86).
There is a demonstrated correlation of therapeutic efficacy
following SEGRT with TNF-a induction in the serum obtained
from these patients as well as ceramide production (48,49).

For SFGRT, the “bystander effect” is within the GRID
irradiated tumor volume that falls directly under shielded regions

(low-dose regions) of the GRID. Bystander factors, such as

TNF-a shown by Sathishkumar et al. (49) and Shareef et al. (47);
TRAIL shown by Shareef et al. (47) and ceramide shown by
Sathishkumar et al. (48) are induced in cells that are under the
open field of the high-dose GRID areas and are hypothesized to
be responsible for initiating the cell death cascade both in the
epithelial and endothelial compartments of the tumor micro-
environment. Recent reports have demonstrated the presence of
radiation-induce signal transduction leading to significant DNA
damage and cellular stress (87,88). In addition to the bystander
effect within the GRID-irradiated tumor, Peters et al. (3)
reported that there is robust “abscopal effect” in distant tumors
or metastatic lesions that are not irradiated or treated and has
been reported clinically with the use of large doses (89).

In this respect, recently using SFGRT we found both
bystander and abscopal effects in mice bearing A549 lung
adenocarcinoma xenograft contra-lateral tumors (90). Maximal
abscopal effect was observed in unirradiated right tumor when
mice was exposed to 15 Gy SFGRT followed by S fractions
of 2 Gy to the left tumor suggesting that the abscopal effect
can be amplified by sequential combination of SFGRT with
conventional fractionation. More recently, using LATTICE
therapy we obtained similar results in mice bearing syngenic
Lewis Lung Carcinoma (LLC) contra-lateral tumors (91).
These findings strongly suggest that SFGRT is more potent in
eliciting evident abscopal effect in the un-irradiated tumor than

conventional dosimetric approaches.

High dose radiation activates immune system

There are quite a few reports that support the important role of
immune factors in mediating the abscopal effects (92,93). In
contrast to the generally believed notion that radiation therapy
is immunosuppressive, recent reports indicate ablative high dose
radiation therapy could activate immune system and reduce
the primary tumor burden as well as distant metastasis (51,94).
These effects were mediated by radiation therapy induced
disruption of physical and immunologic barriers, stimulation
of danger signaling pathways, increase in dendritic cells cross-
presentation of tumor antigen, and possibly reversal of T-cell
unresponsiveness in tumor-bearing hosts, leading to a rejection
of local and distant tumors (S1). Subsequently these authors
demonstrated that IFN-a/f produced by tumor-infiltrating
myeloid cells in an autocrine fashion is required to endow tumor-
infiltrating dendritic cells with T-cell cross-priming capacity
following local RT; however, T cells do not need to bear the
type I IFN receptor to mediate tumor rejection (94). Together,
these results score the importance of cytotoxic T-cell mediated
antitumor immunity that mediates tumor regression. Our
unpublished results show that RCM obtained from Iymphoblasts
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is able to induce killing of lung cancer (A549) cells, suggesting
that the immune factors in addition to cytokines and ceramide
pathway may be involved. However, in our contra-lateral tumor
xenograft athymic nude mice, we observed significant bystander
and abscopal effects indicating that not only the T-cell mediated
immune factors but also humoral immunity may play an
important role in the radiation-induced abscopal effects. These
observations suggest potential therapeutic role for immune
factors.

Lee et al. (51) reported that reduction of tumor burden
after ablative radiation depends largely on T-cell responses as
it dramatically increases T-cell priming in draining lymphoid
tissues, leading to reduction/eradication of the primary tumor
or distant metastasis in a CD8(+) T cell-dependent fashion.
Interestingly, this study observed that ablative radiation-
initiated immune responses and tumor reduction are abrogated
by conventional fractionated RT or adjuvant chemotherapy (if
given after a week of single ablative dose) but greatly amplified by
local immunotherapy. However, in SEGRT settings we observed
significant enhanced response when the high dose radiation
was followed by fractionated 2 Gy fractions (given after 24 hrs),
implying that spatial fractionation of radiation delivery might
activate immune factors that can synergize with the conventional
fractionated radiation. These results strongly argue for more
detailed investigations to elucidate the role of immune factors in

radiation therapy.

High dose radiation induces damage to endothelium

Engagement of the vascular component in tumor response to
radiation therapy has been a topic of interest in recent literature.
However, in addition to release of cytokines, impaired blood
vessel formation and induction of endothelial cell death in
tumors not exposed to radiation have been demonstrated to
play a role in abscopal effect (95). Endothelial cells generate
20-fold more of a unique form of acid sphingomyelinase
(ASMase), termed Secretory ASMase, than any other cell type
in the body. Secretory ASMase activation is required for ionizing
radiation to kill endothelium (96), as endothelium in lung, gut,
and brain are totally resistant to radiation-induced apoptotic
death in the absence of ASMase. Garcia-Barros et al. (50) have
postulated that high dose radiation-induced damage (15 Gy) to
the endothelial cells could convert Potentially Lethal Damage
(PLD) in tumor cells and cancer stem cells to lethal damage
resulting in tumor cell death. Animal studies have shown
that radiation at doses higher than 10 Gy induces endothelial
apoptosis by activation of acid sphingomyelinase (ASMase)
and ceramide generation (50,96-99); these effects that are

not observed with conventional radiation doses. Findings

by Garcia-Barros et al. (50) suggest that high-dose radiation-
induced tumor regression can be entirely dependent on tumor
endothelium apoptosis since these effects were abolished in
ASMase knockout animals implanted with functional ASMase
MCA/129 fibrosarcomas and B16F1 melanomas and restored
upon bone marrow transplantation of ASMase functional stem
cells. Further, elevated sphingomyelinase activity and ceramide
concentration in the serum of patients undergoing high dose
spatially fractionated radiation treatment were observed (48).
Our unpublished findings in A549 xenografts showed increased
elevation of ceramide in the serum of nude mice treated with
SEGRT (90).

Although direct killing effect of tumor cells with SEFEGRT
occurs, it cannot completely account for tumor regression
observed after treatment. Recently, we demonstrated that
treatment of 11 patients with various types of cancer with 15 Gy
SFGRT therapy followed by multiple consecutive doses of 2 Gy
each led to an increase in the activity of ASMase in serum and a
corresponding elevation in the concentration of LDL-enriched
ceramide. These changes correlated with the clinical outcome
of the treatment, as they were found only in the 76% of patients
with CR or PR and not in non-responders (48). It is evident that
there is a biologic/therapeutic consequence of this response,
whereby high single dose radiotherapy requires ceramide-driven
endothelial apoptosis for tumor cure (50,100). This observation
has broad implications for cancer treatment and is a subject of
active debate in the field, as it is generally believed that radiation
therapy works by partly targeting tumor stem cells and it is
unclear which components of tumor microenvironment play
important role in radiation cure.

There exists data on ceramide production, its relation to
endothelial apoptosis and induction of abscopal regression of
distant tumor with radiation exposure, however, there is little or
any information available on the impact of negative regulators
of ceramide pathway in radioresistance/radiosensitivity, their
association with release of cytokines, and finally any possible
cross-talks during cellular events associated with abscopal

phenomena.
Hypofractionation and hypoxia

Tumor hypoxia has been observed in many human cancers and
has been a major impediment for the success of radiotherapy.
Generally, the phenomenon of re-oxygenation of hypoxic
cells between several fractions of conventionally fractionated
radiation therapy is considered to increase the sensitivity of
the cells that were previously hypoxic. With the encouraging
results using SABR or other hypofractionation strategies, this
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is a point of considerable debate whether the issue of hypoxia
under such therapy settings. Taking into account several factors
such as the potential over-estimation of cell killing and tumor
control by the linear quadratic model at large doses, high dose
hypofractionation has actually resulted in greater than expected
tumor control. It is possible that single dose hypofractionation
induced specific mechanisms abate hypoxia, or that the extreme
ablative doses currently used in many SABR protocols are
already high enough to overcome hypoxic radioresistance or
both. The latter hypothesis implies that concurrent strategies
(such as hypoxic cytotoxin) targeted directly at hypoxic cells
might improve the therapeutic ratio of SABR and allow clinicians
to treat with a larger fraction in the patient population.

Fractional doses in hypofractionation schemes vary
significantly in clinical practice, from 3 Gy/fraction to 20 Gy/
fraction. There are a number of processes that will be effected
by dose size and fractionation that could be exploited, including
changes in the “4-R’s” (repair, repopulation, redistribution and
reoxygenation), consequence of endothelial damage (which
could worsen hypoxia) or tumor shrinkage (which could lessen
hypoxia) and impact of the high dose on factors secreted by the
tumor.

An example of the latter comes from our unpublished
results (101). In two lung cancer cell lines, we observed that
conditioned media collected from 10 Gy-irradiated hypoxic
AS549 cells (H-RCM) showed highly reduced cell proliferation
effect on normoxic A549 cells when compared to media collected
from irradiated normoxic AS49 cells (N-RCM). Interestingly,
with H-RCM obtained from 10 Gy irradiated hypoxic H-460
cells showed a significantly decreased cell proliferation in H460
cells but such reduced cell proliferation was absent with H-RCM
obtained from 2 Gy irradiated hypoxic H-460 cells (101). This
suggests that oxygen may potentially negate bystander effect.
Nonetheless more data are needed, including modeling that would
help define the potential complexities, for example, one recently
published that aims to account for intercellular signaling (102).

How to best take advantage of the high dose effect but also
not damage normal tissue remains to be established. This could
include partial treatment of the tumor to high dose using a
variety of technique such as the high-dose LATTICE approach.
That might have positive effects on damaging the endothelial
compartment and/or immune activation. Another important
aspect that is not discussed in detail could be differential effect of
hypofractionation on cancer stem cells.

Summary of new biology of hypofractionation

e Hypofractionated radiotherapy (>12 Gy) is an attractive

approach in the management of cancer although long-

term toxicity in patients with curative tumors remains to be

evaluated as series mature.

e Success of hypofractionated radiotherapy is dependent on
its ability to deliver a markedly higher dose to the target
volume without damage to surrounding normal tissue.
Over the last decade, technological improvement in terms
of dose delivery and intra-tumoral spatial distribution of
dose seems to have been achieved, with long-term data
needed to see if the spatial distribution of dose can reduce
normal tissue injury and maintain or even improve tumor
control.

e The underlying radiobiological mechanisms for improved
outcome obtained by high dose hypofractionated radiation
therapy could be multifactorial, which include differential
endothelial and cancer stem cell killing, overcoming hypoxic
radioresistance, activation of complex immunological
pathways, and bystander/abscopal tumoricidal effects,
resulting in improved treatment outcome (Figure 2).

e There appears to be opportunities to achieve better
response of tumors to high dose fractionated radiotherapy
by the use of chemotherapeutic drugs or hypoxic cell
radiosensitizers.

e While speculative, the use of spatial fractionation in the
form of 2D SFGRT and 3D LATTICE in combination
with conventional fractionated radiation therapy or
chemotherapeutic drugs or hypoxic cytotoxins might
be able to counteract the effects of hypoxia with
simultaneous normal tissue sparing. In conclusion,
ablative hypofractionation schemes are effective in certain
solid tumors that may take advantage of new aspects of
radiation biology by involving certain components of
tumor microenvironment such as effects on vasculature
as well as immunologic modulation.SEGRT provided
some mechanistic insights pre-clinically as well as from
patients (who received SEFGRT as salvage therapy),
however, to bring SEFGRT in the mainstream needs more
well designed trials Lattice (3D-Grid) has some promise
in the main realm of definitive treatment, however, this
approach warrants robust randomized trials. Overall, it is
the ablative dose (delivery approaches may differ with or
without homogenous dose distribution) that needs further
exploration based on clinical observation of its efficacy and

preclinical studies.

Overall conclusions

While hyper- and hypo-fractionation are presented as distinctly



Journal of Thoracic Disease, Vol 6, No 4 April 2014

299

High dose IR

Immune activation

Bystander/abscopal factors

Metastatic tumor kill

WWe  Tumor cells

. Cancer stem cells <

'o T cells *

—
W ( B cell response

Endothelial cells

Hypoxic cells

Figure 2. Impact of high-dose ablative RT on tumor micro-environment components. High-dose ablative RT given in lattice (2 vertices) to the tumor

induces bystander/abscopal factors, endothelial cell death coupled with immune activation. The underlying radiobiological mechanisms for improved

outcome obtained by high dose hypofractionated radiation therapy could be multifactorial. The differential effects on tumor endothelium and cancer

stem cells could be responsible for this enhanced response. Further, complex immunological pathways could be linked to high dose radiation-induced

mechanisms. All of these pathways could be affected by the bystander/abscopal factors released from the tumor following spatially fractionated
radiation therapy. An animation of these events can be found at URL: http://youtu.be/KvQ8z91J6A8.

different, a key point to emphasize is that radiation fraction
size and schedule have properties that can be exploited using
radiation alone and in combination with immunotherapy,
molecular target treatment and cytotoxic chemotherapy.
Improvements in imaging and technology of treatment delivery
can allow improvement in anatomical targeting and also in
treating based on the physiological and biological processes as
they present and evolve. New techniques such as LATTICE may
be able to take advantage of heterogeneous dose delivery.

While there is a good deal of new and exciting data there is
much research to do and, of course, the ultimate proof will be
from well-designed clinical trials. Radiation therapy and radiation
biology are far from static and with the ability for precision
targeting and dose delivery, radiation “as a drug” can have a major

impact in multi-modality cancer treatment.
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