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Wykaz skrotow

4-HNE - (ang. 4-hydroxynonenal),4-hydroksynonenal

8-0HdG - (ang. 8-hydroxy-2'-deoxyguanosine), 8-hydroksy-2'-deoksyguanozyna

99mTc-HMDP -  (ang.  %°"Tc-hydroxymethylene  diphosphonate),  °°™Tc-hydroksy-

metylenodifosfonian

ALL - (ang. acute lymphoblastic leukemia), ostra biataczka limfoblastyczna

ATM - (ang. ataxia telangiectasia mutated), kinaza biatkowa serynowo-treoninowa

C57BL/6 - linia myszy laboratoryjnych

CAT - (ang. catalase), katalaza

CD4+ - (ang. cluster differentiation 4), kompleks 4 réznicowania

CD8+ - (ang. cluster differentiation 8), kompleks 8 réznicowania

CHD - (ang. congenital heart disease), wrodzona wada serca

CHOP - (ang. cyclophosphamide, hydroxydoxorubicin/doxorubicin, oncovin/vincristine,
prednisone), cyklofosfamid, hydrosydoksorubicyna, winkrystyna i prednizon

CI - (ang. confidence interval), przedziat ufnosci

CIMT - (ang. carotid intima-media thickness), grubo$¢ kompleksu intima-media tetnicy

szyjnej wspolnej

CLL - (ang. chronic lymphocytic leukemia), przewlekta biataczka limfocytowa

CML - (ang. chronic myelogenous leukemia), przewlekta biataczka szpikowa

COVID-19 - (ang. coronavirus disease 2019), koronawirus 2019

CR - (ang. complete remission), catkowita remisja

CT - (ang. chemiotherapy), chemioterapia

CTLA-4 - (ang. cytotoxic T cell antigen 4), cytotoksyczne biatko 4 zwigzane z limfocytami T

CVD - (ang. cardiovascular disease), choroby sercowo-naczyniowe

CVP - (ang. cyclophosphamide, vincristine, prednisone), cyklofosfamid, winkrystyna,

prednizon

DNA - (ang. deoxyribonucleic acid), kwas dezoksyrybonukleinowy

Dnmts - (ang. DNA methyltransferases), metylotransferaza DNA

EAR - (ang. exess absolute risk), nadmierne ryzyko bezwzgledne

Elk-1 - (ang. ETS-like kinase 1), kinaza podobna do ETS-1

EORTC - (ang. European Organisation on Research and Treatment of Cancer), Europejska

Organizacja Badan i Leczenia Raka

ERR - (ang. excess relative risk), nadmierne ryzyko wzgledne

FL - (ang. follicular lymphoma), chtoniak grudkowy

Gy - (jednostka SI), grej; jednostka dawki pochtonietej

HB-LDIR - (ang. half body low-dose ionizing radiation), napromienianie potowy ciata niskim
dawkami promieniowania jonizujacego

HBI - (ang. half body irradiation), napromienianie potowy ciata

Hcy - (ang. homocysteine), homocysteina

HDIR - (ang. high-dose ionizing radiation), wysokie dawki promieniowania jonizujacego

HL - (ang. Hodgkin lymphoma), chtoniak ziarniczy

HRS - (ang. hyper-radiosensitivity), nadwrazliwo$¢ na promieniowanie

HSP90 - (ang. heat shock protein 90), biatko szoku cieplnego 90

IFN-y - (ang. interferon gamma), interferon gamma

IFRT - (ang. involved-field radiotherapy), radioterapia ograniczonego pola

IR - (ang. ionizing radiation or irradiation), promieniowanie jonizujace lub napromienianie

LDIR - (ang. low-dose ionizing radiation), niskie dawki promieniowania jonizujacego

LL - (ang. lymphoblastic ymphoma), chtoniak limfoblastyczny

LLC1 - (ang. Lewis lung carcinoma 1), linia komé6rkowa mysiego raka ptuca



Wykaz skrétow c. d.

LNT - (ang. linear no-threshold model), model liniowy bezprogowy

MAPK - (ang. mitogen-activated protein kinase), kinaza biatkowa aktywowana mitogenami

MBq - (jednostka SI), megabekerel, jednostka aktywnoSci promieniotworczej

MCP-1 - (ang. monocyte chemoattractant protein-1), biatko chemotaktyczne monocytéw 1

MEK-ERK1/2 - (ang. mitogen-activated protein kinase/extracellular signal-regulated kinase),

kinaza biatkowa aktywowana mitogenami/kinaza regulowana sygnatami
zewnatrzkomérkowymi 1/2

MN - (ang. micronuclei), mikrojadro

mRNA - (ang. messenger RNA), informacyjny RNA (kwas rybonukleinowy)

MSK1 - (ang. mitogen- and stress-activated protein kinase 1), kinaza biatkowa 1 aktywowana
mitogenami i stresem

mSyv - (jednostka SI), milisiwert

NEORAD - Northeast Ohio Conjoint Radiation Centre

NETSs - (ang. neutrophil extracellular traps), zewnatrzkomoérkowe sieci neutrofili

NHL - (ang. non-Hodgkin lymphoma), chtoniak nieziarniczy

NK - (ang. natural killer), naturalni zaboéjcy; typ komoérki uktadu odpornosciowego

NKT - (ang. natural killer T cells), limfocyty naturalni zabdjcy

Nrf2 - (ang. nuclear factor erythroid 2-related factor 2), czynnik jadrowy 2 zwigzany
z czynnikiem erytroidalnym 2

NSCLC - (ang. non-small cell lung cancer), niedrobnokomo6rkowy rak ptuca

ORR - (ang. overall response rate), catkowity odsetek odpowiedzi

P53 - (ang. tumor protein p53) - biatko supresorowe nowotworéw p53

PR - (ang. partial remission), cze$ciowa remisja

PD-1 - (ang. programmed death-1), receptor programowanej $Smierci

PET - (ang. positron emission tomography), pozytonowa tomografia emisyjna

R - (ang. roentgen equivalent in man), rem; jednostka rownowaznika dawki promieniowania

jonizujacego pochtonietego przez organizm

ROS - (ang. reactive oxygen spiecies), reaktywne formy tlenu

RRTI - Rotterdamisch Radio-Therapeutisch Instituut

RT - (ang. radiotherapy), radioterapia

SCLC - (ang. small cell lung cancer), drobnokomoérkowy rak ptuca

SOD - (ang. superoxide dismutase), dysmutaza ponadtlenkowa

STBI - (ang. subtotal body irradiation), subtotalne napromienianie ciata

TAC - (ang. total antioxidant capacity), catkowita pojemno$¢ antyoksydacyjna

TAM - (ang. tumor-associated macrophages), makrofagi zwigzane z guzem

TB-LDIR - (ang. total body low-dose ionizing radiation), napromienianie catego ciata niskim

dawkami promieniowania jonizujacego

TBI - (ang. total body irradiation), napromienianie catego ciata

TGF-B - (ang. transforming growth factor beta), transformujacy czynnik wzrostu beta

TIL - (ang. tumor-infiltrating lymphocytes), naciekajace limfocyty nowotworowe

TIM-3 - (ang. T-cell immunoglobulin and mucin-domain containing-3), T-komérkowe biatko
btonowe

TNF-a - (ang. tumor necrosis factor alpha), czynnik martwicy nowotworu alfa

WM - (ang. Waldenstrém’s macroglobulinemia), makroglobulinemia Waldenstréma
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2. Streszczenie
2.1. Jezyk polski

Niskie dawki promieniowania jonizujacego (LDIR - low-dose ionizing radiation) sa
coraz czesSciej wykorzystywane w praktyce klinicznej - zaré6wno w terapii, diagnostyce czy
teranostyce, co wywotuje rosnace obawy dotyczace potencjalnych skutkéw zdrowotnych
wynikajacych z takiego ich wykorzystania. Podczas gdy zagrozenia wynikajace
z wysokich dawek promieniowania jonizujacego (HDIR - high-dose ionizing radiation) sa
dobrze znane, dtugoterminowe konsekwencje LDIR, zwlaszcza w kontekscie
nowotworow, ukltadu sercowo-naczyniowego oraz immunomodulacji, s3a mniej
zrozumiane. Niniejsza rozprawa omawia najnowsze obserwacje i badania dotyczace
dwoch aspektéw radioterapii (RT). Przy optymalnych dawkach moze ona stymulowac
odpowiedZ immunologiczng, wspierajac tworzenie odpornosci przeciwnowotworowej
oraz optymalizacje immunoterapii choroby nowotworowej. Niemniej jednak wysokie
dawki promieniowania jonizujacego niosa ze sobg znaczne zagrozenia, takie jak
immunosupresja i uszkodzenie komorek wraz z ich materiatem genetycznym. Z kolei
promieniowanie o niskiej dawce lub niskiej intensywnosSci zdaje sie stymulowac reakcje
biologiczne, takie jak szybka naprawa DNA i zmniejszenie stresu oksydacyjnego, co
sugeruje potencjat terapeutyczny przy minimalnych dziataniach niepozadanych. Praca
doktorska koncentruje sie zatem na delikatnej réwnowadze miedzy potencjatem
leczniczym promieniowania a jego ryzykiem, podkreslajac koniecznos¢ dalszych badan
nad wptywem LDIR na zdrowie, szczegélnie wsrdd pracownikéw ochrony zdrowia oraz
0s6b przebywajacych w Srodowiskach o wysokiej ekspozycji na promieniowanie
jonizujace. Celem pracy jest dostarczenie informacji na temat srodkéw bezpieczenstwa
oraz nakresSlenie przysztych kierunkdéw badan, majacych na celu bezpieczniejsze i bardziej

efektywne zastosowanie promieniowania w medycynie.

Stowa kluczowe: niskie dawki promieniowania jonizujgcego, radiobiologia, onkologia
kliniczna, terapia przeciwnowotworowa, ryzyko sercowo-naczyniowe, naprawa DNA,
ekspozycja zawodowa, odpowiedZ immunologiczna wywotana promieniowaniem,

radioterapia.



2.2. Jezyk angielski (English abstract)

Low-dose ionizing radiation (LDIR) is increasingly used in clinical practice,
including therapy, diagnostics, and theranostics, raising growing concerns about the
potential health effects of such applications. While the risks associated with high doses of
ionizing radiation (HDIR) are well understood, the long-term consequences of LDIR,
particularly in the context of cancer, the cardiovascular system, and immunomodulation,
are less well-known. This dissertation discusses the latest observations and research on
these dual aspects of radiotherapy (RT). At optimal doses, RT can stimulate immune
responses, supporting the development of anti-tumor immunity and enhancing the
optimization of cancer immunotherapy. However, high doses of ionizing radiation pose
significant risks, such as immunosuppression and cellular damage, including genetic
material. In contrast, low-dose or low-intensity radiation appears to stimulate biological
responses such as rapid DNA repair and reduced oxidative stress, suggesting therapeutic
potential with minimal side effects. The dissertation therefore focuses on the delicate
balance between the therapeutic potential of radiation and its risks, emphasizing the need
for further research into the health impacts of LDIR, particularly among healthcare
workers and individuals in environments with high exposure of ionizing radiation. The
objective of this study is to provide insights into safety measures and outline future
research directions aimed at achieving safer and more effective applications of radiation

in medicine.

Key words: low-doses ionizing radiation, radiobiology, clinical oncology, anti-tumour
therapy, cardiovascular risk, DNA repair, occupational health hazard, radiation-induced

immune responses, radiation therapy



3. Wprowadzenie

Niskie dawki promieniowania odnosza sie do ekspozycji na promieniowanie
jonizujace na poziomach nizszych niz te, ktére zwykle wigza sie z bezposrednim ryzykiem
dla zdrowia, jak w przypadku wysokich dawek stosowanych w radioterapii.
W przeciwienstwie do promieniowania o wysokich dawkach, LDIR jest integralng czescia
naszego srodowiska, a jego medyczne zastosowania, takie jak tomografia komputerowa
(CT) czy radioterapia, znaczaco zwiekszaja ekspozycje ludzi. Szpitale i ochrona zdrowia
s3 najwiekszym antropogenicznym Zrodtem promieniowania, odpowiadajac za 14%
catkowitej rocznej ekspozycji na Swiecie. W krajach rozwinietych medyczne zastosowanie
promieniowania jonizujacego odpowiada Srednio za dawke 3 mSv na osobe rocznie, co
jest ekwiwalentem okoto 150 zdje¢ rentgenowskich klatki piersiowej [1]. W przypadku
kardiologow i radiologéw interwencyjnych narazenie to stawia personel medyczny
w wyzszej grupie ryzyka: roczna ekspozycja wynosi okoto 5 mSy, a ryzyko zachorowania
na nowotwdr w ciggu dwoch-trzech dekad pracy szacuje sie jako 1 na 100 przypadkow.
Co wiecej, w USA Srednia skumulowana efektywna dawka u pacjentéw poddanych
obrazowaniu kardiologicznemu wynosi 23,1 mSv w ciagu trzech lat, a w niektorych
przypadkach poziomy ekspozycji moga siega¢ nawet 543,7 mSv [2]. Takie dane wskazuja
na znaczenie i koniecznos$¢ przeprowadzenia solidnych badan nad skutkami zdrowotnymi
LDIR, zwtaszcza w kontekScie rosnacego zastosowania medycznego promieniowania
jonizujacego oraz ztozonosci skutkow przewlektej ekspozycji zawodowe;j.

Wedlug weczes$niejszych analiz badawczych okoto 0,5% zgonow 2z powodu
nowotworow w Stanach Zjednoczonych byto zwigzanych z diagnostycznymi badaniami
radiologicznymi [3, 4]. Rozprzestrzenianie sie elektrowni jadrowych, rozwdj technologii
kosmicznych oraz wzrost ré6znorodnych zagrozen radiologicznych w réznych gateziach
przemystu wskazuja na pilng potrzebe badan nad LDIR. W przeciwienstwie do wpltywu
wysokich dawek, skutki zdrowotne niskich dawek budza wiecej kontrowersji
w badaniach. Narazenie na HDIR wiagze sie z problemami kardiologicznymi [5, 6],
zaburzeniami psychicznymi [7], za¢ma [8] oraz nowotworami [9, 10] jako bezposrednia
implikacja ekspozycji. Wciaz jednak wiele aspektéow dotyczacych zagrozen zwigzanych
z LDIR pozostaje niejasnych, co ma bezposrednie konsekwencje dla zdrowia publicznego,

produkcji energii, opieki medycznej oraz narazenia zawodowego.
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Co wazne, LDIR odgrywa rdéwniez istotng role we wspéiczesnej medycynie,
w szczegOlnos$ci w radioterapii i diagnostyce obrazowej [11, 12]. Nowe dane wskazujg na
potencjalne dtugoterminowe skutki ekspozycji na promieniowanie jonizujgce (IR)
w przypadku choréb niezwigzanych z nowotworami, w tym choréb uktadu sercowo-
naczyniowego (CVD), ktére sg gléwna przyczyna zgondw na Swiecie [13]. Teoria hormezy
radiacyjnej przedstawia zlozony poglad na funkcje LDIR, sugerujac, Ze niskie dawki
promieniowania jonizujacego moga wywotywaé reakcje biologiczne o dziataniu
ochronnym [14]. Badania przynosza jednak niejednoznaczne wyniki, wskazujac zaré6wno
na zwiekszone ryzyko chordb sercowo-naczyniowych, jak i na kardioprotekcyjne
dziatanie LDIR [15]. Te rozbieznos$ci podkres$lajg potrzebe systematycznych przegladow
badan, aby wyjasni¢ wptyw niskich dawek promieniowania jonizujgcego na uktad
sercowo-naczyniowy i opracowac dziatania zapobiegawcze dla grup narazonych, w tym

pacjentow i personelu medycznego [16].

Xy

Wyktad dotyczacy hormezy radiacyjnej
(zrodto: Massachusetts Institute of Technology, USA; Michael Short, lecture 34.)

Wptyw LDIR na uktad odpornosciowy wzbudza coraz wieksze zainteresowanie, tuz
obok jego znaczenia dla zdrowia ukiadu sercowo-naczyniowego. Promieniowanie
w wysokich dawkach byto dotychczas w centrum zainteresowan badawczych ze wzgledu
najego zwigzek zimmunosupresja i kancerogeneza [17]. Nowe badania jednak podwazaja
te teorie, sugerujac, ze LDIR moze oddziatywa¢ na funkcje uktadu odpornosciowego
w ztozony sposob [18]. Wedtug niektdrych doniesien, LDIR wywotuje adaptacyjne reakcje,
ktére moga miec dziatanie terapeutyczne, takie jak poprawa naprawy DNA, aktywacja
uktadu immunologicznego oraz redukcja stresu oksydacyjnego [19]. Te odkrycia
komplikuja tradycyjne postrzeganie promieniowania jako czynnika wylacznie
immunosupresyjnego i podkreslaja potrzebe dalszych badan nad jego ztozonymi efektami
[20].

Radioterapia (RT) jest jedna z najskuteczniejszych i najczesciej stosowanych metod

leczenia nowotwordéw, oparta na eliminacji komoérek nowotworowych za pomoca
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promieniowania jonizujacego. Jako klasyczna technika terapii onkologicznej, RT jest
stosowana u ponad 50% pacjentoéw onkologicznych na calym Swiecie [21-23]. Wykazano,
ze klasyczna RT w wysokich dawkach moze mie¢ zdolno$¢ leczenia niektorych
nowotworow wrazliwych na promieniowanie, pod warunkiem, zZe zmiany nowotworowe
sg zlokalizowane w jednym obszarze. W przypadku wiekszo$ci guzow litych pochodzenia
nabtonkowego (rakéw), catkowita dawka radioterapeutyczna wynosi od 60 do 80 Gy,
podczas gdy w obszarach z masywnymi nowotworami uktadu chtonnego dawki sg zwykle
nizsze, w zakresie od 20 do 40 Gy, stosujac konwencjonalne frakcje o wartosci 1,8-2 Gy

[24].

Zasada frakcjonowania dawek odgrywa kluczowa role w RT, umozliwiajac regeneracje
zdrowych komorek pomiedzy sesjami, jednocze$nie wykorzystujac mniej efektywne
mechanizmy naprawcze komoérek nowotworowych. Frakcjonowanie zapewnia réwniez,
ze komorki nowotworowe wchodzg w bardziej wrazliwe na promieniowanie fazy cyklu
komorkowego, a obszary hipoksyczne w guzach ulegaja reoksygenacji miedzy dawkami,
co zwieksza efektywno$¢ terapeutyczna [25]. W ostatnich latach badania w zakresie
radioterapii wykraczaly poza waski zakres jej tradycyjnej roli w bezposredniej
cytotoksycznosci, badajac jej funkcje immunomodulujace, ktore sg kluczowe w walce
z nowotworami. Zrozumienie zjawiska immunoedycji nowotworéw (ang. cancer
immunoediting) nadato nowy wymiar rywalizacji miedzy nowotworem a ukladem
odpornosciowym, pokazujac, jak odpowiedzi immunologiczne ewoluuja w relacji
z wlasciwo$ciami immunogennymi komdérek nowotworowych. W fazie eliminacji uktad
odpornosciowy dazy do zniszczenia komdrek nowotworowych. W miare postepu choroby,
przechodzac w fazy "réwnowagi" i "ucieczki”, nowotwdr wykorzystuje uktad
odpornosciowy do stworzenia immunosupresyjnego mikrosrodowiska [26-28].
Zmieniajace sie paradygmaty immunologii nowotwordw pokazuja takze dwoistos$¢
w odniesieniu do radioterapii. Przy umiarkowanych do wysokich dawkach RT indukuje
$Smier¢ komodrkowg o charakterze immunogennym, wywotuje reakcje zapalne i sygnaty
ostrzegawcze, ktére stymuluja  odpowiedZ immunologiczng, przetamujac
immunosupresje wywotang przez nowotwor i zwiekszajac skuteczno$¢ immunoterapii
nowotworowej. Na przyktad, umiarkowane dawki (0,2-2,0 Gy) w potaczeniu z RT moga
zwieksza¢ odpowiedZ przeciwnowotworowg i wywotywac efekt abskopalny, w ktérym
odlegte przerzuty ulegaja regresji dzieki aktywacji systemowej odpowiedzi

immunologicznej [29-31]. Jednak RT w wysokich dawkach powoduje znaczne
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uszkodzenie zdrowych tkanek, immunosupresje i wtérne nowotwory [32-35], podczas
gdy niskie dawki promieniowania (0,1 Gy lub <0,1 mGy/min) jest mniej szkodliwe,
wyzwala szybkie mechanizmy naprawy DNA, zmniejsza stres oksydacyjny i selektywnie

niszczy nieprawidtowe komorki [36, 37].

LDIR okazalo sie takze obiecujaca metoda leczenia systemowego nowotworow,
szczegblnie w leczeniu chtoniakéw, biataczek i przerzutowych nowotwordéw litych.
Catkowite napromienianie ciata TB-LDIR (total body low-dose ionizing radiation)
w dawkach 1-4 Gy przez kilka tygodni zostato udokumentowane jako skuteczne
w hamowaniu wzrostu guzéw i przerzutéw zar6wno w badaniach eksperymentalnych, jak
i klinicznych [29, 38], a takze w badaniach wtasnych (Rozdziat 7.). Mechanizmy tego
dziatania obejmuja eliminacje reaktywnych form tlenu, zmniejszenie stanu zapalnego
oraz wzmocnienie funkcji immunologicznych, takich jak aktywacja limfocytow T, B i NK
poprzez stymulacje makrofagéw, komoérek dendrytycznych i neutrofili [39-42].
Historyczne zastosowanie niskich dawek radioterapii catego ciata siega ponad wieku,
a dalsze badania staty sie podstawa jej zastosowania w stymulacji odpornosci
przeciwnowotworowej. Badania przedkliniczne konsekwentnie wykazywaty, ze LDIR
wzmacnia zaréwno wrodzone, jak i adaptacyjne funkcje uktadu odpornosciowego,
zwiekszajac kluczowe odpowiedzi efektorowe, ktore skutecznie eliminujag komorki
nowotworowe [29, 38, 42]. Wyniki te sugeruja, Ze strategiczne uwzglednienie LDIR
w protokotach leczenia nowotworéw mogtoby znaczaco poprawic¢ rokowania pacjentow
z Zaawansowanymi lub systemowymi nowotworami.

W niniejszej rozprawie doktorskiej zestawiono i poddano krytycznej analizie
wyniki prac badawczych, z ktéorych kazda koncentruje sie na odrebnym, ale istotnym
obszarze badan nad niskimi dawkami promieniowania jonizujacego. Obejmujg one:
(1) ryzyko sercowo-naczyniowe i potencjalne efekty ochronne zwigzane z LDIR;
(2) zagrozenia zawodowe dla pracownikéw ochrony zdrowia i innych grup
narazonych na ekspozycje; oraz (3) skutecznos¢ terapeutyczng i implikacje LDIR
w leczeniu nowotwordow. Celem prowadzonych do tej pory prac badawczych jest
zrozumienie oraz wyjaSnienie niepewnos$ci dotyczacych LDIR poprzez potaczenie
efektéw klinicznych, proceséw molekularnych i danych epidemiologicznych. Uzyskana
wiedza pozwoli na wsparcie polityki zdrowia publicznego, zabezpieczenie populacji
narazonych na zagrozenia zawodowe oraz wprowadzenie inicjatyw opartych na

dowodach naukowych w praktyce medycznej. W celu lepszego zrozumienia réznorodnych
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skutkow LDIR, praca ta dazy do zintegrowania przewidywanych zagrozen z rzeczywistymi
zastosowaniami oraz Swiadomoscig potencjalnych skutkdéw radiobiologicznych niskich

dawek promieniowania jonizujgcego.

4. Cele pracy

Zasadniczym celem czterech publikacji (Rozdzial 7.) przedstawianych w niniejszej
dysertacji byto przyblizenie aktualnej oceny skutkéw biologicznych, potencjatu
terapeutycznego oraz oceny ryzyka skutkow zdrowotnych niskich dawek promieniowania
jonizujacego - ze szczegoOlna obserwacja tych efektow w konteksScie onkologicznym

i sercowo-naczyniowym. Cele te realizowatem poprzez:

1) Przeglad terapeutycznego zastosowania napromieniania niskimi dawkami
promieniowania jonizujacego - Publikacjanr 1 (7.1.)

Pierwszym celem pracy doktorskiej byto wykonanie analizy terapii TB-LDIR jako
skutecznej metody leczenia nowotwordw, bazujac na danych historycznych, jak
i wspéiczesnych badaniach klinicznych. Analiza opierata sie na retrospektywnych
obserwacjach skutecznosci dyskutowanej metody jako narzedzia terapeutycznego

w onkologii.

2) Ocene eksperymentalng in vivo wplywu niskich dawek promieniowania
jonizujacego z zastosowaniem modelu mysiego raka ptuca - Publikacja nr 2
(7.2.)

Celem przeprowadzanego przez nas badania eksperymentalnego byta ocena

skutecznoSci terapeutycznego TB-LDIR w potaczeniu z inhibitorami immunologicznych
punktow kontrolnych (CTLA-4 i PD-1) i/lub inhibitorem biatka szoku cieplnego (HSP90)

w mysim modelu niedrobnokomoérkowego raka ptuca.

3) Przeglad systematyczny wplywu niskich dawek promieniowania jonizujacego
na uklad sercowo-naczyniowy - Publikacja nr 3 (7.3.)

Celem mojej metaanalizy byla systematyczna ocena wptywu ekspozycji na LDIR

w konteks$cie Smiertelnosci oraz progresji chordb sercowo-naczyniowych w populacji

ogolnej - odnoszac wyniki do dyskutowanej w tej pracy teorii hormezy radiacyjnej,
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zakladajacej, ze niskie dawki promieniowania jonizujacego moga mie¢ korzystny efekt

biologiczny

4) Analize potencjalnych Kkorzysci i mechanizméw odpowiadajacych za
korzystny wplyw niskich dawek promieniowania jonizujacego w kontekscie
pracownikow ochrony zdrowia - Publikacja nr 4 (7.4.)

Celem przeprowadzonego przegladu byta analiza ryzyka i mozliwych korzysci

zdrowotnych wynikajacych z ekspozycji zawodowej na LDIR ws$rdd personelu
medycznego. ZgromadziliSmy dane dotyczace wptywu LDIR na metylacje DNA, stres

oksydacyjny oraz odpowiedZ immunologiczng takiej ekspozyciji.

5) Sformulowanie aktualnych wnioskdw i prébe obiektywnej oceny potencjatlu
efektow biologicznych niskich dawek promieniowania jonizujacego

Ostatnim celem byto podsumowanie zgromadzonych danych z publikowanych badan

oraz wtasnych wynikéw eksperymentalnych, w formie wnioskow i perspektywicznej roli

dalszych badan dla zrozumienia szczeg6towego mechanizmu radiobiologicznych LDIR.

5. Metodologia

Przedstawiana praca doktorska integruje wyniki przegladow systematycznych,
metaanaliz oraz badan eksperymentalnych, aby zsyntetyzowa¢ kluczowe aspekty
promieniowania jonizujgacego w zakresie niskich dawek (LDIR) oraz jego implikacje.
Przeglad koncentruje sie na trzech gtéwnych obszarach: wptywie LDIR na uktad sercowo-
naczyniowy, ekspozycji zawodowej i jej skutkach zdrowotnych oraz terapeutycznych
zastosowaniach niskich dawek promieniowania. W pracy badawczej zastosowano
systematyczng strategie w celu odkrycia i potaczenia istotnych danych, zapewniajac
kompleksowg analize skutkow LDIR w roéznych grupach demograficznych
i wynikach zdrowotnych, ze szczegdélnym uwzglednieniem ekspozycji zawodowej,
zastosowan w radioterapii onkologicznej oraz zdrowia jak i ryzyka sercowo-

naczyniowego.
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5.1. Strategia gromadzenia danych

5.1.1. Ekspozycja zawodowa na promieniowanie jonizujace

Aby oceni¢ ryzyko i potencjalne korzysci zwigzane z niskimi dawkami
promieniowania u os6b zawodowo narazonych, przeprowadzono szeroko zakrojone
wyszukiwanie literatury w renomowanych bazach danych, takich jak Google Scholar,
PubMed, Scopus i Embase. Do wyszukiwania artykutéw wykorzystano stowa kluczowe:
,radiation”, ,ionizing radiation”, ,medical personnel” oraz ,radiation protection”.
Wyszukiwano wszystkie artykuty opublikowane w jezyku angielskim bez ograniczen
czasowych. Uwzgledniono badania eksperymentalne i kliniczne dotyczace wynikow
zdrowotnych zwigzanych z zawodowg ekspozycja na LDIR. Wykluczono artykuty, ktére
byty w jezykach innych niz angielski, zawieraty niekompletne dane lub nie dotyczyty

bezposrednio zdrowotnych skutkéw zawodowej ekspozycji na promieniowanie.

5.1.2. Napromienianie calego ciala LDIR w leczeniu nowotworow

Ten aspekt dotyczyt zastosowania terapii LDIR catego ciala w leczeniu
nowotworow, koncentrujac sie na ocenie jej skutecznosci i bezpieczenstwa. Pierwszym
etapem byto wyszukiwanie w bazie PubMed, ktore nastepnie uzupetniono o dodatkowe
wyszukiwania w Google Scholar, Medline oraz Cochrane Library. Uzyte stowa kluczowe
obejmowaty: “low level radiation”, “whole-body radiation”, “radiotherapy”, “cancer

»” o«
)

treatment”, “cancer therapy”, oraz “low-dose radiation”. Do niniejszej pracy witaczono
badania koncentrujace sie na zastosowaniu ultraniskich dawek promieniowania
(£0,1-0,2 Gy na frakcje) w leczeniu nowotwordw, szczeg6lnie te, ktore nie wykazuja
typowych dziatan niepozadanych zwigzanych z wysokodawkowa RT. Kryteria witaczenia
opieraty sie na badaniach oceniajacych bezpieczenstwo i skutecznos¢ LDIR w terapii

onkologiczne;j.

5.1.3. Wplyw LDIR na $miertelno$¢ i progresje choréb sercowo-naczyniowych

Trzecig i ostatnig analizowang w niniejszej pracy kwestig byt wptyw LDIR na
$Smiertelno$¢ oraz progresje CVD. W celu przeprowadzenia kompleksowego przegladu

literatury dokonano wyszukiwania w bazach PubMed, Web of Science, Scopus oraz
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Embase. Uzyte stowa kluczowe obejmowaty: “low-dose ionizing radiation”,
“cardiovascular disease”, “CVD mortality”, “heart disease progression”, “radiation
hormesis”, oraz “radiation exposure”. Do niniejszego opracowania uwzgledniono
wylacznie artykuty opublikowane w recenzowanych czasopismach naukowych.
Uwzgledniono badania kohortowe, badania kliniczno-kontrolne oraz badania
eksperymentalne dotyczace wptywu LDIR na uktad sercowo-naczyniowy w kontekscie
jego oddziatywania na $miertelnos$¢ oraz progresje choroby. Podsumowanie danych z tych
badan dostarczyto informacji na temat potencjalnych korzystnych efektow LDIR oraz roli

hormezy w zdrowiu uktadu sercowo-naczyniowego.

5.2. Pozyskanie danych

Zastosowano ustrukturyzowane podejscie do systematycznego pozyskiwania danych
dotyczacych analizowanych zmiennych. W celu zapewnienia spo6jnosci i doktadnosci,
proces ekstrakcji opierat sie na standardowych metodach, co umozliwito konsekwentne
gromadzenie i kompilowanie danych. Dzieki temu zapewniono, ze wszystkie istotne
informacje zostaly zarejestrowane w sposéb umozliwiajacy uzyskanie wiarygodnych
oraz powtarzalnych wynikéw. Wszystkie dane poddano analizie zar6wno z pierwotnych,
jak i wtoérnych zZrodel, aby zminimalizowa¢ rozbieznosci i zagwarantowac ich

kompletnos¢.

5.3. Ocena jakosci i zbieranie danych

Podstawa niniejszej pracy byty oryginalne publikacje naukowe. Aby upewnic sie, ze
spelniono peten zakres naszych celow, wyeliminowano wszelkie powtarzajgce sie
badania. W celu zapewnienia, Ze abstrakty tych prac spetniaja wysokie standardy
i odpowiednie kryteria naszych badan, przeprowadzono szczegdétowa analize. Nastepnie
oceniono wszystkie publikacje, aby sprawdzi¢, czy kwalifikuja sie do uwzglednienia
w niniejszej dysertacji doktorskiej. Jako$¢ wiaczonych badan, szczegdlnie tych
dotyczacych doktadnos$ci diagnostycznej, oceniano przy uzyciu odpowiednich narzedzi.
Dodatkowo przeanalizowano potencjalne ryzyko stronniczo$ci oraz problemy

z zastosowalno$cia kazdego badania.
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6. Wyniki

Niskie dawki promieniowania jonizujacego sa przedmiotem licznych badan, ktére
wskazuja na ich szerokie zastosowanie w medycynie. Pomimo istotnych korzysci,
szczegblnie w diagnostyce obrazowej i terapii, LDIR wigze sie takze z szeregiem
potencjalnych zagrozen. Do najwazniejszych naleza dtugoterminowe skutki zdrowotne,
takie jak zwiekszone ryzyko nowotworéw, choréb sercowo-naczyniowych oraz zaburzen
immunologicznych.

Chociaz uznaje sie korzysci LDIR w rozwoju nauk medycznych, optymalizacja ich
stosowania w celu minimalizacji szkdéd pozostaje skomplikowanym wyzwaniem. Jak
przedstawiono na Rysunku 1. skutki zdrowotne ekspozycji na promieniowanie
jonizujace sg $cisle zalezne od dawki: niskie dawki moga przynosi¢ potencjalne korzysci,
podczas gdy wysokie dawki sg zwigzane z negatywnymi efektami stochastycznymi
i deterministycznym. Wraz z postepem badan coraz wieksza uwage poswieca sie
wptywowi promieniowania na ukiad sercowo-naczyniowy, podkreslajac ryzyko
i mechanizmy lezace u podstaw choréb serca wywotanych promieniowaniem

jonizujacym.
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Zaleznosé¢ skutkow zdrowotnych ekspozyeji na niskie
dawki promiceniowania jonizujacego w zaleznosci od
dawki

Ryzyko (wzrost zapadalnoSci na nowotwory)

»
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Rysunek 1. Schemat skutkéw ekspozycji na promieniowanie jonizujgce w zaleznosci od dawki
zdrowotnych; teoria hormezy radiacyjne;j.

6.1. Wplyw promieniowania na czesto$s¢ wystepowania chordéb sercowo-
naczyniowych

Cha i wspotpracownicy przeprowadzili badanie obejmujgce 11 500 pracownikéow

diagnostyki radiologicznej, oceniajac ryzyko wystapienia chordb sercowo-naczyniowych
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(CVD) wsrod oséb narazonych na promieniowanie. Badanie wykazato istotny wzrost
ryzyka nadci$nienia tetniczego u pracownikoéw, ktorzy rozpoczeli prace przed 2000
rokiem, w porOéwnaniu z tymi, ktérzy zaczeli pracowa¢ w 2005 roku lub poZnie;.
Nadmierne ryzyko wzgledne (ERR) na 100 mGy (ERR/100 mGy) dla catkowitych CVD
wyniosto 0,14, z niewielkim wzrostem ryzyka dla choréb mézgowo-naczyniowych
i chordob niedokrwiennych serca. ERR byto wyzsze u kobiet i mtodszych pracownikow.
Badanie dostarczyto ograniczonych dowodéw na pozytywny zwigzek miedzy zawodowa
ekspozycja na promieniowanie a CVD, jednak konieczne jest dalsze monitorowanie
podwyzszonego ryzyka dla osob narazonych po raz pierwszy oraz ERR u kobiet
i mtodszych pracownikow [43].

Howe i wspotpracownicy (2004) zauwazyli pozytywna, cho¢ statystycznie nieistotng
tendencje zachorowan na biataczki oraz nowotwory lite. Znaczacy zwigzek
zaobserwowano jednak w przypadku miazdzycowej choroby serca, a takze wrodzonej
choroby serca (CHD), z ERR wynoszacym 8,78 (95% CI: 2,10-20,0) [44].

Ivanov i wspétpracownicy (2006) stwierdzili znacznie podwyzszone ryzyko choroby
niedokrwiennej serca (ERR Gy~ ! = 0,41), nadciénienia tetniczego (ERR Gy™* = 0,36) oraz
choréb mézgowo-naczyniowych (ERR Gy™* = 0,45). Najwyzsze ryzyko zaobserwowano
u pracownikdw, ktérzy otrzymali dawke powyzej 150 mGy w czasie krétszym niz
6 tygodni [45].

Kreuzer i wspétpracownicy (2006) nie odnotowali wzrostu $miertelnosci z powodu
chorob uktadu krazenia przy skumulowanej ekspozycji na radon, promieniowanie gamma
ani kontakt z radionuklidami [46]. Natomiast kolejne badanie Kreuzera
i wspéipracownikow (2015) ocenito wskaznik Smiertelnosci z powodu CVD wsrod
niemieckich gérnikow rudy uranu narazonych na niskie poziomy promieniowania
jonizujacego. Wyniki wskazaly na czestsze i bardziej zaawansowane przypadki choréb
sercowo-naczyniowych u narazonych pracownikéw [47].

Korzystajac z modelu reakcji-dyfuzji przestrzennej dla miazdzycy, Little
i wspdlpracownicy (2009) przeanalizowali mechanizm dlugoterminowego wplywu
frakcjonowanych, niskich dawek promieniowania jonizujagcego na CVD. Zaproponowany
model sugeruje, Ze dtugotrwata ekspozycja na niskie dawki promieniowania powoduje
wzrost stezenia chemotaktycznego biatka MCP-1, co zwieksza ryzyko wystgpienia choréb

sercowo-naczyniowych [48].
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6.1.1. Skutki promieniowania na wczesng posta¢ miazdzycy

Tomei i wspodtpracownicy (1993) przeanalizowali zawodowe narazenie na
promieniowanie jonizujgce 145 lekarzy. Wykazano istotng korelacje pomiedzy
narazeniem na promieniowanie a uszkodzeniem mikrokrazenia skérnego. Tylko 20,7%
0s6b narazonych wykazato prawidlowy obraz kapilaroskopii, w poréwnaniu do 91,5%
0s6b w grupie kontrolnej. Wzgledne ryzyko uszkodzen kapilaroskopowych wynosito 0,23,
z niewielkimi réznicami zaleznymi od ptci [49].

Badanie Andreassiego i wspdipracownicy (2005) analizowali wplyw nisko
dawkowego promieniowania jonizujacego na srédbtonek oraz ryzyko miazdzycy. Wyniki
wykazaty, ze pracownicy z wysoka ekspozycja mieli wyzsze wartosci CIMT (grubos¢
kompleksu intima-media tetnicy szyjnej wspolnej) oraz skrdcone telomery, co sugeruje
przyspieszone starzenie naczyn i wczesny rozwdéj miazdzycy w poroéwnaniu do grupy
z niska ekspozycja [50].

Manenti wraz z wspoétpracownikami (2024) zbadali dtugoterminowy wplyw
niskich dawek promieniowania na ryzyko choréb sercowo-naczyniowych, podkreslajac,
ze cho¢ badania epidemiologiczne moga by¢ obarczone btedem, dostepne dane sa
przekonujgce. Zasugerowali, ze czynniki srodowiskowe, styl zycia oraz indywidualne
czynniki ryzyka moga zafatlszowywac¢ obraz zagrozen zwigzanych z promieniowaniem,
jednak istotno$¢ statystyczna pozostaje kluczowa dla dalszego zrozumienia problemu
[51].

Zgodnie z badaniem Yan i in. (2014), ktérzy oceniali dtugoterminowe skutki
sercowo-naczyniowe napromieniania protonami catego ciata oraz napromieniania jonami
zelaza myszy, wplyw promieniowania zalezat od jego rodzaju; jony Zelaza miaty szkodliwy
wptyw na funkcje serca, podczas gdy promieniowanie protonowe ja poprawiato [52].
Zielinski i in. (2009) podali, ze ERR/1 Sv dla $Smiertelnosci z powodu choréb sercowo-
naczyniowych wynosito 1,22 u mezczyzn (90% CI: 0,47-2,10) oraz 7,37 u kobiet
(90% CI: 0,95-18,1). Natomiast nadmierne ryzyko bezwzgledne (EAR) dla nowotworéw
litych indukowanych promieniowaniem wynosito 37,5/1 Sv na 10 000 osobolat (90% CI;
$rednia w kohorcie: 17,0, SD = 60,1) [53]. Quiin. (2024) zbadali mechanizmy miazdzycy
zwigzane z LDIR, wykazujac, ze LDIR aktywowato neutrofile i hamowato powstawanie

zewnatrzkomorkowych sieci neutrofili (NETSs), co prowadzito do zmniejszenia miazdzycy,
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szczegblnie w grupie na diecie wysokottuszczowej [54]. Podobne wnioski wysunagtem

w meta-analizie, ktore przedstawiam ponizej oraz w Publikacji nr 3 (Rozdzial 7.3.)

6.1.2. Wspolczynnik sSmiertelnosci w grupach narazonych na niskie dawki
promieniowania jonizujacego

Wspotczynnik Smiertelnosci w grupie narazonej na LDIR obejmujg pie¢ badan,
przedstawionych na Rysunku 2. Howe i in. (2004) [44] odnotowali wspotczynnik zdarzen
na poziomie 0,272 (95% CI: 0,268-0,275), ze znacznym wzrostem S$miertelnoSci
(Z = -101,713, p < 0,001). Ivanov i in. (2006) [45] wykazali wspotczynnik zdarzen
wynoszacy 0,100 (95% CI: 0,098-0,102), réwniez istotny statystycznie (Z = -162,825,
p < 0,001). Kreuzer i in. (2006) [46] wskazali wspotczynnik zdarzen na poziomie 0,157
(95% CI: 0,154-0,160), uzyskujgc wysoce istotne wyniki (Z = -148,584, p < 0,001).
Kreuzer iin. (2015) [47] zaobserwowali wyzszy wspotczynnik zdarzen wynoszacy 0,490
(95% CI: 0,486-0,494), co wskazuje na istotny wzrost $miertelnosci (Z = -4,851,
p <0,001). Zielinskiiin. (2009) [53] odnotowali wspdétczynnik zdarzen na poziomie 0,191
(95% CI: 0,085-0,376), rowniez wykazujgc istotny wzrost Smiertelnosci (Z = -3,018,
p = 0,003). Ogdélnie wyniki wskazuja na wyrazng i konsekwentng tendencje wzrostu
$SmiertelnoSci wsréd os6b narazonych na LDIR. Szczegétowe charakterystyki

uwzglednionych badan przedstawiono w Tabeli 1.

Meta-Analysis of Enhanced Mortality Rate in LDIR-Exposed Group

Study name Statistics for each study Event rate and 95% C1

Event Lower Upper

rate  Wmit  limit  ZValue p-Value
Howe et al, 2004 0272 0288 0275 -101.713 0.000
ivanovetal 2006 0100 0098 0,102 -162825 0.000
Krewzeretal 2006 0157 0.154 0160 -148584 0,000

Kreuzeretal 2015 0490 0488 0494 4851 0.000 =
Zieinskietal. 2009 009 0088 0091 -384598 0.000
0191 0085 0376 -3018 0,003 1)

400 -200 000 200 4.00

Favours A Favours B

Rysunek 2. Wykres przedstawiajacy wspoétczynnik Smiertelno$ci wsréd oséb narazonych na niskie
dawki promieniowania jonizujacego [44-47, 53].
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6.1.3. Wspotczynnik progresji choréb serca w grupie naraZonej na niskie
dawki promieniowania jonizujacego

Wyniki dotyczace wspotczynnika progresji chorob serca w grupie narazonej na
LDIR przedstawiono na Rysunku 3. Howe i in. (2004) [44] odnotowali wspoétczynnik
zachorowalno$ci na poziomie 0,286 (95% CI: 0,282-0,290), wskazujacy na istotng
progresje choroby (Z =-95,708, p < 0,001). Ivanov i in. (2006) [45] wykazali statystycznie
istotny wspoétczynnik zachorowalnosci wynoszacy 0,215 (95% CI: 0,211-0,218)
(Z=-131,524,p < 0,001). Kreuzer i in. (2006) [46] odnotowali istotng progresje choroby
(Z=-112,076, p < 0,001) przy wspotczynniku zachorowalno$ci wynoszacym 0,258 (95%
Cl: 0,255-0,262). Dalsze badania tego zespotu w pdzniejszych latach wykazaty
wspotczynnik zachorowalnos$ci wynoszacy 0,168 (95% CI: 0,165-0,171) oraz istotne
wyniki statystyczne (Z = -145,306, p < 0,001) [47]. Zielinski i in. (2009) [53] odnotowali
istotny wskaznik progresji choroby (Z = -258,674, p < 0,001) oraz wspdtczynnik zdarzen
na poziomie 0,268 (95% CI: 0,266-0,269). Laczne wyniki badan wskazuja na silng
i statystycznie istotna korelacje miedzy ekspozycja na LDIR a przyspieszonym rozwojem

choréb serca.

Meta-Analysis of Cardiac Disease Progression Rate in LDIR-Exposed Group

Study name_ Statistics for each study Event rate and 96% C!

Event Lower Upper
rate limit limit 2Z-Value p-Value

Howe et al 2004 0286 0282 0290 -95708 0 000
anov et al . 2006 0215 o020 0218 131524 0 000
Kreuzeretal 2006 0258 0255 0262 112076 0 000
Kreweretal 2015 0168 0165 0171 1453086 0 000
Zubnskietal 2009 0268 0266 0269 258674 0.000
0236 0201 0275 -11229 0000 |

400 200 000 2.00 4.00

Favours A Favours B

Rysunek 3. Wykres przedstawiajacy wspotczynnik progresji choréb serca wsrdd oséb narazonych na
niskie dawki promieniowania jonizujacego [44-47, 53].
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6.1.4. Wskaznik progresji roznych chordb serca w grupie narazonej na niskie
dawki promieniowania jonizujace

Howe i in. (2004) [44] zidentyfikowali miazdzycowa chorobe serca ze
wspotczynnikiem zdarzen wynoszacym 0,174 (95% CI: 0,171-0,178), uzyskujac istotne
wyniki (Z = -136,681, p < 0,001). Ivanov i in. (2006) [45] odnotowali chorobe
niedokrwienng serca oraz choroby naczyn mézgowych ze wspotczynnikiem zdarzen
wynoszacym 0,215 (95% CI: 0,211-0,218), réwniez istotnym statystycznie (Z = -131,524,
p <0,001). Kreuzeriin. (2006) [46] zaobserwowali ogdlne choroby sercowo-naczyniowe
ze wspotczynnikiem zdarzen na poziomie 0,191 (95% CI: 0,188-0,194), wykazujac ich
istotny wzrost (Z =-137,942, p < 0,001). Kreuzer i in. (2015) [47] odnotowali miazdzyce
ze wspotczynnikiem zdarzen wynoszacym 0,168 (95% CI: 0,165-0,171), réwniez
istotnym statystycznie (Z = -145,306, p < 0,001). Zielinski i in. (2009) [53] wykazali
miazdzyce ze wspotczynnikiem zdarzen na poziomie 0,268 (95% CI: 0,266-0,269),
uzyskujac istotne wyniki (Z = -258,674, p < 0,001). Ogdlna analiza wskazuje na zwigzek
miedzy ekspozycja na LDIR a r6znymi chorobami serca, szczegélnie miazdzyca i choroba
niedokrwienng serca. Rysunek 4 podsumowuje rodzaje choréb serca obserwowanych

w grupie narazonej na LDIR.

Meta-Analysis of Types pf Cardiac Disease Progression Rate in LDIR-Exposed Group

"ty e Mg ey wihen ol oty Vit e s s bk by St | o o BN

-----

Rysunek 4. Wykres przedstawiajacy wskaznik progresji chordéb serca wsréd oséb narazonych na niskie
dawki promieniowania jonizujacego [44-47, 53].

6.1.5. Porownanie wskazZnika $miertelnosci w grupie os6b narazonych na
niskie dawki promieniowania jonizujacego a grupa kontrolna

Poroéwnanie wskaznikdw $miertelnosci miedzy grupa narazong na LDIR a grupa

kontrolng, uwzgledniajgce badania wskazujace na pozytywne skutki ekspozycji na LDIR,
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przedstawiono na Rysunku 5. Yan i in. (2014) [52] odnotowali iloraz szans wynoszacy
2,434 (95% CI: 0,111-53,509), sugerujac zmniejszong Smiertelnos¢ w grupie LDIR,
jednak wynik nie byt statystycznie istotny (Z = 0,564, p = 0,573). Qu i in. (2024) [54]
uzyskali iloraz szans réwny 2,667 (95% CI: 0,184-38,558), wskazujgcy na podobna
redukcje Smiertelnosci, lecz rowniez bez istotnosci statystycznej (Z = 0,720, p = 0,472).
Laczny iloraz szans wynosit 2,564 (95% CI: 0,340-19,350), z warto$cia Z = 0,913
i p =0,361. Wyniki te sugeruja tendencje do obnizonej $miertelno$ci w grupie narazonej
na LDIR, jednak szerokie przedziaty ufnosci i brak istotnos$ci statystycznej ograniczaja

jednoznaczng interpretacje.

Meta-Analysis of Positve Outcome of LDIR-Exposed group on Mortality Rate as Compared to Control Group

Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper
ratio limit  limit 2ZValue p-Value

Yan etal, K 2014 2434 0111 53509 0584 0573
Quetal, 2024 2667 0184 38558 0720 0472
2554 0340 18350 0913 0381

0102 05 1 2 5 10

Favours A Favours B

Rysunek 5. Wykres poréwnujacy $miertelno$¢ miedzy grupa narazong na niskie dawki
promieniowania jonizujacego a grupa kontrolna [52, 54].

6.1.6. Porownanie progresji chorob serca miedzy grupa narazona na niskie
dawki promieniowania jonizujacego a grupa kontrolna

Wykres poréwnujacy progresje chorob serca miedzy grupa narazong na LDIR
a grupa kontrolng, przedstawiono na Rysunku 6. Yan i in. (2014) [52] odnotowali iloraz
szans wynoszacy 7,098 (95% CI: 0,427-118,009), sugerujac wolniejsza progresje choréb
serca w grupie LDIR, jednak wynik nie osiggnat istotnosci statystycznej (Z = 1,366,
p = 0,172). Podobnie Qu i in. (2024) [54] uzyskali iloraz szans réwny 2,667
(95% CI: 0,184-38,558), wskazujacy na zmniejszong progresje choroby, lecz takze bez
istotnoSci statystycznej (Z = 0,720, p = 0,472). Laczny iloraz szans wynosit 4,243 (95%
CI: 0,612-29,423), z wartoScig Z = 1,463 i p = 0,143. Wyniki te sugeruja potencjalng

tendencje do wolniejszej progresji choréb serca w grupie narazonej na LDIR, jednak brak
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istotno$ci statystycznej oraz szerokie przedziaty ufnosci ograniczaja jednoznacznag

interpretacje.

Meta-Analysis of Positve Outcome of LDIR-Exposed group on Slow Cardiac Disease Progress ion Rate as Compared to Control Group

Study name Statistics for each study Odds ratio and 95%Cl

Odds Lower Upper
ratio  limit limit  Z-Value p-Value

Yan etal, 2014 7.098 0427 118009 1.366 0.172 | .1
Quetal, 2024 2667 0184 38558 0720 0472
4243 0612 29423 1463 0.143 I -1-’]

0102 05 1 2 5 10

Control LDIR

Rysunek 6. Wykres poréwnujacy progresje choréb serca miedzy grupa narazong na niskie dawki
promieniowania jonizujacego a grupa kontrolng [52, 54].

Badania wykazaly zwiekszong Smiertelno$¢ oraz przyspieszong progresje chorob
serca u pacjentéw narazonych na LDIR. Chociaz niektdre analizy sugerujg, ze LDIR moze
obnizac¢ $miertelno$¢ i spowalnia¢ rozwoéj choroby, s to jedynie obserwacyjne tendencje,
ktére nie osiagnety istotnosci statystycznej. Niniejsze badanie podkresla ztozone skutki
LDIR dla zdrowia uktadu sercowo-naczyniowego i wskazuje na potrzebe dalszych badan

w celu lepszego zrozumienia jego konsekwenciji.
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Tabela 1. Przeglad wybranych badan dotyczacych skutkéw LDIR na uktad sercowo-naczyniowy:.

llosé Wplyw na Wplyw na
Nazwa badania Typ badania Cele badania badanvch Dawka LDIR émile)r}t,:l,noéé progresje Wyniki Lit.
Y choréb serca
Silna ’
pozytywna Smiertelno$¢ nizsza
Analiza Analiza wskaznikéw Pozytywna, lecz .zaleznosc Wporownaniu z
. PN i PRy . miedzy dawka ogo6lna populacja
$miertelnosci wsréd $Smiertelno$ci wsréd statystycznie romieniowa- (efekt zdrowego
pracownikéw pracownikow nieistotna zalezno$¢ z pnia aliczb racownika)g
amerykanskiego amerykanskiego Kilka biataczka i wszystkimi Zoonéw Zq Poz P na Zaleziloéc'
przemystu ) przemystu milisiwertéw nowotworami litymi. 5 ytyv'v :
. Badanie : . s powodu z biataczka i
jadrowego po jadrowego 53698 (mSv) rocznie. Pozytywna i istotna o . Lt [44]
. kohortowe . : Ny miazdzycowej wszystkimi
przewlektej narazonych Dozymetria zalezno$¢ z e
. . L . : s choroby serca, nowotworami litymi
niskodawkowej przewlekle na niskie indywidualna miazdzycowa choroba w tvm chorob oraz silnv zwiazek z
ekspozycji na dawki serca, w tym choroba ty i oby U ZWIa
L . o . L wiencowej, z miazdzycowaq
promieniowanie promieniowania wiencowa, z ERR ERR choroba serca
jonizujace jonizujacego wynoszacym 8,78 wynoszacym Zaleca sie dalsza
8,78 (95% CI: obserwacje i analize
2,10-20,0)
Statystycznie
istotna
zalezno$¢ Zaobserwowano
dawka- ZNnaczacy wzrost
Statystycznie istotne odpowiedz dla ryzyka choroby
Ryzyko choréb Oszacowanie ryzyka ryzyko dla choroby chordb niedokrwiennej
MOZEOWO- ekspozycji na niedokrwiennej serca naczyniowo- serca, pierwotnego
nacz rflgio ch promieniowanie dla Srednia dawka (ERR Gy™*=0,41), moézgowych, nadci$nienia
ynlowy Badanie nienowotworowych 0,1 Gy. nadci$nienia przy czym tetniczego i chordb
wywotanych . 61017 . . 1 A Ry [45]
romieniowaniem u kohortowe chordb uktadu Dozymetria pierwotnego (ERR Gy najwyzsze naczyn mézgowych.
lr;kwi datoréw awarii krazenia wsrod indywidualna =0,36) oraz choréb ryzyko Ryzyko zalezy od
w Czarnobvlu likwidatoréw awarii naczyniowo- wystepowato u czasu ekspozycji i
y w Czarnobylu moézgowych (ERR Gy  pracownikéw, dawki, przy czym
=0,45) ktorzy wysokie dawki

otrzymali >150
mGy w czasie
krotszym niz 6
tygodni

dzienne wykazuja
silniejsze powigzania
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llosé Wplyw na Wplyw na
Nazwa badania Typ badania Cele badania Dawka LDIR p 'PIYyW y progresje Wyniki Lit.
badanych $Smiertelnos¢ p
choréb serca
Badanie nie
wykazato zwigzku
Srednia Nie miedzy
skumulowana . $miertelnoscia z
. Brak trendu w stwierdzono .
G /2 ekspozycja: s . : powodu choréb
Smiertelnos¢ z . . $miertelnosci z istotnego
. Ocena zwiekszenia 241 WLM . : Sercowo-
powodu choréb . - . powodu choréb uktadu zwigzku .
$miertelnosci z (ilo$¢ miesiecy . : naczyniowych a
Sercowo- . krazenia wraz ze miedzy
: . powodu chor6b roboczych) X skumulowana
naczyniowych w Badanie wzrostem narazeniem na .
. Sercowo- 59001 dla radonu, 41 . - ekspozycja na [46]
kohorcie kohortowe . skumulowanej promieniowa- L .
o naczyniowych przy mSv dla " ) promieniowanie.
niemieckich . . ekspozycji na radon, niea .
PR znaczacej ekspozycji zewnetrznego L . . - Ograniczone dowody
gornikéw uranu, L . T . promieniowanie $miertelnoscia : i
na promieniowanie promieniowani sugeruja zwiekszone
1946-1998 gamma lub z powodu A
a gamma. . . . ryzyko choro6b
. radionuklidy choréb serca -
Dozymetria uktadu krazenia w
. : lub udaru . o
indywidualna wyniku narazenia na
niskie dawki
promieniowania
Skumulowana
Niskie dawki Ocena $miertelno$ci ekspozycja
promieniowania z powodu choréb na radon, . P Zwiekszona
Lo Wyzsze wskazniki . . . /7
jonizujacego a sercowo- zewnetrzne P - Nieokreslone, $miertelnosc z
- s St $miertelnosci z ,
choroby sercowo- ) naczyniowych wsréd promieniowa- . ale sugerowane powodu chordéb
. Badanie o . : powodu choréb .
naczyniowe — populacji zawodowo 58972 nie gamma i : istotna sercowo- [47]
; , kohortowe . g .. sercowo-naczyniowych . .
Strategie badan narazonych na niskie dtugozyciowe . progresja naczyniowych przy
. ; : u narazonych . .
molekularno- dawki radionuklidy. racownikéw choroby znaczacej ekspozycji
epidemiologicznych promieniowania Dozymetria p na promieniowanie
w Europie jonizujacego indywidualna i
$rodowiskowa
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Tabela 1. Przeglad wybranych badan dotyczacych skutkéw LDIR na uktad sercowo-naczyniowy c. d.

llosé Wplyw na Wplyw na
Nazwa badania Typ badania Cele badania Dawka LDIR P 'PIYyW y progresje Wyniki Lit.
badanych $miertelnos¢ p
choréb serca
Predykcja modelu
Propozycja modelu Zwiekszony jest zgodna z
reakcyjno- Model sugeruje, ze poziom MCP-1 obserwowanym
Model choréb dyfuzyjnego przewlekta ekspozycja z powodu ryzykiem chordb
Sercowo- miazdzycy, ktéry Frakcjonowa- na niskie dawki indukowanej Sercowo-
naczyniowych dostarcza ne niskie promieniowania promieniowa- naczyniowych w
przedstawiajacy wiarygodnego dawki jonizujacego moze niem $mierci grupach zawodowo
wiarygodny Badanie mechanizmu Nie dotyczy =~ promieniowa- zwiekszac¢ Srednie monocytow narazonych, co
mechanizm wptywu modelowania  wplywu przewlektej, (badanie nia stezenie oraz sugeruje, ze [48]
frakcjonowanej teoretycznego frakcjonowane;j modelowe) jonizujacego, MCP-1 (biatko zZmniejszonej przewlekta
niskodawkowej ekspozycji na niskie doktadna chemotaktyczne degradacji ekspozycja na
ekspozycji na dawki dawka nie monocytéw 1), co MCP-1, co promieniowanie w
promieniowanie promieniowania okreslona moze podnosi¢ ryzyko moze niskich dawkach
jonizujace jonizujacego na choréb sercowo- prowadzi¢ do = moze przyczyniac sie
choroby sercowo- naczyniowych progresji do rozwoju choréb
naczyniowe miazdzycy Sercowo-
naczyniowych
Znaczace
Zmiany w
procbudowe _ VWkasano
Raport dotyczacy p po specyficzne skutki
Ryzyko sercowo- diugotermlln owych Protony (0.5 napromienio- sercowo-naczyniowe
: skutkow : - P : w zaleznosci od
naczyniowe s Gy, 1GeV)i Smiertelno$¢ nie waniu; :
: . napromieniania . ) . PR . rodzaju
zwigzane z Badanie - Nie dotyczy jony zelaza roznita sie istotnie poprawa oo .
. catego ciata ; . o promieniowania, co
niskodawkowg eksperymental Lo . (badanie na (0.15Gy, 1 miedzy grupa funkcji u myszy S [52]
. protonami i jonami - ;O Y moze mieé
ekspozycja na ne na myszach . . zwierzetach)  GeV/nukleon). napromieniong a napromienio- .
L . zelaza na zdrowie potencjalne
promieniowanie Metoda kontrolng wanych T
S uktadu sercowo- . - . implikacje dla
jonizujace czastek ; obliczeniowa protonami, ale e
naczyniowego u . podroézy
pogorszenie u .
myszy kosmicznych oraz
myszy
o RT
napromienio-
wanych jonami
zelaza
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Tabela 1. Przeglad wybranych badan dotyczacych skutkéw LDIR na uktad sercowo-naczyniowy c. d.

llosé Wplyw na Wplyw na
Nazwa badania Typ badania Cele badania Dawka LDIR p 'PIYyW y progresje Wyniki Lit.
badanych $Smiertelnos¢ p
choréb serca
Silna pozytywna
Za0bserwowa- zalezno$¢ miedzy
. dawka
Ocena ryzyka no istotng S .
$miertelnosci z 4 Istotna pozytywna pozytywna promieniowania a
Ekspozycja na niskie . Srednia Y Ry $miertelnos$cia z
. powodu choréb zalezno$¢ dawka- zaleznos$¢
dawki Sercowo- dawka: 8,6 odpowiedz; wyzsze dawka- powodu CVD.
promieniowania Badanie naczyniowych wsréd mSv ryzr})/ko niz \,/vv;,r}l,nych odpowiedz Ograniczenia
Jonizujacego a eksperymental kanadyjskich 337397 (mezczyZni), kohortach zaréwno u ob.e] muja [53]
$miertelnos¢ z ne (model g 1,2 mSv . . 1 potencjalne btedy
powodu choréb zwierzecy) pracownikow (kobiety) zawodowych iu mezczyzn, jak i wynikajace z
narazonych na niskie ) ocalatych z kobiet, z . .
Sercowo- dawki Dozymetria bombardowan roznymi niepewnos$ci w
naczyniowych - . indywidualna PR dozymetrii oraz brak
promieniowania atomowych wartos$ciami L
D uwzglednienia
jonizujacego ERR dla e
‘- czynnikéw ryzyka
réznych dawek ! .
niezwigzanych z
promieniowaniem
Diugotrwata
ekspozycja na niskie
Badanie Zaobserwowa- dawki
Efektv naprawcze bo mechanizméw, no znaczgce promieniowania
cks tf),z cr')i na niskpi)e poprzez ktére niskie spowolnienie jonizujacego
P zlla]w K dawki 0,5 Gy Badanie progresji stymulowata
romieniowania: Badanie promieniowania 40 myszy promierniowa-  koncentrowato sie na miazdzycy, neutrofile i
. eksperymental moga przyczyniac sie poe- nia y na cate mechanizmach, a nie szczegllnie w amowata ic
D k 1 iaésie  Apoe-KO i 1 hanizmach, a ni Slni h taich (54]
L ne (mode 0 rozwoju adanie na cialo . ezposrednic grupie na produkcje co
miazdzvey Doprzez del d j badani iato LDIR. b Srednich i dukcje NET
. T zwierzec miazdzycy, oraz zwierzetac etoda wskaznikac iecie rowadzito do
redukc yu}i/\?alglanla lerzecy) lazdzycy lerzetach) Metod kaznikach dieci P dzito d
siecin elgtrofilo ch analiza wptywu obliczeniowa $miertelno$ci wysokottu- zahamowania
(NETS) Wy takiej ekspozycji na SZczZowej miazdzycy. Efekt ten
neutrofile i otrzymujacej byt szczegblnie
uwalnianie NETs LDIR wyrazny w grupie na

diecie
wysokottuszczowej
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6.2. Modyfikacje DNA indukowane niskimi dawkami promieniowania
jonizujacego

Wplyw promieniowania na zmiany w DNA, szczegélnie metylacje DNA, stal sie
ostatnio szeroko dyskutowany, gtdwnie ze wzgledu na mozliwy zwigzek z uszkodzeniami
oksydacyjnymi. Promieniowanie jonizujace moze indukowa¢ zmiany w metylacji DNA,
jednak skutki niskich dawek pozostaja kwestia kontrowersyjng, nawet w srodowisku
zawodowym. W zwigzku z tg korelacja Chen i wspoétpracownicy [55] w swoim badaniu
przeanalizowali mozliwy zwigzek miedzy uszkodzeniami oksydacyjnymi wywotanymi
promieniowaniem a metylacja DNA. Badaniem objeto 117 lekarzy interwencyjnych oraz
117 osob z grupy kontrolnej, okres$lajac globalng metylacje DNA w leukocytach krwi
obwodowej oraz ekspresje Dnmts (metylotransferazy DNA), Hcy (homocysteina)
i markeré6w uszkodzen oksydacyjnych, takich jak 8-OHdG (8-hydroksy-2'-
deoksyguanozyna) i 4-HNE (4-hydroksynonenal).

W grupie lekarzy interwencyjnych zaobserwowano wzrost poziomu Dnmts, 4-HNE
oraz 8-OHdG w pordwnaniu z grupa kontrolna. Jednak zadne z tych rdéznic nie miaty
wptywu na globalny poziom metylacji DNA ani ekspresje Hcy. Z kolei skumulowana dawka
promieniowania byta dodatnio skorelowana z poziomami Dnmts, 8-OHdG i 4-HNE, przy
czym ekspresja 8-OHdG byta negatywnie skorelowana z metylacja DNA, a dodatnio

z poziomem Hcy.

Wyniki te sugeruja, ze ekspozycja zawodowa na promieniowanie moze modulowac
aktywno$¢ enzymow zwigzanych z metylacja DNA, prowadzac do oksydacyjnych
uszkodzen materiatu genetycznego. Jednak brak jednoznacznych dowodow na
bezposrednig zalezno$¢ miedzy dawka promieniowania a zmianami w metylacji DNA
wskazuje na konieczno$¢ dalszych badan w celu rozréznienia efektow promieniowania od

uszkodzen oksydacyjnych [55].



6.3. Wplyw LDIR na mechanizm syntezy biatek

Synteza biatek, za ktérg odpowiedzialny jest mRNA (matrycowy kwas
rybonukleinowy), jest procesem silnie regulowanym i energetycznie kosztownym, ktory
jest nierozerwalnie zwigzany z wieloma szlakami sygnalizacyjnymi. Podczas ekspozycji
na stresowy czynnik fizyczny, taki jak promieniowanie jonizujace, synteza biatek ulega
zmianie, aby sprzyjac translacji mRNA, ktore utatwig reakcje fizjologiczna. Niskie dawki
promieniowania mogg wywotywac pozytywne efekty, okreslane jako zjawisko hormezy
radiacyjnej, chociaz mechanizmy molekularne tego zjawiska nie sg jeszcze w peini
poznane.

Kabilan i wspéipracownicy badali mechanizmy regulujace réznice w odpowiedzi
komorkowej na wysokie dawki i niskie dawki promieniowania jonizujacego poprzez
modyfikacje szlakdw molekularnych, gtdwnie poprzez kontrole translacji mRNA. Odkryli
oni, ze kontrola translacji utrzymuje réwnowage, wspierajagc tym samym naprawe
uszkodzen, stabilno$¢ genomu oraz odpowiedZ na stres. Ekspozycja na niskie dawki
promieniowania jest réwniez powszechnym zjawiskiem w $rodowisku i medycynie,
a moze ona uruchamia¢ mechanizmy ochronne, przynoszac korzystne efekty biologiczne
[56].

Niektére dowody eksperymentalne sugerujace, ze kontrola translacji odgrywa role
w hormezie radiacyjnej, obejmujg m.in. fakt, ze zablokowanie syntezy nowych biatek
zakloca efekt hormezy, badania nad promieniowaniem o wysokich dawkach wskazujg na
udziat translacji, a takze obecnos$¢ czynnikow molekularnych naktadajacych sie na szlaki
sygnalizacji uszkodzen DNA oraz role pierwotnego mechanizmu translacyjnego
w ekspresji hormezy radiacyjnej. Podobnie, badania sugeruja, Ze mutacje szlakéw takich
jak ATM (kinaza biatkowa serynowo - treoninowa), MAPK (kinaza biatkowa aktywowana
mitogenami), p53 (biatko supresorowe p53) i ROS (reaktywne formy tlenu) s3 istotnie
zaangazowane w hormeze wywotang niskimi dawkami promieniowania jonizujacego,
odpowiedzi adaptacyjne oraz radioopornos$¢. Ich odkrycia wskazuja rowniez, Ze rézne
szlaki transdukcji sygnatu reguluja réozne aspekty odpowiedzi komdrkowej na niskie
dawki promieniowania, a takze sugeruja udziat biatka p53 w zjawisku hormezy,
niestabilno$ci genomu, radioopornosci i odpowiedziach adaptacyjnych. Wskazuje to na
ztozono$¢ procesu i konieczno$¢ ostroznego podejscia do opracowywania interwencji

terapeutycznych opartych na niskich dawkach promieniowania [57].
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W zwiagzku z tym tematem Mousavikia i wspotpracownicy przeanalizowali grupe 20
pracownikdw narazonych na niskie dawki promieniowania jonizujacego podczas
tomografii komputerowej i angiografii, poréwnujac ich do grupy kontrolnej. Badanie
oceniato pdzne skutki promieniowania u personelu medycznego. Okreslono czestos$¢
wystepowania MN (mikrojader) oraz aktywno$¢ enzymow antyoksydacyjnych, takich jak
SOD (dysmutaza ponadtlenkowa), TAC (catkowita pojemno$¢ antyoksydacyjna) i CAT
(katalaza). Napromieniowanie in vitro zastosowano do testowania adaptacji do wysokich
dawek, poréwnujac czesto$¢ wystepowania MN miedzy grupami. Wyniki wykazaty
znaczacy wzrost czestosci wystepowania MN w grupie zawodowo narazonej (n = 30)
w porownaniu z grupa kontrolng (p < 0,0001). Przewlekta ekspozycja nie wywotata
adaptacyjnej odpowiedzi ,S” - jest to rodzaj odpornosci indukowanej, w ktorej komorki
po wcze$niejszej ekspozycji na tagodne dawki czynnika stresowego (np. promieniowania,
toksyn) stajg sie bardziej odporne na p6Zniejsze, silniejsze dawki tego samego czynnika.
Podczas gdy ostre niskie dawki promieniowania wywotaty pewna odpowiedz (p < 0,05),
poziomy aktywno$ci enzyméw antyoksydacyjnych nie réznity sie istotnie miedzy

pracownikami medycznymi a grupg kontrolng (p > 0,05) [58].

6.4. Wplyw niskich dawek promieniowania jonizujacego na aktywnos¢
ukladu immunologicznego wsrod radiologow

Badanie przeprowadzone przez Wanga i wspotpracownikéw analizowato wptyw
promieniowania na regulacje uktadu immunologicznego w grupie lekarzy radiologow.
Naukowcy badali ekspresje biatek TIM-3 (T-komoérkowe biatko btonowe 3) i CTLA-4
(cytotoksyczne biatko 4 zwigzane z limfocytami T) w limfocytach T krwi obwodowej
radiologdw. W badaniu wzieto udziat 100 radiologéw oraz 107 zdrowych meZczyzn
w grupie kontrolnej. Do oceny ekspresji tych biatek w komoérkach CD4+ (kompleks
4 réznicowania) i CD8+ (kompleks 8 réznicowania) zastosowano cytometrie
przepltywowa. Wyniki wykazaly, ze limfocyty T CD4+ u os6b narazonych na
promieniowanie miaty nizsza ekspresje CTLA-4 i TIM-3 w poréwnaniu do zdrowych os6b
z grupy kontrolnej. Stwierdzono pozytywna korelacje miedzy poziomem ekspresji
CD8+CTLA-4 a indywidualng skumulowang dawka promieniowania, natomiast ekspresja

CD8+TIM-3 wykazywata tendencje odwrotna.
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Dane sugeruja, ze ekspresja TIM-3 i CTLA-4 w ludzkich limfocytach T krwi
obwodowej jest modulowana przez niskie dawki promieniowania. Przyszte badania

powinny skupi¢ sie na zrozumieniu mechanizméw odpowiedzialnych za te zmiany [59].

6.5. Potencjalne korzysci niskich dawek promieniowania jonizujacego

Stosowanie LDIR wigzano z r6znymi korzy$ciami zdrowotnymi, takimi jak redukcja
ryzyka nowotworow, zmniejszenie Smiertelno$ci nowotworowej, poprawa funkcji uktadu
nerwowego oraz ograniczenie powiktan cukrzycy. Jednak dostepne dane dotyczace
biomarkeréw epidemiologicznej ekspozycji na LDIR sa ograniczone, co wskazuje na
potrzebe dalszych badan nad jego korzystnym wptywem na choroby przewlekte, takie jak
nowotwory, cukrzyca i demencja.

Mechanizmy odpowiedzi organizmu na LDIR moga stanowi¢ podstawe do
opracowania terapii wykorzystujacych niskie dawki promieniowania w celu
zahamowania progresji choréb. Modulacja szlakow sygnatowych aktywowanych przez
ekspozycje na LDIR moze przynie$¢ potencjalne korzysci, w tym zwiekszenie odpornosci
na promieniowanie. Konieczne s3 dalsze badania kliniczne wspierane danymi
biochemicznymi, komoérkowymi i molekularnymi oraz analiza mozliwych skutkow
ubocznych zwigzanych z ekspozycja na LDIR. Jednym z fenomendw zwigzanych z niskimi
dawkami promieniowania jonizujacego jest hormeza radiacyjna, czyli wystepowanie
korzystnych efektow w odpowiedzi na tagodny stres wynikajacy z ekspozycji na szkodliwe
czynniki w niskich dawkach. Bezposrednia ekspozycja na wysokie dawki bez
wcze$niejszych przygotowan jest niepozadana. Chociaz nie wszystkie dotychczasowe
badania spetniajg rygorystyczne kryteria naukowe, ich wyniki moga wskazywac przyszie
mozliwosci wykorzystania LDIR w medycynie, szczegolnie w celach terapeutycznych.
Zjawisko hormezy stosuje sie w takich dziedzinach jak toksykologia, medycyna, farmacja

oraz bedaca tematem tej pracy radiobiologia [40, 60].

6.5.1. Terapeutyczny efekt hormetyczny niskich dawek promieniowania
jonizujacego

Wiele badan potwierdza hormetyczne efekty LDIR, w tym wydtuzenie dtugosci zycia,
zmniejszenie przerzutdow nowotworowych, tagodzenie objawéw raka jajnika oraz

redukcje $miertelnosci nowotworowej [61-68]. LDIR wykazuje rowniez korzystny wplyw
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na choroby o podtozu neurologicznym [69, 70], cukrzyce typu 2 [71] oraz ciezkie
przypadki COVID-19 [72].

Badania przedkliniczne wykazuja, Ze mechanizmy molekularne i komdrkowe
zwigzane z hormeza indukowang przez LDIR obejmuja aktywacje szlakow ochronnych
przeciwdziatajacych uszkodzeniom molekularnym. Mechanizmy te obejmuja:

— Synteze mikroRNA, regulacje ekspresji genéw oraz modyfikacje epigenetyczne
poprzez szlaki sygnatowe MEK-ERK1/2 (kinaza biatkowa aktywowana
mitogenami / kinaza regulowana sygnatami zewngtrzkomoérkowymi 1/2), MSK1
(kinaza biatkowa 1 aktywowana mitogenami i stresem) i Elk-1 (kinaza podobna
do ETS-1) [76].

— Zwiekszong naprawe DNA oraz podwyzszong aktywno$¢ antyoksydacyjna
poprzez szlaki sygnalowe Nrf2 (czynnik jadrowy 2 zwigzany z czynnikiem
erytroidalnym 2), a takze aktywacje autofagii, odgrywajaca kluczowa role
w minimalizowaniu uszkodzen komoérkowych [77, 78].

— Indukcje neurotroficznych czynnikéw, ktére wspomagaja wzrost i przezycie
neurondw, angiogeneze, wzrost aksondéw oraz neuroregeneracje [73].

— Korzysci metaboliczne, takie jak poprawa profilu lipidowego i zwiekszenie

wrazliwosci na insuline [79].

Badania sugerujg, ze LDIR moze mie¢ zastosowanie w leczeniu réznych choréb,
jednak konieczne s3 dalsze badania w celu zweryfikowania tych wynikow. Wykazano, ze
ekspozycja na promieniowanie y (gamma) w warunkach in vitro prowadzi do 40%
hemolizy erytrocytdw, co wskazuje na wzrost odpornosci na stres oksydacyjny. Proces ten
wptywa gltéwnie na synteze i metabolizm glutationu, podkreslajac znaczenie tego
mechanizmu w ochronie komoérek. Adaptacje i zmiany biochemiczne wywotane
ekspozycja na promieniowanie y mogloby zosta¢ uwzglednione w przegladzie
wytycznych dotyczacych ochrony radiologicznej os6b zawodowo narazonych na
promieniowanie [80].

Z uwagi na przestanki co do ochronnego efektu LDIR oraz jego wplyw na zjawisko
hormezy radiacyjnej, warto przeanalizowac zastosowanie promieniowania w terapiach
nowotworowych co tez staraliSmy sie zrobi¢ w Publikacji nr 1 (7.1.). Catkowite

napromienianie ciala promieniami X (TBI) stanowi przyktad zaréwno potencjatu, jak
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i mozliwych powiktan zwigzanych z wykorzystaniem promieniowania w walce

Z nowotworami.

6.6. Perspektywa historyczna i zastosowanie terapeutyczne TB-LDIR

Pomyst zastosowania TBI (napromienianie catego ciata) za pomoca promieniowania
rentgenowskiego pojawit sie w pierwszych dekadach XX wieku. Wkrétce po odkryciu
promieni X przez Roentgena sktonno$¢ wielu nowotworéw do przerzutéw doprowadzita
juz w 1905 roku do koncepcji TBI. W tym samym roku w Niemczech opracowano
konfiguracje sktadajaca sie z trzech niskonapieciowych lamp rentgenowskich
rozmieszczonych wokdt pomieszczenia w celu uzyskania jednorodnego napromienienia
pacjenta umieszczonego centralnie. Procedura ta zostata pdzniej zastosowana przez
Friedricha Dessauera w leczeniu pacjentéw [81]. Mimo Ze poczatkowe testy kliniczne
wydawaly sie obiecujace, entuzjazm ostabt z powodu zaobserwowanego zahamowania
uktadu krwiotworczego.

Na poczatku lat 20. XX wieku Chaoul i Lange w Berlinie opisali skutki
teleroentgenoterapii w zaawansowanej chorobie Hodgkina. Sposréd dwunastu leczonych
pacjentow wszyscy odzyskali petng zdolno$¢ do pracy, a u dziesieciu nie stwierdzono
nawrotu choroby przez Srednio 2,5 roku [75]. Do potowy lat 20. Werner Teschendorf
stosowat pojedyncza lampe rentgenowska do leczenia biataczki, chtoniakéw oraz
nadkrwistosci, dostarczajac dawke 200-250 R (okoto 2-2,5 Gy) na cate ciato. Teschendorf
zaobserwowal dtuzsze okresy remisji w poréwnaniu do konwencjonalnych terapii

miejscowych [82].

6.7. Poczatkowe badania i wyniki zastosowania LDIR

6.7.1. Wczesne osiagniecia w zakresie radioterapii niskimi dawkami
w leczeniu nowotworow hematologicznych

Na przetomie lat 20. i 30. XX wieku Schwartz donosit o ,doskonatych wynikach”
w leczeniu wolno postepujacej choroby Hodgkina za pomoca o$miu do dziesieciu
ekspozycji na niska dawke promieniowania rentgenowskiego w ciggu 14 dni [83]. W tym

samym okresie Frimann-Dahl i Forsberg napromieniali pacjentéw z biataczka
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przerywanymi dawkami TBI wynoszacymi od 0,75 do 6 Gy dziennie przez okres od
czterech dni do pieciu tygodni. Doszli do wniosku, ze TBI byto skuteczniejsze niz terapia
miejscowa, poniewaz pozwalato pacjentom dtuzej zachowac zdolno$¢ do pracy [84].
Te obiecujace wyniki zainspirowaty zastosowanie cze$ciowego i catkowitego
napromieniania ciata promieniami rentgenowskimi w catej Europie, m.in. w Norwegii,
Francji, Austrii, Belgii i Wloszech, w leczeniu r6znych nowotworéw hematologicznych

[85-87].

6.7.2. Rozwdj badan nad TB-LDIR - pierwsze przelomowe wyniki

W Stanach Zjednoczonych systematyczne badania kliniczne dotyczace TB-LDIR
rozpoczety sie na poczatku lat 30. XX wieku pod kierownictwem Arthura C. Heubleina
w Memorial Hospital w Nowym Jorku. Pacjenci z chtoniakami, biataczkami oraz
rozsianymi nowotworami litymi byli umieszczani w specjalnie skonstruowanym,
ostonnym pomieszczeniu do RT i poddawani napromienianiu za pomoca lampy
rentgenowskiej Coolidge’a (wolframowe wiokno katody). Dawki promieniowania
Xwynosity od 0,01 Gy/h w przypadku napromieniania ciggtego, do 0,3 Gy/h w przypadku
sesji przerywanych, przy czym catkowite dawki wynosity odpowiednio okoto 0,4-1,9 Gy
oraz 7,5-10 Gy [88].

Heublein odnotowat znaczna regresje w przypadkach nowotworéw wrazliwych na
promieniowanie, zar6bwno hematologicznych, jak i litych, bez istotnego zahamowania
liczby biatych krwinek po dawkach do 7,5 Gy. Cho¢ wstepne wyniki tych badan byty
obiecujace, dalsze prace zostaty przerwane po przedwczesnej Smierci Heubleina, co
zakonczyto jego wsparcie dla tej metody leczenia.

Jednak inni badacze kontynuowali ocene TB-LDIR, przeprowadzajac badania na
wiekszej liczbie pacjentow. Wedtug wynikow jednego z takich badan, przeprowadzonego
w latach 1931-1933 na 270 pacjentach z chorobami limfoproliferacyjnymi, osoby, ktére
otrzymaly od 0,5 do 0,75 Gy napromieniania catego ciata (metoda Heubleina)
bezposrednio po zakonczeniu miejscowej RT promieniami rentgenowskimi, zyty dtuzej

i miaty dtuzsze okresy remisji niz pacjenci poddani jedynie radioterapii miejscowej [89].
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6.7.3. Badania dlugoterminowe efektéw TB-LDIR

Osgood i jego zespodt leczyli 163 pacjentow chorych na przewlekla biataczke
granulocytowa i limfocytowa miedzy styczniem 1941 a lipcem 1951 roku, stosujac
frakcjonowane TB-LDIR na dwa sposoby: niektorzy pacjenci otrzymywali wielokrotne
,rozproszone” naswietlania (roztozone na cale ciato) z zewnetrznego zrodia
promieniowania rentgenowskiego w dawkach 0,1-0,2 Gy na ekspozycje, podczas gdy inni
otrzymywali ré6wne dawki wewnetrznego promieniowania poprzez dozylng iniekcje
radioaktywnego izotopu fosforu-32 [*?P]. Wedlug badaczy przezywalno$¢ pacjentéw
leczonych TB-LDIR w obu grupach byta znaczaco lepsza niz w grupie obejmujacej
wszystkie przypadki leczenia promieniowaniem opisane w literaturze od 1925 do 1951
roku. Co ciekawe, nie zaobserwowano wyraznej roznicy w reakcji klinicznej miedzy
wewnetrznym narazeniem na izotop 2P a zewnetrzng ekspozycjg na promieniowanie
rentgenowskie [90].

Miedzy 1943 a 1969 rokiem Juan Angel del Regato i jego wspdipracownicy leczyli 61
pacjentow z przewlekla biataczka limfocytowa niskimi dziennymi dawkami
promieniowania rentgenowskiego catego ciata w Columbia Ellis Fischel Cancer Hospital,
w stanie Missouri, a p6Zniej w Penrose Cancer Hospital w Colorado Springs. W razie
potrzeby leczenie uzupetniano naswietlaniem obszarowym S$ledziony lub weztéw
chtonnych. Wczesniej, pod koniec lat 30., del Regato prowadzit podobne badania
w Warwick Cancer Clinic w Waszyngtonie, jednak wyniki nie zostaty opublikowane
z powodu utraty dokumentacji pacjentéw. Wyniki z lat 1943-1969, przedstawione przez
del Regato w jego wyktadzie Janeway w 1973 roku, wykazaty, ze skumulowana ekspozycja
na promieniowanie rentgenowskie na poziomie 11-28 Gy wydtuzyta $redni czas
przezycia pacjentdw do 46 miesiecy, przy maksymalnym przezyciu wynoszacym 15 lat
i 5-letnim wskaZniku przezycia na poziomie 21%. Co istotne, u pacjentow poddanych
dtugotrwatemu TB-LDIR szpik kostny wykazywat wzglednie zdrowy wyglad poza
naciekami biataczkowymi [91].

W latach 60. w USA rozpoczeto kilka programéw klinicznych wykorzystujacych
TB-LDIR. Jednym z kluczowych przedsiewzie¢ byt program w City of Hope Medical Center
w Duarte w Kalifornii, gdzie zastosowano specjalnie zaprojektowang komore do
napromieniania rentgenowskiego catego ciata. Ponad 50 pacjentéw z ostrg i przewlekta

biataczka, chtoniakiem, czerwienicg prawdziwg i zaawansowanymi nowotworami litymi
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poddano leczeniu dawkami w zakresie od 0,05 do 8 Gy. Wsrdd nich pacjenci z przewlekia
biataczka, leczeni pojedynczymi lub frakcjonowanymi dawkami 0,1-1 Gy, wykazali
znaczaco wydluzone przezycie, co potwierdzito skuteczno$s¢ TBI jako metody
wspomagajacej terapie.

Co wazne, nie zaobserwowano powaznych powiklan programu leczenia przy
dawkach 20,4 Gy, z wyjatkiem nudnos$ci lub wymiotéw w trakcie lub bezposrednio po
napromienianiu. Jacobs i Marasso doszli do wniosku, ze TB-LDIR ma pewng uzyteczno$¢
i zapowiedzieli kontynuacje badan [92]. Podstawa ich wnioskow byty wyniki oraz
réwnolegte doswiadczenia badaczy z Dziatu Medycznego Oak Ridge Institute of Nuclear
Studies, ktorzy zaobserwowali regresje limfadenopatii i zmniejszenie wielkosci Sledziony
u pacjentow z NHL (chtoniak nieziarniczy) i przewlekla biataczka limfocytowa po
pojedynczym napromienianiu catego ciata promieniowaniem y w dawkach 0,5-1,0 Gy
[93].

W latach 1961-1979 w NEORAD (Northeast Ohio Conjoint Radiation Centre)
w Hartville, Ohio, ponad 90 pacjentéw z r6znymi nowotworami litymi i hematologicznymi
poddano frakcjonowanemu TB-LDIR (0,1 Gy dziennie do sumarycznej dawki 1-5 Gy) lub
STBI (subtotalnemu napromienianiu ciata); 0,5 Gy dziennie do sumarycznej dawki 1-40
Gy). Wyniki bytly obiecujace: wielu pacjentéw z przewlektg biataczka, szpiczakiem,
chtoniakiem nieziarniczym i ziarnicg ztos$liwg, a takze nasieniakiem, doswiadczyto
dtugotrwatych remisji (do 17 lat lub trwatych). ,STBI i TBI s3 uzytecznymi metodami
terapeutycznymi dla wielu z tych nowotworéw” - stwierdzit Kenneth Loeffler, autor
przegladu tych badan [94].

RRTI (Rotterdamisch Radio-Therapeutisch Instituut) w Rotterdamie, Holandia,
rozpoczat szeroko zakrojone badania nad TB-LDIR na poczatku lat 70. [95]. Wstepne
wyniki u pacjentow z uogélniong limfadenopatia w stadium III i IV NHL sugerowaty, ze
frakcjonowane catkowite napromienianie ciata moze by¢ bezpiecznie stosowane
w leczeniu chtoniaka limfocytowego, i Ze moze to by¢ preferowana metoda pierwszego
rzutu w leczeniu pacjentéw z chtoniakiem limfocytowym [95, 96].

W latach 1973-1979 w RRTI leczono 68 pacjentéow z NHL niskiego do wysokiego
stopnia zaawansowania, uzyskujac bardzo obiecujgce wyniki. Petne remisje wystapity
u 84% pacjentéow z NHL niskiego stopnia, 42% ze Sredniego stopnia i 40% z wysokiego

stopnia. Co istotne, odsetek remisji byt wyzszy u pacjentow, ktorzy otrzymali TBI jako
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leczenie poczatkowe, niz u tych, ktérzy wczesniej przeszli CT (chemioterapie) lub
standardowa RT [97].

W 1975 roku na Uniwersytecie w Utrechcie w Holandii rozpoczeto badanie

obejmujace 30 pacjentow z NHL w stadium III i IV, ktoérzy otrzymywali TB-LDIR
promieniami rentgenowskimi w dawce 0,1 Gy trzy razy w tygodniu, az do osiggniecia
sumarycznej dawki 3,0 Gy. Wsrdd 19 pacjentéw bez wczeSniejszych terapii peine remisje
zaobserwowano u 77% pacjentéw bez biataczki i 53% pacjentéw wczesniej leczonych
[98].
Réwnoczes$nie, w latach 1973-1977, 37 pacjentow z zaawansowanym chtoniakiem
nieziarniczym (NHL), w tym 24, ktorzy nie otrzymali wczeSniej Zadnej terapii, byto
leczonych TBI w Royal Marsden Hospital w Sutton, Surrey, Wielka Brytania. Pacjenci
przeszli 10 sesji niskodawkowego TBI w ciggu 12 dni (TBI) lub 5 tygodni (przedtuzone
TBI). Alternatywnie, niektérzy pacjenci otrzymali napromienianie potowy ciata (HBI),
w ktérym najpierw naswietlano jedng potowe ciata, a nastepnie druga po 6-8 tygodniach.
Ogolny wskaznik odpowiedzi wynosit 80% u pacjentow z rozlanym NHL i 73%
u pacjentow z chtoniakiem guzkowym, przy czasie trwania peinej remisji od 2 do 41
miesiecy (mediana 12 miesiecy). HBI okazalo sie najskuteczniejsza i najmniej
mielosupresyjng metoda. Autorzy podkreslili, ze cho¢ wskazniki odpowiedzi byty
poréwnywalne z uzyskiwanymi cyklami CT, HBI nie wigzato sie z powazng toksycznoscia
[99].

Badanie przeprowadzone przez EORTC (Europejska Organizacje Badan i Leczenia
Raka) poréwnato skutki TB-LDIR z wielolekowa CT w potaczeniu z miejscowa RT u ponad
90 pacjentow z NHL w stadium III lub IV. Autorzy doszli do wniosku, Ze leczenie NHL
z uzyciem modulatoréw odpowiedzi immunologicznej, takich jak interferon a2, moze by¢
korzystne [100].

Roncadin i wspotpracownicy stosowali umiarkowane dawki promieniowania,
dostarczane przez liniowy akcelerator o energii 6 MV, w leczeniu 40 pacjentow z CCL
(przewlektg biataczka limfocytowg) w stadium I-1V oraz 41 pacjentéw z NHL o niskim
stopniu zlosliwosci w stadium III-IV w Centrum Onkologii w Aviano, miedzy styczniem
1984 a wrze$niem 1992 roku. Ogélny wskaznik odpowiedzi wynosit 85% w CLL, 91%
u pacjentdw powyzej 65. roku zycia, 78% u pacjentéw ponizej 65. roku zycia i 83% w NHL

[101].

40



Na podstawie wczes$niejszych badan wykazujacych 83% wskaznik odpowiedzi
u ponad 100 pacjentow z chtoniakiem o niskim stopniu ztosliwosci w stadium III-1V,
leczonych TB-LDIR, Pierre Richaud i jego zespo6t przeprowadzili podobne badanie we
Francji w latach 1986-1994. Wsrod 26 wcze$niej nieleczonych pacjentow z grudkowym
NHL o niskim stopniu ztosSliwosci w stadium III-IV peilng remisje uzyskano w 92%
przypadkow [102].

W Afryce Peter Jacobs i Helen S. King z Uniwersytetu w Kapsztadzie prowadzili
badania kliniczne w latach 80. XX wieku. Losowo przydzielili 108 pacjentow
z indolentnymi chorobami limfoproliferacyjnymi, w tym CLL i chtoniakami w stadium
[II-1V, do leczenia albo TB-LDIR z uzyciem promieniowania y, albo schematem
dwulekowym CT. Obie metody przyniosty podobne wyniki pod wzgledem wskaznika
pelnej remisji (59% dla CT vs. 52% dla TB-LDIR) oraz mediany przezycia (53 miesigce vs.
57 miesiecy). Jednak TB-LDIR miato istotne zalety - zapewniato szybsza regresje
powierzchownych  powiekszonych weztéw chtonnych, wymagato rzadszego
monitorowania morfologii krwi i eliminowato problemy z przestrzeganiem schematu
leczenia [103]. Wydaje sie, Ze szerszym badaniom TB-LDIR potozyta kres jednoczesna
rewolucja w zakresie farmakoterapii onkologicznej, ktéra zaczeta sie intensywnie
zmienia¢ od przetomu XXI wieku. Komplementarne leczenie nowoczesng farmakoterapia
onkologiczng uzupetniong o TB-LDIR moze jednak nadal rodzi¢ istotne nadzieje na

optymalizacje terapii.

6.7.4. Rozszerzenie zastosowania TB-LDIR w praktyce klinicznej

6.7.4.1. Potencjal terapeutyczny TB-LDIR w przypadku chtoniaka
nieziarniczego o wysokim stopniu ztosliwosci

Ze wzgledu na niezadowalajagce wyniki standardowego schematu chemioterapii
CHOP (cyklofosfamid, hydrosydoksorubicynba, winkrystyna/onkovin i prednizon)
w leczeniu NHL oraz wcze$niejsze obiecujgce wyniki tagczace CHOP z TBI [104, 105],
Safwat i wspotpracownicy z Narodowego Instytutu Onkologii Uniwersytetu Kairskiego
przeprowadzili badania nad potencjatem terapeutycznym TB-LDIR jako leczenia
uzupetniajgcego.

W okresie od wrzesnia 1999 r. do wrzesnia 2001 r. 36 pacjentéw z NHL o wysokim

stopniu ztosliwosci, ktorzy osiagneli catkowitg remisje po kilku cyklach CHOP, przeszto
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dwa kursy TB-LDIR z dwutygodniowg przerwa. Trzyletni wskaznik przezycia wolnego od
choroby wyniost 61 + 9%, a catkowity wskaznik przezycia 87 + 6%. Autorzy stwierdzili,
ze uzupetniajagce TB-LDIR jest ,realng, nietoksyczng metoda leczenia, wartg

przetestowania w przysztym badaniu fazy II1” [106].

6.7.4.2. Analiza retrospektywna TB-LDIR w nawrotowym i opornym na
leczenie chtoniaku nieziarniczym

Bardziej obszerna retrospektywna analiza pacjentow leczonych tym samym
schematem TB-LDIR na Uniwersytecie Kairskim w latach 1997-2006 zostata pdzniej
przedstawiona przez Yassera Bayoumiego i Aide Radwan. Badanie to obejmowato
58 pacjentoéw z nawrotowym lub opornym na leczenie NHL o niskim stopniu ztosliwosci,
z ktorych wiekszos¢ (45) przeszta 23 cykle CT, a w ztym stanie ogélnym byto 40 z nich.
Ogolny wskaznik odpowiedzi wynidst 69%, w tym odpowiedzi catkowite u 24%
pacjentow i odpowiedzi czeSciowe u 45%. Mediana przezycia wolnego od progresji
wyniosta 14 miesiecy, a mediana catkowitego przezycia 39 miesiecy. Badacze doszli do
wniosku, ze TB-LDIR jest realng, skuteczng i dobrze tolerowang metodga leczenia, ktéra
zastuguje na dalsze badania w potaczeniu z CT oraz terapiami celowanymi

z wykorzystaniem przeciwciat monoklonalnych [107].

6.7.4.3. Badania kliniczne TB-LDIR w zaawansowanych nowotworach
Z przerzutami

Profesor Kiyohiko Sakamoto wraz ze swoim zespotem z Uniwersytetu Tohoku
w Japonii przeprowadzil pierwsze badania kliniczne na dwojgu pacjentow
z zaawansowanymi nowotworami w stadium przerzutow - jednym z rakiem jelita
grubego i druga z rakiem jajnika. Po chirurgicznym usunieciu guzéw zastosowano
miejscowg konwencjonalng RT, a nastepnie wielokrotne niskodawkowe napromienianie
catego ciala lub jego potowy promieniami rentgenowskimi. U obojga pacjentow
zaobserwowano poprawe ogolnego stanu zdrowia przez kilka miesiecy, a progresja
choroby zostata zahamowana.

Sakamoto i jego zespot przeprowadzili rowniez wieksze badanie na pacjentach z NHL,
ktéry zostat wybrany ze wzgledu na jego uog6lniony charakter. Pacjenci otrzymali kilka

frakcji HB-LDIR lub TB-LDIR promieniami rentgenowskimi, miejscowa RT oraz CT.
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W sumie leczeniu w takim schemacie poddano okoto 200 oséb, a piecioletni wskaznik
przezycia wynidst 84%, co byto znaczaco wyzsze w poréwnaniu do 65% i 70% w grupach
pacjentow otrzymujacych jedynie miejscowa RT oraz tych poddanych miejscowej RT
w potaczeniu z CT. Co wiecej, wszyscy pacjenci (84%) pozostawali przy zyciu dziewiec lat
po zakonczeniu terapii adiuwantowej z wykorzystaniem HB-LDIR lub TB-LDIR, podczas
gdy wsrod pacjentow leczonych wytacznie miejscowg RT i CT odsetek ten wynidst jedynie

50% [108, 109].

6.7.5. Leczenie raka prostaty za pomoca TB-LDIR i terapii radonowej

Ostatnie japonskie badania nad TB-LDIR zostaty przeprowadzone przez Shuji Kojime
i jego wspotpracownikdw z Uniwersytetu Naukowego w Tokio (Tokyo University of
Science, Noda-Shi). Poczatkowo leczeniem objeto dwoch pacjentéw z zaawansowanym
rakiem prostaty - jednego po chirurgicznym usunieciu guza oraz drugiego
z nieoperacyjnym stadium koncowym choroby i przerzutami do kosci. Pierwszy pacjent
zostat poddany TB-LDIR promieniami rentgenowskimi zgodnie z metoda Sakamoto
(6.7.4.3.), natomiast drugi otrzymat podobne leczenie w potaczeniu z dtugoterminowa
terapig radonowa. Obie metody doprowadzity do normalizacji podwyZszonych poziomow
PSA, a w przypadku drugiego pacjenta zaobserwowano zanik wielu przerzutéw kostnych

Rysunek 7. [110].

. 9,2008

Rysunek 7. Scyntygrafia kosci z uzyciem 99mTc-HMDP (99mTc-hydroksymetylenodifosfonianu)
u pacjenta z rakiem prostaty i przerzutami do kosci przed oraz po leczeniu TB-LDIR [110].

43



6.7.6. Efekty terapii radonowej w r6znych typach nowotworéow

Zespot Kojimy ocenit skuteczno$¢ kilkutygodniowej terapii radonowej u sze$ciu
pacjentow z: nowotworem piersi, nowotworem jelita grubego, nowotworem ptuc,
nowotworem macicy i rakiem watrobowokomoérkowym. Terapia byta prowadzona
w specjalnej komorze radonowej lub przy uzyciu aparatu a-Radiorespiro-222Rn (system
inhalacji izotopu radonu-222). U wszystkich pacjentéw zaobserwowano regresje choroby
oraz znaczacg poprawe ogolnego stanu zdrowia i wynikéw laboratoryjnych. Szczegolnie
niezwyktym przypadkiem byt pacjent z rakiem watrobowokomoérkowym, u ktorego
leczenie przerwano po tym, jak nie stwierdzono obecnoSci nowotworu nawet
w badaniach PET (pozytonowa tomografia emisyjna). Autorzy doszli do wniosku, ze
terapia radonowa jest obiecujgca metoda leczenia réznych nowotworéw, zar6wno jako
terapia pierwotna, jak i leczenie wspomagajace w potaczeniu z CT i/lub miejscowa RT

wysokodawkowa [111, 112].

6.7.7. Modulacja punktow kontrolnych ukladu immunologicznego
w polaczeniu z TB-LDIR

Jak udowodniliSmy w zataczonej Publikacji nr 2 (Rozdzial 7.2.) istnieje
obserwowalne przeciwnowotworowe dziatanie TB-LDIR w potaczeniu z inhibitorami
punktow kontrolnych uktadu odpornosciowego CTLA-4 i PD-1 (receptor programowanej
$mierci) oraz czasteczka NVP-AUY922 bedaca inhibitorem HSP90 (biatko szoku cieplnego
90) w mysim modelu NSCLC (niedrobnokomoérkowego raka ptuca). W tym celu komorki
LLC1 (linia komo6rkowa raka ptuca myszy) zostaly wszczepione myszom C57BL/6 (linia
myszy laboratoryjnych) droga dozylng (i.v.), ortotopowa (o.t.) i podskérnag (s.c.).
Wyniki wykazaty, ze frakcjonowane TB-LDIR o catkowitej dawce 0,1 Gy i 1,0 Gy
prowadzito do istotnego zmniejszenia liczby kolonii nowotworowych w ptucach
(p < 0,05). Na przyktad przy dawce 0,1 Gy samo TB-LDIR obnizylo przezywalnos¢
komdrek nowotworowych do 65,1% w poréwnaniu z kontrolg (100%), a w potaczeniu
z inhibitorami CTLA-4 i PD-1 - do 43,4%.

Zaobserwowano takze znaczny wzrost liczby TIL (naciekajgce limfocyty
nowotworowe, gtdwnie T) zar6wno po samym TB-LDIR, jak i w kombinacji z inhibitorami,
przy jednoczesnym zmniejszeniu TAM (makrofagdw zwigzanych z guzem). Ponadto

prozapalne cytokiny TNF-a (czynnik martwicy nowotworu a) i IFN-y (interferon y)
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istotnie wzrosty (p < 0,05), natomiast poziomy przeciwzapalnych IL-10 (interleukina 10)
i TGF-B (transformujacy czynnik wzrostu 3) ulegty obnizeniu po ekspozycji na TB-LDIR.
Co istotne, dodanie TB-LDIR do inhibitoréow CTLA-4 i PD-1 prowadzito do
synergistycznego zahamowania wzrostu nowotworu oraz zmniejszenia jego potencjatu
klonogennego, zwtaszcza przy nizszej dawce 0,1 Gy. Natomiast same inhibitory lub ich
inne kombinacje wykazywaty niska skutecznos¢, co podkresla kluczowa role TB-LDIR
w wzmachnianiu odpowiedzi przeciwnowotworowej. Badania przez nas przeprowadzone
sugeruja, ze TB-LDIR, szczegblnie w potaczeniu z inhibitorami punktéw kontrolnych,

moze stanowic¢ skuteczng strategie terapeutyczng w leczeniu raka ptuca [64].

6.7.8. Ewolucja badan Kklinicznych nad TB-LDIR oraz wnioski
z dotychczasowych badan

Dostepne i wiarygodne badania kliniczne przeprowadzone do tej pory, w ktérych
zastosowano TB-LDIR z wykorzystaniem promieniowania rentgenowskiego lub y, zostaty
podsumowane w Tabeli 2. Wiele z tych badan, szczeg6lnie tych przeprowadzonych
w latach 40.-60. XX wieku, nie spetniato wspdiczesnych standardéow badan klinicznych.

Do gtéwnych problemo6w nalezaty:

e Nieprecyzyjna diagnoza,

e Nieodpowiedni dobor pacjentéw,

e Brak randomizacji,

e Brak grup kontrolnych,

e Brak zaSlepienia,

e Problemy etyczne, takie jak brak S$wiadomej zgody pacjentow czy

dtugoterminowego monitorowania ich stanu zdrowia.

Pomimo tych niedoskonatosci, dane zgromadzone w okresie blisko 90 lat, a wiec
w latach 1930-2024 pozostaja dostepne i stanowia solidng podstawe do przysztych
badan klinicznych, prowadzonych zgodnie z obecnymi standardami. Dzieki temu TB-LDIR
moze by¢ analizowane zaré6wno jako samodzielna metoda leczenia, jak i w terapiach
skojarzonych, szczeg6lnie w leczeniu nowotwordw uktadu krwiotwoérczego oraz innych

rodzajow nowotworéw wywodzacych sie z tkanki nabtonkowej. Wnioski wyciggniete
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z tych badan zostang oméwione dalszej czesci rozprawy jak i zostaty przedstawione

w Publikacji nr 1(Rozdziat 7.1.).

6.7.8.1. Populacja pacjentow i réznice w protokotach TB-LDIR

W latach 1930-2019 okoto 2 000 pacjentéw zostato objetych systematycznymi
i indywidualnymi badaniami klinicznymi majacymi na celu ocene skutecznosci TB-LDIR.
Pacjenci z réznymi nowotworami, gtéwnie w zaawansowanym stadium choroby,
otrzymywali napromienianie catego lub polowy ciala jako leczenie pierwotne,
uzupetniajgce lub ratunkowe. Wiekszo$¢ pacjentow cierpiata na choroby
limfoproliferacyjne, NHL oraz, w mniejszym stopniu CCL Warto zauwazy¢, ze NHL,
stanowigcy 90% wszystkich chtoniakoéw, czesto ma charakter uktadowy, co wymaga
terapii systemowej, a nie jedynie napromieniania miejscowego [113]. Pacjentoéw z guzami
litymi, takimi jak czerniak, miesak oraz nowotwory jelita grubego, prostaty, ptuc, jajnikow,
watroby i macicy, poddawano terapii LDIR rzadziej. Typowe protokoty TB-LDIR
obejmowaty wielokrotne ekspozycje na promieniowanie rentgenowskie lub y w dawkach
0,05-0,2 Gy, 2-5 razy w tygodniu, az do osiggniecia sumarycznej dawki 1-4 Gy.
Po 1-8 tygodniach przerwy podobne schematy byly niekiedy powtarzane. Podobne
podejscie stosowaliSmy w badaniu przedstawionym w Podrozdziale 6.7.7. oraz
Publikacji nr 2 (Rozdzial 7.2.). U pacjentéw z utrzymujacymi sie nowotworowymi
ogniskami litymi stosowano dodatkowe napromienianie regionalne, w dawkach 10-35 Gy,

podawane w codziennych frakcjach.

6.7.8.2. Wyniki kliniczne w réznych typach nowotworéw

TB-LDIR wykazato znaczng skuteczno$¢ u wielu pacjentow z NHL oraz u niektérych
pacjentow z CLL. W zaawansowanych stadiach NHL odsetek CR (catkowitych remisji)
wynosit od 25% do 95% [96-103, 106, 114-125]. Co istotne, najlepsze wyniki
uzyskiwano, gdy TB-LDIR byto leczeniem poczatkowym lub jedyng metoda terapeutyczna
[98, 99, 101, 102, 115, 116, 119, 120, 122, 123]. Nawet pacjenci, u ktorych doszto do
nawrotu choroby lub niepowodzenia wcze$niejszej CT, dobrze reagowali na TB-LDIR [94,
97, 99, 107, 120, 125]. Skuteczno$¢ TB-LDIR w guzach litych byta natomiast mniej
jednoznaczna. Cho¢ niektore raporty byty obiecujace [94, 110-112, 126], wiekszos$¢ badan
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dotyczyta zaawansowanych nowotworéw z przerzutami, co ograniczato skutecznos¢ tej

metody [92, 106, 127].

6.7.8.3. Tolerancja i bezpieczeristwo TB-LDIR

TB-LDIR na ogét nie powodowato powaznych ostrych dziatan niepozadanych.
U niektorych pacjentow wystepowata przemijajaca supresja szpiku kostnego,
np. matoplytkowos¢ (trombocytopenia) lub limfocytopenia, ktére w rzadkich
przypadkach wymagaty przetoczenia krwi. Inne tagodne dziatania niepozadane
obejmowaty nudnosci i wymioty, gtdwnie u pacjentow poddawanych jednocze$nie
farmakoterapii cytostatykami [92, 118, 126, 128]. Del Regato (1974) [91] donosit, ze
dtugotrwate napromienianie catego ciata niskimi dawkami u pacjentéw z CLL skutkowato
zdrowym szpikiem kostnym, z wyjatkiem naciekow biataczkowych. Wystepowanie
wtérnej biataczki u pacjentéw z NHL leczonych TB-LDIR byto niskie, z wyjatkiem
przypadkow, gdy metoda ta byta stosowana tgcznie z wysokodawkowa RT miejscowg lub
intensywnymi cyklami CT [122, 129-132]. Ogélnie rzecz biorac CT, zwtaszcza Srodki
alkilujace, pozostaje gtownym czynnikiem ryzyka wtornych nowotworéw

hematologicznych w tej grupie pacjentéw [133, 134].

6.7.8.4. Poréwnanie TB-LDIR z chemioterapiq

Badania poréwnujace TB-LDIR z CT wykazaty kilka istotnych zalet TB-LDIR. Metoda
ta byta mniej toksyczna, szybciej prowadzita do zmniejszenia powiekszonych narzadow,
byta prostsza w aplikacji i tatwiejsza do kontrolowania. Ponadto okazata sie skuteczna
u pacjentow, ktérzy nie reagowali na CT lub u ktoérych doszto do nawrotu choroby
[98-100, 103,106,107, 121, 122, 127]. Wyniki te byty sprzeczne z wnioskami Paule i in.
(1985), ktorzy na podstawie ograniczonych danych podkreslali toksycznos¢

hematologiczng oraz powiktania infekcyjne zwigzane z TB-LDIR [135].
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6.7.8.5. Wyzwania i ograniczenia w klinicznej implementacji TB-LDIR

Pomimo obiecujacych wynikéw, TB-LDIR nie stato sie standardowa metoda leczenia.
Dominacja CT oraz btedne przekonania dotyczace szkodliwo$ci promieniowania
jonizujgcego, oparte na modelu LNT (liniowej hipotezie bezprogowej), utrudnity

akceptacje tej techniki [136-138].
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Szczegoty modelu LNT
(Zrédto: materiaty edukacyjne dostepne
w kanale Youtube)

Radiofobia, zaro6wno wsrod spoteczenstwa, jak i pracownikéw wykonujgcych zawody
medyczne, pozostaje istotng bariera, podobnie jak brak badan klinicznych wyjasniajacych
mechanizmy dziatania TB-LDIR. Dodatkowo, farmakoterapia skoncentrowana na leczeniu
systemowym, prawdopodobnie wplynety na ograniczone badania TB-LDIR jako
alternatywnej metody leczenia.

Patrzac cato$ciowo TB-LDIR wykazato duzy potencjat, szczeg6lnie w leczeniu choréb
limfoproliferacyjnych. Jednak, aby ponownie potwierdzi¢ jego znaczenie kliniczne,
konieczne s3 nowoczesne zaawansowane badania uwzgledniajgce mechanizmy

molekularne dziatania oraz spetniajgce aktualne standardy etyczne i metodologiczne.

6.8. Prawdopodobny mechanizm terapeutyczny TB-LDIR

6.8.1. Stymulacja ukladu odpornosciowego

Napromienianie TB-LDIR wykazato skuteczno$¢ w uzyskaniu petnych i trwatych
remisji u 80-93% pacjentéw z zaawansowanym NHL [96,97,102,109, 115,120, 123, 126,
139]. Jednym z proponowanych mechanizmow terapeutycznych TB-LDIR jest stymulacja
reakcji immunologicznych, ktére moga pomoéc przywroci¢ zahamowang odporno$c
przeciwnowotworowa. Jednak mimo obiecujagcych wynikéw, status immunologiczny

pacjentow poddanych TB-LDIR byt rzadko badany.
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Niektére badania wykazaty jednak pewne odpowiedzi immunologiczne.
Frakcjonowane TB-LDIR zwiekszato m.in.:

e Liczbe limfocytow T pomocniczych (CD4+) i komoérek NK (natural killer)
[109, 106],

¢ Proliferacje limfocytow krwi pod wptywem mitogenéw in vitro [125],

e Stezenia immunoglobulin w krazeniu, przywracajac je z wartosci subnormalnych
do normy (Johnson, 1976),

e Stosunek CD4:CD8 w krwi obwodowej [140].

TB-LDIR najczeSciej przynosito najlepsze wyniki kliniczne, gdy stosowano je jako
samodzielne leczenie lub przed wprowadzeniem immunosupresyjnej CT i/lub
wysokodawkowej RT [98, 99, 101, 102, 114, 115, 118-120, 129, 139]. To spostrzezenie
stanowi posredni dowod na udziat uktadu odpornosciowego w mechanizmie dziatania
LDIR. Specht (2016) zaobserwowat, ze nawet gdy RT byta ograniczona do miejsc objetych
chorobg, potaczenie miejscowej RT z CT systemowa w nowoczesnym leczeniu chtoniakow
skutkowato mniejsza liczba pacjentéw odnoszacych korzysci z RT wraz ze wzrostem

intensywnosci CT [141].

6.8.2. Eliminacja komoérek nowotworowych indukowana promieniowaniem

Zniszczenie komorek nowotworowych indukowane promieniowaniem to drugi
mechanizm lezacy u podstaw terapeutycznych korzysci LDIR. Do komérek najbardziej
wrazliwych na promieniowanie nalezg limfocyty, zwtaszcza limfoblasty. W poréwnaniu do
swoich aktywowanych odpowiednikow, spoczynkowe limfocyty sa bardziej podatne na
promieniowanie y [142]. W przeciwienistwie do mitotycznej, starczej lub postmitotycznej
martwicy oraz apoptozy obserwowanej w nowotworach nielimfoidalnych, Sellins i Cohen
wykazali, ze ekspozycja limfocytéw na promieniowanie y prowadzi do wczesnej apoptozy
w fazie interfazowej [143-145]. Dodatkowo, limfocyty sa bardziej wrazliwe na
promieniowanie in vivo niz in vitro [146]. Ze wzgledu na swoja zwiekszong
radiowrazliwo$¢, chtoniaki wyjatkowo dobrze reaguja na RT - do miejscowego
napromienienia duzych mas nowotworowych wystarcza 20-35 Gy, w porownaniu do 65
Gy lub wiecej wymaganych w leczeniu wielu innych nowotwordéw litych, takich jak

gruczolakoraki i raki ptaskonabtonkowe [24].
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6.8.3. Hiperwrazliwo$¢ na promieniowanie i nasilona apoptoza

Kolejnym z prawdopodobnych mechanizméw nasilonej apoptozy komorek chtoniaka
jest ich HRS (hiperwrazliwo$¢ na promieniowanie). Zjawisko to wystepuje, gdy bardzo
niskie dawki promieniowania (juz od 0,3 Gy) powoduja wiekszg Smier¢ komorek na
jednostke dawki pochtonietej w poréwnaniu do wyzszych dawek. Uwaza sie, Ze po
ekspozycji na LDIR komorki chtoniaka nie rozpoznaja uszkodzenia DNA jako istotnego,
nie inicjujg naprawy DNA i zamiast tego ulegaja apoptozie [147, 148]. Chociaz apoptoza
indukowana promieniowaniem zazwyczaj zachodzi bez wywotywania reakcji zapalnej,
nie jest ona immunologicznie ,cicha”. Podczas apoptozy ztosliwe komorki limfoidalne
eksponuja na swojej powierzchni sygnaty, takie jak fosfatydyloseryna i kalretikulina, co
inicjuje fagocytoze oraz aktywuje komorki dendrytyczne, ktére nastepnie indukuja
odpowiedZ immunologiczng zalezng od limfocytéw T i NKT (limfocyty naturalni zabdjcy)

[24, 149, 150].

6.8.4. Immunogenna $mier¢ komorkowa w grudkowym NHL

Napromienianie indukuje apoptoze w komorkach chtoniaka grudkowego,
jednoczes$nie oszczedzajac makrofagi. Po ekspozycji na fosfatydyloseryne, makrofagi
zostaja pobudzone do usuwania komorek chtoniaka [151]. Ponadto, komorki chtoniaka
grudkowego poddane napromienianiu y ex vivo mogg zosta¢ zaprezentowane komoérkom
dendrytycznym, tworzac skuteczng szczepionke przeciwnowotworowa, zwtaszcza gdy
komorki chtoniaka wykazuja na swojej powierzchni wysoka ekspresje kalretikuliny
i HSP90 [152]. Sugeruje to, Ze LDIR moze indukowa¢ immunogenng Smier¢ komorkowsa,
co dodatkowo zwieksza terapeutyczne korzysci TB-LDIR. Podsumowujac, badania
wskazuja na podwojna nature LDIR:

— Zjednej strony wspomaga ono skuteczno$c¢ leczenia nowotwordw oraz stymuluje

uktad odpornosciowy,

— Z drugiej strony moze wigza¢ sie z ryzykiem, takim jak wtérne choroby

nowotworowe, choroby sercowo-naczyniowe oraz zmiany w funkcjonowaniu

uktadu immunologicznego.
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Odpowiedz organizmu na LDIR jest zalezna od dawki oraz czasu ekspozycji. Mimo
obiecujacych wynikéw, niesp6jnos¢ niektérych badan oraz ograniczona liczba badan
klinicznych na ludziach podkreslajg koniecznos$¢ dalszych badan, aby osiggna¢ optymalna

réwnowage miedzy korzySciami a ryzykiem.
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z ré6znymi nowotworami.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane

Lit.

13 pacjentéw z chtoniakami lub
biataczkami oraz 17 pacjentow z
rozsianymi nowotworami litymi

a) Dlugotrwate ciggte napromienianie
promieniami rentgenowskimi z dawka okoto
0,01 Gy/h do tacznej dawki 0,38-1,9 Gy
podanej w ciagu 7,5-13,9 dnia (20
pacjentow)

b) Krétkotrwate frakcjonowane naswietlanie
promieniowaniem X z dawka okoto 0,3 Gy/h
do tacznej dawki 7,5-10 Gy podanej w ciggu
12-24 dni (10 pacjentéw)

a) "Wyrazna poprawa" u 2 pacjentek z
rakiem piersi (z 8 pacjentow z
nowotworami litymi), 1 pacjenta z
biataczka limfatyczng oraz 1 pacjenta z HL;
b) "czesciowa poprawa" u 1 pacjenta z
biataczka limfatyczna;
¢) CR u 3z 9 pacjentéw z nowotworami
litymi

Powtarzane morfologie krwi i inne
badania w zadnym przypadku nie
wykazaty zadnych konsekwentnych
zmian, ktére mozna by przypisac
dziataniu promieniowania, z wyjatkiem
biataczek, w ktérych zaobserwowano
typowe zmniejszenie liczby biatych
krwinek; nie odnotowano przypadkéw
znacznego spadku liczby ptytek krwi ani
wystapienia plamicy krwotocznej; przy
podawaniu promieniowania w zakresie
od 5 do 25% dawki wywotujacej rumien
na cate ciato nie zaobserwowano
supresji liczby biatych krwinek

[88]

270 pacjentéw z réznymi
nowotworami (chtoniaki,
biataczki, szpiczak mnogi, raki,
miesaki)

TB-LDIR promieniowaniem X w dawce 0,5-
0,75 Gy, zazwyczaj po miejscowej RT
promieniowaniem X

Pacjenci z chtoniakami, ktérzy wczesniej
byli poddani miejscowej terapii
promieniowaniem X, mieli zaréwno
dtuzsze przezycie, jak i dtuzej utrzymujace
sie remisje w poréwnaniu do pacjentéw,
ktorzy otrzymali wytacznie miejscowe
napromienianie promieniowaniem X

Nie zgtaszano

[89]

163 pacjentow z CML (Przewlekta
biataczka szpikowa) i CLL

TB-LDIR promieniowaniem X w dawce 0,1-
0,2 Gy na ekspozycje, podawane w 6-17
indywidualnych frakcjach do tacznej dawki
0,9-3,5 Gy (23 pacjentéw) lub réwnowazne
wewnetrzne TB-LDIR poprzez dozylna
iniekcje izotopu fosforu 2P (140 pacjentéw)

Przezycie pacjentéw leczonych LDIR byto
»Znaczaco lepsze niz w grupie obejmujace;j
wszystkie przypadki leczenia
promieniowaniem zgtoszone w literaturze
w latach 1925-1951”; nie stwierdzono
istotnej réznicy miedzy efektami
promieniowania X a izotopem fosforu 3P

Brak objawéw odczynu popromiennego

[90]




Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane

Lit.

52 pacjentéw: 7 z CLL, 8 z ALL
(biataczka ostra limfoblastyczna),
15 z chloniakiem, 16 z
zaawansowanym nowotworem
tkanek litych, 6 z czerwienicg
prawdziwa (polycythemia vera)

Pojedyncze lub frakcjonowane TB-
LDIR promieniowaniem X w dawce: 0,05-1
Gy (pacjenci z CLL i chtoniakiem), 3 Gy
(pacjenci z ALL), 3-8 Gy (pacjenci z
nowotworami litymi)

Wsréd 7 pacjentéw z CLL: doskonata
odpowiedz (pod wzgledem przezycia) u 1
pacjenta, dobra odpowiedz u 2 pacjentow

oraz odpowiedz niepewna u 1 pacjenta

Nudnosci i/lub wymioty wystapity u 18
pacjentéw, przejsciowa
trombocytopenia i limfocytopenia, poza
tym brak powaznych skutkéw
ubocznych

[92]

19 pacjentéw: 7 z CLL, 5z
uog6lnionym chtoniakiem, 3 z
ziarniniakiem grzybiastym
(mycosis fungoides), 2 z ALL, 1 z
chtoniakiem mieszanym, 1 z
makroglobulinemia

TBI promieniowaniem X w dawce 0,05-0,2
Gy dziennie przez kilka dni do tacznej dawki
1-4 Gy lub 0,1-0,2 Gy podawane co dwa
miesigce

Zadowalajaca poprawa (minimum 75%
zmniejszenie klinicznie mierzalnej choroby
oraz poprawa objawowa) u: 5 pacjentéow z
CLL, 4 pacjentoéw z chtoniakiem (w tym u 3

bez wczesniejszej CT lub RT) oraz 1
pacjenta z ALL

Z wyjatkiem przejSciowe;j
trombocytopenii i limfocytopenii nie
stwierdzono istotnych objawdw ani
skutkéw ubocznych

[163]

27 pacjentéw z nieleczonym
wczesniej NHL w II1 i [V stadium
(z zajeciem szpiku kostnego)

18 pacjentéw leczonych albo samym TB-
LDIR (promieniowanie y w dawce 0,1 Gy
dziennie, 3-5 razy w tygodniu, do taczne;j
dawki 1-3 Gy), albo TB-LDIR, po ktérym po
3 miesigcach zastosowano catkowite
napromienianie weztéw (catkowita dawka
20-35 Gy, podawana w codziennych
frakcjach po 1,5-2 Gy)

CR u 25 pacjentéw (93%); mediana czasu
trwania remisji bez leczenia
podtrzymujacego = 26 miesiecy

Przejsciowa supresja szpiku kostnego
wymagajaca transfuzji krwi wystapita u
4 7 18 pacjentéw leczonych albo samym

TB-LDIR lub TBI + napromienianie
wezléw chtonnych

[115]

61 pacjentéw (37 mezczyzn i 24
kobiety) z CLL

Seria dozywotniego naswietlania
promieniowaniem X sktadajaca sie z: 1)10
codziennych TB-LDIR w dawce 0,1 Gy,
2)1 cotygodniowego TB-LDIR w dawce 0,05
Gy, 3) rocznego "boostera” w postaci 10
codziennych TB-LDIR w dawce 0,1 Gy, 4)
miejscowego napromieniania $ledziony lub
wezloéw chtonnych w razie potrzeby;
pacjenci byli poddawani temu rezimowi
przez 3-7 lat (catkowite dawki 11-28 Gy)

Srednie przezycie: 46 miesiecy,
maksymalne: 15 lat, 5-letnie przezycie:
21% pacjentow

Przej$ciowa leukopenia i
trombocytopenia; autopsje
przeprowadzone u 1/3 pacjentéw nie
wykazaty zadnych niepozadanych
skutkéw promieniowania w szpiku
kostnym ani innych badanych
strukturach

[91]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z ré6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane Lit.

65 pacjentéw (59 ocenianych) z
chtoniakiem limfocytowym (20 w
stadium II1 i 45 w stadium IV)
losowo przydzielonych do
leczenia CT lub RT: 27 ocenianych
pacjentow otrzymujacych
skojarzong CT oraz 32
ocenianych pacjentéw
otrzymujacych RT

Grupa RT: tylko TB-LDIR (0,1 Gy
promieniowania y dziennie przez 3-5 dni w
tygodniu do facznej dawki 1-5 Gy) u 21
pacjentéw, tylko napromienianie weztow
(20-30 Gy w ciggu 2-4 tygodni) u 6
pacjentow,
napromienianie weztéw poprzedzone TB-
LDIR (w tacznej dawce 1,5 Gy) u 2
pacjentéw, HB-LDIR lub napromienianie
wezléw + miejscowa RT u 4 pacjentow;
Grupa CT: 32 pacjentéw otrzymato CVP
(cyklofosfamid (400 mg/m? doustnie x 5

dni) + winkrystyne (1,4 mg/m? dozylnie w 1.

dniu) + prednizon (100 mg/m? doustnie x 5
dni) - 6 cykKli co 21 dni)

Grupa RT: CR u 18 pacjentéw (56%) (9
pacjentéw miato nawroét, mediana czasu
trwania remisji = 22-31 miesiecy), PR
(czeSciowa remisja) u 8 pacjentéw (25%),
brak oceny u 6 pacjentéw (19%) - brak
danych dotyczacych remisji u pacjentow
leczonych wylacznie TB-LDIR;
Grupa CT: CR u 15 pacjentéw (55%) (7
pacjentéw miato nawrot, mediana czasu
trwania remisji >12 miesiecy), PRu 9
pacjentow (33%), brak oceny u 3
pacjentow (11%)

Toksyczno$¢ TB-LDIR opisana przez
Johnsona [116]; toksyczno$¢ schematu
CVP: granulocytopenia po kazdym cyklu
oraz trombocytopenia <100 000/mm?
(rzadka w pierwszych 6 cyklach);
neurotoksyczno$¢ w pewnym stopniu

[124]

39 pacjentéw z chtoniakiem
limfocytowym dobrze
zréznicowanym (6) i stabo
zréznicowanym (23)

31 pacjentéw leczonych wylacznie TB-LDIR
(0,1 Gy promieniowania X lub y na frakcje,
do tacznej dawki 1,0-1,5 Gy), 8 pacjentow

leczonych TB-LDIR, a nastepnie
napromienianie weztéw chtonnych (10 Gy
do zajetych obszaréw uktadu limfatycznego)

CR u 68% pacjentéw leczonych wylacznie
TB-LDIR oraz u 75% pacjentéw leczonych
TB-LDIR + napromienianie weztéw
chtonnych

Umiarkowanego stopnia i przejSciowa

supresja hematologiczna [113]

4 pacjentow z NHL w III stadium,
2 z oporng na leczenie CLL, 2 z
rozsianym ziarniniakiem
grzybiastym (mycosis fungoides),
1 z nawrotowym NHL z komérek
uktadu siateczkowo-
$rodbtonkowego w konicowym
stadium po CT

TB-LDIR w dawkach 0,15 Gy
promieniowania y dziennie przez 5 dni,
nastepnie 0,1-0,15 Gy co drugi dzien lub w
dtuzszych odstepach przez 5-12 tygodni do
tacznej dawki 2,0-2,65 Gy

80%, 90% i 95% regresji weztowej u 3
pacjentéw z wczesniej nieleczonym NHL w
[1I stadium; PR u 4. pacjenta, wcze$niej
leczonego CT, ale leczenie przerwano przy
1,05 Gy z powodu utrzymujacej sie
trombocytopenii; ,,dramatyczna regresja”
aktywnych zmian nowotworowych w
catym ciele u 1 pacjenta z ziarniniakiem
grzybiastym (mycosis fungoides)

Brak wyraznych subiektywnych ani
obiektywnych powiktan z wyjatkiem
umiarkowanej i odwracalnej supresji

szpiku kostnego

[118]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.
Pacj enc1./ Schemat terapii Wyniki Dzialania niepozadane Lit.
schorzenia
0, i 4 -
Ly C . TB-LDIR promieniowaniem X w dawce 0,15 CRudo 80. % pac]en'tovy leczony'ch'TB
51 pacjentéw z chtoniakiem : . . LDIR; mediana przezycia >32 miesigce, o o
. . . Gy dwa razy w tygodniu do tacznej dawki 1,5 o Przejsciowa trombocytopenia i
limfocytowym w 111 i IV stadium, . . ; szacowane przezycie wynoszace 83% po 3 . -
. : } Gy + IFRT (radioterapia ograniczonego pola) . : ) leukocytopenia; brak nudnosci, [119,
ktorzy otrzymali TB-LDIR jako L . S . latach i 68% po 5 latach; nie stwierdzono o . . -
: s u pacjentow z utrzymujacymi sie guzami e C ostabienia, wypadania wtoséw ani ztego 139]
leczenie poczatkowe i jedyna L . L statystycznej réznicy w przezyciu miedzy )
. miejscowymi; poczatkowych 25 pacjentéw . . . . samopoczucia
terapie . grupami TB-LDIR i CT, jednak , tendencja
leczonych TB-LDIR poréwnano z dobrang . ‘r B
s przemawiata na korzy$¢ LDIR
grupa pacjentéw leczonych schematem CVP
TB-LDIR jako jedyne leczenie (42 Paclenc.l lec;em wylacznie TB-LDI'R: CB u Pacjenci leczen'l wytacznie TB-LDIR:
I . N : . : 14 pacjentéw (33%), PR u 23 pacjentéw tagodna anemia u 5% oraz fagodna
57 pacjentéw z postepujaca CLL: pacjentéw): seria promieniowania y w . o L . 2
S . (55%), mediana przezycia: 72 miesiace trombocytopenia u 15% pacjentéw, bez
42 pacjentow leczonych dawce 0,5 Gy, podawana we frakcjach (0,05- o - .
: M . (pacjenci z choroba w stadium I-1I) oraz 63 problemoéw krwotocznych; [116,
wytacznie TB-LDIR, 14 0,1 Gy dziennie, 3-5 razy w tygodniu), z L Co : Co . .
. - . . . : miesiace (pacjenci z chorobg w stadium III-  Pacjenci leczeni TB-LDIR + CT: leczenie 164]
ocenianych pacjentéw leczonych ~ przerwami 4-8 tygodni, do tgcznej dawki 1- ) .
TB-LDIR w potaczeniu z CT 4 Gy; TBI + CT (14 ocenianych pacjentow): IV); tolerowane wyjatkowo dobrze, brak
’ 12 evkli CT ' Pacjenci leczeni TB-LDIR + CT: CRu 8 toksycznosci hematologicznej
y pacjentéw (57%), PR u 5 pacjentéw (36%), wymagajgcej wsparcia transfuzjami
mediana przezycia: nie okre$lona
Ponad 70% szacowanego przezycia u
Pacjenci leczeni TB-LDIR: brak nudno$ci,
[165]

TB-LDIR promieniowaniem X w dawce 0,15
Gy dwa razy w tygodniu do osiagniecia
tacznej dawki 1,5 Gy lub wystapienia
supresji hematologicznej; 25 pacjentow
poréwnano z dobrang grupa pacjentow
leczonych schematem CVP

48 pacjentéw z nieleczonym
wczesniej NHL w 111 i [V stadium
o histologii limfocytowe;j,
limfoblastycznej i mieszanej (15 z
postacia rozlang i 33 z postacia
guzkow3)

wymiotoéw, wypadania wlosow ani
krwawien; toksyczno$¢ ograniczona do
przejsciowej trombocytopenii

pierwszych 25 pacjentéw leczonych
wyltacznie TB-LDIR w poréwnaniu do
okoto 31% przezycia w grupie 25
dobranych pacjentéw leczonych
skojarzona CT (CVP)

CR u 5 pacjentéw (71%) z LL, progresja
[125]

TB-LDIR dwa razy w tygodniu
promieniowaniem X w dawce 0,15 Gy do
tacznej dawki 1,2-1,8 Gy

9 pacjentow: 7 z LL (chtoniakiem
limfoblastycznym) i 2 z HL
(chtoniakiem ziarniczy), u
ktorych wczesniejsza CT okazata
sie nieskuteczna

choroby u 1 pacjenta z LL oraz u 2
pacjentéw z HL; brak oceny u 1 pacjenta z
LL; odpowiedz kliniczna korelowata z
przywroéceniem proliferacyjnej odpowiedzi
limfocytéw krwi obwodowej na mitogeny

Nie zgtaszano
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane Lit.

58 wczesniej nieleczonych
pacjentow z NHL w III lub IV
stadium (43 pacjentow z
histologia guzkowa i 15 z
histologia rozlang)

TB-LDIR promieniowaniem X w dawce 0,15
Gy dwa razy w tygodniu do tacznej dawki 1,5
Gy; 24 pacjentdw z utrzymujacymi sie
miejscowymi masami nowotworowymi
otrzymato dodatkowe napromienianie
miejscowe w dawce 1,0-2,0 Gy

30 pacjentéw (52%) przezyto 8 lat (57% z
histologia guzkowa i 42% z histologia
rozlang); 8-letnie przezycie bez nawrotu u
8 pacjentéw (14%), mediana czasu do
nawrotu 21 miesiecy

Trombocytopenia (u wszystkich
pacjentéw poza 4 powrdcita do wartosci
zblizonych do normy w ciggu 1
miesigca); 2 przypadki erytroleukemii,
oba leczone drugim cyklem TB-LDIR i CT
przed rozwojem erytroleukemii

[129]

39 pacjentéw z zaawansowanym
NHL: 38 z LL o postaci guzkowej
(30) lub rozlanej (8) oraz 1
pacjent chtoniakiem mieszanym
guzkowym; wérod nich 28
pacjentéw nie byto wczesniej
leczonych, a 11 pacjentéw byto w
nawrocie po CT lub miejscowej
RT

TB-LDIR promieniowaniem y w dawce 0,1
lub 0,15 Gy dwa razy w tygodniu do tgcznej
dawki 1,5 Gy

CR u 33 pacjentéw (85%), mediana czasu
trwania - 24 miesigce; PR u 6 pacjentéw
(15%)

Znaczaca trombocytopenia (liczba ptytek
<50 000/mm?®) wystapita u 12
pacjentéw (31%), a znaczgca leukopenia
(< 1500/mm?) u 3 pacjentéw (8%);
perspektywicznie nie odnotowano
przypadkéw biataczki szpikowej

[120]

30 pacjentéw z NHL w III stadium
(6 przypadkoéw) i IV stadium (24
przypadki); 11 pacjentéow byto
wczes$niej leczonych miejscowa
RT (4), CT (6) lub obiema
metodami (1)

TB-LDIR promieniowaniem X w dawce 0,1
Gy trzy razy w tygodniu az do osiggniecia
tacznej dawki 3,0 Gy

CRu 10 z 19 pacjentéw (53%), ktérzy nie
byli wczesniej leczeni, orazu 10z 13
pacjentow bez biataczki (77%), ktorzy
rowniez nie otrzymali wcze$niejszego
leczenia; dla poréwnania, okoto 40%
pacjentéw leczonych wielolekowa CT (de
Vita et al,, Lancet 1975) osiagneto remisje

Brak wymiotéw ani biegunki,
toksycznos¢ ograniczona do supres;ji
hematologicznej (ogdlnie akceptowalna
u pacjentow bez biataczki, ale ciezka u
niektorych pacjentéw biataczkowych);
TB-LDIR byto bardzo dobrze tolerowane
w poréwnaniu do CT; TB-LDIR moze by¢
zastosowane, jesli CT nie prowadzi do
petnej remis;ji

[98]

33 pacjentéw z NHL: 30 z LL (24 z
postacig rozlang stabo
zréznicowana i 6 z postacia
guzkowa dobrze zréznicowana)
oraz 3 z chtoniakiem
histiocytarnym

TB-LDIR promieniowaniem Xw dawce 0,1 Gy
3 razy w tygodniu do tacznej dawki 1,8-2,2
Gy; 14 pacjentéw dodatkowo leczonych IFRT
w dawce 10-15 Gy

CR u 25 pacjentéw (83%) oraz PRu 5
pacjentéw (17%) z LL; PR u 2 pacjentéw
oraz brak oceny u 1 pacjenta z chtoniakiem
histiocytarnym

PrzejSciowa pancytopenia z
trombocytopenig - powrdt do normy u
wszystkich pacjentéw poza 2
przypadkami; brak innej toksycznosci
ani ztego samopoczucia zwigzanego z
TB-LDIR

[96]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane

Lit.

48 wczesniej nieleczonych
pacjentéw z NHL w stadium II-1V
(63% z histologia guzkowa i 36%

z histologia rozlang) oraz 15
pacjentéw wczesniej leczonych
miejscowa RT (6 pacjentow) lub
CT (9 pacjentéw)

TB-LDIR promieniowaniem y w dawce 0,1-
0,15 Gy dziennie, 2-5 razy w tygodniu, do
tacznej dawki 1-1,5 Gy; nastepnie, po 4-6
tygodniach przerwy, kolejny cykl LDIR; 16

pacjentéw z utrzymujacymi sie miejscowymi
masami nowotworowymi otrzymato
dodatkowe napromienianie miejscowe w
dawce 1,0-2,0 Gy

CR wystgpita u 80-85% pacjentow z
chloniakiem guzkowym oraz u 33-43%
pacjentéw z chioniakiem rozlanym, PR

zostala osiggnieta u 10-20% pacjentow z
chtoniakiem guzkowym i u 50-100%
pacjentéw z chloniakiem rozlanym, brak
oceny dotyczyt 2 pacjentdéw (4%) sposrod
48 ogbtem; szacowane czteroletnie
przezycie wynosito 71% dla grupy z
chloniakiem guzkowym i 57% dla grupy z
chloniakiem rozlanym; wsréd pacjentow
wczes$niej leczonych RT lub CT, CR
uzyskano u 60%, PR u 13%, a brak oceny u
26% pacjentéw; szacowane przezycie w tej
grupie wynosito 55% po 2 latach

Trombocytopenia (<30 000
plytek/mm?) u pacjentéw z zajetym
szpikiem kostnym i powiekszong
Sledziona; brak ostrych
ogoélnoustrojowych skutkdw ubocznych
(4. nudnosci, wymiotéw, biegunki,
wypadania wtosow); nie odnotowano
przypadkow wtoérnej biataczki

[123]

26 pacjentéw z NHL w III stadium
(6 przypadkow) lub IV stadium
(20 przypadkéw), wezesniej
leczonych CT i/lub miejscowg RT

20 pacjentéw: TB-LDIR promieniowaniem y
w tacznej dawce 1,5 Gy podanej w 15
frakcjach; 5 pacjentow: TB-LDIR w tacznej
dawce 1,25 Gy podanej w 11 frakcjach; 1
pacjent: TB-LDIR w tacznej dawce 1,2 Gy
podanej w 14 frakcjach + HB-LDIR w dawce
0,6 Gy

CR wystapita u 6 pacjentow (23%),a PRu
11 pacjentéw (42%); spodziewane
przezycie wynosito 55% po 1 roku oraz
42% po 30 miesigcach

Trombocytopenia i mniej wyrazna
leukopenia pojawity sie 3-6 tygodni po
zakonczeniu TB-LDIR
(najprawdopodobniej pod wptywem
wcze$niejszej terapii cytotoksycznej), z
powrotem do normy po 3-4 tygodniach;
poza minimalnym wypadaniem wtosow
brak innych skutkéw ubocznych, w tym
ze strony przewodu pokarmowego

[128]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane

Lit.

37 pacjentéw z zaawansowanym
NHL (22 z postacig guzkowa i 15
z postacig rozlang): 31z LL, 4 z
chtoniakiem mieszanym
limfocytowo-histiocytarnym oraz
2 z chtoniakiem
niezréznicowanym; wsrod nich
24 pacjentow nie byto wcze$niej
leczonych, a 13 byto w nawrocie
po wczesniejszej CT lub
miejscowej RT

TB-LDIR: 1,5 Gy promieniowaniem X podana
w 10 frakcjach przez 12 dni (13 pacjentéw);
TB-LDIR: 1,5 Gy dawka podana w 10
frakcjach dwa razy w tygodniu przez 5
tygodni (13 pacjentéw); HB-LDIR: 3 Gy
podane w 10 frakcjach przez 12 dni, druga
potowa ciata napromieniana 6-8 tygodni
p6zniej (11 pacjentéw)

Wsréd pacjentéw z chorobg guzkowa CR
wystapita u 14 pacjentow (64%), a PR u 2
pacjentéw (9%); wsrod pacjentdw z
choroba rozlang CR uzyskano u 6
pacjentéw (40%), PR u 6 pacjentéw (40%),
au 9 pacjentéw nie dokonano oceny;
catkowity odsetek odpowiedzi wynidst
80% (12 z 15) dla choroby rozlanej i 73%
(16 z 22) dla choroby guzkowej; HB-LDIR
byto bardziej skuteczne (64% CR i
mediana czasu trwania odpowiedzi 16
miesiecy) w poréwnaniu do TB-LDIR (54%
CR i mediana 10 miesiecy) oraz czeSciowej
LDIR (38% CR i mediana 14 miesiecy)

Trombocytopenia (<50 000
plytek/mm?) u 14 pacjentéw (38%),
brak powaznych krwawien

[99]

51 pacjentéw z NHL w stadium
1I-1v

17 pacjentéw: TB-LDIR promieniowaniem X
2-3 razy w tygodniu z tygodniowa dawka 0,3
Gy do tacznej dawki 1,5 Gy, nastepnie
Lbooster” 20-30 Gy w ciggu 2-3 tygodni do
kazdego obszaru patologicznego (z
wyltaczeniem szpiku kostnego); 17
pacjentéw: leczenie pojedynczym srodkiem
alkilujacym (cyklofosfamid lub
chlorambucyl) codziennie do osiagniecia CR;
17 pacjentéw: kilka cykli CVP co 21-28 dni
do uzyskania CR

Wsréd pacjentéow leczonych TB-LDIR
poczatkowa CR uzyskano u 12 pacjentow
(70,1%), a trwata CR u 6 pacjentéw (35%);
w grupie pacjentow leczonych
pojedynczym srodkiem alkilujgcym
poczatkowa CR osiagneto 11 pacjentéw
(65%), a trwatg CR 6 pacjentow (35%); w
grupie leczonej schematem CVP
poczatkowa CR wystgpita u 15 pacjentow
(88%), a trwata CR u 8 pacjentéw (47%)

Pacjenci leczeni TB-LDIR: utrzymujaca
sie cytopenia (liczba leukocytow <
3000/mm? lub liczba ptytek < 100
000/mm? przez = 6 miesiecy) u 5

pacjentow (29%); przej$ciowa
trombocytopenia (< 50 000/mm?) i
leukopenia (< 2000/mm?) u 3 pacjentéw
(17,6%); brak innych powaznych
dolegliwosci lub toksycznosci

[121]

91 pacjentéw z uogélnionym
NHL, HL, CLL, CML, szpiczakiem
mnogim, nasieniakiem lub SCLC

(drobnokomérkowym rakiem

ptuca); wiekszo$¢ pacjentow z
NHL, wszyscy pacjenci z HL i CLL
oraz 2 pacjentéw ze szpiczakiem

mnogim wcze$niej nie
odpowiedzieli na leczenie lub
doznali nawrotu po wcze$niejszej
CT i/lub miejscowej RT

29 pacjentéw: TB-LDIR w dawce 0,1 Gy
dziennie do tacznej dawki 1-5 Gy, bez
ostaniania czaszki i koniczyn; 62 pacjentow:
frakcjonowane STBI (TB-LDIR) w dawce 0,5
Gy dziennie przez 5 dni w tygodniu do
tacznej dawki 1-40 Gy, podawane jako
pojedyncze lub powtarzane leczenie

Dtugoterminowe remisje (czasami do 17
lat lub trwate) obserwowano u pacjentéw
z NHL, HL, biataczkami, szpiczakiem
mnogim oraz nasieniakiem, ktérzy byli
leczeni TB-LDIR lub STBI

PrzejSciowa supresja parametrow krwi
obwodowej u pacjentéw otrzymujacych
1-1,5 Gy w dawkach 0,1-0,15 Gy/d;
poza tym niewielka lub brak objawoéw
wywotanych leczeniem

[94]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane Lit.

14 dzieci z przerzutowym
(stadium IV) neuroblastoma

TB-LDIR promieniowaniem X w dawce 1,0
1,5 Gy na cykl, podawanej w frakcjach 0,5 Gy
dziennie przez 2-3 cykle, rownolegle z 3-
tygodniowymi cyklami standardowej CT

4 7 12 pacjentéw (29%) nie stwierdzono
choroby przez ponad 12 do ponad 31
miesiecy; 2 pacjentéw zmarto z powodu
toksycznej supresji szpiku kostnego

Wyrazna trombocytopenia wymagajaca
przetoczen ptytek krwi po 2. i kolejnych
: . o [127]
cyklach leczenia; poza tym wiekszo$¢
pacjentéw pozostawata w dobrym stanie

zdrowia

24 pacjentoéw z wysokiego ryzyka
miesakiem Ewinga (klinicznie
reagujacym na radioterapie) po
2-3 cyklach skojarzonej CT i 5
cyklach miejscowej RT

Po 2-3 cyklach skojarzonej CT i 5 cyklach
miejscowej RT pacjenci zostali poddani TB-
LDIR promieniowaniem X w dawkach
frakcyjnych 0,15 Gy dwa razy w tygodniu
przez 5 tygodni do tacznej dawki 1,5 Gy, a
nastepnie intensywnej CT i autologicznemu
przeszczepowi szpiku kostnego

CR) wystgpita u 20 pacjentéw (83%),
jednak okoto 70% pacjentéw doznato
nawrotu choroby i zmarto

TB-LDIR byto dobrze tolerowane;
sporadycznie pacjent wymagat
doustnego leku przeciwwymiotnego w [126]
celu kontrolowania nudnosci, jednak nie
wystapity znaczace wymioty, skurcze

brzucha ani biegunka

108 nowo zdiagnozowanych
pacjentow z: CLL - 41
przypadkdow, LL dobrze
zréznicowany w II1 i IV stadium -
21 przypadkow, oraz FL
(chtoniak grudkowy) w 11 i IV
stadium - 46 przypadkéw

54 pacjentéw poddanych TB-LDIR
promieniowaniem y (0,15 Gy dwa razy w
tygodniu do tacznej dawki 1,5 Gy) oraz 54

pacjentow leczonych CT (chlorambucyl
0,15-0,2 mg/kg doustnie dziennie do
tolerancji hematologicznej + prednizon 0,5
mg/kg doustnie dziennie przez pierwszy
miesiac)

CR wyniosta 59% w grupie leczonej CT i
52% w grupie leczonej TB-LDIR, a mediana
przezycia wynosita odpowiednio 5357
miesiecy; podobne wyniki utrzymaty sie po
stratyfikacji na CLL, LL i FL

Znikoma mielotoksycznos¢; brak
przypadkéw ostrej biataczki w obu [103]

grupach pacjentéow

68 pacjentow z NHL (34 z
nowotworem o niskim stopniu
ztosliwosci, 10 o po$rednim
stopniu ztosliwosci, 19 o
wysokim stopniu ztosliwosci);
TB-LDIR byto pierwszym
leczeniem u 47 pacjentow, a 21
pacjentéw nie zareagowato na
wcze$niejsza CT i/lub
standardowa RT przed
zakwalifikowaniem do TB-LDIR

TB-LDIR promieniowaniem X w dawce 0,1
Gy na frakcje, 3 razy w tygodniu, do tacznej
dawki 1,8-2,2 Gy

CR wynosit 84% dla NHL niskiego stopnia,
42% dla NHL o posrednim stopniu
ztosliwosci i 40% dla NHL o wysokim
stopniu ztosliwosci; lepsze wskazniki
remisji odnotowano u pacjentow
poddanych TB-LDIR jako leczeniu
poczatkowemu niz u pacjentéw wczesniej
leczonych innymi metodami

Przejsciowa trombocytopenia i
leukopenia; brak innych skutkéw [97]
ubocznych, takich jak nudnosci, wymioty

czy wypadanie wtosow
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z ré6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane Lit.

60 pacjentow NHL w stadium II-
IV (z wylaczeniem chtoniaka
histiocytarnego rozlanego): 44
pacjentéw leczonych de novo oraz
16 pacjentow wczesniej
leczonych, u ktérych wystapita
wznowa

TB-LDIR promieniowaniem y:
schemat A (35 pacjentéw): 0,10 Gy dziennie,
5 dni w tygodniu przez 2-3 tygodnie,
nastepnie przerwa w leczeniu i kolejna
dawka 1-2 Gy podana w ten sam sposéb;
schemat B (9 pacjentéw): 0,15 Gy 2 razy w
tygodniu do facznej dawki 1,5 Gy, bez
przerwy w leczeniu; 16 pacjentéw otrzymato
dodatkowe miejscowe RT w dawce 2-50 Gy

Wsréd pacjentéw leczonych de novo CR
wystapita u 20 z 26 pacjentow (77%) z
korzystna histologig orazu 6z 17
pacjentéw (35%) z niekorzystng
histologia; PR zostata osiagnietau 6 z 27
pacjentow (22%) z korzystnag histologia
oraz u 11 z 17 pacjentéw (65%) z
niekorzystna histologig; brak oceny
dotyczyt tylko 1 pacjenta; wskazniki
przezycia wsrod pacjentéw de novo z
korzystna histologia wynosity 74% po 2
latach, 56% po 5 latach i 32% po 10 latach

Trombocytopenia (<50 000
plytek/mm?) u 15 pacjentéw (34%)
leczonych de novo; 4 prawdopodobne
przypadki choroby mieloproliferacyjne;j,
ktore rozwinety sie 2,7-6 lat po TB-
LDIR; brak przypadkéw wtdrnej
biataczki

[122]

84 z NHL w stadium III lub IV

44 pacjentéw: TB-LDIR promieniowaniem X
w dawce 0,1 Gy na frakcje, 3 razy w
tygodniu, do facznej dawki 2,5 Gy, nastepnie
RT powoli zmniejszajacych sie mas
nowotworowych w dawce 15-25 Gy przez
2-2,5 tygodnia
40 pacjentéw: 8 cykli CT, a nastepnie
miejscowa RT w dawce 25-30 Gy w
frakcjach 1,5-2,0 Gy

W grupie pacjentéw leczonych TB-LDIR
(42 ocenianych pacjentéw) CR wystapita u
15 pacjentéw (36%), PR u 17 pacjentéw
(40%), a brak oceny dotyczyt 7 pacjentéw
(17%); w grupie pacjentéw leczonych CT
(36 ocenianych pacjentéw) CR uzyskano u
20 pacjentéw (55%), PR u 5 pacjentéw
(14%), a brak oceny u 10 pacjentéw
(17%); ORR (catkowity odsetek
odpowiedzi) wyni6st 76% dla pacjentow
leczonych TB-LDIR i 69% dla pacjentéw
leczonych CT

Pacjenci leczeni TB-LDIR:
trombocytopenia i leukopenia zalezne
od dawki, ktére w wiekszosci
przypadkéw ustepowaty samoistnie

[100]
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

szial((:)]:zlgii/a Schemat terapii Wyniki Dzialania niepozadane Lit.
Pacjenci z CLL: ORR wyni6st 85% (91% u
pacjentéw powyzej 65. roku zycia i 78% u
pacjentéw ponizej 65. roku zycia); CR
wystgpita u 5 pacjentéw (12,5%), a PR u
40 pacjentow z CLL w stadium I- TB-LDIR promieniowaniem X w dawce 0,15 29 pacjentéw (72,5%); wskaznik
IV (15 otrzymato wczesniejsza CT Gy dwa razy w tygodniu do tacznej dawki 1,5  odpowiedzi wynosit 55% u pacjentow bez Odwracalna trombocytopenia, anemia i
lub miejscowa RT) oraz 41 Gy podanej w ciggu 5 tygodni, a nastepnie, wczesniejszego leczenia i 30% u pacjentéw leukopenia wystagpity u 72-73% [101]
pacjentéw z NHL niskiego stopnia po 2 miesigcach, 6-9 cykli CT wcze$niej leczonych; pacjentéw z CLL oraz u 50-59%
w stadium III-1V (14 po (prednimustyna, 100 mg/m? doustnie przez Pacjenci z NHL: ORR wyniést 83%; CR pacjentéw z NHL
wczes$niejszej CT lub RT) 5 dni co 4 tygodnie) wystapita u 10 pacjentéw (24%), a PR u 24
pacjentéw (58%); wskaznik odpowiedzi
wynosit 56% u pacjentéw bez
wcze$niejszego leczenia i 27% u pacjentow
wcze$niej leczonych
. 5-letnie przezycie wyniosto 84% u [108,
pr'(E]ISr;i[(‘e]r)lioR\/{/l;tr)lii?rrln)? VI\-/H(Bi-aL\‘/]\?lizch pacjentéw leczonych TB/HB-LDIR, w 109]
. _ poréwnaniu do 65% u pacjentéw
Okoto 200 pacjentéw z NHL w gz;kc‘]/\(]) nov(\;ilirrll)i/lclgl g’dl ((;)}\:\111231?1'351 g i,u(bz 13(; leczonych wytacznie miejscowa RT oraz Lagodna i przejSciowa trombocytopenia
stadium i II raz yrzg% c od,ni apnast nie mieiscowa 70% u pacjentéw poddanych miejscowej oraz limfopenia
yp Y8 ’ P 1e) RT w potaczeniu z CT; po 9 latach wszyscy
RT w dawce 2 Gy (5 razy w tygodniu przez 6 L -~
odni) oraz CT pacjenci z grupy 84% nadal zyli, podczas
RL gdy tylko 50% pacjentéw przezyto po
leczeniu samg miejscowg RT
26 wezeéniel nieleczonveh TB-LDIR promieniowaniem X lub y w 2 Po samym TB-LDIR CR wystgpita u 24
acientéw z NHi niskiego Zto nia cyklach po 0,75 Gy, podawanych w 5 pacjentéw (92%); po TB-LDIR + IFRT CR
pw]stadium 1 (10 prz idk(’)\/\% ; frakcjach tygodniowo, z 2-tygodniowa osiagnieto u 25 pacjentéw (96%); tacznie Doskonata tolerancja kliniczna TB-LDIR [102]
- praypac k¢ przerwa miedzy cyklami, a nastepnie po 1 19 pacjentéw pozostawato przy zyciu po
stadium II (16 przypadkow)
miesigcu miejscowa IFRT w dawce 40 Gyw  medianie 56,2 miesigca bez oznak choroby
20 frakcjach
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

szial((:)]:zlgii/a Schemat terapii Wyniki Dzialania niepozadane Lit.
4-6 tygodni po ostatnim cyklu CHOP TB-
LDIR promieniowaniem y: 2 cykle po 4
36 pacjentéw z NHL o wysokim leem.le frakeje po 0,2 Gy, oddzielone 2- 3-letnie przezycie wolne od choroby Prze]s'(:loxl/va tromb(?cytopenla b
: i tygodniowa przerwa (taczna dawka 1,6 Gy . . L7 leukopenia niewymagajace przetoczen
stopniu ztosliwosci po 6-8 podana w ciagu 4 tygodni); wyniosto 61 + 9%, a catkowite przezycie ani czynnikéw wzrostu; przejéciowe [106]
: ; o S ;
cyklach standardowej CT (CHOP) 4-6 tygodni po TB-LDIR pacjenci z masywna 87+ 6% pacjentow podwyzszenie enzyméw watrobowych u
choroba otrzymali IFRT do pierwotnych 5 pacjentow
miejsc zajetych nowotworowo
Pacjent z WM . . o .
(makroglobulinemia TB-LDIR promieniowaniemy w dawc'e 0.,1,5 Rok 2003: pacjent bezobjawowy w Poza przejsciow trombocytf)penlq i
. oo . Gy/d, dwa razy w tygodniu, przez dziesie¢ Lo leukopenig nie odnotowano zadnych [140]
Waldenstréma) po 6-miesiecznej " : : odniesieniu do WM Y ,
kuracji CT (chlorambucyl i sesji do tacznej dawki 1,5 Gy ostrych ani p6znych skutkéw ubocznych
prednizon)
i - . . N o
TB L]?IR promieniowaniemy w davykach PR wystapita tylko u 2 pa'CJen'Eow (4 f)), Eagodne nudnosci u 73% pacjentow,
45 pacjentéw z czerniakiem frakcyjnych 0,1 Gy w dniach 1, 8,22i30,w  brak oceny dotyczyt 13 pacjentéw (29%), a wymioty u 68%, zmeczenie u 57%
potaczeniu z podskdrnym IL-2; jeden cykl progresja choroby u 30 pacjentow (67%); . o/ - : 0 [106]
przerzutowym 1 : h . . ) ; . . biegunka u 43% oraz hipotensja u 25%
eczenia obejmowat 5 tygodni terapii, po mediana catkowitego przezycia wyniosta .
. . L pacjentéow
ktorych nastepowata 2-tygodniowa przerwa 5,8 miesigca
2 cykle TB-LDIR promieniowaniem y: 0,8 Gy s o
Ly na cykl, podawane przez 4 dni w dawce 0,2 ORR V\’IyHIOS{069 /o, W tym CR.u 1%
58 pacjentow z Gy/d, z 2-tygodniowa przerwa miedzy pacjentow (24%), PR u 26 pacjentéw
nawrotowym/opornym na c klar‘ni (taczna dawka 1,6 Gy w ciagu 4 (45%), stabilna choroba u 12 pacjentéw Leukopenia u 13 pacjentéw, anemiau 11
leczenie NHL niskiego stopnia (45 y 4 odni); Ohy a8 (21%) oraz progresja choroby u 6 pacjentéw, trombocytopenia u 8 [107]
pacjentéw otrzymato =3 cykle CT, 4-6 tveodni ty(;ginie' 2’ 0 pacientéw pacjentéw (10%); mediana przezycia pacjentéw, o medianie czasu trwania
a 40 z 58 miato zty stan dodatkov%gleczofl h IliRT go rJnas nveh wolnego od progresji wyniosta 14 odpowiednio 5,91 12 tygodni
sprawnosci) Zmian w ére dn};ej dawce 32 + 4}2/; y miesiecy, a mediana catkowitego przezycia
podawanej w frakcjach 1,8-2 Gy, 5 razy w 39 miesigey

tygodniu
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Tabela 2. Badania kliniczne dotyczace TB-LDIR i HB-LDIR promieniowaniem X lub gamma u pacjentéw z r6znymi nowotworami c.d.

Pacjenci/
schorzenia

Schemat terapii

Wyniki

Dzialania niepozadane

Lit.

2 pacjentéw z rakiem prostaty: 1.
przypadek - 60-letni pacjent po
wycieciu prostaty; 2. przypadek -
54-letni pacjent z
nieoperacyjnym, koncowym
stadium raka z przerzutami do
kosci

1. pacjent: TB-LDIR promieniowaniem X w
dawce 0,15 Gy raz w tygodniu przez 30
tygodni;

2. pacjent: TB-LDIR promieniowaniem X w
dawce 0,15 Gy trzy razy w tygodniu przez 10
tygodni, dodatkowo materiat radonowy
umieszczony pod t6zkiem na 6 godzin kazdej
nocy przez 10 miesiecy

1. pacjent: redukcja poziomu PSA z >5 do
0,085 do 6. cyklu leczenia;
2. pacjent: redukcja poziomu PSA z 4,8 do
0,008 wraz z widocznym zanikiem
przerzutow do kosci

Nie zgtaszano

[110]

Pacjenci z nowotworami litymi: 4
pacjentéw z zaawansowanymi
nowotworami jelita grubego,
watroby, ptuc i macicy z
przerzutami (wszyscy wczesniej
leczeni CT lub miejscowa RT)
oraz 2 pacjentki z
zaawansowanym rakiem piersi:
42-letnia kobieta z przerzutem do
mozgu bez wczesniejszego
leczenia oraz 47-letnia kobieta z
przerzutami do kosci, u ktérej rak
piersi zostal zdiagnozowany 5 lat
wczes$niej i leczony byt
hipertermia

Kilkutygodniowa terapia radonowa
obejmujaca: a) ,Pokdj radonowy” -
ekspozycja na zewnetrzne promieniowanie y
oraz inhalacja radonu przez 40 minut
dziennie, 4 razy w tygodniu lub co drugi
dzien (pacjenci z rakiem piersi, jelita
grubego i macicy); b) Inhalacja radonu z
aparatu o-Radiorespiro-222Rn 40 minut, 3
razy w tygodniu lub co drugi dzien (pacjenci
z rakiem piersi, watrobowokomérkowym i
ptuc)

CRi/lub PR i poprawa ogdélnego stanu
zdrowia oraz wynikéw badan
laboratoryjnych u wszystkich pacjentéw;
leczenie pacjenta z rakiem
watrobowokomérkowym zakonczono, gdy
w obrazie PET nie bylto cech aktywnej
choroby

Brak powaznych skutkéw ubocznych:
nawet po 4 miesigcach inhalacji radonu
(najpierw przy 1 MBq/m?, a nastepnie
przy 6 MBq/m?®) nie wystapity dziatania
niepozadane

[71,
112]
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The results of clinical trials performed from the 1930s untél the end of the 20th century in whdich tosal-body ultra-
low Jevel jonizing radiation (T8-LLR) was wsed demonstrate that this form of treatment can be equal or superior
10 other systemic anti-neoplastic modalities kn terms of the eates of remissions, toxicity, and side effects. In this
review, we provide the mationale for TB-LLR and amalyze the results of rellable clinical trials in patients with

predominantly lymphoproliferative disorders but also advanced solid cancers. The doses wsed in these trials did
not excoed 0.1 -0.2 Gy per fraction and cumulative totals ranged from 1 10 4 Gy, Based on the reviewed results
we conclude that It is appropriste (o revive interest in and resume clisical investigations of TB-LLR in ceder to
refine and improve the effectiveness of such treatment, whether employed alome or in combination with other

anticancer strategies,

1. Background and rationale

One of the major methods of cancer treatment is radiation therapy
(radiotherapy, RT) which employs lontzing radlation delivered at doses
that kill malignant cells. Currently, RT is used routinely as a standard
treatment for more than 50 % of cancer patients (Delaney et al, 2005;
Jaffray, 2012; Yaromina et al,, 2012). Conventional high-dose radiation
therapy can be curstive in a number of radiosensitive neoplasms if they
are Jocalized to one major area of the body, The typical total dose (in
standard 1.8 Gy-2 Gy fractions) for a solid epithelial tumor (a card-
noma) ranges from 60 to 80 Gy, while bulky lymphoma sites are lrra-
diated at doses from 20 to 40 Gy (again in 1.8 Gy-2 Gy fractions)
(Kimball and Webb, 2013). The twotal dose is fractionated to afford
normal cells time to recover, while tumour cells are generally less effi-
chent in repair between fractions. Fractionation also allows malignamt
cells that were in a relatively radio-resistant phase of the cell cycle
during one treatment to move into a sensitive phase of the cycle before
the next fraction &s given. Similarly, tumour cells that were chronlcally
ar acutely hypoxic (and therefore more radioresistant) may reoxygenate
between fractions, improving the tumsour cell kill (Ang. 1998),

Over recent years much attention has been focused on yet another
aspect of radiotherapy, Le. its effects on the immune system, a crucial
player in any organism's control over the development of neoplasms
(Corthay, 2014). After years of controversies, the early concept of cancer

immunofogical surveillance, whereby specifically stimulated (adaptive)
immunity wards off proliferation of neoplastically transformed cells, has
now been incorporated into the modern concept of cancer immunoe-
diting. During the three phases of this process, both the
tumour-associated immune system (TAIS) and immunogenic properties
of cancer cells are being gradually “edited.” As a result, various elements
of TAIS which protect the host against the development of a malignancy
during the initial ‘climination’ phase (and later, during the following
‘equilibrium” and particularly ‘escape’ phases), morph into active syp-
porters of cancer progression and the tumour ceils become more and
more resistant to assaults from the TAIS. Consequently, the growing
tumotur not only evades immune recognition and destruction, but also
actively contributes to remodeling of its microenvironment towards the
immunosuppressive and pro-neoplastic state (Dunn et al, 2002, 2004;
Schreiber et al., 2011), This improved understanding of the relationship
between a developing neoplasm and the Immune system has shed new
light on the recently acknowledged complex interactions of ionizing
radiation with cancer-related immunity, This, in tum, has led to the
development of novel radiotherapeutic schemes based on the notion that
local exposures at moderate (between 0.2 and 2.0 Gy absorbed during a
shart time, i.e., acute, exposures) or even higher (over 2.0 Gy) doses of
radiation can, especially in combination with standard immunotherapy,
stimulate various antl-neoplastic immune reactions, and/or reverse the
suppressed state of TAIS. These effects are thought to result from the
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radiation-induced ‘immunogenic’ cell death, inflammation, and tissue
Injury, all leading to the emergence of ‘danger signals’ which prompt
anti-cancer functions of various elements of the immune system (Jandiak
et al, 2017; Griffin et al, 2020) It is currently believed that
RT-activated immunity is responsible for regression of non-irradiated
metastatic Jesions outside of the irradiated field (the abscopal effect)
(Yilmaz et al,, 2019).

However, radiotherapy at moderate to high doses is potentially
harmful to normal cells and tissues and may lead to lmmuncsuppression
and/or the development of secondary cancers (Tublana, 2009; Gudow
ska et al,, 2014; Casey et al,, 2015; Ng and Shuryak, 2015). Nevertheless,
such untoward effects are highly unlikely after exposures at low doses or
dose rates (Le., at <0.1 Gy absorbed acutely or at rates of <0.1 mGy/min
applied during a protracted exposure) of low linear energy transfer
(LET) jonizing radiation (X- or y-rays), hereafter referred to as low-level
radiation (LLR). It has been demonstrated that the effects of LLR,
including modulation of the immune functions, i and
quantitatively differ from those induced by moderate-1o-high doses of X-
or y-rays (Albrecht et al., 2011; Yu et al, 2013; Wodarx et al, 2014;
Yang et ol 2016). Notably, single or multiple exposures to LLR (deliv-
ered over many weeks and totaling 1-4 Gy) can be safely applied to
hemi-body or whole-body, making it a good treatment of choice for
patients with systemic neoplasms such as lymphomas and leukaemias or
solid tumours with multiple metastases. Indeed, as evidenced by results
of many epidemiological and experimental studies, including our own,
total-body exposuares to LLR (TB-LLR) can inhibit or retard the devel-
opment of both primary and metastatic cancers in various oncological
settings (Janiak et al, 2017; Yang et al, 2016), The possible mecha-
nisms by which such protective effects are mediated involve
LLR-induced scavenging of reactive oxygen intermediates, stimulation
of the repair of the DNA damage (including that caused by normal
metabolism and proliferation of a cell), mitigation of inflammation,
triggering of selective apoptosts and/or senescence of aberrant cefls and,
last but not least, triggering and amplifying the function of the immune
system (Baver, 2007; Scott, 2008, 2014; Felnendegon et al,, 20125 Cul
et al, 2007). In fact, it has been repeatedly demonstrated that
whole-body exposures of mice and rats to LLR stimulate both the innate
and adaptive arms of anti-cancer immunity including the activity of
various subsets of T, B and NK lymphocytes, macrophages, dendritic
cells, newtrophils, mast cells, and other clements of the immune system
(Janiak et al, 2017; Yang et al, 2016; Cui et al, 2017). Arguably,
stimulation of anti-neoplastic immunity has been responsible for the
effectiveness of whole- and half-body irradiations at low doses of X- or
gamma-rays of oncological patients performed for over one hundred
years (see the data below and in Table 1)

2. Methods

For the purpose of this review we conducted a PubMed search as a
starting point but we also searched other databases such as Cochrane
Library, Mediine, and Google Scholar. In all the search queries we
covered the period from the beginning of the 20th century until 2020. As
a search strategy, a combination of terms such as low level or low dose
total/whole-body radiation with cancer/malignancy treatment and
radiotherapy was employed. The selected articles were classified ac-
cording to the presupposed criteria of the ultra-low doses, i.e., those
which for the short-term expasures did not markedly exceed 0.1 Gy per
fraction delivered to either a whole or half of the patient’s body. This
way, many papers with titles or abstracts alluding to “low” doses which
did not meet these criteria were disregarded. In the great majority of the
cases only references for which full texts could be obtained were
reviewed.

As experts in the field, we are aware of several references that are not
routinely carried in the popular search engines. Many of the older papers
have been overlooked so we have resurrected them from other papers
and Included them in this review, We did not restrict ourselves
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exclusively to prospective randomized clinical trials but we also
Included redlable single-institution serles, retrospective reviews, phase
1/11 studies, and case reports to make this review as comprehensive as
possible. The results of the search have been presented in Table 1, which
is composed of the most important and relevant findings including pa-
tients” characteristics, treatment schemes and results and side effects
thereof, with speclal emphasis on the comparison of these with the ef-
fects of systemic chemotherapy and/or local high-dose radiotherapy.
The extended description of the results of the critical trials has been
included in chronological order in the main text of the review.

3. The past and present of clinical trials

The concept of total-body irradiations (TBI) with X-rays is an old
idea. In fact, in view of the early recognized widespread nature of many
human malignancies the idea was hit upon soon after the Roentgen's
discovery and already in 1905 first arrangement of three low voltage X-
ray tubes distributed around a room to achieve uniform irradiation of a
centrally placed patient was designed in Germany. This set-up was soon
used by Friedrich Dessawer to treat human patients (Dessauer, 1905),
The results of that first reported clinical trial were encouraging, but the
initial enthusiasm was abated by the discovery of suppressive effects on
the hacmatopoictic system. A little later, in the early 19205, Chaoul and
Lange reported in Berlin on the effects of telervengenotherapy of patients
with advanced Hodgkin's disease. All twelve patients so treated showed
‘restoration to their full working capacity’ and ten of them remained free
from recurrence for 2.5 vears on average (Chaoul and Lange, 1923) In
the second half of the 19205, Wemner Teschendoef treated patients with
leukemias, lymphomas, and polycythemias using ove X-ray tube to
deliver 200-250 R (roughly equivalent to 2-2.5 Gy) to the patients’
whole bodies. The author noted ‘greater remission periods in these
diseases then by using small ports in the ordinary way' (Teschendodd,
1927). On the turm of 1920s and 1930s Schwartz obtained ‘excellent
results’ in patients with slowly developing Hodgkin's disease after eight
to ten exposures to ‘small protracted roentgen.ray dosage’ given within
14 days (Schwartz, 1930). Also, Frimann-Dahl and Forsberg, who
exposed the entire bodies of patients with leukemias to ‘interrupted
dosage’ of X-rays at about 0.75-6 Gy delivered daily over the period
from four days to five weeks, concluded that ‘gemeral trradiation
(meaning TBI) is superior to local roentgenotherapy because it is more
lenient, enabling the patient to keep up his work loager” (Frimana-Dahl
and Forsberg, 1931). The encouraging results of these trials prompted
physicians in other European countries, such as Norway, France,
Austria, Belgium, and Italy, to use subtotal- and total-body X-ray lrra-
diations of patients with various haematological malignancies (Dale,
1931; Devols, 1931; Sluys, 1931; Pulsford, 1932; Palmierd, 1933; Mallet,
1936; Sgalitzer, 1936; Jacab, 1939; Marqués and Betouliéres, 1949),

In the USA, the first systematic clinical trials with total-body expo-
sures to ionizing radiation were conducted in the early 1930s by Arthur
C. Heublein, For these trials patients at the Memorial Hospital of New
York were placed in beds in a specially built ‘lead-lined radiation ward'
and irradiated either continuously or intermittently from a Coolidge
therapy tube. Altogether, 13 patients with lymphomas or Jeukemias and
17 patients with disseminated solid cancers were expased to X-rays at
dose-rates of approximately 0.01 Gy/h (continuous irradiation) and 0.3
Gy/h (intermittent (readiation) up to the total absorbed doses of about
0.4-1.9 Gy and 7.5~ 10 Gy, respectively (Heublein, 1922). As reported
by the author ‘definite regressions have been noted in the radicsensitive
group of cases’ including both haematological and solid cancer patients
who showed ‘no depression in the number of white cells’ after ‘admin-
Istration of amounts of radlation ranging from 5 to 25 per cent of an
erythema dose (i.e., about 7.5 Gy) to the entire body.” In summary,
Heubleln wrote that although the number of cases in both groups of the
patients was too small to permit any definite conclusions 'the evidence
accumulated thus far fully warrants the continuation of the experiment
with Increasing dosage, within safe limits,” Unfortunately, these trials
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Table 1
Reported relsable clinical trials with total- or hemi-body iradiations with X- or gamma-rays in patients with various malignancies.

Putierss./discases Treatment Rewalts Side effects Red
13 patienas with lymphomas or a) lomg dissance coonrmew Srodisnen a) "distinct improvessent”™ in 2 “vepeated blood counts and other tests  (1oubiein,
Teukemics and 17 patients with with X-eays st dose rate of appeox. Breast ca cases (out of 8 selid Rave, in ol instances, faidod 10 show 1902)
disseminated solid cancers 001 Gy/hwp toseal of 0.38-1.9Gy  cancer patienis), In 1 lymphac any consistent change that could be
delivered over 7.5 119 days (20 Seukeosin and 1 VD patient; ascribed to radiation effect, except in
petiests), b) shorr dissance isrermitient  “partial improvement” in | case of e leukessias, in which the wual
oradiasion with X.rays at dose rate of  Jymphatic lewkeméa b) CR InJout  decrease In the number of white cells
approx. 0.3 Gy/hupototal of 7.5-10  of 9 patents with solid cancer, has cocurred. Theee has been no
Gy delivered over 12-24 days (10 instance of marked drop in Bood
patieats) platelets nor has purpura
hemoerhagics accurmed in any case;
with the adminbtration of snounts of
radiation ranging from 5 to 25 per
cnnt of an erythema dowe to the entire
body, there has boes no depeession in
e aumber of white cells.”
270 pationts with a variety of tumours  TII with X-rayw at 0.5-0.7% Gy patients with lymphamas exposed  NR (Mmdinger and
(lymphosias, Jeskernin, multiple (“Hesbiein techaiqae’™) wu. after carlier 10 docal X-cay Bherapy had Craves, 1942)
myelomas, Carcinomas, sarcommas) local X ray therapy both losger survival sad Jonger-
Suting remdudons than patients
who received only local X-ray
wradation.
163 pattents with gramslocytic and TH with X-rays ot 0.1-0.2 Gy/ survival of the low-level radation- "o eadiation sickness™ (Ongood ot ol
Iymphecytic CL exposere gives in 617 iadividoal treated patients “significandly 1955)
exposeres 10 wtal doses of 0.9-3.5Gy  betner than that for a collected
(Z) patients) or equivalent intermal weries including sl radition
TBI by Iv injection of P¥ (180 tremted cases reported in the
patients) Eoerssere from 1925 10 19517, o
wgnificant difference between the
effects of X-rays snd P°
52 patienns: 7 with G, 8 with AL, 15 single or fractionesed TBI with Xorays  among the 7 CL patieats: excellent nausea and/oc vomiting in 18 (Jacods and
wirh lymphoma, 16 with advanced 1 0.0% o 1 Gy (CL sad lymphoms resporse {in terns of smurvivad) in 1 pattenty, transdent TCP and Marawo, | 945)
sobid tistue cancer, 6 with patieats), 3 Gy (AL patients), 3-8 Gy  patiest, yood response in 2 Iymphocytopenia, otherwise no
polycythemia vera solid cancer patients) persents and questionabie serious side effects
respanse in 1 patiest
19 putiente 7 with CLL, 5 with THE with Xeays 21 0.05-0.2 Gy/ daily  “satisfactory lmprovesent” (a except foe tramlent TCP and (Mohraus.
generalized lymphoma, 3 with for several days to total of 1 -4Gyor  mintmum decrease of 75 % In tymphocyvepentia no significant 1968)
mycoss fumgoides, 2 with AL, 1 with  0.1-0.2 Gy given bmenthly chinically messurable dissan + wympsoms or vide effecty
mixed lymphoma, 1 with symptomatic imperovesent) = 5
macroglebalinacmia CLL panienns, 4 lymphoma patieats
(in 3 without priar CT or KT) and 1
AL patient
27 paticns with stage Il and IV 18 patients reated with either TS CR I 25 (93 %) patients, median  transient bone marrow depression (Sohueon,
(mamow) peeviowdy untreated NML  alone (y-rays ¢ 0.1 Gy dally 3-8 duration of unmséatmacd requiring blood tramfusion ind of the  1972)
times/ wh 1o total of 1-3 Oy) or with  sembision «~ 26 mooths 18 paticnes treatod with either TEI
TBI followed 3 mos. later by TNT (at alooe or with THI + TNL
total of 2035 Gy applied in dally
fractiors of 1.5-2 Gy)
61 parierns (37 males and 24 females)  a “Wfetime™ serfes of Xoray average survival 46 mo, with a wransient leskopaenia snd TCP; (Ded Regatu,
wizh CLL, rradiacions corsisting of 1) 10 dally  maxmum of 15y, a 5y vervival of  awopsies performed & 1/3 of the 1974)
THL et 0.1 Gy, 2) | weekly TRIEm 005 21% of patients patients revesdod “no Instance of
Gy, 3) an sameal “booster™ of 10 daily umoward radiation effects in BM or
T a2 0.1 Gy, and 4) regional other stroctares examined.”
Irradistion of sploen or lymphk nodes
s required. Patients kept om this
repinen for 3-7 ¥ (otal doses of
11-28 Gy)
65 (59 evaluabie) patients with RT growg: ealy THI (0.1 Gy of prays RY groupc CR In 18 (56 %) pattents  towicity of TRE as described above by (Carefion a1l
lymphocytic lymphoma (20 stage (B dadly for 3-5 dayw'wk to togal of 1-5 (9 relapsed with a median Johmaon 1972; oxicity of the CVP 197%)
and 45 stage V) randomized to Gy) in 21 patients; caly TNI (20-30 duration of rermiasion » 2251 regimen: grasulocylopeenia
wreatment with CT or RT: 27 Gy within 24 weeks) in 6 pathenns; mos), PR in 8 (25%) patienss, NE  following cach cycle and TCP <
evaluable combined (CVP) CT TNI proceded by T (at 2 sotal dose of =2 6 (19%) patients - no data on 100,000 men” (rare in the first 6
paticots end 32 evalushle RT 1.5Gy) in 2 patients; cither HELor TNl CR and PR in paticess treated cycles); seurctonicity of seme dogroe
et + localized eradiation in 4 patients;  solely with TBL CT groep: CR in
CT prosp: 32 patients ghven cytoxas 15 (35%) pationts (7 relapsed with
(400 mp/m® £ 5 p.a) + vincristioe # median duratios of rembsion
(14 mg/m® Lv. oo day 1) + >12 mos), PR i 9 (33%) petients,
prodnisne (100 mg/m’ xS pod -6 NEin 3 (119%) pathenss
tames every 21 4.
39 patienns with weil (6) and poordy 31 patients treated caly with THI (0.1 CR i 68 % of TRl only patiens “moderate degree and trassient (Mohoon,
differentiated (23) lymphocytic Gyof X- or peays/ fraction toatotal of — and In 75 % of THE + TNI patsemts  hemambogical depression” isdoced by 1977)
rrgboans 1.0-1.5 Gy), 8 patients treated with ™
TBI follewed by TNI (10 Gy 10
tovolved lymphacic aneas)
(Kazem, 1975)
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Table 1 (consineed )
Patieres/diseases Treatment Realty Side effects Red
4 patients with stage 11l NHL 2 with TRI at doses 0,15 Gy of yrays daily foe 80 %, 90 %, and 95 % “sodal “no obvious subjective or objective
refractory CLL, 2 with dsseminated 54, then at 0,1 -0.15 Gy every other  regression™ In 3 patients with complications™ except for “moderate
mycoss fusgotdes, | with poseCT d, or st loager istervals over 5-12wh  previowsly untrested stage 111 and reversible BM depression”
relagsed end stage reticulum cell o total deses of 20265 Gy NHL; PR in 4™ patient previously
arcoma treated with CT, but the treatment
stopped at 1.05 Gy due 1o
persistent TCP; “dramatic
regresdon” of active lesions all
over the bady of | patient with
mycosis fusgoldes
31 patbents with stage 111 and IV T with X-rays at 0,15 Gy twice CR wp to 80 % of the TH-treated transient thrombocytopenia and (Chatiry ot al
Jymphecytic whe woekly 60 1.5 Gy total dose 4 IPKT in  patSents; with & median survival leukoocytopenia; no nawen, weakness, 1076 Chatley
recetved T as the initial and only patients with persistent Jocal tumours; 32 mos and £3% and 65% halr boss, or malaise e al, 1577}
therapy mitial 25 THE-treaved patients were actuarial survival a8 3 y and 5y,
compared to & matched group of respectively; no statistical
patients treated with CVP difference between the T8 and CT
groups in torma of survivad, bes
“the trend favored irrsdistion™
57 patierns with progressive CLL: 42 TBI slone (42 patients) serfes of T alone patienes: CR in 14 (33 TE{ alone patieas: modest anemia in - (ohoon,
pathentx treated only with T, 14 lerndiacions with 0.3 Gy of yauys ) pathenty, PR &= 23 (55 W) % and modest Seombocytepenta dn 1978, 1979)
evalushle pationts treatod with THI «  given is fractioss (0.05-0.1 Gy daily,  patiests; medisn servival: 72mo0 15 % of the patients, o hemarrhagic
[n ¢ 3 -5 times/week) separated y 4 8. (patients with stage 111 disease) problems; TBI + CT patients:
wh intervals up to total doses of 1 -4 and &3 mo (patbents with stage 1ll-  “ereatment tolersted extremely well,
Gy, THI & CT (14 evaluable patients) IV dsesse), TBI « CT patiests: CR o hematologic teascity requining
12 courses of CP and peedaisone dally = 8(57 %) patients, PRIn 5 (36%)  wreasfosion sepport”
pacienty; median servival: not
determised yet
48 patiens with previously untreated THE with X-rays at 0.15 Gy twice a > 70 % acvearial servival of the n THI patiens: no nausea, vomiting,  Ofelman 1l
stage 1N and IV lymphocytic, week unell 1.5 Gy or » haematologic fust 25 patients sreated with T hair Joss, or bleeding: toxicity mited  1977)
and mived hiselogy  depression; 25 patienss wese alene vs. appeox. 31 % survivel of 5o translent TCP
NHLs (15 with diffuse and 33 with compared % & matched group of the macched 25 patients treated
sodular dseane) petients treated with CVP with combined CT (CVP)
@ NHL patiente 7 with 1L sed 2wtk TBI twice s woek 2 0.15 Gy of X-rays  CXin § putients (71 W) with 1L, NI (Vorsbuky
HL who had previowsly falled 0o CT 10 2 total dose of 1.2-1.8 Gy PO i 1 povient with LL and In 2 e al, 1978)
petsents with ML; NE in | patient
with LL; clindcal respome
oorrelaned with ressoration of
mitogen peoliferative
resporaiveses of circelating
Bood lymphocytes
38 previowaly untreated patients with  TIE a2 0,15 Gy of X-rayx twice s woek 30 pathents (52 %) survived N y Seombocytopenda {in all but 4 (Carubedl ot ul,
stage (11 or [V NHL (43 patiesss with 5o & totad of 1.5 Gy, (24 patients with (57 % with nodular snd 42 % with  pasiests rebownded 8 near sarmal 1979)
sodular and 15 with diffuse persisient localized masses received diffuse Mstodogy ) 8y redapse-free  values within 1 mo); 2 cases of
Ristology) additionad local irradistion at 1.0-20  survival in 8 (14 W) patients erytheobeckemia (EL), both treated
Gy) (onediset time to relapoe — 21 tod)  with & 2 course of TBI and combined
CT before the development of EL
39 pacterns with advamoed NML: 38 THa0100r 015Gy of praystwicea R in 33 (55 %) patients with significant thrombocytopenia (Chunl ot ol
with nodular (30) o diffuse (B) LL week o & total of L5 Gy median duraticn 24 mes, PRin 6 (plielet count < 50,000 /ma’) in 12 1979)
and 1 with nodular ML (25 patients (15%) patients (31%) patients and significam
with no previows treatmens, 11 leskopenta (WBC < 1,500/mm") i 3
peticnts in relapee after CT o loced (5%) patieats; “so cases of
Lul myclogenoes Jeukemia 10 dave”
20 ponherns with sage I (6 casex) and T with Xorayy at 0.1 Gy 3 times 3 CRin 100f 19053 W)* of patsemts 00 vomiting or diarrhes, toxicity (van
IV NHL (24 cases), 11 patients had week usell the total dose of 3.0 Gy, who had no previoes treatmenss, confised to baesaelogical Dijs Midata,
previons Jocal RT (4), CT (6) or both but in 10 of 13 (77 %) non: depression (geaenlly acceprabie in 197%)
) Seukaemic patients with no non-leukaemic patients, bat severe in
previoes treatment "cospered v soene beekasermic patients) THI very well
o 40% treaned with polyCT (de ooderased conpared 1o CT: TR may be
Vira o ol Lancet 1975) applied of CT doex moe give sl remission
33 patients with NHL: 30 with TBI m 0.1 Gy of X-cayy S times per CRin2S (33 %) patients and MR in  Eransient pancytopenda with (Qunitn, 1U79)
lymphocytic lymphoma (24 with week to 1052l dose 1.8-2.2 Gy; 14 5 (17 %) pathenes with Seombocysopenda - recovery in all
poorly differmntiated diffuse type patients addsionally treated with Iymphocytlc lymphoma; 2PRin2  but 2 cases; mo other taxicity or
and 6 with well differentisted BFRY at 10-15 Gy petierts snd NE in | patient with  maleise sssocisted with THI
sodular type) and 3 with histhocytic Disticcytic lymphona
fymphoma
48 previowmly untrested patients with  THI s 0.1-0015 Gy/d of yenys 2-5 CR = B0-85% of patients with TP (<30.000 plateless/mm”) in (Thar ot ok,
stage [RIV NEL (63 % with nodular tmes per week o a ot of 1 - 1.5Gy;  sodular lymphoma and in petieats with both a positive BM and 1979)
and 36 % with diffuse hisology) ssd  then after » 4 -6-week split ancther 23-40% of patients with diffus an enlarged spleen; no acate systemic
15 patients previously treated with  course of TBI (16 patients with Iytephoena; MR in 10-20% of side effects (Le., sansen, vomitisg,
Jocalized RT (6 patiems) o« CT (9 pensistent localised masses recelved petients with nodular and in 50 diserhen, hair Joss). 0o secoedary
pocieras) additional local Irradiation at 1.0-20  100% of pattents with diffese leakennia seen
Gy) Syrephoma; NE in 2 (4M) of all 48
patsenes (the 4y actuarial survival
was 71% for the nedular grosp
and 57% foe the &iffese group);
potients previously treated with

(contiued o next page)
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Table 1 (consineed )
Patieres/diseases Treatment Realty Side effects Red
KT or CT: CR In 0%, PR In 13%,
NE in 20% of the patienns
(actusrial survival ~ 55% s 2 y)
26 petienns with stage 111 (6 cases) or 20 pacients: THI with prays statotal  CRING6(23%)aad PRIn 11 (42%)  TOF and Jess pronounced leukoposnla (Rees o1l
stage IV (20 cases) NI previoudy dose of 1.5 Gy given in 15 fractions, 5 of the patients; actuarial survival 36 whs after complesion of T 1900)
wrested with CT aad/or local KT paticnts: TBi st s toeal dese of 125Gy ~55% a1l yand 2% 30 mes  (Capperently influseced by previeus
given in 11 fractions; 1 pacient THI at 2 Cytotonic therapy™) wigh setum to
wotal dose of 1.2 Gy given In 34 normal 3-4 wh later; apart from
fractions + HEl a1 05 Gy some mosirmal hair loos 2o other side
effects, including no GIT;, “no serious
seqponale”
37 patients with advasced NHL (22 TB o 1.5 Gy of X-cays in midplane i patients with noduler disease:  TOF (<S0.000 plateless/mem™) in 14 (Dobbe ot ul
with nodular and 15 with diffuse dose given in 10 fractions over 12 CRim 14 (84 %) and PR In 2 (9%)  (33%) patients, no serious bieedings 19%1)
typek 31 with lymphocytic d (13 pastencx); PTHI 2t 1.5 Gy mid- potients; in patsents with &fese
Tyrephoma, 4 with mraved plane dose in 10 feactions twice wily  disease: ClLin 6 (40%) and PR in 6
Iymphocytic Mstiocytic lysphona for 5wk (13 petierns) HBI®* at 3Gy in (40 %) patients, NE ia 9 of all the
and 2 with undforentisted 10 fractions for 12d, other half 6-8  patients; overall resporee rates: 80
Iyrephoma; 24 patients wikow wies laser (11 patients) % (12 of 15) foe the difase and
previons therapy and 13 o relapse 73% (16 of 22), HBI more effective
after previow CT or local KT (OA% CR and 16 mos median
duration of responie) compased 10
TBE (54% CR and 10 mes medien
duration of resposae) and FTHI
(553% CR and 14 mo modies
duration of resposse)
51 patients with “favourable histology™ 17 patients: THI with X-raps (2-3 T patients: inlthal CRUCR) 12 THI with 2 “boost™ patients (Hoppe o al,
stage [B-IV NHL thmes/wh with & weekly duse of 0.3 (70,1 %) paticnts, continuous CR persisient cytopaenia (cither WBC 1981)
Gy to 2 total of 1.5 Gy followed by a (cCR) In 6 (35 W) patients; SA count < or plaselet count
“boost™ of 20-30 Gy In 2-3 wk to potsents: ICR In 17 (65 W)and cCR < 100,000/mm” for > & mo) in 5
each site of pathelogie isvelvessent 6 (35 %) patients, CVP paticoss:  (29%) patients, transiest TOPF
exclading BM]; 17 patients: single ICR in 15 (58%) and <CR in 8 (planelet count <50,000 mm®) snd
alkylating (SA) agent (CY or (47%) patients; (WRC count < 2000
chlorambucil) daily until C; 17 mm") in 3 (17.6%) patients; no other
patients: several cycles of CVP every serious maladies toxicithes
21298 dayy wtil CR
91 patients with generalized NHL, HD, 20 pasiensts given THI (0.1 Gy daily t0  Jorg-term (“occasionally up 1o 17-  ersasient depressicn of peripheral (Loedller, 1981)
CLL, CML, myelomas, seminomas or 2 el doses of | -5 Gy withowt ¥ Of permanest”) remissions in blood counts In patkencs recelving
SCLC (most of the NNL pathents, all  shielding of the shull sad extromition);  patents with NIL, MD, beskernians, 113 Gy at 0.1-0.15 Gy/ds
petients with HD sd CLL and 2 of 62 patients piven fracticnated STHI myclomas sod seminomas rested  otherwie “little or no trestment-
myecloma patiens previously falled (0.5 Gy daily for 5 d/whk uptothe total  wikh TBI or STH indeced symptomaclogy”
%0 respond 10 or recurred after of 1-40 Gy given as » vingle or
previoma CT and/or local RT) repeated treatment)
14 childres with roctastatic (stage IV)  TBEwith Xoeays at 1.0-1.5Gy/cyclein 4 of 12 (29 %) patients free of pronsunced TCP requiring platelet 00 Angio and
meurcbisstoms 0.5 Gy daily fractions delivered = disease for 12+ to 31+ mo; 2 eraaafurions after the 2 and Rvmas, 10KY)
2-3 cycles aloang with 3wk cyches of  patiests died of BM soxicity subseqaent cycies of treatmest.
standard CT (viscristiae, DTIC, otherwise “most patiems remalaed in
cyclophosphanide) $00d heakth™
24 patierns with high-risk Ewing's after 2-Sepcles of combined CTand 5 CR ia 20 (53 %) patients (appeoe.  “TB was well tolerimted. Ao occsional  (Wissells o1 ul.
sarcoma (chnically radiceesponsive)  cycles of local RT patients were 70 % of the patients relapsed and  petient required s ond sntiemetic 1o 1583)
exposed to TH a1 0.15 Gy fractions of  died) control samsea, but no significant
Xogwys twice & week for 5 weelks o 8 voeniting, abdominal crampisg e
wotal dose of 1.5 Gy followed by diserhen ocoumed ™
ntenstve CT and astologous WM
transplant
108 pattents newly dlagnosed with 54 patients exposed 10 TBI with yrays  CRof 59 % and 52 % and median  negligibie mortedity (myelososicity  (lacods and
ndolent lymhopeoliferative dissases: (015 Gy 2uwk ol of 1. 5Gy)and  survival of S ad 57 mo InCTand 0o cames of acuse Jeukemis in boch King, 1947)
CLL (41 casex), stage [l and IV well- 54 patients treated with CT T8I patients, respectively; the groups of patients
differentiated LL (2] cases), and (chlorambucdl 0.15-02 mg/ kg equivalent owoomes remained
stage I and IV P1, (40 casex) orally/d 1o hematologic tolerance + after sratification Imo CLL, 1L,
prodniscoe 0.5 my/ky orally/d for the  and ML
1" mo)
68 NHL pationts (34 with low, 10 with T & 0.1 Gy of X-rayw/Traction 3 BN, 42%, and 40 % CRrates for  transiens TCP and deskopenia; so (lybenrt ot oL,
intermediste, sd 19 with bigh grade  times/wk, 10 total doses of 1.§-2.2 low, istermedia-te, and high- other side effects sach a3 nusses, 1987)
maligaancy); THI the first reatment Gy frade NHL, respectively; betier vomiting, or hair loss
for 47 patients, 21 patients failed on remisxion rates in patients exposed
CT or/and standard KT befoce being 85 THI o the initial treatment than
accepied for TRI 1 the earlier pretrested patients
60 patients with stage 111V NHL THE 22 0.10 Gy of praga/d, five das/  ON patients: O in 2006 26 (77 W) TCP (< 50,000 platelets/mm™) in 15 (Menderiiall
(excluding diffuse bastiocytic wi, for 2-3 whs followed by & and B 6ol 17 (35%) patients with  (34%) DN patients; 4 “peobable cases™ o1l 1999)
Tymphoma) 44 patieats treated de reatment split and ancther 1 -2 Gy favowrsble (FH) and unfavourable of MPD {developed 2.7 -6 y after
povo (DN) and 16 reaed previously  delivered in the same manner (B0 hissology, PRIn T no secondary leukemia cases!
and relapsed (FT) (regioen A, 35 patients) or 0.15 Gy ST (2% aadim 1 oA 17 (65
2a/'wh 10 @ 1otal of 1.5 Gy without o %) patients with FH and UH,

treatment split (regimen B, 9
patiests), 16 patients addcionally

respec-tively: NE in only 1 patient;
survival sates ot 2-, 5., and 10-y for
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Table 1 (consineed )

Patieres/diseases Treatment Realty Side effects Red
weated with local “boost™ RT at 250 DN FH patients were 74%, 56%,

Gy and 32%, 3

petients with ssage 0l or IV NHL A4 paticers: THI a1 0.1 Gy of X-swys/ T8I (42 evalu-able patientsk CRin  in THI patienty: dese-depesdent TCP (Meerwaldt
fraction Jtmes/ wh o atwealof 25  I5(36%), PRI 17 (40%) NEin  and leubopenia, which recovered et al, 1991)
Gy = booster RT to slowly re-gressing 7 (17 %) patteras; CT (36 spontanecssly o the majority of cases
masses (15-25 Gy 8 2-25 whs) 40 evaluable patiens): CR is 20 (55
patients: 8 courses of CHVWP WLPRINS (14 %)L NEn 10017
followed by local BT (2530 Gy in ) patienty; ORR: 76 % for TH
1.5-2.0 Gy fractiors) and 69 W for CT patients

A0 pecienns with stage 11V CLL (15 TRE with Xoays ac 015 Gy 2wk toa  CLL patients: overall resporse rave reversible TCP, anemia and (Roocadin

received prior CT or Jocal KT and 41 tetal of 1.5 Gy gives over $ wk « K3% (U1 Mand T W in patients  leukopenia in 72-73% and i 30-59%  or al, 1994)

potients with stage LIV low grade  followed 2 mo later by 69 courses of  above asd below 65 years of age,  of the CLL and NHL patients,

NHL (14 with petor CT or RT) CT (prednimastine, 100 mg/'m® orally  respectively): CRIn5(125%) and  respecively
for 3 d every 4 wk) PR in 29 (72.9%) patients (59

and 30% response rates in patiosts
wihout and with pre vieus
trowtreent, respectivelyl; NHL
patients: overall resporse rate
83%: (CR n 10 (24%) and PR in 24
(58%) patients (56% and 7%
seaporse rales in patiests witheut
and with pee-vious treatment,
)

about 200 paticers with stage Land I TBI ce spper HEl a1 0.1 Gy ce 015Gy Sy seurvival of $4 % patieass il aed trassient TCP and (Sakamoto

NHL Bractions of Xorays (2-3 times/wk) 15 wrented with TEUVHEI compared o lymphopenda, et al, 1957,
or 10 simes for 5 wk, respectively, 65 % and 70 % surviving patients Sakamona,
followed by local RT st 2 Gy (Stimes/  trested enly with locsl RY asd 2004)
wik for & whs) and CT ("In most cases™  wikh local RT combined with CT,

respectively; ot 9 y all 84 %
paticens stll alive while caly 50 %
patsents alive after local RT alone

26 peeviowndy untreated patlents with  TIH with of X- or yrays in Zoounes of  after TH only: CR In 24 (92 %) “exoellent chisical tolerance™ of THI (Richasd ot W,

stage [ (10 cases) and stage 11 (16 0.75 Gy in S fractican/wh separmted  patents; after THI < IPKT: Ol in 1956)

cases) Jow grade follicular NHL by 2wk rest followed 1 mo later by 25 (96 %) patients; 15 alive after a
WRT at 40 Gy in 29 fractions median of 562 mos with no

evidence of disewe

36 pacsents with high grade NHL In CR A6 whkafter the last CHOP course THE 3.y DFS In 61 £+ 9% pacients and ransient TGP and Jeukopenia (Safwet et ol

after &8 cyclex of standard CT with y-raye 2 courses of 4 daily OF in N7 4 6% patients requiring o tramfusions o groweh 2004)

(CHOP) feactions of 0.2 Gy separwted by 2 whs factory; transiest clevation of liver
of rest (a 1omal dose of 1.6 Gy given eaxymes o 5 patients
over 4 weeka); 4-6 wis after THI
patieats with bulky disease received
FRYT 10 mitial bulky sites

a patient with Waldesstrom s Sope 1999 TRIwith praps at Q1S Gy/  year 200X patient ssympeomatic “other than transient TCP and (Weldh, 2004)

macroglobulinertda (WM) after o 6 d twice weekly for ten session 1o total  with regands to WM leukopenia oo acute or late side

mo course of CT (ehlormmbaci] and dose of 1.5 Gy effects were noted™

produtsone )

45 paticrts with metastatic melancens  TBI s 0.1 Gy fractions of prays on PMin caly 2 (4%), petienss NE it low grade sovcsen ba 73 %, vomdting in  (Salwar o1 0l
days 1, 8, 22, and 30; with 13 (29 %) pacients, PD in 30 (67%) 68 %, fatigue In 57%, diarrhes in 43%  200%5)
subcutaneoss I1-2; one treatment potients; median O5 - 58 mos and hypotension In 25% of pastents
cycle inchuded 5 weeks of treatmens
followed by & 2wk break

34 patierns with 2 cycles of T with yrayw: O.8 Gy/ ORR « 69 %: CR i 14 (24 %), PR lewkopaenia in 13 patients, anemia in  (Bayowm) and

Jow-grade NHL (45 patients had > 3 cycle gives over 4 d st 0.2 0y/d; the  in 26 (45 %), SD in 12 (21 %) asd 11 paienss, TCP in 8 patienss of Radwan, 2015)

courses of CT and 40 out of 58 dad cycles separated by 2w rest (total PO a6 (10 %) patients; median median duration of 5, 9, sad 12 wk,

“had performance ssatus™) dose of 1.0 Gy over 4 w); 4-6 wks PS5 w 1A mo, median OF « 39 mo  respectively
later 20 patients sdditio-aally tremted
with [FRT 10 bulky shes ot mean dose
of X2 + 4 Gy given at 1.8-2 Gy/
feaction, § times/'wk

2 pachenns with prostate cancer: 1% case 1" padent: THI with Xrays a1 015Gy 1" panient redoction of PSA level  NR (Xojtma ot al,

~ 3 60-yold after extirpation of the  onoe & week for 30 weekss 2% patient:  from 55 50 0,085 by the 6% 2017)

prostate. 2% cue - a S4.yold with  THI with Xerays st 015 Gy Stimes s tremtment; 2 patient: reduction

Boperable end stage cancer with week for 10 weeks + “radon theer™'  of PSA level from 4.8 1o 0.008 with

bame metantanes placed under the bed for 6 B/night for  apparent dsappearance of bone
10 months metmtnes

pecients with solid vamours: 4 patients e several week radon theragy wing:  “vegression of the dsesse™ and/or 0o serioes side effeces: even Mber 4 mo  [Nojlma et ol

with advanced colorectal, liver, lung,  a) the “radan room™® expomime o “efficient mprovement™ of of radon ishalation (Sest ¢ 1 MBg/m” 2010, 2010)

and ulerise cascers with metsitises extersal prnys nd ishalation of general conditions snd laboratory  and then at 6 MBg/m”) “not even

(all patients peetreated with CT oc radon foe 40 min dally or 4 times/'wh  sess in all potienns; treatment of minor adverse sife effects emergoed”

Jocal RT) and 2 pottents with or every 2* day (patients with breast,  the patient with the hepatocelislar

advanced breast cancer (4 42-year- culerectal mad wierine cancer); b) carcinoma sopped when the
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Table 1 (consimed )
Patteren/diveases Treatment Rewlty Side effects Red
cancer 5 years carlier and treated with breast, hepaceilular and leng
wah hyperthermia) camoer)

Legend: AL - acute Jeukemia, BM - bone marrow, CHOP - cycdiophosphamide, hydroxydaunoru-bicin, oncovin, and prednisone; CL - chromic leukemia, CLL - chronic
Iymphocytic beukemia, CML - chronic myelocytic leukemia, ONT - comprehensive lymph node leradiation; CR - complete remission (complete disappearsace of all
clinical, radiological, and laboratory evidence of disease); CT - chemotherapy; CHVmP - cydlophosphamide, hydroxyrublcin, Vm26, prednisone; CVP - cyclo-
clophosphamide, vincristine and predmisome; d - day(s) DFS - disease-free survival; FFP - freedom from progression; FL - follicular lymphoma; GIT - gastrointestinal
taxicity; HBI - hall/hemi-body irradiation; HD - Hodghin's disease; HL - histiocytic lymphoma i.v, - intravenoss; IFRT - involved-field radictherapy; L1 - lymphocytic
Iymphoma; ML - mixed lymphocytic-histiocytic lymphoma mo ~ month/months; MPD - myelodysplastic/myeloproliferative disorder; NE - no effect; NHL - non-
Hodgkin lymphoma; NR - not reported; ORR - overall remission rate; OS5 - overall survival; p.o. - orally; PR - partial remission; PD - progressive disease; PSA -
prostate specific antigen; PTBI - protracted TBI; RT - radiotherapy; SCLC - small coll lung carcinoma; SD - stable disease; STHI - sublotal (e, with shiclding of the
skull, eyes and extremities) body srradlation; THI - total-body {rradiation; TCP - thrombocytopenia; TNI - total nodal Irradiation (regional Irradiation of all major
lymph mode areas at total doses of 2035 Gy in dadly fractions of 1.5-2 Gy for 24 weeks); WBC - white blood cell; wk - week /weeks; wily - weekly; ' “radon sheet” -
a silicone sheet containing monazite and emitting radiation at about 37 pGy/R), ¥ “radon room” - & smsall room with walls costaining natural uranism ore emitting
y-eays at 11 pGy/h) and radon at the average concencration of 200 kBg/m?; * a-Radiorespiro-Rn apparatus - the radon generator emitting radon at 2- 6 MBg/m” which
can be taken directly to the lungs through a suction tube.

were discontinned after the untimely death of Heublein who had patients who were irradiated at single or fractionated doses between 0.1
become an active advocate of this type of treatment. Other investigators, and 1 Gy. It is noteworthy that apart from ‘some nausea or vomiting
however, continued testing the low-level whole-body exposures 10 X during or immediately after irradiation’ at doses 20.4 Gy, there were 'no
rays using larger numbers of patients. The results of ane of such trial serious complications of the treatment program’ (Jacobs and Marasso,
performed between 1931 and 1933 on 270 patients with lymphoproli- 1965). Based on these results (as well as the parallel experience of in-
ferative disecases led to the conclusion that subjects who, shortly after vestigators at the Medical Division of the Oak Ridge Institute of Nuclear
completion of the local RT with X-rays, received between 0.5 and 0.75 Studies who obtained ‘regression of lymphadenopathy and spleen size'
Gy of whole-body X-rays irradiation - the Heublein techaique - survived in patients with lymphosarcoma and chronic lymphocytic leukemia
loager and had longer periods of remission than did patients who exposed to single TBI with y.rays at “not-really-Jow™ doses of 0.5-1.0
received only localized radiotherapy (Medinger and Craver, 1942). Be-  Gy) (Andrews et al, 1962), Jacobs and Marasso concliaded that TBI *has
tween January 1941 and July 1951, Osgood, Seaman and Tivey treated some usefulness’ and declared that 'this study will be continued” (Jacobs
163 patients with chronic granulocytic and lymphocytic leukemia by and Marasso, 1965), Meanwhile, from 1961 to 1979 over ninety patients
‘titrated, regularly spaced” TBI applied in two different ways: some of with varlous haematological and solid tissue neoplasms were exposed at
the patients were given several ‘'spray’ irradiations (i.e., spread over the the Northeast Ohio Conjoint Radiation Center (NEORAD) in Hartville,
entire body) from an external X-ray source at the dose of 0.1 -0.2Gy per  Ohio, to either fractionated TBI (0.1 Gy daily 1o a total of 1-5 Gy) or
exposure and others were internally irradiated at comparable doses from subtotal body irradiation (STBI; 0.5 Gy daily to a total of 1 -40 Gy). The
the intravenously injected radioactive phosphorus (**P). The suthors results were promising: many patients with non-Hodgkin and Hodgkin
noted that survival of the T8-LLR-treated patients form both groups was lymphomas, chronic leukemias, myelomas, and seminomas had
‘significantly better than that for a collected series including all radia- long-term ("up to 17 years or permanent’) remissions of their disease.
tion treated cases reported in the literature from 1925 to 1951, Inter- Kenneth Loeffler, the author of the review of these studies, concluded
estingly, no difference between the clinical response to external X-ray that ‘STBI and TBI are useful therapeutic modalities for many of these
irradiation and internal contamination with P was noted (Osgood  malignancies.” (Loefller, 1981),
et al, 1955), Between 1943 and 1969 Juan Angel del Regato and In Europe, large-scale trials with TBI began in the early 1970s at the
co-workers, first at the Ellis Fischel Cancer Hospital of Columbia, Mis- Rotterdamisch Radio-Therapeutisch Instituut (RRTI) in Rotterdam, the
sourl, and then at the Penrose Cancer Hospital of Colorado Springs, for Netherlands (Qusim, 1975), Preliminary results obtained in stage 111 and
37 years treated 61 patients with chronic lymphogenous leukemia to IV non-Hodgkin lymphoma (NHL) patients with generalized lymph-
low daily doses of total-body X-rays accompanied, when required, by adenopathy showed that ‘fracticnated total body irradiation can be used
regional irradiation of spleen or lymph nodes (actually, del Regato had safely in the management of lymphocytic lymphoma” and that this form
already performed a series of similar studies at the Warwick Cancer of therapy may be “a preferable first line method of trestment of patients
Clinle in Washington, D.C. in the late 1930s, but no reports from these with lymphocytic lymphoma™ (Qasim. 1975, 1979), Hence, between
studies were publishbed due to the loss of the patients’ records). The 1973 and 1979, 68 patients with low to high grade NHL were treated at
results obtained over a pertod from 1943 to 1969, presented for the first the RRTI with repeated low-dose TBI and the results were very
time by del Regato during his Janeway Lecture in 1973, indicate that a encouraging: complete remissions were seen in 84 %, 42 %, and 40 % of
fe-time’ series of low-level X-ray irradiations resulting in the total patients with Jow, intermediate, and high-grade NHL, respectively. The
doses ranging from 11 to 28 Gy increased the average survival of the remission rates were better in patients in whom TBI was the initial
patients 10 46 months, with a maximum survival of 15 years and a 5-year treatment than in those pretreated earlier with chemotherapy or/and
survival of 21 % of the patients. Notably, ‘patients who had recelved TBI standard RT (Lybeert e1 al,, 1987), In 1975 another study was initlated
for several years had rather healthy appearing bone marrows except for in the Netherlands, this time at the Department of Radiotherapy of the
the present leukaemic infiltrates’ (Del Regato, 1974), University of Utrecht. In the study 30 patients with stage [11 and IV NHL
In the 1960s several clinical programmes of TB-LLR were initiated in were exposed to TBI with X-rays at 0.1 Gy per day, 3 times a week until
a number of medical institutes in the USA. One of the first was the City of  the total dose of 3.0 Gy was reached. The best results were obtained in
Hope Medical Centre In Duarte, California, which employed a specially the 19 patients who had no previous treatment such as Jocal RT or
designed chamber to deliver whole-body irradiations with X-rays. More chemotherapy: complete remissions were seéen in 53 % of such pre-
than fifty patients with acute and chronic keukemia, lymphoma, poly- treated patients but as high as 77 % of the non-leukemic patients
cythemia vera and various types of advanced salid cancers were treated without any previous treatment (van Dijk Milatz, 1979). At about the
in this chamber to doses from 0,05 to 8 Gy. In this series the only group  same time (1973-1977), 37 patients with advanced NHL, of whom 24
of patients in whom ‘whole body frradiation was a useful adjunct’ in received no previous therapy, were treated by TBI at the Royal Marsden
terms of a markedly proloaged survival were the chronic leukemia Hospital in Sutton, Surrey, UK. The patients were exposed ten times to
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low doses of X-rays 1o the entire body either over 12 days (TBI) or 5
woeks (protracted TBI), or first to the mast involved half of the body and
68 weeks later to the other half (hemibody irradiation, HBI). The
overall response rate was 80 % for patients with diffuse NHL and 73 %
for those with nodular lymphomas and the duration of the complete
responses ranged from two o 41 months (median 12 months), HBI
appeared to be the most effective and the least myelosuppressive form of
treatment and the authors indicated that although their response rates
were ‘similar to that reported with chemotherapy' no serlous toxicity
was associated with HBI (Dobbs e al, 1981), Between July 1980 and
November 1985 the Lymphoma Cooperative Group of the European
Organization on Research and Treatment of Cancer (EORTC) conducted
a randomized prospective clinical study performed in over 90 patients
with stage Il or IV NHL to compare the effects of low-dose TBI with
those of multidrug chemotherapy combined with consolidation local RT:
the overall remission rates were similar with both treatment modalities
and the authors concluded that ‘alternative approaches such as the use
of immune response modifiers (e.g. a2 interferon) might be the next
beneficial step to Include in the treatment of non-Hodgkin's lym-
phomas.” (Meerwaldl et al, 1991). Between January 1984 and
September 1992 In Italy, Marto Roncadin and his group at the Cancer
Centre (Centro di Riferimento Oncologico) in Aviano repeatedly treated 40
patients with stage I-IV chronic lymphocytic leukemla (CLL) and 41
patients with stage [I1IV low grade NHL with low doses of radiation
from a 6 MV linear accelerator with excellent results: the overall
response rates in the whole group of the CLL patients were 85 % (91 %
and 78 % in patients above and below 65 years of age, respectively) and
83 % In the NHL group of patients (Roncadin et al, 1994), In France,
Pierre Richaud and colleagues, based on the results of their earlier ex-
amination of over 100 patients with stage 11l and IV low-grade lym-
phoma who were successfully (83 % response rate) treated with
low-dose TBI, from January 1986 to October 1994 evaluated the re-
sults of a similar exposure of 26 previously untreated patients with stage
11l and IV low-grade follicular NHL and detected complete response in 24
(92 %) of them (Richaud et al,, 1998),

Similar trials were also performed in Africa. Indeed, reliable data
were reported by Peter Jacobs and Helen S. King from the University of
Cape Town and Groote Schuur Hospital, Cape Town, South Africa, who
in the 1980s randomly assigned 108 patients newly diagnosed with
indolent lymhopeoliferative discases such as chronic lymphocytic lew-
kemia, stage [l and IV well-differentiated lymphocytic lymphoma and
stage 111 and IV follicular lymphoma to receive either low-dose TBI with
y-rays or a two-agent chemotherapy. Although both treatment types
gave comparable results in terms of complete remission rates and me-
dian survival time (59 % and 52 % and 53 and 57 months in the
chemotherapy- and the TBl-treated patients, respectively), the authors
highlighted two “apparent attractions’ of TBI: compared to chemo-
therapy, T8I led to faster ("often dramatic’) resolution of the superficial
lymphadenopathy and did not require as frequent monitoring of blood
counts as well as the concern about failure to take medication (Jacobs
and King, 1987). In view of the unsatisfactory results achieved in
aggressive NHL with the standard chemotherapy (CHOP: cyclophos-
phamide, adriamycin, vincristine, and prednisone) and based on the
earlier encouraging outcomes of a combining CHOP with TBI (Leimert
et al., 1979; Weick et al., 1963) on the other side of the African conti-
nent, Akmal Safwat, Yasser Bayoumi and colleagues at the National
Cancer Institute of the Calro University aimed at testing the therapeutic
efficacy of TB-LLR as an adjuvant treatment. Between September 1599
and September 2001 36 patients with high grade NHL who achieved
complete remission after several cycles of CHOP were later (4 -6 weeks)
subjected to two courses of TB-LLR separated by two weeks of rest. The
3-vear disease-free survival was 61 + 9% and overall survival was 87 +
6%. The asuthors concluded that the use of adjuvant TB-LLR in patients
with aggressive NHL in complete remission after standard chemo-
therapy is ‘a feasible, non-toxic treatment that is worthy of testing in a
future phase 11 trial” (Safwat et ol 2004). More extensive retrospective
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analysis of patients trested by TB-LLR (according to the above described
reglmen) at the Cairo University from 1997 to 2006 was presented by
Yasser Bayoumi and Aida Radwan. In their study 58 patients with
relapsed or refractory low-grade NHL were analysed (45 of these pa-
tients had >3 courses of standard chemotherapy and 40 had ‘bad per-
formance status’). The overall response rate was 69 %, but complete
responses were seen in oaly 24 % and partial respoases in 45 % of the
patients; the median duration of progression-free survival was 14
months and the median overall survival was 39 mooths. The In-
vestigators concluded that the use of TB-LLR in patients with relapsed
low-grade NHL is “a feasible, effective, and tolerable treatment” worthy
of further testing in combination with chemotherapy and/or targeted
therapy based on specifically designed monoclonal antibodies (Bayoumi
and Radwan, 2015),

In Japan, Professor Kiyohiko Sakamoto and his colleagues at the
Tohoku Radlological Science Center of the Tohoku University, prompted
by the results of their extensive preclinical studies carried out in the
1980s and 19905 in normal and tumour-bearing mice, Initiated first
clinical trials in two patients with advanced (i.c., metastasizing) tu-
mours, one with ovarian cancer and the other with colon cancer, The
tumours of the two women were surgically removed and coaventional
RT was locally applied. Because the diseases progressed, repeated low-
dose (0.1 Gy) whole- and half-body Irradiations with X-rays were also
added in the first and the second women, respectively. These treatments
inhibited progression of the disease in both patients (as indicated by the
reduced spread of metastases) and improved their general conditions for
several months. After receiving similar results in a number of other
patients with advanced tumours In various organs, Sakamoto and his
team embarked on a larger clinical trial in patients with NHL, a disease
chosen by the investigators because of its widespread nature (Le.,
neoplastic infiltration of extralymphatic sites such as bone marrow and
the liver) already at the time of diagnosis. The patients were subjected to
multiple half- or total-body Irradiations at low-dases of X-rays followed
by fractionated local RT at up to 60 Gy total dose and ‘often’ by
chemotherapy. In about 200 patients so treated, five-year survival was
84 %. This compared favorably to 65 % and 70 % for patients treated
anly with local RT and with local RT combined with chemotherapy,
respectively. In addition, nine years after completion of the adjuvant
half- or total-body irradiations all 84 % patients were still alive
compared 1o anly 50 % patients treated only with local RT and CT
(Sakamoto et al, 1997; Sakamoto, 2004). The most recent Japanese
trials with TB-LLR were conducted by Shuji Kojima and his colleagues at
the Tokyo University of Science in Noda-Shi, Japan. Initially, they
exposed two patients with either a surgically removed or an inoperable
end-stage prostate cancer with bone metastases. The first patient was
whaole-body exposed at low doses to X-rays ‘according to the method of
Sakamoto’ and the second patient received similar whole-body expo-
sures followed by a long-term ‘radon sheet' treatment (for details see
Table 1), Both treatments normalized the markedly elevated PSA levels
in the two patients and, in the second patient, led to the apparent
dissppearance of multiple bone metastases (Kojima ot al, 2017). In
another series of experiments, Kojima and co-workers tested the effec-
tiveness of a several-week ‘radon therapy’ in six patients with a breast,
colorectal, lung, uterine, and hepatocellular carcinomas using a
specially designed ‘radon hormesis room’ or the a-Radiorespiro-Rn
apparatus (for details see Tuble 1), The disease regressed and the general
condition and laboratory tests ‘efficiently improved” in all the patients;
in one case (hepatocellular carcinoma) the treatment was stopped when
the cancer was no longer detectable ‘even on the PET image.” Based on
these results the authors concluded that ‘radon therapy appears to be a
promising treatment modality for different kinds of cancer, either as a
primary therapy or as an adjuvant therapy for conventional chemo-
therapy and/or Jocal high-dose radiotherapy' (Koiima et al, 2018,
019),
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4. Lessons learned

Most of the traceable/available and reliable clinical trials performed
thus far which employed ultra-low dose whole-body irradiations with X-
or y-rays are reviewed in Table 1. It is clear that the design and execution
af many of these trials, especially those performed in the 1940s, 1950,
and 1960s lacked the modern criteria of clinical research in terms of
precise diagnosis and allocation of patients, randomization and control,
blindness, clinical equipoise and other ethical Issues including Informed
consent from and the prolonged follow-on of the patients. However, it is
also clear that the amassed data from the studies performed between
19305 and 2019 provide important information which can and should be
used as an encouraging foundation for future clinical trials compatible
with modern criteria in which TB-LLR will be employed as a primary or
additional treatment modality in hematopoietic and other malignancies.
To this end, the following lessons can be learned from the hitherto
performed trials:

1 Overall, from the carly 1930s to the end of 2019 almost 2,000 pa-
tients were tested in systematic and individual clinical trials for the
efficlency of TB-LLR. Patlents with a number of different malig-
nancies, most often advanced, were exposed to whale or half-body
Irradiations either as an initial (and only) treatment, as an adju-
vant therapy, or as a salvage therapy. In the great majority of the
trials the irradisted patients presented with lymphoproliferative
diseases, predominantly non-Hodgkin lymphomas and, to a lesser
extent, chromic lymphocytic leukemias. In fact, NHLs constitute
about 90 % of all lymphomas and, In contrast 1o Hodgkin disease,
their generalized character is usually present from the onset of the
disease. Hence, systemic therapy rather than local irradiation of
enlarged lymph nodes should be the preferred form of treatment for
the majority of patients disgnosed with NHL (Jolmson, 1975),
Markedly less frequently were tested patients with solid tumours
such as melanoma, sarcoma and colon, prostate, lung, ovarian, liver,
and uterine cancers. In most cases, the radlotherapeutic protocols
consisted in repeated exposures of the whole or, less frequently, half
of the patient’s body to X- or y-rays administered daily at doses be-
tween 0.05 to 0.2 Gy, 2-5 times per week until a cumulative doses of
1-4 Gy have been achieved. Occasionally, after a 1-8-week rest, a
similar TBI or HBI regimen was repeated. Additionally, patients with
persistent nodular masses were given regional ‘boost’ irradiation to
involved areas at total doses of 10-35 Gy applied in several daily
fractions.

2 In many trials, especially in patients with NHL and in some CLL
patients, exposures to low-level TBI were very encouraging. Thus, in
patients with advanced stage NHL curative effects and complete re-
missions (CR) were obtained in 25-95 % of the cases (Qusim, 1979;
Lybeert et al, 1987; van Dijk-Milatz, 1575; Dobbs et al, 1981;
Meerwaldt et al,, 1991; Roocadin et al.,, 1994; Richaud et al., 1998;
Jacobs and King, 1987; Safwat et al,, 2004; Johinson, 19, Johnson
et al, 1970; Johnsan, 1972, 1976; Johnson, 1977; Canellos et al,,
1975; Kazem, 1975; Chaffey et al,, 1976; Yonkosky et al., 1978; Chol
etal, 1979; Thar et al., 1979; Hoppe et al., 1981; Mendenhall et al.,
1689), Intriguingly, in many of the trials best results were achieved
when TBE-LLR was the only or initial treatment (van Dijk Milatz,
1979; Dobbs et al, 1981; Roncadin et al, 1994; Richaod et al,
1998; Johnson, 1972, 1976; Chaffey ot al,, 1976; Chol et al,, 1979;
Thar et al,, 1979; Mendenhball et al., 1989; Chaffey et al, 1977;
Carabell et al, 1979). Such exposures were also effective in patients
who previously failed on or relapsed from chemotherapy (Loeffler,
1981; Lybeert et al., 1987; Dobbs et al., 1981; Bayoumi and Radwan,
2015; Yookosky et al,, 1978; Chal et al,, 1979). Notably, complete
remissions occurred in more than 50-60 % of the NHL patients and
the less frequent, lower CR rates were detected either (o patients with
‘unfavorable histology' lymphomas (Mendenhall et al, 1989) or in
patients previously treated with standard chemotherapy or local RT
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at high doses (Roncadin ef al, 1994), Generally, the efficacy of
treatment was less spectacular In patients with solid cancers while a
few reports showed encouraging results (Loelfler, 1981; Kojima
et al, 2017, 2018; Kojima et al., 2019; Kinsella et al,, 1983) other
outcomes of low-level TBI were unsatisfactory (Jacobs and Marasso,
1965; D" Angio ursd Evans, 1983; Salwat et al., 2005), However, most
of these neoplasms were already in advanced, highly disseminated
stages of growth when both the primary tumors and their metastases
likely grew refractory to antl-cancer immune reactions and/or these
reactions were markedly suppressed and could not be revived by
low-dose irvadiations,

3 In most of the trials no serious acute side effects were provoked by
TB-LLR. In a minority of the cases transient ‘bone marrow depres-
slon” was manifested by moderate and transient thrombocytopenia
and/or lymphocytopenia and only a fraction of the patients required
blood transfusion. Such outcomes were sometimes accompanied by
mild and manageable nausea and vomiting occurring mostly in pa-
tents who were trested with cytotoxic therapy such as Intensive
chemotherapy or local high-dose RT (Jacobs and Marassa, 1965;
Kapem, 1975; Kinsefla et al, 1983; Rees et al, 1980). Interestingly,
as reported by del Regato from his “life-time series of X-ray lrradia-
tions' patients with CLL who received low-level whole-body irradi.
ations for several years ‘had rather healthy appearing bone marrows
except for the present leukaemic infiltrates” (Del Regato, 1974),
Indeed, the early studies demonstrated that absorption by the whole
body of up to 25 % of a full ‘erythema dose’, Le., about 7.5 Gy,
delivered at the rate of approximately 5 mGy per minute is not
assoctated with a depression In the number of white cells or an
‘instance of marked drop in blood platelets’ (Heublein, 1932),
Likewise, two subsequent exposures of the whole bodies of patients
with melanoma at 0.5-1.5 Gy of X-rays was accompanied by only
‘short-lived and easily controlled’ nausea and vomiting and ‘a tem-
porary leukopenia® (Holder, 1965),

Among the late complications of TB-LLR of special concern s acute
leukemia, a prototypical radiogenic cancer (Modan and Lubin, 1574) the
increased incidence of which has been demonstrated following treat-
ment of various lymphoproliferative malignancies (Pedersen - Biergnard,
1948). However, as shown in Table 1, in mast of the trials no cases of
secondary leukemia was detected In the followed-on NHL patients
exposed earlier to repeated whole-body irradiations at low doses (Jacobs
and Marasso, 1965; Lybeert et al., 1967; Chol et al., 1979; Thar et al.,
1979; Hoppe et al, 1981; Mendenhall et al, 1989; Holder, 1965).
Notably, even in patients exposed twice to the relatively high doses
(0.5-1.5 Gy) of X-rays ‘'m0 secondary complications” were detected
(Holder, 1965). Even though a few studies reported that the rates of
secondary leukemias or myelodysplastic/myeloproliferative syndromes
ranged from 0.5 to 8.2% amoag the TBI-treated NHL patients (Men-
denhall et al,, 1985; Carabell et al., 1979; O'Dannell et al, 1979; Greene
et al, 1983 Travis et al, 1996), in all of these cases the secondary
diseases developed in patients who, in addition to TB-LLR, had been
exposed to high-dose local RT and/or intensive chemotherapy regimens,
Noticeably, in a study where the highest (8.2 %) rate of secondary be-
matological malignancies (four cases of acute noalymphocytic leukemia
and one case of myelodysplastic syndrome) was diagnosed during the
15-year follow-up of the two-year NHL survivors these diseases were
detected in patients who, in addition to whaole-body expasures to 0,15
Gy of X rays (twice a week until the total of 1.5 Gy), received either a
salvage chemotherapy with alkylating agents (1 case) or a salvage
chemotherapy and localized irradiation of bulky tumour masses which
delivered a median dose to the active bone marrow of 5.2 Gy (Travis
etal, 1996). Indeed, excess leukemia is unlikely in populations exposed
only to jonizing radiation, but it can be rather high following intense
chemotherapy (O"Doomell et al., 1979; Travis ot al., 1996; Gomez ot al,,
1982; Pedersen- Bjerganrd et al, 1985), In fact, as indicated by extensive
reviews of the data, prior treatment with chemotherapeutic agents
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seems (o be the most important risk factor for the development of sec-
ondary acute myelold leukemlas in NHL patients (Ells and Lishaer,
1993; Kollmannsberger et al,, 1998; Leone et al,, 1999).

4 Compared to the effects of chemotherapy, which after 1948 became
the accepted modality for the treatment of metastatic malignancies
(Loeffler and Puterbaugh, 1975), the therapeutic effectiveness of
TB-LLR appeared to be similar or better and the latter therapy has a
few distinct additional advantages. During one of the first compari-
sons of the two modalities conducted in 1951 at the NEORAD Center
patients with varfous solid cancers in advanced stage were either
exposed once to whole-body irradiation with X-rays at 0.4-1.5 Gy or
were given a single dose of nitrogen mustard or triethylenemelamine
(TEM), the two agents considered at that time as alternatives for
standard radiotherapy in the treatment of cancer. The results
demonstrated ‘higher tolerance levels of total body (rradiation’
which ‘may well prove of value in the management of discases
currently being treated routinely with nitrogen mustard and its de-
rivatives,” Indeed, “all patients receiving nitrogen mustard or TEM
developed malaise of varying severity’, but none of the patients
recedving total-body Irradiations reported any worsening of thelr
condition (Loeffler et al, 1953). In August 1964, a pilot study was
Initiated at the Radiation Branch of the National Cancer Institute in
Bethesda, MD. During the next ten years the TB.LLR treatment of
patients with NHLs and chroaic lymphocytic leukemia was investi-
gated as an alternative to chemothemapy (Johnson, 1975; Johnsan
et al,, 1970; Johnson, 1972; Canellos et al., 1975; Johnson, 1966,
1979; Young et al, 1977), The highly encouraging results of these
trials (up to 93 % CRs in patients with advanced NHL and no clini-
cally serious side effects) prompted further studies along this line. In
November 1969, a group at the Harvard Medical Schoal embarked
an a programme of therapy of advanced lymphocytic lymphoma by
fractionated total body exposures to X-rays (Chaffey et al, 1976;
Carabell et al, 197%; Hellman et al, 1977). Complete remissions
seen In 80 % of the primary treated patients, the results in substantial
agreement with those obtained by Johnson et al. (1970) (Johnson
et al, 1970), led the authors to opine that TBI is "a useful alterative
to combination chemotherapy since it produces comparable survival
with decreased morbidity and toxicity' (Chaffey et al, 1976). Other
authors who conducted similar studies in the same period of time
were even more definitive by claiming that ‘in terms of simplicity of
treatments and morbidity, fractionated whole body irradiation is
mauch better than combination chemotherapy” (Chol et al, 1579). A
number of other tests comparing the clinical outcomes of TB-LLR
with thase of chemotherapy also demonstrated that the effects of
the two modalities were at least equivalent and that the former
treatment appeared to be less toxic, faster to resolve organ enlarge-
ment, was easier to apply and control (e.g., the need for close patient
follow-up was less stringent), and less likely to compromise ‘the
ability to tolerate future therapy”; furthermore, TB-LLR praved to be
effective in patients who did not obtain remission with, or relapsed
after, standard chemothempy (van Dijk-Milatz, 1979; Dobbs et al,,
1981; Meerwaldt et al., 199]; Jacobs and King, 1987; Safwat et al.,
2004; Bayoumi and Radwan, 2015; Hoppe et al, 1981; Mendenhall
et al., 1989; D'Angio and Evans, 1983; Hellman et al, 1977; Rostom
and Peckham, 1977). These multiple results sharply contrast with the
clalm of Paule et al (1985) who, based on two publications by
Johnson (1979) and Hubin et al. (1981), concluded that low-dose
total body irradiation ‘did not appear 1o be superior o chemo-
therapy in mast trials' (authors’ emphasis) and that it was associated
with ‘significant haematological toxicity” and ‘a number of infectious

complications.

5 In view of the encouraging and, especially in case of the NHL pa-
thents, even impressive results of the TB-LLR-based therapy, It Is
puzzling why this form of treatment has not become the standard
anti-cancer strategy. The explanation is manifold. First, the
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alternative modality, i.e., chemotherapy, gained ground in the kate
19405 when the horrific effects of using “radiation™ in the form of
nuclear weapons were already well known. This has led to the
adoption in the mid-1950s of the scientifically unfounded assump-
tion that all expasures to jonizing radiation, no matter how small, are
harmfl and should be avoided (Calabrese, 2015, 2020; Marcus,
2015). This assumption, called the linear no-threshold (INT) hy-
pothesis has become the basis of radiation regulations and as such
has since been Inculcated Into radiclogy and radiotherapy course
participants as a binding “rule of thumb” and has significantly
contributed to spreading of radiophobia not only between the gen-
eral public but also among physicians and medical physicists, Indeed,
to this day many medical professionals are reluctant to accept the
accumulated over the last several years reliable evidence that
ultra-low level irradistions are not only harmless but can also
imprave health (Janiak ot al, 2017). It may be speculated that this
reluctance is shrewdly capitalized on by pharmaceutical companies
responsible for the production and supply of the many anticancer
medications which more or less actively prompt systemic chemo-,
immuno-, vaccine-based-, and molecular targeted therapies at the
expense of generally nontoxic and less costly TB-LLR. Second,
although many different mechanistic explanations of the
antl-neoplastic effects of TB-LLR have been elucidated in a number of
reliable experimental and pre-clinical studies, few clinical trials have
thus far been aimed at similar elucidations. Consequently, most ra-
diation oncologists refrain from pursuing such trials which in their
opinion are not sufficiently scientifically justified.

S. Possible mechanisms

What are the mechanisms of the therapeutic effects of TBI which,
especially in lymphoproliferative diseases, have been reported to pro-
duce complete and/or durable remissions in 80-93 % of the patients
with advanced-stage NHL? (Qasim, 1979; Lybeert et al, 1987; Richaud
et al, 1998; Sakamoto et al,, 1997; Johnson, 1972; Chai et al., 1979;
Thar et al, 1979; Chaffey et al, 1977; Kinsella et al, 1983). As
demonstrated by the many pre-clinical studies Incloding our own ex-
periments performed in radiosensitive and radioresistant mice which
have been outlined In a few recent reviews (Janiak of al, 2017; Yang
etal, 2016; Cul et al., 2017) stimulation of immune reactions, possibly
involving a reversal of the suppressed anti-neoplastic immunity, is likely
to play a critical role. Unfortunately, the immune status of patients
exposed to TBI has rarely been examined, although in a few instances
(see Table 1) it was demonstrated that fractionated TBI resulted in re-
covery of the circulating immunoglobulin levels from subnormal to
normal (Johnson, 1976), stimulated the mitogen-induced proliferation
of blood lymphocytes in vitro (Yookosky et al, 1978), increased the
numbers of helper/helper-inducer T (Sakamoto et al, 1997) and NK
cells (Safwat et al, 2005) and up-regulated the CD4:CD8 T cell ratio in
peripheral blood (Welsh, 2004). Indirect evidence of the involvement of
the immune system is provided by the earlier discussed observation that
the best clinical effects of TB.LLR were seen when multiple whole-body
exposures (o X- or y-rays were either the only or the first form of therapy
(van Dijk-Milatz, 1979; Dobbs et al, 1981; Roocadin et al, 1994;
Richaud et al., 1998; Johnson et al., 1970; Johnson, 1972, 1976; Kazem,
1975; Chaffey et al., 1976; Chol et al,, 197%; Thar et al., 1979; Men-
denhall et al, 1989; Chaffey et al., 1977; Carabell et al., 1979) (ie.,
applied either without or before introduction of immunosuppressive,
intensive chemotherapy and/or high dose radiotherapy). Indeed, as
indicated by Specht in her review of the modern treatment of lym-
phaomas, which relies on the combination of local RT with systemic CT,
‘the more intensive the chemotherapy regimen, the fewer patients
benefit from radiotherapy,” even If the latter refers to irradiation of only
the involved sites (Specht, 2016).

Another plausible mechanism of action of TB-LLR in patients with
lymphoproliferative  diseases is the low-level radiation-induced
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elimination of the malignant cells (Chen snd Sakal, 2004). Indeed,
lymphoblasts and lymphocytes belong to the mast radiosensitive cell
types and, in contrast to most other somatic cells, resting lymphocytes
are more sensitive 1o y-radiation than their activated counterparts
(Sellins and Cohen, 1987). In fact, exposure of lymphocytes to y-rays
causes an early interphase apoptotic cell death which is distinct from the
mitotic, senescent, or postmitotic necrosis or apoptosis that accounts for
radiation-induced cell death in most non-lymphoid malignancies
(Dewey e al, 1995; Forrester et al., 2000), Intriguingly, lymphocytes
are more sensitive to radiation in vivo than in vitro (Sharma et al,,
2010). Consequently, lymphomas are particularly radiosensitive can-
cers: curative regimens of local irradiation of bulky neoplastic masses
incorporate only 20-35 Gy, compared to 65 or more Gy of radiation
required for definitive treatment of many solid tumours such as squa-
mous cell carcinomas and adenocarcinomas (Kimball and Webb, 2013).

One likely mechanisms responsible for enhanced apoptosis of lym-
phoma cells is their hyperradiosensitivity (HRS), a phenomenon by
which radiation doses 0.3 Gy actually cause increased cell kill per gray,
compared to higher doses (Shart et al., 2001; Seth ef al, 2015). Pre-
sumably, after such a low dose exposure malignant cells do not recog-
nize the ensulng DNA damage as significant, do not initiate DNA repair,
and instead choose to die an apoptotic death (Marples et al, 2004).
Notably, although orderly removal of dying cells by phagocytes occurs
without cliciting an inflammatory response (Fadok et al., 2001),
radistion-induced apoptosis is not immunologically ‘silent’. In fact, in
the course of radiation-induced apoptotic death, malignant lymphodid
cells express on their surface the ‘eat-me’ signals, such as phosphati-
dylserine or calreticulin, which stimulate phagocytosis of these cells and
boost dendritic cells to trigger the T and NKT cell-mediated immune
responses (Kimball and Webb, 2013; Fadok et al, 2001), In case of
follicular lymphoma cells, irradiation induces apoptosis in these cells,
while sparing macrophages, which are then activated by phosphati-
dylserine exposure to clear the lymphoma (Knoops e al., 2007), In fact,
a patient’s follicular lymphoma cells treated ex vivo with y-radiation
and loaded Into dendritic cells were maost effective as 8 cancer vaccine
when high levels of calreticulin and heat shock protein 90 were
expressed on the surface of the lymphoma cells (Zappasod| et b, 2010).
Thus, yet another possible mechanism is the LLR-induced immunogenic
cell death

6. Conclusions and the way ahead

Results of controlled clinical trials with ultra-low dose whole- or half
body Irradiations with X- or y-rays of patients with non-Hodgkin lym-
phomas performed from the 1960s until the late 1990s are highly
encouraging: complete and durable remissions occurred in at least
50-60 % of the patients and, in some cases, the rate of remissions
exceeded 90 %. Importantly, in many patients optimal results were seen
when TB-LLR exposures were the only, or the initial, form of therapy.
Except for moderate and transient thrombocytopenia and/or lympho-
cytopenia no severe acute “toxic effects were instigated by such treat-
ments. Likewise, in the great majority of the trials no secondary cancers
were detected in the followed NHL patients even with repeated TB-LLRs.
Indeed, the few patients who developed secondary leukemia or a mye-
lodysplastic syndrome were also treated with salvage chemotherapy
and/or localized irradiation delivering high doses to the active bone
marrow. Notably, the therapeutic effectiveness of low-level total-body
irradiations appears 10 be at least similar to that of chemotherapy, the
standard treatment of generalized malignancies, but surpasses the latter
in Jower morbidity and toxicity, faster resolution of organ tumour in-
filtrations, ease of application and follow-up In the immediate past-
treatment period, as well as better tolerance of additional therapy.
Moreover, in many cases TB-LLR proved to be effective in patients who
did not obtain remission or relapsed after standard chemotherapy.
Hence, as also concluded by others (Cuttler et al, 2000; Pollycave, 2007;
Oukley, 2015; Block et al, 2017), ultra-low dose irradiations with X- or
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y-rays applied as a stand-alone or adjuvant treatment is likely to be
superior to all the current antl-cancer modalities as It Is capable of
producing durable remissions with no significant side effects (Table 2).

It seems advisable, therefore, that further large scale clinical trials
consistent with modern criteria are performed in patients with be-
matopoietic and also other systemic malignancies including, or partic-
ularly, those who are in early stages of the disease. It is critical that
designs of new trials using whole- or half-body expasures to ultra-low
doses of low-LET radiation envisage performing of as many as possible
tests and assays aimed at elucidation of the underlying mechanisms (e,
£ immunological, radiobiological, biochemical, physical ete.) of both
anti-neoplastic and general condition-improving as well as conceivable
untoward outcomes of such exposures. Such clinical plans will un-
doubtedly deepen our undesstanding of the blomedical effects of low-
level radiation and provide evidence-based grounds for the establish-
ment of TD-LLR as a standard anti-cancer modality.

Although combination of TB-LLR with other types of the currently
used anti-cancer modalities seems a natural way ahead we are reluctant
to strongly support this option. First, we are unaware of any indication
from pre-clinical experiments that the effects of such a combination are
superior to the effects of a single modality, especially of the sole treat-
ment with TB.LLR. Indeed, our preliminary results indicate that
concomitant whole-body irradiations with ultra-low doses of X-rays and
blockade of the function of one ar two immune checkpoints (with anti.
CTLA-4 and/or anti-PD-1 antibodies) leads to a less, rather than more,
pronounced ihibition of the growth of subcutaneously transplanted
lung cancer cells than does the TB-LLR treatment used alone (unpub-
lished). Second, as indicated by the results of many In-depth analyses all
of the modern anticancer modalities, i.c., systemic chemotherapy, local
radiotherapy, Immunotherapy (particularly (nhibition of immune
checkpoints), and molecular targeted therapy are associated with a
number of often serious side effects (Spain et al, 2016; Paimieri et al,,
2018; Zarifa et al., 2019; Gutierrez et al., 2021). In view of the fact that
there are no pre-clinical or clinical indications that ultra-low dose irra.
diations could protect against, reverse, or mitigate such side effects
advocacy of combining TB-LLR with any of the currently used or trialed
anti-neoplastic therapies seems unfounded. On the other hand, however,
since low-level whole-body expasure to low-LET radiation is not likely to
exacerbate untoward complications of conventional chemo- and radio-
therapy, nor of any form of immunomodulatory or molecular targeted
therapy, prospective recognition of plausible synergistic or additive ef-
fects of the combination of the latter with the former should not be
discouraged. Specifically, addition of TB-LLR to treatment modalities
that are known to bolster anti-cancer immunity, including various
schemes of modern low-dose local radiotherapy (Rickert e al, 2018;
Menon et al, 2019), anti-cancer vaccine-based therapy (Vermaelen,
2019) or systemic chemotherapy (Galluzzl et al., 2020) can be recom-
mended. When combining TB-LLR with modern checkpoint inhibitors or
other immunotherapies, it might be reasonable to consider the total dose
selected. If, for example, we are seeking T cell mediated effects, perhaps

Table 2
Comparison of the effects of moderate and high v wltra low-level expaosares to
tonizing radiation.

INTERMEDIATE 10 HIGH DOSES ULTRA-LOW DOSES

Induce death of normal cells and Do not induce death of sormal cells and do not
damage dealthy tisues damage healthy thsues

May indoce inflammation Amerane (chronk) Inflammation

May suppeess haematopotests and  Seimulate various functions of the immne
enmune fusction wyviem

May Induce secondary cancesrs Do not induce secondary cancers

Can be used oaly locally Ax whole bady expossres G be she theropy of
chusice for systesic of metastatic cascer
Aati-neoplastic effects of whole body exposures
wiztilar 10 or better than those of systemic

chemotherapy with Jower teocicity snd
morsidity
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the whole-body dose should be optimized to allow adequate numbers of
effector cells to remain and effectively carry out the task, Similarly, the
combination of low dose TBI could supplement high-dose focal therapies
such as SBRT. It remains passible that such a combination of high-dose
local therapy coupled with immune-stimulating TB-LLR could enhance
intrinsic anti-cancer immunity but this hypothesis remains to be tested
rigorously. Finally, boosting of anti-cancer immune function following
removal of a bulk tumor mass by surgery seems to be a reasonable

option.
In conclusion, we believe that the time is ripe for the revival of in-

terest In and resumption of full-scale oncological applications of uitra-
low level whale-body exposures to low-LET radiation in order to, as

phrased by Ralph Johnson, ane of the most experienced investigators in
the field, “dispel the pessimism of decades over fallure of treatment to
alter the natural history of chroaic lymphocytic leukemia™ and other
malignancies. Certainly, well designed and conducted randomized
clinical trials with TH-LLR will likely refine and improve the efficiency of
such a therapy and allow for a reliable comparison of its effects with the
state-of-the-art forms of anti-cancer modalities. Indeed, it is the aim of
this review to provide evidence-based grounds to allow Ethical com-

mittees to Issue thelr approval of and encourage dinical oncologists to
embark on such trials,
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Abstract: Non-small cell lung cancer (NSCLC) continues to be the leading cause of cancer death world-
wide. Recently, targeting molecules whose functions are associated with tumorigenesis has become a
game changing adjunct to standard anti-cancer therapy. As evidenced by the results of preclinical and
dinical investigations, whole-body irradiations (WBI) with X-rays at less than (.1-0.2 Gy per fraction can
induce remissions of various neoplasms without inciting adverse side effects of conventional chemo- and
radiotherapy. In the present study, a murine moded of human NSCLC was employed to evaluate for the
first time the anti-neoplastic efficacy of WBI combined with inactivation of CTLA-4, PD-1, and /or HSP90.
The results indicate that WBI alone and in conjunction with the inhibition of the function of the cytotoxic
T-lymphocyte antigen-4 (CTLA-4) and the programmed death-1 (PD-1) receptor immune checkpoints
(ICs) and/or heat shock protein 90 (HSP0) markedly reduced tumorigenesis in mice implanted by three
different routes with the syngeneic Lewis lung cancer cells and suppressed clonogenic potential of Lewis
lung carcinoma (LLC1) cells in vitro. These results were associated with the relevant changes in the profile
of pro- and anti-neoplastic immune cells recruited to the growing tumors and the circulating anti- and
pro-inflammatory cytokines, In contrast, inhibition of the tested molecular targets used either separately
or in combination with each other did not exert notable anti-neoplastic effects. Moreover, no significant
synergistic effects were detected when the inhibitors were applied concurrently with WBIL The obtained
results supplemented with further medhanistic explanations provided by future investigations will help
design the effective strategies of treatment of Jung and other cancers based on inactivation of the immune
checkpoint and /or heat shock molecules combined with low-dose radiotherapy.

Keywords: low dose irradiation; immune checkpoints; anti HSP90 chaperone; lung tumor; mice

1. Introduction
Lung cancer is the leading cause of cancer mortality in men aged > 40 years and
women aged >60 years, causing far more deaths than other dominant cancers of men
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and women [1]. The great majority (80-85%) of newly diagnosed cases of lung cancer are
non-small cell carcinomas (NSCLC) [2]. Currently, patients with NSCLC are treated with all
the three conventional therapeutic methods, i.e., surgery, chemotherapy, and radiotherapy.
In the latter case, localized irradiations of the tumor with large doses of X- or gamma rays,
which are divided into smaller fractions applied over several days or weeks, are used [3].
Such irradiations, often combined with chemotherapy, can lead to more or less durable
remissions [4,5]. Generally, however, the prognosis for NSCLC patients, which are often
diagnosed at an advanced stage of the disease, remains poor [2,6).

In contrast to local irradiations of the tumor with doses in the range of 1-2 Gy per
fraction, exposures of the whole body of patients at low doses, i.e., not exceeding 0.1-0.2 Gy
per fraction [7], do not kill or injure normal cells and are devoid of such adverse effects
of the high-dose irradiations as inflammation, immunosuppression, and secondary can-
cers (reviewed in [8,9]). Indeed, as evidenced by the results of numerous animal studies
including our own (reviewed in [8]) and, especially, of more than forty reliable clinical
trials performed since the early 1930s having documented that fractionated whole-body
irradiations (WBI) improve long-term overall survival and cure rates in patients with
advanced hematological and solid neoplasms (reviewed in [9]). Arguably, a crucial under-
lying mechanism of such effects is up-regulation of the function of the immune system, the
organism’s most important guardian against cancer (reviewed in [8,10,11]).

However, the WBl-induced immunostimulation may also possibly trigger the activity
of immune checkpoints (ICs), which dampen T cell activation and thereby allow tumors
to escape the elimination by cytotoxic lymphocytes, Consequently, in the last decade,
inhibition of the function of ICs has become an important novel form of therapy of patients
with malignancies, including lung cancer (reviewed in [12-19]). As demonstrated by
the accumulated evidence, application of monoclonal antibodies against the two best
characterized ICs, the cytotoxic T-lymphocyte antigen-4 (CTLA-4) and the programmed
death-1 (PD-1) receptor, constitutes a major breakthrough in experimental and clinical
oncology and demonstrates the potential of immune-mediated therapies in achieving
durable cancer remissions [13,16,20-23]. Along these advances, effects of the inhibition of
ICs combined with radiotherapy have been investigated in both pre-clinical and clinical
settings, The results demonstrate that the immune checkpoint blockade in conjunction with
localized irradiations of a bulk tumor mass is more efficient than standard chemo- and /or
radiotherapy [18,22,24-30]. Thus far, however, no experimental or clinical studies have
been designed to evaluate the effects of the combined application of WBI and anti-immune
checkpoint(s) molecules.

In addition to stimulation of the anti-neoplastic immunity, blockade of intracellular
molecules that promote cancer progression has been tested in preclinical models as a poten-
tial anti-cancer treatment. Among the molecular targets of such treatment are heat shock
proteins (HSPs), such as HSP90, which facilitate the function of oncoproteins (reviewed
in [31-33]) and have been considered as co-factors for the development and
of the malignant phenotype [24,34,35]. Indeed, poor prognosis in patients with multi-
ple tumors, including lung cancer, has been coupled to overexpression of HSP90 [36,37].
Consequently, the results of both preclinical and dinical studies have demonstrated that
inhibition of the function of HSP%) can stifle progression of lung carcinoma and other
malignancies [33,38-42].

Hence, the aim of the present investigation was to evaluate the therapeutic efficacy of
WBI of the lung tumor-bearing mice combined with the blockade of the function of one or
two ICs and /or the HSP90 chaperone. To this end, we employed syngeneic Lewis lung car-
cinoma (LLC1) cells injected into C57BL /6 mice via three different routes: (a) intravenously
(i.v.), to assess the development of the induced tumor colonies in the lungs, spleen, and
liver; (b) orthotopically (o.t.), to evaluate the growth of a primary tumor in the injected
lung and its possible metastases in other organs; and (c) subcutaneously (s.c.), to follow the
development of a measurable primary tumor and the occurrence of its possible metastases
to internal organs. Clonogenic potential in vitro of the tumor cells obtained from the mice
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injected with the LLCI cells was also estimated. In addition, given the importance of
immune cells in the tumor microenvironment (reviewed in [43-45]), the tumor-infiltrating
T lymphocytes (TILs) and natural killer (NK) lymphocytes as well as tumor-associated
macrophages (TAMs) were quantified in the pulmonary and subcutaneously growing
tumors in mice injected with LLC1 cells. Additionally, the levels of the selected pro- and
anti-inflammatory cytokines involved in immune surveillance were estimated.

2 Results

As shown in Figure 1, fractionated WBI at total doses of 0.1 and 1.0 Gy led to the
significant reduction in the number of tumor colonies developing in the lungs of the
C57BL./6 mice after the i.v. injection of the LLC1 cells. In contrast, neither of the inhibitors
of the function of CTLA-4, PD-1, or HSP90 applied separately or in combination with
each other appeared to significantly suppress the development of the tumor colonies.
Moreover, application of these inhibitors together with WBI did not significantly affect the
anti-neoplastic effect of the latter, although the number of tumors in the lungs tended to be
lower in mice irradiated at total doses of 0.1 or 1.0 Gy and concurrently treated with the
anti-CTLA-4 and anti-PD-1 molecules. Noticeably, the use of WBI with any of the tested
blockers, applied alone or in combination, was significantly more efficient in suppressing
the development of tumor colonies than either of the inhibitors used alone. This effect
tended to be more pronounced when the animals were irradiated at the smaller total dose

of 0.1 Gy (Figure 1).
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Figure 1. Tumor colonies in the lungs of C57BL/6 mice intravenously (i.v.) injected with Lewis lung carcinoma (LLC1) cells
and treated with blockers of the immune checkpoints and /or heat shock protein 90 (HSP90) combined with whole-body
irradiations (WBI) at total doses of 0.1 and 1.0 Gy. Mean values + SD obtained from experiments conducted on ten mice per
group are presented. * indicates statistically significant (p < 0.05) difference from the results obtained in the sham-exposed
mice injected with PBS; * indicates statistically significant (p < 0.05) difference from the results obtained in the sham-exposed
mice injected with the same inhibitory molecules.
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In this set of experiments, no macroscopic tumor metastases were observed in the
spleens and livers of mice i.v. injected with the LLCI cells.

As demonstrated by the data presented in Table 1, the in vitro clonogenic capacity
(CC) of the tumor cells obtained from the lungs of mice i.v. injected with the LLC1 cells was
markedly suppressed by WBI at both total doses. Compared to the effects of the inhibitors
of the function of CTLA-4, PD-1, and/or HSP90 used alone or in combination with each
other, additional treatment with WBI appeared to be clearly more efficient in suppressing
the CC of the lung-derived tumor cells. This latter effect was apparently more pronounced
when the mice were irradiated at 0.1 Gy rather than 1.0 Gy of the total dose (Table 1).

Table 1. Clonogenic capadty (CC) in vitro of tumor cells obtained from the lungs of C57BL/6 mice(intravenously) i.v.
infected with LLC1 cells and treated with blockers of the immune checkpoints and /or heat shock protein 90 (HSP%0)
combined with whole-body irradiations (WBI) at total doses of 0.1 and 1.0 Gy. Results are expressed as percentages of the
control value (100%).

Groups 0Gy 0.1 Gy 10 Gy

PBS 100.0 651" 28"

anti-CTLA-4 804 506v 619~

anti-PD-1 €02 69 * 698"

NVP-AUY922 99 621" 694~

anti-CTLA- + NVP-AUY9I22 813 82" 621"
anti-PD-1 + NVP-AUY922 103.0 706* 796"

anti-CTLA-4 + anti-PD-1 672° 434" 50,7+
anti-CTLA- + anti-PD-1 + NVP-AUY922 95.3 668 813

The results obtained from expeniments conducted on six mice per group are presented. * indicates statistically significant (p < 0.05)
difference from the results obtained in the sham-expased mice injected with PIS; © indicates statistically significant (p < 0.05) difference
from the results obtained in the sham-exposed mice injected with the same molecule or combination of the molecules.

In this set of experiments, no tumor cell colonies (clones) developed in vitro when the
plates were seeded with cell suspensions obtained from the spleens or livers of the LLC1
cells-injected mice from all the experimental and control groups.

After o.t. injection of the LLCI cells, not only the primary tumor, but also metastatic
colonies were expected to develop in the lungs, liver, and spleen. Hence, total numbers of
macroscopic tumor hotbeds were counted in these organs. As shown in Figure 2, similar
to the results presented in Figure 1, fractionated WBI at total doses of 0.1 and 1.0 Gy led to
the significant reduction in the number of tumors developing in the lungs of the C57BL/6
mice o.t. injected with the LLC1 cells. In contrast, neither of the inhibitors of CTLA-4, PD-1,
and /or HSP90 applied solely or in combination with each other appeared to suppress the
development of the lung tumors. Moreover, addition of the inhibitors to WBI did not appear to
synergistically impact the tumoricidal effect of the latter, although exposure at the smaller total
dose of WBI along with application of the anti-CTLA<4 molecules, espedially when combined
with the anti-PD-1 but not with the anti-HSP90 molecules, was clearly more efficient in this
regard. Notably, the anti-neoplastic effect of WBI used together with any of the tested blockers,
applied both alone and in combination, was significantly more pronounced than the effect
of the inhibitors used separately or with one another. Again, combination with WBI at the
smaller total dose tended to be more efficient in this regard (Figure 2).
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Figure 2. Tumor colonies in the hungs of CS7BL/6 mice orthotopically (o.t.) injected with LLCT cells and treated with blockers of
the immune checkpoints and /or HSP90 combined with WBI at total doses of 0.1 and 1.0 Gy, Mean values + SD obtained from
experiments conducted on ten mice per group are presented. * indicates statistically significant (p < 0.05) difference from the
results obtained in the sham-exposed mice injected with PBS; © indicates statistically significant (p < 0.05) difference from the
results obtained in the sham-exposed mice injected with the same molecule or combination of the molecules.

As in the case of the standard lung colony assay, no macroscopic tumor metastases
were detected in the spleens and livers of mice orthotopically injected with LLC1 cells,

Similar to the results shown in Table 1, CC in vitro of the tumor cells obtained from
the lungs directly implanted with the LLC1 cells was suppressed by WBI at both total
doses, although the effect was significant only after exposure at 0.1 Gy total dose (Table 2).
In contrast, in the majority of cases, sole application of any of the anti-CTLA-4, anti-PD-1,
and /or anti-HSP90) molecules used either alone or in combination with each other did not
affect the clonogenic potential of the lung-derived tumor cells. The only exception was the
combined application of the anti-CTLA-4 and the anti-PD-1 molecules which significantly
thwarted the growth of the tumor clones in vitro. Compared to the effects of the molecular
inhibitors used alone, additional treatment with WBI appeared to be clearly more efficient
in suppressing the CC of the lung-derived tumor cells. This latter effect was noticeably
more pronounced when mice were irradiated at 0.1 Gy rather than 1.0 Gy of the total
dose (Table 2). Moreover, combined blockade of the function of CTLA-4 and PD-1 applied
concurrently with WBI resulted in the synergistic reduction of the clonogenic potential of
the lung-derived tumor cells, the effect being more pronounced in mice exposed at 0.1 Gy
total dose.

As in the case of the standard lung colony assay, in all the experimental and control
groups, no tumor cell colonies (clones) developed in vitro when the plates were seeded
with cell suspensions obtained from the spleens or livers of mice whose left lung was o.t.
imjected with the LLC1 cells,

85



Int. J. Mol. Sci. 2021, 22, 6309

6of 24

Table 2. Clonogenic capacity (CC) in vitro of tumor cells obtained from the lungs of C57BL /6 mice orthotopically (o.t.) injected with
LLCI cells and treated with blockers of the immune checkpoints and /or HSP90 combined with WBI at total doses of 0.1 and 1.0 Gy.
Results are expressed as percentages of the control value (100%).

Groups 0Gy 01 Gy 1.0Gy
PBS 100.0 nsv 81.1

anti-CTLA-4 921 568" 662"

anti-PD-1 98.6 40" 77

NVP-AUY922 %06 619% n7z*

anti-CTLA-4 + NVP-AUY922 868 69.1% 741°
anti-PD-1 + NVP-AUY922 108.6 05+ 784

anti-CTLA-4 + anti-PD-1 635 472%¢ 540+
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 102.2 nv 856

The results obtained from ex conducted on six mice per group are presented. All abbreviations are explained in Materials and Methods.

* indicates statistically significant (p < 0.05) difference from the results obtained in the sham-exposed mice injected with PBS; * indicates
significant (p < 0.05) difference from the results abtained In the sham-exposed mice Injected with the same molecule or combination of the molecules;
¥ inclicates statistically significant (pr < 0.05) difference from the results obtained in mice injected with PBS and exposed 1o the respective WBIL

Finally, as indicated in Figure 3, WBI at both 0.1 and 1.0 Gy total doses administered
in five daily fractions exhibited the significant anti-neoplastic activity as judged by the
reduced volume of the s.c. growing tumors developing from the implanted LLC1 cells
(Figure 3A). Comparable effect was detected after inhibition of the function of CTLA-4
used alone and in combination with the blockade of the PD-1 receptor or HSP90 protein.
Noticeably, in most of the cases (the only exception being combination with the anti-PD-
1 molecules), concurrent use of WBI at both total doses and the inhibitors exerted the
markedly more pronounced anti-neoplastic effect than either combination of the inhibitory
molecules used alone. Once again, combination of these molecules with WBI at the smaller
total dose tended to be more efficient in this regard (Figure 3).

No macroscopic tumor colonies in the lungs, spleens, and livers nor the clones of the LLC1
cells of mice, which had been subcutaneously implanted with the LLCI cells, were detected.

As shown in Table 3, the CD4+ /CD8+ T lymphocytes ratio among the cells obtained
from the lungs of mice i.v. or o.t. injected with the LLC1 cells was markedly decreased
after WBI at both total doses. The effect was also significant when irradiation was accompa-
nied by application of anti-CTLA-4 alone or in combination with anti-PD-1 or anti-HSP90
molecules. In contrast, the sole application of any of the inhibitory molecules used either
alone or in combination with each other did not affect the CD4+/CD8+ ratios. Similarly,
the CD4+/CD8+ ratios determined among the cells obtained from the subcutaneously im-
planted tumors were not affected by the treatment with any of the anti-CTLA-4, anti-PD-1,
and /or anti-HSP90 molecules used either alone or in combination with each other. The only
exception was the combined use of the anti-CTLA-4 and the anti-PD-1 molecules which
significantly decreased the CD4+/CD8+ ratio which was further significantly reduced by
WBI at 1 Gy total dose. The latter reduction was also noted when WBIs accompanied the
application of any of the anti-CTLA-4, anti-PD-1, and /or anti-HSP90 molecules used either
alone or in combination with each other, but the CD4+/CD8+ ratios were still somewhat
higher than the one detected after the sole irradiation at 1.0 total dose,
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Figure 3. Tumor growth in C57BL/6 mice s.c. injected with LLC1 cells and exposed to WBI at total doses of 0.1 or 1.0 Gy
combined with the blockade of the function of one or two immune checkpoints and /or HSP90. The curves formed from mean
values of the tumor volumes measured in 6 mice per group are presented. * indicates statistically significant (p < 0.06) difference
from the results obtained in the sham-exposed mice injected with PBS; ° indicates statistically significant (p < 0.05) difference
from the results obtained in the sham-exposed mice injected with the same molecule or combination of the molecules.
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Table 3. The CD:4+ /CD8+ T lymphocyte ratios among the cells obtained from the lungs after L.v. or o.t. injection of LLC1
cells or from tumors grown subcutaneously in C57BL /6 mice treated with blockers of the immune checkpoints and /or
HSP90 combined with WBI at total doses of 0.1 and 1.0 Gy.

Method of Injection of G CD4+/CDS+ Ratio
LLC1 Cells P® e o =
0Gy 0.1 Gy 1.0Gy

PBS 59 44 44

anti-CTLA4 57 45 52

anti-PD-1 58 52 51

NVP-AUY922 58 53 51

Lv. anti-CTLA-4 + NVP-AUY922 58 49 49
anti-PD-1 + NVP-AUY922 59 50 51

anti-CTLA-4 + anti-PD-1 56 35 38

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 57 5.1 52

PBS 61 43 33

anti-CTLA4 6.2 48 33

anti-PD-1 6.1 56 41

NVP-AUY922 61 56 41

o anti-CTLA-4 + NVP-AUY922 6.1 53 38
anti-PD-1 + NVP-AUY922 62 53 38

anti-CTLA + anti-PD-1 60 38 16

anti-CTLA + anti-PD-1 + NVP-AUY922 6.0 54 39

PBS 54 45 33

anti-CTLA-4 52 56 41

anti-PD-1 51 54 39

e NVP-AUY922 51 54 38
anti-CTLA-4 + NVP-AUY922 49 53 38

anti-PD-1 + NVP-AUY922 5.1 54 39

anti-CTLA4 + anti-PD-1 38 36 16

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 52 53 38

The results obtained from experiments conducted on six (i.v. or ot injection of LLCT cells) or three (s.c. injection) mice per group are
presented. All abbreviations are explained in Materials and Methods.

As indicated in Figure 4, the numbers of TAMs (CD11b+LysC+Ly6G+) in the lungs
of mice i.v. or ot injected with LLC1 cells as well as in s.c. implanted tumors were
significantly reduced by WBI at both total doses of X-rays, whereas sole application of
any of the anti-CTLA-4, anti-PD-1, and /or anti-HSP90 molecules used either alone or in
combination with each other did not affect these numbers. WBI combined with application
of any of the anti-CTLA-4, anti-PD-1, and/or anti-HSP90 molecules used alone or in
combination, resulted in the majority of cases in the increased percentages of TAMs in
both the pulmonary and subcutaneous tumors, the effect being most pronounced when
irradiations at both total doses were combined with application of anti-CTLA-4 and anti-
PD-1 molecules. In turn, the numbers of TILs (CD3+CD45+) in the lungs of mice i.v. oro.t.
injected with LLC1 cells as well as in s.c. implanted tumors were significantly elevated by
WBI at both total doses of X-rays. In contrast, sole application of any of the anti-CTLA-4,
anti-PD-1 and /or anti-HSP90 molecules used either alone or in combination with each
other did not affect these cells’ numbers. However, irradiations combined with application
of any of the anti-CTLA4, anti-PD-1, and /or anti-HSP%) molecules used alone or, in most
cases, in combination with each other, increased the percentages of TILs in both the lungs
and subcutaneous tumors.
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Figure 4. The percentages of tumour- associated macrophages (TAMs) (panels A,C.E) and tumour-infiltrating lymphocytes
(TILs) (panels B,D,F) in the lungs after Lv. (panels A,B) or o.t. (panels C,D) injection with LLC1 cells or in tumors after
s.c. (panels EF) injection of LLC1 cells to C57BL/6 mice treated with blockers of the immune checkpoints and /or HSP)
combined with WBI at total doses of 0.1 and 1.0 Gy. The bars indicate mean percentages of TAMs and TILs calculated for
six (iv. and o.t. injection of tumor cells) or three (s.c. injection of tumor cells) mice per group are presented. * indicates
statistically significant (p < 0.05) difference from the results obtained in the sham-exposed mice injected with PBS; © indicates
statistically significant (p < 0.05) difference from the results obtained in the sham-exposed mice injected with the same

inhibitory molecule or a combination of these molecules.

89



Int. | Mol. Sai, 2021, 22, 6309

100f24

As in the case of TILs, percentages of NK (CD49b+CD335+) and CTL (CD8+Cd178+)
lymphocytes in the lungs of mice i.v. or o.t. injected with LLCI cells were significantly
elevated by WBI at both total doses of X-rays (Figure 5A-D). In contrast, sole application
of any of the anti-CTLA-4, anti-PD-1, and /or anti-HSP90 molecules used either alone or in
combination with each other did not affect the numbers of these cells. However, irradiations
combined with application of any of the inhibitors used alone and in combination with
each other increased, in the majority of cases, the relative numbers of NK cells and CTLs
in the lungs. The latter effect seemed to be most pronounced when WBIs at both total
doses were accompanied by application of anti-CTLA-4 in combination with anti-PD-1
molecules. Likewise, the numbers of NK cells and CTLs in the s.c. implanted tumors were
significantly elevated by WBI at both total doses of X-rays. An even more pronounced
effect was detected when irradiations were accompanied by the combined application
of anti-CTLA-4 and anti-PD-1 molecules. In contrast, in the majority of cases, the sole
application of any of the anti-CTLA-4, anti-PD-1, and /or anti-HSP90 molecules used either
alone or in combination with each other did not significantly affect the numbers of NK
cells and CTLs in the subcutaneously growing tumors (Figure 5EF).

As shown in Figure 6, the population of Treg CD44+CD25+ FoxP’3+) and Th17 (CD4+IL17A+)
lymphocytes in the lungs of mice i.v. or o.t. injected with LLC1 cells as well as in s.c.
implanted tumors were significantly reduced by WBI at both total doses of X-rays. This
reduction did not seem to be significantly affected by the concurrent application of the
inhibitory molecules used either alone or in combination with the exception of the effect of
the combined use of the anti-CTLA-4 and anti-PD-s molecules on the numbers of Treg cells.
Notably, sole application of the anti-CTLA-4, anti-PD-1, and / or anti-HSP90 molecules used
either alone or in combination with each other did not markedly impact on the numbers of
Treg and T17 lymphocytes recovered from the tumorous tissues (Figure 6A-F).

Serum levels of the putatively anti-inflammatory TGF-g (Table S1) and IL-10 (Table S2)
in mice i.v, o.t,, or s.c. injected with LLC] cells were significantly reduced by WBI at 0.1
and 1.0 Gy total doses of X-rays, the effect being more pronounced after irradiation with
the former total dose. In contrast. In contrast, the sole application of any of the inhibitors
used either alone or in combination with each other did not affect these cytokines’ levels.
However, WBI combined with application of any of the anti-CTLA-4, anti-PD-1, and /or
anti-HSP9) molecules used alone or in combination with each other decreased the secretion
of these cytokines, the effect being most pronounced when irradiations at both total doses
were combined with concurrent application of anti-CTLA-4 and anti-PD-1 molecules.

In turn, the levels of the pro-inflammatory TNF-a (Table S3) and IFN-y (Table S54) in
the serum collected from mice i.v., o.t,, or s.c. injected with LLC] cells were significantly
elevated by WBI at both total doses of X-rays, whereas sole application of any of the
inhibitory molecules used either alone or in combination with each other did not affect
the levels of these cytokines. However, WBI combined with application of any of the
anti-CTLA-4, anti-PD-1, and /or anti-HSP90 molecules used alone or in combination with
each other, in the majority of cases, led to the increased production of these cytokines; the
effect being most pronounced when irradiations at both total doses were combined with
concurrent application of anti-CTLA-4 and anti-PD-1 molecules.

No differences between the examined groups were detected in the serum levels of the
pro-inflammatory IL-6 (Table S5) in mice i.v., o.t,, or s.c. injected with LLC1 cells, exposed
to WBI, and treated with anti-CTLA-4, anti-PD-1, and/or anti-HSP90 molecules used either
alone or in combination with each other.

In this set of experiments, the serum levels of 11-2, 114, and IL-17A were assessed
below the detection limit of the method in all the examined groups.
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Figure 5. The percentages of natural killer (NK) cells (panels A,C.E) and cytotoxic T lymphocytes (CTLs) (panels B,D,F) in
the lungs after i.v. (panels A,B) or o.t. (panels C,D) injection with LLC1 cells or in tumaors after s.c. (panels EF) injection of
LLC1 cells to CS7BL/6 mice treated with blockers of the immune checkpoints and /or HSP90 combined with WBI at total
doses of 0.1 and 1.0 Gy. The bars indicate mean percentages of NK cells and CTLs calculated for six (Lv. and o.t. injection of
tumor cells) or three (s.c. injection of tumor cells) mice per group are presented. * indicates statistically significant (p < 0.05)
difference from the results obtained in the sham-exposed mice injected with PBS; * indicates statistically significant (p < 0.05)
difference from the results obtained in the sham-exposed mice injected with the same inhibitory molecule or a combination
of these molecules.
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Figure 6, The percentages of regulatory T lymphocytes (Tregs) (panels A,C,E) and helper T lymphocytes (Th17 cells)
(panels B,D,F) in the lungs after i.v. (panels A,B) or o.t. (panels C,D) injection with LLC1 cells or in tumors after s.c. (panels
EF) injection of LLC1 cells to C57BL /6 mice treated with blockers of the immune checkpoints and /or HSP90 combined
with WBI at total doses of 0.1 and 1.0 Gy. The bars formed from mean values of the Tregs and Th17 cells measured in 6 (i.v.
and o.t. injection of tumor cells) or 3 (s.c. injection of tumor cells) mice per group are presented. * indicates statistically
significant (p < 0.05) difference from the results obtained in the sham-exposed mice injected with PBS; “ indicates statistically
significant (p < 0.05) difference from the results obtained in the sham-exposed mice injected with the same molecule or
combination of the molecules.
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3. Discussion

The present investigation was undertaken in order to assess for the first time the presum-
able anti-neoplastic effects of the combination of the low-dose whole-body irradiation (WBI)
with X-rays combined with the blockade of the function of one or two immune checkpoints
and/or a heat shock protein. Our studies were performed using a reliable preclinical model
of the human non-small cell lung cancer [46]. In this model, Lewis lung cancer (LLC1) cells
derived from an epidermoid carcinoma that had spontancously developed in the lung of
a C57BL mouse were injected through three different routes into syngeneic C57BL/c mice.
Between seven and eleven days later, ie, when the subcutaneously growing tumors were
palpable, the mice were exposed to WBI and injected with the inhibitors of the ICs or HSPX).
Progression of the tumors developing in the lungs and other internal organs or under the skin
of the animals as well the clonogenic potential of these cells in vitro were estimated. Addition-
ally, various immune cells infiltrating the tumors as well as serum levels of the selected pro-

Qur first important observation was that five subsequent WBIs of the relatively ra-
dioresistant C57BL/6 mice [47,45] at daily doses of 0.02 and 0.2 Gy of X-rays (i.e., at 0.1
and 1.0 Gy total doses) significantly suppressed the in vivo growth of syngeneic LLC1 cells
and, the effect being detectable in mice whose tumors were induced either by i.v, o.t, or
s.c. injection of the LLC1 cells. Likewise, the clonogenic capacity in vitro of the tumor cells
obtained from the lungs of mice injected with LLC1 cells was markedly inhibited by the
WBIs. Notably, the reduced tumorigenesis in vivo was more pronounced after irradiations
at the lower compared to the higher total dose of X-rays, the effect being paralleled by the
lower clonogenic potential in vitro of LLC1 cells obtained from the lungs of mice irradiated
at 0.02 Gy per day compared to the potential of the cells recovered from mice exposed at
0.2 Gy per day (Figures 1-3, Tables 1 and 2). Apparently, some in vivo factors were induced
by the lower-dose irradiations, which more effectively than the higher-dose exposures,
suppressed the potential of the tumor cells to grow in vitro and in vivo. This notion is
supported by multiple ocbservations that exposures to low-LET radiation at <0.1 Gy per
fraction more potently suppresses cancer growth in experimental animals and human
patients than do irradiations at higher daily doses (reviewed in [8,9]) Generally, these
results corroborate the findings from our earlier experiments conducted in both C57BL /6
and the more radiosensitive BALB/¢ mice exposed to both single and multiple WBIs
with X-rays at 0.1 and 0.2 Gy and assayed for the development of the induced neoplastic
colonies in the lungs [49-52]. In fact, the present results expand our previous observations
in that the anti-tumor effects were expressed not only after i.v., but also after o.t. and s.c.
injection of LLC1 cells. In the previous investigations, the mice were irradiated before
inoculation of the syngeneic tumor cells and, as indicated by the up-regulated activities
of NK lymphocytes and cytotoxic macrophages obtained from the spleen and peritoneal
cavities, respectively, of the mice, it was the systemic stimulation of innate immunity that
was associated with the anti-neoplastic effect of the WBIs. In contrast, in the present study,
C57BL./6 mice were exposed to X-rays several days after injection of the tumor cells and
still the anti-neoplastic efficacy of WBIs could be clearly demonstrated in mice in which
the tumors were induced by three different routes of implantation of LLC1 cells. This
effect was accompanied by the significant down- and up-regulation of the numbers of the
TAMs and TILs, respectively, in both the pulmonary and subcutaneous tumors, Notably,
after WBISs, the relative numbers of Tregs and Th17 cells as well as the CD4+/CD8+ ratio
among the recovered TILs were down-regulated, whereas the numbers of the CTLs and NK
lymphocytes were elevated. Furthermore, after WBIs at both total doses, decreased levels
of IL-10 and TGF-B and elevated levels of IFN-y and TNF-a were detected in the sera of
the tested mice. These results suggest that WBIs employed in the present study stimulated
recruitment to the growing tumors of cytotoxic lymphocytes while down-regulating the
influx of cells that might promote inflammation and tumor growth. At the same time, the
irradiations prompted the secretion to the circulation of two pro-inflammatory cytokines
and suppressed the secretion of two anti-inflammatory cytokines. The potential impact
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of the modified levels of the systemic cytokines on the growth of the i.v, o.t., and /or s.c.
injected LLC1 cells needs to be clarified in future studies.

The second important finding of the present investigation is that application of any
one or any combination of the tested anti-immune checkpoint and anti-HSP90 molecules
unassisted by a parallel WBI did not generally impact the growth of LLC1 cells in the lungs of
the i.v. or o.t. injected mice. Noticeably, injections of a single inhibitory agent, especially the
anti-HSP molecule NVP-AU922, were the least effective. However, concurrent application
of the anti-CTLA-4 and anti-PD-1 molecules appeared to markedly inhibit the formation of
the in vitro colonies by the tumor cells obtained from the lungs of the i.v.- or o.t.-injected
mice (Tables 1 and 2). Moreover, such a combined blockade of the two immune checkpoints
significantly inhibited the development of subcutaneously growing tumors. (Figure 3G).
Although the growth of these tumors was also thwarted by a sole application of the anti-
CTLA-4 molecule (Figure 3B), the effect was not accompanied by suppression of the above
described clonogenic capacity of LLCI cells in vitro. The finding of the more pronounced
anti-neoplastic efficiency of the combined inactivation of two complementary checkpoints
is in accord with the observations that such a simultaneous blockade shows synergistic
effects [53,54]. Noticeably however, in contrast to the effects of WBIs used as the only
treatment, sole application of any one or any combination of the tested inhibitory molecules
did not seem to produce significant changes in the numbers of the tumor infiltrating immune
cells or the serum levels of the tested cytokines. The general lack of the tumor-inhibitory
activity of the blockers of the CTLA4, PD-1, and HSP90 molecules in mice i.v. and ot
injected with LLC1 cells is surprising in view of the results of studies indicating that single
and especially combined applications of such blockers were able to successfully enhance
the response rates and survival of patients with various malignancies including lung cancer
(reviewed in [13,15-17,33,41]). One possible explanation of this discrepancy is that the CTLA-
4- and /or PD-1-related signaling pathways are not activated in tumors developing in mice
implanted by certain routes with the LLC1 or, as was demonstrated for H5P90, blockade
of the function of such molecules does not affect the growth of such cells in mice [55]. This
possibility might also explain the general observation from the dinical trials that therapy
targeted at immune checkpoints has been effective only in a fraction of the lung cancer
patients and that the use of NVP-AUY922 in the early stage of clinical trial for NSCLC
patients showed disappointing results (reviewed in [14,18,33,41,56]). Moreover, many such
trials are associated with the occurrence of adverse effects instigated by administration
of the inhibitory molecules (reviewed in [16,57,58]). Arguably, these effects may interfere
with the anti-tumor activity of the blocking agents. In our present investigation, however,
no discernible disturbances in the behavior and general condition of the tumor-bearing
mice treated with all the tested inhibitors were observed during the daily inspections of the
animals performed until the 7th day post completion of the treatments.

The third noticeable information begotten by the results of the present study is that
concurrent application of WBI and any of the inhibitors did not seem to markedly affect
the anti-neoplastic effect of the former treatment. Once again, the only exception to this
general observation was the combined blockade of the functions of CTLA-4 and PD-1
immune checkpoints which, when added to the WBISs, exerted a notably more pronounced
effect both in vivo (growth of the tumors in the lungs and under the skin) and in vitro
(clonogenic potential of the tumor cells). Accordingly, although in terms of the intratumoral
composition of immune cells and the serum levels of the tested cytokines, the addition of
most of the inhibitors to WBI did not seem to generate any significant departures from the
changes seen after the sole use of WBI, simultaneous blockade of the CTLA-4 and PD-1
immune checkpoints combined with WBI at both total doses of X-rays seemed to step up,
if generally not significantly, the effects of the sole use of the latter treatments.

The lack of the significant synergistic or additive effect of the inhibitors added to the
WBI clearly contrasts with the existing experimental and clinical evidence, indicating that
the efficiency of cancer immunotherapy based on the blockade of CTLA-4 and /or PD-1
is enhanced when the blockade is combined with standard radiation therapy (reviewed
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in [19,29]). For instance, in a recent preclinical study using a mouse model of prostate cancer
which responded poorly to immune checkpoint inhibition, the therapy became effective
when application of the anti-PD-1 or anti-PD-L1 antibodies was coupled with irradiation
of the tumor graft at high doses of X-rays [59]. Likewise, in C57BL/6 mice bearing o.t.
(intracranially) implanted GL261 glioma cells, improved survival was demonstrated when
the anti-PD-1 therapy was combined with local irradiation of the tumor, whereas either
treatment alone was less effective [60], Additionally, earlier studies utilizing murine
models of breast cancer demonstrated that local radiotherapy effectively inhibited growth
of the induced primary tumors, especially when the irradiations were associated with
blockade of the function of CTLA-4. Importantly, in these studies, no anti-tumor effect
was detected when the anti-CTLA-4 antibody was used as a sole treatment [61,62]. In the
present investigation, in which we used a different model of the transplantable cancer and
the ultra-low dose WBIs rather than high-dose localized radiation, addition of the blockers
of CTLA-4, PD-1, and/or HSP90 hardly improved the well-pronounced anti-neoplastic
effect of WBL It is likely, therefore, that the low level irradiations did not evoke the activity
of the ICs and /or HSP(s). Indeed, there are reports indicating that irradiation at 75 and
150 mGy of X-rays down-regulates the expression of CTLA-4 on splenocytes or Treg cells,
respectively, obtained from the irradiated mice [63,64]. In our present study, we did not
estimate the expression of the immune checkpoint or HSP molecules but we showed that
multiple WBIs at 0.02 or 0.2 Gy of X-rays resulted in the reduction of the numbers of Treg
and pro-inflammatory Th17 lymphocytes in the neoplastic tissues induced by implantation
of LLC1 cells. This observation may contrast with the results of the standard high-dose
radiotherapy which induces immunogenic death of cancer cells and inflammation and
up-regulates Treg cells and /or the heat shock response (reviewed in [19,56,65]).

One limitation of our present study is the use of a single type of an “artificial’ neoplasm
and a single strain of the mice used as recipients of the in vitro cultured Lewis lung cancer
cells. Moreover, although the employed simple schedule of the administration of WBI
relative to inhibition of the tested molecules produced reproducible and comparable results
in mice transplanted with the tumor cells by three different routes, other time windows,
dosing, frequency, and routes of applications, etc. should be tested in the context of the WBI
coupled with immune checkpoint and /or heat shock protein blockade. These and other
possible limitations of the study are amenable to be eliminated and should be addressed in
future investigations.

In summary, the present results confirm and expand our previously reported obser-
vations of the anti-neoplastic activity of multiple whole-body irradiations of mice at low
doses of X-rays by demonstrating that such WBIs at five daily doses of 0.02 and 0.2 Gy
suppress the growth of Lewis lung cancer cells in vivo and in vitro and that the effects
are accompanied by the relevant changes in the numbers of both pro- and anti-neoplastic
immune cells in the developed tumors as well as in the levels of the selected pro- and anti-
inflammatory cytokines in the serum of the irradiated mice. For the first time, however, the
results indicate that a combination of WBIs with blockade of the immune checkpoints such
as CTLA-4 and PD-1, especially when the two had been inactivated together, also potently
inhibited the growth of lung cancer cells in vivo and their donogenic potential in vitro.
Such a combined treatment seemed to promote the above described cellular and cytokine
alterations induced by the sole use of WBIs. Generally, inactivation of the function of heat
shock protein HSP90 applied concurrently with WBI appeared to be less effective in these
regards. Notably, the anti-neoplastic effects in vivo of WBIs used solely and in combination
with the blocking agents were comparably expressed in mice with tumors induced by iv,
o.t,, or s.c. injection of the LLC1 cells. Alas, the observed shifts in the composition of the
immune cells and secreted cytokines addition of any or all of the tested blockers to WBI
did not seem to markedly augment the already well pronounced anti-neoplastic effect of
the latter. Moreover, application of most of the inhibitors without the concomitant WBI
appeared to be almost totally ineffective in inhibiting the development of the transplanted
tumors in vivo; only simultaneous inactivation of CTLA-4 and PD-1 suppressed the poten-
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tial of LLC1 cells to produce neoplastic colonies in vitro and to grow into subcutaneous
tumors in vivo. Obviously, further studies are needed to unravel the mechanisms of the
apparent resistance of the experimental lung carcinoma to the potentially curative effects
of the blockade of the function of immune checkpoints and/or HSP90 applied separately
or together with WBIL. Understanding of such mechanisms may be key to the design of
effective strategies of treatment of lung and other cancers based on inactivation of such
molecular targets in combination with low-dose radiotherapy.

4. Materials and Methods
4.1. List of Labels Used in Figures and Tables

The following labels are used in all the figures and tables presented:

e 0Gy o sham-exposed mice;
e 01Gy ;'n’:\lceexpmedbmluo.lcymuldooe
o mice exposed to WBI at 1.0 Gy total dose
« 110Gy Xerays; Gy
. PBES ®  miceip. injected thrice a week with 5%
glucose solution in PBS;
< e mice Lp. injected thrice a week with
B i molecules blocking the CTLAA eceptor;
e miceip. injected thrice a week with
e molecules blocking the PD-1 receptor;
. ®  micei.p. injected thrice a week with
¢ NyEaUwaa molecules blocking the HSP90 protein;

e  anti-CTLA-4 + NVP-AUY922

. anti-PD-1 + NVP-AUY922

e  miceip. injected thrice a week with
molecules blocking the CTLA-4 receptor and
HSPY0 protein;

e miceip. injected thrice a week with
molecules blocking PD-1 and HSP90 protein;

e miceip. injected thrice a week with

e  anti-CTLA- + anti-PD-1 molecules blocking CTLA-4 and PD-1
receptors;
e  miceip. injected thrice a week with
e anti CTLA- + anti PD-1 + NVP-AUY922  molecules blocking CTLA-4 and PD-1
receptors, and HSP9O protein.

e tumor infiltrating CD3+CD45+

o Tis feicd

o TAMs e tumor associated CD11b+ Ly&C+ Ly6G+

e  NKcells o CD49b+CD335+ NK lymphocytes

o (CTls o  CD8+Cd178+ cytotoxic T lymphocytes

2 o CD4+CD25+FoxP3+ regulatory T
e lymphocytes

e Thi7cells l.abg u'CdD::lLl?Af helper T lymphocytes

o CD&+ *  lymphocytes labelled with anti-CD4

monoclonal antibody
e CDS8+ e lymphocytes labelled with anti-CD8

monoclonal antibody
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4.2. Animals

Mice C57BL/6 were obtained from the Mossakowski Medical Research Institute of
the Polish Academy of Sciences, Warsaw, Poland, and at 6-8 weeks of age were used
for the experiments. The animals were housed under specific pathogen-free conditions
in a Modular Animal Caging System®-MACS Mobile Units (Alternative Design, Siloam
Springs, AR, USA), and were provided with a natural daily cycle (12-h photoperiod) and
the ad libitum access to food and water. The living conditions and health of the animals
were monitored daily by a veterinarian. The experiments were carried out so as to inflict
the least pain on the animals. For all the procedures, the mice were anesthetized and /or
sacrificed with isoflurane in the euthanasia induction box (WITKO, Lodz, Poland). All
experimental procedures described below are outlined in Figure 1. The study was divided
into three parts. In each part of the study, mice were randomly assigned to 24 experimental
groups (see Figure 7) which were exposed to different doses of X-rays and administered, in
different configurations, blockers of the immune checkpoints CTLA-4 and PD-1 and /or
of HSP-%). Random numbers were generated using the standard = RANIDX) function.
The total number of mice used in the present study equaled to 912. The investigations
were carried out by permission of the 2nd Local Ethical Committee for Experimentation
on Animals at the Warsaw University of Life Sciences in Warsaw, Poland (permission No.
WAW2/065/2018 of 27 April 2018). All the experiments were performed in accordance
with all the relevant guidelines and regulations. We also confirm that we complied with
the ARRIVE guidelines.
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4.3. Tumor Cells

Syngeneic Lewis Lung Carcinoma (LLC1) cells (ATCC; The Global Bioresource Center,
LGC Standards, Kielpin Lomianki, Poland)—the only reproducible experimental model for
the human non-small-cell lung cancer to date [46,66]—were used for the induction of tumor
nodules in mice. The cells were maintained as a mono-layer culture in a culture medium
composed of the DMEM W/GLUTAMAX-], PYR, 4,5 GLU medium (GIBCO, LifeTech-
nologies, Warsaw, Poland), 10% Heat-innactivated FBS (PAN BIOTECH, IMMUNIQ, Zory,
Poland), 100 U/mL penicillin, and 100 U/mL streptomycin (Coming, Sigma-Aldrich, Poz-
nan, Poland) in standard conditions (SC): humidified atmosphere of 95% air and 5% CO2 at
37 °C. The LLC1 cells were passaged every two days using 0.25% Tripsin-EDTA (GIBCO).
The cell line was tested free of mycoplasma.

4.4. Injection of LLCI Cells

On day 0 of the experiment, after obtaining a single cell suspension using 0.25%
Tripsin-EDTA, the LLC1 cells were counted in a mammalian cell counter NudeoCounter
NC-100 (ChemoMetec, Allered, Denmark) and brought to the required concentration. Then,
three different ways of the injection of LLC1 cells into mice were used (see Figure 7):

1. intravenous (iv.)—the animals were placed in a mouse holder and 4 x 10° LLC1 cells
per mouse suspended in 200 uL. PBS (ADLAB, Lublin, Poland) were injected into a
tail vain using a 1 mL insulin syringe (Becton Dickinson, Warsaw, Poland) with a
hypodermic needle. The mice were then divided into 24 groups at 16 mice per group
(total number of mice);

2 orthotopic (0.t.}—mice were anesthetized and put on their right flank. One-mL
tuberculin syringes (Becton Dickinson) with hypodermic needles were used to inject
4 x 10° cells per mouse in 100 uL PBS containing 1.35 mg/mL of Matrigel (VWR,
Gdansk, Poland). The cells were injected percutaneously into the left lung at the
lateral dorsal axillary line 1.5 cm above the lower rib line just below the inferior
border of the scapula. The needle was quickly advanced 5-7 mm into the thorax and
quickly removed after the injection of the cell suspension and the mouse was put
back on the left flank. The treated animals were observed for 45-60 min until fully
recovered. Finally, the mice were divided into 24 groups at 16 mice per group (total
number of mice 384);

3. subcutaneous (s.c.)—4 x 10° LLC1 cells per mouse in 200 uL PBS were injected
directly into the lower back using the 1-mL tuberculin syringes (Becton Dickinson)
with 30-gauge hypodermic needles. Mice were then divided into 24 groups at 6 mice
per group (total number of mice 144).

4.5, Irradiation

Seven days after the injection of the LLC1 cell, the animals were exposed to fraction-
ated WBI with X-rays at the total dose of 0.1 or 1.0 Gy given in five daily fractions (0.02
or 0.2 Gy per fraction per day)—see Figure 4. All the irradiations were performed at the
Institute of Nuclear Chemistry and Technology, Warsaw, Poland, using the Xylon Interna-
tional Smart 200 X-ray generator (Xylon, San Jose, CA, USA) at 200 kV, 2 mA, 0.09 Gy /min
dose rate. During the irradiations, the animals were placed in a ventilated container and
positioned along the axis of the radiation beam. Control mice were sham-exposed (gen-
erator at the off-mode) in identical conditions. The absorbed doses were verified using
thermoluminescent dosimeters as described previously [67].

4.6. Application of the Blocking Molecules

Molecules against the CTLA-4 (anti-mouse CTLA-4 antibody-clone 9H10; Hoelzel,
Cologne, Germany) and PD-1 (anti-mouse PD-1 antibody-clone RMP1-14; Hoelzel) im-
mune checkpoint receptors and /or the HSP90 protein (NVP-AUY922; MedChemTronica,
Sollentuna, Sweden) were injected intraperitoneally (i.p.) thrice a week (on days 7, 9, and
11 after inoculation of LLC1 cells) during the period of time when the irradiations were
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performed (see Figure 4). The blocking molecules were dissolved in the 5% glucose solution
(Sigma-Aldrich) in PBS and administered at the following concentrations: 10 mg/kg body
mass of anti-mouse CTLA-4 or anti-mouse PD-1 antibodies and 15 mg/kg body mass of
NVP-AUY922. The molecules were administered in different configurations (see Figure 4).

4.7. Lung Tumor Colony Assay

Fourteen days after the iv, ot, or s.c. inoculation of LLC cells, mice were sacrificed,
their lungs were filled with the solution of India ink and formalin, and the number of visible
macroscopic tumor colonies per lung were counted using a magnifying glass [67]. Each
experimental group that was i.v. or o.t. injected with tumor cells consisted of ten mice, whereas
each experimental group that was s.c. injected with tumor cells consisted of three mice.

In addition, potential metastases were macroscopically assessed using a magnifying
glass in the spleens and livers which were collected from mice of the above groups.

4.8. Tissue Collection

Fourteen days after the i.v., o.t,, or s.c. inoculation of LLC1 cells, mice were sacrificed,
their lungs, spleens, livers, and subcutaneously growing tumors were removed, homoge-
nized, and suspended in culture medium. Cell suspensions of the lung, spleen, and liver
homogenates were divided in two parts. One part was used for clonogenic capacity assays,
whereas the second part as well as cell suspensions of the subcutaneously growing tumors
was used for flow cytometric analysis of the numbers of cells of the innate and adaptive
immunity associated with cancer progression. The cells assayed for the clonogenic capacity
assays were utilized immediately after collection, whereas those destined for analysis by
flow cytometry were frozen at —80 °C.

Serum samples were prepared from peripheral blood obtained by heart punctures
of the anaesthetized mice 14 days after the i.v, o.t, or s.c. inoculation of LLC1 cells.
The obtained serum samples were frozen at —80 °C

Each experimental group of mice that was i.v. or o.t. injected with tumor cells consisted
of six animals, whereas each experimental group of mice that was s.c. injected with tumor
cells consisted of three animals.

4.9. Clonogenic Capacity

The cell suspensions obtained from the lungs, spleens, and livers of mice i.v,, o.t., or
s.c. inoculated with LLC] cells were seeded on the 6-well culture plates (4 mL per well
for 2 wells). The plates were inspected daily, the CM being replaced every three days.
Fourteen to 21 days later, the medium was removed and the wells were rinsed with PBS.
The developed tumor cell colonies (clones) were fixed and stained with a mixture of 0.5%
crystal violet (Sigma-Aldrich) in 50/50 methanol {Avantor Performance Materials Poland,
Gliwice, Poland)/water for 30 min. On the following day, the clones were counted and
expressed as total number of neoplastic colonies per organ according to the formulas:

total no. of clones per lung = (no. of clones in well 1 + no. of clonesinwell 2) x 2 (1)

total no. of clones per spleen = (no. of clones in well 1 + no. of cdlones inwell 2) x 2 (2)

total no. of clones per liver = (no. of clones in well 1 + no. of clonesinwell2) x 3  (3)

After estimation of the total number of the clones per organ, the tumor clonogenic
capacity (CC) was calculated using the following equation:

CC = [{mean no. of clones per organ obtained from mice of the treated group)/ I
(mean no. of clones per organ obtained from mice of the untreated group)] x 100%

Each experimental group of mice which were i.v. or o.t. injected with tumor cells

consisted of six animals, whereas each experimental group of mice which were s.c. injected
with tumor cells consisted of three animals.
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4.10. Tumor Volume Assessment

Mice s.c. inoculated with LLC1 cells were identified by the ear tags (VIVARI, Warsaw,
Poland). The growing tumors were measured manually at regular intervals using the
electronic calipers and the tumor volumes were estimated using the formula:

tumor volume = 471/3 x w x h x | (5)

where width (w), height (h), and length (1) are the three largest diameters. Each experimen-
tal group consisted of six mice.

4.11. Flow Cytometric Analysis

To analyze the cells of the innate and adaptive immunity associated with cancer
progression such as TAMs, TILs, Tregs, Th17 lymphocytes, CTLs, and NK cells, defrosted
cells obtained from the lungs and subcutaneously growing tumors were assayed in the
FACS Calibur flow cytometer (Becton Dickinson, Warsaw, Poland) using the following
monoclonal antibodies: FITC Rat Anti-Mouse CD45, APC Rat Anti-CD11b, PE Rat Anti-
Mouse Ly-6G and Ly-6C, PerCP-Cy™5.5 Hamster Anti-Mouse CD3e, PerCP-Cy™35.5 Rat
Anti-Mouse CD8a, PE Hamster Anti-Mouse CD178, FITC Rat Anti-Mouse CD4%, Alexa
Fluor® 647 Rat Anti-Mouse CD335 (NKp46), and Mouse Th17/Treg Phenotyping Kit (all
from BD Pharmingen), BB515 Rat Anti-Mouse CD25 (BD Horizon).

After defrosting, the obtained serum samples, after defrosting, were assayed for the
levels of: 1L-2, IL-4, IL-6, IL-10, IL-17A, IFN-y, and TNF-a, using the Cytometric Bead
Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit (BD).

All determinations were performed in triplicates. The obtained data were analyzed
with the use of the CellQuest software (Becton-Dickinson) and FCAP Array software
(Becton-Dickinson).

4.12. ELISA Tests

After defrosting, the obtained serum samples, after defrosting, were assayed for the
levels of TGF- using the Mouse TGF Beta 1 ELISA Kit PicoKineTM (Boster Bio, Pleasanton,
CA, USA) with use of ELISA method employing the Epoch™ microplate spectrophotometer
(BioTek Instruments, Inc,, Winooski, VT, US) and the ELx50™ microplate strip washer
(BioTek Instruments). All determinations were performed in triplicates. The obtained data
were analyzed with the use of a reader software Gen5 2.0 (BioTek Instruments).

4.13. Statistical Analysis

Inter-group differences in the number of tumor colonies, tumor clonogenic capacities,
tumor volumes, percentages of immune cells, and serum levels of cytokines were analyzed
using the Mann ~Whitney U test for non-parametric trials with p < 0.05 regarded as significant.

5. Conclusions

In the present study, we aimed at determining whether blockade of the activity of
one or two immune checkpoints and /or HSP90 can modify the previously reported by
us and other authors of the anti-cancer effect of whole-body irradiations at low doses
of X-rays (WBIs). The obtained results demonstrate for the first time that such targeted
blockades used in conjunction with WBI, especially when the blockers of the CTLA-4
and PD-1 immune checkpoints were inactivated together, also potently inhibited the
growth of the Lewis lung cancer (LLC1) cells in vivo and their clonogenic potential in vitro.
Accordingly, such a combined treatment led to the relevant alterations in the numbers
of pro- and anti-neoplastic immune cells infiltrating the induced tumors as well as in
the production of anti- and pro-inflammatory cytokines likely involved in the tumor
progression. Notably, the observed anti-neoplastic effects of the combined treatments
were comparably expressed in mice i.v, o.t, or s.c. injected with LLC1 cells. However,
application of any one or any combination of the tested blockers without the parallel
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WBI was hardly effective, despite the accompanying shifts in the composition of immune
cells and secreted cytokines. Clearly, further studies are needed to elucidate the impact
of the tested therapeutic modalities on the neoplastic cells and other immunologically-
relevant elements of the tumor microenvironment. The results of such studies, along with
determination of the optimal dosage and schedule of the delivery of the tested modalities
will be crucial for designing an effective anti-cancer strategy based on the combination of
targeted treatments with low-dose radiotherapy.
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3390/ijms22126309/51.

Author Contributions: Conceptualization, EM.N., A.C.and A.W,; Data curation, EMN. and A.C;
Funding acquisition, A.W,; Investigation, EMN,, A.C, M.P. and L.C; Methodology, EM.N. and
A.C; Project administration, EM.N,, A.C.and AW, Software, EM.N. and A.C.; Supervision, AW,
Validation, EM.N., A.C. and AW, Visualization, EM.N. and, A.C.; Writing—original draft, EM.N.
and A.C.; Writing—review & editing, PS. and A.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the PolishMinistry of National Defence grant number
510/2017/DA. The APC was funded by the Military Institute of Hygiene and Epidemiology.

Institutional Review Board Statement: The investigations were carried out by permission of the
2nd Local Ethical Committee for Experimentation on Animals at the Warsaw University of Life
Sciences in Warsaw, Poland (permission No. WAW2/065/2018 of 27 April 2018). All the experiments
were performed in accordance with all the relevant guidelines and regulations. We also confirm that
we complied with the ARRIVE guidelines.

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the authors.

Acknowledgments: Special acknowledgments to Marek K. Janiak, who has made a significant con-
tribution to this publication through his active participation in the conceptual work on the research
design, supervision on the conducted research and valuable guidance, advice, and numerous im-
portant suggestions during preparation of the manuscript. We also acknowledge the participation
of Malgorzata Jedraszczak, Agata Janeczko and Agata Kwiatkowska in carrying out the experi-
ments. The contributions of Mateusz Pociegiel and Lukasz Cheda were realized within Praject No.
POWR.03.02.00-00-1009/17-00 (Operational Project Knowledge Education Development 2014-2020
co-financed by European Social Fund).

Conflicts of Interest: The authors declare no condlict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the dedision to publish the results,

References

I S

L)

Sung, H. Ferlay, |; Siegel, RL; Laversanne, M.; Soerjomataram, 1; Jemal, A; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 1-41. [CrossRef]
Simeone, ].C.; Nordstrom, B.L.; Patel, K.; Klein, A B. Treatment patterns and overall survival in metastatic non-small-cell lung
cancer in a real-world, US setting. Future Oncol. 2019, 15, 3491-3502. [CrossRef] [PubMed]

Williams, ].R.; Thwaites, D.1. (Eds.) Radiothenapy Physics in Practice, 2nd ed.; Oxford University Press: Oxford, UK, 2000; ISBN
0-19-262878-X.

Hatton, M.Q.; Martin, |.E. Continuous hyperfractionated accelerated radiotherapy (CHART) and non-conventionally fractionated
radiotherapy in the treatment of non-small cell lung cancer: A review and consideration of future directions. Clin. Oncol. 2010, 22,
356-364. [CrossRef] [PubMed]

Pijls-Johannesma, M.C.; De Ruysscher, D.; Lambin, P; Rutten, I.; Vansteenkiste, |.F. Early versus late chest radiotherapy for
limited stage small cell lung cancer. Cochrime Datilvise Syst. Rev. 2008, 1, CD004700. [CrossRef)

Islami, F; Torre, L.A; Jemal, A. Global trends of lung cancer mortality and smoking prevalence. Transl. Lung Cancer Res. 2015, 4,
327-338. [CrossRef]

UNSCEAR 1986 Report. Genetic and Somatic Effects of lonizing Radiation. Report lo the General Assembly, with Annexes; EB6.1X.;
United Nations Publ.: New York, NY, USA, 1986; p. 170.

101



Int. . Mol. Sci. 2021, 22, 6309 Dof24

10.

11

12,

13,

.

15.

16.

17.

18,

19.

g B B BB R 2 B B B

w
=

g nE 8 B

Janiak, M.K.; Wincenclak, M.; Cheda, A.; Nowoslelska, EM.; Calabrese, E.J. Cancer immunotherapy: How low-level lonizing
radiation can play a key role. Cancer Inumunol. Inmunother. 2017, 66, 819-832. [CrossRef]

Janiak, MK.; Pociggiel, M.; Welsh, |.S. Time to rejuvenate ultra-low dose whole-body radiotherapy of cancer. Crit. Rev,
Omcol. Hematol, 2021, 160, 103286, [CrossRef] [PubMed]

Yang, G.; Li, W.; Jiang, H.; Liang, X.; Zhao, Y.; Yu, D.; Zhou, L.; Wang, G.; Tian, H.; Han, F; et al. Low-dose radiation may be
a novel approach to enhance the effectiveness of cancer therapeutics. int. J. Cancer 2016, 39, 21572168, [CrossRef)

Cui, J; Yang, G.; Pan, Z.; Zhao, Y;; Liang, X.; Li, W,; Cai, L. Hormetic Response to Low-Dose Radiation: Focus on the Immune
System and Its Clinical Implications. Int. J. Mol. Sci. 2017, 18, 280, [CrossRef]

Villaruz, L.C.; Kalyan, A Zarour, H.; Socinski, M.A. Immunotherapy in lung cancer. Thansl. Lung Cancer Res. 2014, 3, 2-14.
[CrossRef]

Chen, YM. Immune checkpoint inhibitors for nonsmall cell lung cancer treatment. |, Chin. Med. Assoc. 2017, 80, 7-14. |CrossRef]
[PubMed]

Somasundaram, A.; Burns, TF. The next generation of immunotherapy: Keeping lung cancer in check. |. Hematol. Oncol. 2017, 10,
87, [CrossRef] [PubMed)

Chae, YK.; Arya, A.; lams, W; Cruz, MR,; Chandra, S.; Chol, ].; Giles, F. Current landscape and future of dual anti-CTLA4
and PD-1/PD-L1 blockade immunotherapy in cancer; lessons learned from clinical trials with melanoma and nonsmall cell lung
cancer (NSCLC). J. Inmunother. Cancer 2018, 6, 39. |CrossRef]

Rotte, A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer. |, Exp. Clin. Cancer Res. 2019, 38, 255, [CrossRef]
Puri, 5.; Shafique, M. Combination checkpoint inhibitors for treatment of non-small-cell lung cancer: An update on dual anti-
CTLA and anti-PD-1/PD-L1 therapies. Drugs Context 2020, 9. [CrossRef] [PubMed|

Yoneda, K.; Imanishi, N.; Ichiki, Y.; Tanaka, F. Immune Checkpoint Inhibitors (ICIs) in Non-Small Cell Lung Cancer (NSCLC).
J. UOEH 2018, 40, 173-189. [CrossRef]

Vansteenkiste, |.; Wauters, E.; Reymen, B.; Ackermann, C.].; Peters, S.; De Ruysscher, D. Current status of immune checkpoint
inhibition in carly-stage NSCLC. Amn. Oncol. 2019, 30, 12441253, [CrossRef]

Baksh, K.; Weber, ). Immune checkpoint protein inhibition for cancer: Preclinical justification for CTLA-4 and PD-1 blockade
and new combinations. Semin. Oncol. 2015, 42, 363-377. [CrossRef]

Twyman-Saint Victor, C.; Rech, A; Maity, A; Rengan, R; Pauken, K.E; Stelekati, E.; Benci, J.L; Xu, B; Dada, H.;
Odorizzi, PM,; etal. Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer.
Nature 2015, 520, 373-377, [CrossRef]

Allard, B.; Allard, D.; Stagg, |. Methods to Evaluate the Antitumor Activity of Immune Checkpoint Inhibitors in Preclinical
Studies. Methods Mol. Biol. 2016, 1458, 159-177. [CrossRef]

Herzberg, B.; Campo, M.J; Gainor, J.F. Immune Checkpoint Inhibitors in Non-Small Cell Lung Cancer. Oncologist 2017, 22, 81-88.
[CrossRef] [PubMed]

Khalil, DN,; Smith, E.L.; Brentjens, R ].; Wolochok, J.D. The future of cancer treatment: Immunomodulation, CARs and combina-
tion immunotherapy. Nat, Rew, Clin. Oncal, 2016, 13, 273-290. [CrossRef] [PubMed]

Wada, S; Harris, T).; Tryggestad, E.; Yoshimura, K.; Zeng, |.; Yen, H-R.; Getnet, D.; Grosso, |.F; Bruno, T.C; De Marzo, AM.; et al.
Combined Treatment Effects of Radiation and Immunotherapy: Studies in an Autochthonous Prostate Cancer Model. Int. |.
Radiat. Oncol. Biol. Phrys. 2013, 87, 769-776. |CrossRef] [PubMed]

Sharma, P; Allison, |.P. The future of immune checkpoint therapy. Science 2015, 348, 56-61. [CrossRef] [PubMed]

Melero, L; Berman, DM.; Aznar, M.A; Korman, A.).; Pérez Gracia, L).; Haanen, |. Evolving synergistic combinations of targeted
immunotherapies to combat cancer. Nat. Rev. Cancer 2015, 15, 457-472. [CrossRef]

Farkona, 5.; Diamandis, E.P; Blasutig, LM. Cancer immunotherapy: The beginning of the end of cancer? BMC Med. 2016, 14, 73.
[CrossRef]

Wang, Y.; Deng, W.; Li, N; Ner, S.; Sharma, A Jiang, W.; Lin, 5.H. Combining Immunotherapy and Radiotherapy for Cancer
Treatment: Current Challenges and Future Directions. Fromt, Pharmacol, 2018, 9, 185, [CrossRef]

Darragh, L.B.; Oweida, A J; Karam, S.D. Resistance to Combination Radiation-Immunotherapy: A Focus on Contributing
Pathways Within the Tumor Microenvironment. Front. Immiunol. 2019, 9, 3154, [CrossRef]

Trepel, J.; Mollapour, M.; Giaccone, G.; Neckers, L. Targeting the dynamic HSP%) complex in cancer. Nat. Rev. Cancer 2010, 10,
537-549, [CrossRef]

Miyata, Y.; Nakamoto, H.; Neckers, L. The therapeutic target Hsp90 and cancer hallmarks. Curr. Pharm. Des. 2013, 19, 347-365.
[CrossRef]

Yun, CW,; Kim, H.J.; Lim, ].H.; Lee, S.H. Heat Shock Proteins: Agents of Cancer Developmentand Therapeutic Targets in Anti-
Cancer Therapy. Cells 2020, 9, 60. [CrossRef]

Schopf, FH.; Biebl, MM.; Buchner, . The HSP90 chaperone machinery. Nat. Rev. Mal. Cell Biol. 2017, 18, 345-360. [CrossRef]
Fucarino, A.; Pitruzzella, A. Role of HSP80/HSP10 in Lung Cancer: Simple Biomarkers or Leading Actors? . Oncal. 2020, 2020,
4701868, [CrossRef]

Calderwood, S.K; Gong, |. Heat Shock Proteins Promote Cancer: It's a Protection Racket. Trends Biochem. Sci. 2016, 41, 311-323.
[CrossRef]

102



Int. J. Mol. Sci. 2021, 22, 6309 Vof24

=

&

t &5 5 B

g & ¥ 72 B 2 8

9

£z

61.

Saind, J.; Sharma, PX. Clinical, Prognostic and Therapeutic Significance of Heat Shock Proteins Iin Cancer. Curr. Drug Targets 2018,
19, 1478-1490. [CrossRef]

Eccles, SA; Massey, A.; Raynaud, F1; Sharp, S.Y; Box, G.; Valenti, M.; Patterson, L.; de Haven Brandon, A.; Gowan, S;
Boxall, F; et al. NVP-AUY922: A novel heat shock protein 90 inhibitor active against xenograft tumor growth, angiogenesis,
and metastasis. Cancer Res. 2008, 68, 2850-2860. [CrossRef] [PubMed)

Okui, T.; Shimo, T.; Hassan, N.M_; Fukazawa, T.; Kurio, N.; Takaoka, M.; Naomoto, Y.; Sasaki, A. Antitumor effect of novel HSPX)
inhibitor NVP-AUY922 against oral squamous cell carcinoma. Anticamcer Res. 2011, 31, 1197-1204, [PubMed]

Zagoun, F; Sergentanis, TN.; Chrysikos, D.; Papadimitriou, C.A.; Dimopoulos, M.A.; Psaltopoulou, T. Hsp%0 inhibitors in breast
cancer: A systematic review. Breast 2013, 22, 569-578. [CrossRef]

Rong, B.; Yang, S. Molecular mechanism and targeted therapy of Hsp% involved in lung cancer: New discoveries and develop-
ments (Review), Int. J. Oncol. 2018, 52, 321-336. [CrossRef] [PubMed]

Sofka, D.R.; Gogler-Piglowska, A Viydra, N.; Cortez, A); Filipezak, P.T; Krawezyk, Z.; Scieglinska, D. Functional redundancy
of HSPA1, HSPA2 and other HSPA proteins in non-small cell lung carcinoma (NSCLC); an implication for NSCLC treatment.
Sci. Rep. 2019, 9, 14394, [CrossRef] [PubMed]

Xu, F; Wel, Y; Tang, Z.; Liu, B; Dong, J. Tumor-associated macrophages in lung cancer: Friend or foe? Mal. Med. Rep. 2020, 22,
4107-4115. [CrossRef]

Marshall, EA; Ng, KW, Kung, SH.Y; Conway, EM.; Martinez, V.D.; Halvorsen, E.C.; Rowbotham, D.A; Vucic, EA.;
Plumb, AW, Becker-Santos, D.D.; et al. Emerging roles of T helper 17 and regulatory T cells in lung cancer progression
and metastasis. Mol. Cancer 2016, 15, 67. [CrossRef]

Bremnes, R.M.; Busund, L-T;; Kilvaer, T.L.; Andersen, S.; Richardsen, E; Paulsen, EE; Hald, S.; Khanchkenari, M.R.; Cooper, WA ;
Kao, 5.C; et al. The Role of Tumor-Infiltrating Lymphocytes in Development, Progression, and Prognosis of Non-Small Cell Lung
Cancer. |. Thorac. Oncol. 2016, 11, 789-800. [CrossRef] [PubMed)

Kellar, A; Egan, C; Morris, D. Preclinical Murine Models for Lung Cancer: Clinical Trial Applications. Biomed. Res. In. 2015,
2015, 621324, [CrossRef] [PubMed]

Storer, |.B.; Mitchell, TJ.; Fry, R]. Extrapolation of the relative risk of radiogenic neoplasms across mouse strains and to man.
Radiat Res. 1988, 114, 331-353. [CrossRef] [PubMed)

Ponnaiya, B.; Cornforth, M.N; Ullrich, R.1. Radiation-Induced Chromosomal Instability in BALB/c and C57BL/6 Mice: The Dif-
ference Is as Clear as Black and White. Radiat. Res. 1997, 147, 121125, [CrossRef] [PubMed]

Cheda, A.; Wrembel-Wargocka, | .; Listak, E.; Nowoslelska, EM.; Marcinlak, M.; Janlak, M.K. Single low doses of X rays inhibit
the development of experimental tumour metastases and trigger the activities of NK cells in mice. Radiat. Res. 2004, 161, 335-340.
[CrossRef] [PubMed]

Cheda, A.; Nowosielska, EM.; Wrembel-Wargocka, J.; Janiak, M K. Production of cytokines by peritoneal macrophages and spleno-
cytes after exposures of mice to low doses of X-rays. Radiat. Environ. Blopirys. 2008, 47, 275-283. [CrossRef] [PubMed]
Nowosielska, EM.; Wrembel-Wargocka, |.; Cheda, A Lisiak, E.; Janiak, M.K. Enhanced cytotoxic activity of macrophages
and suppressed tumour metastases in mice irradiated with low doses of X- rays. . Radist. Res, 2006, 47, 229-236. [CrossRef]
Nowosielska, EM.; Cheda, A.; Wrembel-Wargocka, |.; Janiak, M.K. Anti-neoplastic and immuno-stimulatory effects of low-dose
X-ray fractions in mice. Int. |. Radiat. Biol. 2011, §7, 202-212. [CrossRef]

Li, J.; Ni, L; Dong, C. Immune checkpoint receptors in cancer: Redundant by design? Curr. Opin. Immunol. 2017, 45, 37-42.
[CrossRef)

Zahavi, D.J.; Weiner, LM. Targeting Multiple Receptors to Increase Checkpoint Blockade Efficacy. Int. [. Mol. Sci. 2019, 20, 158.
[CrossRef)

Chatterjee, S.; Huang, E H.; Christie, [; Kurland, B.F; Burns, T.F. Acquired resistance to the Hsp%0 inhibitor, ganetespib, in KRAS-
mutant NSCLC is mediated via reactivation of the ERK-p90RSK-mTOR signaling network. Mol. Cancer Ther. 2017, 16, 793-804.
[CrossRef] [PubMed]

Chatterjee, S.; Bhattacharya, S.; Socinski, M.A.; Bums, T.F. HSP90 inhibitors in lung cancer: Promise still unfulfilled. Clin, Ade.
Hematol. Oncol. 2016, 14, 346-356. [PubMed]

Michot, | M.; Bigenwald, C.; Champiat, S.; Collins, M.; Carbonnel, E; Postel-Vinay, S.; Berdelou, A.; Varga, A; Bahleda, R;
Hollebeoque, A; et al. Immune-related adverse events with immune checkpoint blockade: A comprehensive review. Eur. J. Cancer
2016, 54, 139-148. [CrossRef]

Jaeger, AM.; Whitesell, L. HSP90: Enabler of cancer adaptation. Anni. Rev. Cancer Biol. 2019, 3, 275-297. [CrossRef]

Dudzinski, S.O.; Cameron, B.D.; Wang, ].; Rathmell, ].C; Giorgio, T.D.; Kirschner, AN. Combination immunotherapy and radio-
therapy causes an abscopal treatment response in a mouse model of castration resistant prostate cancer. |, Immmother. Cancer
2019, 7, 218, [CrossRef]

Zeng, |.; See, AP; Phallen, |.; Jackson, CM.; Belaaid, Z.; Ruzevick, J.; Durham, N Mever, C; Harris, TJ; Albesiano, E; et al.
Anti-PD-1 blockade and stereotactic radiation produce long-term survival in mice with intracranial gliomas. Int. |. Radiat. Oncol.
Biol. Phys. 2013, 86, 343-349, [CrossRef] [PubMed]

Demaria, S.; Kawashima, N.; Yang, AM.; Devitt, M.L; Babb, |.S;; Allison, | .P; Formenti, S.C. Immune-mediated inhibition of
metastases after treatment with local radiation and CTLA-4 blockade in a mouse model of breast cancer. Clin. Cancer Res. 2008,
11,728-734.

103



Int. | Mol. Sci, 2021, 22, 6309 24 of 24

8

Dewan, M.Z; Galloway, A.E.; Kawashima, N.; Dewyngaert, ] K; Babb, 1.5.; Formenti, 5.C.; Demaria, 5. Fractionated but not single-
dose radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody. Clin. Cancer Res.
2009, 15, 5379-5388. [CrossRef]

Liu, S$.Z; Jin, 5.Z.; Liu, X.DD; Sun, Y.M. Role of CD28/B7 costimulation and IL-12/IL-10 interaction in the radiation-induced
immune changes. BMC Imunol. 2001, 2, 8. [CrossRef] [PubMed)

Wang, B.; Li, B.; Dai, Z.; Ren, S.; Bai, M; Wang, Z; Li, Z; Lin, S.; Wang, Z; Huang, N.; et al. Low-dose splenic radiation inhibits
liver tumor development of rats through functional changes in CD4+CD25+Treg cells. Int, |. Biochem. Cell, Biol. 2014, 55, 98-108.
[CrossRef] [PubMed]

Kumari, A Simon, §5.; Moody, T.D.; Garnett-Benson, C. Immunomodulatory effects of radiation: What is next for cancer
therapy? Fidure Oncol. 2016, 12, 239-256. [CrossRef] [PubMed)

Justilien, V.; Fields, AP. Utility and Applications of Orthotopic Models of Human Non-Small Cell Lung Cancer (NSCLC) for
the Evaluation of Novel and Emerging Cancer Therapeutics. Curr. Protoc. Pharmacol. 2013, 62. [CrossRef]

Nowosielska, EM.; Cheda, A.; Wrembel-Wargocka, |.; Janiak, M.K. Effect of low doses of low-let radiation on the innate anti
anti-tumor reactions in radioresistant and radiosensitive mice. Dose Response 2012, 10, 500-515. |CrossRef]

104



Supplementary Materials for:
Effects of a Unique Combination of the Whole-Body Low Dose Radiotherapy With Inactivation of

Two Immune Checkpoints and/or a Heat Shock Protein on the Transplantable Lung Cancer in Mice

Ewa M. Nowosielska **, Aneta Cheda '/, Mateusz Pocdiegiel ?, Lukasz Cheda 3, Pawel Szymanski .4,
and Antoni Wiedlocha *5¢

Department of Radicbiology and Radiation Protection, Military Institute of Hygiene and Epidemiology, 4 Kozielska St., 01-
163 Warsaw, Poland; aneta chedagwibe pl (A.C ) pawel szymanskiewihe.pl (P.S);

National Centre for Nuclear Research Radioisotope Centre POLATOM, 7A. Soltana St., 05-400 Otwock, Poland:

mateusz. pociegieloncbi gov.pl

Faculty of Chemistry, Biological and Chemical Research Centre, University of Warsaw, 101 Zwirki | Wigury St (2-089
Warsaw, Poland; Icheda#chem. uw edu pi

Department of Pharmaceutical Chemistry, Drug Analyses and Radiopharmacy, Faculty of Pharmacy, Medical University of
Lodz, 1 Muszyriskiego St., 90-151 Lodz, Poland

Department of Molecular Cell Beology, Institute for Cancer Research, The Norwegian Radium Hospital, Oslo University
Hospital, Montebello, 0379 Oslo, Narway; Antoni, wiedlocha®ous-rescarch.no

Centre for Cancer Reprograming, Institute of Clinical Medicine, Faculty of Medicine, University of Oslo, Mantebello, 0079
Osdo, Norway

* These authors contributed equally to this work

Correspondence: ewa.nowosielska®wihe pl; Tel.: +48 261853066

Table S1. Serum level of TGF- in C57BL/6 mice after i. v., o.t, or s.c. injection of LLC1 and treatment with
blockers of the immune checkpoints and/or HSP90 combined with WBI at total doses of 0.1 or 1.0 Gy.

Method of injection Groups TGF- § [pg/ml]

of LLCI cells 0 Gy 0.1 Gy 1.0 Gy

PBS 1825 63.2° 745

anti-CTLA-4 177.5 92.3* 89.8*

anti-PD-1 178.6 90.3" 88.8"
i, NVP-AUY922 182.6 124.8™ 100.2*
anti-CTLA-4 + NVP-AUY922 170.6 112.0" 103.7"

anti-PD-1 + NVP-AUY922 178.2 96.9" 92.3"

anti-CTLA-4 + anti-PD-1 171.2 574" 50.3"
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 172.6 118.8* 114.6"

PBS 1731 46,8 57.00

anti-CTLA-4 164.2 77.1" 74.2"

anti-PD-1 158.6 75.1* 71.9*

ot NVP-AUY922 156.8 109.1* 84.6"
' anti-CTLA-4 + NVP-AUY922 154.3 91.4" 87.3"
anti-PD-1 + NVP-AUY922 164.8 78.0" 77.1"

anti-CTLA-4 + anti-PD-1 162.0 39.6" 33.3"

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 175.9 103.1* 99.0

PBS 159.7 378 57.0r

anti-CTLA-4 155.8 68.3" 742"

anti-PD-1 150.0 66.9" 71.9"

3 NVP-AUY922 148.6 100.4* 84.6"
anti-CTLA-4 + NVP-AUY922 145.8 821" 87.3"

anti-PD-1 + NVP-AUY922 156.1 69.8" 771"

anti-CTLA-4 + anti-PD-1 1435 52.0" 33.3"

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 146.7 .7 99.0"

Mean values obtained from experiments conducted on six (Lv. or o.t. injection of tumour cells) or three
(s.c. injection of tumour cells) mice per group are presented. All abbreviations are explained in ‘Materials
and Methods.” *indicates statistically significant (p<0.05) difference from the results obtained in the sham-
exposed mice injected with PBS; “indicates statistically significant (p<0.05) difference from the results
obtained in the sham-exposed mice injected with the same molecule or combination of the molecules.
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Table S2. Serum levels of IL-10 in C57BL/6 mice after iv, ot or s.c. injection of LLCI and treatment
with blockers of the immune checkpoints and/or HSP90 combined with WBI at total doses of 0.1 and 1.0

Gy.
Method of injection = IL-10 [pg/ml]
of LLC1 cells ps 0 Gy 0.1 Gy 1.0Gy
PBS 1637 783 7.50°
anti-CTLA-4 1411 9.82° 914"
anti-PD-1 1383 10.16* 9.48"
- NVP-AUY922 13.65 11.55" 10.86"
anti-CTLA-4 + NVP-AUY922 1341 914~ 9.14~
anti-PD-1 + NVP-AUY922 1499 1051 10.86™
anti-CTLA-4 + anti-PD-1 1417 737 7.16"
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 16.50 8.14" 9.48"
PBS 8.34 461" 428
anti-CTLA-4 7.65 527 5.93
anti-PD-1 7.65 527 493"
i NVP-AUY922 7.30 527+ 5.60"
: anti-CTLA-4 + NVP-AUY922 6.95 473" 4.60"
anti-PD-1 + NVP-AUY922 7.61 593" 416"
anti-CTLA-4 + anti-PD-1 7.27 3.62¢ 3.29%
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 6.89 593~ 3,95
PBS 5.93 329 2.9
anti-CTLA-4 5.83 473" 387
anti-PD-1 5.43 428" 373~
e NVP-AUY922 593 4.61% 353
anti-CTLA-4 + NVP-AUY922 5.60 416" 381"
anti-PD-1 + NVP-AUY922 5.74 395+ 320"
anti-CTLA-4 + anti-PD-1 527 290" 233~
anti-CTLA + anti-PD-1 + NVP-AUY922 5.57 387~ 353~

Mean values obtained from experiments conducted on six (i.v. or o.t. injection of tumour cells) or three
(s.c. injection of tumour cells) mice per group are presented. All abbreviations are explained in ‘Materials
and Methods." *indicates statistically significant (p<0.05) difference from the results obtained in the
sham-exposed mice injected with PBS; “indicates statistically significant (p<0.05) difference from the
results obtained in the sham-exposed mice injected with the same molecule or combination of the
molecules,
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Table §3. Serum levels of TNF-a in C57BL/6 mice after i.v., o.t, or s.c. injection of LLC1 and treatment
with blockers of the immune checkpoints and/or HSPI0 combined with WBI at total doses of 0.1 and 1.0

Gy.
Method of injection P~ TNF-a [pg/ml]
of LLCI cells ps 0 Gy 0.1 Gy 1.0 Gy
PBS 1144 1337 1331°
anti-CTLA-4 11.44 12.68" 1267
anti-PD-1 1086 1267 1223
” NVP-AUY922 1124 1245 12.04"
. anti-CTLA-4 + NVP-AUY922 11.05 12.68" 11.84°
anti-PD-1 + NVP-AUY922 11.05 11.64° 12.68"
anti-CTLA-4 + anti-PD-1 1086 13.61" 1375+
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 1124 12.88" 13.31°
PBS 1385 3848 3776
anti-CTLA-4 1586 35.46" 28,07
anti-PD-1 14.09 19.85" 1697~
% NVP-AUY922 15.13 19.28* 17.83"
anti-CTLA-4 + NVP-AUY922 1561 29.06" 17.83"
anti-PD-1 + NVP-AUY922 1513 23.46" 16.60°
anti-CTLA-4 + anti-PD-1 15.86 59,67 57.62°
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 14.09 25.85" 35.46™
PBS 8.05 1013 1029
anti-CTLA-4 8.29 9.93 10.11%
anti-PD-1 8.11 9.75" 9.94"
e NVP-AUY922 8.05 9.27 9.75"
: anti-CTLA-4 + NVP-AUY922 8.05 9.18" 9.39"
anti-PD-1 + NVP-AUY922 7.94 8.64" 871"
anti-CTLA-4 + anti-PD-1 8.54 10.53" 10.67*
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 8.37 9.57 9.05"

Mean values obtained from experiments conducted on six (i.v. or o.t. injection of tumour cells) or three
(s.c. injection of tumour cells) mice per group are presented. All abbreviations are explained in "Materials
and Methods.” “indicates statistically significant (p<0.05) difference from the results obtained in the
sham-exposed mice injected with PBS; “indicates statistically significant (p<0.05) difference from the
results obtained in the sham-exposed mice injected with the same molecule or combination of the
molecules.
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Table S4. Serum levels of IFN-y in C57BL/6 mice after i.v,, o, or s.c. injection of LLCI and treatment
with blockers of the immune checkpoints and/or HSPI0 combined with WBI at total doses of 0.1 and 1.0

Gy.
Method of injection P~ IFN - y [pg/ml]
of LLCI cells ps 0 Gy 0.1 Gy 1.0 Gy
PBS 1.83 5.95' 5.55'
anti-CTLA-4 1.83 3.85" 252"
anti-PD-1 177 2.58" 301"
” NVP-AUY922 1.72 293" 239"
. anti-CTLA-4 + NVP-AUY922 1.72 245" 2,66
anti-PD-1 + NVP-AUY922 171 213" 214"
anti-CTLA-4 + anti-PD-1 1.60 5.26" 537
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 1.60 321" 2.90"
PBS 0.79 172 1.72
anti-CTLA-4 0.89 147" 139"
anti-PD-1 0.84 1.28" 135"
% NVP-AUY922 0.84 123" 135"
anti-CTLA-4 + NVP-AUY922 0.89 1.71* 133"
anti-PD-1 + NVP-AUY922 0.89 1.60 1.28"
anti-CTLA-4 + anti-PD-1 0.89 1.83" 177+
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 0.85 1.55 1.24"
PBS 0.61 1.08° 1.05°
anti-CTLA-4 075 1.03" 0.96"
anti-PD-1 0.70 0.89 0.90"
e NVP-AUY922 0.66 0.93" 0.90"
: anti-CTLA-4 + NVP-AUY922 0.74 0.93 0.93
anti-PD-1 + NVP-AUY922 0.70 0.89" 0.93"
anti-CTLA-4 + anti-PD-1 0.79 1.23 123"
anti-CTLA-4 + anti-PD-1 + NVP-AUY922 0.84 0.85 0.89

Mean values obtained from experiments conducted on six (i.v. or o.t. injection of tumour cells) or three
(s.c. injection of tumour cells) mice per group are presented. All abbreviations are explained in ‘Materials
and Methods.” “indicates statistically significant (p<0.05) difference from the results obtained in the
sham-exposed mice injected with PBS; “indicates statistically significant (p<0.05) difference from the
results obtained in the sham-exposed mice injected with the same molecule or combination of the
molecules.
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Table S5. Serum levels of IL-6 in C57BL/6 mice after i.v,, o.t,, or s.c. injection of LLC1 and treatment with
blockers of the immune checkpoints and/or HSPI0 combined with WBI at total doses of 0.1 and 1.0 Gy.

Method of injection i IL-6 [pg/ml]

of LLC1 cells " 0 Gy 0.1 Gy 1.0 Gy

PBS 8.94 8.79 911

anti-CTLA-4 8.93 8.79 9.1

anti-PD-1 8.57 8.79 9.08

o NVP-AUY922 8.39 8.61 9.08

o anti-CTLA-4 + NVP-AUY922 8.37 8.55 8.94

anti-PD-1 + NVP-AUY922 8.18 8.44 8.62

anti-CTLA-4 + anti-PD-1 8.64 8.27 8.62

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 8.37 827 8.12

PBS 431 4.67 4.57

anti-CTLA-4 443 437 463

anti-PD-1 4.56 424 443

- NVP-AUY922 4.81 463 481

anti-CTLA-4 + NVP-AUY922 431 471 457

anti-PD-1 + NVP-AUY922 4.35 4.81 4.81

anti-CTLA-4 + anti-PD-1 4.49 4.95 4.63

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 5.57 435 429

PBS 0.65 0.59 0.42

anti-CTLA-4 0.56 0.61 0.53

anti-PD-1 0.47 0.52 0.43

NVP-AUY922 0.56 0.50 0.33

e anti-CTLA-4 + NVP-AUY922 0.62 057 0.44

anti-PD-1 + NVP-AUY922 052 0.50 0.54

anti-CTLA-4 + anti-PD-1 059 0.54 0.36

anti-CTLA-4 + anti-PD-1 + NVP-AUY922 0.52 0.42 0.46

Mean values obtained from experiments conducted on six (i.v. or o.t. injection of tumour cells) or three
{s.c. injection of tumour cells) mice per group are presented, All abbreviations are explained in ‘Materials
and Methods." *indicates statistically significant (p<0.05) difference from the results obtained in the
sham-exposed mice injected with PBS; “indicates statistically significant (p<0.05) difference from the
results obtained in the sham-exposed mice injected with the same molecule or combination of the

molecules.
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Abstract: Background/Objectives: Low-dose jonizing radiation (LDIR) is commonly used in medical
diagnoses and certain professions, but its long-term effects on noncancer diseases, particularly
cardiovascular disease (CVD), remain uncertain. While LDIR has recognized diagnostic benefits, its
influence on CVD mortality and disease progression is still debated, with some suggesting that low
doses may even have beneficial effects, as per the hormesis theory. Methods: This meta-analysis
aimed to evaluate the impact of LDIR on cardiovascular health outcomes. The study followed
a systematic approach, using the PRISMA guidelines to select and analyze relevant studies from
databases such as PubMed, Scopus, Web of Saence, and Embase. Out of 167 identified studies, 8 were
chosen for analysis, including 6 cohort studies and 2 experimental studies. Results: The findings
indicated a significant link between LDIR exposure and increased CVD mortality and progression,
though some studies also noted potential benefits of LDIR in certain conditions, aligning with the
hormesis theory. Conclusions: These mixed results raise questions about the specific conditions
under which LDIR might be beneficial or harmful. Overall, the study emphasizes the need for strict
radiation control measures and health monitoring for individuals regularly exposed to LDIR, both in
clinical and occupational settings.

Keywords: low-dose fonizing radiation; cardiovascular disease; mortality; disease progression;
hormesis; meta-analysis

1. Introduction

LDIR is an essential component of current medical practices especially in diagnostic
techniques that include X-rays, CT scans, and nuclear medicine [1,2). Moreover, LDIR is
also reported in some workplaces such as nuclear power plants, radiology departments,
and uranium mining [3]. It is established that LDIR is useful in the diagnosis of diseases
and treatment of patients, but the detrimental effects that exposure to it has on the human
body in the long run are a cause for concern, especially in relation to the effects that it has
on non-cancer diseases such as CVD [4]. This concern is further supported by the fact that
cardiovascular diseases are the number one killer all over the world, hence the need to
establish all possible risk factors for the diseases including LDIR [5]. The use of LDIR has
been given a new perspective with the introduction of radiation hormesis [3]. Hormesis
theory is an assumption that low concentrations of a toxic agent, for instance, ionizing
radiation, can stimulate favorable responses in biological systems [6]. As per this theory,
LDIR probably has the ability to induce protective effects that prevent the growth of diseases
such as CVD [1]. Nevertheless, there is still no conclusive research to support this theory,

hetps: / /www.mdpl.com/joumal / jem
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and the evidence is rather scattered [7]. The results of some investigations actually point
to possible benefits of LDIR, while other investigations point to increased cardiovascular
risks. These mixed findings have indicated the need for a systematic review and synthesis
of the existing literature to understand these effects more comprehensively [5].

Moreover, knowing the impact of LDIR on cardiovascular health will help to design
protective measures and to establish the standards for populations that are exposed to low
doses of radiation. Such populations are not only the healthcare workers and patients who
frequently require diagnostic imaging, but also workers who are occupationally exposed
to radiation. Since LDIR is used by large populations and can have an impact on public
health, it is necessary to determine the long-term cardiovascular effects and advantages of
this method [5].

New developments in epidemiological and biological science have shed more light on
how LDIR may affect cardiovascular health. Research has been conducted to review the
effects of LDIR on heart disease progression and mortality and to investigate the mediators,
including inflammation, oxidative stress, and endothelial function. However, due to
differences in study methodology, the characteristics of the population under study, and the
radiation exposure levels, the conclusions differ. This systematic review and meta-analysis
will therefore sum up the existing data on the adverse effects and possible cardioprotective
benefits of LDIR. In this way, we try to offer a more conclusive view that would be useful
for clinical practice, occupational health strategies, and further studies.

Research Questions

What is the impact of LDIR on CVD mortality in the general population?

How does LDIR influence the progression of heart disease in patients exposed to low
doses of ionizing radiation?

What insights can be drawn from hormesis theory regarding the potential beneficial
or harmful effects of LDIR on cardiovascular health?

2. Methodology
2.1. Search Strategy

The results of this systematic review and meta-analysis were prepared following
the guidelines of PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses). The databases used in the literature search were PubMed, Scopus, Web of
Science, and Embase.

To find the studies, the following keywords and MeSH terms were used in the search
strategy: low-dose ionizing radiation, cardiovascular disease, mortality, heart disease
progression, radiation exposure, and hormesis. Boolean connectors AND and OR were
used to link the keywords and filter the results.

2.2. Inclusion Criteria

Studies were included based on the following criteria: (i) exposure to low-dose ion-
izing radiation (0.1-0.2 Gy per fraction and cumulative totals ranging from 1 to 4 Gy),
(i) cardiovascular disease mortality or progression, (iii) cohort studies, case-control studies,
or experimental studies, (iv) publication in peer-reviewed journals, and (v) sufficient data
for extraction and analysis.

2.3, Exclusion Criteria

Studies were excluded based on the following criteria: (i) review articles, editorials, or
opinion pieces, (ii) studies involving high-dose ionizing radiation exposure, (iii) studies
with insufficient data for extraction, (iv) non-English-language studies, and (v) studies not
focused on cardiovascular outcomes.
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2.4. Article Screening and Selection

Subsequently, the articles were filtered according to their titles and abstracts after
the completion of the research process and the elimination of duplicate articles. Two
independent reviewers then determined the relevance of each article, and the differences
were discussed and /or resolved with the help of a third reviewer if necessary. The titles and
abstracts of the identified papers were then reviewed, and articles that met the inclusion
and exclusion criteria were obtained in full text.

2.5. Data Extraction

Information from the included studies was extracted using a data extraction form. The
following information was collected from each study: study name, authors, publication
year, type of study, aim and objective, number of participants, LDIR dose, impact on
mortality rate, impact on the progression of cardiac diseases, and outcomes. The extracted
data were also double-checked by two independent reviewers to enhance the accuracy and
completeness of the data.

2.6. Quality Assessment

The risk of bias of included studies was evaluated by using the Cochrane Risk of
Bias tool. This tool evaluates the risk of bias across several domains: the potential sources
of bias are selection bias (randomization and allocation concealment), performance bias
(participant and personnel blinding), detection bias (outcome assessor blinding), attrition
bias (incomplete outcome data), reporting bias (selective reporting), and other bias. Each
domain was considered as low risk of bias, high risk of bias, or unclear. The quality
assessment was performed by two authors of the review independently, and any difference
in their scoring was resolved by discussion or by referring to a third author.

2.7. Data Synthesis

The meta-analysis of the data was performed using Comprehensive Meta-Analysis
(CMA) software version 3. The main end points were the impact of LDIR on cardiovascular
disease mortality and change. The meta-analysis was conducted to obtain pooled estimates
because of the variability observed in the studies. Cohesion was evaluated using the I?
statistic; the values of I? = 25%, 50%, and 75% were considered low, moderate, and high,
respectively. The results were checked to ensure that they are not sensitive to the choice of
functional form.

3. Results

The comprehensive search across different databases yielded 167 studies after the
removal of duplicates and by applying the inclusion and exclusion criteria; in total, 8 papers
were included in the analysis, of which 6 were cohort studies and 2 were experimental
studies, Figure 1 represents the PRISMA flow diagram of the selection process of included
studies. The cohort studies assessed the impact of LDIR exposure on CVD mortality and dis-
ease progression in nuclear industries and uranium mining populations; the experimental
studies examined the biological effects of LDIR on atherosclerosis in animal models.

Table 1 represents the detailed characteristics of the included studies. The quality as-
sessment of included studies showed the potential performance bias among them. Figure 2
represents the traffic light plot of the quality assessment of the included studies,
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Records removed before screening:
Records identdied from: Duplicate records removed (n = 68)
Databases (n =167) — Records marked as ineligible by automation tools (n =0)
Registers (n =0) Records removed for other reasons (n = 0)

(==)

e P )

Reports assessed for eligiility Reports excluded:
[ (0-15)” ]—’[ Not primarily focusing on LDIR (n = 4) J
Empirical data not available (n =3)

Studies included in review
(n=08)

Figure 1. PRISMA flow diagram of included studies.
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Figure 2. Traffic light plot of quality assessment of included studies [9-16].

Howe et al. (2004) observed a positive trend though nonsignificant for leukemia
and all solid cancers. It was, however, found to be significantly related to arteriosclerotic
heart disease that includes congenital heart disease (CHD) with an ERR of 8. 78 (95%
CI12.10, 20.0) [9]. Ivanov et al. (2006) found that dose risks were significantly increased
for ischemic heart disease (ERR Gy ! = 0.41), essential hypertension (ERR Gy ' = 0.36),
and cerebrovascular discases (ERR Gy ™! = 0.45). They reported that the highest risk
was associated with workers who received more than 150 mGy in less than 6 weeks [10].
Kreuzer etal. (2006) did not observe any increase in mortality from circulatory diseases with
cumulative exposure to radon, gamma radiation, or radionuclides [11]. In another study
conducted by Kreuzer et al. (2015), the mortality from CVD in German uranium miners
who were exposed to low doses of ionizing radiation was compared. Cardiovascular
diseases were reported to be more frequent in exposed workers and indicated severe
advancement in disease [12]. Little et al. (2009) suggested the spatial reaction-diffusion
model for atherosclerosis that explained the biological mechanism of the impact of chronic,
fractionated low-dose ionizing radiation exposure on CVD. The model proposed that the
following effects might be observed in chronic low dose ionizing radiation: the mean
chemo-attractant (MCP-1) concentration would rise, thus raising the risk of cardiovascular
diseases [13].

Yan et al. (2014) described the study of the long-term cardiovascular consequences of
whole-body proton and iron ion irradiation in mice. The study established differences in
cardiovascular impacts based on the type of radiation; while proton radiation enhanced
cardiac function in mice, iron ion radiation negatively impacted it [14]. Zielinski et al.
(2009) observed a positive dose-response trend for CVD mortality, with ERR per Siev-
ert being 1.22 for men (90% CI: 047, 2.10) and 7.37 for women (90% CI: 0.95 percent,
18.1 percent). The excess absolute risk (EAR) for total radiation-induced solid cancer per
Sievert per 10,000 person-years was 37.5 (9%0% CI; the whole cohort mean score was 17.0
(SD =60.1)) [15]. Qu et al. (2024) studied the possible atherosclerosis-related mechanisms
of LDIR and identified that LDIR activated neutrophils and suppressed the generation
of neutrophil extracellular traps (NETs), thus suppressing atherosclerosis. This was most
apparent in the high-fat diet group [16]

3.1. Mortality Rate in LDIR Exposed Group

The meta-analysis of enhanced mortality rate in the low-dose ionizing radiation
(LDIR)-exposed group includes five studies, as illustrated in Figure 3. Howe et al, (2004) [9]
reported an event rate of 0.272 with a 95% confidence interval (CI) of 0.268 to 0.275,
showing a statistically significant increase in mortality (Z = —101.713, p < 0.001). Ivanov
et al. (2006) [10] found an event rate of 0.100 (95% CI: 0.098 to 0.102), also significant
(Z = ~162.825, p < 0.001). Kreuzer et al. (2006) [11] indicated an event rate of 0.157 (95%
CIL: 0.154 to 0.160), with a highly significant result (Z = —148.584, p < 0.001). Kreuzer
et al. (2015) [12] observed a higher event rate of 0.490 (95% CI: 0.486 to 0.494), indicating a
substantial increase in mortality (Z = ~4.851, p < 0.001). Zielinski et al. (2009) [15] found an
event rate of 0.191 (95% CI: 0.085 to 0.376), with a significant increase (Z = —3.018, p = 0.003).
The overall analysis suggests a consistent and statistically significant increase in mortality
among LDIR-exposed individuals.
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Meta-Analysis of Enhanced Mortality Rate in LDIR-Exposed Group
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Figure 3. Forest plot, illustrating the mortality rate in the LDIR-exposed group [%-12,15].

3.2. Cardiac Disease Progression Rate in LDIR-Exposed Group

The meta-analysis results for the progression rate of cardiac disease in the LDIR-
exposed group are presented in Figure 4. Howe et al. (2004) [9] reported an event rate of
0.286 (95% CI: 0.282 to 0.290), showing significant progression (Z = —95.708, p < 0.001).
Ivanov et al. (2006) [10] found an event rate of 0.215 (95% CI: 0.211 to 0.218), with a
statistically significant result (Z = —131.524, p < 0.001). Kreuzer et al. (2006) [11] observed an
event rate of 0.258 (95% CI: 0.255 to 0.262), indicating significant progression (Z = —112.076,
p < 0.001). Kreuzer et al. (2015) [12] noted an event rate of 0.168 (95% CI: 0.165 to 0.171),
with significant findings (Z = —145.306, p < 0.001). Zielinski et al. (2009) [15] reported an
event rate of 0.268 (95% CL: 0.266 to 0.269), with a significant progression rate (Z = —258.674,
p < 0.001). The pooled analysis indicates a robust and statistically significant association
between LDIR exposure and increased cardiac disease progression.

Meta-Analysis of Cardiac Disease Progression Rate in LDIR-Exposed Group
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Figure 4. Forest plot of cardiac disease progression rate in LDIR-exposed group [9-12,15].

3.3. Types of Cardiac Disease Progression in LDIR-Exposed Group
The types of cardiac diseases prevalent in the LDIR-exposed group are summarized in
Figure 5. Howe et al. (2004) [9] identified arteriosclerotic heart disease with an event rate of
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0.174 (95% CI: 0.171 to 0.178), showing significant findings (Z = —136.681, p < 0.001). Ivanov
et al. (2006) [10] reported ischemic heart disease and cerebrovascular discases with an event
rate of 0.215 (95% CI: 0.211 to 0.218), also significant (Z = —131.524, p < 0.001). Kreuzer et al.
(2006) [11] observed general cardiovascular diseases with an event rate of 0.191 (95% CI:
0.188 to 0.194), significantly elevated (Z = —137.942, p < 0,001). Kreuzer et al. (2015) [12]
found atherosclerosis with an event rate of 0.168 (95% CI: 0.165 to 0.171), also significant
(Z = —145.306, p < 0.001). Zielinski et al. (2009) [15] reported atherosclerosis with an event
rate of 0.268 (95% CI: 0.266 to 0.269), showing significant results (Z = —258.674, p < 0,001).
The comprehensive analysis indicates that LDIR exposure is associated with various types
of cardiac diseases, particularly atherosclerosis and ischemic heart disease.

Meta-Analysis of Types pf Cardiac Disease Progression Rate in LDIR-Exposed Group
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Figure 5. Forest plot depicting the types of candiac disease progression in the LDIR-exposed group [9-12,15].

3.4. Comparison of Mortality Between LDIR-Exposed Group and Control Group

The mortality rates between the LDIR-exposed group and the control group, highlight-
ing studies that reported positive outcomes of LDIR exposure, are compared in Figure 6.
Yan et al. (2014) [14] found an odds ratio of 2.434 (95% CI: 0.111 to 53.509), suggesting a
reduced mortality rate in the LDIR group, although not statistically significant (Z = 0.564,
p = 0.573). Qu et al, (2024) [16] reported an odds ratio of 2.667 (95% CI: .184 to 38.558), indi-
cating a reduction in mortality, but, again, not statistically significant (Z = 0.720, p = 0.472).
The combined odds ratio was 2.564 (95% CI: 0.340 to 19.350), with a Z-value of 0.913 and
a p-value of 0.361. These findings suggest a trend towards reduced mortality in LDIR-
exposed groups, but with wide confidence intervals and nonsignificant results,

Meta-Analysis of Positve Outcome of LDIR-Exposed group on Mortality Rate as Compared to Control Group
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Figure 6. Forest plot comparing mortality between LDIR-exposed group and control group [14,16],
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3.5. Compuarison of Cardiac Disease Progression Between LDIR-Exposed Group and Control Group

A forest plot comparing cardiac disease progression between the LDIR-exposed group
and the control group is presented in Figure 7. Yan et al. (2014) [16] found an odds ratio of
7.098 (95% CIL: 0.427 to 118.009), indicating a slower progression rate in the LDIR group,
although not statistically significant (Z = 1.366, p = 0.172). Qu et al. (2024) [16] reported
an odds ratio of 2.667 (95% CI: 0.184 to 38.558), suggesting reduced progression, but also
not statistically significant (Z = 0.720, p = 0.472). The combined odds ratio was 4.243 (95%
CI: 0,612 to 29.423), with a Z-value of 1.463 and a p-value of 0,143, These results indicate a
potential trend towards slower cardiac disease progression in the LDIR-exposed groups,
but the findings are not statistically significant and have wide confidence intervals.

Meta-Analysis of Positve Quitcome of LDIR-Exposed group on Slow Cardiac Disesse Progress ion Rate as Compared to Control Group
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Figure 7. Forest plot comparing cardiac disease progression between LDIR-exposed group and
control group [14,16].

In summary, the meta-analysis confirms the increased mortality and further progres-
sion of cardiac diseases in patients exposed to LDIR. The studies suggesting a positive
impact of low-dose fonizing radiation (LDIR) on reducing mortality and slowing disease
progression represent observational trends only and lack statistical significance. These
observed effects may be attributable to various uncontrolled risk factors to which the study
population may have been exposed and which were not accounted for in the published anal-
yses. These findings, therefore, speak to the multifaceted effects of LDIR on cardiovascular
health, and this study’s conclusions call for more research to elucidate these effects.

4. Discussion

The findings of the present meta-analysis offer a systematic assessment of the effects
of low-dose ionizing radiation (LDIR) on cardiovascular outcomes based on the analysis of
eight heterogeneous studies. The areas of concern were overall mortality, the evolution of
cardiac diseases, and the forms of cardiovascular diseases that are characteristic for groups
exposed to LDIR, The findings reinforce the multifaceted and context-dependent nature of
LDIR’s influence on cardiovascular outcomes.

4.1. Enhanced Mortality Rate in LDIR-Exposed Groups

The meta-analysis of the mortality rates in five identified studies showed a rise in
mortality among LDIR-exposed people. Kreuzer et al. (2015) [12] and Howe et al. (2004) [9]
described especially high event rates based on which LDIR exposure in occupational
settings such as nuclear power industries and uranium mining may increase mortality risks.
These results are in concordance with prior studies which have shown that any amount of
ionizing radiation is dangerous for human health in the long run.
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However, when comparing the mortality in LDIR-exposed groups with control groups,
as observed by Yan et al. (2014) [14] and Qu et al. (2024) [16], there was an indication of
decreased mortality in the LDIR groups. Despite the fact that these results were not statisti-
cally significant, the findings suggest that there may be a hormetic dose-response curve
where exposure to low levels of radiation may stimulate protective biological responses
and decrease mortality rates, This difference therefore calls for further research in order to
establish under what circumstances LDIR is useful and when it is detrimental.

4.2. Cardiac Disease Progression

The rates of advancement of cardiac disease were also analyzed, and the results
suggested that LDIR could significantly enhance the advancement of the diseases. Ivanov
et al. (2006) [10] and Kreuzer et al. (2006, 2015) [11,12] observed further worsening of
the cardiac ailments including ischemic heart disease and general cardiovascular diseases.
These findings are in accordance with other studies that indicate that radiation could
worsen the existing cardiovascular diseases due to increased oxidative stress, inflammation,
and endothelial dysfunction.

Notably, when the comparison of the development of cardiac disease between LDIR-
exposed groups and control groups was made, the results suggested a possible decrease in
disease progression rates in the LDIR groups, as indicated in Yan et al. (2014) and Qu et al.
(2024) [14,16). These findings were not statistically significant; however, they indicate that
LDIR could have a dual effect on cardiovascular health depending on the circumstances.

4.3. Types of Cardiac Diseases

The examination of certain diseases which are characteristic of the LDIR-exposed
groups showed certain relations with arteriosclerotic heart disease, ischemic heart disease,
and atherosclerosis. Howe et al. (2004) [9), Ivanov et al. (2006) [10], and Zielinski et al.
(2009) [15] discussed all these relations and the fact that LDIR has diverse effects on the
cardiovascular system. Thus, the mechanistic knowledge from Little et al. (2009) [13] and
the experimental data by Qu et al. (2024) [16] extend the hypothesis that LDIR might affect
the course of some CVDs through biological mechanisms related to inflammation and
immune regulation.

4.4. Implications for Public Health and Future Research

Based on the results of this meta-analysis, there are several implications for public
health especially for those who are exposed to LDIR in workplaces and clinics. The results
of increased mortality and progression of heart disease among the population exposed to
LDIR suggest the possibility of more rigorous monitoring of radiation doses and provide a
starting point for future periodic follow-up studies among affected individuals to better
understand the molecular mechanisms in the future. Moreover, the evidence of hormesis
obtained in some investigations implies that low levels of radiation can be helpful and
further research regarding this phenomenon is needed.

The studies analyzed in this meta-analysis exhibit substantial differences across several
dimensions, including the characteristics of the study populations (e.g., nuclear industry
employees or uranium miners), the levels of radiation exposure, and the types of outcomes
assessed. Future studies could benefit from comparing LDIR with other well-known car-
diovascular risk factors, such as smoking or hypertension, to better understand its relative
impact. Moreover, examining long-term outcomes in varied populations, particularly those
with pre-existing cardiovascular conditions, could clarify if LDIR's effects vary depending
on an individual’s baseline health.

There is a need for large sample studies in which the doses of radiation are measured
accurately, and the potential confounding factors are properly controlled. Studying the
mechanisms through which LDIR influences cardiovascular health at the molecular and
cellular level will be important for designing interventions and protective measures. Con-
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sequently, further investigations regarding the circumstances in which LDIR may actas a
protective factor could pave the way for new strategies in the treatment of CVDs,

5. Conclusions

This meta-analysis offers a systematic review of the cardiovascular impact of low-dose
ionizing radiation to establish a link with raised mortality and the progression of cardiac
diseases. Although there are some hints that LDIR may develop hormetic effects, these
discoveries are not statistically verified and should be researched more. The discrepancies
of the effects of LDIR on cardiovascular health are highlighted and stress the importance
of strict radiation safety precautions and further investigations. In this way, the care of
endangered groups and the definition of adequate measures to prevent negative impacts of
ionizing radiation on human health can be provided.
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Abstract

From a historical perspective, diseases other than cancer have not been recognized as a health risk associated with low
doses of lonizing radiation. Nonetheless, it is currently clear that high doses of ionizing radiation can cause cardiova-
scular disease, and recent epidemiological studies indicate an increased risk of non-oncological diseases even at lower
radlation doses than formerly considered. The following review aims to present the most distinctive studies and data
concermning the risk of low-dose radiation in occupationally exposed individuals, as well as the potential health benefits.
Fifty-four articles selected from databases were examined. The results indicate a complex picture of the relationship
between radiation exposure and disease, and the possible positive effects. It should be emphasized that while some
publications demonstrate beneficial effects of exposure to ionizing radiation on health, they also emphasize the need
for comprehensive and detailed studies. This would allow a compiete understanding of the relationship in question.

Keywords: lonizing radiation, radsation hormesis, occupational expasure, low-dose lonizing radiation

Introduction

lonizing radiation (IR) plays an extremely significant role
today, with people constantly exposed to it through the envi-
ronment, work, medical applications, and other sources (1]
Although this radiation has shown high efficacy in terms of
both treating and diagnosing various diseases in patients,
one cannot underestimate the effects of occupational
expasure to medical personnel, including cataracts, cardio-
vascular disease, and last but not least, cancer. Aithough

Folia Cardiclogica 2024; 19: 283-292

most hospital personnel exposed to LDIR (low-dase ionizing
radiation) remain within the limits established by ICRP (In-
ternational Commission on Radiological Protection), the use
of high-dose techniques has been a matter of concern in
recent decades. it is noteworthy that the occupational risks
of these individuals are not only limited to the time they per-
form thelr duties but may also affect future generations due
to IR exposure, as supported by available evidence [2, 3].
Even though the effects of HDIR (high dose ionizing
radiation) are already clearly established, ambiguities
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remain [4]. Biological responses to LDIR depend on va-
rious psychical factors, such as the following (3, 6]:

— total absorbed radiation dose,

— nature of radiation exposure (acute versus chronic),
— the distribution of radiation sources,

— dimensions of biological targets.

— lonizing radiation induces single- and double-stranded

DNA breaks and genome instability [7].

Although most of these changes are usually rapidly
diagnosed and repaired by cellular mechanisms, a few re-
main evident at later stages of the cell cycle. Studies also
indicate that after radiation, in order to adapt and main-
tain cell survival, different pathways are activated at dif-
ferent time periods (8],

To be more specific, as early as a few hours after the
onset of radiation, ROS (reactive oxygen species) neutrali-
zing factors are activated, while signaling pathways pursue
the process of apoptosis. In contrast, within a few days,
activation of DNA repair pathways is observed, and after
a few weeks, an immune response develops [9). It is worth
noting, however, that LDIR can lead to a reduction in terms
of the damage to the genome of human lymphocytes cau-
sed by previous higher doses, This phenomenon constitutes
an excellent example of an “adaptive response”, which is
often referred to as a potential mechanism for stimulating
specific protective functions [10].

Infrared interacts with specific molecules inside the
cell, including water molecules. This interaction has a di-
rect nature [11). As a result, most of the infrared energy is
consumed in the process of releasing electrons from the
water molecule. The result of this process includes ROSs
containing hydroxyl radicals (OH-), which are characterized
by high reactivity. If these radicals are formed in the vicinity
of biological molecules, they potentially cause immediate
oxidative damage [12]. As a result of chain reactions and
the generation of destructive free radicals, so-called oxida-
tive stress occurs, which causes a vaniety of damage [13].
Despite this, antioxidants represent a significant defense
system against the effects of axidative stress, contributing
to the removal of RFTs both indirectly and directly [14). Af-
ter the occurrence of oxidative stress due 1o the effects of
IR, ROS (reactive oxygen species) are generated and free
radicals are released. This process may result in DNA da-
mage. In addition to this Indirect effect, there may also be
changes in the physiology of mitochondria, which are the
center of oxidative metabolism. Ultimately, this can lead
to increased genome instability in cells exposed to radia-
tion [15, 16).

Among the protective measures against ROS, one may
distinguish the following:

— antionidant molecules (gutathione — GSH),
- antioxidant defense enzymes (catalase — CAT, supero-
xide dismutase — SOD).

Generally, a balance exists between ROS and antiow-
dants. However, the lack of this balance may result from
disease or long-term exposure to lonizing radiation, which
leads to oxidative stress. Chronic oxidative stress itself can
cause DNA damage, which In turn is a contributing factor
to numerous diseases, such as cancer [17]. The subject
literature has propesed several hypotheses describing the
mechanisms of the adaptive response to low doses of io-
nizing radiation, including the following [18]:

— simulation of the Immune system,
— acceleration of detecting and repairing DNA damage,
— Increase in antioxidant levels,

During the first half of the past century, an increase
In concern in the context of occupational exposure was
observed. This was contributed to by research findings
published during this period. As a result, special empha-
sis began to be placed on establishing restrictions that
both ensure overall health protection and prevent unde-
sirable effects [19]. Importantly, according to the recom-
mendations of the ICRP, the annual dose limit amounts to
50 mSv. In contrast, the dose averaged over S-year periods
is 20 mSv [20).

The harmful effects of LDIR are particularly dangerous
among hospital workers, which are continuously exposed
to It [21], In studies conducted to date, the effects of this
chronic radiation have been measured by various methods,
including the following examples [22, 23]:

— CBMN (cytokinesis-blocking micronucleus) tests,

- comet assays,

— PPC (premature chromosome condensation),

— hematological and biochemical parameters,

- assessment of chromosomal abnormalities (dicentric,
ring, translocation).

Although each of these methods is applicable nowa-
days, the most reliable and sensitive is currently conside-
red to be the CBMN test, which is particularly useful at low
doses of radiation.

Methods

Following the guidetines for preferred Ikerature sources and
meta-analyses, a carefully considered literature review was
conducted. The process began in January 2024 when, to
comprehensively review the available knowledge, a com-
puterized literature search was applied using reputable
databases such as:
— Scopus,
— PubMed,
— Google Scholar,
- Embase,

This included articles published in English but did not
limit the time range of publication. The literature search
was based on carefully selected key phrases, including:
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- “radiation®,

— “ionizing radiation”,

- “medical personnel”,
— “radiation protection”.

The articies that were qualified for analysis met speci-
fic inclusion criteria, namely, studies published in English,
focused on the positive effects of low doses of radiation,
using lonizing radiation, and both experimental and clinical
studies with full texts available, Meanwhile, the analysis
excluded conference abstract, simulation studies, review
articles, case reports, letters, editorials, unpublished data,
and articles in languages other than English, This rigorous
literature selection process allowed for the inclusion of only
the most relevant and valuable sources in the context of
the topic under study.

Results

The impact of radiation on DNA alteration

First, attention is given to the effect of radiation on DNA
alteration. It should be noted that ionizing radiation can
Induce modifications in the methylation pattern of DNA (de-
oxyribonucleic acid), and oxidative damage caused by this
type of radiation can further affect the methylation status
of DNA. Nevertheless, the effects of low doses of ionizing
radiation, such as those occurring in the workpiace, on
DNA methylation are still the subject of much controversy.

Studying of the relationship between occupational ra-
diation exposure and changes In DNA methylation, Chen
etal, [24] conducted an assessment with the goal of iden-
tifying a possible link between radiation-induced oxidative
damage and DNA methylation modification. Subsequently,
the relationship between workpiace radiation levels, DNA
methylation status, and oxidative damage in interventio-
nal medical practitioners was examined. The participants
In the study included 117 interventional physicians as well
as 117 individuals who comprised the control group.

The researchers assessed global DNA methylation le-
vels in peripheral blood leukocytes, as well as expression
levels of Dnmts (ONA methyitransferase) and Hey (homo-
cysteine) in serum. This allowed an accurate assessment
of the state of DNA methylation in the bodies of study par-
ticipants. In addition, measurements of 8-OHDG (8-hydro-
xy-2"-deaxyguanosine) and 4-HNE (4-hydroxynonena) were
used as indicators of oxidative damage [24). Analysis of
the relevance of multiple indicators has provided insight
into the potential relationship between occupational radia-
tion exposure, changes in DNA methylation, and oxidative
damage in interventional physicians. It was found that the
expression levels of Dnmts, 4-HNE, and 8-OHDG were sig-
nificantly higher in interventional physicians compared to
the control group. However, there was no statistical diffe-
rence in terms of the rate of total DNA methylation and Hey
expression between the 2 groups. The overall cumulative

equivalent personal dose of the intervention physicians was
positively correlated with the expression levels of Dnmts,
8-0HDG, and 4-HNE.

It is noteworthy that the expression levels of 8-0HDG in
interventional physicians exhibited a negative correlation
with global DNA methylation levels while showing a posi-
tive correlation with Hcy expression levels. Uitimately, the
results of the study suggest that occupational radiation
exposure of interventional physicians affects the expres-
sion of DNA methylation-related enzymes, with the simul-
taneous effect of radiation-induced axidative damage on
DNA methylation. Nonetheless, the authors did not show
conclusive evidence linking the dose of occupational expo-
sure to the observed changes in DNA methylation, which
highlights the need for further research to understand the
differences between the effects of radiation exposure and
oxidative damage [24].

The impact of radiation on cardiovascular
incidence

Equally relevant is the effect of radiation on the incidence
of cardiovascular disease, This phenomenon was analyzed
by Cha et al. The authors conducted a study to understand
the relationship between exposure 1o low doses of exter-
nal occupational radiation and the risk of cardiovascular
disease among workers involved in diagnostic radiothera-
py [25]. A population of 11,500 workers associated with
diagnostic radiation therapy was correlated with data from
the National Dosimetry Registry as well as data from the
National Health Insurance Service. The analysis included
RR (relative risk) calculations for examining the correlation
between occupational factors and cardiovascular morbidity,
as well as determining excess relative risk per 100 mill-
grams (ERR/100 mGy). This was aimed at quantifying the
relationship between radiation dose and response [25].

In total, during 93,696 person-years of follow-up, there
were 2270 cases of cardiovascular disease, with a mean
follow-up period of 8.1 years [25]. The risk factor values for
hypertension were significantly higher in individuals starting
work before 2000 compared to workers who started work
in 2005 or thereafter. Of note, the ERR/100 mGy for total
cardiovascular disease amounted 1o 0.14 (95% CI: -0.57 -
-0.99). The risk of irradiation for cerebrovascular disease
and ischemic heart disease increased slightly for estima-
tes of individual cumulative cardiac doses (ERR/100 mGy
= 3.10 [-0.75-11.59] and 1.22 [-0.71-4.73], respecti-
vely) [25).

Nevertheless, ERR estimates were generally more po-
sitive in female workers compared 10 male workers, Ana-
logous results were noted for younger workers compared
to those over 50 years old. Although this study provided -
mited evidence 10 support a positive relationship between
occupational radiation exposure and overall cardiovascular
disease risk over a short follow-up period among radiation
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medical workers In South Korea [25), It is still necessary to
further monitor the significantly elevated RR for the first-ti-
me exposure in the earlier period, as well as the elevated
ERR in female workers and younger workers.

The impact of radiation on early
atherosclerosis

When analyzing the results of available studies, it is also
crucial to consider the effect of radiation on the early
occurrence of atherosclerosis. A study in this regard was
performed in 1993 by Tomei et al. The researchers con-
ducted an analysis of 145 physicians who were subjected
to occupational exposure to jonizing radiation. For this
purpose, they used capillary microscopy. The study showed
a clear relationship between this exposure and damage to
the cutaneous microcirculation. Only 20.7% of individuals
in the exposed group exhibited correct capillaroscopic
images, in contrast to 91.5% in the control group. The
relative risk ratio for caplliaroscopic damage in exposed
subjects amounted to 0.23 (95% Cl: 0.16-0.31). An intere-
sting aspect is the lack of noticeable differences between
medical specialties. The findings of this study underscore
the significant correlation that exists between occupatio-
nal exposure and capillaroscopic abnormalities, including
subtle gender-related differences [26).

On the other hand, the study by Andreassi et al. focused
on the relationship between exposure to low doses of loni-
zing radiation and damage to the endothelium, with a par-
ticutar focus on the risk of developing atherosclerosis. As
part of the study, all participates were invited to undergo
various assessments, including:

— genetic evaluation,

- measurement of CIMT (carotid intima-media thickness),

— analysis of peripheral blood In the context of telome-
re length,

CIMT analyses were performed on a total of 171 car-
diac laboratory staff and 156 non-radiation subjects. The
personnel were divided into 2 groups, including a low-ex-
posure group (n = 80) and a high-exposure group (n = 91).
This division was based on medial occupational radiation
exposure. As a result, it was observed that the high-expo-
sure group exhibited a significant increase in CIMT valu-
€s compared to the low-exposure workers. In addition, ra-
diation-exposed workers also showed significant telomere
shortening. The present evidence can be considered highly
relevant to the issues of accelerated vascular aging and
early development of atherosclerosis [27].

Another study was conducted by Manenti et al, (28]
According to their review, the effect of long-term exposure
to low-dose radiation on the increased risk of cardiovascuy-
lar disease is a fundamental issue. Aithough observatio-
nal epidemiological studies conducted in communities of
radiation therapy workers in different countries are still

prone to bias, the data they provided can be considered
convincing. In view of this, since the influence of other
risk factors related to the environment, lifestyle, and per-
sonal risk factors may exceed the risk of cardiovascular
disease caused by low-dose radiation exposure, the stati-
stical significance of an epidemiological study constitutes
a vital element [28].

The impact of radiation on immune
expression of medical radiologists

Another subject of analysis is the effect of radiation on
immunologic expression among medical radiologists.
These issues were addressed by Wang et al., who focused
on examining the expression of CTLA-4 (cytotoxic T-lymp-
hocyte-associated protein 4) and TIM-3 (T-ceill immunoglo-
bulin and mucin domain 3) in peripheral blood T cells of
medical radiologists (29). Altogether, the study included
100 medical radiologists. The control group, on the other
hand, consisted of 107 healthy men. For the purpose of
the study, flow cytometry was used to analyze CTLA-4 and
TIM-3 expression in CD4+ and CD8+ lymphocytes. It was
found that the expression levels of CTLA and TIM-3 in
CD4+ T cells of irradiated workers were lower than those
of healthy individuals from the control group (p < 0.05).
Correlation analysis clearly indicated that CDB+CTLA-4
expression levels were significantly positively correlated
with individual cumulative dose (r_s = 0.60, p = 0.001,
< 0.05). Conversely, the expression level of CO8+TIM-3 was
negatively correlated (r_s =~0.180, p = 0.027, < 0.05) [29].

The presented findings suggest that the exposure to low
doses of radiation affects CTLA-4 and TIM-3 expression in
human peripheral blood T cells. Further research on the
effects of radiation on immune expression should focus on
an in-depth understanding of the mechanisms that lead to
changes in terms of CTLA-4 and TIM-3 expression due to
exposition to low doses of radiation [29).

The impact of radiation on protein
synthesis

Furthermore, it Is necessary to discuss the effect that ra-
diation has on protein {mRNA) synthesis, which is one of
the most energetically demanding cellular functions. This
process is tightly regulated and integrated with a variety of
signaling pathways, both upward and downward, dependent
on a wide range of trans proteins and cis mRNA elements.
Under conditions of stress, and therefore, exposure to io-
nizing radiation, regulatory mechanisms transform protein
synthesis. This aims to translate mRNAs encoding proteins
that are significant for the proper functioning of the cellular
response, It is also worth noting that beneficial responses
to low doses of radiation, referred to as radiation hormesis,
have been described in particular models, Nevertheless,
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the molecular mechanisms that direct this phenomenon
remain as yet not entirely described.

An independent study was conducted by Kabllan et al.
[30]. The authors investigated how variations in cellufar re-
sponses to high- and low-dose lonizing radiation are imple-
mented as a result of modulation of molecular pathways,
with attention paid to the regulation of mRNA transiation
control. The researchers proved that the incompatible
transcriptional and transiational profiles of cells exposed
to infrared radiation strongly suggest that translational
control serves as a guardian. More specifically, it guaran-
tees homeostatic flexibility in the synthesis of a repertoire
of proteins necessary for an adequate cellular response,
Such a reaction with its scope Includes repairing damage
and stabilizing the genome, constituting a mechanism of
adaptation to environmental stress, which is essential for
basic functions of life. Mild stress generated by low doses
of infrared radiation, often occurring in the environment, at
work as well as during medical procedures, probably acti-
vates these protective mechanisms. As a result, it causes
beneficial biological effects known as radiation hormesis.
Experimentally, this phenomenon has been observed in
various models and clinical endpoints, Analogous resuits
have been reported using phenotypic indicators such as
genome stability, anti-tumor immunity, and life expectancy.

In the light of the above, one may distinguish 4 distinct
categories of evidence that support the hypothesis regar-
ding the role of translational control in terms of radiation
hormesis. Firstly, experimental studies have directly de-
monstrated that blocking de novo protein synthesis with
small-molecule inhibitors interrupts the hormesis effect in
Irradiated celis, Secondly, detailed molecular analysis from
studies concerning high-dose radiation highlight the impor-
tance of transkational control in those contexts. A third pie-
ce of evidence is derived from the significant overlap and
mutual interaction of the transiational machinery with mo-
lecular factors in DNA damage signaling, suggesting close
connections with radiation hormesis, Finally, the ancient
translational machinery that evolved under the influence of
constant background radiation for centuries implies its role
in the expression of the radiation hormesis phenotype (30,

In the same context, it is aiso worth examining the
experiments conducted by Tang and Loke. Studies by
these authors indicate that mutations in ATM (ataxia-te-
langiectasia), MAPK (mitogen-activated protein kinase),
ERK (extracellular signal-related kinase), JNK (phospho-c-
-Jun NH(2)-terminal kinase), and P53 (signal transduction
pathway-related protein 53) may play a major role in low-
-dose radiation-induced hormesis. In addition, MAPK and
PS3 may be pivotal in the context of adaptive response,
whereas ATM, COX-2 (cycloaxygenase-2), INK, ERK, P33,
and ROS (reactive oxygen species) are potentially connec-
ted with radioresistance. Furthermore, COX-2, MAPK, ROS,

ERK, and TNFa (tumor necrosis factor receptor alpha) are in
turn involved in the witness effect induced by low doses of
radiation. In contrast, signal transduction pathways connec-
ted with ATM, MAPK, ERK, ROS, TNFa, and P53 are known
to be involved in genomic instabélity Induced by low doses
of radiation. The results achieved by Tang and Loke clear-
ly Indicate that different aspects of the cellular response
to low doses of radiation may be regulated by distinct sig-
nal transduction pathways. However, there is also the po-
ssibility that gifferent responses to low doses of radiation
may use the same signal transmission pathways. A prime
example is P53, which is involved In hormesis, genomic
instability, radioresistance, and adaptive response, Thus,
current data indicate the need for caution in designing the-
rapies that use low doses of radiation to achieve beneficial
effects in humans [31).

Another study on the effects of radiation on protein
synthesis was conducted by Mousavikia et al. The stu-
dy included 20 individuals who, due to their occupation,
were exposed to low doses of ionizing radiation (through
the use of computed tomography and angiography), along
with their corresponding control groups. For the purpose
of studying the long-term effects of irradiation on medical
workers, the incidence of MN (micronuclei) as well as the
activity of antioxidants such as SOD (superoxide dismu-
tase), TAC (total antioxidant capacity), and CAT (catalase)
were assessed. Subsequently, In the context of evaluating
adaptation to high provocative doses, all groups were sub-
jected 1o in vitro irradiation, and the frequency of MN was
compared. Finally, to examine the effect of high doses of
ionizing radiation after exposure to both acute and chro-
nic low dose, the authors compared the incidence of MN
in 2 groups: the control group, which was irradiated in vitro
{acute low dose + high dose), and radiation therapy wor-
kers (chronic low dose + high dose) [32]. It was observed
that there was a significant increase in the incidence of MN
In the occupationally exposed group (n = 30) compared to
the control group (p < 0.0001). Nevertheless, chronic ir-
radiation of medical workers did not cause an adaptive S
response. However, it should be noted that such an effect
may have been induced by acute, low doses (p < 0.05). In
addition, the activity levels of antioxidant enzymes such as
S0D, TAC, and CAT did not differ statistically significantly
between medical workers and the control group (p > 0.05)
[32]). The authors of the study in question also noted that
exposure to low doses of ionizing radiation results in incre-
ased damage to cytogenetics. On the other hand, it does
not provoke an adaptative response of improve antioxidant
capacity among medical workers. The control of occupa-
tional exposure of health care workers represents the first
step toward improving their health and the quality of patient
care. Undoubtedly, in the long term, this may contribute o
reducing both human and economic expenses.
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Raduatioe fone

Figure 1. Schematic illustration of expesure to ionizing radiation
and assoclated health effects. Low-dose radiation, below an es-
tablished kmit, exhibits beneficial effects, in contrast to high-dase
radiation, above an established limit, which is assoclated with
negative corsequences [33]

Potential positive impact of low-dose
irradiation

The increasing popularity of diagnostic and therapeutic
techniques based on lonizing radiation has been associated
with the growing prevalence of chronic diseases among
patients and medical personnel, However, the impact of
chronic effects of IR radiation varies and depends on nu-
merous factors, such as:

— intensity of radiation exposure,

— dose of radiation,

— duration of exposure to radiation.

The possible relationship between LDIR (low-dose io-
nizing radiation) and potentlally high risk is a subject of
controversy. This is largely caused by the limited number
of direct human studies [33]. Research on the effects of
LOIR undoubtedly shows significant public health relevan-
ce, considering the prevalence of exposure to this radia-
tion background. It is assumed that data from epidemioio-
gical and clinical reports, as well as the results of preclini-
cal studies, can clarify controversial points and contribute
to the understanding of potential heatth risks associated
with the exposure to LDIR. A growing amount of available
Ierature in this field points to potential benefits, such as
reduced cancer risk, reduced cancer-related deaths, re-
duced nervous system damage, improved nerve function,
and reduced complications assoclated with diabetes after
LDIR exposure. A schematic representation of exposure to
lonizing radiation and Its associated health effects Is pre-
sented in the figure 1

In addition, there have been evolutionarily conservative
changes observed in stress response signaling pathways in
response to LDIR. Nevertheless, the pattern of molecular
signaling pathways in response to LDIR s unclear. Moreo-
ver, there is limited information available on biomarkers

of epidemiological LDIR exposure, or none are avallable.
For this reason, it has been suggested that epidemioclog)-
cal, clinical, and preclinical studies be conducted on the
beneficial effects induced by LDIR in the context of chro-
nic diseases, such as cancer, diabetes, and dementia, and
their associated molecular mechanisms [34). Understan-
ding the mechanisms of response to LDIR may provide the
foundation for developing LDIR-based theraples to stop
the progression of disease. Modufation of these signaling
pathways may prove beneficial toward developing radiation
resistance among humans. Nevertheless, follow-up clinical
studies are necessary, supported by additional data from
blochemical, cellular, and molecular studies, as well as an
analysis of the side effects associated with LDIR.

It should be highlighted that the phenomenon in which
beneficial effects occur in response to mild stress after ex-
posure to harmful agents at low doses is referred 1o as hor-
mesis [35). Introducing initial treatment with lower doses
of a harmful agent can act as a preventive measure, co-
unteracting the negative effect of tater exposure 10 higher
doses. Contrary to that, direct exposure to high doses wit-
hout prior preparation can be harmful. Although research
in this area may be controversial, it cannot be ignored be-
cause it may provide guidance on the potential use of LDIR
in disease therapy.

Hormesis, which provides beneficial effects in respon-
se o low-dose LDIR, is a phenomenon commonly used in
fields such as [36]:

- toxicology,
- medicine,
— pharmacy,
~ radiation biology.

The results of several studies confirm the hermetic ef-
facts of LDIR, including increasing the longevity of organ-
isms (37, 38), reducing cancer metastasis [39, 40), alle-
viating avarian cancer [41) and reducing cancer-related
mortality [42-44], Additionally, improvements in neuronal
function among patients with neurological disorders [45,
46|, improvements in patients with type |l diabetes [(47)
and beneficial effects on health of patients with severe
and critical COVID-19 [48] have been reported.

In preclinical studies, various cellular and molecular
pathways participating in LDIR-induced hormesis have been
identified in models of various diseases [49-51]. Hormet-
Ic responses result in the activation of cellular protection
mechanisms that counteract molecular damage through
microRNA synthesis, regulation of gene expression, and
epigenetic modifications via MEK-ERK1/2, MSK1, and
Elk-1 signaling pathways [52]. Furthermore, the research-
ers observed an increase in the effectiveness of the DNA
repair system and an increase of antioxidant levels through
modulated Nrf2 signaling [53, 54]. What Is more, actl-
vation of autophagy pathways is an extremely important
part of removing the effects of damage [54). Additionally,
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the haormesis induced by LDIR results in the synthesis of
neurctrophic factors which promote neuronal growth and
survival, protecting them through improved angiogenesis,
axonal growth, and neuroregeneration [49]. Finally, the au-
thors observed metabolic changes such as improvements
in terms of lipid profile and insulin sensitivity [50], The pre-
sented studies highlight the potential benefits of using LDIR
to treat various diseases, but this requires further clinical
as well as preclinical studles.

In his study, Tedesco reported that interventional cardi-
ologists exhibit a cellular response that is designed to neu-
tralize radiation-induced cxidative damage [55]. It appears
that in vitro y-irradiation in the range of 220-440 mGy re-
duced erythrocyte hemolysis induced by hypochlorous acid
by 40%. This protective response to y-irradiation resulted
in erythrocytes becoming more resistant to oxidative dam-
age induced by hypochiorous acid occurring 3 hours after
irradiation. The biochemical changes in both glutathione
synthesis and tumover accompanying the described effect
may be relevant in the development of new guldelines for
individuals occupationally exposed to radiation. As a result
of the protection activated by y-radiation, erythrocytes be-
came more resistant to oxidative damage induced by hy-
pochlorous acid, which appeared 3 hours after irradiation,
These biochemical changes in the process of synthesis
and turnover of glutathione indicate a general biochemical
remodeling caused by y-radiation exposure. This process
may be relevant to the development of novel guidelines
conceming individuals that are occupationally exposed to
radiation 55

Discussion

Over the past few decades, clinical and experimental
studies have unambiguously confirmed that exposure
to low-dose ionizing radiation can produce hormetic
effects, There is evidence to suggest that initial expo-
sure to LDIR can have beneficlal effects on the efficacy
of conventional treatments for cancer, dementia, and
diabetes [56, 57].

Nevertheless, it is necessary to develop clear guidelines
related to the practical application of LDIR in therapy. Until
now, there have been a limited number of clinical studies

on the effects of LDIR on the treatment of patients with de-
mentia and diabetes [45, 47), indicating the need for more,
similar studies to explore the following topic more broadly.

Due o the increasing number of cases of cancer, de-
mentia, and diabetes, conducting further clinical trials is
highly important, while taking appropriate precautions in
order to minimize differences between clinical and experi-
mental data. At the same time, there is a need to take into
account the potential side effects assoclated with LDIR ex-
posure when designing therapeutic procedures based on
this method. Modern engineerng tools that enable precise
delivery of radiation doses can help minimize this risk. Re-
cent studies suggest that modifications of exposure tech-
nigues can reduce the risks associated with LDIR without
negatively affecting the quality of analyses [58]. As a result,
new non-invasive treatments based on LDIR demonstrate
significant potential as far as the issues of improving the
quality of health care and patients’ lives, and lowering the
costs of therapy are concerned,
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Streszczenie

Dotychczasowo pezyjety liniowy model skutkéw promieniowania jonizujacego (LNT, Linear No-Threshold) warunkuje,
e choroby inne niz nowotwory nie byly uznawane za ryzyko zdrowotne zwigzane z niskimi dawkami promieniowania
jonizujacego. Niemniej jednak obecnie jest jasne, 2e wysokie dawki promiensowania jonizujacego moga powodowaé
choroby ukiadu kralenia, a ostatnie badania epidemiologiczne wskazuja na zwigkszone ryzyko wystapienia chordb
nieonkologicznych nawet przy nizszych dawkach promieniowania niz wezeSniej uwazano. Ponilszy przeglad ma na
celu przedstawienie najbardziej charakterystycznych badar i danych dotyczacych ryzyka zwigzanego z ekspozycia na
promieniowanie jonizujace w zakresie niskich dawkach u os6b narazonych zawodowo, a takie potencjalnych korzysci
zdrowotnych wynikajacych z takiego narazenia. Przeanalizowano piecdziesiat cztery artykuly wybrane z baz damych.
Wyniki wskazujg na zlozong zaleznosé migdzy narazeniem na promieniowanie a choroba, oraz moiliwe pozytywne
skutki takiej ekspozycji. Nalezy podkresiié, ze podczas gdy niektore publikacje wykazuja korzystne skutki narazenia na
promieniowanie jonizujace na zdrowie, podkreslaja rowniez potrzebg kompleksowych i szczegblowych dalszych badan
dotyczacych takiego wplywu.

Stowa kluczowe: promieniowanie jonizujgace, hormeza radiacyina, narazenie zawodowe, niskie dawkl promieniowania

lonizuacego
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8. Dyskusja

Kliniczne i eksperymentalne badania przeprowadzone w poprzednich dekadach
jednoznacznie dowiodty, ze ekspozycja na niskie dawki promieniowania jonizujacego
wywiera wieloaspektowy wplyw na zdrowie cztowieka. LDIR okazato sie potencjalnym
czynnikiem wspomagajacym tradycyjne metody leczenia chorob, takich jak nowotwory,
demencja czy cukrzyca [153, 154]. Jednakze korzysci te nalezy rozwazy¢ w kontekscie
zagrozen, takich jak ryzyko sercowo-naczyniowe, zagrozenia zawodowe oraz mozliwo$¢
wystgpienia dziatan niepozadanych. Nowoczesne technologie umozliwiajg obecnie
precyzyjne monitorowanie dawek promieniowania (dozymetria), co sugeruje mozliwos¢
ograniczenia ryzyka przy jednoczesnej maksymalizacji skutecznoS$ci terapeutycznej
[155]. Biorac pod uwage stale rosnaca liczbe przypadkéw nowotwordw, demencji
i cukrzycy, dalsze badania kliniczne nad zastosowaniami terapeutycznymi LDIR powinny
by¢ priorytetem w celu zmniejszenia luki miedzy badaniami eksperymentalnymi

a danymi klinicznymi [69, 71].

Ryzyko dlugoterminowych skutkéw dla zdrowia, zwtaszcza w Srodowisku
zawodowym, takim jak elektrownie jadrowe czy kopalnie uranu, budzi powazne obawy.
Meta-analiza badan nad $miertelnoscia, ktora przeprowadziliSmy wykazala, ze ryzyko
zgonu byto wyzsze u oséb narazonych na LDIR. Na przyktad Kreuzer et al. (2015) oraz
Howe et al. (2004) wykazali zwiekszong Smiertelno$¢ w tej grupie [44, 47]. Sugeruje to,
ze przewlekta ekspozycja zawodowa moze by¢ szkodliwa. Jednakze niezgodno$¢ wynikoéw
badan Yan et al. (2014) i Qu et al. (2024) wskazuje na mozliwo$¢ hormetycznej
odpowiedzi na LDIR, w ktorej nizsze dawki promieniowania mogg indukowac korzystne
procesy biologiczne, zmniejszajac ryzyko Smiertelnosci [52, 54]. Ta dwoisto$¢ wskazuje,
ze ekspozycja na LDIR moze stanowi¢ wyzwanie wymagajace dalszych badan w celu
okreslenia bezpiecznych zakres6w stosowania LDIR zaré6wno w warunkach zawodowych,

jak i medycznych.

8.1. Ryzyko sercowo-naczyniowe zwigzane z LDIR

Wptyw LDIR na uktad sercowo-naczyniowy zalezy od dawki, czasu trwania ekspozycji

oraz indywidualnej podatno$ci organizmu. Wyniki badan potwierdzaja ztozony
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i sytuacyjnie zalezny charakter wptywu LDIR na zdrowie sercowo-naczyniowe. Kolejny
podrozdzial omawia $miertelno$¢, progresje choroby oraz specyficzne zaburzenia, na

ktére wptywa ekspozycja na LDIR.

8.1.1. Zwiekszona Smiertelnos¢ w grupach narazonych na LDIR

Wybrane badania w tej dziedzinie wykazata zwiekszong Smiertelno$¢ we wszystkich
grupach narazonych na LDIR. Kreuzer et al. (2015) [47] oraz Howe et al. (2004) [44]
odnotowali szczegdlnie wysokie wskazniki zdarzen, sugerujac, ze ekspozycja na LDIR
w Srodowisku zawodowym, np. w elektrowniach jadrowych lub kopalniach uranu, moze
by¢ czynnikiem podwyzszajacym Smiertelnos¢. Wyniki te s3 zgodne z wcze$niejszymi
badaniami wskazujacymi, ze wszystkie poziomy promieniowania jonizujacego moga mie¢
negatywny wptyw na zdrowie ludzkiej populacji w dluzszym okresie. Jednak
w porownaniach $miertelno$ci miedzy grupami narazonymi na LDIR a grupami
kontrolnymi, Yan et al. (2014) [52] oraz Qu et al. (2024) [54] odnotowali mozliwy spadek
$Smiertelno$ci wsrod oséb eksponowanych na LDIR. Chociaz wyniki te nie byly istotne
statystycznie, moga wskazywa¢ na mozliwo$s¢ hormetycznej odpowiedzi na dawke,
w ktorej niskie dawki promieniowania stymulujg mechanizmy biologicznej ochrony, co
skutkuje obnizeniem S$miertelnosci. Ta rozbiezno$¢ podkresla konieczno$¢ dalszych
badan w celu okresSlenia warunkéw, w ktorych LDIR moze przynosi¢ korzysci oraz

sytuacji, w ktorych moze by¢ szkodliwe.

8.1.2. Progresja chorob serca

Analiza wskaZnikow progresji chorob serca wykazata, ze LDIR moze znaczaco
przyspieszac rozwdj tych schorzen. Ivanov et al. (2006) [45] oraz Kreuzer et al. (2006,
2015) [46, 47] odnotowali pogorszenie stanu uktadu sercowo-naczyniowego, obejmujace
zarowno chorobe niedokrwienng serca, jak i bardziej uogélnione formy schorzen
sercowo-naczyniowych. Najnowsze badania wydaja sie potwierdza¢ wnioski tych
autoréw dotyczace wptywu promieniowania na zaostrzenie istniejacych stanéw
predysponujacych do choréb sercowo-naczyniowych, co jest zwigzane ze zwiekszonym
stresem oksydacyjnym, stanem zapalnym oraz dysfunkcjg $rédblonka. Poréwnanie

postepu choréb serca miedzy grupami eksponowanymi na LDIR a grupami kontrolnymi

137



wskazato na potencjalne zmniejszenie tempa progresji choroby w grupach LDIR, jak
zaobserwowali Yaniin. (2014)iQuiin. (2024) [52, 54]. Wyniki te nie osiggnety istotnosci
statystycznej, jednak sugeruja, ze LDIR moze wywiera¢ podwdjny wptyw na zdrowie

uktadu sercowo-naczyniowego, zaleznie od warunkéw ekspozyciji.

8.1.3. Rodzaje choréb serca w kontekscie LDIR

Badania specyficznych schorzen powszechnie wystepujacych w populacjach
narazonych na LDIR ujawnita pewne powigzania z miazdzyca, chorobg niedokrwienng
serca oraz choroba wiencowa. LDIR wywiera réznorodne skutki na uktad sercowo-
naczyniowy, co zostato omdowione przez Howe i in. (2004) [44], Ivanov i in. (2006) [45]
oraz Zielinskiego i in. (2009) [53]. W zwigzku z tym koncepcja, Zze LDIR moze wptywac¢ na
rozwoj niektérych chordb sercowo-naczyniowych poprzez mechanizmy biologiczne
zwigzane ze stanem zapalnym i modulacja uktadu odpornosciowego, znajduje dalsze
potwierdzenie w wynikach eksperymentalnych przedstawionych przez Qu i in. (2024)

[54] oraz w informacjach mechanistycznych podanych przez Little i in. (2009) [48].

8.2. Potencjal terapeutyczny TB-LDIR w leczeniu nowotworow

Niskie dawki promieniowania jonizujacego LDIR, szczegbélnie w postaci
napromieniania catego ciala TB-LDIR, wykazata wyjatkowy potencjat w leczeniu
nowotworow hematopoetycznych, takich jak chtoniak nieziarniczy (NHL). Zaréwno
historyczne, jak i wspotczesne badania kliniczne podkreslajg jego skuteczno$c
i bezpieczenstwo, przy odsetkach remisji czesto przekraczajacych 50-60%, a niekiedy
nawet 90%. Co istotne, wyniki te byty czesto osiggane, gdy TB-LDIR stosowano jako
jedyng lub poczatkowa metode leczenia. W poréwnaniu z chemioterapia, ktéra jest
obecnym standardem leczenia nowotwordw uogoélnionych, TB-LDIR oferuje istotne
korzysci, w tym mniejsza toksycznos¢, szybsze zmniejszenie nacieku nowotworowego
w narzadach, lepsza tolerancje pacjentéw oraz nizsza zachorowalnos$¢ [156-158]. Ponadto
TB-LDIR wykazuje skuteczno$¢ u pacjentow z nawrotowa lub oporng na leczenie choroba,

w przypadkach, gdy konwencjonalna chemioterapia okazata sie nieskuteczna.
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8.2.1. Profil bezpieczenstwa i dzialania niepozadane

Statym wynikiem obserwowanym w badaniach jest minimalna i akceptowalna ostra
toksycznos¢ zwigzana z TB-LDIR. Wiekszo$¢ badan klinicznych odnotowata jedynie
przej$ciowa, umiarkowang trombocytopenie lub limfocytopenie, bez powaznych dziatan
niepozadanych [92, 97,120, 121, 123]. Powiktania dtugoterminowe, takie jak nowotwory
wtérne, wystepuja rzadko, gdy TB-LDIR stosowane jest jako samodzielna terapia.
Przypadki wtérnej biataczki obserwowane w niektérych badaniach byly gtéwnie
zwigzane z wcze$niejsza intensywng chemioterapia lub wysokodawkowa radioterapia
miejscowy, a nie z samym TB-LDIR [132, 159]. Wyniki te wzmacniajg pozytywny profil
bezpieczenstwa TB-LDIR oraz jego potencjat w ograniczaniu dtugoterminowego ryzyka

typowego dla konwencjonalnych metod leczenia nowotworow.

8.2.2. Optymalizacja dawki frakcyjnej dla maksymalnej skutecznos$ci

Sukces terapeutyczny TB-LDIR jest SciSle zwigzany z precyzyjnymi protokotami
frakcjonowania dawki promieniowania jonizujacego. Dowody sugerujg, ze skumulowane
dawki w zakresie 1-4 Gy, podawane we frakcjach 0,05-0,2 Gy na sesje, zapewniaja
optymalne wyniki [98, 99, 101]. Wczesna interwencja, zwtaszcza u pacjentow z NHL lub
CLL, przynosita lepsze rezultaty, co podkresla znaczenie szybkiego wdrozenia leczenia
[115, 116, 119]. Jednak wyniki w przypadku zaawansowanych nowotworéw litych byty
mniej spojne, co prawdopodobnie wynika z ich wrodzonej opornosci na leczenie oraz

ostabionej odpowiedzi immunologicznej organizmu gospodarza [94, 126].

8.2.3. Poroéwnywalne zalety w stosunku do chemioterapii

Badania poréwnawcze wykazaty, ze TB-LDIR przewyzsza standardowa
chemioterapie pod wieloma wzgledami. Wczesne doniesienia wskazywaly, ze pacjenci
znacznie lepiej tolerowali TB-LDIR w poréwnaniu do lekdw chemioterapeutycznych,
takich jak iperyt azotowy i trietylenomelamina, przy jednoczesnym mniejszym nasileniu
skutkow ubocznych [94]. Mniejsza toksycznos¢ TB-LDIR sugeruje, ze metoda ta moze by¢
szczegoblnie korzystna dla pacjentow w ciezkim stanie lub tych, ktérzy nie tolerujq wysoce
agresywnych schematow chemioterapii. Ponadto, dziatanie immunomodulujgce TB-LDIR

moze dodatkowo stymulowa¢ naturalne mechanizmy obronne organizmu przeciwko
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progresji nowotworu, zapewniajagc dodatkowa przewage terapeutyczng [91, 160].
Napromienianie promieniowaniem X lub y w zakresie LDIR, zaré6wno jako terapia
samodzielna, jak i leczenie wspomagajace, wykazuje obiecujacy potencjat przewyzszajacy
obecne metody leczenia nowotworéw. Wskazuje ono na mozliwo$¢ osiggniecia
dtugotrwatych remisji przy jednoczesnym minimalizowaniu powaznych dziatan

niepozadanych (Tabela 3).

Tabela 3. Poréwnanie skutkéw ekspozycji na HDIR i LDIR.

Wysokie dawki promieniowania Niskie dawki promieniowania
jonizujacego (HDIR) jonizujacego (LDIR)
Powoduje Smier¢ prawidtowych komorek Nie powoduje $mierci normalnych
i uszkadza zdrowe tkanki komorek i nie uszkadza zdrowych tkanek
Moze indukowac stan zapalny Hamuje przewlekty stan zapalny

Moze powodowac supresje hematopoezy
oraz odpowiedzi uktadu
immunologicznego

Stymuluje wiele funkcji uktadu
immunologicznego

Moze powodowac wtérne nowotwory Nie indukuje wtornych nowotworéw

Napromienianie catego ciata moze by¢
terapig z wyboru w przypadku
nowotworéw uktadowych lub z

przerzutami, jego dziatanie
przeciwnowotworowe jest podobne lub
lepsze niz w przypadku CT systemowej,
przy jednoczes$nie nizszej toksycznosci

Moze by¢ wykorzystywane do celow
terapeutycznych lokalnie
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9. Wnioski

9.1. WnioskKi z przeprowadzonych badan wlasnych

Zgodnie z przedstawionym publikacjami naukowymi witaczonymi do prezentowanej
dysertacji doktorskiej, wptyw niskich dawek promieniowania jonizujagcego na zywy
organizm moze wzbudza¢ wiele kontrowersji. Stanowi jednoczes$nie niezwykle
fascynujaca gatez radiobiologii, w ktorej jest jeszcze wiele niejednoznacznos$ci. W mojej
ocenie poznanie faktycznych mechanizméw stojacych za interakcja promieniowania
jonizujacego z zywa komodrka jest niezbedne do rozszerzenia aktualnych terapii
w medycynie, odSwiezenia naszego spojrzenia na ochrone radiologiczng, a takze
wykorzystanie w peini potencjatu promieniowania jonizujagcego - w konteksScie
pozytywnym i negatywnym. Bez zrozumienia fundamentalnych zasad stojacych za
zmianami regulacyjnymi komérki w $rodowisku promieniowania jonizujacego, nie
mozemy w pelni $wiadomie stosowac tego zjawiska fizycznego obecnego w wielu
dziedzinach naszego zycia. LDIR to czynnik, ktéry towarzyszy nam nieustannie. Kazdy
z proponowanych przeze mnie wnioskow zacheca do dalszego zaangazowania sie to
zagadnienie.

Odpowiadajac na sformulowane w Rozdziale 4. cele ogdlne i szczegbélowe
przedstawionej dysertacji, na podstawie przeprowadzonych badan, zaproponowano

5 wnioskdw dotyczacych poszczegdlnych aspektéw TB-LIDR poddawanych ocenie:

1) Uzasadnienie kliniczne metody napromieniania catego ciala niskim dawkami
promieniowania jonizujacego
Nasza praca sugeruje, ze TB-LDIR stanowi skuteczng, lecz zapomniang metode
leczenia réznych typow nowotworow. W analizie przedstawiliSmy dowody na mozliwo$¢
uzyskania remisji choroby rozrostowej przy niskim ryzyku dziatan niepozadanych, co

uzasadniatoby potrzebe wznowienia klinicznych prac badawczych w tym zakresie.

2) Eksperymentalne potwierdzenie skutecznosci terapii niskim dawkami
promieniowania jonizujacego w polaczeniu z immunomodulacja w leczeniu
raka ptuca

Badania eksperymentalne wykazaty, ze LDIR samo w sobie istotnie hamowato rozwdj

guza, natomiast potgczenie terapii TB-LDIR z inhibitorami punktéw kontrolnych (CTLA-4
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i PD-1) lub inhibitorem biatka szoku cieplnego (HSP90) przyniosto istotny efekt

synergistyczny. Wyniki otwierajg droge do dalszych eksperymentéw badawczych.

3) Niejednoznacznos$¢ wpltywu niskich dawek promieniowania jonizujacego na
ryzyko sercowo-naczyniowe
Wykonana przeze mnie meta-analiza wykazata zréznicowane wnioski. Cze$¢ badan
sugeruje zwiekszenie ryzyka sercowo-naczyniowe w warunkach ekspozycji na LDIR.
Jednoczes$nie inne badania przedstawiaja mozliwy efekt pozytywny/ochronny LIDR.
Whnioski wysuniete w przedstawionej analizie wskazujg na konieczno$¢ indywidualnej
oceny ryzyka i monitorowania os6b narazonych na LDIR oraz szersze badania

z uwzglednieniem czynnikéw ryzyka innych niz promieniowanie jonizujace.

4) Zlozony wplyw niskich dawek promieniowania jonizujacego w grupie
pracownikow ochrony zdrowia
Przygotowana publikacja SciSle nawigzuje i wzmacnia zaproponowane pozostate
wnioski - przedstawia dualistyczny radiobiologiczny charakter LDIR. Z jednej strony
obserwowane s3 reakcje adaptacyjne i ochronne komorek, z drugiej — zwiekszone ryzyko
chorob sercowo-naczyniowych i uszkodzen genetycznych. Podczas tej analizy réwniez
wskazano na potrzebe dalszych badan o zréznicowanym kierunku, z uwzglednieniem

czynnikéw zaktdcajacych obraz dyskutowanego zjawiska.

5) Zestawienie wszystkich otrzymanych wynikéw sugerujace potrzebe szeroko
zakrojonych badan nad mechanizmem wplywu niskich dawek
promieniowania jonizujacego na Zzywy organizm

Przedstawione badania i analizy zachecaja do gtebokiej interdyscyplinarnej analizy

zjawiska hormezy radiacyjnej i poznania molekularnych mechanizméw komoérkowych
w odpowiedzi na niskie dawki promieniowania jonizujacego. To jak wazne jest

zrozumienie natury tych obserwacji zostato rozwiniete w nastepnym podrozdziale (9.2.).
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9.2. Perspektywy na przysztos¢

Przeprowadzona analiza silnie sugeruje potrzebe wzmocnionego nadzoru
i stosowania Srodkéw prewencyjnych (zgodnie z zadami ochrony radiologicznej) wsrod
0s6b pracujacych w warunkach narazenia na niskie dawki promieniowania jonizujacego.
Wykazano, ze przewlekta ekspozycja na LDIR wigze sie ze zwiekszong $miertelno$ciag oraz
podwyzszonym ryzykiem chordb sercowo-naczyniowych, co wymaga dtugoterminowego
monitorowania oraz regulacji zapewniajgcych bezpieczenstwo pracownikom. Szczegdlnie
istotne jest regularne monitorowanie zdrowia o0s6b potencjalnie narazonych na
promieniowanie, umozliwiajgce wczesne wykrywanie negatywnych skutkéw ekspozycji
[156]. Ponadto poréwnanie wptywu LDIR z innymi czynnikami ryzyka, takimi jak palenie
tytoniu czy nadcis$nienie tetnicze, pozwoli lepiej oceni¢ jego wktad w pogorszenie stanu
zdrowia. Dalsze badania nad mechanizmami molekularnymi, w tym stresem
oksydacyjnym i uszkodzeniem Srodbtonka, beda niezbedne do opracowania strategii
terapeutycznych minimalizujgcych ryzyko, przy jednoczesnym zachowaniu korzysci
wynikajacych z kontrolowanej ekspozycji na promieniowanie.

Wraz ze wzrostem dawki LDIR zwiekszajg sie potencjalne zagrozenia dla zdrowia
uktadu sercowo-naczyniowego. Niskie dawki, w zakresie potencjalnych efektéw
hormetycznych, moga wigza¢ sie z mniejszym ryzykiem progresji choroby sercowo-
naczyniowej. Jednak roznorodno$¢ dostepnych dowodéw wskazuje, zZe wplyw
promieniowania moze sie znacznie r6zni¢ w zaleznosci od poziomu ekspozycji, stanu
zdrowia pacjenta i czynnikdw ryzyka. Dalsze badania prospektywne sa konieczne do
zrozumienia mechanizmow, przez ktore LDIR wptywa na zdrowie sercowo-naczyniowe,
co umozliwi okreslenie bezpiecznych wartosci progowych oraz opracowanie strategii
ochronnych. Lepsze poznanie dwukierunkowego wptywu LDIR na zdrowie sercowo-
naczyniowe pozwoli na bardziej Swiadome wykorzystanie promieniowania w kontekscie
terapeutycznym, rownowazac potencjalne uszkodzenia serca z korzysSciami klinicznymi.

Z perspektywy terapeutycznej TB-LDIR stato sie realng alternatywa dla bardziej
tradycyjnych metod leczenia, zwlaszcza w przypadku nowotworéw hematologicznych,
takich jak chtoniaki nieziarnicze. Badania kliniczne wykazaty, Ze trwate remisje osiggane
sg u 50-60% pacjentdéw, a w niektdrych przypadkach przekraczaja 90%, nawet gdy TB-
LDIR jest stosowane jako terapia poczatkowa lub jedyna [92, 97]. W przeciwienstwie do

konwencjonalnej chemioterapii TB-LDIR oferuje wiele istotnych zalet, takich jak mniejsza
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toksycznos¢, szybsza regresja naciekdw nowotworowych oraz lepsza tolerancja leczenia
przez pacjentow [157, 158]. Ponadto nie odnotowano istotnego ryzyka ostrej
radiotoksycznosci, a dlugoterminowe ryzyko nowotworéw wtérnych jest znikome
u pacjentow, ktorzy nie byli poddani chemioterapii wysokodawkowej, co dodatkowo
wzmacnia jego profil bezpieczenstwa [123]. TB-LDIR okazato sie réwniez skuteczne
w przypadku pacjentéw z nawrotem choroby lub opornoscig na chemioterapie, co czyni
je jeszcze bardziej obiecujaca opcja terapeutyczng. Wstepne wyniki wskazuja, ze TB-LDIR
moze wzmacnia¢ naturalng odpornos$¢ przeciwnowotworowa poprzez stymulacje
mechanizméw immunomodulujacych, co odrdéznia je od innych metod leczenia
nowotworow [91, 160]. Jednakze taczenie TB-LDIR z innymi terapiami wymaga
ostroznych badan, poniewaz obecne dane nie wykazuja znaczacych synergistycznych

korzysci [161, 162].

Dtugoterminowe badania obserwacyjne dotyczace ekspozycji na LDIR w warunkach
zawodowych sg niezbedne do okre$lenia bezpiecznych progéw ekspozycji i identyfikacji
grup wysokiego ryzyka, co pomoze w ksztattowaniu polityk i interwencji rownowazacych
terapeutyczne zastosowanie promieniowania z bezpieczenstwem zawodowym. Dalsze
badania nad uktadem sercowo-naczyniowym powinny skupi¢ sie na mechanizmach
patofizjologicznych, ktore tacza LDIR z chorobami serca, w tym na potencjalnym dziataniu
hormetycznym. Badania poréwnawcze z innymi czynnikami ryzyka sercowo-
naczyniowego pomoga lepiej osadzi¢ wptyw promieniowania w konteks$cie catosciowego
ryzyka i opracowac skuteczne strategie zapobiegawcze.

Przyszte badania kliniczne nad TB-LDIR powinny koncentrowac sie na optymalizacji
schematéw frakcjonowania dawki, aby zwiekszy¢ skuteczno$¢ i zminimalizowac¢ ryzyko.
Podejscie to moze uwzglednia¢ zaawansowane techniki diagnostyczne pozwalajace na
personalizacje terapii w zaleznoSci od stadium choroby i indywidualnych czynnikéw
ryzyka pacjenta. Priorytetem powinno by¢ takze badanie potencjalnych potaczen TB-LDIR
z immunoterapiami (immunomodulacja), szczepionkami przeciwnowotworowymi oraz
radioterapig miejscowa, poniewaz chociaz dotychczasowe dane wskazujg na ograniczong
synergie, dobrze zaplanowane badania kliniczne moga ujawni¢ kombinacje zwiekszajace
skuteczno$¢ leczenia bez jednoczesnego wzrostu toksyczno$ci terapii. Wreszcie,
konieczne s3 szeroko zakrojone randomizowane badania kliniczne, aby okresli¢

skutecznos¢ i bezpieczenstwo TB-LDIR jako strategii terapeutycznej. Badania te powinny
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speinia¢ wspoétczesne standardy etyczne i metodologiczne oraz dostarczy¢ informacji
o mechanizmach molekularnych i immunologicznych odpowiedzialnych za efekty
terapeutyczne TB-LDIR. Rozszerzenie zastosowania TB-LDIR poza nowotwory
hematologiczne na inne nowotwory ukiladowe moze otworzy¢ nowe mozliwosci
terapeutyczne. Potaczenie TB-LDIR z istniejacymi terapiami, takimi jak chirurgia czy
wysokodawkowa radioterapia celowana, moze prowadzi¢ do lepszych wynikéw leczenia,
szczegoblnie gdy funkcja uktadu odpornosciowego moze zosta¢ wykorzystana po resekcji

guza.

Podsumowujac, niniejsza analiza badawcza omowita rézne skutki ekspozycji na niskie
dawki promieniowania jonizujgcego, podkres$lajac konieczno$¢ zréwnowazonego
podejscia obejmujacego ochrone zdrowia pracownikéw, redukcje ryzyka sercowo-
naczyniowego oraz wykorzystanie potencjatu terapeutycznego TB-LDIR w medycynie.
W  przysziosci kluczowe bedzie prowadzenie solidnych badan klinicznych oraz
wspotpraca interdyscyplinarna, aby w peini wykorzysta¢ korzysci ptynace z LDIR i TB-
LDIR oraz bezpiecznie i skutecznie zintegrowac je z praktyka onkologiczng i zdrowiem

publicznym.

145



10.

11.

12.

Literatura

Marazziti, D., et al., Neuropsychological testing in interventional cardiology staff
after long-term exposure to ionizing radiation. Journal of the International
Neuropsychological Society, 2015.21(9): p. 670-676.

Chen, |., et al, Cumulative exposure to ionizing radiation from diagnostic and
therapeutic cardiac imaging procedures: a population-based analysis. Journal of the
American College of Cardiology, 2010. 56(9): p. 702-711.

Tang, FR. and K. Loganovsky, Low dose or low dose rate ionizing radiation-induced
health effect in the human. Journal of environmental radioactivity, 2018. 192: p. 32-
47.

Doll, R. and R. Peto, The causes of cancer: quantitative estimates of avoidable risks of
cancer in the United States today. ]NCI: Journal of the National Cancer Institute,
1981.66(6): p. 1192-1308.

Sumner, D., Low-level radiation—How dangerous is it? Medicine and war, 1990.
6(2): p. 112-1109.

Sumner, D., Health effects resulting from the Chernobyl accident. Medicine, Conflict
and Survival, 2007.23(1): p. 31-45.

Pastel, R.H., Radiophobia: long-term psychological consequences of Chernobyl.
Military medicine, 2002. 167 (suppl_1): p. 134-136.

Ainsbury, E., et al,, Radiation cataractogenesis: a review of recent studies. Radiation
research, 2009.172(1): p. 1-9.

Busby, C., et al., The evidence of radiation effects in embryos and fetuses exposed to
Chernobyl fallout and the question of dose response. Medicine Conflict and Survival,
2009. 25(1): p. 20-40.

Shah, D.J., R.K. Sachs, and D.J. Wilson, Radiation-induced cancer: a modern view. The
British journal of radiology, 2012. 85(1020): p. e1166-e1173.

Cuttler, ].M., Application of Low Doses of lonizing Radiation in Medical Therapies.
Dose-response : a publication of International Hormesis Society, 2020. 18(1): p.
1559325819895739-1559325819895739.

Hurlbert, M,, et al., People do not have high levels of knowledge of low dose ionizing
radiation (LDIR). Journal of Environmental Radioactivity, 2024. 271: p. 107311.

146



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Peters, C.E., et al.,, Exposure to low-dose radiation in occupational settings and
ischaemic heart disease: a systematic review and meta-analysis. Occupational and
environmental medicine, 2023. 80(12): p. 706-714.

Lau, Y.S., et al, Low Dose Ionising Radiation-Induced Hormesis: Therapeutic
Implications to Human Health. Applied Sciences, 2021. 11(19): p. 8909.
Paithankar, ].G., S.C. Gupta, and A. Sharma, Therapeutic potential of low dose ionizing
radiation against cancer, dementia, and diabetes: evidences from epidemiological,
clinical, and preclinical studies. Molecular biology reports, 2023. 50(3): p. 2823-
2834.

Dawood, A., C. Mothersill, and C. Seymour, Low dose ionizing radiation and the
immune response: what is the role of non-targeted effects? International Journal of
Radiation Biology, 2021.97(10): p. 1368-1382.

Schaue, D., A Century of Radiation Therapy and Adaptive Immunity. Frontiers in
immunology, 2017. 8: p. 431-431.

Mothersill, C. and C. Seymour, Implications for human and environmental health of
low doses of ionising radiation. Journal of Environmental Radioactivity, 2014. 133:
p. 5-9.

Russo, G.L. et al., Cellular adaptive response to chronic radiation exposure in
interventional cardiologists. European heart journal, 2012. 33(3): p. 408-414.
Report of the United Nations Scientific Committee on the Effects of Atomic Radiation
to the General Assembly, in United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) Reports. 2010, UN. p. 1-20.

Delaney, G., et al,, The role of radiotherapy in cancer treatment. Cancer, 2005.
104(6): p- 1129-1137.

Jaffray, D.A., Image-guided radiotherapy: from current concept to future perspectives.
Nature Reviews Clinical Oncology, 2012. 9(12): p. 688-699.

Yaromina, A., M. Krause, and M. Baumann, Individualization of cancer treatment
from radiotherapy perspective. Molecular oncology, 2012. 6(2): p. 211-221.
Kimball, A.S. and T.J. Webb, The roles of radiotherapy and immunotherapy for the
treatment of lymphoma. Molecular and cellular pharmacology, 2013. 5(1): p. 27.
Ang, K.K,, Altered fractionation trials in head and neck cancer. Seminars in Radiation

Oncology, 1998. 8(4): p. 230-236.

147



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dunn, G.P, et al., Cancer immunoediting: from immunosurveillance to tumor escape.
Nature Immunology, 2002. 3(11): p. 991-998.

Dunn, G.P, LJ. Old, and R.D. Schreiber, The Three Es of Cancer Immunoediting.
Annual Review of Immunology, 2004. 22(1): p. 329-360.

Schreiber, R.D,, L.J. Old, and M.J. Smyth, Cancer immunoediting: integrating
immunity’s roles in cancer suppression and promotion. Science, 2011. 331(6024): p.
1565-1570.

Janiak, M.K,, et al., Cancer immunotherapy: how low-level ionizing radiation can play
a key role. Cancer immunology, immunotherapy : CII, 2017. 66(7): p. 819-832.
Griffin, R.J., et al.,, Understanding High-Dose, Ultra-High Dose Rate, and Spatially
Fractionated Radiation  Therapy. International Journal of Radiation
Oncology*Biology*Physics, 2020. 107(4): p. 766-778.

Yilmaz, M.T,, A. Elmali, and G. Yazici, Abscopal effect, from myth to reality: from
radiation oncologists' perspective. Cureus, 2019. 11(1).

Gudowska, L, et al., Radiation burden from secondary doses to patients undergoing
radiation therapy with photons and light ions and radiation doses from imaging
modalities. Radiation protection dosimetry, 2014. 161(1-4): p. 357-362.

Casey, D.L., et al.,, Second cancer risk in childhood cancer survivors treated with
intensity-modulated radiation therapy (IMRT). Pediatric Blood & Cancer, 2015.
62(2): p. 311-316.

Ng, ]. and . Shuryak, Minimizing second cancer risk following radiotherapy: current
perspectives. Cancer management and research, 2014: p. 1-11.

Tubiana, M., Can we reduce the incidence of second primary malignancies occurring
after radiotherapy? A critical review. Radiotherapy and Oncology, 2009.91(1): p. 4-
15.

Albrecht, H., et al., Transcriptional response of ex vivo human skin to ionizing
radiation: comparison between low-and high-dose effects. Radiation research, 2012.
177(1): p. 69-83.

Yu, H., et al,, Different responses of tumor and normal cells to low-dose radiation.
Contemporary Oncology/Wspédiczesna Onkologia, 2013. 17(4): p. 356-362.

Yang, G., et al., Low-dose radiation may be a novel approach to enhance the
effectiveness of cancer therapeutics. International journal of cancer, 2016. 139(10):

p. 2157-2168.

148



39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Bauer, G., Low dose radiation and intercellular induction of apoptosis: potential
implications for the control of oncogenesis. International Journal of Radiation
Biology, 2007. 83(11-12): p. 873-888.

Scott, B.R., Radiation-hormesis phenotypes, the related mechanisms and implications
for disease prevention and therapy. Journal of cell communication and signaling,
2014. 8: p. 341-352.

Feinendegen, L.E., M. Pollycove, and R.D. Neumann, Hormesis by Low Dose Radiation
Effects: Low-Dose Cancer Risk Modeling Must Recognize Up-Regulation of Protection,
in Medical Radiology. 2012, Springer Berlin Heidelberg. p. 789-805.

Cui, ]., et al., Hormetic Response to Low-Dose Radiation: Focus on the Inmune System
and Its Clinical Implications. International journal of molecular sciences, 2017.
18(2): p. 280.

Cha, E.S,, et al,, Occupational radiation exposure and morbidity of circulatory disease
among diagnostic medical radiation workers in South Korea. Occupational and
environmental medicine, 2020. 77(11): p. 752-760.

Howe, G.R,, et al., Analysis of the Mortality Experience amongst U.S. Nuclear Power
Industry Workers after Chronic Low-Dose Exposure to Ionizing Radiation. Radiation
Research, 2004.162(5): p. 517-526.

Ivanov, VK, et al.,, THE RISK OF RADIATION-INDUCED CEREBROVASCULAR DISEASE
IN CHERNOBYL EMERGENCY WORKERS. Health Physics, 2006. 90(3): p. 199-207.
Kreuzer, M,, et al., Mortality from cardiovascular diseases in the German uranium
miners cohort study, 1946-1998. Radiation and Environmental Biophysics, 2006.
45(3): p. 159-166.

Kreuzer, M., et al, Low-dose ionising radiation and cardiovascular diseases -
Strategies for molecular epidemiological studies in Europe. Mutation
Research/Reviews in Mutation Research, 2015. 764: p. 90-100.

Little, M.P, A. Gola, and I. Tzoulaki, A model of cardiovascular disease giving a
plausible mechanism for the effect of fractionated low-dose ionizing radiation
exposure. PLoS computational biology, 2009. 5(10): p. e1000539-e1000539.
Tomei, F, et al.,, Vascular effects of occupational exposure to low-dose ionizing
radiation. American journal of industrial medicine, 1996. 30(1): p. 72-77.
Andreassi, M.G,, et al., Subclinical carotid atherosclerosis and early vascular aging

from long-term low-dose ionizing radiation exposure: a genetic, telomere, and

149



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

vascular ultrasound study in cardiac catheterization laboratory staff. JACC:
Cardiovascular Interventions, 2015. 8(4): p. 616-627.

Manenti, G., et al. Low-Dose Occupational Exposure to Ilonizing Radiation and
Cardiovascular Effects: A Narrative Review. in Healthcare. 2024. MDPI.

Yan, X., et al., Cardiovascular risks associated with low dose ionizing particle
radiation. PloS one, 2014.9(10): p. e110269-e110269.

Zielinski, ]., et al.,, Low dose ionizing radiation exposure and cardiovascular disease
mortality: cohort study based on Canadian national dose registry of radiation
workers. International Journal of Occupational Medicine and Environmental
Health, 2009. 22(1).

Qu, S., et al., Reparative effects after low-dose radiation exposure: Inhibition of
atherosclerosis by reducing NETs release. Science of The Total Environment, 2024.
947: p. 174540.

Chen, B,, et al., The relationship among occupational irradiation, DNA methylation
status, and oxidative damage in interventional physicians. Medicine, 2019. 98(39):
p.el7373.

Kabilan, U, et al., lonizing radiation and translation control: A link to radiation
hormesis? International Journal of Molecular Sciences, 2020. 21(18): p. 6650.
Tang, F.R. and W.K. Loke, Molecular mechanisms of low dose ionizing radiation-
induced hormesis, adaptive responses, radioresistance, bystander effects, and
genomic instability. International journal of radiation biology, 2015. 91(1): p. 13-
27.

Mousavikia, S., et al., Evaluation of micronuclei and antioxidant status in hospital
radiation workers occupationally exposed to low-dose ionizing radiation. BMC
Health Services Research, 2023. 23(1): p. 540.

Wang, C,, et al., Occupational Low-Dose Radiation Affects the Expression of Inmune
Checkpoint of Medical Radiologists. International Journal of Environmental
Research and Public Health, 2022. 19(12): p. 7105.

Calabrese, E.]J., Hormesis: path and progression to significance. International journal
of molecular sciences, 2018. 19(10): p. 2871.

Caratero, A., et al.,, Effect of a continuous gamma irradiation at a very low dose on

the life span of mice. Gerontology, 1998. 44(5): p. 272-276.

150



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lopez-Martinez, G. and D.A. Hahn, Early life hormetic treatments decrease
irradiation-induced oxidative damage, increase longevity, and enhance sexual
performance during old age in the Caribbean fruit fly. PLoS One, 2014. 9(1): p.
e88128.

Cheda, A, et al,, Single low doses of X rays inhibit the development of experimental
tumor metastases and trigger the activities of NK cells in mice. Radiation research,
2004.161(3): p. 335-340.

Nowosielska, E.M,, et al., Effects of a unique combination of the whole-body low dose
radiotherapy with inactivation of two immune checkpoints and/or a heat shock
protein on the transplantable lung cancer in mice. International Journal of
Molecular Sciences, 2021. 22(12): p. 6309.

Lehrer, S., S. Green, and K.E. Rosenzweig, Reduced ovarian cancer incidence in
women exposed to low dose ionizing background radiation or radiation to the ovaries
after treatment for breast cancer or rectosigmoid cancer. Asian Pacific journal of
cancer prevention: APJCP, 2016. 17(6): p. 2979.

Doss, M., Evidence supporting radiation hormesis in atomic bomb survivor cancer
mortality data. Dose-response, 2012. 10(4): p. dose-response. 12-023. Doss.

Hart, J., Cancer mortality for a single race in low versus high elevation counties in the
US. Dose-Response, 2011. 9(3): p. dose-response. 10-014. Hart.

Janiak, M.K., M. Pociegiel, and ].S. Welsh, Time to rejuvenate ultra-low dose whole-
body radiotherapy of cancer. Critical reviews in oncology/hematology, 2021. 160:
p. 103286.

Cuttler, .M., et al,, Treatment of Alzheimer disease with CT scans: a case report. Dose-
response, 2016. 14(2): p. 1559325816640073.

Cuttler, ].M,, et al.,, Second Update on a Patient With Alzheimer Disease Treated by CT
Scans. Dose-response : a publication of International Hormesis Society, 2018.
16(1): p. 1559325818756461-1559325818756461.

Kojima, S., et al., Radon Therapy for Autoimmune Diseases Pemphigus and Diabetes:
2 Case Reports. Dose-response : a publication of International Hormesis Society,
2019.17(2): p. 1559325819850984-1559325819850984.

Dhawan, G., et al,, Low dose radiation therapy as a potential life saving treatment for

COVID-19-induced acute respiratory distress syndrome (ARDS). Radiotherapy and

151



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

oncology : journal of the European Society for Therapeutic Radiology and
Oncology, 2020. 147: p. 212-216.

Jiang, B., et al., Effects of Localized X-Ray Irradiation on Peripheral Nerve
Regeneration in Transected Sciatic Nerve in Rats. Radiation Research, 2017. 188(4):
p. 455-462.

Tsukimoto, M., et al, Repeated 0.5-Gy y Irradiation Attenuates Experimental
Autoimmune Encephalomyelitis with Up-regulation of Regulatory T Cells and
Suppression of IL17 Production. Radiation Research, 2008. 170(4): p. 429-436.
Chaoul, H. and K. Lange, Ueber lymphogranulomatose und ihre behandlung mit
réntgenstrahlen. Munchen. Med. Wochenschr, 1923. 70: p. 725-727.

Mifsud, K.R,, et al., Epigenetic mechanisms in stress and adaptation. Brain, Behavior,
and Immunity, 2011. 25(7): p. 1305-1315.

Latimer, ].J., et al., Preliminary evidence for a hormetic effect on DNA nucleotide
excision repair in Veterans with Gulf War illness. Military medicine, 2020. 185(1-2):
p. e47-e52.

Chen, N., et al., ROS/Autophagy/Nrf2 Pathway Mediated Low-Dose Radiation
Induced Radio-Resistance in Human Lung Adenocarcinoma A549 Cell. International
journal of biological sciences, 2015. 11(7): p. 833-844.

Shao, M,, et al., Multiple low-dose radiation prevents type 2 diabetes-induced renal
damage through attenuation of dyslipidemia and insulin resistance and subsequent
renal inflammation and oxidative stress. PloS one, 2014. 9(3): p. €92574-e92574.
Tedesco, 1., et al., Protective Effect of y-Irradiation Against Hypochlorous Acid-
Induced Haemolysis in Human Erythrocytes. Dose-response : a publication of
International Hormesis Society, 2012. 11(3): p. 401-412.

Dessauer, F, Eine neue anordnung zur Rontgenbestrahlung. Archiv fir physikalische
Medizin und medizinische Technik, 1905. 2: p. 218-23.

Teschendorf, W., Uber Bestrahlung des ganzen menschliclhen Korpers bei
Blutklrankheiten. Shrahlentherapie, 1927. 26: p. 720-728.

Schwarz, G., Uber die theoretischen und praktischen Grundlagen einer Lang-
Schwach-Bestrahlungsmethode. Strahlentherapie, 1930. 37: p. 709.

Frimann-Dahl, J. and R. Forsberg, Xanthomatosis with defects in the cranial bones.

Acta Radiologica, 1931(3): p. 254-262.

152



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99,

Dale, T, Eine Neue Methode Der Rontgenbehandlung Von Leukamie. Acta
Radiologica, 1931. 12(3): p. 263-286.

Devois, A., La téléroentgenthérapie totale du corps humain. ]. belge Radiol., 1931.
20: p. 269.

Sgalitzer, M., Praktische Anwendung der Réntgentotalbestrahlung bei Polycythdmie
und chronischen Leukdmien. Strahlentherapie, 1936. 56: p. 341.

Heublein, A.C., A Preliminary Report on Continuous Irradiation of the Entire Body.
Radiology, 1932.18(6): p. 1051-1062.

Medinger, F.G. and L.F. Craver, Total body irradiation with review of cases. Am. ].
Roentgenol., 1942. 48(Nov.): p. 651-671.

Osgood, E.E., A.]. Seaman, and H. Tivey, Comparative survival times of x-ray treated
versus P32 treated patients with chronic leukemias under the program of titrated,
regularly spaced total-body irradiation. Radiology, 1955. 64(3): p. 373-381.

Del Regato, J.A.,, TOTAL BODY IRRADIATION IN THE TREATMENT OF CHRONIC
LYMPHOGENOUS LEUKEMIA. American Journal of Roentgenology, 1974. 120(3): p.
504-520.

Jacobs, M.L. and EJ. Marasso, A Four-Year Experience with Total-Body Irradiation.
Radiology, 1965. 84(3): p. 452-456.

Andrews, G.A.,, et al., Summary of clinical total-body irradiation program. Oak Ridge
Institute of Nuclear Studies. 1962, Medical Division, Research Report for.

Loeffler, RK. Therapeutic use of fractionated total body and subtotal body
irradiation. Cancer, 1981. 47(9): p. 2253-2258.

Qasim, M., Total body irradiation in non-Hodgkin lymphoma. Strahlentherapie,
1975.149(4): p. 364-367.

Qasim, M., Total body irradiation as a primary therapy in non-Hodgkin lymphoma.
Clinical radiology, 1979. 30(3): p. 287-289.

Lybeert, M., ]. Meerwaldt, and W. Deneve, Long-term results of low dose total body
irradiation for advanced non-Hodgkin lymphoma. International Journal of
Radiation Oncology* Biology* Physics, 1987.13(8): p. 1167-1172.

van Dijk-Milatz, A., Total-body irradiation in advanced lymphosarcoma. The British
Journal of Radiology, 1979. 52(619): p. 568-570.

Dobbs, H.]., et al., Total-body irradiation in advanced non-Hodgkin's lymhoma. The
British Journal of Radiology, 1981. 54(646): p. 878-881.

153



100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

Meerwaldt, ], et al, Low-dose total body irradiation versus combination
chemotherapy for lymphomas with follicular growth pattern. International Journal
of Radiation Oncology™ Biology™ Physics, 1991. 21(5): p. 1167-1172.

Roncadin, M,, et al., Total body irradiation and prednimustine in chronic lymphocytic
leukemia and low grade non-Hodgkin's lymphomas. A 9-year experience at a single
institution. Cancer, 1994. 74(3): p. 978-984.

Richaud, P.M,, et al,, Place of low-dose total body irradiation in the treatment of
localized follicular non-Hodgkin's lymphoma: results of a pilot study. International
journal of radiation oncology, biology, physics, 1998. 40(2): p. 387-390.

Jacobs, P. and H.S. King, A randomized prospective comparison of chemotherapy to
total body irradiation as initial treatment for the indolent lymphoproliferative
diseases. 1987.

Leimert, ].T, et al, Total body irradiation and cyclophosphamide, vincristine,
prednisone in the treatment of favorable prognosis non-Hodgkin's lymphomas.
International Journal of Radiation Oncology*Biology*Physics, 1979. 5(9): p. 1479-
1483.

Weick, ].K,, et al., The combined modality therapy of diffuse histology non-Hodgkin's
lymphoma with cyclophosphamide, adriamycin, vincristine, prednisone (CHOP) and
total body irradiation. International Journal of Radiation Oncology* Biology*
Physics, 1983.9(8): p. 1205-1207.

Safwat, A, et al., Tumour burden and interleukin-2 dose affect the interaction
between low-dose total body irradiation and interleukin 2. European Journal of
Cancer, 2004. 40(9): p. 1412-1417.

Bayoumi, Y. and A. Radwan, Low Dose Total Body Irradiation for Relapsed Low Grade
Non-Hodgkin’s Lymphoma: Experience of National Cancer Institute, Cairo. Journal of
Cancer Therapy, 2015.06(01): p. 25-33.

Sakamoto, K., Radiobiological basis for cancer therapy by total or half-body
irradiation. Nonlinearity in Biology, Toxicology, Medicine, 2004. 2(4): p.
15401420490900254.

Sakamoto, K., et al., Fundamental and clinical studies on cancer control with total or

upper half body irradiation. The Journal of JASTRO, 1997.9(3): p. 161-175.

154



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Kojima, S., et al., Treatment of Cancer and Inflammation With Low-Dose lonizing
Radiation: Three Case Reports. Dose-response : a publication of International
Hormesis Society, 2017. 15(1): p. 1559325817697531-1559325817697531.
Kojima, S., et al., Radon Therapy Is Very Promising as a Primary or an Adjuvant
Treatment for Different Types of Cancers: 4 Case Reports. Dose-response : a
publication of International Hormesis Society, 2019. 17(2): p.
1559325819853163-1559325819853163.

Kojima, S., et al,, Present and Future Prospects of Radiation Therapy Using a-Emitting
Nuclides. Dose-response : a publication of International Hormesis Society, 2018.
16(1): p. 1559325817747387-1559325817747387.

Johnson, R., Management of generalized malignant lymphomata with" systemic”
radiotherapy. The British Journal of cancer. Supplement, 1975. 2: p. 450.

Johnson, R.E., Total body irradiation of chronic lymphocytic leukemia: Incidence and
duration of remission. Cancer, 1970. 25(3): p. 523-530.

Johnson, R.E., Remission induction and remission duration with primary
radiotherapy in advanced lymphosarcoma. Cancer, 1972. 29(6): p. 1473-1476.
Johnson, R.E., Total body irradiation of chronic lymphocytic leukemia.Relationship
between therapeutic response and prognosis. Cancer, 1976. 37(6): p. 2691-2696.
Johnson, R.E., Radiotherapy as primary treatment for chronic lymphocytic
leukaemia. Clinics in Haematology, 1977. 6(1): p. 237-244.

Kazem, 1., Total body irradiation in the management of malignant lymphoma.
Radiologia Clinica, 1975. 44(5): p. 457-463.

Chaffey, ].T.,, et al, Total body irradiation as treatment for lymphosarcoma.
International Journal of Radiation Oncology*Biology*Physics, 1976. 1(5-6): p. 399-
405.

Choi, N.C,, et al,, Low dose fractionated whole body irradiation in the treatment of
advanced non-Hodgkin's lymphoma. Cancer, 1979. 43(5): p. 1636-1642.

Hoppe, R.T, et al, The treatment of advanced stage favorable histology non-
Hodgkin's lymphoma: a preliminary report of a randomized trial comparing single
agent chemotherapy, combination chemotherapy, and whole body irradiation. Blood,

1981. 58(3): p. 592-598.

155



122,

123.

124,

125.

126.

127.

128.

129,

130.

131.

132.

133.

Mendenhall, N.P,, W.D. Noyes, and R. Million, Total body irradiation for stage 1I-1V
non-Hodgkin's lymphoma: ten-year follow-up. Journal of Clinical Oncology, 1989.
7(1): p. 67-74.

Thar, TL. R.R. Million, and W.D. Noyes, Total body irradiation in non-Hodgkin's
lymphoma. International Journal of Radiation Oncology™ Biology* Physics, 1979.
5(2):p.171-176.

Canellos, G., et al., Therapy of advanced lymphocytic lymphoma a preliminary report
of a randomized trial between combination chemotherapy (CVP) and intensive
radiotherapy. The British journal of cancer. Supplement, 1975. 2: p. 474.
Yonkosky, D.M,, et al., Improvement of in vitro mitogen proliferative responses in non-
Hodgkin's lymphoma patients exposed to fractionated total body irradiation. Cancer,
1978.42(3): p. 1204-1210.

Kinsella, TJ., et al., Intensive combined modality therapy including low-dose TBI in
high-risk ewing's sarcoma patients. International Journal of Radiation
Oncology*Biology*Physics, 1983. 9(12): p. 1955-1960.

D'Angio, G.J. and A.E. Evans, Cyclic, low-dose total body irradiation for metastatic
neuroblastoma. International Journal of Radiation Oncology*Biology*Physics,
1983.9(12): p. 1961-1965.

Rees, G., et al,, Total body irradiation as a secondary therapy in non-Hodgkin's
lymphoma. Clinical Radiology, 1980. 31(4): p. 437-439.

Carabell, S.C,, et al,, Results of total body irradiation in the treatment of advanced
non-Hodgkin's lymphomas. Cancer, 1979. 43(3): p. 994-1000.

O'Donnell, J.E, et al., Acute nonlymphocytic leukemia and acute myeloproliferative
syndrome following radiation therapy for non-hodgkin's lymphoma and chronic
lymphocytic leukemia: Clinical studies. Cancer, 1979. 44(5): p. 1930-1938.

Greene, M.H,, et al., Evidence of a treatment dose response in acute nonlymphocytic
leukemias which occur after therapy of non-Hodgkin's lymphoma. Cancer Research,
1983.43(4): p. 1891-1898.

Travis, L.B., et al, Leukemia following low-dose total body irradiation and
chemotherapy for non-Hodgkin's lymphoma. Journal of clinical oncology, 1996.
14(2): p. 565-571.

Ellis, M. and M. Lishner, Second Malignancies Following Treatment in non-Hodgkin's

Lymphoma. Leukemia &amp; Lymphoma, 1993. 9(4-5): p. 337-342.

156



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Kollmannsberger, C., et al., Risk of secondary myeloid leukemia and myelodysplastic
syndrome following standard-dose chemotherapy or high-dose chemotherapy with
stem cell support in patients with potentially curable malignancies. Journal of Cancer
Research and Clinical Oncology, 1998. 124(3-4): p. 207-214.

Paule, B., ]. Cosset, and ]. Le Bourgeois, The possible role of radiotherapy in chronic
lymphocytic leukaemia: a critical review. Radiotherapy and Oncology, 1985.4(1): p.
45-54.

Calabrese, E.J., An abuse of risk assessment: how regulatory agencies improperly
adopted LNT for cancer risk assessment. Archives of Toxicology, 2015.89(4): p. 647-
648.

Calabrese, E.J., The Muller-Neel dispute and the fate of cancer risk assessment.
Environmental Research, 2020. 190: p. 109961.

Cooke, M.S,, et al., Oxidative DNA damage: mechanisms, mutation, and disease. The
FASEB Journal, 2003. 17(10): p. 1195-1214.

Chaffey, ].T., et al, Total-Body Irradiation in the Treatment of Lymphocytic
Lymphoma . Cancer Treatment Reports, 1977. 61(6): p. 1149-1152.

Welsh, |.S., Waldenstrom’s Macroglobulinemia treated with fractionated low-dose
total body irradiation. Case Rep Clin Pract Rev, 2004. 5: p. 425-431.

Specht, L., Does radiation have a role in advanced stage Hodgkin’s or non-Hodgkin
lymphoma? Current treatment options in oncology, 2016. 17: p. 1-13.

Chen, Z. and K. Sakai, Enhancement of Radiation-induced Apoptosis by
Preirradiation with Low-dose X-rays in Human Leukemia MOLT-4 Cells. Journal of
Radiation Research, 2004. 45(2): p. 239-243.

Sellins, K.S. and ]J. Cohen, Gene induction by gamma-irradiation leads to DNA
fragmentation in lymphocytes. Journal of Immunology (Baltimore, Md.: 1950),
1987.139(10): p. 3199-3206.

Dewey, W.C,, C.C. Ling, and R.E. Meyn, Radiation-induced apoptosis: Relevance to
radiotherapy. International Journal of Radiation Oncology*Biology*Physics, 1995.
33(4): p- 781-796.

Forrester, H.B., et al., Computerized Video Time-Lapse Analysis of Apoptosis of
REC:Myc Cells X-Irradiated in Different Phases of the Cell Cycle. Radiation Research,
2000.154(6): p. 625-639.

157



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Sharma, D., et al,, Differential activation of NF-kB and nitric oxide in lymphocytes
regulates in vitro and in vivo radiosensitivity. Mutation Research/Genetic
Toxicology and Environmental Mutagenesis, 2010. 703(2): p. 149-157.

C. Short, J.K,, CR Mayes, M. Woodcock, MC Joiner, S, Low-dose hypersensitivity after
fractionated low-dose irradiation in vitro. International journal of radiation biology,
2001.77(6): p. 655-664.

Seth, 1., M.C. Joiner, and ].D. Tucker, Cytogenetic low-dose hyperradiosensitivity is
observed in human peripheral blood lymphocytes. International Journal of Radiation
Oncology* Biology™ Physics, 2015.91(1): p. 82-90.

Fadok, V.A,, D.L. Bratton, and PM. Henson, Phagocyte receptors for apoptotic cells:
recognition, uptake, and consequences. Journal of Clinical Investigation, 2001.
108(7): p. 957-962.

Marples, B., et al.,, Low-dose hyper-radiosensitivity: a consequence of ineffective cell
cycle arrest of radiation-damaged G2-phase cells. Radiation research, 2004. 161(3):
p. 247-255.

Knoops, L., et al,, In vivo p53 response and immune reaction underlie highly effective
low-dose radiotherapy in follicular lymphoma. Blood, 2007. 110(4): p. 1116-1122.

Zappasodi, R,, et al., Improved clinical outcome in indolent B-cell ymphoma patients
vaccinated with autologous tumor cells experiencing immunogenic death. Cancer
research, 2010.70(22): p. 9062-9072.

Ferlay, |., et al,, Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods. International journal of cancer, 2019. 144(8): p.
1941-1953.

Kamran, S.C., et al, Therapeutic radiation and the potential risk of second
malignancies. Cancer, 2016. 122(12): p. 1809-1821.

Luan, E-].,, etal,, Low Radiation X-rays: Benefiting People Globally by Reducing Cancer
Risks. International journal of medical sciences, 2021. 18(1): p. 73-80.

Pollycove, M., Radiobiological basis of low-dose irradiation in prevention and
therapy of cancer. Dose-response, 2007. 5(1): p. dose-response. 06-112. Pollycove.
Oakley, PA., Is use of radiation hormesis the missing link to a better cancer

treatment? Journal of Cancer Therapy, 2015. 6(7): p. 601-605.

158



158.

159.

160.

161.

162.

163.

164.

165.

Block, A.M.,, S.R. Silva, and ].S. Welsh, Low-dose total body irradiation: an overlooked
cancer immunotherapy technique. Journal of Radiation Oncology, 2017. 6(2): p.
109-115.

Pedersen-Bjergaard, ]J., Therapy-related acute nonlymphocytic leukemia: Clinical
aspects. Medical Oncology and Tumor Pharmacotherapy, 1988. 5: p. 207-209.
Holder, D.L., Total-body irradiation in multiple myeloma. Radiology, 1965. 84(1): p.
83-86.

Riickert, M., et al., Immunmodulierende Eigenschaften von Radiotherapie als Basis
fiir wohldurchdachte Radioimmuntherapien. Strahlentherapie und Onkologie,
2018.194: p. 509-510.

Menon, H.,, et al., Influence of low-dose radiation on abscopal responses in patients
receiving high-dose radiation and immunotherapy. Journal for immunotherapy of
cancer, 2019. 7: p. 1-9.

Johnson, R.E., Evaluation of Fractionated Total-Body Irradiation in Patients with
Leukemia and Disseminated Lymphomas. Radiology, 1966. 86(6): p. 1085-1089.
Johnson, R.E., Treatment of chronic lymphocytic leukemia by total body irradiation
alone and combined with chemotherapy. International Journal of Radiation
Oncology* Biology™ Physics, 1979. 5(2): p. 159-164.

Hellman, S., et al., The place of radiation therapy in the treatment of non-Hodgkin's
lymphomas. Cancer, 1977. 39(52): p. 843-851.

159



