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The new coronavirus COVID-19 disease caused by SARS-CoV-2 was declared a global public health
emergency by WHO on Jan 30, 2020. Despite massive efforts from various governmental, health
and medical organizations, the disease continues to spread globally with increasing fatality rates.
Several experimental drugs have been approved by FDA with unknown efficacy and potential adverse
effects. The exponentially spreading pandemic of COVID-19 deserves prime public health attention to
evaluate yet unexplored arenas of management. We opine that one of these treatment options is low
dose radiation therapy for severe and most critical cases. There is evidence in literature that low
dose radiation induces an anti-inflammatory phenotype that can potentially afford therapeutic
benefit against COVID-19-related complications that are associated with significant morbidity and
mortality. Herein, we review the effects and putative mechanisms of low dose radiation that may
be viable, useful and of value in counter-acting the acute inflammatory state induced by critical stage
COVID-19.

� 2020 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 147 (2020) 212–216
The recent outbreak of the new corona virus (SARS-CoV-2/
COVID-19) has spread throughout the globe at an alarming rate,
with many countries being scientifically, medically, economically,
socially, and/or politically unprepared to meet and respond to
the pandemic threat. The clinical spectrum of COVID-19 ranges
from an asymptomatic form to mild respiratory symptoms such
as dry cough, fever, and moderate dyspnea, to more severe presen-
tations, such as neurologic manifestations (e.g., cerebrovascular
accident consequential to cytokine-induced changes in blood clot-
ting; direct encephalitic effects), viral pneumonia, acute respira-
tory distress syndrome (ARDS) and sequential organ failure (SOF)
as result of cytokine storm [1,2]. ARDS requires the use of supple-
mental oxygen and mechanical ventilatory support, and yet
despite such measures, often incurs high mortality (30–40%) [3].
The number of patients who have required mechanical ventilation
for extended periods of time produced an unanticipated shortage
of these devices and imposed a significant – and often near catas-
trophic burden on hospital systems. In this review, we provide
evidence that radiotherapy has been successfully used to treat a
number of inflammatory/infectious conditions including bacte-
rial/viral pneumonia in the 20th century, and we opine that based
upon its proposed mechanism of action, this may represent a
viable treatment option to reduce the cytokine storm-induced
ubiquitous inflammatory effects that occurs in the majority of
critically ill COVID-19 patients.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2020.05.002&domain=pdf
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Pathogenesis of covid-19 effects

SARS-CoV-2/COVID-19 virus belongs to the Coronaviridae family
and is a single-stranded RNA virus that can infect both animals and
humans. The entry of pathogenic COVID-19 virus in humans leads
to activation of inflammatory cells, specifically CD4 lymphocytes
that subsequently transform to T helper 1 (Th1) cells. Th1 cells par-
ticipate in increasing production of several pro-inflammatory
cytokines and chemokines, including: IL1-b, IL-2, IL1RA, IL7, IL8,
IL9, IL10, GCSF, GMCSF, basic FGF2, IFNc, IP10, MCP1, MIP1a,
MIP1b, PDGFB, TNFa, and VEGFA. These mediators initiate the cas-
cade of the accelerated inflammatory state. The cytokines that
appear to be most directly related to severity of respiratory illness
in COVID-19 are: GCSF, IL2, IL7, IL10, GCSF, IP10, MCP1, MIP1a, and
TNFa. Activated inflammatory cells (Th1 cells and macrophages)
enter the pulmonary circulation and induce a ubiquity of cytokines
(i.e., ‘‘cytokine storm”) that lead to rapid, wide-spread damage of
the pulmonary epithelium and alveolar cells, as well as other vital
organs [1,4–7].

Recently, the pathological features of COVID-19 infection have
been described to involve three stages: Stage one, is incubation
wherein the patient is most often asymptomatic, and during which
time the systemic viral titer may be low, and thus may not be
detectable. Stage two, during which the patient is symptomatic,
but symptoms are not severe, although the systemic viral load
has increased and the virus is detectable; and stage three, in which
symptoms become severe and the viral load is very high and
detectable [8]. The immune response to COVID-19 infection gener-
ally can assume one of two patterns. The first entails an endoge-
nous, protective immune response that eliminates the virus and
prevents progression to more severe stages of disease; and the sec-
ond which involves an impaired immune response upon entry of
virus, thereby leading to progressively more severe disease. This
latter pattern displays extensive involvement of organs expressing
high concentration of angiotensin-converting enzyme 2 (ACE2),
such as heart, kidneys, intestines, and lungs, with lung alveolar
type II pneumocytes being the principal target site of COVID-19
virus. The damage to these tissues initiates the renin–angioten
sin–aldosterone system (RAAS) cascade and induces pulmonary
parenchymal inflammation via the activity of (pro-inflammatory)
macrophages and granulocytes, which leads to ARDS [9–11].
Effects of hyperinflammatory state in COVID-19

The ‘‘cytokine storm” induced by activated lymphocytes creates
a systemic platform for the rapidly deteriorating presentations
characteristic of critical COVID-19 illness. This hyper-
inflammatory host–response poses significant challenges for
medical management, as efforts are being made to employ
experimental drugs (e.g., cytokine inhibitors and/or interleukin
antagonists) that may effectively modulate immune system
responses. Individuals with comorbidities, such as diabetes,
chronic renal disease, and/or chronic pulmonary disease are at
greater risk of severe complications and mortality from respiratory
viral infections such as COVID-19. The diabetic hyperglycemic
environment hinders immune responsivity, and chronic renal
disease establishes a pro-inflammatory state that manifests
functional defects in both innate and adaptive immunity. The
lability of lung tissues in chronic pulmonary disease renders the
pulmonary parenchyma pre-compromised and therefore at greater
risk of ARDS. These comorbidities dispose patients to both
increased severity of COVID-19-related multi-organ involvement,
and higher risk of mortality [12–14]. Given current limitations
and inadequacies in treating this disease, we posit the utility and
value of exploring and recognizing novel therapeutic modalities,
such as low dose radiotherapy (RT), which may prove to be of
benefit to critically ill patients.
Historical perspectives on the use of low dose radiation in
pneumonia and bronchial asthma

A 2013 review of low dose RT by Calabrese and Dhawan illus-
trated the use of this approach to treat pneumonia during the
20th century [15]. The authors reported that approximately 700
patients of bacterial (lobar and bronchopneumonia), interstitial,
sulfanilamide resistant, and atypical pneumonia were effectively
treated by low doses of RT. As well, their discussion addresses
studies with induced bacterial and viral pneumonia in four exper-
imental animal models (i.e., mice, guinea pigs, cats and dogs), the
results of which supported the clinical findings. The X-ray therapy
successfully reduced the mortality from approximately 30 percent
to 5–10 percent, and clinical outcomes were further improved
when these treatment effects were compared to cases treated with
serum therapy or sulfonamides. The positive therapeutic results
occurred quickly (within 0.5–3 h) and were often (if not mostly)
evident after a single X-ray treatment. The symptoms (especially
respiratory distress) were rapidly relieved following administra-
tion of the X-ray dose. This X-ray therapy was equivalently effec-
tive against viral pneumonia, as well. These findings were
consistently reported by numerous clinicians in diverse medical
settings, with patients of highly variable health status, disease his-
tory, and age differences. As well, reports have noted successful
treatment of bronchial asthma with X-rays in approximately
6000 cases [16]. The outcomes of several dozen studies indicated
that approximately 4200 cases displayed remarkably rapid and
marked reduction of pulmonary symptoms, with fifty percent of
these patients presenting complete resolution of clinical signs
and symptoms. While essentially all historical human studies were
case reports, it should be noted that six studies incorporated com-
parison control groups that were unique to each study. For exam-
ple, the types of controls ranged from the selection of alternative
subjects into treatment and control groups, the use of historical
community control groups and similar national data, as well as
contemporary subjects with pneumonia in the same hospital
served as controls. The control group data in these respective stud-
ies tended to be generally consistent with the national normal at
that time of about 30% mortality rates. While these studies are
not at the level of contemporary methodological study designed
standards, the multiple findings were highly consistent, supported
by responses in multiple animal models and supported with con-
temporary mechanistic findings.
Putative mechanism of low dose radiation therapy

Calabrese et al. published in 2019 that low-dose RT induces a
highly integrated, complex and systemic response that involves
polarization of macrophages to an M-2 anti-inflammatory pheno-
type [17]. This anti-inflammatory phenotype mediates decreased
adhesion of leukocytes and polymorphonuclear cells (PMNs) to
endothelial cells, decrease in reactive oxygen species (ROS), reduc-
tion of nitric oxide (NO), decreased inducible nitric oxide syn-
thetase (iNOS), decrease in tumor necrosis factor-alpha (TNF-a),
and decreased tumor growth factor-alpha (TGFa). Further, and per-
haps synergistically, the low-dose RT induction of the M2 pheno-
type invokes increased heme oxygenase, increased anti-
inflammatory cytokines – interleukin-10 (IL-10), increased tumor
necrosis factor-beta (TNF-b), activation of several transcription fac-
tors, such as nuclear factor kappa beta (NFkB) and activating
protein-1 (AP-1) [18–20], induction of apoptosis [21–27],
increased tumor growth factor – beta 1 (TGFb1) [19,20], and



Fig. 1. Radiation dose and macrophage polarization (adapted from: Genard et al. [35], Calabrese et al. [37], Pinto et al. [38]).
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enhancement of T-regulatory cells [20,28,29]. Low-dose RT can
induce the M2 anti-inflammatory macrophage phenotype irrespec-
tive of being administered to a localized inflamed area or to the
whole body [30–32].

This putative mechanism of action is well-supported by the
induction of anti-inflammatory phenotypes using low doses of ion-
izing radiation in a variety of in vivomodels (e.g., Lewis Rats, BALB/
C mice, murine air pouch models with Tuck mice, DBA mice,
human tumor necrosis factor 2 transgenic mice, NMRI mice, C57
BC/6 mice) and in vitro models (e.g., adult human peripheral
mononuclear cells, human umbilical vein endothelial cells, acti-
vated murine macrophages-RAW 264.7 cells, mouse resistant peri-
toneal macrophages, murine endothelioma cell line mlEnd and the
hybrid endothelial cell line EA-hy.926) [33].

In a recently published study, Abd El-Fatah et al. 2020, evalu-
ated effects of low dose gamma radiation on systemic inflamma-
tory disease (i.e., experimentally-induced arthritis) in rats, in
which the inflammatory environment affected joints, kidney, liver,
and the hematological system. The study demonstrated that low
dose RT induced a clinically protective hormetic immune response.
Arthritis was induced by injecting Complete Freund’s Adjuvant
(CFA), resulting in marked increases in systemic lymphocytes,
(both CD4 and CD8). Additionally, CFA-injected rats showed ele-
vated liver enzymes and creatinine levels. These rats were exposed
to low dose gamma radiation (0.25 Gy/week � 4). Treatment with
low dose RT produced significant reduction (p-value <0.01) in total
leucocyte counts by 44.4 %, serum creatinine by 26.3% and serum
liver enzymes by approximately 30% (Alanine aminotransferase
ALT 31.4% and Aspartate aminotransferase AST 34.6%) back
towards normal values. These results elucidate positive effects of
low dose RT in reducing systemic inflammation, and it was sug-
gested that such therapeutics could be used in patient populations
that present with multi-system pro-inflammatory states, such as
that incurred in chronic kidney disease [34].

Using various murine models and human cell lines, Genard et al.
2017 elaborated upon the possible molecular mechanisms that
lead to the polarization of macrophages (inflammatory vs anti-
inflammatory). Their results demonstrated a triphasic dose
response curve wherein low dose RT (<1 Gy) and high dose RT
(>10 Gy) induced M2 polarization (i.e., anti-inflammatory pheno-
type), while moderate dose of RT (1–10 Gy) induced M1 polariza-
tion (i.e., pro-inflammatory) phenotype [35].

Calabrese et al. 2019 have indicated that diseases with a signif-
icant inflammatory component demonstrate reduced pathognomic
features following exposure to radiation doses less than 1.0 Gy (i.e.,
that induce an anti-inflammatory phenotype (M2 polarization)).
However, diseases with an infectious component, such as pneumo-
nia, gas gangrene, sinusitis etc. respond to radiation doses more
than 1.0 Gy (i.e., that induce a pro-inflammatory phenotype (M1
Polarization)) (Fig. 1) [17].

The authors further suggested that the existence of M1 and M2
phenotypes at both the single cell and cell population levels is not
absolute, but rather represents a combinatory presentation of
these phenotypes. This hypothesis assumes that both pro- and
anti-inflammatory phenotypes are simultaneously induced, but
the final phenotypic potential (i.e., which determines the relative
constitution of pro-inflammatory or anti-inflammatory phenotype)
depends upon the radiation dose being greater or less than 1.0 Gy
[17].

In addition, Klug et al. 2013 demonstrated that M1/M2
polarization via low dose of RT also depends upon the tissue
microenvironment [36].

Recommended radiation dosing for COVID-19 patients in ARDS

Based on the historical use of radiation to treat various inflam-
matory and infectious diseases, Calabrese et al. 2019 proposed a
dose range from 0.2 to 2.0 Gy for optimal human therapeutic effec-
tiveness [15–17,33,39–45]. The authors assert that this dose range
has the potential to induce polarization of both M1 and M2 macro-
phage phenotypes [17].

Considering the available evidence and the proposed mecha-
nism of action of low dose RT, the authors recommend that a single
total dose of 0.3–0.5 Gy would be beneficial for COVID-19 patients
that present with (and have corroborative clinical findings of) cyto-
kine storm. This dose can be administered to the chest region using
both anterior and posterior fields (50% of total dose administered
in each field). This targeted low dose of RT appears to be of most
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benefit in acute phase of illness when cytokines surge occurs and
reduces the possibility of any immediate or long-term adverse
effects considerably [17].

Other potential benefits of using low dose RT for treatment of
COVID-19 patients with ARDS:

- The portability and ready availability of X-ray machines in
hospitals allows researchers to deliver low dose RT in most
hassle-free manner, such as in an isolation room and/or Inten-
sive Care Unit for patients on ventilators, compared to high dose
radiation therapy which needs to be done in a formal setting.

- In addition, unlike vaccines and pharmacological treatments
that are dependent on stock production and distribution from
manufacturers, X-ray devices are readily available in most of
the clinical settings such as urgent care, outpatient, and hospital
settings. In fact, areas/countries with poor socioeconomic
demographic profile and lack of infrastructure to avail costly
trial drugs, X-ray facilities are available to serve the purpose.
Additional benefits of this treatment modality include exemp-
tion from any shortages in supply, minimal immediate or
long-term side effects.

To be sure, this remains speculative and it is imperative that the
hormetic characteristics of the response to low dose RT be used to
guide any experimental and/or clinical intervention. To such ends,
and based upon extant empirical findings, we advocate and urge
the critical importance of administering a single dose of 0.3–
0.5 Gy to patients experiencing pneumonia, ARDS with Cytokine
storm, so as to attempt rapid amelioration of the systemic inflam-
matory cascade, while avoiding unacceptable or adverse long-term
effects of RT. Certainly, we do not endorse the use of RT for all
COVID-19 patients; but we do offer its consideration for those
patients who are most critical, and for whom other treatments
options are unsuccessful or unavailable.
Ethics committee approval

This manuscript is a review article and thus did not need an
Ethics Committee Approval.
Conflicts of interest

None.
Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.
Acknowledgements

JG’s work is supported by the Henry Jackson Foundation,
Leadership Initiatives, and federal funds UL1TR001409 from the
National Center for Advancing Translational Sciences (NCATS),
National Institutes of Health, through the Clinical and Translational
Science Awards Program (CTSA), a trademark of the Department of
Health and Human Services, part of the Roadmap Initiative,
‘‘Re-Engineering the Clinical Research Enterprise” E.J.C. acknowl-
edges longtime support from the US Air Force (AFOSR FA9550-
13-1-0047) and ExxonMobil Foundation (S18200000000256). This
research received no specific grant from any funding agency in the
public, commercial, or not-for-profit sectors.
References

[1] Cascella M, Rajnik M, Cuomo A, et al. Features, Evaluation and Treatment
Coronavirus (COVID-19) [Updated 2020 Mar 20]. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing; 2020. Available from: https://
www.ncbi.nlm.nih.gov/books/NBK554776/.

[2] Zhou L, Zhang M, Wang J, Gao J. Sars-Cov-2: Underestimated damage to the
nervous system. Tropical Medicine and Infectious Disease (101642) (2020).
Available from: https://doi.org/10.1016/j.tmaid.2020.101642.

[3] American Thoracic Society, Chapter 2 Acute Respiratory Distress Syndrome
https://www.thoracic.org/patients/patient-resources/breathing-in-america/
resources/chapter-2-acute-respiratory-distress-syndrome.pdf.

[4] Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan China. Lancet
2020;395:497–506. https://doi.org/10.1016/S0140-6736(20)30183-5.

[5] Yang P, Wang X. COVID-19: a new challenge for human beings. Cell Mol
Immunol 2020. https://doi.org/10.1038/s41423-020-0407-x.

[6] Hussin A Rothan, Siddappa N Byrareddy. The epidemiology and pathogenesis
of coronavirus disease (COVID-19) outbreak. J Autoimmunity (2020), 102433,
ISSN 0896-8411, https://doi.org/10.1016/j.jaut.2020.102433.

[7] Yonggang Zhou, Binqing Fu, Xiaohu Zheng, Dongsheng Wang, Changcheng
Zhao, Yingjie qi, Rui Sun, Zhigang Tian, Xiaoling Xu, Haiming Wei, Pathogenic T
cells and inflammatory monocytes incite inflammatory storm in severe COVID-
19 patients, National Science Review, nwaa041, https://doi.org/10.1093/nsr/
nwaa041.

[8] Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected pneumonia in
Wuhan, China. JAMA 2020. https://doi.org/10.1001/jama.2020.1585.

[9] Shi Y, Wang Y, Shao C, et al. COVID-19 infection: the perspectives on immune
responses. Cell Death Differ 2020. https://doi.org/10.1038/s41418-020-0530-3.

[10] Vaduganathan M, Vardeny O, Michel T, et al. Renin–angiotensin–aldosterone
system inhibitors in patients with Covid-19. N Engl J Med 2020. , https://www.
nejm.org/doi/full/10.1056/NEJMsr2005760.

[11] Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A
first step in understanding SARS pathogenesis. J Pathol 2004;203:631–7.

[12] Cheng Y, Luo R, Wang K, et al. Kidney disease is associated with in-hospital
death of patients with COVID-19. Kidney Int 2020. https://doi.org/10.1016/j.
kint.2020.03.005.

[13] Madsbad S. COVID-19 Infection in people with diabetes. Touch Endocrinol
(2020). https://www.touchendocrinology.com/insight/covid-19-infection-in-
people-with-diabetes/.

[14] Siddiqi HK et al. COVID-19 illness in native and immunosuppressed states: a
clinical–therapeutic staging proposal. J Heart Lung Transplant 2020;39.
https://doi.org/10.1016/j.healun.2020.03.012.

[15] Calabrese EJ, Dhawan G. How radiotherapy was historically used to treat
pneumonia: could it be useful today?. Yale J Biol Med 2013;86:555–70.

[16] Calabrese EJ, Dhawan G, Kapoor R. The use of X-rays in the treatment of
bronchial asthma: a historical assessment. Radiat Res 2015;184:180–92.

[17] Calabrese EJ, Dhawan G, Kapoor R, Kozumbo WJ. Radiotherapy treatment of
human inflammatory diseases and conditions: optimal dose. Hum Exp Toxicol
2019;38:888–98.

[18] Hildebrandt G, Seed MP, Freemantle CN, Alam CAS, Colville-Nash PR, Trott KR.
Mechanisms of the anti-inflammatory activity of low-dose radiation therapy.
Int J Radiat Biol 1998;74:367–78.

[19] Schaue D, Jahns J, Hildebrandt G, Trott KR. Radiation treatment of acute
inflammation in mice. Int J Radiat Biol 2005;81:657–67.

[20] Nakatsukasa H, Tsukimoto M, Ohshima Y, Tago F, Masada A, Kojima S.
Suppressing effect of low-dose gamma-ray irradiation on collagen-induced
arthritis. J Radiat Res 2008;49:381–9.

[21] Kern P, Keilholz L, Forster C, Seegenschmiedt MH, Sauer R. In vitro apoptosis in
peripheral blood mononuclear cells induced by low-dose radiotherapy
displays a discontinuous dose-dependence. Int J Radiat Biol
1999;75:995–1003.

[22] Huynh MLN, Fadok VA, Henson PM. Phosphatidylserine-dependent ingestion
of apoptotic cells promotes TGF-b1 secretion and the resolution of
inflammation. J Clin Invest 2002;109:41–50.

[23] Ren Y, Xie Y, Jiang G, Fan J, Yeung J, Li W, et al. Apoptotic cells protect mice
against lipopolysaccharide-induced shock. J Immunol 2008;180:4978–85.

[24] DosReis GA, Lopes MF. The importance of apoptosis for immune regulation in
Chagas disease. Mem Inst Oswaldo Cruz 2009;104(Suppl 1):259–62.

[25] Ferri LA, Maugeri N, Rovere-Querini P, Calabrese A, Ammirati E, Cianflone D,
et al. Anti-inflammatory action of apoptotic cells in patients with acute
coronary syndromes. Artherosclerosis 2009;205:391–5.

[26] Perruche S, Saas P, Chen W. Apoptotic cellmediated suppression of
streptococcal cell wall-induced arthritis is associated with alteration of
macrophage function and local regulatory T-cell increase: a potential
cellbased therapy?. Arthritis Res Ther 2009;11(4):R104.

[27] Esmann L, Idel C, Sarkar A, Hellberg L, Behnen M, Möller S, et al. Phagocytosis
of apoptotic cells by neutrophil granulocytes: diminished proinflammatory
neutrophil functions in the presence of apoptotic cells. J Immunol
2010;184:391–400.

[28] Nakatsukasa H, Tsukimoto M, Tokunaga A, Kojima S. Repeated y irradiation
attenuates collagen-induced arthritis via up-regulation of regulatory T cells
but not by damaging lymphocytes directly. Radiat Res 2010;174:313–24.

https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://doi.org/10.1016/j.tmaid.2020.101642
https://www.thoracic.org/patients/patient-resources/breathing-in-america/resources/chapter-2-acute-respiratory-distress-syndrome.pdf
https://www.thoracic.org/patients/patient-resources/breathing-in-america/resources/chapter-2-acute-respiratory-distress-syndrome.pdf
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1038/s41423-020-0407-x
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/s41418-020-0530-3
https://www.nejm.org/doi/full/10.1056/NEJMsr2005760
https://www.nejm.org/doi/full/10.1056/NEJMsr2005760
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0055
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0055
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0055
https://doi.org/10.1016/j.kint.2020.03.005
https://doi.org/10.1016/j.kint.2020.03.005
https://www.touchendocrinology.com/insight/covid-19-infection-in-people-with-diabetes/
https://www.touchendocrinology.com/insight/covid-19-infection-in-people-with-diabetes/
https://doi.org/10.1016/j.healun.2020.03.012
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0075
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0075
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0080
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0080
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0085
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0085
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0085
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0090
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0090
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0090
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0095
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0095
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0100
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0100
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0100
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0105
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0105
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0105
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0105
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0110
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0110
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0110
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0115
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0115
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0120
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0120
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0125
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0125
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0125
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0130
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0130
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0130
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0130
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0135
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0135
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0135
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0135
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0140
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0140
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0140


216 Low dose radiation therapy treatment for COVID-19-induced acute respiratory distress syndrome (ARDS)
[29] Weng L, Williams RU, Vieira PL, Screaton G, Feldmann M, Dazzi F. The
therapeutic activity of low-dose irradiation on experimental arthritis depends
on the induction of endogenous regulatory T cell activity. Ann Rheum Dis
2010;69:1519–26.

[30] Arenas M, Gil F, Gironella M, Hernandez V, Jorcano S, Biete A, et al. Anti-
inflammatory effects of low-dose radiotherapy in an experimental model of
systemic inflammation in mice. Int J Radiat Oncol Biol Phys 2006;66:560–7.

[31] Arenas M, Gil F, Gironella M, Hernández V, Biete A, Pique JM, et al. Time course
of anti-inflammatory effect of low-dose radiotherapy: correlation with TGF-b1
expression. Radiother Oncol 2008;86:399–406.

[32] Frey B, Gaipl US, Sarter K, Zaiss MM, Stillkrieg W, Rödel F, et al. Whole body
low dose irradiation improves the course of beginning polyarthritis in human
TNF-transgenic mice. Autoimmunity 2009;42:346–8.

[33] Calabrese EJ, Calabrese V. Reduction of arthritic symptoms by low dose
radiation therapy (LD-RT) is associated with an anti-inflammatory phenotype.
Int J Radiat Biol 2013;89:278–86.

[34] Abd El-fatah HAE, Ezz MK, El-kabany HA, et al. Reduction of some extra-
articular complications associated with arthritis development in rats by low
dose c-irradiation. Arab J Nucl Sci Appl 2020;53:172–81.

[35] Genard G, Lucas S, Michiels C. Reprogramming of tumor-associated
macrophages with anticancer therapies: Radiotherapy versus chemo- and
Immunotherapies. Front Immunol 2017;8:828.

[36] Klug F, Prakash H, Huber P, et al. Low-dose irradiation programs macrophage
differentiation to an iNOS+/M1 phenotype that orchestrates effective T cell
immunotherapy. Cancer Cell 2013;24:589–602.
[37] Calabrese EJ, Giordano JJ, Kozumbo WJ, et al. Hormesis mediates dose
sensitive shifts in macrophage activation patterns. Pharm Res 2018;137:
236–49.

[38] Pinto AT, Pinto ML, Cardoso AP, et al. Ionizing radiation modulates
human macrophages towards a pro-inflammatory phenotype preserving
their pro-invasive and pro-angiogenic capacities. Sci Rep 2016;6:
18765.

[39] Calabrese EJ, Dhawan G. The role of x-rays in the treatment of gas gangrene: a
historical assessment. Dose-Response 2012;10:626–43.

[40] Calabrese EJ, Dhawan G. The historical use of radiotherapy in the treatment of
sinus infections. Dose Res 2013;11:469–79.

[41] Calabrese EJ, Dhawan G. Historical use of x-rays: treatment of inner ear
infections and prevention of deafness. Hum Exper Toxicol. 2014;33(5):
542–53.

[42] Calabrese EJ, Dhawan G, Kapoor R. Use of X-rays to treat shoulder tendonitis/
bursitis: a historical assessment. Arch Toxicol 2014;88:1503–17.

[43] Calabrese EJ, Dhawan G, Kapoor R. Radiotherapy for pertussis: an historical
assessment. Dose Response. 2017;15(2):1–9. https://doi.org/10.1177/
1559325817704760.

[44] Dhawan G, Kapoor R, Dhamija A, Singh R, Monga B, Calabrese EJ. Necrotizing
fasciitis: low-dose radiotherapy as a potential adjunct treatment. Dose-
Response 2019;17:1–6.

[45] Calabrese EJ. X-ray treatment of carbuncles and furuncles (boils): a historical
assessment. Hum Exper Toxicol 2013;32:817–27.

http://refhub.elsevier.com/S0167-8140(20)30244-9/h0145
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0145
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0145
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0145
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0150
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0150
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0150
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0155
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0155
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0155
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0160
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0160
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0160
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0165
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0165
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0165
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0170
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0170
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0170
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0175
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0175
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0175
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0180
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0180
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0180
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0180
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0185
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0185
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0185
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0190
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0190
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0190
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0190
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0195
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0195
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0200
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0200
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0205
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0205
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0205
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0210
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0210
https://doi.org/10.1177/1559325817704760
https://doi.org/10.1177/1559325817704760
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0220
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0220
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0220
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0225
http://refhub.elsevier.com/S0167-8140(20)30244-9/h0225

