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The history of low-dose total-body irradiation (LTBI) as a means of radiotherapy for treating malignant tumors
can be traced back to the 1920s. Despite this very low total dose, LTBI can induce long-term remissions. Tumor
cells are known to change and maintain their own survival and development conditions through autocrine and
paracrine signaling. LTBI can change the tumor microenvironment, enhance the infiltration of activated T cells,
and trigger inflammatory processes. LTBI-mediated immune response can exert systemic long-term anti-tumor

Radiotherapy effects, and can induce tumor regression at the primary site and metastatic sites. With a continuous improve-
ment in the anti-tumor immune microenvironment in the field of tumor therapy, LTBI provides more choices to
comprehensively treat of tumors. The present study aimed to explore the experimental research mechanism of
LTBI and immune microenvironment, and discuss the difficulties and development prospects of applying LTBI to
tumor treatment.

Introduction therapies stimulated clinical efforts, from which promising results have

According to the United Nations Scientific Committee on Atomic Ra-
diation Effects, low-dose radiation (LDR) refers to low-linear-energy-
transfer (LET) radiation within 0.2 GY or high LET radiation within 5
cGY; the dose rate is within 0.005 ¢cGY/min. Since Luckey and Olivieri
et al. proposed that LDR could induce organisms to produce hormesis
and adaptive effects, some scholars carried out extensive systematic re-
search on LDR [1,2]. Recent studies revealed that innate immunity ini-
tially sensed the presence of transformed cells and exercised the first line
of anticancer defense. Soon after the activation, the elements of the in-
nate immune system promoted the induction of adaptive (specific) anti-
tumor responses. Tumors might become “ignorant” to immune effectors
through the loss or aberrant expression of the major histocompatibility
complex (MHC) class I antigens or of other molecules on cancer cells
involved in triggering of the innate and/or adaptive immune responses
[3,4]. This is one of the most widely used mechanisms of tumor cell
immune escape. LDR induces anti-tumor immune mechanisms includ-
ing scavenging of reactive chemical intermediates, stimulating of the
repair of the DNA damage, mitigating of inflammation, triggering of se-
lective apoptosis or senescence of aberrant cells, and upregulating both
the innate and adaptive arms of the anticancer immune system [5-8].
Until recently, the possibility of using low-dose total-body irradiation
(LTBI) alone as an immunoadjuvant to stimulate a systemic anti-tumor
immune response was not a realistic clinical opportunity. In tumors,
the body of preclinical evidence combining LTBI and other anti-tumor
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begun to emerge [7]. An increasing number of studies found that LTBI
could inhibit the occurrence, development, and metastasis of tumors
[9-11]; improve the efficacy of radiotherapy and chemotherapy [12,13];
and increase the cure rate of tumors. The potential of such a compre-
hensive anti-tumor treatment method with broad therapeutic prospects
needs immediate exploration in clinical treatment [9].

Basic research and clinical research on LTBI
Animal experimental research

LTBI inhibits tumor growth and stimulates immune function

Studies on LTBI date back to as early as the 1990s. Wang et al. ad-
ministered a uniform irradiation of 0.05 GY (dose rate 0.05 GY/ min)
to the whole body of tumor-bearing mice before local irradiation and
tumor cell implantation, which could reduce the tumorigenic rate of tu-
mor cells and inhibit the growth of tumors [14]. They further proved
that pre-administering of LBTI before local radiotherapy could improve
the proliferative response of T lymphocytes to mitogens, facilitating the
signal transmission pathway of T lymphocytes and eliminating part of
the inhibitory T lymphocyte subsets that were more sensitive to radia-
tion. T-cell subsets, as an important part of the body’s cellular immune
function, are very important in anti-tumor immunity and tumor immune
escape. Subsequently, in 1997, the natural killer (NK) activity of spleen
cells in tumor-bearing mice was significantly enhanced within 24 h of
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Table 1
Reported Animal experimental research.
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Hailin Tian.et al. 1997 Hong Wan.et al. 2000

Reports Xianli Wang.et al. 1996

Histological subtype (n) Lewis lung cancer, S180
Sarcoma

No. of (evaluable) animals 105

LTBI dose (GY) 0.05GY

Tumor weight remission rate 61.36%

Immune cell Increased T lymphocytes

Tumor markers -
Ref. [14]

Ehrlich ascites carcinoma Healthy mice

75 40

0-0.05GY 0.075GY

72% -

Increased NK cell activity and Increased expression of Bcl-2
Tlymphocyte protein on immune organs
Increased TNF levels -

[15] [16]

10cGY y-ray whole-body irradiation, and the serum tumor necrosis fac-
tor (TNF) levels in mice increased after 24 h of whole-body irradiation
[15]. The NK cells swiftly killed multiple adjacent cells if they showed
surface markers associated with oncogenic transformation. The increase
in the number of NK cells amplified the immune response of organisms.
In 2000, some scholars found that the expression of the mouse B-cell
lymphoma 2 (Bcl-2) protein gradually increased after 75 mGY x-ray
whole-body irradiation, peaked after 12-24 h, and returned to basic
levels after 72 h [16]. Apoptosis is crucial in immune responses is a bet-
ter approach to battle tumors because of the following realistic views as
shown in table 1. The Bcl-2 family is a key regulator of the mitochondrial
response to apoptotic signals in the intrinsic pathway. The high expres-
sion of Bcl-2 inhibits the death of immune cells without affecting their
proliferation, and increases the stability of mitochondria, while reduc-
ing the apoptosis of normal lymphocytes. LTBI inhibits tumor growth in
two fields: First,it controls tumor growth in two ways: first, it increases
T lymphocytes and B lymphocytes,while increasing the stability of mi-
tochondria, while reducing the apoptosis of normal lymphocytes.

LTBI combined with radiotherapy and gene therapy

Tumor-bearing mice were treated with conventional radiotherapy
(2GY x 6) combined with LTBI (0.075 GY) and gene therapy (intra-
tumor injection of pEgr-IL-18-B7.1 plasmid) [17]. The results showed
that cancer control most significantly improved in the group receiving
local radiotherapy combined with LTBI and gene therapy as shown by
the prolongation of mean survival time by 60.4%, reduction in average
tumor weight by 70.8%, decrease in pulmonary metastasis by 66.9%,
and decrease in intratumor angiogenesis by 64.8% compared with local
radiotherapy alone (P < 0.05).After LTBIt he upregulation of host im-
munity manifested as stimulated NK and cytotoxic T lymphocyte (CTL)
activity, interferon-gamma (IFN-y) and TNF-a secretion, protein kinase
C-0 activation, and lysosomal-associated membrane protein-1 expres-
sion. So that the tumor can be effectively controlled.Another research
also revealed that NK,CTL, IFN-y, TNF-a, protein kinase could be regu-
lated by LTBIL.Liu et al. found that the combination of hypo-fractionated
radiotherapy (H-RT) and LTBI could enhance immunity by infiltrating
CD8+T cells and changing the immunosuppressive microenvironment
of unirradiated subcutaneous tumor lesion-related reactions. With the
production of tumor-specific CD8+T cells, the secretion of IFN-y sig-
nificantly inhibited the growth of secondary tumors. H-RT could only
significantly delay the growth of primary tumors, while LTBI was vital
in the combination therapy for inducing immune effects and causing
regression of distant tumors. The LTBI and H-RT combined treatment
reduced the apoptosis and DNAdamage, and led to the infiltration of
CD8+Tcells, IFN-y+CD8+Tcells, and dendritic cells (DCs) of unirradi-
ated tumors, which enhancing the immunity and inhibiting the growth
of primary tumors [18]. These studies suggests that LTBI can stimulate
some molecules (NK,CTL,IFN-y, TNF-a)in tumor immune microenviron-
ment.

A large number of animal experiments provided strong evidence for
the therapeutic potential of LTBI in cancer. The anti-tumor effects of im-
mune cells, antioxidant defense system enzymes, and red blood cell sys-
tem were measured using different doses of gamma rays at different ir-

radiation intervals [19-21]. The results revealed that (1)LTBI decreased
apoptosis in the splenocyte subpopulations studied most prominently in
NK cells and DCs; (2) the organisms pre-exposed to LTBI had a lower
tumor formation rate compared with those without LTBI; (3) the induc-
tion of endogenous glutathione immediately after exposure to low-dose
gamma irradiation might be beneficial in protecting the cells from the
reactive oxygen species (ROS)-induced oxidative stress in various ROS-
related diseases; (4) LTBIL, within a certain period of time, decreased the
expression of hypoxia-inducible factor EPO and VEGFR, which might
improve the situation of tumor hypoxia and radiosensitivity of the tumor
itself. However,conventional radiotherapy combined LTBI could reduce
the total radiation dose and simultaneously improve the treatment effi-
cacy of cancer accompanied by upregulated host anticancer immunity.
Based on the aforementioned basic research, the impact of LTBI on the
immune system has been investigated in detail.

Clinical research

LTBI for hematological tumors

LTBI was first used to treat lymphoma and myeloma clinically. Sim-
ple LTBI or combination chemotherapy achieved good clinical efficacy.
Eight consecutive patients with a histological diagnosis of lymphosar-
coma (excluding reticulum cell sarcoma) received total-body irradiation
in 1967. All patients had generalized lymph node involvement, and ex-
tranodal (visceral or bone marrow) disease was present in four of the
eight patients Three patients (B, D, and G) received prior chemother-
apy or radiotherapy, and the remaining five were previously untreated.
The results showed that six of the eight patients had at least a 90%
decrease in the size of the measurable tumor lesions following their ini-
tial course of irradiation [22].0wing to the effective control of blood
system tumor by LTBLlater, in a group of 35 patients with relapsed or
chemo-resistant non-Hodgkin’s lymphoma (NHL), LTBI (involved-field
radiotherapy to bulky sites) achieved a complete remission rate of 29%,
2-year progression-free survival of 32%, and median progression-free
survival of 12 months. The 2-year average survival was 42%, and the
median survival was 17 months. Immunostaining and flow cytometry
of peripheral blood in 14 patients showed that LTBI led to a significant
increase in the percentage of CD4+ cells with a consequent significant
increase in the CD4+/CD8+ ratio [23]. However, more clinical trials
tend to focus on molecular signaling pathways and neglect to explore
the radiation dose of LTBI that can be used in clinic [24]. Therefore, it
is of great significance to explore the most suitable radiation dose for
LTBI

In addition, Chaffey et al. [25], Choi et al. [26], and Safwat et al.
[27] reported that LTBI significantly improved the treatment effect on
patients with malignant lymphoma. The results indicated the follow-
ing: (1) miR-30a and miR-30b, which effectively inhibited plasminogen
activator inhibitor-1 (PAI-1), were overexpressed after treatment with
LTBI for non-small-cell lung cancer cells. Phosphorylation of protein ki-
nase B (Akt) and ERK, the downstream survival signals of PAI-1, was
decreased by PAI-1 inhibition [25].The tumor growth and aggressive-
ness were efficiently decreased by LTBI treatment followed by radio-
therapy due to Phosphorylation of protein kinase B (Akt) and ERK was
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Table 2
Reported clinical cases of LTBI.
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Reports Johnson R E et al. 1967 Safwat A et al.2003 Travis L B et al.1996 Choi N C et al.1979

Patients (n) 8 35 61 39

Pathological type Lymphosarcoma Non-Hodgkin’s Non-Hodgkin’s Non-Hodgkin's
(excluding reticulum lymphoma lymphoma (NHL) lymphoma

Distant metastasis (n)

TLBI regimen

Hematology index

Pathologic response
rate

Patients outcomes

Ref.

cell sarcoma)
Generalized lymph
node involvement 4

0. 1-0.2 Gy (Twice a
month)

White blood cells
(WBC) , hemoglobin,
blood cells

Measurable lesion
volume reduction 90%

Complete response 1
Partial response 5
Progressive disease 2

[22]

Bulky disease (nodalor
extranodal)16

0.1 - 0.25GY per
fraction three to five
fractions per week
Lymphocytic
subtype:CD45, CD16,
CD56, CD4, CD8, CD3,
CD95

A 2-years
progression-free
survival of 32%; a
median progression-
free survival time of
12 months

Complete response 10
Partial response 15
Stable disease 5
Progressive disease 5
(23]

0.1GY per week

Acute nonlymphocytic
leukemia (6%)

solid tumors relapse
(13%)

[25]

38 patients with
lymphocytic
lymphoma and 1
patient with mixed
lymphocytic and his-
tiocytic lymphoma
0.15GY with two
treatments per week.

WBC,Nadir platelet

Complete response 33
Partial response 6

[26]

decreased. (2) A total of 39 patients with advanced NHL were treated
with LTBI with a minimum follow-up of 8 months. In conclusion, LTBI
was an excellent induction agent for stages IIl and IV nodular and diffuse
lymphocytic lymphomas. Given the good response (CR 50%, PR 40%)
of the relapse after LTBI to the subsequent chemotherapy and local ra-
diotherapy, maintenance chemotherapy after LTBI might be of value in
prolonging the duration of remission and possibly improving survival
[26,27]. see table 2.The inhibition of LTBI on hematolymph system tu-
mors starts from molecular mechanism, and eventually leads to the de-
crease of tumor cells and the increase of immune cells. It show that LTBI
has a greater effect on the immune microenvironment of patients with
malignant lymphoma.

LTBI for solid tumors

Among the reported preliminary cases, the exploratory operation in
the case of a 49-year-old woman with an ovarian tumor revealed that
tumor cells had infiltrated into the sigmoidal, rectal, and peritoneal re-
gions with ascites. A combined treatment of LTBI (10 ¢GY) and local ir-
radiation was planned for this patient, which comprised of a single dose
of 1.5 GY,given to the whole abdominal region, given 5 or 6 h after 10
cGY of LTBI. This combined treatment was given three times a week and
repeated for 5 weeks. The total dose of LTBI did not exceed 150 cGY, and
the total dose of local irradiation was 37.5 GY. The results were remark-
able [11]. What’s clear that there is a variation in patients and several
forms of neoplasm exist.In another case with CA125 as the evaluation
index,the value of CA125 which was used as the tumor marker for ovar-
ian tumors, was 140 u / ml before treatment. During the course of the
treatment, its value decreased to 35 u / ml (normal value <50 u/mL)
and was maintained at that value for 3 months after the completion of
the therapy [28].In patients with advanced cancer,Lakimova et al. used
0.1 GY whole-body irradiation before local radiotherapy for treating of
cervical cancer. They found that the annual survival rate of patients with
stage III tumors increased by 14%; radiotherapy caused hypothyroidism,
bone marrow suppression, leukopenia, or cell function suppression, and
obviously reduced the incidence of other complications [29]. It is under-
stand that most of the effects of LTBI on human body are closely related

to the changes of immune microenvironment. And Sonveaux found that
LTBI could stimulate local vascular endothelial cells in the tumor tissues
to secrete NO, causing vasodilation, thereby significantly increasing the
blood flow in the tumor, increasing the oxygen content of the tumor tis-
sue, and sensitizing the subsequent high-dose radiotherapy [30]. So how
can we better understand the immune stimulation of LTBI considering a
single form of neoplasm. These can be achieved based on LTBI changes
the CA125,tumor internal hypoxia, and combine H-RT anti-tumor ther-
apy effective [31].

In the study of male tumors,Prostate specific antigen (PSA) increased
in one patient with prostate cancer after prostatectomy. His-PSA value
began to decline immediately after low-dose x-ray irradiation with a
dose of 150 mGY, and has remained at a low level since then. A pa-
tient with prostate cancer with bone metastasis received 150 mGY re-
peated low-dose x-ray irradiation, His-PSA level dropped to near nor-
mal level within 3 months after treatment, and remained at a low level
after the end of stimulation therapy. His-bone metastases almost disap-
peared [32]. In the study of female tumors,Sakamoto et al. performed
LTBI (0.1GY) 6 h before local 1.5GY radiotherapy in patients with ad-
vanced ovarian cancer, the ovarian tumor marker CA125 decreased from
140 u / ml to 35 u / ml (normal value < 50 u / ml), and was maintained
for 3 months after treatment [10].Their research deserve that LTBI has
brought benefits to human beings. Nevertheless, scientists continue to
investigate different rules of LTBI could enhance the susceptibility of re-
sistant ovarian cancer cells to cisplatin (DDP). Compared with the con-
trol and conventional-dose groups, LTBI resulted in significant apoptosis
of tumor cells, as detected by flow cytometry (P < 0.05). The relative
mRNA expression levels of excision repair cross-complementing group 1
(ERCC1) and Bcl-2 were significantly lower in the low-dose group than
in the control and conventional-dose groups (P < 0.05) [33].So, LTBI
differed from the routine high-dose radiation in that its target might be
the cytoplasm, cell membrane, and some of conductive systems rather
than DNA. The application value of the LTBI in clinic was prospected as
follows: (1)Combined with radiotherapy [34], DNA chemotherapy [27],
and DNA vaccination [35], and so on, LTBI could inhibit tumor growth
and metastasis [36]. LTBI before and after conventional surgery, radio-
therapy, and chemotherapy might reduce the chance of tumor recur-
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Fig. 1. When tumor cells attack body, T cells, B cells, NK cells, Macrophages, and Dendritic cells in the immune system are activated by tumor antigens through a
variety of ways to recognize and attack tumor cells, so that the tumor immune microenvironment reaches an immune balance status. In order to reproduce and grow,
tumor cells wisely adopt a variety of strategies to avoid the immune system, survive all stages of the anti-tumor immune response and produce immune escape.

rence and metastasis [37]. (2)LTBI might improve the therapeutic ef-
fect of immunosuppressive checkpoint inhibitors (such as PD1 / PD-L1,
CTLA-4) [38,39], Although immunosuppressive therapy can improve
the survival rate of patients with advanced cancer, the overall effec-
tiveness of immunosuppressive therapy is low. Since LTBI can regulate
a variety of signal pathways (such as nuclear factor-« B, p38 / MAPK,
c-jun), thereby enhancing the expression and function of immune cells
in the body, and it may even change the immune microenvironment of
human body through an unknown signal pathway, such as enhancing
the connection between PD-1 and PD-L1 and promoting the low expres-
sion of CTLA4, so that LTBI may be used as a new method of radiother-
apy combined with immunosuppressive therapy in the future to provide
cancer patients with a greater chance of survival [40-42].The low im-
munity of the patients with advanced cancer may be an important rea-
son for immune tolerance. LTBI can excite the immune system [43,44],
so that the combination of LTBI and immunosuppressant can be con-
sidered. (3)Immunotherapy based on DC vaccination is considered as a
way to treat metastatic and hormone-resistant cancer so as to improve
the curative effect of tumor vaccine [45,46]. Patients’ immune systems
can be used to eliminate tumor cells. However, the therapeutic effect of
immunotherapy on tumors is limited in clinical practice due to reduced
interleukin-12 (IL-12) production and migration during the DC vaccine
generation process. The tumor immunity reaction to immunotherapy is
solely based on the availability of the drug at the cancer site and it is
effective with the use of LTBI to improve the vaccine for DCs uptake
[47,48] .(4) LTBI can promote the production of IL-12 and the migra-
tion of DC, which provides hope for the preparation of the DC vaccine
in vitro. (5) LTBI exhibits a long-lasting and stable effect of modulating
the body’s immune response, and has the advantages of simple oper-

ation and low price. See Fig. 1. Therefore, LTBI as a new method of
anti-tumor treatment, has extraordinary potential in the application of
clinical tumor comprehensive treatment of tumors in the clinic.

LTBI in the tumor microenvironment
Impact on the innate immune system

The immune system is very important in the body’s control of tu-
mor development [49].Enhancing anti-neoplastic immunity may be an
important mechanism of the cancer-inhibitory effects of LTBI [26,36].
First, the immune enhancement induced by LTBI promotes the prolifera-
tion of NK cells, macrophages, and DCs, thereby promoting the intercel-
lular reaction within immune synapses and stimulating the expression
of many surface molecules and cytokines to regulate secretion [50,51].
As the main effector cells of the nonspecific immune system, they are
vital in monitoring tumors, killing tumor cells, and starting adaptive
immunity [52,53]. Many animal experiments showed that the impact of
low-dose ionizing radiation exposure on the tumor microenvironment
involved NK lymphocytes (partially mediated by the perforin and/or
Fas ligand receptor ligand pathway) and/or activated macrophages. The
anti-tumor cytotoxic response of cells (through the production of nitric
oxide) was significantly upregulated [54]. Also, Hee suggested that the
increase in NK cytotoxicity caused by LTBI in the body was not due
to changes in NK activating receptors NK1.1, NKG2D, CD69, and 2B4
or changes in early or late apoptosis rates [55]. Subsequently, it was
reported that LTBI could enhance the cytotoxicity of NK cells in vitro
by reducing NK cell apoptosis and increasing the production of IFN-y,
TNF-a, perforin, and granzyme [19]. In addition, a study found that
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LTBI could increase the proliferation index and killing activity of NK
cells through augmentation the p38/mitogen-activated protein kinase
(MAPK) signaling pathway both in vitro and in vivo [56]. All of these
basic studies showed that LTBI could promote the immune system. It
need to further study the main molecular mechanisms, signaling path-
ways and even the most appropriate radiation dose that LTBI can im-
prove the tumor microenvironment.

The function of macrophages is mainly to process antigens and
present them to T and B cells, stimulate the proliferation of B cells, and
differentiate into mature plasma cells that secrete specific antibodies. At
the same time, macrophages promote the proliferation and differentia-
tion of T lymphocytes into helper/inducible T cells (TH) and inhibitory
cytotoxic T cells (CTL or Tc) [57]. Macrophages have two activation phe-
notypes, M1 and M2. M1 macrophages mainly activate T helper type
1 (Thl) cells to enhance the immune response. M2 macrophages are
mainly mediated by the anti-inflammatory response of T helper type
2 (Th2) cells, and promote tumor cell growth, angiogenesis, invasion,
and metastasis, and hence are termed as tumor-associated macrophages
(TAMs) [58]. TAMs are important inflammatory cells in the tumor mi-
croenvironment. They have a high degree of plasticity and are impor-
tant in regulating tumor tissue immune function [59]. Interestingly,
LTBI not only induces endothelial cell activation and Thl chemokine
expression but also inhibits angiogenesis, immunosuppression, and tu-
mor growth factor production, and uses iNOS to program the differen-
tiation of iNOS (+) M1 macrophages, thereby causing CTL recruitment
and killing in solid tumors (such as melanoma) [60,61]. It also affects
oxidative burst activity and superoxide production in macrophages and
inhibits Akt and p38/MAPK phosphorylation [62]. Interestingly, LTBI
can induce the transformation of the M2 phenotype into the M1 phe-
notype [63]. Although the molecular mechanism of LTBI inducing the
transformation of macrophages from M2 to M1 is not very clear, re-
cent studies showed that macrophages were activated by LTBI. During
the process, Rac2 GTPase was activated downstream of a441 integrin
and Macrophage colony stimulating factor (MCSF) receptors to control
the differentiation of macrophages into M2 type. In other words, LTBI
induced an increase in the ratio of IFN-y/ IL-4. These experimental re-
sults strongly suggested that LTBI had a positive effect on macrophage
polarization and function to move the immune balance toward Thl
[64,65]. They also showed that the innate immune system and the adap-
tive immune system complemented each other and promoted each other
in anti-tumor immunity.Human tumor immune microenvironment can
be seen in Fig. 1. After exploring the effects of LTBI on NK, CTL, M1
and M2, the researchers were curious about DC, so they did the follow-
ing research.Akio showed that the expression of MHC or costimulatory
molecules (CD1b, CD40, CD80, CD86, ICAM-a, LFA-1, and MHC class II
molecules on DC) did not increase, but the levels of DC-related cytokines
(IL-2, IL-12, and IFN-y) increased after 0.05 GY irradiation, thereby al-
lowing the transfer of naive helper T cells to Th1 cells [66]. Similarly, in
vitro x-ray irradiation of DC (0.2 GY) significantly increased DC migra-
tion and IL-12 production, and upregulated CCR7 expression. However,
CCR7-neutralizing antibodies could attenuate DC migration, indicating
that LTBI might mediate DC migration through CCR7 [33]. See Fig. 2.
Reports on the effect of LTBI on DC in vitro were conflicting due to the
special and complex role of DC in the immune system. Therefore, the
mechanism of LTBI on DC deserves further exploration.

Impact on the adaptive immune system

Adaptive immunity mainly includes cellular immunity and humoral
immunity, which involve T cells and B cells, respectively. Adaptive im-
munity occurs after innate immunity, mainly to produce immunolog-
ical memory after reacting to pathogens, and encountering the same
pathogen again can completely eliminate the pathogen and prevent re-
infection.

T-cell subsets are the main forms of an immune response in cellu-
lar immunity. They are mainly divided into three categories: helper T

Translational Oncology 14 (2021) 101118

cells (Th), CTL or Tc, and regulatory cells (Treg). Under normal cir-
cumstances, these T cells are in a state of dynamic equilibrium. LTBI
can enhance the response of helper CD4 + T cells and CD8 + CTL [67-
69]. The potential molecular mechanism of T cell-mediated immune
regulation of LTBI might involve activating survival/signaling proteins
(nuclear factor-«B, p38/MAPK, and c-Jun N-terminal kinase) and in-
creasing the ability of T cells to produce immune-enhancing cytokines
(IL-2, IL-4, and IFN-y) while reducing the production of major immuno-
suppressive cytokines (transforming growth factor 1, Foxp3 (+), and
IL-10), so as to mobilize anti-tumor immunity [37,70,71] .Recently, the
evaluation of Treg (CD4, CD25) lymphocyte counts and functional eval-
uation showed the main parameters that could represent the anti-tumor
immune function status of patients with tumors. After LTBI irradiation,
the expression of CTLA-4 on the surface of CD4(+) CD25(+) Treg cells
in mice decreased, and its inhibitory effect on CD4 + CD25-T cell prolif-
eration reduced. Therefore, the body’s immune function was enhanced
[72,73].

The B cells are mainly involved in humoral immunity and circulate
in the plasma and lymph to produce antibodies. As early as 1988, B cells
were found to be radiation sensitive, and LTBI could stimulate the prolif-
eration of B cells [74]. Another study found that LTBI might increase the
phosphorylation levels of the Ikaros gene protein by activating casein ki-
nase 2 and Akt, thereby enhancing the proliferation of B lymphoblasts,
secreting special cytokines, and activating related cell pathways. LTBI
induced immune cells to aggregate like tumors, thereby killing tumor
cells [75,76].

The occurrence of malignant tumors was closely related to the in-
crease in ROS in the body, changes in redox balance, and imbalance
in redox signals [77]. In 2011, low-dose (0.25-0.5 GY) gamma rays in-
creased the levels of ATP-mediated thioredoxin (Trx-1) in various organs
of mice. Radiation-mediated ATP release might promote the production
of ROS through purine energy signaling, further leading to cells. The
increase in the levels of internal antioxidants (Trx-1) was an adaptive
response to oxidative stress [76]. LTBI could improve the immune func-
tion of red blood cells and increase the activity of superoxide dismutase
(SOD) in red blood cells through the activation of several members (c-
Raf, MEK, and ERK) in the MAPK/ERK signaling pathway [78-80]. Liu
et al. also found that after exposure to 0.05 GY combined with high-dose
irradiation, the level of lipid peroxide in liver tissues reduced, while the
activity of glutathione peroxidase and SOD increased by [81,82]. Some
studies found that a single LTBI could stimulate the activity of SOD in
the kidney [83]. This also suggested that LTBI could be applied to clini-
cal patients with tumors for mobilizing the immune organs of the body
to exert a lasting and stable immune effect,maintain of hypoxia in tumor
and hence attack tumor cells. Moreover, LTBI did not induce an excita-
tory effect on prostate cancer (PC-3) cells [84], human lung adenocar-
cinoma cells (A549) [85], cervical cancer cells (HeLaS3), breast cancer
cells (EMT6) [86], colon carcinoma cells (HRT18, HT29, and HCT116)
[87], villous tumor and lymphoma cells [86], and other tumor cells.
It only induced the excitatory and adaptive responses of normal cells,
strongly indicating the protective effect of LTBI on normal tissues, which
also showed that LTBI was safe and effective.

Current doubts in LTBI

Although many studies reported on the broad application prospects
of LTBI, the following problems still need to be addressed. (1) At present,
many anti-tumor immune mechanisms are stimulated by LTBI, but the
main mechanism of action is not clear. (2) The optimal dose at which
LTBI can stimulate the immune response of patients also needs to be
explored. (3) No unified immunological detection index exists regard-
ing how to judge the stimulation of the immune response of patients by
LTBI. (4) Whether the response of LTBI to tumors in different parts of
the body (lung, liver, and bone) is different and whether the response of
lymph node system tumors and solid tumors are different is not known.
(5) How to change the anti-tumor response from rare, inconsistent, and
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Fig. 2. Monocytes in the immune system
rapidly differentiate into various types of im-
mune cells after low-dose total body radiother-
apy in tumor patients. For instance, NK cells
produce IFN-y, TNF-a, perforin and Granzyme
through three pathways to enhance the body’s
non-specific anti-tumor activity. Macrophages
release cytokines (such as IL-4 and IFN-y) to
stimulate the proliferation and differentiation
of T cells, enhance the activity of NK cells, and
- ) kill tumor cells. Dendritic cells present tumor

. antigens to T cells and activate T cells. T lym-
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accidentally discovered response to intentionally induced response is
unclear. (6) Finally, the ethical problems associated with LTBI need im-
mediate attention.

LTBI application prospects

The global update of anti-tumor treatment technology and drugs in-
dicated that the single anti-tumor treatment could not meet the expecta-
tions. LTBI can also be used as an anti-tumor therapy, which can not only
kill tumor cells directly, but also improve the efficiency of immunother-
apy, improve the hypoxia in tumor, and reduce the tumor volume sig-
nificantly. Especially low-dose whole body radiotherapy has great po-
tential in stimulating the immune system, which greatly improves the
confidence of researchers in applying this therapy it in clinical treat-
ment. Low-dose total-body radiotherapy also has the advantages of low
treatment cost, low toxicity, and good patient tolerance, which does
not affect the implementation of operation, radiotherapy, chemother-
apy, immunotherapy, and other treatment methods. LTBI can improve
the survival of tumor patients by changing the tumor immune microen-
vironment, increasing the sensitivity of tumor patients to immunother-
apy, chemotherapy and radiotherapy.Therefore, we speculate that LTBI
may become the first choice of comprehensive anti-tumor therapy in the
future.
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