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reactivation, without significant RILD, was observed 
in irradiated versus unirradiated TLR4− mice. RILD 
scores of TLR4+ mice were higher than TLR4− mice. 
In humans, serious RILDs tended to develop in patients 
with high TLR4 expression, but not in patients with low 
TLR4 or high HBV surface antigen expression. High 
TLR4 expression was seen in only 2 of 12 HBV-reactive 
patients, but in HBV-nonreactive patients, it was seen in 
6 of 9 (P  <  0.03). In summary, RILDs correlated with 
high TLR4 expression, but not with HBV reactivation, 
which is inhibited in liver with high TLR4 expression 
after liver cancer radiotherapy.

Keywords  Hepatitis B virus · Liver cancer · Toll-like 
receptor · TLR4 mutation · Radiotherapy

Abbreviations
HBV	� Hepatitis B virus
RILD	� Radiation-induced liver disease
TLR4	� Toll-like receptor 4
RT	� Radiotherapy
HCC	� Hepatocellular carcinoma
HBsAg	� Hepatitis B surface antigen
PCR	� Polymerase chain reaction
TMA	� Tissue microarray
IL	� Interleukin
IFN	� Interferon

Introduction

Hepatitis B virus (HBV) is recognized as a critically 
important risk factor for hepatocellular carcinoma 
(HCC) [1]. For most patients with inoperable and/or 
locally advanced HCC, radiotherapy (RT) can be carried 

Abstract  Toll-like receptor 4 (TLR4) is an important 
trigger of the immune response against hepatitis B virus 
(HBV) infection and liver injuries. The roles of HBV 
reactivation versus TLR4-dependant immune response 
may be critical factors in preventing radiation-induced 
liver diseases (RILDs) after liver cancer radiotherapy. 
This study consists of three phases. In the primary phase, 
livers of mutant TLR4 (TLR4−) mice were irradiated 
with 30  Gy in either the absence or presence of HBV 
infection. The latter was done by introduction of plas-
mid pAAV/HBV 1.2. In the advanced phase, RILDs were 
compared in normal TLR4 (TLR4+) versus TLR4− mice. 
In the validation phase, 28 liver cancer patients who 
had undergone radiotherapy before hepatectomy were 
enrolled. Liver biopsies near tumors, irradiated with 35–
48  Gy, were used to construct tissue microarrays. HBV 
reactivation, TLR4 expression, and severity of RILDs 
were studied in both mouse and human. More HBV 
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out as an effective treatment. Although viruses, theo-
retically, should be killed by irradiation, RT in fact can 
activate HBV either indirectly, by inducing cytokines 
released from neighboring nonhepatocytes, or directly, 
via immunosuppression [2]. Immune responses are cru-
cial for viral clearance during HBV infection [3]. The 
host defense may be suppressed by HBV via disabling 
activities of the toll-like receptors (TLRs), including 
TLR4, which are critical in provoking innate immunity 
as part of antiviral responses [4, 5]. For example, due 
to a normal TLR4-dependant immune response, HBV-
affected mouse models have not been set up success-
fully in TLR4 normal (C3H/HeN) mice. However, in a 
background, containing a mutation in the TLR4 gene, 
an HBV-affected mouse model has been developed in 
C3H/HeJ mice [3].

Besides radiation-induced HBV reactivation, severe 
radiation-induced liver diseases (RILDs) with chronic 
hepatitis B have also been observed in many previous 
studies [2]. Therefore, can we deduce that HBV reactiva-
tion, in and of itself, is sufficient to cause serious RILDs, 
without taking into consideration of the TLR4-dependant 
immune mechanism? Or is the question rather: Which 
process plays a more vital role in the pathogenesis of 
RILDs–HBV reactivation or TLR4-dependant immune 
response?

The present study consists of three phases. Breeder 
mice of C3H/HeN and C3H/HeJ strains were included 
in the primary and advanced phases. In C3H/HeJ mice, 
there is a single mutation (A instead of C) at position 
2342 of the TLR4 cDNA sequence. This mutation is not 
present in C3H/HeN (normal TLR4, TLR4+) mice [6]. 
In the primary phase, with an innate TLR4 immunode-
ficiency resulting from the single mutation, treatment 
of C3H/HeJ (mutant TLR4, TLR4−) mice by hydrody-
namic injection of plasmid pAAV/HBV 1.2 resulted in 
HBV infection of the injected mice within 3–5  weeks 
[7]. The livers of TLR4− mice were irradiated with 30 Gy 
in either the absence or presence of HBV infection. 
Although more HBV reactivation was seen after irradia-
tion, there were no significant differences in RILDs of 
HBV-infected versus HBV-uninfected TLR4− mice after 
RT. We hypothesize that this effect is associated with 
TLR4 immunodeficiency. Therefore, the primary phase 
was followed by an advanced study phase, in which 
RILDs were compared in TLR4+ versus TLR4− mice to 
evaluate the role of TLR4-dependant immune response in 
RILDs. In the validation phase, 28 liver cancer patients 
who had undergone RT before hepatectomy in our hos-
pital were enrolled to evaluate the relative roles of HBV 
reactivation versus TLR4-dependant immune response in 
existing clinical cases of RILDs.

Materials and methods

Animals

Male C3H/HeJ (TLR4−) and C3H/HeN (TLR4+) mice, 
5–6 weeks of age, were kept under standard pathogen-free 
conditions. All mice were given a normal laboratory diet 
and water ad libitum and handled according to protocols 
approved by the Animal Care Ethics Committee of Zhong-
shan Hospital, Fudan University.

Primary study phase: HBV reactivation and RILD 
in TLR4− mice

Groups of experimental mice

There were four groups of animals in the experiments, 
each containing eight male mice, into which TLR4− males 
were randomized. The first group contained TLR4− mice 
infected with HBV, and it was termed the TLR4−/HBV/
control. The second group contained TLR4−/HBV mice 
that were treated by RT (TLR4−/HBV/RT). The third group 
contained uninfected TLR4− mice (TLR4−/control), and 
the fourth group contained uninfected TLR4− mice that 
were treated by RT (TLR4−/RT).

TLR4− mice infected with HBV

The 16 male TLR4− mice, 5 weeks of age, were infected 
with HBV by exposure to plasmid pAAV/HBV 1.2 DNA 
(kindly provided by Prof. Pei-Jer Chen), which contained 
the HBV fragment spanning nucleotides 1400–3182/1–
1987 flanked by inverted terminal repeats of AAV [8]. Ten 
milligrams of plasmid pAAV/HBV 1.2 DNA dissolved in a 
volume of 0.9 % (w/v) NaCl solution equivalent to 0.1 ml/g 
of mouse body weight (around 2.0 ml) was injected into the 
tail veins of mice within 5–7 s, following the hydrodynam-
ics-based transfection protocol [7].

Radiation treatments of mice

Livers of 16 male mice, 6  weeks of age, that had been 
divided into the TLR4−/HBV/RT (at day 8 after HBV 
infection) and TLR4−/RT groups were irradiated with 
30 Gy in a single fraction by helical tomotherapy (Tomo 
Therapy, Madison, WI, USA) using 6-MV X-irradiation 
(dose rate, 8.8  Gy/min). Before RT, animals were anes-
thetized and immobilized in the supine position for scan-
ning by computed tomography (CT) simulation (Siemens, 
Munich, Germany). Treatment plans were originally 
performed using the ADAC Pinnacle3 software, version 
7.6 (ADAC Inc.; Milpitas, CA, USA) and subsequently 
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transferred to the HT-treatment planning system (TPS). 
On each planning CT scan image, nearly the entire mouse 
livers were outlined as the clinical target volumes; the 
lungs, gastrointestinal tracts, kidneys, and spinal cords 
were delineated as critical organs at risk. Image-guided 
radiation therapy was conducted by megavoltage CT to 
verify the treatment setup before each RT.

Levels of HBV surface antigen (HBsAg) and HBV‑DNA 
in sera of mice

After mice were infected with HBV, blood samples were 
obtained before RT and subsequently at 10 and 20  days 
after RT. Blood was collected by retro-orbital bleeding, 
and mice were generally anesthetized by intraperitoneal 
injections of ketamine during the procedure. Mouse serum 
levels of HBsAg were quantified using enzyme-linked 
immunosorbent assay (ELISA) kits (Shanghai Kehua Bio-
engineering Co., Shanghai, China) following the manufac-
turer’s protocol. After serum DNA was purified, copy num-
bers of HBV-DNA were measured by real-time polymerase 
chain reaction (PCR) analysis, using Quantitative Diagnos-
tic Kits for HBV DNA (Qiagen, Shenzhen, China) (primer 
sequences not available).

Mouse liver histological evaluation

Mice were killed 20 days after RT, at which time the irradi-
ated liver lobes were harvested, fixed in 4 % (w/v) neutral 
buffered formalin and then embedded in paraffin. Hepatic 
sections (2–3  μm thick) stained with hematoxylin and 
eosin (HE) were examined microscopically at a magnifica-
tion of 100× to evaluate the severity of RILDs. In a blinded 
fashion by two independent observers, the severity of 
RILDs was scored using the Fudan acute RILD histological 
scoring system, according to the degree of interface hepati-
tis (piecemeal necrosis), parenchymal injury (apoptosis and 
spotty necrosis), inflammation, and hepatic veno-occlusive 
and sinusoidal obstruction syndrome and based on the 
Ishak score and grading of disease activity in chronic hepa-
titis developed by Batts and Ludwig [9, 10]. The scoring 
from 0 to 4 ranges from no effects (0), scattered/mild (1), 
mild/moderate (2), moderate (3), to widespread severe liver 
damage (4).

Advanced study phase: TLR4 and RILD in TLR4− 
and TLR4+ mice

To evaluate the role of TLR4-dependant immune response 
in RILDs, 16 TLR4+ male mice were randomized into one 
of two groups: TLR4+/control and TLR4+/RT groups. In 
addition, 16 TLR4− mice of TLR4−/control and TLR4−/RT 
groups, from the primary phase, would also be enrolled as 

controls. In this phase, liver radiation treatments and histo-
logical evaluation of TLR4+ mice were also performed fol-
lowing the experimental protocols established in the earlier 
phase.

Validation phase in 28 liver cancer patients undergoing RT 
prior to hepatectomy

Patients

In this phase, we retrospectively analyzed clinical evi-
dence of HBV reactivation, TLR4-dependant immune 
response and RILDs of 28 liver cancer patients (22 HCC 
and 6 intrahepatic cholangiocarcinoma), who had under-
gone hepatectomy about 2 months after liver RT in Zhong-
shan Hospital between January 2005 and May 2013. None 
of the patients had been treated with chemotherapy around 
the time of pre-hepatectomy liver RT. Twenty-one of the 
patients had an HBV infection history (HBV+), and seven 
of the patients did not (HBV−). Approval for this study 
was obtained from the Zhongshan Hospital Research Eth-
ics Committee.

Assessment of HBV reactivation post‑RT according 
to serum HBV DNA levels

We retrospectively compared serum HBV DNA levels pre- 
and post-RT, detected by real-time PCR analysis by the 
Clinical Laboratory Department of our hospital. Patients 
were further categorized into two groups: patients post-RT 
with or without HBV reactivation.

Tissue microarrays

Directed by RT isodose distribution graphs stored in TPS 
computers, areas of liver adjacent to tumors that had been 
irradiated with 35–48  Gy (10–25 fractions) were used 
in further histological studies with tissue microarrays 
(TMA). Slides with HE-stained sections were screened 
for optimal peritumoral liver tissues, which were then 
used to construct TMAs. Cores measuring 2.0 mm along 
the longest dimension were punched from peritumoral 
liver areas in formalin-fixed, paraffin-embedded samples. 
Slides containing sections (4-μm thickness) from the 
resulting TMA blocks were constructed following stand-
ard techniques.

Human liver histological evaluation 
(immunohistochemistry and HE)

TMA sections were stained with HE or subjected to immu-
nohistochemistry (IHC) with antibodies against TLR4 
(1:100 dilution) (Abcam, Cambridge, UK) or mouse 
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anti-HBsAg (1:100 dilution) (KeyGEN BioTECH, Nan-
jing, China) and were visualized with the GTVision™III 
Detection Sytem/Mo & Rb kit (Gene Tech, Shanghai, 
China), according to the manufacturer’s instructions. The 
evaluation of TLR4 and HBsAg expression was performed 
by three of the authors who were blinded to patient out-
come. Five high-power fields (magnification, 100×) were 
randomly selected. According to the staining percentage 
and intensity of positive cells counted in each core, immu-
noreactivity seen by IHC staining was categorized as fol-
lows: negative (−), weak or mild (+), moderate (++), or 
strong (+++). For statistical analysis, staining scores of 
cells expressing TLR4 and HBsAg were categorized as 
follows: − or + (low expression), and ++ or +++ (high 
expression) for TLR4; − (low expression), and +, ++, 
or +++ (high expression) for HBsAg. Patients were also 
divided into high- and low- TLR4 or HBsAg expression 
groups [11]. In TLR4 high- and low-expression groups, the 
numbers of cases with HBV infection pre-RT, HBV reacti-
vations post-RT, or high HBsAg expression on IHC were 
further analyzed.

The HE-stained TMA sections were used to compare 
severity of RILDs in patients, which was scored by the 
Fudan acute RILD histological system in a blinded fash-
ion by two independent observers. Significant RILD 
was defined as “RILD score ≥3.” The differences in 
RILD scores of patients were further analyzed between 
groups with or without HBV reactivation, with high 
or low TLR4 expression, and with high or low HBsAg 
expression.

Statistics

Statistical analyses were done with SPSS 17.0 software 
(SPSS for Windows, version 17.0). Values were presented as 
the mean ± standard error of the mean (SEM). Differences 
in quantitative data obtained for serum HBsAg levels, serum 
HBV-DNA copy numbers, and RILD scores were evaluated 
by t test or analysis of variance. Differences in frequency 
data, such as numbers of cases with HBV infection, occur-
rence of HBV reactivation, or low HBsAg expression in 
high-TLR4 expression groups were evaluated by Fisher’s 
exact probability test. Differences with a P value less than 
0.05 were deemed to be statistically significant.

Results

More HBV reactivation in RT‑treated versus untreated 
TLR4− mice

Serum HBsAg levels, assessed by ELISA, were higher 
in the TLR4−/HBV/RT than TLR4−/HBV/control group 
after RT (OD values: at 10 days post-RT, 2.62 ± 0.11 vs. 
1.31  ±  0.32; P  <  0.01; at 20  days post-RT, 2.17  ±  0.15 
vs. 0.81  ±  0.29; P  =  0.02), although there were no sig-
nificant difference between the two groups before RT (OD 
values: at 1  day pre-RT, 2.92  ±  0.083 vs. 2.78  ±  0.073; 
P  =  0.216) (Fig.  1a). Moreover, serum HBV-DNA copy 
numbers (copies ml−1) measured by real-time PCR, in spite 
of a general decreasing trend, showed less reduction in the 

Fig. 1   HBV reactivation after RT in TLR4− mice. a Serum HBsAg 
levels assessed by ELISA. After HBV infection, OD values of 
blood HBsAg were higher in TLR4− mice with RT than without 
RT (P  <  0.01, at 10  days post-RT; P  =  0.02, at 20  days post-RT). 
b Serum HBV-DNA copy numbers (copies ml−1) measured by real-
time PCR. In spite of a decreasing trend in serum HBV-DNA copy 

numbers, they were reduced relatively less in TLR4−mice with RT 
than without RT at 20 days after RT. Abbreviations: HBV hepatitis B 
virus, RT radiotherapy, TLR4− toll-like receptor 4 mutation, HBsAg 
hepatitis B surface antigen, ELISA enzyme-linked immunosorbent 
assay, OD optical density, PCR polymerase chain reaction
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TLR4−/HBV/RT than in the TLR4−/HBV/control group at 
20 days post-RT (5.36 ± 1.94 × 104 vs. 7.14 ± 2.16 × 103; 
P = 0.043) (Fig. 1b). In contrast, the copy numbers were 
similar in the TLR4−/HBV/RT and TLR4−/HBV/con-
trol groups both at 1  day pre-RT (1.00 ±  0.20 ×  106 vs. 
7.08 ± 1.91 × 105, respectively; P = 0.301) and 10 days 
post-RT (7.67 ± 2.31 × 103 vs. 3.99 ± 0.99 × 103, respec-
tively; P = 0.176).

TLR4, but not HBV infection, causes more serious RILD 
in mice

Liver histological changes after RT in each mouse were 
further evaluated in HE-stained sections and scored. 

No significant RILDs in mice were observed among 
TLR4−/HBV/control, TLR4−/HBV/RT, TLR4−/con-
trol, or TLR4−/RT groups (RILD scores: 0.13  ±  0.13, 
0.38 ± 0.18, 0.25 ± 0.16, and 0.5 ± 0.19, respectively; 
P  >  0.05) (Fig.  2), which indicates that HBV infection 
would probably not cause a more serious RILD in the 
absence of a TLR4-dependant response. However, when 
compared with mice in TLR4−/control, TLR4−/RT, 
and TLR4+/control groups (RILD scores: 0.25  ±  0.16, 
0.5 ± 0.19, and 0.13 ± 0.13, respectively; P > 0.05), the 
TLR4+/RT mice developed more serious RILDs (RILD 
score: 2 ± 0.27 vs. the other 3 groups; P < 0.05) (Fig. 3). 
This further confirms that a TLR4-dependant immune 
response plays a vital role in mouse RILDs, and it even 

Fig. 2   HBV reactivation after 
RT does not correlate with 
severe RILDs in TLR4− mice. 
a Liver HE staining analysis. 
Magnification, × 100. Only 
scattered neutrophil infiltra-
tion (arrows) was observed in 
livers of TLR4− mice with or 
without HBV infection after 
RT. b RILD score. Mean RILD 
score of TLR4− mice with 
HBV reactivation, after liver 
RT, was not significantly higher 
than in mice of the other three 
groups (P > 0.05). Abbrevia‑
tions: TLR4− toll-like receptor 
4 mutation, HBV hepatitis B 
virus, RILD radiation-induced 
liver disease, HE hematoxylin 
and eosin, RT radiotherapy
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seems to be the underlying mechanism of RILDs seen 
here.

Histological findings in TMAs from 28 liver cancer 
patients by IHC‑ and HE‑stained sections

Characteristics of the 28 patients in the validation study 
are shown in Table  1. Expressed TLR4 and HBsAg were 
observed in the plasmalemma and cytoplasm of hepato-
cytes (Fig. 4a, arrows). As shown in Table 1, 11 (39.29 %) 
of the 28 TMA specimens showed high TLR4 expression 
and 17 (60.71 %) showed low TLR4 expression in peritu-
moral liver tissues. With regard to HBsAg expressed in per-
itumoral liver tissues, expression in 9 (32.14 %) specimens 

was high and in 19 (67.86  %) was low. Assessment and 
scoring of RILD severity in HE-stained liver TMA slides 
indicated that 14 (50 %) showed significant RILDs.

Reactivation of HBV post‑RT is hindered in patients 
with high TLR4 expression levels

Serum HBV DNA levels pre- and post-RT were retrospec-
tively analyzed. Twelve (57.14 %) of the 21 HBV+ patients 
showed HBV reactivation after RT and 9 (42.86  %) did 
not. There were 6 (66.67 %) of 9 HBV-nonreactive patients 
showing high liver TLR4 expression, compared to only 2 
(16.67  %) of 12 HBV-reactive patients (P  =  0.03). This 
indicates that HBV reactivation post-RT might result from 

Fig. 3   RILDs correlate with 
TLR4 in mice. a Liver HE 
staining analysis. Magnifica-
tion ×100. Compared with the 
scattered neutrophil infiltration 
(arrows) observed in livers of 
TLR4− mice, moderate neutro-
phil infiltration and/or interface 
hepatitis (arrows) developed in 
livers of TLR4+ mice after RT. 
b RILD score. Mean histologi-
cal score of TLR4+ mice was 
significantly higher than in 
mice of the TLR4− groups after 
liver RT (P < 0.05). Abbrevia‑
tions: TLR4− toll-like receptor 4 
mutation, TLR4+ normal TLR4, 
HBV hepatitis B virus, RILD 
radiation-induced liver disease, 
HE hematoxylin and eosin, RT 
radiotherapy
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low TLR4 expression in liver. Moreover, although no sig-
nificant differences in TLR4 levels were found between 
HBV+ versus HBV− patients, or between patients with 
low versus high HBsAg expression in liver (P  >  0.05), 
high TLR4 expression in liver might be considered as a 
mechanism to prevent or hinder HBV reactivation after RT 
(Table 2).

High TLR4 expression, but not HBV reactivation, causes 
severe RILDs after liver cancer RT

From IHC and HE histological findings in the 28 liver 
cancer patients, no significant differences in RILDs were 
seen between HBV+ versus HBV− patients (P = 0.55), or 
between patients with low versus high liver HBsAg expres-
sion (P  =  0.84). However, significant RILDs did corre-
late with high TLR4 expression (P < 0.01, vs. low TLR4 
expression) and absence of HBV reactivation (P  =  0.02, 
vs. HBV reactivation). Moreover, when compared with 

patients having HBV reactivation post-RT, those without 
HBV reactivation, due to there being more patients with 
high than low TLR4 expression, were likely to develop 
more serious RILDs. In other words, HBV reactivation 
post-RT did not cause severe RILDs. Our finding is that 
high TLR4 expression might not only inhibit HBV reac-
tivation post-RT, but also lead to severe RILDs (Table  2; 
Fig. 4).

Discussion

The TLR4 protein is an important trigger of the innate 
immune response, and it can recognize molecules derived 
from pathogens and endogenous danger signals that act 
as “damage-associated molecular patterns” (DAMPs) [12] 
[13]. Though RT is considered mostly immunosuppressive, 
it is noted also for its immunostimulatory effects [14, 15]. 
Distressed, injured, or damaged tissues induced by RT may 

Table 1   Characteristics of 
the 28 liver cancer patients 
undergoing RT before 
hepatectomy

RT radiotherapy, Pt patient 
number, HBV, hepatitis B virus; 
IHC, immunohistochemistry, 
TMA tissue microarray, HE 
hematoxylin and eosin, TLR4 
toll-like receptor 4, HBsAg 
hepatitis B surface antigen, 
RILD radiation-induced liver 
disease, M male, F female, 
NA not applicable; Yes, 
stands for cases with HBV 
infection pre-RT or with 
HBV reactivation post-RT; 
No, stands for cases without 
HBV infection pre-RT or 
without HBV reactivation 
post-RT; the symbols −, +, 
and ++, represent a negative, 
weak or mild, and moderate 
immunoreactivity, respectively

Pt Sex Age HBV  
infection

HBV  
reactivation

IHC-stained TMA HE-stained TMA

TLR4 HBsAg RILD score

1 M 46 Yes Yes − − 1

2 M 65 Yes Yes + − 1

3 M 78 Yes Yes + − 2

4 F 45 Yes No − − 3

5 M 52 Yes No + − 3

6 M 60 No NA + − 3

7 M 40 Yes Yes + + 1

8 M 55 No NA ++ − 2

9 M 48 Yes No ++ − 4

10 M 69 Yes No ++ − 4

11 M 55 Yes No ++ − 3

12 M 59 Yes No ++ − 4

13 F 64 Yes No ++ − 2

14 M 49 No NA + − 2

15 M 56 No NA ++ − 3

16 F 68 No NA ++ − 4

17 M 62 Yes No + − 2

18 M 44 Yes Yes − + 1

19 M 53 Yes Yes + + 2

20 M 61 Yes Yes + − 2

21 M 59 Yes Yes ++ + 4

22 M 42 Yes Yes + + 2

23 M 47 Yes Yes + + 3

24 M 69 No NA − − 2

25 M 49 Yes No ++ + 4

26 M 45 Yes Yes + ++ 2

27 M 76 No NA + − 4

28 M 40 Yes Yes ++ ++ 4
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generate DAMPs that stimulate TLR4. The latter may asso-
ciate with myeloid differentiation primary response protein 
(MyD88) and Toll/interleukin (IL)-1 receptor domain-con-
taining adaptor inducing interferon (IFN) α (TRIF) under 
sterile conditions, which can lead to activation of pro-
inflammatory cytokines, chemokines, and reactive oxygen 

species (ROS) [16, 17], thus further promoting damage [13, 
18]. Liu et al. [19] have demonstrated that TLR4 knockout 
mice can be protected from radiation-induced thymic lym-
phoma by downregulation of IL-6.

However, the role of TLR4-mediated inflammation in 
RILDs is a complex process. In healthy liver, TLR4 might 

Fig. 4   RILDs correlate with high TLR4 expression, but not with 
HBV reactivation, in human. a IHC- and HE-stained tissue micro-
arrays of 28 liver cancer patients. Magnification ×100 and ×400. 
Compared with patients (such as Pt 18) with high HBsAg (arrows) 
and low TLR4 expression, patients (such as Pt 10) with high TLR4 
expression (arrows) may develop more serious RILDs, such as liver 
piecemeal necrosis, inflammation, or hepatic veno-occlusive, and 
sinusoidal obstruction syndrome (arrows). b Grouping of RILD 
scores by TLR4 or HBsAg expression levels. c Grouping of RILD 
scores by HBV infection or reactivation. Although differences of 

RILDs were not observed between patients with or without HBV 
infection, or between patients with low versus high liver HBsAg 
expression, it is clear that patients with high TLR4 expression or 
without HBV reactivation post-RT may develop more serious RILDs. 
Abbreviations: RILD radiation-induced liver disease, TLR4 toll-like 
receptor 4, IHC immunohistochemistry, HE hematoxylin and eosin, 
HBV Hepatitis B virus, HBsAg hepatitis B surface antigen; Pt 10 or Pt 
18, correspond to patient numbers 10 or 18 among the 28 patients in 
our study: Yes, with HBV infection or HBV reactivation; No, without 
HBV infection or HBV reactivation; RT radiotherapy
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be expressed in hepatocytes and hepatic nonparenchy-
mal cells (NPCs), such as Kupffer cells (KCs), sinusoidal 
endothelial cells, and hepatic stellate cells [18]. Expres-
sion levels of TLR4 were higher in liver stroma, which 
contain NPCs, than in HCC stroma, comprising fibrous or 
necrotic tissue [20, 21]. In addition, despite the constant 
confrontation with gut-derived lipopolysaccharides, nor-
mal liver does not show signs of inflammation, and this 
phenomenon is thought to be part of a process known as 
“liver tolerance.” Nevertheless, “liver tolerance” of TLR4 
can be broken down and induce an inappropriate immune 
response in the pathogenesis of alcoholic liver disease, 
chronic hepatitis B, hepatic fibrosis, and HCC [22]. Chen 
et  al. had found that expression of TLR4 is decreased in 
HBV+ chronic hepatitis and cirrhosis [23, 24]. Excessive 
activation of TLR signaling may cause liver damage [18, 
25]. In the present study, we have found that TLR4-mutant 
mice have decreased RILDs due to a defective TLR4-
dependant response. Moreover, patients with high TLR4 
expression, seen by IHC, present more severe RILDs after 
liver RT. Therefore, proteins involved with TLR4-depend-
ant immune response in liver may be potential therapeutic 
targets for prevention and treatment for RILDs.

In addition, many studies have revealed that molecules 
involved with development of radiation-induced inflamma-
tion, such as IL-6, can facilitate HBV infection and reac-
tivate HBV after RT [2]. In our studies, HBV reactivation 
after RT was also confirmed in mice. However, TLR4-
dependant response also plays a vital role during the pro-
cess of HBV reactivation after RT. In an HBV-transgenic 
mouse model, administration of TLR4 ligands was found 
to promptly inhibit viral replication mediated by IFNs [26]. 
From analysis of results obtained in liver cancer patients, 
we found that patients with high expression of TLR4 also 
show lower HBV replication, or even no HBV reactiva-
tion after RT, than patients with low TLR4 expression. 

Moreover, due to a normal TLR4-dependant immune 
response, C3H/HeN (TLR4+) mice were not able to main-
tain HBV infection status for a lengthy period [3]. This, 
unfortunately, hindered irradiation of HBV+ livers from 
TLR4+ mice and precluded further evaluation of the role 
of HBV versus normal TLR4 in RILDs in the study. These 
results indicate that TLR4 enhances the immune functions 
that help clear HBV replication.

Although HBV reactivation was thought to be the under-
lying mechanism of RILD for carriers in some earlier 
reports [2], our study reveals that HBV reactivation after 
RT, without considering TLR4-dependant response, has 
no significant relationship with severity of RILDs. In fact, 
immune activity plays a key role in HBV-related liver inju-
ries. As stated earlier, some of the HBV+ patients develop 
low levels of TLR4 expression in liver, which might lead to 
less severity of RILDs. The findings substantiate that it is 
TLR4-dependant immune response, but not HBV reactiva-
tion, that plays a vital role in RILDs.

Moreover, the mechanism by which TLR4-dependant 
immune response promotes RILDs remains to be deline-
ated. Previous studies suggested that radiation sensitivity of 
hepatocytes might be significantly influenced by changes 
in levels of certain cytokines, such as IL-6, in the liver 
microenvironment [27, 28]. The TLR4-dependant immune 
response might also promote RILDs via enhancing expres-
sion levels of some proteins in liver tissue interstitial flu-
ids (a special microenvironment around hepatocytes [29]). 
This is a possible mechanism involved in severe RILDs 
after liver RT associated with high expression of TLR4, and 
it will be further studied by us in future work.

In conclusion, induction of inappropriate TLR4-depend-
ant immune responses could be involved in the pathogen-
esis of hepatitis B and liver RT. Reactivation of HBV might 
be triggered by RT, especially when TLR4 expression in 
liver is low. However, without TLR4-dependant immune 

Table 2   Correlations between TLR4, HBV, and severity of human RILD

RILD radiation-induced liver disease, TLR4 toll-like receptor 4, IHC immunohistochemistry, TMA tissue microarray, SEM standard error of the 
mean, HBV hepatitis B virus, HBsAg hepatitis B surface antigen

Severity of RILD TLR4 expression by IHC-stained TMA

RILD score (mean ± SEM) p value High TLR4 (cases) Low TLR4 (cases) p value

HBV infection (n = 21/28) 2.57 ± 0.24 0.55 8 13 1.00

No HBV infection (n = 7/28) 2.86 ± 0.34 3 4

Low HBsAg on TMA (n = 19/28) 2.68 ± 0.23 0.84 8 11 1.00

High HBsAg on TMA (n = 9/28) 2.6 ± 0.37 3 6

HBV reactivation (n = 12/21) 2.08 ± 0.31 0.02 2 10 0.03

No HBV reactivation (n = 9/21) 3.22 ± 0.28 6 3

High TLR4 on TMA (n = 11/28) 3.45 ± 0.25 <0.01

Low TLR4 on TMA (n = 17/28) 2.12 ± 0.21
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response, HBV reactivation per se would not lead to signif-
icant RILDs. High TLR4 expression in liver was associated 
with development of severe RILDs after liver RT. It indi-
cated that use of TLR4 inhibitors along with HBV antiviral 
drugs might prevent the inflammatory component of RILD 
and viral reactivation in HBV+ liver cancer patients. Such 
an effect would favor treatment for HCC and other abdomi-
nal cancers with RT in future.
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