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A critical role of toll-like receptor 4 (TLR4) and its’
in vivo ligands in basal radio-resistance

C Liu1,5, C Zhang2,5, REJ Mitchel3, J Cui1, J Lin1, Y Yang1, X Liu4 and J Cai*,1

Toll-like receptor-4 (TLR4) plays a critical role in innate and acquired immunity, but its role in radio-resistance is unknown. We

used TLR4 knockout (KO,� /� ) mice and gut commensal depletion methods, to test the influence of TLR4 and its’ in vivo agonist

on basal radio-resistance. We found that mice deficient in TLR4 were more susceptible to IR-induced mortality and morbidity.

Mortality of TLR4-deficient mice after IR was associated with a severe and persistent bone marrow cell loss. Injection of

lipopolysaccharide into normal mice, which is known to activate TLR4 in vivo, induced radio-resistance. Moreover, TLR4 in vivo

ligands are required for basal radio-resistance. We found that exposure to radiation leads to significant endotoxemia that also

confers endogenous protection from irradiation. The circulating endotoxins appear to originate from the gut, as sterilization of

the gut with antibiotics lead to increased mortality from radiation. Further data indicated that Myd88, but not TRIF, may be the

critical adaptor in TLR4-induced radio-resistance. Taken together, these data strongly suggest that TLR4 plays a critical role in

basal radio-resistance. Our data suggest, it is important not to give antibiotics that may sterilize the gut before the whole body

irradiation. Further, these data also suggest that management of gut flora through antibiotic or possibly probiotic therapy may

alter the innate response to the total body irradiation.
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Radiotherapy is commonly used as a component of clinical

therapy for a wide range of cancer patients.1–3 It is estimated

that about 20–50% of all the patients suffering head and neck

cancer, breast cancer, prostate cancer, endometrial cancer

and many other types of cancers will receive radiotherapy

during the course of their treatment.3 However, exposure of

high-dose ionizing radiation (IR) is associated with induction

of acute radiation syndromes involving the hematopoietic

system (HP) and gastrointestinal tract, especially the bone

marrow cells (BMC) failure in the HP.4,5 The extreme

sensitivity of BMC to genotoxic stress largely determines not

only the survival of the body, but also the adverse side effects

of anti-cancer radiation therapy.4 Improvements have been

realized in the understanding of the mechanism of radiation

injuries and in the development of radioprotectants formedical

and biodefense applications,4–7 but knowledge in this area is

still very limited. Specifically, the mechanism of many

important molecules in radioprotection and basal radio-

resistance remains unclear.

Toll-like receptors (TLRs) are the main sentinels of many

types of immune cells and they play critical roles in innate and

acquired immunity.8 It has been found that there are 13 types

of TLRs in humans and mice.9,10 Studies showed that TLRs,

especially TLR4, have critical roles in host defense against

infection by detecting conserved components of invading

microbial pathogens.11 However, there are only limited

studies examining the role of TLRs, especially TLR4, in

radiobiology. In a related study in 2008, Burdelya et al.
4 found

that a TLR5 agonist CBLB502 has radio-protective activity in

mouse and monkey models by activation of NF-kB. Other

studies also showed that the TLR5 ligand CBLB502 serves as

a possible link between radio-resistance and epithelium’s

innate immune response.12,13 These data indicate some

TLRs, especially TLR5, may have a critical role in normal

tissue radiation biology, but the detailed mechanism of other

TLRs in this area remains not well understood.14As TLR4 and

TLR5 are in the same TLR family and they have many

similarities in their signaling pathway,10,15 TLR4may also play

a similar role to TLR5 in radioprotection. Further, compared to

TLR5, where its expression pattern is limited to some tissues

and organs,16 TLR4 molecular expression is very broad and

the function of TLR4 has been much more studied than

TLR5.9,17 However, the potential role of TLR4 in radio-

protection and its role in basal radio-resistance remained

poorly known. In addition, the importance of TLR4 signaling in

radiation responses has yet to be fully explored.
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In the study reported here, we used TLR4 knockout

(KO,� /� ) mice and gut commensal depletion methods, to

test the influence of TLR4 and its’ in vivo agonist on basal

radio-resistance. We additionally tested TLR4 in vitro ago-

nists, like lipopolysaccharide (LPS), for a TLR4 dependent

radio-protective role. Finally, we report the possible mechan-

isms of action for these radio-resistance effects.

Results

Mice deficient in TLR4 were more susceptible to

radiation-induced mortality. To study the role of TLR4 in

radiation injury, we first studied the basic nature of TLR4� /�

mice used in this study. As shown in Supplementary

Figure S1, TLR4� /� mice show no developmental abnorm-

alities and they are fertile.

We next studied the radio-sensitivity difference between

different mouse genotypes. We exposed age- and sex-

matched TLR4� /� mice and TLR4þ /� mice to 0, 5, 7 and

9Gy of g-radiation. However, as TLR4� /� mice showed

normal survival ability without radiation and can survive over a

year under specific pathogen-free (SPF) conditions

(Figure 1a), these animals showed severe mortality and

morbidity after g-irradiation (Figure 1b). Although TLR4þ /�

mice had 100% survival rate at the dose of 5Gy, but TLR4� /�

mice only had a survival rate of 60% (Po0.05). Consistent

with the observed differences after 5Gy, TLR4� /� mice also

showed more mortality than TLR4þ /� mice after 7 or 9Gy

(Figure 1b). Regression analysis of the radiation survival data

produced LD50/LD30 values of 7.5Gy for the TLR4þ /� mice,

and 5.7Gy for the TLR4� /� mice. The calculated dose-

reduction factor (DRF) was 1.32 (TLR4þ /� mice versus

TLR4� /� mice) (Figure 1c). Consistent with the observed

differences in survival, TLR4� /� mice showed much more

severe morbidity and weight loss with the TLR4þ /� controls

(Supplementary Figures S2A and S2B). In addition,

throughout the duration of the experiment, 5Gy exposed

TLR4� /� animals were observed to be moribund, with a

paralyzed posture and defective drinking and eating desire as

opposed to 5Gy exposed TLR4þ /� mice, which remained

active, mobile and seemingly healthy (Supplementary

Figure S2C). To further support a role for TLR4 in radio-

protection in vivo, we also performed a TLR4 in vivo knock-

down (KD) assay in C57BL/10 mice. We found that mice

injected with the TLR4 specific in vivo KD reagents displayed

severe motility after 7Gy compared to mice injected with the

non-specific control in vivo KD reagents (Supplementary

Figures S3A and S3B). These data, taken together, indicated

that mice deficient in TLR4 were more susceptible to

radiation-induced mortality and morbidity.

Mortality of TLR4� /� mice after IR was associated with a

severe and persistent BMC loss. To further analyze the

reason for increased mortality of TLR4� /� mice after IR,

mass biopsy assays were performed for a histological study

of the radiation-induced tissue damage in TLR4þ /� and

TLR4� /� mice. A 5Gy total body irradiation (TBI) was

shown to induce tissue damage in multiple organs of both

TLR4þ /� mice and TLR4� /� mice, but TLR4� /� mice

showed greater injury in bone marrow (BM), colon, kidney,

spleen, testis and lung as detected by hematoxylin and eosin

(H and E) assays (Figure 2a and Supplementary Figure S4).

The histological study results also indicated that the main

cause of death in TLR4� /� mice may be severe and

persistent BMC loss. As shown in Figure 2a, 5Gy exposure

injured BM and decreased the BMC number from TLR4þ /�

mice. However, the BM showed the greatest damage and

cell loss at day 5 post-IR and all mice demonstrated

significant BM tissue repair at day 14 post-IR, while by day

28, BM from TLR4þ /� mice was well repaired. However, in

the TLR4� /� mice, BMC loss were more severe and more

persistent. The TLR4� /� BMCs showed only slightly greater

Figure 1 Increased mortality in TLR4� /� mice exposed to IR. (a) Survival to day 360 of TLR4þ /� mice and TLR4� /� mice without IR in SPF conditions (N¼ 6).
(b) TLR4þ /� control (N¼ 30) and TLR4� /� (N¼ 18) mice ((TLR4þ /� control (N¼ 10) and TLR4� /� (N¼ 6) in each group)) were each randomly divided into three
groups and exposed to 5, 7 or 9 Gy 60Co-g radiation (dose rate: 1 Gy/min). Survival was monitored until day 30 after IR. (c) Linear regression analysis of the survival rate for
TLR4� /� mice and TLR4þ /� control mice after IR. The equation and the correlation coefficient for the line are given. The calculated DRF using these equations was 1.5
(TLR4þ /� mice versus TLR4� /� mice). Blue circles: TLR4þ /� mice and red squares: TLR4� /� mice; *Po0.05.
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damage than TLR4þ /� BMCs at day 1 and day 5, but the

greatest damage and cell loss occurred at day 14, and was

much more severe than day 14 in TLR4þ /� BM (Po0.05).

The TLR4� /� mice that survived demonstrated only partial

BM tissue repair at day 28 post-IR. These data are consistent

with the death of nearly half the TLR4� /� mice 9–17days

after 5Gy (Figure 1b). The BMC and peripheral blood

mononuclear cell (PBMC) numbers in TLR4þ /� and TLR4� /

� mice were also counted on different days after 5Gy

exposure. The PBMC numbers of both genotypes of mice

were decreased after irradiation. However, TLR4� /� mice

showed much more PBMC and BMC destruction (Figures 2b

and c). These data consistently indicate that the main cause

of death in TLR4� /� mice may be a severe and persistent

BMC loss after IR, especially after a dose of 5Gy.

BMC loss in TLR4� /� mice was associated with

enhanced cell apoptosis and reduced BMC cells pro-

liferation. As the number of BMC can be influenced by the

balance of cell death and cell proliferation within the BM,4,5

we investigated the apoptotic and proliferative rates of BMC

from TLR4� /� mice and TLR4þ /�mice. We performed

FACS assays to detect apoptosis levels in the BMC from

TLR4� /� mice and TLR4þ /� mice 24h after different doses

of IR. The time points used were selected on the basis of

previous studies of radio-protection.4 As shown in Figure 3a,

radiation-induced apoptosis in a dose-dependent manner in

BMC from both TLR4þ /� mice and TLR 4� /� mice.

However, BMC from TLR4� /� mice displayed a higher

apoptosis rate than TLR4þ /� mice after the same dose.

Both FACS assays and TUNEL assays also indicated an

increased apoptosis rate in many tissues, like spleen and

thymus, in TLR4� /� mice after IR (Supplementary Figures

S5A and S5B). However, the difference among the BMC was

much greater between these two genotypes of mice than

other tissues (Supplementary Figure S5C). These data

indicated that TLR4 was required for basal radio-resistance

by suppression of apoptosis in many tissues, and especially

the BMC.

TLR4 was not required for BMC homeostasis but was

required for optimal BMC proliferation. The above results

can explain the severe BMC loss in TLR4� /� mice after IR.

However, to explore why the BM loss was more persistent in

TLR4� /� mice, granulocyte-macrophage colony-forming

units (GM-CFU) and 5-bromo-20-deoxyuridine (BrdU) assays

were performed to detect the proliferation capacity of BMC

cells from TLR4� /� mice and TLR4þ /� mice. The GM-CFU

assay was performed for non-irradiated BMC from TLR4� /�

and TLR4þ /� mice, and TLR4� /� BMC showed signifi-

cantly impaired proliferation capacity without IR (Figure 3b).

Moreover, as detected by BrdU assay on days 5, 14 and 20

after 5Gy (Figure 3c), not only the total number of BMC

decreased in TLR4� /� mice after IR, but also irradiated

BMC from TLR4� /� mice also showed significantly impaired

tissue repair capacity in comparison to TLR4þ /� mice.

These data indicate that TLR4may play an important role in

the proliferation of BMC. To further study this role of TLR4 we

performed BM transplantation assays. Wild-type (WT)

C57BL/10 mice were exposed to 9Gy, followed by reconstitu-

tion with 3� 106 or 5� 107 BMC from either TLR4� /� or

TLR4þ /� mice, and survival was recorded. As shown in

Figure 2 Increased mortality of TLR4� /� mice after IR associated with a severe and persistent BMC loss. (a) TLR4þ /� mice and TLR4� /� mice were irradiated with
5 Gy and the femur was collected and subjected to an H and E assay at days 0, 1, 5, 14 and 28 post-IR. All images are � 100. The figure shows a typical H and E image of
three independent experiments (N¼ 3). (b, c). Kinetics of the BMC number and PBMC number in TLR4þ /� mice and TLR4� /� mice after 5 Gy. (b) The BMC number was
counted at days 0, 1, 5, 14 and 28 post-IR. (c) The PBMC numbers were measured at days 0, 1, 5, 14, 20 and 28 post-IR. *Po0.05
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Figure 4a, 5� 107BMCcells frombothTLR4þ /� andTLR4� /�

mice can rescue mice from radiation damage. Together with

data that unexposed TLR4� /� mice have a normal survival

ability in SPF conditions; these data indicate that TLR4 was

not required for BMC homeostasis. However, the data also

show that the 3� 106 BMC cells from TLR4þ /� mice can

successfully rescue the mice exposed to 9Gy, whereas

3� 106 BMC cells from TLR4� /� mice can only partly rescue

the 9Gy exposed mice (Figure 4b). These data indicate that

TLR4� /� BMC have reduced proliferation ability and tissue

repair capacity, and taken together, indicated that TLR4 was

not required for BMC homeostasis but was required for

optimal BMC proliferation.

TLR4 in vitro agonist LPS showed a strong radio-

protective role in vivo. The role of TLR4 in vivo and

in vitro ligands in basal radio-protection was analyzed. LPS

at a dose of 2.5mg/kg body weight, given 24 h before

radiation exposure displayed significant radio-protective

effects on C57BL/10 mice exposed to doses of 7, 9 or

13Gy (Figure 5a). The calculated DRF of LPS was 1.29 (LPS

versus PBS) (Figure 5b). Furthermore, the TLR4 agonist

LPS had a potent radio-protective effect on both C57BL/10

mice and BALB/c mice (Figure 5c). To further show the

potential radioprotective role of LPS, BMC from mice given

LPS was examined for their ability to rescue mice from lethal

radiation. Specifically, BMC were isolated from un-irradiated

mice injected with LPS or vehicle (PBS) 24h previously and

then 2� 105 cells were transferred to 9Gy irradiated mice.

Transfer of this relatively small number of cells isolated

from PBS-injected mice did not reduce radiation-induced

mortality. On the contrary, transferring BMC from mice

treated with LPS partially rescued the mice from radiation-

induced mortality (Figure 5d). These data indicate that the

TLR4 in vitro ligand LPS acts as a radio-protective agent in

different strains of mice in vivo.

TLR4 in vivo ligands are required for basal radio-

resistance. The in vivo ligands of TLR4 are generated by

commensal microorganisms.18,19 To further analyze the role

of TLR4 in vivo ligands in basal radio-protection, we used

four different, generally accepted commensal microflora

Figure 3 TLR4 protects BMC from apoptosis and enhances their proliferation after IR. (a) TLR4þ /� mice and TLR4� /� mice were irradiated with 0, 5, 7 or 9 Gy. BMC
were prepared 24 h later, stained with AnnV-FITC and PI and apoptosis was detected by FACS assay. Upper figure shows typical data. Lower figure shows the statistical
results. (b, c). BMC from TLR4� /� mice show significantly impaired proliferation capacity with or without IR. (b) Granulocyte-macrophage colony forming units were
quantified in BMC obtained from TLR4� /� and TLR4þ /� mice without IR (� 100). (c) TLR4þ /� and TLR4� /� mice were exposed to 5 Gy, femurs were harvested 5, 14
and 20 days later, and BMC proliferation was detected by the BrdU assay. Upper figure shows a typical BrdU stained section of femur from TLR4� /� mice and TLR4þ /�

mice 14 days post-IR (� 100); Lower figure shows the statistical results. *Po0.05; NS: No significant difference detected
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depleting methods to deplete the TLR4 in vivo ligands as

previously described.18,19 The commensal microflora deple-

tion was verified by bacterial culture of fecal matter removed

from colons using sterile techniques. We found that in vivo

depletion of TLR4 ligands, by all four methods, induced

severe mortality in irradiated C57BL/10 mice, which

mimicked TLR4� /� mice (Figure 6a). Commensal-depleted

mice demonstrated more weight loss, less water and food

consumption, and lower PBMC counts compared with

commensal normal mice (Supplementary Figure S6). Com-

mensal depletion also impaired the survival capacity of both

C57BL/10 mice and BALB/c mice after IR (Figure 6b).

Although the BALB/c mice strain was more radiosensitive

than the C57BL/10 mice strain, the commensal-depleted

C57BL/10 mice and BALB/c mice showed similar, high radio-

sensitivity (Figure 6b). This data indicated that the TLR4 and

its’ in vivo ligands may be part of the mediators of radio-

sensitivity variations between C57BL/10 mice and BALB/c

mice strains. Regression analysis of the radiation survival

data indicated that the DRF was 1.54 (commensal normal

mice versus commensal-depleted mice), which is higher than

the calculated DRF of TLR4 (Figures 6c and 1b). As shown in

Figure 6d, reconstitution of commensal-depleted animals

with exogenous LPS could partly restore the radio-resistance

of commensal-depleted mice exposed to IR. These data

indicate that TLR4 and its in vivo ligands are required for

optimal basal radio-resistance. Further, these data also

suggest that management of gut flora through antibiotic or

possibly probiotic therapy may alter the innate response to

total body irradiation.

TLR4 is required for LPS-induced radio-protection. In

vivo experiments were performed to determine whether the

radio-protective role of TLR4 agonist LPS was TLR4

dependent. As shown in Figure 7a, LPS can protect

Figure 4 Difference between BMC cells from TLR4þ /� and TLR4� /� mice in
BM re-constitution. WTC57BL/10 mice were exposed to 9 Gy of g-irradiation at 1 Gy/
min and then reconstituted with 3� 106 or 5� 107 BMC from either TLR4þ /�

mice or TLR4� /� mice, and survival measured. (a) displays three groups: BM
reconstitution with 5� 107 BMC from TLR4þ /� mice; BM reconstitution with
5� 107 BMC from TLR4� /� mice and the no BM reconstitution group; (b) shows
two groups: BM reconstitution with 3� 106 BMC cells from either TLR4þ /� or
TLR4� /� mice. *Po0.05

Figure 5 TLR4 in vitro agonist LPS shows a strong radio-protective role in vivo. (a) C57BL/10 mice (20 g in weight, N¼ 20 per group) were injected with LPS at 2.5 mg/kg
body weight and then 24 h later subjected to 7, 9 or 13 Gy TBI as indicated. Control mice received PBS. Survival was recorded. (b) Linear regression analysis of the survival
rate for mice treated with LPS or PBS after IR. The equation and the correlation coefficient for the line are given. The calculated DRF using these equations was 1.29 (LPS
treated mice versus PBS treated mice). (c) LPS protects both C57BL/10 mice and BALB/c mice from radiation injury. (d) WT C57BL/10 mice were exposed to 9 Gy
of g-irradiation at 1 Gy/min and then reconstituted with 2� 105 of BMC from C57BL/10 mice treated with or without LPS (2.5 mg/kg) 24 h previously. *Po0.05
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TLR4þ /�mice from radiation damage, but TLR4 agonist LPS

displayed no radio-protective effect on the survival of

TLR4� /�mice. On the contrary, LPS reduced the radio-

resistance of TLR4� /�mice (Figure 7a). A similar response

was seen in TLR4 in vivo KD experiments using C57BL/10

mice. As shown in Figure 7b, mice injected with the TLR4

specific in vivo KD reagents displayed less ability to be

protected by LPS than mice injected with the non-specific

control in vivo KD reagents. Thus, we conclude that radio-

protection by TLR4 agonist LPS is TLR4 dependent.

IR enhanced serum LPS levels in a commensal depen-

dent manner. To further explore the role of TLR4 and its

ligands in radio-protection, we studied whether the levels of

TLR4 and its ligand LPS can be induced or enhanced by

radiation in vivo. We found that the serum LPS level in

normal mice were elevated 2–6 days after 5Gy (Figure 8a).

We also found that the serum LPS level in normal mice were

elevated 2 days after 3, 5, 7 and 9Gy (Figure 8b). As LPS

acts as a strong radio-protective agent in different strains of

mice in vivo, these data indicated that exposure to radiation

may lead to significant endotoxemia that also confers

endogenous protection from irradiation. Further, we detected

the possible mechanism of radiation-induced endotoxemia.

We found that the serum LPS was elevated to a similar level

2 days after 5Gy in both TLR4þ /� mice and TLR4� /� mice.

Commensal-depleted mice demonstrated a very weak LPS

elevation in serum, which correlated well with the increased

death of these mice after IR (Figures 8c and d). These data

indicate that the main but perhaps not only source of serum

LPS-induced by IR were the gut commensal microflora. This

data is consistent with our finding that the in vivo ligand of

TLR4 played a critical role in basal radio-resistance, and

indicates that the radiation-induced LPS may also confer

endogenous protection from irradiation. In addition, TLR4

ligands can be altered by IR, and FACS and q-PCR assays

showed that 5Gy exposure increased the TLR4 mRNA and

TLR4 protein level in spleen and PBMC (Supplementary

Figure S7A). However, there was no significant increase

in the absolute number of host TLR4þ cells in spleen

and PBMC, but, on the contrary, a slight decrease

(Supplementary Figure S7B). However, TLR4 negative cells

in spleen and PBMC showed a much greater decrease than

TLR4þ cells (Supplementary Figure S7B). These data

provide novel evidence that the TLR4 and its in vivo ligands

played critical roles in basal radio-resistance.

Myd88, but not TRIF, mediated TLR4-induced radio-

protection. It is well known that TLR4 has two downstream

pathways, the Myd88 dependent pathway and the TRIF

dependent pathway, but the signal pathway and molecular

mechanisms that mediate TLR4-induced basal radio-resis-

tance are unclear. Therefore, both in vivo and in vitro

experiments were conducted to explore whether Myd88 and

TRIF participate in TLR4-induced radio-protection. In vitro

KD assays in RAW264.7 cells were first used to explore this

issue. As shown in Figure 9a, KD of Myd88 and TLR4, but

not KD of TRIF, enhanced the apoptosis rate of the murine

macrophage cell line RAW264.7 cells after IR. The potential

radio-protective role of TLR9 agonist CpG ODN (which is

totally Myd88 dependent and TRIF independent) and TLR3

agonist poly-I: C (which is totally TRIF dependent and Myd88

independent) was studied in mouse primary spleen cells from

C57BL/10 mice. TLR9 agonist CpG ODN, but not TLR3

agonist poly-I: C, can significantly protect both mouse

primary spleen cells from IR-induced apoptosis (Figure 9b).

These data indicate that Myd88 may be an important

Figure 6 Depletion of TLR4 in vivo ligands impaired basal radio-resistance.
(a). C57BL/10 mice (20 g in weight, N¼ 20 per group) pretreated with or without
four different gut flora depletion methods (Materials and Method section) and then
subjected to 7 Gy IR. The survival was recorded. (b) Commensal gut flora depletion
impaired radio-resistance in both C57BL/10 mice and BALB/c mice and attenuates
the radio-sensitivity variation between these two strains of mice. (c) Linear
regression analysis of the survival rate for commensal-depleted mice and
commensal normal control mice after IR. The equation and the correlation
coefficient for the line are given. The calculated DRF using these equations was
1.54 (commensal normal mice versus commensal-depleted mice). (d) Reconstitu-
tion of commensal gut flora-depleted animals with LPS could partly rescue the
severe mortality of commensal gut flora-depleted mice after IR. *Po0.05; NS: No
significant difference detected

Figure 7 The radio-protective role of TLR4 agonist LPS in a TLR4 dependent
manner. (a) LPS can protect TLR4þ /� mice, but not TLR4� /� mice, from
radiation damage. N¼ 10, three repeats. (b) Male C57BL/10 mice, 6 weeks of age,
injected with TLR4 specific in vivo KD reagents or with non-specific control in vivo
KD reagents (From ABI, once a day for 2 days, N¼ 12 in each group). Forty-eight
hours later mice were treated with or without LPS at 2.5 mg/kg body weight for
another 24 h, and then exposed to 7 Gy. The figure shows the survival rate of each
group. *Po0.05; NS: No significant difference detected
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mediator of TLR4-induced radio-protection, while TRIF,

although very important in many pathways and functions of

TLR4, may not participate in TLR4-induced radio-protection.

To further explore the role of Myd88 in radio-protection, the

radio-sensitivity of Myd88� /� mice was studied. Although

TLR4� /� mice are fertile, the Myd88� /� mice have reduced

reproduction ability, prohibiting the production of sufficient

numbers of mice for a direct survival study. Therefore, bone

marrow transplantation (BMT) was performed and FACS

assays was used to study the radiation response of the

primary cells from Myd88� /� mice and Myd88þ /� mice. As

shown in Figure 9c and Supplementary Figure S9, the AnnV-

PI double staining assay and Trypan blue exclusion test

indicated that primary spleen cells from Myd88� /� mice and

TLR4� /� mice have a higher apoptosis rate and a lower cell

viability when compared to primary spleen cells from

Myd88þ /� mice and TLR4þ /� mice after 5Gy. However,

the primary spleen cells from Myd88� /� mice showed the

lowest cell viability among the four. Furthermore, BMC cells

from TLR4þ /� mice and Myd88þ /� mice largely rescued

the mice from 9Gy of radiation damage, while BMC from

either TLR4� /� mice and Myd88� /� only partly rescued the

mice from the same exposure in vivo (Figure 9d). Myd88� /�

also demonstrated a much decreased tissue repair ability as

compared to TLR4� /� BMC. Thus, our data indicate

that Myd88, but not TRIF, mediated TLR4-induced

radio-protection.

Discussion

The results presented in this study reveal a new, non-immune

function of TLR4 and its’ in vivo ligands in mammalian

radiation biology in vivo. In addition to the well-appreciated

beneficial effects of commensal gut flora due to their

metabolic activity,19 our data indicate that the interaction of

commensal bacterial products with host microbial pattern

recognition receptors plays a critical role in resistance to

radiation-induced damage in different strains of mice in vivo.

We found that mice deficient in TLR4 were more suscep-

tible to IR-induced mortality and morbidity. Mortality in

TLR4� /� mice was associated with a severe and persistent

BMC loss. Injection of LPS into normal mice, which is known

to activate TLR4 in vivo, induced radio-resistance. Moreover,

we also found that exposure to radiation leads to significant

endotoxemia that also confers endogenous protection from

irradiation. The circulating endotoxins appear to originate from

the gut, as sterilization of the gut with antibiotics leads to

increased mortality from radiation. These data suggest, it is

important not to give antibiotics before whole body irradiation

as they may sterilize the gut. Further data indicated that

Myd88, but not TRIF, may be the critical adaptor in TLR4-

induced radio-protection. Taken together, these data strongly

suggest that TLR4 and its in vivo agonist are required for basal

radio-resistance.

In this study, we compared the parameters between

TLR4� /� and TLR4þ /� mice, but not TLR4� /� and TLR4þ /þ

mice, in most of our experiments, a more accurate way to

Figure 8 Radiation leads to significant endotoxemia in a commensal dependent
manner. (a) Normal C57BL/10 mice were exposed to 5 Gy and the level of LPS in
serum was measured 0, 24, 48, 96 and 144 h after IR. (b) Normal C57BL/10 mice
were subjected to 0, 3, 5, 7 and 9 Gy and the level of LPS in serum was measured
48 h after IR. (c) Age and sex matched TLR4þ /� and TLR4� /� mice were treated
with or without 5 Gy and the level of LPS in serum was detected 48 h after IR.
(d) Age and sex matched commensal normal or gut flora-depleted animals were
treated with or without 5 Gy and the level of LPS in serum was measured 48 h after
IR. Cipro and PMB groups were two models of commensal-depleted animals
(Methods section). *Po0.05; NS: No significant difference detected

Figure 9 Myd88, but not TRIF, mediates TLR4-induced radio-protection.
(a–c) Different cells with different treatments were stained with AnnV-FITC and PI
and the apoptosis rate was measured by FACS assay, and the apoptosis rate was
calculated. (a) RAW264.7 cells were transfected with TLR4, Myd88, TRIF and the
NC siRNAs that targeted mouse TLR4, Myd88,TRIF and theNC, respectively, for
48 h and then exposed to 10 Gy. Apoptotic rate was measured by FACS assay after
another 24 h. (b) Primary spleen cells from WT mice were treated with 100 ng/ml
LPS, 10mg/ml poly(I:C), 1 mM CpG ODN or PBS control for 24 h and exposed to
5Gy, Apoptotic rate was measured by FACS assay after another 24 h. (c) TLR4þ /� ,
Myd88þ /� , TLR4� /� and Myd88� /� mice were exposed to 5Gy. Twenty-four
hours later the primary spleen cells from these mice were prepared and the apoptotic
rate was measured by FACS assay. (d) WT mice were exposed to 9Gy of g-radiation
at 1Gy/min, followed by reconstitution with 3� 106 BMC from either TLR4þ /� ,
Myd88þ /� ,TLR4� /� and Myd88� /� mice, and the survival rate was measured.
*Po0.05; NS: No significant difference detected
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study the TLR4 molecular in radiation biology in vivo.

However, we also did many experiment on the radiation

response of TLR4þ /þ mice. We found that TLR4þ /� mice

and TLR4þ /þ mice displayed similar levels of TLR4 mRNA

and TLR4 protein and these two genotypes of mice also

displayed similar sensitivity to LPS as well as radiation (data

not shown).

It was known that ascorbic acid (vitamin C) is a strong free-

radical scavenger and free-radicals are major contributors to

the damage/cell death induced by irradiation. Interesting, it is

indeed that for mice sublethal endotoxin increases ascorbate

recycling in liver and ascorbate concentration in liver, adrenal

gland, heart and kidney.20 So, we guess that ascorbic acid

may be involved in the effect of TLR4 in radio-resistance. As

mice can biosynthesis ascorbic acid, and humans and

primates cannot, we inferred that exposure to LPS may

increase ascorbic acid biosynthesis in mice and changed

behavior in humans and primates (like eating more fruits).

Taken together, these data suggest that TLR4 signaling

may play a critical role in basal radio-resistance. Further,

these data also suggest that management of gut flora through

antibiotic or possibly probiotic therapy may alter the innate

response to total body irradiation.

Materials and Methods
Breeding and genotyping of mice. Adult TLR4þ /þ mice (C57BL/10
wild type, 6 weeks, 20 g), TLR4� /� mice (C57BL/10ScNJ TLR4 gene deleted
type, 6 weeks, 20 g), TLR4þ /� mice (F1 of C57BL/10�C57BL/10ScNJ,
6 weeks, 20 g), Myd88þ /þ , Myd88� and Myd88þ /� mice were generated
and provided by the Model Animal Research Centre of Nanjing University
(Nanjing, China) as described previously.21,22 Breeding of Myd88þ /� , C57BL/10
mice and C57BL/10ScNJ mice was also performed in the Laboratory Animal
Center of the Second Military Medical University. As TLR4� /� mice are fertile,
genotyping was done on F1 mice from a Myd88þ /� background. These mice
were anaesthetized, and a small tail clip was collected for DNA extraction and
genotyping by a PCR method. The primers used are listed in Supplementary
Table S1. C57BL/10 mice and BALB/C mice, 4–6 weeks of age, were also
purchased from the Chinese Academy of Science (Shanghai, China). All mice
were housed in a SPF facility for all experiments.

Statement of animal care. All animal experiments were undertaken in
accordance with the National Institute of Health ‘Guide for the Care and Use of
Laboratory Animals’ (NIH Publication No. 85–23, National Academy Press,
Washington, DC, revised 1996), with the approval of the Laboratory Animal Center
of the Second Military Medical University, Shanghai. The approval ID for this study
was 20081020.

Reagents. Flow cytometry staining buffer (eBioscience, San-Diego, CA, USA);
Phycoerythrin (PE)-conjugated anti-mouseTLR4 (eBioscience, Cat. #:12-9041);
Mouse IgG1 K Isotype Control PE (eBioscience, Cat. #: 12-4714-41); Annexin
V-FITC and propidium iodide (PI) double staining apoptosis assay kit were
purchased from BIPEC. Trizol and Lipofectamine 2000 were from Invitrogen
(Carlsbad, CA, USA); Anti-BrdU antibodies (Cell Signaling Technology, Cat. #
5292) and rabbit anti-mouse IgG-horse radish peroxidase-conjugated antibodies
were from Cell Signaling Technology; Ampicillin, vancomycin, neomycin sulfate,
metronidazole and ciprofloxacin were from Changhai Hospital, Shanghai, China.
Poly I: C, PMB and LPS from Escherichia coli were purchased from Sigma (St.
Louis, MO, USA), and LPS was re-purified as described.23 DMEM and 1640
medium and fetal calf serum were from PAA, Austria. In vivo TLR4 specific KD
reagent and the negative control (NC) KD reagent were from ABI. BrdU and 2070-
di-chlorofluorescein diacetate (DCFH-DA, Molecular Probes, Biyuntian, China). All
the primers used for real-time PCR assay and the TLR4, Myd88 and TRIF KD
small interfering RNA (siRNA) duplexes used in this study were synthesized by
Genepharm company (Shanghai, China), and the sequences of all the primers
used in this study are listed in Supplementary Table S1.

Cell culture. RAW 264.7 (Mouse leukemic monocyte macrophage cell line)
were obtained from the Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China). Cells were cultured in 6-well
plates at 37 1C in a humidified atmosphere of 5% CO2 with DMEM and 1640
Medium (PAA, Austria) containing 10% fetal calf serum (PAA, Austria).
Exponentially growing cells were used for experiments.

BMC and PBMC cell count. BMC were harvested from the femora and
PBMC were prepared of euthanized TLR4 þ /�mice versus TLR4� /� mice on
days 1, 5, 10, 14, 20 and 28 post-irradiation, and cell populations were analyzed
as described previously.4 Briefly, the BMC and PBMC cell number was determined
by using CASY (Center for Complex Automated Systems) cell counting
Technology (Innovatis, Germany). Alternatively, FACS assay and a microscope
counting chamber (hemocytometer) method was also used to analysis, the BMC
and PBMC cell number in different mice after IR.

Histological study. Tissues from BM, testis, thymus, liver, lung, kidney,
spleen and colon of euthanized TLR4þ /� mice and TLR4� /� mice with different
treatments were harvested and subjected to histological assays as described
previously. Briefly, tissues were dehydrated in an ascending grade of ethanol,
cleared and embedded in paraffin wax. Serial sections of 2–7 microns thick were
obtained using a rotatory microtome. The deparaffinized sections were stained
routinely using the H and E method. Photomicrographs of the desired sections
were obtained using a digital research photographic microscope.

BrdU labeling. Crypt stem cell survival was determined on days 5, 14 and 20
after irradiation by BrdU incorporation into proliferating crypt cells, using a
modification of the microcolony assay as described previously, with a minor
change of the secondary antibody.4 S-phase cells were labeled in vivo by
administering BrdU (i.p., 120 mg/kg) to each mouse 2 h before euthanasia. Mice
were sacrificed and the BM and small intestine were rapidly dissected, fixed in
10% neutral buffered formalin, and embedded in paraffin. Paraffin sections
(2–5mm) were cut perpendicular to the long axis of the intestines. Cells
incorporating BrdU were visualized by immunohistochemistry using rat monoclonal
anti-BrdU antibodies (Abcam, Cambridge, MA, USA; Cat. # ab6326, dilutions
1:100) and secondary HRP-conjugated donkey anti-rat IgG antibody (Cell
Signaling Technology, Beverly, MA, USA).

FACS assay for detection of apoptosis rate. After different
treatments, single cell suspensions of BM, spleen, liver and thymus tissues were
prepared and labeled with annexin V-FITC and PI (provided by BIPEC), following
the manufacturer’s instructions as previously described.24–26 Samples were
examined by FACS analysis, and the results were analyzed using Cell-Quest
software (Becton Dickinson, San Jose, CA, USA).

Quantitation of GM-CFU. GM-CFU were assayed in semisolid methylcel-
lulose culture as described previously, with minor revisions.4 MononuclearBMC
from femora and tibiae of non-irradiated TLR4þ /� mice and TLR4� /� mice
were pooled. Red blood cells were removed using RBC lysis buffer (eBioscience,
San Diego, CA, USA). BMC were suspended in Iscove’s modified Dulbecco’s
medium containing 30% fetal calf serum, 1% bovine serum albumin, 100mM beta-
mercaptoethanol, 10 ng/ml recombinant mouse granulocyte monocyte-colony
stimulating factor (mGM-CSF; Biosource Cat.# PMC2016) and 1 ng/ml
recombinant IL-3 (mIL-3; ProTech, Rocky Hill, NJ, USA). One-milliliter aliquots
of the BMC suspension were plated in triplicate in 35-mm tissue culture dishes and
incubated for 7 days in a humidified incubator at 37 1C with 5% CO2. Colonies
were counted under a light microscope.

Bone marrow transplantation. BMT were established by following the
method of Mulligan and colleaques27 with modifications. Briefly, adult (6-week-old)
WT, C57BL/10 mice received 9Gy TBI g-radiation and then received a BMT from
WT, TLR4þ /� , Myd88þ /� , TLR4� /� and Myd88 BMC, depending upon the
requirement of the study. BMT was performed according to a standard protocol
described previously. Recipient mice were injected with 2� 105, 3� 106 or
5� 107 RBC cell-depleted BMC cells as indicated and mice survival was recorded.

Depletion of gut commensal microflora. The gut commensal microflora
depletion method has been described previously by many groups.26–28 Briefly,
C57BL/10 mice and BALB/c mice were subjected to four different drug cocktails of
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antibiotics, given in drinking water for 4 weeks before IR treatment, on the basis of
a variation of the commensal depletion protocol. The first drug cocktail was AVNM,
namely, ampicillin (A; 1 g/l), vancomycin (V; 500mg/l), neomycin sulfate (N; 1 g/l),
and metronidazole (M; 1 g/l) as described previously.18 The second drug cocktail
was Cipro (ciprofloxacin, 50mg/kg/day for 2 weeks; Bayer). The third and fourth
drug cocktail were PMB1 (PMB dosage 1:PMB, 1mg/kg/day for 4 weeks) and
PMB2 (PMB dosage 2:PMB, 1mg/kg/day drinking for 4 weeks and 1mg/kg/day
intravenous for the last 2 weeks) as described previously.28 The duration of 4 weeks
for AVNM and PMB methods or 2 weeks for ciprofloxacin treatment was chosen on
the basis of both empiric bacteriologic analysis of commensal growth in feces and
also to ensure that detritus of commensal bacteria, which include TLR ligands, was
absent from the mouse colons before the administration of IR. Complete depletion
of commensal microflora was verified by bacterial analysis of colonic feces using
generally accepted methods, as described previously.28

LPS treatment and detection of LPS. LPS from Escherichia coli was
purchased from Sigma (St. Louis, MO, USA), and LPS was re-purified as
previously described.23 Re-purified LPS was dissolved in pyrogen-free PBS
(BaiSai, Shanghai, China) and injected at a dose of 0, 0.25, 0.5, 2.5, 5, 25 or
50mg/kg i.p. Control mice were injected with pyrogen-free PBS. In gut commensal
microflora-depleted mice, LPS was injected at a dose of 2.5 mg/kg i.p. to
reconstitute commensal-depleted animals with TLR ligands. A limulus amebocyte
lysate assay (Biyuntian; Nanjing, China) was used to analyze the level of serum
LPS on days 2, 4 and 6 after IR, as described previously.28

RNA interference. TLR4, Myd88, TRIF and the NC siRNA targeting mouse
TLR4, Myd88,TRIF and the NC, respectively, were described previously29 and the
sequences are listed in Supplementary Table S1. Alternatively, in vivo TLR4 KD
reagent (ABI) was also used for an in vitro TLR4 KD assay and found to have
effective KD capacity in vitro. The interfering-RNA was normalized to a control
non-specific siRNA sequence. RNA interferance was performed in RAW264.7 cells
with the lipofestamine 2000 system as described previously.30

Statistical analysis. Comparisons between experimental groups and
relevant controls (but not survival curves) were performed using a Student’s
t-test. Differences in survival of the various groups of mice were assessed using
Kaplan–Meier plus Cox Regression Analysis with the Statistical Program for Social
Sciences (SPSS) software. The SPSS software generated a P-value and w2-value
for each analysis; Po0.05 was considered a statistically significant difference.
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