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2-Gy whole-body irradiation significantly alters the
balance of CD41CD252 T effector cells and
CD41CD251Foxp31 T regulatory cells in mice

Yanyan Qu1, Baojun Zhang1, Shuchun Liu2, Aijun Zhang3, Tingting Wu1 and Yong Zhao1

CD41CD251 T regulatory (Treg) cells are critical in inducing and maintaining immunological self-tolerance as well as transplant

tolerance. The effect of low doses of whole-body irradiation (WBI) on CD41CD251Foxp31 Treg cells has not been determined. The

proportion, phenotypes and function of CD41CD251 Treg cells were investigated 0.5, 5 and 15 days after euthymic, thymectomized or

allogeneic bone marrow transplanted C57BL/6 mice received 2-Gy c-rays of WBI. The 2-Gy WBI significantly enhanced the ratios of

CD41CD251 Treg cells and CD41CD251Foxp31 Treg cells to CD41 T cells in peripheral blood, lymph nodes, spleens and thymi of

mice. The CD41CD251 Treg cells of the WBI-treated mice showed immunosuppressive activities on the immune response of

CD41CD252 T effector cells to alloantigens or mitogens as efficiently as the control mice. Furthermore, 2-Gy c-ray WBI significantly

increased the percentage of CD41CD251Foxp31 Treg cells in the periphery of either thymectomized mice or allogeneic bone marrow

transplanted mice. The in vitro assay showed that ionizing irradiation induced less cell death in CD41CD251Foxp31 Treg cells than in

CD41CD252 T cells. Thus, a low dose of WBI could significantly enhance the level of functional CD41CD251Foxp31 Treg cells in the

periphery of naive or immunized mice. The enhanced proportion of CD41CD251Foxp31 Treg cells in the periphery by a low dose of WBI

may make hosts more susceptible to immune tolerance induction.
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INTRODUCTION

CD41CD251 T regulatory (Treg) cells, which usually constitute

approximately 5–10% of peripheral CD41 T cells in humans and mice,

are critically involved in immune homeostasis and maintenance of

self-tolerance.1–4 It has been demonstrated that CD41CD251 Treg

cells are potent suppressors or regulators in controlling allergic res-

ponses, allograft rejection, antitumor immunity and microbial

immunity, in addition to keeping self-tolerance.5–7 It is now clear

that forkhead family Foxp3 is a specific transcription factor of

CD41CD251 Treg cells, at least in mice.8–10 Mutations in Foxp3 cause

a similar X-linked recessive autoimmune and inflammatory disorder

in humans and mice.11–14 T cells that overexpress Foxp3 display the

phenotype and immunosuppressive function of CD41CD251 Treg

cells.8,9 These findings indicate that Foxp3 represents a key role in

the development and function of CD41CD251 Treg cells.15–18

Ionizing irradiation has often been used in bone marrow transplants

or to treat cancers with or without chemotherapy in clinics and experi-

mental animal models.19–22 Whole-body irradiation (WBI) signifi-

cantly decreases the lymphocyte pool, and the various lymphocyte

subsets have different sensitivities to irradiation.23 It has been reported

that ionizing radiation changes the Th1/Th2 balance.24,25 Recently, it

was reported by us and others that the newly identified immunosup-

pressive CD41CD251 Treg cells displayed different radiation sensi-

tivities compared with CD41CD252 T effector cells in vivo.26–29

However, the peripherally changed levels of CD41CD251 Treg cells

after WBI was due to the direct effect of ionizing irradiation on peri-

pheral T cells and on the thymus function whether has not been

addressed. In the present study, we investigated the sensitivity of

mouse CD41CD251 Treg cells to c-rays in naive, immunized and

thymectomized mice. Our data showed that 2-Gy c-ray WBI signifi-

cantly enhanced the frequency of peripheral CD41CD251 Treg cells in

both naive mice and mouse recipients of allogeneic bone marrow cells

(BMCs). The enhanced percentage of CD41CD251 Treg cells in the

periphery may make hosts favorable to tolerance induction.

MATERIALS AND METHODS

Mice

C57BL/6 (B6, H-2b) and BALB/c (H-2d) mice were purchased from

the Institute of Genetics and Development, Chinese Academy of

Sciences (Beijing, China). All mice were maintained in a specific
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pathogen-free facility and were housed in microisolator cages contain-

ing sterilized feed, autoclaved bedding and water. All experimental

manipulations were undertaken in accordance with the Institutional

Guidelines for the Care and Use of Laboratory Animals.

Monoclonal antibodies (mAbs) and reagents

The following mAbs were purchased from BD Biosciences

Pharmingen (San Diego, CA, USA): fluorescein isothiocyanate

(FITC)-conjugated anti-mouse CD4 mAb (RM4-5; rat IgG2a), phy-

coerythrin (PE)-labeled rat anti-mouse CD4 mAb, Cy-chrome-

labeled anti-mouse CD4 mAb, PE-labeled anti-mouse CD8a mAb

(53-6.7; rat IgG2a), FITC-labeled rat anti-mouse CD25 mAb (7D4;

IgM) and FITC-labeled hamster anti-mouse TCR b-chain mAb (H57–

597). In addition, PE-labeled anti-mouse Foxp3 mAb (FJK-16s) and

its staining kit were obtained from eBioscience (San Diego, CA, USA).

Rat anti-mouse FcR mAb (2.4G2, IgG2b) was produced by 2.4G2

hybridoma (ATCC, Rockville, MD, USA) in our laboratory.

The culture medium used in the present study was RPMI 1640

(Hyclone, Logan, UT, USA) supplemented with 10% heat-inactivated

fetal calf serum, 100 U/ml penicillin, 100mg/ml streptomycin, 2 mM L-

glutamine, 10 mM HEPES, 1 mM sodium pyruvate and 50 mM 2-ME

(Sigma, St Louis, MO, USA).

WBI

Five- to seven-week-old C57BL/6 mice received a single dose of 2-Gy

c-ray irradiation from a 60Co source (Peking University Health Science

Center, Beijing, China). The irradiation dose rate is 2.01 Gy/min.

Immune cell preparation

Mouse peripheral blood mononuclear cells (PBMCs) were isolated by

Ficoll gradient (Sigma) as reported previously.30 At 0.5, 5 and 15 days

after c-ray irradiation, mouse thymi, spleens and lymph nodes (LNs,

including cervical, inguinal and axillary LNs) were harvested. Single

cell suspensions were prepared as reported previously.31 Splenocytes

were treated with a hemolysis buffer (17 mM Tris-HCl and 140 mM

NH4Cl, pH 7.2) to remove red blood cells as described previously.32

Immunofluorescence staining and flow cytometry (FCM)

PBMCs, LNs, splenocytes or thymocytes (53105) were incubated

with 2.4G2 to block non-specific staining by FcRs and then incubated

with an optimal concentration of fluorochrome-labeled mAbs for

30 min at 4 uC in dark. Cells were washed three times and resuspended

in FCM buffer (phosphate buffered saline with 0.1% bovine serum

albumin and 0.1% NaN3). At least 10 000 cells were assayed using

FASCalibur FCM (Becton Dickinson, San Jose, CA, USA), and data

were analyzed with CellQuest software. In some experiments, nonvi-

able cells were excluded using the vital nucleic acid stain propidium

iodide. The percentage of cells stained with a particular reagent or

reagents was determined by subtracting the percentage of cells stained

nonspecifically with the negative control mAb from staining in the

same dot-plot region with the indicated mAbs.

For the intracellular Foxp3 staining, cells were incubated with

Cy-chrome-labeled anti-CD4 and FITC-labeled anti-CD25 mAbs

first. After being washed, the cells were fixed and permeabilized

with Foxp3 staining buffer (eBioscience) and then stained with PE-

conjugated anti-mouse Foxp3 mAbs as reported previously.33

Isolation of CD41CD251 Treg cells and CD41CD252 T cells

An enriched mouse CD41CD251 Treg cell population was isolated

from a mouse splenocyte suspension using a CD41CD251 Treg

isolation kit with the MidiMACSTM separator according to the man-

ufacturer’s protocols (Miltenyi, Bergisch Gladbach, Germany).34

Briefly, splenocytes were suspended in phosphate buffered saline con-

taining 0.5% bovine serum albumin and 2 mM ethylenediaminete-

traacetic acid (pH 7.2), and then incubated with a biotin-antibody

cocktail against CD8a (Ly2), CD11b (Mac-1), CD45R (B220), CD49B

(DX5) and Ter-119 for 20 min at 4 uC and then with a microbead-

conjugated anti-biotin mAb (Bio318E7.2) and a PE-labeled anti-

CD25 mAb. The cell suspension was loaded onto an LD column,

which was placed in the magnetic field of an MACS separator. The

remaining fraction in the column consisted of the enriched CD41 T

cells. For the isolation of CD41CD251 T cells, the PE-labeled CD251

cells in the enriched CD41 T cells fraction were magnetically labeled

with anti-PE microbeads. The magnetically labeled CD41CD251 T

cells were enriched from the CD41 T-cell fraction by MACS sorting.

The purities of the sorted CD41CD251 or CD41CD252 T-cell popu-

lation were always .90% as confirmed by FCM.

Mixed lymphocyte reaction

C57BL/6 splenic CD41CD251 Treg cells were isolated from either

control or c-ray-irradiated mice as described above. Naive C57BL/6

CD41CD252 T cells were used as responder T cells. BALB/c spleno-

cytes, which were pre-treated with mitomycin C at the concentration

of 30 mg/ml at 37 uC for 30 min, were used as allogeneic stimulator

cells. In general, 13105 responder cells (naive C57BL/6 CD41CD252

T cells) and 13105 stimulator cells (BALB/c splenocytes) per well in

RPMI 1640 medium supplemented with 10% fetal calf serum were

added in 96-well round-bottom plates.35 Enriched CD41CD251 Treg

cells were subsequently added to each well in different ratios to

CD41CD252 T cells. Cells were cultured at 37 uC and 5% CO2 for

5 days. A total of 0.5 mCi [3H]thymidine (185 GBq/mmol; Atomic

Energy Research Establishment, Beijing, China) was added for the last

16 h. Cells were harvested with an automatic cell harvester (Tomtec,

Toku, Finland). The radioactivity of each sample was assayed in a

Liquid Scintillation Analyzer (Beckman Instruments, Fullerton, CA,

USA). Values are expressed as counts per minute of triplicate wells.

The proliferation of T cells to concanavalin A (ConA)

Enriched C57BL/6 CD41CD252 T cells (53104 cells/well) were cul-

tured in U-bottom, 96-well plates with syngenic accessory cells (53104

splenocytes/well, pre-treated with 30 mg/ml mitomycin C at 37 uC for

30 min),35 3 mg/ml ConA and the indicated numbers of C57BL/6

CD41CD251 Treg cells isolated from either control or irradiated mice

for 72 h at 37 uC in 5% CO2. A total of 0.5 mCi [3H] thymidine was

added to each well for the last 12 h. Cells were harvested on glass

fiber filters with an automatic cell harvester (Tomtec). Samples were

assayed in a liquid scintillation analyzer (Beckman Instruments).

Values are presented as counts per minute of triplicate wells.

Thymectomy and BMC transplantation procedures

Thymectomies were performed on the 5-week-old mice as described

previously.36,37 The survival rate of operated mice was above 85%.

For allogeneic BMC transplantation, C57BL/6 recipients at 6 weeks

of age were irradiated by 2-Gy c-rays (60Co source, dose rate, 2.01 Gy/

min; Peking University Health Science Center). BMCs of allogeneic

BALB/c mice obtained by flushing femora and tibiae were resuspended

in RPMI 1640 medium and incubated with anti-CD4 mAb (GK1.5)

and anti-CD8 mAb (2.43) at 4 uC for 30 min. The cells were then

washed and incubated with complements (rabbit sera, 1 : 14) at 37 uC
for 45 min to deplete the T cells. BMCs were then washed three times in
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RPMI 1640 medium. A total of 23107 T cell-depleted allogeneic BMCs

was intravenously injected into C57BL/6 mice within 8 h after WBI.

Statistical analysis

All data are presented as mean6SD. Student’s unpaired t-test for

comparison of means was used to compare groups. A P value less than

0.05 was considered statistically significant.

RESULTS

2-Gy c-ray WBI significantly increased the proportion of
CD41CD251 Treg cells in the periphery of C57BL/6 mice

To evaluate the effects of 2-Gy c-ray irradiation on CD41CD251 Treg

cells in mice, we first compared the levels of CD41CD251 Treg cells in

irradiation-treated and control mice. As shown in Figure 1, the per-

centage of CD41 T cells in the peripheral blood was increased at day 5

after 2-Gy c-ray irradiation (P,0.05; Figure 1a), while the levels of

CD81 T cells in the peripheral blood of mice did not show significant

alteration after WBI (data not shown). These data indicate that T cells,

especially CD41 T cells, are more resistant to ionizing irradiation

compared to other immune cell subsets such as B cells, though innate

immune cells are much more resistant to irradiation, as previously

reported.23,38 Importantly, the percentage of CD41CD251 Treg cells

in the peripheral blood was significantly higher in irradiated mice than

in control mice on day 5 (P,0.01; Figure 1b and c).

The total cell numbers in spleens and LNs were markedly decreased

after WBI, as reported previously (Figure 2a and b).38 The proportions

of CD41 T cells in the spleens and LNs of irradiated C57BL/6 mice

were somewhat higher than those of control mice at day 5 after 2-Gy

c-ray irradiation (P,0.01; Figure 2c and d). However, the proportion

of CD81 T cells in the spleens of irradiated C57BL/6 mice was less than

that of control mice at different time points (data not shown).

The percentage of CD41CD251 Treg cells in the spleens and LNs

of irradiated mice was markedly increased on days 0.5 and 5 after 2-Gy

c-ray irradiation, respectively (P,0.01; Figure 2e and f). As fork-

head winged-helix protein Foxp3 is a unique transcription factor

in CD41CD251 Treg cells and plays a critical role in the develop-

ment and function of Treg cells,8,9,39 we thus evaluated the expression

of Foxp3 in CD41CD251 Treg cells in mice treated with or with-

out irradiation. The ratio of CD41CD251Foxp31 Treg cells to

CD41CD251 Treg cells in LNs did not show significant change after

WBI (Figure 2g and h). The mean fluorescence intensities of Foxp3 in

splenic CD41CD251 Treg cells of mice that received WBI were identi-

cal to those of control mice (data not shown). Furthermore, the

expressions of glucocorticoid-induced tumor necrosis factor receptor,

CD44, CD45RB, CD62L, CD69 and CTLA-4 molecules were identical

in CD41CD251 Treg cells in the spleens of mice treated with or

without WBI, as detected by FCM (data not shown). The total cell

numbers of CD41CD251Foxp31 Treg cells in spleens and LNs were

significantly decreased on day 0.5 and 5 after WBI (P,0.05 or P,0.01;

Figure 2i and j). These data suggest that a low dose of WBI could

relatively enhance the frequency of CD41CD251 Treg cells in the

peripheral immune tissues, including blood, spleen and LNs.

CD41CD251 Treg cells are functional in mice treated with 2-Gy
WBI

It has been demonstrated that CD41CD251 Treg cells have an immu-

nosuppressive effect on CD41CD252 T effector cells.9 To evaluate the

effect of WBI on the function of CD41CD251 Treg cells, we compared

the immunosuppressive effects of CD41CD251 Treg cells separated

from WBI-treated and control mice using a standard immunoassay.

As shown in Figure 3, CD41CD251 Treg cells were able to remarkably

suppress the ConA-induced proliferation of CD41CD252 T cells in a

dose-dependent manner, regardless of whether the CD41CD251 Treg

Figure 1 The significantly enhanced percentage of CD41CD251 Treg cells in

PBMCs of mice after 2-Gy WBI. C57BL/6 mice were irradiated with 2-Gy c-rays as

described in the section on ‘Materials and methods’. At different time points after

irradiation, PBMCs were stained with FITC-labeled anti-CD4 mAb and PE-labeled

anti-CD25 mAb or PE-labeled anti-CD8 mAb and assayed by FCM. (a) The

percentages of CD41 T cells in PBMCs of control and 2-Gy c-ray-irradiated mice.

(b) One representative of PBMC staining with anti-CD4 and anti-CD25 mAbs.

Numbers in the dot plot indicate the percentages of CD41CD251 Treg cells. (c)

The percentages of CD41CD251 T cells in CD41 PBMCs of control and 2-Gy c-

ray-irradiated mice. *P,0.05, **P,0.01, compared with the identical controls.

The data are shown as mean6SD (n56). One representative of three separate

experiments with similar results is shown. FITC, fluorescein isothiocyanate; FCM,

flow cytometry; mAb, monoclonal antibody; PBMC, peripheral blood mononu-

clear cells; PE, phycoerythrin; Treg, T regulatory.
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cells were from control or irradiated mice (Figure 3a). Furthermore,

CD41CD251 Treg cells of WBI-treated and control mice showed

identical and significant inhibition on the alloantigen-induced prolif-

eration of CD41CD252 T cells in a dose-dependent manner

(Figure 3b). Thus, 2-Gy WBI did not cause detectable functional

changes in CD41CD251 Treg cells in mice.

The percentage of thymic CD41CD82CD251 Treg cells was
markedly enhanced in WBI-treated mice

The naturally arising CD41CD251 Treg cells are produced in the thy-

mus and play key roles in the maintenance of immunological self-

tolerance and negative control of a variety of physiological and patho-

logical immune responses.4 To see whether a low dose of WBI has

effects on the development of CD41CD251 Treg cells in the thymus,

we detected the thymocyte subsets including CD4 and CD8 single-

positive (SP), CD4/CD8 double-positive, CD4/CD8 double-negative

and CD251CD4SP cells using multi-color FCM after WBI. As shown

in Figure 4, the percentage of double-positive cells in the thymi was

remarkably decreased and the percentages of other subsets, including

CD4SP, CD8SP and double-negative thymocytes, in the thymi, were

significantly increased at day 5 after a low dose of WBI (P,0.05 or

P,0.01; Figure 4a, b and c). Interestingly, the percentages of

CD251CD4SP cells or CD41CD251Foxp31 Treg cells in CD4SP cells

of irradiated mice were significantly higher than those of the control

mice on days 0.5 and 15 after WBI (Figure 4d and data not shown). The

total cell numbers of CD41CD82CD251cells in the thymus was sig-

nificantly decreased on day 0.5 and 5 after WBI (P,0.01; Figure 4e).

These data suggest that a low dose of WBI does have a different impact

on CD251CD4SP and CD252CD4SP thymocyte subsets in mice.

Preferential survival of CD41CD251 Treg cells after 2-Gy c-ray
irradiation in vitro

To further determine the sensitivity of CD41CD251 Treg cells and

CD41CD252 T cells to a low dose of irradiation, splenocytes and

thymocytes were irradiated in vitro. As shown in Figure 5, the percent-

age of CD41CD251 Treg cells in splenic CD41 T cells was significantly

increased after the treatment with 2-Gy irradiation in vitro (P,0.01;

Figure 5A), whereas the percentage of Foxp31 T cells in CD41CD251

Treg cells did not show any detectable change after a low dose of

irradiation (Figure 5b). We then detected the dead cells by propidium

iodide staining with gating of splenic CD41CD251 Treg cells and

CD41CD252 T cells. Irradiation caused significant cell death of both

CD41CD251 Treg cells and CD41CD252 T cells, as expected

(Figure 5c). However, irradiation induced significantly more cell

death in CD41CD252 T cells than that in CD41CD251 Treg cells

(P,0.01; Figure 5c). Consistent with splenocytes, significantly higher

percentages of CD251CD4SP cells in CD4SP thymocytes were

observed after isolated thymocytes received a low dose of irradiation

in vitro (P,0.01; Figure 5d). The level of Foxp3 expression in

CD41CD251 Treg thymocytes did not show any detectable changes

after irradiation in vitro (P.0.05; Figure 5e). These results indicate

that CD41CD251 Treg cells may be more resistant to irradiation than

CD41CD252 T effector cells.

Significantly increased percentage of CD41CD251 Treg cells in the
periphery of thymectomized mice after WBI

To examine whether the enhanced percentage of CD41CD251 Treg

cells in the periphery of WBI-treated mice is caused by the direct effect

of irradiation on the peripheral T-cell subsets or by the high output of

Figure 2 The enhanced ratios of CD41CD251 Treg cells to CD41 T cells in spleens and LNs of mice treated with a low dose of WBI. Cells from spleens and LNs were

analyzed for the expression of CD4, CD25, CD8, Foxp3 and PI by FCM. The total cell numbers of splenocytes (a) and cells in LNs (b) in control and WBI mice are shown.

The percentages of CD41 T cells in spleens (c) and LNs (d) in control and WBI mice are shown. The percentages of CD41CD251 Treg cells in spleens (e) and LNs (f) in

control and irradiated mice are summarized. (g) One representative FCM for Foxp3 staining in CD41CD251 cells of LNs is shown. The black part is the isotype control

and the gray curve indicates Foxp3 staining. (h) The mean percentages of CD41CD251Foxp31 T cells in CD41CD251 T cells of control and WBI mice. The total cell

numbers of CD41CD251Foxp31 cells in spleens (i) and LNs (j) in control and WBI mice are shown. The results are shown as mean6SD (n55 in each group). One

representative of three independent experiments is shown. *P,0.05, **P,0.01, ***P,0.001, compared with the indicated groups. FCM, flow cytometry; LN, lymph

node; PI, propidium iodide; Treg, T regulatory; WBI, whole-body irradiation.

Figure 3 The unimpacted function of CD41CD251 Treg cells in mice that

received a low dose of c-ray irradiation. The immunosuppressive function of

enriched CD41CD251 Treg cells was determined using an in vitro standard

assay as described in the section on ‘Materials and methods’. Enriched

CD41CD251 Treg cells from control and low dose-irradiated mice significantly

inhibited the proliferation of CD41CD252 T cells in response to mitogen ConA (a)

or alloantigens (b). *P,0.05, **P,0.01, ***P,0.001, compared with the indi-

cated groups. Data are shown as mean6SD (n54). One representative of two

independent experiments is shown. ConA, concanavalin A; MLR, mixed lympho-

cyte reaction; Treg, T regulatory.
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the thymus in mice, we used thymectomized mice as recipients to

study the level of CD41CD251 Treg cells in the periphery after a

low dose of WBI. As shown in Figure 6, though CD41 T cells

in PBMCs, spleens and LNs in thymectomized mice were decreased

after WBI (P,0.05 or P,0.01; Figure 6a–c), the percentages of

CD41CD251Foxp31 Treg cells in PBMCs and spleens but not in

LNs were significantly enhanced when thymectomized mice received

2-Gy WBI (P,0.05 or P,0.01; Figure 6d–f). The intercellular Foxp3

expressions in CD41CD251 Treg cells in both groups were identical

(data not shown). Thus, a low dose of WBI can directly cause the

increased frequency of peripheral CD41CD251 Treg cells without

the contribution of the thymus in mice.

The effect of WBI on the proportion of CD41CD251Foxp31 Treg
cells in mouse recipients of allogeneic BMCs

To investigate the effect of a low dose of WBI on CD41CD251 Treg

cells in hosts with an ongoing immune response and to make the

present study more clinically relevant, we observed the impact of

2-Gy WBI on the peripheral level of CD41CD251 Treg cells in mice

that received allogeneic BMCs on day 15 after WBI as described in the

the section on ‘Materials and methods’. First, the donor cells in PBMCs,

spleens and LNs were determined by FCM after cells were stained with

anti-H-2Dd-FITC and anti-H-2Db-PE mAbs; no donor cells were

detected in the samples (data now shown), indicating that donor cells

were rejected by host immunity. However, as shown in Figure 7, the

frequency of CD41CD251 Treg cells or CD41CD251Foxp31 Treg cells

in PBMCs, spleens and LNs in mouse recipients of allogeneic BMCs was

significantly enhanced after WBI compared with mice that received

allogeneic BMCs alone (P,0.05 or P,0.01; Figure 7 and data not

shown). These data suggest that a low dose of WBI can significantly

increases the frequency of CD41CD251 Treg cells in the periphery of

immunized mouse hosts.

DISCUSSION

In the present study, 2-Gy c-ray WBI significantly enhanced the fre-

quency of CD41CD251 Treg cells and CD41CD251Foxp31 Treg cells

not only in the peripheral blood, LNs and spleens, but also in the

central immune organ, the thymus. Importantly, 2-Gy WBI also

increased the frequency of peripheral CD41CD251Foxp31 Treg cells

in thymectomized mice or recipients of allogeneic BMCs. The in vitro

study showed that CD41CD251Foxp31 Treg cells are more resistant

to ionizing radiation than CD41CD252 T effector cells. These data

indicate that a low dose of WBI can enhance the frequency of peri-

pheral CD41CD251 Treg cells in naive and immunized recipients,

Figure 4 Significantly enhanced frequency of CD41CD82CD251 Treg cells in

the thymi of mice after WBI. At different time points after the treatment with 2-Gy

c-ray irradiation, mouse thymocytes were stained with Cy-chrome-labeled anti-

CD4 mAb, FITC-labeled anti-CD8 mAb and PE-labeled anti-CD25 mAb and

analyzed by FCM. (a) The total cell numbers of thymocytes in control and irra-

diated mice. (b) One representative of thymocytes of control and WBI mice

stained with anti-CD4 and anti-CD8 mAbs and assayed by FCM. Study was done

at 5 days after irradiation. (c) The mean percentages of CD4SP, CD8SP, DP and

DN thymocytes in control and irradiated mice at 4 days after WBI. (d) The mean

percentages of CD41CD251 T cells in CD41CD82 T cells in the thymi of control

and irradiated mice. (e) The cell numbers of CD41CD82CD251 T cells in the

thymi of control and irradiated mice. *P,0.05, **P,0.01, ***P,0.001, com-

pared with the control mice. The results are shown as mean6SD (n56). One

representative of three independent experiments is shown. DN, double-negative;

DP, double-positive; FCM, flow cytometry; FITC, fluorescein isothiocyanate;

mAb, monoclonal antibody; PE, phycoerythrin; SP, single-positive; Treg, T regu-

latory; WBI, whole-body irradiation.
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which may potentially make hosts more susceptible to immune tol-

erance induction or immunodeficiency in some cases.

Ionizing irradiation has been widely used to induce immuno-

suppression as it causes injuries in tissue and cells or DNA

damage.40,41 Evidence has shown that various subsets of immune

cells have variable sensitivities to ionizing irradiation.42,43 For

example, B cells are sensitive to irradiation, while the T and natural

killer cells appear resistant to irradiation-induced cell death, such that

these cells are observed at a higher level in the irradiated mice than

control mice.24,44 Our data showed that CD41CD251Foxp31 Treg

cells are more resistant to radiation than CD41CD252 T effector

cells. This observation is consistent with the increased resistance

of CD41CD251Foxp31 Treg cells to other cell death-inducing

reagents such as dexamethasone and anti-CD4-depleting mAb

relative to CD41CD252 T effector cells, as recently reported.33,45

The molecular mechanisms for the differential responses of murine

CD41CD251Foxp31 Treg and CD41CD252 T cells to cell death may

be related to the distinguished expression levels of anti-apoptosis

Figure 5 Different responses to c-ray irradiation of splenic and thymic

CD41CD251 T cells and CD41CD252 T cells in vitro. Splenocytes and thymo-

cytes of C57BL/6 mice were irradiated by 2-Gy c-ray and cultured for 12 h. The

cells were analyzed for the expressions of CD4, CD25, CD8 and Foxp3 by FCM.

The ratio of CD41CD251 T cells to CD41 T cells (a) and the percentage of

CD41CD251Foxp31 cells in CD41CD251 T cells (b) of control and irradiated

splenocytes are shown. (c) The percentages of dead cells in splenic CD41CD251

T cells and CD41CD252 T cells after irradiation. The ratio of CD41CD251 T cells

to CD4SP thymocytes (d) and the percentage of Foxp31 cells in CD251CD4SP

thymocytes (e) after 2-Gy c-ray irradiation were determined. The results are

shown as mean6SD (n54). One representative of three independent experi-

ments is shown. **P,0.01, compared with the indicated groups. FCM, flow

cytometry; SP, single-positive.

Figure 6 Significantly increased percentage of CD41CD251 T cells in thymec-

tomized mice after a low dose of WBI. Fifteen days after thymectomized C57BL/6

mice received 2-Gy c-ray irradiation, PBMCs, LNs and splenocytes were ana-

lyzed for expression of CD4 and CD25 by two-color FCM. The percentages of

CD41 T cells (a) and CD41CD251 Treg cells (d) in PBMCs of thymectomized

mice that did or did not receive WBI. The percentages of CD41 T cells (b) and

CD41CD251 Treg cells (e) in spleens of thymectomized mice that did or did not

receive WBI. The percentages of CD41 T cells (c) and CD41CD251 Treg cells (f)

in LNs of thymectomized mice that did or did not receive WBI. The results are

shown as mean6SD (n56). One representative of two independent experiments

is shown. *P,0.05, **P,0.01, ***P,0.001, compared with the corresponding

groups. FCM, flow cytometry; LN, lymph node; PBMC, peripheral blood mono-

nuclear cell; Treg, T regulatory; WBI, whole-body irradiation.
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molecules (such as Bcl-2), cell death-relevant molecules or relevant

receptors.33,45–47

CD41CD251Foxp31 Treg cells keep the immune system intact via

preventing excessive inflammation and/or autoimmunity.48,49

CD41CD251Foxp31 Treg cells in mice that received a low dose of

WBI displayed unaltered immunosuppressive function as determined

by a standard assay. The transcription factor Foxp3 is recognized to

play an essential role in the development and function of CD41CD251

Treg cells.8–10 No detectable alteration of Foxp3 expression or como-

lecules in/on CD41CD251 T cells in spleens, LNs and thymi of 2-Gy

c-ray-irradiated mice may explain why a low dose of irradiation treat-

ment does not affect the immunosuppressive ability of CD41CD251

Treg cells. The enhanced ratio of functional CD41CD251Foxp31

Treg cells to CD41CD252 T cells will drive host cellular immunity

favorably to a tolerant or even immunodeficient state.

WBI significantly increased the frequency of CD41CD251Foxp31

Treg cells in the peripheral immune tissues, including blood, spleens

and LNs, of thymectomized mice. The different effects of ionizing

irradiation on CD41CD251Foxp31 Treg and CD41CD252 T cells

were also observed in an in vitro assay, showing that splenic

CD41CD251Foxp31 Treg cells are more resistant to radiation-

induced cell death than CD41CD252 T cells. These data indi-

cate that ionizing irradiation can directly impact the peripheral

balance between CD41CD251Foxp31 Treg and CD41CD252 T cells

via the direct effect on the peripheral immune cells, possibly

through cell death or apoptosis pathways. However, 2-Gy WBI also

significantly increased the frequency of CD41CD251Foxp31 Treg

cells in the thymus. Thus, the peripheral enhanced frequency of

CD41CD251Foxp31 Treg cells by irradiation may be due to the resis-

tance to cell death of peripheral CD41CD251Foxp31 Treg and/or the

increased output of CD41CD251Foxp31 Treg cells from the thymus.

The resistance to irradiation of thymic CD41CD251Foxp31 Treg cells

was determined by an in vitro assay. These data suggest that the res-

istance to irradiation of thymic CD41CD251Foxp31 Treg cells may

contribute to the enhanced frequency of CD41CD251Foxp31 Treg

cells in the thymus.

Consistent with the observation in naive mice, 2-Gy WBI signifi-

cantly increased the proportion of CD41CD251Foxp31 Treg cells in

the periphery of mouse recipients of allogeneic BMCs. WBI is widely

used for mixed chimera establishment and other transplant settings to

deplete immune and hematopoietic cells and make space.22,50–54 The

present study suggests that in addition to these direct effects, 2-Gy

WBI may enhance the peripheral frequency of CD41CD251Foxp31

Treg cells during bone marrow transplant to avoid or decrease the

rejection of allogeneic donor BMCs by host immunity.

It should be noted that reports on the effects of ionizing radiation on

different subsets of T cells have been controversial.26–28,55,56 The

inconsistencies may be due to differences in animal models, cell sam-

ples, radiation ratios and observation time points. Understanding the

reasons for the inconsistent data in the future is essential.

In summary, CD41CD251Foxp31 Treg cells are more resistant

to ionizing irradiation-induced cell death than CD41CD252 T

cells. WBI significantly enhanced the percentages of peripheral

CD41CD251Foxp31 Treg cells in naive or BMCs-transplanted mice

without altering their immunosuppressive function. Though further

studies are required to better define mechanisms of this process, the

present data suggest that WBI may make hosts more susceptible to

tolerance induction.
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