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Bee venom modulates murine Th1/Th2 lineage development
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Abstract

Administration of bee venom (BV) elicits anti-inflammatory, anti-nociceptive and anti-allergic effects in various animal

models. This study was designed to evaluate the direct effects of BV on helper T cell activities and on Th1/Th2 lineage

development using both in vitro and in vivo conditions. In the Th1 skewed condition, BV increased the expression of IFN-g

mRNA and enhanced the expression of T-bet on purified CD4+ T cells from splenocytes of BALB/c mice. On the other hand,

BV treatment did not alter the expression of IL-4 or GATA-3 in a Th2 driven environment. To elucidate the effects of BV on

Th1/Th2 lineage development under in vivo conditions, BV was given by intraperitonial injection to BALB/c mice. It

significantly increased the CD4+ T cell population and enhanced IFN-g expression, while IL-4 transcripts were not altered upon

in vivo activation using an anti-CD3 antibody injection. Taken together, these results imply that BV induces Th1 lineage

development from CD4+ T cells by increasing the expression of a Th1-specific cytokine, IFN-g. In addition, this result may be

mediated by inducing a Th1-specific transcription factor, T-bet.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Bee venom consists of several biologically

active agents such as phospholipase A2, apamin,
1567-5769/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.intimp.2005.03.011

T Corresponding author. Department of Physiology, College of

Oriental Medicine, Kyung Hee University, #1 Hoeki-dong, Dong-

daemoon-gu, Seoul, 130-701, Korea. Tel.: +82 2 961 9316; fax: +82

2 967 5969.

E-mail address: hbae@khu.ac.kr (H. Bae).
adolapin, melittin and mast cell degranulating

peptide [1]. Melittin and phospholipase A2 are

the two major ingredients thought to be respon-

sible for inducing irritation and the well known

allergic reaction associated with bee stings. Several

studies demonstrated that BV administration in the

cat or rat animal model produced prolonged and

tonic nociceptive responses [2–7]. Additionally,

this analgesic effect seems to be significantly

enhanced by BV injection into specific anatomical
logy 5 (2005) 1406–1414
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locations, so called acupoints [8]. A recent report

about BV’s nociceptive effects showed that BV

treatment also elicits a significant anti-inflamma-

tory effect on cases of Freund’s complete

adjuvant-induced arthritis in rats [9]. Interestingly,

BV has been widely used for the treatment of

allergic disorders, including asthma and allergic

rhinitis. Known as immunotherapy (IT), this pro-

cedure involves the subcutaneous injection of an

allergen to which the patient is sensitized.

Successful IT has been associated with decreased

Th2 cytokine secretion and increased levels of

Th1 cytokines in allergen-specific peripheral T

cells [10,11]. However, the precise immunological

responses and mechanisms of the helper T cell

lineage commitment phase (caused by BV) are

largely unknown.

Naive CD4+ T cells are divided into two

subpopulations, termed Th1 and Th2, according to

differences in their cytokine expression profiles [12].

The functional differences distinguishing the Th

subsets are due to the activities of their secreted

cytokines. IFN-g, secreted from Th1 cells, is known

to induce differentiation of naRve CD4+ T cells into

Th1 cells and to inhibit the proliferation of Th2 cells

[13]. On the other hand, IL-4 and IL-10, secreted

from Th2 cells, are known to induce the differ-

entiation of naive CD4+ T cells into Th2 cells and to

also inhibit the function of Th1 cells [14,15]. These

distinct subsets of helper T cells are responsible for

specific immune functions; Th1 cells contribute to

cell-mediated inflammatory immunity, while Th2

cells are responsible for humoral responses [16,17].

The Th1/Th2 classification has been useful in

relating the overall patterns of cytokine production

to clinical outcomes in a variety of pathological

states [18]. It has been demonstrated that the Th1/

Th2 cell response shifts to a predominantly Th1 cell

response in autoimmune diseases, causing IFN-g

production from Th1 cells to increase in those

diseases [19]. In order to better understand these

pathogenic advances in Th1/Th2 deviation, the

development of specific agents affecting helper T

cell differentiation has drawn special attention in the

last decade.

The present study investigated the possible

immune modulatory effects of BVon Th1/Th2 lineage

development both in vivo and in vitro.
2. Materials and methods

2.1. Mice

Eight-week-old female BALB/c mice were pur-

chased from Taconic, Korea and maintained in

temperature and humidity controlled, pathogen-free

conditions at Kyunghee University.

2.2. Antibodies

The antibodies used were anti-CD3e mAb (145-

2C11), anti-CD28 mAb (37.51), anti-IL-4, anti-IL12,

FITC-conjugated anti-CD4+, recombinant IL-2 (rIL-

2), rIL-12, rIL-4 (BD Bioscience, San Diego, CA,

U.S.A.) and magnetic cell sorting CD4+ (L3T4)

microbeads (Mitenyi Biotec, Bergisch, Germany).

2.3. Splenocytes preparation and CD4+ T cell

isolation

Splenocytes were prepared by disrupting the

spleen with a syringe in complete medium (RPMI

1640 with 10% fetal bovine serum, 1% penicillin–

streptomycin and 10 mM Hepes). After a 10 min

centrifugation at 300�g to separate debris, the cells

were washed in RPMI medium, followed by lysis of

erythrocytes using ammonium chloride reagent (BD

Bioscience, San Diego, CA, U.S.A.). The cells were

then counted and viability was determined by trypan

blue exclusion. Subsequently, CD4+ T cells were

isolated from splenocytes by positive selection using

MACS CD4+ (L3T4) microbeads (Mitenyi Biotec,

Bergisch, Germany), as directed by the manufacturer.

Briefly, spleen cells were resuspended in 90 Al of

medium per 107 total cells. 10 Al of MACS CD4+

microbeads were added and incubated for 15 min at 4

8C. After adding a sufficient amount of medium, cells

were centrifuged for 10 min at 300�g and the

supernatant was removed. The cell pellet was

resuspended in 500 Al of medium. A positive

selection column was chosen and placed in the

magnetic field of the MACS separator (Mitenyi

Biotec, Bergisch, Germany). After applying the cell

suspension onto the column, it was removed from the

separator and placed on a collection tube. The

positively fractionated cells were flushed out of the

column using the plunger supplied.
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2.4. Survival and proliferation assay

To determine the survival and proliferation

capacity of the splenocytes and CD4+ T cells, the

Cell Titer 96k non-radioactive cell proliferation

assay (Promega, Madison, WI, U.S.A.) was utilized

according to the directions provided by the manufac-

turer. Cells were plated at a density of 4�105 cells/

well in a total volume of 100 Al. For activation of

CD4+ T cells, cells were placed onto anti-CD3 coated

plates, followed by the addition of anti-CD28 Ab and

cultured in medium containing BV (0, 0.01. 0.1, 1 or

10 Ag/ml). The cells were then incubated for 48 h at

37 8C in 5% CO2. For the T cell and B cell

proliferation assay using BV injected mice, BV

resolved in PBS was intraperitonially administered

to BALB/c mice at a dose of 1 mg/kg for 3

consecutive days. Control mice were treated with

the same amount of PBS. For T cell activation,

splenocytes (5�105) were incubated in wells pre-

viously coated with anti-CD3e antibody (1 Ag/ml).

Lipopolysaccharide (LPS) was added at a concen-

tration of 20 Ag/ml for B cell activation and assayed

for proliferation as described above.

2.5. In vitro Th1 and Th2 cell polarization

CD4+ T cells (3�106 cells/ml) were resuspended

in a complete medium (RPMI 1640 with 10% fetal

bovine serum, 1% penicillin–streptomycin and 10

mM Hepes), then activated with plate-bound 10 Ag/ml

anti-CD3 (BD Bioscience, San Diego, CA, U.S.A.)

and 2 Ag/ml anti-CD28 (BD Bioscience, CA, U.S.A.)

for 24 h in the presence or absence of BV (10 ng/ml).

NaRve CD4+ T cells were incubated with 5 ng/ml rIL-

12 (BD Bioscience, San Diego, CA, U.S.A.), 10 Ag/
ml anti-IL-4 (BD Bioscience, CA, U.S.A.) and 50 U/

ml rIL-2 for Th1 differentiation. For Th2 cell differ-

entiation, 10 ng/ml rIL-4 (BD Bioscience, San Diego,

CA, U.S.A.) and 10 Ag/ml anti-IL-12 (BD Bioscience,

San Diego, CA, U.S.A.) were added to the culture

medium in the presence of 50 U/ml of rIL-2. Under

both culture conditions, the volume of the medium

containing the corresponding antibodies and cytokines

was doubled on day 3, then incubated for another 4

days. On day 7, cells were harvested, washed and re-

stimulated (at 106 cells/ml) with plate-bound 10 Ag/ml

anti-CD3 (BD Bioscience, San Diego, CA, U.S.A.)
and 2 Ag/ml anti-CD28 (BD Bioscience, San Diego,

CA, U.S.A.) for 24 h.

2.6. Isolation of RNA, cDNA synthesis and real-time

PCR analysis

CD4+ T cells and Th1/Th2 cells were lysed in 500

Al of Trizol reagent (Invitrogen Life Technologies,

Carlsbad, CA, U.S.A.) and the total RNAwas isolated

according to the manufacturer’s protocol. Integrity of

the RNA was confirmed using denaturing agarose gel

electrophoresis (data not shown) and the concentra-

tion of total RNA was quantified by determining the

optical density at 260 nm (OD260). The total RNA

was used, and reverse transcription was performed by

mixing 2 Ag of RNA, 7.5 Al DEPC-DW with 1 U

Dnase I and 10� Dnase I reaction buffer. The solution

was incubated for 15 min at room temperature. One

microliter of 25 mM EDTA was added to the tubes

and heated for 10 min at 70 8C. To this, 0.5 Ag oligo

(dT) primer was added, then incubated at 70 8C for 5

min. A solution containing 5 Al of M-MLV 5�
reaction buffer, 1 Al of 10 mM dNTPS, 20 U of RNase

inhibitor and 5.5 Al of DEPC-DW was added, and the

tubes were incubated for 2 min at 25 8C. The tubes

then received 200 U of M-MLV reverse transcriptase

and were incubated for 50 min at 42 8C. Finally, the
tubes were heated for 15 min at 70 8C. The samples

were stored at �20 8C until further use.

Real-time quantitative PCR was performed using a

GeneAmp 5700 Sequence detection system (Applied

Biosystems, Foster City, CA, U.S.A.), employing

SYBR Green I as the dsDNA-specific binding dye

for continuous fluorescence monitoring. Amplifica-

tion was carried out in a total volume of 25 Al
containing 2.5 AM of each cytokine-specific primer

(Table 1), 2� PCR Master Mix (Applied Biosystems,

Foster City, CA, U.S.A.) and 2 Al of 1:4 diluted

cDNA. The PCR reactions were cycled 40 times

through denaturation (95 8C, 15 s) and annealing (60

8C, 1 min). Data was analyzed using GeneAmp 5700

SDS software (Applied Biosystems, Foster City, CA,

U.S.A.).

2.7. In vivo T cell activation

BV resolved in PBS was intraperitonially admin-

istrated in doses of 1 mg/kg for 3 consecutive days.



Table 1

Sequences of primer used for real-time RT-PCR

Gene Oligonucleotide sequence

GAPDH RV: 5V-GGC ATG GAC TGT GGT CAT GA-3V
FW: 5V-TTC ACC ACC ATG GAG AAG GC-3V

IL-4 FW: 5V-ACA GGA GAA GGG ACG CCA T-3V
RV: 5V-GAA GCC CTA CAG ACG AGC TCA-3V

IFN-g FW: 5V-TCA AGT GGC ATA GAT GTG GAA-3V
RV: 5V-TGG CTC TGC AGG ATT TTC ATG-3V

T-bet FW: 5V-GCC AGG GAA CCG CTT ATA TG-3V
RV: 5V-GAC GAT CAT CTG GGT CAC ATT-3V

GATA-3 FW: 5V-GAA GGC ATC CAG ACC CGA AAC-3V
RV: 5V-ACC CAT GGC GGT GAC CAT GC-3V
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Control mice were treated with the same amount of

PBS. On day 4, mice were injected intravenously

with a single dose of anti-CD3e mAb (4 Ag in 0.1 ml

of PBS). Mice were sacrificed 1 h after this

injection. The spleen was removed immediately

and stored at �80 8C for cytokine analysis by

real-time PCR.

2.8. Flow cytometric analysis

Splenocytes from control and BV injected BALB/c

mice (1�106 cells) were incubated at 4 8C with

fluorescein or phycoerythrin-conjugated antibodies

(BD Bioscience, San Diego, CA, U.S.A.) and

analyzed using a FACScan (Beckton Dickinson) flow

cytometer. Staining and analysis were performed on at

least three animals of each group, and had similar

results.

2.9. Statistical analysis

Statistical analyses of the data were performed by

independent sample t-tests using SPSS 11.0.1 for

Windows (SPSS Inc., Chicago, IL, USA). All experi-

ments were repeated at least three times and com-

parable results were found each time. Values are

depicted as meanFS.E.M.
Fig. 1. The effect of BVon sorted CD4+ T cell proliferation. CD4+ T

cells were isolated from BALB/c mice splenocytes. Anti-CD3/anti

CD28 stimulated CD4+ T cells and unstimulated CD4+ T cells were

cultured for 48 h in a medium containing various concentrations o

BV (0, 0.01, 0.1, 1 and 10 Ag/ml). Cell survival was quantified by

their ability to reduce the tetrazolium dye MTS. Values are depicted

as meanFS.E.M.
3. Results

3.1. BV direct influences on CD4+ T cell activities

To test whether CD4+ T cells alone can respond to

BV, CD4+ T cells were isolated using a magnetic anti-
CD4+ antibody from mice splenocytes. Sorted CD4+

T cells were plated onto anti-CD3 immobilized wells

followed by the addition of anti-CD28 Ab, and then

cultured in the presence or absence of BV. BV

treatment did not significantly alter the proliferation

rate of CD4+ T cells up to a concentration of 1 Ag/ml

(Fig. 1).

Subsequently, in order to investigate the direct

effects of BV on Th1/Th2-specific cytokine gene

expressions, we performed real-time RT-PCR using

RNAs from activated CD4+ T cells. In the Th1

skewed condition, the transcription of IFN-g was

increased significantly, while IL-4 expression was not

dramatically altered under Th2 polarized condition

(Fig. 2). Similarly, the major transcription factor

responsible for inducing Th1 lineage programming,

T-bet, was strongly induced upon BV treatment. This

suggests that BV may modulate Th1 development by

mediating T-bet (Fig. 2). Conversely, the expression

of GATA-3, a transcription factor controlling Th2

lineage commitment, was not influenced by BV in the

Th2 skewed condition.

Together, these results strongly suggest that BV

selectively induces Th1 cell lineage development via

an up-regulation of T-bet. In addition, this effect was

mediated by directly influencing CD4+ T cells, with-

out any antigen presenting cells.

To investigate the possible active compound

conferring helper T cell lineage development
-

f



Fig. 2. The effect of BVon IFN-g, IL-4, T-bet and GATA-3 mRNA expression in Th1/Th2 skewed conditions by real-time PCR analysis. NaRve
CD4+ T cells were incubated with rIL-12 and anti-IL-4 Ab for Th1 differentiation (A and C). For Th2 cell differentiation, rIL-4 and anti-IL-12

Ab were added to the culture medium in the presence of rIL-2 (B and D). The cells were then incubated in the absence or presence of 10 ng/ml

BV. In both culture conditions, double the original medium volume containing the corresponding antibodies and cytokines in the absence or

presence of BV was added on day 3, then incubated for another 4 days. On day 7, cells were harvested, washed and re-stimulated with plate-

bound anti-CD3 and anti-CD28 for 24 h. Total RNAwas isolated and real-time PCR was performed as described in Materials and methods. The

amount of gene expression was depicted as delta-CT value and the data normalization was performed by CT of GAPDH. (A) The amount of

IFN-g expression was determined in the Th1 skewed condition. (B) The amount of IL-4 expression in the Th2 skewed condition. (C) The

amount of T-bet expression was determined in the Th1 skewed condition. (D) The amount of GATA-3 expression in the Th2 skewed condition.

*P b0.05, **P b0.01, ***P b0.001 analyzed by the independent sample two-tailed t-test.
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contained in BV, the effects of PLA2 on cytokine

production were examined in Th1 or Th2 polar-

ized conditions. The results demonstrated that

PLA2 decreased the production of both IFN-g

and IL-4 in Th1/Th2 skewed conditions, respec-

tively (Fig. 3). These data suggest that PLA2 is

not the major active compound in conferring

selective Th1/Th2 immune modulatory effects

contained in BV.

3.2. Effect of BV on cytokine secretion in anti-CD3

antibody injected mouse

Another set of experiments investigated the effect

of BV on in vivo Th1/Th2 lineage development.
When anti-CD3 antibody is administered in vivo, T

cell dependent cytokine production is rapidly

induced without a predominance of either Th1 or

Th2 type cells [20]. BV was injected intraperito-

nially for 3 consecutive days and, on day 4, anti-

CD3 mAb was intravenously injected. Correlating

with the in vitro results, BV treated mice showed

significantly increased levels of IFN-g production in

the spleen, while IL-4 expression was not dramat-

ically altered (Fig. 4). The B cell populations and

the LPS-induced proliferation of B cells were not

changed by BV treatment. The T cell response was

also not dramatically changed, while the ratio of

CD4+/CD8+ T cell population tended to increase

(Fig. 5).
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4. Discussion

The present study demonstrated that BV enhances

the Th1 cell-dominated immune response by increas-

ing the expression of IFN-g mRNA, without altering

the Th2 cell response in both in vitro and in vivo

conditions.

The imbalance of Th1/Th2 type responses plays an

important role in the development and perpetuation of

a number of immune disorders such as allergies,

systemic lupus erythematosus (SLE) and rheumatoid

arthritis [19]. While this differentiation program can

be influenced by antigen concentration or through
Fig. 3. The effects of PLA2 on IFN-g and IL-4 cytokine production

from Th1/Th2 cells. NaRve CD4+ T cells were incubated with rIL-12

and anti-IL-4 Ab for Th1 differentiation (A). For Th2 cell

differentiation, rIL-4 and anti-IL-12 Ab were added to the culture

medium in the presence of rIL-2 (B). The cells were then incubated

in the absence or presence of 0.1 or 1 Ag/ml of PLA2 (PLA2_low

and PLA2_high, respectively). CD4+ T cells were activated with

plate-bound 10 Ag/ml anti-CD3q mAb (BD Bioscience, San Diego,

CA, U.S.A.) and 2 Ag/ml anti-CD28 Ab (BD Bioscience, CA,

U.S.A.). The amounts of IFN-g (A) and IL-4 (B) in the culture

medium were quantitated using ELISA.

Fig. 4. The effect of BV on IFN-g and IL-4 mRNA expression in

BV injected BALB/c mice by real-time PCR analysis. BALB/c mice

were intraperitonially injected with BV resolved in PBS (closed bar

or PBS only (open bar) for 3 consecutive days. On day 4, mice were

injected intravenously with a single dose of anti-CD3q mAb (4 Ag in
0.1 ml of PBS). Total RNAwas isolated from the spleen. Real-time

PCR was performed to determine IFN-g (A) and IL-4 (B

expression. The amounts of gene expression were depicted as the

delta-CT values and data normalization was performed by CT o

GAPDH. *P b0.05, **P b0.01, ***P b0.001 analyzed by the

independent sample two-tailed t-test.
)

)

f

ligation of co-stimulatory molecules, the most potent

regulators of Th cell differentiation are undoubtedly

cytokines [18,21,22]. The presence of IL-4 promotes

differentiation into Th2 cells and suppresses Th1 cells,

whereas IFN-g drives precursor Th cells to differ-

entiate into Th1 cells and decreases Th2 cells [23,24].

In this study, we utilized a highly purified CD4+ T

cell source to investigate the direct effects of BV on

helper T cells. The results showed that BV increased

the expression of IFN-g and T-bet on purified CD4+ T

cells in a Th1 condition, while the amount of IL-4 and

GATA-3 mRNA were not altered in a Th2 driven

environment. Also, BV did not behave as an antigenic

stimulator (or toxin) on sorted CD4+ T cells (Figs. 1



Fig. 5. Proliferation and flow cytometric analysis of splenocytes from BV injected BALB/c mice. (A) BALB/c mice were intraperitonially

injected with BV resolved in PBS (hatched bar) or PBS only (open bar) for 3 consecutive days. Splenocytes were isolated and incubated with

plate-bound anti-CD3 antibody or lipopolysaccharide (LPS) as indicated. The proliferation assay was performed as described in Materials and

methods. In flow cytometic analysis, splenocytes from BALB/c were stained with fluorescein- (abscissa) or phycoerythrin- (ordinate)

conjugated antibodies to murine surface markers as indicated. (B, D) Mice were injected with BV for 3 days; (C, E) mice were injected with

PBS only. *P b0.05, **P b0.01, ***P b0.001 analyzed by the independent sample two-tailed t-test.
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and 2). These results imply that BV does affect the

helper T cell responses without antigen presenting

cells (APCs). Interestingly, the in vivo effect of BVon

the T cells was significantly increased compared with

the in vitro data, suggesting that APCs also play a role

in BV-mediated T cell responses. Taken together,

these results imply that BV modulates Th1/Th2

differentiation without distorting the general activities

of CD4+ T cells. However, it should be noted that the

strain used in this study, BALB/c, tends to develop

overwhelming Th2 responses, so that we cannot

guarantee that the observations made here will occur

in the general genetic background. Future studies

should be performed to support the inferences drawn

from this report by using other strains that have a

tendency to develop strong Th1 responses, such as

C57BL/6.

Currently, several transcription factors have been

identified that control the differentiation of Th1/Th2

cells; GATA-3 and c-Maf are involved in the Th2

transition, while T-bet is unregulated in Th1 cells.

Ectopic expression of T-bet enhances endogenous

IFN-g production and induces polarized Th2 cells to

redirect into Th1 cells [13]. Thus, these results

strongly suggest that T-bet initiates Th1 lineage

development from naRve Th cells both by activating

Th1 genetic programs and by repressing the opposing

Th2 programs. Moreover, T-bet knock-out mice

manifest multiple physiological and inflammatory

features characteristic of asthma, suggesting that T-

bet deficiency itself induces allergic asthma in the

absence of allergen [25]. In this study, BV strongly

induces the expression of T-bet while GATA3

expression remains unchanged. These results imply

that the anti-allergic effect of BV may arise from the

direct regulation of helper T cell lineage programming

via T-bet regulation.

The role of other transcription factors associated

with helper T cell development such as c-Maf, Stat6

and Stat4 in the presence of BV should be inves-

tigated to elucidate the detailed mechanisms of BV’s

action on Th1/Th2 lineage development. These

projects are currently underway. Since the present

study focused only on the initial stage of helper T cell

development, it should be determined whether BV can

divert Th2 committed cells into Th1 cells and address

the therapeutic effects of BV in a pathological

condition.
In conclusion, this study demonstrates that BV

directly influences CD4+ T cell immune activity

without APCs and that BV improves Th cell

responses, from a Th2-dominant to a Th1-dominant

pattern, by increasing expression of INF-g via an up-

regulation of T-bet expression.
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