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We previously reported the augmentation by sodium butyrate (NaBu) of IL-4-induced IgE
production in LPS-stimulated murine B-lymphocytes. Histone deacetylase inhibition may
be involved in the molecular mode of action of NaBu. Thus, this study was accomplished to
examine the involvement of histone hyperacetylation in IL-4-induced class switching
promotion by NaBu with a specific histone deacetylase inhibitor, trichostatin A (TSA). TSA
was found to enhance IL-4-dependent IgE production in a concentration-dependent manner
(0.3-30 nM) as did NaBu, although neither compound affected the IgE production in the
absence of IL-4. The effect of combined addition of suboptimal concentrations of NaBu and
TSA to the culture appeared to be additive, not synergistic. Moreover, the intense of
enhancement of IgE production observed by addition of both compounds at optimal
concentrations appeared to be equivalent to that obtained with each maximal concentra-
tion. Furthermore, enhancement of IgE production by TSA or NaBu was confirmed to be
absolutely IL-4 dependent and was not due to the shift of kinetics. On the other hand,
various cell cycle inhibitors such as caffeine and theophylline (G, or G;-arrest), hydroxy-
urea (S-arrest), and colchicine (M-arrest), none of which have the ability to inhibit histone
deacetylase, were shown to have no effect. These findings suggest that histone hyperacetyla-
tion plays an important regulatory role in the modification of IL-4-dependent class

switching to Ce in LPS-stimulated murine B-cells by NaBu.

Key words: histone deacetylase, IgE, IL-4, sodium butyrate, trichostatin A.

Recently, allergic diseases such as food allergy and pollino-
sis have been rapidly increasing, and thus it is important to
investigate environmental materials which are able to
regulate or stimulate allergic responses. Immediate-type
allergic diseases, such as atopic dermatitis, asthma, and
rhinitis, are caused mainly by specific IgE antibodies to
allergens and are occasionally serious in the case of
fagopyrism and apisination (1, 2).

Extensive studies to establish therapies are being devel-
oped, and many reports describing IgE regulating factors or
cytokines are available. For instance, the cytokine, inter-
leukin-4 (IL-4) (3, 4) or IL-13 (5) produced by T-cells was
shown to induce IgG4 and IgE switching in humans and
IgG1 and IgE switching in mice both in vitro and in vivo,
whereas transforming growth factor g (TGF-8) directs IgA
switching (6). Besides cytokines, contact-mediated signals
are required for B-cell proliferation and immunoglobulin
production. Recently, the ligand for CD40, which is ex-
preased on activated CD4* T cells, was shown to be one such
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Abbreviations: IL-4, interleukin-4; LPS, lipopolysaccharide; NaBu,
sodium butyrate; TSA, trichostatin A; TGF-#, transforming growth
factor-#; ELISA, enzyme-linked immunosorbent assay; HRP, horse-
radish peroxidase; ABTS, 2,2 -azino-bis(3-ethylbenzthiazoline-6-sul-
fonic acid).

membrane-associated molecule that acts as a co-stimu-
latory signal for IL-4-dependent IgE production by both
murine and human B cells (7). Moreover, several cyto-
kines, including 1L-2 (8), IL-5 (9), IL-6 (10), IL-8 (11),
IL-10(12),IL-12 (13), interferon-a (IFN-«), IFN-y (14),
and tumor necrosis factor-a (TNF-a) (15), modulate IL-4-
induced IgG4 and IgE synthesis in humans.

Butyric acid, a straight-chain saturated 4-carbon fatty
acid, is produced from non-polysaccharides (dietary fiber)
as a byproduct through digestion and fermentation by
gastrointestinal bacteria such as Clostridium and Eubacte-
rium, which are ordinarily present in ruminants; and its
concentration in human colon is around 20 mmol/kg. It is
well established that a large amount of ester forms of
butyrate is contained in dairy products. Sodium butyrate
(NaBu) has been found to have a variety of effects on the
growth and differentiation of cultured animal cells (16).
When NaBu at millimolar concentrations is added to the
culture of some cell lines, it inhibits cell proliferation,
arresting the cell cycle predominantly in the G, phase and
sometimes in the G; phase. It also induces differentiation in
human and murine tumor cell lines; that is, an increase of
membranous antigens and enzymatic activities. These
effects of NaBu may be associated with hyperacetylation of
histone resulting from inhibition of histone deacetylase and
a change in chromatin structure. NaBu treatment of some
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cell lines modulates various gene expressions. Recently, a
promoter fragment necessary for the butyrate-dependent
_activation of chicken embryonic globin gene was found in
murine erythroleukemia cells. Furthermore, NaBu-re-
sponsive element (BRE) was found in the human immuno-
deficiency virus type I long terminal repeat (17).

During studies of agents which affect IgE synthesis, we
incidentally observed that NaBu significantly enhanced
IL-4-induced IgG1 and IgE production by LPS-stimulated
murine splenic cells in a dose-dependent manner between
30 and 300 M, causing slightly inhibitory effects on IgM
and IgG3 production, whereas NaBu alone was not effective
(18-20). This stimulatory effect of NaBu was completely
dependent on the presence of IL-4. It was shown to be due
to an increase in the number of IgE-secreting cells in the
stimulated cells, which was detected by enzyme-linked
immunosorbent assay (ELISA) spot assay on day 7. These
findings suggested that NaBu might enhance polyclonal IgE
production with an increase in the number of IgE-secreting
cells by affecting IL-4-induced class switching to Ce in
LPS-stimulated splenic B-cells. Subsequent studies reveal-
ed that NaBu enhanced IL-4-induced IgE mRNA expres-
sion and isotype switching to Ce in LPS-stimulated highly
purified murine splenic B cells by analyzing mature and
germline Ce mRNA with reverse transcribed polymerase
chain reaction (RT-PCR). Furthermore, we attempted to
analyze the class switched immunoglobulin gene in 11.-4- +
LPS-stimulated purified B-cells by use of the nested PCR
technique, and this provided evidence that NaBu increased
switch fragments containing recombined Sy /Se regions.
However, the mode of action of NaBu on promotion of class
switching to Ce remains unclear.

In the present study, we examined whether the inhibition
of histone deacetylase might be associated with the promo-
tion by NaBu of IL-4-dependent class switching to Ce in
LPS-stimulated purified murine splenic B-lymphocytes by
using a specific histone deacetylase inhibitor, trichostatin A
(21, 22).

MATERIALS AND METHODS

Experimental Animals—Female BALB/c mice (6 weeks
of age) were purchased from Charles River Japan (Kana-
gawa). These mice were used at 8 to 12 weeks of age.

Reagents—RPMI-1640 medium was purchased from ICN
Biomedicals Japan (Tokyo). Eagle’s MEM was from Nissui
Pharmaceutical (Tokyo). FBS was from GIBCO BRL
(Gaithersburg, MD). Rat anti-mouse IgE mAb (clone; LO-
ME-2) was obtained from Experimental Immunology Unit
(Brussels, Belgium). Biotinylated sheep anti-mouse IgE Ab
was from The Binding Site (Birmingham, UK). Goat anti-
mouse IgM, goat anti-mouse IgG, purified mouse IgM, and
IgG were purchased from Organan Teknika (Durham, NC).
Horseradish peroxidase (HRP) conjugated goat anti-mouse
IgM and IgG were from Kirkegaad & Perry Lab. (Gaithers-
burg, MD). Sodium butyrate, caffeine, theophylline, hydro-
xyurea, colchicine, 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS), N-2-hydroxyethylpiperadine-N" 2-
ethane sulfonic acid (HEPES), Escherichia coli LPS, and
BSA were purchased from Sigma Chemical (St. Louis,
MO). Recombinant murine IL-4 was from Genzyme (Cam-
bridge, MA). Trichostatin A was from Wako Pure Chemical
(Osaka). Anti-Thy 1.2 antibody (clone; F7D5) was from
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Serotec (Oxford, England). HRP conjugated streptavidin
was from Zymed Lab. (San Francisco, CA). Low toxic
rabbit complement was from Gederlane Lab.- (Ontario,
Canada). Penicillin G was from Banyu Pharmaceutical
(Tokyo). Streptomycin was from Meiji Seika (Tokyo).

Purification of Murine Splenic B Lymphocytes—Small
dense B cells were prepared according to the methods of
Kehry and Hudak (23). Briefly, spleen cells, after red blood
cell lysis, were depleted of adherent cells by incubation on
plastic petri dishes (Falcon 1005A, Falcon Labware,
Oxnard, CA) in 10 mM HEPES (pH 7.2) buffered MEM
supplemented with 10% heat-inactivated FBS at 37°C for
90 min, followed by antibody and complement treatment to
remove T cells. This step was done at high cell density (2 X
107 cells/ml) with F7D5 (anti-Thy 1.2 Ab) at final dilution
of 1 : 25 at 4°C for 30 min and low toxic rabbit complement
treatment at final dilution of 1 : 15 at 37°C for 40 min, their
live cells were counted. There was no proliferative response
to Con A. FACS analysis also revealed that T-cells remain-
ing in the treated culture cells were less than 3% (data not
shown).

In Vitro IgE Production by IL-4-+ LPS-Stimulated B-
Cells—The in vitro culture was carried out as described by
Snapper et al. (24) with some modifications. Briefly, 2.5 X
10* B-cells/ml were incubated in quadruplicate cultures
with Escherichia coli LPS (10 yg/ml) and recombinant
murine I[L-4 (50 U/ml) and with or without various agents
in round-bottom 96-well microplates (Nunc, Roskilde,
Denmark) at 0.2 ml/well for various periods at 37°C under
5% CO, and 95% air. At fixed intervals, cell-free super-
natants were collected and stored frozen at —20°C until
immunoglobulin determinations were performed as de-
scribed below. As a murine B-cell culture medium, we used
RPMI-1640 medium supplemented with 10% heat-inac-
tivated FBS, 50 uM 2-ME, 100 U/ml penicillin G, and 100
ug/ml streptomycin.

Measurement of Immunoglobulins by ELISA—IgE was
determined by ELISA as described by Azuma et al. (25)
with some modifications. Briefly, flat-bottom 96-well
multiplates (Corning Glass, Corning, NY) were coated with
50 ul of 4 zg/ml rat anti-mouse IgE mAb diluted with 15
mM PBS for 2 h at 37°C. After washing with PBS, plates
were blocked with 100 ¢l of 2% BSA in PBS (BSA/PBS) for
2 h at 37°C. After washing, appropriately diluted culture
supernatants with BSA/PBS and standard IgE (purified
anti-TNP mADb) were added to anti-mouse IgE coated wells
at 50 ul/well, and plates were incubated for 1 h at 37°C.
After washing, 50 ul of 2.5 ug/ml biotinylated sheep anti-
mouse IgE Ab diluted with BSA/PBS was added to each
well, and plates were incubated for 1h at 37°C. After
washing extensively, 50 ul of 0.625 xg/ml HRP-con-
jugated streptavidin diluted with BSA/PBS was added to
the wells, and plates were incubated for 1 h at 37°C. Again
after washing, the peroxidase activity was assayed after
adding 100 u1 of 0.1 M citrate buffer (pH 4.0) containing
2.5 mM ABTS and 0.17% H,0, followed by incubation at
room temperature for 30 min. Absorbance at 405 nm was
measured with an ELISA autoreader (Sanko Junyaku,
Tokyo). The calibration curve was made using standard
IgE.

IgM and IgG antibodies were measured as follows: the
wells (MaxiSoap) (Nunc) were coated with 10 ug/ml of
goat anti-mouse IgM Ab and 40 xg/ml of goat anti-mouse
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IgG Ab, respectively, and after washing, plates were
blocked with 100 41 of BSA/PBS for 2h at 37°C. After
washing, appropriate diluted culture supernatants with
BSA/PBS and standard IgM or IgG were added to anti-
mouse IgM or IgG coated wells at 50 x1/well, and incubated
for 1 h at 37°C. After washing, HRP-conjugated goat anti-
mouse IgM (100 ng/ml) or IgG (50 ng/ml) was added, and
again after washing, the peroxidase activity was assayed
after adding 100 u10f 0.1 M citrate buffer (pH 4.0) contain-
ing 2.5 mM ABTS and 0.17% H,0, followed by incubation
at room temperature for 30 min. Absorbance at 405 nm
was measured, and the calibration curve was made using
purified IgM or IgG. This ELISA system allowed the
determination of as low concentration as 1 ng/ml of IgE,
IgM, and IgG. All data were presented as mean value + SD
of quadruplicate assays. Typical data from several repeat-
ed experiments are presented.

IgE (ng/ml)

|4

0 T
0 01 1 10 100
NaBu (uM) or TSA (nM)

Fig. 1. Effect of sodium butyrate (NaBu) or trichostatin A
(TSA) on IL-4-induced IgE synthesis by LPS-stimulated puri-
fied murine B lymphocytes. The cells (5x10* cells/200 x1/well)
were cultured with or without varying concentrations of NaBu (@) or
TSA (2) in the presence of LPS (10 xg/ml) and IL-4 (50 U/ml) for 7
days. After incubation, IgE levels in the conditioned medium were
determined by ELISA. Results are expressed as mean value+ SD for
quadruplicate cultures.
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RESULTS

Effects of NaBu or TSA on IL-4-Induced IgE Synthesis
by LPS-Stimulated Purified Murine B-Lymphocytes—We
have confirmed that NaBu promotes IL-4-induced IgE
synthesis by LPS-stimulated purified murine B-lympho-
cytes in a concentration-dependent manner ranging from
10 to 200 M. Here, we examined whether histone deace-
tylase inhibition by NaBu was associated with its promotive
activity of IgE production in IL-4- and LPS-stimulated B-
lymphocytes, by use of a specific histone deacetylase
inhibitor, TSA. This antibiotic like NaBu, was found to
enhance the IgE production in a concentration-dependent
manner ranging from 0.3 to 30 nM as shown in Fig. 1,
although TSA did not enhance IgM and IgG productions
(Fig. 2). TSA alone did not stimulate IgE production:
namely, the effect of TSA was observed only in the
presence of IL-4 (data not shown).

Time Course of the Effect of NaBu or TSA on IL-4-
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Fig. 3. Time course of the effect of NaBu or TSA on IL-4-
induced IgE production by LPS-stimulated murine splenic B
lymphocytes. The cells (6x10* cells/200 ul/well) were cultured
with compounds (none, ®; NaBu, 100 uM, ®; TSA, 3 zM, ©) in the
presence of LPS (10 zg/ml) and IL-4 (60 U/ml). The conditioned
media were harvested at times indicated and IgE levels were
determined by ELISA. Results are expressed as mean value +SD for
quadruplicate cultures.
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Fig. 2. Effects of NaBu or TSA on
IL-4-induced IgM and IgG synthesis
by LPS-stimulated purified murine
B-lymphocytes. The cells (5%X10*
cells/200 u1/well) were cultured with
or without varying concentrations of
NaBu (®) or TSA (Z) in the presence of
LPS (10 ug/ml) and IL-4 (50 U/ml) for
7 days. After incubation, IgM (A) and
IgG (B) levels in the conditioned medi-
um were determined by ELISA. Results
are expressed as mean value+SD for
quadruplicate cultures.
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Induced IgE Production by LPS-Stimulated Murine Splenic
B-Lymphocytes—We examined the possibility that the

- enhancement of-Tl:-4-induced-IgE production by NaBu or—

TSA might be due to a shift of the kinetics by determining
the kinetics of IgE production for 7 days after stimulation.
It was found that neither NaBu nor TSA changed the
kinetics of IgE production: namely, the enhancing activity
was observed during the experimental period after day 4
(Fig. 3). It was also found that for enhancement of IgE
production, NaBu or TSA should be present in the culture
medium at a relatively early period after IL-4 and LPS
stimulation (Fig. 4).

Effects of Simultaneous Additions of NaBu and TSA on
IL-4-Induced IgE Production by LPS-Stimulated B-
Cells—To determine the correlation between histone
deacetylase inhibition and augmentation of IgE synthesis,
we examined the effects of simultaneous additions of NaBu
and TSA on IL-4-induced IgE production by LPS-stimu-
lated B-cells. For this purpose, suboptimal concentrations

200 :
‘ f [C] None
.
1 I T /1 NaBu
E | (L_L i @ TSA
imuﬁ é
- I
B 0 e |
(1 | 7 7 ‘
0@5 i :[ ‘F ﬂ‘l | ﬁ‘
0 2 - 6

Day of addition

Fig. 4. Effect of addition of NaBu or TSA at different times of
culture on IL-4-induced IgE production by LPS-stimulated
murine splenic B lymphocytes. The cells (5x10* cells/200 x1/
well) were cultured in the presence of LPS (10 xg/ml) and IL-4 (50
U/ml) for 7 days. Medium, NaBu (100 4 M) or TSA (3 nM) was added
at the time indicated. The conditioned medium was harvested at day
7 and IgE level was determined by ELISA. Results are expressed as
mean value+ SD for quadruplicate cultures.
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(10 «M and 1 nM) and optimal concentrations (100 M and
10 nM) of NaBu and TSA, respectively, were used. Com-

bined- addition of the suboptimal concentrations of each

compound resulted in enhancement of IgE production to a
comparable level to that observed with the optimal concen-
tration of either compound. Moreover, addition of both
compounds at optimal concentration showed limited en-
hancement of IgE production which was equivalent to that
obtained with each optimal concentration (Fig. 5).

Effects of Cell Cycle Inhibitors on IL-4-Induced IgE
Production by LPS-Stimulated B-Lymphocytes—NaBu and
TSA are characterized as histone deacetylase inhibitors.
They can block cell cycles at G, /G, phase and are occasion-
ally used as reagents synchronized culture (26). In this
experiment, we examined whether cell cycle inhibitors
such as caffeine and theophylline (G, phase blocker),
hydroxyurea (S phase blocker) and colchicine (M phase
blocker) would promote the IgE synthesis. It was found that
IgE synthesis in IL-4-+ LPS-stimulated B-cells was not
influenced by the cell cycle inhibitors examined (Fig. 6).
These inhibitors were also confirmed not to enhance IgM
and IgG synthesis (data not shown).

IgE (ng/ml)
0 100 200 3
1 : : ‘ 1
None }-«
(kM) 100 -

TSA 1 }—

1
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NaBu + TSA
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NaBu 10 = j
l
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L

Fig. 5. Effects of combined additions of NaBu and TSA on IL-
4-induced IgE production by LPS-stimulated B cells. The cells
(5% 10* cells/200 x1/well) were cultured with or without NaBu and/
or TSA in the presence of LPS (10 x4g/ml) and IL-4 (50 U/ml) for 7
days. After incubation, IgE levels in the conditioned medium were
determined by ELISA. Results are expressed as mean value + SD for
quadruplicate cultures.
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Fig. 6. Effects of cell cycle in-
hibitors on IL-4-induced IgE
production by LPS-stimulated
B-lymphocytes. The cells (5x10*
cells/200 p1/well) were cultured
with or without cell cycle inhibitors
(theophylline, Z; caffeine, ®; hydro-
xyurea, B; colchicine, {3) at varying
concentrations in the presence of LPS
(10 xg/ml) and IL-4 (50 U/ml) for 7
days. After incubation, IgE levels in
the conditioned medium were deter-
mined by ELISA. Results are ex-
pressed as mean value+ SD for quad-
ruplicate cultures.
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DISCUSSION

We previously reported that NaBu promoted IL-4-induced
IgE production by LPS-stimulated murine splenic B-lym-
phocytes and this enhancement by NaBu was completely
dependent on the existence of IL-4. Subsequent studies
indicated that this effect is attributed to the enhancement
of immunoglobulin class switching to Ce (in preparation).
However, the mode of action of NaBu on promotion of class
switching to Ce remains unclear.

NaBu is reported to have diverse biological activities
including inhibition of histone deacetylase, regulation of
gene expression such as c-fos and protein synthesis such as
estrogen receptor, and inhibition of cell proliferations (27).
In the present study, we examined whether inhibition of
histone deacetylase might contribute to the mode of action
of NaBu in terms of class switch modification, because
hyper-acetylation is believed to cause activation of various
gene expressions (28, 29).

The IgE production was assessed by use of a specific
inhibitor of histone deacetylase, TSA, which was originally
described as an antibiotic for fungi. This antibiotic was
found to enhance the IgE production in LPS-+IL-4-stimu-
lated B-lymphocytes in a concentration-dependent manner,
ranging from 0.3 to 30 nM, which is less than 1/10,000 of
that by NaBu for promotion of IgE synthesis as shown in
Fig. 1. Previously, we observed that NaBu augmented the
IgE production at all concentrations of IL-4 tested. How-
ever, a strict requirement of IL-4 for NaBu effect was
observed, because no IgE production was detected in the
absence of IL-4 (18-20). We observed that TSA alone had
no effect on IgE production. The inhibition constants (K) of
NaBu and TSA for histone deacetylase are reported as 60
uM (28) and 3.4 nM (22), respectively, which correlate
well with their abilities to promote IgE production. These
results suggest that augmentation of IL-4-induced IgE
synthesis in LPS-stimulated B-lymphocytes is associated
with histone hyperacetylation due to inhibition of this
enzyme by NaBu.

To determine the correlation between histone deace-
tylase inhibition and augmentation of IgE synthesis, we
examined the effects of combined additions of NaBu and
TSA on IL-4-induced IgE productions by LPS-stimulated
B-cells. For this purpose, their suboptimal and optimal
concentrations were used. As a result, the combined
addition of suboptimal concentrations of NaBu and TSA
was found to have additive, not synergetic, effects in terms
of enhancement of the IgE production. Moreover, additions
of both compounds at optimal concentrations showed the
enhancement of IgE production which did not exceed that
obtained with each optimal concentration (Fig. 3). These
results suggest a close correlation between the enhance-
ment of IgE production and the inhibition of histone
deacetylase by NaBu.

Next, we examined whether cell cycle inhibitors other
than NaBu and TSA, none of which are able to inhibit
histone deacetylase, would modify IL-4-induced IgE pro-
duction. These cell cycle inhibitors included caffeine and
theophylline which are able to raise intracellular cyclic
AMP contents by inhibiting phosphodiesterase, hydroxy-
urea which inhibits ribonucleoside-diphosphate or triphos-
phate reductase, and colchicine which inhibits microtuble

I. Yamamoto et al.

polymerization; but none affected IgE production over a
wide range of concentrations. These results together indi-
cate that augmentation of IgE synthesis by NaBu is directly
related to histone deacetylase inhibitory activity, but not
cell cycle blocking.

Acetylation of histone in the chromatin is regulated at a
constant level by two enzymes, acetyltransferase and
histone deacetylase (28, 29). It is believed that histone
deacetylase inhibition by NaBu would cause hyperacetyla-
tion, which would induce changes in an electron charge and/
or steric conformation of the chromatin, followed by
changes in the binding of transcriptional factors or RNA
polymerase. A gene reconstitution enzyme called recom-
binase is considered to play an important role in IL-4-
induced class switch to Ce (30, 31). It is expected that the
approach of this enzyme to the specific switch regions on the
antibody genes would be facilitated by the presence of
NaBu.

Our experiments have demonstrated that NaBu en-
hances IL-4-induced polyclonal IgE production, but not the
antigen-specific ongoing IgE production (18-20). These
findings suggest that NaBu, an abundant ingredient in dairy
products, may be a useful in immunotherapy for IgE-de-
pendent allergy, since the large amount of polyclonal IgE
induced would be able to dilute the antigen-specific IgE,
thereby suppressing symptoms of atopic diseases.
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