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Synthetic oligodeoxynucleotides (ODNs) containing unmethylated 
CpG phosphorothioate (PS CpG-ODN) are known to decrease 
IgE synthesis in Th2 allergy responses. Nonetheless, the 
therapeutic role of PS CpG-ODN is limited due to cytotoxicity. 
Therefore, we developed a phosphodiester (PO) form of 
CpG-ODN (46O) with reduced toxicity but effective against 
allergies. In this study, we first compared the toxicity of 46O 
with CpG-ODNs containing a PS backbone (1826S). We also 
investigated the therapeutic efficacy and mechanism of 46O 
injected intravenously in a mouse model of ovalbumin (OVA)- 
induced atopic dermatitis (AD). To elucidate the mechanism of 
46O underlying the inhibition of IgE production, IgE- and 
TGF--associated molecules were evaluated in CD40/IL-4- or 
LPS/IL-4-stimulated B cells. Our data showed that the treatment 
with 46O was associated with a lower hematological toxicity 
compared with 1826S. In addition, injection with 46O reduced 
erythema, epidermal thickness, and suppressed IgE and IL-4 
synthesis in mice with OVA-induced AD. Additionally, 46O 
induced TGF- production in LPS/IL-4-stimulated B cells via 
inhibition of Smad7, which suppressed IgE synthesis via 
interaction between Id2 and E2A. These findings suggest that 
enhanced TGF- signaling is an effective treatment for 
IgE-mediated allergic conditions, and 46O may be safe and 
effective for treating allergic diseases such as AD and asthma. 
[BMB Reports 2021; 54(2): 142-147]

INTRODUCTION

Allergic diseases, such as asthma and atopic dermatitis (AD), 
are closely associated with increased serum immunoglobulin E 
(IgE) levels (1). IgE binding to the high-affinity receptor (Fc RІ) 
in mast cells and basophils induces allergic response. 
Inhibition of IgE synthesis is an important factor in treating 
allergic diseases (2, 3). 

Transforming growth factor- (TGF-) is a cytokine that acts via 
the Smad2 and Smad3 pathway to induce cell survival, 
proliferation, and migration during multiple biological processes, 
including immune responses, fibrosis, wound healing, and 
carcinogenesis (4). In an AD model of Smad3-deficient mice, 
allergen-induced skin inflammation and IgE production were 
increased (5). Moreover, TGF- is induced by NF-B activation 
via TLR9 signaling in prostate cancer cells (6). 

CpG-oligodeoxynucleotides (CpG-ODNs) are toll-like receptor 
9 (TLR9) agonists, which enhance the anti-cancer efficacy of 
monoclonal antibodies or cancer vaccines when used as 
immune adjuvants in various animal models of cancer (7-9). 
Most TLR9-expressing immune cells, mainly B cells and 
dendritic cells absorb CpG-ODNs (10). Studies reported that 
CpG-ODNs prevent T helper 2 (Th2) allergic responses such as 
antigen-induced asthmatic responses, allergic rhinitis, eczema, 
and AD (11). CpG-ODNs inhibit the synthesis of interleukin 
(IL)-4, IL-13, and IL-5 by Th2 cells and trigger Th1 response via 
induction of interferon (IFN)- and–, as well as IL-12. In 
addition, CpG-ODNs inhibit IgE production in B cells (12). 
However, the mode of action remains unclear.

Synthetic CpG-ODNs mimic the immunostimulatory activity 
of bacterial DNA, and contain a partial or complete phos-
phorothioate (PS) backbone, which protects ODN from degra-
dation by nucleases in the body such as DNase, instead of the 
archetypal phosphodiester (PO) backbone (8). However, CpG- 
ODNs with PS backbones induce splenomegaly via B cell 
proliferation (7), but also trigger the release of TNF-, IL-6, and 
IL-1 by modulating NF-B activation via TLR9 signaling (13). 
Therefore, patient treatment with PS CpG-ODNs is very 
limited. However, CpG-ODNs containing a PO backbone (PO 
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Fig. 1. Toxicity of 46O CpG-ODNs. (A) Experimental protocol for 
the analysis of toxicity induced by CpG-ODNs. (B) The spleen and 
lymph nodes of mice treated with 46O or 1826S CpG-ODN. (C) 
TNF- expression in the serum of 46O or 1826S CpG-ODN-treated 
mice was determined by ELISA. (D) [3H]-thymidine incorporation 
assays of splenic B cells derived from 46O or 1826S CpG- 
ODN-treated mice for 24 h. (E) IL-6 production in splenic B cells 
of 46O or 1826S CpG-ODN-treated mice was measured in the 
culture supernatant by ELISA; *P ＜ 0.05 and **P ＜ 0.01, 
versus PBS-treated mice.

CpG-ODNs) are more easily degraded by DNase than PS 
CpG-ODNs. Thus, it is necessary to develop PO CpG-ODNs 
with an anti-allergic effect and low toxicity. 

We sought to identify natural CpG sequences with a PO 
backbone, and 46O was identified in a previous study (14, 
15). In this study, we show that this compound is less toxic 
and therefore useful for treating allergic diseases. More 
interestingly, we demonstrated that the anti-allergic effect of 
46O may result from enhanced TGF- signaling via suppression 
of Smad7, which down-regulated IgE production via induction 
of Id2/E2A complexes in LPS/IL-4-stimulated B cells. These 
results imply that induction of TGF- is a useful strategy for 
treating allergic diseases.

RESULTS

Low toxicity of 46O compared to 1826S in vivo
Previous studies reported that CpG-ODNs with a PS backbone, 
such as 1826S, exhibit immunotoxicity and hepatotoxicity, 
leading to conditions such as splenomegaly, liver necrosis, 
and hemorrhagic ascites (16). A low-toxic CpG-ODN with a 
phosphodiester backbone was synthesized and designated as 
46O (14). To determine the toxicity, 46O was subcutaneously 
injected into the mice at concentrations of 67, 200 and 600 
mg/kg every day for 4 weeks and hematological toxicity was 
observed at 2 weeks after final treatment with 46O (Supple-
mentary Table 1). The results showed that 46O had no hemato-
logical toxicity (Supplementary  Table 2 and 3). In addition, 
46O and 1826S were injected four times into the peritoneal 
cavity of mice (Fig. 1A). The 1826S CpG-ODN (1826S), which 
contains a PS backbone, was used as a positive control in vivo. 
The sizes of the spleen and lymph node increased with 1826S 
treatment. In contrast to 1826S, 46O-treated mice showed 
reduce spleen and lymph node masses (Fig. 1B). Moreover, 
the expression of TNF- was highly induced in the serum of 
1826S-treated mice compared with 46O-treated mice (Fig. 1C).

B cell proliferation by CpG-ODNs is a key mediator of 
splenomegaly in vivo, and therefore we investigated B cell 
proliferation via thymidine incorporation in vitro. B cells were 
isolated from spleen and incubated for 24 h after treatment 
with 46O or 1826S. As shown in Fig. 1D, 1826S treatment 
increased B cell proliferation, while 46O treatment did not. 
We next measured CpG-ODN-induced IL-6 synthesis in B cells 
by ELISA. As shown in Fig. 1E, treatment with 46O failed to 
induce IL-6 production, unlike 1826S. Thus, these results 
indicate that 46O is less immunotoxic than 1826S. 

Prevention of antigen (Ag)-induced AD by 46O treatment
Studies have reported that CpG-ODNs are effective in treating 
Ag-induced AD (17). However, the preventive role of 
CpG-ODNs in Ag-induced AD remains unknown. Therefore, 
we investigated CpG-mediated AD prevention. We modified 
the protocol of the Ag-induced AD mouse model established 
by Kootiratrakarn et al. (17). Before sensitization, 46O and 1826S 

were administered once, twice, or four times intravenously (Fig. 
2A). Balb/c mice were intraperitoneal injected for three times 
of OVA in alum and along with an occlusive patch of OVA as 
shown in Fig. 2A. Biopsy specimens were obtained from patch- 
applied skin one day after completion of epicutaneous sensiti-
zation for two weeks. The patch-applied skin was photographed 
and the injection of 46O and 1826s reduced the skin infla-
mmation phenotype (Fig. 2B). Topical application of OVA in 
OVA-primed mice indeed induced epidermal hyperplasia and 
spongiosis with a dense dermal infiltration compared with 
control mice as analyzed by histological examination of the 
biopsy samples. Interestingly, treatment with 46O and 1826S 
reduced OVA-induced epidermal hyperplasia and infiltration 
of effector cells. This effect was more pronounced when the 
mice were treated with CpG-ODNs four times compared to 
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Fig. 3. Inhibitory effect of 46O on IgE production. (A) B cells 
isolated from the spleen of Balb/c mice were cultured for 5 days 
with CPG-ODNs, in the presence of LPS/IL-4 or anti-CD40/IL-4. 
The level of IgE was determined by ELISA. (B) Inhibition of IgE 
synthesis by 46O via TLR9. B cells were purified from spleens of 
Balb/c or TLR9 knockout mice and then cultured with 1826S or 
46O in the presence of LPS/IL-4 or anti-CD40/IL-4 for 5 days. IgE 
levels were assessed by ELISA. (C) Level of C GLT in B cells. 
Splenic B cells were activated by LPS/IL-4 or anti-CD40/IL-4 and 
then cultured with CpG-ODNs, including 1826S or 46O, for 3 days. 
The level of C GLT mRNA was quantified by RT-PCR; *P ＜ 0.05 
and **P ＜ 0.01, versus positive control. Data are representative 
of three independent experiments.

Fig. 2. Treatment with 46O CpG-ODN prevents Ag-induced AD 
and IgE secretion. (A) Experimental protocol for in vivo studies to 
test the efficacy of CpG-ODNs in an Ag-induced AD mouse 
model. (B) Phenotypical presentation of OVA patch sites. (C) 
Hematoxylin and eosin staining of the skin (200× magnification).
(D) Mast cell infiltration was analyzed by toluidine blue staining 
and counted per 400× field by two independent researchers. 
Expression of OVA-specific (E) IgE and (F) IgG2a secretions in the 
serum of experimental mice was analyzed by ELISA. (G) Splenocytes
were isolated from experimental mice and cultured with 10 g/ml 
OVA protein for 48 h. IL-4 production was analyzed by ELISA. (H) 
In vitro analysis of IL-4 synthesis in OVA-activated splenocytes 
following 46O treatment. Splenocytes were purified from 
PBS-treated mice and cultured in the presence or absence of 
1826S and 46O. After 48 h, IL-4 was measured in the cell-free 
culture medium by ELISA; *P ＜ 0.05 and **P ＜ 0.01, versus no 
treatment with CpG-ODN. Data are expressed as mean ± standard 
deviation.

twice (Fig. 2C). Besides IgE and IL-4 production, mast cells 
play an important role in allergic diseases (2). The mast cells in 
the skin were quantified by toluidine blue staining. The 
number of mast cells per 400× microscopic field in the 
infiltrated dermal area was five-fold higher in OVA-induced 
AD skin, and this induction was decreased by both CpG- 
ODNs in a dose-dependent manner (Fig. 2D).

IgE inhibition by 46O treatment in antigen-induced AD 
IgE is an important factor in AD pathogenesis (18). Therefore, 
we investigated whether pre-treatment with 46O prevented IgE 
production. We collected sera at the time of skin biopsy and 
then measured the total and OVA-specific IgE production by 
ELISA. Similar to the histological results, pre-treatment with 
46O or 1826S significantly decreased OVA-specific IgE in a 
CpG-ODN dose-dependent manner (Fig. 2E). However, these 
compounds increased OVA-specific IgG2a (Fig. 2F). 

Since IL-4 plays an important role in Th2-mediated diseases 
such as AD, we analyzed OVA-specific IL-4 production in 
vitro. We isolated splenocytes from the biopsy specimens and 
then cultured them with 10 g/ml OVA protein. After 48 h, 

IL-4 was measured in the culture medium. The level of IL-4 
secretion decreased in splenocytes derived from CpG-ODN- 
treated mice compared with PBS-treated control mice (Fig. 2G) 
in a dose-dependent manner. Additionally, splenocytes isolated 
from PBS-treated mice were cultured with CpG-ODNs in vitro. 
As shown in Fig. 2H, 46O treatment inhibited IL-4 secretion in 
isolated splenocytes from PBS-treated mice in vitro. These 
results showed that 46O is not only a potential therapeutic 
agent but also prevents Ag-induced AD. 

Inhibition of IgE production in B cells by 46O 
IgE synthesis in B cells requires two signals (19). The first 
signal is provided by cytokine IL-4 and the second signal is 
provided by ligation of CD40 on B cells. Lipopolysaccharide 
(LPS) can mimic CD40 ligation in vitro. To evaluate the 
inhibitory effect of 46O on IgE synthesis, B cells were cultured 
for 5 days with LPS or CD40 ligand (CD154) in the presence of 
IL-4, and the IgE production in the culture media was 
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Fig. 4. Inhibition of IgE by 46O mediated via TGF- induction in 
LPS/IL-4-activated B cells. TGF- induction by CPG-ODNs, 
including 1826S and 46O, in B cells treated with (A) anti- 
CD40/IL-4 and (B) LPS/IL-4. B cells were cultured for 4 days. 
TGF- expression in the culture supernatant was measured by 
ELISA. (C) Induction of TGF- mRNA level in B cells. (D) Inhibition
of Smad7 mRNA level by CpG-ODNs, including 1826S and 46O. 
B cells were cultured in the presence of anti-CD40/IL-4 or 
LPS/IL-4 for 3 days. Levels of TGF- and Smad7 mRNA were 
analyzed by quantitative real-time PCR. (E) LY364947 reverses 
46O-induced IgE suppression in LPS/IL-4-stimulated B cells. IgE in 
B cells was measured in cultured media for 5 days using ELISA. 
(F) Immunoprecipitation (IP) of Id2/E2A complexes. B cells were 
cultured with or without 46O in the presence of LPS/IL-4 for 5 
days. B cell lysates were immune precipitated with anti-Id2 
antibody or the respective control. *P ＜ 0.05 and **P ＜ 0.01, 
versus positive control. Data are representative of three independent
experiments.

measured. As shown in Fig. 3A, IgE synthesis was decreased 
significantly by both 1826S and 46O treatment in CD40/IL-4- 
or LPS/IL-4-treated B cells. However, IgE synthesis was not 
decreased by CpG-ODNs in TLR9-/- B cells (Fig. 3B). Additionally, 
we also determined the transcription level of GLT, which is 
responsible for IgE class switching. Our data demonstrate that 
the level of GLT mRNA was reduced by 46O and 1826S in 
CD40/IL-4- or LPS/IL-4-treated B cells (Fig. 3C). 

Inhibition of IgE production via 46O-induced Id2/E2A 
complex formation in LPS/IL-4-activated B cells
To investigate the inhibitory mechanism of 46O in IgE 
secretion, we investigated whether this compound regulated 
TGF- signaling because TGF- suppressed IgE levels in 
AD-like skin lesions and serum in the NC/Nga mouse model 
(20). TGF- expression was measured in culture media using 
ELISA. Fig. 4A and B showed that treatment with 46O and 
1826S induced TGF- secretion from CD40/IL-4- and 
LPS/IL-4-treated B cells. The level of TGF- mRNA was also 
increased by treatment with both CpG-ODNs (Fig. 4C). Next, 
we analyzed the Smad7 mRNA level via quantitative real-time 
PCR because Smad7 is a known suppressor of TGF- signaling 
(21). B cells were treated with LPS or CD40 ligand (CD154) in 
the presence of IL-4 for 3 days and RNA was extracted from B 
cells. As shown in Fig. 4D, the expression of Smad7 mRNA 
was decreased by both 46O and 1826S in LPS/IL-4- and 
CD40/IL-4-stimulated B cells. Since both CpG-ODNs slightly 
suppressed Smad7 expression in CD40/IL-4-activated B cells, 
we investigated the role of CpG-ODN and TGF- signaling in 
IgE production by LPS/IL-4-activated B cells. LPS/IL-4-activated B 
cells were incubated with or without LY364947, a TGF- 
inhibitor. Treatment with LY364947 abrogated the 46O-induced 
IgE suppression in B cells (Fig. 4E). However, LY364947 could 
not reverse the 1826S-induced IgE suppression, suggesting that 
46O, but not 1826S inhibits IgE synthesis via TGF- signaling 
in LPS/IL-4-activated-B cells.

Finally, we performed immunoprecipitation with an anti-Id2 
antibody using lysates of 46O-treated B cells to elucidate the 
mechanism by which 46O inhibits IgE production via TGF- 
up-regulation. E2A binds to the E-Box in the  germline 
promoter, which promotes class switch recombination (CSR) 
to IgE. Id2 acts as a negative regulator of basic helix-loop-helix 
(bHLH) transcription factors, such as E2A, by antagonizing 
E2A activity (22). To establish Id2 and E2A complex formation, 
B cells were cultured with or without 46O in the presence of 
LPS/IL-4, and the cell lysates were harvested. As shown in Fig. 
4F, 46O treatment enhanced Id2/E2A complex formation, as 
well as Id2 expression in LPS/IL-4-activated B cells. Therefore, 
our data demonstrate that 46O inhibited IgE synthesis by 
increasing Id2 expression and binding to E2A.

DISCUSSION

Synthetic PS CpG-ODNs contain a partial or complete PS 

backbone instead of the archetypal PO backbone to protect 
the ODN from degradation by DNases in the body (8). 
CpG-ODNs are strong Th1 response inducers while inhibiting 
Th2 responses, and therefore CpG-ODNs are considered as 
adjuvant treatment for Th2-mediated allergy (7). Despite 
significant advances in treating Th2 allergic disease using these 
compounds as therapeutic adjuvants, the clinical use of PS 
CpG-ODNs is restricted by side effects such as megalosplenia, 
pro-inflammatory cytokine release, and lymphoid follicle 
destruction (23). Therefore, the development of less toxic CpG- 
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ODNs is necessary. In the present study, we showed that 46O, 
which carries a PO backbone, did not induce megalosplenia and 
secreted lower levels of pro-inflammatory cytokines than 
1826S, a PS CpG-ODN. 

CpG-ODNs inhibit IgE synthesis in B cells, a process that 
requires two signals (19). The first signal is provided by IL-4, 
which activates transcription at a specific Ig locus. The second 
signal is provided by the ligation of CD40 on B cells, which in 
turn activates DNA switch recombination. This signal can be 
also provided by LPS instead of CD40 in vitro. Liu et al. showed 
that PS CpG-ODN directly up-regulates T-bet expression in 
CD40/IL-4-stimulated B cells and T cells, resulting in IgE 
suppression (24). However, it remains to be elucidated how 
PO CpG-ODN inhibits IgE production in LPS/IL-4-stimulated B 
cells. 

In this study, we revealed a novel mechanism involving PO 
CpG-ODN-induced IgE inhibition via TGF- signaling in LPS/IL- 
4-stimulated B cells. Oral administration of high doses of 
TGF- inhibits serum IgE in an OVA-induced allergy model 
(25). Another study demonstrated that CpG-ODN promotes 
IL-8 and TGF-1 via NF-B activation in prostate cancer cells 
(26). TGF- signaling inhibits IgE synthesis and AD (20). 
Consequently, TGF- signaling was investigated as a possible 
target of 46O in IgE inhibition. Indeed, 46O-induced TGF- 
signaling inhibited IgE synthesis in B cells activated by 
stimulation with LPS/IL-4 or CD40/IL-4. To elucidate the 
mechanism of TGF- induction by 46O, we investigated Smad7 
expression, which plays an essential role in the negative feedback 
regulation of TGF- signaling by inhibiting TGF- receptors (21). 
Here, we showed that Smad7 mRNA was suppressed drama-
tically by 46O treatment in LPS/IL-4-stimulated B cells. 
LY364947, a TGF- inhibitor, rescued 46O-induced IgE sup-
pression; however, this response was not mediated by 1826S 
in LPS/IL-4-treated B cells. These results suggest that the 
inhibitory mechanism of 46O differs from that of 1826S and 
only 46O inhibits IgE synthesis via TGF- signaling in LPS/IL- 
4-activated-B cells. Thus, 1826S and 46O may have different 
modes of action and the inhibitory mechanism of 1826 may be 
mediated via modulation of other signals rather than TGF-. 
However, a comprehensive study is required to delineate the 
inhibitory mechanism of 1826s on IgE production. Finally, we 
investigated the regulation of Id2/E2A complex formation in 
46O-treated B cells to further elucidate the mechanism by 
which 46O inhibits IgE via TGF- up-regulation. E2A binds to 
the E-Box within the  germline promoter, which promotes IgE 
class switch recombination (CSR) (27) and is negatively 
regulated by Id2 via Id2-E2A interaction. Further, E2A binds 
strongly to E-boxes within the  germline promoter in Id2- 
deficient mice (28). Interestingly, TGF- can induce Id2 (29). 
Therefore, we investigated whether 46O induced Id2/E2A 
interaction via TGF- induction. As expected, 46O inhibited 
IgE CSR by increasing Id2 via enhanced TGF- signaling in 
LPS/IL-4-stimulated B cells. 

We previously reported the therapeutic effects of topical 

application of 46O in allergic Th2 responses using a mouse 
model of AD (30). In this study, we demonstrated for the first 
time the detailed mechanism of the preventive effects of 46O 
against allergic diseases. Several studies have reported that 
OVA stimulation, together with aluminum, induces release of 
OVA-specific IgE, which represents a switch to induction of 
allergic Th2 responses (31). In the present study, 46O was 
administered once, twice, or four times intravenously before 
sensitization. Treatment with 46O inhibited IL-4 secretion in 
IgE-secreting plasma cells isolated from PBS-treated mice in 
vitro as well as OVA-specific synthesis of IgE and IL-4 in sera. 
Moreover, the toxicity of 46O, as measured by the occurrence 
of splenomegaly and TNF- production, was significantly 
lower compared to that of 1826S. These results indicate that 
46O pre-treatment can prevent the Th2 response in allergic 
diseases without cytotoxicity.

Taken together, we demonstrated that 46O treatment prevents 
allergic responses by up-regulating TGF- via suppression of 
Smad7, which inhibits IgE synthesis by inducing Id2/E2A 
complex formation in LPS/IL-4-stimulated B cells. Therefore, 
our data suggest that 46O may be a safe and effective 
therapeutic candidate for treatment of allergic diseases such as 
AD and asthma.

MATERIALS AND METHODS

Detailed information is provided in the Supplementary Information.
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