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Abstract
Background: Although immunosuppressants for therapy of 
atopic dermatitis (AD) are still being sought, proteasome in-
hibitors are also potential candidates for the treatment of 
AD. Proteasome inhibitors exert various effects by blocking 
proteasomal degradation and help regulate processes such 
as apoptosis induction via caspase-9, cell cycle progression 
via cyclins, NF-κB inactivation via IκB, and downregulation of 
antigen cross-presentation. The cells targeted by protea-
some inhibitors are therefore activated cells undergoing 
proliferation or differentiation, and antigen-presenting cells 
carrying out protein degradation. Objectives: This study in-
vestigated the therapeutic effects and side effects of a pro-
teasome inhibitor, MG132, on the treatment of AD. Meth-
ods: AD-like disease in NC/Nga mice housed under specific 
pathogen-free conditions was induced by repeated applica-
tion of 2,4-dinitrofluorobenzene (DNFB). Disease progres-
sion was evaluated by inflammation score, histopathology, 
and serum IgE level, and the effects of systemic MG132 ad-

ministration were investigated. The percentages and abso-
lute numbers for each population of Th1, Th2, and Th17 cells 
in the axillary lymph nodes were analyzed by flow cytometry. 
Results: DNFB application increased the expression of a 
unique major histocompatibility complex class I mutant 
molecule D/Ldm7 in dendritic cells (DCs), and increased Th1 
and Th17 cells in NC/Nga mice. In vivo MG132 administration 
to NC/Nga mice with DNFB-induced dermatitis reduced 
Th17 cells but maintained the level of Th1 cells, resulting in 
the alleviation of dermatitis lesions by decreasing both se-
rum IgE hyperproduction and mast cell migration. To under-
stand the mechanisms maintaining Th1 cell levels following 
in vivo MG132-administration, we focused on the role of pro-
teasomes regulating D/Ldm7 expression. Interestingly, 20S 
proteasome activity was higher in NC/Nga DCs than in 
BALB/c DCs. In vitro MG132 administration partially in-
creased D/Ldm7 expression in a dose-dependent manner 
during DC maturation, and induced IFN-γ production from 
autoreactive CD8+ T cells but not from CD4+ T cells follow-
ing coculturing with D/Ldm7-upregulated DCs. Conclusion: 
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Although MG132 administration temporarily alleviated AD 
pathogenesis in NC/Nga mice, prolonged MG132 treatment 
may result in immunopathogenesis leading to chronic AD 
due to its side effect of maintaining Th1 levels via autoreac-
tive CD8+ T cells. © 2018 S. Karger AG, Basel

Introduction

NC/Nga mice are prone toward spontaneously devel-
oping atopic dermatitis (AD)-like skin lesions under nor-
mal conditions, but not under specific pathogen-free 
(SPF) conditions [1]. NC/Nga mice have the unique H-
2nc haplotype (Kd, D/Ldm7, I-Ak, I-Ek) and are sensitive to 
house dust-mite allergens under SPF conditions and de-
velop an intense AD-like disease [2, 3]. Sustained applica-
tion of 2,4-dinitrofluorobenzene (DNFB) on the skin can 
elicit contact hypersensitivity (type IV allergy) through its 
role as a hapten [4]; however, while there is susceptibility 
toward the development of DNFB-induced dermatitis in 
BALB/c (H-2d), A/J (H-2a), and CBA (H-2k) mice, this 
has not been observed in C57BL/6 (H-2b), C57BL/10 (H-
2b), and AB.Y (H-2b) mice, which implies differing de-
grees of tolerance toward DNFB [5]. Interestingly, DNFB-
induced dermatitis in NC/Nga mice under SPF condi-
tions is associated with the development of AD-like 
disease (mixed type I and IV allergies) rather than contact 
dermatitis (type IV allergy) [6]. Because AD-like disease 
can also develop in DNFB-applied BALB/c mice by the 
adoptive transfer of IgE that recognizes DNFB as a hapten 
[7], immunoglobulin class switching to IgE may be asso-
ciated with the development of AD-like disease. In addi-
tion, DNFB-induced development of AD-like disease in 
NC/Nga mice has been associated with the major histo-
compatibility complex (MHC) class I type (H-2nc), be-
cause signs of contact dermatitis (type IV allergy) have 
been observed in DNFB-treated H-2b congenic NC/Nga 
mice [8].

The proteasome inhibitor MG132 has been shown to 
inhibit apoptosis through mitochondrial disruption via 
caspase-9 [9], allow cell cycle progression by inhibition of 
the proteasomal degradation of cyclin D1 [10], activate 
cell growth by inhibiting the degradation of the E2F tran-
scription factors [11], and inactivate the transcription 
factor NF-κB by inhibiting degradation of IκB [11]. The 
efficacy of in vivo MG132 administration has previously 
been researched for the treatment of inflammatory bowel 
disease (IBD), for which it is used as an anti-inflammato-
ry agent [12]. The immunoproteasome inhibitor ONX-

0914 and the proteasome inhibitor bortezomib (BTZ) 
have been shown to affect autoimmune development 
through the reduction of Th17 cells [13, 14]. BTZ applica-
tion to the ovalbumin (OVA)-driven AD-developed 
model in BALB/c mice reduced both the serum IgE level 
and T cell infiltration into dermatitis lesions [15], and 
treatment with BTZ alleviated the atopic symptoms of 
2,4-dinitrochlorobenzene-induced AD mice by increas-
ing claudin-1 expression [16].

Proteasome inhibitors also target the ubiquitin-protea-
some pathway during MHC class I antigen processing. The 
effects of proteasome inhibitors on MHC class I expression 
are complicated. MHC class I molecules require 3 elements 
for correct structural arrangement: the antigen, β2-
microglobulin (β2-m), and the α-chain. The antigenic pep-
tides are generated via cytosolic proteolysis and transport-
ed by the transporter associated with antigen processing 
(TAP) complex into the endoplasmic reticulum, where 
they bind to MHC class I molecules and are delivered to 
the cell surface. The loss of some antigenic peptides can 
result from failed cytosolic proteolysis, in which the 26S 
proteasome or 20S immunoproteasome performs ubiqui-
tination-dependent or ubiquitination-independent pro-
tein degradation. β2-m knockouts or mutations in the TAP 
complex prevent the expression of all MHC class I mole-
cules. Misfolded α-chains result from activation of the 
standard 20S proteasome for ubiquitination-dependent 
protein degradation related to translocation from the en-
doplasmic reticulum into the cytosol [17–20].

In this study, we demonstrated that in vivo MG132 
administration to NC/Nga mice alleviated the acute 
pathogenesis of DNFB-induced dermatitis by decreasing 
both serum IgE hyperproduction and mast cell migra-
tion, and that it maintained Th1 levels via an autoreactive 
CD8+ T cell response to D/Ldm7 upregulation in dendrit-
ic cells (DCs). We also discuss the immunopathogenesis 
that leads to chronic AD.

Materials and Methods

Mice
NC/Nga mice (male, H-2nc [2], Mls-1a [21]; Japan SLC, Ham-

amatsu, Japan) at 10–14 weeks of age were used in all of the ex-
periments. Mice were maintained by breeding in SPF air condi-
tions with microbiological monitoring tests (twice per year) and 
periodic cage exchange, and with a full-barrier animal facility un-
der a controlled temperature (24–25  ° C) and humidity (25–35%), 
and with a 12-h light/dark regimen. All experiments were ap-
proved by the NVLU Institutional Review Board for animal stud-
ies, and performed following the guidelines provided by the com-
mittee for animal welfare.
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DNFB-Induced Dermatitis Model
 The methods in this study have been described previously [6]. 

AD-like skin lesions were induced by the repeated application of 
25 µL of 0.15% DNFB (Wako Pure Chemicals, Tokyo, Japan) in 
acetone/olive oil (3: 1) to the skin of the ears, calva, and neck on 
days 0, 3, 5, 7, 9, 11, 13, 15, 17, and 19. The control mice were ap-
plied the acetone/olive oil (3: 1) alone as the vehicle of DNFB. Mice 
(body weight approx. 23–25 g) were repeatedly i.p. injected 200 
nmol of MG132 (AdooQ BioSience, Irvine, CA, USA) on days 0, 
3, 5, 7, 9, 11, 13, 15, 17, and 19. Dermatitis was evaluated by assign-
ing an inflammation score [22]. Briefly, inflammation of the face, 
ears, and the anterior part of the body was scored as follows: 0, 
none; 1, mild; 2, moderate, and 3, severe. This scoring was based 
on the severity of erythema/hemorrhage (e/h), edema (ed), exco-
riation/erosion (e/e), and scaling/dryness (s/d), and total points 
were evaluated as the severity of dermatitis.

Histopathology and Specific Stains
Histopathological analyses were performed on a minimum of 

4 animals per experimental group. Tissues were immersion-fixed 
in 10% buffered formalin and processed by routine methods for 
paraffin sectioning. Paraffin sections, 6 µm thick, were stained 
with hematoxylin and eosin (HE) and toluidine blue (TB) stain, 
and examined by light microscopy.

ELISA
Blood samples were collected from the orbital sinus in mice us-

ing a hematocrit tube, and serum samples were obtained by cen-
trifugation. The total serum IgE was measured by a mouse IgE 
ELISA kit (Shibayagi Co. Ltd., Gunma, Japan) following the man-
ufacturer’s instructions. The IFN-γ, IL-2, and IL-4 in the culture 
supernatants after stimulation with 10 nM PMA (phorbol 12-my-
ristate 13-acetate; Sigma-Aldrich, St. Louis, MO, USA) and 1 μM 
ionomycin (Sigma-Aldrich) for 4 h of CD4+ T cells from axillary 
lymph nodes (LNs) were measured by mouse Th1/Th2 ELISA 
Ready-SET-Go! (eBioscience) following the manufacturer’s in-
structions.

Flow Cytometry
Peripheral blood mononuclear cells (PBMCs) were isolated 

from mouse blood using Lymphoprep (ProGen, Heidelberg, Ger-
many). For analysis, PBMCs suspended in PBS were stained by 
FITC-conjugated anti-Db/Ld mAb (clone 28-14-8; BioLegend), 
FITC-conjugated anti-Db/Ld mAb (clone 27-11-13S; Southern 
Biotechnology Associates Inc., Birmingham, AL, USA), PE-conju-
gated anti-I-Ak mAb (clone 11-5.2), PE-conjugated anti-CCR4 
mAb (clone 2G12), biotin-conjugated anti-CCR5 mAb (clone 
HM-CCR5), biotin-conjugated anti-CCR6 mAb (clone 29-2L17), 
FITC-conjugated anti-CD4 mAb (clone RM4-5), and PE/Cy5-
conjugated streptavidin (BioLegend). One-color, 2-color, or 3-col-
or analysis was conducted by FACS (FACSCalibur, BD, Japan). 
The population of positive or negative controls in FACS was regu-
lated, and the data of samples simultaneously taken up was ana-
lyzed.

Cell Culture
CD11b+ cells (1 × 106/well; > 92%) enriched from PBMCs or 

LNs using anti-mouse CD11b Magnetic Particles-DM (BD Biosci-
ences, San Diego, CA, USA) were cultured for 3 days with 20 ng/
mL of recombinant (r)IL-4 (PeproTech, Rocky Hill, NJ, USA) and 

20 ng/mL rGM-CSF (PeproTech), or with 0, 0.4, 2, or 10 µM of 
proteasome inhibitor MG132 (Cayman Chemical, Ann Arbor, MI, 
USA) in a 24-well flat-plate. CD4+ T cells (3 × 105/well) or CD8+ 
T cells (3 × 105/well) enriched from LNs using anti-mouse CD4 
(GK1.5) or anti-mouse CD8a (53-6.7) Magnetic Particles-DM (BD 
Biosciences) were cocultured for 72 h at 37  ° C in 5% CO2 with 
washed CD11b+ cells (1–3 × 105/well) irradiated with a 30-Gy X-
ray (CP160, Faxitron, Wheeling, IL, USA). The culture medium 
was RPMI 1640 containing 10% heat-inactivated FCS, L-gluta-
mine, nonessential amino acids, sodium pyruvate, 2-ME, and pen-
icillin-streptomycin (Wako, Tokyo, Japan).

20S Proteasome Activity
The 20S proteasome activity assay in CD11b+ cells purified 

from LNs was performed according to the manufacturer’s instruc-
tions using a 20S proteasome assay kit (Cayman Chemical). Brief-
ly, 2 µM of MG132 was used in the inhibition of 20S proteasome 
activity. A total of 0.5 µM of ONX0914 (AdooQ BioSience) was 
used in selective inhibition of immunoproteasome LMP7. SUC-
LLVY-AMC (10 µL) as a specific substrate for the 20S proteasome 
was added to 100 µL of lysate supernatant of CD11b+ cells or Jur-
kat cell lysate supernatant (positive control) or buffer alone (nega-
tive control) in a 96-well black plate, and the plate was incubated 
at 37  ° C for 1 h. The fluorescent intensity of each well (excitation 
360 nm, emission 480 nm) was analyzed with a microplate reader 
(Bio-Rad Labs, Hercules, CA, USA).

Statistical Analysis
Statistical analysis was performed with analysis of variance 

(ANOVA) using Excel (Microsoft) and StatPlus (AnalystSoft, Al-
exandria, VA, USA). A p value < 0.05 was considered significant. 
The ANOVA test was performed after a normal distribution test 
(Shapiro-Wilk test).

Results

Effects of MG132 Administration on Dermatitis, 
Serum IgE Levels, and Mast Cells in DNFB-Applied 
NC/Nga Mice
The efficacy of in vivo administration of MG132 to 

DNFB-induced dermatitis in NC/Nga mice was investi-
gated. DNFB-induced dermatitis was evaluated from 
days 3–20 by assigning an inflammation score [22]. The 
high inflammation scores of the dermatitis lesions and 
the axillary lymphadenopathy induced in DNFB-applied 
NC/Nga mice by day 14 were significantly improved by 
in vivo administration of MG132 (Fig. 1a; online suppl. 
Fig. S1; see www.karger.com/doi/10.1159/000488155 for 
all online suppl. material). However, there was no statisti-
cally significant difference between treated and untreated 
mice on day 20 because of a peak in lesion progression at 
this time. The average number of migrating mast cells per 
0.33 mm2 was calculated; it was observed that in vivo ad-
ministration of MG132 significantly decreased serum IgE 
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Fig. 1. DNFB-induced dermatitis, serum IgE hyperproduction, 
and mast cell migration are alleviated due to in vivo MG132 ad-
ministration in NC/Nga mice. a Dermatitis scores evaluated be-
tween days 3 and 20 of treatment. The bar graphs indicate the 
mean ± SD, n = 4 or 5 mice/group. * DNFB versus DNFB with 
MG132; p < 0.05, ANOVA. b, c The serum IgE concentration on 
day 14 was analyzed by ELISA. The number of migrating mast cells 

in the neck skin on day 14 was counted over 6 fields at ×200 mag-
nification in tissue sections stained by TB. The bar graphs indicate 
the mean ± SD, n = 4 or 5 mice/group. * p < 0.05, ANOVA; ** p < 
0.01, ANOVA. d On day 14, the degree of acanthosis in the neck 
skin and the ear thickness were evaluated at ×200 magnification in 
tissue sections using HE stain. Scale bar, 100 μm. Data are repre-
sentative of 2 independent experiments.
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Fig. 2. In vivo MG132 administration induces a Th1 response.  
a D/Ldm7-positive monocyte population (I-Ak+) from PBMCs on 
day 10, Th2 (CCR4+CCR5−), Th1 (CCR4−CCR5+), and Th17 
(CCR4+CCR6+) populations from axillary LNs on day 14, ana-
lyzed by FACS. The number of quadrant regions in the FACS pan-

els is indicated as percentages (upper) and the absolute number 
×10–3 (lower). Bar graphs depicting the percentages (b) of Th1, 
Th2, and Th17 and the absolute numbers of Th1, Th2, and Th17 
in axillary LNs (c) are the mean ± SD, n = 4 or 5 mice/group. * p < 
0.05, ANOVA; ** p < 0.01, ANOVA.
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hyperproduction and mast cell migration in DNFB-ap-
plied NC/Nga mice (Fig. 1b, c; p < 0.05, ANOVA). Histo-
logically, on day 14, the acanthosis and the ear thickening 
with inflammatory cell infiltration induced by DNFB ap-
plication were alleviated by in vivo administration of 
MG132 (Fig. 1d).

Increased D/Ldm7 from MG132 Administration to 
DNFB-Induced Dermatitis of NC/Nga Mice
Sustained application of DNFB to skin can elicit con-

tact hypersensitivity (type IV allergy) by acting as a hap-
ten. After DCs take up DNFB-binding protein in the skin, 
MHC expression on the DCs is thought to be upregulated 
through the acceleration of antigen presentation. Here 
the efficacy of in vivo administration of MG132 in naïve 
NC/Nga or dermatitis-induced NC/Nga mice using 
DNFB under SPF conditions was investigated. D/Ldm7 ex-
pression on monocytes in PBMCs of these mice was ob-
served by sequential sampling. In NC/Nga mice with 
DNFB-induced dermatitis, D/Ldm7 expression on mono-
cytes significantly increased on day 14 when treated with 
MG132 (Fig. 2a).

Effect of in vivo MG132 Administration on Th1/Th2 
Balance
CD4+ T cell subsets can be roughly identified by the 

expression patterns of their chemokine receptors: Th1 
(CCR4−CCR5+) [23], Th2 (CCR4+CCR5−) [24], and 
Th17 (CCR4+CCR6+) [25]. The effect after day 14 of in 
vivo administration of MG132 on DNFB-applied NC/
Nga mice under SPF conditions was analyzed using 
FACS. In axillary LNs, the absolute number of Th1 cells 
(CCR4−CCR5+) was unchanged following MG132 ad-
ministration compared with DNFB application alone  
(p = 0.63, ANOVA). In contrast, the absolute numbers of 

Th2 cells (CCR4+CCR5−) and Th17 cells (CCR4+CCR6+) 
were significantly reduced (Fig. 2c; p < 0.001, ANOVA). 
ELISA analysis (online suppl. Fig. S2) of the culture su-
pernatant of CD4+ T cells (5 × 105/well) purified from 
LNs of DNFB-applied NC/Nga mice after stimulation 
with a combination of PMA and ionomycin for 4 h 
showed no marked fluctuation in the levels of IL-4 (a Th2 
cytokine), although these levels tended to decrease some-
what following MG132 administration to DNFB-applied 
NC/Nga mice (p = 0.132, ANOVA). However, IFN-γ 
(Th1 cytokine) and IL-17 (Th17 cytokine) levels in the 
culture supernatant were greatly increased in DNFB-ap-
plied NC/Nga mice (p < 0.001, ANOVA), and IFN-γ lev-
els were further increased by MG132 administration to 
these mice. IL-17 levels were unchanged by MG132 ad-
ministration after DNFB application. These results cor-
related with an analysis of the percentage of CCR pheno-
types (Fig. 2b; online suppl. Fig. S2). Thus, MG132 ad-
ministration reduced the populations of Th2/Th17 cells 
but not the functioning of these cells.

Higher 20S Proteasome Activity in NC/Nga DCs than 
in BALB/c DCs
To understand the mechanisms of Th1 maintenance 

in DNFB-applied mice following in vivo MG132 admin-
istration, we focused on the role of proteasomes known 
to regulate D/Ldm7 expression on antigen-presenting 
cells. We used CD11b+ cells as antigen-presenting cells, 
because recent research indicated that all classic DCs can 
be categorized into 2 functional subsets that express ei-
ther CD103 or CD11b, but not markers such as CD11c or 
CX3CR1 [26]. Following DNFB application, the partial 
loss of each MHC class I molecule (the α-chain) likely  
occurred because of enhanced 20S proteasome activity 
through posttranscriptional regulation, because 20S  

Fig. 3. D/Ldm7 expression on antigen-presenting cells increased by 
in vitro MG132 administration induces autoreactive CD8+ T cells 
in NC/Nga mice. a 20S proteasome activity in lysed CD11b+ cells 
purified from the LNs (black bars) of NC/Nga and BALB/c mice 
and analyzed using a 20S proteasome assay kit (Cayman). Jurkat 
cell lysate supernatant was used as a positive control (100% sub-
strate). The effects of MG132 administration (gray bars) are indi-
cated. Data are representative of 2 independent experiments. The 
bar graphs indicate the mean ± SD. * NC/Nga (black bar) versus 
BALB/c (black bar), p < 0.05, ANOVA. b D/Ldm7 expression (anti-
Ld mAb; clone 28-14-8 and clone 27-11-13S) on the cell surface of 
CD11b+ cells after control culture (upper) or maturation (lower) 
with administration of 0 µM (gray fill), 2 µM (no fill, black line), 
and 10 µM (no fill, gray line) of MG132, as analyzed by FACS. The 

numbers indicated in the panel show the mean fluorescence inten-
sity. c Bar graphs representing the mean fluorescence intensity of 
D/Ldm7 expression in CD11b+ cells after control culture (gray fill) 
or maturation (black fill) with administration of 0, 2, and 10 µM of 
MG132, depicted as the mean ± SD, n = 3 mice/group. * 10 µM 
versus 0 µM, p < 0.05, ANOVA; ** 10 µM versus 2 µM, p < 0.05, 
ANOVA. Data are representative of 3 independent experiments.  
d Microscope images of CD8+ T cells cocultured with irradiated 
D/Ldm7-upregulated CD11b+ cells after 0, 0.4, 2, or 10 μM MG132 
administration. e IFN-γ produced by CD8+ or CD4+ T cells in the 
supernatants of cocultures with irradiated D/Ldm7-upregulated 
CD11b+ cells after 0, 0.4, 2, or 10 μM MG132 administration.  
* p < 0.05, ANOVA. Data are representative of 2 independent ex-
periments.

(For figure see next page.)
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proteasome activity in CD11b+ cells purified from the 
LNs of NC/Nga mice was enhanced compared with that 
from BALB/c mice (Fig. 3a). Chemical inhibitors of pro-
teasomes are widely used in research on proteasome 
function. MG132 (peptide aldehyde type; Z-Leu-Leu-
Leu-CHO) when used as a general proteasome inhibitor 
has a more sensitive effect on proteasome inhibition than 
ALLN (N-acetyl-Leu-Leu-norleucinal) [27]. The 20S 
proteasome activity in both NC/Nga and BALB/c mouse 
strains was significantly decreased by MG132 administra-
tion (Fig.  3a, gray bar). A selective chemical inhibitor 
such as ONX0914 can specifically inhibit the function of 
the immunoproteasome subunit LMP7 [28]. The 20S 
proteasome activity in NC/Nga mice was unaffected by 
immunoproteasome-specific inhibitor ONX0914 admin-
istration (data not shown). These results indicated that 
the 20S proteasome activated in NC/Nga mice following 
DNFB application is likely a standard 20S proteasome 
rather than a 20S immunoproteasome.

Upregulation of D/Ldm7 Expression in NC/Nga DCs 
by MG132 Administration
The H2-haplotype of NC/Nga mice comprises a unique 

genotype (Kd, D/Ldm7, I-Ak, I-Ek), in which D/Ldm7 ex-
pression is lost at the protein level [2]. To investigate 
whether D/Ldm7 expression in NC/Nga mice is upregu-
lated by the inhibition of protein cleavage, we researched 
the effect of the proteasome inhibitor MG132 on D/Ldm7 
expression in CD11b+ cells under maturation conditions. 
The expression of D/Ldm7 after in vitro MG132 adminis-
tration, as detected with 2 commercial mAbs (28-14-8 
and 27-11-13S) specific to the α3 domain of Ld [2], was 
slightly increased under maturation conditions, but not 
under the control culture conditions, in an MG132 con-
centration-dependent manner (0, 2, and 10 μM; Fig. 3b, 
c). Although administration of rIFN-γ and rTNF-α are 
reported to increase MHC class I expression by reversing 
antigen-dependent downregulation [29], in our study 
their in vitro administration did not increase D/Ldm7 ex-
pression on NC/Nga CD11b+ cells under maturation 
conditions (data not shown).

IFN-γ Production from CD8+ T-Cells, but Not CD4+ 
T-Cells, in Coculture with MG132-Administered DCs
To understand which cells are activated by D/Ldm7-

upregulated matured CD11b+ cells, the IFN-γ produc-
tion of CD8+ T cells and CD4+ T cells purified from the 
LNs of NC/Nga mice was analyzed by coculturing with 
irradiated D/Ldm7-upregulated CD11b+ cells following 
in vitro MG132 administration under maturation condi-

tions. D/Ldm7-upregulated DCs were inactivated by irra-
diation at 30 Gy before coculture. Autoreactive activation 
of CD8+ T cells, but not CD4+ T cells, was detected by 
coculturing with irradiated DCs after the administration 
of 2 or 10 μM of MG132 (Fig. 3d). IFN-γ produced from 
CD8+ T cells, but not CD4+ T cells, exhibited a signifi-
cant increase in the supernatant of cocultures with irradi-
ated DCs after the administration of 2 or 10 μM of MG132, 
as determined by ELISA (Fig. 3e).

Discussion

Nonpharmacologic interventions and pharmacologic 
topical therapies are available for the treatment of AD. 
Most AD patients rely on pharmacologic topical thera-
pies. As a maintenance regimen, 1.25% hydrocortisone 
cream applied to the acid mantle of the skin as a steroid-
based emollient is both effective and safe for longer peri-
ods (e.g., months) to prevent acute flares, while stronger 
steroids are used for the rapid treatment of acute flares 
[30]. However, because AD patients often gradually ac-
quire drug resistance, there is documented risk, particu-
larly with systemic corticosteroid use. For patients with 
severe AD, particularly in adults, phototherapy, metho-
trexate, azathioprine, cyclosporine, and mycophenolate 
mofetil have been successfully used instead of corticoste-
roids [31]. A drug that can be safely used as a systemic 
immunosuppressant is sought for the treatment of severe 
AD.

Here, the effects of systemic administration of the pro-
teasome inhibitor MG132 were researched using the AD-
like disease model, NC/Nga mice. In vivo MG132 treat-
ment of DNFB-induced dermatitis reduced Th2 and 
Th17 cell numbers but had no effect on Th1 cells, result-
ing in the alleviation of dermatitis lesions by decreasing 
both serum IgE hyperproduction and mast cell migra-
tion. An interesting effect of MG132 was the partial up-
regulation of D/Ldm7. Fromm et al. [32] also reported that 
MG132 administration in vitro increased the cell surface 
expression of MHC class I heavy chains. This study indi-
cated that the Th1 response via autoreactive CD8+ T cells 
activated by D/Ldm7-upregulated DCs can alleviate Th2-
dependent type I allergic dermatitis by shifting the ratio 
of Th1/Th2 [33]. In addition, some reports have indicated 
that blockage of the ubiquitination-dependent protein 
degradation pathway induces a Th1 response. The ad-
ministration of USP10 (ubiquitin-specific protease 10), 
which can remove ubiquitin conjugated to a target pro-
tein T-box transcription factor (T-bet), rescues Th1 im-
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mune response [34]. It was also reported that a novel N-
amidinopiperidine-based proteasome inhibitor can res-
cue DC differentiation from the immunosuppressive 
environment of a tumor, consequently inducing Th1 ef-
fector differentiation [35].

In recent research, these immunologic responses by 
Th1 and Th17 have been suggested to be part of the im-
munopathogenesis that leads to chronic AD [36, 37], and 
these responses are also detected in various autoimmune 
diseases. The autoallergens Hom s 1–5 were identified by 
screening a human epithelial cDNA library for IgE bind-
ing of sera from AD patients [38–40]. Hom s 2 corre-
sponds to the α-chain of the nascent polypeptide-associ-
ated complex (α-NAC), and α-NAC-specific autoreactive 
CD8+ T cells were identified as secreting both IL-4 and 
IFN-γ in AD patients [41]. However, autoreactive CD4+ 
T cells were not generated from PBMCs in AD patients 
by α-NAC peptides [42]. In this study, autoreactive acti-
vation of CD8+ T cells but not of CD4+ T cells was also 
detected by coculturing with irradiated D/Ldm7-upregu-

lated CD11b+ cells treated with MG132. This suggests an 
avenue for further investigation as a condition similar to 
dermatitis in AD patients was observed in our MG132-
treated AD model of NC/Nga mice. This study indicated 
that the side effects of the proteasome inhibitor MG132 
may induce the immunopathogenesis that leads to chron-
ic AD.
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