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DNA vaccination against macrophage migration inhibitory
factor improves atopic dermatitis in murine models
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Background: Atopic dermatitis (AD) is a common chronic
inflammatory skin disease. Macrophage migration inhibitory
factor (MIF) is a proinflammatory cytokine that has been
implicated in the pathogenesis of AD. Recently, we developed a
novel DNA vaccine that generates neutralizing endogenous anti-
MIF antibodies.

Objective: This study explores the preventive and therapeutic
effects of this MIF-DNA vaccine in mouse models of AD.
Methods: Two different AD model mice (DS-Nh and NC/Nga)
received MIF-DNA vaccination to analyze preventive and
therapeutic effects, as assessed by clinical skin scores, histologic
findings, and serum IgE levels.

Results: In murine models of AD, MIF-DNA vaccination prevented
the occurrence of the AD skin phenotype. Furthermore,
administration of MIF-DNA vaccine to mice that had already
developed AD produced a rapid improvement in AD skin
manifestation. There were reduced histologic signs of inflammation
and lower serum IgE levels in treated mice compared with those
seen in control animals. Finally, passive transfer of IgG from MIF-
DNA vaccinated mice to AD mice also produced a significant
therapeutic effect. These results demonstrate that MIF-DNA
vaccination not only prevents the development of AD but also
improves the symptoms of pre-existing AD.

Conclusion: Taken together, the induction of an anti-MIF
autoantibody response using MIF-DNA vaccination appears to
be a useful approach in the treatment of AD. (J Allergy Clin
Immunol EEEE;EEN:EEN-NEN,)
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Abbreviations used

AD: Atopic dermatitis

MIF: Macrophage migration inhibitory factor
TTX: Tetanus toxin P30 Ty epitope

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin
disease with significant morbidity and an adverse effect on patient
well-being.! The prevalence of AD has increased 2- to 3-fold dur-
ing the past 3 decades in industrialized countries, and it presently
occurs in 10% to 20% of children and 1% to 3% of adults.> AD
is thought to result from a dysregulation in the normal interaction
between the environment, genes, defects in skin barrier function,
and systemic and local immunologic responses.3 The contribution
of the immune response to the pathogenesis of AD has been largely
attributed to abnormalities in the adaptive immune system, with
key roles played by Ty1/Ty2 cell dysregulation, IgE production,
dendritic cell signaling, and mast cell hyperactivity, leading to
the pruritic inflammatory dermatosis that characterizes AD.’

Macrophage migration inhibitory factor (MIF) is an upstream
regulator of the inflammatory response, and it is upregulated in
various inflammatory disorders, including AD.* We previously
reported that serum MIF levels in patients with AD were signifi-
cantly increased compared with those seen in healthy control sub-
jects and patients without AD.> In addition, circulating MIF
levels in patients with AD decrease as the clinical features of
the disease improve, suggesting that MIF might play a pivotal
role in the inflammatory response in these patients.”® Moreover,
MIF promotes IL-2 and IL-2 receptor expression and memory
T-cell development, and it might influence Ty 1/Ty?2 cell differen-
tiation responses.®’ Based on these observations suggesting that
MIF might be a therapeutic target in AD, we hypothesized that
inhibition of MIF with neutralizing antibodies might induce ben-
eficial therapeutic effects in patients with AD.

Monoclonal antibodies directed against proinflammatory
cytokines, such as TNF-«, have been used for the treatment of
rheumatoid arthritis, Crohn disease, and psoriasis,s’10 and there
have been a few reports describing the use of anti-TNF-a
mAbs for the treatment of AD.”® The application of mAbs to
AD nevertheless might be difficult because of the requirement
for frequent injections, the large quantities of immunoglobulin
protein required, and the associated costs of production. More-
over, even fully humanized antibodies are potentially immuno-
genic and might elicit antibody responses, thereby limiting their
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long-term therapeutic efficacy. These limitations have led to the
development of alternative neutralization strategies, including
methods that aim to elicit autoantibodies against target proteins,
such as cytokines or pathogens, by administering them in a naked
or partially modified form as therapeutic vaccines.

We recently developed an MIF-DNA vaccine that breaks
immunologic tolerance by introducing oligonucleotides encod-
ing a foreign Ty cell epitope into the murine MIF cDNA se-
quence.'"'” We demonstrated that this MIF-DNA vaccination
elicits production of endogenous anti-MIF antibodies and showed
a significant amelioration of symptoms in murine models of rheu-
matoid arthritis” and sepsis.'"

The present study describes for the first time the preventive and
therapeutic effects of this MIF-DNA vaccine in 2 different mouse
models of AD.

METHODS

Animals

Six-week-old female BALB/c mice were purchased from Japan Clea
(Shizuoka, Japan). Male DS-Nh mice were provided by Aburabi Laboratories,
Shionogi and Co, Ltd (Shiga, Japan), and male NC/Nga mice were purchased
from SLC (Hamamatsu, Japan). All mice were bred and housed under
conventional conditions, and procedures were conducted according to the
guidelines of the Hokkaido University Institutional Animal Care and Use
Committee under an approved protocol.

Production of DNA vaccine

We previously reported the design of the MIF/tetanus toxin P30 Ty epitope
(TTX) DNA expression plasmid and our analysis of the in vitro expression of
MIF/TTX by using this plasmid.'" For the generation of immunologically ac-
tive MIF antigen, an MIF construct harboring a Ty epitope at its second loop
region was designed. For that purpose, the coding region for the second loop of
the mouse MIF, amino acids 32 to 37 (GKPAQY), was deleted from the MIF
cDNA and substituted with an EcoRI site. A complementary DNA coding for
the TTX (FNNFTVSFWLRVPKVSASHL) with EcoRI sites at both termini
was obtained by means of hybridization of partially overlapping oligo
DNAs (sense, ggaattcaacaacttcaccgtgagcttcetggetgegegtgeccaa; antisense,
ggaattccaggtggctggegcetcaccttgggeacgegeagecaga) after polymerization with
the Klenow fragment of DNA polymerase. After digestion with EcoRI, the
cDNA coding for the P30 Ty epitope was inserted into the EcoRI site of the
MIF expression plasmid lacking the second loop, and a clone with the insert
of correct orientation was selected. For vaccination, the plasmid DNA was pu-
rified by using standard methods with alkaline lysis followed by 2 rounds of
CsCl density gradient ultracentrifugation.

Vaccination protocols

Gene transfer into muscle by means of electroporation was performed as
described previously.'! Briefly, mice were anesthetized with ether and shaved
near their hind legs. A pair of electrode needles (5-mm gap and 0.5-mm diam-
eter; NEPA GENE, Chiba, Japan) was then inserted into an anterior tibial mus-
cle, and DNA vaccine (25 pg/25 pL of 0.9% saline) was injected into the portion
between the needles. Electrical pulses (50 V, 50 ms, 3 times) were applied (T820
and Optimizer 500; BTX, San Diego, Calif) and followed by another 3 pulses
with inverted polarity. The same injection and electroporation was applied to
the other tibial muscle. Thus 50 p.g of the naked plasmid was injected per mouse
into the tibias. A similar vaccination was repeated 3 weeks later.

Evaluation of anti-MIF antibody titer in sera of
DNA-vaccinated mice
Anti-MIF titers in plasma were determined by means of direct ELISA.

Briefly, individual plasma from vaccinated mice were collected from the tail
vein and diluted with 0.1% BSA/PBS/0.05% Tween 20. Small aliquots of
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diluted plasma (1:200) were added into 96-well flat-bottom plates precoated
with recombinant MIF. Anti-MIF antibodies that reacted with the precoated
recombinant MIF were detected with goat anti-mouse antibody conjugated
with horseradish peroxidase, followed by color development with substrate
reagent (Techne, Minneapolis, Minn).

Evaluation of clinical skin severity score

Mice were macroscopically observed and scored by 2 persons blind to the
treatment protocol. Before skin conditions were scored, scratching behavior
was observed for 2 minutes. A total clinical severity for AD-like lesions was
defined as the sum of the individual scores graded as O (none), 1 (mild), 2
(moderate), and 3 (severe) for each of 5 signs and symptoms (itch, erythema,
edema, excoriation/erosion, and scaling/dryness).I3

Measurement of IgE and TNF-« levels in sera

Serum total IgE levels were measured by using a sandwich ELISA kit
(Yamasa Shouyu, Chiba, Japan). Serum MIF levels were assayed with ELISA
kits for Genetic Lab (Sapporo, Japan). The ELISA procedures were conducted
according to the manufacturer’s instructions. The concentration of TNF-a was
determined by using the BD Cytometric Bead Array (BD PharMingen, San
Jose, Calif). Flow cytometric analysis was carried out with a FACSCalibur
flow cytometer (Becton Dickinson, Mountain View, Calif).

Real-time PCR analysis

Total RNA was extracted from dorsal skin to quantify cytokine mRNA
expression levels in dermatitis lesions. RNA samples were analyzed with the
ABI prism 7000 sequence detection system (Applied Biosystems, Foster City,
Calif). Primers and probes specific for IL-183, IL-4, IL-6, and IFN-y were
obtained from the TagMan gene expression assay (Applied Biosystems).
Differences between the mean cycle threshold (CT) values of cytokines and
those of B-actin (Applied Biosystems) were calculated as

A CT:amp[e = CTL'ytakine - CTB —actin,

and those of ACT for the normal adult skin were calculated as

A CTm[ihrmm‘ = CTL'_\'T()kin(’ - CTB—a(‘rin.

Final results for fetal skin sample/adult skin (as percentages) were deter-
mined as 2— (ACT sumpie —ACT catibrator)-

Histologic analysis

Six-micrometer-thick sections of dorsal skin were stained with hematox-
ylin and eosin, acidic toluidine blue (pH 4.0) for mast cells, and direct fast
scarlet for eosinophils. Cells between the epithelium and panniculus carnosus
were counted at a magnification of X400 and were expressed as the total
number of cells in 5 fields.

Treatment of neutralizing MIF mAbs

Neutralizing anti-MIF mAb (NIH-IIL.D9) was previously described.'* Neu-
tralizing MIF mAbs (50 p.g) or control IgG (50 wg) were injected intravenously
into 15-week-old NC/Nga mice with dermatitis twice a week for 3 weeks.

Adoptive transfer of autoantibodies elicited by
DNA vaccines

IgG was purified from the sera of control pPCAGGS plasmid— or MIF/TTX-
vaccinated DS mice at 6 weeks after the vaccination by using the protein A
Antibody Purification Kit (Amersham Biosciences, Piscataway, NJ). The
purified IgG was tested for its ability to suppress ongoing dermatitis in an
adoptive transfer experiment. DS-Nh mice with developing dermatitis were
separated at 15 weeks of age into 3 equally sick groups of 3 mice each. Every 3
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days, these animals were administered 50 pg per mouse of purified IgG from
control pCAGGS plasmid-vaccinated DS-Nh mice, purified IgG from MIF/
TTX-vaccinated DS-Nh mice, or an equal volume of PBS.

RESULTS
MIF/TTX vaccination prevents the onset of
AD in DS-Nh mice

DS-Nh mice housed under conventional conditions but not in a
specific pathogen free environment spontaneously exhibit AD-
like skin symptoms, including erythema, edema, excoriation,
erosion, dry skin, and desquamation.lS'17 Early skin symptoms
appear around 9 weeks of age and continue to worsen until age
25 weeks. An increase in total serum IgE levels is detected at
approximately 17 weeks of age and after the development of
skin lesions."> 7

We first examined the potential protective effect of the MIF/
TTX vaccine on dermatitis development by treating 9-week-old
DS-Nh mice before the development of skin eruptions. The
clinical features of the control pCAGGS plasmid—vaccinated
mice were similar to those of untreated mice. At 18 weeks of
age, or 9 weeks after the vaccination, both groups of mice
showed severe erythema, erosions, and dry skin (Fig 1, A). By
contrast, the MIF/TTX-vaccinated mice exhibited almost no
eruptions (Fig 1, B). The clinical skin score of MIF/TTX-vacci-
nated mice was low until 21 weeks of age (Fig 1, C), which is a
time at which the MIF/TTX-vaccinated mice showed high se-
rum levels of anti-MIF antibodies (Fig 1, D). Furthermore, in
the MIF/TTX-vaccinated mice the serum level of IgE was sig-
nificantly decreased and the serum MIF level was only slightly
decreased when compared with those seen in the control vacci-
nated mice (Fig 1, £ and F). In addition, cytokine expression in
affected skin lesions was analyzed by using real-time PCR. The
Ty2 cytokine IL-4 was very slightly downregulated, and the
Tyl cytokine IFN-y was slightly upregulated. Of note, the ex-
pression of the proinflammatory cytokines IL-13 and IL-6
was significantly suppressed in MIF-vaccinated mice compared
with that seen in control mice (Fig 1, G). Therefore the inhibi-
tion of MIF in the atopic model mice appears to result primarily
in the suppression of inflammation rather than affecting the
Tu1/TyH2 cytokine balance.

Improvement of clinical skin condition with MIF/TTX vaccine
also was confirmed by the observation that the lesions of mice
vaccinated with MIF/TTX vaccine showed amelioration in
hyperkeratosis, acanthosis, dermal edema, and infiltration of the
inflammatory cells at 21 weeks when compared with the condi-
tion of mice vaccinated with control pCAGGS plasmid (Fig 2, A).
At the affected skin sites, the numbers of eosinophils and mast
cells decreased significantly in the MIF/TTX-vaccinated mice
at 21 weeks when compared with those seen in the control vacci-
nated mice (Fig 2, B-D).

These data clearly show that MIF/TTX vaccination can prevent
the onset of AD-like dermatitis in DS-Nh mice.

MIF/TTX vaccination improves pre-existing AD

To determine whether the MIF/TTX vaccine has any therapeu-
tic effect in AD, we next vaccinated 15-week-old DS-Nh mice
with pre-existing AD and evaluated the progression of skin
changes. Mice treated with the control plasmid continued to
exhibit severe dermatitis 6 weeks after vaccination (Fig 3, A). By
contrast, the MIF/TTX vaccination significantly improved derma-
titis symptoms (Fig 3, B). The clinical skin scores of control-
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vaccinated mice increased after the vaccination, whereas that of
MIF/TTX-vaccinated mice began to decrease at 21 weeks of
age (Fig 3, C). At this time, the MIF/TTX-vaccinated mice
showed high levels of anti-MIF antibodies (Fig 3, D). Further-
more, the serum IgE and MIF levels of MIF/TTX-vaccinated
mice also were lower than those of control mice at 21 weeks of
age (Fig 3, E and F). In addition, serum TNF-a levels were signif-
icantly lower in the MIF/TTX-vaccinated mice when compared
with those seen in the control plasmid—vaccinated mice (Fig 3, G).

By means of histologic analysis, the lesions of mice vaccinated
with MIF/TTX vaccine showed improvement of hyperkeratosis,
acanthosis, dermal edema, and infiltration of inflammatory cells
at 21 weeks when compared with the control plasmid—vaccinated
mice (Fig 4, A). In addition, the numbers of eosinophils and mast
cells decreased significantly in the MIF/TTX-vaccinated mice
at 21 weeks when compared with those seen in the control
mice (Fig 4, B-D). The serum IgE level of MIF/TTX-vaccinated
mice decreased at 21 weeks of age compared with that of control-
vaccinated mice (Fig 4, E).

These data indicate that MIF/TTX vaccination leads to an
improvement in already established dermatitis in the DS-Nh mice.

We further observed that MIF-DNA vaccine improved the
manifestation of pre-existing AD in a second model of AD, which
develops in the NC/Nga strain.'""'*> We vaccinated 15-week-old
NC/Nga mice with dermatitis, and although the control pPCAGGS
plasmid—vaccinated mice still had severe dermatitis 6 weeks after
the vaccination treatment (Fig 5, A), the MIF/TTX-vaccinated
mice showed significant improvement (Fig 5, B). The clinical
skin score of control-vaccinated mice increased after the vaccina-
tion, whereas that of MIF/TTX-vaccinated mice began to de-
crease at 21 weeks of age (Fig 5, C). At this time, the MIF/
TTX-vaccinated mice showed high levels of anti-MIF antibodies
(Fig 5, D). The serum IgE and MIF levels of MIF/TTX-vaccinated
mice decreased at 21 weeks of age (Fig 5, E and F). These data
show that MIF-DNA vaccination improves dermatitis not only
in the DS-Nh strain but also in the NC/Nga mouse strains.

To confirm that anti-MIF antibodies suppress AD, we per-
formed an additional therapeutic experiment by using a neutral-
izing anti-MIF mAb. Anti-MIF mAb (50 pg) or an isotypic
control IgG (50 p.g) were injected intravenously into 15-week-old
NC/Nga mice with dermatitis twice a week for 3 weeks. Anti-MIF
mAbs, as well MIF vaccination, significantly improved AD skin
manifestations when compared with conditions seen in control
IgG—treated mice (Fig 5, G and H).

Adoptive transfer of autoantibodies elicited by
MIF/TTX-DNA vaccine suppressed AD

To better substantiate that the therapeutic action of MIF/TTX-
DNA vaccination could be attributed to anti-MIF autoantibodies,
we performed adoptive transfer of purified IgG from vaccinated
DS-Nh mice into naive DS-Nh mice. The purified IgG was
adoptively transferred into the 15-week-old DS-Nh mice that had
already demonstrated skin eruptions. As shown in Fig 6, this IgG
was effective in ameliorating AD, indicating that the therapeutic
effect of MIF/TTX vaccination could be adoptively transferred by
immune serum IgG.

DISCUSSION
In the present study we have shown that active vaccination
against MIF is a novel preventive and therapeutic approach in
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FIG 1. Prevention of the onset of AD by MIF/TTX-DNA vaccine. Nine-week-old DS-Nh mice without skin
eruptions were subjected to administration of MIF/TTX or a control plasmid (pCAGGS). Clinical features of
21-week-old DS-Nh mice vaccinated with endotoxin-free pCAGGS (A) and MIF/TTX (B; 12 weeks after the
vaccination) are shown. C, The clinical skin score of mice immunized with the MIF/TTX-DNA vaccine (solid
squares), immunized with pCAGGS plasmid (open squares), or left untreated (open circles). Results are
given as means *= SEs of 5 mice in each group. *P < .01 and **P < .005 versus pCAGGS at the same time
point. D, Serum level of anti-MIF autoantibodies (autoAb) at 12 weeks after vaccination. Means * SEs are
shown (n = 5). *P < .01. E, Serum IgE levels of the mice vaccinated with MIF/TTX (solid squares) and
pCAGGS (open squares). *P < .01 and **P < .005 for MIF/TTX versus pCAGGS at the same time point. Means
+ SEs of 5 mice in each group are shown. F, Serum MIF levels of the mice vaccinated with MIF/TTX (solid
squares) and pCAGGS (open squares). G, Cytokine expression (IL-18, IL-4, IL-6, and IFN-y) in affected skin
lesions was analyzed by using real-time PCR. *P < .05 and **P < .001.
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2 murine models of AD. We showed that mice administered
a MIF/TTX-DNA vaccine did not experience the cutaneous
manifestations of AD. The MIF/TTX-DNA vaccine also im-
proved the symptoms of pre-existing AD in 2 different strains of
AD-prone mice, the DS-Nh and NC/Nga strains. Finally, we

demonstrated that the therapeutic effect of MIF/TTX vaccination
could be adoptively transferred by serum IgG that contained MIF
autoantibodies.

Proinflammatory cytokines are believed to be important con-
tributors to the pathogenesis of skin inflammation in patients with
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FIG 2. Histologic analysis of AD in DS-Nh mice vaccinated with MIF/TTX or pPCAGGS plasmid before disease
onset. Nine-week-old DS-Nh mice without eruptions were administered MIF/TTX or control plasmid.
Specimens were collected from the dorsal skin 6 weeks after the first vaccination and stained with
hematoxylin and eosin (A, original magnification X40), direct fast scarlet for eosinophils (B, original mag-
nification X200), or toluidine blue for mast cells (C, original magnification x200). D, The number of eosin-
ophils and mast cells in 5 high-power fields from 4 individual skin specimens were enumerated by means of
microscopy. Means * SEs of 4 mice are shown. *P < .001 for MIF/TTX versus pCAGGS.

AD, which might depend on the duration of the skin lesion.
Patients with acute AD typically have a systemic Ty2 response
with increased serum IgE levels, eosinophilia, and a marked infil-
tration of T2 cells into acute skin lesions. The infiltrating T cells
show a predominance of IL-4, IL-5, IL-10, and IL-13 expres-
sion.'>!% In patients with chronic AD, however, there is infiltra-
tion of eosinophils and macrophages, and the disease becomes
associated with an increase in the expression of IL-12, with a
switch to Tyl cellular responses.'*'® Chronic AD skin lesions
in adults with a prolonged duration of disease have been shown

to manifest an increase in the expression of IL-1, IL-5, IL-12,
IFN-y, TNF-a, GM-CSF, and MIF.'*'® This biphasic Ty;1/T2
switch in immune response is characterized pathologically by li-
chenification, epidermal hyperplasia, and dermal fibrosis. MIF
regulates the production of various proinflammatory cytokines,
including TNF-a, and the inflammatory cytokines in response
to stimulation by LPS are known to be suppressed in MIF-defi-
cient mice. We previously reported that MIF-deficient mice
have an impaired contact hypersensitivity (CH) response and
that immunoneutralization of MIF effectively suppresses CH
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FIG 3. Therapeutic effect of MIF-DNA vaccination in DS-Nh mice with pre-existing AD. Fifteen-week-old
DS-Nh mice with ongoing dermatitis were administered MIF/TTX or control plasmid (pCAGGS) or left
untreated. A, Clinical features of DS-Nh mice vaccinated with control plasmid. B, Clinical features of DS-Nh
mice vaccinated with MIF/TTX. C, Clinical skin scores of mice immunized with MIF/TTX-DNA vaccine (solid
squares), control plasmid (open squares), or left untreated (open circles). Means + SEs of 10 mice per group
are shown. *P < .005 for MIF/TTX versus pCAGGS. D, Serum level of anti-MIF autoantibodies (autoAb) at 6
weeks after the vaccination. Means = SEs are shown (n = 10). *P < .001. Serum IgE (E) and MIF (F) levels of
the mice vaccinated with MIF/TTX vaccine (solid squares) and control pCAGGS plasmid (open squares) are
shown. The data shown are for 10 mice per group. G, The serum levels of TNF-a were decreased in MIF/TTX-
vaccinated mice (solid squares) compared with those seen in the control (pCAGGS) plasmid-vaccinated
mice (open squares). *P < .01 for MIF/TTX versus pCAGGS.

response19; these observations led us to speculate that MIF would
be a therapeutic target for AD.

The therapeutic aim of cytokine vaccine therapy is to induce
high titers of circulating polyclonal autoantibodies to neutralize
the pathologic levels of a particular cytokine. The advantages of
this therapy include the potential to maintain high antibody titers,
long-term efficacy, and low cost. Monoclonal antibodies directed
against TNF-a have been used for the treatment of psoriasis.'®
Jacobi et al” recently reported a clinical trial of infliximab mono-
therapy for 9 patients with moderate or severe AD who showed

significant improvement in all clinical parameters; however, this
improvement was not sustained by maintenance of the therapy.
The authors considered that the development of antichimeric an-
tibodies could explain the lack of a durable response to infliximab
maintenance therapy. A cytokine vaccine results in the production
of native antibodies, and it might overcome this limitation in anti-
cytokine antibody therapy.

It is unknown whether long-term inhibition of MIF activity
might be safe in human subjects. A major limitation of an active
immunization approach is the inability to control the outcome.
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FIG 4. Histologic analysis of AD in DS-Nh mice vaccinated with MIF/TTX or control plasmid after disease
onset. Fifteen-week-old DS-Nh mice with ongoing dermatitis were administered MIF/TTX or control
(pCAGGS) plasmid. Specimens were collected at 6 weeks after the first vaccination and stained with
hematoxylin and eosin (A, original magnification x40), direct fast scarlet for eosinophils (B, original mag-
nification x200), or toluidine blue for mast cells (C, original magnification xX200). D, The number of eosin-
ophils and mast cells in 5 high-power fields from 4 individual skin specimens were enumerated by means of
microscopy. Data represent means + SEs of 4 mice. *P < .001 for MIF/TTX versus pCAGGS.

However, it should be noted that serum MIF levels in the MIF-
DNA-vaccinated mice were maintained at a baseline level (Figs
2, F, and 4, F), despite an anti-MIF antibody level that remained
high for 6 weeks of vaccine administration. It is possible that the
present protocol of vaccination dose not induce a high enough
level of anti-MIF antibody to inhibit serum MIF protein com-
pletely. There are reports that autoantibody production induced
by vaccine-encoded antigens regress to baseline levels shortly
after remission in acute experimental autoimmune encephalomy-
elitis,l5 whereas in adjuvant-induced arthritis'® autoantibodies
continue to be produced at high titer. It has been considered
that targeted DNA vaccines amplify a pre-existing anti—self-reg-
ulatory response that by itself is capable of limiting, although

. . . e 15-17,20-22
not preventing, the emerging autoimmune condition. 5-17.20

In addition, we observed that MIF-DNA-vaccinated mice did
not show serious side effects, such as evident infections.

Serum IgE levels were significantly decreased when MIF
vaccination was used as a preventive agent, whereas the levels
were not significantly decreased when it was used as a therapeutic
agent. It is known, however, that IgE levels do not parallel the
clinical severity of AD in human patients."

The cardinal principles in the treatment of AD are to reduce
symptoms, prevent exacerbations, and minimize medication
side effects. This approach incorporates the use of emollients,
topical corticosteroids, topical calcineurin inhibitors, antihista-
mines, stress management, and avoidance of allergens or
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FIG 5. Therapeutic effect of MIF/TTX-DNA in vaccine for pre-existing AD on NC/Nga mice. Fifteen-week-old
NC/Nga mice with dermatitis were vaccinated with control pPCAGGS plasmid or MIF/TTX. A, Clinical features
of NC/Nga mice vaccinated with control pCAGGS plasmid. B, Clinical features of DS-Nh mice vaccinated
with MIF/TTX (top, vaccination). C, Clinical skin scores of mice vaccinated with MIF/TTX (solid squares)
and control pCAGGS plasmid (open squares). *P < .05 for MIF/TTX versus pCAGGS at the same time point.
Each point represents means = SEs of 10 mice in each group. D, Serum level of anti-MIF autoantibodies
(Ab) at 6 weeks after the vaccination. Means = SEs are shown (n = 10). *P < .005. Serum IgE (E) and MIF
(F) levels of mice vaccinated with MIF/TTX vaccine (solid squares) and control pCAGGS plasmid (open
squares) are shown. Means + SEs of 10 mice in each group are shown. *P < .0005. G and H, Neutralizing
anti-MIF mAbs (50 p.g) or control IgG (50 p.g) were injected intravenously into 15-week-old NC/Nga mice
with dermatitis twice a week for 3 weeks. Fig 5, G, shows clinical skin scores (*P < .05). In Fig 5, H, the upper
panels show clinical features, and the lower panels show histologic images.
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FIG 6. Adoptive transfer of autoantibodies elicited by DNA vaccines. IgG were purified from the sera of
control (p)CAGGS) plasmid- or MIF/TTX-vaccinated DS mice and adoptively transferred. DS-Nh mice were
administered 50 pg per mouse of purified IgG from control plasmid-vaccinated DS-Nh mice, purified IgG
from MIF/TTX-vaccinated DS-Nh mice, or PBS. A-C, Clinical features at 3 weeks after administration of pu-
rified IgG from MIF/TTX-vaccinated mice (Fig 6, A), purified IgG from control pCAGGS plasmid-vaccinated
mice (Fig 6, B), and clinical features after administration of PBS (Fig 6, C). D, Clinical skin scores of DS-Nh
mice administered IgG from MIF/TTX-vaccinated DS-Nh mice (solid squares), 1IgG from control pCAGGS
plasmid-vaccinated DS-Nh mice (open squares), or PBS (open circles). Results are shown as means +
SEs of 3 mice in each group. *P < .05 versus pCAGGS at the same time point.

disease triggers.” The fact that the treatment of AD mainly de-
pends on the self-application of topical agents often hinders the
effective and long-term treatment of the disease. Notwithstand-
ing these conventional treatments, if a patient with severe and
refractory AD requires additional therapy, cyclosporine A has
been used despite systemic side effects, such as renal toxic-
ity.”2* The relapsing and remitting course of AD also places
a psychologic, social, and financial burden on patients and their
families. New treatment options are needed to prevent the pro-
gression of AD to more severe forms of disease and to halt the
so-called atopic march toward asthma. An MIF-DNA vaccine
approach offers the additional advantage of requiring only a pe-
riodic booster injection, and it might allow for the potential res-
olution of immunopathology in those with chronic refractory
disease.

We thank Professor James R. McMillan for his manuscript proofreading and
Ms Yuika Osaki for her excellent technical assistance.

Clinical implications: MIF-DNA vaccination might be a useful

preventive and therapeutic approach for AD.

REFERENCES

1.

10.

Jung T, Stingl G. Atopic dermatitis: therapeutic concepts evolving from new path-
ophysiologic insights. J Allergy Clin Immunol 2008;122:1074-81.

. Morar N, Willis-Owen SAG, Moffatt MF, Cookson WOCM. The genetics of atopic

dermatitis. J Allergy Clin Immunol 2006;118:24-34.

. Leung DY, Boguniewicz M, Howell MD, Nomura I, Hamid QA. New insights into

atopic dermatitis. J Clin Invest 2004;113:651-7.

. Shimizu T. Role of macrophage migration inhibitory factor (MIF) in the skin. J

Dermatol Sci 2005;37:65-73.

. Shimizu T, Abe R, Ohkawara A, Mizue Y, Nishihira J. Macrophage migration in-

hibitory factor is an essential immunoregulatory cytokine in atopic dermatitis. Bio-
chem Biophys Res Commun 1997;240:173-8.

. Shimizu T, Abe R, Ohkawara A, Nishihira J. Increased production of macrophage

migration inhibitory factor by PBMCs of atopic dermatitis. J Allergy Clin Immunol
1999;104:659-64.

. Jacobi A, Antoni C, Manger B, Schuler G, Hertl M. Infliximab in the treatment of

moderate to severe atopic dermatitis. J Am Acad Dermatol 2005;52:522-6.

. Cassano N, Loconsole F, Coviello C, Vena GA. Infliximab in recalcitrant severe

atopic eczema associated with contact allergy. Int J Immunopathol Pharmacol
2006;19:237-40.

. Onodera S, Ohshima S, Tohyama H, Yasuda K, Nishihira J, Iwakura Y, et al. A

novel DNA vaccine targeting macrophage migration inhibitory factor protects
joints from inflammation and destruction in murine models of arthritis. Arthritis
Rheum 2007;56:521-30.

Tohyama S, Onodera S, Tohyama H, Yasuda K, Nishihira J, Mizue Y, et al. A novel
DNA vaccine-targeting macrophage migration inhibitory factor improves the sur-
vival of mice with sepsis. Gene Ther 2008;15:1513-22.



10

12.
13.

HAMASAKA ET AL

. Matsumoto M, Ra C, Kawamoto K, Sato H, Itakura A, Sawada J, et al. IgE Hyper-

production through enhanced tyrosine phosphorylation of Janus kinase 3 in NC/
Nga Mice, a model for human atopic dermatitis. J Immunol 1999;162:1056-63.
Leung DYM, Bieber T. Atopic dermatitis. Lancet 2003;361:151-60.

Matsuda H, Watanabe N, Geba GP, Sperl J, Tsudzuki M, Hiroi J, et al. Develop-
ment of atopic dermatitis-like skin lesion with IgE hyperproduction in NC/Nga
mice. Int Immunol 1997;9:461-6.

. Calandra T, Echtenacher B, Roy DL, Pugin J, Metz CN, Hultner L, et al. Protection

from septic shock by neutralization of macrophage migration inhibitory factor. Nat
Med 2000;6:164-70.

. Wildbaum G, Netzer N, Karin N. Plasmid DNA encoding IFN-gamma-inducible

protein 10 redirects antigen-specific T cell polarization and suppresses experimen-
tal autoimmune encephalomyelitis. J Immunol 2002;168:5885-92.

. Salomon I, Netzer N, Wildbaum G, Schif-Zuck S, Maor G, Karin N. Targeting the

function of IFN-y-inducible protein 10 suppresses ongoing adjuvant arthritis. J
Immunol 2002;169:2685-93.

. Youssef S, Maor G, Wildbaum G, Grabie N, Gour-Lavie A, Karin N. C-C chemo-

kine-encoding DNA vaccines enhance breakdown of tolerance to their gene pro-
ducts and treat ongoing adjuvant arthritis. J Clin Invest 2000;106:361-71.

21.

22.

24.

J ALLERGY CLIN IMMUNOL
mmm 2009

. Leung DYM. Atopic dermatitis: new insights and opportunities for therapeutic

intervention. J Allergy Clin Immunol 2000;105:860-76.

. Abramovits W. Atopic dermatitis. J Am Acad Dermatol 2005;53(suppl):S86-93.
. Wildbaum G, Youssef S, Karin N. A targeted DNA vaccine augments the natural

immune response to self TNF-alpha and suppresses ongoing adjuvant arthritis.
J Immunol 2000;165:5860-6.

Wildbaum G, Karin N. Augmentation of natural immunity to a pro-inflammatory
cytokine (TNF-alpha) by targeted DNA vaccine confers long-lasting resistance to
experimental autoimmune encephalomyelitis. Gene Ther 1999;6:1128-38.
Youssef S, Wildbaum G, Maor G, Lanir N, Gour-Lavie A, Grabie N, et al. Long-
lasting protective immunity to experimental autoimmune encephalomyelitis fol-
lowing vaccination with naked DNA encoding C-C chemokines. J Immunol
1998;161:3870-9.

. Berth-Jones J, Finlay AY, Zaki I, Tan B, Goodyear H, Lewis-Jones S, et al. Cyclo-

sporine in severe childhood atopic dermatitis: a multicenter study. ] Am Acad Der-
matol 1996;34:1016-21.

Berth-Jones J, Graham-Brown RA, Marks R, Camp RD, English JS, Freeman K,
et al. Long-term efficacy and safety of cyclosporin in severe adult atopic dermatitis.
Br J Dermatol 1997;136:76-81.



	DNA vaccination against macrophage migration inhibitory factor improves atopic dermatitis in murine models
	Methods
	Animals
	Production of DNA vaccine
	Vaccination protocols
	Evaluation of anti-MIF antibody titer in sera of DNA-vaccinated mice
	Evaluation of clinical skin severity score
	Measurement of IgE and TNF-alpha levels in sera
	Real-time PCR analysis
	Histologic analysis
	Treatment of neutralizing MIF mAbs
	Adoptive transfer of autoantibodies elicited by DNA vaccines

	Results
	MIF/TTX vaccination prevents the onset of AD in DS-Nh mice
	MIF/TTX vaccination improves pre-existing AD
	Adoptive transfer of autoantibodies elicited by MIF/TTX-DNA vaccine suppressed AD

	Discussion
	References


