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Learning from HSV-infected mice as a model of Behcet’s disease
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ABSTRACT

Several animal models of Behget’s
disease (BD) have been proposed ac-
cording to putative etiology. Among
these models, the herpes simplex virus
(HSV)-induced model produced the
most similar disease attributes observe
in patients. Inoculation of HSV type 1 to
the scratched earlobe of mice produced
the appropriate symptoms, including
oral, genital, and skin ulcers, eye le-
sions, arthritis, and intestinal involve-
ment. This HSV-induced BD model is
the only continuously used model, to
which various therapeutic modalities
have been applied.

Introduction

Behcet’s disease (BD) is a chronic,
multi-systemic inflammatory disorder
that involves the mucocutaneous, ocu-
lar, vascular, arthritic, gastrointestinal,
and central nervous systems. This dis-
ease has a chronic course with recur-
rences and progressive deterioration
(1). Although its etiology is unknown,
both genetic and environment factors
are believed to contribute to the in-
flammatory background (2). Further-
more, it has become clear that infection
with herpes simplex virus (HSV) and
Streptococci and immunological dys-
regulation are involved in the initia-
tion and progression of this disease (3).
The complexity of the etiology of this
disease makes it difficult to develop an
appropriate experimental animal model
to better understand the mechanisms
behind all of the BD symptoms.

Animal models for BD

The first reported BD animal model
was the Pitman-Moor miniature swine
developed with administration of en-
vironmental pollutants. This model
showed oral, genital and mucocutane-
ous lesions (4). Even though miniature
swine model showed multiple BD
symptoms, this has not been continu-
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ously used for research. Stanford et al.
demonstrated that mycobacterial and
homologous human heat shock pro-
tein T cell peptide epitopes specific
for T lymphocytes were related to the
pathogenicity of BD. Therefore, hu-
man 60 kD heat shock protein-derived
peptide 336-351 was injected with
Freund’s complete adjuvant to induce
uveitis in Lewis rats (5). Uveitis was
identified by clinical and histological
methods. Mononuclear cell infiltration
was found in and around the ciliary
body and iris in rats. Takeno et al. de-
veloped HLA-B51 transgenic mice (6),
which were shown to be closely associ-
ated with BD (7). HLA-B51 transgenic
mice also exhibited excessive superox-
ide production from peripheral blood
neutrophils without any BD symptoms.
Baharav et al. induced inflammation in
the skin, joints, and eyes of Lewis rats
using a-trophomyosin, a component of
the contractile apparatus of the mus-
cle (8). These induced symptoms were
typical features of BD, and inflam-
mation in the leg joints persisted for
6 months. TNF-o up-regulation was
observed in the primary splenocytes
cultures isolated from a-trophomyosin
vaccinated rats compared to naive rats.
Recently, administration of retinal sol-
uble antigen (S antigen) was shown to
result the development of uveitis con-
firmed by histology in Wistar rats (9).
In addition, rats immunised with the S
antigen showed a significant increase
in nitric oxide production. This model
could be helpful in the development of
strategies for diagnosing patients with
Behcet uveitis.

The potential role of viral infection
in BD was first proposed by Hulusi
Behcet in 1937 (10). Since 1937, many
researchers, including Sezer (11),
Evans et al. (12), Mortada and Imam
(13), Eglin et al. (14), Bonass et al.
(15), Denman et al. (16), Studd et al.
(17), and Lee et al. (18), have reported
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Fig 1. HSV-induced Behget’s disease (BD)-like symptoms in mice. Histology shows lymphocyte accumulation in the perivascular area of the cutaneous

lesions in mice.

that viral particles and herpes simplex
virus (HSV) are related to BD. In 1998,
our team developed a BD mouse model
by inoculation of HSV into scratched
earlobes of mice (19). The HSV-in-
duced symptoms included oral, genital,
and skin ulcers, eye lesions and arthri-
tis. These symptoms were shown to be
very similar to the symptoms observed
in BD patients. Inflammatory cells ac-
cumulated in the perivascular area of
the lesional skin of mice (Fig. 1). The
process of validating animal models
should involve reliable measures of
the human disease. The HSV-induced
BD mouse model was shown to be reli-
able, consistent and valid. The BD-like
symptoms have been shown to remain
constant in the HSV-induced BD mod-
el after HSV inoculation. The severity
score can be calculated using a similar
counting method as conducted on hu-
man patients. Therefore, the controver-
sial issues associated with the etiology
and various therapeutic modalities of
BD have been resolved using the HSV-
induced BD mouse model.

To understand immunological

abnormalities

a. Contribution of MHC (including
HLA-G/Qa-2)

It has been postulated that human leu-

kocyte antigen (HLA)-B51 is associ-

ated with BD (6). To examine the cor-

relation between viral infection and ge-

netic factors in the development of this
disease, several inbred mouse strains
— B10.BR, B10.RIII, C57BL/6, C3H/
He, and Balb/c — which had different
haplotypes of major histocompatibility
complex (MHC), were inoculated with
HSV (20). These mouse strains mani-
fested single or multiple symptoms of
BD including oral, genital, skin ulcers,
uveitis, and arthritis, which are clini-
cally significant for the diagnosis of
BD. More than 40% of B10.BR (k),
B10.RIII (r) and C57BL/6 (b) showed
BD-like symptoms, compared to 2%
of C3H/He (k) and Balb/c (d) (Table
I). C3H/He (k), which had a common
haplotype to the BI10.BR (k) strain and
showed very low incidence of BD-like
symptoms. A HLA-B51 transgenic
mouse was generated by Takeno and
co-workers (6). This transgenic mouse
showed neutrophil hyperfunction but
did not show any clinical manifestations
that mimic BD. This indicated that the
HLA-B51 molecule alone was not suf-
ficient to induce clinical BD. This result

also suggests that other important fac-
tors besides MHC types are involved.

HLA-G protein is involved in main-
taining tolerance of the maternal im-
mune system towards the fetus (21-23).
HLA-G is able to inhibit NK and T-cell
cytotoxicity in addition to T-cell pro-
liferation (24). Furthermore, HLA-G
inhibits the transendothelial migration
of NK cells (25), shifts the cytokine
balance towards Th2 dominance (26),
and suppresses the proliferation of al-
logeneic CD4* T lymphocytes (27, 28).
These combined results clearly indicate
that HLA-G has specific inhibitory ef-
fects on immune cells. Park et al. (29)
previously reported that the frequen-
cy of haplotype containing HLA-G
3741_3754 14 base pair insertion and
1597*delC was increased in BD pa-
tients. Individuals homozygous with
the 3741_3754"ins14/"ins14 genotype
were found to have a 2.7-fold greater
risk of BD than controls. An HLA-G
3741_3754 14-base pair insertion allele
was also significantly more frequent in

Table I. Therapeutic efficacy of TNF-a. siRNA in BD mice.

Treatment Improved mice / Total number of mice (%)
TNF-a siRNA 18/32 (56.3%)*

Scrambled siRNA 2/19 (10.5%)

Infliximab 11/27 (40.7%)

Etanercept 9/25 (36.0%)

*p<0.005 (TNF-a siRNA vs. Scrambled siRNA).
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BD patients with ocular, arthritis, and
CNS symptoms than in controls, and
this insertion was found to be related
to lower serum levels of HLA-G. Park
et al. suggested that these HLA-G al-
lelic variants are genetic risk factors for
BD. In addition, HLA-G*010101 alle-
les have been shown to be significantly
lower in frequency in BD patients than
in control subjects (30). Furthermore,
genome-wide association studies have
also reported HLA-G involvement (31).
Therefore, it is important to investigate
whether or not HLA-G contributes to
the pathogenesis of BD. To this end,
expression of Qa-2, the functional ho-
molog of HLA-G in mice, was identi-
fied and modulated using Qa-2 siRNA.
Qa-2 mRNA expression and Qa-2-
positive granulocytes were lower in BD
mice than in normal mice. After down-
regulation of Qa-2 by injection of Qa-
2 siRNA, deterioration in arthritis was
observed in BD mice, and the disease
severity score increased. This study
confirmed that a decreased Qa-2 level
was related to changes in the disease
pattern, which was accompanied by the
deterioration of HSV-induced BD-like
symptoms.

b. T cell abnormality

— Th1/Th2 balance

A possible polarisation of T lym-
phocytes toward the Thl type in BD
has been suggested based on experi-
mental evidence of uveoretinitis and
in humans (32). Thl cells may play an
important role in the immunopatho-
genesis of BD, although others have
reported that the cytokine production
profile contains a mix of Th1/Th2 cell
types in active BD (33). Macrophages
induce cellular immunity by activating
Th1 cell responses and by suppressing
Th2 responses (34), and macrophage
depletion in mice shifted the Thl re-
sponse to a Th2 response (35). This
study attempted to determine whether
inactivation of macrophages modu-
lated Th1/Th2 polarity and influenced
the development of BD and modula-
tion of BD symptoms (36). Liposome
encapsulated Clodronate (lip-C1,MDP)
- engulfed macrophages were killed
by apoptosis. Lip-CLMDP injected
mice up-regulated Th2 cytokine IL-4
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Vero cell BDN

Mouse skin tissue

Fig 2. RT-PCR for HSV
BD ribonucleotide reductase-1

HSV

1:negative control
2:HSV-1virus, 48hrtreat

1 2 3 4 5 6

1: BDN, earlobe

2: BDN, face

3: BD, earlobe ulcer
4:BD, earlobe ulcer
5:BD, faceulcer

6: BD, scruff ulcer

mRNA in HSV-inoculated
Vero cells and lesional skin
tissues from HSV-induced
BD-like symptoms

and did not induce BD-like symptoms
when combined with HSV injection
(0 of 50 mice), which is in stark con-
trast to HSV injection only (14 of 50
mice). The transfer of splenocytes iso-
lated from Th2 adjuvant OVA-alum
injected mice into BD mice showed
improvements compared to the trans-
fer of splenocytes from Thl adjuvant
OVA-CFA injected mice. Even though
this mouse model was induced by in-
oculation of HSV, the disease pattern
was very similar to human BD patients
when evaluated in immune modula-
tion experiments. In the skin lesion of
mice, HSV ribonucleotide reductase 1
mRNA was not detected by PCR, but
was detected in Vero cells inoculated
with HSV (Fig. 2). This means that the
symptoms were not derived from HSV
infection itself but from dysregulated
immune response triggered by HSV.

— Regulatory T cells

Regulatory T cells (Treg) are com-
prised of CD4*CD25*Foxp3* cells (37).
CD4*CD25* cells are heterogeneous T
cell populations that prevent harmful
immune responses to self and non-self
antigens. Foxp3 protein is currently
considered to be the most specific
marker of Treg cells (38). Regulatory T
cells play a role in the pathogenesis of
autoimmune disorders, such as arthri-
tis and lupus (39). These autoimmune
disorders can be prevented by the infu-
sion of Treg cells (40). Recently, the
frequencies of Treg cells were shown
to be reduced in the peripheral blood of
patients with BD prior to ocular attack
(41). According to Shim et al. (42), the
levels of CD4*CD25*T cells in BD mice
are significantly lower than those in
BDN mice. In HSV-induced BD mice,
infusion of Treg cells was conducted
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to determine if disease progress could
be inhibited. For adoptive transfer of
Treg cells to BD mice, CD4*CD25*T
cells from normal healthy mice were
isolated and cultured with stimulators
and then transferred to BD mice. After
transfer, the disease severity score sig-
nificantly decreased in a cell number-
dependent manner when compared to
the CD4*CD25- control cell transfer
group. CD4*CD25*T cell transfer also
up-regulated IL-10 and TGF-f} levels
and down-regulated IFN-y, TNF-a,
IL-6, and IL-17 levels. According to
genome-wide association studies, the
IL-10 variant (the rs1518111 A allele)
was associated with diminished mRNA
expression and low protein production
in BD patients (31, 43). The decrease
level of Treg cells might be related to
the low expression levels of IL-10 (44,
45). To confirm the efficacy of Treg
cells in alleviating BD symptoms,
CD25 was blocked using an anti-CD25
antibody. Anti-CD25 antibody injection
deteriorated BD-like symptoms in mice.
Therefore, the low level of CD4*CD25*
regulatory T cells was a factor in the
etiopathogenesis of BD.

To evaluate conventional and
potential therapies

a. Cytokines as therapeutic targets

— TNF-a

Anti-TNF-o Ab has been used to treat
inflammation in patients (46, 47).
However, more effective and safer
drugs still need to be developed. Syn-
thetic small interfering RNA (siRNA)
can interfere with the expression of
specific genes and have been applied to
biomedical research and drug develop-
ment. RNA interference (RNAI) is a re-
cently discovered process that utilises
either endogenous or exogenous dou-
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to determine whether or not this treat-
ment improved BD-like symptoms.
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Table II. The efficiency of various therapeutic modalities in HSV-induced BD mice.

Treatment Improved mice /Total ~ Decision day References . .
number of mice (%)  after treatment Treatment WE}S effecqve. in 22 of 25
(88%) BD mice, but in improved BD
TNF-a siRNA 18/32 (56.3%)* ~14d 49 mice, recurrence occurred at a rate of
IL-6 SleN‘f“ 719 (77.8%) ~26d 57 54.5%. In single symptomatic mice,
Famciclovir 10/25 (40.0%) ~42 d 63 . t b din 20 of 25
Gemcitabine 7/12 (36.0%) ~5d 65 Improvement was observed in 2.0
Colchicine 4/5 (80.0%) 20d 73 (77%) mice, and the rate of recurrence
Combined with Colchicine and Rebamipide 5/6 (83.3%) ~20d 73 was only 19.2% (63). Higher recur-
Thalidomide 8/10 (80.0%) ~10d 74 rence after famciclovir treatment might

ble-stranded RNAs to inhibit the ex-
pression of genes in a highly sequence-
specific manner. In mammals, RNAi
can be invoked by introducing short
(19-21 nucleotide), double-stranded
RNA oligonucleotides, referred to as
small interfering (siRNAs) or silenc-
ing RNA molecules, with sequences
complementary to that of the target
gene. siRNAs are bound by an RNA-
inducing silencing complex in the cy-
toplasm and can silence the expression
of the target mRNA. Therefore, RNAi
holds promise for use as a novel thera-
peutic agent and may be used as a tool
in functional genomics studies to elu-
cidate genes controlling disease path-
ways (48). To inhibit RNA expression
of TNF-a, siRNA was administered in
vivo to HSV-induced BD mice. TNF-a
siRNA ameliorated BD-like symptoms.
Infliximab and Etanercept were also ef-
fective in treating BD mice (49). Com-
paratively, 1 week after TNF-a siRNA
treatment, the severity score was sig-
nificantly decreased compared to that
by Infliximab treatment. TNF-a siRNA
effectively decreased BD symptoms in
18 of 32 cases (56.3%). On the other
hand, scrambled siRNA treatment only
decreased BD symptoms in 2 of 19 cas-
es (10.5%). Infliximab was effective in
11 of 27 cases (40.7%), while Etaner-
cept was also effective in 9 of 25 cases
(36.0%) at the end of week 2 (Table II).
The serum level of TNF-o was lower in
siRNA-treated subjects than the scram-
bled siRNA-treated controls. Thus,
TNFa siRNA showed a therapeutic ef-
fect in HSV-induced BD mice.

—IL-6

IL-6 is a multifunctional cytokine se-
creted by lymphoid cells as well as
many nonlymphoid cells, including
macrophages, fibroblasts, keratinocytes,

and endothelial cells, and is involved in
the regulation of inflammation (50-53).
IL-6 was shown to be highly elevated in
the culture supernatant of PBMCs from
patients with active BD (54) as well as
the cerebrospinal fluid of patients with
neuro-BD (55) and ocular BD (56). To
reduce overexpression of IL-6, IL-6
siRNA was injected into HSV-induced
BD mice (57). Reduced IL-6 improved
BD-like symptoms (Fig. 3) by decreas-
ing the production of proinflamma-
tory cytokines such as IL-6, IL-17, and
TNF-a as well as by increasing TGFf3,
an anti-inflammatory cytokine. The
frequencies of Foxp3* cells, which is
a marker of regulatory T cells, also in-
creased, and the disease severity score
was significantly decreased. These re-
sults highlight the potential of using
systemic siRNA for therapeutic gene
silencing.

b. Antiviral agent: Famiciclovir

Famciclovir is an anti-viral compound
that acts against HSV, varicella-zoster
virus, and hepatitis B virus. It is me-
tabolised into penciclovir after oral
administration (58). Penciclovir is se-
lectively phosphorylated by viral thy-
midine kinase in virus-infected cells to
yield high intracellular concentrations
of penciclovir triphosphate, which then
inhibits viral replication by interact-
ing with viral DNA polymerase (59).
Treatment with the anti-viral agent,
acyclovir, failed to alleviate the fre-
quency and severity of orogenital ul-
ceration or other disease features of
BD (60). Famciclovir was more effec-
tive than aciclovir in preventing viral
replication (61). In vitro, famciclovir
has a two- to 50-fold stronger and more
prolonged intracellular half-life than
that of acyclovir (62). We administered
famciclovir to HSV-induced BD mice
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be related to the immunological effects
produced by the BD symptoms rather
than viral infection itself.

c. Gemcitabine (20,20-difluorodeoxy-
cytidine, dFdC)

The nucleoside analog gemcitabine
(2°,2’-difluorodeoxycytidine, dFdC)
is a new immunosuppressive agent
that may be useful for the treatment
of not only graft-versus-host disease
(GVHD) but also autoimmune diseas-
es. Gemcitabine affects the pyrimidine
pathway. After phosphorylation by de-
oxycytidine kinase to its active form,
gemcitabine is incorporated into DNA
and this process is most likely the ma-
jor mechanism by which gemcitabine
causes cell death (64). Gemcitabine
has been widely used for the treatment
of solid malignancies and refractory
hematologic malignancies. In addition,
in vitro studies have revealed an in-
hibitory effect of gemcitabine on lym-
phocytes and bone marrow progenitors
(65), and an immunosuppressive effect
was described in a rat cardiac trans-
plantation model (66). Therefore, this
study hypothesised that gemcitabine
may also be a promising alternative
for the treatment of BD lesions. Over 5
consecutive days, treatment with 0.06
pg/day/mouse of gemcitabine amelio-
rated cutaneous manifestations by more
than 60% in BD mice (67). Low doses
of gemcitabine were safe and showed
promising effects in reducing cutane-
ous lesions in HSV-induced BD mice.

d. Colchicine

Colchicine inhibits microtubule polym-
erisation by binding to tubulin, one of
the main constituents of microtubules
in T cells (68). Microtubules are an
essential structural component during
mitosis. Colchicine is a natural product
that can be extracted from two plants
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Fig. 3. IL-6 siRNA improved HSV-induced BD-like symptoms. For each mouse, 1.5 pg of IL-6 siRNA in 200 pl of a 5% glucose solution was injected

intraperitoneally four times at 3 day intervals.

of the lily family, the genus Colchicum
(usually called Colchicum autumnale)
and Gloriosa superb (69). Colchicine
is one of the most frequently prescribed
medicines for treatment of BD (70),
and it has also been used to treat severe
mucocutaneous lesions and prevent
mucocutaneous relapse in BD (71).
Functional assays previously demon-
strated significantly increased NADPH
oxidase activity in BD patients (72).
NADPH oxidase is made of six subunits
and generates superoxide. Treatment of
HSV-induced BD mice with colchi-
cine down-regulated the expression of
NADPH oxidase subunits, including
p40, p67, and gp91, and decreased the
severity score compared to before ad-
ministration (73). Combined treatment
with colchicine and rebamipide (free
radical scavenger) was more effective
in decreasing the severity score and
down-regulating these NADPH oxidase
subunits. This result suggests that col-
chicine acted as a free radical scaven-
ger to protect against inflammation by
lowering the level NADPH oxidase in
HSV-induced BD mice.

e. Thalidomide

Despite its inherent teratogenic risk,
more than 100 papers have reported
that thalidomide is effective for treat-
ing the mucocutaneous lesions of BD
since 1982. We applied thalidomide
to our HSV-induced mouse model to
confirm its efficacy as well as to evalu-
ate its possible mechanisms of action.
Thalidomide treatment improved HSV-

induced mucocutaneous BD-like symp-
toms in 80% of treated mice (74). Tha-
lidomide also decreased inflammation
through the down-regulation of IFN-y
and TNF-a as well as up-regulation of
MIP-1a., perforin, Fas, and Fas ligand.
In vitro treatment of a splenocyte cul-
ture from BD mice with thalidomide
enhanced propidium iodide (PI) and
annexin V staining compared to non-
treated cultures. Thus, thalidomide in-
duced cell death. Cell death might also
down-regulate excessively proliferated
inflammatory lymphocytes. (The origi-
nal publication is available at www.
springerlink.com).

f. Vitamin D3

Recent studies have shown the anti-
inflammatory effects of vitamin D3
in Kawasaki disease (75) and pso-
riasis (76). Reduction of vitamin D
is associated with increased renal in-

flammation (77) as well as BD (78).
Vitamin D3 treatment has been shown
to decrease chemokine synthesis and
monocyte trafficking (79), while also
down-regulating expression of Toll-
like receptor (TLR) 2 and 4 in mono-
cytes (80). The immunomodulatory
effects of 1,25(OH),D; in T cell sub-
sets significantly decreased IFN-y and
TNF-a cytokine production in patients
with Mycobacterium tuberculosis (81).
Vitamin D3 supplementation has been
shown to produce therapeutic effects in
animal models of rheumatoid arthritis,
lupus, inflammatory bowel disease, and
type 1 diabetes (82).

Choi et al. investigated whether or not
vitamin D3 can ameliorate HSV-induced
BD-like symptoms in a mouse model
also induce changes in TLR expression
(83). Serum 25(OH)D levels in BD
mice significantly decreased compared
to those in control mice. The frequen-

HSV
S. sanguis

Treg, TLR-4
IL-10, IL-23R
IL-17, IL-6, TNFa

Fig. 4. Hypothesised etiopathogenetic scheme of BD.

S-100



Application of animal model in Behcet’s disease / S. Sohn et al.

cies of TLR2-positive cells and TLR4-
positive cells were higher in BD mice
than in BDN mice (BD normal, HSV-
inoculated but no symptomatic mice).
Oral administration of 1,25(0OH),D,
increased the serum levels of 25(OH)D
in a dose-dependent manner in normal
mice. Treatment of BD mice with 10
pg/kg/day of 1,25(0OH),D, for 10 con-
secutive days was effective in down-
regulating TLR2 and TLR4 expression.
In addition, the serum levels of IL-6
and TNF-a decreased in response to
1,25(0OH),D, treatment, and the dis-
ease severity score also decreased.
Combined treatment with 2 pg/mouse
of colchicine did not produce an addi-
tive effective in down-regulating TLR2
and TLR4. In addition, the serum levels
of IL-6 and TNF-a also decreased in
response to D3 alone or in combination
with colchicine. Combination treatment
additively down-regulated the serum
level of TNF-a..

Conclusion

While there may be no perfect animal
models, the HSV-induced BD model
produces symptoms that are closest
to BD patients and constitutes a use-
ful tool for the study of pathogenesis
and pharmacotherapies. According to
the results using the HSV-induced BD
model, we hypothesise that genetic
background, immunological dysregula-
tion, and pathogens cooperatively in-
duced and exacerbated BD (Fig. 4). In
subsequent studies, specific genetic fac-
tors, such as micro RNA and epigenetic
relationships, as well as pathogenic and
immunological correlations should be
applied to BD research.
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