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The status of autoimmune disease therapies is not satisfactory.
Antigen-specific immunotherapy has potential as a future therapy that could
deliver maximal efficacy with minimal adverse effects. Several trials of
antigen-specific immunotherapy have been performed, but so far no clear
directions have been established. With regard to antigen-specificity in the
immune system, T cells are essential components. However, at present, we do
not have a sufficient range of strategies for manipulating antigen-specific
T cells. In this review, the authors propose that T cell receptor gene transfer
could be used for antigen-specific immunotherapy. In the proposed
technique, important disease-related and, thus, antigen-specific T cells in
patients would first be identified, and then a pair of cDNAs encoding o and
T cell receptors would be isolated from these single T cells. These genes
would then be transferred into self lymphocytes. These engineered
antigen-specific cells can also be manipulated to express appropriate
functional genes that could then be applied to specific immunotherapy.

Keywords: autoimmune diseases, antigen-specific T cells, gene transfer, T cell receptor
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1. Introduction

Autoimmune diseases are fairly common disorders affecting ~ 5% of the population,
predominantly women (1]. Existing treatment of autoimmune diseases is based
mainly on the use of immunosuppressive drugs such as corticosteroids and cytotoxic
reagents. These treatments reduce mortality and significantly lengthen the life
expectations of patients in some diseases. However, because these drugs suppress
overall immune reactions, they have several serious adverse effects. In this regard,
selective immunotherapies are considered more promising. As cytokines are known
to play a pivotal role in regulating immune reactions, the application of cytokines to
control autoimmune diseases has been extensively studied. Systemic administration
of suppressive cytokines, such as transforming growth factor-B, interleukin (IL)-4
and IL-10, has served as an effective therapy in models of autoimmune diseases.
Some of these protocols seem to work by shifting the balance of cytokines; however,
systemic cytokine therapy potentially leads to deleterious side effects, as in the case
of recombinant human IL-4 [2). Therapies neutralizing a certain cytokine have been
successful and will serve as important strategies in many autoimmune diseases in the
near future; however, because such strategies still have important drawbacks (3], it is
also necessary to explore other specific immunotherapies.

In a variety of autoimmune diseases, trials to identify molecules recognized by
T cells and autoantibodies have been extensively performed. These efforts are
essential not only for understanding the pathogeneses of autoimmune diseases, but
also for establishing antigen-specific immunotherapies. Although knowledge of
target antigens in several autoimmune diseases has greatly increased, our ability to
selectively silence particular pathogenic immune responses has not. One of the
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feasible approaches to treat autoimmunity is suppression of
the activation and expansion of antigen-specific T cells before
they differentiate into pathogenic T cells. This approach
could be useful because once the pathogenic responses are
established, intervention appears to be less effective on
activated T cells subsets. However, the majority of patients
who require clinical treatment have full-blown autoimmune
disease and this approach would not be useful in such cases.

It is generally believed that in autoimmune diseases, an
immune response to a single epitope on a self antigen at the
start of the disorder can trigger immune responses to
neighboring epitopes on the same molecule or to other
epitopes on related molecules. This is termed ‘epitope
spreading’. Although it is not clear whether the epitope
spreading occurs throughout the autoimmune process, some
researchers argue against antigen-specific immunotherapy
because of the difficulties of predicting such expanding
autoimmune reactions. In this article, the authors discuss the
behavior of antigen-specific T cells in autoimmune diseases.
The authors propose that epitope spreading is not the sole
mechanism of the T cell related pathogenesis of autoimmune
diseases and that clonal restriction of T cells occurs in the late
phase of autoimmunity. Therefore, antigen-specific
immunotherapy would be feasible even for established
autoimmune diseases. T cell receptor (TCR) gene transfer
could be one of the possible strategies.

2. Immunotherapies and targeted
immunotherapy in autoimmune diseases

Several autoimmune diseases, and particularly systemic types
of autoimmune diseases, such as systemic lupus
erythemartosus and systemic vasculitis syndromes, are treated
with corticosteroids and immunosuppressive drugs. The latter
include cytotoxic drugs such as alkylating agents and purine
analogues, and calcineurin inhibitors, such as cyclosporin and
tacrolimus. At present, these drugs offer the best chance of
suppressing — or sometimes inducing the remission of — these
diseases. However, they have potentially life-threatening side
effects due to their severe depression of immune function.
Furthermore, a serious complication among patients
undergoing immunosuppressive therapy would be the risk of
developing cancer [4). Similarly, corticosteroids are commonly
used to treat several autoimmune. diseases. Corticosteroids
inhibit prostaglandin synthesis, block cytokine secretion and
T cell activation, and are one of the most effective therapies
against autoimmune diseases. However, they also have several
effects on physiological systems, and if used over the long
term, they can cause profound immunosuppression with
increased risk of infection, cancer, osteoporosis, hypertension
and endocrine abnormalities.

Due to improvements in our understanding of immune
reactions and advances in molecular biology, new biological
agents — especially monoclonal antibodies — are now available
for specific blockade of effector molecules such as

inflammatory mediators. Administration of monoclonal
antibody against tumor necrosis factor (TNF) (infliximab) or
a soluble recombinant TNF receptor-immunoglobulin
fusion protein (etanercept) led to the suppression of
inflammation and a remarkable improvement of function of
patients with rheumatoid arthritis (RA) (5. However, there
are several limitations to the use of anti-TNF therapy. In fact,
some patients do not respond to these TNF inhibitors.
Furthermore, the blockade in pro-inflammatory cytokines
can put some individuals at increased risk of tuberculosis or
other infections (6,71. )

Apart from anticytokine therapies, several molecules have
been investigated as possible targets of selective
immunotherapy. For example, activated lymphocytes bind to
specific receptors along the vessel walls to initiate the process
of penetrating the target organ. Therefore, clinical trails with
antibodies against such homing receptors appear to be
promising. In fact, a humanized, monoclonal antibody, an
o, integrin antagonist, has shown some degree of success in a
placebo-controlled trial; however, there was an increased rate
of infection in the treated patients [8]. A depletion of 95% of
circulating lymphocytes in patients with multiple sclerosis
(MS) by a monoclonal antibody against CD52 suppressed
the disease activity of MS, but a third of patients developed
autoimmune thyroid disease (9. Cytotoxic T lymphocyte
antigen (CTLA)-4lg and a high-affinity mutant form,
LEA29Y, are now in clinical trials in patients with
autoimmunity [10]. These agents appear to work by blocking
CD28 costimulation, leading to an inhibition of pathogenic
T cell activation. However, it should be emphasized that a
subset of regulatory T cells also depend on CD28/B7
interaction for their development and function.
Furthermore, in the majority of autoimmune situations,
effector T cells have already been established and are less
dependent on  costimulation - for  their  activity
effectiveness (11.12). Thus, the situation is more complex.
Recently, an approach for depleting B cells with antibodies
against CD20 (rituximab) proved successful in several
autoimmune disorders [13). Further candidates for
immunotherapy would include complement inhibitors (14]
and Toll-like receptor modulations [15).

3. Trials of antigen-specific suppression in
autoimmune diseases

Immunologists have tried to develop methods to treat
autoimmune diseases by identifying and applying
self-antigens, which are the target of autoimmune processes.
In this regard, stimulation of T cells with the target antigen is
an ateractive direction. The spectrum of possible approaches
involving T cell stimulation includes ablation of
antigen-specific T cells, achieving specific T cell anergy,
induction of regulatory T cells, and indiction of a shift in the
predominant phenotype of the antiself response from
T helper (Th)1 to Th2 type. In fact, specific antigen
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vaccination by administration of a target antigen in aqueous
solution has been shown to significantly decrease the disease
severity in several animal models. However, there is a high
degree of anaphylactic sensitization in this method, making it
difficult to directly apply it to human disorders [16,17).
Vaccination of antigen-coding DNA plasmids could bypass
the immunological sensitization in protein administration.
DNA-based immunotherapy, composed of unmethylated
CpG repeats, is capable of inducing a shift in the cytokine
profile and immune response that favours the Thl arm. This
observation makes DNA-based immunotherapy a promising
candidate for the treatment of allergic diseases, which are
known to be mediated by Th2-based responses (18). DNA
vaccination combined with a Th2 inducing costimulation is
also effective in the treatment of several animal models of
autoimmune diseases [1920). Although DNA vaccination
appeared to have great potential as a safe and efficacious type
of antigen-specific immunotherapy, the route of DNA
administration and the combination of costimulation should
be carefully examined before clinical application.

Oral antigen administration suppresses animal models of
autoimmune diseases, including experimental autoimmune
encephalitis, uveitis, arthritis and diabetes in the non-obese
diabetic mouse (21). Oral antigen induces antigen-specific Th2
and CD4+CD25* regulatory cells. Based on the success in these
animal experiments, oral tolerance has been examined in
human autoimmune diseases, including MS, arthritis, uveitis
and diabetes. Although positive results have been observed in
Phase II trials, no effects were observed in Phase III trials of CII
in RA or oral myelin and glatiramer acetate in MS (21.22).
Recently, oral insulin has prevented progression of
immune-mediated (Type 1) diabetes [23); however, further
analysis. of the immunological basis of oral tolerance is required
for the effective therapy in human autoimmune diseases.

Altered pepride ligand (APL) is an antigenic peptide with
amino acid modifications and is expected t block
antigen-specific T cell responses by acting as a partial agonist
or TCR antagonist, or by inducing regulatory T cell
populations. In MS, myelin basic protein (MBP)-specific
T cells are considered to be essential in the pathogenesis
and MBPg; 4, are estimated to be one candidate epitope. One
APL has already been designed and submitted to a Phase II
clinical trial; however, the treatment was poorly tolerated at
the dose tested and the trial was halted. Some patients
developed exacerbations of the disease due to the expansion of
T cells specific for MBPg; 4o by this APL (24). A more
sophisticated approach of antigen-specific T cells redirected
against autoreactive T lymphocytes was reported [25).
However, it is not clear whether such methods could be used
in the clinic.

Dendritic cells (DCs) are professional antigen-presenting

cells with the potential to either stimulate or inhibit immune
responses. DCs loaded with antigen can be used as a DC
vaccine. Although most DC vaccines have been used to
stimulate immune responses in patients with cancer [26], an

Yamamoto, Okamoto & Fujio

increasing number of preclinical studies are focusing on the
capacity of immature DCs to induce antigen-specific
non-responsiveness [2729). DCs in the steady-state are
immature and can induce tolerance in an antigen-specific
manner. Immature DCs incubated with an agent, such as
dexamethasone (30, vitamin D (31) or the Rel-B inhibitor (321,
can induce tolerance. However, as discussed in cancer therapy,
a careful study design incorporating standardized and
quality-controlled clinical and immunological criteria is
needed [33). At present, we do not know exactly how robust

- the immunostimulatory DCs and tolerogenic DCs are.

Regulatory T cells are now recognized as one of the most
central mechanisms of immune regulation. CD4*CD25*
T cells, in particular, have been shown to develop in the
thymus or in the periphery to maintain the homeostatic
equilibrium of immunity and tolerance (34). Thus, researchers
are now trying to expand these regulatory T cells and use
them for the treatment of autoimmune diseases. However,
this is not effective in some cases. For example, in the case of
non-obese diabetic mice, which spontaneously develop
diabetes, the suppression was relatively inefficient when
heterogeneous regulatory T cells were simply expanded and
adoptively transferred [3537). It appears that effective,
regulatory T cell activity depends on both an appropriate
phenotype and a high frequency of autoantigen specificity.
Therefore, management to expand regulatory T cells in an
antigen-specific manner would be required [34].

As discussed, regulatory cytokines and cytokine antagonists
have been considered for the treatment of autoimmune
diseases. However, systemic administration could potentially
lead to deleterious side effects. Thus, local delivery of such
molecules would be more efficient and eliminate the possible
systemic side effects. In this regard, antigen-specific T cells or
T cell hybridomas are believed to be suitable vehicles for
targeted immunotherapies. In fact, the authors, as well as
others, have reported T cell-mediated gene therapy for
autoimmune animal models (38-41). T cell-mediated, adoptive,
cellular gene therapy is based on site-specific homing and
retention of the vehicle, and local effects of the delivered
effector molecules.

4, Evaluation of antigen-specific T cells in
autoimmune diseases

With respect to the modes of autoimmune reactions, the idea
of epitope spreading or determinant spreading has been widely
accepted (4243). At the T cell level, this is a diversification of
specificity from the initial, limited epitope-specific immune
response to a hierarchical cascade of autoreactive T cell
specificities. This mechanism may explain, for example, the
pathway of infection induced autoimmunity. According to this
idea, the initial phase of the autoimmune reaction might be
carried out by a few activated T cells against limited numbers
of epitopes. These T cells may be crossreactive T cells that
recognize both microbial epitopes and self epitopes. However,
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in the late phase of the disorders, the reactive epitopes might
spread, and T cells recognizing a variety of different epitopes
on several different self-molecules would be activated.
However, if epitope spreading is the only mechanism involved
in the T cell immune responses in autoimmune disorders,
development of effective antigen-specific immunotherapies
will be difficule, as target epitopes and molecules will always
have the potential to spread and it would be difficult to define
the pattern of spreading in a chronic human autoimmune
disorder. The hierarchy of immune response to multiple tissue
antigens would depend partially on individual HLA
genotypes, but also on unknown -factors and probably
stochastic events.

In order to determine whether the phenomenon of epitope
spreading is operative throughout the entire autoimmune
process, it is important to detect how specific T cells behave
within the lymphocyte population in the pathological lesions.
Antigen-specific T cells should proliferate and form
accumulated T cell clones in the heterogeneous lymphocyte
population to exert their function. Therefore, evaluation of
accumulated T cell clones in the pathological lesions would be
informative. Several years ago, the authors’ group established a
system to analyze accumulated T cell clones in the
lymphocyte population using reverse transcriptase polymerase
chain reaction (RT-PCR) and single-strand conformation
polymorphism (SSCP) on TCR messages (44). In this system, a
heterogeneous T cell population exhibits a smear pattern of
amplified TCR messages. If there is an accumulation of
certain T cell clones in the heterogeneous lymphocyte
population, bands corresponding to each clone are observed
in the background smear. Identification of accumulated T cell
clones in different samples can be easily compared because the
same clone exhibits the same electrophoretic mobility.
Separation using cell surface phenotypes can be used to
furcher identify disease- related important clones.

Using this system, the authors’ group analyzed several
synovial tissue samples of an RA patient. As a result, the same
clones were found to exist in different joints (44.45]. These data
clearly suggested that immune responses in RA were uniform
throughout all of the arthritic lesions of the patient. In order
to compare this finding in human samples with murine
models, the authors’ group analyzed several cases of
spontaneous autoimmune models. For example, human T cell
leukemia virus-1 env-pX transgenic mice exhibit spontaneous
symmetrical arthritis similar to human RA (46). In one study,
the T cell clonality among different arthritic lesions in each
stage was compared (47]. In the early stage, there were vigorous
accumulations of T cells in the joints, but they were different
among the different lesions. In the middle stage, several
identical clones were found to be accumulated in the different
lesions. In the late stage, the majority of the accumulated
clones in one lesion were found to exist in the other lesions,
suggesting that the autoimmune responses in the pathological
lesions were rather uniform in the mouse. The number of
dominant clones did not necessarily increase. The finding in

the late stage was similar to what was observed in human RA
synovial samples.

From the analyses of several spontaneous autoimmune
animal models (4849, it is now speculated that epitope
spreading does not necessarily work in the late phase of the
whole disease progression and it is possible that some form of
clonal restriction of T cells occurs in autoimmune disorders.
During the progression of autoimmune disease, immune
response might become rather restricted to certain targets.
Some restricted T cell clones directed towards such target
self-antigens might be sustained. A similar, limited T cell
oligoclonality as a ‘driver clone’ in autoimmunity was described
in experimental autoimmune encephalomyelitis (50.51).
Oligoclonally expanded insulin-reactive T cells were also
identified in the pancreatic draining lymph nodes of Type 1
diabetes patients with prolonged disease durations, [s2]. It was
reported that avidity maturation of a pathogenic T cell
population may be the key event in the progression of benign
inflammation to overt disease in autoimmunity (53] Therefore,
an ideal way to control the disorder would be to suppress such
sustained pathologic responses without globally interfering
with the immunity of the host.

With respect to general immune responses to foreign
antigens, T cell responses are reported to be dominated by few
clonotypes that express a restricted set of TCRs (s4). This
clonal selection and dominance may be due to the
competitive advantages of the higher-affinity receptor, the
duration of TCR-pMHC interaction or the affinity
threshold (55} In addition, in response to viruses, clonal T cell
‘immunodomination’ appears to occur in CD8* T cells,
probably due to proliferation advantages, differences of TCR
affinity or cosignal requirements (56). Therefore, the clonal
restriction of T cells found in autoimmune disorders is not
behaviour specific to these diseases, but can be considered as a
usual T cell response.

5. TCR gene transfer for controlling
autoimmune diseases

From the results of the evaluation of antigen-specific T cell
clonality, continuous expansion of immune response by
acquisition of self-reactive epitopes does not appear to occur in
the advanced stages of autoimmune disorders. Thus, the
authors now believe that antigen-specific, immunotherapy
targeting T cells would be feasible in autoimmune diseases. In
this regard, extensive attempts have been made to try and
establish antigen-specific T cell clones or lines by in vitro
culture; however, there are several difficulties with this process.
Usually, the culture should be performed without the
information of appropriate autoantigens. A candidate
autoantigen in cloning culture of autoantigen-specific T cells
has to be selected based on the limited information. Moreover,
there is no guarantee that in vitro established T cell clones
represent real disease-associated T cells, mainly because
in vivo-activated T cells are more easily rendered in
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Pathological
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Figure 1. Proposed antigen-specific immunotherapy. Clonal analyses of TCRs in the pathological lesions could be performed as
indicated on the upper left hand of the panel. This information could be combined with the in vitro reconstitution of the TCR function by
" cloning TCR cDNAs from a single cell and transferring them into self lymphocytes as in the right-hand panel. These engineered cells could

be applied for antigen-specific immunotherapy.
TCR: T ceil receptor.

activation-induced cell death. Therefore, the authors’ group is
now trying to produce autoimmune-associated T cells by gene
transfer of TCR obtained from in vivo, as discussed below.
TCRs of the accumulated T cell clones in the established
autoimmune lesions can be visualized by RT-PCR/SSCP
analysis. If we obtain a pair of fuli-length cDNAs encoding
o and B chains of TCR expressed in a single cell in the lesion,
and if we express them efficiently by gene transfer to self
lymphocytes, TCR function can be reconstructed using the
information obtained in vive. A schematic of the authors’
system is given in Figure 1. For the gene transfer to
lymphocytes, the authors’ group have established a highly
efficient retrovirus vector system with PLAT-E and pMX.
PLAT-E is a packaging cell transfected with gag—po/ and env
segments separately. Two independent, monocistronic
retrovirus vectors harbouring a and B TCR cDNAs were
generated. For the first study, the class II MHC-restricted
aand B TCR genes specific for chicken ovalbumin (OVA)
were used. These TCR genes were cloned from TCR
transgenic mice designated DO11.10. These TCRs were
transduced to splenocytes from BALB/c mice. The results
indicated that @ and B TCR gene transfer into peripheral
T cells reconstituted the antigen-specific immunity (57). The
amount of TCR expression and both the in vitro and in vive

antigen-specific functions were comparable with those
obtained with splenocytes from DO11.10 transgenic mice.

The authors’ group next attempted to use this TCR gene
transfer to control autoimmune disorders (58). The target was
lupus nephritis. NZB/W F1 mice spontaneously develop a
lupus-like syndrome and nephritis. Anti-DNA antibodies are
believed to be one of the major pathogenic autoantibodies for
nephritis. Datta and co-workers (59.60} have pointed out that
nucleosome is a major immunogen in systemic lupus
erythematosus. As DNA and the nucleosome are physically
linked, it is speculated that nucleosome reactive T cells help the
activation of anti-DNA specific B cells as the hapten-carrier
model. Therefore, the authors tried to generate
nucleosome-specific T cells with an immunosuppressive
function. The authors selected CTLA-4Ig as a suppressive
molecule. TCR cDNAs were engineered based on the
published sequence of nucleosome-specific TCR by fusing a
TCR V region sequence with a synthesized CDR3 sequence
and a TCR J-C region sequence [59). The V regions used were
Va 13 and V B 4. This TCR recognizes the immunodominant
I-Ad-restricted nucleosomal epitope.

In the authors’ usual experimental protocol, the proportion
of clonotypic TCR expression cells with two transferred TCR
genes was estimated to be ~ 25% in CD4* T cells. The
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Figure 2. Experimental outlines of TCR gene transfer for controlling autoimmune diseases. A and B illustrate images of triple

gene transfer to generate nucleosome-specific regulatory T cells and paw-directed TNF-R Ig-producing T cells.
CTLA: Cytotoxic T lymphocyte antigen; TCR: T cell receptor; TNF-R: Tumor necrosis factor receptor.

introduction of TCR was found to reconstitute the specificity
for the nucleosome. Triple gene transfer was then performed
together with CTLA-4lg to generate regulatory T cells
(Figure 2A). Calculations showed that ~ 10% of the total CD4*
cells expressed all three genes. The CTLA-4lg secreted from
transduced T cells blocked the proliferation of the polyclonal
T cell population. The TCR and CTLA-4lg transduced cells
showed the increase of CTLA-4lg secretion on T cell activation
in the presence of DCs. A million of the nucleosome-specific
regulatory T cells engineered by the triple genes were then
transferred into 10-week-old NZB/W F1 mice. The mice were
monitored for proteinuria. By week 22, all of the control mice
that received phosphate-buffered saline, cells transferred with
mock vectors, TCR alone and CTLA-4lg started to develop
severe nephritis diagnosed by persistent proteinuria of
> 300 mg/dl. By 30 weeks of age, the majority of these control
mice showed severe proteinuria; however, none of the mice
treated with cells transferred by the TCR and CTLA-4Ig showed
excess proteinuria. The kidneys of the control mice showed
severe  glomerulonephritis with membrano-proliferation,
glomerular sclerosis and tubular casts. The treated mice had
mild glomerular disease with less deposition of IgG and
complement, especially in the capillary loop. The
autoantibodies usually found in NZB/W Fl mice were
measured in the sera from different groups. The elevations of

anti-dsDNA and antihistone antibodies were suppressed at the
age of 22 weeks in the TCR and CTLA-4Ig-treated mice. The
T cell-dependent humoral response to active immunization of
OVA was also analyzed. The level of anti-OVA IgG antibody
titre was not significantly different from those of the control
mice, indicating there was not an overt systemic
immunosuppression of the triple gene-treated mice.

In order 1o obtain the whole TCR information from
pathological lesions, the authors’ group next tried to clone a
pair of full-length TCR ¢DNAs from a single cell
accumulated in the inflamed joints of DBA/1 mice with
collagen-induced arthritis (61]. Cloning of full-length cDNA
encoding TCR was already established [62). Single-cell
sorting with CD4* and VP 8.1/8.2-positive cells was
performed and TCR messages were amplified with
three-step nested PCR using a fixed VP primer and multiple
Vo primers. The authors then compared the clones
obtained from the single cells with accumulated clones
observed in the arthritis joints using the RT-PCR/SSCP
method. Some TCRs from sorted single cells were actually
identical to major clones accumulated in the joints. These
TCR ¢DNAs were converted into full-length cDNAs and
transferred to DBA/1 splenocytes. Interestingly, some of the
pairs of TCR were found to be nonspecific to immunized
type II collagen, but specific to self-antigen because

364

Expert Opin. Biol. Ther. (2007) 7(3)



TCR-transferred cells proliferated in the culture with DCs
from normal and arthritic mice. The carboxyfluorescein
diiacetate succinimidyl ester (CSFE) labelling experiments
showed that such TCR-transduced cells accumulated and
proliferated in the arthritic joints. The authors’ group next
performed experimental therapy using the triple-gene
engineered T cells. In this experiment, a soluble fusion
protein consisting of TNF receptor p75 and Fc domain of
IgG2a (TNF-RIg), was used as a regulatory molecule.
Control cells were transduced with either TCR alone or
TNF-Rlg alone. With regard to the arthritis score and the
percentage of severe arthritis, only TCR plus
TNF-RIg-transduced cells significantly suppressed the
arthritis (Figure 2B). Interestingly, the serum concentration
of TNF-Rlg was not the main determinant of arthritis
suppression in the TCR plus TNF-RIg group, as the serum
concentrations of TNF-Rlg protein in the TCR plus
TNF-RIg group were equivalent to those in the TNF-RIg
group. In contrast, the amount of TNF-RIg in the paws of
the TCR plus TNF-RIg group was significantly higher than
that in the paws of the TNF-RIg group. Therefore, local
accumulation of the TNF-RIg transcript suppressed arthritis
in the TCR plus TNF-RIg group. Therefore, biological
agents producing T cells may have an advantage over the
conventional biological agents that depends on serum
concentration. A reduced serum concentration may be
associated with less systemic immunosuppression. Taking
these results together, the system illustrated in the Figure 2
was shown to be feasible for use in experimental animals.

Yamamoto, Okamoto & Fujio

Recently, the clinical appreciation of retroviral TCR gene
uansfer was reported in the treatment of melanoma
patients. T cells transduced with melanoma antigen-specific
TCRs suppressed disease progression in patients with
advanced melanoma (63). This result showed the essential
efficacy and safety of TCR gene transfer in human.
Therefore, autoimmune disease can be a suitable target for
TCR gene cransfer.

6. Expert opinion and conclusion

T cells are one of the most decisive components in immune
responses, especially in terms of antigen specificity. TCR
determines the specificity. However, the TCR genes are
rearranged in each cell to obtain a variety of antigenic
specificities, and so T cells are enormously heterogeneous. A
small number of T cells in the total lymphocyte population
participate in an antigen-specific immune response.
Therefore, this limited population should be the main
target in antigen-specific immunotherapy, without affecting
systemic immunity. However, it is rather difficult to
evaluate and further manipulate such specific T cells. The
authors believe that much effort should be required for the
analysis and manipulation of antigen-specific T cells in the
future research. The authors propose that TCR gene cloning
using the information of TCR clonal analysis, and
reconstitution of the TCR function by gene transfer would
be a promising strategy for antigen-specific immunotherapy
in autoimmune disorders.
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Abstract

Local accumulation of basophils at inflammatory sites is observed in experimental antigen challenge
and in allergic diseases. It is not fully known what factor(s) regulates local basophil influx in tissues,
and it has not been determined whether antigens belong in a panel of basophil chemoattractants. This
study was designed to elucidate whether IgE- and high-affinity receptor for IgE (FceRl)-mediated
stimulation can induce human basophil migration. The migration-inducing potency of an anti-FczRI
a-chain mAb, CRA-1, was examined on human basophils. CRA-1 mAb elicited significant migration of
- basophils. The migration-inducing potency of this mAb was maximal at 100 ng mi~', and CRA-1 mAb
at 100 ng ml~" attracted ~10% of total inoculated basophils above baseline levels after incubation for
2.5 h. Checkerboard analysis indicated that basophil migration induced by this mAb was mainly
chemotactic and partially chemokinetic. An antigen, Der f 2, also induced migration of basophils from
Der f-sensitive subjects. Basophils mixed with 1 ng ml~' of CRA-1 mAb showed an exaggerated
migration response to eotaxin, indicating that FccRI cross-linkage enhances basophil migration to
other chemoattractants. Induction of basophil migration by IgE- and FceRI-cross-linking stimulation
may, at least in part, explain the pathogenesis of local basophil accumulation clinically observed in

allergic diseases such as asthma.

Introduction

Basophils are the least abundant leukocytes in peripheral
blood, but they possess biogenic amines such as histamine
in their cytoplasmic granules. When these cells encounter
specific antigens, they are stimulated and release various
chemical mediators including histamine. Basophils are thus
thought to be an active participant in the pathogenesis of
immediate-type hypersensitivity reactions, as an important
cellular source of pro-inflammatory mediators (1, 2).

In experimental antigen challenge models of the airways
and skin, basophit accumulation has been demonstrated at
the sites of inflammation (3, 4). Significantly increased
numbers of basophils are also reported in local tissues of
allergic patients such as asthmatics (5). These facts clearly
show that local mechanisms exist for attracting basophils
from the circulation. Influx of basophils to tissues is generally

thought to be composed of three steps: adhesion, trans-
endothelial migration and migration. Both adhesion molecules
and cytokines play regulatory roles in adhesion (6) and
transendothelial migration (7). Migration of basophils is mainly
regulated by the interaction of soluble molecules and their
receptors on the cell surface. Various factors including
complement C5a (8), cytokines IL-3 and granulocyte macro-
phage colony-stimulating factor (9), chemokines (10) and
other agents have been demonstrated to be able to induce
basophil migration. However, it is not fully known which
chemoattractant(s) plays a central or partial role at local
inflammation sites in vivo.

Abundant expression of high-affinity receptor for IgE (FceRl)
is one major characteristic of basophils as well as mast cells.
Cross-linkage of FceR! by allergens and specific IgE induces
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cell activation, leading to the release of both granule-
associated and newly synthesized mediators (1, 2). In addition,
it has recently been increasingly understood that IQE and FceRi
can generate intracellular signals affecting various biological
- aspects of cells other than release functions. In terms of
cell motility, rodent mast cells are reportedly able to migrate
toward specific antigens, and aggregation of IgE and FceRi
initiates this migration (11, 12). Considering that migration is
an essential step for blood basophils to act at local tissue sites,
it is of great interest whether IgE and FceRl mediate the
migration of mature human basophils. In this study, we
assessed IgE- and FceRI-mediated basophil migration, and
demonstrate that cross-linking stimulation of FceR! induces
direct migration, and enhances chemokine-induced migration,
of human basophils.

IgE- and FceRI-mediated basophil migration

Methods

Reagents

The following reagents were purchased as indicated: Percoll
(Pharmacia Fine Chemicals, Uppsala, Sweden), PBS and FCS
(GIBCO, Grand lIsland, NY, USA), prostaglandin D, (PGD,)
(Cayman Chemical, Ann Arbor, MI, USA), human eotaxin/
CCL11 (R&D, Minneapotis, MN, USA), human recombinant
Cha and piperazine-N,N'-bis-2-ethanesulfonic acid (PIPES)
(Sigma Chemical Co., St Louis, MO, USA), human monocyte
chemoattractant protein-1 (MCP-1)/CCL2 (PeproTech Inc.,
Rocky Hill, NJ, USA), recombinant Der f 2 (Asahi Brewery,
Tokyo, Japan) and ionophore A23187 (Calbiochem-Behring,
La Jolla, CA, USA). Human recombinant IL-3 was kindly
donated by Kirin Brewery (Tokyo, Japan). A mouse IgG2b anti-
human FceRI a-chain mAb, CRA-1, was used; this antibody
can bind to the FceRI a-chain regardiess of whether or not it is
occupied by IgE (13). The following antibodies were pur-
chased as indicated: mouse IgG2b mAb with irrelevant
specificity (MOPC195; Cappel, Aurora, OH, USA), FITC-
conjugated goat anti-human IgE antibody (Biosource In-
ternational, Camarillo, CA, USA), PE-conjugated anti-CD11b
mAb (mouse 19gG1, clone Bear1) and FITC- or PE-conjugated
mouse IgG1 (clone 679.1Mc7) (Coulter Immunotech,
Marseille, France). FITC-conjugated anti-CCR3 mAb (IgG1,
clone 444) was prepared as described previously (14).

Cell preparation

Leukocytes were isolated from venous blood obtained from
consenting volunteers with no history of atopic diseases. In
some experiments, peripheral blood was drawn from con-
senting subjects with mite-sensitive allergic asthma, fulfilling
the criteria for diagnosis of bronchial asthma (15). Basophils
were semi-purified by density centrifugation using Percoll
solutions of different densities (1.080 and 1.070 g mI~"). The
purity of these Percoll-separated basophil preparations
was ~12.3%. For some experiments, the Percoll-separated
basophils were further purified by negative selection with
MACS beads (Basophil Isolation Kit; Miltenyi BioTech,
Belgisch-Gladbach, Germany) according to the manufac-
turer’s instructions.

Migration

Basophil migration was analyzed using 24-well culture plates
(IWAKI, Tokyo, Japan) and chemotaxicell (Kurabo, Osaka,
Japan) with a 5-um pore size. A total of 100 ul of PIPES buffer
containing 25 mM PIPES, 119 mM NaCl, 5 mM KCI, 2 mM
Ca?*, 0.5 mM Mg?*, 0.03% human serum albumin and 2 X
10* basophils was added to the upper chamber, and 300 pl of
test reagent was placed in the lower chamber. After incubation
for 2.5 h at 37°C, migrated cells in the lower chamber were
collected and stained with 10 ug mi~" of FITC-conjugated goat
anti-human IgE for 30 min at 4°C. Cells were then analyzed
using an EPICS XL System Il (Coulter, Miami, FL, USA) (7).
Migrated basophils were identified as cells strongly positive
for IgE. The number of migrated cells might be potentially
under-represented in our multistep experimental procedures
using flow cytometer; to attain the data reliability, we usually
spent longer time period for flow cytometric analysis of each
sample under this method (7, 14). Migration was expressed as
a percentage of the inoculated basopbhils after subtracting the
spontaneous migration (5.1 = 0.7%, n = 23) unless otherwise
specified. All the experiments in this study were performed at
least in duplicate.

Flow cytormetry

CD11b expression experiments were performed using
Percoll-separated basophils. Following stimulation, cells
were incubated with 10 ug mi~" of either PE-conjugated anti-
CD11b mAb or PE-conjugated control mouse IgG1 and then
stained with FITC-conjugated anti-human IgE antibody at
10 ug mi~". Stained cells were analyzed by flow cytometry.
The median values of fluorescence intensity of basophils
were converted to the numbers of molecules of equivalent
soluble fluorochrome units (MESFs), as previously described
(16). Surface receptor levels were semi-guantified using the
following formula: AMESF = (MESF of cells stained with anti-
CD11b mAb) — (MESF of cells stained with control IgG).

CCR3 expression experiments were performed using
MACS-separated basophils. Following stimulation, cells were
stained for 30 min with 10 ug mi~" of either FITC-conjugated
anti-CCR3 mAb or FITC-conjugated control mouse IgG1
before flow cytometric analysis.

Degranulation

Basophil degranulation was examined using Percoll-
separated basophils. Briefly, cells were re-suspended in
PIPES buffer containing 2 mM Ca®*, 0.5 mM Mg?®* and
0.03% human serum albumin, and then stimulated at 37°C
for 45 min in polystyrene tubes. The supernatants were stored
at 4°C until histamine assay by an automated fluorometric
technique (17). Histamine release was expressed as a per-
centage of the total cellular histamine after subtracting the
spontaneous release (2.8 = 0.8%, n = 9).

Statistics

All data are expressed as the mean * SEM. Differences
between values were analyzed by the one-way analysis of
variance test. When this test indicated a significant difference,



Fisher’s protected least significant difference test was used to
compare individual groups.

Results

Anti-FceRI a-chain mAb, CRA-1, induces basophil

migration

We first examined whether FceRl cross-linkage induces
human basophil migration, by using an anti-FceRIl a-chain
mAb, CRA-1. As shown in Fig. 1(A), there was clear basophil
migration toward CRA-1mAb at 100 ng mI~'(10.1 = 1.9%, n=7).
The migration-inducing potency of CRA-1 mAb was statistically
significant (P < 0.05). Basophil migration toward various
known chemoattractants such as eotaxin, MCP-1, PGD, and
Ch5a is also included in Fig. 1(A). In clear contrast to the
control 1gG2b mAb which completely failed to increase the
number of migrated basophils, CRA-1 mAb demonstrated
induction of basophil migration at concentrations as low as
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10 ng mi~", and maximal migration was seen at 100-1000
ng mi~" of this mAb (Fig. 1B). We next tested the migratory
responses using semi-purified basophils (purity 12.3 =
2.9%) and MACS-separated basophils (purity 99.0 = 0.6%)
simultaneously. CRA-1 at 100 ng mi~" induced significant
migration in both basophil preparations; no statistical
difference was seen in the magnitude of migratory re-
sponses between the two preparations (P = 0.27) (Fig. 1C),
indicating that CRA-1 mAb can exert the migration-inducing
capacity via its direct action on basophils.

It has been reported that ~2 h of incubation is sufficient to
detect apparent migration of basophils toward eotaxin or other
known chemoattractants (9, 10). In contrast, CRA-1-induced
basophil migration revealed a slower process: after incubation
for 2 h, we observed only a small number of migrated
basophils, but their number continued to increase until up to
7 h of incubation (Fig. 1D). At the 7-h time point, the per-
centage of basophils which had migrated toward CRA-1 at
10 ng mi~" was comparable to that toward eotaxin at 50 nM.
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Fig. 1. Anti-FceRl a-chain mAb, CRA-1, induces basophil migration. (A) Percoll-separated basophils were tested for migration toward lower
chambers containing various known chemoattractants or CRA-1 at 100 ng mi~! (n=7). (B) Concentration-dependent basophil migration induced
by CRA-1. Bars represent the SEM (n = 4). *P < 0.01, **P < 0.001, versus migration toward control mouse 1gG2b. (C) Both Percoll- and MACS-
separated basophils were tested for migration toward CRA-1 or control mouse IgG2b at 100 ng mi~* (n = 4). Bars represent the SEM. *P < 0.01.
(D) Time course of basophil migration induced by eotaxin (50 nM) and CRA-1 (10 ng mI~"). Data are representative of two separate experiments.
The percentages of background migration in the absence of any reagent were 1.4, 3.2, 4.3, 8.7 and 5.5% at 1, 2, 3, 5 and 7 h, respectively.
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It should be noted that basophils from some donors
demonstrated apparent spontaneous migration after 3 h or
longer incubation in the absence of any chemoattractant.
Accordingly, we decided that routinely the 2.5-h time point is
appropriate for clearly distinguishing active attraction of
basophils by CRA-1 from spontaneous migration.

IgE- and FceRI-mediated basophil migration

Checkerboard analysis

Checkerboard analysis was performed by adding 1-100
ng mi~" of CRA-1 mAb to the upper and/or lower wells. The
most potent migration of basophils was observed when the
optimal concentration of CRA-1 mAb was included only in
the lower chambers, whereas weak migration was also seen
when CRA-1 mAb was added to both chambers (Table 1).
These results suggest that CRA-1-induced basophil migration
was mainly chemotactic and partially chemokinetic.

Comparison of the effects of CRA-1 on various biological
functions of basophils .

It has already been established that cross-linkage of basophit
surface FceRI results in degranulation and up-regulation of
surface CD11b expression (6). We next compared the
conceniration-dependent effects of CRA-1 on basophil mi-
gration, CD11b expression and degranulation. To adjust the
experimental design for cell treatment procedures among
these three indices, migration of basophils was analyzed
using cell preparations mixed with CRA-1 mAb before
inoculation to the upper wells, and non-directional migration
was thus measured. As shown in Fig. 2, all three indices of
basophil activation demonstrated CRA-1 dose dependency
within the tested concentration range. Maximal migration of
basophils was observed at 100 ng ml~! of CRA-1, but the
extent of histamine release and up-regulation of surface
CD11b expression plateaued at 1000 ng mi~' of CRA-1.
When the effective dose of 50% (EDsp) concentration of CRA-1
was compared, half-maximal induction of basophil migration
and CD11b up-regulation (EDsy: within 1-10 ng mi™")
occurred at a slightly lower concentration of CRA-1 than that
of histamine release (EDsq: within 10-100 ng mi~™").

Basophils migrate toward antigen

We next tested whether human basophils can migrate toward
a specific antigen. Basopbhils were obtained from subjects with
mild allergic asthma showing positive radioalloergosorbent

Table 1. Checkerboard analysis of FceRIl-mediated basophil
migration

CRA-1 mAb (ng mi~") in upper chamber

CRA-1 mADb

(ng mi~"yin

lower chamber 1 10 100

0 78+33 90+x24 139x22 135*22
1 10206 9436

10 148+ 1.4 120+ 22

100 185 = 3.1 11.0=* 28

Data are the mean * SEM of three separate experiments performed
on basophils from three different donors. Actual percentages of
migrated basophils are shown.

test (RAST) for Der {. These basophils not only released hista-
mine, but also migrated toward Der f 2 at sub-nanogram per
milliliter doses (Table 2). In contrast, basophils from non-allergic
subjects with negative RAST for Der f failed to be degranulated
by, or migrate toward, Der f 2. These resulis indicate that
sensitized basophils can migrate to a specific antigen.

Non-releasing basophils do not migrate toward CRA-1

It is known that basophils from 10 to 20% of normal subjects do
not degranulate in response to IgE- or FceRl-dependent
stimulation (18). Using basophils from such non-releasers, we
studied CRA-1-induced migration. As shown in Table 3, non-
releaser basophils failed to migrate toward CRA-1 but did
migrate toward an FceRl-independent chemoattractant, eo-
taxin. These results imply that an FceRI-dependent early signal
transduction component essential for degranulation, presum-
ably Syk (19, 20), is critically involved in FceRI-dependent
migration of basophils.

Synergistic effect of CRA-1 on chemoattractant-induced
basophil migration

Finally, we investigated whether CRA-1 affects basophil
migration induced by other chemoattractants. Treatment with
CRA-1 at 1 ng mI™" did not alter the level of surface CCR3
expression by basophils (Fig. 3A). However, it did greatly
enhance basophil migration toward eotaxin although the low
concentration of CRA-1 induced little or no migration in the
absence of eotaxin in the lower chamber (Fig. 3B). CRA-1 at
0.1 ng ml™" enhanced eotaxin-induced basophil migration
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Fig. 2. Effects of CRA-1 on various functions of basophils. Percoll-
separated basophils were used, and the effects of CRA-1 on basophil
migration, histamine release and CD11b expression were assessed.
Data are the mean + SEM (n = 4), calculated based on percentages of
the maximum for each donor. *P < 0.01, **P < 0.001, versus the
baseline in the absence of CRA-1. The actual percentage of maximat
migration in the presence of CRA-1 was 14.6 = 3.8%. The maximal
level of surface CD11b expression in CRA-1-treated cells was 86.6 *
10.6% above the baseline value.
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Table 2. Degranulation and migration of sensitized basophils by Der f 2

Reagents Histamine release (%) Migration (%)
RAST (-) RAST (+) RAST (-) RAST (+)
Der 2 (ng mI™") 0.001 0x0 07x06 00 0908
0.01 00 53* 4.1 00 27+19
0.1 00 28.0 * 16.6* 0x0 55 % 1.9*
1 0x0 49.3 + 6.8%* 0x0 5.4 *+ 26*
10 0zx0 29.5 + 8.4** 0x0 1.0 17
Ca ionophore (ug mi~") 0.2 52.0 = 7.3** 33.3 % 4.1** n.d. n.d.
Eotaxin (nM) 50 n.d. n.d. 19.7 = 8.4** 17.4 = 2.5%*

Percoll-separated basophils were obtained from three asthmatic subjects with positive RAST for Der f 2 and three healthy subjects with negative
RAST for Der f 2. Migration was assessed by adding Der f 2 or eotaxin to the lower chamber. Data are the mean = SEM of three separate
experiments performed on basophils from three different donors. *P < 0.05, **P =< 0.01, versus corresponding value without stimulation. n.d..

not done.

Table 3. Non-releasing basophils fail to show FceRI-mediated migration

Reagents Histamine release (%) Migration (%)
Releaser Non-releaser Releaser Non-releaser

CRA-1 (ng mi™") 0.1 0 0 25 0.7

1 0.2 1.3 37 0

10 6.3 04 6.7 0

100 15.3 0 13.6 0

1000 20 0.5 14.9 0
Ca ionophore (ug mi™") 0.2 58.1 55.0 n.d. n.d.
Eotaxin (nM) 50 n.d. n.d. 30.8 24.4

Basophil migration was assessed by adding CRA-1 or eotaxin to the lower chamber. Data are the averages of separate experiments performed

on basophils from two releasers and two non-releasers. n.d.: not done.

moderately compared with its 1-ng mi~' dose. Slight and
variable enhancement of eotaxin-induced migration was also
observed in basophils treated with 10 ng mi~" or higher con-
centrations of CRA-1. However, such high concentrations of
CRA-1 affected basophil functions in a complicated manner,
such as up-regulation of random migration and down-regulation

of surface FceRl and CCRS3 levels (data not shown). These .

results indicate that nanogram per milliliter doses of CRA-1
synergistically enhance eotaxin-induced basophil migration
without up-regulating the surface expression of CCR3. We aiso
investigated this synergistic effect using basophils from two
separate non-releasers. However, the enhancement of eotaxin-
induced migration was not seen with these basophils (data not
shown), indicating that not only FceRI-mediated direct migra-
tion but also enhancement of eotaxin-induced migration of
basophils is hampered in the non-releasing phenotype.

Discussion

In this study, we have demonstrated that human peripheral
basophil preparations can migrate in response to IgE- and
FceRl-cross-linking stimulation. Most of our experiments were
performed using an anti-FceRl a-chain mAb, CRA-1. This
antibody is highly selective for the FceR! a-chain, with very low
non-specific binding to FceRI-negative cells (13), suggesting
that CRA-1 mAb interacts with basophils solely via its Fab
portion. In addition, the basophil migration induced by this

mAb was considered not to be an indirect event mediated by
contaminating cells since it was observed even when using
highly pure basophil preparations. Moreover, the Der f 2 anti-
gen attracted basophils obtained from Der f-sensitive subjects.
These results collectively imply that human basophils do
migrate in response to stimulation via IgE and FceRI.

The intracellular mechanism(s) by which FceRIl-dependent
signals direct basophil migration is of special interest. We
found that basophils from non-releasers, which do not
degranulate in response to IgE-mediated stimulation, failed
to migrate toward CRA-1 mADb, although binding of CRA-1 on
these basophils’ surface was confirmed by flow cytometry.
Furthermore, up-regulation of eotaxin-induced basophil mi-
gration was not observed in non-releasers. Although the
overall signal defect(s) in non-releaser basophils might not be
fully clarified, one important point is the Syk deficiency (19,
20). This early signal tyrosine kinase is probably critically
involved in cell motility changes following FceRI cross-linkage,
as well as in degranulation.

It is known that IgE and FceRI are important molecules for
the initiation of antigen-induced immediate-type hypersensi-
tivity reactions. Recent progress in basic and clinical research
has revealed that IgE and FceR! on the surface of mast cells
and basophils may be more profoundly involved in the patho-
genesis of allergy than had been previously conceived. Others
and we have shown that IgE can regulate the surface ex-
pression of FceRl in various types of FceRI-positive cells such



