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Abstract Autoimmune diseases (ADs) are a spectrum of
diseases originating from loss of immunologic self-tolerance
and T cell abnormal autoreactivity, causing organ damage and
death. However, the pathogenic mechanism of ADs remains
unclear. The current treatments of ADs include nonsteroidal
anti-inflammatory drugs (NSAIDS), antimalarials, corticoste-
roids, immunosuppressive drugs, and biological therapies.
With the need to prevent side effects resulting from current
treatments and acquire better clinical remission, developing a
novel pharmaceutical treatment is extremely urgent. The con-
cept of T cell vaccination (TCV) has been raised as the finding
that immunization with attenuated autoreactive T cells is ca-
pable of inducing T cell-dependent inhibition of autoimmune
responses. TCV may act as an approach to control unwanted
adaptive immune response through eliminating the
autoreactive T cells. Over the past decades, the effect of
TCV has been justified in several animal models of autoim-
mune diseases including experimental autoimmune encepha-
lomyelitis (EAE), murine autoimmune diabetes in nonobese
diabetic (NOD) mice, collagen-induced arthritis (CIA), and so
on. Meanwhile, clinical trials of TCV have confirmed the
safety and efficacy in corresponding autoimmune diseases
ranging from multiple sclerosis (MS) to systemic lupus ery-
thematosus (SLE). This review aims to summarize the ongo-
ing experimental and clinical trials and elucidate possible
molecule mechanisms of TCV.

Keywords T cell vaccination - Autoimmune diseases -
Autoreactive T cells - Clinical application - Anti-idiotypic and
anti-ergotypic response

X. Huang - H. Wu - Q. Lu (<)

Hunan Key Laboratory of Medical Epigenetics, Department of
Dermatology, Second Xiangya Hospital, Central South University,
#139 Renmin Middle Rd, Changsha 410011, Hunan, People’s
Republic of China

e-mail: epigenetics2010@126.com

Introduction

Autoimmune diseases (ADs) are a spectrum of diseases char-
acterized by self-immune regulation disorders and accumula-
tion of autoantibodies after environmental triggering of genet-
ically susceptible individuals. ADs can be generally divided
into two categories: systemic autoimmune diseases such as
systemic lupus erythematosus (SLE) and organ- or tissue-
specific autoimmune diseases, both of which involve chronic
inflammation, causing multiple major organ damage and organ
failure [1]. The overall objective of disease management in
autoimmune diseases is to suppress chronic inflammation and
prevent organ damage. Therapies revolve around five drug
classes: nonsteroidal anti-inflammatory drugs (NSAIDS), anti-
malarials, steroids, immunosuppressive drugs, and biological
therapies [2]. The first four kinds of drug strategies are most
widely used worldwide. However, the general immunosuppres-
sion and steroid-related side effects, such as osteoporosis, dia-
betes mellitus, and cataract, undermine the long-term adminis-
tration and limit the use on patients with multiple organ com-
plications. In some autoimmune diseases such as rheumatoid
arthritis (RA), relatively well-established protein-based treat-
ments (biological drugs or biologics) have been developed.
One of the most effective biologics is monoclone antibody
targeting tumor necrosis factor (TNF), and the subsequent
biologics researches continue to focus on some surface mole-
cules of immune cells like CD20, CD3, CD22, CD52, comple-
ments, and additional members of the TNF superfamily [3, 4].
However, the biologics require high production cost and com-
monly large dose, thus partially limiting patient accessibility
and clinical applications [5]. For example, belimumab, the first
and only disease-modifying biologics for SLE, was approved in
2011. It costs approximately $45,000 annually in the USA [2,
6]. Worse still, a large number of ADs still lack effective and
successful specific therapy. Significant need in novel therapeu-
tic strategy of ADs remains unmet.
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Though the precise cellular and molecular mechanisms
leading to AD have remained clouded in uncertainty, there is
growing evidence that the compromise of tolerance and onset
of ADs are closely related to the activated autoreactive T cells
[1]. Autoimmunity is clearly based on the interaction of ge-
netics and environment, and while there is little that can be
done to alter genetic predisposition [7—11], there is consider-
able effort on dissecting T cell subpopulations and developing
unique vaccination protocols to circumvent effector pathways
[12—19]. The degeneration or inactivation of activated
autoreactive T cells may provide an approach toward control-
ling autoimmune response and regulating pathogenic trigger
of autoimmune reaction. In this review, we summarized the
ongoing experimental and clinical trials and illustrated possi-
ble molecule mechanisms of a novel therapy that targets
autoreactive T cells in ADs, termed “T cell vaccination”
(TCV), therefore hoping to provide new insight into the
understanding of autoimmunity and develop more effective
T cell vaccine.

The Concept of T Cell Vaccination

The concept of TCV was first raised by Ben-Nun et al. in
1981, based on the finding that attenuated T lymphocyte cells
reactive against myelin basic protein (MBP) can induce vac-
cination against autoimmune encephalomyelitis in rats models
[20]. To some extent, the effect of TCV is similar to conven-
tional vaccination against etiological agents from infectious
diseases. During the conventional process, individuals are
purposely exposed to attenuate microbial pathogens, which
then instruct the immune system to recognize and neutralize
them in their virulent form. However, instead of using foreign
microbial agents, TCV uses neutralized pathogenic
autoreactivce T cells or their T cell receptor (TCR) peptides.
The pathogenicity of autoreactive T cells has been investi-
gated in various animal models and clinical trials of autoim-
mune diseases like SLE, RA, type 1 diabetes (T1D), multiple
sclerosis (MS), myasthenia gravis, inflammatory bowel dis-
ease [21-23], and so on. Experimental autoimmune encepha-
lomyelitis (EAE), the animal model of MS, is caused by
immune response to self-antigens, mainly the MBP of the
central nervous system, and can be induced by adaptive trans-
fer of MBP-reactive T cells [20, 24]. In addition, previous
research has observed that autoreactive T lymphocytes select-
ed and isolated from rats administered an arthritogenic dose of
Mycobacterium tuberculosis can reduce autoimmune arthritis
[25]. Furthermore, adoptive transfer of autoreactive CD4+ T
cells specific to 70 k (subunit of the U1 small nuclear ribonu-
cleoprotein (snRNP), which is one of the pathogenic self-
antigens of SLE) could develop a diffuse proliferative glomer-
ulonephritis in C57BL/6 (B6) mice expressing HLA-DR4
[26]. Such evidence indicates that accidentally stimulated
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autoreactive T cells are sufficient to induce the imbalance of
regulatory network and, therefore, lead to autoimmunity. Nov-
el treatments that specifically target at self-reactive pathogenic
T cells could therefore regulate the autoimmune system and
result in improvement in both clinical manifestation and lab-
oratory parameters of ADs.

The immune regulation effects of TCV have been support-
ed by a number of animal models of ADs, using TCR peptide
protocol or whole attenuated pathogenic T cells as vaccine.
These models have achieved a positive outcome in reducing
circling autoreactive T cells after vaccination and ameliorating
disease activity [25, 27-30]. Subsequent research on the
mechanism of TCV has elucidated a complicated anti-
idiotypic and anti-ergotypic network to be responsible for
the pathogenic procedure [24, 31-35]. Clinical trials of TCV
in ADs have emerged after the optimistic result from animal
models. In these experimental and clinical trials, selected
autologous T cell lines that recognize candidate self-antigens
or artificial TCR peptide of autoimmune T cells induce regu-
latory immune response for clinical benefit. Using TCV to
deplete autoreactive T cells in human autoimmune circum-
stance has started to reveal the pathologic relevance of various
autoimmune T cell populations in the disease processes and
provide a unique opportunity to test the autoimmune theories
in a clinical setting [22, 36-38].

T Cell Vaccination for Multiple Sclerosis
Myelin-Reactive T Cells in MS

MS is a chronic, debilitating neurologic autoimmune disease
characterized by central nervous system (CNS) white matter
inflammation, demyelination and, in cases of chronic disease,
astroglial scarring. The formation of demyelinated lesions
leads to axonal injury and neurological deficit [39]. While
the precise mode of disease etiology remains elusive, it is
widely believed that the CNS-specific myelin protein plays a
vital role in stabilizing the myelin sheath in the CNS and has
been implicated in the pathogenesis of MS. It has been dem-
onstrated that the destructive autoimmune mechanisms in MS
are presumably initiated by abnormal activation of potentially
pathogenic autoimmune T cells, which recognize CNS com-
ponents (CNS-specific myelin protein) [40]. The EAE, an
umbrella term referring to multiple different models of CNS
autoimmunity in vertebrate animals, has been widely used in
the study of CNS autoimmunity, especially in MS animal
models [40]. As the first and most widely studied model, the
great progress made in the application of TCV in EAE is
attributed to the well-established understanding of
autoantigens and corresponding immune abnormalities in
MS. The target antigens, which have been found to cause
clinical EAE in animal models, include MBP [38, 41-43],
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proteolipid protein (PLP) [44, 45], and myelin oligodendro-
cyte glycoprotein (MOG) [46], which are widely studied.
Some latest proven candidate target antigens such as myelin-
associated oligodendrocytic basic protein (MOBP) [47] and
associated oligodendrocyte-specific protein (OSP) [48] are
also believed to be responsible for the pathogenesis of MS.
Other myelin proteins, such as myelin-associated glycoprotein
(MAG) and Nogo-A, have been demonstrated with encepha-
litogenic potential [49-51].

Encephalitogenic Potential of T Cells and Application
of TCV in Animal Models of MS

Studies performed to characterize myelin-reactive T cells in
cerebrospinal fluid (CSF) and peripheral blood in murine
models suggested that MBP is the most relevant and core
source of encephalitogenic immune response in the CNS,
according to previous studies of EAE. Using both MBP-
derived peptides and MBP-reactive T cell clones could lead
to the onset of EAE in murine models. Zamvil et al. were able
to induce EAE in SJL/J mice with the C-terminal peptide (89—
169) and in PL/J mice with MBP (1-37). Later, they demon-
strated that an acetylated N-terminal-derived peptide from
MBP was also sufficient to induce EAE in PL/J mice [42,
43]. Moreover, immunization of SJL/J mice with the immune-
dominant epitope of PLP (139—-151) or passive transfer of PLP
(139—151)-reactive T cell lines and clones to naive hosts
brought about a relapsing-remitting disease course of EAE
[45], suggesting that PLP was the immune-dominant epitope
for the induction of EAE in the SJL strain. Sun and his
colleagues reported in their study that pMOG (35-55) consis-
tently activated a high proportion of CD8+ TCRx[3+T cells
that were encephalitogenic in C57BL/6 (B6) mice [52]. But
MOG was leading a less virulent response in EAE as disease
induced by the immune-dominant MOG (35-55) peptide in
C57BL6/J (B6) mice tended to be chronic in nature [44, 52].
Similar research has been carried out on RAG-1—/—mice [52].

Other studies have found evidence of epitope spreading in
the relapsing EAE (R-EAE) model. Mice immunized with
PLP (139-151) developed splenic lymphocyte responses to
PLP (178-191), and these PLP (178-191)-reactive T cells
could induce EAE upon adoptive transfer. It means that
myelin-reactive T cells with encephalitogenic epitopes them-
selves maybe, to some extent, independent of producing MS-
like inflammation and demyelination [53].

Unlike MBP, PLP, and MOG, the role of MOBP in MS
immunization remains unclear. In order to characterize the T
cell autoimmunity against MOBP, Nathali Kaushansky delin-
eated the major encephalitogenic epitope of MOBP and dis-
sected the epitope at the residue level. Analysis of the T cell
response to MOBP in SJL/J mice showed that MOBP-reactive

T cells predominantly responded against one dominant and
major encephalitogenic epitope, the MOBP (15-36) [47],
whereas other studies indicated MOBP (37-60) to be the main
encephalitogenic reaction producer [54]. Considering the clin-
ical manifestation and histology appearance observed in
MOBP (15-36), immunized models were much more severe
than that of MOBP (37-60), and the discrepancy might result
from the difference in immunization protocols or because
MOBP (37-60) was carrying a minor or cryptic encephalito-
genic epitope [47, 54]. Results from TCV with the tracking
technique utilizing encephalitogenic T cells expressing GFP
showed an evident decrease of encephalitogenic T cells in the
CNS and lymphoid organs, a reduction in the Thl cytokine
producing cells in the CNS, and the appearance of T cells
responsive to the anti-MBP effector T cells [55].

Administration of TCV in MS Patients

The successful application of TCV in animal models of MS
encouraged subsequent research in clinical trials. Zhang et al.
conducted a study with six MS patients with T cell clones
against MBP peptides (1-37, 45-89, and 90-170). Adminis-
tration of the vaccines induced an anti-idiotypic T cell re-
sponse, specifically recognizing the vaccine clones, which
was accompanied by a progressive depletion of circulating
MBP-reactive T cells in all the patients [30] (Table 1). In
another 16 patient pilot trial, five relapsing-remitting MS
(RRMYS) and three chronic-progressive MS (CPMS) patients
were treated with three subcutaneous injections of two to four
vaccine clones. Over half of the treated patients had decreases
in relapse rates. Magnetic resonance imaging also showed
mitigation of brain lesion compared with the controls [29].
With the support of TCV effectiveness in these pilot studies, a
preliminary clinical trial involving a larger number of patients
(RRMS (n=28) or secondary progressive MS (SPMS) (n=
26)) was launched by Zhang and co-workers. Fifty-four pa-
tients were immunized with irradiated autologous MBP-
reactive T cells (both whole MBP and MBP peptides 83—99
and 151-170 reactive T cell lines). A correlation between
depletion of MBP-reactive T cells and a reduction by 40 %
in the rate of relapses in RRMS patients were observed,
compared with the pretreatment rate in the same cohort.
However, the reduction in expanded disability scale score
(EDSS) was minimal in RRMS patients, while the EDSS
slightly increased in SPMS patients over a period of 2 years
[56].

Besides, attempts with the bovine blood-derived myelin-
reactive T cell line as vaccines were made in a few experi-
ments. In a TCV pilot trial involving four SPMS patients,
modest effectiveness was reflected by a progressive decline of
circulating whole myelin-reactive T cells after vaccination,
and cytotoxic T cells recognizing the inoculates were isolated
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Table 1 Overview of human T cell vaccinations in MS

Vaccine composition Subjects Clinical phase  Center References
Autologous blood-derived T cell lines against: RRMS (n=3) I (completed)  LUC, Diepenbeek, Belgium [30]
MBP (1-37, 45-89, 90-170) PPMS (n=1)
SPMS (n=2)
MBP (both whole MBP and MBP RRMS (n=28) II (completed)  Baylor College of Medicine, [56]
(83-99, 151-170)) SPMS (n=26) Houston, TX, USA
MBP peptides RRMS (n=5) I (completed)  LUC, Diepenbeek, Belgium [29]
CPMS (n=3)
MBP (83-99, 87-110, 151-170) RRMS (n=20) /Il (completed) Sheba Medical Center, [62]
and MOG (6-26, 34-56) Tel-Hashomer, Israel
Whole bovine myelin SPMS (n=4) I (completed)  USC, Los Angeles, USA [57]
SPMS (n=80) II (ongoing)
Hydrolyzed bovine brain white matter CPMS (n=40) 1 (ongoing) Hadassah Hospital, Jerusalem, Israel
CSF-derived T cell lines against myelin peptides PPMS (n=4) I (completed)  Harvard Medical School, Boston, USA [58]
CSF-derived activated CD4+ T cell lines RRMS (n=4) I (completed)  LUC, Diepenbeek, Belgium [59]
against myelin peptides CPMS (n=1)
CSF-derived activated CD4+ T cell lines RRMS (n=60) 1T (ongoing) LUC, Diepenbeek, Belgium
against myelin peptides
Blood-derived T cell lines against 2 of the RRMS or SPMS I (completed)  Baylor College of Medicine, Houston, [61]
6 selected myelin peptides: MBP (83-99, (67 screened in total) TX, USA
151-170), PLP (30-49, 180-199),
and MOG (1-17, 19-39)
Blood-derived T cell lines with the highest reactivity RPMS (n=26) I (completed)  Hadassah Hospital, Jerusalem, Israel [60]

to 9 different myelin peptides:
MBP (84-102, 143-168); MOG (1-22, 34-56,
64-86, 74-96); PLP (41-58, 184-199, 190-209)

from the peripheral blood of two MS patients [57]. But no
further study with bovine myelin-reactive TCV protocol en-
sues in consideration of the potential problem of
heterogenicity.

The ability of interleukin (IL)-2 to expand CD4+ T lym-
phocytes reactive to myelin from CSF as vaccine has been
verified by earlier research [57]. Based on the presumption
that CSF lymphocytes can better reflect the repertoire of
inflammatory cells infiltrating the parenchyma and they may
contain infiltrating pathogenic cells relevant to the disease
process because of its proximity to the target organ in MS,
two pieces of preliminary research with CSF-delivered vac-
cine were undertaken [58, 59] (Table 1). One of them was
conducted by Van der Aa et al. [59], which vaccinated five MS
patients (four RRMS, one CPMS) with activated CD4+ T cells
derived from CSF. The vaccinations were well tolerated and
no toxicity or adverse effects were reported. Proliferative
responses and anti-ergotypic responses against the CSF vac-
cine were observed in three to five patients. After that, a
double-blind placebo-controlled trial with MS patients (n=
60) was conducted to study the effects of TCV with CSF-
derived vaccines in early RRMS patients (unpublished results,
Table 1).

In general, it is widely accepted that multiple autoreactive
T cell lines of myelin protein or peptides are responsible for
the pathogenesis of MS. Therefore, incorporating T cell
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populations specific for these autoantigens in the vaccine
may improve the effectiveness of previous TCV protocol
[37, 60, 61]. To probe whether the multivalent TCV protocol
could gain more effective clinical remission from MS patients,
Achrion et al. undertook a divalent TCV trial in 20 RRMS
patients with T cell lines (TCL) prepared using immune-
dominant epitope sequences of MBP (83-99, 87-110, 151—
170) and MOG (6-26, 34-56) at a dose of up to 1.5E7 cells
per peptide of attenuated myelin-reactive T cells (MRTC).
Deletion of MBP and MOG-reactive T cells was found to be
correlated with a reduction by 55 % in the rate of relapses.
Neurological disability stabilized when compared with the 2-
and 1-year pretreatment progression rates. Significant reduc-
tion in the number and volume of active lesions was revealed
by quantitative MRI analysis [62] (Table 1). Another major
step toward the practical use of TCV in treating MS patients is
the exploitation of “Tovaxin,” a trivalent formulation of atten-
uated myelin peptide-reactive T cells (sponsored by Opexa
Pharmaceuticals Inc) [63]. To assess the safety and tolerability
of Tovaxin therapy, an open-label dose escalation study of
TCV in MS patients was conducted in 2009, using attenuated
MRTC selected with six myelin peptides [61]. In this study,
the mid-dose (30—45E6 dose) proved to be the most effective
with reductions in MRTC ranging from 92.4 % at week 5 to
64.8 % at week 52. A rapid depletion of circulating MRTC
and improvement trends in clinical outcomes were reported.
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However, a slight rebound in MRTC was observed by week
52 for all doses, which was speculated to be a patient-specific
response linked with a post-vaccination episode of clinical
relapse and/or worsening disease. Several reasons may ac-
count for the rebound in MRTC, such as continued exposure
to the myelin antigens, a shifting profile due to the
polyspecificity of the TCR of MRTCs, lack of the induction
of a sustained immune response, or an inadequate vaccination
schedule. Overall, the study demonstrated favorable effects of
Tovaxin on clinical and immunological parameters according
to a press release, and Tovaxin (licensed by Merck Serono)
has been granted Fast Track designation by the US Food and
Drug Administration (FDA) for SPMS [61] (Table 1). Further
phase IIb placebo-controlled study with Tovaxin was conduct-
ed in 150 subjects. The results showed that subjects with
higher disease activity favored Tovaxin in terms of annualized
relapse rate (ARR) and disability progression. Prior disease-
modifying treatment (DMT) exposure might undermine effect
size and the validity of the study. As a result, limiting subject
selection to DMT treatment-naive individuals might be a
reasonable approach to phase 2 or proof-of-concept studies
of limited duration [36].

More recently, the first double-blind, controlled clinical
trial of 30 patients with RPMS was organized by Dimitrios
Karussis. During the trial, 30 patients were prescreened and
tested for their peripheral blood lymphocyte reactivities
against multiple autologous T cell vaccinations with a mixture
of attenuated T cell lines reactive to three or more, among nine
different peptides from the sequences of the three major
myelin proteins implicated as autoantigens in MS: MBP,
PLP, and MOG. The MBP peptides include M1 (84-102)
and M2 (143-168); the MOG peptides: MO1 (1-22), MO2
(34-56), MO3 (64-86), and MO4 (74-96); and the PLP
peptides: P1 (41-58), P2 (184-199), and P3 (190-209). It
found a remarkable clinical effect on relapses and a beneficial
effect on disability, buttressed by the follow-up EDSS scores
and the performance in the timed 10-m walking test, while the
MRI result remained the same [60] (Table 1). The failure to
detect a positive effect on MRI parameters may be explained
by the small size and short clinical course of the study.
Interestingly, additional TCV studies failed to show signifi-
cant MRI effects as well [27, 56, 62]. Whether the transmis-
sion method of TCV affects MRI parameters necessitates
further investigation, because intravenous injection appears
to have a better clinical remission and associated serologic
improvement in patients with CPMS, when being compared
with subcutaneous immunization [64].

To sum up, promising results from different clinical trials at
various stages of MS provide justification for TCV as an
alternative in MS treatment. Despite their limitations in some
trials due to the relatively small number of participants and the
lack of significant MRI data, both the vaccination with T cell
clones and multiple anti-myelin cell lines (polyclonal vaccine)

show feasibility and safety of the procedure and indicate
clinical efficacy of TCV in MS. But further studies with a
larger group of patients and longer follow-up periods are
needed.

T Cell Vaccination for Rheumatoid Arthritis

Autoreactive T Cells with Common TCR V Gene Sequence
in RA

RA is an autoimmune disease with unknown etiology, char-
acterized by persistent synovitis, destruction of joint cartilage,
systemic inflammation, and autoantibodies (particularly to
rheumatoid factor and citrullinated peptide) presence [65]. In
contrast to comparatively well-defined autoantigens in MS,
autoantigens of RA are much more complicated, though there
is a consensus of the role of some autoantibodies and inflam-
matory cytokines involved in the hierarchy of the RA pro-
cesses [060]. Collagen-induced arthritis (CIA) represents an
animal model of autoimmune poly-arthritis with significant
similarities to human rheumatoid arthritis that can be induced
upon immunization with native type II collagen (CII) [67].

The specific recognition of peptide derived from TCRs of
autoreactive T cells is the trigger of protective regulation
induced by TCV. Various attempts have been made to analyze
TCR variable region (TCR V) gene usage and third
complementarity-determining region (CDR3) sequence mo-
tifs. These studies have revealed some interesting findings
suggestive of a restricted TCR V gene usage and limited
clonality among lesion-derived T cells in RA [68-70]. Al-
though the peripheral blood TCR beta chain variable region
(V[3) expression was heterogeneous [69], the T lymphocytes
with common TCR V3 clonotypes, infiltrating in the articu-
lars of RA patients, appeared to cause arthritogenic effects in
substantial researches [71-74].

The restricted TCR V3 clonotypes vary among animal
models and human individuals and fluctuate between different
organs and tissue, making a consensus of TCR V3 restriction
less likely to be achieved [69, 70, 74—77]. Decades ago,
increased expression of TCR V beta gene 14 (V3 14) was
discovered in juvenile RA patients [68]. Later, TCR V beta 3
(V3 3) and V beta 17 (V3 17) have also been found to be
overrepresented among IL-2 receptor (IL-2R)-positive T cells
in RA patients [75]. However, in the course of CIA progres-
sion in Lewis rats, T cells with high expression of TCR V beta
52 (VP 5.2) and TCR V beta 8.2 (V3 8.2) are the main
pathogenic T cell clonotypes, which is similar to TCR V(3
gene expression pattern in lupus-prone mice and EAE murine
model [78, 79]. Besides, increased expression of TCR V beta
15 (VP 15) and TCR V beta 19 (V3 19) in CIA rats was
confirmed in a recent study, which investigated the effect of
immunomodulator triptolide on TCR V{3 gene expression
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[73]. In spite of the discrepancy in restricted TCR V{3 gene
distribution, the broad scope of regulations triggered by V
gene determinants has been widely acknowledged, and some
immune suppressors like cyclosporin A and triptolide can
reverse such kind of overexpression in patients with early
RA [73, 77].

TCR Peptide Vaccination in RA

The certain families of V genes have been implicated to utilize
more often than others in T cell responses. Conceptually, this
characteristic could allow targeting of a limited set of V genes
that would be represented in the autoreactive T cell pool in
most patients. Although these widely shared sets of V genes
have not yet been fully defined for the key autoimmune
diseases, vaccinations with peptides derived from restricted
overrepresented TCRs are proven to be, to some extent, ef-
fective for autoimmune disorders in RA [68—70, 76]. Ge et al.
constructed recombinant DNA vaccines encoding TCR V3
5.2 and TCR Vf3 8.2, which are main pathogenic T cell
clonotypes in CIA. Both vaccines inhibited CIA by alleviating
the arthritis index score and histological change and lowering
the level of IFN-gamma (IFN-y), the ratio of CD4+/CD8+
lymphocytes, and the anti-CII antibody in serum [79].
Subsequent clinical trials were conducted with a single or
multivalent peptide vaccination of TCR V3 3, V3 14, and V3
17, which is correlated with the restricted TCR V[3 gene
distribution. An initial study measured the safety and immu-
nogenicity of different doses of V3 17 (97) CDR2 peptide
vaccine (Table 2). It demonstrated that about 35 % of immu-
nized patients had measurable T cell proliferation responses to
injected peptides after immunization, together with decreased
(20 %) circulating levels of activated V3 17 T cells. Clinically,
the TCR treatment resulted in falling pain and swollen joint
scores and an improvement of total joint scores at all follow-
up visits [80]. In a murine model, the group injected with a
combination of the two vaccines (pTCRV[3 5.2 and pTCR V3
8.2) showed stronger inhibitive effects on CIA than either

individual vaccine [79]. Therefore, in order to decide whether
acocktail of TCR V region peptides will obtain a wider base of
immunization in regulating pathogenic T cell clones than a
single TCR V3 17 CDR2 peptide vaccination in larger num-
ber of RA patients, a phase II clinical trial was developed,
using a combination of three peptides derived from V3 3, V3
14, and V@ 17, respectively [75, 81] (Table 2). It yielded
promising improvement in joint manifestation, while the lab-
oratory parameters like ESR and CRP remained unchanged
[76]. One possible explanation of the incomplete remission of
laboratory parameters in this study and other clinical trials in
RA may relate to the biased V[3 gene utilization of peripheral
blood and synovial fluid among different patients, observed in
unselected T cell populations and the CD4+ T cells in RA
patients [76].

Whole Autoreactive T Cell Vaccination in RA

With the successful application of TCR peptide vaccination in
RA and the understanding of pathogenic T cells in RA etiol-
ogy, an alternative approach to identify pathogenic T cells as
TCV without knowing the pathogenic autoantigens has been
considered: to directly isolate infiltrating T cells from synovial
lesions with characterized pathologic relevance. Parallel ef-
forts have already been made with efficacy in MS and other
ADs [60].

In fact, in 1993, there was a phase I study of TCV con-
ducted with 13 RA patients (Table 2). All patients received a
subcutaneous injection of attenuated autologous T lympho-
cytes from a CD4+ clone (n=4) or line (n=9) isolated from
synovial tissue (n=3) or synovial fluid (»=10). Treated pa-
tients showed a slight decrease in disease activity, which was
most noticeable at 8 weeks after the injection [82]. Chen and
colleagues described an approach for T cell vaccination quite
similar to the aforementioned one to bypass the need for
defined TCR peptides from autoimmune T cell clones. In the
pilot clinical study, they used autologous irradiated synovial T
cells selected for pathologic relevance for vaccination in hu-
man. Fifteen patients received this TCV via six subcutaneous

Table 2 Overview of human TCR peptide vaccination and whole T cell vaccinations in RA

Vaccination type ~ Vaccine composition Patients ~ Phase/type Center References
TCR peptide BV 17 CDR2 peptide 15 I (uncontrolled, open-label) ~ University of Alabama, San Diego, USA [80]
BV17,BV14,BV3 99 II (controlled, double-blind) ~ Multicenter (IRC) [75, 81]
peptide cocktail
BV 17,BV 14,BV 3 340 II (controlled, double-blind) ~ Multicenter (IRC)
peptide cocktail
T cell Irradiated autologous 13 I (uncontrolled, open-label) ~ University Hospital, Leiden, The Netherland ~ [82]

synovial cells
Irradiated autologous 16
synovial cells

I (uncontrolled, open-label)

JiaoTong University School of Medicine, [71]
Shanghai, China
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inoculations over a period of 12 months. A substantial re-
sponse, defined as meeting the American College of
Rheumatology’s 50 % improvement criteria, was witnessed
in 10 of the 15 patients (66.7 %) and was accompanied by a
marked improvement in RA-related laboratory parameters
including standard hematologic, liver, and renal function tests
and blood chemistry [71]. In mechanism, there was a reduc-
tion of CD4+ Tregs and CD8+ cytotoxic T cells specific for T
cell vaccine accompanied with a characteristic shift in the V3
gene distribution pattern of peripheral T cells. However, the
overall outcome from TCV in RA is not as optimistic as that in
MS. Opexa previously investigated “Tovaxin” for the poten-
tial treatment of RA. But no further development has been
reported since December 2002 [63].

T Cell Vaccination for SLE
Anti-RNP Immunity and TCV

SLE is a kind of autoimmunity disease which is caused by
accumulation of autoimmune antibody against constituents of
the nucleus, in particular chromatin and RNA-binding pro-
teins [83]. The major targets of anti-nuclear antibodies
(ANAs) in SLE include the nucleosome (the fundamental unit
of chromatin) and its individual components (double-stranded
DNA (dsDNA) and histones). They also include snRNPs, in
particular Sm and U1A-RNP [84-86]. In the 1980s, the anti-
bodies to snRNPs were regarded as more closely related to
mixed connective tissue disease (MCTD) because the titer of
which in sera was much higher than the titer in SLE patients.
But data from lupus-prone mice and human clinical trials in
recent years has seen snRNP antibodies being detected at the
early stage of disease preceding the appearance of anti-
dsDNA and anti-histone antibodies [84, 86]. These findings
suggest that the appearance of these antibodies can serve as a
trigger for autoimmune response, giving anti-RNP antibodies
a new identity in SLE diagnosis. Clinically, anti-dsDNA and
chromatin Abs are serological hallmarks of SLE and their
presence is used to define some particular clinical manifesta-
tions of SLE such as lupus nephritis (LN) [87, 88]. Nonethe-
less, a recent single center cohort study of male pediatric SLE
in Texas Children’s Hospital showed that a significantly
higher proportion of boys with LN had anti-RNP antibodies.
It means that the strength of the correlation between renal
disease and anti-RNP antibodies may be higher than previ-
ously expected [89].

The critical role of T cells in anti-RNP lupus has been
sustained by the strong pathogenic potential of anti-RNP
pathogenic T cell in inducing anti-RNP-associated nephritis.
Such autoreactive CD4+ T cells can help B cell produce anti-
dsDNA antibodies and limit the number of T cell epitopes
defined on the autoantigens. The proliferation of autoreactive

T cells in vivo is attributed to complicated mechanisms
including defects in activation-induced cell death, uncon-
trolled elimination of regulatory T cells, and abnormal activa-
tion of antigen presenting cells (APCs) such as dendritic cells
[90]. TCV, targeting at those pathogenic T cells (mostly CD4+
effector T cells), can stimulate Foxp3+ CD4+ Tregs and CD8+
Tregs to block anti-RNP response and protect against autoim-
mune kidney disease [91]. Such kind of CD8+ Tregs, identi-
fied by a number of markers including CD44, inducible T cell
costimulator ligand, CXCRS, very late antigen-4, and CD122
may mediate the immune response by targeting T follicular
helper (Tth) cells in a Qa-1-restricted manner [92-94].

Animal Experiments and Clinical Trials of TCV in SLE

The analogous TCV protocol was first adopted in 1992 with
MRL-MP/lpr-Ipr mice (MRL/lpr mice), which can develop
SLE spontaneously (Table 3). After the vaccination, a selec-
tive depletion of autoreactive T cells expressing products of
the V3 8.2 subfamily was observed, which is homologous
with the anti-MBP T cells in EAE [78]. To further identify
suitable T cell clones for TCV, Takao Fujii firstly used differ-
ent anti-dsDNA Ab-stimulating clones of irradiated CD4+ V3
8.3 Th1 as vaccine to test the effect of TCV in MRL/lpr mice
(Table 3) [95]Table 3. Compared with the results in PBS-
treated MRL/Ipr mice, both anti-dsDNA antibody titers and
the activity index for LN decreased in MRL/Ipr mice vacci-
nated with irradiated (i-) dna51 cells, whereas MRL/Ipr mice
vaccinated with i-rp2, i-dna5, and stimulated (s-) dna51-
specific autoreactive T cell clones failed to show any clinical
improvement and antibody reduction. Therefore, un-irradiated
clone dna51, or clone mp2 with or without irradiation, was
generally ineffective for TCV in MRL/Ipr mice. In addition, the
survival rate was not improved in any group, indicating that the
influence of a single clone vaccine to the immune system was
inadequate to maintain a consistent clinical remission. Taken
together the reports from preliminary studies of TCV in MRL/
lpr mice, which have confirmed the efficiency of TCV using
whole pathogenic cells (either autoreactive T cells or unselect-
ed lymphocytes) [78, 96], it is reasonable to regard polyclone
autoreactive T cells or multivalue TCR peptide as being a more
effective TCV protocol. Recently, the first exploration of whole
autologous T cell protocol in a clinic has been tested in Chinese
patients with SLE (Table 3). Purified CD4+ T cells from
PBMC were injected after 25 Gy irradiation. The results have
seen clinical improvements together with decreased titers of
antinuclear Abs in most patients. Efficacy in that study was
shown only for mild lupus manifestations, which can be easily
treated with low-dose corticosteroid and/or conventional im-
munosuppressants. TCV with unselected T cells offers,
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Table 3 Overview of animal experiments and human trials of TCV in SLE

Vaccine composition Subjects Result Center/date
Irradiated lIpr cells from the MRL/Ipr mice Clinical manifestation: decreased proteinuria level, Universidad Autbnoma, Madrid,
hyperplastic lymph nodes cutaneous ulcer, lympho node enlargement Spain/1992 [78]
of diseased MRL/Ipr mice Laboratory parameter: decreased level of
rheumatoid factors and anti-dsDNA Ab
CD4+ Thl clones from MRL/lpr mice Clinical manifestation: decreased activity index Kyoto University, Kyoto,

anti-dsDNA Ab or UIRNP
Ab-positive MRL/lpr mice

Irradiated oligoclonal anti-RNP
T cells from HLA-DR4tg mice

Irradiated anti-RNP CD4+ T cells HLA-DR4tg or
from HLA-DR4tg or B6 mice B6 mice

Irradiated anti-RNP T cells from
HLA-DR4tg mice

Irradiated autoreactive T cells
from SLE patients’ PBMC

SLE patients

HLA-DR4tg mice

Trex1-deficient mice

for lupus nephritis, unimproved survival rate
Laboratory parameter: decreased level of complex
deposition and anti-dsDNA Ab
Clinical manifestation: decreased proteinuria
Laboratory parameter: improved renal histology
and urinalysis
Clinical manifestation: decreased proteinuria
Laboratory parameter: improved serum creatinine
level and urinalysis
Clinical manifestation: decreased proteinuria
Laboratory parameter: improved renal histology
Clinical manifestation: reduced SLEDAI scores

Laboratory parameter: attenuation of auto-Abs and
complements

Japan/2009 [95]

University of Cambridge, Cambridge,
UK/2010 [99]

University of Miami Miller School of
Medicine, Miami, USA/2014 [100]

University of Miami Miller School of
Medicine, Miami, USA/2014 [100]

Beijing University Medical School,
Beijing, China/2005 [97]

therefore, a questionable therapeutic approach in intractable
lupus manifestations, such as LN [97].

Based on the findings that B6 mice could develop a diffuse
proliferative glomerulonephritis after immunization with 70
kD subunit of the Ul snRNP (70 k) or 70 k-specific CD+T
cells [26], and the acknowledged close relationship between
HLA-DR4 and anti-Sm or anti-RNP Abs in SLE patients [98],
Trivedi et al. optimized the TCV therapy using irradiated anti-
70 k T cells in HLA-DR4tg mice with anti-RNP-associated
glomerulonephritis. It found an antigen-specific reduction in T
cell proliferation and was associated with a high rate of
clinical improvement in established nephritis in this model
[99]. The analysis of pathogenic T cell clones showed that the
anti-RNP mice with interstitial pneumonitis also had T cell
infiltrated with the same oligoclonal T cell subset, suggesting
that T cell vaccination could be effective for this spectrum of
disease as well (Table 3). Further study showed efficacy, even
in a donor/recipient MHC class II mismatch setting, with
induced remission of anti-RNP-associated nephritis in over
80 % of treated mice, which have developed either induced or
spontaneous autoimmunity (Trex1 deficiency model) [100].
Inhibited anti-70 k T cell proliferation and bound hybridomas
expressing the conserved CDR3 motifs were observed in
vaccine responder sera (Table 3). The 70 k-selected T cells
from 70 k-immunized B6 and HLA-DR4 mice had a high
prevalence of TCR V3 CDR3 regions that were similar to
anti-70 k T cells. The latter have been previously identified
from the spleen, lymph nodes, and lesional tissues of HLA-
DR4tg mice and from the circulation of human patients with
anti-70 k autoimmunity (most notably in the presence of MS,
RA, and T1D). The predilection for T cells expressing such
TCRs in the peripheral circulation or tissue may be one factor
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for predisposition to autoimmune response. This may allow
for further practical development of a standardized anti-RNP
T cell vaccine preparation useful for multiple patients.

T Cell Vaccination for Type 1 Diabetes
{3 Cell Autoantigens and Autoreactive T Cells in T1D

T1D refers to a chronic autoimmune disease with a subclinical
prodromal period featured by selective loss of insulin-
producing [3 cells in the pancreatic islets and leukocyte inva-
sion of the islets in genetically susceptible subjects [101]. A
series of autoantigens targeting 3 cells have been identified in
T1D, including insulin, glutamic acid decarboxylase (GAD),
the protein tyrosine phosphatase-related islet antigen 2 (IA-2)
and, most recently, the zinc transporter SIc30A8 residing in
the insulin secretory granule of the 3 cell. The issue whether
there is any primary autoantigen in T1D has remained contro-
versial [102, 103]. Autoreactive T cells, both CD4+ and CD8+
cells, have been implicated as active players in 3 cell destruc-
tion. CD4+ T cells are attracted to islets by (3 cell antigens
which include insulin, chromogranin A, and islet amyloid
polypeptide. Adaptive transfer of pathogenic, polyclonal
CD4+ T cells isolated from the spleen of nonobese diabetic
(NOD) mice have been reported to accelerate the diabetogenic
autoimmune process in un-irradiated postnatal NOD female
mice [103]. CD4+ Thl and Th17 T cells have important roles
in the pathogenesis of T1D [104]. While the effector function
of Thl cells has been well established, that of Th17 cells
appears to be questionable because of their inherent
plasticity. Th17 cells are believed to contribute to
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pathogenicity, but several studies indicate that Th17 cells also
transfer disease through conversion to Thl cells in vivo [105].
Another important cell clone of CD4+ T cells is Foxp3+
Tregs, which promote the maintenance of peripheral toler-
ance, but they ultimately fail in autoimmune diseases. The
trajectory that leads to Treg failure in controlling autoreactive
effector T cells during autoimmunity is not well understood.
Recent studies emphasized the role of inflammatory cyto-
kines, such as IL-6, in inhibiting or subverting Treg function,
underscored the issue of Treg plasticity, and examined the
possible resistance of autoimmune T cells to Treg-mediated
control and Treg-associated inhibitory cytokines transforma-
tion growth factor beta (TGF-f3), IL-10, and IL-35 in facili-
tating Treg suppressive activity and promoting Treg genera-
tion [106].

Administration of TCV in Animal Models in T1D

The NOD mouse strain provides an excellent model of auto-
immune disease and an important tool for dissecting tolerance
mechanisms. The NOD mouse develops spontaneous autoim-
mune diabetes, which shares considerable similarities with
autoimmune or T1D in human subjects, including the pres-
ence of pancreas-specific autoantibodies and autoreactive
CDA4+ and CD8+ T cells. In this sense, it is generally regarded
as a valid model for the human insulin-dependent disease
[107].

Elias et al. discovered a functionally important peptide that
has been spotted within the sequence of the human variant of
the 65-kDa heat shock protein (HSP-65) molecule. The path-
ogenesis of diabetes in NOD strain mice was associated with
T cell reactivity to an antigen cross-reactive with HSP-65. To
identify peptide epitopes that were critical to the insulin-
dependent diabetes mellitus of NOD mice, they studied the
specificities of Th cells capable of causing hyperglycemia and
diabetes. Alternatively, both attenuated pathogenic T cells and
peptide itself can downregulate immunity to HSP-65 and be
used as therapeutic T cell vaccines to abort the diabetogenic
process. As a result, T cell vaccination and specific peptide
therapy are feasible in dealing with spontaneous autoimmune
diabetes [108]. Methods to attenuate autoreactive T cells that
would be subsequently used as a T cell vaccine vary. Initial
studies in autoimmune disease used ultraviolet light and 8-
methoxypsoralen, while succeeding research turned to some
cytoxic drugs such as deoxycoformycin and deoxyadenosine
(dCF/dAdo) [108, 109].

On this score, Wang et al. conducted a piece of research
that used T cell clones reactive to GAD65 p206-220, which is
a strong trigger of (3 cell-specific autoimmunity in multiple
low doses (MLD) of streptozotocin (STZ)-induced T1D
models. Blood glucose level and body weight improved in

the TCV-treated group, accompanied by decreased production
ofboth IL-17 and IL-23 in intrapancreatic infiltrating lympho-
cytes (IPL). This observation may indicate suppressed func-
tion of intrapancreatic Th17 cells. The effect was produced by
signal transducer and activator of transcription 3 (Stat3)
phosphorylation-mediated retinoic acid-related orphan recep-
tor yt (RORyt) inhibition [110].

Mechanisms of T Cell Vaccination
Anti-idiotypic Network

Anti-idiotypic or anti-clonotypic response is a specific im-
mune response of TCV that relies on the presence of a T cell
population that is poised to respond to peptide derived from
TCRs of autoreactive T cells. As members of the immuno-
globulin superfamily, TCRs are heterodimers composed of
two chains (« and 3 or y and 8). Most T cells express of3
TCRs, which are generated by a series of gene rearrangements
resembling that of immunoglobulin gene segments in B cells.
As is the case with immunoglobulins, each TCR o/f3 and v/
chain consists of structural framework regions (FRs) and
complementarity-determining regions (CDRs) 1, 2, and 3 that
form the binding site for conventional antigens. The specific
recognition of antigen (in the case of TCV, TCR peptide from
autoreactive T cells) is predominantly contingent on the con-
tact with TCR determinants within the hypervariable CDR3
regions or less variable CDR2 regions [111].

Anti-idiotypic T cells, which consist of both CD4+ and
CD8+ T cells, provoke the anti-idiotypic T cell and humoral
response against the autoreactive CD4+ or CD8+ T cell lines
after TCV, as predicted by characteristic sequence diversity
within these regions [31, 34, 35, 112]. Studies performed in a
variety of autoimmune models have suggested that the CDR3
region from autoreactive T cells exhibits sequence homology
to those in humans with autoimmunity. This finding highlights
the role of the CDR3 region in promoting the interaction
between autoreactive T cells and anti-idiotypic T cells [95].

The CD8+ anti-idiotypic T cells presented by class I MHC
(HLA-E in human, Qa-1 in mice, which are nonclassic MHC-I
molecules that bind hydrophobic peptides, including the lead-
er sequences of class I HLA molecules and components of
TCR) [71, 113] may be cytotoxic against TCR determinants
and are inhibitory for CD4+ effector T cells, thus causing
deletion or inhibition of pathogenic T cell clones present in
the vaccinating lines [71] (Fig. 1). In EAE, CD8+ T cell-
mediated cytotoxicity appears to be more important than
Abs against the MBP-specific T cells [114]. The CD4+ T cells
are the major cytokine producers and are capable of inhibiting
proliferation of autoreactive T cells by recognition of idiotypic
T cell determinants in the context of MHC II molecules. They
secrete a variety of cytokines, including IL-4 and IL-10 (Th2
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Fig.1 Complex anti-idiotypic network induced by TCV: the CD8+ anti-
idiotypic T cells mediate a cytotoxic effect while CD4+ anti-idiotypic T
cells are the main cytokine provider (IL-4 and IL-10), and comparative

Plasma cell

cell phenotype) [21, 114], which may exert regulatory effects
on the potentially pathogenic Th1 cells selected for the TCV.
TCV induces not only T cell but also B cell reactivity and
namely production of anti-idiotypic antibodies capable of
binding and inhibiting autoreactive T cell clones. Anti-
idiotypic antibodies belong to IgG isotype recognizing TCR
determinants irrespective of MHC molecules. The mechanism
of action of these antibodies could be related to shielding and
functional TCR blockade. In lupus-prone MRL/Ipr mice, anti-
idiotypic antibodies recognizing a 12 amino acid sequence of
clone dnaS1 TCR V3 8.3 CDR 3 were detected and sup-
pressed pathogenic dna51 cell proliferation. However, com-
pared to anti-idiotypic T cell response, the humoral effect is
less important in regulating the abnormal immune system in
ADs, because in some human trials of MS, no major antibody
responses were observed toward the vaccine clones in vacci-
nated patients, and vaccination with V3 17 CDR2 peptides
vaccine in RA showed similar results [81, 114]. The reactivity
and regulatory properties of anti-idiotypic antibodies induced
by T cell vaccination need further explanation (Fig. 1).

Anti-ergotypic Network
The term “ergotopes” came from the Greek ergon, meaning

“work” or “activity.” It is used to define the TCR nonspecific
response to autoreactive pathogenic T cells in autoimmune
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Anti-idiotypic CD8+ T cell

IL-4

Cytokine secretion

Anti-idiotypic CD4+ T cell

Antibodies

minial humoral response also takes part in the process of specific anti-
reactive T cells regulation. See text for detailed information on the
different components of the anti-idiotypic network

diseases. Regulation of anti-ergotypic network originates from
the finding that only activated anti-MBP T cells could cause
EAE, and the surprising observation that activated T cells
whose TCR was not specific for MBP, the target antigen in
EAE could also act as a T cell vaccine to protect rats against
EAE [24, 115]. These findings remind us that the anti-
idiotypic mechanism, which is specific for the autoreactive T
cells, does not account for all the effects of TCV observed in
animal models, because the inactive T cells that share the same
TCR peptide as the activated T cells cannot function well as
the activated cells.

The anti-ergotypic response is generally composed of three
major components: (1) the target T cells: they can be CD8+ or
CD4+ T cells that lead to the imbalance of immunity in vivo.
(2) The ergotope: They are constituted by a T cell-restricted
ergotope not expressed by other cell types, such as TCR and
the alpha chain of the IL-2 receptor (CD25), or a widely
expressed, shared ergotope such as HSP 60 [116-118]. (3)
The anti-ergotypic T cells: They are detectable in the naive
immune system, but their quantity can be expanded during the
induction of an immune response against autoreactive T cells,
or as a result of TCV or specific, anti-ergotypic vaccination
[119].

The anti-ergotypic T cells include both TCRxf3+and
TCRyd+T cells. The response of TCRx3+CD8+ anti-
ergotypic T cells occurs at the early phase of the immune
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Fig. 2 Complex anti-ergotypic
network induced by TCV: a
subset of effector T cells are acti-
vated by markers only commonly
expressed on the surface of acti-
vated T cells, termed “ergotope.”
Through the presentation of
ergotope peptide by professional
APC (macrophage/dendritic cell)
and activated autoreactive T cells,

Anti-ergotypic CD4+ T cell

. . . C —Ergotope
anti-ergotypic T cells proliferate
and secrete multiple cytokines to VPN 2
downregulate the abnormal im- Y

mune response. See text for de-
tailed information on the different
components of the

anti-ergotypic network

Professional APC (macrophage/dendritic cell)

response after TCV, which is restricted by classical MHC class
I and dependent on B7 and CD28 molecules. The CD4+
subset of anti-ergotypic TCRx3+T cells has been detected
after the priming in vivo to anti-ergotope and is restricted to
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Fig.3 The two pathways that anti-ergotypic T cells respond to ergotopes
lead to opposite outcome of Treg cycling. Some professional APCs, such
as macrophages and dendric cells, can present ergotope peptides to anti-
ergotypic T cells, and this kind of “cross-presentation” of ergotope
peptides by APCs stimulates the anti-ergotypic T cells without causing
them to become anergic and dead. Thus, anti-ergotypic activation by
professional APCs allows the cyclical Treg self-renewal (Treg renewal,
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classical MHC class II molecules [116]. By contrast, the
response of naive TCRyd+anti-ergotypic T cells is not
inhibited by antibodies to classical MHC class I or MHC class
I molecules (manuscript submitted for publication). But it

)
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Ergotope
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Activated autoreactive T cell
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Activated Treg

Anergic Treg

Treg loss

blue arrows). Resting Tregs can also be activated by ergotope from whole
activated autoreactive T cells and downregulate the activated target
autoreactive T cells by secreting cytokines (IL-10 or TGF-{3, figure not
shown). After that, the activated anti-erg T cells themselves become
anergic (Treg loss, red arrows). See text for detailed information on Treg
cycling
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also depends on B7 and CD28 molecules [115] (Fig. 2). These
TCRyb+anti-ergotypic T cells are believed to be associated
with human organ-specific autoimmune diseases. In response
to ergotope of activated T cells, the TCRyd+T cells secrete
several cytokines including IFN-y and TNF-« and have the
capacity to reduce autoantibody production like anti-
dsDNA Ab, in a contact-dependent manner [120]. However,
the cytokine secretion profile of TCRxf3+T remains contro-
versial, as some research reported TCRxf3+T cell prolifera-
tion without any detectable cytokines, while other studies
showed that the CD8+ subset of TCRa3+T cells did secrete
IFN-y, TNF-o/3, and TGF-f3 [34, 115] (reviewed by Avishai
Mimran and Irun R. Cohen, Fig. 2).

The continual battle between self-reactive T cells and sup-
pressive Tregs is critical in determining whether autoimmuni-
ty commences. Scientific and medical interest in tolerance
mechanisms have brought about the discovery of a whole
array of immune-regulatory T cells. These different suppressor
subsets are individually able to downregulate, in their own
way, the activity of pathogenic autoreactive T cells. Among
them, Foxp3+ regulatory T cells (Foxp3+ Tregs) have
emerged as the primary mediator in the peripheral tolerance
mechanisms and the control of self-reactive T cells, thus
safeguarding the tolerance barrier [106]. These Tregs can
selectively expand after vaccination, which is corresponding
with certain characteristic shift in the V3 gene distribution
pattern of peripheral T cells. Through producing IL-10 or
TGF-f3 and expressing a high level of transcription factor
Foxp3 in treated patients, anti-ergotypic Tregs exhibit in-
creased inhibitory activity and adaptively transfer resistance
to adjuvant arthritis in naive rats [71]. Improvement of disease
severity and mortality has been witnessed when Tregs were
depleted by treatment with anti-CD25 antibodies, following
PLP (139-151) immunization to induce EAE [121]. These
attempts indicate a leading role of anti-ergotypic Tregs in the
process of anti-ergotypic response induced by TCV [27, 33].

There are two pathways in which anti-ergotypic T cells
respond to ergotopes, either by whole, activated T cells directly
or professional APCs indirectly. But the responses to these two
forms of specific activation differ [117, 122]. The difference is
critical in the life history of the anti-ergotypic regulation net-
work. In the first pathway, the stimulated anti-ergotypic T cells
are activated by whole activated stimulator T cells and secrete
their cytokines (IL-10 or TGF-[3) to downregulate their activated
target T cells. But in the process of this regulation, anti-ergotypic
T cells themselves become anergic and cannot be reactivated by
a second contact with activated effector T cell. In other words,
they are extinguished by the effector cells they downregulate
(Fig. 3). Over the years, this irreversible poor growth behavior
has effectively prevented researchers from raising lines of anti-
ergotypic Tcells in vitro and characterizing anti-ergotypic T cells.
Downregulation of anti-ergotypic T cells by activated effector T
cells might also explain how the induction of a disease such as
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adjuvant arthritis might downregulate naive anti-ergotypic T cells
[116]. Other professional APCs, such as macrophages and den-
dritic cells, can present ergotope peptides to anti-ergotypic T cells,
but the response of anti-ergotypic T cells to APC/peptide stimu-
lation is not the same as the response to whole, activated T cells. In
this regard, Cohen et al. discovered that “cross-presentation” of
ergotope peptides by APCs stimulates the anti-erg T cells without
making them anergic and dead. Therefore, anti-ergotypic activa-
tion by professional APCs (non-T cell) allows cyclical self-
renewal of anti-ergotypic T cells (Fig. 3).

Conclusion

In conclusion, TCV has already been proven to be tolerable and
safe to ADs in various animal models and human trials [27, 35,
36, 60, 62, 123]. A complicated anti-idiotypic and anti-
ergotypic network is involved in the immune regulation of
TCV, and several mainstream cytokines and lymphocyte phe-
notype transfer also take part in the process of depleting
autoreactive T cells and reversing abnormal autoimmune re-
sponses. However, undefined humoral response and ambigu-
ous roles of some uncommon lymphocyte populations includ-
ing Tth cells and TCRyd+T cells necessitate further studies.
Clinically, the protocol of TCV varies from a single selected
autoreactive T cell clones to multi-epitope TCR peptides. These
strategies do not meet with uniform success in the pool of ADs
due to difficulties in selecting appropriate clinical end points
and background treatments, or as a result of the high degree of
heterogeneity among patients with ADs. We believe the prom-
ising findings from TCV in MS will serve as the pioneer of a
wider application of TCV in ADs. A more specific and precise
designation is of great importance in its future administration.
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