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Abstract
Human autoimmune disease involves local activation of antigen-specific CD4+ T cells that
produce inflammatory Th1 cytokines leading to the further recruitment and activation of
lymphocytes and monocytes, resulting ultimately in the destruction of target tissue. Antigen
presenting cells (APCs) initiate activation of CD4+ T cells in a multistep process that minimally
involves co-ligation of the TCR and CD4 by the MHC class II/peptide complex and costimulation
through additional T cell surface molecules such as CD28. Disruption of this highly orchestrated
series of events can result in the direct modulation of CD4+ T cell behavior. The interaction
between MHC and TCR holds unique promise as a focal point for therapeutic intervention in the
pathology of CD4+ T cell-mediated diseases, and MHC class II-derived Recombinant TCR
Ligands (“RTLs”) have emerged as a new class of therapeutics with potent clinical efficacy in a
diverse set of animal models for multiple sclerosis. Here I review the systemic effect that RTL
therapy has on the intact immune system and present an overview of a molecular mechanism by
which RTL therapy could induce these systemic changes.
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BACKGROUND
CD4+ T cells and autoimmune disease

The definitive classification of a disease as “autoimmunity” has traditionally been based on
the detection of autoantibodies reacting with an affected tissue or cell [1]. Brute-force
molecular and biochemical methods coupled with computational algorithms based on
structural considerations of peptide binding to MHC molecules provided an exponential
increase in the number of self-antigens documented to be associated with specific
autoimmune diseases [1], and inflammatory antigen-specific CD4+ T cells have taken center
stage in the pathogenesis of a variety of human autoimmune diseases [2–13]. Disease
progression appears to be mediated by CD4+ T cells homing to the target tissue where
autoantigen is present and selectively producing T-helper type 1 lymphokines [14]. This
cascade of events leads to the recruitment and activation of lymphocytes and monocytes that
ultimately destroy the target tissue [15].
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Multiple sclerosis (MS) for example, is a demyelinating disease characterized by chronic
inflammation directed against myelin antigens in the central nervous system (CNS) [16].
Autoreactive CD4+ T cell responses to myelin basic protein (MBP), proteolipid protein
(PLP), myelin oligodendrocyte glycoprotein (MOG), and 2’3’-cyclic nucleotide 3-
phosphodiesterase (CNPase) have been clearly documented, and reactivity to some or all of
these target antigens probably plays a major role in MS pathology [17–28]. Modulation or
elimination of specific T cell responses, “tolerance,” forms the basis of a generalizable and
rational approach toward therapeutic intervention in MS and other CD4+ T cell mediated
diseases.

The idea of selective induction of Ag-specific T cell tolerance has deep roots. In the late
1960’s Mitchison documented that gross overstimulation of T cells with large doses of
soluble Ag induced “immunological paralysis” [29]. This Ag-specific tolerance, also termed
high dose suppression or high zone tolerance, involves extrathymic mechanisms [30], one in
particular being a now clearly delineated program within mature T cells that results in
activation induced cell death (AICD) [31]. The practical clinical utility of high dose
suppression is limited because it carries with it the risk of exacerbating the ongoing disease
process. Smaller doses of Ag have been employed successfully to control autoimmunity in
animal models by coupling the Ag-peptide to a larger carrier protein such as a mAb [32–34].
This approach greatly reduced but did not completely ablate the inflammatory T cell
response [32]. A different approach using inhibitory “altered peptide ligands” (APLs)
appeared to hold promise, proving efficacious for therapeutic intervention in experimental
autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS), by
blocking T cell activation after requisite processing and presentation by APCs. Multiple
mechanisms of action have been proposed including alteration of the pathogenic T cell
population at the level of the TCR via partial agonism or antagonism followed by T cell
anergy [35–37], and the induction of immunoregulatory T cells specific for the APLs that
produced anti-inflammatory cytokines, i.e. 'bystander' suppression [38]. The latter appeared
to be the mechanism by which APLs worked on humans in vivo [39]. Unfortunately, the
first human clinical trials using APLs documented that the administration of APLs activated
the disease-mediating T cells rather than suppressing them [39, 40]. Despite the
disappointing clinical results, the data documented the validity of myelin specific T cells
(MBP-85–99-specific) as a target for antigen-specific immunomodulation in defined patient
populations with MS [39]. The work also pointed out the hazards associated with trying to
extrapolate animal model data toward human therapeutic intervention [39, 40].

As our understanding of the molecular processes involved in T cell activation expand, we
are presented with another opportunity for antigen-specific clinical disease intervention. In
simple terms, activation of CD4+ T cells is a multi-step process initiated by co-ligation of
the TCR and CD4 by the MHC class II/peptide complex present on APC (signal 1), as well
as co-stimulation through additional T cell surface molecules such as CD28 (signal 2).
Stimulation through the TCR by MHC class II/peptide in the absence of co-stimulation,
rather than being a neutral event, induces a state of unresponsiveness, "anergy", to
subsequent optimal antigen presentation [41, 42]. As this field of study has matured it has
grown far more complex, providing as many new questions as answers. Stimulation through
the TCR by MHC class II/peptide in the absence of costimulation can generate a range of
responses, from anergy to apoptosis [43–45]. These responses depend on a variety of
influences, including the affinity of the MHC/peptide complex for the TCR [46–49].
Apparently the adaptive immune system has developed mechanisms for controlling the
expansion as well as the behaviour of CD4+ T cells by regulating the context in which
presentation of signal 1 (antigen plus MHC) occurs. Regulation could potentially occur on a
number of different levels, including cellular control in the form of self MHC class II
presentation [50].
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Thus, all hope is not lost for Ag-specific immunotherapy, but refocused. A clinically useful
approach toward antigen-driven immunosuppression would be to present the complete
ligand, antigen plus MHC, in the absence of co-stimulatory signals that are normally
provided by APCs, using the MHC/peptide interaction with the TCR as a starting point for
controlling antigen-directed T cell activation and pathogenesis.

Structure of the MHC class II Molecule and Design of RTLs
Class II molecules are membrane-bound glycoproteins made up of non-covalently
associated α- and β-polypeptide subunits, each of which consists of a short cytoplasmic tail,
a single membrane-spanning sequence, and two extracellular domains. X-ray
crystallographic studies have demonstrated that peptides from processed antigen bind to
MHC molecules in the membrane distal pocket formed by the β1 and α1 domains [51, 52].
Class II molecules co-ligate CD4 through the β2 domain [53, 54] and perhaps through a
secondary site on the β1 domain [55], with co-ligation of CD4 apparently serving the role of
broadening the TCR repertoire by potentiating productive TCR signaling and clonal
expansion in response to the engagement of low-affinity antigenic ligands [56].

The idea of developing soluble class II molecules has taken a variety of forms. MHC class II
molecules shed by APCs as part of a vesicle termed the “exosome” are being exploited for
potential clinical utility [57–61]. Soluble recombinant MHC class II molecules in various
forms with and without covalently tethered Ag peptide have been developed, including
detergent solubilized full-length MHC class II [43, 62], extracellular α1α2/β1β2
heterodimeric class II domains with and without covalently tethered Ag peptide [63–65],
Fos/Jun leucine-zipper stabilized class II α1α2/β1β2 class II (α1α2/β1β2)2-IgG dimers
[66, 67]. Work in my laboratory has taken a reductionist approach, focused on engineering
the smallest possible molecule that retains the peptide binding/TCR recognition features of
the class II molecule. It appears we have achieved that goal in the form of single chain class
II-derived Recombinant TCR Ligands (RTLs) consisting of the α1 and β1 domains of MHC
class II molecules genetically linked into a single polypeptide chain [68–71]. The design of
the RTLs was based on extensive molecular modeling studies of MHC class II proteins
including crystal structures of human DR [72–76] and murine I-Ak with covalently bound
single peptides [77], and modeling studies predicted that the antigen binding domain would
remain stable in the absence of the α2 and β2 Ig-fold domains [69, 71, 78].

To date, genes encoding MHC class II-derived RTLs have been constructed from Lewis
(LEW) rat RT1.B, murine I-Au and I-As, and human HLA-DR, HLA-DP and HLA-DQ. In
all three species the design involved re-engineering domains of MHC class II, genetically
coupling the amino terminus of the alpha-1-domain to the carboxyl terminus of the beta-1-
domain. Along with "empty" RTLs that can be loaded exogenously with synthetic peptides,
we have produced a variety of genetically-encoded variants with antigenic peptide attached
by a linker to the N-terminus of the beta-chain (Table I) [64, 69, 79, 80]. RTL molecules
have been used for studying binding specificity in vitro [71, 81, 82], for exploring primary
TCR signaling events independent of co-stimulatory input associated with the MHC II α2
and β2 domains or with other molecules expressed by antigen presenting cells [83], and for
treating CD4+ T cell-mediated autoimmune disease in an MHC II/epitope-specific manner
[68, 70, 80, 83, 84].

The mechanism by which autoreactive T cells can be specifically activated is fundamental to
our understanding of how autoimmunity may be triggered. Strikingly different clinical
effects are observed as a result of treatment with the various soluble class II constructs,
compared schematically in (Fig. 1). The most obvious difference between the RTL
constructs and other soluble class II constructs is the shear difference in size between the
molecules. The effects that have been documented on T cells in vitro and in vivo and for
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these different constructs include anergy induction [67], antigen-specific apoptosis [43, 85],
a combination of clonal anergy induction and upregulation of anti-inflammatory cytokines
[86] and cytokine-switching [70, 84]. These various class II-derived therapeutics have yet to
be tested head-to-head under identical clinical conditions in the same animal models. Thus,
it is premature to predict why the clinical effects vary, as differences in the animal models
may play a role. We have compared RTL therapy in a variety of animal models and different
clinical mechanisms do appear to be involved, with some basic general mechanisms
emerging as the key to the clinical efficacy of these compounds. In this review I present an
overview of the clinical outcome of RTL therapy in two rodent models of EAE, including
the systemic effect RTL treatment has on the target organ and periphery. The review is
concluded with an overview of the signal transduction events that occur within T cells
following RTL binding in the absence of co-stimulatory events between T cell and APC,
deduced by mapping the information cascade from TCR to transcriptional regulation of the
IL-2 gene.

SUPPRESSION AND TREATMENT OF A MONOPHASIC DISEASE
Our earliest studies evaluated RTLs for their ability to suppress and treat Gp-MBP-induced
EAE in Lewis (LEW) rats [79, 80]. LEW rats are susceptible to experimental autoimmune
encephalomyelitis (EAE) induced with guinea pig myelin basic protein (MBP), or synthetic
peptides corresponding to MBP-73-86, MBP-69-89, and MBP-87-99 peptides. T cell
responses of LEW rats to MBP-69-89 are I-A (RT1.B)-restricted, whereas responses to
MBP-87-99 are I-E (RT1.D)-restricted [87–89]. Intravenous RTL therapy (RT1.B-derived
RTL201 carrying the dominant encephalitogenic epitope MBP-72-89; See Table I)
suppressed the induction of clinical (Fig. 2A) and histological signs of EAE in an antigen-
specific manner. Animals that were left untreated or that received control RTLs containing
Ag-peptides other than Gp-MBP-72-89 developed paralytic EAE. Animals that received
peptide alone (Gp-MBP-69-89 at the dose of free peptide equivalent to complete cleavage of
the peptide from RTL201 in vivo) developed paralytic EAE, effectively ruling out the
possibility that free peptide cleaved from RTL201 accounted for protection. Rats with EAE
showed a 15% loss in body weight whereas animals treated with RTL201 showed no
significant loss of body weight throughout the course of the experiment.

Experiments with RTL treatment on the first day of disease onset, with follow-up injections
48 and 96 hours later, defined a temporal window within which RTL therapy was effective
(Fig. 2B). RTL201 essentially eliminated the infiltration of activated inflammatory cells into
the CNS, with no inflammatory lesions in spinal cord histological sections. The number of
mononuclear cells isolated after recovery from EAE was reduced 4–5-fold in RTL201
protected animals (0.24 × 106 cells/spinal cord) compared to control animals (1.10 × 106

cells/spinal cord), or animals receiving irrelevant-Ag control RTLs (1.17 × 106 cells/spinal
cord). RTL201 protected animals also had 8–10-fold fewer activated (OX40+) T cells in the
spinal cord than control animals. RTL201 also completely blocked the induction of clinical
and histological signs of EAE after passive transfer of 10 × 106 blasting Gp-MBP-69-89
specific T cells [80]. RTL201 treatment was very specific and had no effect on EAE induced
by passive transfer of I-E (RT1.D)-restricted MBP-87-99-specific T cells [80].

Consistent with inhibition of EAE in vivo, RTL201 specifically inhibited proliferation
responses of T cells cultured ex vivo. Draining lymph node cells (DLN) were recovered
from both treated and control animals at the peak of actively-induced EAE and stimulated in
vitro with Gp-MBP-72-89 or whole Gp-MBP, and the proliferative response was measured
72 hrs later using a standard 3H-thymidine incorporation assay. T cells from RTL201 treated
animals showed an approximately 3-fold decrease in their proliferative response to Gp-
MBP-72-89 or whole Gp-MBP compared to T cells from untreated animals. T cells from
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RTL200 and RTL203 treated animals showed a mild (about 25%) decrease in proliferative
response to Gp-MBP-72-89 or whole Gp-MBP, consistent with the effect of these molecules
on suppression of EAE in vivo [80].

To more clearly define a potential mechanism of activity for the efficacy of RTL treatment
in vivo, passive transfer experiments with activated Gp-MBP-72-89 specific T cells labeled
with the fluorescent dye 5- (6-) carboxyfluorescein diacetate succinimidyl ester (CFSE)
were performed. RTL201 inhibited infiltration of donor derived CD4+ T cells (CFSE+) into
the CNS (Fig. 3, upper right quadrants). In passively transferred EAE, onset of disease
typically occurred between days 3 and 5. Two days after passive transfer (prior to disease
induction), there was a >10-fold decrease in the number of labeled CD4+ T cells in the CNS
of RTL201 treated animals vs. RTL203 treated or untreated controls (40 vs. 450–500 cells/
spinal cord), and at onset of disease (Day 4), there was a 300-fold difference (200 vs. 45–
60,000 cells/spinal cord).

Three key observations could be drawn from experiments in the LEW rat model regarding
RTL therapy. First, treatment of EAE required the combination of both MHC and peptide
components of the RTL. Second, RTL therapy significantly decreased the number of
inflammatory cells that penetrated the blood-brain-barrier after treatment, and third, RTL
therapy resulted in a decreased ability of T cells harvested from draining lymph nodes
(DLN) to proliferate in response to Ag challenge ex vivo. Treatment appeared to directly
modulate encephalitogenic T cell behavior.

SJL/J MOUSE STUDIES: RTL THERAPY INDUCES SYSTEMIC
IMMUNOMODULATION

The murine SJL/J relapsing/remitting model presents a more complex clinical paradigm of
EAE than the monophasic LEW rat model, and provided an opportunity to explore how well
RTL therapy worked in a model that shares most of the clinical characteristics of human
multiple sclerosis [90]. RTLs had a potent protective effect in the SJL/J relapsing/remitting
mouse model of EAE [84], and of interest from a drug delivery point of view for future
clinical applications, subcutaneous administration worked as well as i.v. treatment (Fig. 2C)
[84].

The SJL model allowed us to more completely evaluate peptide specificity of RTL treatment
in vivo. While RTL401 (I-As-derived, PLP-139-151-covalently tethered Ag; See Table I)
had a significant effect on EAE induced with PLP-139-151, disease induced with I-As-
restricted encephalitogenic peptides PLP-178-191 and MBP-84-104 was not significantly
affected by RTL401 treatment [84]. Of note, day 42 LN responses in PLP-178-191 and
MBP-84-104 peptide-immunized mice with EAE were specific only for the immunizing
peptide, and no responses were observed to PLP-139-151 peptide, indicating a lack of
epitope spreading [84].

Further evidence for the requirement of MHC and peptide specificity in RTL treatment was
obtained by using RTL401 to treat EAE induced by either PLP-139-151 peptide or
MOG-35-55 peptide in (C57BL/6×SJL)F1 mice. These mice express both I-As and I-Eb

MHC class II molecules that restrict PLP-139-151 (I-As) and MOG-35-55 (I-Eb) peptides, in
both cases producing an encephalitogenic response. While treatment with RTL401
significantly reduced the severity of EAE induced by PLP-139-151 peptide, it had no effect
on EAE induced by MOG-35-55 peptide [84]. These data strongly supported our previous
observation in LEW rats that RTL treatment of EAE is specific for the cognate combination
of MHC and neuroantigen peptide.
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Lymph node and spleen cells from vehicle control and RTL401 treated SJL/J mice with
EAE were analyzed during the course of treatment for proliferation and cytokine responses
to the immunizing PLP-139-151 peptide. Immune cell responses were assessed just after
disease onset but prior to treatment (day 11), 24h after initiation of treatment (day 13), at the
peak of the initial clinical episode (day 15), at the first remission (day 18), at the beginning
of the first relapse (day 22), at the peak of the first relapse (day 28), and at the end of the
first relapse (day 42). RTL401 treatment nominally inhibited proliferation responses to
PLP-139-151 peptide in LN cultures, and significantly enhanced proliferation of splenocyte
cultures [84]. Additionally, RTL401 had mixed effects on cytokine secretion from
PLP-139-151-stimulated splenocytes that appeared to be coupled to disease progression.
One day after initiation of RTL401 treatment (day 13), there were no significant changes in
cytokine responses. Surprisingly, at the peak of the first episode of EAE (day 15), there was
enhanced secretion of inflammatory (TNF-α, IFN-γ, MCP-1, and IL-6) and anti-
inflammatory (IL-10) factors in splenocyte cultures from RTL401-treated mice. During
remission from the first episode of EAE (day 18), strongly reduced levels of IFN-γ were
observed, levels of MCP-1 were still enhanced, but no significant differences in TNF-α,
IL-6, or IL-10 were observed in RTL401 treated mice. At onset of the first relapse (day 22),
there was again a significant decrease in secreted IFN-γ in RTL401-treated mice, but no
significant differences in the other inflammatory factors. Of possible importance for
systemic regulation, there was a significant increase in secreted IL-10 levels by
PLP-139-151-specific splenocytes from RTL401-treated mice at both the onset and peak of
the first relapse (days 22 and 28, respectively). Both IgG1 and IgG2a antibodies were
detected in serum during the course of EAE, but levels showed only minor fluctuations as a
result of RTL401 treatment [84]. Histological sections of spinal cords taken on day 28
showed reduced inflammatory and demyelinating lesions in RTL401 treated vs. control mice
(Fig. 4). This reduction in inflammatory activity found in RTL401-treated mice was
reflected by a reduction in the number of inflammatory mononuclear cells obtained from
brain and spinal cord tissue over the course of treatment, consistent with the observations
made in the LEW rat EAE following RTL therapy. Reduction of inflammatory cells was
most pronounced at onset and peak of the first clinical episode (days 13 and 15), and at
onset of the first relapse (day 22), was marked by an overall decrease of CD4+ T cells (from
43% to 23%) but an increase in CD11b+ monocytes/macrophages (from 38% to 60%) as
determined by FACS analysis. Particularly intriguing, expression of adhesion/homing
markers VLA-4 and LFA-1 [91, 92] on CD3+ mononuclear cells was consistently reduced in
brains and spinal cords from RTL401-treated mice on days 22, 28, and 42 after EAE
induction [84]. RT-PCR analysis of spinal cord tissue from RTL401-treated mice also
showed moderate to strong reduction in expression of mRNA for inflammatory cytokines
(IFN-γ, TNF-α, IL-6) and chemokines (RANTES, MIP-2, and IP-10), but enhanced
expression of TGF-β3 [84]. Expression of IL-10 in spinal cord was very low throughout the
EAE disease course in spinal cords from RTL-treated mice, with only a slight enhancement
in RTL401-treated mice during the first relapse (Day 22). Interestingly, expression of most
chemokine receptors (CCR1, CCR2, CCR5, CCR6, CCR7 & CCR8) was moderately to
strongly reduced in spinal cord tissue from RTL401-treated mice beginning at the peak of
the first episode (Day 15), consistent with earlier observations [93–98]. In contrast,
expression of CCR3 (Th2 associated) appeared to be uniquely enhanced during the first
relapse in spinal cord tissue collected from RTL401-treated mice [84, 99].

Data from the SJL model reflect the temporal (here defined as the Time period during the
course of disease at which the observation is made) and spatial (here defined as the location
within the animal at which the observation is made) complexity of a relapsing disease state.
In general, variations in expression of inflammatory cytokines mirrored periods of EAE
relapses and remission in control SJL/J mice, with more expression noted on days 15 (peak
of initial episode) and 22 (first relapse) than on day 18 (remission).
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Our findings in the SJL/J model suggest that a single course of i.v. or s.c. RTL therapy
prevented relapses and induced long-term clinical benefit that appeared to be mediated by a
cytokine switch mechanism involving IL-10, TGF-β3, and altered CCR expression
including CCR3, leading to a moderation of CNS inflammation and demyelination. The
cytokine switch mechanism postulated here differs from an anergy mechanism reported
previously in SJL/J mice by Sharma et al. using purified full-length I-As molecules loaded
with PLP-139-151 peptide [100]. Furthermore, significant systemic changes followed RTL
therapy, including a reduction in the number of inflammatory cells infiltrating the CNS, and,
of the cells that still could cross the blood–brain barrier, significantly reduced expression of
VLA-4 and LFA-1. A summary of the systemic changes induced following RTL treatment is
listed in Table II.

RTL THERAPY INDUCED SYSTEMIC IMMUNOMODULATION IN
AUTOIMMUNITY: DISSECTING THE MOLECULAR MECHANISM

The systemic effects of RTL therapy appear to block encephalitogenic T cell trafficking to
the CNS (LEW rat, Fig. 3) and promote a cytokine switch in response to encephalitogenic
peptides (SJL/J mouse, Table II). Most clearly observed in the SJL/J mouse model, RTL
therapy appeared to allow a non-encephalitogenic Ag-specific T cell to persist that retains
some ability to infiltrate CNS tissue. Significantly, the infiltrating cells clearly had reduced
inflammatory capability, enhanced secretion of anti-inflammatory factors, and enhanced
expression of a protective CCR. The potential therapeutic implication is that Ag-specific
therapy could promote a cytokine switch from an encephalitogenic phenotype to a memory
population that, at least modestly, could return to the target organ, down-modulate
inflammatory events, and potentially induce a form of bystander regulation. What are the
molecular mechanisms that control this cytokine switch at the cellular level? In order to
comprehensively characterize the effect of RTL binding directly to the TCR, we began a
detailed molecular characterization of the signal transduction pathways within T cells that
are directly altered following RTL engagement with the TCR that we recently documented
by surface plasmon resonance using soluble single chain TCR (SCTCR) [82].

Our studies to date have focused on mapping the information cascade from TCR to the
nuclear events that control the autocrine cytokine IL-2 [101]. The earliest detectable change
following RTL binding was in the CD3ζ phosphorylation pattern. Both immobilized
RTL201 (containing Gp-MBP-72-89 peptide) and anti-CD3ε triggered a prominent
emergence of p23 (the fully phosphorylated pattern of mouse CD3ζ) and enhanced p21 (the
partially phosphorylated pattern of mouse CD3ζ). The p23/p21 ratio was increased 2-fold by
RTL201 (from 0.25 to 0.5), and almost 4-fold by immobilized α-CD3ε (from 0.25 to 0.93).
RTL200, which contains the rat MBP-72-89 antigen peptide (threonine instead of serine at
position 80 of the myelin basic protein peptide), consistently showed an increased level of
p21, but did not alter the p23/p21 ratio significantly from vehicle control. We also
monitored CD3ζ chain-associated ZAP-70, which is required for TCR function [102, 103].
Immunoblot analysis for Tyr319-phosphorylated ZAP-70 was used to detect the activation of
ZAP-70 from whole cell lysates. RTL201 treatment significantly increased the
phosphorylation levels of ZAP-70 Tyr319 within 5 minutes of treatment, while RTL200
induced no significant increase in ZAP-70 phosphorylation. Immobilized α-CD3ε was
consistently more effective than RTL201 in raising the level of ZAP-70 phosphorylation. Of
note, while RTL201 increased the p23/p21 ratio of CD3ζ and increased ZAP-70
phosphorylation, these primary signal transduction events induced after RTL engagement
with the TCR were weaker than those induced by anti-CD3ε. Importantly, the effect of RTL
treatment was exquisitely antigen specific, with a single amino acid substitution in the RTL-
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coupled Ag, as demonstrated by RTL200 treatment, showing very little effect on the p23/
p21 ratio of CD3ζ and virtually no increase in ZAP-70 phosphorylation.

RTL201 and anti-CD3ε induce differential calcium signaling. Using single cell imaging and
recording, both immobilized RTL201 and α-CD3ε caused Fura-2/AM-loaded cells to turn
bright green, indicating elevation of intracellular calcium levels. Quantitatively the peak
level of intracellular calcium induced by anti-CD3ε treatment was almost two-fold higher
than that induced by RTL201 treatment (2.61 vs 1.40). Calcium activation by RTL201 was
Ag-specific, as no calcium elevation was observed following RTL200 treatment. The
different percentage of cells activated by anti-CD3ε and RTL201 (83% and 39%,
respectively) are also indicative of differential early downstream consequences following
treatment with the two agents. The reagents had stimulatory effects only when immobilized
on a surface. Treatment with soluble RTL201, anti-CD3ε, or anti-CD28 did not induce
calcium elevation. EGTA (2mM), a cell impermeable Ca2+ chelator, dramatically decreased
the percentage of cells activated by anti-CD3ε and the relative peak calcium concentration
to a level similar to that induced by RTL201 treatment with or without EGTA present.
Xestospongin C (XeC, a membrane-permeable blocker of IP3-mediated calcium release, 1
µM), drastically blocked calcium elevation in cells treated with either RTL201 or anti-
CD3ε, and EGTA plus XeC, completely blocked calcium mobilization in cells stimulated
with anti-CD3ε. The differential effects of signaling inhibitors and calcium chelators
provided a clear picture of the sources of calcium mobilized by these different reagents,
demonstrating that anti-CD3ε mobilized calcium from both internal and external sources,
while RTL201 treatment mobilized calcium only from internal stores. PLCγ is a common
mediator between receptor stimulation and calcium mobilization [104]. Pretreatment of A1
cells with the PLCγ inhibitor U73122 (10 µM) prevented calcium mobilization by both
RTL201 and a-CD3ε. U73343 (an analogue of U73122 with minimal biological function,
used as a negative control, 10 µM) did not block calcium mobilization (data not shown). The
results showed that calcium mobilization by both RTL201 and α-CD3ε is strictly PLCγ-
dependent.

RTL201 and α-CD3ε induced differential activation of transcription factors. Using an
electrophoretic mobility shift assay (EMSA), we monitored transcriptional activation with
specific probes for NFAT and NFκB. A 30 minute treatment with RTL201 or α-CD3ε
resulted in a marked increase in NFAT activity, although α-CD3ε treatment showed a
significantly stronger effect. This difference in potency was consistent with the differences
in amplitude of calcium flux observed. Treatment with ionomycin (Iono, a calcium
ionophore, 250 µg/ml) to pump in calcium from the extracellular milieu, also resulted in
NFAT activation. RTL200 (containing the MBP-72-89 S80T mutant negative control)
showed very little effect on NFAT activity. The increase in NFAT activity observed
following RTL201 or α-CD3ε treatment was blocked by TMB8 (a cell-permeable calcium
antagonist, 1 mM) and cyclosporine A (CsA, an inhibitor of the calcium/calmodulin-
dependent phospholipase calcineurin, 2 µM) [105], indicating that NFAT was activated via a
calcium/calcineurin-dependent pathway. A 30 minute treatment with α-CD3ε led to a
dramatic increase in NFκB activity, while no significant increase in NFκB activity was
detected after RTL201 or RTL200 treatment. These EMSA results were further confirmed
by immunoblot assay of IκB phosphorylation, which releases active NFκB when it is
phosphorylated or degraded [106]. IκB was phosphorylated after α-CD3ε treatment, but not
after RTL201 or RTL200 treatment. No IκB degradation was observed at the 30 minute time
point of our study.

Although both NFAT and NFκB are essential for T cell function and activation, other
signaling factors are required for full T cell proliferation and IL-2 production. In T cells,
phosphorylation of ERKs leads to the formation of the AP-1 complex [107], which is a
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partner of NFAT in the initialization of IL-2 mRNA transcription [108]. Treatment with α-
CD3ε(10 µg/ml) induced strong ERK phosphorylation, which peaked at 30 minutes and
declined to the basal level by 60 minutes. In contrast, RTL201 (10 µg/ml) showed no
significant effect on ERK phosphorylation levels. The dose dependent induction of ERK
phosphorylation following α-CD3ε treatment could be readily detected as low as 5 µg/ml,
whereas no induction of ERK phosphorylation was observed following RTL201 treatment,
even at 20 µg/ml.

RTL201 engagement with the TCR appeared to induce a subset of the signal transduction
events that were initiated by binding of α-CD3ε to the TCR. What was the result at the
effector cytokine level? Intracellular IL-2 levels were significantly increased after 4 hour
treatment with immobilized RTL201, α-CD3ε, or Ionomycin/PMA, while RTL200 induced
no significant change above the basal level. However, IL-2 production after RTL201
treatment was short-lived and returned to background levels by 16 hours. This was
dramatically different from the observed IL-2 production following treatment with plate-
bound α-CD3ε or ionomycin/PMA, in which case IL-2 was still accumulating at 16 hours.
IL-2 production induced by RTL201 and α-CD3ε was calcium dependent, shown by using
TMB8 (1 mM), an intracellular calcium antagonist. IL-2 production induced by RTL201 and
α-CD3ε was also PLCγ-dependent, shown by using U73122 (10 µM), a PLCγ inhibitor,
and its analogue U73343 (10 µM) as a negative control. Thus, α-CD3ε and ionomycin/PMA
induced a sustained increased IL-2 production that was both calcium and PLCγ-dependent.
RTL201 induced a significantly increased level of IL-2 production that was also calcium and
PLCγ-dependent, but this increase was transient, returning to basal levels by 16 hrs.

Our results demonstrated that RTLs triggered specific downstream signaling events that
deplete intracellular calcium stores without fully activating T cells, resulting in activation of
the transcription factor NFAT uncoupled from the activation of NFκB or ERKs, limiting
specific short term effector activities including limited production of IL-2. This data
provided the first clues to how Ag-specific TCR engagement with RTLs could modify T cell
phenotype and produce the profound systemic effects observed in our in vivo and ex vivo
animal studies. Differential modulation of calcium signaling appeared to be responsible for
the differences between RTL201 and α-CD3ε treatments observed at the transcriptional
level, a result of mobilization of calcium from internal stores by RTL201 without triggering
influx of extracellular calcium.

We have recently extended this work to human T cell clones, using DR2 and DR7
homozygous donor-derived Ag-specific T cell clones expressing a single TCR BV gene, to
evaluate HLA-DR2-derived RTLs ability to directly modify the behavior of T cells [70].
RTL treatment induced a distinct change in CD3ζ phosphorylation that reached a minimum
at 10 minutes. Only the cognate RTLs containing the peptide for which the clones were
specific induced this altered CD3ζ phosphorylation, typically observed after T cell
activation by antagonist ligands [104, 105].

RTL303 treatment induced a sustained high calcium signal in the DR2 homozygous T cell
clone MR#3-1 specific for the MBP-85-99 peptide, whereas RTL301 (identical to RTL303
except a single point mutation that altered folding properties, F150L) showed no increase in
calcium signal over the same time period. Within 15 min after treatment with RTLs, the
level of ERK-P was shown to be drastically reduced in an Ag-specific fashion, with 20 µM
RTL303 reducing ERK-P by 80% in clone MR#3-1 and 20 µM RTL311 reduced ERK-P by
90% in the C-ABL peptide specific clone MR#2-87. Upon activation with APC plus Ag,
clone MR#3-1 (MBP-85-99 specific) and MR#2-87 (CABL specific) showed classic Th1
cytokine profiles that included IL-2 production, high IFN-g and little or no detectable IL-4
or IL-10. Activation with anti-CD3ε antibody induced an initial burst of strong proliferation
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and production of IL-2, IFN-γ, and surprisingly, IL-4, but no IL-10. In contrast, upon
treatment with RTL303, clone MR#3-1 continued production of IFN-γ, but in addition
dramatically increased its production of IL-10. IL-10 appeared within 24 hours after addition
of RTL303 and its production continued for more than 72 hours, to three orders of
magnitude above the untreated or RTL311 treated control. In contrast, IL-2 and IL-4 levels
did not show RTL induced changes. Similarly, the C-ABL-specific MR#2-87 clone also
showed a dramatic increase in production of IL-10 within 24 hours after RTL311 treatment
that continued for greater than 72 hours above the untreated or RTL303 treated control.
Again, IL-2 and IL-4 levels did not show detectable RTL induced changes, and IFN-γ
production remained relatively constant. The switch to IL-10 production was exquisitely
Ag-specific, with the clones responding only to the cognate RTL carrying peptide antigen
for which the clones were specific. A DR7 homozygous T cell clone CP#1-15 specific for
MBP-85-99 showed no response to DR2-derived RTLs indicating that RTL induction of
IL-10 was also MHC restricted. To assess the effects of RTL pre-treatment on subsequent
response to antigen, T cell clones pretreated with anti-CD3ε or RTLs were restimulated with
APC/peptide, and cell surface markers, proliferation and cytokine production were
monitored. RTL pre-treatment had no effect on the cell surface expression levels of CD25,
CD69 or CD134 (OX40) induced by restimulation with APC/peptide compared to T cells
stimulated with APC/peptide that had never seen RTLs, and there were no apoptotic changes
observed over a 72 hour period using Annexin V staining. As anticipated, α-CD3ε
pretreated T cells were strongly inhibited, exhibiting a 71% decrease in proliferation and
>95% inhibition of cytokine production, with continued IL-2R (CD25) expression, a pattern
consistent with classical anergy [109]. Clone MR#3-1 showed a 42% inhibition of
proliferation when pretreated with 20 µM RTL303, and clone MR#2-87 showed a 57%
inhibition of proliferation when pretreated with 20 µM RTL311. Inhibition of proliferation
was also MHC class II-specific, as MBP85-99 specific clone CP#1-15 (HLA-DR7
homozygous donor) showed little change in proliferation after pretreatment with RTL303 or
RTL311. Clone MR#3-1 pretreated with RTL303 followed by restimulation with APC/Ag
showed a 25% reduction in IL-2, a 23% reduction in IFN-γ, and no significant changes in
IL-4 production. Similarly, clone MR#2-87 showed a 33% reduction in IL-2, a 62%
reduction in IFN-γ production, and no significant change in IL-4 production. Both RTL-
pretreated T cell clones continued to produce IL-10 upon restimulation with APC/peptide.

While RTL effects on the molecular signal transduction circuitry remains to be completely
defined, data from studies with human T cell clones fits well with our previous studies using
the LEW rat A1 T cell hybridoma [81]. Of significant importance, our finding with human T
cells tie together our data from the SJL/J mouse EAE studies regarding the antigen-specific
induction by RTLs of IL-10 secretion, supporting a cytokine switch mechanism. (An
overview of the molecular information cascade altered following RTL:TCR engagement is
shown in Figure 5). The elevated level of IL-10 induced in human Th1 cells by RTLs has
important regulatory implications for autoimmune diseases such as multiple sclerosis
because of the known anti-inflammatory effects of this cytokine on Th1 cell and
macrophage activation. We are currently in the process of characterizing the signal
transduction cascade at the molecular level responsible for the cytokine switch mechanism
controlling IL-10 secretion.

FUTURE STUDIES IN MS
It is likely that the pathogenesis of MS involves autoreactive Th1 cells directed at one or
more immunodominant myelin peptides, including MBP-85-99 and MOG-35-55.
Conceivably, RTLs could induce IL-10 production by these T cells, thus neutralizing their
pathogenic potential. Moreover, local production of IL-10 after Ag-stimulation in the CNS
could result in inhibited activation of bystander T cells that may be of the same or different
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Ag specificity, as well as macrophages that participate in demyelination. Thus, the findings
presented in this review suggest that RTL therapy and its regulatory potential may extend
beyond the RTL-ligated neuroantigen specific T cells. SRTL induction of IL-10 in specific
T cell populations that recognize CNS antigens could potentially be used to regulate the
immune system while preserving the T cell repertoire, and may represent a novel strategy
for therapeutic intervention of complex T cell mediated autoimmune diseases such as MS.
However, alternative mechanisms explaining the efficacy of RTL therapy in vivo exist that
cannot yet be completely ruled out, and before concluding this review a few of these should
be mentioned. Our recent studies using HLA-DR2 transgenic mice showed that RTL312, a
DR2-derived RTL carrying covalently coupled MOG-35-55 Ag (See Table I), profoundly
inhibited T cell responses to the encephalitogenic MOG-35-55 peptide, including blockade
of proliferation and secretion of the pro-inflammatory cytokines TNF-α, IFN-γ, and IL-2
[110]. However, the Th2 cytokines IL-4, IL-5, and IL-10 were not detected in mice
developing EAE and were not induced after treatment with RTL312. While this may
indicate differences in signaling pathways between mouse and human T cells, the data also
fit a mechanism of anergy leading to late stage apoptosis proposed by Wucherpfennig,
Appel and collaborators [67] used to explain inhibition of human T cells using DR2/
MBP-85-99 dimeric constructs. An alternative much less explored mechanism is that the
RTL “carrier” protein may represent an efficient vehicle for delivering Ag to tissue and/or
compartments where normal processing and re-presentation of the covalently linked Ag by
APCs may occur, a variation on the theme of coupling Ag-peptide to a larger carrier protein
such as a mAb [32–34]. The RTLs are after all, proteins, and as such, will eventually be
metabolized. While these alternative mechanisms have yet to be conclusively ruled out, our
working hypothesis is that the profound clinical utility of RTL therapy lies in the specific
triggering of a “cytokine switch” in pathogenic CD4+ T cells, intimately connected to the
ability of these molecules to directly bind to the TCR of pathogenic T cells. Full elucidation
of the novel information cascade engaged uncoupled from costimulatory input that leads to
alteration of phenotype in these cells are the goals of future experiments.
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Fig. (1). Comparison of soluble MHC class II constructs
(A) Detergent solubilized class II. (B) Extracellular domains of class II stabilized using a
Fos/Jun leucine zipper. (C) MHC class II dimers created by replacing Fv region of IgG2a
with beta chain of class II. Please note that structures depicted in A, B, and C are not to
scale. (D) Rational design of RTLs. Left: A ribbon diagram of the MHC class II molecule
HLA-DR2 on the surface of an APC. Right: RTL302, the soluble single-chain molecule
derived from the antigen-binding/T cell recognition domains. The structures are based on the
crystallographic coordinates of HLA-DR2 (PDB accession code 1BX2), and the
transmembrane domains are shown schematically as 0.5 nm cylinders, roughly the diameter
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of a poly-glycine alphahelix. Color scheme: alpha-chain, red; beta-chain, blue. Bound
antigenic peptide is green. The amino and carboxyl termini of HLA-DR2 and RTL302 are
labeled N, C, respectively. Disulfide bonds are displayed as ball and stick models.
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Fig. (2). Clinical efficacy of RTLs
(A) Suppression of EAE in LEW rats. Groups of LEW rats (n = 5) were injected with 25 µg
of Gp-MBP/CFA/100µg MTB to induce active EAE. On days 3, 7, 9, 11, and 14 after
disease induction, rats were given 300 µg RTL200 (encoding rat-MBP-72-89), 300 µg
RTL201 (encoding Gp-MBP-72-89), 300 µg RTL203 (encoding rat-CM-2), or were left
untreated, as indicated. A single representative experiment is shown; the experiment was
done three times. Values indicate mean clinical score ± SEM on each day of clinical disease.
(B) Treatment of established, actively-induced EAE in LEW rats. Groups of LEW rats (n =
6) were injected with 25 µg of Gp-MBP/CFA to induce active EAE. On the day of onset of
clinical signs (day 11), day 13, and day 15, rats were given 300 µg RTL200 (encoding rat-
MBP-72-89), 300 µg RTL201 (encoding Gp-MBP-72-89), 300 µg RTL203 (encoding rat-
CM-2), as indicated by arrows, or were left untreated (control). A single representative
experiment is shown; the experiment was done twice. Values indicate mean clinical score ±
SEM on each day of clinical disease. (C) Intravenous or subcutaneous administration of
RTL401 improves EAE in SJL/J mice. SJL females were immunized with PLP139-151. At
disease onset (day 12), mice were treated daily with vehicle, 100 ug RTL401 i.v. or 100 ug
RTL401 s.c. for 8 days. Data presented is the mean of 2 experiments for each group.
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Fig. (3). Decreased encephalitogenic T cells in the CNS after RTL treatment
Short-term T cell lines specific for Gp-MBP-72-89 were stained with CFSE and injected
into animals (10 × 106 cells/300µl RPMI). On days 1, 3 and 5 after passive transfer, rats
were given 300 µg RTL201 (encoding Gp-MBP-72-89) or RTL203 (encoding rat-CM-2) i.v.
or were left untreated. On days 2, 4 and 7 animals were sacrificed and cells infiltrating the
CNS were analyzed by FACS. RTL201 treatment inhibits trafficking of donor (CD4+/
CFSE+) derived cells into the CNS. A single representative experiment is shown; the
experiment was done twice.
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Fig. (4).
Fixed, paraffin-embedded spinal cord sections from vehicle-treated (A and B) or RTL401-
treated (C and D) SJL/J mice 46 days after induction of EAE. Spinal cord from vehicle-
treated mouse showed dense mononuclear infiltration (Panel A, arrow) with only very slight
or no apparent loss of myelin stain (blue stain, luxol fast blue) in the surrounding myelinated
tissue (Panel B). Spinal cord from RTL401-treated mouse showed multiple regions of dense
mononuclear cell infiltration (Panel C, Arrows) with considerable diffuse loss of myelin
stain in the regions adjacent to the mononuclear infiltrate (Panel C and Panel D, Arrow).
Magnification: A and C, 50×; B and D, 150×.
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Fig. (5). RTLs initiate a subset of the signals within T cells known to occur upon MHC class II/
peptide on APCs binding the TCR
Here we present schematically the specific pathways documented to be engaged upon
RTL:TCR binding. Overall schematic modified from Lin & Weiss [111]. Note that the
increased IL-2 induction is short-term.
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Table I

RTLs (Recombinant TCR Ligands)

RTL Description RTL Description

RAT HUMAN

100 RT1.B β1α1 (empty) 300 DR2 β1α1 (F150L) [DRA*0101,DRB1*1501]

101 RT1.B β1α1 (Q12R) (empty) 301 DR2 β1α1 w/covalent hu-MBP-85-99 (F120L)

103 101-A488 302 300 (empty) (wild-type)

200 100 w/ covalent rat-MBP-72-89 303 302 w/covalent hu-MBP-85-99

201 100 w/ covalent Gp-MBP-72-89 304 300 w/ carboxy-terminal biotinylation sequence

305 301 w/ carboxy-terminal biotinylation sequence

202 100 w/ covalent rat-MBP-55-69 306 302 w/ carboxy-terminal biotinylation sequence

203 100 w/ covalent rat-CM-2 307 303 w/ carboxy-terminal biotinylation sequence

204 200 w/carboxyl his-tag 308 300 w/ covalent Gp-MBP-72-89

205 201 w/carboxyl his-tag 309 300 w/ covalent Rt-MBP-72-89

206 202 w/carboxyl his-tag 310 302 w/ covalent Gp-MBP-72-89

207 201 w/carboxyl his-tag 311 302 w/ covalent BCR-ABL peptide

209 200-A488 chromophore 312 302 w/ covalent mu-MOG-35-55

210 201-A488 chromophore 313 302 w/ covalent hu-MOG-35-55

211 202-A488 chromophore 314 302 w/ covalent hu-αβ-crystallin peptide

212 203-A488 chromophore 320 303 w/ (5 β-sheet Ser mutations) monomer

213 201 w/ C49A, C111A 322 312 w/ (5 β-sheet Asp mutations) monomer

214 201 w/ C49S, C111S

215 201 w/ C49A, C111S 340 303 w/ (5 β-sheet Asp mutations) monomer

216 201 w/ C49S, C111A 342 312 w/ (5 β-sheet Asp mutations) monomer

217 101 w/ carboxy-terminal biotinylation sequence 360 303 w/CD4-binding site mutations

218 201 w/ carboxy-terminal biotinylation sequence

600 DP2 β1α1 [DPA1*0103,DPB1*0201]

MURINE 601 600 w/ E79K

400 Murine (SJL) β1α1 (I-AS)

401 400 w/ PLP-139-151 peptide 700 DP4 β1α1 [DPA1*0103,DPB1*0401]

402 400 w/ carboxy-terminal biotinylation sequence

800 DQ2 β1α1 [DQA1*05/DQB1*02]

500 Murine (B10.PL) β1α1 (I-AU)

501 500 w/ MBP-1-11 peptide 900 DQ8 β1α1 [DQA1*03/DQB1*0302]

502 500 w/ carboxy-terminal biotinylation sequence
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Table II

Systemic Changes Following RTL Treatment

↑/↓*

CNS SPLEEN

INFLAMMATORY FACTORS

Cytokines

INF-γ ↓ ↓

TNF-α ↓ nc

IL-6 ↓ nc

Chemokines

RANTES ↓ nd

MIP-2 ↓ nd

MCP-1 nd ↑

IP-10 ↓

Chemokine Receptors

CCR1 ↓ nd

CCR2 ↓ nd

CCR5 ↓ nd

CCR6 ↓ nd

CCR7 ↓ nd

CCR8 ↓ nd

ANTI-INFLAMMATORY FACTORS

Cytokines

TGF-β3 ↑ nd

IL-10 ↑ ↑

Chemokine Receptors

CCR3 ↑

ADHESION MOLECULES

VLA-4 ↓ nd

LFA-1 ↓ nd

*↑/↓ Effect of RTL treatment on inflammatory factors, anti-inflammatory factors and adhesion molecules involved in cell trafficking. ↑, increase,
↓, decrease, nc, no change, nd, not done. Cytokine production monitored in the spleen was quantified by cytokine bead array assay. Adhesion

molecules on CD3+ T cells infiltrating the CNS were quantifed by FACS. Cytokine, chemokine and chemokine receptor gene expression was
quantified from whole frozen spinal cords by real-time PCR. Expression of each gene was calculated relative to the expression of the housekeeping
gene, L32.
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