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MONOMERIC RECOMBINANT MHC 
MOLECULES USEFUL FOR MANIPULATION 

OF ANTIGEN-SPECIFIC T CELLS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

The present application claims the priority bene?t of US. 
Provisional Patent Application No. 60/500,660, ?led by Bur 
roWs et al. on Sep. 5, 2003, Which is incorporated herein by 
reference 

STATEMENT REGARDING 
FEDERALLY-SPONSORED RESEARCH 

Aspects of this Work Were supported by grants from the 
National Institutes of Health (A143960, ESI0554 and 
NS4l965), the National Multiple Sclerosis Society 
(RG3012A), and the Department of Veterans Affairs. The 
United States government has certain rights in the subject 
matter. 

FIELD OF THE INVENTION 

The present invention relates to recombinant polypeptides 
comprising major histocompatibility complex (MHC) 
molecular domains that mediate antigen binding and T cell 
receptor (TCR) recognition, and to related compositions and 
methods incorporating these recombinant polypeptides. The 
compositions and methods of the invention are useful for 
detection, quanti?cation, and puri?cation of antigen-speci?c 
T cells, for modulating T cell activity, and for treating T cell 
mediated diseases such as autoimmune disorders. 

BACKGROUND OF THE INVENTION 

The immune system ordinarily functions to direct protec 
tive immune responses against microorganisms and other 
harmful foreign materials. In the context of autoimmune dis 
eases and transplant rejection, hoWever, these normally ben 
e?cial immune responses can mediate deleterious and often 
fatal effects. In the case of autoimmunity, antigens present in 
the body’s oWn tissues become targets for autoreactive 
immune responses that cause tissue destruction and other 
disease symptoms. 
Immune responses in mammals are mediated by a diverse 

array of peripheral blood cells called leukocytes. Leukocytes 
arise from hematopoietic stem cells Which undergo self-re 
neWal and differentiation into tWo precursor lineagesithe 
myeloid and lymphoid lines. Further differentiation occurs 
among these lineages to produce monocyte, eosinophil, neu 
trophil, basophil, megakaryocyte, and erythroid cells from 
the myeloid line, and T lymphocytes, B lymphocytes, and NK 
cells from the lymphoid line. 
T lymphocytes include CD8+ T cells (cytotoxic/suppres 

sor T cells), and CD4+ T cells distinguished in part by their 
expression of cell surface molecules, CD8, and CD4, respec 
tively, Which function to enhance the avidity With Which T 
cells bind antigen-bearing or target cells, and may also pro 
mote the interaction of the TCR With cognate antigen. Bierer 
et al., Ann. Rev. Immunol. 7: 579-99, 1989. 
CD4+ T cells play a key regulatory role With respect to 

other immune system cell types, acting as “T helper” or “T 
inducer” cells When activated. By virtue of this central regu 
latory role, CD4+ T cells are key players in the pathogenesis 
of various autoimmune diseases, including multiple sclerosis 
(MS), rheumatoid arthritis (RA), diabetes, sarcoidosis, 

20 

25 

30 

35 

40 

45 

50 

55 

65 

2 
autoimmune uveitis, chronic beryllium disease, and are also 
considered to play a causal role in transplant rejection and 
graft-versus-host disease (GVHD) (SWanborg, J. Immunol 
130: 1503-05, 1983; Cush, Arthritis Rheum. 31: 1230-38, 
1988; Caspi, J. Immun0l140: 1490-95, 1988; Cobbold et al., 
Nature 312: 54851, 1988; Steinman, Sci. Am. 269: 106-14, 
1 993). 
CD4+ T cells mediate their role in autoimmune disease by 

responding in an antigen-speci?c manner to “autoantigens” 
associated With target cells or tissues. Pathogenic CD4+ T 
cells migrate or “home” to target tissues bearing autoantigen 
and selectively produce T-helper type 1 (Th1) cytokines, 
Which trigger recruitment and activation of other lympho 
cytes and monocytes that may destroy target tissues and cause 
other adverse disease sequelae (Weinberg, et al., J. Immunol 
148: 2109-17, 1992; Weinberg et al., J. Immun0l152: 4712 
5721, 1994). 
Normal activation of T lymphocytes occurs When the T 

cells interact With antigen-presenting cells (APCs) bearing 
cognate antigen (Ag) in the context of a major histocompat 
ibility complex (MHC) protein. The speci?city of T cell 
responses is conferred by a polymorphic, antigen-speci?c T 
cell receptor (TCR). T cell activation is mediated by TCR 
recognition of the Ag presented on the surface of the APC as 
a processed peptide bound to the MHC molecule. 
TWo distinct classes of MHC molecules occur in humans 

and other mammals, termed MHC class I and MHC class II. 
Both classes of MHC molecules comprise complexes formed 
by association of multiple polypeptide chains, and each 
includes a trans-membrane portion that anchor the complex 
into the APC membrane. MHC class I molecules are com 
prised of an ot-polypeptide chain non-covalently associated 
With a [32-microglobulin chain. The ot-chain of MHC class I 
includes three distinct domains, termed the (X1, (X2 and (x3 
domains. The three-dimensional structure of the (x1 and (X2 
domains of MHC I molecules forms a peptide binding groove 
(alternatively referred to herein as the peptide binding cleft or 
pocket) Which binds cognate Ag for presentation to T-cells. 
The (x3 domain is an Ig-fold like domain that includes a 
trans-membrane sequence to anchor the ot-chain into the cell 
membrane of the APC. MHC class I complexes, When asso 
ciated With antigen in the presence of appropriate co-stimu 
latory signals, stimulate CD8+ cytotoxic T-cells to kill target 
cells in an Ag-speci?c manner. 
The genes that encode the various polypeptide chains that 

associate to form MHC complexes in mammals have been 
studied and described in extensive detail. In humans, MHC 
molecules (With the exception of class I [32-microglobulin) 
are encoded in the HLA region of the genome, located on 
chromosome 6. There are three class I MHC ot-chain-encod 
ing loci, termed HLA-A, HLA-B and HLA-C. In the case of 
MHC class II proteins, there are three pairs of 0t and [3 chain 
loci, termed HLA-DR(A and B), HLA-DP(A and B), and 
HLA-DQ(A and B). In rats, the class I 0t gene is designated 
RT1.A, While the class II genes are termed RT1.B 0t and 
RT1.B [3. More detailed description regarding the structure, 
function and genetics of MHC complexes can be found, for 
example, in Immunobiology: The Immune System in Health 
and Disease by JaneWay and Travers, Current Biology Ltd./ 
Garland Publishing, Inc. (1997), and in Bodmer et al. (1994) 
“Nomenclature for factors of the HLA system” Tissue Anti 
gens vol. 44, pages 1-18. 
The speci?city of T cell responses is conferred by a poly 

morphic, antigen-speci?c T cell receptor (TCR). TCRs com 
prise multi-chain, ot/[3 heterodimeric receptors, Which are 
activated in an Ag-speci?c manner by Ag processed and pre 
sented on the surface of APCs as a peptide bound to the MHC 
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complex. X-ray crystallographic data demonstrate that pep 
tides from processed antigen bind to MHC 11 proteins in a 
membrane distal pocket formed by the [31 and (x1 domains 
(Matsui et al., Science 254: 1788-91, 1991 ; Nag et al., J. Biol. 
Chem. 267: 22624-29, 1992). 
CD4+ T cell activation generally folloWs a multi-step 

course that includes co-ligation of the TCR and CD4 by the 
MHC class ll/peptide complex presented by APCs. A sepa 
rate activation event referred to as “co-stimulation” is medi 
ated by other T cell surface molecules, such as CD28. In the 
absence of the second, co-stimulatory signal, stimulation of T 
cells through the TCR by MHC class ll/peptide complex 
reportedly induces a state of unresponsiveness to subsequent 
optimal antigen presentation, commonly referred to as 
“anergy”. (Quill, J Immunol 138: 3704-12, 1987; SchWartZ, 
J. Exp. Med. 184: 1-8, 1996). In other studies, ligation of the 
TCR in the absence of a costimulatory signal has been 
reported to disrupt normal T cell activation, inducing a range 
of responses from anergy to apoptosis (Schwartz, J. Exp. 
Med. 184: 1-8, 1996; JaneWay, Cell 76: 275-85, 1994; Bur 
roWs et al., J Immunol167: 4386-95, 2001; Wang et al., The 
Journal ofImmunology, 2003). 

MHC-restricted T lymphocyte interactions have been 
Widely and extensively investigated. Cells of the T helper/ 
inducer subset generally recogniZe antigen on the surface of 
APCs only in association With class II MHC gene products, 
Which results in genetic restriction of antigen recognition. 
While the rules governing the activation of MHC-restricted T 
cells, and particularly of class II MHC-restricted T cells, have 
been Well described, the underlying mechanisms are still 
being de?ned. 

Despite the very large number of possible TCR speci?ci 
ties of T cells, a number of studies have shoWn that the major 
portion of the T cell response to protein antigens may be 
directed to a feW “immunodominant” epitopes Within the 
antigenic protein. In the context of autoimmune diseases, 
class II MHC-restricted T cell responses, and in some cases 
clinical signs of autoimmune disease, have been demon 
strated to be associated With speci?c proteins and/or immu 
nodominant epitopes from these proteins, including, e.g., 
type II collagen (Rosloneic et al., J. Immunol. 160: 2573-78, 
1998; Andersson et al., Proc. Natl. Acad. Sci. USA 95: 7574 
79, 1998; and Fugger et al., Eur. J. Immunol. 26: 928-33, 
1996), and human cartilage Ag gp39 (Cope et al., Arthritis 
Rheum. 42: 1497, 1999) associated With rheumatoid arthritis 
(RA), glutamic acid decarboxylase 65 (Patel et al., Proc. Natl. 
Acad. Sci. USA 94: 8082-87, 1997; Wicker et al., J. Clin. 
Invest. 98: 2597, 1996) and insulin (Congia et al., Proc. Natl. 
Acad. Sci. USA 95: 3833-38, 1998) associated With Type I 
diabetes (insulin dependent diabetes mellitus or IDDM), and 
myelin oligodendrocyte glycoprotein (MOG) (Forsthuber et 
al., J. Immunol. 167: 7119, 2001) associated With MS and an 
animal disease model for MS, experimental autoimmune 
encephalomyelitis (EAE). Similar ?ndings have been 
reported for class II MHC-restricted T cell responses associ 
ated With myelin basic protein (MBP) (Madsen et al., Nat. 
Genet. 23: 343, 1999), proteolipid protein (PLP) (KaWamura 
et al., J. Clin. Invest. 105: 977, 2000), and MOG (Vandenbark 
et al., J Immunol. 171: 127-33, 2003). 
One approach for managing and treating autoimmune dis 

eases and other T cell-mediated immune disorders is to regu 
late T cell activity using natural or synthetic TCR ligands, or 
T cell modulatory drugs or other compounds, that are TCR 
agonists or antagonists. Various analogs of natural TCR 
ligands have been produced Which comprise extracellular 
domains of class II MHC molecules bound to a speci?c pep 
tide Ag. Several such constructs have been puri?ed as deter 
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4 
gent extracts of lymphocyte membranes or produced as 
recombinant proteins (Sharma et al., PNAS. 88: 11465-69, 
1991), KoZono et al., Nature 369: 151-54, 1994; Arimilli et 
al., J. Biol. Chem. 270: 971-77, 1995; Nag, PNAS 90: 1604 
08, 1993; Nag et al., J Biol. Chem. 271: 10413-18, 1996; 
Rhode et al., J. Immunol. 157: 4885-91, 1996; Fremont et al., 
Science 272: 1001, 1996; Sharma et al., Proc. Natl. Acad. Sci. 
USA 88: 11405, 1991; Nicolle et al.,J. Clin. Invest. 93: 1361, 
1994; Spack et al., CNS Drug Rev 4: 225, 1998). 
These tWo-chain, four-domain molecular complexes 

loaded With, or covalently bound to, peptide Ag have been 
reported to interact With T cells and modulate T cell activity in 
an Ag-speci?c manner (Matsui et al., Science 254: 1788-91, 
1991; Nag et al., J. Biol. Chem. 267: 22624-29, 1992; Nag, J. 
Biol. Chem. 268: 14360-14366, 1993; Nag, PNAS 90: 1604 
08, 1993; Nicolle et al.,J. Clin. Invest. 93: 1361-1369, 1994; 
Spack et al., J. Autoimmun. 8: 787-807, 1995). Various mod 
els have been presented for hoW these complexes may be 
useful to modulate immune responses in the context of 
autoimmune disease. For example, US. Pat. No. 5,194,425 
(Sharma et al.) and US. Pat. No. 5,284,935 (Clark et al.) 
report the use of isolated MHC class l/peptide complexes 
conjugated to a toxin to eliminate autoreactive T-cells. Others 
have reported the use of MHC ll/antigen complexes, in the 
absence of co-stimulatory factors, to induce a state of non 
responsiveness in Ag-speci?c T cells knoWn as “anergy” 
(Quill et al., J. Immunol., 138: 3704-3712 (1987). Following 
this observation, Sharma et al. (US. Pat. Nos. 5,468,481 and 
5,130,297) and Clarke et al. (US. Pat. No. 5,260,422) sug 
gested that soluble MHC ll/antigen complexes can be admin 
istered therapeutically to anergiZe T-cell lines that speci? 
cally respond to autoantigenic peptides. Additional studies 
report that soluble MHC ll/antigen complexes can inhibit T 
cell activation, induce T cell anergy, and/or alleviate T cell 
mediated symptoms of autoimmune disease (Sharma et al., 
Proc. Natl. Acad. Sci. USA 88: 11405, 1991; Spack et al., CNS 
Drub Rev 4:225, 1998; SteWard et al., J. Allerg. Clin. Immun. 
2: S117, 1997). In some cases, in the absence of co-stimula 
tion, intact MHC class ll/peptide complexes have been 
reported to modulate T cell activity by inducing antigen 
speci?c apoptosis rather than anergy (Nag et al., J. Biol. 
Chem. 271: 10413-18, 1996). 
Although the concept of using isolated MHC/ antigen com 

plexes in therapeutic and diagnostic applications holds great 
promise, a major draWback to the various methods reported to 
date is that the complexes are large and consequently dif?cult 
to produce and Work With. While these four domain com 
plexes can be isolated from lymphocytes by detergent extrac 
tion, such procedures are inef?cient and yield only small 
amounts of protein. Although cloning of genes encoding 
MHC complex subunits has facilitated production of large 
quantities of individual subunits through expression in 
prokaryotic cells, the assembly of individual subunits into 
MHC complexes having appropriate conformational struc 
ture has proven dif?cult. Another important feature of these 
previously described, MHC ll/antigen complexes is that they 
bind not only to the TCR, but also to the CD4 molecule on the 
T cell surface through the [32 MHC domain (Brogdon et al., J. 
Immunol. 161: 5472, 1998). This additional interaction dur 
ing peptide presentation and TCR engagement complicates 
the usefulness of prior MHC ll/antigen complexes for certain 
diagnostic and therapeutic applications. In addition, because 
of their siZe and complex structure, prior class II MHC com 
plexes present an inherently dif?cult in vitro folding chal 
lenge. 

To overcome these obstacles and provide additional advan 
tages, inventors in the current application previously devel 
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oped novel, recombinant TCR ligands or “RTLs” for use in 
modulating T cell activity. These RTLs incorporate selected 
structural components of a native MHC class II protein, typi 
cally comprising MHC class II (x1 and [31 domains (or por 
tions of the (x1 and [31 domains necessary to form a minimal, 
Ag-binding pocket/TCR interface). These RTLs may exclude 
all or part of the [32 domain of the MHC class II protein, 
typically at least the CD4-binding portion of the [32 domain. 
Likewise, RTLs for use Within the invention may exclude the 
(X2 domain of the MHC class II protein (see, e. g., Burrows et 
al., Prol Eng. 12: 771, 1999). Various RTLs having these 
general structural characteristics been produced in E. coli, 
With and Without amino-terminal extensions comprising 
covalently bound, peptide Ag. 

These kinds of RTL constructs have been demonstrated to 
be effective agents for alleviating symptoms of CD4+ T cell 
mediated autoimmune disease in an MHC-speci?c, Ag-spe 
ci?c manner (BurroWs et al., .1. Immunol167: 4386-95, 2001; 
Vandenbark et al., Journal of Immunology, 2003). For 
example, RTL constructs have been tested and shoWn to pre 
vent and/ or treat MBP-induced EAE in LeWis rats (Burrows 
et al., .1. Immunol. 161: 5987, 1998; Burrows et al., .1. Immu 
nol. 164: 6366, 2000) and to inhibit activation and induce 
IL-10 secretion in human DR2-restricted T cell clones spe 
ci?c for MBP-85-95 or BCR-ABL b3a2 peptide (CABL) 
(Burrows et al., .1. Immunol. 167: 4386, 2001; Chang et al., .1. 
Biol. Chem. 276: 24170, 2001). Another RTL construct 
designed by inventors in the current application is a MOG 
35-55/DR2 construct (V G312) that potently inhibits autoim 
mune responses and elicits immunological tolerance to 
encephalitogenic MOG-35-55 peptide, and alleviates or 
reverses clinical and histological signs of EAE (Vandenbark 
et al., .1. Immunol. 171: 127-33, 2003). Numerous additional 
RTL constructs useful for modulating T cell immune 
responses have been developed by the current inventors, 
Which can be effectively employed Within the compositions 
and methods of the instant invention (see, e.g., Huan et al., .1. 
Immunol. 172: 4556-4566, 2004). 

In recently described protein engineering studies of RTLs, 
applicants discovered that MHC class II-derived RTL mol 
ecules can form undesirable aggregates in solution. In the 
case of one RTL construct derived from HLA-DR2 

(DRB1*1501/DRA*0101)), the puri?ed RTL yielded 
approximately 10% of the molecules in the form of stable 
dimers, With a remaining percentage of the molecules found 
in the form of higher-order structures above 300,000 Daltons 
(Chang et al., .1. Biol. Chem. 276: 24170-76, 2001). 

Although RTL aggregates retain biological activity (Bur 
roWs et al., .1. Immunol 167: 4386-95, 2001 ; Vandenbark et al., 
Journal oflmmunology 171: 127-133, 2003), conversion of 
multimeric RTLs into a monodisperse reagents in solution 
remains an important, unful?lled objective to facilitate use of 
RTLs as human therapeutics, for example to treat multiple 
sclerosis and other autoimmune conditions. 

Accordingly, there remains an unmet need in the art to 
provide recombinant TCR ligands (RTLs) that retain the abil 
ity to bind Ag peptides and interface functionally With a TCR 
to modulate T cell activity in an Ag-speci?c manner, Which 
have diagnostic and/ or therapeutic utility, and Which exhibit a 
reduced potential for aggregation in solution or folloWing 
administration to a mammalian subject. 

SUMMARY OF THE INVENTION 

The present invention satis?es this need and ful?lls addi 
tional objects and advantages by providing modi?ed, recom 
binant T cell receptor ligands (RTLs) that have been structur 
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6 
ally modi?ed to exhibit a diminished propensity for self 
aggregation. Modi?ed RTLs of the invention typically have 
one or more redesigned surface structural features introduced 
into an otherWise native MHC polypeptide sequence. For 
example, modi?ed RTLs can be rationally designed and engi 
neered to introduce one or more amino acid changes at a 
solvent-exposed target site for modi?cation located Within, or 
de?ning, a self-binding (or self-associating) interface found 
in the native MHC polypeptide. 

Within exemplary embodiments of the invention, the 
modi?ed RTL includes a multi-domain structure comprising 
multiple MHC class I or MHC class II domains, or portions 
thereof necessary to form a minimal TCR interface necessary 
to mediate Ag binding and TCR recognition. 

In the case of modi?ed RTLs derived from human class II 
MHC molecules, the RTLs typically comprise (x1 and [31 
MHC polypeptide domains (or portions thereof suf?cient to 
provide a minimal TCR interface) of an MHC class II protein. 
These domains or subportions thereof may be covalently 
linked to form a single chain (sc) MHC class II polypeptide. 
The resulting MHC component may be useful as an “empty” 
RTL, or may be associated With a peptide Ag. 
Modi?ed RTL molecules of the invention shoW improved 

characteristics of monodispersal in aqueous solutions, While 
retaining their ability to bind peptide Ags, to target and modu 
late activity of antigen-speci?c T cells, and to treat, inter alia, 
autoimmune diseases and other conditions mediated by anti 
gen-speci?c T cells in vivo. 
The modi?ed RTLs of the invention lack certain structural 

features found in intact, native MHC molecules (e.g., trans 
membrane Ig fold domains), but nonetheless are capable of 
refolding in a manner that is structurally analogous to native 
Whole MHC molecules. The modi?ed RTLs are likeWise 
capable of binding peptide Ags to form stable MHC:antigen 
complexes. Moreover, these modi?ed RTLs, When associated 
With a cognate peptide Ag, bind T-cells in an epitope-speci?c 
manner, and regulate T cell activity (e.g., proliferation) in an 
Ag-speci?c manner, both in vitro and in vivo. As a result, the 
disclosed MHC molecules are useful in a Wide range of both 
in vivo and in vitro applications. 

Various formulations of modi?ed, monodisperse RTLs are 
provided by the invention. In exemplary embodiments, a 
modi?ed RTL comprises a tWo domain MHC class II com 
ponent comprising (x1 and [31 domains of a mammalian MHC 
class II molecule. In more detailed embodiments, these modi 
?ed RTLs are further characteriZed by having the amino 
terminus of the (x1 domain covalently linked to the carboxy 
terminus of the [31 domain. In other detailed embodiments, 
the MHC component of the RTL does not include (X2 or [32 
domains found in an intact MHC class II molecule. Typically, 
the MHC component of the RTL is associated, by covalent or 
non-covalent interaction, With an antigenic determinant, such 
as a T cell epitope of an autoantigenic protein. For example, a 
peptide antigen may be covalently linked to the amino termi 
nus of the [31 domain of a class II MHC component. The tWo 
domain molecules may also comprise a detectable marker, 
such as a ?uorescent label, or a toxic moiety (e. g., ricin A). 
The invention also provides nucleic acid molecules that 

encode the inventive, non-aggregating RTLs, as Well as 
expression vectors that may be used to express these mol 
ecules in mammalian cells. In particular embodiments, the 
nucleic acid molecules include sequences that encode the 
MHC component as Well as an antigenic peptide. For 
example, one such nucleic acid molecule may be represented 
by the formula Pr-P-B-A, Wherein Pr is a promoter sequence 
operably linked to P (a sequence encoding the peptide anti 
gen), B is the class II [31 domain, and A is the class II (x1 



US 8,377,447 B2 
7 

domain. In these nucleic acid molecules, P, B andA comprise 
a single open reading frame, such that the peptide and the tWo 
MHC domains are expressed as a single polypeptide chain. 

The modi?ed RTLs of the invention may be used in vivo to 
detect and quantify T-cells, and/or to regulate T cell function. 
Speci?cally, such molecules loaded With a selected antigen 
may be used to detect, monitor and quantify the population of 
antigen-speci?c T cells, providing utility, inter alia, in a num 
ber of clinical settings, such as monitoring the number of 
tumor antigen-speci?c T cells in blood removed from a can 
cer patient, or the number of self-antigen speci?c T cells in 
blood removed from a patient suffering from an autoimmune 
disease. In these contexts, the disclosed molecules are poW 
erful tools for monitoring the progress of a particular therapy. 

In addition to monitoring and quantifying antigen-speci?c 
T cells, the modi?ed RTL molecules of the invention have 
utility for purifying T cells for adoptive immunotherapy. For 
example, modi?ed RTLs loaded With a tumor antigen may be 
used to purify tumor-antigen speci?c T cells from a cancer 
patient. These cells may then be expanded in vitro before 
being returned to the patient as part of an adoptive immuno 
therapeutic cancer treatment. 

The modi?ed RTL molecules of the invention can be used 
to alter the activity, phenotype, differentiation status, and/or 
pathogenic potential of T cells in an Ag-speci?c manner. 
Within alternate aspects of the invention, these novel reagents 
can be used to induce a variety of T cell transduction pro 
cesses, to modulate T cell effector functions (including cytok 
ine and proliferation responses), to induce anergy, or other 
Wise alter the pathogenic potential of T cells in anAg-speci?c 
manner. In this regard, the modi?ed RTLs of the invention 
display poWerful and epitope-speci?c effects on T-cell acti 
vation resulting, as exempli?ed by their ability to stimulate 
secretion of anti-in?ammatory cytokines (e. g., IL-10). When 
conjugated With a toxic moiety, the modi?ed RTLs of the 
invention may also be used to kill T cells having a particular 
Ag speci?city. Accordingly, the disclosed RTL molecules are 
useful in a Wide range of both in vivo and in vitro applications. 

Modi?ed RTL molecules of the invention can be readily 
produced by recombinant expression in prokaryotic or 
eukaryotic cells, and can be puri?ed in large quantities. More 
over, these molecules may easily be loaded With any desired 
peptide antigen, making production of a repertoire of MHC 
molecules With different T-cell speci?cities a simple task. 
These and other aspects of the invention are described in more 
detail herein beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs HLA-DR2, RTL302, and the solvent acces 
sible surface of the RTL [3-sheet platform. The left panel (A) 
shoWs a scale model of an MHC class II molecule on the 
surface of an APC. The right panel (B) shoWs RTL302, a 
soluble single-chain molecule derived from the antigen-bind 
ing/T cell recognition domains. The loWer right panel (C) 
shoWs the hydrophobic residues of the beta-sheet platform of 
RTL302. 

FIG. 2 shoWs siZe exclusion chromatography of modi?ed 
RTLs. Puri?ed and refolded RTLs Were analyZed by siZe 
exclusion chromatography (SEC). The upper panel (A) 
shoWs SEC of RTL302 (triangle), RTL302(5S) (circle) and 
RTL302(5D) (square). These RTLs do not contain covalently 
tethered Ag-peptides. The loWer panel (B) shoWs SEC of 
RTLs derived from the Wild-type HLA-DR2 containing 
covalently tethered Ag-peptide MBP-85-99 (RTL303, tri 
angle) or MOG-35-55 (RTL312, circle). 
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8 
FIG. 3 shoWs circular dichroism (CD) spectra of modi?ed 

DR2-derived RTLs. The upperpanel (A) shoWs CD spectra of 
“empty” RTL302 (triangle), RTL302(5S) (circle) and 
RTL302(5D) (square). The middle panel (B) shoWs CD spec 
tra of RTLs containing covalently tethered Ag MBP-85-99 
peptide. RTL303, (triangle), RTL320 (square), and RTL340 
(diamond). The loWer panel (C) shoWs thermal denaturation 
curves for RTL303, RTL320 and RTL340 Which reveal a high 
degree of cooperativity and stability. 

FIG. 4 shoWs direct measurement of peptide binding to 
HLA-DR2-derived RTLs. Binding of biotinylated-MOG to 
RTL302 (open circles), RTL302(5S) (open diamonds), and 
RTL302(5D) (open squares). The left panel (A) shoWs satu 
ration as a function of biotinylated-MOG concentration (in 
sert shoWs Scatchard analysis of peptide binding). The right 
panel (B) shoWs binding of biotinylated-MOG peptide (0.15 
pM) to RTLs as a function of time to compare the initial rate 
of binding. 

FIG. 5 shoWs that monomeric, monodisperse RTL342 Was 
as effective as RTL312 at treating EAE in DR*1501 trans 
genic animals. Mean clinical scores of HLA-DR2 
(DRB1*1501/DRA*0101) transgenic mice treated With 33 
pg ofRTL312 (v), RTL342 (A), or vehicle alone (Tris, pH 8.5) 
(C). All mice Were immuniZed s.c. With 200 pg MOG-35-55 
and 400 pg CFA in conjunction With 100 ng Ptx i.v. on Day 0 
and 266 ng Ptx 2 days post-immunization. On Day 14 all mice 
Were distributed into 6 groups according to similarity in dis 
ease and gender. Mice Were i.v. injected daily With RTL312, 
RTL342, or vehicle. (n:4 per group, except for vehicle group 
Where n:3; arroWs indicate treatment). 

FIG. 6 shoWs the interaction surface betWeen the (x161 
peptide binding/T cell recognition domain and the (x2[32-Ig 
fold domains of HLA-DR2. The interaction surface betWeen 
the (x161 peptide binding/ T cell recognition domain and the 
(x2[32-Ig-fold domains Was modeled and re?ned using the 
high resolution human class II DR2 structure 1BX2 (Smith et 
al., J. Exp. Med. 188: 1511-20, 1998). The transmembrane 
domains are shoWn schematically as 0.5 nm cylinders. The 
amino and carboxyl termini of MHC class II are labeled N, C, 
respectively. Cysteines are rendered as ball-and-stick, as are 
the ?ve residues V102, I104, A106, F108, L1 10 (1BX2 num 
bering). The interaction surface (4 angstrom interface) 
betWeen the Ig-fold domains and the peptide binding/T cell 
recognition domain is colored by lipophilic potential (LP). 
Water molecules Within this interface in the 1BX2 crystal 
structure are shoWn as spheres. 

DEFINITIONS 

The term “MHC” refers to the major histocompatibility 
complex. 
The term “RTL” or “RTLs” refers to human recombinant T 

cell receptor ligands. 
“Ag” refers to antigen. 
“APC” refers to antigen-presenting cell. 
“[3-ME” refers to [3-mercaptoethanol. 
“CD” refers to circular dichroism. 
“CFA” refers to complete Freunds adjuvant. 
“DLS” refers to dynamic light scattering. 
“EAE” refers to experimental autoimmune encephalomy 

elitis. 
“ELI SA” refers to enZyme linked immunosorbant assay. 
“HLA” refers to human leukocyte antigen. 
“hu-” refers to human. 
“MBP” refers to myelin basic protein. 
“MHC” refers to major histocompatibility complex. 
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“MOG” refers to myelin oligodendrocyte glycoprotein, 
(murine sequence). 
“MS” refers to multiple sclerosis. 
“NFDM” refers to non fat dry milk. 
“PBMC” refers to peripheral blood mononuclear cells. 
“PBS” refers to phosphate-buffered saline. 
“PCR” refers to polymerase chain reaction. 
“Ptx” refers to pertussis toxin. 
“RPMI” refers to growth media for cells developed at 

RosWeli Park Memorial Institute. 
“RT” refers to room temperature. 
“RTL” refers to recombinant T cell receptor ligand (e.g., 

RTLs of G. G. BurroWs, US. Pat. No. 6,270,772). 
“SC.” refers to subcutaneous. 
“SEC” refers to siZe exclusion chromatography. 
“STR-HRP” refers to streptavidin-horseradish peroxidase 

conjugate. 
“TCR” refers to T cell receptor. 
“Tg” refers to transgenic. 
“Sequence identity” refers to the similarity betWeen amino 

acid sequences. Sequence identity is frequently measured in 
terms of percentage identity (or similarity or homology); the 
higher the percentage, the more similar the tWo sequences are. 
Variants of the inventive MHC domain polypeptides Will 
possess a high degree of sequence identity When aligned 
using standard methods. 
“MHC domain polypeptide” refers to a discrete MHC 

molecular domain, for example an (X1 or [31 domain of an 
MHC class II molecule. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS OF THE INVENTION 

Modi?ed RTLs of the invention comprise a major histo 
compatibility complex (MHC) component that incorporates 
one or more redesigned surface structural features Which have 
been recombinantly introduced into an otherWise native 
MHC polypeptide sequence. Typically, modi?ed RTLs of the 
invention are rationally designed and constructed to introduce 
one or more amino acid changes at a solvent-exposed target 
site located Within, or de?ning, a self-binding interface found 
in the native MHC polypeptide. 

The self-binding interface that is altered in the modi?ed 
RTL typically comprises one or more amino acid residue(s) 
that mediate(s) self-aggregation of a native MHC polypep 
tide, or of an “unmodi?ed” RTL incorporating the native 
MHC polypeptide. Although the self-binding interface is cor 
related With the primary structure of the native MHC 
polypeptide, this interface may only appear as an aggrega 
tion-promoting surface feature When the native polypeptide is 
isolated from the intact MHC complex and incorporated in 
the context of an “unmodi?ed” RTL. 

Thus, in certain embodiments, the self-binding interface 
may only function as a solvent-exposed residue or motif of an 
unmodi?ed RTL after the native polypeptide is isolated from 
one or more structural element(s) found in an intact MHC 
protein. In the case of exemplary MHC class II RTLs 
described herein (e.g., comprising linked [31 and (x1 
domains), the native [310t1 structure only exhibits certain 
solvent-exposed, self-binding residues or motifs after 
removal of Ig-fold like, [32 and (X2 domains found in the intact 
MHC II complex. These same residues or motifs that mediate 
aggregation of unmodi?ed [310t1 RTLs, are presumptively 
“buried” in a solvent-inaccessible conformation or otherWise 

“masked” (i.e., prevented from mediating self-association) in 
the native or progenitor MHC II complex (likely through 
association With the Ig-fold like, [32 and (X2 domains). 
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10 
Certain modi?ed RTLs of the invention include a multi 

domain structure comprising selected MHC class I or MHC 
class II domains, or portions of multiple MHC domains that 
are necessary to form a minimal Ag recognition/TCR inter 
face (i.e., Which is capable of mediating Ag binding and TCR 
recognition). In certain embodiments, the modi?ed RTL 
comprises a “minimal TCR interface”, meaning a minimal 
subset of MHC class I or MHC class II domain residues 
necessary and suf?cient to mediate functional peptide bind 
ing and TCR-recognition. TCR recognition requires that the 
modi?ed RTL be capable of interacting With the TCR in an 
Ag-speci?c manner to elicit one or more TCR-mediated T 

cell responses, as described herein. 
In the case of modi?ed RTLs derived from human class II 

MHC molecules, the RTLs Will most often comprise (x1 and 
[31 MHC polypeptide domains of an MHC class II protein, or 
portions thereof su?icient to provide a minimal TCR inter 
face. These domains or subportions thereof may be covalently 
linked to form a single chain (sc) MHC class II polypeptide. 
Such RTL polypeptides are hereinafter referred to as “0L1[31” 
sc MHC class II polypeptides. Equivalent sc MHC constructs 
can be modeled from human MHC class I proteins, for 
example to form RTLs comprising (x1 and (X2 domains (or 
portions thereof su?icient to provide a minimal TCR inter 
face) of a class I MHC protein, Wherein the RTL is optionally 
“empty” or associated With an Ag comprising a CD8+ T cell 
epitope. 
RTL constructs comprising sc MHC components have 

been shoWn to be Widely useful for such applications as 
preventing and treating Ag-induced autoimmune disease 
responses in mammalian model subjects predictive of 
autoimmune disease therapeutic activity in humans (Burrows 
et al., .1. Immunol. 161: 5987, 1998; BurroWs et al., J. Immu 
nol. 164: 6366, 2000). In other aspects, these types of RTLs 
have been demonstrated to inhibit T cell activation and induce 
anti-in?ammatory cytokine (e.g., IL-10) secretion in human 
DR2-restricted T cell clones speci?c for MBP-85-95 or BCR 
ABL b3a2 peptide (CABL) (BurroWs et al., J. Immunol. 167: 
4386, 2001; Chang et al., J Biol. Chem. 276: 24170, 2001). 

Additional RTL constructs have been designed and tested 
by inventors in the instant application, Which include a MOG 
35-55/DR2 construct (V G312) shoWn to potently inhibit 
autoimmune responses and lead to immunological tolerance 
to the encephalitogenic MOG-35-55 peptide and reverse 
clinical and histological signs of EAE (Vandenbark et al., J. 
Immunol. 171: 127-33, 2003). Numerous additional RTL 
constructs that are useful for modulating T cell immune 
responses and canbe employed Within the invention are avail 
able for use Within the methods and compositions of the 
invention (see, e.g., US. Pat. No. 6,270,772, issued Aug. 7, 
2001; US. Provisional Patent Application No. 60/064,552, 
?led Sep. 16, 1997; US. Provisional Patent Application No. 
60/064,555, ?led Oct. 10, 1997; US. Provisional Patent 
Application No. 60/ 200,942, ?led May 1, 2000; United States 
Provisional Patent Application entitled MONOMERIC 
RECOMBINANT MI-IC MOLECULES USEFUL FOR 
MANIPULATION OF ANTIGEN-SPECIFIC T-CELLS, 
?led by BurroWs et al. on Sep. 5, 2003 and identi?ed by Ser. 
No. 60/500,660; US. patent application Ser. No. 09/153,586; 
?led May 1, 2001; US. patent application Ser. No. 09/847, 
172; ?led May 1, 2001; and US. patent application Ser. No. 
09/ 858,580; ?led May 15, 2001, each incorporated herein by 
reference). 

To evaluate the biological function and mechanisms of 
action of modi?ed RTLs of the invention, antigen-speci?c T 
cells bearing cognate TCRs have been used as target T cells 
for various assays (see, e.g., BurroWs et al., .1. Immunol. 167: 
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4386, 2001). More recently, inventors in the current applica 
tion have provided novel T cell hybridomas that are uniquely 
adapted for use in screens and assays to identify and charac 
teriZe RTL structure and function (see, e. g., U.S. Provisional 
Patent Application No. 60/586,433, ?led July 7; and Chou et 
al., J. Neurosci. Res. 77: 670-680, 2004). To practice these 
aspects of the invention, T cell hybrids are constructed and 
selected that display anAg-speci?c, TCR-mediated prolifera 
tive response following contact of the hybrid With a cognate 
Ag and APCs. This proliferative response of T hybrids can in 
turn be detectably inhibited or stimulated by contacting the T 
cell hybrid With a modi?ed RTL of interest, Which yields a 
modi?ed, Ag-speci?c, TCR-mediated proliferation response 
of the hybrid. The modi?ed proliferation response of the 
hybrid cell accurately and reproducibly indicates a presence, 
quantity, and/or activity level of the modi?ed RTL in contact 
With the T cell hybrid. 

The MHC component of the RTL may be provided as an 
“empty” RTL, or be associated by non-covalent binding or 
covalent linkage to a selected peptide Ag. Typically, the pep 
tide Ag comprises one or more antigenic determinant(s) of an 
autoantigenic protein, for example one or more CD4+ T cell 
immunodominant epitope(s) associated With a selected 
autoimmune disease (e.g., an immunodominant epitope of 
myelin basic protein (MBP) or myelin oligodendrocyte pro 
tein (MOG) implicated in MS). 

Within certain embodiments of the invention, an isolated, 
modi?ed recombinant RTL Which has a reduced potential for 
aggregation in solution comprises an “MHC component” in 
the form of a single chain (sc) polypeptide that includes 
multiple, covalently-linked MHC domain elements. These 
domain elements are typically selected from a) a1 and [31 
domains of an MHC class II polypeptide, or portions thereof 
comprising an Ag-binding pocket/T cell receptor (TCR) 
interface; or b) (x1 and (X2 domains of an MHC class I 
polypeptide, or portions thereof comprising an Ag-binding 
pocket/TCR interface. The MHC component of the RTL is 
modi?ed by one or more amino acid substitution(s), 
addition(s), deletion(s), or rearrangement(s) at a target site 
corresponding to a “self-binding interface” identi?ed in a 
native MHC polypeptide component of an unmodi?ed RTL. 
The modi?ed RTL modi?ed exhibits a markedly reduced 
propensity for aggregation in solution compared to aggrega 
tion exhibited by an unmodi?ed, control RTL having the same 
fundamental MHC component structure, but incorporating 
the native MHC polypeptide de?ning the self-binding inter 
face. 
As used herein, “native MHC polypeptide” refers to intact, 

naturally-occurring MHC polypeptides, as Well as to engi 
neered or synthetic fragments, domains, conjugates, or other 
derivatives of MHC polypeptides that have an identical or 
highly conserved amino acid sequence compared to an 
aligned sequence in the naturally-occurring MHC polypep 
tide (e.g., marked by 85%, 90%, 95% or greater amino acid 
identity over an aligned stretch of corresponding residues. 
The “native MHC polypeptide” having the self-associating 
interface Will often be an MHC polypeptide domain incorpo 
rated Within an unmodi?ed RTL, and the self-associating 
interface may only be present in such a context, as opposed to 
When the native MHC polypeptide is present in a fully intact, 
native MHC protein (e.g., in a heterodimeric MHC class II 
protein complex). 

Thus, in the case of MHC class II RTLs, removal of the [32 
and (X2 domains to create a smaller, more useful (e.g., [31(x1) 
domain structure for the RTL (comprising a minimal TCR 
interface) results in “unmasking” (i.e., rendering solvent 
exposed) certain self-binding residues or motifs that com 
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12 
prise target sites for RTL modi?cation according to the inven 
tion. These unmasked residues or motifs can be readily 
altered, for example by site-directed mutagenesis, to reduce 
or eliminate aggregation and render the RTL as a more highly 
monodisperse reagent in aqueous solution. 

To evaluate the extent of monodispersal of these modi?ed 
RTLs, an unmodi?ed or “control” RTL may be employed 
Which has the same basic polypeptide construction as the 
modi?ed RTL, but features the native MHC polypeptide 
sequence (having one or more amino acid residues or motifs 
comprising the self-binding interface and de?ning a solvent 
exposed target site for the modi?cation When the native 
polypeptide is incorporated in the RTL). 
The modi?ed RTLs of the invention yield an increased 

percentage of monodisperse molecules in solution compared 
to a corresponding, unmodi?ed RTL (i.e., comprising the 
native MHC polypeptide and bearing the unmodi?ed, self 
binding interface). In certain embodiments, the percentage of 
unmodi?ed RTL present as a monodisperse species in aque 
ous solution may be as loW as 1%, more typically 5-10% or 
less of total RTL protein, With the balance of the unmodi?ed 
RTL being found in the form of higher-order aggregates. In 
contrast, modi?ed RTLs of the present invention Will yield at 
least 10%-20% monodisperse species in solution. In other 
embodiments, the percentage of monomeric species in solu 
tion Will range from 25%-40%, often 50%-75%, up to 85%, 
90%, 95% or greater of the total RTL present, With a com 
mensurate reduction in the percentage of aggregate RTL spe 
cies compared to quantities observed for the corresponding, 
unmodi?ed RTLs under comparable conditions. 

The self-binding interface that is altered in the MHC 
polypeptide to form the modi?ed RTL may comprise single 
or multiple amino acid residues, or a de?ned region, domain, 
or motif of the MHC polypeptide, Which is characterized by 
an ability to mediate self-binding or self-association of the 
MHC polypeptide and/or RTL. As used herein, “self-bind 
ing” and “self-association” refers to any intermolecular bind 
ing or association that promotes aggregation of the MHC 
polypeptide or RTL in a physiologically-compatible solution, 
such as Water, saline, or serum. 
As noted above, MHC class II molecules comprise non 

covalently associated, 0t— and [3-polypeptide chains. The 
ot-chain comprises tWo distinct domains termed (x1 and (X2. 
The [3-chain also comprises tWo domains, (x1 and [32. The 
peptide binding pocket of MHC class II molecules is formed 
by interaction of the (x1 and [31 domains. Peptides from pro 
cessed antigen bind to MHC molecules in the membrane 
distal pocket formed by the [31 and (x1 domains (BroWn et al., 
1993; Stem et al., 1994). Structural analysis of human MHC 
class II/peptide complexes (Brown et al., Nature 364: 33-39, 
1993; Stem et al., Nature 368: 215, 1994) demonstrate that 
side chains of bound peptide interact With “pockets” com 
prised of polymorphic residues Within the class II binding 
groove. The bound peptides have class II allele-speci?c 
motifs, characterized by strong preferences for speci?c 
amino acids at positions that anchor the peptide to the binding 
pocket and a Wide tolerance for a variety of different amino 
acids at other positions (Stem et al., Nature 368: 215, 1994; 
Rammensee et al., Immunogenetics 41: 178, 1995). Based on 
these properties, natural populations of MHC class II mol 
ecules are highly heterogeneous. A given allele of class II 
molecules on the surface of a cell has the ability to bind and 
present over 2000 different peptides. In addition, bound pep 
tides dissociate from class II molecules With very sloW rate 
constants. Thus, it has been dif?cult to generate or obtain 
homogeneous populations of class II molecules bound to 
speci?c antigenic peptides. 
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The (X2 and [32 domains of HHC class II molecules com 
prise distinct, trans-membrane Ig-fold like domains that 
anchor the 0t— and [3-chains into the membrane of the APC. In 
addition, the (X2 domain is reported to contribute to ordered 
oligomeriZation during T cell activation (Konig et al., J Exp. 
Med. 182: 778-787, 1995), While the [32 domain is reported to 
contain a CD4 binding site that co-ligates CD4 When the 
MHC-antigen complex interacts With the TCR 0t[3 het 
erodimer (Fleury et al., Cell 66: 1037-1049, 1991; Camma 
rota et al., Nature 356: 799-801, 1992; Konig et al., Nature 
356: 796-798, 1992; Huang et al., J. Immunol. 158: 216-225, 
1 997). 
RTLs modeled after MHC class II molecules for use Within 

the invention typically comprise small (e.g., approximately 
200 amino acid residues) molecules comprising all or por 
tions of the (x1 and [31 domains of human and non-human 
MHC class II molecules, Which are typically genetically 
linked into a single polypeptide chain (With and Without 
covalently coupled antigenic peptide). Exemplary MHC class 
II-derived “[310t1” molecules retain the biochemical proper 
ties required for peptide binding and TCR engagement (in 
cluding TCR binding and/ or partial or complete TCR activa 
tion). This provides for ready production of large amounts of 
the engineered RTL for structural characteriZation and immu 
notherapeutic applications. The MHC component of MHC 
class II RTLs comprise a minimal, Ag-binding/T cell recog 
nition interface, Which may comprise all or portions of the 
MHC class II (x1 and [31 domains of a selected MHC class II 
molecule. These RTLs are designed using the structural back 
bone of MHC class II molecules as a template. Structural 
characterization of RTLs using circular dichroism indicates 
that these molecules retain an antiparallel [3-sheet platform 
and antiparallel ot-helices observed in the corresponding, 
native (i.e., Wild-type sequence) MHC class II heterodimer. 
These RTLs also exhibit a cooperative tWo-state thermal fold 
ing-unfolding transition. When the RTL is covalently linked 
WithAg peptide they often shoW increased stability to thermal 
unfolding relative to empty RTL molecules. 

In exemplary embodiments of the invention, RTL design is 
rationally based on crystallographic coordinates of human 
HLA-DR, HLA-DQ, and/or HLA-DP proteins, or of a non 
human (e.g., murine or rat) MHC class II protein. In this 
context, exemplary RTLs have been designed based on crys 
tallographic data for HLA DR1 (PDB accession code lAQD), 
Which design parameters have been further clari?ed, for 
example, by sequence alignment With other MHC class II 
molecules from rat, human and mouse species. The program 
Sybyl (Tripos Associates, St Louis, Mo.) is an exemplary 
design tool that can be used to generate graphic images using, 
for example, an O2 Workstation (Silicon Graphics, Mountain 
VieW, Calif.) and coordinates obtained for HLA-DR, HLA 
DQ, and/or HLA-DP molecules. Extensive crystallographic 
characterizations are provided for these and other MHC class 
II proteins deposited in the Brookhaven Protein Data Bank 
(Brookhaven National Laboratories, Upton, N.Y.). 

Detailed description of HLA-DR crystal structures for use 
in designing and constructing modi?ed RTLs of the invention 
is provided, for example, in Ghosh et al., Nature 378: 457, 
1995; Stem et al., Nature 368: 215, 1994; Murthy et al., 
Structure 5: 1385, 1997; Bolin et al., J. Med. Chem. 43: 2135, 
2000; Li et al., J. Mol. Biol. 304: 177, 2000; Hennecke et al., 
Embo J. 19: 5611, 2000; Li et al., Immunity 14: 93, 2001; 
Lang et al., Nat. Immunol. 3: 940, 2002; Sundberg et al., J. 
Mol. Biol. 319: 449, 2002; Zavala-RuiZ et al., J Biol. Chem. 
278: 44904, 2003; Sundberg et al., Structure 111: 1151, 2003. 
Detailed description of HLA-DQ crystal structures is pro 
vided, for example, in Sundberg et al., Nat. Struct. Biol. 6: 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
123, 1999; Li et al., Nat. Immunol. 2: 501, 2001; and Siebold 
et al., Proc. Nat. Acad. Sci. USA 101: 1999, 2004. Detailed 
description of a murine MHC I-AUmolecule is provided, for 
example, in He et al., Immunity 17: 83, 2002. Detailed 
description of a murine MHC class II I-Ad molecule is pro 
vided, for example, in Scott et al., Immunity 8: 319, 1998. 
Detailed description of a murine MHC class II I-Ak molecule 
is provided, for example, in ReinherZ et al., Science 286: 
1913, 1999, and Miley et al., J. Immunol. 166: 3345, 2001. 
Detailed description of a murine MHC allele I-A(G7) is pro 
vided, for example, in Corper et al., Science 288: 501, 2000. 
Detailed description of a murine MHC class II H2-M mol 
ecule is provided, for example, in Fremont et al., Immunity 9: 
385, 1998. Detailed description of a murine MHC class II 
H2-Ie[3 molecule is provided, for example, in Krosgaard et 
al.,Mol. Cell 12: 1367, 2003; Detailed description of a murine 
class II Mhc I-Ab molecule is provided, for example, in Zhu 
et al., J. Mol. Biol. 326: 1157, 2003. HLA-DP LaWrance et al., 
Nucleic Acids Res. 1985 Oct. 25; 13(20): 7515-7528. 

Structure-based homology modeling is based on re?ned 
crystallographic coordinates of one or more MHC class I or 

class II molecule(s), for example, a human DR molecule and 
a murine I-Ek molecule. In one exemplary study by Burrows 
and colleagues (Protein Engineering 12: 771-778, 1999), the 
primary sequences of rat, human and mouse MHC class II 
Were aligned, from Which it Was determined that 76 of 256 
ot-chain amino acids Were identical (30%), and 93 of the 265 
[3-chain amino acids Were identical (35%). Of particular inter 
est, the primary sequence location of disul?de-bonding cys 
teines Was conserved in all three species, and the backbone 
traces of the solved structures shoWed strong homology When 
superimposed, implying an evolutionarily conserved struc 
tural motif, With side-chain substitutions designed to alloW 
differential antigenic-peptide binding in the peptide-binding 
groove. 

Further analysis of MHC class I and class II molecules for 
constructing modi?ed RTLs of the invention focuses on the 
“exposed” (i.e., solvent accessible) surface of the [3-sheet 
platform/anti-parallel ot-helix that comprise the domain(s) 
involved in peptide binding and T cell recognition. In the case 
of MHC class II molecules, the (x1 and [31 domains exhibit an 
extensive hydrogen-bonding netWork and a tightly packed 
and “buried” (i.e., solvent inaccessible) hydrophobic core. 
This tertiary structure is similar to molecular features that 
confer structural integrity and thermodynamic stability to the 
ot-helix/[3-sheet scaffold characteristic of scorpion toxins, 
Which therefore present yet additional structural indicia for 
guiding rational design of modi?ed RTLs herein (see, e.g., 
Zhao et al., J Mol. Biol. 227: 239, 1992; Housset, J. Mol. 
Biol. 238: 88-91, 1994; Zinn-Justin et al., Biochemistry 35: 
8535-8543, 1996). 
From these and other comparative data sources, crystals of 

native MHC class II molecules have been found to contain a 
number of Water molecules betWeen a membrane proximal 
surface of the [3-sheet platform and a membrane distal sur 
faces of the (X2 and [32 Ig-fold domains. Calculations regard 
ing the surface area of interaction betWeen domains can be 
quanti?ed by creating a molecular surface, for example for 
the [310t1 and 0L2[32 Ig-fold domains of an MHC II molecule, 
using an algorithm such as that described by Connolly 
(Biopolymers 25: 1229-1247, 1986) and using crystallo 
graphic coordinates (e.g., as provided for various MHC class 
II molecules in the Brookhaven Protein Data Base. 

For an exemplary, human DR1 MHC class II molecule 
(PDB accession numbers lSEB, lAQD), surface areas of the 
[310t1 and (x2[32-Ig-fold domains Were calculated indepen 
dently, de?ned by accessibility to a probe of radius 0.14 nm, 
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about the size of a Water molecule (Burrows et al., Protein 
Engineering 12: 771-778, 1999). The surface area of the 
MHC class 0t[3-heterodimer Was 156 m2, While that of the 
[310t1 construct Was 81 nm2 and the (x2[32-Ig-fold domains 
Was 90 nm2. Approximately 15 nm2 (18.5%) of the [310t1 
surface Was found to be buried by the interface With the 
Ig-fold domains in the MHC class II 0t[3-heterodimer. Side 
chain interactions betWeen the [310t1-peptide binding and 
Ig-fold domains (a2 and [32) Were analyzed and shoWn to be 
dominated by polar interactions With hydrophobic interac 
tions potentially serving as a “lubricant” in a highly ?exible 
“ball and socket” type inter face. 

These and related modeling studies suggest that the antigen 
binding domain of MHC class II molecules remain stable in 
the absence of the (X2 and [32 Ig-fold domains, and this pro 
duction has been born out for production of numerous, exem 
plary RTLs comprising an MHC class II “0L1 [31” architecture. 
Related ?ndings Were described by Burrows et al. (J. Immu 
n0l. 161: 5987-5996, 1998) for an “empty” [310t1 RTL, and 
four otl[31 RTL constructs With covalently coupled rat and 
guinea pig antigenic peptides: [31 1-Rt-MBP-72-89, [31 l-Gp 
MBP-72-89, [31 1-Gp-MBP-55-69 and [31 1-Rt-CM-2. For 
each of these constructs, the presence of native disul?de 
bonds betWeen cysteines ([315 and [379) Was demonstrated by 
gel shift assay With or Without the reducing agent [3-mercap 
toethanol ([3-ME). In the absence of [3-ME, disul?de bonds 
are retained and the RTL proteins typically move through 
acrylamide gels faster due to their more compact structure. 
These data, along With immunological ?ndings using MHC 
class II-speci?c monoclonal antibodies to label conserved 
epitopes on the RTLs generally a?irm the conformational 
integrity of RTL molecules compared to their native MHC II 
counterparts (Burrows et al., 1998, supra; Chang et al., .1. Biol. 
Chem. 276: 24170-14176, 2001;Vandenbark et al., J. Immu 
n0l. 171: 127-133, 2003). Similarly, circular dichroism (CD) 
studies of MHC class II-derived RTLs reveal that [310t1 mol 
ecules have highly ordered secondary structures. Typically, 
RTLs of this general construction shared the [3-sheet plat 
form/anti-parallel ot-helix secondary structure common to all 
class II antigen binding domains. In this context, [310t1 mol 
ecules have been found to contain, for example, approxi 
mately 30% ot-helix, 15% [3-strand, 26% [3-turn and 29% 
random coil structures. RTLs covalently bound to Ag peptide 
(e.g., MBP-72-89, and CM-2) shoW similar, although not 
identical, secondary structural features. Thermal denatur 
ation studies reveal a high degree of cooperativity and stabil 
ity of RTL molecules, and the biological integrity of these 
molecules has been demonstrated in numerous contexts, 
including by the ability of selected RTLs to detect and inhibit 
rat encephalitogenic T cells and treat experimental autoim 
mune encephalomyelitis. 

According to these and related ?ndings provided herein (or 
described in the cited references Which are collectively incor 
porated herein for all disclosure purposes), RTL constructs of 
the invention, With or Without an associated antigenic peptide, 
retain structural and conformational integrity consistent With 
that of refolded native MHC molecules. This general ?nding 
is exempli?ed by results for soluble single-chain RTL mol 
ecules derived from the antigen-binding/TCR interface com 
prised of all or portions of the MHC class II [31 and (x1 
domains. In more detailed embodiments, these exemplary 
MHC class II RTLs lack the (X2 domain and [32 domain of the 
corresponding, native MHC class II protein, and also typi 
cally exclude the transmembrane and intra-cytoplasmic 
sequences found in the native MHC II protein. The reduced 
siZe and complexity of these RTL constructs, exempli?ed by 
the “[310t1” MHC II RTL constructs, provide for ready and 
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predictable expression and puri?cation of the RTL molecules 
from bacterial inclusion bodies in high yield (e.g., up to 15-30 
mg/l cell culture or greater yield). 

In native MHC class II molecules, the Ag peptide bind 
ing/T cell recognition domain is formed by Well-de?ned por 
tions of the (x1 and [31 domains of the 0t and [3 polypeptides 
Which fold together to form a tertiary structure, most simply 
described as a [3-sheet platform upon Which tWo anti-parallel 
helical segments interact to form an antigen-binding groove. 
A similar structure is formed by a single exon encoding the (x1 
and [32 domains of MHC class I molecules, With the exception 
that the peptide-binding groove of MHC class II is open 
ended, alloWing the engineering of single-exon constructs 
that encode the peptide binding/T cell recognition domain 
and an antigenic peptide ligand. 
As exempli?ed herein for MHC class II proteins, modeling 

studies highlighted important features regarding the interface 
betWeen the [310t1 and (x2[32-Ig-fold domains that have 
proven critical for designing modi?ed, monodisperse RTLs 
of the invention. The (x1 and [31 domains shoW an extensive 
hydro gen-bonding netWork and a tightly packed and “buried” 
(i.e., solvent inaccessible) hydrophobic core. The [310t1 por 
tion of MHC class II proteins may have the ability to move as 
a single entity independent from the (x2[32-Ig-fold ‘platform’. 
Besides evidence of a high degree of mobility in the side 
chains that make up the linker regions betWeen these tWo 
domains, crystals of MHC class II I-Ek contained a number of 
Water molecules Within this interface (JardetZky et al., Nature 
368: 711-715, 1994; Fremont et al., Science 272: 1001-1004, 
1996; Murthy et al., Structure 5: 1385, 1997). The interface 
betWeen the [310t1 and (x2[32-Ig-fold domains appears to be 
dominated by polar interactions, With hydrophobic residues 
likely serving as a ‘lubricant’ in a highly ?exible ‘ball and 
socket’ type interface. Flexibility at this interface may be 
required for freedom of movement Within the (x1 and [31 
domains for binding/exchange of peptide antigen. Altema 
tively or in combination, this interaction surface may play a 
role in communicating information about the MHC class 
II-peptide molecular interaction With TCRs back to the APC. 

Following these rational design guidelines and parameters, 
the instant inventors have successfully engineered modi?ed, 
monodisperse derivatives of single-chain human RTLs com 
prising peptide binding/TCR recognition portions of human 
MHC class II molecules (e.g., as exempli?ed by a HLA 
DR2b (DRA*0101/DRB1*1501). Unmodi?ed RTLs con 
structed from the (x1 and [31 domains of this exemplary MHC 
class II molecule retained biological activity, but formed 
undesired, higher order aggregates in solution. 

To resolve the problem of aggregation in this exemplary, 
unmodi?ed RTL, site-directed mutagenesis Was directed 
toWards replacement of hydrophobic residues With polar 
(e.g., serine) or charged (e.g., aspartic acid) residues to 
modify the [3-sheet platform of the DR2-derived RTLs. 
According to this rational design procedure, novel RTL vari 
ants Were obtained that Were determined to be predominantly 
monomeric in solution. SiZe exclusion chromatography and 
dynamic light scattering demonstrated that the novel modi 
?ed RTLs Were monomeric in solution, and structural char 
acteriZation using circular dichroism demonstrated a highly 
ordered secondary structure of the RTLs. 

Peptide binding to these “empty”, modi?ed RTLs Was 
quanti?ed using biotinylated peptides, and functional studies 
shoWed that the modi?ed RTLs containing covalently teth 
ered peptides Were able to inhibit antigen-speci?c T cell 
proliferation in vitro, as Well as suppress experimental 
autoimmune encephalomyelitis in vivo. These studies dem 
onstrated that RTLs encoding the Ag-binding/TCR recogni 
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tion domain of MHC class II molecules are innately very 
robust structures. Despite modi?cation of the RTLs as 
described herein, comprising site-directed mutations that 
modi?ed the [3-sheet platform of the RTL, these molecules 
retained potent biological activity separate from the lg-fold 
domains of the progenitor class II structure, and exhibited a 
novel and surprising reduction in aggregation in aqueous 
solutions. Modi?ed RTLs having these and other redesigned 
surface features and monodisperal characteristics retained the 
ability to bind Ag-peptides, inhibit T cell proliferation in an 
Ag-speci?c manner, and treat, inter alia, autoimmune disease 
in vivo. 

Additional modi?cations apart from the foregoing surface 
feature modi?cations can be introduced into modi?ed RTLs 
of the invention, including particularly minor modi?cations 
in amino acid sequence(s) of the MHC component of the RTL 
that are likely to yield little or no change in activity of the 
derivative or “variant” RTL molecule. Preferred variants of 
non-aggregating MHC domain polypeptides comprising a 
modi?ed RTLs are typically characterized by possession of at 
least 50% sequence identity counted over the full length 
alignment With the amino acid sequence of a particular non 
aggregating MHC domain polypeptide using the NCBI Blast 
2.0, gapped blastp set to default parameters. Proteins With 
even greater similarity to the reference sequences Will shoW 
increasing percentage identities When assessed by this 
method, such as at least 60%, at least 65%, at least 70%, at 
least 75%, at least 80%, at least 90% or at least 95% sequence 
identity. When less than the entire sequence is being com 
pared for sequence identity, variants Will typically possess at 
least 75% sequence identity over short WindoWs of 10-20 
amino acids, and may possess sequence identities of at least 
85% or at least 90% or 95% depending on their similarity to 
the reference sequence. Methods for determining sequence 
identity over such short WindoWs are knoWn in the art as 
described above. Variants of modi?ed RTLs comprising non 
aggregating MHC domain polypeptides also retain the bio 
logical activity of the non-variant, modi?ed RTL. For the 
purposes of this invention, that activity may be conveniently 
assessed by incorporating the variation in the appropriate 
MHC component of a modi?ed RTL (e.g., a [310d MHC 
component) and determining the ability of the resulting RTL/ 
Ag complex to inhibitAg-speci?c T-cell proliferation in vitro, 
as described herein. 
Rationally Designed Mutations Converted Complexes of 
Human Recombinant T Cell Receptor Ligands lnto Mono 
mers that Retain Biological Activity 

Applicant’ s herein demonstrate and disclose that the potent 
biological activity of particular RTLs (BurroWs et al., J. 
Immunol. 167: 4386-95; 2001; Wang et al., The Journal of 
Immunology, 2003; Vandenbark et al., Journal of Immunol 
ogy, 2003) Was retained When produced in a monomeric form, 
With the ability to inhibit T cell proliferation in vitro. 
Extremely important from a clinical perspective, the mono 
meric form is able to reverse clinical signs of EAE and induce 
long-term T cell tolerance against the encephalitogenic, DR2 
restricted, MOG-35-55 peptide in Tg mice that uniquely 
express this multiple sclerosis-associated HLA-DR2 allele. 

Applicant’ s earlier studies had demonstrated that immuni 
Zation of Tg-DR2 mice With MOG-35-55 peptide induced 
strong T cell responses, perivascular spinal cord lesions With 
demyelination, and severe chronic signs of EAE, as Well as 
anti-MOG antibodies that Were apparently not involved in 
either disease or tolerance induction (Vandenbark et al., Jour 
nal oflmmunology, 2003). 
As disclosed herein, treatment of the Tg-DR2 mice after 

onset of clinical EAE With an 8-day course of daily i.v. inj ec 
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tions of 33 ug RTL342 reversed disease progression to base 
line levels and maintained reduced clinical activity even after 
cessation of further injections. Treatment With control 
RTL303 containing covalently tethered MBP-87-99 did not 
inhibit EAE or affect T cell responses to MOG-35-55 peptide, 
demonstrating antigen speci?city. 

Signi?cantly, the applicant’ s teachings are the ?rst to docu 
ment that monomeric RTLs have such potent clinical activity, 
and that the molecules are suitable for evaluation for use in 
human clinical trials for treatment of multiple sclerosis. 
The peptide binding/TCR recognition domain of MHC 

class II from Which RTLs are derived contain a complex 
mixture of alpha-helix and beta-sheet secondary structure, as 
Well as a highly conserved post-translational modi?cation, a 
disul?de bond betWeen cysteines at position 16 and 80 
(RTL302 numbering). These molecules are small enough to 
systematically dissect With currently available technology, 
yet complex enough that successful engineering of other 
MHC molecules and derivatives, comprehensive of HLA 
DR, HLA-DQ, and HLA-DP molecules and derivatives, Will 
require application of the novel protein engineering ?ndings 
and concepts disclosed herein. 
MHC class II molecules have (at least) three clearly 

de?ned biochemical “functions” that can be used to evaluate 
and quantify the retention of a speci?c three-dimensional fold 
derived from the primary sequence: Ag-peptide binding, TCR 
binding and CD4 binding. Without being bound by theory, 
applicant’s hypothesiZed that these functions have been 
encoded and superimposed onto the primary sequence of 
MHC class II, and that some of these functions can be sepa 
rated experimentally for evaluation using protein engineering 
(Burrows et al., Protein Engineering 122 771-78, 1999; 
Chang et al., J. Biol. Chem. 276: 24170-76, 2001). 

For purposes of the present invention, it is desirable to 
retain tWo key biochemical functions: the ability to speci? 
cally bind Ag-peptides; and the ability to bind the (x6 het 
erodimer chains of the TCR. Retention of these key features 
alloWs discernment of the minimal interaction interface With 
the T cell that still initiates a throughput information signal 
(Wang et al., The Journal of Immunology, 2003), alloWing 
engineering a molecular system for controlling CD4+ T cells 
in an Ag-speci?c manner. 

While HLA-DR2-derived RTLs With the Wild-type 
sequence retained these tWo key biological activities (Van 
denbark et al., Journal of Immunology, 2003), they tended to 
form higher-order structures (BurroWs et al., J Immunol 167: 
4386-95, 2001) that could not be completely eliminated by 
manipulating solvent conditions. For example, an optimal 
yield of monodisperse monomeric RTL302 of almost 20% 
Was obtained by decreasing the concentration of puri?ed 
RTL302 protein to 0.1 mg/ml for the ?nal folding step, and 
changing buffers from phosphate-buffered saline to Tris. 
HoWever, concentrating puri?ed RTL302 monomer above 
0.2 mg/ml caused the molecules to repartition back into a 
mixture of monomer and aggregate, an equilibrium that Was 
concentration dependent. According to the present invention, 
aggregation of HLA-DR2 derived RTLs is speci?c to certain 
portions of the DR2-derived RTL sequence. 
A 2.6 angstrom resolution crystal structure of HLA-DR2 

With bound Ag-peptide MBP-85-99 (PDB accession 1BX2; 
(Smith et al., J. Exp. Med. 188: 1511-20, 1998), provided 
suf?cient data to permit analysis herein of the membrane 
proximal surface of the [3-sheet platform and the membrane 
distal surfaces of the (X2 and [32 lg-fold domains, speci?cally 
identifying features that contribute to higher-order structures 
or aggregation When the subject MHC II domains are incor 
porated in an unmodi?ed RTL. Speci?cally, according to the 
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present invention, the [3-sheet platform buried in the progeni 
tor HLA-DR2 molecule de?nes the bottom of the RTLs, and 
contains a number of hydrophobic residues that are typically 
found buried Within a protein structure rather than being 
solvent exposed. 
The propensity of different amino acid residues to be 

present in [3-sheet structures has been intensively investigated 
(Minor et al., Nature 367: 660-63, 1994; Pokkuluri et al., 
Protein Science 11: 1687-94, 2002; Street et al., Proc. Natl. 
Acad. Sci. USA 96: 9074-76; 1999; Chou et al., Biochemistry 
13: 211-22, 1973; Smith et al., Biochemistry 33: 5510-17, 
1994; Finkelstein, Protein Engineering 8: 207-09, 1995), as 
part of an overall goal of understanding the rules that dictate 
secondary structure stability and formation. The body of 
Work available has de?ned the markedly high preference in 
[3-sheets for the [3-branched amino acids isoleucine, valine, 
and threonine, as Well as aromatic amino acid residues phe 
nylalanine and tyrosine. 

According to the present invention, desired surface modi 
?cation of an RTL comprising an MHC class II component to 
yield much less aggregation prone form can be achieved, for 
example, by replacement of one or more hydrophobic resi 
dues identi?ed in the [3-sheet platform of the MHC compo 
nent With non-hydrophobic residues, for example polar or 
charged residues. Modi?ed RTL constructs exemplifying this 
aspect of the invention Were constructed by replacing one or 
more target, hydrophobic residues identi?ed in the [3-sheet 
platform of an HLA-DR2 component of RTL 302 With one or 
more exemplary polar (e.g., serine) residue(s) and, alterna 
tively exemplary charged (e.g., aspartate) residue(s). FIG. 1 
depicts the targeted [3-sheet platform residues for modi?ca 
tion. Initially, a central core portion of the B-sheet platform 
Was targeted for modi?cation, comprising V102, I104, A106, 
F108, and L110 (shoWn from top to bottom in FIG. 1C). 
These residues Were changed by site-directed mutagenesis, 
individually, or in various multiple-residue combinations to 
either a serine, or aspartate residue(s). 

Individual changes of these hydrophobic residues to a dif 
ferent, polar or charged residue, generally yielded detectable 
reductions in aggregation of the modi?ed RTL. The more 
hydrophobic residues that Were changed, either to a polar or 
charged residue, the greater the expected reduction in aggre 
gation potential. When all ?ve of the indicated, core [3-sheet 
platform target residues Were changed, a substantial conver 
sion of the RTLs to a more monodisperse form Was observed. 
When all ?ve core target residues Were changed to a serine 
residue, approximately 15% of the modi?ed RTLs Were ren 
dered monomeric in solution. When all ?ve core target resi 
dues (comprising an exemplary, self-binding “motif” of the 
DR molecule) Were changed to apartate residues, substan 
tially all of the modi?ed RTLs Were observed in a monodis 
perse form in solution (see beloW). As illustrated in FIG. 1C, 
additional hydrophobic target residues are available for modi 
?cation to alter self-binding characteristics of the [3-sheet 
platform portion of DR2 molecules incorporated in RTLs. In 
reference to FIG. 1C, the left arm of the diagrammed [3-sheet 
platform includes a separate “motif” of three noted hydro 
phobic residues (top to bottom), L141, V138, and A133 that 
Will serve as useful targets for individual or collective modi 
?cation (e.g., by site directed amino acid deletion or substi 
tution) to remove the hydrophobic residue(s) or alter the 
target residue(s) to a non-hydrophobic (e.g., polar, or 
charged) residue. Also in reference to FIG. 1C, several target 
hydrophobic residues are marked to the right of the core 
[3-sheet motif, including L9, F19, L28, F32, V45, and V51, 
Which may be regarded as one or more additional, self-bind 
ing or self-associating target “motifs” for RTL modi?cation. 
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Any one or combination of these residues may be targeted for 
modi?cation to remove the hydrophobic residue(s) or alter 
the target residue(s) to a non-hydrophobic residue, With the 
expectation of yielding further bene?ts With regard to dimin 
ishing aggregation potential of the modi?ed RTL. 
RTL modi?cation typically involves amino acid substitu 

tion or deletion at target sites for mutagenesis comprising a 
self-binding interface (comprised of one or more amino acid 
residues, or a self-binding motif formed of several target 
residues). Within exemplary embodiments directed toWard 
production of modi?ed RTLs that comprise MHC class II 
RTL components, targeted residues for modi?cation typi 
cally comprise hydrophobic residues or motifs, for example 
valine, leucine, isoleucine, alanine, phenylalanine, tyrosine, 
and tryptophan. These and other target residues may be 
advantageously deleted, or alternatively substituted for any 
non-hydrophobic amino acid. Suitable substituent amino 
acids for generating desired RTL modi?cations can include 
amino acids having aliphatic-hydroxyl side chains, such as 
serine and threonine; amino acids having amide-containing 
side chains, such as asparagine and glutamine; amino acids 
having aromatic side chains, such as phenylalanine, tyrosine, 
and tryptophan; and amino acids having basic side chains, 
such as lysine, arginine, and histidine. 
The ?ndings presented herein validate the rational design 

approach of the current invention for modifying a diverse 
array of RTLs comprising various MHC components, includ 
ing MHC class I and MHC class II components, to diminish 
the propensity of the modi?ed RTL for aggregation in solu 
tion. These concepts are clearly applicable to all types of 
MHC class II molecules, Which exhibit a high degree of 
conservation of higher order structure, including particularly 
in the [3-sheet platform portion of the molecule that is solvent 
exposed through production of RTLs (e.g., comprising [310d 
MHC class II sc polypeptide) The beta strand of the HLA 
DR2 component successfully modi?ed in exemplary RTLs 
herein de?nes an extended, central strand Within the progeni 
tor HLA-DR2 molecule (FIG. 6). The 2.6 angstrom resolu 
tion crystal structure of HLA-DR2 With bound Ag-peptide 
MBP-85-99 (PDB accession 1BX2; (Smith et al., J. Exp. 
Med. 188: 1511-20, 1998)), permitted analysis herein of the 
membrane-proximal surface of the [3-sheet platform and the 
membrane distal surfaces of the (X2 and [32 Ig-fold domains, 
speci?cally identifying features that contributed to higher 
order structures or aggregation. Speci?cally, according to the 
present invention, the beta-sheet platform buried in the pro 
genitor HLA-DR2 molecule de?nes the bottom of the RTLs, 
and contains a number of hydrophobic residues that are typi 
cally found buried Within a protein structure rather than being 
solvent exposed. 

All human HLA-DR molecules Will folloW closely the 
modi?cation rules and expectations for rational design dis 
closed herein. Likewise, human HLA-DQ and HLA-DP class 
II molecules, and various murine, rat and other mammalian 
class II MHC molecules, are described and characteriZed 
suf?ciently (see references cited above, Which are incorpo 
rated herein) to apply the structure-function analytical rules 
of the invention relating to identi?cation and modi?cation of 
RTL self-binding interface residues and motifs to these 
related subjects Within the methods and compositions of the 
invention. 

In the case of exemplary, modi?ed, DR2-derived RTLs, the 
greatest success in terms of rendering monodisperse RTL 
derivatives Was obtained by substitution of all ?ve [3-sheet 
platform core hydrophobic residues With an exemplary 
charged residue, aspartate. Aspartate is signi?cantly under 
represented in [3-sheet regions of proteins, and the introduc 
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tion herein of either ?ve serine, or ?ve aspartate residues on 
the external face of an interior strand of the [3-sheet platform 
of RTLs had only a subtle effect on the secondary structure as 
quanti?ed by circular dichroism (FIG. 3). This moderate 
effect Was interpreted as an approximately 10% increase of 
anti-parallel [3-strand structure upon deconvolution of the 
spectra (Table III). 
A likely explanation for Why these exemplary modi?ed 

RTLs maintain the same basic fold and biological features as 
their counterpart, unmodi?ed RTLs bearing the native MHC 
components and self-binding residues/motifs, comes from 
analysis of the [3-sheet in the context of its functional role as 
an “open” platform in the overall tertiary structure of the 
Ag-binding/TCR recognition domain of the progenitor HLA 
DR2 molecule, rather than a closed surface like an Ig-fold. 
The propensity of different amino acid residues to be present 
in [3-sheet structures has been intensively investigated (Minor 
et al., Nature 367: 660-63, 1994; Pokkuluri et al., Protein 
Science 11: 1687-94, 2002; Street et al., Proc. Natl. Acad. Sci. 
USA 96: 9074-76; 1999; Chou et al., Biochemistry 13: 211 
22, 1973; Smith et al., Biochemistry 33: 5510-17, 1994; 
Finkelstein, Protein Engineering 8: 207-09, 1995), as part of 
an overall goal of understanding the rules that dictate second 
ary structure stability and formation. The body of Work avail 
able has de?ned the markedly high preference in [3-sheets for 
the [3-branched amino acids isoleucine, valine, and threonine, 
as Well as aromatic amino acid residues phenylalanine and 
tyrosine. 

To illustrate the broad applicability of the rational design 
principles and methods of the invention for constructing 
modi?ed, monodisperse RTLs from a diverse array of MHC 
components, the following alignment is presented document 
ing homologous self-binding motifs identi?ed Within differ 
ent, exemplary RTLs constructed With homologous MHC 
components from HLA-DR, HLA-DP, and HLA-DQ MEW 
class II molecules. 
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residues of RTL600 and RTL800 are readily discerned (e. g., 
as matched With target DR2 residues marked by underscoring 
in the alignment) for modi?cation of these additional DQ and 
DP MHC class II species to produce modi?ed RTLs accord 
ing to the invention. 

With respect to designing modi?ed RTLs containing an 
MHC class II component, FIG. 6 shoWs the interaction sur 
face betWeen the (x161 peptide binding/T cell recognition 
domain and the (x2[32-Ig-fold domains of HLA-DR2. The 
interaction surface betWeen the (x161 peptide binding/ T cell 
recognition domain and the (x2[32-Ig-fold domains Was mod 
eled and re?ned using the high resolution human class II DR2 
structure 1BX2 (Smith et al., J. Exp. Med. 188: 1511-20, 
1998). The transmembrane domains are shoWn schematically 
as 0.5 nm cylinders. The amino and carboxyl termini of MHC 
class II are labeled N, C, respectively. Cysteines are rendered 
as ball-and-stick, as are the ?ve residues V102, I104, A106, 
F108, L110 (1BX2 numbering). The interaction surface (4 
angstrom interface) betWeen the Ig-fold domains and the 
peptide binding/T cell recognition domain is colored by lipo 
philic potential (LP). Water molecules Within this interface in 
the 1BX2 crystal structure are shoWn as red spheres. 

Within certain embodiments of the invention, substitution 
of one or more target hydrophobic residue(s) With one or 
more charged residue(s) (exempli?ed here by aspartate) pro 
vides the additional objective of constraining the modi?ed 
RTL molecule to stay extended or “stretched” out along this 
interior [3-strand by charge-charge repulsion, rather than 
alloWing the structure to collapse onto itself in the absence of 
the Ig-fold domains that are present in the progenitor HLA 
DR2 molecule. This conclusion is consistent With the data 
herein, and is additionally supported by reports that ot-sheet 
propensity for an amino acid residue arises from local steric 
interactions of the amino acid side chain With its local back 
bone (Minor et al., Nature 367: 660-63, 1994). 

600 MGDTPENYLFQGRQ WYAFNGTQR-—FLERYIYNREEFVRFDSDVGEFRAVTELGRPDEE 
800 MRDSPEDFVYQFKGMEYFTNGTERVRLVSRSIYNREEIVRFDSDVGEFRAVTLLGLPAAE 
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600 YWNSQKDILEEERAVPDRMQ'ERHNYELGGPMTLQRRVIKADHlSTYéAEVQTHRPTGEFMF 
800 YWNSQKDILERKRAAVDRVCRHNYQLELRTTLQRRVEDIVAQI-IlAgYQV'lLYQSYGPSGQ 
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302 DFDGDEIFHVDMAKKETVWRLEEFGRFASFEAQGALANIAVDKANLEIMTKRSNYTPITN 
600 EFDEDEMFYVDLDKKETVWHLEEFGQAFSFEAQGGLANIAILN'NNLNTLIQRSNHTQATN 
800 YTHEFDGDEQFYVDLGRKETVWCLPVLRQFRGFDPQFALTNIAVLKHNLNSLIKRSNSTAATN 

Primary amino acid sequence alignment of human RTLs. 
RTL302 Was derived from DR2 (DRBl*l50l l/DRA*0101) (31) (SEQ ID NO: 9). 
RTL600 Was derived from DP2 (DPAl *0l03/DBP1*0201) (SEQ ID NO: 10). 
RTL800 Was derived from DQ2 (DQAl *05/DQB1*02) (SEQ ID NO: 11). 
(**Italics indicate non-native amino acid residues. 
Gaps in the sequences for optimal alignment (-) and the beta l//alpha l junction (1) are 
also shown. 
The conserved cysteines that form a disulfide bond are shaded. 

The foregoing alignment maps a homologous self-binding 
motif identi?ed and modi?ed herein for an exemplary HLA 
DR2 component in RTL302 in alignment With homologous 
target residues comprising self-binding motifs on additional 
RTLs constructed by the present inventors, including 
RTL600, comprising a DP2 MHC component, and RTL800, 
comprising a DQ2 MHC component. Consistent With the 
disclosure and teachings herein, numerous exemplary target 
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These instant results demonstrate that RTLs encoding the 
Ag-binding/TCR recognition domain of MHC class II mol 
ecules are innately very robust structures, capable of retaining 
activity separate from the Ig-fold domains of the progenitor 
class II structure, and even after fairly aggressive modi?ca 
tion to make the molecules monomeric and monodisperse. 
Applying the methods and tools of the invention, increased 
solubility and prevention of aggregation of modi?ed RTLs is 
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readily accomplished by modi?cation of a self-binding inter 
face, motif, or residue(s), exempli?ed by an exposed surface 
of a native MHC class II structure that Was originally buried 
in the progenitor protein structure. By staying Within thermo 
dynamic limitations that constrain the protein’s ?nal folded 
structure and by not interfering With the process by Which the 
protein domain achieves this ?nal fold, a key obstacle to 
recombinant design of monodisperse RTLs has been over 
come Which is the requirement to leave intact Within the 
primary sequence the “code” that drives folding toWard a ?nal 
unique structure that retains the ability to bind peptides and 
bind the TCR in an Ag-peptide-speci?c manner, retaining 
potent biological activity. 

The folloWing sections provide detailed guidance on the 
design, expression and uses of recombinant MHC molecules 
of the invention. Unless otherWise stated, standard molecular 
biology, biochemistry and immunology methods are used. 
Such standard methods are described in Sambrook et al. 

(1989), Ausubel et al (1987), Innis et al. (1990) and HarloW 
and Lane (1988). The following US. patents and additional 
patents and publications cited elseWhere herein relate to 
design, construction and formulation of MHC molecules and 
their uses, and are incorporated herein by reference to provide 
additional background and technical information relevant to 
the present invention: US. Pat. Nos. 5,130,297; 5,194,425; 
5,260,422; 5,284,935; 5,468,481; 5,595,881; 5,635,363; 
5,734,023. 
Design Of Recombinant MHC Class II [310t1 Molecules 

The amino acid sequences of mammalian MHC class II 0t 
and [3 chain proteins, as Well as nucleic acids encoding these 
proteins, are Well known in the art and available from numer 
ous sources, including references cited and incorporated 
herein, and GenBank. Within exemplary embodiments of the 
invention, modi?ed RTLs may comprise a structurally-re 
duced or minimized MHC component that exclude all or part 
of a native MHC protein, for example all or part of an MHC 
class II [32 domain, or at least a CD4-binding portion of the [32 
domain. Also typically excluded from the modi?ed RTL is an 
(X2 domain of the MHC class II protein. RTLs of this con 
struction can be “empty” (i.e., free of peptide Ag), or non 
covalently bound or covalently linked to peptide Ag. In more 
detailed aspects of the invention, the (x1 and [31 MHC class II 
domains comprising the modi?ed RTL may be linked 
together to form a single chain (sc) polypeptide (BurroWs et 
al., Protein Engineering 12: 771-78; 1999; Chang et al., J. 
Biol. Chem. 276: 24170-76, 2001). 
Among the modi?ed RTLs provided Within the invention 

are exemplary constructs comprising recombinant MHC 
class II molecules, Which in exemplary embodiments include 
the [31 domain of the MHC class II [3 chain covalently linked 
to the (x1 domain of the MHC class II 0t chain. The [31 and (x1 
domains are Well de?ned in mammalian MHC class II pro 
teins. Typically, the (x1 domain is regarded as comprising 
about residues 1-90 of the mature 0t chain. The native peptide 
linker region betWeen the (x1 and (X2 domains of the MHC 
class II protein spans from about amino acid 76 to about 
amino acid 93 of the a chain, depending on the particular 0t 
chain under consideration. Thus, an al domain may include 
about amino acid residues 1-90 of the a chain, but one of skill 
in the art Will recogniZe that the C-terminal cut-off of this 
domain is not necessarily precisely de?ned, and, for example, 
might occur at any point betWeen amino acid residues 70-100 
of the a chain. The composition of the (x1 domain may also 
vary outside of these parameters depending on the mamma 
lian species and the particular a chain in question. One of skill 
in the art Will appreciate that the precise numerical parameters 
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of the amino acid sequence are much less important than the 
maintenance of domain function. 

Similarly, the [31 domain is typically regarded as compris 
ing about residues 1-90 of the mature [3b chain. The linker 
region betWeen the [31 and [32 domains of the MHC class II 
protein spans from about amino acid 85 to about amino acid 
100 of the [3 chain, depending on the particular chain under 
consideration. Thus, the [31 protein may include about amino 
acid residues 1-100, but one of skill in the art Will again 
recogniZe that the C-terminal cut-off of this domain is not 
necessarily precisely de?ned, and, for example, might occur 
at any point betWeen amino acid residues 75-105 of the [3 
chain. The composition of the [31 domain may also vary 
outside of these parameters depending on the mammalian 
species and the particular [3 chain in question. Again, one of 
skill in the art Will appreciate that the precise numerical 
parameters of the amino acid sequence are much less impor 
tant than the maintenance of domain function. 

Nucleic acid molecules encoding these domains may be 
produced by standard means, such as ampli?cation by the 
polymerase chain reaction (PCR). Standard approaches for 
designing primers for amplifying open reading frames encod 
ing these domain may be employed. Libraries suitable for the 
ampli?cation of these domains include, for example, cDNA 
libraries prepared from the mammalian species in question; 
such libraries are available commercially, or may be prepared 
by standard methods. Thus, for example, constructs encoding 
the [31 and (x1 polypeptides may be produced by PCR using 
four primers: primers B1 and B2 corresponding to the 5' and 
3' ends of the [31 coding region, and primers A1 and A2 
corresponding to the 5' and 3' ends of the (x1 coding region. 
Following PCR ampli?cation of the (x1 and [31 domain coding 
regions, these ampli?ed nucleic acid molecules may each be 
cloned into standard cloning vectors, or the molecules may be 
ligated together and then cloned into a suitable vector. To 
facilitate convenient cloning of the tWo coding regions, 
restriction endonuclease recognition sites may be designed 
into the PCR primers. For example, primers B2 and A1 may 
each include a suitable site such that the ampli?ed fragments 
may be readily ligated together folloWing ampli?cation and 
digestion With the selected restriction enZyme. In addition, 
primers B1 andA2 may each include restriction sites to facili 
tate cloning into the polylinker site of the selected vector. 
Ligation of the tWo domain coding regions is performed such 
that the coding regions are operably linked, i.e., to maintain 
the open reading frame. Where the ampli?ed coding regions 
are separately cloned, the fragments may be subsequently 
released from the cloning vector and gel puri?ed” preparatory 
to ligation. 

In particular embodiments, a peptide linker is provided 
betWeen the [31 and (x1 domains. Typically, this linker is 
betWeen 2 and 25 amino acids in length, and serves to provide 
?exibility betWeen the domains such that each domain is free 
to fold into its native conformation. The linker sequence may 
conveniently be provided by designing the PCR primers to 
encode the linker sequence. Thus, in the example described 
above, the linker sequence may be encoded by one of the B2 
or A1 primers, or a combination of each of these primers. 

Nucleic acid expression vectors including expression cas 
settes Will be particularly useful for research purposes. Such 
vectors Will typically include sequences encoding the dual 
domain MHC polypeptide ([31 (X1) With a unique restriction 
site provided toWards the 5' terminus of the MHC coding 
region, such that a sequence encoding an antigenic polypep 
tide may be conveniently attached. Such vectors Will also 
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typically include a promoter operably linked to the 5' termi 
nus of the MHC coding region to provide for high level 
expression of the sequences. 

In particular embodiments, [31 otl molecules may also be 
expressed and puri?ed Without an attached peptide, in Which 
case they may be referred to as “empty.” The empty MHC 
molecules may then be loaded With the selected peptide as 
described beloW. 

Sequence Variants. One of skill in the art Will appreciate 
that variants of the disclosed inventive molecules and 
domains may be made and utiliZed in the same manner as 

described. Thus, reference herein to a domain of an MHC 
polypeptide or molecule (e.g., an MHC class II [31 domain) 
includes both preferred forms of the referenced molecule, as 
Well as molecules that are based on the amino acid sequence 

thereof, but Which include one or more amino acid sequence 
variations. Such variant polypeptides may also be de?ned in 
the degree of amino acid sequence identity that they share 
With the disclosed preferred molecule. Typically, MHC 
domain variants Will share at least 80% sequence identity 
With the sequence of the preferred MHC domains disclosed 
herein. More highly conserved variants Will share at least 
90% or at least 95% sequence identity With the preferred 
MHC domains disclosed herein. Variants of MHC domain 
polypeptides also retain the biological activity of the pre 
ferred MHC domains disclosed herein. For the purposes of 
this invention, that activity is conveniently assessed by incor 
porating the variant domain in the appropriate [310d polypep 
tide and determining the ability of the resulting polypeptide to 
inhibit antigen speci?c T-cell proliferation in vitro, as 
described in detail herein beloW. 

Variant MHC domain polypeptides include proteins that 
differ in amino acid sequence from the preferred MHC 
domains disclosed herein, but Which retain the speci?ed bio 
logical and non-aggregating activity. Such proteins may be 
produced by manipulating the nucleotide sequence of the 
molecule encoding the domain, for example by site-directed 
mutagenesis or the polymerase chain reaction. The simplest 
modi?cations involve the substitution of one or more amino 
acids for amino acids having similar biochemical properties. 
These so-called conservative substitutions are likely to have 
minimal impact on the activity of the resultant protein. Table 
I shoWs amino acids Which may be substituted for an original 
amino acid in a protein and Which are regarded as conserva 
tive substitutions, Which are Well knoWn in the art. 
More substantial changes in biological function or other 

features may be obtained by selecting substitutions that are 
less conservative, i.e., selecting residues that differ more sig 
ni?cantly in their effect on maintaining (a) the structure of the 
polypeptide backbone in the area of the substitution, for 
example, as a sheet or helical conformation, (b) the charge or 
hydrophobicity of the molecule at the target site, or (c) the 
bulk of the side chain. The substitutions Which in general are 
expected to produce the greatest changes in protein properties 
Will be those in Which (a) a hydrophilic residue, e. g., seryl or 
threonyl, is substituted for (or by) a hydrophobic residue, e. g., 
leucyl, isoleucyl, phenylalanyl, valyl or alanyl; (b) a cysteine 
or proline is substituted for (or by) any other residue; (c) a 
residue having an electropositive side chain, e. g., lysyl, argi 
nyl, or histadyl, is substituted for (or by) an electronegative 
residue, e.g., glutamyl or aspartyl; or (d) a residue having a 
bulky side chain, e. g., phenylalanine, is substituted for (or by) 
one not having a side chain, e.g., glycine. The effects of these 
amino acid substitutions or deletions or additions may be 
assessed through the use of the described T-cell proliferation 
assay. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

26 
At the nucleic acid level, one of skill in the art Will appre 

ciate that the naturally occurring nucleic acid sequences that 
encode class I and II MHC domains may be employed in the 
expression vectors, but that the invention is not limited to such 
sequences. Any sequence that encodes a functional MHC 
domain may be employed, and the nucleic acid sequence may 
be adapted to conform With the codon usage bias of the 
organism in Which the sequence is to be expressed. 
Modi?ed RTLs of the invention exhibit a reduced capacity 

for self-aggregation compared to a corresponding, unmodi 
?ed RTL (i.e., an RTL comprising only native MHC amino 
acid sequences). Therefore, the rational design of RTL sur 
face modi?cations described herein yield an increased per 
centage of the RTL molecules present as monomers in solu 
tion compared to a monodisperse fraction of unmodi?ed 
RTLs in solution. 

Despite the surface structural changes introduced into the 
modi?ed RTLs, these novel RTL constructs retain the ability 
to speci?cally bind Ag-peptides and to functionally interact 
With a TCR on a target T cell. Exemplary functions of the 
modi?ed RTLs include an ability to modulate T cell activity 
in an Ag-speci?c manner to reduce a pathogenic potential or 
alter a pathogenic phenotype of the T cell (e.g., to inhibit T 
cell proliferation, reduce in?ammatory cytokine production 
by the T cell, or increase anti-in?ammatory cytokine produc 
tion by the T cell). As such, the modi?ed RTLs have utility to 
treat autoimmune diseases and other conditions mediated by 
antigen-speci?c T cells in vivo. 

Within other aspects of the invention, modi?ed RTLs are 
provided that lack trans-membrane Ig fold domains found in 
an intact MHC molecule, Wherein the modi?ed RTLs are 
non-aggregating or exhibit reduced aggregation compared to 
unmodi?ed RTLs. The modi?ed RTLs possess T cell regula 
tory activity as described herein, despite lacking certain struc 
tural features present in the corresponding, intact MHC mol 
ecule. MHC components of modi?ed RTLs of the invention 
refold in a manner that is structurally analogous to native 
Whole MHC molecules, and the bind peptide antigens to form 
stable MHC-antigen complexes. 

Desired T cell responses that can be elicited, individually, 
in various combinations, or collectively, by the modi?ed 
RTLs of the invention typically comprise one or more phe 
notypic change(s) that correlate(s) With an altered or “repro 
grammed” state of a T cell associated With reduced patho 
genic activity or potential (e.g., a reduced ability to mediate 
or potentiate autoimmune tissue destruction or other symp 
tom(s) diagnostic of a selected autoimmune disease). 
Modi?ed RTL molecules of the invention are useful, for 

example, to detect, quantify and purify Ag-speci?c T-cells. In 
other embodiments, the modi?ed RTLs are useful in compo 
sitions and methods to modulate T cell phenotype, activity, 
differentiation status, migration behavior, tissue localiZation, 
and/or cell fate. Within these aspects of the invention, com 
positions and methods are provided for modulating one or 
more T cell activities selected from T cell activation, prolif 
eration, and/or expression of one or more cytokine(s), groWth 
factor(s), chemokines, cell surface receptors (e.g., TCRs), 
and/or cellular adhesion molecules (CAMs). Properly 
designed, evaluated and administered, modi?ed RTLs of the 
invention serve as potent T cell regulatory agents, in vitro or 
in vivo, to quantitatively modulate or qualitatively “sWitch” T 
cell phenotypeiparticularly With respect to pathogenic 
potential of the target T cell. 
By contacting a target T cell With a modi?ed RTL of the 

invention (bearing cognate antigen bound or linked to the 
TCR interface in the absence of costimulatory factors (e.g., 
APCs and other regulatory signals as conferred by native, 






















