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INTRODUCTION
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T cell receptors (TCR) and major histocompatibility
omplex (MHC) molecules are integral membrane pro-
eins that have central roles in cell-mediated immune
ecognition. Therefore, soluble analogs of these mole-
ules would be useful for analyzing and possibly mod-
lating antigen-specific immune responses. However,
ue to the intrinsic low-affinity and inherent solubil-

ty problems, it has been difficult to produce soluble
igh-affinity analogs of TCR and class II MHC mole-
ules. This report describes a general approach which
olves this intrinsic low-affinity by constructing solu-
le divalent analogs using IgG as a molecular scaffold.
he divalent nature of the complexes increases the
vidity of the chimeric molecules for cognate ligands.
he generality of this approach was studied by mak-

ng soluble divalent analogs of two different classes of
roteins, a TCR (2C TCR2Ig) and a class II MHC (MCCI-
k

2Ig) molecule. Direct flow cytometry assays demon-
trate that the divalent 2C TCR2Ig chimera retained
he specificity of the native 2C TCR, while displaying
ncreased avidity for cognate peptide/MHC ligands,
esulting in a high-affinity probe capable of detecting
nteractions that heretofore have only been detected
sing surface plasmon resonance. TCR2IgG was also
sed in immunofluorescence studies to show ER local-

zation of intracellular peptide–MHC complexes after
eptide feeding. MCCI-Ek

2Ig chimeras were able to both
tain and activate an MCC-specific T cell hybridoma.
onstruction and expression of these two diverse het-
rodimers demonstrate the generality of this ap-
roach. Furthermore, the increased avidity of these
oluble divalent proteins makes these chimeric mole-
ules potentially useful in clinical settings for prob-
ng and modulating in vivo cellular responses. © 1999

cademic Press

1 These authors both contributed equally to the work.
2 Current address: University of Chicago, AMB S-315, MC 1089,
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Specificity of recognition is a cardinal feature of the
mmune system. This specificity is dictated, at the mo-
ecular level, by the interactions between T cell recep-
ors (TCR) on T cells and peptide/major histocompati-
ility complexes (pepMHC) on antigen-presenting
ells. A variety of assays including both site-directed
utagenesis and crystal structure analyses indicate

hat specific TCR recognition of pepMHC is based on
irect contacts with both the MHC and the antigenic
eptide it binds (1–3). This recognition is the first step
n the initiation of the T cell arm of the immune re-
ponse. Therefore, TCR/pepMHC interactions are cru-
ial in influencing effector T cell responses.
Reagents able to detect and/or regulate cells bearing

pecific TCR or peptide/MHC complexes would be of
reat utility given the centrality of TCR–pepMHC in-
eractions in antigen-specific cell-mediated immunity.
nherent specificity and the potential ability to engage
ognate ligands in a physiologically relevant manner
uggest that soluble analogs of TCR and pepMHC com-
lexes could be ideal probes to study immune re-
ponses. However, there are two problems with the
eneration and use of soluble analogs of TCR and class
I MHC molecules. First, soluble analogs of TCR and
lass II MHC are difficult to produce since these pro-
ein complexes consist of two polypeptides each of
hich have transmembrane domains. These trans-
embrane domains are important in facilitating pair-

ng and hence proper folding of the a and b polypep-
ides. The second problem with the use of soluble an-
logs of TCR and class II MHC molecules is that the
bility to use these probes is limited by their intrinsic
ow affinity.

Despite the technical difficulties involved in gen-
rating such complexes, in several instances soluble
omplexes have been produced (4 –12). However, the
tility of these probes is limited by their intrinsic low
0008-8749/99 $30.00
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176 LEBOWITZ ET AL.
ffinity for cognate ligands. In contrast, due to their
ncreased avidity, multivalent constructs of TCR or
eptide/MHC are valuable probes for detection of
heir ligands (13–16).

In this report we describe the construction and ac-
ivity of soluble, divalent TCR and MHC class II ana-
ogs. Biochemical and biological analysis of these solu-
le, divalent TCR (TCR2Ig) and MHC class II (class
I2Ig) analogs suggests that they may be of great utility
s specific, high-affinity probes of the immune system.
urthermore, the potentially broad applicability of this
xpression system for making divalent, soluble analogs
f heterodimeric integral membrane proteins with in-
reased avidity for cognate ligand suggest its use in a
ange of biological systems.

FIG. 1. Expression vector and theoretical structure of X/Ig chime
and b chains of extracellular domains of either class II or TCR prot

estriction endonuclease sites shown. Subsequently, these chimera
heoretical structure of a soluble, divalent Ig chimeric complex. (C)
odel is based on the crystal structures of an intact IgG1 (42) and t

tructure. The IgG1 heavy chains are shown in green; the light chain
nd the linker peptides, in white. The arrows point to (from top to bo
gG hinge region.
MATERIAL AND METHODS

onstruction of the Soluble Divalent Molecules

The genes encoding the chimeric 2C TCR2Ig mole-
ule were constructed by inserting cDNA encoding the
xtracellular domains of the TCR a and b chains up-
tream of cDNA encoding the murine IgG1 heavy,
3G7, and light chain, 91A3, respectively (Fig. 1A) (17).
HindIII restriction enzyme site and linker were in-

erted immediately 59 of the codon for Asp at the start
f the mature k protein in clone 91A3. A KpnI restric-
ion enzyme site was introduced 39 of the stop codon in
he k polypeptide. A KpnI restriction site and linker
ere inserted immediately 59 of the codon for Glu lo-

polypeptide chains. (A) In the generic cloning vector, DNA-encoding
s were ligated to DNA-encoding Ig heavy and light chains using the
ere ligated sequentially to a modified pAcUW51 vector (18). (B)
puter-generated model of the peptide backbone of 2C TCR2Ig. The

2C TCR (3). The six amino acid linkers have been modeled into the
n yellow; the 2C TCR a chains, in blue; the 2C TCR b chains, in red;
m) the pepMHC-binding site on the TCR, the linker region, and the
ric
ein
s w
Com
he
s, i
tto
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177HIGH-AFFINITY ANALOGS FOR ANALYZING IMMUNE RESPONSES
ated at the start of the mature Igg1 polypeptide in
lone 93G7. An SphI restriction site was introduced 39
o the stop codon in the g1 polypeptide.

The genes encoding the 2C TCR a and b chains have
reviously been described (4). A KpnI restriction site
nd linker was inserted immediately 39 to the codon for
he Gln residue at the interface between the extracel-
ular and transmembrane domains of the 2C TCR a
olypeptide. The 59 regions of the gene already ex-
ressed an appropriate restriction enzyme endonucle-
se site, EcoRI. A Xho1 site was introduced 59 to the
tart of the signal sequence in the 2C TCR b chain and
HindIII restriction enzyme endonuclease site imme-

iately 39 to the codon for the Ile residue at the inter-

FIG. 1—
ace between the extracellular and transmembrane do-
ains of the b polypeptide. In the construction of the

himeric proteins, linkers of six amino acid residues
ere introduced at the junctions between the end of the
CR a and b and the mature g and k polypeptides,
espectively (Fig. 1B).
A similar approach was used to modify the genes

ncoding the I-E a and b chains. A KpnI restriction site
nd linker was inserted immediately 39 to the interface
etween the extracellular and transmembrane do-
ains of the I-E b polypeptide. The 59 regions of the

ene had already been modified to encode the MCC
eptide (18) and also already expressed an EcoRI site.
he I-Ea chain was modified by introduction of a HindIII

ntinued
Co
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178 LEBOWITZ ET AL.
he codon at the interface between the extracellular
nd transmembrane domains.
The baculovirus expression vector used was previ-

usly described (18). This vector has two separate viral
romoters, polyhedron and P10, allowing simultaneous
xpression of both chimeric polypeptide chains in the
ame cell (Fig. 1A). The expression vector was digested
ith XhoI and KpnI and 2C TCRb/Igk or I-Ea/Igk was

nserted downstream of the P10 promoter (Fig. 1A).
ubsequently, the 2C TCRa/Igg1 or MCCI-Eb/Igg1 was

nserted into EcoRI/SphI sites downstream of the poly-
edron promoter. The signal sequence for 2C TCR2IgG
nd MCCI-Ek

2IgG, ER localization came from the endog-
nous signal sequences associated with the native TCR
nd I-E proteins, respectively.

utagenesis

For mutagenesis cDNA encoding the individual
olypeptides were subcloned into pSP72 and pSP73
ectors (Promega, Madison, WI). Oligonucleotide-
irected mutagenesis was performed using the Chame-
eon kit (Stratagene, La Jolla, CA). All mutations were
onfirmed by sequencing.

Oligo nucleotides used to introduce the above muta-
ions were 59 IgG1 mutation, ctgtcagtaactgcaggtgtc-
actctggtaccagcggtgaggttcagcttcagcagtctggagc; 39 IgG1
utation, agcctctcccactctcctggtaaatgagcatgctctcagtgtc-

ttggagccctctggtc; 59 Igk mutation, ctgttgctctgttttcaag-
taccaggtgtggaagcttgggaggatctgatatccagatgacgcaaatc-
atcc; 39 Igk mutation, gtcaagagcttcaacaggaatgagt-
ttagggtaccagacaaaggtcctgagacgccaccaccagc; 39 2C TCR

mutation, cagatatgaacctaaactttcaaggaggaggtacctgt-
agttatgggactccgaatc; 59 2C TCR b mutation, ccaaaga-
accagtatcctgactcgaggaagcatgtctaacactgccttc; 39 2C TCRb
utation, ctgcaaccatcctctatgagatcggaagcttaggatctggtacc-

actggggaaggccaccctatatgc; 39 I-Eda mutation, ggtagcga-
cggcgctcagctggaattcaagcttccattctctttagtttctgggaggag-
gt; and 39 I-Ekb mutation, gcacagtccacatctgcacagaacaa-
ggaggaggtaccggggatccggttattagtacatttattaag.

olecular Modeling

The 2C TCR2IgG structure was modeled and linkers
egions regularized using Quanta 4.1/CHARMm (Mo-
ecular Simulations Inc.). Coordinates for the IgG1
ere obtained from the PDB (1IgGY) and for the 2C
CR (1TCR), respectively.

iochemical Analysis of Chimeras

The conformational integrity of the chimeric mole-
ules was assayed by ELISA using antibodies specific
or each moiety of the protein. The primary antibody
sed was specific for murine IgG1 Fc. The secondary
ntibody used was either a biotinylated H57, a ham-
ter mAb specific for a conformational epitope ex-
20, 21), a murine mAb specific for a clonotypic epitope
xpressed on 2C TCR. I-Ek

2Ig was assayed using bio-
inylated 14.4.4, an anti-I-Ea chain-specific mAb, as
he secondary antibody. SDS–PAGE analysis of the
himeric protein was preformed as described (22).
amples were electrophoresed through a 10% SDS–
olyacrylamide gel.

eptide Loading of Cells, Flow Microfluorometry, and
Immunohistochemistry

RMA-S Ld cells, a cell line that is defective in antigen
rocessing and expresses functionally “empty” class I
HC on the cell surface, were loaded with peptides as

escribed (22). For analysis of 2C TCR2IgG, RMA-S Ld

ells were loaded with high-affinity cognate peptides,
L9 (QLSPFPFDL); intermediate-affinity cognate pep-

ides, p2Ca (LSPFPFDL); and p2Ca-substituted pep-
ides that have previously been characterized with
arying affinities for 2C TCR (23). The p2Ca substi-
uted peptides include: A1 (ASPFPFDL), A2 (LAPF-
FDL), A3 (LSAFPFDL), A4 (LSPAPFDL), A5 (LSP-
AFDL), A7 (LSPFPFAL), D1 (DSPFPFDL), L4

LSPLPFDL), and Y4 (LSPYPFDL), peptides. Approx-
mately 1 3 106 cells, either peptide-loaded or not
oaded, were incubated for 60 min at 4°C with 30 ml of
he anti-Ld-specific mAb, 30.5.7 (10mg/ml) culture su-
ernatants, or 2C TCR2IgG culture supernatants, 10
g/ml final concentration. Cells were washed twice,
tained with fluorescent phycoerythrin-labeled F(ab9)2

oat anti-mouse IgG (Cappel Laboratories, Costa
esa, CA), and analyzed by flow cytometry.
For staining of MCC-specific hybridoma cells, MCCI-

k
2Ig (5 mg) was incubated with 1 3 106 cells for 1 h at

°C and washed, followed by incubation with goat anti-
ouse IgG1 conjugated to RPE for an additional 1 h.
ybridoma cells were then washed 23 and analyzed by
ow cytometry.
For immunohistochemistry experiments, Ld-express-

ng L cells were plated on coverslips overnight. Cells
ere incubated with peptides QL9 or MCMV (100 mM)

or 1 h, washed with HBSS, and fixed in 4% PFA for 30
in. Slides were quenched in 0.25% ammonium chlo-

ide for 5 min, fixed in methanol/acetone, and blocked
ith 1% BSA overnight. For staining 2C TCR2IgG was

airfuged,” 80K for 1 h, and diluted to 10 mg/ml in 1%
SA. Coverslips were incubated with 2C TCR2IgG for
0 min at 4°C, washed, and then incubated with Cy-3-
onjugated donkey anti-mouse Ig.

Cell Stimulation Assay

Various concentrations of soluble MCCI-Ek
2Ig or the mu-

ine anti CD3-mAb, 2C11, were immobilized on sterile
mmulon 4 plates (Dynatech, Burlington, MA) overnight
t 4°C. Following two washes, either the MCC-specific
KC cells or the control ovalbumin-specific DO11.10 cells
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179HIGH-AFFINITY ANALOGS FOR ANALYZING IMMUNE RESPONSES
nd incubated for 20–24 h at 37°C. IL-2 was measured by
LISA (R&D, Minneapolis, MN).

RESULTS

onstruction of a Vector for Expressing Soluble
Divalent Analogs of Heterodimeric
Transmembrane Proteins

Characteristics of a general system for expression of
oluble divalent analogs of heterodimeric proteins in-
lude relative simplicity and broad applicability. To
ccomplish this, IgG was chosen as a molecular scaf-
old because it is divalent by nature and can be simply
odified to serve as a molecular scaffold (13, 24–26).
f further advantage is the fact that the IgG scaffold

hould facilitate subunit pairing, folding, secretion,
nd stability of the covalently linked heterodimeric
olypeptides. cDNA encoding the Ig heavy and light
hains was modified immediately 59 of the coding re-
ion for the mature variable domains on the heavy and
ight chain polypeptides, respectively (Fig. 1). These

odifications allow for genetic linkage of the cDNA
ncoding the polypeptides of interest to the amino ter-
inal-encoding regions of the mature immunoglobulin

olypeptides. Polypeptide X is attached via a short six
mino acid linker (GSLGGS) to the amino terminal end
f the variable region of the Igk chain, while polypep-
ide Y is attached via another six amino acid linker
GGGTSG) to the amino terminus of the variable re-
ion of the Igg chain (see Fig. 1B for a schematic
epresentation of the chimeric molecule.)

We analyzed the utility of the Ig scaffold for produc-
ng two classes of heterodimers, TCR and class II a,b
eterodimers. The TCR heterodimer was derived from
he well-characterized alloreactive, class I-specific 2C
TL clone (21, 27) which is specific for a naturally
rocessed endogenous peptide, p2Ca, derived from
-ketoglutarate dehydrogenase bound by the murine
lass I molecule H-2 Ld (27). This system was of inter-
st since both higher affinity, peptide QL9, and lower
ffinity, peptide variants of p2Ca have been character-
zed (see Materials and Methods) (23, 28, 29). The class
I MHC heterodimer was derived from the murine
lass II molecule I-Ek that has been previously modi-
ed to also encode a nominal peptide antigen derived
rom moth cytochrome C (18, 30). Soluble divalent TCR
2C TCR2Ig) was generated by linking cDNA encoding
he extracellular domains of TCR a or b chains to
DNA encoding Igg1 heavy and k light chain polypep-
ides, respectively (Fig. 1A). For expression of soluble
ivalent class II MHC molecules (MCCI-Ek

2IgG), cDNAs
ncoding the extracellular domains of MCCI-Ek

b and
-Ea chains were genetically linked to cDNA encoding
he Igg1 heavy and k light chain polypeptides, respec-
ively. The constructs were cloned into a dual promoter
aculovirus expression vector (Fig. 1A) (18).
ein indicates several interesting features (Fig. 1C).
irst, assuming an extended linker, there is no steric
indrance imposed by linking the TCR molecule to the
g polypeptides. The approximate mean distance be-
ween the TCR and Ig polypeptides is 22 Å. There is
lso a fair amount of flexibility associated with the
inker which is probably critical for its function. In
ddition the model highlights the importance of the Ig
inge region in conferring flexibility in binding of cog-
ate cell surface ligands.

iochemical Characterization of Divalent Chimeras

Expression and conformational integrity of the chi-
eric molecules was assayed by ELISA. Cells infected
ith baculovirus viral stocks containing the transfer
ectors encoding the 2C TCR2IgG and MCCI-Ek

2IgG con-
tructs secrete 0.5–2 mg/ml of an Ig-like material 3–4
ays postinfection. Conformational epitopes of 2C
CR2IgG are intact as detected by a mAb H57, specific

or a TCR Cb epitope, as well as with an anticlonotypic
Ab, 1B2, specific for the 2C TCR (Fig. 2A; top and
iddle panels). Soluble divalent class II molecules,

MCCI-Ek
2IgG, are recognized by the conformationally

ependent mAb, 14.4.4, specific for an a chain deter-
inant only expressed on intact I-E molecules (Fig. 2A;

ottom panel). The purified chimeric Ig proteins also
ave the expected molecular weights as analyzed by
DS–PAGE (Fig. 2B). Taken together, these data indi-
ate that 2C TCR2IgG and MCCI-Ek

2IgG are intact chi-
eric molecules that in solution possess conforma-

ional epitopes associated with the native transmem-
rane proteins.

eptide Specificity of 2C TCR2IgG

To define the specificity and sensitivity of 2C
CR2IgG recognition for peptide/MHC complexes, we
ompared the staining efficacy of soluble divalent 2C
CR2IgG to soluble monovalent 2C TCR in flow cytom-
try. Binding of 2C TCR2IgG to a high-affinity cognate
igand, QL9-loaded Ld molecules, was very sensitive
nd could be detected even at the lowest concentration
ested, 1 nM (Fig. 3A). In contrast greater than 100 nM
oluble monovalent 2C TCR was required to detect
inding to QL9-loaded Ld molecules. The difference in
relative affinity” had an even more dramatic impact
n the ability to detect an intermediate-affinity cognate
eptide MHC ligand, p2Ca-loaded Ld molecules. Ap-
roximately 3 nM 2C TCR2IgG was required to detect
2Ca-loaded Ld molecules. Even at the highest concen-
rations tested, 3000 nM, soluble monovalent 2C TCR
ould not detect p2Ca-loaded Ld molecules. Ld mole-
ules loaded with a control peptide, MCMV, were not
ecognized at any concentration by either soluble
onovalent or divalent 2C TCR.
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180 LEBOWITZ ET AL.
To further demonstrate the efficacy of 2C TCR2IgG
n analyzing pepMHC complexes, an array of p2Ca
eptide variants bound to Ld were tested in the direct
ow cytometry assay (Figs. 3B–3E) (see Material and
ethods for list of peptides). As expected QL9-loaded
-2Ld-expressing cells had the highest MCF while
2Ca elicited a signal approximately 10-fold lower
Figs. 3B and 3D). 2C TCR2IgG demonstrated differen-
ial binding to Ld molecules loaded with p2Ca and its
ariants, A1-A5, A7, D1, L4, and Y4 peptides (Figs. 3D
nd 3E). Specifically, peptide variants A1-, A2-, D1-,
4-, and Y4- stabilized Ld molecule were all recognized
o varying extents by 2C TCR2IgG. Other peptide vari-
nts, A3-, A4-, A5-, and A7-stabilized Ld molecules,

FIG. 2. Biochemical characterization of TCR2IgG, MHC Class II2Ig.
ith goat anti-mouse Fc. For detection of 2C TCR2Ig, the secondary ant

ollowed by streptavidin–HRP. For detecting MCCI-Ek
2IgG, the secondar

econd antibody 1B2, wells were incubated with 10% mouse serum for an
fter a 1-h incubation with the biotinylated antibody, the plates were wa
nd developed with 3,39,5,59-tetramethylbenzidine dihydrochloride subs
nd optical density was measured at 450 nm. The assay was linear over
himeric proteins. For protein production, Trichoplusia ni (Invitrogen, S
ere harvested after 72 h of infection. The chimeric protein was purifie

f protein G–Sepharose. Fractions were pooled, concentrated in an Am
roteins were analyzed by 10% SDSPAGE. Purified 2C TCR2Ig (lan
upernatant from T. ni cells infected with wild-type baculovirus (lane 4
ould not be detected by 2C TCR2IgG even though
hese peptides all stabilized Ld as measured by 30.5.7
inding. These data are similar to the previously pub-
ished data based on surface plasmon resonance (SPR)
23). Thus, there were no peptides detected by SPR
hat were not also recognized by 2C TCR2IgG in the
ow cytometry based assay. Together these data indi-
ate that 2C TCR2IgG is both a specific and sensitive
robe for cognate ligands.

ntracellular Localization of Peptide MHC Complexes

In addition to using TCR2IgG to stain cells by flow
ytometry we also analyzed the ability to use TCR2IgG

Detection of chimeras in baculovirus supernatants. Plates were coated
dy was either biotinylated H57 (top) or the anti 2C mAb 1B2 (middle),
ntibody was biotinylated 14.4.4 (bottom). When using the biotinylated
ditional 1 h, after washing out sample, to reduce background reactivity.
ed and incubated with HRP-conjugated strepavidin for 1 hour, washed,
te for 3–5 min. The reaction was stopped by the addition of 1 M H2SO4

range of 1–20 ng/ml of purified IgG. (B) SDS–PAGE analysis of affinity
Diego, CA) cells were infected with virus, m.o.i. 5–10, and supernatants
om 1 liter of culture supernatants passed over a 2.5-ml affinity column
n concentrator (50 kDa MW cutoff), and washed with PBS. Purified
); MCCI-Ek

2IgG (lane 2) control IgG1 protein (lane 3) and unpurified
re shown for comparison.
(A)
ibo
y a
ad
sh
tra
the
an
d fr

ico
e 1
) a
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181HIGH-AFFINITY ANALOGS FOR ANALYZING IMMUNE RESPONSES
n immunofluorescence studies. Specifically, we ana-
yzed immunohistochemical staining by 2C TCR2IgG to
ddress the question of where exogenously added pep-
ides load onto MHC molecules. While peptide loading
f class I MHC can be easily performed by coculturing

FIG. 3. Staining of peptide-loaded Ld molecules. (A) A compariso
C TCR with peptide-stabilized H-2 Ld molecules. RMA-S Ld cells wer
‚), p2Ca (h), or MCMV (E) (100 mM) were added to cultures and cell
wofold dilution of either soluble divalent 2C TCR2Ig (solid lines) or
uffer, and then stained with saturating amounts of H57–FITC. Cel
acilitate comparison of cells stained with either 2C TCR2Ig or soluble
ata shown are from a representative experiment that has been re
ariant peptides on RMAS-Ld cells. RMAS-Ld cells were loaded wi
ubsequently incubated with either 2C TCR2IgG (15mg/ml) (B–D) or 3
s described for A and analyzed by flow cytometry. (B,C) Raw FA
uorescence of 2C TCR2IgG (D) and 30.5.7 (E) stained cells is plo
uorescence is plotted on a log scale in (D) and a linear scale in (E)
xogenously added peptides with antigen-presenting
ells, the site of loading, plasma membrane or ER, has
ot been clearly defined (31). To address this question
eptides were added to Ld-expressing L cells and cells
ere analyzed by immunofluorescence with 2C

f the reactivity of soluble 2C TCR2Ig to that of soluble monovalent
cubated at 27°C overnight as described. Subsequently, peptides QL9
ere processed as previously described. Cells were stained with serial
ble monovalent 2C TCR (dashed lines),washed once in FACS wash
ere incubated for an additional 1 h and processed as described. To
novalent 2C TCR, data are presented as mean channel fluorescence.
ted at least three times. (B–E) 2C TCR2IgG is able to detect p2Ca
the indicated peptide (100 mM) as in A. Peptide-loaded cells were
.7 (15 mg/ml) (E) and then subsequently with GAM/IgG-PE (25mg/ml)
data are plotted for the indicated peptides. (D, E) Mean channel
d in bar graph form for indicated peptides. (Note: Mean channel
n o
e in
s w
solu
ls w
mo

pea
th
0.5
CS
tte

.)
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182 LEBOWITZ ET AL.
CR2IgG. Prominent staining activity was seen in the
R as evidenced by vesicular staining pattern, charac-

eristic of ER localization (Fig. 4). Control peptide,
CMV, pulsed cells showed only background 2C

CR2IgG staining. 2C TCR2IgG staining was largely
estricted to intracellular sites where MHC molecules
as found (data not shown). These data suggest that
eptide loading primarily occurs in the ER. This find-
ng extends other experiments using peptide-specific

HC-dependent mAb that also indicate that exog-
nously added peptides load MHC molecules in the ER
31) and show the potential for using these reagents in
mmunofluorescence studies.

MCCI-Ek
2IgG Binds and Activates Cognate T Cell

Hybridoma

To assess the interaction of soluble divalent class II I-E
nalogs with antigen-specific T cells, we determined
hether MCCI-Ek

2IgG could stain antigen-specific T cell
ybridomas. MCCI-Ek

2IgG binds specifically to 5KC, an
CC-specific, I-Ek-restricted T cell hybridoma (Fig. 5).
ean channel florescence of 5KC cells stained with MCCI-

k
2IgG increased approximately 15-fold. Specific staining

f 5KC cells was seen with as little as 5 nM MCCI-Ek
2IgG

omplexes (data not shown). In contrast MCCI-Ek
2IgG com-

lexes did not react with DO11.10, an irrelevant control T
ell hybridoma specific for ovalbumin peptide in the con-
ext of I-Ad (Fig. 5).

The biological activity of MCCI-Ek
2IgG was further

ssessed by the ability of MCCI-Ek
2IgG to stimulate T

ells. For these assays, proteins were immobilized on
lastic and activation of 5KC or DO11.10 cells was

FIG. 4. Intracellular staining of peptide-loaded MHC molecules
lated on coverslips overnight. Cells were incubated either with pep
10 mg/ml in 1% BSA) and stained with Cy-3-conjugated donkey ant
ith QL9 is characteristic of ER staining in these cells.
ssayed by lymphokine secretion. Immobilized MCCI-
k

2IgG stimulated IL-2 production by 5KC but not
O11.10 (Table 1). MCCI-Ek

2IgG stimulated 5KC to pro-
uce IL-2 at a level comparable to or slightly better
han did anti-CD3 mAb. At the lowest concentration
ested, approximately 10-fold greater stimulation was
chieved with MCCI-Ek

2IgG over anti-CD3 mAb (data
ot shown). These results demonstrate that even when

or immunohistochemistry experiments, Ld-expressing L cells were
s QL9 or MCMV (100 mM). Cells were incubated with 2C TCR2IgG
ouse Ig. The vesicular immunofluorescence pattern in cells treated

FIG. 5. MCCI-Ek
2IgG binds 5KC cells but not DO11.10 cells. T

ybridoma cells, 5KC, and DO11.10 were stained with MCCI-Ek
2IgG

10 mg/sample) for 1 h at 4°C. Cells were washed and incubated with
AM/IgG1–PE for an additional 1 h at 4°C. Cells were then washed
gain and analyzed by flow cytometry. The histograms of 5KC cells
tained either with MCCI-Ek

2IgG (solid line) or without any primary
eagent (dotted line) and of D011.10 cells stained with MCCI-Ek

2IgG
dashed line) are shown.
. F
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mmobilized on a plate soluble divalent MCCI-Ek
2/IgG

etains its specificity for its cell surface cognate TCR
nd minimally activates antigen-specific T cells as ef-
ciently as anti-CD3 mAb.

DISCUSSION

To enhance our ability to analyze and regulate anti-
en-specific immune responses we have designed a
eneral system for expression of soluble divalent ana-
ogs of both MHC class II and TCR molecules, using Ig
s a molecular scaffolding structure. One important
ole the IgG scaffold serves is appositioning the two
eterodimers so that the complex can engage its cog-
ate ligands. It does this with the intrinsic flexibility
fforded both by the immunoglobulin hinge region and
otentially by the linker which likely facilitate TCR or
HC moieties binding their cognate ligands on cell

urface membranes.
Other approaches have been developed to generate

robes for antigen-specific T cells. One approach has
een to generate high-affinity, anticlonotypic mAb. An-
iclonotypic mAb discriminate on the basis of specific
CR Va and Vb conformational determinants that are
ot directly related to antigenic specificity. Therefore,
n anticlonotypic antibody will interact with only one
f potentially many different clonotypic T cells specific
or the antigen that develop during an immune re-
ponse. In contrast multivalent peptide/class II MHC
omplexes, as reported here, exploit the natural anti-
enic specificity and will detect many different clono-
ypic T cells specific for a given antigen.

An alternative approach for expressing multivalent
lass I MHC molecules using strepavidin has been
eported (15). A distinct advantage of the strepavidin
ystem is that it permits coordination of theoretically
p to four biotinylated peptide/MHC complexes. This

Immobilized I-E 2IgG Stimulates IL-2 Production
by MCCI-Ek-Specific Hybridoma

Stimulating
ligand

[Ligand]
(pM) Cell line

IL-2 production
(pg/ml)

MCCI-Ek
2IgG 10,000 5KC 49.5

1,100 20.6
10,000 DO11.10 ,1
1,100 ,1

Anti-CD3 6,600 5KC 31
750 13

6,600 DO11.10 31.8
750 31.8

Note. Soluble proteins, MCCI-Ek
2IgG or anti-CD3, were immobilized

n Immunlon 4 plates at various concentrations, overnight at 4°C.
ells were washed thoroughly and 5KC or DO11.10 T hybridoma

ells were (1 3 105) incubated overnight at 37°C. T cell activation
as measured by IL-2 production.
omplexes (15) and recently also reported for class II
omplexes (32, 33). In this system there appears to be a
equirement for four peptide/MHC complexes although
he definition of the minimal requirement for stable
ssociation has not yet been reported. Using Ig as a
caffolding structure allows expression of two peptide/
HC complexes which are sufficient for stable binding

o MCC-specific T cells; a system where the TCR inter-
ction with monovalent peptide/MHC complexes has
een characterized as an intrinsically low-affinity one,
0 mM (34, 35). The intrinsic flexibility associated with
he Ig hinge region, a region that has been adapted
uring evolution to maximize binding of each Ig arm to
ts cognate ligand, may explain why stable association
f soluble divalent pepMHC2Ig complexes occurs when
sing Ig as a scaffolding structure.
The development of reagents that differentiate be-

ween specific peptide/MHC complexes has also been
n area of extensive research. Recently investigators
ave used soluble monovalent TCR to stain cells by
rosslinking them with avidin after they have been
ound to the cell (7). Another approach has been to
enerate mAb that differentiate between MHC mole-
ules on the basis of peptides resident in the groove.
hile conventional approaches have produced only a

ew such antibodies with anti-peptide/MHC specificity
36–38), two new approaches have been developed to
btain peptide-specific, MHC-dependent mAb (39–41).
here reported, the affinity of these mAb for specific

eptide/MHC complexes has been of intermediate
trength (10–100 nM) (39, 40) comparable to those
easured using TCR2IgG (14).
A distinct advantage of soluble TCR2IgG complexes

ver generation of mAb that differentiate between spe-
ific peptide/MHC complexes is that TCR2IgG com-
lexes may be useful in defining specific ligands recog-
ized by T cells, as their production does not require a
riori knowledge of their ligand. They could have po-
ential uses in defining ligands of g/d TCR or of unde-
ned tumor-specific T cells. Furthermore, since T cell
ctivation requires crosslinking of multiple TCR, inter-
ction of TCR2IgG may mimic natural T cell activation.
his could facilitate elucidation of biochemical interac-
ions involved in TCR recognition of peptide/MHC com-
lexes.
Soluble divalent class II MHC analog, MCCI-Ek

2IgG,
as able to stimulate cognate T cells. MCCI-Ek

2IgG was
t least as efficient, if not more efficient, than anti-CD3
Abs in eliciting IL-2 production and had a much

reater efficiency than immobilized monovalent
MCCI-Ek (data not shown). However, unlike anti-CD3

Abs the MCCI-Ek
2IgG was highly specific for its cog-

ate T cell, suggesting that soluble divalent MHC an-
logs may be able to regulate antigen-specific T-cells
nd have a role in adoptive immunotherapy.
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oluble divalent versions of heterodimeric proteins,
uch as T cell receptors and class II MHC molecules.
he experimental system described here outlines an
pproach using divalent high-affinity ligands to study
ell–cell interactions, driven by multivalent ligand–
eceptor interactions. Our work suggests that divalent
himeric molecules are good candidates for soluble,
igh-avidity analogs of proteins that could be used to
robe and selectively regulate cellular responses.

ACKNOWLEDGMENTS

We thank John Kappler and Phillipa Marrick for the supplying the
KC and DO11.10 hybridoma clones as well as the I-Ek clones and
he modified pAcUW51 expression vector. RMA-S and RMA-S Ld

ere gifts from Ted Hansen, Washington University, St. Louis, Mis-
ouri. cDNA encoding the murine IgG1 arsonate-specific heavy
hain, 93G7, and k light chain, 91A3, were gifts from D. Capra. We
hank Michael Edidin, Susan Parrish, and Andrew Nechkin of the
dvanced Microscopy Facility at JHU for technical assistance in the

mmunofluorescence studies. We also thank Dr. S. Sadegh-Nasseri
or critical review of the manuscript. Support for this work was
rovided by grants from the NIH AI-29575 AI-14584 and NMSS (RG
637A2/1).

REFERENCES

1. Garcia, K. C., Degano, M., Pease, L. R., Huang, M., Peterson,
P. A., Teyton, L., and Wilson, I. A., Science 279, 1166, 1998.

2. Garboczi, D. N., Ghosh, P., Utz, U., Fan, Q. R., Biddison, W. E.,
and Wiley, D. C. Nature 384, 134, 1996.

3. Garcia, K. C., Degano, M., Stanfield, R. L., Brunmark, A., Jack-
son, M. R., Peterson, P. A., Teyton, L., and Wilson, I. A. Science
274, 209, 1996.

4. Slanetz, A. E., and Bothwell, A. L., Eur. J. Immunol. 21, 179,
1991.

5. Lin, A. Y., Devaux, B., Green, A., Sagerstrom, C., Elliott, J. F.,
and Davis, M. M., Science 249, 677, 1990.

6. Wettstein, D. A., Boniface, J. J., Reay, P. A., Schild, H., and
Davis, M. M., J. Exp. Med. 174, 219, 1991.

7. Plaksin, D., Polakova, K., McPhie, P., and Margulies, D. H.,
J. Immunol. 158, 2218, 1997.

8. Chang, H.-C., Bao, Z., Yao, Y., Tse, A. G., Goyarts, E. C.,
Madsen, M., Kawasaki, E., Brauer, P. P., Sacchettini, J. C.,
Nathenson, S. G., and Reinherz, E. L., Proc. Natl. Acad. Sci.
USA 91, 11408, 1994.

9. Kalandadze, A., Galleno, M., Foncerrada, L., Strominger, J. L.,
and Wucherpfennig, K. W., J. Biol. Chem. 271, 20156, 1996.

0. Scott, C.A., Garcia, K. C., Carbone, F. R., Wilson, I. A,. and
Teyton, L., J. Exp. Med. 183, 2087, 1996.

1. Arimilli, S., Cardoso, C., Mukku, P., Baichwal, V., and Nag, B.,
J. Biol. Chem. 270, 971, 1995.

2. Altman, J. D., Reay, P. A., and Davis, M. M., Proc. Natl. Acad.
Sci. USA 90, 10330, 1993.

3. Dal Porto, J., Johansen, T. E., Catipovic, B., Parfitt, D. J.,
Tuveson, D., Gether, U., Kozlowski, S., Fearon, D., and
Schneck, J. P., Proc. Natl. Acad. Sci. USA 90, 6671, 1993.

4. O’Herrin, S. M., Lebowitz, M. S., Bieler, J. G., al-Ramadi, B. K.,
Utz, U., and Bothwell, A. L. M., J. Exp. Med. 186, 1333, 1997.
Davis, M. M., Science 274, 94, 1996.
6. Murali-Krishna, K., Altman, J. D., Suresh, M., Sourdive, D. J.,

Zajac, A. J., Miller, J. D., Slansky, J., and Ahmed, R., Immunity
8, 177, 1998.

7. Hasemann, C. A., and Capra, J. D., Proc. Natl. Acad. Sci. USA
87, 3942, 1990.

8. Kozono, H., White, J., Clements, J., Marrack, P., and Kappler,
J., Nature 369, 151, 1994.

9. Finkel, T. H., Marrack, P., Kappler, J. W., Kubo, R. T., and
Cambier, J. C., J. Immunol. 142, 3006, 1989.

0. Brodnicki, T. C., Holman, P. O., and Kranz, D. M., Mol. Immu-
nol. 33, 253, 1996.

1. Kranz, D. M., Sherman, D. H., Sitkovsky, M. V., Pasternack,
M. S., and Eisen, H. N., Proc. Natl. Acad. Sci. USA 81, 573,
1984.

2. Catipovic, B., Dal Porto, J., Mage, M., Johansen, T. E., and
Schneck, J. P., J. Exp. Med. 176, 1611, 1992.

3. Al-Ramadi, B. K., Jelonek, M. T., Boyd, L. F., Margulies, D. H.,
and Bothwell, A. L., J. Immunol. 155, 662, 1995.

4. Hebell, T., Ahearn, J. M., and Fearon, D. T., Science 254, 102,
1991.

5. Lenschow, D. J., Zeng, Y., Thistlehwaite, J. R., Montag, A.,
Brady, W., Gibson, M. G., Linsley, P. S., and Bluestone, J. A.,
Science 257, 789, 1992.

6. Finck, B. K., Linsley, P. S., and Wofsy, D., Science 265, 1225,
1994.

7. Udaka, K., Tsomides, T. J., and Eisen, H. N., Cell 69, 989, 1992.
8. Sykulev, Y., Brunmark, A., Jackson, M., Cohen, R. J., Peterson,

P. A., and Eisen, H. N., Immunity 1, 15, 1994.
9. Sykulev, T., Brunmark, A., Tsomides, T. J., Kageyama, S.,

Jackson, M., Peterson, P. A., and Eisen, H. N., Proc. Natl. Acad.
Sci. USA 91, 11487, 1994.

0. Schwartz, R. H., Annu. Rev. Immunol. 3, 237, 1985.
1. Day, P. M., Yewdell, J. W., Porgador, A., Germain, R. N., and

Bennink, J. R., Proc. Natl. Acad. Sci. USA 94, 8064, 1997.
2. Crawford, F., Kozono, H., Janice, W., Marrack, P., and Kappler,

J., Immunity 8, 675, 1998.
3. Gutgemann, I., Fahrer, A. M., Altman, J. D., Davis, M. M., and

Chien, Y.-h., Immunity 8, 667, 1998.
4. Matsui, K., Boniface, J. J., Reay, P., Schild, H., Fazekas de St.

Groth, B., and Davis, M. M., Science 254, 1788, 1991.
5. Lyons, D. S., Lieberman, S. A., Hampl, J., Boniface, J. J., Chien,

Y.-h., Berg, L. J., and Davis, M. M., Immunity 5, 53, 1996.
6. Froscher, B. G., and Klinman, N. R., J. Exp. Med. 164, 196,

1986.
7. Wylie, D. E., Sherman, L. A., and Klinman, N. R., J. Exp. Med.

155, 403, 1982.
8. van Leeuwen, A., Goulmy, E., and van Rood, J. J., J. Exp. Med.

150, 1075, 1979.
9. Andersen, P. S., Stryhn, A., Hansen, B. E., Fugger, L., Engberg,

J., and Buus, S., Proc. Natl. Acad. Sci. USA 193, 1820, 1996.
0. Porgador, A., Yewdell, J. W., Deng, Y., Bennink, J. R., and

Germain, R. N. Immunity 6, 715, 1997.
1. Dadaglio, G., Nelson, C. A., Deck, M. B., Petzold, S. J., and

Unanue, E. R., Immunity 6, 727, 1997.
2. Harris, L. J., Skaletsky, E., and McPherson, A. J. Mol. Biol.

275, 861, 1998.


	INTRODUCTION
	FIG. 1

	MATERIAL AND METHODS
	RESULTS
	FIG.2
	FIG. 3
	FIG. 4
	FIG. 5
	TABLE 1

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

