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Increased TCR Avidity after T Cell Activation:
A Mechanism for Sensing Low-Density Antigen

and form a large cluster at the site of interaction that
has been called the immunologic synapse/SMAC (Paul
and Seder, 1994; Monks et al., 1998; Dustin and Shaw,
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*Department of Pathology and Medicine
Division of Immunopathology 1999; Grakoui et al., 1999). This contact region facilitates

directed release of effector molecules from the T cell†Department of Biophysics and Biophysical Chemistry
‡Department of Biology toward the APC. There have been a variety of estimates

of the requirement for multivalent TCR complexes forJohns Hopkins University
Baltimore, Maryland 21218 optimal signaling. Recent studies have indicated that as

few as two antigen-MHC complexes are sufficient for
generating all the qualitative TCR signals and that addi-
tional complexes only have quantitative effects on sig-Summary
naling (Bachmann et al., 1998; Bachmann and Ohashi,
1999; Cochran et al., 2000).While activated T cells are known to have enhanced

biological responses to antigen stimulation, the bio- While the studies cited indicate a role for TCR cluster-
ing in effector functions, there has been no analysis ofphysical basis of this increased sensitivity remains

unknown. Here, we show that, on activated T cells, whether T cell receptor organization and subsequent
changes in TCR avidity are modulated in different physi-the TCR avidity for peptide-MHC complexes is 20- to

50-fold higher than the TCR avidity of naive T cells. ologic states facilitating biological responsiveness. We
examined the influence of activation on the constitutiveThis increased avidity for peptide-MHC depends on

TCR reorganization and is sensitive to the cholesterol organization of T cell membrane by studying the ability
of T cells to bind divalent peptide-MHC complexes. In-content of the T cell membrane. Analysis of the binding

data indicates the enhanced avidity is due to increases creased binding of peptide-MHC dimers to activated T
cells was apparent at both 48C as well as at 378C. Thein cross-linking of TCR on activated T cells. Activation-

induced membrane (AIM) changes in TCR avidity rep- TCR on activated T cells was readily cross-linked by
soluble dimeric MHC I molecules, increasing the overallresent a previously unrecognized means of increasing

the sensitivity of activated T cells to small amounts of binding affinity (avidity) of the TCR for peptide-MHC
complex z50-fold at 48C and between 10- to 20-fold atantigen in the periphery.
378C compared to naive T cells. This enhanced avidity
for peptide-MHC dimers was dependent on the mem-Introduction
brane reorganization of the TCR, which was blocked by
anti-TCR mAb, and on the cholesterol content of theControl of the dynamic range of physiological responses

is a central biological process. In the T cell immune cell membrane. Avidity changes in the TCR upon cell
activation would alter initial T cell interaction with targetresponse, physiologic states of activation are associ-

ated with changes in the dynamic range of respon- cells. Hence, activation-induced TCR reorganization
precedes and likely facilitates the formation of the largesiveness. Thus, naive T cells require high levels of anti-

gen and are absolutely dependent on costimulation for aggregates of TCR observed in the immunologic syn-
apse and activation clusters (Monks et al., 1998; Grakouibiological responses. In contrast, activated and memory

T cells respond to lower amounts of antigen with en- et al., 1999). Avidity changes in the TCR represent a
previously unrecognized means of increasing the sensi-hanced biological responses and are relatively indepen-

dent of costimulation. Activated and naive T cells have tivity of activated T cells to small amounts of antigen in
the periphery.been distinguished by a number of biochemical and

biological response changes (Iezzi et al., 1995; Dubey
et al., 1996; Hayashi et al., 1998), including changes in Results and Discussion
membrane organization and redistribution of signaling
molecules in the plane of the plasma membrane (Simons The influence of T cell activation on the organization of
and Ikonen, 1997; Xavier et al., 1998; Montixi et al., 1998; the T cell antigen receptor was studied by equilibrium
Viola et al., 1999; Janes et al., 2000; van der Merwe et binding of fluorescently conjugated, genetically engi-
al., 2000). However, little attention has been given to neered, soluble divalent MHC complexes (MHC-Ig)
comparing the organization of the membranes of naive (Schneck et al., 2000a, 2000b). The model system studied
and activated cells and its subsequent effect on the was the murine class I restricted CD81 2C T cell response
binding of antigen-MHC complexes on antigen-present- that recognizes the peptide, SIY, presented by the syn-
ing cells (APC). geneic murine class I H-2Kb MHC, and the peptide, QL9,

The role of TCR oligomerization in T cell signaling and presented by the allogeneic murine class I H-2Ld MHC
activation has been studied in vitro (Reich et al., 1997; (Sykulev et al., 1994; Udaka et al., 1996).
Alam et al., 1999) and in vivo. Upon contact with APC, A direct binding assay was developed to measure the
T cell receptors on CD4 cells undergo reorganization binding of MHC dimers. In this assay, T cells, activated

or naive, were incubated with varying amounts of fluo-
rescently labeled MHC-Ig dimers (F:Pz1:1), and binding§ To whom correspondence should be addressed (e-mail: tarekf2000@

yahoo.com [T. M. F.], jschneck@welchlink.welch.jhu.edu [J. P. S.]). was measured by flow cytometry. Mean channel fluores-
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ligand where in each case activated T cells bound more
dimeric MHC than naive T cells. Scatchard analysis
showed a striking difference between the binding of
dimeric peptide-MHC to activated and naive T cells.
Scatchard plots of peptide-MHC dimer binding to acti-
vated T cells were curvilinear. This marked curvilinearity
was not seen with MHC dimer binding to naive T cells
(Figures 2B and 2D). The Scatchard plot for naive cells
was linear, indicating uniform binding sites. The curvilin-
ear Scatchard plot implied a more complex binding in-
teraction between TCR and peptide-MHC complexes on
activated cells. Scatchard plots of peptide-MHC dimer
binding at 378C to activated T cells were also curvilinear
(Figures 3B and 3D). Thus, binding differences between
activated and naive T cells were apparent whether bind-
ing was done at 48C or 378C.

Curvilinearity in a Scatchard plot may be due to a
number of different molecular mechanisms (Wofsy and
Goldstein, 1992). One possible mechanism is that acti-
vated T cells have acquired a second independent site
that binds MHC with a different affinity than the TCR
of naive cells. A second mechanism consistent with a
curvilinear Scatchard plot is negative cooperativity;
binding of ligand to one TCR lowers the affinity of other
TCRs for another ligand molecule. Finally, the curvilinear

Figure 1. Specific Binding of MHC Dimers to Activated 2C T Cells
Scatchard plot could be due to increased T cell receptor

MHC dimers were purified to homogeneity using size exclusion
cross-linking on activated T cells leading to an increasedchromatography. Dimers were fluorescently labeled with fluorescein
avidity for dimeric MHC-Ig. To distinguish among theseisothiocyanate (FITC) at pH 7.4 to target the amino termini, loaded
possibilities, we generated Fab fragments from Kb-Ig. Ifwith peptide, and then purified once more by size exclusion. Labeled

MHC-Ig dimers were incubated with T cells for 1–2 hr at 48C, and the difference between the binding of Kb-Ig to activated
binding was measured by flow cytometry. There were no washing and naive T cells was due to either a second class of
steps prior to flow cytometric analysis. Mean channel fluorescence binding sites or negative cooperativity, one would ex-
(MCF) value was a measure of the amount of bound ligand. (A)

pect to see this difference in the binding of monomericBinding of labeled Kb-Ig loaded with (SIY)-SIYRYYGL, SIYKb-Ig (closed
Kb-Ig Fab fragments. If, however, the difference ob-circles), to activated T cells. Nonspecific binding was determined
served was due to receptor cross-linking, one wouldusing Kb-Ig loaded with the Kb-specific peptide derived from oval-

bumin-SIINFEKL (closed squares). Specific binding (open circles) not expect to see a difference between activated and
was calculated by subtracting nonspecific binding from total bind- naive T cells in MHC monomer binding experiments.
ing. (B) Binding of Ld-Ig loaded with (QL9)-QLSPFPFDL, QL9Ld-Ig The binding isotherms of SIYKb-Ig-Fab were virtually iden-
(closed circles), to activated T cells. Nonspecific binding was deter-

tical for activated and naive T cells (Figure 2E). Hence,mined using Ld-Ig loaded with the Ld-restricted peptide derived from
the curvilinear Scatchard plots are likely due to a changeMCMV-YPHFMPTNL (closed squares). Specific binding (open cir-
in TCR organization between naive and activated T cellscles) was calculated by subtracting nonspecific binding from total

binding. that facilitates binding of MHC-dimer complex to acti-
vated T cells.

cence (MCF) value was a measure of the amount of Activation Changes TCR Membrane Organization
bound dimeric MHC ligand. Specific binding was de- Changes in the local receptor density after cell activation
termined by subtracting nonspecific binding, binding could change the avidity of dimeric MHC (DeLisi and
of noncognate peptide-MHC-Ig complex (either SIIN Chabay, 1979; Lauffenburger and Linderman, 1993; Bray
loaded Kb-Ig complexes [SIINKb-Ig] or MCMV loaded Ld-Ig et al., 1998). To disperse any local concentrations of
complexes [MCMVLd-Ig]), from the total binding of cognate receptor and to prevent ligand-induced cross-linking,
peptide MHC-Ig (SIYKb-Ig or QL9Ld-Ig) to T cells (Figure 1). we studied binding of MHC dimer in the presence of an

antibody Fab specific for the Cb domain of murine ab
TCR, H57 (Kubo et al., 1989). H57 recognizes a con-Activated T Cells Bind MHC-Dimers Differently

than Naive T Cells served site in the Cb domain of murine TCR (Wang et
al., 1998) (Figure 4E) distinct from the interaction site ofPeptide-loaded MHC dimers, SIYKb-Ig, bound to acti-

vated T cells at 48C with a different concentration depen- TCR for cognate peptide-MHC complexes. This sug-
gested the use of H57 as a “molecular fender,” to preventdence than when they bound to naive T cells (Figure

2A). This difference was also seen for the peptide-MHC the close apposition of one TCR to another. The binding
of MHC-Ig to immobilized TCR, measured by surfacecomplex, QL9Ld-Ig (Figure 2C). Peptide-loaded MHC di-

mers also bound to activated T cells with a different plasmon resonance (SPR), was not affected by prebind-
ing 2C TCR with H57 Fab fragments (Figure 4F). There-concentration dependence than to naive T cells at 378C

(Figures 3A and 3C). The difference between activated fore, functionally there is no steric inhibition between
TCR and peptide-MHC due to H57 binding.and naive cells is highlighted at low concentrations of
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Figure 2. Activated T Cells Bind MHC-
Dimers Differently than Naive T Cells

MHC monomers, however, bind with the
same concentration dependence to both ac-
tivated and naive 2C T cells. (A–D) MHC di-
mers were purified and used in flow cytome-
try experiments as described above. Labeled
MHC-Ig dimers were incubated with T cells
for 2 hr at 48C. Mean channel fluorescence
(MCF) value was a measure of the amount of
bound ligand. Nonspecific binding has been
subtracted as described above. Only specific
binding is shown. (A) Specific binding of pep-
tide-loaded SIYKb-Ig to naive (closed circles)
and activated (open circles) T cells. (B)
Scatchard plot of the data in (A). (C) Specific
binding of peptide loaded QL9Ld-Ig to naive
(closed circles) and activated (open circles)
T cells. (D) Scatchard plot of the data in (C).
Lines through the data points are a nonlinear
least squares fit using a dimeric ligand-mono-
valent receptor model (Perelson, 1984). (E)
MHC monomers were prepared by papain
treatment of the same MHC dimer stock (see
Experimental Procedures), then fluorescently
labeled with FITC, peptide loaded, and puri-
fied to size homogeneity using size exclusion.
Specific binding of peptide-loaded, Fab frag-
ments from SIYKb-Ig, to naive (closed circles)
and activated (open circles) T cells was per-
formed as described.

Incubation with H57 Fab had a dramatic impact on ligand (H57 Fab), which was expected to block TCR
cross-linking, reduced the avidity of MHC-Ig for TCR onthe binding of cognate SIYKb-Ig to activated T cells (Fig-

ures 4A and 4B). The curvilinearity seen in Scatchard activated T cells but not on naive T cells.
The ability of H57 to block cross-linking of TCR mayplots, characteristic of SIYKb-Ig binding to activated cells,

was significantly reduced. MHC-Ig dimer binding to have implications for the configuration of TCR on naive
versus activated T cells. The size of the Fab fragmentH57-treated activated 2C cells appeared similar to dimer

binding to naive cells. In contrast, H57 treatment had of H57 is z70 Å (Figure 4E). At this size, H57 could
readily block the interaction of dimeric MHC with twono effect on the binding of MHC-Ig dimer to naive T

cells (Figures 4C and 4D). Thus, binding of a second TCRs within a single CD3 unit. Several investigators

Figure 3. MHC Dimers Bind Activated 2C T
Cells with Different Concentration Depen-
dence than Naive 2C T Cells at Physiologic
Temperatures

(A–D) MHC dimers were purified and used
in flow cytometry experiments as described
above. Labeled MHC-Ig dimers were incu-
bated with T cells for 20–30 min at 378C.
Azide, 0.05%, was used to inhibit internaliza-
tion of dimer in all experiments performed at
378C. Mean channel fluorescence (MCF) value
was a measure of the amount of bound ligand.
(A) Specific binding of peptide-loaded, SIYKb-Ig,
to naive (closed circles) and activated (open
circles) T cells. (B) Scatchard plot of the data
in (A). (C) Specific binding of peptide loaded
QL9Ld-Ig to naive (closed circles) and activated
(open circles) T cells. (D) Scatchard plot of
the data in (C). Lines through the data points
are a nonlinear least squares fit using a di-
meric ligand-monovalent receptor model
(Perelson, 1984).
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Figure 4. H57-Fabs Influence the Binding of MHC Dimer to Activated T Cells but Not Naive T Cells

(A and C) SIYKb-Ig dimer binding to naive (closed) and activated (open) T cells in the presence (triangles) and absence (circles) of H57 Fab.
Cells were pretreated with saturating amounts of H57 Fabs, prepared by papain fragmentation (Pierce Immunopure Fragmentation Kit) of H57
antibody (Pharmingen), and then washed twice followed by titration of SIYKb-Ig.
(B and D) Scatchard plots of (A) and (C).
(E) A model of the three-dimensional structure of the ab 2C TcR heterodimer complexed with H57 Fab in the presence of peptide/Kb complex.
The three-dimensional structure was obtained for N15 ab TCR in complex with H57-Fab (Wang et al., 1998). There is considerable homology
with the constant region of the 2C ab TCR. Thus, the crystal structure of the complex of pep/Kb-2C TCR (Garcia et al., 1996a) was superimposed
on the structure of N15 TCR using Swiss PdbViewer ver. 3.0.
(F) Treatment of 2C TCR with H57 Fabs does not interfere with its binding to MHC. Surface plasmon resonance (Biacore) comparison of SIYKb-
Ig-FITC binding to untreated 2C TCR (solid line) and 2C TCR treated with saturating amounts of H57 Fab (dashed line). TCR was immobilized
onto the surface of a CM5 Biacore chip at z1000 RU. SIYKb-Ig was then flowed over the surface for 4 min at 5 ml/min to establish the binding
profile in the absence of H57. Next, H57 Fab at 10 mM was flowed over the surface for 5 min and saturation of TCR with H57 was confirmed.
SIYKb-Ig was then flowed over the surface once more for 4 min at 5 ml/min to establish its binding profile after H57 had bound TCR.

have reported that the functional signaling CD3 complex our findings suggest that the TCR-CD3 complex may
contain two ab dimer units in activated T cells, whileconsists of two TCR within the same CD3 complex (Exley

et al., 1995; Fernandez-Miguel et al., 1999). Because of this is not necessarily the case in naive T cells.
Recent studies have shown that the immunologic syn-distance constraints, it seems less likely that H57Fab

would inhibit two TCR in separate CD3 complexes. Thus, apse/SMAC can form even in the presence of H57 anti-
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Figure 5. Cholesterol Affects the Binding of
MHC Dimer to T Cells

(A and B) Cholesterol enrichment of naive
cells and its effects on (A) binding isotherms
and (B) Scatchard plots of SIYKb-Ig binding.
Naive cells (closed circles) were pretreated
with methyl-b-cyclodextrin-cholesterol inclu-
sion complexes (0.7–0.9 mM) (closed squares)
and assayed for binding of SIYKb-Ig.
(C and D) Cholesterol depletion of activated
T cells and its effects on (C) binding isotherm
and (D) Scatchard plot of SIYKb-Ig binding. Ac-
tivated cells (open circles) were pretreated
with 30 mM methyl-b-cyclodextrin (open
squares) for 30 min at 378C and assayed for
binding of SIYKb/Ig.

bodies (Dustin and Cooper, 2000). Here, we demonstrate 4B) showing that H57 Fab treatment lowered the avidity
for dimeric MHC.that H57 Fab blocked the enhanced binding of dimeric

MHC to activated T cells. This finding serves to highlight
distinctions between the immunologic synapse/SMAC Activated Cells Have an Enhanced Ability
and increased binding of MHC dimers to activated T to Cross-Link TCR
cells. Additional studies will further enhance our under- Our experiments indicated that the changes in binding
standing of the relationship between activation-induced of MHC-Ig dimer to TCR observed for activated T cells
changes in membrane (AIM) TCR organization detected are likely due to increased cross-linking of TCR leading
by MHC dimer binding and formation of the immunologic to an increased avidity for dimeric MHC-Ig complex. To
synapse/SMAC. quantitate cross-linking, binding data were fit to a model

of equilibrium dimerization of homogeneous monovalent
receptors by divalent ligand (Perelson, 1984) (Figure 6A).TCR Avidity Is Influenced by Membrane Cholesterol

One of the major consequences of cellular activation is In this model, the first monovalent binding event creates
a complex that increases the local concentration of re-the compartmentalization of TCR and signaling mole-

cules in operationally defined membrane lipid rafts (Si- ceptors. Since it is assumed that all receptors are identi-
cal, the second binding event increases the “apparentmons and Ikonen, 1997; Montixi et al., 1998; Xavier et

al., 1998; Viola et al., 1999; Janes et al., 2000; van der binding affinity,” i.e., the avidity. Parameters in this
model are (1) the single site dissociation constant, Kd,Merwe et al., 2000). These lipid rafts are commonly iso-

lated as glycosphingolipid and cholesterol-rich fractions which characterizes the binding of one site on the MHC-
Ig to one TCR, and (2) the dimensionless cross-linkingof membrane extracts (Brown and London, 1998). Rafts

are dispersed when membrane cholesterol levels are constant, KxRt, which characterizes the ability of the
MHC/TCR complex to recruit another TCR. Binding avid-reduced (Kabouridis et al., 2000). To see if the enhanced

binding of MHC dimers observed following T cell activa- ity, Kv, is approximately the ratio Kd/KxRt (Lauffenburger
and Linderman, 1993). In cases where there is minimaltion depended upon plasma membrane cholesterol con-

tent, we manipulated cholesterol levels (Gimpl et al., cross-linking potential, KxRt is close to 1 and there is
little difference between Kd and Kv. Where the cross-1997) in naive and activated cells. Addition of cholesterol

to naive T cells enhanced the avidity of dimeric MHC- linking potential Kx is high, there is an enhancement of
binding due to dimerization, resulting in a measuredIg for TCR (Figure 5A). When cholesterol was added to

naive cells, the slope of the Scatchard plot increased avidity stronger than the intrinsic single site affinity.
Analysis of the binding data indicated that the overalland became more curvilinear than that for untreated

naive cells (Figure 5B). Conversely, depletion of choles- avidity, Kv, of the dimeric MHC for activated cells was
z50-fold higher than for naive cells at 48C and z15- toterol from activated cells reduced the avidity of MHC

dimer binding (Figure 5C) and was reflected in a change 20-fold higher than for naive cells at 378C (Table 1). The
increased avidity of MHC-Ig binding on activated T cellsin the Scatchard plot that was less curvilinear (Figure

5D). Treatment of activated cells with sphingomyelinase, is due to an increased cross-linking constant (Kx), rather
than an increased intrinsic dissociation constant (Kd)an enzyme that cleaves sphingomyelin, another impor-

tant component in rafts, also reduced the avidity of di- (Table 1). The increase in avidity seen cannot be ac-
counted for by changes in total amount of TCR. TCRmer binding (data not shown). Thus, the changes in

binding seen in activated T cells are consistent with a levels increase z2-fold on activated cells as assayed by
both dimer staining (Table 1) and by 1B2, anticlonotypiccholesterol-dependent membrane reorganization of the

TCR that affects its potential for dimerization. This is mAb, staining (data not shown). Cell surface CD8 levels
also did not change significantly (data not shown). Thus,also consistent with the previous data (Figures 4A and
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previously in surface plasmon resonance (SPR) experi-
ments using soluble 2C TCR for QL9Ld was 3.9 mM and
for SIYKb was 32 mM (Garcia et al., 1997). Two notable
differences can explain this apparent discrepancy. First,
SPR estimates of the affinity of 2C for QL9Ld and SIYKb

were performed in the absence of CD8 binding. CD8 is
clearly an important factor that contributes to the intrin-
sic affinity measured (Garcia et al., 1996b; Sykulev et
al., 1998; Wyer et al., 1999; Daniels and Jameson, 2000).
Second, temperature is a recognized variable that im-
pacts on affinity (Willcox et al., 1999). Measuring Kd

values at higher temperatures results in a weaker affinity,
usually due to an increase in off-rate. Higher tempera-
tures also increase the rate of loss of cross-links, cross-
link off-rate. As a result, the overall avidity decreases.
Physiologically, this effect of temperature on the avidity
can be compensated for by multivalent antigen/MHC
complexes on the APC. Recent studies indicate that
antigen on APC may be clustered in raft-like structures
(Anderson et al., 2000). The multivalent character of
these structures also could facilitate recognition of anti-
gen by activated T cells. Our measurements are quite
consistent with values obtained where CD8 is physiolog-
ically associated with the TCR. Considering differences
in temperature, our measurements of 10 nM for QL9Ld at
48C were very close to the previously reported intrinsic
affinity of 50 nM for QL9Ld complexes at 258C (Sykulev et
al., 1998). Sykulev et al. also found the affinity of SIYKb

was z100 nM at 258C. Our findings for the Kd intrinsic
affinity of 1 nM at 48C and 65 nM at 378C for SIYKb, using
the MHC dimers, are quite consistent with the previous
determinations where CD8 also contributes to the bind-

Figure 6. A Model of Dimeric Ligand Binding to Monomeric Re- ing interaction. The Kd values are based on a monovalent
ceptors

receptor-divalent ligand model (Perelson, 1984). Al-
(A) Initially a divalent ligand, [L], binds with one site to a receptor

though other models could be applied and might impact[R]. This singly bound dimer, [RL], can bind to another receptor in
on estimated single site Kd, the data presented here fitits vicinity to form a doubly bound complex [R2L]. The equilibrium
this model very well.parameters describing this binding are the intrinsic single site disso-

ciation constant, Kd, the equilibrium cross-linking constant, Kx, the The estimated Kv correlate well with the known biologi-
total number of receptors bound, Rt. The dimensionless cross-link- cal activities of the different cognate TCR ligands. 2C
ing equilibrium constant is defined as KxRt. These parameters were CTL mediate lysis of target cells pulsed with as little as
obtained by nonlinear fits of the binding data to the equilibrium picomolar amounts of SIY peptide and yet require larger
solution of this model (Perelson, 1984). Adequacy of fit was judged

amounts of QL9 peptides (Schlueter et al., 1996; Udakaby a reduced chi-square of 1.5 or less and randomized residuals.
et al., 1996; Garcia et al., 1997). Previously, by measuringThe quantity KxRt is the factor by which total ligand binding is en-
the Kd alone, 3.9 mM for QL9-Ld and 32 mM for SIY-Kb,hanced by divalent binding (receptor cross-linking). The avidity of

the interaction, accentuated at low dimer concentrations, is esti- one was unable to explain why the SIYKb complex appears
mated from Kd/KxRt. to be a more potent agonist than the QL9Ld complex (Gar-
(B) Deconvolution of dimer binding data (open circles) into single cia et al., 1997). The estimated KV for SIYKb-Ig was 18 pM
(open triangles) and double bound species (open squares) (cross- at 48C and 3.2 nM at 378C, and for QL9Ld-Ig, 0.28 nM at
linking curve) for SIYKb-Ig binding to activated cells. Deconvolution

48C and 11.2 nM at 378C. Thus, the avidity, a parameterwas performed by substituting the fitted parameters into the single
characterizing the physical event of multivalent ligand/and double bound species equations (see Experimental Proce-
receptor binding, was more consistent with the potencydures). Points on those curves refer to the experimental range over

which the binding experiment was performed. of SIYKb and QL9Ld in stimulating biological responses than
(C and D) Cross-linking curves for (C) SIYKb-Ig and (D) QL9Ld-Ig. the Kd.

As seen schematically in Figure 6A, dimeric MHC com-
plexes can bind with one arm to one receptor, RL, or

the enhanced avidity observed is not due to either with both arms to two receptors, R2L. The dimeric MHC-
changes in CD8 or TCR levels but results from an in- Ig binding isotherms (Figures 2 and 3) are the sum of
crease in the cross-linking potential. both singly bound, RL, and doubly bound, R2L, compo-

The intrinsic affinity, Kd, estimated by this study high- nents. By deconvolution of the binding isotherms into
lights the importance of using the full TCR, consisting singly bound and doubly bound components (Figure
of both the TCR a/b complex and CD8 coreceptor, to 6B), we were able to estimate the number of TCR cross-
estimate affinity of interaction. In our experiments, the links, i.e., the number of doubly bound MHC-Ig com-
single site interactions, Kd, were 1–4 nM for SIYKb and plexes. At lower concentrations, binding is dominated

by the doubly bound component of the isotherm, R2L.z10 nM for QL9Ld complexes at 48C. The affinity estimated
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Table 1. Summary of Model Fit Parameters

Temperature 5 48C

KD (nM) KX (Cell/#) RT (# MCF) KXRT KV (nM)

Naive Kb/lg-SIY 4.2 6 1 0.12 6 0.05 36 6 4 4.4 6 1 1.0 6 0.4
Act. Kb/lg-SIY 1.3 6 0.5 2.6 6 0.1 28 6 5 73 6 4 0.018 6 .002
Naive Ld/lg-QL9 10.7 6 1 0.005 6 0.001 20 6 3 1.0 6 0.1 10.7 6 1
Act. Ld/lg-QL9 7.3 6 2 0.43 6 0.1 60 6 10 26 6 7 0.28 6 0.09

Temperature 5 378C

KD (nM) KX (Cell/#) RT (# MCF) KXRT KV (nM)

Naive Kb/lg-SIY 77 6 10 0.03 6 0.01 47 6 6 1.4 6 0.2 55 6 11
Act. Kb/lg-SIY 64 6 8 0.21 6 0.2 95 6 10 20 6 5 3.2 6 0.5
Naive Ld/lg-QL9 116 6 10 ND 54 6 7 ND 116 6 10
Act. Ld/lg-QL9 100 6 9 0.07 6 0.02 127 6 20 8.9 6 3 11.2 6 3

Kd is the single site equilibrium dissociation constant. Kx is the equilibrium cross-linking constant with units of inverse number of receptors
per cell. Rt is the total number of receptors available for binding in mean channel fluorescence (MCF) unit equivalents. KxRt is a dimensionless
quantity. Kv is the avidity at low dimer concentrations, which is estimated as KvzKd/KxRt (Lauffenburger and Linderman, 1993). Values shown
are derived from fits to 48C and 378C dimer binding data, respectively (Figure 2). Indicated errors are standard errors calculated based on the
model fit. ND indicates that the values of the equilibrium cross-linking constant from the model fit were too insignificant to tabulate accurately.
As a result, the avidity constant was not different from the instrinsic affinity constant.

At higher concentrations, monovalent binding, RL, dom- et al., 1998; Grakoui et al., 1999). Greater number of
TCR cross-links on activated T cells could facilitate aninates because of competition for available receptors.

The intersection of both profiles defines the maximum efficient formation of the immunological synapse by ac-
tive transport processes (van der Merwe et al., 2000).number of cross-links. Using this approach, we found

that the maximum number of cross-links formed on acti- Conversely, the formation of these oligomers at the APC
contact site suggests TCR cross-linking in T cell activa-vated cells was greater than those formed on naive T

cells (Figures 6C and 6D). On activated T cells, z75% tion (Bachmann and Ohashi, 1999).
of the TCR were cross-linked by QL9Ld-Ig and 80% of the
TCR were cross-linked by SIYKb-Ig. Naive cells showed Conclusion
significantly less cross-linking; ,5% were cross-linked In vivo, the effective clearing of antigen-MHC complexes
by QL9Ld-Ig and 35% were cross-linked by SIYKb-Ig. is hampered by both the low intrinsic affinity of TCR for

Oligomerization, specifically dimerization of TCR, has peptide/MHC complex (Davis et al., 1998) and the low
been observed experimentally in vitro (Reich et al., 1997; densities of antigen-MHC on target cells (Sykulev et al.,
Alam et al., 1999). In those systems, oligomerization was 1996). Our findings indicate that T cells have developed
either concentration or temperature dependent and not a unique ability to accommodate both of these barriers.
studied in the setting of the intact cellular plasma mem- Activation-induced membrane TCR reorganization lead-
brane. Our studies indicate that dimerization potential ing to increased avidity allows T cells with intrinsically
is controlled by different physiologic states and influ- low affinity to bind multimeric MHC complexes with a
enced by membrane cholesterol. These findings may substantially higher avidity. This leads to more efficient
offer a biologic context for the previous in vitro findings. recognition of low-density antigen-MHC complexes,

Recently, several groups have reported that the aver- which is clearly important for sensitive and effective
age affinity of TCR for peptide/MHC complexes in- signaling by activated cells. This mechanism could also
creases upon secondary immunization (Busch et al., ensure that T cells do not break tolerance and cause
1999; Rees et al., 1999; Savage et al., 1999). This process autoimmune response by preventing premature activa-
has been attributed to the preferential outgrowth of tion of naive cells. Furthermore, enhanced avidity may
higher affinity T cells present in the primary T cell popula- permit interactions of long duration in the absence of
tion and may reflect competition for antigen by the T affinity maturation such as occurs in B cells. Thus, the
cell population (Kedl et al., 2000). In light of our findings enhanced avidity of activated T cells may be a general
that TCR avidity is dependent on the physiologic state mechanism for promoting efficient cell signaling and
of activation, it is also possible that these results are, represents an early mechanism of immunomodulation.
at least in part, due to different physiologic states of
activation. Thus, in analyzing affinities/off-rates of popu-

Experimental Procedures
lations of T cells it is also important to account for their
physiologic state of activation. Generation of Naive and Activated 2C T Cells

Naive T cells were isolated from 2C mouse splenocytes. CD81 cellsThe increased number of cross-links observed on ac-
were enriched to .95% purity using a CD81 T cell subset enrichmenttivated T cells indicates that these cells cluster TCR
column (R&D Systems MCD8C-1000). A portion of the naive 2C Tmore efficiently than naive cells. This is consistent with
cells were then activated in vitro with irradiated allogeneic spleno-observations that oligomers tend to form at a contact
cytes from Balb/C mice (Jackson Labs) in RPMI media with 10%

site between the APC and effector T cells during activa- fetal calf serum (Hyclone). The ratio of naive T cells to irradiated
tion, i.e., at an “immunological synapse,” where a spe- splenocytes used was in the range 1.5–2.0. Activated cells were

used for binding studies of 4–7 days poststimulation.cific pattern of receptor segregation is observed (Monks
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Preparation of Fluorescently Labeled MHC Dimers Rt. To determine those parameters, fits of the binding data were
performed using the nonlinear fitting algorithm of Microcal Originand Monomers

Soluble MHC-Ig fusion proteins were generated by genetically fus- 4.1. The resulting three parameters, Kd, Kx, Rt were used to approxi-
mate the avidity constant at low concentration, Kvz Kd/KxRt, and toing the extracellular domain of a class I MHC to the amino termini

of the immunoglobulin heavy chain (IgG1) (Dal Porto et al., 1993; calculate the concentration of singly bound ligand [RL] and concen-
tration of cross-links [R2L].Schneck et al., 2000a, 2000b; Slansky et al., 2000). The result was
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