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Abstract

The activation of a T cell requires the formation of a long-lived attachmert to
an antigen-preserting cell (APC). APCs presert peptide on their surfaces, held by
a major-histo compatibility complex (MHC). A given T cell carries receptors (TCRS)
speci ¢ for a particular MHC-peptide group, along with other less speci ¢ adhesion
and costimulatory molecules. The stable region of close apposition (immunological
synapse) may facilitate signal transduction, by concernrating the TCR and MHC-
peptide together and allowing long-lived bond formation. A TCR will becomeactivated
if it can form a suzciently long-lived bond to allow multiple biochemical changesto
occur (the kinetic proofreading hypothesis).

We have developed a mathematical model to examinethe TCR-MHC-p eptide inter-
action within the stable region. Here we presen results regarding the competing e®ects
of serial engagemen (sequerial activation of TCR by one MHC-p eptide) and kinetic
proofreading. In conjunction with the model, recert experimental data indicates that
activated TCR must remain active for a period after dissaciation from MHC-p eptide.
Recern extensionsof the model to deal with other situations are also presened.

1 Intro duction

In the immune system,T cellsareactivated by the interaction of their T cell receptors(TCR)
with speci ¢ foreign peptide - major histocompatibility complexes(pMHC) on the surface
of antigen preserting cells (APC). Each APC preseits an array of di®eren peptideson its
surface,most of which are self-peptides. The task for the T cellisto nd APC displaying the
foreign peptidesrecognizedoy its receptorswhile ignoring the majority it doesnot recognize.
Peptidesare classi edasagonist(fully activating), partial agonist(partially activating), null
(no e®ect)and antagonist(inhibiting activation). Small changesin the peptide composition
can make a big di®erencan its e®ectona T cell [1{5].

A seriesof experimerts in which the aggregationof TCR, pMHC and adhesie and cos-
timulatory moleculeswas directly visualized by °uorescen labeling [6{8] revealedthat the
composition and geometryof the cortact area(often termedthe SMAC (supra-molecularac-
tivation complex)or immunolagical synaps¢ changesigni cantly during the cell-cellcortact.
The immature synapse,with adhesionmoleculesin the certer and TCR-pMHC complexes
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in an outer ring, matures over a few minutes so that TCR-pMHC becomelocated in an

inner region surroundedby adhesionmolecules. In recert experimerts where naive T cells
interact with APC, the immature synapsepersistsfor a longer period (15{30 min) and early

signaling events occur before the mature synapseforms [8]. Theoretical work [9] suggests
that formation of a stable synapseis cortrolled by the binding properties of the speci c

peptide-MHC with TCR.

Recen studies[4, 10] have shavn that there is an optimal lifetime for the pMHC-TCR
bond. T cell activation and internalization rise as a function of this lifetime, go through
a maximum, and then decline. This was predicted by Lanzavecdia et al. [11] becauseof
competition betweenthe following two e®ects:

1 The pMHC-TCR bond must last su+ciently long for a seriesof biochemical modi ca-
tions to occur (phosphorylations of immunoreceptortyrosine-basedactivation motifs
(ITAMs), assaiation of ZAP-70, activation of ZAP-70 etc.), ending with a fully trig-
geredTCR. Successful cell stimulation by a givenpresetted peptidethereforerequires
a long pMHC-TCR bond lifetime. [12, 13]

2 At physiologicallow pMHC densitieson the APC, eatch pMHC may sequetially inter-
act with many di®erert TCR. This e®ectis maximized by a short pMHC-TCR bond
lifetime. [14, 15

Here, we shav how a mathematical model of pMHC-induced TCR down regulation/ stimu-
lation canbe usedto examinethe conditionsunder which the trade-o®exists, with surprising
results. We also use the model to examinewhether TCR aggregationin assaiation with
speci ¢ peptide binding is necessanfor down-regulation, and to look in qualitativ e terms at
the maturation of the T cell responseafter exposureto viral peptides.

2 Mathematical Mo del

The modelis presened elsewherd1(. Here,we brie®y summarizeour modeling assumptions
and give the equationswhich de ne the mathematical model.

We considera situation where a mature \imm unological synapse"[7] has formed rapidly
after the two cells have made cortact. The contact region is taken to be uniform and
circularly symmetric with radius a, and initially to cortain given concetrations of pMHC
and TCR, which subsequetly react and di®use. We write the concenration of TCR and
PMHC as T(r;t) and P(r;t), with initial conditions T(r;0) = Ty and P(r;0) = Py. We
assumethe cortact region is of xed size and shape and do not model its formation [9].
Our conclusionsare, in any case,essetially geometry-indegnden. TCR and pMHC are
assumedo freely di®useover the cell surface,with di®usioncoexcients Dt and Dp.

TCR and pMHC may bind only within the cortact region, with xed forward (two-
dimensional) and reverserate constarts kon and Kee [16], to form the (‘rst) bound state
Bo(r;t). We model the seriesof biochemical modi cations the bound state undergaesusing
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a kinetic proofreadingmodel [12] as follows (Figure 1): After undergoingN modi cations,
a TCR is activated and becomessubject to internalization. We assumethat these modi -
cations are e®ectiely irreversible, with a commonforward rate constart, k,. At all times,
though, the bound state is subject to unbinding (with rate constart k. which we assume
returns the TCR to its initial, unmodi ed state. We call the concertration of the activated
free TCR state T"(r;t) and of the sequenceof bound statesB; (i = 0:::N), where By
consistsof a T® boundto a P.

Di®erent assumptionsregardinghow an activated TCR becomesnternalizedleadto di®er-
ent predictions of how the rate of down-regulationwill depend on kqe. We introducedistinct
internalization ratesto permit di®eren possibilities,asfollows: TCR boundto pMHC which
have beenfully modi ed (the By state) are internalized with rate , 5. If an activated TCR
separatesdrom the pMHC, it becomednternalized at arate , 1, aslong asit remainsin the
corntact region. Outside the cortact region, it reverts to an inactivated state with rate 1. It
may alsorebind with a free pMHC to form a By complex.

Within the contact region, the governing equationsare

Xi 1
@=@ = Drr °Tj kTP + ko B (2.1)
i=1
X
@=@ = Dpr 2P kon(T+ T)P + koo Bi+, BN (2.2)
i=0
@o=@ = Dgr 2Bo+ konTP i (koo + kp)Bo (2.3)
@B=@ = Dgr ZBi + kpBii 1i (Koo + kp)Bi (i=2::5;Nj 1) (2.4)
@n=@ = Dgr 2By + konT°P + kyBn;1i (Koo + , 8)Bn (2.5)
@"=@ = Drr 2T i konT°P + koeBn | ,7T" (2.6)
dT|:dt = (,TTU+ ,BBN)dA (27)

contact

We imposea no °ux-b oundary condition on B; statesat the boundary of the cortact region.
We dealwith other boundary conditionsby intro ducing a regionwhich surroundsthe conact
area. Within this region, pMHC and TCR freely di®use. Activated TCR may also be
internalized or revert bad to the inactive state. Within this transition region, we have

@=@ = Dyr?T+1T° (2.8)
@°=@ = Dqr ?T"j T% ,+T° (2.9)
@=@ = Dpr %P (2.10)

Outside the transition region, we assumethat TCR and pMHC are well mixed and that
T° = 0. Theseassumptions,together with a consenration law for the total number of TCR
and pMHC assaiated with the respective cells, give boundary conditions for T, T® and
P. We can numerically integrate equations(2.1{2.10) using physiological parameter values
[10, 16].
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Figure 1: The monomermodel for TCR internalization. A pMHC-bound TCR that under-
goesN modi cations can be internalized and degraded.Whena fully modi ed TCR dissci-
atesit remainsactivated and subject to internalization unlessit di®usesout of the contact
area,whereit canrevert to its basalstate.

3 Results

Kinetic Pro ofreading and Serial Engagement Experimenrtal data for the relationship
of both T cell activation and TCR internalization to koe shov an optimal value of koe. Using
our model, we canexamineunder what conditions we seea maximum in internalization. The
key insight, descriked fully in [10], is that the existenceof a maximum depends critically
on how we allow TCR to beinternalized. If TCR may be internalized only after unbinding
(,8 = 0), then a maximum is guararteed for both internalization and activation of TCR.
If g 6 O then the existenceof the experimertally obsened maxima depends on other
parametersof the problem. If , + = 0 then no maximum in internalization can exist. This
is essetially becausethe internalization provides a way to free pMHC, thus increasingthe
exciency of serialengagemen The prediction we make is that activated TCR must remain
subject to internalization for a period after they unbind from pMHC. We have shawvn, using
physiologicalparameters,that this period must be at least 2{3 minutes.

In Figure 2, we show that a simple consequencef the model is that the responseto a
peptide is essetially cortrolled by kye, in agreemen with the data. We also seethat the
level of TCR responseis only weakly dependert on Ko, provided ko, T A 1, which is the
case(at leastfor short times) in the biological situation.
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Figure 2: Computedlevelsof TCR internalization asa function of ke, for two valuesof ko,.
o points correspnd to Koy = 10 %cmi ?si 1; 2 points to ko, = 5£ 10 *cmi ?si L. Other
parametersare T(0) = 6£ 1Pcm' 2, P(0) = 2£ 1Pcm ?, . = 0, .1 = 3£ 103s' 1,
1= 0l1s' Y, N = 6,ky, = 0:258' 1,

Maturation of the T cell response In the caseof CD8+ T cells,it hasbeenobsened
that the level of presened viral peptide on the APC requiredto trigger a responsedecreases
with time sinceviral infection [17]. Additional experimerts [17, 18] show that this may be
due to an increasein the amourt of the enzymelLck (key in TCR triggering) assaiated
with the plasmamenbrane. The binding kinetics of pMHC to TCR are not a®ected. In
our model, increasingthe level of a key enzymein the signaling cascadewould correspnd
to increasingthe parameterk,. This hastwo e®ects.Firstly, we note that if activated TCR
are internalized solely after dissaiating from pMHC, the optimal ko for internalization is
given by kig* Yakpy=(N i 1). Therefore,after exposureto viral peptides,kig* will increase.
Secondly there will be a generalbroadeningof the curve of TCR internalized against kg
[10]. In other words, weak agonist pMHC (those with a high kye) will adchieve greaterlevels
of TCR internalization after previous stimulation of the T cell with viral peptides. Serial
engagemenis not a®ected but kinetic proofreadingbecomesmore excient.

4 Discussion

Conclusions

We have presertied a model for the activation and internalization of TCR during antigenic
stimulation that includesthe e®ectof TCR and pMHC di®usion,and kinetic proofreading.
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Our rst conclusionis that the existenceof an optimal pMHC-TCR bond lifetime for
TCR activation (as predicted earlier) doesnot guarartee an optimal lifetime for TCR down
regulation. For sud an optimum to exist, an activated TCR must remain subject to down
regulation for a period of time following its dissaiation from the pMHC. The fact that
experimerts have shovn this maximum to exist implies that this phenomenonoccurs.

Our secondconclusionis that increasingthe concertration or accessibiliy of parts of the
TCR signaling pathway will tend to increasethe sensitivity and decreasehe speci city of
the T cell for pMHC. Conversely if the T cell cortent (or accessibiliy) of sud an enzyme
goesdown, we predict an increasedspeci city, or narrowing of the range of pMHC that can
trigger the cell. It has beenshovn experimertally [19 that Zap-70 (an important kinase
in T cell signal transduction) is down regulated along with TCR during exposureof T cells
to antigen presering cells. We speculate that it is possiblethat the e®ectcould be large
enoughthat pMHC able to bind speci ¢ TCR and elicit successfulCR down-regulation in
the early stagesof the cell-cellcortact may losethis ability after the available pool of Zap-70
is depleted.

Future Directions

Constitutiv. e down-regulation It is known that, evenin the absenceof antigenic stim-
ulation, TCR are routinely internalized and recycledto the cell surface,as well as being
produced and expressedn the cell surface[20]. The rate at which surfaceTCR are inter-
nalized is found to be 1{2% per minute in the absenceof APC, but their presenceis not
believed to increasethis rate. Howewer, the presenceof APC with appropriate antigens will
decreasdhe rate at which internalized TCR are recycledto the cell surface.

Constitutiv e recycling with a characteristic half-life can be built into the model presented
above by assumingthat an internalized TCR must passthrough a set of states beforeit is
recycled. Untriggered TCR areinternalized at somerate , ; and move into the rst recycling
state. They then passthrough the states, and ewvertually are returned to the cell surface
with a uniform rate. The possibility of production of new TCR and removal from recycling
of the internalized TCR is alsosimple to add.

TCR Oligomerization It remainsunclearhow the information that a TCR-pMHC bond
hasformed is passedacrossthe T cell plasmamembrane in the immunological synapse[21]].
Oneclassof modelsproposeghat TCR activation is initiated whenpMHC binds and induces
TCR aggregation. Experimerts with solublemonomersand oligomersof pMHC show that
the formation of TCR dimers or higher oligomersis enoughto stimulate T cellsand trigger
TCR internalization, whereasmonomersdo not sutce [22-26]. The question of whether
oligomerizationoccursin the immunological synapseremainsopen. It hasbeenarguedthat
arequiremer for TCR dimerization is inconsisternt with TCR activation being most excient
at low peptide densities[11, 21]. To addressthesequestions,we may dewelop a very similar
model in which bound pMHC-TCR must aggregateinto dimers beforethe TCR can begin
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to be modi ed.

E®ects of self-peptide Recen data [27] shonsthe interesting result that TCR activation
due to speci ¢ pMHC is boosted by the addition of non-speci ¢ (self) peptide to the APC.
Di®eren medanisms[28 have beenproposedto explain this phenomenonput without use
of a quartitativ e model it is dixcult to distinguish them. Modifying the model descriked
above to allow for two peptideswith distinct kinetics and concenrations is not dixcult, and
will allow usto make testable predictions.

Acknowledgmen ts This work was supported by NIH grant GM35556 and performed
under the auspicesof the US Departmert of Energy We thank Alexis Kalergis for useful
discussions.

References

[1] Hudrisier, D., Kessler,B., Valitutti, S., Horvath, C., Cerottini, J-C., & Luesder, I.F.
(21998) J. Immunol. 161, 553{562.

[2] Ding, Y.H., Baker, B.M., Garboczi, D.N., Biddison, W.E., & Wiley, D.C. (1999) Im-
munity 8, 403{411.

[3] Baker, B.M., Gagnon, S.J., Biddison, W.E., & Wiley, D.C. (2000) Immunity 13, 475{
484.

[4] Kalergis, A.M., Boudieron, N., Doucey M.-A., Palmieri, E., Goyarts, E.C., Vegh, Z.,
Luesder, I.G., & Nathenson,S.G. (2001) Nature Immunol. 2, 229{234.

[5] Kalergis, A.M., & Nathenson,S. G. (2000) J. Immunol. 165, 280-285.

[6] Monks, C.R., Freiberg, B.A., Kupfer, H., Sciaky N., & Kupfer, A. (1998) Nature 395,
82-86.

[7] Grakoui, A., Bromley, S.K., Sumen,C., Davis, M.M., Shaw, A.S., Allen, P.M., & Dustin,
M.L. (1999) Sciene 285, 221{227.

[8] Lee, K-H., Holdorf, A.D., Dustin, M. L., Chan, A. C., Allen, P. M., & Shaw, A. S.
(2002) Sciene@ 295, 1539{1542.

[9] Qi, S.Y., Groves, J.T., & Chakraborty, A.K. (2001) Proc. Natl. Acad. Sci. USA 98,
6548{6553.

[10] Coombs, D., Kalergis, A.M., Nathenson,S.G., Wofsy, C., & Goldstein, B. (2002) Sub-
mitted.



[11] Lanzavecdia, A., Lezzi, G., & Viola, A. (1999) Cell 96, 1{4.
[12] McKeithan, K. (1995) Proc. Natl. Acad. Sci. USA 92, 5042{5046.

[13] Hlavacek,W.S., Redondo,A., Metzger, H., Wofsy, C. & Goldstein, B. (2001)Proc. Natl.
Acad. Sci. USA 98, 7295-7300.

[14] Vallitutti, S., Miler, S., Cella, M., Padovan, E., & Lanzavecdia, A. (1995) Nature
375, 148{151.

[15] Itoh, Y., Hemmer,B., Martin, R., & Germain,R.N. (1999)J. Immunol. 162, 2073{2080.
[16] Wofsy, C., Coombs, D., & Goldstein, B. (2001) Biophys. J. 80, 606{612.
[17] Slitka, M.K., & Whitton, J.L. (2001) Nature Immunol. 2, 711{717.

[18] Bachmann, M.F., Gallimore, A., Linkert, S., Cerundolo, V., Lanzavecdia, A., Kopf,
M., & Viola, A. (1999)J. Exp. Med. 189, 1521{1529.

[19] Penna, D., Miller, S., Martinon, F., Demotz, S., lwashima, M., & Valitutti, S. (1999)
J. Immunol. 163, 50{56.

[20] Liu, H., Rhodes, M., Wiest, D.L., & Vignali, D.A.A. (2000) Immunity 13, 665{675.
[21] van der Merwe, P.A. (2001) Immunity 14, 665{668.

[22] Abastado, J.P., Lone, Y.C., Casrouge A., Boulot, G., and Kourilsky, P. (1995)J. Exp.
Med. 182, 439{447.

[23] Hamad, A.R., O Herrin, S.M., Lebowitz, M.S., Srikrishnan, A., Bieler, J., Sdinec, J.,
& Pardoll, D. (1998)J. Exp. Med. 164, 1988{2005.

[24] Boniface,J.J., Rabinowitz, J.D., W ul ng, Hampl, J., Reich, Z., Altman, J.D., Kantor,
R.M., Beeson,C., McConnell, H.M., & Davis, M.M. (1998) Immunity 9, 459{466.

[25] Appel, H., Gauthier, L., Pyrdol, J., & Wucherpfennig,K.W. (2000)J. Biol. Chem.275,
312{321.

[26] Cochran, J.R., Cameron, T.O., & Stern, L.J. (2000) Immunity 12, 241{250.

[27] WA ng, C., Sumen,C., Sjaastad,M. D., Wu, L. C., Dustin, M. L., & Davis, M. M.
(2002) Nature Immunol. 3, 42{47.

[28] Baker, T.R. & van der Merwe, P. (2002) Nature Immunol. 3, 11{12.



