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 Le rapprochement cellulaire
« La synapse immunologique
 Les molécules de I'activation

— TCR: CMH-Ag

— Co-récepteur CD4, CD8

— Mol co-stimulation

— Cytokines

+ Aspects quantitatifs et qualitatifs de I’activation

— Affinité de I'interaction
— Avidité de l'interaction
— Dynamique des interactions moléculaires

+ et ses conséquences sur le développement de la réponse immunitaire
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Le rapprochement cellulaire
La synapse immunologique

Les molécules de ’activation
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e Contact entre cellules T et APC

 [Etapes:
— Migration cellulaire:

+ Stochastique
* Chimiokines

— Adéquation de I'architecture des organes lymphoides

— Rapprochement cellulaire:
* molécules d’adhésion : intégrines, sélectin/adressine

— Interactions cellulaires:

* Contacts de surface:
— TCR/CMH
— Co-stimulation

+ Signalisation « paracrine»:
— cytokines

— Activation cellulaire
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Miller, JEM 2004, Imaging the Single Cell Dynamics
of CD4+ T Cell Activation by Dendritic Cells in
Lymph Nodes

Obijective: to describe cell behavior and interactions in
native tissues during T cell priming, from initial contact
with antigen-bearing DCs to cell division.

Method: two-photon microscopy to image OVA-
specific CD4+ T cells with endogenous DCs in intact
lymph nodes.

Fig1

We imaged T cells and DCs in lymph nodes during
continuous periods of 30 min—2.5 h at different times
after T cell transfer (time zero).

Fig2

Analysis of T cell matility at different stages of
activation. (A) Tracks of individual T cells (different
colors, normalized to their starting coordinates)
showing representative motility of cells in control
experiments (without OVA) and at various times as
indicated in OVA-challenged mice. Bars are in
micrometers. (B) Average instantaneous velocities of T
cells in antigen-challenged (red) and control sham-
treated mice (blue) as a function of time after adoptive A
transfer. (C) Corresponding measurements of motility
coefficients, derived from plots of mean displacement
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Fig. 3. Effect of the presence of antigen on T-DC mteractions insim.
Dil (red)-labeled antigen-bearing DCs {A) and DiD (blue)-stained
antigen-free DCs (B) were coinjected subcutaneously into a single hind
tootpad. 8ix hours later, CF3E-loaded (green) T lymphocytes were
injected intravenously Popliteal lymph nodes were imaged 20h later.
Tcells preferentially establish stable contact with antigen-bearing rather
than antigen-free DCs when both APCs are present in the same
lymphoid organ. T-DC conjugates are highlighted with white open
circles (A, pulsed) or white open squares (B, unpulsed). Green Tcells
superimposed directly over an associated red DC appear yellow.

J Delon Imm Review 2002
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Influence de la concentration antigénique

100 uM peptide 100 nM peptide Golgi

344 seC«

J Delon Imm Review 2002
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CD43 +
Glyco-
proteins

CD43 +
Glyco-
proteins

Les domaines extracellulaires des molécules de signalisation
(TCR, CMH, CD28, B7) sont courtes (7nm) et sont entourées
de grandes molécules comme CD43 (45nm) CD45 (30-
50nm) exergant une fonction dé-activatrice. L’adhésion via
ICAM-1/3 (Superlg) (40 nm chacun) puis LFA-1 (; intégrine21
nm) va amorcer le regroupement des TCR/ CD28

Les premiéres sollicitations de LFA-1 puis du TCR induisent
une activation du cytosquelette permettant la constitution des
SMACs et de la synapse immune.

SMAC: Supra Molecular Activation Cluster

Fyn &
ZAP-?D ZAP-70

PKCO_ PKCO

Seconds Minutes Hours

pSMAC: cSMAC:
LFA-1-ICAM-1 TCR-NVHCp
talin PKC-6
ADAP? ADAP?

Arthitis Rasarch
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Interaction of a T lymphocyte (Tc) with a B lymphocyte
presenting a bacterial superantigen (APC) observed by
confocal microscopy. The actin cytoskeleton associated
protein ezrin (red) and the T cell antigen receptor (green)
are polarized towards the antigen presenting cell
. . ' (immunofluorescence, right). On the left, the morphology

PSMAC | LFA-1, talin ' ICAM ; of the two cells is observed by differential interference

5 5 contrast.

"""""""""""""""""""" Unit: Lymphocyte Cell Biology
Director: Andres ALCOVER

c¢SMAC ' TCR, CD28, PKCH | pMHC, CD8O |

Fig. 1 The immunological synapse. (A) Brightfield and fluorescence
images of a T cell forming a synapse with a supported membrane
containing GPI-linked pMHC and ICAM. (B) Schematic and cross-
section of the mature synapse showing segregation of signaling
molecules in the cSMAC and adhesion molecules in the pPSMAC.
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Fig. 1. Sequence of interaction and redistribution of cell surface
molecules during initial immune adhesive contact. The initial adhesive
contact is mediated by ICAM-3 interaction with APC ligands (LFA-1, or
DC-SIGN). ICAM-3 activation and chemokine receptor signaling induce
redistribution of cortical actin and initial activation of LFA-1, leading

to membrane apposition that allows CD2—-CD58 interactions and TCR
searching of MHC-peptide. Signaling by TCR, CD2 and ICAM-3
contributes to further 1FA-1 activation that leads to the stabilization of
the conjugate.
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Signal 1

N Engl J Med 2004, 351:2715
NFAT : nuclear factor of activated T cell

NFkB : nuclear factor kappa B
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Bases moléculaires
de la reconnaissance antigénique

Influence des parametres
de lI'interaction TCR/CMH-Ag
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Reconnaissance antigénique

< Green = Major Histocompatibility
Molecule(MHC), Red = T - cell receptor (TCR),
Yellow = Antigenic peptide

> An MHC molecule (green) presenting an antigenic
peptide (red) as would be "seen" from the top
point of view of a T-cell....

The affinity range reported for TCRs binding to
agonist pMHCs is KD ~1-50 yM. This is
considerably weaker than most other protein-
protein interactions of biological consequence

Mice: TCR/pCMH- | = 13 uM
Humans: TCR/pCMH-1 =52 uM
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Table IV. Kinetic data at 25°C7
Human TCR-Binding Affinity Is Governed by MHC Class

Restriction’
1 =1 1 Ko M
KM s Kons (K )

David K. Cole,** Nicholas J. Pumphrey,” Jonathan M. Boulter," Malkit Sami," John 1. Bell,*
Emma Gostick,* David A. Price,* George F. Gao,** Andrew K. Sewell,**

and Bent K. Jakobsen®' TCR-UpMHC-1
gpl00 TCRIAZ gplid) 3.1 % 10° 023 7
J. I. 2007 TEL TCR/A2 Tel 35 =00 014 40
LCI3 TCR/BE EBNA 8.7 x 10 0.63 7
AM3I TCR/A24 EBY 73 = 10° 021 25
IM22 TCR/AZ Flu 32 =10t 015 5
AB TCRIAZ Tax 29 X 010 4
GRBE TCR/B27 Flu igx 0.09 k]
MEL TCR/AZ Mel =W 10° =1 nm
TCR-IIpMITC-IT
MAWI13 TCRDR3 M-HS5F 40 = 10! 01z 30
AL TCRDES C-HSP 44 ¥ 10° 016 i6
1A12 TCR/DR2 MBP 20 =1 0.17 &l
2El] TCR/DR2 MEP 59 =107 073 123
HALT TCR/DRI HA = oH e =1 nm
HALT TCRDEL FA =] 100 =3 | kit
Average TCR-IpMIC-I 332 00% = 20 10 0.22 *+ 0.19 13215
Average TCR-IIpMITC-IT 4.1 = 100 = L3 = 1 030 + 0.29 6+ 43

“nm, Mot measurable, ie. the kinetics were too fast to accurately determine.

ehuman TCRs bind to pMHC-I1 with approximately five times greater
Ka= Kon/Koff affinity than to pMHC-II.
Kd= 1/Ka ofaster on-rates for TCR-I, compared to TCR-II, are indicative of a
higher degree of conformational flexibility and higher entropic cost
Kon: Taux d’association upon I?inding for the TCR-II in_tgractions. . o .
) . eKoff is a measure of the stability of a protein-protein interaction. no
Koff: Taux de dissociation significant difference between the average Koff value for TCR binding to
pMHC-I or pMHC-II. This observation is supported by TCR/pMHC
complex crystal structures, which show that the number of molecular
contacts is relatively conserved for TCR-I and Il binding
esuggest that TCRs specific for pathogenic Ags such as those derived
from viruses and bacteria could bind with stronger affinity compared
with nonpathogenic
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PROLIFERATION Altered MBP 1-11 Peptides are Partial Agonists

—ai— JM
BOH{ —e—2T-3N Agonist = 4A
— —m—4A
M G0 - 2T Substitution of the GIn-3 residue, a TCR contact, with Asn
E (3N) diminishes the ability of the peptide to stimulate T-cell
X 40 4 proliferation (top). Substitution of the Ser-2 residue, an MHC
£ contact, with Thr (2T) also diminishes the ability of the
a peptide to stimulate T-cell proliferation (top). When
20 - combined, these two mutations (2T-3N), profoundly
diminishes the peptide activity. Molecular models suggested
04 &= that the 2T substitution would alter the side-chain
—r 1 1 1 11T T 1 conformation of the 3N residue. Although the 2T-3N
10 10* 10 10° 107 peptide does stimulate T-cell proliferation at high
peptide conc (zM) concentrations (top), at lower concentrations it blocks
proliferation induced by the agonist 4A peptide. These
partial agonist peptides have the ability to modulate T-cell
responses and may be useful in the treatment of autoimmune
——3N In the bottom panel, antigen presenting cells were pre-pulsed
— 20 ~ ®—Z2T-3N with the A4 peptide and then added to T cells with altered
s AQ - peptlde
o Proliferation was measured as the incorporation of tritiated
X 30 - thymidine.
E
o 20 4
10 S
© L, >> Cas de I’échappement viral
10° 10* 107 PP

peptide conc (yM)
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Hb peptide

T cell

M1

TCR mutants
Mi4

M15

Engagement du TCR: Roéle du CDR
Définit I’affinité pour pCMH

CDR mutations K, (k_jk_) Hali-Life
ﬂ-‘l 23 @l 2 3 nf 5

OO0 OO0 19860+3630 68207

OO0 OO sso+185 285408
OO OO® s1+2  a485+24
COB@O® 5:5 1044191

P8
L75

K

o
3220410
42670117430
173,500 + 3,500
281,500 & 34,800

Kan

i
01023 £0.0107
0,0243 £ 0.0007
0.0141 + 0.0007
0.0068 £ 0.0006

Aff >
KD <
Koff <
Kon >

Hb peptide residues and location of CDR mutations in high-affinity 3.L2 TCR mutants. A, Structure of
Hb peptide (ITAFNEGLK) showing in blue the location of the four surface-exposed residues P2(T),
P3(A), P5(N), and P8(L). B, 3.L2 M1 (unmutated CDRs) and three higher affinity mutants (M4, M14,
and M15) with the location of their CDR mutations and respective KD, t1/2, kon, and koff values (43
). The CDRbetal,2,3 and CDR{alpha}l,2,3 are designated from left to right by circles: {circ}, indicate
that the CDR is not mutated; e, indicate mutations in the CDRbeta or CDR{alpha}, respectively. The
amino acid mutations in these regions are the same as previously published (43 ).
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a gp100 epitope g209-217 b gp100 epitope g208-2M Schematic representation of how the
12 9 g2 o modification of peptides can influence
ITIZN.::.'*‘-’!‘—‘F‘S‘ilr IHDQVPFS‘i’ affinity binding to major histocompatibility
S Anchor termediate ﬁwoamhors Higher complex (MHC) class | molecules or the T-
c g affinity for G affirity for cell receptor (TCR). (a) Substitution of a
o] HLA-A2 MHC class | HLA-A2 MHG class | (potential anchor) residue (the second amino
= acid in this case) in the gp100 epitope g209-
S 217 (TDQVPFSV). Replacing a threonine
residue (T) with a methionine residue (M)
Antigen-presenting cell Antigen-presenting cell results in the modified g209-2M peptide
(IMDQVPFSV). (b) This change alters the
¢ CAP-1uron d CAP-1-60 binding affinity of the peptide to the HLA-
TCR TCR A2 molecule, increasing the affinity of the
YL SGANLND, el peptide for the MHC (because of its second
mhlor imhér Jm:ml)r tinchér anchor position for the MHC), and stabilising
. the complex (Refs 45, 90). This leads to an
CD8* cytotoxic T cell CD8* cytotoxic T cell increased recognition of the MHC-peptide
+ * complex by the TCR. (c) Substitution of an
c amino acid residue that is not an anchor for
9 MHC can, instead, alter the recognition of
e T-cellreceptor Intermediate T-cell receptor Higher MHC-bound peptide for the TCR. For
c ot i Al o et example, replacing an asparagine residue (N) at
o HLA-A= HLA-A2Z position 6 of the CAP-1571-579 peptide
8 (YLSGANLNL) with an aspartic acid residue (D)
Q results in the modified CAP-1-6D peptide
e (YLSGADLNL). (d) This modification does not
Antigen-presenting cell Antigen-presenting cell alter the binding affinity of the peptide to the
Schematic representation of how the modification of peptides can influence HLA_AZ_ _mOIGCUIe' but rather. increases the
aﬁi?.'ity_rbincfing to maj?_lr_gigmcompatibility complex (MHC) class | molecules recognition of the MHC-peptide complex by

or the T-cell receptor ) the TCR
Expert Reviews in Molecular Medicine @ 2000 Cambridge University Press Heidi Hérig,' Expert Reviews in Molecular

Medicine, 2000
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CD8" T Cell Activation Is Governed by TCR-Peptide/MHC
Affinity, Not Dissociation Rate!

Shaomin Tian,* Robert Maile,*" Edward J. Collins,** and Jeffrey A. Frelinger®*

CD8+ TCR-transgénique (P14 = TCR Va2 Vb8)

Ag = GP33-41 / LCMV v o
Or GP33-41 mutants (C9L, KIMC9M) -
Tahle 1. Fepnde varanrs af gpid i —a— K15 CH
—a— YA
Munaticn Sie Sequence Peptide Mutar * == ACSRMROYL

Boanz gpdd THE S 4320112
Fl Kla KIL KIE RIF KIL, KRIN KIE, Kl KLV, K1W, K1Y
(] ASD, ATE AJE, NG, AZEL AL, AN, AR, AKS, AZT, ATV, AZW, ALY Lo [Peptide] [ a8}
(5] VA, VAD, VIE, VAE, VIG, VIK, VAL, VAN, VIR VIS, VIT, VIW, VY
Pd :I' A, Yl - 4
| 4} | 218 1
2] o, CSln, CHE COF, CFE, CUL, COM, CON, CWR, TS, OV, COW }. e
FL. M K IACoM, K1MOs, K100 2
] WELCHNM = =
P4, PO YAPCIM, Y4505 3_ —— W
e CE RMRGTL
#
J & 5 4 3 2 a0
Table [ Efects of gpdd vartans on T cell eptoroxicity, TFN-y production, and TCR binding Log I.“ml Lt}
PFepti BC =T (nhy B ™ (pMp LA Al (eal - med 'Y k (XUF M -7l kg7 Iyee (8F - 1
_> epdl 168 = 16.8 0.06 * 001 —h.T% 133 =027 1.35 * 0.68 051 ]

CoF 0.53 = 036 056 * 044 ~6.95 119 = anl LS00l 06D = et T-

CoL 136 =21 047 & 063 =7.00 089 = (02 058 & —— YASCEN

oM 1.59 =267 092 * 039 —h.96 142 = 054 055 ﬁ

cav 320 = 560 123 x 027 —hE6 Li6 = 005 0.55 } =8— ACSRNROYL

—> KIMCIM .58 £ 527 003 = 0.09 -5T0 033 = 008 020

KIR 490 = 220 TO06 = 1.06 —5n5 131 = 047 10.0065 *

K15CoM = 50,000 20 £ 455 =44 oot T

VALCOM = 50,000 11XB £ 753 —4.04 ND# d A [ 1 2

TaA BATD = 5550 1157 = 7.47 —58 035 = 007

YAFCOM 50,000 38.55 £ 22.03 681° —438 NI Log [Peptide] | M)

T4SCOM = 50,000 264.1 = 157.5 5308 —4.53 ND# : . . . .

- . . . R ) ) o FIGURE 3. Wiral epitope gp33 and APLs variably sensitize P14 T cells
dia ..'.::Iinr.cum.-ul:-:\-n of peptide that gives 50% maximum CTL activity a5 determined by 4-h chromium release assay. The values represent the mean = 1o kil target cells. EL4 cells Labeled with ‘I'Cr and _r.'lul:il.'d wiih _[}':_[}{idl.'.\ g
\ N ive conceniration of peptide that induces 50% of the maximum zmount of IFN- a5 determined by ELISA. The vaboes represess the mean = 8D of Yafious copeenlEatons were incubared with activated splenocyics from P14

e e enpes . . - - . - . _

* Dietermined from stescy state SPR daty wilk software Scrubber. The values represent the mean = 810 of bwo o three experiments. TCR transgenic mice (BT ratio = 5) for 4 ho Specific lysis of EL4 cells

I Demerenined by &G = —RT I Ky, where RT @ 25°C is —06 keal - mol 51 N ] LAY pepiide

7 Dietermined from winetic SPR & B wi h saftware CLAMP XP. The values represeni the mean + SD of two %o three experiments. Wi .Ifl:lﬁa.'\ullfﬂ b} Cr ﬂ- lease. lrnelevant HY(KLA) pe r.-’;C?..Hh

7 Half-life of disses en P14 TCR. Determissd by g = In 2k.q ROYL) was used as negative control. Dhata ane shown as mean = S0(n =

* Froen Tissot 2t al. (4

A lacrived from g = Ko % b = 3}, and are representative of thee to five independent experiments. Using

GraphPad Prism, data wese fit inte sigmoidal dose-response model 10 ob-
tain BC.."™ values (shown in Table [T} {fitting curves ane aot shown).
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FIGURE 5. CTL response and IFN-v production are correlated with binding affinity of peptide/D" 1o P14 TCR.  and b, Correlations betwesn log
ECs" ™ and log Ky (a), log ECo,™™ and log Kp (k). All the data points are shown in Table IL The ECe," " and BCs, ™ values are in unit of M, and K,
in pM. The solid lines are the fitings 1o Bolizmann sigmoidal eguation as follows: ¥ = bottom + {lop — bouom)/{1 <+ exp{(Vi0 — X)slope)), using
GraphPad Prism. The K, values for VALCSM, Y4FCOM, and Y45C9M are adopted from a previous report (42). Note that the EC.,"™ values for K15C9M,
VILCOM, Y4FCOM, and Y45C9M were shown on the graph as 50 uM, although the actual values could be higher than that, but are out of the measurable
range with CTL assay. ¢ and d, Correlations between log ECo. "™ and kg (), log ECo"™ and &_z (d). The solid lines in ¢ and d are linear fitings using

Importance de I'affinité du TCR
pour I’activation lymphocytaire (2)

b
* VaLcem .
Y4SCM R*=0.73
-3 T T
3 2 0
Log Kp
- d
o33
*
-4 & KIMCIM
& coL
3. S
oM
w £
=] cov
3
*
H ®van KR
*
K1SCEM Ri=0.04
&4 L L) L L L]
1] 2 4 ] 10 12

ko (s7)

GraphPad Prism 4.01. All of the data points are shown in Table I1 The EC.,"™ and BEC.""™ values are in unil of M.

CTL

Aff

CTL
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e« Activation:

— Ont été observées :
* Une diminution de I'activation liée a une augmentation de l'affinité
* Une augmentation de I'activation liée a une diminution de I'affinité

+ Spécificité

The Study of High-Affinity TCRs Reveals Duality in T Cell Recognition of Antigen: Specificity and

Degeneracy
D Donermeyer et al; Journal of Immunology, 2006,
3.L.2 M4 M14 M15
50000 ™ 50000 50000 50000
40000 40000 = 40000 = 40000 =
) i Hb
E 30000 4 30000 = h 30000 = 1 300004 K75
Q
20000 - 20000 = 20000 = 20000 = —= Iz5
.................. * A75
10000+ 10000 10000 = 10000 =
! ]
* ° T f L L LJ L) | 0 T l T
E§ § s -~ ® & & & 5 - ® & s & 3 - = & 3 3 3 - = 8
Peptide Concentration (pM) ° A
P-1 P8
V67 P2 P5 L75
. . L - .. w 1% an N ,
Degeneracy in the recognition of Hb correlates with increased affinity. CD4+ T A?.M X {7 {
cell hybridomas expressing 3.L2, M4, M14, and M15 TCRs were stimulated with the . e £ on £
indicated peptide concentrations of Hb or APLs of Hb at the P8 (75) position using 11 2 €73
CH27 as APC. The APLs are designated as described in Fig. 2. The level of T cell B
stimulation was determined using a bioassay for IL-2. The cpm values of [3H]TdR Tosl COMmumtons K. k) Hatide k. .
incorporation into CTLL-2 cells represent the mean + SD of triplicate values of a Wi OO0 OO0 1s0z360 65207 520410 01023200107
representative experiment (n > 3). i OOBCOB e st s omarsore

Mis OOB @O® 2555 1044291 281,500£34800 00068 % 0.0006
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Activation T : un systeme dynamique
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Activation du lymphocyte T siinteraction
TCR/CMH-Ag suffisante (seuil d’activation)

Interactions :
— Force d’interaction (Affinité)
— Temps d’interaction (Koff)
— Nombre d’interactions (x n; Avidité)

Activation progressive des molécules de
signalisation (phosphorylation) : seuil d’activation

Seuil critique pour initier une activation
fonctionnelle

Si interaction insuffisante, (dissociation du
complexe TCR/ICMH-Ag) avant initiation de
I’activation: les groupements phosphates seront
éliminés par les phosphatases cellulaires
(McKeithan 1995)

Stimulation réitérative du lymphocyte:
« kinetic proofreading » model

seuil
d’activation

signalisation
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T naif T mémoire



Seuil d’activation:
T naif vs T mémoire
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Spleen cells+Ag Beads H-2Kb+Ag

]
200 :-':‘2 A SIINFERL
A o concentration
s - -
& 154 E 2000 nM
= {50
- g B 1000 nm
= - T B =00
E —n—cmm g Em—-
g1004 g W 250 M
S ST P L] =
8 S 54
" o W robeads
= 5100
o
B o
* ] CDadlo CD44hi
1 T
1 2 5
% 124B ug H-2KE per
50 = 107 beads
oy
1.7
v 404 £
= hi &
—O— cD44™ 2 g =) 0 o.ss
™ r~
g 907 __l ——4— CD44M 0.8 pg - E B o:s
) b
Er J. SO o TP [:D-"-"'llﬂ. a |.Iﬂ E . nobeads
- i =
§ 20 ——#— D440, 0.8 g 2
B
E 10-
£ CD4dlo CD44hi

Proliferation of OT-1 CD8* LNC in response to
Kb/OVA,,_,s, and rlL-2 is predominantly due to the
CD44high subset of cells. A, LNC (5 x 10%-sorted

CD44'owCD8* and CD44"ighCD8*) from OT-1 mice were
cultured with 1 x 10° latex beads coated with H-2KP at 1.7
ug protein/107 beads and pulsed with OVA,., ., peptide at
the indicated concentration.

Beads H-2Kb+Ag

Curtsinger, JI 1998
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DC scanning

+ Contacts multiples avec complexes CMH-Ag a la surface des DC

Stage I: Stage ll:
Stochastic Transient
contacts interactions
(1-3 h)
T cell g
=

DC

Repertoire scanning

~ 3 min contacts

| CD69 expression

~11 min contacts

T cell clusters

Cytokine secretion
>1 h contacts

Stage IV: Stage V:
T cell swarms T cell proliferation
(16-24 h) (> 24 h)
Cytokinesis
(20 min)

-‘-6-00 -»l\
T 2 m&
@I ? d

Regulation? Migrating T cell blasts
~ 20 min contacts short DC contacts




Nombre d’interactions TCR/CMH-Ag
dépend de I'affinité du TCR
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Irnmiunity, ol 5 137=148, Aogust, 1968, Copyrighs S199¢ by Tl Pross

Correlation Between the Number of
T Cell Receptors Required for T Cell
Activation and TCR-Ligand Affinity

= I 10°
| SuperAg

Figure &. Correlation Betwaan the Binding
Allinity of the TCR for Its Ligand and the Num-
Number of bar ol TCRs Required far T Cell Activity

Ligands (] K. values from previeus reparts are surm-
-llm marized in Table 1. Thie member of TCR at
>25,000 ligands (open circles] was deter-
mined at saturating ligand concentraticns for
each of the peplides or superantigens that
10,000 have a published binding afinity for the 2
TCA. Tha numbaer of TGRS at 1,000 [open tri-
arvgles) and 10,000 ([closed sguares] ligands
ware calculaled by regression analysis from
the data summanzad in Tahble 2,
(B K, valuas for the TCR interaction with tha
indicated peplide-class | complexes wene
»26,000 predicted from the number of TCAS required
for activity, The cures determined from
102 known K values Tor several TCR-ligand inter-

- . actions was plolled versus number of TCRs
106 T A T U L [

10°

104

Mumber of TCR

Number of TCR

108

102

at saturating ligand concentrations (open cir-
cles] to generate a standand curve, The inhi-

101 1;12 107 11;‘ 1rln5

Mumber of Ligands/Cell

Figure 4. Relationship of Number of Ligands per Target Call and
1he Mumber of TCRs Regquired for Activity

The number of 2C TCR required Tor recognilien of various ligands
wis plotted as a function of the numbar of ligands on the target
call. Tha number of p@Ca-L?, OLS-LY, QL9-DE-L", SEB-class II, or
BECT-clags || complexes was calculated Trom the K, of the peptide
or SE for MHE and the concentration of peptide or SE added in tha
assay. The number of TCR required for recognition was determined
from the concentration of 1 B2 Fab fragmants required at 50% inhikbi-
tien of cylolysis, using a K, ef 2 = 10° M and 100,000 TCRAs per
T cell, as described in Experimental Procedures. Data are Laken
from Tablg 2.

Ky of TCA for Ligand

102

Prodicted Ky
A oLavb  1a3x104
B owe-Dsad 2.2x 104
C OLe-KaLd 1.4 x 109
D oLe-RsLY 2.7 x 108
E QLg-HsLY 26x 107

K of TCR for Ligand

i? w* s b w7

108

bition analysis was used o detarmine the
number of TCRS reguired &l 3 = 10°* M QLS-
HS, GL9-RE, OLS-HE nd 10 M QLI-DS with
T2=L" aand 10 “ M QLS with T2=K®, These val-
ues were plotted on the standard curve
[elosad circles) to calculate by linear ragres-
sion a predicted K, value for TGR binding io
aach of the peplide=class | complraas.,

Modéle:

Clone 2C anti-AlloAg
Spé p2Ca/Ld; QL9/Ld
Nb ligands: A[peptide]
Nb TCR: [Fab 1B2],
blogue TCR

Affinité: Mutants de QL9
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1 a 50 complexes CMH-Ag sur APC pour activer LyT

Engagement multiple des TCR pour un complexe CMH-Ag
— N= 200 contacts répétitifs (Valitutti 1995)

Temps de contact cellulaire requis ? (Long / Court)

Temps de contact TCR/CMH-Ag limité pour assurer des engagements
répétés des TCR

Engagement répété de la méme molécule de TCR vs différentes molécules
de TCR ?




Serial triggering of many T-cell receptors by a few peptide-MHC complexes
Ui mc Valitutti, Nature 1995
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T cells conjugated with peptide-pulsed
APCs undergo an antigen-dependent
downregulation of the TCR/CD3
complex.
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Nombre d’engagements

Serial triggering of many T-cell receptors by a few peptide-MHC complexes
Valitutti, Nature 1995

per APC

Peptide-DR complexes

% TCR downregulation

Number of downregulated
[CRs per cell ( x 10)

1044

100

50+

254

b
754 A

T

102 103 104

Peptide concentration (nM)

105

30

R

104

T T

1 2 3

Peptide-DR complexes per APC (X 107

we measured at different antigen concentrations the number
of complexes per APC and the number of TCRs
downregulated after T-APC interaction. In one series of
experiments, EBV-B cells were pulsed with different
concentrations of 125 I-labelled peptide and the number of
peptide-DR complexes per cell was calculated at each
peptide concentration Figure 3(a). In parallel experiments,
the fraction of TCRs downregulated by APCs pulsed in the
same conditions was measured Figure 3(b). From
comparison of the two curves it is estimated that APCs
pulsed with high peptide concentrations (20 micromolar)
display approximately 7,500 complexes and induce
downregulation of 93 percent of TCRs. Strikingly, APCs
pulsed with a low peptide concentration (50 nM) display
only approximately 100 peptide-DR complexes, yet they
downregulate 62 percent of TCRs. The relationship
between the number of peptide-DR complexes per APC and
the number of TCRs downregulated per T cell is shown in
Figure 3(c). This plot clearly shows that each peptide-DR
complex must engage a large number of TCRs in successive
rounds. This effect is dramatic at low complex density, where
approximately 100 complexes can trigger up to 18,000
TCRs, but is less marked at high complex density, indicating
that a single peptide-DR must be able to trigger 180
TCRs in successive rounds. This figure may increase at
lower complex density and could be an underestimate as it is
unlikely that all complexes present on an APC may be
available to the responding T cell.



Internalisation du TCR
Coombs et al 2002
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TCR down-regulation as a function of TCR-pMHC <
half-life. 2 000l oo ol " 0001 001 0. |
Data are derived from 5-h TCR down-regulation ) : ’ ’ ' I-
experiments done with a panel of TCR mutants koff (S' |} koff (s-1)

derived from a Kb-VSV-specific TCR (N30.7). Each
point represents the indicated TCR-pMHC pair: 1,

V98D- Kb-VSV: 2, VO8L-Kb-VSV- 3, N30.7~ TCR internalization as a function of the dissociation rate constant.

KbA158T-VSV: 4. G99A-KbA158T-VSV: 5, Results are shown for the monomer model (closed circles)' and thg dimer
G97/99A-KbA158T-VSV: 6, G97A-KbA158T-VSV: 7, model (open squares). (a) Only activated bound TCRs are internalized,
N30.7- Kb-VSV: 8, G97A-Kb-VSV: 9, G97/99A- Kb- lambdaB = lambdaD = 0.003 s-1, lambdaT = 0 s-1. (b) Only unbound
VSV: 10, G99A-Kb-VSV. Half-lives are shown as activated TCRs are internalized, lambdaB = 0 s-1, lambdaT = 0.003 s-
relative units (RU) normalized to the half-life for the 1.

N30.7-Kb-VSV (humber 7) interaction4. TCR down-
regulation data are shown as RU normalized to TCR

down-regulation measured for N30.7 hybridomas > Internalisation du TCR dépend:
that were interacting with 10-4 - 10-5 M VSV —De la constante de dissociation
peptide.

—De temps de contact
> Apreés libération du CMH-Ag = Modéle 2



UPmC Interactions en série

AAA1 PARISUNIVERSITAS
B. Bellier

|

Fig. 3. Pararmeters teaf influence TCR triggering and signaling of the
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Serial triggering of TCRs: a basis
for the sensitivity and specificity of
antigen recognition

Salvatore Valitutti and Antonio Lanzavecchia
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Serial triggering of TCRs: a basis
for the sensitivity and specificity of
antigen recognition

Salvatore Valitutti and Antonio Lanzavecchia
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LY. Carrene et al. | Immunobiology 211 (2006) 4764

Low pMHC density

Weak aponists Orptimal agonists

Incomplete
TCH ll:ullnu
%, PN PR
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Fig. 2. T cell activation depends on TCR /pMHC interaction half-life and pMHC density. (A) When T cells interact with cognate
pMHC at low density on the APC, cfficient activation takes place within an optimal range of TCR/pMHC interaction half-life.
Interactions with short half-lives cannot complete necessary intracellular signals for T cell activation, due to impairment on TCR
kinetic proofreading. TCR/pMHC interactions with excessively long half-lives impair T cell activation due to TCR serial
engagement blockade. At low pMHC density, the plot of T cell activation versus TCR/pMHC half-life results in a Gaussian
distribution, in which only pMHCs that interact with intermediate half-lives with the TCR behave as agonists (Kalergis et al., 2001;
Coombs et al., 2002). {(B) When T cells interact with cognate pMHC at high density on the APC, T cell activation can take place
when the half-life of the TCR/pMHC interaction is intermediate or high, because serial engagement requirement no longer applies
{Gonzalez et al., 2005). At high pMHC density, the plot of T cell activation versus TCR/pMHC half-life results in a sigmoid
distribution, in which pMHCs that interact with intermediate and long half-lives with the TCR behave as agonists.

T cell activation

* TCR/PMHC 1,
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Importance de la synapse immunologique
pour le maintien du contact

* Favorise interactions multiples TCR/CMH-Ag
* Role dans la transduction du signal ?

— Formation de la synapse est associée a I'activité P e APC

|polymerization [

PI3K

— Blocage de la synapse empéche signal calcique
(tardif) et la production de cytokine (IFNg) mais ne
perturbe pas les événements de signalisation

F-actin

TCR microcluster

F-actin reorganization
» APC recognition

Cell-surface/
receptors /

Distal-pole
\ formation

précoces (phosphorylation ERK) Ny +Itegr-medisted
« Lien étroit entre activation T et maintien de la e sieze | § QORI  feser eoctriution
- NCK | « Immunological-synapse
structure « synapse » | ¢ b o
. . . q VAVI + TCR internalization
— De la meme facon qu’il existe des paramétres : AL\ S Felny
d’interaction du TCR optimum, la formation des \ ’ :
suprastructures cSMAC/pSMAC dépend de la demi- N

Nucleus

vie d’intéraction du TCR

'Ii-actin

Nature Reviews | Immunology

Recruitment and activation of proximal signalling intermediates — such as lymphocyte-specific protein tyrosine kinase (LCK), ZAP70 (-chain-
associated protein of 70 kDa), LAT (linker for activation of T cells), SLP76 (SRC homology-2-domain-containing leukocyte protein of 76 kDa), NCK
(non-catalytic region of tyrosine kinase), ITK (interleukin-2-inducible T-cell kinase) and VAV1—is probably initiated at sites of T-cell receptor
(TCR)-microcluster formationg0, 84. Recruitment of these molecules leads to the activation of filamentous (F)-actin-regulatory proteins, which
control actin polarization in T cells. Interestingly, signals that arise from TCR microclusters not only induce F-actin polymerization, but are required
for the stable formation and movement of TCR microclusters, and ultimately lead to the organization of the mature immunological synapse
(consisting of the central and peripheral supramolecular activating clusters; cSMAC and pSMAC, respectively)13, 22, 29, 80. In addition, global F-
actin reorganization resulting from T-cell activation leads to lamellipodium formation and distal-pole formation, facilitating T-cell-APC (antigen-
presenting cell) recognition11. DLG1 (discs-large homologue-1)61, ERM (ezrin, radixin and moesin) and F-actin also polarize to the rear of the T
cell to form the distal-pole complexl1, 48. It is thought that this complex recruits some receptors to the rear of the cell, away from the
immunological synapse.
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Fig. 3. Clonal expansion of T cells in response to antigenic challenge is determined by the half-life of TCR/pMHC interaction.
Before antigen challenge, the T cell population shows a wide range of half-lives for the TCR/pMHC interaction. After the first
antigen challenge, only T cells bearing TCRs with optimal half-lives are clonally expanded and the global TCR/pMHC half-life of
the responding T cells shifts towards an optimal value. Although subsequent antigenic challenges do not lead to a significant increase
in the overall TCR affinity of the T cell population, there is a selection of T cells within a narrower range of TCR/pMHC half-lives.
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Cas de I’échappement viral

Table 5. Virus mechanisms to evade MHC-1 expression

Virus Gene / Function
Gene
Products
Adenovirus E318K Retention of MHC-1in ER
African Swine Fever Virus Unknown Dispersion of trans-Golgi network,
slowing of MHC-1 to plasma membrane
Bovine Papillomavirus ES Retention of MHC-1 in Golgi, repression
of MHC-1 gene promoter
Cowpox Virus Unknown Retention of MHC-1 in ER
early gene
Human Cytomegalovirus ppBS HLA-DR segregation and destruction,
phosphorylation of 72-kDa transcription
factor
usa Destruction of MHC-1 heavy chains
[JEE] Retention of MHC-1 in ER
US6 Inhibition of TAP
US11 Destruction of MHC-1 heavy chains
Human Immunodeficiency Nef Endocytosis of MHC-1 and CD4
Virus Tat Repression of MHC-1 gene promoter
Vpu Destabilization of newly synthesized
MHC-1
Unknawn Inhibition of TAP
Human Papilloma Virus E7 Repression of MHC-1 gene promaoter,
repression of TAP gene promoter
Herpes Simplex Virus ICP-47 Inhibition of TAP
Kaposi's Sarcoma Herpes K3 Targets MHC-1 for degradation
Virus
K5
Murine Cytomegalovirus gp37i40 Retention of MHC in ER / Golgi
ap4B Targets MHC for degradation
Murine Herpes Virus mK3 Targets MHC-1 for degradation
Myxoma Virus mi53R MHC-1 internalization and degradation
Porcine Reproductive and Unknown Down regulation of MHC-1 expression
Respiratory Syndrome Virus
Vaccinia Virus UL49.5 Inhibition of TAP

A review of viral strategies to evade selected components of the host immune system, Bruce Wobeser
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suppressive cytokines
{IL-10, TGF-B)

Tumor escape from immune recognition: loss of HLA-A2
melanoma cell surface expression is associated with a
complex rearrangement of the short arm of chromosome 6MJ
Maeurer, MJ Maeurer et al; Clinical Cancer Research, 1996
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Importance des parameétres de fixation du TCR en

fonction de la fréequence des complexes CMH-Ag

Signal intensity
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The temporal TCR signal summation model suggests the existence of an optimal TCR/pMHC half-life for T cell activation in response to low-
density cognate pMHC ligand. (A) TCR/pMHC interactions with short half-lives fail to activate the T cell (inset) in response to low-density pMHC
due to summation of TCR signalling not reaching the activating threshold. (B) TCR/pMHC interactions with optimal half-life lead to efficient T cell
activation (inset) as a result of summation of productive TCR signalling that reaches the activating threshold. (C) TCR/pMHC interactions with
prolonged half-lives fail to activate T cells (inset) in response to low-density pMHC, due to TCR signals being generated at low frequency (TCR
serial engagement blockade) and fail to be added one over the other due to intrinsic signal decay. Thus, T cell activation is impaired (inset) as
activating threshold is not reached. (D) However, TCR/pMHC interactions with prolonged half-life can lead to T cell activation (inset) in response
to high pMHC-density on the APC, because multiple productive TCR signals are generated simultaneously. These signals can be added and the T

cell activation threshold reached.



UPITIC Parametres quantitatifs de I’activation

ARA1 PARIS
B. Bellier

Engagement de

<\\§<\\§ 3 4 400 TCR différents
X
R

<\\§ x1-200 /t=2-30s

R

10°TCR/T

Dépende de la présence de

f CD3 f CD28
CD40L
f LFA-1



Upmc Role des moléecules adaptatrices
MR PARISUNIVERSITAS et de costimulation
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«  Transduction du signal : renforcement
des voies de signalisation

TCR/CDE

Chp/PAG
i
|

. Modeéles d’initiation de I’activation
— Importance des Ag du soi

T cell ? Teell T cell
—_— — —
Agenin Endogencus
peptide 3 peptd .:E:I:I .:’&]t;:ll::t
APC
Coreceptor Pseudodimer Dimers of dimers

Michelle Krogsgaard, Sim Imm 2007
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The ap-negative T cell hybridoma 58-/-
was cotransfected with the 2C wt o chain
gene and one of five different o chain
genes from 2C and the mutants m6a
m13cc m33a and m67a . Stable
transfectants that expressed similar
levels of TCR were identified based on
their staining with anti-Va antibody KJ16

Sensitization Doses of Various QL9
Positon 5  Variant  Peptides|L-2
production by transfectants stimulated
with various peptides was measured as
described in the Experimental
Procedures. The amount of peptide that
yielded 50% of the maximum IL-2
release (SD50) was calculated by linear
regression of IL-2 curves (see Figure S1
at
http://www.immunity.com.gate1.inist.fr/cgi/c
ontent/full/18/2/255/DC1). The log of the
SD50 value was plotted for each of the
peptides used to stimulate transfectants:
(A) 2C and m6_ CD8-negative; (B) 2C
CD8-negative, 2C/CD8__ and 2C/CD8__
(C) m6_CD8-negative, m6_CD8__ and
m6_CD8__ In Figure 3, Figure 4 and
Figure 5, log SD50 values represent the
mean of at least two assays. Error bars
indicating one standard deviation are
included for each point (for some points
these error bars are not apparent as they
are smaller than the size of the symbol).

The significant enhancement in recognition of the peptides could

be improved by one to two orders of magnitude by the
introduction of CD8 into transfectants

Réle des moléecules adaptatrices : CD8
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Relationship of Peptide Activity and TCR:pepMHC
AffinitySD50 values of various peptides were plotted
versus the equilibrium affinity constants (KD) of the
corresponding TCR:pepMHC interaction (Table 1). In order
to include values from the Ld and Kb systems, SD50
values from the two different antigen-presenting cell
systems (T2-Ld and T2-Kb) are shown on the two Y-axes.
The points represent data derived from CD8-negative
transfectants (blue circles) and CD8__transfectants (red
squares) of the corresponding TCR transfectant. The
corresponding TCR/pepMHC interactions are shown at
the bottom of the figure. The range of KD values that
correspond to  affinies measured for known
TCR:syngeneic MHC interactions from in vivo CTLs are
shown. This range falls exclusively in the CD8-dependent
category, as determined by TCR-transfection studies (not
necessarily anti-CD8 antibody inhibition studies).
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. To investigate the functional effects of CD80/CD86
blockade on naive CD4+ T cell activation, freshly
isolated CD4+ T cells from OVA-TCR transgenic
D011.10 mice [27] were labeled with CFSE and cultured
with OVA-peptide pulsed, mature DC in
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We demonstrated that DC mediated CD80/CD86
costimulation

Our data revealed that blocking CD80/CD86 signaling
up to 6 h after conjugate formation resulted in a
significant decrease in both the number of naive T
cells entering the proliferative cycle and the number of
daughter cells generated by each cell.
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peplide (nM): days in culture:

Federica Benvenuti, JI 2004; Dendritic Cell Maturation Controls Adhesion, Synapse
Formation, and the Duration of the Interactions with Naive T Lymphocytes
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Proliferation of naive T cells stimulated by immature or mature DCs. Immature or
mature D1 pulsed with different doses of peptide were cocultured for 5 days with
CFSE-loaded naive T lymphocytes (1:5 ratio). A, Representative dot blot profile
showing the loss of CFSE and the up-regulation of CD44 induced by immature
(upper row) or mature (lower row) DCs loaded with different peptide doses at day 3.
B, Histogram profile of CFSE staining on naive T cells stimulated with immature
(upper row) or mature (middle row) DCs loaded with 1 nM H-Y and mature DCs
loaded with 0.1 nM peptide (lower row) at days 2-5 of the coculture. C,
Quantification of the absolute number of CD4+ T cells at the different days of
coculture for immature () and mature () DCs loaded with 1 nM peptide (T cells at
day 0 = 7 x 104). One representative of three experiments is shown.
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Efficient clustering in naive T cells requires DC maturation. Confocal images showing the distribution of CD3, LFA-1, LAT, and tubulin in T cells forming conjugates with
immature or mature D1 pulsed with 10 nM H-Y peptide. Conjugates were formed for 30 min, washed five times, and fixed for immunostaining. A, One representative
conjugate formed with immature DCs (upper panels) or mature DCs (lower panels) is shown for each marker. For each immunofluorescent image (right panels), a DIC
image showing the two cells in contact is shown (/eft panels). Note that the distribution of CD3, LFA-1, and LAT is homogenous on T cells forming conjugates with
immature DCs and clustered in conjugates formed with mature DCs. Similarly, the T cell MTOC (marked by an arrow) is reoriented toward the APCs in conjugates with
mature, but not with immature DCs. B, Quantification of the proportion of conjugates showing clustering of CD3, LFA-1, LAT, and tubulin at the site of contact.
Conjugates between naive T cells and immature or mature DCs pulsed with different doses of H-Y peptide were formed as in A. The number of conjugates presenting
clustering at the contact zone was blindly quantified (see Materials and Methods) and expressed as a percentage of the total number of conjugates analyzed (percent
clustering). Number of conjugates quantified is as follows: CD3, immature, n = 276; mature, n = 347; LFA-1, immature, n = 197; mature, n = 229; LAT, immature, n=
185; mature, n = 232; and tubulin, immature, n = 210; mature, n = 243.
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Induction du programme de différenciation
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Days post-infection

Cusrent Opinian in Immunochkgy
Masopust Curr Op Imm 2004

Dynamics of phenotypic changes as mouse CD8+ splenocytes respond to viral infection. The CD8+ T-cell differentiation
program is coupled to progressive phenotypic changes that persist through memory development. Temporal expression
pattern of various proteins (a) directly ex vivo, or (b) following five hours of in vitro re-stimulation, among antigen-
specific CD8+ T cells after viral infection. Expression of these markers has largely been defined by analysis of
blood- or lymphoid-derived CD8+ T cells, and a much more comprehensive characterization of non-lymphoid
memory cells is warranted.
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- E. John Wherry, JI 2002, Generation of CD8+ T Cell Memory in Response to
Low, High, and Excessive Levels of Epitope
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The Goldilocks model of effector and memory CD8+ T-cell development. The first 24 hours following antigenic stimulation elicits a
program of expansion and differentiation that continues among daughter cells after removal of antigen. ‘Too little’ stimulation, meaning
insufficient antigen concentration or duration, leads to limited CD8+ T-cell expansion, poor memory development and attrition. Chronic
antigen exposure may cause ‘too much’ stimulation, leading to a progressive loss in the ability to secrete cytokines and the eventual
deletion of antigen-specific CD8+ T cells. Optimum memory development is favored when conditions are ‘just right’; that is, when CD8+
T cells are stimulated by a sufficient concentration of antigen for a sufficient, but not excessive period of time. Several variables, such
as the cytokine environment, TCR affinity, type of antigen presenting cells, CD4+ T-cell help and degree of co-stimulation, modify the
differentiation program and alter the antigen-dependent signaling requirements for the development of a robust response. Several
factors encountered during the days following priming, including continued antigen contact, various co-stimulatory molecules, negative
regulators, cytokines, chemokines, CD4+ T-cell help and anatomical location might also have a large qualitative and quantitative
influence on the developing response. Additional factors may be important weeks and months later for memory differentiation and
maintenance.
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Immunology 2001 ; Memory CD8+ T cell : Antigen-driven differentiation ©
differentiation: initial antigen encounter triggers .co () ©
a developmental program in naive cells .40 © ©0 00@
° oS 0 .<‘o _________ ” w@
Models for proliferation and differentiation .< 000
of naive CD8+ T cells.(a) CD8+ T cell ©
proliferation is dependent on repeated b . .
encounters with antigen. Each cell that is Programmed differentiation
stimulated by antigen divides and © S5 2’2 ©©
progressively differentiates into effector J'o* *w © 08
CTLs and memory CD8+ T cells with ® - Q@ Oo&
each successive cell division. According Q,°+w4..w @
to this model, it is essential that each © w Q 00
daughter cell be stimulated with antigen, (at least 7-10 cell divisions) ©

otherwise CD8+ T cell division, and
possibly differentiation, would be halted
upon antigen removal. (b) Naive CD8+ T
cells are developmentally programmed
to divide at least seven to ten times and
to differentiate into effector CTLs and
long-lived functional memory CD8+ T
cells. Optimal antigenic stimulation of
the parental cell triggers this
developmental program and the CD8+ T
cells become committed to proliferation
and differentiation. Further antigenic
stimulation of the daughter cells may
increase the number of times the
activated CD8+ T cells divide, but it is
unnecessary for this developmental
program to progress.
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€ Formation of different memeory T-cell subsets
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Kaech, Nature Reviews Immunology, 2002
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Inhibitory receptors: whose side are they on?
Alison Crawford & E John WherryNature
Immunology 8, 1201 - 1203 (2007)
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e Parametres de I'interaction TCR/CMH-Ag

Affinité

Avidité

Temps contact

Flexibilité du CMH-Ag

Molécules adaptatrices / costimulation

e Déterminent

Activation lymphocytaire

Sélection des thymocytes

Conclusions



