an Huse, Immuﬁogy Program
MSKCC
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How do T cells and B cells recognize antigen”?

MHC /peptide complex

antigen-binding

site
—— Alpha CDRs }eta CDRs

2

Fab

antigen-binding
site

VB
T-cell
Cs receptor

T cell

Fig 3.11 © 2001 Garland Science



VDJ recombination generates diversity

Va segments

Ja Segments

Val Va2 || Va60 [Jal |[Ja2 ][ Ja3 |[Jas50
Rearranged DNA
Val Va2 NNN |[Ja3 Jas0
TdT
CDRI1, 2 in here — Spliced mRNA
Vo2 [NNNLJa3
(CDR3 o)

Ca

Diversity concentrated in CDR3 regions




T cells recognize antigen bound to MHC

peptide-binding
cleft

L5 Q4

Q3 B2~
microglobulin
~

08)

unobiology, 7ed. (© Garland Scie

Class | MHC

Immunobiology, 7th ed.



TCRs recognize pMHC with a composite interface

Figure 3-22 Immunobiology, 7ed. (© Garland Scien«



The organization of the TCR-CD3 complex

TCR

recognition

PMHC engagement induces
ITAM phosphorylation

ITAMs, consensus sequence
Y-Xx-X-(L/1)-Xg.g- Y-X-X-(L/I)

Phosphorylated by Src-family
kinases (e.g. Lck)

Recruit Syk-family kinases
(e.g. Zap70)

signéling

Figure 6-10 Immunobiology, 7ed. (© Garland Science 2008)



The organization of the TCR-CD3 complex

TCR

: —— CcD35
recognition . TGRah

sign'aling

Figure 6-10 Immunobiology, 7ed. (© Garland Science 2008)

Call et al., 2002



TCR binds to pMHC in conjunction with CD4 or CD8

CD4

| —

—

Figure 3-24 Imm

unobiology, 7ed. (© Garland Science

CD8is a
homodimer,
and binds
with higher
affinity than
CD4 (uM
versus mM).
Both
potentiate
TCR
signaling, but
not required
for it.



TCR binds to pMHC in conjunction with CD4 or CD8

MHC class I MHC class |

CD4 and CD8 bind to
analogous portions of the
MHC molecules.

They potentiate TCR
signaling by:

B ... - 1) Enhancing strength of
interaction.
‘lﬁ HiE s MHC class |
h b ‘ ) 2) Recruitment of Lck
- , " kinase activity (both
B2 | i .gtgz;in CD4 and CDS8
. == ) | | ! associate with Lck).
L {— 4
c d

Figure 3-25 Immunobiology, 7ed. (© Garland Science 2008)



Early TCR signaling

Antigen presenting cell

pMHC
cD4
TCR complex
T cell
Lck <
LAT 6§° “ o P
SLP76 ZAP70 SLP76 PLC-y
sos| &
%e Vav / \
l IP3 DAG
Ras, MAPK Rac, Cdca2 Ca?* flux PKCs,

activation RasGRP



The costimulation concept

Signal 1 & Signal 2

Signal 1

—

Activated

CD4+ APC
Tolerising T cell !
APC —L\—
. Important
conceptual note.
Costimulatory
molecules should
— not induce signals or
T cell tolerance T cell activation responses on their

own.

8 Peptide-MHC Il
&/ Costimulatory

7r T cell receptor T molecules

Current Opinion in Pharmacology




CD28 architecture

EXTRACELLULAR
oy TOPLASM

®

Q_,__—-YMNMTPRRPmPYAPmAYRS

O.a’YMNMTPRRP S~ SPYAP~ AYRS

Human
CD28

S-S

Binds to phosphotyrosine motif

Binds to unphosphorylated motif

Esensten et al., 2016

Ligands: B7.1 (CD80), B7.2 (CD86)

Ligand binding

rcsb.org



Signal transduction to the nucleus

Signal transduction to the nucleus

(%Peptide-MHC
>

T
E '
e Vs :

MAPK cascades 76,
@ﬁ%ggﬁﬂﬂﬁ =

Oral

A yy.m% — @ CAG

a’tsi allng %
(AKL)

NF-xB
actlvatlon

Huse, 2009



Lecture topics

1) How does ligand binding induce TCR activation?
 Phosphatase exclusion

e TCR conformational change

* The kinetic proofreading model

2) How does receptor activation induce downstream signaling?
* Liquid-ordered signaling microclusters

 Lipid second messengers

e (Calcium signaling

3) How does interfacial architecture influence T cell activation

and effector responses?

 Microvilli and ligand search

* Actin dynamics and mechanotransduction
* Directional secretion



Lecture topics

1) How does ligand binding induce TCR activation?
 Phosphatase exclusion

e TCR conformational change

* The kinetic proofreading model



Receptor tyrosine kinase signaling

DeMeyts and Whittaker, 2002



The old model for TCR activation in presence of CD4

pMHC

CD4

TCR complex

Lck

ZAP70

However, CD4/CD8 not required for TCR signaling. So how to signal through
a monovalent receptor?



TCR conformational change

PMHC binding
induces
conformational
change, exposing
cytoplasmic
signaling motifs

Safety “on”

Safety “off”

Kuhns and Davis, 2008




CD3 tails associate with the plasma membrane

Defined Planes

— Acyl chain

NMR structure in
the presence of
lipid bicelles.

Leu52

Tyrosines are

buried in

membrane.
E

Both CD3¢ and 3

CDBC dO thls '§. Y38 Y49 o Defined Planes
"g \/—\ 141 B — Acyl chain
§ \C/\ \/\ \\) i “}g u— 2nd Glycerol
ﬁ P
§. 2 2 — 1st Glycerol

Xu et al., 2008
Aivazian and Stern, 2000



FRET-based detection of conformational change

CD3"-only FRETc

Free CD3( CD3Cin TCR
ﬂﬂ S

No FRET

Donor Acceptor Donor Acceptor
nnnnnnnnnnnn itation emission excitatiol

|

Distance <10 nm
No FRET FRET ]
405 nm L ImEGFP & mCh 55
- f}_ o Subset o
E | 4: CD3™ TCR
, - , only CcDaT
<10 nm (H=ET} {n=1ﬂ?}

>10 nm

Broussard et al., 2013 Lee et al., 2015



FRET-based detection of conformational change

Null pMHC FRETc

000}

Ligand bound
Unbound TCR TCR

Agonist pMHC FRETc

10004
Y
»
1000}
0

UL Y
“Opg0™"

Subset

10-2 T T
Null  Agonist
Lee etal., 2015  (n=150) (n=113)



CDA45 is necessary for restraining TCR signaling

CD45 -Tyrosine phosphatase with large extracellular domain

A |Heceptor and kinases Modulators
TCH TCR
' A F ;
i 3 F 3
!::'ﬁ.!!ﬁgﬂ?ﬁﬁ;ﬁ!!IEH!!Tﬂ;!ﬁ!!::H!!IEEﬂHHEEEIEE!HE‘ 's'.!!li';’.!!l'él-i!!!?'.!!::';:!!:Hﬂ!:!?‘;!i:'ﬁ:!m' !?‘A:E:E!!Iﬁﬂaﬂ
1 : [ ] [ y o n
12_._ '_pl'| |I CBP .1, U 'I'.
Lek i ZAP70 cek Lok CD45
b 1 2 3 4 5 B 7 B c 1 2 3 4 5 8 T B
TCR & B & @ CSK ™ - » »
Lck " » . l CEBP R s B8
FAPTO . @ . @ CDas . & & @
- - - -}Lcknm-t{---—-___
- — - -}l_ckﬂ"’m5<:-‘-- -
w |} zap70Pvee ([ - - -
$lhooose (R0 RR

James et al., 2012
Reconstitution of TCR signaling in HEK-293 cells.



The kinetic segregation model

CD4-Lok ™\, CD45 & rop 4

\ \ | .:' CcD2
e
i i il “ B Lck
T cell 1 2 3
APC MHC-peptide CD58
. - { } T T T é
Molecules segregate on the basis of size. o, \
s . T cell
Inhibitory phosphatases (like CD45) move
away from activating receptors. R
u, 1\ ——= u‘\
\\i Y @ el b Y
THL T [
Bl ! i
T cell 1 2 3
‘ APC
l l .................. l
Pl [
T cell 1 2 3
i I

‘Downstream’ signaling

Davis and van der Merwe, 2006



Increasing pMHC size inhibits TCR signaling

- 4001 ~ SCT
SCT- SCT- E 300 - - SCT-CD2
SCD SCT cD2 CD4 _% SCT-CD22
200 -
] | I:E (§ ] il il 5 - SCT-CD4
'1 -
ﬁ 3 00 - SCD
ﬂ-#*‘m’—ﬂm
0.01 0.1 1 10
APC-B3Z
SCT-CD4
(N S . A FC

“‘BZM

Peptide
Tcel

Choudhuiri et al., 2005



Early TCR signaling has many steps

Antigen presenting cell

pMHC
TCR complex
T cell
Lck <
LAT 6§° “ o P
SLP76 ZAP70 SLP76 PLC-y
sos| &
,6*’ Vav / \
l IP3 DAG
Ras, MAPK Rac, Cdca2 Ca?* flux PKCs,

activation RasGRP



How is pathway structure related to output?

1) Amplification 2) Regulation

3) Crosstalk 4) Discrimination



TCR signaling is highly discriminatory

Proliferation Cytokine Secretion Killing
Agonist +++ +++ +++
Partial Agonist - ++ +++
Null - - -
Kp koir Half-time

4212 OVAK" Siromp ag-onist G.5 0dz 45

4217 OVAELE® Weak azomist 216 0. 0GE 13

2212 V-OVARS Antaporist 22 B ndds 129

2212 OVARLES Antaporist 57.1 nlds 34

4212 OVA E4EY ull =360 =01 w5

Davis et al., 1998

A relationship between affinity and/or lifetime and potency.



The kinetic proofreading model

A way to link lifetime of the pMHC-TCR interaction with
downstream responses.

Also fits with the multicomponent nature of the TCR signaling
cascade.

X > Co—+Ci—=C >

v
McKeithan, 1995 Initial Major



The kinetic proofreading model

o T B SR ¢

<)
i

Short ky

Prediction: Magnitude of activation depends on dwell-time, not occupancy



Dwell-time versus occupancy

A B

: Model predictions
High ligand density Low ligand density

Short half-life Long half-life I
sl 0 Occupancy Kinetic

e |

IRARRRRRES

Cell signaling

LOV2 half-life (sec)

Tischer and Weiner, 2019



Optogenetic assessment of kinetic proofreading

Q Potential force
exerted on
the TCR G

Long half-life Short half-life

An altered binding interface
simultaneously changes
both binding half-life and
the stability under load.

Dark reversion

CAR

Light intensity directly
controls the binding half-life,
independent of the bond's
stability under load.

SLB

Lov2
1 CAR &Alexmss

@ DAG gCl-Halo

C

No blue light

No blue light

DAG reporter Merge RICM

v 4

Tischer and Weiner, 2019



Optogenetic assessment of kinetic proofreading

A C 3000 - _
,_O\ 1 34 Slmultetmfiou:ly Teasured
8 1‘.1 ’52500- a sea.vsate
% 0.8 — 1 O g
E =2 320004
0.6 — 7 5
= — ) 2 1500 -
V04 — 25 G 8
g LED intensity © 1000 -
3
.8 02 (au, x10°%) c<r(
X O 500 4 |
'o -
N O
L L) L) ] O o i
0 10 20 30 6 -
B Time (sec) = |
g 5 1 g S 1 |
2 ; ' g 4 H
) " =
o QN
8 <3 3
§ 2.4 o 3
o)) 3 & * "
= =
= N 21 W m‘
£ '3 8
g 1 0 v ! Ll L]
> -
O ] e LOV2 10-
! 2 R 4 s half-life
10 10 10 100 (sec) o
LED intensity (au) 0 20 40 60
Time (min)

Tischer and Weiner, 2019



Optogenetic assessment of kinetic proofreading

A B C
e Model predictions Experiment
High ligand density Low ligand density
f-li Long half-lif : =
Short half-life ong half-life Occupancy Kinetic .81'5'
mode]| proofreading N
o, ©
= N \ e X W =) =0 .g ' E 1'0-
© L
...‘ a f; /",‘ g.l 8 ...
3. SO, N~ NS YRR ~0.5 H
Rk 0] '
IRRRRRE: BB E &
U a ol Mt | . p=16e-32
LOV?2 half-life (sec) 0 2 4 6 8 10
LOV2 half-life (sec)
D E
10 T1.04
0 1.0 S 1.0
5 N
£ ©
5 £
= 0.5 e} 0.5 4
—— 5 y '.
9: p=0.36 0] N - p=074
&, p = 3.5e-47 g . . p = 7.8e-256
0 1 2 3 4 0 2 4 B 8 10
3
CAR occupancy (au, x10°) LOV2 half-life (sec)

LOVZ concentration

Lowest i l | Highest

Tischer and Weiner, 2019



Early TCR signaling

Antigen presenting cell

pMHC
cD4
TCR complex
T cell
Lk o
LAT 6§° ot S
- - N
s0s @
%e Vav /
l IP3 DAG
R 42
Ras, MAPK ac, Cdc Ca?* flux PKCs,

activation RasGRP



CAR occupancy (au)

What is the proofreading step?

ZAP70 recruitment

n=0.3%0.3 n=-0.2+0.1
900 600 500
800
500}
700 N
=z 2>
600 400 g3
300 = o
400 ac
300 200 ® 3
c O
200 -2
100
100
200
0 0
0 2 4 8 10 0 2 4 10
DAG levels
= 4 = +
o 39206 - 1604
700 700 1400
600 600 e
=
500 500 o
S>>
400 400 =40
Ta
300 300 el
Q
200 200 £
100 100 400
0 0
2 4 8 10 0 2 4 10

LOV2 half-life (sec)

Combining both data sets

n=0.0£0.1

Combining both data sets

n=2.8%0.2

Tischer and Weiner, 2019



Lecture topics

2) How does receptor activation induce downstream signaling?
* Liquid-ordered signaling microclusters

 Lipid second messengers

e (Calcium signaling



Synapse imaging by TIRF microscopy

Lipid bilayers with
activating ligands

| TIRF (100nm)

e( |e :

ISb (8

J //\\

Laser .
excitation Reflection

angle

Coverslip



TCR proximal signaling proteins form microclusters

In vitro: pLat on bilayer
T cell landing on stimulatory bilayer Add Grb2 and Sos (binding partners)
Then add phosphatase.

Slp76 clusters

Lat clusters

VR e

Yokosuka et al., 2005 Suetal., 2016

Clustering behavior a property of the constituent molecules.



Microclusters are phase separated droplets

TCR signaling proteins

LAT Grb2
Transmembrane SH3  SH2
domain domains domain
Intracellular Sos1
tail
Tyrosine 1 % w
phosphorylation Proline-rich motifs
sites
Nck Gads
@@ < SH2
domain
5H3 SH2 SH3
domains domain domains
N-WASP SLP-76
V000 M
Tyrosine ; ;
Proline-rich motifs ~ phosphorylation g;g!%%réﬁ:;
sites

motifs

Case et al., 2019

[B] module

Li et al., 2012

Phase separation
L

Mo phase separation

[A] module F
Banani et al., 2017



Microcluster architecture

Basal —— TCR engaged

Dustin and Chan, 2000

Ca2+ MAP-K

‘NFKB

Cooperative assemblies nucleated by protein-protein interactions help receptor
modules overcome background phosphatase activity.

Structurally heterogeneous, composed of molecules with multiple protein-
protein interaction domains.



Advantages of phase separation

1) Increased enzyme and substrate concentration in an
environment that promotes mixing.

2) Promotes selectivity by excluding unrelated proteins.
3) Architectural flexibility accommodates heterogeneity.

4) Sharp phase transitions (change in stoichiometry or
state of one component) makes process fast and

regulatable.



Converting signals from molecular to cellular scale

molecular
phenomenon

tubule single protein field

morphology at
the mesoscale

cellular morphologies

Ramakrishnan Natesan



TCR activation induces morphological change

Uropod

/

MTOC
MTOC

Leading
edge

APC APC

. Cytoskeletal
Migratory Contact polarization

T cell formation (120 s)
(30 s)



Lipid second messenger gradients within T cells

DIC

PKD-C1-GFP AKT-YFP

Spitaler et al., 2006 Huppa et al., 2003



Patterning by lipid second messengers

TCR microclusters
(active) (inactive)

= |

F-actin Quann et al., 2009
ring Le Floc’h et al., 2013

Lipids gradients spread signals from protein complexes to the local cellular
neighborhood.



Maintenance of lipid gradients

Phillipson and Kubes, 2011

Cell moves to end-target chemoattractant

Coupled production and destruction constrains the scope of lipid diffusion.

Because system requires active maintenance, it can be disassembled
quickly.



Diffusible agents propagate signals downstream

Fura-2

Caz* dye

T cells landing on surface coated with pMHC



Speed of Ca?* response

Photoactivatable agonist

NO, GHz O

N o7 N
r

NPE-MCC

ANERADLIAYLKQATK
Null

|

HoN

M
i ANERADLIAYL QATK

NFAT-based Ca?* sensing

£e

Photoactivation of Ca2*influx in 6 s

Huse et al., 2007

In living tissue!

Marangoni et al., 2013



Lecture topics

3) How does interfacial architecture influence T cell activation
and effector responses?
 Microvilli and ligand search

* Actin dynamics and mechanotransduction
* Directional secretion



TCR signaling occurs at a cell-cell interface

Green: Talin

»
Red: PKC6

Monks et al., 1998

b
APC
CD43
A1-ICA)
TTTTTTT
CDes*
TCR-C peptide
“MHC
co28 >pgg + <O
(.:TJ«: /COB8 * (cK
Ig\ﬂ
PKC-6
Coso/
CDas
\ Co45 CD2-CD48/CO5 Coud
N
coD2 codr N
S |
LFA =23 camn

Huppa and Davis, 2003



The synapse is the product of early signaling

O

i

s ey o=
s '8 pe
o T Q‘
E S e
S o 3
N om ST
~
= or 15000
g ¢ 200
- 2000 2
b 20000 bl
t O
E ino
_! § 1%0m
- g ‘c o
g = -
A R, <
e o w0 L aun M n "o i “on e s U —

Time (12 s per frame) - Mﬁ';:(lza; ;:f f::me')m o

Bunnell et al., 2002



T cells are covered in sensory microvilli

Height

Lat-A +

Jung et al., 2016



TCRs must penetrate glycocalyx

Soluble receptor ligands
"
\.‘ e

j,] Mucins—kilodalton
i to megadalton
u bottlebrush polymers
\ (~100-10,000
u monomers; ~1-2 nm
side chain spacing;

Jf ~1-10 nm side chain
i length

1 Hyaluronic acid—

it megadalton linear
Polysialic acids— i polyanion (>10,000
linear polyanions (10 ‘:\ monomers; 10 pm
- 400 monomers) ) stretched length) '
‘* el
3 Al o ;? =
(] 1\ ALV
| i VI

Surface receptors

Kuo et al., 2018



T cells use microvilli to survey

Lattice light-sheet imaging of T cell microvilli

Raw Image Masked

20.3 sec

Lat) DT\

Threshold Sum Frames

0.00 sec

Cai etal., 2017



Mechanotransduction at the immunological synapse

Actin TCR

TIRF-SIM imaging

Murugesan et al, 2016



Mechanical enhancement of kinetic proofreading

0.4

Catch bond — strength
increases until optimal
applied force.

lifetime (s)

Slip bond — strength
decreased under applied
force. 20 30 40 50 60 70 80

loading force (pN)
Sun etal., 2011

LFA1 is forms catch bonds with ICAM

o al-E310
TS2/4x

| | domain a7 helix

@ Closed al domain

¥Kim127 @ ciosed pi comain

@ Open al domain

oL B2 @ +iybrid domain

talin
Bent = Extended — Extended open . B-Propelier
(low affinity) (intermediate affinity) (high affinity)

Comrie et al., 2015



Microcluster motility mechanotransduction

T cell
. . Signalling
Retrograde Signalling F-actin Myosin |l Retrograde
M-----F {ﬂ?ﬁ-----
Talin
TCR
MHC_E E Catch bond Catch bond % LFA1

IRy
I

Ligand rigidification

Dendritic cell

Huse, 2017



CTLs kill by releasing perforin and granzyme

e A
Caspase
activation

Death

% Synaptic cleft

/ % CytotoxicT cell

Granzyme
‘ Perforin

4 Cytotoxic granule
(lysosome-related)

Adapted from StudyBlue, lowa State University

® Lytic granule

es MTOC

—  Microtubule
Secretory cleft

Stinchcombe et al., 2007



Centrosome polarization and degranulation

Centrosome Lytic granules

Ritter et al., Immunity, 2015



Polarized degranulation by CTLs

CTL
L

pPMHC + ICAM1 s
surface RFP

pHIluorin-Lamp1

iy

®»

If not microtubules, then what?

{

o

Distance from surface (um)
AN

Tamzalit et al.. PNAS, 2020



Degranulation requires F-actin clearance

807 — Ak 40
— Granule M
251 / [\ 30
201 A K W20
qu/ o
0.0 0.2 0406 0.81.0 0
2T SO -40
25 | — Ganvk .30
200 20

5] Y/
\ A 110
101 At

00 0204060810

30 .. 60
|— Granue/, -

25 / A Lio

20)\ MV \\
15*\ j K /'20

i/ T ¥,
0.0020406081.0

Actin fluorescence (au)
(ne) sauadsalonyy ullosd

Super-resolution STED imaging

Rak et al.. PLoS Bio. 2011



Degranulation requires mechanically active integrins

i - q
L ]
' e > -
l R »
Rapid -
killing - ® m"
— [Hm

B LFA-1 cluster

# high-affinity LFA-1 @ perforin Abe— F-actin —
' = isolatad moleculas

Houmadi et al., Cell Rep., 2018
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