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Research and contact

Assoc. Prof. Hans H. Gorris
Department of Biochemistry
CO05, office 315

Phone: 3816

E-mail: gorris@mail.muni.cz

Our research focus:
1) Analytical biochemistry:

- luminescent nanoparticles (UCNP)

- single-molecule / digital immmunoassays
2) Single molecule studies of enzymes:

- single enzyme molecules in microchambers (50 fL)
- structure-function relationship of enzymes

=> More information provided during the lecture...



The idea behind the lecture

The “tools”:
Immunology antibodies Immunoassay

antigen-binding sites

— N\

tail region

5nm

effector B cell (plasma cell) L1
1pm


http://de.academic.ru/pictures/dewiki/69/ELISA.jpg

Topics of the lecture

Part A: The immune system

Part B: Antibodies as immunological tools

Part C: Immunoassays

Part D: Immunoaffinity and other protein-protein affinity techniques
[Part E: Advanced fluorescence microscopy for (life) cell imaging]




The immune system (2 days)

1)
2)
3)
4)
5)
6)
7)
8)
9)

General introduction to the immune system

Innate / adaptive immune system

Lymphoid organs

B cells

Progress of immune response

Structure of IgG / immunoglobulin superfamily
Binding sites of antibodies

Generation of antibody diversity / affinity maturation
Antibody affinity

10) Clonal selection theory / immunological tolerance
11) Antibody classes IgG, IgM, IgA, IgE

12) Complement system

13) B cells vs. T cells

14) T-cell receptor

15) MHC class | and |

16) Antigen presentation

17) Cytotoxic / helper T cells



Recommended reading

Basic text book

MOLECULAR BIOLOGY OF

HNAlE ClELL

Molecular Biology of the Cell (7t edition)

Alberts, Heald, Johnson, Morgan, Raff, Roberts & Walter
W.W. Norton & Company, New York 2022

Chapter 24: The innate and adaptive immune system
(page 1353-1404)
https://archive.org/details/alberts-molecular-biology-of-
the-cell-7th/page/1353/mode/2up
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In depth reading

Janeway Immunobiology (9t edition)

Murphy & Weaver

Garland Science, London 2017
https://inmunologos.wordpress.com/wp-
content/uploads/2020/08/janeways-immunobiology-9th-
ed_booksmedicos.org_.pdf
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Slides of the lecture are available online (Learning Materials)



Overview on our body's defenses
against an infection



Challenge: Great variabllity of infectious diseases

Toxoplasmosis:
Coronavirus, intracellular single-celled, eukaryotic parasite, intracellular

Diameter: ca. 100 nm

Nematodes: multicellular, eukaryotic parasite,

m
Cholera: bacterium, in the intestine '** _
in intestine, blood und lung

8



Infectious diseases

Deaths per year

Others
1.5 million

Measles

0.9 million Acute respiratory infections

4.0 million

Malaria
1.1 million

Tuberculosis
1.7 million

HIV/AIDS

2.7 million
Diarrhoeal diseases

2.2 million

red colors:
Source: Pathogens that enter our body
The World Health Report 2000, WHO via mucosal surfaces



Surface areas of human body

Mucosa

Skin

400 m?2 2 m?2

10



Two lines of defence

+ -
Foreign and own structures,
microorganisms, viruses, tumors

Antigen

+] - :
l Immediately*

Neutrophil granulocytes, macrophages,
NK cells, diverse humoral factors

Innate immunity

+ -
l up to 14 days

Antigen-presenting cells, T and B
lymphocytes, plasma cells, cytokines

/ \ *Race against time:
° Bacteria can divide every 20 min
X=Xo*e ) (u=In2/time for division (hrs))

antlbodles

Adaptive immunity

=> unrestricted growth:

)(‘ _E‘X 1*e2:08"10= 1 hillion bacteria after 10 hrs!
i _h_ 11



Innate / adaptive immunity

_ Physical barriers Cellular defence  (Bio-)chemical barriers

immediate activity skin (2 m?) / Macrophages pH (gastric acid)
mucosae (400 m?) _ o
Killer cells Lipids
A
I p Enzymes (e.g. lysozyme)
I 7
: Vs Complement system
| ,./
1 v
Cellular immunity Interleucins Humoral immunity
delayed activity T cells <</7 ‘\>X B cells => antibodies
(up to 14 days) l |
Act over short range Act over long range
(cell-cell contact) (circulating antibodies)

12



Adaptive immunity: Human lymphoid organs

adenoid .
tonsil

Primary lymphatic

organs (yellow):
lymphatic vessels Bone marrow: B-cells

Thymus: T-cells

thymus

—— lymph nodes Secondary lymphatic

organs (blue):
\ lymph nodes

spleen
spleen
w\ and others

10'2 lymphocytes (ca. 1 kg)

Peyer's patches in
small intestine

appendix

bone marrow

13



Development of B und T cells

common
lymphoid
progenitor
cell

hemopoietic
stem cells

common
lymphoid
progenitor
cell

developing
B cell

hemopoietic

<

tissue

|
£
O

{

®
}

thymus
(brzlik)

thymocyte

peripheral
lymphoid organs

=> Bone marrow donation to reconstitute the immune system

T-CELL-
MEDIATED
IMMUNE
RESPONSE

ANTIBODY
RESPONSE

14



Lymph node

T afferent lymphatic vessels

lymphoid follicle

SANT,

(B cells)

(mainly T cells) 5

postcapillary
venule

S erseates,

SIS

wSh

.....

mEduua e — marginal

sinus

medullary
sinus

SIS,

/ N efferent

lymphatic vessel
artery

vein : !
3mm



Circulation of lymphocytes

infected tissue J

afferent

lymphatic

VEESE] s efferent
postcapillary lymphatic
venule o vessel

lymph thoracic
node / duct

artery

16



Overview of an inflammatory response

Bacterium

Complement

Dendritic cell
NK cell —(\\ \ \&
Neutrophil —¢ / e B
antigen
Antibodies
/
=
NF
B ¥

/f_'""_l)

2)
3)
4)
5)
6)
7)

A bacterium encounters a first line of defense
(innate immune response)

Breakdown of bacterium and release of antigens
Dendritic cells take up antigen and activate T cells
T cells proliferate and activate B cells

B cells differentiate into plasma cells

Plasma cells produce antibodies

Antibodies neutralize bacterium

17



Two classes of adaptive Immune responses

An adaptive immune response o & Virus

IS unique for vertebrates / both must
delayed activity (up to 14 days) be eliminated
virus-infected

host cell
innate immune :
virus
responses
antibod T-cell-mediated :
respons)e, response mediated by lymphocytes
B cell T cell
far-range Dr? % short-range
action action

antlbody : j 18

dead virus-infected cell



Activation of lymphocytes

effector T cell |—|1
pm

cytotoxic T cells

helper T cells

regulatory T cells

effector B cell (plasma cell) L
1Tpm

=> production of antibodies
(500 antibody molecules/sec!) 19



Progress of immune response

antibodies in blood
(arbitrary units, log scale)

100
10 secondary
response to )
primary response antigen A \’ primary vesponsc
to antigen A to antigen B
1
0 10 20 30 40 50 60
t 1 I time (days)
first immunization second immunization with antigen A

with antigen A first immunization with antigen B

20



Immunological memory

-In.
O
—
©
=
o
&
>

21




B cells and antibodies

antigen-binding sites

effector B cell (plasma cell)

L
Tpm

tail region

22



Structure of IgG

anLgER- ANEIEA-- 4 different IgG antibody clones
binding site . . . binding site ) .
Two identical antigen against the same antigen
binding sites " - , | ‘
2 S (1] o S
2 X ~
| , £ = o noo € B =
hinge : i
regions Q/
> b _ 60 kDa
-e B 42 kDa
light chain light chain » " — 30 kDa
heavy chain— heavy chain 22 kDa
17 kDa
HOOC COOH .
SDS polyacrylamide gel
VAT KA stained with Coomassie
variable constant
region region (k type or \ type)
I T 1 . . .
H,N - S COOH = 2 light chains (25 kDa, light green)
HEAVY CHAIN
H, N - - COOH = 2 heavy chains (50 kDa, dark green)
1 I |
variable region constant region 23

(a, S, €, 7y, or p type) total mass: 150 kDa



Structure of IgG

Fragmentation of antibody Immunoglobulin domains

Light chain Light chain
Disulfide bonds

Heavy chain Heavy chain

Carbohydrate
7 T\
Papain digestion Pepsin digestion
F(ab): F(ab): F(ab’),:
monovalent monovalent bivalent
I L I L I
Papain
3. \ 7
o N /5
o< Wy
&<. .>€
9<. l>€
£ F: fragment
9<. .>€ . . .
g g% ab: antigen binding
= c: crystallizable (constant) o4



Immunoglobulin (1g) superfamily

: =disulfide bond

T
Thy-1 Fcreceptor classI MHC class Il MHC Tcell transmembraneigM
protein protein receptor
L

generated by gene-segment
rearrangement

= =§§=

S e B EEET
B B Bl ==
g IgB € 13 ¢ cps cD8  CD28 B7
CD3 complex
Shown: important membrane-bound molecules of the immune system 25

more than 750 members in total (also cell-cell interactions); many cell surface proteins



Membrane-bound BCR and secreted antibodies

antigen

B cell receptor Q.
(BCR)
a resting
B cell

PROLIFERATION
AND
DIFFERENTIATION

effector B ceIIs

a single clone
’7(7< of B ceIIs

monoclonal
?‘ _4: # # _% antibodies”

secreted antibodies

26



The hinge region

&
antigenic /" ) J

determinant OV ~~ antigen

T

hinge region of

antibody molecule => higher flexibility

@ 9

A
/\
.\/j

27



Interactions of antibody and antigen

(A) (€ (D)

three or more identical three or more different
antigenic determinants antigenic determinants

§ S X
L A T
®! ;,;fﬂggm J"ﬁ'gix 'Q'Sﬁ\ @%‘g

< > <

O. one antigenic determinant

monoclonal polyclonal
antibodies antibodies

28



Multiple antigenic determinants: epitope

MULTIVALENT ANTIGEN

POLYVALENT ANTIGEN

multiple identical antigenic determinants

multiple different antigenic determinants

29



Antigen-binding sites of antibodies

7~ _hypervariable
loop

Different
«<—— antigenic
structures

groove surface

30



Non-covalent binding forces [AgADb]

Noncovalent forces

Origin

Electrostatic forces

Attraction between
opposite charges

~NH, 00C —

Hydrogen bonds

Hydrogen shared
between electronegative

SN—H--0=c_

+

atoms (N, 0) 6 & 3
Fluctuations in electron 5+ 5=
clouds around molecules =
Van der Waals forces polarize neighboring atoms 5— ~ st
oppositely
H_H
Hydrophobic groups interact H 50 0
unfavorably with water and &t
exclude water molecules. 8~
The attraction also involves st
van der Waals forces 0
HH
Na*™
Non-covalent interaction p 5 &
L . between a cation and an B H
Cation-pi interaction electron cloud of a nearby T RT.
aromatic group H— \ > H
e A\
H H

31



Detalled structure of antibody

Light-chain C domain

Light-chain V domain

amino
terminus

carboxy
terminus

4 0
disulfide bond <+ @ ™™
D E B A G

7 T
disulfide bond <*+— @ —™

D EBA G F C CC"

4 strand + 3 strand

4 strand + 5 strand

anti-parallel B sheets
form a 3 barrel

C‘and C* are not
present in the C domain

32



Hypervariable regions of binding sites

variable region hypervariable regions
of heavy chain of heavy chain
hypervariable
k regions antigen-binding
9 y site

variable

region of

light chain hypervariable
regions of
light chain

33



Hypervariable regions of binding sites

Variability

—y

o

o
1

oo
(=]
1

(=]
o
1

1

.
[ ]
1

20 1

60

80

FR3

100 120
Residue

FR4
HV3

Variability

Light-chain V region

34



Generation of antibody diversity: light chain

regions of DNA to be joined

5,__germ-line DNA ‘ )) ‘ 3
_E= — : ¥ A o

Vi v2
J1J2 13 J4 )5

DNA REARRANGEMENT
DURING B CELL
DEVELOPMENT
5’ 3!
B cell DNA - J— JEE——. ﬂk-_:
Vi V2 V3 C
J

: J3J4J5

K light chain
40 V gene segments

5 J gene segments

5 3
=> 200 different combinations RS R e ——
J3J4J5

L] ] —1 RNA SPLICING

5’ 3’
mRNA
V3J3 C

TRANSCRIPTION

\ TRANSLATION

This happens before (and indpendent of) NH2 COOH 35

; ; light chain | ===
any contact with antigen! 9 V3J3 C



Generation of antibody diversity: heavy chain

Vi V2 D1D2 D25 J1 J6 Cp Cg Cy C Ca
5 ) H T
germ-line DNA

heavy chain

40 V gene segments
25 D gene segments
6 J gene segments

=> 6000 combinations

36



Gene segment joining

RAG protein

V1 signal J1 signal
sequence sequence
7 23 9 9127
s T ===
"4 ] J1

| BINDING OF RAG PROTEINS

—%—w—a-—

PAIRING OF
RAG PROTEINS

4] J1

discarded circle of
BINDING . .

DNA ENZYMES signal sequences
CcuT -

V-J JOINING

J1

V1 J1

nonhomologous end-
joining enzymes

37



Generation of antibody diversity

LIGHT CHAIN
variable constan
region region((k fype of A type)

H,N- ——COOH
HEAVY CHAIN 6000

H>N COOH
1 IL |

variable region constant region
(o, &, € 7y, or p type)

=> about 2.000.000 combinations

38



Affinity maturation of antibodies

Somatic hypermutation by activity-induced deaminase (AID)

=> 1 mutation per V region per cell cycle

V-region DNA {
- > DNA

REPLICATION

——-
| mm URACIL-DNA )
GLYCOSYLASE

DEAMINATION OF
NH; CBY AID

0
| SN EILNH
ﬂ/&o /go

DNA REPLICATION

N
H
Cytosin: Uracil:

forms 3 hydrogen bonds forms 2 hydrogen bonds 39



Main mechanisms of antibody diversity

combinatorial
joining of gene
segments

l

junctional diversification
during gene
segment joining

l

combinatorial
joiningof Land H
chains

. . = There is an even larger
After contact somatic hypermutatlon repertoire of combinations

with antigen + class-switch than the 1212 existing B cells.
recombination 40



Antibody affinity limits during Immune responses

Binding rate k,: 10°-105 M-1s-1
=> controlled by diffusion

Release rate k4 103-104s1
=> controlled by time for signal transduction/endocytosis
after antigen binding to cell surface receptors

Maximum affinity* of antibodies: K, = k, /K. = 1010 M-1

=> Higher affinity antibodies may arise but would have no selective advantage
(affinity ceiling)

*for comparison: biotin-strepatividin: K, = 1014 M-1

41



Clonal selection theory

precursor cell @

PROLIFERATION AND DIVERSIFICATION
IN BONE MARROW

different
resting
B cells

i ANTIGEN BINDING TO SPECIFIC B CELL (BB)
IN PERIPHERAL LYMPHOID ORGAN

PROLIFERATION (CLONAL EXPANSION)
AND DIFFERENTIATION OF B CELLS

There’s only a single
antibody-secreting f : e -
effective BB cells Sgtrleogéll ISpeufn:lty

e
o'

‘ ‘ ‘ => mass production

e Yy oW 42

secreted antibodies



Immunological tolerance

lymphocyte with
altered specificity

memory
.\ lymphocytes
RECEPTOR foreign

effector or

EDITING antigen
self antigens mature co-stimulatory
naive O :
I I h signal
) Qe cona ymphocytes effector or
immature i
DELETION dead foreign - memory
lymphocytes i
y lymphocyte { antigen lymphocytes
CLONAL diid
. DELETION -
> ’ = 2 lymphocyte
CLONAL R "
inactivated
sclf —|INACTIVATION: Eimivicate
antigen CLONAL
SUPPRESSION _ f”:";:‘e;:etde
central lymphoid organ - y y
regulatory
T cell

peripheral lymphoid organ

But this system is not perfect: autoimmune diseases
e.g.: Eppstein-Barr virus is suspected to induce multiple sclerosis 43



Theoretical considerations of antigen recognition

Innate immune response: Adaptive immune response:

=> Elimination of everything => Elimination of anything

that is recognized as foreign that is not recognized as own
Problem: through natural evolution, Solution: each individual person

a pathogen can adapt to hide starts its mini-evolution within its
or change its distinct antigenic leucocytes (instead of a whole life
signatures cycle, a pathogen-specific immune
(pathogens have a big evolutionary response is ready in less than
advantage because they have a much 2 weeks)

shorter lifecycle (bacteria > 20 min) and
larger populations than animals (> 1 year)
in principle they can adapt 30,000x faster!)

Time to acquire 2% difference in genome sequences
Humans: 8 million years
Poliovirus: 5 days

44



Antibody classes

IgM (pentamer)

IgG

e chan

Heavy chain defines the class of antibody
Same light chain: k or A

=> B cells can switch

Heavy chains " d v a € between the production of
Light chains korA korA «kor\A «korh kor\ antibody classes

Number of four-chain units 5 1 1 Tor2 1

Percentage of total Ig in blood 10 <1 75 15 <1

Activates complement ++++ - ++ - -

Crosses placenta - - + - -

Binds to macrophages and neutrophils - - + - -

Binds to mast cells and basophils - - - -

primary secondary 45
classes of antibody



Class switch mediated by DNA rearrangement

vDJ Cp Cs Cy Ce Ca VDJ Cp,

A

1 switch sequence

TRANSCRIPTION,
RNA PROCESSING,
DNA VDJ AND TRANSLATION

AID+ UDG ity
DNA DELETION BY CUTTING y
AND REJOINING OF DNA
IN SWITCH SEQUENCES 3_
| VDJ Cq
— 3’ BN 10A

D

Class switch DNA recombination (not splicing!) => irreversible
depends on switch sequences (consisting of tandem repeats) and 46
the enyzmes activiation indcued deaminase (AID) + uracil-DNA glycosylase (UDG)



IgM: First antibody class

intn::cellular p chain . m chain:I iy Igm
chain surrogate .
& L chag1 N\ /L chain ' 1
“1f "¢ Jp\lgD
on cell surface
d chain
common lymphoid pro-B cell pre-B cell immature mature
progenitor cell naive B cell naive B cell

Circulation through

Development in bone marrow peripheral lymphoid organs

antigen-binding
sites

w heavy chain

light
chain
/ 1

circulating in blood

47
= disulfide bond



IgG: Main class in blood

hoh AN AN

Bacterial toxins Bacteria in extracellular space Bacteria in plasma

antigen- antigen-
binding site binding site

NH,
(NHz
hinge
regions
COOH
light chain light chain
. / .
heavy chain heavy chain I — — = —=
Ingestion by macrophage Ingestion by macrophage Lysis and ingestion
&
HOOC  COOH &

2,

G




Opsonization

IgG-antibody-coated

Fcregion of

bacterlum\ A A /|gG antibody

N

macrophage or
neutrophil

7

Fc receptor

Y

PHAGOCYTOSIS

bacterium

pseudopod

plasma
membrane

| B
phagocytic | L—
white blood cell T jsin
TEM image

49



IgA: Defence of mucosal surfaces

o heavy chains

secretory
component

disulfide
bond

antigen-binding sites

Transcytosis

EXTRACELLULAR
FLUID

EPITHELIAL CELL

transport
vesicle

IgA dimer
Y secretory
\[ A —_— /r/g i ;E’{ component

membrane-bound
Fc receptor

TRANSCYTOSIS

50

= Similar mechanism of 1gG transcytosis across the placenta to protect the fetus



IgE: Protection against large parasites

histamine-
containing IgE
secretory
vesicle

antigen

IgE-specific IgE BINDS TO MULTIVALENT HISTAMINE

Fc receptor Fc RECEPTORS ANTIGEN CROSS- RELEASE BY
LINKS ADJACENT EXOCYTOSIS
IgE MOLECULES

51



Release of histamin by mast cells

HN Protection against parasites
\ Histamin /

N NH,

Allergies

52



Classic experiment

Naive animal

¥ v

Serum from Serum from
4 naive animal e toxin-exposed
(QS\ (“‘(;\ animal

Challenge with
virulent bacteria

RN T,

( N
P
Animal dies Animal survives challenge

=> Behring/Kitasato (ca. 1890)

Heated serum fails
to kill bacteria

@™y & — ron’. o
P =) \
& Vy
Heated
serum
Immune serum
kills bacteria
&‘Q - o \
-
Qn % —_— . ~ -
Vg 'y
Serum Dead bacteria
=N
= e - 3
Qn '\h - -

Uf — Q'\
'

Heated serum

e Dead bacteria
Fresh serum
from
naive animal

Fresh serum contains
“complement” destroyed
by heating

53



Complement system

=> A protease cascade: amplification steps

.

antibody
binding

mannan
binding

LU

MASP
YW 4

a

CLEAVAGE OF C3

COATING OF
MICROBES
AND INDUCTION

OF PHAGOCYTOSIS

PORE FORMATION
AND LYSIS

ALTERNATIVE
PATHWAY

pathogen
surfaces

Covalent attachment /
deposition on target cell

RECRUITMENT OF
INFLAMMATORY
CELLS

STIMULATION OR
ADAPTIVE IMMUNE
RESPONSES

Classical
pathway

f Target pathogen cell surface

Bound by:
Antibodies

AL
r
Recruitment

of:
Ciq

C3a and C5a,
the cleavage
fragments

of C3 and C5,

are potent T

chemoattractants

Neutrophils

Mannose-binding

Mannose-binding

&Lu/ /

C2

lectin (MBL)
pathway

!

Bound by:

lectin

W i

MASP2 @

3

C
Cs
C6 | Membrane

C7 I Attack
C8 | Complex
C9

Surface of target coll
(pathogen or antibody:
decorated host cell)




Lectin pathway

M-linked glycoproteins of yeasts contain many terminal mannose residues,
whereas glycoproteins of vertebrates have terminal sialic acid residues

Yeasts Vertebrates

@glucose © mannose [ N-acetylglucosamine <€ sialic acid O galactose A fucose

55



Complement system: pore formation/lysis

transmembrane
aqueous channel

CYTOSOL

56



T cells and T cell receptor (TCR

effector T cell

binding site
o¢chainI H:N - NH _I B chain

Va § VB
S
S
Cy g CB
EXTRACELLULAR

SPACE

plasma
membrane

COOH
CYTOSOL

Y



B and T cell maturation follow a similar course

Differentiated
Stem Immature Mature effector
cell Pro-lymphocyte  Pre-lymphocyte lymphocyte lymphocyte lymphocyte

Pre-BCR BCR
g Nm—

B lineage

e e

-
&

T lineage .
° L
e il ! /
Pre-TCR TCR Cytokines
Bone marrow or thymus Periphery
. Foreign
No Self antigen antigen
Braiatitifion Completion of antigen
Early maturation ool to? receptor; selection of Performance of 58
and expansion ey receptor repertoire; effector functions
expression 5 e
differentiation




We take a larger picture: Antigen presentation

ACTIVATED T CELLS MIGRATETO
SITE OF INFECTION VIA THE BLOOD

/ OA -

- & remnants of microbe activated activated T cell
o 0 in phagolysosome dendritic
cell
< .
micrabes — @‘
co-stimulatory
8 L protein \
dendfitic cell microbial
antigen lymph node
MICROBES ENTER THROUGH ACTIVATED DENDRITIC CELL ACTIVATED DENDRITIC CELL
BREAK IN SKIN AND ARE CARRIES MICROBIAL ANTIGENS ACTIVATES T CELLSTO
PHAGOCYTOSED BY TO LOCAL LYMPH NODE RESPOND TO MICROBIAL
DENDRITIC CEL ANTIGENS ON DENDRITIC

CELL SURFACE

59



Larger picture: initiation of Immune response

Antigen-laden

dendritic cell
‘ B3 B cell binds soluble antigen
and moves to follicle
Soluble N
antigen —::.Y. .}
B-cell follicles

Afferent
lymphatic
Vesse|
Antigen

El Mature T and B cells
are delivered via the
circulation and take
up residence in
lymph nodes

T cell by antigen-
laden, activated
dendritic cell;
activated T cells
May re-enter
Circulation

Blood vessels{— 7

/// / /f

Sinus E Activated T Cells interact

with B cellg :
\ e ' '®ading to
Efferent Sn(;?b“o?jlﬁere"tiation and 60
lymphatic Y Production
vessel



Better double check!

recognition Two-factor
B cell epitope  + » BCR authentication
Antigen
T cell epitope
(binds to MHC,
recognized by TCR) E ‘
B cell epitope Username
(binds to BCR) ———————
recognition

T cell eptiope TCR

K /ISTOCK, ANASTASIA_NEW/ISTOCK; 62019 TECHTA RGET. ALL RIGHTS (ESS

= Minimizing the risk of wrong classification (friend/foe)

. : . 61
to prevent e.g. autoimmune diseases, allergies



T cell receptor (TCR)

binding site

I I
achain HN NH,

N EXTRACELLULAR
SPACE

plasma
membrane

COOH COOH
CYTOSOL

(A)



Generation of TCR diversity

a-chain locus a-chain
70-80 V gene segments

LVt 2 ve L3 V3 LV, x70-80 - 61 J gene segments

7 }-:}-Z}-Eﬂ#]:-::’ﬁ

L i => 5000 combinations

J, x 61

B-chain locus B-chain

52 V gene segments
L1 Vgl L2 Vg2 L3 Vg3 L Vpx52 - (2 D gene segments)

7/ ]:-:]:-: = j@ 13 J gene segments
=> 700 combinations




Generation of TCR diversity

uun Uﬂz "'l"u'l Jlll
germine M4 | o 7/ A HHHH—I  _ some enzymes

are used for the
gene rearrangement

V1 Jd,
rearranged DNA a jﬁ-:}:l:l:m]:[:-;{t as in B cells

transcription
splicing
translation

recombination

=> about 3.500.000 combinations

protein
(T-cell receptor)

translation
splicing
transcription
_ Vg1 Dp1 Jp Cp1

rearranged DNA B 7/f-:-7't

recombination

— BN Vp1 Dpi

i § 2 niae = Zmi

Unlike BCR no somatic hypermutation => only lower affinity (K, = 10°-107 M-1)

64



T cell activation

receptor for . .
co-stimulatory fore!gn peptide
protein (a’ntlgen)
TR | MHC
protein

cell-cell co-stimulatory

adhesion protein
proteins
T cell activated
£e dendritic cell

A TCR recognizes the antigen only in context of an MHC

65



Major histocompatibility complex (MHC)

CYTOTOXICT CELL

TCR

class| fragment

MEE \\ of foreign

protein protein

dendritic cell
or target cell

Properties of Human Class | and Class Il MHC Proteins

HELPER OR REGULATORY T CELL

TCR
class i fragment
MHC of foreign
protein protein

Genetic loci HLA-A, HLA-B, HLA-C

Chain structure a chain + B,-microglobulin
Cell distribution most nucleated cells
Presents antigen to cytotoxicT cells

Source of peptide fragments  mainly proteins made in cytoplasm

Polymorphic domains a, +o,
Recognition by co-receptor CcD8

DP, DQ, DR

a chain +  chain

dendritic cells, B cells, macrophages, thymus epithelial
cells, some others

helperT cells, regulatory T cells

mainly endocytosed plasma membrane and
extracellular proteins

a, +B,

cD4 66

=> More information in online folder / doi: 10.1111/tan.14626



Major histocompatibility complex (MHC)

Class | MHC protein Class Il MHC protein
=> on (almost) all cells => Only on professional antigen-presenting
cells (e.g. dendritic cells)
peptide-binding site peptide-binding site
Polymorphic

o o region o B
S-S
H,N NH,
NH;
—— Ig-like N
B2- —_— S domain Qa2 s B2

microglobulin a3

EXTRACELLULAR
SPACE

vere | SIS I

e - I -

CYTOSOL

COOH COOH

| 11 |
a chain B chain




Peptide bound to MHC

peptide-binding groove

peptides in antigen-
binding groove

papain
deavage

B,-microglobulin

EXTRACELLULAR {
SPAFE .

TOP VIEW
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Peptide bound in the groove of MHC

Peptides bound to MHC-I: Peptides bound to MHC-II:
8-10 amino acids long 10-12 amino acids long
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Allelic variation in MHC genes

variability

By

Pa

i ULl L b gh
I | | | | I | 1 I .I | | | I ] | | I |
0 20 40 60 &0 100 120 140 160 180 200 220 240 260 280 0 20 40 60 80 100 120 140 160 180 200
residue residue
70

Red: peptide binding regions



Human MHC genes

class Il MHC genes

'DP DQ DR

class | MHC genes

B a B apP P o

human
chromosome 6

WHH maternal MHC class Il
WHH paternal MHC class Il
[?3”’1 maternal MHC class |
F’FF paternal MHC class |

HLA complex

There is a large variability
of MHC molecules in a
population, but in each
individual:

2xX HLA-A 2x HLA-DP
2xX HLA-B 2X HLA-DQ
2X HLA-C 2X HLA-DR
=>6 => 6-8
71



Structural comparison: antibody, MHC and TCR

peptide-binding

cleft antigen-binding
site
I_‘_I
%2 G1 v, antibody
. Fab
g B,-microglobulin
MHC |
o antigen-binding
peptide-binding site
cleft
I_I_I
B4 0y v v
“ P T-cell
receptor
B> 7] G“ GB
) ) ! ]
s ~ T cell

MHC Il ) 72



Large diversity in the recognition of antigens

BCR and antibodies: gene rearrangement + somatic hypermutation
=> Each individual can recognize any hapten/epitop
(linear and conformational epitopes)

TCR: gene rearrangement
=> Each individual can recognize any linear peptide in context with MHC molecule

MHC: no gene rearrangement but 3 genes and several thousand alleles in a population
=> Can bind a large variety of peptides (but not all)

=> a whole population is well protected but there is an individual risk of missing

some pathogenic peptides

=> populations with a large gene pool are more resistant to an epidemic
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Interaction of TCR with a peptide on MHC class |

class | MHC 1 o
protein + ‘ .-— B2-microglobulin
peptide ;
; ,_ peptide
[ mm\ hypervariable
Ve, Vg loops
T cell
receptor C. Cp
a chain of
(A) (B) class | MHC protein

=> Only linear peptide epitopes 4



Friend / foe recognition by T cells

precursor cell

DIVERSIFICATION OF T CELL RECEPTORS (TCRs)

no TCRs TCRs with no TCRs with strong TCRs with weak
expressed  recognition of recognition of recognition of
self MHC + self MHC + self MHC +
self peptide self peptide self peptide

S |

DEATH BY DEATH BY NEGATIVE SELECTION POSITIVE SELECTION

DEFAULT DEFAULT (signaled death) (signaled survival)
l l ' SURVIVAL
and
MATURATION

= eRRiny

to peripheral lymphoid organs



T cell recognition of antigens is MHC restricted

T cell T cell

T cell

antigen-presenting cell antigen-presenting cell antigen-presenting cell

Recognition No recognition No recognition 26




T cell recognizes viral antigen and host target cell

strain-X mouse
fibroblasts
) infected with

virus B
< ©@® / strain-X mouse
@@ ——— fibroblasts

@ infected with

strain-X mouse cytotoxic\ virus A
T cells
added to strain-Y mouse
fibroblasts
infected with
virus A

T cells kill
target cells
NO
g't';'é" :
' 4’ /"'
NO

77



Co-receptors

on T cells

Serves as a receptor
for HI virus binding

CD8 protein

class | MHC protein

/

L
dendritic cell
TCR or target cell
/

variable invariant

part

part

— CD4 protein

oo
dendritic cell

or target cell

class Il MHC protein
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Excursion: Hl virus infecting T cell

HIV

membrane
O nucleocapsid

HIV fusion
2% protein

gp 120
v

T

EXTRACELLULAR
SPACE

—_—

CD4 -

‘ CYTOSOL

CHEMOKINE RECEPTOR MEMBRANE CONFORMATIONAL  rysioN ENTRY OF VIRAL
BINDING INSERTION CHANGE NUCLEOCAPSID

chemokine receptor

CD4 ATTACHMENT

=> depletion of Ty cells: AIDS (Aquired Immunodeficiency Syndrome) 9



Classification of T cells

CytOtOXiC T cells (TC) effector T cell N |1—| T helper cells (TH)
(CD8* cells) . (CD4* cells)
=> recognize peptides on MHC | => recgonize peptides on MHC Il
THO\
Tyl T,2
infections infections
by microbes by parasites
'

Suppressor T cells

regulatory function 80



Topologically equivalent compartments

secretory Golgi nucleus
vesicle apparatus

cytosol

endoplasmic

endosome '
reticulum

lysosome
autophagosome




Antigen acquisition sites

Cytosolic
pathogens

Intravesicular
pathogens

Extracellular pathogens
and toxins

o
O
any cell

L N

5 :
macrophage

Degraded in

Cytosol

Endncytic vesicles
(low pH)

Enducytic vesicles
(low pH)

Peptides bind to

MHC class |

MHC class I

MHC class I

Presented to

Effector CD8 T cells

Effector CD4 T cells

Effector CD4 T cells

Effect on Activation to Kill Activation of B cells to
presenting cell Cell death intravesicular bacteria secrete Ig to eliminate
and parasites extracellular bacteria/toxins
=>Tc => Tyl =>T,2
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Antigen presentation by MHC-|

\ cytotoxicT ie"/

plasma viralRNA_internal viral ’.‘ Vv
membrane viral envelope protein 9
A—’ENDOCYTOSIS AND meled class | TRANSPORT OF PEPTIDE-MHC -
DELIVERY TO ENDOSOME _— MHC protein with COMPLEX THROUGH GOLGI dendritic
endosome bound peptide APPARATUS TO CELL SURFACE  <ell or
@ target cell
FUSION OF VIRUS WITH ENDOSOME ,G°|9i apparatus
endosome MEMBRANE AND ESCAPE OF VIRAL o
RNA INTO CYTOSOL ‘
BINDING OF PEPTIDE TO a CHAIN
STABILIZES ASSEMBLY OF o CHAIN
/ | WITH B2-MICROGLOBULIN; PEPTIDE-
~.~~ REPLICATION AND MHC COMPLEX IS THEN TRANSPORTED
TRANSLATION OF VIRAL RNA TO THE GOLGI APPARATUS
RNA ; : . ER et
g I internal viral protein N B,-microglobulin
ABC transporter/&f'i” 7\ “class | MHC a chain
PROTEOLYSIS OF \ chaperone protein
SOME VIRAL PROTEIN ) — TRANSPORT OF
MOLECULES BY ° % PEPTIDES INTO
PROTEASOMES proteasome viral ER LUMEN
peptides
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Activation of cytotoxic T cells

Virus-infected cell Cytotoxic T cell kills infected cell
X%
~ GE' [N
1,
virus
infected cell killed infected cell

centrosome

10 pm



Cytotoxic T cells induce apoptosis

A Perforin-dependent killing

effector cytotoxic T cell

Tc .
? serine
perforin @ @ protesses assemb!ed
molecules ° 3 perforin
Yrooee

@

granzyme B

A 22 ¢ channel

target cell apoptotic
target cell
B Fas-dependent killing
effector cytotoxicT cell
Fas ligand inactive @ activated
(trimer) procaspase-8 M caspase-8
Fas
adaptor &3
protein
apoptotic
target cell
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target cell



Activation of a B cell by an antigen and T,, cell

B cell antigenic

T cell antigenic

determinant determinant
p
(&

N\ protein antigen
BCR
’ endosome
—

B cell receptor binds
native protein antigen
and transfers it to
endosome following
endocytosis

synapse

antigen is degraded,
and peptide is presented
at B cell surface bound
to a class Il MHC protein

recognition of peptide- ~,}.
class-1I-MHC complex by effector T cell delivers

antigen-specific helper signals to activate )x A
T cell B cell

-

B cell proliferates and
differentiates into an
antibody-secreting
effector cell

co-stimulatory
protein
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Antigen presentation by MHC-II

helperT cell

plasma . ) .
meQbrane jed protein antigen u

— early dendritic
swdoisina ENDOCYTOSIS AND cell DELIVERY OF PEPTIDE-
DELIVERY TO ENDOSOME \ MHC COMPLEX TO
PLASMA MEMBRANE
f;f,g':::: :’,:ain FOR RECOGNITION
late BY HELPER T CELL
endosome / \
o
LIMITED PROTEOLYSIS OF 1+ HLA-DM PROTEIN
PROTEIN ANTIGEN AND OF CATALYZES RELEASE
INVARIANT CHAIN, LEAVING  HLA-DM  OF INVARIANT CHAIN
FRAGMENT OF INVARIANT FRAGMENT AND
CHAIN IN BINDING GROOVE BINDING OF Y
OF MHC PROTEIN ANTIGEN-DERIVED
INVARIANT CHAIN EEETIDE
DIRECTS CLASS II

classll | mHC PROTEINTO
MHC LATE ENDOSOME

protein
Golgi
apparatus
trans Golgi
invariant chain network
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Summary of interplay between T,, and B cells

Antigen Antigen — @
T cell epitope
(binds to MHC,
recognized byTCR) DC acquires — Dendritic
antigen and | cell (DC)
moves to — 4 (Y
lymph node /\f\)"‘lﬂ)
B cell epitope THelper
(binds to BCR)
DC processes
and presents
antigen to CD4
T cell THelper
T cell
activated

T cell interacts
with B cell through
TCR-MHC interaction

Activated
THeIper

T cell interacts
with B cell through Acti
TCR-MHC interaction FHvalss
and by CD40L-CD40
interaction— IL-4

THeIper

CD4OL  CD40

-~ ° \

Bl B cell acquires

antigen

surface

. Ax
B cell activated // )D

and secretes

IgM
9 Plasma

cell

IgM '\k)/—
o T )E\

Hypermutation

Class switch
recombination

. \
Other isotypes )
High affinity 4
immunoglobulin

B cell processes
antigen and displays
class || MHC-peptide
complexes on
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