Antibodies

+ Secreted by B lymphocytes

+ Great diversity and specificity: >10°
different antibodies; can distinguish
between very similar molecules

» Tag particles for clearance/destruction
» Protect against re-infection (vaccines)



Antibodies: antigen receptors—-> clonal
selection—> secreted antibodies
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Antibody Structure
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Binding of an antigen by an antibody.
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Antibody Structure supports Function
2

Variability in antibodies
is clustered in the loops

\ in the Variable domains
\\-» of the heavy and light

[ " \\ 7\4//'\ chains (green);
-~ Green areas are called:
> hypervariable regions or
complementarity

determining-regions
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The Immunoglobulin Superfamily
(a few examples)
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Ig and TCR are very similar
structurally



Antibody Classes: Structure

lgG, IgD IgE and IgM IgM pentamer
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Antibody Classes: Structure supports function

« IgM: 1sttype made
— Antigen receptor of naive B cells

— Secreted version has 5 units stuck together in
“‘pentamer”

— IgM is first antibody produced in immune response:
multimeric structure adds to “avidity” for antigen
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Affinity and Avidity

Affinity: the strength of binding between a single binding
site and a single ligand K, = [A][B]

[AB]

*Avidity: the strength of multivalent binding between a
molecule, particle, or cell and a complex ligand.



Diversification of Antibodies during immune
responses: affinity maturation and class switch
recombination
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Goodnow et al, Nature Immunol. 2010



Affinity and Avidity Il

°lgM is produced early in an immune response when the affinity for
antigen often is low (avidity comes from multimerization);
|lgG, IgE and/or IgA are produced later in an immune response when

antibody affinity has improved
—Avidity is maintained by higher affinity, despite fewer binding sites
—Diversification of functions with different classes

Yo
ool




Antibodies can be directly protective or can promote immune
protective mechanisms via other cells or molecules

neutralization activation of complement

gosinophil 55007 New Science Press Ltd

ADCC

From Immunity: The Immune Response in Infectious and Inflammatory Disease
by DeFranco, Locksley and Robertson



Major functional properties of antibodies

Antibody class
IgM

1gG

IgA
IgE

gD

Major Functional properties

complement activation;
antigen trapping;
antigen receptor of naive B cells

complement activation, phagocytosis,
ADCC, transfer of adaptive immunity
to offspring, regulation of

antibody production

mucosal immunity, phagocytosis

activation of mast cells, basophils,
eosinophils (?)

antigen receptor on naive B cells
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Fc receptors bind particular antibody isotypes
and contribute to effector functions of antibodies

Activating

human (

outside

inside

FoyRl FeyRIIA,C FeyRINIA FcaRl FeeRl
(CDB4) (CD32) (CD16) (CD8Y)

*There are a number of activating FcRs, which utilize ITAM
signaling like BCR, TCR, some innate receptors

(the two hexagon motif represents the ITAM)

*There is also an inhibitory FcR (IIB), which has an ITIM that
inhibits ITAM signaling

*Effector functions: phagocytosis, degranulation, antibody-
dependent cytotoxicity



multimeric IgA

Fc receptors retain IgG in the
blood and transport IgA (IgM)
across epithelial barriers —

* IgAis secreted in mucosal tissue and is tansoytosi

epithelial

transported across mucosal epithelial
barriers by the poly-Ig receptor

* Poly-lg receptor is cleaved; the part that
stays bound to IgA is “secretory
component”; protects from proteases JL

* FcRn (neonatal FcR) transports IgG
across placenta (maternal to fetus) and
it preserves IgG in the blood (prevents
clearance/catabolism)

protease
cleavage

secretory component




Antibodies and medicine

Vaccines: mostly work by protective antibodies
Antibodies and diagnosis

Antibodies can provide “passive immunity” (tetanus,
snake bites, intravenous immune globulin="IVIG™)

Monoclonal Antibodies as therapeutics: (cancer,
autoimmune disease, etc.): several new ones approved
each year currently



Monoclonal Antibodies

« Normal antibodies are “polyclonal”; mixtures of antibodies
made by several different clones of B cells

« Monoclonal antibodies: Single antibody (all same H and L
chains): more reliable, consistent; can be produced in
unlimited quantities

* Most common method of creation: fuse together B cells
and a myeloma cell line (“hybridoma™)

o

activated B cell fusion with PEG
selection for growth in HAT medium

cell cloning 7" )":‘[

, hybridoma

myeloma cell line
HGPRT™ IgH™ IgL™

From Immunity: The Immune Response in
Infectious and Inflammatory Disease
by DeFranco, Locksley and Robertson



Monoclonal antibodies used In
medicine

Standardized, unlimited reagents for diagnosis or therapy
(human antibodies or “humanized” antibodies can be made)

Monoclonal Antibodies Used in Therapies

monoclonal antibody target disease

trastuzumab HER?2 breast cancer

infliximab TNF rheumatoid arthritis, Crohn's disease
rituximab CD20 non-Hodgkin's lymphoma

abciximab GPIIb/IlNa coronary disease

OKT3 CD3 graft rejection

©2007 New Science Press Ltd



Monoclonal antibodies used in medicine

Ligand blockade

Fab fragment
Immunoadhesin K

Therapeutic
\antibody

Therapeutic antibody

Infliximab®
Adalimumab’
Golimumab

Certolizumab pegol

Canakinumab
Briakinumab

Ustekinumab
Omalizumab*

Belimumab
Eculizumab
Mepolizumab
Reslizumab
Etanercept?
Atacicept!
Alefacept!

Tocilizumab
Efalizumab®
Natalizumab
Vedolizumab
Abatacept!

Receptor downregulation

Depletion

Signalling induction

Chan and Carter Nat. Rev. Immunol. 10:301, 2010

TCR-CD3
complex

Efalizumab®
Omalizumab*
Otelixizumab®
Teplizumab®
Epratuzumab’

Rituximab®
Ofatumumab
Ocrelizumab
GAI0T
Alemtuzumab
Muromonab”
Epratuzumab®

Otelixizumab®
Teplizumab®
Muromonab®
GAI0T
Infliximab*
Adalimumab”
Rituximab®




Monoclonal antibodies used In
medicine

Variations of antibodies are becoming novel therapeutics:
* Antibody-drug or Antibody-toxin conjugates
 Bispecific antibodies

« Chimeric antigen receptor (CAR) T cells



Generation of antibody diversity

« How do we make >10° different antibodies?

* Genes for antibodies are present in pieces
that can be combined in many different
combinations in different lymphocytes

— V region of Ig L and H chains are constructed from
2 and 3 different pieces each having multiple

copies



V(D)J
recombination

germline DNA
Vgl Vi2 Vi3 V65 Dy1Dy2 D427 J1-46 G,
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Pro B cell DNA

D22

B cell DNA

V,,3/Dy2

transcription, RNA splicing, processing

mRNA encoding Ig heavy chain

W

VDJ C

©2007 New Science Press Ltd



Generation of Antibody Diversity
(human numbers)

- « light chains: 40 Vk x 5 Jk = 200
- A light chains: 30 VA x 4 JA = 120
- H chains: 40 V|, x 27 D, x 6J, = 6,480

- 320 L chains x 6,480 H chains = 2.1 x 10¢
(“Combinatorial diversity”)

- Also there is “Junctional diversity” (addition or
deletion of nucleotides at recombination sites,
especially of H chain), estimated to add
substantially to overall diversity



Discovery of Rag1, 2 genes

V(D)J recombination substrate for drug (MPA) resistance

(b)
genomlc DNA —> o —

MPA resistance

promoter
3 *

— =
=t

- “Recombination Activating Gene”
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Mechanism of V(D)J recombination

., I 7 =
7bp 23bp 9bp 9bp 12bp  7bp
----- acanance BB cacaas|
RSS-23 RSS-12

« Recombination signals (12/23 rule)
 Rag-1/Rag-2/Artemis
 DNA repair proteins

(non-homologous end joining proteins)

 Defects: Severe Combined
Immunodeficiency (SCID)

‘ D
RAG-1/2 binding,

synaptic complex formation

A

single-stranded cleavage at RSSs

|
||

attack of 3' OH on 2nd strand

..m—double-strand break

‘ ‘n‘—hairpin

Ku 70/80

Ku 70/80 XRCC4
XRCC4 DNA ligase IV
DNA ligase IV DNA-PKcs
Artemis

(§ |§> R —

signal joint coding joint
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Creation of
Junctional
Diversity
by P-regions
and TdT

(There can also be
trimming back by
nucleases before
addition of N regions)

Key point: reading
frame must be
preserved to get
functional gene

A _
X

acentric cleavage of hairpin

s/ J4

copy of overhang sequence

same processing

=\ g

TdT addition of
non-templated bases

:“:ACGNNNNN
TGCNNNNN

joining

-

region region

events but different
P and N regions
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Defects in Lymphocyte development leading to
severe combined immunodeficiency (SCID)

gene defect result
RAG-1 or RAG-2 T B SCID
Artemis T B SCID

vC cytokine receptor X-linked SCID
JAKS3 SCID

©2007 New Science Press Ltd

Note: SCID can also result from defects that interfere with lymphocyte
development (adenosine deaminase deficiency, purine nucleotide
phosphorylase deficiency, MHC defects, etc.)



Lymphoid malignancies resulting from errors in
V(D)J recombination

DNA break
chromosome 14 DIH ‘ Ju Ep Cy
SR W E—
4 56
VDJ Recombination
DNA break reactions contributes to
; g MYC ; translocation leading to
Cnromosome T , over-expression of a
3 9 1 cellular growth or survival
promoting gene
3 2 1 4 56

©2007 New Science Press Ltd



|g Heavy chain class (isotype) switching

VDJ uw 0 Y3 Yl ""Zb "{Za € a
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IgG1
memory
B cell

T cell help /
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Affinity maturation and antibody responses

Heavy chain Light chain
V regions V regions
K
CDR1 CDR2 CDR3 CDR1 CDR2 CDR3 107M
Day 7 I 3.6
primary — = — e
— =1 — 1l 0
Day 14 | 0.4
primary I 0.1
a1 =i 02
B S - F [ 0.9
Seconda '— ' ' — " | l — 0.02
y 1 | l 1.1
jﬂ | S— l =k 03
Tertiary | | | | <0.03
1 <0.03
(D)
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|g mutations are localized near
transcription start site

A Mutation
Frequency

-
|

1 kb 2 kb

Figure 2. Distribution of Mutations in Somatic Hypermutation of Ig
Genes

from Longacre and Storb Cell 102: 541, 2000.



Comparison of VDJ recombination, class switch
recombination and somatic hypermutation

Process Type of Recognition Mechanism Factors
change sequence involved

VDI recomb. heptamer + dsDNA RAGI
recomb. + mutation nonamer breaks RAG2
Class recomb. S regions dsDNA
switch (repetitive) breaks
Hyper- mutation RGYW <sDNA
mutation (enhancer ,

nicks?

directs)



Comparison of VDJ recombination, class switch
recombination and somatic hypermutation

Process Type of Recognition Mechanism Factors
change sequence involved

VDI recomb. heptamer + dsDNA RAGI

recomb. + mutation nonamer breaks RAG2

Class recomb. S regions dsDNA

switch (repetitive) breaks AID

Hyper- mutation RGYW

mutation (enhancer sSDNA AID

directs)

nicks?



Activation-induced cytidine deaminase (AID)

» Discovered as an induced gene in a cell line with
inducible class-switch recombination (subtractive

hybridization)
- Transfection into B cell lines induces class switch
recombination

+ AID KO mice have strong defect in class switch
recombination AND in somatic hypermutation

Hyper-IgM syndrome type 2 (autosomal) is due to
mutation in AID; very similar phenotype to mice (no
IgG, IgA, IgE; very much reduced somatic mutation)



AID: How does it work?

» AID is highly related to APOBEC-1, a cytidine

deaminase that edits mRNA for Apolipoprotein B
(via a targeting subunit)

- indirect action or direct action in class switch and

hypermutation?

AID could edit mRNAs for factors that act in
class switch and factors that act in class switch

OR
it could act directly in both processes



AID as a mutator of DNA

»+ AID is mutagenic in bacteria and mutations
are increased by deficiency in Uracil-DNA
glycosylase (enzyme that removes U from
DNA and triggers DNA repair)

» Class switch is inhibited and hypermutation
perturbed in UNG-deficient mice

» These results favor the hypothesis that
AID directly acts on C residues in DNA to
promote class switch and hypermutation



Model for direct actions of AID in
somatic mutation and class switch

In hypermutation:

U in DNA could lead to direct mutations and
secondary mutations via mismatch repair and/
or error-prone DNA polymerases

In class switch recombination:
U in DNA could lead to nick formation by repair
enzymes:

nicks on both strands-->ds breaks-->recombination




Mice and Humans have quite similar
antibody genes and proteins

But other vertebrates can have striking
differences



Sharks have tandemly repeating
IgH cassettes in their genome

Vit Dy11D12 41 C, V2 D21D22 J2 C V,3DJ C,

—I—I—I——.—/FI—I—I——-—/H—-—/F-——-—




Chickens mostly diversify by gene
conversion, using AlD

Vi V2 Vi3 Vign VD116 Jy G,

V(D)J recombination

gene conversion

VD) C

1)
STTT o

N



Camelids make heavy-chain only antibodies
as well as conventional antibodies

Conventional V V, IgG VHH IgG

Vh only from these Ab: “nanobodies”

Ingram, Schmidt and Plough, Ann.
Rev. Immunol. 36: 695, 2018




Cows make some antibodies with
ultralong heavy chain CDR3 loops

A

mu @

hu

bovine

murine

Proportion

CDR H3 length

CDR H3 Length
CARGDGNYGYHW

CAKHTYGGPGDSH

CARYYDDHYCLDYW

CARTSGWDIEFEYH

CAKHMGYQVRETMDVH

CVREAGGPDYRNGYNY YDFYDGYYNYHYMOVE

CAKSSGTNFAVATHDVIDAR

CAKS /GFYQSYNSRSWKQYVDAR

CAKHFAGANIICDLNHDAWGSGSLDAR

CTKETHTGPGYNANGCYCVGGRGECYVDAN

CTTVHQI FCPDGYS YGYGCGYGYGCSGYDCYGYGGYGYGGYGGY SSYSYSYSYEYYGDAN

CTTVHQE TRKTCSDGY 1 AVDSCGRGQSDGCVNDCNS CYY GHRNCRRQPATHS YEFHVDAR

BLVSD3 ESSVTQRTHVSRSCPDGCS DGDGCVDGCCCSAYRCY TPGVRDLSCTSYSITY TYEWNVDAR

BLVSC11 EITVHQKTTRKTCCSDAYRYDSGCGSGCDCCGADCYVFGACTFGLDSSYSYIYIYQWYVDAR

B-L1 CATVRQTTLRDCPGGY TEDRSCVNTY SCGADDCCGRG >ALYGYRCAAHIQRYNWHADAN
BLV1H12 CTSVHQETKKYQSCPDGYRERSDCSNRPACGTSDCCRVSVEGNCLTTLPVSYSYTYNYEWHVOVE

B-L2 ESTVHQKTRTTQGNTCPDGYT LKDDC PRCRGGCDGY DOCWGDACRS SGLCWGHNPLVTETYTYEFYIDAR
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Wang, et al.
Cell 153: 1379,
2013
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Lamprey and Hagfish have evolved Ig and
TCR with a totally different structure

Pancer et al. Nature 430: 174,
2004

Kirchdoerfer et al. Structure
20: 479, 2012




