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Tite-seq

yeast display 4+  FACSort 4 sequence

1\ J

- ﬂuorescein

- proof of principle: antigen = fluorescein
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* non-local effects

— effect of interactions between receptor residues
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- CDR3 mutations have greater effect on affinity

—more likely to be mutated in functional receptors
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Sequence data _m

* human T-cell beta chain receptor sequences
* 9 people

e CD4+ naive cells

 out of frame reads (~14%) = 35,000 unique reads generation
* in frame reads (~235,000 unique reads) selection
CDR3
SNA 45 primef3{§ Vo D> Js g} 18 reverse primers
PCR
64 -101 bp reads g} 13 sequencing primers
——
lllumina reads

Robins et al, Blood (2009)
data from Robins lab 2009-2012



learning VD) recombination

sequence generation:VYDJ recombination

Dy 11 b

AI—I—/H—I—P//—I—PF/Hf

insertions wry deletions
L) deletions

insertions

TAGGACCTCGGAAACCTCTTCTGCTGGCGCAGAGATACAGGGCTGAGTCTTCTT
TATCTGCCGATGTCGCGAAGGCCCTCCCGCTAAGATCACTGGTGGCACAGAAGT
TAGGGAGAGGTGCCTAACTGCTGGCACAGAAGTACAGAGAGGTCTGGTTGGGGT
TCCGCCGCTAGTCCCTGAAACTACTGGCACAGAGATAGAAAGCTGTCGGGTTCT
CGAAACTGCTGGCACAGAAGTACACAGATGTTTGGGAGGGAGCAGCCGACTCCA
TCTTGGCCGCTAGTCCGAGAAACTGCTGGCACAGAAGTACACAGATGTTTGGGA
TTGTAGGAGCCGGACCGGCCCCCTGTCCCCTTGGCTGCTGGCGCAGAGATACAG
TCATTTAACGTGCGGCCCGCCTGGCACAGAAGTAAAGAGCTGTCTGGTTGTGGT
TAGTAACTCCGCTTCACTGCTGGCACAGAAGTACACAGATGTCTGGGAGGGAGC
TCCCTCCGGTTTGAAGGGTCTGCTGGCACAGAAGTACACAGATGTTTGGGAGGG
CCGGTGTTCGCACAGCCCTGGGGACCCTGGCGCAAACCCCGCTTCCCTCGAGGA

-/

* too many possible sequences to sample

* basic approach

sequences one recombination scenario
for each sequence
E?—%;Sl
S1
calculate
distributions
E — SQ P(V)
Sy P(D,J)
P(delV|V)
l?-—>f%

ﬁ

, Probability
distribution?




The problem

5’J deletion
) 5’D deletion
TRBV7-2 3V TRBD1 TRBJ2-2
GGGGC CCGGGGAGCTGTTTTTT
ACCGGTCATCGCT GCAGTAGG CGTTTTTT
5 VD insertion DJ insertion 3 , ,
Sequencing Error Sequencing Primer
5D deletion
3'V deletion 3’D deletion 5% deleti
TRBV7-9 TRBD2 Jddeletion  Lop3o-2
E © @ @ CCGGGGAGCTGTTTTTTGG
G T GCACCGGTCATCGCT CGCAGTAGG GTTTTTTGG
5 N P VD insertion DJ insertion
Sequencing Error

wi 14

equencing Primer

* impossible to reliably assign events (insertions, deletion, ...)

® sequencing errors

GG . . .
GG



. . e
Expectation maximization _@Ej@'

* probabilistic model for assignment of: * genomic VD] assignment
* cut position/deletions
® insertions

o - receptor DNA sequence

seqguences recombination scnenarios estimate
scenario

E— S, probabilities
S : __ —» W1 Precomb
1 — — —>W1,3
T T e Eq. [1]
E — Sz
— _’wgl calculate
S — > W3 distributions
—.. — —>W2,4 <P (V )>W
E > S; Ws 1 (P(D,J))w
S — _>W3,2 <P (delv |V )>W
3 = —— W33
—. _>W3’4
precomb (seenario) = P(V)P(D, J)P(deletions!|V) P(insertionsD.J)... [1]
Pyen(d) = Z Precomb (scenario)

scenarios:

VD, Murugan MoraWalczak Callan PNAS (2012)
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* VD and D] insertion profiles are identical

—— MLE VD insertions
0.16 -~ Uncorrected VD insertions
| ——— MLE DJ insertions

— = — Uncorrected DJ insertions

Probability of insertions
o =)
S 8
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o
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(V)
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Probabilistic is necessary: D and ] gene choice

The choice of | strongly constrains the choice of D

P(D |1 J)

1
. 0.8
10.6

r 104
0

Not true (20% of forbidden pairings) according to best alignment

J1-1 J1-2 J1-3 J1-4 J1-5 J1-6 J2-1 J2-2 J2-3 J2-4 J2-5 J2-6 J2-7



Probabilistic is necessary: D and | gene choice

* The choice of ] strongly constrains the choice of D

P(D 1 J)

1
1.
- {06
- {04
0

J1-1 J1-2 J1-8 J1-4 J1-5 J1-6 J2-1 J2-2 J2-3 J2-4 J2-5 J2-6 J2-7

* Not true (20% of forbidden pairings) according to best alignment

Dg1 Jga1 Cp1 Dgo  Jg OF
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Entropy o’

all possible sequences -
|mp053|ble'

* potential sequence diversity of VD]
recombination Sgen = Z Py (7) 10g Pyen (3)

* estimate from

Sgen = Srecomb — (S(scenario|o))
A
recombination scenario
entropy

conditional entropy of
recombination events
given sequence
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* potential sequence diversity of VD]
recombination Sgen = Z Pren(5)10g Pren (3)

* estimate from

— _ ' <
S gen S rec:mb <S (Scenaﬂo|0) >‘7 conditional entropy of
— . recombination events
recombination scenario given sequence
entropy

Recombination Events : 52 bits

Gene : 9.1 bits



21’73
Entropy N

all possible sequences -
|mpos5|ble'

* potential sequence diversity of VD]
recombination Sgen = Z Pren(7) 10g Pren (G)

* estimate from

— _ ' <
S gen S recAomb <S (scenar10|0)>a conditional entropy of
— . recombination events
recombination scenario given sequence
entropy

Recombination Events : 52 bits

Gene : 9.1 bits

108+ unique seqs in individual

* 47 bits = repertoire size 10'* sequences >
3 10'! total T-cells in individual

*Robins et al, Blood (2009)



21’73
Entropy N

all possible sequences -

. . . le!
* potential sequence diversity of VD] 'm"°ss'be
recombination Sgen = Z Poen(7)10g Pyen ()
. typical sequence can
* estimate from : —] ——> | be generated in 32
ITS different ways
52 bit 5 bits y
Sgen — Sre‘i’mb o <S(Scenamo|0)>‘7‘ conditional entropy of
— ) recombination events
recombination scenario given sequence
entropy

Recombination Events : 52 bits

Gene : 9.1 bits

108+ unique seqs in individual

* 47 bits = repertoire size 10'* sequences >
3 10'! total T-cells in individual

*Robins et al, Blood (2009)
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Entropy on

all possible sequences -

. . . ible!
* potential sequence diversity of VD] 'm"°ss' ©
recombination Seen = Z Poen(7)10g Pyen ()
. typical sequence can
* estimate from ] ———» | be generated in 32
5 bits different ways
Sgen — Srecimb - <S(SC€I1&I‘10’O’)>U( conditional entropy of
binati t
recombination scenario rec;Ter:nse;t;?Jr;::: ™
entropy

* diversity dominated by junctional diversity

Nucleotide Sequence : 47 bits Convergent
Recombination Events : 52 bits
Gene : 9.1 bits Insertions : 30 bits Deletions : 13 bits

Lo e ] g e Y o0 oot

108+ unique seqs in individual

* 47 bits = repertoire size 10'* sequences >
3 10! total T-cells in individual

*Robins et al, Blood (2009)
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RECEPTOR GENERATION : : :
* quantify using selection factors

L 03 Q({o}) _ Ppost—sel({a})
3 2 Peen({})
B, QQ\O‘!‘

®
THYMIC * a model for the observed probabilities
SELECTION l
-
{82
a)y Y%
10 W )’é:( {‘}

W ; 1
__________________________ Q(a,V,J) = Vi 4L 4v,J|L HQi;L(CLi)
: a!o bind to ;elf? ﬁ ‘: 1=1

3 V@

U 2y P ) Elhanati Callan Mora Walczak PNAS (2014)
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—>
position i 0 05 1 15 >2

Elhanati Callan Mora Walczak PNAS (2014)



Correlations between individuals

A. Correlation coefficients of log ¢;.7. (a) between datasets
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0.2
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B. Correlation coefficients of log ¢y, ; between datasets

naive memory naive shuffled
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log(qi;ifa))

o

Selection only depends on aa, not codon

- N

Length 12 naive sequences
position=1 position=2 o position=3
o
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é + - + 6 - § ;
»0000'000000000000000- -$$0000-+00+000‘+000 R s & % ¢ + 6 $1Q
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9 %# <+ < ?’?6° ¢ @
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Natural selection anticipates somatic selection

* sequences more likely to be generated — more likely to be selected

generation probabilities

0.2
— pre—selection
— post—selection
0.15}
>
c 0.1t
O]
o)
0.05¢
O 1 1 1
—25 -20 -15 -10 -5

IOg10 I:)gen

* true for all individuals independently



Entropy, again i

* entropy of generated repertoire

— repertoire size 10'3 sequences

* entropy of post-thymic selection repertoire

v Selected repertoire : 38 bits o
= Diversity
0.5 bits loss

—> repertoire size 10'' sequences

— thymic selection gives 50-fold reduction in diversity
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Entropy, again
* entropy of generated repertoire
Nucleotide Sequence : 43.5 bits ol
— repertoire size 10'3 sequences
* entropy of post-thymic selection repertoire
v g Selected repertoire : 38 bits - '_:
e Diversity
0.5 bits loss

—> repertoire size 10'' sequences

— thymic selection gives 50-fold reduction in diversity

* thymic selection keeps only 2% of diversity

— thymic selection gets rid of rare clones

selection favours clones that are likely to be generated
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Other datasets: alpha chains —@@1[}

* we can do the same for the alpha chain

* similar insertion profile as beta chain

0.2
—e— VD insertions
—e—DJ insertions
0.15+ pha insertions

probability
o

0.05

S

0 5 10 15 20 25
number of insertions

Elhanati Marcou Mora Walczak arXiv 2015



Other datasets: alpha chains

* we can do the same for the alpha chain

* similar insertion profile as beta chain

0.2
—e—\V/D insertions
—e—DJ insertions

0.15¢ Apha insertions

probability
o

0.054/4

0 5 10 15 20 25
number of insertions

e entropy: 30 (alpha) + 47 (beta) = 77 bits ~ N = 10?3

Ins Length: Deld:
3.7bits 3.3bits

Elhanati Marcou Mora Walczak arXiv 2015



Other datasets: BCR _@(Ejﬂ'

* we can do the same for B cell receptors: heavy chain

* analyse out-of-frame sequences from naive and memory B cells

O 1 {| ——pre-selection
——data
— post-selection

® entropy 0g,, P

Recombination Events : 74 bits

VD DJ
lenath lenath

Gene : 11 bH

Diversity
Elhanati Sethna Marcou Callan Mora Walczak Phil. Trans. R. Soc. B 2015 loss
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RECEPTOR GENERATION
l VDJ recombination
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Repertoire evolution W

RECEPTOR GENERATION
l VDJ recombination
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Somatic hypermutations s w—%.®

* use out-of-frame sequences from memory B cells

* position-weight matrix model hypermutation hotspots

/-mer
sl EEEEE O HEEEN * nt that are likely to hypermutate
psum(0) o pog(o) exp[ Y ei(0)] hypermutation hotspot 7-mer signature
1=-—3,3 0.06/ HA
background probabilit .
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T
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Elhanati Sethna Marcou Callan Mora Walczak Phil.Trans. R. Soc. B 2015
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Somatic hypermutations

* nt to which a nt mutates
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Thank you



ls everyone the same?

at the level of generation
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at the level of generation — twins are special
E twins++
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s Vg
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Is everyone the same? e W

at the level of generation — twins are special
?‘a — ' + © | — all sequences
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The source: long lived sequences

last time twins shared blood: before birt

N = I epg

insertions enzyme less active before birt

— Naive
— 0 insertion
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The source: long lived sequences 1
- last time twins shared blood: before birth €) 1o
L 4
* insertions enzyme less active before birth “
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The source: long lived sequences

« Jast time twins shared blood: before birt

N

* insertions enzyme less active before birt
@)
S
S o — Naive
N 0 - O . .
aQ -~ — 0 insertion
2
=
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£ o
o 2
o
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Age, years

Decay of zero insertion clonotypes:

N

e~ Separate

ldentical twins

clone lifetime ~ 36 years

zero insertion clonotypes within the naive pool

size of the total naive pool



