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Statistical Analyses based on NGS and Novel Library Technologies
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Main Contents

Feel free to click back and forth within the presentation using hyperlinks. Best to start
with your field of interest, save the technology part for the end or better ask someone
from us to explain it in detail.
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modifying the rules of the game

STATISTICAL PEPTIDE PHAGE DISPLAY
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Fingerprinting Antibody Epitopes

Standard peptide phage display is,
as most people will agree to, a kind
of lottery with respect to the
sequences finally identified as
binders. After many years without
real progress Next Generation
Sequencing (NGS) is now more
—frequently being used. But this is
only partially improving the results,
—— —since it is still relying on the
enrichment of individual
~ clones.

Peptide-Phage I;ke

- Take me back to contents () Z Fraunhofer
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Epitope Mapping of Monoclonal Antibodies
the old fashioned way

Peptide library CPL3 on anti-alpha-Synuclein-mAB 10D2 (Roboscreen)

106 120 130 140
SYUA_HUMAN (106) GAPQEGILEDMFVDPDONEAYEVNPSEEGYQDYEPEA
Sc24-GATC-PL1-F-408607 --GELGWRDQSMNDPANSAY1YSSDPG-——=—=——-
Sc20-GATC-PL1-F-408607 ----GELGWRDGYDPWNSLYALFGSSDPG———-—--

pdb Structure 1XQ8

“Human Micelle-Bound Alpha-Synuclein”

Ulmer TS, Bax A, Cole NB, Nussbaum RL, Structure and dynamics
of micelle-bound human alpha-synuclein

J. Biol. Chem. 280, p.9595-9603

- Take me back to contents () Z Fraunhofer
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Epitope Mapping of Monoclonal Antibodies

the old fashioned way
Peptide library CPL3 on anti-alpha-Synuclein-mAB 10D2 (Roboscreen)
106 120 130 140
SYUA HUMAN (106) GAPQEGILEDMPVDPDNEAYENPSEEGYQDYEPEA
Sc24-GATC-PL1-F-408607 --GELGWRDQSMNDPANSAY1YSSDPG-——————-—
Sc20-GATC-PL1-F-408607 ----GELGWRDGYDPWNSLYALFGSSDPG-——---—-
Peptide Scan (Ala-Scan) --———-————-—- PVDPDNEAYEMP————————————
g In total > 4 months at least one
Foe person, costs > €20,000
5
ED.E - o1 ph R Its f Ala-S titi
I e | of mAb binding to the target:
~T5u Modified peptides with values
502 above 0.5 can be regarded as loss of
@ D | j: binding activity, i.e. this amino acid
0 - position is critical for binding.

native W O P O M E A A Y E
(A (A (A (AY (A (A) (G (Abu) (A) (A)

- Take me back to contents () Z Fraunhofer
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Fingerprinting Antibody Epitopes

=  Applying a new combination of

grow agayg & repeat

Statistically reliable random
peptide phage library

Optimized NGS protocols

I NGS Stringent sequence data filters

g 2 Specially designed software for
[sequencings | calculating statistics of short

] - — -" _...- - -
— = : = > -.":r_-.*#—'g:;} motifs
e T N\ o

' = ...this allows to include not only

L
[ = [ -] [ 3 p—
—— —- %E — enrlched seqguences..
L =

= ...and gives access to hundreds of
sequences in the analyses, which
would otherwise be discarded.

- Take me back to contents () Z Fraunhofer
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Waste of time and information in peptide phage display

107 clones? primary standard library 102 clones

‘ = different peptides?

Contains possibly all potential

5 2 L
10° clones? 1st selected sub-library binders, but we cannot identify
‘ them against 99% background!
103 clones? further selected sub-libraries loosing information and ,, toxic”
sequences, enrichment of
‘ ~garbage”
102 clones? phage clone ELISA, sequencing, Limitation to 20-200 clones

peptide synthesis

at least 4 weeks

- Take me back to contents () Z Fraunhofer
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Re-Inventing the Usage of Peptide Phage Display

A project was started and initially publicly funded from 2012-2015 that combined know
how from Fraunhofer I1ZI (phage display, immunology) and PolyQuant GmbH (precision
libraries, programming/software)

= Redesign of a phagemid vector for minimal expression levels and alternative cloning
procedures (Patent granted)

= New design of a randomized peptide gene based on trinucleotide synthesis with
limited amino acid usage to maximize library complexity (Patent granted)

= Optimized NGS procedures for lllumina sequencers

= New software and algorithms to handle and analyze the enormous amount of
sequence data from NGS

- Take me back to contents () Z Fraunhofer
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Extremely diverse library

Library Design ENTE-1

iii@#iiiiiiiiii

CGTAGTGCAGGCCGGCN##N##N++TSCN##N##N##N##NZZNZZNYYZZNZZNZZNZZNNCTCCAGCCCAGTGGGT
GCATCACGTCCGGCCGNA##NAEN++AWGNHHNHHNHHNHHNZZNZZNYYZZNZZNZZNZZNNGAGGTCGGGTCACCCA
Bsgl Bpml BstXl

NYY: any codon ending on certain non palindromic NN
NZZ: any codon (no Trp no Met) ‘ NO Cys

N d c Met

Nri- any codon o L ot A K, NO Cys U Cys/Ser

NNC: any codon ending on C .

(or NNK instead of N++) ¥ reduced codon set with Cys

Trinucleotide based synthesis (by PolyQuant GmbH)
= Max 18 codons per position

= Reduced probability of too close Cys

= Reduction of Met and Trp codons

= Boost of primary library and selected sub libraries through recombination by type lls
restriction cleavage

~ Fraunhofer
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Statistics: Library diversity

Extremely stable library

slide no. 11

ENTE-1 ENTE-1 Ph.D.™-12* ENTE-1 after mAB |ENTE-1 after mAB
before expansion final library (commercial library) |[10D2 10D2
15t selection 2"d selection
Total number 1,241,361 2,800,721 17,609,210 294,193 411,931
Sequence found 1X 1,186,637 (96%) 2,018,083 (72%) 736,953 (4.2%) 76,972 (26.2%) 16,574 (4%)
Sequence found 2X 22,853 (3.7%) 351,921 (25.1%) 114,791 (1.3%) 37,533 (25.5%) 4,401 (2.1%)
Sequence found 3X 2, OOZ (0.5%) 24,957 (2.7%) 47,187 (0.8%) 16,079 (16.4%) 1,492 (1.1%)
Sequence found 4X 1(0.1%) 838 (0.1%) 26,184 (0.6%) 7,074 (9.6%) 759 (0.7%)
Sequence found 5X 131 (0.1%) 71 17,098 (0.5%) 3,338 (5.7%) 478 (0.6%)
Sequence found 6X 48 14 11,727 (0.4%) 1,672 (3.4%) 437 (0.6%)| n
Sequence found 7X 21 6 8,801 (0.3%) 817 (1.9%) 309 (0.5%) "?
Sequence found 8X 5 5 7,057 (0.3%) 504 (1.4%) 268 (0.5%) S
Sequence found 9X 4 1 5,531 (0.3%) 297 (0.9%) 231059 ]
Sequence found 10X 6 2 4,678 (0.3%) 191 (0.6%) 228 (0.5%) pa
Sequence found 11X 2 1 3,972 (0.2%) 142 (0.5%) 187 (0.5%)|
Sequence found 12X 2 1 3,326 (0.2%) 100 (0.4%) 155 (0.5%) g
Sequence found 13X 1 2,939 (0.2%) 0 (0.3%) 156 (0.5%)| wn
Sequence found 14X 2 2,542 (0.2%) (O 3%) 119 (0.4%) _8
Sequence found 15X 1 2,253 (0.2%) 6 (0.2%) 1 10 0.4%)| S
Sequence found 16X 2,074 (0.2%) ( 2%) 5 (0.4%) §
Sequence found 17X 1,825 (0.2%) 6 (0.2%) 8(0.4%)| .
Sequence found 18X 1,713 (0.2%) 2 (0.2%) 1 10 (0.5%) ©
Sequence found 19X 1,495 (0.2%) 2 (0.1%) 0(0.3%)] @
Sequence found 20X 1,366 (0.2%) 1(0.2%) 85 (0.4%) g
Sequence found > 20X 65,305 (89.1%) 308 (5.6%) 2,224 (84.5%) 6
Sequence found > 100X 20,241 (82.1%) 6(1.6%) 631 (67.1%) 8
Sequence found > 1000X 2,844 (56.6%) 0 45 (29%) g
I *
~ Fraunhofer
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Statistically even library

Statistics of the new library ENTE-

le:#xx #$xx +xx C/S #xx #xx #H#xx #xx Zxx Zxx YXx Zxx ZxxX Zxx ZxXxX Cxxj Ser Ser

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
0 39398 90956 186896 522 106968 111974 119732 125638 145486 143878 330 115070 141808 150810 148728 210284 0 0
0 416 442 972 1568218 1508 384 382 514 166848 166862 326870 148224 181926 178966 186930 550978 0 0
0 121218 147304 448 54 132024 128594 132772 135180 133122 133244 444 125948 119076 122484 89678 373274 0 0
0 265552 214760 200 52 181604 168106 166774 173500 171608 183564 361690 164792 154616 157474 156350 120 0 0
0 79882 93234 132368 782 121944 133130 124916 123726 135898 135512 388 135932 148972 141866 140308 419896 0 0
2580938 118170 102104 123210 = 288 103164 98142 103158 103184 105932 118254 210228 103892 100738 99158 103104 302 0 0
0 183728 = 210022 276224 218 193046 199854 198690 201420 198948 197830 712 215206 199326 197608 200372 662 0 0
0 261530 148836 670 60 152052 131096 125206 131572 121100 125694 166342 125310 121888 120926 117576 307086 0 0
0 123962 113660 270 44 96312 88342 82500 84762 85532 90728 141044 88136 78983 75258 70150 92 0 0
0 76996 101696 135064 180 107394 121148 123968 121546 126398 114968 454 142988 135062 129778 143870 600 0 0
0 136 132 190552 146 90 90 82 118 92 68 44 126 106 72 80 8 0 0
0 242394 173660 222964 164 160878 146182 139142 137072 100932 98022 396 99174 94478 96654 91812 225742 0 0
0 133074 151342 179242 464 155758 144530 145170 148064 144820 140742 260560 161584 139658 139098 141702 150 0 0
0 167382 203670 276748 198 184028 211236 213484 203750 205056 187362 398642 221298 207610 212524 222028 32 0 0
0 59562 111702 155384 522 104284 117846 123140 121788 122634 121240 189740 125332 125692 121258 132628 368 0 0
0 97316 107976 145310 1007238 129726 126148 125332 121664 129168 127548 664 130660 138544 134466 131084 868 2580938 2580938
0 155464 132292 164596 254 128358 126256 123696 122298 122874 122012 436 125248 121086 124680 125946 320 0 0
0 215518 194452 214970 4 384 197740 191790 190844 194094 197602 214250 324 190598 199846 205314 204654 722 0 0
0 83942 127436 174576 6 159568 171438 179928 164760 160 82 280202 562 62 54 26 56 0 0
0 155298 155262 274 f———as SRR A RAAR A A A 171456 172490 173912 489378 0 0

No such codon in the oligonucleotide,

error rate of lllumina MiSeq Naive ENTE-1 library

-

~ Fraunhofer
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Statistics: Amino Acid Distribution in ,Normal” Libraries
Almost 10x difference in amino acid statistics: C7C library , NNK synthesis (312,352

sequences)

data from: Dias-Neto et al:Next-generation phage display: integrating and comparing available molecular tools to enable cost-effective
high-throughput analysis. PLoS One. 2009 Dec 17;4(12)

Al A3- A4 A5 A6 A7

A 3398 3223 3422 3475 3592 3697 4161
R 4564 5649 5669 5316 4691 4484 532
N 826| 701 755 888 750| 822| 83
D 1531 1385 1636 1101 1472 1654 1288
c 2387 2171 2188 2215 2635 2402 2227
Q 902 1131 1159 656 750 816 885 ())( |
E 1253 1318 1368 1009 1265 1362 936 .
G 5308 5196 4750 4652 5350 5273 4220
H 1062 1089 1273 715| 901 880| 1082
[ 1143 1045 1064 1616 1223 1167 1124
L 4233 4402 4484 3440 3934 3941 399
K 614 585 564 766 568 682 53
M 928 858 669 1080 773 876 658
F 1906 1648 1613 1441 1783 1597 1190
P 1723 1882 2059 1751 1769 1704 3384
s 3909 3881 3768 5875 4564 4382 5047
T 1334 1310 1298 2595 1555 1591 2143
w 1701 1824 1460 1823 1802 1847 1309
Y 1267 1170 1163 918 1124 1121
% 4629 4149 4254 3283 4117 4320 3276

slide no. 13
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New way of data evaluation

NGS Data Preparation

NGS data used for sequence analysis from the original data set is filtered

= Not only highest quality sequences must be used! Cloning and PCR artefacts are
removed.

= Remaining data is indexed and stored in a data base

= In standard approaches all 3-mer and 4-mer peptide motifs are indexed, frequency
and probability are calculated, compared and related sequences can be retrieved and
analyzed..

Motif @ Count @ |Freq @ Expect @ Enrichment (log!) @
66091 DPEN 2445 3,17412 5,12765 1,95354

: : |
65785 DPPN 2365  3,18856 5,12765 1,93909 First selection round on mAB 10D2!
4168 NEVY 2340 3,19318 5,12765 1,93447 Count = Total number in data set
66128 DPDN 1459 3,39834 5,21223 1,81389 Freq = -log(count/total sequences)
4740 NEAY 1727 3,3251 5,12765 1,80255 Expect = -log(theoret./total sequences)
65998 DPHN 1272 3,45791 5,21223  1,75433 Enrichment = (Expect-Freq)
100344 PPNE 1387 3,42032 5,16191  1,74159
33118 EWIW 125 4,46548 6,13503  1,66955 Mapping of mAB 10D2, epitope:
5080 NDEY 1252 3,46479 5,12765 1,66286
65750 DPON 1204 3. 4B177 5.12765 1.64588 DMPVDPDNEAYEMPS
Z Fraunhofer
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Motif Search in NGS Data —Example Synuclein mABs

= Instead of searching for sequences, we are looking for enriched motifs, provided
the data sets are large enough (>200,000 peptides => >1 Mio 4-mers)

= The motif enrichment (NOT THE FREQUENCY) in data sets from selection
experiments can be plotted against the entire alpha synuclein protein’s 4-mer
sequences. This curve reveals potential epitopes. (Antibodies from AJ Roboscreen

GmbH)

Explanation: blue/green/black different monoclonal antibodies; red non specific data sets; Y-axis is

log enrichment over expected values.

—+—10C3-1P
—=—10C3-2P
—+—10D2-1P
—=—10D2-2P
—=—5G4-1P
—e—5G4-2P
—=—1G2-1P
——1G2-2P
=== ENTE1-acp

A
; 1y
' 2 HoL _ TAVA :
) 3 S e S B BT o R D8 s \= = == 0 s s
DAV NS o] %j T o ol 87 i e AL L
HGVA: 10,000x VDPDNEAYEM

enriched in >50% of
all sequences

(e.g. DPDNEAY in 119 seq (p=7E-10),
DPDN in 16,623 seqs)

~ Fraunhofer
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Motif Search in NGS Data —-Example Synuclein mABs

2nd selection round

—

1st selection round

+— 10C3-1P
=— 10C3-2P
«— 100D2-1P
=— 10D2-2
—s—5G4-1P

—a— SG4-2P

L1 g - f_./" .I
| AYEM | YEMP | EMAPS MIPSE EE TSEEGTEEGY EGYQ
e
16/ 117

-'\-»._.

—a: s -
LEDM | EBMP | DMPY MPVD | FFDR | WEPDT s e 162-1

; ! \ B, ) — 1G62-2P
93 % oh 1 102 fos /] froa | ags /106 18 des 1 4 115 |

1

-2

-
= u
\ E
o /
. : a N
L] Y. - m
-3 —

El-acp

93-APQEGILEDMPVDPDNEAYEMPSEEGYQ-117

Z
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Epitope Fingerprinting — ,,Manual Analyses”

1st round panning (all sequences with DPDxxAY)

=

=
NNOPFRPOUOOFRWEREFPOPRAEPE

DPO?P
GHWRCAFNDKDPDNT

GTQPCDPDQR
GVNNS 1 TWAVDPDN

GHNMCDPDNS
GVRVSNNFYTDPDN
GTEMCNHQVNDPDND
GWNTCWAFVSDPDN
GWVWST ISHYDPDN
GRQACWVGYNDPDN
GDHMCWDYTQDPD
GNITCEIWPPDPD

-

GYENSLDDPDN
GVIGCFESTADPDN
GQDSCDPDN

AY

AYSSG
AYKFYLCSSG
AYSSG
AYVPDRFSSG
AYSSG
AYSSG
AYSSG
AYSSG

NOQAYSSG u
GQTFCREFQFDPDNHAYSSG

AYSSG DMPVDPDNEAYEMPS
DPDNxAY

AYNTFSSG
AYSSG
AY 1QQGDSSG

GEKGCPHEEFDPDNAAYSSG

\ 4

slide

~ Fraunhofer
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Multiple special software tools

Epitope Fingerprinting Statistics for analyses
A4 A3 A2 Al M Bl B2 B3 An alternative display of the previous slide’s
C o 27 1 225 DPDN 33 14 1 . . . .
e oo 0 o o data is this table of N- and C-terminal amino
G 102 32 77 5DPDN| 5 6 0 acid statistics. Less useful for the untrained eye,
A 92 9 78 200DpDN | 45| 73] a2 but more informative with respect to total
viis 59 100 Sfforon 142 79 0 pymbers. Naive sequence’s amino acid
| LG oo DPON ISR O frequencies with thick frame
L 106 54 57 113 DPDN 117 145 0 9 '
Ml g o 30 opDPON 0 0 0  The amino acids surrrounding the motif are
| el T d by similarity and not by alphabetic ord
v 35 128 117 111 DPDN 7868|1442 sorte | by simi arl_ty and not by alp abetic oraer
W 119 79 67 10 DPDN| 9 17 2 to facilitate reading and understanding the
T 181 18 86 16 DPDN 111 71 O output.
S| 17 160 134 128 DPDN | 30 80 O
N 122 143 43 23 DPDN 230 149 2 =
Q 104 60 34 87 DPDN 172 286/ 1 QIE
R\ 13 30 62 146 DPDN | 12 69 O N7
K 51 52 21 8 DPDN 9 9 O eH
H 139 94 92 229 DPDN 112 127 O S i=
E_51 8 87 37 DPDN 46 4
p|_133| 230/ 68 55 DPDN 136 102 1 =— =

count|1459 1459 1459 1459

1457 1457 145

N

L

wabiogo. barka oy adu

~ Fraunhofer

slide no. 19 171



== S
=S

Epitopes beyond the resolution of single amino acids

FINGERPRINTING EPITOPES OF
MONOCLONAL ANTIBODIES

~ Fraunhofer
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Comparing Different Antibodies - Specificity

= Fingerprinting renders in depth understanding of even minor differences in the
epitope of seemingly identical antibodies

= Example: The epitope for the two well-known FLAG™ antibodies is regarded to be
the peptide DYKDDDDK

= Displayed as here in ,,web-logo” style fingerprint explains immediately the higher
specificity of FLAG M2 generated from several hundred sequences sharing the
binding motif. FLAGM2 is considered to be more specific.

FLAG-M1 FLAG-M2

~ Fraunhofer
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Comparing Different Antibodies — Checking Identities

Two antibodies binding to mucin-1, both binding the repetitive motif, databases
searched for PDTRP motif variations, single selection round!

=2 BD anti-CD227, data based on 769
individual resp. 271 different
sequences after first selection, 2.8x
enriched; Dataset: 377,990 seq.

Non commercial mAB, data based on
1013 individual resp. 406 different
sequences after first selection, 2.5x
enriched; Dataset: 451,834 seq.

Compare naive library, data based on
only 262 individual resp. 255
different sequences, 1.027x (=not)
enriched; Dataset: 949,676 seq.

~ Fraunhofer
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Surprise?
The c-myc tag and the mAB 9E10 are famous tools in molecular biology:

= Antigen: EEQKL ISEEDLLRKRREQLKHKLEQLRNSCA (Synthetic peptide of
human c-Myc 408-438)

LVSE

P i PN e

= Mapping against full lenght c-Myc reveals an additional, much stronger
epitope AAAKLVSEKLAS vs. expected EEQKL I SEEDLL

n Fingerprinting confirms EEQKL I SEEDLL, despite dominant valine

=% Guess the structure of the
=="a" — = antigen!
EE——_—% -
“’—_—‘ E

= Potential explanation for Val/lle indifference: Helical structure of target

~ Fraunhofer
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Structural Epitopes

1F9 is a monoclonal antibody raised against
AMA-1 a major malaria antigen.

A M A' 1 Structure of the Malaria Antigen AMA1 in Complex with a Growth-Inhibitory Antibody. Coley, A.M., Gupta,

Results:

A., Murphy, V.J., Bai, T., Kim, H., Foley, M., Anders, R.F., Batchelor, A.H. (2007) Plos Pathog. 3: €138

Ruler 1

Consensus
trQTKOKS|QTKOKS_PLAFT
seqMEZ_1P1|count=1
seqME2_1PZjcount=1
seqME2_1P3jcount=1
seqIME2_1P4|count=2
seqIME2_1PSjcount=1
seqMEZ_1PBjcount=1
seqME2_1PTjcount=1
seqMEZ_IPBjcount=1
seqIME2_1P3jcount=1
seqME2_1P10jcounts1
seqMEZ_1P11jcounts2
seqMEZ_1P1Zjcount=1
seqME2_IP13jcount=1
seqIME2_1P1djcounts1
seqME2_1P15jcounts2
seqiME2_1IP16jcounts1
seqMEZ_1P1Tjcount=2
seqME2_1P1Bjcount=1
seqME2_1P19jcount=1
seqIME2_1P20jcount=1
seqiME2_1F21jcounts1
seqME2_1P2Zjcount=3
seqMEZ_1P23|count=1
seqIME2_IF24jcounts 1
seqIME2_1P25jcounts1
seqIME2_1F26jcounts1
seqME2_1P2Tjcounts 1
seqME2_1P2B|count=1
seqMEZ_IP1jcount=1
seqME2_1PZjcount=1
seqME2_1P3]count =1
seqIME2_1Pdjcount =5
seqMEZ_1PS|count=1
seqMEZ_1PBjcount=1
seqME2_1PTjcount=2
seqIME2_1PBjcount=1
seqME2_1PYjcount =2
seqMEZ_1P10jcount=2
seqMEZ_1P11jcount=1
seqME2_IP12jcount=1
seqIME2_1P13jcounts1
seqiME2_1P14jcounts1
seqIME2_IP15jcounts2
seqMEZ_1P16jcount=1
seqMEZ_IP1Tjcount=1
seqME2_1P1Bjcount=1
seqME2_1P18jcounts2
seqiME2_1FP20jcounts1
seqME2_1P21jcount=1

Sequence Logo

Ruler 2

10 20
------ xfs sll<ppfER:-------

--6T
- -NWAQSVYFFQPPT

~wyHcGFBr -DPPTESAY - - - - - -
¥YOQPCHTVYLCRPPTEY - - - - - - - -
- - SLRCHDVPPT ..

ILTCKPPPT .
VEPVPFTEFQSNAF - - -
SFPPPTEPGCPRC - - -
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Structural Epitopes

1F9 is a monoclonal antibody raised against

AMA-1 a major malaria antigen.

AMA-1

Published from structure: HFYK

~Pepscan”:

194-TLDEMRHFYKDNK-206
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Structural Epitopes

1F9 is a monoclonal antibody raised against AMA-1 a major malaria antigen.

AMA-1 and monoclonal antibody 1F9

- Take me back to contents () Z Fraunhofer
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Structural Epitopes

1F9 is a monoclonal antibody raised against AMA-1 a major malaria antigen.

AMA-1 and 1F9 heavy chain

- Take me back to contents () Z Fraunhofer
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Structural Epitopes

1F9 is a monoclonal antibody raised against AMA-1 a major malaria antigen.

AMA-1 and 1F9 light chain

Fraunhofer

Z

© Fraunhofer 1ZI
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Summary of Technology

The combination of a stable peptide library with a novel NGS data evaluation works
very reliable in the identification of continuous and dis-continuous epitopes. Results of
selections experiments are reproducible on the level of motif statistics!

The main limits observed so far:

= Biased data sets by strong enrichment of individual clones or unspecific hydrophobic
junk

= Data from selections on less than ca 100 antibody molecules become less reliable
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N2 3458764 M0 H 2 13 14 15 16 17 % 15 20 2122 23 24 25 2 2726 25 3% T 52 33 3435 36 37 36 39 40 41 42 43 44 45 45 47 45 45 50 51 52 53 5455 5 57 56 55 40 4142 63 64 65 66 67 8 69 Ta T T3 T4 75 76 7T 76 T4 40 4162 63 64 95 b 47 55 43 50 51 52 53 94 45 46 97 4 54 100 101 W2 103 104 105 46 197 08 105 He 1 2 H3 114 HE 196 17 9 Ha 120 121 122 123 124 25 126 2T 120 12 T 130 132 33 154 135 156 157 130 135 14h 141 142 43 144 145 4 4T 145 145 150 151 152 153 154 155 54 157 15
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FINGERPRINTING ANTIBODY EPITOPES IN

SERUM
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discovered by Phage Display

Mimotope Array Confirmed
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Fingerprinting Antibody Epitopes in Serum

Serum samples collected from one patient over several years have been used for
this immunome study. The results have been compared for vaccine antigens
received in this time period.

Hepatitis Antigen epitope signal strength varies before and after vaccination,
epitopes shift with the time

Epitopes from influenza virus immunisation can be also mapped. In addition an
infection can be seen with a different H3N2 virus.

~ Fraunhofer
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Example HBsAg

Several motif related to the Hepatitis B epitope have been identified. The significant
but very unusual epitope below showed an interesting change with respect to motif
frequencies.

Engerix-B 12.2015

S-16

17.01.2016

-

Antigen Motif First panning round Second panning round
& Enrichment | Unique seq | Enrichment | Unique seq Found motifs Count
PSCC 0,08287 17 0,25451 24 (VVTSYGIFSQCPSCCC 1**
GTSMYPSCCCTKPSDGNC ([SCCC 0,17992 19 0,33903 20|WVNCNIYRSCCCTRKD 4
CCCT 0,23766 14 0,29074 13
**more single sequences with this motif found
Sample ID Date e 131 132 44
4 - 1 134
Engerix-B 03.2010 . 11?9 13%
25.11.0010 z T, 1 3 e PP
- ] .
S-12 18.12.2012 B2 [wws[ofr psccsece Fagy ::: 149 °°oﬁ s
E .

S-0214 02.2014 e el REFR PR T W - 125 s % 1w 0 136
S-1014 22.10.2014 - e W ”9 S5 @
S-1114 26.11.2014 = :m %
S-15 07.12.2015 U e 121

a-determinant (Rezaee etal., 2016)
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Example HBsAg

[Er——rwoen N

. . First panning round Second panning round
Antigen Motif - - - - -
Enrichment | Unique seq | Enrichment | Unique seq Found motifs Count
PSCC 0,08287 17 0,25451 24 (VVTSYGIFSQCPSCCC 1**
GTSMYPSCCCTKPSDGNC ([SCCC 0,17992 19 0,33903 20|WVNCNIYRSCCCTRKD 4
CCCT 0,23766 14 0,29074 13
**more single sequences with this motif found
Sample ID Date e
4
Engerix-B 03.2010
P ¢ hwa FNTF1 _=iop
25.11.2010 E o) S
- a -
S-12 18.12.2012 S MRS | vper  paCc TC
BB 02 e
S-0214 02.2014 E B 12 1 13
S-1014 22.10.2014 B
E —iO— % 10

S-1114 26.11.2014 R
S-15 07.12.2015 uE
Engerix-B 12.2015 1
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Motif Enrichment - HbsAg C-Terminal Epit

Not just numbers -
sequence similarities

count

Comparing naive library vs. pre-boost vs. post boost sera: Only sequences found with
at least 4 aa identity to the antigen’s C-terminal epitope are |

Ruler 1

Consensus

HEBsAg-Protein-5
ENTE1_acp-CxWVY-seq28|count=2
ENTE1_bep-CeWWY-seq164jcount=2
ENTE1_acp-CxWWVY-seq12%jcount=2
ENTE1_bop-CxWWY-seq247jcount=2
ENTE1_acp-CxWVY-seq78|count=2
ENTE1_bcp-CLWxY-seqd0jcount=2
ENTE1_bep-CLWxY-seq12jcount=2
ENTE1_bop-CLWxY-seq2jcount=2
ENTE1_acp-CLWxY-seq53|count=2
ENTE1_acp-CLWxY-seq7 3jcount=2
ENTE1_bep-LWWxl-seq24|count=2
ENTE1_bop-LWWxl-seq77|count=2
ENTE1_bep-LaVyl-seqadjcount=2
ENTE1_bcp-LxVYl-seq118jcount=3
ENTE1_bcp-Livyl-seql26jcount=2

Sequence Logo

Ruler 2

Naive library

220
---fstCLWWVWYigf -

LLPIFFCLWVYY - - -
--HPPFCAWVWYHTD -
---TFRCIWVYQPIC
---KFTCIWVYNQEF
---NSTCEWVYRHQF
-~ - YVQESWWYTY | S
--NWGCLWLYVGPY
RSVWL ICLWAYNDY -
--SAHCLWRYQIPC
RCKRYACLWHYHCY -
--FLNCLWDYRACI
-TYQSTHLWWVY I FFL
WSQFSILLWVMY IGF -
-TYQSTHLWVY I FFL
-------- GVMY IQHLC
WSQFSILLWVY IGF -

2N

15 sequences >1x; 1 >3x/ data set 2,191,037

|IIII|IIII|IIII|I
Ruler 1

220 230
Consensus --xfrCIWVY idyxxx
HBsAg-Protein-5 LLPIFFCLWVYI - -- - -

--HGRCEWVY LAIAHV
WVPDSSCLFVYI
--QFMCHNWVY IDCECE

it2_201 5-2pr-CWWVY-seq9|count=5
it2_2015-2pr-LavYl-seq|count=5
it2_201 5-2pr-CWWY-seqS|count=3

it2_2015-2pr-CWWVY-seq2|count=4 ---VFVCDWVYVQQEVN
it2_201 5-2pr-CWWVY-seq19|count=4 ---IHACRWVYEKLYHHH
it2_2015-2pr-CLWxY -seqSjoount=17 ---DNGCLWTYRRYCIC
it2_201 5-2pr-CWWVY-seq11|count=7 - - -AKRCPWVYQPYNHV
it2_2015-2pr-CWWVY-seq|count=7 ---SIRCDWVYEDWPFV

it2_201 5-2pr-CWWVY-seqd|count=4 --YGPCHNWVYEDIRCE
it2_2015-2pr-CWWY-seq10|count=4 --SQLCDWVYKYYCVD
it2_201 5-2pr-CWWVY-seq14|count=3 --QSHCHWVYEHIGFL

it2_2015-2pr-CLWxY -seq2joount=3 ---PPRCLWDYSFWCYP

it2_201 5-2pr-CLWY -seqdjcount=3 ---LYNCLWWYLSQFVS
it2_2015-2pr-CLWxY -seqjcount=3 -~ -RNACLWWYPFQHAL

it2_ 21 5-2pr-LWVsl-seqdfcount=8 | - - - - - - DLWVAICF - - -

it2_2015-2pr-LsvYl-seq6lcount=3

Sequence Logo

------- LSVYIDPEYLA

Ruler 2

220 230

Pre boost serum
27 sequences >1x ; 16 >2x / data set 253,288

P 1

(e h

Filiuig-Fiotwn-

20 2 Y Sy M e S
B 1M e g T o S
B0V BT iy 10
B A - W s Miparga 3
2 N B -y Mot T
B 0 W =l Wl e
[, o | PRRTEROLT R T
BZ 12 pri s - drnamia s
B 1 S g g = 3
0 2T Sy S roint=6
EF T M- ks §
B J:llb- NP iy B e D
[

ta§
B0 W T ]
EF 0 V7 pr=L W = Yo
BT LU o e
B W R T iy B e T
T Nt L g R S
B B 2 A - Wt
B 1 W - irnanea &
NV 2 Y SRS
XM - V-t sl
A Ve g A i H o = 5
AV 2pr- A -y P e T
AV dpr- LW g M a3
3 Y -y s tmd
A W 2 -y 17 e B
¥ 2 L SR Car L d
O Hr =, Wi ol
A1 S Wl T oot
TP e Monaamadl

1 ¥ =L oo 1i= 3
1 2 Y ey T E
22010 el ioouni=4
B2 B W D L g
BN I e Mot s

ERAERADR

o

EEEaR

Post boost serum | : i

P -EIWNYHy e
LLPEFPEL®MY S - - - - v ceemm
FYFREowWN YAk RO COQFC
- PEWANY EQCOANYD - - - -

FIHENWE YGYERFHSD
- e e AWRE R Y P YHAH L A - -
FHEC WKW YOV PYH I RC

s LAEEYRNY FQFDVGYE - - - -
-FLTRSLMN YRR
GRHLE- -Ralvl- - - ----- -
- - OVWEEWNY N CEVEDNY - - - -
EWTC - -HWMYEVWECTYA
TEWE PR YAVIQSEHA- - - -
LEFEGWNYEERYD Y Pi
- FMAC AN LWL
TSOHSLALWN I HHD - - - ------
WHGAD = - LAY - v mm e mm e ma
- - - WMPELWGYYPYHEHAF - - - -
HEYSDMEYWREYRYF
-fgiEOWE Y FEwAKPOY - - - -
TESTS IMNCYWMYFTY
- -POECOWNYRPIACODNA - - - -
WYACEWNYYOIHI AL
- - - KCGEHWNY LNE LN EHE

RETEIIE WY SAD - v e mcm s
GEQE I'WWYCC | E¥aWC
- - WOMENWNYTLEEIYED - - - -
HEQEFWEYHEQCVEK |
- - W AMESWNYD P Ei@----
LWWCAF PE

-TAGSPRLWWCAYHES
--ERNMCT LW THER
YHEQR- - LR YR K
..... NILS WY GVAGHTQRC -
LYRYRYRDSCA

FE- - LEMYAYWOCYLN- - -
FOOELWE ¥ W ;
THEELWH YRAYLFTGE - - - -

] N » afal

65 sequences >1; 37 >2/ data set 476 099
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Identified Epitopes from Influenza:

HA - A(H3N2) Texas/50/2012 virus

= Nine potential epitopes identified
= Four epitopes described in the literature

= One epitope in the receptor binding site ik

(residues 219-228) [Yang et al., 2015; 10.1016/j.virol.2014.12.024]
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& HA A(H3N2); PDB ID

4WES8 (Yang et al., 2015)
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Identified Epitopes from Influenza:
HA - A(H3N2) Texas/50/2012 virus

fuler 1

Consensus

A, A-Teas-50-2012 HARE
t2_111£-2pr - QOAY - seq2i - count §
E2_1114-2pr - CR3AW - 5018 - couni B
(20142 pr - CPOAY - senpf - oowind: 11
211142 - SO0 - 4GB0 - oounl: 10
E2_1112-2pr - SO0 - segd - count 5
2 _2015-2pr - Q0AY - 28q12 - count 4
B2 2N S-2pr - CRAW - seq11 - count- b
17 11142 - CRAY - 5enpd - oot 4
2 11142 - SO0 - 2B - oounl: 5
2 _1114-2pr - OOAY - 5eq33 - count 5
2 _2015-2pr - QOAY - seq2h - ount §
B 2015-2pr - AW - 8029 - count T
17 _2015-2pr - CKIAY - 58033 - fount 4
2 1142 - S008 - seg3 - count T
B 1T142pr - SO0 - spqS - count 4
E2_1114-2pr - SO0 - segel5 - oot 4
E2_1118-2pr - S00A - 2eg5h2 - oounl: 5
t2_111&-2pr - SO0 - seqll - oount: 5
E_1T12-2pe - SO0 - seqld - count: 14
(2 0152 pr - CPAW - SRS - codnt 14
2014 Fpr - S0O0A - sagd - count 4
E2_1014-2pr - S00A - seg2B - oounl: 4
E2_101&-2pr - S0 - seq3 - oount: 4
E_M0TL-2pe - SO0 - seqhd - oount: B
(2 01270 < OOV - 5810 - eniind 4
2014 - OQOAY - 50027 - (ol §
t2_1014-2pr - OXOAY - 5828 - count 9

A
T e — =
220 ?$i i 240
------ qiv-ogSO0ANAN--------
SGRITVSTE -RS5OOAVIPHNIGFRPRE | R
- -HHNSYDAQAQOAVRFY - - - - - - - -
STPCVITOQOAVIEVFDF
OWHCERE NHOQAV IV
--KHOQCYEL - QSG@AH LAY - - - - - - - -
------- ID-ASOOAPHEQYHFFD- - -
------ FYOHETGOOAVERCDLY - - - - -
WOIWE Y LEOANEGY L
F5 - RSOQQAVARGALPFA
SRGSSMGIQ- SEQQANYMN- - - - - - - - -
-KEFRCYQO - -DYDQOAVCOA- - - - - - - -
SILFCIEHY - PCODANGL - - - = = = = = =
FEHSAGE ST LOQQAVOY
TANC -EVLY -QLOQODAVRN
------- HH - TEQ@AHD LWYHIDC - - -
S5E -WEQOAYCAGFEKC P
EFV-SSODALVEDL -NYA
ACCYSO0AA -WSADCF-----------
SENMWSSFPT -VEOOAOQVC------ - - -
WEMC I NW- ESOQOAGLOF - - - - - - - -
FLOCMVGS -D TRRAVC D
----- VP -ASOOAWTHPEYSLF - - -
------ OHT - CSODAAVYSPYPF - - - -
------ eV -CSOOAHCWFT - LAY - - -
WEQWET 1 1Q - PESG0A
DMFC YA PVAN F W
-ETASWOFY - GPOOAVKM- - - - - - - - -
-TOWSYRFO-QGOMOAVEDR - - - - - - - - -

72 sequences with the active site motif, only those
>3x are shown (vs 17 2x in larger naive data set)

=IGEIC.:

HA A(H3N2); PDB ID

4WES8 (Yang et al., 2015)
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Identified Epitopes from Influenza:
HA - B Massachussetts/02/2012 (Yamagm 3

W

5sKSYFAz;
= Five potential epitopes identified
= Four epitopes confirmed in the literature
= Cross-reactive neutralizing epitopes
15&GECPH1+3|}

HA B; PDB ID 4FQJ (Dreyfus et al., 2013)

Z Fraunhofer

slide no. 41 171




Identified Epitopes from Influenza:
HA - B Massachussetts/02/2012 (Yamaga

= Comparing naive and selected library

Naive Dataset: 2,191,037 sequences

Ruler 1
Consensus

HA B-Massachussets-(2-2012
ENTEL bp - GNCP - 5eq107 - count: 2
ENTEL acp - GNCP - s8q26 - count: 2
ENTEL bp - GNCP - seqid - count 2
ENTEL bp - GNCP - 58215 - count: 2
ENTEL_acp - GNCP - 58q37 - count: 2
ENTEL_acp - GNCP - 58090 - count: 2

Sequence Logo

Ruler 2

[ e e e e
330

YYTGEHAKA IGNCP IWVETPLELANGTK
IGNCPVWHC NGHEPCF - - -
DEMCPEKQUYHINFFYF - - -
MENCPVYFWVERFGSDN- - -
~HLHCPEHSGNEPMNHSEC = - - - = = = - - -
VENCPVEKSDECEEWVEF - - -
IGHCPSAQSF - - ------ -

- -SHQC Y1

LI S B e e e e e e
340
IGNCPvwxcx--K--F---

15 KPYYTGEH, ¢
——— e

323

) 4

KSYFA:;
13,]GNCPIWVKTs,, B st
Yasugi et al., 2013
Selection Dataset: 511,986 sequences
" I I o o BB e
Comerses | = - - - - - - iIGNCPigguscec--y---
HiA B-Masachussets-02-312 ¥YTGEHAKAIGNCP IWVKTPLELANGT
2. 2005-2pr - GNCP - seq2-count 2 | = -e-- - IGNCPYTNQFRGNGFY - - -
21713 7pr- GMCP - seql-eount & | - - - - oo - - IGNCPLNQVCKEPYEC - - -
2 1212-7pr - GNCP - seq2-count 12 | == - - - - - - - IGNCPNINCDGDQEYY - - -
2 1212-7pr - GNCP - seqB - count 7 | = - - - - - - IGNCPNLLVVEHHQEC - - -
21713 7pr- GMCP - seqld - exunt 5 | - - - oo - - - LENMCPIKSYIPSEsCY- - -
i3 2015-Zpr- GMCP - seql-epunt 2 | - - - - - - - - QGMCPIDAHICAGVSD- - -
it2_3015-2pr - GNP - seqd - eount: 3 - - -[EYywWsQLENCPIPCHYC - - - - - - - -
2, 2005-Zpr - GNCP - s8qM - count: 3 -- -DRNSEHSGMCPIQAPN---------
2. 2005-7pr - GNCP - seql-count2 | < - - - - QGMCPEPHHTYECECY - - -
i3 2015-Zpr- GMCP - seqll- exunt & | - - - - - - - - - YGNCPPTLFVQLEFRY - - -
i3 2015-Zpr- GMCP - seq2L-epunt 2 | - - - - - - - - VGNCPVGEFSGKRvYEN- - -
2 2005-2pr - GNCP - seqIB - eount 3 | = - - m - - - LGNCPNQLRDCGECRD - - -
2, 2005-Zpr - GNP - 98qd7 - count: 2 - -WYRCIGYQBMCPGQQF ----------
2 2015-2pr - GNP - seq48 - count: 2 - - PEMSQVDYGNCPASGA - --------- 1 GECPM’
21713 7pr- GMCP - seq3-eount 16 | - - - - - - - - - VGMNC PWE F YQWEPRVF - - - 56 60
—_—

t2_1213-Zpr - GMCP - ssqf - count 22
it2 1212-2pr - GNCP - s8q7 - count 15
it2_2015-2pr - GNP - 38q3 - count B
it2_2015-Zpr - GNP - 5895 - count: 5
it2_2015-Zpr - GNP - saq8 - count- 2
it2_ 2015-2pr - GNP - seq9 - count- 2
it2 1212-2pr - GMNCP - seq85 - count B

--------- FGNCPROQOQQTEKYHMNLF - - -
--------- VEBNCPEDYSTYYCEMNA- - -
--------- HEGNCPWFHPICFIGDF - - -
--------- RGNCPYHTCLEKERPFY - - -
--------- FGNCPQATVEQPCRGC - - -
--------- NGNCPWFPQPICTQDTF - - -
--------- EKSCASGNCPRFCSIY- -

. GTK HA B; PDB ID 4FQJ
(Dreyfus et al., 2013)

Sequence Logo

Ruler 2
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Epstein-Barr-Virus Signatures

= Being present in most of the population, EBNA1 C-terminal signatures have been
found in almost every serum and are useful as internal markers

EBNA Motifs
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Verification in ELISA

We have established a new method to easily attach peptides to ELISA plates, with
these or peptide arrays usually 50-80% of all peptides from in silico data show binding
to antibodies.

Peptide ELISA
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a drop of blood

FINGERPRINTING SERUM ANTIBODY
EPITOPES FOR DIAGNOSTICS

| Take me back to contents () Z Fraunhofer
1Z1
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Fingerprinting Serum Antibody Epitopes for Diagnostics

Because of the broad information obtained from epitope fingerprints, it is a straight
forward procedure to use epitope/mimotope peptides for immune diagnostics.

This study was carried out with sera from different mice strains infected with the

Orthoreo virus, a common problem in animal facilities.

QUTER CAPSID PROTEINS

Lambwcla? | Mu
' Sigma3

Mu 2

Palymerase
Lambda3

Sigma2 Lambdal
INNER CAPSID PROTEIMS

Pictures: ©ViralZone 2013l Swiss Institute of Bioinformaticsi httE://viraIzone.eansx.org/aII bz sEecies/105.htmI
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Orthoreovirus

Two main epitopes have been discovered on Sigma 1
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For confidentiality reasons the picture only
reveals the epitope’s approximate location.

Virus Picture: ©ViralZone 2013, Swiss Institute of Bioinformatics" httg://viraIzone.eansx.org/aII bx sEecies/105.htmI
Z Fraunhofer
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Orthoreovirus

The epitopes are located at the same site where the interaction with the cellular
adhesion molecule takes place. Binding antibodies would probably have neutralizing
activities.

Epitope Sigma 1

Locations

For confidentiality reasons the picture only

reveals the epitope’s approximate location.
Z Fraunhofer
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Results from Peptide Arrays

Peptides EM6 and EMS8

Sera
EM6 EMS _ ; 4
o200 veiaoo Tver 106 Tveiioo, 2 peptide densities on the array
P=27ng, | P=81ng, P=27ng, P=81ng, ? . .
X=1,9 |X=2 X=1,5 1,8 - serum dilution 1:100
VL1 0,92 0,80 0,66 0,70
VL10y | 1,24 0,99 0,69 0,72 H
VEEREYE 1o 0.5 073 Signal over average of all
VL3, |1,78 1,91 1,22 1,20 spots
VL5, |-0,01 0,05 0,01 0,00 Healthy
VL6 y 1,89 1,76 1,07 1,99
VL7 n 0,53 0,67 0,57 0,68
VL9 0,59 0,45
VL13; | 5,08 4,30 2,79 2,30
VL15, | 3,55 4,50 2,23 2,48
VL16, | 2,87 2,54 1,99 1,99
VL17, | 4,00 3,28 2,19 2,45
VL19; | 4,17 4,13 2,34 2,82
VL21, |5,01 6,71 3,15 4,44 ;
viz3, |EEE o = o ™ Orthoreo Virus Infected
VL24, | 3,80 2,62 2,01 2,29 " " "
VL31, | 1,98 2,17 1,66 1,81 All peptides were synthesized without
VL33, | 2,60 3,07 2,53 2,87 . . . .
vias T383 200 >0 273 optimisation as foun_d in the results of
Va3, [3,69  |[4,32 1,97 2,90 -J| the epitope fingerprinting!

~ Fraunhofer
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,,dangerous food 1n hostile environment*

FINGERPRINTING ANTIBODY EPITOPES IN
ALLERGY

Z Fraunhofer
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Fingerprinting Antibody Epitopes in Allergy

Identification of allergenic epitopes in soybean proteins and their application for
allergy diagnostics, food analysis and generation of controlled hypo-allergenic food
ingredients had been the goal of a large Fraunhofer consortium. The basis is the
analysis of sera from a biobank collecting now >500 well characterized patient sera.

Despite the low abundance of IgE in serum: From 50 patient sera more than 300
epitopes identified for soy alone (partially patented) and potentially relevant of these
and other food allergies were tested in peptide micro arrays.

FOOD Lebensmittal
ALLERGEN | Zutaten

Medizinische Lebensmittel
Diagnostik Analytik

~ Fraunhofer
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Additional Product Options

= The composition of the biobank allowing the identification of diagnostic epitopes
for foodallergens

= Those in green are available.

= Epitopes for additional allergens can be extracted from existing data (blue) or
found by analyzing existing patient material (orange)

700%

GO0% -

50,09 -

40,0%

20,0%
20,0%

10,0% -

frequency in foodallergen biobank

LALLM A 1

0,0% -
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RAELSEQD IFVIPAGYPVVVNA
GVQRSEQD IFTEPEAHD
GEPQSEQD I FQKCEKQF
GEAHCKHSEQDICAIAN
GNLACWYNEQD I FVAHD
GAGFCYQQYLEQDIFVY
GEEFSQLHAFEQDIFSC
GTKRCFNVYPCQDIFVI
GYYPSVGHQTCQDIFVA
GIARSNQD IFVYDAHKC
GLNRCDIFVIPECELHN
GSENCDIFVIQE IQSCF
GTFHSIQQQRDIFVIVI
GSWPSLEIFVIPIFVQI
GYQWSTEHIFVIPCQRA
GLNRCDIFVIPECELHN
GIRACWQAPFVIPAGIC
GSAVCSYGFVIPAGCI I
GLVSSQLTQFVIPAHCD
GGTQCLQFKVIPAGHFC
GEKHSEDPFLV IPAGGD
GTSQSEAV I PAGHHEHY
GTVVCF IWWPAGYPVDC
GLKVCHGPAGYPVCPCD
G IWGSPAGYPEECVVRD
GIQRSAGYPVFKDVDID

Visualisation of
Epitope Walking

Comparison of data from
different sera allows to define
the epitope spreading or
epitope walking as a results of
antibody maturation in
different patients.

This example shows only a few

mimotopes with similarity to an
epitope in the allergen Gly m 5

from 12 patient sera.

Gly m 5.01

>S06 | count=2
>S08 | count=1
>S06 | count=4
>S03 | count=1
>S03 | count=2

>S06 | count=46

>S18|count=1
>S03 | count=8
>S03 | count=9
>S09 | count=2
>S09 | count=3
>S08 | count=1

>S07 | count=112

>S08 | count=4
>S09 | count=2
>S16 | count=1
>S12]count=5
>S02 | count=2

>S03 | count=40

>S21]count=8

>S21]count=15

>S11]count=6
>S18]count=3
>S12]count=3
>S01 | count=4
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Gly m 2S5 Albumin Map

aa sequence of Gly m 2S5 Albumin

;“1- ﬂ m u L
:""&.—_ EzE3E : I
L [k R Ll T e
Epitopes of Epitopes of |Epitopes of
Soybean potein peanut Ricinus
Ep ito pes LFCIAHTCS LLFIIAN
. SASKWQH
Patient ID [
SCRKQL
KQLQGVN
Maps of all major soy allergens could be generated! NLTPCEK NLKPCE
QGRGD
EDEEEEG
QKCCT QRCCD
TEMSEL
. . . . . CKALQK
possible cross-reactivity with other proteins because |\ e zex
of similar sequences |mcrrer
1QCDLS RCDLD
Z Fraunhofer
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Epitope Frequency 3D-Map

Epitope frequency 3D-map of basic 7S protein from soy
(red = most frequent; blue = not found, motifs in 50 patient sera)

~ Fraunhofer
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Validation in Peptide Arrays: IgE vs IgG

Glycinin - IgE

40

35 1

30

25

20

15 ] B

10 I

| i L1 e, b i AL b

5 J.A lLllJvhqulruh... |.i Li. s s #Tbeali I || i .ﬂi.ﬁ i I-II ks JI fallar Il s iL|lﬂi.ﬂ
Do11 Do12 Do13 Do3 EMZ1 DL3 ENG no22 ENS DNG Q1o EN7 DN1D
Ph Pr Ph Pr Ph Pr Ph Ph Pr Ph Ph Pr Ph Ph Pr

Glycinin 61 Glycinin G2 Glycinin G3 Glycinin G5
mAK_ g mFl mEU =13.01 m1302 =1303 m1304 m13.05 m13i 06 ml3i07 m13.08 w1309 w13 10
Glycinin - 1gG

40

as

30

25

20

15 I 1 I

10 I_' =

il |I|| L L

|| TSI [ Y aliz i.ﬂ_,L [u..nml.r L] o Wl |" th Jia ll}iu,:. L.i[ h.,n ;nL.m
Do11 DO12 D13 Do3 EM21 DL= EMNG DND DO22 DNE Do10 DN1D
Ph Pr Ph Pr Ph Pr Ph Ph Pr Ph Ph Pr Fh Fh Pr

Glycinin G1 Glycinin G2 Glycinin G3 Glycinin G5

migt mFl EU ®m13 01 w13 02 1303 m13 04 m13 05 w13 06 w13 07 w13 08 w13 09 w13 10
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IgE Epitopes of Gly m 2 — Defensin Il

Sequence VMEMRKSCGFFFLLLLLVFASQVVVQTEGRVCESQSHGFHGLCNRDHNCALVCRNEGFSGGRCKRSRRCFCTRI C

Frequency
~ ~
Patient 1
~ ~
Patient 2
~ h ]
Patient 3
Patient 4 )
~ ~ ~ ~
Patient 5
Al N
Patient 6
Patient 7 b
Patient 8 )
Patient 9
Patient 10
Patient 11 ]
~ Al ~
Patient 12
Patient 13
~ ~
Patient 14
patient 15 )
h ] h ] ~
Patient 16 | H .
Patient 17 a
Patien | 12 : - - = Results from checking all
hJ Al
Patient 19 = .
patient | 20 | | [ . ) ) - sera with epitopes from
Patient 21 -
pationt 22 ) ) ; phage display on array.
Patient 23
Patient 24 - i
Pationt 25 : = Some sera were not
Patient 26

N
~N

| & : checked for peptide data

Patient

N
[

etions a0 ‘ : (no green bars)

Patient 31

rane | 55 : : = Many sera do not have IgE

. against Gly m 2 epitopes
discovered by Phage Display Mimotope Array Confirmed

~ Fraunhofer
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dN M s 0N ® oo
ME MR K S CGF F F L

waned

C

HGLCNRDHNCALVCRNEGFSGGRT CKRSRRCEFTCTR

17 17 12 15 15 18 19 19 20 18 20 16 14 13 12 10 814 17 17 18 1917 16 151413 11 10111112 7 7 7 7 6 6 6 6 5 7 7 7 6 6 4 4 4 4

11111
11111

13 T1 1111111111111 11111131111

111 7T1111111111

[ 1717111791111 1111 1

111 1

N T Y O | U |

1111111111111 11111111

T
[f11111111111111111111111111111 111

1111

1

111 1

111 1

11111111

T

1111
1111111111111

11111
1111
11111111

T
T

1111

1717171

1111111111
111111
11111

17111 T

11111

711111111111
by
T

il

T

es

Emnmitas
=NILUVUN

1

11111

1111111111111

1

171111111

11111111

11111

11111

1111111

7.

1

11111111

11111

11111

11 1] 1
1111111111111 111111

i

111 1/1111111111111111117T1111111111111 471111131111 17T11113111 3

1171117111111 11 1]

D111 11 1111111 311

111 1{1

1

11 1/11 1

11111111
111 1/11

T

1 1/1 11

11 11 1

T

LVIFASQVVVQTEGRVCESAOQSHGEF
1216 19 19 23 22

L L

L

3130373 3

T
1111

| 1111111111111 11111111111111111111111111 ﬂ 1111111111111111 1

| L L L L L 1| 1111111111111 11111111111111111111111111 ﬂ

10
11

1111111111
111111/ 1 1111
111 1 1 1|1
11111 1/1 1111

73111 1111717117111 111 17171111111 1117111111111 171111111 11111]7
1111 11

111 1
111 1

Nimiginiginioinioidin
Sidisididia e QNN

23
24

25
26
27

111111 1/1 11

1111 11 1|1

28
29
30
31
32

11111

11111 1/ 11

H1

H2

al 3ualed

1Z1

Fraunhofer

Z

slide no. 60




Antigenicity Maps

Peptide sequences in boxes are potentially specific and recognized by IgE!

- Take me back to contents () Z Fraunhofer
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Soy Allergy

IgE only
.. . IgG only
Preliminary results of peptide arrays \gE and IgG
Peptide Peptide 1gE- 18G- ml ZI SI 8l gl BI gl S 3 £| Dl £| ﬂl ~ z‘l m‘ Z’I o, © 00 :I QI :I Z‘ ﬁl 3| gl
Protein origin  code Sequenz Binder Binder total Purity R A (o ot o o o b i A b A X
Gly m BD 28K Ph DO4 GYNPCRQEEDEELHHKC 9 7 16 >75
Ph D024 QDQEEDEED 5 2 7590
Gly m KTI Ph DO5 GTHFSKAVLGKKNHGDEF 10 4 14>90
Pr EM22 SLAKKNHGLSR 3 2 5 >85
Pr EN1 IRFIAEGHPLSL 4 3 7 >90
Glym6.01 Ph DO11 SDKYQEEFQPR 10 1 1285
Pr EN2  EFLKYQQEQG 7 1 8580
Glym6.02 Ph D03 GVYNSQVDDEEEQNQRD 7 1 8590
Glym#6.03 Ph EN6 HVVEQEFLD 26 11 38 >90
Pr DN9 RRFYLAGNQEQEFL 3 2 6 >90
Ph EN5 1SQQDRHRI 28 13 4280
Gly m BD 30K Ph D017 GEYSCDITYT 34 16 50 >60
Pr EL13 GYGSADGVDYW 5 3 8 >85
Pr DO15 YHNHEEEAKR 23 7 30>75
Ph DO7 GEFSKKYLQAP 17 2 19>90
Ph DO6 GPVQKKYLFDS 11 5 16>90
Pr EN3 VYHNHEEEAK 13 17 30 >90
Glyms Pr D020 KCQCKALQKI 4 0 48
Glymb5.01  Pr EM18 PRPRPQHPERE 23 5 28>90
Ph D019  SHHDQPRQHA 12 6 18>70
Ph DN5  NIELVGLKEQQQRQQQ 5 3 8>%
Ph EM20 AINQSCNSHP1 9 3 12>90
Pr DN7 QSCNSERDSYRNQ 3 0 3 >85
Ph EM15 HITFSREEGSI 12 2 14>85
Pr EM14  KVLFSREEGQQQ 21 9 31590
Ph D021 FFLSSTEAQ 9 2 11>90
Glym5.02 Pr EN17 VEEEEECEEGQI 32 17 50 >90
Glym2 Ph EN15  SANQVVVQTHV 3 4 7>%0
Ph EN16 EVSFASQVLIY 6 3 9
Gly m aggluti Pr DN11 HAAANVVGNKESQREAR 8 1 9 >75
PRS Ph DK3 GVINCETFDQYQPIEIGC 8 2 10 >90
Beta Amylase Pr EN9 PGIGDFQSYD 4 0 4>8
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Soy Allergy

Preliminary results of peptide arrays with native sequences (Pr) and mimotopes from

phage display (Ph)

Peptide Peptide IgE- lgG- gl 'SI :I gl 2| ﬁl &’I EI
Protein origin  code Sequenz Binder Binder total Purity |9 @ 9 ® M 9 9 @
Gly m BD 28K Ph DO4 GYNPCRQEEDEELHHKC 9 7 16 >75

Ph D024 QDQEEDEED 5 2 7 >90
Gly m KTI Ph DO5 GTHFSKAVLGKKNHGDEF 10 4 14 >90

Pr EM22 SLAKKNHGLSR 3 2 5 >85

Pr EN1 IRFIAEGHPLSL 4 3 7 >90
Glym6.01 Ph DO11 SDKYQEEFQPR 10 1 12 >85

Pr EN2 EFLKYQQEQG 7 1 8 >80
Glym6.02 Ph DO3 GVYNSQVDDEEEQNQRD 7 1 8 >90

IgE only
IgG only
IgE and I1gG

slide no. 63
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Soy Allergy — strange patients

Peptide
Protein code
Gly m BD 28K DO4
D024
Gly m KTl DO5
EM22
EN1
Glym6.01 DO11

Gly m 6.02
Gly m 6.03

Gly m BD 30K

EN2
DO3

D017

Glym8

Gly m 5.01

DN5
EM20
DN7
EM15
EM14
D021

Gly m 5.02

EN17

Glym2

EN15
EN16

Gly m agglutiiDN11

PR5

DK3

Beta Amylase EN9

IgE only
IgG only
IgE and I1gG
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Soy Allergy — by patient’s symptoms
o [ENDDCHDICONSYMPERI|  sensitized |

Gly m BD 28K DO4
D024
Gly m KTl DO5
EM22
EN1
Glym6.01 DO11
EN2
Glym6.02 DO3

Gly m 6.03

Gly m BD 30K DO17

Glym 8
Glym501 EMIS8
Do | I N
DN5
EM20
DN7
EM14 I IgE only
D021
Glym5.02 EN17 IgG only
Glym 2 EN15 |gE and |gG
EN16
Gly m agglutiiDN11
PR5 DK3
Beta Amylase EN9

~ Fraunhofer
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Soy Allergy

Could this replace a prick test?

Peptide —l —
Protein code

Gly m BD 30K|DO17

Glym5.01 |DO21
Glym5.02 |EN17

| I BN " e

Could this replace a food challenge?

|
Protein code — —

Gly m BD 30K|EN3 | ||

Glym5.01 |EM18 IgE onl
EM20 I B Y

Gly m aggluti|DN11

IgG only
IgE and I1gG

Z Fraunhofer
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Nut Allergies

At present our biobank contains more than 300 sera. The frequency of sensitization to
food allergens allows interesting insights into potential cross reactivities.

= Sensitivities against a single allergen from the family of legumes (soy, pea, lupine)
are rare. Most persons recognized at least two!

= Tree nuts are long known for cross reactivities. Only 22 out of 105 sera with nut
sensitisation tested so far with arrays reacted to hazelnut alone

~ Fraunhofer
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Is there a hazelnut allergy?

]

Patient sensibilisation to tree nuts in
Fraunhofer IZI Biobank (April 2019)

~ Fraunhofer
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Peptide Epitopes Tracking Nut Allergies

Tests with patient sera revealed several peptide epitopes with higher specificity to
certain combinations of tree nut allergies, ,hazelnut” # , hazelnut” !

Number of sera_ |80 110 2 | 3 3 5 4 28
Allergeng+ almond |- almond - almond +almond |+almond |+almond |-almond - almond
Peptide |+ walnut + walnut - walnut - walnut + walnut - walnut + walnut - walnut
FXx18 40% 29% 18%
HL17 17% 20% 27% 19% 14%
GL1 20% 20% 36% 25% 11%
GL3 10% 30% 9% 19% 4%
D022 10% 0% 14% 3% 7%
DO2 14% 20% 14% 3% 11%
EN10 10% 20% 9% 0% 4%
FH22 3% 10% 5% 0% 0%
ENG 3% 0% 149% 0% 0%
EO12 7% 0% 5% 0% 7%
ID17 14% 10% 18% 6% 4%,

Z Fraunhofer
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Peptide Epitopes Tracking Nut Allergies

Selections of peptide pairs with low background and relatively high specific IgE
binding show: The ,only-hazelnut” and e.g. the , hazelnut-almond” sensitized serum

are different.

slide no. 70

Number of sera 30 10 22 3 5 4 28
Allergeny+ almond |- almond - almond + almond |+ almond |+ almond |- almond - almond
Peptidcombin. + walnut + walnut - walnut - walnut + walnut - walnut + walnut - walnut
FX18 D022 51% 40% 45% 32% 18%
FX18  DO2 54% 60% 45% €= 32% 18%
HL17 GL3 27% 40% 27% 32% 14%
GL3 EN10 20% 50% 18% 19% 7%
GL3 FH22 14% 40% 14% 19% 4%
GL3 ENG 14% 30% 23% 19% 4%
GL3 EO12 17% 30% 14% 19% 11%
GL1 ID17 34% 30% 55% €= 32% 14%
GL1 GL3 24% 30% 41% €= 29% 11%
Z Fraunhofer




Conclusions

Peptide phage display in this novel set up can indeed be used to reliably
identify epitopes of serum antibodies.

The observed peptides can be used to rapidly generate immuno diagnostic
arrays for screening sera and to characterize individual immune reactions.

~ Fraunhofer
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TUMOR AND TISSUE BINDING PEPTIDES

slide no. 79
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Peptide Fingerprints of Tissues

= Starting in late 2012 we have collected tumor and healthy tissue binding peptide
phage.

= By now we have collected binding phage from more than 85 sample pairs of
different tumors in collaboration with the CNUHH, a very large cancer hospital in
South Korea, and partners in Heidelberg and Leipzig:
Colon / Colorectal
Stomach
Brain
Liver
Lung
Myeloma
Head and neck cancer
= These have been sequenced with NGS and yielded millions of sequences

= Analyses of the data has led with a very high success rate to the identification of
several tumor and tissue binding peptide motifs.

~ Fraunhofer
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Peptide Fingerprints of Tissues — Example RGD Motif

= RGD peptides are known to bind integrins, in particular on tumor tissues and
other rapidly growing cells

= The RGD amino acids alone can bind integrin expressing cells, but natural integrin
ligands have additional amino acids influencing selectivity and affinity

= Can statistical analysis of a large number of sequences help in identifying optimal
candidates?

~ Fraunhofer

slide no. 81 171




OMIATPNPZL—AS<71ZIr—-<>07T0

Peptide Fingerprints of Tissues

Motif analysis: Amino acids adjacent to RGD motifs are different in tumor and
healthy tissue, the naive library’s statistics are as expected from the original set up.

Lung Lung Cancer

A4 A3 A2 A5 A4 A3 A2 Al M
87 104 92 106 RGD
143 52 42 ReD

79

53 52 75
74 55

RGD

OmMIR®PZNAS<mZTr—-—<>607T0

OMIAIQZVWAZE<KTZr—<>0790

Starting Library

© Fraunhofer I1ZI
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Next Step: sorting out tissue specific motifs

Mamma carcinoma of different types

Lunge
5 SXRG D/ (9787,9786,10173)

T 2,5 * K/ === Colon

£ 2 )L (9787,10178,1127

8

g 1,5 B)reast

- 1 (10168,10167,111
g X 86)

5 0,5 X #=Colorectal

+ 0 i (9800,9824)

al
h

e=ie=Stomach
(11191,11279)

Lung
Colon
Breast

Colorect
Stomac

Relative frequency of a motif in a individual patient:

We ask whether this motif is more frequently occuring than other RGD
sequences in the tumor tissue than in the surrounding tissue

~ Fraunhofer
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Alignment: Example Colon Cancer / RGD**C
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Next Step: Aligment

Retrieve all sequences with the motif
from datasets with similar tissues.
Presented are only a few sequences!

Alignment of sequences binding colon
cancer containing RGDxxC motif

(Only a fraction of all sequences shown) Hclc

Z Fraunhofer

slide no. 85 17|



Application of Tumor Binding Peptides

FACS analysis of fluorescent dye labelled tumor cell binding peptides

These peptides work even in vivo in mice
HT29 xenograft '

Median FL4-A
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0.0

RCCO04 T2
T
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F _—-
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+ Bottam: 117821.2
/ Top: ZTE842T3.2
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- R= 9ET

0 Dase Excleded
T

log(Concentration) ph

1

slide no. 86

Z

Fraunhofer

1Z1



SYSTEM FOR TARGETED DELIVERY
AND CONTROLLED DRUG RELEASE

slide no. 87
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System for Targeted Delivery and Controlled Drug
Release

A novel targeted drug delivery and release system has been developed and
successfully tested in a xenograft tumor model.

The system consists of nanoparticles equipped with tumor targeting peptides.
These particles are designed to carry drugs that can be released by local
application of an external trigger. A first proof-of-concept in vivo study for a
tumor targeting nanosystem was successfully finished. A patient derived xenograft
tumor model in the mouse was used. Initial results show no side effects but a
significant inhibition of tumor growth. Furthermore the delivery and release system
is more efficient than the standard therapy with the non-encapsulated drug.

~ Fraunhofer
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No side effects due to targeted drug delivery and release

Mean body weight+- 5.0. [g]

Trastmend
—=— con —— =
—l— Exmos —y— N =1
q e Sipos. 4 = Somos
T T
= =1 3 B

Impact of a combined treatment on body
weight. REN11619 bearing mice were treated at
day 0, 2 and 4 after stratification and body weight
was measured at indicated days.

mher of WEC +1- 2.0, 1310
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anber of LT+ 5.0 [0ll]
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o h

L

Impact of a combined treatment

T T T T
A & a E

T
Teet

on blood

composition. Mice were treated at day 0, 2 and 4
after stratification and blood samples were taken at
day 36 and analyzed for composition. Treatments: (A)
Saline, (B) SOC, (C) Exposure, (D) NC+Exposure, (F)

SOC + Exposure

Z
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Proof of concept: Inhibition of tumor growth

Xenograft tumor model treated with
nanocarrier for targeted drug delivery
and triggered drug release.

=
P
1

Renal PDX REN11619 bearing mice were
treated at day 0, 2 and 4 after stratification
with the nanocarrier, followed by trigger
exposure 2 h post treatment.
#. significantly different to control; *:
| significantly different to SOC, +: significantly
= different to  Exposure. Mann-Whitney
nonparametric U-test, p<0.05.

5 cemcramnm &
Gln GpO‘L LR e o IDIEARMA
i g o Take e back o contents [l Z Fraunhofer
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Thanks to....

Nicolas Delaroque, Karolin Kern, Dorothe Wehrmann, Maria ﬁelm, Lisbeth Ramirez
Caballero, Aastha Jain, Markus Puder and many more...
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