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Modular structure of immunoglobulin monomers

( Antigen binding \

CDR loops

Modes of action to eliminate/neutralize disease targets:
e Blocking of molecules

e Targeting of cells

e Elimination of antigens

Beck et al, 2003
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Advantages of antibodies:

Specific

Non-toxic

Function in vivo

Long half-life

= Cancer = Autoimmune diseases
" |nfectious diseases = Others
u |nflarnmatory diseases = Microbial diseases

Industry Report in 2016 (GrandViewResearch)



Monoclonal-Antibody based therapeutics

Murine Chimeric Humanized Fully Human
(0% human) (65% human) (> 90% human) (100% human)

NI NV NI\

Generic suffix -omab -ximab -zumab -umab

Potential for immunogenicity

1986 1994 1997 2002
Muromonab-CD3 Abciximab Daclizumab Adalimumab
allograft-rejection blood clots  transplant rejection autoimmune diseases

—> HAMAs —> HACAs

Foltz et al, 2013



Phage Display

Bind

Elute

|

Repeat 3-4 rounds

Huang et al, 2012



The first human antibody on market: Adalimumab (Humira)

rodent MAB32 as template

Antigen

Mouse Antibody

Select on
Antigen

phage

Human VLCL
repertoire

Select on
Antigen

| cL |

Human Ann en
VHCH1 9
repertoire Human Antibody

Jespers et al, 1994

Human TNF-a antibody

D2E7 prevents arthritis in a murine RA model
Phase I clinical trial in 1999

FDA approval for RA treatment in 2002

Since 2015 best selling drug (18 billion USD in 2017)



Generation/ldentification of human antibodies

Transgenic Mice

Advantages:

* Diversity

* Expression
e Stability

Disadvantages:

* Antigenicity

e Difficult counter-screening
(species cross-reactivity)

—> Affinity maturation in vitro vs in vivo

Beck et al, 2003



Exploiting the potential of human antibody repertoires
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Recombinant human B cell repertoires enable
screening for rare, specific, and natively paired
antibodies

Saravanan Rajan® !, Michael R. Kierny® !, Andrew Mercer'3, Jincheng Wu?, Andrey Tovchigrechko?,
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Generation of natively paired scFv’s from
healthy donors using microfluidics (one-
step emulsion)

Cloning of scFv libraries for phage display

Identification of cross-reactive antibodies
against influenza hemagglutinin



Workflow

High- throughput

/ screening
N’

/v ——» Phage-display

H

/“*\_/_
/“\_/' Next-generation
sequencing
Convalescent 1 million isolated Water-in-oil Natively-paired

patient B cells emulsion scFv library



Cell encapsulation and lysis

Encapsulation of cells in 10% of droplets
(Poisson statistics: 95% probability of single-cell encapsulation)

A
PBS (+ cytosolic dye)

RT-PCR buffer (+ cytosolic dye): release of dye

RT-PCR buffer (+ SYBR Green): release of nuclear dsDNA




Generation of natively paired scFv’s

Encapsulation of human and mouse memory B cells

C
Droplet RT-PCR Open RT-PCR

Ck

Human I Human
Human I Human

1 kb Plus

Native  Combinatorial, Native Combinatorial

—> Amplification in droplets yields only correctly paired species



scFv library generation and sequencing

scFv library generation from memory B cells of healthy subjects and high-throughput sequencing
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Addition of 1% IM-9 cells (expressing known V,/V/’s)
—> 96% accurate pairing



V, sequences

V, sequences

Phred score
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Droplets
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SCrv sequence analyslis

Droplets: 212k unique CDR-H3/L3 cluster

Bulk: 2.5M unique CDR-H3/L3 cluster

V V ratio
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Emulsion

Combinatorial

Top pair weight
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0.00

. e em

Emulsion

Combinatorial

—> Droplets: 1V, pairs with 2Vs
top-pair ¥96%

Bulk: 1 V pairs with 5-9 Vs
top-pair ¥25%



Top-pair analysis

Pairing accuracy
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— Better pairing accuracy than in previously published libraries



|dentification of antigen-specific antibodies

Screening of Myc:scFv libraries via phage display:
2x selection on influenza A hemagglutinin (HIN1) =—> polyclonal phage ELISA

A

ODys0
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B cells mem B cells
3 . 3- .
Donor 1 emulsion Donor 2 emulsion
2- 2-
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Dilution Dilution
D
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Donor 1 open Donor 2 open
2-
1
0 “'H__. ______
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Dilution Dilution

-+ Unselected / H1 (A/California/07/2008)
-e- Unselected / neutravidin
-+~ Round2/H1 (A/California/07/2009)

-e- Round2 / neutravidin

— robust enrichment of binders (regardless of B cell source and pre-selection)



|dentification of antigen-specific antibodies

B cells mem B cells

Donor 1
Encapsulated
(unselected)

'.‘\ IGHV1-69 [ GHVA

Donor 1
Combinatorial
(unselected)

—

IGHV1-69 = |[GHV2

IGHV3
« IGHV4
+ IGHVS
= IGHV6
= IGHV7

(i
Donor 1
Encapsulated

(H1-H1 selected)

Combinatorial
(H1-H1 selected)

IGHV1-69

strong bias for IgHV1-69
antibodies in bulk libraries

lgHV1-69 can bind
hemagglutinin through
heavy-chain interactions
alone



|dentification of cross-reactive antigen-specific antibodies

Screening of 5632 clones for H5N1 binding
e 320 clones bind H5N1
e 17 unique antibodies

ELISA (some with pM affinities): Biolayer inferometry:
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Characterization of cross-reactive antibodies

No competition with previously identified cross-reactive antibodies

Expression/purification of 7 antibodies as 1gG1’s
* 5 antibodies retained binding
* 0O antibodies exhibited neutralizing activity

a 15000-
seasonal HIN1
5 10000 +
o
(o]
5000
H1 CA/09
o L Ll L
0.1 1 10
mAb (ng/ml)
b 15000

non-seasonal H5N1

100

1000

-»- 0084GM-BO1
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-+ 0089AY-D17

-+ (0084GM-EO05

-+ 0089B4-K19
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-8 palivizumab (negative)

-~ 0084GM-BO1
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-+ 0084GM-E05
-+~ 0089B4-K19
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Functional interrogation and
mining of natively paired human
Vy:V| antibody repertoires
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Generation of natively paired V,/V,

amplicons from vaccinated/infected
donors using microfluidics (two-step
emulsion)

Cloning of Fab libraries for yeast display

Identification of antibodies against
Ebola/Influenza/HIV



Workflow
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Optimization of Fab expression

D1 H1-3/H3-3 D1 Vic-8/Yama-20
= T . =
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Display in
EBY100

Display of LZ

dimerized Fabs
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HA binding (APC)
Cc

Fab expression (anti-flag FITC)

Displayed Fab bound antigen?

Anti D LZ dimerized
Y EBY100 (’:i"::’;g}) Fabs expressed
in AYW101

D1 H1-2
D1 H1-3H3-3
D1 Vie-1/Yama-1
D1 Vie-9/Yama-5
D1 Vic-8 Yama-20
D1 H1-53
D1 H1-12
D1 Vic-20/Yama-18
D1 H1-9/H3-7
D1 H1/H3Vic
D1 H1-17/H3-14
D1 H1-34
D1 H3-92

Fab surface expression in yeast
+ protein disulfide isomerase
+ dimerization
13 (13) human antibodies show antigen binding




Fab expression (anti-flag FITC)

Anti-Ebola

s Ja1
10
3033

Qz
29.3

GPan binding (APC)

Fab expression (anti-flag FITC)

Assessment of known antibodies

Anti-HIV

VRC34.01

Q2

VRC34-epitope scaffold-FP binding (APC)



Identification of high-affinity binders

Sequential rounds of FACS
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ldentification of anti-Ebola antibodies

Donor analysis 6 days after EBOV immunization: Biolayer interferometry

e 5002 plasmablasts 7 (8) antibodies bind with single-digit nM affinity
e 1189 unique CDR3H:CDR3L clusters

* 6% of Fabs in pre-sort bind antigen

EBOV.YD.M EBOV.YD.02
e 7 antibody lineages (>100x enriched) NN I M i -3
* 1gG1 expression of eight antibodies bl e T L
a EBOV V.V, presort EBOV V:V, round 2 EBOV.YD.03 e
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ldentification of anti-Ebola antibodies

all of four antibodies neutralized infection

=
E -e- VRCO1
£ - KZ52
}3‘5 —e- EboV.YD.01
<2 EboV.YD.02
% -o- EboV.YD.03
g EboV.YD.04
104  10° 102 10"  10°  10°
. . Dilutions /ml
one antibody competes with KZ52 (1g/mi
(generated during natural infection)
b C Analyte
EBOV | EBOV
o KZ52
EBOV  HV [P =PO0 Fab affinity YD.01 | YD.02
3 eut. (10
antibody  gene ug/ml) (nM)

EBOV.YD.O1 3-21 55.1£1.1 74.1+89

EBOV.YD.02 146 70.8+1.7 6.92+0.11

Competitor

EBOV.YD.03 44 97.3+0.3 61.0£1.3

EBOV.YD.04 3-15 98.8+0.1 2.03+0.07




Identification of anti-HIV antibodies

o

HIV V:V, presort HIV V:V, round 2

HIV-infected patient harboring a broadly
neutralizing anti-FP antibody N123-VRC34
e Rare antibody (0.003% of B cells)

* Mutations in FR1

VRC34-epitope scaffold--KO PE

— requires lineage-specific primers

i e s L L |

T v 4 ¥ ' ¥
o10° 10* 10* 10° 0 10° 10 10* 10°

VRC34-epitope scaffold-FP APC



|Identification of anti-HIV antibodies

Validation of low/middle/high affinity
antibodies via biolayer interferometry

€ HIV round 2 affinity gates
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|Identification of anti-HIV antibodies

7 unique lineages (three non-synonymous aa substitutions within one codon suggest site-specific selection)

B Clade | VRC34| VRC34| VRC34 | VRC34| VRC34 | VRC34| VRC34 | VRC34| VRCI4 | VRC34 | VRCI4 | VRC34
YD.01 | YD.02 | YD.03 | YD.04 | YD.05 | YD.O6 | YD.O7 | 01 | 02* | 03" | 04 | 06"

TRO.11 B =50 >50 >50 >50 >50 >50 >50 >50 >50 >50 =50 >50

DU156.12 C >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 -E

BososweMc2 | A | 022 | 038 | 017 | 027 | 022 | 017 | 021 | 014 074 | 041 [ >50 f

Q168 a2 AD [ 019 [ 065 [ 028 | 036 | 037 | 029 | 030 | 018 | 010 | 030 | 025 | >50 HIV HIV-1 Erom

Q2317 A | 013 | 029 0.13 011 | 011 024 | 028 | >50 antibody neutralization 2P affinity affinity

CAAN A2 B >50 | >50 >50 | >50 | >50 0.44 >50 | >50 (nM)

2056 28 C | 028 025 | 033 [ 022 | 015 | 044 | 021 | 047 5650 | >50 clone breadth gates

KER2018.11 A | 028 038 | 032 [ 038 | 025 | 047 | 021 056 | 055 | >50

S B 00 TE ﬂ 57 Lnia | oot =5 VRC34.YD.01 16/22(73%) 26.9+1.4 -

JRCSF.JB B >50 VRC34.YD.02 12/22 (55%) 47.0+9.2 -

JRFL.JB B

TRIO 58 B VRC34.YD.03 13/22 (59%) 30.5+1.7 -

:‘zﬁz ; VRC34.YD.04 15/22 (68%) 89.6+20.1 Low

b L VRC34.YD.05 13/22 (59%) 39.8+4.2 Medium

THRO 18 B

2M106.9 C VRC34.YD.06 13/22 (59%) 26.3+1.7 Medium

S : o VRC34.YD.07 13/22(59%) 175408  High

DU422 01 c [ 072 | 044 | >50

6101.1 B >50 | >50

BG1168.01 B >50 =50

*Reported in Kong et al., Science 2017

Potency (ug/mL) 0.10-1.0 >50 |

— |dentification of novel broadly neutralizing antibodies



Identification of anti-influenza antibodies

Libraries from 12 million B cells 270 days post influenza vaccination
(0.01% B cells recognizing influenza hemagglutinin)

g Flu Vy:V, presort Flu V:Vy round 4 h Flu V:V, presort Flu Vy:V round 4
105+ ' ; 10° 5
%
2 1073
T ]
@ 10
< ] E
L 1024 E
z ]
<C 101_§ 3
100 ] ¥ IIIII."I 'I'.'I"-'IH LIBLELURLLL DN UL DELBRLALLLLL, I 100 ] LILJ Il“"-l ¥ .'-'I'“l LILLLLLL BLISLBLELLL DL LLL L 100 ] LILJ IIII-"I . ¥ I"-'"-'-"I. LILLLLLLL BOLBNLRE LLLL DL LLLLL, B 100 ] LI -' II-"."I -' -' I“'I“-".I_ LI -"l'“l ' ' LLLL BERLALLLLL B
10° 10" 10% 10° 10* 10° 10° 10" 10% 10° 10* 10° 10° 10" 10% 10° 10* 10° 10° 10" 102 10° 10* 10°

A/Solomon Islands/3/2006 HA APC A/Wisconsin/67/2005 HA APC



Identification of anti-influenza antibodies

4 antibody lineages with Ky = 0.35-39.9nM when expressed as IgG1’s

Response (RU)

Response (RU)
o8 &8 8 8

o
n

8

120 -
100 -

8 &8 8 8

TIVO1.YD.01 with H1

Time (s)

200 300 400 500

Response (RU)

Response (RU)

0

TIV01.YD.02 with H3

e 400 "M
= 100 NM
o 26nM

TIV01.YD.04 with H3

— 400 NM
— 100 NM
e 25NM




Identification of anti-influenza antibodies

2 (3) antibodies neutralized influenza at pM concentrations

% Neutralization

Neutralization of Wisconsin 2005 H3

100 -

80 -

Log10 Antibody concentration (ug/ml)

—e—TIV.01YD.02
—4+—TIV.01YD.03
—e—TIV.01YD.04
—+—CR9114
—4—CR6261

i
Influenza IgG affinity (nM) Neut. IC5, (pM)
antibody H1 H3  H1  H3
TIV0O1.YD.0O1 11.1£04  n.b. n.n.  n.n.
TIV01.YD.02 nb. 399%£6.0 nn.  >333
TIV01.YD.03 nb. 035+025 nn. 159
TIV01.YD.04 n.b. 45+1.6 n.n. 10.5




Assessment of human antibody repertoires
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Rare, high-affinity anti-pathogen antibodies from human repertoires, discovered
using microfluidics and molecular genomics

Adam S. Adler?, Rena A. Mizrahi?, Matthew J. Spindler?, Matthew S. Adams®, Michael A. Asensio®, Robert C. Edgar?,
Jackson Leong?, Renee Leong?, Lucy Roalfe®, Rebecca White®, David Goldblatt®, and David S. Johnson®
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e Generation of natively paired scFv’s from healthy vaccinated/non-vaccinated donors using
microfluidics (two-step emulsion)

e Cloning of scFv libraries for yeast display

* Identification of high-affinity antibodies against Influenza A virus and pneumococcus bacteria



Workflow Overview

Acquire samples Droplet microfluidics
[0 9\ — (P "4’&" . i S
| | | |
Vaccinated é ) -
B cell Lysis and RNA IgK and IgH
encapsulation capture amplification

Deep sequencing

Non- MOATHWPRT+VEGVISLOY
vaccinated LOTYRTPYT+ARLHGEGLGRNLDE
LODYNHVGT+GSRRPYFDS

QOSYSTPST+ARNFSRESTGVSYMIV
QOYNSY PHTHARIVARKEDDY




scFv libraries subjected to FACS for influenza A virus

Donors vaccinated for Influenza A (Fluvirin, pool of 3 patients)
leukapheresis (and ELISA on serum) at Day 10

Vaccinated donors (Fluvirin)

Fc control Antigen 15! sort Antigen 2" sort

0.02%
(of c-Myc*)

H3N2 antigen
(A/Sydney/5/1997)

Antigen (PE)

H1N1 antigen
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scFv libraries subjected to FACS for influenza A virus

Non-vaccinated healthy donors (pool of 52 patients)
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Fc control Antigen 15! sort
4 "3 [0.02% 0td  [o08%
& (of c-Myc*) i ]
. ‘°‘T§ H3N2 antigen
10} m;%‘ _ (A/Sydney/5/1997)
102 102 T;.' ¢
ol o 0
g |
c
Q
D
b=
<
H1N1 antigen
(A/California/07/2009)

W

10" 10

c-Myc (AF488)



scFv libraries subjected to FACS for pneumococcus polysaccharides

Donors vaccinated for pneumococcus (Pneumovax-23, pool of 3 patients)
leukapheresis (and ELISA on serum) at Day 8

Vaccinated donors (Pneumovax-23)

EGoaiDl__ Pneumococcal 1! sort  Pneumococcal 2" sort ~ Pneumococcal 3 sort
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scFv libraries subjected to FACS for pneumococcus polysaccharides

Antigen (PE)

Antigen (PE)

Vaccinated donors (Pneumovax-23)

Fc control

Pneumocgcc;al 1stsort

0 10 w0t 10’ 10

pVax-Pn-1
pVax-Pn-2
pVax-Pn-5
pVax-Pn-7
pVax-Pn-8

Pneumococcal 2M sort

4 2N pVax-Pn-3

pVax-Pn-4
pVax-Pn-6

c-Myc (AF488)

Non-vaccinated donors

Fc control

Pneumococcal 15t sort

WA

NonVax-Pn-1
NonVax-Pn-5

NonVax-Pn-2
NonVax-Pn-3
NonVax-Pn-4
NonVax-Pn-6
NonVax-Pn-7

c-Myc (AF488)

Distinct scFv sequences
binding to different
pneumococcal epitopes

Increased signal due to
binding multiple epitopes or
differential polysaccharide
labeling



|dentification of antibodies against Influenza A/pneumococcus

A Non-vaccinated library
Pre-sort libraries 25
46% 1gG1 g \
« 10000 — 17 500 clones/library 30% 1gG2  §1s
(clones: <2aa difference) % ’
a 05
-
< g L

* Divergence: T op 200 antibodies (clones)

92.5% for IgHV B
95% for IgHK

Influenza A vaccinated library
25

3 2
. : : : &
Vaccinated libraries have more 57% 1gG1 : 15
abundant sequences 1
§ 0.5
* Pneumococcal vaccinated library: <0 Top 200 antibodies (clones)
higher R/S ratio for IgH c
lower R/S ratio for |gK Pneumococcus vaccinated library
. . _25
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|dentification of antibodies against influenza A/pneumococcus

247 antibodies are present at >0.1% frequency in
post-sort (31-59/library)

Identification of antibodies that were not present in
pre-sort

Identification of clonal lineages (arise from affinity
maturation and selection in vivo: <9aa differences)
clusters contain scFv’s from either of the libraries

B H3N2 antigen (vaccinaled)
@ H3N2Z antigen (non-vaccinated)
B H1N1 antigen (vaccinated)
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Analysis of scFv clonal lineages
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Pneumococcal

— Sequence variation in CDR3H and CDR3K



Analysis of scFv clonal lineages

Vaccinated donors

H3N2 antigen
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H1N1 antigen

Pneumococcal
antigen

CDR1K CDR2K CDR3K
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Sequence variation mostly in CDR3H

Higher R/S ratio in Pneumovax library (increased frequency of highly affinity mature antibodies)

Similar divergence pre/post-sort



AB expression in CHO and purification with protein A chromatography

— Bio-layer inferometry: K, = 73pM - 8.8nM

PVax-H3-1 Pax-H1-3 Vax-H3-1 Vax-H1-3
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Generation of 10 anti-flu antigen 1gG1 antibodies

AB expression in CHO and purification with protein A chromatography

—> Neutralization Assay: 10 (10) anti-flu antigen antibodies
Incubation of antibodies and influenza viral strains
Monitoring of cytophathic effect upon addition to MDCK cells (alive cells stain blue)

Antibody
(ng/ml) fVax-H3-1 fVax-H3-2 Vax-H3-3 NonVax-H3-1 NonVax-H3-2

2 9000 000 000 00 o000
2 @09 900 900 000 0060
s @09 900 960 000 000

s 900 009 099 oI
0.195 o0® 000

0.049 . 000 000

0.012 o090 o000

Antibody

(ug/ml)  fVax-H1-1 fWVax-H1-2 fVax-H1-3 Ecﬂaﬁ-ﬁj NonVax-H1-2

° 900 000 0606 (o -

25 900 000 9600 § '

3125 990 000 900 |

0781 9SS o900 966 A/California/07/2009
015 OO 00O G900

0 GO0 ©6S 000

w2 G 66 @ -



Generation of 9 pneumococcal antigen-binding IgG1 antibodies

AB expression in CHO and purification with protein A chromatography

— ELISA: EC50 =0.001 - 5.3nM
7 antibodies recognize one or two polysaccharides (serotype-specific dot blot)
2 antibodies recognize all polysaccharides (serotype-specific dot blot)

A A
Vaccinated donors (Pneumovax-23 Vaccinated dono eumovax-2
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pVax-Pn-3 2 E 5 || L ]
pVax-Pn-4 15 € e |1 | 2r .
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™| 18C .
0.5
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— 0 Key (Binds 1o (Binds to (Binds to (Binds to {Binds to
0000 0001 0010 0100  1.000 10000 100.000 1000.000 pe 1) type 18C) types 2 & 14) ype 1) ype 68)
Antibody Concentration (nM)
B
B n- n n
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as | Rl LB B
ml @ cs ®
3 3 Ha| o | . -
=s= (Gammagard 25 S 4 |1 | e . . .
= . % el ®. -
@ || . .
=== NonVax-Pn-3 15 @ . . .
Se 7 || e R - .
'3 e oo |
0.5 Serotype MonVax-Pn-1  NonVax-Pn-2  MNonVax-Pn-3
Key (Binds to (Binds to (Binds non-
0 serotype 2) ype 15B) ifically)

0.000 0.001 0.010 0.100 1.000 10.000 100.000 1000.000
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Generation of 9 pneumococcal antigen-binding IgG1 antibodies

AB expression in CHO and purification with protein A chromatography

—> Opsonophagocytic killing assay
6 (7) specific antibodies can prevent ingestion/phagocytosis/killing of bacteria expressing
corresponding polysaccharide
1 (2) non-specific antibodies can prevent ingestion/phagocytosis/killing of bacteria expressing
2 (out of 8 tested) polysaccharides




Exploiting the potential of human antibody repertoires

Affinity maturation through B cell selection
e Diversity

* Expression

e Stability

e Specificity

High-throughput approaches
e Microfluidics: miniaturization and parallelization >jﬁ/—
Preservation of native V,/V, pairing /7(;

* Display methods (phage/yeast) ~a” DE]
Linkage of antibody sequence and function




Thank you !
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