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Zusammenfassung

Zusammenfassung

Die zaHreichen immunologischen Ausweichstrategien, welche im HAL envelope (Env)
Glykoprotein verkorpert sind, stellen fur die Entwicklung eines sicheren und effektiven
Vakzins weiterhin ein enormes Hindernis dar. Zu den herausfordernsten
Ausweichmechanismen z&hlt die unermessliche genetische Diversitat, welche mit der
Immundominanz hoch variabler Regionen von Env assoziiert wird. Die derzeitigen
Impfstoffansatze zielen darauf hin breitneutralisierende  Antikorper (bnAK)
hervorzurufen, von denen einige in der Lage sind mehr als 90% der kursierenden HIV
Stamme zu neutralisieren. Allerdings wirddie Entwicklung von bnAK aufgrund der
komplexen Koevolutionvon Virus und humoraler Immunantwort erheblich beeintrachtigt.
Daher bedarf es neuartiger Env Immunogene sowie innovativer Selektionstechnologien fur
deren ldentifikation, um diesen Prozess zu begtinstigen.

Der erste Abschnittdieser Dissertation beschaftige sich intensiv mit der biologischen
Prozesstechnik einer auf Env basierten sequentiellen Permutationsbibliothek, mit
besonderem Schwerpunkt auf Charakterisierung und Qualitatskontrolle der Bibliothek.
Jede Position des aulRenlgenden EnvBereiches wurde durch 20 nattirliche Aminoséren
ersetzt, wodurch eine Bibliothek bestehend aus 658 Unterbibliotheken und
schatzungsweise 13.000 Varianten hervorgeht. Gleichzajtwurden die jeweiligen stabilen
Zelllinien durch stabile Transfektion jeder Unterbibliothek in FIp-InT™M T-Rex 293 Zellen
hergestellt. Das Ziel bestand dariydiese Bibliothek einer Selektionstechnologideruhend
auf einer Zellsortierung zu unterziehen, umEnv Varianten mit verbesserter Anigenitat zu
identifizieren. Sowohl die PlasmidDNA- (pDNA), als auch die ZelllinierBibliothek wurden
umfassend auf ihre Qualitat kontrolliert. Die eingehende Analyse der pDNA offenbarte
Deletionenverschiedenster Lange hauptséachlich in der ERRegion, welche etwa 48% der
Bibliothek betreffen. Allerdings traten diese Deletionenin einem kleinen Bruchteil
innerhalb der Unterbibliotheken auf, womit die tatsachliche Kontamination jeweilsnur
zwischen 618% lag. Mit dem Schwerpunkt auf é&r CD4Bindestelle von Eny wurden
Diversitat und Verteilung der Aminosaurender pDNA sowie der stabilen £lllinien mittels
Next Generation Sequencing (NGS) ermittelt. Wahrend die pDNA eine durchschnittliche
Variabilitdt von 19 Aminosauren und eine nahezu ideale Verteilung aufwies, zeigten die
stabilen Zelllinien sowohl einen etwa 38%igen Rickgangn der Diversitat, als auch eine
betrachtliche und zufallsbedingte Ungleichverteilung der Aminosauren. Eswvurde
ersichtlich, dassdie unzureichende Integration von Env bei der Herstellung der stabilen
Zelllinien malRgeblichzu diesem Variabilitatsverlust betrugen. Danentsprechend wurden
einige vielversprechende Ansatze zur Optimierung der Herstellung stabiler Zelllinien
eingeleitet, mit dem Ziel eine bessere Diversitat und Aminosaureverteilung zu erlangen.

Das zweite Projekt beruhte auf der ldentifikation vonverbesserten EnvKandidaten mit
vorteilhaftem Antigenitatsprofil. Zu diesem Zweck wurde eine Selektionstechnlogie
angewendet, die auf einer Zellsortierung beruht und folgende Vorteilén sich vereinigt: i)
Integration einer einzigen Env Variante in eine dinierte FRT-Stelle pro Zelle, was eine

Kopplung zwischen Geneund Phanotyp zur Folge hat, ii) induzierbare Env Expression, um
IX
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Zytotoxizitatseffekten vorzubeugen, iii) translationale Verknupfung von GFP und Env zur
indirekten Normalisierung auf die induzierte Env Expression und iv) Expression der Env
auf Hek293T Zellen um native Faltung und Saugetierglykosylierung zu gewahrleisten. In
einem einzelnen Selektionszyklus wurden jeweils 12 Env Varianten mit erhohter oder
verminderter Affinitat fir den bnAK VR®@1 aus der ZelllinienBibliothek angereichert
Auffallend dabei war, dass keine der Varianten mit erhdhteund nur drei Varianten mit
erniedrigter Bindungsfahigkeit mittels FACSbasierter Gleichgewichtstitration eindeutig
validiert w erden konnten. Da dieSelektionstechnologie zuvor an einer Bibliothek getestet
wurde, welche nur funf Varianten umfasstlag esder Vermutung nahe, dasslie Methoden
fur komplexere und gréf3ere Bibliotheken weiter ausgebaut und adaptiert werden mussen.



Abstract

Abstract

The numerous immune evasion strategies embodied in the HY envelope (Env)
glycoprotein still represent a daunting challenge in the development of a safe and effective
vaccine. Among the most defying of these evasive mechanisms is the tremendgasetic
diversity associated with the immunodominance of highly variable regions of Env. Current
vaccinedesign effortsaim to elicit broadly neutralizing antibodies (bnAb), some ofwhich
are able to neutralizemore than 90% of circulating HI\A1 strains. However, a complex ce
evolution of virus and humoral immune response considerably impairs the development of
bnAbs. To facilitate this process, novel Env immunogens as well as innovative selection
technologies for their identification are required.

The first part of this thesis concentrated on thdiological engineeringof an envelopebased
sequential permutation library, specifically focusing oncharacterization and quality
control of the library. Each residue in the external part of Env was substited by 20 natural
amino acids, thus creating a library of 658 sublibraries and approximately 13.000 variants.
Simultaneously, the respectivestable cell lines(SCL)were generated by stably transfecting
every sublibrary into Flp-InNTM T-Rex 293 cells withthe goal to utilize the stable cell line
library in amammalian cell display and cell sortingbased screeningechnologyto identify
Env variants with improved antigenicity. Comprehensivequality controls of plasmid DNA
library and the respective stable ell line library were conducted to assess potential
limitations . In-depth analysis of the pDNAevealed deletions of various lengths mialy in
the Env region affecting about 48% of the libraryHowever, these deletions occurred only
in a small fractionwithin the sublibraries, thus the actual contaminations amounted to 6
18%, respectively, deeming the library still eligible to work onFocusing on the CD4 binding
site (CD4bs)of Env, diversity and amino acid distribution of the pDNAand the stable cell
line-library was analyzed by Next Generation Sequencing (NGS). Whereas pDNA exhibited
an average diversity of 19 amino acidi the sublibraries with a nearly ideal distribution,
stable cell lines demonstrated a considerable decrease in diversity by appimately 38%,
as well as a highly uneven and random distribution of amino acidk.became apparenthat
particularly insufficient integration of Env during the generation of stable cell lines
contributed to this substantial loss of diversity. Accordingly,several promising approaches
were tested to optimize the stable cell line generation aimed to improve the diversity and
amino acid distribution.

The second project focused on the identification of improved Brcandidates withfavorable
antigenicity from the stable cell line library. For this purpose, a mammalian cell display
and cell sortingbased technology was applied that combines the benefits of i) single
integration of Env into a distinct FRT site resulting in the linkageof genotype and
phenotype, ii) inducible Env expressionto prevent cytotoxicity effects, iii) translational
coupling of Env and GFP enabling an indirect normalization for induced Env expression and
iv) display on Hek293T cells, thus ensuring native foldigyand mammalian glycosylation.
Using the CD4bs SCL librarjyvelve Env variantsdemonstrating increased(gain of binding,
GoB)and decreased(loss of binding, LoB)affinity for the bnAb VRCO01 respectively,were

Xl
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selectedin a single round of cell sorting procedure. Strikingly, none of thedetected GoB
variants and merely three LoB candidates could be unequivocally validated by means of a
FACSbased equilibrium titration . As the selection technology was previously tested on a
five-variant library, there were grounds for supposition, that the methods require further
development and adaptation to be utilizedor more complex and extensive libraries

Xl



Introduction

1 Introduction
1.1 Epidemiology of HIV

In June 1981, the U.S. Centers for Dise&@3entrol and Prevention (CDC) released a report
describing cases of a rare lung infection called Pneumocystis carinii pneumonia (PCP) in
five young, previously healthy gay men in Los Angelds Concurrently, an increased
ET AEAAT AA T £ AT O1 OOO0AIT 1T U ACGCOAOOechphized AT AAC
in New York and California2. At this point in time, no one established a connection
between the two obviously different diseases. It was only two years later &t scientists
discovered a common thread of impaired cellular immunity that linked these
malignancies and other opportunistic infections 34. Eventually, the human
immunodeficiency virus (HIV) was identified as causative agent of the substantially
increasing cases of severe immune deficiency worldwideDue to symptoms and
progression of an HIV infection, the term acquired immune deficiency syndrome (AIDS)
was established by the CDC in 1982. Sinceetinthe virus spread globally, causing one of

the most debilitating pandemics ever recorded in human history.

Approximately 80% of HIV infections occur duringsexual intercoursewith an infected
partner through direct contact with semen andrectal or vagind fluids °. Blood-to-blood
transmissions such as through sharing of needles or contaminated blood transfusiofs
as well as motherto-child transmissions during pregnancy, childbirth or breastfeeding
7, representanother 20% of all contracted HIV infections.

Natural progression of HV infection encompasses three stages: an acute phase, followed
by an early/clinically latent phase, and finally by the immune collapse/AIDS. The acute
or primary phase lasts several months and is characterized by high level viral replication
that is reflected in substantial concentrations of virus in plasma and lymphoid tissue.
After initial viral decline, concurrent with the appearance of virusspecific CD8
cytotoxic T cellsg, the plasma viral load usually stabilizes at a steady state. This-ealled
OGHBIOET 66 EO OEA A1 1 OANOGAT AA /&G replic&tiBrdandA NOE T E
the correspondingimmune responses and represents the beginning othe second stage,

a long clinical latency. Ultimately, the regenerative CD4T cell population slowly
diminishes below a crucial threshold rendering the immune system vulnerable to
opportunistic infections, thus causingprogression to AIDS.

According to the World Health Organization (\WO) more than 70 million people have
contracted HIVand an estimated 35 million peple have died fromAIDSrelated illness
since the beginning of the pandemidAs of 2015, approximately 36.7 million [34.@39.8
million] individuals were living with HIV, representing 0.8 % [0.%Z0.9 %] of adults aged
15-49 years worldwide (figure 1). Although the prevalenceof HIV varies considerably
amongcountries, 70 % of allaccountedinfections arise in Africa, specifically in the Sub
Saharan regions.While there is currently no cure for HIV, the infection can be
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suppressed by a combination of antiretroviral drugs, thus substantially reducing
morbidity and mortality. At the moment,approximately 18.2 million [16.1-19.0 million]
HIV patients are receiving antiretrovira | agents, termed combination antiretroviral
treatment (CART). However, the low treatment rate, in addition to severe side effects
from the medicaments, drug interactiors and resistancedemonstrate the importance of
discovering a vaccine to finally conquer HIV infections globally.

Prevalence of HIV among adults aged 15 to 49, 2016
By WHO region

iz S 4
2% ! 2 3 &L _ pas
; =~ agn gy TN

Prevalence (%) by WHO region

Eastern Mediterranean: 0.1 [<0.1-0.1] Europe: 0.4 [0.4-0.4]
Western Pacific: 0.1 [<0.1-0.2] Bl Americas: 0.5 [0.4-0.5] | Global prevalence: 0.8% [0.7-0. 9]
South-East Asia: 0.3 [0.2-0.3] Il Africa: 4.2 [3.7-4.8] T 300K

Figure 1 - Global prevalence of HIV in 2016. The illustration shows thatan estimated 0.8% [0.70.9%)]
of adults aged 1549 years worldwide are infected with HIV. Areas that are most severely affected, such
as SubSaharan Africa, are indicated in dark red. Figure was adapted frotdHO Global Health Observatory
(GHO) data HIV/AIDS

1.2 Origin and phylogeny of HIV

HIV appears to have its origin inthe simian immunodeficiency virus (SIV) that infects
non-humate primatesin West and Gentral Africa. Zoonotic transmission presumably
occurred as a consequence of hunting and butchering of primateend keeping of
monkeys as pet$-10. Two distinct HIV typesemerged from the transmissiors, HIVtype

1 (HIV-1) that descends from chimpanzee&1l, and HIV type2 (HIV-2) which is closely
related to the SIV of sooty mangabeyst2. Whereas HIV2 is relatively uncommon and
majorly concentrated in West Africa, HIVL represents the predominant virus
worldwide.
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HIV is characterized by tremendous genetic variabtly and rapid evolution. Several
factors contribute to the extensive heterogeneitysuch as theerror-prone nature of the
HIV-1 reverse transcriptase (RT)13, host selective immune pressuré41s, as well as
genetic recombination events during replication 16. Due to this variability, e HI\-1
strains can be classified intafour phylogenetic goups, which constitute the groupsM
(main), O (outlier) , N(new or non-M, nonO) and P17.18, Among these, group M viruses
are globally the most prominent and can be further divided intamine genetically distinct
subtypes or clades (AD, FH, J and K19. Futhermore, recombination events between
strains and groups give rise to an increasing number of circulating recombinant forms
(CRFs)0.21 (figure 2).

Key:
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M Other CRFs
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Figure 2 - Global distribution of HIV -1 subtypes and recombinants . Pie charts illustrate the
percentage distribution of HI\L1 subtypes represented by different colors in each region. The distribution
was calculated according to data gathered from 2004 to 2007. The figure wadasted from 22,

1.3 Genomic organization and structur al biology

According to the International Committee on Taxonomy of Viruses (ICTV) theuman
immunodeficiency virus (HIV) is classified as a Retrovirus belonging to the genus
Lentivirus. It features a roughly spherical morphology with a diameter chbout 145nm
23, Theapproximately 10 kb genomeis situated in the viral capsid as two norcovalently
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linked positive stranded RNAmMolecules?4.25, andcomprises nine open reading frames
coding for 15 mature proteins (figure 3) which are divided into three classe$6.27; i) the
major structural proteins, Gag, Pol and Envi) the regulatory proteins, Tat and Rewand
iii) the accessory proteins, Vpu, Vpr, Vif, and Nef

A
al
b LTR gag pol
I t f } } f t t } f {
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 9900 nts
B
Structural proteins Enzymes Auxiliary proteins Surface proteins Regulatory proteins
MA CA NC LI PR RT IN Vif Vpr Vpu Env Tat Rev Nef

[pI7[ p2z4[p7 [ p6]  [BEO[p66/pSTp32

C

(NQ) protease (PR)
reverse
RNA genome transcriptase (RT)
lipid layer integrase (IN)

Figure 3 z Genomic organization and structure of HIV. (A) Structure of the RNA genome of HAL that
consists of roughly 10.000nucleotides (nts). Open reading frames ofiine genes are shown as rectangles
that overlap in some casesB) The HIV genomeencodes 15 proteinsthat are categorized into enzymes
(PRz protease, RTz reverse transcriptase, INg integrase) as well as structural(MA - matrix, CAz capsid,
NCz nucleocapsid) auxiliary, surface(Env z envelope, g glycoprotein) and regulatory proteins. Colors
of genes and their respective gene products are matche(C) Schematic structure of a mature HIM
particle. The enveloped virus features one surface protein, the trimeric envelope glycoprotein (Env)
comprising three gp120 and g41 subunitstespectively. Matrix proteins (MA, p17) line the hostderived
membrane. The conical capsid (CA, p24) contains two copies of{stfand RNA molecules complexed with
the nucleocapsid protein (NC, p7) The viral enzymes protease (PR, pl0), reverse transcriptase (RT,
p66/ p51), integrase (IN, p32)are indicated in green, whereashe auxilliary (Vif, Vpr, Vpu) and regulatory
proteins (Tat, Rev, Nef) are not shown.

Gag issynthesizedas a 55 kDa (Pr5529 precursor polyprotein on cytosolic ribosomes
and contains matrix (MA pl17), capsid (CAp24), nucleocapsid (NCp7), p6 domains, as
well as two spacer peptideSP1& SP2, thus, comprising all of the viral elements required

4
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for virus assembly28z30, Every Gag protein (MA, CA, NC, p6) performs distinct functions
during the viral assembly.The viral genome of HIV1 is housed within a cgsid that
assembles into a conical outer sheil32, Matrix proteins are responsible for ntracellular
trafficking and binding of Gag to the plasma membrané334, as well as directing the
incorporation of the sole surfaceenvelopeglycoprotein (Env) into virions 33.35, NCserves
as facilitator for viral replication 36 and is a key component of RNpackaging as well as
Gag multimerization 3137, Lastly, the p6 domain mediates budding and release of viral
particles from the plasma membranes.3e,

All essential enzymatic functions are provided by the thre€&agPol proteins (Pr160Gag
Pol) protease PR, reverse transcriptase(RT) and integrase(IN) 27:40,

HIV-1 entry into host cells is initiated byenvelope glcoproteins by mediating virion
attachment 4142, as well as interaction with cellular CD4and coreceptors 4344 (see
below).

The proteins Tat and Re assist in essential gene regulatory function$ 46, while the four
accessory proteins Vif, Vpr, Nef and Vpu contribute to infectivitgnd evasion of immune
mechanisms*7z49,

1.4 The HIV-1 life cycle

HIV is able to infectcells which express CD4 molecules on their surface. Primarithese
are macrophages and CDA4T cells 5051, In this context, the HIV1 envelope (Env)
glycoprotein is crucial in the virus replication cycle by mediating the fusion between
viral and host cellular membranes during the entry process. After attachment of Env to
the cellular surface*!4252and subsequent binding to the CD4 receptdiss (figure 4), a
cascade of conformational changes in gp120 and gp41 occafsaugmenting its afinity
for a coreceptor 57. Therelevant chemokine cereceptors for HIV-1 are CCR5 (R5) and
CXCR4 (X4)%859, Upon engagement of gpl20 with the ereceptor, additional
conformational changes in gp41 trigger a membrane fusion reaction that delivers the
viral core into the host cell69262, Subsequently,he viral RNA genome is transcribed into
double-stranded DNA by the viral enzyme reverse transcriptase (RT%. Following
synthesis, viral DNA is translocated acrossnuclear pore in the form of a nucleoprotein
complex (pre-integration complex, PIC) into the nucleus and integrated as a provirus
into the host cell genomeé4, leading to a lifelong reservoir of infected CD4 T cells. The
virus-encoded integrase (IN) protein is a component of the PIC thahediates the
integration process®s. Atter transcription, viral RNAs are transported into the cytoplasm
where translation of the viral proteins occurs At the plasma membraneyirion assembly
takes place, whereinnewly synthesized proteinsas well astwo single-stranded cies
of viral RNA arepackagedand bud from the cell as immature particles’s. Concomitant
with virion release, maturation takes place by proteolytic processing of Gag which leads
to a morphological rearrangement within the particle®668, The resultingvirus is then
able to infect new cells.
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Figure 4 - Schematic illustration of the main steps in the HIV -1 life cycle: (1) After attachment of the
viral Env glycoprotein to cell surface proteins CD4 and a emceptor (CCR5 or CXCR4), fusion of the viral
and host cell membranes is mediated (2) enabling entry of théral capsid into the cell. Once the capsid is
uncoated and the viral RNA along with viral proteins are released into the cytoplasm, RNA is reverse
transcribed to double stranded DNA (3)and translocated into the cell nucleus. Following successful
integration (4), transcription of the provirus takes place resulting in viral RNAs, which are translated into
proteins and transported (5) from the nucleus. Upon arrival on the cell surfaceviral RNA ad proteins are
assembled into immature virions (6) that bud from the cell (7). Proteolytic processing of polyproteins
initiates maturation (8), resulting in mature virions that are capable of infecting new cells. Many steps of

the HIV life cycle can be ihibited by drugs which are displayedin the rectangles.With permission from
69

1.5 The envelope glycoprotein

The envelope glycoprotein (Env) is one of the most important proteins of HIV as it
mediates host cell entry by binding to CD4 receptors. In additioknv represents the sole
OAOCAO Al HomataEimutiel sy3®©rd, @nd therefore serves as target for HiY

neutralizing antibodies 58.70.71, Thus, Env is the major subject of investigatiom respect

to vaccine development which focusses particularly on the humoralmmune response

to the protein.

1.5.1 Env synthesis and trafficking

Env proteins are synthesizedas heavily glycosylated gpl60 polyprotein precursor
moleculesfrom a singly spliced, bicistronicvpu/env mRNA on the rough endoplasmic
reticulum 7273, After folding and oligomerizing 74.75, gp160 is transported to the Golgi
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complex where itis subjected to variousprocessing events, such asligosaccharide
modification and proteolytic cleavage’é. Proteolytic processing is mediated bycellular
furin proteases within the trans-Golgi network (TGN)to yield the gp120 and the gp41l
subunits that are required for viral infection of HIV-1 77279, Three molecules each of
gp120 and gp41 asemble into the final heterotrimeric Env spike, bld together by meta
stable, norrcovalent interactions 8081, Following exit from the TGN, the glycoproteins
traverse to the plasma membrane’* where Env either interacts with Gag and gets
incorporated into viral particles, or alternatively is endocytosedagain 8283, In general,
an average ofl4 to 20 trimers are integrated into virions 84. Endocytosis of Envor
disintegration of the trimeric structure into monomeric gp120 and gp41, also termed
O O E A Ads & tegliiofithe non-covalent gp120gp41 interactions can be attributed to
the low incorporation events 8586, Presumably, lowsurface spikedensity serves as an
evasion mechanism against the host immune syste#.

1.5.2 Env structure

The envelope glycoproteinis a trimer of heterodimerscomprising a complex of trimeric
gpl20 and gp4l respectively (figure 5C). The gpl20 subunit is divided into
discontinuous segments of constant and variable regionffigure 5A). Five variable
domains (V1-V5) alternate with five relatively constant domains (C1C5) 37.8&9%0, As
already indicated by the name, variable regions feature a high degree of sequemrel
length diversity derived from recombination events, point mutations, insertions and
deletions, with the V1V2 domairhaving the most variation in loop length (5390 amino
acids) and number of glycosylation sites. Typically, the variable regions are arranged in
loops which are separated and delimited by disulfide &nds. 18 highly conserved
cysteine residues, located throughout gpl20 and gp4l1, form nine intramolecular
disulfide bridges that are crucial in establishing the proper tertiary structure of Eny1.92,
However, no dsulfide bridge resides between the gp120 and g41 subunits.
SeveralN-linked glycans with a small additional contribution of Glinked sugars,are
located on the surfaceof gp120 (figure 5 D) comprising about 50% of its total mass.
Importantly these glycanshave been shown to protect Env from host immune
recognition, to influence Env conformation/oligomerization, as well as toaffect viral
entry, infectivity and antibody recognition 3.

The gpl20 coreconsists of a highly conserved inner domairffigure 5B), facing the
trimer axis, and a heavily glycosylated outer domain, which is mostly exposed on the
surface of the trimer94.95, One of the most relevant features of gp120 is represented by
the CD4 binding site (CD4bsjfigure 5C), which comprises theprincipal contact sites of
CDA4 It is arrangedin six discontinuous segments consisting of residues that are highly
conserved 92.94.96.97 Considering the functional conservation amongdiverse HIV-1
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isolates, the CD4 binding site is tavorable target for neutralizing antibodies, and thus
alsofor vaccine design

Anchored in the viral membrane, the gp4l subunit of Envcomprises three major
domains: anectodomain, a transmembrane domairfTM), and a cytoplasmic tai(CT) 98
(figure 5A). All major fusion determinants are located in the ectodomain, including an
N-terminal fusion peptide (FP) 99100, two hydrophobic heptad repeat regions (HR1 and
HR2) 101,102 (figure 5B) and ahighly conservedtryptophane-rich domain referred to as
the membraneproximal external region (MPER)93.104 The gp41 TM anchors Env in the
lipid bilayer and is involved in fusion and modulation of immune responses during viral
infection 61105106 | ast but not least, the cytoplasmic tail mediates intracellular
trafficking and incorporation of Env into virions 37.83,
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Figure 5 z Structure of t he HIV-1 envelope glycoprote in. Structures are based on the BG505 DS SOSIP
trimer (PDB 5U1F) (A) Schematicrepresentation of the HIV-1 gpl160 envelope. The gpl20 trimer
comprises five constant regions (CAC5) that are interspersed with five variable regions (V4V5). The
fusion peptide, heptad repeats 1 and 2, membrane proximal external regions, transmembrane domain
(TM) and cytoplasmic tail (CT) are located in the gp41 trimer. Glycans are represented by trllee
symbols.(B) Structure of an Envprotomer consistingof an outer and inner domainthat are connected by
the bridging sheet The heptad repeats 1 and 2 (HR1, HR2) are located at the base of gp41, whereas fusion
peptide is positionedat the interface of gp120(C) Side and(D) top views of the Env trimer. Variable loops
(V1-V5) and the CD4 binding site (CD4Bsare shown Structures of the membrane proximal external
region (MPER), transmembrane domain (TM) and cytoplasmic tail (CT) are not included in the illustration
since they have not yet been determing Glycans are shown in teal (only in one protomer)Figure was
freely reproduced from 70,

1.5.3 Immune evasion mechanisms of Env

The virus features a multitude of evasion strategies to escape an efficient humoral
immune response, most of them embodied in structural properties of the envelope
protein. As previously mentioned, low density of viral spikes (140) on the surface of
HIV virions 107 as well asshedding of Env represent effective evasion strategi€€8. The
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tremendous genetic diversity of Envwhich can exhibit up to 35% sequence variability
between subtypes and 20% within a cladéo8 is particularly problematic for HIV vaccine
design. This diversity is a result ofthe error-prone nature of the reverse transcriptase
and high rates of viral replication199.110, Many structures, especially the five variable
loops (V1-V5), possess a higlevel tolerance for point mutations 111112 and even
insertion and deletion of whole sequence stretches without loss of viral fitnegs3.114, As

a consequence, a multitude of escape varitn can arise in fast succession, thus
continuously AOAAET ¢ Gévdnor& Imth(né €sponses. However, as Env is
essential for cell entry, the variability is limited to nonconserved regions in order to
maintain its functions.

In addition to the vast sequence diversity of the variable regionghe location and
arrangement of structural features of Env lead to conformational masking. This
phenomenon describes the capability D certain structures to conceal functionally
essentialregions of HIV from the immune system. For instance, Env trimer formation
results in the burial of neutralizing epitopes within oligomeric interfaces 115116,
Furthermore, variable loops can successfully occlude conserved regions such as the CD4
binding site, thus restricting access for neutralizing antibodies!1”.118, Extensive
glycosylation covering the surface of Env is also able to shield exposed surfaé®¥s In
combination with the ability of repositioning of glycansin response to theselection
D OA OO O OA h -O&EHigua®ds)linutdivrmhunogenicity and obstructs binding of
certain antibodies to Env.

Lag but not least, unliganded Env was revealed to be intrinsically dynamic, transitioning
between different conformations 120 (figure 6C). During this scAAT 1 AA OAOAAC
different non-essential epitopes are presented to the immune system resulting in the
generation of nonneutralizing antibodies 121,
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Trimer

breathing b12 IgG

Figure 6 z Evasion mechanisms of HIV-1 Env. (A) N-linked glycosylation and (B) sequence variability
of Env (left) in comparison with influenza virus H3 haemagglutinin (HA) (middle) and RSV fusion
glycoprotein subtype A (right). Conservation ofglycans is represented in light green (conserved> 90%
conservation) or dark green (variable < 90% conservation) Likewise, sequence variaility is depicted in
light or dark purple (B). Figure was adapted from22 with minor modifications with permission from
Nature Publishing Group(C) Conformational states of EnvThe pre-fusion trimer is assumed to be present
in various reversible conformations that fluctuate between open and closed states which is referred &s

open state after binding the antibody(in this case b12). Figure was adapted from23 with minor
modifications with permission from Nature Publishing Group

1.6 Humoral immune response to HIV infection

1.6.1 Ontogeny of the antibody response during HIV infection

Soon afterHIV transmission, the B cell branch of thd Ax 1 U ET £A Arindude DA OOI
system becomes activatedThe first antibody response to HIV1 can be detected within
the first week of infection in the form of immunoglobulin (Ig) IgM and IgG antibodies
mainly targeting free-floating virions 124, However, the initial antibody responses do not
possess the ability to neutralize the virus.A few days later, circulating antigp41
antibodies are generated, followed by antgp120 antibodies that are primarily directed
againstthe V3 loop 125, Even though theseantibodies have seemingly no effect on the
infecting viral strain, as they are directednostly againstdissociated gp120 and gp41l
subunits or aberrantly folded proteins 126, the antibodies seem to be able to convey Fc
mediated effector functions such as antibodylependent cellular cytotoxiaty (ADCC) or
antibody-dependent cellular phagocytosis (ADCR}7. Several months post infectionthe
first strain-specific autologous neutralizing antibodies occur which exert selective
pressure on the virus leadingto the generation of escape mutant$24.128, After several
years of continuing ceevolution of escaping virus and the following adaptation of the
humoral immune response, antibodies with increased neutralization breadthand
potency can emerge ina small percentage othronically infected individuals 129, Some
of these antibodies are able to neutralizenore than 90% of circulating HIV strainst20.
Notably, the infected patientscannot benefit from theelicited bnAbs, as they acquired
escape mutants from said antibodies.
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1.6.2 Broadly neutralizing antibodies

Despite the multitude of viral defense mechanismsapproximately 10-30% of the
chronically infected individuals develop crossreactive antibodiesthat are capable to
neutralize various heterologous virus strains131.132 gs aresult of the co-evolution
between HIV-1 escape variants andantibody affinity maturation. Furthermore, about
pp T &£ OEA DPAOEAT OO AOA AAOAOEAAA-1iAN€teddDA] EO/
people with unusually potent crossreactive neutralizing antibody response against a
majority of HIV-1 subtypes33. Themonoclonal antibodies are referred to as broadly
neutralizing antibodies (bnAbs) and target specific key sites of vulnerability on the
envelope (figure 7): 1) the CD4binding site 134135 (e.g.bnAbs VRC01136, NIH45-46 130),

i) the glycopeptide epitopes of the variable region 1 and 7 (e.g.PG9 and PG1636,
PGT145138) iii) the glycanassociated variable region 33° (e.g. PGT124134 140, iv) the
membrane proximal external region (MPER) on gp4141.142 (e.g.4E10143, 10E8144) and
V) a gpl20-gp41 spanning interfacel4s (e.g.PGT151146, 35022145). In order to overcome
the many viral defensesbnAbshave acquiredone or moreunusual characteristics such
as extremely long or short heavy-chain complementarity-determining region 3 loops
(HCDRJ 147.148  insertions and/or deletions 149 and polyreactivity 150. In addition, many
bnAbs undergoextensive somatic hypermutation (SHM}51.152to achieve neutralization
breadth and potency.To accumulate such degree of mutation can require a long time
and might explain the unusual duration until crossneutralizing antibodies occur in HI\/

1 infected individuals and why it proved to be challenging tcelicit bnAbs so far.

gp120

gpdt

PGT151 y/ s &
I CD4bs ,);:" V3 base

CD4-binding site Asn332 glycan-V3 ()13120,"9[)41— \PER
PGT121, 10-1074, interface 4E10, 2F5,

Asn160 glycan-V1/V2
b12, VRCO1, VRCO7, NIH45-46, 12A12, PG9, PG16,

3BNC117, VRC-PGV04, VRC-CH31, PGT128, PGT135,
2612

| BANC131, 182530, CH103, HJ16 |

CHO1-04,
PGT141-145

35022, PGT151

Figure 7 z Location of bnAb epitopes on the HIV-1 Env trimer. So far, five ges of vulnerability were
discovered that include the CD4 binding site (CDbs), the trimer apex (V1V2), the glyedependent V3
region, the gp120/gp4l interface and the membrangroximal external region (MPER). Figure was
adapted from 153
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1.7 HIV-1 vaccine development

After more than 30 years since the discovery of the H¥¥ pandemic,an effective vaccine
for clinical use to prevent infectionstill remains elusive .Notwithstanding the significant
efforts that have been undertaken toward developing an HIVemedy, from over 218
trials only sevenvaccines advanced to clinical phase Ittials 1542159, The first studes
were performed in the late 1980s and early 1990s and involvedthe usage of
recombinant gp120-based vaccineslerived fromtheisolates- . AT A " j 1)
in the VAX004 trial and fromclades B/E in the VAX003 trial. The dficacy for both
vaccines was estimated at 0.1% anttherefore failed to demonstrate protection against
HIV-1 infection 160,

Thus, research was redirected tovard reduction of viral load setpoints or delay of
disease progression by eliciting cytotoxic lymphocyte (CTL) responses®l, Pursuing
this strategy, the Step trial (HVTN502 in 2004) and Phambili trial (2007) were
conducted by Merck and the HIV Vaccine Trials Network (HVTNJespectively The
vaccinecandidate comprised aecombinant Adenovirus 5 (Ad5) vectorexpressing HI
1 Gag, Pol and Néeifl. Although the trials demonstrated CD8 T-cell responses,both
studies were stopped early on the basis of interim datg@roving futility and due to
increased HIV incidence among vaccine recipientg?#162.163,

In September 2009, the firsppromising results were reported for the RV144 or Thai trial

$36! 8

that was performed by the U.S. Military Research Program in collaboration with several

Thai institutions. The vaccination strategy comprised a combation of a recombinant
canarypox vector vaccine prime (ALVAEHIV, Sanaf Pasteur) andthe bivalent gp120
protein boost (AIDSVAX B/E)previously utilized in the VAX003 trial. Althoughonly a

mediocre efficacy of 31.2%'64 was acknowledged, immune correlates could be identified

suggesting that nonneutralizing antibodies directed against V1/V2 may have
contributed to protection against HIV infection by elicitation ofantibody-dependent
cellular cytotoxicity (ADCC)165,

TheHVT. vmuv OOEAI xAO AAOECT AA O AOAIMOMsOA OE/

respect, a prime/boost vaccination approachwas applied which consisted ofa DNA
prime with Clade Bgag/pol/nef and multiclade envfollowed by a boost withAd5 vector
from the Step study However, the trial was stopped in 2013 due to futility-58.

The HVTN702 trial which started in November 2016 aims to provide greater and more

sustained protection than the Thai trial. To aclgve this an improved vaccination
regimen was adapted to addres HIV subtypes that predominatan southern Africa. In

this respect, an ALVAC vector containing a clade C Env insert followed by bivalent clade

C recombinant gp120protein were applied in the vacination regimen 167, This trial is
still ongoing.

12
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1.8 Elicitation of broadly neutralizing antibodies

Results fromthe RV144 trial led to a general shift in themajor focus of research toward
an antibody-based HIV1 vaccine. This concept was additionally substantiated by
multiple in vivo challenge studies demonstrating that passive administration of bnAbs
into humanized mice or nonhuman primates repeatedly conferred protection against
HIV-1 infection 119.16&171 Thys, there is currently a well consolidate@gxpectation that
vaccines able to elicit bnAbs upon immunization would prevent HRAZ infection.

1.8.1 Engineering of envelope immunogens to induce cross-neutralizing
antibody responses

Significant efforts have been undertaken to develop an Env immunogen able to induce
broadly neutralizing antibodies.Early strategieswere based on the successful Hepatitis
B vaccine design and thusnvolved monomeric gpl120 subunits as immunogens
Unfortunately, the antibody responses were relatively weak and wer@nly able to
neutralize a very limited spectrum of sensitive viral strains'72.173, The many failures lel
to a change in the general mindset of immunogen desigmd more attention has been
focused on candidates that simulate theatural Env structure. A strategy referred to as
structure-based reverse vaccinology was devised that first determined the
crystallographic structure of a complex between antibody and Env and then
reconstructed the respective epitopes 173174, So farhowever, this approach produced
only little tangible progress in the elicitation of broadly neutralizing antibodies
(reviewed in 1752177 |t is assumed that instability of Env was the major obstacle in the
induction of bnAbs 178, thus many efforts have been undertaken to prevent dissociation
of the glycoprotein. Approaches encompassethe generation of furin cleavagedeficient
Env proteins. This was achieved by mutating the primary recognition sites of the furin
protease that ocurr at KAKRRWQRBRSEKR11AVGIGALFLGFLGAAG between residues
508 and 509 or between 511 and 51279180, Accordingly, substitution of the motif REKR
with REKS or SEKS resulted in cleavaggcompetent Env proteins which prevented
dissociation of the protomers 1812183, Similarly, cleavage sits were replacedwith a
glycine-serine peptide linker resulting in native flexibly linked (NFL) envelopes!g4,
Another strategy to increase stability of Env was successfully accomplished by
introducing appropriately positioned cysteine residues in the ectodomains of Env which
created an engineered disulfide bond(SOS) between the two subunits 185186,
Furthermore, this strategy was combined with the trimer stabilizng mutation I559P 185
(IP), as well as with an improved 6xR furing cleavage site instead of REKR, leadimg
fully cleavedand well-folded trimers that were referred to as BG505 SOSIP.664 EM#s.

13
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Many new discoveriescorroborated the focus of vaccine research onatural, trimeric
immunogens. First and foremostit was revealed that many bnAb epitopes are strongly
(trimer apex, gpl120-g41 interface187) or partially quaternary -dependent(CD4 binding
site 188), Additionally, several CD4bsspecific bnAbs require contact to a second
protomer within the trimer 188189 thus constraining the presentation of epitopes.
Consequently, even though monomeric Envimmunogeeshibit the same epitopesthey
are not presented in the precise orientation of native spike&%. This could potentially
complicatethe elicitation of bnAbs.

Recentapproaches focusedn the simulation of the ceevolution between Env andthe
humoral immune response.For this purpose, directional immunogens were designed to
activate germline receptors on B cells thagradually guided the immune system towards
the development of mature bnAbs over several intermediate stageSomesuccessvas
accomplishedin several murine model systemsby following this strategy. In a first
approach, eight mutations were introduced inb an engineered envelope variant (eOD
GT8) with the goal to impart affinity for VRCO1 germline antibodies9l. Sequential
immunization of transgenic mice with the germlinetargeting constructs, as well as
several intermediatesand mature envelope (BG505 SOSIP N2760nally resulted in
the elicitation of VRCOZ%class neutralizing antibodies!92. Furthermore, the successful
development of mature PGT121 bnAbsn mice was demonstrated after following a
similar sequential immunization strategy 193. Ultimately, these approaches lad to the
necessity of immunogens exhibiting high affinity towards germline, intermediate or
mature antibodies, as well as appropriate methods tadentify such improved Env
variants.

1.8.2 Advantages of Env-based gene variant libraries

Despite continued advances in the field of protein structure and function, many aspects
still cannot be predicted. Therefore, protein engineering according to combinatorial
strategies is highly appealing.One fundamental component of such approaches
encompasses the construction of protein libraries whichusually comprises a nucleic
acid library from which the protein library is thentranslated. This provides the benefit
that any protein can be directly identified by DNA sequencind\ wide variety of methods
have been devised to generate gene variant libraries. One approach focusses on
introducing sequence variationat random positions byphysical (i.e.UV radiation) and
chemical mutageng(i.e.alkylating agents), mutator strains(i.e.XL1-Red strain) as well
as error-prone PCR94, Recombination methods can rearrange already existing divees
sequences into novel combinationsThese techniques include DNA shufflin>.19 and
the staggered extension processt®’. More controlled randomizations to specific
positions can be achieved with direct synthesis of mixtures of DNA moleculasd their

14
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subsequent incorporation into genes via PCR or cloning, as in the case of Gibson
Assembly198,

Gene mutant libraries offer beneficial possibilities to study properties, biological
functions andstructure biology of many proteins simultaneously As early as 1991, a 15
mer random peptide libraries hasbeen successfully utilized to map epitopeszcognized
by the antibodies targeting the V3 loop of En\99.200, Similarly, critical residues in the
epitope of theantibody 4E10were revealed by screening of 42-mer peptide library 201,
Another study demonstrated the identification of engineered soluble CD4inhibitors
(sCD4)by combining structure-based design with sequential panning of a large mutant
library against differentHIV-1 envelopes2°l. The detected CD4nutants displayed great
increase in affinity to gp120, neutralization of pseudovirusesand exhibited significant
inhibitory activities in clinical trials. Furthermore, Jardineet al (2016) were able to
demonstrate the detection of specific Env variants with improved binding affinity for
germline antibodies by screening of large mutant librdes 191, Overall, the positive
results from many previous studies consolidatedthat gene mutant libraries could
facilitate the search for Env variants with specific and favorable propertiesThus, a
multivariant genomic Env library provided the foundation of this PhD thesis.
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2 Objective

The elicitation of broadly neutralizing antibodies still constitutes a major challenge.
However, the longtime search for immunogens able to induce bnAbs finally
demonstrated the first successesRecent studies suggested that the complex <o
evolution between Env andthe immune system can be mimicked by sequential
immunization with germline -targeting, intermediate and finally mature variants of Env

192,193, Suchpositive results emphasizedthe demand to develop methods for effective
engineering, display and screening of envelope prteins with specific properties, such

as improved binding affinities for bnAbs.

The focal point ofthis PhD thesiswas the bioengineering and quéity control of a
sequential permuation Env library, as well as the implementation omethods that
facilitate the work with complex and large libraries. The secorary objective focused on
identifying and characterizing trimeric Env immunogens with improved antibody
recognition from the library by using amammalian cell display and cell sortingbased
panning approach.
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3 Material sand Methods

3.1 Molecular Biology

Unless stated otherwise all methods were performedin agreement with common
protocols of molecular biology2°2 or of the respective manufacturersA detailed list of
all oligonucleotides and DNAconstructs utilized in this work can be found in sectior8.2.
Vector backbones for cloning purposes were generated by digestion with the
appropriate restriction endonucleasesand treatment with CIP to prevent religation.
Subsequenty, the desired DNA-fragment was isolatedfrom a0.8-1.0% agarose gel

Inserts werecreatedaccording to one of thdollowing methods: 1) Amplification by PCR
using eligible oligonucleotides and digestion with suitable restriction enzyme$?CR for
analytical purposeswas performed with GoTaq Gren Master mix (Promega), whereas
for preparative applications, PhusionDNApolymerase (NEB) was used 2) Annealing of
AT i 1 Al AT OAOU TITECIT OAI AT OEAAO -éBdd with T4-A A
PNK. 3)Direct recovery from plasmids by restriction digestion and subsequent gel
extraction.

Vector DNA wasthen mixed with a 3-fold molar excess of insert DNA and ligatedsing
the Quick Ligation Kit (NEB). Subsequently, the ligation mixture wasused for the
transformation of chemically competentE.coli$ ( v 4 | O a&drding to standard
protocols 203,

After cultivation of bacterial cultures in LB or TB medium containing the appropriate
antibiotic, plasmid DNA wasisolated by alkaline lysis204 or by usage of theGeneJET
Plasmid Mniprep Kit/Plasmid Midi/Maxi Plus Kit. The concentration and purity of the
purified DNA was determinedspectrophotometrically by measuring absorbance at 260
nm and 280 nmor Agilent 2100 Bioanalyzer (Agilent) using the High Sensitivity DNA Kit
(Agilent).

In order to confirm the correctness of the construct, restricton digestion and Sanger
sequencing(Seglab)were performed.

Oligonucleotides Biomers, Eurofins

Restriction endonucleases New England Biolabs, Fermentaghermo Fishe
Scientific

Alkaline Phosphatase, Calf Intenstinal (CIP) New England Biolabs, M0290L

QIAquick Gel Extraction Kit Qiagen, 28706

GoTag® Green Master Mix PromegaM7123

Phusion® High-Fidelity DNA Polymerase New England Biolabs, M0530 L

QuickLigation Kit New England BiolabsM2200

T4-PNK New England Biolabs, M0201

GeneJET Plasmid Miniprep Kit Thermo FisherScientific, KO502

17

AU



Materials and Methods

Plasmid Midi/Maxi Plus Kit Qiagen, 12945, 12965

High Sensitivity DNA Kit Agilent, 5067-4626

E.coli$ (v | F supE44 dlacU169 (fi 80 lacZdM15) hsdR1recAl endAl gyrA94 tialAl

E.coliDH10B Fz mcr! mrf-hsdRMSmcer* # q  I&cp 3t- p vacX?4 recAl endAl
ara$ p ¢ aaradep) 7697 galUgalK rpsL nup' 7}

Lysogenybroth 1% Bacto tryptone; 0.5% Bacto yeastxtract; 1% NaCl; pH 7.5

(LB medium)

Terrific broth medium 1.2% Bacto tryptone; 2.4% Bacto yeast extract; 0.5 % glycerol; 0.1%

(TB medium) KH2PQ; 0.72 M KHPQO

3.2 Next Generation Sequencing
3.2.1 lllumina Sequencing by Synthesis Technology

Next Generation Sequencing (NG$@presents a variety of sequencing methodsvhich
transcends the capacity of traditional DNA sequencing technologiés respect to cost,
speed and data outputthus enabling an indepth study of biological systemsuy rapid
sequencing of whole genomesOne of the most prevalent NGS technologies was
developed by lllumina and is referred to as8equencingby-synthesis){SBS)205. This
method supports massivelyparallel sequencingproving to be especially beneficial for
questions that demand extensive information regarding highly diverse genomic
libraries. The sequencing workflow is composed of four basic steps: i) sample
preparation, ii) cluster generation,iii) sequencing and iv) data andysis.

In general, NGS sample preparation includes fragmentation of DNA sequences into
suitable sizes (~ 300 bps) due to the limitation of reading lengtiof the NGS device

(figure 9, (1)) and the annealingof adapters (2) by PCRThe resulting product consists

I £ A OANOAT AA 1T £ ET OAOA & P3ENART Eifubes),uMBichAT A o
allow attachment to the surface of aflow cell coated with a lawn composed of
complementary adapter oligonucleotides (3). Additional motifs are also introduced

during sample preparation, such as theNGSsequencingprimer binding site andindices.
Theindices or barcodesallow distinction among a multitude of samples

P5 Rd1 SP Target DNA Rd2 SP Index P7
Y et is. 8000000000000 000C000E00E . . .. . .. ... .. A SCSCSEES
3 09888888 L L O OCOOUOCO0CO0COCOOCOO0008000888888 O 0000
Figure 8 z Schematic illustration of a ready -to-load index library eligible for NGS. The DNA fragment
of interest is shown in grey. P5 (red) and P7 (green) indicate the adags. Rd1SP(yellow) and Rd2 SP
(blue) designate the binding sites for NGSspecific sequencing primers. Barcodes or dices are
represented in black.
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After binding of samples to the flowcellthe DNA strand folds over and the adapor
region hybridizes to the second type of oligo on the flow ce(l4). Polymerasescreate a
complementary strand forming a double stranded bridge(5) which is subsequently
denatured, resulting in two single stranded copies of the moleculg). The process is
repeated over and over so that millions of DNAO A1 O @ré de@etaded (7). Cluster
densities have large impact on sequencing performance in terms of data quality and
output.

Sequencing begins with the extension of the first sequencing primer to produce the first
read (8).With each cycle,dur fluorescently taggedreversible terminator basescompete
for incorporation into the growing chain. Only one nucleotide is integratedbased on the
sequence of the template while nosincorporated nucleotides are washedaway.
Subsequently, clusters are excited by a light sourcand a characteristic fluorescent
signal is emitted which is acquired as image by a came(@) . Emission wave lengthalong
with the signal intensity, determine the base call.The length of the read is determined
by the number of cyclesThe entire process generates millions of reads representing all
fragments which then can be separated based on the unique indices introduced during
the sample preparation. Forward and reverse reads are paired creating contiguous
sequences that are alignedack to the reference genome for variant identification.
Sequencing coverage describes the average number of reads that align to known
reference bases.

AW | ™ e st
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Figure 9 z Outline of lllumina NGS technology. After fragmentation of the samples (1), adagrs are
annealedto the ends of the sequence (2). Fragments attach to the flowcell (3) by hybridization to oligos
complementary to the adapers (4). Subsequently, bridge amplification occurs to produce clusters of
fragments (5-7). During each sequencing cycle, onfuorophore-attached nucleotide is added to the
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growing strands (8). The fluorophores are then excited by a laser and signals from each fragment cluster
are detected and recorded as imagg9). lllustration was adapted from?206,

3.2.2 Sequencing library preparation

The sequential permutation (SeqPer) library was the foundation for all stepmvolving

Next Generation SequencingA key step in the NGSlibrary sample preparation is

generating the input for sequencingln general, the library preparation was composed
of four stages i) DNA amplification, ii) attachment of oligonucleotide indices and
adapters to the ends of theamplified fragments, iii) purification and iv) final library

quantification and quality control.

3.2.2.1 Generation of amplicon libraries

In the course of this PhD thesispolymerase chain reaction was utilized to produce
amplicons in the size of approximately 300 bps. These amplicon librariesere
generatedby two sequential PCRs using specific primers which carry the attachments
required for NGS. In the first PCR, N&®pecific primer binding sites were introduced
into the target DNA template. Fusion ahdicesandadapters was achieved by the second
PCR(figure 8). The input DNA for the first PCR was derived from the plasmid DNthe
SeqPer librarypurchased from GeneArt or was isolated fronthe respectivestable cell
lines as genomic DNA (see 3.2.2.2).

For the amplification 20 ng plasmid DNA was applied irthe first PCR. As the
concentration of isolated genomic DNA wasalways below the detection limit, 10 yL of

the extract was utilized for PCR1. Accordingly10 pL from the first amplification was
applied in the second PCR. The respective primers for PCR1 and PCR2 can be obtained
from section 8.2.1 Notably, only the reverse primers for PCR2 varied, whereas the
forward primer (ILLUMINAseq_fwd)remained the sameln general, a50 uL reaction

was prepared containing 1 uL dNTPs (10 mM), 2.5 pL forward and reverse primer (10
MM), respectively, 1.5 pL DMSO, 0.5 pL Phusion DNA polymerase, 10 pL 5xHF Phusion
buffer, template DNA as mentioned above and nucleasee water (see table 3). To
reduce accumulation of errors from the polymerase, 22 cycles were applied for both
amplification steps. The thermocycling conditions can be obtained from table £CR
samples were stored temporarily (usually over night) at 4Cif it was not possible to
proceed with the experiment.
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Table 3 z Composition of PCR 1 and 2 for generation of amplicon librar ies.

Component PCR 1 PCR 2
Nucleasefree water to 50 pL to 50 pL
10 mM dNTPs 1L 1L
10 pMforward primer 2,5 uL 2,5 puL
10 puMreverseprimer 2,5 L 2,5 uL
DMSO 1,5puL 1,5puL
Phusion DNApolymerase 0,5 uL 0,5 uL
Template DNA 1 ng pDNA/ 10pL 10 pL from PCI
gDNAextract 1
5x Phusion HFbuffer 10 uL 10 yL
total 50 pL 50 puL

Table 4 z Thermocycling conditions for PCR 1 and 2.

PCR 1 PCR 2

98°C | 1 min 98°C 1min

98°C | 10 sec 98°C |10 sec

68°C | 30sec | 22cycles 64°C | 30sec | 22cycles
72°C | 6sec 72°C | 10 sec

72°C | 5min 72°C  5min

8°C H 8°C H

Deoxynucleotide (ANTP) Solution Mix New England Biolabs, N0447L
Dimethyl Sulfoxide (DMSO) SigmaAldrich, D8418100ML
Phusion® High-Fidelity DNA Polymerase New England Biolabs, M0530 L

3.2.2.2 Extraction of genomic DNA

Extraction of genomic DNA was performed by using the QlIAamp DNA Mini Kit according

Ol OEA DPOT OTAT1T O0%$.! bDOOE AEUNASS &dteld otevisd, Al T 1
2x105 cells were utilized for gDNAisolation. If less than10.000 genomic equivalents

were present, 10 pg/mL carrier DNA (polyadenylic acid, poly dA) was added to the

sample in order to enhance the recovery of DNA and to prevent the small amount of

target nucleic acid from being irretrievably bound.
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As a first step, 20 uL QIAGEN proteaseaw pipetted into the bottom of a 1.5 mltube.
Subsequently, a 200 pL solution containingx10° cellsin PBStogether with 200 uL AL
buffer were added to the tubeand mixed by pulsevortexing for 15 sec. The mixture was
then incubated at 56Cfor 10 minutes and briefly centrifuged to remove drops from the
inside of the lid. 200 pL ethanol (96100%) were added to the sample, mixed by pulse
vortexing for 15 sec and briefly centrifuged. In the following, the solution was applied to
the QlAamp Mini spin columnm a 2 mL collection tube and centrifuged at 8.000 rpm for
1 min. After discarding the filtrate, 500 pL AW1 buffewas added to the column and
centrifuged for 1 min at 8.000rpm. A second washing step with 500 uL AW2 buffer was
performed at 13.000 rpm for 3min. To eliminate the chance of possible AW2 buffer
carryover, the filtrate was discarded, the spin column was placed in a new collection
tube and centrifuged at full speed for 1 min. Finally, gDNA was eluted intonaw 1.5 mL
tube by adding 30 pL water to the column, incubating at room temperature for 1 min
and centrifuging at 8.000 rpm for 1 minAliquots of 10 uL extracted DNA were generated
and stored at-20°Cto reduce damaging of DNA by repeated thawing cycles.

Poly(A), Polyadenylic acid SigmaAldrich, 10108626001
QIAamp DNA Mini Kit Qiagen,51304

3.2.2.3 Generation of stable cell line samples for NGS

The stable cell line library (see 4.2) was analyzed at three stages: i) stock directly after
thawing, ii) before induction with doxycycline and iii) after induction to assess potential

changes in thequality and amino acid composition As a first step, céd were thawed (see

3.3.4.2) and resuspended in 1 mL preheated DMEM. After determining the cell count,

2x105 cells were withdrawn for gDNA extraction (see 3.2.2.2and subsequent NGS

sample preparaton.4 EEO OAIlI b1 A xAO OA £AOOAgceldlvereAO OO
transferred to a T75 flask, expanded and split after a confluency of 80% was reached

(see 3.3.1). After the third passagé€figure 10), 2x1® cells were withdrawn for gDNA

extraction andto generate the nonrinduced sample, whereas theemaining cells were

placed back into the T75 flask and induced with 1 pg/mL doxycycline. On the following
day,medium was replaced with 15 mL fresh DMEWtLand the cells were detached from

the flask by resuspension. 2x18 cells were then withdrawn for gDNA extractionand the
OOAOANOGAT &6 cAT AOAOGEIT 1T &£ OEA OET AOAAAGS OAIlE
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Thaw Cell expansion 3 x cell passages Induction Harvesting
‘/’;) o + Dox
SENN- =" re——N—"
| Day1 | ~Day27 | ~ Day 8-18 | ~Day19 | Day20 |
2x10° cells 2x10° cells 2x10° cells
gDNA extraction gDNA extraction gDNA extraction
Stock non-induced induced

Figure 10 z Workflow for the primary sample preparation of stable cell lines for NGS analysis.  After
thawing, stable cell lines (SCLs)vere expanded and passaged three times before they were induced with
doxycycline (Dox). On the next daycells were harvested andurther analyzed. To generate stock, non
induced and induced samples for NGS, 2x306ells were withdrawn after the thawing process, as well as
prior to and post induction with doxycycline, respectively. Subsequently, genomic DNA was extracted
from the cells.

3.2.3 Purification of amplicon libraries

Successful Next Generation Sequencing is highly depentlen the quality of the samples
used. Therefore, removal of any remaining primer dimer and adapter dimer was
essential to prevent their binding to the NGS flow cells.

3.2.3.1 Agarose gel electrophoresis

DNA of amplicon libraries was purified from an agarose gelfter PCR1 and PCR2,
respectively, to remove primer dimer and adapter dimer Due to the size of the
amplicons and to improve fragment separation (~279 bps from PCR1 and 399 bps from
PCR2) a 2% agarose gel was prepared which was run at 160 V for 2 ho&gbsequently,
the appropriate band was excised and the DNA was isolated using the QIAquick Gel

~ s~ A o~ N

%POOAAOEIT +EO AAAT OAET ¢ O OEA |1 AT OEAAOOOA
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3.2.3.2 Magnetic beads purification

Amplicons werealsopurified using the Agencourt AMPure XP magnetlzeads (Beckman
Coulter) purification protocol after PCR1 and PCR2espectively.Sample preparation
was performed in DNA LoBind tubes (Eppendorf)o maximize DNA vyield Briefly, 1,8x
sample volume(typically 30 pL of DNA eluted from gel extraction columns in waterpf
AMPure magnetic beads was supplemented to the amplified DNA and mixed thoroughly
by pipetting. After incubation for five minutes the samples were placed into a magnetic
rack until the solution was clear. Subsequently, two washing steps were performethis
was achieved by adding00 uL of freshly prepared 70% ethanoblnd incubating for 30
seconds while turning the cups in the magnetic rack two timedAfter aspirating the
ethanol without disturbing the pellet, tubes were centrifuged andthe remaining
supernatant was removed using a 20 pL pipetteThe pellets were airdried for three
minutes on the magnetic racko remove residual ethanol Subsequently DNAwas eluted
by adding 30 pL nuclease free waterand vortexing for 15 seconds After one minute on
the magnetic rackthe supernatantwas transferred into DNA LoBind tubes.

Agencourt AMPure XP Beckman CoulterA63881
1.5 mL LoBind microcentrifuge tubes Sigma Aldrich, 2666548

3.2.4 Quantitation of amplicon libraries

3.2.4.1 Quantitation with the Agilent 2100 Bioanalyzer

In addition to the high quality of amplicons, success of NGS is also dependent on an
accurate quantitation. Therefore, the concentration and purity of the DNA were
determined by the Agilent 2100 Bioanalyzer. Based on concentrationsbtained
spectrophotometrically by measuring absorbance at 260 nm and 280 nnall samples
were diluted to a final concentration of 500 pg/uL and loaded on a DNA chip according
to the instructions provided by the Agilent High Sensitivity DNA Kias follows:

Prior to analysis, thegel-dye mix was prepared For this purpose, all reagents were first
equilibrated to room temperature for 30 minutes. The High Sensivity DNA dye
concentrate was vortexed for 10 seconds, briefly centrifuged and added (15 pL) to the
High Sensitivity DNA gel mtrix vial. The tube was then vortexed for 10 seconds and the
complete getdye mix was transferred to the receptacle of a spin filter to be centrifuged
for 10 minutes at 6.000 rpm at room temperature.

Before loadingof the geldye mix, a High Sensivity DNAhip was placed on the chip
priming station. In the following, 9 puL getdye mix were pipetted to the bottom of the
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x AT 1 1 Ahe tBplof tide'station was closed and the gel was dispensed by pressing

down the plunger of the syringe from the priming sation until it was held by the clip.

After 60 seconds, the plunger was released and slowly pulled back to the 1 mL position

of the syringe. Subsequently, reagents were pipetted into the wells as described in the
following: i) 9 uL of gekdye mixineacho®D EA OAT AET ET ¢ xAi 1 0 | AOEA
Sensitivity DNA marker into all remaining wells, iii) 1 pL DNA ladder into the well

marked with the ladder symbol, and iv) 1 pL of sample into the sample wells. The chip

was placed horizontally in the adaper of a IKA vortex mixer and vortexed for 60 seconds

at 2.400 rpm.Finally, the chip was inserted into the Bioanalyzer and thdsDNA assay

was selected from thdfile menu.

Agilent High Sensitivity DNA Kit Agilent Technologiesp067-4626

3.2.4.2 Generation of library poo |s and quantification by quantitative PCR

Quantification of samples by bioanalyzer and generation of library pools were
performed on the same day to prevent deviation in the concentrations due to freezing
and thawing processeslin general, a20 nM DNApool was generated For this purpose,
12 yL of a 20 nM solution (resuspended in water) for each amplicon library was
prepared, of which 10 uL were combined, respectively, to create the library pool used
for NGS.

Library pools were quantified by gPCRand bioanalyzer. The latter provided additional
important information such as average sequence length of the amplicons and potential
contamination with primer dimer. Furthermore, the analysis served as confirmation for
results obtainedfrom the qPCR.

As adviced by Illumina, the KAPA Library Quantification Ki(KAPA Biosystems)was
utilized for accurate quantification. In brief, a 16fold dilution series of the library pool
in 10 mM Tris/HCI, pH 8.0waspreparedin 1.5 mLLoBind tubes. Inthis respect, six data
points were collected in triplicates comprising a 0.1x103 1x103-, 1x10*-, 1x1(P-, 1x105-

, and 1x10-fold dilutions. Per 20 pL reaction, 12 pL of KAPA SYBR FAST master mix
containing the forward and reverse primers (provided by themanufacturer), 4 L of
each library dilution or DNA standardand 4 uL PCRyrade water were combined in a
MicroAmp™ Optical 96-well reaction plate. The DNA standards were provided with the
kit and comprised six concentrations in a terfold dilution series (ranging from 20 pM
to 0.0002 pM). The plate was then sealed witMicroAmp™ Optical 8-cap strips, briefly
vortexed and spinned down. Quantificatbn was performed using a standard curve
analysis protocol provided by the StepOneP&idevice (Applied Biosystems)Cycler
conditions can be seen below in table RAll quantifications were performed onthe day
of NGS analysis.
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Table 5 z Cycler conditions for the quantitative PCR.

Step Temperature | Duration | Cycles

Initial denaturation 95°C 5 min 1

Denaturation 95°C 30 sec 35

Annealing/Extension | 60°C 45 sec

KAPA Library Quantification Kit KAPA BiosystemskKK4824
MicroAmp Optical 96-well reaction plate ThermoFisher Scientific, 4316813
MicroAmp Optical 8Cap Strips ThermoFisher Scientific, 4324032

3.2.5 Denaturation and dilution of NGS libraries

Prior to loading of prepared samples on the NGS flow cdlhrary pools were denatured
and diluted. For thispurpose, amixture comprising thelibrary pool and PhiXControl V3
with a final concentration of 2 nMin 10 pL water was created.The composition was
calculated by the following formulas(1-3):

e e 2 0QQE QAL QT OQECADDH T ©
WEAOWMQWI WIize— WQQEWENN O[O O Qp
Ol Owi O NQi wQEeE DD

Cfinal z final concentration of the library for denaturation, 2 nM; Cstartz starting concentration of the
quantified library in nM; final volume in pL z 10 pL, percentage libraryz fraction of library present in the
mixture including the PhiXfraction; percentage totalz 100%

A Rk (8 V1A 0 Qe QQemaaouﬂn Q1 &0 &HEdN0g
0 i ow t anwQeocsomﬁbs&

Cfinal z final concentration ofthe PhiX controlfor denaturation, 2 nM; Cstartz starting concentration of
PhiX,10 nM; final volume in pLz 10 pL; percentagePhiXz fraction of PhiXpresent in the mixture including
the library fraction; percentage totalz 100%

WEQOEE pTD WEAOBQD GwoEOBHEM o

On the example of a 20 nM library and a spike of 20% PhiX this resuls in a library
volume of 0.8 uLa PhiX volume 00.4 pL and water volume of 8.8 puLThe PhiX control
was added due to the low diversity of the utilized library Generally, a B to 30 % PhiX
spike-in was used forthe NGS experiments
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For denaturation of the samples, 10 pL of freshly prepared 0.2 N NaOH sodutidiluted

in water was preparedand added to the sampleAfter incubation for five minutes at

room temperature, the denatured sample was diluted with prechilled HT1 (provided in
the kit) to a final concentration of 810 pM in a volume of 1 mland loaded o the flow

cell provided with the MiSeq Reagent Kit v2.The chosen loading concentration
depended on the cluster density from preceding NGS run3ypically, a run yielded
between 300000 and 800000 clusters/mm?2.

Before sequencing, the sample sheet was created using fbowing parameter settings

in the MiSeqcontrol software: i) FastQ only andii) sample prep kit: true seq small RNA
After designating the sample names and the respective indices used during sampl
preparation, cycles were manually adjustedn the sample sheet t®x151 reads to obtain
OANOGAT AET ¢ »EOI i AT OE OEA uvd Al MiSendlevidkl A8
(Hlumina) at the laboratory of Prof. Dr. Gunter Meister.

MiSeqReagent Kit v2 (300 cycles) lllumina, MS-102-2002
PhiX Control v3 lllumina, FG110-3001

3.2.6 Analysis of NGS data

Analysis of NGS results was performed with the CLC Main Workbench 7. Briefly, after
importing the FastQ files into CLC, sequences containitige corresponding forward and

reverse reads were pairedO0 AEOAA OAAAOSE A£OT.D@Happing paiBOET C
were mergedintoonefilg O- AOCA 1T OA Ol A b baid sbsefueiiiiyalighed £0T A O
with a reference sequencg O! OOAT Al A KOARNGORT ARSFidd) FeFulsET T q
were exported as SAM file and further investigated with an analyzer tool that was
programmed for this specific purpose by Dr. Benedikt AsbaciThe programme was

designed to count every codon at each position and deév a table with the absolute

numbers of amino acids.

3.3 Cell Biology
3.3.1 Cultivation of cell lines

Eukaryotic cell lines were cultivated at 37°C and 5% CQaccording to common
protocols. In general, adherent cells were split in ratio of 1:1Qupon reaching a
confluency of about 80%by washingwith PBS,detaching with Trypsin/EDTA solution
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and resuspendingof the cells in DMEMps The cell count was determined byl'rypan Blue
staining of the cells. In this respect, the cell sample was diluted &0.4% Trypan Blue
solution in a 1:1 ratio (usually 50 pL of each). As the cell membrane of dying cells is
compromised, Trypan Blue can enter the cells and stain them blue, whereas viable cells
remain unstained. After filling a hemocytometer with the mixture, cellsvere counted
under the microscope in four 1x1 mm squares of the hemocytometer chamber.

Expi293F suspension cells weremainly utilized for the expression of antibodies.
Cultivation was carried outin 1 L Erlenmeyer flasksat 37°C and8% CQ at up 125 rpm
to a maximal density of2.5x108 cells per mLin Expi medium. The cells were passaged
every 3-4 daysby harvesting the cellsvia centrifugation, discarding the supernatant and
resuspension in the required volume of fresh medium.

FIp-InTMT-Rex 293 cellswith the stable integration of envelope variants in their genome
received the same treatment as the adherent cells described above. Forithaultivation,
DMEMscL medium was used consisting ofDMEM with 5 % FCS, 1% Pen/Strep,
hUCOIT I UAET j p nlad QEGVEIAIEq AlpAd t CTIi 1 g8

HEK?293Tcells

Ad5-transformed immortalized human kidney fibroblast cell line,stably
transfected to express the SV40 large T antigeATCC® CR11268

Expi293F™ cells

Ad5-transformed immortalized human kidney fibroblast cell line
variant of the 293 cell line,Thermo FisherScientific A14527

Flp-InNTMT-Rex 293 cells

Ad5-transformed immortalized human kidney cell line containing
D&24ji AA: AT AT A DPA$. ! Agijherho Fisbe
Scientific, R78007

Tetracycline freeFCS

Eetal Calf Serum, Biochrom, S0115

Pen/Strep

10000 U/ml penicillin, 10 mg/ml streptomycin, PAN Biotech P06-0710C

Trypsin/EDTA 0.05% trypsin and 0.02%EDTA in PBS, Pan Biote¢cR10-023500
DMEM DO1 A A Madified GagleMedium, Thermo FisherScientific,11995-065
DMEMeps DMEM + 10% FCS, 1% Pen/Strep

DMEMscL DMEM + 5% FCS, 1% Pen/Strep, 100 pg/mL Hygromycin, 15 pg/

Blasticidin

Hygromycin B Gold

InvivoGen, anthg-5

Blasticidin

InvivoGen, antbl5

3.3.2 Transient t ransfection of mammalian cells

3.3.2.1 Cationic-polymer -mediated transfection

The transient introduction of DNA into HEK293T orFlp-In™ T-Rex 293 cells was
conducted manly by using a standardpolyethylenimine (PEI) protocol 207, For a 6well
transfection, 5x10° cells were seeded in 2.5 mL DMEMsinto 6-well plates the day
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before transfection. On the following day, the cultivation medium was replaced witii
mL serum-free medium (DMEM without supplements). A total of 2 ug plasmid DNA was
diluted in 100 uL DMEM containing 10 pL polyethylenimine (PEL pg/uL) solution,
mixed thoroughly by vortexing and incubated for 10 minutes at room temperature. The
DNA-PEFmixture was then added to the cells. After 6 hourshe medium was replaced
with 2 mL DMEMps 24 hours post transfection the cells werdarvested and analyzed

For transfection in a 96-well format, 4x10° cells per well were seeded in200 pL
DMEMe=psinto a 96-well flat bottom plate. On the following day, medium was exchanged
with 30 uL DMEM without supplements. A transfection mixture containing 200 ng DNA,
0.8uL PEI and 30 pL DMEM with no additives was incubated for ten minutes and
subsequently pipdted on the cells. Six hours post transfection, the medium was replaced
with DMEMFps

3.3.2.2 Determination of optimal ratios between DNA and various transfection
reagents

Apart from cationic polymer-mediated introduction of DNA by PEI or PEI Max, other
transfection methods and reagentsvere also utilized to test for improved transfection
efficiency. For this purpose, the optimal ratio between DNA and transfection reagent
needed to be determined before the actual experiments could be performekh general,
DNA to transfection reagent ratios of 1:2, 1:3, 1:4 and 1fug DNA:uL reagent)were
tested while the amount of DNA was kept constant (2 ug per well)A negative control
containing only DNA was also prepared@:0dratio). All transfections were carried out

s~ A o~ X

Lipofection was conductedwith Lipofectamine 2000 or Lipofectamine 3000. For the
lipofection with Lipofectamine 2000, 5x10° adherent cells were seededn a 6-well flat
bottom plate approximately 18-24 hours prior transfection. The next dayfive different
amounts of Lipofectamine (0, 6,9, 12, 15 uL) and 2.5 ug DNA were diluted separately in
150 pL Opti-MEM™, respectively.150 pL of diluted DNA was then resuspended in the
Lipofectamine mixture, incubated for five minutes at room temperature and added to
the cells. A change of medium after transfection was not required according to the
manufacturA 0086 ET 048 thouksOppdt itrén&ction, cells were harvested by
centrifugation (100xg, 4°C 5 min), discarding the supernatant and resuspension inrhL

FACS buffer for analysis of the transfection efficiency by flow cytometry.

The day befordipofection with Lipofectamine 3000, 5x1( cellswere seeded in a éwell
flat bottom plate. Fivedifferent amounts of Lipofectamine 3000 (O, 5, 7.5, 10, 12|8)
and 2.5 pg DNA were diluted separately inl25 pL Opti-MEM™, respectively.Diluted
DNA was aded to the Lipofectamine mixture and then supplemented with pL P3000™
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Reagent (2 pL/pug DNA) After incubating for 15 minutes 200 pL ofthe -solution was
pipetted on the cells. There was no medium change requiredaccording ot the
manufacturer. Harvestand analysis was conducted 48 hours podtanfection.

Additionally, Fugeneémediated transfection wasperformed. For this purpose, 5x105
cells were seededn a 6-well flat bottom the day before transfection. 18 to 24 hours later,
medium was replaced with 27 mL DMEM without supplements. Fivdifferent amounts
of Fugene6 reagent (0, 4, 6, 8, 10 pL) arzdug DNA wereseparately diluted in 150 pL

DMEM, respectively, and incubated for five minutes at room temperature. Subsequently

the DNA solution was added tdhe transfection mixture, incubated for 15 minutes and
pipetted on the cellsMedium was changed 6 hours after transfection.

In comparison to all previously mentioned transfection protocols, all reagents involved
in the calcium phosphatemediated transfecion were kept constant while the amount of
DNA(O, 2, 3, 4, 5 pgyvas altered.24 hours prior to transfection, 5x105 cells were seeded
in a 6-well flat bottom plate. The following day, medium was replaced with DMEM with
no supplements one hour before DNAillitions were added. For this purpose, 51g DNA
was resuspended in 135 pL ED and 15 pL 2.5 M Caf£lThe mixture was thenslowly
dribbled into a5 mL corning polystyrene round bottom tube containing 150uL HeBS
while being vortexed simultaneously After an incubation period of 15 minutes, the DNA
solution was gradually added to the cellsSix hours post transfection, medium was
replaced with DMEMps

Polyethylenimine (PEI) Polysciences, 2396&

Polyethylenimine MAX(PEI MAX) Polysciences, 247651

Lipofectamine™ 2000 Transfection Reagent  Thermo Fisher Scientific, 11668030
Lipofecatmine™ 3000 Transfection Reagent  Thermo Fisher Scientific, L3000001

Fugenes Transfection Reagent Promega, E2693

2xHeBS 0.28 M NaCl, 1.5 mM NaHR(60 mM Hepes, pH 7.1

3.3.3 Expression of antibodies

In general, the expression of antibodiesvas done by cotransfecting two plasmids
carrying the variable heavy(CMVR VRCO01 Hand light chain(CMVR VRCO01 Lin al:1
ratio into Expi293F™ suspensioncells.The transfection wasperformed by using the Exp
FectamineM¢ wo 4 OAT OEAAQCETT +EO AAAT OAETBgfor®|
transfection, two million cells per mL were seeded in 300 mLExpi293 expression
medium and cultivated in a 1 L Corning flask fosix to eighthours at 125 rpm until a
density of 2.5 million cells/mL was reached 300 pg plasmid DNA (150 pg of CMVR
VRCO01 H and 150 pg CMVR VRCO1 L) a@0d2.5uL ExpiFectamine werediluted
separatelyin 15 mL OptiMEMeach and incubated forfive minutes at room temperature.
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The two solutions werebriefly vortexed and incubatedfor 20-30 minutes to allow the
DNA-ExpiFectamine complexes to formfollowed by thesupplementation of the mixture
to the cells. After cultivation for 1618 hours at 37C 8% CQ and 125 rpm, 1.5 mL
Enhancer | and 15 mL Enhancer Ilboth enhancers were provided with the Kit)were
added. The duration of antibody expression lasted usually five days.

CMVR VRCO1 H NIH AIDS Reagent Program, 12035
CMVR VRCO1 L NIH AIDS Reagerrogram, 12036
Expi293F™ cells Ad5-transformed immortalized human kidney fibroblast cell line

variant from the 293 cell line,Thermo FisherScientific A14527
Expi  Fectamine ™  29% Thermo FisherScientific, A14524
Transfection Kit
Expi293™ Expression Medium Thermo FisherScientific, A1435102

3.3.4 Generation of stable cell lines

The SeqPer library éee4.1), previously cloned into the plasmid pQL13was utilized as
foundation for the generation of the respectiveinducible stable cell linelibrary (SCL
library) ( see4.2).This was achieved byargeted transfection of the library into Flp-In™
T-Rex 293 cells.Briefly, 24 hours prior transfection, a density of 5x10 Flp-InT™M T-Rex
293 cells resuspended in 2.5 mL cultivation medium (DMEMn) were seeded into 6
well plates. On the following day, medium was replaced with 1 mL DMEM without
supplements. Subsequently, 0.4 pg of the helper plasmid pOG44 carrying a Flp
recombinase (Thermo Fisher Scientific) was mixed witll.6 pgof pQL13-SeqPerDNA
and 10 pyL PEI(1 pg/ul) in 2.5 mL DMEM.After incubation for five minutes at room
temperature, Flp-In™ T-Rex 293 cells were supplemented with the DNAPEI solution.
Six hours post transfection, DMEM was replaced with medium containing 5% FCS and
1% Pen/Strep.After 48 hours, medium was aspiratedreplaced with 1 mL fresh DMEM
and cells were detached by pipettingup and down. Subsequently, cells were transferred
into T75flaskandresuspended in 15 mL DMEM containing§% tetracycline free FCS,%
Pen/Strep, 15pg/mL blasticidin and 100 pg/mL hygromycin. Addition of hygromycin
started the process of positive selection which was carried ouhe following 25 days,
with the medium being replaced everythree days It should be noted that e majority
of stable cell lines wagyeneratedby Anja Schutz prior to this thesis.

DMEMEipin DMEM + 5% FCS, 1% Pen/Strep0Q ug/uL zeocir
15 pg/mL basticidin
Zeocin InvivoGen, antzn

pOG44FIp-Recombinase Expression Vector  Thermo FisherScientific, V600520
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3.3.4.1 Cryopreservation and s torage of stable cell lines

After the antibiotic selection was completedstable cell lines were cryopreserved and
stored. Prior to storing, a cryoprotective medium (storage medium) was prepared
containing 50% DMEM,30% FCS an®0% DMSO. pon reaching a confluency of about
80% cells werewashed with PBS, detackd from the flaskwith Trypsin/EDTA solution
and resuspenckd in cold DMEMscL Cell count was then determined and batches of one
million cells in 500 uL DMEMscLwere pipetted into cryotubes. Finally, 500uL of the
cryoprotectant were added to the cellsthe tubes were placed into dreezing container
and stored overnigit at -20°C. On the following day, the samples were transferred to a
nitrogen tank for longterm storage.

Storage medium 50% DMEM, 30% FCS20% DMSO
Dimethyl sulfoxide (DMSO) SigmaAldrich, C616450ML
Mr Frosty™ Freezing Container ThermoFisher Scientific5100-0001

3.3.4.2 Thawing of stable cell lines

Stable cell lines were resuscitated in a quick thawing process to reduce cell death due to
the presence of DMSO. For this purposeryotubeswere placed in a water bath without
submersing the top of the tube andncubated in a 37Cwater bath for three to five
minutes. The cell suspension was then transferred into a falcon containing 10 mL
preheated DMEMcL and centrifuged at 100 rpm for five minutes. Subsequently,
supernatant was discarded the cell pellet was resuspended in 15 mL DMEMtLand
transferred into a T75 flask.

3.3.5 Flow cytometry of mammalian cells

Flow cytometry is an analytical toolfor the characterization of cells based on their
specific light scattering and fluorescent characteristics. As the cells travel in a thin
capillary along a laminar stream of liquid, they are singularized and scanned individually
by a laser. The scattering of light provides informa@n on the size and granularity of
cells. Simultaneously, fluorescetmolecules are excited and their emission spectrum can
be measured by various detectorg0s,

Affinity of antibodies to Env wasanalyzed by flow cytometry using the Attune NxT
(Applied Biosystems Thermo Fisher Scientifi cytometer. For titration experiments, a
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two-fold serial dilution of screening antibody was prepared with a starting
concentration of 400 nM(assuming a molecular weight of 150 kDajhat was diluted in

12 steps to a minimal concentration of 0.2M. In general, antibodiescarried an

Alexa647-conjugatethat was attached by using theAlexa Fluor® 647 Protein Labeling
Kit as describedin section3.4.2.

Prior to every measurement4x104 transiently transfected cells(see 3.2.1)were washed
with 200 puL PBE. For this, cells were centrifugedt 500xg for five minutes at 4°C the
supernatant was decanted and cells were resuspended in 2QQL PBE After removal of
the supernatant, cells were incubatedfor one hour at 4°Cwith 25 uL PBEcontaining the
bnAb VRCO1at the concentrations given aboveFollowing three washing steps withce
cold 200 uL PBEcells were resuspended in 200 uL PBE and analyzed with the Attune
NXT device

In respect to titrations performed on stable cell lines, cells were induced 24 hours prior
FACS analysis to express GFP and Env by supplementing the medium with 1 pg/mL
doxycycline. All following stepswere conductedas described above.

In general, &lls were gated for living, single cells displaying envelopésignal in APC
channel - RL1) and GFP(signal in FITC channel z BL1) expression.As GFP and Env
expression were genetically coupled, ratios ahe mean fluorescence itensities (MFI)
of APC and FITGsignalswere calculated to normalize for varying Env expression levels
(relative MFI). The results were then compared with a wildtype control that underwent
the same treatment as describedbove Negative controls, represented by Emnegative
cells that were subjected to the very same antibody titration as the other cells, were
substracted to set the starting point of the curves to zero. The resulting titration curves
were fitted using the option nortlinear least squares regression (hyperbolar onesite
binding) in the program GraphPad Prism 5.0.

PBE PBS + 2mM EDTA 0.5% FCS
Alexa Fluor® 647 Protein Labeling Kit  Life TechnologiesA20173
Doxycycline SigmaAldrich, D98911G

3.3.6 Cell sorting

Cell sorting is a specialized type of flow cytometry that allows the sorting of a
heterogeneous mixture of cdk. In the course of this work,this method was utilized to
screenthe previously generated stable cell line libraryfor Env variants that exhibited
enhancedor reduced affinity for the bnAb VRCO1.

In this respect, atotal of 30x106¢ cells, composed of equakmounts of the pools of position
to be analyzeqwere seededon a 15 cm plateand induced with 1 pg/mL doxycycline 24
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hours prior to the sorting. On the following day, cells were detached frorthe plate with
4 mL chilled PBEby pipetting and washed one time by centrifuging at 250xg for five
minutes at 4°C, decanting of the supernatant and resuspending in #L PBE. After
another centrifugation step, the cell pellet was resuspended ith mL Alexa647-labeled
VRCO01solution (10 pug/mL) for 1 hour at 4°C The cells were washedhree times as
described above,resuspended in500 pL PBS and singularized by passing the cells
through a30t I OA B A O AférSubdequéBEsorngad the BD FACS\ria 1. 50 pL
of the sample was retained to serve as an input control

Cells were sorted using a FACS Arigd | "$qh xEOE OEA ET 00001 A
i TAA6 O Ad&igetlededtd engdring the mostaccurate countsof the sorting
procedure. The gating strategy was applied according to the followingetup: i) FCSA vs.
SSCA (P1), ii) FSEH vs. F&W (P2), iii) SSEH vs. SSAV (P3), and FITCA vs. APCA
(triangle shaped gates P4 and P5Jriangle shaped gates were chosen to sort cells with
the highest or lowest VRCO1 signal in relation to the GFP signal, thus selecting cells with
the highest or lowest antibody affinity in relation to Env expressionUnless stated
otherwise, at least 30.000 cells were sorted per gatato a tube containing 100 |L PBS
Genomtc DNA from the input sample andorted cellswas recoveredas described above
(see 3.2.2.2) and tilized as a template in the sample preparation for subsequent NGS
analysis(see sections 3.2.28.2.4).

QlAamp DNA Mini Kit Qiagen 51304
Doxycycline SigmaAldrich, D98911G
Pre-separation filter Miltenyi Biotech, 130-041-407

3.4 Protein Biochemistry

3.4.1 Purification of the HIV-1 specific human bnAbs VRCO01

Expression of thebnAb VRCO1 wasconducted by co-transfecting of two plasmids
carrying the variable heavy (CMVR VRCO01 H, NIH AIDS reagent program) and light chain
(CMVR VRCO1 L, NIH AIDS reagent program) anl:1 ratio into Expi293F™ cells as
described in section3.3.3 All following steps were performed at 4°C.

Five days post transfection, the supernatant was collected by centrifugatiornof the cell
suspensionat 1000rpm for 10 minutes. The purification of antibodies was accomplished
by using a 5 mL column that consists of Protein-8epharose Briefly, the column was
equilibrated by applying 5 column volumes of Protein A buffer using a peristaltic pump
The flow rate was maintainedat 10 mL per hourfor all following steps. After loading of
the supernatant, the column was washed with 25 mlProtein A huffer to remove
unbound molecules and the antibodies were elutedn 1 mL fractions with a 0.1 M
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glycine-HCI buffer (pH 2.7). The fractions were tested spectrophotometrically
(absorbance at 280 and 650 nm) for their antibody contentAll fractions containing
antibody were pooled and neutralized by gradually adding0.1 M NaOHin 5 pL steps
until a pH of 67 could be detected with pH indicator strips.Typically, four to five mL
were added in total. Dialysis of theeluate was carried out in Slide-A-Lyzer™ dialysis
cassettes (molecular weight cutoff 2@00) for two days in 1 L PBShat was changed
daily. Subsequently, the concentration was measuredpectrophotometrically at an
absorbance 0of280 nm and 650 nm (molar extinction coefficient: 210000 M-1cmrl).
Typically, concentrations ranged between 2 and 4 mg/mL. The antibodies were stored
at 4°C.

Protein A-Sepharoserom Staphylococcus aureus SigmaAldrich, P33911.5G

Protein A buffer 20 mM NahRPG, pH 7.0

Elution buffer 0.1 M glycineHCI, pH 2.7
pHydrion Insta-Check 013 Micro Essential Laboratory, HB13
Slide-A-Lyzer™ Dialyse Cassette Thermo Fisher Scientific, 66012

3.4.2 Labeling of antibodies

Purified antibodies were conjugated with a fluorophore by using the Alex&luor® 647
Protein Labeling KitAAAT OAET ¢ O1 OEA | AlIBGeAALNGAUE@ O 6
of sodium bicarbonate was prepared by adding 1 mL deionized water to the provided
vial of sodium bicarbonate and pipetting up and down until fully dissolved. To 0.5 ml of
the 2 mg/mL antibody solution (usually in PBS), 50 uL of the bicarbonate was added and
mixed by pipetting. Subsequently, the mixture was transferred to the vial of reactive dye
which contained a magnetic stir bar and stirred for one hour at room temperature.
Meanwhile the purification resin was pipetted into the column (provided with the kit)
and allowed to settle. After the incubated mixture was loaded on the column and the
solution entered the resin, elution buffer (8mL of 10-fold diluted elution buffer in water)
was added continuously until the labeled antibody hd been eluted (typically about 30
minutes). Two colored bands which represented the separation of labeled protein from
unincorporated dye could be observed. As the first band contained the labeled antibody,
it was collected into a 2mL tube and instantly centrifuged at 14.000 rpm, 4Cfor 20
minutes to remove aggregates. The labeling efficiency and concentration of the antibody
was measured spectrophotometrically at an absorbance of 28hd 650 nm. An aliquot
of the labeled antibody as well as a Xfold dilution (in elution buffer) were measured in
triplicates. The degree of labeling was calculated with the following formula according
toOEA | AT OEAAOOOAOOS ET OOOOAOQEITT O j

0p L AR QN 6 QWD @ £ |

TGN 1 £ OGEGEOQE 0D OO Q¢ &

€ aVONQ ¢ R 0 QO é—Q—%C'O 3
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where 239,000 cntiM-1 represented the approximate molar extinction coefficient of
Alexa Fluor 647 dye at 650 nm.Typically, three to five moles of fluorophore per mole of
antibody could be detected (three to seven moles are optimal).

3.4.3 SDSPAGE

Antibodies were separated according to their size in asodiumdodecylsulfate-
polyacrylamide gel-electrophoresis (SDSPAGE) In general, all antibodies were
analyzed under reducing and norreducing conditions.For this purpose,1 ugof purified
antibody diluted in 20 uL PBSwvas supplemented with5x Laemmli bufferand incubated
at 95°C for five minutes. In respect to nonreducing conditions, 5x Laemmli buffer
x E O E Fn@®aptpethanol was added insteadSubsequently, the samples were loaded
onto a 10% SDS gel and electrophoresis was performading a PowerPa&" Basic Power
Supply (BioRad)at 70V for 20 min, followed by 90V for approximately two hours.
0ACA201 AOA 0 OA OO0 A Eliféd Fechrivlodie® defvéd as aAstaAdAr forj
estimating the size of the proteins assessed.

The SDS gel was first placed iabowl containing Coomassie staining solutiorfor five
minutes and subsequently in destaining solution over night.

5x SDSPAGE loading buffer pcu I - 40EOh ¢ P j xnfe@daptodhardlhl mp
EDTA, 10 % (w/v) Glycerin, 0,01 % (w/v) Bromphenolblau, pH 6,
Laemmli buffer 62.5mMTris; 1% x 7 OQ 3 $ 3 N-mercaptoethadd; 0.8|mp

EDTA; 5 % (v/v) glycerol; 0.005 % (w/v) bromophenol blue, pH 6.
0 ACA2 OlPlu® APrestainec Life Technologies, 26620
Protein Ladder
Coomassie Brialliant Blue RR50  AppliChem, A1092
CoomassiéeStaining Solution 0,125 % (w/v) Coomassie Brilliant Blue R250, 50 % (v/v) ethanol
7 % (v/v) acetic acid
Destaining solution 7 % (v/v) acetic acid

3.4.4 Envelope ELISA

All purified antibodies were characterizedin respectto their affinity towards a soluble
HIV-1 BG505 gp140 envelope proteiwhich was previously produced In addition, the
binding affinity of the newly generated antibody was comparedwith a reference
antibody of the same type as well as a PBS negative coaltin triplicates, respectively.
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High protein-binding ELISAflat bottom plates (Nunc-Maxisorp) were coated with
200 uL PBS containing 1 pg/ulGalanthus nivalis lectinSigmaAldrich) per well at 4°C
overnight. All following steps were performed at room temperature Wash cycles were
conducted with PBS/ 0.05 % Tween20 using a Tecan HydroFleevice (HydroControl-
Software Version 1.0.) On the next day, wells wereélocked for two hours with 200 pl
PBS containing 5%skimmed milk powder, 5% heat-inactivated fetal calf serum, and
0.1% Tween 20 and washed subsequently three times with 200 ptash solution. 100 uL
of a solution comprising 1 ug/mL BG505 gp140 envelope protein in PBS was then added
and incubated for one hour at room temperature. After six washing stepsvells were
incubated for 1 hour with 100 uL monoclonal antibody that was 5fold serially diluted
(starting concentration 20 nM) in PBS containing 1% BSA. The following six washing
steps ensured that all unbound antibodies were removed. AecondaryHRRconjugated
rabbit anti-human IgG (100 uL/well in PBS) previously diluted in a ratio 1:5.000ni PBS
was added to the wells,incubated for one hourand washed ten times50 pL of the
colorimetrEA ( 20 O 0 A Oettakaihilbenzitioed TMB Isubdirate consisting of
TMB A : TMB B 20:1) was supplemented into each well until a blue color could be
detected.The reaction was stoppedwith 25 uL ofa 1l M H2SQ solution followed by the
measurment of the optical density at 450 nm in triplicates on a microplate readerAll
curves were corrected by subtracting both the negative control signals obtained without
addition of envelope gpl40and primary antibody. Furthermore, curves werefurther
analyzed with GraphPad Prism 5.0 bfjtt ing with the non-linear least squares regression
(hyperbolar one site binding).

NUNC Maxisorp ELISA plates  Thermo FisherScientifc, 442404

Galanthus nivalidectin SigmaAldrich, L275-5MG

Fetal Calf Serum Merck, S0115

Tween20 SigmaAldrich,P9416-100ML

Bovine Serum Albumin Biomol, 01400.100

Polyclonal Rabbit AntiHumar Dako, P0214

IgG/HRP

TMB A 30 mM potassium citrate, pH 4.2

TMB B 10 mM tetramethylbenzidine (Roth 6350.2), 10 % (v/v) acetone, ¢

% (v/v) ethanol, 80 mM H20z
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4 Results

4.1 Overview of the sequential permu tation library (SeqPer )

Mutant libraries representing a vast diversity of protein variants areincreasingy
utilized to identify structurally critical residues for protein function prediction.
Considering the benefits of this technology it was decided to apply such a library for the
selection of HIV envelope variants with improved antigenicity. For thigourpose, a
trimeric Env sequential permuation library was ®nceived.

Design and implementation of the library was conducted by Dr. Alexander Kliche in
cooperation with the International AIDS Vaccine Initiative (IAVI). The trimeric Env
library was based on the &lade isolate, 16055 &ccession coddeF117268) to address
the globally most prevalent subtype CTruncation of the cytoplasmic tail(gp145 Env
trimer) and adaptation of the isolate sequence to human codon usage were implemented
to ensure efficient Env expression and surface presentation. Additionally sabstitution

at the furin-cleavage sitefrom REKRto REKSwas introduced to preventprocessing of
the precursor protein into the non-covalently linked gp120-gp41 complex prone to
shedding. Every position of the external envelope was sequentially permuted.e. by
creating a separate plasmidpool for each position(referred to as poolof-position). The
generation was performed by Genart using degenerate NNK codonsN = equal molar
mix of A, C, G and T, and K = equal molar mix of G ahavithin the synthesis process to
allow diversification of DNA sequencesNotably, the first 30 amino acid positions
representing the signal peptide as well as the cleavage site were excluded from the
sequential permutation. In accordance with contractual stipulations, the mimal
requirements regarding the diversity of the library constituted at least 16 amino acids
per position resulting in a total of 658 sublibraries, alsotermed as Qools-of-positiond 8
Thus, the whole library comprisesapproximately 10.528-13.160individual Env variants
(figure 11). The library will be henceforth referred to as SegPer s€quential
permutation) library.

The library was inserted into the novel vector system, pQL13sée8.2.2), which was
developed by Dr. TimHenrik Bruun during his PhD thesis?%. A unique characteristic of
this plasmid was represented in the translational coupling of tetracycline inducible Env
expression with GFP production via aaV 2A peptide, thus allowing normalization of
envelope expression by means of GFP fluorescence. Additionally, inherent FRipgase
recombinationtarget) sites allowed the stable insertion of Env variants into Fpn™T-
Rex 293 cells via sitalirected recombination, enabling the generation o$tablecell lines
(see3.3.4).
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Extracellular part: 658 amino acids

658 sublibraries

G L WVTUVYY .. l
10.528 - 13.160
R L WVTUVYY .. Env variants

all possible amino acids

Figure 11 z Schematic illustration of the SeqgPer library. The library was based on the extracellular
part (indicated by brackets) of a trimeric C-clade envelope protein. Tubes represent the wild type amino
acid position of the Env that was substituted by the 20 natural amino acids with the possible composition
of the sub-library (pool-of-position N30X) illustrated below. Nomenclature of the pool®f position was
defined as follows: first letter (N) represents the wild type (WT) amino acid at the respective position in
the sequence according to HXB2 numbering (30) and X indicatitige randomization of this position, thus
constituting a sublibrary . Depending on the amount of amino acidsccurring at every position(16-20) a
total of 10.528 to 13.160 diverse variants are assumed in the 658 sublibrarieBigure of Env was adapted
from the Nature Publishing Group?1© with minor modific ations.

4.2 Generation of the stable cell line SeqgPer library

Stablecell lines were created by stable transfection of FIgn™ T-Rex 293 cells witha
plasmid-mixture coding for an individual pool-of-position of the SeqPer (see 3.3.4This
event was mediated by the constitutively expressed Flp recombinase situated on the
plasmid pOG44 which was supplemented in conjunction with the Env library during
transfection. Upon cetransfection, the Flp recombinase mediated homologous
recombination betweenthe RT sitesET OEA DI AOI EA Adading®@id AAI I
insertion of the-Env-containing plasmid into the FIpIn™T-Rex 293 cell genomefigure
12A). As consequencéhe lacZZeocin™ fusion geneshifts out of the reading frameand

is inactivated. The resultingstable cell lines exhibited hygromycin resistance that served
as antibiotic selection marker for cell with successful integration events. The sole
integration locus at a predefined FRT site ensusghe insertion of only one Enwariant
per cdl. In addition, all stable cell lines display a translational coupling of eGFP and Env
expression that resuls from a socalled Tav 2A peptide (TaVp2A) present between the
two genes. The peptide originatefrom the insect virus Thosea asignandis responsible
for the impairment of peptide bond formation by a ribosomal skip mechanism between
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the 2A glycine and 2B proline of the consensusiotif Asp-Val/lle -Glu-X-Asn-Pro-Gly
(2A); Pro (2B) 211, As a consequencan equal expression level for eGFP and Env should
occur which enables normalization for Env expression in respect to eGFP fluorescence.
Due to the cytotoxicity of Env 212, a mechanism to regulate the expression was
implemented comprising a combinationof the Tet repressor inFlp-INTMT-Rex 293 cells
and the doxycyclineinducible chimeric CMV promotor/TetO of the pQL13 plasmid.
Generally, the functionality ofall newly generated stable cell lines was analyzed by
assessing their ability to express Env and GFP. Expression rates of both prosewere
measured via flow cytometry after induction of the cellsvith doxycycline and staining
with the antibody VRCO1 conjugated with an Alexa647 fluorophorésee 3.3.5. The
relative mean fluorescence intensities were calculated and compared with the WT
16055 stable cell line. In general, the detected MFIs were comparable to the \Aignals
indicating proper expressionof Env and GFP, respectivelylhe entire stable cell line
library generation and subsequentanalysis of the expression was performed byAnja
Schitz.

Flp-In™ T-REx 293:

Expression of lacZ-Zeocin fusion gene

Amp pUC ori
lacZ-Zeocin| \

\\\\
TaVp2A 3
TetQ </ 2 EN pUCori Amp [P,
GFP H Env I_ FRT |Hygro(mm] \

TetR *

Flp-In™ T-REx 293 stable cell line:

Ta]VpZA

pUCori Amp '
GFP H Env H FRT [lacZ-Zeocin\

ATG | FRT I Hygro

TetR

Figure 12 z Schematic illustration of the generation of stable cell lines. Linearized genomic
organization of FlpIn™ T-Rex 293 cells and the pQL13 vector are shown before and after stable
integration at FIp Recombination target sites (FRT). As a consequence, the hygromycin gestbout start
codon shifted into areading framewith a start codon (ATG), leading to the acquisan of a hygromycin
(Hygro) resistance whereagthe zeocin resistancedisappeared due to the loss of the start codon. Linkage
between eGFP and Env expression washieved by a TaV 2A peptide (TaVp2A) in pQL18xpression of
eGFP and Env was regulated by thiaducible Tet operator/repressor (TetO/TetR) system. Figure was
freely adapted from?213.
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4.3 Quality control of the SegPerlibrary

The sequential permutation library was the basis of the screening for improved
immunogens Prior to this thesis, the library has already been analyzed partially by
#EOEOOEAT : EACI AO A @oErfofundiely Mis Hafedehdnddt@ b OT E,
several quality-related problemsas he could confirm the existence deletions of various
sizes in the V3 region of the pDNA librarySimilarly, Dr. Alexander Kliche revealed a
condderable loss in the amino aciddiversity in the data from the NGS analysis of
generated stable cell lines (data not shown)Considering the concerning previous
results, especially in light of thecomplexity and dimension of the library, a detailed
quality control should be performedto understandthe characteristics and limitation s of
this type of library, as well as to interpret screening results correctly. Therefore, an-4n
depth evaluation of the quality was conducted on the level of the plasmid DNIAat was
originally obtained from the gene synthesis provide, and the generated stable cell lines
at various stages of the generation and screening procedures

4.3.1 Quality of plasmid DNA

Plasmid DNA was obtained by preparation (see 3.1) performed from tH2NAstocks that
were forwarded by GeneAtrt.

4.3.1.1 Purity of plasmid DNA

The general purity of plasmid DNA was assessed spectrophotometrically An average

of 1.95+0.03 for the absorbance ratio at 260 and 280 nn{table S1)could be detected for

all 658 library positions. The results were within the admissible range in regard of the
optimal values (ODsor2s0 ~ 1.8-1.9) for pure DNAaccording toliterature 202,

4.3.1.2 Restriction enzyme assay

A restriction enzyme assay was performed on all 658 poolsf-position to evaluate
potential errors (i.e. larger deletions, insertions, etc.)during the generation and the
cloning procedure of the library. For this purpose, 1 ug plasmid DNA of every library
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position was digested with the restriction endonuclease NceHF (NEB) for 2 hours at
37°Cand visualized on a 0.8 % agarose gel. As control, an equal amooinhative pDNA
was also analyzed to assess the content of supercoilBiNA This was important for the
generation of stable cell linesastransfection of supermiled DNA is more efficient than
open circular or linear DNA?215,

s A N s o~ oA s

function of the CLC Workbench program, resulting in a band of 39 base pairs for the
native pDNA and four fragmentswith the sizes 0f3744, 2353, 1519 and 321 baseairs
for the digested samples, respectively.

Ladder = Amino acid position in the SeqPer library (pool-of-position)

Q

o2
~ 3
— v

375 376 377 378 379 380 381 382 383 384 385

- nicked
- linear
- supercoiled

Ncol-HF = + - + = + = 4+ =+ = 4+ =+ = ¢+ = + - + = +

Figure 13 z Agarose gel electrophoresis of native and digested plasmid DNA. A representative
restriction assay of various poolsof-position from the SeqgPer library is shownNon-digested DNA(Ncol-
HF) migrated in three forms:i) nicked, ii) linear and iii) supercoiled DNA at the length of 7937 bps, with
supercoiled DNA representing the biggest fractiorin respect tothe digested DNANcol-HF +), four bands
at 3744, 2353, 1519 and 321bps were expected Aberrant fragments are indicated by red arrows.

For the majority of the digestions, the resulting patterns displayed the expected
fragment sizes. However, ir48.3% (318 of 658) of the library, band patterns with
additional fragments could be detected(figure 13, ). All aberrant bands however,
manifested in substantially lower intensities than then wildtypefragments, indicating
that merely a fractional amount of the respective positions is erroneous-urthermore,
the sublibraries 522-532 (figure S2) demonstrated only one distinct band at3744 bp
with a multitude of additional smaller low-intensity fragments resulting in a smearlike
appearance. New preparation of DNA from the stocksr after re-transformation of
bacteria with the pDNAdid not improve the quality of the digestion which indicated
general issues during the production of these positiondVhen analyzing nondigested
DNA, three bands could be detected most casesi) nicked, ii) linear and iii) supercoiled
DNA Expectedly, the supercoiled pDNArepresented the largest fractionin the library.
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4.3.1.3 Densitometric analysis of aberrational phenotypes

Densitometric analysis of digital gel imagesprovided a cost and time effective
alternative to analyze relative DNA quantities. In this context, the percentage asually
detectedaberrations was determined by comparinghe band intensities of the wildtype
fragments with the erroneous fragmentsto estimate their occurrence in the SeqPer
library. The results are displayed in figurel4 and revealed an agrage rate of aberration
of 6-18% at the 318 visually erroneous sublibraries, with pool-of-position 530
displaying the highest error rate with abou 40%. Furthermore, an increased
accumulation of aberrations could be identified at two major hot spots located in the
stretch between thevariable loop 5 (V5) and heptadrepeatregion 1 (HR1), as well as in
the center of the gp41 region, indicating poor gality at these library positions.
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Figure 14 z Depiction of errors in the SeqgPer library. Percentageof detected aberrational fragments
plotted against the respective318 erroneous pools of position in the SeqPer library. The location of the
deviating positions on Env is indicated belowSchematic illustration of Env wadreely adapted from?37.

4.3.1.4 Characterization of selected aberrational phenotypes

In order to analyze the origin of the anomalies, three random sulibraries (pool-of-
positions 50, 136, 316) exhibiting deviating fragments (figure & were selected for an
in-depth evaluation. Briefly, 100 ng of pool DNAvas used for the transformation of
chemically competent E. coli DH10B cells. The resulting colony forming units
represented individual Env variants from the pool-of-position, respectively. Plasmid
DNA from 40 coloniesper pool-of-position was extracted and characterized by a
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restriction enzyme assayThe fragment profile of native and NcoHF-treated pDNA (2h,
37°C) was visualized on a 0.8 % agarose gel.

C34 (C35 C36

€38 C39 (40

Ncol-HF - + - + - 4+ - 4+ - + - + - + = + - + - + - + - S . T T S T I S R S

Figure 15 z Restriction enzyme assay profile for sub-library 50. Plasmid DNA of 40 random colony
forming units (C1-C40)from sub-library 50 in the SeqPer library was analyzed. 1 pg native and digested
(Ncol-HF, 2h, 37C) plasmid DNA was visualized on a 0.8 % agarose gel. The wildtype restriction pattern
from the 16055 gpl45 Env mastergene (WT) and theool-of-position 50 (P50) are also shan.
Aberrational colony forming units arehighlighted in red.

The digestion patterns from the individual clones of the threeselected positions
demonstrated manly the correct phenotype. However, a minority of the analyzed
colonies proved to be erroneousvhich is consistent with thelower band intensities of
the detected aberrations from the restriction enzyme assays of thplasmid pools of
sublibraries (figure 13, ). At positions 50 and 316 ten out of 40 colonies displayed
aberrations, whereasposition 136 demonstratedonly four faulty clones (figure15, S3).
On closer examination of the restriction profile ofsub-library 50 (figure 15, P50), an
additional faint fragment of approximately 1 kls can be detected representing a
contamination of about 6.5% (densitometric analysis 4.3.1.3 at the whole library
position. Sanger sequencing of 40 random colorfporming units revealed that eight out
of ten faulty clones(C2, C8, C11, C17, C23, G356 and C38)carried deletions of about
1.3 kbs within the Env regon. This lead to an aberrational digestion pattern of single
colonies and subsequently caused the emergence of a faint additional fragment that is
visible for pool-of-position 50 (P50). Furthermore, mutations and deletions within the
vector occurred, as inthe case of clones 22 and 40, however, they were not visible in the
restriction enzyme assay probably due to their underepresentation. Similarly, Sanger
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sequencing offaulty clones from positions 136 and 316 demonstrateddeletions of

varying sizesand insertions of additional restriction sites in the vector as well as the
envelope region (figure S3 A and B). This indicatedechnical limitations during the

generation of the library or cloning procedure.

4.3.2 Establishment and validation of the Next Generation Sequencing librar y
sample pr ocedure

2 A £ x~

In the following, all samples involved in the NGS analysis atermedasO. ' 3 1 EAOAQU
O.'3 AIDPIEATTO8 OI DOAOGAT O Aierstm@idgtheNGS< EOE
library preparation is important to ensure the highest quality sequencing data.
Therefore, all relevant conditions regarding library preparation for NGS analysis had to

be optimized and standardized forquality control of the SeqgPer library and forfuture

utilization.

4.3.2.1 Determination of PCRconditions for NGSlibrary preparation

A successfuland efficient NGS anbsis strongly relies onhigh quality NGSamplicons.
Sufficient quantities of DNA for the denaturation stepare just as important as pure and
faultless samples. Due to the erreprone nature of DNA polymerases, aareful balance
between the optimal amount of input DNAand PCR cycles had to be determined first.
Here, the Phusion DNA polymerase was used that hAs -w-8xonuclease activity for
proofreading, for which an error rate of 4.4x10" in Phusion HF buffer is given by the
manufacturer (NEB).Since genomic DNA was often a limiting factor, DNA from different
amounts of cells (500, 2500 & 12.500)was extracted and amplified with 19, 22 or 25
cycles, respectively, to establish th conditions for optimal yield of PCR producs. In
general, 10 pL isolated gDNA were utilized for PCR1 as concentrations were below the
detection limit. Similarly, 10 pyL ofpurified PCR1 product(see 3.2.3)was applied for
PCR2Assuming that the extraction of gDNA worked optimally and no DNA degradation
took place, 10 pL isolated gDNA from 500, 2500 and 12.500 cetlssembling 0.004, 0.02
and 0.1 pg respectively,were utilized in the initial PCR.
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Ladder 19 cycles 22 cycles 25 cycles

100bp 1 2 3 4 1 2 3 4 1 2 3 4
[bps]

1000--

500--
300--

100--

Figure 16 - Analysis of PCR conditions for NGS sample preparation. Sample preparation comprised
two amplification steps.In the first PCR, NGSpecific primer binding sites were introduced into the target
DNA template. Fusion of indicesind adapters was achieved by the second PCRo determine optimal
conditions for NGS sample preparatiorl9, 22 and 25 cycles were tested in combination with different
amounts of input DNAIN respect toplasmid DNA, 1 ng was utilized in the initial PCR (1), whereasO04
(2), 0.02 (3) and 01 (4) pg genomic DNA previously extracted fron500, 2.500 and 12.500 cell§WT 16055
gpl45 stable cell line) were applied, respectivelyAmplification products shown here were visualized
after the second PCR by agarose gel electrophoresis.

Sample | Conc. [ng/pL] | Azeo/280 Table 5 z Quality control of amplification products.
19 1 76.4 20 General purity of PCR products was determined
19 2 7.5 3.0 spectrophotometrically by measuring the absorbance
19 3 20.2 2.1 ratios Azeorzso and Aeesorzzo. Sample namegorrespond
19 4 34.3 22 to figure 16 and describe the amount of cycles anc
22 1 67.5 1.9 input DNA utilized in the initial PCR (i.e. 19_1 relatdo
22 2 299 21 19 cycles and 1 ng pDNA).
22 3 28.9 2.1
22 4 39.2 2.1
25 1 48.8 2.1
25 2 21.9 2.1
25 3 35.3 2.1
25 4 36.5 2.0

As expected, a highenumber of cycles and amount of inputmaterial resulted in a
greater yield of final DNAafter gel extraction of the corresponding bandsWhereas
genomic DNA exhibited distinct bands in the gel electrophoresi#)e resulting fragment
from the plasmid DNA displayed a smealike appearance which indicated unspecific
binding of primers, probably due toan excess of DNAemplate applied in the FCR.
However, neither the number of cycles northe amount ofinput material seemed to have
a direct influence on the quality of the resulting product. The only exception was
represented in the sample 19 2 whicldisplayed poor quality compared to the other
specimensindicating potential contamination. Considering the errorprone nature of
DNA polymerases, less PCR cyclesaombination with higher amounts of input DNA
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were considered for all further experiments, ecifically 22 cycles and target DNA
template amounts of 1 ng for pDNA and at least 0.1 pg for genomic DNA.

4.3.2.2 Adjustment of the purification of amplicons

Although the initial NGS runs demonstrated satisfactory results, in several of the ensuing
experiments the NGS analysis waterminated by the MiSeq device. The reason for the
failed sequencingwas presumed to be an ovdoading of the flow cellwhich can occur in
cases of extreme overclustering. In this respect, a cluster density of over 1.000mm?
(between 600 and 800 K clusters per mm?2 are optimal) was detected, indicating an
excessive overclusteringAs optimal NGS strongly relies on accurate quantifican, the
sample composition was analyzed to assess probable sources of error. This was ecéd
by closer inspection of theBioanalyzer data of individual samples obtained after the
purification procedure with magnetic beads. In addition to the expected amplicon in the
size of approximately 400 bps, an additional peak at about 130 bps was detedtwith
the Bioanalyzerin most of the samples (figure 17 A)Notably, the bandwas alsofaintly
visible in the agarose gel (figure 16).This impurity might have led to inaccurate
quantification by gPCR and consequently, to overloading of the flow cellhe additional
peak was attributed to an accumulation of adapter or primer dimes, as the forward and
reverse primers utilized in the second PCR amplification during NGS sample preparation
featured a length of 63 bps, respectively. Since magnetic beads areable to remove
fragments longer than 100 bps, the purification approach seemed inefficienfo ensure
the removal of the dimers, correcbandswere excised after agarose gel electrophoresis
and the DNA was extracted as described aboygee 3.2.3.1) Thesubsequent assessment
of the samples with the Bioanalyzer demonstrated a single peak at the appropriate
length (figure 17 B). Since the problem of overloading did not occur in the following NGS
experiments any more, the purification procedure was adjustedcorrespondingly to
include extraction from an agarose gel.

GO 49 i U] &

801 150+
100

o 50
a L3
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T T T T T T T —f T T T T T T T T T | - T T
35 100 200 300 400 500 700 2000 10380 [bp] 35 100 200 300 400 500 700 2000 10380 [bp]

Figure 17 z Bioanalyzer dataof an exemplarylibrary amplicon after purification via (A) magnetic beads
and (B) extraction from agarose gelThe xaxis shows the size of the detected samples, whereby 35 and
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10.380 bps represent thelower and upper markers, respectively. Fluorescence units (FU) indicate the
intensity of the samples. The aow denotes the accumulated adapter or primer dimes (approximately
130 bps). Notably, the dimers are completely removed from the sample after excision of the appropriate
band and purification from the agarose gel.

4.3.2.3 NGS background determination

Before thede factodeep sequencing of samples, a proper consideration of thecessary
coverage andcluster densities is required since bothhave large impact on sequencing
performance in terms of data quality and output.In order to prevent an over or under-
clustering which can lead to poor run performance or even sequencing failure, an
accurate estimation of sampleamounts to be loaded is essential. While¢he necessary
coverage can be easily calculatediven a known degree of expected diversitythe
background level orighating from the NGS device and sample preparation represest
the sole unknown factor.The lllumina platform suffers from numerous biases due to
imperfect chemistry and sensors?16. The main problems occur in the form of phasing
and pre-phasing Phasing refers to failed incorporation of a base in a given cycle leading
to sequencing that lags behind, whereas pfphasing refers to synthesis of multiple
bases in a single cyclé!’. This results in basecalling errors which increase with each
cycle, subsequently, limiting the overall read length. Thus, it was important to determine
the total number of errors that are introduced during sample preparation and by he
MiSeq device.Therefore, samples were generatedhat were used to address both
potential sources of error.

The investigation of intrinsic MiSeqdeviceerrors was performed on a defined ad error-
free reference templateThe reference sample was generated BYCRamplification using

the primers that introduce the required adapters and indicegsee 3.2.2), followed by
blunt end cloning into a pUC18Mlyl plasmid. This vector contained a Mlykcassette that
was inserted previously over inherent Smal restriction sites §ee6.2.3). Correctness of
the insert was confirmed by Sanger sequencing. Subsequently, the DNA insert was
extracted by Mlyl digestion purified using AMPure magnetic beads3.2.3) and could
directly be used for the NGS sequencing. Thus, the error rate should correspond to the
inaccuracy of the plasmid replication inE. coli (5x10-10 per base pair/round of
replication) 218,

In order to assess errors pertaning to amplicon generation by PCR, the samples from
the experiment described above (see 4.3.2.1)) were compared with the error-free
reference templatein the same NGS run

The results are depicted in figurel8 and exhibit the maximal error probability from the
MiSeqgas well as the sample preparation. As expected, the error rate from the NGS device
(figure 18, sample ) was relatively low, displaying about 12 mutations per 10reads.
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Accuracy of the Phusion DNAdymerase was apparentlyonly little compromised with
increased amounts of PCR cycles during the amplification, asdistinct difference in the
error rates between the various cycles could be identified. Conspicuous, was the
influence of the utilized DNAquantity. The lower the initial amount of DNA applied in
the PCR, the more errors were detected, exemplified in the sample with the lowest input
of genomic DNA(0.004 pg samples 57) displaying the most errors. All in all, the
maximal error rate (referring to sample 7) originating from the NGS device and Phusion
DNA Polymerase amounted to a total of 0.@@% per basefor a 300 bp long amplicon.

I | .. . .
23456 7 8 910111213 14 originating from the NGS device were

150 .
Figure 18 z Total error rate

3 =
§ expected during an NGS run. The
'S | number of detected mutations
=100
g il (Nmutations) per 10° reads are shown.
g To determine the PCR conditions with
§ 50 the lowest error-rate, various
§ amounts of cycles (19, 22 and 25) and

m H H H H H H H input DNA were analyzed. Errors

0 I I I | | I I I I I |
1

assessed on an errofree reference

ref pDNA gDNA
cycles | 0 |19]22]25[22[19|22|25|19|22|25(19] 22| 25 sample ef, 1). 50% PhiX was utilized
input 3 for the NGS run.
1x10°  [3.5] 0.004 | 0.02 0.1
DNA [pg]

In conclusion, all futher NGS samples were generated by amplification with 22 cycles
for each PCR, respectively. In terms of initial DNA quantitgt least 0.1pg genomic DNA
extracted from >12.500 cellswere generally utilized, depending on availability This
amount was chosen due to the seemingly reduced error susceptityl when gDNA from
more cells were used in the amplification. Based on the above data, a background
mutation rate of 0.0004% per base candestimated under these conditions.

4.3.3 Determination of the diversity of the SeqgPer library on the example of the
CD4 binding site

Apart from the general DNA quality of the SeqgPer libraryquality controls also
comprised analysis ofthe diversity. Specifically, this includes the amount of amino acids
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and the percentage amino acid distributionat every pool-of-position. Ideally, all 20
amino acids should be detectable for each positio@anprehensiveanalysis ofthe codon
composition of the pDNAlibrary was performed by NGS. Subsequently, the codons were
translated into amino acids by using a programme that counts every codon at each
position and delivers the absolute numbers of amino acids (see 3.2.&).the following,
the translated codon compsition is referred to as the (decoded amino acid
composition of pDNA or stable cell linesSimiliary, the respective stable cell lines were
also analyzedto assess the diversity of the pDNA and stable cell line libraryhis
information was important for both the generation ofstable cell lines as well as the
assessment of results from the screening famproved Env immunogens. Low amino
acid diversity could lead to reduced variability in the stable cell lineghus, limiting the
pool from which immunogers are selectedDue to the considerable sizand complexity

of the library, the diversity was determined by Next Generation Sequencing@ver the
course of this PhD thesis, the analysis of the diversity focused exclusively on the CD4
binding site region of the SeqPer libraryas oncentrating solely onthis region offered
various advantages Firstly, the CD4bs constitutes amall and manageablearea that
demonstrated a good quality regarding the plasmid DNA from quality controlssée
4.3.1). Additionally, with 46 positions the sizewas appropriate for the establishment,
standardization and validation of most of the applied methods (e.g. NGS sdmp
preparation and subsequent analysis, FAG&sed screening, etc.) while keeping the
high expenses of NGS to a minimunflso, the CD4bs represents one of the most
conserved and thus important regions of HIVL bringing forth the most potent bnAbs
during infection. Last but not least, these CD4bspecific bnAbswere easily accessible
due to the establishedin-house production which proved to be favorable as high
quantities of antibody that were required for multiple expeaiments.

4.3.3.1 Diversity of the CD4 binding site on the level of plasmid DNA

The CDA4bs consists of 46 amino acids that are arranged over a stretch of 579 base pairs
into the following four discontinuous segments on the envelope: loop D, CD4 binding
loop, bridging sheet(bs) and variable loop 5 (V5) 219.220, Over the course of thisthesis,
the entire CD4 binding site (CD4bs) of the SeqgPer libnawas analyzed by NGf&garding
the available amino acid distribution in the plasmid DNA as well as in the corresponding
stable cell lines. In consequence of the disjointed regions and the limited read length of
the MiSeqgreagent kit v2 (300 bps), the amim acid positions were divided by means of
their functional segments into thefour following DNA regions: i) loop D, ii) CD4 binding
loop and iii) bridging sheetand iv) variable loop 5 For NGS analysige segment pools
were generated by pooling every amino acid position of the respective region in an equal
ratio.
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Figure 19 z (A) Schematic illustration of the CD4 binding site. The CD4bs consists of the four
discontinuous segments Loop D, CD4 binding loopridging sheet and V5 loop. HXB2 numbering was
applied. (B) Amino acid distribution of the complete CD4 binding site on the level of pDNA.  Heights
of the stacked bars (yaxis) represent the detected amino acids in percent at evepool-of-position in the
SeqPer library (xaxis). To provide a clearer overview, the respective wildtype amino acid at evepool-
of-position was excluded from the data set.

As the variable positionsof the library were generated by using NNK oligonucleotides
which encompasses32 codons optimally, every codon should be represented with
3.1%. This scenario changes slightly in the case of amino acids due to the degeneracy of
codons. For instance, the amino acids Arg, Leu and Ser are encoded by six different
codons Consequently these amino acids should occur with a frequency of 6x3.1%
whereas the amino acids encoded by one codon, such as Met and Trp, should be
represented with 3.1%. Irrespective of the degeneracy of codons, the optimal peoi-
position should consst of 20 amino acids with a frequency of 3.1% for every amino acid,
respectively.

NGS analysis of the CD4bs on the level of plasmid DNA demonstraacigh variability
at almost everypool-of-position with an average of 19 amino acids (figur@0 A) while
maintaining nearly optimal distribution of amino acids. The even distribution of amino
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acids is represented in figurel9 B by the almost equal heighs of the stacked barsin
general, the wildtype amino acid for everypool-of-position was highly overrepresented
in the results which was a consequence from the pooling of multiple sulibraries that
display variability only in one position, whereas the rest remains constantTherefore, to
provide a clearer overview of the frequencyfor the nonwildtype amino acids, the
wild type amino aciddata was excluded from the depictionOnly a small minority of the
pool-of-positions displayed poor diversity. These includesub-libraries 274X (loop D),
371X (CD4 binding loop, RAB2X andM434X (bridging sheet), S462X,467Xand R469X
(V5 loop), all displaying a lower amount(between 10 to 17 aas)as well assuboptimal
distribution of amino acids.

4.3.3.2 Diversity of the CD4 binding site on the level of stable cell lines

In addition to the diversity of the plasmid DNA, theliversity of the generated stablecell
lines was analyzed. In this regard, stable the cell lines weiavestigated in all major
stagesof the overall screening procedurego assess potentiachanges inthe amino acid
distribution during sample preparation i) stock directly after thawing, ii) before
induction with doxycycline and iii) after induction (see 3.2.2.3) Thus, in the following,
OEA OOGAAT A AAIT TETA OAIDPIAOC QAN VOAAAGA UAT.
OET AOAAAG

The results from the NGS analysis demonstratedsagnificant decrease of diversity by
approximately 32% in the stable cell lines compared to the plasmid DN@gure 20 A)
that was initially utilized for the generation of thestable celllines. Whereas an average
of 19 decoded amino acids were detected in the pDNA, 14 were present in the stock and
non-induced stable and only 12 in the induced stable cell lines (figur20 A and B).The
CD4 binding loop exhibited the largest losén diversity. Furthermore, a general trend
towards a gradual reduction in diversity could be detected from pDNA>sto¢kon-
induced>induced cell lines (figure20 A, table 6).No loss in diversity between stock and
non-induced stable cell lines wasipparent. Strikingly, the nearly optimaldecodedamino
acid distribution in the plasmid DNA underwent an extreme shift towards specific
variants in all stable cell lines (figure20 C, S4. The results indicated that the loss of
diversity occurred during the generaton of stable cell lines.
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Figure 20 z (A) Total number of decoded amino acids in pDNA and stable cell lines. The detected
amino acids in pDNA and stock, neinduced and induced stable cell lines of the whole CD4bs are shown.
Red lines and numbers denote the mean of the detected amino aciftatistical significance(p<0.0001 for
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bars represent the detected amino acids in percerfor every pool-of-position in the SeqgPer library. To
provide a clearer overview, the respective wildtype amino acidor every pool-of-position was excluded
from the data set.

4.3.3.3 Quantitative representation of amino acid diversity

Diversity describes a statistical measure of sequence conservation or variatiolm. the
case of the SeqPer library, diversity represents the amount ofé 20 possible amino
acids that are observed at a given position. Thus, if th@ol-of-position is completely
conserved (i.e. only one amino acid is present), the diversity is 0.05 (1/20); if the optimal
position comprises all amino acids, the diversity is 1.0 (20/20¥21. However, possible
differences in the distribution among the amino acids are not taken into account in this
representation ofdiversity, leading to a loss of information. Here, a quantitative measure
of amino acid variability is introduced in the form of a diversity coefficient that gives an
estimation on the frequency of amino acids at a given positiorCalculation of the
diversity was deduced from the WuKabat variability coefficient which is defined ag22:

s e 2 0279
L WI waQe(é—Qow

where N describes the number of sequences, k the number of different amino acids at a
given position and n the frequency of the most common amino acid at that positiG#s.

In general, the NGS output data from all experiments was transcribed into a table listing
the number of sequences that were assigned a specific amino acid. Since these sequences
were subsequently converted to represent the percentage amino acidistribution , N

was set to 1, resulting in the new equatior(6):

Q
QQL Qi © Qogoo (0]

with k representing the number of amino acids at a given position and n the frequency
of the most common amino acid at that positioriNotably, the calculaion refers solely to
non-wildtype amino acids.Consequently, the relative diversity [2i was calculated with
the equation(7):

QQ0 QRO WVI i Qo w

Ol Qb —————— . .
awWwQDE Qi leooo

From the formula (7), it follows that O SDrel S1, with D values near 1 representing high
variability and those near 0 almost no diversity.
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Table 6 z Relative diversity (D rel) of the whole CD4 binding site. Diversity coefficients of pDNA and
stable cell lines were calculatediccording toequation 3. Intensities of the heatmap denotehe extent of

the variability at every pool-of-position, with 0.0 representing the minimal and 1.0 the maximal relative
diversity.

i : 3 a)
relative Diversity Drel.

pDNA stable cell lines pDNA stable cell lines

Aa pos. Stock Non-ind Ind Aa pos. Stock Non-ind Ind
Loop D S 049 019 010 0,07 Bridging I 045 040 006 0,15
E 0,75 007 005 0,06 sheet N 068 033 004 012
N 062 016 0,07 0,07 M 061 019 006 0,13
L 053 024 029 0,08 w 060 | 055 039 0,04
il 0,76 033 034 0,06 Q 058 020 020 0,08
N 060 004 005 0,05 E 069 024 028 0,28
N 059 005 004 0,08 \ 058 020 011 0,12
% 056 015 012 0,13 G 041 018 0,16 0,10
K 0,78 003 003 0,03 R 023 019 011 0,06
T | 0,79 037 004 0,07 A 067 036 029 0,11
M 036 031 020 0,08
CD4bl P 086 006 005 012 Y 048 025 019 0,08
A 002 004 0,04 A 065 024 031 030
G 0,02 002 0,04 P 0,07 0,08 0,09
G | 087 | 003 002 0,08 P OO0l 034 026 024

D 0,74 0,02 002 0,03
L 049 001 001 0,02 V5 % 049 004 005 0,03
E 062 019 017 0,04 E 064 014 017 013
I 038 003 002 0,05 S 024 020 015 017
T 052 009 007 0,05 N 0,57 005 004 0,04
T 053 006 005 0,03 E 047 014 026 0,19
H 061 022 016 0,02 T 0,47 0,04 004 0,03
min. 0.0 M 1.0 max. . 010 010 009
diversity I 008 013 012 0,12
F 0518 018 017 016
R 040 006 005 0,05

a)
calculations were made according to equation:  relative diversity D,, = and diversity D = %

k = amount of non-WT aas, n = frequency of most represented aa

Strikingly, asignificant reduction in the relative diversity in the stable cell lines could be
demonstrated confirming the emergence of an extensive bias in the amino acid
distribution (table 6, figure 21). In addition, an incremental decrease of diversityfrom
pDNA>stock>ron-induced>induced stable cell linesvas detected for most of the pook-
of-position which is consistent with the reduced amount of amino acids in the stable cell
lines (figure 20 A andfigure 21).
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Figure 21 z Relative diversity of pDNA and the respective stable cell lines. The calculated relative
diversity of pDNA and stock, nofinduced and induced stable cell lines of the whole CD4bs are shown. Red
lines and numbers denote the mean of the detected amino acidatistical significance (p<0.0001 for all
samples) is indicated by asterisks and was calculated with Graphpad Prism using a Wilcoxon signed rank
test.

As the observed reduction in diversity is not satisfactorythe steps at which the bias was
introduced during stable cell line generation, as well as appropriate solutions to prevent
suboptimal outcomes, should be identified.

4.3.4 Optimization of stable cell line generation

The stable cell line library provides the basis for the planned screening technology.
Consequently, any limitations or defects as for example in the case of decreased
variability could be detrimental during the selection, and thus copromise the final
results. Hence, an optimization of the stable cell line generation was the most obvious
step to improve screening results.
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4.3.4.1 Reproducibility during stable cell line generation

Successful integration as in the case of stable cell line generation is a rare and random
event. Therefore, it is reasomable to assumehat the aforementioned bias cold be the
result of insufficient integration events in combination with inadequate statisti@l
coverage of all amino acids.

To analyze if the bias is randomly introduced during stable cell line generatioor the
result of a natural growth advantage or disadvantage of certain Env variants, three
different SCLs (N276, L277, N280) were produced in triplicates under identical
conditions. The stable cell Ines were selected due to their distinct shift in bias in the
three stagesof the overall screening pocedure. Subsequently, the respective amino acid
distribution in stock, non-induced and induced samples was determined via NG&
described above(see 4.3.3.2)

Even though an average variability of 19 amino acids was detected in most of the
generated SC& in all three stages the frequencies of occurring amino acids varied
considerably within all replicates (figure 22, ). Once again, a striking bias towards
certain variants could be determined which displayed a slight shift in stock, nemduced
and induced samples, except for replicate N27@ that exhibited barely any change in
the amino acid distribution over time. For instance, in replicate 1, histidine was the
dominantly encoded amino acid at the variable position, whereas in the other replicates
histidine was present at low levels, while arginine and stop, or aspartic acid and
phenylalanine were dominant in replicates 2 and 3, respectivelyl.he results confirmed
that despite identical conditions, the reproducibility of uniform stable cell lines was ot
possible with the standard procedure used for their generation, most likelydue to the
completely random integration. Thus, the likelihood of growth advantage or
disadvantage of certain Env variantsas causefor the emerging bias is rather low,
suggestng insufficient statistical coverage instead.
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4.3.4.2 Impact of the number of integration events

To establish an adequate statistical coverage of all amino acidsyas presumed thatthe
frequency of integrations must be increased significantlyln general, about 100200 foci
or colony forming units (cfu) could be detected afteithe completed antibiotic selection.
However, the 200 foci did notnecessarilyrepresent 200 individual integration events.
The actual number of integration events is likely to béar lower due to one cell division
cycle that takes place in the time during transfection and begiof antibiotic selection
(see 3.3.4)In this respect, it was important to determine the requirednumber of foci to
prevent occurrence of bias and to obtain an approximate even distribution of amino
acids in a stable cell line.

An increased yieldof foci was suggested to be achieved in two ways: i) upscaling of
transfection and/or ii) generating and pooling multiple SCLs of the same position. In
respect to upscaling process, volumes of all transfection reagents and DN#nounts
were increased~8-fold to adjust for a transfection from a 6well flat bottom well (9 cm?)

to aT75 flask (75 cm?2). As cells were usually transferred from 6vell to T75 flask 48
hours post transfection according tahe protocol, for this experiment the cells were split
equally into eight T75 flask. In the second setting, multiple SCLs (1, 3 and 9) were
generated based on the library position N276X. Aftethe antibiotic selection procedure
(25 days), the amounts of focirom one, three or nine T75 flaskswere counted and
pooled. The diversity was assessed by NGS as described above (see 4.3.3).

58



Results

The results from the stable cell line generation demonstrated particularly striking
fluctuations in the yield of foci from the individual 6-well transfections, that ranged from
four to 305 counted colony forming units (figure 23 B). Differences in thenumber of foci
from the upscaled transfection could also be detected (11804), even though they were
less substantial than from the éwell transfections. Whenlooking at the diversity of the
individual stable cell lines, the expected reduced diversity (11 amino acids) in
combination with strong bias in the amino acid compositionwas observed (figure
23 A+B). Strikingly, the analysis of pooled foci from three (total of 346 foci) and nine
(total of 1154 foci) transfectionsrevealed an improvement inthe relative diversity. This
was apparentespecially in the pool from nine 6well transfections which displayed a
relative diversity of 0.31, thus confirming that an increased amount of foci could rede
the bias introduced during thegeneration of stable cell lines.

in percent. (B) Summary of results from the SCL
generation. Yield of manually counted foci (N(focCiptar) from
the 6-well and T75 flask transfectiors, mean and standard
deviation of counted foci from each tranfection (mean),
amount of differing amino acids detected via NGS (N(Aq))
and calculated relative diversity (Drel) from pooled SCLs is
shown.Unfortunately, no data could be acquired (NA) fothe
pool from the T75 transfection due tansufficient reads from

1 3 9 the NGSun.
foci pools

o 1

A B
A100qm = M 6-well transfection
i N(replicates) | N(foci)a Mean N(Aa) Dyel
. o« 1 139 139 11 0.03
Q 3 346 115370 20 0.13
80- I E 9 1154 128.2 + 108 20 0.31
N
L = D T75 transfection
H
g = B R N(replicates) | N(foci)ia Mean N(Aa) D.a
2 60- I K 1 1836 229.5+ 109 20 NA
= T
[\
: | =
E - C Figure 23 z (A) Amino acid distribution of SCL replicates.
e l M One, three and nine @well transfections were performed
% 40- Y under identical conditions and the amino acid frequency of
S . F pooled generated stable cell lines was analyzed by NG!
f-; w Heights of the stacked bars representletected amino acids
& P
I
L
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Upscaling ofthe transfection by a factor of eight resulted in higher foci yields, however
the amount of 1836 detected colony forming units was lower than anticipatedwhich
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ideally should be eightfold higher. Unfortunately, no data from the T75poo0l could be
acquired dueinsufficient reads obtained from the NGS run

The minimal amount of foci required for an ideal amino acid distribution could not be
determined since the rehtive diversity of the pools neither had optimal amino acid
distribution , nor approached the nearly ideal diversity of the pDNAamples that showed
an average relative diversity of 0.57(figure 19 B and table 6). Nevertheless, when
comparing the relative dversities of pDNA samples and the pool comprising nine
replicated stable cell lines (lx1 = 0.31), a distinct improvement in the diversity could be
detected. Consequently, the hypothesis thatnsufficient integration events were
responsible for the strongbias in the amino acid composition was confirmed. However,
the bias could be reduced by increasing the numbers of foci.

4.3.4.3 Improvement of the transfection efficiency

Another possibility to increase thenumber of foci could be achieved byncreasng the
transfection efficiency. In this respect, thefirst approach was to examine the
effectiveness of sixdifferent transfection reagents in an identical experimental setup as
for the usual generation of stable cell linesi.e. transfection in a éwvell with 5x10° cells.
As a preliminary step, optimal ratios of transfection reagent and DNAmounts were
determined for the transfection ofFlp-INnTMT-Rex 293 cells (see section 3.3.2).

Analysis of the transfected cells did not reveal substantial differencdsr the different
ratios of transfection reagent and DNAutilized, since mean fluorescence intensities and
GFP positive cellsmostly remained on the same level even at higher amounts of
transfection reagents (figure 24). An exception could be seen for calcium phosphate
where higher amounts of DNA applied in the transfection seemed to increase efficiency.
In addition, a reduction of MFIs with increasing reagent volume could be noted for
Lipofectamine 2000.Among the reagnts, Lipofectamine3000 demonstrated the best
transfection efficiency, as cells displayed the highest mean fluorescence intensitias
well as the largestfraction of GFP positive cells (about 40%). Approximately 37%
transfected cells were achieved withPEI and PEI Max and no difference could be seen
between them. Lipofectamine 2000 and Fugene 6 exhibited mediocre results (~ 22%),
whereas calcium phosphate displayed the worst transection efficiency. Considering the
results, a 3:1 ratio of transfection regent volume and DNAamount was utilized during
the generation of stable cell linesin further experiments. In respect to calcium
phosphate, 5 ug DNA waapplied.
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Figure 24 z Efficiency of different transfection reagents. Flp-InT™M T-Rex 293 cells were transiently
transfected under identical conditions utilizing six different transfection reagents (PEI, PElI Max,
Lipofectamine 2000 & 3000, Fugene 6 and calcium phosphate). Different ratios of transfection reagent
(+TR) were tested.For of calcium phosphate, the amount of DNA was adjusted while keeping the volumes
of reagents constant. Negative contrsl (-TR) were includedfor every tested transfection reagentby
replacing the reagent with water(or DNA as in the case of calcium phosphatransfection). 48 hours post
transfection, mean fluorescence intensities (black bars) anthe percentageof GFP positive cells (grey
bars) were measured via flow cytometry.

Transfection reagent | N(replicates) | N(foci) | Mean Table 7 7 Yield of foci obtained
PEI 1 229
2 248 | 284 +79 from different transfection
3 s reagents. Triplicates of stable cell
PEI Max 1 156
2 129 156 + 27 lines were generated with the six
3 182 . .
Tipofectamine Z000 1 =21 different transfection reagents PEI,
2 449 473 + 42 PEI Max, Lipofectamine 2000 &
3 448 .
Lipofectamine 3000 1 44 3000, Fugene 6 and calcium
2 75 [ 112+ 93 phosphate. After the antibiotic
3 218
Fugene 6 1 301 selection process, the amount of foci
2 252 | 245%59 was counted manually.
3 183
Calcium-Phosphate 1 355
2 311 |251+143
3 88
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Strikingly, findings from the preliminary determination of transfection efficiency did not
correspond with the final results acquired after the selection process of stable cell lines
(table 7). Contrary to the expectations, Lipofectamine 3000 led to thewest foci yield
althoughit demonstrated the best transfection efficiencyoefore, whereas the previously
mediocre results of Lipofectamine 2000 produced the highestumbers of foci (448-
521). Interestingly, calcium phosphate also displayed high foci yieldsvhile the
transfection efficiency had beenbelow 20% in the preliminary experiment. However,
since the efficiency was tested on transiently and not stably transfected cells, this could
explain the striking differences. Since the limiting steps in the genation of stable cell
lines involve not only transfection efficiency of cells but alsdhe integration rate, the
yield of foci could probably be further improved by adjusting transfection conditions
according to resulting numbers of foci. Nevertheless, Lipfectamine 2000 should be
considered as transfection reagent for the generation of stable cell lines that require an
ideal amino acid composition sincet leads toabout two-fold higher foci yields than cells
transfected with the commonly used PEI. A combination of upscaled transfection and
Lipofectamine 2000 could lead to eveinigher diversity among the stable cell lines than
observed so far

4.4 High-throughput scree ning of a stable cell line library to identify improved
HIV-1 anti gen candidates

It is a generally accepted concept that the elicitation of broadly neutralizing antibodies
could evoke protection against HIVL infection. This theory has beenconfirmed by
various immunization studies in macaques demonstrating protection against infection
after passive administration of bnAbs!19.16&171 However, the search for immunogens
able to induce an efficient humoral immune response stitepresents a major challenge.
In addition to the multitude of evasion strategies embodied in the virus, a lack of
innovative screening technologies able to identify beneficial vaccine candidatesare
among the reasondo the prevailing absence of a HIM vaccine A promising concept in
the searchfor favorable immunogensmight be a mammalian cell displayand screening
platform. The basic conceplhas been deviped previously by Dr. TimHenrik Bruun as
part of his PhD thesis?09.224.225 The tedinique presumablyallows the selection of Env
variants with specific properties, such as higher affinity towards given bnAhdn the
course ofthis PhD thesis this screening system should be applied tothe significantly
larger SegPellibrary , thusenabling theisolation of Envvariants with beneficial antibody
affinity from a vast pool of mutantsSincethe technology has not been tested on libraries
in the size of the SeqPerthe selection process was performedhitially on a defined
section of thegenerated SCL librarythe CD4 binding site and thewell-characterized
human monoclonal bnAb, VRCQlthat potently neutralized HIV via binding to the CD4
binding site on Env. Cells expressingneelopes with increased or decreased antibogd
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affinity were selected byflow cytometry-based cellsorting, identified via NGS and the
detected variantswere validated byflow cytometric analysis ofequilibrium titrations.

4.4.1 Overview of the mammalian cell -display -based screening technology

The generated stable cell lines providethe basisfor the mammalian cell displaybased
screening technology allowing the identification of favorable Env immunogens from the
SeqPer library(figure 25, 1-2). Thestable cell line library featured a major beefit: due
to the sole FRT site in the Fin™T-Rex 293 cells, only one Env variantanbe integrated
into the genome therefore, establishing a linkage between genoand phenotype
regarding the proteins on the cell surface. Aftemduction and following expression of
the Env library (3), the screening procedure couldbe commencel. In this process,
surface envelopes were stained with a screening antibody4) and subsequently,
variants displaying the highest and lowest affinities towards the antibody wereedected
by cell sorting (5). In this respect, variants with the highest or lowest antibody affinity
in relation to the eGFP expression werenriched. Since a correlation between eGFP and
Env expression was observed (according to data fror#t3), eGFP was utilized as an
indirect marker to normalize for Env expression.In order to identify the selected
envelope variants, genomic DNA was recovered, amplifiedna characterized by Next
Generation Sequencing§-7).

| (3) Induction \
Phenotype

Genotype

A
(1) Transfection: | (2) SCL SeqgPer 9 A\

Lib
SeqPer library + pOG44 forary

le

P "#” [ (4) Antibody
2 / binding
N
% .
[= j
' —— ]
— Ny ,
pQL13 VAVAY | (5) FACS-sorting

Env variants

| (6) Amplification |

Figure 25 z Schematic workflow of the mammalian cell -display and screening platform. The
technology consist of sevensteps. Firstly, a stable cell line librarfSCL library)is generated based on the
SeqgPer plasmid library by targeted transfection of Fign™T-Rex 293 cells with a pQL13Env sub-library
and the helper plasmid pOG44 (£2). Due to the single integration locus in the cells, only one Env variant
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is inserted into the host genome therefore, resulting to a linkage between phenoand genotype
Hygromycin resistance serves as antibiotic selection marker for successful integration. After induction of
Env expression by addition of doxycycling3), surface proteins were stined with the screeningantibody
VRCO1 (4. Subsequently, the cells underwentiow cytometry-based sorting to selecEnv variants with
the desired phenotype 6). Genomic DNA of sorted cells and input controls was recovered for the ensuing
amplification by PCR 6). Env variants were then analyzed and identified by Next Generation Sequencing
(7). Figure wasfreely adapted from224,

4.4.2 Purification and validation of the bnAb VRCO01

The CD4bsspecific broadly neutralizing antibody VRCOJutilized in the screening of he
SeqPer library, was generated bytransient transfection of the variable heavy and light
chains into Expi293F™ suspension cells(see3.3.3). Purification of 80 mL supernatant

of transfected cellsvia a Protein A-Sepharose column gee 3.4.1) resulted in a total
antibody yield of approximately 19 mg. Proper assembly of the antibody was assessed
by SDSPAGHsee3.4.3). The expected fragment sizes for heavy and light chain could be
detected at approximately 50 and 25 kDa, respectively (figur@6 A). Analysis of the
VRCO1 affinity for a soluble BG505 gp140 envelope protein by ELISA demonstrated a
slightly improved binding for Env compared to a VRCO1 ference batch(figure 26 B)
obtained from the NIH AIDS Reagents Programme (#12033)

A non- B
reducin reducin
[kDa] g g 0.8+
180 _
130 g
[ £ 49 = VRCO1new
55 < E e VRCO1 reference batch
- — e [ 04— PBS
40 2 U
T
35 =
2 0.2
el
25 =
0.0 = I T R S
0.0001 0.001 0.0 0.1 1 10 100
15 - VRCO1 [ng/pL]

Figure 26 z (A) SDSPAGE analysis of the monoclonal bnAb VRCO1 under non-reducing and
reducing conditions. 2 pg VRCO1 previously purifiedvia SepharoseA affinity chromatography was
utilized in the electrophoresis. The left lane represents nomeduced, wholeVRCO01(~ 150 kDa). Bands at
50 and 25 kDa indicate the variable heavy and light chains of the antibody, respectivelseducing
conditions, right lane). (B) Envelope ELISA of purified VRCO1. Binding affinity of newly generated
antibody toward a soluble HIV1 BG®5 gpl140 envelope protein was compared to a VRCO1 reference
batch.PBSservedas negative control to determine unspecific bindingf the antibody.
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4.4.3 ldentification of Env variants with increased or decreased binding affinity
for the bnAb VRCO1

The screening for Env variants displaying increased or decreased binding affinity
toward the bnAb VRCO1 was performed ofbatches ofinduced stable cell linesthat
comprises the variants of the residues forming theCD4 binding site To determine
potential limit ations of the mammalian screening technology, théur different cell
batches with increasing numbers of poolof-position belonging to the CD4bswere
generated i) one pool-of-position (T278X),ii) five positions (first part of loop D),iii) 15
positions (whole loop D + first part of the CD4 binding loop) and/) 46 positions (whole
CD4bs).Notably, the T278X position was part of each batch and serveds a positive
control since increased affinity of VRCO1 towards the variasfT278A and T278H(HXB2
numbering) has already been confirmedndependently by Veronika Gassmann213 and
Christina SchmalzP26 in similar experiments.

The induced stable cell lindatches(i-iv) were sorted individually on the same day with
identical settings. The gating strategyensured that only singlets and living cells were
selected(figure 27 A). In addition, triangular shaped gates were chosen to sort cells with
the highest or lowest VRCOL1 signal in relation to the GFP signal, thus selecting cells with
the presumably highest or lowest antibody affinity in relation to GFP expression (figure
27 A). Selectedvariants were subsequently identified by Next Generation Sequencing
following the procedures described above (see 3.2)Throughcomparison of the sorted
sampleswith input material that was drawn prior to the screening procedure a fold
enrichment or depletion of specific Enwariants could be calculated?? (figure 27 B, S4

6). Mutations demonstrating increased (high affinity gate P4) or decreased affinity (low
affinity gate P5) toward VRC01laOA OA AZAOOA#-ADBI ARIOCOCAETI " q 1T C
AET AET @driants, rdspecively.

The sort was performed with 30x1® cells of which 30.000 cells were sorted into the
high affinity gate. Sorting of the low affinity gate was stopped after the required number
of cells in the high affinity gate was collected (usuallg-3x105 cells). When analyzing the
results from all sorts,a total of 79 individual GoB and 73 LoBandidateswere detected
which exhibited a >1.5logz-fold enrichment in the high or low affinity gates(figure 27 B,
S46). Awide array of the variants that displayed enrichment in a specific gaoriginated
from T278, highlighting it as aparticularly sensitive and relevant position for VRCO01
recognition. Notably, mutations T278A and T278H could be detected as GoBs in most of
the sorts.

Positions 276 and278 were of specific interestin the analysis, since they argart of the
N276-X277-T278 motif, a crucial Nglycosylation site at the CD4 binding siteThis glycan
was previously reported to prevent interaction between germline VRCO1 and Env due
to a steric clash. Thus, a removal of this glycan by substitution of either N276 or T278
was confirmed to improve accessibility of the CD4 binding site for VRCO%. Strikingly ,
the sorts resulted in many substitutions at position 278 which displayed increased
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affinity for mature VRCO1, whereas no mutationat position 276 exhibited an influence
on antibody affinity. Similar results were obtained by Veronika Grassmann which
indicated that the beneficial effect of glycan removal at N276 could supposedly be
abolished by a negative structural effect of a mutatioon the CD4bs, as mutation showed
significant reduction of sCD4 binding13.

A
P 4. P2 - P3 5
® |
1\ © "
i i 5 —t 2
TrrrperepTerepTeer iy R R R
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
FSC-A (x1000) FSC-H (x1000) SSC-H (x1000)
B G
a)
Fold enrichment in high affinity gate P4 N(pools of position) GoB LoB
N(Aa position) 1 5 1 T278A T278E
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Figure 27 z (A) Gating strategy of the FACS-based screening procedure. A representative sorting
experiment is displayed 0.000 eventsof 30x10¢ sorted cells showr). First, living, single cells were gated
(P1-3). The cells separated into populations of uninduced (low GFP/low APC) and induced cells displaying
high GFP andeither high or low APC signals dependqg on the affinity of VRCO1 to theEnv variants.
Induced cells were gated for highest (P4) or lowestP5) APC signals (VRCO1n relation to GFP, thus
resulting in triangular-shaped gates(B) Enrichment rates from the sorting of one and five pools of
position (gate P4) . Enrichment is represented as logfold changein the number of the respective NGS
reads for each varianttompared to the input sample drawn prior to the sorting The extent of enrichment
(green) or depletion (red) is indicated by the intensity of the respective colorColumns denote the wild
type amino acid and its position in the library, wkereasrows denote the enriched amino acids fronthe
respectivepool-of-position. Wild type and \ariants that could not be detected in the sorting were referred
to asWT or n.d. (not detected) respectively. (C) Summary of variants demonstrating the highest fold
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change increase or decrease in affinity towards VRCO01. With exception of the screening of ong@ool-
of-position, three mutations (four from the GoB sort iv) from each sorting were selected for further
characterization. HXB2 numbering was applied.

Simultaneously, specificallythe variants T278A and T278H were confirmed as gain of
bindings during similar screenings from another available library (alaninescanning
library) that were performed by Veronika Grassmanr?13 and Christina Schmalz$26.

Overall, unfortunately, the results proved to be ambigous since only five GoBs or LoBs

were identical in the individual sorts from the different cell batches (i.e. GoBs
T278Q/T278R from sort i, ii and iv,but not in iii) and none of them could be found in all

sorts. Furthermore, certain variants were detectd as@ainG as well asO1 {of A& 1 AET C6
variants, as in the case of T278fsorts i and ii) and T278H(sorts i, iii and iv) (figure 27,

S46). The inconclusive results indicated potential problems either in the gating strategy

or limitations of the screening technology(see 5.4)

To check the screening results,hree variants with the highest fold change from every
sort (i-iv) were selected for further characterization (figure Z7 C)

4.4.4 Optimization of the gating strategy

One possible causéor the inconsistent sorting resultscould be an unfavorable gating
strategy. To obtain more information from cell sorting, a new gating strategy was
applied to address several points of interest pertaining to: i)analysis of variants
enriched in all detected ppulations, ii) reproducibility of results originating from the
same gate and iii) stringency of placed gate&or this purpose, dl populations of the
induced stable cell line T278Xvere arrangedinto specifically setgates (figure28 A) and
analyzedvia NGS (figure28 B). Reproducibility was addressed by sortinghe cell sample
from one gate in triplicates (P4), whereas stringency was attained by shifting gate P4
two times upwards (P9, P10) to obtain variants with the highst measurable binding
signd for VRCOLin relation to GFR With a starting population of 90x1( cell, in the
following, 3x104 cells were acquired from each gate. As there were insufficient cells at
the end of the sorting, 15x18 cells from the reproducibility gate (P4) and 5.000 cd$
from gates P9 and P10vere collected.

Notably, even though cells separated intdhree predominant, easily distinguishable
populations during the sorting (i.e. cells with high APC/high GFP(gates
P4/P5/P7/P9/P10) , high APC/low GFRgate P6)and low APC/low GFP signalgate
P8)), predominantly the two variants T278A and T278H were unexpectedly mriched
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irrespective of the placement of the gates. The resultould bethe cause of too closely
situated gates in combination with low sensitivity of the soting device.In respect to
reproducibility, the sorting displayed very similar enrichment rates among the
triplicates. More stringent gating seemingly increased the sensitivity for detecting
specific variants which was noticable in the lower amounts of id@ified variants and the
slightly elevated enrichment rates of T278A and T278HConsequently the increased
selectivity of gates P9 and P10 highlighthe necessity of amore stringent gating
strategy.

APC

\
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Figure 28 z (A) Different gating strateg ies for the FACSbased screening procedure. Living, single
cells were gatedas before (figure 25 A) Gates were chosen to address the whole population (left),
reproducibility (P4 was sorted in triplicates) and stringency (middle +right).(B) Enrichment rates from

the sorting of pool-of-position T276X according to the new gating strategy. Enrichment is
represented as log-fold change in binding compared to the input sample withdrawn prior to the sorting.
Extent of enrichment (green) or depletion (red) is indicated by the intensity of the respective color. Wild
type and variants that could not be detected in the sorting wer referred to as WT or n.d. (not detected),
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respectively. Notably, mutations T278A & H were predominantly detected from every sort irrespective of
the gate placement (indicated by red boxes).

4.4 5 Validation of the detected GoB and LoB variants

Three variants of every screenng having the highest fold changencrease or decrease in
affinity towards VRCO1 wereselected to verify if the screening procedureand if the
results yielded valid results. For this purpose, single mutation variants as well as the
respective stable cell linegfigure 27 C) were generated and their affinity profiles for
VRCO1 wereanalyzed by flow cytometric equilibrium titration. This was achieved by
staining the transfected cells or induced stable cell lines with a dilution series of VRGO1
Alexa647 (see 3.3.5).

Titration experiments were intended to determine the dissociation constant (K) of the
VRCOlantibody and an Env proten. However, this was not possible in this case since
none of the binding curves reached saturation levels even at very high antibody
concentrations (figure SB). However, a slight indication toward saturation could be
recognizedfor the binding curves of stdle cell lines.Therefore, the area under the curve
was calculated and used for the analysis

In general, the titration results between the transiently transfected and stable cell line
variants did not differ considerably, with the exception thatstable cell linesalways
displayed lower mean fluorescence intensities tha transiently transfected cells
Notwithstanding, this did not influence the outcome of the titrations.

The overall picture of results for transiently transfected LoB-Env-variants and their
stable cell line counterparts proved to be almost identical, with six variants displaying a
loss in affinity towards VRCO1 (figure29 C+D. Notably, variantsE275F, E275T and
D368E demonstrated statistical significance (figure 2 C+D, table S1) iboth, transiently
transfected cells and stable cell lines, whereas L277Q and A365D displayed significance
only in transiently transfected variants.! 1 OET OCE AAOAAOAA AO O1 160
the selection procedure a slight if not significant increasen affinity for VRC0O1was
visible in four variants, with three of theminvolving position T278. These results were

in accordance with the findings of Veronika Grassmam that confirmed a generally
increased affinity for VRCO1 for most amino acid substititns at position T278 213,
Additionally, analysis of the GoBvariants demonstrated increased binding for five
variants at the same position, even though they werapparent only in the stable cell
lines and did not exhibit statistical significance(figure 29 A+B, table S2. Furthermore,
transiently transfected GoBEnv-variants did not display a distinct increase of binding,
but rather a majorly wild type-like affinity. Assumedly, theresults might be attributed

to the high standard deviation of the WTMany variants unexpectedly even showeda
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severeloss of binding for VRCO2hat could be reproduced in the stable cell linedn this
respect,the GoB-variant G367C (p =0.0004) was highly statistically significant.

In addition, there seemed to be no connection between th®1 O AAO 1T £ Al ET
bl OEOCET 108 ji11Ah AEOAhR thesortsiard the spleced @BE®ET T 0
LoB-variants which could haveexplainedthe inconsistenciesin the selection procedure
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Figure 29 z FACS equilibrium titration of GoB - and LoB-variants with the bnAb VRCO1. Three
variants with the highest fold change increase in affinity from one, five, 15 and 4ool-of-position (N)
sorts were analyzed.Areas under the curve (AUC) ofA+C) transiently transfected variants and their
respective (B+D) induced stable cell lines were analyzed and compared with the 16055 gp145 wild type.
Statistical significance was determined withExcel using atwo-sided, homoscedastic-test and corrected
according to Bonferroni to adjust for multiple testing. Vaiants that exhibited p-values <0.0042 were
considered significantand are indicated by asterisks
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5 Discussion

The focus of this PhD thesis waghe characterization and optimization of asequential
Env permutation library. In a first step, the general quality of the library was analyzed
on the level of pDNA (see 4.3.1 and 4.3.Blasmid DNA was then utilized to generate th
respective stable cell lines that were characterized regarding theidiversity in Env
variants and their amino acid dstribution . As thestable cell linesdisplayed reduced
amounts of Env variants which featured alsa strongly biased amino acid composibn,
various optimization approaches for the generation of stable cell lines were tested (see
4.3.4). A novel flow cytometry-based technology was devised to screen the library for
Env variants with increased or decreased affinity for bnAbgsee 4.4.3) Dueto the size
of the library, only the CD4 binding site was used in the selection procedusas a proof
of concept andto assess efficiency and possible limitations of the systef@ubsequently,
selected \ariants that showed a substantial impact on the affity of the bnAb VRCO1
were validated by flow cytometric analysis ofequilibrium titrations (see 4.4.5).

5.1 Evaluation of the SeqgPer library

5.1.1 Advantages of the sequential permutation library

The design of the SeqPer librarprovides several benefitsOne ofthe advantages was
represented in the utilization of the Gclade strain 16055 as it addressgthe globally
most prevalent HI\A1 subtype. A special feature of the library was the sequential
substitution of every residue in the externalpart of Envwith all 20 aas resulting in 658
sublibraries and approximately 10.00013.000 different Env variants in total. The
considerable size of the library renders the individual characterization rather difficult,
thus, a highthroughput screening system is requred. In addition, the many different
Env variants create a vast podrom which mutant proteins with desired properties can
be selected. In respect to this thesis, the Env library should be utilizew identify
potential vaccinecandidates with specific atigenic profiles.

Due to the considerable size of the library, comprehensive quality controls have been
conducted toasses whether the intended diversity was achievetbr the plasmid DNAs
obtained from the gene synthesis provider, and whether this diversy is maintained
over all steps of stable cell line generation and screening (see figurg)2
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5.1.2 Quality of the pDNA and the possible implications

In-depth analysis of the pDNAof the SeqgPer library revealed deletions that occurred
majorly in the Env region and to a lesser extent in the vector region as theain problem
(section 4.3.1) The detected errors affectedapproximately 48.3% of the library and
occurred most likely during the DNA manufacturing procedure.Although many of the
library positions displayed errors, these errors did not afflict the whole sublibrary as the
plasmid mixture contatined predominantly the correct plasmid and only 618% actual
errors were detectedwithi n the affected positions(see 4.3.13). Although unfortunate,
these findings were not too surprising as gene synthesis and the resulting products
unavoidably contain errors such as deletions, insertions, or base substitutions due to
mistakes in chemical oligonucleotide synthesis and subsequentneymatic gene
assembly procedures??8. However, as ony a minor part was affected, the library was
deemed acceptable for further experimentsNonetheless, one must be aware that flaws
in the quality of the library delineated the first line of errors and could have created
implications for the subsequent experiments. It cannot be ruled out that the generation
of stable cell lines was affected by deletions in the Env regions since incomplete Env
sequences mighthave been integrated into the host genome, thus leading to either
lacking protein expression or expression of misfoldednon-functional Env variants on
the cell surface However, it is unlikely that aberrational and normal variants competed
for integration as erroneousplasmidsrepresentedonly asmall percentage. Hence, there
should be merely aminor impact for stable cell line generation.

Strikingly, the sublibraries demonstrated a high diversity with an average of 19 decoded
amino acids on the level of pDNA, as well as neaptonal amino acid distribution.
Unfortunately, several sublibraries did not display the ide&composition of 20 amino
acids. A possible solution nght be to generate the positions with the lowest diversity
anew or if only few variants are missing in the pools, single variants could lgenerated
by cloning and supplemented to the respective poolef-position. In respect to the stable
cell lines, howe\er, the latter solution might be inefficient, atoo many Env variants are
missing within the pools. Generating new stable cell lines might be less timand cost
consuming.

5.1.3 Impact of stable cell line quality on cell-display -based screening

The genomidntegration of the library vector pQL13 at a single, distinct FRT site, allowed
the generation of a stable cell line librarywith linked genotype and phenotype of the
respective envgene and the corresponding protein per cell. This libraryvas utilized in
the screening for improved Env immunogens. Unfortunately, a considerable reduction
in the amino acid diversityon averageby 38% alongside a strongly distorted amino acid
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composition was deected in all analyzed stable cell lines (4.3.3.2n particular, the CD4
binding loop was the most affected regarding the loss of diversity (figur0 B). The
reason for that could be due to daily experimental fluctuations, as usualbatches of15

to 20 stable cell lineswere generated simultaneously, which might explain why 11
positions in a row demonstrated such a low diversityTo improve the diversity of the
CD4 binding loop, the respective stable cell lines should be created anew for further
experiments.

As the SCL library represeted the basisfor cell display and cell sortingbased selection
for improved immunogens, it can be reasonably assumed that any obtained data
reflected the stable cell line qualityReduced variability signified a smaller pool for the
selection procedure aml thus, not the whole spectrum of possible Env candidates was
available during the screening. In addition, it was highly likely thathe strong bias in the
amino acid composition would result in inaccurate enrichment of immunogens favoring
amino acids whid were strongly overrepresented. Inaccordance with thishypothesis,
the data obtained fromthe cell sorting and flow cytometry experimentsrevealed several
discrepancies.This was shown specifically in the enrichment of the variants T278A and
T278H which were detected as Go®ariants, as well as LoBrariants in some of the
sorting experiments (see 4.4.3) Also, as every sorting experiment enriched different
variants, no consensus between the sorted variants was found278A and T278H
represented an excepton since they were enriched in almost all sorts (see 4.4.3,-SB).
In addition, athough several Env candidates with higtor low affinity for VRCO1 were
identified in the sorting experiments from the 24 tested variants (12 GoBand 12 LoB
variants with the highest enrichment factor in the high or low affinity gat¢ no GoB and
five LoB-variants (E275F, E275T, L277Q, D368E and A365D)uld betruly validated by
FACS equilibrium titrations (see 4.4.5)Although unknown limitations of the screening
technology cannot be ruled out as possible reasarior the outcome of the screening,ti
stands to reason that the quality of stable cell lines was one of thmain factors
influencing the experiments. Thus, optimizing the generation of stable cell lines is
imperative before accurate data an be obtained.

5.2 Improvement of s table cell line generation

5.2.1 Identification of factors influencing SCL generation

Whereas transient transfection is beneficial for quick analysis of genes and protein
production on smaller scales, stable transfection ensures lortgrm, reproducible and
defined gene expression.As described above, stabldransfection of multi-variant
sublibraries were utilized to create cell lines expressing a single Env protein on the
surface of mammalian cells. Analysis of stable cell lines demonstrated a loss in diversity
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of amino acids as well as anexcessiveshift in the amino acid distribution which
assumably occurred due to insufficient integration eventsHowever, the generation of
stable cell lines encompasses many steps theplasmid with the gene of interestneeds
to be introduced first into the cell, then into the nucleus and finally itheedsto be
ET OACOAOAA EIT Ol Adodedhngly:the@eGude an@pddsibld sdusesthat
could lead to such a lasas described above (see 4.3.4).

Since stable integration of foreign DNA into the genome is a relatively rare evehat is
aggravatedby possible inactivation via epigenetic mechanism&9, it was hypothesized
that it representedthe most influencing and limiting factor during cell line generation.
Unfortunately, tracking of integration events proved to be a difficult endeavoras
evidence of successful insertion was provided only by the amount of foci or colony
forming units after the selection process. Furthermore, the resulting amount of foci can
be misleading because not every colony necessarigpresenteda different Env variant.
In addition, it was assumed that the diversity of the resulting foci is further reduced
during the stable cell line generation. As cells remain in thewwell for approximately 48
hours post transfection before they are transferred into a T73lask, one cell division
cycle occurs in this period. This fact was revealed by manually counting the amounts o
cells 24 and 48 hours after transfection for samples that were specifically prepared for
that purpose (amounts doubled during that time from 5x10 to 1x106 cells). Therefore,
the diversity of the resulting stable cell lines might be reduced by a factorf two.

Eventually, it could be confirmed that the bias was introduced during the generation of
stable cell lines due to inefficient and insufficient integration of Env (4.3.4Assumably,
a considerable increase of foavas hypothesized toreduce the occurence of bias.This
supposition was confirmed by the incrementally improved relative diversty 00.03, 0.13
and 0.31after pooling the cells from one, three and nine transfectionsrespectively. In
particular, the results from nine transfections indicatedthat the integration events from
one transfection were not sufficient to generate a satisfactory amino acid diversity.
Unfortunately, an ideal aa composition was not achieved with 1154 foci (total number
of foci from nine transfections) (see 4.3.4.2) andhe total number of foci to ensure
optimal distribution could not be determined. In this respect, only a hypothesis can be
made according to basic mathematical calculations. If 1154 foci generate a relative
diversity of 0.31, then it might be reasonable t@ssume thatapproximately 4000 foci
might lead to the ideal relative diversity of 1.0 which represents an even amino acid
distribution. However, standard transfection protocols and utilization of alternative
reagents failed to create high enough foci yids from a single transfection, although
several transfection reagents such as Lipofectamine 2000 generated tviomld higher
numbers of foci.In this respect, only upscaling otthe transfection provided a slight
improvement in the yield (1836 foci from an eght-fold upscaled transfection) If the
mathematical connection mentioned above can be applied here, two T-IEansfections
might be sufficient to generate the assumedIst000 required foci. Accordingly, in order
to further reduce thebias, a combination of upscaled transfectiorand optimal reagents
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should be employed during generation of such stable cell lines. Furtheuggestions for
optimization are discussed in section 5.2.2.

There arealsomany additional factors that could influence tansfection efficiencywhich
require careful consideration. These includei) quality of transfected DNA, ii) ratios
between transfection reagent and DNA, iii) viability of ells andiv) variations in the
transfection efficiency between different Envvariants. It cannot be ruled out that
additional unknown determinants are involved.

5.2.2 Possible optimization approaches

The initial step of stable cell line generation involveshe transfer of library constructs
into the cells. Thus, it stands to reason that improvement of the transfection conditions
(i.e. optimal ratio of reagent and DNA, ideal DNA quality and cell viability, etapd
efficiency might increase the chance of imgration events. Choosing the right
transfection reagent for the selected cell type is as important as the method of
transfection to minimize unnecessary damaging otells. Lipofectamine reagents are
xEAAT U AAAA®DAIAA ADA O CAEIl dle GefivAry @ BNEAnto AdlisidueC AT O
to their high transfection efficiency across a broad range of cell lin€8°. The increased
yield of foci that was obtained from transfections performed with Liopfetamine2000
corroborated this notion. Therefore, transfection protocols should be based on
Lipofectamine-mediated transfection

The advantageous effect of Lipofectamine can be supported by synchronization of the
cell cycle phaseas it has been repeatedly reported that gene transfer into cells is
dependent on the cell cycle&31z233, Glls arrested in their S- or G2phase by teatment
with mimosine, aphidicolin orthymidine demonstrated an at leasthree-fold increase in
the percentage of transfectedtellscompared to untreated cells?31.

Additionally, it has been reportedthat nuclear targeting and entry of plasmid DNAan
be enhancedfor instance, by using a 366 bp sequence of DNA containing the SV40 origin
of replication and early promoter known to bind to a number of general transcription
factors. This sequence was reported to favorably promote nuclear impor¥>234. Thus,
implementation of the sequence into the library vector could be a promising approach
to facilitate transfer of plasmid DNAinto the nucleus of cells irrespective of their cell
cyclephase.

Tracking and active selection of successful integration events could provery helpful
in optimizing the generation of stable cell lines. In this respect, the availability of eGFP
in the describedconstructs might be a reliable reporter. Cells wh successful insertion
can be directly identified and isolated by FACS cell sorting according to GFP
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fluorescence?29, However, this approach relies on a sterile environment ding and after
the cell sorting, as the selected cells would be further cultivated.

Since the number of foci is assumedly inaccurate to quantify the integration events (see
5.2.1), irsertion of reporter plasmids carrying a distinct index (sufficiently long NNNN
sequencg might be a possible solution. Due to the fact that evergell integrates a
different sequence, the total number of integrations that took place during stable cell
line generdion can later be determined by NGS analysis.

It also might be worth consideringcreating single mutation stable cell lines and pool
them equally to create a defined and controlled amino acid composition. However, this
is not applicable for a library ofthe size of the SeqPer as this approach is tiraad cost
intensive. Although it can be utilized for a limited amount of interesting positions as in
the case of the Loop D of Env where the major contact sites for VRCOL1 reside

5.3 Adaptation of NGSsample prepa ration for library applications

Due to the considerdle size of the SeqgPer library, gathering of important data by Next
Generation Sequencing became indispensablks it allowed the simultaneous analysis
of thousands of different sequencedn this PhD thesis, the llluminaMiSeqgNGS sample
preparation was successfully adaptedor applications regarding genomic libraries.

Generally, he core steps in preparing DNA for NGS analysis are: i) fragmatibn and/or
sizing of target sequenceto a desired length, ii) attachment of oligonucleotide adapters
v AT A o6 T &£ AOACI AT OO0 |lbiark pradicHod sedénsingdE OA OE |
Although there are several approaches available to fragment DNA sequencgsch as
physical (i.e. sonication, hydrodynamic shearinghemical (heat digestion with divalent
metal cation), and enzymatic (non-specific nuclease, transposase, DNasel, restriction
endonuclease)methods, the latterin the form of amplification of DNA gquences by PCR
was favoredin the course of this PhD thesis. The resulting library products had a
homogeneous and defined fragment size of approximately 300 bps. This was beneficial,
since the envgene comprising approximately 2.1 kbs cannot be analyzed its whole
length with the Illumina technology. Therefoe, a smaller fragment was chosen as a
model that encompassed 300 bps which could be easily obtained by PCR amplification
and which waseligible for the commonly usedVliSegReagent Kit v2(300 cycles) In this
way, the wholeenvgene could be covered by creating eight overlappying 300 bp long
fragments via PCR amplificationSimultaneously, oligonucleotide adaptersas well as
indices could be attached during theamplification steps, therefore bypassing expensive
adapter ligation kits. Notably, adapter sequenceswvere chosen to provide a weH
balanced AT and GG content.

76



Discussion

Although purification of the PCR samples with magnetic beadsee 3.2.3.2)showed
initially good results, severalNGS runs were aborted by the MiSegresumably, due to
overloading. On closer inspection of the bioanalyzer data taf magnetic beads
purification, the results demonstrated an accumulation dadapter or primer dimers at
the length of approximately130 bps (figure 17 A). Since magnetic beds fail to remove
DNA fragments with >100 bps, it stands to reason that the removal of dimers by
magnetic bead purification seemed inefficientln addition, the dimers might be able to
bind to the NGS flow cell. As a consegnce, the flow cell capacity is reduced which could
have resulted in an overloading of the NGS chip. To prevent this outcome, gel purification
after the second PCR to remove adapter dime(see 3.2.3.1)proved to be successful
(figure 17 B), since the prdlem of overloading did not occur n the following NGS
experiments.

As amplification can be susceptible t@ bias resulting from the error-prone nature of
polymerases,careful selection of enzymes for PCR, thermocycling conditions as well as
the proper amount of starting materialis necessary. A systematic analysdf error rate s
from PQ(R-related sourcesobtained under various conditions demonstrated that 22
cycleswere bestin terms of yield andthe occurring error rate (see 4.3.2) Although the
amount of DNAhas to bechosen according to availability, however, not less than 1 pg is
advisable regarding genomic DNA, as an increase in errors was associated with lower
guantities of input genetic material.

Moreover, an accurate library quantification is required to prevent over and
underloading of the NGS flowcell. In this respect, the Kapa Library Quantification Kitis
favored for qPCR due to the provided highly stable standards and the polymerase that
was specifically engineered to amplify diverse DNA fragments with similar
efficiencies’236,

A total of 910 pM sample was usually loaded orhe flow cell. Higher amounts lead to
overloading and to abortion of the NGS run, whereas lower amounts resulted in
decreased generation of clusters as well as reads.

In general, aspike-in of 5-10% of aPhiXlibrary is performed into the prepared library
samplesto provide a quality control for cluster generation However this amount is only
applicable for samples with an evenly balanced AT and GC contéfttis was not the case

for the SeqgPer library as merely one position of the wholenvgene was substituted in
each sublibrary. Thus, the rest of env sequence remained constaand resulted in an
unbalanced base composition of NGS samplédnfortunately, the Illlumina system has
been reported to be sensitive regarding extreme base compositis (i.e. G€poor or GG

rich sequences), often leading to an uneven coverage or no coverage of reads across the
genomedue to phasing37z240 (see 4.3.2.3 for more details)To prevent such an outcome,
20-30% PhiX library were usually added to the NGSamples.
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5.4 Analysis of a mammalian cell -display -based screening technology

5.4.1 Advantages of the mammalian cell -display technique

The herein describedmammalian cell-display technology provided several advantages
compared to other currently used methodsIn contrast to yeast241.242 or phage display
243,244 Env proteinsare expressed in their trimeric conformation on widely used Hek293
cells which ensure mammalian glycosolyation as well as native foldingThis is
particularly beneficial sinceglycan-dependentepitopes 138140 on Envare preserved.To
prevent shedding of gp120, thefurin cleavage site was mutated from REKR to REKS.
Unfortunately, it was recently repated that the mutation of cleavagesites disturbs the
quaternary structure of Env 245> and thus, analysis withcertain structure-dependent
antibodies such as PG145 or 35022 excluded.Nevertheless, antibodies recognizing
monomeric Env, as in the case of VRCO01 and PG9,raeaffected by this conformational
changeand are eligible for the screening technologyln the case ofconformational-
dependent antibodies, however, Env proteins with the correct conformation are
required which is achieved either by efficient cleavage complemented by additional
stabilization as in the case of the SOSiRiriants (see 1.8.1).

In addition, the library vector pQL13 featured several benefits. Firstly, translational
coupling of Env and eGFP was achieved by insertion ofaV 2A peptide?11 between the
genes.Therefore, GFP represented an independent component that could be utilized to
normalize deviations in expression evels of different Env variants.This bypasses
normalization via co-staining with secondary reagents and the problems that could arise
due to sterical constraints caused by simuéineous staining with two antibodies (i.e.
screening and reference antibody) The described normalization approach has been
successfully demonstrated previously by Dr. TirHenrik Bruun 209224225 Due to
regulation of the eGFP and Env expression by an inducible Tat operator/repressor
system, Env cytotoxicity effects during cell cultivation could be eliminated.

5.4.2 Evaluation of the screening technology

Env variantswith increased and decreased affinity fobnAbswere selected with aFACS
cell sorting-basedscreening technology which was described above (s&3.6 and 4.4.1).
In an initial sorting experiment, an enrichment of several Enwandidates with the
desired characteristics was demonstrated byscreeningthe CD4bsusing the CD4bs
directed antibody VRCO1. To assess possible limitations of the selection systeang,
five, 15 and 46 permutated positionsof the CD4bs i.e. approximately 14, 70, 210 and
644 different variants (numbers were based on the average of 14 detected amino acids
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in the stable cell lines)were used in the screening, respectivelyAmong the enriched Env
mutants, the GoBvariants T278A and T278H proved to be the most promising
candidates with increased affinity to the VRCO01 antibodyas they were also identified
independently by Veronika Grassman and Christina SchmalzF26 with another library
using the same screening technologgZorrespondingwith their data, T278H wasslightly
superior to the T278A mutant (one to three-fold increased affinity), as it showed a
slightly higher affinity for VRCO01 which ranged between two to fourfold increase
depending on thesort. The superiority of T278H also correlated withthe structural
analysis andis discussed insection 5.4.3 Unexpectedly, there was only a statistically
significant difference in the antibody binding in flow cytometric equilibrium titration
experiments for three of the LoBvariants and none for the 12 GoRariants as compared
to the wildype Env. Whereas loss m binding can easily occur due to structurally
detrimental mutations, gain of binding is more difficult to achieve. It has been suggested
previously that several mutations are necessary to evoke a distinctly increased affinity
for VRC01191.246, Thus, asingle point mutation is unlikely to accomplish enhanced
binding for the antibody.

Furthermore, results were often not reproducibleas none of the variants were detected
in all screened pools Also,several substitutions were enriched as both, GoB and LoB
variants, such as in the case of T278A and Fhe incongruent data indicated limitations
or problems with the screening technology, probablyin combination with an
unfavorable gating strategy. The latter was demonstrated by the same enriched variants
(T278A & H) irrespective of the gate placementso even in the LoB gatésee4.4.4).

Additionally, theunequalamino acid composition and diversity of stable cell lines might
largely contribute to the inconclusive results.In this respect, measurements should be
repeated with newly generated and improved stable cell lines to assess in what way an
extreme composition in stable cell lines might influence data from screening procedures.
The selection technology wasleveloped and tested by TirrHenrik Bruun and Veronika
Grassmann on a small and highly defined library containingnly five Env variantswhere

it yielded good results For instance,the equimolar mixture of five Env variants(the
wildtype variable loop 3 was replaced with the V3 regions of isates MN, RF, CDC42,
HXB2 or SF33jhat previously showed a differential binding to the antibody 44752D 139
were subjected to the flow cytometrybased cell sorting and NGS analysis. The results
demonstrated a statistically significant enrichment of high affiny Env/V3 variant MN
from an equal distribution of all variants for each analysis which corresponded to the
previous results 139 and confirmed the validity of the selection technology for the five
variant library. However, it it possible that the screening still requires further
improvement when using more complex libraries and thus, warrants specific
optimizations in respect toideal duration of induction, amount of sorted cells, gating
strategy as well as analysis approaches.
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5.4.3 Structural analysis of envelope interactions with the bnAb VRCO01

Sructural analysis of Env interactions with VRCOIwas performed by using Pymolin
order to assess structural impact of amino acid substitutions.

According to the data obtained from the sorting experiments]278 seens to be a key
residue of Envfor VRCO1 binding as many substitutions lead to increased affinity for the
antibody. Two effectsmight have contibuted to this phenomenon: i) direct contact to
the light chain of VRCO1 via the residue Y91 (figure 28 B) and ii) removal of the glycan
by disrupting the NxT27s sequon. As many substitutions lead to improved if not
statistically significant affinity for VRCO1(see 4.4.5) it appears that knock-out of the N-
glycosylation sites wasmost likely responsible for the increase in binding. However, due
to several inconsistencies in the datghis could not be confirmed For instance, emoval
of the glycan seemed not to be the unequivocal reason for beneééiceffects on VRCO1
binding, as substitutions at N276 would also eliminate the glycg$ation. Yet no
favorable mutations were enriched at this position during the screening procedure.
There is also the possibility that position N276 represents an important contact residue
irrespective of the glycan, or that other amino acids disrupt the structure leadg to
reduced antibodybinding. Thus, itwas not possible to @termine unequivocallyif glycan
removal improves affinity for VRCO1 according to the acquired data from
flowcytometric equilibrium titrations and structural analysis

The GoBvariants T278H and T278R represented the most promising variants exhibiting
improved antibody binding, though the difference to the wildtype was not significant
(figure 29 A+B). The benefit might be the result of a catien interaction formed between
VRCO01 Y91 andhe histidine/arginine at position 278 (figure 30 B). This is a strong,
noncovalent binding interaction that can arise between phenglanine, tyrosine or
tryptophan AO OEA A AT I DITATO AT A 1 UOET Ah AOCETE
OA O b A A éompo@eithrovides a surface of negative electrostatic potential that can
bind to positively charged residues through a predominantly electrostatic interaction
247, Furthermore, even thoughthe T278K substitution was detected as doB-variant in
the screening flowcytometric equilibrium titrations revealed a slight increase in VRC01
binding, thus supporting the cationa interaction as possiblereason forhigher antibody
affinity.

It stands toreason that the substitution of hydrophobic amino acids with ones carrying
a charge would lead to detrimental structural effects. Such situation presumably
occurred with the LoB variants L277K and A368D. The replacement of hydrophobic
leucine with positively charged lysine probably lead to rearrangement of loop D, and
thus resulted in loss of affinity for VRCO1. Similarly, decreased binding of the variant
A368D might be attributed to a possible disruption of the CD4 binding loop due to the
introduction of the negative charge of aspartate. A beneficiehseof charged amino acids
was assumedor the GoBvariant E275K,where the positive charge of lysine could lead
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to a slight rearrangement in the structure and subsequently the formation of a salt
bridge with the D99 (figure 30 C).
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Figure 30 z Structural analysis of Env interactions with VRCO1. (A) Contact residues between VRCO01
and GoB/LoB variants according to published data fror#°. Amino acid numbering of mutants is based on
the HIV-1 HXB2 sequenceContact residues for VRCO1dentified in the crystal structure are denoted with

I PAT AEOAI AOG | q Advarboqy cAniaEts, flled Cilzlesc Ot repredeiting both main
chain and sidechain contacts, and asteris& (*) denoting gp120 sidechain-only contacts. Residues that
have no direct contact with VRCOL1 are indicated by-X. Environment of residues(B) T278 and (C)
E275/v281 in the co-crystal of VRCO1 and ZM176.66 gp120 (PDB 4LST). As there is nangstalli zation

of VRCO01 with 16055 available, the gp120 structure of 16055 (PDB 5UM8) was superimposed (green) on
the ZM176.66 model (light orange). Black dashed lines illustrate the distance between residues in
Angstrom. Structures were generated with Pymol.

Even though G367C has been detected as a Gaddiant in the screening procedure,
flowcytometric equilibrium titration experiments claimed the opposite since a
statistically significant loss in VRCO1 affinity (p= 0.0004) could be confirmed. As
cysteines usually serve an important structural role in many proteins by forming
disulfide-bridges, introduction of this amino acid most likely disrupted the Env structure
and therefore lead to reduced VRCO1 bindingA similar case is represented in the LoB
variant P437N. Proline is known to play a key role in the ratedetermining steps of
protein folding 248, hence a replacement with asparagine supposedly had a destabilizing
effect andresulted in decreased antibody affinity.
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6 Summary and conclusion s

This PhD thesisfocused on the characterization and improvement of an Erbased
sequential permuation library. In the first part, the general quality of the SeqPer library
was assessed with different methods (see 4.3.1 and 4.3.3)Jhe quality of the pDNA
demonstrated errors in the form of deletions mainly in the Env region in 48% of the
library (see 4.3.1.2). However, when looking at the sublibraries individually, the
majority of the pools-of-position showed the correct pDNA and only a small portion of
the sublibrary (6-18%) was actually affected by the deletions (see 4.3.1.3 and 4.3.1.4).
Thus, the qiality of the pDNA was deemed acceptablier further experiments.

In the following, the diversity and general amino acid compositiorof the CD4 binding
site of the SeqPer libray were analyzed on the level of the pDNA and the generated
respective stable cell lineqsee 4.3.3) The pDNA demonstrated a nearly even decoded
amino acid composition with an average of 19 detected amino acids in every sublibyar
However, a closer exanmation of the stable cell lines revealed a significant loss in
diversity by 32% (from an average of 19 to 14 amino acids in the stock/nemduced and
12 aas in the inducedstable cell lines). In addition, a considerable bias in the amino acid
composition was detected in every stable cell lindsee 4.3.3) These results could be
attributed to limitations in the procedure of the generation of stable cell lines due to
insufficient integration events. As the quality of stable cell lines proved to be
unsatisfadory, various approaches were undertaken to optimize their production. It
was shown that the relative diversity of an average of 0.05 (maximal relative diversity
1.0) could be improved to 0.31 by upscaling of the trasfection to generate more foci
(see 4.34).Although the diversity did not reach the value from the pDNA (l2=0.59), the
distinct improvement indicated that further optimizations for the generation of stable
cell lines can be achieved (discussed in section 5.2).

The second part of tis dissertation focused on the application of th&€€D4bs of the SegPer
library in the described cell sorting-based screening technology (see 4.4) to identify Env
variants with increased or decreased binding affinity for the bnAb VRCO1. The results
showed that the library could be successfully utilized in the screening procedure, as an
enrichment of the GoBvariants T278A and T278H was demonstrated. These variants in
particular were previously reported to increase affinity for the bnAb VRC0213.226,
Unexpectedly, no GoBand only three LoBvariants proved to be statistically significant
and additionally, the selection of individual variants was not reproducible in every cell
sorting. For instance, T278A was enriched in two cell sorting experiments, whereas
T278H was found in three Additionaly, T278A and T278H could be detected as Ge&nd
LoB-variants. This indicated limitations of the screening technology which previously
was tested on only a fivevariant library 209213 Therefore, thescreeningprocedure and
gating approach probably require adaptationsfor usage of more complex and large
libraries.
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7 Perspective

The usage of the SeqPer library was limited due to suboptimal amino acid composition
of stablecell linesthus, the next steps should address the improvement of stable cell line
generation. As part of Benjamin Zimmers PhD thesis, single variant stable cell lines
representing a BG505 SOSIRp145 library are currently generated.Variants will be
pooled equally to create the desired amino acid compositio.he library consists of 56
variants in which all glycosylation motifs (NXT/NxS) are substituted by alanine This
concept was designed to assess glycalependence of antibodies and to identify
germline-targeting Env candidates.

The herein described mammalian cell display and FA&fased cell sorting technology
was tested on the small and defined CD4 binding site of the library to assess possible
limitations. With improvement of stable cell lines, thescreening should eventually be
applicable on the complete SeqgPer library of approximately 13.000 variants. In additip
screening antibodiescould be expanded to identify germlinetargeting Env variants that
can be utilized in sequential immunization appraches. As a fact, a welblded BG505
SOSIP library is currently under development which is intended to partake in projects
within the EHVA (European HIV Vaccine Association) consortium

As it is unlikely that a singular mutation lead to elicitation of bnAbs, detected favorable
substitutions could be combined within a Env immunogen in order to utilize possible
synergistic effects191.246, This was successfully achieved byeronika Grassman with
membrane-bound gp145 and soluble gp140 Env proteins containing L11A and T278A/H
mutations. The variants not only demonstratd increased affinity for bnAbs, but also
reduced recognition of norneutralzing antibodies and improved Env timerization.
Currently, 16055 L111A/T278H Env immunogens, alongside 16055 WT, 16055 SOSIP
WT and 16055 SOSIP L111A/T278H proteins, are tested in a prime boost immunization
study with white rabbits.
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8 Appendix

8.1 List of Abbreviations

The respective IUPAC (International Union of Pure and Applied Chemistry) single letter
codes were used for designation of amino acid8® and nucleotides?51,

Aa
Ad5

ADCC
AIDS
ART
AUC
bnAb
bp

bs
BSA
Ci1-C5
CA
CCR5
CDC
CD4
CD4bs
CD4bl
CDR H3

Cfu
CIP
CMV
CRF
CT
CTL
CXCR4
DMEM
DMSO
DNA
Drel

E. coli
EDTA
Env
FACS
FCS
FP
FRT
gDNA
GFP
GoB
ap
HAART
HEK

Amino acids
Adenovirus 5

Antibody-Dependent Cellular Cytotoxicity
Acquired Immune Deficiency Syndrome
Anti-Retroviral Therapy

Area under the Curve

Broadly Neutralizing Antibody

Base pair

Bridging sheet

Bovine Serum Albumine

Constant Regions of HAL Envelope
Capsid

G-C Chemokine Receptor Type 5
Center for Disease Control and Preventic
Cluster of Differentiation 4 (receptor)
CD4binding site

CD4 binding loop

Complementarity Determining Region 3 «
the Antibody Heavy Chain

Colony forming unit

Calf Intestinal Phosphatase
Cytomegalovirus

Circulating Recombinant Form
Cytoplasmic Tail of HIV1 Envelope
Cytotoxic T-Lymphocytes

G-X-C Chemokine Receptor Type 4
Dulbecco’s Modified Eagle Medium
Dimethyl Sulfoxide

Deoxyribonucleic Acid

Relative Diversity

Escherichia Coli
Ethylenediaminetetraacetic acid
HIV-1 Envelope protein
FluorescenceActivated Cell Sorting
Fetal Calf Serum

Fusion Peptide

Flippase Recombination Target
genomic Deoxyribonucleic Acid
Green Fluorescent Protein

Gain of Binding

Glycoprotein

Highly Active Anti-Retroviral Therapy
Human Embryonic Kidney

HVTN
IAVI
ICTV

Ig

IN

kb

Kb
kDa
LB
LoB
MA
MFI
MPER
NC
NGS
NIH
oD
PAGE
PBS

PCR
PCP
pDNA
PEI
Pen/Strep
PIC
PNK
Poly dA
PR
RNA
RT
SBS
SCL
SDS
SeqgPer
SHM
SIv

SP

B
TGN
TMB
TMD
V1-V5
wiv

HIV Vaccine Trials Network
International AIDS Vaccine Initiative
International Committee on Taxonomy ¢
Viruses

Immunoglobulin

Integrase

Kilobases

Dissociation Constant

Kilo Dalton

Lysogeny Broth

Loss of Binding

Matrix

Mean Fluorescence Intensity
Membrane Proximal External Region
Nucleocapsid

Next Generation Sequencing
National Institute of Health

Optical Density

Polyacrylamide Gel Electrophoresis
Phosphate Buffered Saline

Polymerase ChairReaction
Pneumocystic Carinii Pneumonia
Plasmid Deoxyribonucleic Acid
Polyethylenimine
Penicillin/Streptomycin
Pre-Integration Complex
Polynucleotide Kinase
Polyadenylic Acid

Protease

Ribonucleic Acid

Reverse Transcriptase
Sequencing by Synthesis
Stable Cell Line
SodiumDodecyl Sulfate
Sequential Permutation Library
Somatic Hypermutation

Simian Immunodeficiency Virus
Spacer Peptide

Terrific Broth

Trans-Golgi Network
Tetramethylbenzidine
Transmembrane Domain
Variable Loops of HIV1 Envelope
weight per volume
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HIV-1
HR1/2

Human Immunodeficiency Virus type 1
Heptad Repeats / Helical Regions 1 and 2

HIV-1 Envelope

HRP

Horse-RaddishPeroxidase

8.2 DNA constructs

8.2.1 Oligonucleotides

WHO
WT

Oligonucleotides for Cloning and Sequencing

World Health Organization
Wildtype

Name Sequencev o O Name Sequencev o O
fw_Mly-link - AGCTTGAGTCCGCCCGGGCGE 16055-QL-For | ATAATAGCTAGCCGTCTCCCT|
pucC CG ATGAGAGTGCGGGGCATCCTH
rev_Mly-link - AATTCGAGTCCGCCCGGGCG| 16055-gp145- | ATATATACTCGAGCGTCTCGT
puUC CA QL-Rev GTCATCAGCTGTATCCCTGCC
Mlyl -Linker - AGCTTGAGCCGCCCGGGCG(Q #108_DP TCACTCATTAGGCACCCCA
puUC18
pC-CMV-For GTAGGCGTGTACGGTGGGAG #109 _DP AGAAAATACCGCATCAGGC
pC-BGH-Rev GCAACTAGAAGGCACAGTCGy 9F1 ATATATACTCGAGCGTCTCGT
GTCATCAGCTGTATCCCTGCC
THB-8D9-seq-f | CATGGTCCTGCTGGAGTTCGT 9F3 ATAATAGCTAGCCGTCTCCCT,
ATGAGAGTGCGGGGCATCCTH
T276S fwd TCATCAGAAGCGAGAACCTGA T276N_fwd_LoE TCATCAGAAGCGAGAACCTG/
ACAACGTGAAAACCATCGT 1p ACAACGTGAAAACCATCAT
T276S rev ACGATGGTTTTCACGTTGTTG| T276N_rev_LoB ATGATGGTTTTCACGTTGTTG]
AGGTTCTCGCTTCTGATGA 1p AGGTTCTCGCTTCTGATGA
T276R fwd TCATCAGAAGCGAGAACCTGA T276E_fwd_LoB TCATCAGAAGCGAGAACCTG(
ACAACGTGAAAACCATCGT 1p ACAACGTGAAAACCATCAT
T276R rev ACGATGGTTTTCACGTTGTTT( T276_rev_LoB1l| ATGATGGTTTTCACGTTGTTC]
AGGTTCTCGCTTCTGATGA p AGGTTCTCGCTTCTGATGA
T276Q fwd TCATCAGAAGCGAGAACCTG( E273T_fwd_LoB GCGAGATCATCATCAGAAGCH
ACAACGTGAAAACCATCGT 5p ACCTGACCAACAACGTGAA
T276Q rev ACGATGGTTTTCACGTTGTTC| E273T_rev_LoB| TTCACGTTGTTGGTCAGGTTG
AGGTTCTCGCTTCTGATGA 5p CTTCTGATGATGATCTCGC
T369I fwd CGGCGACCTGGAAATCACCA] E273F_fwd_LoB GCGAGATCATCATCAGAAGCI
CAGCTTCAACTGCA 5p ACCTGACCAACAACGTGAA
T369I rev TGCAGTTGAAGCTGTGGATG( E273F rev_LoB| TTCACGTTGTTGGTCAGGTTG
TTTCCAGGTCGCCG 5p CTTCTGATGATGATCTCGC
T369N fwd CGGCGACCTGGAAATCACCA/ L275K fwd_LoB TCATCATCAGAAGCGAGAACHE
CAGCTTCAACTGCA 5p CCAACAACGT@AACCAT
T369N rev TGCAGTTGAAGCTGTGGTTG( L275K_rev_LoB| ATGGTTTTCACGTTGTTGGTC]
TTTCCAGGTCGCCG 5p TTCTCGCTTCTGATGATGA
H370Y fwd3 GCGACCTGGAAATCACCACCT V279E_fwd_LoH GCGAGAACCTGACCAACAAC(
GCTTCAACTGCAGAGGCGA | 15p AAACCATCATCGTGCACCT
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H370Y rev3 TCGCCTCTGCAGTTGAAGCT( V279E_rev_LoB| AGGTGCACGATGATGGTTTT(
GTGGTGATTTCCAGGTCGC | 15p TTGTTGGTCAGGTTCTCGC
E273K fwd GCGAGATCATCATCAGAAGC/ L275Q_fwd_LoE TCATCATCAGAAGCGAGAAC(
ACCTGACCAACAACGTGAA | 15p CCAACAACGTGAAAACCAT
E273K rev TTCACGTTGTTGGTCAGGTTT| L275Q_rev_LoB ATGGTTTTCACGTTGTTGGTC]
CTTCTGATGATGATCTCGC 15p TTCTCGCTTCTGATGATGA
G362D fwd TCAACTTCACCAGCCCCGCT( D364E_fwd_LoE TCACCAGCCCCGCTGGCGGC
GCGACCTGGAAATCAC 15p TGGAAATCACCACCCACAG
G362D rev GTGATTTCCAGGTCGCCATCA D364E_rev_LoB CTGTGGGTGGTGATTTCCAG(
GGGCTGGTGAAGTTGA 15p CCGCCAGCGGGGCTGGTGA
G363C fwd ACTTCACCAGCCCCGCTGGC] A361D_fwd_LoB TCATCAACTTCACCAGCCCCG
ACCTGGAAATCACCA 46p GCGGCGACCTGGAAATCAC
G363C rev TGGTGATTTCCAGGTCGCAG( A361D_rev_LoB GTGATTTCCAGGTCGCCGCC(
CGGGGCTGGTGAAGT 46p GGGCTGGTGAAGTTGATGA
E273N fwd GCGAGATCATCATCAGAAGC/ E459I_fwd_LoB| ACGGCGGCGTGGAAAGCAAC
ACCTGACCAACAACGTGAA | 46p CAGAGATCTTCAGACCCGG
E273N rev TTCACGTTGTTGGTCAGGTTG E459I_rev_LoB4 CCGGGTCTGAAGATCTCTGT(
CTTAOGATGATGATCTCGC 6p TTGCTTTCCACGCCGCCGT
T276K_fwd_LoH TCATCAGAAGCGAGAACCTGA P432N_fwd_LoE TGGGCAGAGCTATGTACGCC,
1p ACAACGTGAAAACCATCAT 46p CCATCGAGGGCAACATCAC
T276K_rev_LoB| ATGATGGTTTTCACGTTGTTC]| P432N_rev_LoB GTGATGTTGCCCTCGATGGG(
1p AGGTTCTCGCTTCTGATGA 46p GCGTACATAGCTCTGCCCA

Oligonucleotides forNGS librarypreparation

Name SANOATAAOULO Name SANOATAAOULO

B2#3 fwd+ILL | AGTTCTACAGTCCGACGATC( B9 fwd+ILL AGTTCTACAGTCCGACGATC(
GCCTACGAGAAAGAGG CAACAAGACCTTCAACG

B2#3 rev+ILL CTTGGCACCCGAGAATTCCAQ B9 rev+ILL CTTGGCACCCGAGAATTCCA4
GGTGGTGTTGACCTG CCACGCTCTCGTTCAG

B4fwd+ILL AGTTCTACAGTCCGACGATCT| B10_fwd+ILL AGTTCTACAGTCCGACGATC(
TCGGCTGCTGGAAGAT GCGAGATCATCATCAG

B4rev+ILL CTTGGCACCCGAGAATTCCAA B10_rev+ILL CTTGGCACCCGAGAATTCCAC
TGTTCACCACGCTCAG ATCCGTCTGGGGAAGT

B5fwd+ILL AGTTCTACAGTCCGACGATC({ B11 fwd +ILL AGTTCTACAGTCCGACGATC(
ATCGAGAGATACCTGA CCCTGCAGAGAGTG

B5rev +ILL CTTGGCACCCGAGAATTCCAT B11 rev+ILL CTTGGCACCCGAGAATTCCAC
GTTCTGTTCTTGCTGGT TGCTGTTGGTGTCGTT

B6 fwd+ILL AGTTCTACAGTCCGACGATC(Q B12 fwd+ILL AGTTCTACAGTCCGACGATCA
GCGTGACCCTGGAAT CACCACCCACAGCTTC

B6 rev+ILL CTTGGCACCCGAGAATTCCA(Q Bl2rev+ILL CTTGGCACCCGAGAATTCCAC
TTGATCAGCCGGTACT TTGCATGTGATGTTGC

B7fwd+ILL AGTTCTACAGTCCGACGATC( B13fwd+ILL AGTTCTACAGTCCGACGATC(
GCCACCACCGAGAT CTGGACATCACCATC

B7rev+ILL CTTGGCACCCGAGAATTCCA(Q Bl4fwd+ILL AGTTCTACAGTCCGACGATCT,
TTGAAGGTCTTGTTGT AGAGCAACATCACC
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B15fwd+ILL AGTTCTACAGTCCGACGATCA Bl4rev+ILL CTTGGCACCCGAGAATTCCA(
GGTGGTGGAAATCAAG AAGCCGAAGATCACG
B15rev+ILL CTTGGCACCCGAGAATTCCA(Q B15fwd+ILL AGTTCTACAGTCCGACGATCA
CAGCAGGTTGCTCTG GGTGGTGGAAATCAAG
Bl6fwd+ILL AGTTCTACAGTCCGACGATC({ Bil5rev+ILL CTTGGCACCCGAGAATTCCA(C
TCTTCGGCTTTCTGG CAGCAGGTTGCTCTG
Bl6rev+ILL CTTGGCACCCGAGAATTCCA(Q B16fwd+ILL AGTTCTACAGTCCGACGATC(
TGCTGATCCTTCAGGT TCTTCGGCTTTCTGG
B2#1_fwd+ILL | AGTTCTACAGTCCGACGATC( Bl6rev+ILL CTTGGCACCCGAGAATTCCA(C
TGGGTGCTGATGATCT TGCTGATCCTTCAGGT
V3Pool_f2+ILL | AGTTCTACAGTCCGACGATCQ B17fwd+ILL AGTTCTACAGTCCGACGATCA
GCGAGATCATCATCAG AGGCCCAGCAGCAT
V3Pool_r2+ILL | CTTGGCACCCGAGAATTCCAQ B17rev+ILL CTTGGCACCCGAGAATTCCAA
TTCTTGCCCACTCTCT CGTCGTGGCTCTTGTT
B2#1_fwd+ILL | AGTTCTACAGTCCGACGATC( B18fwd+ILL AGTTCTACAGTCCGACGATC(
TGGGTGCTGATGATCT CAGCAGCTCCTGGGCATCT
B2#1 _rev+ILL | CTTGGCACCCGAGAATTCCAA B18rev+ILL CTTGGCACCCGAGAATTCCAC
TTTCCAGCACCATTTC ACCAACACCATCTATCG
ILLUMINAseq_f| AATGATACGGCGACCACCGA( ILLUMINAseq_r| CAAGCAGAAGACGGCATACG,
wd TACACGTTCAGAGTTCTACAG ev_Index20 GGCCACGTGACTGGAGTTCC]
GACGATC CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index21_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index1 CGTGAGTGACTGGAGTTCCT] v CGAAACGTGACTGGAGTTCC]
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index22_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index2 ACATCGGTGACTGGAGTTCC | v CGTACGGTGACTGGAGTTCC]
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index23_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index3 GCCTAAGTGACTGGAGTTCC1 v CCACTCGTGACTGGAGTTCCI
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index24_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index4 TGGTCAGTGACTGGAGTTCC1 v GCTACCGTGACTGGAGTTCC
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index25_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index5 CACTGTGTGACTGGAGTTCCT v ATCAGTGTGACTGGAGTTCCT]
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index26_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index6 ATTGGCGTGACTGGAGTTCC1 v GCTCATGTGACTGGAGTTCCT
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index27_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index7 GATCTGGTGACTGGAGTTCC | v AGGAATGTGACTGGAGTTCC]
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index28_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index8 TCAAGTGTGACTGGAGTTCCT v CTTTTGGTGACTGGAGTTCCT
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index29_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index9 CTGATCGTGACTGGAGTTCC | v TAGTTGGTGACTGGAGTTCCT
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCRATMGA Index30_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index10 AAGCTAGTGACTGGAGTTCCT v CCGGTGGTGACTGGAGTTCC]
CACCCGAGAATTCCA CACCCGAGAATTCCA
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Amp(R)

pUC origin

cmv promoter

EGFP

Km Pr
ch

VFRT
Hygro(R) (no ATG)

TetR binding site

ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index31_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index11 GTAGCCGTGACTGGAGTTCC]| v ATCGTGGTGACTGGAGTTCC
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index32_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index12 TACAAGGTGACTGGAGTTCCT v TGAGTGGTGACTGGAGTTCCIT
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index33_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index13 TTGACTGTGACTGGAGTTCCT] v CGCCTGGTGACTGGAGTTCC]
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index34_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index14 GGAACTGTGACTGGAGTTCC | v GCCATGGTGACTGGAGTTCCT
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG/ Index35_ILL_re | CAAGCAGAAGACGGCATACG,
ev_Index15 TGACATGTGACTGGAGTTCCT v AAAATGGTGACTGGAGTTCCT
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index36_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index16 GGACGGGTGACTGGAGTTCC| v TGTTGGGTGACTGGAGTTCCI
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index37_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index17 CTCTACGTGACTGGAGTTCCT| v ATTCCGGTGACTGGAGTTCCI
CACCCGAGAATTCCA CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index38_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index18 GCGGACGTGACTGGAGTTCC| v AGCTAGGTGACTGGAGTTCC
CACCCGAGAATTCCA
ILLUMINAseq_r| CAAGCAGAAGACGGCATACG] Index39_ILL_re| CAAGCAGAAGACGGCATACG,
ev_Index19 TTTCACGTGACTGGAGTTCCT] v GTATAGGTGACTGGAGTTCCI
CACCCGAGAATTCCA CACCCGAGAATTCCA
8.2.2 Plasmids
bla promoter Name: pQL13

The plasmid was developed byDr. Tim-
Henrik Bruun during his PhD thesis.

The vector is eligible for stable cell line
generation due to the inherent FRT site
Insertion of target DNA can be performed
by using BsmBI restriction sites that
frame thetoxic ccdB cassette.
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AmpR Promoter—‘

Amp (R)

pUC18
=200 2.686bp

oriV

Name: puUC18

Commercially available plasmid acquired
from GenScript, Catalog number SD1162

Plasmid cloning vector is isolated fromnE.

coiOOOAET $(uvy AU 0O¢Q

Kan(R)

CMVR VRCO1 L
5.102 bp

Name: CMVR VRCO1 L

Commercially available plasmid at NIH
AIDS Reagent Program, Catalog numbg
12036

Expression of leader, variable constant
regions of VRCO1 light chain under the
control of the CMV promoter

Kan(R)

CMVR VRCO1 H

Name: CMVR VRCO1 H

Commercially available plasmid at NIH
AIDS Reagent ProgramCatalog number
12035

Expression of leader, variable & constan
regions of VRCO1 heavy chainnder the
control of the CMV promoter

8.2.3 Cloning Constructs
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bla promoter
Amp(R) CMV promoter
TetR binding site
pUC origin EGFP

—6000 P-QL13-16055-gp145
7.921bp

2000 —
16055-gp145

Hygro(R) (no ATG)

FRT

Name: pQL1316055-gp145

The pQL13 plasnd was developed by Dr.
Tim-Henrik Bruun during his PhD thesis.
Cloning of Env was performed by using
BsmBlI restriction sites leading to removal
of the toxic ccdB cassette.

ﬁ LacZa
Mlyl-linker

partial Envinsert

pUC18_Mlyl-linker_Env
3.021bp Mlyl-linker

LacZ P
1500 oriV
i | : :

Name: pUC18_Mlylinker

Insertion of a cassette framed by Mlyl
restriction sites. Env was inserted into the
Mlyl cassette by using Smal which wa
part of the cassette.The wnstruct was
generated specifically to produce an
error -free blunt end Envfragment for the
background determination of the NGS
device (4.3.2.2).

8.3 Supplemental Material

Table S1z Purity of the pDNA SeqPer library. Absorbance ratios at 260 and 28@ODzs0/280) as well as
260 and 230 (ODpsorz30) at each pool-of-position were measured with the NanoDrop 21000

spectrophotometer to assess probable contaminations.

Position ODz601280 Position ODz60/280 Position ODz60/280
N30X 1,94 V240X 1,93 V450X 1,94
L31X 1,97 S241X 1,93 R451X 1,93
W32X 1,95 T242X 1,93 D452X 1,95
V33X 1,97 V243X 1,94 G453X 1,96
T34X 1,95 Q244X 1,93 G454X 1,96
V35X 2,00 C245X 1,94 V455X 1,98
Y36X 1,88 T246X 1,97 E456X 1,96
Y37X 1,95 H247X 1,96 S457X 1,94
G38X 1,97 G248X 1,95 N458X 1,97
V39X 1,97 1249X 1,95 E459X 1,95
P40X 1,97 K250X 1,97 T460X 1,95
V41X 1,94 P251X 1,88 E461X 1,96
W42X 1,94 V252X 1,97 1462X 1,96
K43X 1,89 V253X 1,95 F463X 1,95
E44X 1,96 S254X 1,97 R464X 1,93
A45X 1,91 T255X 1,95 P465X 1,95
K46X 1,95 Q256X 1,90 G466X 1,87
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T47X 1,90 L257X 1,86 G467X 1,89
T48X 1,95 L258X 1,98 G468X 1,98
L49X 1,96 L259X 1,88 D469X 1,92
F50X 1,97 N260X 1,92 M470X 2,00
C51X 1,96 G261X 1,94 R471X 1,99
A52X 1,94 S5262X 1,88 N472X 2,01
S53X 1,98 L263X 191 N473X 1,98
D54X 1,96 A264X 1,93 W474X 1,97
A55X 1,97 E265X 1,92 R475X 1,95
K56X 1,94 G266X 1,90 S476X 1,96
A57X 1,96 E267X 1,90 E477X 1,98
Y58X 1,95 1268X 1,97 L478X 1,89
E59X 1,97 1269X 2,00 Y479X 1,90
K60X 1,97 270X 1,99 K480X 1,96
E61X 1,96 R271X 191 Y481X 2,00
V62X 1,97 S272X 1,97 K482X 1,98
H63X 1,95 E273X 1,91 V483X 1,96
N64X 1,97 N274X 1,99 V484X 1,97
V65X 1,96 L275X 1,94 E485X 1,98
W66X 1,96 T276X 1,95 1486X 2,00
AG67X 1,93 N277X 1,93 K487X 2,00
T68X 1,97 N278X 1,90 P488X 2,01
H69X 1,97 V279X 1,96 L489X 2,01
A70X 1,96 K280X 1,95 G490X 1,97
C71X 1,97 T281X 1,91 1491X 1,97
V72X 1,97 1282X 1,93 A492X 2,00
P73X 1,94 283X 1,91 P493X 1,94
T74X 1,97 V284X 1,90 T494X 2,00
D75X 1,93 H285X 1,98 A495X 1,96
P76X 1,94 L286X 1,95 A496X 1,98
N77X 191 N287X 1,90 K497X 1,97
P78X 1,95 E288X 1,90 R498X 1,96
Q79X 1,96 S289X 1,96 R499X 1,99
E80X 1,99 V290X 1,95 V500X 1,98
M81X 1,97 E291X 1,97 V501X 1,96
V82X 1,93 292X 1,99 E502X 1,97
L83X 1,94 V293X 2,00 R503X 1,98
E84X 2,00 C294X 1,96 E504X 1,98
N85X 1,99 T295X 1,93 K505X 1,95
V86X 1,97 R296X 2,00 S506X 1,98
T87X 1,96 P297X 2,01 A507X 1,96
E88X 1,97 N298X 1,93 V508X 2,00
N89X 1,97 N299X 1,99 G509X 1,96
FO0X 1,98 N300X 1,98 L510X 1,97
N91X 1,98 T301X 1,97 G511X 1,96
M92X 1,98 R302X 1,97 A512X 1,96
W93X 1,97 K303X 1,98 V513X 1,98
K94X 1,99 S304X 1,97 1514X 1,95
N95X 1,98 1305X 1,96 F515X 1,96
D96X 1,97 R306X 1,95 G516X 1,96
M9I7X 1,92 307X 1,94 F517X 1,94
Vo8X 1,89 G308X 1,94 L518X 1,96
E99X 1,95 P309X 1,93 G519X 1,99
Q100X 191 G310X 1,95 A520X 1,95
M101X 191 Q311X 1,94 A521X 1,95
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H102X 1,96 T312X 1,93 G522X 1,97
E103X 191 F313X 1,94 S523X 1,97
D104X 1,94 Y314X 1,93 T524X 1,99
V105X 1,95 A315X 1,95 M525X 1,96
1106X 1,90 T316X 1,94 G526X 1,97
S107X 1,89 G317X 1,94 A527X 1,95
L108X 1,98 D318X 1,95 A528X 1,96
W109X 1,95 1319X 1,94 S529X 2,00
D110X 1,95 1320X 1,95 1530X 1,90
Q111X 2,00 G321X 1,93 T531X 1,96
S112X 1,92 N322X 1,93 L532X 1,99
L113X 1,88 1323X 1,96 T533X 1,96
K114X 1,93 R324X 1,94 V534X 1,95
P115X 191 Q325X 2,02 Q535X 1,96
C116X 1,96 A326X 1,99 A536X 1,95
V117X 1,96 Y327X 1,99 R537X 1,98
K118X 1,93 C328X 1,97 Q538X 1,94
L119X 1,89 N329X 1,97 L539X 1,95
T120X 1,95 330X 1,99 L540X 1,96
P121X 1,94 K331X 1,96 S541X 1,94
L122X 1,93 K332X 1,97 G542X 1,96
C123X 1,94 D333X 1,95 1543X 1,97
V124X 1,94 D334X 1,93 V544X 1,97
T125X 1,93 W335X 1,99 Q545X 1,97
L126X 1,95 1336X 1,93 Q546X 1,96
E127X 1,94 R337X 1,96 Q547X 1,98
C128X 1,88 T338X 1,94 S548X 1,97
R129X 1,95 L339X 1,99 N549X 1,96
Q130X 1,86 Q340X 1,71 L550X 1,95
V131X 1,87 R341X 1,97 L551X 1,95
N132X 1,93 V342X 1,96 K552X 1,97
T133X 1,94 G343X 1,96 A553X 1,98
T134X 1,85 K344X 1,97 1554X 1,97
N135X 1,96 K345X 1,96 E555X 1,97
A136X 1,88 L346X 1,95 A556X 1,95
T137X 1,89 A347X 1,95 Q557X 1,97
S138X 1,89 E348X 1,96 Q558X 1,97
S139X 1,97 H349X 1,96 H559X 1,98
V140X 1,96 F350X 1,97 L560X 2,00
N141X 1,86 P351X 1,94 L561X 1,98
V142X 1,90 R352X 1,95 Q562X 2,02
T143X 1,89 R353X 191 L563X 1,99
N144X 1,92 1354X 1,98 T564X 1,98
G145X 1,93 1355X 1,99 V565X 1,99
E146X 1,98 N356X 2,00 W566X 1,93
E147X 1,96 F357X 1,98 G567X 1,98
1148X 1,89 T358X 1,94 1568X 1,95
K149X 1,99 S359X 1,92 K569X 2,00
N150X 1,93 P360X 1,99 Q570X 1,96
C151X 1,94 A361X 1,94 L571X 1,94
S152X 1,89 G362X 1,90 Q572X 1,95
F153X 1,97 G363X 1,94 T573X 1,94
N154X 1,90 D364X 2,09 R574X 1,97
A155X 1,94 L365X 1,99 V575X 1,93
T156X 1,94 E366X 1,95 L576X 2,02
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T157X 191 1367X 1,97 A577X 1,93
E158X 1,90 T368X 1,96 I1578X 1,92
1159X 1,88 T369X 2,05 E579X 2,02
R160X 1,90 H370X 1,97 R580X 1,95
D161X 191 S371X 1,98 Y581X 1,93
K162X 1,90 F372X 1,95 L582X 1,99
K163X 191 N373X 1,99 K583X 1,90
Q164X 2,00 C374X 1,95 D584X 2,02
K165X 1,98 R375X 1,94 Q585X 1,95
V166X 1,99 G376X 1,94 Q586X 1,98
Y167X 1,93 E377X 1,95 L587X 1,97
A168X 1,94 F378X 1,98 L588X 1,94
L169X 1,89 F379X 1,97 G589X 1,96
F170X 1,89 Y380X 1,97 1590X 2,00
Y171X 2,04 C381X 1,97 W591X 1,97
R172X 1,92 N382X 1,97 G592X 1,97
L173X 1,89 T383X 1,98 C593X 1,99
D174X 1,95 S384X 1,98 §594X 1,99
1175X 1,94 S385X 1,97 G595X 1,92
V176X 1,94 L386X 1,97 K596X 1,94
P177X 1,89 F387X 1,96 L597X 1,98
L178X 1,99 N388X 1,97 1598X 1,98
E179X 1,94 S389X 1,96 C599X 1,97
E180X 1,93 T390X 1,97 T600X 191
E181X 1,96 Y391X 1,98 T601X 1,99
R182X 1,96 N392X 1,99 A602X 1,98
K183X 2,00 P393X 1,97 V603X 1,97
G184X 1,93 N394X 1,99 P604X 2,00
N185X 1,93 D395X 1,98 W605X 1,95
S186X 191 T396X 1,99 N606X 1,93
S187X 1,90 N397X 1,99 S607X 1,95
K188X 1,94 S398X 1,97 S608X 1,94
Y189X 1,93 N399X 1,95 W609X 1,94
R190X 1,92 S400X 1,99 S610X 1,94
L191X 191 S401X 1,98 N611X 1,95
1192X 191 S402X 1,97 K612X 1,94
N193X 1,92 S403X 1,97 S613X 1,96
C194X 191 N404X 1,97 H614X 1,88
N195X 1,92 S405X 1,93 D615X 1,97
T196X 1,95 S406X 1,99 E616X 1,96
S197X 1,93 L407X 1,98 1617X 1,95
A198X 191 D408X 1,93 W618X 1,93
1199X 1,92 409X 1,98 G619X 1,95
T200X 1,94 T410X 2,00 N620X 1,95
Q201X 1,93 411X 1,97 M621X 1,89
A202X 1,93 P412X 1,98 T622X 1,97
C203X 1,93 C413X 1,98 W623X 1,94
P204X 1,92 R414X 1,95 M624X 1,99
K205X 1,94 415X 1,93 Q625X 1,95
V206X 1,94 K416X 1,94 W626X 1,96
T207X 1,92 Q417X 1,95 D627X 1,96
F208X 1,96 1418X 1,95 R628X 1,93
D209X 1,92 1419X 1,94 E629X 191
P210X 1,92 N420X 1,94 1630X 1,94
1211X 1,90 M421X 1,97 S631X 1,93
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P212X 191 Ww422X 2,00 N632X 1,92
1213X 1,89 Q423X 2,00 Y633X 1,93
H214X 1,96 E424X 2,01 T634X 1,94
Y215X 191 V425X 1,98 N635X 1,95
C216X 1,95 G426X 1,98 T636X 1,93
A217X 1,89 R427X 1,98 1637X 1,93
P218X 1,94 A428X 1,96 Y638X 1,94
A219X 1,93 M429X 1,92 R639X 1,93
G220X 1,94 Y430X 1,99 L640X 1,93
Y221X 1,94 A431X 2,04 L641X 1,94
A222X 1,88 P432X 1,88 E642X 1,95
1223X 1,89 P433X 191 D643X 1,93
L224X 1,95 1434X 1,91 S644X 1,93
K225X 1,94 E435X 1,89 Q645X 1,95
C226X 1,94 G436X 191 N646X 1,94
N227X 1,92 N437X 1,99 Q647X 1,93
N228X 1,97 1438X 1,99 Q648X 1,94
K229X 1,93 T439X 191 E649X 1,97
T230X 1,95 C440X 2,05 Q650X 1,94
F231X 1,92 K441X 1,89 N651X 1,92
N232X 1,94 S442X 1,89 E652X 1,95
G233X 1,90 N443X 2,07 K653X 1,93
T234X 1,93 444X 1,92 D654X 1,93
G235X 1,92 T445X 1,93 L655X 1,93
P236X 1,92 G446X 1,94 L656X 1,92
C237X 1,93 L447X 1,94 AB57X 1,93
N238X 1,92 L448X 1,95 L658X 1,92
N239X 1,93 L449X 1,96
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Ladder Amino acid position in the SeqPer library (pool of position) Ladder Amino acid position in the SeqPer library (pool of position)
2. =3
58 55
=S 30 31 32 33 34 35 36 37 38 39 40 41 —~ S 41 42 43 44 45 46 47 48 49 50 51 52

87 88 89 90 91 92 93 94 95 96 97 98

99 100 101 102 103 104 105 106 107 108 109110 110 111 112 113 114 115 116 117 118 119 120 121

122 123 124 125 126 127 128 129 130 131 132133 133 134 135 136 137 138 139 140 141 142 143 144

145 146 147 148 149 150 151 152 153 154 155 156 156 157 158 159 160 161 162 163 164 165 166 167

Ncol-HF = + = + = 4 = 4+ = & = + = 4 = 4 = + = 4+ = + = LRI B SR A . SRR S . S S BN
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Ladder Amino acid position in the SeqPer library (pool of position) Ladder Amino acid position in the SeqPer library (pool of position)

179 180 181 182 183 184 185 186 187 188 189 190

191 192 193 194 195 196 197 198 199 200 201 202 202 203 204 205 206 207 208 209 210 211 212 213

214 215 216 217 218 219 220 221 222 223 224225 225226 227 228 229 230 231 232 233 234 235 236

237 238 239 240 241 242 243 244 245 246 247 248 248 249 250 251 252 253 254 255 256 257 258 259

260 261 262 263 264 265 266 267 268 269 270 271 271272 273 274 275 276 277 278 279 280 281 282

283 284 285 286 287 288 289 290 291 292 293 294 294 295 296 297 298 299 300 301 302 303 304 305

Ncol-HF - + - 4+ - + - + = 4 = 4+ = 4+ - 4+ = + -+ = + -
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Ladder  Amino acid position in the SeqPer library (pool of position) Ladder Amino acid position in the SeqPer library (pool of position)
oy 5

£ 28

—~ 2 306 307 308 309 310 311 312 313 314 315 316317 = S 318 319 320 321 322 323 324 325 326 327 328

329 330 331 332 333 334 335 336 337 338 339 340 340 341 342 343 344 345 346 347 348 349 350 351

352 353 354 355 356 357 358 359 360 361 362 363 363 364 365 366 367 368 369 370 371 372 373 374

375 376 377 378 379 380 381 382 383 384 385386 386 387 388 389 390 391 392 393 394 395 396 397

398 399 400 401 402 403 404 405 406 407 408 409 409 410 411 412 413 414 415 416 417 418 419 420

421 422 423 424 425 426 427 428 429-430 431 432 432 433 434 435 436 437 438 439 440 441 442 443

Ncol-HF - + = 4+ = + = 4 =4 = 4+ = + = + - LR R RO R B SR R U S R S
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Ladder Amino acid position in the SeqPer library (pool of position)

478 479 480 481 482 483 484 485 486 487 488 489

490 491 492 493 494 495 496 497 498 499 500501 501 502 503 504 505 506 507 508 509 510 511 512

513 514 515 516 517 518 519 520 521 522 523524 524 525 526 527 528 529 530 531 532 533 534 535

536 537 538 539 540 541 542 543 544 545 546 547 547 548 549 550 551 552 553 554 555 556 557 558

559 560 561 562 563 564 565 566 567 568 569570 570 571 572 573 574 575 576 577 578 579 580 581

Ncol-HF - + - + - + - + = 4 = + - 4+ = + - + - + - + - L e R I T I S ST I S 3
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Ladder  Amino acid position in the SeqPer library (pool of position) Ladder Amino acid position in the SeqPer library (pool of position)
5 5
£g £g
—~ 2 582 583 584 585 586 587 588 589 590 591 592 593 —~ =593 594 595 596 597 598 599 600 601 602 603 604

616 617 618 619 620 621 622 623 624 625 626 627

628 629 630 631 632 633 634 635 636 637 638 639 639 640 641 642 643 644 645 646 647 648 649 650

-+ -+ - e e S S S T T ST T S S

-+ -+

NeobHE @ = & = & = & = * = ok

Figure S2 - Agarose gel electrophoresis of native and digested plasmid DNA . Restriction assay
profiles of all pools-of-position from the SeqgPer library are shown. One band at the length of 7937 bps for
the native (NcolHF-) and four bands at3744, 2353, 1519 and 321 base pairs for the digested pDNA (Neol

HF +) were expected
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Ladder Ladder

100 bp
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Ncol-HF - + - + - + - + = 4+ - + - 4 - 4 - 4+ = + - + Neol-HF- + - + - + = + - + - 4+ - 4+ = %+ - 4+ = 4+ - 4+
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Figure S3 - Restriction enzyme assay profile for (A) sub-library 136 and (B) sub-library 316.
Plasmid DNA of 40 random colomforming units from (C1-C40) sub-library 136 and 316 of the SeqPer
library was analyzed. 1 pg native and digested (NcéliF, 2h, 370 plasmid DNA was visualized on a 0.8
% agarose gel. The wildtype restriction pattern from the 16055 gp145 Env (WT) and tipols-of-position
135 (P136) and 316 (P316) are also shown. Aberrational colony forming units asenotedin red.
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