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ABSTRACT

Despite substantial technological advances in antibody library and display platform development, the
number of approved biotherapeutics from displayed libraries remains limited. In vivo, 20-50% of periph-
eral B cells undergo a process of receptor editing, which modifies the variable and junctional regions of
light chains to delete auto-reactive clones. However, in vitro antibody evolution relies primarily on
interaction with antigen, with no in-built checkpoints to ensure that the selected antibodies have not
acquired additional specificities or biophysical liabilities during the optimization process. We had pre-
viously observed an enrichment of positive charge in the complementarity-determining regions of an
anti-IL-21 R antibody during affinity optimization, which correlated with more potent IL-21 neutralization,
but poor in vivo pharmacokinetics (PK). There is an emerging body of data that has correlated antibody
nonspecificity with poor PK in vivo, and established a series of screening assays that are predictive of this
behavior. In this study we revisit the challenge of developing an anti-IL-21 R antibody that can effectively
compete with IL-21 for its highly negatively charged paratope while maintaining favorable biophysical
properties. In vitro deselection methods that included an excess of negatively charged membrane
preparations, or deoxyribonucleic acid, during phage selection of optimization libraries were unsuccessful
in avoiding enrichment of highly charged, nonspecific antibody variants. However, a combination of
structure-guided rational library design, next-generation sequencing of library outputs and application of
linear regression models resulted in the identification of an antibody that maintained high affinity for IL-
21 R and exhibited a desirable stability and biophysical profile.
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Introduction

Phage display remains a workhorse for the generation and
optimization of biotherapeutics. It provides a versatile platform
to represent in excess of 10'® unique, fully human, synthetic or
immune repertoires for panning against conserved proteins,
specific epitopes, particular protein conformations or protein
complexes.'* Additionally, carefully designed selection strate-
gies can drive for cross-species reactivity, homolog specificity
and thermal stability.”” Conversely, in the absence of the
natural in vivo processes of B-cell receptor editing and negative
selection, the iterative enrichment that underpins phage dis-
play can result in the emergence of poor biophysical properties,
such as reduced stability, increased aggregation propensity and
nonspecific binding.*'® Increased net complementarity-
determining regions (CDR) loop charge, and the presence of
positively charged patches, have been associated with nonspe-
cificity, poor in vivo pharmacokinetics (PK) and ultimately
unfavorable developability.®'' ">

Considerable efforts have focused on engineering strategies
to reduce CDR-based charge while still maintaining high
affinity.>'*""> In addition, several groups have developed
in vitro screening assays to identify nonspecific or polyreactive
antibodies, thus preventing the costly progression of such
monoclonal antibodies (mAbs) through the development

pipeline.'®"'® We have developed one such suite of appropri-
ately high-throughput in vitro assays for which standardized
scores have been correlated with in vivo human PK.'* We
identified deoxyribonucleic acid (DNA) and insulin-binding
enzyme-linked immunosorbent assays (ELISAs) as the most
sensitive, robust and amenable to high-throughput
automation.'®'® As a measure of self-association, a property
correlated with poor solubility and viscosity, we adopted the
affinity-capture self-interaction nanoparticle spectroscopy
(AC-SINS) assay.17_19 Our previous studies concluded that
mADbs scoring > 11 on all three in vitro assays (DNA-binding,
insulin-binding and AC-SINs assays) are predicted to have
poor PK, enabling the removal of poorly behaved mAbs from
the pipeline.'"® However, with increasingly complex mechan-
isms-of-action and more elusive targets, obtaining both highly
functional and biophysically well-behaved antibodies remains
challenging.

With a goal of delivering as much functional diversity as
possible to the downstream screening process, we sought to
explore the effects of applying deselection pressures to our
phage libraries to remove nonspecific clones. This has been
previously applied with some success using discovery libraries
in yeast display where a soluble membrane protein (SMP)
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preparation was used to identify nonspecific clones.”® These
clones could be subsequently sorted and separated from anti-
gen-specific binding populations using fluorescence-activated
cell sorting (FACS). Based on our previous experience, dssDNA
and SMP derived from chicken cells (DT40) were prioritized as
our deselection agents.'®

As an antibody optimization test case we chose MJ4-2,
a neutralizing anti-IL-21 R antibody derived from a rat
immunization campaign, which competes with IL-21 for
binding to its receptor. IL-21-IL-21 R interaction has been
shown to be mediated primarily via charge, with 80% of the
IL-21 paratope representing positive charge.21 A previous
anti-IL-21 R affinity optimization effort perhaps unsurpris-
ingly resulted in positive charge enrichment during phage
display, and this was shown to directly correlate with poor
PK.**** MJ4-2, derived through in vivo evolution, has
a nanomolar (nM) affinity for IL-21 R. However, it has sub-
optimal biophysical properties, precluding any further devel-
opment. The goal of this study was to use mutagenesis stra-
tegies and phage display in combination with deselection
strategies to maintain MJ4-2 affinity for IL-21 R, but mitigate
its undesirable specificity and developability issues. A number
of deselection strategies were used, but positive charge
enrichment proved a substantial challenge that was not pos-
sible to avoid through deselection alone. A co-crystal struc-
ture of MJ4-2/IL-21 R, together with next-generation
sequencing (NGS) datasets derived from optimization library
outputs after antigen selection, and deselection, informed
linear regression models that ultimately identified a lead
clone with greatly improved biophysical properties.

Results

Deselection approaches do not significantly affect
selection outcomes

As a first step toward optimization, we humanized rat anti-
IL21R MJ4-2 using alternative framework grafting, selecting
five variable heavy (VH) and four variable light (VL) germlines
as acceptor frameworks for the parental rat CDRs (Figure SI).
Clone 2 (C2; Vys.30/Vki39) demonstrated good periplasmic
single-chain variable fragment (scFv) expression and antigen
binding while retaining the characteristic sub-optimal biophy-
sical liability scores (Table S1, Figure S2). Soft mutagenesis
across all 6 CDRs of C2 generated 15 mutagenic libraries (9
VH and 6 VL sub-libraries) each containing 10’~10® variants.
Libraries were rescued independently prior to pooling, gener-
ating a single VH and VL library pool for selection. Given
legacy challenges of extreme positive charge enrichment in
CDRs during anti-IL-21 R optimization, two different selection
strategies were tested: In-solution deselection and nonspecifi-
city pre-clearing (Figure 1(a)). The in-solution deselection
strategy involved standard antigen selection in the presence
or absence of competing DNA or SMP (Figure 1(a), Figure
S3A). The nonspecificity pre-clearing strategy went a step
further, combining the in-solution deselection strategy with
a pre-clearing step at each round, i.e., the phage pool was first
incubated with DNA/SMP-coated immunotubes for 2 hours
prior to subsequent antigen selection in the presence of the

deselective agent (Figure 1(a), Figure S3B). Four rounds of
panning were performed with antigen concentration decreas-
ing 10-fold/round.

In order to ensure that selection outputs derived from
R1-R4 maintained the same epitope as the parental mAb,
a competitive homogeneous time-resolved fluorescence
(HTRF) assay was used in screening. In this assay format,
the ability of periplasmic scFv outputs to compete with
parental C2 binding to IL-21 R is measured, with a decrease
in fluorescence representing direct competition, and mag-
nitude of decrease allowing an indirect assessment of com-
parative affinity. In-solution deselection was successful in
retrieving competitive clones from all rounds of selection
(Figure 1(b)). In contrast, nonspecificity pre-clearing failed
to identify any competitive clones after round 2 of selec-
tion. We hypothesized that a R1 starting concentration of
0.3 nM hIL-21 R may be too stringent when combined with
aggressive library pre-clearing. Thus, the soft libraries were
re-selected via nonspecificity pre-clearing with a R1 starting
concentration of 30 nM IL-21 R. Providing a higher antigen
concentration from R1 allowed the identification of func-
tional clones from this branch (Figure 1(b), Figure S3C).
Competitive clones identified via HTRF were analyzed via
Sanger sequencing. The sequencing results revealed limited
mutational variation in the C2 variants, with most variants
possessing 1-2 substitutions from parental with a clear
preference for mutation in VL-CDR3. Within the func-
tional VL population, nine clones with increased positive
charge dominated across all branches of selection, regard-
less of the deselection agent or selection method applied
(Figure 1(c,d); Figure S4A). This positive charge enrich-
ment was recapitulated in the VH library outputs, with
VH-CDRI mutation being most dominant (VH results are
summarized in Figures S4B-D). The 9 dominant clones,
which represented 80% of the Sanger sequences, were refor-
matted to IgG for assessment in the specificity ELISAs
(DNA and insulin) and AC-SINS assay (Figure 1(e)). As
expected, given the charge enrichment observed, dominant
clones displayed higher scores than the parental antibody in
all assays. Initial data suggest that neither dsDNA nor SMP
were effective in avoiding charge enrichment during anti-
body optimization.

Next-generation sequencing provides a comprehensive
dataset for computational design approaches

Deselective pressures applied to the C2 mutational libraries
failed to yield clones with reduced charge or improved biophy-
sical properties. However, given the limited sampling possible
via traditional screening (typically 88 of 10° clones/round of
selection are assessed in functional screening assays), R3 library
outputs were assessed via NGS using the Illumina 300 bp pair-
end MiSeq platform (R3 outputs from all deselection condi-
tions displayed maximal IL-21 R binding in a polyclonal phage
ELISA and were therefore chosen for subsequent NGS analysis;
data not shown). The high-quality reads (average Phred score
37.7) yielded 5.6-20 x 10° raw reads/sample (Table S2). Reads
were processed for V/J-gene assignment and canonical num-
bering using in-house bioinformatic tools. To limit the
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Figure 1. Deselection approaches do not prevent positive charge enrichment. (a) Schematic illustrating two differing selection strategies used to select mutagenic
libraries. (b) Selection outputs (Round 1-4) from separate strategies were induced to express scFv and inhibitory activity was assessed via periprep HTRF. (c) Sanger
sequencing of clones with equivalent or improved AF over parental revealed the percentage of the screening output represented by 9 dominant clones. (d) Sequences

of the nine dominant clones, net VL CDR charge and BlAcore affinity measurements (e) AC-SINS and DNA binding scores for the dominant clones.

influence of polymerase chain reaction (PCR) or sequencing with a frequency < 10™® was omitted from further analysis.
generated errors, sequences observed only once and any clone

Species accumulation curves highlighted that the diversity of
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Figure 2. NGS of R3 selection outputs. Next-generation sequencing was performed on R3 outputs of the following selection branches: No deselection, in-solution DNA
deselection and in-solution DT40 membrane deselection. (a) A slope of unity was generated with the frequency of shared clones between the non-deselected and
deselected samples. (b) Overlap histograms highlighting the net CDR charge of unshared clones between non-deselected and deselected samples.

each output pool had been adequately sampled, with the no
deselection sample saturating significantly faster as a result of
being allocated a greater sequencing space (Figure S5,
Table S2).

To assess the convergence of samples generated in the
absence or presence of deselection agents, the degree of shared
clones and their relative frequencies within a population were
assessed. Across all branches, shared clones illustrated highly
correlated frequencies and represented 95-99% of the sample

Table 1. Frequency of dominant clones within NGS dataset.

abundance (Figure 2(a)). This further highlighted that deselec-
tion mechanisms did not significantly alter the output clones or
their abundance. We next asked if there were notable differ-
ences between the remaining un-shared clones, which
accounted for less than 0.1% of each sample. Neither DNA
nor SMP induced significant change in CDR charge or hydro-
pathic index (a measure of hydrophobicity) of the remaining
unshared clones (Figure 2(b)). Surprisingly, NGS revealed no

P — —

VL-CDRI VL-CDR2 VL-CDR3 None DNA SMP
C2 Parental GASQSVSISRFNLMH RASNLAS CQQSRESPPTF 0.268 0.596 0.268
1 K. 0.223 0.216 0.350
2 A 0.038 0.017 0.037
3 B - SO 0.040 0.033 0.058
4 K. S, 0.009 0.006 0.011
5 ...KH. 0.004 0.007 0.013
6 N 0.009 0.004 0.010
7 LA 0.012 0.004 0.010
8 e Qe 0.010 0.003 0.009
Sum of frequencies of dominant clones 0.61 0.89 0.77
Percentage of sequence space consumed by dominant clones 61.46 88.79 76.59

NGS data was generated for R3 outputs of the VL soft mutagenic anti-IL-21 R library. Datafiles were searched and frequencies noted for the C2 parental clone and 8

additional clones which dominated the traditional selection output.
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Figure 3. Structurally guided interrogation of NGS datasets. (a) The structure of hiL-21 R interacting with the parental lead molecule MJ4-2 (b) Overlay of the structure of
hIL-21 R in complex with both MJ4-2 Fab and IL-21. (c) Top down view of the MJ4-2 binding pocket highlighting the electrostatic potential and mutations within the
binding pocket predicted to improve biophysical properties. (d) AC-SINs and DNA score for clones identified as high-frequency NGS clones, clones identified through
traditional screening methods and clones rationally designed from the NGS data set or (e) Clones predicted via linear regression to have improved or poor biophysical

properties.

difference between deselection agents and indeed no discern- Nonetheless, NGS did provide valuable insights into the
ible difference to the no deselection control branch. traditional screening processes: dominant clones identified
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via traditional screening represented a similar proportion of
the NGS generated pool (Table 1) with less dominant clones
present at both high and low frequencies (Table S3).
Furthermore, NGS provided a vast dataset of previously un-
sampled clones for interrogation.

In order to further explore the NGS dataset for potential IL-
21 R binders with reduced biophysical liabilities, we solved the
co-crystal structure of MJ4-2 interacting with IL-21 R and
combined both datasets to inform a computational design
approach. The crystal structure of MJ4-2 Fab in complex with
the extracellular domain of IL-21 R revealed that MJ4-2 binds
almost exclusively to the negatively charged D1 domain of IL-
21 R, making only one contact with the D2 domain. The
binding of MJ4-2 to D1 is mediated by the strong positive
electrostatic surface potential of the VL CDR loops (Figure 3
(a)), with each donating one arginine to form hydrogen-bonds
with the negatively charged residues on D1. Comparison with
the structure of IL-21 bound to IL-21 R, confirmed that MJ4-2
antagonizes IL-21 R by competing with IL-21 for overlapping
binding determinants (Figure 3(b)). A top-down view of the
binding pocket highlights the positively charged patches across
both the VH and VL CDRs (Figure 3(c)). Computational
binding affinity and stability predictions were used to identify
non-contact points that would tolerate either increased nega-
tive charge, reduced positive charge or reduced hydrophobi-
city, while retaining antigen binding (Figure 3(c)). Of 40
rationally designed VL variants, 14 of these already existed in
the NGS dataset.

These rationally predicted clones, alongside 21 high-
frequency NGS clones that were not identified via traditional
screening, were produced in IgG format for assessment in our
suite of biophysical liability assays (Figure 3(d)). While the
rationally predicted IgGs trended toward improved biophysical
behaviors when compared with high-frequency NGS and tra-
ditionally identified IgGs, none possessed biophysical liability
scores within the acceptable thresholds (<11 in all assays).18
Nevertheless, these additional populations contributed to an
IgG dataset linking performance to sequence. This dataset
(consisting of 180 IgGs with associated DNA- and insulin-
binding ELISA scores, AC-SINs scores and fold change in half-
maximal inhibitory concentration (IC50) as determined by
HTRF) was used to generate linear regression models for
each assay parameter. These models were generated by con-
verting the sequences of the variable domains into vectors of
length 20xN where N is the number of sites, and each site is
encoded as a 20 x 1 vector that is all zeros except for a 1
corresponding to the particular amino acid. One vector for
each of the 180 IgGs was then combined into a single matrix
with corresponding assay data for each of the three assays. We
then used the linear regression module of matlab (regress) to fit
the weight matrix for each assay.** New sequences were scored
by matrix multiplication of the sequence matrix and the weight
matrix. The models for the DNA, insulin and AC-SINS scores
were applied to the NGS datafiles, generating predicted scores
for all sequences. Sequences predicted to be improved over the
parental for each parameter were filtered. Of the 119 sequences
identified via linear regression (88 VH and 32 VL), only 10 had
predictive scores <11 on all three biophysical assays. Moreover,
all 10 of these sequences came from the VH dataset, with none

of the 32 VL identified sequences having a predicted cumula-
tive score < 33 (sum of predicted DNA, insulin and AC-SINS).
To evaluate the use of such a model in extracting improved
clones from an NGS dataset, 18 sequences were produced in
IgG format, 10 with predictive scores <11 for all 3 assays and 8
with poor predicted scores. When produced in IgG format,
there was a notable difference in the DNA binding and AC-
SINS scores, with clones predicted to be well-behaved having
improved scores over the poorly predicted clones (Figure 3(e)).
While two of these clones had favorable AC-SINs and DNA
binding scores (Figure 3(e)), both molecules had significantly
reduced affinity (7-15-fold; data not shown).

Structure-guided rational library design enables
identification of clones that meet developability criteria
while maintaining IL-21 R affinity

In addition to informing predictive modeling, the co-crystal
structure of IL-21 R/MJ4-2 was used to design charge-reduced
libraries for the VL and VH, allowing combinatorial sampling
of mutations previously identified as being amenable to nega-
tive charge introduction, positive charge removal or reduction
of hydrophobicity (Figure 4(a)). Each library was built and
selected against hIL-21 R either in the absence of deselection
pressure or with nonspecificity preclearing with DNA or SMP
(Figure S6). After two rounds of selection, the VH and VL
outputs were combined to generate a VH-VL library pool,
which was then selected through round 3 and round 4.
Periprep HTRF screening was carried out on output rounds 3
and round 4, these outputs were also prepped for NGS analysis.
Initial screening identified 29 clones that were expressed as IgG
and characterized. Of these rational library clones, 5 did indeed
meet the developability criteria (Figure 4(b)). Inherent to
library design, these rational library clones were mutationally
more distant from the parental when compared with IgGs
identified from the soft mutagenic library; all containing 2 or
more mutations from parental across all CDRs, not just in the
previously observed hotspots of VL-CDR3 and VH-CDRI1
(Figure 4(b)). However, all displayed poor binding to IL-21 R
when assessed using BIAcore (data not shown). Despite not
achieving the desired combination of reduced biophysical
properties and increased affinity, the rational library outputs
did provide an additional dataset in which combinatorial
mutations across the VH-VL sequence could be linked with
function. Incorporation of the rational library screening and
NGS outputs into the previously applied linear regression
models, and application of these models to the rational library
NGS dataset, resulted in the identification of 33 clones pre-
dicted to have nonspecificity scores < 11 in all three assays.
When produced as IgG, 5 clones met all developability criteria
(Figure 4(c)). Furthermore, BIAcore assessment revealed that
mAb5-Rational retained IL-21 R binding with an affinity com-
parable to the parental control (Figure 4(c,d)).

Discussion

The development and implementation of high-throughput
in vitro assays at early stages of drug discovery has helped to
identify mAbs with poor developability profiles. However,
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Figure 4. Design, selection and screening of a computationally designed rational library. (a) Amino acid diversity introduced across all 6 CDRs within the rational library
design. Sequence and biophysical scores of clones identified from selection and screening of a (b) rationally designed library or (c) application of linear regression
models to the rational library NGS outputs. (d) Overlay of BlAcore trace of C2 parental and mAb5-Rational.

during the antibody library selection process, mAbs with poor
biophysical properties or excessively charged CDR loops can
dominate selection outputs. In this study, we aimed to main-
tain affinity for IL-21 R while improving the poor biophysical
properties of the anti-IL-21 R mAb MJ4-2. Using parallel
deselection methods, in combination with traditional screen-
ing and NGS analysis of outputs, we demonstrate that neither
dsDNA nor SMP can prevent positive charge enrichment.
Previous studies using SMP in combination with yeast display
have shown success in decreasing the number of hits with poor
biophysical properties.'”>>** Of note, the yeast display

platform uses stringent FACS gating, preventing the carry-
over and iterative enrichment of these poorly behaved clones
through rounds of selection. In the particular case of the IL-
21 R mAb, the combination of the low target isoelectric point
(pL 4.57) together with a reasonably high starting affinity for
target (5 nM) may have added to the challenges of using low
affinity, generic deselection agents.

The ability of NGS to provide > 10,000 antibody sequences/
binding population has the potential to revolutionize antibody
discovery, providing access to an unprecedented number of
potential lead candidates while simultaneously providing
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critical insights into library build and selection practices. As
such, NGS enabled comprehensive coverage of the binding
populations, overcoming a common concern of insufficient
output sampling through traditional screening methods. This
allowed an empirical demonstration of the failure of DNA and
SMP deselection to significantly alter the output population.
With NGS we observed 96% clonal abundance overlap between
selection branches, building on previous studies in which up to
75% clonal overlap was observed between replicate pannings
and analysis via Sanger sequencing.”® We found that dominant
clones identified via traditional screening are present at
a similarly high frequency within the NGS dataset, highlighting
the likelihood of high-frequency NGS clones representing
functionally relevant hits. Conversely, random colony picking,
which underpins traditional screening, can isolate functional
clones present within the NGS dataset at frequency as low as
107® while simultaneously omitting many additional high-
frequency binders.

The lack of associated function for NGS discovered
sequences, while a major hurdle for the incorporation of NGS
into naive discovery, is somewhat overcome in the affinity
optimization setting, where epitope and mode of action are
frequently known. In this setting, NGS can enable multi-
parametric optimization through the provision of vast datasets
for in silico filtering on CDR charge, hydropathy index, post-
translational modification associated sequence liabilities and
predicted immunogenicity.””>° Indeed, the application of such
filtering tools by Mason et al to a population of in silico
predicted binders enabled the reduction of potential leads
from 7.2 x 107 to 40,000.°" As an alternative method of navi-
gating the vast sequence space provided by NGS, we generated
a significant dataset (~ 200 IgGs) with associated functional
and biophysical characterization data and implemented linear
regression models to predict improvements in biophysical
behavior and affinity. The poor biophysical behavior of pre-
dicted clones, conferred via increased negative charge in VH-
CDRI, directly correlated with a significant decrease in antigen
binding. This intricate relationship between positive charge,
antigen binding and PK was previously reported with
a reduction in positive charge across CDRs reducing nonspe-
cificity, and improving in vivo PK, but ultimately at the cost of
antigen binding.®

The fundamental role of positive charge in IL-21 R
binding was further highlighted in analysis of the struc-
turally designed library outputs. Rational library-derived
clones with favorable DNA, insulin and AC-SINS scores
had reduced hIL-21 R binding. However, the functional
data generated with these rational library clones provided
additional diversity to the existing dataset linking geno-
type-phenotype, allowing refinement of the existing linear
regression models that could be applied to the associated
NGS data set. Ultimately, this refined analysis identified
a lead clone that retained affinity for IL-21 R while also
meeting all criteria in the biophysical characterization
assays.

The ability of the parental mAb MJ4-2 to out-compete the
existing highly electrostatic interaction between hIL-21 and
its receptor is dependent on the presence of a large positively
charge patch, which also contributes to nonspecific

interactions resulting in poor in vivo PK. In this study,
where antigen specificity and charge are intricately linked,
we have highlighted the difficulty in maintaining functionality
while attempting to reduce charge to improve overall biophy-
sical behavior. Surrogate in vitro deselection pressures
attempting to replace the process of in vivo receptor editing
were ineffective in avoiding charge enrichment. Indeed, the
low diversity, highly dominant clones that resulted from the
iterative rounds of selection of the single-CDR soft mutagen-
esis libraries demonstrated significant charge enrichment and
worse behavior than the parental molecule. Where complex,
multi-parameter optimization is required, it seems that com-
binatorial and potentially compensatory mutations are essen-
tial to achieve the fine balance between affinity and
developability. With this in mind, we feel that neither single-
CDR, soft mutagenesis libraries or deselection pressures
coupled with phage display were helpful in achieving our
ultimate goal. Instead, wusing structure to design
a mutationally restricted library that sampled across all six
CDRs in parallel provided the necessary information around
combinatorial mutations that could not have been predicted
a priori. Coupling this structure-guided design with NGS
analysis and linear regression models, we demonstrated that
it is possible to circumvent the complex charge-affinity rela-
tionship to achieve sufficient binding in combination with
acceptable developability to support further therapeutic
development.

Materials and methods
Humanization

Rat MJ4-2 CDR sequences were grafted onto the most similar
human germline V-gene sequences (IGHV3-7, IGHV3-30,
IGHV2-23, IGHV1-69, IGHV5-51, IGKV1-39, IGKV2-28,
IGKV3-20, IGKV4-1). Germline sequences were derived
from the international ImMunoGeneTics information system®
database (http://www.imgt.org/). Humanized VH/VL genes
were cloned into expression vectors and synthesized at Blue
Heron.

IgG expression

IgG expression plasmids were transfected with expifectamine
(Life Technologies) into human embryonic kidney-293 (HEK-
293) expi cells and conditioned media was harvested and
filtered 5 days later. IgG purification was achieved using
ProPlus resin tips on the MEA system (Phynexus) followed
by buffer exchange into phosphate-buffered saline (PBS).

Biophysical analysis

Purified IgGs were analyzed in ELISA format in a high-
throughput automated workflow for binding to DNA and
insulin against in-house controls, as previously described.'®
A similarly high-throughput method was used for IgG assess-
ment in the AC-SINS assayusing purified IgGs at
a concentration of 1 mg/mL as previously described.'®
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ScFv assessment

Clones 2, 4, 6 and 8 that were prioritized from the IgG analysis were
synthesized as scFv fragments in both V-V, and V;-Vy orientation
by Blue Heron, ligated into a proprietary in-house phagemid vector
and transformed into electrocompetent Escherichia coli (E.coli) TG1
cells (Lucigen). For each clone, a 10 ml culture was grown to mid-log
phase (ODgy = 0.5) and scFv expression was induced with addition of
isopropyl [-D-1-thiogalactopyranoside to a final concentration of
025 nM, followed by overnight growth at 30°C with shaking at
350 rpm. The periplasmic fraction was prepared as previously
described.® The presence of soluble scFv within these fractions was
assessed by Western blot (anti-c-myc horse radish peroxidase, Roche)
and sodium dodecyl sulfate—polyacrylamide gel electrophoresis.
A periprep binding ELISA was carried out as described previously
starting at a concentration of 50% (v/v) in a 2-fold dilution series
prepared in casein buffer with plates coated at 1 pg/mL IL-21 R*

ScFv library design and construction

For soft-mutagenic library design, introduction of diver-
sity along the 6 CDRs of Clone 2 was achieved through
the design of mutagenic primers, which allow approxi-
mately 50:50 incorporation of wild-type amino acid:19
amino acids at any given position. Primers were designed
to target 5-7 consecutive amino acids along the CDRs,
generating 15 diversity cassettes: VHCDR1a, VHCDR2b,
VHCDR2a, VHCDR2D, VHCDR2c, VHCDR2d,
VHCDR3a, VHCDR3b, VHCDR3c, VLCDRI1a,
VLCDRI1b, VLCDRl¢, VLCDR2a, VLCDR3a, VLCDR3b
(Table S4). Each diversity cassette was then incorporated
into a library insert using the splicing by overhang exten-
sion polymerase chain reaction (SOE-PCR) assembly
method.”** For the charge-reduced rational library
design, VH/VL diversity cassettes were generated by
TWIST Bioscience with each amplicon subsequently
paired with the corresponding parental chain (VL/VH).
Combination of the charge-reduced rational library out-
puts after 2 rounds of independent selection was achieved
through isolating the mutated VH/VL chain from the
respective pool via PCR wusing vector-specific primers,
and combining the VH and VL mutants to generate
a single paired amplicon using the SOE-PCR assembly
method. Library inserts were ligated into in-house phage-
mid vectors, transformed into electrocompetent E.coli
TG1 cells (Lucigen) and rescued independently with
helper =~ phage  MI13K07 (NEB), as  previously
described.’*?® Library quality control was carried out
with sanger sequencing of 48 clones per sub-library. For
the soft-mutagenic libraries, rescued phage from the VH
and VL sub-libraries were pooled in equimolar concentra-
tions to generate a master VH and VL library for
selection.

DT40 soluble membrane protein preparation

The chicken lymphoblast cell line DT40 was obtained from
ATCC (CRL-2111) and cultured at 37°C in Dulbecco’s mod-
ified Eagle’s medium with 4 mM L-glutamine modified to
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contain 4.5 g/L glucose, 1.5 g/L sodium bicarbonate and
0.05 mM 2-mercaptoethanol, supplemented with 10% tryptose
phosphate broth, 10% fetal bovine serum, and 5% chicken
serum. Preparation of soluble membranes was accomplished
using previously described methods.*” Briefly, 1 x 10 cells (at
10°-10”/ml at confluency) were pelleted at 550 x g for 3 min.
Cells were kept at 4°C during centrifugation and for all sub-
sequent steps. Cells were washed with 100 ml of PBS-F (1
x PBS, 1 mg/ml bovine serum albumin) followed by a wash
with 30 ml Buffer B (50 mM HEPES, 0.15 M NaCl, 2 mM
CaCL,, 5 mM KCI, 5 mM MgCl,, 10% Glycerol, pH 7.2). The
cell pellet was resuspended in Buffer B (3x pellet volume) with
protease inhibitors (2.5x pellet volume; Complete protease
inhibitor (+P), Roche).The cells were homogenized and the
membrane fraction was collected by centrifugation at 40,0000
x g for 1 hr at 4° C. The membrane pellet was gently rinsed with
1 ml of cold Buffer B (+P), and supernatant discarded. The
pellet was resuspended in 3 ml of Buffer B (+P), transferred to
a Dounce homogenizer and disrupted by 30-35 strokes with
a tight-fitting pestle. The protein concentration of the resulting
enriched membrane fraction (EMF) was determined using the
bicinchoninic acid assay (BCA assay; Pierce).

Library selection and screening

Phage were blocked for 1 hr in 3% M-PBS followed
deselection on streptavidin-coated magnetic beads
(Dynabeads, Invitrogen, Cat # 112-06) for 30 min. Once
blocked and deselected on beads, nonspecificity preclear-
ing was achieved through 2 hr incubation on immuno-
tubes, coated with DNA (5 mg/ml, Sigma) or SMP
(100 pg/ml). In-solution deselection was achieved through
co-incubation of blocked, bead-deselected phage with
DNA (25 ug/ml)/SMP (100 pg/ml) and biotinylated hIL-
21 R (in house-source) for 1 hr. The concentration of
hIL-21 R was decreased 10-fold/round from a starting
concentration of 30 nM/300 pM for nonspecificity pre-
clearing and in-solution  methods, respectively.
Streptavidin-coated magnetic beads were used to pull-
down the hIL-21 R-biotin-phage complexes (15 min),
washing of bead-antigen-phage complexes was increased
from 5 to 15 washes from round 1-4. Phage were dis-
sociated from magnetic beads with 400 pl triethylamine
(100 mM, 10 min, Sigma) before neutralization with
200 pl Tris-HCI pH 7.5 (1 M, Sigma) and re-infection
into mid-log electrocompetent E.coli TG1 cells (ODggg
= 0.5). The output population was diluted on carbenicil-
lin-supplemented 2YT agar plates (100 pg/ml), allowing
for calculation of the output titer and selection of 88
individual colonies/branch/round for high-throughput
screening. ScFv expression, periplasmic preparation and
HTRF screening was carried out as previously described.*
The final HTRF reaction mixture contained 2.5 nM bio-
tinylated hIL-21 R, 1:500 dilution of SA-XL665 (CisBio),
1:500 dilution of europium cryptate-labeled MJ4-2 (pre-
pared using a cryptate labeling kit as per manufacturer’s
instructions, CisBio) and 50% (v/v) of periplasmic extract
from clones of interest.
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NGS of phage derived outputs

Plasmid DNA was isolated directly from the glycerol stock
of the selection round of interest (approx. 20 ul at ODggqg
= 20-50) using the QIAprep spin miniprep kit (QIAGEN).
Isolated dsDNA was quantified on the Qubit 3.0 fluorom-
eter using the Qubit® dsDNA HS kit (Thermo). The gen-
eration of a VH, VL, VH-VL amplicon for sequencing was
generated through a nested PCR. For the VH-VL ampli-
con, the initial PCR utilized a forward primer specific to
the vector leader sequence prior to the VH-VL insert and
a reverse primer downstream of the VL-FW4. For the
generation of individual VH/VL amplicons the site-
specific reverse/forward primers were complimentary to
the scFv glycine-serine-linker. The initial PCR (40 ul reac-
tion) was performed using Phusion HF 2X master mix
(Thermo) and the following cycle conditions: 98°C for
30 sec, 15 cycles of 98°C for 10 sec, 70°C for 30 sec, 72°
C for 30 sec and a final extension at 72°C for 8 min,
storage at 4°C. The initial PCR primers also incorporated
an 8-nucleotide index, 6-nucleotide unique molecular iden-
tifier and partial P5/P7 tag for the Illumina platform. PCR
1 product was run of a 2% agarose gel, purified using the
Wizard ® SV gel and PCR clean-up kit (Promega), quanti-
fied using the Qubit 3.0 and a second PCR performed to
generate complete P5/P7 adaptors for annealing to the
[lumina MiSeq chip. PCR 2 (100 pl) conditions were as
follows: Phusion GC 2X master mix (Thermo) with cycle
conditions: 98°C for 30 sec, 15 cycles of 98°C for 8 sec, 69°
C for 12 sec, 72°C for 10 sec and a final extension at 72°C
for 5 min with storage at 4°C. PCR 2 products were run
on a 2% agarose gel, gel purified, quantified and amplicon
purity was assessed on the 2100 Bioanalyzer (Agilent)
using the High Sensitivity DNA kit (Agilent).

NGS data analysis

Individual samples were pooled, spiked with 2% PhiX and
sequenced on the Illumina MiSeq platform using the v3 kit
(2 X 300 cycles, paired-end). Paired-end reads were merged
using FLASH.”” We then used in-house sequencing tools
for framework, CDR and germline assignment. In this
method, clones are defined as unique combinations of
V-Gene, J-Gene and CDR1, CDR2 and CDR3. Clonotypes
are defined as clones that share the same CDR3 and
lineages are clonotypes that share similar CDR3 sequences,
specifically having the same length and a positive
BLOSUMS62 score. Only complete V-domain reads, i.e.,
first position of FW1 through last position of FW4, were
retained for further analysis. A Phred threshold of 25 was
applied to bases that define the codons at V-domain posi-
tions, and any sequence was eliminated if it contained
a base with a quality falling below that threshold, while
requiring the definition of a germline identity or a CDR
position.”® This has the largest effect on the number of
sequences retained, but is critical to maintaining the fidelity
of clone, clonotype and lineage assignments. Singlets were
removed from all analyses, as was any clone with
a frequency <107°.

Species accumulation curves

Species are defined as clonotypes with counts above 1. An
accumulation curve wgs generated by taking the clonal fre-
quency distribution (Y f;, for n clonotypes) of those clono-
types in the sample afid simulating their recovery in the full
dataset. The accumulation is reported as the percentage of
clonotypes recovered as a function of the percentage of the
dataset sampled.

hiL-21 R -MJ4-2 structure

Protein purification and complex formation

The anti-IL-21 R- MJ4-2 antibody was expressed in 6 L of
media and purified on 6 ml of Mab Capture Protein A resin
(Thermo Fisher). The Fab fragment was generated through
digestion of this purified protein with immobilized papain
(Thermo Scientific) for 24 hours at 37°C. The Fc domain was
removed through binding the digest to 1 ml Mab Capture
Protein A resin (Thermo Fisher) resulting in a Fab only frac-
tion. The IL-21 R was purified on 10 ml of Probond Ni resin
(Thermo Fisher) followed by a second purification using
a Superdex 200 (Thermo Fisher) preparative SEC column in
Tris-buffered saline (TBS). Purified Anti IL-21- MJ4-2 was
complexed with the IL-21 R at a 1:1.2 Fab: receptor molar
ratio and the complex purified on a Superdex 200 preparative
SEC column equilibrated in TBS. The protein was concen-
trated to 14 mg/ml and set up in crystallography trays under
a variety of conditions.

Resolution

M]J4-2 Fab in complex with IL-21 R was crystallized at 18°C
from a solution containing 10% PEG MME 5000 and 0.1 M
MES, pH 6.5. The crystals had symmetry consistent with
orthorhombic space group C2221 and contained one protein
complex in the asymmetric unit cell. A data set to a 2.2 A
resolution was collected from a single frozen crystal at IMCA
beamline 17-ID at the Argonne National Laboratory (APS).
The data were processed and scaled using HKL2000. The final
data set was 88% complete with average redundancy of 4.6 and
with Rmerge of 10%. The structure was solved by molecular
replacement with PHASER using the Fab model prepared from
our structures of the previously obtained anti-human IL-21 R
clones (data not published) and using the IL-21 R model from
our crystal structure obtained for IL-21 R bound to IL-21 (data
not published). Several iterative rounds of model manual
adjustment and model rebuilding using COOT followed by
crystallographic refinement using Phenix yielded the final
refined model of the complex with a crystallographic Rwork
of 21.5% and Rfree of 24.0%. Statistics for data collection and
refinement are shown in Table S5. The structure is deposited in
the RCSB Protein Data Bank (PDB ID code 7KQ7).

Design of rational mutants

Using the starting crystal structure, we identified mutations
that had reduced charge (Arg/Lys/His to Neutral/Negative),
increased positive charge (Neutral to Glu/Asp) or had reduced
hydrophobicity that would be tolerated. To do this we



predicted the binding affinity and stability for all potential
point mutants using Discovery Studio 4.5 and FoldX.
Mutations that had a ddG of <-1 kcal/mol were considered
tolerated.

Discovery studio

From Discovery Studio, initial pdb formatted structures were
converted to .dsv formatted structures by applying the “Prepare
Protein” protocol of Discovery Studio 4.5 (Accelrys Inc.) The
protocol prepares the parent structure by correcting nonstan-
dard atom names, selecting single conformations for sites with
alternative conformations by taking the position with highest
occupancy, and adding missing side-chain atoms. Subsequently,
side chains for residues with missing atoms were optimized,
waters removed, missing loops modeled, and protonation states
of titratable side chains were predicted using a pH of 7.4. This
protocol was run separately for the VH/VL+IL-21 R chain pdb
file and the VH/VL chain pdb file. The change in binding affinity
upon mutation was calculated by applying the “Calculate
Mutation Energy (Binding)” protocol from Discovery Studio
4.5 using a VH/VL+IL-21 R chain dsv formatted structure. The
default parameters were used with the exception of the nonpolar
Surface Coefficient, which was set to 0.007. Here the ligand chain
was set to be the IL-21 R Chain. In addition to affinity, changes
in stability of the Fab upon mutation were calculated using the
VH/VL chain .dsv file. Here, we applied the Calculate Mutation
Energy (Stability)” protocol from Discovery Studio 4.5. The
default parameters were used with the exception of the nonpolar
Surface Coeflicient, which was set to 0.007. The same sites as
those used for the binding prediction were calculated.

Fold X

Stability and affinity calculations were performed using pre-
viously described scripts and methods.>® Similarly, the FoldX 4
program was implemented as previously described.***' Briefly
the VH/VL+IL-21 R chain pdb file was run through the repair
protocol, and then each mutation was run through the Mutate,
analyze and stability protocols. Here the VH and VL chains
were defined as the complex and the IL-21 R chain was defined
as the ligand. All 20 amino acid single mutants in all sites of the
VH and VL chain were calculated. This was referenced to the
wild type (WT) position at each site. The change in binding
affinity and stability was extracted by taking the difference
between a mutation and the WT residue at each site.

Linear regression analysis

Sequences of the variable regions of 180 IgGs with associated
DNA- and insulin-binding ELISA scores, AC-SINs scores and
fold change in IC50 as determined by HTRF, were one-hot
encoded into 1 x 20*N-dimensional vector, where N is the
number of sites in the VH plus VL, and each site is 20-
column vector that only contains a 1 where the letter corre-
sponds to that amino acid. For each assay, a 20*N x 1 vector of
regression coefficients for each amino acid at each site was
determined by using the “REGRESS” multiple linear regression
using least-squares method in Matlab R2010b.** The assay
results were taken as the difference from the parental value
except the IC50, which was treated as the log of the fold-change
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from the parental. To predict the values of sequences outside
the training set, these new sequences were one-hot encoded
and multiplied by the vector of regression coefficients.
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pl isoelectric point

PK pharmacokinetics
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SOE-PCR splicing by overhang extension polymerase chain reaction
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