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ABSTRACT

Affinity maturation is often a necessary step for the development of potent therapeutic molecules. Many
different diversification strategies have been used for antibody affinity maturation, including error-prone PCR,
chain shuffling, and targeted complementary-determining region (CDR) mutation. Although effective, they can
negatively impact antibody stability or alter epitope recognition. Moreover, they do not address the presence of
sequence liabilities, such as glycosylation, asparagine deamidation, aspartate isomerization, aggregation motifs,
and others. Such liabilities, if present or inadvertently introduced, can potentially create the need for new
rounds of engineering, or even abolish the value of the antibody as a therapeutic molecule. Here, we
demonstrate a sequence agnostic method to improve antibody affinities, while simultaneously eliminating
sequence liabilities and retaining the same epitope binding as the parental antibody. This was carried out using
a defined collection of natural CDRs as the diversity source, purged of sequence liabilities, and matched to the
antibody germline gene family. These CDRs were inserted into the lead molecule in one or two sites at a time
(LCDR1-2, LCDR3, HCDR1-2) while retaining the HCDR3 and framework regions unchanged. The final analysis of
92 clones revealed 81 unique variants, with each of 24 tested variants having the same epitope specificity as the
parental molecule. Of these, the average affinity improved by over 100 times (to 96 pM), and the best affinity
improvement was 231-fold (to 32 pM).

Abbreviations: CDR: complementarity determining region; FACS: fluorescence-activated cell sorting;
ka: association rate; ky: dissociation rate; Kp: dissociation constant; scFv: single-chain variable fragment;
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Introduction

The quality of a monoclonal antibody is often measured by its
affinity to the target antigen. Hence, a common step in the
development of a therapeutic antibody is submitting selected
leads to affinity maturation campaigns on the assumption that
higher affinities will lead to higher drug potency.

Campaigns follow three basic steps: 1) diversification, 2) selec-
tion, and 3) validation, and many successful methods have been
used. Diversification has exploited error-prone PCR,"“* chain
shuffling,” targeted complementary-determining region (CDR)
mutation,”"" and others,'>'* and will usually create some variants
with higher affinities, and many with unchanged or lower affi-
nities. By using display platforms, such as phage,'®'"'*'* yeast,*'*
or ribosome display,'®"'® and the application of selective pressure,
the new variants with improved affinities can be separated from
the rest. Finally, the population obtained can either undergo addi-
tional rounds of diversification and selection, or individual clones
validated for affinity.

While these diversification techniques are efficient in creating
molecules with improved affinities, they often create challenges for
downstream development. For example, a biologically validated
lead undergoing maturation must retain the same epitope: aggres-
sive randomization strategies such as chain shuftling may lead to

epitope drift'” and instead of increased potency result in a loss of
biological activity. Random mutations throughout the entire VH
or VL domains will inevitably mutate regions unrelated to antigen
binding and may generate unstable molecules with poor
developability.*® The same is true for the insertion of degenerate
sequences within CDRs that can lead to unstable antibodies arising
from unnatural sequences causing covariance violations which
may affect the overall antibody structure.*"** Finally, none of
these techniques address the issue of sequence liabilities, such as
glycosylation, asparagine deamidation, aspartate isomerization,
and aggregation-prone motifs, which can negatively impact drug
development. Sequence liabilities may be present in the parental
molecule or introduced as a result of affinity maturation.

Here, we demonstrate the affinity improvement of an antibody
lead to picomolar Ky, values while retaining identical epitope
binding and reducing the number of sequence liabilities. This
relies on a new diversification strategy exploiting defined collec-
tions of natural CDRs purged of sequence liabilities, which we
have previously used to generate highly effective naive antibody
libraries yielding subnanomolar antibodies.*>** In this approach,
diversity is targeted based on the germline gene family of the
antibody to be affinity matured, and not to the specific antibody
sequence, i.e., two antibodies belonging to the same germline gene
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Figure 1. (a) Schematic representation of the parental antibody scFv and the three libraries produced in phase 1: L1L2, L3, and H1H2. Each library has diversity
introduced in the indicated CDRs. (b) Surface-plasmon resonance sensorgram of the parental antibody binding to the antigen at increasing concentrations (0.16 nM to
100 nM with a 5-fold stepwise increase). (c) Schematic representation of the L1L2 library assembly.

family will use the same source of CDR diversity, however different
the individual CDR sequences of the parental molecules are.

To generate the CDR diversity, CDR sequences were identified
by next-generation sequencing (NGS) of a naive library,” oligo-
nucleotides encoding individual CDRs were chemically synthe-
sized without degenerations. CDRs containing sequence liabilities
were eliminated, and the resultant CDR diversity was inserted into
the lead molecule one or two sites at a time (LCDR1-2; LCDR3;
HCDRI-2), as shown in Figure la. HCDR3 and the framework
regions were kept constant throughout the process. After selecting
improved affinity variants using yeast display, the resulting vari-
able regions of each library were combined and further selected.
Final analysis revealed >80 unique variants, with all 24 matured
antibodies tested having picomolar affinities and competing with
the parental for antigen binding.

Results

Phase 1: parental antibody, libraries construction, and
selections

An antibody against B7-H4, a monomeric human protein of
therapeutic interest, was chosen to be affinity matured using the
proposed method. The antibody, comprising a VH3 heavy chain
and a VA3 light chain, was initially identified by biopanning a naive
human single-chain variable fragment (scFv) phage display library
built based on the same principles as Erasmus et al.> Analysis of
the CDRs revealed three sequence liabilities with the potential to
affect downstream clinical development: two distinct aspartate
isomerization sites, which can lead to chemical degradation and
loss of potency,*® in LCDR2 and LCDR3, and a GG nonspecificity
motif”” in HCDR2. The scFv affinity (Kp) of the parental antibody
was determined to be 7.4 nM (k, = 4.5x10° M 's; " kq = 3.3x107°
s by surface plasmon resonance (SPR) (Figure 1b).

We used deep sequencing data (MiSeq and NovaSeq) from
the same antibody library used for panning and its previous
iteration® to identify CDRs that could be shuffled into the

parental sequence for affinity maturation. For LCDRI-2 we
considered only CDR sequences coming from the VA3 germ-
line family and for HCDRI1-2 we considered only sequences
from the VH3 family, assuming these sequences, since they
belonged to the same germline gene families as the parental
antibody, would be better tolerated and minimize potential
structural disruption. For LCDR3, however, we included all A
light chain LCDR3 sequences, regardless of the specific family
or germline since the CDR3 region should be able to support
a more diverse set of sequences. To minimize the chance of
selecting antibodies with unfavorable developability profiles,
sequences containing undesirable liabilities such as glycosyla-
tion sites and unpaired cysteines were eliminated (see Table 1
for the full list of excluded liabilities). Finally, the identified
CDRs were generated with flanking framework sequences
matching the parental antibody and produced using array-
based DNA synthesis. This allowed us to rescue the full diver-
sity at each CDR site by using framework primers.

To decrease the initial combinatorial diversity and fully
explore the potential at each site, we created three separate
libraries: L1L2, H1H2, and L3 (Table 2). These allowed us
to generate more transformants than the maximum combi-
natorial diversities for each library (theoretical diversity
ranging from 1.7 x 10° to 3.2 x 107). Also, by fixing at
least four parental CDRs, including the all-important
HCDR3, in each library, search space was decreased,
increasing the chances of finding new variants binding to
the antigen in the same way, which is essential to retaining
biological activity. In addition to the incorporated CDR
diversity, each library also included the parental CDR
sequences at the same abundance as the other introduced
CDRs, even if they contained sequence liabilities. This was
to ensure retained activity in the case that specific parental
CDR sequences were essential for binding.

Libraries were assembled by combining the newly produced
CDR pools with the remaining fixed regions derived from the
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Table 1. List of sequence liabilities removed from CDRs designed for the affinity maturation libraries. Any CDR containing any of the listed motifs was excluded from the

final oligonucleotide pool. Liabilities are not listed in any particular order of impact.

Liability Motifs Impact Reference
N-linked glycosylation  NxS and NxT, where x is not a Pro  stability, immunogenicity, half-life, heterogeneity, and effector function 28,29
Asn deamidation NG, NS, NT, NN protein structural changes, aggregation, loss of potency, half-life, and immunogenicity 2628
Asp isomerization DG, DS, DD protein structural changes, loss of potency, pharmacokinetics 26
Polyreactivity GG, RR, VG, WV, YY, WW, WxW potency, half-life z
Aggregation FHW stability in solution 3031
Unpaired Cys 0dd Cys number aggregation, manufacturing, potency, half-life 8
Proteolysis DP stability in solution 32

Table 2. The number of different sequences introduced in each CDR position of
light and heavy chain. Theoretical diversity is calculated by the combinatorial
potential of the CDRs and the reported number of transformants corresponds to
the yeast display libraries created.

Family Region CDRs Library Diversity Transformants

VA3 LCDR1 1,155 L1L2 498,960 1.26x107
LCDR2 432

VA LCDR3 166,196 L3 166,196 1.23x107

VH3 HCDR1 9,874 H1H2 31,685,666 7.4x107
HCDR2 3,209

scFv parental genes. For example, the L1L2 library was
assembled by: 1) amplifying the LCDR1 and LCDR2 with the
flanking frameworks from the synthetic oligo pool, 2) amplify-
ing the remaining parts of the scFv from the parental clone, 3)
assembling the produced fragments by overlap PCR, and 4)
transforming the produced scFv cassettes into S. cerevisiae
along with the digested yeast display vector (Figure 1c).

Two different selection strategies were used in this phase:
equilibrium selection and kinetic selection (Figure 2a and
Figure 2b). '>** Equilibrium selection was performed by incubat-
ing the scFv-displaying yeast cells with a defined concentration of
biotinylated antigen and sorting labeled cells immediately after
reaching equilibrium. Incubations are often performed with
decreasing antigen concentrations as the selection rounds pro-
gress. However, decreasing the antigen concentration cannot be
carried out indefinitely because displayed antibodies on the yeast
surface will deplete antigen from the solution before reaching
equilibrium.** Avoiding antigen depletion requires the use of
large and impractical incubation volumes with small numbers of
cells. An alternative to equilibrium selection is kinetic selection:
scFv-displaying yeast cells are incubated with the labeled antigen,
washed, and incubated with unlabeled antigen to select only
clones with stable binding to the antigen (slow off-rate — ky).
The far greater excess of unlabeled antigen prevents rebinding of
the displaced labeled antigen. After a defined period, cells still
bound to the labeled antigen are sorted.

We performed an initial flow cytometric assessment of the
libraries using decreasing antigen concentrations (Figure 2c).
The light chain libraries, L1L2 and L3, showed a small popula-
tion binding to the antigen mostly at the highest concentration
used (at 100 nM binding populations of 3% and 1.5%, respec-
tively), while for the H1H2 heavy chain library significant bind-
ing could be observed from 1.2 nM (2.9% of the population) to
100 nM (8.3% of the population), suggesting higher improve-
ment potential for the heavy chain CDRs as opposed to the light
chains for this particular clone.

Given the size of each of these libraries, we performed first
and second rounds of selection using magnetic-assisted cell

sorting (MACS) at antigen concentrations of 10 nM and
1 nM, respectively. This allowed us to label and sort a larger
number of cells than would have been practical using a flow
cytometer. For subsequent rounds, we used fluorescence-
activated cell sorting (FACS) to enable more precise sorting
of the cells of interest. After the first three rounds of equili-
brium sorting, we performed two rounds of kinetic sorting
with 4 hours of competition for the L3 and H1H?2 libraries.
Only one 4 h kinetic sort was performed for the L1L2 library,
followed by a negative sort, where the population was only
incubated with secondary reagents and negative cells were
sorted, which was done out of concern that enrichment of
polyreactive antibodies may occur in light of the weak positiv-
ity observed in the absence of antigen

An assessment of the population obtained for each of these
librarjes after five rounds show that in all cases a significant
improvement of affinity can be observed (Figure 2d): all gener-
ated populations show significant binding to the antigen even
4 hours after removal of labeled antigen, a time at which the
parental antibody shows minimal residual binding. Even though
we had not yet assessed affinities of individual clones, it is not
unreasonable to assume, given the yeast display staining profile,
that one could already find binders with satisfactory affinities at
this stage, depending on the requirements of the project.

Phase 2: combo libraries construction and selections

After selecting CDRs at each position in the three initial libraries
that mediated improved binding, we combined the selection out-
puts to obtain even longer off-rates. This was done by PCR
amplifying the regions of interest from each library, i.e., LCDR1
and LCDR2 plus flanking frameworks from the L1L2 final round
population, LCDR3 from the L3 and HCDR1 and HCDR2 from
the H1H2 library

Two “combo” libraries were assembled by PCR: the first
(Combo 1, comprising 2.27 x 10® transformants) was created by
combining the output of all three libraries (L1L2, L3, and H1H?2),
while the second (Combo 2, with 1.04 x 10® transformants)
omitted the L1L2 output and used the parental CDRs at LCDR1
and LCDR2 (Figure 3a). Equilibrium and kinetic sorts were again
used on these libraries (Figure 3b) with two successive rounds of
kinetic sorting at 4 h and 16 h with unlabeled antigen, respectively,
followed by a final equilibrium round at 0.1 nM antigen
concentration.

Immediately after transformation, the libraries showed bind-
ing to the antigen even at 0.1 nM - 51.8% and 62.9% of the
population for Combo 1 and 2, respectively (Figure 3c). After
three rounds of sorting, the difference between the combo
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Figure 2. (a) Schematic representation of yeast display selections using equilibrium and kinetic protocols. (b) Outline of the selection rounds performed in phase 1 with
the three-phase 1 libraries (L1L2, L3, and H1H2). (c) The yeast display binding profiles of the parental scFv and the three starting phase 1 libraries at increasing antigen
concentration assessed by flow cytometry. Binding to antigen (APC fluorescence) is shown on the Y-axis and scFv display (PE fluorescence) is shown on the X-axis. (d)
Yeast display binding profile of the parental scFv and the three-phase 1 libraries after 5 rounds of selection. A reference gate representing the parental population at the
corresponding given concentration is shown. In the last two columns, after labeled antigen incubation, cells were washed and incubated with an excess of unlabeled
antigen for 2 h and 4 h to evaluate overall improvement in off-rates.

librarjes and the parental antibody is striking (Figure 3d): at
0.1 nM >80% of the yeast population bound to the antigen for
both libraries as opposed to 55% for the parental antibody.
When stained with 1 nM of antigen, and subsequently incubated

with an excess of unlabeled Ag for 4 h, both combo libraries
show very little signal loss compared to the staining at 1 nM of
antigen with no competition period, whereas the parental com-
pletely lost binding under these conditions.
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Figure 3. (a) Schematic representation of parental antibody scFv and the two Combo libraries produced: Combo 1 has diversity in LCDR1-3 and HCDR1-2 and Combo 2
has diversity in LCDR3 and HCDR1-2. (b) Outline of the selection rounds performed in phase 2 with the two Combo libraries. (c) Yeast display binding profile of the
combo libraries before any rounds of selection were performed. Binding to antigen (APC fluorescence) is shown on the Y-axis and scFv display (PE fluorescence) is
shown on the X-axis. (d) Yeast display binding profile of the parental scFv and the combo libraries after 3 rounds of selection.

Sequence of the Affinity-Matured Clones

To evaluate the clones obtained we converted the populations
obtained after the third round of selection of the Combo libraries
to an scFv-Fc format to facilitate affinity screening. A total of 92
clones (45 from Combo 1 and 47 from Combo 2) were sequenced
and 81 unique sequences were identified: 38 from Combo 1, 39
from Combo 2, and 4 in both libraries (Figure 4a, Supplementary
Table 1). These unique sequences were often formed by different
combinations of the same CDRs (Figure 4b) found in LCDR1-3
and HCDR1-2 (Table 3, Supplementary Table 1). Interestingly,
the heavy chain CDRs were more diverse than the light CDRs.
This relates to the observed binding pattern of the first naive
libraries that showed a higher binding signal for the H1H2 library
(Figure 2c) suggesting that the heavy CDRs indeed were more
tolerant to sequence changes.

Sequence comparison of the CDRs present in the parental
antibody, the maturation libraries, and the identified clones
(Figure 4c, Supplementary Figure 1) shows that in many cases
the amino acid in the parental antibody was already optimal since
after several selection rounds the clones converge back to the
parental sequence. Strikingly, LCDR1 and LCDR2 seemed to
tolerate far fewer changes than the other CDRs, and for LCDR2,
almost all clones reverted to the parental sequence, justifying the
inclusion of the parental CDR sequences in the libraries. In
LCDR3, despite introducing a diversity of 166,196 different
CDRs from all A germlines, we only identified 5 different
sequences, all from the same family as the parental, with the
most abundant present in 76 of the 92 clones sequenced. As for
HCDRI and HCDR2, much of the diversity found is concentrated

in a few positions, suggesting that these may be less relevant for
binding (e.g., position 6 at both HCDR1 at HCDR?2), while some
other positions showed clear convergence to amino acids different
to the parental (Figure 4c, dashed boxes). Also of note, only two
HCDR2 sequences did not have a substitution comprising
a positively charged amino acid (K or R) at positions 6 or 7,
suggesting a strong role for electrostatic interactions in this spe-
cific region.

The number of CDR modifications in the antibodies ranged
from only 3 total to 15 amino acid changes (Figure 4d,
Supplementary Figure 1). However, approximately half the
clones came from the Combo 2 library in which LCDR1 and
LCDR2 were kept constant. That said, only one LCDR1 had 4
modifications from the parental with all others having 2 or
fewer (Figure 4e). For LCDR3, the dominant sequence had 4
modifications from parental, and for HCDR1 and HCDR2 the
most frequently observed change was 3 modifications. It is
important to notice that modifications were calculated using
the Levenshtein distance which encompasses substitutions,
insertions, and deletions, and the final number will be calcu-
lated as the minimum number of changes needed to transform
one sequence into the other.

None of the affinity-matured antibodies had sequence liabil-
ities in LCDR1, HCDR1, HCDR2, and HCDR3, which remained
unchanged from the parental. The GG sequence liability*” pre-
sent in the parental HCDR2 was most often replaced by GS, GA,
GT, and GD (present in 21, 19, 13, and 11 unique clones,
respectively). For LCDR3, 67 of the 81 clones did not have any
liabilities, 13 had the same sequence as the parental and therefore
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Figure 4. (a) Venn diagram representing the number of unique clones identified by Sanger sequencing coming from Combo libraries 1 and 2. (b) Chord diagram
showing the connections between each of the CDRs identified in the 81 unique affinity-matured clones. (c) Sequence logos®> comparing the CDRs from the parental
scFv, designed for the library, and observed in the sequenced clones. Letter heights indicate the frequency of the given amino acid and letter width represents the
frequency of non-gap at the position. Dashed squares show regions that converged for an amino acid different from the parental. (d) Heat map showing the number of
amino acid changes from parental in each CDR and the total number per clone. Each row represents an identified clone. Clones are ordered from least to most total
changes. (e) Histograms represent the number of amino acid changes in each CDR identified in the starting library and the total number of changes per clone after final
selection (Levenshtein distance).

retained a DS aspartate isomerization site, and one had the same included in the initial design. For LCDR2, only 1 of the 81
isomerization site plus a VV polyreactivity motif, probably aris- unique clones, G05, did not have the DDS aspartate isomeriza-
ing from a synthesis or PCR error since this CDR was not tion motif, replaced by an EDV, while 72 had the exact sequence



Table 3. The number of unique CDRs found in the 92 sequenced
clones (81 unique found).

Region Unique
LCDR1 12
LCDR2 5
LCDR3 5
HCDR1 20
HCDR2 45

Table 4. LCDR2 sequences identified in the 81 affinity-matured
clones. The first sequence corresponds to the parental clone and
the last sequence corresponds to clone GO05, not having the Asp
isomerization motifs.

LCDR2 Frequency
DDSDRPS 72
DDIDRPS 5
DDSDRSP 2
DDIDRPA 1
EDVDRPS 1

of the parental LCDR2 harboring the liability. Eight others were
similar to the parental sequence and still harbored the same
motif (again, likely coming from synthesis/PCR errors)
(Table 4). In summary, 68 affinity-matured clones had a single
CDR liability (Asp isomerization), 12 clones had 2, and 1 clone
had 3, showing that the method can be effectively used to reduce
developability issues simultaneously with affinity maturation
without compromising affinity improvement - Figure 5b
shows that the affinity of GO5, which lacks the aspartate isomer-
ization motifs (DD and DS in DDS) in LCDRI, is comparable to
the best affinity-matured clones.

Epitope, affinity, and polyreactivity screening

Of the identified clones, 24 were expressed as scFv-Fc in yeast:
12 from the Combo 1 library (A01-A02, A03-A06, B01-B06,
G05) and 12 from the Combo 2 library (A07-A12, B07-B12).
These had 3 to 13 amino acid changes from the parental. To
determine whether they retained the same epitope as the initial
lead, we tested if these were able to inhibit the parental scFv
from binding to the antigen. We incubated the scFv super-
natants with the labeled antigen (10 nM) for 15 minutes, added
the yeast cells displaying the parental molecule to the mixture,
and stained to detect binding. All 24 affinity-matured clones
showed significantly decreased binding to the antigen by the
parental, while a control scFv supernatant directed against an
unrelated target did not (Figure 5a). Although the precise
determination of the epitope recognized by all clones would
require structural analysis, the fact that all these retain the same
HCDR3 and framework regions of the parental molecule and
compete for antigen binding suggests they indeed recognize the
same epitope in the target molecule.

We determined the affinity of the 24 clones using high-
throughput SPR. The supernatants were arrayed by non-
covalent capture in a medium-density chip previously coupled
with an anti-human polyclonal antibody (at least 4 replicates
per clone). Non-biotinylated antigen was used for all affinity
measurements and sensorgrams were fitted using a 1:1
Langmuir kinetic model.”® The evaluated clones had affinities
(Kp) on average 103x better than the parental molecule

MABS (&) €2115200-7

(average 96 pM), dissociation rates (kq) 71-334 fold slower,
and association rates (k,) within the same order of magnitude
(Figure 5b and Figure 5c¢, Table 5 - capture, curve fitting, and
statistics for all replicates shown on Supplementary Table 2).
In fact, it is notable that the off-rates for some of the tested
antibodies are probably better than 107> (Figure 5b and
Figure 5c, Table 5), as indicated by the bunching of matured
antibodies at that value (Figure 5¢c, Table 5) - such slow off-
rates are challenging to accurately measure using SPR under
the specific experimental settings used. No affinity difference
was observed between clones coming from one combo library
versus the other. The improvement of off-rates, but not on-
rates, is a reflection of the protocols and selective pressure used
during library panning: extended periods of antigen release
favored stable binders with long off-rates, while no effort was
made to rescue clones that had a faster association.
Dissociation constants (Kp) for the replicates showed good
agreement (Supplementary Table 1).

Finally, we also used SPR to assess the polyreactivity of the
same clones. After the scFv-Fc fusions were captured, unrelated
protein antigens were injected (interferon a, ubiquitin carboxyl-
terminal hydrolase 11 [USP11], and IL17a-IL1788 heterodimer),
and also polyreactivity detection reagents we routinely use in our
laboratory (cardiolipin, lipopolysaccharide (LPS), and ssDNA).
None of the clones reacted against the unrelated protein anti-
gens (Supplementary Figure 2-5). Interestingly, the parental
molecule showed a detectable signal against cardiolipin and
ssDNA, suggesting that it had some degree of polyreactivity to
start with (Figure 6). Seven of the tested clones also showed
discernible binding to cardiolipin and one of them (B04) reacted
with ssDNA as well. The remaining 17 clones did not react with
any of the tested reagents (Figure 6), suggesting that the method
can also be effective in removing this biophysical liability even
though we have not screened for it beforehand or implemented
steps during selection to mitigate it. No obvious pattern was
observed among the polyreactive clones in terms of CDR usage.

Discussion

Technology for introducing diversity into proteins has long
existed and has been extensively used to evolve molecules with
desired characteristics, including affinity maturation of antibo-
dies in vitro.>™® 107131317183753 Our approach of mimicking
natural CDR diversification to improve affinity shares similari-
ties with previously published works,*>* with the major differ-
ence that instead of using degenerations to simulate the
frequency of naturally occurring amino acids at a given position,
we rescued complete natural CDR sequences from the human
repertoire and had them synthesized. This takes advantage of
recent advances in synthetic biology that enable large-scale and
low-cost production of oligonucleotide pools.”>® In this way,
only true natural CDRs are incorporated, rather than diversity
that merely resembles natural CDRs. We have not tested other
traditional techniques side-by-side using the same clone to
directly compare the results, but one can infer that the proposed
method has potential advantages: 1) It may avoid covariance
violations,”"** since the CDRs are more likely to fold correctly as
they have been derived from natural antibodies, and are matched
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Figure 5. (a) Antigen binding to yeast displaying the parental scFv when competing with 24 affinity-matured clones (A01-A02, A04-A12, BO1-B12, GO5) and an unrelated
scFv-Fc (control). Binding values are given by the median APC fluorescence of the yeast displaying population. There is no binding to the target by the parental clone
whenever the antigen is pre-blocked with one of the selected clones, but binding is retained when the antigen is pre-incubated with a control clone. (b) Observed on-
rates (k,) and off-rates (ky) for the parental and 24 affinity-matured clones (clone GO5, which does not have the LCDR2 liabilities is highlighted in Orange). Reported
values are the mean of at least 4 measurements. Isoaffinity curves (Kp) are shown as dashed diagonal lines. (c) SPR sensorgrams for 24 affinity-matured clones. The name

of the clones and calculated Kp are shown in each plot.

to the VH and VL families of the parental; 2) It allows the
elimination of sequence liabilities; 3) A “generic” set of oligonu-
cleotides can be used for each germline gene family, rather than
designing and synthesizing an oligo set specific for the sequence
of each antibody to be affinity matured; and 4) The method can
be seamlessly combined with other ones: for example, during
phase 1, one could also have created a saturation mutagenesis
library of the HCDR3 and later combined its output during
phase 2 to add another layer to the affinity maturation process.
Of note, the libraries sequenced for our source diversity were
derived from naive CD19" B-cells, with most V regions having
fewer mutations when compared to fully mature IgG repertoire.
Also, we used the IMGT CDR definition for all CDRs except
LCDR2 (Kabat), but the method could easily accommodate
different CDR schemes.

In this work, we were able to improve the affinity of our lead
while eliminating sequence liabilities present in the CDRs.

Most LCDR2s still had the original isomerization motifs (DD
and DS), but one liability-free LCDR2 sequence (clone GO5,
Table 4 and Table 5) was identified that showed affinity similar
to the other improved clones (Kp = 63 pM). In theory, one
could omit original parental CDRs containing sequence liabil-
ities in the affinity maturation libraries, but at the risk of being
unable to mature the clone if the eliminated motif is essential
for binding. Removing liabilities from a therapeutic monoclo-
nal antibody has a series of benefits: de-risking the lead upfront
can improve developability and minimize chances of clinical
failure due to poor molecule properties.”” In addition,
increased immunogenicity risk (e.g., glycosylation) and loss
of potency (e.g., asparagine deamidation) are critical quality
attributes that require tracking and risk management strategies
to be put in place, increasing the resource burden on the
development process and on the overall drug development
life cycle. Carrying out separate engineering campaigns to



Table 5. Kinetic measurements for affinity-matured clones and parental.
Reported values are the mean for at least 4 replicates and standard errors are
reported for the Kp. Asterisks indicate clones that reached the minimum value
allowed for the dissociation rate in our measurements (107> s7').

Clone ka M's™h kq s Kp (nM) Kp fold-improvement
AO1 17x10°  37x107  0.224 + 0.02 33
A02 28x10°  1.1x10°  0.039 + 0.003 188
A04 31x10°  21x107°  0.069 + 0.007 108
AO5 19x10°  22x10° 0117 +0.01 63
A06 32x10°  *1.0x10™ 0.034 + 0.003 221
A07 17x10°  47x10° 0277 = 0.01 27
A08 31x10°  1.3x107°  0.043 + 0.007 172
A09 16x10°  1.1x10°  0.074 + 0.01 100
A10 14x10°  14x10°  0.103 + 0.02 72
A1l 19x10°  1.1x10™  0.060 + 0.007 123
A12 23x10°  32x107°  0.139 + 0.006 53
BO1 3.1x10°  *1.0x107  0.032 + 0.002 231
B02 18x10°  1.1x107  0.059 + 0.004 127
BO3 30x10°  21x107  0.070 + 0.006 106
B04 16x10°  27x10° 0172 +0.03 43
BO5 15x10°  *1.0x107° 0.068 + 0.0005 109
B06 17x10°  17x10°  0.097 + 0.02 76
BO7 33x10°  1.8x107  0.054 + 0.006 138
B0 15%x10°  1.8x10°  0.117 + 0.01 64
B09 21x10°  25x10°  0.118 +0.008 63
B10 26x10°  29x107°  0.116 + 0.009 64
B11 18x10°  12x107  0.068 + 0.009 109
B12 34x10° 28x10°  0.084 + 0.01 89
GO5 16x10°  *1.0x107° 0.063 + 0.003 119
Parental  45x10° 33x107° 7.429+0.2 1

independently improve affinity and developability is not only
time and resource-consuming, but can also lead to an endless
developmental loop since affinity improvements can lead to
developability problems and vice-versa.’"*>>” By using defined
collections of natural CDR sequences lacking sequence liabil-
ities, the motifs present in the final antibody can be easily
modulated, and affinity maturation is carried out simulta-
neously with the elimination of sequence liabilities. It is impor-
tant to note that the list of liabilities used here is not exhaustive
and one has the flexibility to add or remove sequence motifs
depending on the requirements of the project or the perceived
importance of a given liability to the final product.

In addition to removing sequencing liabilities, we were also
able to reduce/remove detectable polyreactivity from the par-
ental clone against ssDNA and cardiolipin. At the onset of the
project, we had not yet screened the parental lead for poly-
reactivity, therefore no deselection steps or other strategies
were implemented to mitigate it during the affinity maturation.
It is obvious now that one should always perform this type of
test beforehand to appropriately guide the selection strategy. In
this case, however, we were able to identify high-affinity var-
iants that showed no binding to these polyspecificity reagents.

After the initial identification of leads binding to a target of
interest, clones are often tested for their ability to achieve the
desired biological activity. At this stage, the epitope recognized
by the antibody will dictate if the antibody will be an agonist,
antagonist, or have no activity whatsoever. After leads with
desired activity are identified, it is generally assumed that
increasing affinity will also increase potency,®™®" and retaining
the recognition site is one of the basic requirements of this
assumption. More aggressive maturation techniques such as
chain shuffling (especially heavy chain) have a higher potential
to cause epitope drift and loss of activity, making a previously
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valuable molecule useless. Here we have shown that a stepwise
approach where at least 4 CDRs remain constant, and very
importantly, the HCDR3 remains unchanged, was effective in
obtaining very high affinities while retaining recognition of the
same epitope. Whereas every antibody-antigen pair will have
its own peculiarities, we believe the centrality of the HCDR3 in
epitope recognition®® justifies the retention of the parental
HCDR3 to avoid epitope drift.

It is noteworthy that in the affinity maturation of this anti-
body we observed that HCDR1 and HCDR2 were much more
amenable to substitutions than LCDR1 and LCDR2. This was
reflected in the naive L1L2 libraries showing significantly less
binding than the HIH?2 at the beginning of the process, as well
as in the final number of different CDRs identified for each
position at the end. Hypothesizing that the lack of significant
improvement with the L1L2 library may reflect the presence of
(close to) optimal sequences for these CDRs, we built a second
combo library where parental sequences were used for LCDR1-
2. The performances of both combo libraries were equivalent
during sorting, and affinity measurements also showed similar
results. In fact, 17 of the 45 unique clones identified from the
first combo library had the unmutated parental LCDR1-2 as
well, confirming the importance of these CDRs in binding.
This suggests that for some antibodies, affinity maturation of
all CDRs may not be necessary, or even possible. Given that the
importance of individual CDRs in binding varies significantly
between different antibodies®*® and, in the absence of struc-
tural information, it is difficult to predict this in advance, we
believe creating combination libraries where all improved
CDRs are shuffled is probably the safest approach. However,
an approach in which phase 1 libraries showing limited
improvement (e.g., L1L2 in this case) are omitted from the
final combination library appears likely to be a valid approach,
and allows for the construction of smaller combinatorial
libraries, reducing overall effort. Given the flow cytometry
results, we expect even the phase 1 libraries to include clones
with significantly higher affinities than the parental. Thus,
depending on the goal of the affinity maturation campaign,
one can evaluate each position in phase 1 and decide which
libraries should move to phase 2, or even stop there.

Library size is often a concern when performing in vitro
evolution of any sort since one is limited by the number of
transformants that can be conveniently obtained during library
generation: 10°~10'° for phage and E. coli display and 10°-10°
for yeast display in S. cerevisiae. We opted for a step-wise
approach® since it would allow us to explore the sequence
space more effectively: in phase 1 we combined LCDRI1 with
LCDR2, HCDR1 with HCDR2, and used LCDR3 by itself,
generating libraries that were larger than the corresponding
theoretical combinatorial diversity. We have no reason to
believe this is the optimal approach and did so because it was
the most convenient set of combinations for library construc-
tion. Alternatives such as splitting HCDR1 and HCDR2 or
combining them with LCDR1 or LCDR2 may provide advan-
tages, although, given the affinity improvements observed here,
this is not immediately obvious. Alternatively, one could use
a purely molecular technique such as ribosome display, which
is not limited by transformation efficiencies but presents its
own challenges.
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Figure 6. Sensorgrams obtained by surface plasmon resonance for the polyreactivity test using cardiolipin (blue), ssDNA (green), and LPS (Orange). Clones were
classified into three categories: controls — parental and mock supernatant, polyreactive — when discernible association and dissociation binding signal was observed
against one or more analytes, and non-polyreactive — when no discernible association and dissociation signal was observed.

We used scFv yeast display because of the high precision in
retrieving the desired population when combined with flow
cytometry. However, we expect this diversification approach
to be equally effective in the phage or ribosome display con-
text and could even expand possibilities due to larger library
sizes. However, experimental design during selection would
have to be adapted to these platforms since they are expected
to show different behavior due to their monovalent nature as
opposed to the multivalent nature of yeast: whereas
a polyvalent yeast cell exists in a continuum from antigen
saturation to no antigen-binding varying over time in propor-
tion to the antibody off-rate, monovalent systems can only
exist in the binary bound or non-bound states. This difference
can be overcome, for example, by using a larger number of
displaying particles and relying on the population binding
decay over time as opposed to the single-cell decay. We
routinely use the scFv format for antibody discovery and
engineering and have found conversion to the IgG format
occurs with 70-95% success, depending upon scaffold and
target. However, if conversion is a concern, the techniques
described here would be easily applied to a Fab display sys-
tem. In addition, one could insert thermal stability selection

rounds into the process to potentially improve this character-
istic in the matured antibodies.®

This work demonstrates the possibility of performing affi-
nity maturation of a low-nanomolar affinity antibody to the
low-picomolar range by replacing all CDRs, except HCDR3,
with a collection of known, defined human CDRs. Replacing
no more than two CDRs in phase 1 with compatible CDRs
from similar, naturally occurring antibodies, along with reten-
tion of the HCDR3, is expected to maintain epitope binding,
given the importance of HCDR3 in antibody binding.®’
Affinity gain came mostly from improved off-rate (kq), which
has been suggested to better correlate with the biological activ-
ity than the affinity itself (Kp).8%%! Off-rates for some of the
antibodies were measured as <10, the measurement limit for
SPR under our experimental settings. It is possible that off-
rates are actually longer, and corresponding affinities higher, if
measured using alternative methods, such as kinetic exclusion
assays.®® Although we have used a set of CDRs in this work that
comes from an internal library, one could easily assemble
a similar set of sequences from publicly available datasets,
such as Observed Antibody Space.®” The tolerance for muta-
tions in each of the specific CDRs observed here is not meant to



be generalized for different antibodies and it is expected that
each antibody-antigen pair will have its own tolerance for
mutations at distinct positions. Nonetheless, the concepts and
overall experimental design we propose are expected to be
equally useful for other antibodies as well.

Materials and methods
CDR design

Two internal naive human natural phage display libraries® were
sequenced using MiSeq and NovaSeq. Light chain and heavy chain
sequences were annotated using IgBlast®® and the IMGT scheme®”
was used for CDRs except for LCDR2 where Kabat was used.”® For
LCDR1-2 all IGLV3 family CDRs were considered (family-
specific); for LCDR3 all IGLV CDRs (not family-specific); and
for HCDR1-2, all IGHV3 CDRs were considered (family-specific).
CDRs containing any liabilities (Table 1) were discarded. The
remaining CDRs were synthesized as an oligo pool (Agilent
Technologies, USA). Flanking framework regions were added to
each CDR sequence to enable amplification and assembly.

Phase 1 library construction

The five different collections of CDR sequences (LCDRI1-3,
HCDRI1-2) were amplified by PCR from the oligo pool using
specific primers and Q5 polymerase (NEB #MO0491L). Primers
were designed to match the flanking regions of the CDRs and to
have a T\, of ~60°C. The PCR reactions were carried out following
the manufacturer’s instructions. The remaining regions were
amplified by PCR from the parental scFv. The amplified fragments
were gel extracted using a standard column purification kit (Zymo
Research Corporation, #D4001). The fragments were then
assembled in a PCR-like reaction without primers and using Q5
polymerase and cycled 15 times. After the initial assembly, external
primers were added to the reaction and the cycle was repeated 8
more times to amplify the assembled scFv. The assembled scFv was
gel purified as before and reamplified in a large volume PCR
(800 pl divided in 8 x 100 pl reactions), and then cleaned up by
standard column purification (Zymo Research Corporation,
#D4033. The purified scFv amplicons from each library were
transformed into yeast along with 4 pg of the yeast display vector
pSYD previously digested with the enzymes BssHII and Nhel
(NEB #R0199S and #R0131S) by electroporation using the method
described previously.”*

Phase 2 library combo construction

For the Combo 1 library, the regions of interest were amplified
from the round 5 populations of each library (L1L2, L3, HIH2)
and assembled by PCR (same method described above). For
the Combo 2 library, LCDRI and LCDR2 were amplified from
the parental scFv. Assembled scFv libraries were transformed
into yeast as before.

Antigen

The B7-H4 purified monomeric recombinant human protein
was ordered from ACROBiosystems (#B74-H5222) and
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handled according to manufacturer protocols. For use in the
yeast display experiments, the protein was chemically biotiny-
lated using EZ-Link NHS-LC-Biotin following the manufac-
turer’s instructions (Thermo Scientific).

Yeast display screening

Yeast display selections were performed as in Ferrara et al
(2012).7 Briefly, cells were induced in selective media contain-
ing 2% galactose overnight at 20°C. 10° induced cells were
washed twice with cold washing bufter (PBS pH 7.4 0.5%
BSA) and incubated at room temperature with the biotinylated
antigen diluted in PBS. For the equilibrium sort protocol, after
the biotinylated antigen incubation step the cells were washed
and stained promptly with the anti-SV5 labeled with phycoer-
ythrin (PE; labels cells displaying scFv) and streptavidin labeled
with Alexa Fluor 633 (Thermo Scientific; labels cells bound to
biotinylated antigen) and cells binding the antigen were sorted
either by FACS (fluorescence-activated cell sorting) or MACS
(magnetic-activated cell sorting). For the MACS procedure,
paramagnetic beads coated with streptavidin were used
(Miltenyi Biotec). For the kinetic sort protocol, after cells
were incubated with the biotinylated antigen, they were washed
and incubated with unlabeled antigen (10x more concentrated
than the biotinylated antigen) to allow for discrimination of
biotinylated antigen release according to the off-rate of the
displayed scFv. The excess unlabeled antigen was added to
prevent the rebinding of biotinylated antigen. After a defined
period of time cells were stained and sorted as described before.

Screening and protein expression

The scFv from the final population (round 3, combo libraries)
was bulk cloned into a yeast expression vector containing
a human IgG1 Fc region to be expressed in the scFv-Fc format.
For this, the scFv region was amplified by PCR, digested with
BssHII and Nhel restriction enzyme (New England Biolabs),
and cloned into the pDNL9 vector. 92 clones were analyzed by
Sanger sequencing and 24 of these plus the parental were
expressed using S. cerevisiae strain YVH10 (ATCC MYA-
4940). scFv-Fc fusions were expressed for 72 h at 20°C in the
presence of galactose.

Affinity measurement

The Carterra LSA SPR system was used for the affinity measure-
ments. Briefly, anti-Human IgG Fc (Southern Biotech, #2048-
01) was covalently coupled to an HC30M chip following the
manufacturer’s protocols. Crude yeast supernatants containing
the scFv-Fc fusions were arrayed on the chip. Five antigen
antigens injections were performed, each having a 5-fold
increase in concentration (0.16 nM to 100 nM) to determine
association and dissociation rates (5 minutes association and
15 minutes dissociation). Running buffer was 10 mM HEPES
pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20 with
0.5 mg/mL BSA. Binding data were double referenced by sub-
tracting the responses from an interspot (local reference) surface
and the responses from the leading blank injection and globally
fit to a 1:1 Langmuir binding model for estimation of k,
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(association rate constant), kg (dissociation rate constant), and
Kp (affinity) using the Carterra Kinetics software. The R,
parameter was kept constant for all analyte concentrations.
Data analysis and kinetic parameters calculations were per-
formed using Carterra software. For the affinity-matured clones,
the leading baseline was cropped to enable fitting.

Qualitative polyreactivity assay

The Carterra LSA SPR system was used for the polyreactivity
measurements. The clones were captured as described above and
a series of unrelated analytes were injected: cardiolipin (50 pg/
ml, Sigma-Aldrich #C0563-10 MG, sodium salt from bovine
heart), ssDNA (4 pg/ml, Sigma-Aldrich #D8899-1 MG), LPS-
EB (10 pg/ml, Invivogen #tlrl-eblps), USP11 (100 nM, supplied
by the Structural Genomic Consortium [SGC-Toronto] as
AviTag-His purified protein), IL17a-IL17f3 heterodimer
(100 nM, Sino Biologicals #CT047-HNAE), IFNa (100 nM,
Genscript #203002), and also the target protein. Data analysis
was performed using Carterra software. The samples were dou-
ble-referenced using the reference ROI and the leading buffer
injection, the baseline was aligned for all samples. Sensorgrams
showing discernible association and dissociation phases (not due
to bulk shift) were considered binding events.

Binding inhibition of the parental scFv by the
affinity-matured clones

The scFv-Fc supernatants of the same 24 clones used for affinity
analysis (plus an unrelated control) were incubated with the
labeled antigen (10 nM) for 15 minutes. Approximately 2 x 10°
yeast cells displaying the parental molecule were added to the
mixture and incubated for 30 min at room temperature. Cells
were washed twice and stained to detect binding using anti-SV5
labeled with PE (labels cells displaying scFv) and streptavidin
labeled with Alexa Fluor 633. Populations were analyzed by flow
cytometry for binding (Intellicyt iQue3 machine). The yeast
population displaying the scFv (PE fluorescence) was gated
and the median allophycocyanin (APC) fluorescence was used
to quantify antigen binding.
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