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Antibodies are a unique class of proteins with the ability to adapt their binding sites for high affinity and high specificity
to a multitude of antigens. Many analyses have been performed on antibody sequences and structures to elucidate
which amino acids have a predominant role in antibody interactions with antigens. These studies have generally not
distinguished between amino acids selected for broad antigen specificity in the primary immune response and those
selected for high affinity in the secondary immune response. By studying a large data set of affinity matured antibodies
derived from in vitro directed evolution experiments, we were able to specifically highlight a subset of amino acids
associated with affinity improvements. In a comparison of affinity maturations using either tailored or full amino acid
diversification, the tailored approach was found to be at least as effective at improving affinity while requiring fewer
mutagenesis libraries than the traditional method. The resulting sequence data also highlight the potential for further
reducing amino acid diversity for high affinity binding interactions.

Introduction

The human immune system has evolved to recognize a vast
number of different organic molecules, primarily through the
enormous diversity of different binding sites contained within
the antibody repertoire. For instance, it is estimated that we
synthesize as many as 10" different antibody sequences in our
lifetimes to provide an immune defense against pathogens.' The
route to generating this vast antibody sequence diversity differs
according to the stage of the immune response. In the primary
immune response, when it is beneficial to generate antibod-
ies to many different antigen specificities, sequence diversity is
achieved by the process of V(D)] recombination, which intro-
duces considerable structural diversity into the complementar-
ity-determining region (CDR) loops that bind to antigen.? In
the secondary immune response, antibody affinity is improved
by further diversification of antibody sequences, this time by the
process of somatic hypermutation, in which the variable regions
of the antibody are heavily point-mutated and B cells bearing the
highest affinity antibodies, often with multiple CDR mutations,
are positively selected.>* The primary response, therefore, uses
gene recombination to yield generally lower affinity antibodies
of broad specificity, whereas the secondary response uses point
mutagenesis to yield higher affinity antibodies with singular
specificity. As such, the amino acid usage required in CDR loops
to generate high affinity in the secondary immune response can
differ from that required to generate broad specificity in the
primary response.
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For the successful application of antibodies in both research
and therapy, high affinity is generally a key attribute. For therapy
in particular, many antibodies function by stoichiometric block-
ade of a target protein, so higher affinity enables a longer dura-
tion of effect for a given dose of drug. Because of the need for
high affinity antibodies, it is useful to understand the amino acid
biases in CDR loops that are most appropriate for high affin-
ity antigen interactions. This information is useful because, to
improve antibody affinity by mutation, there are practical limita-
tions on the number of variant sequences that can be generated
and tested. For example, to generate all possible combinations of
amino acid replacements in the antibody CDR loops requires a
combinatorial diversity of ~1 x 1078, which vastly exceeds what
can be generated in vitro or in vivo (< 1 x 10"). Therefore, if
a subset of amino acids can be found that are generally linked
to higher affinity binding, then this can help reduce the combi-
natorial diversity required and improve the efficiency of affinity
maturation.

Several studies have aimed to elucidate which amino acids
are most prevalent in the CDR loops of naturally-occurring
antibodies. The initial approach was to measure CDR amino
acid preferences by performing sequence analysis of antibody
databases,”” but with an increasing number of publicly avail-
able antibody:antigen co-crystal structures, these studies then
included structural analyses, such as looking for amino acid resi-
dues that frequently become buried upon interaction with anti-
gen.*!! Although not always in complete agreement, these studies
highlighted certain amino acids that seem to be over-represented
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Table 1. Characteristics of the antibodies in the affinity maturation sequence analysis dataset

Variant amino

Antibody (CDRs targeted) e

Antigen type

1(H3) 53 Secreted protein

2 (H3) 445 Secreted protein

3 (H3) 73 Secreted protein

4 (H3) 75 Secreted protein
5 (H3&L3) 187 Receptor
6 (H3&L3) 346 Receptor
7 (H3&L3) 1232 Receptor
8 (H3&L3) 266 Receptor
9 (H3&L3) 394 Receptor
10 (H3&L3) 341 Receptor

11 (H3) 28 Secreted protein

12 (H3&L3) 318 Secreted protein

13 (H3&L3) 102 Secreted protein

14 (H3&L3) 405 Secreted protein

15 (H3&L3) 216 Secreted protein
16 (H3&L3) 225 Receptor
17 (H3&L3) 513 Receptor
18 (H3&L3) 88 Receptor
19 (H3&L3) 310 Receptor
20 (H3&L3) 178 Receptor
21 (H3&L3) 300 Receptor

in CDR loops, and therefore are presumed to have a critical role
in antigen binding. For instance, most studies were in agreement
that tyrosine was a critical CDR residue for binding interactions
due to the large side-chain volume and the ability to engage in
several different types of bond formations with residues in the
antigen interface. This finding was further emphasized in studies
using limited antibody diversity in CDR loops, which showed
that tyrosine could be responsible for up to 70% of antibody con-
tacts with antigen.!?

Due to the different ways in which sequence diversity is
generated in vivo during the primary and secondary immune
responses, these previous analyses do not necessarily provide
information on the amino acid preferences that are specifically
linked to higher affinity. One exception was the study of 80
somatic hypermutation variants of six germline antibodies spe-
cific to the antigen thyroid peroxidase (TPO), which concluded
that certain amino acids such as threonine, serine and glycine
were over-represented following affinity maturation.”” The inter-
pretation of these results, however, may be somewhat limited by
the relatively small number of mutations included in the analysis
and the focus on a single antigen. As an alternative approach, we
performed an analysis of a large collection of in-house, unpub-
lished antibody affinity maturation data to specifically assess the
different amino acid contributions to affinity. To our knowledge,
this analysis of 6095 amino acid replacements arising from the
in vitro affinity maturation of 21 different monoclonal antibod-
ies (mAbs) against seven distinct protein antigens is the largest
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analysis of its kind. The data resulting from the study has allowed
us to simplify the affinity maturation process by precisely intro-
ducing the amino acid diversity that is preferred in higher affinity
antibodies. We refer to this approach as ‘tailored in vitro affin-
ity maturation’ (TiAM). To test the strategy experimentally, we
focus on the affinity maturation of two antibodies that bind to
the protein antigen inter-cellular adhesion molecule 1 (ICAM-1),
a target of therapeutic interest for the prevention of human rhi-
novirus infections. We report a comparison of libraries in which
amino acid diversity is specifically tailored for high affinity vs.
those in which complete randomization is employed.

Results

An analysis of amino acid frequencies during affinity maturation
was performed on data arising from the directed evolution of 21
mADs in vitro. As summarized in Table 1, the data used for the
analysis shows that these 21 mAbs comprise a diverse set of anti-
body sequences representing multiple V-region families and with
diverse V| and V| CDR3 lengths. The data in Table 1 also high-
lights that these 21 mAbs were selected against seven distinct
protein antigens covering both secreted proteins and cell surface
receptor classes. To focus on sequence changes that were associ-
ated with significant improvements in affinity, we only analyzed
the variants of these 21 mAbs that improved their affinity at least
5-fold over the wild type, or parental, antibody. Figure 1A shows
that in most cases the affinity gains were much greater than
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Figure 1. Summary of the amino acid bias observed during the

in vitro affinity maturation of 36 individual CDR loops from 21
different monoclonal antibodies (mAbs). (A) shows the range of
potency gains for each of the 21 mAbs upon which affinity matu-
ration was performed. The 21 mAbs are grouped according to the
antigens they were selected on and data points colored gray or
white according to antigen grouping. The affinity matured variant
sequences were subsequently included in an analysis for amino
acid bias, which is summarized in B-D. (B) shows the frequency,

in the overall data set of VH and VL CDR3 loops, with which each
amino acid type was categorised as “selected for” (black bars),
“neutral” (light gray bars) or “selected against” (white bars). Amino
acids are grouped in six families from left to right, neutral and
small, special, polar and relatively small, polar and relatively large,
nonpolar and relatively small and nonpolar and relatively large.
The representative amino acids from five of the six families that
were prioritized for further study on the basis of being “selected
for” during the affinity maturation process are highlighted with
asterisks. In (C and D), the equivalent data are plotted for VH CDR3
loops alone and VL CDR3 loops alone, respectively.

five-fold and also shows that there was some variation in
the number of improved sequences derived from each mAb.
To avoid any skewing of data as a result of this variation in
sample size, we divided the data into the 36 individual V , or
V, CDR3 loop optimizations, and in each case determined
which amino acids were selected for, selected against or were
relatively neutral (Table S1). To draw some general conclu-
sions about enrichment of certain amino acids during affinity
maturation, we then looked across all 36 CDR optimizations
and determined the overall frequency at which each amino
acid was selected for, selected against, or was relatively neu-
tral (Fig. 1B). We classified amino acid families by volume
and polarity'*"® and selected seven amino acids (single letter
code: G, P, S, N, H, L and Y) for being most consistently
selected from their respective amino acid families during the
affinity maturation process. Since the first amino acid fam-
ily of ‘neutral and small’ side-chains had a strong propensity
to be selected, we chose three representatives (G, P and S)
from that group, but none from the ‘special’ group that con-
tains only cysteine because this side-chain was consistently
selected against during affinity maturation. As a measure of
the consistency of these findings across different CDR loops,
the data was separately analyzed for V,; CDR3 loops, which
constituted 19 of the 36 total loop optimizations and V,
CDR3 loops, which constituted the other 17 loop optimiza-
tions (Fig. 1C and D, respectively). The findings from the
overall analysis and the sub-analyses appeared to be in good
correlation, suggesting that the amino acid preferences were
broadly relevant to both heavy and light chain CDR3 loop
optimizations. The data was also analyzed separately to look
at the positional bias of mutations in the affinity matured
pool; it was of interest to note that there was clearly an over-
representation of mutations toward the middle, or apex, of
both V,, and V, CDR3 loops (Fig. S1).

Two antibodies specific for the protein antigen ICAM-1,
ICM10064 and ICM10088, were used for the comparison
of the TiAM strategy for affinity maturation to the stan-
dard, non-tailored approach using NNS codons. Diversified
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lated from the V CDR3 libraries,
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ICM10088 of up to 25-fold and

81-fold, respectively, for the NNS

04 and TiAM strategies (Figs. 3B

\;‘\9 «\?'@ and 5B). In this case, the TiAM

population was more significantly

improved than the NNS population

(p = 0.0012). The full dose titra-

and relatively large.

Figure 2. Representation of the CDR loop randomization strategies for affinity maturation. In the typi-
cal in vitro optimization strategy, blocks of six CDR residues are fully randomized in separate libraries
using degenerate NNS codons, producing the amino acid frequencies shown in the graph. In contrast,
the TiAM approach uses an equal frequency of eight different codons (encoding the wild type plus the
seven preferred amino acid sub-types), allowing up to 12 residues to be mutated in parallel in a single
library. Amino acids are grouped in six families according to side-chain properties, neutral and small,
special, polar and relatively small, polar and relatively large, nonpolar and relatively small and nonpolar

tion curves and IC, | values for most
highly improved antibodies from
each lineage are shown in Figure 4.

Analysis  of the V CDR3
sequence changes associated with
improved affinity (Fig. 5) shows
that different sequence solutions

V., and V| CDR3 loop libraries were created for each antibody
in scFv format by either a standard approach using the degen-
erate codon NNS to introduce 32 codon variants representing
all 20 amino acids, or the TiIAM approach to diversify only the
seven amino acids prioritized in the sequence analysis, plus the
wild type codon if not already encoded in the set of seven cho-
sen amino acids (Fig. 2). It is worth noting that, to approach
full combinatorial diversity, the NNS approach was deliberately
limited to stretches of six adjacent positions (32° = 1.1 x 107),
whereas the TIAM approach was extended to 12 positions in a
CDR loop (7" = 1.4 x 10"; 8 = 6.9 x 10'). We also used the
TiAM approach to simultaneously optimize the V, CDR1 and
CDR2 loops. Therefore, the NNS method used six libraries to
randomize two loops (V, and V, CDR3) in each scFv while the
TiAM approach used three libraries to explore four CDR loops
(V,CDRI, 2 and 3 and V,CDR3).

Following multiple rounds of affinity selections by phage dis-
play, individual scFv proteins were screened in a high-through-
put affinity assay. Twenty-eight scFv variants of ICM 10064 and
72 scFv variants of ICM10088 demonstrated improved affinity
over their respective parent scFv in this assay and each was puri-
fied for IC, analysis. In the ICM10064 lineage, the V, CDR3
libraries from both the TiAM and standard NNS approaches
produced hits that showed affinity improvements of up to

www.landesbioscience.com
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are found for each antibody lineage,
with ICM10088 mutations being
found predominantly at the C-terminus of the loop, while
ICM10064 mutations are dispersed throughout. This is despite
the two parent antibodies sharing 96% sequence identity in
the V| region and having identical V,CDR3 loop sequences.
Comparing the variant sequences from the NNS and TiAM
approaches reveals that, for lineage ICM10064, there is a gen-
eral selection in both approaches for small neutral side-chains
(G, P, S and T) with relatively few small, hydrophobic residues
(Fig. 6). In contrast, the ICM10088 lineage shows a greater
prevalence of hydrophobic (mainly L) and aromatic (F and Y)
side-chains in both groups, with strong selection at positions
6, 8 and 10 in the loop (Fig. 5B). The location of mutations
within the loops also looks similar between the different strat-
egies, especially in ICM10088, where positions 3 and 4 were
never found mutated, while positions 6 to 11 were frequently
changed. One notable difference, however, was that many of
the ICM10088 TiAM variants, including the highest affinity
antibody (TIAM_88_1), combined changes at the C-terminus
of the loop with a mutation at the first residue.

With the exception of the ‘special” amino acid family, con-
taining only cysteine, no families were lost from the libraries
during the affinity maturation process (Fig. 6). One consistent
feature of the two TiAM affinity maturations was the increase
in prevalence of the amino acid histidine, which increased from

667

©2012 Landes Bioscience. Do not distribute.



16% prevalence in the initial libraries to 35% and 27% in the
affinity matured ICM10064 and ICM10088 variant popula-
tions, respectively.

Discussion

This study investigates whether an analysis of amino acid prefer-
ences in the CDR loops of in vitro affinity matured antibodies
can yield useful data to inform future affinity maturation strate-
gies. The analysis revealed that a subset of seven amino acids were
over-represented during affinity maturations and this informa-
tion was used to create tailored libraries to test the hypothesis
that this subset were particularly well-suited for affinity matura-
tion. Overall, this tailoring strategy performed at least as effec-
tively as the standard approach of full amino acid randomization,
and in some cases could outperform the standard method, while
requiring fewer libraries to be built.

Comparing the current analysis to previously published ones
such as the global survey of CDR amino acid preferences in large
8-11 it

is clear that prior studies were not designed to focus on affinity

antibody databases’” or side-chains in antibody interfaces,

maturation per se. Amino acid preferences highlighted in such
studies would therefore include contributions from both V(D)
J recombination in the primary immune response and from
somatic hypermaturation of sequences in the secondary response.
In addition, there would have been more subtle evolutionary
biases from ancestral features not necessarily related to antigen
binding affinity and also inherent DNA biases in CDR loops
that allow for preferential incorporation of mutations at certain
hotspots during somatic hypermutation.? In essence, prior analy-
ses have not distinguished between amino acids that are impor-
tant for creating a diversity of antigen binding sites and those
required for the affinity maturation of an antibody toward a sin-
gle antigen. In the former case, CDR loop flexibility is important
to enable binding to the greatest possible diversity of antigenic
shapes, whereas in the latter case the CDR loops are required to
adopt a single, preferred conformation with the highest possible
complementarity to their cognate antigen.

Analyzing naturally hypermutated sequences does allow one
to focus on mutations appropriate for high affinity;'® however the
nature of somatic hypermutation leads to amino acid changes via
single point mutations within a codon, so the resulting amino
acids tend to be inherently linked to the starting codon rather
than a full exploration of the optimal amino acid.* In con-
trast, the analysis described here was based on a large number
of sequences arising from a controlled mutagenesis and affinity
selection procedure that explored all possible amino acid replace-
ments. The NNS randomization approach used for mutagenesis
yields predictable diversity, in terms of the location of mutations
and the relative amino acid frequencies in the starting library,
which makes it possible to normalize for any inherent biases in
the process and, therefore, draw meaningful conclusions about
the affinity contributions of individual amino acid types. We also
excluded positions that did not change during maturation from
the analysis to avoid any biases caused by ancestral sequence fea-
tures that could have confounded the interpretation.
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Figure 3. Comparison of affinity gains from the standard NNS optimiza-
tion approach and the TiIAM method. (A) The affinity improvement over
the ICM10064 parent antibody for all optimized V,CDR3 variants from
the TiAM and NNS methods, respectively. (B) The affinity improve-
ment over the ICM10088 parent antibody for all optimized V,,CDR3 and
V,CDR3 variants from the TiAM and NNS methods. Also plotted are the
improvements conferred by performing the TiAM approach in V CDR 1

and 2 and V,CDR 1 and 2.

The conclusion of this new analysis was that certain amino

1415 were over-

acids representing different families of side-chains,
represented during affinity maturation. Since the whole family
of ‘neutral and small’ side-chains had a strong propensity to be
selected, we chose three representatives (G, P and S) from that
group for further analysis to reflect the observed bias toward that
family, but only one representative from other families. The find-
ing that cysteine was strongly under-represented in the affinity
matured pool would have been predicted because of the likely
folding and solubility problems associated with inserting a single,
unpaired cysteine residue into an exposed loop. The significance
of the amino acid enrichment data was underlined by a com-
parison between restricted analyses of V,CDR3 and V,CDR3

loops. Despite these loops normally being very different in both
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Figure 4. Dose titration analysis of lead antibodies comparing the affin-
ity gains of antibodies from the biased library strategy vs. the standard
optimization approach. For lineage ICM10064 (A), the most potent

scFv antibodies from the NNS and TiAM approaches respectively, were
NNS_64_1 and TIAM_64_1. In the ICM10088 lineage (B), the most
potent scFv antibodies from the NNS and TiAM approaches, respec-
tively, were NNS_88_1 and TiAM_88_1. Full dose titration curves, with
standard error bars, are plotted and calculated IC, values are shown for
all antibodies.

sequence and length, there was strong similarity in the selection
of the amino acids in both loop types (Fig. 1). It was of interest
to note that a separate positional analysis demonstrated a prefer-
ence for affinity-enhancing mutations at the apices of both the
V,,CDR3 and V, CDR3 loops, which is in agreement with previ-
ous studies on positional bias of contact residues in CDR loops.'®
This may be of interest to others planning directed evolution
studies on antibody CDR loops.

The selected amino acids in this study (G, P, S, N, H, L
and Y) show some overlap with the amino acids Y, A, D and S,
which were selected in a previous study as being able to confer
binding to multiple different antigens when introduced into the
CDR loops of a single antibody framework."? In further stud-
ies by the same group, the tetranomial diversity was further
reduced to a binomial diversity (Y, S) in the CDR loops and the
resulting antibodies were still able to perform well in interac-
tions with a protein antigen.” The main focus of the previous
work by Fellouse et al., however, was to test the ability of lim-
ited diversity libraries to encode antibodies to any given anti-
gen rather than to improve the affinity of an existing antibody.
An unrelated study attempted to reduce the number of muta-
tions required for the engineering of a high affinity antibody by
exploring a restricted amino acid diversity of nine amino acids.'®
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These nine were chosen arbitrarily as representing different
side-chain chemistries, rather than based on any analysis, and
the second stage of the affinity maturation introduced further
amino acid diversity, making it difficult to conclude whether the
original tailored diversity had been effective at conferring high
affinity binding.

It is worth noting that in our study all seven of the prioritized
amino acids were evident in the mutated antibodies following
affinity maturation (Figs. 5 and 6), suggesting that they may
all actively contribute to the affinity gain. There were, how-
ever, some minor variations in frequency among the representa-
tives of the different amino acid families. Worth noting is the
apparent enrichment of histidine in the TiAM libraries for both
ICM10064 and ICM10088, which suggests that further refine-
ment of the chosen diversity could be explored. It is also evident
that within the neutral and small amino acid family, glycine and
serine are more enriched than proline during affinity matura-
tion, which might suggest that two or even just one representa-
tive from this family are sufficient. The advantage of further
restricting the amino acid diversity would be to enable more
positions to be mutated in a single library, potentially offering a
greater chance of finding synergistic combinations of mutations
within the variant pool. This needs to be balanced, however,
against the risk that insufficient diversity may prevent some
antibodies from finding a solution for high affinity binding.

In terms of overall effectiveness, the tailored approach was
seen to be comparable to the full randomization (i.e., NNS)
mutagenesis method as measured by the range of affinities iso-
lated. In fact, for the lineage ICM10088, the highest affinity
variant TiAM1 (81-fold improved to 267 pM) came from the tai-
lored approach and combined mutations at both the N-terminal
and C-terminal ends of the V| CDR3 loop. The ability to select
for this combination was enabled by the greater number of posi-
tions that could be explored within the limited amino acid sub-
set. It would be of great interest to further explore limiting the
diversity and expanding the number of mutated positions for
the affinity maturation of additional antibodies. It should be
emphasized that the TiAM approach using seven amino acid
diversity enabled the exploration of four individual CDR loops
in just three libraries, whereas the NNS method required six
libraries just to explore two CDR loops, and both approaches
delivered comparable affinity gains.

In summary, this study shows the benefit of using a precise
antibody sequence analysis to inform further affinity matu-
rations and has led to meaningful conclusions on the relative
importance of different side-chains in conferring high affinity
binding to antigen. A step toward proving the utility of this
approach was made by showing equal, and in some cases supe-
rior, effectiveness of tailored diversity vs. full randomization and
it is expected that the efficiency of the tailoring strategy could
be further enhanced in future studies. Despite the increased
synthesis cost of oligonucleotides encoding precise amino acid
diversity, there are now novel ways to tailor diversity using con-
ventional synthesis” and, ultimately, the tailored approach has
the possibility to find synergistic sequence combinations not
accessible with standard methods.
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TIAM_64 24 914 S \@ S P H H H TiAM 88 1 809
TIAM_64_3 56.4 N H H TIAM_88_2 212
TIAM_64_4 55.1 5 G H N H H H TIAM_88_3 204
TIAM_64_5 52.9 S S P HH H TIAM_88_4 196
med B8 H Swaged TS 0
TIAM_64_8 269 S G ShAH H ;ﬁm_gg_g Fssg HS[SH
TiIAM_64_9 26.6 s G H N H H H TIAM 88 8 146 N HHI
TIAM_64_10 251 H G KBEN GHN TIAM 88 9 141 N N[ SHN-
TIAM_64_11 212 ¢ @ H HGPH mM_EE
TIAM 64”12 152 s s NS H S TIAM_88_10 135 N§{ HNHS
TIAM_64_13 13.2 s 6 P E H TiAM_88_11 127 S S NSNE!
TIAM_64_14 114 S BNHNGS HH TiAM_88_12 114 H NEES S
TIAM_64_15 10.8 s HSSsSHMHGPH TiAM_88_13 105 AS HSHS
TiAM 64 16 89 s TiAM_88_14 96 N GIENH
TIAM B4 174 84 G H HGPH TIAM_88_15 8.0 G S
TIAM 64 18 80 S GH NHH H TiAM_88_16 79 s H NI
TiAM_88_17 7.0 YR YL
A Contains additional mutation at Viz 100b ($>G) TIAM_88_18 6.8 B GHSKANH
£ Contains additional mutations at V126 (S>N) and V131 (N>S) TIAM_88_19 68 NGHI/HS
Amino acid colour scheme - ;ﬁm gg 2(1] i? ¢ NNS :
Neutral and small Polar and relatively large s ;
Special Nonpolar and relatively small TiAM_88_22 40 H H
Polar and relatively small Nonpolar and relatively large TiAM_88_23 32 S GH SH
TiAM 88 24 22 N HN H

Figure 5. Sequence summary for variants which have undergone TiAM and NNS optimization of V, CDR3 loops in antibodies ICM10064 and ICM10088.
For lineage ICM10064 (A) and ICM10088 (B), the wild type V, CDR3 loop sequence is shown at the top and for each variant the changes incorporated
during the affinity maturation process are highlighted. Amino acids are colored according to side-chain properties, as detailed in the legend, and the

improvement in affinity measured for each individual variant is recorded.

Materials and Methods

Data analysis. The sequence data of variant antibodies derived
from the in vitro affinity maturation of 21 different human mAbs,
using methods described previously,® was included in the initial
analysis. Each parental antibody had been subjected to V,,CDR3
or V,CDR3 randomization in blocks of 6—7 consecutive CDR
loop positions by degenerate codon (NNS) mutagenesis, followed
by phage or ribosome display selections for improved affinity.*’
For each individual CDR optimization, CDR loop variants were
then assayed for improved affinity vs. the original parent antibody
in an assay such as that described.” Only amino acid replacements
that improved the affinity of the antibody by at least five-fold were
included in the analysis. For each CDR optimization, the total
frequency of each amino acid at a mutated position was calculated
to generate an observed amino acid frequency (F_ ). To minimize
bias caused by the parental CDR sequence, any positions that
remained unchanged during affinity maturation were excluded
and all amino acid replacements were treated equally regardless of
the potency increase they conferred, whether located ina V., or V|

670 mAbs

CDR3 loop, their position within the loop and whether accompa-
nied by other nearby replacements. To normalize for the known
bias introduced by the NNS randomization codon, F, was
divided by the expected amino acid frequency (F_ ), which was
calculated based on the frequency of each amino acid codon pro-
vided by the degenerate NNS triplet. F| /F_ratios greater than
1 indicated an amino acid type that was preferentially selected
for during affinity maturation, whereas F | /F_ ratios less than 1
indicated an amino acid type selected against. Using these criteria,
it was possible to calculate F | /F_values for all 20 amino acids
across 36 CDR loop optlmlzatlons, * based on the analysis of 6,095
amino acid replacements. For analysis of positional bias within the
CDR3 loop, the frequency at which a given position was found
to be mutated in the affinity matured pool (observed frequency)
was divided by the frequency at which the residue was mutated in
the library designs for each parent antibody (expected frequency).

Library construction and in vitro selection. For NNS-
based mutagenesis, oligonucleotides were designed to randomize
stretches of six adjacent amino acids within regions encoding the
CDR3 loops of the antibodies.?* Multiple, separate libraries were
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scFv proteins were isolated from the periplasm
by osmotic shock followed by capture of the
C-terminal His-tag by Ni2-nitrilotriacetic
acid chromatography.”’ For IgG expression,
the V|, and V| chains of selected scFvs were
cloned into human IgG expression vectors, and
expressed and purified as described.?
Analysis of scFv affinity by epitope com-

petition assay. For affinity screening of variant
scFv from the library selections, an HTRF®

S & @ S @ & assay was used to measure the inhibition of the
RGN & F S o . S

oV \o@ \0@ 3 \oé \(}& biotinylated parent antibody binding to euro-
& e @ ¥ ¢ pium-chelate-labeled ICAM-1 by the scFv or
\\e}& Aqr,i\{b 4@{‘0 4@(& IgG antibody samples, as described for other
SR SR antibody:antigen interactions.”! Biotinylated

& & & & ; i
F ¥ & F parent antibody was bound to streptavidin
N & ¥ XLent! (CIS Biolnternational, 611SAXAC) by

preincubation in the dark for 30 min at room

acid families are colored according to the key.

Figure 6. Amino acid frequency in TIAM and NNS libraries before and after selection for im-
proved affinity. The amino acid distribution before library selection was calculated based on
the respective library designs and the distribution after affinity selection was calculated from
the CDR loop sequences of the affinity matured ICM10064 and ICM10088 variants. Amino

temperature. After preincubation, the bioti-
nylated antibody/streptavidin mix was added
to a 384-well black Optiplate (Perkin Elmer,
6005529). This was followed by the addition
of diluted test antibody sample and diluted

constructed to span the entire CDR3 loop. For tailored mutagen-
esis, trinucleotide-based oligonucleotides? were designed to intro-
duce the selected amino acids into regions of up to 12 adjacent
positions within a loop. In the tailored approach, the CDR1 and
CDR2 loops of the heavy and light chain were also diversified
in separate libraries. These oligonucleotides were synthesized at
Ella Biotech. All library construction was performed by oligonu-
cleotide-directed mutagenesis, using well-established protocols*
in the pCantab6 phage display vector.” Phage display selections
for improved affinity were performed according to the published
methods.?® For a fair comparison of the NNS and tailored library
approaches, identical selection conditions were used for each
library.

Expression and purification of individual scFvs. For prepara-
tion of scFvs, plasmids containing scFv genes were cultured in
E. coli, expression induced by isopropyl-D-thiogalactoside, and

europium-chelate-labeled ICAM-1. Unlabelled

parent antibody was used as a positive control
for inhibition. After 1 h of incubation in the dark, time-resolved
fluorescence at 620 nm and 665 nm was read using an Envision
2101 reader (Perkin Elmer). Data were analyzed by using PRISM
software (GraphPad).
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