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Although humanized antibodies have been highly successful in the
clinic, all current humanization techniques have potential limita-
tions, such as: reliance on rodent hosts, immunogenicity due to
high non-germ-line amino acid content, v-domain destabilization,
expression and formulation issues. This study presents a technol-
ogy that generates stable, soluble, ultrahumanized antibodies via
single-step complementarity-determining region (CDR) germ-lining.
For three antibodies from three separate key immune host species,
binary substitution CDR cassettes were inserted into preferred hu-
man frameworks to form libraries in which only the parental or
human germ-line destination residue was encoded at each position.
The CDR-H3 in each case was also augmented with 1 ± 1 random
substitution per clone. Each library was then screened for clones
with restored antigen binding capacity. Lead ultrahumanized clones
demonstrated high stability, with affinity and specificity equivalent to,
or better than, the parental IgG. Critically, this was mainly achieved on
germ-line frameworks by simultaneously subtracting up to 19 redun-
dant non-germ-line residues in the CDRs. This process significantly
lowered non-germ-line sequence content, minimized immunogenicity
risk in the final molecules and provided a heat map for the essential
non-germ-line CDR residue content of each antibody. The ABS tech-
nology therefore fully optimizes the clinical potential of antibodies
from rodents and alternative immune hosts, rendering them indistin-
guishable from fully human in a simple, single-pass process.
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Monoclonal antibodies are a highly established technology in
drug development and the majority of currently approved

therapeutic antibodies are derived from immunized rodents (1).
The advent of display libraries and engineered animals that can
produce “fully human” antibody v-gene sequences has had a sig-
nificant positive impact on antibody drug discovery success (1), but
these technologies are mostly the domain of biopharmaceutical
companies. Antibodies from wild-type animals that are already
extant, or can be freely developed, will therefore continue to be a
rich source of therapeutic candidates. In addition, phylogeneti-
cally distant hosts such as rabbits and chickens may become a
valuable source of monoclonals with clinical potential against
challenging targets (2, 3).
Chimerization of murine antibodies can reduce anti-IgG re-

sponses in man (4), but murine v-domains may still have provoca-
tive T-cell epitope content, necessitating “humanization” of their
framework regions (5, 6). Classical humanization “grafts” murine
CDRs into human v-gene sequences (7), but this typically leads to
significant reduction in affinity for target, so murine residues are
introduced at key positions in the frameworks (a.k.a. “back-
mutations”), to restore function (8). Importantly, humanized
antibodies do elicit lower immunogenicity rates in patients in
comparison with chimerics (9).
Alternative humanization methods have also been developed

based on rational design or empirical selection (10–17), but current
methods still all suffer from flaws, such as: high non-germ-line

amino acid content retention (5, 6); grafting into poorly understood
frameworks (13); resource-intensive, iterative methods (15, 18);
requirement for homology modeling of the v-domains, which is
often inaccurate (19, 20), or a cocrystal structure with the target
antigen (14). Methods that allow humanization into preferred
frameworks can add numerous framework mutations (18, 21),
which may destabilize the v-domains (22), encode new T-cell
epitopes, or introduce random amino acid mutations in CDRs (12,
13) that can drive polyspecificity and/or poor PK properties (23).
Critically, testing of protein therapeutics in monkeys has been

shown to be nonpredictive of immune responses in man (24) and
animal immunogenicity testing has been suggested to be of little
value in biosimilar development (25). Current evidence suggests
that the main risk factors for antibody immunogenicity in man
are human T-cell epitope content and, to a lesser extent, T-cell
independent B-cell responses (6). B-cell epitopes are challenging
to predict and B-cell-only responses to biotherapeutics appear to
be driven by protein aggregates (26). The key attributes to re-
duce antibody immunogenicity risk in the clinic appear to be: low
T-cell epitope content, minimized non-germ-line amino acid
content and low aggregation potential (27).
In recent years, several reports have strongly suggested that

CDRs might be malleable in ways that could not be predicted
a priori. Random mutagenesis and reselection of a classically
humanized rat antibody found that individual framework back
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mutations and CDR residues could revert to human germ-line
sequence, while maintaining or even improving the function of
the antibody (28). A number of humanization studies have now
also shown that a small number of positions in the CDRs could
be substituted for human germ-line residues, through a rational
design cycle of reversion mutations (5, 29). In addition to these
observations, a number of structural analyses have illustrated the
common redundancy of sequence space in antibody binding in-
terfaces. Despite typically large buried interfaces between anti-
bodies and protein targets, only a subset of residues in the CDRs
of antibodies usually makes contact with antigen (30–32). Ala-
nine scanning of CDR loops has also shown that only a limited
number of residues directly affect antigen binding affinity (33).
Indeed, it has even been shown that redundant paratope space in
a single antibody may be exploited to engineer binding specificity
to two separate targets (34). Additionally, CDR loop structures
are known to be restricted to a limited number of canonical
classes, despite amino acid variation within those classes at
specific positions (35–38). These observations led us to hypoth-
esize that, under the right experimental conditions, a large
proportion of residues in grafted animal CDRs could be concurrently
replaced by the residues found at the corresponding positions in a
given destination human germ-line v-gene.
In this study, we generated combinatorial libraries on the basis

of a design principle we have named “Augmented Binary Sub-
stitution” (ABS). Each library was based on a single starting
antibody: rat anti-RAGE (28), rabbit anti-A33 (2), and chicken
anti-pTau (3). These libraries were built into human germ-line
frameworks of high predicted stability and solubility, then in-
terrogated via phage display and screened to identify lead clones
with epitope specificity and affinity equivalent to the parental
clone. ABS proved to be a facile, rapid method that retains only
the functionally required CDR content of the parental animal
antibody, without the need for prior crystal-structure insight.
Notably, this CDR germ-lining approach generated highly stable
and soluble human IgGs, from multiple key antibody discovery
species, that have minimized predicted human T-cell epitope
content. The reproducibility of these findings across three anti-
bodies from three disparate species demonstrates a fundamental
plasticity in antibody paratopes that can be broadly exploited in
therapeutic antibody optimization.

Results
Library Design, Build, and Characterization.Rat anti-RAGE XT-M4
(28), rabbit anti-A33 (2), and chicken anti-pTau pT231/pS235_1
(3) IgGs were generated on the human IgG1 backbone with ei-
ther parental (Par-RAGE, Par-A33, or Par-pTau), grafted
(Graft-RAGE, Graft-A33, or Graft-pTau), or classically human-
ized (CL-Hum-RAGE, CL-Hum-A33) v-domains. In scFv format,
the parental form of each of these antibodies retained antigen
binding, whereas the human FW-grafted versions demonstrated
little to no binding (Fig. S1 A–C). ABS ultrahumanization libraries
(ABS-RAGE, ABS-A33, ABS-pTau) were constructed (Fig. 1) to
generate 1.8 × 109 independent clones for ABS-RAGE, 1.1 × 1010

for ABS-A33, and 4.9 × 109 for ABS-pTau (theoretical binary
diversity for ABS-RAGE is 227 positions = 1.34 × 108, for ABS-
A33 232= 4.29 × 109, and for ABS-pTau 233 = 8.59 × 109). Library
build quality was verified by sequencing ≥96 clones/library (Fig.
S2). Libraries were rescued using helper phage M13 and selec-
tions performed on their cognate targets.

Identification and Analysis of Ultrahumanized clones. Postselection
screening (Fig. S3 A and B) and DNA sequencing revealed the
presence of numerous scFv clones with significantly increased
human content within the CDRs. In the ABS-RAGE and ABS-
A33 leads, the FW sequences remained fully germ line. In the
ABS-pTau leads (n = 188), all selected clones retained the T46
back-mutation (Kabat numbering used throughout), illustrating

that this VL-FW2 residue is essential to humanize chicken an-
tibodies (Fig. S4). From each screen, ABS lead clones were
ranked on the basis of HTRF signal vs. level of CDR germ-lining.
The top 10 clones from each ranking were then subcloned into
IgG expression vectors for further testing as below. Human
germ-line amino acid content was quantified within the CDRs of
parental antibodies and ABS leads and expressed as a percent-
age (Table S1). Human content had raised 17–29% in each case.
In expression in HEK-293expi cells after transfection with IgG
expression plasmids and expifectamine, all IgGs studies (ABS-
derived leads and controls) produced >15 mg/L of purified IgG,
with the exception of Graft-A33, which could not be expressed.

Lead IgG Affinity, Stability, and Specificity Characteristics.ABS leads
in human IgG1 format were analyzed for specificity and stability.
HTRF data (Fig. S5 A–C), showed that the lead ABS-derived
IgGs had successfully maintained full epitope competition with
their respective parental clones (Table S1). Biacore analyses showed
approximately twofold affinity improvements for C7-ABS-RAGE
and C21-ABS-pTau over Par-RAGE and Par-pTau, respectively,
whereas C6-ABS-A33 maintained equivalent affinity to Par-A33
(Table S1).
A baculovirus ELISA (Fig. S6A) where binding is a risk in-

dicator for poor pK in vivo (39) showed no reactivity for any of
the RAGE, A33, or pTau clones in comparison with an internal
positive control (40). High-sensitivity Biacore assays were also
established, to examine the possibility that v-gene engineering
might lead to low-affinity interactions with multiple classes of
proteins. A panel of 18 nontarget proteins showed that C7-ABS-
RAGE and C6-ABS-A33 both maintained highly specific binding
to their respective antigens (Fig. S6 B and C). For the anti-pTau
antibodies, specificity for pT231/pS235 was confirmed using
previously described Biacore assays (3) (Fig. S6D). All ABS-
derived leads in this study were, therefore, absent of the “charge
asymmetry,” lipophilicity, off-target protein binding, or other prob-
lems that can arise during v-gene engineering (39, 41–43).
DSC analysis of IgG thermal stabilities demonstrated that C7-

ABS-RAGE, C6-ABS-A33, and C21-ABS-pTau were highly stable.
C7-ABS-RAGE was particularly thermostable with a Fab Tm of
85 °C; similar to Graft-RAGE, but almost 8 °C higher than that
of the CL-Hum-RAGE (Fig. S7A and Table S1). This is a finding
of note, as it highlighted that the presence of back-mutations in
CL-Hum-RAGE had significantly decreased the stability of the
v-domains in comparison with the highly stable graft. C21-ABS-
pTau exhibited a Fab Tm of 70 °C, 4 °C higher than Graft-pTau
(Fig. S7B). C6-ABS-A33 exhibited a Fab Tm of 74 °C, identical
to Chim-A33 (Table S1), but could not be compared with Graft-
A33, which could not be expressed at usable levels in our hands
(Fig. S7C). In forced aggregation analyses, C7-ABS-RAGE,
C21-ABS-pTau, and C6-ABS-A33 all showed <10% aggregation
at 60 °C (Fig. S7 D, E, F, Table S1). Graft-pTau, in contrast,
exhibited >90% aggregation at 60 °C. Importantly, analysis of
pH shock tolerance (which mimics virus-killing pH hold in mAb
manufacturing) also showed each of the IgGs to be highly stable,
with <3% loss observed (Table S1).

Human T-Cell Epitope Minimization in ABS Leads. ABS leads and
associated precursors were examined for potential T-cell epitope
content, as suggested in the recent FDA immunogenicity as-
sessment guidelines (44), using the EpiMatrix software (6) for
each clone (Fig. S8A). C7-ABS-RAGE, C6-ABS-A33 and C21-
ABS-pTau showed scores of −53.72, −50.22, and −67.33 points,
respectively. ABS lowered the projected immunogenicity of all
clones into the same range as antibodies such as trastuzumab and
lower than fully human antibodies such as adalimumab (Fig. S8A).
Analysis at the individual peptide level predicted that T-cell epi-
tope content was clearly reduced for all ABS leads in comparison
with their respective parental forms (Fig. S9). Indeed, the removal
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of the back mutation found in the VL FW2 of CL-Hum-RAGE
not only aided stabilization of the v-domains (Fig. S7A), but also
removed a predicted T-cell epitope (Fig. S9). Analysis of the se-
quence of C21-ABS-pTau and C6-ABS-A33 showed that the
ABS-derived germ-lining at key positions in multiple CDRs had
ablated foreign T-cell epitopes including some that had been in-
troduced by CDR-grafting. However, some potential foreign epi-
topes were still present, even after ultrahumanization (Fig. S9).
This finding reflects the need to retain certain key contact residues
in the paratope and balance target recognition with T-cell epitopes
and overall “humanness.” The L46T back mutation in C21-ABS-pTau
was not predicted to introduce a T-cell epitope and this clone
retained only a single predicted foreign T-cell epitope.

It has previously been argued that another major determinant
of antibody immunogenicity is likely to be the amount of non-germ-
line surface residue exposure found on the v-domains (45). To as-
sess non-germ-line surface availability, nonhuman solvent-accessible
surface area (nhSASA, measured in Å2) was calculated for the
parental, graft and ABS lead clones. All ABS leads demonstrated
minimized nhSASA (Fig. S8B). Notably, C7-ABS-RAGE exhibited
a nhSASA of 1,077.6 Å2, in comparison with the Par-RAGE and
Graft-RAGE at 3,084.8 and 1,957.6, respectively, which represents
a 45% reduction even in comparison with the Graft-RAGE, where
the CDRs are the only source of non-germ-line surface residues.
Further analyses were performed using publically available

software to numerically define the human repertoire similarity of

Fig. 1. Schematic of ABS library design, selection and screening principles. (A) Amino acid sequences are shown for the v-domains of Par-RAGE and destination
germ-line (DPK9-DP54) scFvs in VL-VH format. Rat parental antibody-specific residues are highlighted in red, and human germ-line-matching residues are high-
lighted in green. At each position where the rat and human residues differed, both residues were encoded for in the ABS-RAGE library. This principle was applied
to all CDRs other than the CDR-H3, in a single combinatorial library. In the CDR-H3, point mutations were permitted at a frequency of 1 ± 1 per clone. (B and C)
Phage libraries were generated (B) and used in selections on cognate antigen (C). (D) Selection output clones were subsequently screened by ELISA, HTRF, and DNA
sequencing to identify hits with maintained target binding and epitope specificity. (E and F) Top clones were expressed and purified as IgGs (E), before char-
acterization of affinity by Biacore, solubility and aggregation analyses by SEC, in vitro specificity by ELISA and Biacore, and thermal stability analysis by DSC (F).
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the parental and ABS-derived leads, in comparison with 31 an-
tibodies currently approved as therapeutics with murine, hu-
manized or fully human v-domains. These analyses showed that
the ABS clones had distinctly improved T20 (46), G (47), and Z
(48) scores over parental clones. Indeed, ABS lead clones had
scores placing generally in the range of values found for the fully
human antibody group (Fig. S8C).

Essential Non-Germ-Line CDR Content Definition via Mutational
Tolerance and Structural Analyses. The screening of output clones
from the ABS-pTau library identified 188 sequence-unique hits
with binding signals ≥ the parental scFv (Fig. S3A). For residues
targeted in the library for binary substitution, positional amino
acid retention frequencies were calculated for these hits and
expressed as a percentage (Fig. S10 A and B). Amino acid posi-
tions with parental residue retention frequencies of >75% were
labeled “strongly maintained” (SM), i.e., with the chicken residue
being positively selected. Those with frequencies below 25% were
labeled “strongly deleted” (SD), i.e., the human germ-line residue
being preferred.
When the SM residues were compared with those previously

predicted to be key contacts via a cocrystal structure (3), the two
populations were found to clearly overlap. Across both chains,
however, SM positions were found to be only 29.6% (17 of 55) of
the total CDR residues outside the CDR-H3. In the VH domain,
Q33, T52, S53, R54 were all predicted contact residues and all
were SM, with retention frequencies >90%. G55 and G56 were
also predicted to be key contacts but were not sampled in the
library, as they were fully conserved human to chicken. In-
terestingly, the S53G substitution, although not heavily favored
in the selected population, could clearly be functional, as seen in
the C21-ABS-pTau clone, so long as T52, R54, G55, and G56
were maintained (Fig. S4). Other SM residues in the VH were
found to be contact-proximal and/or potentially critical for ap-
propriate presentation of the contact residues, such as M35, A49,
G50, V57, and G59. Of four predicted contact residues in the VL
(3), only Y91 was found to be SM and was retained at 100%.
Other SM residues were predominantly found in stem-loop po-
sitions of CDR-L3 (G89, G96, G98) and CDR-L1 (G34), which
may be influential on loop structure (35). Additionally, the SM
N51 site forms structurally supportive hydrogen bonds between
the CDR-L1 and VL FW2 (3).
Out of 33 residues sampled by binary substitution, only a single

SD residue (VH L29) was identified, suggesting that all 16 other
non-SM residues were interchangeable. On the basis of these
analyses, we identified the “essential non-germ-line CDR content,”
meaning those essential parental residues that cannot be germ-
lined, even if compensated by the mutation of a residue elsewhere
in the paratope (Fig. 2 A–C). These findings also informed the
minimization of chicken residue content by making a combination
clone, Combo-ABS-pTau. This clone contains the most “human”
variant of each CDR that had been observed in the top ABS-pTau
hits (Fig. S4 and Table S1). This reduced non-germ-line content by
another 6 residues versus C21-ABS-pTau, pushing the Combo-ABS-
pTau to 76% human in the CDRs, but adding one more predicted
T-cell epitope than C21-ABS-pTau (Fig. S9). The retained non-
germ-line residues in Combo-ABS-pTau closely matched to the SM
set of residues described above (Fig. S10 A and B). Combo-ABS-
pTau was found to be soluble, stable and maintained the binding
affinity and specificity of Par-pTau (Table S1 and Fig. S7B).
Similar data to that described above was found for ABS-A33

(Fig. S10 C and D). Furthermore, the combined analyses of re-
tention frequencies in 5 separate ABS humanizations showed
that some CDR loop regions known to have low potential to form
contacts with antigen (32) were highly amenable to humanization.
Residues 60–65 of the VH-CDR2, 24–27 of the VL-CDR1 in
kappa and lambda chains, 89, 93, and 97 of the VK-CDR3 and
multiple VL-CDR2 positions could frequently be germ-lined

(Fig. S11 A–C). In the majority of positions sampled, however,
no retention frequencies were observed that might allow pre-
diction of humanization success a priori. Germ-lining of positions
was not exclusively observed at positions where the amino acids
were homologous, as also demonstrated in Table S1.

Discussion
Despite considerable investigation, current antibody humaniza-
tion methods often create therapeutic molecules with significant
risk factors for the failure of a lead drug due to potential im-
munogenicity and/or poor pK in the clinic (6) or because the
molecule cannot be manufactured and delivered in a cost-
effective manner (49). These risks are potentially exacerbated if
the lead is derived from hosts such as rats, rabbits, or chickens,
rather than the heavily characterized antibody repertoires of mice
and humans.
Antibodies from alternative immune species can provide ex-

cellent IgGs with unique functional characteristics against prob-
lematic targets (e.g., highly conserved across species), but their
antibodies are also known to exhibit unique sequence/structural
features (19). These antibodies require maximal humanization and
development validation if they are to gain broad acceptance as
potential clinical leads. Indeed, despite their therapeutic potential,
there are currently no chicken antibodies and only one known
humanized rabbit antibody in the clinic (50). In establishing the
ABS technology we have shown that it is possible to minimize
clinical and manufacturing concerns, by making antibodies from
all three sources with excellent drug-like properties: highly expressed,
biophysically stable, soluble, and of low immunogenicity risk.
When analyzed in silico, human identity and T-cell epitope

risk appeared to be indivisible between C7-ABS-RAGE and

Fig. 2. CDR germ-lining illustration via surface space-fill plots of non-germ-
line amino acid retention. (A) Heatmap (based on cocrystal structure PDB
4GLR) of non-germ-line residue content in the anti-pTau binding site for Par-
pTau, Graft-pTau and C21-ABS-pTau. Residues matching human DP47/DPL16
germ lines are shown (spacefill) in gray, non-germ-line residues in orange
(CDR-H3) or red (all other CDRs). The target pTau phospho peptide is in-
cluded in green, illustrating the predominant retention of surface-exposed
residues involved in the functional paratope in clone C21-ABS-pTau. Although
cocrystal structures for anti-RAGE (B) and anti-A33 (C) were not available,
structural modeling showed that the ABS process clearly defines residues that
may be essential for antigen-binding function.
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currently marketed fully human antibodies, with C21-ABS-
pTau and C6-ABS-A33 comparable to the best of the humanized
mouse antibodies currently approved for clinical use. This finding
is of key importance as it shows that the ABS process intrinsically
minimizes the number of non-germ-line residues in the v-domains,
reducing the potential for HLA class II peptide content that could
drive the CD4+ T-cell help that is believed to be a key component
of class-switched, high-affinity, anti-drug IgG responses (5).
The drive toward germ-line content in v-domains is underpinned

by core theories of self-tolerance: Thymic tolerance in any given
individual that defines “self” is dominated by the deletion of
T cells recognizing self-antigens (5). Although individual antibody
v-domain sequences often accrue significant deviations from germ
line in the CDRs due to somatic hypermutation, those individual
unique sequences are only likely to be tolerized in the individual
which made the original B cell. The base set of 9-mer peptides that
are common to, and likely to be tolerated by, all humans (ex-
cepting for allotypic differences), is therefore encoded for by the
germ-line v-domain sequences that are expressed at high levels
across many individuals (51). Importantly, this theory has been
experimentally tested in mice, where CD4+ T cells in adult ani-
mals are unresponsive to mouse germ-line v-domains (51). It
should be noted, however, that analysis of the predictive power of
in silico T-cell epitope prediction has questioned its accuracy. This
potential inaccuracy may be due to the observation that current
prediction software is accurate at predicting the dominant DR-
displayed peptides, but lacks accuracy in predicting DP and/or DQ
alleles (52). These findings further support the rationale to drive
the full v-domain sequence (inclusive of CDRs) as close as pos-
sible to human germ line, due to our inability to fully avoid false
negatives in in silico epitope screening. Predictive power of im-
munogenicity analyses post-ABS could also be improved by
performing in vitro antigen stimulation assays (52).
The use of preferred human germ-line frameworks is a critical

element of the ABS technology, as this gives great confidence
in the stability and solubility qualities of the resulting ultra-
humanized lead antibodies. Other humanization methods do not
factor in the CDRs themselves as mediators of stability and
solubility, in addition to the frameworks. Antibodies from spe-
cies with limited starting framework diversity in both the VH
and VL genes fit the ABS technology particularly well. Indeed,
chickens and rabbits use VH repertoires that are highly homol-
ogous to human VH3 domain (19). For murine antibodies, FW
diversity in the functional repertoire is much higher than for
chickens or rabbits (19). Prior estimations of v-domain homology,
pairing angle, and VH-VL packing are therefore prudent to predict
whether preferred germ lines other than DP54 and DPK9 should
be used during ABS of murine clones (13). Additionally, so-called
fully human antibody sequences derived from naïve phage display
libraries, human B-cell cloning, or transgenic animals will also
typically have unnecessary deviations from germ line, caused by
somatic hypermutation (1). The ABS process may also be appli-
cable in rapidly germ-lining these antibodies before clinical use.
Although it has previously been shown that some redundant

CDR residues can be germ-lined via iterative testing of point
mutations (5, 15) or in silico modeling (14), neither of these
methods has the power to simultaneously sample e.g., >230,
concurrent, potentially synergistic, substitutions that are distal in
sequence space, while intrinsically selecting for function. Additionally,
methods that maintain the animal CDR-H3 (+/− CDR-L3), then

sample human repertoire diversity to return binding affinity (21,
53), may suffer from an inability to recapitulate the critical
structural characteristics found outside the CDR-H3s of non-
murine antibodies, as exemplified by our anti-pTau mAb (3).
These methods also frequently leave, or generate, significant
numbers of framework mutations away from germ line, which
can lower the stability of v-domains (22). Indeed, the C7-ABS-
RAGE clone illustrated that the CDRs from XT-M4 could be
heavily germ-lined and the back mutations from classical hu-
manization fully removed, greatly improving stability in the final
molecule.
This study illustrates that three separate antibodies from three

species, targeting three different epitopes, all have high levels
of sequence tolerance in their paratopes that can be exploited
for v-domain risk reduction engineering without the need for
prior structural analyses. The retention of SM residues in the
CDRs of selected clones after ABS strongly correlated with the
prediction of key contact residues in the cocrystal structure of
anti-pTau with its target antigen. Residues were also found to
be SM if they were likely to be critical in the correct pre-
sentation of CDR loops. In only one case was a framework back
mutation necessary to include during humanization (VL L46T,
anti-pTau). Interestingly, a classical humanization study per-
formed very recently (by another group) on the anti-pTau anti-
body also sampled the L46 position and found it to be a
necessary back mutation to humanize this antibody (54). Im-
portantly, however, four other back mutations in multiple FW
regions were also found to be necessary. In the current study we
show that the ABS process ameliorates the need for those back
mutations to return full binding affinity. This observation sug-
gests that many of the back mutations required during classical
humanization of anti-pTau, anti-RAGE, and anti-A33 were
likely necessitated by the retention of non-germ-line CDR resi-
dues that clash with human framework residue side chains, but
are functionally redundant in antigen binding. Importantly, this
study therefore suggests that the loss of function in our grafted
clones was not due to an inherent defect in VH/VL packing, with
the exception of the need for L46T in ABS-pTau clones. Rather,
mutations in the CDRs that lead to “local accommodation”
improvements are sufficient to recover affinity.
ABS intrinsically minimized redundant animal-derived CDR

content by selecting for the retention of essential non-germ-line
residues and allowing the rest of the CDR to be converted to the
sequence of the destination v-gene. This approach thereby si-
multaneously optimized all functional parameters of these three
potential therapeutic antibodies, which were derived from spe-
cies often used in monoclonal antibody generation against chal-
lenging therapeutic targets.

Materials and Methods
Based on scFv constructs, ABS libraries were synthesized and subjected
to phage display selections on their cognate targets. Lead clones identified
through sequence analyses and parental IgG competition assays were
reformatted to IgG, expressed, purified and their function, structure, and
biophysical characteristics were examined as outlined in SI Materials
and Methods.
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