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More than two million Americans and 1 in 5 surveyed 
Europeans suffer from chronic pain.1 This pain is debilitating, 
and has substantial significant economic effects as US compa-
nies spend an estimated $90 billion annually for employee absen-
teeism, loss of productivity and medical treatments.2 Current 
pain therapies rely on five classes of drugs: corticosteroids, non-
steroidal anti-inflammatory drugs (NSAIDs), cyclooxygenase 
inhibitors (coxibs), opioids and cannabinoids.3 However, these 
medications are not always effective due to the limited pain eti-
ologies targeted, dose-limiting side effects, and the potential for 
addiction. Therefore, a need exists for additional therapies that 
treat severe chronic pain. Antagonism of nerve growth factor 
(NGF) is a promising approach for effective pain management in 
a variety of pain syndromes.4 Accordingly, we developed an anti-
NGF antibody, tanezumab, which is currently in clinical trials. 
Tanezumab has efficacy for pain associated with osteoarthritis5 
and the lower back, and has also shown promise in pain associ-
ated with cancer and rodent models of visceral and neuropathic 
pain.6,7 As an anti-NGF therapy, tanezumab and other drugs of 
this class utilize the first new mechanism of pain management 
in decades.

A fundamental challenge in developing anti-NGF thera-
peutics is the overlap in structure and function among the 
neurotrophin family members such as NGF, NT-3, NT-4/5 
and brain-derived neurotrophic factor (BDNF), which have an 
overall amino acid sequence identity of 52%.8 Expressed as pro-
peptides, neurotrophins undergo proteolytic maturation to form 
the biologically active 26 kiloDalton homodimer. Each neuro-
trophin has an independent biological function that is mediated 
through activation of one or more of the tropomyosin-related 
tyrosine kinase receptors, TrkA, TrkB or TrkC. NGF binds spe-
cifically to the extracellular domain of TrkA, leading to receptor 
phosphorylation followed by activation of several intracellular 
signaling pathways.9 This may occur in a 2:2 stochiometry as 
was observed in the crystal structure of NGF bound to a TrkA 
extracellular fragment.10,11 In addition to binding Trk receptors, 
all neurotrophins bind to the p75 neurotrophin receptor (p75NTR, 
also known as the low-affinity neurotrophin receptor),12 which 
is a member of the tumor necrosis factor receptor super-family.13 
The biological effects of NGF interaction with p75NTR in differ-
ent cell types both with and without Trk expression remains to 
be fully elucidated. However, it is known that the association of 
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Nerve growth factor (NGF) is indispensable during normal embryonic development and critical for the amplification 
of pain signals in adults. Intervention in NGF signaling holds promise for the alleviation of pain resulting from human 
diseases such as osteoarthritis, cancer and chronic lower back disorders. We developed a fast, high-fidelity method to 
convert a hybridoma-derived NGF-targeted mouse antibody into a clinical candidate. This method, termed Library Scan-
ning Mutagenesis (LSM), resulted in the ultra-high affinity antibody tanezumab, a first-in-class anti-hyperalgesic specific 
for an NGF epitope. Functional and structural comparisons between tanezumab and the mouse 911 precursor antibody 
using neurotrophin-specific cell survival assays and X-ray crystal structures of both Fab-antigen complexes illustrated 
high fidelity retention of the NGF epitope. These results suggest the potential for wide applicability of the LSM method 
for optimization of well-characterized antibodies during humanization.
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NGF and p75NTR into a signaling complex with a 2:2 stochiom-
etry is dependent on glycosylation of p75NTR.14,15

Given the role of NGF in pain, we sought to engineer an 
antibody that would preferentially block the signaling of NGF 
over other neurotrophins. Our starting point was the hybridoma-
derived mouse 911 antibody that demonstrated efficacy in animal 
pain models7 and cross-reactivity with rodent, human and non-
human primate NGF orthologs, and we sought to retain these 
characteristics during optimization. We developed a method to 
boost the affinity of the antibody for NGF and retain the exact 
NGF-specific epitope of 911, resulting in the clinical candidate 
tanezumab. This broadly applicable method, library scanning 
mutagenesis (LSM), employs small libraries containing few 
mutants, in contrast to most large library methods with recombi-
nant bacteriophage, yeast and ribosome display technologies.16-19 
Analyzing and engineering the complementarity-determining 
region 3s (CDR3s) with LSM involves application of relationships 
between framework and variable domains described by Foote and 

Poljak.20-23 To appreciate fully the epitope fidelity imparted on 
tanezumab by LSM, we determined X-ray crystal structures of 
NGF in complex with both 911-Fab and with tanezumab-Fab 
and compared their biochemical and biological activities.

Results

Conversion by optimization of CDR1 and CDR2
The starting point for molecular conversion to a clinical lead 

antibody was the mouse antibody clone 911,6,7,24 which binds 
human and murine NGF with high affinity (K

D
 ~10 nM) [Fig. 1A, 

workflow (1)]. The goal of this humanization was to build the 
mouse paratope onto a human antibody framework while main-
taining the specificity and integrity of binding. Sensitivity to 
NGF binding drove the conversion and guided all CDR targeted 
mutations and libraries. The human frameworks having light and 
heavy chain segments O8 /JK2 and VH4–59 /JH4, respectively 

Figure 1. Design and biophysical analysis of the humanization of tanezumab by LSM. (A) Schematic diagram depicting the development of tanezumab 
by cloning the mouse 911 hybridoma-derived antibody (1), identifying the CDrs and constructing a human framework template (2), humanizing and 
adjusting the template (3), employing library scanning mutagenesis (LSM) on the CDr3s (4) and merging mutations into the final antibody (5). The 
template affinity for NGF was KD 25 nM. Following CDr 1 and 2 optimizations, the intermediate affinity for NGF was 1 nM. LSM analysis was then com-
bined on the intermediate for a final set of library screening to arrive at tanezumab (KD < 12 pM). (B) LSM histogram for each complete mutagenesis at 
each position in L3 except P95 and all residues in H3. Mutants were better off-rate than wild-type (w.t., red), same as w.t. (beige), worse than w.t. (light 
blue) or no binding (dark blue). The rectangular box around L3 K92 highlights a 100% permissive position. asterisks (*) identify positions targeting for 
combination in the last round of LSM. (C) Tanezumab binding competition for NGF receptors, p75NTr (green) and Trka (pink) by percent capture of 
NGF to biosensor chip coated with either receptor. (D) 911 binding competition for NGF receptors, p75NTr (green) and Trka (pink) by percent capture of 
NGF to biosensor chip coated with either receptor. (E) Percent neuron survival as a function of increasing antibody concentration of either tanezumab 
(purple) or 911 (orange).
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and with the NCBI V gene nomenclature, 
were used to generate the template anti-
body 8L2–6D5. They were selected due 
to the highest human germline similarity 
to 911 based on ImMunoGeneTics infor-
mation system® (IMGT; www.imgt.org) 
database using Igblast.25 8L2–6D5 con-
tains one framework mutation in the heavy 
chain framework.20 This was the starting 
antibody for humanization and affinity 
maturation after E. coli and hamster codon 
optimization and sub-cloning into an E. 
coli Fab expression vector using standard 
techniques [Fig. 1A, workflow (2)].26,27

The amino acid sequences of 
8L2–6D5 CDRs 1 and 2 were: 
L1 (24RASQDISNHLN34), L2 
(50YISRFHS56), H1 (26GFSLIGYDIN35) 
and H2 (50MIWGDGTTDYNSAL63). 
The first variants were created within only 
these 4 CDRs of the 8L2–6D5 E. coli Fab 
format. Two criteria were used for directing 
mutations. Amino acid positions that were 
conserved in human CDRs were identi-
fied and replaced with the most commonly 
occurring amino acids at those few posi-
tions, and amino acids likely to be used during in vivo affinity 
maturation were left alone based on alignment of the selected 
germline with Igblast.25,28 These criteria were determined by tak-
ing the human germline frameworks selected and using them to 
query the IMGT database and protein data bank with Igblast 
to create a non-exhaustive framework alignment from the data-
base. Focusing in CDRs, positions that were not conserved in 
the H1, H2, L1 and L2 CDRs across the alignment were identi-
fied; these are likely optimized for epitope recognition during 
affinity maturation. Conservation was observed at other posi-
tions. For example, when using the selected germline amino acid 
sequence as a probe of the entire antibody database, the human 
residue in L2 position 51 is frequently a small residue, while the 
mouse CDR is Ile, which is suggestive of a structural position not 
directly binding antigen in the paratope, rather than engaging 
in a critical interaction with the antigen. Therefore, we mutated 
conservatively29 CDR1 and CDR2 residues such as L2 51 to 
the human residue in order to match the framework around the 
paratope. Thus, a small number of mutations were made in these 
4 CDRs with the goal of mimicking a human CDR sequence, 
and subsequently mutants were selected for further optimization 
based on measurement of a slower off-rate as compared with the 
starting sequence [Fig. 1A, workflow (3); Table 1]. The affinity 
of 8L2–6D5 for human NGF was 25 nM by surface plasmon 
resonance (SPR), with k

on
 of 4 × 104 M-1s-1 and k

off
 of 1 × 10-3 s-1. 

Mutants were tested unpurified from small-scale periplasmic E. 
coli expression, allowing for rapid, high-throughput, overnight 
analysis. Because most SPR measurements were performed on 
partially pure proteins, we ranked Fab mutants using measured 
values for k

off
 and an 8L2–6D5 based, constant value of k

on
 of 

4 × 104 M-1s-1 to obtain estimates of the K
D
. Improved affin-

ity clones (k
off

 < 1 × 10-3 s-1) were sought among these conser-
vative mutations. When screening the L1 and L2 mutants, the 
heavy chain was maintained as the template sequence and the 
light chain was likewise maintained for the screening of the H1 
and H2 mutants [Fig. 1A, workflow (3)]. This approach, which 
employed wobble codons,29 was not exhaustive in the probing 
of amino acid sequence space, but sought to decrease the likeli-
hood of a human immune response while maintaining the NGF 
epitope, minimizing chemical liabilities (oxidation, isomeriza-
tion) and allowing for increased binding affinity. The intermedi-
ate clone optimized from this step, H19-L129, had a measured 
k

off
 of 1.4 × 10−4, which represents a 7-fold improvement in k

off
 

(calculated K
D
 of 1 nM), and consisted of CDR amino acid 

sequences: L1 (24RASQSISNNLN34), L2 (50YTSRFHS56), H1 
(26GFSLIGYDLN35) and H2 (50IIWGDGTTDYNSAV63).

Library Scanning Mutagenesis on CDR3: rapid optimization
The LSM method is a two-step process for rapid identification 

of mutations in L3 and H3 that maximize improvement in affin-
ity for the antigen [Fig. 1A, workflow (4)]. Screening a selected 
subset of amino acids to combine with the initially identified piv-
otal positions further optimizes the loop structure resulting in an 
increased affinity toward the target. For our anti-NGF antibody, 
mutants were screened by biosensor (SPR/BIAcore™) analysis in 
the context of the template antibody, 8L2–6D5. Using this lower 
affinity template antibody was important to allow increased sen-
sitivity of the assay for improvements in binding as indicated 
by a slower off-rate (k

off
). Mutants identified by this first step 

in the LSM method were subsequently screened in the second 
step by incorporation into the CDR1 and CDR2 optimized 

Table 1. Koff values determined during optimization of L1, L2, H1 and H2 for generation of the 
intermediate
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intermediate, higher affinity H19-L129 and monitored for fur-
ther improved off-rates (and higher binding affinities) to gener-
ate the final antibody [Fig. 1A, workflow (5)].

For the first LSM step, each position in L3 and H3 was 
mutated to all 20 amino acids using the degenerate codon NNK 
(where N represented nucleotide abbreviated as A or T or G or C 
and K represented G or T). The total library size was kept small 
(32 codons per each oligonucleotide) by making a change in only 
one CDR position at a time. Each positional library was cloned 
and screened independently; for example, five independent librar-
ies were generated from separate oligos each with one NNK for 
each L3 position and calculated as only 32+32+32+32+32 = 160 
clones to cover L3. CDR L3 Pro95 was not altered due to a pre-
sumed structural role. Periplasmic E. coli Fab expression was fol-
lowed by high-throughput off-rate analysis, while keeping track 
of phenotype with genotype. The L3 and H3 starting sequences 
were 91SKTLPY96 and 95GGYYYGTSYYFDY102, respectively. 
The single measurement values of k

off
 were considered signifi-

cantly improved when slower than 1 × 10-3 s-1, significantly worse 
when faster than 2 × 10-3 s-1, and unchanged otherwise [Fig. 1B; 
Fig. S1). Amino acid CDR positions where most clones produced 
unchanged values of k

off
 were considered to be “permissive,” and 

positions where most clones produced worse values of k
off

 were 

considered to be “restrictive.” For instance, L3 residue K92 was 
permissive since all mutants had the same off-rate, while H3 resi-
dues Y98 and Y99 were considered to be restrictive sites since 
fewer than 7% of mutants retained binding, which is a narrow 
working space for binding in the paratope. Mutations at sites 
L3-S91, H3-Y98, H3-G100 and H3-S100B improved k

off
 (Table 

2). Since k
off

 is determined from “single-shot” screening data (Fig. 
S1), some SPR curves with noise or artifacts produced misleading 
values of k

off
, which could easily be discarded upon inspection of 

the biosensor curves (e.g., H3-S100B was not improved).
For the second LSM step, four positions from CDRs L3 and 

H3 were selected for combinatorial library screening for affin-
ity improvement in the context of the higher affinity intermedi-
ate, H19-L129. The intent of this small library was to exploit 
the positional and chemical information from the first round of 
off-rate screening with a minimum number of changes from the 
native sequence. Permissive sites were included to provide confor-
mational flexibility and to allow for binding synergy. The posi-
tions selected for this micro-library were L3-S91, H3-Y98 and 
H3-G100 with addition of the completely permissive site L3-K92 
(Fig. 1B, * positions). Because of the limited number of positions 
(four) and analysis of the sequence information from the first 
NNK CDR3 libraries, sites were made into a library that com-
bined mutations of L3 and H3 simultaneously and using wobble 
codons29 that included the improved amino acid plus a limited 
set of other mutants. H3 position 98 was changed to Y, W or C 
using codon TRS (R is A or G and S is C or G) and H3 position 
100 was changed to A or P using codon SCC (S is C or G). L3 
position 91 was changed to E using codon GAG and L3 posi-
tion 92 was changed to all 20 amino acids using the degenerate 
codon NNK, since it was a permissive position and may allow 
unpredicted binding improvement. Based on off-rate screening 
of this library, two clones were dominant with improved values 
of k

off
. These clones had CDR L3 and H3 sequences 91EXTLPY96 

and 95GGYWYATSYYFDY102
,
 respectively, where X is H (clone 

ID 3E) or R (clone ID 3C), and apparent values of K
D
 below 0.4 

nM; sequence alignment of the constructs along the path from 
911 to tanezumab highlight the differences generated during 
LSM (Table 3). Mammalian expression and purification as Fab 
and full-length IgG was performed for 3E and 3C to perform 
complete kinetic analysis. 3E has superior affinity for NGF and 
became the lead antibody—the clinical candidate, tanezumab—
for functional analysis.

Analyzing receptor blocking by tanezumab and the 911 
antibody

The ability of both tanezumab and 911 to block NGF bind-
ing to either TrkA or p75NTR was determined by equilibrating a 
range of concentrations of either Fab with NGF at either 2.5 nM 
or 5 nM. The receptors were soluble human Fc-fusion proteins 
amine-coupled to the biosensor chip at low density. Tanezumab 
blocked NGF binding to TrkA and p75NTR where the stoichiom-
etry of 1:1 antibody binding sites to NGF binding sites was met 
(Fig. 1C). The anomalous increase in p75NTR binding at low con-
centrations of antibody may have reflected detection of ternary 
complexes of p75NTR/(NGF)

2
/tanezumab, which would have 

increased the mass and therefore increased the measured signal. 

Table 2. Koff values determined for a subset of mutants during LSM
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911 also blocked NGF binding to both TrkA and p75NTR 
binding, but less potently than tanezumab due to its lower 
affinity for NGF (Fig. 1D).

To ensure that tanezumab recognized an NGF epit-
ope functionally equivalent to that of 911, neurotrophin-
dependent survival assays were performed in the presence of 
competing Fabs (Fig. 1E), where the NGF concentration is 
within range for viable neurons (Fig. S2A) and the Fabs have 
been shown to be equivalent to the full-length antibody (Fig. 
S2B). These cell-based assays used mouse embryonic day 13 
trigeminal ganglion (TG) sensory neurons, which depend 
on NGF-TrkA signaling for sur-
vival. Tanezumab inhibited NGF-
dependent survival with an IC

50
 of 15 

pM where NGF was at a saturating 
concentration (15 pM). Under the 
same conditions, 911 inhibited NGF 
with an IC

50
 of 400 pM (Fig. 1E). 

Due to the binary nature of the live/
dead neuron counting as a function 
of antibody concentration, the tran-
sition data was rarely captured by 
more than 1 data point for either 911 
or tanezumab, but was reproducible.

The extent of specificity of tanezumab and 911 for NGF over 
the other neurotrophins was evaluated by neuron survival assays 
specific for each of the neurotrophins. Using neurons, which 
specifically responded to neurotrophins via either TrkA or TrkB, 
cell survival assays were performed for each of the neurotrophins 
in competition with tanezumab or 911 (Fig. 2A–D; Fig. S3). 
For competition with NGF and NT-3, embryonic day 18 tri-
geminal ganglion (TG) sensory neurons were used, which were 
highly responsive to NGF and marginally responsive to NT-3 
via TrkA. For competition with BDNF and NT-4/5, embry-
onic day 17/18 nodose sensory neurons were used, which were 
responsive to BDNF and NT-4/5 via TrkB. With pre-incubation 
of neurons and within concentration ranges of 0.02–200 nM of 
either antibody, the most dramatic effect was observed for inhi-
bition of NGF-dependent survival of TG neurons where 100% 
suppression of survival was obtained with 0.2 nM of antibody, 
while there was no significant effect on NT-3-dependent sur-
vival of TG neurons at 200 nM of antibody. Under the same 
assay conditions and using nodose neurons, neither tanezumab 
nor 911 affected either BDNF or NT-4/5 TrkB-dependent sur-
vival at concentrations up to 200 nM.

Structural and functional epitope of tanezumab and 911
The molecular basis of tanezumab and 911 activities toward 

NGF was investigated by X-ray crystallography. Crystals of the 
NGF/Fab complexes were formed after purification by gel filtra-
tion. The structures were determined using molecular replace-
ment methods, revealing the Fab

2
:(NGF)

2
 complexes (Fig. 2E 

and F; Table 4; Table S1; Figs. S4 and S5). The NGF mono-
mers in complex with 911-Fab and tanezumab-Fab are essentially 
unchanged from the previously determined structures of free 
NGF. The N-terminal eight residues were disordered in the tane-
zumab complex and the N-terminal nine residues were disordered 

in the 911 complex, which was similar to the unbound NGF,30 
NGF/p75NTR complex14 and other unbound neurotrophin struc-
tures.31,32 This N-terminal disorder differs from the NGF/TrkA 
complex structures,10,11 where those N-terminal residues were 
ordered and interacting with the TrkA receptor.

Both tanezumab and 911 Fabs bound to the same epitope on 
NGF, at the interface between the NGF monomers (Fig. 2G; Fig. 
S6A). The NGF epitope was composed of β-strand segments from 
both NGF monomers in both complexes. For each complex, 1 Fab 
at the (NGF)

2
 interface was analyzed because the structures were 

2-fold symmetric either by crystallographic (911-Fab) or non-crys-
tallographic (tanezumab-Fab) symmetry. In terms of the interac-
tions with NGF, the tanezumab-Fab and 911-Fab are remarkably 
similar to each other. Both Fabs use all 6 CDRs to contact NGF, 
and the total size of the contact zones and of the individual vari-
able domains are within experimental error. The single most bur-
ied Fab residue for both complexes is V

H
 Y99, which accounts for 

about 14% of the buried Fab surface (Table S2).
Mutational Analysis of H3
Comparing the paratopes between tanezumab and 911 showed 

high structural similarity centered around H3 residue Y99. The 
Cα position for tanezumab H3 A100 was the same as 911 H3 
G100. H3 Y100d is also in the same Cα position and side-chain 
conformation in both structures. These paratope features were 
used to design mutants to determine H3 features, which likely 
contribute to the higher affinity of tanezumab toward NGF 
compared with that of 911. Three H3 mutants were created ini-
tially to evaluate this hypothesis: a point mutant Y99A, a triple 
mutant W98A/Y99G/T100aG and a quadruple mutant W98A/
Y99G/T100aG/Y100dA. Of these three mutants, W98A/Y99G/
T100aG/Y100dA did not bind NGF at a concentration of 200 
nM, whereas it bound a non-blocking anti-tanezumab antibody, 

Table 3. Sequence alignment of CDrs from 911, 8L2–6D5 (template), H19-L129 
(intermediate) and tanezumab

Table 4. Solvent-accessible surface areas for NGF/Fab complexes
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305.5A11 at 100 nM (Fig. S7). A subsequent set of either glycine 
or alanine mutants was designed to address the function of the H3 
Cα conformational flexibility, where glycines mutations add con-
formational flexibility in additional to removing the side-chain 
interactions. Point mutants and double mutants retained NGF 
binding. However, the triple and quadruple mutants (W98G/
Y99G/Y100dG plus T100aG, respectively) did not bind NGF but 
did bind 305.5A11, the non-blocking antibody. The analogous 
triple and quadruple Ala mutants had detectable NGF binding.

Discussion

The LSM method was developed to facilitate the high-
throughput affinity maturation of antibodies in the highly 

diverse CDR3 region. During the preparation step, the starting 
antibody template 911 was humanized by first selecting the clos-
est matching human germline sequence for each chain. Following 
this, a query of the antibody IMGT database allowed creation of 
an ad hoc alignment to guide the selection of minor mutations 
in CDRs 1 and 2 for further humanization, which is commonly 
performed.28 This non-exhaustive preparatory step before LSM 
was completed in order to decrease the chance of immunogenic-
ity and to improve the overall antibody structural fitness. For 
example, 911 L2 I51 was converted to a small amino acid in the 
human sequence alignment, where threonine was experimentally 
better than other small conserved residues, and this was retained 
in the optimized tanezumab.25 The X-ray diffraction determined 
structures revealed that this residue was a good choice for struc-
tural optimization and humanization. Specifically, this CDR2 

Figure 2. Functional and structural analysis of tanezumab and 911. Neuron survival assays (A–D) for decreasing concentrations of full-length antibody 
either tanezuamb (purple) or 911 (orange). The control (gray) represents neurotrophin without antibody added to the well. TG neurons express Trka and 
survive in the presence of NGF (A) or NT-3 (B). Nodose neurons express TrkB and survive in the presence of NT-4/5 (c) or BDNF (d). X-ray crystal structures 
determined for two tanezuamb Fab (purple) bound to (NGF)2 (E) and two 911 Fab (orange) bound to (NGF)2 (F). Side-by-side comparison (G) tanezumab 
and 911 H3 residues 97–99. (H) Tanezumab-NGF binding site (white) overlaid “footprint” on the p75NTr (green) and Trka (pink) binding sites on one side 
of (NGF)2.
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position has the same backbone conformation in both 911 and 
tanezumab paratopes and neither are within 6 Å of NGF, which 
is beyond any reasonable interaction. The humanized tanezumab 
amino acid, T51, is also preferred during our optimization based 
on 2-fold improvement in k

off
 for both variants tested, which 

includes the I51T (Table 1). The additional intent of these pre-
parative mutations was to remove potential liabilities, such as the 
H2 residue M50, which was an oxidation liability and was there-
fore replaced with several preferred amino acids including I50, 
where one combination with I50 also improved binding (Table 
1). From this stage, very small LSM libraries were applied to L3 
and H3, to identify critical or “restrictive” sites and additional 
“permissive” sites for improved affinity based on a high-through-
put single-shot SPR assay, where improvements in off-rate were 
readily apparent (Fig. S1). In total, ten CDR mutations were 
combined during this process from 66 positions, which resulted 
in a 15% difference compared with the starting mouse CDRs 
and improved the affinity by more than 3 orders of magnitude 
while maintaining antibody specificity toward NGF over the 
closely related neurotrophins.

LSM has the potential to be applied to other antibody affinity 
maturation processes and could be expanded to include any CDR 
loop, e.g., the H2 loop, which sometimes plays an important role 
in binding in addition to L3 and H3.33 Recent humanizations 
have used phage display, framework shuffling and affinity matu-
ration from large libraries, which work well, but have the pitfalls 
of introducing errors of deletion or insertion or mutations that 
are unusual for traditional antibodies.34 Other methods have 
used lower homology antibody frameworks with CDR graft-
ing in combination with a softer mutagenesis technique called 
In Vitro Somatic Hypermutation.28 Bowers and coworkers used 
this sophisticated and challenging method requiring mammalian 
HEK293 cells expressing activation-induced cytidine deaminase 
(AID) resulting in what is called somatic hypermutation muta-
genesis (SHM). SHM mutations are directed based on in vivo 
sequence and phenotypic observations using flow cytometry 
and mammalian cell culture.28 By comparison, LSM is likely 
to be of general applicability as a low-cost, minimal technol-
ogy affinity maturation of antibodies that recognize a subset 
of highly homologous protein families, such as the fibroblast 
growth factors (FGFs), because it maintains fidelity of the bind-
ing epitope. Broader libraries, for example, risk the possibility of 
PCR errors, or dramatic epitope drifts in the individual CDR 
sequences or results in loss of a synergistic relationship between 
variable domain framework pairings. In the latter case, the pos-
sible adaptation of the light chain to recognize the antigen, which 
frequently has a minor role in binding, could degrade the binding 
site epitope fidelity due to the selective pressure of the binding 
optimization process. This could result in an undesirable light 
chain protrusion into the interacting epitope, which would alter 
the overall structural paratope and could result in a loss of fidelity 
toward highly homology targets such as neurotrophins.

Tanezumab and 911 blocked both TrkA and p75NTR bind-
ing to NGF and inhibited NGF-dependent neuron survival; 
the latter is a highly sensitive measure of function preferable to 
kinase signaling assays. Additionally, neither tanezumab nor 911 

blocked neuron survival dependent upon the other neurotroph-
ins: NT-3, NT-4/5 and BDNF (Fig. 2A–D). This observation 
underscored the ability of LSM to maintain epitope fidelity for 
the highly redundant and identical neurotrophin family; block-
ing NGF over the other neurotrophins, which use the same recep-
tors and have high homology in the p75NTR binding site,15 was a 
high bar successfully cleared. The differences observed between 
tanezumab and 911 are likely due to differences in epitope affin-
ity and may be magnified by the multi-valency of the system. For 
example, binding (NGF)

2
 results in two different binding sites 

that could have different affinities, which is consistent with the 
NGF-p75NTR and NT-3-p75NTR structures.14,15 Thus, one (NGF)

2
 

could have partial occupancy at certain concentrations with a 
high-affinity, preferred interaction, such as the case for (NGF)

2
 

and tanezumab, and show initially ‘sandwiching’ while blocking 
at saturating concentrations (Fig. 1C).

The structures of the Fab-antigen complexes, tanezumab and 
911 bound to NGF, are virtually identical and illustrate how 
both Fabs specifically block TrkA and p75NTR by blocking the 
binding site for these receptors on NGF (Fig. 2H; Fig. S6A–C). 
Using the structural information combined with the results from 
the LSM analysis, a small number of additional mutations were 
designed to perturb tanezumab binding to NGF and to further 
delineate residues that contribute most strongly to the binding 
(Fig. S7). Based on the structural similarity of contact residues 
at the interface, we hypothesized that residues distant from the 
interface, in particular, the CDR3 heavy chain, along with back-
bone entropy were the largest contributors to the differences in 
the observed affinities of 911 and tanezumab toward NGF. In the 
LSM analysis (Fig. 1B), H3 100A G➝A improved binding with-
out resulting in any additional interactions with NGF, suggest-
ing that restricting the main chain conformation was beneficial 
to the binding affinity potentially by lowering the entropy cost 
upon binding to NGF. Thus, another benefit of LSM is the iden-
tification of sites that “pre-pay” for the conformational entropy 
of H3, thus improving affinity by having H3 restricted to bind 
NGF precisely and translating into binding improvements of 
as much as ~1,000–5,000 fold. Additionally, mutations to gly-
cines in H3 (W98G/Y99G/Y100dG plus T100aG) resulted in 
a complete loss of binding to NGF at 200 nM concentration, 
while mutations to alanine at the same sites resulted in measur-
able, albeit weak, binding to NGF. This observation highlighted 
the role of backbone entropy on binding to antigen for H3, and 
suggests that backbone entropy should be considered and even 
exploited to improve future affinity maturation efforts where tai-
loring affinity is critical to function.

The mouse antibody 911 was successfully converted to the 
clinical candidate tanezumab using the LSM method. This 
high-throughput method resulted in an improvement in binding 
affinity for NGF of at least 2,000-fold while retaining fidelity 
and specificity of the epitope. Structural and mutational analysis 
of the two Fab:NGF complexes revealed high retention of the 
binding epitope and that conformational restriction of residues 
identified by LSM played a crucial role in the affinity improve-
ment. Finally, biochemical and cellular assays showed a func-
tional profile desirable in a clinical candidate. The analysis of 
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the starting and final optimized clinical candidate tanezumab 
presented here and the general utility of the LSM method should 
be of help in guiding future efforts toward obtaining other high 
fidelity antibodies.

In summary, LSM has been shown to be a simple and yet 
powerful technology to affinity mature antibodies while main-
taining high epitope fidelity during the process for developing 
therapeutic antibodies. Our technique significantly increased 
antibody affinity from ~25–50 nM to less than 10 pM35 with 
decreased risk of epitope drift on the target, NGF, which is a 
valid concern when selecting clones from large, diverse Fab 
libraries, given their two chain format.36,37 LSM gave informa-
tion rapidly about functional importance of amino acid positions 
and residues were deemed either permissive or restrictive for use 
in the subsequent, ultra-small library combinations for optimiza-
tion. Side-by-side comparison of the tanezumab and 911 Fabs 
each bound to (NGF)

2
 (Fig. 2E–G) confirmed that epitope was 

maintained during LSM. Analysis of the tanezumab/(NGF)
2
 

complex along with the p75NTR/(NGF)
2
 and TrkA/(NGF)

2
 com-

plexes further illustrated why tanezumab blocks NGF signaling 
(Fig. S6). Further mutational analysis based upon the structures 
verified the role of tanezumab heavy chain CDR3 for binding 
NGF. Thus, by using LSM an ultra-high affinity antibody was 
generated that differentiated between NGF and highly similar 
neurotrophins, and maintained species cross-reactivity. The data 
presented here suggest possible wide applicability of this strategy 
for improvement of the affinity of lead antibodies with the goal 
of engineering superior human antibody therapeutics.

Materials and Methods

Antibody Fab vector and expression
The template vector used for Fab expression from E. coli peri-

plasm was a pUC19-derived bis-cistronic vector employing the 
Lac-promoter, a periplasmic signal-peptide, the light chain (LC) 
followed by the heavy chain (HC) Hv and human IgG2a CH1 
with a six-histidine purification tag and stop codon.

Fab library synthesis
Fab libraries were made using standard splicing by overlap 

extension PCR mutagenesis38,39 with doped nucleotides29 at the 
target positions and sub-cloned. LSM libraries were made using 
the same PCR method and incorporating degenerate oligonucle-
otides with the target position codon as NNK.

Fab preparation
Small-scale expression in 96-well plates was optimized for 

screening Fab libraries. Starting from E. coli transformed with 
Fab library, colonies were picked to inoculate both a master plate 
[agar LB + ampicillin (50 μg/mL) + 2% Glucose] and a working 
plate [2 ml/well, 96-well plate with each well containing 1.5 mL 
of LB and ampicillin (50 μg/mL) + 2% glucose]. Both plates were 
grown at 30 °C for 8–12 h. The master plate was stored at 4 °C 
and the cells from the working plate were pelletted at 5000 r.p.m. 
and re-suspended with 1 mL of LB+ampicillin (50 μg/mL) and 
1 mM IPTG to induce expression of Fabs. Cells were harvested 
by centrifugation after 5 h expression time at 30 °C, and then 

re-suspended in 0.5 mL of buffer HBS-EP (10 mM HEPES buf-
fer pH 7.4, 150 mM NaCl, 0.005% P20, 3 mM EDTA). Lysis 
of re-suspended cells was attained by one cycle of freezing (-80 
°C) and thawing at 37 °C. Cell lysates were centrifuged at 5000 
r.p.m. for 30 min to separate cellular debris from supernatants 
containing Fabs. The supernatants were then injected into the 
BIAcore 3000 to obtain kinetic parameters for ranking each Fab. 
Clones expressing Fabs were rescued from the master plate to 
sequence the DNA for future analysis.

BIAcore Assay
Affinities of anti-NGF Fabs and mAbs were determined 

using a BIAcore3000 ™ SPR system [GE Healthcare (formerly 
BIAcore, Inc.)]. CM5 chips were activated with EDC and NHS 
according to the supplier’s protocols. Human NGF was diluted 
into 10 mM sodium acetate pH 4.0 buffer and injected over the 
activated chip at a concentration of 0.005 mg/mL. Using vari-
able flow time across the individual chip channels, two ranges 
of antigen density were achieved: 100–200 response units (RU) 
for detailed kinetic analyses and 500–600 RU for screening 
assays. The chip was blocked with ethanolamine. Regeneration 
studies showed that a mixture of Pierce elution buffer, (Pierce 
Chemicals) and 4 M NaCl (2:1 ratio) effectively removed the 
bound Fab while keeping the activity of hNGF on the chip for 
over 200 injections. HBS-EP buffer was used as the running buf-
fer for all the BIAcore assays.

A screening assay was optimized to determine off-rate kinetics 
(k

off
) for Fab clones from the libraries (Fig. S1). Supernatants of 

the small culture lysates were injected at 50 uL/min for 2 min. 
Dissociation times of 10 to 15 min were used for determination 
of single-exponential dissociation rate (k

off
) using BIAevaluation 

software. Clones that showed k
off

 values in the same range as 
the template (8L2–6D5, k

off
 1 ´ 10-3 s-1) were injected for con-

firmation and dissociation times of up to 45 min were allowed 
to obtain improved k

off
 values. Clones showing improved k

off
 val-

ues were expressed in large scale [200 mL culture volume and 
exploiting standard His-Tag affinity chromatography (Qiagen, 
Inc.)] and full kinetic parameters were determined on purified 
protein. The assay was capable of detecting difference in affinity 
that were approximately 2-fold or larger.

Neuron survival assays
The neuron survival assays were conducted on ganglia from 

embryos (at embryonic day 13 or 18 depending on the assay) 
from time-mated Swiss Webster female mouse. The trigeminal 
and nodose ganglia were dissected and cleaned. The ganglia were 
then treated with trypsin, mechanically dissociated and plated at a 
density of 100–300 cells per well in defined, serum-free medium 
in 96-well plates (Greiner Bio-One) coated with poly-L-ornithine 
and laminin. E13 and E18 trigeminal sensory neurons were grown 
either without added neurotrophins or in the presence of 0.4 ng/
mL NGF (saturating concentrations for E13 and sub-saturating 
concentration for E18) or NT-3 (250 ng/mL, sub-saturating con-
centration). Triplicate cultures were set up in the presence of vary-
ing concentrations of tanezumab Fab and full-length antibodies. 
E18 nodose sensory neurons were grown either in the absence of 
neurotrophins, or with sub-saturating concentrations of NT-4/5 
(0.4 ng/mL) or BDNF (0.4 ng/mL), again with and without the 
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addition of antibodies in either previously mentioned forms. After 
culturing for 48 h, the total number of neurons surviving in each 
well under each condition was ascertained by immuno-staining 
with a neuron-specific antibody followed by automated-imaging 
and cell counting. The data represent the percentage of surviving 
neurons after 48 h in culture (± standard error of mean, n = 3 
for each data point), relative to controls with no antibody defined 
as 100% (trigeminal neurons with NGF or nodose neurons with 
BDNF) (Figs. 1E and 2A–D; Figs. S2 and S3).

Measurement of antibody blocking and estimate of K
D
s

To test the ability of tanezumab and 911 to prevent the inter-
action of NGF with either of the receptors TrkA and p75, 5 nM 
of human NGF was pre-mixed and incubated with 0 to 50 nM 
of each antibody. After the incubation for 24 h, samples were 
injected at 10 μl/minute over a BIAcore CM5 chip with 260 
RU of either amine-coupled p75NTR (channel 2) and 600 RU of 
TrkA (channel 3), and percent binding was determined (Fig. 1C 
and D). Increased concentrations of either tanezumab or 911 
blocked the interaction of NGF with both p75NTR and TrkA, as 
shown by decreased signal (measured in RU), indicating that 
tanezumab and 911 block the interaction of human NGF with 
both TrkA and p75NTR. When tanezumab concentration equaled 
NGF concentration (at about 5 nM NGF concentration), no 
NGF binding was observed (as shown by a signal of zero percent 
RU

max
). No receptor binding was observed when concentration 

of NGF was equal to tanezumab concentration suggested that 5 
nM NGF was at least 10-fold higher than the K

D
 of tanezumab 

for NGF and at equilibrium. When the 911 concentration was 
much greater than the NGF concentration, although perhaps 
not 10-fold greater than the K

D
, 911 blocked both TrkA and 

p75NTR binding to NGF.
Structure determination and refinement for 911-Fab and 

tanezumab-Fab complexes
Tanezumab-Fab and 911-Fab each in complex with NGF 

were purified by size-exclusion chromatography (SEC) in buffer 
composed of 120 mM sodium chloride, 20 mM sodium ace-
tate pH 5.5, concentrated to 10 mg/mL and subjected to sparse 
matrix crystallization trials. Optimized 911-Fab/NGF crystals 
grew from a 1:1 mixture with 20% w/v PEG 3350, 200 mM 
zinc acetate pH 6.3 and were preserved for cryo- data collec-
tion by boosting the PEG concentration to 30% and immersion 
into liquid nitrogen. Optimized tanezumab-Fab/NGF crystals 
grew from a 1:1 mixture with 10% w/v PEG 5000 monomethyl 
ether, 20% glycerol, 100 mM sodium cacodylate pH 6.8, and 
were preserved for cryo- data collection by using an additional 
5% glycerol and immersion into liquid nitrogen. 911-Fab/NGF 
data was indexed and reduced in space group P1 with an NGF 
dimer and two 911-Fabs per asymmetric unit. Data resolution 
was extended to 2.5Å by using synchrotron radiation at the 
Stanford Synchrotron Radiation Laboratory (SSRL) beam line 
11–1. Tanezumab-Fab/NGF data was indexed and reduced in 
space group C222

1
 with one NGF protomer and a single Fab in 

the asymmetric unit. Data resolution extending to 2.5Å resolu-
tion was collected at the Advanced Light Source (ALS) beam 
line 5.0.2. Data were reduced and scaled using HKL2000 and 
CCP4, respectively. Both tanezumab-Fab/NGF and 911-Fab/

NGF were solved (PHASER) using a single NGF protomer 
(from pdb 1WWW) and an Fv and Fab constant region as search 
probes. The final refinements were performed using REFMAC5 
and employed non-crystallographic restraints (where applicable) 
and TLS refinement (Table S1). Final coordinates and structure 
factors for 911-Fab and tanezumab-Fab complexes with NGF 
have been deposited in the Protein Data Bank (www.pdb.org) 
under accession codes 4EDX and 4EDW, respectively.

BIAcore mutant analysis
Surface preparation was the result of immobilization of mouse 

monoclonal anti-HIS onto CM5 sensor surface Anti-HIS surfaces 
were prepared by amine-coupling of a mouse monoclonal IgG1 
anti-HIS tag antibody (R&D Systems; Catalog# MAB050) to 
a Biacore CM5 sensor chip surface at 25 °C on a Biacore 2000 
SPR instrument. The running buffer for the immobilization pro-
cedure was HBS-T+ (10 mM HEPES, 150 mM NaCl, 0.05% 
Tween-20, pH 7.4). The following was performed on all flow 
cells simultaneously to result in all flow cells containing amine-
coupled anti-HIS. The CM5 chip was activated by injecting a 1:1 
(v/v) mixture of 400 mM EDC and 100 mM NHS for 7 min at a 
flow rate of 10 μL/min. Then, anti-HIS antibody was diluted to 
50 μg/mL in 10 mM sodium acetate pH 5.0 and injected at 20 
μL/min for 7 min. Then, 1 M ethanolamine pH 8.5 was injected 
for 7 min at 10 μL/min to block the surface. Three 30 s injec-
tions of 10 mM glycine, pH 1.7 were then performed to condi-
tion the surface. Subsequently, all binding assays were performed 
on a Biacore 2000 Surface Plasmon Resonance biosensor at 25 
°C in a running buffer of HBS-T+ (10 mM HEPES, 150 mM 
NaCl, 0.05% Tween-20, pH 7.4). For a given analysis cycle, his-
tagged recombinant Fab was captured onto the anti-HIS surface 
by injecting undiluted Fab supernatant over a given flow cell for 
1 min at 10 μL/min. Different Fab samples were captured onto 
flow cells 2, 3 and 4 and flow cell 1 was used as a reference sur-
face. After Fab capture, flow was initiated over all flow cells and 
running buffer was injected for 1 min at 10 μL/min. Then, ana-
lyte (running buffer, 200 nM rhNGF, 100 nM 305.5A11 mAb or 
100 nM 305.1A12 Mab) was injected over all flow cells for 2 min 
at 10 μL/min. Three 30 s injections of 10 mM Glycine pH 1.7 
were performed at 50 μL/min to regenerate the anti-HIS surface. 
Biosensor data was processed and analyzed using BIA Evaluation 
Software version 4.1.1. Reference subtracted response data were 
obtained by subtracting the response of flow cell 1 from the 
response of flow cells 2, 3 and 4. For a given Fab (on a given flow 
cell) the reference subtracted data was then double-referenced by 
subtracting the buffer analyte sensorgram from that of the pro-
tein analyte (mAb or rhNGF) sensorgram.
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