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ABSTRACT
Rabbit monoclonal antibodies (RabMAbs) can recognize diverse epitopes, including those poorly
immunogenic in mice and humans. However, there have been only a few reports on RabMAb
humanization, an important antibody engineering step usually done before clinical applications are
investigated. To pursue a general method for humanization of RabMAbs, we analyzed the complex
structures of 5 RabMAbs with their antigens currently available in the Protein Data Bank, and identified
antigen-contacting residues on the rabbit Fv within the 6 Angstrom distance to its antigen. We also
analyzed the supporting residues for antigen-contacting residues on the same heavy or light chain. We
identified “HV4” and “LV4” in rabbit Fvs, non-complementarity-determining region (CDR) loops that are
structurally close to the antigen and located in framework 3 of the heavy chain and light chain,
respectively. Based on our structural and sequence analysis, we designed a humanization strategy by
grafting the combined Kabat/IMGT/Paratome CDRs, which cover most antigen-contacting residues, into a
human germline framework sequence. Using this strategy, we humanized 4 RabMAbs that recognize
poorly immunogenic epitopes in the cancer target mesothelin. Three of the 4 humanized rabbit Fvs have
similar or improved functional binding affinity for mesothelin-expressing cells. Interestingly, 4
immunotoxins composed of the humanized scFvs fused to a clinically used fragment of Pseudomonas
exotoxin (PE38) showed stronger cytotoxicity against tumor cells than the immunotoxins derived from
their original rabbit scFvs. Our data suggest that grafting the combined Kabat/IMGT/Paratome CDRs to a
stable human germline framework can be a general approach to humanize RabMAbs.

Abbreviations: Ag, antigen; CDR, complementary-determining region; FR, framework region; RabMAb, rabbit monoclonal
antibody; scFv, single-chain variable fragments
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Introduction

Rabbits have long been used as a source of antibodies used as
research tools. They can potentially generate antibodies targeting
uncommon epitopes, including interesting epitopes that are less
immunogenic in mice and humans.1 Knight’s group described the
rabbit hybridoma technology by generating a fusion partner in
1995.2 In recent years, several commercial services have been avail-
able for producing rabbit monoclonal antibodies (RabMAb),
including rabbit hybridoma technology (Epitomics or Abcam),2

the serum immunoproteomics-based NG-XMTTM technology
(Cell Signaling),3 and phage display-based rabbit variable fragment
(Fv) library.1,4 Like the mouse counterparts, the RabMAbs gener-
ated from hybridoma have high specificity and affinity.5 It has been
reported that rabbit hybridoma technology may have a higher suc-
cess rate, particularly for those difficult antigens or epitopes that
are poorly immunogenic in mice.6 While RabMAbs are routinely
used as research or diagnostic tools, none are approved as antibody
therapeutics for cancer and other diseases. APX005M, a human-
ized RabMAb targeting CD40, is currently being evaluated in a
Phase 1 clinical study for the treatment of patients with advanced
solid tumors (NCT02482168).7

To enable the successful development of RabMAbs as thera-
peutics, the antibodies should be humanized, which can reduce
the chance that patients will produce neutralizing antibodies to
the non-human molecules.8 The current methods for mouse
antibody humanization include complementary-determining
region (CDR) grafting,9-12 specificity-determining residues
(SDR) grafting,13 phage display,14 and de-immunization.8,15,16

The CDR grafting is the first-used and clinically validated
humanization technique.9,12,17 This method was successfully
used to humanize murine antibody 4D5 (anti-human epider-
mal growth factor receptor 2), which was then developed as
trastuzumab (Herceptin�, Genentech, Inc., South San Fran-
cisco, California).17 Trastuzumab has tolerable immunogenicity
that does not affect its serum concentration and the pathologic
complete response of patients.18,19 It would be useful to explore
whether RabMAbs can be directly humanized by comparison
with human sequences, in a similar way to humanization of
mouse antibodies. In one study, humanized anti-VEGF Rab-
MAbs have been made by substituting non-critical residues
with human residues within both the frameworks and CDR
regions.20 Our laboratory has humanized a RabMAb by graft-
ing combined Kabat/IMGT CDRs.6 Although RabMAbs appear
more similar to human than mouse in terms of heavy chain
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CDR3 lengths,21 there are only a few reports on RabMAb
humanization. The sequences of RabMAbs have important fea-
tures that are different from human and mouse antibodies.
Rabbits preferentially use a single family (VH1) in heavy chain
VDJ rearrangement,22 while mice and humans use multiple
VH gene families. The rabbit Vk (K1 isotype) often contain an
additional cysteine in position 80 (Kabat numbering) to form a
disulfide bond with the constant region in the kappa light
chain.23 Therefore, a robust and general approach for RabMAb
humanization is required in the field to develop them as a new
class of therapeutics for the treatment of cancer and other
diseases.

In both CDR and specificity-determining residues (SDR)
grafting, a human antibody framework replaces large fragments
of non-essential non-human framework, restricting the non-
human sequence to small and isolated fragments that are
important for antigen-binding, therefore reducing immunoge-
nicity. Accurate differentiation of the antigen-binding site (the
paratope) and the non-essential framework is critical to success.
By definition, the CDR contains the paratope in most antibod-
ies. Several different methods have been used to identify CDRs.
In the 1970s, Kabat, et al. identified CDR based on the pre-
sumed criteria that statistically they have the most variable
sequences in immunoglobulins.24,25 In the 1980s, Chothia et al.
re-defined the CDR based on the loop position on antibody
structures, under the assumption that the structural “loop” con-
tains the antigen-binding site.26 The international ImMunoGe-
neTics database (IMGT) defined IMGT CDR, taking into
account the definition of the Kabat CDR, structural data by
Satow et al. and the characterization of the hypervariable loops
by Chothia et al.27 In the 1990s, Padlan, et al. defined SDR as
the residues that directly bind the antigen, and they defined 2
residues to bind each other as the distance between their closest
atoms � the sum of their van der Waals’s radii C0.5 A

�
.28 In

2012, Ofran and colleagues defined an antigen-binding region
(ABR; we will refer to this as “Paratome CDRs” to be consistent
with other methods) as a “structural binding consensus,” defin-
ing bind (to the antigen) as closest atoms � 6 A

�
apart, and

consensus as the same position in at least 10% of the analyzed
antibodies that binds the antigen.29 They confirmed the previ-
ous presumptions that virtually all antigen binding residues lie
in regions of structural consensus across antibodies and this
consensus is identifiable from the sequence of the antibody.
They also showed that 15–21% of antigen binding residues are
located outside Kabat, IMGT, and Chothia CDRs.29,30 In con-
trast, only 6% of antigen binding residues are located outside
Paratome CDRs. Although Paratome CDRs more accurately
define the paratope in mouse and human antibodies compared
with other CDRs, Paratome CDRs have not been widely used.
In particular, Ofran’s structure database (Paratome) does not
contain rabbit antibody structures.

Here, we analyzed the complex crystal structures of 5 Rab-
MAbs with their antigens available in the Protein Data Bank
(PDB) and identified antigen-contacting residues along with
their supporting residues. We then compared our findings with
Kabat, IMGT, and Paratome CDRs. Based on our analysis, we
decided to humanize RabMAb via grafting combined Kabat/
IMGT/Paratome CDRs into human germline framework
sequences and successfully humanized 4 RabMAbs specific for
mesothelin without back mutations.

Results

RabMAb structure and sequence analysis

To humanize RabMAbs, we need to analyze antibody structures
and sequences to identify antigen binding structural consensus.
To this end, we analyzed and aligned a set of crystal structures
containing 5 available RabMAbs with their antigens (not
shown) from the PDB database (Figs. 1, 2 and 3; Table 1). All
the VH sequences match the most similar rabbit VH1 germline
(IGHV1) in IMGT/DomainGapAlign analysis (Table 1). The
haplotypes usually contain rabbit strain information, and they
were also obtained from IMGT/DomainGapAlign analysis. All
of the Vk sequences match germline sequences that were iso-
lated from haplotypes “K1 b4,” suggesting that they were from

Figure 1. The antigen-contacting residues on the structures of 5 RabMAbs in the PDB. An antigen-contacting residue (highlighted in red) contains at least one atom that
is � 6 A

�
away from an atom on the antigen (not shown). The approximate locations of CDRs are labeled. Aligned: RabMAbs are structurally aligned with 2£7L by Dali

pairwise comparison and visualized by Chimera.
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allotype b4 rabbits, but the 2£7L light chain matched to J gene
IGKJ1–2�04, which is seen in haplotype K1 b9. The rabbit
strain information from the literature is listed together with the
reference in Table 1.

We defined the antigen-contacting residues to contain at
least one atom that is � 6 A

�
away from an atom on the antigen,

and identified them via contact map analysis using CCP4 with

the CONTACT/ACT program. We used multiple structure
alignment (Figs. 2 and 3) and calculated the numbers of anti-
gen-contacting residues in CDRs. Our calculation shows that
antigen-contacting residues are found in all CDRs except 2/5
light chain CDR2, and that heavy chain CDR2/CDR3 and light
chain CDR3 contains the most antigen-contacting residues
(Table 2).

Figure 2. Multiple structure alignment of RabMAb VHs by Strap. Antigen-contacting residues, their supporting residues, and Kabat/IMGT/Paratome CDRs are indicated in
protein sequences. HV4, a non-CDR loop in heavy chain FR3.

Figure 3. Multiple structure alignment of RabMAb Vks by Strap. Antigen-contacting residues, their supporting residues, and Kabat/IMGT/Paratome CDRs are indicated in
protein sequences. LV4: a non-CDR loop in light chain FR3.
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We compared the CDR sequences using 3 online tools
(Kabat, IMGT and Paratome) and found that most of the anti-
gen-contacting residues we identified were located in the com-
bined Kabat, IMGT and Paratome CDRs, but often fell out of
Kabat CDR or IMGT CDR alone (Figs. 2 and 3). The Paratome
CDR can be identified by either structure or sequence align-
ment using online tools. Although the Paratome tools, espe-
cially structure alignment, can be more accurate to identify
RabMAb CDRs, RabMAb structures are generally not available.
Moreover, the Paratome sequence alignment sometimes are
unable to identify certain RabMAb CDRs (e.g., CDR-1 in the

heavy chain and CDR3 in light chain); in this case, we found
that Kabat/IMGT CDRs can be useful to define those CDRs
and that combined Kabat/IMGT heavy chain CDR-1 and light
chain CDR3 are almost the same as Paratome CDRs (Fig. 2 and
Fig. 3).

Beyond CDRs, we found that the first 2 residues in 4JO3
light chain and a loop between CDR2 and CDR3 (Kabat num-
bering 66–70) in 4HT1 light chain also contain antigen-con-
tacting residues. We named the loop between CDR2 and CDR3
in the heavy chain “HV4” (Kabat numbering 72–75 or 76), and
the corresponding region in the light chain “LV4.”

Table 1. Identification of the most similar rabbit germline sequences for the 5 rabbit Fvs in the PDB database by IMGT/DomainGapAlign.

PDB ID Antibody Antigen VH J VL J References

2£7L NA HIV-1 Rev IGHV1S69�01 IGHJ6�02 IGKV1S3�02 IGKJ1–2�04 48,49

4HT1 TW305chi TWEAK IGHV1S7�01 IGHJ6�02 IGKV1S3�01 IGKJ1–2�01 50 New Zealand White rabbit
4JO1 R56 HIV-1 gp120 V3 IGHV1S40�01 IGHJ6�01 IGKV1S5�01 IGKJ1–2�01 51 New Zealand White rabbit
4JO3 R20 HIV-1 gp120 V3 IGHV1S40�01 IGHJ4�01 IGKV1S3�01 IGKJ1–2�01 51 New Zealand White rabbit
4O4Y 2095–2 IdeS-cleaved human IgG1 hinge IGHV1S69�01 IGHJ2�01 IGKV1S2�02 IGKJ1–2�01 52

TWEAK, tumor necrosis factor-like weak inducer of apoptosis; NA, not available.

Table 2. The number of antigen-contacting residues in CDRs.

Number of antigen-contacting residues

H-CDR1 H-CDR2 H-CDR3 L-CDR1 L-CDR2 L-CDR3 Total

2£7L 3 9 3 5 1 5 26
4HT1 2 4 5 3 4 5 23
4JO1 2 9 4 5 4 10 34
4JO3 2 4 4 1 0 4 15
4O4Y 3 11 8 2 0 7 31
Utilization rate 100% 100% 100% 100% 60% 100%
Average 2.4 7.4 4.8 3.2 1.8 6.2 25.8

Figure 4. Humanization of RabMAbs via grafting combined Kabat/IMGT/Paratome CDRs. The YP218 RabMAb and its humanized antibody (hYP218) structures were mod-
eled by I-TASSER, aligned by Dali pairwise comparison, and visualized by Chimera.
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We hypothesized that the non-antigen-contacting residues may
support antigen-contacting residues (paratope). Thus, we identified
such paratope-supporting residues (Figs. 2 and 3) based on 2 crite-
ria: 1) they are within� 6 A

�
from the antigen-contacting residues,

and 2) they reside on the same chain as the antigen-binding resi-
dues. Most of such paratope-supporting residues are located in the
CDRs and their flanking sequences, N-terminus of VH/VL, and
around HV4/LV4. Kabat position 71 was suggested to be impor-
tant in previous studies because it affected the orientation of CDR-
H2 and CDR-H1.31,32 In our analysis, they are supporting residues
in all the heavy chain and 4/5 of the light chain of the 5 RabMAbs.

Humanization of 4 RabMAbs by grafting combined Kabat/
IMGT/Paratome CDRs

Since the combined KABAT/IMGT/Paratome CDRs cover most
antigen-contacting residues, we hypothesized that grafting the

combined CDRs to a stable human Ig germline framework will
likely preserve the antigen-binding affinity and provide a robust
humanization strategy for RabMAbs. To test this hypothesis, we
grafted the combined Kabat/IMGT/Paratome CDRs of 4 anti-
human mesothelin RabMAb to the framework of human
germline IGHV3–66�01, IGHJ4�01, IGKV1–27�01 and IGKJ4�01
(Fig. 4, 5). The frameworks used in this study were proven to
humanize YP218 (hYP218 first version) in our previous study
with no affinity loss.6 We decided to use the same framework to
observe the robustness of this grafting method, noting that they
are not the most similar human germline frameworks for YP3,
YP158 and YP223. The YP218 were humanized again to test the
current grafting strategy, in which we grafted the Paratome CDR
in addition to the previously grafted Kabat/IMGT CDRs. 6 To
compare current human germline templates with a humaniza-
tion template previously reported by ESBATech,33 we also
included the FW1.4 and FW1.4 gen sequences in the alignment
(Fig. 5).

Figure 5. The sequence alignment of rabbit Fv and human germline sequences used as templates. Human germline IGHV3–66�01, IGHJ4�01, IGKV1–27�01 and IGKJ4�01
were used as the templates for humanization. FW1.4 and FW1.4 gen were used as the templates in a previous RabMAb humanization report.33. The additional cysteine in
position 80 (Kabat numbering) on the rabbit Vk is replaced with proline in human germline template (IGKV1–27�01).
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We made the humanized Fv in the format of scFv-Pseudo-
monas exotoxin (PE38) fusion protein as described before
(Fig. 6a, b). 6,34 The purified proteins were analyzed by an ana-
lytical size-exclusion chromatogram (SEC) coupled with a UV
detector and multi-angle light scattering (MALS) detector
(Fig. 6c). We found that the experimental molecular weights of
the dominant protein peaks were consistent with the theoretical
molecular weights of the immunotoxins (Fig. 6c), indicating
that these immunotoxin molecules are monovalent.

We measured the binding kinetics of monovalent scFv-
based immunotoxins on the Octet platform (Fig. 6d). With the
exception of hYP223, the overall changes in kon, koff and KD

after humanization are moderate (Table 4). We also compared
the cell surface binding (Fig. 6e) and cytotoxicity (Fig. 7) with a
mesothelin-expressing cell line (H9). As shown in Fig. 6 and
Table 4, the EC50 measured on cell-surface mesothelin and the
KD measured with Octet using mesothelin protein are compa-
rable, although again with the exception hYP223. Compared to

Figure 6. The characterization of immunotoxins with humanized scFvs and original RabMAb scFvs. (a) Schematic cartoon of a monovalent scFv-based immunotoxin. (b) SDS-PAGE
of purified immunotoxins. (c) Size-exclusion chromatogram of purified proteins. T: theoretical molecular weight calculated from the protein sequence. E: experimental molecular
weight calculated by the MALS. (d) Association and dissociation curve on purified proteins, measured on the Octet platform. �: for hYP223IT, 282.6 nM instead of 300 nM immuno-
toxin protein was used. (e) Immunotoxin binding curve on H9 cells by flow cytometry. BL22 is an irrelevant immunotoxin (anti-CD22) used as a negative control.

Table 3. The effect of position 71 on RabMAb humanizations.

H71 L71

RabMAb rabbit humanized rabbit humanized Affinity after humanization Reference

YP3 K R F F unchanged in protein and cell
binding

YP158 K R Y F similar in protein and cell
binding

YP218 K R Y F similar in protein and cell
binding

6 and the present
study

YP223 R R F F increased in cell binding and
decreased in protein binding

EBV321 K R F F increased 20

anti-A33 L given the choice between L
and R, resulting

sequences have L/F D 4/2

Y given the choice between Y
and F, resulting sequence

have Y/F D 3/3

clones selected based on high
affinity

4
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their original RabMAb scFv, hYP3 preserved the original bind-
ing on cells, hYP218b showed an insignificant decrease in the
binding on cells, and hYP158 showed a modest decrease (3-
fold) in the binding on cells. Interestingly, although hYP223
showed a decrease in the binding on mesothelin protein, the
humanized Fv showed significantly improved binding for cell-
surface mesothelin (9-fold),

All the immunotoxins with humanized scFvs showed stron-
ger or similar cytotoxicity to the H9 cell than the ones with
original RabMAb scFvs (Fig. 7). The IC50 value of YP3 immu-
notoxin decreased from the original 7.8 ng/ml to 1.5 ng/ml,
YP158 immunotoxin from 0.4 ng/ml to 0.3 ng/ml, YP218
immunotoxin from 1.4 ng/ml to 0.3 ng/ml, and YP223 immu-
notoxin from 539 ng/ml to 3.4 ng/ml. After humanization, the

percentage of human residues in VH and Vk was determined
by IMGT/DomainGapAlign: the percentage in Vk is
90.5»92.3%, and the percentage in VH is 77.8»83.8%. Taken
together, our results indicate that we successfully humanized all
the anti- mesothelin RabMAbs without back mutations, and
validated their comparable binding affinity and improved anti-
tumor activity in the format of monovalent immunotoxins.

Discussion

We designed and tested a robust humanization method for
RabMAbs by grafting the combined Kabat/IMGT/Paratome
CDRs. The design was based on our findings using the Rab-
MAbs from the PDB crystal structure database in which the

Table 4. The binding kinetics of purified immunotoxins containing rabbit or humanized scFv. The binding kinetics were measured by Octet and calculated by Graphpad
Prism. The cell surface binding EC50 on H9 cells are listed for comparison.

Binding kinetics
Flow cytometry on H9 cells

Immunotoxin koff koff error kon kon error KD (M) Bmax EC50 (M)

YP3 5.38E-05 3.58E-08 2.12EC05 2.97EC02 2.54E-10 0.72 3.44E-09
hYP3 4.38E-05 4.80E-08 1.51EC05 1.85EC02 2.90E-10 0.9111 3.45E-09
YP158 1.61E-04 1.25E-07 1.17EC05 1.53EC02 1.37E-09 0.59 1.7E-09
hYP158 8.35E-04 7.51E-07 1.55EC05 3.06EC02 5.38E-09 0.6207 4.56E-09
YP218 7.85E-05 6.01E-08 3.32EC05 5.18EC02 2.36E-10 0.8536 3.88E-09
hYP218b 9.52E-05 4.35E-08 1.88EC05 2.39EC02 5.07E-10 0.7814 4.95E-09
YP223 1.26E-05 5.70E-08 1.30EC04 4.11EC01 9.67E-10 0.5179 6.85E-08
hYP223 2.63E-04 1.11E-07 2.86EC04 5.96EC01 9.18E-09 0.8815 7.73E-09

Figure 7. The cytotoxicity induced by immunotoxins with humanized scFvs and original RabMAb scFvs. They were tested on H9 cells in a WST assay. Error bars indicate
standard errors. YP7, an irrelevant immunotoxin to GPC3.
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combined CDRs cover most antigen-contacting residues.
Human and mouse antibody CDRs (Paratome CDRs) were
recently defined by Ofran et al.29 Our findings are consistent to
Ofran’s observations that antigen-contacting residues are
located in regions of structural consensus across antibodies,
and that structural consensus are identifiable from the sequence
of the antibody. The Paratome CDRs identified by sequence
alignment more accurately cover antigen-contacting residues
than Kabat/IMGT. However, certain rabbit CDRs (VH-CDR1
and VL-CDR3) cannot be identified by Paratome sequence
analysis. In this case, if RabMAb structures or structural models
are available, the CDRs can be identified by Paratome structure
analysis; if RabMAb structures are not available, our data indi-
cates that combined Kabat and IMGT CDRs are as accurate as
combined Kabat, IMGT, and Paratome CDRs for rabbit VH-
CDR1 and VL-CDR3. Based on our analysis, we decided to
assess the humanization strategy of grafting combined Kabat/
IMGT/Paratome CDRs. CDRs from different RabMAbs were
grafted to the same human germline framework, and the result-
ing humanized scFvs had similar affinities compared with the
original rabbit scFv, suggesting that the method may be appli-
cable generally to other RabMAbs that do not yet have struc-
tural information present.

We also identified potential back-mutation sites in cases
when the first humanization is unsatisfactory. Beyond the 6
major CDRs, the first 2 residues in the light chain also contact
antigens in one of the 5 rabbit antibodies (4JO3), as they do in
some human and mouse antibodies,30 which may explain why
they have a high back-mutation rate in the mouse antibody
humanization literature.35 In addition to this site, the loop LV4
(Kabat position 66–70) in 1/5 RabMAbs (structure id: 4HT1)
may interact with the antigen. The counterpart in the heavy
chain is HV4 (Kabat numbering 72–75 or 76). Similarly, LV4
and HV4 in human antibodies occasionally interact with the
protein antigen (not small epitopes such as peptides or hapt-
ens),36 and have a high back-mutation rate in humanization of
mouse antibodies (H75, L69–70).35 Therefore, the first few resi-
dues at the N terminus or HV4/LV4 sequences could be the
sites for back mutation if humanized RabMAbs need to be fur-
ther optimized.

Besides grafting antigen-binding residues, successful
humanization also relies on a suitable human framework. The
human germline IGHV3–66�01, IGHJ4�01, IGKV1–27�01 and
IGKJ4�01 provided a successful framework to humanize 4 Rab-
MAbs in this study.

To understand more about the role of framework residues,
we identified the RabMAb residues that directly contact the
paratope within the same chain as their “supporting residues.”
The murine CDR-contacting residues (closest atoms � 6 A

�

apart) have higher back-mutation rates as analyzed by Haidar
et al.35,37 Our method is different from Haidar’s method35

because we identified supporting residues for antigen-contact-
ing residues, whereas Haidar identified the supporting residues
for MacCallum’s CDRs. The first and end residues in MacCal-
lum’s CDR satisfy the following criteria: 1) it is buried > 1.0
A82 from solvent by antigen binding in at least one member of
their structure database; and 2) the average buried surface by
antigen exceed 1% surface area by antigen binding.37 Some resi-
dues within MacCallum’s CDR may detach from antigen. In

RabMAbs, we found that these “supporting” residues cluster
together, mostly around the antigen-contacting residues. Some
parts of the supporting regions are within the combined Kabat/
IMGT/Paratome CDRs and may contribute to the conforma-
tion reservation after CDR grafting. Additionally, the N termi-
nus of the light chains and the regions around position 71
(Kabat numbering) in both chains of RabMAb are also CDR-
supporting regions. This is similar to Haidar’s findings in
murine antibodies,35 suggesting a similarity between RabMAb
and murine antibodies.

The importance of keeping position 71 in murine antibody
humanization was summarized by Haidar et al., who showed
that position 71 were back mutated in 33/89 VH and 17/89 VL
of humanized murine antibodies, both being the most fre-
quently back-mutated sites in their respective chains.35 Murine
VH position 71 (Kabat numbering) has been shown to affect
the relative positions and orientations of CDR-H2 and H1 in a
mouse Fv (PDB id: 1BBJ),32 and was suggested to be a major
determinant of the position and conformation of the CDR-
H2.31 Interestingly, given the choice between human and rabbit
sequences at position 71 in phage panning, rabbit sequence was
favored at H71, but not L71 (Table 3).4 RabMAb humanization
literature and our RabMAb humanization studies do not clearly
support an essential role of position 71 in antigen binding affin-
ity (Table 3). Overall, we have not seen obvious correlation
between the mutation in position 71 and the affinity so far.

The rabbit VK (K1 isotype) often have an extra cysteine in
position 80 (Kabat numbering) that forms disulfide bonds with
the constant region in the kappa light chain.23 This Cys 80 is
removed in previous RabMAb humanization literature.1,6,20

Here, we also showed that replacing VK Cys 80 in scFv of
immunotoxins does not affect affinities and may even stabilize
scFv, given that the cytotoxicity of humanized scFv-containing
immunotoxins increased.

A previous report showed that conserving rabbit Thr-H23,
Gly-H49, Thr-H73, Val-H78, and Arg-H94 in human frame-
work FW1.4 provide a generic humanization template (FW1.4
gen) to accept rabbit Kabat CDR and combine Kabat/IMGT
CDR at CDR-H1.33 The template sequences are aligned with
our template sequences in Fig. 5. Among them, Gly-H49 and
Arg-H94 are within the combined Kabat/IMGT/Paratome
CDRs, Thr-H23 is not included in combined CDRs, and is not
an antigen-contacting residue or a supporting residue in known
RabMAb structure complexes, Thr-H73 is within and Val-H78
is next to the HV4 loop, and they are supporting residues for
antigen-contacting residues in some of the RabMAb structure
complexes we analyzed.

One advantage of the combined Kabat/IMGT/Paratome
CDR-grafting humanization is its high success rate. The result-
ing percentage of human residues in Vk, identified by IMGT/
DomainGapAlign, is 90.5»92.3%, which is comparable to
approved fully human antibodies and qualifies the name
“-umab” according to the current World Health Organization
(WHO) International Nonproprietary Name (INN) definitions;
whereas the percentage of human residues in VH is
77.8»83.8%, which is similar to the currently approved
humanized antibodies (-zumab), but is less than 85% and could
also fall into the “chimeric” category (-ximab).38 To further
reduce the immunogenicity, one can consider removing T-cell
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epitopes8,39,40 from the grafted combined Kabat/IMGT/Para-
tome CDRs, where it is the major immunogenic site that we
have seen in humanized murine antibodies.8

Anti-mesothelin immunotoxins have been developed for
clinical trials.41 The RG7787/LMB-100 immunotoxin currently
being evaluated in Phase 1 clinical studies 42 contains a human-
ized mouse SS1 Fab fragment that binds to the N terminus
(Region I) of cell-surface mesothelin.43 Region I of mesothelin
also interacts with other proteins that may interfere with the
binding and function of anti-mesothelin region I antibodies.
For example, MUC16/CA125, a protein that is often present in
the serum of patients with mesothelin-related cancers, interacts
with mesothelin via its Region I and can compete with antibody
therapeutics targeting Region I. The humanized rabbit scFv-
based immunotoxins reported here can be important alterna-
tive immunotoxins for clinical development because they bind
rare and novel epitopes in Region II (hYP223), Region III
(hYP218), and a conformational epitope (hYP3) of mesothelin
on tumor cells.6

Materials and methods

Cell culture

The H9 cell line is an A431 cell line overexpressing human
mesothelin,44 and was cultured in DMEM (ThermoFisher Sci-
entific Catalog number 11995) 10% fetal bovine serum supple-
mented with 1x GlutaMAX (Gibco, ThermoFisher Scientific,
Catalog number 35050061) and 1x penicillin/streptomycin
(Gibco, ThermoFisher Scientific, Catalog number 10378016).

Annotation with Kabat, IMGT CDRs and Paratome CDRs

Kabat CDR were annotated with Igblast tool from NCBI
(http://www.ncbi.nlm.nih.gov/igblast/), IMGT CDRs were
annotated with IMGT/DomainGapAlign tool from IMGT
(www.imgt.org/3Dstructure-DB/cgi/DomainGapAlign.cgi), the
Paratome CDRs were annotated with the Paratome tool (ofran-
services.biu.ac.il/site/services/paratome/index.html).

Generation of multiple structure alignment and contact
map

To identify the structural consensus of antigen-contacting resi-
dues, we analyzed rabbit antibody-antigen complex structures
using a strategy similar to Ofran’s29: we obtained the PDB files
of the non-redundant rabbit Ab-Ag complex in PDB, made
multiple structure alignments with the Aligner3D algorithm in
Strap, defined contact residues as the shortest atom distance
between 2 residues is no more than 6 A

�
, generated interchain

contact maps by CCP445 with the CONTACT/ACT program,
identified antigen-contacting residues and their supporting res-
idues using Excel, and highlighted the antigen-contacting resi-
dues on antibody structure alignments (Fig. 3 and 4). The
antigen-contacting residues of the antibody contact the antigen;
the supporting residues contact antigen-contacting residues on
the same rabbit heavy or light chain.

The structure alignment shown in Fig. 1 were made with
Dali pairwise comparison by aligning heavy and light chains of

each RabMAb with 2£7L and the figures were made with Chi-
mera.46 In Fig. 4, the structure model of RabMAb YP223 and
its humanized version were made using I-TASSER47 and
aligned with Dali pairwise comparison.

Immunotoxin production and analysis

The scFvs were expressed as fusion proteins with scFv on the N
terminus, and PE38, a truncated form of pseudomonas exo-
toxin, on the C terminus as described previously.6,34 This pro-
tocol includes a SEC step using column TSK-GEL� G3000SW
7.5 mm ID £ 60 cm 10 mm (TOSCH Bioscience part No.
05103). The resulting proteins were scFv-based monovalent
immunotoxins. To make immunotoxin constructs, the nucleo-
tide sequence of humanized scFvs were synthesized by Gen-
script (Piscataway, NJ) and cloned into pRB98 vector to make
pMH231(hYP3), pMH232 (hYP158), pMH233 (hYP218b),
pMH234 (hYP223) plasmids. The immunotoxins were pro-
duced and tested for cell binding by flow cytometry and cyto-
toxicity by WST cell proliferation assay as described in detail
previously6,34 on H9 cells. In flow cytometry analysis, we con-
secutively used rabbit whole serum containing anti-Pseudomo-
nas exotoxin A antibody (Sigma Catalog number P2318) and
R-phycoerythrin-conjugated goat anti rabbit antibody (Invitro-
gen, Catalog number P-2771MP), both diluted 200 folds. The
original RabMAb scFvs were expressed in the same format and
have been described previously.6 The purity of purified immu-
notoxins (4 mg per lane) were checked by SDS-PAGE (Fig. 6b).
To calculate the EC50s, the binding of BL22 were subtracted in
Excel. In GraphPad Prism 6 “XY analysis,” nonlinear regression
with “specific binding” equation was used to measure cell bind-
ing EC50s, and the Fit spline/LOWESS with point-to-point
curve were used to measure cytotoxicity IC50s. BL22 is an irrel-
evant anti-CD22 immunotoxin; YP7 immunotoxin is an irrele-
vant immunotoxin that targets glypican-3 (GPC3).

Biophysical analysis

To characterize purified proteins, we used size-exclusion col-
umn “Superdex 200 Increase 10/300 GL” (GE Healthcare Life
Sciences) coupled with Dawn HELEOS-II MALS with QELS
DLS from Wyatt Technology in the SEC-MALS setup. The sys-
tem uses Agilent (HP) 1100 series pumps. The SEC setup is
equipped with the Agilent autosampler and diode-array UV/
Vis. The proteins were prepared and analyzed in phosphate-
buffered saline (PBS) buffer. We measured the binding kinetics
in Octet RED96 at 30�C. The assay buffer was PBS 0.05%
Tween20 with 0.1% (w/v) BSA. The assay program was
10 minutes’ presoak, 180 s baseline establishment, 300 s antigen
loading, 60 s baseline establishment, 600 s immunotoxin associ-
ation, 30 mins or more immunotoxin dissociation. For the YP3,
hYP3, YP158, hYP158, YP218 and hYP218 immunotoxins,
10 mg/ml rabbit Fc-Mesothelin-His protein was used to load
Ni-NTA biosensor (Fortebio, Catalog No.18–5101); for
YP223IT and hYP223IT, 1.25 mg/ml biotinylated rabbit Fc-
Mesothelin-His protein was used to load the SA biosensor (For-
tebio, Catalog No. 18–5019). Both loading conditions achieved
similar readings with the machine. The binding kinetics were
calculated with Graphpad Prism. The koff was calculated first,
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using “Dissociation - One phase exponential decay” equation
and the NS (the binding at infinite times) was set to 0. Then the
association kinetics were calculated using “Association kinetics
- Two or more conc. of hot” equation and the koff was set to cal-
culate kon.
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