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ABSTRACT
Recent development of monoclonal antibodies as mainstream anticancer agents demands further
optimization of their safety for use in humans. Potent targeting and/or effector activities on normal
tissues is an obvious toxicity concern. Optimization of specific tumor targeting could be achieved by
taking advantage of the extracellular acidity of solid tumors relative to normal tissues. Here, we
applied a structure-based computational approach to engineer anti-human epidermal growth factor
receptor 2 (Her2) antibodies with selective binding in the acidic tumor microenvironment. We used
an affinity maturation platform in which dual-pH histidine-scanning mutagenesis was implemented
for pH selectivity optimization. Testing of a small set of designs for binding to the recombinant Her2
ectodomain led to the identification of antigen-binding fragment (Fab) variants with the desired pH-
dependent binding behavior. Binding selectivity toward acidic pH was improved by as much as 25-
fold relative to the parental bH1-Fab. In vitro experiments on cells expressing intact Her2 confirmed
that designed variants formatted as IgG1/k full-size antibodies have high affinity and inhibit the
growth of tumor spheroids at a level comparable to that of the benchmark anti-Her2 antibody
trastuzumab (Herceptin®) at acidic pH, whereas these effects were significantly reduced at physio-
logical pH. In contrast, both Herceptin and the parental bH1 antibody exhibited strong cell binding
and growth inhibition irrespective of pH. This work demonstrates the feasibility of computational
optimization of antibodies for selective targeting of the acidic environment such as that found in
many solid tumors.
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Introduction

Antibody-based anti-cancer therapeutics are intended to tar-
get antigens present on tumor cells. Specific tumor-targeting
can be accomplished via antigens exclusively found on cancer
cells and not present at all on normal cells, such as epidermal
growth factor receptor (EGFR)vIII resulting from a deletion
in the EGFR gene specific to glioma cells. In most cases,
however, the target antigen overexpressed by cancer cells is
also present at lower concentrations in normal tissues. In
order to reduce antibody toxicity in these cases, one strategy
is to take advantage of the higher antigen density on tumor
cells relative to normal cells.1–4 This approach requires mod-
ulation of antibody-antigen affinity, e.g., by mutagenesis of
the complementarity-determining region (CDR), to an opti-
mal range where binding to the low-density antigen on nor-
mal cells is reduced while a reasonable level of binding to the
high-density antigen present on tumor cells is retained. This
results from the avidity of bridged binding that can be
achieved by typical bivalent antibodies and related constructs.
The optimal range of monovalent-binding selectivity is found
empirically and is system dependent; too little or too much
affinity weakening can lead to maintained binding of antigens

at low density, or loss of binding at high density, respectively.
The avidity-based approach can only be applied when there is
a significant antigen overexpression on tumor cells and their
surrounding stroma.

Here, we propose a completely different optimization strategy
for specific tumor targeting, which exploits the slightly higher
acidity of the tumor relative to normal tissues pH.5,6 Due to
factors such as poor vascular perfusion, regional hypoxia, and
fermentative glycolysis,7 the extracellular pH in most solid
tumors is in the 6.0–6.8 range.8–16 Recently, marking of acidic
regions with pH below 6.5 overlapped with highly proliferative,
invasive regions at the tumor-stroma interface.17 However, non-
cancerous cells maintain the extracellular pH at physiological
levels (7.3–7.4). In order to take advantage of this differential pH
to reduce antibody toxicity on normal cells, CDR mutagenesis
can be used to introduce a certain level of pH dependence into
the antibody binding affinity to the antigen, such that binding
is significantly weakened at physiological pH relative to the
acidic pH. Since the pKa (negative logarithm of acid ionization
constant, Ka) of histidine residues present on protein surface
is ~6.4,18 histidine-scanning mutagenesis is as a logical approach
for accomplishing this type of design.
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De novo engineering of pH-dependent antibody binding
has overwhelmingly focused on weakening binding at acidic
pH relative to the physiological pH. When antibody CDRs
were mutated in order to generate so-called recycling or
sweeping antibodies, the motivation was mainly to direct
overexpressed antigens to lysosomal degradation following
dissociation in the acidic endosomes from their antibody
complexes.19–27 A similar approach for engineering pH-
dependent dissociation was also applied to antibody regions
outside of the CDR or to non-antibody protein-protein
complexes.28–30 From a completely different perspective,
protein domains were engineered against non-CDR anti-
body surfaces as binding reagents at neutral pH from
which antibodies can be eluted at acidic pH.31–34

Engineered selectivity toward the acidic pH was rarely
reported, aimed at extending half-lives in blood. Examples
include de novo engineering of an affibody protein for
binding to the recycling neonatal Fc receptor (FcRn) at the
acidic pH of early endosomes,35 and modulating the already
present pH-dependent binding of Fc to FcRn to further
improve binding selectivity toward acidic pH.36

Expectedly, histidine mutagenesis has been the workhorse
for most of these pH-dependent binding engineering efforts,
either by screening of recombinant variants or selection from
combinatorial display libraries. While computational design
has been successfully applied to antibody-antigen affinity
maturation,37,38 successfully predicting pH-dependent anti-
gen-binding CDRs of antibodies has been limited thus far.
To our knowledge, only two previous computational struc-
ture-based design studies reported successful prospective
engineering of pH-dependent binding proteins, both aimed
at weakening binding at acidic pH.28,33 A computational fra-
mework for structure-based design of pH-dependent binding
was also proposed and used to retrospectively recapitulate
previous Fc-FcRn pH-dependent binding data.39

In this study, bH1, a Fab targeting human epidermal
growth factor receptor 2 (Her2), was selected as the starting
point for structure-based de novo engineering of pH-
dependent antigen binding. In addition to its available
crystal structure in complex with the antigen, bH1 binds
Her2 with reduced affinity relative to the related antibody
trastuzumab (Herceptin®).40 As mentioned earlier, this is
a desired characteristic that can be used to reduce toxicity
to normal cells via avidity. Here, we first implemented
dual-pH histidine-scanning mutagenesis into the Assisted
Design of Antibody and Protein Therapeutics (ADAPT)
platform previously used for antibody-antigen affinity
maturation at physiological pH.38,41 The extended compu-
tational platform was then applied to the structure of the
bH1-Her2 complex aiming at improved binding selectivity
toward acidic pH versus normal pH. Rational designs were
first tested as Fabs at two pHs, for in vitro binding to the
soluble recombinant Her2 ectodomain and then for binding
to intact Her2 expressed at cell surface. Full-size antibody
(FSA) versions of successfully designed mutants were then
tested for binding to Her2 expressing cells by scanning the
pH within the 5.2–7.3 range. Finally, pH selectivity and
functional efficacy were tested using an in vitro tumor
spheroid growth inhibition assay. Rationally designed FSA

variants displayed marked selectivity toward the extracel-
lular pH of solid tumors versus that of normal tissues.

Results

Computational design of pH dependence

The concept of free energy optimization of a parent antibody-
antigen system viamutagenesis for improved binding at acidic pH
(tumor microenvironment) relative to physiological pH (normal
cells) is presented schematically in Figure 1. The main objective is
to widen the binding free energy gap, ΔΔΔGbinding ¼ðΔGMutant

Acidic �
ΔGMutant

Physio log icalÞ � ðΔGParent
Acidic � ΔGParent

Physio log icalÞ; between the

mutant and parent variants in the acidic relative to physiological
environments. This binding free energy gapmust be as negative as
possible in order to enhance the selectivity for binding at acidic
versus physiological pH. At the same time, the mutant must
maintain a reasonable level of binding in the acidic environment
relative to the parent molecule. For example, a mutant that binds
1000-fold better at acidic versus physiological pH, but has a 100
μM affinity under acidic conditions, has high pH selectivity but is
of limited practical use. Hence, a filter was applied to step (3) in
Figure 1 to ensure that ΔGMutant

Acidic � ΔGParent
Acidic

� �
is not too overly

positive (e.g., not more than 2.7 kcal/mol, or 100-fold increase in
KD). Moreover, since the designed mutants must be stable in the
intended acidic environment, another filter was applied to the
folding free energy associated with step (3). This ensures that the
stability of the mutant is comparable with that of the parent, and
hence the predicted ΔΔGfolding ¼ ΔGMutant

folding � ΔGParent
folding should

typically be less than 2.7 kcal/mol.38 For manufacturing and
in vivo delivery reasons, stability at physiological pH should also
be maintained, and so ΔΔGfolding at that pH associated with step
(4) in Figure 1 should not be overly positive either.

We have implemented a version of ADAPT38,41 capable of
handling dual-pH His-scanning mutagenesis, and applied it to
the bH1 Fab in complex with Her2 ectodomain.40 A total of
68 positions (non-His, non-Pro, non-Cys) forming the CDR
loops of bH1 (Figure S1) were screened for single mutations
to His with three protocols for mutant generation and relative
binding affinity scoring, and with one protocol for relative
stability scoring (Table 1). We excluded 21 mutants based on
folding stability criteria. From the remaining 47 mutations,
the top 10 in average ranks in terms of ΔΔΔGbinding binding
affinity gap were retained. Ranks 1 (L-R30a), 2 (H-R58), 6
(H-N28), 8 (H-Y100a) and 10 (H-Y56) were pursued further.
The other five mutations were excluded after visual examina-
tion of the modeled 3D structures, namely rank 3 (H-G97)
due to steric clashes, rank 4 (L-Y92) due to packing of pro-
tonated His in a hydrophobic environment, and ranks 5
(H-N54), 7 (L-S30d) and 9 (H-K64) for which the introduced
His residues made no direct contacts with the antigen. Rank
26 (L-S30b) was included based on its second-best stability in
acidic conditions. Rank 30 (H-Y33) was also included as
another example of a non-highly-ranked mutant. These two
mutants from the bottom half of the ranked list passed visual
inspection in terms of good steric and electrostatic interac-
tions in the complex. Lastly, H-R50 was included as another
control, having the best average rank for binding affinity
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change if the folding stability filter at acidic conditions was
not considered.

These selected residues for single-point mutations to histi-
dine are distributed over four of the six CDR loops (Figure
S1). Having widely separated mutations at the antibody–anti-
gen interface (Figure 2) can be beneficial for combining them
into higher-order mutants using the ADAPT protocol, based
on reasonable additivity of contributions from spatially sepa-
rated mutations to binding affinity.38,41

pH-dependent binding to recombinant Her2 ectodomain

The parental and selected bH1-Fab variants were first tested
for binding to recombinant Her2 ectodomain by surface

plasmon resonance (SPR) at the physiological pH of 7.4 as
well as at pH 5.0, whereby the Fab samples were flowed over
the antigen ectodomain immobilized at a sensor-chip surface.
Interestingly, parental bH1-Fab bound to the Her2 ectodo-
main about 4 times weaker at acidic pH (KD = 13 ± 4 nM)
versus physiological pH (KD = 3 ± 1 nM) due to
a combination of a slower on-rate and a faster off-rate
(Table 2). In contrast, our rank-2 computational structure-
based designed variant bH1-P5 having the H-R58 amino-acid
residue mutated to histidine showed preferential antigen
binding at acidic pH (KD = 98 ± 30 nM) versus physiological
pH (KD = 310 ± 8 nM). In free energy terms, reversal by the
new mutant of the undesired binding phenotype of the par-
ental Fab to the desired pH dependence resulted from
a negative value for ΔΔΔGbinding of −1.54 kcal/mol. This

Figure 1. Definition of relative binding free energy function for optimization of pH dependence. The main property to be optimized is ΔΔΔGbinding, the binding free
energy gap between the Acidic and Physiological pH environments of a Mutant relative to the Parent, which has to be as negative as possible. This is shown in the
upper diagram as the difference given by (1) – (2). Computationally, we simulate (3) – (4) instead, which from the thermodynamic cycle yields the same quantity. The
bottom diagram provides an illustrative example for a possible distribution of free energies for the four states shown in the thermodynamic cycle, and how
ΔΔΔGbinding can be calculated based on their free energies.

Table 1. Computational predictions of relative binding affinities and stabilities under slightly acidic and physiological pH conditions.

ΔGMutant
Acidic � ΔGParent

Acidic ΔΔΔG

Folding Binding Folding Binding

Variant Mutation CDR loop FoldXS FoldXB SIE Rosetta FoldXS FoldXB SIE Rosetta Consensus rank

bH1-P1 H-N28H H1 0.91 0.00 −0.25 0.75 0.69 0.05 −0.38 −0.08 6
bH1-P2 H-Y33H H1 1.60 0.01 0.08 0.60 0.00 −0.72 0.01 0.05 30
bH1-P3 H-R50H H2 3.56 1.30 1.35 2.15 −0.65 −6.68 −1.88 0.00 NAa

bH1-P4 H-Y56H H2 0.43 0.00 −0.37 0.75 0.00 −0.92 −0.23 0.25 10
bH1-P5 H-R58H H2 0.74 0.42 −0.40 −0.13 −0.10 −0.06 −0.11 −0.48 2
bH1-P6 H-Y100aH H3 1.02 0.04 0.11 0.76 0.00 −1.71 −0.61 0.90 8
bH1-P7 L-R30aH L1 1.62 −0.01 0.18 0.50 0.13 −0.26 −0.06 −0.24 1
bH1-P8 L-S30bH L1 −0.07 0.00 0.15 0.21 0.03 0.49 0.00 −0.08 26

aTop ranked if the folding stability filter under acidic condition (FoldXS > 2.7 kcal/mol) is not applied.
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indicates a successful design in the desired direction for pH
dependence, and is clearly apparent in the iso-affinity plot in
Figure 3. Here, we see the opposite directions of binding free
energy change by shifting the pH from physiological to acidic,
and comparing the parental bH1-Fab to the bH1-P5 and other
variants.

By the ΔΔΔGbinding objective metric, other successful designs
were bH1-P7 (L-R30aH) and bH1-P8 (L-S30bH), although in
these cases the undesired binding phenotype of the parent was
not reversed but merely weakened. These are also apparent in
the iso-affinity plot (Figure 3). Variant bH1-P1 (H-N28H),
ranked 6 computationally, was similar to the parent, whereas
bH1-P6 (H-Y100aH, ranked 8) had complex binding and poor

fit at acidic pH. For variant bH1-P2 (H-Y33H, ranked 30) the
parental phenotype was actually accentuated, and hence this
variant had a positive value for ΔΔΔGbinding (Table 2). Finally,
binding was so weak that it could not be detected at one or
both pHs for variants bH1-P4 (H-Y56H, ranked 10) and bH1-
P3 (H-R50H, control for testing a case with high destabilization
predicted at acidic pH). Because this SPR binding analysis was
carried out at 25°C, we repeated the experiments at 37°C and
obtained similar trends (Table S1), with almost identical equi-
librium constants and slightly higher rate constants as expected
from the Arrhenius equation.

Based on the SPR data for single mutants, three designed
bH1 variants, bH1-P5, -P7 and -P8, were selected for

Figure 2. Structural location of selected histidine mutations. Shown is the crystal structure of the parental bH1-Her2 complex (PDB code 3BE1)40 as prepared for
molecular simulations. Only the antigen-binding Fv domains of the antibody are shown, and colored cyan and magenta for the heavy and light chains, respectively.
Selected positions for mutation to histidine are shown as Cα-sphere models and are labeled. Domain IV (residues C489-N607) of the Her2 antigen including the
epitope is rendered as a black ribbon inside a translucent gray molecular surface.

Table 2. SPR data for Fab binding to recombinant human Her2 ectodomain.

pH 7.4 pH 5.0

Variant Mutation
KD (SD)
[10−9M]

kon (SD)
[105M−1s−1]

koff (SD)
[10−3s−1] n

KD (SD)
[10−9M]

kon (SD)
[105M−1s−1]

koff (SD)
[10−3s−1] n ΔΔΔGbinding [kcal/mol]

bH1 Parent 3.0 (1.0) 5.0 (2.0) 1.4 (0.07) 12 13 (4.0) 2.5 (0.5) 3.3 (0.6) 15 0.00
bH1-P1 H-N28H 3.5 (0.2) 3.7 (0.2) 1.3 (0.01) 5 16 (2.0) 1.9 (0.4) 2.8 (0.4) 5 0.02
bH1-P2 H-Y33H 120 (3.0) 1.7 (0.3) 20 (3.0) 5 1200 (400) 0.4 (0.1) 48 (8.0) 5 0.49
bH1-P3 H-R50H NB NB NB 1 NB NB NB 1 NB
bH1-P4 H-Y56H 170 7.8 130 1 NB NB NB 1 NB
bH1-P5 H-R58H 310 (8.0) 0.5 (0.01) 16 (0.7) 6 98 (30) 0.9 (0.3) 8.0 (1.0) 14 −1.54
bH1-P6 H-Y100aH 10 (0.5) 4.8 (0.3) 4.8 (0.04) 2 ND ND ND 2 ND
bH1-P7 L-R30aH 5.7 (0.3) 3.3 (0.3) 1.9 (0.09) 5 17 (1.0) 1.6 (0.1) 2.8 (0.3) 5 −0.21
bH1-P8 L-S30bH 3.4 (0.1) 3.4 (0.2) 1.2 (0.01) 5 9.9 (0.9) 1.6 (0.2) 1.5 (0.3) 5 −0.23
bH1-P5P7 H-R58H,

L-R30aH
530 (80) 0.4 (0.1) 21 (2.0) 6 90 (20) 0.7 (0.1) 5.7 (0.3) 8 −1.93

bH1-P5P8 H-R58H,
L-S30bH

290 (50) 0.4 (0.1) 11 (1.0) 8 50 (20) 0.9 (0.4) 3.7 (0.3) 10 −1.91

SD: standard deviation. n: number of replicates. NB: no binding. ND: not determined due to poor fit.
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generation of double mutants bH1-P5P7 (H-R58H,
L-R30aH) and bH1-P5P8 (H-R58H, L-S30bH). These dou-
ble mutants combine well-spaced mutations present on
distinct chains, aiming at introducing additivity of mutation
effects. The SPR-based ΔΔΔGbinding values listed in Table 2
confirm that additivity was achieved. Both double mutants
had ~sixfold stronger antigen binding at acidic pH than at
physiological pH. This behavior was significantly driven by
faster dissociations (larger koff) at physiological pH than at
acidic pH, in sharp contrast to the parent, as is also appar-
ent in the iso-affinity plot (Figure 3). By comparing the
variant bH1-P5P8 with the parental bH1-Fab, we see that
antigen binding in the acidic environment has only margin-
ally weakened (KD of 50 ± 20 nM versus 13 ± 4 nM,
respectively) whereas binding affinity in the physiological
environment has been weakened by 2 orders of magnitude
(KD of 290 ± 50 nM versus 3 ± 1 nM, respectively). This is
also readily seen by visual inspection of the corresponding
SPR sensorgrams shown in Figure 4.

pH-dependent binding to cells expressing intact Her2

We next sought to examine the most promising designed
bH1-Fab variants P5, P5P7 and P5P8 for pH dependence of
binding to cells expressing intact Her2. At the high Her2
cell-surface density of the SKOV3 cells, the parent bH1-Fab
binding was ~twofold weaker at acidic pH (KD of ~41 nM)
than at physiological pH (KD of 21 nM) (Table 3). In con-
trast, while weak binding of the designed Fab mutants to
SKOV3 cells could be detected at pH 5.2 (KD range

~100–200 nM), their binding, if any, was weaker than the
sensitivity of our detection method at pH 7.3 (Figure 5). The
double mutant bH1-P5P8 Fab was found to have ~twofold
stronger affinity than bH1-P5 and bH1-P5P7 at acidic pH.
Similar results were obtained on the JIMT-1 cell line expres-
sing Her2 at lower density than SKOV3 cells (data not
shown). The viability of various cell lines under acidic (pH
5.2) and physiological (pH 7.3) conditions was tested and
shown to be unaffected by the conditions used in the binding
assay (Figure S2).

The designed variants were then reformatted into human
IgG1/k FSAs for re-testing on the high-density Her2 cells. We
first verified that the designed His mutations do not introduce
protein folding instability or aggregation relative to the parental
bH1 antibody. Differential scanning calorimetry (DSC) and
sedimentation velocity (SV) analytical ultracentrifugation ana-
lyses showed similar biophysical properties for all bH1-FSA
variants at both pH 5.1 and pH 7.2 (Figures S3 and S4, and
Table S2). We then performed a pH scan of SKOV3 cell
binding within the 5.2–7.3 range for designed FSA variants
and control antibodies (Figure 6A). The parental bH1-FSA
displayed low-nM apparent affinity similar to the related anti-
body Herceptin at physiological pH (apparent KD of 4 nM and
3 nM, respectively, Table 4), suggesting that the weaker cell-
based binding previously seen with the bH1-Fab (KD ~20 nM,
Table 3, Figure 5) could be improved by avidity binding. Both
parental bH1-FSA and Herceptin displayed practically no pH-
dependent cell binding, with apparent KD values relatively
stable within the 2–4 nM range between pH 5.2 and pH 7.3.
The designed FSA mutants also maintained significant cell-

Figure 3. Iso-affinity plots from SPR data. Acidic pH data are plotted with red symbols, physiological pH data with black symbols. Arrows indicate moving the data
point on the iso-affinity plot from physiological to acidic environments for various variants (labeled, mean data from Table 2) .
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surface Her2 binding in the acidic range of pHs, from pH 5.2
up to pH 6.0 (KD range 8–12 nM), with some weakening of
affinity in the pH 6.4–6.8 range to 13–30 nM. Importantly,
further increasing the pH to 7.3 led to a marked drop of
binding capacity of the designed variants well above an appar-
ent KD of 100 nM (Table 4), which is in sharp contrast to the
pH-independent binding observed with the parental bH1-FSA
and Herceptin. Hence, we were successful in designing Her2
directed antibodies that showed more than 10-fold pH-
selectivity for SKOV3 cell binding at pH 6.8 over pH 7.3. The
observed cell binding dependence on pH for the designed
mutants (Figure 6B) is consistent with the histidine pKa value
of ~6.4.18

Our multi-well plate binding assay (see Method A,
Materials and Methods section) requires an antibody

dilution series in small and equal volumes (0.1 mL) to be
performed. This volume constraint resulted in molar
amounts of antibodies in the lower dose range (0.02 to
1.2 nM) that were less than the calculated total number of
surface Her2 receptors on the SKOV3 cells (which express
~6 × 105 Her2 receptors per cell42) (Table S3, Method A).
This may have caused stoichiometric limitations and
affected KD measurements. To assess this possibility, we
tested binding of the parental bH1-FSA antibody and
a representative mutant, bH1-P5P8-FSA, to SKOV3 cells
at pH 6.0 and pH 7.3, comparing Method A with
a manual dilution regimen performed in tubes. In the latter
case, sample volumes were varied such that antibody was
always in excess relative to Her2 for every dose (Table S3,
Method B). Our analysis showed that with both methods,
bH1-FSA had similar binding to cells at pH 7.3 and pH 6.0
(KD ~1–4 nM), whereas bH1-P5P8-FSA showed signifi-
cantly improved binding at pH 6.0 compared to pH 7.3
(KD ~10 nM versus ˃ 130 nM, respectively) (Figure S5,
Table S4). We note the caveat that, although Method
A was informative for screening and ranking our mutant
antibodies, low-nanomolar binding affinities measured by
this assay are somewhat reduced, likely due to antibody
depletion at the lower concentration range (e.g., at pH

Figure 4. Representative SPR sensorgrams for select Fab variants. Interaction of the parent bH1-Fab, the lead single mutant bH1-P5 (H-R58H) and the double mutant
bH1-P5P8 (H-R58H,L-S30bH) with immobilized Her2 ectodomain. The black lines represent raw data and the red lines are global fits to a 1:1 bimolecular interaction
model. See the Materials and Methods section for experimental details.

Table 3. Apparent binding affinities to SKOV3 cells for bH1 variants formatted as Fabs.

pH 7.3 pH 5.2

Variants KD [10−9M] KD [10−9M]

bH1-Fab 21.3 ~41 a

bH1-P5-Fab NBD ~199 a

bH1-P5P7-Fab NBD ~178 a

bH1-P5P8-Fab NBD ~93 a

aApproximate values since Bmax was not reached. NBD: no binding detected.
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6.0, bH1-FSA KDs are 2.9 nM versus 0.7 nM using Method
A versus Method B, respectively).

To further determine the tumor selectivity of these anti-
bodies, we evaluated their binding on Her2-expressing JIMT-
1 cells (i.e., ~104 Her2 receptors per cell, representing a lower
Her2 density similar to Her2-expressing cardiac cells43) at
physiological pH. As it can be seen in the left panel of
Figure 7, Herceptin and bH1-FSA bind very well to the

surface of these cells at pH 7.3. In sharp contrast, the designed
antibodies, and especially the double-point His mutants, com-
pletely lost their binding in these normal cell conditions even
at the highest tested concentration of 300 nM (~45 μg/mL).
Here, the pH-dependent binding mechanism works in concert
with weakened avidity effects to completely eliminate off-
tumor targeting and increase the selectivity for tumor versus
normal tissue. pH-dependent binding of the His-mutant bH1-

Figure 5. pH dependence of Fab variants binding to Her2-expressing SKOV3 cells. Selected anti-Her2 Fab variants were analyzed for cell-based binding by flow
cytometry under acidic and physiological pH conditions (using Method A, Materials and Methods section). Error bars represent standard deviations between technical
replicates.

Figure 6. pH dependence of FSA variants binding to cells expressing Her2. (A) High-density Her2 cells (SKOV3) were tested in environments with varying pH between
5.2 and 7.3 and cell binding was analyzed by flow cytometry (using Method A, Materials and Methods section). Error bars represent standard deviations between
technical replicates. (B) Apparent dissociation constants (KD) of tested FSA variants from binding experiments to high-density Her2 cells (SKOV3) at various pHs.
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FSAs was also present on the low-Her2 JIMT-1 cells, with
estimated KDs greater than 50 nM at pH 6.0 (Figure 7, right
panel), albeit it more closely mirrored the pH-dependent
binding of Fabs on high-Her2 cells due to lack of avidity
effects. The data also suggest reduced off-tumor targeting of
normal tissues with acidic pH (e.g., Her2 expressed on normal
gastric epithelia44) relative to Herceptin and parental bH1-
FSA.

pH-dependent inhibition of tumor spheroid growth

We tested the pH-dependent function of the designed variant
bH1-P5P8-FSA by evaluating its effect on the growth of the
BT474 spheroids in vitro. Human breast invasive ductal primary
carcinoma BT474 cells expressing high levels of Her2 were
selected since they readily responded to the benchmark
Herceptin antibody in spheroid assays.45,46 We asked if the spher-
oids grown under normal or low-pH conditions respond differ-
ently to antibody treatment. We first established that the growth
of the spheroids without antibody treatment in response to low
pH conditions was not affected (Figure S6). To assess the pH
selectivity of the designed antibody relative to Herceptin, spher-
oids were treated with different concentrations of antibodies
either in physiological pH or a lower pH of 6.4 typical for solid
tumor microenvironment (Figure 8A). As expected, Herceptin as
well as the parental bH1 antibody performed similarly in both
pHs. The antibody mutant with engineered pH-sensitive Her2

binding only inhibited the growth when spheroids were treated in
low-pH conditions (Figure 8A-C). This suggests that the engi-
neered pH selectivity for Her2 binding is also manifested func-
tionally. The tumor growth inhibition efficacy of the engineered
bH1-P5P8-FSA antibody was statistically indistinguishable from
those of the benchmark Herceptin and parental bH1 antibodies
when the extracellular pH was acidified artificially (Figure 8B).

Discussion

Previous histidine mutagenesis studies directed to the CDRs
of antibodies have generally focused on maintaining or
enhancing antigen binding at physiological pH while reducing
binding at acidic pH.20–26 In most cases, the motivation for
that type of pH-dependent binding is lysosomal degradation
of targeted receptors and soluble ligands via recycling or
sweeping antibodies.19 Here, a novel dual-pH computational
His-scanning mutagenesis based on the previous ADAPT
platform38,41 was applied to undertake the opposite, perhaps
more challenging, task of improving binding at acidic relative
to physiological pH. The practical relevance of this pH depen-
dency is reduction of antibody toxicity via selective targeting
of the acidic tumor microenvironment.5–7 In this case,
a positively charged and highly solvated His residue is intro-
duced at the interface with the antigen, which is a desolvated
environment. While this is challenging from a molecular
design perspective, naturally evolved systems exist that rely
on histidine switches in order to achieve this type of pH-
dependent binding selectivity. A classic example is antibody
recycling, where several His residues from the antibody Fc are
used for pH-dependent binding to FcRn at the acidic pH of
early endosomes and dissociation from it at extracellular
physiological pH.47,48

For designing the type of pH-dependent binding pur-
sued in this study, the ideal scenario is to weaken binding
in the physiological environment (negative design) and
strengthen binding in the acidic environment (positive
design) relative to the parent, as exemplified in Figure 1.
Scenarios based only on positive designs or only on nega-
tive designs in both environments are also viable. It is likely

Table 4. Apparent binding affinities to SKOV3 cells for bH1 variants formatted as
full-size antibodies (FSAs).

pH 7.3 pH 6.8 pH 6.4 pH 6.0 pH 5.6 pH 5.2

Variants
KD

[10−9M]
KD

[10−9M]
KD

[10−9M]
KD

[10−9M]
KD

[10−9M]
KD

[10−9M]

bH1-FSA 4.1 2.0 2.9 2.9 1.5 2.6
bH1-P5-FSA ~176 a 15.7 12.9 10.9 8.0 7.8
bH1-P5P7-FSA ~716 a 29.7 16.0 9.7 9.5 8.4
bH1-P5P8-FSA ~290 a 21.7 15.1 9.7 6.6 12.3
Herceptin b 3.0 ND ND ND ND 2.5

aApproximate values since Bmax was not reached.
bHerceptin FSA included for comparative purposes at the extreme pH values
tested only (ND: not determined).

Figure 7. pH dependence of FSA variants binding to cells expressing Her2 at low-density. Low-density Her2 expressing JIMT-1 cells were tested under acidic and
physiological pH conditions and cell binding was analyzed by flow cytometry (using Method A, Materials and Methods section). The left panel representing binding
to the normal cell model (low-density Her2 and physiological pH) is to be compared with binding of the same variants to the tumor cell model consisting of high-
density Her2 (SKOV3 cells) within a pH range of 6.0–6.8 (Figure 6A). Error bars represent standard deviations between technical replicates.

e1682866-8 T. SULEA ET AL.



that available optimization routes will be system dependent.
In the bH1-Her2 system investigated here, the pH selectiv-
ity of the P5 mutant H-R58H arises from negative designs
at both pHs, with the impact being marginal at acidic pH
and large at physiological pH (see Figure 3, Tables 2–4).
Molecular modeling suggests that replacing arginine for
histidine at position H-58 may incur some modest cost in
nonpolar packing in both environments due to a relatively
crowded location at the antibody–antigen interface. From
an electrostatic viewpoint, this mutation may have minimal

impact in the acidic environment where the positive charge
is maintained and favorable interaction with the negatively
charged E558 could be established, but it may incur a larger
cost in the physiological environment that eliminates the
positive charge (Figure 9, left panel). A similar mechanism
underlies the P7 mutant L-R30aH, but the negative design
is attenuated relative to P5 due to its more exposed loca-
tion. Hence, for P7, the small effect (see Figure 3) of
negative design at physiological pH is predicted to arise
from removal of positive charge and loss of electrostatic

Figure 8. Tumor spheroid growth inhibition. Human breast primary carcinoma BT474 spheroids were cultured in physiological pH and in acidic pH of 6.4 in the
presence of antibodies Herceptin, bH1-FSA, bH1-P5P8-FSA or Ctrl-hIgG (human IgG1 isotype antibody, negative control), and spheroid size monitored over time (see
Materials and Methods section). (A) Dose-response effect of antibody variants in different pH conditions at the 192 h time point. Spheroid size is normalized to time
zero and Ctrl-hIgG. (B) Spheroid growth over time for different antibody variants in different pH conditions. Spheroid size is normalized to time zero and Ctrl-hIgG.
The p-values for each treatment relative to the control were calculated using Student’s t-test (*, p ≤ 0.05; **, p ≤ 0.01). (C) Representative images of the spheroids at
100 μg/mL antibody concentration in different pH conditions at the end of experiment. Error bars in (A) and (B) represent standard deviations between biological
replicates.
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interactions with the negatively charged E598 (Figure 9,
middle panel). The case of P8 mutation L-S30bH seems to
be different, as the SPR and cell-binding data for the P8
mutant versus parent, as well as between the P5P8 and P5
mutants (see Figures 3 and 5), appear to signal a small
degree of positive design under acidic conditions.
A charged His residue at this position can interact more
favorably with E598 than the parental neutral residue Ser
(Figure 9, right panel).

The ability of Herceptin and the related bH1-FSA to
equally engage Her2-expressing cells at the slightly acidic pH
typical of solid tumors as well as at physiological pH typical of
normal tissues (Figure 6) may result in unwanted systemic
toxicity to the host. Histidine mutants derived from the bH1-
FSA designed in this study have more than 10-fold weaker
binding at pH 7.3 than at pH 6.0 while still possessing fairly
strong binding within the pH 6.0–6.8 range (KD below 30 nM)
to high Her2-density tumor cells. At physiological pH, these
variants lose their binding, even at the highest tested concen-
tration of 300 nM (~45 μg/mL), to cells expressing Her2 at
a level typical to normal cells (Figure 7). Therefore, it is
anticipated that these pH-sensitive variants will serve as
safer treatment modalities. We tested the effect of the most
promising designed pH-sensitive variant bH1-P5P8-FSA in
a spheroid growth inhibition assay adapted to mimic tumor
acidic conditions, and found that it inhibited spheroid growth
with similar efficacy relative to the benchmark Herceptin and
parental bH1-FSA antibodies (Figure 8). In contrast to
Herceptin and the bH1-FSA, which exerted their effects on
spheroid growth independently of the extracellular pH, we
observed a highly pH-selective effect for bH1-P5P8-FSA.
This further supports the success of our design strategy to
generate a pH-selective antibody that can efficiently bind and
function under tumor acidic conditions. It remains to be
established whether the observed in vitro functional efficacy
on spheroid growth inhibition will be maintained on tumors
in vivo. An important aspect in vivo is the pH heterogeneity of
solid tumors. Our designed pH-sensitive variants seem to
maintain cell-binding capacity within a relatively broad
range of pH relevant to the tumor microenvironment, i.e.,
from 6.0 to 6.8 (Figure 6, Table 4), while their efficacies will
likely be lower in tumor pockets of physiological pH. Minimal
binding of pH-sensitive antibodies to cells under normal

conditions (low-Her2 density at physiological pH, Figure 7)
suggests that the effect of tumor heterogeneity on efficacy
could be overcome by adjusting the dosing regimen. Overall,
we anticipate that pH-sensitive antibodies will be better at
mitigating the balance between efficacy on tumor cells versus
safety on normal cells, relative to non-pH-sensitive antibodies.

A structure-based approach such as that adopted here adds to
the design toolbox for pH-dependent binding, which includes
screening and display-based directed evolution approaches.
A requirement of the rational approach is the availability of
a crystal structure for the antibody-antigen complex. Provided
that the computational ADAPT algorithm can rapidly suggest
a short list of histidine mutants with the desired phenotype.
Hence, it appears as less laborious than screening or selection
methods, with the added benefit of molecular structure-based
rationalization of the observed pH dependency. Currently, the
ADAPT protocol is limited to histidine mutagenesis, whereas
other methods such as directed evolution may access a wider
sequence space that sometimes include non-histidine mutations,
possibly via conformational effects on pH dependence.30

Anti-Her2 antibodies with pH-dependent binding selectivity
toward slightly acidic pH such as those disclosed here can be
adapted to other formats suitable for various therapeutic modal-
ities. In particular, antibody-drug conjugate versions are needed
because they carry toxic payloads with potential for widespread
cytotoxicity.49,50 Another format that would benefit from pH-
selective antibodies is that used in the radioimmunotherapy
(RIT) of solid tumors, especially when a compartmental route of
administration is not feasible and systemic application leads to
radiation exposure to non-target organs.51 The fact that Fabs of the
designed variants possess monovalent binding at acidic pH with
no binding at physiological pH (Figure 5) suggests that they may
be used as targetingmoieties in bispecific antibodies. Furthermore,
a heterodimeric IgG framework can be augmented by multivalent
presentation of the pH-sensitive Fab arm for increased potency
through avidity (e.g., 1Fab-IgG format).1,52Another exciting appli-
cation would be their reformatting as single-chain variable
domains for generation of chimeric antigen receptors (CARs).53

The 2D-tethering of CARs on the T-cell membrane may also
complement their pH-dependent binding with avidity-driven
selectivity toward tumor cells. The promising results obtained in
this studynot onlywarrant further development of these improved
variants toward the clinic, but they also open an exciting

Figure 9. Structural details of pH-sensitive histidine mutations. Antibody chains of the parental bH1 antibody are colored as in Figure 2, and the antigen is rendered
as gray tube. At each mutated position, the parental side chain and its histidine side chain substitutions in the acidic conditions (dark-green C atoms) and
physiological conditions (bright-green C atoms) are overlaid and rendered as sticks model. The main interacting side chains of the antigen are shown in sticks models
and labeled. Rosetta models for histidine mutants shown.
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perspective that computational structure-based engineering of
pH-selectivity can be successfully applied to other high-profile
cancer targets with the aim of delivering safer immunotherapies
in oncology.

Materials and methods

Computational design

The Her2-bound crystal structure of bH1-Fab was retrieved
from the Protein Data Bank (entry 3BE1),40 and structurally
prepared for molecular design as described previously at phy-
siological pH.38 At slightly acidic pH of 5–6, visual examination
was used in order to decide whether a His side chain can be
protonated based on its structural environment protonation.
This led to protonation of three His residues in the antigen
epitope: H497, H537 and H567, whereas the other two His
residues in the antigen epitope (H490 and H542), as well as the
two His residues of the Fv fragment (L-H95 and H-H35), were
treated in the neutral state in the slightly acidic conditions.

Computational His scanning was carried out with the ADAPT
protocol38 to generate and score single-point mutations to histi-
dine of non-proline, non-cysteine and non-histidine residues in
the CDR region covering three loops in the light chain: CDR-L1
(R24-A34), CDR-L2 (W50-S56), CDR-L3 (Q89-T97), and three
loops in the heavy chain: CDR-H1 (G26-H35), CDR-H2 (R50-
G65) and CDR-H3 (R94-Y104) of bH1-Fv (Figure S1). Histidine
mutations were built and evaluated energetically at these positions
using the three programs, SCWRL,54–56 FoldX,57,58 and
Rosetta,59,60 currently implemented in ADAPT.38 From an opera-
tional perspective, since scoring functions for computational
mutagenesis provide meaningful results when taken as scores
relative to the parent system for which the crystal structure has
been determined, the implementation of these methods in
ADAPT adopts a conservative approach that limits conforma-
tional flexibility of the mutants as much as possible, and especially
at the level of the protein backbone atoms.59,61

In this work, histidine mutations were generated at physiolo-
gical pH and also in slightly acidic conditions (e.g., pH 6). For
mutations at physiological pH, all programswere forced tomutate
to a neutral histidine. For mutations at slightly acidic pH, each
programhad a different implementation of a protonated histidine.
Rosetta had the simplest method in that mutations to histidine
were forced to use the protonated form. In the case of FoldX,
protonated histidine takes two different forms, protonated delta
(called “o”) and protonated epsilon (called “e”). Therefore, the
mutation with the lowest FoldX stability score was retained and
used for ranking. Lastly, for SCWRL, the option to enable the
protonated form to compete with neutral histidine tautomers was
chosen. While this does not force mutation to the protonated
form, if the resulting mutation is neutral it is assumed that the
protonated form would be destabilizing, and vice-versa. Binding
scores of the constructed His mutants relative to the parent were
then calculated at each of the two pHs, ΔGMutant

Acidic � ΔGParent
Acidic and

ΔGMutant
Physiological � ΔGParent

Physiological, with the three scoring functions in

ADAPT: SIE,55,56 FoldX-FOLDEF,57 and Rosetta-Interface.59 The
double-referenced binding free energy scores, ΔΔΔGbinding

(Figure 1), were then derived as the difference in the scores
obtained in acidic conditions relative to physiological conditions.

A consensus ranking was finally derived from these individual
ΔΔΔGbinding scores calculated with each scoring functions. The
FoldX-FOLDEF energy function57 was also used to estimate the
effect of His substitutions on the internal stability of the Fv
structure at each of the two pHs. Additional technical and imple-
mentation details of ADAPT and its component methods can be
found in earlier reports.38,41,61

Protein production and purification

cDNA for the heavy and light chains of Fab and full-size human
IgG1/k antibody variants were ordered from commercial vendors
(ThermoFisher Scientific/Life Technologies Inc., Burlington, ON;
GENEART, Regensburg, Germany). These contained signal pep-
tide sequences, but no His-tags. Productions were carried out by
co-transfection ofCHO-3E7 cells as described previously,38 at 200-
mL scale. Transfections were performed at a cell density around
2.0 × 106 cells/mL with viability greater than 98%. Cells were
distributed in 1.0 L shaker flasks and transfected with 1 μg of
total DNA per 1 mL of production (50–80% of the total DNA
contained heavy chain and light chain constructs) using PEI
MAXTM (Polysciences, Inc., Warrington, PA). Cell cultures were
incubated for 24 h on an orbital shaking platform at an agitation
rate of 110 rpm at 37°C in a humidified 5% CO2 atmosphere.
Twenty-four hours later, the cultureswere fedwithTryptoneN1 at
1% w/v, transferred to 32°C and harvested 7–10 days post-
transfection. Cell density and cell viability were determined by
direct counting of cell samples with a Cedex automated cell count-
ing system (Roche Innovatis, Bielefeld, Germany) using the trypan
blue dye exclusion method.

Purifications from cell-culture supernatants were per-
formed by protein-A affinity chromatography for Fabs and
the IgG1/k full-size antibodies (FSAs). Purifications of cell-
culture supernatants were performed by loading the Fabs onto
MabSelect resin column (GE Healthcare Life Sciences,
Mississauga, ON) and FSAs onto HiTrap MabSelect column
(GE Healthcare), equilibrated in HyCloneTM Dulbecco’s phos-
phate-buffered saline (DPBS; GE Healthcare Life Sciences).
Columns were washed with PBS, and Fabs or FSAs were
eluted with 100 mM citrate buffer pH 3.6 and pH 3.0, respec-
tively. Fractions containing Fabs or FSAs were pooled and the
citrate buffer was exchanged against DPBS on CentriPure
P100 columns (EMP Biotech, Howell, NJ) or ZebaSpin TK
MWCO columns (ThermoFisher Scientific, Waltham, MA).
Purified Fabs and FSAs were sterilized by filtration through
0.2 μm filters. Ultra-high performance liquid chromatogra-
phy-size exclusion chromatography (UPLC-SEC) was used to
assess the purity of all eluates. Variants with less than 95%
purity (Fabs bH1-P4, bH1-P6, bH1-P5P7, and bH1-P5P8)
were further purified by preparative SEC on Superdex-200
increase columns (GE Healthcare Life Sciences). Selected
peak fractions were concentrated by ultrafiltration using
Vivaspin® Turbo 4 or 15 (depending on the volume to con-
centrate) centrifugal concentrator with a membrane molecular
weight cut off of 10 kDa (GE Healthcare Life Sciences) at
room temperature following the manufacturer’s instructions.
During the process, the protein concentration was monitored
on a NanoDrop™ 2000 spectrophotometer (ThermoFisher
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Scientific) using absorbance at 280 nm and the calculated
specific extinction coefficient of each variant. UPLC-SEC
chromatograms of purified Fabs are shown in Figure S7.

Differential scanning calorimetry analysis

DSCwas used to determine the thermal transitionmidpoints (Tm)
of bH1-FSA variants using a VP-Capillary DSC system (Malvern
Instruments Ltd, Malvern, UK). Samples in DPBS buffer were
diluted in the DPBS buffer to a final concentration of 0.4 mg/
mL. Aliquots of each variant were buffer exchanged to 20 mM
sodium acetate, 150 mM NaCl, pH 5.1 using 0.5 mL, 7 kDa
MWCO ZebaSpin columns (ThermoFisher Scientific) according
to the manufacturer’s instructions. Samples in acetate buffer were
diluted in the acetate buffer to concentrations of 0.15–0.25mg/mL
to accommodate sample availability. Thermal denaturation was
carried out by increasing the temperature from 20°C to 100°C at
a rate of 60°C/h, with feedback mode/gain set at “low”, filtering
period of 8 s, pre-scan time of 3 min, and under 70 psi of nitrogen
pressure. All data were analyzed with Origin 7.0 software
(OriginLab Corporation, Northampton, MA). Thermograms
were corrected by subtraction of corresponding buffer blank
scans and normalized to the protein molar concentration. The
Tm were determined using a manual fit to three transitions.

Sedimentation velocity analysis

SV analytical ultracentrifugation experiments were performed
on a Beckman XL-I analytical ultracentrifuge monitoring absor-
bance at 280 nm. Full-size antibodies, with the exception of bH1-
FSA, were diluted to an A280 of 0.5 with a pathlength of 0.3 cm.
Material availability required that bH1-FSA be diluted to an A280

of 0.3. Two sector charcoal-filled epon centerpieces were used
with the appropriate buffer loaded into the reference sector.
Samples were sedimented at 40,000 rpm using an eight-hole
rotor at 20°C with absorbance scans collected every 4 min. The
c(s) distributions were obtained from scans 1–63 using
SEDFIT62 and were integrated using GUSSI.63

Surface plasmon resonance binding method

Fab-Her2 interactions were analyzed using a Biacore T200 (GE
Healthcare, Mississauga, ON) SPR instrument. Samples were
assayed at 25°C or 37°C using PBS containing 0.05% Tween 20
(Teknova, Hollister, CA) with added 3.4 mM ethylenediaminete-
traacetic acid (EDTA) as running buffer or 150 mM citrate-
phosphate buffer pH 5 with added 3.4 mM EDTA, 135 mM
NaCl and 0.05% Tween 20. Recombinant human Her2 extracel-
lular domain (ThermoFisher Scientific, Burlington, ON) was
immobilized onto a CM-5 sensorchip along with a mock-
activated blank control surface for referencing. Her2 was diluted
to 10 μg/mL in 10 mM NaOAc immobilization buffer pH 4.5
(Biacore) and immobilized to ~200 RUs using the Biacore control
software Immobilization Wizard with standard NHS/EDC amine
coupling. The Her2 interaction was determined using single-cycle
kinetics analysis for each variant with five concentrations using
threefold dilutions from the top concentration between 100 and
900 nMdepending on the affinity of the variant. Fab samples were

injected at 100 μL/min with a contact time of 90 s and a 1200-s
dissociation using either pH 5.0 or 7.4 running buffer.
Sensorgrams were double referenced to the mock-activated
blank sensor surface and analyzed for kinetic determination
using a 1:1 binding model in BiaEvaluation software v3.1 (GE
Healthcare).

Flow cytometry binding methods

SKOV3 and JIMT-1 cells (ATCC) were cultured in McCoy’s
5A and DMEM media, respectively, supplemented with 10%
fetal bovine serum (FBS).

Method A. Cells in T-75 flasks were washed twice with DPBS
and thendissociated usingCellDissociation buffer (Sigma, C5914)
at 37ºC. The cells were centrifuged and resuspended in the appro-
priate pH binding buffer; RPMI-1640media, 2% FBS, 50mMBES
(Sigma), at the indicated pH ranging from pH 5.2 to 7.3, and then
dispensed at 1 × 105 cells/well in a 96-well polypropylene (PP)
v-bottom plate (Costar) at 4ºC. Pre-diluted Fab or full-size anti-
body samples were then added to cells to give concentrations
ranging from 0.02 to 300 nM (eight-point dilution series) in
a final volume of 100 μL/well, followed by incubation at 4°C, 2
h. The cells were then washed twice by centrifugation at 233 × g,
removal of supernatant by aspiration and resuspending the cells in
200 μLbinding buffer at 4°C.Detection reagent, either anti-human
Fab or Fc AlexaFluor488-(Fab’)2 (Jackson Immunochemicals,
West Groove, PA; Cat# 109-546-097 and 709-546-098, respec-
tively), was then added at a final concentration of 10 μg/mL and
samples were incubated at 4°C, 1 h. The cells were washed twice in
200 μL binding buffer, followed by addition of 120 μL 1.0%
propidium iodide and samples were then transferred to
Multiscreen 96-well plates (60 μm Nylon Mesh, Millipore,
Etobicoke, ON) and filtered by centrifugation. The filtrate samples
were collected from theMultiscreen receiver plate and transferred
to a new V-bottom polypropylene plate at 4°C. Flow cytometric
analysis was performed on a BD LSR-Fortessa instrument (BD
Biosciences, San Jose, CA). The AlexaFluor488 fluorescence was
measured using a 488 nm laser as excitation source and a 530/30
nm bandpass filter. Median fluorescence intensity (MFI) was
reported by analyzing 3000 alive cells per sample with the gating
strategy: all cells/singlets/alive cells (PI negative) using BD
FACSDiva software (BD Biosciences).

Method B. To rule out stoichiometric limitations, binding
experiments were also performed where antibody was kept in
excess over the total number of Her2 receptors on the cells. In
this case, after dissociation from the flasks, SKOV3 cells were
resuspended and aliquoted into separate polypropylene tubes at
different cell numbers (2 × 104 or 4 × 104 cells) and volumes of pH
binding buffer (0.1, 6.7 or 10.0 mL), and then incubated with
various doses of antibody at 4°C for 2 h, as shown in Table S3.
The cells were then washed, centrifuged, resuspended and treated
with anti-human Fc AlexaFluor488-(Fab’)2, as described above in
Method A.

Spheroid cultures

BT474 cells (ATCC) were grown in McCoy’s 5A medium
supplemented with 10% FBS. Cells were seeded at 1000 cells
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per well in 96-well PrimeSurface 3D Culture Spheroid plates
(S-BIO, Hudson, NH) 72 h prior to the addition of antibodies.
Spheroids were then supplemented with adjusted concentra-
tions of antibodies diluted in the culture media at pH 7.4 or
pH 6.4. The pH of the medium was altered by adjusting the
sodium bicarbonate concentration in the base medium to
achieve the desired pH. Culture media were equilibrated at
37°C and 5% CO2 for at least 12 h prior to use. Spheroid
growth was monitored over 8 days and images were captured
every 6 h using IncuCyte S3 (Essen BioScience, Ann Arbor,
MI). Spheroid segmentation and size measurements were
conducted using the IncuCyte software, following instrument
guidelines. Spheroid sizes were then normalized to time zero
and to the human IgG1 isotype control antibody (BioXCell,
West Lebanon, NH, Cat# BE0297) treated spheroids.

Abbreviations

ADAPT assisted design of antibody and protein therapeutics
CAR chimeric antigen receptor
CDR complementarity-determining region
Fab fragment antigen-binding
FSA full-size antibody
MFI median fluorescence intensity
SPR surface plasmon resonance
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