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pH-dependent antibodies are engineered to release their
target at a slightly acidic pH, a property making them suitable
for clinical as well as biotechnological applications. Such
antibodies were previously obtained by histidine scanning of
pre-existing antibodies, a labor-intensive strategy resulting in
antibodies that displayed residual binding to their target at
pH 6.0. We report here the de novo isolation of pH-dependent
antibodies selected by phage display from libraries enriched
in histidines. Strongly pH-dependent clones with various
afﬁnity proﬁles against CXCL10 were isolated by this method.
Our best candidate has nanomolar afﬁnity for CXCL10 at pH
7.2, but no residual binding was detected at pH 6.0. We
therefore propose that this new process is an efﬁcient
strategy to generate pH-dependent antibodies.

Multiple approaches are currently available for the generation
of monoclonal antibodies (mAbs) against an antigen, ranging
from standard hybridoma fusions to a wide spectrum of in vitro
selection and evolution technologies.1-3 Interactions occurring at
antibody-antigen interfaces have been extensively studied and the
structural, thermodynamic and kinetic principles guiding these
molecular recognitions are well understood.4 The exquisite specificity and high affinity of mAbs make them highly sought after as
drugs to efficiently bind and potentially neutralize a biological target to achieve therapeutic benefits. Thus, they represent a rapidly
growing class of drugs, with some currently ranking as bestselling
biologics and most used in cancer or autoimmune indications.5
Furthermore, high affinity mAbs are invaluable reagents for
research applications, such as protein purification or the development of highly specific biosensors or immunoassays such as
enzyme-linked immunosorbent assay (ELISA).6 These techniques
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take advantage of the high specificity of the interaction between a
mAb and its target to allow the detection of a defined molecule
even in complex biological samples.7 The specificity of mAbs has,
for instance, been exploited to develop kits allowing a rapid identification of pathogenic viruses or bacteria for human and cattle diseases.8 In addition, antibodies are powerful purification tools and
antibody-coupled resins are used to purify not only single proteins,
but also enzymes, drugs, proteins complexes and lipids by immunoaffinity chromatography.9-13 Finally, antibodies can be used to
create biosensors monitoring the interaction between the antibody
and its antigen, allowing the specific detection of virtually any protein in biological samples but also of contaminants in food or of
pollutants in the environment.14-16
High affinity mAbs are thus powerful and versatile reagents
used in diverse applications. However, high affinity antibodyantigen interactions are difficult to reverse. Harsh conditions,
such as extreme pH or high salt concentrations, are required to
dissociate these complexes and such conditions often lead to
denaturation, aggregation and precipitation of proteins.17 This
situation occurs, for example, when regenerating surfaces ends
the process. The end result is that antibody-based reagents can
only be used a limited number of times.
High affinity binding can also lead to unwanted effects during
therapeutic intervention. For instance, mAbs directed against soluble targets such as cytokines, can induce significant target accumulation due to the formation of stable antibody-antigen
complexes that are recycled via the interaction with the neonatal
Fc receptor (FcRn).18-22 FcRn is responsible for the long serum
half-life of IgGs that bind this receptor in the slightly acidic environment of the early endosome and are then returned to the
extra-cellular compartment.23 Interestingly, if the antibody-antigen interaction is stable under these conditions, the bound antigen is recycled with the antibody and persists in circulation.
For these reasons, the development of antibodies capable of
specific and high affinity binding to an antigen under physiological conditions, but that release the target upon mild modification
of the environment, could be of great utility both for research
and therapeutic applications. An attractive strategy is to generate
pH-dependent mAbs capable of binding an antigen at a neutral
pH of 7–7.4 and releasing the antigen under slightly more acidic

mAbs

Volume 7 Issue 2

Downloaded by [194.243.201.105] at 02:16 03 December 2015

of performance between cycles. In addition, pH-dependent antibodies capable
of neutralizing their target in the extracellular environment and releasing the
bound antigen upon internalization in
the endosome hold the promise of
superior therapeutic potential.24 Due
to the recycling of free antibodies,
instead of immune complexes, pHdependent mAbs are expected to display an extended half-life, allowing the
reduction of the dose or dosing frequency. This approach would also be
particularly suited to the targeting of
abundant proteins. Several examples of
pH-dependent mAbs directed against
soluble and membrane proteins, such
as IL6, IL6R and PCSK9, have been
previously described.25-27 These studies
exploited the properties of histidine residues, which have a logarithmic acid
dissociation constant (pKa) around 6.0,
and are therefore neutral at pH 7.2 but
become positively charged at a pH
below 6.0.28 These additional positive
charges can destabilize the interaction
between 2 proteins, a principle that was
initially demonstrated with granulocyte
colony-stimulating factor (G-CSF)
mutants containing histidine residues,
which dissociated from their receptor
in the endosome.29 In the context of
mAbs, histidines are typically introduced at the interface between the antibody and its target, more specifically in
the
complementary-determining
regions (CDRs). Although the results
obtained so far with pH-dependent
mAbs are promising, studies published
to date were based on the modification
of pre-existing mAbs to confer pHdependent antigen binding.25-27,30,31
These studies involved extensive histidine scanning mutagenesis of residues
Figure 1. De novo isolation of pH-dependent antibodies. (A). A phage display library enriched in histiin the CDRs and characterization of
dine in the CDRH3 was constructed by introducing degenerated oligonucleotides in an acceptor
the resulting individual mutants. As the
library. NHT and YAT codons, encoding for the indicated amino acids, were alternated at the indicated
positions. Inserts encoding for 8 to 15 amino acids were used. (B). Scheme of selections against
original therapeutic mAb was selected
hCXCL10. Phage particles were added on beads coated with hCXCL10 at pH 7.4. Following seven
for specific properties (high affinity,
washes, the pH was lowered to 5.4 and the supernatant of the mixture was recovered and ampliﬁed
neutralization potency), its sequence
before being used for the subsequent round of selection.
and CDR conformation may not be
optimal to further incorporate pHconditions (pH 5.5–6.0, instead of pH 1–3 as it is the case with dependent properties. Supporting this hypothesis, pH-dependent
traditional mAbs). Such antibodies would enable the dissociation mAbs engineered using non-pH dependent mAbs as a starting
of immune complexes without affecting the structure and stabil- point retained a significant level of target binding at pH 6.0.25,26
ity of the antibody or target protein, therefore allowing the regen- To circumvent these limitations and generate mAbs with
eration and re-use of antibody-based matrices with minimal loss enhanced properties, we aimed at isolating pH-dependent
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antibodies de novo from phage display antibody libraries enriched
in histidine content and applying specific selection strategies
favoring the amplification of phage displaying pH-dependent
single-chain variable fragments (scFv). As a proof of concept for
this approach, we report the isolation of highly pH-dependent
mAbs binding the chemokine CXCL10 with nanomolar affinities
and capable of neutralizing biological activity at pH 7.4, while
showing no binding at pH 6.0.
We first built a synthetic scFv library to be used in conjunction with phage display technology that was enriched in histidine
residues in the CDRH3 of the VH domain, a region where histidines are found at low frequency in natural repertoires.32,33 The
library was based on a single VH (VH3–23) and 7 VL germlines
(including both kappa and lambda families). With the aim to
retain sufficient diversity to obtain antibodies with good affinities
against various targets while introducing a histidine content sufficient to confer strong pH-dependent properties, YAT and NHT
codons were alternated in CDRH3 of 8 to 15 amino acids
(Fig. 1A). The YAT codon encodes either for histidine or tyrosine, thus allowing for a significant enrichment in histidines, and
also tyrosines, that mediate different types of interactions
between proteins. Tyrosine has indeed been successfully used in
antibody libraries based on a minimalistic design, incorporating
tyrosine and serine residues for CDR diversification.34 The NHT
codon encodes for 12 different amino acids, excluding cysteine
and stop codons. Synthetic diversity unbiased for histidine using
NNS codons was introduced in the CDRL3 of the VL domain,
while CDRL1 and CDRL2 as well as CDRH1 and CDRH2
maintained germline sequences. Following electroporation, the
final size of the library was determined to be 1.3 £ 109 transformants. Sequencing of 10 randomly picked clones confirmed
that sequences were in frame, diverse and contained between 1
and 4 histidines in their CDRH3.
To favor the isolation of pH-dependent antibodies from this
library, 3 rounds of selection against human CXCL10 were performed under different pH conditions. The binding of phage to
hCXCL10 was performed at pH 7.4 while the elution was performed at pH 5.4 to ensure that all histidines were protonated
(Fig. 1B). Under these conditions, the phage displaying at their surface pH-dependent scFv should be enriched while those maintaining
binding under the mild elution condition (i.e. pH 5.4) should
remain bound to the target and lost in the process. The output of
the third round of selection was screened using a pH-dependent
ELISA to identify scFv binding to hCXCL10 at pH 7.4, but losing
50% or more of their binding following an elution step at pH 5.4. A
large proportion (38%) of scFvs binding to hCXCL10 met these criteria and were considered as positive clones, while 11% were pHindependent binders of hCXCL10. All scFvs were also tested for
binding at pH 7.4 to streptavidin, human interleukin-6 receptor
(hIL6R) and human CCL5 to ensure specificity and did not show
any unspecific binding (data not shown).
Sequencing of phagemids isolated from positive clones
revealed 8 unique sequences containing one or 2 histidines in the
CDRH3 (Table 1). Interestingly, all clones contained a histidine
residue at position IMGT 107 of the CDRH3 and the VLs used
were based on the IGLV6-57 germline, but contained CDRL3 of
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Table 1. Positive pH-dependent clones selected by phage display. Sequences of positive clones displaying pH-dependent binding to hCXCL10 by
ELISA. The frequency of each sequence as well as the CDRH3 and L3
sequences are presented in comparison to the C7 clone. (¡) : same amino
acid as C7; (.) : no amino acid at this position due to a shorter CDRL3
Clone
C7
H2
G6
F11
A2
E2
B11
G11
E10

CDRH3
ARHDY F YL YDYAFD
- - - - - - -V - - - Y- - - - - -A- L - - - F- - - - - -D- L - - - S- - - - - - P - Y - - - Y- - - - - -D-A - - - Y- - - - - -A- FH - - F- - - - - - P - LH - - F- - - - - -D- FH - - Y- -

CDRL3
Y
-

Q
-

Frequency

SWDM G L Q . VV
- - - G L E WRL - - - F - W . . - - - - QW S V GA - - - S S K L AS - - - V R R M . A- Y - A R R G KP - - - P MG G . A- - - G R S . . P -

2%
2%
5%
2%
14%
5%
7%
5%
10%

different lengths and sequences.35 The VH and VL were reformatted into human IgG1, expressed, purified and tested in a
dose-dependent manner using an ELISA at pH 7.4 or pH 5.4,
which confirmed their greater capacity to bind hCXCL10 at neutral pH (Figure S1). All mAbs were able to neutralize the biological activity of hCXCL10 in vitro in chemotaxis assays with IC50
ranging between 3 and 231 nM (Table 2). The sequences reformatted as IgGs of clones C7, H2, G11 and F11 were also tested
for their capacity to bind in a pH-dependent manner and neutralize mouse CXCL10 (mCXCL10) (Table 2).
As C7 showed similar binding properties to human and
mouse CXCL10 and was also able to inhibit chemotaxis induced
by the chemokines of both species (Fig. 2A), it was selected for
further characterization and engineering. First, the binding of C7
to hCXCL10 was characterized by surface plasmon resonance
(SPR; Fig. 2B). Three conditions were used: i) association and
dissociation at pH 7.4; ii) association at pH 7.4 and dissociation
at pH 6.0; iii) association and dissociation at pH 6.0. A high
affinity anti-hCXCL10 mAb, CF1, was used as a pH-independent control. By coating biotinylated hCXCL10 on a streptavidin
chip and using the IgGs as analytes, we confirmed the pH-dependency of C7. As expected, the complex formed between
hCXCL10 and C7 dissociated faster at pH 6.0 than at pH 7.4.
Moreover, the binding of C7 to hCXCL10 was reduced when
the association was performed at pH 6.0 (Fig. 2B). In comparison, pH variations did not affect the binding of CF1 to
hCXCL10. By performing kinetic analyses, we determined the
affinity constant of C7 for hCXCL10 at pH 7.4 (KD 4.0 nM)
and at pH 6.0 (KD 9.4 nM), highlighting a 2.4-fold lower affinity at pH 6.0. This decrease in affinity was due to a faster dissociation of the complex (kd(pH 7.4) D 5.74£10¡4 [s¡1] versus
kd(pH 6.0) D 1.51 £ 10¡3 [s¡1]), while the association constants
were similar independent of the pH (ka(pH 7.4) D 1.44 £ 105
[M¡1s¡1] vs. ka(pH 6.0) D 1.62 £ 105 [M¡1s-1]).
We next investigated whether C7 could be simultaneously
improved to increase its pH-dependency and CXCL10 neutralization potential. Lead optimization libraries were constructed by
introducing diversity in the CDRs 1, 2 and 3 of the VH or the
VL of C7 while the other variable domain was kept unmodified
(Fig. S2). In CDRs 1 and 2, diversity was introduced at positions
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Table 2. Binding and inhibitory properties of pH-dependent antibodies targeting CXCL10. The binding (EC50) of each clone for human or murine CXCL10
was measured by ELISA. The pH of the binding and of the elution phases are indicated at the top of each column (pH binding/pH elution). For each antibody, the pH-dependency is quantiﬁed by the pH 7.4/6.0 to pH 7.4/7.4 ratio. Inhibitory properties were investigated by the inhibition of the migration of
L1.2/CXCR3 transfectants to 1 nM hCXCL10 or 5 nM mCXCL10. n.d.: not determined
human CXCL10
Clone

Downloaded by [194.243.201.105] at 02:16 03 December 2015

C7
H2
G6
F11
A2
E2
G11
E10

murine CXCL10

EC50 pH
7.4/7.4 [nM]

EC50 pH
7.4/6.0 [nM]

pH-dependency
(ratio EC50)

IC50 chemotaxis
[nM]

EC50 pH
7.4/7.4 [nM]

EC50 pH
7.4/6.0 [nM]

pH-dependency
(ratio EC50)

IC50 chemotaxis
[nM]

0.05
0.12
0.06
1.05
0.16
2.09
0.12
6.15

0.13
0.21
0.10
3.41
0.51
11.30
1.47
25.52

2.6
1.8
1.8
3.2
3.3
5.4
11.8
4.2

8
11
21
3
62
79
104
232

0.67
0.32
n.d.
2.83
n.d.
n.d.
0.76
n.d.

7.06
1.21
n.d.
6.38
n.d.
n.d.
1.49
n.d.

10.5
3.8
n.d.
2.2
n.d.
n.d.
2.0
n.d.

295
517
n.d.
279
n.d.
n.d.
679
n.d.

known to be involved in antigen-antibody interactions 36,37
whereas other positions were maintained as germline. In total, 23
positions were diversified in the CDRL1, L2, H1 and H2 using
alternated NAT (encoding D, N, Y and H) and NNT (encoding
15 amino acids, including histidine) codons. In the CDRH3 and
L3, residues were mutated in groups of 4, using YAT and NNT

codons. Following transformation, we determined the final size
of these libraries to be 1.3 £ 108 and 2.5 £ 108 transformants
for the VH and the VL libraries respectively.
As we were more interested in obtaining antibodies against
mCXCL10 than hCXCL10, selections against the former were
performed as described in Figure 1B with the exception that the
elution step in the third round was either
reduced to 15 minutes or performed at
pH 6.0 in order to preferentially recover
phage that would dissociate quickly under
these conditions. In addition, the concentration of mCXCL10 was decreased to
10 nM during the 3 rounds of selection
in order to select for scFvs with higher
affinity. The output of the second and
third rounds were screened in a homogenous binding assay using fluorometric
microvolume assay technology (FMAT)
performed at pH 7.4 and pH 6.0. Clones
were considered positive if binding was
observed at pH 7.4, but not at pH 6.0
nor with the irrelevant protein hIL6R
(Fig. 3A). No positive clone was retrieved
from the library containing a diversified
VL. By sequencing positive clones
obtained from the library containing a
diversified VH, 5 different sequences
were identified that contained between
one and 4 additional histidines in the
CDRs of the VH compared to the parenFigure 2. Characterization of C7 IgG. (A). Cross-reactivity of C7. C7 binds to murine (}) and human
tal C7 sequence (Fig. 3B). All positive
(t) CXCL10 with similar afﬁnities by ELISA (left panel) and inhibits both murine and human CXCL10candidates from the output of the third
mediated chemotaxis of L1.2 cells transfected with hCXCR3 (right panel). The ELISA as well as the
chemotaxis assay were performed at pH 7.4. Chemotaxis data are presented as a percentage of cell
round of selection corresponded to the
migration, with 100 % being the migration observed with either 5 nM hCXCL10 or 5 nM mCXCL10.
sequences of 1A4, indicating that this
In both graphs, data are presented as the mean of triplicates C/¡ SEM and are representative of at
clone dominated the selection process
least 2 independent experiments. (B). Binding of C7 to hCXCL10 by SPR. The biotinylated chemokine
when the stringency was increased. The
was captured on a streptavidin chip and the antibody was used as analyte. Following association at
sequences were also enriched in aspartate,
pH 7.4, the complex between C7 and hCXCL10 dissociate faster at pH 6.0 (- -) than at pH 7.4 (—).
The signal obtained following association and dissociation at pH 6.0 (.....) was lower than at pH 7.4,
tyrosine and asparagine residues.
suggesting that the afﬁnity of C7 for hCXCL10 is reduced at slightly acidic pH. In contrast, the bindThe five candidates were reformatted
ing of the reference antibody CF1 to hCXCL10 was not affected by variations in pH.
into human IgG1 and further
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characterized by in vitro assays. By
ELISA, we demonstrated that all IgGs
were able to bind mCXCL10 at pH 7.4
and the signals obtained were reduced
following incubation at pH 6.0 or 5.0
(Fig. 3C). In this format, the binding of
C7 to mCXCL10 was reduced by 30%
following elution at pH 5.0, whereas
1A4, 1D10 and 4A3 lost 50–70% of
their binding under the same conditions,
indicating a stronger pH-dependency.
1A4, 1D10 and 4A3 were tested in a chemotaxis assay for their capacity to inhibit
migration of cells in response to 5 nM
mCXCL10 (Fig. 4A). While 1D10 and
4A3 exhibited an activity similar to that
of C7 (IC50 295 nM), the candidate 1A4
was significantly more potent, with an
IC50 of 1.6 nM, corresponding to a 180fold improvement of potency compared
to C7. Similarly, when performing doseresponse ELISA, 1A4 displayed the strongest pH-dependency with a 167-fold
higher apparent affinity for mCXCL10 at
pH 7.4 than at pH 6.0, whereas the original C7 clone displayed a 24-fold difference between its apparent affinity at pH
7.4 and at pH 6.0 (Fig. 4B).
These data indicate that, as 1A4 has
improved characteristics, C7 could be
simultaneously engineered for increased
pH dependency and CXCL10 neutralization potential. We further characterized
the binding kinetics of C7 and 1A4
under different pH conditions using
bio-layer interferometry (BLI). We performed these assays in 2 different formats, either immobilizing the antibody
Figure 3. Optimization of C7. (A). pH-dependent screening of selection outputs by FMAT. Streptavidin beads coated with mCXCL10 were incubated either at pH 6.0 or 7.4 with scFv isolated from perior the chemokine at the extremity of the
plasmic extracts. Candidates were considered as positive if a binding was observed at pH 7.4 but not
biosensor (Fig. 4C and D).
at pH 6.0 nor with an irrelevant protein (hIL6R). (B). CDRH sequences of 5 positive candidates, preFirst, antibodies were captured on
sented in comparison to the C7 clone. Randomized positions are underlined and histidines are
Protein A biosensors and transferred to
shaded in gray. (¡) : same amino acid as C7. (C). Sequences reformatted onto the hIgG1 backbone
buffer at pH 7.2 that contained chemoof hits described in B were tested for pH-dependency by ELISA. Biotinylated mCXCL10 was captured
into streptavidin wells and following binding of the clones to the chemokine, an elution step was
kine to monitor association. The dissociperformed at the indicated pH and the binding remaining after one hour was assessed.
ation was then followed either at pH 7.2
or 6.0, and 1A4 exhibited a sharp dissociation at pH 6.0 in contrast to C7 (Fig. 4C). In addition, slow dissociation kinetics as schematically represented in
when both association and dissociation were performed at pH Fig. 4C (right panel). This avid interaction may also be the rea6.0, C7 was able to capture significant levels of mCXCL10 son that the signal does not return to baseline after the sharp
whereas the signal obtained with 1A4 remained close to base- drop during the dissociation phase at pH 6.0. Such SPR profiles
line, thus confirming the ELISA data. Surprisingly, the dissocia- have been reported for several analytes and are most likely
tion at pH 7.2 was slow for both IgGs, probably due to an explained by biologically irrelevant artifacts due to the format
avidity effect caused by multiple interactions between antibodies used during the experiment.39 In agreement with the hypothesis
and chemokine. Indeed, chemokines are known to form tet- that these interactions may mask the different kinetic properties
ramers as well as higher order oligomers, 38 and thus can pro- of 1A4 and C7, when the chemokine was immobilized and the
vide a matrix for multiple antibodies to bind, leading to very antibody used as analyte the difference in affinity between 1A4
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Figure 4. Characterization of candidates isolated from C7 optimization selections. (A). Inhibition of 5 nM mCXCL10-mediated chemotaxis of L1.2/CXCR3
cells with C7 (black), 1A4 (red), 1D10 (green) and 4A3 (blue). Data are presented as a percentage of cell migration, with 100 % being the migration
observed with 5 nM mCXCL10 and as the mean of 3 measurements § SEM. They are representative of 2 independent experiments. (B). Dose-response
curves demonstrating the binding of C7 (open diamonds) and 1A4 (ﬁlled circles) to mCXCL10 in a pH-dependent ELISA. The chemokine was captured on
the plate via a biotin tag and the binding of the antibodies to their target was followed by an elution step at pH 7.4 or 6.0. The EC50 of 1A4 shifts from
0.19 nM to 56.5 nM when the pH of the elution step is lowered to 6.0, while the EC50 of C7 increases from 1.4 nM to 34.4 nM. (C). Binding of mCXCL10
to C7 (left) or 1A4 (right) coated on Protein A sensors by BLI. A comparison was performed between dissociation at pH 7.2 (red) and at pH 6.0 (blue) following association at pH 7.2. The experiment was also performed with conditions at pH 6.0 (gray). (D). Binding of C7 (left) or 1A4 (right) to biotinylated
mCXCL10 coated on streptavidin biosensors. The color code is similar to that used in C.
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Table 3 Binding kinetics of the pH-dependent anti-mCXCL10 clones C7 and
1A4. The afﬁnity of C7 and 1A4 (IgG and Fab formats) for mCXCL10 was
determined by BLI. The pH of the association and of the dissociation phases
are indicated at the top of each column (pH association/pH dissociation).
The pH 6.0 to pH 7.2 kd ratio of each antibody is shown
pH 7.2/pH7.2

Clone

Downloaded by [194.243.201.105] at 02:16 03 December 2015

C7
1A4
C7
1A4

IgG
IgG
Fab
Fab

pH 7.2/pH6.0

ka *104

kd1 *10–4

KD

kd2 *10–4

[M-1s-1]

[s-1]

[nM]

[s-1]

Ratio kd2/kd1

43.6
80.4
1.7
2.7

48.6
8.3
7.1
3.2

11.2
1.0
41.6
11.7

186
180
88
478

4
22
12
151

and C7 was more pronounced when association and dissociation were performed at pH 7.2 (Fig. 4D). In this format, both
IgGs showed a fast dissociation at pH 6.0 and the binding of
C7 to mCXCL10 at pH 6.0 was also confirmed. It is worth
noting that following the dissociation phase, a residual binding
was also observed with this format, most likely due to bivalent
interactions of mAbs with their target. We nevertheless performed kinetic analysis for both antibodies using the latter format because it is less prone to avidity effects. At pH 7.2, 1A4
showed a greater affinity than C7 for mCXCL10, with a KD of
1 nM, whereas the affinity constant of C7 was determined to
be 11.2 nM (Table 3). At pH 6.0, 1A4 did not bind to
mCXCL10, whereas binding was observed for C7, with a dissociation rate 4-fold faster than at pH 7.2, a pH-dependency similar to that initially observed with the human chemokine. In
order to quantify the pH-dependency of 1A4, we performed
kinetic studies with the association phase at pH 7.2 and the dissociation at pH 6.0. Using this format, a 21-fold difference in
dissociation rate between pH 7.2 and 6.0 was observed for the
binding of 1A4 to mCXCL10 compared to a 4-fold difference
for C7 (Table 3). These results were confirmed by the determination of the affinity of C7 and 1A4 antigen-binding fragments
(Fab) for biotinylated mCXCL10 loaded onto streptavidin biosensors. Using these fragments, we confirmed that 1A4 binding
to mCXCL10 was of higher affinity and of higher pH-dependency than that of C7, even in a monovalent format (Table 3
and Figure S3). Overall, our data demonstrate that 1A4 is a
potent neutralizer of CXCL10 and binding is highly dependent
on pH as 1A4 shows nanomolar affinity at physiological pH,
but is unable to bind CXCL10 at a pH of 6.0.
As discussed above, mAbs are widely used as research,
diagnostic, preparative and therapeutic reagents,6 and now
form a rapidly growing class of drugs. In all cases, the high
affinity of these highly selective molecules confers the disadvantage of forming complexes that are so stable that they
require harsh conditions to dissociate the antibody from its
target. This usually results in denaturation of the antibody,
rendering it unsuitable for repeated use in applications such
as diagnostics kits and preparative reagents. The development
of pH-dependent antibodies will thus be valuable because
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they can be used repeatedly, with an obvious cost per sample
improvement. Moreover, as already mentioned, such antibodies would also be useful in therapeutic settings as the pHdependency of antibodies was reported to improve the halflife of mAbs in vivo by enhancing the recycling of free antibody (for a recent review, see ref. 24). Furthermore, a recent
publication highlighted the use of pH-dependent mAb as so
termed “sweeping antibodies:” the introduction of mutations
to increase their affinity for FcRn resulted in antibodies that
were able to selectively eliminate their target from plasma.30
The antigen concentration in circulation was reduced up to
1000-fold compared to standard antibodies, supporting the
hypothesis that the use of pH-dependent mAbs could
improve therapeutic efficacy.
Previous approaches aimed at conferring pH-dependency
to a pre-existing antibody by introducing histidines in the
antigen contact region, a strategy that is labor intensive
because it requires: i) isolation and characterization of a nonpH-dependent antibody by immunization or phage display;
ii) introduction of histidines in the CDRs of this candidate
to produce an extensive range of single mutants; iii) characterization of these single mutants; and iv) combination of the
individual mutations isolated to obtain an antibody with
appropriate pH-dependent binding characteristics. This strategy may be risky as it is probable that not all existing antibodies exhibit a sequence or conformation suitable for
transformation into a pH-dependent mAb. In this study, we
substituted this process by the de novo isolation of pH-dependent antibodies using libraries enriched in histidine residues
combined with phage display selections including an elution
step at slightly acidic pH for the preferential amplification of
pH-dependent clones. Histidine-enriched libraries are universal and could be used to isolate mAbs directed against theoretically any biological target, therefore allowing a faster
process. Furthermore, we could simultaneously improve 2
characteristics of a selected candidate as we obtained variants
that are more potent neutralizers and display greater pHdependency. The resulting IgG, 1A4, had nanomolar affinity
for CXCL10 at pH 7.2, while completely detaching from its
target in less than 30 seconds when the pH was set to 6.0.
Moreover, this antibody had no detectable binding at pH
6.0, which is in contrast to most previously described antibodies that retained some level of binding at pH 6.0.25,26
The only antibody published so far that did not bind its target at pH 6.0 was the result of mutagenesis of an initial antibody showing naturally reduced binding at the lower pH,
suggesting that greater pH-dependency can potentially be
achieved within a favorable combining site.27 It is worth noting that our results were obtained starting with a relatively
small histidine-enriched library (1.3 £ 109 transformants).
The construction of larger libraries (e.g. > 1010 individual
clones) should increase the chances of success of isolating
strongly pH-dependent binders and therefore reduce the need
to perform additional lead optimization. We therefore anticipate that the de novo isolation of pH-dependent antibodies
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will represent an efficient route, relying on the upfront selection of optimal conformations or sequences rather than via
the re-engineering of an antibody combining site that was
not initially selected for pH-dependent binding properties.
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