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A B S T R A C T   

We recently demonstrated that capturing human monoclonal antibodies (hmAbs) using high affinity anti-human 
Fc (AHC) antibodies allows reliable characterization of antibody-antigen interactions. Here, we characterized six 
human Fc specific mouse monoclonal antibodies (mAbs) and compared their binding profiles with three previ
ously characterized goat AHC polyclonal antibodies (pAbs), exhibiting properties of a good capture reagent. All 
six mouse AHC mAbs specifically bound with high affinity to the Fc region of hIgG1, hIgG2, hIgG4 and to 43 
different hIgG variants, containing substitutions and/or mutations in the hinge and/or Fc region, that have been 
reported to exhibit modified antibody effector function and/or pharmacokinetics. Biacore sensor surfaces indi
vidually derivatized with mouse AHC mAbs exhibited >2.5-fold higher hIgG binding capacity compared to the 
three goat AHC pAb surfaces and reproducibly captured hIgG over 300 capture-regeneration cycles. The results 
of the capture kinetic analyses performed on 31 antibody-antigen interactions using surfaces derivatized with 
either of the two highest affinity AHC mAbs (REGN7942 or REGN7943) were in concordance with those per
formed using goat AHC pAb surfaces. Our data demonstrate that AHC mAbs such as REGN7942 and REGN7943 
that have properties superior than the three goat AHC pAbs are highly valuable research reagents, especially to 
perform capture kinetic analyses of antibody-antigen interactions on optical biosensors.   

1. Introduction 

Technological advances in the discovery and development of 
monoclonal antibodies (mAbs) have enabled their expanded use in novel 
applications across diverse fields, including biochemistry, molecular 
and cellular biology and diagnostics. Among different areas, the 
healthcare sector has perhaps benefited the most owing to the devel
opment of multiple methods for producing fully human mAbs (hmAbs) 
and IgG variants for their optimized use as therapeutic agents [1–8]. 
Currently, more than 120 therapeutic mAbs have been approved for a 
wide range of diseases and generated over $130 billion in global revenue 
in 2019 [9]. 

Therapeutic mAb discovery and development is an extremely com
plex, arduous, and multi-step process requiring collaborative efforts 
across multidisciplinary teams. As part of the initial screening efforts, a 
variety of high-throughput biophysical, biochemical and cell-based 

assays are employed to narrow down the number of candidates to a 
small subset of potential therapeutic mAbs, which later undergo a 
rigorous secondary screening process. The kinetics of antigen (Ag) 
binding to mAbs are among the most important properties considered 
during the selection of lead therapeutic candidate. Therefore, it is 
essential that the measured association rate constant (ka), dissociation 
rate constant (kd), and equilibrium dissociation constant (KD) of mAbs 
binding to Ags are reliable and reproducible. Capture kinetic assay al
lows rapid determination of binding kinetic parameters of mAb-Ag in
teractions and is routinely performed on a wide range of label-free 
optical biosensors. In this assay, a tag-specific capture reagent is cova
lently immobilized onto the sensor surface to capture the ligand 
(interacting partner attached to the surface) in a specific orientation and 
varying concentrations of analyte (interacting partner that is passed in 
solution over the ligand surface) are injected over the ligand-captured 
surface. The reliability of results from such assays largely depends on 
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the quality of capture reagents used and selection of an imperfect cap
ture reagent can have profound effects on the measured ka, kd, and KD 
values [10]. For reliable kinetic measurements of hmAb-Ag interactions, 
AHC capture reagent should exhibit several key properties that include: 
(i) high binding activity following immobilization onto the sensor sur
face; (ii) ability to capture mAb at low concentrations to enable kinetic 
screening of unpurified mAbs from conditioned media (CM); (iii) forms a 
stable complex with the captured mAb with minimal baseline drift; (iv) a 
hIgG binding affinity that is agnostic to hIgG subclass; (v) a binding 
profile that is minimally affected by analysis temperature and buffer 
conditions; (vi) withstand multiple regeneration cycles over a range of 
analysis temperatures and buffer conditions without losing its binding 
activity [11]. 

Recently, we showed that although Protein A, Protein G, Protein A/ 
G, and a commercial mouse anti-human Fc (AHC) mAb exhibited many 
properties of a good capture reagent, the capture kinetic analyses per
formed on these derivatized surfaces yielded erroneous ka, kd, and KD 
values [10]. The KD values measured using Protein A, Protein G, and 
Protein A/G surfaces were up to 2800-fold weaker than those deter
mined using a solution based kinetic exclusion assay (KinExA), while the 
commercial mouse AHC mAb surface generated binding affinities that 
were up to 14-17-fold weaker compared to those measured using the 
three different goat AHC polyclonal antibody (pAb) surfaces. Upon 
further investigation, we discovered that all three goat AHC pAbs bound 
to human mAb (hmAb) with sub-nanomolar affinity, while the mouse 
AHC mAb had a weaker affinity for human IgG (hIgG) with t½ values 
ranging from 1.4 to 3.3 min. Our study showcased that a high affinity Fc 
specific antibody, with t½ values similar to or better than the goat AHC 
pAbs (11 min), is a desirable capture reagent for performing capture 
kinetic analyses of hmAbs using real time optical biosensor. 

In this study, we report the characterization of six new mouse AHC 
mAbs for their application as capture reagents to determine hmAb-Ag 
interactions on label-free optical biosensors. These six AHC mAbs 
were identified based on their specificity to the Fc region of hIgG and 
lack of cross-reactivity to cynomolgus monkey IgG. Details of the six 
mouse AHC mAbs are provided in Table 1. The three commercial goat 
AHC pAbs which were previously shown to have properties of a good 
AHC capture reagent to characterize mAb-Ag interaction on a label-free 
biosensor [10], were also included in the current study as benchmark 
comparators. We first assessed the binding specificity of these six mouse 
AHC mAbs to the Fc region of hIgG and later measured their binding 
affinity to the three hIgG subclasses (hIgG1, hIgG2, hIgG4) and 43 
different hIgG variants, commonly reported in the literature with sub
stitutions and/or mutations in the hinge and/or Fc region of hIgG for 
modified antibody effector function and pharmacokinetics. Once 
immobilized onto a CM5, CM4 and C1 sensor chip, the two highest af
finity mouse AHC mAbs (REGN7942 and REGN7943) were further 
assessed for their long-term capture stability (10,000 s) of hIgG1 and 
hIgG4 with a S228P substitution (IgG4P) that reconstructs the human 
IgG1 hinge sequence (CPPC) to promote stabilization of disulfide bonds 
between the 2 heavy chains. Their performance in capture kinetic ana
lyses of 31 high affinity hmAb-Ag interactions was also evaluated. Our 
work demonstrates that AHC mAbs with binding profiles similar to 
REGN7942 and REGN7943 can be valuable research reagents to develop 
a wide range of immunoassays such as the capture reagents for the 

reliable characterization of mAb-Ag interactions. 

2. Materials and methods 

2.1. Reagents 

N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC), N-hydrox
ysuccinimide (NHS), ethanolamine–HCl (Catalog# BR100633), rabbit 
anti-mouse antibody (Catalog# BR100838), CM5 sensor chips (Cata
log# BR100530), CM4 sensor chips (Catalog# BR100534) and C1 sensor 
chips (Catalog# BR100535) were purchased from Cytiva (formerly GE 
Healthcare Life Sciences). Sodium acetate, pH 5.0 was purchased from 
Ricca Chemical (Catalog# 61–1). HEPES (Teknova, Catalog# H1035), 
NaCl (Gibco, Catalog# 24740–011), EDTA (BDH Chemicals, Catalog# 
BDH8730-1) and Tween-20® (Bio-Rad, Catalog# 161–0781) were used 
to prepare the running buffer. Different AHC pAbs were purchased from 
Jackson ImmunoResearch (Catalog# 109-005-098), MP Biomedicals 
(Catalog# 0855071) and Southern Biotech (Catalog# 2048–01). 

REGN2567 and REGN2681 were recombinantly produced using 
stable Chinese hamster ovary (CHO) cell lines while the remaining four 
mouse AHC mAbs were produced using the hybridoma clones. The 
hmAbs and Ags used in this study were recombinantly expressed using 
stable CHO cell lines. All Ags were expressed with a C-terminal myc- 
myc-hexahistidine tag with a GG linker between the myc tags (EQKLI
SEEDLGGEQKLISEEDLHHHHHH). The Ags were first purified by 
immobilized metal chelate affinity chromatography (IMAC) column; 
using either zinc charged iminodiacetic acid (IDA) resin or cobalt 
charged TALON resin and the monomeric Ag species were later purified 
by size exclusion chromatography (SEC). The hmAbs and the six mouse 
AHC mAbs were first purified using Protein A resin affinity column 
followed by SEC. The concentration of all the reagents were determined 
by measuring their absorbances at 280 nm and their predicted extinction 
coefficients (based on their amino acid sequence) and were later stored 
at − 80◦C until used. 

2.2. Instrumentation 

All the real time binding data were generated on the surface plasmon 
resonance (SPR) based Biacore 8 k (Cytiva, formerly GE Healthcare Life 
Sciences) optical biosensor. 

2.3. Generation of mouse AHC mAb 

All six mouse AHC mAbs were generated by immunizing wild-type 
Balb/c mice with the Fc region of hIgG4 with S228P, H435R, Y436F, 
L445P substitutions. The spleens were later harvested and fused to 
mouse myeloma cells to produce hybridoma clones. The supernatants of 
the hybridoma clones were later screened for their binding affinity to 
hIgG1 and hIgG4 subclasses and cross-reactivity to cynomolgus monkey 
IgG. 

2.4. Determination of binding specificity of different AHC antibodies using 
ELISA 

Flat bottom 96-well microtiter plates (Thermo Scientific, # 15041) 
were coated overnight at 4◦C with 0.5 μg/mL of IgG from different 
species, Fab region of either hIgG1 (hFab_1) or hIgG4 (hFab_4),prepared 
in PBS buffer (Irvine Scientific, # 9236). The plates were rinsed thrice 
with wash buffer (PBS containing 0.05% Tween-20) and blocked for 1 h 
at room temperature (RT) in blocking buffer (PBS containing 0.5% BSA). 
The binding of six mouse AHC mAbs and three goat AHC pAbs from 
Jackson ImmunoResearch (subsequently referred as goat AHC pAb-1), 
MP Biomedicals (subsequently referred as goat AHC pAb-2) and 
Southern Biotech (subsequently referred as goat AHC pAb-3) was later 
tested (in duplicate) at an 11-point, three-fold serial dilution from 20 nM 
to 0.34 pM prepared in blocking buffer. The antibody concentrations 

Table 1 
Details of six mouse AHC mAbs.  

Mouse AHC mAb Mouse IgG Subclass 

REGN2567 IgG1 
REGN2681 IgG1 
REGN7779 IgG1 
REGN7941 IgG2a 
REGN7942 IgG2a 
REGN7943 IgG2a  
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used in both ELISA and SPR assays were calculated based on the whole 
IgG molecule and not on their bivalency. Coat-specific positive control 
antibodies (details provided in Supplementary Table 1) and buffer only 
controls were also included. After 1 h incubation at RT, ELISA plates 
were washed thrice with wash buffer and horseradish peroxidase (HRP) 
conjugated goat anti-mouse Fcγ specific antibody (Jackson ImmunoR
esearch, # 115-035-164) or bovine anti-goat IgG antibody (Jackson 
ImmunoResearch # 805-035-180) was added at 1:5000 dilution in 
blocking buffer. After 1 h incubation at RT, the plates were rinsed thrice 
with wash buffer and AHC antibody binding was determined using the 
colorimetric HRP-substrate, 3,3′,5,5′-tetramethylbenzidine (TMB 
colorimetric substrates A and B, BD Biosciences # 51-2606 KC and # 51- 
2607 KC, respectively) following the manufacturer’s recommended 
protocol. The absorbance at 450 nm for each well was recorded using 
ENVISION multimode plate reader (PerkinElmer, # 2105) and the dose- 
dependent AHC antibody binding was analyzed using a 4-parameter 
logistic (4PL) curve model and the EC50 values were calculated using 
GraphPad Prism software v9.0. 

2.5. Binding studies performed on SPR biosensor 

Unless otherwise specified, all binding studies were performed in 
freshly prepared, filtered and degassed running buffer containing 10 
mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% Tween-20 (HBS-ET) at 
25◦C. Different AHC capture molecules were immobilized onto the CM5, 
CM4 or C1 sensor surface using the standard EDC/NHS chemistry re
ported earlier [10]. After the activation of the sensor surface by injecting 
a 1:1 (v/v) mixture of 400 mM EDC and 100 mM NHS for 10 min, 
different capture reagents (20–25 μg/mL) prepared in 10 mM sodium 
acetate, pH 5.0 were injected for 6–10 min followed by a 6 min injection 
of 1 M ethanolamine, pH 8.5. 

The kinetics of AHC antibodies for binding to hIgG subclasses or 
different hIgG variants with substitutions and/or mutations in the Fc 
and/or hinge region were studied by first capturing very low density 
(3–7 RU) of goat AHC pAb or mouse AHC mAb over a CM5 sensor sur
face immobilized with either a mouse anti-goat Fc mAb (Southern 
Biotech, Catalog# 6158–01) or a rabbit anti-mouse Fc pAb (Cytiva, 
formerly GE Healthcare Life Sciences, Catalog# BR100838), respec
tively. Different concentrations of hIgG (wild-type or different variants), 
diluted by three-fold in HBS-ET running buffer were later injected for 
3min and the dissociation of the bound hIgG from the captured AHC 
antibodies was monitored for 20 min. At the end of each cycle, the 
captured AHC antibody surfaces were regenerated using the conditions 
provided in Supplementary Table 2. 

The binding capacity of different AHC antibody surfaces was 
assessed on a CM5, CM4 and C1 sensor chip by injecting different con
centrations of hIgG1, hIgG2, hIgG4, or hIgG4P (0.1, 0.5, 2, 10 μg/mL) for 
3 min followed by a 10 min dissociation phase. At the end of each cycle, 
the AHC antibody surfaces were regenerated using the conditions pro
vided in Supplementary Table 2. The reproducibility of the hIgG capture 
level was tested by capturing 600–650 RU of hIgG1, hIgG2, hIgG4 or 
hIgG4P over the six different mouse AHC mAbs, individually immobi
lized on a CM5 sensor surface followed by the surface regeneration using 
a 4 s injection of 20 mM phosphoric acid. The capture-regeneration steps 
were repeated for more than 300 times at 37◦C. The long term capture 
stability was assessed by capturing hIgG1 or hIgG4P on a CM5, CM4 and 
C1 sensor chip, individually immobilized with the three goat AHC pAbs, 
REGN7942 and REGN7943 using an “analyte” injection command with 
a 10,000 s (2hr and 47 min) dissociation phase. 

The kinetics of the hmAb binding to its respective Ag were studied on 
a CM5 sensor chip individually immobilized with the three goat AHC 
pAbs, REGN7942 and REGN7943. The hmAbs were first captured over 
different AHC capture surfaces followed by the injection of different 
concentrations of specific Ag (three-fold serial dilution) for 3 min. The 
dissociation of bound Ag from the captured hmAbs was monitored for 
either 15 min or 1 h in the HBS-ET running buffer. At the end of each 

cycle, the capture surfaces were regenerated using the conditions pro
vided in Supplementary Table 2. 

2.6. SPR data processing and analysis 

The real-time binding data were first double reference subtracted 
using the Biacore Insight Evaluation software, version 2.0 (Cytiva, 
formerly GE Healthcare Life Sciences) and were later fit using a 1:1 
binding model with mass transport limitation either using the Biacore 
Insight Evaluation software, or using the Scrubber software (version 
2.0c, BioLogic Software, Campbell, Australia). 

3. Results 

3.1. All six mouse AHC mAbs specifically bound to the Fc region of 
human IgG 

The constant regions of human and monkey IgG share more than 
90% sequence homology and hence AHC mAbs that specifically bind the 
Fc region of hIgG are critical reagents in the biopharmaceutical industry, 
especially for analyzing pharmacokinetic (PK) and pharmacodynamic 
(PD) studies performed in non-human primates (NHP). We therefore 
first assessed binding specificity of all six in-house generated mouse AHC 
mAbs by testing their binding to the hFab_1, hFab_4, rabbit IgG and NHP 
IgG – cynomolgus monkey IgG and rhesus monkey IgG. The binding 
ELISA studies were performed on a 96-well microtiter plate at RT and 
the results of concentration dependent binding of different antibodies 
are shown in Fig. 1 while their respective EC50 values are reported in 
Table 2. All three goat AHC pAbs bound to the Fc region of hIgG with 
EC50 values ranging from 46.8–102 pM, but also showed binding to IgG 
of cynomolgus monkey, rhesus monkey and rabbit with EC50 values 
ranging from 80–112 pM, 88–124 pM and 270–600 pM, respectively. 
Weak binding to hFab_1 and hFab_4 was also observed at 20 nM of goat 
AHC pAb-1 and goat AHC pAb-2 but not for goat AHC pAb-3. In contrast, 
all six mouse AHC mAbs were very specific to the Fc region of hIgG with 
EC50 values ranging from 28–109 pM. No detectable binding was 
observed to hFab_1, hFab_4, cynomolgus monkey IgG, rhesus monkey 
IgG and rabbit IgG. Among the six mouse AHC mAbs, REGN2567 and 
REGN2681 showed highest binding affinity with EC50 of 27–34 pM 
while REGN7941, REGN7942, and REGN7943 exhibited weakest affin
ity with EC50 values ranging from 81–109 pM. 

3.2. All six mouse AHC mAbs bound to human IgG with high affinity 

The binding affinities of six mouse AHC mAbs to different hIgG 
subclasses (hIgG1, hIgG2, and hIgG4) were next determined and their 
binding kinetic parameters were compared with those measured for the 
three commercial goat AHC pAbs [10]. To minimize avidity-driven 
binding that can be caused due to bivalent analytes (dimerized Fc re
gion of hIgG) and to ensure that the measured affinities are a better 
representation of a true 1:1 binding, capture kinetic studies were per
formed using a very low density AHC antibody capture surface (3–7 RU). 
Each goat AHC pAb or mouse AHC mAb was individually captured on 
sensor surfaces immobilized with mouse anti-goat Fc mAb or rabbit 
anti-mouse Fc pAb, respectively. Different concentrations of hIgG1, 
hIgG2, or hIgG4 were subsequently injected (as analyte) for 3 min and 
the dissociation of the bound hIgG was monitored for 20 min. The real 
time binding sensorgrams (black lines) along with the global fits (red 
lines) are shown in Fig. 2 and the results of the kinetic analyses are 
provided in Table 3. 

As reported previously [10], all three goat AHC pAbs showed 
biphasic dissociation curves and the largest biphasic dissociation was 
observed for hIgG4 binding. This was not surprising since we would 
expect that the polyclonal nature of goat AHC pAbs would bind hIgG 
with diverse binding affinities. Moreover, it is important to understand 
that even at such low density surfaces, it could be difficult to generate 
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binding data which are devoid of any avidity-driven binding of a dimeric 
analyte (hIgG) to a dimeric ligand (AHC antibodies); more pronounced 
during the latter part of the dissociation phase. Therefore, kd values were 
determined by fitting the initial 3–7 min of the dissociation phase and 
the association phase was later fitted to calculate the ka and KD values. 
However, there is one caveat with our data analysis. Unlike the disso
ciation phase wherein the change in the binding response is only 

influenced by analyte dissociation, the binding sensorgrams observed in 
the association phase is the result of both association and dissociation 
processes. Therefore, selection of only the initial fast dissociation phase 
would theoretically ignore the contribution of the slower off-rate during 
ka calculation. However, we believe that adopting such curve fitting 
strategy is the best possible alternative to determine an apparent binding 
affinity that closely represents the true 1:1 binding affinity and as a 

Fig. 1. Binding specificity of different AHC antibodies to purified immunoglobulin using ELISA. The ELISA plates were first coated overnight at 4◦C with 0.5 
μg/mL of (A) hIgG1, (B) hIgG2, (C) hIgG4, (D) hFab_1, (E) hFab_4, (F) rabbit IgG, (G) cynomologous monkey IgG, or (H) rhesus monkey IgG. After three washes in 
wash buffer, the plates were blocked with blocking buffer for 1 h. The wells were later incubated with varying concentrations of AHC antibodies for 1 h and after 
washing thrice in wash buffer, the wells were incubated with HRP conjugated goat anti-mouse Fc antibody or bovine anti-goat IgG antibody and finally processed for 
enzymatic reaction for the detection of bound AHC antibodies. For each IgG coat, control antibody (black triangle) was used as positive control and the concentration 
dependent binding of goat AHC pAb-1 (magenta circle), goat AHC pAb-2 (blue circle), goat AHC pAb-3 (green circle), REGN2567 (orange circle), REGN2681 (black 
circle), REGN7779 (magenta triangle), REGN7941 (blue triangle), REGN7942 (green triangle), or REGN7943 (orange triangle) to different purified immunoglobulins 
are shown. Each data point represents the average of duplicate samples for each concentration ± standard deviation. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Summary of binding specificity of nine AHC antibodies and their cross-reactivity to immunoglobin from different animal species by ELISA.   

Coated Surface 

AHC Antibody hIgG1 hIgG2 hIgG4 hFab_1 hFab_4 Cynomolgus Monkey IgG Rhesus Monkey IgG Rabbit IgG 

Goat AHC pAb-1 4.68E-11 5.61E-11 6.91E-11 >20 nM >20 nM 9.47E-11 1.06E-10 6.06E-10 
Goat AHC pAb-2 5.38E-11 6.86E-11 7.96E-11 >20 nM >20 nM 8.04E-11 8.86E-11 2.68E-10 
Goat AHC pAb-3 7.74E-11 8.75E-11 1.02E-10 NB NB 1.12E-10 1.24E-10 4.80E-10 
REGN2567 3.28E-11 3.03E-11 2.76E-11 NB NB NB NB NB 
REGN2681 3.20E-11 3.36E-11 3.10E-11 NB NB NB NB NB 
REGN7779 4.87E-11 4.54E-11 4.45E-11 NB NB NB NB NB 
REGN7941 9.08E-11 9.33E-11 8.15E-11 NB NB NB NB NB 
REGN7942 8.79E-11 1.09E-10 9.92E-11 NB NB NB NB NB 
REGN7943 8.31E-11 9.09E-11 8.57E-11 NB NB NB NB NB 
Control Ab    1.52E-10 1.31E-10 1.22E-10 1.04E-10 4.73E-11 

Values reported in the table represent EC50 values (in Molar) derived by fitting the dose-dependent binding of different AHC antibodies or coat-specific control an
tibodies using a using a 4-parameter logistic (4PL) curve model using GraphPad Prism software v9.0. 
NB represents no binding was observed under the current experimental conditions. 
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result would allow affinity ranking of different AHC antibodies included 
in the study. 

Goat AHC pAb-1 and pAb-3 bound to hIgG2 and hIgG4 with similar 
binding kinetics (KD and t½ values ranging from 262–426 pM and 30–50 
min, respectively). However, goat AHC pAb-3 bound to hIgG1 with 
approximately 2.3-fold higher affinity and exhibited a 2.7-fold slower 
dissociation rate than goat AHC pAb-1. Goat AHC pAb-1 and pAb-2 
bound to hIgG1 with similar binding kinetics, but the dissociation 
rates of goat AHC pAb-2 for hIgG2 and hIgG4 was observed to be 
approximately two-fold faster than that measured for goat AHC pAb-1. 
In contrast, monophasic dissociation was observed for all six mouse 
AHC mAbs and they bound to hIgG1, hIgG2, and hIgG4 with sub- 
nanomolar affinities. Less than a two-fold difference in the KD values 
was measured for all six mouse AHC mAbs binding to the different hIgG 
subclasses tested. REGN7779 bound with the weakest affinity (KD and t½ 
values ranging from 471–850 pM and 48–85 min, respectively), fol
lowed by REGN2681 (KD values ranging from 269–408 pM and 50–78 
min, respectively). REGN2567 and REGN7941 bound with comparable 
binding affinities with KD values ranging from 157–216 pM and 
326–371 pM and t½ values ranging from 78–114 min and 84–96 min, 
respectively. The highest affinity mAbs, REGN7942 and REGN7943, 
bound with similar binding kinetics and their KD values ranged from 
88–134 pM and 110–154 pM, respectively (Table 3). The dissociation 
rates for REGN7942 and REGN7943 were also the slowest among the six 
mouse AHC mAbs with t½ values ranging from 160–237 min and 
155–207 min, respectively. 

3.3. All six mouse AHC mAbs bound to 43 different hIgG variants with 
high affinity 

Modification of the Fc region of hIgG with different substitutions 
and/or mutations has enabled researchers to generate bispecific anti
bodies (bsAbs) and novel therapeutic modalities with modified antibody 
effector functions such as antibody-dependent cellular cytotoxicity 
(ADCC), antibody-dependent cell-mediated phagocytosis (ADCP), 
complement-dependent cytotoxicity (CDC), FcRn-mediated IgG ho
meostasis, efficient antigen presentation to dendritic cells and altered 
PK/PD properties [12–35]. To assess whether previously reported IgG 
modifications influence the binding of any of the six mouse AHC mAbs 
reported in this study, a total of 43 different hIgG variants, with sub
stitutions and/or mutations in the hinge and/or Fc region, individually 
or in combination were generated (Table 4) and their binding to 
different AHC antibodies was examined. The results of the kinetic ana
lyses of nine AHC antibodies (three goat AHC pAbs and six mouse AHC 
mAbs) binding to selective hIgG variants are provided in Table 3 and 
their respective real time binding sensorgrams (black lines) along with 
the global fits (red lines) are shown in Fig. 3. The ka, kd, KD, and t½ values 
for the complete set of 46 hIgGs (3 wild-type and 43 variants) are shown 
in a scatter plot in Fig. 4 and their kinetic values are reported in Sup
plementary Table 3. 

Between the three goat AHC pAbs tested, the goat AHC pAb-2 
exhibited the weakest binding affinity to the different hIgG variants 
(KD and t½ values ranging from 145 pM–1.3 nM and 11–52 min, 
respectively). The goat AHC pAb-3 bound with the highest affinity (KD 
and t½ values ranging from 59–540 pM and 31–168 min, respectively), 
while the goat AHC pAb-1 bound to different hIgG variants with KD and 
t½ values ranging from 95–930 pM and 18–68 min, respectively. 

Among the six mouse AHC mAbs, REGN2681, REGN7779 and 
REGN7941 bound to different hIgG variants with the weakest affinities 
(KD values ranged from 56 pM–3.7 nM, 76 pM–3.8 nM, and 51 pM–4.04 
nM, respectively). However, the t½ values for these AHC mAbs (ranging 
from 9–116 min, 10–228 min, and 9–174 min, respectively) were 
comparable to the spread of the t½ values observed for the goat AHC 
pAb-3 (Fig. 4D); suggesting that the stability of the complexes formed 
between hIgG and REGN2681, REGN7779 or REGN7941 are similar to 
the stability of the complexes formed between hIgG and the highest Fi
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Table 3 
Results of the capture kinetic analyses performed on different AHC antibodies for binding to convential hIgGs or selective hIgG variants.     

Goat AHC pAb-1 Goat AHC pAb-2 Goat AHC pAb-3 REGN2567 REGN2681 REGN7779 REGN7941 REGN7942 REGN7943 

mAb 
# 

hIgG 
Subclass 

Details 
of hIgG 
Variants 

ka 

(M- 

1s-1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M-1s- 

1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M-1s- 

1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd (s- 

1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd (s- 

1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 
ka 

(M- 

1s-1) 

kd 

(s-1) 
KD 

(pM) 
t½ 

(min) 

– hIgG1 wild-type 10.58 3.27 309 35.3 9.69 3.34 345 34.5 9.08 1.23 135 94.1 6.33 1.01 159 114.2 5.54 1.49 268.9 77.7 2.91 1.37 471 84.6 3.94 1.34 340 86.4 5.55 0.49 88.3 236.8 5.11 0.71 139 162.2 
mAb- 

1 
H435R, 
Y436F 

10.37 2.47 238 46.8 9.65 3.27 339 35.4 9.29 1.41 152 82.0 6.75 1.17 173 98.9 5.53 1.96 354 59.0 2.90 1.77 611 65.1 4.98 1.99 400 58.0 4.84 0.76 157 152.6 4.92 0.90 183 128.2 

mAb- 
2 

Knob: 
T366W & 
Hole: 
T366S, 
L368A, 
Y407V, 
H435R, 
Y436F 

12.36 1.70 138 67.9 11.81 2.22 188 52.1 10.84 0.69 63.3 168.5 7.51 0.98 130 118.4 4.66 2.67 571 43.3 3.36 1.47 438 78.7 3.97 1.96 494 59.0 5.83 0.48 82.9 239.2 5.28 0.59 112 194.9 

mAb- 
6 

H433K, 
N434F 

9.05 3.14 347 36.8 8.67 3.42 395 33.8 8.21 1.49 182 77.3 4.87 1.17 240 98.8 3.36 1.60 477 72.0 2.86 1.36 475 85.1 3.14 1.46 464 79.0 3.90 0.78 200 147.2 3.04 0.81 266 142.7 

mAb- 
10 

M252Y, 
S254T, 
T256E 

6.89 3.39 492 34.0 7.55 5.53 732 20.9 6.11 1.57 256 73.8 6.44 1.39 216 82.9 3.36 5.29 1570 21.9 2.64 9.54 3620 12.1 3.02 5.35 1770 21.6 5.02 1.60 318 72.3 2.96 2.24 757 51.6 

mAb- 
11 

M252Y, 
V308P, 
N434Y 

9.92 4.98 502 23.2 9.48 3.73 393 30.9 8.93 1.65 185 70.1 5.85 5.62 960 20.5 3.34 12.35 3700 9.4 1.92 4.59 2400 25.2 3.17 12.80 4040 9.0 2.63 2.25 855 51.4 2.72 2.92 1070 39.6  

– hIgG2 wild-type 9.52 2.50 262 46.3 8.84 4.85 549 23.8 7.27 2.35 322 49.3 6.87 1.48 216 78.0 5.67 2.31 408 50.1 2.86 2.43 850 47.6 3.69 1.37 371 84.2 5.40 0.72 134 159.7 4.86 0.75 154 155.0  

– hIgG4 wild-type 9.08 3.87 426 29.8 8.48 8.93 1050 12.9 7.67 2.32 302 49.9 6.93 1.09 157 106.3 5.63 1.57 279 73.7 2.59 1.50 578 76.9 3.68 1.20 326 96.3 5.38 0.56 104 207.3 5.07 0.56 110 206.5 
mAb- 

29 
S228P 9.65 3.61 374 32.0 9.15 8.61 941 13.4 8.25 2.30 278 50.3 6.17 1.17 189.2 98.9 4.05 1.71 422.1 67.7 2.42 1.44 595.2 79.9 6.15 1.04 169.1 111.5 4.84 0.52 108 220.3 3.09 0.46 148.7 252.2 

mAb- 
31 

S228P, 
E233P, 
F234V, 
L235A, 
del 
(G236) 

9.92 3.52 355 32.8 9.17 8.31 906 13.9 8.43 2.11 250 54.9 6.99 1.30 186 88.7 5.58 1.76 315 65.8 4.12 1.91 462 60.6 4.89 1.17 240 98.6 5.57 0.61 110 188.4 5.30 0.58 109 200.5 

Values reported in the table are ka (x 105 M− 1s− 1), and kd (x 10− 4 s− 1). 

V. Kam
at et al.                                                                                                                                                                                                                                  



Analytical Biochemistry 640 (2022) 114455

7

Table 4 
List of the 43 different hIgG variants with substitutions and/or mutations in the 
hinge and/or Fc region characterized in the study.  

IgG 
Variant 
# 

hIgG 
Subclass 

Details of 
hIgG 
Variants 

Variant 
Abbr. 

Function Reference 

mAb-1 hIgG1 H435R, 
Y436F 

Fc* Star 
substitution 
that 
abrogates 
Protein A 
binding to 
generate 
bsAbs 

[12] 

mAb-2 Knob: 
T366W & 
Hole: 
T366S, 
L368A, 
Y407V, 
H435R, 
Y436F 

KIH + Fc* Knobs-into- 
holes 
mutations to 
generate 
bsAbs and 
star 
substitution 
that 
abrogates 
Protein A 
binding 

[12,13] 

mAb-3 S254A, 
Y436A 

AA Reduced 
FcRn binding 
affinity 

[14,15] 

mAb-4 H310D  Reduced 
FcRn binding 
affinity 

[14] 

mAb-5 I253D  Reduced 
FcRn binding 
affinity and 
abolished 
binding to z- 
domain of 
Protein A 

[14] 

mAb-6 H433K, 
N434F 

HN Increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[16] 

mAb-7 M252Y, 
N434Y 

YY Increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[17] 

mAb-8 M252Y, 
N286E, 
N434Y 

YEY Increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[17] 

mAb-9 M428L, 
N434S 

LS Increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[18] 

mAb- 
10 

M252Y, 
S254T, 
T256E 

YTE Increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[19] 

mAb- 
11 

M252Y, 
V308P, 
N434Y 

YPY Increased 
FcRn binding 
affinity 
resulting in 
reduced PK 

[17] 

mAb- 
12 

G236A A Substitution 
for selective 
increase in 
binding 
affinity to 
FcγRIIa 
resulting in 
enhanced 

[36]  

Table 4 (continued ) 

IgG 
Variant 
# 

hIgG 
Subclass 

Details of 
hIgG 
Variants 

Variant 
Abbr. 

Function Reference 

effector 
function 

mAb- 
13 

S267E, 
L328F 

EF Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[24] 

mAb- 
14 

S239D, 
I332E 

DE Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31] 

mAb- 
15 

A330L  Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31] 

mAb- 
16 

S239D, 
H268F, 
S324T, 
I332E 

DFTE Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31, 
37] 

mAb- 
17 

G236A, 
S239D, 
I332E 

ADE Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31] 

mAb- 
18 

G236A, 
S239D, 
A330L, 
I332E 

ADLE Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31] 

mAb- 
19 

G236A, 
S267E, 
H268F, 
S324T, 
I332E 

AEFTE Increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[30,31] 

mAb- 
20 

L234A, 
L235A 

LALA Reduced 
FcγR and 
C1q binding 
resulting in 
reduced 
effector 
function 

[23] 

mAb- 
21 

G236R, 
L328R 

FcKO Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[20,21] 

mAb- 
22 

D265A, 
N297A 

DANA Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[22] 

mAb- 
23 

E233P, 
L234V,  

Reduced 
FcγR binding 

[27–29, 
33,38,39] 

(continued on next page) 
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Table 4 (continued ) 

IgG 
Variant 
# 

hIgG 
Subclass 

Details of 
hIgG 
Variants 

Variant 
Abbr. 

Function Reference 

L235A, del 
(G236), 
H268Q, 
K274Q, 
Y296F, 
A327G, 
A330S, 
P331S 

affinity 
resulting in 
reduced 
effector 
function 

mAb- 
24 

N297D N297D Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[34] 

mAb- 
25 

N297Q N297Q Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[34] 

mAb- 
26 

H433K, 
N434F, 
H435R, 
Y436F 

Fc* + HN Star 
substitution 
that 
abrogates 
Protein A 
binding to 
generate 
bsAbs and 
increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[12,16] 

mAb- 
27 

G236A, 
S267E, 
H268F, 
S324T, 
I332E, 
H435R, 
Y436F 

Fc* +
AEFTE 

Star 
substitution 
that 
abrogates 
Protein A 
binding to 
generate 
bsAbs and 
increased 
FcγR binding 
affinity 
resulting in 
enhanced 
effector 
function 

[12,30, 
31] 

mAb- 
28 

No 
fucosylation   

[32,35] 

mAb- 
29 

hIgG4 S228P IgG4P Stabilizes the 
disulfides in 
the core- 
hinge of the 
hIgG4 and 
prevents Fab 
arm 
exchange 

[25,26] 

mAb- 
30 

S228P, 
H435R, 
Y436F, 
L445P 

IgG4P + Fc* Star 
substitution 
that 
abrogates 
Protein A 
binding to 
generate 
bsAbs 

[12,25, 
26] 

mAb- 
31 

S228P, 
S267E, 
L328F 

IgG4P + EF Increased 
FcγR binding 
affinity and 
increased 
FcγR binding 
affinity 

[24–26]  

Table 4 (continued ) 

IgG 
Variant 
# 

hIgG 
Subclass 

Details of 
hIgG 
Variants 

Variant 
Abbr. 

Function Reference 

resulting in 
enhanced 
effector 
function 

mAb- 
32 

S228P, 
E233P, 
F234V, 
L235A, del 
(G236) 

IgG4P +

PVA 
(IgG4P− PVA) 

Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[25–28] 

mAb- 
33 

S228P, 
E233G, 
F234G, del 
(L235) 

IgG4P + GG 
(IgG4P− GG) 

Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[25–28] 

mAb- 
34 

S228P, 
E233P, 
F234V, 
L235A, del 
(G236), 
H435R, 
Y436F, 
L445P 

IgG4P− PVA 

+ Fc* 
Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[12, 
25–28] 

mAb- 
35 

E233P, 
F234V, 
L235A, del 
(G236) 

IgG4PVA Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[27,28] 

mAb- 
36 

S228P, 
E233P, 
F234V, 
L235A, del 
(G236), 
N297Q 

IgG4P− PVA 

+ N297Q 
Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[25–28, 
34] 

mAb- 
37 

S228P, 
E233G, 
F234G, del 
(L235) 
N297Q 

IgG4P− GG +

N297Q 
Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function 

[25–28, 
34] 

mAb- 
38 

S228P, 
M428L, 
N434S 

IgG4P + LS Increased 
FcRn binding 
affinity 
resulting in 
reduced PK 

[18,25, 
26] 

mAb- 
39 

S228P, 
M252Y, 
S254T, 
T256E 

IgG4P +

YTE 
Increased 
FcRn binding 
affinity 
resulting in 
reduced PK 

[19,25, 
26] 

mAb- 
40 

S228P, 
H433K, 
N434F 

IgG4P + HN Increased 
FcRn binding 
affinity 
resulting in 
reduced PK 

[16,25, 
26] 

mAb- 
41 

S228P, 
M252Y, 
N286E, 
N434Y 

IgG4P +

YEY 
Increased 
FcRn binding 
affinity 
resulting in 
reduced PK 

[17,25, 
26] 

mAb- 
42 

S228P, 
H433K, 
N434F, 
H435R, 
Y436F, 
L445P 

IgG4P +

Fc* + HN 
Star 
substitution 
that 
abrogates 
Protein A 
binding to 
generate 

[12,16, 
25,26] 

(continued on next page) 
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affinity goat AHC pAb (pAb-3). REGN2567 bound to different hIgG 
variants with KD values ranging from 36–960 pM (comparable to the 
goat AHC pAb-3), but exhibited longer t½ values (ranging from 21–199 
min), indicating that REGN2567-hIgG complexes are more stable than 
the hIgG complexed with the goat AHC pAb-3. Both REGN7942 and 
REGN7943, which bound to canonical hIgG1, hIgG2, and hIgG4 with the 
highest affinity and longest t½ (Table 3) continued to show the highest 
affinity binding to the 43 different hIgG variants; KD values ranged from 
7.77–855 pM and 18.1 pM – 1.07 nM and t½ values ranging from 51–913 
min and 40–442 min, respectively. Of the 43 hIgG variants tested, mAb- 
11 (M252Y, V308P, N434Y) had the broadest impact on binding to 
mouse AHC mAbs (Supplementary Table 3). However, REGN7942 and 
REGN7943 still retained their high affinity binding to mAb-11 with KD 
values of 855 pM and 1.07 nM and t½ values of 51 and 40 min, 
respectively, stronger than the binding affinity of wild-type hIgG to goat 
AHC pAb-1 and pAb-2. 

3.4. Mouse AHC mAb surfaces captured high levels of hmAbs and 
retained its binding activity following extensive capture-regeneration cycles 

Evaluation of the six mouse AHC mAbs for use as hmAb capture 
reagents was further assessed by examining the three critical properites 
of a good capture reagent: (i) retention of high binding activity following 
covalent immobilization onto the sensor surface, (ii) ability to capture 
high levels of mAb even at low concentrations, and (iii) capable of 
withstanding multiple capture-regeneration cycles without substantial 
loss in the binding activity. Prior to immobilization, it was empirically 
determined that 10 mM sodium acetate, pH 5.0 was best suited for pre- 
concentration of all six mouse AHC mAbs into the dextran matrix of the 
Biacore sensor chip. The AHC mAbs were immobilized onto different 
CM5 sensor surfaces using the standard EDC/NHS chemistry and a 10 
min injection of 20 μg/mL mouse AHC mAb achieved immobilization 
levels of approximately 10,000–12,000 RU. Before testing the binding 
activity of different AHC mAb immobilized surfaces, a regeneration 
condition was established for complete removal of captured hmAbs 
without affecting the surface activity. A wide range of regeneration 
conditions were evaluated by screening various regeneration buffers and 
injection times, and a single 4 s injection of 20 mM phosphoric acid was 
found to be optimal to regenerate all six mouse AHC mAb surfaces. 
Having optimized the regeneration conditions, fresh CM5 sensor sur
faces were derivatized with different mouse AHC mAbs and their 
binding activity was assessed. The three goat AHC pAbs were also 
immobilized onto the sensor surface and used as benchmark surfaces to 
compare the binding activity of the six mouse AHC mAbs. 

The binding capacity of different AHC immobilized sensor surfaces 

was assessed by injecting varying concentrations of hIgG1, hIgG2, hIgG4 
or hIgG4P (0.1, 0.5, 2, 10 μg/mL) for 3 min and the stability of the 
captured hIgGs was monitored for 10 min. Fig. 5 shows the real-time 
binding sensorgrams of different hIgG subclasses binding to AHC sur
faces, and the observed capture levels are reported in Table 5. All three 
goat AHC pAb surfaces exhibited similar hIgG capture profiles; highest 
binding response was observed for hIgG1 followed by hIgG2, hIgG4 and 
hIgG4P. Injection of 10 μg/mL hIgG1 almost saturated the surface at 
~1300–1500 RU, while binding responses of ~836–966 RU was 
observed for hIgG4P. The shape of the binding sensorgrams for 2 μg/mL 
hIgG injection were non-linear, while linear binding curves were 
observed for 0.5 μg/mL and 0.1 μg/mL hIgG concentrations (Supple
mentary Fig. 1). 

In contrast, more than 2.5-fold higher binding responses were 
detected for all six mouse AHC mAb surfaces at 10 μg/mL of hIgG. 
REGN2567 and REGN2681 surfaces showed the highest binding activity 
(~3800–4600 RU), while the REGN7943 surface had the lowest binding 
activity (~3200–3800 RU). The remaining three mouse AHC mAb sur
faces (REGN7779, REGN7941 and REGN7942) demonstrated similar 
binding activity. Between different hIgG subclasses, highest binding was 
observed for hIgG1 followed by hIgG2, hIgG4 and hIgG4P; similar to the 
goat AHC pAb surfaces. The hIgG binding sensorgrams were mostly 
linear, even at 10 μg/mL, suggesting that all six mouse AHC mAb sur
faces have the capacity to capture more than 4500 RU of hIgG. It was 
intriguing that even at such high capture levels all captured hIgGs were 
very stable, with no noticeable drop in the binding response during the 
10 min dissociation phase. The hIgG binding to all six mouse AHC mAb 
surfaces at 2 μg/mL were similar to 10 μg/mL hIgG captured on the three 
goat AHC pAb surfaces. However, unlike the saturation observed for the 
goat AHC pAb surfaces at 10 μg/mL hIgG (~1300–1500 RU); the shape 
of the sensorgrams for 2 μg/mL hIgG binding to different mouse AHC 
mAb surfaces was linear; suggesting that higher binding can be achieved 
with extended injection times. At 0.5 μg/mL hIgG; ~1.5-2-fold higher 
binding was detected for all six mouse AHC mAb surfaces, while at 0.1 
μg/mL hIgG the three goat AHC pAb and six mouse AHC mAb surfaces 
showed comparable binding responses. These data show that all six 
mouse AHC mAb surfaces presented in this study have much higher hIgG 
binding capacity compared to the goat AHC pAb surfaces and exhibit 
sensitivity similar to the three goat AHC pAb surfaces at 0.1 μg/mL hIgG 
concentration. Such binding properties will not only allow capturing 
high density hIgG; required for the characterization of small Ags with 
molecular weights less than 1 kD but will also enable the kinetic 
screening of unpurifed mAb in CM with low expression levels. 

The ability for AHC mAbs to reproducibly capture different hIgG 
subclasses following multiple capture-regeneration cycles was next 
examined. Our group routinely performs capture kinetic assays at 25◦C 
and at physiological temperature (37◦C) and we typically observe loss in 
the binding activity of all three goat AHC pAb surfaces at 37◦C, but not 
at 25◦C. We understand that surface regeneration performed at higher 
temperatures is typically more abrasive and hence we opted to assess 
hIgG capture reproducibility at 37◦C. For a typical capture kinetic assay, 
we aim to achieve 30–100 RU of maximum binding response (Rmax) by 
capturing 50 RU to 600 RU of hmAbs binding to Ag with molecular 
weights ranging from 150kD to 5kD, respectively. Therefore, a density of 
~600–650 RU was selected to assess capture reproducibility of different 
mouse AHC mAb surfaces. Moreover, to add rigor in our assessment of 
AHC mAb surfaces, we decided to examine hIgG capture reproducibility 
for over 300 capture-regeneration cycles. Fig. 6 shows the bar graph of 
the average capture levels of hIgG1, hIgG2, hIgG4 or hIgG4P from over 
300 capture-regeneration cycles while their respective real time binding 
sensorgrams are provided in Supplementary Fig. 2. No change in the 
binding activity was observed for any mouse AHC mAb surfaces even 
after 300 surface regenerations at 37◦C. 

Based on the data presented, all six mouse AHC mAbs reported in this 
study showed very similar binding profiles and exhibit properties su
perior to the three goat AHC pAbs – (i) specifically bind to the Fc region 

Table 4 (continued ) 

IgG 
Variant 
# 

hIgG 
Subclass 

Details of 
hIgG 
Variants 

Variant 
Abbr. 

Function Reference 

bispecific 
antibody and 
increased 
FcRn binding 
affinity for 
extended PK 

mAb- 
43 

S228P, 
E233G, 
F234G, del 
(L235), 
M252Y, 
S254T, 
T256E 

IgG4P− GG +

YTE 
Reduced 
FcγR binding 
affinity 
resulting in 
reduced 
effector 
function and 
increased 
FcRn binding 
affinity 
resulting in 
extended PK 

[19, 
25–28]  
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Fig. 3. Binding of different AHC antibodies to six representative hmAb variants. Different goat AHC pAbs or mouse AHC mAbs were captured at a very low density (3–7 RU) using mouse anti-goat Fc mAb or rabbit 
anti-mouse Fc pAb surfaces, respectively. Different concentrations of hIgG variants (serially diluted by three-fold) were later injected for 3 min followed by a 20 min dissociation time. Sensorgrams for seven of the 43 
hIgG variants listed in Table 4 are shown: (A) mAb-1, (B) mAb-2, (C) mAb-6, (D) mAb-10, (E) mAb-11, (F) mAb-29, or (G) mAb-31. The mAbs are either expressed as a hIgG1 (A–E) or as a hIgG4 (F–G). The real time 
binding sensorgrams (shown in black) represent duplicate injections of each hIgG concentration, while the fits generated by globally fitting the binding sensorgrams using 1:1 binding model with mass transport 
limitation is shown as red lines. The highest hIgG concentration used to fit the data is provided and the results of the kinetic analyses are listed in Table 3. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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of a diverse set of hIgG variants with high affinity, (ii) sensor surfaces 
immobilized with AHC mAb show higher hIgG binding capacity and 
binding sensitivity to capture hIgG at 0.1 μg/mL concentration, (iii) 
reproducibly capture ~600–650 RU of hIgG even after 300 capture- 
regeneration cycles at 37◦C. However, among all six mouse AHC 
mAbs, REGN7942 and REGN7943 showed the best overall binding to 
different hIgG variants; sub-nanomolar affinity with slow dissociation 
rates (t½ values ranging from 51–913 min and 40–442 min, respectively) 
(Supplementary Table 3) and we therefore selected REGN7942 and 
REGN7943 for further evaluation as capture reagents. 

It has been reported that the negatively charged carboxyl groups in 
the dextran matrix of a CM5 sensor chip can adversely affect the results 
of kinetic assays performed on an optical biosensor and it is recom
mended to perform binding kinetic studies on CM4 and C1 sensor chips 
which have fewer carboxyl groups [40]. In comparison to a CM5 sensor 
chip, the dextran surface of a CM4 sensor chip contains approximately 
70% fewer carboxyl groups; while the planar C1 sensor chip lacks the 
dextran layer and contains 90% fewer carboxyl groups [40]. Proteins are 
typically immobilized onto the carboxyl group of a Biacore chip and as a 
result the protein immobilization levels are typically proportional to the 
number of carboxyl groups (CM5 > CM4 > C1). Therefore, in order to 
allow the characterization of mAb binding over a wide range of Ag 
molecular weights (>5 kD), a high hIgG binding capacity for the AHC 
antibody immobilized surface would be preferred, especially for the C1 
sensor chip. 

Binding studies similar to Fig. 5 were performed on CM4 and C1 
sensor chips by individually immobilizing REGN7942, REGN7943 or 
each of the three goat AHC pAbs on different sensor surfaces. The 
standard EDC/NHS surface chemistry was performed and a 10 min in
jection of 25 μg/mL of AHC antibodies yielded immobilization levels of 
approximately 4000–5000 RU and 1000 RU on a CM4 and C1 sensor 
chips, respectively. Varying concentrations of hIgG1, hIgG2, hIgG4 or 
hIgG4P (0.1, 0.5, 2, 10 μg/mL) were injected for 3 min with a 10 min 

dissociation phase and the average binding responses of four separate 
injections are shown in Fig. 7, while their respective binding responses 
(± standard deviation) are provided in Supplementary Table 4. Similar 
to the CM5 sensor chip, both REGN7942 and REGN7943 surfaces 
exhibited the highest hIgG binding capacity and approximately 
2500–3500 RU and 750–800 RU of hIgG bound to CM4 and C1 sensor 
surfaces, respectively. The goat AHC pAb-2 surface continued to exhibit 
the lowest hIgG binding response with a capacity of around 270–560 RU 
and 130–190 RU on a CM4 and C1 sensor surface, respectively. Both 
goat AHC pAb-1 and goat AHC pAb-3 surfaces showed similar binding 
capacity and binding responses of 500–1000 RU and 170–350 RU were 
observed on CM4 and C1 sensor surfaces, respectively. All hIgGs bound 
to the three goat AHC pAb immobilized CM4 surfaces with excellent 
baseline stability and no dissociation from any surfaces was observed 
during the 10 min dissociation phase (Supplementary Fig. 3). 
Conversely, the same three goat AHC pAbs once immobilized on the C1 
sensor surface displayed noticeable hIgG dissociation, particularly at 2 
μg/mL and 10 μg/mL hIgG concentrations (Fig. 8). Between the different 
hIgGs included in the study, hIgG1 was the most stable captured surface 
followed by hIgG2, while the dissociation of hIgG4 and hIgG4P were 
comparable. The hIgG dissociation rate at 0.5 μg/mL seemed to be 
slower than 2 μg/mL and 10 μg/mL concentrations while the hIgG 
binding at 0.1 μg/mL concentration was most stable. Such binding 
profiles would limit the utility of the goat AHC pAb surfaces to capture at 
most 80 RU of mAb which could be a challenge to characterize mAb 
binding to a 5kD antigen (Rmax of less than 5 RU) especially for high 
affinity interactions exhibiting slow dissociation rate constants (kd < 5 
× 10− 5 s− 1). In contrast, 750–800 RU binding levels were observed on 
REGN7942 and REGN7943 immobilized C1 surfaces which is almost 
four times the binding response observed for the goat AHC pAb surfaces. 
It was also encouraging to discover that even at such capture densities, 
all hIgGs were stably captured onto REGN7942 and REGN7943 immo
bilized C1 surfaces with no drop in the binding response during the 10 

Fig. 4. Comparison of binding kinetic data performed on six mouse AHC mAbs and three goat AHC pAbs for binding to three wild-type hIgG and 43 
different hIgG variants. The scatter plot shows (A) ka, (B) kd, (C) KD, (D) t½ values of different AHC antibodies binding to wild-type hIgG1 ( ), hIgG2 ( ), hIgG4 ( ), 
or different variants of hIgG1 ( ) or hIgG4 ( ). 
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Fig. 5. Binding capacity of different AHC capture antibody surfaces on a CM5 sensor chip. Approximately 10,000–12,000 RU of different AHC antibodies were individually immobilized on different surfaces of a 
CM5 sensor chip. Varying concentrations of (A) hIgG1, (B) hIgG2, (C) hIgG4, or (D) hIgG4P were injected for 3 min followed by a 10 min dissociation phase. Binding sensorgrams are color coded based on the injected 
hIgG concentrations and an overlay of four replicate injections for each hIgG concentration is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

V. Kam
at et al.                                                                                                                                                                                                                                  



Analytical Biochemistry 640 (2022) 114455

13

min dissociation phase (Fig. 8). 
Based on these exciting binding capacity data, we expanded the 

scope of the current study and investigated the long term capture sta
bility of the REGN7942 and REGN7943 immobilized surfaces. The CM5, 
CM4 and C1 sensor surfaces were individually immobilized with 
REGN7942 and REGN7943 and the results of long term capture stability 
were compared with the three goat AHC pAb surfaces. Since similar 
profiles were observed for REGN7942 and REGN7943 binding to 
different hIgG subclasses and the in-house antibodies are typically 
expressed as either hIgG1 or hIgG4P, we opted to only include hIgG1 and 
hIgG4P in the long term capture stability study. We were only able to test 
capture stability for 10,000 s (2 h and 47 min), as it is the longest 
allowable dissociation time for the “analyte” injection command on the 
Biacore 8k biosensor. Around 400–500 RU of hIgG1 or hIgG4P were 
captured on CM5 and CM4 immobilized surfaces but only 150–200 RU 
density of hIgG was captured on C1 chip due to the significantly reduced 
binding capacity for the goat AHC pAb surfaces. Unfortunately, since the 
hIgG binding capacity for the goat AHC pAb-2 immobilized C1 surface 
was much lower than the other two goat AHC pAbs, the long term 

stability for the goat AHC pAb-2 immobilized C1 surface was tested only 
at approximately 100 RU hIgG capture level. The hIgG1 or hIgG4P 

concentrations were empirically determined to achieve desired capture 
levels and an overlay of the binding sensorgrams from at least three 
separate injections is provided in Fig. 9. All five AHC antibody surfaces 
(REGN7942, REGN7943 and three goat AHC pAbs) exhibited excellent 
baseline stability on both CM5 and CM4 sensor chips during the 10,000 s 
dissociation phase. However, none of the goat AHC pAb surfaces stably 
captured any hIgG on the C1 sensor chip, which was not surprising 
especially based on the binding capacity data shown in Fig. 8. A gradual 
dissociation of hIgG1 was observed and approximately 20–30% of 
captured hIgG1 dissociated during the 10,000 s dissociation phase. The 
capture stability for hIgG4P was even more inferior with an approxi
mately 50% drop in capture level within 20 min of dissociation. 

Conversely, both REGN7942 and REGN7943 immobilized C1 sensor 
surfaces stably captured both hIgG1 and hIgG4P without any noticeable 
drop in the binding response during the 10,000 s dissociation phase. To 
further push the experimental limits and add rigor to our assessment, we 
repeated the same long term stability study by capturing 500 RU of hIgG 
on the REGN7942 and REGN7943 surfaces which would allow a fair 
comparison of the C1 stability results with those generated on the CM5 
and CM4 sensor chips. Even at such high capture levels, no drop in the 
hIgG binding response was observed and all four replicate injections 
overlapped (Supplementary Fig. 4). This is an extremely important 
finding as 500 RU mAb capture density would typically be required to 
characterize binding of an Ag with a molecular weight of 5kD or less 
(Rmax <30 RU), which would be challenging for mAb density of less 
than 80 RU (Rmax <5 RU); the stable mAb capture level observed for all 
three goat AHC pAb surfaces. 

3.5. Capture kinetic analyses performed using REGN7942 and 
REGN7943 surfaces are in concordance with the three goat AHC pAb 
surfaces 

Our data showed that REGN7942 and REGN7943 had faster disso
ciation rates for certain Fc variants, especially mAb-11 (M252Y, V308P, 
N434Y) as reported in Supplementary Table 3. However, the t½ values 
for binding to this Fc mutant (51 min and 40 min for REGN7942 and 
REGN7943, respectively) were comparable to the t½ values measured for 
goat AHC pAbs binding to canoncical hIgGs. To ensure that the results of 
capture kinetic analyses performed using REGN7942 and REGN7943 
immobilized surfaces are not affected by such variants, two hmAbs that 

Table 5 
Binding of varying concentrations of hIgG1, hIgG2, hIgG4 or hIgG4P to different AHC antibody immobilized surfaces. The hIgG binding levels reported in the table are 
the average of four separate injections ± standard deviation.   

hIgG1 Binding (RU) hIgG2 Binding (RU) hIgG4 Binding (RU) hIgG4P Binding (RU) 

AHC 
Surface 

0.1 
μg/ 
mL 

0.5 
μg/ 
mL 

2 μg/ 
mL 

10 μg/ 
mL 

0.1 
μg/ 
mL 

0.5 
μg/ 
mL 

2 μg/ 
mL 

10 μg/ 
mL 

0.1 
μg/ 
mL 

0.5 
μg/ 
mL 

2 μg/ 
mL 

10 μg/ 
mL 

0.1 
μg/ 
mL 

0.5 
μg/ 
mL 

2 μg/ 
mL 

10 μg/ 
mL 

Goat AHC 
pAb-1 

64 ±
0.6 

225 
± 1.3 

637 ±
8.1 

1388 
± 38.9 

63 ±
0.3 

209 
± 0.5 

550 ±
2.5 

1157 
± 12.3 

53 ±
0.2 

193 
± 1.2 

504 ±
3.7 

1079 
± 17.5 

50 ±
0.3 

174 
± 0.4 

448 ±
2.3 

944 ±
14.1 

Goat AHC 
pAb-2 

71 ±
0.7 

246 
± 1.6 

685 ±
10.6 

1518 
± 55.0 

70 ±
0.3 

233 
± 0.5 

606 ±
2.0 

1284 
± 8.1 

53 ±
0.2 

190 
± 1.3 

504 ±
4.3 

1118 
± 23.9 

49 ±
0.3 

169 
± 0.4 

441 ±
2.4 

966 ±
16.3 

Goat AHC 
pAb-3 

71 ±
0.5 

254 
± 2.1 

647 ±
7.9 

1316 
± 40.9 

66 ±
0.8 

223 
± 1.0 

531 ±
3.2 

1045 
± 14.0 

57 ±
0.1 

196 
± 0.8 

468 ±
2.0 

942 ±
12.6 

56 ±
0.4 

180 
± 0.9 

420 ±
2.2 

836 ±
8.5 

REGN2567 94 ±
0.2 

413 
± 2.0 

1572 
± 7.5 

4571 
± 41.7 

100 
± 0.1 

443 
± 0.2 

1627 
± 1.5 

4200 
± 8.2 

96 ±
0.9 

418 
± 1.6 

1546 
± 5.9 

4176 
± 6.2 

96 ±
0.2 

392 
± 1.8 

1420 
± 2.9 

3805 
± 5.3 

REGN2681 79 ±
0.3 

352 
± 1.9 

1383 
± 11.3 

4586 
± 35.5 

85 ±
0.1 

382 
± 0.3 

1462 
± 1.9 

4296 
± 7.9 

78 ±
0.4 

355 
± 0.9 

1359 
± 2.6 

4210 
± 4.8 

78 ±
0.5 

327 
± 2.1 

1218 
± 6.9 

3807 
± 7.3 

REGN7779 81 ±
0.2 

356 
± 1.4 

1322 
± 9.3 

4204 
± 32.9 

86 ±
0.1 

380 
± 0.2 

1360 
± 1.1 

3935 
± 7.1 

75 ±
0.4 

335 
± 0.5 

1206 
± 1.3 

3675 
± 3.3 

73 ±
0.5 

305 
± 1.8 

1073 
± 5.6 

3262 
± 6.5 

REGN7941 77 ±
0.1 

344 
± 1.1 

1296 
± 14.7 

4299 
± 37.4 

85 ±
0.2 

376 
± 0.2 

1393 
± 0.7 

4102 
± 6.0 

77 ±
0.3 

353 
± 1.8 

1312 
± 1.8 

4061 
± 7.8 

76 ±
0.4 

328 
± 2.4 

1202 
± 7.8 

3657 
± 10.6 

REGN7942 79 ±
0.1 

355 
± 1.1 

1341 
± 19.6 

4250 
± 45.4 

87 ±
0.1 

388 
± 0.2 

1430 
± 0.9 

4031 
± 9.1 

79 ±
0.2 

364 
± 1.5 

1347 
± 3.1 

4003 
± 11.1 

80 ±
0.3 

338 
± 3.1 

1223 
± 7.9 

3601 
± 12.0 

REGN7943 73 ±
0.1 

329 
± 2.0 

1243 
± 15.5 

3820 
± 26.3 

80 ±
0.2 

361 
± 0.7 

1320 
± 1.0 

3588 
± 5.9 

72 ±
0.1 

337 
± 0.7 

1239 
± 4.6 

3592 
± 9.8 

74 ±
0.3 

312 
± 2.5 

1115 
± 9.7 

3223 
± 6.9  

Fig. 6. Reproducibility of hIgG captured on six mouse AHC mAb surfaces 
following multiple capture-regeneration cycles. 600–650 RU of hIgG1, 
hIgG2, hIgG4 or hIgG4P was captured on a CM5 sensor chip individually 
immobilized with six different mouse AHC mAbs at 37◦C followed by surface 
regeneration using a 4 s injection of 20 mM phosphoric acid. The reproduc
ibility of hIgG capture levels was assessed by running more than 300 capture- 
regeneration cycles and the average capture level is plotted 
(±standard deviation). 
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bind discrete Ags with high affinity were expressed as multiple hIgG 
variants and their Ag binding kinetics were determined. The hmAb-1 
through hmAb-15 bind a 21.9kD Ag (Ag-1), while hmAb-16 through 
hmAb-27 bind to a 74.7kD Ag (Ag-2). Both Ags are soluble targets and 
the details of hmAbs along with the 27 different hIgG variants (3 wild- 
type and 24 mutants) tested are provided in Table 6. 

The kinetics of Ag-1 and Ag-2 binding to their respective hmAbs 
expressed as canonical hIgGs and selective hIgG variants were first 
characterized using the three goat AHC pAb surfaces. The binding of Ag- 
1 to hmAb, expressed as conventional hIgGs (hIgG1, hIgG2 and hIgG4) 
or hIgG4P, and Ag-2 binding to hmAb, expressed as hIgG4P, were 
included in the study. Our data showed that hIgG1 expressed with 
M252Y, V308P, N434Y variant profoundly impacted the binding to the 
six mouse AHC mAbs (a 3-10-fold faster dissociation rate), but not to any 
of the goat AHC pAbs (Table 3). We therefore used goat AHC pAb cap
ture surfaces to characterize Ag-2 binding to hmAb expressed with this 
specific variant, so that we could account for any possible discrepancies 
in the measurement of the hmAb-Ag interactions. The ka, kd, and KD 
values measured for these hmAbs using goat AHC pAb surfaces were 
later compared to those determined for Ag binding to hmAb expressed as 
27 different hIgG variants using REGN7942 and REGN7943 capture 
surfaces. 

Around 90 RU and 35 RU of hmAb binding to Ag-1 and Ag-2, 
respectively, were captured on different goat AHC pAb surfaces and 
varying concentrations of Ag-1 or Ag-2 (three-fold serial dilution) were 
injected for 3 min with a 15 min of dissociation phase. The results of the 
kinetic analyses are provided in Table 7 and the real time binding sen
sorgrams with the global fits are shown in Fig. 10. The hmAbs specific to 
Ag-1 or Ag-2 bound with a KD of 0.7 nM and 1.1 nM, respectively. No 
significant difference in the kinetic values was observed for Ag-1 binding 
to hmAb expressed as hIgG1, hIgG2, hIgG4 or hIgG4P. Similarly, binding 

kinetic values measured for Ag-2 binding to hmAb expressed as hIgG4P 

or as hIgG1 expressed with M252Y, V308P, N434Y variant were also in 
concordance. 

We next performed capture kinetic analyses using REGN7942 and 
REGN7943 surfaces using all 27 variants of hmAbs to examine their 
binding to their respective Ag. The results of Ag-1 or Ag-2 binding to 
hmAbs expressed as hIgG1, hIgG2, hIgG4, hIgG4P and as hIgG1 
expressed with M252Y, V308P, N434Y variant are provided in Table 7, 
while their real time binding sensorgrams are shown in Fig. 10. Sup
plementary Table 5 provides the results of hmAb-Ag capture kinetic 
assays for the entire set of 27 hmAbs, while Supplementary Fig. 5 shows 
their affinity isotherm plot (ka vs kd). The binding kinetic values 
generated using REGN7942 and REGN7943 surfaces were in concor
dance with the values measured on the goat AHC pAb surfaces. None of 
the hIgG variants affected the results of the kinetic analyses and less than 
two-fold difference in the ka, kd, and KD values were observed for both 
Ag-1 and Ag-2. 

We previously reported that the capture kinetic analyses performed 
on six picomolar affinity hmAbs using a commercial mouse AHC mAb 
surface measured up to 14-17-fold weaker binding affinities compared 
to goat AHC pAb surfaces [10]. Four out of the six picomolar affinity 
hmAbs binding to 14.8kD, 17.9kD, 27.7kD, and 57.8kD Ags that were 
characterized using mouse AHC mAb surfaces generated binding affin
ities that were more than four-fold weaker than those measured with the 
goat AHC pAb surfaces. To investigate whether REGN7942 and 
REGN7943 surfaces could reliably determine the ka, kd and KD values of 
hmAb-Ag interactions, we repeated capture kinetic analyses on these 
four picomolar hmAbs using REGN7942, REGN7943 and the three goat 
AHC pAb surfaces. Similar levels of hmAb were captured on different 
AHC antibody surfaces, followed by the injection of varying concen
trations of specific Ag (serially diluted by three-fold) for 3 min. As 

Fig. 7. Binding capacity of REGN7942, REGN7943 and the three goat AHC pAbs immobilized on CM5, CM4 and C1 sensor chips. REGN7942, REGN7943 or 
the three goat AHC pAbs were individually immobilized on different surfaces of CM5, CM4 and C1 sensor chips at a density of 10000–12000 RU, 4000–5000 RU and 
1000 RU, respectively. Varying concentrations of hIgG1, hIgG2, hIgG4 or hIgG4P (0.1, 0.5, 2, 10 μg/mL) were injected for 3 min with a 10 min dissociation phase. An 
aveage of four replicate injections for each hIgG concentration is plotted (±standard deviation). 
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performed previously, Ag dissociation was monitored for 1 h to ensure 
that at least a 5% drop in the binding response was observed. Results of 
the kinetic analyses performed on the four picomolar affinity hmAb-Ag 
interactions are provided in Table 8 and the real time binding sensor
grams with global fits are shown in Fig. 11. 

As reported previously [10], the kinetic values measured for all four 
picomolar affinity hmAbs were comparable between the three goat AHC 
pAb surfaces and the KD values measured for hmAb binding to 14.8kD, 
17.9kD, 27.7kD, and 57.8kD Ag were 33–47 pM, 113–138 pM, 44–51 
pM, and 57–64 pM, respectively. The binding kinetic values determined 
in this study on the Biacore 8k biosensor (Table 8) were also comparable 
to the values determined previously using the Biacore 4000 biosensor 
[10], supporting that the binding kinetic assays performed on different 
SPR biosensors generate similar results. It was encouraging to see that 
hmAb-Ag interactions characterized on REGN7942 and REGN7943 
surfaces yielded ka, kd, and KD values within two-fold of the values 
measured using the three goat AHC pAb surfaces. Collectively, our re
sults show that both REGN7942 and REGN7943 are ideal AHC capture 
reagents exhibiting properties superior to the three goat AHC pAbs 
included in this study and the results of the capture kinetic analyses 
performed on the label-free biosensor using these capture surfaces are in 
concordance with the data generated using the three goat AHC pAb 
surfaces. 

4. Discussion 

We previously reported that the commonly used commercial re
agents for performing capture kinetic analyses on a label-free optical 
biosensor, such as Protein A, Protein G, Protein A/G, Protein L and a 
mouse AHC mAb can generate unreliable ka, kd, and KD values of hmAb- 
Ag interactions [10]. Instead, high affinity, Fc specific antibodies, such 
as the three goat AHC pAbs, are the preferred reagents to generate 
reliable binding kinetic values. Although all three goat AHC pAbs pro
vide reasonable options for capturing hmAbs, they present several 
challenges. Surfaces immobilized with any of the three goat AHC pAbs 
exhibit a low binding capacity and at least a 3 min injection of 2 μg/mL 
of hIgG is required to achieve capture levels of approximately 600 RU on 
a CM5 chip. The hIgG binding capacity is also significantly reduced on a 
C1 sensor chip and a 3 min injection of 10 μg/mL hIgG only yielded 
170–350 RU of binding response (Fig. 7). Moreover, the observed poor 
hIgG capture stability, especially for IgG4P which showed an almost 
50% drop in capture levels during the first 20 min of dissociation phase, 
make these goat AHC pAbs less favorable as capture reagents for per
forming capture kinetic analyses on a C1 sensor chip (Fig. 9). These 
binding profiles can potentially limit the utility of these surfaces to 
perform high throughput capture kinetic screening of (i) mAbs in CM for 
low expressing clones and/or (ii) mAbs that bind Ags with molecular 
weight less than 5kD and/or (iii) mAbs binding to Ag using a C1 sensor 

Fig. 8. Binding capacity of REGN7942, REGN7943 and the three goat AHC pAb surfaces on a C1 sensor chip. Approximately 1000 RU of REGN7942, 
REGN7943 or the three goat AHC pAbs were individually immobilized on different surfaces of a C1 sensor chip. Varying concentrations of (A) hIgG1, (B) hIgG2, (C) 
hIgG4, or (D) hIgG4P were injected for 3 min followed by a 10 min dissociation phase. Binding sensorgrams are color coded based on the hIgG concentrations and an 
overlay of four replicate injections for each hIgG concentration is shown. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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chip to minimize matrix-mediated artifacts [11,40,41]. Additionally, 
surfaces derivatized with these goat AHC pAbs exhibit a loss in their 
binding activity following multiple regenerations at physiological tem
peratures. Although we found that all three goat AHC pAb surfaces 
reproducibly captured hIgGs at 25◦C over multiple regeneration cycles, 
raising the temperature to 37◦C typically dropped capture levels by 
~40–50% after 70 regeneration cycles, especially for hmAbs expressed 
as hIgG4P (data not shown). To address this limitation, multiple regen
eration conditions (different regeneration buffers and/or injection 
times) were screened but we were unable to identify an optimum con
dition that retains the binding activity of the goat AHC pAb surfaces at 
37◦C. The polyclonal nature of these goat AHC antibodies and the 
inevitable lot-to-lot variability in their binding properties makes it even 
more challenging to standardize the regeneration condition. We there
fore pursued developing a reliable in-house AHC mAb that could be used 

for performing capture kinetic assays to support the drug discovery of 
Regeneron Pharmaceuticals. Moreover, since mAbs are clonal, different 
lots of AHC mAbs are expected to exhibit identical binding properties, 
resulting in a more consistent results of the capture kinetic assays, 
irrespective of the lot used. 

Several mAb clones binding to hIgG with diverse properties and 
specificities were generated in-house to develop different immunoassays 
and the six mouse AHC mAbs used in this study were selected based on 
their high affinity and binding specificity to the Fc region of different 
hIgG subclasses (hIgG1, hIgG2, and hIgG4). Extensive binding studies 
were performed to characterize these six mouse AHC mAbs and their 
utility as hIgG capture reagents in label-free binding assays was 
assessed. Our data showed that all six mouse AHC mAbs bind specifically 
to the Fc region of hIgG with no cross-reactivity to hFab, rabbit IgG, 
cynomolgus monkey IgG and rhesus monkey IgG. Moreover, they bind 

Fig. 9. Binding sensorgrams showing long term stability of hIgG1 or hIgG4P captured on a CM5, CM4 or C1 sensor chip immobilized with REGN7942, 
REGN7943 or the three goat AHC pAbs. CM5, CM4 or C1 sensor chips were individually immobilized with REGN7942, REGN7943 or each of the three goat AHC 
pAbs at a density of approximately 10000–12000 RU, 4000–5000 RU and 1000 RU, respectively. Around 500 RU (CM5 chip), 350–450 RU (CM4 chip) or 100–200 
RU (C1 chip) of hIgG1 (A, C, E) or hIgG4P (B, D, F) were captured on different AHC antibody surfaces and their dissociation in HBS-ET running buffer was monitored 
for 10,000 s (2 h and 47 min). An overlay of at least triplicate injections of hIgG is shown. 
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with high affinity to 43 different hIgG variants; commonly cited in the 
literature to have modified antibody effector functions and/or PK pro
file. Different Biacore sensor surfaces individually derivatized with these 
mouse AHC mAbs on a CM5 chip showed high hIgG binding capacity 
and are able to stably capture more than 4000 RU with no baseline drift 
as opposed to the saturation of the three goat AHC pAb surfaces at 
~1,500 RU. Moreover, the sensitivity to capture 0.1 μg/mL hIgG on a 
CM5 chip is comparable between the six mouse AHC mAb and the three 
goat AHC pAb surfaces. The AHC mAb surfaces reproducibly capture 
600–650 RU of hmAbs, even after 300 capture-regeneration cycles. 
Although all six AHC mAbs exhibit properties of an ideal capture reagent 

Table 6 
List of hmAbs binding to Ag-1 (21.9kD) or Ag-2 (74.7kD) expressed with 
different hIgG variants.  

hmAb 
# 

hIgG 
Subclass 

Ag Details Details of hIgG Variants Reference 

hmAb- 
1 

hIgG1 Ag-1 
(21.9kD) 

Wild-type  

hmAb- 
2 

H435R, Y436F [12] 

hmAb- 
3 

E233P, L234V, L235A, del 
(G236), H268Q, K274Q, 
Y296F, A327G, A330S, P331S 

[25–29, 
33] 

hmAb- 
4 

N297Q [34] 

hmAb- 
5 

N297D [34] 

hmAb- 
6 

hIgG2 Wild-type  

hmAb- 
7 

hIgG4 Wild-type  

hmAb- 
8 

S228P [25,26] 

hmAb- 
9 

S228P, E233P, F234V, 
L235A, del(G236) 

[25–28] 

hmAb- 
10 

E233P, F234V, L235A, del 
(G236) 

[27,28] 

hmAb- 
11 

S228P, E233P, F234V, 
L235A, del(G236), N297Q 

[25–28, 
34] 

hmAb- 
12 

S228P, E233G, F234G, del 
(L235), M252Y, S254T, 
T256E 

[19, 
25–28] 

hmAb- 
13 

S228P, E233G, F234G, del 
(L235) 

[25–28] 

hmAb- 
14 

S228P, E233P, F234V, 
L235A, del(G236), H435R, 
Y436F, L445P 

[12, 
25–28] 

hmAb- 
15 

S228P, E233G, F234G, del 
(L235) N297Q 

[25–28, 
34] 

hmAb- 
16 

hIgG1 Ag-2 
(74.7kD) 

M252Y, V308P, N434Y [17] 

hmAb- 
17 

M428L, N434S [18] 

hmAb- 
18 

H433K, N434F [16] 

hmAb- 
19 

H433K, N434F, H435R, 
Y436F 

[12,16] 

hmAb- 
20 

M252Y, N286E, N434Y [17] 

hmAb- 
21 

M252Y, N434Y [17] 

hmAb- 
22 

Knob: T366W & Hole: T366S, 
L368A, Y407V, H435R, 
Y436F 

[12,13] 

hmAb- 
23 

hIgG4 S228P [25,26] 

hmAb- 
24 

S228P, M428L, N434S [18,25,26] 

hmAb- 
25 

S228P, H433K, N434F [16,25,26] 

hmAb- 
26 

S228P, H433K, N434F, 
H435R, Y436F, L445P 

[12,16,25, 
26] 

hmAb- 
27 

S228P, M252Y, N286E, 
N434Y 

[17,25,26]  
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for performing kinetic assays on a label-free biosensor, only REGN7942 
and REGN7943 were selected for in-depth assessment of their utility as 
capture reagent to characterize hmAb-Ag interactions due to their 
overall higher binding affinity to different hIgG variants and longer t½ 
values. In contrast to the goat AHC pAbs, immobilization of REGN7942 
or REGN7943 on a CM4 or C1 chip allows stable capture of 500 RU of 
IgG1 and IgG4P with no drop in the binding response even after 10,000 s 
(Fig. 9 and Supplementary Fig. 4), further supporting the superiority of 
REGN7942 and REGN7943 as capture reagents compared to the three 
commercial goat AHC pAbs. This is an important finding, since it will 
allow characterization of mAb binding to a wide range of molecular 
weight Ags, irrespective of the sensor chips used, which would be 
difficult to achieve using any of the three goat AHC pAbs used in this 
study. 

The binding kinetic parameters for a total of 31 hmAbs, with binding 
affinities ranging from 40 pM to 1 nM measured using REGN7942 and 
REGN7943 immobilized surfaces are within two-fold of the values 
determined using the three goat AHC pAb surfaces. We understand that 
although a 5% reduction in the binding response was observed, an 

extended dissociation time would have been preferred to reliably 
characterize picomolar affinity hmAbs presented in Fig. 11; especially 
for hmAbs binding to 27.7kD and 57.8kD Ags. Additionally, a solution 
based binding affinity measurement would be a favored assay to validate 
the accuracy of the binding kinetic values generated on the SPR plat
form. We have previously characterized these hmAbs using KinExA and 
reported that the ka, kd, and KD values determined on Biacore 4000 were 
within six-fold of the KinExA data [10]. The purpose of including these 
four picomolar affinity hmAbs again in the current study was to verify if 
we see any discrepancies in the binding kinetic parameters measured 
between the three goat AHC pAb, REGN7942 and REGN7943 immobi
lized surfaces; as previously reported with the commercial mouse AHC 
mAb [10]. As such, extending the dissociation time for more than an 
hour would be beyond the scope of the current study. 

Characterization of Ag binding to picomolar and sub-picomolar af
finity mAbs, especially with the dissociation rate constants of less than 
10− 5 s− 1, is typically challenging on a SPR biosensor. Extended disso
ciation times of 2–4 h are typically required to observe Ag dissociation, 
which limits the utility of capture kinetics assay to screen such 

Fig. 10. Capture kinetic analyses performed on hmAb-Ag interactions expressed with canonical hIgG and selective hIgG Fc variantusing three goat AHC 
pAbs, REGN7942 or REGN7943 immobilized surfaces. Capture kinetic analyses was performed by capturing 90 RU or 35 RU of hmAb binding to (A–D) 21.9kD Ag 
or (E, F) 74.7kD Ag, respectively. The hmAbs, expressed as (A) hIgG1, (B) hIgG2, (C) hIgG4, (D, E), hIgG4P or (F) hIgG1 with M252Y/V308P/N434Y variant were 
captured over three goat AHC pAbs, REGN7942 or REGN7943 immobilized CM5 sensor surfaces. Different concentrations of respective Ags (serially diluted by three- 
fold) were later injected for 3 min followed by a 15 min of dissociation time. The real time binding sensorgrams (shown in black) represent duplicate injections for 
each Ag concentration while the fits generated by globally fitting the data using 1:1 binding model with mass transport limitation are shown as red lines. The highest 
Ag concentration used to fit the data is shown and Table 7 provides the results of the kinetic analyses. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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picomolar affinity mAbs. The baseline drift caused by the dissociation of 
captured mAb from the immobilized AHC surface and the experimental 
long-term noise during such extended dissociation can significantly 
impact the results of capture kinetic analyses of mAb-Ag interactions. 
Therefore, researchers prefer performing longer dissociation studies by 
covalently coupling the mAb to the sensor surface at low densities using 
different surface chemistries [40]. However, there are multiple chal
lenges with directly coupling the mAb to the sensor surface: (i) mAb 
coupling is typically performed in acidic pH to allow its 

pre-concentration into the dextran matrix and can potentially denature 
or deactivate the mAb, (ii) mAb may attach to the sensor surface in 
random orientations and in turn can affect Ag binding (iii) requires 
optimization of regeneration condition for each surface-linked mAb 
without affecting its binding activity, which can be challenging, (iv) new 
surfaces need to be derivatized for each mAb which limits the 
throughput capability and further extends the analysis time. In this 
embodiment we show that REGN7942 and REGN7943 are better AHC 
capture reagents than the three commercial goat AHC pAbs included in 
this study and can stably capture 500 RU of hIgG for 10,000 s without 
any drop in the capture level even on a C1 sensor chip. We therefore 
believe that REGN7942 and REGN7943 surfaces can overcome most of 
the challenges experienced during the characterization of such pico
molar affinity interactions and can be routinely used to screen mAbs. 
However, to reliably characterize picomolar affinity interactions with 
slow dissociation rates (kd < 10− 5 s− 1) and/or fast association rates (ka 
> 107 M− 1s− 1), we encourage everyone to adopt orthogonal solution 
based affinity measurements using the KinExA, GyroLab or Meso Scale 
Discovery (MSD) platforms, as performed previously [10,42–44]. Data 
generated using these orthogonal methods will reveal any unexpected 
inconsistencies in the SPR binding kinetic values and in turn will provide 
higher confidence in the accuracy of the ka, kd and KD values; especially 
for picomolar affinity mAbs. 

Our data demonstrate that both REGN7942 and REGN7943 are ideal 
AHC mAbs and can be routinely used to perform capture kinetic analyses 
on label-free biosensors to characterize mAbs with a wide range of 
binding affinities. Although the present study was initiated as an inter
nal assay development project to identify the best in-house AHC mAb for 
mAb screening, we wanted to share our findings with the scientific 
community and showcase the attributes of an ideal AHC mAb for reliable 
measurement of ka, kd, and KD values of mAb-Ag interactions on a label- 
free biosensor. Multiple AHC mAbs are currently available from various 
commercial vendors and we encourage everyone to adopt some of the 
assays presented in this study as guidelines for the identification of the 

Table 8 
Results of the capture kinetic analyses performed on four different picomolar 
affinity hmAbs using three goat AHC pAb, REGN7942, and REGN7943 capture 
surfaces.  

Ag Details Capture 
Surface 

ka (M-1s- 

1) 
kd (s-1) KD (pM) t½ (min) 

Ag-1 
(14.8kD) 

Goat AHC pAb-1 4.69 1.97 42.70 586 
Goat AHC pAb-2 4.60 2.20 47.80 525 
Goat AHC pAb-3 4.81 1.96 40.70 589 
REGN7942 4.16 1.96 47.10 589 
REGN7943 4.24 2.02 47.70 572 

Ag-2 
(17.9kD) 

Goat AHC pAb-1 6.54 7.44 113.76 155 
Goat AHC pAb-2 6.44 7.29 113.20 158 
Goat AHC pAb-3 5.49 7.57 137.89 153 
REGN7942 6.00 6.47 107.83 179 
REGN7943 5.79 6.56 113.30 176 

Ag-3 
(27.7kD) 

Goat AHC pAb-1 1.82 0.89 49.40 130 
Goat AHC pAb-2 1.97 1.00 50.70 116 
Goat AHC pAb-3 1.81 0.81 44.20 143 
REGN7942 2.74 1.04 38.10 111 
REGN7943 2.63 0.98 37.20 118 

Ag-4 
(57.8kD) 

Goat AHC pAb-1 1.93 1.20 62.30 963 
Goat AHC pAb-2 2.09 1.20 57.30 963 
Goat AHC pAb-3 1.73 1.10 63.60 1050 
REGN7942 2.43 1.19 49.10 971 
REGN7943 2.45 1.10 45.00 1050 

Values reported in the table are ka (x 105 M− 1s− 1), kd (x 10− 5 s− 1). 

Fig. 11. Capture kinetic analyses performed on four picomolar affinity hmAbs using three goat AHC pAb, REGN7942 or REGN7943 capture surfaces. Similar levels of 
hmAb binding to (A) 14.8kD, (B) 17.9kD, (C) 27.7kD, or (D) 57.8kD Ag were captured over three goat AHC pAb, REGN7942 or REGN7943 immobilized surfaces 
followed by the injection of different concentrations of their respective Ags (serially diluted by three-fold) for 3 min with an hour of dissociation phase. The real time 
binding sensorgrams (shown in black) represent at least duplicate injections for each Ag concentration while the fits generated by globally fitting the data using a 1:1 
binding model with mass transport limitation is shown as red lines. The highest Ag concentration used to fit the data is provided and the results of the kinetic analyses 
are provided in Table 7. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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best commercial AHC mAb for performing high throughput capture ki
netics assay. We hope our work will provide a benchmark for the 
identification of appropriate AHC mAb, prior to their use as capture 
reagents for performing capture kinetic analyses of mAb-Ag 
interactions. 
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