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Abstract

As antibodies continue to gain predominance in drug discovery and development pipelines, efforts 

to control and optimize their activity in vivo have matured to incorporate sophisticated abilities to 

manipulate engagement of specific Fc binding partners. Such efforts to promote diverse functional 

outcomes include modulating IgG-Fc affinity for FcγRs to alternatively potentiate or reduce 

effector functions, such as antibody-dependent cellular cytotoxicity and phagocytosis. While a 

number of natural and engineered Fc features capable of eliciting variable effector functions have 

been demonstrated in vitro and in vivo, elucidation of these important functional relationships has 

taken significant effort through use of diverse genetic, cellular and enzymatic techniques. As an 

orthogonal approach, we demonstrate use of FcγR as chromatographic affinity ligands to enrich 

and therefore simultaneously identify favored binding species from a complex mixture of serum-

derived pooled polycloncal human IgG, a load material that contains the natural repertoire of Fc 

variants and post-translational modifications. The FcγR-enriched IgG was characterized for 

subclass and glycoform composition and the impact of this bioseparation step on antibody activity 

was measured in cell-based effector function assays including Natural Killer cell activation and 

monocyte phagocytosis. This work demonstrates a tractable means to rapidly distinguish complex 

functional relationships between two or more interacting biological agents by leveraging affinity 

chromatography followed by secondary analysis with high-resolution biophysical and functional 

assays and emphasizes a platform capable of surveying diverse natural post-translational 

modifications that may not be easily produced with high purity or easily accessible with 

recombinant expression techniques.
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Introduction

Antibodies are a growing therapeutic class addressing a number of diseases including 

autoimmunity, cancer and pathogenic infection. While antigen binding is important for IgG 

efficacy, in vivo studies have also exposed the role of IgG-Fc engaging FcγR on immune 

effector cells to provide therapeutic benefit for a number of diseases (Ferrant et al. 2004, 

Hessell et al. 2007, Hessell et al. 2009, Abboud et al. 2010, Pal et al. 2013, DiLillo et al. 

2014). Notably, additional in vivo studies support a direct link between enhanced IgG-FcγR 

affinity and improved therapeutic efficacy (Cartron et al. 2002, Olinger et al. 2012, 

Bournazos et al. 2014, Varshney et al. 2014) revealing an opportunity to develop enhanced 

therapeutics through a comprehensive understanding of tunable IgG Fc features that 

modulate the IgG-FcγR interaction.

In humans, FcγRI, FcγRIIa, FcγRIIb, FcγRIIc, FcγRIIIa and FcγRIIIb are differentially 

expressed on immune cells including macrophages, neutrophils, and natural killer (NK) 

cells, which engage in variable effector functions such as antibody dependent cell-mediated 

cytotoxicity (ADCC), phagocytosis (ADCP) and virus inhibition (ADCVI) (recently 

reviewed(Boesch et al. 2015)). FcγRI, FcγRIIa (allotypes H/R131) and FcγRIIIa (allotypes 

V/F158) are activating receptors while FcγRIIb is an inhibitory receptor. FcγRIIc is an 

activating receptor with the extracellular domain identical to FcγRIIb and an intracellular 

domain identical to FcγRIIa. FcγRIIIb (allotypes NA1/NA2/SH), in contrast to the other 

FcγR, lacks an intracellular domain and can exhibit either activating or inhibitory behavior. 

Functional relationships between receptor engagement and cellular activity are sophisticated 

given FcγR are structurally diverse, have variable preferences for IgG subclasses and their 

expression profiles are cell type dependent. Additionally, the ratio of IgG crosslinking with 

activating versus inhibitory receptors on a single cell can potentiate the cellular activity and 

actuated effector function (Boruchov et al. 2005).

The specificity of IgG subclasses for each FcγR has been previously investigated using 

effector cells isolated from human blood (Vance et al. 1993), FcγR-transfected cell lines 

(Bruhns et al. 2009) and by surface plasmon resonance using recombinant FcγR 

extracellular domains against serum derived (Bruhns et al. 2009) or recombinant (Warncke 

et al. 2012) IgG subclasses. These studies have revealed that IgGs differentially bind FcγR. 

For instance, IgG2 lacks affinity for FcγRI and demonstrates weaker binding towards the 

FcγRIIa R131 versus H131 allotype (Warncke et al. 2012) while IgG1 and IgG3 exhibit 

preferential binding to FcγRIIIa (Vance et al. 1993). Beyond subclass, engineered cell lines 

have been used to probe glycoform specificity for FcγR where IgG-Fc glycans that lack 

Fucose (Shields et al. 2002, Shibata-Koyama et al. 2009) or contain a bisecting GlcNac 

(Umana et al. 1999), which exhibit improved binding towards FcγRIII, independent of 

subclass (Niwa et al. 2005). Antibodies with variable fucose and bisected glycan content 

have also been produced using cell culture additives (Kanda et al. 2007) or enzymatic 

techniques (Hodoniczky et al. 2005, Wei et al. 2008, Zou et al. 2011, Lin et al. 2015). 

Importantly, the differential binding of IgG subclasses and glycoforms to FcγR has shown a 

direct link between Fc features and biological activity in vitro; high affinity IgGs more 

effectively actuate ADCC (Umana et al. 1999, Shields et al. 2002, Niwa et al. 2005) and 

phagocytosis (Shibata-Koyama et al. 2009, Goh et al. 2011). Similar observations have been 
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made from associations with outcomes in vaccination, post-exposure treatment and disease 

pathogenesis studies in vivo (Olinger et al. 2012, Ackerman et al. 2013, Rombouts et al. 

2015).

As an alternative to genetic or cellular techniques to examine IgG-FcγR functional 

relationships, proteins with specificity towards IgG-Fc or Fc glycans have been immobilized 

on chromatography media and used as affinity ligands to enrich high affinity species, 

sometimes in combination with in vitro enzymatic techniques. Fc receptors such as protein 

A have been employed as affinity ligands to differentially separate IgG subclasses from 

serum derived IgG (Hjelm et al. 1972, Duhamel et al. 1979, Martin 1982); however, protein 

A does not have selectivity for IgG Fc glycans (Nose and Wigzell 1983). To separate IgGs 

by Fc glycoforms, researchers have employed carbohydrate-binding lectins to enrich IgG 

Fcs that are sialylated (Kaneko et al. 2006), fucosylated (Shinkawa et al. 2003, Tojo et al. 

2009) or mannosylated (Tojo et al. 2009). More recently, human FcγRIII and FcγRIIa-based 

affinity chromatography has demonstrated the ability to separate nonfucosylated or 

galactosylated IgG1 (Bolton et al. 2013, Dashivets et al. 2015, Thomann et al. 2015).

To expand on these previous studies employing genetic, cellular, enzymatic or purification 

strategies to control or enrich IgG-Fc features, we investigate the ability of all known human 

FcγR and their respective allotypes to simultaneously isolate high affinity subclasses and 

glycoforms from multi-donor pooled human serum IgG, a polyclonal starting material 

representative of the natural human Fc repertoire. The enriched material was further 

characterized for subclass and glycoform composition. To compare experimental results 

with expectations from binding models, we also utilized the Langmuir competitive binding 

model (Weber and DiGiano 1996, Mahamadi and Nharingo 2010) to calculate 

chromatographic enrichment factors and compare to our results as well as predict serum IgG 

subclass occupancy of FcγR on effector cells in vivo. Functional relationships of the load 

and FcγR-enriched IgG were examined by evaluating NK cell activation and monocyte-

mediated phagocytosis. These tests identified FcγRIII as the most effective separation ligand 

for enhancing these effector functions, an activity associated with its ability to enrich IgG3 

and nonfucosylated/bisected IgG-Fc glycoforms.

Materials and Methods

Protein expression and purification

Human FcγR expression vectors were prepared as previously described (Boesch et al. 

2014). HEK-293F cells were transfected with FcγR vectors using 25 kD branched PEI 

(Polyscience) and cultured for 7 days in Freestyle serum free media (Invitrogen) at 37°C 

with 8% CO2. Cells were separated by centrifugation and the supernatant filtered (Steritop 

Express, Millipore). The cell free broth was purified over a nickel charged Sepharose 4 Fast 

Flow column (GE) using an AKTA FPLC. The eluates were filtered (Steriflip, EMD-

Millipore), concentrated with a 10 kD membrane (Amicon Ultra-15, EMD-Millipore) and 

aggregates were removed with a Superdex 75 (GE) size exclusion chromatography (SEC) 

column.
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The VRC01 IgG1 wild type protein, the genetically aglycosylated N297Q mutant, the 

oligomannose/nonfucosylated Fc glycovariant, and subclass-switched variants were 

produced as previously described (Boesch et al. 2014, Brown et al. 2017). Protein A was 

used to purify IgG1, IgG2 and IgG4 and protein G for IgG3 using an AKTA FPLC (GE). 

The eluates were titrated with 1 M Tris pH 8.5 to neutralize the pH. The neutralized peaks 

were filtered (Steriflip, EMD-Millipore), concentrated with a 30 kD membrane (Amicon 

Ultra-15, EMD-Millipore) and aggregates were removed with a Sephacryl S-200/HR (GE) 

SEC column.

The pPPI4 vector encoding JR-FL SOSIP gp140 and the pcDNA3.1-Furin vector were kind 

gifts of Dr. Rogier Sanders (Binley et al. 2000, Sanders et al. 2000). The gp140 and furin 

vectors were co-transfected into HEK293F as described above. The soluble gp140 was 

purified over a custom affinity 5 ml NHS-activated Sepharose 4 Fast Flow chromatography 

column (GE) produced under the manufacturers recommendation by coupling 20 mg wild 

type VRC01 IgG1 to the resin for use as a functional gp140 affinity ligand. The VRC01 

column was loaded with cell free gp140 broth at neutral pH using an AKTA FPLC (GE). 

gp140 was eluted with 100 mM glycine pH 2.7 and neutralized with 1 M Tris pH 8.5. 

Column flow through was reloaded until no peak was visible by A280. The neutralized 

eluates were filtered (Steriflip, EMD-Millipore), concentrated with a 30 kD membrane 

(Amicon Ultra-15, EMD-Millipore) and aggregates were removed with a Sephacryl 

S-200/HR (GE) SEC column. After use the VRC01 affinity column was stored in PBS with 

20% ethanol at 4°C for up to 12 months without loss of activity.

Fc receptor affinity chromatography

1 or 5 ml NHS activated Sepharose 4 Fast Flow prepacked columns (GE) were produced 

under the manufacturers recommendations by coupling 1.75-4 mg of FcγR in PBS per ml of 

NHS resin. Each FcγR column was equilibrated with PBS. IgG from pooled human serum 

(Athens Research) was diluted to 1-2 mg/ml with PBS. 20 mg of IgG was loaded onto each 

FcγR column at a rate of approximately 1 ml/min. A wash with PBS was used to remove 

any weakly binding IgG. Tightly bound IgG was eluted from the columns using 100 mM 

glycine pH 3.0. The elution pools were neutralized with 1M MES at pH 8.5. The peaks were 

filtered (Steriflip, EMD-Millipore), concentrated with a 10 kD membrane (Amicon Ultra-15, 

EMD-Millipore) and buffer exchanged by concentration/dilution by five 15 ml washes using 

PBS. The aggregation state of FcγR load and eluates was analyzed using an SRT-150 

analytical SEC column (Sepax Technologies) on an HPLC system (Agilent Technologies) 

under the manufacturer’s recommended conditions. The FcγR I column lost binding activity 

after 1 cycle and was not used in further analysis. The other FcγR columns did not lose 

activity after 1 or more cycles. After use, FcγR columns were stored in PBS with 20% 

ethanol at 4 °C for up to 12 months without loss of activity.

IgG subclass characterization

A quantitative multiplexed bead-based assay was used to measure the concentration and 

proportion of each subclass in the FcγR column loads and eluates using an adaptation of a 

method described previously (Brown et al. 2012). Briefly, subclass specific capture 

antibodies (Southern Biotech: anti-IgG JDC-10, anti-IgG2 31-7-4, anti-IgG4 HP6025; 
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Invitrogen: anti-IgG1 A10630, anti-IgG3 053600) were coupled to magnetic fluorescent 

beads (Luminex). A master mix of subclass specific beads was prepared by combining 

individual bead sets to achieve a final count of 500 microspheres of each specificity in each 

well of a 384-well plate (Greiner). Sample was first added to the wells followed by the bead 

master mix for a total of 50 μl in PBS. The plate was covered, submerged in a sonicator for 

15 seconds and then incubated on a XYZ-plane plate shaker at room temperature for 2 hr. 

The plate was washed five times with 60 μl of PBS 0.05% tween-20 (PBS-T) (Thermo) 

using a plate washer (Biotek). Subclass specific anti-human IgG PE-conjugated detection 

antibody (Southern Biotech: anti-IgG 9040-09, anti-IgG1 9052-09, anti-IgG2 9070-09, anti-

IgG3 9210-09, anti-IgG4 9200-09) was diluted to 0.65 μg/ml and 40 μl was added to each 

well. The plate was covered, sonicated and incubated for 30 min at room temperature on a 

XYZ-plane plate shaker. The beads were washed fives times with PBS-T as before, and after 

the washes, the microspheres were resuspended in 35 μl of Luminex Sheath Fluid. The plate 

was covered, sonicated and placed in a Bio-plex array reader (FlexMap 3D, Bio-Plex 

Manager 5.0, Bio-Rad). The Median Fluorescence Intensity (MFI) of PE signal was 

determined for each bead set in each well. Background signal, defined as the average MFI 

observed for each microsphere set when incubated with detection reagent(s) in the absence 

of test antibody, was subtracted from the MFI of each sample. Individual IgG subclasses 

(Athens Research) were serially diluted to generate standard curves for calculating the 

subclass concentration from the original undiluted sample. Individual composition 

percentages were calculated by dividing an individual subclass concentration by the sum of 

all four subclass concentrations measured in a unique sample.

IgG-Fc glycan characterization

The Fc specific glycan composition was characterized using a method previously described 

(Mahan et al. 2015). Briefly, purified human IgG was digested into Fc and F(ab′)2 fragments 

using IdeS, (FabRICATOR, Genovis). Twenty micrograms of IgG at 1 mg/ml in PBS, was 

digested with enzyme under manufacturers recommendations. To separate the digested 

fragments, protein G magnetic beads (EMD-Millipore) were used to bind and enrich the Fc 

portions. F(ab′)2 and Fab fragments, remained in the supernatant, along with IdeS while the 

bead-bound fraction contained Fc and any incompletely digested IgG. Glycans were released 

from IgG-bound beads using enzymatic digestion with PNGaseF using the manufacturers 

instructions (New England Biolabs). Ice-cold ethanol was added to each to precipitate 

protein and separate released glycans. Plates were incubated in ethanol at −20 °C and 

precipitated proteins, and beads and were pelleted by centrifugation. Glycan containing 

supernatants were transferred and dried completely in a centrivap (Labconco) and stored at 

−20 °C until labeling. Thoroughly dried glycans were labeled by reductive amination using 

APTS (Life Technologies). Unreacted dye was removed using fresh P2 size-exclusion 

columns (Biorad) releasing labeled glycan in the flow-through. Glycans were stored at 4 °C 

until analysis on a DNA sequencer. Each sample was diluted in a 96-well PCR plate and 

loaded onto a 3130XL ABI DNA sequencer and run as previously described(Laroy et al. 

2006). Converted files were analyzed using MATLAB (The MathWorks, Inc.) to align peaks 

and calculate the area under the curve for each peak using a custom script. Calibration of the 

assay for proper peak identification was previously performed using glycan standards 
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(Prozyme) and controls with known compositions were run alongside unknown samples to 

ensure assay consistency.

Natural Killer cell degranulation

The NK cell activity of the IgG samples was assessed using a plate-based assay by an 

adaptation of previously described assays (Alter et al. 2004, Al-Hubeshy et al. 2011) where 

NK cell degranulation is measured by CD107a surface expression, a marker correlated with 

cytokine release and cytotoxic activity (Alter et al. 2004) and ADCC (Fischer et al. 2006, 

Chung et al. 2009). The NK-92 human NK cell line (NantKwest, formerly Conkwest) was 

cultured in tissue culture flasks at 37 °C 5% CO2, splitting the cells 1:5 every 3-4 days and 

maintaining the cells at 600,000 cell/ml or less using RPMI 1610 with L-glutamine 

(Corning) 2.5% horse serum (ATCC) 12.5% fetal bovine serum (Biowest) 10 IU/ml IL-2 

(AIDS Reagent Program) 1 mM sodium pyruvate (Corning) + 1x MEM nonessential amino 

acids (Corning) as culturing media. Sterile 96-well polystyrene plates (Costar) were coated 

overnight at 4 °C with FcγR column load and eluates starting at 3 μg/ml, or 5 μg/ml SOSIP 

gp140 in PBS. After coating, plates were washed 5 times with 250 ml of PBS in an 

automatic plate washer (Biotek), blocked with 250 μl of 1% BSA in PBS for 30 min at room 

temperature and washed another 5 times. 100 μl of cell culture media was added to FcγR 

column load/eluate plates and 100 μl of 3-0.01 μg/ml of VRC01 subclasses in cell culture 

media was added to the SOSIP gp140 coated plates. 100,000 NK-92 cells in 100 μl of cell 

culture media were added to each well. On each plate, four coated/blocked wells containing 

2.5 μg/ml PMA (Sigma-Aldrich) and 0.5 μg/ml ionomycin (Sigma-Aldrich) were used as 

positive controls and four coated/blocked wells containing no test IgG were used as negative 

controls. Additionally, 5 μl of Alexafluor-647 anti-human CD107a detection reagent 

(Southern Biotech) was added to each well. After incubation of the plates for 1 hr at 37 °C 

5% CO2, Brefeldin A (final concentration 10 μg/ml, Sigma-Aldrich) and mononensin 

(Golgistop, final concentration 6 μg/ml, Sigma-Aldrich) was added to each well. After 

incubation, cells were washed with cold PBS, centrifuged and resuspended in 100 μl of cold 

PBS, supplemented with 100 μl of Fix & Perm Medium A (Life Technologies), and 

incubated for 15 min. 50 μl of PBS with 5% FBS was added to each well to quench the 

reaction and cells were centrifuged, washed again with 200 μl of PBS with 5% FBS, and 

resuspended in 200 μl of PBSF (PBS, 0.1% BSA). Data was acquired on a MACSQuant 

flow cytometer, and analyzed using Flowjo V10. Data was analyzed in GraphPad Prism.

The extent of IgG loading to plates or VRC01 subclass binding to the SOSIP gp140 plates 

was measured by performing an identical dilution in a 96-well plate as performed for the 

degranulation assay. VRC01 subclasses were incubated on the SOSIP gp140 coated plates 

for 1 hr at room temperature. After IgG loading, the plates were washed with PBS 0.1% 

BSA, incubated with 0.65 μg/ml anti-human IgG H+L HRP (Thermo) in PBS 0.1% BSA for 

30 minutes, washed again, incubated with 150 μl of APTS (Thermo) for 30 minutes and 

quenched with 100 μl of 1% SDS. Data was acquired at 405 nm with a UV-vis plate reader 

(SpectraMax, Molecular Diagnostics), and analyzed using Flowjo V10 and GraphPad Prism.
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Antibody-dependent cellular phagocytosis (ADCP)

The phagocytic activity of VRC01 IgG subclasses was assessed by adaption of previously 

described phagocytosis assay (Ackerman et al. 2011, McAndrew et al. 2011). Briefly, 

FluoSpheres® Carboxylate-Modified Microspheres, 1.0 μm, yellow-green fluorescent (Life 

Technologies) were conjugated by NHS/EDC (Thermo) activation with anti-human Fab 

(Jackson ImmunoResearch) for evaluating the FcγR column load/eluates or SOSIP pg140 

for evaluating the VRC01 subclasses. The beads were diluted to 800,000 beads per 50 μl in 

RPMI complete media (10% FBS supplemented with Penstrep). The THP-1 human 

monocyte cells (gift from Dr. Brent Berwin) were diluted to 20,000 cells per 150 μl RPMI. 

The assay was run in a 96-well tissue culture plate by pipetting 50 μl of beads, then 150 μl of 

cells and lastly 50 μl of either RPMI alone or antibody diluted into RPMI at 5x the final 

target concentration. The cells were incubated at 37°C at 5% CO2 for 4 hours. All 

centrifugation steps were performed at 1300 RPM for 8 min at 4°C. After incubation, cells 

were fixed as described for the degranulation assay. Data was acquired on a MACSQuant 

flow cytometer, and analyzed using Flowjo V10 and GraphPad Prism. A background-

subtracted phagocytosis score was calculated by multiplying the percentage of bead positive 

cells by their MFI, followed by subtraction of the phagocytosis score observed in the 

absence of antibody.

Consistent IgG loading to the anti-human Fab and SOSIP gp140 beads was confirmed by 

performing an identical dilution in a 96-well plate as performed for the phagocytosis assay 

with exception of the VRC01 IgG2, 3 and 4. Beads were incubated with IgG for 1 hr at 

room temperature, washed with PBS 0.1% BSA, incubated with 0.65 μg/ml anti-human IgG 

H+L Alexafluor647 (Thermo) in PBS 0.1% BSA for 30 minutes and washed again prior to 

reading. Data was acquired with a MACSQuant flow cytometer, and analyzed using Flowjo 

V10 and GraphPad Prism.

Results and Discussion

Characteristics of FcγR-chromatography columns

With exception of FcγRI, all of the FcγR could be repeatedly cycled with minimal change 

in the IgG capacity. The IgG capacity per ml of resin is displayed in Table 1. Additionally, 

the percent utilization was calculated by dividing the total number of moles/ml of IgG bound 

versus the theoretical moles/ml that should bind based on a 1:1 IgG-FcγR stoichiometry and 

accounting for the molecular weights of IgG (~150 kDa) and the FcγR. The percent 

utilization number represents the percentage of FcγR bound to the chromatography media 

that are still active for IgG binding after coupling through free amine groups on solvent 

exposed lysines of the FcγR. It is notable that the percent utilization is relatively low which 

may be partially related to the high density of solvent exposed lysines in the FcγR region 

that contacts IgG-Fc (Ferrara et al. 2011, Ramsland et al. 2011, Mimoto et al. 2013, Lu et al. 

2015). Instead of coupling to the chromatography media via free amines, it is possible that 

utilization would improve if C-terminus site-specific conjugation techniques were employed 

(Bellucci et al. 2013, Thomann et al. 2015).
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Biophysical characterization of IgG enriched by FcγR chromatography

IgG subclass—Based on both FcγR affinity and concentration in solution, each IgG 

subclass is expected to differentially compete for available immobilized receptor on the 

chromatographic media based on its affinity relative to the other subclasses, thus generating 

a proportion of each subclass on the solid surface that may differ from its original proportion 

in solution. To assess this competitive behavior, the load and FcγR-enriched IgG from the 

chromatography runs were analyzed for the proportion of each IgG subclass in the mixture. 

Subclass prevalences in the load material (Figure 1A) were consistent with previous studies 

(Teschner et al. 2007, van der Poel et al. 2011). Both FcγRIIa allotypes H131 and R131 

peaks possess a higher proportion of IgG2, displaying a 2-2.5-fold enrichment factor (Figure 

1B). This result may not be surprising for the H131 allotype given IgG2 has previously 

displayed the highest affinity relative to the other subclasses (Warncke et al. 2012). 

However, the enrichment of IgG2 by the R131 FcγRIIa allotype was surprising given it has 

the lowest affinity relative to the other subclasses. One possible explanation is preferential 

enrichment of high affinity glycoforms such as agalactosylated species which are more 

prevalent in the IgG2 subclass (Selman et al. 2012) or selective enrichment of covalently 

dimeric IgG2 that can comprise up to 0.4% of serum IgG2 (Yang et al. 2014). FcγRIIa H131 

also enriched IgG3 two-fold, however the R131 allotype did not. FcγRIIb unexpectedly 

enriched IgG3 five-fold, though its affinity is similar or only slightly higher than IgG1 

though 10-fold higher than IgG2 (Bruhns et al. 2009, Warncke et al. 2012). FcγRIIIa/b 

receptors depleted IgG2 and IgG4 and enriched IgG3 3-5-fold relative to the load, consistent 

with IgG3 possessing the highest affinity amongst all subclasses for FcγRIII receptors 

(Bruhns et al. 2009).

Given the levels of high molecular weight (HMW) species in an IVIG product can directly 

impact its effect in vivo (Teeling et al. 2001), we evaluated the enrichment IgG-aggregates 

such as dimers or higher order oligomers using analytical size exclusion chromatography. 

While the load contained 5% HMW species, the FcγRIII receptors did not alter the level of 

HMW in the elution peaks (samples contained 4.7-5.1% HMW). In contrast FcγRIIa H131, 

FcγRIIa R131 and FcγRIIb/c contained 7%, 7.5% and 13% HMW species, respectively. 

Preferential enrichment of HMW species may be expected for the low affinity FcγRII 

receptors which have previously exhibited a 200-fold increase in affinity towards dimeric 

IgG versus monomer in contrast to the high affinity FcγRI receptor with 2-3-fold enhanced 

affinity for dimeric IgG (Luo et al. 2009). However, enrichment of HMW by the low affinity 

FcγRIIIb receptor, which has previously shown an 800-fold increase in affinity for dimeric 

IgG relative to monomeric IgG (Luo et al. 2009), was not observed. Instead, the lack of 

HMW enrichment with FcγRIII columns may be due to IgG aggregates being outcompeted 

by high affinity monomeric nonfucosylated and bisected IgG glycoforms.

IgG-Fc glycans—The combined effects of IgG subclass and glycosylation can 

dramatically tune the affinity for FcγRs (Niwa et al. 2005). To explore the glycan 

enrichment capabilities of immobilized FcγR-chromatography media, the elution peaks 

were analyzed for Fc-only glycans (Mahan et al. 2014). The proportion of Fc-glycan species 

and the IgG glycoform enrichment level varied between immobilized receptors (Figure 2). 

Agalactosylated species (G0) were enriched 8-14-fold from the load material for all of the 
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FcγRs consistent with agalactosylated antibodies being pro-inflammatory (Winkler et al. 

2013) as well as previous findings for FcγRIIIa (Ackerman et al. 2013, Bolton et al. 2013) 

although there have been conflicting results in literature (Houde et al. 2010, Dashivets et al. 

2015, Thomann et al. 2015). FcγRIIa H131 and R131 enriched in G0 species the most 

which may be partially related to the enrichment of IgG2 given this subclass has the highest 

proportion of G0 species in serum derived IgG (Wuhrer et al. 2007, Selman et al. 2012). 

However, enrichment of G0 was also observed for FcγRIIb/c, which did not enrich in IgG2. 

The proportional increase of G0 species was mainly driven by the enrichment of G0F 

glycans for FcγRIIa/b-chromatrography eluates, which translates to an apparent depletion of 

nonfucosylated species as shown in Figure 2B. Interestingly, G0FB glycans were 

undetectable in the FcγRIIa/b peaks in contrast to the load and FcγRIII eluates and 

significantly depleted of G1. In contrast, FcγRIII-chromatography enriched nonfucosylated 

IgG glycoforms approximately 1.5-2-fold, consistent with our previous study of 

nonfucosylated monoclonal IgG1(Bolton et al. 2013) and other more recent studies 

(Dashivets et al. 2015, Thomann et al. 2015). We also observed 2-fold enrichment of 

bisected IgG glycoforms. There is an apparent enrichment of sialylated IgG (G2S1, Figure 

2B) in the FcγRIII peaks, however this may be more related to those sialylated species also 

being nonfucosylated (Figure 2B).

Modeling of IgG subclass occupancy of FcγR

In humans, blood contains approximately 10 g/L of IgG. Given the high concentration of 

IgG in serum and tissues due to extravasation, most FcγR on effector cells are already 

occupied with polyclonal serum IgG as previously estimated using the one-component 

Langmuir isotherm (van der Poel et al. 2011). While this model is useful for calculating a 

single IgG subclass occupying surface FcγR, it does not account for competition between all 

four IgG subclasses for individual FcγR based on their differential binding affinities. In 

contrast, the Langmuir competitive model (LCM) (Weber and DiGiano 1996, Mahamadi and 

Nharingo 2010) can account for n competing species, in this case, the four IgG subclasses 

competing for one type of surface FcγR. Using Equation 1 and previously published IgG 

subclass affinities for FcγR (Bruhns et al. 2009, Warncke et al. 2012), the percentage of 

FcγR occupied by each subclass from serum IgG was estimated as shown in Figure 3A-B. 

This estimation indicates that generally, 90% or more of FcγR on the surface of effector 

cells are pre-loaded with serum IgG. This result is consistent with the previous analysis (van 

der Poel et al. 2011) but with further clarification of the proportion of each IgG subclasses 

on surface FcγR as compared to solution conditions. For instance, IgG2 comprises 

approximately 20% of human serum IgG, however, per the LCM, this subclass occupies 

only 3% or less of surface FcγR. In contrast, IgG3 is 5% in serum, but can occupy 20-30% 

of FcγRIII receptors according to the binding affinities reported in Bruhns, et al. Relative to 

IgG1, the higher affinity of IgG2 for FcγRIIa, but lower affinity of IgG3 for FcγRIIIa are 

responsible for the differences observed in predicted subclass occupancy based on data from 

Warncke, et al. as compared to that from Bruhns, et al. Qualitatively, neither model is 

perfect, but aspects of both are reflected in the experimental data; the results of enrichment 

experiments (Figure 1A) conducted here are consistent with enrichment of IgG2 as modeled 

from affinities reported in Warncke, et al., and IgG3 as modeled from data in Bruhns, et al.
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In addition to estimating the pre-loading of surface FcγR with serum IgG subclasses, the 

LCM was also used to predict the percentage of each subclass in the FcγR-chromatography 

eluates using the experimentally measured IgG subclass concentrations and the previously 

measured affinities (Bruhns et al. 2009, Warncke et al. 2012) (Figure 3C-D). The predicted 

percentages are in reasonable agreement with the measured eluate samples, suggesting that 

the effective affinities of the subclasses in the preparation of polyclonal serum IgG assayed 

here recapitulated some but not all aspects of the antibody samples evaluated in binding 

affinity studies. Specifically, none of the reference studies account for the preferential 

binding of different IgG-Fc glycoforms with FcγR which presented differences in 

enrichment as described earlier and in previous studies using FcγR-chromatography (Bolton 

et al. 2013, Dashivets et al. 2015, Thomann et al. 2015). Not accounting for glycoform 

preferences in the model may explain some deviation from unity (y = x). The LCM could be 

easily extended to capture a finer level of granularity if the equilibrium dissociation 

constants (KDs) were known for the relevant glycoforms of each IgG subclass. The 

refinement of IgG-Fc competition for FcγR by both subclass and glycoform preferences 

could provide further insight into how these Fc features translate into functional differences 

in vitro and in vivo.

Equation 1The Langmuir competitive model

q_(e,i) is the number of occupied FcγR with the i-th solute (IgG1, IgG2, IgG3, IgG3) from 

an n-solute mixture (n = 4), q_(m,i) is the total number of FcγR, Ce is the concentration of 

solute in M, KA is the association constant between an IgG subclass and a particular FcγR.

qe, i = qm, iKA, iCe, i 1 + ∑
j = 1

n
KA, jCe, i

−1

Effector function characterization of FcγR-enriched IgG

NK cell activation—The NK cell activation activity of the FcγR-enriched samples, 

monoclonal VRC01 IgG subclasses and VRC01 IgG1 glycovariants was assessed by 

measurement of CD107a surface expression on a human NK cell line expressing FcγRIIIa 

V158. To evaluate the polyclonal FcγR-enriched samples, 96-well plates were directly 

coated with a dilution series of the IgG. Given the extent of coating was somewhat variable 

between FcγR-enriched samples (data not shown), the x-axis for the degranulation results 

was normalized by A405 nm signal from an identically prepared plate. As shown in Figure 

4A, FcγRIII- enrichment improved the NK cell activation potency by nearly 1-log relative to 

the load material, consistent with the high affinity of FcγRIIIa for IgG3 (Bruhns et al. 2009) 

as well as its preference for nonfucosylated (Shields et al. 2002, Niwa et al. 2005, Shibata-

Koyama et al. 2009) and bisected (Umana et al. 1999, Hodoniczky et al. 2005) IgG-Fc 

glycans, all of which were enriched over the FcγRIII columns. In addition, the monoclonal 

subclass results confirm that IgG1 and IgG3 produce the strongest potentiation of NK cell 

activity and that nonfucosylated IgG1 dramatically improves this activity (Figure 4B). The 

FcγRIIb/c elution peak also displayed improved NK cell activation, which may be due to its 

enrichment of IgG3, and unexpectedly the FcγRIIa R131 elution also improved NK cell 
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activity, however these results may be confounded by the enrichment of high molecular 

weight species.

Antibody-dependent cellular phagocytosis (ADCP)

The phagocytic activity of the subclass controls and FcγR-enriched samples was assessed 

using a human THP-1 monocyte cell line that expresses FcγRI, FcγRIIa, FcγRIIb and 

FcγRIIIa. The IgG subclass rank order of IgG3, IgG1, IgG4 followed by IgG2 having the 

weakest phagocytic activity is consistent with previous studies using monocytes (Rozsnyay 

et al. 1989, Goh et al. 2011). The lack of potentiation using a nonfucosylated IgG is 

consistent with previous findings where the preferential blocking of FcγRIIIa did not 

modulate THP-1 monocyte phagocytosis (Ackerman et al. 2011, Moldt et al. 2011) but 

conflicts with studies using freshly isolated monocytes (Richards et al. 2008, Herter et al. 

2014). This discrepancy in FcγRIIIa-mediation between cell types may be partially 

explained by the dramatically lower expression of FcγRIIIa relative to FcγRI/II on THP-1 

cells versus freshly isolated cells (Richards et al. 2008, Ackerman et al. 2011, Herter et al. 

2014). Similar to the NK cell activity results, FcγRIII-enriched samples exhibited the 

greatest potentiation of phagocytic activity (Figure 5B). In contrast to the NK cell results, 

this enhanced effector function is likely driven by the enrichment of IgG3 and not the 

enrichment of nonfucosylated species as demonstrated with the monoclonal IgG subclasses 

and glycovariants (Figure 5A).

The FcγRII-enriched samples did show an improvement in phagocytic activity over the load 

material, however these results are confounded in that the samples contained more aggregate 

than the load. That aside, FcγRIIb elution enriched IgG3 which has high affinity towards 

FcγRIIa (Bruhns et al. 2009) and the FcγRII H131 and R131 eluates were enriched in IgG2 

which preferentially binds FcγRIIa, the receptor previously shown to strongly contribute 

towards monocyte phagocytosis (Richards et al. 2008, Ackerman et al. 2011, Moldt et al. 

2011). That being said, the monoclonal IgG2 mediated phagocytosis similar to the 

aglycosylated variant displaying a complete lack of activity. Given the inability of IgG2 to 

bind FcγR1, this attenuation may be expected given FcγRI engagement has been previously 

shown to partially contribute towards IgG phagocytic activity (Goh et al. 2011) therefore, the 

enhanced phagocytic potential of the enriched IgG is more likely explained by the 

enrichment of agalactosylated species which according to the results described earlier, 

preferentially bind FcγRIIa.

Conclusion

We explored the isolation of high affinity IgG subclasses and glycoforms from a complex 

human-derived mixture using FcγR affinity ligands. When analyzing the FcγR-enriched 

samples using biophysical and effector function assays, we observed functional relationships 

similar to those previously demonstrated using genetic, cellular, enzymatic and purification 

techniques. For instance, the FcγRIII columns enriched IgG3 and nonfucosylated/bisected 

IgG-Fc glycoforms that translated to the greatest enhancement of NK cell and monocyte 

activity. Additionally, there were unexpected observations such as both FcγRIIa allotypes 

(H/R131) enriching IgG2 and G0 species and these eluates displayed greater phagocytic 
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activity relative to the load material despite monoclonal IgG2 have zero phagocytic capacity 

indicating the enrichment of G0 may be functionally relevant. While nonfucosylated IgG 

greatly improved NK cell activity, and has previously been shown to improve monocyte/

macrophage phagocytosis with freshly isolated cells (Richards et al. 2008, Herter et al. 

2014), we did not observe an enhancement with THP-1 cells likely due to the low expression 

of FcγRIIIa on this cell line (Richards et al. 2008, Ackerman et al. 2011, Herter et al. 2014). 

Additionally, to our knowledge this is the first the demonstration of using FcγRIII-

chromatography to enrich bisected IgG-Fc glycoforms.

These observations highlight the possibility of gaining new insights by analyzing human-

derived biological materials given these most closely represent their natural state in vivo. It 

also points out limitations in the secondary analysis used in this study given there are 

additional Fc features or structural relationships established or posited to affect FcγR 

engagement that could be explored further such as the composition of IgG high molecular 

weight species (Teeling et al. 2001), composition of IgG disulfide bond variants (Liu and 

May 2012), the composition of GM allotypes (de Lange 1989, Kumpel et al. 1989, Pandey 

2013, Pandey 2014), individual subclass glycoform specificity (Niwa et al. 2005), and the 

glycosylation of FcγRs (Edberg and Kimberly 1997, Drescher et al. 2003, Shibata-Koyama 

et al. 2009, Ferrara et al. 2011).

Beyond the use of FcγR-chromatography as an analytical tool, there is potential for its use 

in manufacturing new compositions of intravenous immunoglobulin (IVIG) therapeutics, 

which are currently used for their anti-inflammatory and immunomodulatory properties 

(Hartung et al. 2009). FcγR-based separations could be performed in conjunction with 

glycan remodeling techniques to improve yield by varying the proportion of bisected, 

galactosylated and sialylated IgG glycans (Hodoniczky et al. 2005, Wei et al. 2008, Tojo et 

al. 2009, Zou et al. 2011, Bolton et al. 2013, Dashivets et al. 2015, Lin et al. 2015, Thomann 

et al. 2015) as desired (defucoyslation of the IgG-Fc attached glycan is inefficient due to 

steric hindrance (Yazawa et al. 1986, Yamane-Ohnuki and Satoh 2009)).

In general, evaluations of any two binding partners could be performed using affinity 

chromatography to interrogate primary and higher order protein structures as well post-

translational modifications such as glycosylation. For instance other Fc receptors may be of 

interest as affinity ligands to evaluate immunoglobulin preferences such as the neonatal Fc 

receptor (FcRn) (Schlothauer et al. 2013, Schoch et al. 2015), FcR-Like receptors (FcRLs) 

(Wilson et al. 2010, Wilson et al. 2012), FcαR, FcεR, FcμR, Fcα/μR, IgD-R, glycan binding 

lectins (Dong et al. 1999, Arnold et al. 2006, Anthony et al. 2008, Keeble et al. 2008, 

Karsten et al. 2012, Boesch et al. 2014), bacterial surface proteins (Forsgren and Sjoquist 

1966, Bjorck and Kronvall 1984, Bjorck 1988), phage-encoded proteins (Muller et al. 2013) 

and viral capsid proteins (Para et al. 1980, Dubin et al. 1990, Litwin et al. 1992, Namboodiri 

et al. 2007, Corrales-Aguilar et al. 2014). Conversely, Fc receptor preferences for non-

immunoglobulins such as pentraxins (Lu et al. 2012) or pathogen-secreted 

antagonists(Stemerding et al. 2013) may also be of interest. More broadly, therapeutically 

relevant ligand/receptor pairs such as erythropoietin (EPO)-EPOR (Tsuda et al. 1990), other 

glycosylated proteins/peptides (reviewed in (Sola and Griebenow 2010)), or de novo 
discovery of new binding pairs from complex mixtures such as bacterial cultures 
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(Stemerding et al. 2013), human tissue samples (Liu et al. 2006) or from large-scale 

proteomic screens leveraging the cloning and expression of open reading frames (Phizicky et 

al. 2003).

Analogous to co-immunoprecipitation-coupled mass spectroscopy to identify unique binding 

partners (Free et al. 2009), we explored use of affinity chromatography to enrich high 

affinity primary and higher order protein structures from a natural complex mixture of 

potential binders followed by the characterization of the load and eluates. To exemplify this 

generalizable technique we identified IgG subclass and glycoform structural specificity for 

FcγR and their functional implications. An advantage of affinity chromatography as part of 

this workflow is its scalable productivity enabling high-resolution secondary analysis of 

flow through and eluates using biophysical and functional characterization in in vitro assays. 

Probing the recognition properties of binding partners whether engineered or naturally 

derived represents an important methodology to enhance our understanding of their 

structural specificity and potential functional role in activity in vivo.
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Figure 1. IgG Subclass distribution and enrichment factors of the load and FcγR-enriched 
samples
A. Prevalence of each subclass in load and FcγR-enriched samples. Error bars represent the 

standard error observed between duplicates. B. Fold change of subclass prevalence relative 

to load sample proportion in load and FcγR-enriched samples. Points represent purification 

duplicates and bars indicate the mean. A dotted line is plotted at 1 to indicate the baseline 

prevalence.
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Figure 2. Glycan composition of elution peaks from FcγR affinity chromatography columns
A. Prevalence of individual IgG-Fc glycoforms in the load and FcγR-enriched samples. 

Error bars represent the standard error observed between duplicates. B. Prevalence of 

summary glycotypes including total galactosylated, nonfucosylated, bisected and sialylated 

IgG-Fc glycans. Points represent purification duplicates and bars indicate the mean. A dotted 

line is plotted at the average for each summary glycoform to indicate the baseline 

prevalence.
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Figure 3. Comparison of model and experiment
A-B. Estimation of FcγR occupancy by IgG subclasses based on the Langmuir competitive 

model (LCM) using affinity data from Bruhns, et al (A) and Warncke, et al (B). Asterisks 

indicate receptors that were not tested. C-D. Comparison of predicted enrichment of IgG 

subclasses versus experimentally observed values for FcγRIIa, FcγRIIb, and FcγRIIIa 

variants using affinity data from Bruhns, et al (C) and Warncke, et al (D). Error bars 

represent the standard error of experimental duplicates.
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Figure 4. NK cell degranulation activity of control and enriched antibody pools
A. NK degranulation activity of monoclonal VRC01 IgG subclasses and glycovariants using 

SOSIP gp140 coated plates. B. NK degranulation activity of polyclonal IgG load and FcγR-

enriched samples using plates directly coated with IgG. Error bars represent standard error 

of duplicates.
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Figure 5. Phagocytic activity of control and enriched antibody pools
A. Phagocytic activity of monoclonal VRC01 IgG subclasses and glycovariants. B. 

Phagocytic activity of polyclonal IgG load and FcγR-enriched samples. Error bars represent 

standard error of duplicates.
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Table 1

FcγR variants and chromatography characteristics.

Receptor Approximate MW [Da] Density [mg/ml] Capacityavg [mg/ml] Utilization (%)

FcγRI 75000 1.75 0.05 1.3

FcγRIIA H131 32000 4 0.75 4.0

FcγRIIA R131 32000 4 0.08 0.4

FcγRIIB/C 32000 4 0.72 3.8

FcγRIIIA V158 45000 4 1.06 8.0

FcγRIIA F158 45000 4 0.67 5.0

FcγRIIIB NA1 45000 4 0.27 2.0

FcγRIIIB NA2 45000 3.2 0.41 3.8

FcγRIIIB SH 45000 4 0.42 3.1
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