
Supplemental Materials and Methods 
 

Human samples  

To determine the correlation between ADA titer and immune complex size, sera (n=41) with a 

wide range in ADA titer were selected. For the ex vivo analysis of immune complexes, 8 sera 

were selected for ADA+ in the antigen binding test (ABT), and 2 sera were selected because 

they tested negative in the ABT but positive in the drug tolerant acid-dissociation 

radioimmunoassay (ARIA). All samples (n=51) were sent to Sanquin Diagnostic Services for 

evaluation of infliximab and ADA concentration using the ABT. For these samples no ethical 

approval was obtained, since materials used for this study were leftovers from samples taken 

for routine diagnostic purposes. Materials were used anonymously without any connection to 

clinical data.  

Phagocytosis and FcγR expression was investigated by using monocyte derived macrophages. 

Monocytes were isolated from fresh apheresis material (Sanquin) of healthy volunteers upon 

informed consent using ELUTRATM cell separation system (Gambro) and frozen until further 

usage. For the whole blood cell assays, heparinized blood of healthy volunteers (Sanquin) was 

used. Complement activation was determined by using sera of healthy volunteers (Sanquin). 

Serum was directly frozen at -80°C and only used once after thawing. 

 

Therapeutic antibodies and monoclonal anti-drug antibodies 

Adalimumab (Humira, Abbvie) and infliximab (Remicade, Centocor) were used throughout 

this study. Production of the recombinant human monoclonal anti-infliximab antibodies was 

described before by van Schie et al.1 In brief, from two patients with high ADA titers, infliximab 

specific B cells were isolated and plated one cell per well. After 9 days, of each patient 4 wells 

were found positive for anti-infliximab antibodies, and RNA was isolated from these wells. The 

sequence of the variable domains of the heavy and light chain were obtained and cloned into an 

expression vector. These vectors where further used to transiently transfect HEK293F cells, and 

the secreted antibodies were purified using a Protein A column. HP-SEC was used to analyze 

each batch of monoclonal antibodies for the absence of aggregates and degradation products. 

Furthermore, all batches were able to form complexes with infliximab, and complex sizes were 

comparable between different batches of the same monoclonal.  

The monoclonal anti-adalimumab antibodies were produced according to the same principle, 

and are described by van Schouwenburg et al.2 The neutralization status was determined by 

using the TNF competition assay.3  



 

Determining affinity of anti-infliximab monoclonal antibodies for infliximab 

Surface plasmon resonance measurements were performed by using a Biacore T200 instrument 

(GE Healthcare) at 25°C. Monoclonal mouse anti-human IgG (MH16-1, Sanquin Reagents) 

was immobilized at a concentration of 5 μg/ml in 10 mM sodium acetate, pH 5.0, on a CM5 

sensor chip by using N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (NHS/EDC) at a flow rate of 10 μl/min. Anti-infliximab monoclonal antibodies 

were dissolved at 5 μg/ml in PBS (Fresenius Kabi, The Netherlands), pH 7.4, containing 0.05% 

Tween 20 (PBS-T, Merck), and passed through the cells at 15 μl/min yielding ca. 15-75 

response units (RU) of bound antibody. Subsequently, binding of infliximab Fab’ (0.42 – 1.25 

µg/ml, generated using pepsin, followed by reduction and alkylation with dithiothreitol and 

iodoacetamide respectively, essentially as described4) dissolved in PBS-T was measured at a 

flow rate of 15 μl/min. After each run, immobilized ligand was regenerated by removing bound 

analyte with 5 μl of 0.1 M phosphoric acid. Adsorptions obtained in the reference channel 

without bound anti-infliximab antibody were subtracted from those in the other cells. 

Association and dissociation kinetics were fitted by using the models provided with the Biacore 

analysis software; KD and SEM were calculated using the same software.  

 

Formation of monoclonal antibody complexes 

Complexes between monoclonal anti-drug antibodies and drug were made by separately 

diluting the antibodies in PBS in a concentration twice the final concentration, after which both 

antibodies were combined and mixed thoroughly by pipetting up and down. The mixture was 

incubated for at least 1 hour at room temperature. The (diluted) complexes remained stable for 

at least 48 hours at 4°C. Diluting the complexes after 1 hour incubation did not significantly 

alter the complex size; concentrating the complexes resulted in a slight increase in complex 

size.  

To determine the effect of concentration on immune complex size, drug (infliximab or 

adalimumab labeled with DyLight488 [Invitrogen, labeled according to the manufacturer’s 

instructions], further called IFX-488 in case of infliximab and ADL-488 in case of adalimumab) 

was mixed with an equal amount of monoclonal ADA at a final concentration ranging between 

1.8 – 225 µg/ml of both antibodies. After 1 hour incubation at RT, samples were diluted in PBS 

containing 0.02% Tween 20 so that each sample contained an equal amount of labeled drug, 

and samples were analyzed by using HP-SEC.  



Essentially the same setup was used to determine the effect of ADA/drug ratio on immune 

complex size, except that labeled drug was mixed with monoclonal ADA in different ratios.  

 

Analysis of immune complex size using HP-SEC 

High-performance size-exclusion chromatography (HP-SEC) was used to determine immune 

complex size. Samples were analyzed by applying 100-250 μl to a Superdex 200 or Superose 

6, 10/300 GL column (GE Healthcare, Uppsala Sweden), which was connected to an 

ÄKTAexplorer HPLC system (GE Healthcare, Uppsala Sweden). Unless stated otherwise, PBS 

was used as running buffer at a flow speed of 0.5 ml/min, with a total of 30 ml for each run. 

Elution profiles were monitored by measuring absorbance at 280 nm or by measuring 

fluorescence in case of IFX-488 or ADL-488 (excitation/emission 488/525 nm) by using a 

Prominence RF-20Axs on-line fluorescence detector (Shimadzu, Kyoto, Japan).  

 

Analysis of immune complex size by using AF4 

Additional analysis of immune complex size was done by using asymmetrical flow field-flow 

fractionation (AF4). Complexes of anti-infliximab 1.1 and infliximab were prepared as 

described above, using PBS+0.02% tween-20 as buffer. The injected volume was adjusted so 

that an absolute amount of 1 µg of sample was injected with an Agilent 1200 autosampler 

(Agilent Technologies) connected to a UV detector (280 nm). Separation was obtained by using 

a Wyatt Eclipse 3 system connected to a small channel (Wyatt Technology) containing a 350 

µm spacer of medium width and a regenerated cellulose membrane with a cutoff of 10 kDa 

(Wyatt Technology). The mobile phase contained 27.2 mM NaH2PO4, 71.9 mM Na2HPO4, 

100 mM Na2SO4 and 0.02% NaN3 dissolved in MilliQ water (pH 7.2) and was subsequently 

filtered through a 0.1 µm cellulose nitrate filter (Whatman). The detector flow was set at 0.9 

ml/min and the focus flow at 1.5 ml/min; the cross flow was set to decrease linearly between 5 

and 53 minutes after injection, starting at 2.0 ml/min and ending at 0.1 ml/min. Results were 

analyzed using Agilent ChemStation software version B.03.02 (Agilent Technologies).  

 

Electron microscopy  

A droplet of 3 µl of protein solution (100x diluted to 3 µg/ml in 10 mM Hepes, 140 mM NaCl, 

pH 7) was applied to a glow-discharged copper grid supported carbon film. After incubation 

for 1 minute the grid was blotted with filter paper (Whatman #1) and stained for 1 minute with 

2.3% uranyl acetate in water. Staining solution was blotted with filter paper after which the grid 

was air-dried. Transmission electron microscopy was done by using a Tecnai F20 (FEI 



company) operating at 120 kV. Images were recorded with a Gatan Ultrascan 4000 digital 

camera (Gatan). 

 

Formation of polyclonal antibody complexes  

To determine the effect of concentration on complex formation, anti-infliximab positive sera 

were mixed with an equimolar concentration of IFX-488. Since polyclonal ADA are measured 

in AU/ml, the equimolar concentration of infliximab was determined for each individual anti-

infliximab positive serum. This was done by adding a titration of IFX-488 to the serum, after 

which the highest concentration in which no monomeric IFX-488 was present (as determined 

by HP-SEC) was selected. Generally, 1 AU/ml anti-infliximab equaled 1-8 ng/ml IFX-488.  

IFX-488 was diluted to the equimolar concentration in PBS-I (PBS containing 0.1 mg/ml IVIG 

(Nanogam, Sanquin)) and mixed with an equal volume of anti-infliximab positive serum. After 

1 hour incubation at 37°C, samples were diluted with PBS-I to 4 ng/ml IFX-488, 0.2 µm filtered 

(Pall corporation, USA) and analyzed by using HP-SEC.  

For each serum, the total area under the curve between the elution volume of 8 and 16.8 ml was 

set at 100%, after which the percentage of monomers, dimers, tetramers and >tetramers was 

calculated.  

To investigate the effect of ratio on complex formation, essentially the same setup was used, 

except that anti-infliximab positive serum was incubated with IFX-488 in a 0.25:1, 1:1 or 4:1 

ratio (equimolar concentration IFX-488 [ng/ml] : anti-infliximab [AU/ml]). Serum without 

IFX-488 was used as control to determine the elution pattern of autofluorescent albumin.  

 

Ex vivo analysis of immune complexes 

Anti-infliximab positive sera (600 µl) were 0.1-µm filtered (Whatman) and brought onto a 

Superose 6 column. The eluate was collected in fractions of 250 µl from 4 ml to 22 ml in PBS 

containing HSA (Albuman, Sanquin; final concentration 0.1 mg/ml) to avoid loss of protein 

through sticking. As a control, monomeric anti-infliximab 2.1 and complexes between anti-

infliximab 2.4 and infliximab were fractionated as well. Fractions were analyzed for anti-

infliximab positivity by using a temperature-shift radioimmunoassay (TRIA) described 

previously.5 In short, dissociation and re-association of immune complexes present in the 

fractions were promoted by incubation at 37°C in presence of an excess of infliximab F(ab’)2-

biotin. This was followed by overnight incubation with protein A-Sepharose, and anti-

infliximab was detected by using 125I labeled streptavidin. Sample measurements were 

normalized to the percentage of total radioactively labeled input (% binding).  



 

Association of drug-ADA complexes with Fc-receptors 

Biotinylated human FcγRIIa H131, FcγRIIb and FcγRIIIa V158 were purchased from 

SinoBiologicals (Bejing, China). Fusion FcγRIIIb-IgG2-Fc constructs composed of the 

extracellular domain of the FcγRIIIb of NA2 allotype and a Fc domain were cloned, produced 

and site specifically biotinylated as described by Dekkers et al.6 All receptors were 

simultaneously spotted by using a Continuous Flow Microspotter (Wasatch Microfluidics) onto 

a single SensEye G-streptavidin sensor (Senss, The Netherlands) allowing binding of each 

antibody to all FcγRs simultaneously. The biotinylated FcγR were spotted in three-fold 

dilutions, ranging from 30 nM to 1 nM in PBS containing 0.075% Tween 80 (Amresco, USA), 

pH 7.4.  

The immune complexes were then injected over the sensor, determining binding by SPR using 

an IBIS MX96 (IBIS Technologies). Injection of monomer and complexes took place at 1.5-

fold dilution series in PBS with 0.075% Tween 80, ranging from 2.6 to 20 µg/ml. Regeneration 

after each sample was carried out with acid buffer (10 mM glycine-HCl pH 2.5 + 0.075% Tween 

80). Data analysis was done by using SPRINT 1.9.4.4 software (IBIS technologies). 

 

Culture of monocyte-derived macrophages  

Monocytes were differentiated in 6-well plates (1*106/well, NuncTM, Thermo Scientific), 96-

well plates (3.3*104/well, NuncTM, Thermo Scientific), or 8-wells chambered coverglasses 

(8.3*104/well, NuncTM, Thermo Scientific) in macrophage culture medium (IMDM (Lonza) 

supplemented with 10% fetal calf serum (FCS, Bodinco, The Netherlands), 100 U/ml penicillin, 

100 μg/ml streptomycin (both from Gibco)) at 37°C and 5% CO2. Monocytes were 

differentiated for 9 days with GM-CSF (10 ng/ml, CellGenix) or M-CSF (50 ng/ml, 

eBioscience). Culture medium was changed once.  

 

Imaging flow cytometry analysis of macrophages  

Complexes of IFX-488 with either anti-infliximab 2.1 or 2.4 were made in macrophage culture 

medium at a final concentration of 150 µg/ml of each antibody. Complexes of ADL-488 and 

anti-adalimumab 2.7 were made at a final concentration of 25 µg/ml of each antibody.  

Complexes, IFX-488 or ADL-488 were added to the macrophages at a final concentration of 

15 µg/ml of each antibody and incubated together for 15 minutes at 37°C. Culture medium was 

refreshed and macrophages were incubated for another 60 minutes to allow phagocytosis. Plates 

were then put on ice, washed twice with cold PBS and cells were harvested by using accutase 



solution (Sigma). Cells were fixed with 4% paraformaldehyde (Sigma Aldrich) in PBS, washed 

with PBS and analyzed with ImagestreamX (Merck Millipore) either unstained or stained with 

anti-HLA-DR APC (BD Biosciences) prior to analysis. Data was analyzed using IDEAS 

software version 6.1 (Merck Millipore). Gating strategy involved gating for single cells (Aspect 

Ratio vs. Area of the brightfield and the channel 2 image) followed by gating on focused cells 

(Gradient RMS of the brightfield and channel 2 image). The intensity concentration ratio (ICR, 

used on channel 2) feature was used to determine internalization.    

 

Confocal microscopy 

Complexes of IFX-488 and anti-infliximab 2.4 or ADL-488 and anti-adalimumab 2.7 were 

made as described above. Complexes or IFX-488 were added to GM-CSF macrophages at a 

final concentration of 15 µg/ml of each antibody. After 2 minutes of incubation, culture medium 

was changed and samples were immediately imaged. Z-stacks of 2 µm were taken every 3 

minutes for a total of 30 minutes by using a HCX PL 63x 1.32 oil objective of a Leica SP8 

confocal microscope adapted with a climate control chamber set at 37°C. LAS AF Lite software 

(Leica) was used for data analysis.   

 

Blocking of FcγRs and FcγR expression 

To block FcγRs, anti-CD16 F(ab’)2 (FcγRIII, Ancell), anti-CD32 F(ab’)2 (FcγRII, clone AT10, 

AbD Serotech) and purified human IgG-Fc fragments (FcγRI, Bethyl) were used; the latter 

because no anti-CD64 antibody gave complete blocking of FcγRI. All antibodies were used at 

10 µg/ml and incubated for 20 minutes at 37°C and 5% CO2. IFX-488 or complexes (IFX-488 

+ anti-infliximab 2.4, made at a final concentration 150 µg/ml of each antibody) were added to 

the macrophages at a final concentration of 15 µg/ml of each antibody and incubated together 

for 15 minutes at 37°C. Macrophages were subsequently harvested as described above.  

FcγR expression was determined by using the same F(ab’)2 fragments for FcγRII and FcγRIII, 

but for FcγRI anti-CD64 F(ab’)2 (clone 10.1, Ancell) was used. F(ab’)2 fragments were 

subsequently stained with goat-anti-mouse IgG APC (H+L; Invitrogen). Binding/phagocytosis 

of IFX-488 or complexes to macrophages and FcγR expression were determined by using the 

FACSCanto II (BD Biosciences) and analyzed by using Flowjo V10.  

 

Whole blood cell cultures 

Samples were made in WBC culture medium (IMDM containing 0.1% FCS, 100 U/ml 

penicillin, 100 µg/ml streptomycin) in twice the final concentration. Heparinized blood was 



diluted fivefold in WBC culture medium with addition of 30 U/ml heparin (LEO), 0.2% 

poloxamer and 50 µg/ml polymyxine B (Sigma). Samples and diluted blood were mixed 1:1 in 

a flat bottom 96-well plate and the mixtures were incubated overnight at 37°C and 5% CO2. 

Positive controls consisted of 10 pg/ml LPS, or biotin coated fluorescent yellow polystyrene 

particles (0.05-0.15 µm; Spherotech). Beads were incubated with anti-biotin IgG1 antibodies 

(in-house development) in a 10-times molar excess compared to the amount of binding sites on 

the beads (i.e. when 10 µg/ml coupled beads are added, 1 µg/ml IgG will be bound to the beads). 

To obtain uncoated beads, a similar concentration of IVIg instead of anti-biotin was used. 

Supernatant was harvested and stored at -20°C until further analysis. As activation readout, IL-

1β, IL-6 and IL-12p40 were tested, and IL-6 was found to be the most sensitive readout. IL-6 

concentrations were determined with a human IL-6 ELISA kit (PeliKine, Sanquin) according 

to the manufacturer’s instructions. 

 

Activation of the complement system  

All antibodies were dialyzed to Veronal buffer containing 2 mM MgCl2, 10 mM CaCl2 and 

0.02% Tween 20 (Veronal3+). Complexes were made between anti-infliximab 2.1 or 2.4 and 

infliximab with a final concentration of 150 µg/ml infliximab in Veronal3+ with an additional 

0.3% bovine serum albumin solution (BSA, Sigma-Aldrich [Veronal4+]), after which 10 µl of 

sample was mixed with 20 µl healthy donor serum and incubated for 1 hour at 37°C. After 

incubation, 20 µl of 0.5 M EDTA in H2O (Titriplex III, Merck) was added and the samples 

were immediately put on ice. Complement system activation was determined by measuring 

C4b/c release with an ELISA described previously.7 In short, monoclonal anti-C4-1 that 

recognizes a neo-epitope on C4b/c was used to catch C4/bc, after which anti-human C4 was 

used as detection antibody. Aged human serum containing a known amount of activated C4 

was used for the calibration curve.   

The buffer control consisted of Veronal4+ as sample; the positive control consisted of 

aggregated human gammaglobulin (AHG, IVIG incubated at 63°C for 60 minutes). Monomeric 

anti-infliximab 2.1, anti-infliximab 2.4 and infliximab were tested at 150 µg/ml. IgG1-b12-

RGY was a kind gift of Frank Beurskens, Genmab, and tested at 45 µg/ml. 

 

Fractionation of monoclonal antibody complexes for complement analysis 

Complexes were made between anti-infliximab 2.1 or 2.4 and infliximab at a final concentration 

of 150 µg/ml of each antibody. The complexes were concentrated twice by using a 10-kDa 

Amicon Ultra Centrifugal Filter (Merck Millipore) and brought onto a Superose 6 column. 



Veronal buffer containing 2 mM MgCl2 and 10 mM CaCl2 was used as running buffer. The 

eluate was collected from 6.5 ml to 16 ml in fractions of 250 µl in 30% BSA (final concentration 

0.3% BSA) to avoid loss of protein through adsorption. Antibody concentration in each fraction 

was determined by using the area under the curve in mAU*ml, measured at 280 nm. The 

antibody concentration was calculated under the assumption that 1.4 mAU = 1 µg/ml. Fractions 

were diluted in Veronal4+ to 45 µg/ml. To determine complement activation, 10 µl of each 

fraction was mixed with 20 µl of serum, and tested as described above.  

 

Mass spectrometry analysis 

Fc glycosylation was analyzed by mass spectrometry as described previously,8 except that 

CaptureSelect IgG-Fc (Hu) Affinity Matrix (Life technologies) was used instead of Protein G 

sepharose beads. In short, IgG was affinity-purified, trypsinized, and resulting IgG Fc-

glycopeptides were analyzed by nano-LC-MS using a ACQUITY BEH C18 column (130Å, 1.7 

µm; 75μm x 100mm; Waters, Milford, MA) for glycopeptide separation. Mass spectrometric 

signals of glycopeptides were processed and integrated using LacyTools8 and normalized to 

100%. Levels of hybrid, high-mannose and complex type glycans were calculated, as well as 

the levels of galactosylation, sialylation, bisection and fucosylation of the complex type 

glycans. 

 

Statistics  

For correlation analysis, Spearman’s rank test was performed. Comparison between more than 

two groups was performed by using a one-way ANOVA, with Sidak’s or Dunnett’s multiple 

comparison test. p-values of ≤0.05 were considered significant.  
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