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shielded. Therefore, it is unlikely that labels will attach to sites that substantially affect the multimerization. In fact, 
labeling of a protein complex can be a general trick to avoid incorporation of labels that can affect the interactions 
between the constituents of such a complex (including antibody-antigen complexes).

The stabilizing activity of TNF inhibitors such as adalimumab or infliximab might have practical implications. 
Accurate measurements of cytokines in biological samples is challenging28, and TNF has been a notoriously dif-
ficult cytokine to accurately quantify in fluids such as serum. In fact, in multiple studies, correlation between dif-
ferent assays - including commercially available ones - was often poor and sometimes lacking altogether29–31. As a 
result, while many studies have reported TNF levels across diseases and populations, it is impossible to compare 
results from one study with another, or decide which of the reported TNF concentrations are truly representative 
of a given condition. One of the factors that may contribute to the variable results is TNF dissociation during 
sampling, storage, and freeze-thawing of samples, in combination with a variable sensitivity of immunoassays for 
trimeric and monomeric TNF. By adding a stabilizing TNF antibody to freshly isolated serum samples, much of 
these issues might in theory be circumvented. Of course, this would require an assay that is not influenced by the 
presence of the TNF inhibitor.

TNF inhibitor ka (106 M−1 s−1)a,b kd (10−4 s−1)a Kd (pM)a,b Kd (pM)b,c

adalimumab 0.72 (0.02) 1.3 (0.3) 183 (40) 244 (53)

certolizumab 3.2 (0.5) 1.5 (0.6) 71 (35) 9 (4)

golimumab 1.9 (0.2) 1.2 (0.3) 59 (20) 26 (6)

infliximab 1.7 (0.2) 2.4 (0.5) 138 (30) 123 (11)

etanercept 11 (2) 1.7 (0.7) 16 (8) 11 (3)d

Table 1.   Binding of TNF inhibitors to TNF at 25 °C. aMeasured using Biacore (n =​ 2–5). bAssociation rates 
and dissociation constants are expressed relative to the molar concentrations of actual binding sites on TNF, 
which equals 3 for adalimumab, certolizumab, golimumab, and infliximab; for etanercept, 1:1 binding was 
assumed. To compare results to papers where molar trimeric TNF concentrations were used, multiply ka and 
divide Kd by a factor of three for the mAbs. cMeasured in fluid phase by fluorescence-assisted HP-SEC (n =​ 3). 
dDetermined in reverse experiment in which etanercept was titrated to TNF-488.

Figure 6.  Influence of time, temperature and the TNF inhibitor adalimumab on TNF bioactivity. (A) Bioactivity 
of a titration of TNF was measured immediately or after three days of incubation at 4 °C or 37 °C using a TNF 
sensitive WEHI bioassay. (B) Effect of adalimumab Fab’ on TNF activity, determined immediately or after three days 
of incubation at 37 °C. (C,D) Effect of adalimumab on TNF activity, measured immediately or after three days of 
incubation at 4 °C (C) or 37 °C (D). All graphs show representative data of two (A–C) or four (D) experiments.
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In summary, using a FRET assay we demonstrated continuous exchange of TNF monomers between native 
TNF homotrimers. The process can be blocked by the therapeutic TNF inhibitors adalimumab, infliximab, and 
etanercept, but not by certolizumab and golimumab.

Materials and Methods
Materials.  Recombinant human TNF was obtained from Life Technologies and Active Bioscience. Both were 
supplied as lyophilized powder and reconstituted as recommended by the supplier. TNF concentrations were 
determined by TNF ELISA (Sanquin, The Netherlands). Recombinant therapeutic TNF blockers used in this 
study are adalimumab (Humira, Abbott), infliximab (Remicade, MSD), golimumab (Simponi, MSD), certoli-
zumab pegol (Cimzia, UCB Pharma), and etanercept (Enbrel, Pfizer). The first three TNF blockers are full-length 
IgG1 kappa antibodies, certolizumab pegol is a Fab’ fragment conjugated to a polyethylene glycol (PEG) group, 
and etanercept is a receptor-Fc construct.

Full-length IgG1 certolizumab was made by cloning constructs coding for VH and VL of certolizumab21 
and the constant domains of human kappa and human IgG1 genes (obtained from GeneArt, Invitrogen) into a 
pcDNA3.1 (Invitrogen) essentially as described before22. Expression vectors were used for transient transfection 
of HEK293F cells with 293fectin and OptiMEM (Invitrogen), using the Freestyle HEK293F expression system 
(Invitrogen) according to the instructions supplied by the manufacturer. Cell culture supernatants were centri-
fuged for 15 minutes at 1700 G, followed by loading on a Protein G column (Protein G 4 fast flow, GE Healthcare) 
and elution of the certolizumab IgG1 with 0.1 M glycine, pH 2.5. The eluate was neutralized immediately with 
2 M Tris-HCl, pH 9 and dialyzed overnight to PBS (10 mM sodium phosphate pH 7.4; 140 mM sodium chloride). 
After dialysis, samples were sterile-filtered and stored at −​20 °C. Specificity of the full-length certolizumab was 
confirmed with a certolizumab-specific ELISA (Sanquin Biologicals).

Generation of F(ab’)2, Fab’, and Fab fragments.  F(ab’)2 and Fab’ fragments were generated using 
pepsin, and subsequent reduction and alkylation with dithioerythritol and N-ethylmaleimide respectively, as 
described before32. Fab fragments were generated using papain digestion as described previously33. In case of 
certolizumab pegol, papain digestion removes the C-terminal part of the Fab’ fragment including the site of PEG 
attachment. Certolizumab Fab was purified by gel filtration.

Fluorescent labeling.  TNF, Fab and Fab’ fragments were fluorescently labeled with DyLight 488 or DyLight 
594 amine reactive dye (Pierce/Thermo Scientific). Unreacted dye was removed by repeated dilution/concen-
tration using Amicon Centriprep centrifugal filter devices (Millipore, Billerica, MA, US) until no dye could be 
detected anymore in the filtrate. The average degree of labelling (DOL) ranged from 0.3 - 3.

Kinetic measurements (FRET).  Kinetics of the exchange reaction of TNF monomers were monitored 
in real-time using a previously developed FRET assay for the monitoring of non-covalent protein subunit 
exchange14. Briefly, the reactions were carried out using one of the following protocols: A) 0.5 μ​g/mL of TNF-488 
and 0,5 μ​g/ml TNF-594 (final TNF concentration 1 μ​g/ml) in PBS-I (PBS containing 1 mg/mL IVIG (Nanogam, 
Sanquin, The Netherlands)) were incubated at 37 °C, and the reaction was initiated by mixing equal volumes of 
both solutions into a thermostatted quartz cuvette (37 °C). B) A solution of 0.25 μ​g/ml of TNF-488 and 0.25 μ​g/ml  
TNF-594 (final TNF concentration 0.5 μ​g/ml) in PBS-I was incubated in the dark for 7 days at 37 °C. Then the 
reaction was initiated by adding several microlitres of a concentrated stock solution of (unlabeled) TNF to a final 
concentration of 2 μ​g/mL. TNF blockers were similarly added from concentrated stocks as appropriate to a final 
concentration of 100 μ​g/mL. Kinetics was monitored at 37 °C by measuring the appearance of a FRET signal 
using a Varian Cary Eclipse fluorescence spectrophotometer equipped with a thermostatted multi-cell holder 
(excitation 488 nm, emission 620 nm; emission at 588 nm was used to account for baseline drifts, 588 nm being 
the isosbestic point in the overlay spectrum; relative fluorescence (Frel) is determined by dividing emission at 
620 nm by emission at 588 nm).

Figure 7.  Models of TNF in complex with (A) adalimumab Fab and (B) infliximab Fab (top view). 
Adalimumab binds an epitope comprising two TNF monomers. Infliximab binds an epitope comprising a single 
TNF monomer. Based on PDB structures 3WD5 and 4G3Y17,26.
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Fluorescence-assisted high-performance size-exclusion chromatography (HP-SEC).  Stability of 
TNF was assessed by incubating TNF-488 at 0.3–3 ng/mL in PBS-I for various times between 0 and 5 days, alone 
or in the presence of unlabeled TNF (30 or 300 ng/mL), adalimumab, certolizumab pegol, or etanercept (1 μ​g/mL) 
in the dark at 37 °C. Samples were subsequently analyzed applying 500 μ​l to a Superdex 200 HR 10/300 column 
(GE Healthcare, Uppsala Sweden) at 0.5 ml/min using a thermostatted autosampler (4 °C), which was connected 
to an ÄKTAexplorer HPLC system (GE Healthcare, Uppsala Sweden). Elution profiles of TNF-488 were mon-
itored by measuring the fluorescence (excitation/emission 488/525 nm) with a Prominence RF-20Axs on-line 
fluorescence detector (Shimadzu, Kyoto, Japan).

Affinity measurements using fluorescence-assisted HP-SEC.  Affinities were determined as 
described previously23. Briefly, serial four-fold dilutions of TNF (0.01–500 ng/ml) were incubated with a fixed 
concentration of 50–200 pg/ml of Fab-488 (certolizumab, golimumab) or Fab’-488 (adalimumab, infliximab) in 
PBS-I. Samples (1000 μ​l) were applied using a thermostatted autosampler (25 °C) to a Superdex 200 HR 10/300 
column at 0.5 ml/min (GE Healthcare, Uppsala Sweden), which was connected to an ÄKTAexplorer HPLC sys-
tem (GE Healthcare, Uppsala Sweden). Elution profiles of Fab-488 were monitored by measuring the fluorescence 
(excitation/emission 488/525 nm) with a Prominence RF-20Axs on-line fluorescence detector (Shimadzu, Kyoto, 
Japan). To calculate dissociation constants, fluorescence at 17 ml, corresponding to the peak maxima of free Fab-
488, respectively, were plotted against the concentration of TNF (molar concentration of the number of binding 
sites) and a 1:1 binding model was fitted to the data using Microcal Origin software. Alternatively, TNF-488 (DOL 
of 0.6) was incubated with serial fourfold dilutions of etanercept and analyzed likewise.

Surface plasmon resonance measurements.  Surface Plasmon Resonance measurements were per-
formed using a Biacore T-200 instrument (Biacore AB, Breda, The Netherlands) at 25 °C. Mouse anti-human 
IgG (MH16-1, Sanquin, The Netherlands) was immobilized at a concentration of 10 μ​g/ml in 10 mM sodium 
acetate, pH 5.0, on a CM5 sensor chip using N-hydrosuccinimide/1-ethyl-3-(3dimethylaminopropyl)carbod-
iimide hydro-chloride (NHS/EDC) at a flow rate of 15 μ​L/min. Anti-TNF monoclonal antibodies were dissolved 
at 5 μ​g/ml in PBS containing 0.05% polysorbate-20 (PBS-T), and passed through the cells at 30 μ​L/min yield-
ing ca. 100 response units (RU) of bound antibody. Subsequently, binding of TNF (50–300 ng/mL) dissolved in 
PBS-T was measured at a flow rate of 30 μ​L/min for 600 s followed by monitoring dissociation for another 600 s. 
After each run, immobilized ligand was regenerated by removing bound analyte with 5 μ​L of 0.1 M phosphoric 
acid. Adsorptions obtained in the reference channel without bound anti-TNF antibody was subtracted from the 
adsorptions in the other cells. Association and dissociation kinetics were fitted using the models provided with 
the Biacore analysis software.

WEHI bioassay.  TNF bioactivity was determined using a WEHI bioassay. Per well 40.000 WEHI-164 cells 
were plated in IMDM (BioWhittaker) containing 5% FCS (Bodinco), 100 U/ml penicillin, 100 μ​g/ml streptomycin 
(both from Gibco), 1 μ​g/ml Actinomycin D and 50 μ​M β​-Mercapto-ethanol (both from Sigma). TNF (range 0–20 
000 pg/ml TNF, Active Bioscience) was incubated in presence or absence of adalimumab Fab’ (13.3 or 26.6 ng/ml) 
or adalimumab (20 ng/ml) and either used immediately or incubated for three days at 4 °C or 37 °C. Subsequently, 
TNF, TNF-adalimumab Fab’ or TNF-adalimumab samples were 1:1 added to the WEHI-164 cells, resulting in 
0–10 000 pg/ml TNF, 6.6 ng/ml or 13 ng/ml adalimumab Fab’ and 10 ng/ml adalimumab as a final concentration. 
WEHI-164 cells were incubated for 24 h at 37 °C and 5% CO2 after which cell viability was measured using the 
MTT-reduction method. MTT (Sigma, diluted in 0.14 M NaCl and 0.01 M HEPES) was added to the cell cultures 
in a final concentration of 0.83 mg/ml and incubated for four hours, after which SDS (Gibco, diluted in 0.01 M 
HCl) was added to a final concentration of 5% for overnight incubation. Adsorption was measured at 595 nm and 
as reference 670 nm using a plate reader (Synergy 2, BioTek).
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