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ABSTRACT
Selective inhibition of tumor necrosis factor (TNF) signaling through the proinflammatory axis of TNF-
receptor 1 (TNFR1) while leaving pro-survival and regeneration-promoting signals via TNFR2 unaffected
is a promising strategy to circumvent limitations of complete inhibition of TNF action by the approved
anti-TNF drugs. A previously developed humanized antagonistic TNFR1-specific antibody, ATROSAB,
showed potent inhibition of TNFR1-mediated cellular responses. Because the parental mouse antibody
H398 possesses even stronger inhibitory potential, we scrutinized the specific binding parameters of the
two molecules and revealed a faster dissociation of ATROSAB compared to H398. Applying affinity
maturation and re-engineering of humanized variable domains, we generated a monovalent Fab
derivative (13.7) of ATROSAB that exhibited increased binding to TNFR1 and superior inhibition of
TNF-mediated TNFR1 activation, while lacking any agonistic activity even in the presence of cross-
linking antibodies. In order to improve its pharmacokinetic properties, several Fab13.7-derived mole-
cules were generated, including a PEGylated Fab, a mouse serum albumin fusion protein, a half-IgG with
a dimerization-deficient Fc, and a newly designed Fv-Fc format, employing the knobs-into-holes tech-
nology. Among these derivatives, the Fv13.7-Fc displayed the best combination of improved pharma-
cokinetic properties and antagonistic activity, thus representing a promising candidate for further
clinical development.
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Introduction

Tumor necrosis factor (TNF) is a pro-inflammatory cytokine
with pleiotropic activity on various cell types and a key factor
in initiation and maintenance of chronic inflammatory dis-
eases. Consequently, anti-TNF therapies, including anti-TNF
antibodies (infliximab, adalimumab, golimumab, certolizu-
mab pegol) and a soluble TNF receptor 2 (TNFR2) fusion
protein (etanercept), have been developed as therapeutic enti-
ties and approved for various indications such as rheumatoid
arthritis, juvenile idiopathic arthritis, psoriatric arthritis, pla-
que psoriasis, Crohn’s disease, and ulcerative colitis.1,2

TNF is expressed as a transmembrane type 2 protein
(tmTNF) capable of binding and activating the two TNF recep-
tors TNFR1 and TNFR2.3–5 TNFα converting enzyme-
mediated cleavage converts TNF into a soluble protein
(sTNF),6 which can still bind both receptors; however, it is
only able to efficiently activate TNFR1.7,8 Importantly, the
two TNF receptors exhibit diametrically opposed (dichotomic)
activities, with TNFR1 being primarily responsible for pro-
inflammatory responses and TNFR2 primarily involved in tis-
sue homeostasis, protection and regeneration.9–12 The
approved anti-TNF agents neutralize both tmTNF and sTNF,

thus globally blocking TNF activities.13 Various adverse effects
are related to this global inhibition, including common and
opportunistic infections, reactivation of latent tuberculosis,
lupus-like symptoms, demyelination, psoriasis, sarcoidosis,
and an increase of malignancies, such as lymphomas.14–16

Selective inhibition of TNFR1 has emerged as novel
approach for treatment of TNF-mediated inflammatory
diseases.16–19 We previously developed a humanized anti-
TNFR1 antibody (ATROSAB) that blocks receptor activa-
tion by TNF and lymphotoxin.20,21 ATROSAB, which is an
IgG1 antibody deficient in Fcγ receptor and complement
binding, demonstrated a protective role in a mouse model
of N-methyl-D-aspartate-induced acute neurodegeneration
by shifting the antithetic activity of TNF towards TNFR2.22

Moreover, both H398 and ATROSAB ameliorated disease
in a model of multiple sclerosis in TNFR1-humanized mice
9,23 and ATROSAB was well tolerated in a preclinical safety
study in cynomolgus monkeys (unpublished data).
However, because in the absence of TNF ATROSAB
showed in a narrow dose range a marginal agonistic activity
in vitro, equivalent to about 1–3% of a TNF-induced
response,21 we sought to improve antagonistic activity and
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safety of this TNFR1-selective antibody by developing
monovalent derivatives of ATROSAB. By applying affinity
maturation by random and site-directed mutagenesis, as
well as developing newly humanized variants based on
alternative germline sequences, we developed a Fab (clone
13.7) with improved antagonistic activity. Furthermore, we
generated and compared half-life-extended variants thereof
applying modification with polyethylene glycol
(PEGylation), fusion to serum albumin, an IgG half–anti-
body format, and a novel heterodimeric Fv-Fc format.

Results

Comparison of bioactivity of ATROSAB and its parental
antibody H398

In accordance with previous findings,20 ATROSAB and
H398 bound to human TFNR1-Fc in an enzyme-linked
immunosorbent assay (ELISA) with similar EC50 values of
0.25 nM and 0.15 nM, respectively (Figure 1a). Using
quartz crystal microbalance (QCM) measurements, similar
apparent affinities of ATROSAB and H398 were determined
for binding to immobilized human and rhesus TNFR1-Fc.
However, reducing antigen density on the chip to favor
monovalent interactions revealed an approximately 3-fold
lower apparent affinity of ATROSAB. This was caused
mainly by faster dissociation of ATROSAB from the recep-
tor, reflected by a higher koff value of 4.7 × 10−3 s−1

(Figure 1b) compared to H398, with a koff value of 6.2 × 10-
−4 s−1 (Figure 1c, Table 1). Consequently, a slower dissocia-
tion of monovalently bound H398 from TNFR1, and hence,
a longer receptor occupation, could contribute to a superior
blockade of TNFR1.

Affinity maturation and framework exchange of
ATROSAB

In order to increase its affinity, and thus its antagonistic
activity, the single-chain variable fragment (scFv) of
ATROSAB (scFv IZI06.1)20 was subjected to a first affinity
maturation approach using site-directed mutagenesis of
exposed residues within individual complementarity-deter-
mining regions (CDRs) (L1 and H2, CDR1 of the light
chain and CDR2 of the heavy chain) or combinations of
CDRs (H1/L2 and H2/L1) and selection by phage display
against human TNFR1-Fc. For one of the selected clones,
scFv IG11, which carries 6 mutations within CDRH2

(EIVPTQGEAKYNDKFKA, mutated residues are under-
lined), we observed a 3.9-fold slower receptor dissociation
(Table 2, Fig. S1) and 3.3-fold improved equilibrium bind-
ing to human TNFR1-Fc in ELISA (Figure 2a), as well as a
1.6-fold higher bioactivity in terms of inhibition of TNF-
induced TNFR1 activation in a HT1080-based interleukin-8
(IL-8) release assay (Figure 2b). This clone was subjected
further to a random mutagenesis approach, resulting in

Figure 1. Receptor binding ATROSAB and H398.
a) Binding of ATROSAB and H398 to immobilized TNFR1-Fc in ELISA (n = 3, mean
±SD) and QCM (b, c) using a chip of 48 Hz ligand density and a concentration
range from 62.5 nM to 3.9 nM in 2-fold dilution steps. Each concentration was
analyzed in triplicates.

Table 1. Binding activities of ATROSAB and H398.

ATROSAB* H398* fold change#

EC50, ELISA (nM) 0.25 0.15 1.7
KD, high density chip (nM) 0.11 0.06 1.8
kon, high density chip (M−1s−1) 9.4 × 105 7.5 × 105 1.2
koff, high density chip (s−1) 1.0 × 10−4 4.7 × 10−5 2.1
KD, low density chip (nM) 4.5 1.6 2.8
kon, low density chip (M−1s−1) 1.0 × 106 3.9 × 105 2.6
koff, low density chip (s−1) 4.7 × 10−3 6.2 × 10−4 7.6

*apparent affinities, determined by measuring bivalent IgG binding to bivalent
human TNFR1-Fc.

#fold change describes the reduction in binding of ATROSAB compared to H398
(fold lower EC50, KD and koff as well as fold higher kon).

Table 2. Characterization of scFv 13.7 in comparison to intermediate fragments
scFv IG11 and scFv T12B and to the parental scFv IZI06.1.

scFv IZI06.1 scFv IG11 scFv T12B scFv 13.7

EC50 (nM) 1.29 0.39 0.43 0.34
kon (M

−1s−1) 9.0 × 104 8.5 × 104 5.3 × 104 2.9 × 104

koff (s
−1) 1.7 × 10−2 4.3 × 10−3 2.6 × 10−3 1.6 × 10−3

KD (nM) 188 51 49 54
IC50 (nM) 33 20 9.8 7.1
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another clone, scFv T12B, exhibiting 2 additional mutations
in VH (Q1H, T53S, VH = variable domain of the heavy
chain) and one in VL (S91G, VL = variable domain of the
light chain). ScFv T12B revealed similar binding capacity
compared to scFv IG11 in QCM and an ELISA (Table 2,
Fig. S1, Figure 2a). Of note, scFv T12B displayed reduced
dissociation from immobilized TNFR1-Fc in QCM experi-
ments revealing a rate constant of 2.6 × 10−3 s−1 as com-
pared to koff values of 1.7 × 10−2 s−1 and 4.3 × 10−3 s−1 for
scFv IZI06.1 and scFv IG11, respectively (Fig. S1, Table 2).
This translated into a further increased inhibitory activity
of scFv T12B for TNF-induced IL-8 release from HT1080
cells by a factor of 3.4, compared to scFv IZI06.1
(Figure 2b, Table 2).

In a further approach, the humanization of H398 was
revisited by an exchange of VH and VL framework regions
of H398 with alternative germline genes in order to address
the possibility of suboptimal CDR arrangement in IZI06.1
after the initial humanization.24 Humanized versions with
alternative framework regions (3–11*01 for VH and 1–39*02
for VL, using two variants for each germline differing in one
amino acid position, VH: R or A at position 71, VL: I or V at
position 2) were generated and combined with each other and
with the VH and VL domains of scFv T12B, which was
selected for this approach as the candidate with the most
promising binding behavior (Fig. S2). All newly generated
scFv molecules were expressed and, in case of sufficient pro-
ducibility, analyzed for binding to TNFR1-Fc in ELISA, as
well as inhibition and TNF-mediated TNFR1 activation in IL-
8 release experiments (data not shown). Compared to scFv
T12B, the most promising candidate, scFv 13.7 (composed of
VH T12B and a newly humanized VL domain), revealed

almost identical binding to human TNFR1-Fc in ELISA and
QCM (Figure 2a, Fig. S1, Table 2), as well as slightly improved
inhibition of TNF-induced IL-8 release from HT1080 cells
(Figure 2b). Furthermore, scFv 13.7 possessed an improved
thermal stability with a melting temperature (Tm) of 65 °C
compared to 55 °C for scFv T12B, as determined by dynamic
light scattering (Figure 2c-e).

Binding of IgG 13.7 and Fab 13.7 to human TNFR1

Based on the newly humanized and affinity-matured ver-
sion 13.7, an IgG and a Fab with constant regions identical
to ATROSAB were generated (IgG 13.7, Fab 13.7) and
produced in transiently transfected HEK293T cells.
Proteins were purified by affinity chromatography using
protein A for IgG 13.7 and Kappa-Select for Fab 13.7.
Correct assembly and integrity of IgG 13.7 and Fab 13.7
were confirmed by SDS-PAGE. In analytical size-exclusion
chromatography (SEC), IgG 13.7 and Fab 13.7 as well as
the reference proteins ATROSAB and its Fab (Fab ATR)
revealed one single peak (Figure 3a-c).

Binding of the proteins to human TNFR1-Fc was analyzed
by ELISA, revealing EC50 values of 0.76 nM for IgG 13.7 and
1.4 nM for Fab 13.7. In comparison to ATROSAB, binding of
IgG 13.7 to TNFR1 was improved 1.4-fold, while Fab 13.7
bound to human TNFR1 8.7-fold stronger than Fab ATR
(Figure 3d). In addition, the proteins were analyzed by QCM
for binding to immobilized human TNFR1-Fc using a moderate
receptor density (86 Hz). Fab ATR showed a rapid dissociation
from the chip, resulting in a KD value of 30 nM as analyzed by
the “one to one” algorithm (Table 3, Figure 3f). In contrast, Fab
13.7 revealed a reduced dissociation from immobilized TNFR1-

Figure 2. Affinity maturation and framework replacement of scFv ATROSAB (scFv IZI06.1) results in improved activity and stability.
Binding of the parental scFv IZI06.1, the intermediate scFvs IG11 and T12B and the final version scFv 13.7, after affinity maturation and framework replacement was
analyzed in ELISA (a, mean ± SD, n = 2). Inhibition of TNF-induced (0.1 nM TNF) IL-8 release from HT1080 cells (b) was analyzed for all scFvs (displayed are mean ±SD,
n = 3). Thermal stability of scFv IZI06.1(c), scFv T12B (d) and scFv 13.7 (e) was analyzed using dynamic light scattering. Tm was determined upon visual interpretation
of the displayed data points.
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Fc, substantiated by a KD value of 1.6 nM, i.e., a 25-fold
increased affinity (Table 3, Figure 3h). ATROSAB dissociated
with biphasic kinetics from the receptor, indicating mono- and
bivalent binding eventswith calculatedkoff values of 2.2 × 10

−2 s−1

and 4.1 × 10−4 s−1 and KD values of 78 nM and 0.38 nM,
respectively, in an analysis using a “one to two” binding

algorithm (Table 3, Figure 3e). In contrast, IgG 13.7 showed a
very slow dissociation from the chip of moderate receptor
density, rendering discrimination between mono- and bivalent
binding impossible. Thus, based on Fab 13.7, the described
approach of affinity maturation and framework replacement
resulted in a strongly improved binding to TNFR1.

Figure 3. Expression, purification and receptor binding of 13.7 derived IgG and Fab.
Purity and correct assembly were analyzed by analytical size exclusion chromatography (a, Yarra SEC-2000 column, flow rate 0.5 ml/min) and SDS-PAGE (b, 12%
separation gel, reducing conditions; c, 8% separation gel, non-reducing conditions). The indicated molecular weights were interpolated using a standard curve of
proteins with known mass and retention time. Binding to human TNFR1 was evaluated in ELISA (d, n = 3, mean ± SD) and QCM experiments (e-h). In QCM
measurements, concentrations between 64 nM and 4 nM (ATROSAB and IgG13.7) or 128 nM to 8 nM (FabATR and Fab13.7), were analyzed in triplicates.
Measurements (grey, dotted line) and fit (black, solid) are shown.
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Selectivity and cross-reactivity of Fab and IgG 13.7 for
TNFR1

Selectivity of Fab 13.7 and IgG 13.7 for binding to TNFR1
was confirmed by ELISA with immobilized TNFR1-Fc and
TNFR2-Fc fusion proteins (Fig. S3a). Furthermore, species
cross-reactivity of Fab 13.7 was analyzed using TNFR1 from
different species (Fig. S3b). Fab 13.7 bound to human and
rhesus TNFR1-Fc, while no binding could be detected for the
mouse and rat TNFR1-Fc. ATROSAB showed a similar
binding pattern. The mouse TNFR1-specific control anti-
body H55R-170 bound to mouse TNFR1-Fc as well as to
rat TNFR1-Fc fusion proteins (Fig. S3c), confirming the
integrity of the coated mouse and rat TNFR1-Fc fusion
proteins.

In vitro bioactivity of IgG 13.7 and Fab 13.7

In a first set of in vitro experiments, we analyzed potential ago-
nistic activities of IgG 13.7 and Fab 13.7. The monovalent Fabs
(Fab ATR and Fab 13.7) did not show any signs of receptor
activation as determined by the release of IL-8 (Figure 4a) from
HT1080 cells, compared with the cellular background (Table 4).

In addition, no induction of TNFR1-mediated cytotoxicity in
Kym-1 cells was detected for both proteins (Figure 4b, Table 4).
In accordance with previous experiments,21 ATROSAB showed a
marginal potential to activate TNFR1 in IL-8 release experiments
using HT1080 cells (Figure 4a). The detected IL-8 level at the peak
concentration was 1.8-fold higher in comparison to the IL-8
release from unstimulated cells, corresponding to around 1%, of
the value obtained for TNF at a concentration of 33 nM (peak
response in titration assay, data not shown) (Table 4). In cell death
induction experiments using Kym-1 cells, however, no receptor
activation could be detected (Figure 4b, Table 4). Surprisingly, IgG
13.7 strongly activated TNFR1, resulting in released IL-8 amounts
of ~ 87% compared to TNF (33 nM, Figure 4a, Table 4). In a Kym-
1 cytotoxicity assay, IgG 13.7 induced cell death in up to 100% of
the cells as determined by crystal violet staining (Figure 4b,
Table 4). Consequently, only Fab 13.7 was employed to further
test the inhibitory potential on TNF-induced cytokine release
from HT1080 cells (Figure 4c) and apoptosis of Kym-1 cells
(Figure 4d). In these assays, TNF was used at a concentration of
0.1 nM to induce activation of TNFR1 in IL-8 release assays using
HT1080 cells and at a concentration of 0.01 nM in Kym-1 cell
death induction experiments. Interestingly, monovalent Fab ATR
revealed similar activities as bivalent ATROSAB in IL-8 release
experiments with IC50 values of 151 nM and 118 nM (Figure 4c).
Furthermore, similar IC50 values of 37 nM and 24 nM were
observed in the cytotoxicity assay using Kym-1 cells (Figure 4d)
(Table 4). Of note, Fab 13.7 revealed superior inhibitory potential
towards TNFR1 compared to Fab ATR, but also to the bivalent
IgGATROSAB, resulting in an IC50 value of 19 nMusingHT1080
cells (Figure 4c). An IC50 value of 4.7 nM was determined in the
cell death induction assay using Kym-1 cells (Figure 4d, Table 4).
Taken together, these data demonstrate an improved inhibitory
potential of Fab 13.7 compared to ATROSAB and Fab ATR, and a
lack of agonistic activity.

Table 3. Affinity determination of IgG13.7 and Fab13.7.

ATROSAB* IgG 13.7* Fab ATR Fab 13.7

Bmax1 (Hz) 16.8 6.4 8.9
Bmax2 (Hz) 10.7 32.7 - -
kon1 (M−1s−1) 2.8 × 105 - 5.0 × 105 4.7 × 105

koff1 (s−1) 2.2 × 10−2 - 1.5 × 10−2 7.3 × 10−4

KD1 (nM) 78 - 30 1.6
kon2 (M−1s−1) 1.1 × 106 6.6 × 105 - -
koff2 (s−1) 4.1 × 10−4 5.4 × 10−4 - -
KD2 (nM) 0.38 0.68 - -

*apparent affinities, determined by measuring bivalent IgG binding to bivalent
human TNFR1-Fc; 1: monovalent interaction; 2: bivalent interaction.

Figure 4. Bioactivity of 13.7 antibodies.
The potential of IgG13.7 and Fab13.7 to stimulate TNFR1 on the surface of HT1080 and Kym-1 cells was analyzed by detection of IL-8 (a) release as well as by the
induction of cell death (b). The inhibitory activity of Fab13.7 in the respective assays was analyzed (c and d) with respect to receptor stimulation by 0.1 nM TNF (c) or
0.01 nM TNF (d). ATROSAB and FabATR served as controls. Stimulatory experiments were performed twice (a and b, n = 2, mean ±SD), inhibitory experiments were
performed three times (c and d, n = 3, mean ±SD).
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Antibody-dependent cross-linking of anti-TNFR1
antibodies

In order to rule out a potential agonistic activity in the pre-
sence of cross-linking anti-drug antibodies, IL-8 release assays
were performed in the presence of an anti-human IgG serum
preparation produced in goat and specific for the Fab.
Binding of the goat-anti-human IgG serum to immobilized
Fab 13.7 was demonstrated by ELISA revealing half-maximal
binding at around 1 nM (Figure 5). Incubation of increasing
concentrations of Fab 13.7 with cross-linking goat anti-
human Fab serum did not promote any TNFR1-mediated
induction of IL-8 release (Figure 5). In contrast, the anti-Fab

serum induced increased levels of IL-8 in a concentration-
dependent manner in the presence of ATROSAB (Figure 5).

Plasma half-life of Fab 13.7

Aiming at therapeutic application, plasma half-life is a critical
factor to be considered in order to maintain a prolonged drug
exposure. The pharmacokinetic (PK) properties of Fab 13.7,
which possesses a molecular mass of approximately 47 kDa,
was analyzed in transgenic C57BL/6J mice expressing the extra-
cellular domain of human TNFR1 instead of the respective
mouse protein (TNFR1k/i mice). After a single intravenous (i.
v.) injection of Fab 13.7, an initial half-life of 0.08 h, a terminal
half-life of 1.4 h, and an area under the curve (AUC) of 4.2 µg/
ml × h was determined. These values were similar to those of Fab
ATR (t1/2,initial 0.17 h, t1/2,terminal 2.2 h, AUC 6.7 µg/ml × h)
(Figure 6). Thus, as expected, both proteins are more quickly
cleared from circulation compared to ATROSAB, which exhibits
an initial half-life of 0.44 h, a terminal half-life of 32.1 hours and
an AUC of 181 µg/ml × h, respectively.

Table 4. Bioactivity of ATROSAB and 13.7 antibodies.

TNF
(33 nM) ATROSAB

Fab
ATR IgG 13.7

Fab
13.7 Cells*

IL-8 release (pg/ml) 20,850 240 128 4231 138 137
IC50, IL-8 (nM) - 118 151 - 19 -
Cytotoxicity (%) 92 - - up to 100 - -
IC50, Cytotox (nM) - 24 37 - 4.7 -

*unstimulated cells

Figure 5. Fab13.7 lacks agonistic activity upon crosslinking.
Binding of a goat anti-human Fab antibody to Fab 13.7 in ELISA (a) and (b) the effect of this goat anti-human Fab antibody (64 µg/ml) on the stimulatory activity of
Fab13.7 towards TNFR1 was analyzed in an IL-8 release assay using HT1080 cells and compared to ATROSAB (n = 2, mean ±SD).

Figure 6. Pharmacokinetic study on Fab13.7 and half-life engineered variants.
PK profiles were obtained after i.v. bolus injection of 25 µg protein using C57BL/6J mice (n = 3) homozygously bearing the extracellular domain of human TNFR1 at
the locus of the mouse gene. Initial and terminal half-lifes as well as the area under the curve were calculated after detection of remaining active protein in serum
samples by ELISA.
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Half-life extended monovalent 13.7 derivatives

In order to extend the half-life of antibody 13.7, we generated
several monovalent derivatives exhibiting an increased mole-
cular mass and/or utilizing neonatal Fc receptor (FcRn) recy-
cling. In a first approach, a Fab′ fragment (Fab′ 13.7) was
generated by introducing a free cysteine residue at the
C-terminus of the first constant domain of the heavy chain
(CH1), which was chemically coupled to a branched PEG40kDa

moiety, resulting in Fab 13.7PEG (Fig S4). Furthermore, Fab
13.7 was fused through its Fd and a short flexible linker to the
N-terminus of mouse serum albumin (MSA) (Fab13.7-MSA)
(Fig. S5). A monovalent Fab-Fc fusion protein was generated
by fusing Fab 13.7 to a modified Fc, lacking the cysteines in
the hinge region as well as the ability to dimerize via the CH3
domain,25,26 resulting in a one-armed half-IgG molecule
(IgG1half13.7) (Fig S6). Finally, a monovalent Fv-Fc molecule
was generated by fusing the VH and VL domains to a hetero-
dimerizing knob-into-hole (kih) Fc chain27 lacking the
cysteines in the hinge region (Fv13.7-Fckih, Fig. S7).

\These molecules were produced in HEK293-6E suspen-
sion cells after transient transfection and purified by affinity
chromatography and subsequent preparative SEC in the cases
of Fab13.7-MSA, IgG1half13.7 and Fv13.7-Fckih (SEC profiles
and pooled fractions are displayed in Fig. S8). Molecular
integrity was confirmed by SDS-PAGE analysis (Fig. S4c-
S7c) and analytical SEC (Fig. S4d-S7d). Binding of all 13.7
derivatives to human TNFR1-Fc was demonstrated in ELISA.
Here, compared to Fab 13.7, a slightly reduced binding was
observed for Fab13.7PEG, Fab13.7-MSA and IgG1half13.7,
while binding of Fv13.7-Fckih was not affected (Table 5,
Fig. S4e-S7e). None of the newly generated Fab 13.7 deriva-
tives showed detectable agonistic activity towards TNFR1 in
an IL-8 release assay using HT1080 (Fig. S4f-S7f).
Furthermore, inhibition of IL-8 release from HT1080 cells,
induced by 0.1 nM TNF, was slightly reduced by factors
ranging from 1.5 to 3.3 compared to Fab 13.7. Fv13.7-Fckih
showed the lowest change in bioactivity (Table 5,
Fig. S4g-S7g).

PK properties of the newly generated Fab 13.7-derived
molecules were determined in TNFR1k/I mice after an i.v.
injection of 25 µg protein. IgGhalf13.7 exhibited a similar
terminal half-life of 1.5 hours as Fab 13.7 (1.4 h, Table 5,
Figure 6). The AUC value of IgGhalf13.7 was increased by a
factor of 7.1 compared to Fab 13.7 (Table 5, Figure 6). In
contrast, Fab13.7PEG, Fab13.7-MSA, and Fv13.7-Fckih
revealed strongly extended terminal half-lives with values of

14.4 h, 9.7 hours and 10.5 h, respectively, and strongly
increased AUC values (Table 5, Figure 6).

Discussion

In this study, we identified a difference in TNFR1 interaction
between two closely related TNFR1-specific antibodies, mAb
H398 and its humanized derivative ATROSAB, the latter
displaying a faster dissociation upon monovalent interaction
with human TNFR1 (Figure 1, Table 1). To improve this
parameter, the scFv IZI06.1, composed of the VH and VL of
ATROSAB, was subjected to affinity maturation by phage
display. After two consecutive rounds of site-directed and
random mutagenesis, isolated clones revealed stronger bind-
ing to TNFR1 (scFv IG11; Figure 2a; Fig S1; Table 2) and
improved inhibition of TNFR1 activation (scFv T12B,
Figure 2a, b; Fig S1; Table 2), respectively. The lead candidate
was further combined with newly humanized variable
domains based on VH and VL germline genes with the most
human-like amino acid composition.28 Functional scFvs were
obtained in the combination of a newly humanized VL
domain and the VH domain of the affinity matured scFv
T12B, constituting the new scFv 13.7, which revealed similar
binding to TNFR1-Fc and similar inhibition of TNF-induced
activation of TNFR1 compared to its parental scFv T12B
(Table 2, Fig. S1 and S2). However, scFv 13.7 showed higher
thermal stability compared to scFv T12B and other newly
humanized candidates, indicating an overall improved mole-
cular structure, which was demonstrated to result in a higher
product quality as revealed by a recent study showing a con-
nection between thermal stability of antibodies, solubility and
long-term stability (Fig. 2).29

Compared to the initially humanized scFv IZI06.1, the com-
bined engineering resulted in an ~ 3.5-fold higher apparent
monovalent affinity than scFv IZI06.1 as determined by QCM
(Fig. S1, Table 2). However, QCM measurements might be
affected by the presence of multimers, resulting in varying KD

values as observed for scFv IZI06.1 when compared to previously
published data.20 Consequently, Fab 13.7 was produced, lacking
aggregates andmultimers, which revealed an 18.8-fold improved
monovalent affinity when compared to Fab ATR (Figure 3,
Table 3), comprising VH and VL of scFvIZI06.1.

Most importantly, the monovalent Fab 13.7 exhibited
increased neutralizing activity compared to ATROSAB while
lacking any agonistic activity, and thus represents a valuable
alternative to the bivalent ATROSAB exhibiting marginally
stimulatory activity (Figure 4, Table 4).20,21 Surprisingly, IgG

Table 5. Bioactivity of half-life engineered Fab13.7 Variants.

Molecule MW [kDa] Sr [nm]
ELISA Binding
EC50 [nM]

IL-8 Inhibition
IC50 [nM]

Initial
Half-Life [h]

Terminal
Half-Life [h]

Area Under
The Curve [µg/ml*h]

Fab13.7PEG ~ 88 n.d. 1.3 55.9 6.84 ± 11.43 14.4 ± 7.2 346.0 ± 205.2
Fab13.7-MSA 114 5.0 0.7 65.5 1.20 ± 1.51 9.7 ± 3.0 193.4 ± 65.1
IgGhalf13.7 73 4.1 0.8 63.3 0.10 ± 0.11 1.5 ± 0.2 29.7 ± 9.4
Fv13.7-Fckih 76 3.8 0.3 30.7 0.54 ± 0.25 10.5 ± 2.2 109.0 ± 22.2
Fab 13.7 47 2.6 0.4 20.0 0.08 ± 0.06 1.4 ± 0.9 4.2 ± 0.4
ATROSAB 146 4.9 0.2 97.8 0.44 ± 0.19 32.1 ± 11.1 180.7 ± 29.8
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13.7 exhibited pronounced agonistic capacity when tested in
vitro in different assays (Figure 4, Table 4). Taking into
account that members of the TNFR superfamily (TNFRSF)
typically require oligomeric receptor cluster formation,
mediated by receptor-ligand/receptor-antibody binding and
receptor-receptor interactions,30–32 this agonistic activity
might be attributed to the improvement in affinity, especially
to slower dissociation from TNFR1, which resulted in forma-
tion of stable signaling competent receptor-antibody com-
plexes. These complexes must be formed also in the case of
ATROSAB, but they seemed to be less stable, as indicated by
its only marginal activation of TNFR1 on the cell surface,
which might be due to the rather transient interaction
between ATROSAB and TNFR1.

The agonistic power of IgG13.7 could also be the result of
other effects. First, changes within the antibody’s paratopemight
have slightly altered the epitope or induced an epitope drift-like
phenomenon. Such mechanisms have been described for in vivo
matured antibodies,33,34 resulting in different binding behavior
that fosters the formation of larger receptor clusters on the cell
surface. Second, the changes within the CDRs could have
enabled additional interactions between TNFR1 and the engi-
neered antibody IgG 13.7, which could be involved in some kind
of induced-fit mechanism as described for antibodies against
protein or hapten antigens,35,36 leading to structural changes in
the antigen, which have been described to possibly contribute to
the activation of TNFR1.37 Third, the changes during the process
of maturation and exchange of framework regions could have
altered the angle between TNFR1 and the Fab part of IgG13.7,
rendering it more likely for the second Fab arm of the antibody
to bind to another TNFR1molecule, supporting the engagement
of IgG 13.7 in larger receptor clusters that promote sustained
receptor activation.38 The latter argument would imply that
ATROSAB, despite its two binding sites, represents a function-
ally monovalent molecule under most conditions. This reason-
ing is supported by the observation that ATROSAB shows no or
only marginal receptor activation on its own and requires sus-
tained secondary antibody-mediated receptor cross-linking to be
converted into an antagonist. Moreover, ATROSAB and its
corresponding Fab revealed identical bioactivities with respect
to the inhibition of TNF-mediated activation of TNFR1, further
supporting the view that bivalent binding of ATROSAB to cell
surface TNFR1 is a rare event.

The fact that the monovalent interaction of 13.7 at the site of
TNF binding resulted in sustained inhibition of TNFR1 activa-
tion underlines the potential of Fab 13.7 as a drug candidate
amenable for further development. Aside from a clear improve-
ment of bioactivity of Fab 13.7 (~ 5-fold compared to
ATROSAB), the absence of any agonistic potential even in the
presence of secondary crosslinking antibodies appears as a major
advantage (Figure 5). Indeed, anti-drug antibodies (ADAs) are
known to represent a major hurdle in the application of protein
therapeutics.39 For example, in a previously published study, two
of five patients treated with 2 to 10 µg/kg of an anti-human
TNFR1 VH domain antibody showed mild to moderate signs of
cytokine release syndrome.40 This effect was attributed to pre-

existing auto-antibodies directed against the VH, which were
detected in 50% of the patients in a retrospective study. In the
case of the anti-TNF drugs infliximab and adalimumab, a study
revealed the development of ADAs in 50% and 31% of the
patients, respectively, resulting in the termination of the applied
therapy.41 Of course, the apparent lack of conversion of the
TNFR1 antagonist 13.7 into an agonist by secondary crosslink-
ing antibodies, as suggested from the data obtained so far,
requires additional studies to confirm this feature.

The short plasma half-life of the Fab 13.7 is a potential
draw back for further drug development. Therefore, we gen-
erated several half-life extended derivatives of Fab 13.7,
including PEGylated Fab, fusion of the Fab to MSA or a
dimerization-impaired IgG Fc part (half-IgG), as well as an
Fv-Fc fusion protein utilizing a knobs-into-holes Fc (Fig. S4-
S7, Table 5). All newly designed molecules revealed improved
PK properties (Figure 6, Table 5), but all molecules also
showed somewhat reduced binding to TNFR1-Fc and inhibi-
tory potential of TNF-induced responses in vitro (Fig. S4-S7,
Table 5). This reduction in binding affinity after molecular
modification is a well-described phenomenon, especially in
the case of PEGylated Fabs, as demonstrated for Fabs directed
against diverse targets.42,43 While Fab13.7PEG demonstrated
superior PK behavior, which corresponded well with pre-
viously published PK data of an Alexa-Fluor-labeled anti-
TNF Fab (certolizumab PEGol) in mice,44 it also showed the
strongest impairment of function. The molecule Fv13.7-Fckih,
which was engineered for heterodimeric assembly of two
peptide chains by use of the knobs-into-holes technology,27

revealed a strongly improved PK profile, compared to the
parental Fab, and showed the lowest impact on binding and
antagonistic activity compared to all other generated Fab 13.7
derivatives.

Taken together, the novel monovalent TNFR1 inhibitor Fab
13.7 was generated by affinity maturation and framework
exchange, resulting in stronger inhibition of TNF-induced cel-
lular responses. The Fab was converted into the fusion protein
Fv13.7-Fckih, improving its PK properties. The characteristics of
the newly generated monovalent Fv13.7-Fckih are suitable to
fulfill the previously proposed advantages of selective TNFR1
antagonism over systemic TNF blockade in TNFR1-mediated
diseases due to unaffected TNFR2 signaling15,18,45 and broader
range of action due to simultaneous TNF and lymphotoxin α
(LTα) inhibition. The latter is of special interest regarding the
demonstrated pro-inflammatory role of LTα in different mouse
models, e.g., collagen-induced arthritis and experimental auto-
immune encephalomyelitis (EAE).46–48 LTα was furthermore
reported to be elevated in the synovium as well as in the serum
of rheumatoid arthritis (RA) patients.49,50 Of note, RA patients
with resistance to infliximab treatment responded to etanercept,
a TNFR1-Fc fusion protein that also neutralizes LTα.51 Finally,
Fv13.7-Fckih might also hold potential for the application in
oncologic indications, as suggested by recent reports on the
involvement of TNFR1 in tumor-associated lymphangiogenesis-
52 or Helicobacter pylori infection-mediated development of
gastric cancer in mouse models.53 Thus, Fv13.7-Fckih represents
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a lead candidate for a drug development and for preclinical and
clinical evaluation in diseases with a recognized pathogenic role
of TNF and/or LT.

Materials and methods

Materials

ATROSAB and human TNFR1-Fc were provided by
Baliopharm (Basel, Switzerland). H398 (HM2020SP-b) was
purchased from Hycult biotech (Plymouth Meeting, PA,
USA). Anti-His-HRP (HIS-6 His-Probe-HRP, sc-8036) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), anti-human Fab (Goat, polyclonal, 2085–01) from
SouthernBiotech, (Birmingham, AL, USA), anti-human IgG
(Fab specific, A 0293) and anti-human IgG (Fc specific, A
0170) from Sigma-Aldrich (Taufkirchen, Germany) and anti-
M13 monoclonal HRP-Conjugate (27,942,101) was purchased
from GE Healthcare (Chalfont St Giles, GB).

Antibody production

All variants of ATROSAB and 13.7 were cloned into the
expression vector pEE14.4 (IgG, Fab) or pSecTagAL1
(Invitrogen) (Fab’, Fv-Fckih, IgGhalf, Fab-MSA) and produced
in stably or transiently transfected HEK293T cells using
Lipofection (Lipofectamine™ 2000, 11,668–019, Invitrogen,
Karlsruhe, Germany) for transfection. Proteins were purified
from supernatant using either protein A affinity chromato-
graphy (TOYOPEARL®, AF-rProtein A-650F, 22,805, Tosoh,
Stuttgart, Germany) or a HiTrap KappaSelect resin (17–5458-
12, GE Healthcare, Chalfont St Giles, GB) followed by gel
filtration if necessary (Fab13.7-MSA, IgG half13.7 and Fv13.7-
Fckih, using an Äkta purifier with a Superdex 200 10/300 GL
column at a flow rate of 0.5 ml/min using phosphate-buffered
saline (PBS) as liquid phase. ScFv were produced in E. coli and
purified from periplasmic extracts by IMAC (Ni-NTA
Agarose, 64–17-5, Macherey-Nagel, Düren, Germany).

Generation of phage libraries

Individual CDR libraries were generated by amplification of
the parental scFv gene, using PCR technology with degener-
ated primers containing randomized codons (NNK) at
selected positions within the CDRs (library 1, 6 residues [H:
31, 32, 33; L:50, 53, 56]; library 2, 12 residues [H: 50, 52, 53,
54, 56, 58, 61; L: 27D, 27E, 28, 30, 32]; library 2a, 7 residues
[H: 50, 52, 53, 54, 56, 58, 61]; library 2b, 5 residues [L: 27D,
27E, 28, 30, 32]).54 Briefly, after digesting with NheI and
BamHI (library 1), XmaI and PstI (library 2) or NcoI and
PstI, the PCR products were ligated overnight at 16 °C into
phagemid vector pHENIS, containing the parental scFv with a
frameshift mutation and a stop codon in order to avoid wild-
type phage in the libraries. DNA was precipitated and trans-
formed by electroporation into E. coli TG1. Library EP03 was
generated by error-prone PCR using the GeneMorph II
Random Mutagenesis Kit (200,550, Agilent Technologies,
Santa Clara, CA, USA) according to the manufacturers
protocol.55 Standard sequencing primers were used to amplify

plasmid pHENIS-scFvLib2a_huBR6_IG11 while the condi-
tions were adjusted to introduce a moderate number of muta-
tions by using 0.1 µg template DNA in a 30-cycles PCR
reaction. After digest with NcoI and NotI, the PCR product
was ligated into phagemid vector pHENIS overnight at 16 °C.
DNA was precipitated and transformed by electroporation
into E. coli TG1.

Phage display

Phage display selections were performed in immunotubes
essentially as described.56 The concentrations of human
TNFR1-Fc for coating of immunotubes were decreased from
1 and 0.1 µg/ml in round 1 to 0.1 and 0.01 µg/ml in the last
round, respectively. Prior to the first round, a negative selection
round was performed using immune tubes with immobilized
human TNFR2-Fc (2 µg/ml). In some selections, soluble
human TNFR1-Fc (5 µg/ml) was added to the tubes in order
to capture quickly dissociating phages and hinder their re-
binding to immobilized antigen. Additionally, an off-rate
screening step was included in order to evaluate the reduced
dissociation from the receptor by QCM technology. The super-
natants of rescued monoclonal phages were diluted 1:2 in PBST
(PBS, 0.1% Tween 20) and tested on a sensor chip with immo-
bilized human TNFR1-Fc (48 Hz). For reasons of comparison,
the running buffer was also mixed 1 to 1 with 2xTY media. The
mean value of three measurements was analyzed using the
Attaché office software (Attana, Stockholm, Sweden).

Pegylation of Fab13.7

Fab´13.7 was reduced by the addition of tris(2-carboxyethyl)
phosphine (TCEP) to a final concentration of 5 mM and incuba-
tion for 2 hours at room temperature (RT). Remaining TCEP
was removed in a dialysis step against nitrogen-saturated Nellis
buffer (10 mM Na2HPO4/NaH2PO4 buffer, 0.2 mM EDTA,
30 mM NaCl, pH 6.7) overnight at 4 °C using a D-Tube™
Dialyzer Mini (MW cut-off 6 – 8 kDa). The reduced Fab´13.7
was mixed with methoxy-PEG2-Mal-40K (mPEG-Mal,
NEKTAR 2D3Y0T01) at a molar ratio of 1:10, overlaid with
nitrogen in order to avoid re-oxidation and incubated at RT
for 1 hour. Finally, free and reactive maleimide groups were
quenched by adding L-cysteine (final conc. 100 µM) for 10 min-
utes at RT. In a final step, PEGylated Fabs were purified using a
HiTrap KappaSelect resin as described above.

Protein characterization

Proteins were analyzed by SDS-PAGE and stained with
Coomassie-Brilliant Blue G-250. Purity and correct protein
assembly was analyzed by SEC using a Waters 2695 HPLC in
combination with a Phenomenex Yarra SEC-2000 column
(300 × 7.8 mm, flow rate of 0.5 ml/min) or a TSKgel
SuperSW mAb HR column (flow rate of 0.5 ml/min).
Alternatively, an Äkta purifier with a Superdex 200 10/300
GL column was used at a flow rate of 0.5 ml/min using PBS as
liquid phase. The HPLC mobile phase was 0.1 M Na2HPO4/
NaH2PO4, 0.1 M Na2SO4, pH 6.7. Standard proteins used
were: Thyroglobulin (669 kDa), Apoferritin (443 kDa),
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Alcohol dehydrogenase (150 kDa), BSA (66 kDa), carbonic
anhydrase (29 kDa), FLAG peptide (1 kDa).

Thermal stability

Protein aggregation was analyzed by dynamic light scattering
using the ZetaSizer Nano ZS (Malvern, Herrenberg,
Germany) increasing temperature stepwise from 35 °C to 80
°C with 1 °C intervals and 2 minutes equilibration prior to
each measurement. About 100 µg of protein in 1 ml PBS was
analyzed and the melting point (Tm) retrieved upon visual
analysis of the increasing signal (kcps).

Enzyme-linked immunosorbent assay

The indicated proteins were immobilized in 96-well microtiter
plates at a concentration of 1 µg/ml in PBS overnight at 4 °C.
Residual binding sites were blocked using 2% skim milk in
PBS (MPBS, 200 µl/well) for 2 hours at RT. Samples were
diluted in MPBS, applied to the plates and incubated for
another hour at RT. For detection purposes, HRP-labeled or
biotin-labeled detection antibodies were applied to the plate
for another hour at RT. In the case of biotin-labeled detection
antibodies, the plates were subsequently incubated at RT for 1
hour with an HRP-conjugated streptavidin reagent
(Immunotools, IL kit component). Bound protein species
were detected with 1 mg/ml TMB solution, 0.006% H2O2 in
100 mM Na-acetate buffer, pH 6 at RT, reaction was termi-
nated using 50 µl 1 M H2SO4 and absorption was measured at
a wavelength of 450 nm. The plates were washed three times
with PBST (PBS + 0.005% Tween20) and twice with PBS in
between each incubation step and in advance of the detection.

Quartz crystal microbalance

Binding kinetics were determined by quartz crystal microba-
lance measurements using a A-100 C-Fast or Cell-200 C-Fast
(Attana, Stockholm, Sweden). Human TNFR1-Fc was immo-
bilized on the sensor chip according to the manufacturer’s
amine coupling protocol at the indicated densities. Studies
were performed using PBST (0.1% Tween-20, pH 7.4) as
running buffer at 37 °C, applying a flow rate of 25 µl/min.
Reference measurements were performed after every second
protein injection using PBST and subtracted from the
obtained binding curves. Sensor chips were regenerated after
each measurement and reference injection using 25 µl 5 mM
NaOH or 20 mM glycine, pH 2.0. Data analysis was per-
formed using Attaché Office Evaluation software (Attana,
Stockholm, Sweden) and TraceDrawe (ridgview instruments,
Vange, Sweden).

Interleukin release assay

HT1080 (IL-8) cells were seeded (2 × 104 cells/well) in a 96-
well plate and incubated overnight. After exchange of the
supernatant in order to remove constitutively secreted inter-
leukin, the cells were incubated with the samples in RPMI
1640 + 5% fetal calf serum (FCS) at 37 °C, 5% CO2. For
inhibition experiments, antibody samples and stimulating

agent (TNF) were mixed prior to application to the cells.
Unstimulated cells or cells treated with TNF alone served as
controls. After 16–20 hours, plates were centrifuged at 500 × g
for 5 minutes and diluted supernatants were analyzed by
ELISA according to the manufacturers protocol (IL-8,
31,670,089, ImmunoTools, Friesoythe, Germany).

Cytotoxicity assay

Kym-1 cells (1 × 104 per well) were seeded into 96-well
microtiter plates and incubated overnight at 37 °C and 5%
CO2. Protein dilutions in 5% RPMI 1640 + 10% FCS were
applied to the cells and incubated for another 24 hours at
37 °C and 5% CO2. In case of competition assays, both
protein species were mixed together prior to application to
the cells. The next day, supernatants were discarded and
50 µl/well crystal violet solution (0.5% crystal violet, 20%
methanol in H2O) was added to the plates and incubated
for 20 minutes at RT. Subsequently, plates were washed in
H2O 20 times and air-dried. Remaining crystal violet dye
was dissolved by the addition of 100 µl/well methanol.
After 10 minutes shaking at RT, the absorbance at a wave-
length of 595 nm was determined.

Pharmacokinetics

Animal care and experiments were in accordance with federal
guidelines and have been approved by university and state
authorities. In order to determine PK properties, 12 µg or
25 µg protein were injected i.v. into transgenic C57BL/6J mice
bearing the gene of the extracellular domain of human TNFR-
1 at the locus of the particular mouse gene (C57BL/6J-
huTNFRSF1Aecd

tm1UEG/izi).22 Blood samples were collected
from the tail vein after 3 min, 30 min, 1 h, 3 hours and
6 hours as well as after 3 days and 7 days and incubated on
ice immediately. After centrifugation (13,000 × g, 4 °C,
10 minutes), serum was separated and stored at 20 °C until
analysis. Remaining functional protein in the serum samples
was analyzed by ELISA against immobilized human TNFR1-
Fc. Data were calculated as percentage of the 3 minutes value.

Abbreviations

ATROSAB antagonistic TNF receptor one specific antibody
AUC area under the curve
Fab antigen-binding fragment
Fc crystallizable fragment
Fv variable fragment
PEG polyethylene glycol
QCM quartz crystal microbalance
TNF tumor necrosis factor
TNFR1 TNF-receptor 1
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