',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 31 July 2017
doi: 10.3389/fimmu.2017.00867

OPEN ACCESS

Edited by:
Colin Roger MacKenzie,
National Research Council, Canada

Reviewed by:

Marina Drutskaya,

Engelhardt Institute of Molecular
Biology (RAS), Russia

Peter Timmerman,

Pepscan Therapeutics B.V.,
Netherlands

*Correspondence:
Caroline Pollet
caroline.pollet@ablynx.com

tPresent address:

Els Beirnaert,

Viaams Instituut voor
Biotechnologie, Gent, Belgium;
Torsten Dreier,

argenx BVBA, Ghent, Belgium;
Karen Silence,

argenx BVBA, Ghent, Belgium;,
Hans de Haard,

argenx BVBA, Ghent, Belgium

*These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Vaccines and Molecular
Therapeutics,

a section of the journal
Frontiers in Immunology

Received: 27 April 2017
Accepted: 07 July 2017
Published: 31 July 2017

Citation:

Beirnaert E, Desmyter A, Spinelli S,
Lauwereys M, Aarden L, Dreier T,
Loris R, Silence K, Pollet C,
Cambillau C and de Haard H (2017)
Bivalent Llama Single-Domain
Antibody Fragments against Tumor
Necrosis Factor Have Picomolar
Potencies due to Intramolecular
Interactions.

Front. Immunol. 8:867.

doi: 10.3389/fimmu.2017.00867

®

Check for
updates

Bivalent Llama Single-Domain
Antibody Fragments against Tumor
Necrosis Factor Have Picomolar
Potencies due to Intramolecular
Interactions

Els Beirnaert'™, Aline Desmyter?%, Silvia Spinelli?3, Marc Lauwereys’, Lucien Aarden?,
Torsten Dreier'?, Remy Loris®%, Karen Silence'’, Caroline Pollet’*, Christian Cambillau?3
and Hans de Haard'*

TAblynx NV, Ghent, Belgium, 2 Architecture et Fonction des Macromolécules Biologiques, Aix-Marseille Université, Campus
de Luminy, Marseille, France, °Architecture et Fonction des Macromolécules Biologiques, Centre National de la Recherche
Scientifique (CNRS), Campus de Luminy, Marseille, France, “ Department of Immunopathology, Sanquin Research,
Amsterdam, Netherlands, °Structural Biology Brussels, Vrije Universiteit Brussel, Brussels, Belgium, ©Structural Biology
Research Center, VIB, Brussels, Belgium

The activity of tumor necrosis factor (TNF), a cytokine involved in inflammatory pathol-
ogies, can be inhibited by antibodies or trap molecules. Herein, llama-derived variable
heavy-chain domains of heavy-chain antibody (VHH, also called Nanobodies™) were
generated for the engineering of bivalent constructs, which antagonize the binding of
TNF to its receptors with picomolar potencies. Three monomeric VHHs (VHH#1, VHH#2,
and VHH#3) were characterized in detail and found to bind TNF with sub-nanomolar
affinities. The crystal structures of the TNF-VHH complexes demonstrate that VHH#1
and VHH#2 share the same epitope, at the center of the interaction area of TNF with
its TNFRs, while VHH#3 binds to a different, but partially overlapping epitope. These
structures rationalize our results obtained with bivalent constructs in which two VHHs
were coupled via linkers of different lengths. Contrary to conventional antibodies, these
bivalent Nanobody™ constructs can bind to a single trimeric TNF, thus binding with
avidity and blocking two of the three receptor binding sites in the cytokine. The different
mode of binding to antigen and the engineering into bivalent constructs supports the
design of highly potent VHH-based therapeutic entities.

Keywords: tumor necrosis factor, cytokine, inflammation, nanobody, VHH, intramolecular binding, crystal structure

INTRODUCTION

Tumor necrosis factor (TNF) is a pleiotropic cytokine with beneficial functions in immune regulation
and host defense, but deleterious pro-inflammatory and cytotoxic functions during inflammation.
TNF is a pro-inflammatory cytokine that represents a critical mediator of the autoimmune process,
playing a key role in several inflammatory diseases, including rheumatoid arthritis (RA), ulcerative
colitis, and Crohn’ disease. Increased understanding of the biological basis of autoimmunity has led
to its identification as a major regulator of immune homeostasis, permitting the development of new
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Ultrapotent Anti-TNF Camelid Nanobodies

TNF antagonists at the forefront of treatments for inflammatory
conditions (1). TNF signaling is mediated by binding to two cell-
surface receptors: TNF receptor type 1 (TNFR1 or p55), expressed
in most tissues, or TNF receptor type 2 (TNFR2 or p75), which is
inducible and typically found in cells of the immune system (2).
TNFRI induces pro-inflammatory cascades and apoptosis, while
TNFR2 has a role in cell survival, proliferation, and immune
regulation (3, 4).

The structure of the related lymphotoxin a (LT«, previously
called TNFp) in complex with TNFR1 has shown that the
trimeric cytokine binds three receptor molecules in a sym-
metrical way (5). The cytokine recruits two or possibly three
TNFR1 molecules leading to clustering of the receptors, which
results in downstream signaling. TNF has a similar structure
as LTa and both compete for binding to the same receptors.
Therefore, it was concluded that the structural insights pro-
vided by the analysis of the complex of LTa with p55 should
also apply for TNF.

Inhibition of the TNF has been achieved by the anti-TNF
biologic etanercept, antibodies like infliximab and adalimumab,
or with the antibody fragment certolizumab, used to treat auto-
immune diseases. However, these therapies have many adverse
effects, and a lot of patients do not respond or poorly respond to
initial treatment, or lose their response with maintenance therapy
due to immunogenicity or other causes (6, 7). An alternative to
total TNF blockade is to use a selective TNFR1 inhibitor to target
pathogenic TNF signaling in autoimmune disease conditions
such as RA. The TNF/TNFR2 pathway and its beneficial immu-
nomodulatory signals and tissue homeostatic functions are thus
maintained (8).

While the antibody structure usually comprises a heavy chain
combined with a light chain, camelids have antibodies that only
consists of a heavy chain (HCAbs) (9). Variable heavy (VH) chain
domains of heavy-chain antibody (VHH) or Nanobodies™ are
small antigen-binding fragments derived from HCAbs (4). They
have advantages over conventional antibodies in that they are
small (15 kDa) and robust, with low immunogenicity, a unique
binding capability, and high solubility and stability (10). They
are encoded by a single gene, requiring no posttranslational
modifications and can be produced at high yields in bacteria and
yeasts (11).

We generated and isolated Nanobodies™ that were screened
for inhibition of the interaction between TNF and the TNFR2.
The TNEF-specific Nanobodies™ were shown to inhibit the inter-
action between the cytokine and its receptor in enzyme-linked
immunosorbent assay (ELISA). In addition, it is shown that these
Nanobodies™ inhibit the TNF-induced necrosis effect in a cell-
based assay. These bioassay data suggest that TNF:TNFRI cascade
is also inhibited, which is in accordance with previously published
structural analysis of interaction between LTa and TNFRI1 (5).
Their potency is better than for the commercially available TNF
inhibitors, such as etanercept (Enbrel®), adalimumab (Humira®),
and infliximab (Remicade®). However, these TNF antagonistic
therapeutics act as bivalent molecules, resulting in higher avid-
ity (12). Therefore, bivalent Nanobodies™ with either a short 9
amino acid GlySer linker or a longer 12 and 30 amino acid GlySer
linker were constructed and characterized.

The X-ray structures of three complexes of these Nanobodies™
and TNF make it possible to rationalize the impact of linker length
on the potency of these TNF binders. This knowledge supports
the rational design of the most optimal bivalent Nanobody™
constructs that demonstrate efficacy in the TNF transgenic
mouse model of spontaneous arthritis.

MATERIALS AND METHODS

Production and Selection of Nanobodies™

Blocking TNF

The study was approved by the Ethical Committee of the Faculty
of Veterinary Medicine, University Ghent, Belgium. Human
TNF was produced in house (Ablynx NV, Belgium) as a recom-
binant protein in Escherichia coli using the method described by
Marmenout et al. (13). Purification was according to the proce-
dures described by Curnis and Corti (14).

Two llamas were immunized with TNF according to current
animal welfare regulations, using the adjuvant Stimune (CEDI
Diagnostics, Lelystad, The Netherlands). Two blood samples
were collected from each animal as the source of B-cells. Total
RNA was isolated according to the procedure described by
Chomeczynski and Sacchi (15). Random primed complementary
DNA was prepared on total RNA, purified and subsequently used
as template to amplify the Nanobody™ repertoire. The procedure
to amplify and clone the Nanobody™ repertoire was based on a
method described in Ref. (16).

For the selection of Nanobodies™ against TNE, a Nunc
Maxisorp® 96-well plate was coated with neutravidin and blocked,
and biotinylated TNF wasadded to the wells. Phages were prepared
as described by Marks et al. (17) and allowed to bind to the wells
for 2 h at room temperature. Phages were removed, and the wells
were washed 20 times with phosphate-buffered saline (PBS)/0.1%
tween; elution of bound phage was done with 10 uM etanercept
(Enbrel®) for 30 min at room temperature, or by denaturation
with acid (0.2 M glycine pH 2.5) for 20 min at room temperature.
Two rounds of selections were performed.

The ability of the Nanobodies™ to inhibit receptor-ligand
interaction was analysed in ELISA. A 96-well Maxisorp plate was
coated overnight at 4°C with 2 ug/ml etanercept in PBS. Plates
were blocked with 1% casein solution (in PBS) for 2 h at room
temperature. Nanobody™ samples were preincubated for 30 min
at room temperature with biotinylated TNF (200 pM). The
mixtures were added to the plates and incubated for 1 h at room
temperature. Biotinylated TNF was detected using Extravidin
alkaline phosphatase (Sigma; 1/2,000 diluted) and pNPP (Sigma;
2 mg/ml) as substrate.

Formatting, Expression, and Purification

of Nanobodies™

For construction of bivalent anti-TNF Nanobodies™, two
separate PCR reactions were used to amplify the N-terminal and
the C-terminal Nanobody™ subunits using oligo combinations
containing sequences encoding a 9GS [(Gly).Ser(Gly);Ser], 12GS
[(Gly)s(Ser)]s, and 30GS [(Gly)s(Ser)]s linker to connect the dif-
ferent Nanobodies™. The N-terminal VHH PCR fragment was
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digested with Sfil and BamHI, and the C-terminal VHH PCR
fragment was digested with BamHI and BstEIL Ligations and
transformations were carried out as described earlier.

For the generation of bispecific Nanobodies™ consisting of
two anti-TNF Nanobodies™ combined with one anti-albumin
Nanobody™, three PCR reactions were performed for the
amplification of the N-terminal, the middle, and the C-terminal
Nanobody™ with oligonucleotide primers encoding the 9, 12, or
30 X Gly-Ser linker. The N-terminal VHH encoding PCR frag-
ment was digested with Sfil and BamHI, the middle Nanobody™
fragment was digested with BamHI and BspEI, and the C-terminal
VHH PCR fragment was digested with BspEI and BstEII.

Single E. coli clones were picked and grown in Luria Broth con-
taining the appropriate antibiotics, and expression was induced
with 1 mM isopropyl B-p-1-thiogalactopyranoside. Periplasmic
extraction and immobilized metal affinity chromatography
purification of the VHH proteins were performed according to
Ref. (18). The VHH proteins were further purified by cation
exchange and/or gel filtration and dialyzed into PBS.

Affinity Measurements

Binding of Nanobodies™ to TNF was characterized by surface
plasmon resonance in a Biacore 3000 instrument (Biacore
International AB, Uppsala, Sweden). In brief, TNF was covalently
bound to a CMS5 sensor chip surface via amine coupling until an
increase of 250 response units was reached. Remaining reactive
groups were inactivated. Nanobody™ binding was assessed, and
Kp values were calculated using the instruments software.

Neutralizing Potency Measured in Cell-
Based Assay

The TNF sensitive mouse fibroblast cell line L929s was utilized for
measuring the anti-TNF activity of the selected Nanobodies™.
L1929 cells were grown until nearly confluent, plated out in 96-well
microtiter plates at 5,000 cells per well, and incubated overnight.
Actinomycin D was added to the cells at a final concentration of
1 pg/ml. Serial dilutions of the Nanobodies™ to be tested were
mixed with a cytotoxic concentration of TNF (10 pM). After incu-
bation for 30 min at 37°C, this mixture was added to the plated
cells and incubated for 24 h at 37°C. Cell viability was determined
by using the tetrazolium salt WST-1. Dose-response curves and
ICso values (potency) were calculated with GraphPad Prism.
The mean potencies for individual Nanobody™ constructs and
benchmark anti-TNF biologics were calculated from a number of
independent bioassays as well as the SD.

Size Exclusion Chromatography (SEC) of

Complexes of TNF with Nanobodies™

Size exclusion chromatography of complexes of TNF with the
different formats of VHH using a Superdex 200 HR 10/30 col-
umn was carried out according to the procedure described by
Santora et al. (19). 20 pg (0.4 nmol) of human TNF in a volume
of 100 ul (in PBS) was injected on the column. For analysis of
Nanobody™-cytokine complexes, 20 pg (1.3 nmol) of mono-
valent antibody fragment was mixed with 20 pg (0.4 nmol) of
cytokine in 100 pl volume and after 30 min preincubation at room

temperature loaded on the column. For the bivalent nanobody
construct, 20 pg (0.7 nmol) antibody fragment in 100 ul volume
was applied on the column. SEC was performed with the mixture
of 20 ug (0.4 nmol) of cytokine and 40 pg (1.3 nmol) of bivalent
nanobody in a volume of 100 pl, which was preincubated for
30 min at room temperature. The column has been calibrated
one month before the analysis of the bivalent constructs with the
Gel Filtration Standards [BioRad, catalog number 151-1901 con-
taining bovine thyroglobulin (MW 670 kD), bovine y-globulin
(158 kD), chicken ovalbumin (44 kD), horse myoglobin (17 kD),
and vitamin B12 (1.35 kD)]. This procedure enabled determina-
tion of the molecular mass of the complexes and, hence, their
stoichiometry.

X-ray Structures Determination

The complex between TNF and VHH#1 was crystallized by mix-
ing 100-300 nl of purified complex (8 mg/ml in HEPES 10 mM
pH 7.0) with 100 nl of precipitant solution (20% PEG3000, 0.2 M
NaCl, and 0.1 M HEPES at pH 7.5) and equilibrating 100 pl of
precipitant solution. A crystal was exposed at beamline ID14-1
(ESRE Grenoble, France), and a complete dataset was collected at
2.15 A resolution (Table 1). Data were integrated with XDS and
scaled using Xscale (20) (Table 1). The structure was solved by
molecular replacement with Molrep (21) using the TNF trimer
from Protein Data Bank (PDB) entry 1TNF and the framework
region (FR) of the VHH domain from PDB entry IHCG as search
models. Refinement was carried out with cycles of autoBUSTER
(22) alternated with manual rebuilding with Coot (23).

Crystals of the complex between TNF and VHH#2 were
obtained by mixing 100-300 nl of purified complex (11 mg/ml in
HEPES 10 mM pH 7.0) with 100 nl of precipitant solution (12%
PEG4000, 130 mM NaCl, 366 mM CaCl,, 70mM CAPSpH9.0,and
30 mM MES pH 8.0) and equilibrating against 100 pl of precipi-
tant solution. Data to 1.9 A resolution were collected from a single
crystal at beamline ID14-1 (ESRE, Grenoble, France) (Table 1).
Data were integrated with XDS and scaled using XSCALE (20)
(Table 1). The structure was determined by molecular replace-
ment with Molrep (21) using a single TNF monomer and a single
VHH domain stripped from its complementarity determining
region (CDR) loops and taken from the TNF-VHH#1 complex
as search models. Refinement was performed as described above.

Crystallization of the complex between TNF and VHH#3 was
achieved by mixing 100-300 nl of protein (8-10 mg/ml in HEPES
10 mM pH 7.0) with 100 nl of precipitant solution (9% PEG3350,
8% PEG-MME550, 130 mM NaSO,, 70 mM BTP, 30 mM MES,
and 3 mM ZnSO,, 7.0 < pH < 8.0) and equilibrating against 100 pl
of precipitant solution. A crystal was exposed at beamline ID14-3
(ESRE Grenoble, France), and a complete dataset was collected
at 2.3 A resolution (Table 1). Data were integrated with XDS and
scaled using XSCALE (20). The structure was determined by
molecular replacement using the coordinates of the TNF trimer
and VHH#1 stripped from its CDR loops as search models.
Refinement was performed as described above for the other two
TNF complexes.

Protein contacts were analyzed using PISA (24). Figures were
prepared with Pymol (Pymol, Schrédinger). Coordinates and
structure factors have been deposited at the PDB as entries 5m2i,
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TABLE 1 | Data collection and refinement statistics.

Data collection TNF-VHH#1 TNF-VHH#2 TNF-VHH#3
Protein Data Base 5m2i 5m2j 5m2m
Source ESRF ID14-1 ESRF ID14-1 ESRF ID14-3
Space group P2:212; P6s C2
Cell (), angle (%) a=110.3, a=b=873, a=145.4,
b=117.4, c=62.7 b =83.8,
c=141.9 c=150.1,
p=128.8
No. monomers in 6 1 6
the AU
Resolution 50-2.15 (2.2-2.15) 50-1.9 (1.95-1.9) 30.0-2.3 (2.42-2.3)
limits (A)
Rerge 0.127 (1.11) 0.035 (0.10) 0.09 (0.32)
CC1/2 0.997 (0.72) 0.999 (0.98) 0.999 (0.96)
Unique reflections 100,770 (7,354) 21,089 (1,499) 62,613 (9,101)
Mean [()/SD(l)] 8.8 (1.5) 23.5 (11) 1.2 (4.1)
Completeness (%) 99.5 (95.6) 97.9 (94.6) 99.9 (99.9)
Multiplicity 415 (4.0) 29(2.7) 4.1 (4.0)
Refinement
Resolution (A) 46.5-2.15 48.3-1.9 30.0-2.3
(2.21-2.15) (2.0-1.9 (2.36-2.3)
Number of 100,502 (2,376) 21,089 (2,723) 62,613 (4,594)
reflections
Number of protein/ 12,5621/747 1,966/351 12,810/711
water atoms
Test set reflections 5,026 (369) 1,045 2,988 (231)
RuorRiree 0.208/0.238 0.16/0.196 0.211/0.248
(0.234/0.258) (0.16/20.0) (0.212/0.244)
RMSD bonds 0.008/1.17 0.010/1.11 0.008/1.11
(Ayangles (%)
B-Wilson/ 36.5/44.2 15.6/19.8 35.1/44.5
B-mean (A)
Ramachandran: 96.4/3.1/0.5 97.6/2.4/0 95.8/3.7/0.5

preferred/allowed/
outliers (%)

Numbers between brackets refer to the highest resolution bin.

5m2j, and 5m2m for the complexes with VHH#1, VHH#2, and
VHH#3, respectively.

Arthritis Treatment in the Tg197 Mouse
Model

The transgenic Tg197 model was used to investigate the potency
of the different VHH (VHH#1 and VHH#3) antibodies, as
described in Keffer et al. (25). Briefly, Tg197 mice carry a human
TNF transgene, with its 3’-untranslated region replaced by a
sequence from the 3’-untranslated region of the beta-globin gene,
thereby allowing deregulated human TNF gene expression. By
4 weeks of age, all human TNF expressing Tg197 mice spontane-
ously develop a severe bilateral, symmetric, erosive, and disabling
polyarthritis similar to RA. Treatment of these arthritic mice with
monoclonal antibodies (mAb) against human TNF can prevent
development of the disease.

Using this model, 13 groups of 8 mice each were assigned to
one of four treatment regimens: PBS treatment, VHH#1-based
bivalent molecule, VHH#3-based bivalent molecule, or the bio-
logic etanercept (Enbrel®; a TNFR-Fc fusion protein).

The VHH#3-based bivalent construct consisted of the fol-
lowing, in sequence: a VHH#3 molecule, a 9GS linker, a VHH#3
molecule, a 9GS linker, and finally, an antihuman serum albumin

VHH (anti-HSA VHH) at the carboxy-terminus to avoid rapid
clearance of the compound from circulation (i.e., a construct
of: VHH#3-9GS-VHH#3-9GS-HSA VHH). The VHH#1-based
bivalent construct consisted of the following, in sequence:
VHH#1, a 9GS linker, the anti-HSA VHH, another 9GS linker,
and a VHH#1 molecule (i.e., a construct of: VHH#1-9GS-HSA
VHH- 9GS-VHH#1).

Doses of 1, 3, 10, and 30 mg/kg were administered intraperi-
toneally twice weekly, starting week 3 after birth. The arthritic
scoring system (26) was applied based on the macroscopic
changes observed in joint morphology on both ankle joints
using the following scores: 0 = no arthritis (normal appear-
ance and flexion); 0.5 = onset of arthritis (mild joint swelling);
1 = mild arthritis (joint distortion); 1.5 = as above, but with
finger deformation, less strength on flexion; 2 = moderate
arthritis (severe swelling, joint deformation, no strength on
flexion); 2.5 = as above, but with finger deformation in paws;
3 = heavy arthritis (ankylosis detected on flexion and severely
impaired movement).

Arthritic score (AS) was recorded weekly on both ankle
joints, and average scores were calculated. Statistical significance
was tested using analysis of variance for multiple groups. When
significant differences were observed, pairwise testing was
performed using Tukey’s multiple comparison test. ASs were
statistically evaluated at the end of study, i.e., at 10 weeks of age.

RESULTS

Identification and Potency of Antagonistic
Anti-TNF VHH

For isolation of Nanobodies™ that act as antagonists of TNF,
two llamas were immunized with human TNEF, and phage display
libraries were generated using RNA derived from peripheral
blood lymphocytes. Selection was performed by competitive
elution with an excess of Enbrel on biotinylated TNF, captured
by immobilized streptavidin (27). The principle of competitive
elution is based on saturating all receptor binding sites on the
cytokine, thereby preventing rebinding of dissociated phage
antibodies, and thus enrichment for antagonistic VHH. A similar
approach was used by others for the isolation of human immu-
nodeficiency virus-1 neutralizing VHH (28). Indeed, using this
methodology on TNF led to the identification of only “blocking”
(antagonistic) Nanobodies™, i.e., VHH#2 and VHH#3 from one
llama and VHH#1 from the other llama.

These three Nanobodies™ each represent large families of
affinity variants, which contain somatic mutations in the CDR
and, to alesser extent, in the FRs (16, 29). For VHH#3, even (lower
affinity) family members exist with a deletion of two amino acids
in CDRI, probably as the result of gene conversion during affinity
maturation in the llama (30).

Recently, such variants of the anti-TNF VHH have also been
identified via B-cell display methods [unpublished], which do
not suffer from polymerase chain reaction artifacts during library
construction. This confirms the occurrence of circulating B cells
derived from an ancestor B-cell clone as a consequence of the
in vivo maturation process.
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The VHH encoding gene segments were recloned in an E. coli
expression vector with or without the carboxy-terminal c-MYC
and/or hexa-histidine tags. After expression and purification,
VHH were tested in the bioassay for their neutralizing capacity.
Murine 1929 cells expressing the mouse receptor were used for
testing the VHH in combination with the human cytokine. By
sensitizing the cells with actinomycin D, picomolar amounts of
TNF were sufficient to induce the cytotoxic effect, which was
taken as the assay read-out. All three VHHs were found to have
low nanomolar potencies in line with the measured affinities for
TNF (Table 2).

Format Engineering of Nanobodies™
Because of the trimeric nature of TNE, we investigated whether
the avid binding of a mAb such as infliximab contributes to
its potency. Indeed, a considerable difference in potency was
observed when the Fab fragment prepared by proteolytic diges-
tion of infliximab was tested in the bioassay and compared with
the intact antibody. The ICs of the monovalent Fab fragment was
~2 nM; compared with that of the bivalent immunoglobulin-G
format (ICso ~ 70 pM), the potency of the Fab was approximately
30-fold lower.

VHHs are strictly monomeric proteins and do not show any
tendency to aggregate in multimers like single-chain variable
fragments (scFv). Bivalent and bispecific formats were con-
structed by using linkers of variable length to fuse the VHHs. As
a linker between the two VHHs, either a stretch of 9GS, 12GS,
and 30GS sequence was used. Depending on the VHH and the
length of the linker, a dramatic increase in potency was observed.

Binding and Activity Determination

The affinity constants of binding to TNF for each of the three
VHHs were determined by Surface Plasmon Resonance. The
measured binding constants (Kp) are 540 pM, 130 pM, and

TABLE 2 | Potency (ICso) and affinity (Ko) of monovalent and bivalent anti-TNF-
Nanobody™ constructs.

Nanobody linker ICso ICs-SD Kp Ratio Minimal Nr
mean (nM) (nM) ICs linker measures
(nM) length?
VHH#1 0.242 0.122 0.54 1 21
VHH#1-9GS-VHH#1  0.078 0.047 3.1 20 8
VHH#1-30GS-VHH#1  0.021 0.012 12 16
VHH#2 0.748 0.153 0.13 1 27
VHH#2-9GS-VHH#2  0.236 0.049 3.2 18 4
VHH#2-30GS-VHH#2  0.015 0.005 50 21
VHH#3 1.503 0.84 1.5 1 4
VHH#3-9GS-VHH#3 0.019 - 80 12 1
VHH#3-12GS-VHH#3  0.012 0.007 125 7
VHH#1-9GS-VHH#3 0.059 0.018 1 20 13
VHH#3-9GS-VHH#1  0.006 0.002 10 9 8
Etanercept 0.013 0.006 - 71
Adalimumab 0.127 0.058 - 67
Infliximalb 0.144 0.061 - 68

GS, amino acid glycine-serine linker; \VHH, variable-domain heavy-chain region.
Etanercept (Enbrel®), adalimumab (Humira®), and infliximab (Remicade®).

Ratio ICso refers to ratio of ICso of monomeric \VHH and bivalent construct.
aMinimum possible linker length (number of amino acids) calculated from the 3D
structure.

1.5 nM for VHH#1, VHH#2, and VHH#3, respectively. In line
with this, the ICs values measured in the bioassay are in a similar
range of between 240 pM to 1.5 nM (Table 2).

With regard to the bivalent VHHSs, potencies increased when
compared with the monovalent building blocks (Table 2). For
the VHH#1-based bivalent constructs, measurements indicate
a threefold increase in potency with a short 9GS linker and a
greater increase in potency, by a factor of 12, with a longer 30GS
linker. For VHH#2-based bivalent constructs, a threefold increase
in potency is also observed with the 9GS linker, while a 50-fold
increase in potency was measured with a 30GS linker. In contrast,
for VHH#3-based bivalent constructs, even a short linker of 9GS
allows an increase in potency by a factor of 80, while an increase
of 120-fold is observed when using the 12GS linker (potency of
12 pM). However, such a low picomolar potency is not achieved
with an Fc fusion, where the VHH is linked directly to the hinge
region and to the constant CH2/CH3 domains of human IgG1
(i.e., the human version of the heavy-chain antibody format).
The Fc derivative from VHH#3 has a potency of ~100 pM as
compared to 1.5 nM for the monovalent VHH#3, showing that
avidity-mediated binding does improve its efficacy, but not to the
degree of that seen with the bivalent constructs (data not shown).

Increases in potency were also obtained when the two different
Nanobodies™ VHH#1 and VHH#3 were linked with the short
9GS linker to create bispecific constructs, either with VHH#1 first
or with VHH#3 first (Table 2). When VHH#3 is placed first, a
10-fold greater potency is obtained than when VHH#1 is first
(Table 2). The potency of VHH#3-9GS-VHH#1 is 6 pM and is
therefore at least twofold better than the potency of etanercept.
Indeed, 10 pM was the amount of TNF used in the bioassay, thus
representing the limit of sensitivity. This indicates that the posi-
tion of the VHH plays an important role in binding, as previously
observed (31), and may be determined by the exact epitope to
which the respective Nanobodies™ bind.

Intramolecular Binding

The molecular masses and hence stoichiometries for the differ-
ent TNF complexes (monovalent and bivalent VHH constructs)
were determined by SEC. The trimeric TNF and the monovalent
VHH molecules appear at elution times of 16.71 min (MW of
around 50 kDa) and 15.68 min (MW 22.5 kDa), respectively
(Figures 1A,B). By mixing 0.4 nmol of TNF with 1.3 nmol of
VHH#3, a major peak and a smaller peak eluted with retention
times of 12.8 and 16.7 min, respectively (Figure 1C). The major
peak, which according to the elution volume has a molecular
weight of around 210 kDa (elutes a bit earlier than the 158 kDa
standard), is attributed to a TNF/VHH#3 complex with a
1:3 stoichiometry (three Nanobodies™ on one TNF trimer),
and the smaller peak to the VHH#3 molar excess [1.3 nmol —
(3 nmol X 0.4 nmol)].

Similar experiments were performed with the bivalent
VHH#3 construct containing the 12GS linker. This bivalent
VHH#3 construct appears at a retention time of 15.38 min
(MW of around 45 kDa; Figure 1D). We then mixed 0.4 nmol of
TNF with 1.3 nmol bivalent VHH#3. This mixture corresponds
to a small molar excess if only one of the two Nanobodies™
binds to TNF [1.3 — (0.4 X 3) = 0.1 nmol], while it corresponds
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FIGURE 1 | Size exclusion chromatography of complexes of tumor necrosis factor (TNF) with the different formats of VHH. (A) 0.4 nmol TNF. (B) 1.3 nmol VHH#3.
(C) 0.4 nmol TNF + 1.3 nmol VHH#3. (D) 0.7 nmol bivalent VHH#3 (VHH#3-12GS-VHH#3). (E) 0.4 nmol TNF + 1.3 nmol bivalent VHH#3 (VHH#3-12GS-VHH#3).

to a large molar excess if the two Nanobodies™ bind to TNF
[1.3 — (0.4 X 2) = 0.5 nmol] as is shown in Figure 1E. After
injection of this mixture, three peaks were observed: a major
peak at 15.43 min, corresponding to the free bivalent VHH#3
(about 0.6 nmol), and two smaller peaks at lower retention
times of 12.41 and 11.28 (Figure 1E). The amount of free biva-
lent VHH#3 is above the value of 0.5 nmol calculated above for
the situation the two bivalent nanobodies can bind to a single
TNF molecule. With regard to the latter peaks, both are at
lower retention times compared to the TNF trimer/3x VHH#3
complex, indicating that the complexes are of larger molecular
weight. The larger peak of the doublet, at 12.41 min, elutes just
a bit earlier than the complex of TNF with three monomeric
Nanobodies™ (12.80 min; indicates MW of around 240 kDa)
meaning that it must contain more mass than three Nanobody™
subunits. This could implicate that the complex consists of
one TNF molecule with two bivalent Nanobody molecules as
depicted in Figure 1E, in which one bivalent molecule binds
to two receptor interaction sites, whereas the other bivalent
molecule binds with one arm to a single receptor interaction

site. The peak at 11.28 min has an even larger molecular weight;
it elutes just after the dimeric thyroglobulin peak of 330 kDa.
The difference between the two peaks is around 80 kDa, which
could account for one additional TNF and one bivalent VHH
molecule. This may account for a complex in which four biva-
lent VHH molecules bind to two TNF trimers, hence its larger
molecular weight.

Structures of the Complexes

To better understand and rationalize the activities of the three
Nanobodies™, the crystal structures of the complexes of VHH#1,
VHH#2, and VHH#3 with TNF were determined. In agreement
with SEC data, each of the three Nanobodies™ associates with
the trimeric TNF to form a hetero-hexameric TNF-Nanobody™
complex (Figure 2). VHH#1 attaches to the concave surface
of the outer p-sheet of TNF and contacts two TNF monomers
simultaneously (Figures 2 and 3). VHH#1 covers 1,246 A? of the
TNF solvent-accessible surface area, of which 902 A* belongs to
one TNF monomer and 274 A? to the other monomer (Table 3).
Its three CDRs interact with TNF, but CDR2 and especially CDR3
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are predominant in the interaction, as commonly observed in
other Nanobody™ complexes (Table 3). VHH#1 is aligned
almost parallel to the TNF surface (when comparing the orienta-
tions of their p-strands), and its CDR2 lines the TNF surface
(Figures 2 and 3).

The binding area of VHH#2 coincides almost totally with that
of VHH#1 (Figure 3; Table 4) despite significant differences in

CDR lengths and conformations, and a different orientation of
both VHH domains relative to the antigen. VHH#2 covers 745 A2
of the TNF solvent-accessible surface area, 571 A> on one TNF
monomer and 175 A2 on the other monomer (Table 3). However,
the orientation of VHH#2 is more perpendicular to TNF com-
pared to that of VHH#1, which results in a smaller surface area
of interaction (Figures 2 and 3; Table 3). VHH#2 is unusual in

A VHH#1

FIGURE 2 | Three-dimensional structures of the three tumor necrosis factor (TNF)-Nanobody™ complexes. (A) Complex TNF-VHH#1; TNF and VHH#1 surfaces
are colored orange and red, respectively. Shown right: details of the interaction of VHH#1 with TNF; VHH#1 in ribbon representation. (B) Complex TNF-VHH#2; TNF
and VHH#2 surfaces are colored orange and green, respectively. (C) Complex TNF-VHH#3; TNF and VHH#3 surfaces are colored orange and blue, respectively.

FIGURE 3 | The binding sites of the three Nanobodies™ on tumor necrosis factor (TNF) trimer. (A) Complex TNF-VHH#1. (B) Complex TNF-VHH#2. (C) Complex
TNF-VHH#3. TNF-monomer surfaces are colored orange, violet, and yellow. The residues of the Nanobodies™ in interaction with TNF are displayed as blue
surfaces.
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TABLE 3 | Water accessible surface area (in /5@) of TNF or VHH covered when
complexed.

Part VHH#1 VHH#2 VHH#3
VHH 1,246 745 736
TNF trimer 1,176 746 749
TNF-monomer 1 902 571 749
TNF-monomer 2 274 175 -
CDR1 236 272 73
CDR2 409 322 314
CDR3 599 131 123

CDR, complementarity determining region; TNF, tumor necrosis factor; VHH, variable-
domain heavy-chain region.

TABLE 4 | TNF residues in contact (d < 3.8 A) with the three VHHS.

TNF Residues VHH#1 VHH#2

’VHH#3‘

20
21
02
23
24
25
65
66
67
70
72
73
74
77
79
81
83
83
88
89
90
91
92
97
107
135
136
137
138
139
140
141
115
145
146
147

Shaded boxes represent residues within TNF that are in contact with residues of the
indicated Nanobody.
TNF, tumor necrosis factor; VHH, variable-domain heavy-chain region.

OO0 WU W W ® T m ||| x0T T DD TNETED D@

(@)

FIGURE 4 | The binding sites of the three Nanobodies™ and of the
extracellular domain of the tumor necrosis factor (TNF) receptor p55 (TNFR1)
mapped on TNF. (A) VHH#1, VHH#2, and TNFR1. (B) VHH#3 and TNFR1.
The TNF trimer surface is colored orange. The TNFR1 surface of a unique
monomer is colored yellow. Surfaces of VHH#1, VHH#2, and VHH#3 are
colored red, green, and blue, respectively. Note the superposition of the
Nanobodies’ surfaces with those of TNFR1.

that most of the contacts with the antigen involve CDRs 1 and 2.
CDR3, which normally dominates Nanobody™-antigen interac-
tions, contributes least to the contact surface (Table 3). The CDR3
of VHH#2 is among the shortest observed for Nanobodies™
and the FR after the CDR3 sequence deviates from the normal
framework-4 structure: the C-terminal p-strand is shortened in
order for the CDR3 loop to connect with the previous p-strand.

In contrast, VHH#3 binds to a different epitope that does
not overlap with the epitopes of VHH#1 and VHH#2, and that
is located toward the thinner end of the trimer, “below” the
VHH#1 epitope (Figures 2 and 3; Table 4). Each VHH#3 mol-
ecule contacts only a single TNF monomer and covers 736 A2 of
accessible surface area of TNF (Table 3). Again, all three CDR
loops contribute to antigen binding, with CDR2 being dominant
and CDRI1 showing the smallest contribution despite its relatively
long length (Table 3).

TNF Receptor Neutralization

The 3D structure of TNF in complex with TNFR is not known.
However, given that TNF and LT« bind equally well to TNFR1
(p55) and TNFR2 (p75) and considering the high structural iden-
tity between TNF and LT, a plausible model for the TNF/TNFR1
complex can be obtained by superimposing TNF onto LT« in its
complex with the ectodomain of the TNFR1 p55 receptor (PDB
entry ITNR) (5). In this model, each TNFR1 p55 monomer cov-
ers about 1,200 A2 of one of the three TNF monomers without
significant steric clashes.

The structures of the TNF/VHH complexes reported here were
superimposed onto that of the TNF/TNFR complex. The binding
areas of VHH#1, VHH#2, and VHH#3 overlap in part with that of
TNER (Figure 4). VHH#1 and VHH#2 occupy the central area of
the receptor binding site, while VHH#3 occupies the “bottom” of
the receptor binding area (Figure 4). Furthermore, whereas two
molecules of VHH#1 or VHH#2 interact with two TNF subunits
on either side, only one molecule of VHH#3 interacts with a sin-
gle TNF subunit (Figure 3). However, considering the dramatic
steric overlap between TNFR and all three VHH molecules, it is
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clear that the three VHH molecules can inhibit the interaction
between TNF and TNFR.

Notably, the interaction areas of VHH#1 and VHH#3 are quite
distinct, and they can bind simultaneously to TNF at a single
receptor binding site, ensuring a possible biparatopic binding.
This observation explains why the VHH#1-9GS-VHH#3 bispe-
cific construct yields the highest potency ever observed for any
TNF antagonist (6 pM; Table 2).

Arthritis Treatment in the Tg197

Mouse Model

Bivalent constructs of VHH#1 and VHH#3, which recognize
completely different epitopes on the cytokine, were tested in the
Tg197 transgenic human TNF model for polyarthritis, in which
mice constitutively produce the human cytokine and develop
acute arthritis. VHH#2 was not included in this experiment,
because it recognizes a similar epitope in the bulky part of the
cytokine as VHH#1 does, but as a monovalent nanobody with
a lower affinity and potency than VHH#2. Thirteen groups
comprising eight mice each were assigned to one of four treat-
ment regimens: PBS control, VHH#1-based bivalent molecule,
VHH#3-based bivalent molecule, or etanercept.

The bivalent constructs consisted of two molecules of VHH#1
or VHH#3, and one molecule of an anti-HSA VHH to avoid
rapid clearance of the compound from circulation. For VHH#1
a bispecific construct was generated with the anti-albumin
Nanobody™ (human-mouse cross-reactive) in the middle
position fused with the 9 amino acid GS linker to both VHH#1
Nanobodies™, thereby bridging a distance of approximately 30
amino acids between the two TNF Nanobodies™, which accord-
ing to the structural studies should be sufficient for enforcing
intramolecular binding to the cytokine. For VHH#2 the albumin
binding Nanobody™ was placed in the carboxy-terminal posi-
tion thereby supporting the use of the smaller 9GS linker for
directly connecting the two VHH#2 units that would be required
for intramolecular binding. The potencies of the bivalent VHH#1
Nanobody™ (VHH#1-9GS-HSA VHH- 9GS-VHH#1) and the
bivalent VHH#3 Nanobody™ (VHH#3-9GS-VHH#3-9GS-HSA
VHH) in the cell-based potency assay were 22 and 18 pM, respec-
tively. The potency of etanercept in this assay was 14 pM (data
not shown). The amount of TNF used in the bioassay was 10 pM,
which therefore represents the limit of sensitivity.

The results of this study show that bivalent Nanobodies™
suppressed the development of arthritis in a dose-dependent
fashion. In particular, administration either of bivalent VHH#3
at four different doses (1, 3, 10, or 30 mg/kg) or bivalent VHH#1
at three different doses (3, 10, or 30 mg/kg) had a significant
effect (p < 0.05) in the amelioration of clinical scores (Figure 5)
in comparison to the PBS treated group. In contrast, administra-
tion of VHH#1 at 1 mg/kg did not show statistically significant
differences in clinical scores in comparison to the vehicle treated
group (p > 0.05). Amelioration of arthritis by treatment of mice
with etanercept at 10 or 30 mg/kg was also statistically significant
in comparison to PBS treated group, whereas at lower doses
(1 or 3 mg/kg) treatments with etanercept were no longer statisti-
cally significant. Complete attenuation of disease development

was observed mice treated with 30 or 10 mg/kg of bivalent
VHH#3, and in animals treated with 10 and 30 mg/kg of bivalent
VHH#1. These results show that bivalent VHH#3 is improving
clinical scores in all four doses tested ranging from 1 to 30 mg/kg.
Bivalent VHH#3 is more potent than bivalent VHH#1 construct
or etanercept. Bivalent VHH#1 improves the clinical scores at
doses ranging from 3 to 30 mg/kg and is comparable to etanercept
in terms of efficacy.

DISCUSSION

The action of TNF can be inhibited by antibodies or trap mol-
ecules targeting the cytokine (32). Herein, llama VHH domains
were generated for the engineering of bivalent constructs, which
antagonize the binding of TNF to its receptor with low picomolar
potencies. Three monomeric VHHs, VHH#1, VHH#2, and
VHH#3 were identified, which bind TNF with sub-nanomolar
affinities. We previously observed that engineering VHH into
bivalent constructs improved their potency, as demonstrated for
other targets including mouse TNF (33), CXCR4 (34), and viruses
(35). Anti-TNF VHH fused to a scFv or another VHH that rec-
ognized cell-surface markers of myeloid cells could capture TNF
produced by these cells thereby restricting the bioavailability of
the cytokine and hence such bispecific constructs were able to
prevent the pathogenic effect in an in vivo model (36).

VHH#1 and VHH#2 bind to largely the same epitope at the
center of the interaction area of TNF with TNFR (Table 4). The
latter docks into a groove formed by the interface of two TNF
monomers in the TNF trimer. Also, the CDR loops of VHH#1
and VHH#2 dock into this groove, although the specifics of the
interactions are quite different due to a different orientation of
the VHH module relative to the TNF structure. The recognition
of clefts and grooves is a quite common feature of Nanobodies™
(37) and is due to the small size of the Nanobody™ relative to
a scFv. Indeed, when both Nanobodies™ would be replaced by
classical VH domains in the context of a scFv, large steric overlap
would be present between the TNF trimer and the variable light
(VL) domain, preventing the same mode of binding.

VHH#3 binds to a different epitope, and its recognition site
on TNF only marginally overlaps with those of TNFR or VHH#1.
There is no overlap between the recognition surfaces of VHH#2
and VHH#3, but steric overlap between the bodies of these two
VHHs is still significant and should prevent coincident binding.
This explains why VHH#3 was also identified as a blocking
antibody.

Bivalent and bispecific Nanobodies™ created as VHH tan-
dems show enhanced affinities and potencies that are dependent
of the length of the linker used (Table 2). The structures of the
three VHH complexes made it possible to rationalize these find-
ings. The shortest distances between the N-terminus of one VHH
and the C-terminus of another VHH in the complexes involving
VHH#1 and VHH#2 are 69 and 67 A, respectively. Taking into
account the orientations of these termini relative to each other
and that a linker needs to avoid steric clashes with the TNF
antigen, a minimum linker length of at least 20 amino acids is
expected to be required for the VHH#1 bivalent construct, and
18 amino acids for the VHH#2 bivalent construct. This explains
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FIGURE 5 | Efficacy of Nanobodies™ in Tg197 mouse model. Human tumor necrosis factor (TNF) transgenic mice were treated at week 3 after birth (one week
before arthritic symptoms develop, i.e., in a prophylactic setting) with bivalent anti-TNF/anti-aloumin Nanobody™ constructs or etanercept biweekly. Arthritic scores
were recorded weekly up to week 10. (A) Bivalent VHH#1 (VHH#1-9GS-HSA VHH-9GS-VHH#1) construct versus phosphate-buffered saline (PBS) control.
(B) Bivalent VHH#3 (VHH#3-9GS-VHH#3-9GS-HSA VHH) construct versus PBS control. (C) Etanercept versus PBS control. (D) Results for all groups at week 10.

the 12- and 50-fold enhancements in affinity for VHH#1 and
VHH#2, respectively, when using the 30 amino acids GlySer
linker. Indeed, the observed smaller molecular species using SEC
argues for the recognition of two binding sites on the same TNF
trimer by these bivalent Nanobody™ constructs.

For the constructs with a short nine amino acids GlySer
linker, simultaneous binding of both VHH#1 or VHH#2 mod-
ules to the same TNF trimer is not possible. The moderate
threefold increase in affinity when employing the short nine
amino acids GlySer linker is likely due to a rebinding effect
similar to what is observed for galectins binding to asialofetuin
(38) or for the recognition of phosporylation sites on Sicl by
Cdc4 (39).

The shortest distance between the N- and C-termini of two
VHH#3 molecules bound simultaneously to the TNF trimer
is 51 A, suggesting a minimal required linker length of only
12 amino acids. This is in agreement with 125-fold increase in
potency for the bivalent construct with a 12 amino acids linker.
Interestingly, the construct with a shorter nine amino acids linker
shows an 80-fold increase in potency, indicating that the N- and/or

C-terminus of VHH#3 has sufficient conformational flexibility
to accommodate such a short linker while still bridging both
binding sites.

We determined the three-dimensional structures of the three
VHHs in complex with TNF after bispecific constructs had been
generated with the two Nanobodies™ VHH#1 and VHH#3 linked
via a nine amino acid GlySer linker, either with VHH#3 first or
with VHH#1 first (Table 2). Data show that the combination with
VHH#3 at the N-terminal position is superior in potency to the
construct with VHH#1 at that position by an order of magnitude
(Table 2). When superimposing the structures of TNF-VHH#1
and TNF-VHH#3, it becomes clear that only one of the two dif-
ferent combinations of these Nanobodies™ linked to each other
with the short linker in a bispecific construct should be able to
bind in an intramolecular fashion, since the second leads to steric
clashes. The bispecific Nanobody™ VHH#3-9GS-VHH#1 can
bind in an intramolecular fashion to the TNF-monomer subunit,
whereas the bispecific construct with VHH#1 at the N-terminal
position required a linker of at least 20 amino acids in order to
achieve intramolecular binding.
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Superiority of bivalent over monomeric constructs was rec-
ognized many decades ago, when such improvement was termed
“avidity” (40). Superiority was due to the localization of the sec-
ond binder close to the second binding site, which avoided futile
random search by diffusion/rotation via the increase of local
concentration. A bivalent construct containing TNFR1 extracel-
lular domain attached to an Fc domain was found to be more
effective than the monovalent isolated extracellular domains
(12). Furthermore, superior binding of the TNFR1-Fc inhibitor
to TNF than to an anti-TNF mAb was demonstrated (12). In a
more recent study it was demonstrated that the TNFR2-Fc fusion
product known as etanercept was able to bind in an intramo-
lecular fashion to TNF (41). The authors demonstrated that two
discrete, relatively small soluble complexes were formed by the
interaction of etanercept to the cytokine, whereas two different
anti-TNF mAbs generated extremely large complexes as the
result of the avid interaction of both Fab arms to two different
TNF molecules, which could be visualized as precipitates in
ouchterlony assays.

In contrast, in a cellular system, the mAb infliximab was a
superior and more stable inhibitor of membrane-bound TNF
than a TNFR-Fc inhibitor, despite comparable avidities (42).
This was explained by the ability of the mAb to attach to a
higher number of TNF trimers at the cell surface; the TNFR-Fc
inhibitor can bind the two sites only via the intramolecular
interaction with two of the three receptor interaction sites of
the cytokine, while the mAb is able to saturate the three sites
present on the cell surface, but using the two Fab arms to bind
to two different cytokine molecules expressed on the surface
of the cell.

Herein, bivalent/bispecific Nanobodies™ imbedding a suf-
ficiently long linker were shown to bind with high avidity to TNE
occupying two of its three sites known to interact with TNFR
(Figures 4A,B). Contrary to previously reported mAbs (41, 42),
the very flexible geometry of the linker and the small size of the
Nanobody™ binding site (as compared to a conventional anti-
body, where the binding site consists of the VH and VL) make
it possible for these bivalent constructs to bind the two receptor
interaction sites of the cytokine. When saturation occurs, it
may be possible to obtain a complex of five bivalent/bispecific
Nanobodies™ on two TNF molecules. On the other hand, under
non-saturating conditions a single TNF molecule may be bound
by two bivalent Nanobody™ constructs, which thereby occupy
all three receptor binding sites. With a large excess of cytokine
over bivalent Nanobody™ one can speculate that only a single
Nanobody™ molecule will bind the TNF trimer, thereby leaving
one free receptor binding site; this complex, when interaction
with a single receptor molecule will block the cross-linking of this
receptor molecule and might therefore function as an antagonist.
When the linker is too short, preventing association of the second
Nanobody™ module on the same TNE, high order networks of
Nanobody™ bivalent/bispecific Nanobody-TNF complexes will
form as was observed for anti-TNF mAb, which comes with a
lower potency of neutralization (41).

Interestingly,a Tg197 transgenic human TNF mouse model for
polyarthritis, confirmed in vivo the validity of properly designed
Nanobody™ bivalent constructs against arthritis. For this pur-
pose, the TNF Nanobodies™ were combined with the anti-HSA
Nanobody™ (which cross-reacts with mouse serum albumin) to
achieve appropriate serum half-lives. Bivalent VHH#3 alone or in
combination with VHH#1 Nanobody™ in a bispecific construct
displayed the best binding to TNE Their efficacy in vivo was
found to be comparable to that of the receptor-based inhibitor
TNFR-Fc etanercept. Topological considerations indicated that
both the 9 amino acid linker of VHH#3-9GS-VHH#3-9GS-HSA
and the ~30 amino acid (9GS-HSA-9GS) linker of VHH#1-9GS-
HSA-9GS-VHH#1 (taking into account that the albumin-specific
Nanobody™ spans a length of approximately 12 amino acids)
provide distances compatible with the binding of both VHH#3
and VHH#1 modules to the same TNF molecule. This finding is
key to explaining the excellent in vivo efficacy of these bivalent
Nanobody™ constructs.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of Ministry of Research, Belgium.

AUTHOR CONTRIBUTIONS

EB:leading program, supervisor research in vitro and in vivo stud-
ies; writing of the manuscript. AD: performing structural studies.
SS: crystallized the complexes, collected and integrated the X-ray
data. ML: performing experimental work on nanobody produc-
tion, formatting into multimeric constructs, and purification of
complexes for structural studies. LA: bioassay measurements.
TD: designing and supervising in vivo efficacy studies. CC: solved,
refined the structures and wrote the paper. RL: interpretation of
structural data and writing of sections on structural studies. KS:
involved in experimental work and writing of the manuscript.
CP: supervising the research, corresponding author. HH: inven-
tor of and performed the first series of formatting experiments,
initiated structural studies, and manuscript writing.

ACKNOWLEDGMENTS

The European Synchrotron Radiation Facility (ESRF) is greatly
acknowledged for beam time allocation. The authors would
like to thank Eleni Douni and George Kollias [both from the
Institute of Immunology of the Biomedical Sciences Research
Center in Vari (Greece)] for testing the Nanobodies in the
Tg197 model and finally Peter Casteels, Patrick Stanssens, and
Frank Landolt (all from Ablynx) for retrieving in vitro and
in vivo data sets.

FUNDING

This work was supported by Ablynx and CNRS.

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 867


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Beirnaert et al.

Ultrapotent Anti-TNF Camelid Nanobodies

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Blanco P, Palucka AK, Pascual V, Banchereau J. Dendritic cells and cytokines
in human inflammatory and autoimmune diseases. Cytokine Growth Factor
Rev (2008) 19:41-52. doi:10.1016/j.cytogfr.2007.10.004

Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell
Death Differ (2003) 10:45-65. doi:10.1038/sj.cdd.4401189

Faustman D, Davis M. TNF receptor 2 pathway: drug target for auto-
immune diseases. Nat Rev Drug Discov (2010) 9:482-93. doi:10.1038/
nrd3030

. Steeland S, Puimége L, Vandenbroucke RE, Van Hauwermeiren F, Haustraete J,

Devoogdt N, et al. Generation and characterization of small single domain
antibodies inhibiting human tumor necrosis factor receptor 1. J Biol Chem
(2015) 290:4022-37. doi:10.1074/jbc.M114.617787

Banner DW, D’Arcy A, Janes W, Gentz R, Schoenfeld HJ, Broger C, et al.
Crystal structure of the soluble human 55 kd TNF receptor-human TNF beta
complex: implications for TNF receptor activation. Cell (1993) 73:431-45.
doi:10.1016/0092-8674(93)90132-A

Verweij CL. Predicting the future of anti-tumor necrosis factor therapy.
Arthritis Res Ther (2009) 11:115. doi:10.1186/ar2724

Roda G, Jharap B, Neeraj N, Colombel JE. Loss of response to anti-TNFs:
definition, epidemiology, and management. Clin Transl Gastroenterol (2016)
7(7):e135. doi:10.1038/ctg.2015.63

Van Hauwermeiren F, Vandenbroucke RE, Libert C. Treatment of TNF
mediated diseases by selective inhibition of soluble TNF or TNFRI. Cytokine
Growth Factor Rev (2011) 22:311-9. doi:10.1016/j.cytogfr.2011.09.004
Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,
Songa EB, et al. Naturally occurring antibodies devoid of light chains. Nature
(1993) 363:446-8. doi:10.1038/363446a0

van Doorn P. The Advantages of Nanobodies and the Prospects These Offer
in Cancer Treatment. [Thesis for the Master Molecular and Cellular Life
Sciences] (2013). Universiteit Utrecht (University of Utrecht), Utrecht,
Netherlands.

Siontorou CG. Nanobodies as novel agents for disease diagnosis and therapy.
Int ] Nanomedicine (2013) 8:4215-27. doi:10.2147/1JN.S39428

Peppel K, Crawford D, Beutler B. A tumor necrosis factor (TNF) receptor-IgG
heavy chain chimeric protein as a bivalent antagonist of TNF activity. J Exp
Med (1991) 174:1483-9. doi:10.1084/jem.174.6.1483

Marmenout A, Fransen L, Tavernier ], Van der Heyden ], Tizard R, Kawashima E,
et al. Molecular cloning and expression of human tumor necrosis factor
and comparison with mouse tumor necrosis factor. Eur ] Biochem (1985)
152:515-22. doi:10.1111/j.1432-1033.1985.tb09226.x

Curnis E, Corti A. Production and characterization of recombinant human and
murine TNFE. Meth Mol Med (2004) 98:9-22. doi:10.1385/1-59259-771-8:009
Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guan-
idinium thiocyanate-phenol-chloroform extraction. Anal Biochem (1987)
162:156-9. doi:10.1006/abio.1987.9999

de Haard HJ, Bezemer S, Ledeboer AM, Miiller WH, Boender PJ, Moineau S,
et al. Llama antibodies against a lactococcal protein located at the tip of the
phage tail prevent phage infection. J Bacteriol (2005) 187:4531-41. doi:10.1128/
JB.187.13.4531-4541.2005

Marks JD, Hoogenboom HR, Bonnert TP, McCafferty J, Griffiths AD,
Winter G. By-passing immunization. Human antibodies from V-gene
libraries displayed on phage. J Mol Biol (1991) 222:581-97. doi:10.1016/
0022-2836(91)90498-U

Lauwereys M, Arbabi Ghahroudi M, Desmyter A, Kinne J, Holzer W,
De Genst E, et al. Potent enzyme inhibitors derived from dromedary
heavy-chain antibodies. EMBO J (1998) 17:3512-20. doi:10.1093/emboj/
17.13.3512

Santora LC, Kaymakcalan Z, Sakorafas P, Krull IS, Grant K. Characterization
of noncovalent complexes of recombinant human monoclonal antibody and
antigen using cation exchange, size exclusion chromatography, and BIAcore.
Anal Biochem (2001) 299:119-29. doi:10.1006/abio.2001.5380

Kabsch W. XDS. Acta Crystallogr D Biol Crystallogr (2010) 66:125-32.
doi:10.1107/S0907444909047337

Vagin A, Teplyakov A. Molecular replacement with MOLREP. Acta Crystallogr
D Biol Crystallogr (2010) 66:22-5. doi:10.1107/S0907444909042589

Blanc E, Roversi P, Vonrhein C, Flensburg C, Lea SM, Bricogne G. Refinement
of severely incomplete structures with maximum likelihood in BUSTER-TNT.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Acta Crystallogr D Biol Crystallogr (2004) 60:2210-21. doi:10.1107/
50907444904016427

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of
Coot. Acta Crystallogr D Biol Crystallogr (2010) 66:486-501. doi:10.1107/
50907444910007493

Krissinel E, Henrick K. Inference of macromolecular assemblies from crystal-
line state. ] Mol Biol (2007) 372:774-97. doi:10.1016/j.jmb.2007.05.022
Keffer J, Probert L, Cazlaris H, Georgopoulos S, Kaslaris E, Kioussis D, et al.
Transgenic mice expressing human tumour necrosis factor: a predictive
genetic model of arthritis. EMBO ] (1991) 10:4025-31.

Thwin MM, Douni E, Aidinis V, Kollias G, Kodama K, Sato K, et al. Effect
of phospholipase A2 inhibitory peptide on inflammatory arthritis in a TNF
transgenic mouse model: a time-course ultrastructural study. Arthritis Res
Ther (2004) 6:R282-94. doi:10.1186/ar1456

Pavel MA, Lam C, Kashyap P, Salehi-Najafabadi Z, Singh G, Yu Y. Analysis
of the cell surface expression of cytokine receptors using the surface protein
biotinylation method. Meth Mol Biol (2014) 1172:185-92. doi:10.1007/978-1-
4939-0928-5_16

Forsman A, Beirnaert E, Aasa-Chapman MM, Hoorelbeke B, Hijazi K, Koh W,
et al. Llama antibody fragments with cross-subtype human immunodefi-
ciency virus type 1 (HIV-1)-neutralizing properties and high affinity for
HIV-1 gp120. ] Virol (2008) 82:12069-81. doi:10.1128/JVI1.01379-08
Verheesen P, ten Haaft MR, Lindner N, Verrips CT, de Haard JJ. Beneficial
properties of single-domain antibody fragments for application in immu-
noaffinity purification and immuno-perfusion chromatography. Biochim
Biophys Acta (2003) 1624:21-8. doi:10.1016/j.bbagen.2003.09.006

Conrath KE, Lauwereys M, Galleni M, Matagne A, Frére JM, Kinne J, et al.
Beta-lactamase inhibitors derived from single-domain antibody fragments
elicited in the camelidae. Antimicrob Agents Chemother (2001) 45:2807-12.
doi:10.1128/AAC.45.10.2807-2812.2001

Conrath KL, Lauwereys M, Wyns L, Muyldermans S. Camel single-
domain antibodies as modular building units in bispecific and bivalent
antibody constructs. J Biol Chem (2001) 276:7346-50. doi:10.1074/jbc.
M007734200

Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic mechanisms and emerg-
ing therapeutic strategies. Nat Rev Rheumatol (2016) 12:49-62. doi:10.1038/
nrrheum.2015.169

Coppieters K, Dreier T, Silence K, de Haard H, Lauwereys M, Casteels P,
et al. Formatted anti-tumor necrosis factor alpha VHH proteins derived from
camelids show superior potency and targeting to inflamed joints in a murine
model of collagen-induced arthritis. Arthritis Rheum (2006) 54:1856-66.
doi:10.1002/art.21827

Jahnichen S, Blanchetot C, Maussang D, Gonzalez-Pajuelo M, Chow KY,
Bosch L, et al. CXCR4 nanobodies (VHH-based single variable domains)
potently inhibit chemotaxis and HIV-1 replication and mobilize stem cells.
Proc Natl Acad Sci USA (2010) 107:20565-70. doi:10.1073/pnas.1012865107
Hultberg A, Temperton NJ, Rosseels V, Koenders M, Gonzalez-Pajuelo M,
Schepens B, et al. Llama-derived single domain antibodies to build multiva-
lent, superpotent and broadened neutralizing anti-viral molecules. PLoS One
(2011) 6(4):e17665. doi:10.1371/journal.pone.0017665

Efimov GA, Kruglov AA, Khlopchatnikova ZV, Rozov EN, Mokhonov VV,
Rose-John S, et al. Cell-type-restricted anti-cytokine therapy: TNF inhibition
from one pathogenic source. Proc Natl Acad Sci U S A (2016) 113:3006-11.
doi:10.1073/pnas.1520175113

Desmyter A, Spinelli S, Roussel A, Cambillau C. Camelid nanobodies: killing
two birds with one stone. Curr Opin Struct Biol (2015) 32:1-8. doi:10.1016/j.
$bi.2015.01.001

Dam TK, Gabius HJ, André S, Kaltner H, Lensch M, Brewer CE. Galectins
bind to the multivalent glycoprotein asialofetuin with enhanced affinities and
a gradient of decreasing binding constants. Biochemistry (2005) 44:12564-71.
doi:10.1021/bi051144z

Klein P, Pawso NT, Tyers M. Mathematical modeling suggests cooperative
interactions between a disordered polyvalent ligand and a single receptor site.
Curr Biol (2003) 13:1669-78. doi:10.1016/j.cub.2003.09.027

Hornick CL, Karuch E. Antibody affinity. 3. The role of multivalance.
Immunochemistry (1972) 9:325-40. doi:10.1016/0019-2791(72)90096-1
Kohno T, Tam LT, Stevens SR, Louie JS. Binding characteristics of tumor
necrosis factor receptor-Fc fusion proteins vs anti-tumor necrosis factor mAbs.
] Investig Dermatol Symp Proc (2007) 12:5-8. doi:10.1038/sj.jidsymp.5650034

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 867


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cytogfr.2007.10.004
https://doi.org/10.1038/sj.cdd.4401189
https://doi.org/10.1038/nrd3030
https://doi.org/10.1038/nrd3030
https://doi.org/10.1074/jbc.M114.617787
https://doi.org/10.1016/0092-8674(93)90132-A
https://doi.org/10.1186/ar2724
https://doi.org/10.1038/ctg.2015.63
https://doi.org/10.1016/j.cytogfr.2011.09.004
https://doi.org/10.1038/363446a0
https://doi.org/10.2147/IJN.S39428
https://doi.org/10.1084/jem.174.6.1483
https://doi.org/10.1111/j.1432-1033.1985.tb09226.x
https://doi.org/10.1385/1-59259-771-8:009
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1128/JB.187.13.4531-4541.2005
https://doi.org/10.1128/JB.187.13.4531-4541.2005
https://doi.org/10.1016/0022-2836(91)90498-U
https://doi.org/10.1016/0022-2836(91)90498-U
https://doi.org/10.1093/emboj/17.13.3512
https://doi.org/10.1093/emboj/17.13.3512
https://doi.org/10.1006/abio.2001.5380
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444909042589
https://doi.org/10.1107/S0907444904016427
https://doi.org/10.1107/S0907444904016427
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1016/j.jmb.2007.05.022
https://doi.org/10.1186/ar1456
https://doi.org/10.1007/978-1-4939-0928-5_16
https://doi.org/10.1007/978-1-4939-0928-5_16
https://doi.org/10.1128/JVI.01379-08
https://doi.org/10.1016/j.bbagen.2003.09.006
https://doi.org/10.1128/AAC.45.10.2807-2812.2001
https://doi.org/10.1074/jbc.M007734200
https://doi.org/10.1074/jbc.M007734200
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1002/art.21827
https://doi.org/10.1073/pnas.1012865107
https://doi.org/10.1371/journal.pone.0017665
https://doi.org/10.1073/pnas.1520175113
https://doi.org/10.1016/j.sbi.2015.01.001
https://doi.org/10.1016/j.sbi.2015.01.001
https://doi.org/10.1021/bi051144z
https://doi.org/10.1016/j.cub.2003.09.027
https://doi.org/10.1016/0019-2791(72)90096-1
https://doi.org/10.1038/sj.jidsymp.5650034

Beirnaert et al.

Ultrapotent Anti-TNF Camelid Nanobodies

42. Scallon B, Cai A, Solowski N, Rosenberg A, Song XY, Shealy D, et al. Binding
and functional comparisons of two types of tumor necrosis factor antagonist.
J Pharmacol Exp Ther (2002) 301:418-26. doi:10.1124/jpet.301.2.418

Conflict of Interest Statement: EB, ML, TD, KS, CP, and HH: Ablynx employee
during this research. AD, SS, LA, and CC: research paid in part by contract with
Ablynx. RL: no conflict of interest.

Copyright © 2017 Beirnaert, Desmyter, Spinelli, Lauwereys, Aarden, Dreier, Loris,
Silence, Pollet, Cambillau and de Haard. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13

July 2017 | Volume 8 | Article 867


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1124/jpet.301.2.418
http://creativecommons.org/licenses/by/4.0/

	Bivalent Llama Single-Domain Antibody Fragments against Tumor Necrosis Factor Have Picomolar Potencies due to Intramolecular Interactions
	Introduction
	Materials and Methods
	Production and Selection of Nanobodies™ Blocking TNF
	Formatting, Expression, and Purification of Nanobodies™
	Affinity Measurements
	Neutralizing Potency Measured in Cell-Based Assay
	Size Exclusion Chromatography (SEC) of Complexes of TNF with Nanobodies™
	X-ray Structures Determination
	Arthritis Treatment in the Tg197 Mouse Model

	Results
	Identification and Potency of Antagonistic Anti-TNF VHH
	Format Engineering of Nanobodies™
	Binding and Activity Determination
	Intramolecular Binding
	Structures of the Complexes
	TNF Receptor Neutralization
	Arthritis Treatment in the Tg197 
Mouse Model

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


