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(Bacl(ground: Chemokines play a prominent role in inflammatory diseases.
Results: Nanobodies targeting chemokines display high affinity and potently neutralize chemokine-induced receptor binding

Conclusion: Neutralizing Nanobodies targeting chemokines effectively inhibit chemokine function.
Significance: Nanobodies directed against inflammatory and homeostatic chemokines form a promising new class of potent
and specific inhibitors of chemokine function, to be used for research and therapeutic purposes.
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Chemokine receptors and their ligands play a prominent role
in immune regulation but many have also been implicated in
inflammatory diseases such as multiple sclerosis, rheumatoid
arthritis, allograft rejection after transplantation, and also in
cancer metastasis. Most approaches to therapeutically target the
chemokine system involve targeting of chemokine receptors
with low molecular weight antagonists. Here we describe the
selection and characterization of an unprecedented large and
diverse panel of neutralizing Nanobodies (single domain cam-
elid antibodies fragment) directed against several chemokines.
We show that the Nanobodies directed against CCL2 (MCP-1),
CCL5 (RANTES), CXCL11 (I-TAC), and CXCL12 (SDF-1la)
bind the chemokines with high affinity (at nanomolar concentra-
tion), thereby blocking receptor binding, inhibiting chemokine-
induced receptor activation as well as chemotaxis. Together, we
show that neutralizing Nanobodies can be selected efficiently for
effective and specific therapeutic treatment against a wide range of
immune and inflammatory diseases.

Chemokines (chemotactic cytokines) are small peptides of
~8-10 kDa that along with their receptors, belonging to the
family of G protein-coupled receptors (GPCRs),” form the
chemokine system (1). Chemokines are important mediators of
inflammation and are involved in a variety of immune and
inflammatory diseases. Based on the location of conserved cys-
teine residues in their primary sequence, chemokines are
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divided into four subfamilies and named accordingly: CXC, CC,
XC, and CX3C (1). Chemokines are often classified as inducible
(inflammatory) or constitutive (homeostatic) chemokines.
Inflammatory chemokines are expressed and released after
injury or during infection, and are involved in the attraction of
leukocytes, a process called chemotaxis. In contrast, constitu-
tive chemokines are expressed in the absence of damage, and
control developmental cell trafficking and homeostatic leuko-
cyte homing during immune surveillance (2). Antagonizing the
chemokine receptor interaction is considered to be beneficial in
inflammatory disorders. Experimental therapies range from
low molecular weight receptor antagonists, antibodies directed
against chemokine or chemokine receptors, interference with
chemokine-glycosaminoglycan interactions, and viral chemo-
kine-binding proteins (3—6).

In this study, we explored a novel approach to target the
chemokine system, using so-called Nanobodies. Nanobodies
(NB) are therapeutic proteins based on the smallest functional
fragments of heavy chain antibodies, naturally occurring in
Camelidae. The camelid family (Llama and dromedary) have
the striking characteristic of having conventional (composed of
heavy and light chains) as well as heavy chain antibodies (com-
posed of heavy chains only) (7, 8). To compensate for the
reduced antigen binding interface (usually formed by both the
heavy and light chain), heavy chain antibodies have evolved
toward longer complementary determining regions (CDRs) in
the variable domain. As a result, and combined with their small
size (~12-15 kDa) Nanobodies can recognize uncommon and
cryptic epitopes, hidden or shielded from the much larger con-
ventional antibodies, and bind into cavities or active sites (9,
10). Because of their compact single domain structure, Nano-
bodies are more stable at extreme pH and temperatures (11—
14). Some Nanobodies have been shown to survive the harsh
conditions of the stomach and remain biologically active in the
gut due to a better resistance to proteases (15). In contrast to
conventional antibodies, Nanobodies are encoded by single
genes and are efficiently produced in almost all prokaryotic and
eukaryotic hosts including bacteria and yeast (16). Further-
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more, through engineering methods Nanobodies can be for-
matted to increase their half-life varying from 30 min to 3 weeks
(16, 17), increasing their therapeutic range from acute to
chronic indications.

Targets, such as GPCRs proven to be difficult to be targeted
therapeutically by monoclonal antibodies were effectively tar-
geted by Nanobodies. Earlier, we have identified Nanobodies
formatted as a bivalent molecule binding and antagonizing
CXCR4 function, showing high specificity, affinity, and inverse
agonistic potency (18). Several Nanobodies, such as ALX-0081,
a bivalent Nanobody targeting the von Willebrand factor, are
currently in clinical trials, demonstrating the clinical potential
of Nanobodies (see www.ablynx.com).

In this study, we generated and characterized Nanobodies
against the inflammatory chemokines CCL2 (MCP-1), CCL5
(RANTES), and CXCL11 (I-TAC), as well as the homeostatic
chemokine CXCL12 (SDF-1«). These chemokines are involved
in a wide range of disorders: CCL2 binds the chemokine recep-
tor CCR2, implicated in multiple sclerosis (19), rheumatoid
arthritis (20), diabetic nephropathy (21), atherosclerosis (22),
and cancer (23). CCL5 binds CCR1, CCR3, CCR5, thought to be
involved in inflammatory diseases, transplant rejection, and
cancer (1, 3). The chemokine CXCL11 binds CXCR3, thought
to be involved in multiple sclerosis (24), rheumatoid arthritis
(25), atherosclerosis (26), and inflammatory skin diseases such
as psoriasis and to play a role in transplant rejection (27) and
metastasis of cancer cells (28). CXCL11 and CXCL12 both
bind to the recently de-orphanized receptor CXCR7, highly
expressed on tumor cells (29). CXCL12 binds to CXCR4,
which is implicated in metastasis (3—5, 30). In this study we
show that the Nanobodies generated bind their target chemo-
kines with high affinity and potently neutralize chemokine-in-
duced signaling.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
RPMI 1640 with L-glutamine, and 25 mm HEPES and trypsin
were purchased from PAA Laboratories GmbH (Pasching, Aus-
tria), non-essential amino acids, sodium pyruvate, 2-mercapto-
ethanol, glutamine, penicillin, and streptomycin were obtained
from Cambrex Bio Science (Verviers, Belgium), fetal bovine
serum (FBS) was purchased from Integro B.V. (Dieren, The
Netherlands), certified FBS was from Invitrogen. myo-[2-*H]-
Inositol (10-20 Ci/mmol) was from GE Healthcare. 2°I-
CXCL11 was obtained from GE Healthcare or PerkinElmer Life
Sciences, '?°I-CCL2, '**I-CCL5, and '**I-CXCL12 were from
PerkinElmer Life Sciences. Unlabeled chemokines were obtained
from PeproTech (Rocky Hill, NJ).

Llama Immunization and Phage Display Library Construc-
tion—Two llamas were immunized according to standard pro-
tocols with 6 biweekly intramuscular injection of a chemokine
mixture. The mixture was a mixture of carrier-free human
recombinant protein acquired from R&D Systems and included
CCL2-Mucin stalk chimera (catalog number 979-MC/CE),
CCL3/MIPla (catalog number 270-LD/CF), CCL5/RANTES-
Mucin stalk chimera (catalog number 978-RN/CF), CXCL11/
[-TAC (catalog number 672-IT/CF), CXCL12/SDF1la (catalog
number 350-NS/CF), and adjuvant (incomplete Freund’s adju-
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vant). Blood was collected at 4 and 8 days after the last injection.
Peripheral blood mononuclear cells were prepared from blood
samples using Ficoll-Hypaque according to the manufacturer’s
instructions. Next, total RNA was extracted from these cells
and used as starting material for RT-PCR to amplify Nanobody-
encoding gene fragments. These fragments were cloned into
phagemid vector pAX50 (31). Phage was prepared according to
standard methods and stored at 4 °C for further use, making
phage library 100 and 101.

Phage Display Selections—To identify Nanobodies recogniz-
ing the chemokines, phage libraries 100 and 101 were used for
selections on the biotinylated chemokines. The biotinylated
chemokines were immobilized independently at 5, 0.5, or 0
pg/ml (control) on Nunc Maxisorp ELISA plates previously
coated with Neutravidine (5 ug/ml). For CCL2-mucin-like
stalk chimera and CCL5-mucin-like stalk chimera, non-rele-
vant mucin stalk protein was added during the selection proce-
dure to ensure that chemokine-specific phage are selected (and
excluding mucin stalk specific phages). After 2 h incubation in
PBS containing 4% nonfat milk, the non-bound phages were
washed away by 20X PBST (PBS + 0.2% Tween 20). Bound
phages were eluted from the chemokines using triethylamine.
Output of the first round of selections (R1) were analyzed for
enrichment factor (phage present in eluate relative to controls).
Based on these parameters the best selections were chosen for
further analysis. Individual colonies were picked and grown in
96-deep well plates (1 ml volume) and Nanobody expression
was induced by addition of 1 mm isopropyl 1-thio-B-p-galacto-
pyranoside. Periplasmic extracts containing soluble Nanobod-
ies were extracted by a freeze/thaw cycle. Bacteria were pelleted
and frozen at —20 °C for 4 h to overnight and then thawed at
room temperature and resuspended in 100 ul of PBS. After at
least 30 min shaking at room temperature and centrifugation,
the supernatant containing significant amounts of Nanobodies
was collected (is the periplasmic fraction). For large scale pro-
duction of Nanobodies, the Nanobody-encoding cDNA was
recloned in the pAX51 expression vector (pAX50-derived vec-
tor without gene3). After overnight induction of a 400-ml bac-
terial culture with 1 mm isopropyl 1-thio-B-p-galactopyrano-
side, the bacteria were pelleted and lysed by freeze-thawing in
PBS. The Nanobodies were purified using their C-terminal His
tag and TALON beads (Clontech Laboratories, Mountain
View, CA) according to the manufacturer’s recommendation
and dialyzed against PBS. Purity was confirmed on SDS-PAGE
and Coomassie staining.

Nanobody ELISA—To determine binding specificity to the
chemokines, the clones were tested in an ELISA binding assay.
In short, 2 pg/ml of chemokines (for CCL2) was immobilized
directly on Polysorp microtiter plates (Nunc) or 0.5 ug/ml
of biotinylated chemokines (for CCL3, mucin-CCL5 and
CXCL12) were captured on Neutravidine-coated (2 pg/ml)
Maxisorp microtiter plates (Nunc). Free binding sites were
blocked using 4% Marvel in PBS. Next, 10 ul of periplasmic
extract containing Nanobody of the different clones in 100 ul of
2% Marvel PBST were allowed to bind to the immobilized
chemokine. After incubation and extensive washing, Nanobody
binding was revealed using a mouse anti-Myc secondary anti-
body, which after a wash step was detected with HRP-conju-
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gated goat anti-mouse antibodies. Binding specificity was
determined based on OD values compared with controls having
received no Nanobody. Alternatively, to enhance detection,
mouse anti-Myc antibody was coated on maxisorp microtiter
plates (Nunc) and free binding sites were blocked using 4%
Marvel in PBS. Next, 10 pl of periplasm was added to capture
the Nanobodies present in the periplasmic extract. After wash-
ing, biotinylated CXCL11 was added and detected after wash-
ing using streptavidin-HRP.

DNA Constructs—The cDNA of human CXCR3 inserted in
pcDNA3 (32) was amplified by PCR and inserted into pcDEF3
(a gift from Dr. Langer (33)). The cDNA encoding the chimeric
G protein Gas (PcDNA1-HA-mGa, ;) was a gift from Dr.
Conklin (34). The cDNA of CCR1 was a gift from Dr. C.P.
Tensen and subcloned into pcDEF3. pcDNA3.1-CCR2 and
pcDNA3.1-CXCR4 were obtained from UMR cDNA Resource
Center.

Cell Culture and Transfection—HEK293T cells were grown
at 5% CO, and 37 °C in DMEM supplemented with 10% FBS,
penicillin, and streptomycin. HEK293T cells were transfected
with 2.5 ug of plasmid encoding a chemokine receptor supple-
mented with 2.5 ug of pcDNA1-HA-mGa, 5 (for PLC activa-
tion experiments) or 2.5 ug of pcDEF3 using linear polyethyl-
eneimine (M, 25,000; Polysciences Inc., Warrington, PA).
Briefly, a total of 5 ug of DNA was diluted in 250 ul of 150 mm
NaCl. Subsequently 30 ug of polyethyleneimine in 250 wl of 150
mM NaCl was added to the DNA solution and incubated for 10
min at RT. The mixture was added to adherent HEK293T cells
in 100-mm tissue culture dishes. The following day, cells were
trypsinized, resuspended into culture medium, and plated in
poly-L-lysine (Sigma)-coated assay plates. Mouse fibroblast
NIH-3T3 cells stably expressing CXCR7 were cultured in
DMEM supplemented with 10% calf serum.

Murine pre-B lymphoma L1.2 cells were grown in RPMI
1640 medium with r-glutamine and 25 mm HEPES, supple-
mented with 10% heat-inactivated certified FBS, penicillin,
streptomycin, glutamine, non-essential amino acids, 2-mercap-
toethanol, and sodium pyruvate. L1.2 cells were transfected
with 1 pg of pcDEF3-CXCR3 per million cells using a Bio-Rad
Gene Pulser II (330 V and 975 microfarads) and grown in cul-
ture medium supplemented with 10 mMm sodium butyrate.
Untransfected L1.2 cells were grown without sodium butyrate.

Chemokine Binding—Transfected HEK293T cells were
seeded in poly-L-lysine-coated 48-well plates 24 h after trans-
fection. NIH3T3 cells stably expressing CXCR7 were seeded in
poly-L-lysine-coated 96-well plates. The next day, Nanobodies
were incubated with radiolabeled chemokine (~50 pm) in bind-
ing buffer (50 mm HEPES, pH 7.4, 1 mm CaCl,, 5 mm MgCl,,
0.5% BSA) with or without 100 mm NaCl for 1 h at RT while
shaking. For screening experiments, Nanobodies from the
library were incubated at a 10 times dilution with radiolabeled
chemokine. Next, the solutions were transferred to 48-well
plates containing the transfected HEK293T cells and incubated
for 3—4 h at 4 °C. Subsequently, cells were washed three times
with ice-cold binding buffer supplemented with 0.5 m NaClL
Subsequently, cells were lysed and counted in a Wallac Com-
pugamma counter.
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Phospholipase C Activation—Twenty-four h after transfec-
tion, HEK293T cells were seeded in poly-L-lysine-coated
24-well plates and labeled overnight in Earle’s inositol-free
minimal essential medium (Invitrogen) supplemented with
10% FBS, penicillin, and streptomycin and nzyo-[2->H]inositol
(2 uCi/ml). The next day, increasing concentrations of Nano-
bodies were incubated with chemokine (5 nMm) in inositol phos-
phate assay buffer (20 mm HEPES, pH 7.4, 140 mm NaCl, 5 mm
KCl, 1 mm MgSO,, 1 mm CaCl,, 10 mm glucose, and 0.05% (w/v)
BSA) supplemented with 10 mm LiCl for 1 h at RT while shak-
ing. Cells were washed with inositol phosphate assay buffer and
incubated for 2 h at 5% CO, at 37 °C with the Nanobody/
chemokine solutions. The incubation was stopped by aspira-
tion of the solutions and addition of ice-cold 10 mMm formic acid.
After incubation for 90 min at 4 °C, [*H]inositol phosphate
were isolated by anion-exchange chromatography (Dowex
AG1-X8 columns, Bio-Rad) and counted by liquid scintillation.

Chemotaxis—Migration experiments were performed with
untransfected L1.2 cells (for CXCR4-mediated transfection) or
24 h after transfection of L1.2 cells with pcDEF3-CXCR3.
Increasing concentrations of Nanobodies were incubated with
chemokine (1 nm) in RPMI 1640 with L-glutamine and 25 mMm
HEPES supplemented with 0.1% BSA for 1 h at RT while shak-
ing. For chemokine dose-response curves, chemokine dilutions
were made in the same medium. Next, chemotaxis of L1.2 cells
was determined using 5 um pore ChemoTx 96-well plates
(Neuroprobe Inc., MD). Briefly, ChemoTx plates were blocked
for 30 min using RPMI 1640 with glutamax-I and 25 mm HEPES
supplemented with 1% (w/v) BSA. After removal of the block-
ing medium, Nanobody/chemokine solutions were added to
the wells. L1.2 cells were added on top of the membrane and
incubated for 4 h in a humidified chamber at 5% CO, at 37 °C.
Subsequently, the cells that migrated into the wells were trans-
ferred to white 96-well plates and incubated with Calcein-AM
(1 pg/ml) (Alexis Biochemicals, Lausen, Switzerland) for 30
min at 37 °C. Next, flurorescense (485/535 nm) was measured
using a Wallac Victor? and compared with a standard curve
made with L1.2 cells.

Data Analysis—Nonlinear regression analysis of the data and
calculation of pIC,, values was performed using Prism 4.03.

RESULTS

Generation and Selection of Nanobodies from Immune
Libraries—To obtain Nanobodies with high binding affinities,
active immunization of 2 llamas was performed with a mixture
of recombinant human chemokines (see “Experimental Proce-
dures” for details). To establish the method, we selected chemo-
kines from different chemokine families based on their thera-
peutic relevance (see Introduction). The chemokines used were
CCL2, CCL3, CCL5, CXCL11, and CXCL12. The Nanobodies
were cloned in-frame to gene3 in the phagemid vector pAX50.
For the selection of specific Nanobodies, the chemokines were
biotinylated and captured on Nunc Maxisorp ELISA plates pre-
viously coated with Neutravidine. This approach was chosen to
prevent the possible denaturation of the chemokines when
coated directly onto the plate. Phage selection was done as
described previously (31, 35). To test the binding of the mono-
clonal Nanobodies selected after a single round of selection,
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TABLE 1

Positive clones identified by Nanobody ELISA according to the selec-
tions type and elution using libraries 100 and 101
Depicted are the number of positive clones (out of 48 clones) and representative
percentage of positive clones.
Library 100 Library 101

Chemokine Elution (% positive) (% positive)

CCL2 TEA® 15 (32%) 38 (81%)

CCL3 TEA 20 (67%) 39 (83%)

CCL5 TEA 1(2%) 6 (13%)

CXCL11 TEA 40 (100%) 42 (87%)

CXCL12 TEA 3 (6%) 0

“TEA, triethylamine.

Nanobodies were produced as periplasmic fraction of the iso-
propyl 1-thio-B-p-galactopyranoside-induced bacterial clones
and tested in ELISA. The success rate using this method
(2—-100%) (Table 1) shows a high hit rate for 3 of 5 targets using
this approach. Yet, also for CCL5 and CXCL12 high affinity
binders were obtained. All Nanobodies tested were specific for
their target chemokine and were not binding to other chemo-
kines (data not shown). In view of the large diversity found, we
decided to focus on Nanobodies targeting CCL2, CCL5, and
particularly CXCL11 and CXCL12.

Functional Nanobody Screening—Nanobodies were also
tested for their neutralizing activity, i.e. their ability to inhibit
interaction of the chemokines with their respective chemokine
receptor. To develop a high-throughput strategy, Nanobodies
were again tested as periplasmic fractions. Anti-chemokine
Nanobodies were preincubated with the corresponding radio-
labeled chemokine for 1 h, after which the ability of the radio-
labeled chemokine to bind their respective receptor expressed
in HEK293T cells was determined. Fig. 14 shows an example of
the screening results for Nanobodies directed against CXCL11.
A commercially available anti-CXCL11 antibody was used as a
positive control to demonstrate blocking of binding of '*°I-
CXCL11 to CXCR3-expressing HEK293T cells. In most cases,
the ELISA-positive Nanobodies inhibited binding of '*°I-
CXCLI11 to CXCR3, whereas control samples containing PBS
had no effect on binding. We observed that several Nanobodies
not only inhibited specific binding of ***I-CXCL11 to CXCR3,
but also reduced nonspecific binding of **°I-CXCL11, thereby
almost completely blocking all radioligand binding to the cells.

As a functional screening of anti-CCL2 Nanobodies (as
periplasmic fraction), inhibition of the binding of '**I-CCL2 to
the viral chemokine receptor US28, encoded by human cyto-
megalovirus (HCMV) was assessed (Fig. 1B). HCMV-US28 is
expressed at higher levels in transiently transfected HEK293T
cells than the human receptor for CCL2, i.e. CCR2, and there-
fore better qualified for screening purposes. Again, most bind-
ing Nanobodies identified by ELISA screening also inhibited
binding to HCMV-US28. Similarly, Nanobodies directed
against CCL5 were screened for competition of '*°I-CCL5
binding to CCR1-expressing HEK293T cells, and a single clone
of anti-CXCL12 Nanobody was tested for competition of **°I-
CXCL12 binding to CXCR4-expressing HEK293T cells (data
not shown), again demonstrating the presence of antagonistic
Nanobodies for both chemokines.

The specificity of the anti-CCL2 Nanobodies was tested
against CXCL11. As expected, the Nanobodies against CCL2
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FIGURE 1. Screening and specificity of Nanobody libraries. A, screening of
Nanobodies directed against CXCL11. Periplasm of anti-CXCL11 Nanobody-
producing bacteria was diluted (1:10), incubated with "2*I-CXCL11 (50 pwm),
and used for a binding experiment on CXCR3-expressing HEK293T. As posi-
tive control an anti-CXCL11 antibody (2 ug/ml) was used. B, screening of
Nanobodies directed against CCL2. Periplasm of anti-CCL2 Nanobody-pro-
ducing bacteria was diluted (1:10), incubated with '2°I-CCL2 (50 pm), and used
for a binding experiment on HCMV-US28-expressing HEK293T cells. As posi-
tive control unlabeled CCL2 was used. C, specificity of Nanobodies directed
against CCL2. Periplasm of anti-CCL2 Nanobody-producing bacteria was
diluted (1:10), incubated with '?°I-CXCL11 (50 pm) and used for a binding
experiment on CXCR3-expressing HEK293T. Experiments were performed in
triplicate for the controls and single concentrations for the Nanobodies.

were not able to prevent the binding of '**I-CXCL11 to CXCR3
(Fig. 1C). Similarly, none of the other tested mismatching com-
binations displayed nonspecific effects (several anti-CCL2
Nanobodies were tested with '*’I-CXCL12 and '*°I-CCL5 as
well; anti-CCL5 Nanobodies were used in combination with
'?°I-CCL2, '*°I-CXCL11, and '*’I-CXCL12; the anti-CXCL12
Nanobody was probed with **I-CCL5 and '**I-CXCL11, data
not shown).

Nanobodies Diversity—Large numbers of Nanobodies were
selected based on the ELISA results and their neutralizing activ-
ities using the periplasm fraction, and were sequenced. A sur-
prisingly large diversity of Nanobodies was found against sev-
eral chemokines. As an example, out of 44 sequenced clones,
positive against CXCL11, 31 different Nanobody sequences
were found (1 sequence was found 10 times, 1 sequence was
found 4 times, 1 sequence was found 2 times, and the rest were
unique sequences). When those 31 Nanobody sequences were
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TABLE 2
Potencies of different Nanobodies in binding assays

Nanobodies were incubated with approximately 50 pm radiolabeled chemokine.
Length (number of amino acids (aa), molecular mass (kDa) and amino acid
sequences of the CDR3 region of the Nanobodies (NB) are depicted. All selected
Nanobodies are derived from different families.

Inhibition of '*I-CCL2 binding to HEK293T-CCR2
NBs clones aa MW CDR3 sequence pICso | SEM | n
anti- | 8E10 123 | 13.365 | SSRMGVDDPETYGY 8.83 | 0.06 |3
CCL2 | 8E3 123 | 13.365 | AGSMGWNHLRDYDY | 8.95 | 0.04 [3
CCL2 8.71 [ 0.11 [3
Inhibition of '*I-CCL5 binding to HEK293T-CCR1
clones aa MW CDR3 sequence pICso | SEM | n
anti- 10C8 124 | 13.523 | RPDYTLGTSSYDYDS | 9.20 | 0.08 [3
CcCL5 [ 17Bl11 124 | 13.193 [ APPDCTYYPATPIYY 8.81 | 0.07 [3
CCL5 678 | 04 |2
Inhibition of '*I-CXCL11 binding to HEK293T-CXCR3

clones aa MW CDR3 sequence pICso | SEM | n
131 | 13.980 | SLGFLTAQCMGVMSIG 3

11B1 LSEYDY 9.26 | 0.15
129 | 13.975 | GQGWVIATMTSFRAH 3

11B7 g 9.42 | 0.11
129 | 13.762 | AQGVVAGASLVWVPL 3

- 11B2 et 8.81 | 0.13
CXCL11 e 129 | 13.968 ';?)S;PYYSGSYYPNPFE s50 | 002 |3
11F2 122 | 13.327 | KDYAVVPLDEYDY 7.75 | 0.01 [3
A 126 | 13.548 /SgGLLLLSLWVPTQY o565 | o4 |
1H2 126 | 13.487 ggGLLIAQALRWESY 629 | 013 |3
CXCLI1 8.77 | 0.10 [3

Inhibition of '*I-CXCL12 binding to HEK293T-CXCR4
clones aa MW CDR3 sequence pICso | SEM | n
anti-

EXeLiD 12A4 124 | 13.272 | EAMGYCSAYGSFEGY | 8.77 | 0.07 |3
CXCLI2 643 1 053 |3
AMD3100 5.85 | 0.05 |2

analyzed for homology, 18 different families (clones with iden-
tical CDR3 length and having related CDR3 sequence), among
which half were represented by single clones (CDRs are too
different to be grouped with any other Nanobodies). Differ-
ences between families are most apparent in the CDR3 regions,
known to be highly variable and implicated in antigen recogni-
tion. All Nanobodies further characterized, with distinct amino
acid sequences in the CDR3 region as depicted in Table 2, were
derived from different families. The high diversity shows the
power of such approach combining active immunization and
phage display selection. This is especially remarkable for such a
relatively small antigen such as the chemokines.

Inhibition of Chemokine Binding—After analysis of the
sequenced Nanobodies, a member of each family identified as
well as several unique clones were selected for further analysis.
Large quantities of each Nanobody were produced and purified
(see “Experimental Procedures”). The potency of the purified
Nanobodies was determined in radiolabeled ligand binding
experiments, using increasing concentrations of the anti-
chemokine Nanobodies. As can be seen in Fig. 24, several anti-
CXCL11 Nanobodies dose dependently inhibited the ability of
1251.CXCL11 to bind CXCR3. The Nanobodies covered a wide
range of potencies, with pICg, of 9.4 to 7.7 (IC,, ranging from
0.4 to 20 nm) (Table 2). The pIC,, value of unlabeled CXCL11
was 8.8 (IC;, 2 nm).
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Similar experiments were performed using the anti-CXCL12
Nanobody, 12A4, resulting in a pICy, of 8.8 (IC,, 2 nm) (Fig.
2B). Dose-inhibition curves for anti-CCL2 Nanobodies were
generated using '*’I-CCL2 at the human receptor CCR2,
instead of HCMV-US28, which was used in the initial screen
(Fig. 2C). Dose-inhibition curves for anti-CCL5 Nanobodies
were generated using '*’I-CCL5 and CCR1-expressing
HEK293T cells (Fig. 2D). The anti-CCL2 and anti-CCL5 Nano-
bodies all inhibited chemokine binding at nanomolar concen-
tration (Table 2).

Because CXCR7 is known to bind both CXCL11 and
CXCL12 (29, 36), we determined whether preincubation of
anti-CXCL12 and anti-CXCL11 Nanobodies affect CXCL12
and CXCL11 binding, respectively, to CXCR7-expressing NIH-
3T3 cells. As can be seen in Fig. 2E anti-CXCL12 Nanobodies
12A4 prevented binding of **°I-CXCL12 to CXCR?7 (Fig. 2E).
CXCL11 fully displaced '**I-CXCL12, whereas preincubation
of CXCL11 with anti-CXCL11 Nanobodies 11B1, 11B7, and
11B2 did not inhibit binding of '**I-CXCL12 to CXCR?7 (Fig.
2E). These data show that anti-CXCL11 and CXCL12 Nano-
bodies also neutralized chemokine binding to CXCR?7.

Inhibition of Chemokine Receptor Activation—Next, we
determined the ability of the Nanobodies to inhibit CXCL11-
and CXCL12-induced receptor activation. Chemokine recep-
tors were co-transfected with the chimeric G protein G5 (34)
in HEK293T cells to measure activation of phospholipase C
(PLC). Increasing concentrations of Nanobodies were incu-
bated for 1 h with chemokine (5 nm), after which chemokine-
mediated PLC activation was measured. The anti-CXCL11
Nanobodies 11B1 and 11B7 inhibited CXCR3 activation with
pIC,, of 7.9 and 7.7 respectively, corresponding with IC, val-
ues between 10 and 20 nMm (Fig. 3A). Similarly, the anti-CXCL12
Nanobody 12A4 inhibited CXCL12-mediated CXCR4 activa-
tion with a pIC,, of 7.1 (IC;, of 80 nm) (Fig. 3B, Table 3).

Inhibition of Chemotaxis—One of the major downstream
effects of chemokine receptor activation is cellular migration.
We determined the ability of the Nanobodies to inhibit chemo-
kine-induced migration of L1.2 cells, a murine pre-B lymphoma
cell line. CXCR3-transfected L1.2 cells migrated to increasing
concentrations of CXCL11, resulting in a typical bell-shaped
curve characteristic for chemotaxis assays (Fig. 44). L1.2 cells
transfected with an empty vector did not migrate toward
CXCL11 (data not shown). Anti-CXCL11 Nanobodies were
incubated with CXCL11 (1 nm) for 1 h and chemotaxis of
CXCR3-expressing L1.2 cells was determined. The Nanobodies
11B1 and 11B7 inhibited CXCR3-mediated migration with
pIC,, of 9.0 and 7.8, respectively, corresponding with IC, val-
ues between 1 and 16 nm (Fig. 4B, Table 3). Subsequently,
migration of L1.2 cells, which endogenously express CXCR4, to
increasing concentrations of CXCL12 was determined (Fig.
4C). Addition of the CXCR4 antagonist AMD3100 (10 um)
inhibited CXCL12-induced (1 nM) migration, indicating that
migration was mediated by CXCR4 (Fig. 4C). As can be seen in
Fig. 4D, the anti-CXCL12 Nanobody 12A4 inhibited CXCR4-
mediated migration with a pIC, of 7.9 (corresponding with an
IC,, of 13 nm) (Table 3).
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FIGURE 2. Inhibition of chemokine binding. A, inhibition of CXCL11 binding to CXCR3. Purified Nanobodies were incubated at the indicated concentrations
with '2°I-CXCL11 (50 pm). Subsequently, binding was analyzed on CXCR3-expressing HEK293T cells. The Nanobodies inhibited '2°I-CXCL11 binding with the
following plCs, + S.E. values: 11B7 (O), 9.4 = 0.1 (n = 3); 11B1 (@),9.3 = 0.1 (n = 4); 1182 (M), 8.8 = 0.1 (n = 3); 11A4 (), 8.6 = 0.0 (n = 3); 11H2 (A), 8.3 = 0.1
(n = 3); 11F2 (A), 7.7 = 0.0 (n = 3). Unlabeled CXCL11 (<, dashed line) inhibited ?*I-CXCL11 binding with plCs, = S.E. of 8.8 = 0.1. B, inhibition of CXCL12
binding to CXCR4. Purified Nanobody 12A4 was incubated at the indicated concentrations with '2°I-CXCL12 (50 pm). Subsequently, binding was analyzed on
CXCR4-expressing HEK293T cells. The Nanobody 12A4 inhibited '2°I-CXCL12 binding with a pICs, = S.E. value of 8.8 = 0.1 (n = 3). C, inhibition of CCL2 binding
to CCR2. Purified Nanobodies were incubated at the indicated concentrations with '?°I-CCL2 (50 pm). Subsequently, binding was performed on CCR2-
expressing HEK293T cells. The Nanobodies inhibited '2°I-CCL2 binding with the following plCs, = S.E. values: 8E3 (@), 9.0 = 0.0 (n = 3);8E10(0), 8.8 + 0.1 (n =
3). D, inhibition of CCL5 binding to CCR1. Purified Nanobodies were incubated at the indicated concentrations with '°I-CCL5 (50 pm). Subsequently, binding
was performed on CCR1-expressing HEK293T cells. The Nanobodies inhibited '°I-CCL5 binding with the following plCs, + S.E.values: 17B11 (@),8.8 = 0.1 (n =
3); 10C8 (O), 9.2 = 0.1 (n = 3). Experiments were performed in duplicate and repeated the indicated amount of times. E, inhibition of CXCL12 and CXCL11
binding to CXCR7. CXCL12 (100 nm) and CXCL11 (100 nm) effectively displace '#°I-CXCL12 (50 pm). Purified Nanobody 12A4 (1 um) was incubated with
1251-CXCL12 (50 pm) and CXCL11 (100 nm) with CXCL11 Nanobodies 11B1,11B7,and 11B2 (1 um) and binding was analyzed on CXCR7-expressing NIH-3T3 cells.
Purified anti-CXCL12 Nanobody 12A4 prevented binding of '?°I-CXCL12 to CXCR7 and preincubation of CXCL11 with purified anti-CXCL11 Nanobodies 11B1,

11B7, and 11B2 neutralized CXCL11 allowing '**I-CXCL12 to bind to CXCR7 (n = 4).
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FIGURE 3. Inhibition of chemokine receptor activation. A, inhibition of CXCR3 activation. Purified Nanobodies were incubated at the indicated concentra-
tions with CXCL11 (5 nm). Subsequently, CXCR3-mediated PLC activation was determined in HEK293T cells co-expressing CXCR3 and Geay,;s. The Nanobodies
inhibited CXCL11-induced signaling with the following pICs, = S.E. values: 11B1 (@), 7.9 = 0.1 (n = 3); 11B7 (O), 7.7 = 0.1 (n = 3). B, inhibition of CXCR4
activation. Purified 12A4 Nanobody was incubated at the indicated concentrations with CXCL12 (5 nm). Subsequently, CXCR4-mediated PLC activation was deter-
mined in HEK293T cells co-expressing CXCR4 and Ga;s. Nanobody 12A4 inhibited CXCL12-induced signaling with a pICs, + SE. value of 7.1 = 0.1 (n = 5).
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DISCUSSION

Chemokines and their cognate GPCRs are important medi-
ators of the inflammatory response (1). Consequently, they are
also involved in many inflammatory diseases, (auto-)immune
diseases, and cancer. In general, GPCRs are readily targeted
with low molecular weight antagonists, exemplified by the
notion that GPCRs are targeted by more than 30% of clinically
marketed drugs (37). However, despite the existence of about
20 chemokine receptors, there are currently only two drugs on
the market that target chemokine receptor, i.e. the HIV entry
inhibitor Maraviroc, which binds to CCR5 (38) and CXCR4
antagonist AMD3100 (Mozobil). Recently, the anti-CCR4-
ADCC antibody has been approved for adult T cell leukemia
lymphoma treatment for use in Japan (39), showing that it is
also feasible to therapeutically target chemokine receptors with
biologicals. The low success rate of chemokine receptor antag-
onists reaching the market may be due to their relatively recent

TABLE 3
Inhibition of Nanobodies (NBs) in functional assays
Inhibition of 5 nM CXCL11- Inhibition of 1 nM CXCL11-
induced PLC activation induced PLC activation
NBs clones n pICsa SEM clones n pICso SEM
R 11B1 3 7.92 0.06 11B1 3 8.98 | 0.10
anti-CXCLIL g7 3 774 | 0.11 11B7 | 3 | 7.80 | 0.19
11B2 2 749 [ 0.15
Inhibition of 5 nM CXCL12- Inhibition of 1 nM CXCL12-
induced PLC activation induced PLC activation
clone | n | pICso [SEM clone | n | pICso | SEM
anti-CXCL12 | 1244 | 5 | 714 | 0.07 1244 | 5 [ 802 [ o.11
A 15+
)
3 10-
2s
£¥
©
o 5
€
0
0 0.1 1 10 100 1000

CXCL11 (nM)

(@)

- - N N
o o (=] (]
1 1 i ]

migrating L1.2 cells
(%)
L3,
I

0 01 1 10 100 1000 AMD
CXCL12 (nM)

Neutralizing Nanobodies Targeting Chemokines

discovery, the first chemokine receptor being reported in 1991.
Yet, the complexity and apparent promiscuity of the chemo-
kine system with numerous peptide chemokines exerting their
effects by binding to a wide range of receptors may also account
for this. When a small molecule compound inhibits a chemo-
kine receptor, some chemokine ligands may still bind and signal
via another chemokine receptor. Blocking chemokine action or
removal of chemokines by chemokine-binding proteins to
lower immune response is largely exploited by pathogens and
parasites that infect mammals including humans (40, 41).
Therefore, targeting the chemokine instead of targeting the
receptor can be considered as an interesting alternative.

A small molecule compound from the family of chalcones
was shown to bind CXCL12 (42). The chalcone inhibited che-
motaxis of human peripheral blood lymphocytes with an affin-
ity of about 1 um and was effective in vivo in a mouse model of
allergic eosinophilic airway inflammation. In addition, target-
ing sulfotyrosine binding sites on chemokines, as shown for
CXCL12 and of importance for CXCR4 binding, appears effec-
tive (43). Targeting chemokines with antibodies in animal mod-
els has also proven successful in a number of cases (44). Anti-
CCL2 antibody treatment during relapsing experimental
autoimmune encephalomyelitis, a mouse model for multiple
sclerosis, decreased clinical severity of relapsing disease and
reduced CNS macrophage accumulation during relapsing EAE
(45). Using a tumor cell-mediated angiogenesis assay, it was
shown that an anti-CCL2 antibody has anti-angiogenic proper-
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FIGURE 4. Inhibition of chemotaxis. A, migration of CXCR3-expressing L1.2 cells. A migration assay with increasing concentrations of CXCL11 was performed
using L1.2 cells transfected with cDNA encoding CXCR3. Data are shown as percentage of migrated cells and obtained in three experiments. B, inhibition of
CXCL11-induced chemotaxis. Purified Nanobodies were preincubated at the indicated concentrations with CXCL11 (1 nm). Subsequently, CXCL11-induced
migration of CXCR3-expressing L1.2 cells was determined. The Nanobodies inhibited CXCL11-induced chemotaxis with the following pICs, = S.E.values: 11B1
(@),9.0 £ 0.1 (n = 4); 11B7 (O), 7.8 = 0.2 (n = 4). C, migration of L1.2 cells. A migration assay with increasing concentrations of CXCL12 was performed using
L1.2 cells. The CXCR4 antagonist AMD3100 (10 uMm) inhibited migration toward CXCL12 (1 nm). Data are shown as percentage of migrated cells and was
obtained in three experiments. D, inhibition of CXCL12-induced chemotaxis. Purified 12A4 Nanobody was incubated at the indicated concentrations with
CXCL12 (1 nm) for 1 h at RT while shaking. Subsequently, CXCL12-induced migration of L1.2 cells was determined. The 12A4 Nanobody inhibited CXCL12-
induced chemotaxis with a pICs, = S.E. value of 7.9 = 0.1 (n = 5). Experiments were performed in triplicate.
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ties in vivo (46) and mediate prostate cancer growth through
macrophage infiltration (47, 48). The anti-CCL2 antibody is
now in phase II clinical study for prostate cancer. Anti-CCL5
delayed rejection time in an experimental rat model of cardiac
allograft rejection (49). An anti-CCL5 antibody and has reached
phase I clinical study. Finally, several antibodies targeted
against CXCL10 are in phase 2 clinical trial for rheumatoid
arthritis, ulcerative colitis, Crohn disease, or primary biliary
cirhosis (for review, see Klareenbeek et al. (6)). In a mouse
model of allergic airway disease, antibodies against CXCL12
resulted in a reduction in lung allergic inflammation and airway
hyper-responsiveness (50).

Here, we report on the generation and characterization of
Nanobodies, a relatively novel class of highly effective biologi-
cals, directed against CCL2, CCL5, CXCL11, and CXCL12. The
Nanobodies prevented binding of the chemokines to their
receptors with nanomolar affinities, thereby effectively pre-
venting the chemokine to signal via its respective receptor, neu-
tralizing chemokine receptor activation and chemotaxis. Nano-
bodies targeting CXCL11 and CXCL12, e.g. prevented binding
of these chemokines to, respectively, CXCR3 and CXCR4 as
well as CXCR7, known to bind both chemokines as well (29, 36).
This further illustrates the broad neutralizing capacity of Nano-
bodies in targeting chemokines.

For some chemokines, e.g CXCL11, various families of
Nanobodies were identified, whereas for others, e.g. CXCL12
and CCLS5, only a limited number of clones were obtained. The
difference in diversity and the low immunogenicity may be
explained by a technical reason (biotinylation of the chemokine
can cause loss of epitope recognition) or may result from high
sequence conservation between the llama and human chemo-
kines (CXCL12 95%, CCL5 85%, and CXCL11 81% identity
between the two species).

Interestingly, the anti-CXCL11 Nanobodies 11B7 and 11B1
inhibited '*’I-CXCL11 binding with a 3-4-fold lower ICj,
value than unlabeled CXCL11, indicating the high neutralizing
activity of the Nanobodies. Moreover, most Nanobodies inhib-
ited binding of radiolabeled chemokines to their cognate recep-
tors as well as dramatically lowered nonspecific binding of the
radioligand to the cells. The nonspecific binding most likely
entails binding to glycosaminoglycans, which is of importance
for alarge number of chemokines (51). In a physiological setting
this would be equivalent to complete removal of the Nanobody-
bound chemokine from circulation, also taking into account
the small molecular weight of the complex of chemokine-
Nanobody, which would allow rapid clearance of the bound
chemokine. Functional receptor activation, measured as PLC
activation and chemotaxis was inhibited by the Nanobodies
against CXCL12 or CXCL11 with affinities between 1 and 80
nm. This in vitro experimental setup is relevant because we
already showed that blocking the CXCL12/CXCR#4 axis effec-
tively abrogates the mobilization of CD34-positive stem cells in
cynomolgus monkeys (18).

Nanobodies will specifically bind with high affinity to the
chemokine and ensure that the chemokine is unavailable for
receptor interaction and/or glycosaminoglycan interaction and
are highly selective, whereas a small molecule shows possibly
more off-target effects. In addition, small molecule compounds

25180 JOURNAL OF BIOLOGICAL CHEMISTRY

acting on CXCR4 such as AMD3100 and ALX40-4C have been
reported to be partial agonists and T140 was found to have
inverse agonistic properties (52). Because CXCR4 is involved in
metastasis of breast cancer cells (30), especially compounds
with partial agonistic effects may have unwanted effects. Like-
wise, we have shown that a series of CXCR3 antagonists behave
as inverse agonists (53). Although the physiological conse-
quences of these intrinsic activities of small molecule antago-
nists are still unknown, it may be safer to target the chemokines
instead of their receptors. The potential of targeting chemo-
kines was also recently demonstrated in vitro and in vivo by the
Evasins. Evasins are natural chemokine-binding proteins from
bloodsucking parasites such as ticks that allow immune
response evasion. Evasins are even smaller than Nanobodies
but do not show a strict chemokine specificity (54, 55). During
inflammatory conditions neutralizing several chemokines at
once may be of added value.

All together, the Nanobodies presented here, directed
against inflammatory and homeostatic chemokines, form a
promising new class of specific and powerful inhibitors of
chemokine function, which can be used for research and ther-
apeutic purposes.
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