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ABSTRACT
WHIM syndrome is a rare congenital immunodeficiency disease,
named after its main clinical manifestations: warts, hypogammaglo-
bulinemia, infections, and myelokathexis, which refers to abnormal
accumulation ofmature neutrophils in the bonemarrow. Thedisease
is primarily caused by C-terminal truncation mutations of the
chemokine receptor CXCR4, giving these CXCR4-WHIM mu-
tants a gain of function in response to their ligand CXCL12.
Considering the broad functions of CXCR4 inmaintaining leukocyte
homeostasis, patients are panleukopenic and display altered
immune responses, likely as a consequence of impairment in
the differentiation and trafficking of leukocytes. Treatment of
WHIM patients currently consists of symptom relief, leading to
unsatisfactory clinical responses. As an alternative and poten-
tially more effective approach, we tested the potency and efficacy of
CXCR4-specific nanobodies on inhibiting CXCR4-WHIM mutants.
Nanobodiesare therapeuticproteinsbasedon thesmallest functional
fragments of heavy chain antibodies. They combine the advantages

of small-molecule drugs and antibody-based therapeutics due to
their relative small size, high stability, and high affinity. We compared
thepotential ofmonovalent andbivalentCXCR4-specific nanobodies
to inhibit CXCL12-induced CXCR4-WHIM-mediated signaling with
the small-molecule clinical candidate AMD3100. The CXCR4-
targeting nanobodies displace CXCL12 binding and bind CXCR4-
wild type and CXCR4-WHIM (R334X/S338X) mutants and with
(sub-) nanomolar affinities. The nanobodies’ epitope was mapped
to extracellular loop2ofCXCR4, overlappingwith the binding site of
CXCL12. Monovalent, and in particular bivalent, nanobodies were
more potent than AMD3100 in reducing CXCL12-mediated G
protein activation. In addition, CXCR4-WHIM-dependent calcium
flux and wound healing of human papillomavirus–immortalized
cell lines in response to CXCL12 was effectively inhibited by the
nanobodies. Based on these in vitro results, we conclude that
CXCR4 nanobodies hold significant potential as alternative thera-
peutics for CXCR4-associated diseases such asWHIM syndrome.

Introduction
WHIM syndrome is a rare congenital immunodeficiency

disease caused by aberrant activity of the chemokine CXCL12/
CXCR4 axis (Hernandez et al., 2003; Bachelerie, 2010). The
disease is named after its main four clinical manifestations:
human papillomavirus (HPV)–induced warts, hypogamma-
globulinemia, recurrent bacterial infections, and myelo-
kathexis (Gorlin et al., 2000; Hernandez et al., 2003). WHIM
syndrome patients are generally panleukopenic and display a
combination of WHIM syndrome–induced immunodeficiencies

(Kawai and Malech, 2009; McDermott et al., 2011a). In addi-
tion to a selective susceptibility to HPV-mediated pathogenesis
(cutaneous and genital warts that cannot be controlled andmight
progress to cancer), patients are prone to recurrent bacterial
infections and can develop various malignancies, including
Epstein-Barr virus–associated lymphoproliferative diseases
or primary cutaneous follicle center lymphoma (Imashuku
et al., 2002; Chow et al., 2010; Beaussant Cohen et al., 2012;
Yoshii et al., 2015; Meuris et al., 2016). WHIM syndrome is
primarily caused by heterozygous autosomal dominant CXCR4
mutations within the C terminus of the receptor. Although the
mutations are heterogeneous, they are all located in the region
encoding for the carboxyl terminusof the receptor, resulting in four
nonsense and four frameshift truncation mutations (Beaussant
Cohen et al., 2012;AlUstwani et al., 2014; Liu et al., 2016) and one
single point substitution (E343K) mutation (Liu et al., 2012).
The most common WHIM variants are the R334X and S338X
truncation mutants, which lack either 19 or 15 residues from the

This work was supported by the Netherlands Organization for Scientific
Research [Vici Grant] and the Dutch Technology Foundation.

1Current affiliation: Department of Drug Design and Pharmacology, Faculty
of Health and Medical Sciences, University of Copenhagen, Copenhagen,
Denmark.

2Current affiliation: Merus N.V., Utrecht, The Netherlands.
https://doi.org/10.1124/jpet.117.242735.
s This article has supplemental material available at jpet.aspetjournals.org.

ABBREVIATIONS: BSA, bovine serum albumin; CRE, cAMP response element; DMEM, Dulbecco’s modified Eagle’s medium; ECL2, extracellular
loop 2; FBS, fetal bovine serum; HPV, human papillomavirus; IP, inositol phosphate; PBS, phosphate-buffered saline; WHIM, warts,
hypogammaglobulinemia, infections, and myelokathexis; WT, wild type.

35

http://jpet.aspetjournals.org/content/suppl/2017/08/02/jpet.117.242735.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

https://doi.org/10.1124/jpet.117.242735
https://doi.org/10.1124/jpet.117.242735
http://jpet.aspetjournals.org
http://jpet.aspetjournals.org/content/suppl/2017/08/02/jpet.117.242735.DC1
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/


C terminus (Table 1) (McDermott et al., 2011b; Ballester
et al., 2016). These WHIM mutations render CXCR4 hyper-
responsive to its ligand CXCL12 together with impaired
desensitization and internalization of the mutant receptor
(Balabanian et al., 2005). Interestingly, besides the germ-
line CXCR4 mutations in WHIM syndrome, somatic WHIM-
like mutations are found in 30% of the patients with
Waldenström’s macroglobulinemia, which have been corre-
lated to tumor progression and drug resistance (Hunter et al.,
2014; Roccaro et al., 2014; Kapoor et al., 2015). Interestingly,
distinct genetic mechanisms (e.g., germline versus somatic)
are associated with identical or highly similar mutations in
the CXCR4 C-terminal region (Liu et al., 2016). CXCR4 is
widely expressed on leukocytes (Förster et al., 1998; Lee et al.,
1999) and plays a role in retention and homing of cells to
the bone marrow (Ma et al., 1999), CXCR4 mutations also
affect immunologic processes and result in decreased levels
of circulating leukocytes and immunoglobulins (Bock et al.,
2014; Brault et al., 2014). Considering the broad functions
of CXCR4 in maintaining leukocyte homeostasis, patients
suffering from WHIM syndrome display altered immune
responses, likely as a consequence of impairment in the
differentiation and trafficking of leukocytes (McDermott
et al., 2015; Biajoux et al., 2016; Freitas et al., 2017).
Currently, WHIM syndrome treatments consist of symp-

tom relief, which do not target the aberrant CXCR4 signaling
and are moderately effective. Treatments range from gran-
ulocyte colony–stimulating factor to induce the release of
immune cells from bone marrow to prophylactic antibiotics
against respiratory bacterial infections and intravenously
administered immunoglobulins to compensate the hypogam-
maglobulinemia (Kawai and Malech, 2009). However, phase
1 clinical studies of the lowmolecular weight CXCR4 antagonist
AMD3100 (plerixafor, Mobozil) have demonstrated the potential
of targeting CXCR4 in WHIM syndrome therapy (Dale et al.,
2011; McDermott et al., 2011a, 2014). AMD3100 is a Food and
Drug Administration (FDA) approved drug for stem-cell mobi-
lization in non-Hodgkin’s lymphoma and multiple myeloma. In
addition, AMD3100 treatment effectively corrected panleukope-
nia (McDermott et al., 2011a), decreased the disease burden, and
was relatively safe for both long-term (6 months) and low-dose
use in WHIM patients (McDermott et al., 2014). However, in a
different setting, single-dose or short-term AMD3100 treatment
was also associated with side effects such as abdominal bloating,
diarrhea, headache, nausea, lightheadedness, facial pares-
thesias, and injection-site erythema (Liles et al., 2003;
Devine et al., 2004). Long-term AMD3100 treatment of
human immunodeficiency virus (HIV) infections was dis-
continued due to potential cardiac toxicity (Scozzafava
et al., 2002; De Clercq, 2003). AMD3100 is also associated
with suboptimal pharmacokinetic characteristics, such as a

short in vivo half-life (3.5 hours) and limited oral bioavail-
ability (Hendrix et al., 2000). Altogether, this illustrates that
treating WHIM syndrome by targeting CXCR4 might be
effective but it needs to be targeted more safely.
The nanobody platform provides an alternative strategy to

target CXCR4-WHIM signaling. Nanobodies are 12–15 kDa
recombinant single-domain antibody fragments and have
advantages over small-molecule drugs in terms of target
affinity and specificity. Another benefit of nanobodies is their
modular structure, which conveniently allows the genera-
tion of multivalent nanobody formats to improve functional
affinity, increase in vivo half-life bispecific targeting, and/or
allow tissue-specific targeting (Els Conrath et al., 2001;
Muji�c-Deli�c et al., 2014). Because of their size and molecular
structure, nanobodies more readily recognize buried epi-
topes (e.g., G protein-coupled receptor ligand-binding pock-
ets) compared with conventional antibodies and have high
protein stability and low immunogenicity (Steyaert and
Kobilka, 2011; Muji�c-Deli�c et al., 2014; Peyvandi et al.,
2016). Previously, we described CXCR4-specific nanobodies
that antagonized CXCL12-dependent binding/signaling
and inhibited HIV infection (Jähnichen et al., 2010). In this
study, we evaluated the potential of CXCR4-targeting nano-
bodies as WHIM syndrome therapeutics and compared their
potencies in their ability to displace CXCL12 binding and
inhibit CXCL12-induced signaling of both CXCR4-wild type
(WT) and CXCR4-WHIM mutants.

Materials and Methods
Materials

The CXCR4 ligands and recombinant human CXCL12 were
obtained from Peprotech (Rocky Hill, NJ) and AMD3100 (1,19-[1,4-
phenylenebis-(methylene)]-bis-1,4,8,11-tetraazacyclotetra-decane)
was obtained from Sigma-Aldrich (St. Louis, MO). The 12G5 mono-
clonal CXCR4 antibody was purchased from R&D systems
(Minneapolis, MN). Linear 25 kDa polyethylenimine for transient
transfections was obtained from Polysciences (Eppelheim, Germany).
Dulbecco’s modified Eagle’s medium (DMEM) and Trypsin-EDTA
were purchased from Sigma-Aldrich. Fetal bovine serum (FBS)
and penicillin/streptomycin were obtained from PAA Laborato-
ries GmbH (Paschen, Austria). For coating of cell culture plates,
poly-L-lysine solution was obtained from Sigma-Aldrich, and
125I-CXCL12 (2200 Ci/mmol) and myo-[2-3H]inositol (1 mCi/ml)
were obtained from Perkin Elmer Life Sciences (Boston, MA).
Phospho-ERK1/2 (Thr202/Tyr204), total ERK1/2, and anti-Myc
tag (9B11) antibodies were obtained from Cell Signaling Tech-
nology (Danvers, MA). Anti-rabbit and anti-mouse horseradish
peroxidase–conjugated antibodies were obtained from Bio-Rad
Laboratories (Hercules, CA). Anti-mouse Alexa Fluor 488–conjugated
antibody (A11001) was obtained from Thermo Fisher Scientific
(Waltham, MA).

Phage-Display Selection

Immunization, construction of the nanobody phage libraries, and
phage-display selections were performed as described previously
(Jähnichen et al., 2010).

Molecular Biology and Nanobody Production

pcDNA3.1-CXCR4-WT (GenBank: AF025375.1), a gift fromDr. C.P.
Tensen (LeidenUniversityMedical Center, Leiden, TheNetherlands),
was used as template DNA to generate CXCR4-WT, CXCR4-R334X,

TABLE 1
Alignment of CXCR4-WT and WHIM C-terminal amino acid sequences

CXCR4
C-Terminal Sequence

aa 321-330 aa 331-340 aa 341-350 aa 351-352

WT SV SRGSSLKILS KGKRGGHSSV STESESSSFH SS
R334X SV SRGSSLKILS KGK
S338X SV SRGSSLKILS KGKRGGH

aa, amino acid.
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and CXCR4-S338X by polymerase chain reaction (PCR) using specific
primers. The primer sequences were the following:

WT-FW: 59-CAG GTACCGCCACCATGGAGGGGATCAGTATA-
TACACT-39;

WT-REV: 59-ATTTCTAATTAGCTGGAGTGAAAACTTGAAGA-39;
R334X-REV: 59- CCCCTCTAGATCACTTTCCTTTGGAGAG-

GATCTTGAGG-39; and
S338X-REV: 59-TTTTCTAGATTAATGTCCACCTCGCTTTCCTT-

TG-39.

The forward primer encodes a 59 KpnI restriction site, whereas the
reverse primers encode a 39 XbaI restriction site. The amplified PCR
fragments and the mammalian expression vector pcDEF3 (gift from
J.A. Langer from Robert Wood Johnson Medical School, Piscataway,
NJ) were digested with KpnI and XbaI enzymes and the fragments
were ligated into pcDEF3 using T4 DNA ligase. The point-mutated
CXCR4 constructs D187V, F189V, and V196E in pcDNA3 were kindly
provided by Ablynx N.V. The mutants were subcloned to the pcDEF3

vector by PCR, the template DNA was amplified, and restriction
sites were added by using the WT forward and reverse primers. All
generated DNA constructs were verified by sequencing. All enzymes
and buffers used for cloning were obtained from Thermo Fisher
Scientific. For nanobody production, BL21 Escherichia coli cells were
transformed with 10A10-PAX100 and 10A10-35GS-10A10-PAX100
DNA. Periplasmic nanobody expression was induced by addition of
1 mM isopropyl-b-D-thiogalactopyranoside (Sigma-Aldrich) to the
culture medium. Periplasmic extracts were obtained by a freeze-
thaw cycle of the cell pellet and resuspension in phosphate-buffered
saline (PBS). The His6-tagged nanobodies were purified from the
periplasmic extract by ion-metal affinity chromatography using
Ni-NTA agarose resin (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Finally, a buffer exchange to PBS was
performed by SnakeSkin (Thermo Fisher Scientific) dialysis or
PD-10 desalting columns (GE healthcare, Little Chalfront, United
Kingdom).

Cell Culture

The human embryonic kidney cell line HEK293T was cultured in
DMEM (Sigma-Aldrich). The human leukemic K562 cell lines (paren-
tal, pcDNA3.1-CXCR4-WT and pcDNA3.1-CXCR4-R334X) have been
previously described (McDermott et al., 2011b) and were a kind gift
from David McDermott and Philip Murphy (National Institutes of
Health (NIH), Bethesda, MD). The cells were cultured in RPMI-1640
(Sigma-Aldrich). The stably transfected K562 cells were cultured with
0.4 mg/ml G418 (Duchefa, Haarlem, The Netherlands) for selection.
All growth media were supplemented with 10% (v/v) FBS, 50 IU/ml
penicillin, and 50mg/ml streptomycin (PAALaboratories GmbH, Cölbe,
Germany). Cells were grown at 37°C in a humidified atmosphere with
5% CO2 and passaged two times per week. Transient transfections
were performed using the polyethylenimine method (Schlaeger and
Christensen, 1999).

125I-CXCL12 Displacement

Two million HEK293T cells were seeded in 10 cm cell culture
dishes. After overnight cell growth the cells were transiently trans-
fected with 250 ng hCXCR4-WT, hCXCR4-R334X, or hCXCR4-S338X
pcDEF3 supplemented to 5 mg using empty pcDEF3 vector. Forty-
eight hours post-transfection the CXCR4-expressing cell membranes
were isolated as previously described (deWit et al., 2016). Radioligand
displacement assays were performed as previously described (de
Wit et al., 2016). Briefly, in 96-well plates, approximately 75 pM
125I-CXCL12 inHEPES binding buffer (HBB, 50mMHEPES-HCl, pH
7.4, 1 mM CaCl2, 5 mM MgCl2, 0.1 M NaCl, 0.5% (w/v) bovine serum
albumin (BSA)) was added to increasing concentrations of unlabeled
CXCL12, AMD3100, 10A10, or 10A10-10A10 nanobodies. Radioligand
only and radioligand 1 100 nM CXCL12 were used as total binding
and nonspecific binding controls in each assay plate. The ligands were

incubated with 5 mg/well CXCR4 (WT, R334X, and S338X) or mock
HEK293T membranes for 2 hours at 20°C to reach binding equilib-
rium. The radioligand-bound membranes were harvested on 0.5%
(w/v) polyethylenimine-soaked GF/C filter plates (Perkin-Elmer Life
Sciences) and dried for 30 minutes at 60°C. Scintillation fluid (Micro-
Scint-O, Perkin-Elmer) was added and radioactivity was measured
using a MicroBeta liquid scintillation counter (Perkin-Elmer Life
Sciences). In addition to the radioligand competition plates, the fixed
amount of radioligand was also directly added to a GF/C filter plate
during each experiment to determine the radioligand concentration in
the displacement assay. The data were plotted and analyzed using a
competitive one-site homologous binding fit for homologous displace-
ment and a competitive one-site log IC50 binding fit for heterologous
displacement with GraphPad Prism 6 (GraphPad Software Inc., San
Diego, CA).

Cell Surface Expression Enzyme-Linked Immunosorbent
Assay (ELISA)

Transiently transfected HEK293T cells (6 � 104 were seeded in
poly-L-lysine–coated 96-well cell culture plates and grown at 37°C.
Forty-eight hours post-transfection cells were fixed for 5 minutes with
4% formaldehyde (Sigma-Aldrich) in PBS. The cells were washed with
PBS and incubated with blocking buffer [5% fat-free milk powder
(Sigma-Aldrich) diluted in PBS] for 1 hour. This was followed by
incubation with mouse-anti-CXCR4 (clone 12G5), diluted 1:200 in
blocking buffer for 1 hour. After each antibody incubation the cells
were washed three times with PBS, and then the cells were incu-
bated for 1 hour with the goat anti-mouse IgG (H 1 L)-horseradish
peroxidase–conjugated antibody (Bio-Rad, 1:2500). For colorimetric
detection, 2 mM o-phenylenediamine substrate solution (Sigma-
Aldrich) in 35 mM citric acid, 66 mM Na2HPO4, 0.015% H2O2, pH
5.6was added to the cells. The reactionwas terminated after 5minutes
by adding H2SO4 (1 M), and absorbance (490 nm) was measured in a
PowerWave plate reader (BioTek, Winooski, VT).

Immunofluorescence Microscopy Imaging

Transiently transfected (mock or CXCR4) HEK293T cells (6 � 104

were seeded in poly-L-lysine–coated 96-well cell culture plates and
grown at 37°C. Forty-eight hours post-transfection the cells were fixed
for 5 minutes with 4% formaldehyde (Sigma-Aldrich) in PBS. The
cells were washed with PBS, and if necessary permeabilized with
0.5% (v/v) NP-40 substituted in PBS for 30minutes at 20°C. Cells were
incubated with blocking buffer [5% (w/v) BSA in PBS] for 1 hour. This
was followed by 10A10-10A10 (100 nM in blocking buffer) incubation
for 1 hour at 20°C. After each nanobody/antibody incubation the cells
were washed three times with PBS. Subsequently, Myc-tag antibody
(1:1000 in blocking buffer) and the secondary anti-mouse Alexa Fluor
488–conjugated antibody (1:500 in blocking buffer) was applied for
1 hour at 20°C. Cell nuclei were stained using 49,6-diamidino-2-
phenylindole (1 mg/ml) in PBS for 5 minutes at 20°C. Immunofluo-
rescence imaging was carried out using an FSX-100 microscope
(Olympus, Tokyo, Japan).

Cell Surface Radioligand Binding

Transiently transfected (mock, hCXCR4-WT, mCXCR4-WT, or
hCXCR7) HEK293T cells were seeded in poly-L-lysine–coated
96-well cell culture plates. Forty-eight hours after transfection the
culture medium was removed and the cells were incubated with
75 pM 125I-CXCL12 with/without cold ligands (CXCL12, AMD3100,
and 10A10) in HEPES binding buffer with 0.5% (w/v) BSA and
incubated at 4°C for 3 hours until binding equilibrium was reached.
The cells were washed three times with ice-cold HEPES wash
buffer (HEPES binding buffer 1 0.5 M NaCl). Cells were lysed with
radioimmunoprecipitation assay buffer (RIPA), and the cell lysate
was transferred to radioactivity counting vials and measured with a
Wallac Compugamma counter (Perkin Elmer Life Sciences).
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SDS-PAGE and Western Blotting

Transiently transfected (mock, CXCR4-WT, CXCR4-R334X, or
CXCR4-S338X) HEK293T cells (3 � 105) cells were grown on a
12-well plate on full medium. Cells were synchronized by serum
starvation with 0% FBS DMEM and grown overnight. Synchronized
cells were treated with CXCL12 (1 nM), AMD3100 (10 mM), 10A10
(1 mM), and/or 10A10-10A10 (100 nM). For the CXCL12 inhibition
experiments, cells were preincubated for 1 hour at 37°C with the
CXCR4 inhibitors prior to CXCL12 stimulation (1 nM). After 5 or
15 minutes of CXCL12 stimulation the cells were lysed on ice with
RIPA buffer supplemented with 1 mM NaF, 1 mM NaVO4, and
protease inhibitor cocktail (cOmplete, Roche, Basel, Switzerland),
sonicated, and centrifuged to remove insoluble cell debris. Protein
content of the lysates was determined using bicinchoninic acid assay
(BCA) protein estimation according to themanufacturer’s instructions
(Thermo Fisher Scientific). Equal amounts of protein were resolved by
SDS-PAGE analysis using 10% acrylamide gels. After electrophoresis,
protein was blotted to Polyvinylidene difluoride (PVDF) membranes
(Bio-Rad), which was subsequently blocked for 1 hour at 22°C in 5%
nonfat milk in 0.1% Tween-20/Tris-buffered saline (TBS) solution.
Western blot was performed according to standard procedure and
blotted against Phospho-ERK1/2 (Thr202/Tyr204, 1:1000), total
ERK1/2 (1:1000) (Cell Signaling Technology), or b-actin (Sigma-
Aldrich, 1:2500). Next, themembraneswere incubated with secondary
anti-mouse or anti-rabbit horseradish peroxidase–conjugated anti-
bodies (Bio-Rad Laboratories, 1:5000). The Western blot images were
acquired by enhanced chemiluminescence solution (ECL) (Perkin
Elmer Life Sciences) and a Chemi Doc imager (Bio-Rad Laboratories),
and the signal was quantified by densitometry using the Image Lab
software (Bio-Rad Laboratories).

Flow Cytometry

HEK293T cells were transiently transfected with 100 ng hCXCR4-
WT, D187V, F189V, or V196E receptor DNA, supplemented to 5 mg
with empty pcDEF3 DNA. Twenty-four hours post-transfection the
cells were dissociated with nonenzymatic cell dissociation buffer
(Sigma-Aldrich), and 1 � 105 cells/well were seeded in clear 96-well
U-bottom plates in assay buffer (ice-cold PBS supplemented with 5%
FBS), after which cells were incubated with increasing concentrations
of 10A10-10A10 nanobodies in assay buffer at 4°C. Cells were washed
three times with ice-cold assay buffer. Subsequently, cells were
incubated with the primary Myc-tag antibody (Cell Signaling Tech-
nology, 9B11, 1:1000) in assay buffer for 1 hour at 4°C. Cells were
washed three times with ice-cold assay buffer. Finally, cells were
incubated with the secondary fluorescent anti-mouse IgG (H 1 L)
polyclonal antibody Alexa 488 (Thermo Fisher Scientific, A11001) for
1 hour at 4°C. Afterward, cells were washed three times with ice-cold
assay buffer. Fluorescence-assisted flow cytometry was performed on
a Guava Easycyte (Guava Technologies, MERCK Millipore, Billerica,
MA). Data were analyzed using GraphPad Prism version 6.0
(GraphPad Software, Inc., La Jolla, CA). Specific binding was
plotted as mean fluorescent counts of ungated samples. Back-
ground subtraction of unspecific binding was performed using the
values obtained from the mock-transfected samples. Curves were
fitted using the one-site specific-binding algorithm [Y 5 Bmax �
X/(Kd 1 X)] in GraphPad Prism 6.0.

Phospholipase C Activation

HEK293T cells (4 � 106) were transiently transfected with 100 ng
hCXCR4-WT, R334X, or S338X receptor DNA, 2.5 mg Gaqi5 DNA, and
2.4 mg pcDEF3 DNA. Twenty-four hours post-transfection cells (1.2 �
105/well) were seeded in poly-L-lysine–coated flat-bottom 48-well
plates and labeled overnight with myo-[2-3H]-inositol (1 mCi/ml) in
Earle’s inositol-free minimal essential medium supplemented with
10% FBS and 1% penicillin/streptomycin (P/S). The next day, the
labeling medium was aspirated and the cells were stimulated with

CXCL12 (agonist mode) in assay buffer (20 mM HEPES, 140 mM
NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 10 mM glucose)
supplemented with 0.05% BSA and 10 mM LiCl. In the antagonist-
mode experiments, the cells were preincubated with antagonist
solutions in assay buffer supplemented with 0.05% BSA for 5 minutes
at 20°C, prior to addition of 5 nM (EC80) CXCL12 solutions in assay
buffer supplemented with 0.05% BSA and 10 mM LiCl. After 1.5-hour
incubation at 37°C, inositol phosphate (IP) accumulation was termi-
nated by placing the cells on ice and aspirating the stimulation buffer
prior to the addition of ice-cold 10 mM formic acid to permeabilize the
cells. After 1-hour incubation on ice, the [3H]-inositol phosphates were
isolated by anion-exchange chromatography (Dowex AG1-X8 columns;
Bio-Rad) in counting vials. Scintillation fluid (Perkin Elmer Life
Sciences) was added and the samples were counted by a Packard Tri-
Carb Liquid Scintillation Analyzer (Perkin Elmer Life Sciences)
(2 minutes/vial). Data were analyzed using GraphPad Prism version
6.0 (GraphPad Software, Inc.). Agonist mode curves were fitted
using the dose-response log(agonist) versus response equation
[Y5Bottom1 ðTop2BottomÞ=ð1110logEC502X Þ] in GraphPad Prism
version 6.0 (GraphPad Software, Inc.). The CXCL12 EC80 values
were determined from the obtained EC50 values by using the
following equation: ECf 5 (f/100 2 f)1/H � EC50, where f stands for
80 andH is theHill slope. The antagonist-mode dose-response curves
of 10A10 nanobodies and AMD3100 in competition with a fixed 5 nM
CXCL12 were fitted with the log(inhibitor) versus response algo-
rithm Y5Bottom1 ðTop2BottomÞ=ð1110X2 logIC50 Þ in GraphPad
Prism version 6.0 (GraphPad Software, Inc.).

Reporter Gene

HEK293T cells were transiently transfected with the cAMP re-
sponse element (CRE) luciferase reporter gene and CXCR4-WT,
CXCR4-R334X, or CXCR4-S338X. Briefly, 1 � 106 cells were trans-
fected with CXCR4-pcDEF3 (250 ng) and 1 mg CRE-luc vector
supplemented with empty pcDEF3 vector to a total of 2 mg. Trans-
fected cells were seeded in white-bottom 96-well assay plates and
grown overnight at 37°C. For the agonist mode, cells are incubated
with increasing concentrations (10213 to 1027 M) of CXCL12 and 1 mM
forskolin in DMEM. For CXCL12 inhibition (antagonist mode), the
cells were incubated with 1 nM (EC80), 1 mM forskolin, and increasing
concentrations of antagonist (AMD3100, 10A10, or 10A10-10A10).
After 6 hours of stimulation at 37°C, the medium was aspirated and
the cells were lysed by addition of 25 ml LAR reagent [0.83 mM ATP,
0.83 mM D-luciferine, 18.7 mM MgCl2, 0.78 mM Na2HPO4, 38.9 mM
Tris–HCl (pH 7.8), 0.39% glycerol, 0.03% Triton X-100, and 2.6 mM
DTT]. Luminescence (1 second per well) was measured in a Mithras
LB 940 Multimode Plate Reader (Berthold Technologies) after
30 minutes of incubation at 37°C. The data were plotted and fitted
[dose-response stimulation (agonist mode) or dose-response inhibition
(antagonist mode), three parameters] using Graphpad Prism version
6.0 (GraphPad Software, Inc.).

Intracellular Calcium Flux

K562 cells were seeded (1 � 105 cells/well, 50 ml) in assay buffer
[Hanks’ balanced saline solution (Sigma-Aldrich) supplemented with
0.05% BSA and 20 mM of HEPES at pH 7.4] in black, clear-bottom
96-well plates and allowed to settle for 1 hour in a humidified growth
chamber at 37°C with 5% CO2. Afterward, 20 ml of 7� concentrated
antagonist dilution made in assay buffer was added to the required
wells. In the agonist-mode case, 20 ml of assay buffer was added to the
wells. According to manufacturer’s instructions (Fluo-4 NW Calcium
Assay Kit, Molecular Probes, Thermo Fisher Scientific), intracellular
calcium was labeled by the addition of 50 ml of a Fluor-4 NW dye
solution prepared in assay buffer and supplemented with 5 mM
probenecid acid to each well followed by 30-minute incubation in the
dark at 37°C. Intracellular calcium fluxes were measured on the
NOVOstar Microplate Reader (BMG Labtech, Ortenberg, Germany)
during a total measurement time span of 110 seconds per well at a
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temperature of 37°C. Initially, baseline fluorescence wasmeasured for
9 seconds, after which cells were stimulated with 20 ml of 7� final
concentration CXCL12 solution. The agonist injection time span was
7 seconds and fluorescence measurements thus continued from t 5
16 seconds. The calcium trace was recorded for 74 seconds (t 5
90 seconds) after agonist stimulation, after which 50 ml of a 5% (v/v)
Triton-X100 (Sigma-Aldrich)/assay buffer was added to lyse cells. The
total calcium fluorescence was measured for a duration of 20 seconds
until t 5 110 seconds. Data were subsequently analyzed using
GraphPad Prism version 6.0 (GraphPad Software, Inc.).

Wound-Healing Assay

Wound-healing assays were performed as described previously
(Chow et al., 2010). In short, 1 � 105 HPV18 immortalized human
keratinocytes were seeded on gelatin-fibronectin–coated coverslips
and grown to confluence in complete Keratinocyte Serum-Free
GrowthMedium (KSFM)medium.Cellswere scratched and incubated
with or without nanobodies or AMD3100 for 16 hours. Cells were fixed
and subsequently stained for polymeric F actin and nuclei using
Tetramethylrhodamine (TRITC)-tagged phalloidin and Hoechst
33342, respectively. Scratch closure was then visualized by immuno-
fluorescence microscopy. The size of the wound was automatically
calculated using the Axiovision 4.6 software (Zeiss, Oberkochen,
Germany).

Data Analyses. All data were obtained from at least three in-
dependent experiments in triplicates. All bar graphs and statistical
analyses were obtained with the GraphPad Prism 6 software (GraphPad
software Inc.). Bars and errors represent the mean 6 S.E.M; *P , 0.05
values as determined by unpaired t test.

Results
WHIM syndrome–associated CXCR4 mutations, such as

CXCR4-R334X and CXCR4-S338X, possess a truncated
C-terminal tail (Table 1). Homologous CXCL12 radioligand
displacement studies on HEK293T membranes showed sim-
ilar CXCL12 binding affinities for CXCR4-WT, -R334X, and
-S338X (pKi values of 10.4 6 0.4, 10.4 6 0.8, and 10.0 6 0.4,
respectively, Fig. 1A). Next, the effect of WHIM mutations on
ligand-induced G protein signaling was assessed. Coexpression
of the chimeric G-proteinGaqi5 redirects CXCR4 signaling from
the Gai pathway to Gaq-mediated phospholipase C activation,
which can be readily quantified via IP accumulation (Conklin
et al., 1993). CXCL12 induced equipotent increases of CXCR4-
WT-, -R334X-, or -S338X-mediated IP accumulation (pEC50

values of 8.8 6 0.1, 8.90 6 0.07, and 8.90 6 0.08, respectively,
Fig. 1B), while no effect was observed in mock-transfected cells
(Supplemental Fig. 1A). Moreover, at a similar expression level
(Fig. 1C) a 2-fold increase in maximum response of CXCL12-
induced IP accumulation was observed for the two CXCR4-
WHIM receptors compared with CXCR4-WT. CXCL12 also
results in CXCR4-mediated activation of themitogen-activated
protein kinase (MAPK) pathway. Therefore, we compared
the CXCL12-induced ERK1/2 activation (phosphorylated at
Thr202/Tyr204) by CXCR4-WT and WHIM mutant S338X
(Fig. 1D). Compared with the WT, CXCR4-S338X displayed
a sustained increase in phosphorylation of Thr202/Tyr204
ERK1/2 levels upon CXL12 exposure. Taken together, al-
though CXCL12 binding affinities and potencies are identi-
cal betweenWT andWHIM receptors, the degree of signaling
of WHIM receptors is increased and prolonged.
As a novel approach to inhibit the hyperactivation of

CXCR4-WHIM mutants, new CXCR4-targeting nanobodies
were selected, of which nanobody 10A10 was selected as the

lead molecule. The nanobodies were produced as monovalent
and bivalent nanobody constructs in which two identical
10A10 nanobodies were separated by a flexible glycine-serine
(GGGGS)4 linker. These nanobodies allowed sensitive de-
tection of cell surface and intracellularly localized CXCR4
in immunofluorescence microscopy, without any detectable
background staining on mock or nontransfected cells (Fig. 2A).
Both monovalent and bivalent nanobodies and the reference
compound AMD3100 displaced the radioligand (75 pM of
125I-CXCL12) from CXCR4 in a dose-dependent manner (Fig.
2B). The nanobodies displayed high potency in displacing
CXCL12 from CXCR4-WT (pIC50 values of 7.7 6 0.2 for mono-
valent and 8.8 60.1 for bivalent) compared with AMD3100
(6.36 0.1). The bivalent nanobody construct displayed a 10-fold
increase in binding affinity compared with its monovalent
variant, resulting in nanomolar binding affinity for CXCR4-
WT. On WHIM mutants, both monovalent and bivalent nano-
bodies could displaceCXCL12binding (partial for themonovalent
nanobody and full displacement for the bivalent nanobody).
The affinities of the monovalent and bivalent nanobodies for
CXCR-WT and CXCR-R334X (Fig. 2A, right) or CXCR-S338X
(Supplemental Fig. 1B) were comparable (Table 2).
Human CXCR4 shares high-sequence identity (90%) with

its murine ortholog and binds the same endogenous chemo-
kine (CXCL12) as the human receptor ACKR3 (31% sequence
identity, also referred to as CXCR7) (Gravel et al., 2010).

Fig. 1. WHIM mutation in CXCR4 sustains CXCL12-induced signaling.
(A) Binding of 125I-labeled CXCL12 to HEK293T membranes containing
either WT CXCR4 (solid circles) or two WHIM mutants R334X (open
squares) and S338X (open triangles). (B) CXCL12-induced accumulation of
[3H]-inositol phosphates in HEK293T cells expressing either CXCR4-WT
or WHIM mutants R334X or S338X. CXCR4-mediated phospholipase C
activation was obtained by coexpression with Gaqi5. Plotted are mean
and S.E.M. values. (C) Expression levels of CXCR4-WT or CXCR4-
S338X, as determined using 12G5 antibody in a cell surface ELISA. (D)
CXCL12-induced phosphorylation of ERK1/2 at threonine 202 and
tyrosine 204, as determined by western blotting. HEK293T cells
expressing either CXCR4-WT or WHIM mutant S338X were treated
with CXCL12 (100 nM) for 5 or 15 minutes. Total ERK1/2 was stained
as loading control.
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Target specificity was verified by 125I-CXCL12 displacement
assays on intact HEK293T cells transiently transfected with
hCXCR4, hACKR3, or mouse CXCR4 (Fig. 2C). While 10A10
fully displaced 125I-CXCL12 from hCXCR4, it could not
displace CXCL12 from ACKR3 or mCXCR4. This indicates
that the nanobody 10A10 is specific for human CXCR4.
Variations between human and murine CXCR4 orthologs
are predominantly found in their extracellular loop 2 (ECL2)
region (Fig. 2D). For this reason, we subsequently assessed the

binding of 10A10 to ECL2 point mutants of hCXCR4 (D187V,
F189V, and V196E) (Fig. 2E). These point mutations were
previously shown to have no effect on cell surface expression
and 12G5 antibody binding (Wang et al., 1998; Jähnichen
et al., 2010).While 10A10 showed high-affinity binding to both
CXCR4-WT (pKD value of 8.96 0.06) and CXCR4-F189V (pKD

value of 8.7 6 0.03), a complete lack of binding was observed
for the CXCR4-D187Vmutant. This indicates an essential role
for the acidic residue D187 in binding of 10A10 to CXCR4.

Fig. 2. Nanobodies displace CXCL12 from CXCR4-WT
andWHIMmutants via binding to ECL2 of the receptor.
(A) Binding of 10A10-10A10 (100 nM) to HEK293T
cells expressing CXCR4-WT or WHIM mutant R334X,
as determined by immunofluorescence microscopy. (B)
Binding of 125I-labeled CXCL12 (75 pM) to HEK293T
membranes containing either CXCR4-WT (left) orWHIM
mutant R334X (right) in the presence of a concentration
range of AMD3100 (solid circles), 10A10 (open circles), or
10A10-10A10 (open squares). (C) Binding of 125I-CXCL12
to HEK293T membranes expressing either human- or
mouse CXCR4 or human ACKR3/CXCR7 in the presence
of an excess of unlabeled CXCL12 (100 nM, black) or
10A10 (1 mM, gray). (D) Snake plot depicting ECL2 of
human CXCR4 (top) or mouse CXCR4 (bottom). The
three residues that were mutated for epitope mapping
(D187, F189, and V196) are indicated in black. (E) Binding
of a concentration range of 10A10-10A10 toHEK293T cells
expressing either CXCR4-WT (filled circles) or the CXCR4
ECL2 mutants D187V (open squares, F189V (open
triangles), or V196E (open inverted triangles), as
determined by flow cytometry. Plotted are mean and
S.E.M. values.

TABLE 2
Pharmacological characteristics of CXCR4 antagonists

Pharmacological Characteristic CXCR4 10A10 10A10-10A10 AMD3100

Ligand displacement (125I-CXCL12)
Binding inhibition potency (pIC50 6 S.E.M.) WT 7.58 6 0.08 9.08 6 0.15 6.36 6 0.09
Binding inhibition potency (pIC50 6 S.E.M.) R334X 7.83 6 0.07 8.97 6 0.03 6.35 6 0.13
Binding inhibition potency (pIC50 6 S.E.M.) S338X 7.68 6 0.11 9.13 6 0.17 6.53 6 0.05

Binding (Flow cytometry)
Affinity (pKd 6 S.E.M.) WT N.D. 8.87 6 0.06 N.D.
Affinity (pKd 6 S.E.M.) D187V N.D. N.D. N.D.
Affinity (pKd 6 S.E.M.) F189V N.D. 8.75 6 0.03 N.D.
Affinity (pKd 6 S.E.M.) V196E N.D. 8.00 6 0.03 N.D.

Gai activation ([3H]-inositol phosphate accumulation)
Potency (pIC50 6 S.E.M.) WT 7.92 6 0.03 8.28 6 0.04 6.17 6 0.03
Potency (pIC50 6 S.E.M.) R334X 7.94 6 0.03 8.30 6 0.06 6.24 6 0.16
Potency (pIC50 6 S.E.M.) S338X 7.94 6 0.06 8.28 6 0.05 6.22 6 0.07

cAMP (CRE reporter)
Potency (pIC50 6 S.E.M.) WT 6.8 6 0.1 8.0 6 0.1 6.7 6 0.2
Potency (pIC50 6 S.E.M.) R334X 7.0 6 0.1 7.9 6 0.1 7.3 6 0.1
Potency (pIC50 6 S.E.M.) S338X 7.0 6 0.1 7.6 6 0.1 7.2 6 0.1
CXCL12 inhibition (% 6 S.E.M.) WT 77 6 13 107 6 9 71 6 15
CXCL12 inhibition (% 6 S.E.M.) R334X 84 6 10 109 6 10 64 6 9
CXCL12 inhibition (% 6 S.E.M.) S338X 78 6 10 103 6 14 61 6 10

Ca flux
CXCL12 inhibition (% 6 S.E.M.) WT N.D. 93 6 2 96 6 1
CXCL12 inhibition (% 6 S.E.M.) R334X N.D. 70 6 9 83 6 4

N.D., not determined.
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Following the evaluation of 10A10 binding characteristics,
the CXCR4 nanobodies were functionally characterized in
CXCR4 signaling assays. The nanobodies and AMD3100 fully
antagonized CXCL12-induced signaling of CXCR4-WT and
CXCR4-R334X (Fig. 3A) and CXCR4-S338X (Supplemental
Fig. 1C) mutants. However, the nanobodies showed potencies
that were up to 100-fold greater than that of AMD3100 (Table 2).
We then evaluated the potential of the CXCR4 antagonists to
inhibit CXCL12-induced, CXCR4-dependent ERK1/2 activation.
Preincubation of CXCR4-WTorCXCR4-WHIM (R334X) express-
ing cells with saturating concentrations (.50 � KD) of CXCR4
antagonist for a period of 1 hour strongly inhibited the CXCL12-
inducedERK1/2 activation after 5- or 15-minute treatments (Fig.
3B). CXCR4-mediated signaling via Gai results in reduced levels
of cAMP associated with reduced CRE gene regulation. No differ-
ences in potency or efficacy in CXCL12-induced Gai activation
could be detected between the WT and WHIM mutants (Supple-
mental Fig. 1D). Inhibition of CXCL12-induced Gai activation by
either the nanobodies or AMD3100 resulted in a dose-dependent
increase in cAMP levels in cases of either CXCR4-WT or CXCR4-
R334X (Fig. 3, C and D) and CXCR4-S338X (Supplemental Fig.
1E). In the case of CXCR4-WT, AMD3100 partially inhibited
CXCL12-induced CRE-Luc activation, while the bivalent nano-
body completely inhibited CXCL12-inducedGai activationwith
increased potency (Table 2). None of the antagonists showed
differences in potencies or efficacies between the CXCR4-WT
and WHIM mutants.
After these initial pharmacological analyses in HEK293T

cells, the CXCR4 nanobodies were evaluated in more clinically
relevant cell lines and assays. Previously, McDermott et al.
(2011b) generated CXCR4-WT and CXCR4-R334X overexpress-
ing K652 cell lines, which are of myleoid leukemic origin. Here,
we used these cells to study real-time calcium flux responses
upon CXCL12 stimulation. First, we analyzed the CXCL12

response in parental K562 cells or K562 cells expressing
CXCR4-WT or CXCR4-R334X. The CXCR4-expressing cells
clearly displayed an increase in intracellular calcium re-
lease upon CXCL12 stimulation, which was not detected in
the parental K562 cells (Fig. 4A). Moreover, this CXCL12-
induced calcium response could be fully inhibited with either
AMD3100 (10 mM) or 10A10-10A10 (100 nM) in the case of
CXCR4-WT and almost fully in case of the CXCR4-R334X
mutant (Fig. 4B; Table 2).
WHIM syndrome has been linked to HPV-associated ma-

lignancies (Chow et al., 2010; Beaussant Cohen et al., 2012).
Furthermore, HPV18-immortalized human keratinocytes dis-
play autocrine CXCL12/CXCR4 signaling that enhances cell
migration (Chow et al., 2010). Therefore, we assessed the
effect of our CXCR4 nanobodies on migration of these HPV18-
immortalized human keratinocyte cells in a wound-healing
assay (Fig. 4, C and D). Without treatment, this wound was
closed entirely after 16 hours of culture. The bivalent nano-
bodies significantly inhibited this wound healing up to 60% in
a dose-dependent manner (Fig. 4D). In contrast, AMD3100
(25 mM) was only able to reach 26% of wound healing. To
summarize, these data indicate that the CXCR4 nanobodies
effectively antagonize CXCL12 function, with overall superior
pharmacological characteristics compared with AMD3100.

Discussion
In this study, we pharmacologically characterized CXCR4-

targeting nanobodies on CXCR4-WT and WHIM-related
CXCR4 mutants. Different WHIM mutants, predominantly
varying in the length of their C-terminal tail, have been
described that display similar biologic phenotypes (Lagane
et al., 2008; McCormick et al., 2009; McDermott et al., 2011b;
Kallikourdis et al., 2013). The most commonWHIMmutants

Fig. 3. Nanobodies inhibit CXCL12-induced signal-
ing mediated by CXCR4-WT and WHIM mutants. (A)
Inhibition of CXCL12-induced (5 nM) accumulation of
[3H]-inositol phosphates in HEK293T cells expressing
CXCR4-WT or WHIM mutant R334X (dashed line) by a
concentration range of AMD3100 (solid circles) or 10A10-
10A10 (open squares). CXCR4-mediated phospholipase C
activation was obtained by coexpression with Gaqi5. (B)
Inhibition of CXCL12-induced (1 nM) phosphorylation of
ERK1/2 byAMD3100 (1mM) and 10A10-10A10 (100 nM) in
HEK293T expressing CXCR4-WT (top) or WHIM mutant
R334X (bottom), as determined by western blot. Total
ERK1/2 was stained as loading control. (C and D) Inhibi-
tion of CXCL12-induced CRE activation by concentration
ranges of AMD3100 (solid circles) or 10A10-10A10 (open
squares) in HEK293T cells expressing CXCR4-WT (C) or
WHIMmutant R334X. Values are plotted in percentages of
maximal effect, where 0% represents the response to 1 nM
of CXCL12 and 100% represents 1 mM of forskolin (D).
Plotted are mean and S.E.M. values.
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CXCR4-R334X and -S338X were used in our study (Beaussant
Cohen et al., 2012). Homologous radioligand displacement showed
similarbindingaffinities ofCXCL12 for theseWHIMmutantsas to
CXCR4WT.However,WHIMmutants showed a 2-fold increase in
CXCL12-induced Gai response and phosphorylation of ERK1/2
activationwas sustained. Furthermore, we observed no differences
in cell surface expression, ligand binding, and signaling between
CXCR4-R334X and -S338X receptors. These findings are in line
with previous reports that described increased and sustained
signaling of CXCR4-WHIM mutants (Balabanian et al., 2005;
Mueller et al., 2013; Cao et al., 2015). CXCR4 is known to be
ubiquitously expressed in several cell types, including HEK293T
cells, which may complicate studying the characteristics of
CXCR4 mutants. In our signaling assays using HEK293T cells,
we did not observe significant CXCL12 responses (Supplemen-
tary Fig. 1A) in mock-transfected cells, indicating that the data
generated with HEK293T-CXCR4 overexpression models were
not compromised by endogenous CXCR4 expression.
In small-scaleWHIMsyndromeclinical trials, theFDA–approved

small-moleculeCXCR4antagonistAMD3100/plerixafor appeared
to be relatively safe and effective forWHIM syndrome treatment.
We characterized the ability of novel CXCR4-targeting nano-
bodies, monovalent and bivalent 10A10, to inhibit theWHIM
syndrome phenotype. In this study, AMD3100 was used as a
benchmark antagonist of CXCL12-induced CXCR4 signaling.
Radioligand displacement assays showed that the biva-
lent CXCR4-specific nanobody 10A10 fully inhibits binding of
125I-CXCL12 to human CXCR4. No differences in displacement
were observed between CXCR4-WT andWHIMmutants. With
potency values that were 10-fold (monovalent nanobody) and
100-fold (bivalent nanobody) greater than that of AMD3100,
the CXCR4-targeting nanobodies are superior to AMD3100.
The gain in potency observed for the bivalent nanobody is likely

due to an increased binding avidity that is obtained by combining
twobindingaffinities in onemolecule (RudnickandAdams, 2009;
Vauquelin and Charlton, 2013).
CXCR4 binds to its natural ligand CXCL12 via interactions

with the N-terminus and ECL2 of the receptor (Brelot et al.,
2000; Cutolo et al., 2017). Within this ECL2, the aspartic acid
at position 187 (D187) was previously described to be involved
in binding of CXCL12 (Brelot et al., 2000; Jähnichen et al.,
2010; Wescott et al., 2016). The D187 residue was also shown
to be crucial for binding of the 10A10 CXCR4 nanobody to the
receptor. In addition,mutation of the valine at position 196 (V196)
caused a 10-fold decrease in affinity. The two previously described,
chemokine-competing, CXCR4 nanobodies 238D4 and 238D2
required either D187 (nanobody 238D4) or V196 (nanobody
238D2) (Jähnichen et al., 2010). The overlap in ECL2 residues
involved in binding of either CXCL12 nanobody—the previously
described nanobodies or our new 10A10 nanobody—correlates
well with the ability of these nanobodies to displace CXCL12
from CXCR4.
The potential of the CXCR4 nanobodies to antagonize

CXCL12-dependent signaling was evaluated in multiple func-
tional assays that reflect divergent CXCR4 signaling routes or
differences in the extent of signal amplification (second messen-
ger levels versus gene regulation). In general, each antagonist
was equipotent and equieffective in antagonizing either the
CXCR4-WTorCXCR4-WHIMreceptors.Thenanobodies showed
higher potencies in inhibiting CXCL12-induced Gai activation
compared with AMD3100, with IC50 values that reflect their
binding affinities. Also, in the cAMP reporter assay, the bivalent
nanobody was significantly more potent than AMD3100. After
these initial signaling studies in HEK293T cells, the nanobodies
were further validated in clinicallymore relevantWHIM-related
cell lines. In leukemic K562 cells, the CXCL12-induced calcium

Fig. 4. Nanobody-mediated inhibition of CXCR4 sig-
naling in WHIM-related disease model systems. (A) Real-
time calcium flux responses in myleoid leukemic K562
cells (open circles) expressing CXCR4-WT (solid circles) or
WHIM mutant R334X (open squares). Cells were treated
with CXCL12 (5 nM, black arrow) and intracellular
calcium release was monitored by measuring the fluores-
cence intensity of Fluor-4 NW dye. (B) Inhibition of
CXCL12-induced (5 nM) calcium flux in K562 cells
expressing CXCR WT (left) or WHIM mutant R334X
(right) by nanobody 10A10-10A10 (100 nM) or AMD3100
(10 mM). (C and D) Inhibition of wound healing by a
concentration range of 10A10-10A10 or AMD3100 (25mM)
using HPV18-immortalized human keratinocytes. Wound
healing was monitored for 16 hours in the presence of the
inhibitors and the degree of wound healing was calculated
as the percentage of total gap closure. Plotted are mean
and S.E.M. values.
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flux, mediated by either CXCR4-WT or CXCR4-R334X, was
inhibited by both the nanobodies and AMD3100. WHIM
syndrome is often clinically characterized by HPV-associated
warts and carcinogenesis. Such manifestations might be di-
rectly related to aberrant CXCR4-WHIM signaling, as sug-
gested by the interplay between the CXCL12 signaling axis and
the HPV life cycle (Chow et al., 2010; Meuris et al., 2016). Such
interplay is notably manifested by the CXCL12 dependency of
HPV-immortalized keratinocyte migration, which can be mea-
sured in a wound-healing assay (Chow et al., 2010). We found
that the nanobody dose dependently inhibited the wound
healing inHPV-immortalized keratinocytes up to 61%,whereas
AMD3100 inhibited only 26% of thewound. Taken together, our
functional experiments demonstrate that these new CXCR4
nanobodies effectively inhibit CXCL12-dependent CXCR4 sig-
naling with potencies that are superior to that of AMD3100.
Because of the small size and modular structure of nano-

bodies, multivalent nanobody constructs are easily generated.
Therefore, to extend the half-life of the nanobodies in blood
circulation, target-specific nanobodies are often coupled to nano-
bodies directed against humanormurinealbumin (Roovers et al.,
2007; Tijink et al., 2008). This half-life extension can increase the
half-life of the nanobodies in blood up to several days (Tijink
et al., 2008). For example, in clinical tests, interleukin 6 (IL6)
receptor nanobodies that have beenmodified accordingly showed
serum half-life of several weeks and therapeutic outcome upon
weekly administration (Van Roy et al., 2015). In contrast,
AMD3100 is associated with poor pharmacokinetics (blood
half-life of only a few hours), forcing its administration toWHIM
patients to twice a day (Hendrix et al., 2000; McDermott et al.,
2014). Half-life extended variants of CXCR7-specific nanobodies
have been described previously (Maussang et al., 2013); similar
modification of the CXCR4 nanobodies from this study would
render them as potent alternatives for treatment of CXCR4-
related diseases.
In recent years the nanobody platform has been gaining

ground in G protein-coupled receptor research as therapeu-
tics, diagnostics, and research tools (Muji�c-Deli�c et al., 2014;
Manglik et al., 2017). Being stable proteins, nanobodies can be
readily tagged with fluorescent probes, radiolabels, or epitope
tags, and thus can be used for CXCR4 detection, imaging, and
diagnostic purposes (e.g., ELISA, immunohistochemistry, and
immunofluorescence) or as crystallization chaperones (Muji�c-
Deli�c et al., 2014; Manglik et al., 2017). Being specific for human
CXCR4 allows for detection of hCXCR4-expressing cells in
human xenografts in animal experiments or detection of CXCR4
in immunohistochemistry on patient samples. However, future
testing of nanobodies in an in vivo WHIM model, such as the
Cxcr41/mutant(1013) model (the WHIM syndrome-associated
CXCR4-S338X mutation) (Balabanian et al., 2012), would
require mouse reactive nanobodies. Furthermore, the extracellu-
lar localization of the binding epitope of these nanobodies allows
them to be used as targeting ligands in noninvasive imaging
techniques, such as near-infrared or positron emission tomogra-
phy imaging or for the delivery of therapeutic payloads toCXCR4-
expressing cells (Oliveira et al., 2013).
In conclusion, these data illustrate that the bivalent CXCR4-

targeting nanobody 10A10-10A10 is highly potent in inhibiting
CXCL12/CXCR4 signaling. Importantly, their modularity and
half-life extension make these nanobodies a promising alter-
native to AMD3100 for CXCR4-related diseases such asWHIM
syndrome and Waldenström’s macroglobulinemia.
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Figure S1. Inhibition of CXCL12 binding in CXCL12-induced signaling in CXCR4 WHIM mutant 

S338X. A) Basal and CXCL12-induced (5 nM) [
3
H]-inositol phosphates accumulation of Mock (Gαqi5-

only transfection), CXCR4-WT, CXCR4-R334X or CXCR-R338X expressing HEK293T cells. B) 

Binding of 
125

I-labeled CXCL12 (75 pM) to HEK293T membranes containing CXCR4 WHIM mutant 

S338X in the presence of a concentration range of AMD3100 (closed circles), 10A10 (open circles), 

10A10-10A10 (open squares). C) CXCL12-induced (5 nM) accumulation of [
3
H]-inositol phosphates in 

HEK293T cells expressing CXCR4 WHIM mutant S338X by a concentration range of AMD3100 (filled 

circles) or 10A10-10A10 (open squares). CXCR4-mediated PLC activation was obtained by co-

expression with Gαqi5. D) CXCL12-induced CRE activation in HEK293T cells expressing CXCR4 wild 

type or the WHIM mutants R334X or S338X, as determined by CRE-luciferase reporter gene assay. E) 

Inhibition of CXCL12-induced CRE activation by a concentration range of AMD3100 (filled circles) or 

10A10-10A10 (open squares). Plotted are mean with SEM of a representative graph, n = 3. 


