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Llama-derived Single Variable Domains (Nanobodies)
Directed against Chemokine Receptor CXCR7 Reduce
Head and Neck Cancer Cell Growth in Vivo
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Background: The atypical chemokine receptor CXCR?7 is highly expressed in various types of cancer.

Results: CXCR7 Nanobodies were generated and show inhibition of B-arrestin2 signaling and secretion of angiogenic CXCL1
in vitro. Anti-CXCR7 Nanobodies reduce tumor growth by inhibiting angiogenesis.

Conclusion: CXCR7 inhibition by Nanobodies inhibit head and neck tumor formation.

Significance: Anti-CXCR?7 therapies are potential novel treatments against head and neck cancer.

The chemokine receptor CXCR7, belonging to the
membrane-bound G protein-coupled receptor superfamily, is
expressed in several tumor types. Inhibition of CXCR7 with
either small molecules or small interference (si)RNA has shown
promising therapeutic benefits in several tumor models. With
the increased interest and effectiveness of biologicals inhibiting
membrane-bound receptors we made use of the “Nanobody
platform” to target CXCR7. Previously we showed that Nano-
bodies, i.e. immunoglobulin single variable domains derived
from naturally occurring heavy chain-only camelids antibodies,
represent new biological tools to efficiently tackle difficult drug
targets such as G protein-coupled receptors. In this study we
developed and characterized highly selective and potent Nano-
bodies against CXCR?7. Interestingly, the CXCR7-targeting
Nanobodies displayed antagonistic properties in contrast
with previously reported CXCR7-targeting agents. Several
high affinity CXCR7-specific Nanobodies potently inhibited
CXCL12-induced B-arrestin2 recruitment in vitro. A wide vari-
ety of tumor biopsies was profiled, showing for the first time
high expression of CXCR?7 in head and neck cancer. Using a
patient-derived CXCR7-expressing head and neck cancer xeno-
graft model in nude mice, tumor growth was inhibited by
CXCR7-targeting Nanobody therapy. Mechanistically, CXCR7-
targeting Nanobodies did not inhibit cell cycle progression but
instead reduced secretion of the angiogenic chemokine CXCL1
from head and neck cancer cells in vitro, thus acting here as
inverse agonists, and subsequent angiogenesis in vivo. Hence,
with this novel class of CXCR7 inhibitors, we further substanti-
ate the therapeutic relevance of targeting CXCR?7 in head and
neck cancer.

' Both authors contributed equally to this work.

2To whom correspondence should be addressed: Amsterdam Institute for
Molecules, Medicines and Systems, Division of Medicinal Chemistry, VU
University Amsterdam, De Boelelaan 1083,1081 HV Amsterdam, The Neth-
erlands. Tel.: 0031205987572; Fax: 0031205987610; E-mail: mj.smit@vu.nl.

29562 JOURNAL OF BIOLOGICAL CHEMISTRY

Chemokine receptors and their associated ligands form a
complex molecular system that regulates leukocyte trafficking
and migration during development as well as inflammatory
responses (1). CXCR7 is one of the newest additions to the
chemokine receptor family, belonging to the superfamily of G
protein-coupled receptors. CXCR7 binds with high affinity the
chemokines CXCL11 and CXCL12, which were previously
thought to exclusively bind to CXCR3 and CXCR4, respec-
tively (2, 3). Unlike other prototypical G protein-coupled
receptors, CXCR7 does not signal via Ge;-proteins but rather
signals through B-arrestin in a G protein-independent manner.
CXCR?7 activates downstream signaling pathways, e.g. mitogen-
activated protein kinases (MAPK) through recruitment of this
scaffold protein (4). Furthermore, CXCR7 constitutively inter-
nalizes and recycles back to the surface in a B-arrestin2-depen-
dent manner (5-9).

Importantly, the role of the chemokine system in cancer is
gaining attention. The frequent overexpression of chemokines
and chemokine receptors in various tumor types and their
involvement in proliferation, metastasis, and angiogenesis have
brought about new avenues targeting the chemokine receptors
(10). Tumors from various origins including breast, lung, pros-
tate, brain, and kidney showed in particular overexpression of
CXCR7 (11-14). In some cases, CXCR7 was also shown to
induce proliferation (15) and angiogenesis at the primary
tumor site due to its expression in tumor cells and associated
blood vessels (11). Recent studies demonstrated how CXCR7
directs trans-endothelial migration of cancer cells (16) and
highlights the clinical importance of the CXCR4/CXCR7/
CXCL12 axis in glioblastoma (17).

CXCR?7 can be therapeutically targeted by non-peptidergic
small molecules, siRNA as well as conventional antibodies (3,
11, 18). In the present study we identified a novel class of poten-
tial therapeutics targeting CXCR7, llama-derived immuno-
globulin single variable domains (Nanobodies) specifically
directed against CXCR7. We were the first to show that one can
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therapeutically target the related chemokine receptor CXCR4
both in vitro and in vivo with CXCR4-targeting Nanobodies
(19). Thereafter, Nanobodies targeting the intracellular side of
the B, adrenoreceptor were shown to be valuable tools in crys-
tallization of the active state of the B, adrenoreceptor (20).
Nanobodies are novel antibody-based therapeutics derived
from the single variable domain (VHH) of heavy chain antibod-
ies found in the Camelidae family, e.g. llamas and camels. Their
relatively small size (12—15 kDa) and high solubility allows
them to cross tissue barriers more easily than traditional immu-
noglobulin (e.g. 150-kDa IgG human antibodies). Furthermore,
Nanobodies present low immunogenicity, physical stability
(21), and are easily produced in prokaryotic or eukaryotic host
organisms (22). Using DNA and whole cell immunization, we
developed several CXCR7-specific Nanobodies targeting the
extracellular site of the receptor that functionally antagonized
CXCR?7. As for CXCR4 Nanobodies, we also demonstrated that
multivalent formatting of Nanobodies improved their potency
(19). Using a patient-derived CXCR7 expressing head and neck
cancer xenograft model in nude mice, we showed that the
CXCR7 Nanobodies inhibit tumor growth by inhibiting angio-
genesis. Hence, by introducing this novel class of potential
CXCR?7 therapeutics, we substantiate the clinical relevance of
targeting CXCR?7 in head and neck cancer.

EXPERIMENTAL PROCEDURES

Generation of Nanobodies—Llamas were immunized four
times with 2-week intervals with either CXCR7-expressing
HEK293 cells or with pVAX1-CXCR7DNA (2 mg/injection) via
jet injection (Akra Dermo]Jet). Three weeks after the final DNA
immunizations, llamas received a boost with whole CXCR7-
expressing human kidney cells. After the last genetic immuni-
zation as well as after the final cell boost, peripheral blood lym-
phocytes were collected. Total RNA extracted from peripheral
blood B cells was used to amplify Nanobody-encoding frag-
ments. cDNA products were subsequently subcloned into pha-
gemid vectors pAX50 to generate phage display libraries, where
the phage particles express individual Nanobodies as a fusion
protein with a C-terminal His,-Myc tag and with the Gene-III
protein. Selection of the resulting immune libraries was per-
formed by two rounds of panning on CXCR?7 virus-like lipopar-
ticles (Integral Molecular) or on CXCR7-expressing Caki and
NIH-3T3 cells, alternating cell background. Individual phage
clones of selected outputs were generated to verify specific
CXCR7 binding in a phage ELISA on CXCR7 virus-like lipopar-
ticles. Binding to cell-expressed CXCR7 was further verified by
binding of Nanobodies in crude periplasmatic extracts of
HEK293-CXCR?7 cells by detecting the associated Myc tag.
Selected CXCR7 Nanobodies were recloned in an Escherichia
coli expression vector pAX100 and expressed as C-terminal-
linked myc-His,-tagged proteins for further characterization.
Expression in E. coli was induced by isopropyl 1-thio-B-p-
galactopyranoside and allowed to continue for 4 h at 37 °C. After
spinning the cell cultures, periplasmic extracts were prepared by
freeze-thawing of the cell pellets. Nanobodies were purified from
these extracts using immobilized metal affinity chromatography
(IMAC) and a buffer exchange to Dulbecco’s PBS.
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Multivalent Nanobodies were constructed with one or two
N-terminal CXCR7-specific building blocks and a C-terminal
human serum albumin-specific building block (Alb8), provid-
ing the Nanobodies with an extended half-life in vivo. The
building blocks are connected with a flexible (GGGGS), linker.
Different combinations of CXCR7 Nanobodies were explored,
combining either two identical CXCR7 Nanobodies or two dis-
tinct Nanobodies. Bivalent and trivalent Nanobodies were
expressed with Hisy tag extension in Pichia pastoris strain
XL-33 in small scale productions. Nanobodies were purified
from the medium fraction using immobilized metal affinity
chromatography and a buffer exchange to Dulbecco’s PBS.

Specific binding of purified Nanobody proteins to human
CXCR7 was verified by FACS analysis. Hereto serial dilutions of
purified proteins (concentration range: 400 nM—180 pm) were
incubated with stable HEK-CXCR?7 cells for 30 min at 4 °C, and
binding was detected using anti-mouse anti-myc (Serotec) and
anti-mouse IgG-PE (Jackson ImmunoResearch). Similarly,
cross-reactive binding to the mouse orthologues was assessed
by transient transfected HEK293 cells with pCDNA3.1-
mCXCR?7 in FACS analysis.

Cells—NIH-3T3 and HEK293(T) cells were grown in DMEM
(PAA) supplemented with 1% penicillin/streptomycin (PAA) in
the presence of 10% calf serum (Invitrogen) and fetal bovine
serum (Integro), respectively. CXCR7 stable HEK293 and NIH-
3T3 cell lines were grown in the presence of 400 ug/ml selec-
tion antibiotic G418 (PAA). Transient transfection of mouse
CXCR7 was performed in HEK293T cells using the polyethyl-
eneimine method as previously described (23). Head and neck
cancer cell lines (22A, 22B) were obtained from T. Carey (Uni-
versity of Michigan), FaDu cells were derived from ATCC, and
VU-SCC-OE were generated at the VU University Medical
Center. All head and neck cancer cell lines were grown in
DMEM supplemented with 25 mm HEPES (Lonza) in the pres-
ence of 10% fetal bovine serum and 1% penicillin/streptomycin.

Radioligand Binding—CXCR7-expressing NIH-3T3 cells
were seeded in regular growth medium on poly-L-lysine-coated
96-well plates. The following day binding buffer (50 mm Hepes,
pH 7.4, 1 mm CaCl,, 5 mm MgCl,, 0.1 m NaCl) supplemented
with 0.5% BSA was added to the cells in the absence or presence
of either chemokine (10~7 M) or CXCR7-specific nanobodies
(10~ m). Subsequently, radiolabeled ***I-CXCL12 (PerkinElmer
Life Sciences) was added to reach a final concentration of 75 pm.
Cells were incubated for 3 h at 4 °C then washed twice with
binding buffer containing 0.5 M NaCl. After harvesting the sam-
ples with lysis buffer, the remaining cell-bound radioactivity
was counted.

B-Arrestin2 Recruitment Assay—HEK293T cells were trans-
fected with 1 ug of CXCR7 and 4 ug of B-arrestin2 plasmids
genetically fused to Renilla Luciferase (RLuc) and enhanced
yellow fluorescent protein, respectively. 24 h post transfection,
cells were harvested and seeded on white 96-well plates coated
with Poly-L-lysine (Sigma). The following day cells were washed
with Hanks’ balanced salt solution and further incubated for 30
min in fresh Hanks’ balanced salt solution buffer before the
measurement of YFP fluorescence. For the antagonism study,
the Nanobodies were added to the cells in desired concentra-
tions and incubated for 30 min. The RLuc substrate coelentera-
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zine-h (Promega) was diluted in Hanks’ balanced salt solution
supplemented with 0.05% BSA and added at a final concentra-
tion of 5 um. After 5 min if incubation, CXCL12 was then added
at a final concentration of 31.6 nm and incubated for 15 min
before the measurement of fluorescence and luminescence. For
the agonistic assay, the Nanobodies were added instead of
CXCL12 as described above. Bioluminescence resonance
energy transfer (BRET)® ratio was calculated as the ratio
between light emission at 535 and 460 nm and normalized
against the maximal BRET ratio signal increase.

Quantitative RT-PCR Analysis—Total RNA was extracted
from head and neck cancer cell lines and primary keratinocytes
with the RNeasy kit from Qiagen according to the manufactur-
er’s protocol. Messenger (m)RNA was converted into cDNA
using the Bio-Rad iScript cDNA synthesis kit. Subsequently,
mRNA expression levels were detected with SYBR Green (Bio-
Rad) using CXCR7 and B-actin-specific primers from Origene.
CXCR?7 expression levels were normalized against those of
B-actin to allow comparison of the different cell lines.

Immunofluorescence—Fadu or 22A cell-derived xenograft
sections (8 um) were fixed in —20 °C acetone. After blocking
with 10% BSA TBS solution, primary antibodies (C1C2 poly-
clonal anti-CXCR?7 antibody 1:25, Genetex; anti-ki67, 1:250,
Abcam; anti-CD31, 1:100, BD Pharmingen #550274) were
incubated for 1 h at room temperature in blocking buffer. Sec-
tions were washed with PBS and incubated for 30 min at room
temperature with goat anti-rabbit Alexa 488 or anti-rat Alexa
546 (1:500, Invitrogen). Sections were mounted with DAPI-
containing Vectashield medium (Vector Laboratories). Fluo-
rescence was visualized using a Nikon Eclipse TE200 micro-
scope and processed with XM10 camera and Cell"B imaging
software (Olympus). CD31 staining intensities were quantified
using Image-Pro Premier (Media Cybernetics), and unpaired ¢
test analysis (p < 0.05) was used to determine the significance
with the GraphPad Prism software (San Diego, CA).

Competition FACS—Transiently transfected HEK293T-
hCXCR?7 cells were incubated simultaneously with 20 nm allo-
phycocyanin-labeled monoclonal antibody 11G8 (R&D Sys-
tems) and with a dilution range of Nanobodies or monoclonal
antibodies for 2 h at 4 °C using a standard FACS protocol.

Cell Cycle Assay—22A cells were grown on a 6-well plate
(75,000 cells/well). The next day cells were synchronized in
serum-free medium for 24 h and stimulated for another 24 h on
full growth medium with or without stimuli (1 nm CXCL12, 1
M NB4, 10 pg/ml epidermal growth factor (EGF), or 10 pg/ml
Erbitux). Cells were stained with propidium iodine, and cell
cycle populations were determined by using the Guava Easy-
Cyte system according to the manufacturer’s recommenda-
tions (Millipore). The Guava Cell Cycle software was used to
determine the cell populations in the different cell cycle phases,
and the propidium iodine was quantified from the (%S +
%G,M)/%G,G, ratios as previously described (24).

Human Angiogenesis Antibody Array—22A cells were grown
on a 12-well plate (200,000 cells/well). The next day the
medium was removed, and cells were incubated on serum-free

3 The abbreviations used are: BRET, bioluminescence resonance energy trans-
fer; EGFR, EGF receptor.

29564 JOURNAL OF BIOLOGICAL CHEMISTRY

medium with or without stimuli (1 uMm NB4) for 48 h. The
supernatant was subsequently collected, centrifuged to remove
cellular debris, and used undiluted in a human angiogenesis
array (RayBiotech, AAH-ANG-1-4) according to the manufac-
turer’s instructions. Relative amounts of cytokines and chemo-
kines involved in angiogenesis were normalized against positive
controls present on the array.

Chemokine ELISA—22A cells were seeded in a 12-well plate
(200,000 cells/well). The next day the medium was removed,
and cells were incubated with serum-free medium with or with-
out stimuli (1 uwm NB4) for 72 h. The supernatant was subse-
quently collected, centrifuged to remove cellular debris, and
used 2-times diluted for the detection by ELISA of human
CCL5, CXCL1 (RayBiotech), and CXCL2 (AssaybioTech)
chemokines according to the manufacturer’s instructions.

Animal Experiment—All animal experiments were con-
ducted according to the NIH principles of laboratory animal
care and Dutch national law (“Wet op de Dierproeven” (Stb
1985, 336)), approved by the Dierexperimentencommissie
from the VU University Medical Center and performed in com-
pliance with the protocol FaCh 10-01. Head and neck cancer
cells (22A) or Fadu cells were injected subcutaneously in the
flanks of 8 —10-week old female donor nude mice (Hsd, athymic
nu/nu, Harlan Laboratories). Xenograft tumors derived from
22A cells were grown to a size of 200500 mm?® and were sub-
sequently excised, cut in smaller pieces of equal size, and trans-
planted subcutaneously in the flanks of recipient nude mice.
When transplanted tumors properly engrafted, mice were
injected intraperitoneally biweekly with either PBS or 1.5 mg of
trivalent Nanobody. Tumor growth was measured biweekly
with a caliper.

Tumor Screening for CXCR7 Expression—Profiling of CXCR7
protein expression in human tumor biopsies was performed
at Oncotest (Freiburg, Germany). Briefly, human primary
tumors of variable cancer types were passaged one time in nude
mice. Paraffin-embedded tumors were cut into 5-um sections
(with a Leica RM 2135 microtome) and stained with hematox-
ylin and eosin. Subsequently, one representative region of
1-mm diameter was extracted, and a tissue microarray was pre-
pared as previously described (25). Paraffin-embedded sections
were then analyzed for immunohistochemical staining of
CXCR?7. After removal of paraffin, inactivation of endogenous
peroxidase with 3% H,O, and blocking of unspecific binding
with 10% BSA in PBS, the anti-human/mouse CXCR7 mono-
clonal antibody (Biolegend, clone Mab 8F11) or an isotype con-
trol antibody (Biolegend, IgG2b) was incubated at a concentra-
tion of 25 ug/ml. The secondary antibody goat anti-mouse
biotinylated IgG (Jackson ImmunoResearch) was incubated at a
final concentration of 2.8 ug/ml, and detection was performed
with the ABC solution and peroxidase substrate of the Vec-
tastain ABC kit (Vector). Tissues were finally counterstained
with hematoxylin. The tissue microarray was evaluated semi-
quantitatively using a Zeiss Axiovert 35 microscope. Photo-
graphs were taken with a Zeiss AxioCam MRc camera. All
tumor samples were evaluated in duplicate. Staining was inter-
preted based on the proportion of positively stained cells as well
as on the signal intensity. Samples were grouped in the follow-
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FIGURE 1. Selection and characterization of CXCR7-specific Nanobodies. A, >°I-CXCL12 displacement screening of purified monoclonal Nanobodies (10~¢
M) on hCXCR7-expressing NIH-3T3 cells. Unlabeled human CXCL12 and a CXCR7-unrelated Nanobody were used as controls to determine the specificity of the
radioligand and control for non-specific effects of Nanobodies. B, '*°I-CXCL12 displacement assay on stable hCXCR7-expressing NIH-3T3 cells with cold
CXCL12, CXCR7-specific Nanobodies (NB), monoclonal antibody (mAb) 8F11, and small non-peptidergic compound VUF11403. C, '°I-CXCL12 radioligand
binding assay on membrane extracts from HEK293T cells transiently transfected with hCXCR4.

ing categories: 0, no staining (antigen absent); 1, weak staining;
2, moderate staining; 3, strong staining.

RESULTS

Generation of CXCR7 Nanobodies—To ensure native human
CXCR?7 protein folding and proper antigen presentation, lla-
mas were immunized using two strategies. Similarly to our pre-
vious work (19), llamas were immunized with HEK293 cells
stably expressing human CXCR?7. In parallel, genetic immuni-
zations were done with a plasmid encoding human CXCR7
DNA subsequently followed by a single boost with CXCR7-
expressing camel kidney cells. Phage display libraries were gen-
erated from the peripheral blood mononuclear cells collected
after the final immunizations and used for selection of CXCR7
binding clones using CXCR7-expressing virus-like lipopar-
ticles. CXCR7 binding of individual Nanobodies from selected
outputs after two rounds of selection was verified in phage
ELISA on virus-like lipoparticles expressing CXCR?7 or control
vector, and specific interaction was confirmed in FACS on
CXCR7-expressing cells. This led to the identification of 78
unique CXCR7-specific Nanobody sequences belonging to 45
distinct Nanobody B-cell lineages (data not shown). Selected
CXCR?7-specific binders were subcloned into bacterial expres-
sion vectors and further analyzed as purified Nanobodies in
12°I-CXCL12 displacement assays on CXCR?7 expressing NIH-
3T3 cells. Purified Nanobodies (107° M) displaced '*°I-
CXCL12 from CXCR7-expressing NIH-3T3 cells to different
extents varying from 10-20% up to full displacement (Fig. 14
and Table 1). As a negative control, an unrelated Nanobody
showed no displacement of '**I-CXCL12 binding to CXCR7-
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expressing cells. Next, the CXCR7 Nanobodies showing more
than 50% displacement of '**I-CXCL12 from CXCR7-express-
ing cells were further characterized. We focused on two strong
displacers, namely NB2 and NB3, and a weaker displacer NB1
for full binding characterization (Fig. 1B). Increasing concen-
trations of CXCR7 Nanobodies displaced '**I-CXCL12 in a
dose-dependent manner from CXCR7-expressing cells with
potencies varying from a nanomolar (pK; NB3 = 8.6 * 0.2) to
submicromolar (pK; NB1 = 7.8 £ 0.3) range (Table 1). Impor-
tantly, CXCR7 Nanobodies were able to displace 1251 CXCL12
with a potency comparable to the CXCR7-specific monoclonal
IgG antibody 8F11 (pK; = 8.4 £ 0.2) or low molecular com-
pound VUF11403 (pK; = 8.3 £ 0.1) (26). NB1 only partially
displaced '**I-CXCL12 from CXCR7-expressing cells. To con-
firm a specific interaction of CXCR7 Nanobodies to CXCR7, we
tested their ability to displace '**I-CXCL12 from cells express-
ing the related chemokine receptor CXCR4. Although CXCR4-
specific inhibitor AMD3100 fully displaces '**I-CXCL12 from
CXCR4, we observed no displacement of ***I-CXCL12 from
CXCR4-expressing cells with these novel CXCR7 Nanobodies,
confirming their specificity toward CXCR7 and not CXCR4 or
CXCL12 (Fig. 1C).

CXCR7 Nanobodies Inhibit CXCLI12-induced [B-Arrestin2
Recruitment—Having confirmed the specific binding of Nano-
bodies on human CXCR7, we next investigated their inhibitory
capacities in the CXCR7/B-arrestin2 signaling axis (4). Besides
the two endogenous ligands of CXCR7, CXCL12 and CXCL11,
several reported CXCR7-specific low molecular weight mole-
cules are also able to induce B-arrestin2 recruitment toward
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TABLE 1

Affinities (pK;) and potencies (plCs,) of CXCR7-specific reagents in '2°I-CXCL12 displacement and CXCL12-induced B-arrestin2 recruitment

assays (at least n = 3) on human CXCR7
NA., not applicable.

CXCR?7 reagents pPK; pIC,,

Nanobody Nanobody structure Average S.E. Displacement Average S.E. Inhibition
% %

NB1 7.8 60 NA NA 8
NB2 8.0 92 7.7 0.4 90
NB3 8.6 90 8.7 0.2 96
NB4 NB3-35GS-NB1-35GS-Alb8 9.3 93 9.7 0.0 100
NB5 NB2-35GS-NB2-35GS-Alb8 8.5 85 8.3 0.1 100
VUF11403 8.3 84 NA NA. NA
mAb-8F11 8.4 79 8.7 0.1 95
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FIGURE 2. Antagonistic properties of Nanobodies in signaling assays. A, BRET-based assay in CXCR7-RLuc and B-arrestin2-YFP-expressing HEK293T cells
stimulated with CXCL12, low molecular weight compound VUF11403, or Nanobody NB1, NB2, or NB3. B, hCXCR7/B-arrestin2 BRET assay in HEK293T cells
preincubated with dose-dependent concentrations of NB1, NB2, or NB3 before stimulation with CXCL12 (107 m).

CXCR7 (4, 9, 26). Thus, we evaluated whether the CXCR7-
targeted Nanobodies would behave as CXCR7 agonists or act as
antagonists in a 3-arrestin2 recruitment assay. For this BRET-
based CXCR7/B-arrestin2 assay, cells were transiently trans-
fected with CXCR7-RLuc and B-arrestin2-enhanced YFP and
stimulated with either CXCL12, the CXCR?7 ligand VUF11403
(26), or CXCR7-targeting Nanobodies. As expected, both
CXCL12 and VUF11403 induced the recruitment of B-arres-
tin2 to CXCR?7 (Fig. 2A). However, Nanobodies were unable to
induce an agonistic BRET signal at a receptor-saturating con-
centration of 107> m (Fig. 1B), indicating that monovalent
Nanobodies are devoid of agonistic properties. Subsequently,
the Nanobodies were evaluated for antagonist properties by
pretreating cells with the Nanobodies before CXCL12 stimula-
tion (10~ 7 m). As shown in Fig. 2B, Nanobodies NB2 and NB3
effectively inhibited CXCL12-induced B-arrestin2 recruitment
to CXCR7 with a high potency (pIC,, = 7.7 £ 0.4and 8.7 = 0.2,
respectively). However, NB1 was not able to inhibit recruitment
of B-arrestin2 to CXCR7, demonstrating that NB2 and NB3,
but not NB1, behave as potent antagonists on the CXCR7/3-
arrestin 2 axis.

Formatted Nanobodies Display Enhanced Affinity and Potency—
To define whether the identified Nanobodies targeting CXCR?
bind to similar epitopes, we performed FACS-based competi-
tion assays with the monoclonal antibody 11G8, known to bind
the N terminus of CXCR7 (27). As shown in Fig. 34, NB1 fully
displaced binding of 11G8 to CXCR7, whereas NB2 and NB3
only partially displaced 11G8. This suggests that NB2 and NB3
bind to domains distinct from the epitope recognized by NB1,
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FIGURE 3. Formatting of Nanobodies for in vivo study. A, FACS-based com-
petition assay with allophycocyanin-labeled monoclonal antibody 11G8 in
transiently transfected HEK293T cells with hCXCR7 in the presence of increas-
ing concentrations of Nanobodies. MCF, mean channel fluorescence. B-C,
123-CXCL12 displacement assay with NB4 (NB3-35GS-NB1-35GS-Alb8) and
NB5 (NB2-35GS-NB2-35GS-Alb8) Nanobodies on NIH-3T3 cells stably
expressing human CXCR7 (B) or on HEK293T cells transiently transfected with
mouse CXCRY7 (C). Increasing concentrations of formatted trivalent Nanobod-
ies were used to displace 2°I-CXCL12. D, inhibition of CXCL12-induced (10~°

M) B-arrestin2 recruitment by formatted Nanobodies NB4 and NB5.
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antibody 8F11 in human cancer biopsies (non-small cell lung cancer (NSCLQ)). Staining intensity was ranked from weak (7) to average (2) and high (3). B,
representative marginal CXCR7 immunohistochemical staining in colon cancer biopsy with 8F11 monoclonal anti-CXCR7 antibody. C-D, representative CXCR7
immunohistochemical staining in head and neck cancer biopsy in the absence (C) or presence (D) of anti-CXCR7 antibody.

which is in line with the '*’I-CXCL12 displacement data (Fig.
1B). This was further confirmed by the inability of NB1 to dis-
place Alexa647-labeled NB3 from CXCR7-expressing cells
(data not shown). Next, we engineered multivalent Nanobody
constructs with repetitive GS sequences since this approach
had previously led to a gain of function for the CXCR4 Nano-
bodies (19). In addition, CXCR7 Nanobodies were formatted by
genetically linking them to a Nanobody binding serum albumin
(referred to as Alb8) to increase their half-life for in vivo studies
(28). Using the epitope data, we linked NB1 and NB3 as they
bind to different epitopes and coupled them to Alb8, generating
the formatted NB4. The formatted NB5 was composed of a
bivalent NB2 coupled to Alb8 (Table 1). Binding studies on
hCXCR7-expressing NIH-3T3 cells revealed that the trivalent
Nanobodies NB4 and NB5 are able to displace radiolabeled
1251.CXCL12 from human CXCR7 (Fig. 3B). Notably, NB4
showed increased affinity (pK; = 9.3 = 0.1) toward CXCR7
compared with the monovalent Nanobodies (Table 1). To
examine whether CXCR7 Nanobodies also cross-react with the
mouse counterpart, of potential importance for in vivo studies,
we performed a displacement binding experiment on cells
expressing mouse CXCR7. NB4 was able to fully displace '*°I-
CXCL12 from mouse CXCR7 with only a slightly lower potency
(pK; = 8.4 = 0.1) compared with human CXCR7. In contrast,
NB5 only partially (70%) displaced "**I-CXCL12 from mouse
CXCR7 while being a full displacer on the human receptor (Fig.
3C). Moreover, the affinity of NB5 for the mouse CXCR7 was
lower when compared with the human CXCR7 (pK; = 8.5 £ 0.1
for human, pK; = 7.6 * 0.2 for mouse). Next, the formatted
Nanobodies were assayed for their capacity to inhibit CXCL12-
induced B-arrestin2 recruitment (Fig. 3D). Both NB4 and NB5
were able to inhibit CXCL12-induced B-arrestin2 recruitment,
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with NB4 showing a 10-fold higher potency compared with
NB5 (pIC;, = 9.7 = 0.0 and 8.3 £ 0.1, respectively). Overall,
NB4 and NB5 constructs display improved affinities and
potencies toward CXCR7 compared with their monovalent
counterparts.

CXCR?7 Is Highly Expressed in Head and Neck Cancer
Biopsies—To obtain insight in the expression pattern and role
of CXCR7 in human tumor biology and test the novel CXCR7
Nanobodies, we screened several tumor biopsies for CXCR7
protein expression. Immunohistochemistry with the monoclo-
nal IgG antibody 8F11 was performed, and staining intensity
was scored to distinguish between CXCR7 non (grade 1)-, low
(grade 2)-, or high-expressing (grade 3) tumors (Fig. 4A4). As
previously documented, CXCR7 staining was not solely mem-
branous but also intracellular (29), which may be due to its
intrinsic ability to constitutively internalize and recycle back to
the cell surface (6). CXCR?7 displayed a non-uniform expression
in various human tumors. Biopsies from colon or gastric cancer
showed poor expression of CXCR7, namely 17 and 33% of
tumors with a staining score of at least 2, respectively (Fig. 4, A
and B). In contrast, biopsies from head and neck (Fig. 4, C and
D), melanoma, and non-small cell lung cancer displayed a
strong CXCR?7 protein expression (100, 83, and 93% of tumors
stained with a score of at least 2, respectively). These data high-
light a potential novel tumorigenic role of CXCR7 in head and
neck cancer.

Head and Neck Cancer Cell Line 22A as CXCR7-expressing in
Vitro and in Vivo Model System—To confirm CXCR?7 expres-
sion in head and neck cancer cells lines, we screened four pre-
viously described head and neck squamous cell carcinomas cell
lines (30). Quantitative RT-PCR analysis was performed on
RNA extracted from 11B, 22A, FaDu, and VU-SCC-OE cell
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FIGURE 5. CXCR7 expression in head and neck cancer cells. A, human head and neck cancer cell lines and primary keratinocytes were tested for CXCR7 and
CXCR4 mRNA expression by quantitative RT-PCR. Expression was related to the B-actin content. A.U., arbitrary units; OF, VU-SCC-OE. B, '*°I-CXCL12 radioligand
binding with head and neck cancer cells. Specific CXCR7 expression was confirmed using the cold chemokines CXCL12 and CXCL11 and CXCR7-specific NB3.
TB, total binding. C, growth rate of 22A cells injected subcutaneously in the flank of nude mice. D and E, immunofluorescence staining of CXCR7 protein with
C1C2 polyclonal antibody on Fadu-derived (D) and 22A-derived (E) xenograft tumors developed in nude mice.

lines. Two of the four tested cell lines displayed CXCR7 mRNA
expression, namely the 22A and VU-SCC-OE cell lines (Fig.
5A). Because CXCL12, highly expressed at tumor sites (31), is
also known to bind CXCR4, we also determined CXCR4 mRNA
expression levels in these cell lines. As can be seen in Fig. 54,
CXCR4 mRNA levels in all four examined cell lines are low
compared with CXCR7 mRNA levels. In contrast, primary
keratinocytes isolated from healthy tissue do not show any
expression of CXCR7 or CXCR4 mRNA (Fig. 54). To confirm
CXCR7 expression at the protein level, we conducted '*°I-
CXCL12 displacement studies on these cell lines. In accordance
to our quantitative RT-PCR data, CXCL12 and CXCL11 were
both able to displace '*’I-CXCL12 binding to 22A and VU-
SCC-OE cell lines. The displacement observed with both
CXCL11 and CXCL12 also demonstrates that only CXCR7 and
not CXCR4 protein is expressed in these cell lines. As expected,
NB4 was also able to inhibit ***I-CXCL12 binding, confirming
CXCR?7 protein expression on the cell surface (Fig. 5B). To
establish an iz vivo tumor model, we focused our efforts on the
22A cell line, which had been reported to grow as xenograft in
nude mice (32). 22A cells were injected in the flanks of nude
mice, and growing viable tumors were measured from 20 days
post-injection. At 61 days post-injection, 22A tumors reached
an average size of 278 * 64 mm? (Fig. 5C). At that stage, CXCR7
protein expression was investigated by immunofluorescence. A
rabbit polyclonal anti-CXCR7 antibody (C1C2, GeneTex) was
used instead of mouse monoclonal antibodies to avoid the use
of a secondary anti-mouse antibody that might react with
endogenous murine immunoglobulins. To ensure the specific-
ity of this antibody, Fadu xenograft sections that do not express
CXCR?7 protein were also stained with the antibody and showed
no CXCR?7 expression (Fig. 5D). 22A xenograft sections dis-
played a strong and non-homogenous expression of CXCR?7,
reflecting the differentiated nature of the tumor with a mixture
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of epithelial cells (CXCR7-positive) and stromal cells (Fig. 5D).
This pattern was similar to what was observed in human biop-
sies (Fig. 4C). We conclude that 22A cells grown as xenograft
express CXCR7 protein.

Formatted CXCR7 Nanobodies Inhibit Secretion of Angio-
genic Factor CXCLI but Not Cell Cycle Progression—Next, we
tested whether Nanobodies inhibit cell cycle progression of
22A cells, focusing solely on NB4 due to its enhanced affinity
and potency compared with NB5. Stimulation of 22A cells with
CXCL12 (10~? m) did not affect cell cycle progression in a sig-
nificant manner, nor did NB4 (10~ ° m) (Fig. 6A). As a positive
control, 22A cells were stimulated with EGF (10 ug/ml) as it
was reported earlier that these cells are EGF-sensitive (33). As
expected, EGF stimulation led to a significant increase in cell
cycle progression. Equally, blocking endogenous EGER signal-
ing with the EGFR-specific monoclonal antibody Erbitux (10
pg/ml) significantly decreased cell cycle progression. Thus, in
contrast to EGFR, CXCR?7 did not influence 22A cell cycle pro-
gression. Finally, an angiogenesis antibody array was used to
determine whether NB4 treatment would affect the secretion of
angiogenic factors from 22A cells. 22A cells secrete several
angiogenic factors under basal (unstimulated) conditions,
which was unaffected by stimulation with 1072 m CXCL12
(data not shown). Only NB4 treatment led to a significant
decrease of basal CXCL1-3 and CCL5 secretion (Fig. 6B). To
further confirm these findings, we determined the secretion of
CXCL1, CXCL2, and CCL5 by ELISA. We validated the
decrease of CXCL1 secretion by treatment with NB4, whereas
CXCL2 secretion remained unaffected, and CCL5 secretion
was significantly increased (Fig. 6C). Overall, our data demon-
strate that CXCR7 displays basal receptor activity associated
with the secretion of chemokines, which can be modulated by
the CXCR7 Nanobodies in vitro.
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CXCR7 Nanobodies Inhibit Tumor Growth and Angiogenesis
in Vivo—After determining the effects of Nanobodies in vitro,
we evaluated the therapeutic potential of CXCR7 Nanobodies
in vivo. To ensure that mice from different groups (treated ver-
sus non-treated) presented similar initial tumor sizes for the
therapy experiment, we performed tumor transplantations.
First, donor nude mice were initially subcutaneously injected
with 2 X 10° 22A cells in their flanks. Tumors were grown to a
size of 200-500 mm?> and subsequently extracted, cut in
smaller pieces of equal size, and transplanted subcutaneously in
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FIGURE 6. Effect of Nanobodies on cell cycle progression of cancer cells
and release of angiogenic factors. A, cell cycle analysis of 22A cells in the
absence or presence of CXCR7 (CXCL12 or NB4) or EGFR (EGF ligand or EGFR-
specific monoclonal antibody Erbitux) reagents. B, secretion of angiogenic
factors from 22A cells in the absence or presence of NB4 (10~ m). Only
CXCL1-3,CCL5, angiogenin CXCL8,and TIMP1 were detected in this array and
were, therefore, quantified (p < 0.05 in an unpaired t test comparison). C,
validation of angiogenesis array by the use of ELISA. Secretion of CCL5,
CXCL1, and CXCL2 was measured in 22A cells in the absence or presence of
NB4 (10 m) for 72 h. n.s., not significant. *, p < 0.05, **, p < 0.01 in unpaired
t test treated versus control cells.
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recipient nude mice. When tumors engrafted and started grow-
ing, mice were randomly distributed into five groups that were
injected biweekly with 400 ul of PBS without or with 1.5 mg of
CXCR?7-specific Nanobodies. Over a period of 50 days of ther-
apy, the control (PBS) and NB5-treated groups grew tumors to
a similar extent (Fig. 7A). However, mice treated with NB4 dis-
played a slower tumor growth and significantly smaller size
compared with PBS-injected mice at the end of the therapy
experiment (PBS tumors size = 274 = 47 mm?>, NB4 tumors
size = 119 * 30 mm?). Because during the therapy period, no
weight loss was observed for any Nanobody-injected animals,
the tumor growth inhibitory effect of NB4 could not be attrib-
uted to toxicity issues. To identify the in vivo mode of action of
Nanobodies, tumors were stained for the angiogenesis marker
CD31 (Fig. 7B). CD31 staining was present in the periphery of
the tumor, and CD31 staining pattern was strongly reduced in
NB4-treated mice compared with PBS-treated mice. Quantifi-
cation of the staining intensities in 10 independent tumors
from both PBS- and NB4-treated groups confirmed that CD31
is significantly decreased in mice receiving NB4 therapy (Fig. 7C).

DISCUSSION

Nanobodies represent a novel class of potential antibody-
based therapeutics and have been successfully developed
against several drug targets. Llama-derived immunoglobulin
single variable domain antibodies have proven to be an excel-
lent platform to use in cancer drug research, either as therapy or
as a diagnostic tool (34). Therapeutic Nanobodies have been
generated against cancer-specific drug targets such as the
receptor tyrosine kinases EGFR/Erbbl (35-38), HER2 (39),
c-Met (28), and VEGFR2 (40) and more recently against the
chemokine receptor CXCR4 (19). Based on our experience with
CXCR4 (19), we identified therapeutic and high affinity Nano-
bodies against the other CXCL12 receptor, i.e. CXCR7 (Fig. 1).
After in vivo whole cell and DNA immunization, *°I-CXCL12
radioligand displacement screening on whole CXCR7-express-
ing cells allowed us to select potent Nanobodies with affinities
in the nanomolar range. To functionally characterize these
Nanobodies, we used a B-arrestin2 BRET recruitment assay, as
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CXCR?7 is devoid of the classical G protein-mediated signaling
(4). Interestingly, unlike our CXCR7-specific small molecule
VUF11403 (26), the majority of Nanobodies act as antagonists
on CXCR7 and do not induce recruitment of B-arrestin (Fig. 2).
As such, the low molecular weight agonist and antibody-de-
rived therapeutics present opposite effects on CXCR7-medi-
ated recruitment of B-arrestin2.

Previously, we observed that different CXCR4 Nanobodies
generated from whole cell immunization bind to distinct
epitopes, and coupling of Nanobodies increases their potency
(19). Differential displacement of the allophycocyanin-labeled
monoclonal antibody 11G8, known to bind the N terminus of
CXCR?7 (27), by the Nanobodies (Fig. 3) and the inability of NB1
to displace NB3 from CXCR7-expressing cells indicate that
these Nanobodies recognize distinct epitopes. Additionally, the
partial displacement of '**I-CXCL12 from CXCR7 by NB1 and
the inability of NB1 to effectively inhibit CXCL12-induced
B-arrestin2 recruitment to the receptor point toward allosteric
properties for this specific Nanobody. By coupling of Nanobod-
ies with distinct binding properties (NB1 and NB3), biparatopic
Nanobody (NB4) was created with increased affinity and
potency.

The chemokine receptor CXCR7 is currently considered as a
drug target in oncology due to its overexpression in a wide
range of tumors, e.g. glioblastoma (13), hepatocellular carci-
noma (41), bladder (42), and cervical cancer (43). In our search
for an appropriate CXCR7-expressing in vivo tumor model, we
evaluated human tumor biopsies from various origins for
CXCR?7 expression by immunostaining with the 8F11 mono-
clonal antibody. Our results indicate that CXCR?7 is highly
expressed in melanoma and mammary and non-small cell lung
cancer tissue (Fig. 4A) as previously described (11, 44). More-
over, we show that colon and gastric tumor tissue express rela-
tively low levels of CXCR7 compared with the other tumor
tissues analyzed. Importantly, we show a high incidence of
CXCR?7 protein expression in head and neck tumor biopsies, in
line with previous studies where CXCR7 expression was
detected in oral carcinoma patient material (45). Several human
head and neck squamous cell carcinomas cells analyzed in our
studies showed high expression of CXCR7, as detected by
radioligand binding and anti-CXCR?7 antibody staining (Fig. 5).
The selected patient-derived head and neck squamous cell car-
cinomas 22A cell line appears a suitable model system for
CXCR?7, inducing tumor formation in a xenograft model, show-
ing elevated levels of CXCR7 expression and not CXCR4 in
these cells (Fig. 5). Most importantly, we show that the CXCR?
Nanobody NB4 reduces tumor growth in vivo (Fig. 7). The fact
that NB5 is unable to reduce tumor growth can likely be attrib-
uted to its 10-fold lower affinity and potency to inhibit CXCL12
binding and signaling on the human CXCR7 receptor when
compared with NB4. We cannot exclude a potential effect of
NB4 on mouse stromal cells due to its cross-reactivity with
mouse CXCR?7. However, staining of 22A-derived mouse xeno-
graft and human biopsies seem to exclude the presence of
CXCR?7 protein in tumor stromal cells. Overall, the inhibitory
effect of NB4 strengthens a potential role for CXCR7 in onco-
genesis and in particular head and neck cancer.
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Cell cycle progression of 22A cells in vitro was not affected by
treatment with NB4 or the chemokine CXCL12, ruling out a
direct involvement of CXCR7 in head and neck cancer cell pro-
liferation. This lack of involvement of CXCR7 in cellular prolif-
eration was previously observed in other cancer types, in par-
ticular in glioma cells (13). In vitro, we demonstrated that
inhibition of CXCR7 by NB4 in 22A cells reduces secretion of
the angiogenic factor CXCL1 (Fig. 5). CXCL1 was shown to be
important in tumor-associated angiogenesis in melanoma,
non-small cell lung cancer, Kaposi’s sarcoma, and colorectal
cancer (46—49). Most importantly, a correlation is found
between CXCL1 expression and angiogenesis in oral cancer
patients as well as increased expression of CXCL1 in patients
suffering from oral tongue squamous cell carcinoma (20, 50).
Our findings confirm that CXCR?7 is able to promote angiogen-
esis and signaling in a ligand-independent manner, which is an
interesting characteristic of this atypical chemokine receptor
(15). The CXCR7 Nanobodies are able to inhibit this basal
activity, thus acting here as inverse agonists. CXCR7 expression
in PC3 prostate cancer cells was also shown to display consti-
tutive active properties (15). The significant increase in CCL5
secretion, not observed in the antibody array, is an unexpected
observation that needs further investigation. In vivo, we con-
firmed that NB4 reduces tumor angiogenesis significantly (Fig.
7). Further research is required to dissect the exact molecular
mechanisms by which NB4 decreases angiogenesis in head and
neck tumors.

In summary, using the Nanobody platform we generated
Nanobodies against the oncogenic chemokine receptor
CXCR?7. These llama-derived single domain antibodies were
functionally able to inhibit CXCL12 binding, block B-arrestin2
recruitment to CXCR7, and decrease secretion of angiogenic
factors in head and neck cancer cell lines. Notably, we demon-
strate for the first time the enhanced CXCR7 expression in head
and neck cancer biopsies and derived cell lines. Treatment of
head and neck cancer xenografts with CXCR7 Nanobodies
reduced tumor growth by inhibiting blood vessel formation.
We demonstrate that CXCR7 is a novel drug target against this
devastating disease.
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