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Simple Summary: Rhabdomyosarcoma (RMS) accounts for more than 50% of all soft tissue sarcomas
in childhood and adolescence. Despite progress and intensified multimodality treatment, prognoses
are extremely poor with an overall survival rate of approximately 20% in the advanced stage. Therefore,
there is an urgent need for targeted treatment options to improve overall survival rates, and to limit
long-term side effects. The fibroblast growth factor receptor 4 (FGFR4) is overexpressed in RMS and
other tumors as well. The goal of this work was to select FGFR4 specific single-domain antibodies
(sdAb) and to develop FGFR4-targeted therapies. We could show that FGFR4-targeted liposomes have
the potential to deliver drugs specifically to FGFR4-positive tumor cells and that chimeric antigen
receptor T cells built with the selected antibodies can kill specifically FGFR4-expressing RMS cells.

Abstract: The fibroblast growth factor receptor 4 (FGFR4) is overexpressed in rhabdomyosarcoma
(RMS) and represents a promising target for treatments based on specific and efficient antibodies.
Despite progress, there is an urgent need for targeted treatment options to improve survival rates,
and to limit long-term side effects. From phage display libraries we selected FGFR4-specific
single-domain antibodies (sdAb) binding to recombinant FGFR4 and validated them by flow
cytometry, surface plasmon resonance, and fluorescence microscopy. The specificity of the selected
sdAb was verified on FGFR4-wild type and FGFR4-knock out cells. FGFR4-sdAb were used to
decorate vincristine-loaded liposomes and to generate chimeric antigen receptor (CAR) T cells.
First, incubation of RMS cells with FGFR4-sdAb revealed that FGFR4-sdAb can block FGF19-FGFR4
signaling via the MAPK pathway and could therefore serve as therapeutics for FGFR4-dependent
cancers. Second, FGFR4-targeted vincristine-loaded liposomes bound specifically to RMS cells
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and were internalized by the receptor, demonstrating the potential for active drug delivery to the
tumor. Third, FGFR4-CAR T cells, generated with one sdAb candidate, demonstrated strong and
specific cytotoxicity against FGFR4 expressing RMS cells. We selected novel FGFR4-sdAb with high
specificity and nano- to picomolar affinities for FGFR4 which have the potential to enable multiple
FGFR4-targeted cancer therapy approaches.

Keywords: rhabdomyosarcoma; FGFR4; single-domain antibody; targeted liposomes; CAR T cells

1. Introduction

Approximately 50% of children and adolescents diagnosed with soft tissue sarcoma suffer from
rhabdomyosarcoma (RMS), a striated-muscle lineage malignancy with variable pathologies [1]. The two
major subtypes of the tumor are embryonal RMS (ERMS) and alveolar RMS (ARMS), accounting
for 60% and 20% of all cases, respectively. ARMS is more aggressive and is characterized by a
chromosomal translocation resulting in a PAX3-FOXO1 gene fusion, whereas ERMS is associated with
different tumor-promoting mutations and chromosome number aberrations [2]. Surgery, radiation,
and multi-drug chemotherapy composed of vincristine (VCR), actinomycin D and cyclophosphamide
are the standard treatments for RMS [1]. The overall survival rates for RMS patients have improved
within the last few decades but the prognostic outcome is still very poor for high-risk patients, including
those presenting metastatic diseases, ARMS subtype, or diagnosis in adulthood [3,4]. The treatment
goes along with high toxicity and many who survive RMS will experience long-term adverse effects as
adults [5]. Therefore, there is an urgent need for new targeted therapies to improve overall survival
rates, and to overcome long-term side effects.

Nanovesicle-mediated chemotherapeutic drug delivery offers the possibility to increase the
therapeutic effect in the tumor and to decrease side effects in healthy tissues [6–9]. Passive accumulation
of nanoparticles in the tumors has been attributed to the so-called “enhanced permeability and retention”
(EPR) effect [10]. Fast-growing solid tumors display a leaky vascular architecture and a lack of functional
lymphatics, enabling the size-dependent passive extravasation and accumulation of nanoparticles in
the interstitial space of the tumor [11]. Most recently, this dogma has been challenged by findings
showing that the great majority of nanoparticles enter tumors using an active process through
endothelial cells [12]. Liposomal formulations of chemotherapeutic drugs have demonstrated the
safety and improved pharmacokinetic properties of the drug [13]. Prominent examples are liposomal
doxorubicin (Doxil), daunorubicin (DaunoXome), and VCR (Marqibo) which have contributed to
reducing side-effects compared to the free drug [14–16]. However, liposomal formulations have
not, so far, been able to increase the therapeutic effect of the encapsulated drug. One possibility to
achieve this is to modify the liposomal surface with tumor targeting-ligands, such as peptides [17],
antibodies or antibody fragments [18], for active targeting to cancer cells. Single-domain antibodies
(sdAb), first discovered in camelids [19], are the smallest possible antibody fragments (15 kDa)
derived from heavy-chain antibodies. They are characterized by affinities comparable to conventional
bivalent antibodies, as well as by high solubility, tissue penetration, and stability [20]. Previously,
we developed the optimal formulation of liposomal VCR [21], and we investigated its pharmacokinetic
and biodistribution in a mouse model engrafted with human RMS cells, revealing longer plasma
circulation time and enhanced tumor accumulation of the liposomal drug compared to free VCR. Now,
to further improve tumor accumulation of the liposomes in RMS by active targeting, we selected and
investigated novel RMS-targeting sdAb.
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The fibroblast growth factor receptor 4 (FGFR4) belongs to the family of receptor tyrosine
kinases and is involved in myogenesis and muscle regeneration by promoting cell survival
and differentiation [22,23]. FGFR4 is absent in normal differentiated muscles and is specifically
overexpressed in RMS [24], as well as in other tumors, such as hepatocellular carcinomas, head and
neck squamous cell carcinomas and basal-like breast cancer [25–28]. Therefore, FGFR4 represents a
promising candidate for targeted therapies in RMS.

Another approach that could benefit from specific tumor targeting and that may improve the
therapeutic outcome for RMS patients, is represented by chimeric antigen receptor (CAR) T cells.
These cytolytic T cells are engineered with an extracellular antigen-binding domain recognizing
specifically surface antigens on tumor cells. The intracellular part of the receptors is composed of T cell
receptor signaling and costimulatory domains [29]. Tremendous clinical success has been achieved
in the treatment of hematological malignancies with CAR T cells targeting CD19 [30,31], CD22 [32]
and the B cell maturation antigen (BCMA) [33]. The application of CAR T cells for solid tumors has
been more challenging, due to the lack of ideal tumor-specific target molecules, and also due to the
strong immunosuppressive tumor microenvironment (TME) of solid tumors. Nevertheless, preclinical
studies of CD276 (B7-H3) CAR T cells in pediatric solid tumors demonstrated good activity [34],
and encouraging results have been reported for RMS CAR T cells targeting HER2 led to remission in a
child with refractory metastatic RMS [35].

Here, we selected FGFR4-binding sdAb from two fully synthetic phage display libraries [36].
After validation, sdAb were coupled to the surface of VCR-loaded liposomes and tested as a potential
drug-delivering platform for RMS cells in vitro. Moreover, we generated FGFR4 targeting CAR T cells
with the selected sdAb and examined their cytotoxic potential for RMS cells in vitro.

2. Results

2.1. Phage Display Selection of FGFR4-Specific sdAb

Screening of FGFR4-binding sdAb was performed using two synthetic phage display libraries,
the humanized VHH library NaLi-H1 [36] and the human VH library Gimli [37]. We performed
two independent phage display selections with three rounds of biopanning against the recombinant
extracellular portion of FGFR4 (Figure 1). In order to verify the binding specificity for FGFR4,
we generated FGFR4 knockout RMS cells by CRISPR/Cas9 (Figure S1) and tested 80 phage clones
from each screening for their binding to Rh4 FGFR4 wild-type cells (Rh4-FR4wt) and Rh4 FGFR4
knockout cells (Rh4-FR4ko). Flow cytometry analysis revealed 24 phage clones from NaLi-H1 library
and 55 phage clones from Gimli library binding specifically to Rh4-FR4wt cells. Sanger sequencing
of the 79 phage clones confirmed 12 unique sdAb from the NaLi-H1 library and 28 from the Gimli
library. Next, four phage clones from each library (i.e., NaLi-H1: A8, B1, B5, C3; Gimli: A4, F8, F11, H2)
that showed the strongest and most specific binding to Rh4-FR4wt by flow cytometry were expressed
recombinantly. As negative control, we expressed an anti-mCherry sdAb (mCh) [36]. Recombinant
sdAb were engineered to be expressed with a C-terminal Myc/6xHis-tag and an additional cysteine for
maleimide coupling. 6xHis-tag purification and size exclusion chromatography resulted in proteins of
high purity (Figure S4), with yields in the range of 3–16 mg per liter of bacterial culture. Hence, phage
display selection resulted in eight sdAb candidates with potential binding to FGFR4.
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Figure 1. Schematic overview of phage display biopanning and preselection of FGFR4 binding single-
domain antibodies (sdAb) sequences. Phage display selection was performed on biotinylated and 
Dynabeads-bound FGFR4 with two different synthetic sdAb phage display libraries. Enriched phage 
clones were tested for their binding to cell-surface FGFR4 on Rh4-FR4wt cells resulting in 40 unique 
binders. Eight sdAb were expressed in E. coli and purified. Of these, recombinant A8, B1, B5 and F8 
bound to Rh4-FR4wt but not to Rh4-FR4ko cells. 

2.2. Recombinant sdAb Bind to FR4wt RMS Cells But Not to FR4ko RMS Cells 

Validation of the binding of the recombinant sdAb to cell-surface expressed FGFR4 was 
performed by flow cytometry on Rh4-FR4wt and Rh4-FR4ko cells. A fluoresceinisothiocyanat (FITC)-
labeled anti-6xHis-tag antibody was used to detect surface-bound sdAb. Four of the recombinant 
sdAb tested displayed no binding to Rh4-FR4wt cells, whereas recombinant sdAb A8, B1, B5 and F8 
showed significant binding to Rh4-FR4wt. A8, B1 and F8 did not bind to Rh4-FR4ko cells, while B5 
showed a moderate binding to the knockout cells (Figure 2A). As expected, the anti-mCherry 
negative control sdAb did not bind to Rh4-FR4wt or to Rh4-FR4ko cells. Median fluorescence 
intensities (MFIs) of the four FGFR4 binders incubated with Rh4-FR4wt cells were in the range of 400, 
while the anti-mCherry negative control, as well as the anti-6xHis-tag antibody alone, only displayed 
MFI of 200. A similar value of about 200 was obtained when measuring the binding to Rh4-FR4ko 
cells, with a slightly higher value for B5. The extracellular domain of FGFR4 shares a high amino acid 
homology with FGFR1, 2 and 3 (55–72%). For the optimal targeting of RMS tumors, the aim is to 
identify binders specific for FGFR4 only. Rh4-FR4wt and Rh4-FR4ko cells both express FGFR1 and 
FGFR2, even though Rh4-FR4ko levels are slightly lower than Rh4-FR4wt (Figure S1). We concluded 
that the sdAb A8, B1 and F8 are specific for FGFR4 and do not bind to FGFR1 or FGFR2. Taken 
together, the binding validation of recombinant sdAb on RMS cells revealed four FGFR4-targeting 
sdAb candidates: A8, B1, B5 and F8. Since B5 showed a significantly higher MFI compared to mCh 
control on Rh4-FR4ko cells, its specificity to FGFR4 was further investigated (see below, Figure 3). 
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Figure 1. Schematic overview of phage display biopanning and preselection of FGFR4 binding
single-domain antibodies (sdAb) sequences. Phage display selection was performed on biotinylated
and Dynabeads-bound FGFR4 with two different synthetic sdAb phage display libraries. Enriched
phage clones were tested for their binding to cell-surface FGFR4 on Rh4-FR4wt cells resulting in
40 unique binders. Eight sdAb were expressed in E. coli and purified. Of these, recombinant A8, B1, B5
and F8 bound to Rh4-FR4wt but not to Rh4-FR4ko cells.

2.2. Recombinant sdAb Bind to FR4wt RMS Cells But Not to FR4ko RMS Cells

Validation of the binding of the recombinant sdAb to cell-surface expressed FGFR4 was performed
by flow cytometry on Rh4-FR4wt and Rh4-FR4ko cells. A fluoresceinisothiocyanat (FITC)-labeled
anti-6xHis-tag antibody was used to detect surface-bound sdAb. Four of the recombinant sdAb tested
displayed no binding to Rh4-FR4wt cells, whereas recombinant sdAb A8, B1, B5 and F8 showed
significant binding to Rh4-FR4wt. A8, B1 and F8 did not bind to Rh4-FR4ko cells, while B5 showed a
moderate binding to the knockout cells (Figure 2A). As expected, the anti-mCherry negative control
sdAb did not bind to Rh4-FR4wt or to Rh4-FR4ko cells. Median fluorescence intensities (MFIs) of the
four FGFR4 binders incubated with Rh4-FR4wt cells were in the range of 400, while the anti-mCherry
negative control, as well as the anti-6xHis-tag antibody alone, only displayed MFI of 200. A similar
value of about 200 was obtained when measuring the binding to Rh4-FR4ko cells, with a slightly higher
value for B5. The extracellular domain of FGFR4 shares a high amino acid homology with FGFR1, 2
and 3 (55–72%). For the optimal targeting of RMS tumors, the aim is to identify binders specific for
FGFR4 only. Rh4-FR4wt and Rh4-FR4ko cells both express FGFR1 and FGFR2, even though Rh4-FR4ko
levels are slightly lower than Rh4-FR4wt (Figure S1). We concluded that the sdAb A8, B1 and F8 are
specific for FGFR4 and do not bind to FGFR1 or FGFR2. Taken together, the binding validation of
recombinant sdAb on RMS cells revealed four FGFR4-targeting sdAb candidates: A8, B1, B5 and F8.
Since B5 showed a significantly higher MFI compared to mCh control on Rh4-FR4ko cells, its specificity
to FGFR4 was further investigated (see below, Figure 3).
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Figure 2. In vitro binding validation of sdAb. (A) SdAb were tested for their binding selectivity to cell
surface FGFR4 by flow cytometry. Histograms show the single-cell living population of each sdAb
binding to Rh4-FR4wt versus Rh4-FR4ko cells. Secondary FITC-labeled anti-6xHis-tag antibody alone
(2nd) was used as background control and mCherry (mCh) was used as negative control. Median
fluorescence intensities (MFI) were determined with FlowJoTM10 software. Statistics: paired t-test,
n = 3 independent experiments, mean + SD, * p ≤ 0.05, ns = not significant. (B) Activation assay of
FGFR4 in Rh30 cells was performed with recombinant FGF19 and in combination with sdAb. The cells
were incubated for 1 h with sdAb at 10 µM (A8, B1, B5, F8, mCh) followed by stimulation of FGFR4
with 50 nM FGF19 for 10 min. Control cells were either not stimulated or stimulated with FGF19
in absence of the sdAb. The cell lysates were analyzed by Western blot with anti-phospho-ERK1/2
antibody. Total Erk1/2 levels are shown as loading control. The complete pictures of the Western blots
can be found in Figure S3.
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Figure 3. Affinity determination of sdAb to recombinant protein via surface plasmon resonance
spectroscopy. Single-cycle kinetics analysis was performed on immobilized FGFR4 through covalent
amine binding on the dextran-based sensor chip. The analytes A8, B1, B5, F8 and mCh were injected in
5 different concentrations followed by a dissociation phase. A final dissociation step was added after
the last injection step to determine Koff rates for the KD calculations representing binding affinities.
The black curves represent the measured data and red curves show the fit analysis (heterogeneous
ligand model) performed with the BIAevaluation software.
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2.3. Selected Recombinant Single-Domain Antibodies Inhibit FGFR4 Signaling

Aberrant FGFR4 signaling is implicated in tumorigenesis of several cancers. FGFR4 initiates four
major signaling pathways: RAS-MAPK, PI3K-AKT, PLCγ, and STAT [38]. We, therefore, tested the
effect of the selected sdAb on FGFR4 activation and downstream signaling. FGFR4 activation assays
were performed on Rh30 cells, an RMS cell line that has a low basal level of pERK and activates the
MAPK pathway upon stimulation with the FGFR4-specific ligand FGF19. We incubated Rh30 cells
with FGF19 with or without prior addition of sdAb (Figure 2B). As expected, the addition of FGF19
led to a drastic increase in phospho-ERK 1/2 levels. Remarkably, kinase activation was absent when
Rh30 cells were preincubated with the selected sdAb, whereas negative control anti-mCherry did not
block ERK 1/2 phosphorylation. These data showed that the selected sdAb A8, B1, B5, and F8 have the
ability to block activation of the FGFR4 downstream MAPK pathway in RMS cells.

2.4. Single-Domain Antibodies Bind to FGFR4 with High Affinity

To determine the binding affinity of the sdAb to FGFR4, we performed surface plasmon resonance
(SPR) spectroscopy using recombinant FGFR4 as a target. As mentioned above, FGFR1 and FGFR2
are expressed on Rh4-FR4ko cells and flow cytometry analysis indicated no binding of the sdAb to
these cells. To further confirm FGFR4-specificity, we also performed affinity measurements using
recombinant FGFR1, FGFR2, and FGFR3. SdAb A8, B1, B5, F8, and mCh were injected in five different
concentrations in an FGFR-coated chip (Table S1). Except for the negative control mCh, calculated KD

values for FGFR4 binding were in the nano- and picomolar range (Figure 3, Table 1). Affinity parameters
could not be fitted with a 1:1 binding model and best fits were obtained with the heterogeneous ligand
model of the BIAevaluation software resulting in two KD values for each candidate. Measurements
performed using the receptor family isoforms FGFR1 and FGFR3 showed no binding of the analytes.
We were only able to detect a measurable binding of A8 and B5 to FGFR2 in the order of micro- to
nanomolar and nano- to picomolar, respectively (Figure S5; Table S2). The SPR data confirm the strong
binding of all candidates to FGFR4 and suggests that only B1 and F8 have a strict FGFR4 specificity.
Nevertheless, we decided to continue the characterization of all selected sdAb A8, B1, B5 and F8 for
drug delivery and CAR T cell therapy.

Table 1. Surface plasmon resonance spectroscopic determination of sdAb binding affinities to FGFR4.

SdAb kon1 *
(1/M × s) koff1 (1/s) KD1 (M) kon2

(1/M × s) koff2 (1/s) KD2 (M) Rmax1
** (RU)

Rmax2
(RU)

A8 3.14 × 105 1.32 × 10−9 4.22 × 10−15 6.67 × 104 2.45 × 10−3 3.68 × 10−8 25.6 18.1
B1 1.11 × 106 1.18 × 10−6 1.06 × 10−12 2.16 × 105 9.92 × 10−4 4.60 × 10−9 26.1 17.5
B5 1.84 × 106 5.66 × 10−4 3.08 × 10−10 1.73 × 105 3.75 × 10−8 2.16 × 10−13 23.1 10.3
F8 5.45 × 104 1.04 × 10−6 1.91 × 10−11 1.35 × 106 5.57 × 10−3 4.14 × 10−9 83.0 86.4

mCh 2.60 × 103 5.11 × 10−3 1.96 × 10−6 2.32 × 103 5.05 × 10−3 2.18 × 10−6 20.7 20.7

* Measured data were fitted with the heterogeneous ligand model and revealed association and dissociation
constants (kon and koff) used for calculating affinities in terms of dissociation equilibrium constants KD (koff/kon).
** The maximal analyte binding signal Rmax is indicated in RU for both determined KD and resembles their fraction
within the amount of total bound sdAb.

2.5. Preparation and Characterization of VCR-Loaded Targeting Liposomes

In a previous study, we optimized the formulation of liposomal VCR [21]. Here, in order to
optimize the conjugation to nanobodies, we introduced DSPE-PEG lipids with reactive maleimide
groups at the distal end. SdAb harboring a free cysteine at the C-terminus were then coupled to the
liposomal surface. Fluorescent liposomes composed of egg sphingomyelin, cholesterol, PEG-ceramide,
DSPE-PEG-maleimide and the near-infrared dye DiR (49.8:45:4:1:0.2 mol%) were prepared by the
film-hydration/extrusion method followed by VCR encapsulation and sdAb coupling. As expected,
dynamic light scattering measurements of decorated liposomes L-A8, L-B1, L-B5, L-F8, and L-mCh
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revealed hydrodynamic diameters of approximately 120–135 nm and a monodisperse particle-size
distribution characterized by a PDI of 0.03–0.13 (Figure 4A; Table 2).

The coupling of the sdAb to the liposomes was analyzed by Western blotting using an anti-6xHis-tag
antibody. Samples of liposome suspensions were prepared with a theoretical sdAb amount of 100 ng.
To estimate the coupling efficiency, we loaded 100 ng and 50 ng of the corresponding recombinant sdAb
on the Western blot gel (Figure 4B). All liposome suspensions showed a dominant fraction running at an
apparent size of 25 kDa, corresponding to one sdAb molecule (17 kDa) bound to DSPE-PEG-maleimide
(2.9 kDa). Two further bands appear at a higher size suggesting the formation of complexes of two
or three lipid molecules per sdAb. Besides the C-terminal cysteine, sdAb have two further cysteines
forming an intramolecular disulfide bond and representing possible reaction sites for the maleimide
groups. Notably, there was only a faint band corresponding to free sdAb in all the liposome samples.

To determine the encapsulation efficiency of VCR-loaded liposomes, an HPLC analysis was
performed. The analysis showed a VCR encapsulation efficiency of approximately 97.8% with a final
concentration of 250–320µg/mL VCR in the liposomal formulations (Table 2). Thus, fluorescently labelled
and sdAb-coated VCR-liposomes characterized by similar drug-loading, size and size-distribution
profiles could be produced.
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constants KD (koff/kon). ** The maximal analyte binding signal Rmax is indicated in RU for both 
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Figure 4. Characterization of vincristine-loaded targeted liposomes. (A) Size distribution of sdAb-coated
liposomes measured by dynamic light scattering. (B) Western blot analysis of coupled sdAb. Liposome
suspensions (L) equivalent to 100 ng of sdAb were loaded under reducing and denaturing conditions
for gel electrophoresis. Amounts of 100 ng and 50 ng of uncoupled protein were loaded as control.
SdAb were detected with an anti-6xHis-tag antibody.

Table 2. Characterization of FGFR4-targeting and vincristine (VCR)-loaded liposomes.

Liposomes Characteristics L-A8 L-B1 L-B5 L-F8 L-mCh

Hydr. diameter (nm) 126 127 129 136 122

PDI 0.129 0.108 0.093 0.122 0.025

VCR conc (µg/mL) * 308.4 253.8 254.6 270.3 319.9

* VCR end concentrations of the five formulations were determined by HPLC.

2.6. FGFR4-Targeted Liposomes Bind Specifically to FGFR4 Positive RMS Cells and Are Internalized

We next tested whether sdAb immobilized on the liposomal surface could still bind to
FGFR4-expressing RMS cells. Rh4-FR4wt and Rh4-FR4ko cells were incubated for 2 h with
fluorescent anti-FGFR4- or anti-mCherry-armed liposomes under normal cell culture conditions.
DiR fluorescence was subsequently analyzed by flow cytometry (Figure 5A). Rh4-FR4wt cells incubated
with FGFR4-targeted liposomes showed an increased fluorescent signal, indicating binding to FGFR4,
while no increase in fluorescence was observed in Rh4-FR4ko cells incubated with FGFR4-targeted
liposomes. Specifically, Rh4-FR4wt incubated with control mCherry-targeted liposomes had an MFI
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similar to non-treated cells, below 50. Among the FGFR4-targeted liposomes, MFI values ranged
between 300, 600, 1700 and 1400 for L-A8, L-B1, L-B5 and L-F8, respectively, and were thus 6-, 12-, 34-
and 28-fold higher than the MFI value of L-mCh (Figure 5A). These results show that sdAb linked to
the liposomal surface are still able to bind specifically to Rh4-FR4wt when coupled to the surface of
VCR-loaded liposomes, but binding intensities differed between the four sdAb.

Rh4-FR4ko

L-A8

L-B1

L-B5

L-F8

L-mCh

Cntr

DiR

* 
p=0.0499

*
**

**
**

Rh4-FR4wt

DiR

A

B L-A8 L-B1 L-B5 L-F8 L-mCh

Figure 5. In vitro binding validation of FGFR4 targeting liposomes. (A). Liposomes decorated with
FGFR4 targeting sdAb A8, B1, B5 and F8 or mCh (negative control) were tested for their binding
selectivity to cell surface FGFR4 by flow cytometry. Adherent cells were incubated for 2 h with
0.5 mM total lipid concentration at 37 ◦C and 5% CO2. Histograms show the single-cell living
population of liposomes binding to Rh4-FR4wt versus Rh4-FR4ko cells. Non-treated cells represent
the control populations. Median fluorescence intensities (MFI) are shown. Statistics: paired t-test,
n = 3 independent experiments, mean +SD, * p ≤ 0.05, ** p ≤ 0.01. (B) Confocal microscopy analysis
of Rh4-FR4wt cells incubated for 2 h at 37 ◦C and 5% CO2 with sdAb coated fluorescent liposomes.
The total lipid concentration was 3 mM. Cells were washed, fixed and mounted with DAPI containing
medium. Internalization was visible only in Rh4-FR4wt cells incubated with FGFR4-targeted liposomes.
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Receptor-mediated internalization of drug-loaded liposomes increases intracellular drug amounts
and thus enhances their therapeutic effect [39]. We, therefore, investigated the internalization of
FGFR4-targeted liposomes by confocal microscopy. The liposomes were incubated for 2 h with
Rh4-FR4wt and Rh4-FR4ko cells. Subsequently, images of the fixed cells revealed a clear intracellular
uptake of all liposomes coated with FGFR4-targeting sdAb. Remarkably, no fluorescent signal
was detected when Rh4-FR4wt cells were incubated with L-mCh (Figure 5B). Consistent with
the flow cytometry data, L-A8 and L-B1 showed a weaker intracellular fluorescence. Strikingly,
no fluorescence could be observed in Rh4-FR4ko cells, supporting their specificity for FGFR4 (Figure S6).
Therefore, FGFR4-targeted liposomal formulations represent a specific drug-delivery platform for
FGFR4 overexpressing RMS tumor cells, characterized by their rapid and specific receptor-mediated
intracellular uptake.

2.7. Cytotoxicity of FGFR4-CAR T Cells Targeting RMS Cells

To investigate the therapeutic potential of the selected sdAb, we decided to focus our attention
on one selected sdAb, A8, to generate a chimeric antigen receptor (CAR) armed with anti-FGFR4
antibodies. The A8 sdAb was used to substitute the CD19 targeting single-chain antibody fragment
(scFv) in a CD19-CAR T construct (CTL019/Kymriah, Novartis), currently used in hematologic cancer
therapy [40]. The resulting A8VHH FGFR4 CAR (A8FR4 CAR) is composed of the myc-tagged A8
followed by the hinge and transmembrane domains of CD8α and the intracellular signaling domains of
4-1BB and CD3ζ (Figure 6A). CD8+ T cells were isolated from four healthy donors (donor A, B, C and
D) and were transduced with FGFR4 or CD19 targeting CARs. Transduction efficiency was measured
by mTagBFP expression which showed about 80% A8FR4-CAR and 60% CD19-CAR positive cells
(Figure 6B and Figure S7A). To assess the cytotoxic potency of the CAR T cells against Rh4-FR4wt and
Rh4-FR4ko cells we applied bioluminescence and real-time cell death assays (Figure 6C,D). The RMS
cells were co-cultured with CAR T cells at different ratios (E:T—Effector T cell to Target RMS cell),
and as an additional control, we used non-transduced CD8+ T cells. The bioluminescence assay was
performed with T cells from donor B and donor C and revealed the specific killing of Rh4-FR4wt by
A8FR4-CAR T cells (Figure 6C). T cells from donor C showed higher cytotoxic efficiencies with almost
100% dead cells at the lowest E:T ratio of 4:1. The relative cell death of Rh4-FR4wt cells co-cultured
with T cells from donor B at E:T ratios of 32:1, showed the selective cytotoxic effect of A8FR4-CAR T
cells with almost 100% dead cells. CD19-CAR T cells and CD8+ control T cells reached only values
of approximately 20–35% dead cells. T cell-mediated toxicity towards Rh4-FR4ko cells was similar
for both CARs and CD8+ control T cells, although it was higher as compared to Rh4-FR4wt cells.
The reasons for this unspecific sensitivity of Rh4-FR4ko cells to CAR Ts is unclear, it is not due to a
difference in cell growth (Figure S2) but might be due either to knockout of FGFR4 or represent a
clonal phenomenon. Real-time analysis of cell death with CARs from donors A, B and D showed
similar results, with selective cell killing of Rh4-FR4wt by A8FR4-CAR T, but absent or reduced
cytotoxicity in Rh4-FR4ko cells (Figure 6D and Figure S7B). Taken together, these data show that the
selected sdAb A8 can generate CAR T cells targeting FGFR4 that mediate significant antitumor activity
against FGFR4-expressing RMS cells in vitro and therefore represent a promising targeted treatment
option. Studies on the other sdAb candidates B1, B5 and F8, and their potential in CAR T therapy,
are currently ongoing.
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and C were determined by flow cytometry analysis of BFP signal. (C) Cytotoxicity was determined 
by luciferase activity of Rh4 cells co-cultured for 72 h with effector T cells of donors B and C. Relative 
cell death was highest for Rh4-FR4wt cells incubated with A8FR4 CAR T cells at the indicated 
effector:target (E:T) cell ratios in both donors. In Rh4-FR4ko cells, non-specific cell killing was 
observed for the co-cultivation of all CAR T cells and the non-transduced CD8+ T cells. (D) Real-time 
cell death analysis of Rh4 cells co-cultured with effector T cells from donor B using xCELLigence 
RTCA DP. A8FR4-CAR T cells showed higher killing activity at the indicated E:T cell ratios in Rh4-
FR4wt compared to non-specific CD19 CAR T cells or non-transduced CD8+ T cells. In Rh4-FR4ko 
cells, no specific cytotoxicity was observed. Horizontal lines within the curves indicate the SD of the 
duplicate wells used during the assay. The asterisks indicate the time of addition of the effector T 
cells.  

Figure 6. Cytotoxicity of FGFR4 chimeric antigen receptor (CAR) T cells towards Rhabdomyosarcoma
(RMS) cells. (A) Schematic representation of the A8FR4 CAR construct. The CAR is composed of
the sdAb A8 with CD8α signal peptide sequence and C-terminal myc-tag followed by the hinge
and transmembrane (TM) domains of CD8α. Intracellular signaling domains are 4-1BB and CD3ζ
and are followed by a streptavidin binding peptide (SBP). (B) CD8+ T cell transduction efficiencies
of donor B and C were determined by flow cytometry analysis of BFP signal. (C) Cytotoxicity was
determined by luciferase activity of Rh4 cells co-cultured for 72 h with effector T cells of donors B
and C. Relative cell death was highest for Rh4-FR4wt cells incubated with A8FR4 CAR T cells at the
indicated effector:target (E:T) cell ratios in both donors. In Rh4-FR4ko cells, non-specific cell killing was
observed for the co-cultivation of all CAR T cells and the non-transduced CD8+ T cells. (D) Real-time
cell death analysis of Rh4 cells co-cultured with effector T cells from donor B using xCELLigence RTCA
DP. A8FR4-CAR T cells showed higher killing activity at the indicated E:T cell ratios in Rh4-FR4wt
compared to non-specific CD19 CAR T cells or non-transduced CD8+ T cells. In Rh4-FR4ko cells,
no specific cytotoxicity was observed. Horizontal lines within the curves indicate the SD of the duplicate
wells used during the assay. The asterisks indicate the time of addition of the effector T cells.
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3. Discussion

In this study, we developed three therapeutic strategies for RMS by targeting FGFR4 with sdAb
and validated them on RMS cells. We selected four FGFR4 binding sdAb and tested them in vitro for
(a) inhibitory activity of FGFR4 signaling; (b) active drug delivery as liposome conjugates, and (c)
cell-mediated immunotherapy as CAR constructs.

The four selected sdAb A8, B1, B5 and F8 not only bind to FGFR4 expressed on RMS cells but are
also able to block the FGF19-FGFR4-MAPK signaling axis. In ARMS, FGFR4 is a direct target gene of
the fusion protein PAX3-FOXO1 [41], and in ERMS FGFR4 is frequently amplified with 12% of the
tumors harboring activating mutations of the receptor [42–44]. In RMS, besides overexpression, FGFR4
has been shown to harbor activating mutations in over 6% of all tumors, resulting in constitutive
tumor-promoting signaling within the cells [2,45,46]. Although we did not observe a toxic effect on
cultured RMS cells, it is tempting to speculate that FGFR4 signaling could still represent a therapeutic
target for sdAb in RMS. Moreover, FGFR4 is not only implicated in RMS tumorigenesis, but drives
tumor progression in FGF19 expressing hepatocellular carcinomas, head and neck squamous cell
carcinomas, and basal-like breast cancer [25–28]. It is also estimated that 0.5% of all tumors display
abnormalities in FGFR4 [47]. The selected sdAb could therefore also serve as possible therapeutic
approach for cancers other than RMS.

Surface plasmon resonance spectroscopy of sdAb binding to FGFR4 revealed strong affinities
in the order of nano- to picomolar. The measured data could not be fitted with a 1:1 binding model.
Best fits were obtained with the heterogeneous ligand model indicating two separate binding affinity
parameters for the sdAb to FGFR4. We had to directly immobilize recombinant FGFR4 to activated
carboxyl groups on the sensor chip through amine group binding. Binding of FGFR4 through a His-tag
or biotin–streptavidin linker was not compatible with our measurements, since analytes and ligands
contained a 6xHis-tag, and FGFR4 biotinylation led to interference with sdAb binding. Therefore,
it is possible that the non-oriented binding of FGFR4 to the sensor chip could have led to a partial or
complete steric hindrance of the sdAb binding site, resulting in heterogeneous binding parameters.
This is obvious when comparing Rmax values, representing the maximal sdAb binding signal: for the
affinity measurements of A8, we could immobilize 800 RU FGFR4 to the sensor chip. With approximate
molecular weights of 40 kDa for the ligand and 17 kDa for the sdAb, we would expect an Rmax of
340 RU ((MWFGFR4/MWNB) × 800 RU) but ultimately a value of only 44 RU was achieved. Since we
were not able to fully regenerate the flow cells after sdAb binding, we performed all measurements
with freshly immobilized FGFR4 for each sdAb. This resulted in different amounts of immobilized
FGFR4. A8, B1 and B5 analysis was performed with approximately 800 RU of FGFR4 whereas for F8
and mCh we immobilized 9000 and 12,000 RU, respectively. The measurement of negative control
mCh on such high ligand densities forced unspecific interactions at high sdAb concentrations, and this
resulted in low calculated affinities compared to the selected FGFR4 sdAb.

Both free and liposome-conjugated sdAb bound specifically to Rh4-FR4wt cells and showed,
except for uncoupled B5 sdAb, no binding to Rh4-FR4ko. Nevertheless, recombinant B5 binding to
Rh4-FR4ko cells in FACS experiments was only 0.25 times higher than mCh control sdAb, whereas on
Rh4-FR4wt it was 2 times higher. Affinity measurements revealed binding of only A8 and B5 another
FGFR-member, FGFR2. The binding affinity of A8 to FGFR2 was in the micromolar range and therefore
very low when compared to the binding affinity to FGFR4. The fast koff rates further highlighted
its weak binding to FGFR2. In contrast, B5 showed high affinities to FGFR2 in the low nanomolar
range, thus similar to its affinity for FGFR4. Rh4 cells do express FGFR2, but protein levels are lower
compared to FGFR4. Moreover, the Rh4-FR4ko cells have reduced FGFR1 and FGFR2 protein levels
compared to Rh4-FR4wt. The reasons for the lower expression level of FGFR1 and FGFR2 in Rh4-FR4ko
are not completely clear but could be due to a clonal effect or to regulatory loops. Therefore, it is well
possible that the binding of sdAb A8 and B5 to cell surface FGFR2 would be only detectable above a
certain expression level.
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The formulation of liposomal VCR was modified from the previously established one [21] by
the introduction of DSPE-PEG-maleimide at 1 mol%. As expected, the resulting physico-chemical
properties of the liposomes and the drug loading efficiency were comparable. SdAb coupling to the
surface was performed as described by Oliveira and colleagues [48] with 0.4 nmol sdAb per µmol of
total lipids and it resulted in high coupling efficiencies. Among various conditions of the coupling
reaction tested, we also tested higher sdAb-to-lipid ratios, but this resulted in precipitation of the
liposomes. The fraction of uncoupled sdAb in the liposome suspension was negligible and it did not
apparently interfere with binding on cells.

Confocal microscopy Rh4-FR4wt cells incubated with the fluorescent FGFR4-targeting liposomes
showed a very specific internalization, represented by dot-like structures within the cells, which were
absent in Rh4-FR4ko cells. The images were taken after 2 h of incubation, indicating a rather fast
internalization process which can represent an advantage for a drug delivery platform to highly
vascularized tumors.

In vitro cell assays are not ideal to predict and compare the in vivo therapeutic effects of
drug-loaded targeting nanovesicles. Nonetheless, to verify if the increased binding and internalization
observed by fluorescence analysis could translate into an increased activity of targeted VCR-loaded
liposomes, we incubated RMS Rh4-FR4wt and Rh4-FR4ko cells with increasing concentrations of
targeted liposomes and control L-mCh. We were not able to see significant differences in IC50 between
the targeted liposomes and control, or between Rh4-FR4wt and Rh4-FR4ko cells, even after washing
off the liposomes after 1 h or 2 h of incubation, to prevent any unspecific drug release during the three
days of cultivation. The reasons for the lack of difference in activity between targeted and non-targeted
liposomes are not clear. One hypothesis is that it might be due to unspecific binding of the liposomes
to cell culture plates causing the release of the cytostatic content. Therefore, the therapeutic potential
of FGFR4-targeted drug delivery to RMS needs to finally be evaluated in an RMS in vivo model.

Importantly, we were able to verify the selective cell-mediated cytotoxicity of sdAb-based FGFR4
CAR T cells towards Rh4-FR4wt. Although we observed some differences in cytotoxic efficiencies
between three CD8+ T cell donors, all FGFR4-CAR Ts showed the same specific trend. Real-time
cell analysis represents an elegant tool to monitor the cytotoxic potential of CAR Ts and revealed
no or lower effects of FGFR CAR Ts on Rh4-FR4ko, comparable to that of control CD19 CAR Ts.
We believe that the immune-based treatment of RMS with FGFR4 CAR Ts holds promising potential,
since RMS tumors display aberrantly high FGFR4 expression compared to healthy tissues [42]. It has
been shown that high antigen densities above a certain threshold level are required for effective CAR
T cell activation, offering a therapeutic window for RMS treatment [49,50]. Further studies will be
required to test FGFR4 CAR Ts efficiency in a RMS in vivo model.

4. Materials and Methods

4.1. Plasmids and Cloning

For recombinant protein expression, sdAb encoding sequences on the pHEN2 phagemid
vector were PCR amplified with SapI-introducing primers for FX cloning [51] into pSB_initC
(kindly provided by M. Seeger lab, University of Zurich, Zurich, Switzerland). The expression
vector harbors a ccdB suicide cassette, a C-terminal cysteine followed by Myc-tag and
6xHis-tag. Successful cloning of sdAb sequences replaced ccdB and the constructs were
amplified in E. coli MC1061. CAR T cell constructs were generated with the A8 sdAb
sequence and were cloned by ligation into the pTRIP-BFP-2a-scFvCD19-myc-41BB-CD3ζ-SBP
with the substitution of the scFvCD19 by A8 (pTRIP-BFP-2a-vHH-FGFR4-myc-41BB-CD3ζ-SBP).
The pTRIP-BFP-2a-scFvCD19-myc-41BB-CD3ζ-SBP was previously generated by gene synthesis of
the sequence composed of: Single peptide CD8α/Single-chain variable fragment against CD19/Myc
tag/CD8α hinge and transmembrane domain/Stimulatory domains 41BB and CD3ζ/Streptavidin
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binding peptide (SBP). This gene was cloned into the pTRIP-SFFV-tagBFP-2A kindly provided by
Nicolas Manel (Institut Curie, Paris, France) [52].

4.2. Cell Lines

The cell lines Rh4 (kindly provided by Peter Houghton, Research Institute at Nationwide Children’s
Hospital, Columbus, OH, USA), Rh30, HEK293ft, HEK293T (purchased from ATCC, LGC Standards
S.a.r.l, Molsheim, France) were maintained in DMEM supplemented with 10% FBS (both Sigma-Aldrich,
Buchs, Switzerland), 2 mM L-glutamine and 100 U/mL penicillin/streptomycin (both from Thermo
Fisher Scientific, Illkirch, France) at 37 ◦C in 5% CO2. RMS cell lines were tested and authenticated by
cell line typing analysis (STR profiling) in 2014/2015 and positively matched [53]. All cell lines tested
negative for mycoplasma.

4.3. Generation of CRISPR/Cas9 FGFR4 Knockout Cells

Rh4 FGFR4 knockout clones were generated via CRISPR/Cas9 technology. Complementary
single-strand oligonucleotides encoding the sgRNA sequence for FGFR4 knockout (TTGCACATA
GGGGAAACCGT) were annealed and cloned into the lentiCRISPRv2 puro vector (#98290, Addgene)
via Esp3I (ER0451, Thermo Fisher Scientific, Illkirch, France) restriction and T4 ligation (15224017,
Thermo Fisher Scientific, Illkirch, France). Lentiviral vectors were produced in HEK293T cells. The cells
were transiently transfected with pMDL, pREV, pVSV-G and the lentiCRISPRv2-sgFR4Ex14 using
JetPrime (Polyplus Transfection, Illkirch-Graffenstaden, France). After 24 h, medium was replaced,
and virus supernatant was harvested after additional 48 h. The supernatant was filtered, 20-fold
concentrated (Amicon Ultra 15, Merck Millipore, Schaffhausen, Switzerland; 4000× g, 15 min) and
stored at −80 ◦C. Transduction of RMS cells was performed with concentrated viral supernatant
in the presence of 10µg/mL polybrene (Merck Millipore, Schaffhausen, Switzerland). After 24 h,
medium was changed and puromycin selection at 1 µg/mL was started after 72 h and carried out
for 7 days. Single-cell cloning was performed with selected cells on 96-well plates and the FGFR4
knockout was confirmed on protein level by Western blotting. All experiments were performed with
the knockout clone #8.

4.4. Production of Lentiviral Vector for CAR T Cell Construction

Lentivirus particles were produced by co-transfection of the plasmid containing the genes of
interest (BFP-2a-scFvCD19/VHH-FGFR4-myc-41BB-CD3ζ-SBP), the packaging plasmid psPAX2 and
envelop plasmid pVSV-G into HEK293ft using the polyethyleneimine (PEI) precipitation protocol.
The cells were incubated at 37 ◦C with 5% CO2 and the supernatant was harvested after 48 h and 72 h,
pooled and filtered using a 0.45 µm filter. To concentrate the lentivirus particles, 20% sucrose in PBS was
applied to the filtered supernatant followed by centrifugation at 100,000× g for 1.5 h at 4 ◦C. The pellet
was recovered in 1 mL of freezing medium (DMEM complete medium + 0.1 mM β-mercaptoethanol
(Gibco, Thermo Fisher Scientific, Illkirch, France) and 1 mM HEPES (Gibco, Thermo Fisher Scientific,
Illkirch, France) and stored at −80 ◦C until use. Lentivirus titer was determined by flow cytometry
through the detection of fluorescent protein (mTagBFP) in HEK293ft cells 72 h after transduction.

4.5. T Cell Isolation and Transduction

Peripheral blood mononuclear cells (PBMCs) were recovered using the density gradient
Lymphoprep (StemCells, Grenoble, France). CD8+ T cells were isolated by negative selection using
the CD8+ T cell human isolation kit (Miltenyi Biotec, Paris, France). Isolated CD8+ T cells were then
cultured in X-VIVO medium (Lonza, Colmar, France) supplemented with 50 µM of β-mercaptoethanol
(Merck Millipore, Schaffhausen, Switzerland) and 5% human serum (Merck Millipore, Schaffhausen,
Switzerland) and activated using human T-activator CD3/CD28 Dynabeads (Gibco, Thermo Fisher
Scientific, Illkirch, France). Approximately 24 h after T cell activation, the T cells were transduced with
lentiviral particles mixed with 4 µg/mL of polybrene (Merck Millipore, Schaffhausen, Switzerland) at
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an MOI of 5 or higher. Two days after, the medium was exchanged and replaced by fresh medium
supplemented with 5 ng/mL recombinant human interleukin-2 (IL2; R&D Biosystem, Bio-Techne SAS,
Noyal Châtillon sur Seiche, France). The transduction efficiency was evaluated at day 6 or 7 after
transduction through the detection of mTagBFP expressing cells using flow cytometry. The healthy
adult blood donors (Saint-Louis Etablissement Français du sang (EFS) or Saint-Antoine Crozatier EFS
at Paris, France) consented to provide their blood for research purposes.

4.6. Phage Display Selection

Screening for FGFR4 binding sdAb was performed with biotinylated extracellular FGFR4
(G&P Biosciences, Santa Clara, CA, USA) in native condition as described [54] using Nali-H1 library [36]
composed of 3 × 109 synthetic humanized VHH and Gimli library [37] composed of 1.6 × 109 synthetic
human VH.

4.7. Protein Expression and Purification

Periplasmic expression of sdAb was performed in E. coli MC1061 harboring the pSB_init vector
enabling protein production with a C-terminal cysteine and 6xHis-tag. A 20 mL overnight pre-culture
grown in Terrific Broth medium (25 µg/mL Chloramphenicol) was diluted in 2000 mL fresh medium
and grown at 37 ◦C for 2 h. The temperature was then reduced to 25 ◦C and after 1 h protein expression
was induced with 0.02% L-arabinose. The bacterial culture was grown overnight at 25 ◦C and cells
were harvested by centrifugation (12,000× g, 15 min). Periplasmic protein extraction was performed
with the osmotic shock method. The cells were resuspended with 50 mL lysis buffer 1 (50 mM Tris/HCl,
pH 8.0, 20% sucrose, 0.5 mM EDTA, 5 µg/mL lysozyme, 2 mM DTT) and incubated for 30 min on
ice. After the addition of ice-cold lysis buffer 2 (PBS, pH 7.5, 1 mM MgCl2, 2 mM DTT), the cell
debris was harvested by centrifugation (3800× g, 15 min) and the protein-containing supernatant
was supplemented with a final concentration of 10 mM imidazole. Ten mL of Co2+-beads slurry
(HisPur Cobalt Resin, Thermo Fisher Scientific, Illkirch, France) were washed with wash buffer (PBS,
pH 7.5, 30 mM imidazole, 2 mM DTT) and the supernatant was added to the beads. After an incubation
of 1 h at 4 ◦C, the beads were washed with 20 mL wash buffer and bound protein was eluted with
20 mL elution buffer (PBS, pH 7.5, 300 mM imidazole, 2 mM DTT). Prior size exclusion chromatography
(SEC), with a Sepax SRT-10C SEC100 column (Sepax Technologies, Newark, DE, USA) equilibrated
with PBS, pH 7.5, 2 mM DTT, the protein elution was dialyzed overnight into PBS, pH 7.5, 2 mM DTT
and concentrated via spin filter centrifugation (Amicon Ultra 15, 3 kDa, Merck Millipore, Schaffhausen,
Switzerland).

4.8. Flow Cytometry

Binding validation of selected phages, recombinant sdAb and decorated liposomes was performed
on Rh4-FR4wt and Rh4-FR4ko cells. The specificity of selected phage clones binding to FGFR4 was
determined by flow cytometry in 96-well plates (BD Biosciences, Le Pont de Claix, France). Cell surface
staining of Rh4-FR4wt or Rh4-FR4ko cells was performed on ice in PBS supplemented with 1% FBS.
Eighty µL phages + 20 µL PBS/1% milk were incubated on 1 × 105 cells for 1 h on ice. After 2 washes in
PBS, phage binding was detected by a 1:250 dilution of anti-M13 antibody (27-9420-01; GE healthcare,
Buc, France) for 1 h on ice followed by a 1:400 dilution of A488-conjugated anti-Mouse antibody
(715-545-151; Jackson ImmunoResearch, Europe Ltd., Ely, UK) for 45 min. Samples were analyzed
after two washes by flow cytometry on a MACSQuant cytometer (Miltenyi, Biotec, Paris, France)
and results were analyzed with FlowJo software (BD Biosciences, Le Pont de Claix, France). Phages
displaying anti-mCherry sdAb were used as a negative control [36]. For binding tests of recombinant
sdAb, cells were detached with Accutase (Stemcell Technologies, Grenoble, France) and washed with
PBS. All following steps were performed on ice: 4 × 105 cells were incubated with sdAb concentrations
of 30 µg/mL for 1 h, washed once with PBS and incubated for an additional 30 min with anti-6xHis-tag
FITC-labeled antibody (LS-C57341, LSBioscience, LabForce. Muttenz, Switzerlnad, diluted 1:10).
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The cells were washed once more with PBS and analyzed. Targeting liposomes were added at 0.5 mM
final lipid concentration in complete medium to cells in 96-well plates and incubated for 2 h at 37 ◦C
and 5% CO2. The cells were washed twice with PBS and detached with Accutase. All flow cytometry
measurements were performed with Fortessa flow cytometer (BD Biosciences, Allschwil, Switzerland)
and the data were analyzed using FlowJoTM 10.4.1 software (Becton, Dickinson & Company, Franklin
Lakes, NJ, USA). Statistical analysis was performed with GraphPad Prism, version 8 (San Diego,
CA, USA). The statistical difference was assessed by paired t-test and p ≤ 0.05 was considered as
statistically significant.

4.9. FGFR4 Activation Assay

To test the effect of sdAb on FGFR4 activation, 6 × 104 Rh30-FR4wt and Rh30-FR4ko cells were
plated on 24-well plates. The next day, sdAb were added at 10 µM concentrations to the cells in
FBS-free medium and incubated for 1 h at 37 ◦C prior to stimulation with 50 nM recombinant human
FGF19 (Peprotech, Lubio science, Zurich, Switzerland) for 10 min. Cells were immediately washed
with ice-cold PBS and lysed in Tris/RIPA buffer (50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5%
Na-Deoxycholate, 0.1% SDS, 1 mM EGTA, with standard protease and phosphatase inhibitors). Total
cell extracts were then analyzed by Western blotting.

4.10. Western Blotting

SDS-PAGE samples were separated on 4–12% NuPAGE Bis-Tris gels (Thermo Fisher Scientific,
Illkirch, France) and blotted on Trans-Blot Turbo Transfer Blot membranes (Biorad, Cressier,
Switzerland). After blocking the membranes with blocking buffer (5% milk/TBST) for 1 h at room
temperature, the primary antibody was added at a 1:1000 dilution and incubated overnight at 4 ◦C.
The secondary HRP-conjugated antibody was diluted 1:10,000 in blocking buffer and added to the
washed membrane for 1 h at room temperature. Chemiluminescence was detected after incubation with
AmershamTM ECLTM detection reagent (GE Healthcare, Opfikon, Switzerland) or SuperSignalTM West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Illkirch, France) in a ChemiDocTM

Touch Imaging System (BioRad, Cressier, Switzerland). Primary antibodies used were p44/42 MAPK
ERK1/2 (#9102), phospho-p44/42 MAPK Thr202/Tyr204 (#9101), β-Tubulin D3U1W (#86298), FGF
Receptor 1 D8E4 (#9740) (all from Cell Signaling Technology, BioConcept, Allschwil, Switzerland), FGF
Receptor 2 C-17 (sc-122), FGF Receptor 3 B9 (sc-13121) and FGF Receptor 4 A-10 (sc-136988) (all from
Santa Cruz Biotechnology, LabForce, Muttenz, Switzerland). Secondary antibodies were anti-rabbit
IgG (#7074, Cell Signaling Technology, BioConcept, Allschwil, Switzerland) and anti-mouse IgG (#7076,
Cell Signaling Technology, BioConcept, Allschwil, Switzerland).

4.11. Surface Plasmon Resonance Spectroscopy

Single-cycle kinetics analysis was performed with the BIAcore T200 instrument (GE Healthcare,
Opfikon, Switzerland) on CMD200M sensor chips (XanTec bioanalytics GmbH) activated with a
mixture of 300 mM NHS (N-hydroxysuccinimide) and 50 mM EDC (N-ethyl-N’-(dimethylaminopropyl)
carbodiimide). Recombinant FGFR1, FGFR2, FGFR3 and FGFR4 (G&P Biosciences) were immobilized
on the activated biosensors (800 to 12,000 RU; 1 RU = 1 pg/mm2) followed by a blocking step with
1 M ethanolamine. One flow channel per chip was used as a reference to provide background
corrections. The sdAb were injected at 5 different concentrations followed by a dissociation phase.
All injections and washing steps were performed with TBST buffer. Koff-rates were determined from
a final dissociation step after the last injection. The measurements with FGFR4 were performed for
each sdAb on freshly immobilized protein due to strong binding and incomplete dissociation from
the surface. The immobilization flow rate was 5 µL/min and binding studies were performed at
30 µL/min. Binding parameters were determined with the heterogeneous ligand model fit of the
BIAevaluation software.
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4.12. Preparation of Fluorescently Labelled VCR-Loaded Liposomes

The production of liposomes and vincristine (VCR) loading was performed as described [21],
with minor modifications. Liposomes were produced with the film-hydration/extrusion method with
egg sphingomyelin (Lipoid GmbH, Ludwigshafen am Rhein, Germany), cholesterol (Sigma Aldrich,
Buchs, Switzerland), PEG-ceramide (N-palmitoyl-sphingosine-1-[succinyl [methoxyPEG-2000]]),
DSPE-PEG-maleimide (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene
glycol)-2000]) (both Avanti Polar Lipids, Alabaster, AL, USA) and DiR (1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindotricarbocyanine Iodide) (Thermo Fisher Scientific, Illkirch, France) at a ratio
of 49.8:45:4:1:0.2 mol%, respectively. The lipid film was hydrated with citrate buffer (250 mM, pH 3)
resulting in a multilamellar liposomal dispersion having 70 mM of total lipid concentration. Next,
six freeze-thaw cycles and ten extrusion steps with a LIPEX® Thermobarrel extruder (Evonik Nutrition
and Care GmbH, Essen, Germany) and a 100 nm pore-size polycarbonate membrane (Whatman,
Maidstone, UK) were performed. A transmembrane pH gradient was generated via gel exclusion
chromatography with PD MidiTrap™ Sephadex G-25 columns (GE Healthcare, Opfikon, Switzerland).
The columns were conditioned with coupling buffer (PBS, pH 7.0) and the eluted liposome suspensions
(14 mM) were used for VCR encapsulation. For a molar drug-to-lipid ratio of 0.05, 1 mL of liposomes
were mixed with 1 mL of 0.7 mM VCR (VincristineTeva, Teva Pharma AG, Basel, Switzerland) diluted
in coupling buffer and incubated for 1 h at 65 ◦C. Non-encapsulated VCR was removed via spin
filter centrifugation (Amicon Ultra 0.5, 100 kDa, Merck Millipore, Schaffhausen, Switzerland). Final
VCR-loaded liposomes preparations had a total lipid concentration of 11.2 mM.

4.13. Decoration of Liposomes with sdAb

For coupling of the sdAb to the liposomal surface, the buffer was exchanged to coupling buffer (PBS,
pH 7.0) with PD MiniTrap™ Sephadex G-25 columns (GE Healthcare, Opfikon, Switzerland). A sdAb
to lipid ratio of 0.4 nmol/µmol was chosen for the reaction, resulting in approximately 30 sdAb per
liposome, as described previously [48]. The reaction was incubated overnight at 4 ◦C and non-coupled
sdAb were removed by two steps of washing and filtration via spin filter centrifugation (Amicon Ultra
0.5, 100 kDa, Merck Millipore, Schaffhausen, Switzerland). The mean diameter and polydispersity
index (PDI) of liposomes were measured by dynamic light scattering (Litesizer 500, Buchs, Switzerland).
To estimate the amount of sdAb coupled to the liposomes, gel electrophoresis was performed with
labelled liposomes and defined amounts of the corresponding sdAb under denaturing and reducing
conditions. Sample separation, Western blotting and imaging were performed as described above with
anti-6xHis-tag antibody (ab 18184, Abcam, Cambridge, UK).

4.14. VCR Quantification

Quantification of VCR concentrations was performed via HPLC (Ultimate 3000 HPLC system
equipped with a DAD-3000 diode array detector, Thermo Fisher Scientific, Illkirch, France) with an
RP-18 (5 µm, 4.6 × 250 mm) LiChrospher® 100 column (Merck Millipore, Schaffhausen, Switzerland),
optimizing a previously reported method [21]. A calibration curve for VCR ranging from 890 µg/mL
to 13.9 µg/mL was prepared and liposome samples were disrupted with methanol for analysis.
Doxorubicin was mixed to all samples to a final concentration of 50 µg/mL, serving as an internal
standard. A di-potassium phosphate buffer (50 mM, pH 3.2) was used as mobile phase (68%) with a
mixture of acetonitrile/UPW 90/10 (v/v; 32%) for 30 min at a flow rate of 1.5 mL/min. For each sample,
a volume of 20 µL was injected. VCR and doxorubicin were detected at λ = 230 nm. Drug-loading
efficiency was determined by analyzing VCR concentrations in the spin-filter purified liposome
suspension and the aqueous flow-through. The encapsulation efficiency represented the percentage of
VCR in the liposome suspension compared to the combined amount of VCR from filtered liposomes
and flow-through.
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4.15. Confocal Microscopy

Detection of binding and internalization of fluorescent liposomes was performed on Rh4 wildtype
and Rh4-FGFR4-knockout cells via confocal laser scanning microscopy (CLSM-Leica SP8 inverse,
Heerbrugg, Switzerland). An amount of 40,000 cells were seeded in a four-well microscopy slide
(Falcon™ Chambered Cell Culture Slides, Fisher Scientific, Illkirch, France). The next day, targeted or
control liposomes were added to the cells at a final lipid concentration of 3 mM, and incubated for
2 h at 37 ◦C and 5% CO2. The wells were then washed twice with PBS and the cells were fixed for
15 min with 4% formaldehyde solution. After two further washing steps with PBS, the slides were
separated from the chamber case and mounted with DAPI-containing medium (VECTASHIELD®

Hardset Antifade Mounting Medium with Phalloidin, Vector Laboratories, Adipogen AG, Liestal,
Switzerland). Microscopy imaging was performed with 63x objective (HC PL APO CS2 63x/1.30)
and the lasers Diode405 and Diode638 for DAPI and DiR excitation, respectively. All images were
processed with ImageJ (v1.52s).

4.16. CAR T Cell Cytotoxicity Assays

Two methods were used to evaluate the cytotoxicity of T cells toward RMS cells. For the
bioluminescence assay, Rh4-FR4wt and Rh4-FR4ko cells were transduced with lentiviral particles
to express both mTagBFP and Red Firefly luciferase using a P2A fusion. In addition, a fluorogenic
reporter YFAST [55] fused to puromycin resistance gene was expressed using an EF1 promoter
(BFP-P2A-Luciferase-pEF1-YAST-Puromycin). Briefly, 4000 target cells were plated in a 96-well
ViewPlate Black (Perkin-Elmer, Villebon-sur-Yvette, France) in complete DMEM medium and effector
cells (CD8+ T cells) were added the next day at the indicated effector to target (E:T) ratios in X-VIVO
medium (2-fold volume compared to DMEM). After approximately 72 h of incubation at 37 ◦C and
5% CO2, the wells were washed twice with PBS and 1–2 mg/mL of luciferin substrate (Perkin Elmer,
Villebon-sur-Yvette, France) in PBS was added for 10 min (37 ◦C) prior to luminescence measurement
with FLUOstar OPTIMA (BMG LabTech, Champigny-sur-Marne, France). The percentage of cell
survival was calculated by taking the luminescence values for each point and dividing it by the
highest value of luminescence obtained. Real-time cell death measurements were performed with
the xCELLigence Real-Time Analyzer System (ACEA Biosciences, San Diego, CA, USA). Briefly,
10,000 target cells were plated in a 16-well E-plate (ACEA Biosciences, San Diego, CA, USA) in complete
DMEM medium and the next day the effector cells were added at indicated E:T ratios in X-VIVO
medium (2-fold volume compared to DMEM). Cell index (relative impedance) was monitored in
real-time every 15 min for about four days at 37 ◦C and 5% CO2.

5. Conclusions

We selected FGFR4-specific sdAb with inhibitory effects on receptor signaling, which allowed us
to develop an efficient drug-delivery platform for the treatment of FGFR4 positive tumors via targeted
liposomes. Moreover, we could achieve effective cell-mediated cytotoxicity with FGFR4-CAR T cells
in vitro. Therapies for RMS based on FGFR4 antibodies have been investigated pre-clinically with
promising results, either as antibody–drug conjugates (ADC) [56–58], or with the antigen-binding
domain grafted on chimeric antigen receptors (CARs) to generate CAR T cells [59]. With our work,
we show here a novel FGFR4-targeting based on sdAb by active drug delivery and T cell recruitment.
These tumor-targeting approaches could be further applied to other FGFR4-expressing tumors, such as
hepatocellular carcinomas, head and neck squamous cell carcinomas, and basal-like breast cancer.

6. Patents

N.A., S.M., Z.L.G., M.B. and F.P. filed on 20 May 2020 a European Patent Application number
EP20305535 entitled «Single-domain antibodies and their use in cancer therapies» to protect commercial
use of the antibodies described here.



Cancers 2020, 12, 3313 19 of 22

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3313/s1,
Figure S1: FGFR protein levels in Rh4 cells, Figure S2: Real-time cell analysis of Rh4-FR4wt and Rh4-FR4ko cells
growth, Figure S3 Original unmodified pictures of Western blot shown in Figure 2B, Figure S4: Purification of
recombinantly expressed sdAb, Figure S5: Surface plasmon resonance spectroscopy binding analysis of sdAb to
FGFR1, 2 and 3, Figure S6: SdAb-coupled liposomes on Rh4-FR4ko cells, Figure S7: Cytotoxicity of FGFR4 CAR T
cells towards RMS cells, Table S1: Affinity measurements of sdAb was performed via surface plasmon resonance
spectroscopy, Table S2: Affinity determination of sdAb A8 and B5 to FGFR2.

Author Contributions: N.A., S.M., Z.L.G., M.G., M.R., D.D., F.W. and G.M., acquired data. S.M., performed
phage display selection of sdAb candidates. Z.L.G., performed all CAR T cell experiments. M.G. and G.M. helped
N.A., with the protein production and purification. M.R., developed the formulation of VCR-loaded liposomes,
which was further developed by N.A., P.L. and M.B. D.D. and F.W., helped N.A. with the liposome production.
F.W. performed HPLC measurements. N.A., S.M., Z.L.G., F.W., P.L., F.P. and M.B., contributed to the analysis and
interpretation of data. N.A., S.M., Z.L.G., P.L., J.K.R., B.W.S., F.P. and M.B., made substantial contributions to the
conception, design and intellectual content of the paper. N.A., Z.L.G. and M.B., wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the “Krebsliga Zurich”, the “Werner und Hedy Berger-Janser Foundation”,
the “Kurt und Senta Hermann Foundation”, the “Olga Mayenfisch Foundation”, and by the “Hartmann Müller
Stiftung” (to MB); by the the “Bernese Foundation for Children and Adolescents with Cancer” (to JR). F. Perez
laboratory was funded by the Institut Curie, the Centre National de la Recherche Scientifique and the Institut
National du Cancer (2018-1-PL BIO-04-ICR-1) and Institut National du Cancer (INCa 2018-1-PL BIO-04-1).
The laboratory of F. Perez is part of Labex CelTisPhyBio (11-LBX-0038) and Idex Paris Sciences et Lettres
(ANR-10-IDEX-0001-02 PSL).

Acknowledgments: The authors wish to thank Jens Sobek (University of Zurich, Zurich, Switzerland) for
assistance with SPR experiments and analysis, Marcus Seeger (University of Zurich, Zurich, Switzerland) for
essential support with recombinant sdAb production and purification.

Conflicts of Interest: N.A., S.M., Z.G., F.P. and M.B. have filed a patent to protect the commercial use of these
data. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the
writing of the manuscript, or in the decision to publish the results.

References

1. Skapek, S.X.; Ferrari, A.; Gupta, A.A.; Lupo, P.J.; Butler, E.; Shipley, J.; Barr, F.G.; Hawkins, D.S.
Rhabdomyosarcoma. Nat. Rev. Dis. Prim. 2019, 5, 1–19. [CrossRef] [PubMed]

2. Hern, J.F.; Chen, L.; Chmielecki, J.; Wei, J.S.; Patidar, R.; Rosenberg, M.; Ambrogio, L.; Auclair, D.; Wang, J.;
Song, Y.K.; et al. Comprehensive Genomic Analysis of Rhabdomyosarcoma Reveals a Landscape of
Alterations Affecting a Common Genetic Axis in Fusion-Positive and Fusion-Negative Tumors. Cancer Discov.
2014, 4, 216–231. [CrossRef]

3. Van Gaal, J.C.; Van Der Graaf, W.T.A.; Rikhof, B.; Van Hoesel, Q.G.C.M.; Teerenstra, S.; Suurmeijer, A.J.H.;
Flucke, U.E.; Loeffen, J.L.C.M.; Sleijfer, S.; De Bont, E.S.J.M. The impact of age on outcome of embryonal and
alveolar rhabdomyosarcoma patients. A multicenter study. Anticancer Res. 2012, 32, 4485–4497. [PubMed]

4. Sultan, I.; Qaddoumi, I.; Yaser, S.; Rodriguez-Galindo, C.; Ferrari, A. Comparing Adult and Pediatric
Rhabdomyosarcoma in the Surveillance, Epidemiology and End Results Program, 1973 to 2005: An Analysis
of 2600 Patients. J. Clin. Oncol. 2009, 27, 3391–3397. [CrossRef] [PubMed]

5. Punyko, J.A.; Mertens, A.C.; Gurney, J.G.; Yasui, Y.; Donaldson, S.S.; Rodeberg, D.A.; Raney, R.B.; Stovall, M.;
Sklar, C.A.; Robison, L.L.; et al. Long-term medical effects of childhood and adolescent rhabdomyosarcoma:
A report from the childhood cancer survivor study. Pediatr. Blood Cancer 2005, 44, 643–653. [CrossRef]

6. Rodríguez-Nogales, C.; González-Fernández, Y.; Aldaz, A.; Couvreur, P.; Blanco-Prieto, M.J. Nanomedicines
for Pediatric Cancers. ACS Nano 2018, 12, 7482–7496. [CrossRef]

7. Li, Z.; Tan, S.; Li, S.; Shen, Q.; Wang, K. Cancer drug delivery in the nano era: An overview and perspectives.
Oncol. Rep. 2017, 38, 611–624. [CrossRef]

8. Kumari, P.; Ghosh, B.; Biswas, S. Nanocarriers for cancer-targeted drug delivery. J. Drug Target. 2015, 24,
179–191. [CrossRef]

9. Ferrari, M. Cancer nanotechnology: Opportunities and challenges. Nat. Rev. Cancer 2005, 5, 161–171.
[CrossRef]

10. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy:
Mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46,
6387–6392.

http://www.mdpi.com/2072-6694/12/11/3313/s1
http://dx.doi.org/10.1038/s41572-018-0051-2
http://www.ncbi.nlm.nih.gov/pubmed/30617281
http://dx.doi.org/10.1158/2159-8290.cd-13-0639
http://www.ncbi.nlm.nih.gov/pubmed/23060577
http://dx.doi.org/10.1200/JCO.2008.19.7483
http://www.ncbi.nlm.nih.gov/pubmed/19398574
http://dx.doi.org/10.1002/pbc.20310
http://dx.doi.org/10.1021/acsnano.8b03684
http://dx.doi.org/10.3892/or.2017.5718
http://dx.doi.org/10.3109/1061186X.2015.1051049
http://dx.doi.org/10.1038/nrc1566


Cancers 2020, 12, 3313 20 of 22

11. Jain, R.K. Transport of Molecules, Particles, and Cells in Solid Tumors. Annu. Rev. Biomed. Eng. 1999, 1,
241–263. [CrossRef] [PubMed]

12. Sindhwani, S.; Syed, A.M.; Ngai, J.; Kingston, B.R.; Maiorino, L.; Rothschild, J.; Macmillan, P.; Zhang, Y.;
Rajesh, N.U.; Hoang, T.; et al. The entry of nanoparticles into solid tumours. Nat. Mater. 2020, 19, 566–575.
[CrossRef]

13. Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal Formulations in Clinical Use: An Updated
Review. Pharmaceutics 2017, 9, 12. [CrossRef] [PubMed]

14. Shah, N.N.; Merchant, M.S.; Cole, D.E.; Jayaprakash, N.; Bernstein, D.; Delbrook, C.; Richards, K.;
Widemann, B.C.; Wayne, A.S. Vincristine Sulfate Liposomes Injection (VSLI, Marqibo®): Results From a
Phase I Study in Children, Adolescents, and Young Adults With Refractory Solid Tumors or Leukemias.
Pediatr. Blood Cancer 2016, 63, 997–1005. [CrossRef] [PubMed]

15. Gill, P.S.; Wernz, J.; Scadden, D.T.; Cohen, P.; Mukwaya, G.M.; Von Roenn, J.H.; Jacobs, M.; Kempin, S.;
Silverberg, I.; Gonzales, G.; et al. Randomized phase III trial of liposomal daunorubicin versus doxorubicin,
bleomycin, and vincristine in AIDS-related Kaposi’s sarcoma. J. Clin. Oncol. 1996, 14, 2353–2364. [CrossRef]

16. O’Brien, M.E.R.; Wigler, N.; Inbar, M.; Rosso, R.; Grischke, E.; Santoro, A.; Catane, R.; Kieback, D.G.;
Tomczak, P.; Ackland, S.P.; et al. Reduced cardiotoxicity and comparable efficacy in a phase IIItrial of
pegylated liposomal doxorubicin HCl(CAELYX™/Doxil®) versus conventional doxorubicin forfirst-line
treatment of metastatic breast cancer. Ann. Oncol. 2004, 15, 440–449. [CrossRef]

17. Roveri, M.; Bernasconi, M.; Leroux, J.-C.; Luciani, P. Peptides for tumor-specific drug targeting: State of the
art and beyond. J. Mater. Chem. B 2017, 5, 4348–4364. [CrossRef]

18. Kirpotin, D.B.; Drummond, D.C.; Shao, Y.; Shalaby, M.R.; Hong, K.; Nielsen, U.B.; Marks, J.D.; Benz, C.;
Park, J.W. Antibody Targeting of Long-Circulating Lipidic Nanoparticles Does Not Increase Tumor
Localization but Does Increase Internalization in Animal Models. Cancer Res. 2006, 66, 6732–6740. [CrossRef]

19. Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hammers, C.; Songa, E.B.;
Bendahman, N.; Hammers, R. Naturally occurring antibodies devoid of light chains. Nature 1993, 363,
446–448. [CrossRef]

20. Oliveira, S.; Heukers, R.; Sornkom, J.; Kok, R.J.; van Bergen En Henegouwen, P.M.P. Targeting tumors with
nanobodies for cancer imaging and therapy. J. Control. Release 2013, 172, 607–617. [CrossRef]

21. Roveri, M.; Pfohl, A.; Jaaks, P.; Alijaj, N.; Leroux, J.-C.; Luciani, P.; Bernasconi, M. Prolonged circulation
and increased tumor accumulation of liposomal vincristine in a mouse model of rhabdomyosarcoma.
Nanomedicine 2017, 12, 1135–1151. [CrossRef]

22. Zhao, P.; Caretti, G.; Mitchell, S.; McKeehan, W.L.; Boskey, A.L.; Pachman, L.M.; Sartorelli, V.; Hoffman, E.P.
Fgfr4 Is Required for Effective Muscle Regenerationin Vivo. J. Biol. Chem. 2006, 281, 429–438. [CrossRef]
[PubMed]

23. Marics, I.; Padilla, F.; Guillemot, J.-F.; Scaal, M.; Marcelle, C. FGFR4 signaling is a necessary step in limb
muscle differentiation. Development 2002, 129, 4559–4569.

24. Khan, J.; Wei, J.S.; Ringnér, M.; Saal, L.H.; Ladanyi, M.; Westermann, F.; Berthold, F.; Schwab, M.;
Antonescu, C.R.; Peterson, C.; et al. Classification and diagnostic prediction of cancers using gene
expression profiling and artificial neural networks. Nat. Med. 2001, 7, 673–679. [CrossRef] [PubMed]

25. Tiong, K.H.; Tan, B.S.; Choo, H.L.; Chung, F.F.-L.; Hii, L.-W.; Tan, S.H.; Khor, N.T.W.; Wong, S.F.; See, S.-J.;
Tan, Y.-F.; et al. Fibroblast growth factor receptor 4 (FGFR4) and fibroblast growth factor 19 (FGF19) autocrine
enhance breast cancer cells survival. Oncotarget 2016, 7, 57633–57650. [CrossRef] [PubMed]

26. Gao, L.; Lang, L.; Zhao, X.; Shay, C.; Shull, A.Y.; Teng, Y. FGF19 amplification reveals an oncogenic dependency
upon autocrine FGF19/FGFR4 signaling in head and neck squamous cell carcinoma. Oncogene 2018, 38,
2394–2404. [CrossRef]

27. Sawey, E.T.; Chanrion, M.; Cai, C.; Wu, G.; Zhang, J.; Zender, L.; Zhao, A.; Busuttil, R.W.; Yee, H.; Stein, L.;
et al. Identification of a Therapeutic Strategy Targeting Amplified FGF19 in Liver Cancer by Oncogenomic
Screening. Cancer Cell 2011, 19, 347–358. [CrossRef]

28. French, D.M.; Lin, B.C.; Wang, M.; Adams, C.; Shek, T.; Hötzel, K.; Bolon, B.; Ferrando, R.; Blackmore, C.;
Schroeder, K.; et al. Targeting FGFR4 Inhibits Hepatocellular Carcinoma in Preclinical Mouse Models.
PLoS ONE 2012, 7, e36713. [CrossRef]

29. June, C.H.; O’Connor, R.S.; Kawalekar, O.U.; Ghassemi, S.; Milone, M.C. CAR T cell immunotherapy for
human cancer. Science 2018, 359, 1361–1365. [CrossRef]

http://dx.doi.org/10.1146/annurev.bioeng.1.1.241
http://www.ncbi.nlm.nih.gov/pubmed/11701489
http://dx.doi.org/10.1038/s41563-019-0566-2
http://dx.doi.org/10.3390/pharmaceutics9020012
http://www.ncbi.nlm.nih.gov/pubmed/28346375
http://dx.doi.org/10.1002/pbc.25937
http://www.ncbi.nlm.nih.gov/pubmed/26891067
http://dx.doi.org/10.1200/JCO.1996.14.8.2353
http://dx.doi.org/10.1093/annonc/mdh097
http://dx.doi.org/10.1039/C7TB00318H
http://dx.doi.org/10.1158/0008-5472.CAN-05-4199
http://dx.doi.org/10.1038/363446a0
http://dx.doi.org/10.1016/j.jconrel.2013.08.298
http://dx.doi.org/10.2217/nnm-2017-0430
http://dx.doi.org/10.1074/jbc.M507440200
http://www.ncbi.nlm.nih.gov/pubmed/16267055
http://dx.doi.org/10.1038/89044
http://www.ncbi.nlm.nih.gov/pubmed/11385503
http://dx.doi.org/10.18632/oncotarget.9328
http://www.ncbi.nlm.nih.gov/pubmed/27192118
http://dx.doi.org/10.1038/s41388-018-0591-7
http://dx.doi.org/10.1016/j.ccr.2011.01.040
http://dx.doi.org/10.1371/journal.pone.0036713
http://dx.doi.org/10.1126/science.aar6711


Cancers 2020, 12, 3313 21 of 22

30. Gill, S.; Maus, M.V.; Porter, D.L. Chimeric antigen receptor T cell therapy: 25years in the making. Blood Rev.
2016, 30, 157–167. [CrossRef]

31. Kochenderfer, J.N.; Dudley, M.E.; Feldman, S.A.; Wilson, W.H.; Spaner, D.E.; Maric, I.; Stetler-Stevenson, M.;
Phan, G.Q.; Hughes, M.S.; Sherry, R.M.; et al. B-cell depletion and remissions of malignancy along with
cytokine-associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor–transduced T cells.
Blood 2012, 119, 2709–2720. [CrossRef] [PubMed]

32. Fry, T.J.; Shah, N.N.; Orentas, R.J.; Stetler-Stevenson, M.; Yuan, C.M.; Ramakrishna, S.; Wolters, P.; Martin, S.;
Delbrook, C.; Yates, B.; et al. CD22-targeted CAR T cells induce remission in B-ALL that is naive or resistant
to CD19-targeted CAR immunotherapy. Nat. Med. 2018, 24, 20–28. [CrossRef] [PubMed]

33. Ali, S.A.; Shi, V.; Maric, I.; Wang, M.; Stroncek, D.F.; Rose, J.J.; Brudno, J.N.; Stetler-Stevenson, M.;
Feldman, S.A.; Hansen, B.G.; et al. T cells expressing an anti–B-cell maturation antigen chimeric antigen
receptor cause remissions of multiple myeloma. Blood 2016, 128, 1688–1700. [CrossRef] [PubMed]

34. Majzner, R.G.; Theruvath, J.L.; Nellan, A.; Heitzeneder, S.; Cui, Y.; Mount, C.W.; Rietberg, S.P.; Linde, M.H.;
Xu, P.; Rota, C.; et al. CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent Preclinical
Activity Against Pediatric Solid Tumors and Brain Tumors. Clin. Cancer Res. 2019, 25, 2560–2574. [CrossRef]

35. Hegde, M.; Joseph, S.K.; Pashankar, F.; Derenzo, C.; Sanber, K.; Navai, S.; Byrd, T.T.; Hicks, J.; Xu, M.L.;
Gerken, C.; et al. Tumor response and endogenous immune reactivity after administration of HER2 CAR T
cells in a child with metastatic rhabdomyosarcoma. Nat. Commun. 2020, 11, 1–15. [CrossRef]

36. Moutel, S.; Bery, N.; Bernard, V.; Keller, L.; Lemesre, E.; De Marco, A.; Ligat, L.; Rain, J.-C.; Favre, G.;
Olichon, A.; et al. NaLi-H1: A universal synthetic library of humanized nanobodies providing highly
functional antibodies and intrabodies. eLife 2016, 5, e16228. [CrossRef]

37. Moutel, S.; Perez, F. Synthetic Single Domain Antibody. European Patent Application Number EP20305536,
20 May 2020.

38. Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010,
10, 116–129. [CrossRef]

39. Sapra, P.; Allen, T.M. Internalizing antibodies are necessary for improved therapeutic efficacy of
antibody-targeted liposomal drugs. Cancer Res. 2002, 62, 7190–7194.

40. Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric Antigen Receptor–Modified T Cells in
Chronic Lymphoid Leukemia. N. Engl. J. Med. 2011, 365, 725–733. [CrossRef]

41. Cao, L.; Yu, Y.; Bilke, S.; Walker, R.L.; Mayeenuddin, L.H.; Azorsa, D.O.; Yang, F.; Pineda, M.; Helman, L.J.;
Meltzer, P.S. Genome-Wide Identification of PAX3-FKHR Binding Sites in Rhabdomyosarcoma Reveals
Candidate Target Genes Important for Development and Cancer. Cancer Res. 2010, 70, 6497–6508. [CrossRef]

42. Vi, J.G.T.; Cheuk, A.T.; Tsang, P.S.; Chung, J.-Y.; Song, Y.K.; Desai, K.; Yu, Y.; Chen, Q.-R.; Shah, K.;
Youngblood, V.; et al. Identification of FGFR4-activating mutations in human rhabdomyosarcomas that
promote metastasis in xenotransplanted models. J. Clin. Investig. 2009, 119, 3395–3407. [CrossRef] [PubMed]

43. Sun, X.; Guo, W.; Shen, J.K.; Mankin, H.J.; Hornicek, F.J.; Duan, Z. Rhabdomyosarcoma: Advances in
Molecular and Cellular Biology. Sarcoma 2015, 2015, 1–14. [CrossRef] [PubMed]

44. Seki, M.; Nishimura, R.; Yoshida, K.; Shimamura, T.; Shiraishi, Y.; Sato, Y.; Kato, M.; Chiba, K.; Tanaka, H.;
Hoshino, N.; et al. Integrated genetic and epigenetic analysis defines novel molecular subgroups in
rhabdomyosarcoma. Nat. Commun. 2015, 6, 7557. [CrossRef] [PubMed]

45. Crose, L.E.; Etheridge, K.T.; Chen, C.; Belyea, B.; Talbot, L.J.; Bentley, R.C.; Linardic, C.M. FGFR4
blockade exerts distinct antitumorigenic effects in human embryonal versus alveolar rhabdomyosarcoma.
Clin. Cancer Res. 2012, 18, 3780–3790. [CrossRef] [PubMed]

46. Li, S.Q.; Cheuk, A.T.; Shern, J.F.; Song, Y.K.; Hurd, L.; Liao, H.; Wei, J.S.; Khan, J. Targeting Wild-Type and
Mutationally Activated FGFR4 in Rhabdomyosarcoma with the Inhibitor Ponatinib (AP24534). PLoS ONE
2013, 8, e76551. [CrossRef]

47. Helsten, T.; Schwaederle, M.; Kurzrock, R. Fibroblast growth factor receptor signaling in hereditary and
neoplastic disease: Biologic and clinical implications. Cancer Metastasis Rev. 2015, 34, 479–496. [CrossRef]

48. Oliveira, S.; Schiffelers, R.M.; Van Der Veeken, J.; Van Der Meel, R.; Vongpromek, R.;
van Bergen en Henegouwen, P.M.P.; Storm, G.; Roovers, R.C. Downregulation of EGFR by a novel multivalent
nanobody-liposome platform. J. Control. Release 2010, 145, 165–175. [CrossRef]

http://dx.doi.org/10.1016/j.blre.2015.10.003
http://dx.doi.org/10.1182/blood-2011-10-384388
http://www.ncbi.nlm.nih.gov/pubmed/22160384
http://dx.doi.org/10.1038/nm.4441
http://www.ncbi.nlm.nih.gov/pubmed/29155426
http://dx.doi.org/10.1182/blood-2016-04-711903
http://www.ncbi.nlm.nih.gov/pubmed/27412889
http://dx.doi.org/10.1158/1078-0432.CCR-18-0432
http://dx.doi.org/10.1038/s41467-020-17175-8
http://dx.doi.org/10.7554/eLife.16228
http://dx.doi.org/10.1038/nrc2780
http://dx.doi.org/10.1056/NEJMoa1103849
http://dx.doi.org/10.1158/0008-5472.CAN-10-0582
http://dx.doi.org/10.1172/JCI39703
http://www.ncbi.nlm.nih.gov/pubmed/19809159
http://dx.doi.org/10.1155/2015/232010
http://www.ncbi.nlm.nih.gov/pubmed/26420980
http://dx.doi.org/10.1038/ncomms8557
http://www.ncbi.nlm.nih.gov/pubmed/26138366
http://dx.doi.org/10.1158/1078-0432.CCR-10-3063
http://www.ncbi.nlm.nih.gov/pubmed/22648271
http://dx.doi.org/10.1371/journal.pone.0076551
http://dx.doi.org/10.1007/s10555-015-9579-8
http://dx.doi.org/10.1016/j.jconrel.2010.03.020


Cancers 2020, 12, 3313 22 of 22

49. Caruso, H.G.; Hurton, L.V.; Najjar, A.; Rushworth, D.; Ang, S.; Olivares, S.; Mi, T.; Switzer, K.; Singh, H.;
Huls, H.; et al. Tuning Sensitivity of CAR to EGFR Density Limits Recognition of Normal Tissue While
Maintaining Potent Antitumor Activity. Cancer Res. 2015, 75, 3505–3518. [CrossRef]

50. Walker, A.J.; Majzner, R.G.; Zhang, L.; Wanhainen, K.; Long, A.H.; Nguyen, S.M.; Lopomo, P.; Vigny, M.;
Fry, T.J.; Orentas, R.J.; et al. Tumor Antigen and Receptor Densities Regulate Efficacy of a Chimeric Antigen
Receptor Targeting Anaplastic Lymphoma Kinase. Mol. Ther. 2017, 25, 2189–2201. [CrossRef]

51. Geertsma, E.R.; Dutzler, R. A Versatile and Efficient High-Throughput Cloning Tool for Structural Biology.
Biochemistry 2011, 50, 3272–3278. [CrossRef]

52. Gentili, M.; Kowal, J.; Tkach, M.; Satoh, T.; Lahaye, X.; Conrad, C.; Boyron, M.; Lombard, B.; Durand, S.;
Kroemer, G.; et al. Transmission of innate immune signaling by packaging of cGAMP in viral particles.
Science 2015, 349, 1232–1236. [CrossRef] [PubMed]

53. Hinson, A.R.P.; Ejones, R.; Crose, L.E.S.; Belyea, B.C.; Barr, F.G.; Linardic, C.M. Human Rhabdomyosarcoma
Cell Lines for Rhabdomyosarcoma Research: Utility and Pitfalls. Front. Oncol. 2013, 3, 183. [CrossRef]
[PubMed]

54. Nizak, C.; Moutel, S.; Goud, B.; Perez, F. Selection and Application of Recombinant Antibodies as Sensors of
Rab Protein Conformation. Methods Enzymol. 2005, 403, 135–153. [CrossRef]

55. Plamont, M.A.; Billon-Denis, E.; Maurin, S.; Gauron, C.; Pimenta, F.M.; Specht, C.G.; Shi, J.; Querard, J.;
Pan, B.; Rossignol, J.; et al. Small fluorescence-activating and absorption-shifting tag for tunable protein
imaging in vivo. Proc. Natl. Acad. Sci. USA 2016, 113, 497–502. [CrossRef] [PubMed]

56. Meyer, M.J.; Jenkins, D.; Batt, D.; Mosher, R.; Isaacs, R.; Hu, T.; Capka, V.; Zhang, X.; Chen, D.; Tang, L.;
et al. Abstract 1680: In vitro and in vivo activity of a highly potent and novel FGFR2/FGFR4 dual targeting
antibody-drug conjugate. Cancer Res. 2015, 75, 1680. [CrossRef]

57. Baskar, S.; Shivaprasad, N.; Zhu, Z.; Dimitrov, D.; Sigrist, M.; Sorensen, P.; Yohe, M.; Shern, J.; Maris, J.;
Mackall, C.; et al. Abstract 2488: FGFR4 as a potential therapeutic target for monoclonal antibody based
intervention in rhabdomyosarcoma. Cancer Res. 2015, 75, 2488. [CrossRef]

58. Baskar, S. Abstract 4996: Targeting FGFR4 with monoclonal antibodies as therapeutic agents for the treatment
of rhabdomyosarcoma. Cancer Res. 2016, 76, 4996. [CrossRef]

59. Shivaprasad, N.; Xiong, Y.; Yohe, M.; Schneider, D.; Shern, J.; Baskar, S.; Dimitrov, D.; Sorenson, P.; Orentas, R.;
Khan, J. Developing FGFR4 chimeric antigen receptor CAR T cell therapy against rhabdomyosarcoma.
Mol. Ther. 2016, 24, S257–S258. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/0008-5472.CAN-15-0139
http://dx.doi.org/10.1016/j.ymthe.2017.06.008
http://dx.doi.org/10.1021/bi200178z
http://dx.doi.org/10.1126/science.aab3628
http://www.ncbi.nlm.nih.gov/pubmed/26229115
http://dx.doi.org/10.3389/fonc.2013.00183
http://www.ncbi.nlm.nih.gov/pubmed/23882450
http://dx.doi.org/10.1016/s0076-6879(05)03012-0
http://dx.doi.org/10.1073/pnas.1513094113
http://www.ncbi.nlm.nih.gov/pubmed/26711992
http://dx.doi.org/10.1158/1538-7445.AM2015-1680
http://dx.doi.org/10.1158/1538-7445.Am2015-2488
http://dx.doi.org/10.1158/1538-7445.Am2016-4996
http://dx.doi.org/10.1016/S1525-0016(16)33457-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phage Display Selection of FGFR4-Specific sdAb 
	Recombinant sdAb Bind to FR4wt RMS Cells But Not to FR4ko RMS Cells 
	Selected Recombinant Single-Domain Antibodies Inhibit FGFR4 Signaling 
	Single-Domain Antibodies Bind to FGFR4 with High Affinity 
	Preparation and Characterization of VCR-Loaded Targeting Liposomes 
	FGFR4-Targeted Liposomes Bind Specifically to FGFR4 Positive RMS Cells and Are Internalized 
	Cytotoxicity of FGFR4-CAR T Cells Targeting RMS Cells 

	Discussion 
	Materials and Methods 
	Plasmids and Cloning 
	Cell Lines 
	Generation of CRISPR/Cas9 FGFR4 Knockout Cells 
	Production of Lentiviral Vector for CAR T Cell Construction 
	T Cell Isolation and Transduction 
	Phage Display Selection 
	Protein Expression and Purification 
	Flow Cytometry 
	FGFR4 Activation Assay 
	Western Blotting 
	Surface Plasmon Resonance Spectroscopy 
	Preparation of Fluorescently Labelled VCR-Loaded Liposomes 
	Decoration of Liposomes with sdAb 
	VCR Quantification 
	Confocal Microscopy 
	CAR T Cell Cytotoxicity Assays 

	Conclusions 
	Patents 
	References

