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Abstract: Fibroblast growth factor receptors (FGFRs) are attractive candidate cancer therapy
targets as they are overexpressed in multiple types of tumors, such as breast, prostate, bladder, and
lung cancer. In this study, a natural ligand of FGFR, an engineered variant of fibroblast growth
factor 1 (FGF1,)), was conjugated to a potent cytotoxic drug, monomethyl auristatin E (MMAE),
and used as a targeting agent for cancer cells overexpressing FGFRs, similar to antibodies in
antibody—drug conjugates. The FGF1, ~valine—citrulline-MMAE conjugate showed a favorable
stability profile, bound FGFRs on the cell surface specifically, and efficiently released the drug
(MMAE) upon cleavage by the lysosomal protease cathepsin B. Importantly, the conjugate showed
a prominent cytotoxic effect toward cell lines expressing FGFR. FGF1, ~veMMAE was highly
cytotoxic at concentrations even an order of magnitude lower than those found for free MMAE.
This effect was FGFR-specific as cells lacking FGFR did not show any increased mortality.
Keywords: fibroblast growth factor 1, FGF receptor, targeted cancer therapy, cytotoxic con-
jugates, FGFR-dependent cancer, MMAE, auristatin

Introduction
Targeted therapy is currently the most promising strategy in cancer treatment owing
to its high specificity and minimal side effects. In this approach, malignant cells are
distinguished from normal tissue by application of a targeting agent which recognizes
precisely and selectively cell surface components that are upregulated only in the tumor
cells. Antibodies are most frequently used to recognize specific macromolecules on
cancer cells and deliver directly a potent cytotoxic drug attached covalently.'* Recent
laboratory studies and clinical trials have demonstrated that such antibody—drug con-
jugates (ADCs) can be considered the next generation of targeted therapy, with two
of them already approved by the US Food and Drug Administration for clinical use
and 38 in different phases of clinical trials.>¢

While the main advantage of antibodies is their high specificity in recognizing cell
surface markers, other molecules, such as natural ligands of upregulated receptors,
exhibit a similar feature and could be considered as an alternative vehicle for directing
anticancer drugs. For example, all four fibroblast growth factor receptors (FGFRs)
have been reported to be overexpressed in numerous human tumors, such as breast,
lung, thyroid, and gastric cancers.” '? Their natural ligands are 18 species of secreted
fibroblast growth factors that bind to individual receptors with different affinities.

Among the fibroblast growth factors, only fibroblast growth factor 1 (FGF1)
exhibits high affinity for all four receptors.”® Thus, it seems an attractive delivery
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molecule for specific targeting of FGFR-expressing cells and
should be an effective targeting agent against diverse tumor
types. Notably, FGF1 is efficiently internalized by cells in a

receptor-dependent manner,'+16

which ensures effective drug
delivery across the cell membrane. As FGF1 binding acti-
vates FGFRs and initiates downstream signaling pathways
leading to cell proliferation, it should thereby sensitize cells
to the action of an antiproliferative drug delivered with it.
Here, we present a strategy for destroying cancer cells
overexpressing FGFRs by using an engineered variant of
FGF1 fused with a highly cytotoxic agent, monomethyl
auristatin E (MMAE). Our results show that the cytotoxic
effect of auristatin E fused to the growth factor prevails over
the FGF1 mitogenic activity, while FGF1 ensures highly
selective delivery to FGFR-expressing cells only, leading to an
excellent targeted toxicity of the growth factor conjugate.

Experimental procedures
Recombinant FGFI,, expression

and purification

The FGF1 variant described earlier designed for efficient
chemical conjugation (FGF1,)) was expressed and purified
as described before.'” FGF1,, is a truncated human FGF1
(residues 21-154) with three point mutations increasing its
stability (Q40P, S471, H93G) and an N-terminal four-amino-
acid linker (CGGG).

FGFI, ~vcMMAE conjugate preparation
FGF1, solution (30 uM) in 25 mM phosphate buffer, pH 7.4,
and 100 mM NaCl was reduced with 1 mM TCEP for 20 min-
utes at room temperature, desalted with a Zeba spin column
(Thermo Fisher Scientific, Waltham, MA, USA), and added to
a CH,CN solution of linker-functionalized MMAE (veMMAE)
containing a maleimide moiety, and the conjugation was car-
ried out at 4°C. There was a two- to fivefold molar excess of
the drug over the FGF1,, N-terminal —SH group. The reaction
was quenched after 16 hours with an excess of free cysteine.
Different reaction conditions and durations were tested in order
to achieve optimum conjugation efficiency with protein struc-
ture and function retained. Reaction progress was monitored
by SDS-PAGE and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS).

To purify the conjugate, unmodified FGF1, was
removed by hydrophobic interaction chromatography on
phenyl-Sepharose (GE Healthcare, Chicago, IL, USA).
The conjugation reaction mixture was loaded on a phenyl-
Sepharose column equilibrated in 25 mM Tris-HCI, pH 7.4,
and 2 M NaCl, and FGF1, ~vcMMAE was eluted with a linear

gradient of decreasing salt concentration (from 0% to 100%
of 25 mM Tris-HCI, pH 7.4, 0.1 M NacCl). Identity and purity
of conjugated FGF1,—~vcMMAE were confirmed by SDS-
PAGE, Western blotting, and MALDI-TOF MS.

Proteolytic digestion of FGFI ~vcMMAE
conjugate

Recombinant cathepsin B was purchased from Sino Biological
(Beijing, People’s Republic of China). Digestion was carried
outat37°C, pH 5.2, and 1:200 protease-to-FGF1 ratio. Reac-
tion products were separated by SDS-PAGE and visualized
by Instant Blue staining.

Mass spectrometry

Single and multiple FGF1,, modifications with veMMAE
were detected by MALDI-TOF MS using an Applied Bio-
systems AB 4800+ spectrometer (Thermo Fisher Scientific),
with o-cyano-4-hydroxycinnamic acid as a matrix.

Biophysical characterization of
FGFI ,~vcMMAE conjugate

To determine the folded state of conjugated FGF1,, trypto-
phan fluorescence spectra were acquired using an FP-750
spectrofluorimeter (Jasco, Easton, MD, USA) with excitation
at 280 nm and emission in the 300—450 nm range, at a pro-
tein concentration of 2x10~° M in 25 mM sodium phosphate
buffer, pH 7.3.

Thermal denaturation of FGF1, ~v¢cMMAE conjugate
was monitored by ellipticity changes at 227 nm using a Jasco
J715 spectropolarimeter equipped with a Peltier cell holder.
The denaturation measurements were performed in 25 mM
sodium phosphate buffer, pH 7.3, with 0.7 M GdmCl and at a
protein concentration of 2x107¢ M. The temperature increase
rate was 0.25°C/minute. Thermodynamic data were analyzed
using PeakFit software (Systat Sotfware, San Jose, CA, USA),
assuming a two-state reversible equilibrium transition.

Cell culture

BJ cells (human fibroblasts, ATCC #CRL-2522) were grown
in Quantum 333 medium (GE Healthcare), and NIH 3T3
cells (murine embryonic fibroblasts, ATCC #CRL-1658)
were grown in Quantum 333 medium supplemented with 2%
bovine serum (Thermo Fisher Scientific). MDA-MB-134-VI
cells (human mammary gland ductal carcinoma, ATCC
#HTB-23) were grown in L15 medium (Sigma-Aldrich Co.,
St Louis, MO, USA) with 20% fetal bovine serum (Thermo
Fisher Scientific), and U20S cells (human osteosarcoma,
ATCC #HTB-96) in Dulbecco’s Modified Eagle’s Medium
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(Thermo Fisher Scientific) containing 10% fetal bovine
serum. All media were supplemented with 1% penicillin/
streptomycin mix (Thermo Fisher Scientific). Cells were
seeded into tissue culture plates the day preceding the start of
experiments. BJ, NIH 3T3, and U20S cells were cultured at
37°Cina 5% CO, atmosphere, and MDA-MB-134-VI cells
at 37°C in the absence of CO,. U20S cells stably transfected
with FGFR1 (U20S FGFR1) were a kind gift of Dr Ellen M.
Haugsten (Norwegian Radium Hospital, Oslo, Norway).

Cell viability assays

Cells grown on 96-well culture plates (5,000 cells/well) were
treated in the presence of heparin (10 U/mL) with FGF1,,
FGF1,~vcMMAE, or veMMAE alone. After 24, 48, 72, or
96 hours of incubation, alamarBlue (Thermo Fisher Scientific)
was added (1/10 of culture volume) and after 4 hours, forma-
tion of a fluorescent reduced form of the dye was measured
on a Spectra Max Gemini XS (Molecular Devices LLC,
Sunnyvale, CA, USA) fluorescence plate reader.

Activation of FGFI signaling pathways
Serum-starved NIH 3T3 cells were stimulated for 15 minutes
with 1, 10, or 100 ng/mL FGF1,, or FGF1,~vcMMAE in the
presence of heparin (10 U/mL). The cells were then washed
with PBS, lysed with SDS sample buffer, and sonicated.
Total cell lysates were subjected to SDS-PAGE separation
and Western blot analysis with anti-phospho-Erk1,2 kinase
antibody (Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-FGFR antibody (Cell Signaling Technology),
and anti-y-tubulin antibody (Sigma-Aldrich) as a loading
control. Horseradish peroxidase-conjugated secondary anti-
bodies and a chemiluminescent substrate (Thermo Fisher
Scientific) were used for visualization in a ChemiDoc station
(Bio-Rad Laboratories Inc., Hercules, CA, USA). The intensi-
ties of detected bands were quantified based on Western blot
densitometry, performed by ImageLab software (Bio-Rad
Laboratories Inc.).

FGFRI expression levels

Cell lysates of BJ, MDA-MB-134-VI, U20S, and U20S
FGFR1 were separated by SDS-PAGE and analyzed by
Western blot with anti-FGFR1 antibodies (Santa Cruz Bio-
technology Biotechnology Inc., Dallas, TX, USA) and anti-
v-tubulin antibody (Sigma-Aldrich) as a loading control.

AnnexinV staining and FACS analysis
MDA-MB-134-VI and U20S R1 cells were stained
with annexin V-FITC Apoptosis Detection Kit (APOAF,

Sigma-Aldrich) and analyzed on FACSCalibur flow cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA), in
duplicates. Data analysis was performed with WinMDI 2.8
software (freeware by Joseph Trotter).

Quantitative real time PCR

Total RNA from each cell line was extracted using the Univer-
sal RNA Purification kit (EurX) and purified RNA was digested
with DNase (Thermo Fisher Scientific) to remove any traces
of genomic DNA contamination. RNA integrity was assessed
using RNA 6000 Nano chip and Agilent 2100 BioAnalyzer and
subjected to reverse transcription using RevertAid™ Premium
cDNA Synthesis Kit (Thermo Fisher Scientific). Oligo (dT),,
primer and random hexamer primer were used for first-strand
cDNA synthesis. Gene-specific primer pairs for quantitative
PCR were obtained from Real Time Primers LLC (Elkins
Park, PA, USA). Quantitative real-time PCR was performed
using Agilent Mx3005P QPCR System with Brilliant [Il SYBR
Green Master mix (Agilent Technologies, Santa Clara, CA,
USA). Levels of target genes were normalized to HPRT1
gene. Experiments were carried out in duplicate for each
experimental condition. Data were analyzed with Stratagene
MX Pro software (Agilent Technologies).

Results
Design of the FGFI, ~vcMMAE conjugate

To test whether FGF1 can be effectively used as a targeting
factor alternatively to the commonly applied antibodies, we
conjugated a potent cytotoxic drug, MMAE, to a modified
FGF1 molecule. As wild-type FGF1 suffers from relatively
poor stability, is susceptible to protease degradation, and
exhibits rather unfavorable pharmacological properties, we
used the engineered human FGF1 multiple mutant (FGF1,)
described earlier.'” FGF1,, is a truncated human FGF1 devoid
of 21 N-terminal residues and containing three point mutations
(Q40P, S471, and H93G) increasing its stability by ~20°C in
terms of the denaturation temperature.' In addition, FGF1,,
contains the C1178S substitution eliminating a solvent-exposed
cysteine (detailed below)," and a four-amino acid linker at
the N-terminus containing a free thiol group for conjugation
(CGGQG). This variant gives us the advantage of superior
stability of the targeting protein coupled with the presence
of a single solvent-accessible thiol group at the N-terminus
allowing site-specific chemical conjugation (Figure 1).

The cytotoxic payload of our choice was a highly potent
analog of auristatin (MMAE), a tubulin polymerization
inhibitor. MMAE has been successfully used in many ADC
approaches, with one (brentuximab vedotin, Adcetris®)
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maleimide valine—citrulline linker

MMAE

Figure | FGFI ~vcMMAE conjugate.

Lysosomal cathepsin B cleavage site

Note: Scheme of the FGFI ~vcMMAE conjugate with a valine—citrulline linker designed to be specifically cleaved by lysomal protease cathepsin B.
Abbreviations: FGFI,, fibroblast growth factor | variant; FGFR, fibroblast growth factor receptor; MMAE, monomethyl auristatin E; veMMAE, valine—citrulline monomethyl

auristatin E.

already approved by the US Food and Drug Administration
for clinical use.? MMAE is a classical example of a cytotoxic
drug so strong that it can only be used coupled to a targeting
agent, with general side effects too severe to permit its admin-
istration as a classical single-agent chemotherapeutic.?'%
As in the case of brentuximab vedotin, in our study, specific
release of the cytotoxic drug is additionally ensured by the
presence of a cleavable dipeptide (valine—citrulline) linker
between the targeting agent and the drug (Figure 1). The
linker is designed to be stable in the plasma and only cleaved
upon internalization of the ADC into the cell, thereby specifi-
cally releasing the drug inside tumor cells rather than into
the circulation.”** The valine—citrulline-MMAE moiety is
abbreviated henceforth as veMMAE.

FGFI, ~vcMMAE conjugation

We optimized the FGF1, ~vcMMAE conjugation reaction
toward a site-specific modification of the N-terminal cysteine
to avoid undesired modification of the two remaining buried
cysteines, which could lead to protein unfolding and a loss
of receptor binding activity.

Among the initially tested conjugation conditions adapted
from available ADC preparation protocols,>?” none yielded
a singly modified FGF1,.. To evaluate the level of modifica-
tion, number of veMMAE molecules attached, and folded
state of the protein, we applied electrophoretic separation,
mass spectrometry, and fluorescence measurements, respec-
tively (Figure 2). Tryptophan fluorescence is an elegant tool
to monitor the FGF1,, folded state, as its single tryptophan
residue (Trp107) is quenched in the native protein, and upon
unfolding its fluorescence increases strongly.?® According to

these evaluations, most conjugation reactions yielded a mix-
ture of singly, doubly, and triply coupled FGF1,, (Figure 2A
and B), which were difficult to separate from each other and
showed spectral characteristics of a misfolded protein.

As heparin and heparan sulfates show protective effects for
FGF1, we tested whether heparin use could help in developing
successful conjugation conditions. The heparin binding site
in FGF1 is distant from the N-terminal cysteine; thus, there
should be no steric hindrance caused by veMMAE attachment.
Indeed, in the presence of heparin, singly modified FGF1 was
obtained without any modification of the two buried cysteines
(Figure 2C). Unfortunately, the reaction yield remained low
even after several optimization attempts. Only ~15% of the
protein could be modified with veMMAE. We decided not to
use the native-exposed Cys117 residue of FGF1 for veMMAE
conjugation, as it is not efficiently modified with auristatin E at
low temperature (4°C) and we observed protein unfolding upon
the reaction with veMMAE at room temperature (Figure 2D).

We tested diverse chromatographic approaches to
separate FGF1 ~vcMMAE from unmodified FGF1,,. As the
molecular weights of FGF1, and FGF1,~vcMMAE differ by
only 1.3 kDa (15.5 and 16.8 kDa), their separation with size
exclusion chromatography is virtually impossible. Similarly,
we failed to remove unmodified FGF1 using thiol-Sepharose,
taking advantage of the free cysteine in the nonconjugated
protein. However, we succeeded in separating unmodified
FGF1 using hydrophobic interaction chromatography on
phenyl-Sepharose, taking advantage of the higher hydro-
phobicity of the veMMAE-containing protein. The obtained
FGF1,~v¢MMAE conjugate preparation was more than 95%
pure and virtually free from unconjugated FGF1,,.
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Figure 2 FGFI ~vcMMAE conjugation.

Notes: (A-C) Electrophoretic separation (left), MALDI-MS spectra (center), and FGFI tryptophan fluorescence spectra (right) of conjugation reactions performed in
different conditions and yielding a mixture of unmodified, singly, doubly, and triply labeled FGFI, in different proportions. (D) Endogenous Cys| 17 of FGFI is not efficiently
modified with veMMAE at 4°C. FGFI _, , is a variant used with the stabilizing mutations and N-terminal linker (Cys| 17 was not mutated).

Abbreviations: CR, conjugation reaction sample; FGFI,, fibroblast growth factor | variant; M, molecular weight marker; MALDI-MS, matrix-assisted laser desorption-mass

spectrometry; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; veMMAE, valine—citrulline monomethyl auristatin E.
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Characterization of FGFI ~vcMMAE
conjugate

To evaluate whether the attachment of veMMAE to the
N-terminus of FGF1,, had any influence on the protein tertiary
structure or stability, we obtained fluorescence spectra of
purified FGF1,~veMMAE. Due to the fact that the intrinsic
vcMMAE fluorescence in the 300-450 nm range (with
excitation at 280 nm) is negligible, the protein fluorescence
in this range can be measured. FGF1,, modified with one
vcMMAE molecule remained folded, whereas attachment of
two or three veMMAE molecules led to protein unfolding,
as evidenced by increased Trp107 fluorescence (Figure 2),
suggesting that the internal cysteines could also be modified
bringing about the unfolding.

Similarly, we assessed whether the stability of FGF1,,
was affected by the conjugation. Thermal denaturation of
the FGF1 ~vcMMAE conjugate was monitored by circular
dichroism (Figure 3A). The denaturation temperature of the
conjugate was similar to that of FGF1,, 58.7°C compared
to 59.4°C, respectively. The denaturation temperature for

FGF1,, estimated previously based on tryptophan fluores-
cence changes (60.9°C)'” was also similar to the one obtained
in this study. Clearly, conjugation of veMMAE with the
introduced N-terminal cysteine in FGF1,, does not impair
proper protein folding, and the conjugate’s high stability
enables its use in cell culture and in vivo assays.

The valine—citrulline linker used in this study was
designed to be specifically cleaved by cathepsin B upon con-
jugate internalization into the lysosomal compartment.? To
check whether the linker behaves as expected, we subjected
FGF1,~vcMMAE to proteolytic cleavage with cathepsin B
in vitro, which confirmed that the linker is cleaved efficiently
(Figure 3B). It can be noted that the minuscule molecular
weight shift upon the valine—citrulline linker cleavage and
veMMAE removal could be detected by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
veMMAE was released from the conjugate with a specific
activity of cathepsin B ~430 nmol/min/mg, similar to the
antibody conjugates with the valine—citrulline linker, sug-
gesting that the drug release after internalization would be

A £
3 L
3
° 1.0
Q_ -
B 08
E -
e 06 — FGF1,
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s
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Figure 3 FGFI ~vcMMAE conjugate characteristics.

Notes: (A) Normalized thermal denaturation curve of FGFI,~vcMMAE conjugate and unconjugated FGFI, monitored by ellipticity changes. (B) In vitro cathepsin B cleavage
of FGFI ~vcMMAE conjugate. FGF |, ~vcMMAE was digested with cathepsin B at 37°C, pH 5.2 and 1:200 protease-to-FGF| ratio. (C) Biological activity of FGFI ~vcMMAE and
unconjugated FGFI,. Activation of signaling cascades in NIH 3T3 cells after incubation with increasing concentrations of FGFI, or FGFI,~v¢cMMAE detected with Western
blot analysis. FGFI,~vcMMAE activation of FGFR was quantified to be 80% of unconjugated FGFI, at 10 ng/mL.

Abbreviations: FGFIV, fibroblast growth factor | variant; FGFR, fibroblast growth factor receptor; veMMAE, valine—citrulline monomethyl auristatin E.
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effective enough.” Unconjugated FGF1,, was not digested by
cathepsin B within the time span studied (Figure 3B).

Finally, we evaluated the biological activity of the
FGF1,~vcMMAE conjugate. The conjugate stimulated the
same signaling pathways in NIH 3T3 cells (murine fibro-
blasts) as did unmodified FGF1,, as detected by Western blot
analysis, although it showed slightly lower specific activity
(Figure 3C). This indicates unimpaired FGFR binding of the
conjugated proteins.

Effect of FGFI,~vcMMAE on FGFR-

expressing cells

We evaluated the cytotoxic effect of the FGF1,~vcMMAE
conjugate on FGFR-expressing cells, including a model
human fibroblast cell line, BJ. In addition to BJ cells that
express FGFR at a moderate level, corresponding to its
physiological abundance on the cell surface, we used
the breast cancer cell line MDA-MB-134-VI with FGFR
overexpression.”’ Furthermore, to test whether the cytotoxic
effect is specific to FGFR-expressing cells, we employed
a model system of U20S and U20S FGFRI1 cells (stably
transfected with the FGFR1) in which otherwise identical
osteosarcoma cells lacking and expressing FGFRs can be
compared. We have confirmed the FGFR expression lev-
els in used cell lines on the protein level by anti-FGFR1
Western blot (Figure 4A) and on messenger RNA (mRNA)
level by quantitative polymerase chain reaction (PCR)
(Figure S1). As expected, FGFR1 levels were high in BJ,
MDA-MB-134-VI, and U20S FGFRI1 cells, and very low
in U20S cells. For MDA-MB-134-VI cells, we observed
a slight discrepancy regarding FGFR1 protein and mRNA
level, but as mRNA amount does not correlate directly with
protein level and may depend on mRNA stability, process-
ing, translation efficiency, and receptor transport to the cell
membrane, it is to be expected. Levels of other FGFRs
(FGFR2, FGFR3, and FGFR4) were found to be below the
detection limit of Western blot, in agreement with quantita-
tive PCR, where mRNA levels for FGFRs other than FGFR1
were very low. In general, obtained results correlate well with
cell line characteristics reported in the literature.

All the cell lines were treated with increasing concentra-
tions of the conjugate, FGF1,, or veMMAE for 96 hours,
and then their viability was assessed by the alamarBlue
assay or counting in trypan Blue stain (Figure 4B). As
the maximum cytotoxic effect of both veMMAE and
FGF1,~-MMAE was reached after 72-96 hours (Figure S2),
the cytotoxicity assessment was performed after 96 hours
of treatment. Together with these quantitative cell viability
assays, we monitored cell apoptosis by annexin V staining

and fluorescence-activated cell sorting (FACS) analysis
(Figure S3). Cell morphology was also monitored by light
microscopy, in particular looking for formation of apoptotic
bodies and cell membrane budding, as well as decreased cell
number in the field of vision (Figure S4).

The toxicity of free veMMAE was very similar toward
all the cell lines tested. Notably, once it was conjugated to
FGF1,, its toxicity was distinctly different for different cell
lines and correlated with the level of FGFR on their surface
(Figure 4). FGF1 ~vcMMAE conjugate decreased the viabil-
ity of BJ and MDA-MB-134-VI cells markedly, and in con-
centrations higher than 1.0x1077 M caused complete mortality
of'the latter. The IC,  (half maximal inhibitory concentration)
of the conjugate toward MDA-MB-134-VI cells was almost
tenfold lower than the IC, | of free veMMAE (Table 1).

The U20S-U20S FGFR1 pair confirmed the specificity
of this effect. For the FGFR-free U20S cells, the toxicity
of free veMMAE and the conjugate was almost the same,
whereas for U20S FGFR1 cells the toxicity of free veMMAE
remained unchanged while that of the FGF1,~vcMMAE
conjugate increased tenfold. This result is a strong indication
that FGF1,~veMMAE is internalized selectively by receptor-
bearing cells and causes FGFR-dependent cell toxicity.

To confirm our results obtained in alamarBlue assay and
further examine the effect of FGF1,~vcMMAE on cells, we
performed annexin V and propidium iodide staining, allowing
us to detect apoptotic and dead cells, respectively, followed
by FACS analysis (Figure S3). For FGFR-expressing cells
(MDA-MB-134-VI, U20S FGFR1) subjected to treatment
with 6 UM concentration of FGF1,~vcMMAE, almost all
cells underwent apoptosis process and only <3% cells
remained alive. For cells lacking FGFR (U20S) treated
with the same conjugate’s concentration, the observed cell
viability was 40%. These data stay with agreement with
results obtained in alamarBlue-based experiments and sup-
port our conclusion regarding specific cytotoxicity of FGF1, ~
veMMAE conjugates on FGFR1-expressing cells.

Discussion

Targeted cancer therapies are being developed exten-
sively as promising strategies for cancer treatment.*® Such
therapies prove to be more effective than the nonspecific
chemotherapeutic treatments and cause fewer side effects.
For the development of a specific delivery system, the target-
ing molecule is key, antibodies being used most commonly
for targeting cancer cells.’3! As FGFRs are overexpressed in
a wide variety of common cancers, we decided to test as the
targeting molecule a natural FGFR ligand — FGF1 — instead
of an antibody.
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Figure 4 Viability of cells expressing FGFR treated with FGFI ~vcMMAE.

Notes: (A) FGFR| expression in used cell lines. U20S FGFRI, U20S, MDA-MB-134-VI, and BJ cell lysates were analyzed by Western blot with anti-FGFR| antibody; equal
loading was confirmed by anti-y-tubulin antibodies. (B) Viability of BJ, MDA-MB-134-VI, U20S FGFRI, and U20S cells after 96 hours of treatment with FGFI,, FGFI ~vcMMAE,
or veMMAE, in the presence of heparin, assessed with alamarBlue assay. Results shown are mean values from three experiments. Error bars indicate standard deviation.
Abbreviations: FGFIV, fibroblast growth factor | variant; FGFR, fibroblast growth factor receptor; veMMAE, valine—citrulline monomethyl auristatin E.

We synthesized an FGF1V-vcMMAE conjugate
based on the ADC concept.'* In this entirely unex-
plored approach, in which an engineered FGF1 vari-
ant is conjugated to a highly cytotoxic drug, FGF1
was expected to act as a Trojan horse. After binding with
high affinity and specificity to overexpressed FGFRs, the
growth factor will first stimulate cell proliferation, but then,

upon receptor-mediated internalization, will introduce a
highly potent drug into the cell to destroy it. We linked
MMAE to FGF1 via a commonly used valine—citrulline
linker that can be specifically cleaved by endosomal pro-
teases, such as cathepsin B,** releasing a free drug that
can then diffuse into the cytosol. This well established and
thoroughly tested dipeptide linker is broadly used in ADC
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Table | Comparison of cytotoxic effects of FGFI ~v¢cMMAE
conjugate and free veMMAE

Cell type IC, (107 M)

FGFl ~-vcMMAE  vcMMAE
With physiological FGFR level (B)) 1.2 4.8
Without FGFR (U20S) 3.9 5.6
Stably overexpressing FGFR 0.4 5.8
(U20S FGFR1)
Cancerous FGFR-expressing cells 0.59 5.2

(MDA-MB-134-VI)

Abbreviations: FGFI,, fibroblast growth factor | variant; FGFR, fibroblast growth
factor receptor; veMMAE, valine—citrulline monomethyl auristatin E; IC, , half maximal
inhibitory concentration.

50"

strategy and the release of cytotoxic drug was described in
detail for both in vitro and in vivo conditions.**3

Moreover, MMAE acts even more effectively on stimu-
lated and dividing cells, as it binds tubulin to inhibit its
polymerization crucial for cytoskeleton reorganization during
cell division. Consequently, the FGF1-FGFR interaction
would have a suicidal effect and the inherent proliferative
activity of FGF1 could be beneficial in such an ADC analog.
The summarized proposed mechanism of the conjugate action
is presented in Figure 5.

@~ FcF1
@ rGF1
@~ FeFi
Ve
.\A pud L
o,b, ~
— B .
[ON

FGFR-expressing cell

Figure 5 Proposed mechanism of action of FGFI,~vcMMAE conjugate.

Considering that FGF1 is a potent mitogen, we took
care to obtain a pure FGF1V-vcMMAE conjugate of defined
stoichiometry, in agreement with current trends in ADC
development.>** We used an engineered FGF1 variant,
called FGF1,, which shows improved stability. In this
variant, the solvent-exposed Cys117 was substituted with
serine, as its conjugation with veMMAE is either ineffec-
tive or leads to protein unfolding. To create a convenient
conjugation site, we added a fully exposed cysteine located
in an N-terminal highly flexible linker. The remaining two
cysteines present in FGF1 are buried, and their modifica-
tion with MMAE was prevented effectively by addition of
heparin during conjugation. To ensure complete separa-
tion of unmodified from modified FGF1,, for obtaining a
pure conjugate preparation suitable for cell cytotoxicity
assessment, we optimized purification conditions of the
reaction product.

FGFR-expressing cells treated with the FGF1,~veMMAE
conjugate showed remarkably decreased viability, and this
effect correlated with the FGFR level on the cell surface:
the cancer cell line with significant overexpression of
FGFR (MDA-MB-134-VI) was twice as sensitive as the

& MMAE
@ rerF1 FGF1 -vcMMAE

FGF receptor

Microtubules

\» Apoptosis

Notes: After binding to the high affinity FGFRs on the cancer cell surface, FGFI, ~vcMMAE conjugates are internalized and the cytotoxic drug is released from the conjugate
either by linker cleavage in the endosomal compartment or after FGF| degradation in the lysosome. The fully active cytotoxic drug leaves the lysosomal compartment and
exerts its toxic action inhibiting microtubule polymerization and thereby leading to cell death.

Abbreviations: FGFI,, fibroblast growth factor | variant; FGFR, fibroblast growth factor receptor; MMAE, monomethyl auristatin E; veMMAE, valine—citrulline monomethyl

auristatin E.
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fibroblast cell line (BJ) with a physiological FGFR level. The
FGFR-dependent conjugate toxicity in U20S FGFR1/U20S
cell lines confirms the specificity of the drug delivery via the
FGF1-FGFR interaction. The cell cytotoxicity was higher
for the FGF1,~vceMMAE conjugate than for the free drug:
the IC, was about nine- and fourfold lower for the conjugate
for the MDA-MB-134-VI and BJ cells, respectively. These
results show that FGF1 exhibits a clear targeting potential
toward cells expressing a specific receptor(s). One should
note that, crucially for its prospective use in cancer therapy,
there is a fairly broad range of concentrations in which
FGF1,~v¢eMMAE is highly toxic to FGFR-expressing cells
and has almost no effect on FGFR-free cells. In this proof-of-
concept study, we attached a single MM AE molecule to a sta-
bilized FGF1 via a Cys-containing linker on its N-terminus.
Thus, the drug to protein ratio (in the case of ADCs called
the DAR value) equals 1. The optimal DAR value for anti-
body conjugates is ~4.373 We expect that this value can be
increased for FGF1 by rational design of multiple conjugation
sites, although the solubility and stability of FGF1 loaded
with many drug molecules could be compromised.

It has to be noted that FGF1 shows high affinity for
heparin and heparan sulfate proteoglycans present on the
surface of diverse cells and in the extracellular matrix. Con-
sequently, it seems possible that upon systemic application
a large fraction of the FGF1 conjugates will be captured
far from the tumor site and their true concentration will be
significantly lower than expected and needed for effective
tumor eradication. Further development of FGF1-based
conjugates may require elimination of the heparin-binding
site. Luckily, it is well defined in FGF1 and can be disrupted
by a previously described set of mutations.***! FGF1 is also
the only growth factor in the fibroblast growth factor family
that binds with high affinity to all four FGFR types and is
effectively internalized'® and therefore is an excellent FGFR-
targeting agent, especially for tumors expressing more than
one type of FGFR.** Additionally, it is a protein of fully
human origin, and thus is advantageous over humanized or
human sequence-derived antibodies that tend to induce some
immunological response after prolonged treatment.*

Conclusion

This study shows that FGF can be effectively used as
a specific delivery vehicle for a cytotoxic payload. The
proliferative action of the growth factor can be overcome
by the high cytotoxic potency of MMAE. Thus, FGF1 can
be used as a targeting agent analogous to antibodies. The
FGF1,~vcMMAE conjugate exhibits substantial toxicity

toward FGFR-expressing cells, exceeding that of free
MMAE, and the effect is dependent on the FGFR level on
the cell surface.
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Figure S1 FGFRs mRNA expression levels in studied cell lines.

Notes: Relative expression level of different FGFRs were normalized by the AACT method to HPRT| expression level, and shown as an expression level relative to human
fibroblast cells (BJ). Experiments were performed in duplicates.

Abbreviations: FGFR, fibroblast growth factor receptor; mRNA, messenger RNA.
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Figure S2 Time-dependency of FGFI,~v¢cMMAE cytotoxicity.
Notes: Viability of B] cells after 24, 48, 72, and 96 hours of treatment with FGFI,, FGFI,~vcMMAE, or veMMAE, in the presence of heparin, assessed with alamarBlue assay, n=2.
Abbreviations: FGFI,, fibroblast growth factor | variant; veMMAE, valine—citrulline monomethyl auristatin E.
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Figure S3 Apoptosis and cell death induced by FGFI ~vcMMAE.
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Abbreviations: FGFI,, fibroblast growth factor | variant; veMMAE, valine—itrulline monomethyl auristatin E.
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