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Abstract

Fibroblast growth factor receptor (FGFR) inhibitors like ponatinib and nintedanib are clinically 

approved for defined cancer patient cohorts but often exert dose-limiting adverse effects. Hence, 

we encapsulated FGFR inhibitors ponatinib, PD173074, and nintedanib into polylactic acid 

nanoparticles and liposomes to enable increased tumor accumulation/specificity and reduce side 

effects. Different methods of drug loading were tested and the resulting formulations compared 

regarding average size distribution as well as encapsulation efficiency. Appropriate encapsulation 

levels were achieved for liposomal preparations only. Nanoencapsulation resulted in significantly 

decelerated uptake kinetics in vitro with clearly decreased short-term (up to 72 hours) cytotoxicity 

at higher concentrations. However, in long-term clonogenic assays liposomal formations were 

equally or even more active as compared to the free drugs. Accordingly, in a FGFR inhibitor-

sensitive murine osteosarcoma transplantation model (K7M2), only liposomal but not free 

ponatinib resulted in significant tumor growth inhibition (by 60.4%) at markedly reduced side 

effects.
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Background

Fibroblast growth factor receptors (FGFRs) play an essential role in the regulation of cell 

survival, proliferation, migration and differentiation. FGFRs are a family of receptor tyrosine 

kinases (RTKs) exhibiting an extracellular immunoglobulin (Ig)-like ligand binding domain, 

a transmembrane domain and a cytoplasmic tyrosine kinase domain. Ligand binding induces 

receptor dimerization and transphosphorylation at critical tyrosine residues of the 

cytoplasmic receptor tail, leading to the activation of downstream-signaling effectors 1. 

Deregulation of FGFR signaling has been linked to several developmental syndromes, but 

represents also an important pathway for cancer initiation and progression 1. Since the 

beginning of this century, the development of small molecule kinase inhibitors, which target 

the ATP-binding pocket of the tyrosine kinase domain of RTKs (so-called “targeted 

therapy”) 2, has been a success story revolutionizing cancer treatment 3. The first FGFR 

inhibitor approved for cancer treatment was ponatinib (Figure 1). Ponatinib is a multi-kinase 

inhibitor 4, also targeting the ABL, SRC, platelet-derived growth factor receptor (PDGFR) 

and vascular endothelial growth factor receptor (VEGFR) families 5. End of 2012, this drug 

was approved for clinical use in ABL-positive chronic myeloid leukemia (CML) and later 

for acute lymphoblastic leukemia (ALL) 6. In 2014, nintedanib (Figure 1), a triple 

angiokinase inhibitor targeting the proangiogenic and pro-fibrotic pathways driven by 

FGFR, VEGFR and PDGFR 7, was approved for non-small-cell lung cancer (NSCLC) and 

idiopathic pulmonary fibrosis 8, 9. However, despite the specific targeting of oncogene-

dependent cancer cells, the occurrence of severe side effects and rapid development of drug 

resistance, comparable to classical chemotherapy, are the major limitations for successful 

treatment with kinase inhibitors in the clinics. The major adverse effect of nintedanib 

observed in clinical studies, making discontinuation of treatment or dose reduction 

necessary, is reversible elevation in liver enzymes 10, 11. In the case of ponatinib, a clinical 

phase III trial could not be continued because of a high rate of severe arterial thrombotic 

events like life-threatening blood clots and severe narrowing of blood vessels 12. This 

resulted in a reduction of the maximum applicable dose for clinical routine 13. Additionally, 

also other adverse effects like skin rash, hypertension and abdominal pain are commonly 

observed for ponatinib 14, 15.

Consequently, tools are urgently needed to eliminate these drawbacks and reduce adverse 

effects. In that respect, the encapsulation of anticancer kinase inhibitors into nanoparticulate 

drug formulations would be an ideal strategy, since it could enable increased tumor 

accumulation via the enhanced permeability and retention (EPR) effect 16 and - as a 

consequence - reduce side effects. The EPR effect allows nanoformulations to enrich in 

tumor tissue due to leaky blood vessels and an impaired lymphatic drainage system 17. 

Consequently, we investigated the possibility to encapsulate the multikinase inhibitors 

ponatinib and nintedanib as well as the more specific FGFR inhibitor PD17307418 which is 

currently in preclinical studies 19 into nanoformulations. On the one hand, poly(lactic acid) 

(PLA) nanoparticles were prepared, since PLA is biodegradable, biocompatible and 

approved as therapeutic drug carriers in humans by the US Food and Drug Administration 

(FDA) 20. On the other hand, we tested the encapsulation of these three drugs into liposomes 

by two different approaches: firstly, encapsulation by addition of the compounds to the lipid 
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mixture 21 (reasonable for highly lipophilic compounds), and secondly, by the remote 

loading approach, which is one of the best established methods for the preparation of 

liposomes, with Doxil® (liposomal doxorubicin) as a clinically approved representative 22. 

The most promising nanoformulations were subsequently tested for their anticancer activity 

on a panel of FGFR-driven lung cancer cell lines in comparison to the free drugs. 

Furthermore, their uptake kinetics were investigated using flow cytometry measurements. 

Finally, the liposomal formulation of ponatinib was studied in vivo in a K7M2 tumor 

allograft model and compared to the free compound.

Methods

A detailed description of all methods can be found in the supplementary material section.

Very briefly: PLA polymeric nanoparticles as well as liposomes were synthesized loaded 

with three different FGFR inhibitors. The encapsulation efficiency, average size, PDI, zeta 

potential, stability and release kinetics were investigated. The most promising formulations 

were biologically investigated by MTT cytotoxicity assays, Western blot, ERK/AKT 

phosphorylation levels, cellular uptake via flow cytometry and in vivo studies.

Results

Polymeric nanoparticles - preparation and characterization

As a first approach nanoparticles of ponatinib, nintedanib and PD173074 (NP-ponatinib, 

NP-nintedanib, and NP-PD173074, respectively) were synthesized using the 

nanoprecipitation method 23 with the biocompatible and biodegradable PLA as polymer 

matrix. The encapsulation of the three drugs was performed by adding acetone solutions of 

PLA and the drug to an aqueous solution of the surfactant (Tween 80). After evaporation of 

the organic solvent, and adjustment of the volume to 1 mL under reduced pressure, non-

encapsulated drug was removed by size exclusion chromatography (Sephadex G50). 

Subsequently, the nanoparticles were characterized regarding their size, polydispersity index 

(PDI) and encapsulation efficiency (EE). Dynamic light scattering (DLS) data showed 

(intensity-based) particle sizes between 96 – 147 nm with a PDI between 0.09 and 0.14, 

indicating very homogeneous nanoformulations (Table 1). The EE of the respective drugs 

was determined right after Sephadex purification of the nanoparticles by evaporation of the 

solvent, dissolution of the thin film in methanol and UV-Vis measurements. Unfortunately, 

the EE for all three drugs was very low with only 2 – 6 %.

Liposomes - preparation and characterization

Due to the very low EE in case of the polymeric nanoparticles, encapsulation into liposomes 

was investigated. As liposomal building blocks DSPC/CHOL/DSPE-mPEG(2000) 55:40:5 

mol/mol (DSPC = 1,2-distearoyl-sn-glycero-3-phosphocholine; CHOL = cholesterol; DSPE-

mPEG(2000) = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000)]] were used, well-known from already approved liposomal formulations 22. 

Several different methods for the preparation of liposomes are available influencing the 

resulting particle properties like size and EE. The so-called thin lipid film hydration method 

was the first described 24. Briefly, a thin film of lipids in organic solvents is formed by 
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evaporation and rehydrated in aqueous solutions to form liposomes. The necessary size 

reduction and homogenization of the liposomes can be achieved using multiple extrusions 

through a polycarbonate membrane. However, both, the use of the Mini-Extruder from 

Avanti (Alabaster, AL, USA) and the Extruder from Northern Lipids (Vancouver, BC, 

Canada) resulted in EEs below 5 % (data not shown).

Therefore, we concentrated our next approaches on a different method of reducing the 

liposome size: ultrasonic homogenization with a microtip. Since the used drugs are highly 

lipophilic with calculated logP values of 2.38 for nintedanib, 5.01 for ponatinib and 5.11 for 

PD17307425, the drugs were added already at the beginning of the preparation to the lipid 

mixture. After hydration of the lipid-drug film with a 0.3 M (NH4)2SO4 solution and size-

reduction by ultra-sonication, non-encapsulated drug was removed by size exclusion 

chromatography (Sephadex G50). This approach resulted in a PDI of 0.15 for liposomal 

ponatinib (L-ponatinib) and 0.17 for liposomal PD173074 (L-PD173074), indicating narrow 

size distributions (Table 1, Figures S1, S2). Average (intensity-based) sizes of 113 nm for L-

PD173074 and 122 nm for L-ponatinib (Table 1) were obtained and the EE was high for L-

ponatinib with 92 % and moderate for L-PD173074 with 23 %. In case of the slightly less 

lipophilic nintedanib, this method was unsuccessful, resulting in very inhomogeneous size 

distributions with a PDI of 0.53 (Table 1).

Another method for the encapsulation of compounds into liposomes is the so-called remote 

loading approach, which is for example applied in the preparation of Doxil® (encapsulated 

doxorubicin) as the most prominent FDA-approved representative 22. In Doxil®, doxorubicin 

is loaded via an ammonium sulfate gradient, with a lower intraliposomal pH compared to the 

extraliposomal solution 26. In order to ensure optimal remote loading by the ammonium 

sulfate gradient, the loaded molecules should have a logD at pH 7 in the range of –2.5 to 2 

and a pK a ≤ 11 27. Therefore, the remote loading approach was tested for nintedanib, which 

has a calculated logD of 1.8 at pH 7 25 and a calculated pK a of 7.4 25. The remote loading 

liposomes were prepared by hydrating a thin lipid film with a 0.3 M (NH4)2SO4 solution and 

the size of the liposomes was reduced by ultra-sonication. To create the ammonium sulfate 

gradient, size exclusion chromatography (Sephadex G50) with phosphate buffered saline 

(PBS) at pH 7.4 as eluent was used. Subsequently, the water-soluble nintedanib-

ethanesulfonate salt was mixed with the liposomes and stirred for 1.5 h at 65 °C and finally 

non-encapsulated drug was removed by another size exclusion column (Sephadex G50). The 

resulting liposomes had a PDI of 0.18, indicating a homogeneous size distribution (Figure 

S3), and a moderate EE of 34 %.

To check the reproducibility of the liposomes, between five to twelve different batches of the 

three most promising formulations (L-ponatinib and L-PD173074 by direct addition to the 

lipids and L-nintedanib by remote loading) were synthesized. The EE was well reproducible 

with values of 92 ± 7 % for L-ponatinib, 34 ± 10 % for L-nintedanib and 23 ± 1 % for L-

PD173074. Also the average size and PDIs were highly reproducible with values of 122 ± 6 

nm (PDI: 0.15 ± 0.04) for L-ponatinib, 98 ± 4 nm (PDI: 0.18 ± 0.04) for L-nintedanib and 

112 ± 3 nm (PDI: 0.17 ± 0.02) for L-PD173074.
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The lipid content in the liposomes was estimated with the Wako Phospholipids C assay, 

which revealed that more than 95 % of the used amount of lipids were still present in the 

final liposomal formulations, and the Sephadex purifications therefore only slightly reduced 

the overall yield.

To investigate the morphology of the liposomes, negative stain transmission electron 

microscopy (TEM) measurements were performed. Figure 2 shows a representative image of 

L-PD173074, showing the almost spherical shapes of liposomes and a size slightly lower 

compared to the ~100 nm measured by DLS (representative TEM images of L-ponatinib and 

L-nintedanib can be found in Figures S4 and S5). This can likely be explained by the 

intensity-based DLS distributions, which can result in overestimated particle sizes. 

Consequently, we also calculated number-based size distributions, which revealed most 

abundant sizes at 80 nm for L-ponatinib, 75 nm for L-PD173074 and 71 nm for L-nintedanib 

(Figures S1–S3) in good agreement with the TEM images.

Finally, the electrostatic repulsion of the particle surfaces (zeta potential) was measured 

revealing slightly negative values for all liposomes at –2.6 ± 1 mV for L-ponatinib, –2.1 ± 1 

mV for L-nintedanib and –2.1 ± 1 mV for L-PD173074, which is typical for PEGylated 

liposomes28, 29.

To check the stability of the liposomes, we performed DLS size and zeta potential 

measurements of the liposomal formulations after incubation at 37°C for 48 and 72 h. All 

parameters only slightly changed over time without any indications for degradation or 

agglomerations. For example the average size of L-ponatinib of 118 ± 1 nm (PDI: 0.12 ± 

0.02) was stable with 117 ± 1 nm (PDI: 0.10 ± 0.01) after 48 h and 117 ± 1 nm (PDI: 0.09 ± 

0.01) after 72 h. The zeta potential shifted from –2.0 ± 1 mV at time point zero to –2.5 ± 1 

mV after 48 h and –2.4 ± 1 mV after 72 h at 37°C. The respective size distributions together 

with the measured values at the different times points for the liposomal formulations of all 

three inhibitors are shown in Figures S6–S8.

Drug release from liposomes

The drug release of the liposomal formulations L-ponatinib, L-PD173074 and L-nintedanib 

was investigated with two different approaches of the dialysis diffusion technique: firstly, the 

nanoformulations were introduced into a dialysis bag (molecular weight cut-off 14 kDa) and 

immersed into PBS. The release was measured for 48 h at 37°C by removing samples from 

the PBS solution and determining the drug amounts by fluorescence spectroscopy. This was 

possible as all three drugs showed distinct fluorescence properties when irradiated between 

340–390 nm with emissions between 420–480 nm. This method resulted in very low release 

rates of 0.1 ± 0.05 % for L-ponatinib, 2.6 ± 0.2 % for L-nintedanib and 8.8 ± 1.6 % for L-

PD173074, after 48 h (Figure 3).

Since especially ponatinib and PD173074 are highly lipophilic and consequently possess 

extremely low solubility in PBS at pH 7.4, reference experiments with the free inhibitors 

only were not possible. However, this would be important as at least some amounts of the 

drugs could be stuck at the cellulose membrane of the dialysis bags. Therefore, a second 

method was applied using Float-A-Lyzer Tubes with an 8–10 kDa molecular weight cut-off. 
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The tubes were filled with the liposomal formulations and immersed into PBS for 48 h at 

37°C. These tubes enable the determination of the remaining amount of drug inside the 

liposomes30 and consequently a possible interaction of the released inhibitor and the dialysis 

tube would not influence the measured drug concentration. This approach revealed that after 

48 h only 0.8 ± 0.6 % for L-ponatinib, 16 ± 3.9 % for L-nintedanib, and 2.2 ± 1.5 % for L-

PD173074 have been released. Thus, although the two methods show slightly different 

values, overall these results indicate a very stable entrapment of ponatinib, PD173074 and 

nintedanib into the liposomes.

Cytotoxicity of liposomal drug formulations in FGFR1-driven lung cancer cells

To test the cytotoxic potentials of the liposomal formulations in comparison to the free 

drugs, viability assays were performed using the FGFR1-driven lung cancer cell lines 

DMS114, NCI-H520 and NCI-H170331, 32. Treatment with liposomal drug formulations 

showed similar to slightly reduced cytotoxic activity as depicted by the moderately elevated 

IC50 values in comparison to the free drugs with the exception of L-nintedanib, which was 

found to be distinctly less active in NCI-H520 cells (Table 2).

Accordingly, the resulting fold change in cytotoxicity of liposomal as compared to the free 

drugs ranged between 0.7 and 7.7 (Table 2). Interestingly, the activity of the liposomal drugs 

was virtually identical to that of the respective free drugs at low concentrations below and 

around the respective IC50 values. In contrast, at high concentrations, the free drugs exerted 

profoundly stronger cytotoxic potentials as compared to their liposomal counterparts.

This was illustrated by distinctly flatter viability dose-response curves e.g. in L-ponatinib- or 

L-PD173074-treated DMS114 and NCI-H520 cells in comparison to the respective free 

drugs at concentrations above the IC50 values (Figure 4A–F). This indicates that upon a 

certain threshold concentration, a plateau was reached above which a further increase of 

liposomal drug administration did not result in further increased cytotoxicity under two-

dimensional cell culture conditions. However, in the highly sensitive NCI-H1703 cells 

comparable differences were observed for L-PD173074, while no major differences were 

observed for L-ponatinib and L-nintedanib as compared to the respective free drugs also at 

high doses (Figure 4G–I). The high sensitivity of NCI-H1703 cells towards FGFR inhibition 

by ponatinib and nintedanib likely explains why the toxicity of liposomal drugs is not 

reduced in comparison to the free drugs. Furthermore, we wanted to evaluate our novel 

FGFR inhibitor formulations with respect to their inhibitory potentials on oncogenic FGFR 

downstream signaling cascades. 24 hours drug exposure of NCI-H520 cells revealed a strong 

inhibitory effect of liposomal drugs on ERK and AKT phosphorylation - major indicators of 

FGFR1 downstream signaling to the MAPK and the PI3K/AKT pathway, respectively. All 

three liposomal inhibitor formulations were virtually comparably or moderately less efficient 

on MAPK and PI3K pathway inhibition as their respective free drugs at both tested 

concentrations of 0.5 and 5 μM (Figure 4J–K). Interestingly, PD173074 both as free and as 

liposomal drug was less efficiently inhibiting the AKT phosphorylation as compared to 

nintedanib and ponatinib, while MAPK inhibition detected by ERK phosphorylation was 

comparable for all three compounds. Hence, in the cell culture situation liposomal 

formulations of the investigated FGFR inhibitors exhibited comparable to slightly reduced 
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potency with respect to FGFR1-downstream pathway inhibition and cytotoxicity was only 

marginally reduced in comparison to the respective free drugs. Only at higher concentrations 

distinct differences were observed.

Liposomal FGFR inhibitors exhibit decelerated cellular uptake kinetics

Consequently, we were interested whether liposomal drug formulation has an impact on 

cellular uptake kinetics and whether this effect may account for the strong differences in 

activity at higher concentrations in comparison to the respective free drugs. To this end, we 

exploited the intrinsic fluorescence activities of ponatinib, PD173074 and nintedanib 33 to 

compare drug uptake levels by flow cytometry. Interestingly, at lower concentration (1 μM), 

we did not observe differences in the time-dependent increase of intracellular drug levels in 

all investigated cell lines. However, in case of ponatinib a significantly accelerated uptake 

was observed for the free drug as compared to the liposomal formulation in all cell lines 

(Figure 5 A, Figure S9 A, D). Strikingly, however, administration of 10 μM of the liposomal 

formulations of all three drugs led to markedly lower intracellular accumulation levels as 

compared to the respective free drugs (Figure 5 A–C, Figure S9). In addition, at least for 

ponatinib, no difference in drug uptake kinetics was observed between 1 μM and 10 μM of 

the liposomal formulation for the duration of the experiment (240 min), indicating that this 

short-time scale depicts a dose-independent limiting threshold for drug uptake. These 

reduced intracellular accumulation levels of 10 μM liposomal drugs (38.8-, 2.3- and 14.2-

fold lower in DMS114 cells, 6.2-, 2.4- and 17.3-fold in NCI-H1703 cells and 2.9-, 1.9- and 

11.2-fold in NCI-H520 cells for L-ponatinib, L-PD173074 and L-nintedanib after 2 hours, 

respectively) correlate with the observations from cell viability assays (see Figure 4), where 

a distinct difference in the activity between liposomal vs. respective free drugs was observed 

at concentrations higher than 1 μM. To further investigate the time dependency of drug 

accumulation, we monitored ponatinib as compared to L-ponatinib uptake in NCI-H1703 

cells up to 72 hours with sub-toxic drug doses (Figure S9G). These results showed that 

longer drug exposure times do result in dose-dependent ponatinib accumulation also as 

liposomal formulation. Still, decreased levels of intracellular L-ponatinib were apparent after 

up to 72 hours of drug exposure. However, it is likely that upon long-term exposure, these 

reduced drug levels are still sufficient to induce the same extent of cytotoxicity as did free 

ponatinib. In addition, we investigated uptake kinetics in non-cancer cells. To this end, we 

used the non-malignant murine, immortalized NIH-3T3 derived fibroblast lineage 3T3-L1. 

Generally, intracellular drug levels at the indicated time points were lower as compared to 

those determined in cancer cells (compare Figure 5A and S9A/D). While again no major 

differences in uptake kinetics of L-ponatinib as compared to free ponatinib were detectable 

at low doses (0.1 μM and 1 μM), a significant decrease was found at 10 μM (Figure S9H). 

This reduction, however, was relatively moderate as compared to the malignant cell 

counterparts.

Subsequently, we wanted to find out whether the slower uptake kinetics of the liposomal 

ponatinib, PD173074 and nintedanib have a time-dependent influence on their cytotoxic 

potential. We, thus, performed cytotoxicity assays in which cells were exposed to drugs for 6 

hours and viability was determined following a 72 hours drug-free follow-up phase (Figure 

5D–F). Indeed, the fold change of liposomal vs. free drugs was distinctly stronger in 6 
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hours-treated DMS114 cells as compared to those treated for the full 72 hours (Figure 5D–F, 

>13.3-fold vs 1.8-fold for ponatinib, >3.3-fold vs. 2.0-fold for PD173074, and 2.3-fold vs 

1.3-fold for nintedanib, respectively). Together, these results demonstrate that exposure of 

lung cancer cells to FGFR inhibitors loaded into liposomes decelerated drug uptake kinetics 

which also may explain the reduced cytotoxic activity at higher concentrations. While these 

effects were clearly observable for both DMS114 and NCI-H520 cells, the cytotoxic 

activities of free versus liposomal drugs were comparable in NCI-H1703 cells. This might 

be a consequence of the exceptionally high sensitivity of this cell line towards FGFR 

inhibition, resulting in liposomal drug uptake over 72 hours to be sufficient to induce the 

same extent of cell death as exerted by the respective free drugs. To compensate the 

decelerated uptake kinetics of liposomal drugs, we additionally performed clonogenic assays 

allowing long-term drug exposure in vitro. Indeed, exposure of cells for 168 hours with 

rising ponatinib concentrations led to equal or even slightly enhanced toxicity profiles of 

liposomal as compared to the respective free drugs. Especially NCI-H1703 cells were even 

slightly more sensitive to L-ponatinib as compared to free ponatinib also at high 

concentrations in this experimental setting (Figure S10). This suggests that the cytotoxicity 

of liposomally encapsulated FGFR TKIs, after an initial latency period, rises between 72 and 

168 hours to the same potency as the respective free drugs.

Liposomal but not free ponatinib is active against a highly tumorigenic murine 
osteosarcoma model in vivo

The “targeting” strategy of liposomal formulation of the investigated FGFR inhibitors 

yielded the expected and anticipated retardation of cellular drug uptake and a concomitant 

slight decrease in short-term (72 hours) cytotoxicity in our cell culture-based analyses. We, 

thus, aimed at testing whether these effects - together with the commonly observed 

prolonged plasma half-life of liposomal as compared to free drugs - might turn out to be 

beneficial for the tolerability as well as the long-term treatment efficacy against tumors in 
vivo. In an initial study, we administered free ponatinib orally (30 mg/kg) and L-ponatinib 

intravenously (3 mg/kg) to SCID mice in order to evaluate systemic tolerability. Notably in 

these experiments, oral gavage of free ponatinib resulted in severe cutaneous adverse effects 

in all mice, while animals treated with L-ponatinib showed no side effects and no signs of 

distress (Figure S11). This is an interesting finding, as ponatinib has been shown to exhibit a 

maximum serum concentration of 316 ng/mL after oral administration of 30 mg/kg 34. 

Presuming a 100% bioavailability, the 3 mg/kg intravenously injected L-ponatinib translates 

into distinctly higher serum concentrations of the liposomal (30 μg/mL) as compared to the 

free drug. As a next step, we tested the tumorigenicity of our three human FGFR inhibitor-

sensitive cell models in SCID mice. However, all three cell lines proved to be non-

tumorigenic or unstably growing as subcutaneous xenografts and were thus not suitable for 

the testing of our new drug formulation. However, subsequent studies revealed that the 

murine K7M2 osteosarcoma cell model exhibits very high FGFR1 expression levels even as 

compared to the FGFR1-amplified NCI-H520 cell line (Figure 6A). In line, we found K7M2 

cells to be exquisitely sensitive towards both free and liposomal ponatinib in cell culture, 

exhibiting comparable IC50 values in the lower nanomolar range (Figure 6B). 

Concomitantly, the effect on the MAPK pathway activity was very potent, as illustrated by 

strong inhibition of ERK phosphorylation at both tested concentrations (Figure 6C). Thus, to 
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evaluate the long-term treatment efficacy of L-ponatinib, syngeneic tumors from this murine 

model were used. As shown in Figure 6D, repeated application of L-ponatinib (3 mg/kg, i.v.) 

to K7M2-bearing mice resulted in a marked and significant tumor growth retardation (60.4% 

growth reduction at day 21 post-engraftment). In contrast, free ponatinib, given orally at a 

standard dose of 30 mg/kg, failed to be active (Figure 6D). Importantly, the liposomal drug 

formulation was well tolerated and did not affect animal body weight or behavior (Figure 

6E). This indicates that the liposomal formulation is able to enhance both activity as well as 

tolerability of ponatinib in vivo.

Discussion

Liposomal drug formulations are an established and very important tool to improve the 

efficacy and tolerability of anticancer drugs. This is illustrated by the approval of liposomal 

formulations of doxorubicin (Doxil®, Myocet® and Lipodox®), daunorubicin 

(DaunoXome®), vincristine (Marqibo®) and mifamurtide (Mepact®) 35, 36. Additionally, 

many other liposomal formulations for classical chemotherapeutics, like e.g. of cisplatin and 

paclitaxel, are currently under clinical evaluation 35, 36. However, in case of the large class of 

targeted anticancer agents, clinical approvals of liposomal preparations are so far missing 

and only a number of preclinical studies have been reported 37. These include for instance 

the clinically used tyrosine kinase inhibitors (TKIs) sunitinib, imatinib, gefitinib and 

cabozantinib 38–42, but also experimental compounds such as the pan-kinase inhibitor 

staurosporine or the VEGFR2 inhibitor apatinib 43, 44. In addition, some studies have 

addressed nanoparticle-based co-delivery of cytotoxic drugs with a TKI like paclitaxel with 

lapatinib 45 and doxorubicin with erlotinib 30. With respect to cancer nanomedicine, FGFRs 

have been frequently used as targets for tumor-selective delivery strategies of 

chemotherapeutics-loaded nanoparticles 46–49. In contrast, regarding FGFRs as therapeutic 

target per se, solely one very recent publication for ponatinib encapsulated into polymeric 

micelles with and without a Janus kinase 2 (JAK2) inhibitor is available 50.

Concerning the liposomal stability, relatively similar values were reported in these studies 

for the different encapsulated drugs. In case of the liposomal sunitinib formulation, 18 % of 

sunitinib were released after 48 h 39. Comparably, for the liposomal imatinib, gefitinib and 

cabozantinib formulations between ~20 and 40 % release after 48 h were reported, 

respectively 40–42. For the drug combination studies of classical chemotherapeutic agents 

and TKIs, slightly faster release kinetics (~ 70% after 48 h) compared to the 

nanoformulations of only a single TKI were observed 30, 45. In comparison, our liposomal 

formulations of ponatinib, PD173074 and nintedanib showed very high stability with respect 

to size, PDI and zeta potential and the release kinetics with <10% in 48 h (only in case of 

nintedanib using the Float-A-Lyzer tubes 16% release after 48 h were measured). The EE of 

the liposomal formulations of sunitinib, imatinib and cabozantinib were reported to be 

between 80 to 90% 39, 40, 42. In contrast, for gefitinib a broad range from 20 to 90% EE, 

depending on the lipids used for preparation, were observed 41. The EE of our nintedanib 

and PD173074 liposomes was moderate with 34 ± 10 and 23 ± 1 %, respectively, and only 

for ponatinib a very high EE of 92 ± 7 % could be achieved. This indicates that the EE 

strongly depends on the exact chemical nature and physico-chemical properties of the 

encapsulated inhibitor. Notably, in the recently reported polymeric micelles of ponatinib the 
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EE was extremely low with only around 3% 50. It is worth mentioning that also in this work 

encapsulation into polymeric nanoparticles was very ineffective with EE only between 2 and 

6 %. The significantly higher EE into liposomes compared to the polymeric nanoparticles 

might be due to stronger interaction of the lipid bilayer with the very lipophilic drugs 

compared to polylactic acid of the polymeric micelles/nanoparticles. Hence, encapsulation 

into liposomes seems to be of great advantage to achieve high-loaded nanoformulations.

In terms of cytotoxicity studies under two-dimensional cell culture conditions, only two of 

the above-mentioned publications with liposomal formulations of tyrosine kinase inhibitors 

reported viability data as compared to respective free drugs. On the one hand, liposomal 

gefitinib exerted strongly reduced activity compared to free gefitinib (with a fold change 

between 15–20) 41 while, on the other hand, liposomal cabozantinib exhibited a much 

stronger cytotoxicity compared to the free inhibitor (fold change between 0.02 to 0.18) 42. 

Usually, PEGylated liposomal formulations should reduce the biological activity compared 

to the free drugs 51–53. As such, so-called “stealth liposomes” hamper endocytic uptake by 

macrophages 54, 55. Our liposomal formulations exhibited a double-edged behavior on a 

panel of FGFR-driven lung cancer cell lines. At low concentrations similar activities 

compared to the free drugs were observed, but at concentrations higher than 1 μM the 

activity of the liposomal formulations was distinctly lower. To further investigate this effect, 

the uptake kinetics were investigated by flow cytometry exploiting the intrinsic fluorescence 

properties of the three FGFR inhibitors (33 and unpublished data). Indeed, quite similar 

uptake dynamics (at least for nintedanib and PD173074) were observed at 1 μM, while the 

one of ponatinib was slower in case of the nanoformulations. In contrast, the uptake was 

strongly reduced compared to the free drugs at 10 μM for all three TKIs in line with the 

lower cytotoxic activity. Concerning NCI-H1703 cells, the very strong sensitivity of this cell 

line towards FGFR inhibition may account for the unaltered cytotoxicity profiles of 

liposomal as compared to free drugs even despite reduced intracellular uptake levels. 

Importantly, longer drug exposure times (168 hours) led to a comparable activity profile 

between free and liposomal ponatinib in vitro. This observation may reflect the desired 

temporary detargeting effect of liposomal drug encapsulation, leading to an initial latency 

phase (up to 72 hours at higher concentrations), but eventually to an assimilation of 

anticancer activity compared to the free drug at later time points.

Finally, the liposomal formulation with the highest EE (liposomal ponatinib) was 

investigated in vivo against the K7M2 osteosarcoma allograft in BALB/c mice. K7M2 cells 

express high levels of FGFR1 and exhibit exquisite sensitivity against FGFR inhibitors in 
vitro. Off-target toxicity represents a major obstacle in systemic anticancer therapy 37. In 

case of molecularly-designed TKIs, this is based on expression of target RTKs also in 

normal tissues 56. Due to the high conservation of tyrosine kinase domains, TKIs often 

exhibit non-exclusive specificity profiles. This also applies for ponatinib, which – besides 

Abl kinase and FGFR - also targets VEGFR and PDGFR family members 57. These 

receptors are highly expressed in endothelial cells and, as such, are crucial factors in the 

maintenance of blood vessel integrity. Consequently, ponatinib administration has been 

observed to pose a considerable risk for vascular toxicity 58, 59. In the clinical situation, 

commonly observed ponatinib adverse effects include cutaneous toxicity such as non-

specific rash or dryness 14. Moreover, several cases of pityriasis rubra pilaris-like dermatitis 

Kallus et al. Page 10

Nanomedicine. Author manuscript; available in PMC 2021 July 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



as well as folliculocentric, ichthyosiform and seborrhoeic eruptions have been documented 

in patients 60. The skin-associated side-effects observed in our study in mice treated with 

free ponatinib likely recapitulated these clinical symptoms. The absence of such side effects 

of liposomal ponatinib demonstrates that a nanoparticulate formulation is highly favorable 

with respect to its safety profile as compared to the free drug. We assume that this improved 

toxicity profile is a consequence of a reduced non-specific biodistribution. Proof of concept 

of this assumption and in-depth analysis of differences in pharmacokinetics such as tissue 

distribution as well as histopathological effects between free and liposomal ponatinib is 

pending in a current follow-up study.

This excellent tolerability is especially interesting in the light of the fact that intravenous 

administration of liposomal ponatinib was predicted to yield much higher plasma 

concentrations as compared to the orally administered free drug 34. In addition, liposomal 

drug dose in absolute numbers was ten-fold lower than that of free ponatinib (3mg/kg versus 

30mg/kg), yet only this formulation resulted in significant antitumor activity. Hence, the 

lower amount of L-ponatinib seems to more specifically target the tumor as compared to oral 

free ponatinib.

In conclusion, in the present study we have demonstrated that stable liposomal formulations 

of FGFR inhibitors can be generated and -at least in case of ponatinib-significantly improve 

therapeutic efficacy and decrease side effects in vivo. Consequently, the presented liposomal 

formulation of ponatinib might represent a possible strategy to reduce the toxicity and 

increase the antitumor efficacy of ponatinib in the clinical routine.
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FGFR fibroblast growth factor receptor

NSCLC non-small-cell lung cancer
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PDI polydispersity index
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TEM transmission electron microscopy
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Figure 1. Chemical structures of the FGFR inhibitors investigated in this study.
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Figure 2. Transmission electron microscopy (TEM) image of L-PD173074 after negative staining 
with 2.5 % gadolinium acetate solution
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Figure 3. Release profiles of L-ponatinib, L-nintedanib and L-PD173074 over 48 h with the 
dialysis bag diffusion technique in PBS at 37°C (data from two independent experiments).
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Figure 4. Reduced cytotoxicity of liposomal as compared to free FGFR inhibitors.
A-I. Viability of DMS114 (A-C), NCI-H520 (D-F) and NCI-H1703 cells (G-I) in response 

to increasing concentrations of free or liposomal ponatinib (A, D, G), PD173074 (B, E, H) 

or nintedanib (C, F, I) was analyzed by MTT assay after 72 hours drug exposure. J. 

Expression/phosphorylation of FGFR1 downstream signaling proteins was analyzed by 

Western blot in NCI-H520 cells treated with the indicated concentrations of free or 

liposomal ponatinib, nintedanib or PD173074 for 24 hours. ß-actin was used as loading 

control. One representative dataset out of three independent experiments is shown. K. 
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Representative densitometric quantification of ERK and AKT phosphorylation levels 

depicted in (J) was performed using ImageJ software. Values are normalized to total 

ERK/AKT and to ß-actin protein levels and are given relative to the untreated control.
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Figure 5. Liposomal drug formulation decreases cellular uptake kinetics.
A-C. Time- and dose-dependent intracellular accumulation of liposomal (L) or free 

ponatinib (A), PD173074 (B) and nintedanib (C) in DMS114 cells was measured by flow 

cytometry. Ponatinib and PD173074 were detected using the 405 nm laser and the 450/40 

nm bandpass emission filter, nintedanib was analyzed using 488 nm laser and the 530/30 nm 

bandpass emission filter. *** p<0.001, two-way ANOVA, Bonferroni post-test. ns, non-

significant. Statistical significance levels are indicated by asterisks and include testing of 

each time-point between free and liposomal drugs for the given concentrations. D-F. 
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Viability of DMS114 cells in response to different exposure times (6 and 72 hours) of free or 

liposomal ponatinib (D), PD173074 (E) and nintedanib (F) was analyzed by MTT assay 

after 72 hours.
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Figure 6. Liposomal ponatinib is active in a murine osteosarcoma allograft model.
A. FGFR1 mRNA expression levels of NCI-H1703, DMS114, NCI-H520 and K7M2 cells 

was analyzed by qRT-PCR. Data were normalized to the housekeeping gene ACTB and are 

given relative to NCI-H1703 cells. B. Viability of K7M2 cells exposed to increasing 

concentrations of free or liposomal (L) ponatinib was analyzed by MTT assay after 72 hours 

drug exposure. C. Expression/phosphorylation of FGFR1 downstream signaling proteins was 

analyzed by Western blot in K7M2 cells treated with the indicated concentration of free or 

liposomal ponatinib for 1 hour. ß-actin was used as loading control. D. Efficacy of indicated 
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doses of liposomal and free ponatinib on K7M2 subcutaneous allograft growth in BALB/c 

mice. Days of treatment are indicated by the arrows. *** p < 0.001, two-way ANOVA, 

Bonferroni post-test. The asterisk indicates statistical significance of L-ponatinib compared 

to both free ponatinib and the untreated control. E. Body weights of K7M2-engrafted 

BALB/c mice was assessed as indicator of therapeutic adverse effects. Treatment days are 

indicated by arrows.
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Table 1

Data of the prepared polymeric and liposomal nanoformulations
a

Encapsulation efficiency [%] PDI Average size (nm)

Ponatinib-Liposomes
(L-ponatinib) 92 0.15 122

Ponatinib-Nanoparticles
(NP-ponatinib) 6 0.13 147

Nintedanib-Liposomes n.a. 0.53 155

Nintedanib-Liposomes
(remote loading)
(L-nintedanib)

34 0.18 95

Nintedanib-Nanoparticles
(NP-nintedanib) 5 0.09 96

PD173074-Liposomes
(L-PD173074) 23 0.17 113

PD173074-Nanoparticles
(NP-PD173074) 2 0.14 139

a
data of the most promising nanoformulation of each FGFR inhibitor written in bold

Nanomedicine. Author manuscript; available in PMC 2021 July 28.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Kallus et al. Page 26

Table 2
IC50 values (in μmol/L) of FGFR inhibitors and their respective liposomal formulations in 

FGFR1-driven lung cancer cell lines.

Drug DMS114 (IC50 ± SD) Fold change NCI-H520 (IC50 ± SD) Fold change NCI-H1703 (IC50 ± SD) Fold change

Ponatinib 0.51 ± 0.22 0.53 ± 0.24 0.23 ± 0.03

L-Ponatinib 0.62 ± 0.44 1.2 0.38 ± 0.14 0.7 0.27 ±0.09 1.2

Nintedanib 3.79 ± 1.26 2.12 ± 1.06 0.23 ± 0.01

L-Nintedanib 4.48 ± 2.65 1.2 16.4 ± 7.20 7.7 0.33 ± 0.05 1.4

PD173074 2.97 ± 3.75 2.27 ± 0.01 6.33 ± 1.89

L-PD173074 7.13 ± 9.24 2.4 2.04 ± 1.05 0.9 15.23 ± 0.82 2.4
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