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A B S T R A C T

The aim of the present study was to develop folic acid (FA) conjugates which can deliver the kinase inhibitor
dactolisib to the kidneys via folate receptor-mediated uptake in tubular epithelial cells. Dactolisib is a dual
inhibitor of phosphatidylinositol 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) and is considered
an attractive agent for treatment of polycystic kidney disease. The ethylenediamine platinum(II) linker, herein
called Lx, was employed to couple dactolisib via coordination chemistry to thiol-containing FA-spacer adducts to
yield FA-Lx-dactolisib conjugates. The dye lissamine was coupled via similar linker chemistry to folate to yield
fluorescent FA-Lx-lissamine conjugates. Three different spacers (PEG5-Cys, PEG27-Cys or an Asp-Arg-Asp-Asp-
Cys peptide spacer) were used to compare the influence of hydrophilicity and charged groups in the spacer on
interaction with target cells and in vivo organ distribution of the final conjugates. The purity and identity of the
final products were confirmed by UPLC and LC-MS analysis, respectively. FA-Lx-dactolisib conjugates were
stable in serum and culture medium, while dactolisib was released from the conjugates in the presence of
glutathione. All three type of conjugates were internalized efficiently by HK-2 cells and uptake could be blocked
by an excess of folic acid in the medium, demonstrating FR mediated uptake. FA-Lx-dactolisib conjugates
showed nanomolar inhibition of the PI3K pathway (Akt phosphorylation) and mTOR pathway (S6 phosphor-
ylation) in cultured kidney epithelial cells (HK-2 cells). After intraperitoneal administration, all three types
conjugates accumulated extensively in kidneys of iKsp-Pkd1del mice with polycystic kidney disease. In conclu-
sion, folate conjugates were successfully prepared by platinum(II) coordination chemistry and accumulated in a
target-specific manner in kidney cells and polycystic kidneys. The folate conjugate of dactolisib thus may have
potential for targeted therapy of polycystic kidney disease.

1. Introduction

The folate receptor (FR), also known as the high affinity membrane
folate binding protein, is a glycosylphosphatidylinositol (GPI)-linked
membrane glycoprotein with a molecular weight of 38–40 kDa and is
significantly upregulated in many cancer cells [1]. A range of folate-
drug conjugates has been developed for targeted delivery of anticancer
drugs to various types of tumors [2–6]. Importantly, high expression of
the folate receptor has also been observed in the kidney, particularly on
the apical brush-border membrane of kidney proximal tubule cells
[7–9]. Thus, although designated for targeting cancer cells, low-mole-
cular-weight folate conjugates such as [99mTc]DTPA-folate accumulated
substantially in the kidneys when intravenously administered [10].

Studies with folate-drug conjugates in non-cancerous disease showed
successful targeting and therapeutic responses in adjuvant arthritis
[11–13] and in kidney disease models [14,15].

Autosomal dominant polycystic kidney disease (ADPKD) is one of
the most common genetic kidney diseases, which often leads to end-
stage renal failure [16–19]. The incidence of this disease is estimated to
be 1:2500 in the European Union (EU) [20]. ADPKD is characterized by
the progressive development of fluid-filled kidney cysts which replace
the normal renal parenchyma ultimately resulting in loss of kidney
function [21]. ADPKD is caused by heterozygous mutations in the Pkd1
(85% of the patients) and Pkd2 gene (15% of the patients) [22,23].
Currently, there are no effective treatments for ADPKD patients and
most of them rely on kidney transplantation therapy [24]. New

https://doi.org/10.1016/j.jconrel.2018.11.019
Received 4 June 2018; Received in revised form 14 November 2018; Accepted 20 November 2018

⁎ Corresponding author.
E-mail address: r.j.kok@uu.nl (R.J. Kok).

Journal of Controlled Release 293 (2019) 113–125

Available online 23 November 2018
0168-3659/ © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2018.11.019
https://doi.org/10.1016/j.jconrel.2018.11.019
mailto:r.j.kok@uu.nl
https://doi.org/10.1016/j.jconrel.2018.11.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2018.11.019&domain=pdf


treatments for ADPKD under development are mainly focused on tar-
geting the dysregulated signaling pathways in the disease. Several
studies have revealed that both the mammalian target of rapamycin
(mTOR) and phosphatidylinositol 3-kinase (PI3K) pathways are acti-
vated by PC-1 expression which is encoded by the Pkd1 gene in ADPKD
[25,26].

Dactolisib, also known as NVP-BEZ235 or BEZ235 (chemical
structure shown in Fig. 1), is a dual inhibitor of PI3K/mTOR signaling
pathways which both play an important role in cell proliferation and
cell cycle [27–29]. Dactolisib has entered clinical trials in patients with
renal cell carcinoma but has been discontinued due to a high incidence
of gastrointestinal side effects [30]. As mentioned above, PI3K/mTOR
signaling pathways are also involved in the pathogenesis of ADPKD. In
a recent study using 3D-cultured kidney cysts, Booij et al. have shown
potent inhibitory effects of dactolisib on cystic growth [31]. Moreover,
dactolisib was reported effective in a mouse model of ADPKD [32]. In
the present study, dactolisib was selected for the design of folate con-
taining prodrug conjugates which can be used for targeted delivery to
polycystic kidneys.

Most drug conjugates contain an ester, amide, disulfide or hy-
drazone bond that facilitates covalent and bioreversible conjugation of
the drug to the targeting ligand. [33] Since dactolisib lacks functional
groups (such as eOH, eNH2, eCOOH and eSH) that can be exploited
for the above conjugation reactions, we explored an alternative cou-
pling strategy. Dactolisib contains quinoline groups, which can form
coordinative NePt bonds with the metal-organic linker dichloro(ethy-
lenediamine)platinum(II), herein called Lx [34–37]. In the next step,
Lx-dactolisib complex was coupled to hydrophilic folate-spacer adducts
comprising a thiol group which also forms coordination linkages with
the platinum(II) coordinative center, yielding the final FA-Lx-dactolisib
conjugates. The Lx-dactolisib complex is positively charged which in-
creases the water solubility of the dactolisib conjugates. Since dactolisib
has a very low aqueous solubility (log P=5.2 [38]), it can be antici-
pated however that the charge of the linker will not provide enough

water solubility. Therefore, three different hydrophilic spacers PEG5-
Cys, PEG27-Cys and Asp-Arg-Asp-Asp-Cys peptide were developed to
increase the aqueous solubility of the final conjugates and to avoid
possible aggregation and nonspecific uptake of the conjugates by cells
as shown for other drug-targeting ligand conjugates [39]. Differences in
hydrophilicity and charged groups within the spacers may furthermore
influence the interaction with FR -thus affecting uptake in target cells-
or undesired interactions that determine the organ distribution of small
drug-carrier conjugates. To study these processes further, fluorescent
FA-Lx-lissamine conjugates were synthesized which had similar hy-
drophilic spacers and a platinum(II)-coordinative linker center. The
overall synthesis strategy of preparation of folate conjugates is shown in
Fig. 1.

The conjugates were prepared by solid phase synthesis and purified
by preparative HPLC, while identity of their structures was confirmed
by LC-MS analysis. The stability and drug release properties of the
conjugates were investigated under normal conditions and in the pre-
sence of compounds that can release dactolisib from the coordinative
linker such as gluthathione (GSH) and dithiothreitol (DTT). The in-
hibition of PI3K/mTOR signaling pathways was evaluated in cultured
kidney epithelial cells by western blotting of the signaling pathways
targeted by dactolisib. The cellular uptake of FA-Lx-lissamine fluor-
escent conjugates in kidney epithelial cells was studied by confocal
fluorescence microscopy. Finally, we confirmed the accumulation of
FA-Lx-lissamine conjugates in polycystic kidney after i.p. administra-
tion. Our results demonstrate that this newly developed class of folate
conjugates can specifically target the polycystic kidney. The linking
approach with platinum(II) coordinative linkers offers new possibilities
for conjugating potent inhibitors to folate and other ligands that can
facilitate for targeted uptake in tubular cells in the polycystic kidney.

Fig. 1. (A) Design of folate targeted drug conjugates FA-Lx-dactolisib and FA-Lx-lissamine using platinum linker. It consists of four parts: the drug dactolisib and
fluorescent agent lissamine, the metal-organic platinum linker Lx, the hydrophilic spacers PEG5-Cys, PEG27-Cys and Asp-Arg-Asp-Asp-Cys peptide, and the targeting
ligand folate. (B) Chemical structure of FP27S-Lx-dactolisib, a representative folate targeted conjugate.
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2. Materials and methods

2.1. Materials

Dactolisib was purchased from LC Laboratories (Woburn, USA).
TentaGel® S RAM resin was purchased from Rapp Polymere
(Tuebingen, Germany). N10-(trifluoroacetyl)pteroic acid was purchased
from Carbosynth (Berkshire, UK). Fmoc-L-Glu-OtBu, Fmoc-NH-PEG5-
COOH and Fmoc-NH-PEG27-COOH were purchased from Iris Biotech
GmbH (Marktredwitz, Germany). Syringe peptide synthesis vessels
were purchased from Screening Devices BV (Amersfoort, The
Netherlands). Dichloro(ethylenediamine)platinum(II) [PtCl2(en)], lis-
samine™ rhodamine B, Fmoc-Cys(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-
Arg(Pbf)-OH, folic acid, silver nitrate, tricine, thiourea, sodium nitrate,
N-hydroxysuccinimide (NHS), N,N′-dicyclohexylcarbodimide (DCC),
ethylenediamine (EDA), potassium thiocyanate (KSCN), 4-dimethyla-
minopyridine (DMAP), 1-hydroxy-benzotriazole (HOBt), triisopro-
pylsilane (TIPS), 1,2-ethanedithiol (EDT), (benzotriazol-1-yloxy)tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP), N,N′-dii-
sopropylethylamine (DIPEA), piperidine, hydrazine, acetic anhydride,
formic acid, L-glutathione (GSH), DL-dithiothreitol (DTT), tri-
fluoroacetic acid (TFA), tris base, sodium chloride, Tween 20, hema-
toxylin and eosin Y were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Dimethyl sulfoxide (DMSO), diethyl ether, acetoni-
trile, peptide grade N,N-dimethylformamide (DMF) and di-
chloromethane (DCM) were purchased from Biosolve BV
(Valkenswaard, The Netherlands). All cell culture materials were or-
dered from Gibco (Grand Island, NY, USA). NuPAGE 4–12% Bis-Tris
protein gels and NuPAGE MOPS SDS running buffer were purchased
from Invitrogen (Breda, The Netherlands). Phospho-S6 ribosomal pro-
tein (Ser240/244) rabbit antibody, phospho-Akt (Ser473) rabbit mAb,
β-Actin rabbit mAb and horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody were purchased from Cell Signaling
Technology (Leiden, The Netherlands). RIPA buffer, protease and
phosphatase inhibitors, rabbit anti-folate primary antibody and donkey
anti-rabbit IgG (H+L) Alexa Fluor 488 secondary antibody were pur-
chased from Thermofisher Scientific (Karlsruhe, Germany). FluorSave™
Reagent was ordered from Millipore (Amsterdam, the Netherlands).

2.2. UPLC, NMR, LC-MS and Preparative HPLC

2.2.1. Ultraperformance liquid chromatography (UPLC)
The purity of the synthesized conjugates was evaluated by UPLC

using a Waters ACQUITY system (Waters Associates Inc., Milford, MA,
USA) equipped with an ACQUITY UPLC CSH C18 column
(2.1×50mm). The mobile phase consisted of two solvents (Eluent A:
water/acetonitrile= 95/5 (v/v) with 0.1% formic acid; eluent B:
acetonitrile with 0.1% formic acid). All the compounds were eluted
using a linear gradient: 0% B to 60% B in 2.5 min at a flow rate of
0.5 ml/min. The injection volume was 5 μl. The detection wavelength
for FA-PEG5-SH (FP5S), FA-PEG27-SH (FP27S), FA-Asp-Arg-Asp-Asp-SH
(FAS) and Fmoc-PEG5-SH (FmocP5S) was 290 nm. The detection wa-
velength for dactolisib, Lx-dactolisib and FA-Lx-dactolisib conjugates
(synthesized as described in Section 2.5) was 340 nm. The detection
wavelength for lissamine, IMI-lissamine, FA-Lx-lissamine and FmocP5S-
Lx-lissamine conjugates (Section 2.5) was 560 nm [40–42]. The chro-
matograms were analyzed using Empower Software.

2.2.2. Nuclear magnetic resonance (NMR)
1H NMR spectra of the synthesized Lx-dactolisib dissolved in DMSO-

d6 were recorded at 25 °C with an Agilent 400MHz spectrometer (Santa
Clara, CA, USA). The central line of DMSO at 2.5 ppm was used as re-
ference line.

2.2.3. Liquid chromatography-mass spectrometry (LC-MS)
LC-MS analyses were performed on a Thermo Finnigan UPLC system

(Thermo Finnigan, San Jose, CA, USA) coupled to a Bruker Q-TOF mass
spectrometer (Bremen, Germany) equipped with an electrospray ioni-
zation (ESI) source. An ACQUITY UPLC CSH C18 column
(2.1× 50mm) was used for separation. A binary solvent system of
water/acetonitrile (LC-MS Grade) 95:5 (v/v) with 0.1% formic acid
(solvent A) and acetonitrile (LC-MS Grade) with 0.1% formic acid
(solvent B) were used as the mobile phase. The eluting gradient, flow
rate and injection volume were the same as those used for UPLC ana-
lysis. Mass analysis was conducted in positive ionization mode under
the following settings: nebulizer pressure, 70.0 bar; drying gas flow
rate, 12 l/min; drying gas temperature, 35 °C; ESI voltage, 4.5 kV; scan
range, 50 to 3000m/z. Data analysis was conducted on Bruker
Daltonics Data Analysis software.

2.2.4. Preparative-high performance liquid chromatography (Prep-HPLC)
Purification of the synthesized conjugates was performed on a

Waters preparative HPLC system using an XBridge BEH C18 OBD Prep
column (19× 150mm). Eluent A: water/acetonitrile= 95/5 (v/v) with
0.1% formic acid; eluent B: acetonitrile with 0.1% formic acid. Method:
20% B to 60% B in 30min at a flow rate of 20ml/min for all the
compounds. The injection volume was 4ml with a concentration of
20mg/ml.

2.3. Solid phase synthesis of FA-spacer adducts

2.3.1. Synthesis of FA-PEG5-SH (FP5S)
The solid phase synthesis of FA-PEG5-SH includes six steps (Fig. 2).

In detail, Fmoc-2, 4-dimethoxy-4′-(carboxymethyloxy)-benzhy-
drylamine aminomethyl resin (TentaGel® S RAM) (0.535 g,
0.118mmol) was transferred into a peptide synthesis vessel. Next, 5 ml
dry DMF was added to swell the resin. After 30 mins, the Fmoc groups
which protect the -NH2 on the resin were removed by 20% piperidine in
DMF (2×9ml) [43]. Subsequently, Fmoc-Cys(Trt)-OH (206mg,
0.354mmol), BOP (1 equiv) and DIPEA (1.5 equiv) in DMF were in-
troduced into the reaction vessel. After flushing with N2 at room tem-
perature for 1 h, the peptide-resin was subsequently washed with DMF
(3×5ml) and DCM (3× 5ml). Next, 20% piperidine in DMF
(2×9ml) was used to remove the Fmoc group. Fmoc-NH-PEG5-COOH
(203mg, 0.354mmol), Fmoc-Glu-OtBu (150mg, 0.354mmol) and fi-
nally N10-(trifluoroacetyl) pteroic acid (144mg, 0.354mmol) were
coupled to the resin by repeating the above procedures. In the fifth step,
a 2% hydrazine solution in DMF (3× 5ml) was added to the reaction
vessel at room temperature for 2 h to remove the trifluoroacetyl group
of pteroic acid. Next, 5 ml of a solution of TFA: H2O: TIPS (95, 2.5: 2.5,
v/v/v) was added to react for 2 h at room temperature to cleave the
product from the resin and deprotect the tert-butyl and trityl groups
[44]. Finally, the synthesized compound dissolved in TFA: H2O: TIPS
(95: 2.5: 2.5, v/v/v) was precipitated in 50ml diethyl ether and col-
lected by centrifugation. The precipitate was purified by washing three
times with diethyl ether and dried under vacuum. The obtained com-
pound was characterized by analytical UPLC and LC-MS as described in
Section 2.2. Synthesis and characterization of non-folate control spacer
FmocP5SH is described in the supplementary information (Supple-
mentary section 1.1).

2.3.2. Synthesis of FA-PEG27-SH (FP27S)
The solid phase synthesis of FA-PEG27-SH includes six steps which

were similar to the synthesis of FA-PEG5-SH. The only difference is the
second step: coupling of Fmoc-NH-PEG27-COOH instead of Fmoc-NH-
PEG5-COOH. The product was characterized by UPLC and LC-MS as
described in Section 2.2.

2.3.3. Synthesis of FA-Asp-Arg-Asp-Asp-SH (FAS)
The solid phase synthesis of FA-peptide-SH includes nine steps. The

peptide sequence was Asp-Arg-Asp-Asp-Cys. The coupling order to the
resin was Fmoc-Cys(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Asp(OtBu)-
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OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH again, Fmoc-Glu-OtBu
and N10-(trifluoroacetyl)pteroic acid. The final compound was cleaved
from the resin using 5ml TFA: H2O: TIPS (95, 2.5: 2.5, v/v/v) mixture.
The resulting mixture was concentrated to ~2ml under reduced pres-
sure and then dropwise added to ethyl ether to precipitate the product.
Next, the precipitate was collected by centrifugation, washed with ethyl
ether three times, and dried under vacuum. The product was char-
acterized by analytical UPLC and LC-MS as described in Section 2.2.

2.4. Synthesis of Lx-dactolisib and Lx-lissamine

The synthesis scheme of Lx-dactolisib and Lx-lissamine is shown in
Supplementary Fig. 1.

2.4.1. Synthesis of Lx-dactolisib
Dactolisib was coordinated to the platinum linker Lx using a similar

method as previously reported for other drug containing nitrogen
functional groups [45–47]. Briefly, [PtCl(ethylenediamine)NO3] was
synthesized by reacting [PtCl2(en)] (750mg, 2.307mmol) with AgNO3

(390mg, 1 equiv) in 15ml DMF overnight in the dark at room tem-
perature. The formed silver chloride precipitate was removed by fil-
tration through a PTFE filter (0.2 μm, 47mm diameter, Whatman).
Subsequently, dactolisib (400mg, 0.848mmol) was dissolved in 10ml
DMF at 75 °C, after which, activated Lx solution (5.64ml, 1 equiv) in
DMF was added to the dactolisib solution and reacted at 60 °C for 24 h.
The formed Lx-dactolisib complex was isolated using Waters

preparative HPLC system (Section 2.2). The fractions that contained the
aimed product (UPLC and LC-MS analysis) were pooled and freeze-
dried. 1H NMR spectroscopic analysis was used to identify which aro-
matic nitrogen of dactolisib was coordinated to the platinum linker Lx.

2.4.2. Synthesis of Lx-lissamine
Lx-lissamine was synthesized in two steps. Firstly, imidazole was

reacted with lissamine sulfonyl chloride to obtain imidazole-lissamine
[48]. Secondly, imidazole-lissamine was reacted with activated Lx to
obtain Lx-lissamine (Supplementary Fig. 1C). For the synthesis of imi-
dazole-lissamine (IMI-lissamine), 3-(1H-imidazol-1-yl)propan-1-amine
(204mg, 1.63mmol) and triethylamine (0.378ml, 2.71mmol) were
sequentially added to a solution of lissamine B sulfonyl chloride
(783mg, 1.36mmol) in dry CH2Cl2 (30ml) at 0 °C. After 5min, the
reaction mixture was allowed to warm to room temperature and stirred
for 40 h. Subsequently, the solution was diluted with 30ml di-
chloromethane (DCM) and washed with an aqueous solution of satu-
rated NaHCO3, water, brine, and dried with Na2SO4, filtered, and
concentrated. The crude product was purified by preparative HPLC as
described in Section 2.2. The fractions that contained the aimed pro-
duct (UPLC and LC-MS analysis) were pooled and freeze-dried. For the
synthesis of Lx-lissamine, IMI-lissamine (100mg, 0.150mmol) dis-
solved in 10ml DMF was added to a solution of activated Lx (998 μl,
0.150mmol) and the mixture was stirred at room temperature for 24 h
in the dark. The reaction solution was subsequently loaded onto a
preparative HPLC column and fractionated as described in Section 2.2.

Fig. 2. Fluorenylmethylmethoxycarbonyl (Fmoc) solid phase peptide synthesis (SPPS) of FA-PEG5-SH (FP5S). R means Fmoc-2,4-dimethoxy-4′-(carboxymethyloxy)-
benzhydrylamine aminomethyl resin. Reagents and conditions: (1) (i) 20% piperidine; (ii) Fmoc-Cys(Trt)-OH, BOP, DIPEA, 1 h; (iii) acetic anhydride, HOBt and
DIPEA; (iv) 20% piperidine. (2) (i) Fmoc-NH-PEG5-COOH, BOP, DIPEA, 12 h; (ii) acetic anhydride, HOBt and DIPEA; (iii) 20% piperidine. (3) (i) Fmoc-Glu-OtBu,
BOP, DIPEA, 1 h; (ii) acetic anhydride, HOBt and DIPEA; (iii) 20% piperidine. (4) N10-(trifluoroacetyl)pteroic acid, BOP, DIPEA, 12 h. (5) 2% hydrazine solution,
(3× 1 h). (6) TFA: H2O: TIPS (95: 2.5: 2.5, v/v/v), 2 h.
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The fractions that contained the aimed product were collected and
freeze-dried. The purity of synthesized Lx-lissamine was analyzed by
UPLC and the structure was confirmed by LC-MS analysis as described
in Section 2.2. The detection wavelength was 560 nm.

2.5. Synthesis of FA-Lx-dactolisib and FA-Lx-lissamine conjugates

Lx-dactolisib and Lx-lissamine were firstly reacted with thiourea to
form intermediate adducts thiourea-Lx-dactolisib and thiourea-Lx-lis-
samine (Fig. 3). In a subsequent step, the formed thiourea adducts were
reacted with the three FA-spacer adducts (FP5S, FP27S and FAS, syn-
thesized as described in Section 2.3) to yield the final FA-Lx-dactolisib
and FA-Lx-lissamine conjugates. In brief, thiourea (5.5 mg,
0.072mmol) was reacted with an equimolar amount of Lx-dactolisib
(54.7 mg, 0.072mmol) or Lx-lissamine (68.8mg, 0.072mmol) respec-
tively in 15ml 20mM tricine/NaNO3 buffer (pH 8.5) for 16 h at room
temperature in the dark. Subsequently, the formed thiourea-Lx-dacto-
lisib and thiourea-Lx-lissamine were reacted with an equimolar amount
of FP5S, FP27S or FAS respectively in 10ml 20mM tricine/NaNO3 buffer
1:2 (v/v) for 24 h at room temperature in the dark. Six targeted con-
jugates were synthesized in total (Table 1). The six reaction solutions
were separately loaded onto a preparative HPLC column to collect the

fractions with the aimed products as described in Section 2.2. The
collected fractions with the products were subsequently pooled and
freeze-dried. The purity of the synthesized conjugates was analyzed by
UPLC and the structure of the conjugates was confirmed by LC-MS
analysis as described in Section 2.2. The detection wavelength was
340 nm for FA-Lx-dactolisib and 560 nm for the FA-Lx-lissamine con-
jugates. In addition to the folate-Lx-lissamine conjugates listed above,
non-folate control conjugate was prepared by reacting FmocP5SH with
Lx-lissamine. Characterization of FmocP5SH and FmocP5S-Lx-lissamine
is described in the supplementary information (Supplementary Fig. 2).

2.6. Drug release profiles of FA-Lx-dactolisib conjugates

The biological stability and drug release properties of FA-Lx-dac-
tolisib were studied by incubating FP5S-Lx-dactolisib, FP27S-Lx-dacto-
lisib and FAS-Lx-dactolisib (final concentration: 50 μM) at 37 °C in
different media: fetal calf serum (FCS), cell culture medium, PBS with
10mM glutathione (GSH) and PBS with 10mM dithiothreitol (DTT).
Small aliquots (100 μl) were taken after 3, 6 and 24 h of incubation and
used for analysis of released dactolisib. The total amount of reversibly
conjugated dactolisib was quantified by overnight incubation with
0.5 M KSCN in PBS at 80 °C [49]. Since dactolisib has a limited aqueous
solubility (log P=5.2 [38]), two volumes of acetonitrile were added to
solubilize the released drug. The samples were vortexed and cen-
trifuged and 5 μl of the supernatant was injected for UPLC analysis to
quantify the amount of released dactolisib as described in Section 2.2.
Calibration was done using dactolisib standards in acetonitrile in a
concentration range of 0.15 to 50 μg/ml (injection volume 5 μl) to
calculate the concentrations in the different samples.

2.7. Cell culture

The human kidney tubular epithelial cell line (HK−2) and human
adenocarcinoma alveolar based lung cancer cell line (A549) were ob-
tained from the American Type Culture Collection (ATCC, Manassas,
Virginia, USA). HK-2 cells are folate receptor positive (FR+) whereas
A549 cells are folate receptor negative (FR−). HK-2 cells were cultured
in folic acid free Dulbecco's modified Eagle's medium (DMEM) con-
taining 3.7 g/l sodium bicarbonate, 1.0 g/l glucose and supplemented
with 10% (v/v) fetal calf serum (FCS), penicillin (100 IU/ml),

Fig. 3. Synthesis of the FA-Lx-dactolisib and FA-Lx-lissamine conjugates. (A) Lx-dactolisib was reacted with thiourea, and subsequently the cysteine containing FA-
spacer adducts were reacted with thiourea-Lx-dactolisib to yield the FA-Lx-dactolisib conjugates. (B) The same synthesis route for FA-Lx-lissamine.

Table 1
Yields and LC-MS characterization of the synthesized compounds.

Categories Compounds Yield (%) LC-MS (ESI)

FA-spacer FP5S 60 (M+H)+ 879.6
FP27S 60 (M+H)+ 1848.3
FAS 63 (M+H)+ 1045.7

Lx-drug/dye Lx-dactolisib 21 (M)+ 759.6
Lx-lissamine 40 (M)+ 955.2

FA-Lx-dactolisib FP5S-Lx-dactolisib 77 (M)+ 1602.4
FP27S-Lx-
dactolisib

74 (M+H)2+ 1286.0

FAS-Lx-dactolisib 69 (M)+ 1768.7, (M+H)2+

884.8
FA-Lx-lissamine FP5S-Lx-lissamine 81 (M)+ 1798.6, (M+H)2+

899.8
FP27S-Lx-
lissamine

80 (M+H)2+ 1384.1

FAS-Lx-lissamine 67 (M+H)2+ 982.8
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streptomycin (100 μg/ml) and amphotericin B (0.25 μg/ml) at 37 °C
with 5% CO2 in humidified air. A549 cells were cultured in DMEM-
HAM's F12 medium supplemented with 10% (v/v) fetal calf serum
(FCS) and 1% penicillin/streptomycin at 37 °C in an incubator with 5%
CO2 and humidified atmosphere. Both HK-2 and A549 cells were grown
in 25 cm2 cell culture flasks and passaged twice a week.

2.8. Kinase inhibitory effect of FA-Lx-dactolisib conjugates in HK-2 cells

A western blotting assay was used to evaluate whether FA-Lx-dac-
tolisib conjugates can inhibit the mTOR and PI3K pathways in cells. The
activity of the mTOR pathway was investigated with a phospho-S6 ri-
bosomal protein (Ser240/244) rabbit antibody, while the activity of the
PI3K pathway was studied using a phospho-Akt (Ser473) rabbit anti-
body [50]. HK-2 cells were seeded (2×105 cells/well) into 6-well
plates and subsequently cultured for 2 days. Next, 1 mM stock solutions
of the FP5S-Lx-dactolisib, FP27S-Lx-dactolisib, FAS-Lx-dactolisib con-
jugates as well as dactolisib in DMSO were diluted to 500 nM with
culture medium supplemented with 10% (v/v) fetal calf serum (FCS).
Next, the cells were cultured for 24 h and lysed using RIPA buffer
supplemented with protease and phosphatase inhibitors. The proteins
P-S6 and P-Akt in the lysate were separated by SDS-polyacrylamide gel
electrophoresis on NuPAGE 4–12% Bis-Tris protein gels (4–12%) [51].
The proteins were subsequently transferred onto a nitrocellulose
membrane using the iBlot dry blotting method. The membranes were
blocked with TBS-T [Tris-buffered saline, 0.1% Tween 20, 20mM tris
(pH 7.6), 150mM NaCl and 0.1% Tween 20] for 1 h at room tempera-
ture and incubated with the primary antibodies β-Actin rabbit mAb,
phospho-S6 ribosomal protein (Ser240/244) rabbit antibody and
phospho-Akt (Ser473) rabbit mAb overnight at 4 °C. The membranes
were washed three times with TBS-T and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody for
1 h at room temperature. Proteins were visualized by a chemilumines-
cence-based detection reagent and the protein bands were quantified on
a Gel Doc Imaging system equipped with a XRS camera [36]. In addi-
tion, folate competition experiments were conducted by incubation of
the cells with medium containing 500 μM folic acid (i.e. 1000-fold ex-
cess) for 30min before the conjugates were added.

2.9. Cellular uptake of FA-Lx-lissamine conjugates

FA-Lx-lissamine conjugates were used to study the cellular uptake of
the conjugates by confocal fluorescence microscopical analysis. HK-2
cells (FR+) and A549 cells (FR−) in culture medium were seeded
(1× 104 cells/well) into 96-well plates and incubated for 24 h. Next,
1 mM stock solutions of the FP5S-Lx-lissamine, FP27S-Lx-lissamine and
FAS-Lx-lissamine conjugates in DMSO were diluted to 10 μM with cul-
ture medium supplemented with 10% (v/v) fetal calf serum (FCS) be-
fore the solutions were added to the wells. Cells were incubated with
the conjugates for 2 h at 37 °C [52]. Next, 5 μl Hoechst 33342 (1:1000
dilution in PBS) was pipetted into the wells and the cells were in-
cubated for 30min to stain their nuclei. The cells were washed 3 times
with PBS to remove non-bound conjugates. Confocal images were ac-
quired on a fully automated Yokogawa High Content Imaging Platform
(Model CV7000, Yokogawa, Tokyo, Japan) using a 60× oil objective at
445 nm, 525 nm and 600 nm channels. In addition, the specific uptake
of FA-Lx-lissamine conjugates by HK-2 cells was investigated in a
competitive uptake inhibition assay, where the cells were incubated
with medium containing 1000 μM folic acid (i.e. 100-fold excess) for
30min before the conjugates were added.

2.10. Biodistribution of FA-Lx-lissamine conjugates and
immunohistochemical analysis

Animal experiments were approved by the animal experimental
committee of Leiden University, The Netherlands. Organ distribution

and kidney accumulation of FA-Lx-lissamine conjugates were studied in
kidney specific Pkd1 deletion mice (iKsp-Pkd1del) [22,53]. iKsp-Pkd1del

mice were maintained on a standard 12 h light-dark cycle and fed ad
libitum. Pkd1 deletion was induced by administering tamoxifen
(150mg/kg in sunflower oil) via oral gavage at post-natal day 18 and
19. Starting from 7weeks after injecting tamoxifen, renal function was
monitored by measuring blood urea (BU) concentration on a weekly
basis on 30 μl blood samples from the tail vein. The onset of renal
failure, at which the mice have severe PKD, was defined as having
BU > 20mmol/l, which was typically reached at an age range from 14
to 16 weeks. Administration of conjugates and harvesting of organs
were carried out as previously reported for intrarenal accumulation of
folate-DTPA conjugates [54]. Single mice with advanced stage of PKD
were injected intraperitoneally (i.p.) with either FP5S-Lx-lissamine,
FP27S-Lx-lissamine, FAS-Lx-lissamine or FmocP5S-Lx-lissamine (non-
folate control) at a dose of 2 μmol/kg dissolved in PBS. The injection
volume was 200 μl. A mouse injected with 200 μl PBS was used as ve-
hicle control. 1.5 h post administration of conjugates, the mice were
euthanized by cervical dislocation and kidneys, liver and spleen were
harvested and rinsed with saline. Small pieces of the organs (1 to 2mm
thick) were covered with TissueTek OCT, rapidly frozen in liquid ni-
trogen and stored at −80 °C until further processing. Cryosections
(5 μm thick, Leica CM3050 Cryostat) were fixed in 100ml methanol for
10min and counterstained with Hoechst 33342 nuclear dye (1.0 μg/ml)
for 10min. The sections were washed with PBS and mounted using
FluorSave™ Reagent. Finally, the stained sections were analyzed using
Keyence BZ-9000 microscopy fluorescent microscope. The colocaliza-
tion of the conjugates with folate receptors in kidney sections was in-
vestigated using rabbit anti-folate primary antibody (dilution 1:20) by
overnight staining at 4 °C followed by secondary with donkey anti-
rabbit IgG (H+L) Alexa Fluor 488 secondary antibody (dilution 1:200)
at room temperature for 2 h [55]. Antibodies were diluted in PBS with
1% bovine serum albumin and 1% sodium azide. Kidney sections were
washed with PBS containing 0.05% Tween-20 (PBST) three times after
each staining step.

2.11. Statistical analysis

GraphPad Prism software version 6 (GraphPad Software, Inc.) was
used for statistical analysis. The analyses were performed using the
unpaired two-tailed Student's t-test. The experimental data are pre-
sented as means ± SEM. Statistical significance was considered when
the P value was 0.05.

3. Results and discussion

3.1. Synthesis and characterizations of FA-Lx-dactolisib and FA-Lx-
lissamine conjugates

As pointed out in the Introduction, dactolisib lacks common func-
tional groups for covalent conjugation to folate or spacer moieties, and
therefore a strategy was employed in which the drug was coupled via
platinum(II) coordination chemistry to a FA-spacer adduct. As fluor-
escent controls, lissamine conjugates were synthesized via a similar
linker approach and used to study uptake in kidney cells and organ
distribution. The developed synthetic route consists of three steps: 1.
the synthesis of three FA-spacer adducts (FP5S, FP27S and FAS); 2. the
synthesis of Lx-dactolisib and Lx-lissamine; 3. the coupling of the FA-
spacer adduct to Lx-dactolisib and Lx-lissamine (Fig. 3).

3.1.1. Synthesis and characterization of the FA-spacer adducts
In many studies, folate has been modified using carbodiimide cou-

pling reagents [56–58]. However, both the α- and γ-carboxylic group of
folate can be activated using this method yielding only partially func-
tional conjugates, since the α-carboxylic group of folate is essential for
binding to FR [59–61]. This means that the γ-COOH of folate should be
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exploited exclusively for conjugation reactions, leaving the other COOH
group unaffected and thus able to maintain the binding and uptake in
target cells. Therefore, fluorenylmethylmethoxycarbonyl (Fmoc) solid
phase peptide synthesis (SPPS) was used to obtain the regioselective
FA-spacer adducts in which the spacers were only coupled to the γ-
carboxyl group of folate [62–64]. In this method, folic acid was formed
by coupling pteroic acid with glutamic acid of which its α-COOH was
protected with a tert-butoxy group (Fig. 2) [65]. In a subsequent step,
the γ-COOH of folate was used for conjugation with the spacers [59].
PEG5-Cys, PEG27-Cys and Asp-Arg-Asp-Asp-Cys peptide were chosen as
spacers to increase the hydrophilicity and thus the aqueous solubility of
the final conjugates. UPLC chromatograms of the purified compounds
showed main peaks for the target products with some small impurities
(Fig. 4). FP5S, FP27S and FAS were obtained with ~60% yield (Table 1).
The identity of the different synthesized FA-spacer adducts was con-
firmed by LC-MS (Table 1); the m/z of the peaks is in agreement with
the molecular weight of the compounds as detected by LC-MS analysis
(Supplementary Fig. 3).

3.1.2. Synthesis and characterizations of Lx-dactolisib and Lx-lissamine
To obtain the Lx-drug/dye complexes, the Lx linker was firstly ac-

tivated with AgNO3. The activated Lx linker was subsequently coupled
to dactolisib and IMI-lissamine (an imidazole-derivative of lissamine
which also reacts to Lx via coordination chemistry [34]) to obtain the
Lx-dactolisib and Lx-lissamine complexes (Supplementary Fig. 1). The
molar feed ratio of activated Lx to dactolisib or IMI-lissamine was 1:1
and the crude products were purified by preparative HPLC. All com-
pounds were obtained in yields in a range between 21% and 39% and
high purity (Table 1). Dactolisib is an imidazoquinoline structure
modified with a quinoline group, both quinolines can in principle co-
ordinate with Lx linker to form platinum-coordination complexes. The
UPLC analysis of the crude reaction mixture of dactolisib with activated
Lx in 1:1 ratio is shown in Supplementary Fig. 4A. Besides the starting
compound, three major product peaks were observed, either corre-
sponding to conjugates in which a single Lx has been coupled to dac-
tolisib, or to the 2:1 Lx:dactolisib conjugate as was demonstrated by LC-
MS of the reaction mixture (Supplementary Fig. 4B). The most abun-
dant reaction complex (peak 3) was purified from the mixture solution
using preparative HPLC to obtain the Lx-dactolisib complex further
used in the studies. The identity and conjugation site of the isolated
complex was confirmed by 1H NMR via comparison of the spectra of Lx-
dactolisib and dactolisib (Fig. 5). For dactolisib and Lx-dactolisib, the

proton labeled “a” (8.78 ppm (d, J=2.4 Hz, 1H)) and the proton la-
beled “b” (8.39 ppm (d, J=2.4 Hz, 1H)) are at the same position in the
NMR spectra, demonstrating that the linker Lx is not coordinated to the
aromatic nitrogen labeled “1”. On the contrary, the proton labeled “e”
(9.05 ppm (s, 1H)), the proton labeled “c” (8.20 ppm (d, J=8.8 Hz,
1H)) and the proton labeled “d” (8.10 ppm (dd, J=8.9, 2.1 Hz, 1H)) of
dactolisib shifted to 9.55 ppm (s, 1H), 9.74 ppm (d, J=9.2 Hz, 1H) and
8.38 ppm (dd, J=9.2, 2.1 Hz, 1H) after coordination of the linker,
demonstrating that the linker Lx is coordinated to the aromatic nitrogen
labeled “2”. The purity and identity of the obtained Lx-dactolisib and
Lx-lissamine was furthermore confirmed by UPLC and LC-MS analysis,
respectively (Supplementary Fig. 5). The insert of Supplementary Fig. 5
shows the characteristic isotope distribution of the four stable isotopes
of platinum (194Pt, 195Pt, 196Pt, 198Pt: 32.9, 33.8, 25.3, 7.2%), which
confirms the identities of the isolated bioinorganic platinum complexes
[66].

3.1.3. Synthesis and characterization of FA-Lx-dactolisib and FA-Lx-
lissamine conjugates

FA-spacer adducts (FP5S, FP27S and FAS) were coupled to Lx-dac-
tolisib and Lx-lissamine to form FA-Lx-dactolisib and FA-Lx-lissamine
conjugates. To avoid coordination of the Lx linker to aromatic nitrogens
in drug or FA, Lx-dactolisib and Lx-lissamine were first reacted with
thiourea to yield the intermediate compounds thiourea-Lx-dactolisib
and thiourea-Lx-lissamine (Fig. 3). Since thiourea forms relative stable
coordination complexes with platinum (i.e. relative to platinum(II)
complexes formed with chloride or water), the thiourea intermediate
compounds will not react readily with aromatic nitrogens but are still
able to react with the thiol group of the FA-spacer adducts [34,67]. In
total, six conjugates were synthesized: FP5S-Lx-dactolisib, FP27S-Lx-
dactolisib, FAS-Lx-dactolisib, FP5S-Lx-lissamine, FP27S-Lx-lissamine
and FAS-Lx-lissamine. After purification by preparative HPLC, the
conjugates were obtained in yields in a range between 67% and 81%
(Table 1). The purity (> 95%) and identity of synthesized conjugates
was established by UPLC analysis (Fig. 6) and LC-MS analysis (Sup-
plementary Figs. 6 and 7), respectively.

3.2. Drug release characteristics of FA-Lx-dactolisib conjugates

The stability and drug release behavior of the three FA-Lx-dactolisib
conjugates: FP5S-Lx-dactolisib, FP27S-Lx-dactolisib and FAS-Lx-dacto-
lisib were studied by incubating them at 37 °C in different media: fetal
calf serum (FCS), cell culture medium, 10mM glutathione (GSH) in PBS
and 10mM dithiothreitol (DTT) in PBS. These two latter reagents were
chosen for their behavior as coordinative ligands for platinum(II) rather
than as reducing agents. GSH and other thiols or sulfur containing re-
agents can release N-heterocyclic drugs from Lx by competitive dis-
placement, as has been demonstrated previously for other platinum(II)-
drug complexes [34,68]. Fig. 7 shows that 5% and 8% parent dactolisib
was released from FP5S-Lx-dactolisib after 24 h incubation in serum and
culture medium, respectively. Similar amounts of drug were released
from FP27S-Lx-dactolisib and FAS-Lx-dactolisib after 24 h incubation in
serum and culture medium (5–7%). This demonstrates that the con-
jugates had a good stability in normal media. In contrast, 18% and 66%
dactolisib was released from FP5S-Lx-dactolisib after 24 h incubation in
medium containing GSH and DTT respectively, whereas 23% and 80%
dactolisib was released from FP27S-Lx-dactolisib after 24 h incubation
in medium with GSH and DTT respectively. The drug released from
FAS-Lx-dactolisib after 24 h incubation in medium containing GSH and
DTT was 19% and 70% respectively. The extent of drug release in
medium with DTT was more than in medium with GSH, which is in
agreement with the previous studies [49,69]. DTT has two thiol groups
while GSH only has one. The stronger reducing character of DTT fur-
thermore prevents its oxidation in the medium during the 24 h in-
cubation, while GSH will be oxidized to GSSG during the time course of
the experiment. These differences explain the higher extent of release in

Fig. 4. UPLC analysis of the different FA-spacer compounds. The detection
wavelength was 290 nm. The retention times for FP5S, FP27S and FAS was
1.2 min, 1.3 min and 0.7 min respectively. The purity (based on AUC) was>
95%.
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presence of DTT, although GSH driven release probably better reflects
intracellular conditions. Slow intracellular release was also observed
upon in vivo administration, as for instance was observed for the
kidney-targeted conjugate SB202190-lysozyme [68]. Our present result
as shown in Fig. 7 confirm that dactolisib can be released from the
conjugates via competitive displacement with sulfur donors. Moreover,
Fig. 7 also shows that the release kinetics of dactolisib from the con-
jugates is independent of the type of spacer.

3.3. Kinase inhibitory effect of FA-Lx-dactolisib conjugates on HK-2 cells

The kinase inhibitory effect of the three FA-Lx-dactolisib conjugates

was studied in HK-2 cells by determination of the phosphorylation le-
vels of the signaling pathways downstream of PI3K and mTOR, i.e.
phospho-Akt and phospho-S6, respectively. Fig. 8 shows that dactolisib
significantly inhibited the phosphorylation of Ser240/244-S6 and
Ser473-Akt in HK-2 cells. Incubation of the cells with FP5S-Lx-dacto-
lisib, FP27S-Lx-dactolisib and FAS-Lx-dactolisib conjugates also sig-
nificantly reduced the phosphorylation of Ser473-Akt and Ser240/244-
S6 at nanomolar concentrations. The pharmacological activity of FP5S-
Lx-dactolisib, FP27S-Lx-dactolisib and FAS-Lx-dactolisib was almost the
same as free dactolisib. Importantly, the kinase inhibitory effect of the
three FA-Lx-dactolisib conjugates could be blocked by 500 μM folate,
i.e. a 1000-fold excess over the concentration of FA-Lx-dactolisib

Fig. 5. Expansion of 1H NMR spectra of dactolisib and Lx-dactolisib in DMSO-d6 in the 7–10 ppm region. The integrations of characteristic protons are labeled on the
spectra. Full spectra (0–10 ppm) are shown in Supplementary Fig. 4C.

Fig. 6. (A) UPLC chromatograms of FA-Lx-dactolisib conjugates. The detection wavelength was 340 nm. (B) UPLC chromatograms of FA-Lx-lissamine conjugates. The
detection wavelength was 560 nm.

H. Shi et al. Journal of Controlled Release 293 (2019) 113–125

120



conjugates (Fig. 8). Such a high concentration of folate had no toxic
effects on HK-2 cells nor did it affect the phosphorylation of Ser473-Akt
and Ser240/244-S6 (Supplementary Fig. 8). The absence of inhibitory
activity of all three conjugates in presence of excess folate demonstrates
that these conjugates cannot enter the cells passively, which makes
their cellular specificity quite different from the parent dactolisib
compound. The activity of FA-Lx-dactolisib conjugates is restricted to
cells that internalize the conjugates receptor-mediated endocytosis via
FR. Since the conjugates cannot cross over cell membranes nor mem-
branes of endocytic vesicles (e.g. endosomes or lysosomes), it is un-
likely that FA-Lx-dactolisib conjugates can exert kinase inhibitory ef-
fects directly. Intracellular release of dactolisib from the conjugates
thus must have provided sufficient amounts of free drug within the
timeframe of the experiments.

3.4. Cellular uptake studies of FA-Lx-lissamine conjugates

Internalization of FA-Lx-lissamine conjugates by FR+ kidney epi-
thelial cells (HK-2 cells) was studied by confocal fluorescence micro-
scopy. FR− cells (A549 cells) were used to exclude FR-independent
uptake of conjugates. Strong intracellular fluorescence of lissamine was
observed when HK-2 cells were incubated with the three FA-Lx-lissa-
mine conjugates (Fig. 9A). The images clearly revealed that the con-
jugates were localized intracellularly in perinuclear vesicles of HK-2
cells, most likely lysosomes [70]. Fig. 9B shows the mean fluorescence
intensities (MFI) calculated from the confocal images in Fig. 9A,
showing that the cell-associated fluorescence of FP27S-Lx-lissamine was
highest as compared to the other two conjugates. The observed differ-
ence may relate to the higher hydrophilicity of the longer PEG-linker,
resulting in better solvation of the folate ligand and its exposure to its
counterreceptor FR. Folate conjugates were barely taken up by FR-ne-
gative cells (A549 cells), demonstrating that uptake by passive mem-
brane transport into the cytosol is not occurring, thus restricting in-
tracellular distribution of the conjugates to FR-expressing cells only. To
further verify specificity of FR in the cellular uptake process, a com-
petitive experiment with 100-fold excess of free folate was conducted
(i.e. 1000 μM free folate, which is the highest concentration in view of
its solubility in the medium). Fig. 9 shows strongly reduced uptake of
all three conjugates in presence of excess folate. These immuno-
fluorescence pictures show that the remaining uptake was still in a
vesicular pattern. The relative lower fold-excess of folate (100-fold) in
the present experiment is a plausible explanation for incomplete in-
hibition of receptor-mediated uptake. Taken together, these results
demonstrate FR dependent uptake, subsequent intracellular processing
endocytic vesicles and further intracellular inhibition of the signaling
pathways targeted by dactolisib.

Fig. 7. Drug release profiles of FA-Lx-dactolisib conjugates upon incubation for 3, 6 and 24 h at 37 °C in fetal calf serum, culture medium, medium with 10mM GSH
and medium with 10mM DTT. Released drug was related to the amount of coupled dactolisib as determined by the KSCN displacement assay (Section 2.6). (A) Drug
release profiles of FP5S-Lx-dactolisib. (B) Drug release profiles of FP27S-Lx-dactolisib. (C) Drug release profiles of FAS-Lx-dactolisib.

Fig. 8. Western blot analysis of phosphorylation of Ser240/244-S6 and Ser473-
Akt in HK-2 cells treated with 500 nM dactolisib, FP5S-Lx-dactolisib, FP27S-Lx-
dactolisib and FAS-Lx-dactolisib conjugates with or without 500 μM folate for
24 h at 37 °C. β-Actin was used as a loading control.
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3.5. Biodistribution of FA-Lx-lissamine conjugates in PKD mice

In order to demonstrate the feasibility of FA-Lx-lissamine conjugates
for kidney targeting in polycystic kidney disease, 14 to 16-week old
iKsp-Pkd1del mice were injected with FA-Lx-lissamine conjugates in-
traperitoneally and sacrificed 1.5 h post injection, at which timepoint
such small-folate conjugates have been largely taken up in the circu-
lation from the intraperitoneal cavity and subsequently filtered and
accumulated in the kidneys, as demonstrated previously with other
folate conjugates [7,43]. Fig. 10 displays the fluorescence images of the
kidneys, liver and spleen sections. FP5S-Lx-lissamine, FP27S-Lx-lissa-
mine and FAS-Lx-lissamine conjugates which all contain the folate

targeting moiety strongly accumulated in polycystic kidney tissue,
while only low background fluorescence was observed in liver and
spleen. Thus, after being administered intraperitoneally, folate targeted
conjugates were indeed absorbed in the kidneys, even in animals suf-
fering from an advanced stage of polycystic kidney disease. Moreover,
the biodistribution study also shows that these folate conjugates have
avoided uptake in other organs besides the kidneys. On the contrary, no
kidney accumulation was observed in the control group which was
injected with FmocP5S-Lx-lissamine (conjugate without targeting li-
gand folate).

Fig. 9. Internalization of three targeted FA-Lx-lissamine conjugates by HK-2 and A549 cells. (A) Confocal microscopic images of HK-2 cells incubated with 10 μM
FP5S-Lx-lissamine, FP27S-Lx-lissamine and FAS-Lx-lissamine conjugates with/without folic acid (1000 μM) and confocal microscopic images of A549 cells incubated
with the same conjugates for 2 h at 37 °C. The internalized conjugates were shown in red color. Nuclei of cells were stained with Hoechst 33342 and displayed in blue
color. (B) The corresponding mean fluorescence intensity (MFI) calculated from the confocal images, bars 20 μm, P < 0.05. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Organ distribution of folate targeted con-
jugates (FP5S-Lx-lissamine, FP27S-Lx-lissamine and
FAS-Lx-lissamine) and no folate ligand control
FmocP5S-Lx-lissamine 1.5 h after intraperitoneal ad-
ministration of a single dose of 2 μmol/kg. The in-
ternalized conjugates were shown in red color. The
nuclei of polycystic kidney, liver and spleen sections
were stained with 1.0 μg/ml Hoechst 33342 (blue
color). The tissue sections were imaged using
Keyence BZ-9000 microscopy. Magnification, 20×;
scale bar, 50 μm. High resolution images are shown
in Supplementary Fig. 9. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.6. Accumulation in polycystic kidney

To further compare the accumulation of FA-Lx-lissamine and
FmocP5S-Lx-lissamine conjugates in the polycystic kidneys, we con-
structed a composite image of 49 microscopic images taken at 20×
magnification, thus providing a large overview of a transversal section
of the kidney (Fig. 11). Magnifications at 20× and 40× further illus-
trate that all three folate targeted conjugates had accumulated effi-
ciently in renal tissue, even despite the advanced stage of polycystic
kidney disease which makes it difficult to identify unaffected tubular
tissue. FP27S-Lx-lissamine showed the strongest accumulation in the
polycystic kidney in comparison to FP5S-Lx-lissamine and FAS-Lx-lis-
samine, which may relate to relative hydrophilicity or differences in the
extent and rates of distribution. The non-folate conjugate FmocP5S-Lx-
lissamine showed no accumulation in the kidney, thus demonstrating
that kidney accumulation can be fully attributed to the FA-targeting
moiety of the conjugates.

Our results are in good agreement with the study by Kipp et al., who
used a folate-hapten conjugate to study uptake in the kidneys of PKD
mice [15]. Using indirect immunofluorescence detection by anti-FITC
immunostaining, kidney accumulation and uptake in cyst-lining epi-
thelial cells was elegantly visualized in two different mouse models that
represent ADPKD. Promising therapeutic results were achieved with a
folate-rapamycin conjugate (FC-rapa), both in the bpk model [14] and
the pkd−/− model [15] of PKD. Low dose treatment with FC-rapa
(ranging from 0.1–0.6 nmol/kg/day; ~90–550 ng/kg/day) inhibited
renal mTOR pathway activity (i.e. S6 phosphorylation), renal cyst index
and renal fibrosis. FC-rapa was truly kidney-directed, as extrarenal
mTOR activity (i.e. thymus mTOR) and systemic body weight were not
affected [15]. Although we were not able to test therapeutic efficacy of
FA-Lx-dactolisib conjugates at this moment, we expect similar pro-
mising activity as observed for FC-rapa, in view of the similar molecular
target of rapamycin and dactolisib. Major differences between FC-rapa
and FA-Lx-dactolisib conjugates are the employed linker chemistry and
the dual inhibitory profile of dactolisib (PI3kinase and mTOR) versus
rapamycin (mTOR). Regarding the linker chemistry, platinum(II)-
linked conjugates show high stability in biological media and during
circulation [71], in combination with sustained release during several

days upon accumulation in target organs [55,68]. Such a sustained
release profile will afford either once weekly administration or the
targeted accumulation of drug levels by several loading doses that ac-
cumulate in cyst lining cells. Although promising results have been
achieved with FC-rapa, in vivo stability in the circulation of this type of
conjugate is expected to be poor, due to the presence of a disulfide and
ester linkage (as shown for FC-everolimus which is similar in structure
[13]).

3.7. Immunohistochemistry and histological analysis

Folate receptors are expressed on the apical brush-border mem-
brane of kidney proximal tubular epithelial cells [72,73]. To determine
whether folate receptors expression is maintained in polycystic kidneys
in the iKsp-Pkd1del mice, kidney sections were stained with rabbit anti-
folate primary antibody (PA5-24186, Thermofisher Scientific) and vi-
sualized with donkey anti-rabbit IgG (H+L) Alexa Fluor 488 secondary
antibody. A transversal section of the kidney from the vehicle control
group was stained to show the abundant expression of FR throughout
the cross-section of the kidney in iKsp-Pkd1del mice, demonstrating that
FR is highly expressed in this model of polycystic kidney disease
(Fig. 12). In mice injected with the FA-Lx-lissamine conjugates, the red
fluorescence signal representing the internalized conjugates was colo-
calized with green fluorescence signal, demonstrating that the folate
targeted conjugates were internalized by cyst-lining epithelial cells via
folate receptors. Of note, although uptake of FA-conjugates colocalized
with FR, not all FA-positive areas stained positive for uptake of FA
conjugates. Possible explanations for such untargeted areas in the
polycystic kidney are the origin of the cystic tissue (originating from
distal tubular cells rather than proximal tubular cells) or differences in
perfusion or filtration which may have limited uptake of the conjugates.
A more in-depth distribution study is warranted to address these
questions.

4. Conclusions

We have developed kidney targeted FA-Lx-dactolisib and the cor-
responding FA-Lx-lissamine conjugates that exploit platinum linker

Fig. 11. Representative fluorescence images of polycystic kidney sections in 4×, 20× and 40× magnifications. High resolution images are shown in Supplementary
Fig. 10.
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technology for coupling of the drug to the folate targeting ligand. The
FA-Lx-dactolisib conjugates are stable in serum and culture medium
while the drug is released in the presence of intracellular concentrations
of glutathione. The FA-Lx-dactolisib conjugates display nanomolar in-
hibitory effect of mTOR and PI3K in FR-positive cultured kidney cells
and are ineffective in FR-negative cells. A biodistribution study with
FA-Lx-lissamine conjugates showed extensive accumulation in cyst-af-
fected kidneys in accordance with FA-expression.
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