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Abstract

The objective was to determine whether bioconjugation of type | collagen specific triplex forming
oligonucleotide (TFO) to N-(2-hydroxypropyl) methacrylamide (HPMA) containing tetrapeptide
Gly-Phe-Leu-Gly (GFLG) and mannose 6-phosphate (M6P) can provide their targeted delivery to
hepatic stellate cells (HSCs). Following bioconjugation, M6P-GFLG-HPMA-GFLG-32P-TFO was
characterized by PAGE, HPLC and GPC, and then its biodistribution was determined. TFO was
dissociated from the conjugate when incubated with papain and formed triplex with the target DNA
duplex. Type 1 collagen gene expression was significantly inhibited when HSC-T6 cells were
transfected with this conjugate. Following tail vein injection into rats, M6P-GFLG-HPMA-
GFLG-32P-TFO was rapidly cleared from the circulation and accumulated mainly in the liver. The
plasma concentration versus time profile was biphasic, with 12.37 min as ty, of distribution and
2886.48 min as ty, of elimination. A large proportion of the injected M6P-GFLG-HPMA-
GFLG-32P-TFO was taken up by the HSCs of both normal and fibrotic rats, which were isolated by
liver perfusion at 30 min post injection. Pre-injection of M6P-GFLG-HPMA-GFLG-ONP into
fibrotic rats decreased the liver uptake of the conjugates from 60% to 13%, suggesting M6P/TGFII
receptor-mediated endocytosis of the conjugates by HSCs. Almost 80% of the total liver uptake in
fibrotic rats was contributed by HSCs. In conclusion, conjugation with M6P-HPMA-GFLG
significantly increased TFO delivery to the HSCs and could be potentially used for treating liver
fibrosis.
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INTRODUCTION

Chronic liver injury and inflammation of hepatocytes may lead to overproduction of type |
collagen and other extracellular matrix (ECM) by hepatic stellate cells (HSCs), which are
distributed throughout the hepatic lobule and serve as the principle fibrogenic cells (1).
Activation of HSCs affects liver architecture and eventually liver function (2). Until now, no
pharmaceutical intervention is available to treat this fibrotic disease (3). The application of
most antifibrotic drugs has not been successful, partly because these drugs do not accumulate
in the target liver cells or cause serious side effects elsewhere in the body. Alteration of the
pharmacokinetic profiles of antifibrotic drugs by means of drug targeting represents a
promising approach in the development of an effective antifibrotic drug (4).
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Direct inhibition of type I collagen synthesis by HSCs is a potential target to prevent liver
fibrosis. Earlier, we developed a triplex-forming oligonucleotide (TFO), which can form a
triplex with the target sequence (C1) located in the rat a1(I) collagen gene promoter and inhibit
the transcription of this gene (5). Mannose-6-phosphate/insulin like growth factor 11 (M6P/
IGFII) receptor is expressed on HSCs, and its expression is up-regulated upon activation of
these cells due to acute or chronic liver injury (6). Therefore, this TFO molecule is a potential
candidate for treating liver fibrosis.

Following systemic administration, oligonucleotides (ODNs) widely distribute throughout the
body with higher accumulation in the liver and kidney (7-9). We determined the in vivo
distribution of the TFO molecules in normal and fibrotic rats (10). Almost 45% of the injected
dose was accumulated in the liver at 30 min post tail vein injection in normal rats, but only
35% of injected dose in fibrotic rats. Since the intrahepatic distribution of the TFO was non-
specific, we synthesized mannose-6-phosphate-bovine serum albumin (M6P-BSA) and
conjugated to TFO via a disulfide bond for its enhanced delivery to HSCs (11). Since the
treatment of liver fibrosis may require repeated injections of TFO at high dose, high molecular
weight globular BSA (66430 Da) may not be a suitable carrier for TFO delivery to the HSCs
due to possible immune reaction. N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer
has shown great potential for delivery of small molecular drugs (12-14). Although HPMA has
also been used for oligonucleotide delivery, no targeting ligands were used for its site-specific
delivery to target cells and its biodistribution and uptake by different liver cell types was not
determined after systemic administration. Even though biodistribution of oligonucleotides to
the liver has been reported before (15-17), the authors did not determine oligonucleotides
delivery to HSCs, which are the principal liver fibrotic cells.

In this study, we conjugated M6P to HPMA and then to TFO via GFLG linker, which is known
to be cleaved by lysosomal enzymes (15). Following bioconjugation and purification, we
determined i) whether TFO can be released from the conjugate after cellular uptake, ii)
biodistribution of M6P-GFLG-HPMA-GFLG-32P-TFO at the whole body, organ (liver) and
cellular (liver cells) levels after tail vein injection into rats.

EXPERIMENTAL PROCEDURES

Materials

Poly (HPMA-co-GFLG-ONP) was purchased from Varian Inc (Amherst, MA). p-nitrophenyl-
a-D-mannopyranoside (pnpM), phosphorous oxide chloride, palladium (10 wt % on activated
carbon), papain, methylene blue, N,N'-diisopropylethylamine, Histodenz (nycodenz) and
pronase were purchased from Sigma-Aldrich (St. Louis, MO). Sephadex G75 (superfine) was
procured from Pharmacia Fine Chemicals AB (Uppsala, Sweden). Dialysis tubing (molecular
weight cutoff of 1000 Da) was purchased from Spectrum Laboratories, Inc. (Houston, TX).
BioGel P-6 DG Gel was from Bio-Rad Laboratories (Hercules, CA). [y-32P]-dATP was
purchased from MP Biomedicals (Irvine, CA), and T4 polynucleotide kinase was from New
England Biolabs (Beverly, MA). Soluene-350 (tissue solubilizer) and HionicFluor
(scintillation fluid) were purchased from Perkin-Elmer (Boston, MA). Hydrogen peroxide
(H205) was purchased from Fisher Chemical (Fair Lawn, NJ). Heparin was purchased from
American Pharmaceutical Partners, Inc. (Los Angeles, CA). Ca2*/Mg2*~free Hank’s balanced
salt solution (Cellgro) was purchased from MediaTech (Washington, DC), and type IV
collagenase was from Worthington Biochemical Corporation (Lakewood, NJ). Isoflurane was
purchased from Baxter Pharmaceutical Products, Inc. (Deerfield, IL). TFO, which was a 25
mer antiparallel fully phosphorothioate ODN (3’-
GAGGGGGGAGGAGGGAAAGGAAGGG-5’) targeting rat ol (1) collagen gene promoter,
and TFO-3’-NH, were synthesized by Invitrogen (Carlsbad, CA). All solvents and chemicals
used in this study were used as available without further purification.
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Male Sprague-Dawley rats weighing 130-150 g were purchased from Harlan Co. (San Diego,
CA) and were housed individually under the controlled light (12/12h) and temperature
conditions and had free access to food and water.

Synthesis of p-Isothiocyanatophenyl-6-phospho-a-D-mannopyranoside

p-nitrophenyl-a-D-mannopyranoside (pnpM) (3 g, 10 mmol) was dissolved in pyridine (4 ml,
50 mmol), acetonitrile (10ml, 190 mmol), and water (0.4 ml, 22 mmol). To this solution,
phosphorus oxide chloride (4 ml, 44 mmol) was added, and the mixture was stirred for 1 h at
0°C. The reaction mixture was poured onto 120 g of ice. pH was adjusted to 7.0 by slowly
adding 2.5 M NaOH on ice and the neutralized solution was evaporated to dryness. The solid
material was dissolved in 150 ml water. The solution was concentrated under reduced pressure
at 35 °C in a rotary evaporator to a final volume of 3—4 ml. The concentrated solution was kept
at 4 °C overnight for crystallization and crystals was filtered and washed with 10 ml absolute
ethanol. The compound was recrystallized from a 10 ml water/100 ml ethanol mixture,
redissolved in water, and lyophilized to give p-nitrophenyl-6-phospho-a-D-mannopyranoside
(pnpM6P). pnpM6P (1 mmol) was dissolved in 20ml of a 4:1 (v/v) methanol-water mixture.
To this solution, 30 mg of 10% palladium on activated carbon was added. The suspension was
stirred under hydrogen (1 atm) at room temperature for two hours. After filtration, the
methanolic solution was evaporated under reduced pressure at 40 °C and lyophilized to give
p-aminophenyl-6-phospho-a-D-mannopyranoside (papM6P).

Synthesis of M6P-GFLG-HPMA-GFLG-TFO conjugate

The synthesis scheme of M6P-GFLG-HPMA-GFLG-TFO is shown in Figure 1. Poly(HPMA.-
c0-MA-GFLG-ONP) (5mg, 2.25umol of ONP) and TFO-NH; (0.8mg, 0.1pumol) were
dissolved in anhydrous dimethyl sulfoxide (DMSO, 100ul). Then, N,N'-diisopropylethylamine
(DIPEA, 3ul) was added and reacted overnight at room temperature. papM6P (3 mg, 10 pmol)
was dissolved in H,O (100pl) and dimethyl sulfoxide (DMSO) (200ul) mixture, and DIPEA
(3uI) was added. Reaction was allowed to proceed for 24 h at room temperature. The reaction
mixture was dialyzed against H,O for a day, purified on a Sephadex G75 Gel column with
pure water, freeze-dried, kept in —80 °C and resuspended in 0.9% saline before use.

In Vitro Characterization

The purity of intermediate and final products were monitored by reverse phase-high
performance liquid chromatography (RP-HPLC), which was carried on Altech Prosphere C18
column (250mmx4.6mmx5um) by Waters Breeze HPLC/GPC system (Waters, Milford, MA)
with detection at 260nm using a gradient of 40% to 100% acetonitrile in 0.1M
triethylammonium acetate (TEAA) at a flow rate of ImL/min at room temperature. M6P-
GFLG-HPMA-GFLG-32P-TFO was analyzed by 20% polyacrylamide gel electrophoresis
(PAGE) at 80 V for 2 h. The gels were stained with methylene blue or autoradiographed.

The molecular weight of M6P-GFLG-HPMA-GFLG-TFO was also measured by gel
permeation chromatography (GPC), which was carried on Waters Ultrahydrogel 250 column
(7.8x300mm) by Waters Breeze HPLC/GPC system (Waters, Milford, MA) with Waters 2414
Refractive Index detector and mobile phase containing 0.02% sodium azide (NaN3) in HPLC
water, at a flow rate of 0.5 ml/min. Polyethylene oxide (PEO) of different molecular weights
(MW = 20000, 31380, 50450 and 71700 Da) was used as standards for calibration. HPMA-
co-MA-ONP was used as a positive control and the molecular weight of M6P-GFLG-HPMA.-
GFLG-TFO was determined.
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Determination of Sugar Content

Sugar content was determined by the resorcinol-sulfuric acid method.(18) Two hundred
microliters of 6 mg/ml resorcinol and 1 ml of 75% sulfuric acid were added to M6P-GFLG-
HPMA-GFLG-TFO solution containing 5-100 nmol of sugar in 200ul. The mixtures were
vortexed and heated at 90 °C for 30 min and subsequently placed in a cold-water bath for 30
min in the dark. The optical density of the solution was measured at 430 nm. PnpM was used
to generate the standard curve to calculate the number of M6P per conjugate.

In Vitro Enzymatic Dissociation and Triplex Formation of M6P-GFLG-HPMA-GFLG-32P-TFO

To determine whether TFO will be dissociated from M6P-GFLG-HPMA-GFLG-TFO
conjugate after cellular uptake, papain (10uM), glutathione (GSH, 250mM) and M6P-GFLG-
HPMA-GFLG-32P-TFO (TFO concentration 100uM) were incubated together at 37 °C in 0.1M
phosphate buffer containing 1mM EDTA (PE buffer, total volume of 300ul). At 1, 2, 8 and
24h, 100ul of the sample was collected and analyzed by 20% PAGE at 80 V for 2 h, followed
by autoradiography.

To determine whether the TFO released from M6P-GFLG-HPMA-GFLG-TFO can still form
triplex, the target duplex DNA was prepared by equal amounts of ODNs, T1: 5’-GAG GGG
GGA GGA GGG AAA GGA AGG GAA AGG-3’and T2: 5’-CCT TTCCCTTCC TTT CCC
TCC TCC CCC CTC-3’, being heated at 80 °C for 5 min in 0.25 M NacCl, followed by slow
cooling to room temperature. Triplex formation was initiated by the mixing of 3 pL of 3x
buffer [135 mM Tris-acetate, pH 7.0, 30 mM MgCl5], 3.5 pL of duplex DNA (~3 pg), and 2.5
uL of the released 32P-TFO (~1x10° cpm). The reaction mixture was incubated at 37 °C for
another 24 h. Two microliters of a 50% glycerol solution containing bromophenol blue was
added, and samples were directly loaded onto 15% native polyacrylamide gel, prepared in a
buffer containing 50 mM Tris-acetate, pH 7.0, and 10 mM MgCl,. Electrophoresis was
performed at 8 VV/cm at 4 °C in the buffer containing 89 mM Tris-Borate and 20 mM MgCl,.
The gel was autoradiographed at 4 °C overnight.

Transfection of TFO and M6P-GFLG-HPMA-GFLG-TFO

Immortalized rat hepatic stellate cells (HSC-T6) kindly provided by Dr Scott Friedman of
Mount Sinai School of Medicine, New York were seeded in 6-well plates at a density of
11x10° cells 12 h until 50% confluence in DMEM containing 10% of FBS. The growth medium
was replaced with a pre-warmed serum-free DMEM medium. TFO was mixed with pyridinium
cationic liposome at 3/1 (+/-) charge ratio and then used for transfection at the dose of 5 g
TFO/well. For the conjugate, M6P-GFLG-HPMA-GFLG-TFO was dissolved in saline and
applied to the cells at the dose of 5 ug TFO. Negative control wells were added the same amount
M6P-GFLG-HPMA. Six hours later 10% FBS was added to each well, and then the cells were
cultured for additional 72 h. Following transfection, the cell culture medium was concentrated
using Microcon YM-30 columns (Millipore) to retain proteins of >30kDa. The concentrated
medium was lysed using 2x Laemmli sodium dodecyl sulfate (SDS) sample buffer containing
100 mM Tris, pH 6.8, 200 mM dithiothreitol (DTT), 4% SDS, 20% glycerol and 0.2%
bromophenol blue. To detect B-actin which was used as an intrinsic reference of sample
loading, the cells were lysed directly with 1x Laemmli SDS sample buffer. The lysate samples
were boiled at 100°C for 5min and subjected to 4% to 15% SDS-polyacrylamide (SDS-PAGE)
gel electrophoresis and subsequently transferred to Immobilon polyvinylidene fluoride
(PVDF) membrane (Millipore). After blocking with 5% non fat dried milk in 1x PBST
containing 0.05% Tween-20 in PBS for 1h at room temperature, the membrane was incubated
with goat anti-rat type | collagen and B-actin primary antibodies (Santa Cruz) for 16h at 4°C.
The membranes were then incubated with horseradish peroxidase (HRP)-conjugated donkey
anti-goat secondary antibody (Santa Cruz) for 1h at room temperature. Target proteins were
detected by enhanced chemiluminescence (ECL, GE Healthcare).
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Biodistribution of M6P-GFLG-HPMA-GFLG-32P-TFO

The animal protocol was approved by the Animal Care and Use Committee (ACUC),
Department of Comparative Medicine, University of Tennessee Health Science Center,
Memphis, TN 38163. Male Sprague-Dawley rats weighing 130-150 g were used in this study
and three rats were used for each time point. Unlabeled and M6P-GFLG-HPMA-GFLG-32P-
TFO were mixed in saline to give a final concentration of 1 mg/ml and specific activity of 1 x
10% cpm/ml. Rats were anesthetized by inhalation of isoflurane, and M6P-GFLG-HPMA-
GFLG-32P-TFO was injected via tail vein at a dose of 0.2 mg/kg body weight. At 2.5, 5, 15,
30, 60 and 90 min postinjection, 0.5 ml blood was collected by cardiac puncture in heparinized
tubes, and urine was collected directly from the bladder using a 0.26 gauge needle syringe. The
animals were then sacrificed and major tissues (liver, kidney, spleen, heart, and lung) were
collected, washed, blotted dry, weighed, and stored at —80 °C. The radioactivity of the urine
sample was counted directly after adding 10 ml of scintillation fluid. One hundred and fifty
microliters of plasma and 150 mg of each tissue were incubated with 2 ml tissue solubilizer
for 3 h at 55 °C and overnight at 37 °C in a shaker. Four hundred microliters of H,O, was
added and incubated at 55 °C for another 30 min. Ten milliliters of scintillation fluid was added
to each sample and the radioactivity was counted using a liquid scintillation counter.

Determination of Pharmacokinetic Profiles

Plasma data were analyzed using WinNonlin Professional (version 5.2, Pharsight Corporation,
Mountain View, CA). M6P-GFLG-HPMA-GFLG-32P-TFO plasma concentration data versus
time were fitted into a two-compartment model, where

dX dC
—L ok X, — (k10+k12)*X1=d—tp*V1

dt (1)

dX dC
—2 kX - kZI*XZZd_tl*VZ

dt (2)

where X4 is amount of drug in the central compartment, and Xj is the amount of the drug in
the peripheral compartment. Since we assumed that elimination only occurred from the central
compartment, ki, and kyq are the rate constants for efflux from the plasma to tissues and from
tissues to the plasma, respectively. k1 is the elimination constant of central compartment. The
change in the amount of radioactivity of M6P-GFLG-HPMA-GFLG-32P-TFO in the plasma
with time can be described as biexponential equation.

Cp(t):A*e_”*t+B*e_’8*[ )

where o and B are the hybrid constants for distribution and elimination, respectively. Cp
represents the plasma concentration at time t; A and B are the Y-axis intercepts, where

_ Dosex(a —kap) _Dosex(ka1 — B)

A e &
Vix(a - B) Vix(a - p) )

The change in the amount of radioactivity in a tissue with time can be described as follows:
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DOSC*k]2 —axt —B=t
Q=5 e ) ®

where Q(t) (% of dose/g) represents the amount of radioactivity in 1 g of the tissue, and Cp(t)
(% of dose/mL) is the plasma concentration of radioactivity.

9Oy o) kot

dt (6)

where ki (h™1) and ky1 (h™1), as mentioned above, are the rate constant for efflux from the
plasma to the tissue, and from the tissue to the plasma, respectively. In the present study, the
efflux process can be considered negligible during the initial time points up to 90 min. Hence,
equation 6 integrates to

KIZZQ(tl)/ﬂ)' Cp(t)dt =Ci(t1)/AUC,

From equation 7,

CLinZQ(tl)/ 4 o =Q(t)/AUCo
[ S =% 0-t ®

where tq (h) is the sampling time. C(t) (ug TFO/mI plasma) is the plasma concentration of
radioactivity, CLj, (ml-h~1.g71) is the tissue uptake rate index from the plasma to the tissue.
According to equation 8, the tissue uptake rate index is calculated using the amount of
radioactivity in the tissue and the area under the plasma concentration-time curve (AUC). Then,
the organ clearance (CLorg) is expressed as follows:

CLorg:CLin*W 9)

where W (g) is the total weight of the organ. When the tissue uptake process followed nonlinear
kinetics, CL;, values would represent an average value for the overall experimental period.
Total body clearance (CLqtq) Was calculated from AUC for infinite time (AUC,,) by the
following equation:

Cmel:Dose/ AUC., (10)

The tissue uptake clearance and index were calculated using the values up to 90 min after
injection, assuming that TFOs were fairly stable within this period.

Induction of Liver Fibrosis

DimethylInitrosamine (DMN) induced liver fibrosis in rats has been shown to have a pathology
closely resembling that of human cirrhosis. Male Sprague-Dawley rats weighing 130-150g
(Harlan Co., San Diego, CA) were housed individually under controlled light (12/12 h) and
temperature conditions and had free access to food and water. To induce liver fibrosis, dimethyl
nitrosamine (DMN) was injected intraperitoneally into rats at a dose of 10 mg/kg of body
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weight in saline. Injections were given in the afternoons of the first three consecutive days of
each week for 4 weeks.

Competition in Hepatic Uptake of M6P-BSA-33P-TFO

Two minutes before the injection of M6P-GFLG-HPMA-GFLG-32P-TFO at a TFO dose of
0.2 mg/kg (specific activity: 1x10% cpm/ml), liver fibrotic rats received 10 mg/kg of
(M6P)16-GFLG-HPMA. At 30 min postinjection, blood and other major organs were harvested
as described above for radioactivity measurement.

Isolated Rat Liver Perfusion

To determine the effect of M6P on the hepatic uptake of TFOs by hepatocytes, HSCs, Kupffer
and endothelial cells, the livers of normal and fibrotic rats were perfused in situ after
intravenous administration of M6P-GFLG-HPMA-GFLG-32P-TFO, HPMA-GFLG-32P-TFO
or 32P-TFO at the dose of 0.2 mg of TFO/kg body weight. At 30 min post-administration, rats
(200-2509) were anesthetized by inhalation of isoflurane, 100U heparin was injected via the
tail vein, the abdomen was opened, and the portal vein was cannulated with PE-60 polyethylene
tube. The liver was first perfused with 2 mL of diluted heparin solution at 20 units/mL to avoid
blood clogs in the liver. The liver was pre-perfused in situ with 200 ml of Ca2*/Mg2*-free
Hank’s balanced salt solution at a flow rate of 15 ml/min and was then perfused with Hank’s
balanced salt solution containing 0.05% type 1V collagenase and 0.1% pronase for additional
250 ml at a flow rate of 10 ml/min. All the perfusion solutions were incubated at 37 °C. After
perfusion, different liver cell types were separated and radioactivity was measured as described
by Cheng et al (10). The contributions of various cell types to the total liver accumulation were
calculated as the percentage of total hepatic uptake.

Statistical Analysis

Data were expressed as the mean + standard deviation (SD). The difference between any two
groups was determined by ANOVA. p< 0.05 was considered statistically significant.

RESULTS

Synthesis and in vitro Characterization of M6P-GFLG-HPMA-GFLG-32P-TFO

The synthesis scheme of M6P-GFLG-HPMA-GFLG-TFO is shown in Figure 1. p-nitrophenyl-
a-D-mannopyranoside (pnpM) was phosphorylated to give p-nitrophenyl 6-phospho-a-D-
mannopyranoside (pnpM6P). This intermediate product was characterized by electron spray
ionization-mass spectrum (ES-MS) as described before (11) (data not shown). RP-HPLC was
used to monitor the purity of the intermediate and final products. From the RP-HPLC
chromatograms of M6P, TFO, HPMA and M6P-GFLG-HPMA-GFLG-TFO (Figure 2), almost
all free M6P and TFOs were removed from the conjugate after purification. M6P-GFLG-
HPMA-GFLG- TFO was separated from free TFO using G75 column. As shown in Figure 2,
M6P-GFLG-HPMA-GFLG-32P-TFO conjugate was eluted earlier than 32P-TFO. PAGE
analysis of M6P-GFLG-HPMA-GFLG-32P-TFO was also confirmed successful conjugation
and purity of the conjugate. As shown in Figure 3, unlike free TFO, there was no band shift
for the conjugate. We also measured the molecular weight of M6P-GFLG-HPMA-GFLG-TFO
by gel permeation chromatography (GPC) and determined molecular weight was 51418 Da,
which matched well with the calculated molecular weight by calculation of 51362 Da. Although
poly(HPMA-co-GFLG-ONP) contains 8.33 mole % of ONP, the average number of M6P per
conjugate was determined to be 14.67.
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In Vitro Enzymatic Dissociation and Triplex Formation of M6P-GFLG-HPMA-GFLG-32P-TFO

To determine whether TFO can be dissociated from M6P-GFLG-HPMA-GFLG-32P-TFO
endocytosis in the lysosome, the radioactivity was measured after polyacrylamide gel
electrophoresis and autoradiography at 1, 2, 8 and 24 h post-incubation of the conjugate with
papain at 37 °C (19). The band of the conjugate gradually disappeared along the incubation
time (Figure 4). In contrast, this conjugate resulted in no band shift in the absence of papain.

GFLG linker is expected to be stable in the bloodstream but cleaved inside the cells by
enzymatic dissociation by lysosomal enzymes (20). The release from the M6P-GFLG-HPMA-
GFLG-TFO conjugate will enable TFO to traffic to the nucleus for triplex formation with
genomic DNA. There should be no adverse effect on triplex formation due to this conjugation
and cleavage. The M6P-GFLG-HPMA-GFLG-TFO conjugate was treated with papain and
incubated with the target duplex DNA for another 24 h, and the sample was then applied on a
15% native polyacrylamide gel at 4 °C. Following electrophoresis, the gel was
autoradiographed at 4 °C overnight. Asshown in Figure 5, there was triplex formation observed
with target duplex DNA not only for free TFO (lane 2) but also for released TFO (lane 6),
which was at a molar ratio of 200 between duplex DNA and TFO.

Inhibition of Collagen Type | Gene Expression by M6P-GFLG-HPMA-GFLG-TFO

To confirm that TFO conjugation to M6P-HPMA does not adversely affect its ability to inhibit
the transcription of type I collagen, we transfected HSC-T6 cells with TFO and M6P-GFLG-
HPMA-GFLG-TFO. Compared to the control cells treated with M6P-HPMA (lane 1), type |
collagen gene expression by the cells treated with M6P-GFLG-HPMA-GFLG-TFO (lane 2)
decreased as efficiently as that by the cells treated with the TFO (lane 3) (Figure 6). Since the
molecular weight of collagen type 1 precursor is 130-140 kDa and that of mature collage type
1is 70-90 Da, there were 2 bands for collagen, which is in good agreement with the supplier’s
Western blot analysis (right figure).

Biodistribution of M6P-GFLG-HPMA-GFLG-TFO

Following synthesis and purification of M6P-GFLG-HPMA-GFLG-32P-TFO, we determined
the biodistribution of this conjugate at 2.5, 5, 15, 30, 60 and 90 min post injection into the rat
tail vein. Figure 7 shows the time course of radioactivity in the plasma, urine, liver, kidney,
lung, and heart. Conjugation with M6P-GFLG-HPMA-GFLG-ONP significantly increased the
accumulation of 32P-TFO in the liver, as compared to our previously reported biodistribution
data of free 32P-TFO (10). Almost 70% of the conjugate accumulated in the liver at 30 min
postinjection and 60% at 60 min postinjection (Fig. 7), however, only 40% of free 32P-TFO
was in the liver at 30 min (10). Figure 8 shows the tissue concentration of M6P-GFLG-HPMA-
GFLG-32P-TFQ in the plasma (ug/ml) and tissues (ug/g) after tail vein injection into rats. The
conjugation with M6P-GFLG-HPMA-GFLG-ONP significantly increased the accumulation
of radioactivity in the liver and was the highest at 30 min post-injection. The conjugate
concentration was high not only in the liver, but also in the spleen and kidney. However,
radioactivity in the kidney rapidly decreased with time. We also included the tissue
accumulation data of 32P-TFO at 30 min post-injection for comparison.

We also calculated the pharmacokinetic profiles using two-compartment model by plotting
plasma concentration versus time, analyzing data using WinNonlin professional software. As
shown in Figure 9, there was good fit between observed and predicted results. Plasma
elimination of M6P-GFLG-HPMA-GFLG-32P-TFO was biphasic with a distribution half-life
(T1/24) 0f 12.37 min and elimination half-life (T1/p) of 2886.48 min. Figure 9 also summarizes
the pharmacokinetic parameters such as AUC, V4 and CL. Consistent with the rapid clearance
(0.059 ml/min), M6P-GFLG-HPMA-GFLG-32P-TFO had a large Vg4 of 231.33 ml, Table 1
summarizes the AUC, tissue uptake rate index, and organ clearance for representative organs
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at 90 min after systemic administration of 32P-TFO and M6P-GFLG-HPMA-GFLG-32P-TFO
in rats. The liver uptake rate indices and clearance of the conjugate were significantly higher
than those of 32P-TFO: 217658 versus 376+38 pulh~1g~1 and 11531+308 versus 2218206
pl/h, respectively. The tissue uptake rate indices and organ clearances of heart, kidney, and
lung were significantly higher than those of 32P-TFO, possibly due to increase in vivo stability
of TFO upon conjugation with M6P-GFLG-HPMA-GFLG-ONP.

Effect of Fibrosis on Biodistribution

We recently reported significant decrease in the hepatic uptake of 33P-TFO when injected into
fibrotic rats (10). To make sure that there is no decrease in the hepatic uptake of M6P-GFLG-
HPMA-GFLG-32P-TFO, we determined the biodistribution of this conjugate at 30 min post
injection in fibrotic rats. To exclude the possibility that HPMA, the backbone, is not involved
in the specific uptake of the TFO, we also determined the biodistribution of HPMA.-
GFLG-33P-TFO at 30 min post-injection. There was no decrease in the hepatic uptake of M6P-
GFLG-HPMA-GFLG-32P-TFO in fibrotic rats (Figure 10). As expected, HPMA-GFLG-33p-
TFO accumulation in the liver was much less than that of M6P-GFLG-HPMA-GFLG-32p-
TFO and decreased when fibrotic rats were used (Figure 10). This may be due to the fact that
M6P/IGFII receptors are up-regulated during fibrosis (21), which should increase the uptake
by HSCs via receptor-mediated endocytosis and cancel out any adverse effect created by
decrease in sinusoidal gap.

Competition in Hepatic Uptake

To determine whether the hepatic uptake of M6P-GFLG-HPMA-GFLG-32P-TFO is mediated
by M6P/IGFII receptor mediated endocytosis, we preinjected excess amount of (M6P)46-
GFLG-HPMA followed by injection of the conjugate in fibrotic rats. This resulted in a
significant decrease in the hepatic uptake of the conjugate in fibrotic rats (Figure 11), possibly
due to M6P/IGFII receptor mediated endocytosis of the conjugates.

Hepatic Cellular Localization

To determine the uptake of M6P-GFLG-HPMA-GFLG-32P-TFO by different liver cell types,
the livers of normal and fibrotic rats were perfused at 30 min post tail vein injection, and
hepatocytes, HSCs, Kupffers and endothelial cells were isolated for determining the amount
of radioactivity in these cells. As shown in Figure 12, HSCs were the major site for the uptake
of this conjugate. Furthermore, the uptake of M6P-GFLG-HPMA-GFLG-32P-TFO by HSCs
was significantly higher compared to free 32P-TFO. Although there was no significant decrease
in the overall hepatic recovery of M6P-GFLG-HPMA-GFLG-32P-TFO, uptake by the HSCs
of DMN-induced liver fibrotic rats was much higher than that of normal rats (79.63+2.56%
versus 51.55+2.02%) (Figure 12). We also perfused the livers of both normal and fibrotic rats
at 30 min post-injection of HPMA-GFLG-32P-TFO and determined the intrahepatic
distribution of the TFO by different liver cells. As can be seen in Figure 12, the conjugation
of 32P-TFO with GFLG-HPMA did not significantly increase the TFO uptake by HSCs of both
normal and fibrotic rats, suggesting the HPMA backbone is not involved in the specific uptake
of the TFO.

DISCUSSION

Excessive production of extracellular matrix (ECM), primarily type | collagen, by activated
HSCs is known to be one of the major causes of liver fibrosis (1). The entire region spanning
from —140 to —200 of a1(1) collagen gene promoter exist as a symmetric polypurine-
polypyrimidine tract in which the polypyrimidine sequence at —141to —170 is called C1 region
present on the non-coding strand, whereas the adjacent polypurine sequence from —171 to —200
is called C2 region located on the coding strand. The cis-acting element is the C1 and C2
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regions, playing an important role in collagen transcription (22). We have previously
demonstrated that TFOs could form triplex in this region and inhibit the activity of a1(1)
collagen promoter in vitro (5,23). In addition, TFOs have been shown to partly reverse fibrosis
in adimethylInitrosamine (DMN) induced liver fibrosis rats, indicating the therapeutic potential
of these TFOs (10).

MG6P is a ligand for M6P/IGF |1 receptor, which is up-regulated in activated HSCs during liver
fibrosis, enabling selective accumulation of M6P-conjugated carrier or drug molecules (24).
MG6P conjugation to albumin increased the uptake of M6P-BSA by HSCs in liver fibrotic rats.
(25) Conjugation of M6P to virus recombinant interleukein-10 (vIL-10) significantly increased
the hepatic uptake of vIL-10 by the liver.

To avoid the use of polycations, Rajur et al. conjugated ODNs to asialoorosomucoid via
disulfide bond (26). However, this strategy is not suitable for the TFO, since direct conjugation
of molecules to the TFOs often disrupts the triplex-forming ability of the TFOs, which is
essential for transcription inhibition. Furthermore, liver fibrosis results in the loss of sinusoidal
fenestrae, suggesting that particulate delivery systems may not be good for TFO delivery to
the HSCs.

To avoid any non-specific ionic interaction and the large particle size, we recently conjugated
TFO to M6P-BSA via a disulfide bond and demonstrated enhanced uptake by the HSCs after
systemic administration of M6P-BSA-TFO into normal and fibrotic rats (27). However,
repeated administration of this conjugate is likely to cause immune reaction due to BSA and
thus we synthesized M6P-GFLG-HPMA-GFLG-ONP and conjugated to TFO, where GFLG
is a lysosomally degradable tetrapeptide, and thus will facilitate lysosomal release of TFO and
its escape to the cytoplasm after cellular uptake. Following synthesis and characterization using
RP-HPLC and GPC, we determined whether TFO could be dissociated from the conjugate by
incubating M6P-GFLG-HPMA-GFLG-TFO with papain and TFO release was monitored. As
shown in Figure 4, free TFO release concentration increased with incubation time with papain,
which is consistent with the literature (20). Papain is a cysteine protease hydrolase enzyme and
belongs to the same family as cathepsin B, which is the most important enzyme in the lysosomes
to cleave GFLG spacer (17,19,20).

To make sure the TFO released from the conjugate can form a triplex to the target duplex DNA,
we incubated M6P-GFLG-HPMA-GFLG-TFO with papain for 24 h and then used the released
TFO to form triplex with the target duplex DNA. As can be seen in Figure 5, the TFO released
from the conjugate formed triplex with duplex DNA.

To confirm that TFO conjugation to M6P-GFLG-HPMA does not adversely affect its ability
to inhibit the transcription of type | collagen, we transfected HSC-T6 cells with M6P-GFLG-
HPMA-GFLG-TFO. Compared to the control cells treated with M6P-HPMA, type | collagen
gene expression by the cells treated with M6P-GFLG-HPMA-GFLG-TFO decreased as
efficiently as that by the cells treated with the TFO (Figure 6).

Conjugation of TFO to M6P-GFLG-HPMA-GFLG-ONP significantly increased TFO delivery
to the liver from 47% for 32P-TFO to 70% for M6P-GFLG-HPMA-GFLG-32P-TFO at 30 min
post injection. To determine whether the hepatic uptake of M6P-GFLG-HPMA-GFLG-32p-
TFO is mediated by M6P/IGF |1 receptor mediated endocytosis, we preinjected rats with excess
amount of M6P-GFLG-HPMA-GFLG-ONP. This resulted in a significantly decrease in the
hepatic accumulation of this conjugate in fibrotic rats (Figure 11). This confirmed the receptor-
mediated uptake of this conjugate, since M6P/TGF |1 receptor is up-regulated in liver fibrotic
rats, the hepatic accumulation was almost completely inhibiting by saturating this receptor.
Rachmawati et al also demonstrated almost 50% inhibition in the hepatic uptake of M6P-1L-10
conjugates in fibrotic rats (28).
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To determine the hepatic cellular localization, the liver was perfused at 30 min post-injection
of M6P-GFLG-HPMA-GFLG-3?P-TFO, HPMA-GFLG-32P-TFO or 32P-TFO and different
liver cells were separated by fractionation on the Histodenz gradient. As shown in Figure 12,
almost 80% of the total liver uptake was contributed by HSCs cells of fibrotic rats, but only
55% by HSCs of normal rats. The percentage of uptake by hepatocytes was relatively low in
both normal and fibrotic rats. However, the conjugation of TFO with GFLG-HPMA did not
significantly increase the TFO uptake by HSCs of both normal and fibrotic rats (Figure 12);
suggesting the HPMA backbone is not involved in the specific uptake of the TFO.

In conclusion, conjugate with M6P-GFLG-HPMA-GFLG-ONP significantly enhance the
uptake of the TFO by HSCs and thus this conjugate may be suitable for inhibiting a1 (1) collagen
gene expression by HSCs and potentially treat liver fibrosis.
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Figure 2.

HPLC chromatography of M6P-GFLG-HPMA-GFLG-TFO conjugate. There is a new peak
for conjugate different from the reactants, such as M6P, poly(HPMA-co-GFLG-ONP) and
TFO.

Bioconjug Chem. Author manuscript; available in PMC 2010 February 1.

32.00

32.00

32.00

32.00

34.00

34.00

34.00

34.00



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Yang etal.

HPMA-TFO conjugate —p

TFO quartet structure —»

Free TFO —»

Figure 3.

Polyacrylamide gel electrophoresis (PAGE) of M6P-GFLG-HPMA-GFLG-TFO. A)
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Methylene blue staining

Autoradiograph

Conjugate Free TFO

Conjugate

Free TFO

methylene blue staining. B) autoradiography. There was no band shift for the conjugate.
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Figure 4.

TFO dissociation from M6P-GFLG-HPMA-GFLG-TFO by papain. The conjugate was treated
with papain for 1h, 2h, 8h, 24h followed by polyacrylamide gel electrophoresis (PAGE) and

autoradiography. The conjugate not treated with papain was used as a control.
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Figure 5.

Triplex formation with target duplex DNA after release from M6P-GFLG-HPMA.-
GFLG-32P-TFO conjugate. Samples were applied on 15% native PAGE at 4 °C in 89 mM Tris-
borate buffer, containing MgCl, (20 mM) for 4 h. Lane 1: 32P-TFO; lane 2: duplex DNA/32P-
TFO (200:1) incubated for 24 h; lane 3: Duplex DNA/32P-TFO (200:1) and papain incubated
for 24 h; lane 4: M6P-GFLG-HPMA-GFLG-32P-TFO; lane 5: M6P-GFLG-HPMA-
GFLG-32P-TFO incubated with papain for 24 hat 37 °C; and lane 6: duplex DNA/M6P-GFLG-
HPMA-GFLG-32P-TFO (200:1) incubated for 24 h at 37 °C with papain.
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Inhibition of collagen gene expression. Transfection of HSC-T6 cells with TFO (lane 3) and
M6P-GFLG-HPMA-GFLG-TFO (lane 2) inhibited collagen gene expression compared to the
control group (lane 1). Western blot analysis of collagen primary antibody provided Santa Cruz
was also shown in the right figure.
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Figure 7.
Biodistribution of M6P-GFLG-HPMA-GFLG-32P-TFO and free 32P-TFO after tail vein

injection into rats at a dose of 0.2 mg TFO/kg of body weight.
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Figure 8.

Concentration time profiles of radioactivity in different organs and the plasma after tail vein
injection of M6P-GFLG-HPMA-GFLG-32P-TFO and free 32P-TFO into rats at a dose of 0.2
mg TFO/kg of body weight.

Bioconjug Chem. Author manuscript; available in PMC 2010 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Plasma Concentration (pug/mL)

D
n

[\

p—
()]

[E—

o
W

Page 21

—Predicted AUC, 677.21 pg*min/mL

T m Observed T, 12.37 min
] 1

T\ 2886.48 min

0.059 ml/min
231.33 ml

.
20 40 60 80 100 120

Time (min)

Figure 9.

Pharmacokinetic profiles of M6P-GFLG-HPMA-GFLG-32P-TFO at 30min after post vein
injection. Plasma data was analyzed using a two-compartment model with WinNonlin
Enterprise (version 5.2) software. AUC = Area under the curve; CL = Clearance; V4= Volume
of distribution.
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Figure 10.

Ef?‘ect of fibrosis on hepatic uptake of M6P-GFLG-HPMA-GFLG-32P-TFO and HPMA-32p-
TFO after systemic administration into DMN induced fibrotic rats. At 30 min postinjection of
this conjugate (1x108cpm) at a dose of 0.2mg/kg, blood was collected by cardiac puncture.
Rats were sacrificed; major organ were isolated, washed with saline and subjected into
scintillation counter. Values are the mean + S.D. of 3 rats.
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Effect of excess M6P-GFLG-HPMA on the biodistribution of M6P-GFLG-HPMA.-

GFLG-32P-TFO in fibrotic rats.
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Figure 12.

In?rahepatic distribution of M6P-GFLG-HPMA-GFLG-32P-TFO in normal and fibrotic rats.
The liver was perfused in situ by collagenase/pronase digestion at 30 min post-injection of
M6P-GFLG-HPMA-GFLG-32P-TFO, HPMA-GFLG-32P-TFO or 32P-TFO at dose of 0.2 mg
TFO/Kkg of body weight. Hepatocytes, Kupffer and endothelial cells, and hepatic stellate cells
(HSC) were separated and the associated radioactivity was measured. The contribution of each
liver cell type was exposed as percentage of total liver uptake. Results are expressed as the
mean + S.D. (n=3).
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