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Abstract

There is increasing interest in the exploitation of molecular addresses for the targeting of tumor imaging or therapeutic agents. A recent
study demonstrated anticancer activity in human xenografts of doxorubicin (DOX)—peptide conjugates targeted to the tumor vascular
endothelium, among them DOX coupled to the cyclic pentapeptide CNGRC [Science 279 (1998) 377]. In order to learn more about the
mechanism of action of this type of DOX—peptide conjugates, we have studied the interaction of DOX—CNGRC with primary human
umbilical cord vein endothelial cells (HUVEC) and tumor cells under defined in vitro conditions. We used a DOX conjugate, in which the
cyclic CNGRC peptide, for which an in vivo endothelial address has recently been identified as aminopeptidase N (APN)/CD13, has been
coupled via a hydrolysable spacer to the C-14 anthracycline-side chain. First we determined that the #;,, of DOX-CNGRC conjugate in
human blood was 442 min (at 37°) allowing sufficient time for endothelial targeting when administered i.v. When cultured cells were
exposed for 30 min to DOX-CNGRC a more cytoplasmic localization of fluorescent drug was seen when compared to DOX exposure and
intracellular DOX-CNGRC was identified after extraction from the cells. This revealed differences in the cellular uptake process of the
conjugate compared to DOX. The antiproliferative effect of DOX-CNGRC was determined by 30 min exposure in medium with a high
protein content in order to mimick the in vivo targeting situation. In this medium, the 1csy was 1.1 uM for highly CD13 expressing
HT-1080, 1.45 uM for CD13 negative SK-UT-1 sarcoma cells and 6.5 uM for CD13 positive HUVEC. The 1csq of DOX for these cells
were 1.0, 2.0 and 7.3 uM, respectively. Although DOX-CNGRC inhibited the peptidase activity of CD13 up to 50%, our data do not favor
an important role for the enzyme inhibition in the cytotoxic effect of the conjugate. The antitumor activity was tested in nude mice bearing
human ovarian cancer xenografts (OVCAR-3). A weekly i.v. administration (3 mg/kg DOX-equivalent, 3x) showed a minor (40%)
growth delay, which does not indicate efficacy better than that expected for free DOX. In conclusion, this study indicates that the
antiproliferative and anti-angiogenic effects of DOX-CNGRC as reported before, are likely caused by the cytostatic effects of
intracellularly released parent drug DOX, independent of CD13 expression/activity. More research is needed to identify the optimal
specific chemical configuration of DOX—peptide conjugates for in vivo targeting and receptor-mediated cellular uptake. € 2002 Elsevier
Science Inc. All rights reserved.
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1. Introduction

DOX is a potent anticancer agent with activity in many
solid tumors, among them breast cancer, small cell lung
cancer and sarcoma. DOX was considered the most active
single agent in metastatic breast cancer until the recent
introduction of the taxanes [1]. Since the clinical introduc-
tion of the anthracyclines, daunorubicin and DOX in the
early 1960s, it has been attempted to synthesize better
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anthracyclines than DOX. Despite the estimated synthesis
of well in excess of 2000 analogs already in 1992 a truly
better anthracycline has not been found [2].

Since DOX continues to be a widely used anticancer
drug, there still is the need to improve the efficacy of its
antitumor activity. One approach would be based on an
improved delivery of the agent in tumors. The current
increase in knowledge on tumor vascular biology and
barriers to tumor drug delivery [3-5] as well as improve-
ment of technologies for targeted delivery such as liposo-
mal formulations [6] or by prodrug administration [7],
suggest room for such an approach.

Along with the recent intense interest in the specific
targeting of angiogenic tumor blood vessels, membrane
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proteins overexpressed in endothelial cells of tumor micro-
vessels have been identified, which may be candidates for
imaging and therapeutic approaches. Membrane proteins,
upregulated on proliferating endothelial cells include the
VEGF-2 (Flk-1/KDR) receptor, o, ps-integrin and the
fibronectin isoform containing the ED-B oncofetal domain
[8]. Also, recently the target of an in vivo phage tumor
homing peptide, containing the NGR (asparagine—glycine—
arginine) motif was identified as the APN or CD13 by
Pasqualini et al. [9]. APN is a membrane-spanning, M,
150,000 cell surface protein, expressed in various epithelial
cells and in macrophages [10,11]. Importantly the only
vascular structures with detectable APN are tumor blood
vessels and other type of vessels undergoing angiogenesis,
with the possible exception of cerebellar capillaries
[12,13]. Moreover, APN antagonists, which inhibit its
protease activity have anti-angiogenic properties [9,14].

The in vivo tumor-targeting properties of a peptide
containing the NGR motif have been reported in two
key papers by Arap et al. [15] and Ellerby et al. [16], in
which a cyclic pentapeptide CNGRC with a disulfide
bridge between both cysteines has been coupled to either
DOX [15] or to a 14-amino acid pro-apoptotic peptide
(KLAKLAKKLAKLAK) [16]. In both cases, the CNGRC
tumor-homing peptide, but not a control CARAC peptide
induced a marked increased antitumor effect in human
breast cancer xenografts.

Altogether these data suggest that improved delivery of
the potent antitumor drug DOX by vascular targeting to
tumor endothelium may enhance its efficiency of tumor
cell killing, either by improving the limited penetration of
DOX in solid tumors [4] or by inhibiting the proliferation
of tumor vascular endothelial cells. The latter possibility is
even more attractive because it has been shown recently
that low doses of chemotherapy may have antitumor effect
independent from direct effects on the tumor cells [17-19].
However, the original study describing the antitumor effect
of cyclic peptide-targeted DOX does not address these
questions [15].

Therefore, in this study, we have explored the in vitro
interaction of a DOX-peptide conjugate with HUVEC and
tumor cells. Arap et al. [15] describe two types of con-
jugates prepared by a different chemistry and with a similar
antitumor activity (see [18] in Arap et al. [15]). One
conjugate is a mixture of undefined reaction products,
which hampers further characterization. Here we used
the second DOX-CNGRC conjugate, synthesized by a
chemistry that (a) allows to make a stoichiometrically
defined conjugate; and (b) may act as DOX prodrug by
introducing a hydrolysable spacer.

We determined the stability of the DOX—CNGRC con-
jugate in human blood and plasma as well as its effects on
the APN enzymatic activity. Then the in vitro cytotoxicity
of the conjugate for HUVEC and tumor cell lines with low
or high CD13 expression was measured under conditions,
mimicking the in vivo situation in blood and the in vivo

antitumor effect was tested in a human ovarian cancer
xenograft.

2. Materials and methods
2.1. Cells

HUVEC were isolated and cultured from single umbi-
lical cords that were stored in cord buffer at 4° for 1-7 days
essentially according to procedures described extensively
before [20]. Briefly, HUVEC were harvested by incubating
the vein with trypsine/EDTA solution for 20 min at 37°.
HUVEC were cultured in fibronectin (2 pg/mL) coated 6-
well plates (Costar) in M199 medium (Gibco) containing
10% pooled human serum, 10% fetal calf serum (Gibco),
5 unit/mL heparin, 200 pg/mL penicillin and 200 pg/mL
streptomycin, 290 mg/mL vr-glutamine and 50 pg/mL
crude endothelial cell growth factor, isolated from bovine
brain [20]. HUVEC were used for experiments after pas-
sage 1 or 2.

The human tumor cell lines HT-1080 (fibrosarcoma),
SK-UT-1 (mixed mesodermal tumor) and SK-LMS-1
(leiomyosarcoma), WLS-160 (liposarcoma), MCF-7 and
KB3-1 (carcinomas) were cultured in Dulbecco’s MEM
(BioWhittaker) with 10% fetal calf serum. Growth inhibi-
tion was measured in an MTT-assay in 96-well plates. 3000
HUVEC or 2500 tumor cells were seeded per well and
allowed to recover overnight. Then the cells were exposed
to drug 30 min in the indicated medium (eight drug con-
centrations, 3-well per concentration, 6-well for controls),
drug was washed away and the cells were cultured for 72 hr
in full growth medium. Then viable cells were determined
by a standard MTT-assay. The 1csg (50%) growth inhibitory
concentrations were calculated of four to six experiments
(SK-UT-1, three experiments) for different HUVEC iso-
lates (and HT-1080 determined in parallel). HUVEC were
done more than three times in order to ensure more
representative results from different isolates.

2.2. Chemicals/drugs

2.2.1. Doxorubicin

Dox.HCI (Adriblastine R.T.U.) was from Pharmacia &
Upjohn and was stored as a 3.1 mM solution in saline at
—20°. Doxorubicin—-Cys—Asn—-Gly—Arg—Cys—-NH, (DOX-
CNGRC) and doxorubicin—Cys—Ala—Arg—Ala—Cys—NH,
(DOX-CARAC) and CNGRC with a disulfide bridge
between both cysteines, were synthesized by AnaSpec
Inc. DOX was conjugated via C-14 to CNGRC by an
amide bond between a carboxyl group of an N-Fmoc-
doxorubicin-14-O-hemiglutarate and the amino group of
the peptide, according to Nagy et al. [21]. The presence of
the conjugate and of free DOX were identified by LC-MS
by the manufacturer and checked again upon arrival. The
HPLC purity of two separate preparations was according to
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the manufacturer >90 and >95%, respectively, and was
checked by us and found to be 94 and 98%, respectively.
The DOX-conjugates were dissolved in Milli-Q water
(200 pM-1 mM) and stored at —20°. During our experi-
ments, we have continuously monitored the stability of the
stocks as well as free DOX present, which remained always
<5% upon storage.

2.3. HPLC analysis

The purity and breakdown of the conjugate under several
conditions was monitored by HPLC analysis and spectro-
fluorometric detection after extraction in 67% acetonitrile.
For the extraction of DOX—-CNGRC from cells, a method
with improved extraction efficiency for anthracyclines was
employed [22,23]. The cell pellet was resuspended and
vortexed in 50 uL. H,O, then 50 pL of 20 mM H;PO,
1 mM saccharolactone (pH = 3.0; Sigma) and 10 pL
33% (v/iv) AgNO; +40 pL acetronitrile were added.
The material was sonicated for 10 min in a waterbath
and centrifugated for 3 min at 14,000 rpm in an eppendorf
centrifuge [23]. The separation was performed by isocratic
elution (25% acetonitrile, 75% HPLC buffer, consisting of
10 mM tri-ethylamine, 10 mM NaH,PO,, pH = 3.5) with
a flow rate of 1 mL/min on an Absorbosphere HS C18,
3 um particle column (Alltech) with a LiChroCART4-4/
Lichrospher 100 RP-18, 5 pym guard column (Merck).
Detection was by diode-array (220 nm) and spectrofluo-
metry at A of 475 nm and ., of 551 nm. The human
plasma and serum were collected from healthy volunteers
in standard vacutainers. Whole blood and platelet-poor
plasma (ppp) were obtained by venipuncture in syringes
containing 0.11 mol/L sodium citrate, 1.4 g/100 mL citric
acid and 2 g/100 mL glucose.

2.4. CDI13 expression

Log phase cells were harvested by short trypsinization,
washed and suspended in buffered medium, containing
10% FCS. Briefly, 1 x 10° cells were incubated at room
temperature for 60 min with FITC-conjugated anti-human
CD13 monoclonal antibody WM-47 (5 ng/mL; DAKO) or
FITC-conjugated mouse-IgG1l (DAKO). The cells were
washed and analyzed on a FACS Calibur flow cytometer
(Becton Dickinson). The results are expressed as ratios of
mean fluorescence of WM-47 divided by IgG1 control.

2.5. Immunohistochemistry

Cryostat tissue sections (4 pm thick) of OVCAR-3
xenograft tumors were mounted on poly-L-lysine coated
slides and fixed with acetone. Staining for mouse CD13
was done with the rat ER-BMDM-1 antibody (kind gift of
PJ. Leenen, Department of Immunology, Erasmus Uni-
versity, Rotterdam, The Netherlands), followed by incuba-
tion with peroxidase-labeled secondary antibody. Staining

for PECAM-1 was performed with goat polyclonal anti-
PECAM-1 antibody (Santa Cruz). For color development,
the slides were incubated with biotin-labeled rabbit-anti-
goat and peroxidase-labeled streptavidin and 0.05% 3,3'-
diaminobenzidine tetrahydrochloride dihydrate containing
0.02% H,0,. Slides were counterstained with hematox-
ylin. In the negative controls, the primary antibody was
omitted. Mouse liver was used as a positive control for
CD13 and showed staining of the bile canaliculi.

2.6. Laser scanning microscopy

The intracellular localization of fluorescent DOX and
conjugate was determined on a laser scanning microscope
(Leica TCS 4D) using a krypton:argon laser (e, Of
488 nm and A, of 590 nm) and a 40x oil lens [24]. Cells
(25,000) were seeded on coverslips (for HUVEC coated
with fibronectin) and grown overnight. Then the cells were
incubated with DOX or conjugate and examined after the
indicated times.

2.7. Aminopeptidase assay

Membrane preparations of HT-1080 and SK-UT-1 cells
were isolated. In short, cells were resuspended in buffer
(100 mM KCl, 50 mM Hepes pH 7.4, 5 mM MgCl,, 1 mM
PMSF) and incubated for 1 hr at 0°. After sonification, the
membranes were isolated by centrifugation on 46%
sucrose and resuspended in buffer. HT-1080 (1 pg) and
SK-UT-1 (25 pg) membranes were incubated at 37° with
15 uM Alanine-MCA (L-alanine-4-methyl-7-coumariny-
lamide trifluoroacetate, Fluka) in PBS, pH 7.2 in a 96-
well plate in triplo. The activity blocking antibody WM-15
[25] (5 pg/mL; Pharmingen) was used to determine the
CD13-specific aminopeptidase activity. The development
of the fluorescent product 7-AMC was monitored auto-
matically every 5 min on a Spectrafluor multiplate reader
(Tecan) (Aexe of 360 nm and A, of 465 nm) and was linear
up to at least 90 min. To determine the surface aminopep-
tidase activity of intact cells, 5000 cells per well were
plated in a 96-well plate and left overnight in medium with
1% FCS. Then the cells were incubated with 100 pM
alanine-MCA in PBS, 0.5% bovine serum albumin
(BSA), pH = 7.2. The aminopeptidase activity was calcu-
lated from the slope of the fluorescence-time curve, using a
calibration curve of 7-AMC (Fluka).

2.8. Antitumor activity in vivo

The animal experiment was approved by the Institution
Animal Experiments Committee and performed in accor-
dance with the institution guidelines. Female athymic nude
mice, 8—10-week-old (Hsd: athymic nude-nu; Harlan Cpb.)
were transplanted with 2-3 mm tumor tissue fragments
from previous recipients bearing OVCAR-3 human ovarian
cancer xenografts. OVCAR-3 shows a poorly differentiated
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serous adenocarcinoma histology and tumors have a
volume-doubling time of approximately 5 days. Upon
growth, tumors were measured and mice were weighed
twice a week throughout the entire experiment. The tumor
volume was calculated by length x width x thickness x
0.5. Treatment was started at the time tumors had a mean
volume of 180 mm>. For evaluation of DOX-CNGRC
effect, the relative tumor volume was expressed by the
formula V1/V, where Vr is the volume on any given day
and Vj is the volume on day 0. The ratio between the mean
of the relative volumes of treated tumors and that of control
tumors X 100% (T/C%) was used to express the growth
inhibition calculated as 100% — T/C% [26].

2.9. Statistics

Statistical analysis of cytotoxicity and aminopeptidase
data was done by Student’s 7-test, performed using SPSS
software (SPSS Inc., Chicago, IL).

3. Results
3.1. DOX—CNGRC stability

The cyclic pentapeptide CNGRC has been shown to
selectively target tumor endothelium in xenografts [15,16].
We have studied the interaction of DOX-CNGRC (struc-
ture is shown in Fig. 1), with HUVEC and with tumor cells
in relation to CD13 expression of the cells.

However, first the stability of the conjugate was mea-
sured upon incubation at 37° in cell culture medium and in
human whole blood, plasma and serum in order to mimick
conditions after systemic administration. The results are
shown in Table 1 and Fig. 2. The stability of the conjugate
was highest in human whole blood (#;/, = 442 min) or
platelet-poor plasma (71, = 296 min). It shows an almost
similar stability in PBS containing 4 g/100 mL BSA
(pH = 7.2) (#;/2 = 213 min). In contrast, a faster hydro-
lysis into DOX is seen in human serum or plasma
(f12 < 60 min) or cell culture medium (7, ~ 75 min).
The only fluorescent degradation product identified by

OH

Fig. 1. Chemical structure of the DOX-CNGRC conjugate.

Table 1

Degradation of DOX-CNGRC at 37°

Medium k (min™") t1» (min) n
Whole human blood 0.0016 £ 0.00013 442 + 39
Platelet-poor plasma 0.0026 £ 0.00014 296 + 21

0.0157 £ 0.00062 46 £ 2
0.0146 £ 0.0013 53£5
0.0033 £ 0.00014 213 £ 10
0.0094 £ 0.00072 76 £ 6

Citrated plasma

Human serum

PBS + 4% BSA (pH = 7.2)
DMEM + 10% FCS

W W A U N W

The degradation rate constant (k) was calculated from the In[DOX-
CNGRC(] vs. time curve (according to C, = Cy x e ). The t,,, values
longer than 200 min are based on 90 min experiments and added for
comparison. Data are mean + SE.

HPLC was the parent drug DOX. Also no linearization
of the peptide occurred in the medium during these incu-
bations, as appeared from the absence of any detectable
HPLC peak corresponding to the one rapidly occurring
after incubation of the conjugate with 1 mM dithiothreitol.
The stability of the conjugate in PBS/BSA or in cell culture
medium increased with decreasing pH. In a typical experi-
ment, during a 30 min incubation in PBS/BSA of pH 7.6,
7.2 and 6.8, 17, 7 and 4% of the conjugate turned into
DOX, respectively.

3.2. DOX—CNGRC cytotoxicity

In order to compare the cytotoxic effects of DOX-
CNGRC with DOX, we selected HUVEC and two human
sarcoma cell lines, based on a high CD13 expression (HT-
1080) and no CD13 expression (SK-UT-1) as determined
from a small panel of cell lines (Fig. 3).

The growth inhibitory effect of DOX-CNGRC was
determined by a 30 min incubation followed by a 72 hr
drug-free period in order to simulate short-duration in vivo
exposures and because of the relative unstability of the
conjugate in cell culture medium. The average free DOX
concentration during this incubation period was 17% of
DOX-CNGRC. In order to further limit the effect of free
DOX, we have also exposed the cells to the conjugate in
PBS/BSA for 30 min. In that medium, the stability is
relatively high and mimicks that in human whole blood

1
OMNHCNGF{CCONHZ
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Fig. 2. Degradation of DOX-CNGRC (4 pM) in different media (for number of experiments and SE, see Table 1).

(the average free DOX concentration was 7% of the DOX—
CNGRC concentration).

Table 2 shows the 15y data for DOX and DOX-CNGRC.
The 1c59 for DOX are higher in PBS/BSA than in cell
culture medium. This can be explained by a lower cellular
uptake rate of DOX in PBS/BSA because of a lower pH and

SK-LMS-1 -

KB3-1

i ]
HUVEC

higher protein binding compared to cell culture medium.
From the 1c59, we conclude that DOX-CNGRC is less
cytotoxic than DOX in cell culture medium, but has almost
the same cytotoxicity in PBS/BSA. Since in the latter
medium an average of only 7% of the total (free+
conjugated) DOX was free DOX during the incubation

I —
SK-UT-1 ]
HT-1080 —
MCF-7 ]
OVCAR-3 |
0 25 50 75 100 125 150

CD13 mean fluoresense (ratio CD13/IgG)

Fig. 3. CD13 expression in selected cell lines. Data represent mean = SD of at least three experiments per cell line and for HUVEC, 11 different isolates

were tested.
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Table 2
Cytotoxicity of DOX and DOX-CNGRC

Cell line 150 [DOX] (M) ICso [DOX-CNGRC] (M)

Medium PBS/BSA Medium PBS/BSA
HUVEC 27+ 100 =6) 73+ 13 (=4 18.6 £ 8.1 (n = 6) 6.5+ 13 (=4
HT-1080 0.21 +0.06 (n = 5) 0.96 + 0.36 (n = 5) 1.21 £ 0.24 (n = 6) 112 £ 0.71 (n = 6)
SK-UT-1 0.94 £ 0.48 (n = 3) 1.98 £ 0.76 (n = 3) 521 £ 0.94 (n = 3) 1.45 £ 0.62 (n = 3)

ICso (50% growth inhibitory concentrations) are mean + SD of n independent experiments; 30 min drug exposure followed by a 72 hr drug-free period.
PBS/BSA is PBS containing 4 g/100 mL BSA, pH = 7.2. All 1cso of DOX in medium were statistically lower than the 1csq of DOX-CNGRC in medium
(P < 0.01 for HUVEC and HT-1080; P < 0.05 for SK-UT-1). No significant differences between both drugs were seen in PBS/BSA.

period (increasing from 2.5% at time zero to 11.5% at
t =30 min) it is clear that DOX-CNGRC itself is the
major drug molecule that interacts with the cells and after
uptake and probably cleavage, has growth inhibitory activ-
ity. Moreover, the different behavior in both media (DOX
less effect, but DOX—CNGRC more effect in PBS/BSA) is
indicative for different processes involved in the cellular
uptake of parent drug and conjugate. This was further
substantiated by adding a 250-fold excess of cyclic peptide
CNGRC to DOX-CNGRC (1 uM) to HT-1080 cells.
CNGRC decreased the growth inhibitory effect of
DOX-CNGRC from 65 to 32% (mean of two experi-
ments). In contrast no effect was seen on DOX-induced
growth inhibition.

3.3. DOX—CNGRC intracellular localization

The fluorescence of the DOX fluorophore allows to
visualize differences in intracellular localization after
exposure of cells to DOX or DOX-CNGRC. In these
experiments, we have compared 4 pM DOX-CNGRC with
2 uM DOX, because the fluorescence quantum yield of the
conjugate was about 50% of the parent drug. Fig. 4B shows
that the fluorescence distribution in HT-1080 cells exposed
for 30 min to DOX-CNGRC is clearly in favor of a
cytoplasmic and perinuclear localization, whereas DOX
is preferentially localized into the nucleus (Fig. 4C). The
contribution of uptake from a small amount of free DOX as
present in DOX-CNGRC cannot be clearly discriminated
from the autofluorescence background at this time-scale
(Fig. 4A). After incubation periods of 60 min or longer, a
clear nuclear fluorescence localization becomes predomi-
nant in DOX—CNGRC incubated cells as well (not shown).
By in vitro binding to calf thymus DNA, we found that
DNA quenched the fluorescence of 1 pM DOX-CNGRC
and DOX to the same extent, namely 95-97% at 25 pg/mL
DNA. This indicates similar DNA binding properties and
hence potential nuclear localization properties for both
drugs. The more predominant localization into cytoplasmic
structures of DOX-CNGRC compared to DOX resembles
that seen with more lipophilic anthracyclines such as
idarubicin. Indeed, DOX-CNGRC is more lipophilic than
DOX as determined from their 1-octanol/PBS (pH = 7.4)
distribution ratios, which were 5.3 and 1.2, respectively.

From preliminary experiments, it appeared that the extrac-
tion of DOX—-CNGRC from cell material was less efficient
than the extraction of DOX, also with the improved
extraction method [23]. Still we could clearly identify
DOX-CNGRC in cells after incubation for 30 min with
8 uM DOX-CNGRC. In two experiments, the intracellular
amount of DOX—CNGRC was 281 and 154 pmol/ 10° HT-
1080 cells, while intracellular DOX was 7.1 and 1.5 pmol/
10° cells, respectively, proving that the cytoplasmic loca-
lized fluorescence as seen with fluorescence microscopy
was indeed for at least 95% DOX-CNGRC at this time-
point. When the drug in the medium was washed out after
30 min and the cells were left, the intracellular DOX-
CNGRC levels decreased with a concominant increase in
DOX (not shown).

The CD13 activity blocking antibody WM-15 had no
effect on the fluorescence distribution of DOX-CNGRC in
HT-1080 cells (Fig. 4D), suggesting that the enzymatic
activity of CD13 was not necessary for the cellular uptake
of DOX-CNGRC.

The subcellular fluorescence distribution in SK-UT-1
(not shown) and HUVEC (Fig. 4E-J) after 30 min expo-
sure to DOX or DOX—CNGRC shows a similar distribution
pattern as in HT-1080 cells. DOX-CNGRC has a more
punctate, cytoplasmic pattern (Fig. 4F) compared to the
predominant nuclear DOX fluorescence (Fig. 4G). Despite
the high quenching factor by nuclear DNA, nuclear DOX
fluorescence can be seen faintly after 30 min exposure of
HUVEC to a concentration as low as 400 nM DOX in cell
culture medium (Fig. 4H). Similarly, also nuclear fluores-
cence after exposure to 2 uM DOX can already be seen
after 5 min.

Instead, a much higher concentration of DOX-CNGRC,
than can be accounted for by the 50% lower quantum yield,
is necessary to clearly see fluorescence above background
in the nucleus. These data, therefore, show that the DNA-
bound fluorescence appears slower after exposure of cells
to DOX-CNGRC than to DOX. In addition, in PBS/BSA
the uptake of DOX is clearly less than in endothelial culture
medium (compare Fig. 4G and I), consistent with the
cytotoxicity data. For DOX—-CNGRGC, this is more difficult
to see (Fig. 4F and J), because the DOX-CNGRC fluor-
escence is mainly in the cytoplasm where the cellular
autofluorescence background is higher than in the nucleus.
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Fig. 4. Intracellular fluorescence after 30 min exposure of HT-1080
(A-D) and HUVEC (E-J) to DOX-CNGRC or DOX. (A) HT-1080,
autofluorescence of cells; (B) HT-1080, 4 uM DOX-CNGRC in DMEM;
(C) HT-1080, 2uM DOX in DMEM; (D) HT-1080, 4 uM DOX-
CNGRC + 2.5 pg/mL WM-15 in DMEM; (E) HUVEC, autofluorescence;
(F) HUVEC, 4 uM DOX-CNGRC in endothelial medium; (G) HUVEC,
2uM DOX in endothelial medium; (H) HUVEC, 0.4 puM DOX in
endothelial medium; (I) 2 uM DOX in PBS/BSA; (J) HUVEC, 4 uM
DOX-CNGRC in PBS/BSA.

Summarizing, after short-term exposure (30 min in this
case) DOX-CNGRC is more localized into the cytoplasm
and less prominent into the cell nucleus compared to
DOX.

3.4. DOX—CNGRC effects on CDI13 activity

The aminopeptidase activity of intact cells was deter-
mined by measuring the fluorescence development after
hydrolysis of the substrate alanine-MCA. The CD13 spe-
cificity was determined as the amount of activity blocked
by the antibody WM-15 [25]. The percentage of CD13
activity of the total aminopeptidase activity was highest in
HT-1080 (57%), 26% in HUVEC (mean of five different
isolates) and between 10 and 20% for the other tumor cell
lines. The correlation of CD13 expression with CD13 acti-
vity in the cell lines was high (R = 0.996; P < 0.001). In
order to test the effects of drugs on the CD13 activity, we
prepared membrane fractions of HT-1080 cells, because in
these cells the CD13 activity in absolute value and as
percentage of total the aminopeptidase activity was the
highest. In HT-1080 membranes WM-15 inhibited 80% of
the aminopeptidase activity at 2.5 pg/mL (Fig. 5a), possi-
bly because the antibody has better access to its binding
site in membrane preparations compared to intact cells.
Subsequently, it was shown that 2.5 uM DOX-CNGRC
inhibited 9% of the CD13 activity, which increased to 42%
at 20 pM. In contrast, DOX had no effects up to 20 uM
tested (see Fig. 5b). Also the cyclic peptide CNGRC had
no effect up to 300 pM (highest concentration tested, not
shown). Fig. 5S¢ summarizes the effects of all tested drugs
and combinations. DOX-CNGRC and DOX-CARAC
(20 uM) inhibited about 50% of the aminopeptidase activ-
ity, whereas DOX (20 uM), CNGRC (100 uM) or both
added together, but not conjugated, had no significant
effect. DOX-CNGRC further increased the inhibitory
effect when tested together with an optimal concentration
of WM-15 (93% inhibition with DOX-CNGRC + WM-15
vs. 82% with WM-15: P < 0.01). This effect on the
aminopeptidase activity that is not blocked by WM-15
could mean that WM-15 may not fully block the enzymatic
activity of CD13 or that DOX-CNGRC has also some
effect on another membrane aminopeptidase such as cysti-
nyl aminopeptidase/oxytosinase.

3.5. DOX—CNGRC antitumor effects on OVCAR-3
xenografts

In order to test the potentially high efficacy and low
toxicity of this conjugate which has a 1:1 stoichiometry of
DOX coupled to CNGRC, we performed an in vivo experi-
ment. This product was claimed in the original publication
to have a similar high efficacy to a carbodiimide conjugate
and much higher efficacy than free DOX ([15], note [18]).
We have used the OVCAR-3 xenografts because according
to our experience it has a very reproducible tumor growth
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inhibitory effects of 20 uyM DOX, DOX-CARAC and DOX-CNGRC; 100 pM CNGRC; 5 pg/mL WM-15. The asterisk (x) significantly different from

control (P < 0.005; Student’s t-test).

in which we have ample experience in testing DOX and
DOX-derivatives [26,27]. Moreover, at the MTD of 8 mg/
kg DOX (i.v., weekly 2 x) a moderate, but highly consistent
60-65% tumor growth inhibition is seen [26]. Since this
tumor shows a moderate response to DOX, it is very useful
to establish the effect of a putatively more efficacious
analog. We have chosen a treatment schedule of one i.v.

injection weekly during 3 weeks according to Arap et al.
[15]. In order to observe enhanced efficacy, based on Arap
et al. [15] we choose a dose that would be hardly effective
as free DOX: 3 mg/kg DOX-equivalent. In Fig. 6, we
demonstrate that a maximal growth inhibition of 40%
was seen 18 days after the start of treatment, which cannot
be regarded as a significant antitumour effect [27].
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The presence of CDI13 expression in the OVCAR-3
xenografts was verified with the anti-mouse CD13 anti-
body ER-BMDM-1 [28]. PECAM-1 antibody showed the
presence of endothelial cells in small capillaries as well as
larger vessels. Positive staining with ER-BMDM-1 was
observed in the mouse endothelial cells. No staining of
endothelial cells or OVCAR-3 tumor cells was seen with
the anti-human CD13 antibody WM-15, confirming the

nearly absence of CD13 expression seen in vitro. In addi-
tion to the mouse endothelial cells also the stroma sur-
rounding the vessels showed ER-BMDM-1 positive cells.
Most likely these are fibroblasts, smooth muscle cells and/
or pericytes, which are known to express CD13 [13,29].
These results are in line with the findings reported by
Pasqualini et al., who found co-localization of CD13 with
APA, a marker of pericytes and smooth muscle cells [9].
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Fig. 6. Tumour growth in mice bearing OVCAR-3 xenografts after i.v. treatment with DOX-CNGRC (3 mg/kg DOX-equivalent, days 0, 7 and 14) or DOX
(8 mg/kg, days 0 and 7). Data are from three mice per group with a tumor in both flanks.
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4. Discussion

The cyclic NGR containing peptide, CNGRC, has
been shown to home specifically and more effectively to
tumors than linear peptides containing the NGR motif
[15]. Since the NGR motif resembles the RGD motif, it
was initially hypothesized that the receptor for CNGRC
might be an integrin. By competition experiments, it was
found that the ligand for o,-integrins, the cyclic RGD-4C
peptide did not compete with CNGRC, indicating that
the receptor might be a different protein [15]. Indeed
the receptor for cyclic CNGRC has been recently identi-
fied as being the aminopeptidase N/CD13 [9], which was
found to be highly expressed in mouse as well as in human
tumor endothelium [9]. Consistent with a preferential
tumor vasculature localization, it has been found that
CNGRC coupled to various cytotoxic agents had highly
improved antitumor activity, in several xenograft models
[15,16].

In order to increase our understanding of the properties
of peptide-drug conjugates [30-33], we have studied the
interaction of DOX-CNGRC with tumor and endothelial
cells. Arap et al. [15] report the preparation of conjugate by
two different chemical methodologies to couple CNGRC
to DOX. One method used carbodiimide/N-hydroxysucci-
nimide chemistry, which yields a mixture of conjugates,
precluding determination of the stoichiometry of the con-
jugate by mass spectrometry [15]. The other method used
N-Fmoc chemistry to couple the peptide-amino group via a
hemiglutarate spacer to the Cy4 side chain of DOX. This
method was chosen by us, because Nagy ef al. [21] showed
that conjugates of DOX with a peptide hormone (LHRH),
prepared with this chemistry (a) give a satisfactory yield of
HPLC purified product; (b) preserve completely the cyto-
toxicity of DOX; and (c) fully retain the receptor binding
affinity of the targeting peptide [21].

Indeed, we found in two preparations the predicted
product to be >95 and >98% of the fluorescent products
present, with free DOX accounting for the remainder.
Importantly this conjugate has a good solubility in water.
We found that the stability of the DOX—CNGRC conjugate
was highly dependent on the matrix in which it was
dissolved. In particular in serum containing matrix (cell
culture media or 100% human serum) the half-life of
the conjugate at 37° was shorter (¢, of 45-75 min) than
in human platelet-poor plasma and human blood (1, of
5-7 hr). This is not unexpected because serum may contain
cell-derived esterase activity which can hydrolyze the
conjugate. The only fluorescent hydrolysis product appear-
ing during these incubations was the parent drug DOX. It
appears from our experiments that a high protein content
and a low pH, at least within the investigated range of pH
6.8-7.6, protect the conjugate against hydrolysis.

Because the specific homing of CNGRC expressing
phages in the tumor vasculature of tumor-bearing mice
was already seen after a short in vivo circulation time of

only several minutes, the stability in the general circulation
as estimated here from incubation in human whole blood,
would be high enough to allow the targeting process to
occur. Since in tumor blood vessels a coagulation-prone
situation may exist [34], with locally higher concentrations
of proteases and esterases, this more ‘“‘serum-like” situa-
tion might lead to increased formation of free DOX in
tumor tissue. In order to test whether we could reproduce
the original findings on the high antitumour efficacy of
DOX-CNGRC we had to make some choices. Since the
enhanced in vivo effect was hypothesized to relate to
mouse endothelial cell CD13 expression and was indepen-
dent on CDI13 expression of the tumor cells [15], we
reasoned that we could use in principle any tumor xeno-
graft, provided that it had some, but not too high sensitivity
to DOX. According to our experience [26,27] OVCAR-3
xenografts would satisfy this criterion. Second, the admi-
nistered dose should be lower than an effective dose of
DOX, which is 8 mg/kg [26,27] in this model, also in order
to exclude major effects of DOX itself which are to be
expected because of hydrolysis of the conjugate after
extended circulation, when a high DOX-equivalent dose
is chosen. Since Arap et al. [15] reported a distinct anti-
tumor effect already at 5 pg DOX-equivalent per mouse,
(i.v. weekly 3x) the dose should be in between 5 and
160 pg DOX-equivalent per week (8 mg/kg) for a 20 g
mouse. We have chosen 60 pg DOX-equivalent per week
(3 mg/kg DOX-equivalent) which should be high enough
to find an enhanced DOX effect similar to that found by
Arap et al. [15] if it were present. While we did not find
such an effect it remains possible that in other tumor
models a higher efficacy can be found. Although CD13
was expressed in the mouse vasculature of OVCAR-3
xenografts, perhaps tumors with a different vascularization
pattern or other administration schedules would be more
appropriate. However, our in vivo experiment argues
against a general applicability and/or the present conjugate
does not have the optimal chemistry for a prodrug at least
in this nude mouse model.

Table 2 shows that in PBS/BSA, DOX—CNGRC had a
very similar icsy as DOX for HUVEC as well as tumor
cells. Thus, exposure of cells to DOX-CNGRC is cytotoxic
in itself in the same concentration range as the parent
compound. Still the behavior in different media shows a
different tendency: DOX is less cytotoxic in PBS/BSA, a
medium with a higher protein content and slightly lower
pH, whereas the DOX-CNGRC cytotoxicity seems to be
higher in PBS/BSA, where it is more stable. These differ-
ences in cytotoxicity between both drugs probably reflect
at least in part the differences in the mechanism of intra-
cellular uptake and localization of the drugs. Compared to
DOX, the conjugate is initially more localized in the
cytoplasm, possibly in endosomal-like and Golgi-related
structures. Thus, the mechanism of plasma membrane
passage and subsequent intracellular routing differs
between both drugs. It will have to be studied further in
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kinetic and mechanistic experiments what the relative
contributions of passive diffusion and receptor-mediated
uptake for DOX-CNGRC are in different cell types. The
latter mechanism is suggested to contribute to the uptake,
because an excess of peptide partly reversed the growth
inhibitory effect of DOX-CNGRC. Other still ill-defined
mechanisms of membrane translocation of peptides and
coupled cytotoxics into mammalian cells may also play a
role [35].

At later time-points during the exposure of cells to the
conjugate, the fluorescence distribution in the cells
becomes predominantly nuclear and looks more like the
DOX fluorescence pattern. Abundantly present cellular
esterases will result in intracellular hydrolysis of DOX~-
CNGRC to DOX. Since, however, also DOX-CNGRC
itself binds to DNA, a contribution of the conjugate itself
to the nuclear fluorescence and the DNA-intercalation/
binding-induced antiproliferative action cannot be
excluded.

The role of CD13 in the uptake and/or cytotoxicity of
DOX-CNGRC has been investigated by several
approaches. Pasqualini ef al. [9] have shown that phages
expressing CNGRC bound specifically to immunocaptured
CD13 and to CD13 overexpressing tumor cells. Also they
showed, that anti-CD13 antibody strongly inhibited the
tumor homing of CNGRC phages in xenograft bearing
mice. Here we show that the CD13 enzymatic activity
blocking antibody WM-15 had no apparent effect on the
uptake and intracellular localization of DOX-CNGRC into
the highly CD13 expressing HT-1080 cells. In addition, the
localization and cytotoxicity of DOX-CNGRC in HT-
1080, intermediate CD13 expressing HUVEC and CD13
negative SK-UT-1 cells is rather similar, indicating that the
process of uptake into cells, routing or possible processing
to free DOX was not dependent on the level of CD13
expression. This is also substantiated by the finding that
another cyclic pentapeptide, CARAC, when coupled to
DOX, shows a similar pattern of fluorescence distribution
in the cells as DOX—CNGRC. Therefore, we favor the
explanation that the uptake of DOX-CNGRC as well as
DOX-CARAC is at least partly directed by their physico-
chemical properties, which determine their passive mem-
brane penetration. The selectivity of the in vivo CD13
recognition and targeting [9] may be unrelated to the
process of membrane passage of this type of conjugate
in vitro. Since it is the accessibility and possibly also
activation state of the CD13 receptor in the vasculature,
which is important for the targeted delivery shown by Arap
et al. [15], aselectivity at the level of cellular plasma
membrane passage may be less important in vivo and does
not have to be disadvantageous for selectivity of antitumor
effect. Also, we cannot yet exclude that for instance a
complex involving an integrin or another membrane ami-
nopeptidase (cystinyl aminopeptidase/oxytosinase) would
play arole as CNGRC acceptor, although the expression of
the latter in endothelial cells has not been described

[36,37]. Of interest, it has been shown recently, that a
CNGRC conjugate of TNFa increased the antitumor effect
of the latter, which was suggested to involve CD13 on
angiogenic vessels in cooperation with as yet unknown co-
factors [38].

Since the inhibition of CD13 has been suggested to have
cell proliferation inhibitory effects in CD347CD13"
hematopoietic progenitors [39] and leukemic cell lines
[40] it should be considered whether the CD13 inhibition
by DOX-CNGRC as found by us, may contribute to the
growth inhibitory effect in HUVEC and tumor cell lines.
Although such an effect cannot be excluded completely, it
does not seem likely, since we did see only a small enzyme
inhibition at the icsy and we did not see a relationship
between DOX-CNGRC cytotoxicity and CDI13 expres-
sion. Since it was recently shown that high concentrations
of CD13 inhibitors can inhibit endothelial sprout formation
in Matrigel [14] and angiogenesis in a mouse retinal
angiogenic model [9] theoretically also moderate inhibi-
tion of CD13 by DOX-CNGRC might lead to inhibition
of migration and contribute in that way to anti-angiogenic
and antitumor effects. One way to envision a mechanism
whereby inhibition of CD13 might have anti-angiogenic
and antitumor effect is by affecting the proteolytic break-
down of (an) angiogenic inhibitor(s).

In conclusion, DOX has been conjugated via a hydro-
lysable spacer to the cyclic pentapeptide CNGRC, that
has been shown to have tumor endothelial targeting pro-
perties because it recognizes in vivo CD13, at least in the
context of a phage [9,14]. The present conjugate had
sufficient stability in human blood for vascular targeting.
The uptake in HUVEC or tumor cells leads to an initially
predominant cytoplasmic localization, preceding a nuclear
localization of fluorescent drug. The in vitro antiprolifera-
tive effect on endothelial as well as tumor cells was
not dependent on the inhibition of CD13 activity, but
is more likely caused by intracellularly released DOX.
In an in vivo experiment no evidence could be found for
anincreased antitumor effect of the conjugate in the mouse.
The present results contribute to the understanding of
the mechanism by which peptide targeted DOX conjugates
may interact with tumor and endothelial cells. Clearly
more research is needed to establish the optimal chemical
requirements of drug—peptide conjugates with regard to
stability, recognition by their receptors and mechanism of
cytotoxic action.
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