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Uptake of hyaluronan in hepatic metastases after
blocking of liver endothelial cell receptors
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To follow the biodistribution of exogenous hyaluronan in tumor-bearing animals, a total of seventeen inbred rats with
hepatic metastases from a colonic adenocarcinoma received 125]-]abelled hyaluronan by intravenous injections. Group |
received only labeled hyaluronan (25 png), whereas group Il received 2.5 mg chondroitin sulphate prior to labeled hyaluronan,
to block receptor uptake in normal liver endothelial cells. Animals in group Il received intravenous, as well as intraperitoneal
chondroitin sulphate (2.5 mg), to see if a better and prolonged blocking could be achieved. Radioactivity was visualized by
whole body autoradiography, using phosphorimaging and the average radioactivity determined as phosphoimaging density

units of the total area of hepatic metastases, normal liver, and skeletal muscle by computer-based image analysis. At 5 h,

tumors in groups Il and Il showed higher uptake (4.8

group | (1.8 *0.6), and the mean normal liver/tumor concentration ratio was reduced from 21.4

+1.8, P = .01 and 3.6 *1.1, P = .01, respectively), in comparison to

+10.1ingroup1to 5.7 *2.7

ingroup Iland 3.5 *=1.1ingroup Ill ( P = .008 and P = .01, respectively).

Our study shows that hyaluronan targets liver metastases of a colon adenocarcinoma. Furthermore, chondroitin sulphate
pretreatment increases tumor uptake, while uptake at normal receptor sites is significantly reduced. The results also
suggest that after blocking of normal hyaluronan/chondroitin sulphate receptors in healthy tissue, hyaluronan may be used
to deliver drugs to specific hyaluronan receptor-positive sites of pathology.
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Introduction

The liver is one of the most common sites for recurrent
disease following surgery for colorectal cancer [1]. Radical
surgery of hepatic metastases is rarely possible, and most
patients are treated with cytotoxic agents. 5-Fluorouracil
(5-FU) alone or in combination with other drugs is fre-
quently used to achieve a regression of the tumor [2]. Re-
sistance to cytotoxic drugs is one important obstacle to
successful treatment [3]. In addition, the drug must gain
entrance into the tumor, where several properties, such as
poor vascular supply [4] and high-osmotic pressure [5], pre-
vent efficient uptake of chemotherapeutic agents into tu-
mor tissue. A possible way to promote drug penetrance in
tumors would be to alter its physical characteristics by
using a carrier substance that specifically targets the tumor.
Hyaluronan is an endogenous macromolecule that is
cleared from the circulation via receptor mediated uptake
in liver endothelial cells. The hyaluronan receptors in these
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cells are not downregulated after ligand binding and also
recognize chondroitin sulphate [6, 7]. In addition to these
“normal” receptors, we have found that hyaluronan has the
ability also to accumulate in tumors [8-10] and that tumor
cells derived from a chemically induced rat colorectal car-
cinoma carry saturable hyaluronan binding sites that do
not bind chondroitin sulphate [8, 11].

The aim of this study was to analyze the uptake of la-
beled exogenous hyaluronan in hepatic metastases after
inhibiting the rapid elimination of hyaluronan through
saturation of the liver receptors by chondroitin sulphate.

Materials and methods
Animals

Thirty-six inbred female Wistar rats (Mollegaards Ltd.,
Denmark), weighing 170-210 g (mean 193 g), were given
free access to a standard laboratory diet and water. A 10-
day period of acclimatization preceded the first surgical
procedure. The experiments were approved by the regional
Ethics Committee for Animal Research, Uppsala, Sweden.
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Tumor cells

The experimental tumor was a colonic adenocarcinoma of
rat origin [12]. The tumor cells were grown as a monolayer
culture in a nutrient mixture composed of Ham’s F-10
(Flow Laboratories, Swedish AB, Stockholm, Sweden) sup-
plemented with 10% fetal calf serum, 2mM L-glutamine,
penicillin (20 U/ml), and streptomycin (20 pg/ml). Tumor
cell aggregates were achieved mechanically with a scraper
(Cell Lifter, Costar Corporation, Cambridge, Massachu-
setts).

Polysaccharides

The hyaluronan used for labeling and turnover studies was
of bacterial origin, supplied by Hyal Pharmaceutical Cor-
poration (Toronto, Canada), and contained less than 0.2%
protein. The mean molecular weight (Mw) was 400 kDa,
with approximately 95% of the material sized between 100
kDa and 2000 kDa, as determined by size exclusion chro-
matography [13]. The hyaluronan was labeled with 12I-ty-
rosine (T) by a method that does not change the Mw of the
polysaccharide or its binding to cell surface receptors [14].
Chondroitin sulphate-A from bovine trachea was obtained
from Sigma Chemical Company (St. Louis, Missouri; prod-
uct number 8529). This batch contained 1.9 ng hyaluro-
nan/ug chondroitin sulphate as determined by a specific
radioassay for hyaluronan (HA-50, Pharmacia, Uppsala,
Sweden). The mean Mw was found to be approximately
30000 Da, by gel filtration chromatography on Sephacryl
S-1000 and S-300, calibrated with hyaluronan standards
under conditions previously described [15].

Surgical procedures

The animals were anesthetized with fentanyl:midazo-
lam:sterile water (1:1:2), 3.3 ml kg=!, given intraperi-
toneally. The tumor inoculation was performed as
previously described [16]. Briefly, a peripheral branch of
the superior mesenteric vein was isolated, opened, and can-
nulated with a plastic catheter (Polyethylene Tubing, PP
380, Swevet AB, Stockholm, Sweden). A suspension con-
taining 5 X 106 viable tumor cells in 100-200 pl saline was
injected during a 20 sec period. After irrigation, the cathe-
ter was withdrawn and the vessel ligated. Postoperatively,
the animal weights were registered daily. After 3 weeks, the
rats were randomly allocated to three different groups, and
treated with intravenous injection in the caudal vein (IV-
inj) or intraperitoneally (IP-inj). In group I, the animals
received I'V-inj, 25 pg labeled hyaluronan [14]. Animals in
group II received 2.5 mg chondroitin sulphate by IV-inj, 3
min prior to labeled hyaluronan. In group III, the animals
received similar treatment as group II, with the addition of
2.5 mg chondroitin sulphate by IP-inj, 30 min after labeled
hyaluronan. The animals were sacrificed after 30 min (n=7)
or 5h (n=9). One animal was killed approximately 1-2 min
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after injection of a high dose of unlabeled hyaluronan,
followed by a tracer dose of labeled hyaluronan to observe
the distribution of circulating hyaluronan when all hyaluro-
nan binding sites were blocked to estimate tumor vascular-
ity. During the injection of the radioactivity, distribution in
the whole body was controlled by a handheld Geiger
counter. At completion of the experiment, animals were
killed in CO, chamber.

Phosphoimaging

After sacrifice, the rats were immediately frozen in hexane
and cooled with dry ice to —78°C for 20 min. The frozen
rats were then mounted in an aqueous gel of car-
boxymethyl cellulose, which was rapidly frozen around the
animals. Sagittal whole-body sections, 10 or 20 um thick,
were attached onto a tape (No. 810, Minnesota Mining &
Manufacturing Co., USA). The sectioning was performed
at —20°C with a cryomicrotone (PMV Co, Stockholm, Swe-
den) as previously detailed [17, 18]. The sections were
freeze dried and placed on a Bio-Rad phosphoimager
screen. The screen was exposed for 10 days, and the image
developed and analyzed on a Bio-Rad GS-525 Molecular
Imager. The average radioactivity was determined as phos-
phoimaging density units. Between 30 to 40 sections of each
rat were examined. The observer was not aware of the
group to which the animal belonged.

Statistical methods

Individual metastases in the animals and the differences
between groups were analyzed with Mann-Whitney U test.
A P value of less than .05 was considered statistically sig-
nificant.

Results
Metastatic growth

Sixteen rats had a total of 50 hepatic metastases (Table 1).
Nineteen animals had no hepatic metastasis and were ex-
cluded from further analysis. The hepatic metastases were
evenly distributed in the livers. When given after a high
dose of unlabeled hyaluronan, the injected labeled
hyaluronan was well distributed in the general circulation

Table 1. Number of rats and (hepatic metastases) in the three
groups

Group | I I

4(9) 8(34) A7)

Group I: Not inhibited by chondroitin sulphate.

Group II: Inhibited by intravenous chondroitin sulphate.

Group llII: Inhibited by intravenous and intraperitoneal chondroitin sul-
phate.
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Figure 1. Autoradiograph of a whole-body section of a rat receiving 5
mg unlabeled hyaluronan and 30 sec later 20 ug labeled hyaluronan.
Approximately 2 min later, the rat was killed and frozen.

a few minutes after injection, and the activity over the
tumors was low (Figure 1).

Patterns of metastatic and hepatic uptake

After 30 min, there was no clear difference in tumor uptake
between the groups (seven rats; data not shown). At 5 h, the
radioactivity in the hepatic metastases was higher in group
11 than in group I (Table 2, P = .01), and was clearly visible
by autoradiography (Figure 2). This difference was also pre-
sent in group III compared with group I (Table 2, P = .01).
The liver/tumor ratio was higher in group I than in group
II after 5 h (Table 3, P = .008). The liver/tumor ratio was
also higher in group I compared with group III (Table 3, P

937

Table 2. Concentration of radioactivity in hepatic metastases
and skeletal muscle after 5 h. Figures are mean (SD) in the
experimental groups and individual animals in phosphoimaging
density units

Tumor Muscle
Group | 1.8 (0.6) 0.1(0.1)
Animal 1 1.4 (—) 0.3 (—)
Animal 2 1.9 (0.7) 0.1(—)
Group Il 4.8 (1.8) 0.5(0.2)
Animal 1 5.7 (2.7) 0.7 (—)
Animal 2 4.3 (1.8) 0.5 (—)
Animal 3 4.5 (—) 0.2 (—)
Group 1lI 3.6 (1.1) 0.7 (0.4)
Animal 1 2.8 (0.4) 0.4 (—)
Animal 2 3.9(0.8) 0.5(—)
Animal 3 4.6 (1.3) 1.2 (—)
Animal 4 24 (—) 0.4 (—)

For definition of groups, see Table 1.

= .01). Group II showed slightly higher liver/tumor ratio
compared with group III (Table 3, P = .05).

Discussion

We reported earlier that exogenous hyaluronan targets ex-
perimental tumors in animals [9, 10]. In those studies, the
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Figure 2. Autoradiographs of whole-body sections of two rats. The left
autoradiograph is of a rat receiving chondroitin sulphate prior to labeled
hyaluronan, and the autoradiograph to the right is of a rat receiving only
labeled hyaluronan.
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Table 3. Liver uptake and liver/tumor ratio of the radioactivity
concentration at 5 h. Figures are mean (SD) in experimental
groups and individual animals. Liver uptake figures are in phos-
phoimaging Density units. See Table 2 for tumor uptake

Liver uptake Liver/tumor ratio

Group | 35.9 (13.1) 21.4 (10.1)
Animal 1 16.3 (—) 115 (—)
Animal 2 42.4 (—) 24.7 (—)

Group Il 24.9 (11.3) 5.7 (2.7)
Animal 1 37.6 (—) 7.4 (3.6)
Animal 2 15.8 (—) 4.3 (2.1)
Animal 3 35.7 (—) 79 (—)

Group 1l 11.6 (1.3) 3.5(1.1)
Animal 1 12.4 (—) 4.5(0.7)
Animal 2 9.7 (—) 2.6 (0.5)
Animal 3 125 (—) 2.9(0.8)
Animal 4 11.7 (—) 4.8 (—)

For definition of groups, see Table 1.

tumors originated from cells not known to bind hyaluronan
by any high-affinity mechanism in vitro. The hyaluronan
was found to localize mainly in tumor vessels or over cells
close to vessels [9, 10]. When studying hyaluronan binding
to tumor cells in vitro to find and characterize high-affinity
receptor mechanisms, we observed that a cell line from a
chemically induced tumor in Wistar rats (NGW) had the
ability to bind hyaluronan with high affinity. A specific,
Mw-dependent and saturable binding with a Kd of about 1
nM for a 450 kDa polysaccharide was observed [11]. There-
fore, we used this cell line to produce metastases in rats for
the present in vivo study, which indicates that the cells have
accessible hyaluronan binding sites also in vivo. In contrast
to the receptors on liver endothelial cell, the receptors on
the tumor cells are more specific for hyaluronan, and the
present results show that the specific hyaluronan tumor
targeting is not significantly reduced even at high chondroi-
tin sulphate doses (Table 2), indicating that the majority of
the hyaluronan binding sites in the tumor do not recognize
chondroitin sulphate in vivo. The chondroitin sulphate
blocking—C-4-S and C-6-S are equally efficient [15]—will
cause an accumulation of endogenous hyaluronan in the
circulation by time [15], resulting in saturation of the more
specific hyaluronan binding sites on the tumor cells. It is
therefore important to administer the labeled material as
quickly as possible after the chondroitin sulphate bolus
dose while the binding sites are still largely unoccupied
[19]. The duration of the chondroitin sulphate blocking is
also rather short due to the fact that the Mw of the chon-
droitin sulphate is low enough to allow filtration out of the
cirulation and an elimination via the kidneys [15]. It is
therefore necessary to give repeated or slow-release doses
of chondroitin sulphate until only small amounts of the
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labeled hyaluronan remains in the circulation to avoid up-
take in liver endothelial cell by time [15] (Table 3). The
increase in radioactivity seen in normal muscle after chon-
droitin sulphate blocking (Table 2) is most likely due to the
formation of low, Mw-labeled hyaluronan generated by
cleavage of the polymer in the circulation and subsequent
redistribution into the interstitial space [7]. This will give an
unfavorable tumor/skeletal muscle concentration ratio at
the time points studied; however, the overwhelming part of
these low Mw fragments will be excreted via the kidneys
into the urine over 24 h [15], resulting in very low activities
in skeletal muscle and other sites where no specific uptake
occurs. The activity in the receptor positive tumors will,
however, only be marginally affected as the hyaluronan is
more firmly associated with this tissue, and the tumor/mus-
cle concentration ratio therefore is likely to be more favor-
able at 24 h than 5 h. This has also been shown for tumors
of the same origin but growing as solid tumors and studied
20 h after injection [8, 19]. That the tumor/muscle concen-
tration ratio was higher (approximately 16) for the solid
tumors could also be due to the facts that the labeled
hyaluronan could be given as early as 30 sec after chondroi-
tin sulphate and also in a lower dose [8, 19]. This should
result in better blocking of binding sites in normal tissue
and less competition from endogenous hyaluronan during
the first minutes after injection. The blood supply also ap-
pears to be poor in the metastases, where it is low (Figure
1).

Our study shows that differences in specificity between
hyaluronan binding sites can be used to block uptake of the
polysaccharide in healthy tissue without reducing targeting
to metastases originating from tumor cells with specific
hyaluronan receptors. It is possible that targeting of
hyaluronan and hyaluronan/drug complexes to accessible,
unoccupied, specific hyaluronan binding sites can be used
for more efficient drug treatment with reduced side effects.
The affinity between 5-FU and hyaluronan is low, indicat-
ing limited possibilities to direct 5-FU to hepatic metasta-
ses. Further studies are needed to test the possibility of
targeting other cytotoxic agents to hepatic metastases.
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