to be effective in decreasing those sup-
pressor mechanisms activated in vivo by
tumor antigens that interfere with specif-
ic adoptive immunotherapy (10). We re-
alize, however,; that administering low
doses of cyclophosphamide or radiation
may have a synergistic effect when com-
bined with LAK cells plus RIL-2.

The combination of normal spleno-
cytes and RIL-2 or RIL-2 alone was
ineffective in reducing established pul-
monary sarcoma metastases. This find-
ing suggests that LAK cells are not gen-
erated in vivo in sufficient amounts by
intraperitoneal administration of RIL-2
at the doses used in these experiments.
The serum half-life. of IL-2 in vivo is
short (3 to 4 minutes) in the murine host
(11), and serum inhibition of IL-2 activi-
ty, as reported previously (/2), may limit
the usefulness of IL-2 administration in
vivo.

Because LAK cells are nonspecifically
generated by activation with IL-2 alone,
they are more easily obtainable than
lymphoid cells specifically sensitized in
Vivo or in vitro to unique tumor antigens.
This is particularly important when con-
sidering human tumors that have poor
immunogenicity and in which the avail-
ability and the preparation of suitable
human tumor material for sensitization
in vitro is a major problem. By using
recombinant IL-2, human LAK cells
with properties in vitro identical to those
of murine LAK cells can readily be gen-

erated in vitro (2, 3, 5). Clinical trials of
the infusion of human LAK cells gener-
ated with RIL-2 as well as Phase I trials
of the infusion of RIL-2 systemically into
humans have recently begun.
JAMES J. MULE
Suyu SHU
SusaN L. SCHWARZ
STEVEN A. ROSENBERG
Surgery Branch, Division of Cancer
Treatment, National Cancer Institute,
Bethesda, Maryland 20205

References and Notes

1. I. Yron, T. A. Wood, P. J. Spiess, S. A.
Rosenberg, J. Immunol. 125, 238 (1980).

2. M. T. Lotze, E. Grimm, A. Mazumder, J. L.
Strausser, S. A. Rosenberg, Cancer Res. 41,
4420 (1981).

. E. A. Grimm, A. Mazumder, H. Z. Zhang, S. A.

Rosenberg, J. Exp. Med. 155, 1823 (1982).

M. Rosenstein, I. Yron, Y. Kaufmann, S. A.

Rosenberg, Cancer Res. 44, 1946 (1984).

. S. A. Rosenberg et al., Science 223, 1412 (1984).

. J. J. Mulé et. al., unpublished results.

. M. A. Cheever et al., J. Exp. Med. 155, 968
(1982); M. A. Cheever et al., J. Biol. Response
Modifiers 3, 113 (1984); M. A. Palladino et al.,
Fed. Proc. Fed. Am. Soc. Exp. Biol. 41, 406
(1982); J. H. Donohue et al., J. Immunol. 132,
2123 (1984).

8. A. Mazumder and S. A. Rosenberg, J. Exp.

Med. 159, 495 (1984). )

9. M. A. Cheever et al., J. Immunol. 132, 2259
(1984).

10. R. J. North, J. Exp. Med. 155, 1063 (1982); K.
E. Hellstrom, I. Hellstrom, J. A. Kant, J. D.
Tamerius, J. Exp. Med. 148, 799 (1978); G. T.
Nepom et al., Experientia 39, 235 (1983).

11. J. H. Donohue and S. A. Rosenberg, J. Immu-
nol. 130, 2203 (1983).

12. C. Hardt, M. Rollinghoff, K. Pfizermaur, H.
Mosmann, H. Wagner, J. Exp. Med. 154, 262
(1981).

13. H. Wexler, J. Natl. Cancer Inst. 36, 641 (1966).

14. G. A. Parker and S. A. Rosenberg, ibid. 58, 1303
(1977).

4 March 1984; accepted 14 June 1984

Inhibition of Collagen Fibril Formation in Vitro

and Subsequent Cross-Linking by Glucose

Abstract. Glucose inhibits collagen fibril formation in vitro. A linear dose response
was observed, with half-maximum inhibition of fibril formation occurring at 50 mM
glucose. Nonfibrillar collagen cannot be cross-linked by lysyl oxidase, -an enzyme
that catalyzes the initial cross-linking reaction. The degiee of decreased fibril
formation correlated with the loss of ability of the collagen to serve as a substrate for
lysyl oxidase. Collagen that is not cross-linked is unstable and more susceptible to
collagenolytic attack. Interference with collagen cross-linking and more rapid
degradation may explain the decreased amounts of interstitial collagen and the poor
healing of wounds associated with diabetes mellitus.

A compromised vascular supply due
to thickened capillary basement mem-
branes is the mechanism usually invoked
to explain the slow and poor healing of
wounds in diabetic patients. However,
there is a lower content of interstitial
collagen in wounds (/) and the skin (2) of
diabetics than in normal subjects. The
tensile strength of wounds and the colla-
gen content of wound chambers is re-
duced in streptozotocin-induced diabetic
rats as compared to control animals (/).
The mechanism by which this occurs is
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unknown, but accelerated catabolism of
interstitial collagen in streptozotocin-in-
duced diabetic rats probably acts in this
process (3).

The rate of degradation of interstitial
collagen is related to the degree of colla-
gen cross-linking. Cross-linked collagen
is more resistant to collagenase degrada-
tion than the polymer that is not cross-
linked (4). Fibril formation is the critical
step in the cross-linking of collagen (5),
and glucose and other sugars have been
shown to inhibit collagen fibril formation

in vitro (6). We now describe our experi-
ments to test the hypothesis that glucose
may decrease cross-linking through the
inhibition of fibril formation and present
evidence that decreased cross-linking
and enhanced susceptibility to proteolyt-
ic attack may be the mechanism of the
connective tissue defect in diabetes.

The effect of glucose on collagen
cross-linking was investigated with the
use of an in vitro model. Isotopically
labeled native collagen was obtained
from cultured embryonic chick calvaria
incubated in vitro with [6->H]lysine. The
initial reaction in the cross-linking of
collagen by the enzyme lysyl oxidase is
the formation of e-aldehydes from the e-
amino groups in certain lysyl and hy-
droxylysyl residues (7). Formation of
aldehydes at the 6 position of lysyl or
hydroxylysyl residues of the [6-*H]ly-
sine-labeled collagen substrate results in
release of *H from that position and
formation of *H,O (7). The amount of
released *H,O correlates directly with
the formation of aldehydes, which are
the actual precursors of the lysine-de-
rived cross-linkages in collagen (7).
Therefore, by measuring the amount of
released *H,0, we estimated the rate of
aldehyde formation obtained undér our
experimental conditions.

Lysyl oxidase activity is dependent on
the physical state of the collagen sub-
strate. This activity is high with precip-
itated collagen fibrils and lower with
soluble collagen (5). The effect of glu-
cose on fibril formation and the subse-
quent substrate activity was measured
by incubating the substrate with various
concentrations of glucose at 37°C for 1
hour and then adding lysyl oxidase and
incubating the mixture again. The
amount of *H,0 released after the reac-
tion with lysyl oxidase was suppressed in
the presence of glucose (Fig. 1). A linear
relation between glucose concentration
and dose response was observed up to
100 mM. Glucose inhibited release of
H,0 at concentrations as low as 5 mM,
and half-maximum inhibition occurred at
50 mM. At 200 mM, the amount of *H,O
released was less than 10 percent of the
control reaction. ,

To determine whether glucose affected
the cross-linking reaction by acting di-
rectly on the inhibiting lysyl oxidase, we
added glucose to the isotopically labeled
collagen substrate after the collagen had
been precipitated and reconstituted as a
fibril. The rate of *H,0O release was not
affected by the presence of glucose, even
at concentrations as high as 500 mM
(Fig. 2). To determine whether the in-
hibitory effect of glucose was reversible,
we added glucose to the substrate and
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Fig. 1 (left). Inhibitory effect of glucose.on the ;.i)
lysyl oxidase reaction as measured by the & 60 o
amount of *H,0 released from [6-*H]lysine- ¢
labeled collagen. The isotopically labeled col- %
lagen was prepared from 17-day-old chick g 40
calvaria (6). The partially purified lysyl oxi- = 's
dase enzyme preparation was derived from 3 \oﬂ/\O_
the femoral and tibial epiphyseal cartilage of &= 20
17-day-old chick embryos (7). Briefly, the
enzyme fraction was extracted with 6 urea | | i
and 50 mM tris (pH 7.6) from an epiphyseal 50 100 200 500

cartilage homogenate and was partially puri-
fied with a DE-52 cellulose column (What-
man) by means of a linear gradient of NaCl
from 0 to 0.5M. Fractions from the peak of
enzyme activity were pooled and dialyzed overnight at 4°C against phosphate-buffered saline
(PBS; 0.15M NaCl, 0.1M Na,HPO,; pH 7.5). The lysyl oxidase enzyme assays were performed
as described (6). In each assay tube, 0.5 to 0.6 nmol of collagen (specific activity, 1.0 x 10'°
count/min per mole) was used. Various amounts of glucose stock solution (1.25M glucose in
PBS) were added to the assay tube to attain the final concentrations of 5 to 500 mM. In control
tubes, PBS alone was added. The final reaction volume was 250 wl. Tubes were incubated at
37°C for 1 hour to permit collagen fibril formation. Enzyme fractions of 0.5 ml were then added,
and incubation continued for 2 hours more. After distillation, the amount of *H,0 was
determined in 10 ml of Aquasol (New England Nuclear) in a Beckman liguid scintillation
counter with a counting efficiency for tritium of 30 percent. The *H,O release for control
experiments was considered as 100 percent. Each symbol represents an independent experi-
ment. Fig. 2 (top right). The direct effect of glicose on the lysyl oxidase assay evaluated in
three control experiments. When collagen fibril had formed after incubation of the substrate at
37°C for 1 hour, glucose was added. The *H,0 release was expressed as counts per minute per
5 X 10° count/min of collagen substrate. No inhibitory effect of glucose was observed (O—O).
The reversibility of the glucose effect on the release of *H,O catalyzed by lysyl oxidase was
evaluated with [6->H]lysine-labeled collagen. In control groups no glucose was added, and the
volume was adjusted by adding PBS. The collagen substrate and glucose mixture were placed in
dialysis tubes and dialyzed against the same concentration of glucose for 1 hour at 37°C to
permit fibril formation. However, no increase of the turbidity was observed in the presence of
glucose. The samples were then thoroughly dialyzed against PBS at 4°C to remove glucose, at
which time the fibril that had formed dissolved. The collagen substrates were then harvested. A
50-pl portion was removed for measurement of the amount of label (5 X 10° count/min of each
group was used for the assay). Collagen substrates were incubated for 1 hour at 37°C at that
time. Fibril formed to the same extent in control and experimental groups. Enzyme was then
added as described (see legend to Fig. 1). The *H,O release is expressed as counts per minute
per 5 x 10° count/min of collagen substrate (@—@). As noted, the zero glucose point showed a
value lower than that for the groups treated with glucose. This can be explained by the presence
of trace amounts of endogenous lysyl oxidase, an enzyme known to be tightly bound to its
collagenous substrate (5, 8). During the preliminary incubation at 37°C, the endogenous lysyl
oxidase may have released some *H,O as fibrils formed. The *H,0 was then lost during the
subsequent dialysis. When glucose was present in the preliminary incubation, loss of *H,O was
limited because of the inhibition of fibril formation. Therefore, when the subsequent assay was
performed, the amount of *H,O appeared to be slightly higher in those samples that had been

Glucose (mMm)

treated with glucose. The effect of glucose on the lysyl oxidase reaction was measured with the -

use of insoluble elastin as a substrate. [4,5-*H]Lysine-labeled elastin was prepared from 17-day-
old chick embryo aortas (6), and 5 x 10° count/min was incubated with various concentrations
of glucose for 1 hour at 37°C. Lysyl oxidase was then added, and incubation continued for 2
hours more. The *H,O release is expressed as counts per minute per 5 X 10° count/min of
elastin substrate. No inhibitory effect. of glucose on *H,O release was observed (@- -@).
Fig. 3 (bottom right). Inhibitory effect of glucose on fibril formation of *H-labeled collagen.
Chick calvarium collagen labeled with [6-*H]lysine (500,000 count/min) was incubated with
glucose in a microfuge tube in a final volume of 250 wl for 1 hour with shaking at 37°C. Samples
were then centrifuged in a Beckman microfuge for 4 minutes. The amount of label in a 50-pul
portion of the supernatant was measured by scintillation counting. The percentage of fibril
formation was calculated by (L, — L¢/L,) X 100, where L, is the total label added and L, is the
label found in the supernatant. The volumie of the pellet after centrifugation was assumed to be
negligible. The extent of fibril formation in control groups was considered as 100 percent.
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incubated the mixture at 37°C for 1 hour.
The glucose was then removed by dialy-
sis, and the collagen substrate was al-
lowed to form fibrils by incubation at
37°C for 1 hour before performing the
lysyl oxidase assay. The release of *H,O
in the substrate treated with glucose was
not suppressed (Fig. 2).

To test whether glucose inhibits *H,O
release by interfering with fibril forma-
tion, we chose elastin, an amorphous
nonfibrillar substrate, for the enzyme.
When insoluble elastin was incubated
with glucose at 37°C for 1 hour and then
assayed, no effect of glucose was ob-
served (Fig. 2). Even at 500 mM glucose,
the amount of *H,O released was the
same as in controls to which no glucose
had been added.

Glucose has been observed by spec-
trophotometry to inhibit collagen fibril
formation (6). Both the rate of fibril
formation and the final opacity are sup-
pressed by glucose. To compare the ef-
fect of glucose on *H,0 release to its
effect on fibril formation, we incubated
collagen substrates at 37°C for 1 hour
and then centrifuged them to separate
reconstituted fibrils. Without glucose, fi-
bril formation was in the range of 65 to 75
percent, compatible with results report-
ed earlier (8). Glucose inhibited fibril
formation in a linear fashion at concen-
trations up to 100 mM (Fig. 3), with half-
maximum inhibition at 50 mM. The in-
hibitory effect reached a maximum of 75
percent at 200 mM, and no further inhibi-

tion occurred as the glucose concentra-

tion increased up to 500 mM.

We conclude from these studies that
glucose inhibits collagen cross-linking by
interfering with fibril formation. The
physiological range of blood glucose in
humans is 3.3 to 5 mM. Because the first
effect we observed on cross-linking in
vitro occurred at S mM glucose, and
because the inhibitory effect was linear
up to 100 mM, both fibril formation and
cross-linking of collagen could conceiv-
ably be suppressed when the concentra-
tion of glucose in blood [which also
reflects its concentration in tissues and
wound fluid (Z)] is elevated to three to
four times the normal amount, as is
observed in some diabetic patients. The
nonenzymatic glycosylation of collagen,
which is increased in both interstitial
collagen (9) and basement collagen (10)
in diabetic tissue, is not likely to play a
role in our in vitro model because it is a
slow reaction (11).

An explanation for the ability of glu-
cose to inhibit collagen fibrillogenesis
comes from a recent model. A hydropho-
bic cluster in the carboxyl terminal ex-
trahelical peptide of type I collagen di-
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rects lateral aggregation of chains during
fibrillogenesis (/2). Glucose, a polyol,
might interfere with such hydrophobic
interactions.

Since fibril formation is an early event
in collagen synthesis (/3), we speculate
that the high glucose environment in
diabetes may prevent fibril formation
and the subsequent cross-linking reac-
tion that occurs soon after synthesis of
collagen. It has been shown that 30 per-
cent of newly synthesized collagen is
degraded in the skin of streptozotocin-
induced diabetic rats, while only 13 per-
cent is degraded in control rats (3). Our
observations may explain the enhanced
catabolism of newly synthesized colla-
gen in diabetics. Collagen from diabetic
tissues has been suggested to be more
highly cross-linked because of its ob-
served higher resistance to collagenase
and to extraction with acetic acid in
comparison to normal tissue (/4). Be-
cause collagen becomes progressively
more cross-linked with age, and because
newly synthesized collagen is not cross-
linked and is less stable than the preex-
isting collagen in diabetic tissue, the se-
lective depletion of newly synthesized
collagen may leave tissues composed
predominantly of preexisting, more high-
ly cross-linked collagen. The net result
then would be an increase in the degree
of cross-linking and a decrease in the
quantity of interstitial collagen in diabet-
ic tissues.

The specific effect of glucose on fibril
formation may also explain the tissue-
specific changes of collagen in diabetics.
A net loss of interstitial collagen mass
occurs in intact skin (2), wounds (/), and
bone (15), whereas a net accumulation of
basement membrane collagen mass oc-
curs in the intestine (2) and glomerulus
(16). Interstitial collagen forms fibrils,
whereas basement membrane collagen
does not (/7). The accumulation of base-
ment membrane collagen in diabetic tis-
sue may be due to enhanced synthesis
(17), decreased degradation (/8), and
some additional mechanisms (/9). Thus,
glucose specifically stimulates the catab-
olism of interstitial collagen—which re-
quires cross-linking for persistence—and
does not affect the catabolism of base-
ment membrane collagen.
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Flotation of the Bivalve Corbicula fluminea as a

Means of Dispersal

Abstract. Small specimens of the Asiatic bivalve Corbicula c.f. fluminea (Miiller)
secrete long mucous threads through their exhalent siphons that act as draglines to
buoy the animal into a water column. These mucous strands, secreted in response to
water current stimuli, are produced by dense accumulations of ctenidial mucocytes
and may help in the downstream or interstream dispersal of this rapidly spreading

exotic clam.

The spread of the freshwater Asiatic
clam Corbicula c.f. fluminea (Miiller,
1774) across North America since its
accidental introduction about 50 years
ago (/) has led to controversy over the
mode of transport that could account for
its invasiveness. Most often cited are
theories of human transport (2—), inci-
dental transport of small byssate juve-
niles attached to bird feet or feathers or
carried within fish or bird gastrointesti-
nal tracts (3, 5), and direct transport of
larvae or juveniles swept along stream
bottoms with water currents (2, 3, 6).
Although each of these transportation
modes is feasible, there is little evidence
to support any one of them as a primary
means of dispersal. For instance, the
viability of Corbicula in bird gastrointes-
tinal tracts during transport is question-
able, and high clam mortality has been
suggested to occur (5, 7). Mackie (8),
discussing possible methods of disper-
sion for other sphaeriid bivalves, con-
cluded that their transport within bird
intestinal tracts is unlikely (again be-
cause of mortality) but that external
transport on bird feet or wings or on
insect legs are still viable options. While
this might be possible, although with
probably low frequency, it is still, as
with all the other proposed transport
modes, a passive activity. In each case

the transport is accidental, and the bi-
valves play no active role in dispersion.
We now report an unusual active partici-
pation in transport by small adult Corbic-
ula that may account for much of their
downstream and perhaps interstream in-
vasiveness.

Small adult Corbicula (shell length, 7
to 14 mm) collected in March 1984 from
Tallahala Creek near Runnelstown, Mis-
sissippi, were found to be capable of
floating after being exposed to gentle
water currents produced by an aquarium
filtration system (current speeds, 10 to
20 cm/sec). The behavior of the clams
was consistent (Fig. 1). After initial ex-
posure to the water flow, the clams
would right themselves from the bare
aquarium floor with their active and
muscular foot. The clams would come to
lie with their valves perpendicular to the
substratum and with siphons directed
upward. In contrast to its normal pump-
ing activities (as seen during feeding or
respiration), the exhalent siphon of each
clam was abnormally distended with a
wide lumenal space. After a period of 2
to 8 minutes, during which the clams
continued to pump actively, they would
gently lift off the substratum, often with
their foot extended, and drift into the
water column of the aquarium with the
current flow. The upright posture of the
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