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Summary.—Normal and neoplastic cells from 4 species (man, rat, mouse and
hamster) were examined for their dependence on exogenous L-arginine in tissue
culture. The malignant cells required a higher concentration of L-arginine in the
medium than their normal counterparts (with similar doubling times) to maintain
optimal proliferation. Complete arginine deprivation resulted in equal growth
inhibition of normal and malignant cells, but more rapid cytolysis of the malignant
cells. Deprivation of L-arginine, followed 24 h later by rescue with L-arginine,
allowed normal cells to proliferate, but the reproductive capacity of the malignant
cells was irreversibly impaired. Since the cytotoxic activity of LPS-activated
macrophages was associated with the release of arginase and was abrogated by
excess L-arginine, it is suggested that the biological basis for the selective effects of

such macrophages may reside in the L-arginine dependence of the target cells.

RODENT MACROPHACGES exposed to a
variety of stimuli including bacterial
lipopolysaccharides (LPS) (Alexander &
Evans, 1971) and lymphokines (Piessens
et al., 1975) acquire the capacity to kill
cultured target cells. The cytotoxic acti-
vity of such ‘“activated” macrophages
has been reported to show a degree of
selectivity for malignant or transformed
cells (Hibbs, 1973) and for virus-infected
cells (Goldman & Hogg, 1977) and is
mediated by a soluble supernatant factor
released by the macrophages (Currie &
Basham, 1975). Examination of such
supernatants showed (Currie, 1978) that
the cytotoxic activity of either LPS- or
zymosan-treated rat or mouse macro-
phages is associated with the induction
and release of arginase by such macro-
phages, and that arginine depletion of the
culture medium is responsible for target-
cell death. The cytotoxicity of such
supernatants can be completely abro-
gated by the addition of excess L-arginine.

We here report studies which indicate
that quantitative differences in the argi-

nine requirements of various target cells
may represent a biological basis for the
i vitro selective cytotoxic properties of
activated macrophages for malignant cells.

MATERIALS AND METHODS

Tissue-culture media.—The basic medium
used was arginine-free RPMI 1640 (Flow)
containing 25 mm Hepes, penicillin, strepto-
myecin and neomycin plus 109, dialysed foetal
bovine serum. L-arginine was added to this
medium as and when required. Foetal bovine
serum (Gibco Biocult) was exhaustively
dialysed against phosphate-buffered saline
using a hollow-fibre filtration apparatus
(Amicon) employing urea as a low-mol-wt.
marker.

Target cells—Four pairs of cells were
examined. They were normal and malignant
cells from 4 species chosen to provide matched
pairs with similar doubling times in con-
ventional medium (containing 200 pg/ml
L-arginine). All the cells were tested at low
passage number and were constantly re-
plenished from low-passage stocks main-
tained in liquid Ns. The cells employed were:
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(a) Human: HYP66T, derived from a surgi-
cal specimen of hypernephroma, which has
characteristic epithelioid morphology with
lipid cytoplasmic granules, shows no evi-
dence of contact inhibition and produces
tumours in immune-deprived mice (A. Strain,
personal communication). NK66 is a cell
derived from the normal renal cortex of the
uninvolved kidney from the same patient,
at the opposite pole from the tumour. These
cells are uniformly epithelioid in monolayer
culture.

(b) Rat: HSN is a benzpyrene-induced
fibrosarcoma. The cultured cells are tumori-
genic in syngeneic (hooded) rats. XIPH1 is a
characteristic mesenchymal cell obtained by
trypsinization of the xiphisternum of a
normal August rat. It shows clear density-
dependent inhibition of growth.

(c) Mouse: ¥S29, derived from a methyl-
cholanthrene-induced C57BL fibrosarcoma,
are characteristic sarcoma cells, show no
contact inhibition and give rise to malig-
nant tumours in the syngeneic host.

CBA (NK) cells were derived from a normal
CBA mouse kidney and used as the normal
control for the FS29 since it has a similar
doubling time and shows density-dependent
inhibition of growth.

(d) Hamster: baby-hamster-kidney cell
lines transformed by polyoma virus (PYY)
and untransformed (A3) (kindly provided
by Dr S. Revell) show similar doubling times
and plating efficiencies. However, the PYY
cells show typical transformed colonial
morphology and no contact inhibition, where-
as the A3 cells have phenotypically normal
features in monolayer cultures.

All the cells were maintained in RPMI 1640
containing 200 ug/ml L-arginine with 109,
undialysed foetal bovine serum. They were
grown in 25 cm?2 disposable plastic flasks,
and were passaged when confluent with 0-19,
trypsin and fed thrice weekly.

125JUdR incorporation.—As a measure of
DNA synthesis, the ability of cells to incor-
porate 125IUdR was estimated at varying
concentrations of L-arginine. Cells obtained
from stock cultures by trypsinization were
inoculated in arginine-free RPM1 1640 plus
109, dialysed foetal bovine serum into the
wells of 3040 Microtest I plates at 5 x 103
cells/well in 0-1 ml medium plus the appro-
priate concentration of arginine. After 68 h
incubation at 37°C in a humid atmosphere

G. A. CURRIE AND C. BASHAM

containing 5%, COz the medium was gently
aspirated and replaced with 100 ul of the
appropriate fresh medium containing 37k Bq/
ml!25 I-]labelled IUdR (Radiochemical Centre,
Amersham). The control cells (both normal
and malignant) were in the log phase of
growth when pulsed so that the effects of
density- or contact-dependent inhibition
would be minimized. The plates were then
re-incubated for a further 4 h, after which
the attached cells were washed x 3 and 0-2
ml of 19, alkaline sarkosyl NL97 (Geigy)
added to each well. After 10 min at room
temperature, 0-1 ml of the lysate was sampled
and assayed for 125] activity in an automatic
gamma counter.

Cell numbers.—Target cells were added in
the appropriate medium to 25 cm? disposable
culture flasks at 1-5 X 104/ml in 10 ml medi-
um. At appropriate times the total cell con-
tent of each culture was assessed by gentle
trypsinization with 2ml 019, crystalline
trypsin (Armour) and the cell concentration
counted in a haemocytometer under phase-
contrast microscopy. The culture super-
natant removed before trypsinization was
centrifuged, and any unattached cells added
to the trypsinized suspension before counting.

Macrophages and supernatants—CBA fe-
male mice aged 10 weeks were injected i.p.
with 1 ml thioglycollate medium, and peri-
toneal exudate cells collected 3 days later.
These cells were added to 25 cm?2 dispesable
plastic flasks at ~ 107 macrophages per
bottle (estimated from a prior count of
adherent spreading cells) in RPMI 1640
containing 20 pug/ml L-arginine and 109,
dialysed foetal bovine serum. Non-adherent
cells were removed by vigorous washing
after incubation for 1h at 37°C. E. Coly
lipopolysaccharide (Difco) was added at
25 pg/ml and the cultures incubated for 24 h
at 37°C. The supernatant medium was then
decanted and filtered through a 0:22 um
millipore filter before testing. Control super-
natants were obtained by adding LPS to
medium with no cells and incubating under
the same conditions, or the incubation of
macrophages with no endotoxin. Arginase
content of macrophages and/or supernatants
was assayed by the method of Herzfeld &
Raper (1976). This is a colorimetric assay
which involves the measurement of urea
produced from L-arginine by the action of
arginase, following activation with manganese
iops.
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RESULTS

Effect of activated macrophage superna-
tants on 125] Ud R incorporation by target cells

Supernatant media obtained from LPS-
activated mouse macrophage monolayers
_contained arginase activity, as previously
reported (Currie, 1978). These super-
natants were then added in serial dilution
to microplate cultures of 4 target cells.
The final arginine concentration in the
medium was 110 pg/ml. After 3 days’
incubation, 125JUdR incorporation studies
showed that the activated macrophage
supernatants produced a dose-dependent
inhibition of 125JUdR uptake by malig-
nant cells but not by the normal cells
(Fig. 1). The control media contained no
detectable arginase activity and had no
effect on 125]UdR incorporation. It is
unlikely that extracellular factors such as
those described by Opitz et al. (1975) can
be incriminated in our results, since the
active supernatants were removed before
pulsing with 125JUdR and the cultures
showed clear changes in cell numbers. As
Fig. 1 shows, both PYY and HYP66T
cells show substantial inhibition in
125JUdR uptake whereas the 2 normal
cells examined, Xiph 1 and CBA(NK),
were unaffected. Furthermore, the in-
hibitory activity of macrophage super-
natant tested at 1:2 was completely
abrogated by the addition of 2 mg/ml
L-arginine.

Effect of L-arginine
125]UdR tncorporation

Cultures were established in micro-
plates in serial dilutions of L-arginine
ranging from 200 down to 0 ug/ml and
125]UdR incorporation assayed 3 days
later. Fig. 2 shows that the malignant
cells require a higher concentration of L-
arginine in the medium to maintain
125]UdR incorporation than do the corres-
ponding normal cells; for example, FS29
cells required 100 pg/ml to maintain the
level of incorporation shown by the
“normal” CBA(NK) cells with 3 ug/ml of
L-arginine.

concentration on
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Fic.1.—Inhibition of 125IUdR uptake by cells
exposed to supernatant from LPS-activated
CBA mouse macrophages. Significant inhi-
bition was obtained on neoplastic cells
HYP66T @ ® and PYY O 0)
and not on “normal cells” (Xiph 1 O---0
and CBA (NK) @---@). Inhibition of
125TUdR uptake by neoplastic cells in 509,
supernatant was completely abrogated. by
adding extra L-arginine (2 mg/ml).

Effect of complete arginine deprivation on
cell numbers

The mouse and hamster pairs of cells
were cultured in medium containing
either 200 ug/ml L-arginine or no argi-
nine, and cell numbers were estimated
daily. As the diagram (Fig. 3) shows, when
cultured in arginine-containing medium
both pairs of cells proliferated normally
with similar doubling times. Without
arginine, however, no cell proliferation
occurred in any of the tested cells and the
malignant or transformed cells from each
pair (FS29 and PYY cells) both showed a
substantially greater reduction in cell
numbers, indicating that they die more
rapidly than their normal counterparts in
an arginine-free environment.
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Fic. 2.—Effect of L-arginine concentration
on 125JUdR uptake by normal and neo-
plastic cells. FS29 O O, CBA(NK)
® --® HSN [J—, Xiph I
u---n

Time course of rescue of arginine-deprived
cells

All 4 pairs of cells were cultured in
arginine-free medium and at Time 0
and at intervals thereafter the cells were
rescued by the addition of 200 pug/ml L-
arginine. The cells were then cultured
for 4 days (following rescue) and the
number of cells in the culture counted.
This is an assay of the effect of timed
periods of arginine starvation on subse-
quent reproductive capacity of the cells.
As Fig. 4 indicates, there were marked
differences between the normal and malig-
nant cells in each pair. The malignant
cells rapidly lost their proliferative capa-
city and could not be rescued by the
addition of L-arginine after 24-36 h,
whereas the normal cells withstood argi-
nine deprivation for longer and growth
inhibition was reversible.

DISCUSSION

Most mammalian cells will not prolifer-
ate in tissue culture without a source of
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Fi¢. 3.-—Effect of culturing mouse and ham-
ster cell pairs in arginine-free medium for
3 days, showing poorer survival of the

neoplastic  cells. Mouse cells: FS29
with arginine O O, without arginine
O---0, CBA(NK) with arginine
@ —@®, without arginine @---@.
Hamster cells. PYY with arginine
O ), without argine O -—-0, Ag with

arginine @ —— @, without arginine @ - @.

exogenous L-arginine (Eagle, 1959). Argi-
nine deprivation Kkills cells, and the
studies reported above clearly reveal a

quantitative  difference between the
normal and malignant cells tested in their
requirements for exogenous arginine.

Since the cytotoxic action of activated
macrophages and of their supernatant
media can be attributed to arginase-
mediated arginine depletion (Currie, 1978),
the selectivity of this cytotoxicity (Currie
& Basham, 1975) can in our hands be
explained solely on the basis of differences
in arginine requirements. While there may
be other mechanisms whereby activated
macrophages influence the proliferation
and survival of target cells, the temporal
kinetics of target-cell destruction by
activated macrophages (Alexander &
Evans, 1971; Currie & Basham, 1975) are
strikingly similar to those induced by the
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Fia. 4.—Effect of inereasing periods of com-
plete arginine starvation on subsequent
growth of cells after rescue with 200 pg/ml
L-arginine, showing irreversible growth
inhibition of the neoplastic cells from each
pair. Neoplastic cells O— -0, Normal

cells @———@.

addition of bovine liver arginase or by
culturing the cells in an arginine-free
environment (unpublished observations).
Under other test conditions the generation
of complement breakdown products or
the release of polyvamine oxidase have
been incriminated (Allison, 1978). The
lysis of target cells induced, for instance,
by exposure to C3a (Schorlemmer et al.,
1977) is extremely rapid and, as the
authors stated, more closely resembles
the effects of natural-killer (NK) cells
than the ‘‘classical” activated macro-
phage.

The reasons for cell death due to
arginine deprivation are obscure, but 2
major pathways deserve consideration:

(1) Interference with polyamine biosyn-
thests. Arginine, in the urea cycle, is the
precursor for ornithine biosynthesis, and
arginine depletion must lead to reduced
intracellular levels of ornithine which in
turn could curtail polyamine biosynthesis.
Polyamines are essential triggers for
nucleic-acid synthesis, and reduction in
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polyamine production by limiting orni-
thine supplies causes dramatic inhibition
of RNA and DNA synthesis. However,
the previously published study (Currie,
1978) showed that cytotoxicity due to
arginine deprivation could not be abro-
gated by the addition of L-ornithine or
even putrescine. Furthermore the action
of extracellular arginase on L-arginine
provides a source of ornithine for the
polyamine pathway.

(2) Interference with protein synthesis.
When citrulline replaced arginine in the
culture medium, cell proliferation pro-
ceeded normally. We therefore conclude
that the target cells can synthesize
arginine from citrulline via arginino-suc-
cinate, and that restriction of arginine
probably prevents the biosynthesis of
proteins essential for cell survival.
Deprivation of single amino acids includ-
ing arginine induces severe chromosome
abnormalities in cultured cells (Freed &
Schatz, 1969). Growth inhibition by argi-
nine depletion is associated with con-
tinued initiation of DNA synthesis (Weiss-
feld & Rouse, 1977) but severely depressed
protein and RNA synthesis (Weinberg &
Becker, 1970). This type of metabolic
imbalance (although the other way round)
is reminiscent of the effect of thymidine
excess on cultured cells, which also
causes severe chromosome damage (Yang
et al., 1966) and is selectively cytotoxic
for malignant cells (Lee et al., 1977).

The difference in arginine requirements
of the normal and malignant cell pairs
were revealed in 2 ways. Firstly, the
malignant cells examined required higher
levels of L-arginine to maintain optimal
cell proliferation and DNA synthesis.
Secondly, the capacity of cells to with-
stand increasing periods of complete
arginine depletion also revealed a signifi-
cant difference, in that the cytostatic
effect of arginine deprivation on normal
cells was more readily reversible than on
their malignant counterparts. Cells such as
the L5187Y lymphoma grow well in
media containing low concentrations of
L-arginine, as do V79 Chinese hamster
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lung cells, and yet both these cells are
highly susceptible to the cytotoxic acti-
vity of macrophage supernatants or short
periods of total arginine starvation (Currie,
1978). Such observations suggest that the
basis for selective cytotoxicity may reside
in the capacity of normal cells to with-
stand relative arginine deprivation better
than malignant cells, rather than in
differences in their absolute quantitative
requirements for exogenous arginine.

Bach & Lasnitzki (1947) showed that
slow-growing tumours contain more argi-
nase than fast-growing tumours and
they suggested that arginase represents
some kind of natural defence against
malignant cells. The arginase concentra-
tions in tumours in general are said to
be much higher (Roberts & Frankel, 1949)
than parallel normal tissues (with the
exception of liver and kidney which
possess an intact urea cycle). Preliminary
studies in this laboratory reveal that
macrophages freshly isolated from a
tumour contain high levels of arginase,
and that malignant cells derived from
the same tumour contain very low levels.
We believe that the tumour levels of
arginase, as reported by Bach & Lasnitzki
(1947) may have been associated with
host-macrophage infiltration. The presence
of abundant free L-arginine ¢n vivo would
not rule out a local microenvironmental
role for arginine depletion in a macro-
phage-rich tumour or a granuloma. An
examination of this topic will be published
separately.

Storr & Burton (1974) have previously
described selective cytotoxic effects of
arginine deprivation, in that murine
lymphoma cells die rapidly in arginine-
free medium whereas normal syngeneic
thymocytes can survive for much longer.
Lymphocyte transformation is highly sus-
ceptible to arginine deprivation, exposure
to mycoplasma arginine deiminase or the
addition of an arginine analogue (Simber-
koff et al., 1969) and a role for arginase
release in the effects of suppressor macro-
phages is suggested by the work of
Kung et al. (1977). Unlike malignant
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cells, however, the inhibition of lympho-
cyte blastogenesis by prolonged arginine
deprivation is readily reversible (Storr &
Burton, 1974).

Activated macrophages are selectively
cytotoxic to malignant cells. We suggest
that the biological basis for this selectivity
may reside in the arginine-dependence of
the target cells. Cytotoxic effects on
virus-infected cells (Goldman & Hogg,
1977) and on microorganisms may have
a similar basis.

These studies are supported by a programme grant
from the Medical Rescarch Council. G.A.C. thanks
the Cancer Research Campaign for financial support.
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