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Abstract

L-arginine is required for the fungistatic action of murine mac-
rophages in vitro. To further investigate this requirement, L-ar-
ginine metabolism by macrophages was measured under con-
ditions where fungistasis either succeeded or failed. Macro-
phage fungistasis correlated with metabolism of L-arginine to
citrulline, nitrite, and nitrate. The metabolic rate was depen-
dent on extracellular L-arginine concentration, reaching a
maximum of 67 nmol nitrite/h per mgprotein. It accounted for
one-third of arginine consumed by fungistatic macrophages.
Equimolar amounts of citrulline and total nitrite plus nitrate
accumulated in medium. This was consistent with the hypoth-
esis that one of the equivalent guanidino nitrogens of L-argi-
nine was oxidized to both nitrite and nitrate leaving L-citrulline
as the amino acid reaction product. The analogue, NG-mono-
methyl-L-arginine, selectively inhibited nitrogen oxidation and
it was shown previously that it inhibited fungistatic capability.
Resident macrophages were not fungistatic and their nitrogen
oxidation was low. Once macrophages began producing ni-
trite/nitrate, protein synthesis was not required during the next
8 h for either fungistasis or nitrogen oxidation. Two-thirds of
L-arginine consumption was due to macrophage arginase
yielding L-ornithine and urea, which accumulated in medium.
This activity was dissociated from macrophage fungistasis.
Nitrogen oxidation metabolism by macrophages is linked to a
mechanism that inhibits proliferation of fungi. This may in-
volve synthesis of an intermediate compound(s) that has anti-
microbial properties. (J. Clin. Invest. 1990. 85:264-273.) argi-
nine * fungistasis - macrophage - microbiostasis * nitrite * ni-
trate

Introduction

An important aspect of host defense against intracellular mi-
crobes is the capability to inhibit microbial replication. Rep-
lication is blocked in infections such as tuberculosis, histo-
plasmosis, and toxoplasmosis, where viable organisms parasi-
tize the tissues for long periods. For some microbes the state of
dormancy in host tissues depends upon cell-mediated immune
competence. Factors that perturb the poise of the cell-me-
diated immune response can result in reactivation of dormant
microbes leading to clinical infections.

Address reprint requests to Dr. Granger, P.O. Box 2968, Duke Univer-
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Macrophages are known to be one of the mammalian
host's chief instruments for inhibiting microbial replication.
They can become repositories of dormant microbes. The phys-
iologic mechanisms that prevent microbial replication within
macrophages in infected tissues in vivo are obscure. However
in vitro, macrophages can be shown to inhibit division of mi-
crobes without killing them, at least for short periods (1-3).

New insight regarding how mouse macrophages block rep-
lication of tumor cells comes from the recent discovery that
this process depends upon metabolism of L-arginine to nitrite,
nitrate, and citrulline (4, 5). Nitrite/nitrate synthesis by macro-
phages is immunologically controlled by the T cell lympho-
kine, gamma interferon, and it is enhanced by minute
amounts of constituents of bacterial cell walls, e.g., endotoxin
(6). Nitrite/nitrate synthesis occurs in vivo in mice during my-
cobacterial infection (7). Inhibition of the facultative intracel-
lular pathogen, Cryptococcus neoformans, by macrophages in
vitro depends upon the concentration of L-arginine available,
in the extracellular environment, within the physiologic range
(8). These findings implicate metabolism of L-arginine by mac-
rophages as a possible biochemical pathway for establishing
and maintaining microbial dormancy.

Wemeasured the metabolic fates of L-arginine consumed
by murine macrophages and correlated these reactions with
the functional capability of the phagocytes. Functional capa-
bility of macrophages was measured by inhibition of crypto-
coccal replication. Of four possible pathways of L-arginine uti-
lization, only one consistently correlated with microbiostatic
action.

Methods

Animals. Outbred Swiss-Webster (CD- i) mice (Charles River Labora-
tories, Research Triangle Park, NC) were used as a source of macro-
phages. Animals were housed in a separate room, five per cage and fed
mouse chow pellets and tap water ad lib.

Media and reagents. All cultures were run in Dulbecco's modified
Eagle's medium (DME) prepared from individual constituents in the
laboratory. Concentrations of the components were as described (8).
These include the following modifications to the published recipe (9):
glucose, 25 mM; sodium bicarbonate, 24 mM; sodium 3-(N-morpho-
lino) propanesulfonic acid (MOPS)' buffer, 25 mM, pH 7.4; iron as
FeC13, 0.25 gM, prepared from pure iron wire. Vitamins (MEMvita-
min solution; Gibco Laboratories, Grand Island, NY) were diluted
1/25 into the final medium. Antibiotics were penicillin G, 100 U/ml
and gentamicin 10 ,ug/ml. The final medium pH was 7.4; phenol red
was omitted. The high glucose concentration prevented depletion that
could occur due to metabolism by cryptococci and macrophages.

1. Abbreviations used in this paper: CM, cytotoxic macrophages;
DFMA, difluoromethyl-L-arginine; MOPS, sodium 3-(N-mor-
pholino)propanesulfonic acid; NMA, NG-monomethyl-L-arginine;
rIFN-gamma, recombinant interferon gamma; RM, resident macro-

phages.
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Phenol red interfered with the colorimetric assay for nitrite. Fetal bo-
vine serum (Hyclone Laboratories, Logan, UT) was dialyzed exhaus-
tively against PBS using 50,000-mol wt cut off tubing (Spectrapor 6;
Spectrum Medical Industries, Los Angeles, CA), and stored in aliquots
at -850C (D-FBS). Amino acids were from Sigma Chemical Co. (St.
Louis, MO). N -monomethyl-L-arginine (NMA) was from Calbio-
chem-Behring Corp., San Diego, CA. Limulus amebocyte lysate assay
was from Panmed, Inc. (Three Oaks, MI) and was reconstituted and
used according to the supplier.

Microorganisms. Cryptococcus neoformans used in fungistasis
assays was a clone (C3D) isolated from a human strain (H99) as de-
scribed (10). It was designated H99/C3D and its use for measuring
CM-mediated fungistasis has been described (3, 1 1). Log phase organ-
isms cultured in DMEwere washed three times by centrifugation
(4,000 g) and resuspended at a final density of 1 X 105 cells/ml in DME
for addition to macrophages.

Mycobacterium bovis, strain BCGPhipps (BCG) was obtained
from the Trudeau Institute, Saranac Lake, NY, through the courtesy of
Donald Auclair. Preparation and storage of Mycobacteria was accord-
ing to Mackaness et al. (12).

Escherichia coli used in the bioassay for nitrate was a clinical isolate
from Duke University Medical Center Clinical Microbiology Labora-
tories, courtesy of Dr. L. Harrell. This strain was resistant to penicillin
at > 1,000 U/ml and to gentamicin at > 25 ug/ml.

Macrophage cultures. Two 2.5 million mouse peritoneal cells were
seeded in 1.0 ml DMEto a 16-mm culture well (24-cluster plate,
Costar, Cambridge, MA). After 45 min nonadherent cells were re-
moved by rinsing three times with PBS and the same process was
repeated again to obtain confluent macrophage monolayers. The dou-
ble seeding procedure was needed to assure complete fungistasis, be-
cause cryptococci replicate freely in the microfoci of bare plastic which
remain between adherent cells after just one peritoneal cell seeding
(1 1). For complete monolayers of resident macrophages (RM), three
such seeding procedures were used. Confluent monolayers may be
required because cryptococci may be relatively resistant to macro-
phage biostatic mechanisms. The relevance of this in vitro system to
pathophysiologic events will ultimately require extension to experi-
mental cryptococcosis in vivo.

Cytotoxic macrophages (CM) were from mice injected intraperito-
neally 2-5 wk previously with I07 colony forming units BCG, and 3 d
before harvest with 1.0 ml 10% proteose peptone (Difco, Detroit, MI).
Macrophages were cultured in DMEcontaining 10%1 D-FBS and 10
ng/ml endotoxin (bacterial lipopolysaccharide from E. coli 0. 128:B 1 2;
Sigma Chemical Co., St. Louis, MO) at 37°C in a humidified 5%C02,
95% air incubator. The macrophage cultures were challenged with
cryptococci suspended in DMEto give 5 X 104 yeasts/ml final density
for fungistasis assays, or the cultures overlaid with medium for chemi-
cal assays.

Fungistasis assay. Methods were described in detail previously (3,
11). Briefly, after 20 h co-culture of macrophages with cryptococci,
phagocytes were lysed with 0.9% SDSand cryptococci were killed with
0.5% sodium hypochlorite before counting electronically (ZBI counter;
Coulter Electronics, Hialeah, FL). Macrophage fungistasis was ex-
pressed either directly as the number of cryptococci/ml under different
conditions, or as the difference between the log2 cryptococci/ml in
control cultures of fungi alone minus the log2 cryptococci/ml in mac-
rophage-fungi cocultures. This difference is the number of fungal rep-
lications inhibited by macrophages per 20-h incubation period (1 1).
All fungistasis cultures were done in two or more replicates and the
results shown as the means±SEM.

Quantitation of nitrite. Nitrite in DMEor macrophage lysates was
quantitated colorimetrically after reaction with the Greiss reagents
(13). Samples (0.4 ml) were mixed with 0.8 ml 1%sulfanilamide-2.5%
phosphoric acid and 0.8 ml 0.5% naphthylethylenediamine dihydro-
chloride-2.5% phosphoric acid and absorbance was measured at 543
nm. Concentrations were determined from a linear standard curve
between 10 and 200 AMsodium nitrite. Assays were done on duplicate
or triplicate macrophage cultures. Nitrite production rates were deter-

mined per milligram macrophage cell protein using a modified Lowry
method (14).

Quantitation of nitrate. Nitrate in DMEor macrophage lysates was
measured by bioassay using a modification of the method published by
Bartholomew (15). Nitrate reductase was induced in E. coli by strict
anaerobic culture. Then these organisms were used to reduce nitrate to
nitrite. Nitrite was measured using the Greiss reagent as described
above. The strain of E. coli used is described above under Microorgan-
isms. An antibiotic resistant strain was used to obviate the potential
effects of antibiotics in DMEon bacterial metabolism of nitrate. Log
phase E. coli in 5.0 ml trypticase soy broth were seeded into flasks
containing 1.0 liter of the nitrate reductase-inducing medium de-
scribed in (15, 16). The flasks had been incubated for 2 d at 250C in an
anaerobic chamber (courtesy of Dr. Gale Hill, Clinical Microbiology
Laboratory, Duke Medical Center) to remove oxygen. The oxygen
concentration of the chamber was < 25 ppm as measured by continu-
ous oxygen monitoring. After inoculation the flasks were incubated in
the anaerobic chamber at 370C with stirring for 18 h. Bacteria were
harvested and washed by centrifugation (6,000 g) three times using
PBS. The wet cell pack weight was determined in a tared vessel and a
suspension of 1.0 g cells per 10 ml PBSwas made. Aliquots were stored
frozen at -850C. Samples of the final bacterial suspension were cul-
tured aerobically on chocolate agar and Sabouraud's agar and anaero-
bically on blood agar plates to assure that a pure culture was obtained.
For nitrate assay a 0.3-ml sample was incubated at 370C for 90 min
with 0.15 ml substrate (formate buffer containing 2.0 Mammonium
formate; 1.0 MNaPi, pH 7.3) and 0. 15 ml of a 1/10 dilution in PBSof
the stock E. coli suspension. Each lot of bacterial suspension was
titrated for complete reduction of 1.0 mMNaNO3standard in 90 min
at 37°C. For all lots of E. coli suspension prepared, complete reduction
was obtained at a 1/64 dilution or greater of the stock E. coli suspen-
sion. This assured that all nitrate produced by macrophages was de-
tected by the bioassay. After incubation the mixtures were microfuged
for 2.0 min (microfuge B; Beckman Instruments, Inc., Palo Alto, CA)
to pellet bacteria and 0.4 ml supernatant sample was assayed for nitrite
using the procedure described above. Nitrate concentration was deter-
mined from the difference between total nitrite concentration after
bacterial reduction and nitrite concentration before bacterial reduc-
tion. A series of nitrate standards (0-200 gM NaNO3) reduced and
assayed for nitrite closely agreed with a series of nitrite standards
(0-200 gM) prepared from reagent NaNO2. This demonstrated that
bacteria did not reduce nitrite further to ammonia under the condi-
tions of the assay. Nitrate production by macrophages was determined
on triplicate cultures per time point and expressed per milligram cell
protein as above.

Analysis of amino acid metabolites. Culture medium samples or
macrophage cell lysates were microfuged for 2 min and supernatants
were stored frozen until analysis. Radiolabeled L-arginine and its me-
tabolites were separated by reversed-phase ionpairing HPLCon a 3.9
mmX 15 cm C,8 micro-Bondapak column (Waters Associates, Mil-
ford, MA) using a modification of the method in (17). Isocratic mobile
phase was 10% methanol: 90% aqueous sodium acetate (25 mM, pH
4.35)-sodium hexanesulfonate (15 mM)run at 0.8 ml/min. Standards
were detected spectrophotometrically at 214 nm. "'C-labeled com-
pounds were measured by liquid scintillation spectrometry on 0.4-ml
fractions from the column emulsified into 5.0 ml Biofluor (New En-
gland Nuclear, Boston, MA). Medium for these assays was the same as
in the furigistasis assay except that '4C-labeled L-arginine was added.
Stoichiometric data was calculated from disintegrations per minute
obtained by the external standard ratio correction method. Water and
reagents for chromatography were all HPLCgrade.

Quantitation of ["'C]urea. Radioactive urea formed from '4C-la-
beled L-arginine was measured by treating samples with urease and
trapping evolved ['4C]C02 (18). The reaction flasks (10 ml; Kontes
Glassware, Vineland, NJ) were sealed with rubber stoppers equipped
with plastic cups containing 0.1 ml Protosol (New England Nuclear).
25-IAI samples were added to 1.0 ml 0.2 MKPi, pH 6.3. After sealing
the flasks, 0.1 ml urease (Sigma; type C-3, 50 mg/ml water) was in-
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jected through a stoppered side arm and the flasks were incubated at
350C on a NewBrunswick shaker with gentle swirling for 30 min. The
cups were cut into 20-ml scintillation vials and counted using a cock-
tail of Econofluor (New England Nuclear) with 10% methanol. The
efficiency of trapping was measured using ['4C]urea (Amersham; 58
mCI/mmol sp act) and was consistently 90% (mean±SEM
= 89.5%±0.8; n = 15 experiments). The disintegrations per minute
unaccounted for were not present in the reaction medium. Urea values
were corrected by multiplying by 1.12 to account for the consistent
error of 90% trapping efficiency.

Arginine decarboxylase activity. Evolution of ['4C]C02 from car-
boxyl-labeled arginine was used to measure arginine decarboxylase
activity. Acid cleaned CO2trapping flasks (10 ml) were used for macro-
phage culture by the usual method. Each flask received 12 X 106
peritoneal exudate cells. After removing nonadherent cells, 3.0 ml
culture medium was added, the flasks were stoppered with the plastic
cups in place, and incubated at 37°C. Medium was DMEbut without
sodium bicarbonate. L-arginine concentration was 0.5 mMincluding
46 nCi/ml D,L-carboxyl [14C]arginine (46 mCi/mmol sp act; Research
Products, Inc., Mt. Prospect, IL). After a given incubation 0.15 ml
protosol was injected through the sidearm stopper into the cups and
the flasks were rotated for 15 min to trap carbon dioxide. Then the
cups were cut into vials and counted in 15 ml Econofluor-methanol
cocktail. The amount of arginine converted to labeled carbon dioxide
was calculated taking into consideration that the disintegrations in
carboxyl labeled D-arginine (50%) was unavailable for metabolism.

Incorporation of "C-amino acids into macrophages. Macrophage
cultures, which had been preincubated overnight in DMEcontaining
murine rINF gamma, 100 U/ml, to induce nitrite/nitrate production,
were washed and overlaid with DMEcontaining 0.2 MCi/ml U-['4C]
L-amino acid mixture (50 mCi/mmol sp act; ICN, Irvine, CA). After
incubation the cells were washed three times with PBS to remove
extracellular amino acids and then they were incubated for 30 min in
amino acid-free DMEto deplete intracellular amino acid pools. After
washing the macrophages again three times with PBS the cells were
dissolved by adding 1.0 ml of 1% SDS, then "4C in the lysates was
counted in Biofluor.

The assay estimated new incorporation of amino acids into protein
because 5.0 ,M puromycin or 1.0 ,uM cycloheximide completely
blocked incorporation of 14C-amino acids into the macrophages
beyond a low level incorporation, occurring during the first 30 min of
labeling. This method obviated the variability inherent in attempting
quantitative recoveries of acid precipitates from the highly adherent

macrophages, which could only be removed from plastic by mechani-
cal scraping.

Results

Conversion of L-arginine to ornithine and urea. Both CMand
RMconsumed L-arginine from DMEas measured by progres-
sive diminution of the radioactive arginine peak of chromato-
graphed medium. The results of 12 experiments (Table I)
showed higher arginine consumption by CMcompared to
RM. The major products of arginine metabolism were orni-
thine and urea, which accumulated in the medium in equi-
molar amounts (Table I). This activity has been reported from
murine macrophages and is due to secreted arginase (19). In
the case where ["4C]carboxyl-labeled D,L-arginine was used as
the tracer, no radioactive carbon dioxide was detected upon
treatment of the medium sample with urease (Table I). This
finding was consistent with the absence of radioactivity in argi-
nine carbon-6, the precursor of carbon dioxide in urea derived
from arginine upon treatment with arginase. Conversely, when
L-arginine labeled exclusively at carbon-6 ('4C-guanido-L-argi-
nine) was added to CMand RMcultures, radioactive carbon
dioxide was trapped from medium samples treated with ure-
ase. The molar amount produced very nearly equalled the
molar amount of ornithine measured by HPLC (Table I).
These results and those from experiments employing "4C-uni-
versally labeled L-arginine are consistent with an activity at-
tributable to macrophage-derived arginase (Table I).

It was shown previously that N0-monomethyl-L-arginine
(NMA) inhibited L-arginine-dependent fungistasis (8). Hence
the effect of NMAon CMarginase activity was examined
(Table I). It was clear that NMAdid not inhibit arginase activ-
ity. On the contrary, a larger fraction of arginine was metabo-
lized to ornithine and urea.

Macrophage arginase activity (Table I) did not correlate
with macrophage fungistatic capability. Arginase activity (mi-
cromoles urea or ornithine per 20 h per mgmacrophage pro-
tein) was present in both RMand CMtreated with 50 AM
NMA. These conditions never yielded fungistasis (3, 8). Both

Table L Macrophage Metabolism of Arginine to its Major Products

Metabolites produced via:
Substrate
consumed Arginasell Nitrogen oxidation"

No. of
M+O* experiments ['4C]Argt NMA L-Argll Orn Urea Cit NO%+ NO3

CM 5 u - 5.70±0.46 4.06±0.20 4.02±0.26 1.62±0.26 1.62±0.14
CM 1 g - 4.82 3.20 3.24 1.66 1.68
CM 1 c - 6.44 4.60 1 1.86 1.98
CM 1 u + 6.24 5.86 5.94 0.42 0.32
CM 1 c + 6.92 6.08 1 0.44 0.44
RM 1 u - 4.90 4.40 4.50 0.38 0.50
RM** 1 g - 2.26 2.26 2.20 0.14 0.24
RM** 1 c - 1.00 0.98 ' 0.06 0.04

* All macrophages cultured in 10 ng/ml endotoxin unless specified otherwise. t '4C-labeled L-arginine; u, universally labeled L-arginine; g,
guanido-labeled L-arginine; c, carboxyl-labeled D,L-arginine. * NMA, 50 MM. 1Values are total micromoles consumed or produced based on

concentrations in medium at 20 h. Data normalized by expressing results as amounts per milligram macrophage protein. Cell proteins ranged
from 0.034-0.090 mg for CMand 0.028-0.055 mg for RM. Values in first line compiled from five experiments are means±SEM. ' Back-
ground counts for '4CO2 trapped. ** No endotoxin present.

266 D. L. Granger, J. B. Hibbs, Jr., J. R. Perfect, and D. T. Durack



urea and ornithine singly or in combination at the concentra-
tions present in medium over macrophages had no fungistatic
activity when they were added to medium plus cryptococci
alone.

L-arginine depletion by arginase could readily occur in cell
culture medium where the concentration is 400 nmol/ml (e.g.,
commercial DME). In macrophage-tumor cell co-cultures ar-
ginine depletion was reported to inhibit tumor cell prolifera-
tion due to starvation for this amino acid (20). However, argi-
nine depletion did not account for macrophage fungistasis be-
cause replication of cryptococci was not dependent on
L-arginine (8). Depletion of L-arginine could inhibit macro-
phage-mediated fungistasis because macrophages required this
amino acid to produce effector molecules (8).

Arginase was found in conditioned medium over macro-
phages. Also the enzyme was present in macrophage lysates. A
small arginase activity was present in commercial fetal bovine
serum used in cytotoxicity experiments (5.0 nmol urea or or-
nithine/h per ml at 25% serum in DMEcontaining 500 ,M
L-arginine).

Conversion ofL-arginine to citrulline, nitrite, and nitrate. A
substantial quantity of L-arginine consumed by CMwas con-
verted to a radioactive product that by HPLChad a retention
time identical to L-citrulline (Table I). This product was pres-
ent in culture medium over CMirrespective of whether the '4C
was carboxyl, guanido, or throughout the arginine molecule.
This would be consistent with a product containing all six of
the carbon atoms present in the original arginine. The product
was excluded from the HPLCC18 column indicating loss of
ion pairing capability. This suggested loss of the positively
charged guanidino nitrogen of arginine.

The guanidino nitrogen of L-arginine was accounted for as
measurable nitrite and nitrate anions (Table I). Under all the
conditions shown in Table I, the total molar amount of nitrite
and nitrate, measured by biocolorimetric assay, closely ap-
proximated the molar amount of citrulline, measured by
HPLC, in a 1:1 stoichiometry. These findings point to a second
major pathway of arginine utilization in which macrophages
oxidized the guanidino nitrogen of L-arginine to nitrite and
nitrate leaving citrulline as the deiminated carbamido reaction
product. This finding was reported by Hibbs et al. using a
colorimetric assay to detect citrulline (4, 5). Iyengar et al.
showed the same metabolism by a macrophage cell line acti-
vated with rINF-gamma (21). However, the continuous mac-
rophage cell line produced more citrulline than NO /NO- due
to conversion of ornithine (derived from arginine via arginase
activity) to citrulline by the cells (21). This second pathway,
that of L-arginine nitrogen oxidation, accounted for - 30% of
arginine consumption by CM(Table I). Nitrogen oxidation by
CMwas inhibited by 75%when NMAwas added at a ratio of 1
NMA: 10 arginines. For RM, nitrogen oxidation was undetect-
able or occurred at low levels.

The nitrite, nitrate, and citrulline produced by CMwas
almost exclusively extracellular; lysates of CMdid not contain
appreciable amounts of these products. Unlike arginase se-
creted by macrophages, conditioned cell-free supernates from
CMcultures were devoid of nitrogen oxidation activity.

Correlation between nitrogen oxidation andfungistasis by
macrophages. Four types of experiments showed the correla-
tion between nitrogen oxidation and fungistatic capability.
First was the dependence on L-arginine for both processes.
Nitrite and nitrate production rates in the absence of extracel-

lular L-arginine were measurable but low (Fig. 1). This corre-
lated with the complete failure of macrophage fungistasis
under these conditions (8). With 500 ,uM L-arginine present,
production of both nitrite and nitrate increased markedly (Fig.
1), and it was during this time, under these conditions, that
fungal replication ceased (8). In Fig. 1 the proportion of nitrite
and nitrate produced was approximately equal. However, this
was not always the case. The ratio of nitrite/nitrate produced
by CMvaried between 1:1 and 2:1.

When the L-arginine concentration was varied between 0
and 500 MMa graded effect on macrophage fungistasis was
seen (Fig. 2 A). Over this same concentration range, under the
same conditions of macrophage-cryptococci cocultures, a
graded response of nitrite production occurred (Fig. 2 B).
Control cultures of cryptococci alone showed that the fungi
neither produced (Fig. 2) nor consumed (not shown) nitrite or
nitrate.

The kinetics of nitrite production by activated macro-
phages at varying L-arginine concentration is shown in Fig. 3.
At zero extracellular L-arginine a low but measurable produc-
tion occurred. This rate was higher than the rate at zero argi-
nine in Fig. 2. This may be explained by the effect of preincu-
bation in arginine-containing DMEfor 16 h before the rate
measurements (Fig. 3, legend). Thus CMmay have accumu-
lated a significant endogenous arginine pool, which could
serve as substrate for nitrite synthesis. Lineweaver-Burk trans-
formation of this data showed correlation between the rate of
nitrite production and arginine concentration (r = 0.93).
Maximal velocity of synthesis was 67 nmol/h per mgcell pro-
tein. From the results shown in Fig. 2 A it appeared that maxi-
mal nitrite production correlated with complete fungistasis.
The concentration of L-arginine giving one-half Vm. (Km)
equaled 73 AM. This may be an important value because the
level of arginine in plasma of various mammals is - 100 AM
(22). This presents the possibility of controlling the rate of
nitrite synthesis of macrophages by regulating plasma amino
acid concentration.

In the second type of correlation experiment activated
macrophage fungistasis was blocked with the specific inhibitor,
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Figure 1. Production of
nitrite and nitrate by
cytotoxic macrophages
is L-arginine dependent.
At the times shown su-
pernate medium over
macrophages was re-
moved and the concen-
trations of nitrite (cir-
cles) and nitrate (trian-
gles) were measured.
Closed symbols are in
DMEwith L-arginine,
500 gM; open symbols
are in the same me-
dium but without L-ar-
ginine. Values are ex-
pressed as means±SEM
of triplicate cultures per
time point. There was

- 0.050 mgprotein per
well during the experi-
ment.
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Figure 2. Correlation between L-arginine-dependent fungistasis and
nitrite production by cytotoxic macrophages. Macrophage-crypto-
cocci co-cultures (open circles) incubated in DME+ 10% D-FBS and
endotoxin at the L-arginine concentrations shown were assayed for
fungistasis (A) or supernate nitrite concentration (B). Protein content

per well (- 0.038 mg) was measured on parallel macrophage alone
cultures. Closed triangles are for cryptococci alone cultures. Values
are means±SEM(A) of triplicate cultures.

NMA(8). Under these conditions citrulline, nitrite, and ni-
trate synthesis was markedly inhibited at each time measured
during a 28-h assay (Fig. 4 B) compared to CMcultures with-
out NMA(Fig. 4 A). N0-Monomethyl-L-arginine was not toxic
for macrophages. Inhibition of macrophage fungistasis was

completely reversible by removing NMAby washing (8).
The third type of experiment took advantage of the pre-

vious finding that mouse resident peritoneal macrophages
were never fungistatic (3). In Fig. 4, Cand D metabolite syn-
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Figure 3. Rate of nitrite production by cytotoxic macrophages versus

L-arginine concentration. CMwere pre-incubated for 16 h in DME
containing 500 AML-arginine + endotoxin, 100 ng/ml. Then the
macrophages were washed three times with PBSand recultured in
DMEat the L-arginine concentrations shown. Duplicate medium su-

pernate nitrites were measured hourly for 4 h. This gave linear syn-

thesis rates that were expressed per milligram macrophage protein
(open circles). Results are from 9 separate experiments. Average pro-
tein concentration was 0.052 mg/well (range = 0.034-0.069). Double
reciprocal plot of data shown as inset (closed circles). Vm. = l/y-in-
tercept; Km= (slope)( Vm,,). Correlation coefficient for linear regres-
sion was r = 0.93.
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Figure 4. Production of citrulline, nitrite and nitrate by macro-

phages. CM(A, B, and C) or RM(D) were cultured in DMEcon-

taining 100 ng/ml endotoxin and 500 nCi/ml U-['4C]arginine. Me-
dium in B contained 50 ,M N0-monomethyl-L-arginine. At the
times shown supernate medium was collected for measurement of
the total NO- + NO- (triangles) and radioactive citrulline (circles).
Values are means±SEMof triplicate cultures per time point. Macro-
phage protein per well was 0.060 mg, (A); 0.057 mg, (B); 0.075 mg,

(C); and 0.055 mg, (D).

thesis during 30 h culture is shown for a representative experi-
ment comparing CMand RM. Resident macrophages pro-

duced almost no citrulline, nitrite, or nitrate, while CMpro-

duced these metabolites at a maximal rate between 10 and 30
h incubation. As shown in Fig. 4, A and C, accumulation of
L-citrulline and the total nitrite plus nitrate occurred in equi-
molar amounts in unison.

The fourth type of experiment involved the induction of
nitrite production and the induction of fungistasis by CM(Fig.
5). When these two activities were measured together it was

clear that they were correlated. A lag phase before the onset of
fungistasis was observed in our original studies (3) and was

repeatedly observed thereafter (8, 1 1). This is shown in a repre-

sentative experiment in Fig. 5 A. In the same experiment me-

dium nitrite concentration was measured hourly (Fig. 5 B).
There was a 3-4-h lag phase before nitrite synthesis com-

menced, and this closely coincided with the onset of fungistasis
which was first detected at 6 h. The lag phase for nitrite pro-
duction was also very consistent. It is not clear why explanta-
tion of CMinto culture resulted in a window of time during
which nitrite synthesis was absent. This is assuming that these
same macrophages were synthesizing nitrite/nitrate in vivo, an

assumption for which there is experimental evidence based on

urinary nitrate excretion in mice infected with BCGby intra-
peritoneal injection (7).

When reagent nitrite, nitrate, or the combination of nitrite
+ nitrate was added to DMEin the concentration range mea-
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Figure 5. Onset of mac-
rophage fungistasis co-
incides with onset of ni-
trite production. CM
were cultured in DME
containing 10% D-FBS,
and endotoxin, 100
ng/ml, and 5.6 X 104 C.
neoformans (closed cir-
cles). At the intervals
shown fungal cell
counts (A) or supernate
nitrate concentrations
(B) were determined.
Open circles are fungi
alone cultures (A).
Cryptococci alone did
not produce nitrite (not
shown). Values are the
means of duplicate cul-
tures. Macrophage pro-

10 12 tein content per well
was 0.058 mg.

sured from CMcultures, no fungistatic effect was produced.
This was also the case for the hypothetical intermediates, am-

monium ion, and hydroxylamine. Whether oxides of nitrogen
such as nitric oxide or nitrogen dioxide inhibit cryptococcal
replication is currently being investigated.

The effect of D-FBS on CMproduction of nitrite/nitrate
was tested because serum was shown to be an important re-

quirement for fungistasis (1 1). The rate at which CMproduce
both nitrite and nitrate was the same with and without D-FBS.
In some experiments the lag period to the onset of macrophage
nitrite synthesis was delayed 1-2 h when D-FBS was absent,
but this was not always the case. Weconcluded that the serum

requirement for fungistasis by CMwas for some other macro-

phage function not directly related to nitrogen oxidation me-

tabolism.
L-arginine utilization for protein synthesis is not required

forfungistasis. Protein molecules possessing fungicidal proper-

ties are synthesized by leukocytes, including macrophages
(23). Someof these proteins are cationic at neutral pH, in part
because they are rich in arginine residues (24). Because fungi-
stasis depended upon medium L-arginine, the utilization of
this amino acid and the other essential amino acids for protein
synthesis was measured in relation to both nitrite synthesis and
fungistasis to examine for correlation or lack of correlation
between these activities. Our intent was to construct culture
conditions in which protein synthesis was blocked, but nitrite
production was not, and then measure fungistatic capability of
the macrophages.

If the inhibitors of protein synthesis, (cycloheximide, 0.5
,uM, or puromycin 5.0 ,uM), or of transcription (actinomycin

D, 0.1 I M) were added to freshly explanted CMcultured in
medium with endotoxin, nitrite, and nitrate production was
markedly reduced. Furthermore, each inhibitor was toxic to
macrophages in the presence of endotoxin after - 10 h incu-
bation. Since nitrite/nitrate synthesis began only after a sub-
stantial lag period (Fig. 5 B), it was possible that the inhibitors
blocked synthesis of the enzyme(s) required for nitrogen oxi-
dation.

Wesearched for conditions where protein synthesis could
be blocked after the induction of high level nitrite production,
and where the inhibitors were not toxic to the macrophages
during a time-frame when fungistasis could be tested. A proto-
col was devised in which murine rINF gamma, 100 U/ml, was
used in an overnight incubation of BCG/peptone macro-
phages. By the following morning these macrophages, cultured
in endotoxin-free medium, actively synthesized nitrite for the
ensuing 8 h without a lag period, and puromycin (Fig. 6 A) or
cycloheximide, 0.5 gM, (not shown) did not affect nitrite pro-
duction. However, puromycin (Fig. 6 B) and cycloheximide
(not shown) completely blocked incorporation of '4C-labeled
amino acids by the same macrophages between 2 and 8 h
incubation. When macrophage fungistasis was measured
under these conditions using puromycin as the inhibitor of
protein synthesis, a clear result was obtained. Unlike cyclo-
heximide, puromycin did not affect fungal replication, thus it
was an ideal inhibitor for use in the macrophage fungistasis
assay (Fig. 6 C). Macrophage-induced fungistasis occurred
whether or not puromycin was present. Thus, macrophages
are fully capable of inhibiting fungal proliferation during hours
2 through 8 despite a complete block of new amino acid incor-
poration. Beyond 8 h the inhibitors were eventually toxic for
macrophages.

The potential pitfall of this type of experiment was the
possibility that macrophage fungistasis in the presence of pu-
romycin was due to preformed arginine-containing defensins
synthesized and stored before addition of the inhibitor. To test
this possibility, the requirement for arginine in puromycin-in-
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Figure 6. Effect of inhibiting macrophage protein synthesis on fun-
gistasis and nitrite production. CMwere cultured overnight in DME
containing murine rINF gamma, 100 U/ml. Then macrophages were

washed and recultured in the same medium containing 10% D-FBS
and "'C-amino acids, with (closed diamonds) or without (open
squares) 5.0 ,uM puromycin. At the times shown supernate nitrite
concentration (A) and incorporated "'C-amino acids (B) were mea-

sured. In C parallel CMcultures were challenged with C. neoformans
to assess CMfungistatic capability (open squares = without puromy-
cin; closed diamonds = with puromycin). Circles are fungi alone cul-
tures with (closed) or without (open) puromycin. Values are means

of duplicate cultures. Macrophage protein per well was 0.041 mg.
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hibited macrophages was examined. With puromycin present
nitrite production was, as without puromycin, largely depen-
dent on medium L-arginine (Fig. 7 A). The same was true for
fungistasis (Fig. 7 B). Under conditions where puromycin in-
hibited new protein synthesis, macrophages nevertheless, re-
mained dependent on medium L-arginine to effectively block
fungal proliferation. Thus, these experiments provided evi-
dence that the L-arginine requirement for macrophage fungi-
stasis included a process in addition to utilization of arginine
for macrophage protein synthesis. Furthermore, the L-argi-
nine-dependent process, as before, correlated with nitrite pro-
duction. Because efficient macrophage fungistasis occurred
under conditions where protein synthesis was blocked, yet still
depended upon an external source of L-arginine, it seemed
unlikely that the mechanism of fungistasis involved synthesis
and release of cytotoxic proteins known to kill cryptococci,
i.e., defensins.

Is macrophage decarboxylation of L-arginine involved in
fungistasis? Biosynthesis of polyamines from L-arginine or L-
ornithine is important for regulating cell proliferation in many
types of animal cells (25). In addition, oxidation of the poly-
amines, spermine, or spermidine by polyamine oxidase leads
to aminoaldehyde products that possess anti-protozoal activity
(26). The initial step in polyamine biosynthesis involves decar-
boxylation of L-ornithine (in mammals) or L-arginine (in pro-
tozoa), yielding putrescine + CO2 and agmatine + CO2, re-
spectively. It was possible that the L-arginine requirement for
macrophage fungistasis involved polyamine synthesis, either
by arginine decarboxylation or by L-arginine conversion to
L-ornithine by macrophage arginase and then ornithine decar-
boxylation. To examine this point carboxyl 14C-labeled L-argi-
nine and L-ornithine were used as substrates for macrophages
and radioactive carbon dioxide was trapped and quantitated
under conditions of varying fungistatic capability. A small flux
of carboxyl-labeled arginine ended up as radioactive carbon
dioxide (Table II). This accounted for less than 1.0% of argi-
nine metabolism by activated macrophages (compare Tables I
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Figure 7. L-arginine is required for fungistasis by puromycin-treated
CM. Experimental protocol was the same as in Fig. 6. All CMcul-
tures received 5.0 ,M puromycin. Open symbols are complete me-

dium; closed symbols are for medium lacking only L-arginine. In A
supernates were assayed for total nitrite + nitrate. In B cryptococci
per ml were counted for fungi alone cultures (squares) and CM
+ fungi cocultures (triangles). Values are means for duplicate cul-
tures at each time point. Macrophage protein per well was 0.063 mg.

Table I. L-Arginine and L-ornithine Decarboxylation
by Cytotoxic Macrophages

No. of
experiments Substrate Inhibitor* '4CO2 trappedt

6 14COOHD,L-arginine§ 0.49±0.10
3 '4COOH D,L-arginine§ NMA 0.96±0.11
1 '4COOH D,L-arginineO DFMA 0.13
1 '4COOH L-ornithine 0.70

* NMA, 50 MM; DFMA, 50 mM.
tValues are mean rates±SEM (nanomoles per hour per milligram
cell protein) determined over 24 h culture for three or four time points.
§ Mixture of D and L stereoisomers. Calculations made assuming D
isomer is metabolically inert.

and II). With carboxyl-labeled L-ornithine as substrate, decar-
boxylation activity was roughly similar and within the same
order of magnitude as for arginine. Because macrophages
readily converted arginine to ornithine, but not vice versa,
labeled carbon dioxide could arise directly from arginine or
from L-ornithine when labeled arginine was the substrate.
WhenNMAwas added at a concentration which blocked fun-
gistatic capability (8), arginine decarboxylation metabolism
doubled (Table II). The same concentration of inhibitor mark-
edly reduced nitrogen oxidation to nitrite and nitrate but did
not affect arginase activity (Table I). It appeared that macro-
phage fungistatic capability was inversely correlated with de-
carboxylation metabolism.

Potential intermediates and products of polyamine synthe-
sis were tested to determine whether they could replace argi-
nine for macrophage fungistatic capability and nitrite produc-
tion. These were: L-ornithine, agmatine, putrescine, spermine,
spermidine, and canavanine. All were inactive in both assays
(not shown).

The inhibitor of L-arginine decarboxylase, alpha-difluoro-
methylarginine (DFMA) (27) inhibited both labeled carbon
dioxide production (Table II) and nitrite production (by 73%)
when L-arginine was the substrate. Inhibition of nitrite produc-
tion occurred only at a high concentration (50 mM), which
produced some toxicity to CMafter 24 h incubation. Thus,
this inhibitor was not useful in dissociating the nitrogen oxi-
dation pathway from decarboxylation metabolism. This result
raises the possibility that activated murine macrophages pos-
sess arginine decarboxylase in addition to ornithine decarbox-
ylase because DFMAdoes not inhibit the latter enzyme activ-
ity (28). Alternatively, radioactive carbon dioxide could arise
by conversion of arginine to glutamate and then to alpha-keto-
glutarate, which can be oxidized to CO2in the tricarboxycyclic
acid cycle.

Discussion

Within the past decade it was demonstrated unequivocally,
primarily by Tannenbaum and colleagues, that mammals, in-
cluding man, synthesized nitrate (29, 30). During careful bal-
ance studies on humans they recognized that nitrate synthesis
was related to inflammation caused by incidental infections
(30). Then it was shown that nitrate synthesis was dramatically
enhanced by endotoxin (31). Stuehr and Marletta found that
nitrite and nitrate production occurred in murine macro-
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phages (7). Furthermore, agents that were known to cause
macrophage activation (e.g., mycobacterial infection + endo-
toxin) led to marked stimulation of nitrate synthesis in vivo
(7). This effect was reproduced in vitro using gamma inter-
feron, the T lymphocyte cytokine known to activate macro-
phages for cytotoxic capability (6, 32). Recent work by Hibbs
et al. showed that nitrite and nitrate production by macro-
phages depended on extracellular L-arginine, which was con-
verted to L-citrulline during this process (4). This work was
important because it showed that nitrite production by macro-
phages was linked to their ability to cause selective metabolic
defects in neoplastic target cells (4). These defects were char-
acteristic for tumor cells, which were prevented from replicat-
ing by activated macrophages (33-37). Thus, the link between
cell proliferation and nitrite synthesis was established. Work
on L-arginine dependence for macrophage cytotoxicity for
tumor cells was extended to include a microorganism, C. neo-
formans, demonstrating the broad spectrum of activity for this
pathway (8).

In this report the metabolism of L-arginine in activated
macrophages was measured and correlated with functional ca-
pability to inhibit fungal proliferation. Murine macrophages
consumed arginine at a high rate. L-arginine consumption, as
an essential amino acid utilized for new protein synthesis,
amounted to only a small fraction of the total arginine con-
sumption (Table III). The bulk of arginine consumed was
converted directly to L-ornithine and urea, which accumulated
in the culture medium. This accounted for - 96% of arginine
metabolized by resident macrophages, and 70% of consump-
tion by activated cells. Secretion of arginase by both resident
and activated macrophages accounted for this metabolism.
Arginase was not inhibited by NMA. The activity of arginase
was similar whether or not macrophages were activated, there-
fore fungistatic. Wefound no evidence that arginase contrib-
uted to, or inhibited macrophage fungistatic capability apart
from the obvious effect of depleting medium arginine. One
could argue that arginine depletion leading to failure of macro-
phage fungistasis would be an artificial situation occurring in
vitro in a closed system. Hibbs et al. proposed a function for
macrophage arginase in regulating nitrogen oxidation reac-
tions (4). This intriguing proposal remains an open question
that merits further investigation.

In all cases there was a strong correlation between macro-
phage fungistasis and production of nitrite/nitrate. This path-
way accounted for - 30% of arginine utilization by CM, 10
times that of RM. In the absence of extracellular L-arginine,
nitrite/nitrate production by CMwas measurable, but was
very low. This low rate of production may be due to metabo-

lism of intracellular arginine and/or proteolysis yielding L-argi-
nine. Wecould find no evidence that macromolecular arginine
(poly-L-arginine, with 10,000-12,000 mol wt) supported ni-
trite/nitrate synthesis (not shown). Macrophage fungistasis did
not occur under conditions of low level nitrogen oxidation,
that is: (a) in arginine-free medium, (b) in the presence of
NMA, (c) or when resident macrophages were used. The rate
of nitrite production was dependent on L-arginine concentra-
tion as was the degree of fungistasis (Figs. 2 and 3) (8). The
direct correlation between the rate of production and the bio-
logical function of inhibiting replication is consistent with the
hypothesis that macrophage fungistasis requires an ongoing
elaboration of some endogenous antimicrobial which diffuses
within the phagocyte and/or the proximate pericellular envi-
ronment; further, that removal of inhibited fungi from this
environment would be followed by resumption of prolifera-
tion. We observed both of these phenomena in our earlier
studies on murine macrophage fungistasis (3).

Current results from Hibbs et al. (38), Marletta et al. (39),
and Stuehr et al. (40), provide evidence that nitrogen oxidation
yields the intermediate, nitric oxide. Nitric oxide may be re-
sponsible for biochemical lesions in neoplastic cells whose pro-
liferation is inhibited by macrophages (38). There is evidence
that this effector molecule may inhibit cell proliferation by
reaction with iron which is coordinated with sulfide in pros-
thetic groups of particular membrane localized enzymes (41).
This may explain the loss of iron from neoplastic cells in con-
tact with activated macrophages (35, 37). It remains to be seen
whether the same defects develop in microorganisms attacked
by macrophages. Inhibition of critical iron-containing redox
enzymes would provide an effective means for blocking rep-
lication in diverse pathogenic microbes.

Another important aspect of arginine metabolism with po-
tential relevance to macrophage fungistatic capability is trans-
port of amino acid into, and out of, the cell. Wehave found
that arginine metabolism to nitrite/nitrate continues to occur
at a high rate after arginine influx has been blocked (submitted
for publication). This suggests that the enzymes(s) responsible
for nitrogen oxidation may be located at the outer face of the
plasma membrane where direct reaction occurs with arginine
in extracellular fluid.

A recent study in our laboratory examined human alveolar
macrophages for fungistatic capability and nitrogen oxidation
metabolism (42). Using the same methods described here there
was no evidence of citrulline, nitrite, or nitrate production by
alveolar macrophages from 28 normal human volunteers. Yet
macrophages from all subjects were fungistatic for cryptococci
in a 48 hour coculture assay. Thus there may be significant

Table III. Pathways of L-arginine Metabolism in Macrophages

Relative flux:*

Pathway Products Resident MO Cytotoxic MO Function

Arginase L-Orn + urea 96% 69% ?
Nitrogen oxidation L-Cit + NOy + NO- 0.7% 29% Inhibits cell proliferation
Decarboxylase Agmatine + CO2 t 0.2% Synthesis of polyamines
Translationt Proteins <3% 2% Synthesis of new proteins

* Estimated from data in Tables I and II. t Not done. § Assumed from L-arginine consumption not accounted for by the other pathways.
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species and/or body site differences in the biochemical mecha-
nisms used by macrophages to inhibit replication of fungi.
Studies in progress involve examining human peritoneal mac-
rophages activated in vitro with lymphokines for their func-
tional capability and possible nitrogen oxidation reactions.

The findings on murine macrophage oxidation of arginine
guanidino nitrogen must ultimately be extended to in vivo
studies. Activity of this pathway is likely reflected in total uri-
nary nitrate excretion under conditions of constant dietary
intake of nitrate (7). It is possible that a specific inhibitor such
as NMAmay selectively block nitrite/nitrate synthesis in vivo.
Given this situation, the role of macrophage microbiostatic
capability via this mechanism in the maintenance of a dor-
mant infection could be investigated. Such an in vivo model in
which a specific pertubation leads to reactivation disease
would be very useful in studying the dynamics in the host-par-
asite relationship that contribute to maintaining microbes in a
state of dormancy.
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