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Abstract

The microbiostatic action of macrophages was studied in vitro
employing peritoneal cytotoxic macrophages (CM) from mice
acting against Cryptococcus neoformans cultured in Dul-
becco’s medium with 10% dialyzed fetal bovine serum. Fungi-
stasis was measured using electronic particle counting after
lysis of macrophages with detergent.

Macrophage fungistasis failed in medium lacking only L-
arginine. Complete fungistasis was restored by L-arginine; res-
toration was concentration dependent, maximal at 200 uM.
Deletion of all other essential amino acids did not abrogate
fungistasis provided that L-arginine was present. Of twenty
guanido compounds, including D-arginine, only three (L-argi-
nine, L-homoarginine, and L-arginine methylester) supported
fungistasis. Known activators or mediators of macrophage cy-
totoxicity (endotoxin, interferon gamma, tumor necrosis fac-
tor) did not replace L-arginine for CM-mediated fungistasis.
The guanido analogue N°-monomethyl-L-arginine was a po-
tent competitive inhibitor of CM-mediated fungistasis giving
50% inhibition at an inhibitor/L-arginine ratio of 1:27. Al-
though CM completely blocked fungal reproduction via an L-
arginine-dependent mechanism, the majority of the dormant
fungi remained viable. Thus, this mechanism is viewed as a
microbiostatic process similar or identical to the tumoristatic
effect of macrophages. This suggests the production of a broad
spectrum biostatic metabolite(s) upon consumption of L-argi-
nine by cytotoxic macrophages.

Introduction

Macrophages can kill or inhibit the replication of many facul-
tative and obligate intracellular microorganisms. Although nu-
merous studies have focused on the oxygen-dependent
NADPH oxidase killing reaction of macrophages, relatively
little is known about the mechanism by which macrophages
inhibit microbial reproduction. This point may be relevant to
a group of bacterial, protozoal, and fungal infections in which
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dormant but viable microorganisms persist in tissues for long
periods followed by reactivation of microbial replication and
concomitant disease upon iatrogenic or acquired cellular im-
munodeficiency states.

We have characterized a cell culture system employing ac-
tivated murine peritoneal macrophages (cytotoxic macro-
phages, CM)! challenged with Cryptococcus neoformans (1).
Under appropriate conditions fungal cell replication is inhib-
ited by CM, beginning at 3-6 h after contact between phago-
cytes and microbes. Fungistasis lasts for 20-40 h and occurs
with or without phagocytosis, provided target and effector cells
are in close contact. Most fungal cells remain viable because
they form colonies when removed from CM. Requirements
for the fungistatic action of CM have been published (1, 2).

Recently Hibbs et al. reported that CM-mediated injury to
neoplastic cells was dependent on the metabolism of L-argi-
nine through a deimination pathway producing nitrite and
citrulline (3, 4). The inhibitory action of CM on C. neoformans
provides an ideal experimental system for testing the potential
importance of this pathway for microbiostasis because the
fungal target cells replicate in medium containing only extra-
cellular ions, glucose, thiamine, and a single nitrogen source
such as asparagine (5, 6). This report deals with the importance
of L-arginine as a necessary substrate for macrophage fungi-
static action.

Methods

Cell culture media. All experiments were performed with media pre-
pared in the laboratory. Dulbecco’s modified Eagle’s medium (DME)
(7) was constructed with stock solutions of the salts, vitamins (Gibco,
Grand Island, NY), individual solutions of all of the essential and
nonessential amino acids (Sigma Chemical Co., St. Louis, MO), and
individual solutions of the other additives at the concentrations given:
25 mM D-glucose, | mM sodium pyruvate, 100 U/ml penicillin G, 10
ug/ml gentamicin, 25 mM 3-(N-morpholino) propane sulfonic acid
(MOPS) buffer, pH 7.4. Iron, prepared from pure iron wire according
to Cartwright (8), was added as the ferric chloride sait. Bicarbonate
concentration was reduced to 24 mM (44 mM in the original DME
recipe [7]) so that at a PCO, of 40 torr an alkaline pH would not inhibit
the replication of Cryptococcus neoformans (9). Fetal bovine serum
(FBS) (Sterile Systems, Inc., Logan, UT) was dialyzed exhaustively
against phosphate-buffered saline (PBS), pH 7.4, using 50,000 mol wt
cutoff tubing (Spectrum Medical Industries, Los Angeles, CA) to re-
move amino acids present in serum (D-FBS).

Animals. 2-mo-old outbred Swiss CD-1 female (Charles River
Breeding Laboratories, Inc., Research Triangle Park, NC) mice were
used as a source of peritoneal macrophages. Mice received one of three
treatments: 1.0 ml 10% proteose peptone i.p. (Difco Laboratories, Inc.,
Detroit, MI) 3 d before harvest (stimulated macrophages); 107 colony-

1. Abbreviations used in this paper: CM, cytotoxic macrophage(s);
D-FBS, dialyzed fetal bovine serum.
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forming units Mycobacterium bovis, strain BCG, Phipps, i.p. 3 wk
before harvest and 1.0 ml of peptone i.p. 3 d before harvest (CM); or no
treatment before harvest (resident macrophages) of peritoneal exudate
cells.

Macrophage cultures. Four million peritoneal cells were plated in
16-mm diam culture wells (Costar, Cambridge, MA) in DME without
serum and were allowed to adhere at 37°C under 5% CO, for 1 h.
Nonadherent cells were removed by rinsing with PBS. This process was
repeated with a second seeding of peritoneal cells to produce a con-
fluent macrophage monolayer which was essential for inhibition of
cryptococcal cell growth (2). Cultures prepared in this way contained
> 90% mononuclear cells (Giemsa staining) which were actively
phagocytic when incubated with heat-killed Candida albicans. Unless
stated otherwise, mononuclear phagocyte cultures were immediately
challenged with fungi in DME containing additives as described below.

Microorganisms. A clone of Cryptococcus neoformans (serotype
A), designated H99/C3D, was isolated from a strain obtained from
human cerebrospinal fluid (10). This clone was used because its gener-
ation time (~ 3 h under the culture conditions used) is not affected by
elevated CO, concentration, thereby eliminating a potential con-
founding variable in measuring the effect of macrophages on fungal
cell growth rate (9). The C. neoformans clone is narrowly encapsulated
on India ink examination. It is phenol oxidase positive, and secretes
immunoreactive capsular polysaccharide into the medium (9). It does
not produce chronic meningitis in cortisone-treated rabbits (9). Cells
were maintained in suspension culture in DME in small culture flasks
(25-cm?, Falcon Labware, Oxnard, CA). Log-phase yeasts were washed
with PBS by centrifugation (4,000 g) three times and were resuspended
in culture medium at 1 X 10° cells/ml for addition to macrophages.
Then 0.5 ml was added to each 16-mm diam culture well.

Mpycobacterium bovis, strain BCG, Phipps, was obtained from the
Trudeau Institute, Saranac Lake, NY, courtesy of Donald Auclair. A
pure culture was grown submerged for 10 d in Middlebrook 7H9
medium (Difco Laboratories) containing 0.5 ml of Tween 80 per liter
plus albumin-dextrose-catalase enrichment. Cultures were main-
tained in 8% CO; at 35°C and swirled daily. Late log-phase cells (10 to
10°/ml) were stored at —85°C. Culture purity was confirmed by sub-
culturing on chocolate agar and Sabouraud’s agar (Difco Laborato-
ries). Quantitative plate counts of mycobacteria were done on Middle-
brook 7H 10 agar plates with OADC enrichment (Difco Laboratories).

Fungistasis measurements. Details of the macrophage fungistasis
assay have been published (1, 2). Macrophage-cryptococci cocultures
in various media were incubated for 24 h. Then the number of crypto-
cocci was determined by electronic cell counting (Coulter ZB;, Coulter
Electronics, Inc., Hialeah, FL) after lysis of phagocytes with 0.9% (final
concentration) sodium dodecyl sulfate. Fungi were killed with hypo-
chlorite prior to counting (1). Experiments employing quantitative
plate counts and hemocytometer counts showed excellent correlation
with electronic cell counts for enumeration of cryptococci (1). Results
of macrophage fungistasis were expressed in two ways. First, data from
cell counts were plotted directly on semilog coordinates. Secondly,
fungistasis was expressed as the difference between growth in crypto-
cocci alone cultures and macrophage plus cryptococci cocultures. This
difference was calculated by: Fungistasis = log, (fungi alone cultures)
— log, (macrophage plus fungi cultures) after 24 h of culture. This
expression was chosen because the process being inhibited is cell dou-
bling, a logarithmic function to the base 2. The replication of
H99/C3D cryptococci in DME is extremely constant, being between 5
and 6 log; by 24 h after an initial seeding of 5 X 10* cells/ml. Hénce, the
number of replications inhibited by macrophages can be calculated
from the log, difference. Because the initial cell density was constant
throughout all experiments (5 X 10%/ml), this value was not included in
the calculations.

~ Reagents. Unless stated, these were obtained from Sigma Chemical
Co. Methylated arginine derivatives were from Calbiochem, San
Diego, CA. Gamma interferon (IFNvy) and tumor necrosis factor
(TNF) were from Genentech, Inc., South San Francisco, CA. Limulus
amebocyte lysate was from Panmed Inc., Three Oaks, MI.
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Results

Replication of cryptococci in amino acid deficient media. The
nutritional requirements for replication of Cryptococcus neo-
Jformans have been determined (5, 6). These include a group of
essential inorganic ions, a carbon source, a nitrogen source,
and one vitamin (thiamine). Chaskes and Tyndall (5) showed
that for the phenotypic expression of two virulence factors,
phenol oxidase activity and heteropolysaccharide capsule, a
salt solution containing glutamine/glycine/asparagine as ni-
trogen source, glucose to supply carbon, and thiamine were
sufficient. Amino acid-free DME was prepared and gluta-
mine/glycine/asparagine were added. This medium supported
the replication of cryptococci at the same rate as complete
DME irrespective of whether cryptococci had previously been
maintained in complete DME or the tri-amino acid DME.
This latter medium was used to examine the amino acid re-
quirement(s) for macrophage fungistasis since the replication
rate of target cells was independent of the additional essential
and nonessential amino acids in DME.

L-Arginine is required for macrophage fungistasis. As re-
ported previously CM had fungistatic capability in D-FBS
DME (2); however, when challenged with cryptococci in
D-FBS tri-amino acid DME, these same macrophages were
unable to inhibit C. neoformans replication (Fig. 1). Failure of
CM fungistasis under these conditions was not due to loss of
phagocyte viability because > 95% of CM excluded trypan
blue after a 2-d incubation. Moreover, these macrophages en-
gulfed opsonized C. neoformans H99/C3D cells in a standard
phagocytosis assay utilizing radiolabeled organisms (9).
Changes in pH of the tri-amino acid DME were measured
because the buffering capacity of this medium may have been
inadequate for lactic acid production by macrophages. How-
ever, the differences between medium pH of D-FBS DME vs.
D-FBS tri-amino acid DME after 24 (7.15 and 7.10, respec-
tively) and 48 (6.8 and 6.9, respectively) h of culture were
trivial. Since tri-amino acid DME contained asparagine, which
is not present in complete DME, failure of fungistasis could
have been due to an inhibitory effect of 5.0 mM asparagine on
CM. However, this seemed unlikely because 5.0 mM L-aspar-
agine added to D-FBS DME did not inhibit CM-mediated
fungiastasis.

Figure 1. Macrophage fun-
gistasis requires amino
acids. Approximately 5
X 10* cryptococci were
6 added to CM at time zero.
107 Fungal cell counts were

] made at the times shown
thereafter. (e, a) Macro-
phage plus cryptococci cul-
tures and cryptococci alone
cultures respectively, run in
DME plus 10% D-FBS. (o,
105+ 2) Macrophage plus crypto-
cocci and cryptococci alone
) cultures respectively, run in

+ + t 1 i tri-amino acid DME plus
0 0B e ™ 10% D-FBS. All media
contained endotoxin, 10

ng/ml. Data points are the means+SEM (macrophage plus crypto-
cocci triplicate cocultures) or cell counts from single cultures (crypto-
cocci alone).

NUMBER CRYPTOCOCCI/mi




In a series of add-back experiments the tri-amino acid
DME was reconstituted with the essential and nonessential
amino acids at the concentrations present in DME (7). Except
for L-arginine, addition of all amino acids singly or in combi-
nation, failed to restore any significant fungistatic capability.
Addition of 0.5 mM L-arginine to D-FBS tri-amino acid DME
led to complete fungistasis equal to that obtained in D-FBS
complete DME. Since the single critical amino acid for macro-
phage fungistasis was L-arginine, further experiments were
performed in DME containing all nutrients but L-arginine.

Compounds used as substrate for CM-mediated fungista-
sis. The results of testing a number of compounds for their
potential ability to support CM fungistatic action when added
to DME without L-arginine are shown in Fig. 2. Only two
compounds, L-arginine methylester and L-homoarginine, in
addition to L-arginine sufficed. L-Arginine methylester may be
hydrolyzed to L-arginine by macrophage esterases. L-Homoar-
ginine is a naturally occurring amino acid in plants and is
found in high concentrations in the seeds of Lathyrus species
(11). Its biological role may be for storage of utilizable nitrogen
in the form of the nitrogen-rich guanido group for use during
germination (12). L-Homoarginine has not been found in
mammals. When arginase was added to macrophage-crypto-
cocci cocultures containing L-arginine, fungistasis was
blocked. This finding suggested that ornithine and/or ured are
not substrates for fungistatic activity. Other naturally occur-
ring guanido compounds as well as nonamino acid guanido
derivatives all failed to support CM fungistasis. The products
of L-arginine and L-ornithine metabolism via the decarboxyla-
tion pathways, which regulate growth in various species, pu-
trescine, spermidine, and canavanine, were inactive. Likewise,
the intermediates of the urea cycle alone or in various combi-
nations (not shown) completely lacked activity. Inability to
support CM-mediated fungistasis may occur because of poor
penetration of the potential substrates into macrophages. Abil-
ity to inhibit carbon-14 labeled L-arginine transport in CM was
determined as an indirect measure of penetration of many of
the compounds listed in Fig. 2 (Granger, D. L., unpublished
data). Cationic amino acids (L-lysine, L-ornithine, L-homoar-
ginine) strongly inhibited L-arginine transport. Zwitter ionic
and anionic amino acids were poor inhibitors of transport. The
other guanido compounds listed in Fig. 2 did not inhibit L-ar-
ginine transport, suggesting they may not enter the phagocytes.
However, this analysis does not exclude the possibility that
transport of these compounds occurs by another route. It is
clear that L-arginine, L-homoarginine, L-lysine, and L-orni-
thine enter CM via a common carrier. But only L-arginine and
L-homoarginine support CM-mediated fungistasis. If CM were
preincubated for 2 h in DME containing L-arginine and then
cocultured with cryptococci in D-FBS DME without arginine,
fungistasis did not occur (not shown). This result argues
against the possibility that L-arginine functions as a macro-
phage activator (i.e., like endotoxin).

Concentration of L-arginine required for macrophage fungi-
stasis. The concentration dependence on L-arginine and L-ho-
moarginine for CM fungistatic activity showed similar dose-
response curves (Fig. 3). Maximal effect occurred by 200 uM
for a 24-h assay. The concentration of L-arginine in Eagle’s
amino acid mixture which is used in many cell culture media
formulations is ~ 400 uM. Consequently for long-term in
vitro antimicrobial assays, it is possible that the supply of L-ar-
ginine may become limiting for cytotoxicity. Substrate deple-
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Figure 2. Compounds tested for their capability of supporting mac-
rophage fungistasis in place of L-arginine. CM fungistasis assays like
that shown in Fig. 1 were run in DME minus L-arginine with 10%
D-FBS and 10 ng/ml endotoxin (base medium) with the additives
shown at 0.5 mM. After 24 h of incubation cryptococci were
counted and fungistasis was calculated as the difference: (log, crypto-
cocci alone cultures) minus (log, macrophage + cryptococci cul-
tures), which is the number of replications inhibited. Data are means
of duplicate or triplicate cultures and are compiled from five separate
experiments. Arginase (bovine liver, Sigma Chemical Co.) concentra-
tion was 10 U/ml + 50 uM MnCl,. Nonessential amino acids (Ala,
Asn, Asp, Gly, Pro, Ser, Glu) obtained commercially (Gibco) were
diluted 1:50. Essential amino acids were at the final concentrations
for DME (7). None of the additives without CM decreased the repli-
cation rate of cryptococci. None of the additives was toxic for CM as
determined by phase contrast microscopy and trypan blue exclusion.

tion is an important consideration because macrophages,
which secrete arginase into their environment (13), may addi-
tionally deplete L-arginine. This was shown when exogenous
arginase was added (Fig. 2). The stereoisomer, D-arginine, was
a relatively effective inhibitor of carbon-14-labeled L-arginine
transport (Granger, D. L., unpublished data). This suggested
that D-arginine enters CM via the cationic amino acid carrier,
albeit less efficiently than L-arginine. Yet over a wide concen-
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Figure 3. Dose-response curves of amino acid-dependent CM fungi-
stasis. Fungistasis assays were done in DME without L-arginine plus
10% D-FBS and 10 ng/ml endotoxin (base medium). Fungistasis was
calculated as explained in Fig. 2 and Methods. Additives to base me-
dium were L-arginine (0), L-homoarginine (a), and D-arginine (¢) at
the concentrations shown. Values are means+SEM of triplicate cul-
tures. Fungistasis for base medium without additives was 0.5+0.2
replications inhibited. None of the additives inhibited cryptococcal
replication or was toxic for CM.

tration range D-arginine was incapable of supporting CM fun-
gistasis. This type of specificity for L-arginine indicated utili-
zation by an enzymatic process.

Relationship to macrophage activation and known activa-
tors of macrophage antimicrobial action. Macrophages must
be activated to express fungistasis (1). This was also the case for
the L-arginine-dependent system (Fig. 4). The relatively in-
creased fungistatic action of BCG/peptone macrophages (CM)
without arginine compared with that of peptone or resident
macrophages without arginine may be due to metabolism of
endogenous amino acid in fully activated cells. Not shown are

51
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Figure 4. Macrophages must be activated to express L-arginine-de-
pendent fungistasis. Fungistasis assays were done in DME — L-argi-
nine + 10% D-FBS and endotoxin, 10 ng/ml (empty bars) or the
same medium plus 0.5 mM L-arginine (stippled bars). Resident mac-
rophages were from normal mice without pretreatment. To produce
confluent monolayers three macrophage-adherence steps were per-
formed. Peptone macrophages were from mice injected with 1 ml of
10% peptone 3 d before sacrifice. Monolayers were from two adher-
ence steps. Activated macrophage (BCG/peptone) cultures were set
up as usual. Data are from three separate experiments. Values are
means+SEM of duplicate cultures.
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results of adding increasing concentrations of L-arginine (up to
5 mM) to resident or peptone macrophages, which did not
increase fungistatic capability.

We have reported that a macromolecular fraction of nor-
mal dialyzed serum (D-FBS) is required for CM-mediated fun-
gistasis (2). The relationship of this requirement to the L-argi-
nine requirement is shown in Fig. 5. Without D-FBS the stan-
dard L-arginine concentration at 0.5 mM failed to support CM
fungistasis. Increasing D-FBS concentration in the absence of
L-arginine showed a minor enhancement of fungistasis. We
questioned whether at high serum concentration, proteolysis
by macrophage enzymes might have yielded sufficient amino
acid to supply the L-arginine-dependent mechanism. Appar-
ently, this was not the case because 40% D-FBS did not restore
significant fungistatic activity to CM in arginine-free medium.

Endotoxin, IFN+y, and TNF, enhance macrophage cyto-
toxicity (14, 15). These mediators were tested on BCG/pep-
tone macrophages in medium without L-arginine. Table I
shows that these activators did not replace L-arginine for mac-
rophage fungistatic action. The effect of L-arginine was not due
to contaminating endotoxin in the stock solution. This solu-
tion did not cause gelation of Limulus amebocyte lysate in an
assay sensitive to < 100 pg/ml standard endotoxin. Further-
more addition of endotoxin without L-arginine did not restore
macrophage fungistatic activity. These results are consistent
with the notion that the regulatory molecules of activation
induce a differentiation state in the macrophage which allows
for the metabolic consumption of L-arginine as a substrate for
antimicrobial product(s). Thus, the role of L-arginine would be
viewed not as a regulatory signal, but rather, as a fuel for bulk
consumption to generate cytotoxic effector molecules. It
should be noted that IFNy and TNF, which possess antiviral
activity, had no direct fungistatic effect at the concentrations
tested.

L-Arginine analogues inhibit macrophage fungistasis.
Methylated derivatives of L-arginine inhibit the ability of mac-
rophages to injure neoplastic cells (3, 4). Three of these natu-

4
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Figure 5. L-Arginine-dependent macrophage fungistasis requires
serum. Fungistasis assays were performed with CM in DME and 10
ng/ml endotoxin with (a) or without () 0.5 mM L-arginine. Dia-
lyzed FBS was added at time zero at the concentrations shown.
Values are the means of duplicate cultures.



Table I. Effect of Macrophage Activators on L-Arginine-
dependent fungistasis

L-Arginine
Endotoxin* Mediator¥ (0.5 mM) Fungistasis?
ng/ml 100 U/ml

0 — - 1.8

0 — + 4.1

10 — - 1.6
10 — + 5.4
100 — - 1.5
100 — + 5.4
0 IFNy - 1.0

10 IFNy - 1.3
10 IFNy + 5.6
0 TNF - 1.2
10 TNF - 1.2
10 TNF + 4.5

0 IFNy + TNF - 1.0

10 IFNy + TNF - 1.1
10 IFNy + TNF + 5.0

Results compiled from three separate experiments. Macrophages
were from BCG/peptone-treated mice. Medium contained 10%
D-FBS and was negative for endotoxin by the Limulus amebocyte ly-
sate gelation assay.

* Endotoxin up to 100 ug/ml did not promote macrophage fungista-
sis in the absence of L-arginine.

# JFNy was the murine recombinant molecule. TNF was the murine
recombinant molecule.

§ Fungistasis = Log, cryptococci alone cultures minus Log, macro-
phages + cryptococci cultures (no. of replications inhibited). Values
are means of duplicate or triplicate cultures. No additive inhibited
cryptococcal replication without macrophages.

rally occurring derivatives were tested for their ability to in-
hibit macrophage fungistasis in the presence of 0.5 mM L-argi-
nine (Fig. 6 A). The results show a rank order of their
inhibitory potency for macrophages: N°-monomethyl-L-argi-
nine > NCNOS-dimethyl-L-arginine (asymmetric) > N°N'C-di-
methyl-L-arginine (symmetric). None of the three compounds
directly inhibited replication of cryptococci up to 1.0 mM. The
most potent inhibitor, monomethyl-L-arginine, was studied
further. The dose-response curve for inhibition by N¢-mono-
methyl-L-arginine is shown in Fig. 6 B. With 0.5 mM L-argi-
nine present, 10 M N€ monomethyl-L-arginine was highly
inhibitory. Again, the methylated amino acid (concentration
up to 1.0 mM) had no inhibitory effect for fungi alone. If the
structural analogue of L-arginine is a competitive inhibitor of
CM fungistasis, increasing substrate concentration should
overcome a constant amount of inhibitor. Fig. 6 C shows that
increasing L-arginine to 3.5 mM overcame the inhibition
caused by 30 uM NS-monomethyl-L-arginine. Preincubation
experiments showed that the replacement of medium contain-
ing N®-monomethyl-L-arginine with medium containing L-ar-
ginine at the time of challenge with cryptococci restored CM-
mediated fungistasis (Table II). This observation is consistent
with competitive inhibition by N°-monomethyl-L-arginine.
L-Arginine fungistasis data with and without N°-mono-

methyl-L-arginine inhibition were expressed by double recip-
rocal plotting of 1/substrate concentration against 1/fungista-
sis values as in enzyme kinetics analysis (Fig. 6 D). This could
be justified because the biological effects being measured are
rates (of fungal replication or the inhibition thereof). The re-
sults show classical competitive inhibition by N¢-mono-
methyl-L-arginine with a common y-intercept (1/Vms) and a
shift in the x-intercept (—1/Ky). Vmax €quals 6.7, which is the
theoretical maximal number of replications which could be
inhibited by CM during the 24-h assay. This calculated value is
never achieved experimentally because: (a) there is an initial
4-6 h lag phase when cryptococci replicate freely before mac-
rophages turn off fungal reproduction (1), and () the crypto-
cocci enter stationary phase at ~ 18 h into the assay. The K,
for L-arginine equals 124 uM. The K; for N°-monomethyl-L-
arginine equals 1.5 uM.? Inhibition of carbon-14-labeled L-ar-
ginine transport into CM by N°-monomethyl-L-arginine was
measured (Granger, D. L., unpublished data). The methylated
amino acid was a poor inhibitor of transport (K; = 500 uM).
These results strongly suggest that N-monomethyl-L-arginine
competes with L-arginine at the active site of a macrophage
enzyme which is required for fungistatic action.

Discussion

Rich (16) emphasized that a microbiostatic mechanism oper-
ating in the tissues against facultative intracellular pathogens
must be a critical factor in the host-parasite relationship.
Clinical remissions of tuberculosis were attributed to the “re-
straining power” possessed by mononuclear phagocytes: exac-
erbations to the loss of this function. Modern work on macro-
phage and neutrophil antimicrobial function has focused pri-
marily on killing mechanisms (17-21). Mechanisms that have
been implicated in killing such as the respiratory burst (22), the
synthesis of cationic proteins (23), and the elaboration of mi-
crobiocidal proteins (19) cannot be demonstrated to account
for microbiostasis without killing in vitro. Thus, the possibility
exists that an additional cytotoxicity mechanism can be used
by macrophages to inhibit the replication of microorganisms.
Such a mechanism could be critical to host defense in the face
of pathogenic microbes which resist killing mechanisms, en-
abling them to survive in tissues for long periods.

The biostatic property of activated macrophages was dem-
onstrated in vitro during investigations on their antitumor ef-
fects (24). Krahenbuhl and Remington showed that macro-
phages totally abort the S phase of replicating neoplastic cells
without killing them (25, 26). These static tumor cells have
metabolic aberrations which may be unique to macrophage-
induced injury and not merely the result of a common path-
way of cell injury due to diverse cytotoxic insults. For example,
mitochondrial electron transport is inhibited at the flavopro-
tein dehydrogenases (27-29). These inhibitions are accompa-
nied by iron loss from tumor cells (30). Recent evidence points
to iron-sulfur cluster prosthetic groups within these enzymes
as the molecular targets of macrophage-induced injury (31).

The ultimate proof of the existence of a mechanism in
macrophages that could account for these phenomena was
provided by Hibbs et al. (4), who discovered that L-arginine

2. K; = Ku[I1/(5Vmax — Km), where [I] = inhibitor concentration; and s
= slope with inhibitor present (Fig. 6 D, e).
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Figure 6. Inhibition of L-arginine-dependent CM fungistasis by N-
methylated L-arginine analogues. (4) Fungistasis assays were run in
DME with 0.5 mM L-arginine plus 10% D-FBS and endotoxin, 10
ng/ml+NC-monomethyl-L-arginine (o), N°NC-dimethyl-L-arginine
(a), or N'SNC.dimethyl-L-arginine (v) at the concentrations shown.
Values are means+SEM of triplicate cultures. The inhibitors were
not toxic for CM up to 1.0 mM. (B) Fungistasis assays were run in
DME with 0.5 mM L-arginine, 10% D-FBS, and endotoxin 10 ng/ml
and NS-monomethyl-L-arginine at the concentrations shown. Points
are means+SEM of triplicate cultures. (C) Conditions were DME

was required to induce the metabolic changes in tumor cells
characteristic of macrophage-induced injury. N¢ mono-
methyl-L-arginine specifically inhibited this process (4). It was
further shown that the products of L-arginine metabolism were
nitrite and citrulline (3). Earlier, Stuehr and Marletta (32) had
shown that murine activated macrophages produced nitrate in
vivo and in vitro (32). This work in turn stemmed from recent
literature demonstrating that nitrate biosynthesis occurred in
mammals (33, 34). It had previously been thought that the
three sole sources of urinary nitrite and nitrate were the diet,
from the atmosphere, and production through intestinal bacte-
rial metabolism (35).
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with 10% D-FBS and 10 nanograms/ml endotoxin with 30 uM N©-
monomethyl-L-arginine and the concentrations of L-arginine as
shown. Values are means+SEM of triplicate cultures. (D) Double re-
ciprocal plots of CM fungistasis (1/FU) vs. L-arginine concentration
(1/S) without (0), or with (e), 30 mM NC-monomethyl-L-arginine.
FU = number of replications inhibited. V. = 1/y-intercept; K,
= (S Vimax), Where s = slope of line without inhibitor (o). K; for N°-
monomethyl-L-arginine = 1.5 uM (see text). Values calculated from

the means of triplicate cultures at each substrate or substrate plus in-
hibitor concentration(s).

In this report we have shown that L-arginine is linked to a
microbiostatic mechanism which can be used to inhibit the
replication of a pathogenic fungus. This is presumably due to
the same biochemical process first revealed in toxicology stud-
ies (32-34) and defined by Hibbs et al. (3, 4) in macrophage-
mediated tumor cell injury. Further experimentation will re-
veal whether L-arginine metabolism will be linked to inhibi-
tion of protozoal and bacterial pathogens. It is relevant that the
effect of this mechanism may not lead to target cell death.
Consequently, it is possible that this process may be used as a
macrophage effector function to regulate cell growth during
embryogenesis, immune responses, or in immunosurveillance.



Table I1. Inhibition of Macrophage-mediated Fungistasis
by N®-Monomethyl-L-Arginine is Reversible

Fungistasis
Preincubation substrate Assay incubation substrate (no. of replications
or inhibitor* or inhibitor* inhibited)*
No additions L-Arginine 4.4 (4.1-4.7)
L-Arginine L-Arginine 3.8 (3.5-3.9)
NC-monomethyl- NS-monomethyl- 0
L-arginine L-arginine
NS-monomethyl- L-Arginine 3.9 (3.8-4.0)
L-arginine
L-Arginine NS-monomethyl- 0
L-arginine

* L-Arginine concentration was 0.5 mM. N®-monomethyl-L-arginine
concentration was 25.0 uM. Preincubation lasted 2 h. Preincubation
medium did not contain serum or endotoxin. Assay incubation
lasted 18 h. Assay incubation medium contained 10% dialyzed FBS
and endotoxin, 10 ng/ml.

# Values are means with ranges in parentheses for triplicate cultures.

All experiments on L-arginine-dependent macrophage
fungistasis are consistent with an enzyme-substrate reaction.
The L-arginine effect is concentration dependent. It is highly
specific for the native amino acid, and the closely related ana-
logues, L-homoarginine and L-arginine methyl ester. Fungista-
sis is specifically inhibited by N°-monomethyl-L-arginine and
this process shows the features of competitive inhibition of an
enzyme-substrate reaction. Differences in inhibitor potency
relate to alterations in the guanido group of arginine suggesting
enzyme attack on this portion of the molecule. An alternative
possibility for these findings is that dose requirement, sub-
strate, and inhibitor specificity are occurring at the level of a
macrophage membrane carrier for L-arginine. The role of
amino acid transport must be addressed to resolve this issue.
There is no evidence that arginine acts as a modulator or signal
for macrophage activation. Indeed, this possibility seems un-
likely. Activating signals are effective in preincubation experi-
ments without having to be present during the cytotoxicity
assay. This is not the case for L-arginine-dependent fungista-
sis. Presumably L-arginine is a chemical fuel that powers the
active process of macrophage microbiostasis. The products of
L-arginine metabolism that mediate fungistasis are unknown.
Nitrite, nitrate, ammonium ion, hydroxylamine, citrulline, or
combinations of these potential metabolites in concentrations
which could be maximally achieved in the in vitro culture
assay (100-500 uM) have no inhibitory effect on the replica-
tion rate of C. neoformans (Granger, D. L., unpublished data).
It is possible that oxygen intermediates generated during ni-
trogen redox reactions could produce fungistasis (36, 37).

The dose-response curve for L-arginine is steep in the 100
uM range (Fig. 3, and K, = 124 uM, Fig. 6 D). This value is
important to consider from the standpoint of an in vitro assay
where the beginning concentration of L-arginine may be
~ 400 ¢M (as in DME). It is apparent that under long-term
culture conditions the utilization of L-arginine by effector and
target cells may reduce substrate concentration below that re-
quired for maximal fungistatic activity by CM. In considering
in vivo conditions, it may be relevant that the L-arginine con-
centration in human plasma and other extracellular fluids is in

the range of this value, that is ~ 100 uM (38). This might
suggest that macrophage microbiostatic function could be reg-
ulated in part by altering the K, for L-arginine metabolism as a
rate-limiting step in this process. This could be at the level of
transport or enzymatic attack on the arginine molecule itself.
It also raises the possibility that failure of the free flow of
amino acid to foci of infection could result in immunoincom-
petence via a mechanism not previously considered. In this
regard it is intriguing to recall that one of the pleiotypic effects
of interleukin 1 is to induce skeletal muscle proteolysis (39,
40). The released amino acids enter the circulation and are
consumed in gluconeogenesis and protein synthesis, for exam-
ple of immunoglobulins. This response could be the source of
L-arginine in the infected, anorexic animal. In protein-calorie
malnutrition a suboptimal release of amino acids might be
predicted, leading to cell-mediated immunodeficiency.
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