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Abstract

O, consumption resulting from interaction of Neisseria gon-
orrhoeae and human neutrophils represents a composite of O,
consumed by the two cell systems. Experiments studying the
relative contribution of each system suggested the possibility
that gonococci increased their metabolic activity in response to
interaction with neutrophils. This hypothesis was confirmed by
demonstrating that undifferentiated HL-60 cells, which are
unable to undergo a respiratory burst, induce a two- to three-
fold increase in gonococcal O, consumption. Gonococcal ca-
pacity to adhere to HL-60 cells did not correlate with extent of
metabolic stimulation. Stimulatory activity was demonstrable
in cell-free supernatant from neutrophils or HL-60 cells, and
increased with duration of incubation. Supernatant applied to a
G-15 Sephadex column yielded fractions that stimulated gono-
coccal O, consumption. Elution profiles were similar for
HL-60 cells, neutrophils, and a stimulatory factor previously
isolated from pooled human serum. This stimulatory factor(s)
failed to adhere to DEAE or C-18 HPLC columns. Stimulatory
activity release from myeloid cells was inhibited by incubation
at 4°C or in the presence of NaF, indicating a critical role for
glucose metabolism. Lactate, the principal product of resting
neutrophil glucose catabolism, was demonstrable in cell-free
supernatants after incubation at 37°C. Lactate accumulation
was inhibited by NaF and decreased temperature of incubation.
Lactate at levels present in cell-free supernatant increased
gonococcal O, consumption twofold and restored stimulatory
activity to dialyzed serum. Live, but not heat-killed gonococci
eliminated lactate released from neutrophils during phagocy-
tosis. Gonococci are able to utilize host-derived lactate to en-
hance their rate of O, metabolism.

Introduction

Human mucosal surfaces are the sole natural reservoir for
Neisseria gonorrhoeae. Survival demands that the organism
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acquire substrates critical for metabolism. and growth while
avoiding or combatting local host defenses. Although much is
known about the metabolism and physiology of N. gonor-
rhoeae (1), the relationship between these characteristics and
pathogenesis has received remarkably little attention. Most
studies have focused on the role of gonococcal outer mem-
brane components in this process (reviewed in reference 2).
These studies have generally been performed with strains of N.
gonorrhoeae cultivated in vitro on laboratory media. However,
several investigators have shown that cultivation of N. gonor-
rhoeae under conditions that more closely approach those en-
countered in vivo induce alterations in growth rate (3, 4), me-
tabolism (3-5), and outer membrane phenotype (6-10). These
data suggest that microenvironmental conditions may pro-
foundly influence gonococcal pathogenesis.

Anaerobic organisms are the principal flora of mucosal
surfaces, showing that O, is in limited supply (11, 12). Optimal
microbicidal activity of human neutrophils is dependent on
their reduction of ambient O, to superoxide and other reactive
oxygen intermediates (13). O, also plays an integral role in the
metabolism of N. gonorrhoeae, being utilized as a terminal
electron acceptor under both aerobic and microaerophilic
conditions (1, 14). Under some experimental conditions,
gonococci compete effectively with neutrophils for ambient
0,, resulting in diminution of neutrophil formation of reactive
oxygen intermediates (15).

N. gonorrhoeae stimulates neutrophil O, reduction in the
absence of serum-derived opsonins (16, 17). We have pre-
viously noted a discrepancy between O, consumption rates of
gonococcal/neutrophil mixtures, and the apparent contribu-
tion of the individual components (17). Since gonococcal O,
utilization is stimulated by exposure to a low molecular weight
component of human serum and mucosal secretions (4, 15,
17, 18), it seemed possible that interaction with neutrophils
induced a similar effect. In the present work we confirm this
hypothesis and demonstrate that extracellular lactate, released
as a consequence of neutrophil glycolysis, enhances gonococ-
cal electron transport and O, consumption. Potential implica-
tions of this observation to bacterial pathogenesis are dis-
cussed.

Methods

Bacteria. Neisseria gonorrhoeae strains F62 (serum sensitive, serotype
IB, pro-) and FA 1090 (serum resistant, serotype IB, prototrophic) were
maintained at 37°C, 5% CO, on gonococcal base (GCB) agar (Difco
Laboratories, Detroit, MI) containing 1 and 0.5% Kellogg defined (19)
supplements 1 and 2, respectively. Colony morphology was defined as
described by Swanson and maintained by selective colony passage
(20, 21).

Neutrophils. Neutrophils were separated from heparinized whole
blood via erythrocyte sedimentation using Plasmagel (Roger Bellon,
Neuilley, France) followed by sedimematipn of the leukocyte fraction



through Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscataway, NJ)
as previously described (17). Contaminating erythrocytes were re-
moved by hypotonic lysis and the resulting neutrophils suspended in
Hanks’ balanced salt solution (HBSS). Cell concentration was deter-
mined using an automated blood cell counter (model D2N; Coulter
Electronics, Inc., Hialeah, FL). Giemsa stain showed that > 98% of the
cells were neutrophils and > 95% were viable based on exclusion of
Trypan blue dye.

Cell lines. The human promyelocytic HL-60 cell line (22) was
obtained from the Lineberger Cancer Research Facility of the Univer-
sity of North Carolina. HL-60 cells were maintained in their undiffer-
entiated form by continuous suspension culture in Dulbecco’s mini-
mal essential media (DMEM-F12)! supplemented with penicillin (100
U/ml), streptomycin (100 ug/ml), £5% heat inactivated FCS. Before
use cells were pelleted (250 g for 10 min), washed three times in HBSS,
and resuspended in HBSS at the desired concentration as determined
by Coulter Counter or direct enumeration. Experimental results were
identical regardless of whether or not DMEM-F12 was supplemented
with FCS (data not shown).

Oxygen consumption. O, consumption rates were measured in a
Clark type O, electrode (Yellow Springs Instrument Co., Yellow
Springs, OH) as previously described (17). In experiments utilizing
bacteria, 18-24 h old gonococcal GCB colonies were scraped into GCB
broth, washed with HBSS, and resuspended in HBSS at the desired
concentration. Gonococcal concentration was adjusted using a Klett-
Summerson colorimeter (Klett Manufacturing, Inc., New York) to
determine turbidity, which had been previously correlated with direct
enumeration or colony forming units (10). O, consumption rates were
measured at 37°C using a 1-ml vol of HBSS containing gonococci
(10°/ml), +eukaryotic cells (5 X 10%/ml), +1 mM KCN. Results were
expressed as the maximal rate of O, consumption recorded over a
5-min observation period. Unless otherwise specified a piliated opaque
colony variant of strain F62 was used. Although O, consumption rates
of each F62 colony phenotype suspended in HBSS (baseline) varied, all
colony variants exhibited a similar proportional increase in maximal
O, consumption when exposed to neutrophils or undifferentiated
HL-60 cells. Substitution of strain FA1090 for F62 yielded similar
results. In some experiments reaction mixtures also contained D(—) or
L(+) lactate (Sigma Chemical Co., St. Louis, MO) with pH readjusted
to 7.0-7.4 via NaOH titration.

Association of N. gonorrhoeae with HL-60 cells. Gonococci were
labeled with ['“CJadenine (New England Nuclear, Boston, MA) and
association with HL-60 cells determined as previously described for
neutrophils (10), except that the reaction mixture also contained 0.6%
BSA to limit nonspecific gonococcal adherence. Reaction mixtures
contained '*C-labeled gonococci (5 X 107) and HL-60 cells (5 X 10%) in
a 1-ml volume of HBSS/BSA. 13,015+4,070 and 7,497+1,966
(mean=SD) CPM were incorporated in 5 X 107 piliated and nonpi-
liated bacteria, respectively. Results were expressed as the percentage
of bacterial inoculum associated with the myeloid cell at defined time
points.

Serum. Serum was collected as previously described (17) from vol-
unteers who did not have a history of gonococcal infection. Serum was
pooled from six to eight donors, filtered, and stored at —70°C until
usage.

Collection of cell-free supernatant. Neutrophils or HL-60 cells were
washed and resuspended in fresh HBSS (1 ml) at a concentration of 5
X 10%/ml. Cell suspensions were incubated at 37°C or on ice (4°C) for
defined time periods. Cells were pelleted (250 g for 10 min) and super-
natant saved. In some cases incubation mixtures contained NaF
(Fisher Scientific Co., Fair Lawn, NJ; 10 mM), cycloheximide (Sigma
Chemical Co.; 25 mM), or N. gonorrhoeae (strain F62, 10%/ml) that
were viable or had been killed by heating at 100°C for 15 min. For
experiments in which neutrophil lysis was desired, cell suspensions

1. Abbreviations used in this paper- DMEM, Dulbecco’s minimal es-
sential medium; LDH, lactate dehydrogenase; PMA, phorbol myris-
tate acetate.

were frozen (—70°C) and thawed three times. All supernatants were
stored at 4°C until use.

Factor purification and characterization. Dialysis of HL-60 or neu-
trophil supernatants was performed in 1,000-mol wt membrane ex-
clusion tubing overnight against HBSS (4). Column chromatography
was performed using G-15 Sephadex. 3 ml of cell-free supernatant,
DMEM-F12, or serum was applied to the G-15 column, eluted with
sterile deionized H,O and fractions (40 drops/fraction) collected.
Fractions were assayed for ability to stimulate gonococcal metabolism
by adding 80% (vol/vol) to HBSS (1 ml) containing 10° gonococci and
recording the rate of gonococcal O, consumption in the Clark elec-
trode. G-15 fractions demonstrating capacity to stimulate gonococcal
O, consumption were then applied to a DEAE column and eluted with
Tris buffer (pH 8.2) containing increasing concentrations of NaCl
(0-0.2 M). Fractions (40 drops/fraction) were collected and assessed
for gonococcal stimulatory activity as described for the G-15 fractions.

Lactate concentration. Lactate concentrations were measured by
the technique of Alderman and Cross (23).

Statistical analysis. The paired Student’s ¢ test was used for all
comparisons. Results were considered significant at P < 0.05.

Results

Effect of interaction with neutrophils on gonococcal oxygen
metabolism. N. gonorrhoeae strain F62 suspended in HBSS
(10°/ml) exhibited a maximal O, consumption rate of
16.8+1.6 nmol/min (mean+SEM, Fig. 1). When neutrophils
(5 X 10%/ml) were added to the gonococcal suspension, a max-
imal O, consumption rate of 38.5+5.1 nmol/min was ob-
served, representing the sum of O, consumed by neutrophils
and gonococci (Fig. 1). Inclusion of 1 mM KCN in the incu-
bation mixture reduced the maximal O, consumption rate to
10.4£5.1 nmol/min (Fig. 1). This should equal neutrophil O,
consumption resulting from stimulation by N. gonorrhoeae
since KCN totally inhibits gonococcal but minimally alters
stimulated neutrophil O, consumption (24, 25). Theoretically,
addition of the individual O, consumption rates of gonococci
and neutrophils should equal the rate actually measured. Yet
using this approach we were able to account for only 70%
(27.2+2.7 nmol/min) of the O, consumption measured (Fig.
1, P < 0.02). One explanation for these data was that gonococ-
cal O, consumption increased as a consequence of interaction
with neutrophils and this possibility was examined.
Stimulation of gonococcal oxygen metabolism by the un-
differentiated HL-60 promyelocytic cell line. To eliminate neu-
trophil O, consumption and the impact of KCN on this pro-
cess, experiments were repeated using undifferentiated HL-60
cells. In their undifferentiated state, HL-60 cells are unable to

Figure 1. Maximal O, consump-
tion rates (mean=SEM) observed
following the incubation of N.
gonorrhoeae (10°/ml) alone (O) or
in the presence of human neutro-
phils (5 X 10%/ml) with (s) and
without (w) 1 mM KCN (n = 5).
Since KCN inhibits gonococcal O,
metabolism (but minimally effects
that of stimulated neutrophils),
experiments done in the presence
of KCN presumably reflect gono-
coccal stimulation of neutrophil O, consumption. The sum of the
apparent individual rates of gonococcal and stimulated neutrophil O,
consumption (0O) failed to account for the magnitude of O, consump-
tion observed for the gonococcal/neutrophil mixture (*P < 0.02).

Peak O Consumption (nmol/min)
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Figure 2. Representa-
tive (n = 6) Clark elec-
trode tracing showing
the marked increase in
gonococcal (10°/ml) O,
consumption following
aok exposure to undifferen-
tiated HL-60 cells (5
6¢ X 10¢/ml). Essentially
60} no O, consumption was
observed when | mM
KCN was added to the
HL-60/GC mixture.
HL-60 cells incubated
20l GC+HL-60 in the absence of gono-
cocci yielded curves
identical with that seen
for KCN (data not
shown).

GC+HL-60 +KCN

0, (% Saturation)

TIME (minutes)

respond to membrane stimuli with a “respiratory burst” (Fig.
2, 22). As shown in Fig. 2, the O, consumption rate of gono-
cocci (10°/ml) suspended in HBSS increased more than two-
fold with the addition of undifferentiated HL-60 cells (5
X 10%/ml). Gonococci and HL-60 cells incubated in the pres-
ence of | mM KCN or HL-60 cells in the absence of bacteria
consumed no O, (Fig. 2).

Relationship between adherence to myeloid cells and stim-
ulation of gonococcal metabolism. It seemed possible that ad-
herence of the bacteria to the myeloid membrane provided the
stimulus for enhanced gonococcal O, metabolism. Expression
of pili (19, 20) or colony opacity protein II (P.II; 26) by N.
gonorrhoeae has been suggested to play an important role in
gonococcal adherence to neutrophils (2, 16). Piliated and non-
piliated opaque colony variants of strain F62 were radiola-
beled with ['*C]adenine and their association with HL-60 cells
determined. The piliated variant exhibited a much greater as-
sociation with HL-60 cells (Fig. 3 A). In spite of this difference
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Figure 3. Effect of gonococcal pilus expression (P*) or nonexpression
(P") on the percentage of the initial inoculum of '“C-labeled GC that
associated with HL-60 cells over time (mean+SEM, »n = 3). Incuba-
tion mixtures consisted of gonococci (5 X 10’/ml) and HL-60 cells
(2.5 X 10%/ml) in 0.6% BSA. Controls were obtained in the absence
of HL-60 cells for each gonococcal phenotype to assess nonspecific
association. Each of the two phenotypic variants exhibited an opaque
colony morphology. (B) Maximal O, consumption rates
(mean=SEM, n = 4) observed after the incubation of the piliated-
opaque and nonpiliated opaque gonococcal strains (10°/ml) used in
Fig. 3 A alone (O) or in the presence (m) of undifferentiated HL-60
cells (5 X 10%/ml). Although the O, consumption rates of the two
phenotypes vary when suspended in HBSS, the magnitude of in-
crease is similar in the presence of HL-60 cells. P*, piliated, P~, non-
piliated, Op, opaque.
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in adherence, the two phenotypes exhibited insignificant dif-
ferences in metabolic stimulation in response to HL-60 cells
(Fig. 3 B).

Release of a metabolic stimulatory factor by myeloid cells.
Since phagocyte adherence did not appear necessary for stimu-
lation of gonococcal O, consumption, it seemed likely that the
myeloid cells released a stimulatory factor into the superna-
tant. Neutrophils (or HL-60 cells) were washed, resuspended
in fresh HBSS (5 X 10%/ml) at 37°C, and the effect of cell free
supernatant on gonococcal O, consumption determined
(Table I). After 30 min of neutrophil incubation, stimulatory
activity was demonstrable in the buffer. Activity continued to
increase over the 120-min incubation period. Similar results
were obtained using HL-60 cells (data not shown).

DMEM-F12 lacking FCS also acquired the capacity to
stimulate gonococcal O, metabolism after supporting HL-60
growth for 3 d (Table I). Placement of this material in 1,000-
mol wt membrane exclusion tubing followed by overnight di-
alysis against HBSS eliminated its stimulatory capacity (Table
I). We had previously noted that a serum factor(s) that stimu-
lated gonococcal metabolism was removed following the same
dialysis protocol (4), suggesting a relationship between the two
factors.

Purification and comparison of the cell- and serum-derived
stimulatory factor(s). To further characterize and compare

Table I. Effect of Neutrophil Cell-Free Supernatants on the Rate
of N. gonorrhoeae O, Consumption

Maximal oxygen

Buffer system consumption rate

nmol/min
HBSS (Control) 25.0%2.5
Neutrophil supernatant

37° X0 22.4+2.1
37° X 30 39.1+4.9*
37° X 120/ 52.8+7.0%
4° X 120/ 24.9+2.5
37° X 120’ + cycloheximide 52.2+8.7%
37° X 120’ + NaF 29.9+4.6
Freeze/Thaw 25.5+2.6
DMEM-F12 59.4+5.6%

Maximal rates of O, consumption (mean+SEM, n = 3-5) of N. gon-
orrhoeae (10°/ml) suspended in HBSS in the absence (control) or
presence of cell-free supernatant obtained after neutrophil incubation
(5 X 10%/ml) in HBSS at 37° or 4°C for varying time periods. For
some experiments neutrophil incubation was performed in the pres-
ence of NaF (10 mM), cycloheximide (25 mM), or neutrophil sus-
pensions were subjected to repetitive freeze-thawing to achieve cell
lysis. Also shown is the rate of gonococcal O, consumption in the
presence of 10% (vol/vol) serum-free DMEM-F12 that had supported
growth of HL-60 cells for 3 d. Gonococcal O, consumption was not
different from control when exposed to the same DMEM-F12 that
was subsequently dialyzed in 1,000-mol wt membrane exclusion tub-
ing against HBSS or when exposed to DMEM-F12 that had not sup-
ported HL-60 growth.

Statistically significant increase in gonocaccal O, consumption rela-
tive to control.

* P <0.02.

#P<0.01.

§P <0.05.



these cell- and serum-derived stimulatory factor(s), serum
DMEM-F12 (FCS-free), which had supported HL-60 growth,
and HBSS in which neutrophils had incubated (120 min,
37°C) were applied to a G-15 Sephadex column and eluted
with water. Fractions that exhibited the capacity to increase
gonococcal O, consumption were similar for serum, DMEM-
F12, and HBSS, eluting immediately before salt (Fig. 4). G-15
fractions possessing stimulatory capacity were in turn applied
to a DEAE column and eluted with .015 M Tris buffer (pH
8.2) containing increasing NaCl concentrations or to an HPLC
C-18 column. Regardless of the original source of the material,
stimulatory activity eluted from each of these columns in the
first several fractions, indicating failure to adhere. These data
suggested that the serum- and cell-derived stimulatory factors
were the same or closely related and are consistent (although
not specific) for a small organic acid.

Identification of the stimulatory factor. Accumulation of a
stimulatory factor in supernatant following myeloid cell incu-
bation could arise by a number of mechanisms. First it could
leak or be intentionally released by the phagocyte from an
intracellular storage pool. To address this possibility, neutro-
phils were suspended in fresh HBSS and immediately
disrupted by repetitive freezing and thawing. The resulting
supernatant failed demonstrate stimulatory activity (Table I).
Factor accumulation could also result from the extracellular
release of a product of phagocyte metabolism. Cellular metab-
olism is markedly reduced at 4°C and no stimulatory activity
was detectable in cell-free supernatant derived from cells incu-
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Figure 4. Representative demonstration (n = 3-5) of the ability of
G-15 fractions of serum and DMEM-F12 (FCS free) that had sup-
ported HL-60 growth to stimulate gonococcal O, consumption. The
left vertical axis shows the maximal O, consumption observed as a
result of the metabolic activity of gonococci (10°/ml) exposed to an
80% (vol/vol) concentration of the column fraction noted by number
on the horizontal axis. Separate tracings are shown for serum and
DMEM-F12. Also indicated are the fractions containing salt. The
top of the figure shows the 280-nm absorbance tracing for the same
DMEM-F12 fractions. A similar elution profile was obtained with
G-15 fractions obtained following application of cell-free HBSS su-
pernatant derived following incubation of neutrophils (5 X 105/ml)
at 37°C for 120 min.

bated 120 min at this temperature (Table I). Cycloheximide,
an inhibitor of protein synthesis, had no impact on factor
accumulation (Table I). On the other hand, NaF, an inhibitor
of unstimulated neutrophil glucose metabolism, reduced fac-
tor recovery (Table I). At the concentration employed, NaF
had no effect on gonococcal O, consumption (data not
shown). Supernatant activity also decreased markedly if neu-
trophils or HL-60 cells were suspended in a glucose free buffer
(data not shown).

These results suggested that glucose catabolism was inti-
mately involved in factor production and/or release. Almost
all glucose metabolized by unstimulated neutrophils is via the
Embden-Meyerhoff pathway (27, 28). Stimulation of the neu-
trophil respiratory burst leads to a marked increase in glucose
utilization, almost all of which enters the hexose monophos-
phate shunt (25, 29). Since the factor accumulated in the ab-
sence of neutrophil stimulation (and was not enhanced by it,
Table I) attention was focused on the Embden-Meyerhoff
pathway. Approximately 85% of glucose consumed by resting
neutrophils is converted to lactate (28), suggesting this com-
pound might accumulate over time. As shown in Fig. 5, lactate
markedly increased O, consumption rates of gonococci sus-
pended in HBSS. Stimulation was detectable at a (L+)-lactate
concentration of 0.5 mg/dl, with maximal activity at 2.0
mg/dl. L(+)-lactate exhibited somewhat greater activity than
the D(—) isomer (Fig. 5).

Lactate was detectable in cell free neutrophil supernatants
and increased in proportion to duration of incubation (Fig. 6).
Lactate levels closely paralleled the ability of the cell free su-
pernatants to stimulate gonococcal O, consumption (Table I).
Minimal lactate was detected in supernatants derived from
neutrophils incubated at 4°C or in the presence of NaF (Fig.
6). The presence of metabolically active gonococci depleted
lactate levels after only 30 min of incubation. The elution
profile of lactate applied to G-15 was identical to those de-
scribed earlier for the serum and cell-derived stimulatory fac-

n n
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1 1 J
20 50
LACTATE (mg/dl)
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0 .5 1.0

Figure 5. Dose-response curves of the effect of L(+) (——) and D(—)
(- — -) isomers of lactic acid on the maximal O, consumption rate of
gonococci (10°/ml) suspended in HBSS (n = 3).
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Figure 6. Lactate
concentration
. (mean+SEM, single ex-
periment performed in
triplicate) of cell-free
- HBSS in which neutro-
phils (5 X 10%/ml) had
been incubated under
the conditions noted. 0
r_l = immediately repel-
leted; 120’ = 37°C
X 120 min; 4° = 4°C
X 120 min; Cyclo
= 37°C X 120 min in the presence of cycloheximide (25 mM); NaF
= 37°C X 120 min in the presence of NaF (10 mM); Freeze thaw,
neutrophils immediately frozen at —70°C and lysed by repetitive
freezing and thawing; heat killed GC, incubated in the presence of
heat killed gonococci (108/ml) X 120 min at 37°C; Live GC, incu-
bated at 37°C X 120 min and for the final 30 min of incubation live
gonococci (10%/ml) were also present. Also shown for comparison is
the lactate concentration of 10% normal pooled human serum.
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tor(s) (data not shown). G-15 fractions derived from HL-60
supernatant and serum that possessed stimulatory activity
contained 4 and 10 mg/dl of lactate, respectively. Lactate also
partially restored the capacity of dialyzed serum to stimulate
gonococcal O, consumption. Dialyzed serum (10% vol/vol) to
which L-lactate (2 mg/dl) had been added increased the O,
consumption rate of N. gonorrhoeae from 12.8+0.8 to
30.5+4.3 nmol/min (n = 3, P < 0.025). However, this increase
was significantly less than that with 10% normal serum that
stimulated a gonococcal O, consumption rate of 40.0+3.8
nmol/min (P < 0.05).

Discussion

O, consumption resulting from neutrophil stimulation by
metabolically active N. gonorrhoeae was significantly greater
than could be accounted for by the apparent contributions of
the two components (Fig. 1, 17). These observations were un-
expected since inhibition of bacterial O, consumption has
been utilized to assess the antibacterial activity of the
Cl~-H,0,-myeloperoxidase system (30).

Several possibilities could have accounted for the observa-
tion. Neutrophil stimulation by heat killed bacteria (e.g.,
Pseudomonas aeruginosa) is only one-third of that with live
organisms (31), suggesting that “metabolically inactive” (KCN
treated) gonococci represent an inadequate stimulus. In fact,
we have noted a 50% decrease in gonococcal adherence to
neutrophils in the presence of KCN (32). However, maximal
O, consumption resulting from neutrophil stimulation with
phorbol myristate acetate (PMA, 100 ng/ml) was similar to
that with KCN-treated gonococci.

KCN has been reported to either decrease (25) or increase
(24) stimulated neutrophil O, consumption. We have noted
that KCN slightly increases neutrophil O, consumption in re-
sponse to PMA, but decreases it when opsonized zymosan is
the stimulus (Thompson, B., G. Sivam, B. E. Britigan, G. M.
Rosen, and M. S. Cohen. In press.). The small magnitude of
this KCN effect (4.2 nmol/min with PMA) would not account
for our results.

Our data suggest that gonococcal O, consumption in-
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creased as a consequence of interaction with neutrophils.
Consistent with this hypothesis, gonococcal O, consumption
increased two- to threefold following exposure to undifferen-
tiated HL-60 cells. Subsequent data revealed that gonococcal
metabolic stimulation resulted from release of a factor from
the myeloid cells. Factor production and/or release was de-
pendent on myeloid glucose metabolism, suggesting that lac-
tate (the principal product of this process) could be responsi-
ble. We have shown that lactate accumulates extracellularly as
a consequence of neutrophil glucose catabolism and the mag-
nitude observed is consistent with earlier studies assessing total
lactate formation by unstimulated neutrophils (33, 34).

Lactate concentrations present in serum and phagocyte-de-
rived supernatant stimulated gonococcal O, consumption.
Chromatographic and other data suggest lactate is responsible
for both phagocyte- and serum-mediated stimulation of gono-
coccal metabolism. However, gonococcal stimulation in re-
sponse to lactate was less than that with serum (4, 15, 17),
suggesting other factor(s) may contribute to the serum-me-
diated effect (4). Previously, we were unable to restore stimula-
tory activity to dialyzed serum by simultaneous addition of
lactate, cysteine, and pyruvate. The latter compound inhibits
lactate oxidation by some organisms (35) and may have
masked lactate stimulation of gonococcal O, consumption.

The ability of N. gonorrhoeae to utilize lactate as a sub-
strate for electron transport has been appreciated for more
than 50 years (36, 37). The organism possesses an electron
transport linked (NAD-independent) L(+) and D(—) lactate
dehydrogenase (LDH) associated with the cytoplasmic mem-
brane (1, 38, 39) as well as a cytosolic NAD-dependent LDH
(1). Since lactate derived from mammalian sources is L(+)
(40), a gonococcal L(+) LDH is most important in the meta-
bolic responses observed.

Studies of membrane vesicles derived from Escherichia
coli and S. aureus have shown that electron transport-linked
LDH plays an integral role in active transport of amino acids
(41, 42), sugars (43), and other metabolic substrates (44). The
importance of lactate to gonococcal growth and metabolism
has received some attention (1, 45-47). We have demonstrated
that serum (i.e., lactate) increases gonococcal glucose transport
and adenine incorporation (4, 17) suggesting a role for lactate
oxidation in gonococcal acquisition of critical substrates.

It is likely that lactate is available in high concentrations in
vivo at sites important in gonococcal infection. In vaginal se-
cretions lactate ranges from 0 to 5.0 mg/g secretion, varying
with menstrual cycle (48). Gonococcal lactate utilization in
vivo has been shown using a guinea pig subcutaneous chamber
model (46).

In vitro gonococci decrease neutrophil formation of reac-
tive oxygen intermediates (15) by competing effectively for
molecular O,. Maintenance of this inhibition depends on on-
going bacterial metabolism (15). Within a phagosome, gono-
coccal access to most metabolic substrates (including mucosal
or serum lactate) would be limited. However, lactate derived
from neutrophil metabolism is likely to accumulate in the
phagosome (34). Gonococcal LDH activity persists over the
range of pH encountered in the phagosome (38, 49, 50). The
location of the enzyme(s) responsible (1, 38, 39) and its resis-
tance to chemical and temperature stress (36, 37) suggest it
could remain active after phagocytosis.

Gonococci are susceptible in vitro to a variety of (O, inde-
pendent) neutrophil granule components (51-53). However,



killing of N. gonorrhoeae by acid extracts of neutrophil leuko-
cyte granules and a purified 57K granule protein is greatly
reduced under anaerobic conditions (53). Gonococcal deple-
tion of phagosomal O, may enhance the organism’s resistance
to both oxygen-independent and oxygen-dependent killing
mechanisms. Many human pathogens possess LDHs capable
of utilizing L(+) lactate (35). Serum stimulates S. aureus and
E. coli O, consumption and enhances inhibition of neutrophil
oxygen reduction (15). This suggests bacterial LDH may be
important in the pathogenesis of infection with a number of
organisms, and work to explore this hypothesis is ongoing.

Acknowledgments

We wish to acknowledge the technical assistance of Karen Bean.

This work was supported by U. S. Public Health Service grants
Al-15036-07, AI-07151-06, and 2T32AI-07001-09. Dr. Britigan is a
recipient of the Burroughs Wellcome Fellowship of the Infectious Dis-
eases Society of America.

References

1. Morse, S. A. 1976. Physiology and metabolism of Neisseria
gonorrhoeae. In Microbiology-1976. D. Schlessinger, editor. American
Society for Microbiology, Washington, DC. 467-500.

2. Britigan, B. E., M. S. Cohen, and P. F. Sparling. 1985. The
gonococcus: a model of molecular pathogenesis. N. Engl. J. Med.
312:1683-1694.

3. Morse, S. A, and B. H. Hebeler. 1978. Effect of pH on the
growth and glucose metabolism of Neisseria gonorrhoeae. Infect.
Immun. 21:87-95.

4. Britigan, B. E., Y. Chai, and M. S. Cohen. 1985. Effects of
human serum on the growth and metabolism of Neisseria gonor-
rhoeae: an alternative view of serum. Infect. Immun. 50:738-744,

5. Keevil, C. W., N. C. Major, D. B. Davies, and A. Robinson.
1986. Physiology and virulence determinants of Neisseria gonorrhoeae
grown in glucose-, oxygen-, or cysteine-limited continuous culture. J.
Gen. Microbiol. 132:3289-3302.

6. Clark, V. L., L. A. Campbell, D. A. Palermo, T. O. Evans, and
K. W. Klimpel. 1987. Induction and repression of outer membrane
proteins by anaerobic growth of Neisseria gonorrhoeae. Infect. Immun.
55:1359-1364.

7. West, S. E. H., and P. F. Sparling. 1985. Response of Neisseria
gonorrhoeae to iron limitation: alterations in expression of membrane
proteins without apparent siderophore production. Infect. Immun.
47:388-394.

8. Mietzner, T. A., G. H. Louginbuhl, E. Sandstrom, and S. A.
Morse. 1984. Identification of an iron-regulated 37,000-dalton protein
in the cell envelope of Neisseria gonorrhoeae. Infect. Immun. 45:410-
416.

9. Winstanley, F. P., C. C. Blackwell, E. L. Tan, P. V. Patel, N. J.
Parsons, P. M. V. Martin, and H. Smith. 1984. Alteration of pyocin-
sensitivity of Neisseria gonorrhoeae is associated with induced resis-
tance to killing by human serum. J. Gen. Microbiol. 130:1303-1306.

10. Britigan, B. E., and M. S. Cohen. 1985. Growth in serum
inhibits uptake of Neisseria gonorrhoeae by human neutrophils. J.
Infect. Dis. 152:330-338.

11. Hill, G. B, D. A. Eschenbach, and K. K. Holmes. 1984. Bacte-
riology of the vagina. In Bacterial Vaginosis. P. A. Mardh and D. A.
Taylor-Robinson, editors. Almquist & Wiksell, Stockholm, Sweden.
23-29.

12. Mackowiak, P. A. 1982. The normal microbial flora. N. Engl. J.
Med. 307:83-93.

13. Babior, B. M. 1978. Oxygen-dependent microbial killing by
phagocytes. N. Engl. J. Med. 298:659-668; 721-725.

14. Winter, D. B., and S. A. Morse. 1975. Physiology and metabo-

lism of pathogenic Neisseria: partial characterization of the respiratory
chain of Neisseria gonorrhoeae. J. Bacteriol. 123:631-636.

15. Britigan, B. E., and M. S. Cohen. 1986. Effects of human serum
on bacterial competition with neutrophils for molecular oxygen. /n-
fect. Immun. 52:657-663.

16. Rest, R. F., S. H. Fischer, Z. Z. Ingham, and J. F. Jones. 1982.
Interactions of Neisseria gonorrhoeae with human neutrophils: effects
of serum and gonococcal opacity on phagocyte killing and chemilumi-
nescence. Infect. Immun. 36:737-744.

17. Cohen, M. S., and M. H. Cooney. 1984. A bacterial respiratory
burst: stimulation of the metabolism of Neisseria gonorrhoeae by
human serum. J. Infect. Dis. 150:49-56.

18. Cohen, M. S., J. R. Black, R. A. Proctor, and P. F. Sparling.
1985. Host defenses and the vaginal mucosa. Scand. J. Urol. Nephrol.
86(Suppl.):13-22.

19. Kellogg, D. S., Jr., W. L. Peacock, Jr., W. E. Deacon, L. Brown,
and C. L. Pirkle. 1963. Neisseria gonorrhoeae 1. Virulence genetically
linked to clonal variation. J. Bacteriol. 85:1274-1279.

20. Swanson, J., S. J. Kraus, and E. C. Gotschlich. 1971. Studies on
gonococcus infection. LP.1. and zones of adhesion: their relationship
to gonococcal growth patterns. J. Exp. Med. 134:886-906.

21. Swanson, J. 1978. Studies on the gonococcus infection. XII.
Colony color and opacity variants of gonococci. Infect. Immun.
19:320-331.

22. Harris, P., and P. Ralph. 1985. Human leukemic models of
myelomonocytic development. A review of the HL-60 and U937 cell
lines. J. Leucocyte Biol. 37:407-422.

23. Alderman, J., and R. E. Cross. 1977. Adaptation to the centrif-
ugal analyzer of an enzymatic method for the measurement of lactate
in plasma and cerebrospinal fluid. Clin. Chem. 23:1917-1920.

24. Klebanoff, S. J., and C. B. Hamon. 1972. Role of myeloperoxi-
dase-mediated antimicrobial systems in intact leukocytes. J. Reticu-
loendothel. Soc. 12:170-196.

25. Sbara, A. J., and M. L. Karnovsky. 1959. The biochemical basis
of phagocytosis. I. Metabolic changes during ingestion of particles by
polymorphonuclear leukocytes. J. Biol. Chem. 234:1355-1362.

26. Swanson, J. 1978. Studies on gonococcus infection. XIV. Cell
wall protein differences among color/opacity variants of Neisseria
gonorrhoeae. Infect. Immun. 21:292-302.

27. Beck, W. S. 1958. The control of leukocyte glycolysis. J. Biol.
Chem. 232:251-2170.

28. Munroe, J. F., and J. C. Shipp. 1965. Glucose metabolism in
leucocytes from patients with diabetes mellitus, with and without hy-
percholesterolemia. Diabetes. 14:584-590.

29. Oren, R., A. E. Farnham, K. Saito, E. Milofsky, and M. L.
Karnovsky. 1963. Metabolic patterns in three types of phagocytizing
cells. J. Biol. Chem. 17:487-501.

30. Thomas, E. L. 1979. Myeloperoxidase-hydrogen peroxide-
chloride antimicrobial system. Effect of exogenous amines on antibac-
terial action against Escherichia coli. Infect. Immun. 25:110-116.

31. DeChatelet, L. R., D. Mullikin, P. S. Shirley, and C. E. McCall.
1974. Phagocytosis of live versus heat-killed bacteria by human poly-
morphonuclear leukocytes. Infect. Immun. 10:25-29. ’

32. Cohen, M. S., B. E. Britigan, and T. Svendsen. 1987. Bacterial
metabolism is required for maximal adherence of Neisseria gonor-
rhoeae to phagocytic cells. Clin. Res. 35:471a. (Abstr.)

33. Cohn, Z. A,, and S. 1. Morse. 1960. Functional and metabolic
properties of polymorphonuclear leukocytes. 1. The influence of a
lipopolysaccharide endotoxin. J. Exp. Med. 11:689-704.

34. van Zwieten, R., R. Wever, M. N. Hamers, R. S. Weening, and
D. Roos. 1981. Extracellular proton release by stimulated neutrophils.
J. Clin. Invest. 68:310-313.

35. Garvie, E. 1. 1980. Bacterial lactate dehydrogenase. Microbiol.
Rev. 44:106-139.

36. Barron, E. S. G., and C. P. Miller, Jr. 1932. Studies on biologi-
cal oxidations I. Oxidations produced by gonococci. J. Biol. Chem.
97:691-715.

37. Barron, E. S. G., and A. B. Hastings. 1933. Studies on biological

Neutrophils Stimulate Gonococcal O, Consumption 323



oxidations. II. The oxidation of lactic acid by a-hydroxyoxidase and its
mechanism. J. Biol. Chem. 100:155-182. ;

38. Johnston, K. H., and E. C. Gotschlich. 1974. Isolation and
characterization of the outer membrane of Neisseria gonorrhoeae. J.
Bacteriol. 119:250-257.

39. Wolf-Watz, H., T. Elmros, S. Normark, and G. D. Bloom.
1975. Cell envelope of Neisseria gonorrhoeae. Outer membrane and
peptidoglycan composition of penicillin-sensitive and -resistant
strains. Infect. Immun. 11:1332-1341.

40. Coleman, J. E. 1980. Metabolic interrelationships between car-
bohydrates, lipids, and proteins. /n Metabolic Control and Disease.
P. K. Bundy and L. E. Rosenberg, editors. W. B. Saunders, Philadel-
phia. 171-172.

41. Lombardi, F. J., and H. R. Kaback. 1972. Mechanism of active
transport in isolated bacterial membrane vesicles. VIII. The transport
of amino acids by membranes prepared from Escherichia coli. J. Biol.
Chem. 247:7844-7857.

42. Short, S. A., and H. R. Kaback. 1974. Mechanisms of active
transport in isolated bacterial membrane vesicles. Further studies on
amino acid transport in Staphylococcus aureus membrane vesicles. J.
Biol. Chem. 249:4275-4281.

43. Kerwar, G. K., A. S. Gordon, and H. R. Kaback. 1972. Mecha-
nisms of active transport in isolated membrane vesicles. IV. Galactose
transport by isolated membrane vesicles from Escherichia coli. J. Biol.
Chem. 247:291-297.

44. Komatsu, Y., and K. Tanaka. 1973. Deoxycytidine uptake by
isolated membrane vesicles from Escherichia coli K12. Biochim.
Biophys. Acta. 311:496-506.

324  B. E. Britigan, D. Klapper, T. Svendsen, and M. S. Cohen

45. Lysko, P. G., and S. A. Morse. 1980. Effects of steroid hor-
mones on Neisseria gonorrhoeae. Antimicrobiol. Agents Chemother.
18:281-288.

46. Goldner, M., C. W. Penn, S. C. Sanyal, D. R. Veale, and H.
Smith. 1979. Phenotypically determined resistance of Neisseria gon-
orrhoeae to normal human serum. Environmental factors in subcuta-
neous chambers in guinea pigs. J. Gen. Microbiol. 114:169-177.

47. Morse, S. A., and L. Bartenstein. 1974. Factors affecting autol-
ysis of Neisseria gonorrhoeae. Proc. Soc. Exp. Biol. Med. 145:1418-
1421.

48. Preti, G., and G. R. Huggins. 1978. Organic constituents of
vaginal secretions. /n The Human Vagina. E. S. F. Hafez and T. N.
Evans, editors. Elsevier/North-Holland Biomedical Press, Amsterdam.
151-166.

49. Mandell, G. 1970. Intraphagosomal pH of human polymor-
phonuclear neutrophils. Proc. Soc. Exp. Biol. Med. 134:447-449.

50. Kakinuma, K. 1970. Metabolic control and intracellular pH
during phagocytosis by polymorphonuclear leucocytes. J. Biochem.
68:177-185.

51. Rest, R. F. 1979. Killing of Neisseria gonorrhoeae by human
neutrophil granule extracts. Infect. Immun. 25:574-579.

52. Shafer, W. M., V. Onunka, and P. J. Hitchcock. 1986. A spon-
taneous mutant of Neisseria gonorrhoeae with decreased resistance to
neutrophil granule proteins. J. Infect. Dis. 153:910-917.

53. Casey, S. G., W. M. Shafer, and J. K. Spitznagel. 1985. An-
aerobiosis increases resistance of Neisseria gonorrhoeae to O,-indepen-
dent antimicrobial proteins from human polymorphonuclear granu-
locytes. Infect. Immun. 47:401-407.



