INFECTION AND IMMUNITY, July 1977, p. 117-120
Copyright © 1977 American Society for Microbiology

Vol. 17, No. 1
Printed in U.S.A.

Chemiluminescence by Human Alveolar Macrophages:
Stimulation with Heat-Killed Bacteria or Phorbol Myristate
Acetate

GREGORY D. BEALL,* JOHN E. REPINE, JOHN R. HOIDAL, ano FRED L. RASP

Pulmonary Division, Department of Internal Medicine, University of Minnesota School of Medicine,
Minneapolis, Minnesota 55455 :

Received for publication 7 January 1977

Chemiluminescence of human alveolar macrophages (AM) was evaluated in
vitro. Unstimulated AM generated chemiluminescence that remained constant
during incubation. Addition of heat-killed Staphylococcus aureus 502A (HKB)
or a chemical agent, phorbol myristate acetate, produced high rates of chemilu-
minescence that were significantly (P < 0.05) increased over unstimulated AM.
Phorbol myristate acetate- and HKB-stimulated increases in AM chemilumines-
cence were completely blocked by the enzyme superoxide dismutase. In compari-
son with unstimulated polymorphonuclear leukocytes, unstimulated AM had
significantly (P < 0.05) greater levels of chemiluminescence. However, after
stimulation by phorbol myristate acetate or HKB, AM showed less chemilumi-
nescence than similarly treated polymorphonuclear leukocytes.

After particle ingestion, metabolic processes
are stimulated in phagocytic cells. These bio-
chemical activities include oxygen consump-
tion, glucose oxidation via the hexose mono-
phosphate shunt, and superoxide anion forma-
tion (4, 6, 12). In conjunction with these events,
emission of light or chemiluminescence occurs
in polymorphonuclear leukocytes (PMN) and
monocytes (1, 2, 16). This light emission is in-
hibited by superoxide dismutase (SOD), pre-
sumably as a result of rapid degradation of
superoxide anions (0O,”) by SOD (8). Previous
studies have demonstrated that phorbol myris-
tate acetate (PMA), a surface-active agent in
croton oil, stimulates metabolic responses acti-
vated in PMN by particulate ingestion. PMA
causes PMN to consume oxygen, oxidize [1-
14Clglucose, generate superoxide, and chemilu-
minesce (5, 17-19). To further characterize the
metabolic activities of alveolar macrophages
(AM), we investigated chemiluminescence of
AM stimulated by particulates or PMA.

(This work was presented at the American
Thoracic Society Meeting, San Francisco,
Calif., 18 May 1977.)

MATERIALS AND METHODS

Preparation of PMN. Venous blood (25 ml) from
seven healthy, nonmedicated adult donors was col-
lected in plastic syringes containing 1,000 U of hepa-
rin. PMN were obtained by dextran sedimentation
(17) with hypotonic lysis of erythrocytes, followed by
washing and suspension in Hanks balanced salt so-
lution (HBSS).

Preparation of AM. Four patients having fiberop-
tic bronchoscopy underwent segmental saline la-
vage by the method of Finley and co-workers (7).
Patients whose AM were studied included a 35-year-
old white female smoker with hilar adenopathy, a
53-year-old white male with chronic bronchitis, a 28-
year-old white female smoker with a lung nodule,
and a 58-year-old white male smoker with carci-
noma of the lung. Lavage fluid was poured through
a steel mesh and centrifuged at 180 x g for 10 min at
0°C. The resulting pellet was resuspended in HBSS.
Giemsa-stained smears of the pellet revealed a pop-
ulation of greater than 90% macrophages. When
assessed by trypan blue exclusion, the viability of
AM was greater than 95%.

Preparation of serum. Serum from type AB, non-
medicated, asymptomatic donors was prepared by a
previously described method (17).

Preparation of bacteria. Staphylococcus aureus
502A was prepared and heat-killed by a standard
technique (17).

Preparation of PMA. PMA (Consolidated Mid-
land Corp., Brewster, N.Y.) was dissolved in di-
methyl sulfoxide at a concentration of 2 mg/ml at
4°C. Before use, 5 ul of the PMA-dimethyl sulfoxide
solution was diluted with 2 ml of HBSS.

Preparation of SOD. SOD (3,000 U/mg; Sigma
Chemical Co., St. Louis, Mo.) was dissolved in
HBSS to a final stock solution of 1,000 ng/ml.

Measurement of chemiluminescence. Chemilu-
minescence was measured at ambient temperature
(22°C) in a liquid scintillation counter (Model LS-
233, Beckman Instruments, Irvine, Calif.). The
coincidence circuit was turned off, leaving only one
photomultiplier tube active (22). Counting vials
(161698, Beckman Instruments), which had been
kept in a dark room for 24 h prior to use, were filled
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in the presence of red light illumination. At zero
minutes, 107 phagocytes were added to the incuba-
tion mixtures. The vials were then counted immedi-
ately and sequentially every 5 or 8 min. The final
incubation mixture contained 10’ PMN or AM in 2.0
ml of HBSS and 7.5% control pooled serum. Fifty
heat-killed bacteria (HKB) per phagocyte, 0.5 ug of
PMA per ml, and/or 100 ug of SOD were added to
various test vials. A concentration of dimethyl sulf-
oxide (0.25%) equivalent to that used in the final
PMA solution was also added to control vials. Back-
ground counts (vials containing 2 ml of HBSS) were
subtracted from test samples, and resultant counts
were expressed as counts per minute per 107 phago-
cytes. The results for AM from four patients or for
PMN from seven donors were averaged and com-
pared by unpaired ¢-test analysis.

RESULTS

Human AM produced chemiluminescence
(Fig. 1). Initially, light emission by AM incu-
bated in HBSS and serum (unstimulated) was
8,700 + 2,100 cpm/10’ phagocytes (mean + 1
standard error of the mean). Light emission by
unstimulated AM did not change during incu-
bation. After incubation for 40 min, chemilumi-
nescence of unstimulated AM was 7,000 = 1,800
cpm. Addition of HKB increased chemilumi-
nescence by AM to 13,900 + 2,300 cpm after 5
min and to 19,400 = 2,500 cpm at 40 min. Rates
of chemiluminescence by HKB-stimulated AM
were significantly (P < 0.05) greater than those
of unstimulated AM after 15 min of incubation.
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Fic. 1. Chemiluminescence by human AM. Un-
stimulated AM (O), AM with HKB (O), or AM with
PMA (A) were evaluated. Each point represents the
mean * 1 standard error of the mean for the AM from
four patients.
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PMA also stimulated chemiluminescence by
AM. After incubation with PMA, AM gener-
ated chemiluminescence at levels significantly
(P < 0.05) increased over unstimulated AM.
Chemiluminescence by PMA-treated AM in-
creased continuously during incubation, reach-
ing a level of 22,300 + 2,300 cpm at 40 min.
Chemiluminescence of AM stimulated by PMA
was not significantly (P > 0.1) different from
that of AM stimulated by HKB. When present
at concentrations comparable to those in the
PMA incubations, dimethyl sulfoxide did not
stimulate chemiluminescence by AM. HKB in
the absence of PMN or AM did not generate
chemiluminescence.

Effect of SOD on chemiluminescence by
AM. Chemiluminescence by AM was studied in
the presence of 100 ug of SOD per ml (Fig. 2).
SOD caused only a small change in light emis-
sion by unstimulated AM (Fig. 2a). However,
SOD significantly (P < 0.05) depressed chemi-
luminescence generated by AM treated with
HKB at 10, 35, and 40 min (Fig. 2b). Similarly,
SOD' completely inhibited chemiluminescence
by PMA-stimulated AM at all times of study
(Fig. 2¢).

Comparison of chemiluminescence by AM
and PMN. Chemiluminescence of AM was com-
pared with that of PMN (Fig. 3). At each time
interval, chemiluminescence by unstimulated
AM was significantly (P < 0.05) greater than
by unstimulated PMN (Fig. 3a). Addition of
HKB caused only a small increase in chemilu-
minescence by AM compared with the marked
stimulation of chemiluminescence in HKB-
treated PMN (Fig. 3b). Chemiluminescence by
HKB-stimulated PMN was significantly (P <
0.05) greater than for HKB-treated AM or un-
stimulated PMN. Although PMA increased
chemiluminescence by PMN or AM, the kinet-
ics of chemiluminescence production indicated
a difference in the activation and response of
these two cells (Fig. 3c). PMA caused a rapid
initial burst of chemiluminescence in PMN,
with subsequent fall-off to a lower sustained
level. In AM stimulated by PMA, there was no
initial burst, only a steady increase that pla-
teaued during later incubation times.

DISCUSSION

In the present investigation, we found that
human AM chemiluminesce. Light emission
was observed for unstimulated AM or AM stim-
ulated by addition of particulates or PMA. We
also demonstrated that chemiluminescence of
stimulated AM was inhibited by addition of
SOD.

The observation that human AM chemilumi-
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Fi1c. 2. Effect of SOD on chemiluminescence by
AM. Unstimulated AM (a), AM with HKB (b), or
AM with PMA (c) were studied alone and in the
presence of 100 ug of SOD per ml. Each point repre-
sents the mean * 1 standard error of the mean for the
AM from four patients.

nesce has important implications. Previous
work by other investigators has suggested a
central role for a number of high-energy oxygen
compounds in the production of chemilumines-
cence by PMN; these compounds include O, (1,
5, 23), singlet oxygen (2, 9), hydroxyl radicals
(23), and hypochlorite anions (20). Since human
AM chemiluminesce, it appears they are capa-
ble of generating similar high-energy com-
pounds. Furthermore, it is known that SOD
can specifically degrade O,~ and inhibit O,-
associated chemiluminescence (8, 9, 23). In
view of SOD’s specificity and marked inhibition
of AM chemiluminescence, it appears that in-
creased chemiluminescence by stimulated AM
is due primarily to O, or O, -derived com-
pounds. Thus, this study suggests that superox-
ide formation is occurring in AM as well as in
PMN or monocytes (6, 21). The present results
substantiate previous findings that demon-
strated O, production by AM in a cytochrome c
oxidation assay (6).

Another interesting aspect of this study is
the effect of PMA stimulation on chemilumi-
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nescence by AM. PMA proved a potent stimu-
lus to AM chemiluminescence. These experi-
ments further demonstrate the usefulness of
PMA by showing that this agent can activate
metabolic activities of human AM as well as
those of PMN (5, 17-19) or monocytes (11, 21).
Insight into the nature of the metabolic activ-
ities of AM and PMN can be gained from a
comparison of their chemiluminescence. This
investigation showed that, although unstimu-
lated AM have greater chemiluminescence
than unstimulated PMN, AM show less re-
sponse to stimulation than PMN. Whether
these differences are a result of alteration of
AM by the lavage procedure or the patient’s
condition cannot be determined. However,
these findings parallel results of other studies
of oxidative metabolism; compared with PMN,
AM have higher unstimulated levels of oxygen
consumption and [1-*Clglucose oxidation but
show less stimulation after phagocytosis (12).
In addition, there is a difference in the response
of PMN and AM to PMA. In PMN stimulated
by PMA, there is a marked initial burst in
chemiluminescence, followed by a fall-off to a
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Fic. 3. Comparison of chemiluminescence by AM
and PMN. (a) Unstimulated AM (O) or PMN (@),
(b) AM (O) or PMN (B) with HKB, or (c) AM () or
PMN (A) with 0.5 pug of PMA per ml were compared.
Each point represents the mean + 1 standard error of
the mean for PMN from seven donors or AM from
four patients.
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lower sustained level. In PMA-treated AM,
there is no initial burst, only a gradual in-
crease.

The exact significance of these differences in
chemiluminescence between PMN and AM is
unknown. In PMN, many chemiluminescence-
producing compounds may be involved in kill-
ing of bacteria either directly (3, 10, 14, 15, 20)
or through H,O0, formation (13). Thus, in PMN,
chemiluminescence appears to measure produc-
tion of potentially bactericidal compounds. Al-
though the bactericidal mechanisms of AM are
not well understood, the chemiluminescence of
AM suggests that light-generating compounds
are available and may contribute to the bacteri-
cidal capabilities of these cells.
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