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Phenolic glycolipid-I (PGL-I) is unique
to Mycobacterium leprae and makes up 2%
of the mass of the bacterium ( 7). It has been
detected in the sera, urine, and skin nodules
of leprosy patients (2, 10. 20, 21 , .) PGL-I and
the related nonglycosylated, nonphenylated
dimycocerosyl phthiocerol (DIM) are found
in large amounts in experimentally infected
armadillos, even in tissues free of A/. leprae
( 3. 7 ' 8 ), indicating that M. leprae releases the
lipids into its milieu. The presence of large
amounts of PGL-I in tissues infected with
M. leprae may be a factor associated with
the specific immunological unresponsive-
ness seen in lepromatous leprosy patients.
PGL-I has been shown to induce suppres-
sion of mitogenic responses of leprosy pa-
tients' lymphocytes in vitro ( 14 . ' 6 ). We have
previously shown (' 9) that healthy donors'
monocytes pretreated with PGL-I, release
less superoxide anion (Of) when stimulat-
ed with M. leprae than nonlipid-treated
monocytes. However, monocytes pretreat-
ed with DIM, mycoside A of M. kansasii,
or mycoside B of M. tnicroti, release Oi in
quantities comparable to nonlipid-treated
monocytes in response to Al. leprae stim-
ulation. In response to other stimuli of the
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oxidative metabolic burst, such as phorbol
myristate acetate (PMA), zymosan, M. bolls
BCG, or M. kansasii, monocyte OZ release
was unaffected by lipid pretreatment.

In this study, we examined the effect of
PGL-I on leprosy patients' monocytes and
assessed the ability of these patients' mono-
cytes to respond oxidatively to various
stimuli including M. leprae.

MATERIALS AND METHODS
Patients. Informed consent for a blood

donation was given by healthy laboratory
personnel and University of Illinois stu-
dents, and by patients over 18 years of age
with a confirmed diagnosis of leprosy in the
Hansen's Disease Clinic at the University
of Illinois at Chicago. Disease classification
was according to the criteria of Ridley and
Jopling ( 17). The characteristics of the pa-
tient population are shown in Table 1. To
enable us to do paired statistical analysis,
blood from a healthy donor within the same
age group as the patient was drawn at the
same time as the patient. The monocytes of
each pair were then analyzed in the same
manner.

Monocytes. Peripheral blood was drawn
into heparinized (10 IU/m1) syringes.
Monocytes were isolated by a modification
of the method of Boyum ('). Briefly, the
blood was diluted with an equal volume of
Hanks' balanced salt solution (HBSS) with-
out calcium or magnesium, layered over Fi-
coll-Hypaque (Sigma Chemical Co., St.
Louis, Missouri, and Winthrop-Breon, New
York, New York, U.S.A.), and centrifuged
at 400 X g for 25 min. The mononuclear
layer was collected and washed with HBSS
without calcium or magnesium. The mono-
cytes were then isolated by elutriation using
a Beckman Model J2-21 centrifuge with a
JE-6B rotor. The elutriation buffer was
HBSS without calcium or magnesium sup-
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TABLE 1. Characteristics of patients studied.

Patient Sex/age Lenrosv
type

Bac-
teria l
index

Therapy (duration)

I M/38 BL 0 Dapsone (6 yr)
2 M/46 BT 0 Dapsone (2 yr); rifampin (2 yr); clofazimine (2 yr)
3 M/28 BL 0 Dapsone (5 yr)
4 M/34 LL 5+ Dapsone (21 mo); clofazimine (21 mo); thalidomide (16 mo);

prednisone (21 mo)
5 M/38 BL 5+ None on day drawn
6 F/30 BT 0 Dapsonc (14 mo); rifampin (6 mo)
7 M/32 LL 4+ Dapsone (6 yr); rifampin (6 yr); thalidomide (5 yr)
8 F/35 LL 0 Dapsone (12 yr)
9 M/46 BT 0 Dapsone (3 yr)

10 M/44 BT 0 Dapsone (10 mo); rifampin (9 mo); clofazimine (9 mo); prednisone
(9 mo)

11 M/48 LL 0 Dapsone (12 yr)
12 F/25 LL 0 Dapsonc (10 yr)
13 M/32 BT 0 Dapsone (8 yr)
14 M/35 LL 6+ Dapsone (18 mo); clofazimine (18 mo); thalidomide (18 mo)

plemented with EDTA (100 mg/1) and 2%
fetal bovine serum (Hyclone, Logan, Utah,
U.S.A.). A flow rate of 21 ml/min and rotor
speed of 600 x g were used to exclude the
lymphocytes and contaminating platelets
and erythrocytes. The flow rate was then
increased to 28 ml/min and 200 ml of elu-
triation buffer was collected to obtain the
monocytes. After washing, the cells were re-
suspended in RPMI 1640 (Whittaker Bio-
products, Inc., Walkersvillc, Maryland,
U.S.A.) medium containing 10% heat-in-
activated fetal bovine serum (Hyclone) and
50 pg/m1 gentamicin. The cells were count-
ed, and viability as determined by trypan
blue dye exclusion was always greater than
98%. Latex ingestion was used to determine
the percentage of phagocytic monocytes ( 6),
and it was consistently greater than 85%.

Lipids. The lipids used in this study,
PGL-I, DIM, and mycoside A, were gen-
erously supplied by Dr. Patrick J. Brennan
(Colorado State University, Fort Collins,
Colorado, U.S.A.) through National Insti-
tutes of Health Contract no. AI-52582.
PGL-I and DIM were purified as previously
described ( 8 . 9 ). Mycoside A was isolated
from M. kansasii as described previously
(4,7 ). The lipids were each stored in chlo-
roform:methanol (2:1), and sonicates were
prepared immediately prior to monocyte
exposure. A portion of the stock lipids was
dried under a stream of nitrogen. HBSS, 1
ml, (Whittaker) was added to the vial and
directly sonicated for 30-40 sec with a

3-mm probe of a Fisher Sonic Dismembra-
tor Model 300 at 70% relative output.

Culture conditions. Buffer or sonicates of
either PGL-I, DIM, or mycoside A were
added to monocytes in teflon vials (Savillex,
Minnetonka, Minnesota, U.S.A.) at 100 pg
lipid/2 x 10 6 cells. The vials were tumbled
end over end at 12 rotations/min for 2 hr
at 37°C. The cells were then transferred to
centrifuge tubes and washed. We have pre-
viously determined that under these con-
ditions an average of 15 jig PGL-I is taken
up by the monocytes as determined by dot-
blot analysis following the extraction of the
PGL-I from the monocytes ( 19). We have
also shown that DIM and mycoside A were
taken up in comparable amounts by the
monocytes ( 19). The cells were counted and
their viability, after treatment with the var-
ious lipids, was greater than 98%. The cells
were placed in 96-well, flat-bottom micro-
titer plates (Corning Inc., Corning, New
York, U.S.A.) at 2 x 10 5 cells/well in a 0.2
ml volume of media and incubated over-
night at 37°C in 5% CO, in humidified air.
After washing the wells, 0-T release by the
adherent monocytes was determined.

Superoxide anion assay. OZ release was
determined by measuring the superoxide
dismutase (SOD)-inhibitable cytochrome c
(Sigma) reduction as described previously
( 5 . 15 ). Briefly, cytochrome c and stimulus
in HBSS without phenol red were added to
triplicate wells which were blanked against
triplicate wells containing SOD in addition
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TABLE 2. Monocyte Oj generation.

Stimuli Donors
Pretreatment

Buffer PGL-I DIM Mycoside A

M. leprae Healthy subjects 130 ± 10 (14)' 79 ± 10 (14)" 158 ± 22 (8) 156 ± 22 (8)
Patients 107 ± 9 (14)c 93 ±^11 (14) I09 ± 18 (8) 112 ± 19 (8)

M. kansasii Healthy subjects 178 ± 9 (8) 132 ± 15 (8) 186 ± 20 (8) 183 ± 17 (8)
Patients 141 ± 16 (8), 156 ± 30 (8) I48 ± 27 (8) 155 ± 14 (8)

Zymosan Healthy subjects 196 ± 12 (12) 177 ± 16 (11) 209 ± 30 (8) 106 ± 17 (8)
Patients 158 ± 13 (12)c 169 ± 18 (11) 198 ± 29 (8) 186 ± 29 (8)

PMA Healthy subjects 310 ± 22 (14) 289 ± 32 (14) 329 ± 36 (8) 309 ± 30 (8)
Patients 268 ± 20 (14) 307 ± 31 (14) 324 ± 31 (8) 332 ± 41 (8)

Mean nmol OZ /mg cell protein/150 min ± S.E.; figures in parentheses arc numbers of donors.
" p < 0.05 versus Buffer group.
p < 0.05 versus Healthy subjects.

to the cytochrome c and stimulus. The ab-
sorbance was measured at 550 nm using an
EIA Reader (Biotek, Burlington, Vermont,
U.S.A.) immediately after the addition of
reaction mixtures (0 time) and 150 min lat-
er. The amount of 0 :7 reported is that re-
leased by the cells in the 150 min time in-
terval. We chose to read the plates after 150
min instead of the conventional 90 min be-
cause we had previously shown ( 5 ) that Al.
leprae is a weak and slow stimulus of the
metabolic burst of monocytes. Between
readings, the plates were incubated at 37°C
on a microtiter plate shaker (Dynatech Lab-
oratories, Alexandria, Virginia, U.S.A.) to
facilitate the interaction of the particulate
stimuli with the monocytes. The stimuli used
in the assay included opsonized zymosan
(1:1 v/v with fresh scrum at 37°C for 20
min), irradiated Al. leprae, and Al. kansasii
(all at 50:1 particle-to-monocyte ratio) and
PMA (Sigma; 500 ng/ml). The preparation
of the bacteria for use in the (X - assay has
been previously described in detail ( 5 . 6 ).
Protein determinations were performed on
the washed adherent cells by the Lowry, et
al. method (") with bovine serum albumin
(Sigma) used for the standard curve. The
amount of cell protein did not differ signif-
icantly between the lipid-treated and the
nonlipid-treated control groups. The amount
of Oi released by nonstimulated mono-
cytes was always substantially lower than
that released by stimulated cells regardless
of the origin of the cells.

Endotoxin contamination. Endotoxin was
not detected in the lipid preparations, buff-
ers or media as determined by a quantita-
tive chromogenic limulus amebocyte lysate

assay (Whittaker) with a sensitivity of 10
pg/ml.

Statistics. Differences between control
and experimental groups were evaluated for
statistical significance by Student's t test.

RESULTS
As shown in Table 2, buffer-pretreated

monocytes from leprosy patients released
significantly (p < 0.05) less 0, - than mono-
cytes from healthy donors in response to the
particulate stimuli, Al. leprae, Al. kansasii,
and zymosan. However, patient monocytes
pretreated with PGL-I, DIM, or mycoside
A did not differ from monocytes of the
healthy donors in the amount of 07 re-
leased (Table 2). We had previously shown
( 19), and it was observed in this study, that
healthy donors' monocytes pretreated with
PGL-I released less 0-7 than buffer-treated
cells when the stimulus was AI. leprae (Table
2). Interestingly, monocytes from tubercu-
loid patients responded to Al. leprae with
significantly (p < 0.05) less OZ release when
pretreated with PGL-I than when buffer-
treated (71 ± 16 vs 121 ± 14 nmole OZ /
mg cell protein/150 min ± S.E., respec-
tively; N = 5). In contrast, lepromatous pa-
tients' monocytes stimulated with M. leprae
released similar amounts of 0,,T whether or
not they had been pretreated with PGL-I
(98 ± 11 vs 100 ± 20 nmole Co/mg cell
protein/150 min ± S.E.; N = 9).

When the data from the patient popula-
tion were further analyzed, it was observed
that the lepromatous patients' monocytes
not treated with any lipids released signifi-
cantly (p < 0.05) less 0-7 than monocytes
from healthy subjects in response to M. lep-
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TABLE 3. Monocyte Oi release in response to M. leprae.

Patients Normals t Test

Lepromatous 98 ± 11^(9)" 121 ± 14^(9) p < 0.05
Tuberculoid 121 ± 14^(5) 135 ± 18^(5) NS"
BI > 0 106 ± 12^(4) 125 ± 14^(4) p < 0.05
13I = 0 113 ±^12(10) 126 ± 13(10) NS
Rifampin therapy 122 ± 15^(4) 126 ± 24^(4) NS
No rifampin 109 ± 12(10) 126 ± 12(10) p < 0.05
Clofazimine therapy 106 ± 13^(4) 116 ± 12^(4) NS
No clofazimine 107 ± 13(10) 130 ± 15(10) p < 0.05
Thalidomide therapy 93 ± 8^(3) 110 ± 16^(3) NS
No thalidomide 113^±^11(11) 128 ±^13 (11) NS
Prednisone therapy 91 ± 12^(2) 117 ± 16^(2) NS
No prednisone 109 ±^11 (12) 127 ± 13(12) NS

Mean nmol 0 27/mg cell protein/150 min ± S.E.; figures in parentheses are numbers of donors.
" NS = Not significant.

rae; whereas monocytes from the tubercu-
loid patients generated amounts of Oy sim-
ilar to those generated by monocytes from
the healthy donors (Table 3). Cells from pa-
tients with a high bacterial index released
significantly (p < 0.05) less 0,- in response
to Al. leprae than did the cells from the
corresponding healthy individuals. Mono-
cytes from patients with a negative bacterial
index released similar amounts of 0-T when
challenged with M. leprae as did cells from
the paired healthy subjects (Table 3).
release by monocytes from patients on the
various therapies (dapsone, rifampin, clo-
fazimine, thalidomide, or prednisone) did
not differ from that released by monocytes
from healthy donors (Table 3). Monocytes
from patients not receiving rifampin or clo-
fazimine released significantly less Oy than
did monocytes from the healthy donors
paired with those patients. Although the
number of donors studied is small, and we
cannot exclude a selection bias in the type
of patients receiving these drugs, these data
suggest that rifampin or clofazimine therapy
can help patients in terms of their monocyte
oxidative responses.

The data were analyzed by a paired Stu-
dent's t test, where appropriate, since a
healthy donor was drawn the same day as
each patient and the monocytes from both
donors were treated in a similar manner.

DISCUSSION
Monocytes from leprosy patients released

less Oy than monocytes from healthy sub-
jects when stimulated with M. leprae, M.
kansasii, or zymosan. There was no differ-

ence in the 0-T release when the stimulus
was PMA, perhaps because PMA is such a
potent stimulus of the oxidative burst of
phagocytes. We had previously shown (' 9 )
that PGL-I-pretreated monocytes from
healthy donors, when stimulated with M.
leprae, released less OZ than did buffer-pre-
treated cells or cells pretreated with lipids
structurally similar to PGL-I. We suspect
that we did not observe depressed Oz re-
lease by PGL-I-pretreated patient mono-
cytes compared to buffer-pretreated patient
monocytes because the latter group of cells
released less O than buffer-pretreated
monocytes from the healthy donors. On fur-
ther analysis of the data, the following ob-
servations were made. Monocytes from lep-
romatous patients released less OZ than
monocytes from tuberculoid patients or
from healthy donors. The monocytes from
patients with a high bacterial index had de-
pressed 0,,T production compared to mono-
cytes from healthy donors. Oy release by
monocytes from patients with a negative
bacterial index did not differ from that re-
leased by monocytes from healthy subjects.
In addition, monocytes from patients on ri-
fampin or clofazimine therapy did not differ
from monocytes of healthy subjects in their
oxidative responses. It appears that therapy
may restore the ability of leprosy patients'
monocytes to respond oxidatively.

The results of previous studies measuring
oxidative product release by leprosy pa-
tients' monocytes are not in clear agree-
ment. The spontaneous and stimulated ni-
troblue tetrazolium (NBT) reduction as a
measure of monocyte release has been
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reported to be elevated in leprosy patients
when compared to healthy individuals ( 13).
In contrast, monocyte 0; release, as mea-
sured by cytochrome c reduction, in re-
sponse to M. leprae and PMA was report-
edly similar whether the cells were from
leprosy patients or from healthy subjects (Is).
Most recently, it was reported that mono-
cyte-derived macrophages from leprosy pa-
tients were unable to produce 0 -7 (as mea-
sured by NBT) in response to live M. leprae,
while heat-killed M. leprae induced 0; re-
lease by cells from tuberculoid and bacte-
riologically negative LL patients but not
bacteriologically positive LL patients ( 12).

None of the studies mentioned above have
been paired studies. Ours took into account
assay variability, and we performed the ex-
periments on one patient's and one healthy
donor's monocytes at the same time. The
cytochrome c reduction method we used is
the more generally used method to deter-
mine OZ release. In addition, the microas-
say we utilized is ideal for continuous mea-
surements of 0-; generation, and allows for
monitoring simultaneous replicates for each
stimulus desired. Moreover, to better stan-
dardize the 0; assay and to assure that the
number of cells remaining in the wells were
the same for the various donor populations,
we performed protein determinations on the
monocytc-containing wells. We have re-
ported our data as nmol OZ per mg cell
protein per unit of time. None of the above
studies took the protein content of the wells
into account. The results of Mariola and
Mahadevan ( 12) are in closest agreement with
our data. However, the M. leprae used in
our studies were irradiated, our assay mea-
sured monocyte Oy release by the cyto-
chrome c reduction method, and ours was
a paired study.

Monocytes/macrophages arc preferential
host cells for parasitization by M. leprae.
Modulation of oxidative responses, such as
OZ release of these cells, may contribute to
the ability of Af leprae to survive intracel-
lularly. A better understanding of the inter-
action of M. leprae with these cells is nec-
essary to further our understanding of the
pathogenesis of leprosy.

SUMMARY
Superoxide anion (0y) release by mono-

cytes from leprosy patients in a paired study

was lower than that released by monocytes
from healthy controls. Pretreatment of
healthy control monocytes with phenolic
glycolipid-I (PGL-I) of Mycobacterium lep-
rae resulted in the release of less Oy than
released by buffer-treated cells or cells pre-
treated with structurally similar lipids.
However, pretreatment of patient mono-
cytes with PGL-I did not affect the OZ gen-
eration, perhaps because the cells already
had a lower capacity to produce 0;. Upon
further examination of the data from the
patient population, monocytes from lepro-
matous patients released significantly less
Oy than cells from normal controls, while
tuberculoid patient cells released OZ in
amounts similar to that generated by cells
from normal controls. In addition, mono-
cytes from patients with a high bacterial in-
dex had a lower capacity to generate Oy
when compared to cells from healthy in-
dividuals.

RESUMEN
La liberaciOn del anion superOxido (01) por mo-

nocitos de pacientes con lepra fue menor quc la libe-
raciOn de 0; por monocitos de controles sanos. El
pretratamiento de los monocitos de controles sanos
con el glicolipido fenOlico I (PGL-I) de Mycobacterium
leprae, diO como resultado la liberaciOn de menos
Oz que el liberado por celulas tratadas con rcgulador
o por celulas pretratadas con lipidos cstructuralmente
similares. Sin embargo, el prctratamiento de los mo-
nocitos de los pacientes con PGL-I no afectO la gene-
raciOn de 0 2:- , quiza porque estas celulas ya mostraban
una menor capacidad para producir Comparados
con los controles sanos, los monocitos de los pacientes
con lepra tuberculoide produjeron cantidades seme-
jantes de los monocitos de los pacientes lepro-
matosos liberaron cantidades significativamcnte mc-
nores del anion y esta producciOn de Oz fue todavia
menor en los pacientes lepromatosos con indices bac-
tcriolOgicos altos.

RÉSUMÉ

La liberation d'anions superoxydes (02) par des
monocytes de patients lepreux dans unc etude appariee
etait plus basso que celle de monocytes en provenance
de temoins sains. Le traitement prealable des mono-
cytes de têmoins sains avec du glycolipide phenolique-
I (GPL-I) de Mycobacterium leprae resulta en la lib-
eration de moins d'02 quc des cellules traitees par des
tampons ou des cellules traitees au prealable avec des
lipides de structure similaire. Cependant, le traitement
prealable des monocytes des patients avec GPL-I ne
modifia pas la production de 02, peut-titre parce que
les cellules avaient déjà une capacite amoindrie de pro-
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duire de l'oxygene 02. Apres examen plus approfondi
des donnees en provenance de la population de pa-
tients, les monocytes de patients lepromateux liber-
aient significativcmcnt moins d'02 que les cellules des
temoins normaux, tandis que les cellules des patients
tuberculokles liberaient des 02 en quantites sembla-
bles a celles produites par les cellules de temoins nor-
maux. De plus, les monocytes des patients avec un
indice bacteriologique Cleve avaient une capacite
moindre de produire des 02, en comparaison aux cel-
lules d'individus en bonne sante.
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