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IMMUNOTOXICITY OF PARTICULATE LEAD:
IN VITRO EXPOSURE ALTERS PULMONARY MACROPHAGE
TUMOR NECROSIS FACTOR PRODUCTION AND ACTIVITY

Mitchell D. Cohen, Zhijian Yang, Judith T. Zelikoff

Department of Environmental Medicine, New York University Medical
Center, Tuxedo, New York, USA

Rabbit pulmonary macrophages were exposed in vitro to particulate lead oxide (PbO) for
periods of up to 72 h and then assayed for the activity of tumor necrosis factor-alpha
(TNFα) released after stimulation with lipopolysaccharide (LPS). The levels of TNFa
obtained from PbO-treated cells were decreased in a dose-dependent manner as compared
with metal-free control cells for each time point examined. Cells treated simultaneously
with both LPS and PbO yielded less monokine than did cells receiving LPS alone. In addi-
tion, incubation of cell-free TNFα with PbO resulted in a diminution of cytotoxicity directed
against TNFα-sensitive tumor target cells. Macrophage burdens of PbO particles increased
with both the length of incubation and concentration of PbO used; increases in cellular
lead burdens were paralleled by reductions in cell viability. Thus, under in vitro conditions,
PbO affects the levels of the immunoregulatory monokine TNFα and also disrupts its cyto-
toxic properties after release from activated macrophages.

Lead (Pb) compounds are known to be toxic to both experimental ani-
mals and humans. The toxicity of lead is a major concern because of its
prevalence in the environment and its potential threat to human health (U.S.
EPA, 1986). Lead is a well-known immunotoxicant and has been shown to
affect several immune functions, resulting in enhanced host susceptibility to
bacterial and viral infections (Hemphill et al., 1971; Gainer, 1974; Blakley &
Archer, 1981; Koller, 1990) and increased growth and metastases of implanted
tumors (Kobayashi & Okamoto, 1974; Kerkvliet & Baecher-Steppan, 1982).
While the aforementioned studies demonstrated that lead exposure resulted
in a broad systemic immunotoxicity, other studies indicated that specific
organ defense mechanisms, that is, pulmonary, were also adversely affected
(Bouleyetal., 1978; Zelikoff et al., 1993).

The pulmonary alveolar macrophage (PAM) represents the first line of
defense against inhaled particles and microorganisms in the lungs (Cohn,
1968; Hocking & Golde, 1979). Exposure of PAM to lead in vitro reduces
their viability (Kaminski et al., 1977) and depresses phagocytic activity; the
degree of inhibition is directly proportional to the concentration of lead used
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(Jian et al., 1985; Zhou et al., 1985). Lead-induced damage to PAM mito-
chondria, nuclear membrane, microtubules and other cytoskeletal compo-
nents, and both smooth and rough endoplasmic reticuli has also been
observed (DeVries et al., 1983; Governa et al., 1987). The aforementioned
results suggest that lead exposure may impact on cellular energy metabolism
and secretory functions. While studies have shown a relationship between
lead-altered energy metabolism and decreased phagocytic activity (Mustafa
et al., 1971), less is known about the effects on PAM monokine production
(Kowolenko et al., 1988). Disturbances in the production or release and/or
activity of macrophage-derived cytokines [i.e., interleukin-1a (IL-1oO or
TNFa] could play a critical role in the overall mechanism by which lead
disrupts host immunocompetence.

TNFa is a nonglycosylated protein that is released from macrophages
following activation with stimulating agents such as y-interferon or bacterial
endotoxin, or by the ingestion of particles (Le & Vilcek, 1987). TNFa causes
necrosis of certain transplantable animal tumors in vivo and is cytotoxic to
several animal and human tumor cell lines in vitro (Carwell et al., 1975). It
has also been shown to have a role in vivo in inflammation, resistance to
infection, and in the pathology of endotoxemia (Nathan, 1987). Lead expo-
sure has been shown to decrease host TNFa production in vivo while simul-
taneously giving rise to an adaptive enhanced host sensitivity to these low-
ered levels of monokine (Dentener et al., 1989). Direct effects from lead on
released TNFa are also highly probable as a result of interactions between
lead ions and the two cysteine residues involved in a crucial transitional
intraprotein disulfide bond necessary for optimizing cytotoxic activity (Jones
etal . , 1989; Narachi et al., 1989).

Our earlier studies in rabbits demonstrated that inhalation of lead oxide
(PbO) produced a time-dependent alteration in the production of several
PAM products including superoxide anion radical, hydrogen peroxide, and
TNFa (Zelikoff et al., 1993). In the current study, PAM were exposed to par-
ticulate PbO in vitro in order to better understand the possible mechanisms
by which effects on TNFa observed in vivo may have occurred. The direct
effect from PbO on TNFa cytotoxic activity was measured to determine if
extracellular PbO (either as particles or as solubilized Pb2+ ions) could affect
TNFa after its release from activated PAM.

MATERIALS AND METHODS

Chemicals

The PbO used in all assays was obtained from Aldrich Chemical
Company (Milwaukee, Wis.). The particles were sized by differential filtration
and examination by scanning electron microscopy. Only PbO particles <2
/ im were used; PbO particles of this size are found in the environment and
workplace settings as a result of combustion and industrial use, respectively,
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and are readily respirable and penetrate deep into the distal branches of the
bronchial tree. Particles were sonicated, washed repeatedly with sterile
saline, and vortexed prior to incubation with PAM to prevent particle
agglomeration.

All tissue culture reagents were from Cibco (Gibco Co., Grand Island,
N.Y.). Tissue culture plates and chamber slides were from Nunclon Products
(Naperville, III.); microtitre plates for the TNFa cytotoxicity assays were
from Falcon Industries (Lincoln Park, N.J.).

Rabbits
Male, specific-pathogen-free {Pasturella multocida) New Zealand White

rabbits (14 wk old and weighing 2.5-3.0 kg) obtained from HARE Labora-
tories (Hewitt, N.J.) were used as the source of pulmonary macrophages.
Upon arrival, animals were quarantined for 2 wk and were checked daily for
any outward signs of infection. Animals were housed in individual stainless
steel cages in a temperature- and light-controlled room and were fed Purina
rabbit chow-HF (Ralston Purina, St. Louis, Mo.) and water ad libitum.

Isolation and Collection of PAM

Pulmonary alveolar macrophages were retrieved by repeated broncho-
pulmonary lavage of unexposed rabbits. Briefly, rabbits were sacrificed with
an overdose injection of Nembutal (50 mg/kg; Abbott Laboratories, North
Chicago, III.) into the marginal ear vein. Immediately after death, a single
midline incision was made to expose the abdominal aorta and the vessel
was severed to allow blood to exit the abdominal cavity and not accumulate
in the thoracic cavity. The trachea was exposed and a 30-mm tube was
inserted between adjacent rings and anchored by suture.

An appropriate volume (approximating 70% by body weight) of Ca2+,
Mg2+-free phosphate-buffered saline (PBS) was instilled into the lungs and the
thoracic cavity was gently massaged for 15—30 sec. The lavage fluid was
slowly withdrawn to prevent tearing of lung tissues and the fluid was placed
in polypropylene tubes held on ice. The lavage procedure was repeated 6
times and the recovered fluid was centrifuged at 400 x g for 15 min at 4°C.
The cell pellets were resuspended in Eagle's minimal essential medium con-
taining Earle's salts [EMEM(E)] and the cell numbers were determined by
counting in a hemacytometer; initial viabilities were determined by trypan
blue exclusion. The PAM were resuspended at 105/ml in EMEM(E) contain-
ing antibiotics (penicillin, streptomycin, and gentamycin at 100 U/ml, 100
/ig/ml, and 50 fig/m\, respectively), placed in 35-mm sterile culture dishes,
and incubated for 90 min at 37°C to permit cell adherence before use in the
in vitro bioassays.

PAM Viability

Following a 90-min incubation, the dishes were randomly separated into
experimental and untreated control groups. The medium was removed from
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each dish and replaced with 1 ml medium containing PbO (10, 30, or 100
fig) or sterile saline. These concentrations, although somewhat above the
acceptance limit for occupational exposures (50 /ig/m3), were selected to
investigate the mechanisms underlying the effects observed in our previous
PbO inhalation studies. All plates were then incubated for 3, 24, 48, or 72
h, and PAM viabilities were than measured by trypan blue exclusion follow-
ing gentle trypsinization.

Phagocytic Uptake of PbO Particles

Five hundred thousand PAM were plated onto double-welled chamber
slides and allowed to attach for 90 min at 37°C. The medium was removed
and the cells were gently washed with fresh EMEM(E) to remove nonadherent
cells. Medium containing varying concentrations (10, 30, or 100 fig PbO/ml)
of PbO was then added to the cells. To monitor normal phagocytic processes,
PbO-free control PAM were incubated with sonicated fetal bovine serum
(FBS) opsonized latex microspheres (~3 fixx\, Duke Scientific, Palo Alto,
Calif.) in EMEM(E) (100 : 1 particle to cell ratio). All slides were then incu-
bated at 37°C for either 3 h or for 24-h intervals up to 72 h. Slides were
removed at the designated times, air dried, and fixed in 2.5% cold glu-
taraldehyde; the latex-treated slide were subsequently placed in xylene
overnight to dislodge any noningested particles (Gardner et al., 1973). Slides
were then stained with Diff-Quick solution (Fisher Scientific, Springfield,
N.J.) to visualize internalized particles. Internalized PbO particles were dif-
ferentiated from extracellular membrane-associated PbO by the presence of
lead particles within intracellular vacuoles and by varying the plane of focus
during microscopic examination. The PAM were examined using oil immer-
sion (100x; minimum 100 cells counted per field, total of 3 fields) and the
phagocytic activity was expressed as the phagocytic index. Phagocytic index
was determined as the ratio of the total numbers of phagocytically active
cells (PAM were considered active if cells contained at least one PbO or
latex particle) to the total numbers of cells counted.

Determination of Rabbit PAM-Derived TNFa
Collection One-milliliter aliquots of PAM were plated at 106 cells/35-

mm dish and incubated 90 min as described earlier. The adherent cells were
rinsed with fresh EMEM(E) and then treated with 1 ml EMEM(E) containing
PbO (30 fig) or with medium only. After 3, 24, 48, or 72 h of incubation, the
PAM were washed again and 1 ml of EMEM containing 1 figlvc\\ Escherichia
coli endotoxin (lipopolysaccharide, LPS, type 055:B5, Sigma Corporation, St.
Louis, Mo.) was added to stimulate TNFa production; spontaneous TNFtt
production was determined in the absence of LPS. After an additional 24 h,
the cell-free supernatant was removed, filtered through 0.22-/im Acrodisc fil-
ters (Gelman Scientific, Ann Arbor, Mich.), and stored at 4°C (for no longer
than 7 d). This macrophage-conditioned medium (MCM) was used to assess
TNFa-induced cytotoxicity against tumorigenic target cells, an indirect mea-
surement of TNFa production by activated PAM. In separate experiments,
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PbO and LPS were incubated simultaneously with the cells to evaluate possi-
ble effects due to extracellular PbO-LPS interactions or due to effects of PbO
on cell-LPS interactions.

To account for possible differences in TNFa production due to PbO-
induced variations in cell survival or adherence, freshly harvested PAM were
plated and treated with PbO as already described. After 3, 24, 48, or 72 h of
exposure, PAM were harvested by mild trypsinization, pooled, and reseeded
into 35-mm dishes at 106 PAM/dish. After a 2-h reattachment period,
EMEM(E)-containing LPS solution was added to each dish; unstimulated con-
trol cells received EMEM(E) without LPS. After a 24-h incubation, MCM
were collected and assayed as described next.

TNFa-lnduced Cytotoxicity Assay Murine fibroblastic cells (L-M, a
clone of L929, American Type Cell Culture, Rockville, Md.) were maintained
in culture in Medium 199 (M199) containing 5% Bactopeptone and 1 mM L-
glutamine. Cells were passaged at 90% confluency twice weekly, and only
cells at low passage (<p15) were used for the cytotoxicity assays. Wells of a
96-well flat bottom plate were each loaded with 5 x 104 L-M cells and the
plates were incubated overnight at 37°C. The medium was then removed
and replaced with 100 /J\ of complete M199 containing 1 /ig/ml actino-
mycin D. Into the first well of each row, 50 / i l of M199 containing 2 /ig/ml
actinomycin D and 50 /il of test MCM was added. Twofold serial dilutions
were made by transferring 0.1-ml aliquots until a final MCM titer of 1 : 1024
was achieved. Plates were incubated for 24 h at 37°C; cells were then fixed
and stained in a 0.5% crystal violet/ethanol solution, the plates were air
dried, and the absorbance was read (550 nm) on an automated plate reader
(Anthos Labtech Instruments, Durham, N.C.). Results were expressed as the
inverse of the MCM dilution producing 50% toxicity toward the L-M target
cells (Zelikoffetal., 1991).

Extracellular Lead Oxide-TNFa Interactions

To assess any direct effect from PbO on TNFa, MCM from untreated
PAM (106 cells/dish) stimulated with LPS was harvested and aliquoted (900
/il) into Eppendorf tubes for incubations with 30 /ig/ml PbO. Into triplicate
tubes for each time point, 100-/il aliquots of PbO solution were added and
the tubes were incubated for 3, 24, and 72 h at room temperature with gen-
tle rocking. Two tubes served as untreated controls and received 100 fi\ of
medium only. These two control tubes were immediately placed at 4°C for
later determination of the initial TNFa titer. Additional MCM samples were
prepared with medium only and were incubated along with the PbO-treated
samples in order to account for any alterations in TNFa activity due to time-
related protein degradation. Following incubation, samples were filtered to
remove PbO particles and stored at 4°C until used for the cytotoxicity assays.

PbO Dissolution in Rabbit PAM

To assess intracellular processing of the ingested PbO particles by the
PAM, 106 cells were added to 35-mm dishes and incubated for 2 h at 37°C
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to allow for cell attachment. The medium was then removed and replaced
with 1 ml of EMEM(E) containing 30 fig PbO. The dishes were incubated for
3-, 24-, 48-, or 72-h intervals before the physical state (particulate vs. solubi-
lized form) of ingested PbO was determined. At each of the designated time
points, random dishes were removed and the cells rinsed twice with EMEM(E).
One milliliter of 0.25% trypsin was added to each dish and the plates were
incubated for an additional 30 min. The PAM were harvested by gentle
scraping and were placed in plastic culture tubes for lysis with 1 ml of 1 %
Triton X-100 followed by sonication for 30 min. All cell-associated solutions
were then passed through a 0.22-/im Millipore (type GS) filter. The levels of
solubilized PbO in the filtrates and of the intact insoluble PbO on the filters
were analyzed by atomic absorption spectrophotometry using protocols pre-
viously described by our laboratory (Zelikoff et al., 1993). At least three
samples per time point were examined.

To measure spontaneous extracellular dissolution of the particles, PbO at
30 /ig/ml was incubated in EMEM(E) for the same lengths of time as in the
cellular assays and then processed. To assess total lead levels in each set of
samples, random plates were harvested at each time point and directly ana-
lyzed without any filtrations steps.

Statistical Analyses

All data were analyzed using the Student-Newman-Keuls test. Differences
within and between treatment groups were designated as statistically signifi-
cant at p < .05, and highly significant at p < .01.

RESULTS

In vitro treatment of freshly harvested rabbit pulmonary macrophages
(PAM) with particulate PbO resulted in both a time- and dose-dependent
decrease in viability (Fig. 1). The presence of PbO rapidly reduced cell sur-
vival; survival was reduced by 50% 38 h after exposure to 100 fig/m\ PbO
as compared with an estimated period of 106 h in untreated controls.

In the absence of PbO particles, PAM displayed a time-dependent de-
crease in the uptake of latex particles. Conversely, at concentrations of PbO
less than 100 /ig/ml, the phagocytic index appeared to remain relatively con-
stant over time (Fig. 2). At 100 /ig/ml PbO, the phagocytic index increased
at 48 and 72 h. The apparent increase in the numbers of PAM containing
PbO particles is in agreement with the observation that PAM treated with
particulate PbO at 30 //g/ml (Table 1) continually solubilize the metal but
only at the incubation times less than 48 h. Dissolution beyond this time
period reaches a plateau, with about 60% of the original particulate PbO
being solubilized by the PAM. Spontaneous dissolution of the particles in
cell-free EMEM(E) was slow and reached a maximum of approximately 32%
of the total recovered PbO after 72 h. The lack of particle dissolution, in con-
junction with decreases in PAM viability, would then allow for the observa-
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3 24 48 72

Length of Exposure (Hrs)

FIGURE 1. Effect of PbO on PAM viability. Survival was expressed as a function of incubation time with
PbO at the concentrations indicated. PAM (106/dish) were exposed to PbO at the doses indicated for 3,
24, 48, 72, or 96 h. Viability was measured by trypan blue exclusion and the results were expressed as
the percentage of the initial cell viability. All values given are the mean (± SE) of six dishes per treatment
per time point. Within each time point, viabilities are significantly different (p < .01) between PbO-
treated PAM and those of the metal-free controls (except where indicated by the single asterisk, where p <
.05).

24 hr

Length of Incubation (Hrs)

FIGURE 2. Phagocytic activity of PAM toward paniculate PbO. Cells were exposed to varied concentra-
tions of PbO or to FBS-opsonized latex microspheres for the times shown. At least 100 cells per field (3
fields per sample) were examined to determine the phagocytic index as defined in the Materials and
Methods. Values significantly different within each lead treatment (ep, .01; *p, .05; and *p < .05) are
indicated.
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TABLE 1. Dissolution of PbO Particles in Rabbit Pulmonary Macrophages and in Culture Medium (EMEM[E]) as a
Function of Incubation Time

Lead oxide dissolution Spontaneous dissolution of PbO particles
in rabbit pulmonary macrophages in EMEM(E) medium

Insoluble Insoluble
Incubation PbO (% of PbO (% of
time Soluble PbOa Insoluble PbOa total PbO) Soluble PbOa Insoluble PbOa total PbO)

3
24
48
72

h
h
h
h

0.59
2.40

10.52
10.08

±
±
±
±

0.41
0.06
0.80
0.73

14.42
11.18

7.86
8.12

±
±
±
±

2.90
4.63
0.22
2.91

96.07%
82.20%
42.76%
44.37%

0.51
0.40
5.43
6.76

±
±
±
±

0.40
0.04
1.90
1.71

11.94
8.17

15.22
14.73

±
±
±
±

2.87
2.40
1.90
0.11

95.90%
95.33%
74.70%
68.54%

aCells were treated with ~30 (Jg PbO and then the cell samples were split to obtain replicate dishes. Values are
the recoveries (in fi% PbO) obtained from at least four plates per time period. Average total lead burden in the sam-
ple plates was 16.30//g (±2.38).

tion of more PAM containing intact PbO particles with the longer periods of
incubation.

The TNFa production by PAM appears to be dependent upon the length
of PAM incubation prior to LPS stimulation; prolonged incubation of the
cells prior to LPS stimulation resulted in decreased PAM TNFa production.
As the unstimulated (no LPS added) formation of TNFtt in PbO-treated and
control cells was consistently below the limits of detection in the assay sys-
tem employed (data not shown), it was concluded that PbO treatment itself
did not enhance spontaneous LPS production by PAM. As shown in Figure
3, TNFw production by metal-free cells decreased 30% after only 3 h of cul-
turing, and was reduced by 90% after 48 h of incubation prior to stimula-
tion. PbO-treated cells showed a similar pattern in LPS responsiveness in
relation to the increased lengths of incubation prior to LPS treatment. How-
ever, while there were no significant differences between the PbO-treated
PAM and the metal-free control cells with respect to the magnitude of the
reductions in TNFtf activities (at each time point) as compared with initial
TNF« titers, the TNFa yields from PbO-treated PAM were consistently
lower, with maximal depression being reached by 48 h (5% of initial titer).
By readjusting all recovered titer values on the basis of changes in PAM via-
bility over the increasing incubation period with PbO, it was observed that
the recoverable TNFtt activities (with respect to both absolute and relative
titers) were still lower for the PbO-treated PAM (except at the final 72-h time
point) as compared with the metal-free control cultures (data not shown).

Since the possibility existed that the observed reduction in TNFa levels
might have been a result of PbO-dependent changes in the total numbers of
viable adherent cells, experiments were performed to address this question.
Using plates containing equal numbers of reseeded viable cells, TNFa pro-
duction in PbO-treated PAM was consistently lower than that from control
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cells even at the earlier timepoints (3 and 24 h; Fig. 4A), with the magnitude
of inhibition at the 3-h time point being greatly enhanced by reseeding.
While a comparison of the levels of TNFa recovered from stimulated control
PAM indicated little effect from the trypsinization/reseeding steps (Fig. 4B),
PbO-related decreases in PAM adherence (DeVries et al., 1983) may have
unexpectedly resulted in an enrichment of viable PbO-damaged PAM (dur-
ing the mild trypsinization) for use in the reseeding experiments. In this case,
the effects upon TNFa production would be amplified at the earliest time
points, but would become less obvious over time as overt toxicity from the
PbO eventually overwhelms the cultures.

Studies were also performed to provide possible explanations for the ob-
served effects from PbO on LPS stimulation of PAM TNFa production. To
determine whether PbO produced any indirect effects on TNFa production
via. interference with PAM-LPS interactions, control cells were treated simul-
taneously with both PbO and LPS and then incubated for 24 h. The quanti-
ties of TNFa released following the simultaneous PbO-LPS treatment was
34-38% of that obtained with cells receiving LPS alone (Fig. 5). In compari-
son, TNFa production in PAM treated with PbO for 24 h prior to LPS stimu-

s
£

•8

c 40-

NoPbO

PbO

" • * .

Length of Prelncubatlon (Hrs)

FIGURE 3. Effect of exposure duration on PAM TNFa production. All values are expressed as the per-
centage of the initial TNFa titers (initial titer » 623 ± 58). All plates received either medium or 30 /ug/ml
PbO for the designated periods prior to addition of 1 /ig/ml LPS as outlined in Materials and Methods.
Data shown are the mean ( i SE) of five separate experiments, with all samples from each time point run
in triplicate.
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Length of Exposure (Hrs)

(a)

03 24 48 72

Length of Exposure (Hrs)

FIGURE 4. LPS-dependent TNFa release in reseeded controls and PbO-treated (30 ^g/ml PbO) PAM.
Cells were treated as described in Materials and Methods and either reseeded or left as is prior to 24-h
treatment with 1 //g/ml LPS. All values are the mean titers (± SE) of six separate experiments with each
TNFa sample analyzed in triplicate, (a) Reseeded PbO-treated and metal-free cells, (b) Effects from
trypsinization and replating steps on PbO-free PAM control cells.
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control -fLPS (24 hr)

PbO + LPS(24hr)

+ PbO(24hrpre-LPS)

PAM Treatment Regimen

FIGURE 5. Effect of PbO on PAM-LPS interactions and subsequent TNF« production. PAM were treated
with LPS alone (1 pg/ml), with LPS and 30 /ig/ml PbO for 24 h, or for 24 h with PbO prior to stimulation
with LPS. All values are the mean titers ± SE of three separate experiments with each sample analyzed in
triplicate. Numbers in parentheses indicate the relative titer values as compared with PAM receiving LPS
only.

lation was affected to a greater extent than in the cells receiving simultane-
ous LPS and PbO treatments (TNFa production ~12.5% of PbO-free control
PAM).

To ascertain if PbO in the external culture milieu could affect TNFcx
activity after its release from stimulated PAM, MCM-containing TNFcx was
incubated with 30 fig PbO for 24 h. Any changes in TNFcx activity due to
extracellular PbO-TNFcx interactions could give rise to inaccurate interpre-
tations of the measured PAM TNFcx production. After 24 h of co-incubation,
TNFcx activity was reduced to 75% of the original titer (Fig. 6). After 72 h,
activity was reduced to 40% of initial levels; this was 28% lower than the
activity demonstrated by PbO-free control TNFcx solutions that were incu-
bated in parallel.

DISCUSSION

The results from this study indicate that PbO may contribute to the
immunosuppression of an exposed host by affecting the production and activ-
ity of the immunoregulatory monokine TNFcx. In addition, the data suggest



388 M. D. COHEN ET AL.

72 hr

ROCKING TIME (Hrs)

No PbO (72 hr)

FIGURE 6. Effect of PbO on extracellular TNFa activity. The TNFa recovered from untreated PAM was
treated with 30 nglm\ PbO and gently rocked at room temperature for the indicated periods. Control
tubes received medium only. Duplicate control tubes immediately placed at 4°C were designated as the
"initial titer" samples. Other PbO-free samples were maintained in parallel for 72 h. Each bar represents
the mean titers (± SE) of at least two replicate experiments. Titers significantly (**p < .01 or *p < .05)
lower than the "initial titer" values (initial titer ~ 584 ± 126) are indicated.

that the presence of lead may alter PAM responsiveness to bacterial endotox-
in (LPS) either at the initial stages of cell—LPS interaction or at subsequent
stages following LPS stimulation.

In macrophages, LPS is internalized either as a free molecule or as an
aggregate via endocytic pathways for eventual storage and slow detoxifica-
tion in secondary lysosomes (Bona, 1973; Munford & Hall, 1986; Dijkstra et
al., 1988). However, some extracellular LPS disaggregates prior to endocyto-
sis and becomes associated with hydrophobic plasma membrane compo-
nents via the LPS lipid A moiety. This binding triggers an increase in TNFa
mRNA transcription and translation, resulting in the production of a 26-kD
pre-TNFa molecule (Oppenheim et al., 1990). The pre-TNFa protein is
excreted and anchored to the cell membrane for proteolytic processing to
release the fully active 17-kD TNFa species (Kriegler et al., 1988; Scuderi,
1989; Vilcek& Lee, 1991).

Lead ions have been shown to alter both membrane lipid and membrane
fluidity in viable cells (Amoruso et al., 1987; Apostoli et al., 1988). Thus, a
possible explanation for the observed reduction in the amounts of TNFa
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recovered from LPS-stimulated PbO-treated cells may be via interference
with LPS-PAM interactions at the PAM cell surface, or due to secondary
alterations in PAM endocytic/phagocytic pathways. A second possible expla-
nation for the observed reductions in LPS-stimulated TNFa levels is that the
PbO-induced alterations in PAM membrane fluidity might disturb pre-TNFa
anchoring and therefore result in errors in posttranslational processing. By
this mechanism, an 18-kD pseudo-TNFa possessing a similar tertiary struc-
ture but devoid of cytotoxic activity would result (Cseh & Beutler, 1989).

The data presented here indicate that treatment of PAM with PbO, either
before or during LPS stimulation, results in the decreased formation of func-
tional TNFa. Although we have postulated that decreased LPS uptake is one
likely cause for the decrease in TNFa production, the apparent continuous
uptake of the highest concentration of PbO particles (i.e., 100 /ig/ml) over
time suggests that nonspecific phagocytic activity was not greatly affected by
PbO. It is possible that at the lower concentrations of PbO employed, the
processes of PbO particle dissolution and phagocytic uptake might have
been in equilibrium (regarding rates and magnitudes) such that the phagocytic
indices appeared to remain unchanged. At the higher concentrations of
PbO, in conjunction with a decreased number of viable PAM to actively sol-
ubilize ingested PbO particles, an increased number of particles is likely to
be left intact within the phagosomes of the remaining viable PAM and so
give rise to the appearance of increased phagocytic activity. Nevertheless, un-
like the mechanisms for LPS binding and internalization, the ingestion of inert
materials (such as PbO and latex particles) is believed to occur at varied
points along the cell membrane and without the need for any specialized
ingestion pits or receptor molecules (Vray et al. , 1981). The possibility
remains, therefore, that PbO particles might interact directly with, or induce
secondary changes in, the 73-kD LPS receptor on the PAM surface to affect
LPS stimulation primarily and TNFa production secondarily. Studies are
ongoing to quantitate the magnitude of any changes in PAM binding of LPS
after PbO exposure.

To elucidate which of the two postulated mechanisms (altered LPS uptake
or posttranslational misprocessing of TNFa) is the more likely explanation for
reduced TNFa levels observed in this study, LPS-stimulated PbO-treated
PAM could be analyzed for TNFa mRNA levels. Our ongoing analyses of the
PAM TNFa mRNA levels will help to clarify whether the LPS-PAM interac-
tion (or LPS internalization and processing) is primarily affected during activa-
tion. Since lead itself is not known to significantly impair RNA synthesis in
intact cells (Pounds et al., 1982; Frenkel & Middleton, 1987), any reductions
in TNFa mRNA levels would most likely be due to defects in LPS-dependent
stimulation events and not to effects of the metal on TNFa mRNA forma-
tion. Should the levels of TNFa mRNA remain unaffected in the PbO-treated
cells, the stimulated PAM could then be evaluated to determine whether
increased levels of functionally deficient TNFa molecules were being
released. The results of these latter studies (currently in progress) would sug-
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gest that posttranslational misprocessing is the likely mechanism for the
PbO-derived defect in PAM TNFa production.

While results from this study demonstrate that PbO can impair produc-
tion of functional TNFa via as yet undefined mechanisms, the results also
indicate that PbO can act extracellularly to directly inhibit the functional cat-
alytic (i.e., tumoricidal) activity of TNFa. Rabbit TNFa, like human and
murine TNFa, contains two cysteine residues in each chain of the active
trimer (Ito et al., 1986). The residues are often linked in an intraprotein
disulfide bridge, which, although not essential to maintaining overall tertiary
structure, is critical for maintaining optimal protein cytotoxic activity against
tumor cells (Narachi et al., 1987; Jones et al., 1989). Based upon the well-
documented affinity of lead for protein thiol groups (Passow, 1970; Moore et
al., 1980; Al-Modhefer et al., 1991), it is possible that the increasing periods
of PbO co-incubation with TNFa likely give rise to increased levels of Pb-
TNFa complexes and fewer disulfide bridges. In addition to disturbing the
crucial formation of a hydrophobic pit within the active TNFa molecule, the
presence of lead among the pleated /? sheets could further decrease catalytic
activity by increasing overall regional hydrophilicity.

The possibility that the time-related decrease in activity of the native TNFa
may have been due, in part, to its degradation over the course of the experi-
ment was also considered. However, the nonoxidative nature (in aqueous
systems) of this particular oxide of lead (R. K. Skogerboe, personal communi-
cation) would suggest that the observed decreases were more likely the result
of the postulated Pb-TNFa complex formation rather than a physical removal
of the native protein from the system. While enzyme-linked immunosorbent
assay (ELISA) quantitation of the remaining TNFa could have provided sup-
portive data for the foregoing hypothesis, the lack of a rabbit TNFa-specific
antibody, along with the proposed changes in the TNFa antigenic epitope,
would have rendered results from ELISA studies highly suspect.

The results of this study demonstrate that in vitro exposure to PbO can
likely modify host PAM-derived TNFa production, possibly by affecting its
induction by LPS (as shown in Fig. 5) and/or by inducing changes in the
TNFa activity after its cellular export (as shown in Fig. 6). These disturbances
in TNFa production and functionality after PbO exposure may explain, in
part, many of the observations by ours and other laboratories regarding the in
vivo immunosuppressed responses of lead-exposed hosts. Our continuing
studies (i.e., quantitation of PAM TNFa mRNA and its posttranslational prod-
ucts, as well as analyses of PAM-LPS binding protein activity) will hopefully
clarify more precisely the mechanisms by which lead alters PAM responsive-
ness to monokine inducers such as LPS, as well as the production of functional
TNFa.
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