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We investigated the influence of serum factors on the uptake of various species of mycobacteria by human
peripheral blood monocytes (PBM). On the basis of the percentage ofPBM involved during in vitro uptake, the
mycobacteria were of two distinct groups. The mycobacteria of one group, which consisted of Mycobacterium
avium complex and M. chelonae, were taken up by many PBM; the other group, consisting ofM. tuberculosis,
M. kansasii, M. fortuitum, and M. gordonae, were taken up by fewer PBM. M. scrofulaceum was intermediate
to these two groups on the basis of its uptake by PBM. Serum depleted of complement by heating or treatment
with cobra venom factor significantly reduced the extent of PBM involvement with M. avium complex,
indicating that complement is an important serum component mediating the uptake of M. avium complex
organisms. Preincubation of mycobacteria with serum containing 10 mM EGTA [ethylene glycol-bis(Ip-
aminoethyl ether)-N,N,N',N'-tetraacetic acid] and 10 mM MgCl2 resulted in uptake by a high percentage of
PBM, while preincubation in heated serum or serum containing 10 mM EDTA resulted in a significantly
reduced percentage ofPBM involved in uptake ofM. avium complex organisms, indicating that these organisms
are activators of the alternative pathway of complement. Incubation of M. avium complex organisms in human
serum consumed 51% of the hemolytic complement activity. Parallel experiments indicated that serum had a

lesser effect on the uptake of M. tuberculosis. Thus, serum is important in in vitro M. avium complex uptake
by PBM; complement has a major role in the effect of serum, but this role is less important with M. tuberculosis.

Mycobacterial disease is of renewed interest today be-
cause of the prominence of Mycobacterium avium complex
infections in acquired immune deficiency syndrome (AIDS)
patients (13, 27, 28) and because of the increase in Myco-
bacterium tuberculosis disease in the United States, in part
also due to AIDS (6a). Resistance to infection by mycobac-
teria entails a complex pattern of involvement by a host's
defense system. In recent years, studies have appeared
concerning the interaction of mycobacteria with human
monocytes (2, 3, 9, 22) but have mainly concentrated on
intracellular killing, not on the initial contact with and
uptake, of the organisms. In addition, little attention has
been focused on the possible role of serum components,
especially complement, in the uptake of mycobacteria by
mononuclear phagocytes (7, 8, 11). In this work, we report
that serum factors, and in particular complement, are of
importance in the in vitro uptake by human peripheral blood
monocytes (PBM) of several species of mycobacteria, espe-
cially of M. avium complex organisms.

MATERIALS AND METHODS

Cell donors. PBM were obtained from 19 healthy volun-
teers (15 males, 4 females), 18 to 40 years old, after informed
consent was obtained. All volunteers had normal chest
roentgenograms and ventilatory tests. Three males were

tuberculin positive, as determined by the Mantoux skin test;
all other volunteers were negative. No significant differences
were observed in the studies done with PBM from either
tuberculin-positive or tuberculin-negative individuals, and
the data are combined. The protocol was approved by the
Human Research Committee of the Georgetown Medical
Center and was carried out by using the principles of the
Declaration of Helsinki.

* Corresponding author.

PBM. Peripheral blood was obtained by venipuncture by
using heparinized VACUTAINER tubes (Becton Dickinson
Vacutainer Systems, Rutherford, N.J.). The heparinized
blood was mixed with an equal volume of room temperature
Hanks balanced salt solution (HBSS), pH 7.4, and 9 mnl of
the mixture was carefully layered over 6 ml of room temper-
ature Lymphocyte Separation Medium (Litton Bionetics,
Inc., Charleston, S.C.). The preparation was centrifuged for
30 min at 400 x g at room temperature, and the interface
band containing mononuclear cells was removed. The cells
were washed three times in ice-cold HBSS and suspended in
either RPMI 1640 medium containing 100 units of penicillin
G per ml (RPMI-P) or KC2000 medium (Hazleton Research
Products, Denver, Pa.), a serumless medium containing 100
units of penicillin G per ml (technical information bulletin
no. 24, 1987; KC Biologicals, Lenexa, Kans.). Viable cells
were counted by using trypan blue dye and were adjusted to
approximately 5 x 106 viable cells per ml. A 0.2-ml amount
of the cell suspension was dispensed into each well of plastic
24-well tissue culture plates (Costar, Cambridge, Mass.) into
which had been placed a 12-mm-diameter sterile circular
glass coverslip. The PBM were allowed to adhere to the
coverslips by incubation for 1 h at 37°C in 5% hurnidified
CO2. The nonadherent cells were removed by vigorous
washing of the coverslips with warm HBSS. A 1.5-ml
amount of RPMI-P supplemented with 5% sterile autologous
human serum (RPMI-PS) or 1.5 ml of KC2000 medium was

added to the cultures. This protocol produced enriched
cultures consisting of approximately 90 to 95% PBM, as

determined visually by using DIFF-Quick Stain (Dade Diag-
nostics, Inc., Aquada, P.R.) to yield a final average number
of 2.0 x 105 PBM per cover slip, as determined by counting
all monocytes in 10 oil immersion fields and multiplying that
number by a conversion factor (the area [in square millime-
ters] of cover slip divided by the area [in square millimeters]

2223

Vol. 56, No. 9



2224 SWARTZ ET AL.

of the 10 oil fields). Uptake assays were performed in 5%
CO2 at 37°C either immediately or after a 24-h incubation.
Serum. Fresh autologous human serum was obtained from

peripheral whole blood by using nonheparinized VACU-
TAINER tubes. The blood was allowed to clot at room
temperature for 20 min and then was placed on ice for 30
min. After centrifugation for 1 h at room temperature at
1,500 x g, the serum was removed. All sera were passed
through a 0.45-,um-pore-size membrane filter (Millipore
Corp., Bedford, Mass.).

Mycobacteria. Three clinical isolates were obtained from
the microbiology laboratory at Georgetown University Hos-
pital: M. tuberculosis, M. gordonae, and an M. avium
complex organism, serotype 3. M. avium ATCC 15679
serotype 1, M. intracellulare ATCC 13950, M. kansasii
ATCC 12478, M. fortuitum ATCC 6841, M. scrofulaceum
ATCC 19981, and M. chelonae ATCC 14472 were purchased
from the American Type Culture Collection, Rockville, Md.
All mycobacteria were initially cultured on Middlebrook
7H10 agar plates (REMEL, Lenexa, Kans.) prior to growth
in Middlebrook 7H9 broth supplemented with OADC enrich-
ment (Difco Laboratories, Detroit, Mich.) and 0.02% Tween
80. Broth cultures were allowed to grow to logarithmic phase
and were then divided into 5-ml fractions. All fractions were
stored frozen at -20°C until needed. Prior to use, the
mycobacteria were thawed and then repeatedly passed
through a 31-gauge needle, resulting in suspensions of
mainly single mycobacteria, with some clusters of two to
four mycobacteria (assessed by visual inspection by using
acid-fast stain). The concentration of mycobacteria in each
culture was determined by direct count by using a Petroff-
Hausser counting chamber (Hausser Scientific, Blue Bell,
Pa.) under phase-contrast illumination.
CVF. Cobra venom factor (CVF) was purified from lyo-

philized venom of the cobra Naja naja siamensis (Serpenta-
rium Laboratories, Salt Lake City, Utah) as previously
described (25). This isolation procedure resulted in a product
free of phospholipase A2. For decomplementation of serum,
CVF was added to the serum to a final concentration of 50 p,g
of CVF per 1.0 ml of serum. The serum was incubated at
37°C for 1 h in a water bath. This procedure effectively
decomplements the serum (25).
Complement activation by mycobacteria. M. avium com-

plex, M. tuberculosis, or M. scrofulaceum bacteria were
suspended in fresh human serum (2.5 x 109/ml). The sus-
pensions were incubated at 37°C for 1 h and centrifuged, and
the serum was removed from the mycobacterial pellet.
Complement activity was measured in the serum samples by
hemolytic titration by using sheep erythrocytes sensitized
with a 1:500 dilution of a rabbit anti-sheep erythrocyte
antiserum (16). Duplicate samples of twofold dilutions of
sera (20 RI) were incubated with 108 sensitized erythrocytes
(in 20 pAl of 3.5 mM Veronal-acetate buffer, pH 7.4, contain-
ing 0.5 mM MgCi2, 0.15 mM CaCi2, and 0.1% [wt/vol]
gelatin) for 20 min at 37°C in a water bath. The reaction was
stopped by the addition of 1 ml of Veronal buffer (without
metals and gelatin), vortexing, and centrifugation. The re-
leased hemoglobin was measured spectrophotometrically at
412 nm. The dilution of serum that gave 50% hemolysis in
this assay was determined for every serum sample. The
percentage of complement activity was derived by compar-
ison with untreated human serum.

Reagents. EDTA and EGTA [ethylene glycol-bis(,-ami-
noethyl ether)-N,N,N',N'-tetraacetic acid] were purchased
from Fisher Scientific Co., Pittsburgh, Pa. Stock solutions
were made with HBSS (Ca2' and Mg2+ free) (Hazleton

Research Products) as follows: (i) 100 mM EDTA, pH 7.4
(hereafter designated EDTA), or (ii) 100 mM EGTA-100 mM
MgCl2, pH 7.4 (hereafter designated EGTA-Mg).

Preincubation of mycobacteria in serum preparations. Four
serum preparations were made, as follows. (i) A 0.1-ml
amount of EDTA or EGTA-Mg stock solution was added to
each 1.0 ml of serum, mixed well, and incubated for 1 h at
37°C, resulting in a final concentration of 10 mM. (ii) Serum
was heated to 56°C for 1 h in a water bath. (iii) CVF was
added to the serum to a final concentration of 50 ,ug/1.0 ml of
serum and incubated at 37°C for 1 h. (iv) A 0.1-ml amount of
HBSS was added to each 1.0 ml of serum, mixed well, and
incubated for 1 h at 37°C (serum treatment control) (12, 14).
M. avium complex or M. tuberculosis bacteria were sus-
pended in each serum preparation or in HBSS (2.5 x 109/ml).
The suspensions were incubated at 37°C for 1 h and centri-
fuged, and the serum was removed from the mycobacterial
pellet. The pellets were washed three times in HBSS,
suspended in RPMI-P, and adjusted to 2.0 x 105 mycobac-
teria per 10 p1.
Uptake assay. The ability of PBM to take up the various

mycobacteria was evaluated. All monocyte-enriched cul-
tures, attached to cover slips as previously described, were
washed in warm HBSS and placed into wells containing 0.2
ml of either KC2000, RPMI-P, or RPMI-PS medium. Each
mycobacterial suspension was thawed, passed through a
31-gauge needle to produce single-cell suspensions, and
adjusted to 2.0 x 105 mycobacteria per 10 pI with HBSS.
Ten microliters was added to appropriate wells (approxi-
mately one mycobacterium per macrophage). The cultures
were incubated at 37°C in 5% humidified CO2. At 30, 60, 90,
and 120 min after addition of mycobacteria, cover slips were
removed, rinsed in warm HBSS to remove free mycobac-
teria, fixed in methanol for 1 min, and stained with acid-fast
bacillus (AFB) stain (Fisher Scientific Co., Pittsburgh, Pa.).
The number of macrophages with one or more AFB was
determined by visual assessment of 200 macrophages per
cover slip and recorded as the percentage of macrophages
with .1 AFB. Our data for uptake represent total cell-
associated mycobacteria, i.e., both those attached to and
those ingested by monocytes.

Statistical analysis. All experiments were repeated at least
three times. The significance of the difference between
means was determined by using Student's t test and the
analysis of variance (5).

RESULTS
The percentage of PBM with .1 mycobacterium at vari-

ous times after the addition of the nine mycobacterial
specimens is shown in Fig. 1. After 30 min, there was a
significant (P < 0.05) difference between one group of
mycobacterial species (M. avium, M. intracellulare, M.
chelonae, and an M. avium complex isolate), which was
taken up by a high percentage of monocytes (HP group), and
a second group (M. tuberculosis, M. kansasii, M. fortuitum,
M. gordonae, and M. scrofulaceum), which was taken up by
a much lower percentage of monocytes (LP group). The
difference between the two groups continued to increase
during the subsequent incubation period until the HP group
was taken up by two to three times more monocytes than
was the LP group. M. scrofulaceum appeared to be taken up
at an intermediate level, significantly different from the level
of uptake of both of the other groups at each time point
assayed. These experiments utilized 24-h PBM cultures.
Preliminary experiments with freshly explanted PBM gave
similar results (data not shown).
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FIG. 2. Effect of the presence (+) or absence (-) of 5% serum
during the uptake period. MAC, M. avium complex isolate; Mtb, M.
tuberculosis; KC2000, serumless medium. The mycobacterium-to-
macrophage ratio was 1:1.

serum treated with 10 mM EGTA-10 mM MgCl2 (EGTA-
Mg).
The results obtained with M. avium complex are pre-

20 sented in Fig. 3a. The M. avium complex organisms which
had never been exposed to serum (Plain) were taken up by
15% of the PBM. The M. avium complex organisms exposed

nan PBM shown to normal autologous serum (Neat) were taken up by signif-
( was perforrned icantly more PBM (89.8%) (P < 0.001). Heating the serum or
utologous serum treating it with CVF or EDTA reduced the serum effect (only
eriod (described 47, 60, and 40%, respectively, of the PBM had taken up M.
i,M. tuberculo- avium complex organisms) (P < 0.05 compared with Neat).
,rdonae; +, M. In contrast, treatment of serum with EGTA-Mg had no

f. intracellulare; significant effect on the serum activity.
The results obtained with M. tuberculosis are shown in

Fig. 3b. M. tuberculosis bacteria never exposed to serum
(Plain) were taken up by only 2% of the PBM, while

most clinically exposure of bacteria to normal autologous serum (Neat)
culosis and M. increased their uptake by PBM to 9.1%. Heating the serum
nces in uptake or treating it with CVF did not significantly affect the uptake
F serum on the of these bacteria by PBM (5 and 9%, respectively). Both
I. tuberculosis EDTA and EGTA-Mg preparations slightly reduced the
imless medium effect of serum on uptake of M. tuberculosis (4 and 3%,
rganisms were respectively).
vol) serum was Experiments were performed to detect whether M. tuber-
ing the uptake culosis and M. avium complex organisms could activate
cen up by 8.5% complement. Under our experimental conditions, M. avium
Dm culture in complex organisms reduced hemolytic complement activity
l was present by approximately 51.1 ± 18.0%, M. avium ATCC 15679
uptake period, reduced complement activity by 64.7 ± 20.7%, M. scrofula-
)lex organisms ceum reduced complement activity by 70.0 ± 7.4%, and M.
1). M. tubercu- tuberculosis reduced complement activity by 32.2 ± 8.7%.
IM cultured in
rum during the DISCUSSION
m was present
PBM with M. We demonstrate in this study that major differences exist

between mycobacterial species, as evident in the percent-
elucidate the ages of human PBM involved in the uptake of the mycobac-

n when serum teria. The molecular factors which determine whether a
e experiments, particular species of mycobacterium will be taken up by
e uptake assay many or few monocytes are unknown. Most likely, several
ologous serum factors of both host and mycobacterial origin are involved.
serum treated The differences in uptake may be due to variation between
'A (EDTA), or the number or type of surface molecules on the different
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FIG. 3. Effect of preincubation of M. avium complex organisms
(a) or M. tuberculosis (b) with different serum preparations. Myco-
bacteria were pretreated with HBSS (Plain), normal autologous
serum (Neat), serum heated to 56°C for 1 h (H-i), serum treated with
cobra venom factor (CVF), serum treated with 10 mM EDTA
(EDTA), or serum treated with 10 mM EGTA-10 mM MgCl2
(EGTA-Mg). The mycobacterium-to-macrophage ratio was 1:1.

mycobacteria and corresponding receptors on the PBM
which aid ingestion. A wide variety of antigenic structures
have been found on the surfaces of mycobacteria (4, 10, 19).
In addition, macrophages have been shown to have many
different receptors on their surfaces, depending upon the
phagocyte population or level of maturity studied (6, 23, 24,
26). Thus, monocyte receptors for carbohydrates and pro-
teins found on the surfaces of mycobacteria may be an
initial, nonimmune mechanism by which some of the PBM of
the infected host can recognize and phagocytize the infecting
mycobacteria. The uptake of M. avium complex organisms
and of M. tuberculosis in KC2000 serumless medium sup-

ports this type of interaction.
The data presented here indicate that host serum compo-

nents, especially complement, affect the initial interactions
between the invading mycobacterium and the host's mono-

nuclear phagocytes. This result is in contrast to the result of
other work (3) on the phagocytosis and killing of M. avium
complex organisms by human PBM which involved different
experimental conditions, such as much greater multiplicities
of infection, pooled human serum, and a 24-h mycobacteri-
um-PBM incubation time. The investigators concluded that
serum did not significantly alter phagocytosis of M. avium

complex organisms. In our study, we used a lower myco-
bacterium-to-PBM ratio (1:1), a shorter incubation time (2
h), and autologous human serum, conditions which may
more closely simulate what is occurring in situ in humans.
Uptake of M. avium complex organisms and of M. tuber-

culosis by PBM was enhanced when serum was present
during the uptake period (Fig. 2). This effect of serum is
mediated by substances opsonizing onto the mycobacterial
surface (Fig. 3) rather than by the serum directly activating
the PBM, as has been shown to occur in other systems (26).
The results obtained after heating the serum to 56°C for 1 h
or after treating the serum with CVF indicate that comple-
ment is a major constituent of the substances opsonizing
onto the M. avium complex organism surface. The chelators
EDTA and EGTA-Mg were used to elucidate the comple-
ment pathway activated by M. avium complex organisms.
EDTA effectively blocks both the classical pathway and the
alternative pathway of complement activation. EGTA-Mg
blocks only the classical activation pathway. Treatment of
normal human serum with EDTA reduced the effect of
serum by 55%, while treatment with EGTA-Mg did not
reduce its effect. This pattern of the effect of the chelators on
serum is indicative of the alternative pathway activation of
complement by M. avium complex organisms (15). Uptake
of M. tuberculosis is much less dependent on serum compo-
nents, including complement.
The hemolytic assays for complement activity indicate

that M. avium complex organisms, M. avium ATCC 15679,
M. tuberculosis, and M. scrofulaceum activate complement.
These observations are in agreement with findings with other
species of mycobacteria, such as Mycobacterium bovis BCG
(Glaxo strain), M. leprae, and M. lepraemurium, which have
been reported to be capable of activating the alternative
pathway (20, 21). A recent preliminary study has indicated
that M. tuberculosis may bind C3 (N. R. Payne, C. G.
Bellinger-Kawahara, and M. A. Horwitz, Clin. Res. 35:
617A, 1987).
Monocytes express the complement receptor CR1 (the

classical immune adherence receptor with specificity for
C3b) and the receptors CR3 and CR4, which bind to the C3b
degradation products iC3b, C3dg, and C3d (23). Further
work will have to be done to identify the form(s) of C3
present on the mycobacteria since both M. avium complex
organisms and M. tuberculosis activate complement but only
the uptake of the M. avium complex organisms is dramati-
cally dependent on complement. One might expect that the
C3b form is present on the M. avium complex, but that is
degraded to iC3b, C3dg, and C3d on M. tuberculosis in a
manner similar to that which has been shown with comple-
ment-susceptible and complement-resistant tumor cells (17,
18).
Many healthy persons have been shown to have serum

antibodies to mycobacteria (1). It remains to be determined
whether some part of the heat-stable serum effect on myco-
bacterial uptake may in fact be due to the presence of
anti-mycobacterium antibody.

In conclusion, serum components, especially comple-
ment, are of importance in the in vitro uptake of mycobac-
teria, in particular of M. avium complex organisms, by
human PBM. The in vivo significance of our observations
remains to be determined, but our results suggest that
humoral factors in addition to cellular factors may be in-
volved in the body's defense against mycobacteria.
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