


346 DOUVAS ET AL.

7

a)
15

x
0

-

LL
0

CDCu

6

5

4

3

,tSs

E

x
0

U-
0

0)

9

8

7

6

0 4 7
Days After Infection

FIG. 1. AB serum-induced inhibition of M. avium replication in
macrophages. Seven-day macrophages derived from peripheral
blood mononuclear cells were infected with M. avium 7497 stock
cultures. After infection, macrophages were cultured in medium
containing 1% SS or SS and 5% AB serum (AB). At 0, 4, and 7 days
after infection, the adherent cells were lysed, the lysate was
combined with the supernatant, and the CFU per plate were
determined. Datum points were derived from 10 values. Bars
represent the standard errors of the means. *, P < 0.01 when
compared with SS control cultures.

Grand Island, N.Y.). This suspension was then ultrasoni-
cated for 10 s to disperse the bacteria (7, 11).
Macrophage isolation and culture. Macrophage isolation

and culture were done as detailed elsewhere (12). Peripheral
blood (50 ml) was drawn from five HIV-negative donors
(three white males, one black male, and one white female)
ranging in age from 30 to 58 years. Results were independent
of sex, color, or age. The blood was heparinized and
centrifuged on Ficoll-Hypaque. The monocytic cells were
washed and suspended at 107 cells per ml in RPMI supple-
mented with 1% unheated AB serum. The AB serum used
throughout these experiments was obtained from a white
HIV-negative male. Cells were plated in 0.05-ml droplets,
with 3 droplets per 35-mm bacteriologic-grade plastic petri
dish (Falcon 1008; Becton Dickinson). For each group and
time point, the plates were prepared in triplicate. The plates
were incubated at 37°C in 7.5% CO2 in air for 30 min.
Nonadherent cells were washed off and discarded. The
adherent cells were incubated in 1.5-ml volumes of RPMI
containing 20 mM L-glutamine and 1% unheated AB serum.
Initially, adherent cells were cultured for 7 days prior to
infection. Subsequently we discovered that greater differen-
tiation between control and experimental groups could be
obtained if the plates were incubated for 6 days in the culture
medium described above and then changed to RPMI con-
taining 1% serum substitute (SS) 1 day before infection. SS

,7H9
,5% AB

A I I
3 5 7

Days in Culture
FIG. 2. AB serum does not inhibit M. avium replication in 7H9

broth culture. M. avium was inoculated into flasks containing 7H9
alone, 7H9 broth with 1% SS (SS), or 7H9 broth with 1% SS and 5%
AB serum (AB). Cultures were incubated, and duplicate samples
were taken at various times after inoculation. Each datum points
represents the mean CFU per milliliter of broth for duplicate
samples. There were no significant differences between groups.

is a mixture of serum albumin, human transferrin, choles-
terol, and L-ot-phosphatidylcholine in bicarbonate-free Is-
cove medium (28). Results from both procedures are pre-
sented here.

Infection of macrophage cultures with M. avium. For infec-
tion of macrophage cultures, dispersed M. avium suspen-
sions were diluted to 5 x 105 bacteria per ml in RPMI
supplemented with 1% unheated AB serum. A sample (1.5
ml) of this suspension was added to each plate, and the
plates were incubated at 37°C in 7.5% CO2. A 30-min
infection time was used for plates cultured for 7 days in
RPMI containing 1% serum. Macrophage cultures incubated
in RPMI containing 1% SS for 24 h prior to infection were
infected for 60 min. When this infection procedure is used,
approximately 10% of the macrophages are infected with 1
or 2 bacteria per cell (4). The infection medium was re-
moved, and the plates were washed twice to remove extra-
cellular bacteria. Fresh culture medium containing either 1%
or 5% SS (1.5 ml) with or without AB serum was then added
back to the infected plates.
CFU counts. Samples were taken at 0, 4, and 7 days after

infection for CFU counts. Supernatants were removed and
saved, and the macrophages from each plate were lysed as
previously described (11) by using 1.5 ml of a lysing solution
containing 1.1 ml of 7H9 and 0.4 ml of0.25% sodium dodecyl
sulfate (SDS) (in physiologic phosphate buffer). The lysate
and supernatants from each plate were combined, and 2 ml
of this mixture was transferred to a tube containing 0.5 ml of
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FIG. 3. Serum-induced inhibition of M. avium replication in

macrophage-free culture medium. Stock cultures of M. avium were
inoculated into flasks containing RPMI with 1% SS (SS) or with 1%
SS and 5% AB serum (AB). Each datum point is the mean CFU of
five values per milliliter of culture medium. The standard errors of
the means ranged from 4 to 11%. *, P < 0.01 when compared with
the SS control.
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20% bovine serum albumin. This was then ultrasonicated for
10 s to disperse the bacteria. After sonication, the combined
lysates and supernatants were serially diluted, and the
dilutions were plated on 7H10 (Difco) agar. Four to five
0.015-ml inocula per dilution were used. Each sample time
usually represents duplicate macrophage culture plates;
therefore, each reported CFU value represents 8 to 10 spots.
The bacterial colonies on the 7H10 plates were counted after
1 week of incubation in a humified atmosphere at 37°C.
Values for the groups were compared statistically by using
Student's t test.
Growth of M. avium in macrophage-free medium. Stock

cultures of M. avium were made up to 3.0 ml in RPMI and
sonicated as described above. Bacterial suspension (0.2 ml)
was inoculated into Falcon 3013 flasks (Becton Dickinson)
containing 10 to 15 ml of 7H9 broth (Difco) or RPMI with no
additions, with 1% SS, or with 1% SS and 5% AB serum.
Cultures were incubated at 37°C. At various times after
inoculation, 0.3-ml samples were removed and sonicated,
and dilutions of them were used to inoculate 7H10 plates to
determine the number of CFU. In some experiments, growth
of M. avium was determined by using 24-well plates rather
than flasks. For these experiments, stock M. avium was
made to 3 ml and sonicated as described above. After
sonification, 0.013 ml was placed into triplicate wells, each
containing 1 ml of culture medium. Samples (0.3 ml) were
removed at various times and frozen at -90°C until assayed.
For assay, the samples were diluted to 3 ml with RPMI,
sonicated, and plated on 7H10 agar as described above.

Generation of macrophage-selected M. avium. Macrophage
cultures were infected with stock cultures of M. avium 7497

0 4
Days After Infection

7

FIG. 4. Addition of AB serum 4 days after infection of macro-
phage cultures does not alter mycobacterial escape from inhibition.
Seven-day macrophages were infected and cultured in RPMI con-
taining 1% serum substitute (SS) or 1% SS with 5 or 10% AB serum
(AB). Four days after infection, AB serum to 5 to 10% was added to
cultures containing SS alone. Another group containing 5% AB
serum received an additional 5% serum at 4 days. Cultures were
lysed, and CFU per plate were determined. Each datum point
represents the mean of 5 to 10 values ± the standard error of the
mean. *, P < 0.01 when compared with SS controls.

as before. Infected macrophages were then cultured for 7
days in RPMI containing 1% SS and 20 mM L-glutamine with
or without 5 to 10% normal AB serum. Supernatants were
withdrawn from the plates and saved, and 1.5 ml of SDS
lysing solution was added to each plate for 10 min. SDS in
the lysates was neutralized with 0.5 ml of 20% bovine serum
albumin per plate, and the lysates and supernatants were
combined. These were centrifuged at 500 x g for 45 min. The
resulting bacterial pellets were suspended in 3-ml volumes of
RPMI and ultrasonicated for 10 s. The ultrasonicated bacte-
rial suspensions were then used to infect macrophage cul-
tures as described above.

Infection of macrophages with heat-killed M. avium. Three
milliliters of a stock culture ofM. avium (108 bacteria per ml)
was thawed and heated in a water bath at 62°C for 30 min.
The heated bacteria were then sonicated for 10 s and diluted
to 5 x 106 bacteria per ml with RPMI supplemented with 1%
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FIG. 5. Conversion of infected macrophage cultures to serum
resistance begins within 1 day after infection. Seven-day macro-

phages were infected as usual. Immediately after infection or at 1, 2,
or 4 days after infection, AB serum to 10% was added to cultures
containing 5% serum substitute (SS). CFU per plate were deter-
mined from 10 values. The datum points are means ± standard
errors of the means. *, P < 0.01 when compared with the SS
controls.

unheated AB serum. A sample (1.5 ml) was incubated with
macrophage cultures for 60 min at 37°C in 7.5% CO2. The
infecting suspension was removed, and the macrophages
were washed and cultured for 3 days in RPMI containing 1%
SS and 10% AB serum. Control cultures were treated in the
same way but without mycobacteria. On the day the macro-
phage cultures were to be infected with viable M. avium,
culture medium was replaced with RPMI medium containing
1% SS. Five to 7 h after this wash, the cultures were infected
with viable M. avium as described above.

RESULTS

Serum-induced inhibition of M. avium replication in mac-
rophage cultures. Previous experiments have shown that
normal serum suppresses the replication of macrophage-
associated M. avium (5). These results were confirmed, as
shown in Fig. 1. Growth of M. avium in macrophages
cultured in SS after infection is usually exponential. In this
experiment, M. avium generation time was 15.6 h in RPMI
containing 1% SS. However, generation times do vary from
experiment to experiment. If normal AB serum is added to
macrophages immediately after infection, M. avium growth
is inhibited for the first 4 days in culture but then a rapid
period of bacterial growth occurs from days 4 to 7, usually
parallelling bacterial replication in the absence of serum.

Effects of normal serum on M. avium replication in the
absence of macrophages. We next examined whether macro-
phages were required for bacterial growth and serum-in-

duced inhibition. Mycobacteria were inoculated into RPMI
without macrophages but containing SS or SS and AB
serum. For comparison, M. avium growth in 7H9 broth
supplemented with SS or with SS and AB serum was also
examined. Growth of M. avium in 7H9 is shown in Fig. 2.
The generation time of M. avium in this experiment was
approximately 8 h. Neither SS nor SS with AB serum altered
mycobacterial growth. Bacterial replication was usually
more rapid in broth cultures than in macrophage-containing
cultures (data not shown). If M. avium was inoculated into
RPMI containing 1% SS, replication was considerably
slower than in 7H9 broth (Fig. 3), with a generation time of
approximately 34 h. Mycobacterial replication in unsupple-
mented RPMI was similar to that seen with SS (not shown).
Normal serum significantly inhibited this replication. Impor-
tantly, mycobacterial growth in the presence of serum with-
out macrophages did not undergo the biphasic transition
seen with macrophage cultures (Fig. 1). Thus, although
serum-induced inhibition is seen with or without macro-
phages, the rapid increase in mycobacterial replication after
4 days in culture with serum is macrophage dependent.

Escape from inhibition is not the result of depletion of serum
inhibitor. The increased mycobacterial replication seen after
4 days in culture with macrophages could be the result of a
depletion of serum inhibitor or of changes in the bacteria or
macrophages. To investigate this, 7-day macrophages were
infected and cultured in RPMI with SS or in RPMI contain-
ing SS and 5 to 10% AB serum. Four days after infection, AB
serum to 5 to 10% was added to some cultures containing
only SS. Other plates containing 5% AB serum were supple-
mented with another 5% AB at 4 days. When fresh serum
was added to cultures infected and grown for 4 days in 5%
AB serum, mycobacterial replication was slightly slower at 4
to 7 days (9.6-h generation time) than in cultures that
contained either 5% AB (7.2-h generation time) or 10% AB
(8.3-h generation time) (Fig. 4). Addition of fresh serum did
not extend the lag in mycobacterial growth seen through 4
days, nor did it inhibit the rapid increase in replication
characteristically seen after 4 days. In addition, if serum was
added to infected macrophages that had been cultured for 4
days in medium containing SS alone, M. avium replication
was unaffected. These results suggest that the macrophages,
the mycobacteria, or both change by 4 days in culture, so
that the M. avium becomes refractory to suppression by the
serum inhibitor.

Addition of serum at various times after infection. In order
to more accurately determine when infected cultures be-
come serum inhibitor resistant, serum was added to macro-
phage cultures immediately after or at 1, 2, or 4 days after
infection (Fig. 5). Serum added 4 days after infection did not
inhibit bacterial replication, as is illustrated in Fig. 4. Serum
added 2 days after infection also did not significantly inhibit
replication. However, if serum was added 1 day after infec-
tion, bacterial inhibition was evident, although it was some-
what less than if inhibitor was added at zero time. These
results indicate that the transition from serum susceptibility
to serum resistance begins within the first 24 h after infec-
tion. They also suggest that the action of the serum inhibitor
is to delay the transition to serum resistance.

Infection of macrophages using inhibitor-resistant M.
avium. As suggested above, the inability of M. avium-
infected macrophages to respond to the inhibitor present in
normal serum could be due to a change in the M. avium to a
phenotype refractory to inhibitor (called Vi, for virulent; see
below). Alternatively, serum could alter infected macro-
phages so that they inhibit initial mycobacterial replication.
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FIG. 6. Effects of serum on macrophage-selected M. avium. Seven-day macrophages were infected with stock M. avium and cultured for
an additional 7 days in medium containing 1% SS or 1% SS and 5 to 10% AB serum. The macrophages were then lysed, and the M. avium
obtained from the combined lysates and supernates was used to infect fresh 7-day macrophage cultures. These were also cultured in 1% SS
(SS) or 1% SS plus 5 to 10% AB serum (AB). Growth of M. avium derived from macrophages cultured in SS (MA-SS) or in AB serum

(MA-AB) was compared with that of stock M. avium. Datum points represent four to eight values ± the standard errors of the means. The
results of two experiments are shown here: (A) serum stimulates the growth of macrophage-selected M. avium; (B) serum inhibits the growth
of macrophage-selected M. avium. *, P < 0.01 when compared with the respective SS controls.

To examine this possibility, infected macrophages were
cultured in medium containing 1% SS or 1% SS and serum.
Mycobacteria were isolated from these cultures 7 days after
infection, and these bacteria were used to infect fresh
macrophage cultures. Results from two experiments are
shown in Fig. 6. There were no differences in the abilities of
macrophage-derived M. avium or of stock cultures of 7497 to
infect macrophages (data not shown). Variations in the level
of infection at zero time were the result of differences in the
infecting inocula. Four of seven experiments indicated that
M. avium removed from macrophages cultured with serum
were still inhibitable by serum (Fig. 6a). Three other exper-
iments indicated that not only was M. avium replication no
longer inhibited by serum, but it was enhanced (Fig. 6b).
Similar results were obtained with M. avium derived from
infected macrophages cultured in SS only (Fig. 6b). These
results suggest that a change in both the macrophage and the
bacteria may be involved with the escape from serum-
induced inhibition.

Vi phenotype retains its susceptibility to serum inhibitor in
the absence of macrophages. Vi M. avium was removed from
macrophages cultured for 7 days after infection in medium
containing 5% AB serum. These bacteria were then placed in

RPMI without macrophages and examined for their suscep-
tibility to inhibition by serum. Results illustrated in Fig. 7a
show the expected serum-induced inhibition of mycobacte-
rial replication of strain 7497. M. avium of the Vi phenotype
was also consistently inhibitable by serum (Fig. 7b). Figure
7b also demonstrates that Vi replication was more rapid than
broth-derived-7497 replication in a cell-free system. That the
Vi phenotype still retains its serum susceptibility without
macrophages yet in some instances macrophage-associated
replication is enhanced by serum (Fig. 6b) illustrates the
importance of the M. avium-macrophage interactions.

Switch to serum resistance is not altered by infecting
macrophages with heat-killed M. avium. Since our results
indicated that the macrophage itself may be altered by the
mycobacteria and may then account for part of the serum
inhibition and escape, we examined whether preinfection of
macrophages with nonviable mycobacteria affected myco-
bacterial replication. For these experiments, 7-day macro-

phages were infected with heat-killed M. avium at 10-fold-
greater bacterial numbers than are usually used for infection.
Other cultures were sham infected with no bacteria. Three
days later, all macrophages were infected with viable 7497
and cultured with or without AB serum. Figure 8 shows a
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FIG. 7. Serum inhibits macrophage-free growth of macrophage-
derived M. avium. M. avium was isolated from macrophages
cultured for 7 days in medium containing 1% SS and 5% AB serum
(MA-AB). This was inoculated into 24-well plates containing RPMI
with 1% SS or 1% SS plus 1 to 10% AB serum (AB). Growth of
MA-AB was compared with that of stock M. avium 7497. Results
compare zero time (Eli) and 7-day postinoculation (M) cultures.
Each bar represents the mean CFU per milliliter of medium ± the
standard error of the mean for four values. (A) Growth of stock M.
avium 7497; (B) growth of MA-AB M. avium. *, P < 0.01 when
compared with the respective SS 7-day controls.

representative experiment in which preinfection of macro-
phages with heat-killed M. avium had no effect on the time
course of inhibition and subsequent escape from inhibition.
These results suggest that viable M. avium are required for
the development of serum inhibitor resistance.

DISCUSSION

Serum from HIV-negative individuals inhibits the replica-
tion of M. avium in cultured human macrophages (5). Sera
from AIDS patients and from HIV-negative patients with
chronic granulomatous M. avium-M. intracellulare infec-
tions lack the ability to inhibit (3). Intramacrophage myco-
bacterial growth in the presence of normal serum was
initially shown to be biphasic (5), with growth inhibition
during the first 4 days of culture followed by rapid replication
from days 4 to 7 (Fig. 1). Our results indicate that the serum
inhibitor delays the transformation of macrophages or my-
cobacteria to the state that results in rapid mycobacterial
replication. Once this transition has occurred, macrophage-
associated mycobacterial growth is no longer serum in-
hibitable (Fig. 4). This transformation becomes evident
within the first 24 h after infection in macrophages cultured
without serum, with almost total refractoriness to inhibition
by 2 days after infection (Fig. 5).
The rapid serum-resistant mycobacterial growth may be

the result of changes in both macrophages and bacteria. M.
avium may undergo a phenotypic switch that results in
mycobacteria that are no longer inhibited by serum (Fig. 4
and 5). Rapid phenotypic changes are common among the
atypical mycobacteria (8). However, a phenotypic change
alone may not be totally responsible for mycobacterial
resistance to inhibition, since in approximately half the
cases, M. avium retains its serum sensitivity when it is used
to infect fresh macrophage cultures (Fig. 6a). The reason for
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FIG. 8. Infection of macrophages with heat-killed M. avium does
not affect serum-induced inhibition of M. avium replication. Seven-
day macrophage cultures were infected with heat-killed M. avium
(--- ) or no mycobacteria ( ) and cultured 3 days in 1% SS plus
10% AB serum. Cultures were then infected with viable M. avium
and cultured as usual with 1% SS (0) or 1% SS plus 10% AB serum
(AB) (0). Each datum point represents the mean CFU for 5 to 10
values ± the standard error of the mean. *, P < 0.01 when compared
to the SS controls.

the variability in our results is unclear. It may in part be due
to inherent differences in the donor macrophages and their
stages of maturation, as has been demonstrated previously
with M. tuberculosis (10).
The phenotypic changes in M. avium appear to be depen-

dent on mycobacterium-macrophage interactions. In some
instances, the altered "virulent" mycobacteria may be con-
ditioned to grow best in the presence of serum. This would
explain the enhanced bacterial growth of macrophage-se-
lected M. avium seen with serum (Fig. 6b). Contaminating
serum components in the culture dishes of SS-grown mac-
rophages may explain why serum enhanced the growth ofM.
avium derived from SS-cultured macrophages (Fig. 6b). Our
results (not shown) indicate that residual serum inhibitor is
present in cultures grown in SS-suplemented medium after
infection. Prewashing with serumless medium for 24 h before
infection to remove residual serum components results in a
greater distinction between serum-inhibited and SS-grown
cultures (see Materials and Methods).

Figures 3 and 7 show that serum inhibits the replication of
both stock 7497 M. avium and the Vi phenotype for 7 days
when the bacteria are cultured in RPMI without macro-
phages. This continued inhibition, as opposed to the escape
from inhibition seen with macrophages, indicates that the
mycobacterium-macrophage interaction is required both for
rapid mycobacterial growth and for the maintenance of
resistance to serum inhibitor. The serum sensitivity of the Vi
phenotype in macrophage-free cultures (Fig. 7) may be the
result of rapid reversion of the phenotype to serum in-
hibitable. Alternatively, the mechanism of inhibition seen
extracellularly may not be related to inhibition and the
subsequent escape seen with mycobacteria in association
with macrophages. For example, extracellularly, serum
transferrin may be binding the iron essential for mycobacte-

l
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rial growth (20). Intracellularly, fatty acid procurement and
utilization by M. avium may be affected by serum.
Growth of M. tuberculosis in culture medium does not

occur (6); however, we and others (13) have found that
significant numbers of extracellular M. avium are present in
macrophage cultures. Whether the extracellular bacilli rep-
resent mycobacteria replicating extracellularly, bacilli being
shed by infected macrophages, or a combination of these has
not been determined. Interestingly, since serum inhibits
extracellular replication (Fig. 3 and 7), the intracellular
growth of M. avium in serum-containing cultures after the
bacteria have escaped inhibition may actually be more rapid
than the bacterial replication seen with macrophage cultures
supplemented with SS alone.
The nature of the activity of the serum inhibitor is at the

moment unclear. One possibility is that serum-cultured
macrophages initially restrict access to components such as
iron or fatty acids which are necessary for mycobacterial
growth. This could result in induced changes in the myco-
bacteria, enabling them to utilize new nutritional sources
available intracellularly. In vitro- and in vivo-derived M.
avium have been shown to utilize different enzyme systems
for the procurement of fatty acids (30), and growth of
mycobacteria under low-iron conditions induces the forma-
tion of iron-solubilizing exochelins (24). Alternatively, se-
rum inhibitor could repress the induction of macrophage
systems such as lipases (23), proteases (29), or cytokines (2,
9, 27), which may be necessary for the production of
essential mycobacterial nutrients or growth factors. A third
possibility for the action of serum inhibitor is that it may
alter the formation of the electron-transparent zone around
M. avium. This zone is postulated to protect the mycobac-
teria from destruction by inhibiting or delaying lysosomal
enzyme diffusion (14). Similarly, it may also act as a barrier
to nutrient diffusion.
The results described here may have important implica-

tions for the pathogenesis and treatment of M. avium infec-
tions in patients with AIDS. Individuals with low levels of
serum inhibitor would not be able to effectively suppress
intramacrophage mycobacterial replication. These levels
may in fact encourage the macrophage-M. avium transition
to inhibitor resistance, which could result in accelerated
mycobacterial replication. Alternatively, higher levels of
inhibitor in HIV-negative individuals would not allow the
transition to inhibitor resistance. Greater inhibition of M.
avium replication in macrophages cultured with high serum
concentrations has been described elsewhere (3).
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