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Virulent BruceUla abortus 2308 was phagocytized more readily than attenuated strain 19 following
opsonization and survived at significantly higher levels in normal murine peritoneal macrophages and in
macrophages treated with gamma interferon. Activation of macrophages with gamma interferon greatly
inhibited intracellular replication of strain 2308 but did not result in its elimination. These data support the
hypothesis that persistent infection of the host requires the ability of antibody-opsonized B. abortus to survive
in activated macrophages.

Virulent strains of the facultative intracellular parasite
Brucella abortus, exemplified by strain 2308, produce
chronic infections, whereas the attenuated vaccine strain 19
is cleared relatively rapidly from the tissues of cattle (23) and
BALB/c mice (19). On the basis of comparative analyses of
infections in BALB/c mice with strains 19 and 2308, we
hypothesized that chronic infection resulted from the ability
of some portion of immunoglobulin G (IgG) antibody-op-
sonized strain 2308, but not strain 19, to survive in activated
macrophages (4, 12). We report here the results of in vitro
experiments designed to test that hypothesis.
(A preliminary report of these findings has been presented

previously [16].)
Experiments were first performed to compare phagocyto-

sis of the two strains. Resident peritoneal cells were recov-
ered by lavage from BALB/cByJ female mice, 10 to 20
weeks old (Jackson Laboratory, Bar Harbor, Maine). The
cells in Dulbecco modified Eagle medium plus 5% fetal
bovine serum (FBS) were plated onto glass coverslips
(12-mm diameter) at a concentration of 5 x 105 cells per
coverslip and incubated at 37°C under 5% CO2. Nonadherent
cells were removed 2 to 3 h later. The number of macro-
phages per coverslip was estimated by microscopic counts to
be approximately 1.8 x 105. For phagocytosis, macrophage
monolayers were incubated for 30 min with opsonized
brucellae at estimated concentrations of 10 x 107, 7.5 x 107,
and 5 x 107 organisms per ml. Actual concentrations were
obtained retrospectively (19). Fresh subcultures of strains 19
and 2308 were prepared each week from the same lots of
frozen stocks and used after incubation for 3 days at 37°C
under 5% CO2. Stock cultures used in these experiments
were 100% smooth in colony morphology and were derived
from a single in vitro passage of strains that had produced
typical patterns of infection in mice. Opsonization was
performed for 30 min at 37°C under 5% CO2 by incubation of
bacteria with subagglutinating concentrations of antiserum
pools from three to five mice infected 17 weeks earlier with
strain 19 or strain 2308.

After phagocytosis, extracellular bacteria were removed
by five washes with phosphate-buffered saline (PBS)-0.5%
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FBS followed by incubation for 1 h in Dulbecco modified
Eagle medium-FBS containing 50 ,ug of gentamicin per ml
(Sigma Chemical Co., St. Louis, Mo.) (10). Preliminary
experiments had shown that extracellular bacteria could not
be removed by washing alone without using a force that
would dislodge the macrophage monolayer. Coverslips were
washed three times in PBS-FBS and transferred individually
to tubes containing 1 ml of PBS. After three cycles of rapid
freezing and thawing in an ethanol-dry ice bath and a 37°C
water bath to disrupt macrophages (25), samples were di-
luted and plated for colony counts (19). All treatments were
done in quintuplicate.

Phagocytosis required the presence of specific antibodies
(data not shown), in accordance with prior findings by us (25)
and others (14, 26). Strain 19 was consistently internalized
less well than strain 2308, regardless of the source of
opsonizing antiserum (Fig. 1). Internalization of strain 19
was significantly less (P c 0.05 to P < 0.01) than that of
strain 2308 even when concentrations of strain 19 added to
the monolayer were greater (Fig. 1). Detilleux and cowork-
ers (10) observed that strain 19 was also taken up by Vero
cells less efficiently than strain 2308.
We believed that the most meaningful comparisons of

intracellular survival would be obtained by equalizing start-
ing numbers of bacteria. Strain 19 was therefore phagocy-
tized at a concentration of 10 x 107 organisms per ml while
strain 2308 was used at concentrations of 7.5 x 107 and 5.0
X 107 organisms per ml. The data used for calculations were
taken from whichever concentration of strain 2308 yielded
numbers of internalized organisms closer to those of strain
19.

In bactericidal assays, numbers of brucellae on coverslips
harvested after 1 h of incubation with 50 ,ug of gentamicin
per ml provided baseline values in calculating percent sur-
vival. Remaining coverslips were washed and reincubated in
Dulbecco modified Eagle medium-FBS plus 12.5 ,ug of
gentamicin per ml, with a change in medium every 24 h.
Coverslips in quintuplicate were harvested at 4, 24, and 48 h
and in some experiments at 72 h after phagocytosis. Addi-
tional harvesting times, at 8 and 12 h, were added in selected
experiments. Intracellular counts were obtained as de-
scribed above, and samples of supernatants were cultured to
count extracellular bacteria. Preliminary experiments had, in
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FIG. 1. Phagocytosis ofB. abortus strains 19 and 2308 opsonized

with homologous and heterologous antisera. Intracellular bacterial
numbers were determined after 30 min of phagocytosis and 1 h of
incubation with gentamicin to kill extracellular brucellae. Opsonized
B. abortus was added to the macrophage monolayers at the follow-
ing concentrations (per milliliter) for the anti-strain 19 experiment:
the strain 19 concentration 1 was 13.6 x 107, the strain 2308
concentration 1 was 10.5 x 107, the strain 2308 concentration 2 was
8.7 x 107, and the strain 2308 concentration 3 was 4.5 x 107. For the
anti-strain 2308 experiment, the strain 19 concentration 1 was 12.5 x
107, the strain 2308 concentration 1 was 10.1 x 107, the strain 2308
concentration 2 was 6.5 x 107, and the strain 2308 concentration 3
was 5.1 x 10'. All treatments were done in quintuplicate. Bars
indicate standard deviations. * and **, P < 0.05 and 0.01, respec-
tively, in comparison with intracellular numbers of strain 19. These
experiments were repeated five times with the same results.

agreement with prior reports (7, 21), demonstrated that 12.5
,ug of gentamicin per ml was sufficient to control extracellu-
lar growth but was low enough not to affect intracellular
numbers (data not shown). In the principal experiments (see
Fig. 2 and 3), extracellular bacteria constituted <10% of
intracellular numbers in 96% of the assays and <1% in more
than 70% of the assays. Additional coverslips from each

treatment were used to enumerate macrophages. Trypan
blue was added to the coverslips, and counts of 10 repre-
sentative oil immersion fields were made. Macrophage via-
bility consistently exceeded 95%. There was a gradual loss
of macrophages with time, but even at 48 and 72 h, numbers
averaged >70% of those at the outset. Within experiments
there were no differences at individual time points in num-
bers of macrophages in strain 19- and strain 2308-treated
monolayers.

In one series of experiments, survival was examined in
untreated macrophages at intervals up to 48 h postphagocy-
tosis. Numbers of both strains generally decreased at 4 h
postphagocytosis, reached a low point at 24 h, and increased
at 48 h (Fig. 2). Survival of both strains at 8 h was similar to
survival at 4 h, and survival at 12 h was intermediate
between that at 4 h and that at 24 h (data not shown).
Although the percent survival of each strain varied between
experiments, within an individual experiment the percent
survival of strain 19 was uniformly lower than that of 2308 at
each time point (Fig. 2). This held true whether the opsoniz-
ing antiserum was specific for strain 19 or strain 2308 (Fig.
2). Differences in percent survival between strains 19 and
2308 were statistically significant (P < 0.05 to P < 0.001) in
15 of 17 comparisons made at corresponding time points
within experiments. At 48 h postphagocytosis, numbers of
strain 2308 exceeded baseline values, whereas with one
exception the survival of strain 19 was below 100% (Fig. 2).
The lower percent survival of both strains following op-
sonization with 2308 antiserum may have been related to the
unusually high concentrations of O-polysaccharide-specific
antibodies of IgG2a and IgG2b isotypes in this serum pool
(data not shown).
The decreased rate of intracellular survival of strain 19

compared with that of strain 2308 is similar to that observed
recently by others (10, 22). Price et al. (22) used bovine
mammary macrophages and compared survival between 12
and 26 h postphagocytosis. Strain 19 survived less well than
strain 2308 in macrophages derived from both genetically
resistant and genetically susceptible cattle. Detilleux et al.
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FIG. 2. Survival of B. abortus strains 19 and 2308 in murine peritoneal macrophages. Bacterial survival was determined 4, 24, and 48 h
postphagocytosis. Percent survival was calculated by dividing the number of bacteria on the coverslip by the number of bacteria at 1 h
postphagocytosis and multiplying by 100. All treatments were done in quintuplicate, and in 98% of the observations, standard deviations of
bacterial counts did not exceed 0.30. Both strains of B. abortus were used in each experiment. Each symbol represents a separate experiment.
Closed and open symbols, experiments in which anti-strain 19 and anti-strain 2308, respectively, were used as the opsonin. Bars represent
the mean percent survival from all experiments. In one experiment (closed squares), the mean percent survival of strain 2308 at 48 h
postphagocytosis was 160%, but the value was omitted from the calculations because the corresponding value for strain 19 was not obtained.
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FIG. 3. Survival of B. abortus strains 19 and 2308 in murine peritoneal macrophages with and without IFN--y. IFN--y was added to

macrophage monolayers 1 h postphagocytosis. All treatments were done in quintuplicate, and in 87% of the observations, standard deviations
of bacterial counts did not exceed 0.30. Both strains of B. abortus were used in each experiment. Each symbol represents a separate

experiment. Closed and open symbols, experiments in which anti-strain 19 and anti-strain 2308, respectively, were used as the opsonin. Bars
represent the mean percent survival from all experiments.

(10) demonstrated that in Vero cells the growth profiles of
strains 19 and 2308 were similar but that numbers of strain 19
remained about 10-fold lower.

In another set of experiments, we examined the effect of
macrophage activation by gamma interferon (IFN-y). In
order to maintain uniformity in the phagocytosis step, 100 U
of recombinant murine IFN--y (Genentech, Inc., South San
Francisco, Calif.) per ml was added to the macrophage
monolayers at 1 h postphagocytosis, when coverslips were

switched to a medium containing 12.5 ,ug of gentamicin per
ml. Murray et al. (20) had demonstrated that IFN--y effec-
tively enhanced the killing of a slowly replicating pathogen
even when added to macrophages after infection. All but one
of the experiments were extended to 72 h. Medium was

replaced every 24 h in order to minimize extracellular
bacteria and to supply fresh IFN--y. Again, in the absence of
IFN-y (Fig. 3, left panel) the percent survival of strain 2308
was significantly greater than that of strain 19 (P < 0.05 to P
< 0.001) in every comparison at 24, 48, and 72 h. Treatment
with IFN--y decreased numbers of both strains. The decrease
was most apparent for strain 2308 at 48 and 72 h postphago-
cytosis (Fig. 3), when the percent survival in the presence of
IFN-y was in all but one instance significantly lower (P <

0.01 to P < 0.001) than in its absence. At 72 h, the percent
survival of strain 19 in cultures containing IFN-y averaged
0.12%, with a range of 0.04 to 0.41%, and in two of four
instances numbers were below detection (<13 bacteria per
coverslip). In contrast, strain 2308 was detectable at 72 h in
every experiment, with a mean survival rate of 5.8% and a
range of 0.74 to 11.9%. The percent survival of strain 2308 at
72 h in IFN--y-treated cultures was in every instance signif-
icantly higher (P < 0.01 to P < 0.001) than that of strain 19
in corresponding cultures. The effectiveness of IFN-y in
reducing replication of B. abortus within murine macro-

phages (Fig. 3) has recently been demonstrated in two other
laboratories (5, 15). These results are consistent with our

hypothesis (4, 12) that the capacity of virulent strains of B.
abortus to produce persistent infection requires their ability
to survive in activated macrophages despite being opsonized

by IgG antibodies. Experiments are in progress to determine
whether the relatively low survival rate of strain 2308 at 72 h
in IFN--y-treated cultures is attributable to the potentially
more protective IgG2a antibodies (25) that are present in
sera of chronically infected mice (11).
The virulent B. abortus strain 2308 can inhibit phagolyso-

somal fusion (6, 13), whereas attenuated strain 19 does not
(13). B. abortus may also inhibit the metabolic burst associ-
ated with phagocytosis (17). There is no evidence that B.
abortus can, like Listena monocytogenes (24), disrupt the
phagosomal membrane, but it is noteworthy that large num-
bers of B. abortus have been found in the rough endoplasmic
reticulum (RER) of several cell types (2, 3, 8-10, 18). There
is evidence that in Vero cells, transfer of brucellae to the
cisternae of the RER results in bacterial replication, whereas
transfer to phagolysosomes leads to bacterial death (9).
Although B. abortus has not to date been demonstrated in
the RER of macrophages (1, 3, 18), it may be hypothesized
in parallel with the findings of Detilleux et al. (9, 10) that
under natural conditions of infection, strain 19 opsonized
with IgG antibody is destroyed within phagolysosomes,
whereas a portion of similarly opsonized strain 2308 gains
access to the RER and there establishes chronic infection.
However, in macrophages activated by IFN-y before strain
2308 reaches the RER, the combined effects of IFN--y and
IgG opsonins would facilitate phagosome-lysosome fusion
and the killing of the bacterium within phagolysosomes,
thereby preventing or minimizing penetration into the RER.
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preparation of the manuscript, and Cynthia Baldwin and Fred
Enright for helpful discussions.
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