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Salmonella serovars are associated with human diseases that range from mild gastroenteritis to host-
disseminated enteric fever. Human infections by Salmonella enterica serovar Typhi can lead to typhoid fever, but
this serovar does not typically cause disease in mice or other animals. In contrast, S. enterica serovar Typhimu-
rium and S. enterica serovar Enteritidis, which are usually linked to localized gastroenteritis in humans and
some animal species, elicit a systemic infection in mice. To better understand these observations, multiple
strains of each of several chosen serovars of Salmonella were tested for the ability in the nonopsonized state to
enter, survive, and replicate within human macrophage cells (U937 and elutriated primary cells) compared
with murine macrophage cells (J774A.1 and primary peritoneal cells); in addition, death of the infected macro-
phages was monitored. The serovar Typhimurium strains all demonstrated enhanced survival within J774A.1
cells and murine peritoneal macrophages, compared with the significant, almost 100-fold declines in viable
counts noted for serovar Typhi strains. Viable counts for serovar Enteritidis either matched the level of serovar
Typhi (J774A.1 macrophages) or were comparable to counts for serovar Typhimurium (murine peritoneal mac-
rophages). Apoptosis was significantly higher in J774A.1 cells infected with serovar Typhimurium strain LT2
compared to serovar Typhi strain Ty2. On the other hand, serovar Typhi survived at a level up to 100-fold high-
er in elutriated human macrophages and 2- to 3-fold higher in U937 cells compared to the serovar Typhimu-
rium and Enteritidis strains tested. Despite the differential multiplication of serovar Typhi during infection of
U937 cells, serovar Typhi caused significantly less apoptosis than infections with serovar Typhimurium. These
observations indicate variability in intramacrophage survival and host cytotoxicity among the various serovars
and are the first to show differences in the apoptotic response of distinct Salmonella serovars residing in human
macrophage cells. These studies suggest that nonopsonized serovar Typhimurium enters, multiplies within,
and causes considerable, acute death of macrophages, leading to a highly virulent infection in mice (resulting
in death within 14 days). In striking contrast, nonopsonized serovar Typhi survives silently and chronically
within human macrophages, causing little cell death, which allows for intrahost dissemination and typhoid
fever (low host mortality). The type of disease associated with any particular serovar of Salmonella is linked to
the ability of that serovar both to persist within and to elicit damage in a specific host’s macrophage cells.

Salmonella serovars are responsible for human diseases that
range from localized gastroenteritis to systemic infections (6).
The virulence of specific strains in humans and other animals
is frequently serovar specific. Salmonella enterica serovar Typhi
causes typhoid fever in humans, but no disease is associated
with experimental infections of mice (8). On the other hand,
serovar Typhimurium and serovar Enteritidis possess a broad
host specificity, causing disease in a variety of animals (14).
Strains of serovar Typhimurium are usually associated with
localized gastroenteritis in humans; however, mice infected
with this serovar display a systemic infection (17) that serves as
an experimental model for typhoid fever. The capacity of Sal-
monella serovars to enter, survive and replicate within, and
cause cytotoxicity of macrophage cells may play a major role in
their ability to cause disease in particular animal species (2, 6,
17, 26). For example, both opsonized and nonopsonized, inva-
sive serovar Typhimurium can enter murine macrophage cells
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in organelles called spacious phagosomes (1), eventually rep-
licate within these macrophage cells (2, 20, 24), and apparently
utilize these host vehicles to disseminate via the lymphatic
system. This serovar is adapted to growth in the murine mac-
rophage, yet it does not survive as well in macrophage cells of
human origin (2, 3). Conversely, nonopsonized serovar Typhi
strains can enter and thrive in human macrophage cells (11,
26), but these same bacteria are killed more readily in murine
macrophage cells (2, 3).

Once salmonellae invade macrophage cells, they replicate
and produce cytotoxins within the these host cells. Previous
studies have demonstrated that Salmonella spp. are capable of
causing cytotoxic effects in macrophage cells of murine origin
(4, 5), and these effects have been shown to be at least in part
due to the induction of an apoptotic response by the salmo-
nellae (9, 21). Both serovar Typhimurium (9, 21) and serovar
Typhi (9) cause cell death in murine tissue culture-derived
macrophage cells. This cell death has been linked to the type
III secretion system of serovar Typhimurium (9) which prob-
ably secretes the inducing factor into the phagosomal compart-
ment.

The precise molecular basis for host specific intramacro-
phage survival by various Salmonella serovars is still unre-
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TABLE 1. Salmonella strains used in this study

Serovar Strain Source
Typhimurium LT2 LESTD*
C5 LESTD
TML LESTD
W118-2 LESTD
M206 LESTD
Typhi Ty2 LESTD
643 LESTD
ISP1820 D. Hone
Enteritidis 48-86 B. Swaminathan
464-86 B. Swaminathan

“ LESTD, Laboratory of Enteric and Sexually Transmitted Diseases Culture
Collection, Center for Biologics Evaluation and Research, Food and Drug Ad-
ministration.

solved, although a number of bacterial genetic loci have been
implicated (1, 2, 5a, 12). Further, no study has been conducted
to examine apoptosis in human macrophages infected with
salmonellae and to determine whether there is a difference in
the extent of apoptosis caused by different serovars. To address
the question of intracellular survival and host cytotoxicity
caused by intracellular, nonopsonized salmonellae and deter-
mine the frequency of apoptosis among various Salmonella
serovars, we have tested multiple strains of each of several
Salmonella serovars for the ability to enter, survive, and repli-
cate within human versus murine macrophage cells (tissue cul-
ture and primary cells). Moreover, we show that there is a sig-
nificant difference in intracellular bacterial survival and in
cytotoxicity to murine and human macrophages infected with se-
rovar Typhimurium compared to infections with serovar Typhi.

MATERIALS AND METHODS

Bacteria and culture conditions. Strains of the different Salmonella serovars
used in this study are listed in Table 1. All serovar Typhimurium strains except
the highly avirulent M206 strain are relatively virulent for mice. All serovar Typhi
strains were considered virulent. Wild-type serovar Typhi strain ISP1820 was
obtained from David Hone (University of Maryland), and the serovar Enteritidis
clinical isolates from patients with gastroenteritis were obtained from B. Swami-
nathan (Centers for Disease Control and Prevention, Atlanta, Ga.). All Salmo-
nella strains were grown to mid-logarithmic phase in Luria (L) broth (19) con-
taining 10 g of NaCl per liter.

Escherichia coli parent strain MP180 (HfrH thi-1) and derivative strains
UM120, UM122, and UM202, containing Tnl0 in katE, katF, and katG, respec-
tively (22a; kindly provided by J. L. Rosner, National Institute of Diabetes and
Digestive and Kidney Diseases, Bethesda, Md.) served as experimental controls
to monitor 7poS phenotype. To test for survival, stationary-phase L-broth cul-
tures of bacteria were exposed for 30 and 60 min to hydrogen peroxide added to
a final concentration of 42 mM as described previously (27a). This assay provided
a rapid assessment of the rpoS gene status of the chosen Salmonella serovars.

Eukaryotic cells. Tissue culture cell lines J774A.1 (murine macrophage-like)
and U937 (human macrophage-like), obtained from the American Type Culture
Collection, were grown in RPMI 1640 medium (BioWhittaker) supplemented
with glutamine (Gibco/BRL, Gaithersburg, Md.) and heat-treated (56°C, 30 min)
10% fetal calf serum (Gibco/BRL) (this medium will henceforth be called RPMI
complete). All eukaryotic cells were incubated at 37°C under an atmosphere of
95% air-5% CO,. The U937 cells were activated with phorbol 12-myristate
13-acetate (Sigma Chemical Co., St. Louis, Mo.) at a concentration of 10~% M
(25) for 12 to 14 h before being harvested and seeded into 24-well plates; this
treatment caused the U937 cells to become adherent and activated.

Elutriated human macrophage cells, obtained from peripheral blood and sus-
pended in phosphate-buffered saline (PBS, pH 7.2; BioWhittaker) were provided
by K. Faust and K. Clouse (Center for Biologics Evaluation and Research, Food
and Drug Administration). These cells were incubated in RPMI complete sup-
plemented with heat-treated, 5% human serum (Sigma) to provide macrophage
colony-stimulating factor. Eighteen to twenty-four hours before invasion assays,
the medium was switched to RPMI complete without human serum.

Murine peritoneal macrophages were harvested as previously described (13).
Briefly, BALB/c mice (Jackson Laboratories) were injected intraperitoneally
with 1 ml of NIH thioglycolate broth (Difco). Animal care was according to
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National Institutes of Health regulations. After 3 to 6 days, the mice were killed
by cervical dislocation, and 6 to 8 ml of RPMI (Gibco/BRL) was injected into the
peritoneal cavity of each mouse. The abdomen of each mouse was massaged
vigorously, and peritoneal macrophages were withdrawn using a syringe. Cells
were pelleted by centrifugation (250 X g, 10 min), suspended in RPMI complete,
and distributed in 24-well plates to allow the macrophages to adhere to the
plastic. This incubation was for 30 min, and nonadherent (i.c., nonmacrophage)
cells were washed away with RPMI complete. These enriched populations of
macrophages were then cultured in RPMI complete.

Macrophage invasion assays. The invasion assays were performed as previ-
ously described (27). Nonopsonized, mid-log-phase grown cultures of different
serovars of Salmonella were added to macrophage cell monolayers (i.e., 4 X 10°
to 5 % 10° cells/well) in 24-well tissue culture plates at a multiplicity of infection
(MOT) generally of 10 bacteria per eukaryotic cell for most assays, although
MOIs of 1:1 and 100:1 were also used. After incubation at 37°C for 45 min (0-h
time point), infected cell monolayers were washed three times with PBS; then
RPMI complete containing 50 pg of gentamicin (Gibco/BRL) per ml was added
to kill any remaining extracellular bacteria. After 2 h of further incubation at
37°C, the medium in the 24-well plates was replaced again with RPMI complete
containing 5 pg of gentamicin per ml. Host cells remained in this medium for the
remainder of the infection to prevent extracellular growth of any released bac-
teria. Note that all assays were conducted in triplicate and repeated at least three
times on different days. The results are presented as the mean * standard error
of the mean.

At different time points following infection with salmonellae, the cell mono-
layers were processed in one of three ways. For viable count determinations, the
infected macrophage monolayers were washed three times with PBS, and sal-
monellae were harvested by adding 300 pl of 0.1% Triton X-100 in distilled water
to each well. After 3 min, cell lysates were collected and serially diluted 10-fold
in PBS, and aliquots were plated onto L agar to assess bacterial CFU. A second
processing involved Giemsa staining of the cells, as described below. A third
treatment involved a trypan blue exclusion protocol, also described below. Sta-
tistical analyses were conducted using Student’s ¢ test.

Giemsa staining. Giemsa staining of macrophage cells was carried out as
previously reported (27). Briefly, eukaryotic cells were seeded (4 X 10° to 5 X
10°) onto circular coverslips lying in 24-well tissue culture plates. Monolayers
were infected and processed as described above. At specific times after infection
with the bacteria, the coverslips were washed two times with PBS and fixed for
5 to 7 min with methanol at room temperature. The coverslips were air dried and
stained for 15 to 60 min with Giemsa stain (Sigma) prepared as instructed by the
manufacturer. After the coverslips were washed three times with distilled water,
they were air dried and observed microscopically under oil immersion. Time
points at 2 and 8 h postinfection were examined.

Eukaryotic cell viability assay. To assess the overall viability of macrophage
cells following bacterial infection, monolayers were infected as described above.
At particular time points after infection with bacteria, the monolayers were
washed two times with PBS and treated with a 0.4% solution of trypan blue for
2 to 3 min. Those eukaryotic cells that are still intact will exclude trypan blue and
be visualized as clear cells under the microscope. Eukaryotic cells that are no
longer viable, which have damaged membranes that allow entry of the dye, stain
blue. Assays were performed in triplicate and repeated at least three times. The
number of intact viable cells was expressed as a percentage of total cells and was
assessed at different times postinfection.

Measurement of apoptosis. To detect and quantify the level of apoptosis at the
single-cell level, U937 and J774A.1 cells were seeded into 96-well tissue culture
plates at 7 X 10* cells/well. After 24 h, the monolayers were infected as noted
above with an MOI of 10:1. At specific time points postinfection, apoptosis was
detected in individual macrophage cells, via the TUNEL (terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling) reaction, using a flu-
orescence in situ apoptosis detection kit (Boehringer Mannheim) according to
the manufacturer’s instructions. The percentages of macrophage cells undergo-
ing programmed cell death were counted using a Zeiss Axioplan fluorescence
microscope with halogen illumination and an Omega triple-band filter (Molec-
ular Probes, Inc.). Under these conditions, macrophage cells that were apoptotic
stained bright green. A total of 300 macrophage cells were counted to obtain the
final percentage. Probabilities were calculated by the chi-square test.

RESULTS

Differential survival of Salmonella serovars in tissue culture-
derived macrophage cells. To verify and expand on previous
reports of differences in intramacrophage survival abilities of
serovar Typhimurium and serovar Typhi (2, 3), we tested sev-
eral virulent strains of serovar Typhimurium and serovar Typhi
as well as two strains of serovar Enteritidis in both murine
J774A.1 and human U937 macrophage cell lines. In murine
J774A.1 cells, virulent nonopsonized serovar Typhimurium
strains L'T2 and C5 showed increased viable counts over a 24-h
infection time frame (Fig. 1), resulting in up to a 1-log increase
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FIG. 1. Survival of Salmonella strains in murine J774A.1 tissue-cultured mac-
rophages. Bacterial CFU per 10° macrophage cells (y axis) and time after addi-
tion of gentamicin (x axis) are indicated. All values are the means = standard
deviations of at least three experiments done in triplicate.

in intracellular bacteria. Serovar Typhimurium strains TML
and W118-2 behaved similarly (data not shown). On the other
hand, each of three strains of serovar Typhi demonstrated at
least a 1-log decline in viable counts during the same time
frame, as exemplified in Fig. 1. Even more pronounced de-
clines in bacterial viable counts were seen for J774A.1 cells
infected with serovar Enteriditis strain 48-86 (Fig. 1). Virtually
identical results were seen for serovar Enteritidis strain 464-86.
Besides the viable count numbers, Giemsa staining of serovar
Typhimurium LT2-infected and serovar Typhi Ty2-infected
J774A.1 macrophages visually confirmed the numerical differ-
ences between the serovars. Avirulent serovar Typhimurium
strain M206 showed a drop in intracellular viable counts of 1.5
logs after 24 h in J774A.1 cells (data not shown).

An examination of salmonellae survival within human U937
macrophages cells was also undertaken with multiple strains of
each serovar as discussed above. Viable counts of virulent
strains of serovar Typhimurium uniformly decreased initially at
2 h postinfection and then either stabilized or increased
slightly, but not to the level of the 0-h (45-min real time)
postinfection numbers, as exemplified in Fig. 2. The serovar
Enteriditis counts within U937 cells also declined twofold and
stayed at that level through the time course. Conversely, viru-
lent serovar Typhi levels never declined and slowly increased
to a point where the numbers doubled. Giemsa staining of
infected U937 cells showed more bacteria in the serovar Typhi-
infected macrophages by 8 h postinfection but no increases in
the numbers of serovar Typhimurium LT2 (data not shown).
These observations suggested a host-specific difference with
regard to survival of salmonellae in the intracellular environ-
ments of each mammalian cell line.

Differential survival of Salmonella serovars in primary mac-
rophage populations of murine or human origin. The analyses
with the immortalized macrophage cell lines (J774A.1 and
U937) suggested differences in intramacrophage survival abil-
ity of the Salmonella serovars tested. Survival inside tissue
culture cells offers some useful information on pathogenesis
but may not always reflect what occurs in host primary mac-
rophage cells. To assess whether similar trends occur in pri-
mary macrophages, murine peritoneal macrophages and elu-
triated human macrophages were isolated and infected with a
subset of the Salmonella strains used in the above studies.

Infections of murine peritoneal macrophages by Salmonella
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FIG. 2. Survival of Salmonella strains in human U937 tissue-cultured macro-
phages. Bacterial CFU per 10° macrophage cells (y axis) and time after addition
of gentamicin (x axis) are indicated. All values are the means * standard devi-
ations of at least three experiments done in triplicate.

spp. produced CFU decreases for all tested strains over a 72-h
time period (Fig. 3). These professional phagocytic cells ap-
peared to be much more bacteriocidal than their cell line
counterparts. Strains of virulent serovar Typhimurium (C5 and
LT2) and serovar Enteritidis showed the least reduction in
bacterial numbers. For serovar Typhimurium, viable counts
declined for 8 h and then increased slightly. On the other hand,
both virulent strains of serovar Typhi (Ty2 and ISP1820)
showed substantial reductions of >2 logs in viability over 72 h
that were statistically significant compared to the other strains
(P < 0.001 and P < 0.01, respectively).

Survival in elutriated human macrophages was tested next.
As shown for murine peritoneal macrophages, the primary
human macrophages were more effective at eliminating salmo-
nellae than the U937 tissue culture cells. Both serovar Typhi
strains used to infect the elutriated macrophages displayed
initial declines in viability at 2 h postinfection (Fig. 4). Past this
time point, both strains showed slight increases in bacterial
numbers through 72 h postinfection. Even by 7 days postinfec-

Murine Peritoneal Macrophages
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FIG. 3. Survival of Salmonella strains in murine peritoneal macrophages.
Bacterial CFU per 10° macrophage cells (y axis) and time after addition of
gentamicin (x axis) are indicated. All values are the means * standard deviations
of at least three experiments done in triplicate.
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FIG. 4. Survival of Salmonella strains in elutriated human macrophages. Bac-
terial CFU per 10° macrophage cells (y axis) and time after addition of genta-
micin (x axis) are indicated. All values are the means = standard deviations of at
least three experiments done in triplicate.

tion, serovar Typhi Ty2 CFU were still as high as 10° per 10°
macrophage cells, and viable bacteria persisted inside the elu-
triated human macrophages after 21 days (data not shown). In
striking contrast, both virulent serovar Typhimurium strains
showed continued sharp (i.e., >2-log) reductions in viable
counts through 72 h (Fig. 4). Viable counts of strain LT2 were
statistically lower at 24 h than counts of both serovar Typhi
strains (Ty2 and 1820; P < 0.01 and P < 0.002, respectively),
and strain C5 was also statistically less numerous than serovar
Typhi strain ISP1820 (P < 0.01). Levels of viable serovar En-
teritidis strain 48-86 declined to 5 X 10> CFU per 10° macro-
phage at 24 h and were significantly lower than the levels of
serovar Typhi (P < 0.001). By 72 h postinfection, the differ-
ences in viable counts between serovar Typhi and either sero-
var Typhimurium or serovar Enteritidis strains had increased
substantially. After 7 days postinfection with serovar Typhi-
murium or serovar Enteritidis strains, no viable bacteria were
detected in the primary human macrophages.

Effects of Salmonella serovar MOI on macrophage viability.
It has been known for quite a while that strains of serovar
Typhimurium can have a cytotoxic effect on host cells (4, 5).
Our Giemsa staining of J774A.1 macrophage cells infected
with serovar Typhimurium strain LT2 also suggested a cyto-
toxic effect by the bacteria on infected macrophage cells (data
not shown). A more thorough examination was carried out to
determine the effects of infection with various Salmonella se-
rovars on host cell viability.

Since the initial infections of J774A.1 macrophage cells were
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TABLE 3. Murine peritoneal macrophage viability after
infection with selected Salmonella serovars

Viability*
Infectious agent
0h* 8h 24 h
Serovar Typhimurium LT2 93.5+0.71 89.0 = 1.41 83.0 = 0.00
Serovar Typhi Ty2 95.0 = 0.00 94.5 +0.71 92.5 +0.71
Serovar Enteritidis 49-86 94.0 = 0.00 89.0 = 0.00 85.0 = 0.00
None 96.0 = 0.00 95.5 +0.71 95.0 = 0.00

“ Mean percentage of viable, trypan-negative, eukaryotic cells + standard
deviation based on at least three separate experiments done in triplicate.
® Time after infection with the salmonellae.

performed at an MOI of 10:1, the host cell viability analyses
were also conducted initially at this same MOI and later at
MOIs 10-fold below or above this number. The virulent sero-
var Typhimurium strain LT2 caused a substantial drop in
J774A.1 cell viability (Table 2) as measured by trypan blue
exclusion over 24 h of infection (93% down to 57% at MOI =
10). Similar cytotoxicity to J774A.1 cells was observed follow-
ing infection with other virulent serovar Typhimurium strains
(i.e., C5, TML, and W118-2). The total number of J774A.1
cells, measured microscopically by Giemsa stain, also de-
creased over the infection time period. At 8 h following infec-
tion with serovar Typhimurium there was a 5 to 10% reduction
in the total number of plate-attached J774A.1 cells. This loss of
cells increased to 25 to 35% after 24 h of infection, adding to
the damage assessed by dye exclusion. The serovar Typhi strain
Ty2 (or ISP1820 [data not shown]) had a nominal effect on
J774A.1 viability at 24 h postinfection (91% viability, com-
pared to 97% for the noninfected macrophage control) and did
not cause J774A.1 cell detachment. The serovar Enteritidis
strains, like the serovar Typhimurium strains, caused signifi-
cant reductions in host cell viability after 24 h of incubation
with an MOI of 10:1. At an MOI of 1:1, very little difference
was observed between the serovars after 8 h of infection, but
the viability of J774A.1 cells declined by 13 to 25% after 24 h
of infection with serovar Typhimurium or Enteritidis (Table 2).
The percentage of viable macrophages changed considerably
when the MOIs were increased to 100:1. By 24 h, viability of
the remaining 65 to 75% of plate-attached J774A.1 cells was
reduced in half for serovar Typhimurium or for serovar Enter-
itidis. In marked contrast, serovar Typhi strain Ty2 showed
only a marginal decrease in J774A.1 viability even after 24 h at
an MOI of 100:1 (97% down to 92%). Preliminary cytotoxicity
studies with murine, peritoneal macrophage cells indicated a
differential adverse effect caused by infection with serovar Ty-
phimurium or Enteritidis strains compared to serovar Typhi,
but overall macrophage killing was reduced (Table 3). These
results suggested that serovars Typhimurium and Enteritidis

TABLE 2. Percent murine macrophage (J774A.1) viability over 24 h based on MOI

Viability*
Infectious agent 0 h® 8h 24 h
1€ 10 100 10 100 1 10 100
Serovar Typhimurium LT2 969 = 0.57 928 £2.63 909 +=0.99 949 +0.73 764 +4.14 602*244 756*+540 57.0+748 484 *2.66
Serovar Typhi Ty2 979120 972*x0.79 968*0.79 982*0.63 968*1.03 942*+239 968*0.79 932*3.01 91.6*4.57
Serovar Enteritidis 48-86 97.4£096 922+220 87.1*=314 958 =*0.63 81.6*295 658=*696 87.8*4.05 671x351 50.3=*3.56
None 97.8 = 1.13 97.8 = 0.63 96.8 = 0.63

“ Mean percentage of viable, trypan-negative, eukaryotic cells + standard deviation based on at least three separate experiments done in triplicate.

> Time after infection with the salmonellae.
< MOL
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TABLE 4. Percent human macrophage (U937) viability over 24 h based on MOI

Viability®
Infectious agent 0 h? 8h 24 h
1¢ 10 100 10 100 1 10 100
Serovar Typhimurium LT2 849 = 0.74 844 +0.96 80.7*1.05 87.7+0.67 758 +220 67.6+194 820*141 66.8*3.22 42.6+432
Serovar Typhi Ty2 86.6 =0.83 86.1*+0.73 852*=0.79 88.6*+0.68 872*+0.63 858*+1.03 847+0.94 828+449 792147
Serovar Enteritidis 48-86 878 +0.79 859*+1.10 783 *1.15 87.7*+0.94 77.6*+241 728*+274 777+231 646*3.77 448 *270
None 86.8 £ 0.92 88.3 = 0.94 88.0 £ 1.33

“ Mean percentage of viable, trypan-negative, eukaryotic cells = standard deviation based on at least three separate experiments done in triplicate.

> Time after infection with the salmonellae.
“MOL

have a more toxic effect than serovar Typhi on macrophage
cells of murine origin.

Human U937 macrophage cell viability following infection
with the same Salmonella serovars was also examined. The
level of viability for noninfected U937 cells was approximately
10% lower (Table 4) than that observed for J774A.1 cells
(Table 2). Through 24 h of infection, virulent serovar Typhi-
murium strains reduced U937 cell viability by 10 to 20% at an
MOI of 10:1 (Table 4). Invasion by serovar Typhi led to only a
~5% reduction in viability, although serovar Enteritidis infec-
tions led to substantial U937 cell leakiness (i.e., ~65% viabil-
ity). An MOI of 1:1 led to little difference in macrophage
viability when infections were conducted with serovar Typhi-
murium or Typhi, but serovar Enteritidis-infected U937 cells
showed a 10% reduction in viability after 24 h. Once the MOI
was increased to 100:1, host cell damage became detectable in
as little as 45 min (0 h) of infection with serovar Typhimurium
or Enteritidis. By 24 h of infection, more than half of the U937
macrophage population was injured by these same serovars
(i.e., 43 or 45% remaining U937 viability, respectively). At this
high MOI, however, serovar Typhi-infected U937 cells were
only slightly affected following 24 h (~7% reduction in viabil-
ity). Roughly similar amounts of macrophage cell detachment
occurred after infection with serovars Typhimurium and En-
teritidis as seen over time with J774A.1 cells. These results
show that human macrophage viability is affected by the spe-
cific Salmonella serovar and the concentration of salmonellae
used in the infection. Preliminary viability analyses of primary
human macrophages also show less overall cytotoxicity than
with immortalized cell lines but more damage mediated by
serovars Typhimurium and Enteritidis compared to little cyto-
toxicity caused by serovar Typhi (Table 5). Therefore, these
results suggest that serovars Typhimurium and Enteritidis
damage mammalian macrophage cells more severely than se-
rovar Typhi and that higher MOIs result in more cell damage.

Testing the extent of apoptosis among tissue culture-derived
macrophage cells infected with different Salmonella serovars.

TABLE 5. Elutriated human macrophage viability after
infection with selected Salmonella serovars

Viability*
Infectious agent
0 h® 8h 24 h
Serovar Typhimurium LT2 89.0 £ 0.00 84.3 £ 0.58 81.0 = 1.00
Serovar Typhi Ty2 89.0 = 0.00 88.7 = 0.58 87.7 = 0.58
Serovar Enteritidis 49-86 87.7 £ 0.58 82.0 = 1.00 80.7 = 1.53
None 89.7 + 0.58 89.0 = 0.00 88.7 = 0.58

“ Mean percentage of viable, trypan-negative, eukaryotic cells + standard
deviation based on at least three separate experiments done in triplicate.
® Time after infection with the salmonellae.

Previous studies have shown that Salmonella spp. are capable
of inducing apoptosis in murine macrophages (9, 21), but no
studies have examined this phenomenon in human macro-
phages. To repeat the prior studies and expand the observa-
tions to include human macrophage cells, an in situ apoptosis
detection assay was used to observe and quantify the amount of
apoptosis in infected murine and human macrophage cells.
Murine J774A.1 macrophage cells infected with serovar Typhi
at an MOI of 10:1 showed very little (i.e., 0.4%) apoptosis after
a 2-h incubation time that increased only to 4.2% after 24 h
(Table 6). Infections with serovar Typhimurium caused an
increase in the level of apoptosis from 0.8% at 2 h to 10.9% at
24 h. Figure 5A to C shows a typical field of view for the
J774A.1 cells that were uninfected or infected with serovar
Typhi or Typhimurium. Human U937 cells already exhibited a
measurable amount of apoptosis (1.6 to 2.0% [Table 6]) before
infection. Even after a 2-h infection with either serovar Typhi
Ty2 or serovar Typhimurium LT2, there was little change in
the percentage of apoptotic macrophage cells. This level of
programmed cell death increased to 6.4% in Ty2-infected mac-
rophages and up to 14.9% in LT2-infected U937 cells. Repre-
sentative fields of view for noninfected cells versus U937 cells
infected with serovar Typhi Ty2 or serovar Typhimurium LT2
are shown in Fig. 5D to F. The results demonstrate that sig-
nificantly more apoptosis is induced by serovar Typhimurium
than by serovar Typhi.

DISCUSSION

Comparative studies of intramacrophage survival of salmo-
nellae have previously indicated that serovar Typhimurium has
a survival advantage in murine macrophage cells; however, in
human macrophages, serovar Typhi seems to be favored (2, 3).
These past studies were limited in scope and were based on
one strain of each Salmonella serovar. Our previous findings
also suggested such a difference, but these were only prelimi-

TABLE 6. Percentage of apoptotic J774A.1 and U937 macrophage
cells following infection with serovar Typhimurium or Typhi

% of apoptotic cells” infected with:
Time (h) after

Macrophage

infection No bacteria
LT2 2 (control)
J774A.1 2 0.8 0.3 04 +0.2 0.0
24 109 = 2.1 42 +26 0.0
U937 2 1.2+03 2.0+0.3 1.6 =04
24 149 = 1.7 6.4+ 0.9 2.1+0.3

“ Mean percentage of apoptotic macrophage cells = standard deviation based
on at least 250 cells done at least two times.
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FIG. 5. Fluorescent TUNEL reaction examination of macrophage cells undergoing programmed cell death following a 24-h infection with Salmonella. (A to C)
Murine J774A.1 macrophage cells; (D to F) human U937 macrophage cells; (A and D) noninfected cells; (B and E) serovar Typhi strain Ty2-infected macrophages;
(C and F) serovar Typhimurium LT2-infected macrophage cells. Weak, diffuse backround fluorescence staining of all cells was enhanced with Adobe Photoshop to allow
differentiation between densely stained areas in apoptotic cells and total cells in the field.

nary in nature (26). In this study, we have expanded on these
initial observations and have also investigated for the first time
apoptosis in human macrophage cells infected with Salmonella.
Through the use of multiple strains of nonopsonized virulent
serovars Typhimurium and Typhi, we confirm that serovar
Typhi has a distinct survival advantage over serovar Typhi-
murium in human macrophage cells, whereas the converse
appears to be true in murine macrophages. Furthermore, we
report that strains of serovars Typhimurium and Enteritidis
appear to damage mammalian macrophage cells much more
extensively than do strains of serovar Typhi or related human-
specific serovars (e.g., serovar Paratyphi [W. R. Schwan and
D. J. Kopecko, unpublished datal).

These intramacrophage survival data correlate well with pre-
vious animal studies in which certain Salmonella serovars cause
systemic disease. Virulent serovar Typhimurium strains cause a
systemic infection in mice (17), growing in the splenic macro-
phages of the infected animals (7, 16). Bacterial persistence
and growth in the host’s macrophage populations plus the abil-
ity of certain Salmonella serovars to initiate death of infected
macrophages likely contribute to the type and severity of dis-
ease caused by Salmonella strains. Pathogenic serovar Typhi-
murium strains that were tested in this report either main-
tained stable cell numbers or grew within murine J774A.1
macrophages, mimicking findings of earlier studies (7, 12, 20).

These high numbers of serovar Typhimurium in murine mac-
rophages take on enhanced significance when one takes into
account that after 24 h of infection, ~30% of J774A.1 cells
have detached (and were not assessed here) and ~50% of the
remaining attached cells are dead (i.e., trypan blue positive).
These same serovar Typhimurium strains were more readily
killed in resident murine peritoneal macrophages, similar to
what has been previously described (2, 7, 12), but still main-
tained high intracellular, viable counts over 24 h.

Serovar Enteritidis, another broad-host-range serovar, can
also grow and cause disease in mice (10), but serovar Typhi and
related human-specific serovars, serovar Paratyphi A and B, do
not grow or cause disease in mice (8, 23). Poor survival within
murine macrophages could largely explain why serovar Typhi
infections of mice do not lead to disease. As shown in Fig. 1, all
serovars invaded J774A.1 cells equally well after the 45-min
infection period, resulting in a time zero average of ~2 bacte-
ria internalized per host macrophage. Despite starting with
equal numbers of internalized serovar Typhi versus serovar
Typhimurium and the fact that much less cytotoxicity occurred
in serovar Typhi-infected cells, all three virulent serovar Typhi
strains exhibited substantial drops in viable counts inside
J774A.1 or peritoneally derived murine macrophage cells, co-
inciding with results of previous reports (2, 3). The serovar
Enteritidis strain was cleared from J774A.1 cells at levels sim-
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ilar to those for the virulent serovar Typhi strains. However,
in murine peritoneal macrophages, serovar Enteritidis levels
dropped, but only to the levels noted for serovar Typhimurium
strains at 24 h postinfection. These findings demonstrate that
macrophage killing of salmonellae is complicated and can vary
depending not only on the Salmonella serovar or strain (and
possibly on the completeness of opsonization) but also on
the source and state of activation of the macrophage cells.
Additionally, some other bacterial factors may affect survi-
val of serovar Enteritidis within immortalized murine mac-
rophages compared to primary cell macrophage populations.
The changes in intracellular bacterial number over time reflect
serovar-specific bacterial ability to survive and multiply within
that macrophage type and are also affected by Salmonella-
induced cytotoxicity and macrophage cell detachment. J774A.1
macrophage cell death increased with an increase in the num-
ber of intracellular serovar Typhimurium, but equal macro-
phage death occurred with decreasing and much lower num-
bers of serovar Enteritidis. Thus, cell death did not specifically
correlate with the number of viable, intracellular Salmonella.

Similar to Salmonella infection of J774A.1 cells, invasion of
U937 cells by nonopsonized salmonellae resulted in an average
of one to three bacteria internalized per macrophage cell for
all serovars. However, Salmonella serovar survival abilities in
human macrophages were in stark contrast with the results in
murine macrophages. Instead of the prolific growth observed
for serovar Typhimurium in murine macrophages, virulent se-
rovar Typhimurium strains were initially killed and only later
were able to grow slightly in U937 cells, but nevertheless
caused equivalent cytotoxicity to that observed in J774A.1
cells. However, serovar Typhi strains were able to undergo
from one to three rounds of replication in the tissue culture-
derived U937 cells and, despite high intracellular bacterial
numbers, caused much less cytotoxicity than the other sero-
vars. Differential serovar persistence was perhaps demon-
strated more dramatically in elutriated human macrophages;
serovar Typhi strains were shown to multiply after an initial
killing phase, whereas serovar Typhimurium and serovar
Enteritidis viable numbers continued to decline dramatically
throughout 72 h of infection. These differences between sero-
var Typhi and serovar Typhimurium survival have been ob-
served before with a single strain of each serovar (2, 3) or in a
more limited study (26), and our findings here further substan-
tiate that serovar Typhi has a host-specific survival advantage
over serovar Typhimurium in human macrophages. Thus, host
specificity of the serovar would appear to play an important
role in observed cytotoxicity and ability of intracellular bacte-
rial to survive and multiply. In humans, serovars Typhi and
Paratyphi survive and multiply within macrophages, which
likely serve as the conduits for deep tissue infection. However,
some Salmonella serovars (e.g., Enteritidis and Typhimurium)
do not typically survive for extended periods of time in human
macrophages or cause a disseminated infection in humans but
do cause mild gastroenteritis (6). Presumably, long-term (i.e.,
many days) survival within macrophage populations enable
salmonellae to spread from a localized infection in the intes-
tine to a systemic one.

In addition to the observed differences in bacterial intramac-
rophage survival associated with specific Salmonella serovars,
we also discovered variability in the degree of cytotoxicity that
these serovars exert toward the host cell, as well as the prev-
alence of apoptosis initiated by these serovars. Cytotoxicity has
been reported previously for Salmonella spp. (4, 5, 9, 21).
Although all of the limited Salmonella serovars studied herein
displayed some degree of cytotoxicity, some serovars were
much more destructive than others. Virulent serovar Typhi-
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murium and serovar Enteritidis strains significantly reduced
the viability and total number of plate-attached, infected
J774A.1 or U937 cells, whereas virulent serovar Typhi mini-
mally affected viability (and caused no detachment) of these
host cells even at later times postinfection. These differences in
cytotoxic properties could be a reflection of either restrictions
in host range of the toxin(s) or the amount of cytotoxin se-
creted. Ashkenazi et al. (4) have reported that serovar Typhi
secretes 2.5-fold less cytotoxin than strains of serovar Enterit-
idis and 5.5-fold less than serovar Choleraesuis, suggesting that
certain serovars secrete less cytotoxin than do others.

Virulent serovar Typhimurium strains survived intracellu-
larly and multiplied rapidly in J774A.1 cells during the first few
hours (this study and references 7, 12, and 20), but these
bacteria were very destructive by 8 to 24 h postinfection, killing
and/or detaching about two-thirds of the macrophages. Sero-
var Typhimurium did not survive or multiply as well in U937
cells but still caused similar levels of host cell death. As the
MOI rose, more host cells were also damaged, presumably
because more cytotoxin was produced. Two recent studies have
shed some light on the basis for the cytotoxic effect of salmo-
nellae on murine macrophage cells (9, 21). Both reports dem-
onstrate that many Salmonella serovars can trigger cytotoxicity
in murine macrophages and that apoptosis is responsible for
some of the observed overall host cell death. Furthermore,
apoptosis requires a functional Salmonella type III secretion
system (i.e., the cytotoxin must be secreted [9]) and actively
replicating salmonellae (21). Thus, higher amounts of proteins
secreted into the host cells at higher MOIs may lead to in-
creased host cell death even if the number of bacteria inter-
nalized did not change significantly. Our study demonstrated
that macrophage infections with equal numbers of internalized
salmonellae of both serovars Typhimurium and Typhi initiated
apoptosis in J774A.1 cells, but the level of apoptosis observed
was much less than the level noted by Chen et al. (9). More-
over, we saw a significant difference between serovars Typhi-
murium and Typhi that was not observed in this previous study.
Interesting with regard to the findings of Ashkenazi et al. (4)
noted above, serovar Typhimurium caused 2.6-fold more apo-
ptosis than serovar Typhi in J774A.1 cells; the overall levels of
apoptosis caused by serovar Typhimurium were closer to the
data reported by Monack et al. (21). It seems plausible that
both methodological and strain differences could in part ex-
plain these discrepancies. Nevertheless, trypan blue exclusion
analysis of J774A.1 cells infected with serovar Typhi strain
ISP1820 reflected the minimal level of cytotoxicity observed
for Ty2-infected cells (data not shown). In human U937 cells,
the same trend was seen. Serovar Typhimurium-infected mac-
rophages were significantly more apoptotic than serovar Typhi-
infected U937 cells (14.9 and 6.4%, respectively). These are
the first results to show apoptosis in human macrophage cells
infected with salmonellae, and they also demonstrate that se-
rovar Typhimurium strains are more cytotoxic than serovar
Typhi strains toward human macrophage cells.

Swords et al. (29) showed that a defective Salmonella rpoS
gene results in avirulence in the mouse infection model. Since
the rpoS phenotype of Salmonella can change during passage
and affects catalase gene expression, we wondered whether this
phenotype in our tested strains might affect intramacrophage
survival. Using a stationary-phase bacterial survival assay in
H,O, (27a), we determined that our LT2 and TML strains
were likely wild type with respect to rpoS, but that C5 was rpoS
defective. Both serovar Enteritidis strains and serovar Typhi
ISP1820 appeared wild type for rpoS, but Ty2 appeared to be
rpoS defective. Regardless of the apparent rpoS phenotype
differences, all serovar Typhi strains behaved virtually iden-
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tically in macrophages. Similarly, all pathogenic serovar Ty-
phimurium strains showed equal intracellular survival and
cytotoxic behaviors. Thus, we do not believe that the rpoS
phenotype affects our interpretations.

How might these differences in observed Salmonella serovar-
specific intramacrophage survival and host cell cytotoxicity re-
late to pathogenicity in humans versus mice? Serovars Typhi-
murium and Enteritidis, which do not survive well in vitro in
human macrophages, generally produce in humans a more
localized infection which results in mild gastroenteritis. During
infections of mice, these and other mouse-pathogenic salmo-
nellae are presumed to enter M cells in the ileum and destroy
these modified epithelial cells (15, 24), after which they are
engulfed by underlying macrophages, which may act as vehicles
for widespread dissemination within the host. The ability of
these serovars to replicate within and kill macrophages leads to
an acute systemic disease in mice that is associated with high
mortality. In this circumstance, bacterial multiplication may
overwhelm the macrophage and cause a majority of nonpro-
grammed cell demise. In contrast, serovar Typhi, which can
infect mice via the oral route, does not survive well in murine
macrophages and cannot cause disease in mice. On the other
hand, serovar Typhi survives well in human macrophages while
causing only slight macrophage cell death, almost all of which
is orderly and controlled by apoptosis. The ability of this se-
rovar (or related serovar Paratyphi strains) to translocate
asymptomatically across the human intestine, trigger uptake
into and survival for long periods (i.e., many days) within
human macrophages, and multiply within these cells without
inducing much host cell death may allow this serovar to cross
the ileal epithelium silently, moving stealthily within macro-
phage vehicles to deep tissues, where acute multiplication in
selected tissues (e.g., liver) ultimately results in typhoid fever.

Finally, as recently proposed by Godfrey (13a), some infec-
tious diseases might involve simultaneous interrelated cycles of
chronic and acute infections among a limited number of host
cell types, rather than overt infection of all cells in an organism.
For serovar Typhi, the chronic phase of infection may occur in
the human macrophage, whereas disease symptoms may occur
via more acute multiplication in selected tissues. Although
both opsonized and nonopsonized Salmonella strains have
been reported to be internalized by mouse and human mac-
rophages (1, 2, 21), long-term intramacrophage survival of
bacteria taken up by different mechanisms has not yet been
studied systematically. The uptake into macrophage of non-
opsonized Salmonella, perhaps via a bacterium-induced mech-
anism(s), may enhance Salmonella’s ability to enter a priv-
ileged niche (e.g., spacious phagosome [1, 2]) where it is
protected from Kkilling. Further studies comparing nonopso-
nized versus opsonized Salmonella survival in macrophages
and clarification of the mechanism(s) by which nonopsonized
salmonellae enter macrophage cells should aid our under-
standing of host specificity and intramacrophage persistence by
salmonellae.
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