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Salmonella enterica serovar Typhimurium is a common cause of food-borne gastrointestinal illness, but additionally it causes
potentially fatal bacteremia in some immunocompromised patients. In mice, systemic spread and replication of the bacteria de-
pend upon infection of and replication within macrophages, but replication in human macrophages is not widely reported or
well studied. In order to assess the ability of Salmonella Typhimurium to replicate in human macrophages, we infected primary
monocyte-derived macrophages (MDM) that had been differentiated under conditions known to generate different phenotypes.
We found that replication in MDM depends greatly upon the phenotype of the cells, as M1-skewed macrophages did not allow
replication, while M2a macrophages and macrophages differentiated with macrophage colony-stimulating factor (M-CSF) alone
(termed M0) did. We describe how additional conditions that alter the macrophage phenotype or the gene expression of the bac-
teria affect the outcome of infection. In M0 MDM, the temporal expression of representative genes from Salmonella pathogenic-
ity islands 1 and 2 (SPI1 and SPI2) and the importance of the PhoP/Q two-component regulatory system are similar to what has
been shown in mouse macrophages. However, in contrast to mouse macrophages, where replication is SPI2 dependent, we ob-
served early SPI2-independent replication in addition to later SPI2-dependent replication in M0 macrophages. Only SPI2-de-
pendent replication was associated with death of the host cell at later time points. Altogether, our results reveal a very nuanced
interaction between Salmonella and human macrophages.

Salmonella enterica serovar Typhimurium is a Gram-negative
facultative intracellular pathogen which is estimated to cause

over 90 million cases of food-borne illness and 155,000 deaths per
year worldwide (1). While most cases in healthy humans consist of
a self-limiting gastroenteritis, it can cause life-threatening sys-
temic bacteremia in some patients (2). Although fairly rare in the
developed world, in sub-Saharan Africa there is a large population
made susceptible due to malaria and advanced AIDS, and nonty-
phoidal Salmonella enterica (NTS) serovars such as Typhimurium
are the most common bacteria isolated from the bloodstream of pa-
tients presenting with fever (1). These systemic infections with NTS
are difficult to treat and are associated with a 20 to 25% case fatality
(1). In HIV-infected patients, recrudescence is common even after
effective antibiotic treatment, and it has been postulated that the bac-
teria persist within the reticuloendothelial system (3, 4).

Salmonella Typhimurium systemic disease has been widely
studied in susceptible mice, where it causes a typhoid-like disease
(5). In this model, the ability to survive and replicate in macro-
phages is essential to the systemic spread of the bacteria (6, 7). Two
virulence systems that contribute to growth and survival of Sal-
monella within macrophages are the PhoP/Q two-component reg-
ulatory system and the Salmonella pathogenicity island 2 (SPI2)-
encoded type III secretion system (T3SS2). Both PhoP/Q and the
T3SS2 are induced by intracellular signals and are essential for
survival and replication in murine macrophages and for virulence
in mice (6, 8–10). Intracellular Salmonella Typhimurium organ-
isms survive and replicate within an acidified, modified phago-
some known as the Salmonella-containing vacuole (SCV) (11). In
mouse macrophages and macrophage-like cell lines, the T3SS2
and several of its associated effectors are required for survival and
replication in the SCV (6, 12). A third virulence system that me-
diates interactions between Salmonella and host cells is the SPI1-

encoded T3SS1. In contrast to the T3SS2 and PhoP/Q, this system
is induced in extracellular bacteria and is essential for bacterium-
driven entry into nonphagocytic cells (such as intestinal epithelial
cells) (13).

In addition to their roles in internalization and intracellular
survival, both T3SS can induce cytotoxicity in macrophages.
Logarithmic-phase Salmonella Typhimurium, which has high
SPI1 expression, induces rapid NLRC4/caspase-1-dependent pro-
grammed death (pyroptosis) of mouse macrophages (14–18). Sta-
tionary-phase bacteria, which have low SPI1 expression, induce
delayed T3SS2-dependent cell death 8 to 17 h postinfection (p.i.)
(19, 20). Since the internalization of Salmonella into phagocytic
cells does not require T3SS1, studies of Salmonella infection in
macrophages generally are done with bacteria grown to stationary
phase. However, SPI1-induced Salmonella Typhimurium is re-
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leased from epithelial cells, suggesting that SPI1-induced bacteria
can be encountered by macrophages in vivo (21, 22).

The ability of macrophages to engulf and kill bacteria is largely
determined by their activation state. The original classification of
macrophages into either “classically activated/M1” or “alterna-
tively activated/M2” was based upon their role in Th1- and Th2-
driven immune responses, respectively (23). While these classifi-
cations are an oversimplification of the phenotypes macrophages
can display, they still provide a useful example of the extremes of
macrophage function. The M1 phenotype can be induced in vitro
from exposure to the proinflammatory cytokine gamma inter-
feron (IFN-�) and the stimulation of a toll-like receptor (TLR),
such as the stimulation of TLR4 by lipopolysaccharide (LPS). This
results in a cell with the antimicrobial and proinflammatory prop-
erties essential for fighting bacterial infections. The M2 designa-
tion actually comprises several distinct noninflammatory macro-
phage phenotypes, which are induced in vitro by exposure to
different agents (24). One of these, the product of exposure to the
Th2 cytokine interleukin-4 (IL-4) (designated M2a), participates
in traditional Th2-mediated immune responses, such as fighting
extracellular parasites, and contributes to allergic reactions.

In mice, certain subsets of macrophages are the preferred sites
of Salmonella Typhimurium survival and replication (25–27);
however, its ability to survive and replicate in human macro-
phages is not well described. In human macrophage-like cell lines
(THP-1 and U937), it appears to replicate less than in murine
macrophage-like cell lines (RAW 264.7 and J774), and there are
few reports describing its replication in human macrophages (28–
31). Here, we have revisited the question of whether Salmonella
Typhimurium can replicate in human macrophages, and if so,
what factors affect its ability to do so. We show that the phenotype
of the macrophage is critical in determining whether the bacteria
survive and replicate. Additionally, the bacterial determinants in-
volved in survival and replication differ somewhat from what has
been described in mouse cells. Future studies using this model
system should identify the factors that determine the outcome of
Salmonella Typhimurium in human macrophages, potentially
providing new therapeutic options.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains were maintained on
Luria-Bertani Miller (LB-Miller) agar plates containing appropriate anti-
biotics. Strains and plasmids are listed in Table 1. The 14028 �phoP strain
was created by P22 transduction from the SL1344 �phoP strain into
14028. The promoters for prgH and ssaG were used as reporters for SPI1
and SPI2 regulon activity, respectively. pMPMA3�Plac PprgH-gfp [LVA],
containing a destabilized variant of green fluorescent protein (GFP) (half-
life of approximately 40 min), was described previously (32). To create
pMPMA3�Plac PssaG-gfp, PssaG-gfp was amplified without the [LVA]
tag from pMPMA3�Plac PssaG-gfp [LVA] (32), resulting in the original
GFPmut3b (33) as the reporter for gene expression. Primers used were
PssaG HindIII F (5=-NNNAAGCTTGCATGCCTGCAGGT-3=) and GFP-
w/o-LVA HindIII R (5=-NNNAAGCTTTTATTTGTATAGTTCATCCAT
GCCATGTGTA-3=), and the product was cloned back into pMPMA3
�Plac. The acid shock response gene asr (STM1485) is induced at pH 4.5
and lower (34). The asr transcriptional reporter (pMPMA3�Plac Pasr-
gfp) also used GFPmut3b and was made by splicing by overlap extension
(SOE) PCR followed by cloning into the ClaI and EcoRV sites of
pMPMA3�Plac. The 5= upstream region of asr (403 bp from the transla-
tional start site) was amplified from genomic DNA using primers Vector-
Pasr F (5=-TTCGATATCAAGCTTGCCATCCTGGTCGGGACG-3=) and
GFP-Pasr R (5-TTCTCCTTTGCTCATTTTGATACCCTCGATTTGGT-

3=). GFPmut3b was amplified using primers GFPmut3b F (5=-ATGAGT
AAAGGAGAAGAACTTTTCA-3=) and vector-GFPmut3b R (5=GTATC
GATAAGCTTTTATTTGTATAGTTCATC-3=).

Macrophages. Human peripheral blood monocytes, enriched by
apheresis, were obtained from peripheral blood provided by the Depart-
ment for Transfusion Medicine and the National Institutes of Health
Clinical Center at the National Institutes of Health (Bethesda, MD).
Signed, informed consent was obtained from each donor, acknowledging
that his or her donation would be used for research purposes by intramu-
ral investigators throughout the National Institutes of Health. Monocytes
were further enriched by centrifugation with Ficoll-Paque (GE Health-
care) and then resuspended in a freezing medium of 10% dimethyl sul-
foxide (DMSO)–90% fetal bovine serum (FBS) at 108 cells/ml and stored
in liquid N2. Monocytes were purified with the Dynabeads Untouched
human monocytes kit (Life Technologies); the purity of recovered cells
was routinely �90% CD14� by flow cytometry. These cells were plated in
complete medium containing RPMI 1640 medium (Gibco), 1 mM so-
dium pyruvate, 1� MEM nonessential amino acids, 10 mM HEPES buf-
fer, 2 mM glutamate, 5% (vol/vol) heat-inactivated human male AB se-
rum (HuS) (Sigma-Aldrich) or 5% (vol/vol) FBS (Gibco), and 100 ng/ml
human recombinant macrophage colony-stimulating factor (M-CSF)
(PeproTech). Cells were plated in 8-well optically clear plastic chambered
coverslips (Ibidi) at 105 cells/well for all assays except enzyme-linked im-
munosorbent assay (ELISA) analysis of supernatants (24-well plates, 2 �
105 cells/well), flow cytometry (6-well plates, 106 cells/well), or live cell
imaging (optically clear-plastic 35-mm �-dish [Ibidi], 6 � 105 cells/dish).
All substrates were tissue culture treated. Cells were grown in 5% CO2 at
37°C and used for assays on day 7 or 8. On days 3, 5, and 7 (if used on day
8), 50% of the volume of the cultures was replaced with fresh complete
RPMI, 5% serum, and 200 ng/ml M-CSF. All data are from 3 to 5 inde-
pendent experiments with cells prepared on different days from different
donors.

Macrophages grown as described above were skewed to an M1 pheno-
type by the inclusion of 50 ng/ml recombinant human IFN-� (Pepro-
Tech) and 10 ng/ml purified Salmonella enterica serovar Minnesota LPS
(Sigma) on days 3 through 7 of culture. For the M2 phenotype, 10 ng/ml
of recombinant human IL-4 (PeproTech) was included throughout. Cells
grown with M-CSF only were designated M0 for comparison.

Infection of macrophages. All Salmonella organisms were grown in
LB-Miller at 37°C with aeration at 225 rpm. Overnight cultures, started
from a single colony, were grown in 2 ml broth containing appropriate
antibiotics for 16 to 18 h. Antibiotics used were streptomycin (100 �g/
ml), carbenicillin (50 �g/ml), and kanamycin (50 �g/ml). Subcultures

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype/features
Source or
reference

Strains
SL1344 hisG46 xyl rpsL 35
14028 Wild-type S. Typhimurium

14028
ATCC

�SPI1 SPI1::kan 32
�SPI2 SPI2::kan 36
SL1344 �phoP phoP::kan 37
14028 �phoP phoP::kan This paper

Plasmids
pFPV-mCherry/2 mCherry constitutive expression 38
pMPMA3�Plac PprgH-gfp

[LVA]
PprgH reporter (T3SS1) 32

pMPMA3�Plac PssaG-gfp PssaG reporter (T3SS2) 32 and this
paper

pMPMA3�Plac Pasr-gfp Pasr reporter This paper
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were made by diluting the overnight culture 1:33 into fresh LB-Miller
broth without antibiotics and grown to late-log phase, which was 3.5 h for
wild-type (WT) SL1344 and 3 h for WT 14028 bacteria. Bacteria were
pelleted and resuspended in Hanks’ balanced salt solution without Ca2�/
Mg2� (HBSS) and then diluted in complete RPMI. For bacteria grown to
stationary phase (see Fig. 3A), one colony was inoculated in 10 ml LB-
Miller and grown for 18 h. In order to facilitate uptake, the stationary-
phase bacteria were opsonized in 50% (vol/vol) human male AB serum
(Sigma) in HBSS for 30 min at room temperature (RT) before dilution as
described above.

For all infections, media were prewarmed to 37°C, and the cells were
returned to the 37°C incubator between steps. At t � 0, culture medium
was removed from the macrophages and replaced with medium contain-
ing bacteria at a multiplicity of infection (MOI) of 	15 bacteria/cell (late-
log-phase bacteria). When using opsonized, stationary-phase bacteria
(see Fig. 3A), the bacteria were added at an MOI of 	90:1 in order to
achieve similar intracellular numbers at 2 h p.i.

At t � 10 min, cells were washed once with HBSS and fresh medium
was added. At t � 30 min, medium was replaced with fresh medium
containing 50 �g/ml gentamicin. At t � 45 min, medium was replaced
with medium containing 10 �g/ml gentamicin and, for infections using
strain SL1344, 500 �g/ml L-histidine (Sigma).

Gentamicin protection assay. At 2 or 18 h p.i., medium was removed
and the cells lysed with 0.02% sodium deoxycholate in phosphate-buff-
ered saline (PBS). Serial 1:10 dilutions in PBS were plated on LB-agar
plates in order to assess the number of intracellular bacteria per well.
Duplicate wells were averaged for each data point.

Immunofluorescence staining. Infected cells were fixed with 2.5%
(wt/vol) paraformaldehyde (PFA)–PBS for 20 min at 37°C and then
washed with PBS and stored at 4°C until staining. All subsequent steps
were done at RT. For assays to calculate the number of bacteria per cell,
cells were blocked and permeabilized with 0.1% (wt/vol) saponin, 10%
(vol/vol) normal goat serum in PBS (SS-PBS) for 30 min. Rabbit anti-
Salmonella LPS (Difco) and mouse anti-human LAMP-1 (clone H4A3;
Developmental Studies Hybridoma Bank, University of Iowa) were di-
luted 1:1,000 in SS-PBS and applied for 45 min. Cells were washed once
with SS-PBS and then twice with PBS. SS-PBS was added for 15 min, and
then the secondary antibodies goat anti-rabbit Alexa 568 and goat anti-
mouse Alexa 488 (Life Technologies) diluted 1:800 in SS-PBS were ap-
plied for 45 min. Cells were washed once with SS-PBS and twice with PBS.
4=,6-Diamidino-2-phenylindole (DAPI) (300 nM in PBS) was added for
20 min, and cells were washed twice with PBS and then overlaid with 200
�l of mounting medium (Mowiol) (39). For assays using GFP reporter
strains (see Fig. 4), cells were stained as described above using the second-
ary antibodies goat anti-rabbit Alexa 647 and goat anti-mouse Alexa 568
(Life Technologies), each at 1:800.

ELISA. Supernatants were collected 12 h p.i. and stored at 
80°C.
ELISAs were performed according to the manufacturer’s directions using
DuoSet ELISA kits (R&D Systems) to detect the human cytokines IL-6,
IL-1�, tumor necrosis factor alpha (TNF-�), IL-12p40, IL-8/CXCL8, IL-
10, and monocyte chemoattractant protein 1 (MCP-1). Samples were
assayed in duplicate and the values averaged.

Flow cytometry. Macrophages were washed once with PBS and then
incubated with TrypLE Select (Life Technologies) for 20 min at 37°C. The
loosened cells were removed from the plastic with a cell lifter (Costar), and
the well was rinsed once with PBS. These cells were collected into tubes on
ice, centrifuged at 250 � g for 5 min at 4°C to pellet, and then resuspended
in ice-cold PBS containing 2% (vol/vol) fetal calf serum and 0.01% (wt/
vol) sodium azide (fluorescence-activated cell sorter [FACS] buffer). Be-
tween 2 � 104 and 2 � 105 cells were placed per well into a round-bottom
96-well plate, cells were spun down, and supernatant removed. Fc recep-
tors were blocked by incubation with 10 �g of purified whole human IgG
(ChromPure; Jackson ImmunoResearch) for 10 min in 10 �l FACS buf-
fer. Cells then were stained by addition of one or more fluorophore-
conjugated antibodies in 100 �l of FACS buffer for 30 min on ice. Anti-

bodies were used at the manufacturer’s recommended dilution. From
BioLegend we obtained HLA-DR fluorescein isothiocyanate (FITC)
(L243), CD163 phycoerythrin (PE) (GHI/61), CD80 PE (2D10), CD11b
peridinin chlorophyll protein (PerCP)/Cy5.5 (ICRF44), and CD36 allo-
phycocyanin (APC)/Cy7 (5-271). From eBioscience we obtained CD33
PE-Cy7 (WM-53), CD16 APC (eBioCB16), and CD14 eFluor450 (61D3).
From BD Pharmingen we obtained CD206 APC (19.2). Cells were washed
twice with FACS buffer and then resuspended in 1% PFA–PBS (wt/vol)
and stored at 4°C in the dark until analysis (up to 24 h). Cells were ana-
lyzed on a BD LSRII flow cytometer (BD Biosciences) using FACSDiva
software, and the data were analyzed using FlowJo software (v. 9.8). A
compensation matrix was established using single-color stained cells. For
quantification, the macrophages were gated on CD33 and CD11b, and
then the geometric mean fluorescence intensity of this population in each
channel was measured. Unstained cells of the same phenotype/treatment
were used to measure the background fluorescence in each channel, which
then was subtracted from the values obtained on the stained samples.

Assessment of cell death. Cells plated in 8-well �-slides (Ibidi number
80826) were infected as described above, using approximate MOIs of 10
and 100 for WT bacteria or 30 and 300 for �SPI-1 bacteria (to compensate
for lower internalization efficiency). Mock-infected cells underwent the
identical infection protocol but with plain media in place of diluted bac-
teria. One hour after the start of the infection, FLICA reagent (Immuno-
Chemistry Technologies), which binds specifically to active caspase-1, was
added to the cells. At 2 h, cells were washed to remove unbound FLICA
reagent, and then propidium iodide (PI) was added. Cells were analyzed
immediately by immunofluorescence microscopy for the percentage of
cells staining green (FLICA�, active caspase-1) and red (PI�, compro-
mised cell membrane).

Phagocytosis assay. The phagocytic capacity of macrophages was as-
sessed by incubation with Alexa 488-labeled killed Escherichia coli BioPar-
ticles (Life Technologies). Approximately 2.5 � 105 BioParticles were
added per well in prewarmed complete medium, and cells were incubated
for 10 min. Cells were washed once with warm HBSS and then incubated
with prewarmed medium for an additional 20 min. Cells then were
washed twice with PBS and fixed in 2.5% (wt/vol) PFA–PBS for 15 min at
37°C. Cells were stained with wheat germ agglutinin conjugated to Alexa
647 (Life Technologies) for 20 min at RT as a way to visualize the macro-
phages. Cells were fixed again with 2.5% PFA–PBS for 10 min, and then
extracellular BioParticles were stained with rabbit anti-Alexa 488 anti-
body (Life Technologies), followed by goat anti-rabbit Alexa 564. The
total number of cells and the number of intracellular particles per cell were
counted by microscopy, and random fields were counted in each of two
duplicate wells. At least 100 (FBS grown) or 290 (HuS grown) macro-
phages were counted per experiment.

Imaging. For live cell imaging, macrophages were infected with
mCherry-expressing WT or �SPI2 bacteria as described above. Imaging
was initiated at approximately 1 h p.i. and continued for approximately 21
h using a TiE microscope with a Perfect Focus system (Nikon), a CSU10
spinning disk (Yokogawa), and a custom laser launch (Prairie Technolo-
gies). A stage-top incubation chamber (Pathology Devices) was used to
maintain temperature and humidity. mCherry and differential interfer-
ence contrast (DIC) images were taken every 15 min using a Plan Fluor
40�/1.3 numeric-aperture (n.a.) oil DIC objective (Nikon) and either a
Cascade II (Photometrics) or an iXon (Andor) electron-multiplying
charge-coupled device (EMCCD) camera.

Phase-contrast photos shown in Fig. 2 and Fig. S1 in the supplemen-
tal material were taken using a Nikon Eclipse TS100 microscope with a
10�/0.25-n.a. Ph1 ADL objective (Nikon) and captured on a Nikon Sight
DS-Fi1 camera.

Fluorescent images in Fig. 1B and 3C are maximum intensity projec-
tions of laser-scanning confocal images taken with an LSM710 using Zen
2010 software and a Plan-Apochromat 63�/1.40-n.a. oil DIC M27 objec-
tive (Carl Zeiss).

For quantification of cells per field, percentage of infected cells, num-
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ber of bacteria per cell, and fluorescence of bacteria containing GFP re-
porters (see Fig. 4) or BioParticles per cell, a Nikon Eclipse TE2000 epi-
fluorescence microscope with a Plan Apo 60�/1.40-n.a. oil Ph3 DM
objective (Nikon) was used. Images were captured on a Photometrics
CoolSnap HQ CCD camera.

All postacquisition image analysis and figure preparation was done
using ImageJ software (version 1.4.8; W. S. Rasband, National Institutes
of Health, Bethesda, MD) and Adobe Photoshop (CS5, v12.1; Adobe).

Statistics. The statistical significance of comparisons was assessed us-
ing paired t tests, one-way analysis of variance (ANOVA), or two-way
ANOVA, as stated in the figure legends. P values for one-way ANOVA
were calculated using Tukey’s multiple-comparison test and for two-way
ANOVA using Bonferroni’s multiple-comparison test. These analyses
were done using GraphPad Prism (v6.0). Comparisons left unmarked do
not represent statistically significant differences (P � 0.05).

RESULTS
Macrophage phenotype affects the ability of Salmonella to rep-
licate. To study the ability of Salmonella Typhimurium to survive
and replicate within human macrophages, we chose monocyte-
derived macrophages (MDM) differentiated with macrophage
colony-stimulating factor (M-CSF) that have been skewed to an
M1 or M2a (here designated M2) phenotype by the addition of
IFN-� and LPS or IL-4, respectively. These cells were compared to
macrophages differentiated without any additions besides M-CSF
(designated M0).

Cell morphology, as viewed by phase-contrast microscopy,
and analysis by flow cytometry confirmed that these culturing
conditions resulted in cells with different phenotypes (see Fig. S1A
and B in the supplemental material). On M2 cells, the surface
expression of CD206 (macrophage mannose receptor) was high
and the level of CD14 was low, as has been reported previously
(40). On M1 cells the levels of HLA-DR and CD14 were higher.
Although cells differentiated in M-CSF alone are sometimes de-
scribed as M2 (40–42), the M0 cells were clearly distinct from the
IL-4-derived M2 cells.

M1, M2, and M0 macrophages were infected with Salmonella
Typhimurium to assess the ability of the bacteria to survive and
replicate in these cells (Fig. 1). For these experiments, an MOI of
	15 was used, and cells were incubated with bacteria for 10 min
and then washed. Gentamicin was added to the cells at 30 min p.i.
to prevent growth of extracellular bacteria. At 2 and 18 h p.i., cells
were either fixed for analysis by microscopy or lysed to release
intracellular bacteria for CFU enumeration. We selected 18 h as
the latest time point, because we have observed significant mac-
rophage death at later time points. Fixed cells were immunola-
beled for Salmonella (with an anti-LPS antibody) and the SCV
(with an anti-LAMP1 antibody) and analyzed by immunofluores-
cence microscopy. At 2 h p.i. the vast majority of infected cells
contained 5 bacteria (Fig. 1A). To facilitate comparisons be-

FIG 1 Cell phenotype affects the ability of Salmonella Typhimurium to survive and replicate in human MDM. (A) M1, M2, and M0 macrophages were infected
with wild-type strain SL1344, fixed, and stained for immunofluorescence microscopy at the indicated times. Infected cells were scored as containing �10, 5 to 9,
or 5 bacteria. The means � standard deviations (SD) from 3 independent experiments using three different donors are shown. (B) Representative images of
infected M0 macrophages. Green, LPS; red, LAMP1; blue, DAPI. Bar, 10 �m. (C) Gentamicin protection assays were performed using cells infected as described
for panel A. At 2 and 18 h p.i., the cells were lysed and recoverable CFU were assessed by plating. Each point represents the fold change in CFU (18 versus 2 h p.i.)
obtained in one experiment, and lines represent the means from 3 independent experiments. (D) Cells were infected, fixed, and stained for microscopy as
described for panel A. The percentage of cells containing bacteria at each time point is shown. Bars represent means � SD from 3 independent experiments. ***,
P � 0.0003 by two-way ANOVA. (E) Cytokine levels in cell culture supernatants at 12 h p.i. Results are means � SD from 3 independent experiments. *, P � 0.027
by one-way ANOVA.
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tween the three cell types, we categorized the infected cells accord-
ing to whether they contained a low (5), intermediate (5 to 9), or
high (�10) number of intracellular bacteria. This revealed an in-
crease over time in the number of bacteria per cell for M0 and M2
cells (Fig. 1A and B), so that at 18 h the majority of infected cells
contained �5 bacteria, with 40 to 50% of infected M0 cells and 30
to 40% of infected M2 cells containing �10 bacteria. In contrast,
the number of intracellular bacteria per cell did not change signif-
icantly in M1 cells.

In agreement with the microscopy analysis, the number of re-
coverable intracellular Salmonella organisms in M0 cells increased
between 2 and 18 h p.i., although the extent of this increase ap-
peared to be donor dependent (Fig. 1C). In contrast, there was no
detectable increase in recoverable intracellular bacteria in M2
cells, even though the microscopy data suggested that intracellular
replication did occur. This discrepancy may be due to death of M2
macrophages following infection (data not shown) and under-
scores the importance of performing single-cell analysis by mi-
croscopy when assessing bacterial replication.

A comparison of the percentages of infected cells at 2 and 18 h
p.i. also reveals significant differences between the different cell
types. At 2 h p.i. more M2 cells (	58%) contained bacteria than
M1 (	40%) or M0 cells (	24%) (Fig. 1D). At 18 h p.i., the num-
bers of infected cells remained the same for M0 and M2 cells,
whereas in M1 cells it decreased by 	50% (P � 0.0003), suggest-
ing that either a portion of these cells cleared the bacteria or in-
fected cells were lost/detached. Since no difference in the total
number of cells per field between 2 and 18 h p.i. was detected for
any of the cell types, it is likely that M1 cells cleared bacteria more
efficiently than M0 or M2 cells.

Given the observed differences in survival/replication of intra-
cellular Salmonella, we hypothesized that there also would be
measurable differences in the responses of the differentiated mac-
rophages to infection as indicated by cytokine secretion. As ex-
pected, M1 cells responded to Salmonella Typhimurium infection
with increased production of the proinflammatory cytokines
TNF-�, IL-1�, and IL-6 and the chemokine IL-8 (CXCL8) (Fig.
1E; also see Fig. S1C in the supplemental material). In compari-
son, M2 cells produced low levels of these cytokines, fitting with
their reported role as a noninflammatory cell type. Interestingly,
M0 cells also produced the proinflammatory cytokines TNF-�,
IL-1�, and IL-6 while also producing the anti-inflammatory cyto-
kine IL-10. Given the ability of Salmonella to replicate in M0 cells
while also stimulating a robust cytokine response, we chose to
further characterize this interaction.

For the above-described experiments, Salmonella organisms
were grown under SPI1-inducing conditions (32). The SPI1-en-
coded T3SS1 can cause rapid caspase-1-mediated cell death (py-
roptosis) in macrophages (14, 15); however, we could detect no
loss of infected cells at 2 h p.i. (see Fig. S2A in the supplemental
material). One possibility is that the relatively low MOI and short
infection time used here result in the internalization of lower
numbers of bacteria than required for induction of pyroptosis. To
investigate this possibility, we labeled M0 cells at 2 h p.i. with the
reagent FLICA, which specifically binds active caspase-1, and pro-
pidium iodide (PI) to indicate membrane permeability (see Fig.
S2B). Accordingly, significant caspase-1 activation and cell death
were induced when cells were infected with a high MOI of 	100
(�40% of infected cells were PI�/FLICA�) but not at the lower

MOI of 	10. In comparison, an SPI1-deficient strain (�SPI1) did
not induce cell death even when added at an MOI of 	300.

Differentiation of MDM with fetal bovine serum decreases
Salmonella replication. In this study, MDM were cultured in me-
dium containing human serum (HuS), although some protocols
for human MDM differentiation use fetal bovine serum (FBS). To
determine how much of an effect this would have on M0 cells and
their interaction with Salmonella, we directly compared cells dif-
ferentiated in FBS versus HuS. We observed marked differences in
morphology and cell surface marker expression. The predomi-
nant shape of cells grown in HuS was amoeboid, whereas that of
cells grown in FBS was elongated or spindle-like (Fig. 2A). The
levels of several surface markers (CD14, CD80, CD16, and
CD163) were higher in FBS-grown cells, whereas the level of CD36
was higher in HuS-grown cells (see Fig. S3A in the supplemental
material), and HLA-DR, CD11b, CD33, and CD206 levels were
similar.

We next compared the ability of two Salmonella Typhimurium
wild-type strains, SL1344 and 14028, to survive and replicate in
M0 MDM differentiated in FBS or HuS. Neither strain showed
significant replication in FBS-grown cells (Fig. 2B and C), whereas
in HuS-grown cells the recovered CFU increased by 	10-fold
from 2 to 18 h p.i., and by microscopy there was a corresponding
increase in the number of bacteria per infected cell (Fig. 2B and C).
A comparison of the percentages of infected cells also revealed
differences. The FBS-grown cells showed the highest percentage of
infection with SL1344 (50 to 70%) and 14028 (5 to 45%), while the
levels in HuS-grown cells infected with either strain were lower
(10 to 25%) (see Fig. S3B in the supplemental material). The dis-
tribution was similar at both 2 and 18 h p.i., suggesting that there
is no significant clearance of bacteria. To examine whether the
difference in numbers of infected cells could be attributed to dif-
ferences in phagocytic uptake, we compared their capacity to in-
ternalize killed E. coli. After 10 min of internalization, followed by
a 20-min chase, approximately 60% of FBS-grown cells contained
E. coli, compared to less than 10% of HuS-grown cells (see Fig.
S3C). Thus, FBS-grown cells appeared more phagocytic than the
HuS-grown cells. Altogether, these experiments highlight the in-
fluence of culture conditions on MDM phenotype and function
and, in turn, on the outcome of infection.

Bacterial growth conditions affect replication in macro-
phages. Here, we have used late-log-phase, SPI1-induced bacteria
to infect macrophages, whereas many other studies use stationary-
phase bacteria, which are not SPI1 induced (32, 43). Non-SPI1-
induced Salmonella bacteria often are opsonized to allow efficient
uptake via receptor-mediated phagocytosis, while late-log-phase
bacteria can enter by either SPI1-mediated or macrophage-driven
uptake. To compare the consequences of infection with Salmo-
nella Typhimurium grown to express SPI-1 or not, M0 cells (dif-
ferentiated in HuS) were infected with either stationary-phase
bacteria (opsonized with human serum) or late-log-phase bacte-
ria. By gentamicin assay, replication of stationary-phase bacteria
was greatly reduced compared to that of SPI1-induced bacteria
(mean of 1.4-fold versus 4.6-fold increase from 2 to 18 h p.i.; P �
0.008) (Fig. 3A). Single-cell analysis by microscopy confirmed
that this difference was due to replication, since neither the per-
centage of infected cells nor the total number of cells changed
significantly between 2 and 18 h p.i. (not shown). Thus, the ability
of Salmonella Typhimurium to replicate in M0 cells is dependent
on the transcriptome state and/or the mechanism of entry.
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Salmonella Typhimurium SL1344, commonly used as a wild-
type strain, is a histidine auxotroph due to a mutation in hisG (35).
Although this does not appear to affect its virulence in mice, one
study showed that intracellular replication is reduced in the ab-
sence of supplemental histidine in some cell types (44). In our
hands, replication of SL1344 in M0 MDM was completely elimi-
nated in the absence of supplemental histidine (Fig. 3B), and
fluorescence microscopy revealed SL1344 bacteria with a filamen-
tous morphology (Fig. 3C). In comparison, supplemental histi-
dine was not required for intracellular replication of strain 14028,
which has a functional hisG gene, and these bacteria exhibited a
normal rod-shaped morphology indistinguishable from that of
SL1344 in the presence of supplemental histidine. Thus, SL1344
requires supplemental histidine to replicate in human MDMs.

Salmonella gene expression during infection of human
MDM. The expression of the T3SSs encoded by SPI1 and SPI2 is
strictly regulated during the infection of both epithelial cells and
macrophages. After entry into a host cell, the T3SS1 is rapidly
downregulated, followed by the upregulation of the T3SS2 and
PhoP/Q concurrently with SCV acidification (32, 45, 46). To con-
firm that this sequence of events also occurs during the infection
of M0 human macrophages, we assessed the transcriptional activ-
ity of representative SPI1 (PprgH) and SPI2 (PssaG) promoters in
intracellular bacteria using green fluorescent protein (GFP) as a
reporter. Cells infected with SPI1-induced, late-log-phase bacteria
were fixed at various time points and immunostained with anti-
LPS (to label all bacteria) and anti-LAMP1 (to label the SCV)

antibodies for analysis by immunofluorescence microscopy (Fig.
4). At 30 min p.i., the earliest time point examined, only intracel-
lular bacteria carrying the SPI1 reporter plasmid, PprgH-gfp, had
detectable GFP fluorescence. This decreased significantly by 2 h
p.i. and was undetectable at 4 and 8 h p.i., consistent with rapid
downregulation of the SPI1 regulon after internalization. In con-
trast, bacteria carrying the SPI2 reporter plasmid PssaG-gfp were
not fluorescent at 30 min p.i. but thereafter showed steadily in-
creasing fluorescence, with maximum fluorescence at 6 to 8 h p.i.
A similar response was seen for the promoter of the acid-respon-
sive gene asr. These results suggest that the bacteria respond to
their intracellular environment in M0 cells similarly to what has
been described in murine macrophages and macrophage-like cells
(45, 46).

Requirement for the PhoP/Q two-component regulatory
system and SPI2 for intracellular replication. Survival of Salmo-
nella Typhimurium within mouse macrophages is dependent on
both the SPI2-encoded T3SS2 and the PhoP/Q two-component
regulatory system. The PhoP/Q system controls a number of vir-
ulence genes, including those involved in resisting the innate im-
mune system, and is essential for replication in mouse macro-
phages and macrophage-like cell lines (47). To confirm the role of
PhoP/Q in human macrophages, we compared infection with WT
SL1344 and the isogenic �phoP mutant (Fig. 5). At both 8 and 18
h p.i., the mutant displayed a profound defect in replication com-
pared to the WT by both gentamicin assay and microscopic anal-

FIG 2 Differentiation of monocyte-derived human macrophages in fetal bovine serum versus human serum affects the outcome of Salmonella Typhimurium
infection. Cells were cultured in media containing FBS or HuS for 7 days as described in the text and then infected with Salmonella WT strains SL1344 and14028.
(A) Phase-contrast images of uninfected cells. Bar, 100 �m. (B) Gentamicin protection assay. Shown is the fold change in CFU (at 18 and 2 h p.i.). Results are
means � SD from 4 independent experiments. *, P  0.05 by two-way ANOVA. (C) The percentages of infected cells containing 5, 5 to 9, or �10 bacteria were
assessed by microscopy at 2 and 18 h p.i. Results are means � SD from 4 independent experiments.
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ysis. Thus, replication in M0 MDM is dependent on the PhoP/Q
regulatory system.

In contrast to the PhoP mutant, an isogenic �SPI2 mutant (36)
showed no replication defect at 4 and 8 h p.i. However, this was no
longer the case by 18 h p.i., when the increase compared to the
level at 2 h was 2.6-fold for the mutant and 5.5-fold for the WT
(P � 0.03) (Fig. 6A). Single-cell analysis by fluorescence micros-
copy confirmed that at 8 h p.i. the mutant was indistinguishable
from the WT, but at 18 h p.i. there were significantly fewer cells
containing �10 bacteria (Fig. 6B).

Since several studies have shown that SPI2 is essential for rep-
lication in macrophages, we performed a more detailed analysis of

FIG 3 Replication of Salmonella Typhimurium in monocyte-derived human macrophages is dependent on growth phase and supplemental histidine. (A)
Gentamicin protection assay. Shown is the fold change in CFU (at 18 and 2 h p.i.) from M0 cells infected with Salmonella SL1344 grown to late-log phase (LL)
or to stationary phase (Stat). Stationary-phase bacteria were opsonized with normal human serum. Results are means � SD from 3 independent experiments. **,
P � 0.008 by paired t test. (B) Gentamicin protection assay. Shown is the fold change in CFU (at 18 and 2 h p.i.) of strain SL1344 (mutation in hisG) with and
without supplemental histidine (His) or strain 14028 without histidine. Results are means � SD from 3 independent experiments. P  0.05 (*) and P  0.01 (**)
by one-way ANOVA. (C) Representative images of macrophages at 18 h p.i., stained for LPS (gray) and LAMP1 (red). Cells were infected with SL1344 in the
absence (
his) or presence (�his) of supplemental histidine. On the far right, strain 14028 is shown in the absence of histidine. Bar, 10 �m.

FIG 4 Gene expression in the course of infection. M0 macrophages were
infected with SL1344 bacteria carrying a plasmid-borne reporter of the indi-
cated genes. The GFP intensities in individual bacteria were measured as
fluorescence units (FU) and the geometric means calculated. Shown are the
geometric means � SD from 3 independent experiments.

FIG 5 Salmonella Typhimurium organisms lacking the PhoP/Q two-compo-
nent regulatory system are defective for replication in human MDM. M0 mac-
rophages were infected with WT SL1344 or an isogenic �phoP strain. A gen-
tamicin assay was performed. Shown is the fold change in recoverable CFU
compared to the level at 2 h p.i. (A) and the percentage of cells containing �10
bacteria as assessed by microscopy (B). Results are means � SD from 3 inde-
pendent experiments. P  0.05 (*), P  0.01 (***), and P  0.0001 (****) by
two-way ANOVA of comparisons to 2-h p.i. values.
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the fate of intracellular Salmonella Typhimurium in M0 MDM
using live cell imaging, which allows individual cells to be monitored
through time and can provide a much more detailed picture of the
interaction between host and pathogen. We have previously used a
spinning-disc confocal imaging system to image Salmonella-in-
fected HeLa cells for up to 20 h p.i. (48). Here, we have used the
same approach with M0 cells infected with Salmonella constitu-

tively expressing the red fluorescent protein mCherry. These ex-
periments revealed that while both WT and �SPI2 bacteria do
replicate within M0 cells, there are significant differences. The
extent of replication was consistently higher for WT bacteria, and
this was associated with rounding up and membrane blebbing of
the host cell by 	20 h p.i. (Fig. 6C and D; also see Movie S1 in the
supplemental material). Replication of the �SPI2 mutant was ob-

FIG 6 SPI2-dependent and -independent replication of Salmonella Typhimurium in M0 macrophages. (A) Gentamicin assay. Shown is the fold change in
recoverable CFU compared to the values at 2 h p.i. Results are means � SD from 5 independent experiments. (B) The percentage of infected cells containing the
indicated number of bacteria was assessed by microscopy. Results are means � SD from 3 independent experiments. (C and D) Intracellular replication was
assessed by live cell imaging. Macrophages infected with mCherry-expressing WT or �SPI2 bacteria were imaged from 1 to 20 h p.i. every 15 min. (C) Cells that
contained bacteria at 1 h were assessed for bacterial replication (top) and the appearance of cell death by morphological changes (bottom) over the time course.
Macrophages from 3 donors were analyzed for each strain. A total of 62 cells infected with the WT and 59 infected with the �SPI2 strain were analyzed. (D) Stills
from representative movies showing the replication of mCherry-expressing WT (top) or �SPI2 (bottom) bacteria in macrophages. Also see Movies S1 and S2 in
the supplemental material. Bar, 10 �m. *, P  0.05 by two-way ANOVA (A and B) and by paired t test (C).
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served in more than half of infected cells, but it did not reach the
level of the WT, and very few infected cells died by 20 h p.i. (Fig. 6C
and D; also see Movie S2). Thus, both SPI2-independent and
SPI2-dependent replication of Salmonella Typhimurium is ob-
served in human M0 MDM.

DISCUSSION

In mice, the ability of Salmonella Typhimurium to survive and
replicate within macrophages is essential for systemic disease,
whereas in humans the role of macrophages has not been well
studied. In vivo, macrophage phenotypes are extremely heteroge-
neous and are determined by local cues in different tissue mi-
croenvironments, which act upon populations of macrophages at
different stages of differentiation (49). Such phenotypic complex-
ity cannot be reproduced in vitro, because many of the environ-
mental signals are not understood. However, given the extremely
limited availability of human tissues, monocyte-derived cultures
differentiated under defined conditions are a valid option.

Here, we used human monocyte-derived macrophages as a
model to study the intracellular survival and replication of Salmo-
nella Typhimurium. We found that the bacteria could replicate in
macrophages with an alternatively activated, or M2, phenotype or
a nonactivated, or M0, phenotype, while no net replication was
detected in macrophages with a classically activated, or M1, phe-
notype (Fig. 1). Additionally, the M1 macrophages appeared to be
able to kill the bacteria, in agreement with previous data showing
that priming of MDM with IFN-� enhances killing of Salmonella
Typhimurium (50). Macrophage polarization has been very well
characterized in mice, but many of these findings do not extend to
human macrophages (51), making it difficult to draw conclusions
based on mouse studies. However, these results do correlate with a
recent finding that Salmonella preferentially replicates within IL-
4-treated M2 bone marrow-derived mouse macrophages but not
within IFN-�-treated M1 cells (52). In the same report, using an in
vivo mouse model of persistent infection, it was shown that Sal-
monella persisted in certain subsets of macrophages expressing
M2 markers. It is reasonable to expect that during human systemic
Salmonella infections the bacteria persist and replicate within a
subset of macrophages, similar to what has been seen in mice.

The importance of the macrophage phenotype in the clearance
of the bacteria may help to explain why people with certain dis-
eases are much more susceptible to the development of systemic
bacteremia. Individuals with mutations in IL-12 or IFN-� are ex-
tremely susceptible to systemic nontyphoidal Salmonella infec-
tions (53), and the resulting lack of IFN-� would impair the skew-
ing of macrophages to the bactericidal M1-like phenotype. The
default pathway in the absence of IFN-� may result in the devel-
opment of a replication-permissive M2-like phenotype (54). Sim-
ilarly, in patients with advanced HIV, the lowered CD4� T cell
counts and resulting lack of CD4�-derived cytokines may result in
a macrophage phenotype that contributes to disease.

The amount of replication that we and others (29) have ob-
served in human MDMs is relatively modest, generally 2- to 10-
fold between 2 and 18 h, and less than that reported for most
murine macrophages and macrophage-like cell lines, where it is
generally 10- to 100-fold. Aside from species-specific differences,
multiple factors, including donor variation and the growth con-
ditions of both the host cell and the bacterium, can affect intracel-
lular survival/replication. The comparison here of cells grown in
human versus fetal bovine serum clearly demonstrates how differ-

ent protocols can have profound impacts on the results. We also
confirmed the findings of Henry et al. (44), who showed that sup-
plemental histidine is required for growth of the histidine auxo-
troph SL1344 in several cell types. To our knowledge, histidine is
not routinely added during infection of murine macrophages or
macrophage-like cell lines with SL1344. Finally, although this has
not been systematically addressed, differences in bacterial growth
conditions and/or different mechanisms of internalization can
have significant impacts on the ability of Salmonella Typhimu-
rium to survive and replicate in human macrophages.

It has been well documented that Salmonella Typhimurium
expressing T3SS1 triggers pyroptosis shortly after entry (55–57).
However, under the conditions used here, including a relatively
low MOI and a short internalization of 10 min, the vast majority of
infected cells contained less than 5 bacteria at 2 h p.i., and pyrop-
tosis was not observed (see Fig. S2 in the supplemental material).
When a 10� higher MOI was used, we did observe significant
early SPI1-dependent cell death, indicating that this is a concen-
tration-dependent process. In vivo it is likely that macrophages
will encounter bacteria with various transcriptional profiles, often
at low MOIs. For example, SPI1-induced bacteria are released
from infected epithelial cells in vivo (21, 22). Further study is re-
quired to determine what role the number of intracellular bacteria
plays in the induction of pyroptosis both in vitro and in vivo.

Interestingly, we found that the requirement for the SPI2-en-
coded T3SS2 may not be as clear-cut as has been described for
mouse macrophages, particularly at early time points. In vitro
studies using mouse macrophages or macrophage-like cell lines
report a strong dependence on T3SS2 for replication (6, 12), al-
though these studies used stationary-phase opsonized bacteria
and looked only at late (16 to 20 h) time points. Here, we used
log-phase bacteria internalized by invasion and observed early
SPI2-independent replication followed by later SPI2-dependent
replication, so that there were approximately 50% fewer viable
intracellular SPI2 mutant bacteria than WT bacteria at 18 h p.i.
Host cell death was clearly associated with SPI2-dependent repli-
cation at 	20 h p.i., since death was observed in cells containing
replicating WT but not �SPI2 bacteria. SPI2-dependent late
apoptosis of infected macrophages in vitro has been described pre-
viously in both mouse and human macrophages (20, 31) and may
be an important mechanism for the spread of the bacteria to
neighboring cells in vivo (58).

Our data confirm that Salmonella Typhimurium is capable of
survival and replication in some subsets of human macrophages.
We have shown that multiple factors, on both the host and patho-
gen side, can profoundly affect the outcome of infection. Further
studies, in particular a systematic comparison of different in vitro-
generated macrophage phenotypes, and a thorough comparison
of primary mouse and human macrophages are needed to better
understand the interactions critical to human infections.
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