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Salmonella enterica serovar Typhimurium is able to resist antimicrobial peptide killing by induction of the PhoP-PhoQ and
PmrA-PmrB two-component systems and the lipopolysaccharide (LPS) modifications they mediate. Murine cathelin-related
antimicrobial peptide (CRAMP) has been reported to inhibit S. Typhimurium growth in vitro and in vivo. We hypothesize that
infection of human monocyte-derived macrophages (MDMs) with Salmonella enterica serovar Typhi and S. Typhimurium will
induce human cathelicidin antimicrobial peptide (CAMP) production, and exposure to LL-37 (processed, active form of CAMP/
hCAP18) will lead to upregulation of PmrAB-mediated LPS modifications and increased survival in vivo. Unlike in mouse mac-
rophages, in which CRAMP is upregulated during infection, camp gene expression was not induced in human MDMs infected
with S. Typhi or S. Typhimurium. Upon infection, intracellular levels of �phoPQ, �pmrAB, and PhoPc S. Typhi decreased over
time but were not further inhibited by the vitamin D3-induced increase in camp expression. MDMs infected with wild-type (WT)
S. Typhi or S. Typhimurium released similar levels of proinflammatory cytokines; however, the LPS modification mutant strains
dramatically differed in MDM-elicited cytokine levels. Overall, these findings indicate that camp is not induced during Salmo-
nella infection of MDMs nor is key to Salmonella intracellular clearance. However, the cytokine responses from MDMs infected
with WT or LPS modification mutant strains differ significantly, indicating a role for LPS modifications in altering the host in-
flammatory response. Our findings also suggest that S. Typhi and S. Typhimurium elicit different proinflammatory responses
from MDMs, despite being capable of adding similar modifications to their LPS structures.

Cationic antimicrobial peptides are an evolutionarily conserved
component of the innate immune system that aid the host in

defense against invading bacteria, viruses, and fungi through their
ability to directly kill invading pathogens and modulate the host
innate and adaptive immune responses. The antimicrobial activity
of these peptides comes from the ability of these molecules to
insert into the microbial membrane, resulting in membrane de-
stabilization and microbial lysis (3, 15, 18). Antimicrobial pep-
tides are small amphipathic molecules that are classified based on
their secondary structure, and they can be separated into catego-
ries such as �- or �-defensins and cathelicidins. Cathelicidin an-
timicrobial peptide (CAMP) is the only member of the cathelici-
din family expressed in humans. camp encodes the precursor
protein, hCAP18, which is cleaved to release LL-37, a cationic
37-amino-acid antimicrobial peptide (3). In addition to having
potent killing activity toward many different pathogens, LL-37 is
also able to inhibit immunostimulatory effects of various bacterial
components, including lipopolysaccharide (LPS) and lipoteichoic
acid (3, 18). LL-37 has been shown to be expressed by epithelial
cells, specific lymphocyte populations, neutrophils, monocytes,
and macrophages.

The innate immune system recognizes and responds to patho-
gens through the detection of conserved microbially associated
molecular patterns such as LPS. LPS is a major component of the
outer membrane of Gram-negative bacteria. LPS consists of phos-
pholipids and polysaccharides, and its structure is divided into
three different regions: lipid A, core, and O antigen (Fig. 1). The
conserved hexa-acylated lipid A of enteric bacteria is responsible
for anchoring the LPS molecule to the outer membrane. The lipid
A portion of LPS is recognized by Toll-like receptor 4 (TLR4) in
complex with MD2 present on multiple cell types, including epi-

thelial cells and macrophages. The binding of lipid A by TLR4/
MD2 triggers a cascade of events that leads to the production of
proinflammatory cytokines and antimicrobial peptides (7, 17).
Modification of the lipid A portion of LPS alters signaling through
TLR4/MD2. Removal of fatty acid chains or altering the charges of
the phosphate groups present on lipid A has been shown to alter
the inflammatory activity of LPS (11, 12, 17).

Salmonella enterica serovar Typhimurium is capable of infect-
ing a variety of hosts. While S. Typhimurium causes salmonellosis
in humans, it causes a typhoid-like disease in susceptible mice,
making this a common animal model for studying typhoid fever
(4, 6, 20). Salmonella enterica serovar Typhi is a human-specific
pathogen that causes enteric or typhoid fever (16). Both S. Typhi-
murium and S. Typhi invade through the M cells present in intes-
tinal Peyer’s patches. S. Typhimurium and S. Typhi interact with
antimicrobial peptides during infection of the intestinal mucosa
and macrophages. S. Typhimurium and S. Typhi are able to resist
killing by antimicrobial peptides, primarily through the induction
of the PhoP-PhoQ (PhoPQ) and PmrA-PmrB (PmrAB) two-
component regulatory systems (TCRS) and through the LPS
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modifications mediated by their regulated genes (Fig. 1) (8; S.
Richards et al., submitted for publication). Much of our current
understanding of Salmonella LPS modifications and resistance to
antimicrobial peptides comes from work performed with S. Ty-
phimurium using in vitro models.

Prior research has demonstrated a role for the murine cathelin-
related antimicrobial peptide (CRAMP) in the innate immune
response of mouse macrophages to S. Typhimurium infection,
showing that CRAMP inhibits S. Typhimurium growth both in
vitro and in vivo (19). Our lab has recently shown that S. Typhi is
also able to use the PhoPQ and PmrAB-regulated gene products to
modify its LPS in a manner similar to that of S. Typhimurium (Fig.
1 and data not shown) (Richards et al., submitted). We hypothe-
sized that similar to the response of murine macrophages to S.
Typhimurium infection, infection of human monocyte-derived
macrophages (MDMs) with Salmonella would induce camp ex-
pression, leading to LL-37 production, that exposure to low levels
of LL-37 would lead to upregulation of PmrAB-mediated LPS
modifications in Salmonella, and that exposure to high levels of

LL-37 would cause bacterial killing. However, our results indicate
that unlike mouse macrophages, in which CRAMP has been re-
ported to be upregulated during S. Typhimurium infection, camp
was not induced in human MDMs infected with wild-type (WT)
or LPS modification mutant strains of S. Typhi or S. Typhimu-
rium, nor did it significantly affect bacterial survival. Exposure to
LPS purified from these strains also did not induce camp expres-
sion. Our findings indicate that CAMP/LL-37 is not induced or
required for bacterial clearance during Salmonella infection of
human MDMs. However, the cytokine responses from MDMs
infected with S. Typhi and S. Typhimurium LPS modification
mutants are significantly different, indicating a role for LPS
modifications in altering the host inflammatory response.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The Salmonella strains used are
listed in Table 1. Salmonella strains were maintained using Luria-Bertani
medium (LB) plus antibiotics, and when appropriate, antibiotics were
used at the following concentrations: chloramphenicol, 25 �g/ml; kana-

FIG 1 Unmodified and fully modified Salmonella lipopolysaccharide. LPS can be modified by PhoP-PhoQ-regulated mechanisms (modifications A to C are
shown in gray) or by PmrA-PmrB-regulated mechanisms (modifications D to H are shown in gray). PhoPQ-regulated genes include lpxO, whose product results
in the addition of 2-hydroxymyristate to the 3= position of lipid A (A); pagL, whose product results in deacylation at the 3= position of lipid A (B); and pagP, whose
product results in the addition of a palmitate chain to the 2= position of lipid A (C). PmrAB-regulated genes include pmrHFIJKL, whose product results in the
addition of aminoarabinose to the 1 and 4= phosphates of lipid A (D); pmrC, whose product results in the addition of phosphoethanolamine to the 1 and 4=
phosphates of lipid A (E); cptA, whose product results in the addition of phosphoethanolamine to the LPS core (F); pmrG, whose product results in the addition
of phosphate to heptose present in the LPS core (G); and cld, whose product results in an O-antigen chain length determinant (H). Collectively, these LPS
modifications are generally thought to aid Salmonella survival by providing resistance to killing by host antimicrobial peptides.
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mycin, 45 �g/ml; and tetracycline, 15 �g/ml. Prior to infection of MDMs
or monocytes, bacteria were grown overnight (O/N) at 37°C with aeration
in LB containing low levels of Mg2� (25) or were cultured in N-minimal
medium (NMM) (pH 5.5) plus 10 �M MgCl2 to induce PhoPQ- and
PmrAB-mediated LPS modifications (the presence of LPS modifications
was confirmed by matrix-assisted laser desorption ionization–time of
flight mass spectrometry [MALDI-TOF MS] [data not shown]). Bacteria
were pelleted and washed with RPMI 1640 and resuspended in RPMI 1640
plus 1% autologous serum for infection experiments.

Isolation and culture of human monocytes and macrophages. Blood
was obtained from healthy human volunteers using a protocol approved
by The Ohio State University Institutional Review Board and was pro-
cessed as previously described (10). Briefly, peripheral blood mononu-
clear cells (PBMCs) were isolated from heparinized blood over a Ficoll-
Paque PLUS (Amersham Biosciences/GE Healthcare, Pittsburgh, PA)
gradient and were cultured in Teflon wells (Savillex, Minneapolis, MN)
for 1 to 5 days. Approximately 2 � 106 PBMCs/ml were seeded into each
well in the presence of RPMI 1640 (Gibco, Grand Island, NY) containing
20% autologous serum and were incubated at 37°C with 5% CO2 (2). Cells
were considered to be monocytes during days 1 to 4 and had differentiated
into monocyte-derived macrophages by day 5. On day 5, MDMs were
removed from the Teflon wells, and 4 � 106 PBMCs/ml were seeded into
12-well tissue culture plates and incubated for 3 h in RPMI 1640 contain-
ing 10% human AB serum (Lonza BioWhittaker, Basel, Switzerland) at
37°C with 5% CO2. After 3 h, cells were washed with warm RPMI 1640 to
remove any nonadherent cells, and remaining adherent cells were incu-
bated for up to an additional 7 days in RPMI 1640 containing 20% human
AB serum. The cells were then used for experiments (referred to as day 12
MDMs). None of the volunteers had received the Ty21a or ViCPS vaccine
or had a history of typhoid fever.

Purification of S. Typhi lipopolysaccharide. LPS was isolated from
WT Ty2, �pmrAB, �pmrF, and �phoPQ S. Typhi grown O/N in either LB
or NMM (pH 5.5) plus 10 �M MgCl2. LPS was purified using a TRIzol-
based protocol adapted from the method of Yi and Hackett (26). Contam-
inating lipids were removed from the LPS samples by Folch extraction.
LPS samples were analyzed by SDS-PAGE, followed by silver staining, and
endotoxic activities of the LPS samples were confirmed by an endotoxin
assay kit (GenScript, Piscataway, NJ) (data not shown).

Monocyte and MDM infection and LPS stimulation studies. Day 12
MDMs were used for all macrophage infections and LPS stimulations. For
infection studies involving monocytes, cells were obtained on day 1 of
maturation in Teflon wells. MDMs or monocytes were incubated at 37°C
with 5% CO2 in RHH medium (RPMI 1640 plus 10 mM HEPES [Invit-
rogen, Grand Island, NY] plus 0.4% human serum albumin [CSL Behring
LLC, King of Prussia, PA]) or RPMI 1640 plus 1% autologous serum
during infection or LPS stimulation. For infection studies, MDMs or
monocytes were incubated with Salmonella (multiplicity of infection
[MOI], 10:1) in triplicate. Tissue culture wells were centrifuged briefly
(180 � g for 1 min) following the addition of bacteria to synchronize
infection. MDMs or monocytes were incubated with bacteria for 2 h, and
medium was then removed from each well and replaced with medium
containing either 50 �g/ml or 10 �g/ml gentamicin (Gibco) to kill any
salmonellae that had not been internalized with the MDMs or monocytes.
Wells that received 50 �g/ml gentamicin were incubated for an additional
30 min, after which the MDMs or monocytes were processed for RNA
isolation, protein isolation, or enumeration of intracellular salmonellae
(the samples collected after a total of 2.5 h of Salmonella exposure repre-
sent the initial infection time point). Wells that received 10 �g/ml genta-
micin were incubated for additional lengths of time. These wells were
processed for RNA isolation, protein isolation, or enumeration of intra-
cellular salmonellae after 10 and 24 total hours of bacterial exposure. Total
crude protein isolated from MDMs that had been infected with S. Typhi
or exposed to LPS purified from WT S. Typhi was used for Western blot
detection of LL-37 using a rabbit anti-LL-37 antibody (Phoenix Pharma-
ceuticals, Burlingame, CA) and a goat anti-rabbit secondary antibody
(Bio-Rad, Hercules, CA). Purified LL-37 (AnaSpec, Fremont, CA) was
used as a positive control (see Fig. S1 in the supplemental material). The
proinflammatory cytokines tumor necrosis factor alpha (TNF-�) and in-
terleukin 6 (IL-6) were detected in cell culture supernatant by enzyme-
linked immunosorbent assay (ELISA) (Biolegend, San Diego, CA, and
R&D Systems, Minneapolis, MN, respectively). For LPS stimulation ex-
periments, MDMs were incubated in medium containing 100 ng/ml pu-
rified S. Typhi LPS for 2.5, 10, or 24 h. RNA was isolated from MDMs. As
a positive control for the induction of LL-37 gene expression, monocytes
or MDMs were stimulated with 100 nM 1�,25-dihydroxyvitamin D3

(1,25D3) (Enzo Life Sciences, Farmingdale, NY) for 24 h in either RHH or
RPMI 1640 plus 1% autologous serum (14, 24).

Gene expression studies by qRT-PCR. Gene expression levels of camp
and gapdh were monitored during Salmonella infection and LPS stimula-
tion of MDMs and monocytes. To isolate RNA, monocytes and MDMs
were lysed in TRIzol, and then total RNA was isolated using the Qiagen
RNeasy column method. The quantity of RNA was determined using the
NanoDrop spectrophotometer (NanoDrop Products, Wilmington, DE).
RNA (500 ng) was reverse transcribed to cDNA by reverse transcriptase
enzyme (Superscript III, Invitrogen). camp gene expression was deter-
mined by quantitative real-time PCR (qRT-PCR) using SYBR green PCR
master mixture in the Bio-Rad CFX (Bio-Rad, Hercules, CA). camp am-
plification was normalized to gapdh expression (threshold cycle [�CT]).
Relative copy number (RCN) was calculated as described by Gavrilin et al.
(5). PCR was performed by using the following oligonucleotide primers:
camp, 5=-TGCCCAGGTCCTCAGCTAC-3= and 5=-GTGACTGCTGTGT
CGTCCT-3=, and gapdh, 5=-AAGGTGAAGGTCGGAGTCAAC-3= and
5=-GGGGTCATTGATGGCAACAATA-3=.

Infection studies with 1,25D3-pretreated and untreated MDMs.
MDMs were obtained as previously described and allowed to mature until
day 11. On day 11, RPMI containing 20% AB serum was removed and
replaced with RPMI 1640 containing 1% autologous serum plus either
100 nM 1,25D3 or an equivalent amount of vehicle (1,25D3 is dissolved in
ethanol). MDMs were incubated at 37°C for 24 h in the presence of RPMI
1640 plus 1,25D3 or RPMI 1640 plus vehicle. After 24 h of incubation,
MDMs were gently washed three times with warm RPMI 1640 and were
then infected with WT (grown in LB [low Mg2�] or in NMM with low pH
and low Mg2� prior to infection to induce LPS modifications), �pmrAB,

TABLE 1 Salmonella enterica serovar Typhimurium and Typhi strains
used in this study

Strain Relevant characteristics
Source or
reference

JSG210 WT S. Typhimurium: ATCC 14028s (CDC) ATCC
JSG421 �pmrA S. Typhimurium: ATCC 14028s �

pmrA:: Tn10d-tet (made by transducing
Tn10d-tet pool into pagB::MudJ strain)

8b

JSG1049 S. Typhimurium ATCC 14028s;
pmrF::Tn10d (Tet)

8a

JSG206 �phoP S. Typhimurium; ATCC 14028s �
phoP::Tn10d-cam (CS015) (Cam)

Richards et al.,
submitted

JSG208 PhoPc S. Typhimurium 19
JSG698 WT S. Typhi: Ty2 (EX542) ATCCa

JSG3028 �pmrAB S. Typhi (JSG698) Richards et al.,
submitted

JSG3070 �pmrF S. Typhi (JSG698) Richards et al.,
submitted

JSG3079 �phoPQ S. Typhi (JSG698) Richards et al.,
submitted

JSG700 PhoPc S. Typhi 1
JSG1213 tviB::Kan, Kan cassette inserted into Vi Ag

gene of S. Typhi (Ty2)
23ab

a Gift from R. Morona (University of Adelaide, Australia).
b Gift from M. Popoff (Pasteur Institute, France).
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�pmrF, �phoPQ, or PhoPc S. Typhi (in RPMI 1640 plus 1% autologous
serum) for 2 h, and then medium was removed from each well and re-
placed with RPMI 1640 plus 1% autologous serum and either 50 �g/ml or
10 �g/ml gentamicin (as described above) to kill any S. Typhi organisms
that had not been internalized with the MDMs or monocytes. MDMs were
processed for enumeration of intracellular S. Typhi organisms 2.5 and 10
h postinfection (hpi).

RESULTS
Exposure to purified LPS from S. Typhi does not induce camp
gene expression in human MDMs. The effect of S. Typhimurium
LPS modifications on mouse antimicrobial peptide expression has
been well studied, while the effects of S. Typhi and S. Typhimu-
rium LPS modifications on human antimicrobial peptide expres-
sion remain unknown. The studies presented here address the
effects of S. Typhi and S. Typhimurium LPS modifications on the
expression of camp. To investigate the role of LPS modifications,
LPS was isolated and purified from WT Ty2, �pmrAB, �pmrF,
and �phoPQ S. Typhi using a TRIzol-based technique (26) and
then was repurified by Folch extraction. These strains were grown
in LB (which contained low levels of Mg2�) to induce LPS modi-
fications (25). Primary human MDMs were allowed to mature for
12 days prior to stimulation with 100 ng of purified LPS. MDMs
were exposed to LPS for 2.5, 10, and 24 h. Expression of camp was
determined by quantitative real-time PCR (qRT-PCR) at each
time point. Our studies revealed that exposure to LPS purified
from WT Ty2, �pmrAB, �pmrF, and �phoPQ S. Typhi did not
induce camp gene expression (Fig. 2). MDMs were exposed to 100
nM 1,25D3 for 24 h as a positive control for camp gene expression
(14, 24). Western blot analysis on crude protein collected from S.
Typhi LPS-stimulated MDMs also did not show an increase in
LL-37 production, while exposure to 1,25D3 clearly induced the
precursor protein, hCAP18 (see Fig. S1 in the supplemental ma-
terial). A limulus assay was performed to verify that the purified
LPS samples had retained endotoxic activity (data not shown). To
confirm that the MDMs were responsive to LPS exposure, the
proinflammatory cytokines IL-6 and TNF-� were measured from
the cell culture supernatants of the LPS-stimulated MDMs. Expo-
sure to 100 ng LPS did induce the secretion of both IL-6 and

TNF-� (two different donors [data not shown]). Despite varia-
tions in the levels of proinflammatory cytokines triggered by LPS
exposure, MDMs from both donors responded with a robust in-
crease in cytokine production, suggesting that although the
MDMs are capable of initiating a proinflammatory response to S.
Typhi LPS (with and without various LPS modifications), an in-
crease in camp gene expression does not appear to be a part of this
innate immune response.

Infection with S. Typhi does not induce camp expression in
human MDMs. Although stimulation with purified LPS did not
increase camp gene expression, it is possible that exposure to LPS
free in tissue culture medium does not represent the normal con-
text in which MDMs would recognize and respond to S. Typhi LPS
during infection. Prior research had indicated a role for cathelici-
din during S. Typhimurium infection of mouse macrophages
(19). To address the potential effect of S. Typhi LPS modifications
during infection, day 12 MDMs were infected with WT Ty2,
�pmrAB, �pmrF, �phoPQ, or PhoPc S. Typhi at an MOI of 1:10
(MDM/bacteria) for 2.5, 10, or 24 h. Infection with WT or LPS
modification mutants did not induce an increase in camp expres-
sion, while exposure to 1,25D3 caused a significant increase in
camp expression (Fig. 3A). Western blots were used to detect
LL-37 from crude protein samples collected from infected MDMs.
The Western blots did not show increases in the precursor protein,
hCAP18, or in the presence of processed LL-37 during infection
with any S. Typhi strain (see Fig. S1 in the supplemental material).
Differences between the findings presented here and the above-

FIG 2 Levels of camp gene expression induced by exposure to LPS purified
from S. Typhi. Primary human MDMs were allowed to mature for 12 days. On
day 12, MDMs were exposed to 100 ng LPS purified from WT Ty2, �pmrAB,
�pmrF, and �phoPQ S. Typhi for 2.5, 6, or 10 h. MDMs were also incubated
with 100 nM 1,25D3 (hormonal form of vitamin D) to serve as a positive
control for camp expression. The graph represents the pooled results from two
donors; however, these results have been confirmed using MDMs from addi-
tional donors stimulated with selected LPS species (n � 3). Statistical signifi-
cance was determined by Student’s t test comparing RCNs from a 24-h no-LPS
sample to a 24-h 1,25D3-stimulated sample. **, P � 0.0001.

FIG 3 Levels of camp gene expression induced by infection with S. Typhi and
S. Typhimurium. Day 12 MDMs were infected in duplicate with S. Typhi (A)
or S. Typhimurium (B) at an MOI of 1:10 (MDM/bacteria) for 2.5, 10, or 24 h
prior to collection of eukaryotic RNA. MDMs were also treated with 100 nM
1,25D3 for 24 h as a positive control for the induction of camp gene expression.
The graphs represent the pooled results from two donors; however, these re-
sults have been confirmed using MDMs from additional donors infected with
select Salmonella strains (n � 3). Statistical significance was determined by
Student’s t test comparing RCNs from a 24-h uninfected sample to a 24-h
1,25D3-stimulated sample. ***, P � 0.00005.
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described published work demonstrating the role of CRAMP dur-
ing S. Typhimurium infection of mouse macrophages may be due
to differences between S. Typhi and S. Typhimurium. The pres-
ence of the Vi antigen on the surface of S. Typhi may alter the
interactions between the macrophage and the bacterium and may
be capable of suppressing camp expression. To address this possi-
bility, day 12 MDMs were infected with a �tviB S. Typhi mutant
lacking the Vi antigen. MDMs infected with �tviB S. Typhi also
did not respond by increasing camp expression (Fig. 3A), suggest-
ing that the presence of the Vi antigen does not mask the ability of
LPS to induce camp.

Infection with S. Typhimurium does not induce camp ex-
pression in human MDMs. Although the presence of the Vi anti-
gen does not appear to dampen camp expression, it is possible that
other differences between S. Typhi and S. Typhimurium may ac-
count for the induction of CRAMP in response to S. Typhimu-
rium but not camp in response to S. Typhi. Day 12 MDMs were
infected with WT, �pmrA, �pmrF, �phoP, or PhoPc S. Typhimu-
rium at an MOI of 1:10 (MDM/bacteria) for 2.5, 10, or 24 h.
Infection with WT or LPS modification mutants of S. Typhi-
murium also did not induce camp expression in human MDMs
(Fig. 3B).

Intramacrophage survival of S. Typhi and S. Typhiurium in
human MDMs. In addition to investigating changes in camp ex-
pression during infection with S. Typhi and S. Typhimurium, lev-
els of intramacrophage survival were also monitored. All tested
strains appeared to be phagocytosed by the MDMs to similar ex-
tents. The levels of WT, �pmrF, and �tviB S. Typhi recovered at
each time point were similar and remained constant from 2.5 to 24
h of infection. As expected, intracellular levels of �phoPQ and
PhoPc S. Typhi decreased over time compared to levels of WT S.
Typhi (Fig. 4A). Intracellular survival of the �pmrAB mutant was
significantly lower than that of WT S. Typhi after 10 h postinfec-
tion (hpi); however, this growth defect was only noticed at the
10-h time point, and levels of �pmrAB S. Typhi were similar to
those of the WT by 24 hpi (Fig. 4A).

Interestingly, most of the tested strains of S. Typhimurium
appeared to increase in number over time, unlike the S. Typhi
strains tested, which remained constant over time and did not
appear to be replicating (Fig. 4B). This finding was unexpected, as
S. Typhi is thought to survive inside the human macrophage and
progress to systemic infection, while S. Typhimurium causes an
infection that is limited to the gastrointestinal mucosa and is con-
trolled at the level of the reticuloendothelial system (1a). Only the
PhoPc strain of S. Typhimurium did not increase in CFU over
time; however, its survival defect was not as severe as the defect
seen for PhoPc S. Typhi (Fig. 4). Surprisingly, �phoP S. Typhimu-
rium did not show a survival defect in MDMs. To address this
concern, a differently constructed �phoP S. Typhimurium strain
was used to infect MDMs; it showed similar results (data not
shown).

Proinflammatory cytokines released from S. Typhi- and S.
Typhimurium-infected MDMs are different. Although camp ex-
pression does not appear to be increased during the macrophage
response to intracellular Salmonella, it is possible that LPS modi-
fications alter TLR4 activation, leading to altered proinflamma-
tory cytokine production during infection. To address whether
the presence of LPS modifications alter the production of proin-
flammatory cytokines, TNF-� and IL-6 were measured from the
cell culture supernatants of infected MDMs. Infection with all

strains tested triggered the release of TNF-� and IL-6 from
MDMs, while uninfected or 1,25D3-treated MDMs did not re-
lease significant levels of TNF-� or IL-6 (Fig. 5). After 2.5 h of
infection, WT and �pmrAB S. Typhi-infected MDMs released
similar levels of TNF-�, while �pmrF S. Typhi-infected MDMs
released significantly lower levels of TNF-� (Fig. 5A). Interest-
ingly, �pmrF S. Typhi-infected MDMs released significantly lower
levels of IL-6 than did WT-infected MDMs after 2.5 h (Fig. 5B).
The �phoPQ and PhoPc S. Typhi-infected MDMs released signif-
icantly greater amounts of TNF-� but significantly lower levels of
IL-6 than did WT S. Typhi-infected MDMs after 2.5 h of infection
(Fig. 5A and B). MDMs infected with the WT S. Typhi grown at
low pH and low Mg2� released the most TNF-� and the least IL-6
at the 2.5-h time point (Fig. 5A and B). After 24 h of infection,
WT-infected MDMs released significantly greater amounts of
TNF-� and IL-6 than did MDMs infected with �pmrAB, �pmrF,
�phoPQ, or PhoPc S. Typhi, with TNF-� and IL-6 levels released
from �pmrAB and �pmrF S. Typhi-infected MDMs being the
lowest of all (Fig. 5A and B). MDMs infected with WT S. Typhi
grown under low-pH and low-Mg2� conditions showed signif-
icantly lower levels of IL-6 but not TNF-� (Fig. 5A and B).
Interestingly, the trends for TNF-� and IL-6 release from
MDMs infected with WT and mutant S. Typhimurium differed
dramatically from those in cells infected with S. Typhi. By 24 h
postinfection, MDMs infected with LPS modification mutant
strains of S. Typhimurium released significantly greater levels of
TNF-� and IL-6 than did WT-infected MDMs (Fig. 5C and D).

FIG 4 Intramacrophage survival S. Typhi and S. Typhimurium. Day 12
MDMs were infected with either S. Typhi (A) or S. Typhimurium (B) at an
MOI of 1:10 for 2.5, 10, or 24 h prior to bacterial enumeration. MDMs were
infected in duplicate with S. Typhi and S. Typhimurium (WT and LPS modi-
fication mutants). The graphs represent the pooled results from two donors;
however, these results have been confirmed using MDMs from additional
donors infected with selected Salmonella strains (n � 3). Statistical significance
was determined by Student’s t test comparing intramacrophage survival levels
between LPS modification mutants and the WT strain enumerated at that time
point. *, P � 0.05.
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These findings suggest that although LPS modifications can affect
the proinflammatory response to Salmonella, additional factors
must influence the MDM response to intracellular Salmonella, as
the production of TNF-� and IL-6 differed dramatically between
S. Typhi- and S. Typhimurium-infected MDMs (despite these
strains being capable of modifying their LPS in similar manners).

Infection with S. Typhi does not induce camp expression in
human monocytes. LL-37 is produced and stored as the inactive
propeptide hCAP18. Proteinase-3 is an enzyme known to cleave
hCAP18 to its active form and has been identified in neutrophils
and monocytes (21). Although proteinase-3 has not been identi-
fied in MDMs, it is still likely that this cell type possesses other
enzymes that are capable of cleaving hCAP18 into the active anti-
microbial peptide, LL-37. Because human monocytes are known
to possess proteinase-3, S. Typhi infection experiments were also
performed using monocytes. Day 1 monocytes were infected with
WT Ty2, �pmrAB, or �pmrF S. Typhi at an MOI of 1:10 (mono-
cyte/bacteria) for 2.5 or 10 h. Infection with WT or LPS modifi-
cation mutants did not induce an increase in camp expression,
while exposure to 1,25D3 for 24 h caused a significant increase in
camp (Fig. 6A). S. Typhi uptake and intracellular survival in
monocytes had trends similar to those in infected MDMs; how-
ever, the overall amounts of intracellular S. Typhi detected at each
time point were slightly lower than those seen in MDMs (Fig. 6B
and Fig. 4A).

Pretreatment with 1,25D3 does not inhibit S. Typhi intracel-
lular survival. The ability of the hormonal form of vitamin D to
induce camp expression has been demonstrated by numerous re-
search groups and has been confirmed in our current studies (14,
24). To investigate the effects of elevated camp expression on WT
S. Typhi and LPS modification mutants, MDMs were stimulated
to upregulate camp expression by exposure to 1,25D3 for 24 h

FIG 5 Levels of proinflammatory cytokines released from S. Typhi- or S.
Typhimurium-infected MDMs. Shown are levels of TNF-� (A) and IL-6 (B)
released from MDMs after 2.5 and 24 h of S. Typhi infection and TNF-� (C)
and IL-6 (D) released from MDMs after 2.5 and 24 h of S. Typhimurium
infection. Statistical significance was determined by Student’s t test comparing
cytokine levels between LPS modification mutant-infected samples and the
WT-infected sample collected at that time point. *, P � 0.05; **, P � 0.005.

FIG 6 camp gene expression and intracellular survival of S. Typhi in infected
monocytes. Monocytes were isolated from 2 different donors and were in-
fected with WT S. Typhi and S. Typhi LPS modification mutants in duplicate.
All experiments showed similar results. The graphs represent the results from
one donor. Student’s t test compared results from a 24-h uninfected sample
and a 24-h 1,25D3-stimulated sample (A) and intracellular survival levels be-
tween LPS modification mutant and the WT strain enumerated at that time
point (B). *, P � 0.05; ***, P � 0.00001.
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prior to infection with S. Typhi. Day 11 MDMs were incubated in
RPMI 1640 plus 1% autologous serum containing 100 mM
1,25D3 for 24 h. After this treatment, MDMs were washed and
then infected at an MOI of 1:10 for 2.5 and 10 h with WT,
�pmrAB, �pmrF, or �phoPQ S. Typhi. Levels of intracellular sur-
vival for all strains were similar regardless of pretreatment with
1,25D3 (Fig. 7). As shown above, MDMs infected with �pmrAB,
�phoPQ, and PhoPc S. Typhi showed impaired intracellular sur-
vival compared to those infected with WT S. Typhi. Overall, our
studies suggest that camp expression is not induced or required for
bacterial clearance during S. enterica infection of human MDMs.

DISCUSSION

CRAMP, the murine cathelicidin and human CAMP ortholog, has
previously been implicated in S. Typhimurium killing in mouse
macrophages. Additionally, these studies demonstrated that a
PhoP-null strain survived better in CRAMP KO macrophages
than WT macrophages (19). These data suggest that CRAMP in-
teracts with Salmonella within macrophages and suggest that LPS
modifications play a role in providing bacterial resistance to anti-
microbial peptides. Based on the published role of CRAMP in the
murine macrophage response to Salmonella infection, we pre-
dicted that CAMP/LL-37 would play a significant role during Sal-
monella infection of human macrophages. Surprisingly, camp was
not found to be induced following exposure to purified LPS or
during S. Typhi or S. Typhimurium infection of human macro-

phages or monocytes, regardless of the presence or absence of
different LPS modifications.

Mouse macrophages infected with S. Typhimurium rapidly in-
duce CRAMP expression (19), while the work presented here
showed that S. Typhi does not induce camp in human
macrophages. It is possible that differences between S. Typhi
and S. Typhimurium account for the differences between these
two macrophage models. We addressed this concern by ex-
panding our MDM infection studies to include WT and LPS
modification mutant strains of S. Typhimurium. Infection
with S. Typhimurium did not result in induction of camp ex-
pression, suggesting that the different results obtained from
mouse versus human macrophages are most likely due to dif-
ferences in the host immune response and not to differences
between S. Typhi and S. Typhimurium. Furthermore, the Vi
antigen of S. Typhi, which has previously been shown to elicit
anti-inflammatory properties (9), did not impact the induction
of camp expression.

Survival within macrophages is thought to be a critical step in
the establishment of typhoid fever. Unexpectedly, S. Typhimu-
rium survived better in human MDMs than did S. Typhi. Al-
though both S. Typhi and S. Typhimurium were able to survive
being internalized by MDMs, S. Typhimurium organisms ap-
peared to increase in number over time, while S. Typhi was only
able to persist. As expected, the persistence of �phoPQ and PhoPc

strains of S. Typhi was significantly inhibited by MDMs compared
to that of the WT. The �pmrAB strain of S. Typhi, but not S.
Typhimurium, was significantly inhibited in MDMs compared to
the WT. Only the PhoPc S. Typhimurium strain displayed a
growth defect in MDMs. The �phoP S. Typhimurium strain was
predicted to show a growth defect as well; however, while multiple
�phoP strains were tested, none showed a survival defect. Further
investigation is needed to understand why this defect was not
observed.

Overall, these findings suggest that the loss of either TCRS or
overexpression of LPS modifications encoded by PhoPQ leaves S.
Typhi at a significant disadvantage during human macrophage
infection. It is surprising to find that several of the intracellular
survival patterns seen with S. Typhi are dramatically different
when the infecting strain is S. Typhimurium (even when the
strains lack the same LPS modifications). These findings may also
suggest that our current views on Salmonella pathogenesis may
need to be altered to allow for a model in which S. Typhimurium
is also capable of surviving the harsh and restrictive internal envi-
ronment of the macrophage, even in the absence of PhoPQ-me-
diated LPS modifications. It is also possible that the S. Typhimu-
rium intracellular survival trends are an artifact that arises from
studying macrophage infection in vitro. Infections occurring in
vivo would be much more complex, and it is likely that numerous
factors play a role in the ultimate elimination of Salmonella in the
host environment.

Not only does LL-37 not appear to be induced during Salmo-
nella infection but also the forced induction of camp expression by
exposure to the hormonal form of vitamin D did not improve
bacterial clearance by MDMs, demonstrating that LL-37 is not
required for clearance of intracellular S. Typhi. The results pre-
sented here not only highlight differences between the mouse and
human responses to human pathogens but also highlight the im-
portance of studying the role of Salmonella LPS modifications in
vivo. Although the ability to modify LPS increases resistance to

FIG 7 Intramacrophage survival of S. Typhi in MDMs previously stimulated
with 1,25D3 (A) versus MDMs without 1,25D3 stimulation prior to infection
(B). Day 11 MDMs were treated with 100 nM 1,25D3 for 24 h to induce camp
gene expression or with medium alone. On day 12 (24 h after incubation with
and without 1,25D3), MDMs were infected with WT S. Typhi and S. Typhi LPS
modification mutants at an MOI of 1:10 for 2.5, 10, or 24 h prior to bacterial
enumeration. MDMs were isolated from 2 different donors and were infected
with S. Typhi in duplicate. All experiments showed similar results. The graphs
represent the results from one donor. Student’s t test compared intracellular
survival levels between the LPS modification mutant and the WT strain enu-
merated at that time point. *, P � 0.05.
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LL-37 in vitro, this finding may not be relevant during infection of
macrophages. It is still possible, however, that LPS modifications
alter antimicrobial peptide expression during other stages of Sal-
monella infection.

Although LPS modifications did not appear to alter camp ex-
pression, infection with WT and LPS modification mutant strains
triggered the release of proinflammatory cytokines, but to differ-
ing extents. LPS modifications can alter TLR4 activation and
could contribute to the altered levels of proinflammatory cyto-
kines released from infected MDMs. For example, PhoPQ-medi-
ated modifications such as those mediated by PagL (which cata-
lyzes deacylation at the 3 position of lipid A) alter recognition by
TLR4 (11–13, 22, 23). Based on structural studies of LPS interac-
tions with TLR4/MD2, the LPS modifications have been suggested
to affect key points of contact (17). The PmrAB-mediated modi-
fications would be predicted to affect LPS contact with TLR4 due
to the addition of aminoarabinose or phosphoethanolamine to
the 1= and 4= phosphate groups on lipid A. Consistent with this
prediction, the MDMs infected with WT S. Typhimurium re-
leased significantly lower levels of TNF-� than did those infected
with mutant strains unable to modify the phosphate groups pres-
ent on lipid A. However, the MDMs infected with WT and LPS
modification mutant strains of S. Typhi did not show the same
trends. Infection with the WT triggered a greater release of IL-6
and TNF-� than did infection with �pmrAB and �pmrF S. Typhi;
thus, the LPS modifications do play a role in altering the host
innate immune response, but it is likely that other factors, in ad-
dition to LPS modification, play significant roles in the initiation
of the proinflammatory response during S. Typhi and S. Typhi-
murium infection.

Although much insight and understanding have been and can
be obtained by using mouse models to study S. Typhimurium
infection, it is possible that some of what is known about the
mouse immune response to S. Typhimurium cannot be directly
applied to the human response to S. Typhi or S. Typhimurium.
Overall, the findings presented here highlight the importance of
studying Salmonella using human cells. Although LL-37 was not
found to be involved in the human MDM response to S. Typhi or
S. Typhimurium, it is possible that this important antimicrobial
peptide plays a role at other tissue sites and during other stages of
salmonellosis. It is also likely that other antimicrobial peptides
play important roles in the innate immune response to Salmo-
nella. Additional experiments investigating Salmonella infection
in MDMs overexpressing LL-37 and in CAMP-deficient MDMs
are necessary to better understand the role of LL-37 during infec-
tion.
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