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ABSTRACT Disseminated infections with nontyphoidal Salmonella (NTS) are a signif-
icant cause of child mortality in sub-Saharan Africa. NTS infection in children is clini-
cally associated with malaria, suggesting that malaria compromises the control of
disseminated NTS infection. To study the mechanistic basis for increased NTS sus-
ceptibility, we utilized a model of concurrent infection with Salmonella enterica sero-
type Typhimurium and Plasmodium yoelii nigeriensis (P. yoelii). Underlying malaria
blunted monocyte expression of Ly6C, a marker for inflammatory activation, and im-
paired recruitment of inflammatory cells to the liver. Hepatic mononuclear phago-
cytes expressed lower levels of inducible nitric oxide synthase, tumor necrosis factor
alpha, and granulocyte-macrophage colony-stimulating factor and showed increased
levels of production of interleukin-10 and heme oxygenase-1, indicating that the un-
derlying malaria modifies the activation state and inflammatory response of mono-
nuclear phagocytes to NTS. P. yoelii infection also increased intracellular iron levels
in liver mononuclear cells, as evidenced by elevated levels of ferritin and by the res-
cue of an S. Typhimurium tonB feoB mutant defective for iron uptake. In addition,
concurrent P. yoelii infection partially rescued the systemic colonization defect of an
S. Typhimurium spiB mutant defective for type lll secretion system 2 (T3SS-2), indi-
cating that the ability of phagocytic cells to limit the spread of S. Typhimurium is
impaired during concurrent P. yoelii infection. These results show that concurrent
malaria increases susceptibility to disseminated NTS infection by blunting macro-
phage bactericidal mechanisms and providing an essential nutrient that enhances
bacterial growth.
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ontyphoidal Salmonella (NTS) infections in immunocompetent individuals nor-

mally cause a localized, self-limiting gastroenteritis (1). In sub-Saharan Africa, NTS
has become one of the most common causes of bloodstream infection in immuno-
compromised individuals, such as young children and HIV-infected adults (2). Epide-
miological studies have identified malnutrition and severe malarial anemia to be risk
factors for the development of systemic NTS infection in young children (3-5). In
particular, these studies have demonstrated a strong association between disseminated
NTS infection and Plasmodium falciparum malaria (2, 6); however, the mechanism by
which malaria promotes increased susceptibility to systemic NTS infection is incom-
pletely understood.

The etiology of severe malarial anemia encompasses a variety of factors that include
hemolysis of infected and uninfected red blood cells (RBCs) and erythrophagocytosis by
macrophages (7). Phagocytes, such as macrophages, are responsible for the clearance
of circulating heme produced from the lysis of red blood cells. In order to detoxify the
accumulating heme, phagocytes upregulate the enzyme heme oxygenase-1, which
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degrades heme to biliverdin, carbon monoxide, and iron (reviewed in reference 8). The
iron liberated from heme is exported to the cytosol, where it is incorporated into ferritin
molecules. Increased stores of iron-laden ferritin have been shown to enhance the
survival of Salmonella enterica serotype Typhimurium in macrophages (9). Additionally,
it was recently demonstrated that induction of hemolytic anemia during malaria
impairs the neutrophil oxidative burst capacity via induction of heme oxygenase-1 (10).
Consequently, the dampened neutrophil bactericidal response during malaria leads to
an increase in the systemic growth of S. Typhimurium. Further, in vitro expression of
heme oxygenase-1 in a murine macrophage cell line enhances the intracellular survival
of S. Typhimurium and reduces the formation of reactive oxygen and nitrogen species
and tumor necrosis factor alpha (TNF-a) production (11). This previous work suggests
that underlying malaria may dampen the inflammatory responses of macrophages.

Our previous work showed that the parasite-mediated induction of both
interleukin-10 (IL-10) and anemia increases susceptibility to NTS bacteremia during
malaria (12). Within systemic tissue, we found that both phagocytic cell production and
the response of phagocytic cells to IL-10 during underlying Plasmodium yoelii nigeriensis
(P. yoelii) infection impairs bacterial clearance. IL-10 is known to polarize macrophages
to an anti-inflammatory state. Additionally, exogenous IL-10 can inhibit a variety of
macrophage functions, including the release of proinflammatory mediators, phagocy-
tosis, and antigen presentation. Therefore, we sought to determine whether underlying
P. yoelii infection enhances susceptibility to invasive NTS infection by modulating
macrophage activation and bactericidal activity.

RESULTS

Enhanced systemic colonization with S. Typhimurium is independent of T3SS-2
during concurrent P. yoelii infection. In order to determine if phagocytic cells are
unable to restrict the systemic growth of NTS during malaria, we used our previously
published model of P. yoelii and S. Typhimurium coinfection in mice (12). As shown
before, concurrent P. yoelii infection led to a significant increase in the liver bacterial
burden (Fig. 1a). In order to persist systemically, S. Typhimurium relies on the expres-
sion of the type Ill secretion system 2 (T3SS-2), encoded on the Salmonella pathoge-
nicity island 2 (SPI-2). T3SS-2 facilitates the translocation of effectors across the
Salmonella-containing vacuole (SCV) to promote the integrity of the SCV as a special-
ized niche for bacterial replication. The loss of T35S-2 reduces the ability of S. Typhi-
murium to spread from infected phagocytes at systemic sites (13). Considering that
professional phagocytes, generally, macrophages, harbor the majority of S. Typhimu-
rium bacteria during infection (14, 15), we infected mice with a T3SS-2-defective mutant
(S. Typhimurium spiB) to determine the effect of malaria on systemic bacterial coloni-
zation. As expected, the spiB mutant was defective for colonization of the liver and
spleen when administered by the oral route (Fig. 1b) or the intraperitoneal (i.p.) route
(see Fig. S3 in the supplemental material). However, concurrent P. yoelii infection
significantly increased the systemic colonization of the S. Typhimurium spiB mutant
after oral (Fig. 1b) or i.p. (Fig. S2) inoculation, indicating that the ability of phagocytic
cells to limit the spread of S. Typhimurium is impaired during concurrent P. yoelii
infection.

Malaria parasite-induced IL-10 reduces inflammatory monocyte infiltration.
Previously, we found that P. yoelii infection blunted expression of neutrophil chemo-
kines via parasite-mediated induction of IL-10 (12). As a result, neutrophil recruitment
to the liver in response to S. Typhimurium infection was significantly decreased. Since
neutrophil extravasation precedes the influx of mononuclear phagocytes (14, 16), we
questioned whether the underlying P. yoelii infection also blunted the recruitment of
inflammatory monocytes. In order to test this idea, flow cytometry was employed to
characterize the infiltrating inflammatory monocyte (CD11b* Ly6G~ Ly6C*) population
(17, 18) in the liver. Similar to what was observed with neutrophils (12), we found a
significant decrease in the percentage and number of inflammatory monocytes in the
liver of coinfected mice compared to S. Typhimurium-infected mice (Fig. 1c and d; see
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FIG 1 (a) Colonization (as the number of CFU) of the liver at 2 and 4 days after IG infection of P. yoelii-infected or uninfected CBA/J mice with
S. Typhimurium (n = 3 or 4). Data are shown as the mean * SEM. Statistical significance was determined using an unpaired Student t test on
log-transformed values. *, P < 0.05. (b) Number of CFU in the liver at 5 days after IG infection of P. yoelii-infected or uninfected CBA/J mice with
an SPI-2 T3SS S. Typhimurium mutant (spiB) (n = 10). Data are shown as the mean = SEM and represent the results from two independent
experiments. (¢, d) Percentage (c) and number (d) of inflammatory monocytes (CD11b* Ly6G~ Ly6C™*) in the liver from S. Typhimurium-infected
and coinfected mice (n = 4 to 5). The number of inflammatory monocytes (singlet live CD3~ B220~ NK1.1~ CD11b™* Ly6G~ Ly6C*) per 4 X 106
liver cells was determined by the use of AccuCount beads. Data are shown as the mean * SEM. The dotted line represents the average for two
mock-infected controls. (e) Number of circulating monocytes (103 per microliter) determined by complete blood counts (n = 4 to 5). The dashed
line represents the average for two mock-infected controls. Data are shown as the mean = SEM. (f) Percentage of inflammatory monocytes
(CD11b* Ly6G~ Ly6C™") in the liver from wild-type C57BL/6J Slc11al*/* and C57BL/6J Slc11al*/* [[10-/~ mice infected with P. yoelii or S.
Typhimurium, coinfected mice, or uninfected controls. Data are shown as the mean *= SEM and represent the results from two independent
experiments (n = 4 to 7). (g) Number of CFU in the liver from wild-type C57BL/6J (B6) Slc11al+/* and C57BL/6J Slc11al*/* II10~/~ coinfected
mice at 2 days postinfection with S. Typhimurium (n = 4 to 7). Data are shown as the mean = SEM and represent the results from two
independent experiments. (h) Percentage of inflammatory phagocytes (singlet live CD3~ B220~ Nk1.1~ CD11b* Ly6C") in the liver from S.
Typhimurium-infected, P. yoelii-infected, and coinfected mice (n = 4 to 9). (i) Percentage of liver macrophages (singlet live CD3~ B220~ Nk1.1~
CD11b* Ly6C~ CD68*) from S. Typhimurium-infected, P. yoelii-infected, and coinfected mice (n = 4 to 9). Data are shown as the mean = SEM.
For panels b to i, statistical significance was determined using an unpaired Student t test on log-transformed or arc-sin-transformed values. *, P <
0.05. Stm, S. Typhimurium; Py, P. yoelii. See also Fig. S1 in the supplemental material.

also Fig. S1 in the supplemental material). Conversely, the circulating numbers of
monocytes were significantly increased in coinfected mice, indicating that bone mar-
row production of monocytes was not impacted during the underlying P. yoelii infec-
tion (Fig. 1e). The reduction of inflammatory monocyte numbers in the livers of mice
coinfected with S. Typhimurium and P. yoelii was partially dependent on the production
of IL-10, since the proportion of inflammatory monocytes in the liver was significantly
increased in coinfected //10~/~ mice compared to coinfected IL-10-sufficient controls
(Fig. 1f). As observed previously, a lack of IL-10 during coinfection significantly reduced
the liver bacterial burden (Fig. 1g). Together, these results indicate that parasite-
mediated IL-10 dampens inflammatory phagocyte recruitment and, consequently,
increases susceptibility to systemic NTS infection.

Although the influx of inflammatory macrophages was reduced in response to S.
Typhimurium infection during malaria, it was unclear how resident macrophage pop-
ulations were affected. To address this question, an additional macrophage marker,
CD68, was used to further characterize liver macrophages (19). As expected, the
majority of CD11b* phagocytes in the liver after S. Typhimurium infection consisted of
inflammatory cells (Ly6C™), which were composed primarily of inflammatory mono-
cytes (Ly6C* Ly6G~) and neutrophils (Ly6C* Ly6G™) (Fig. Th). However, the underlying
P. yoelii infection significantly dampened liver inflammatory phagocyte recruitment
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FIG 2 (a) Median fluorescent intensity (MFI) of surface Ly6C on liver monocytes in the CD11b*
population from S. Typhimurium-infected and coinfected mice at 4 days after S. Typhimurium infection
(n = 4 to 5). Data represent the mean = SEM. CD11b™ liver cells were enriched by positive selection from
S. Typhimurium-infected, P. yoelii-infected, and coinfected CBA/J mice at 4 days after S. Typhimurium
infection (n = 3 to 9). (b to d) Expression of IL-10 (//70) (b), TNF-a (Tnfa) (c), and Nos2 (Nos2) (d)
determined by quantitative RT-PCR. Data represent the mean = SEM and are from two independent
experiments. (e, f) Circulating levels of M-CSF (e) and GM-CSF (f) from mock-infected and P. yoelii-infected
mice at day 10 (D10) after parasite infection (n = 3 to 4). Data represent the mean * SEM. The dotted
line represents the detection limit of 4 pg/ml. (g) Circulating GM-CSF concentrations in S. Typhimurium-
infected and coinfected mice at 2 and 4 days after S. Typhimurium infection (n = 3 to 4). Data represent
the mean = SEM. The dashed line represents the detection limit of 4 pg/ml. (h) Expression of GM-CSF
(Csf2) from CD11b™* liver cells isolated from S. Typhimurium-infected, P. yoelii-infected, and coinfected
mice 4 days after S. Typhimurium infection (n = 3 to 9). Data represent the mean = SEM and are from
two independent experiments. Statistical significance was determined using an unpaired Student t test
on log-transformed values. *, P < 0.05. See also Fig. S2 in the supplemental material.

(Fig. 1h). Despite a reduction in the percentage of inflammatory phagocytes, both P.
yoelii-infected and coinfected mice maintained higher numbers of resident liver mac-
rophages (CD11b™* Ly6C~ CD68%) than S. Typhimurium-infected mice (Fig. 1i). In the
context of S. Typhimurium infection, it is possible that the expansion of macrophages
enlarges the niche for bacterial replication. Therefore, in combination with a reduced
influx of neutrophils and inflammatory monocytes, two phagocyte populations primed
to kill S. Typhimurium, it is likely that alteration of the macrophage population during
P. yoelii infection allows S. Typhimurium to increase its initial colonization.
Concurrent P. yoelii infection shifts the activation state of macrophages. In
addition to the decreased infiltration of inflammatory monocytes during coinfection
(Fig. 1c and d), we also observed a significant reduction in the surface expression of
lymphocyte antigen 6 complex locus C1 (Ly6C) on monocytes from coinfected mice
(Fig. 2a). Expression of Ly6C can be used to identify inflammatory monocytes (17, 18).
It was observed that Ly6CMish monocytes are recruited to mucosal tissue during S.
Typhimurium infection and that these cells express high levels of inducible nitric oxide
synthase (iNOS) and TNF-« (20). Therefore, the reduced expression of Ly6C on mono-
cytes during coinfection indicated that concurrent P. yoelii infection dampens both the
recruitment and the activation of inflammatory monocytes in response to S. Typhimu-
rium infection. To determine whether concurrent P. yoelii infection modulates activa-
tion of liver monocytes and macrophages, we isolated CD11b™ cells from the livers of
S. Typhimurium-infected, P. yoelii-infected, and coinfected mice. RNA analysis of
CD11b* liver macrophages showed that expression of IL-10, an anti-inflammatory
mediator, from P. yoelii-infected and coinfected mice was significantly increased com-
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pared to that from S. Typhimurium-infected mice (Fig. 2b). In contrast, hepatic macro-
phage expression of inflammatory mediators, including Tnfa (P = 0.0001) and Nos2
(P < 0.0001), was significantly reduced in coinfected mice compared to mice infected
with S. Typhimurium alone (Fig. 2c and d). These results suggest that the underlying P.
yoelii infection modulates the activation of macrophages by shifting their phenotype to
an anti-inflammatory state.

In addition to IL-10, the colony-stimulating factors have been implicated in driving
the polarization of macrophages during infection. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) were
first discovered by their abilities to generate in vitro colonies of mature myeloid cells
from precursor cells in the bone marrow (21; reviewed in reference 22). Many studies
have shown that GM-CSF drives bone marrow macrophages to a proinflammatory (M1)
state, while M-CSF induces bone marrow macrophages to an anti-inflammatory (M2)
state (23-25). It has been proposed that because of the high levels of M-CSF and the
low levels of GM-CSF found under steady-state conditions (22), M-CSF drives the
polarization of macrophages to an M2 state during homeostasis (24). Induction of
GM-CSF by macrophages is increased after lipopolysaccharide stimulation in vitro (26,
27), and the loss of GM-CSF was shown to delay inflammation and impair resistance to
S. Typhimurium infection in mice (28). During P. yoelii infection, the circulating levels of
M-CSF increased during peak parasitemia (day 10) compared to those in the controls
(Fig. 2e). In contrast, the levels of GM-CSF were below the limit of detection (4 pg/ml)
in P. yoelii-infected mice, while the levels of GM-CSF in uninfected mice averaged 30
pg/ml (Fig. 2f). These results suggest that the underlying P. yoelii infection promotes the
polarization of M2-like macrophages through inhibition of GM-CSF production. In order to
mitigate the effects of M-CSF on the macrophage population, we treated coinfected mice
with an anti-CSF1 (M-CSF) antibody or isotype control 1 day prior to and after S. Typhimu-
rium infection (Fig. S2a). Blockade of M-CSF did not significantly impact the systemic
bacterial burden in the liver or blood compared to that in mice treated with a control (Fig.
S2b and c). Circulating M-CSF levels were similar between S. Typhimurium-infected and
coinfected mice. However, there was a significant reduction in the levels of M-CSF in
coinfected mice compared to P. yoelii-infected mice, which suggested that S. Typhimurium
infection dampens the parasite-mediated induction of M-CSF (Fig. S2d). Although we were
previously able to restore the control of systemic bacteria during coinfection by blockade
of IL-10 (12), blockade of M-CSF alone was not sufficient to improve clearance. This finding
raises the possibility that the increased M-CSF expression observed during P. yoelii infection
acts in concert with IL-10 to impact macrophage bactericidal activity; however, in the
absence of M-CSF, IL-10 is sufficient to shift the macrophage phenotype.

Although there were no differences in the levels of M-CSF between S. Typhimurium-
infected and coinfected mice, the levels of GM-CSF were significantly reduced in
coinfected mice compared to S. Typhimurium-infected mice 2 days after bacterial
infection (Fig. 2g). Further, the expression of Csf2 (encoding GM-CSF) by CD11b™ liver
macrophages was significantly blunted in P. yoelii-infected (P = 0.04) and coinfected
mice (P < 0.0001) compared to mice infected only with S. Typhimurium (Fig. 2h). Taken
together, these results suggest that a reduction of GM-CSF levels during coinfection
contributes to the shift in the macrophage phenotype toward an anti-inflammatory
state and, consequently, increases susceptibility to invasive NTS infection.

S. Typhimurium benefits from increased iron availability during concurrent P.
yoelii infection. The clinical hallmark of malaria is hemolysis of red blood cells, which
leads to severe anemia. Elevated levels of lactate dehydrogenase (LDH) in serum are
associated with conditions causing intra- and extravascular hemolysis, such as hemo-
lytic anemia. Measurement of serum LDH levels from S. Typhimurium-infected, P.
yoelii-infected, and coinfected mice by enzyme-linked immunosorbent assay (ELISA)
showed that the underlying P. yoelii infection significantly increased LDH levels, sug-
gestive of hemolytic anemia (Fig. 3a; see also Fig. S3 in the supplemental material). As
mentioned above, the induction of hemolytic anemia results in an increase in circulat-
ing heme levels. In order to prevent excessive oxidative damage, heme is actively taken
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FIG 3 (a) Levels of serum lactate dehydrogenase (LDH) from uninfected, S. Typhimurium-infected, P. yoelii-infected, and
coinfected mice (n = 3). Data represent the mean = SEM. The dashed line represents the average LDH levels from
uninfected mice. (b, c) Expression of heme oxygenase-1 (HmoxT) (b) and ferritin heavy chain (FthT) (c) from CD11b™" liver
cells isolated from S. Typhimurium-infected and coinfected mice 2 days after S. Typhimurium infection (n = 3 to 4). Data
represent the mean = SEM. (d) Western blots showing the abundance of the ferritin heavy chain in CD11b" liver cells
isolated from S. Typhimurium-infected, P. yoelii-infected, and coinfected mice (n = 3 to 5). Data are pooled from two
independent experiments. MW, molecular weight. (e) Densitometric quantification of the FTH1 band intensity relative to
the GAPDH band intensity on the Western blots from panel d. (f) Competitive index of CFU in the liver and spleen 2 days
after i.p. infection of P. yoelii-infected or uninfected CBA/J mice with a 1:1 mixture of wild-type (wt) S. Typhimurium and
the isogenic tonB feoB mutant (n = 3 to 4). (g, h) Numbers of CFU in the liver (g) and spleen (h) 3 days after i.p. inoculation
with either the S. Typhimurium wild type or the tonB feoB mutant in P. yoelii-infected or uninfected CBA/J mice (n = 4).
Data represent the mean * SEM. Statistical significance was determined using an unpaired Student t test on log-
transformed values. *, P < 0.05. See also Fig. S3 in the supplemental material.

up by macrophages and detoxified via heme oxygenase-1. We observed a significant
increase in the expression of Hmox1, encoding heme oxygenase-1, in CD11b™ liver
macrophages from coinfected mice compared to S. Typhimurium-infected mice
(Fig. 3b). During the degradation of heme, iron is released and transported to the
cytosol, where it is incorporated into ferritin molecules. In accordance with the in-
creased expression of Hmox1, we also observed a significant increase in the expression
of ferritin heavy chain 1 (Fth1) in CD11b™ liver macrophages isolated from coinfected
mice compared to those isolated from S. Typhimurium-infected mice (Fig. 3c). Further,
the protein levels of ferritin H were increased in CD11b™ liver macrophages isolated
from P. yoelii-infected and coinfected mice compared to those isolated from S.
Typhimurium-infected mice (Fig. 3d and e). Interestingly, the increased availability of
iron-laden ferritin has been shown to enhance the survival of S. Typhimurium in mouse
macrophages in vitro (9). Furthermore, induction of heme oxygenase-1 in mouse
macrophages in vitro was associated with an increased iron content and augmented
intracellular bacterial replication (11). Taken together, these results suggest that in-
creased iron availability via induction of heme oxygenase-1 might benefit the systemic
growth of S. Typhimurium during malaria.

In order to test whether S. Typhimurium benefits from the increased availability of
iron during concurrent P. yoelii infection, we performed a competitive infection exper-
iment in which wild-type S. Typhimurium was coadministered via the i.p. route with an
S. Typhimurium tonB feoB mutant that was deficient for both ferric and ferrous iron
uptake. We found that iron acquisition enhanced the growth of S. Typhimurium at
systemic sites, because the wild-type strain outcompeted the tonB feoB mutant by
120-fold in the liver (P = 0.02) and by 102-fold in the spleen (P = 0.06) (Fig. 3f).
However, the fitness advantage conferred by iron uptake was significantly reduced in
the liver and spleen of coinfected mice. Similarly, in mice inoculated individually with
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either wild-type S. Typhimurium or the tonB feoB mutant, the mutant defective for
high-affinity iron uptake was rescued by malaria parasite infection to a greater extent
than the wild type, suggesting that the underlying P. yoelii infection compensated for
this deficit (Fig. 3g and h). Taken together, these results suggest that increased iron
availability during malaria contributes to the systemic outgrowth of S. Typhimurium.

DISCUSSION

While it has been proposed that the redistribution of iron to macrophages during
malaria may be a factor predisposing individuals to bacterial superinfection (29), our
results provide the first in vivo evidence that S. Typhimurium benefits from increased
iron availability during malaria parasite infection. Increased expression of Hmox1 in
phagocytic cells was associated with enhanced expression of Fth1, as well as increased
protein levels of the heavy chain of ferritin. Increased ferritin levels suggested that the
iron content within macrophages becomes elevated during malaria. As a result, under-
lying P. yoelii infection was sufficient to rescue the growth of an S. Typhimurium mutant
deficient for high-affinity iron uptake systems. It is known that changes in macrophage
iron metabolism can influence macrophage polarization (reviewed in reference 30) and
that iron overloading in macrophages in vitro is associated with decreased inflamma-
tory activation (31, 32). In the context of malaria, it has been reported that the uptake
of P. falciparum-infected red blood cells by macrophages induces the production of
IL-10, which in turn upregulates hepcidin, leading to the increased intracellular reten-
tion of iron (33). Hence, in addition to providing an essential nutrient that enhances
bacterial growth, iron overloading could impair the bactericidal activity of macro-
phages against nontyphoidal Salmonella. It has been previously observed that S.
Typhimurium preferentially associates with macrophages of an anti-inflammatory (M2)
phenotype during chronic infection in mice (34-36). During experimental coinfection,
we found that liver macrophages were significantly impaired in their ability to induce
transcripts encoding key proinflammatory mediators, TNF-«, iNOS, and GM-CSF, and
infiltrating monocytes expressed significantly smaller amounts of the inflammatory
marker Ly6C, suggestive of an M2 phenotype. Furthermore, the lack of GM-CSF
induction in response to S. Typhimurium infection during underlying malaria likely
contributed to the decreased activation state of liver macrophages. Interestingly, this
shift in macrophage activation correlated with the partial rescue of a mutant defective
for the T3SS-2 apparatus for systemic replication. Taken together with the findings of
Grant and colleagues, who showed that a T355-2 mutant is defective for cell-to-cell
spread in tissue (13), these results suggest that the phagocytic functions impaired by
malaria may be the same ones that T3SS-2 overcomes during systemic infection.

However, it remains unclear what parasite-mediated responses promoted this in-
crease in susceptibility to systemic S. Typhimurium infection. We previously observed
an increase in circulating IL-10 levels during P. yoelii infection (12), and it is known that
IL-10 can drive the polarization of macrophages to an anti-inflammatory state. In this
study, we showed that the loss of inflammatory monocyte recruitment to the liver
during coinfection was partially mediated by parasite induction of IL-10. We have
previously shown that the increased production of IL-10 acts on myeloid cells to
increase the systemic bacterial loads of S. Typhimurium (12). Together these results
suggest that the parasite-mediated induction of IL-10 modulates inflammatory cell
recruitment and the bactericidal capacity of macrophages, thereby increasing suscep-
tibility to invasive NTS infection. Therefore, further exploration of IL-10 signaling in
macrophages and its effect on macrophage activation during malaria parasite and S.
Typhimurium coinfection is needed.

Taken together with previous reports, our findings suggest that IL-10, in concert
with parasite-mediated induction of anemia, may drive the polarization of macro-
phages to a less inflammatory state, thereby predisposing individuals to invasive NTS
infection. Some findings from clinical cases of malaria corroborate this idea: the uptake
of P. falciparum-parasitized RBCs by human peripheral blood mononuclear cells up-
regulates their expression of hepcidin, which drives intracellular iron retention (37). In
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the liver of fatal malaria cases, high levels of heme oxygenase-1 were detected in
Kupffer cells and circulating monocytes (38). Further, children presenting with acute P.
falciparum malaria had elevated levels of circulating IL-10 (39). Therefore, infection with
S. Typhimurium during the acute stage of malaria may facilitate initial bacterial colo-
nization and enhance intracellular growth by reducing the proportion of inflammatory
macrophages and increasing the proportion of anti-inflammatory macrophages. Taken
together, our results suggest that increased levels of heme and the consequent
induction of heme oxygenase-1 in macrophages during malaria facilitate invasive NTS
infection by modulating host immune responses in combination with increasing the
available iron for bacterial growth.

MATERIALS AND METHODS

Ethics statement. Experiments with mice were carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of the National Research Council (40) and
were approved by the Institutional Animal Care and Use Committees at the University of California Davis
(UC Davis) under protocol 18183.

Mouse strains. Specific-pathogen-free 6- to 8 week-old female CBA/J mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Additionally, C57BL/6J Slc11al*/+ and C57BL/6J Sic11a1+/* ll110~/~
mice were bred and maintained by the UC Davis Teaching and Research Animal Care Service. The mice
were maintained under specific-pathogen-free conditions by the UC Davis Center for Laboratory Animal
Science, receiving irradiated rodent chow and sterile drinking water ad libitum. The UC Davis Institutional
Animal Care and Use Committee approved all animal experiments described in this report.

Plasmodium yoelii nigeriensis (P. yoelii). Parasite stocks were obtained from the Malaria Research
and Reference Reagent Resource, and the species was confirmed by DNA sequencing of merozoite
surface protein-1 (MSP-1) (41). Parasite stocks were made by passage in CD-1 mice. For coinfection
experiments in CBA/J and C57BL/6 mice were inoculated intraperitoneally (i.p.) on day 0 with approxi-
mately 4 X 107 or 4 X 10° infected red blood cells (iRBCs), respectively, in 0.1 ml of saline. Mock-infected
controls were injected i.p. with an equivalent amount of blood from uninfected CD-1 mice.

Salmonella enterica serotype Typhimurium. The S. Typhimurium IR715(pHP45(}), S. Typhimurium
spiB(pHP45Q) (a T35S-2 mutant), and S. Typhimurium tonB feoB (an iron uptake mutant) strains were used
for this study. To ensure consistent infection of resistant CBA/J mice with S. Typhimurium, intragastrically
(IG) inoculated mice received 20 mg of streptomycin (Sigma) by gavage 24 h prior to infection. Mice
received either 0.1 ml of sterile Luria-Bertani (LB) broth, 1 X 108 CFU of S. Typhimurium, or 1 X 10° CFU
of the S. Typhimurium spiB mutant in 0.1 ml of LB broth by gastric gavage. Inocula were cultured for 16
h aerobically with selective pressure at 37°C. For i.p. inoculation of S. Typhimurium spiB, CBA/J mice
received 5 X 102 S. Typhimurium bacteria in phosphate-buffered saline (PBS) or an equivalent volume
of PBS. For i.p. inoculation of single S. Typhimurium and S. Typhimurium tonB feoB mutant infections,
CBA/J mice received 1 X 103 CFU of either strain in PBS. For i.p. inoculation of competitive infections,
CBA/J mice were i.p. infected with a 1:1 mixture of the S. Typhimurium wild type and S. Typhimurium
tonB feoB mutant in a total inoculum of 1 X 104 CFU. For i.p. inoculation of S. Typhimurium, wild-type
and //7T0-/~ C57BL/6 mice received 1 X 103 CFU of S. Typhimurium in PBS or an equivalent volume
of PBS.

Microbial readouts of infection. To determine the numbers of viable Salmonella bacteria, livers
were homogenized in PBS using an Ultra Turrax T25 basic mixer (IKA). Blood was collected from the heart
with heparinized needles, and the plasma was removed and then incubated for 10 min with 120 ul 1%
Triton X-100 in PBS. Homogenates were serially diluted and plated on LB agar plates containing 100
mg/liter nalidixic acid (Sigma) or 100 mg/liter kanamycin (Sigma). After overnight growth at 37°C, the
number of CFU per gram of tissue was calculated.

Flow cytometry. Flow cytometry analysis was performed for the detection of inflammatory mono-
cytes and macrophages in livers from S. Typhimurium-infected and coinfected CBA/J mice 4 days after
IG bacterial infection. Flow cytometry analysis for detection of inflammatory monocytes in the livers from
uninfected, P. yoelii-infected, and coinfected C57BL/6J Slc11a1+/* and C57BL/6J Slc11a1+/* 1110 mice was
performed 2 days after i.p. bacterial infection. Single-cell suspensions of liver tissue were obtained
according to the protocol described by Miltenyi Biotec for the preparation of single-cell suspensions from
mouse liver. Briefly, livers were perfused with 10 ml of PBS (Gibco) by cardiac puncture, gallbladders were
removed aseptically, and the livers were digested with collagenase type IV for 30 min at 37°C. Tissue was
dissociated using a gentleMACS dissociator (Miltenyi Biotec) and passed through a 70-um-pore-size filter.
Hepatocytes were removed by centrifugation, and red blood cells were lysed using ACK buffer (Lonza).
Liver cells were resuspended in PBS and counted. A total of 4 X 10° cells/mouse were resuspended in
2 ml of PBS and stained with Aqua Live/Dead cell discriminator (Invitrogen) according to the manufac-
turer’s protocol. After Live/Dead staining, the cells were washed with PBS and resuspended in 50 ul of
PBS containing 1% bovine serum albumin and 2 mM EDTA (fluorescence-activated cell sorter [FACS]
buffer). The cells were stained with an Fc receptor-blocking antibody, anti-CD16/CD32 (eBioscience), for
5 min at 4°C and then stained with a cocktail of anti-B220 phycoerythrin (PE) (BD Biosciences), anti-CD3
PE (BD Biosciences), anti-NK1.1 PE (BioLegend), anti-CD11b PE-Cy7 (eBioscience), Ly6C Pacific Blue
(BioLegend), and Ly6G peridinin chlorophyll protein (PerCP)-Cy5.5 (BioLegend) for 30 min at 4°C. Cells
were washed in FACS buffer, fixed with 4% paraformaldehyde for 30 min at 4°C, and then resuspended
in FACS buffer. Fifty microliters of Sphero AccuCount fluorescent particles (diameter, 10.1 wm; Sphero-
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tech) were added to each sample prior to analysis in order to determine absolute counts. Calculation of
absolute counts was performed according to the manufacturer’s protocol. For experiments that included
staining of CD68, cells were first stained with an Fc receptor-blocking antibody, anti-CD16/CD32
(eBioscience), for 5 min at 4°C and then stained with a cocktail of anti-B220 PE (BD Biosciences), anti-CD3
PE (BD Biosciences), anti-NK1.1 PE (BioLegend), anti-CD11b allophycocyanin (APC)-Cy7 (eBioscience),
anti-Ly6C Pacific Blue or BV421 (BioLegend), and anti-Ly6G PerCP-Cy5.5 (BioLegend) for 30 min at 4°C.
Cells were washed in FACS buffer, fixed, and permeabilized with BD Cytofix/Cytoperm solution (BD
Biosciences) for 20 min at 4°C and then washed twice with BD Perm/Wash buffer (BD Biosciences). Cells
were resuspended in 100 ul of BD Perm/Wash buffer containing anti-CD68 APC (BioLegend) and
incubated in the dark at 4°C for 30 min. Cells were washed in BD Perm/Wash buffer and resuspended in
FACS buffer. Flow cytometry analysis was performed using an LSRIl apparatus (Becton Dickinson), and 7.5 X
10° events were collected per mouse. The resulting data were analyzed using FlowJo software (TreeStar,
Inc., Ashland, OR). Gates were based on fluorescence-minus-one (FMO) controls.

Liver CD11b* macrophage isolation. Liver single-cell suspensions were isolated as described
above. In order to separate out granulocytes, liver single-cell suspensions were diluted in 3 ml of
Dulbecco’s PBS (dPBS), layered on top of 3 ml of Ficoll-Paque Plus, and centrifuged at 400 X g for 40 min
at 25°C without the brake. The upper layer, which included mononuclear cells, was drawn off and washed
twice with dPBS. Cells were resuspended in dPBS containing 2% fetal bovine serum and 1 mM EDTA.
Isolation of CD11b™ cells was performed using an EasySepMouse CD11b positive selection kit Il (Stemcell
Technologies) according to the manufacturer’s protocol.

RNA extraction, RT-PCR, and real-time PCR. RNA isolation from purified CD11b™* liver cells was
performed on the same day. RNA was extracted from samples using the Tri-Reagent (Molecular Research
Center, Cincinnati, OH, USA) according to the manufacturer’s instructions. All RNA samples were treated
with DNase | (Ambion, Austin, TX, USA) to remove genomic DNA contamination. For quantification of
MRNA levels, 0.4 ug of total RNA from each sample was reverse transcribed in a 50-ul volume (TagMan
reverse transcription [RT] reagent; Applied Biosystems, Foster City, CA, USA), and 4 ul of cDNA was used
for each real-time reaction. Real-time PCR was performed using the primers listed in Table S1 in the
supplemental material, SYBR green (Applied Biosystems), and a ViiA 7 real-time PCR system (Applied
Biosystems). Target gene transcription of each sample was normalized to the respective levels of 185
rRNA, and absolute quantification was determined using gene-specific plasmid standards in each run.

M-CSF and GM-CSF ELISAs. Serum M-CSF and GM-CSF from uninfected, S. Typhimurium-infected, P.
yoelii-infected, and coinfected mice were quantified by enzyme-linked immunosorbent assay (ELISA; R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions. The ELISA was read at 450
nm with an ELISA microplate reader (model 680; Bio-Rad, Hercules, CA, USA). Data points are the
averages for duplicate dilutions.

Serum LDH measurement. Blood was collected from the heart with heparinized needles at necropsy
and centrifuged at 8,000 rpm for 5 min. Plasma was removed and stored at —80°C. A lactate dehydro-
genase (LDH) colorimetric assay kit (Abcam) was used to quantify the levels of LDH.

Western blotting. Protein was extracted from CD11b* liver cells using the Tri-Reagent (Molecular
Research Center, Cincinnati, OH, USA) according to the manufacturer’s instructions. Protein was sepa-
rated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Millipore). A blocking
solution of 2.5% nonfat dried milk and 0.1% Tween 20 (Bio-Rad) in PBS was used. For ferritin heavy chain
detection, a 1:1,000 dilution of the primary antibody (anti-ferritin heavy chain rabbit monoclonal
antibody [MAb]; Abcam) in blocking solution was added to the membrane. As a loading control, GADPH
(glyceraldehyde-3-phosphate dehydrogenase) was detected at a 1:5,000 dilution of the primary antibody
(GAPDH rabbit MAb; Cell Signaling) in blocking solution. A donkey anti-rabbit immunoglobulin horse-
radish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad) was diluted 1:3,000 in blocking buffer
and applied to the membrane. Protein bands were visualized by chemiluminescence (SuperSignal West
Femto maximum sensitivity substrate; Thermo Fisher Scientific) using a BioSpectrum (UVP) imaging
system. Raw images were processed using Photoshop CS2 software (Adobe Systems) to uniformly adjust
the brightness.

To quantify Western blot images, band intensities were estimated by capturing the area density using
LabWorks image acquisition and analysis software (version 4.6.00.0). The gray-level total density of each
FTH1 band was normalized to that of the GAPDH band for each sample and displayed as a ratio of
relative band intensities. Quantified Western blotting data are shown as mean =+ standard error of the
mean (SEM) values for 3 to 5 animals total from two experiments. The statistical significance of the
differences between groups was determined by a one-way analysis of variance on log-transformed data,
followed by the Sidak multiple-comparison test. A P value of 0.05 or less was considered significant.

Statistical analysis. The statistical significance of differences between groups was determined by
Student’s t test on logarithmically or arc-sin-transformed data. A P value of 0.05 or less was considered
significant. All data were analyzed using two-tailed tests.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/1Al
.00301-18.
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