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Abstract

Malaria-associated bacteremia accounts for up to one-third of deaths from severe malaria, and non-typhoidal Salmonella (NTS)
has been reported as a major complication of severe malarial infection. Patients who develop NTS bacteremia during
Plasmodium infection show higher mortality rates than individuals with malaria alone. Systemic bacteremia can be caused by
a wound or translocation from epithelial or endothelial sites. NTS is an intestinal pathogen, however the contribution of bacterial
translocation from the intestinal tract during Plasmodium infection is not well studied. Here, we investigated the integrity of the
intestinal barrier function of P. chabaudi-infected mice using large molecules and Salmonella infection. Intestinal histology and
the adaptive immune response to malaria were also studied using light microscopy and flow cytometry. P. chabaudi infection
compromised intestinal barrier function, which led to increased intestinal cellular infiltration. In addition, we observed increased
serum lipopolysaccharide binding protein and leakage of soluble molecules from the intestine into the blood in infected mice.
Plasmodium infection also increased intestinal translocation and dissemination of NTS to the liver. The adaptive immune
response to P. chabaudi infection was also significantly impacted by NTS translocation. Reduced B and T cell activation were
observed in co-infected animals, suggesting interference in the malaria-specific immune responses by bacteremia. These studies
demonstrate that P. chabaudi infection induces failure of the barrier function of the intestinal wall and enhanced intestinal
bacterial translocation, affecting anti-malarial immunity.
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Introduction

Approximately half of the world population is at risk of acquiring
Plasmodium falciparum infection, an etiological agent of malar-
ia, and malaria causes an estimated 445,000 annual deaths world-
wide (WHO 2017). There is a malaria vaccine in phase III clin-
ical trials that shows 36.3% protection (95% confidence interval,
CI) although the efficacy of the vaccine varies significantly
among children of different age groups (Olotu et al. 2016).
Gastrointestinal (GI) disturbance was reported in malaria-
infected children who were admitted to hospitals in Nigeria,
and 30% of admitted children tested positive for endotoxemia
(Church et al. 2016). Children infected with P, falciparum are
highly susceptible to invasive bacterial infections caused by en-
teric Gram-negative pathogens. In fact, children with severe ma-
laria who develop systemic bacteremia have higher mortality
rates than those without co-infection (Church et al. 2016).
Systemic non-typhoidal Salmonella (NTS) is one such example
of a complication of severe malarial infection (Church and
Maitland 2014). Malaria infection, malnutrition, and anemia are
the major risk factors for systemic NTS bacteremia in African
children (Mooney et al. 2015a, b). Normally, infection with NTS
results in self-limiting gastroenteritis with mild symptoms, man-
ifested by abdominal pain, vomiting, and diarrhea (Eguale et al.
2015). However, bacteremia in combination with Plasmodium
falciparum infection is more severe and may account for as many
as one-third of deaths from severe malaria (Nadjm et al. 2010),
though little is known about the mechanisms of interaction.

The intestinal epithelium provides a protective barrier
against enteric pathogens (Vaishnavi 2013), and upon dis-
ruption, exposes the underlying lamina propria to luminal
antigens and microbes. However, human immunodeficiency
virus (HIV) infection and other infections have been shown
to drive increased intestinal permeability and dysbiosis,
which are frequently associated processes. Interestingly, in
HIV, microbial translocation from the gut drives significant
immune activation and promotes disease (Brenchley and
Douek 2012). Therefore, it is an important question to
ask whether malaria induces intestinal permeability or bac-
terial translocation and if that process increases susceptibil-
ity to malaria infection or impairs immunity to malaria.
Interestingly, the risk of infection with P. falciparum corre-
lates with the composition of the fecal microbiota in Malian
children (Yooseph et al. 2015). Furthermore, in several
mouse models of malaria, the composition of the intestinal
microbiota dramatically affects the growth of Plasmodium
(Villarino et al. 2016). P. berghei ANKA infection of
C57BL/6 mice induced intestinal dysbiosis with a decrease
in Firmicutes and an increase in Proteobacteria during the
peak of infection (Taniguchi et al. 2015). In this study,
parasite-induced dysbiosis was independently associated
with parasite growth and progression of experimental cere-
bral malaria.

@ Springer

Sequestration of the parasite in the microvasculature is a
feature of most Plasmodium species, and is thought to be
crucial for parasite survival by avoiding capture by phago-
cytes in the spleen. However, sequestration of P. falciparum-
infected red blood cells (iIRBCs) on intestinal vascular endo-
thelium in patients has been correlated with ischemia, in-
creased gastrointestinal permeability, and malabsorption
(Molyneux et al. 1989; Wilairatana et al. 1997), suggesting
that sequestration plays a role in gut pathology. The rodent
parasite P. chabaudi sequesters in blood vessels of the lungs
and liver but is not found concentrated in the blood vessels of
the brain or intestine (Brugat et al. 2014). Therefore, this mod-
el affords the potential to investigate whether intestinal distur-
bance occurs in the absence of intestinal parasite sequestra-
tion. We observed that P. chabaudi did induce leakage of
small molecules and intestinal bacteria into the circulation.
Indeed, exposure of P. chabaudi-challenged mice to NTS re-
sulted in rapid bacterial dissemination. We also found that
NTS co-infection led to significant changes in the adaptive
immune response to P. chabaudi, including a reduction in B
and T cell activation. This suggests that the host immune re-
sponse is exposed to systemic intestinal microbiota in
Plasmodium infection to a significant degree.

Materials and methods
Mice, parasites, bacteria, and in vivo experiments

Wild-type (WT) and congenic Ly5.1 C57B1/6J (Jackson, Bar
Harbor, ME), female mice 8-12 weeks old were used in all
experiments. Stocks of Plasmodium chabaudi chabaudi (AS)—
infected RBCs (iRBCs) (Jean Langhorne, Francis Crick
Institute, London, UK) were stored at —80 °C. Thin blood
smears stained with Differential Quik Stain Kit (Siemens
Healthcare diagnostic Inc., Newark, DE) or Giemsa stain
(Ricca chemical company, Arlington, TX) were used to assess
parasitemia using light microscopy. Parasite stock was thawed
and 10° P. chabaudi (AS)-infected erythrocytes diluted in
Krebs glucose (1800 mg/l) were injected intraperitoneally
(i.p.), diluted in normal saline (200 uL). Mice were first fasted
for 4 h then infected with 10® CFU Salmonella enterica
serovar Typhimurium 14028 (American Type Culture
Collection, Manassas, VA) in 5% sodium bicarbonate by oral
gavage (100 uL). Splenocytes were collected from CBirl T
cell Receptor Transgenic (CBirl Tg) mice, labeled with 5(6)-
carboxyfluorescein ester (CFSE)—analog cell trace violet
(CTV) and 9.4 x 10° cells were then i.p. transferred to each
mouse. CD4*CBirl Tg CFSE" cells are specific for an
immunodominant microbiota flagellin antigen (Cong et al.
2009; Wu et al. 2016). All experiments were carried out in
accordance with the protocols approved by the University of
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Texas Medical Branch Institutional Animal Care and Use
Committee.

Intestinal permeability assays

Fluorescein isothiocyanate (FITC)-dextran (3000-5000 mo-
lecular weight, MW) was injected into 8 h-fasted mice (50—
125 mg/ml, in 100 pL, by oral gavage) and then blood was
collected by cardiac puncture, 4 h post-gavage into tubes con-
taining 10 pl of heparin. Blood was centrifuged at 4 °C,
12,000g, for 3 min. Extracted plasma was analyzed for
FITC-dextran concentration with a fluorescence spectropho-
tometer (FLUOstar Omega Microplate Reader-BMG
LABTECH, Germany) at the excitation wavelength of
485 nm and the emission wavelength of 520 nm. Standard
curves for calculating the FITC-dextran concentration in the
samples were obtained by diluting FITC-dextran in non-
treated plasma diluted with phosphate-buffered saline (PBS)
(1:1 [vol/vol]). Lipopolysaccharide-binding protein (LPSBP)
ELISA (enzyme-linked immunosorbent assay) was performed
on plasma from various days post-infection as per manufac-
turer’s instructions (Hycult Biotech, Plymouth Meeting, PA).

Histopathological assessment

The small intestines were excised into PBS and then fixed in
10% neutral buffered formalin for 24 h. Paraffin-embedded
samples were sectioned and stained with hematoxylin and
eosin (H&E, UTMB Pathology Department Histopathology
Core). Blinded histopathology evaluation was performed by
two trained readers. For each tissue section, the number of
cells within the lamina propria was counted in the two most
affected areas at least 10 crypts apart, and the scores were
averaged. The average counts were used to determine the
mean value for each group.

Bacteriology

Blood samples were collected from mice by cardiac puncture
into tubes containing 10 pl of diluted heparin. Aliquots of
samples from blood and liver and spleen homogenates were
serially diluted in PBS and then plated on Sa/monella-Shigella
(SS) agar for bacterial growth and enumeration.

Flow cytometry

Single-cell suspensions of splenocytes were made in
hydroxyethyl piperazineethanesulfonic acid (HEPES)-buffered
Hanks’ Balanced Salt Solution (HBSS) (Mediatech, Manassas,
VA), and then depleted of erythrocytes by incubation in RBC
lysis buffer (eBioscience, San Diego, CA). Cells were stained in
PBS with 2% fetal bovine serum (FBS) (Sigma, St. Louis, MO)
and 0.1% sodium azide with anti-CD16/32 (2.4G2) antibodies

(Abs) (BioXCell, West Lebanon, NH) for Fc receptor blocking,
followed by a combination of other PerCP-Cy5.5, PE/cyanine 7
(Cy7), PE/CyS5, allophycocyanin (APC), or APC/efluor780—con-
jugated Abs (all from eBioscience), or CD62L PE-Texas Red
(Invitrogen, Life Technologies, Grand Island, NY). Cells were
collected on a LSRII Fortessa using FACSDiva software (BD
Biosciences, San Jose, CA) and analyzed in FlowJo (version 9.7,
Tree Star, Ashland, OR). Compensation was performed in
FlowJo using single-stained splenocytes (using CD4 in all
colors). Data from each mouse was analyzed and averages and
standard error of the mean (SEM) were calculated in Microsoft
Excel and presented in Prism (GraphPad, La Jolla, CA).

Statistics

Where indicated, experiments were analyzed by one-way
analysis of variance (ANOVA), followed by Student’s ¢ test
in Prism (GraphPad, San Diego, CA): *p <0.05, **p<0.01,
*#%p <0.001.

Results

P. chabaudi infection compromises the intestinal
barrier

Based on data in humans showing increased systemic bacter-
emia in patients infected with P. falciparum, we hypothesized
that malaria induces increased permeability of the intestinal
wall. To test the integrity of the intestinal barrier, C57B1/6]
mice were infected with P. chabaudi and dextran was admin-
istrated into the gastrointestinal (GI) tract via gavage. We then
tested for leakage of dextran into the blood. Due to the large
molecular size of FITC-dextran (3000-5000 MW), this mol-
ecule can be used as a marker of paracellular transport and
mucosal barrier dysfunction (Joly Condette et al. 2014). Mice
infected with P. chabaudi showed significant increase in plas-
ma FITC-dextran concentrations at 8 days post P. chabaudi
infection compared to non-infected mice (Fig. 1a). The pres-
ence of LPSBP, which binds LPS and promotes LPS signaling
through Toll-like receptor (TLR)-4 and CD14, is a highly
sensitive indicator of LPS from the GI tract in the blood
(Fang et al. 2014). Therefore, to test the gut barrier function,
we also measured the concentration of LPSBP in the serum of
infected animals, and uninfected controls. P chabaudi-infect-
ed mice showed significant increases in plasma LPSBP over
uninfected control mice on all days 6-10 p.i. Though there
was significant variation among animals, there is a potential
peak on day 8 p.i., which aligns with the peak of P. chabaudi
infection (Fig. 1b).

Due to the variation, we confirmed that leakage of dextran
and elevated levels of LPSBP in the blood indicated intestinal
bacterial translocation induced by P. chabaudi infection by
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Fig. 1 Gut leakage occurs in

P. chabaudi infection. a C57Bl/6
mice were infected with

P. chabaudi malarial parasite. At
day 8 p.i., mice that had been
fasted for 8 h were gavaged with
FITC-Dextran. Plasma samples
were collected 4 h post-gavage
and FITC-dextran concentration
was analyzed. b Blood from in-
fected animals was sampled daily
and tested for LPSBP by ELISA.
Age-matched uninfected mice
were used for comparison. ¢
Adoptive transfer of commensal
bacterial flagellin-specific
CD4*CFSE* CBirl Tg T cells C
(naive, 9.4 x 10°) into congenic

Ly5.1 C57Bl/6 animals was per-

formed followed by infection

with P. chabaudi. Splenocytes
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using an additional specific test for intestinal bacteria in the
circulation. We took advantage of the CBirl T cell receptor
(TCR) transgenic (Tg) animals, which have TCRs specific
for CBirl flagellin, an antigen of commensal A4 bacteria which
is a member of the family Lachnospiraceae (Cong et al. 2009;
Wu et al. 2016). While not all animals have this specific com-
mensal, CBirl Tg T cells injected intraperitoneally (i.p.) will
only proliferate in the spleen if these specific intestinal
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commensals have escaped into the bloodstream from the GI
tract (Feng et al. 2010). Therefore, we labeled CBirl TCR Tg
splenocytes with a 5(6)-carboxyfluorescein (CFSE) analog and
adoptively transferred them (9.4 x 10°) into congenic Ly5.1
C57B1/6J animals (i.p.) to test their proliferation over the next
8 days during malarial infection. Flow cytometry of splenocytes
at 8 days p.i. revealed that transferred CBirl Tg CD4™ T cells
divided (CFSE"") in infected mice (Fig. 1c). This is shown by
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the CFSE fluorescence, which decreases by half with each T
cell division and becomes negative after about eight divisions.
We observed that the CBirl Tg T cells did indeed proliferate
more in infected animals than in uninfected mice (Fig. 1c, d),
indicating increased bacterial translocation. Taken together, the
data demonstrate that malaria infection increases the permeabil-
ity of the intestinal epithelium which allows luminal antigens
and microbes to translocate into the lamina propria and then
into the systemic circulation.

P. chabaudi infection may increase systemic
dissemination of Salmonella Typhimurium

As we show that bacterial translocation is increased during
P. chabaudi infection, we next tested whether dissemination
of S. Typhimurium increased during malaria infection. We
gavaged P. chabaudi-infected mice with S. Typhimurium at
either 2 or 4 days post-infection with the malaria parasite
(Fig. 2a). There were no significant differences in parasitemia
between the Plasmodium-infected and the co-infected animals
in the two experiments (Fig. 2b, c). Bacterial load in the blood,
livers, and spleens of Sa/monella (alone) or co-infected mice
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Fig. 2 Co-infection with S. Typhimurium increases gut leakage in mice
challenged with P. chabaudi. C57Bl/6J mice were infected with
P, chabaudi, and co-infected mice received S. Typhimurium gavage either
2 or 4 days post P. chabaudi infection. The animals were sacrificed 9 or
11 days post malarial parasite infection, respectively, and both experi-
ments ended 7 days post-NTS infection. a Diagram showing the experi-
mental design of experiment 1 and experiment 2 (expt. 1 and expt. 2). b, ¢
Plasmodium parasite growth is shown in both experiments (expt. 1 and

were measured 7 d.p.i. with NTS (or days 9 or 11 after
Plasmodium infection). The co-infected animals showed a
trend towards higher bacterial load compared to Salmonella-
infected mice in two separate experiments, which did not
reach significance (Fig. 2d, e). The FITC-dextran assay for
intestinal permeability showed leakage of dextran in the plas-
ma from the intestinal lumen only in co-infected mice, while
the P chabaudi- and NTS-only infected groups had serum
concentrations of dextran below the level of detection in this
particular experiment (Fig. 2f). While only one mouse in
each of the P. chabaudi- and NTS-only groups died, 50%
of the mice in the co-infected group reached the humane
end point 1 day prior to the end of the experiments and were
sacrificed due to their symptoms of salmonellosis (Fig. 2g).
Coincident with increased gut leakage, co-infected mice
showed a significant increase in the infiltration of cells in
the lamina propria compared to P. chabaudi- or NTS-only
infected mice (Fig. 3a, b). Collectively, these data suggest
that Plasmodium infection led to compromised intestinal
barriers that increased dissemination of an intestinal path-
ogen in some animals, even in the absence of local parasite
sequestration.
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expt. 2, respectively). d Bacterial loads in blood and liver are shown at
day 7 post-NTS infection from (expt. 1). e Bacterial loads in the blood,
liver, and spleen are shown at day 7 post-NTS infection (expt. 2). f FITC-
Dextran gavage followed by plasma collection 4 h later on day 9 post
malarial parasite infection (expt. 1) allowed detection of leakage of the
intestinal wall shown as FITC fluorescence in plasma. g Survival curve of
infected and co-infected animals, combined from two experiments (expt.
1 and expt. 2). Experiments were repeated once with 5 mice per group
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Fig. 3 Malarial parasite-infected animals showed increased cellularity
within the lamina propria. C57B1/6 mice were infected with
P. chabaudi, and co-infected mice received Salmonella Typhimurium
gavage 4 days post-malaria infection and were sacrificed 11 days post
malarial infection (expt. 2). Sections representing the jejunum of the small
intestine were stained with H&E. a Representative image (x 40) showing

NTS co-infection inhibits the adaptive immune
response to Plasmodium

In order to test the effect of bacterial translocation of NTS on the
immune response to P. chabaudi, we evaluated B cell activation
by flow cytometry. We found an increase in the fraction of B cells
in the lymphocyte gate in the spleen of co-infected animals com-
pared to P. chabaudi-infected mice (Fig. 4a). However, NTS co-
infection caused a significant decrease in the frequency of acti-
vated B cells out of total B cells (MHC-IIhi IgD, Fig. 4b), and
there was less upregulation (mean fluorescent intensity (MFI)) of
MHC-II on the surface of activated (CD19%IgD ") B cells (Fig.
4c¢). As B cell activation is less in co-infected animals than in
response to P chabaudi infection alone, we conclude that expo-
sure to NTS results in a reduction in B cell activation in response
to P. chabaudi (Fig. 4c).

Generation of effector T cell cells was also investigated in
the spleen by flow cytometry. Co-infection with S.
Typhimurium significantly reduced CD4 effector T cell induc-
tion to P. chabaudi as defined by reduced CD127 downregu-
lation on CD4 T cells in the spleen and liver (Fig. 5a). CD127
is the IL-7 receptor alpha chain, which is downregulated upon
activation, while CD44 is slowly upregulated on T cells. This
decrease was observed in the spleen on days 9 and 11 post-
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a cross-section of the lamina propria in the jejunum. Arrows indicate
cellular infiltration. The scale bar represents 25 mm. b Quantification of
the number of cells in the lamina propria of sections of the jejunum.
Statistically significant differences between groups are indicated with
*p<0.05 and **p <0.01

Plasmodium infection, as well as in liver on day 9 post-
Plasmodium infection (not shown). P. chabaudi-induced
CD8 T cell activation was also significantly inhibited upon
co-infection with Salmonella, resulting in 54% reduction of
CD8 effector T cells (CD127 , Fig. 5b). These findings show
that Plasmodium infection not only increases dissemination of
NTS in co-infection but also suggest that the dissemination of
Salmonella may lead to a reduced acute malaria-specific im-
mune response.

Discussion

In the current study, we showed that P chabaudi infection
induces intestinal changes and gut barrier leakage, which be-
come enhanced in the context of co-infection with Salmonella.
Increased intestinal permeability (Chau et al. 2013) and bacte-
rial translocation have also been shown in animals infected with
P, yoelii (Chau et al. 2013; Mooney et al. 2015a, b; Roux et al.
2010). Chau et al. also observed mastocytosis and elevated
histamine levels which can directly increase intestinal perme-
ability (Chau et al. 2013). A previous study showed detachment
of the epithelium of the small intestine and dysbiosis with in-
creased intestinal permeability in P. berghei ANKA infection,
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including sequestration in vessels of the intestinal villi
(Taniguchi et al. 2015). Despite the fact that P. chabaudi does
not specifically sequester in the gut of infected mice (Brugat
et al. 2014), the parasite still induced intestinal barrier disrup-
tion and intestinal translocation of microbiota that was detect-
able in some animals. The present data in mice infected with
P chabaudi is consistent with increased bacterial translocation
as indicated by high serum LPSBP, proliferation of microbiota
antigen-specific (CBirl) T cells, and dextran leakage into the
serum in some animals. Many Salmonella-infected animals
showed dissemination 7 days after infection with NTS, how-
ever, mice co-infected with Salmonella and Plasmodium ap-
peared to have increased systemic NTS dissemination. Though
this did not reach statistical significance, all co-infected animals
exhibited disseminated bacteremia, and more co-infected ani-
mals died. Infection with P. yoelii was reported to increase the
susceptibility to Salmonella via alterations to the intestinal mi-
crobial community (Mooney et al. 2015a, b). It is possible that
the systemic increase in the bacterial loads in our co-infection
model was due to the increase in intestinal colonization of
Salmonella. However, a recent study by the same group
showed that infection of mice with P. yoelii partially rescued
the systemic colonization of Sa/monella with mutant defective
for type III secretion system-2 (T3SS-2), (Lokken et al. 2018),

suggesting a role for an increase in leakiness of the epithelium
allowing increased bacterial escape during Plasmodium infec-
tion. P. chabaudi-infected mice also showed intestinal pathol-
ogy characterized by cellular infiltration of the lamina propria.
Therefore, our data suggest that P chabaudi infection, or the
pro-inflammatory immune response to it, induces dissemina-
tion of intestinal microbiota, regardless of intestinal parasite
sequestration.

As severe malaria patients with systemic bacteremia have a
higher rate of mortality (Church et al. 2016), several studies have
examined the mechanisms mediating the increased susceptibility
to bacteremia during malaria; however, few have focused on the
effects of the bacterial infection on the immune response to ma-
laria. In addition, these studies to date have focused only on
innate immunity. Dysfunctional macrophages (Van Santen
S et al. 2013) and neutrophils (Cunnington et al. 2012) have been
shown to play important roles in increasing susceptibility to bac-
teremia in malaria co-infection settings. Adaptive immunity to
Salmonella may also be affected by P, falciparum malaria, as
mice immunized with a live-attenuated Salmonella vaccine strain
showed a reduced protective response to Salmonella infection
during malaria (Mooney et al. 2015a, b). A recent study sug-
gested that malaria patients with bacteremia have lower
parasitemia (Davenport et al. 2016). However, in animal models,
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we and others, have not detected a significant difference in
Plasmodium parasitemia when animals infected with the malarial
parasite alone were compared to co-infected animals (Chau et al.
2013).

Our work also uncovered a previously unknown effect of
Salmonella infection on the adaptive immune response to
Plasmodium. We showed that S. Typhimurium infection was
associated with a significant decrease in B cell activation in
response to P. chabaudi. Furthermore, our data showed that
Plasmodium/Salmonella co-infection resulted in inhibition of
malarial parasite-associated T cell activation. Malaria general-
ly induces profound effector T cell expansion to control para-
site proliferation and regulate pathology (Spence and
Langhorne 2012). However, our data indicate that co-
infected mice generated significantly fewer of both CD4 and
CDS8 effector T cells (CD127 CD44™) compared to animals
infected with P. chabaudi alone. Therefore, our data suggest
that Salmonella co-infection impacts the adaptive immune
response to Plasmodium and contribute to intestinal changes
that increase the chances of pathogenic bacteremia.

In conclusion, this study showed that infection of mice with
P. chabaudi compromises intestinal barrier functions, charac-
terized by increased barrier permeability and increased infil-
tration of cells in the lamina propria. Sequestration of
Plasmodium in the gut wall microvasculature has been

@ Springer

proposed as a mechanism of malarial gut pathology.
However, P. chabaudi sequesters in other organs but does
not accumulate in the gut vasculature, suggesting that these
effects are independent of local parasite adhesion. P. chabaudi
infection specifically promoted NTS bacterial dissemination
from the intestinal tract, and co-infection led to an inhibited
adaptive immune response to the parasite. Both of these find-
ings contribute to our understanding of malarial pathology in
the presence of a varied gut microbiome, which also has been
shown to contribute to parasite control.
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