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Intestinal helminth infections occur predominantly in regions where exposure to enteric bacterial pathogens is also common. 
Helminth infections inhibit host immunity against microbial pathogens, which has largely been attributed to the induction of regu-
latory or type 2 (Th2) immune responses. Here we demonstrate an additional 3-way interaction in which helminth infection alters 
the metabolic environment of the host intestine to enhance bacterial pathogenicity. We show that an ongoing helminth infection 
increased colonization by Salmonella independently of T regulatory or Th2 cells. Instead, helminth infection altered the metabolic 
profile of the intestine, which directly enhanced bacterial expression of Salmonella pathogenicity island 1 (SPI-1) genes and increased 
intracellular invasion. These data reveal a novel mechanism by which a helminth-modified metabolome promotes susceptibility to 
bacterial coinfection.
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Chronic helminth infections occur predominantly in regions 
of poor sanitation, where the risk of coinfection with micro-
bial pathogens is high [1]. Ongoing helminth infections have 
been associated with increased susceptibility to secondary 
microbial infections in mice and people. In mice, helminths 
impair host resistance to Citrobacter rodentium, Salmonella 
enterica serovar Typhimurium, Escherichia coli strain UTI89 
(uropathogenic E. coli), norovirus, and γ-herpesvirus [2–6]. 
In humans, helminth infections correlate with increased 
severity of tuberculosis, higher Plasmodium burdens during 
malaria, impaired immunity to Vibrio cholerae, and greater 
incidence of human immunodeficiency virus (HIV) infection 
[7–12].

It is currently thought that helminth-mediated immunomod-
ulation underpins increased susceptibility to secondary micro-
bial infections. Helminth infections characteristically induce 
a robust T helper (Th) 2 immune response, marked by the 

cytokines interleukin 4 (IL-4), interleukin 5 (IL-5), and inter-
leukin 13 (IL-13), and a strong regulatory T-cell (Treg) response 
[13]. Both Th2 and Treg responses have been proposed to 
impair the generation of protective Th1 or Th17 immunity 
against bacterial or viral pathogens [2–5, 14–16]. In this regard, 
widespread IL-4 signaling during helminth infection can 
impair the production of antimicrobial interferon-γ from CD4+ 
T cells and invariant natural killer (NK) T cells [2, 5, 17], and 
helminth-elicited IL-4 and IL-10 can block effector differentia-
tion of CD8+ T cells after challenge with irradiated Toxoplasma 
gondii parasites [16]. Moreover, Th2 cytokines can directly pro-
mote viral replication: IL-4 switches on signal transducer and 
activator of transcription 6 (Stat6), which binds to and activates 
γ-herpesvirus viral promotors controlling latent-lytic switch 
genes [4]. Alongside Th2 cytokines, Tregs can impede antimi-
crobial immunity through the suppression of effector T-cell 
responses [14, 15]. In this manner, helminth-induced Tregs can 
also reduce inflammation during allergic airway inflammation 
and graft-vs-host disease [18–20]. Thus, direct modulation of 
host immunity is one pathway by which helminths facilitate 
secondary microbial infections.

Here, we use a mouse model of coinfection to identify an 
additional mechanism by which intestinal helminths alter host 
immunity to concurrent bacterial pathogens. We show that the 
greater susceptibility of helminth-infected mice to the bacterial 
pathogen S. Typhimurium occurs independently of the induc-
tion of Treg or Th2 cells following helminth infection. Instead, 
we reveal a previously unidentified pathway of interkingdom 
interaction between helminths and bacteria. We show that hel-
minths disrupt the metabolic profile of the small intestine, and 
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that the resulting metabolites directly affect the virulence of S. 
Typhimurium to enhance bacterial colonization.

METHODS

Mice

All mouse experiments were performed at the University of 
British Columbia (UBC) and approved by UBC’s Animal Care 
Committee and the Canadian Council on Animal Care. Wild-
type C57BL/6 mice were purchased from the Jackson Laboratory, 
and wild-type 129S1/SvImJ, rag1-/-, C57BL/6 4get [21], C57BL/6 
KN2/KN2 (il4-/-) [22], and C57BL/6 4get stat6-/- [23] mice were 
bred in-house. All mice were housed in individually ventilated 
cages in specific-pathogen-free conditions, with ad libitum 
access to food and water. Experimental mice were age- and sex-
matched and used at 6–12 weeks old. Littermates were random-
ized between test groups prior to the start of each experiment.

Infections

Mice were left naive or infected by oral gavage with 200 
Heligmosomoides polygyrus third-stage larvae. Where indi-
cated, naive or day 14 H. polygyrus–infected mice were infected 
with streptomycin-resistant S. Typhimurium wild-type or aroA 
mutant strain SL1344. 129S1/SvImJ mice were orally gavaged 
with 3 × 106 colony-forming units (CFU) of stationary-phase S. 
Typhimurium in phosphate-buffered saline (PBS), from overnight 
cultures grown in Luria-Bertani (LB) broth. C57BL/6 mice were 
orally gavaged with 3 × 108 CFU of stationary-phase aroA mutant  
S. Typhimurium [24].

In Vivo Salmonella Burden Quantification

Serial dilutions of homogenized tissues were plated onto LB 
plates containing 100  μg/mL streptomycin (Sigma-Aldrich). 
The following day, S. Typhimurium colonies were counted and 
CFU per gram of tissue was calculated.

Metabolite Collection

Intestinal contents were collected from the proximal 6 cm of the 
small intestine of naive or day 14 H. polygyrus–infected mice, 
and weights were recorded. One hundred microliters of acetoni-
trile (VWR International) was added for each 10 mg of intesti-
nal content, and samples were shaken at 4°C overnight. Samples 
were spun at 13 000 rpm at 4°C for 15 minutes, and supernatants 
containing small molecules were collected. Supernatants were 
sterile-filtered and aliquoted into 250-μL (containing 25 mg intes-
tinal contents) fractions, and acetonitrile was evaporated using a 
speed vacuum concentrator. Samples were stored at –80°C prior 
to the use of metabolites for compositional analysis or functional 
assays. Control tubes were generated where acetonitrile was used 
as described above to do mock extractions in an empty tube.

Metabolite Analysis

In brief, metabolites were extracted as above from naive or 
day 14 H.  polygyrus–infected 129S1/SvImJ mice and sent to 

the University of Victoria–Genome BC Proteomics Centre 
for untargeted metabolomics by ultra-high-performance liq-
uid chromatography–Fourier transform mass spectrometry 
(UPLC-FTMS) analysis. The positive-ion and negative-ion 
UPLC-FTMS datasets were processed individually, and the 
output of the data processing was the retention time, mass-  to-
charge ratio (m/z), and peak area of each detected metabolite 
or metabolite feature. Welch t test with unequal variances was 
applied for the statistical analysis. Multivariate and clustering 
analyses were carried out using Metaboanalyst version 3.0 
software (http://www.metaboanalyst.ca/faces/home.xhtml) 
[25, 26], using an m/z tolerance of 0.0005 and a retention time 
tolerance of 30 seconds. Data were log-transformed and auto-
scaled. Principal components analysis was performed and plots 
were generated showing separation of data based on the first 2 
principal components. Heat maps were generated showing rel-
ative abundance of all small-intestinal metabolites. Maximum 
abundance was reported in red and minimum abundance in 
blue. Clustering of samples from different mice was shown 
using a Euclidean distance and Ward clustering algorithm. 
Where possible, putative identities of identified metabolite fea-
tures were assigned using the Metlin database (https://metlin.
scripps.edu/metabo_batch.php) based on the m/z value of each 
feature.

Statistical analyses were performed separately on datasets 
from positive and negative ion detection datasets. Full details 
are provided in the Supplementary Methods.

Incubation of Salmonella With Intestinal Metabolites

Mock-extracted metabolites (control), metabolites from 
small-intestinal contents of naive mice, or metabolites from 
small-intestinal contents of day 14 H. polygyrus–infected mice 
were resuspended in 1 mL of LB media and sterile-filtered using 
a 0.22-μΜ pore filter unit (Sigma-Aldrich). Thirty microliters of 
stationary-phase overnight cultures of S. Typhimurium or aroA 
mutant S. Typhimurium grown in LB was diluted into the 1 mL 
of LB-containing metabolites, and shaken at 37°C for 3 hours. 
Bacteria were then pelleted and resuspended in PBS twice, to 
wash cells.

Salmonella Typhimurium Gene Expression

After incubation with metabolites as described above,  
S. Typhimurium was resuspended in RNAprotect Bacteria 
Reagent (Qiagen), and RNA was extracted using an RNeasy 
Mini Kit (Qiagen). Genomic DNA was removed using a DNA-
Free kit (Ambion), and cDNA was prepared using a QuantiTect 
Reverse Transcription Kit (Qiagen). Quantitative PCR (qPCR) 
was performed on a 7500 Fast Real-Time PCR System (Applied 
Biosystems). Cycling conditions used were as follows: 2 minutes 
at 50°C, 15 minutes at 95°C, followed by 40 cycles of 95°C for 15 
seconds, 58°C for 30 seconds, and 72°C for 30 seconds. Primers 
used were (5′-3′) hilA: F-ACACCTGCAGGATAATCCAA, 
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R-ATTTTCGTGCCAGTTCATGT; sipA: 
F - G T C A T A A T G C C A G G T A T G C A G A C C G , 
R-CCTTTAATTTCCCCTGACAGCGTCG; sprB: 
F - C AT TA A C T G C A C T T T T G C AT T C C C TAT C C G , 
R - G C C A C TA C C A A A A C T T TA C G G T T C T G C A ; 
and glyceraldehyde-3-phosphate dehydrogenase 
(gapA): F-GGCGCTAACTTTGACAAATACGAAGG, 
R-AGTCATCAGACCTTCGATGATGCCG. Normalized 
expression units of test genes were calculated using the ΔΔCt 
method relative to gapA. Expression levels were normalized 
to that of the control group (S. Typhimurium cultured with 
mock-extracted metabolites), which was set to an expression 
level of 1.

In Vitro S. Typhimurium Invasion Assay

HeLa cells were purchased from the American Type Culture 
Collection (ATCC) and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; HyClone) containing 10% heat-in-
activated FBS (HyClone), 1% GlutaMAX (ThermoFisher), and 
1% nonessential amino acids (Gibco) (complete DMEM), at 
37°C with 5% CO2. Cultures of S. Typhimurium that had been 
incubated with intestinal metabolites (described above) were 
used to infect HeLa cells at a multiplicity of infection of 50. 
Bacterial inoculates were plated on LB plates containing 100 
μg/mL streptomycin (Sigma-Aldrich) to confirm the CFU of 
S. Typhimurium present in inoculates. Twenty minutes post-
infection, HeLa cells were washed with PBS, and complete 
DMEM containing 50 μg/mL gentamicin (Gold Biotechnology) 
was added. After a further 70-minute incubation, HeLa cells 
were lysed using PBS containing 1% Triton X-100 (Sigma-
Aldrich) and 0.1% sodium dodecyl sulfate (Sigma-Aldrich). 
Serial dilutions of lysate were plated onto LB plates containing 
100 μg/mL streptomycin (Sigma-Aldrich). The following day, 
S. Typhimurium colonies were counted and invasion level was 
calculated as the percentage of S. Typhimurium CFU pres-
ent in inoculates that invaded HeLa cells. The control group  
(S. Typhimurium cultured with mock-extracted metabolites) 
invasion level was set to 1, and invasion levels of other groups 
shown relative to this value.

Statistical Analysis

Data were analysed for normality using a D’Agostino-Pearson 
omnibus normality test. For assessing differences between 2 
groups, an unpaired t test was used for normally distributed 
data, and a Mann–Whitney test was used for data that were 
not normally distributed. When >2 test groups were being 
assessed, a 1-way analysis of variance followed by a Tukey 
multiple comparisons test was used for normally distributed 
data, and a Kruskal–Wallis test followed by a Dunn multi-
ple comparisons test was used for data that were not nor-
mally distributed. A P value ≥.05 was considered statistically 
significant. 

RESULTS

Helminth-Coinfected Mice Exhibit Elevated S. Typhimurium Burdens in 

the Small Intestine

To test the effects of intestinal helminth infection on bacte-
rial co-colonization, we developed a model of coinfection 
using the murine helminth H.  polygyrus and the bacteria  
S. Typhimurium. 129S1/SvImJ mice were orally infected with 
H.  polygyrus, a strictly enteric pathogen which establishes 
a chronic infection in the small intestine [27]. At day 14 fol-
lowing H. polygyrus infection, by which time adult worms are 
present in the lumen of the duodenum and jejunum, mice were 
orally challenged with S. Typhimurium, alongside mice infected 
with S. Typhimurium alone (Figure 1A). The majority of singly 
infected mice were able to clear S. Typhimurium from the small 
intestine within 9 days, yet H. polygyrus–coinfected mice main-
tained high bacterial burdens (Figure  1B). In the cecum and 
colon, sites distal to helminth infection, the effect of helminth 
coinfection on S. Typhimurium clearance was less marked, 
although helminth coinfection did result in significantly higher 
S. Typhimurium levels in the colon (Figure 1C). Levels of sys-
temic S. Typhimurium were unaffected by helminth coinfec-
tion (Figure 1D). Together, these data suggest that H. polygyrus 
exerts a local effect to promote S. Typhimurium colonization.

To test the effect of helminth infection on bacterial coloni-
zation was affected by genetic background, we also coinfected 
C57BL/6 mice (Figure 2A). Unlike 129S1/SvImJ mice, C57Bl/6 
mice lack the natural resistance-associated macrophage pro-
tein 1 (Nramp1), and rapidly succumb to infection with doses 
of wild-type S. Typhimurium that 129S1/SvImJ mice sur-
vive [28]. For this reason, all experiments with C57BL/6 mice 
were conducted with an attenuated strain of S. Typhimurium 
(aroA mutant [24]). Similar to 129S1/SvImJ mice, C57BL/6 
mice infected with S. Typhimurium alone were able to clear 
this pathogen from the small intestine within 9 days, whereas 
helminth-coinfected mice maintained high S. Typhimurium 
burdens in the small intestine (Figure 2B). The greatest impact 
of helminth coinfection was at sites proximal to H. polygyrus 
colonization (Figure 2C and D). Notably, small-intestinal bac-
terial burdens were significantly higher in helminth-coinfected 
mice as early as 24 hours following S. Typhimurium infection 
(Figure 2B). Therefore, in 2 different inbred strains of mice, the 
presence of an intestinal helminth enhances local bacterial col-
onization following challenge infection.

Elevated S. Typhimurium Burdens in Helminth-Coinfected Mice Are 

Independent of Induction of Th2 or Treg Cells

Th2 cells induced by helminths have been previously shown 
to impair immunity to microbial infections [2–5]. We hypoth-
esized, therefore, that the potent Th2 response induced by 
H.  polygyrus [27] may be inhibiting effective bacterial clear-
ance, leading to S. Typhimurium persistence. To test this, we 
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coinfected mice that are unable to mount a Th2 response. 
Surprisingly, similar to coinfected wild-type mice, both il4-de-
ficient and stat6-deficient coinfected mice failed to clear S. 
Typhimurium from the small intestine by day 9 postinfection 
(Figure  3), suggesting that during coinfection increased sus-
ceptibility to secondary bacterial infection is independent of 
Th2 cells.

In addition to induction of Th2 cells, H. polygyrus also stim-
ulates expansion and activation of Tregs [29]. Therefore, Treg-
mediated immunosuppression of antibacterial responses could 
account for elevated bacteria burdens in coinfected mice. To test 
this, we coinfected rag1-deficient mice, which lack all mature 
T cells including Tregs, as well as all mature B cells [30]. We 
compared S. Typhimurium burdens between singly infected 
and helminth-coinfected rag1-deficient mice 1  day after  
S. Typhimurium infection, before differences in susceptibility 

to S. Typhimurium between wild-type and rag1-deficient mice 
emerge [31]. Similar to wild-type mice, at 1  day following  
S. Typhimurium infection, helminth-coinfected rag1-deficient 
mice had dramatically elevated S. Typhimurium burdens in the 
small intestine, compared to rag1-deficient mice infected with 
S. Typhimurium alone (Figure  4). This suggests that during 
coinfection suppression of immunity to S. Typhimurium is 
not mediated by helminth-induced Tregs. Together these data 
demonstrate that helminth infection can impair resistance to 
bacterial pathogens independently of Th2 or Treg conditioning 
of host immunity.

Helminth Infection Alters the Metabolic Profile of the Small Intestine

Colonization with helminth parasites has been associated with 
changes to the intestinal microbiota in both mice and humans 
[32]. Heligmosomoides polygyrus infection causes profound 

Figure 1. Helminth-coinfected 129S1/SvlmJ mice exhibit elevated Salmonella Typhimurium (ST) burdens in the small intestine. A, Experimental setup. 129S1/SvImJ mice 
were left naive or infected with Heligmosomoides polygyrus (Hp). Fourteen days later, all mice were orally infected with ST. Nine days later, ST colony-forming unit (CFU) 
counts were determined. ST CFU counts in the duodenum and jejunum (B), cecum and colon (C), and spleen and liver (D) are shown. Data shown are pooled from 2 independent 
experiments and are representative of the results from 3 independent experiments. *P ≤ .05; **P ≤ .01.
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shifts in the composition of the small-intestinal microbiota 
[33–35]. Alterations to the microbiota imposed by H. polygyrus 
have recently been demonstrated to enhance production of 

microbiota-derived short-chain fatty acids, which can allevi-
ate allergic airway inflammation [36]. Helminth infection has 
also been shown to inhibit the development of inflammatory 

Figure 2. Helminth-coinfected C57BL/6 mice exhibit elevated Salmonella Typhimurium (ST) burdens in the small intestine. A, Experimental setup. C57BL/6 mice were left 
naive or infected with Heligmosomoides polygyrus (Hp). Fourteen days later, all mice were orally infected with aroA mutant ST. One and 9 days later, ST colony-forming unit 
(CFU) counts were determined. ST CFU counts in the duodenum and jejunum (B), cecum and colon (C), and spleen and liver (D) are shown. Data shown are pooled from 2 
independent experiments and are representative of the results from 4 independent experiments. *P ≤ .05; **P ≤ .01; ***P ≤ .001; ****P ≤ .0001.
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bowel disease by reducing the prevalence of specific inflam-
matory species within the microbiota [37]. In both these cases, 
helminth-induced microbiota changes were seen to target host 
pathways. We hypothesized that there may also be a direct effect 
of intestinal metabolic changes on concurrent microbial patho-
gens. We identified metabolites present in the small intestine 
by UPLC-FTMS, and assessed the relative abundance of each 
metabolite between naive and H.  polygyrus–infected mice. 
Helminth infection significantly altered the metabolic profile of 
the small intestine (Figure 5A and B; Supplementary Figure 1A 
and 2B; Supplementary Figure 2A and 2B). Of 4593 metabolite 
features detected, 362 were significantly altered in abundance 
during H. polygyrus infection (P ≤ .01, ≥2-fold difference), with 
41 upregulated and 321 suppressed during H. polygyrus infec-
tion (m/z, retention time, and putative identities of metabo-
lite features reported in Supplementary Figure 2A and 2B and 
Supplementary Tables 1–4).

Helminth-Modulated Small-Intestinal Metabolites Promote S. 

Typhimurium Intracellular Invasion

We next aimed to determine whether a helminth-altered 
metabolome had an impact on the growth or invasive capac-
ity of S. Typhimurium. We first tested whether helminth- 
altered small-intestinal metabolites affected the growth rate 
of S. Typhimurium, and found no evidence that helminth- 
altered small-intestinal metabolites promoted the growth of 

S. Typhimurium in an in vitro growth assay (Supplementary 
Figure  3A and B). We next investigated whether exposure to 
helminth-modulated small-intestinal metabolites altered the 
expression levels of S. Typhimurium virulence genes. HilA is a 
bacterial transcription factor that plays a central role in regulat-
ing expression of S. Typhimurium genes controlling intracellu-
lar invasion, which are encoded within Salmonella pathogenicity 
island 1 (SPI-1) [38]. We found that hilA expression was inhib-
ited in S. Typhimurium cultured with metabolites from naive 
mice but not by metabolites from H. polygyrus–infected mice 
(Figure  6A). Expression levels of sipA and sprB, which are 
also found within the SPI-1 locus, were likewise elevated after 
culture with small-intestinal metabolites from H.  polygyrus–
infected mice compared to after culture with small-intestinal 
metabolites from naive mice (Figure 6A). These data indicate 
that small-intestinal metabolites altered in abundance during 
helminth infection promote the expression of virulence genes 
in S. Typhimurium. To determine whether the altered expres-
sion of S. Typhimurium virulence genes after exposure to hel-
minth-modulated metabolites corresponded with an altered 
invasive capacity of S. Typhimurium, we tested the effect of 
metabolites from naive or H.  polygyrus–infected mice on S. 
Typhimurium intracellular invasion. Metabolites extracted 
from the small intestine of naive mice, either 129S1/SvImJ or 
C57BL/6, significantly suppressed the ability of S. Typhimurium 
to invade human epithelial (HeLa) cells (Figure 6B). In contrast, 

Figure 4. Elevated Salmonella Typhimurium (ST) burdens in helminth-coinfected mice are independent of induction of regulatory T cells. C57BL/6 and rag1-/- mice were left 
naive or infected with Heligmosomoides polygyrus (Hp). Fourteen days later, all mice were orally infected with aroA mutant ST. One day later, ST colony-forming unit (CFU) 
counts were determined in the duodenum and jejunum. Data shown are pooled from 3 independent experiments. *P ≤ .05; ****P ≤ .0001. 

Figure 3. Elevated Salmonella Typhimurium (ST) burdens in helminth-coinfected mice are independent of induction of Th2 cells. C57BL/6 (wild-type [WT]), il4-/-, and stat6-/-   
mice were left naive or infected with Heligmosomoides polygyrus (Hp). Fourteen days later, all mice were orally infected with aroA mutant ST. Nine days later, ST colo-
ny-forming unit (CFU) counts were determined in the duodenum and jejunum. Data shown are pooled from 2 independent experiments. **P ≤ .01; ***P ≤ .001; ****P ≤ .0001.
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metabolites extracted from the small intestine of H. polygyrus–
infected mice did not suppress the ability of S. Typhimurium 
to invade HeLa cells (Figure 6B). These data reveal for the first 
time that modulation of intestinal metabolites during helminth 
infection directly affects the invasive capacity of pathogenic S. 
Typhimurium bacteria. Together our data reveal a new inter-
action in helminth-bacterial coinfection, in which helminth 
infection disrupts the protective composition of the intestinal 
metabolome, allowing for increased intracellular invasion and 
colonization by pathogenic bacteria.

DISCUSSION

A number of studies have demonstrated that an ongoing hel-
minth infection can result in heightened susceptibility to 
microbial pathogens. This was attributed to helminth-mediated 
immunomodulation that acted to compromise the development 
of antimicrobial immune responses [1–5, 13]. In this study, we 
describe a novel mechanism by which helminths increase sus-
ceptibility to a microbial pathogen, independently of immune 
conditioning toward Th2 or Treg responses. We provide evi-
dence to show that the presence of helminths disrupts the met-
abolic composition of the intestine, and the resultant shift in 
metabolites directly alters the invasive capacity of the intracel-
lular bacterial pathogen S. Typhimurium.

Salmonella invasion gene expression is strongly repressed by 
metabolites extracted from the feces of naive mice or humans 

[39]. These inhibitory metabolites are likely derived from both 
the microbiota as well as the mammalian host, as metabolites 
extracted from the feces of both germ-free and convention-
ally raised mice inhibited Salmonella invasion gene expres-
sion, although to a lesser extent by metabolites from germ-free 
mice [39]. Disruption of the intestinal metabolic environ-
ment by antibiotic treatment can promote S. Typhimurium 
expansion in mice [40]. Antibiotic treatment induces host 
expression of inducible nitric oxide synthase, which mediates 
elevated carbohydrate oxidation, releasing galactarate and glu-
carate that can promote the expansion of S. Typhimurium [40]. 
Heligmosomoides polygyrus infection could disrupt the intesti-
nal metabolome by shifting the composition of the microbiota, 
thereby altering the abundance of microbiota-derived products 
[33–35], or by interfering with host metabolism. Additionally, it 
is possible that metabolites produced directly by helminths [36, 
41] are responsible for promoting Salmonella virulence.

It is becoming increasingly clear that complex communica-
tion between kingdoms occurs in the mammalian intestine. 
The bacterial microbiota and intestinal helminths share a niche 
within the host, and can influence each other’s fitness and per-
sistence [32]. For example, the presence of the microbiota is 
critical for the establishment of Trichuris muris, a murine whip-
worm whose eggs hatch in the ceca [42]. For hatching, the eggs 
require direct contact with structural components of microbes 
within the intestinal microbiota [42]. Specific species within 

Figure 5. Helminth infection alters the metabolic profile of the small intestine. A, The differential abundance of small-intestinal metabolites from naive or day 14 
Heligmosomoides polygyrus–infected (Hp) 129S1/SvImJ mice was determined by ultra-high-performance liquid chromatography–Fourier transform mass spectrometry.   
A principal components (PC) analysis plot was generated from metabolites detected in positive ion mode. B, Heatmap showing the relative abundance of all metabolites 
detected in naive and day 14 Hp-infected 129S1/SvImJ mice, detected in positive ion mode. Clustering of naive and Hp-infected mice is shown using a Euclidean distance 
and Ward clustering algorithm.
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the microbiota can also affect the chronicity of adult helminths. 
Lactobacillus species promote the persistence of adult H. poly-
gyrus and T. muris worms, likely through the induction of Tregs 
and inhibition of Th2 responses directed against the parasites 
[33, 43]. A common pathway of interbacterial communication 
in the intestine is through the production of bacterial-derived 
metabolites, which can shape the population dynamics of the 
bacterial microbiota, as well as influencing the ability of patho-
genic bacteria to colonize the intestine [44]. Our work provides 
the first example of how helminths can influence the virulence 
of pathogenic bacteria through an altered small-intestinal 
metabolome.

A helminth-altered cecal metabolome has been shown to 
mediate, at least in part, the suppression of airway inflamma-
tion during helminth infection in a murine model of allergic 
asthma [36]. It has been previously demonstrated that helminth 
infection results in elevated levels of short-chain fatty acids 
(SCFAs) in the ceca of mice, which enhanced the suppressive 

function of Tregs and protected against airway inflamma-
tion [36]. Helminths may have evolved the ability to shift the 
metabolite profile toward one which promotes their own chro-
nicity, for example, through inducing SCFAs, which have been 
shown to induce and enhance the suppressive function of Tregs 
[45–47]. There is a current interest in the use of helminths, or 
helminth-derived products, for the therapeutic treatment of 
inflammatory diseases including allergy and inflammatory 
bowel disease [48]. As our and others’ data suggest that helminth 
infection can also increase susceptibility to microbial infections 
[2–6], it will be important to fully characterize the pathways by 
which helminths affect host physiology, such that susceptibility 
to pathogenic microbes during therapeutic administration of 
helminths can be predicted and controlled.

Helminths are potent immunomodulators, which can alter 
host immunity to infectious and immune-mediated diseases 
through multiple mechanisms, dependent on the disease 
context, host genetics, and the microbiota [13, 36, 37]. Both 

Figure 6. Helminth-modified small-intestinal metabolites promote intracellular invasion by Salmonella Typhimurium (ST). A, aroA mutant ST bacteria were cultured without 
metabolites (control) or with metabolites extracted from the small intestine of naive or Heligmosomoides polygyrus (Hp)–infected C57BL/6 mice. Expression levels of ST hilA, 
sipA, and sprB were then determined. Each data point represents gene expression levels of 3 ST cultures that were split and cultured with metabolites from each group. 
Data shown are representative of results from 4 independent experiments that each used independent mice and ST cultures. B, Wild-type or aroA mutant ST bacteria were 
cultured without metabolites (control) or with metabolites extracted from the small intestine of naive or Hp–infected 129S1/SvImJ or C57BL/6 mice, prior to infection of 
HeLa cells. Each data point represents a technical replicate of HeLa cells infected with ST that had been cultured with metabolites pooled from 3–5 naive or 3 Hp-infected 
mice. Data are representative of results from 2 (129S1/SvImJ) or 3 (C57BL/6) independent experiments that each used independent mice and ST cultures. *P ≤ .05; **P ≤ .01;   
***P ≤ .001; ****P ≤ .0001. 
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helminths and the microbiota have potent immunomodulatory 
effects during inflammatory and infectious diseases [13, 32, 
49, 50]. Our data identify a novel mechanism by which a hel-
minth-modified metabolic environment can promote the ability 
of a bacterial pathogen to colonize the intestine. Understanding 
the mechanisms by which helminths promote susceptibility to 
microbial coinfections will aid disease treatment and prevention 
strategies in the world regions where helminths are prevalent.
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