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ADDENDUM

‘ W) Check for updates ‘

The role of zinc and nutritional immunity in Clostridium difficile infection
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ABSTRACT

Clostridium difficile in one of the most commonly reported nosocomial pathogens worldwide.
Beyond antibiotic use, little is known about the host, microbiota, and environmental factors that
contribute to susceptibility to and severity of C. difficile infection (CDI). We recently observed that in
a mouse model of CDI, excess dietary zinc (Zn) alters the gut microbiota and decreases resistance to
CDI. Moreover, we determined that high levels of Zn exacerbate C. difficile-associated disease and
calprotectin-mediated Zn limitation is an essential host response to infection. In this addendum, we
discuss how these findings add to our understanding of CDI and consider the potential implications

of excess metal intake on the microbiota and infection.

Introduction

Clostridium difficile is Gram-positive, spore forming
bacterium that infects the colon and causes a spectrum
of disorders varying in severity from mild diarrhea to
fulminant colitis, and in severe cases can lead to
death.! In the United States, C. difficile is the most
commonly reported nosocomial pathogen and C. diffi-
cile infection (CDI) is an urgent public health threat
worldwide." Over the past decade, incidence and costs
associated with CDI have steadily been on the rise and
the risk of recurrence is reported to be as high as 20%
following initial infection and 60% following multiple
prior recurrent infections.”> The primary risk factor
for CDI is antimicrobial use, which paradoxically is
also the primary treatment for C. difficile, compound-
ing the risk for dangerous and financially burdening
cycles of recurrence in many patients. Antibiotics per-
turb the resident microbial community that inhabit
the gastrointestinal tract, termed the gut microbiota,
and reduce colonization resistance to C. difficile. The
gut microbiota mediates protection against invading
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pathogens through several mechanisms, including
directly competing with pathogenic bacteria for
resources and niches, stimulating the host immune
response and production of antimicrobial peptides,
and altering the environment.’
Interestingly, the number of non-antibiotic associated
CDI cases is on the rise, suggesting that unexplored
factors likely play an important role in mediating sus-
ceptibility to C. difficile.

One largely unexplored factor in both gut micro-
biota homeostasis and C. difficile pathogenesis is

gastrointestinal

metal availability. Metal availability is one of the
most critical factors affecting the outcome of host-
microbe interactions.” Pathogens express dedicated
metal sequestration systems to acquire these essen-
tial metals during infection.”® To combat this, the
host exploits the pathogen’s need for nutrient met-
als by producing factors that limit metal availability
in a process termed nutritional immunity. One fac-
tor likely playing a major role in metal availability
during infection is diet. Altered dietary metal levels
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are associated with increased susceptibility to vari-
ous infections; however, there is a paucity of data
on how altered dietary metal levels affect the gut
microbiome.® Alterations in dietary metal intake
likely play a major role in gastrointestinal infec-
tions, as the availability of these trace nutrients in
food likely impacts community dynamics and inter-
species competition, as well as host-microbiota and
host-pathogen interactions.

Dietary zinc, the gut microbiota,
and susceptibility to CDI

In the research article highlighted by this addendum,
we sought to define the impact of dietary zinc on the
gut microbiota and susceptibility to CDL.” To test the
effect of dietary zinc on the microbiota, we custom
designed three diets with differing levels of zinc. The
rst diet, intended to model zinc limitation, had no
zinc added back to the base diet (Low Zn diet; 0 ppm
Zn per gram of diet). The second diet had the mini-
mum recommended value of dietary zinc for a mouse
(Control Zn diet; 29 ppm Zn per gram of diet) and the
third diet was designed to model excess Zn intake and
contained approximately 12-fold the amount of Zn in
standard mouse chow (Excess Zn diet; 1,000 ppm Zn
per gram of diet). To explore the effect of these various
levels of Zn on the structure and stability of the micro-
bial community, we longitudinally sampled feces from
mice prior to and throughout a five-week diet manip-
ion (Figure 1). Analysis of the microbial communities
revealed that the gut microbiota was dramatically
altered in conditions of excess dietary Zn. Surpris-
ingly, Zn starvation did not significantly change the
structure of the microbiota in our mice relative to the
control diet. This observation may be a reflection of
our inability to completely remove trace levels of Zn
from the diet, water source, and cage bedding, thus
allowing the microbiota access to necessary levels of
Zn to maintain community homeostasis. Excess Zn-
mediated perturbations in the microbiota community
occurred as early as one-week following introduction
of the excess Zn diet and remained relatively stable
over the five-week study. These alterations were
highlighted by a significant decrease in alpha-diversity
and significant blooms in operational taxonomic units
(OTUs) affiliated with the Enterococcus and Clostrid-
ium genera and a loss in an OTU affiliated with the
Turicibacter genera.

The mechanisms by which excess Zn alters the
structure of the gut microbiota remains to be deter-
mined, but we postulate that it is a combination of
several factors. One mechanism is likely metal toxicity.
Although essential for life, metals can be toxic to bac-
teria at high concentrations through redox activity,
inter-metal competition, and mis-metallation of met-
alloproteins.® Zn is a redox-inactive metal, but can be
highly toxic to bacteria through its ability to mis-met-
allate proteins and liberate redox-active metals, such
as copper and iron.” In the context of a complex
microbial community like the gut microbiota, high
gastrointestinal Zn levels likely kill off numerous bac-
terial species and create a competitive advantage for
species that are resistant to metal toxicity. Interest-
ingly, some of the most well studied metal-resistant
organisms in the gastrointestinal tract are Enterococci.
The Enterococcus genus are highly resistant to many
metals and are also highly resistant to Zn toxicity,
which likely contributes to the blooms we observe in
our mice.'”"" Our data support the hypothesis that Zn
liberates previously filled niches and creates an advan-
tage for commensal Enterococci to thrive in the gut.

Following the observation that excess Zn dramati-
cally impacts the structure of the gut microbiota,
we reasoned that susceptibility to C. difficile may also
be altered. To test this, following diet manipulation,
we treated mice with a low-level dose (0.01 mg/ml) of
the broad-spectrum antibiotic, cefoperazone, and
infected with C. difficile spores. Under these condi-
tions, mice fed the control and low Zn diet are resis-
tant to C. difficile and no colony forming units were
detectable from stool for the duration of the four-day
infection. Conversely, mice fed the excess Zn diet were
highly colonized one day post-infection and showed
the development of severe CDI. These data demon-
strate that Zn-mediated perturbations to the micro-
biota reduce the threshold of antibiotic needed to
confer susceptibility to CDI. It is important to note
that the significant shift in the microbiota caused by
excess Zn was not sufficient to render mice susceptible
to C. difficile without the introduction of an additional
antibiotic perturbation. We suspect that this observa-
tion is likely a reflection of the robust colonization
resistance conferred by the murine microbiota cou-
pled with the intrinsic ability of the healthy microbiota
to withstand major perturbation. To begin to under-
stand how this low-level perturbation and excess Zn
was impacting the ecology of the microbiota, we



sequenced the microbiota following this treatment
with 0.01 mg/ml cefoperazone. Mice fed the low Zn
and control diets showed an alteration in the commu-
nity in response to antibiotics, but quickly recovered
and began to return to baseline after two-days. Follow-
ing cefoperazone treatment, mice fed the excess Zn
diet showed a dramatic loss in alpha-diversity, no
recovery to baseline following two-days, and a com-
munity composition dominated by a single OTU affili-
ated with the Enterococcus genus. These observations
demonstrate that excess Zn-mediated microbiota
alterations not only impact structure, but also impact
community stability, decreasing resistance to pertur-
bation and in turn decreasing colonization resistance
to C. difficile. Collectively, these data reveal that die-
tary Zn plays an important role in modulating the gut
microbiota and these ecological changes impact sus-
ceptibility to CDI.

Excess zinc intake and C. difficile-associated
disease

A single strain of C. difficile can cause a wide-spec-
trum of gastrointestinal disorders, ranging from
asymptomatic carriage and mild-diarrhea to fulmi-
nant colitis, toxic megacolon, and/or death.'> We rea-
soned that environmental factors, such as dietary Zn
levels, could play a role in governing this broad win-
dow of disease severity following CDI. To test the
impact of Zn levels on severity of CDI, mice fed the
altered Zn diets were treated with a high dose of cefo-
perazone (0.5 mg/ml) to induce susceptibility in all
mice.”> Following induction of susceptibility with
broad spectrum antibiotics, mice were infected with C.
difficile spores from two strains, 630 and R20291. The
630 strain of C. difficile is a ribotype 012 strain that
causes mild disease in mice, while the strain R20291 is
a ribotype 027 epidemic strain that causes more severe
disease in mice."*" Surprisingly, following infection
with C. difficile strain 630, mice fed an excess Zn diet
showed severe C. difficile-associated disease that was
highlighted by robust epithelial damage, edema,
inflammation, and the development of pseudomem-
branes. This was in stark contrast to mice fed the con-
trol diet and infected with C. difficile 630, which had
low levels of disease. These results were recapitulated
with the divergent epidemic strain R20291, indicating
that this was not a strain specific phenomenon.
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Interestingly, we did not observe a significant differ-
ence in C. difficile colony forming units in mice fed
the excess Zn diet compared to the control diet. This
suggested that the mechanisms by which excess Zn
alters disease severity is independent of C. difficile
burden.

To identify potential mechanisms by which high
levels of Zn in the gastrointestinal tract could exacer-
bate CDI, we first looked at the primary virulence fac-
tors for C. difficile, TcdA and TcdB. These two large
and potent toxins are glucosyltransferases that inacti-
vate Rho-GTPases in host cells and cause massive
damage to the epithelium, compromise barrier func-
tion, and lead to robust inflammation at the site of
infection.'® In mice fed the excess Zn diet, we
observed significant toxin-mediated cytotoxicity in
stool for both strains of C. difficile. This increase in
toxin titer in stool likely contributes to this dramatic
increase in disease following infection; however, the
mechanism by which Zn impacts toxin production
and/or toxin activity in C. difficile remains to be eluci-
dated. Interestingly, structural studies have revealed
that several C. diffiicle virulence factors require Zn to
function.!”'®* Most notably, recent work has shown
that TcdA and TcdB require Zn ions for their
activity.'” Tt is tempting to speculate that availability
of nutrient Zn in the gastrointestinal tract may impact
the function and activity of C. difficile toxins during
infection; however, more studies are needed to test
these hypotheses. Notably, future research exploring
the impact of altered Zn levels on the activity of TcdA
and TcdB will begin to clarify the role of environmen-
tal Zn on the pathogenesis of CDI. Moreover, studies
exploring the influence of Zn on transcriptional regu-
lation of these toxins will shed light on the effect of
altered Zn concentrations in the gut.

Based on the marked impact of excess Zn on the
structure of the gut microbiota and the expected
loss in barrier function following severe epithelial
damage, we hypothesized that microbiota transloca-
tion may play a role in disease exacerbation in
mice fed a diet high in Zn. To explore this, we har-
vested livers from mice infected with C. difficile
strain R20291 and quantified bacterial burdens.
The concept that increased epithelial damage and
loss of barrier function is associated with micro-
biota translocation across the epithelium is not
unique.'” Thus, it was not surprising that mice fed
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an excess Zn diet harbored higher burdens of com-
mensal organisms in their livers compared to con-
trol mice. However, when we sequenced cultivars
from livers of mice fed the control diet and high
Zn diet with 16S rRNA gene sequencing, we
observed noteworthy differences. Isolates from mice
fed a control diet classified as Enterobacteriacaea,
while isolates from mice fed an excess Zn diet clas-

ed as Enterobacteriacaea, Enterococcus, and Clos-
tridium species. Enrichment of members of the
Enterococcus genus have been reported in the gut
microbiota of patients with CDI and co-infection
with Enterococcus is a frequent cause of CDI-
related sepsis.”® Together, these observations sug-
gest that Zn-mediated alterations in the microbiota
may enrich for members of the microbiota that
opportunistically invade and may cause more com-
plicated disease.

Nutritional immunity during CDI

During infection, the host produces numerous fac-
tors that limit metals at the site of infection in a
process termed nutritional immunity.”’ One such
protein factor, calprotectin, controls infection by
binding and limiting the nutrient metals zinc (Zn)
and manganese (Mn).”"** Calprotectin is antimi-
crobial against numerous pathogens,
Staphylococcus aureus, Acinetobacter baumannii,
and Helicobacter pylori”"***** Furthermore, calpro-
tectin is a marker for inflammation in the gastroin-
testinal tract and recent studies, including our own,
have demonstrated that calprotectin levels are posi-
tively correlated with disease severity in patients
with CDL”?***” During Salmonella Typhimurium
infection, calprotectin levels can surpass concentra-

including

tions of 1.0 mg/ml in the inflamed intestine.”® Sur-
prisingly, the contribution of calprotectin during
CDI has not been explored prior to our work. To
begin to define the impact of calprotectin on C. dif-

cile, we first treated C. difficile with recombinant
calprotectin in vitro. Similar to other pathogens, we
observed that calprotectin inhibits C. difficile
growth at concentrations expected in the inflamed
gut (1.0 mg/ml) and this antimicrobial activity is
dependent on the ability of this protein to limit
Zn and manganese. Using matrix-assisted laser
desorption ionization imaging mass spectrometry

(MALDI-IMS), we demonstrated that calprotectin
is highly abundant in the ceca of mice infected
with C. difficile, supporting previous findings in
human stool samples and suggesting a role for this
protein in the immune response to CDI. To test
the importance of calprotectin during CDI, we next
infected s100a9-deficient mice with C. difficile
strain R20291. Calprotectin is a heterodimer of
two S100 proteins, SI00A8 and S100A9, thus ani-
mals defective in production of S100A9 do not pro-
duce functional calprotectin. Following infection,
we observed that s100a9-deficient animals became
moribund or succumbed to infection by three days
post-infection, demonstrating the essentiality of cal-
protectin during CDI. Beyond the metal binding
capacity, calprotectin also has numerous immuno-
modulatory roles in the host.”’ We sought to deter-
mine if the ability of calprotectin to limit Zn levels
in the gastrointestinal tract was contributing to its
essentiality during CDI. To mimic calprotectin
metal sequestration during infection, we treated
s100a9-deficient mice with the low Zn diet and
compared that to s100a9-deficient mice fed a con-
trol diet. Mice on a low Zn diet had significantly
lower histopathology following infection, suggesting
that the ability of calprotectin to limit Zn during
infection plays an important role in limiting C. dif-
ficile-associated disease.

Interestingly, although s100a9-deficient mice had
significantly enhanced disease and decreased survival,
we did not detect any difference in C. difficile burden
between s100a9-deficient mice and wildtype C57BL/6
mice. Moreover, calprotectin levels are positively
correlated with disease severity in patients with
CDL>*** These observations combined with our data
demonstrating the essentiality of calprotectin during
CDI leads to an interesting paradox. Calprotectin is a
necessary factor in the host-response to C. difficile, but
it is not sufficient to neutralize C. difficile pathology in
severe CDI. This suggests that C. difficile must have
mechanisms to combat calprotectin during infection
and overcome nutritional immunity. This phenome-
non is seen in other pathogens, such as Staphylococcus
aureus, which express high affinity metal import sys-
tems that can overcome host-mediated metal limita-
tion by outcompeting host factors for metals.*’ To
date, little is known about metal acquisition in C. diffi-
cile and the battle for metals during CDI. We believe
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Figure 1. Schematic of dietary zinc manipulation and Clostridium difficile infection. C57BL/6 mice are given altered diets for 5-weeks and
treated with cefoperazone in their drinking water for 5 days. Following 2-days of recovery, mice are infected with C. difficile via oral
gavage. Fresh fecal samples are collected for microbiota analysis during diet manipulation and antibiotic treatment, and fecal samples
are utilized to monitor bacterial burden and toxin titers following infection.

that the identification of these metal uptake systems
could increase our understanding of C. difficile disease
and provide novel therapeutic targets for treating
CDI. Ongoing work in our laboratory is seeking to
define and characterize the factors utilized by C. diffi-
cile to compete with the host and microbiota for met-
als during infection.

Concluding remarks and implications

It has long been appreciated that metal availability is an
important factor governing the outcome of host-patho-
gen interactions during infection. Recently, there has
been a growing appreciation for the role of diet and die-
tary metal levels in impacting host-pathogen interac-
tions and susceptibility to infections.® For example,
increased dietary manganese has been shown to dra-
matically increase S. aureus infection of the heart
and increase mortality in mice.*® Moreover, in hamsters,
iron limitation increases pathogenesis of H. pylori
infection and accelerates gastric carcinogenesis.”’ The
role of diet in CDI has also continued to gain momen-
tum, as dietary trehalose was recently linked to viru-
lence in C. difficile and has been postulated to have
played a role in the emergence of epidemic lineages
of C. difficile.” In the study highlighted by this adden-
dum, excess Zn was shown to impact the gut micro-
biota, susceptibility to CDI, and C. difficile-associated
disease. At present, many of the mechanisms defining
the impact of Zn on the microbiota and C. difficile
remain to be elucidated. However, these findings
have clear implications on our understanding of
C. difficile pathogenesis and can provide insights into
prevention and treatment of CDI in high-risk patients.
In this study, we modeled excess Zn intake by
designing a diet that contains approximately twelve-
fold the Zn level of normal mouse chow. Moreover,

mice were fed an altered Zn diet for a five-week time
course. The relevance of this model to dietary Zn
intake and Zn supplementation in humans remains to
be directly tested. Controlled dietary manipulation
studies in humans are needed to validate these results
and define the impact of excess Zn on the gut micro-
biota. Interestingly, patients with inflammatory bowel
disease (IBD) have decreased Zn absorption, and thus
increased gastrointestinal Zn, and are at high risk of
developing CDI.>>** Furthermore, patients with IBD
are frequently given high-dose Zn supplementation to
combat Zn-deficiency.”® We hypothesize that altered
levels of gastrointestinal Zn, caused by conditions of
decreased Zn absorption, could have a similar impact
on the gut microbiota and susceptibility to CDI as
excess Zn supplementation in our model. Our group
is interested in further exploring these hypotheses in
future studies in patients with IBD.

One potentially impactful effect of excess dietary Zn
on CDI is the selection for Enterococci in the micro-
biota. Vancomycin-resistant Enterococcus (VRE) are
emerging nosocomial pathogens that colonize the GI
tract and can cause numerous infections including bac-
teremia, endocarditis, and urinary tract infections.”
Colonization with VRE is associated with more severe
C. difficile-associated disease and in patients with acute
leukemia, CDI increases the risk of bacteremia due to
VRE.” Moreover, these pathogens have been shown to
transfer conjugative transposons that confer antibiotic
resistance, making their co-occurrence particularly wor-
risome.”® We hypothesize that excess Zn could create a
competitive advantage for Enterococci in the gut and
the combination of excess Zn and antibiotics may
increase rates of VRE and C. difficile co-infection. Co-
infection with these two pathogens could increase
pathology and promote the transfer of antibiotic resis-
tance. Further studies are needed to define the impact
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of Zn on co-infection and the role of commensal or
pathogenic Enterococci in CDL

In agriculture, metal supplemented diets are fre-
quently utilized to administer drugs, provide nutrients
and prevent deficiencies, and increase size and output
of animals.” In support of our study in mice, recent
studies have also suggested that high dietary Zn has
an unforeseen impact on the structure of the gut
microbiota of livestock.*” Furthermore, it has been
shown that Zn and copper supplementation in live-
stock feed increases the proportion of antibiotic resis-
tant bacteria, such as E. coli and Enterococci, in the
gut.*! This is particularly alarming, as C. difficile has
emerged over the past decade as a major cause of
infection and mortality in livestock, such as pigs.*
Although Zn supplementation is essential to avoid Zn

ficiency in livestock, it is possible that excess Zn
supplementation in livestock feed could contribute to
increasing rates of C. difficile colonization. Although
there is no direct evidence for the role of Zn supple-
mentation and CDI carriage in food animals, further
studies are warranted to explore this potential.

Together, this study helps further our understanding
of the environmental and host factors associated with
CDI and begins to shed light on the previously unap-
preciated battle for metals during CDI. Furthermore,
these findings and the points highlighted in this adden-
dum provide the basis for shaping future prevention
and treatment strategies for CDI. Alteration in diet and
limitation of excess Zn intake may prove efficacious for
the prevention of CDI in high-risk patients and live-
stock, and may help limit morbidity during CDI.
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