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Abstract: Candida albicans is a fungal commensal and a major colonizer of the human skin, as
well as of the gastrointestinal and genitourinary tracts. It is also one of the leading causes of
opportunistic microbial infections in cancer patients, often presenting in a life-threatening, systemic
form. Increased susceptibility to such infections in cancer patients is attributed primarily to
chemotherapy-induced depression of innate immune cells and weakened epithelial barriers, which
are the body’s first-line defenses against fungal infections. Moreover, classical chemotherapeutic
agents also have a detrimental effect on components of the adaptive immune system, which further
play important roles in the antifungal response. In this review, we discuss the current paradigm
regarding the mechanisms behind the increased risk of systemic candidiasis in cancer patients.
We also highlight some recent findings, which suggest that chemotherapy may have more extensive
effects beyond the human host, in particular towards C. albicans itself and the bacterial microbiota.
The extent to which these additional effects contribute towards the development of candidiasis in
chemotherapy-treated patients remains to be investigated.
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1. Introduction

The World Health Organization has estimated 8.2 million cancer-related deaths worldwide,
with 14 million new cases in 2012 and an increase of new cases by ~70% over the next 20 years [1].
Chemotherapy is one of the primary therapeutic interventions in cancer. Together with other medical
interventions—such as radiotherapy and surgery—it has helped to increase the life expectancy of
cancer patients and, in some cases, has led to complete remission [2–4].

However, classical chemotherapeutic agents are well-known to be non-specific, targeting
rapidly-dividing cells with little discrimination between healthy and cancerous tissues. This lack of
specificity leads to side effects ranging from cosmetic (e.g., hair loss), to relatively mild (such as fatigue,
nausea and vomiting), and even potentially life-threatening consequences (immunosuppression and
organ damage). Overall, these side effects reduce patients’ quality of life [5] and also, ironically, expose
them to a greater risk of death from some other cause. One such cause is opportunistic microbial
infections [6]. Common microbes which ordinarily pose no threat to healthy individuals can cause
potentially lethal disease in the immunocompromised population [7], of which cancer patients make up
a significant proportion [8]. In addition to interfering with immune cell development, chemotherapy
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affects the self-renewal of epithelial cells, thus causing disruptions of barriers that normally defend the
host against invasion by microorganisms [9,10].

A leading cause of opportunistic microbial infections are fungal species belonging to the Candida
genus, with C. albicans ranking as the most prevalent causative agent of candidemia around the
world [11–18]. This trend has been observed over the past decade and is still the case, even in
developed countries such as the United States, Denmark, Norway, and Finland [13]. C. albicans is
a human commensal and a major resident of the skin, mucosal surfaces, the gastrointestinal (GI)
tract and the female genitourinary tract [19]. It can cause superficial disease in otherwise healthy
individuals, but infection in immunocompromised individuals can progress towards the potentially
lethal systemic form. While infection arising from external sources (such as catheter colonization) can,
and does, occur, evidence points to the patient’s natural colonizers as one of the primary sources of
systemic candidiasis [20,21]. Most studies place the crude mortality rate due to C. albicans infections at
around 30%–40% [11,15,16,22], but some have estimated this to be as high as 46%–75% [23]. Additional
challenges associated with managing systemic candidiasis include the lag time between onset of
symptoms and initiation of antifungal therapy due to difficulties in diagnosis, and an increasing rate
of resistance against commonly used antifungal drugs [7,23]. Its impact on the healthcare system is
considerable, as the disease is associated with longer hospital stays, and the average cost of illness has
not decreased in over a decade. In 1998 direct medical costs were reported to range from ~$34,000 to
$44,000 per patient in the United States [24], and in 2010, Moran et al. reported costs to range from
$32,810 to $52,112 [25]. There is also the intriguing hypothesis that C. albicans infection itself can cause
tumor progression and metastasis [26]. For these reasons, understanding the mechanisms underlying
systemic candidiasis in susceptible patients will be important to develop novel strategies of prevention
and treatment of the disease.

This review will cover the changes induced in the mammalian host by chemotherapy treatment,
ranging from well-established effects, such as immunosuppression and epithelial barrier disruption, to
more recently discovered effects on the host GI microbiota (including C. albicans itself), and how these
may impact disease risk and outcomes in the context of systemic candidiasis.

2. Epidemiology of Systemic Candidiasis in Cancer Patients

C. albicans is one of the most common causes of bloodstream infections in cancer patients [27].
The average annual incidence of systemic candidiasis in cancer patients ranges from 71 to 2400 per
100,000 admissions, compared to 10–370 per 100,000 admissions in the general hospital population [28].
Neutropenia is commonly cited as an important risk factor for the development for systemic
candidiasis [28,29]. It can be caused by certain types of blood cancers or cancers infiltrating the
bone marrow, and is a common side effect of classical chemotherapy [30,31]. However, recent
epidemiological data—focusing specifically on C. albicans—suggests that neutropenia may not be
the sole predisposing factor for systemic infection in cancer patients. Several studies showed
how neutropenic patients comprised only 10% or less of all patients with systemic C. albicans
infection [15–17]. A review by Nesher also finds that the risk of neutropenia-related infections was
greater in patients with hematological malignancies than those with solid tumors [32], yet patients
with solid tumors are far more likely to develop systemic C. albicans infection than those with blood
cancers [11,15–17]. This difference may be due to the specific chemotherapeutic agents used to treat
different types of cancer, which may have varying effects on the host immune system (see below);
or they may be due to differences in the use of various medical interventions, such as catheter
use or surgical procedures, which are, themselves, risk factors for the development of systemic
candidiasis [28]. Other risk factors for fungal infections, which are also commonly found in cancer
patients, are mechanical ventilation [33], corticosteroid therapy, and renal failure [34,35].
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3. Effects of Chemotherapy on the Immune System

3.1. Effects on Innate Immunity

3.1.1. Cellular Factors

Neutrophils play a key role in the host response against C. albicans. They are among the first
immune cells to be recruited at the site of infection via pro-inflammatory cytokines secreted by
epithelial cells and macrophages, and respond by releasing antimicrobial peptides (AMPs) and reactive
oxygen species (ROS) [36]. Moreover, neutrophils phagocytose the yeast form of C. albicans [37] and
form neutrophil extracellular traps (NETs), which assist in extracellular killing of hyphae that are
often too large to be phagocytosed [38,39] or even contribute to the ability of the fungi to escape from
phagocytes [40,41]. The essential role of neutrophils in antifungal defense is illustrated by the fact that
mice treated with neutrophil-depleting antibodies exhibited more extensive tissue damage in several
organs alongside a greater fungal burden in the kidney (a common site of invasion in the murine model
for acute disseminated candidiasis) upon systemic challenge with C. albicans [42]. However, it has been
shown that neutrophil depletion on its own cannot induce dissemination of C. albicans from the GI tract,
and systemic infection only occurs when neutropenia is accompanied by GI barrier disruption [43].

While having sufficient numbers of neutrophils is necessary for effective host defense, normal
neutrophil function is also an important consideration, as evidenced by the increased risk of bacterial
and fungal infection in patients with a normal neutrophil count but poor neutrophil function [44,45].
In addition to reducing the absolute number of neutrophils, chemotherapy treatment can also induce
decreased migratory and phagocytic activity in these cells, which has been correlated with poorer
candidacidal activity [46]. Specific chemotherapeutic agents that perturb microtubule components
(such as α- and β-tubulin) may also interfere with phagocytic and chemotactic activity, as these are
all dynamic cytoskeletal processes [47,48]. Microtubule poisons (such as paclitaxel, docetaxel, and
vincristine) which act on cancer cells by disrupting the mitotic spindle may, thus, also impair fungal
clearance by interfering with normal microtubule dynamics for phagocytosis and migration [49].
One study has shown that neutrophils from breast cancer patients treated with anthracyclines exhibit
reduced actin polymerization in neutrophils upon stimulation with IL-8, compared to before the start
of treatment, possibly suggesting an impairment in the normal cytoskeletal dynamics [50]. Exactly how
anthracyclines may perturb actin dynamics is not clear, as their main mode of action is the inhibition
of topoisomerases.

Chemotherapy treatment also appears to result in the increased release of DNA-histone complexes
from neutrophils [51]. These complexes were found to possess pro-coagulant activity and suggested
to be a contributing factor in the increased rate of thrombosis in chemotherapy-treated breast cancer
patients [51]. Since NETs, which are formed by DNA-histone complexes, have also been shown to
facilitate platelet adhesion and aggregation [52], together these results suggest that chemotherapy
might stimulate NETosis. One would expect an increased amount of NETs to facilitate extracellular
killing of pathogens; however, it needs to be evaluated whether cytotoxic chemotherapy agents that
induce chemical alterations in DNA strands (e.g., alkylating agents) may also change the functionality
of NETs. Consistent with this possibility, it has been observed that extracellular DNA demonstrates
antimicrobial properties that can be abrogated by DNase I, alkaline phosphatase, and excess Mg2+ [53].
Extracellular DNA generated by NETosis is known to have similar antimicrobial properties, which
could potentially be affected by such chemical treatments.

Monocytes and macrophages also play an important role in anti-Candida defense, as their
specific depletion results in mice that more rapidly succumb to systemic C. albicans infection [54,55].
Like neutrophils, they are capable of phagocytosing and killing C. albicans [37], in addition to secreting
pro-inflammatory cytokines that contribute to the antifungal response [36]. They have also been shown
to confer a memory-like protection against a systemic challenge of C. albicans after priming with a
sublethal dose of the fungus [56]. This phenomenon is now known as “trained immunity”, and has
been shown to be due to a combination of epigenetic and metabolic reprogramming of monocytes
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and macrophages [57,58]. In particular, the β-glucan-induced differentiation of naïve monocytes
into “trained” macrophages involves epigenetic remodelling in cell signaling modules such as the
cAMP pathway, which was shown to be crucial in mediating protection against subsequent C. albicans
infection [58]. In parallel, a metabolic switch from oxidative phosphorylation to aerobic glycolysis
was induced in monocytes upon Dectin-1-mediated recognition of C. albicans β-glucan, and was
also crucial for the protective effects of trained immunity [57]. Hence, monocytes and macrophages
play a fundamental role in protecting the host from C. albicans infections and re-infection and any
perturbation of their number and function by chemotherapy is therefore likely to increase the risk
of candidiasis.

Monocytopenia has been observed early after cisplatin-based treatment in humans [59].
Functional changes in monocytes and macrophages have also been reported after chemotherapy.
Cyclophosphamide treatment was found to lead to the down-regulation of both CX3CR1 and its ligand
CX3CL1 on immature monocytes, promoting their efflux from the bone marrow and increasing their
availability in the circulation [60]. However, another study showed that monocyte-specific CX3CR1
deficiency results in increased fungal burden in the kidney and a poorer survival upon systemic C.
albicans infection in mice [61]. This was associated with a reduced number of kidney monocytes as a
result of increased apoptosis. The mechanism behind how CX3CR1 improves survival and persistence
in kidney monocytes is not clear. CX3CR1-deficient monocytes did not, surprisingly, demonstrate
defective trafficking from blood to kidney [61], despite this molecule’s prominent role as a chemokine
receptor. Overall, these findings demonstrate how chemotherapeutic treatment may perturb both the
levels and function of monocytes and macrophages during systemic C. albicans infection in a manner
that may have a detrimental effect on host antifungal defense.

NK cells represent another important component of the innate immune system with well-known
roles in antitumor responses and viral infections, but their contribution to antifungal defense is less well
understood. Recent studies showed that human NK cells directly recognize C. albicans [62] and that
these immune cells are crucial in the control of systemic C. albicans infection especially in mice lacking
T and B cells [63]. This was dependent on the developmental programming of NK cells induced by
IL-17 signaling [64]. Mice deficient in IL-17RA showed reduced generation of GM-CSF-producing NK
cells, and these cells were required to mediate effective fungal killing by neutrophils. Neutrophils in
IL-17RA-deficient mice did not display an intrinsic defect in their fungicidal ability, but required these
GM-CSF-producing NK cells for activation and survival [64]. Interestingly, a reduction in the number
and function of NK cells following chemotherapy was found in melanoma patients [65], although the
impact of these chemotherapy-induced side effects in the context of systemic C. albicans infection has
yet to be investigated.

3.1.2. Humoral Factors

In addition to cellular components, humoral factors such as AMPs also play a prominent role
in innate immunity. Some AMPs are known to have inhibitory effects against C. albicans (reviewed
by Swidergall and Ernst [66]). There is little existing literature on how chemotherapeutic agents
affect the production of AMPs. One study shows that tegafur (a pro-drug metabolized by the liver
to 5-fluorouracil) caused a reduction in the mRNA expression of α-defensin-5 and -6 in Caco2 cells,
at least in the early stages of treatment. This reduced expression was also correlated with increased
production of ROS, although it remains unclear if there was a causative association between these two
observations. Both α-defensin-5 and 6 are expressed by Paneth cells in the gut [67,68], a well-known
reservoir of C. albicans in the human host. Both of these defensins are known to be active against
bacteria, and α-defensin-5 is known to be active against C. albicans as well [69]. However the study did
not test the expression of other defensins that might also be affected by chemotherapeutic treatment,
such as α-defensin-1, which is better known for its activity against C. albicans [70].

β-defensins-2 and -3 are other AMPs with fungicidal activity against C. albicans, although their
modes of action appear to differ [71,72]. How they may be affected by chemotherapeutic treatment
remains to be studied. Meyer et al. examined how pre-incubation of oral epithelial cells with the
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corticosteroid betamethasone resulted in reduced β-defensin-2 expression, upon stimulation with
heat-killed C. albicans [73]. Corticosteroids are commonly prescribed to ameliorate common side effects
arising from cytotoxic chemotherapy such as nausea, vomiting [74], and hypersensitivity reactions [75]
and, thus, may be indirectly implicated in the reduced host defense against C. albicans infection arising
from chemotherapy treatment.

3.2. Effects on Adaptive Immunity

3.2.1. Cellular Factors

In addition to innate immune cells, chemotherapy also causes a general reduction in cells of the
adaptive immune system [76,77]. Although deficiencies in adaptive immunity lead to an increased
susceptibility to mucocutaneous candidiasis but not systemic infection [78], careful orchestration of the
adaptive immune response is still important in protection against C. albicans. Indeed, different T cell
subsets play intricate roles in organizing the antifungal host response by effector cells like neutrophils.
This has been reviewed extensively by Romani [79], and we briefly summarize the main points as
follows: during fungal infection TH1 cells facilitate pathogen clearance due to their enhancement of
phagocyte antimicrobial activity via interferon-γ secretion [80,81], and their involvement is associated
with a protective response during systemic infection [82,83]. TH17 cells secrete IL-17 that serves as
a chemoattractant for neutrophils [84,85] and are essential for defense against epithelial invasion
by C. albicans [86]. Candida-specific memory T cells also belong predominantly to this subset likely
as a result of constant exposure to the fungus [87]. TH22 cells produce IL-22 and TNF-α which
act synergistically to maintain epithelial layer integrity [88]. TH17 and TH22 cells are therefore
primarily involved in mucosal defense. TREG cells keep inflammation at the site of infection in
check to reduce collateral damage to the host [89]; in healthy individuals, TREG cells play an additional
part in maintaining the commensal relationship with fungi and in protecting the host against fungal
allergy [90]. Achieving a balance between these different responses is crucial for conferring both
protection and tolerance to C. albicans [79]. Any perturbation to this balance by chemotherapy may
thus hinder effective antifungal response by the adaptive immune system.

Lymphocyte depletion has been observed post-chemotherapy treatment since a long time [76,77].
Mackall et al. studied a group of ten patients, each with different cancers and varying chemotherapy
regimens and found that despite the general reduction in levels of all blood cells seen in the patients,
it was the lymphocyte population that took the longest amount of time to recover compared to
neutrophils and monocytes [76]. The functional profiles of T lymphocytes were also altered, exhibiting
increased HLA-DR expression (suggesting greater T cell activation), along with greater numbers of
memory and effector T cells [76]. This observation has been suggested to be a possible indication of
functional deficits in the T cell population [91]. To what extent these unequal effects of chemotherapy
on different immune cell subsets can lead to unbalanced and, thus, pathogenic or ineffective, antifungal
host responses remains to be investigated.

Among several chemotherapy drugs, cyclophosphamide has received particular attention
for its ability to modulate antitumor immune responses as well as responses against C. albicans.
Cyclophosphamide treatment preceding antitumor vaccination uncovers CD8+ T cells that take
part in the antitumor response, as a result of TREG suppression [92]. Other studies showed that
cyclophosphamide administration in mice can improve or weaken resistance to systemic C. albicans
challenge, depending on the amount of time by which cyclophosphamide administration precedes
C. albicans challenge [93]. Interestingly, the improvement in antifungal response induced by
cyclophosphamide was attributed to the appearance of cells from a monocyte/macrophage lineage.

On the other hand, a recent study by Litterman et al. has shown that treatment
with alkylating chemotherapeutic agents dampened the antitumor adaptive immune response.
Temozolomide treatment decreased T cell proliferation, which occurred in a dose-dependent manner
and correlated with the DNA damage response in T lymphocytes. This response also correlated
with a stronger TCR signaling, resulting in selection of T lymphocytes with poorer function. Similar



Pathogens 2016, 5, 6 6 of 16

observations were also made in cyclophosphamide-treated mice, but not those treated with doxorubicin
or carboplatin [94], suggesting that the effect on the lymphocyte population is dependent on the
type of DNA damage inflicted. While this study focused on antitumor vaccinations, it may be
possible that such effects might also impact the intrinsic host antifungal defenses and the use of
anti-Candida vaccines [95–97]. Indeed, anti-Candida vaccines are currently being considered as a
means of preventing the development of candidiasis in susceptible populations [98]. Two of these
vaccines—one derived from the agglutinin-like sequence 3 protein (Als3p0), and another derived from
the secreted aspartyl protease 2 (Sap2)—have completed Phase I clinical trials and shown promising
results [99,100]. Given that the protective effect of the Als3p vaccine was found to be mediated by TH1
and TH17 lymphocytes [101], it remains to be seen if this vaccine will demonstrate similar efficacy in
individuals with chemotherapy-induced immunosuppression.

3.2.2. Humoral Factors

In addition to cellular immune response, immunoglobulins have also been suggested
to play an important role in the prevention and clearance of systemic candidiasis [102,103].
Chemotherapy treatment has a well-documented effect of reducing the levels of circulating antibodies.
A proportion of pediatric patients diagnosed with blood cancers that had previously completed a
national vaccination schedule (inclusive of measles, mumps, and rubella), displayed a reduction
in antibody titers to non-protective levels, even one year after treatment was successful and
completed [104,105]. Borella et al. observed that long-term combination chemotherapy also reduced
serum IgG and IgA levels in response to influenza vaccination, possibly due to reduced numbers of B
cells, although total IgM levels remained normal when compared to healthy untreated controls [106].
Moreover, Nilsson et al. observed a reduced number of bone marrow plasma cells (a subset of B cells)
in their cohort of leukemia patients after chemotherapy treatment commenced, although the level
of this cell population was already significantly depressed at the time of cancer diagnosis, and was
further decreased with chemotherapy [104]. However, these studies were performed with primarily
obligate pathogens in mind (influenza, mumps, Hepatitis B, rubella, etc.), and how well these results
may be translated to respond to C. albicans, typically a human commensal persisting from birth, is
not clear.

4. Effect of Chemotherapy on the Gut Epithelial Barrier and Resident Microbiota

4.1. Epithelial Barrier

Chemotherapy is well known for its detrimental effect on epithelial layers [107,108]. This effect
of chemotherapy has, conventionally, been attributed to cell death of epithelial progenitors due
to the non-specific effects of chemotherapy on rapidly-dividing cells [109,110]. This observation
extends to the gut epithelium, as evidenced by the increased apoptosis in intestinal crypts observed
post-chemotherapy treatment, followed by hypoplasia and atrophy [111]. Such disruption of the gut
epithelium may facilitate invasion by pathogenic microbes such as C. albicans and their dissemination
through the bloodstream [43].

There is a growing amount of evidence, however, that suggests that the increased gut permeability
also results from chemotherapy-induced alterations in the tight junctions of the gut epithelium
(as reviewed by Wardill and Bowen [112]), which are important for maintaining barrier integrity.
Methotrexate (MTX) was found to reduce the expression of the tight junction proteins occludin and
claudin in rats four days post-treatment [113]. In vitro experiments with Caco-2 monolayers also
did not show a greater number of apoptotic cells upon MTX treatment, as one might expect from a
conventional chemotherapeutic drug. Pre-treatment of monolayers with inhibitors of the MEK1, MEK2,
NF-kB, and JNK pathways appeared to improve barrier integrity in epithelial cell monolayers after
MTX treatment, implicating these pathways in MTX-induced gut epithelial barrier disruption [113].
However, the lower barrier integrity and tight junction protein expression were more pronounced
in experiments using monolayers as opposed to in vivo experiments in rats [113]. Another study
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using MTX found that zonula-occludens-1 (another tight junction protein) expression is not reduced
in MTX-treated rats, but its tyrosine phosphorylation is significantly decreased [114]. What this
decrease in phosphorylation signified was not examined. It would be interesting to see how other
chemotherapeutic drugs affect tight junction expression in the gut epithelium, whether there are any
commonalities or differences depending on their modes of action, and also whether any significant
microbial translocation actually takes place as a result of reduced barrier integrity.

4.2. Gut Microbiota

The gut-resident microbiota has been implicated in a diverse range of functions, from
metabolism [115] and immune regulation [116], to the maintenance of epithelial barrier integrity [117].
In the case of C. albicans, which is also a co-resident in the human GI tract, the gut microbiota also
plays a role in controlling C. albicans colonization and infection [118]. Specifically, certain metabolites
produced by the gut microbiota, such as short-chain fatty acids, inhibit the yeast-hyphal transition
in C. albicans [119] and restrict its growth [120]. Certain components of the gut microbiome have also
been shown to mediate protective antifungal responses [86,121–123]. Consistent with the microbiota’s
protective effects, antibiotic use is associated with C. albicans overgrowth [124] and is an independent
risk factor for candidiasis [28,29,125].

Studies on the effect of chemotherapy on the microbiota are scarce, but initial findings in humans
and animal models suggest it leads to reduced total number of bacteria in the gut [126,127], alongside
alterations in gut microbiota composition [128]. However, these studies do not concur on exactly which
bacterial populations are most significantly affected. Zwielehner et al. observed greater alterations
in Clostridium cluster XIVa [127], while van Vliet et al. primarily reported marked differences in
bifidobacteria and Bacteroides species [129]. These studies are limited by sample size, number of
tested drugs, heterogeneity in pre-existing medical conditions within the study populations and
variations in experimental methods, which may explain the inconsistent results. More systematic
and comprehensive approaches would be needed to better understand how chemotherapy may alter
the host gut microbiota and how these alterations might contribute to the increased risk of systemic
candidiasis in cancer patients. Nevertheless, these findings demonstrate that chemotherapy is capable
of perturbing the host gut microbiome and may, thus, directly or indirectly, influence the ability of
the host to control C. albicans colonization and infection. However, chemotherapy-induced changes in
the microbiota can sometimes be beneficial for the host, as shown from the discovery by Viaud et al.
of a synergistic interaction between the gut microbiota and cyclophosphamide in boosting the host
antitumor response [130].

5. Effect of Chemotherapy on Candida Albicans

As fungi are eukaryotes like mammalian cells, it is possible that chemotherapy will have similar
effects on both. Indeed, hydroxyurea (used in treating ovarian cancer, leukemia, and melanoma [131])
is also a workhorse for basic cell cycle research in model organisms, such as the budding yeast
Saccharomyces cerevisiae. This is one indication of the highly conserved nature of chemotherapy targets
across eukaryotes. Since C. albicans colonizes the GI tract of most healthy individuals [19,132], it might
thus have ample opportunity to get exposed to chemotherapeutic drugs in cancer patients undergoing
treatment, and to be likewise affected by them. Several studies have already found hydroxyurea
and a few other chemotherapeutic drugs to be capable of inducing morphological and phenotypic
changes in C. albicans which, in turn, could potentially impact its virulence in the human host. Some of
the traits commonly considered virulence factors in C. albicans (reviewed by Calderone et al. [133]
and Mayer et al. [134]) are the ability to switch between different morphological forms, the ability to
adhere to mammalian tissues, the production of certain proteinases as well as resistance to antifungal
agents. It has been shown that some chemotherapeutic agents, namely cisplatin, 5-fluorouracil, and
peplomycin all reduce the susceptibility of C. albicans to the antifungal drugs amphotericin B and
miconazole, as well as improve adherence to HeLa cells [135]. Furthermore, hydroxyurea was found
to induce filamentation in C. albicans [136], in addition to inducing phenotypic switching [137], a
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process primarily required for fungal mating [138] but also playing a role in biofilm formation [139],
metabolic adaptation to different host microenvironments [140], and evasion from immune cells [141].
Uncovering chemotherapeutic drugs capable of affecting gut-resident C. albicans may yield clinically
important findings about a potential contributing pathway to the development of systemic candidiasis,
which has yet to be examined in detail.

6. Conclusions

The central role that classical chemotherapeutic agents have played in the war on cancer cannot be
denied. However, their non-specific nature makes them a double-edged sword, resulting in potentially
life-threatening side effects, such as an increased risk of opportunistic microbial infections, of which
C. albicans is a leading cause. Systemic candidiasis is highly prevalent in cancer patients and is
associated with high morbidity, mortality and healthcare costs. Hence, in order to improve the overall
survival and quality of life of cancer patients, we also need to consider ways to protect patients from
such infections, alongside treating the disease itself. It is, therefore, necessary that we better understand
how chemotherapeutic agents mediate the risk of opportunistic infection in order to find possible
routes for disease interception. The disruption of epithelial barriers and alteration of host immune
responses are well-established effects of chemotherapy that are known to increase susceptibility to
systemic infection; furthermore, findings from recent studies suggest that chemotherapy may have
wider-ranging effects on both C. albicans itself and on the commensal microbiota residing in the human
host (schematically summarized in Figure 1). These unexpected effects could also directly contribute
to, or indirectly modulate, the risk of opportunistic fungal infections in cancer patients and represent
new and intriguing avenues for future studies and possible future interventions.
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Figure 1. Pleiotropic effects of chemotherapy on the host, the microbiota, and C. albicans. The figure
illustrates the physiological state in an unperturbed host asymptomatically colonized by C. albicans,
and the changes that occur upon chemotherapy treatment. The grey column in the middle indicates the
several points of interaction that chemotherapy makes with the host, the microbiota and the pathogen
itself. Specific changes occurring during chemotherapy treatment are indicated by letters. A: The
immunosuppressive effects of chemotherapeutic drugs result in the reduction in numbers and function
of effector cells such as neutrophils, monocytes, macrophages, and lymphocytes, therefore weakening
host defense against C. albicans. B: Maintenance and renewal of epithelial barriers is impeded by the
action of chemotherapeutic agents on rapidly dividing cells. This leads to epithelial barrier disruptions
that facilitate invasion by C. albicans. C: Chemotherapy may also lead to an overall reduction in
microbiota abundance and/or an alteration of its composition. This may result in reduced production
of bacterial metabolites that normally control colonization and virulence of C. albicans. D: Following
chemotherapy, C. albicans overgrowth may occur as a result of (i) reduced production of antimicrobial
peptides (AMPs) by epithelial cells and/or (ii) reduced level of bacterial metabolites that normally
inhibit C. albicans growth. E: Chemotherapeutic agents might also induce hyphal formation in C. albicans,
which would then facilitate invasion and entry into the bloodstream. Potential mechanisms include (i)
the reduced production of certain bacterial metabolites that normally inhibit hyphal morphogenesis
and/or (ii) direct effects of chemotherapy on C. albicans itself.



Pathogens 2016, 5, 6 9 of 16

Acknowledgments: Norman Pavelka is supported by A*STAR Investigatorship award n. 1437a00117 and by BnB
grant n. NMRC/BnB/0001b/2012. Flora Teoh is supported by an A*STAR Graduate Scholarship. The authors
would like to thank Catherine Emma Diamond and Ian Edward Prise for critical reading of the manuscript.

Author Contributions: Flora Teoh performed literature searches and drafted the manuscript. Norman Pavelka
supervised the work and revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. World Cancer Report; International Agency for Research on Cancer: Lyon,
France, 2014.

2. Frei, E., 3rd; Karon, M.; Levin, R.H.; Freireich, E.J.; Taylor, R.J.; Hananian, J.; Selawry, O.; Holland, J.F.;
Hoogstraten, B.; Wolman, I.J.; et al. The effectiveness of combinations of antileukemic agents in inducing and
maintaining remission in children with acute leukemia. Blood 1965, 26, 642–656.

3. Moxley, J.H., 3rd; De Vita, V.T.; Brace, K.; Frei, E., 3rd. Intensive combination chemotherapy and X-irradiation
in Hodgkin’s disease. Cancer Res. 1967, 27, 1258–1263. [PubMed]

4. Moertel, C.G.; Fleming, T.R.; Macdonald, J.S.; Haller, D.G.; Laurie, J.A.; Goodman, P.J.; Ungerleider, J.S.;
Emerson, W.A.; Tormey, D.C.; Glick, J.H.; et al. Levamisole and fluorouracil for adjuvant therapy of resected
colon carcinoma. N. Engl. J. Med. 1990, 322, 352–358. [CrossRef] [PubMed]

5. Carelle, N.; Piotto, E.; Bellanger, A.; Germanaud, J.; Thuillier, A.; Khayat, D. Changing patient perceptions of
the side effects of cancer chemotherapy. Cancer 2002, 95, 155–163. [CrossRef] [PubMed]

6. Wisplinghoff, H.; Bischoff, T.; Tallent, S.M.; Seifert, H.; Wenzel, R.P.; Edmond, M.B. Nosocomial bloodstream
infections in US hospitals: Analysis of 24,179 cases from a prospective nationwide surveillance study.
Clin. Infect. Dis. 2004, 39, 309–317. [CrossRef] [PubMed]

7. Klastersky, J.; Aoun, M. Opportunistic infections in patients with cancer. Ann. Oncol. 2004, 15 (Suppl. 4),
iv329–iv335. [PubMed]

8. Kunisaki, K.M.; Janoff, E.N. Influenza in immunosuppressed populations: A review of infection frequency,
morbidity, mortality, and vaccine responses. Lancet Infect. Dis. 2009, 9, 493–504. [CrossRef]

9. Elting, L.S.; Cooksley, C.; Chambers, M.; Cantor, S.B.; Manzullo, E.; Rubenstein, E.B. The burdens of cancer
therapy. Clinical and economic outcomes of chemotherapy-induced mucositis. Cancer 2003, 98, 1531–1539.
[CrossRef] [PubMed]

10. Khan, S.A.; Wingard, J.R. Infection and mucosal injury in cancer treatment. J. Natl. Cancer Inst. Monogr. 2001,
31–36. [CrossRef]

11. Pfaller, M.; Neofytos, D.; Diekema, D.; Azie, N.; Meier-Kriesche, H.U.; Quan, S.P.; Horn, D. Epidemiology and
outcomes of candidemia in 3648 patients: Data from the Prospective Antifungal Therapy (PATH Alliance(R))
registry, 2004-2008. Diagn. Microbiol. Infect. Dis. 2012, 74, 323–331. [CrossRef] [PubMed]

12. Wisplinghoff, H.; Ebbers, J.; Geurtz, L.; Stefanik, D.; Major, Y.; Edmond, M.B.; Wenzel, R.P.; Seifert, H.
Nosocomial bloodstream infections due to Candida spp. in the USA: Species distribution, clinical features
and antifungal susceptibilities. Int. J. Antimicrob. Agents 2014, 43, 78–81. [CrossRef] [PubMed]

13. Guinea, J. Global trends in the distribution of Candida species causing candidemia. Clin. Microbiol. Infect.
2014, 20 (Suppl. 6), 5–10. [CrossRef] [PubMed]

14. Bassetti, M.; Merelli, M.; Ansaldi, F.; de Florentiis, D.; Sartor, A.; Scarparo, C.; Callegari, A.; Righi, E. Clinical
and therapeutic aspects of candidemia: A five year single centre study. PLoS ONE 2015, 10, e0127534.
[CrossRef] [PubMed]

15. Das, I.; Nightingale, P.; Patel, M.; Jumaa, P. Epidemiology, clinical characteristics, and outcome of candidemia:
Experience in a tertiary referral center in the UK. Int. J. Infect. Dis. 2011, 15, e759–e763. [CrossRef] [PubMed]

16. Ortega, M.; Marco, F.; Soriano, A.; Almela, M.; Martinez, J.A.; Lopez, J.; Pitart, C.; Mensa, J. Candida species
bloodstream infection: Epidemiology and outcome in a single institution from 1991 to 2008. J. Hosp. Infect.
2011, 77, 157–161. [CrossRef] [PubMed]

17. Chi, H.W.; Yang, Y.S.; Shang, S.T.; Chen, K.H.; Yeh, K.M.; Chang, F.Y.; Lin, J.C. Candida albicans versus
non-albicans bloodstream infections: The comparison of risk factors and outcome. J. Microbiol. Immunol. Infect.
2011, 44, 369–375. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/4952914
http://dx.doi.org/10.1056/NEJM199002083220602
http://www.ncbi.nlm.nih.gov/pubmed/2300087
http://dx.doi.org/10.1002/cncr.10630
http://www.ncbi.nlm.nih.gov/pubmed/12115329
http://dx.doi.org/10.1086/421946
http://www.ncbi.nlm.nih.gov/pubmed/15306996
http://www.ncbi.nlm.nih.gov/pubmed/15477331
http://dx.doi.org/10.1016/S1473-3099(09)70175-6
http://dx.doi.org/10.1002/cncr.11671
http://www.ncbi.nlm.nih.gov/pubmed/14508842
http://dx.doi.org/10.1093/oxfordjournals.jncimonographs.a003437
http://dx.doi.org/10.1016/j.diagmicrobio.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23102556
http://dx.doi.org/10.1016/j.ijantimicag.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24182454
http://dx.doi.org/10.1111/1469-0691.12539
http://www.ncbi.nlm.nih.gov/pubmed/24506442
http://dx.doi.org/10.1371/journal.pone.0127534
http://www.ncbi.nlm.nih.gov/pubmed/26010361
http://dx.doi.org/10.1016/j.ijid.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21840742
http://dx.doi.org/10.1016/j.jhin.2010.09.026
http://www.ncbi.nlm.nih.gov/pubmed/21216030
http://dx.doi.org/10.1016/j.jmii.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21524971


Pathogens 2016, 5, 6 10 of 16

18. Nucci, M.; Queiroz-Telles, F.; Alvarado-Matute, T.; Tiraboschi, I.N.; Cortes, J.; Zurita, J.; Guzman-Blanco, M.;
Santolaya, M.E.; Thompson, L.; Sifuentes-Osornio, J.; et al. Epidemiology of candidemia in Latin America: A
laboratory-based survey. PLoS ONE 2013, 8, e59373. [CrossRef] [PubMed]

19. Underhill, D.M.; Iliev, I.D. The mycobiota: Interactions between commensal fungi and the host immune
system. Nat. Rev. Immunol. 2014, 14, 405–416. [CrossRef] [PubMed]

20. Nucci, M.; Anaissie, E. Revisiting the source of candidemia: Skin or gut? Clin. Infect. Dis. 2001, 33, 1959–1967.
[CrossRef] [PubMed]

21. Miranda, L.N.; van der Heijden, I.M.; Costa, S.F.; Sousa, A.P.; Sienra, R.A.; Gobara, S.; Santos, C.R.; Lobo, R.D.;
Pessoa, V.P., Jr.; Levin, A.S. Candida colonisation as a source for candidaemia. J. Hosp. Infect. 2009, 72, 9–16.
[CrossRef] [PubMed]

22. Bassetti, M.; Merelli, M.; Righi, E.; Diaz-Martin, A.; Rosello, E.M.; Luzzati, R.; Parra, A.; Trecarichi, E.M.;
Sanguinetti, M.; Posteraro, B.; et al. Epidemiology, species distribution, antifungal susceptibility, and outcome
of candidemia across five sites in Italy and Spain. J. Clin. Microbiol. 2013, 51, 4167–4172. [CrossRef] [PubMed]

23. Brown, G.D.; Denning, D.W.; Gow, N.A.; Levitz, S.M.; Netea, M.G.; White, T.C. Hidden killers: Human
fungal infections. Sci. Transl. Med. 2012, 4, 165rv113. [CrossRef] [PubMed]

24. Rentz, A.M.; Halpern, M.T.; Bowden, R. The impact of candidemia on length of hospital stay, outcome, and
overall cost of illness. Clin. Infect. Dis. 1998, 27, 781–788. [CrossRef] [PubMed]

25. Moran, C.; Grussemeyer, C.A.; Spalding, J.R.; Benjamin, D.K., Jr.; Reed, S.D. Comparison of costs, length of
stay, and mortality associated with Candida glabrata and Candida albicans bloodstream infections. Am. J.
Infect. Control 2010, 38, 78–80. [CrossRef] [PubMed]

26. Ramirez-Garcia, A.; Rementeria, A.; Aguirre-Urizar, J.M.; Moragues, M.D.; Antoran, A.; Pellon, A.;
Abad-Diaz-de-Cerio, A.; Hernando, F.L. Candida albicans and cancer: Can this yeast induce cancer
development or progression? Crit. Rev. Microbiol. 2014, 20, 1–13. [CrossRef] [PubMed]

27. Kao, A.S.; Brandt, M.E.; Pruitt, W.R.; Conn, L.A.; Perkins, B.A.; Stephens, D.S.; Baughman, W.S.;
Reingold, A.L.; Rothrock, G.A.; Pfaller, M.A.; et al. The epidemiology of candidemia in two United States
cities: Results of a population-based active surveillance. Clin. Infect. Dis. 1999, 29, 1164–1170. [CrossRef]
[PubMed]

28. Eggimann, P.; Garbino, J.; Pittet, D. Epidemiology of Candida species infections in critically ill
non-immunosuppressed patients. Lancet Infect. Dis. 2003, 3, 685–702. [CrossRef]

29. Pfaller, M.A.; Diekema, D.J. Epidemiology of invasive candidiasis: A persistent public health problem.
Clin. Microbiol. Rev. 2007, 20, 133–163. [CrossRef] [PubMed]

30. Weinzierl, E.P.; Arber, D.A. The differential diagnosis and bone marrow evaluation of new-onset
pancytopenia. Am. J. Clin. Pathol. 2013, 139, 9–29. [CrossRef] [PubMed]

31. Crawford, J.; Dale, D.C.; Lyman, G.H. Chemotherapy-induced neutropenia: Risks, consequences, and new
directions for its management. Cancer 2004, 100, 228–237. [CrossRef] [PubMed]

32. Nesher, L.; Rolston, K.V. The current spectrum of infection in cancer patients with chemotherapy related
neutropenia. Infection 2014, 42, 5–13. [CrossRef] [PubMed]

33. Soares, M.; Depuydt, P.O.; Salluh, J.I. Mechanical ventilation in cancer patients: Clinical characteristics and
outcomes. Crit. Care Clin. 2010, 26, 41–58. [CrossRef] [PubMed]

34. Leroy, O.; Gangneux, J.P.; Montravers, P.; Mira, J.P.; Gouin, F.; Sollet, J.P.; Carlet, J.; Reynes, J.; Rosenheim, M.;
Regnier, B.; et al. Epidemiology, management, and risk factors for death of invasive Candida infections in
critical care: A multicenter, prospective, observational study in France (2005–2006). Crit. Care Med. 2009, 37,
1612–1618. [CrossRef] [PubMed]

35. Humphreys, B.D.; Soiffer, R.J.; Magee, C.C. Renal failure associated with cancer and its treatment: An update.
J. Am. Soc. Nephrol. 2005, 16, 151–161. [CrossRef] [PubMed]

36. Netea, M.G.; Joosten, L.A.; van der Meer, J.W.; Kullberg, B.J.; van de Veerdonk, F.L. Immune defence against
Candida fungal infections. Nat. Rev. Immunol. 2015, 15, 630–642. [CrossRef] [PubMed]

37. Rudkin, F.M.; Bain, J.M.; Walls, C.; Lewis, L.E.; Gow, N.A.; Erwig, L.P. Altered dynamics of Candida
albicans phagocytosis by macrophages and PMNs when both phagocyte subsets are present. MBio 2013, 4,
e00810–e00813. [CrossRef] [PubMed]

38. Urban, C.F.; Reichard, U.; Brinkmann, V.; Zychlinsky, A. Neutrophil extracellular traps capture and kill
Candida albicans yeast and hyphal forms. Cell Microbiol. 2006, 8, 668–676. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0059373
http://www.ncbi.nlm.nih.gov/pubmed/23527176
http://dx.doi.org/10.1038/nri3684
http://www.ncbi.nlm.nih.gov/pubmed/24854590
http://dx.doi.org/10.1086/323759
http://www.ncbi.nlm.nih.gov/pubmed/11702290
http://dx.doi.org/10.1016/j.jhin.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19303662
http://dx.doi.org/10.1128/JCM.01998-13
http://www.ncbi.nlm.nih.gov/pubmed/24108614
http://dx.doi.org/10.1126/scitranslmed.3004404
http://www.ncbi.nlm.nih.gov/pubmed/23253612
http://dx.doi.org/10.1086/514955
http://www.ncbi.nlm.nih.gov/pubmed/9798034
http://dx.doi.org/10.1016/j.ajic.2009.06.014
http://www.ncbi.nlm.nih.gov/pubmed/19836856
http://dx.doi.org/10.3109/1040841X.2014.913004
http://www.ncbi.nlm.nih.gov/pubmed/24963692
http://dx.doi.org/10.1086/313450
http://www.ncbi.nlm.nih.gov/pubmed/10524958
http://dx.doi.org/10.1016/S1473-3099(03)00801-6
http://dx.doi.org/10.1128/CMR.00029-06
http://www.ncbi.nlm.nih.gov/pubmed/17223626
http://dx.doi.org/10.1309/AJCP50AEEYGREWUZ
http://www.ncbi.nlm.nih.gov/pubmed/23270895
http://dx.doi.org/10.1002/cncr.11882
http://www.ncbi.nlm.nih.gov/pubmed/14716755
http://dx.doi.org/10.1007/s15010-013-0525-9
http://www.ncbi.nlm.nih.gov/pubmed/23975584
http://dx.doi.org/10.1016/j.ccc.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19944275
http://dx.doi.org/10.1097/CCM.0b013e31819efac0
http://www.ncbi.nlm.nih.gov/pubmed/19325476
http://dx.doi.org/10.1681/ASN.2004100843
http://www.ncbi.nlm.nih.gov/pubmed/15574506
http://dx.doi.org/10.1038/nri3897
http://www.ncbi.nlm.nih.gov/pubmed/26388329
http://dx.doi.org/10.1128/mBio.00810-13
http://www.ncbi.nlm.nih.gov/pubmed/24169578
http://dx.doi.org/10.1111/j.1462-5822.2005.00659.x
http://www.ncbi.nlm.nih.gov/pubmed/16548892


Pathogens 2016, 5, 6 11 of 16

39. Branzk, N.; Lubojemska, A.; Hardison, S.E.; Wang, Q.; Gutierrez, M.G.; Brown, G.D.; Papayannopoulos, V.
Neutrophils sense microbe size and selectively release neutrophil extracellular traps in response to large
pathogens. Nat. Immunol. 2014, 15, 1017–1025. [CrossRef] [PubMed]

40. Lo, H.J.; Kohler, J.R.; DiDomenico, B.; Loebenberg, D.; Cacciapuoti, A.; Fink, G.R. Nonfilamentous C. albicans
mutants are avirulent. Cell 1997, 90, 939–949. [CrossRef]

41. Kaposzta, R.; Marodi, L.; Hollinshead, M.; Gordon, S.; da Silva, R.P. Rapid recruitment of late endosomes
and lysosomes in mouse macrophages ingesting Candida albicans. J. Cell Sci. 1999, 112 Pt 19, 3237–3248.
[PubMed]

42. Fulurija, A.; Ashman, R.B.; Papadimitriou, J.M. Neutrophil depletion increases susceptibility to systemic
and vaginal candidiasis in mice, and reveals differences between brain and kidney in mechanisms of host
resistance. Microbiology 1996, 142 Pt 12, 3487–3496. [CrossRef] [PubMed]

43. Koh, A.Y.; Kohler, J.R.; Coggshall, K.T.; van Rooijen, N.; Pier, G.B. Mucosal damage and neutropenia are
required for Candida albicans dissemination. PLoS Pathog. 2008, 4, e35. [CrossRef] [PubMed]

44. Andrews, T.; Sullivan, K.E. Infections in patients with inherited defects in phagocytic function.
Clin. Microbiol. Rev. 2003, 16, 597–621. [CrossRef] [PubMed]

45. Martin, S.; Baldock, S.C.; Ghoneim, A.T.; Child, J.A. Defective neutrophil function and microbicidal
mechanisms in the myelodysplastic disorders. J. Clin. Pathol. 1983, 36, 1120–1128. [CrossRef] [PubMed]

46. Gandossini, M.; Souhami, R.L.; Babbage, J.; Addison, I.E.; Johnson, A.L.; Berenbaum, M.C. Neutrophil
function during chemotherapy for Hodgkin's disease. Br. J. Cancer 1981, 44, 863–871. [CrossRef] [PubMed]

47. Damiani, M.T.; Colombo, M.I. Microfilaments and microtubules regulate recycling from phagosomes.
Exp. Cell Res. 2003, 289, 152–161. [CrossRef]

48. Malech, H.L.; Root, R.K.; Gallin, J.I. Structural analysis of human neutrophil migration. Centriole,
microtubule, and microfilament orientation and function during chemotaxis. J. Cell Biol. 1977, 75, 666–693.
[CrossRef] [PubMed]

49. Stroka, K.M.; Hayenga, H.N.; Aranda-Espinoza, H. Human neutrophil cytoskeletal dynamics and
contractility actively contribute to trans-endothelial migration. PLoS ONE 2013, 8, e61377. [CrossRef]
[PubMed]

50. Mendonca, M.A.; Souto, F.O.; Micheli, D.C.; Alves-Filho, J.C.; Cunha, F.Q.; Murta, E.F.; Tavares-Murta, B.M.
Mechanisms affecting neutrophil migration capacity in breast cancer patients before and after chemotherapy.
Cancer Chemother. Pharmacol. 2014, 73, 317–324. [CrossRef] [PubMed]

51. Swystun, L.L.; Mukherjee, S.; Liaw, P.C. Breast cancer chemotherapy induces the release of cell-free DNA, a
novel procoagulant stimulus. J. Thromb. Haemost. 2011, 9, 2313–2321. [CrossRef] [PubMed]

52. Fuchs, T.A.; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D., Jr.; Wrobleski, S.K.;
Wakefield, T.W.; Hartwig, J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad.
Sci. USA 2010, 107, 15880–15885. [CrossRef] [PubMed]

53. Halverson, T.W.; Wilton, M.; Poon, K.K.; Petri, B.; Lewenza, S. DNA is an antimicrobial component of
neutrophil extracellular traps. PLoS Pathog. 2015, 11, e1004593. [CrossRef] [PubMed]

54. Qian, Q.; Jutila, M.A.; van Rooijen, N.; Cutler, J.E. Elimination of mouse splenic macrophages correlates
with increased susceptibility to experimental disseminated candidiasis. J. Immunol. 1994, 152, 5000–5008.
[PubMed]

55. Ngo, L.Y.; Kasahara, S.; Kumasaka, D.K.; Knoblaugh, S.E.; Jhingran, A.; Hohl, T.M. Inflammatory monocytes
mediate early and organ-specific innate defense during systemic candidiasis. J. Infect. Dis. 2014, 209, 109–119.
[CrossRef] [PubMed]

56. Quintin, J.; Saeed, S.; Martens, J.H.; Giamarellos-Bourboulis, E.J.; Ifrim, D.C.; Logie, C.; Jacobs, L.; Jansen, T.;
Kullberg, B.J.; Wijmenga, C.; et al. Candida albicans infection affords protection against reinfection via
functional reprogramming of monocytes. Cell Host Microbe 2012, 12, 223–232. [CrossRef] [PubMed]

57. Cheng, S.C.; Quintin, J.; Cramer, R.A.; Shepardson, K.M.; Saeed, S.; Kumar, V.; Giamarellos-Bourboulis, E.J.;
Martens, J.H.; Rao, N.A.; Aghajanirefah, A.; et al. mTOR- and HIF-1alpha-mediated aerobic glycolysis as
metabolic basis for trained immunity. Science 2014, 345, 1250684. [CrossRef] [PubMed]

58. Saeed, S.; Quintin, J.; Kerstens, H.H.; Rao, N.A.; Aghajanirefah, A.; Matarese, F.; Cheng, S.C.; Ratter, J.;
Berentsen, K.; van der Ent, M.A.; et al. Epigenetic programming of monocyte-to-macrophage differentiation
and trained innate immunity. Science 2014, 345, 1251086. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ni.2987
http://www.ncbi.nlm.nih.gov/pubmed/25217981
http://dx.doi.org/10.1016/S0092-8674(00)80358-X
http://www.ncbi.nlm.nih.gov/pubmed/10504329
http://dx.doi.org/10.1099/13500872-142-12-3487
http://www.ncbi.nlm.nih.gov/pubmed/9004511
http://dx.doi.org/10.1371/journal.ppat.0040035
http://www.ncbi.nlm.nih.gov/pubmed/18282097
http://dx.doi.org/10.1128/CMR.16.4.597-621.2003
http://www.ncbi.nlm.nih.gov/pubmed/14557288
http://dx.doi.org/10.1136/jcp.36.10.1120
http://www.ncbi.nlm.nih.gov/pubmed/6311878
http://dx.doi.org/10.1038/bjc.1981.285
http://www.ncbi.nlm.nih.gov/pubmed/7326195
http://dx.doi.org/10.1016/S0014-4827(03)00253-2
http://dx.doi.org/10.1083/jcb.75.3.666
http://www.ncbi.nlm.nih.gov/pubmed/562885
http://dx.doi.org/10.1371/journal.pone.0061377
http://www.ncbi.nlm.nih.gov/pubmed/23626676
http://dx.doi.org/10.1007/s00280-013-2348-x
http://www.ncbi.nlm.nih.gov/pubmed/24258454
http://dx.doi.org/10.1111/j.1538-7836.2011.04465.x
http://www.ncbi.nlm.nih.gov/pubmed/21838758
http://dx.doi.org/10.1073/pnas.1005743107
http://www.ncbi.nlm.nih.gov/pubmed/20798043
http://dx.doi.org/10.1371/journal.ppat.1004593
http://www.ncbi.nlm.nih.gov/pubmed/25590621
http://www.ncbi.nlm.nih.gov/pubmed/8176217
http://dx.doi.org/10.1093/infdis/jit413
http://www.ncbi.nlm.nih.gov/pubmed/23922372
http://dx.doi.org/10.1016/j.chom.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22901542
http://dx.doi.org/10.1126/science.1250684
http://www.ncbi.nlm.nih.gov/pubmed/25258083
http://dx.doi.org/10.1126/science.1251086
http://www.ncbi.nlm.nih.gov/pubmed/25258085


Pathogens 2016, 5, 6 12 of 16

59. Kondo, M.; Oshita, F.; Kato, Y.; Yamada, K.; Nomura, I.; Noda, K. Early monocytopenia after chemotherapy
as a risk factor for neutropenia. Am. J. Clin. Oncol. 1999, 22, 103–105. [CrossRef] [PubMed]

60. Jacquelin, S.; Licata, F.; Dorgham, K.; Hermand, P.; Poupel, L.; Guyon, E.; Deterre, P.; Hume, D.A.;
Combadiere, C.; Boissonnas, A. CX3CR1 reduces Ly6Chigh-monocyte motility within and release from the
bone marrow after chemotherapy in mice. Blood 2013, 122, 674–683. [CrossRef] [PubMed]

61. Lionakis, M.S.; Swamydas, M.; Fischer, B.G.; Plantinga, T.S.; Johnson, M.D.; Jaeger, M.; Green, N.M.;
Masedunskas, A.; Weigert, R.; Mikelis, C.; et al. CX3CR1-dependent renal macrophage survival promotes
Candida control and host survival. J. Clin. Investig. 2013, 123, 5035–5051. [CrossRef] [PubMed]

62. Voigt, J.; Hunniger, K.; Bouzani, M.; Jacobsen, I.D.; Barz, D.; Hube, B.; Loffler, J.; Kurzai, O. Human natural
killer cells acting as phagocytes against Candida albicans and mounting an inflammatory response that
modulates neutrophil antifungal activity. J. Infect. Dis. 2014, 209, 616–626. [CrossRef] [PubMed]

63. Quintin, J.; Voigt, J.; van der Voort, R.; Jacobsen, I.D.; Verschueren, I.; Hube, B.; Giamarellos-Bourboulis, E.J.;
van der Meer, J.W.; Joosten, L.A.; Kurzai, O.; et al. Differential role of NK cells against Candida albicans
infection in immunocompetent or immunocompromised mice. Eur. J. Immunol. 2014, 44, 2405–2414.
[CrossRef] [PubMed]

64. Bar, E.; Whitney, P.G.; Moor, K.; Reis e Sousa, C.; LeibundGut-Landmann, S. IL-17 regulates systemic fungal
immunity by controlling the functional competence of NK cells. Immunity 2014, 40, 117–127. [CrossRef]
[PubMed]

65. Fregni, G.; Perier, A.; Pittari, G.; Jacobelli, S.; Sastre, X.; Gervois, N.; Allard, M.; Bercovici, N.; Avril, M.F.;
Caignard, A. Unique functional status of natural killer cells in metastatic stage IV melanoma patients and its
modulation by chemotherapy. Clin. Cancer Res. 2011, 17, 2628–2637. [CrossRef] [PubMed]

66. Swidergall, M.; Ernst, J.F. Interplay between Candida albicans and the antimicrobial peptide armory.
Eukaryot. Cell 2014, 13, 950–957. [CrossRef] [PubMed]

67. Ghosh, D.; Porter, E.; Shen, B.; Lee, S.K.; Wilk, D.; Drazba, J.; Yadav, S.P.; Crabb, J.W.; Ganz, T.; Bevins, C.L.
Paneth cell trypsin is the processing enzyme for human defensin-5. Nat. Immunol. 2002, 3, 583–590.
[CrossRef] [PubMed]

68. Jones, D.E.; Bevins, C.L. Defensin-6 mRNA in human Paneth cells: Implications for antimicrobial peptides in
host defense of the human bowel. FEBS Lett. 1993, 315, 187–192. [CrossRef]

69. Porter, E.M.; van Dam, E.; Valore, E.V.; Ganz, T. Broad-spectrum antimicrobial activity of human intestinal
defensin 5. Infect. Immun. 1997, 65, 2396–2401. [PubMed]

70. Edgerton, M.; Koshlukova, S.E. Salivary histatin 5 and its similarities to the other antimicrobial proteins in
human saliva. Adv. Dent. Res. 2000, 14, 16–21. [CrossRef] [PubMed]

71. Vylkova, S.; Li, X.S.; Berner, J.C.; Edgerton, M. Distinct antifungal mechanisms: Beta-defensins
require Candida albicans Ssa1 protein, while Trk1p mediates activity of cysteine-free cationic peptides.
Antimicrob. Agents Chemother. 2006, 50, 324–331. [CrossRef] [PubMed]

72. Vylkova, S.; Nayyar, N.; Li, W.; Edgerton, M. Human beta-defensins kill Candida albicans
in an energy-dependent and salt-sensitive manner without causing membrane disruption.
Antimicrob. Agents Chemother. 2007, 51, 154–161. [CrossRef] [PubMed]

73. Meyer, J.E.; Harder, J.; Gorogh, T.; Weise, J.B.; Schubert, S.; Janssen, D.; Maune, S. Human beta-defensin-2 in
oral cancer with opportunistic Candida infection. Anticancer Res. 2004, 24, 1025–1030. [PubMed]

74. Grunberg, S.M. Antiemetic activity of corticosteroids in patients receiving cancer chemotherapy: Dosing,
efficacy, and tolerability analysis. Ann. Oncol. 2007, 18, 233–240. [CrossRef] [PubMed]

75. Lee, C.; Gianos, M.; Klaustermeyer, W.B. Diagnosis and management of hypersensitivity reactions related to
common cancer chemotherapy agents. Ann. Allergy Asthma Immunol. 2009, 102, 179–187. [CrossRef]

76. Mackall, C.L.; Fleisher, T.A.; Brown, M.R.; Magrath, I.T.; Shad, A.T.; Horowitz, M.E.; Wexler, L.H.; Adde, M.A.;
McClure, L.L.; Gress, R.E. Lymphocyte depletion during treatment with intensive chemotherapy for cancer.
Blood 1994, 84, 2221–2228. [PubMed]

77. Laurent, J.; Speiser, D.E.; Appay, V.; Touvrey, C.; Vicari, M.; Papaioannou, A.; Canellini, G.; Rimoldi, D.;
Rufer, N.; Romero, P.; et al. Impact of 3 different short-term chemotherapy regimens on lymphocyte-depletion
and reconstitution in melanoma patients. J. Immunother. 2010, 33, 723–734. [CrossRef] [PubMed]

78. Fidel, P.L., Jr. Candida-host interactions in HIV disease: Implications for oropharyngeal candidiasis.
Adv. Dent. Res. 2011, 23, 45–49. [CrossRef] [PubMed]

79. Romani, L. Immunity to fungal infections. Nat. Rev. Immunol. 2011, 11, 275–288. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/00000421-199902000-00025
http://www.ncbi.nlm.nih.gov/pubmed/10025393
http://dx.doi.org/10.1182/blood-2013-01-480749
http://www.ncbi.nlm.nih.gov/pubmed/23775714
http://dx.doi.org/10.1172/JCI71307
http://www.ncbi.nlm.nih.gov/pubmed/24177428
http://dx.doi.org/10.1093/infdis/jit574
http://www.ncbi.nlm.nih.gov/pubmed/24163416
http://dx.doi.org/10.1002/eji.201343828
http://www.ncbi.nlm.nih.gov/pubmed/24802993
http://dx.doi.org/10.1016/j.immuni.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24412614
http://dx.doi.org/10.1158/1078-0432.CCR-10-2084
http://www.ncbi.nlm.nih.gov/pubmed/21224372
http://dx.doi.org/10.1128/EC.00093-14
http://www.ncbi.nlm.nih.gov/pubmed/24951441
http://dx.doi.org/10.1038/ni797
http://www.ncbi.nlm.nih.gov/pubmed/12021776
http://dx.doi.org/10.1016/0014-5793(93)81160-2
http://www.ncbi.nlm.nih.gov/pubmed/9169780
http://dx.doi.org/10.1177/08959374000140010201
http://www.ncbi.nlm.nih.gov/pubmed/11842919
http://dx.doi.org/10.1128/AAC.50.1.324-331.2006
http://www.ncbi.nlm.nih.gov/pubmed/16377704
http://dx.doi.org/10.1128/AAC.00478-06
http://www.ncbi.nlm.nih.gov/pubmed/17074797
http://www.ncbi.nlm.nih.gov/pubmed/15161058
http://dx.doi.org/10.1093/annonc/mdl347
http://www.ncbi.nlm.nih.gov/pubmed/17108149
http://dx.doi.org/10.1016/S1081-1206(10)60078-6
http://www.ncbi.nlm.nih.gov/pubmed/7919339
http://dx.doi.org/10.1097/CJI.0b013e3181ea7e6e
http://www.ncbi.nlm.nih.gov/pubmed/20664354
http://dx.doi.org/10.1177/0022034511399284
http://www.ncbi.nlm.nih.gov/pubmed/21441480
http://dx.doi.org/10.1038/nri2939
http://www.ncbi.nlm.nih.gov/pubmed/21394104


Pathogens 2016, 5, 6 13 of 16

80. Marodi, L.; Schreiber, S.; Anderson, D.C.; MacDermott, R.P.; Korchak, H.M.; Johnston, R.B., Jr. Enhancement
of macrophage candidacidal activity by interferon-gamma. Increased phagocytosis, killing, and calcium
signal mediated by a decreased number of mannose receptors. J. Clin. Investig. 1993, 91, 2596–2601.
[CrossRef] [PubMed]

81. Sechler, J.M.; Malech, H.L.; White, C.J.; Gallin, J.I. Recombinant human interferon-gamma reconstitutes
defective phagocyte function in patients with chronic granulomatous disease of childhood. Proc. Natl. Acad.
Sci. USA 1988, 85, 4874–4878. [CrossRef] [PubMed]

82. Romani, L.; Mencacci, A.; Cenci, E.; Spaccapelo, R.; Mosci, P.; Puccetti, P.; Bistoni, F. CD4+ subset expression
in murine candidiasis. Th responses correlate directly with genetically determined susceptibility or
vaccine-induced resistance. J. Immunol. 1993, 150, 925–931. [PubMed]

83. Romani, L.; Mocci, S.; Bietta, C.; Lanfaloni, L.; Puccetti, P.; Bistoni, F. Th1 and Th2 cytokine secretion patterns
in murine candidiasis: Association of Th1 responses with acquired resistance. Infect. Immun. 1991, 59,
4647–4654. [PubMed]

84. Pelletier, M.; Maggi, L.; Micheletti, A.; Lazzeri, E.; Tamassia, N.; Costantini, C.; Cosmi, L.; Lunardi, C.;
Annunziato, F.; Romagnani, S.; et al. Evidence for a cross-talk between human neutrophils and Th17 cells.
Blood 2010, 115, 335–343. [CrossRef] [PubMed]

85. Laan, M.; Cui, Z.H.; Hoshino, H.; Lotvall, J.; Sjostrand, M.; Gruenert, D.C.; Skoogh, B.E.; Linden, A.
Neutrophil recruitment by human IL-17 via C-X-C chemokine release in the airways. J. Immunol. 1999, 162,
2347–2352. [PubMed]

86. Conti, H.R.; Shen, F.; Nayyar, N.; Stocum, E.; Sun, J.N.; Lindemann, M.J.; Ho, A.W.; Hai, J.H.; Yu, J.J.;
Jung, J.W.; et al. Th17 cells and IL-17 receptor signaling are essential for mucosal host defense against oral
candidiasis. J. Exp. Med. 2009, 206, 299–311. [CrossRef] [PubMed]

87. Acosta-Rodriguez, E.V.; Rivino, L.; Geginat, J.; Jarrossay, D.; Gattorno, M.; Lanzavecchia, A.; Sallusto, F.;
Napolitani, G. Surface phenotype and antigenic specificity of human interleukin 17-producing T helper
memory cells. Nat. Immunol. 2007, 8, 639–646. [CrossRef] [PubMed]

88. Eyerich, S.; Wagener, J.; Wenzel, V.; Scarponi, C.; Pennino, D.; Albanesi, C.; Schaller, M.; Behrendt, H.; Ring, J.;
Schmidt-Weber, C.B.; et al. IL-22 and TNF-alpha represent a key cytokine combination for epidermal integrity
during infection with Candida albicans. Eur. J. Immunol. 2011, 41, 1894–1901. [CrossRef] [PubMed]

89. Maloy, K.J.; Salaun, L.; Cahill, R.; Dougan, G.; Saunders, N.J.; Powrie, F. CD4+CD25+ T(R) cells suppress
innate immune pathology through cytokine-dependent mechanisms. J. Exp. Med. 2003, 197, 111–119.
[CrossRef] [PubMed]

90. De Luca, A.; Montagnoli, C.; Zelante, T.; Bonifazi, P.; Bozza, S.; Moretti, S.; D'Angelo, C.; Vacca, C.;
Boon, L.; Bistoni, F.; et al. Functional yet balanced reactivity to Candida albicans requires TRIF, MyD88, and
IDO-dependent inhibition of Rorc. J. Immunol. 2007, 179, 5999–6008. [CrossRef] [PubMed]

91. Miller, R.A.; Daley, J.; Ghalie, R.; Kaizer, H. Clonal analysis of T-cell deficiencies in autotransplant recipients.
Blood 1991, 77, 1845–1850. [PubMed]

92. Ercolini, A.M.; Ladle, B.H.; Manning, E.A.; Pfannenstiel, L.W.; Armstrong, T.D.; Machiels, J.P.; Bieler, J.G.;
Emens, L.A.; Reilly, R.T.; Jaffee, E.M. Recruitment of latent pools of high-avidity CD8(+) T cells to the
antitumor immune response. J. Exp. Med. 2005, 201, 1591–1602. [CrossRef] [PubMed]

93. Bistoni, F.; Baccarini, M.; Blasi, E.; Marconi, P.; Puccetti, P.; Garaci, E. Correlation between in vivo and in vitro
studies of modulation of resistance to experimental Candida albicans infection by cyclophosphamide in
mice. Infect. Immun. 1983, 40, 46–55. [PubMed]

94. Litterman, A.J.; Zellmer, D.M.; Grinnen, K.L.; Hunt, M.A.; Dudek, A.Z.; Salazar, A.M.; Ohlfest, J.R. Profound
impairment of adaptive immune responses by alkylating chemotherapy. J. Immunol. 2013, 190, 6259–6268.
[CrossRef] [PubMed]

95. Ibrahim, A.S.; Spellberg, B.J.; Avenissian, V.; Fu, Y.; Filler, S.G.; Edwards, J.E., Jr. Vaccination with recombinant
N-terminal domain of Als1p improves survival during murine disseminated candidiasis by enhancing
cell-mediated, not humoral, immunity. Infect. Immun. 2005, 73, 999–1005. [CrossRef] [PubMed]

96. Xin, H.; Dziadek, S.; Bundle, D.R.; Cutler, J.E. Synthetic glycopeptide vaccines combining beta-mannan and
peptide epitopes induce protection against candidiasis. Proc. Natl. Acad. Sci. USA 2008, 105, 13526–13531.
[CrossRef] [PubMed]

http://dx.doi.org/10.1172/JCI116498
http://www.ncbi.nlm.nih.gov/pubmed/8390485
http://dx.doi.org/10.1073/pnas.85.13.4874
http://www.ncbi.nlm.nih.gov/pubmed/2838849
http://www.ncbi.nlm.nih.gov/pubmed/8093707
http://www.ncbi.nlm.nih.gov/pubmed/1682265
http://dx.doi.org/10.1182/blood-2009-04-216085
http://www.ncbi.nlm.nih.gov/pubmed/19890092
http://www.ncbi.nlm.nih.gov/pubmed/9973514
http://dx.doi.org/10.1084/jem.20081463
http://www.ncbi.nlm.nih.gov/pubmed/19204111
http://dx.doi.org/10.1038/ni1467
http://www.ncbi.nlm.nih.gov/pubmed/17486092
http://dx.doi.org/10.1002/eji.201041197
http://www.ncbi.nlm.nih.gov/pubmed/21469124
http://dx.doi.org/10.1084/jem.20021345
http://www.ncbi.nlm.nih.gov/pubmed/12515818
http://dx.doi.org/10.4049/jimmunol.179.9.5999
http://www.ncbi.nlm.nih.gov/pubmed/17947673
http://www.ncbi.nlm.nih.gov/pubmed/2015408
http://dx.doi.org/10.1084/jem.20042167
http://www.ncbi.nlm.nih.gov/pubmed/15883172
http://www.ncbi.nlm.nih.gov/pubmed/6339410
http://dx.doi.org/10.4049/jimmunol.1203539
http://www.ncbi.nlm.nih.gov/pubmed/23686484
http://dx.doi.org/10.1128/IAI.73.2.999-1005.2005
http://www.ncbi.nlm.nih.gov/pubmed/15664943
http://dx.doi.org/10.1073/pnas.0803195105
http://www.ncbi.nlm.nih.gov/pubmed/18725625


Pathogens 2016, 5, 6 14 of 16

97. Torosantucci, A.; Bromuro, C.; Chiani, P.; De Bernardis, F.; Berti, F.; Galli, C.; Norelli, F.; Bellucci, C.;
Polonelli, L.; Costantino, P.; et al. A novel glyco-conjugate vaccine against fungal pathogens. J. Exp. Med.
2005, 202, 597–606. [CrossRef] [PubMed]

98. Cassone, A.; Casadevall, A. Recent progress in vaccines against fungal diseases. Curr. Opin. Microbiol. 2012,
15, 427–433. [CrossRef] [PubMed]

99. Schmidt, C.S.; White, C.J.; Ibrahim, A.S.; Filler, S.G.; Fu, Y.; Yeaman, M.R.; Edwards, J.E., Jr.; Hennessey, J.P., Jr.
NDV-3, a recombinant alum-adjuvanted vaccine for Candida and Staphylococcus aureus, is safe and
immunogenic in healthy adults. Vaccine 2012, 30, 7594–7600. [CrossRef] [PubMed]

100. De Bernardis, F.; Amacker, M.; Arancia, S.; Sandini, S.; Gremion, C.; Zurbriggen, R.; Moser, C.; Cassone, A. A
virosomal vaccine against candidal vaginitis: Immunogenicity, efficacy and safety profile in animal models.
Vaccine 2012, 30, 4490–4498. [CrossRef] [PubMed]

101. Lin, L.; Ibrahim, A.S.; Xu, X.; Farber, J.M.; Avanesian, V.; Baquir, B.; Fu, Y.; French, S.W.; Edwards, J.E., Jr.;
Spellberg, B. Th1-Th17 cells mediate protective adaptive immunity against Staphylococcus aureus and
Candida albicans infection in mice. PLoS Pathog. 2009, 5, e1000703. [CrossRef] [PubMed]

102. Matthews, R.; Burnie, J.; Smith, D.; Clark, I.; Midgley, J.; Conolly, M.; Gazzard, B. Candida and AIDS:
evidence for protective antibody. Lancet 1988, 2, 263–266. [CrossRef]

103. Lipinski, T.; Wu, X.; Sadowska, J.; Kreiter, E.; Yasui, Y.; Cheriaparambil, S.; Rennie, R.; Bundle, D.R. A
beta-mannan trisaccharide conjugate vaccine aids clearance of Candida albicans in immunocompromised
rabbits. Vaccine 2012, 30, 6263–6269. [CrossRef] [PubMed]

104. Nilsson, A.; De Milito, A.; Engstrom, P.; Nordin, M.; Narita, M.; Grillner, L.; Chiodi, F.; Bjork, O. Current
chemotherapy protocols for childhood acute lymphoblastic leukemia induce loss of humoral immunity to
viral vaccination antigens. Pediatrics 2002, 109, e91. [CrossRef] [PubMed]

105. Zignol, M.; Peracchi, M.; Tridello, G.; Pillon, M.; Fregonese, F.; D'Elia, R.; Zanesco, L.; Cesaro, S. Assessment
of humoral immunity to poliomyelitis, tetanus, hepatitis B, measles, rubella, and mumps in children after
chemotherapy. Cancer 2004, 101, 635–641. [CrossRef] [PubMed]

106. Borella, L.; Webster, R.G. The immunosuppressive effects of long-term combination chemotherapy in children
with acute leukemia in remission. Cancer Res. 1971, 31, 420–426. [PubMed]

107. Paus, R.; Haslam, I.S.; Sharov, A.A.; Botchkarev, V.A. Pathobiology of chemotherapy-induced hair loss.
Lancet Oncol. 2013, 14, e50–e59. [CrossRef]

108. Heidary, N.; Naik, H.; Burgin, S. Chemotherapeutic agents and the skin: An update. J. Am. Acad. Dermatol.
2008, 58, 545–570. [CrossRef] [PubMed]

109. Ijiri, K.; Potten, C.S. Response of intestinal cells of differing topographical and hierarchical status to ten
cytotoxic drugs and five sources of radiation. Br. J. Cancer 1983, 47, 175–185. [CrossRef] [PubMed]

110. Lockhart, P.B.; Sonis, S.T. Alterations in the oral mucosa caused by chemotherapeutic agents. A histologic
study. J. Dermatol. Surg. Oncol. 1981, 7, 1019–1025. [CrossRef] [PubMed]

111. Keefe, D.M.; Brealey, J.; Goland, G.J.; Cummins, A.G. Chemotherapy for cancer causes apoptosis that
precedes hypoplasia in crypts of the small intestine in humans. Gut 2000, 47, 632–637. [CrossRef] [PubMed]

112. Wardill, H.R.; Bowen, J.M. Chemotherapy-induced mucosal barrier dysfunction: An updated review on the
role of intestinal tight junctions. Curr. Opin. Support Palliat. Care 2013, 7, 155–161. [CrossRef] [PubMed]

113. Beutheu Youmba, S.; Belmonte, L.; Galas, L.; Boukhettala, N.; Bole-Feysot, C.; Dechelotte, P.; Coeffier, M.
Methotrexate modulates tight junctions through NF-kappaB, MEK, and JNK pathways. J. Pediatr.
Gastroenterol. Nutr. 2012, 54, 463–470. [CrossRef] [PubMed]

114. Hamada, K.; Shitara, Y.; Sekine, S.; Horie, T. Zonula Occludens-1 alterations and enhanced intestinal
permeability in methotrexate-treated rats. Cancer Chemother. Pharmacol. 2010, 66, 1031–1038. [CrossRef]
[PubMed]

115. Flint, H.J.; Scott, K.P.; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev.
Gastroenterol. Hepatol. 2012, 9, 577–589. [CrossRef] [PubMed]

116. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141.
[CrossRef] [PubMed]

117. Montassier, E.; Gastinne, T.; Vangay, P.; Al-Ghalith, G.A.; Bruley des Varannes, S.; Massart, S.; Moreau, P.;
Potel, G.; de La Cochetiere, M.F.; Batard, E.; et al. Chemotherapy-driven dysbiosis in the intestinal microbiome.
Aliment. Pharmacol. Ther. 2015, 42, 515–528. [CrossRef] [PubMed]

http://dx.doi.org/10.1084/jem.20050749
http://www.ncbi.nlm.nih.gov/pubmed/16147975
http://dx.doi.org/10.1016/j.mib.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22564747
http://dx.doi.org/10.1016/j.vaccine.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23099329
http://dx.doi.org/10.1016/j.vaccine.2012.04.069
http://www.ncbi.nlm.nih.gov/pubmed/22561143
http://dx.doi.org/10.1371/journal.ppat.1000703
http://www.ncbi.nlm.nih.gov/pubmed/20041174
http://dx.doi.org/10.1016/S0140-6736(88)92547-0
http://dx.doi.org/10.1016/j.vaccine.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22902677
http://dx.doi.org/10.1542/peds.109.6.e91
http://www.ncbi.nlm.nih.gov/pubmed/12042585
http://dx.doi.org/10.1002/cncr.20384
http://www.ncbi.nlm.nih.gov/pubmed/15274078
http://www.ncbi.nlm.nih.gov/pubmed/4994993
http://dx.doi.org/10.1016/S1470-2045(12)70553-3
http://dx.doi.org/10.1016/j.jaad.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/18342708
http://dx.doi.org/10.1038/bjc.1983.25
http://www.ncbi.nlm.nih.gov/pubmed/6824565
http://dx.doi.org/10.1111/j.1524-4725.1981.tb00208.x
http://www.ncbi.nlm.nih.gov/pubmed/7338583
http://dx.doi.org/10.1136/gut.47.5.632
http://www.ncbi.nlm.nih.gov/pubmed/11034578
http://dx.doi.org/10.1097/SPC.0b013e32835f3e8c
http://www.ncbi.nlm.nih.gov/pubmed/23492816
http://dx.doi.org/10.1097/MPG.0b013e318247240d
http://www.ncbi.nlm.nih.gov/pubmed/22197938
http://dx.doi.org/10.1007/s00280-010-1253-9
http://www.ncbi.nlm.nih.gov/pubmed/20119715
http://dx.doi.org/10.1038/nrgastro.2012.156
http://www.ncbi.nlm.nih.gov/pubmed/22945443
http://dx.doi.org/10.1016/j.cell.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24679531
http://dx.doi.org/10.1111/apt.13302
http://www.ncbi.nlm.nih.gov/pubmed/26147207


Pathogens 2016, 5, 6 15 of 16

118. Cottier, F.; Pavelka, N. Complexity and dynamics of host-fungal interactions. Immunol. Res. 2012, 53, 127–135.
[CrossRef] [PubMed]

119. Noverr, M.C.; Huffnagle, G.B. Regulation of Candida albicans morphogenesis by fatty acid metabolites.
Infect. Immun. 2004, 72, 6206–6210. [CrossRef] [PubMed]

120. Cottier, F.; Tan, A.S.; Chen, J.; Lum, J.; Zolezzi, F.; Poidinger, M.; Pavelka, N. The transcriptional stress
response of Candida albicans to weak organic acids. G3 (Bethesda) 2015, 5, 497–505. [CrossRef] [PubMed]

121. Zelante, T.; Iannitti, R.G.; Cunha, C.; De Luca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.; D’Angelo, C.;
Massi-Benedetti, C.; Fallarino, F.; et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon
receptor and balance mucosal reactivity via interleukin-22. Immunity 2013, 39, 372–385. [CrossRef] [PubMed]

122. Fan, D.; Coughlin, L.A.; Neubauer, M.M.; Kim, J.; Kim, M.S.; Zhan, X.; Simms-Waldrip, T.R.; Xie, Y.;
Hooper, L.V.; Koh, A.Y. Activation of HIF-1alpha and LL-37 by commensal bacteria inhibits Candida albicans
colonization. Nat. Med. 2015, 21, 808–814. [CrossRef] [PubMed]

123. Ivanov, I.I.; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; Santee, C.A.;
Lynch, S.V.; et al. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139,
485–498.

124. Samonis, G.; Anastassiadou, H.; Dassiou, M.; Tselentis, Y.; Bodey, G.P. Effects of broad-spectrum antibiotics
on colonization of gastrointestinal tracts of mice by Candida albicans. Antimicrob. Agents Chemother. 1994, 38,
602–603. [CrossRef] [PubMed]

125. Karlowsky, J.A.; Zhanel, G.G.; Klym, K.A.; Hoban, D.J.; Kabani, A.M. Candidemia in a Canadian tertiary
care hospital from 1976 to 1996. Diagn. Microbiol. Infect. Dis. 1997, 29, 5–9. [CrossRef]

126. van Vliet, M.J.; Harmsen, H.J.; de Bont, E.S.; Tissing, W.J. The role of intestinal microbiota in the development
and severity of chemotherapy-induced mucositis. PLoS Pathog. 2010, 6, e1000879. [CrossRef] [PubMed]

127. Zwielehner, J.; Lassl, C.; Hippe, B.; Pointner, A.; Switzeny, O.J.; Remely, M.; Kitzweger, E.; Ruckser, R.;
Haslberger, A.G. Changes in human fecal microbiota due to chemotherapy analyzed by TaqMan-PCR, 454
sequencing and PCR-DGGE fingerprinting. PLoS ONE 2011, 6, e28654. [CrossRef] [PubMed]

128. Lin, X.B.; Dieleman, L.A.; Ketabi, A.; Bibova, I.; Sawyer, M.B.; Xue, H.; Field, C.J.; Baracos, V.E.; Ganzle, M.G.
Irinotecan (CPT-11) chemotherapy alters intestinal microbiota in tumour bearing rats. PLoS ONE 2012, 7,
e39764. [CrossRef] [PubMed]

129. Van Vliet, M.J.; Tissing, W.J.; Dun, C.A.; Meessen, N.E.; Kamps, W.A.; de Bont, E.S.; Harmsen, H.J.
Chemotherapy treatment in pediatric patients with acute myeloid leukemia receiving antimicrobial
prophylaxis leads to a relative increase of colonization with potentially pathogenic bacteria in the gut.
Clin. Infect. Dis. 2009, 49, 262–270. [CrossRef] [PubMed]

130. Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillere, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.;
Engblom, C.; Pittet, M.J.; et al. The intestinal microbiota modulates the anticancer immune effects of
cyclophosphamide. Science 2013, 342, 971–976. [CrossRef] [PubMed]

131. Bristol-Myers Squibb. Hydrea (Hydroxyurea Capsules, USP) Prescribing Information; Bristol-Myers Squibb:
Princeton, NJ, USA, 2011.

132. Hoffmann, C.; Dollive, S.; Grunberg, S.; Chen, J.; Li, H.; Wu, G.D.; Lewis, J.D.; Bushman, F.D. Archaea and
fungi of the human gut microbiome: Correlations with diet and bacterial residents. PLoS ONE 2013, 8,
e66019. [CrossRef] [PubMed]

133. Calderone, R.A.; Fonzi, W.A. Virulence factors of Candida albicans. Trends Microbiol. 2001, 9, 327–335.
[CrossRef]

134. Mayer, F.L.; Wilson, D.; Hube, B. Candida albicans pathogenicity mechanisms. Virulence 2013, 4, 119–128.
[CrossRef] [PubMed]

135. Ueta, E.; Tanida, T.; Yoneda, K.; Yamamoto, T.; Osaki, T. Increase of Candida cell virulence by anticancer
drugs and irradiation. Oral Microbiol. Immunol. 2001, 16, 243–249. [CrossRef] [PubMed]

136. Shi, Q.M.; Wang, Y.M.; Zheng, X.D.; Lee, R.T.; Wang, Y. Critical role of DNA checkpoints in mediating
genotoxic-stress-induced filamentous growth in Candida albicans. Mol. Biol. Cell 2007, 18, 815–826.
[CrossRef] [PubMed]

137. Alby, K.; Bennett, R.J. Stress-induced phenotypic switching in Candida albicans. Mol. Biol. Cell 2009, 20,
3178–3191. [CrossRef] [PubMed]

138. Lockhart, S.R.; Pujol, C.; Daniels, K.J.; Miller, M.G.; Johnson, A.D.; Pfaller, M.A.; Soll, D.R. In Candida
albicans, white-opaque switchers are homozygous for mating type. Genetics 2002, 162, 737–745. [PubMed]

http://dx.doi.org/10.1007/s12026-012-8265-y
http://www.ncbi.nlm.nih.gov/pubmed/22415250
http://dx.doi.org/10.1128/IAI.72.11.6206-6210.2004
http://www.ncbi.nlm.nih.gov/pubmed/15501745
http://dx.doi.org/10.1534/g3.114.015941
http://www.ncbi.nlm.nih.gov/pubmed/25636313
http://dx.doi.org/10.1016/j.immuni.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23973224
http://dx.doi.org/10.1038/nm.3871
http://www.ncbi.nlm.nih.gov/pubmed/26053625
http://dx.doi.org/10.1128/AAC.38.3.602
http://www.ncbi.nlm.nih.gov/pubmed/8203861
http://dx.doi.org/10.1016/S0732-8893(97)00068-0
http://dx.doi.org/10.1371/journal.ppat.1000879
http://www.ncbi.nlm.nih.gov/pubmed/20523891
http://dx.doi.org/10.1371/journal.pone.0028654
http://www.ncbi.nlm.nih.gov/pubmed/22194876
http://dx.doi.org/10.1371/journal.pone.0039764
http://www.ncbi.nlm.nih.gov/pubmed/22844397
http://dx.doi.org/10.1086/599346
http://www.ncbi.nlm.nih.gov/pubmed/19514856
http://dx.doi.org/10.1126/science.1240537
http://www.ncbi.nlm.nih.gov/pubmed/24264990
http://dx.doi.org/10.1371/journal.pone.0066019
http://www.ncbi.nlm.nih.gov/pubmed/23799070
http://dx.doi.org/10.1016/S0966-842X(01)02094-7
http://dx.doi.org/10.4161/viru.22913
http://www.ncbi.nlm.nih.gov/pubmed/23302789
http://dx.doi.org/10.1034/j.1399-302X.2001.160408.x
http://www.ncbi.nlm.nih.gov/pubmed/11442850
http://dx.doi.org/10.1091/mbc.E06-05-0442
http://www.ncbi.nlm.nih.gov/pubmed/17182857
http://dx.doi.org/10.1091/mbc.E09-01-0040
http://www.ncbi.nlm.nih.gov/pubmed/19458191
http://www.ncbi.nlm.nih.gov/pubmed/12399384


Pathogens 2016, 5, 6 16 of 16

139. Daniels, K.J.; Srikantha, T.; Lockhart, S.R.; Pujol, C.; Soll, D.R. Opaque cells signal white cells to form biofilms
in Candida albicans. EMBO J. 2006, 25, 2240–2252. [CrossRef] [PubMed]

140. Lan, C.Y.; Newport, G.; Murillo, L.A.; Jones, T.; Scherer, S.; Davis, R.W.; Agabian, N. Metabolic specialization
associated with phenotypic switching in Candida albicans. Proc. Natl. Acad. Sci. USA 2002, 99, 14907–14912.
[CrossRef] [PubMed]

141. Geiger, J.; Wessels, D.; Lockhart, S.R.; Soll, D.R. Release of a potent polymorphonuclear leukocyte
chemoattractant is regulated by white-opaque switching in Candida albicans. Infect. Immun. 2004, 72,
667–677. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.emboj.7601099
http://www.ncbi.nlm.nih.gov/pubmed/16628217
http://dx.doi.org/10.1073/pnas.232566499
http://www.ncbi.nlm.nih.gov/pubmed/12397174
http://dx.doi.org/10.1128/IAI.72.2.667-677.2004
http://www.ncbi.nlm.nih.gov/pubmed/14742507
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Epidemiology of Systemic Candidiasis in Cancer Patients 
	Effects of Chemotherapy on the Immune System 
	Effects on Innate Immunity 
	Cellular Factors 
	Humoral Factors 

	Effects on Adaptive Immunity 
	Cellular Factors 
	Humoral Factors 


	Effect of Chemotherapy on the Gut Epithelial Barrier and Resident Microbiota 
	Epithelial Barrier 
	Gut Microbiota 

	Effect of Chemotherapy on Candida Albicans 
	Conclusions 

