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Abstract: IL-17-producing Th17 cells are of critical importance in host defense against
oropharyngeal candidiasis (OPC). Speculation about defective Th17 responses to oral
C. albicans infection in the context of HIV infection prompted an investigation of innate and
adaptive immune responses to Candida albicans in transgenic mice expressing the genome
of HIV-1 in immune cells and displaying an AIDS-like disease. Defective IL-17 and IL-22-
dependent mucosal responses to C. albicans were found to determine susceptibility to OPC
in these transgenic mice. Innate phagocytes were quantitatively and functionally intact, and
individually dispensable for control of OPC and to prevent systemic dissemination of
Candida to deep organs. CD8+ T-cells recruited to the oral mucosa of the transgenic mice
limited the proliferation of C. albicans in these conditions of CD4+ T-cell deficiency.
Therefore, the immunopathogenesis of OPC in the context of HIV infection involves
defective T-cell-mediated immunity, failure of crosstalk with innate mucosal immune
effector mechanisms, and compensatory cell responses, which limit Candida infection to the
oral mucosa and prevent systemic dissemination.
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1. Introduction

Susceptibility to oropharyngeal candidiasis (OPC) in patients living with HIV/AIDS has prompted
intense investigation of the mechanisms causing defective mucosal immunity to Candida albicans in
this clinical setting. Surveys conducted since the onset of the HIV/AIDS pandemic have consistently
shown that OPC is closely correlated to reduced CD4+ T-cell counts in peripheral blood [1-5]. The
virtual absence of CD4+ cells in the oral mucosa of HIV-infected patients with the erythematous or
pseudomembranous forms of OPC [6-8], as well as lower tissue densities of this cell population in
HIV-positive compared to HIV-negative controls without OPC [6], further suggested a role for CD4+ cell
depletion in the immunopathogenesis of OPC in the setting of HIV/AIDS. During the period of the
Th1/Th2 paradigm (1986—2005) [9], susceptibility to OPC in HIV infection was attributed to a defective
Th1 response to C. albicans and/or shift to a non-protective Th2 response [10,11], reviewed in [12].
Nevertheless, many questions remained unanswered, particularly the identity of the CD4+
cell-dependent downstream effector mechanism(s) whose loss triggers transition of the C. albicans-host
interaction from commensalism to infection, and the crosstalk between these effector mechanisms and
Candida-specific CD4+ T-cells. The discovery of IL-17-producing CD4+ T-cells in 2005, extending the
existing Th1/Th2 paradigm to include a distinct effector Th17 cell lineage [13], prompted a reassessment
and novel understanding of the mechanisms of host defense against C. albicans in the normal host [14,15]
and, by extension, of the defects of these mechanisms in the setting of HIV infection.

2. IL-17- and IL-22-Dependent Mucosal Host Response to Candida albicans

In a landmark investigation, Conti et al., [16] addressed inconsistencies in the prevailing view that
the Th1 CD4+ T-cell subset is chiefly responsible for oral mucosal host defense against C. albicans.
Previous investigation had shown that IL-12p40-knockout mice are deficient in Th1 cells and susceptible
to OPC, but that IFN-y-knockout mice also have a defective Th1 response and are resistant to OPC [17].
This discrepancy was resolved when it was realized that IL-12p40 is common to the dimeric cytokines
IL-12 and IL-23, also composed of the specific components IL-12p35 and IL-23p19, respectively. Conti
et al. elegantly demonstrated that IL-23p19-knockout mice are susceptible to OPC and display impaired
neutrophil recruitment to the mucosa, while IL-12p35 mice are relatively resistant [16]. They also
reported that Thl7 signature genes are induced early after oral C. albicans infection of
immunocompetent mice, and that mucosal expression of murine B-defensin 3, SI00A8 and CCL20 is
defective in IL-17RA-knockout mice [16]. These results conclusively showed that IL-17 produced by
Th17 cells, and not IL-12 produced by Thl cells, is critical to a protective host response against OPC,
and that neutrophils and mucosal antimicrobial peptides are the primary downstream effector
mechanisms of the Thl7 anticandidal immune response (Figure 1). In addition to IL-17, IL-22
production by Thl7 cells was also shown to contribute to early host protection against
C. albicans [16,18,19], which concurred with in vitro evidence that IL-17 and IL-22 cooperatively
enhance expression of antimicrobial peptides by oral keratinocytes [20—24] (Figure 1).
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Figure 1. Host response to oral Candida albicans. A protective host response to oral
C. albicans infection is dependent on dendritic cell-mediated induction of Th17 cell-mediated
adaptive immunity, which, by the production of IL-17 upregulates the innate expression of
mucosal antimicrobial peptides (B-defensins, calprotectin) by epithelial cells. IL-17 also
up-regulates IL-8 and GM-CSF production by epithelial cells, which in turn trigger
recruitment of neutrophils to the oral mucosa. Innate-like cell populations, including yo
T-cells, NKT cells, ILCs and nTh17 cells, also produce IL-17 and may participate in the
mucosal host response. CLRs, C-type lectin receptors; RNIs, reactive nitrogen intermediates;
ROlIs, reactive oxygen intermediates; and TLRs, toll-like receptors.

Since the publication of the Conti study [16], IL-17-producing cell populations other than conventional
Th17 cells, including yd T-cells [25], NKT cells [26], Tc17 CD8+ T-cells [27], innate lymphoid cells
(ILCs) [28], and natural Th17 (nTh17) cells [29] have been the subject of intense interest, considering
that they may also participate in the protective mucosal response to C. albicans [16,30-32]. Of direct
relevance to OPC in HIV infection, Tc17 cells isolated from re-challenged CD4+ knockout mice serve
as an alternate source of IL-17 after transfer into Rag-knockout recipients, conferring protection against
OPC [31]. Therefore, in conditions of CD4-deficiency, Tc17 CD8+ T-cells are able to promote effective
immunity to C. albicans [31]. Nevertheless, a challenging question remained: how is it possible that
Th17 cells conferred protection against OPC as early as three days after oral infection with C. albicans [16],
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considering that a far longer period is required for the induction of an adaptive cell-mediated immune
response? Of the “innate-like” IL-17-producing cell populations that could potentially be involved in
early protection after infection, yd T-cells and NKT cells have been shown to not contribute significantly
to IL-17-mediated immunity to C. albicans in the oral mucosa [16,30]. However, a protective oral mucosal
response to C. albicans was shown to be mediated by IL-17-producing ILCs and not by Th17 cells [30].
Group 3 ILCs, including Lymphoid Tissue inducer cells (LTi), are under the control of the RORyt
transcription factor and produce IL-17 and/or IL-22 [33]. More recently, a role for ILCs was questioned
when it was found that IL-17 is produced within 2448 h by tongue-resident nTh17 cells, but not by ILCs
[29]. Although further work remains to be done to resolve these different findings, it is now clear that
several redundant IL-17-producing cell populations are involved in the protective response to oral
C. albicans infection in experimentally infected mice. Nevertheless, it must be kept in mind that the
limited time course of experimental primary oral infection in mice, a species in which C. albicans is not
a pre-existing commensal, is far different from the lifelong commensalism and adaptive immunity to
C. albicans established shortly after birth in humans. Accordingly, further studies are needed to delineate
the relative contributions of individual IL-17-producing cell populations that maintain the state of
C. albicans commensalism in healthy humans, and to uncover alterations in IL-17-mediated
protective mechanisms which cause susceptibility to OPC in specific primary or acquired
immunodeficiencies. As a first step towards this goal, the critical role of IL-17-mediated mucosal
immunity to C. albicans in humans was established in patients with chronic mucocutaneous candidiasis,
with five genetic etiologies: (i) autosomal recessive deficiency in the IL-17 receptor A [34],
(i1) autosomal dominant deficiency of IL-17F [34], (iii) autosomal dominant gain of STAT activity [35],
(iv) mutation of ACT [36], or (v) autosomal recessive IL-17RC deficiency [37]. Other studies identified
individuals with a mutated form of the C-type lectin receptor dectin-1 that leads to defective production
of IL-6 and IL-17 and mucocutaneous candidiasis [38], and patients with Job’s syndrome (hyper-IgE
syndrome) in whom mutations in STAT3 cause a lack of antigen-specific Th17 cells and increased
susceptibility to mucocutaneous infections with C. albicans [39]. Taken together, these human studies
showed that several primary immune deficiencies share a defective IL-17-mediated immune response to
C. albicans as the common cause of susceptibility to OPC, but each perturbing distinct steps in the
generation of the IL-17-mediated response (reviewed in [40]).

3. Impact of HIV Infection on Oral Mucosal Immunity to C. albicans

Human HIV infection profoundly alters oral mucosal immune cell populations, which have been
implicated in host defense against C. albicans. The impact of HIV infection on dendritic cells and CD4+
T-cells, which both harbour HIV, is most striking.

During sexual transmission of HIV, mucosal dendritic cells (DCs) play a critical role in HIV capture
and transfer to CD4+ T-cells, and are therefore crucial in the establishment of primary (acute) HIV
infection. DCs also participate in the pathological immune activation observed in chronic HIV infection
(reviewed in [41]). HIV-infected patients display multiple defects of the oral Langerhans cell population
of DCs. Both oral [42] and esophageal [43] Langerhans cells are depleted in HIV infection, congruent
with decreased numbers of cervical [44], splenic [45] and blood [46—50] DCs. In addition, early studies
revealed impairment of terminal differentiation of oral Langerhans cells, evidenced by decreased
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expression of MHC class II antigens [6,51], and the presence of blunt dendrites, very limited
development of organelles, and lack of Birbeck granules [6]. HIV-1 nef, acting via activation of PAK2,
inhibits DC maturation [52] as shown by reduced expression of MHC class I, CD80 and CD86 [53], and
impairs DC antigen presentation to T-cells [53,54]. The nef protein also down-modulates surface
expression of MHC class II [55,56], induces the intracellular accumulation of MHC class II-peptide
complexes [56], and uncouples cytokine and chemokine production from membrane phenotype
maturation in DCs [57]. Nef also reduces mannose receptor expression on DCs, which may further
cripple the host innate immune response [58]. These findings indicate that defective DCs could
potentially contribute to a loss of protective CD4+ T-cell-mediated immune responses to C. albicans in
HIV infection, by their impaired presentation of C. albicans antigens and altered production of cytokines
required for CD4+ T-cell subset differentiation. Congruent with this hypothesis, inflammatory DCs from
normal humans have been shown to induce Th17 cell differentiation [59]. However, a role for defective
DCs in susceptibility to OPC may not exist in adult humans with HIV/AIDS, because Candida antigens
have already been presented by intact DCs to CD4+ T-cells in infancy, thereby successfully generating
Candida-specific memory CD4+ T-cells [60] many years before the acquisition of HIV. Accordingly,
impairments of DCs resulting from subsequent HIV infection in adulthood would be predicted to not
contribute to the loss of existing Candida-specific memory CD4+ cells, unless continued low-level
presentation of Candida antigens and/or production of cytokines by DCs is required throughout life to
maintain this cell population. However, it is now clear that memory CD4+ T-cells are maintained through
contact with IL-7 and IL-15, but not from TCR interaction with MHC class II ligands [61,62].
Accordingly, there is at present no compelling evidence to support the notion that HIV-induced defects
of DCs would contribute to susceptibility to OPC in human HIV infection. This conclusion stands in
contrast to the situation in mice experimentally infected with C. albicans, which undergo a primary
infection with Candida and generation of a Th17 response requiring cytokine production and antigen
presentation by DCs [63]. Therefore, in mice, defective DCs could potentially contribute to a defective
Th17 response to C. albicans and susceptibility to OPC.

In normal humans, memory CD4+ T-cells specific for C. albicans reside mainly in the Th17
subset [64,65]. It has been clearly established that CCR6+ Th17 cells, including those specific to C.
albicans, are highly permissive to HIV-1 in vitro and are preferentially depleted in peripheral blood of
patients with HIV/AIDS [66—71]. Evidence has also been presented showing that Th17 cells are depleted
in the gastrointestinal mucosa of persons infected with HIV [72—74]. A survey of the scientific literature
reveals sustained speculation about potentially defective Th17 responses to oral C. albicans in the
context of human HIV infection [14,40,75,76], which would result in a lack of the critical cytokines
IL-17 and IL-22 required to up-regulate the innate mucosal response, and consequently cause
susceptibility to OPC [77]. However, formal cause-and-effect between Th17 cell depletion and
susceptibility to OPC in patients with HIV/AIDS has been lacking, and would likely be extremely
difficult to establish because of ethical considerations and the confounding effects of antiretroviral and
antifungal therapies [78]. For these reasons, we have employed a model of oral Candida infection in
transgenic (Tg.) mice expressing HIV-1 to elucidate the mechanisms of impaired mucosal immunity,
which cause susceptibility to OPC.
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4. Oral C. albicans Infection in CD4C/HIV Transgenic Mice: Evidence for Defective IL-17- and
IL-22-Mediated Mucosal Host Response

CDA4C/HIV Tg mice were initially developed as a tool to study the immunopathogenesis of HIV/AIDS
in a small laboratory animal, with the aim of reproducing as faithfully as possible the pathological and
immune perturbations observed in human HIV infection [79]. These Tg mice express selected HIV-1
genes, under control of CD4C regulatory elements, in thymic immature double-positive CD4+ CD8+ and
mature CD4+ CDS8- T-cells, peripheral mature CD4+ T-cells, macrophages and DCs, which comprise
the main immune cell populations infected with HIV-1 in humans ([79], reviewed in [12]). Selective
expression of the HIV-1 Nef gene in these Tg mice is necessary and sufficient to induce an AIDS-like
disease [79], characterized by failure to thrive, wasting, severe atrophy and fibrosis of lymphoid organs,
a preferential depletion of CD4+ T-cells, with altered CD4+ T-cell proliferation in vitro, loss of CD4+
T-cell help, CD4+ T-cell and B-cell activation and impaired DC maturation and function [54,79-83].
Congruent with human HIV infection, transgenic DCs show a decreased capacity to present antigen in
vitro, consistent with their reduced MHC class II expression and impaired maturation profile [31]. In
addition, disease of the lung (lymphocytic interstitial pneumonitis), heart (myocytolysis, myocarditis), and
kidney (segmental glomerulosclerosis, tubulointerstitial nephritis, microcystic dilatation) develop in
these Tg mice [79,84].

CD4C/HIVM"A Tg mice, which express the Nef, Env and Rev genes of HIV-1, fail to clear C. albicans
from their oral cavities after intra-oral inoculation, and maintain chronic oral carriage of C. albicans over
several months, in striking contrast to non-Tg littermates, which clear the fungus within seven days
following inoculation [85]. Congruent with human HIV infection, Candida hyphae penetrate the
superficial layer of the oral epithelium of chronically infected Tg mice, with a mononuclear cell infiltrate,
and dissemination to deep organs is limited [85]. Subsequent investigation showed that quantitative and
functional defects of both DCs and CD4+ T-cells determine susceptibility to OPC in these Tg mice [86],
evidenced by (i) depletion of DCs, which show an immature phenotype; (ii) depletion of CD4+ T-cells,
which fail to proliferate and to acquire an effector phenotype in response to C. albicans antigen in vitro;
(ii1) reduced proliferation of CD4+ T-cells and their production of IL-2, on coculture of C. albicans-pulsed
DCs with CD4+ T-cells in vitro, each cell population expressing or not the HIV-1 transgene; and
(iv) restored proliferation to C. albicans antigen and sharply reduced oral burdens of C. albicans, after
transfer of CD4+ T-cells from uninfected non-Tg mice into infected Tg mice [86]. Further work showed
that restricted HIV-1 Nef expression in DCs and macrophages, combined or not with expression in CD4+
T-cells, leads to persistent oral carriage of C. albicans [87], confirming that the phenotype of susceptibility
to OPC in this transgenic mouse model results from perturbations of both DCs and CD4+ T-cells.

Demonstration of the critical role of Th17 cells in mucosal protection against OPC [16] led us to
analyse CD4+ T-cell subsets and to seek direct evidence for a defective IL-17-dependent response to
oral C. albicans in the CD4C/HIVM"A Tg mice [88] (Figure 2). As expected, naive CD4+ T-cells and
the differentiated Th1, Th2, Th17, Th1Th17 and Treg lineages were all profoundly depleted in cervical
lymph nodes of the Tg mice. To determine if this subset depletion is caused by a lack of naive cells
and/or inability of naive cells to respond to differentiating cytokines, identical numbers of naive cells
from Tg and non-Tg mice were incubated in vitro with cocktails of differentiating cytokines specific to
each CD4+ T-cell subset [88]. It turned out that naive CD4+ T-cells from Tg mice maintained the
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capacity to differentiate into the specific lineages in response to polarizing cytokines and to produce the
critical cytokines, including IL-17A in the case of Th17 differentiating conditions, required for a
protective adaptive immune response to C. albicans. These findings indicated that depletion of polarized
CD4+ T-cell subsets in the Tg mice is most likely caused by the marked diminution of naive CD4+ cells,
rather than any potential downstream defects in CD4+ cell differentiation [88].We next showed that oral
infection with C. albicans induced expression of S100a8, Ccl20, 1117 and [/22 in tongue tissues of non-
Tg mice, but that this mucosal immune response to C. albicans infection was completely abrogated in
the Tg mice. Furthermore, treatment of infected Tg mice with the combination of IL-17 and IL-22
significantly reduced oral burdens of C. albicans, markedly decreased the density of C. albicans on
histopathology of the oral epithelium, and restored the expression of S700a8 and Ccl20 [88]. Therefore,
in the context of HIV-expression, cause-and-effect was established between defective I1L-17 and 1L-22
responses, perturbed antimicrobial peptide gene expression, and susceptibility to oral C. albicans
infection. Interestingly, I1-17 and I1-22 alone did not significantly reduce oral loads of C. albicans,
showing that neither cytokine is dispensable for protection against OPC in this animal model [88].
Furthermore, untreated Tg mice displayed a progressive reduction in oral burdens of C. albicans from
day 5 to 17 after oral infection, suggesting the participation of IL-17-producing cell populations other
than Th17 cells in the response to OPC in the Tg mice, which could potentially include y6 T-cells, NKT
cells, Tc17 CD8 T-cells, and ILCs.

No discernable influx of neutrophils was induced by the cytokine treatment. This was expected on
the part of IL-22, which does not act on immune cells [21] and is uninvolved in neutrophil recruitment
to the oral mucosa in murine candidiasis [16]. However, we were initially surprised to find that
IL-17 treatment of infected Tg mice failed to produce a neutrophil influx at day 7 after infection,
considering that neutrophil recruitment in murine OPC had been previously shown to be largely
IL-17-dependent [16,89]. To explain this apparent inconsistency, it is important to recognize that these
previous observations were done five days after primary oral infection of immunocompetent mice with
C. albicans [16]. Although we have not as yet examined neutrophil recruitment in the Tg mice at time
points earlier than seven days after infection, early [90] and more recent [91] studies of experimental
OPC in immunocompetent mice have consistently shown that the early neutrophil influx is maximal at
24-72 h after infection with C. albicans and is largely replaced by mononuclear cells after day 7 of
infection. A predominantly mononuclear cell response to C. albicans is also observed in patients with
the pseudomembranous form of OPC [92], and in CD4C/HIVM"A Tg mice with chronic carriage of
C. albicans, examined at a time point of several months after intra-oral inoculation and primary
infection [85]. Furthermore, although the Tg mice display increased numbers of circulating neutrophils,
depletion of these cells beginning on day 20, 45 or 63 after oral inoculation does not alter oral burdens
of C. albicans or cause systemic dissemination [93]. Therefore, neutrophils do not appear to contribute,
at least non-redundantly, to host protection against chronically established OPC.

Taken together, these findings demonstrate that susceptibility to OPC in HIV-transgenic mice is caused
by a defective IL-17- and IL-22-mediated adaptive immune response to C. albicans, which in turn causes a
failure to up-regulate innate antimicrobial peptide-mediated protective immunity in the oral mucosa.
Nevertheless, because HIV transgene expression begins at the onset of life in the Tg mice, and in all CD4+
cells as compared to a low percentage in human HIV infection, and is only later followed by C. albicans
infection, the direct applicability of these findings to HIV-infected humans remains to be determined.
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Figure 2. The protective Th17 cell-mediated mucosal immune response to Candida albicans
is perturbed (red color) in CD4C/HIV Mut transgenic mice. Dendritic cells display an
immature phenotype and defective antigen presentation. Naive CD4+ T cells, and
differentiated CD4+ T-cell subsets, including Th17 cells, are all depleted in these transgenic
mice, which fail to up-regulate oral mucosal expression of /L17, IL22 and S100a8 in response
to oral C. albicans infection. CLRs, C-type lectin receptors; RNIs, reactive nitrogen
intermediates; ROIs, reactive oxygen intermediates; and TLRs, toll-like receptors.

5. Oral C. albicans Infection in CD4C/HIV Transgenic Mice: Evidence for Protective CD8+
T-Cell Response

Early histopathological examination of oral biopsies from HIV-infected patients with OPC [6,7], and
oral tissues from chronically infected CD4C/HIVMUA Tg mice [85], revealed that Candida hyphae invade
the superficial layer of the epithelium but do not penetrate beyond the spinous cell layer. This key
observation, combined with the low incidence of Candida dissemination to deep organs, suggested that
some residual mucosal immunity, mediated either by the remaining CD4+ T-cells, or by neutrophils,
macrophages or CD8+ T-cells, can compensate in part for the CD4+ T-cell defect caused by
HIV infection.



Pathogens 2015, 4 414

Analysis of the oral macrophage response to C. albicans in CD4C/HIVM™"A Tg mice revealed that no
quantitative or functional macrophage defect directly causes susceptibility to mucosal candidiasis in
these Tg mice [94]. Macrophages from the Tg mice display an alternatively activated phenotype (M2),
and production of NO by macrophages is not required to limit mucosal proliferation of C. albicans or to
prevent systemic dissemination. Likewise, neutrophils from Tg mice, isolated at >90% purity from a
double density gradient, were found to be quantitatively and functionally unimpaired, and also not
required for control of mucosal and systemic candidiasis in these Tg mice [93]. Therefore, macrophages
and neutrophils are both intact and individually dispensable during chronic carriage of C. albicans in
this T-cell-defective host. Nevertheless, the potential redundancy of these two cell populations remains
to be investigated.

Studies in HIV-infected patients with OPC [8,11,95] and in CD4C/HIVM™"A Tg mice [86] have shown
an influx of CD8+ T-cells to the oral mucosa in response to C. albicans infection, suggesting that this
cell population may play a role in limiting oral proliferation in the context of CD4+ T-cell deficiency.
This hypothesis was confirmed by elevated oral burdens of C. albicans in CD4C/HIVM*C CD8™~
compared to CD4C/HIVM"S Tg mice, throughout the chronic carrier phase of infection [93].
Augmentation of oral burdens of C. albicans in CD8 '~ mice occurred in animals that also express the
CD4C/HIVM¥S transgene, but not in control mice, which do not express the transgene [93]. Further,
absence of CD8+ T-cells in the CD4C/HIVM“S Tg mice did not enhance systemic dissemination of
C. albicans [93]. These results demonstrated for the first time that CD8+ T-cells participate in host
defense against OPC in vivo, specifically in the context of HIV Nef expression in a subset of
immune cells [93]. It will be relevant to further characterize the CD8+ T-cells recruited to the oral
mucosa of Tg mice infected with C. albicans, to determine if they belong to the IL-17-producing Tcl7
CD8+ T-cell subset [27].

6. Conclusion

Studies conducted in experimentally infected mice and in patients with primary immune deficiencies
have established that IL.-17 produced by Th17 cells is critical to a protective host response against OPC.
Using a model of OPC in transgenic mice selectively expressing the genome of HIV-1 and displaying
an AIDS-like disease, we have demonstrated that defective IL-17- and IL-22-dependent induction of
innate mucosal immunity to C. albicans is central to the phenotype of susceptibility to OPC. Therefore,
an intact crosstalk between adaptive and innate mucosal immunity is of critical importance to maintain
Candida in a state of commensalism and to prevent the onset of infection. The discovery of Th22 cells
as a distinct human CD4+ T-cell subset [96] and the demonstration of phenotypic plasticity of Th17 cells
in lymphopenic hosts [97] both illustrate the need for further investigation of the mechanisms of
defective mucosal immunity to C. albicans in HIV infection.
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