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Abstract Patients with cystic fibrosis (CF) suffer
from chronic lung infections, caused by bacterial, viral
or fungal pathogens, which determine morbidity and
mortality. The contribution of individual pathogens to
chronic disease and acute lung exacerbations is often
difficult to determine due to the complex composition
of the lung microbiome in CF. In particular, the
relevance of fungal pathogens in CF airways remains
poorly understood due to limitations of current
diagnostics to identify the presence of fungal patho-
gens and to resolve the individual host—pathogen
interaction status. T-lymphocytes play an essential
role in host defense against pathogens, but also in
inappropriate immune reactions such as allergies.
They have the capacity to specifically recognize and
discriminate the different pathogens and orchestrate a
diverse array of effector functions. Thus, the analysis
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of the fungus-specific T cell status of an individual can
in principle provide detailed information about the
identity of the fungal pathogen(s) encountered and the
actual fungus-host interaction status. This may allow
to classify patients, according to appropriate (protec-
tive) or inappropriate (pathology-associated) immune
reactions against individual fungal pathogens. How-
ever, T cell-based diagnostics are currently not part of
the clinical routine. The identification and character-
ization of fungus-specific T cells in health and disease
for diagnostic purposes are associated with significant
challenges. Recent technological developments in the
field of fungus-specific T helper cell detection provide
new insights in the host T cell-fungus interaction. In
this review, we will discuss basic principles and the
potential of T cell-based diagnostics, as well as the
perspectives and further needs for use of T cells for
improved clinical diagnostics of fungal diseases.
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Introduction

Patients with CF suffer from broncho-pulmonary
disease exacerbations due to multiple recurrent and
chronic infections of the lung [1, 2]. A contribution of
bacterial and viral species in this process is well
established, but also filamentous fungi or yeasts, such
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as Aspergillus spp., Scedosporium spp., Exophiala
spp., Rasamsonia spp., Trichosporon spp., and Can-
dida spp., and their mutual interactions are becoming
increasingly important [3—7]. In addition, also several
other fungal pathogens can be detected in respiratory
samples in patients with CF as epidemiological studies
show [4, 8-10], but their contribution to disease
pathogenesis is largely unknown. In terms of fungal
pathogens, most of the research has been done on
allergic broncho-pulmonary aspergillosis (ABPA)
[5, 11-20], but increasing interest exists also in other
entities than allergic reactions due to fungal species.
Fungal bronchitis and fungal infections [8, 18, 21-31]
are two important manifestations in this context. In
addition, colonization with Candida spp. might have a
significant impact on the clinical course of the patient
with an impairment of lung function [24-26, 32-35].
Fungal pathogens also gain clinical importance in end-
stage CF disease as several of the aforementioned
fungal species can induce severe infections post-
transplantation [36-42]. Fungal pathogens such as
Scedosporium species and Lomentospora prolificans
are very difficult to treat because of their resistance to
many antifungal drugs [43-52]. These different clin-
ical situations demonstrate the broad impact of fungal
pathogens during the disease course of CF patients. On
a microbiological and immunological level, the com-
plex microbial community of bacteria and fungal
species in CF patients might result in a very diverse
pattern of pathogen—host interactions, probably
unique for each individual patient [18, 41, 53, 54].
To determine the contribution of fungal pathogens
to the current disease status of CF patients represents a
particular challenge due to the limited possibilities for
timely and specific diagnostics, which also results in
delayed and rather empiric than targeted and species-
specific therapeutic intervention [55-57]. Classical
microbiological diagnostics based on direct detection
of the fungus or its metabolites have limited sensitivity
and specificity and often fail to resolve the complex
host—pathogen interaction status, ranging from tran-
sient exposition and colonization to sensitization,
hypersensitivity reactions or even invasive infections
[58]. These different types of host—pathogen interac-
tion are caused or influenced by the host immune
response. Therefore, a detailed analysis of the
patient’s immune status may allow resolving these
different types of host—pathogen interaction. In par-
ticular, the adaptive immune response mediated by B-
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and T-lymphocytes provides unique and pathogen-
specific information. Lymphocytes possess antigen-
specific receptors allowing them to sense and react
specifically to a given pathogen. This specificity in
principle provides an ideal basis for pathogen-specific
diagnostics. In addition, information about the qual-
itative immune response pattern in individual patients
would improve our understanding of the basic mech-
anisms of immune protection versus infection-related
immune pathology.

Antibody-Based Diagnostics Versus T Cells-Based
Diagnostics

Antibody-Based Diagnostics

B- and T-lymphocytes form the adaptive arm of the
immune response. They possess antigen-specific
receptors allowing to sense and to react specifically
to a given pathogen. Serum antibodies, the soluble
form of the B cell antigen receptor, are commonly
used to determine antigen sensitization, especially for
allergic sensitization [59]. This may also be helpful to
reveal different types of fungal sensitization, such as
an allergic broncho-pulmonary or chronic pulmonary
mycosis [60, 61]. For example, Baxter et al. [22]
introduced a classification of patients with CF into
allergic broncho-pulmonary aspergillosis, sensitiza-
tion and Aspergillus bronchitis, based on differences
in Aspergillus-specific IgE and IgG titers, revealing
different types of host immune responses. However,
serum antibody levels are often maintained for
prolonged time following antigen contact, due to
constant antibody production by long-lived plasma
cells. This can provide long-lived immune reactivity
against pathogens even years after pathogen clearance,
but at the same time may limit the diagnostic value of
antibody titers to monitor acute and transient changes
of the host—pathogen interaction status. Furthermore,
antibody responses against fungi often target surface
structures, such as polysaccharides, which are shared
between fungal species and thus lack diagnostic
specificity.
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Antigen-Specific CD4 T Helper Cells as Faithful
Reporters of the Host—Pathogen Interaction Status

CD4 T helper (Th) cells are the central organizers of
adaptive immune responses against extracellular
pathogens, such as fungi (CD8 T cells and more
innate y/8 T cells or NKT cells are not part of this
review). They express T cell receptors (TCRs) with a
single specificity that enable the selective recognition
of small pathogen-derived peptides (antigenic epi-
topes) presented by antigen-presenting cells in asso-
ciation with human leukocyte antigen (HLA)
molecules on the cell surface. Antigen recognition
leads to transient activation of the T cell, characterized
by production of effector molecules and proliferation,
i.e., clonal expansion of the antigen-specific T cells.
Additional co-stimulatory signals induce further dif-
ferentiation and stable adaption of the T cells effector
functions, allowing optimized responses against a
particular pathogen. Following clearance of the anti-
gen, the expanded T cell population contracts and the
cells return to the resting stage, i.e., they lose signs of
acute activation, but they maintain the capacity to
react with optimized effector functions upon re-
exposure to the antigen (“T cell memory”). Taken
together, antigen contact in vivo leads to characteris-
tic, both persistent and short-lived, alterations of T cell
numbers, phenotype and function. Thus, the antigen-
specific T cell status may provide detailed information
about the past, acute and future interaction status of the
host with a certain pathogen.

Th Cell Subset Diversity in Tolerance, Pathogen
Protection and Immune Pathology: Diagnostic
Need for a “Global View”

Th cell phenotypes and functions display considerable
heterogeneity, reflecting different types of immune
reactions against the different types of antigens or
pathogens, ranging from tolerogenic, to protective,
non-protective or even pathogenic responses, such as
hypersensitivity reactions. Therefore, the question if
and how the immune system is in contact with a
particular pathogen may be answered by resolving the
complexity of the immune reaction on the level of the
pathogen-specific T cells.

Th cells differentiate within the thymus into two
distinct lineages: The conventional Th cells (Tcons)
are essential to generate protective immune reactions

against pathogens, whereas inadequate or dysregu-
lated Tcon responses may result in immune patholo-
gies, such as allergy, autoimmunity or inflammatory
diseases. The second major Th cell lineage comprises
the “regulatory” T cells (Tregs). Their main function
is to control or to suppress inappropriate immune
reactions against self and harmless antigens or to
control immune reactions against pathogens in order
to limit immune pathology. Tregs are characterized by
expression of the lineage specifying transcription
factor forkhead box protein P3 (Foxp3) and a specific
epigenetic and transcriptional gene expression profile.
Tregs and Tcons can be classified according to their
phenotype into naive cells that have not been in
contact with their antigen in vivo and antigen-expe-
rienced “memory” T cells.

Memory Tcons can be further divided into several
Th subsets according to their functional profile, e.g.,
their capacity to produce certain effector cytokines,
such as IFN-y (Thl), IL-4, IL-5, IL-13 (Th2), IL-17,
IL-22 (Th17, Th22), IL-21 (T follicular helper cells,
Try). These effector programs, which also comprise
differential migratory and homing capacity, are cen-
trally regulated by so-called master transcription
factors, which determine the overall effector program
of the Th subset, such as T-bet for Thl, GATA-3
(Th2), ROR-yt (Th17) or BCL-6 (Tgy) [62]. Similar
functional adaptations have been claimed for Tregs,
suggesting that Tregs also need to undergo similar
differentiation steps to be able to control the corre-
sponding Tcon responses [63—-67]. However, due to
limited information about the antigen specificity of
Tregs in particular in humans it is currently not clear to
what extent Tregs undergo or require similar subset
differentiation in the course of the diverse immune
response types.

As outlined above, the host response against a given
pathogen will be stored in terms of differential
functional capacity of the T cells, and this T cell
memory determines the protective or pathological
outcome of future interactions with the same patho-
gen. Thus, the phenotypic and functional analysis of
human fungus-specific T cells can provide both a
detailed picture of how a particular individual can
react to a future encounter with a specific pathogen and
in addition provides information on the acute host—
pathogen interaction status.
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Technological Challenges to Analyze Fungus-
Specific Th Cells

The analysis of antigen-specific T cells is technically
challenging in particular in humans. A comprehensive
overview on technical aspects of antigen-specific T
cell analysis has recently been published [68, 69].
Here, we only refer to the specific aspects relevant for
analysis of fungus-specific Th cells in humans. Briefly,
two principally different approaches are available.
Peptide-MHC (pMHC) multimers are frequently used
to directly stain T cells, which express the specific
TCR [70]. However, this approach is so far mainly
restricted to MHC class I restricted CD8 T cells, where
antigenic pMHC complexes have been defined with
high precision. In contrast, MHC class II multimers
are still rarely used for the analysis of human CD4 T
cells. Their main restriction is that they require prior
knowledge of HLA class II molecules and defined
antigen-derived epitopes. However, the complexity of
the fungal proteome most likely precludes dominant
responses against a single protein or even peptides
[71]. Thus, even successfully generated pMHC mul-
timers would cover only a tiny fraction of the overall
Th cell response against a fungal pathogen.
Therefore, the majority of studies about fungus-
specific Th cells in humans rely on indirect approaches
based on antigen-specific in vitro activation of T cells,
with whole fungal lysates or recombinant proteins
[71-88]. Functional T cell parameters are utilized as a
read-out, such as activation marker expression,
cytokine production, proliferation, cytotoxicity or
suppressive activity for Tregs [68, 69]. Crucial for
antigen-specific T cell analysis is the choice of the
read-out to provide comprehensive, sensitive and
specific results. As mentioned above, T cell responses
against pathogens may display substantial heterogene-
ity with respect to the functional Th cell types
involved. Therefore, restricting the analysis for exam-
ple to a single functional parameter such as a certain
cytokine will only give a very restricted view on the
antigen-specific T cell response, as it does not fully
assess the functional complexity of the pathogen-
specific T cell response. Prerequisite for a global view
on antigen-specific T cells is that the functional read-
out allows the identification of the total repertoire of
specific T cells, including naive, antigen-experienced
Tcons as well as Tregs to generate a comprehensive
picture of the patient’s immune status. Furthermore,
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the time of in vitro stimulation should be kept at a
minimum to prevent major in vitro-induced manipu-
lations of the T cells, such as expansion, outgrowth of
single clones or modulations of their phenotype and
function, obscuring the original in vivo frequencies,
phenotype and subset composition. However, without
in vitro expansion the frequency of Th cells specific
for a certain antigen is usually very low (< 0.1%),
except during acute infections [68]. Therefore, pre-
enrichment strategies have been used to collect
sufficient antigen-specific T cells directly ex vivo for
detailed analysis, without in vitro changes of pheno-
type and function of the cells [72, 73, 89, 90].

As an alternative to direct enrichment of the few
antigen-specific T cells, the in vitro expansion in
response to antigen is widely used to allow their
detection and characterization. In fact, the majority of
studies on fungus-specific T cell responses in humans
still utilize this approach [75, 77-82, 85, 91]. How-
ever, this approach has significant limitations: (i) the
determination of precursor frequencies in the original
samples is inaccurate (ii) the in vitro culture also
modulates the T cell phenotype and (iii) the various
subsets have different in vitro expansion potential and
(iv) in vitro culture may also expand T cells from
unprimed donors. Such “neo” -antigen-specific T cells
have recently been demonstrated even in the memory
T cell pool of healthy donors [73, 90, 92]. Due to these
limitations of many currently used assays, the inter-
pretation of available data about human fungus-
specific Th cells is difficult and hence the role of Th
cells for antifungal immunity for the different types of
host—pathogen interaction is only poorly understood.

Direct Detection of Fungus-Specific Treg and Tcon
via Divergent Expression of CD154 and CD137

To overcome the current challenges with regard to
fungus-specific Th cell detection, we have recently
introduced antigen-specific T cell enrichment
(ARTE), which allows comprehensive analysis of all
relevant Th cell subsets specific for fungal antigens
[72, 73]. ARTE is based on a brief in vitro stimulation
with antigen, which can be defined peptides, proteins
or whole fungal lysates. Following 5-7 h of stimula-
tion, all antigen-specific Tcon subsets express CD154
on the cell surface, whereas Tregs express CD137, but
lack CD154 [93]. Magnetic enrichment of the few
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CD154 or CD137 expressing cells from large cell
samples (10°~10% T cells) provides the possibility to
collect sufficient numbers of antigen-specific T cells
for detailed downstream analysis. This technology
allows detection of 1 cell out of 10°~10° and provides
even access to Th cells from the naive repertoire [73].
Indeed, the parallel assessment of naive, as well as all
memory Treg and Tcon subsets, provides an integrated
view on the immune response in contrast to analyses of
only one subset, e.g., producers of certain phenotypic
markers or cytokines. This integration of all facets of
the Th cell response allows a much better estimation: i,
to what extent the adaptive immune system has
already been in contact with the antigen as indicated
by a change of the naive/memory T cell ratio; and ii, to
what type of immune response has been generated or
will be mounted upon a future encounter with the
pathogen, e.g., Tregs versus the various functional
Tcon subsets.

The Role of T Cells for Human Antifungal
Immunity

The immune system has to cope with the fact that most
fungi are part of our daily environment. For example,
many fungi or fungal spores are constantly inhaled
with our breathing air [94, 95]. Other fungi, such as
Candida spp. and Malassezia spp., colonize human
body surfaces [96]. These various types of chronically
encountered fungi have to be eliminated or controlled
without generating chronic inflammation. Failure of
this balanced system results in fungus-associated
diseases. These comprise true invasive infections,
resulting from impaired immune protection, as well as
hypersensitivity reactions, due to exaggerated or
inappropriate reactions against fungal antigens. If
and how Th cells contribute to maintenance and failure
of these diverse host—pathogen interaction types, such
as tolerance, protection from invasive infection and
hypersensitivity reactions, is currently largely
unknown. But the variable lifestyle of the various
environmental, commensal and pathogenic fungi,
their different sites of exposure within the human
body and their diverse interactions with the human
host in health and disease demand specific analysis of
the Th cell response against individual species in
healthy donors and particular diseases.

That the immune system protects from fungal
infections is documented by the fact that the incidence
of fungal infections is rising along with the strongly
increasing numbers of immunocompromised patients,
due to advanced cancer treatment, transplantation or
HIV [97]. Although the primary risk factors in
immunocompromised patients are defects of innate
immune components, in particular of neutrophilic
granulocytes, there is evidence that impaired T cell
responses also contribute to decreased protection
against invasive fungal infections [98, 99]. However,
to what extent Th cells contribute to the protection
against fungal infections in immunologically compe-
tent humans is currently not very well understood. For
more detailed information about immunity in fungal
diseases with an emphasis on the human immune
system has only recently been comprehensively
reviewed [100]. Here, we highlight only a few reports,
which provide in our view the best evidence for T cells
being involved in antifungal immunity in healthy
subjects.

The strongest evidence for a protective role for Th
cells against fungal infections exists for Candida
albicans. Th17 cells reacting against C. albicans
antigens can readily be detected in the blood of
virtually all healthy humans [72, 73, 101, 102]. With
mean frequencies of about 0.2% of total CD4 T cells,
Candida-specific T helper cells are among the most
frequent pathogen-specific T cells detectable in
healthy donors [73]. Candida-specific T cells display
typical memory-like features, such as clonally expan-
sion and high avidity for antigen [103]. Specific T cell
responses against many other clinically relevant fungi
have also been reported in humans (reviewed in
[100, 104, 105]. In summary, the role of T cell
immunity for the various fungal diseases as well as the
contribution of the distinct T helper cell subsets, such
as Thl, Th2, Th17 or Treg, is still highly controversial.
Several fungi induce only very low T cell responses,
which are more difficult to analyze. For example, the
direct analysis of A. fumigatus-specific responses in
healthy donors revealed much lower frequencies and
even more important the reactive T cells showed a less
pronounced memory phenotype as compared to C.
albicans [71-73, 103]. This seems to be similar for
many other fungi tested in healthy donors, including
several species from Aspergillus spp., Scedosporium
spp., Fusarium spp., Rhizopus spp., Rhizomucor spp.,
Cunninghamella spp. Cryptococcus spp., Alternaria
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spp., Penicillium spp. (Bacher & Scheffold, unpub-
lished observations). In contrast, most published
studies about fungus-reactive T cells rely on pro-
longed in vitro cultivation for T cell detection and the
introduced bias, i.e., the inability to correctly deter-
mine the frequency and the phenotype of T cells
directly ex vivo as discussed in this review may
severely impact on the interpretation of the results.

Therefore, the results from studies of human gene
defects with regard to susceptibility to fungal diseases
are important to validate the results from in vitro
analyses. Indeed, various genetic defects affecting
components of Th17 cytokines or their induction
pathway directly correlates with increased suscepti-
bility to Candida infections [106-110], providing
compelling evidence for a critical role of Th17 cells in
anti-Candida defense. Interestingly, Th17-associated
immunodeficiencies do not result in increased infec-
tions by other common environmental fungi, such as
Aspergillus fumigatus [100, 111]. This argues against
a general role of Th17 cells in protective antifungal
immunity, but rather supports the view that Candida
spp- have the unique capability to induce Th17 cells in
humans, which are in turn critical for host protection.
In contrast, patients with genetic mutations and defects
affecting the IL-12/IFN-y/GM-CSF axis have been
reported with dimorphic fungal infection, such as
coccidioidomycosis, paracoccidioidomycosis or histo-
plasmosis [112-116], as well as predisposition to
Cryptococcus infections [117-119], suggesting rather
an important role for Th1 cells in defense against these
fungal species.

Treg-Mediated Tolerance Against Aspergillus spp.
as the Dominant Immune Reaction in Healthy
Donors

Evidence for protective Th cell response in healthy
humans against Aspergillus spp. is scarce. Even
patients with severe immunodeficiencies completely
lacking T cells have no increased incidence of
pulmonary infections with A. fumigatus, suggesting
that innate defense mechanisms are of major impor-
tance [111]. However, several groups have investi-
gated and identified A. fumigatus-reactive Th cells in
healthy donors [71, 75-78, 82, 87]. These studies
indicated that low frequencies of CD4+ T cells
specific for various A. fumigatus antigens can be
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detected. The strongest immunoreactivity was found
against membrane proteins of metabolically active A.
fumigatus morphotypes (germlings and hyphae) [71].
Importantly, by using magnetic enrichment of all A.
fumigatus-reactive Th cells we recently showed that
actually the majority of A. fumigatus-specific Th cells
in healthy donors are still in a naive state. This
indicates that despite chronic exposure to A. fumigatus
antigens, Th cells that have the potential to react have
not been activated in vivo. In contrast, the A.
fumigatus-specific memory response was dominated
by high-affinity, clonally expanded Tregs, which may
actively prevent the activation of the conventional
naive Th cell compartment [72, 103]. The importance
of a balanced immune reaction of effector and
regulatory T cell for control of fungi, such as A.
fumigatus, has also been proposed in other studies with
animal models as well as in humans, involving IL-10
producing Tr1 cells [120] and Treg/CTLA4-mediated
modulation of tryptophan catabolism [121]. Such
imbalanced regulation may contribute to susceptibility
to invasive infection [78] or to exaggerated inflam-
mation compromising antifungal immunity [122]. Our
data surprisingly suggest that in healthy donors A.
fumigatus is actually a major tolerogen rather than an
immunogen, similar to harmless plant pollen or house
dust mite. Similar Treg-dominated Th responses can
also be identified against other airborne fungi in
healthy donors (Bacher & Scheffold, unpublished).
This is in accordance with the clinical data discussed
before, suggesting that T cells are not ultimately
required for protection against invasive pulmonary
mycoses in immunocompetent hosts. Our data rather
suggest that T cells are required to maintain tolerance
against constant exposure to fungal antigens. Indeed,
in patients with compromised lung functions such as
chronic obstructive pulmonary disease (COPD) or CF,
the most frequent clinical complications are in fact
hypersensitivity reactions and ABPA, but much less
invasive mycoses (although the frequency of invasive
mycoses might be underestimated due to diagnostic
limitations, see below). This is in accordance with the
known role of Treg to prevent Th2 formation and
allergy development. Importantly, in CF patients
allergic to A. fumigatus, Treg responses are not
impaired. However, in allergic CF patients, Th2 cells
only develop against proteins not protected by specific
Tregs, indicating that antigen escape of Th2 effector
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cells from Treg-mediated tolerance is an important
mechanism for allergy development [103].

T Cell Cross-Reactivity a Technological Challenge
for Fungus-Specific T Cell Analyses in Human
Donors

For many years, the effector function of T cells has
been used as a read-out for antigen-specific T cells. In
particular, the production of cytokines, which are only
produced by antigen-experienced “memory” T cells,
such as IFN-vy, was taken as an indicator for a previous
in vivo antigen encounter. However, this strict corre-
lation has significantly been challenged by the recent
identification of “memory” T cells specific for neo-
antigens using either tetramers or ARTE in healthy
donors [73, 90, 92]. It is well known that each TCR can
recognize many different peptides. Thus, the presence
of neo-antigen-specific T cells with a memory pheno-
type can be explained by the large TCR repertoire
within the memory T cell pool of individuals exposed
to a large number of infections during lifetime. The
likelihood to detect a neo-antigen-specific T cell
within a cell population mainly depends on its TCR
repertoire size. Thus, neo-antigen-specific T cells are
more or less statistically distributed between the naive
and the memory pool. Indeed, we found that the few
memory cells specific for harmless aeroantigens, such
as plant pollen [103] or A. fumigatus (Bacher &
Scheffold, unpublished observation) which can be
detected in healthy donors together with a large naive
pool, are neither clonally expanded nor of high avidity,
suggesting that these cells are originally not primed by
these antigens in vivo. Furthermore, the frequency of
memory T cells against these antigens linearly corre-
lated with the frequency of memory T cells in the total
CD4+ T cell pool, as would be expected for a
statistical rather than for an antigen-driven
distribution.

Although this observation sounds in the first
instance rather like an immunological peculiarity,
cross-reactivity has significant impact on human
immunity [123, 124] and in particular on the inter-
pretation of results of antigen-specific T cell detection.
In fact, this may generate false positive results, since
the detection of antigen-specific memory T cells is not
areliable indicator for an in vivo immune reaction. For
example, the frequency of neo-antigen-specific

memory T cells may be susceptible to aging, which
is accompanied by an increase in the memory
repertoire. Thus, experimental systems restricting the
analysis to certain effector cytokines or involving
in vitro expansion, leading to a phenotype loss may not
allow distinguishing between in vivo-primed antigen-
specific responses and mere cross-reactivity. Thus, the
integration of all T cell subsets, naive, memory, Treg
into the analysis of specific T cell responses against an
individual pathogen, as well as investigation of further
parameters such as clonal composition of the T cell
repertoire and functional avidity/affinity of the anti-
gen-specific T cells, provides a more reliable basis to
identify antigens which have generated immune
responses in a certain individual and what type of
immune response has been induced.

T Cell-Based Diagnostics for Fungus-Associated
Diseases

As outlined above, there is evidence that Th cells are
involved in protective immune responses against fungi
in healthy individuals, encompassing both invasive
infections as well as hypersensitivities. Thus, alter-
ations of these response patterns may be highly
relevant to diagnose fungus-associated diseases.
Although fungal colonization, sensitization or infec-
tions are common in patients with CF, the fungus-
specific T cells have not yet been systematically
evaluated for diagnostic purposes. For invasive mold
infections in immunocompromised patients and for
mold-induced allergies, these alterations can be rather
obvious and actually represent valuable diagnostic
tools. We highlight these results as a proof of principle
for fungus-specific T cells as diagnostic sensors, which
may represent a potential strategy to resolve the
complexity of the host—fungus interaction in CF
patients even beyond invasive infections or
allergy (Fig. 1).

Invasive Mycoses

The changes in the fungus-specific Th cell reaction
have been used for analysis of invasive mold infec-
tions in immunocompromised hematologic patients.
Increased IFN-y production was correlated with
protection [78, 81, 85, 86, 88, 125], whereas increased
IL-10 levels have been suggested to be associated with
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progression of invasive infection [78]. However, as
outlined above for example, Aspergillus spp.-specific
T cells are already present in healthy donors and
ex vivo analyses revealed that only a small subset
produced IFN-y [71, 73]. Furthermore, CD4+ T cell
number in the blood of this patient group is highly
variable. Thus, the restricted assessment of IFN-y or
other cytokine-producing T cells is not optimal for
diagnostic purposes. In contrast, we could show that
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assessment of the total fungus-reactive conventional T
cell compartment based on reactive expression of
CD154 faithfully identified patients with proven
invasive mycoses only based on increased fungus-
specific T cell frequencies relative to the total CD4 T
cells [74]. Importantly, this also allows discrimination
between individual fungal species, e.g., Aspergilllus
spp. or Mucorales spp. The fungus-specific T cells in
this patient group displayed a memory phenotype
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«Fig. 1 Host—fungus interaction status is reflected by fungus-
specific CD4+ T cells responses. a In healthy donors, the main
function of the adaptive immune response seems to be
protection from allergy development rather than protection
from infection. The A. fumigatus-reactive CD4+ T cells are
dominated by clonally expanded, high-affinity regulatory T cells
(Tregs). Tregs recognize particle-associated antigens of the
fungus, whereas secreted soluble antigens mainly seem to be
ignored by T cells within the healthy immune system. How the
secreted and particle-associated antigens can cross the epithelial
barrier to be taken up by antigen-presenting cells (APCs) is
currently unknown. b Colonization and sensitization with A.
fumigatus, as it occurs in patients with CF, is associated with
increased and prolonged presence of fungal antigens due to
fungal growth leading over time to the development of a
conventional memory T cell response (Tmem). However, due to
the intact epithelial barrier this does not necessarily lead to
constant antigen activation, since Tmem do not necessarily
show signs of acute T cell activation (see d). If the induced
Tmem recognize the same antigens as the Tregs, or whether they
are directed against other proteins, which are not “counterreg-
ulated” by Tregs, such as the secreted antigen pool is currently
not understood, but may have strong impact on their protective
potential. Furthermore, it is currently not clear which effector
functions the Tmem possess, e.g., Th1, Th2, Th17, and whether
patients differ in their qualitative response against fungal
pathogens, which may provide a prognostic parameter for
individual susceptibility to a certain “host—pathogen interaction
status.” ¢ Allergic patients and patients with ABPA have a
completely normal A. fumigatus-specific Treg compartment.
However, Th2 cells develop against secreted proteins, which are
not protected by a specific Treg response. Thus, Th2 cells can
escape the Treg control by targeting proteins that are not
evoking Treg response. Why and how the secreted proteins are
presented to prime naive T cells into Th2 cells is currently
unknown. It is conceivable that soluble antigens are presented
by a different APC than fungus-associated proteins, which do
not present Treg target antigens at the same time, which allows
escape from bystander suppression. d During acute infection,
fungal growth is strongly increased and A. fumigatus hyphae
may invade the epithelia barrier in invasive infection generating
strong confrontation with the immune system. Under these
conditions, effector T cells (Teff) are largely expanded, as
shown by data from hematologic patients with invasive mycosis,
and most likely possess signs of recent activation, typically not
observed in peripheral blood (e.g., Ki-67, CD38, ICOS, HLA-
DR expression). Similar to colonization/sensitization (b) it is
important to understand which antigens are targeted by Teffs
during an acute infection. Teffs may be directed against secreted
proteins, i.e., non-Treg targets like in allergy (c), which may be
less capable to direct cellular immune defense to the fungal
particles. Alternatively, Teffs are directed against the same
proteins that are recognized by Tregs and thus Tregs may
negatively affect the protective effect of the Teffs

clearly indicating an in vivo antigen encounter
(Bacher & Scheffold, unpublished observation). This
proves the potency of T cell-based diagnostics for

diagnosing invasive mycoses. Further exploring
whether T cell frequencies and phenotypic changes
may also be helpful to diagnose fungal infections in
immunocompetent persons, such as patients with CF,
is currently ongoing.

Fungal Allergies

Fungus-specific Th2 cell development is an example
for an obvious qualitative alteration in T cell reactiv-
ity, which may be used as an early diagnostic marker
for allergic sensitization. Antigen-specific Th2 cells
precede allergy development since they are required
for specific IgE production by B cells, which is
currently used as a diagnostic parameter for ABPA
[60, 126-130]. Since Th2 cells only represent a few
percent within the total T cell memory pool even in
allergic donors, the frequency of potentially cross-
reactive, i.e., false positive, Th2 cells can be
neglected. Indeed, in healthy donors, fungus-specific
Th2 cell patients are virtually absent, whereas in
patients with compromised lung function, such as CF
or COPD, a high proportion of donors display strong
production of Th2 cytokines against fungal antigens
[80, 83, 84, 131, 132] (and own unpublished obser-
vation). In this clinical setting, T cell analyses may be
applied for early detection of fungal sensitization,
including sensitization with other fungi than Asper-
gillus spp., or for predicting the risk for ABPA or
ABPM (allergic broncho-pulmonary mycoses) devel-
opment, e.g., in combination with other immunolog-
ical markers, such as production of non-Th2 cytokines
or antibody responses.

Further Directions for T Cell-Based Diagnosis
of Fungal Colonization, (Non-Th2) Sensitization
and Infection or Immune Response-Associated
Risk Factors

The classical IgE-mediated allergy is the most promi-
nent and diagnostically best defined form of hyper-
sensitivity reaction. However, immunocompetent
patients with compromised lung function, such as
CF, non-CF bronchiectasis, COPD or asthma, fre-
quently suffer from even less defined fungus-associ-
ated lung pathologies, which also have to be
discriminated from other types of microbial infections
[133]. Hypersensitivity also includes non-Th2
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reaction types, which might contribute to lung inflam-
mation. For example, Th17 cells, which are protective
in the intestinal defense against C. albicans, might
have deleterious effects if directed against molds
within the lung mucosa [134-136].

However, as outlined above the detailed character-
ization of fungal T cell responses are still missing and
thus the functional and clinical importance of most of
the various immune reaction types are poorly under-
stood. Here, T cell specific analysis provides signif-
icant potential to resolve the fungus—host interaction at
different levels and to identify further diagnostically
relevant parameters: The first question is actually
which fungal pathogens cause an immunological
response. Although it is assumed that many fungal
pathogens are frequently encountered within our daily
environment, it remains to be shown, whether this
encounter is sufficient to initiate an adaptive immune
response, which can already be a technical challenge
in human donors as discussed above. The second step
is to define: (i) what type of adaptive immune response
has been induced by encounter with a given fungus
and potential heterogeneity within donors; (ii) whether
the adaptive immune system is actually required for
the control of the host—fungus interactions; and (iii)
what is its main role in this interaction: protection
from infection or maintenance of tolerance, i.e.,
prevention of immune pathology such as allergy or
chronic inflammation. For infectious situations, it is in
addition important to understand what type of effector
T cell response, e.g., Thl, Th2, Th17 response, or
combination thereof is actually protective. Only when
the physiological host—fungus interaction has been
defined, it can be determined what types of alterations
of the adaptive immune response occur in fungus-
associated diseases or which type of immune reactions
may even be causative, e.g., provide a risk factor for
development of hypersensitivity reactions or failing
immunity in invasive mycosis. Thus, it will be
important to further decipher the cellular and molec-
ular mechanisms of antifungal immunity against
individual species in healthy donors and various
clinical situations to develop new and targeted tools
for diagnosis and treatment of fungal infections. New
technologies like ARTE now enable to obtain the
whole picture of the antifungal Th cell response
against a certain fungal species in the steady state and
relevant disease. We propose that by detailed charac-
terization of Th cells reacting against specific

@ Springer

pathogens relevant for patients, the contribution of
these pathogens to the disease status in each individual
patient can most accurately be determined.
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