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Abstract

Purpose of Review To provide an overview of the diagnostic tests available to identify invasive fungal disease (IFD) in children
with a primary immunodeficiency and to evaluate the relative strengths and weaknesses of those tests.

Recent Findings Novel tools to aid the diagnosis of IFD, such as fungal PCRs and lateral flow devices (for Aspergillus spp.), are
emerging. However, the paucity of high-quality, multicentre clinical trials evaluating the performance of these diagnostic tools,
particularly in the paediatric cohort of interest, remains a challenge. Children with primary immunodeficiencies are seldom
referenced in existing studies.

Summary It is difficult to provide recommendations for the majority of fungal diagnostic tests, with the exception of histopa-
thology, microscopy, culture, and imaging modalities, due to their poorly studied and largely unvalidated nature. Moving
forward, multicentre trials considering the role of these tools in the investigation of children with probable IFD and a primary

immunodeficiency are strongly encouraged.
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Introduction

In the current era of innovative medical science, it is antici-
pated that most children born with a primary immunodeficien-
cy will enjoy a near-normal life expectancy. To achieve this,
early diagnosis of infection is crucial. Invasive fungal disease
(IFD) is more frequently encountered in children with a pri-
mary immunodeficiency than in the general paediatric popu-
lation: 85% of children with STAT3 deficiency and hyper-IgE
syndrome present with chronic mucocutaneous candidiasis
and CARD? deficiency predisposes to aspergillosis and deep
dermatophytosis [ 1, 2]. Table 1 provides an overview of, some
of the more frequently encountered, primary
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immunodeficiencies and the fungal pathogens which can op-
portunistically cause infection in these conditions.

The clinical relevance of fungal infection, particularly in
immunodeficient patients, is increasingly appreciated by pae-
diatricians. Yet, diagnosing these infections is more challeng-
ing than one might think. This is because there are many
diagnostic tools and procedures that are not ‘child-friendly’
and sample volumes obtained from children are often much
smaller, limiting the number of tests available. Additionally,
many novel diagnostic methods, such as molecular markers,
are not validated for paediatric patients and must be
interpreted with caution.

As has been the case for many years, identification of a
fungal pathogen either on biopsy of the affected organ, termed
‘histopathological diagnosis’, or on microscopy and culture of
blood/bodily fluid remains gold standard [10°]. Alongside
these more ‘conventional’ diagnostic tools, we might also
consider imaging modalities such as computed tomography
(CT). CT imaging has consistently been proven to be of value
in the diagnosis of invasive fungal disease (IFD), particularly
aspergillosis [11].

Over the last decade, novel molecular tools such as the
biomarkers 1,3-f3-D-glucan, Candida mannan and
galactomannan, and species-specific and pan-fungal PCRs

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12281-019-00356-4&domain=pdf
mailto:catherine.mark@belfasttrust.hscni.net

212

Curr Fungal Infect Rep (2019) 13:211-220

Table 1.
in the presence of these conditions

An overview of the more commonly observed primary immunodeficiencies and the fungal pathogens which opportunistically cause infection

Primary immunodeficiency

Commonly associated fungal infection(s)

Clinical manifestation(s)

Aspergillus spp. often:
Asp. fumigatus
Asp.nidulans
Asp. flavus

Candida spp.

Paecilomyces spp.

Chronic granulomatous disease (CGD)

Candida spp.
Pneumocystis jirovecii

Severe combined immunodeficiency (SCID)

Autosomal recessive (AR) DOCKS deficiency  Candida spp.

Histoplasma capsulatum

Pneumocystis jirovecii

Autosomal dominant (AD) hyper-IgE syndrome
(Job syndrome)-STAT3 deficiency

Candida spp. often: C. albicans
Aspergillus spp.often: Asp. fumigatus

Pneumonia, brain abscess, osteomyelitis [3, 4]

Meningitis, fungaemia, suppurative adenitis [4]
Osteomyelitis [4]

Chronic mucocutaneous candidiasis (CMC) [4]
Pneumonia [4]

CMC [4, 5]

Disseminated disease [4]

Pneumonia [4, 5]

CMC [6]

Bronchiectasis, pneumonia [2, 7]

Histoplasma capsulatum, Coccidiodes, and Disseminated disease [5, 6]
Cryptococcus spp., (less common)

AR CARD?9 deficiency Candida spp.
Dermatophytes
Aspergillus spp.

AR type 1 leukocyte adhesion deficiency Candida spp.
Aspergillus spp.

Severe congenital neutropenia Candida spp.
Aspergillus spp.

X-linked recessive Wiskott-Aldrich Pneumocystis jirovecii

CMC, meningitis, encephalitis, osteomyelitis,
endophthalmitis [4, 7, 8]

Deep dermatophytosis [9]

Pneumonia, GI tract involvement, meningitis [4, 8, 9]

Invasive candidiasis [4]

Pneumonia [4]

Invasive candidiasis [4]

Pneumonia [4]

Pneumonia [4]

have emerged in paediatric mycology practice. These have
been employed in an effort to expedite the diagnostic process.
However, clinician confidence in the interpretation of results
yielded from molecular tools, and the usefulness of these re-
sults, differs in paediatric patients when compared with adults.

Regardless of the diagnostic tools employed, the presence
of either direct (positive culture or histopathology) or indirect
(positive biomarker) evidence of mycological infection is suf-
ficient to escalate classification from ‘possible’ to ‘probable’
fungal disease [10°]. This is as per the European Organization
for Research and Treatment of Cancer/Invasive Fungal
Infections Cooperative Group (EORTC) guideline which
comprehensively defines IFD [10¢].

The purpose of this review article is to provide the reader
with an up-to-date account of recent developments in the field
of fungal diagnostics, whilst also acknowledging the benefits
of more conventional methods of isolating fungal pathogens.
The reader should gain an understanding of how best to ap-
proach and investigate a child with primary immunodeficien-
cy and suspected fungal infection. Reference will be made to
relevant paediatric guidelines, namely, but not exclusively,
those endorsed by the European Society of Clinical
Microbiology and Infectious Diseases (ESCMID).

@ Springer

Conventional Diagnostic Tools
Culture and Histopathology

The 2017 ESCMID-ECMM-ERS document, not principally a
paediatric-focused guideline but inclusive of recommendations
for children, states that for patients at risk of invasive aspergillosis
(IA), microscopy and culture, and/or histopathological examina-
tion, should be attempted on appropriate clinical specimens
[12¢]. Appropriate clinical specimens would include blood, al-
beit Aspergillus spp. are seldom isolated from blood culture and
may be considered contaminants, bronchoaleveolar lavage fluid,
and tissue samples from deep sites. If hyphae are observed under
direct microscopy of deep site samples, this is indicative of “prov-
en’ fungal infection. Sensitivity of direct microscopy for 1A is
poor, at around 50—-70%, but use of calcofluor white (note this is
not Aspergillus specific) and staining with periodic acid-Schiff or
Gomori’s methenamine silver enhances sensitivity [12ee, 13].
For candidiasis, blood culture currently remains a central
component of the diagnostic work-up [14]. The sample vol-
ume is important. ESCMID suggests that three serial blood
cultures of between 2 ml, for children weighing < 2 kg, and 6
ml, for those > 2kg, increases culture sensitivity from 25-30%
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to 50-75% [15¢]. In clinical practice, obtaining blood culture
samples of the ESCMID-advised volume from paediatric pa-
tients is challenging. It is also true that in deep-seated candida
infection, blood cultures will often be negative.

One does encounter more unusual fungal pathogens when
managing children with primary immunodeficiencies [16].
Helpfully, many of these, such as the Mucorales,
Scedosporium spp., Trichocomaceae spp., and Fusarium
spp., can be identified on histopathological examination and
culture, provided appropriate specimens are obtained.

Understandably, the prospect of bronchoscopy, bronchoal-
veolar lavage (BAL) or image-guided biopsy to obtain deep-
site tissue samples, in order to facilitate histopathology and
culture, from a child is daunting. This practice continues to be
advised as it has been shown that, provided experienced
interventionalists are available, the benefits of confirming
the causative fungal pathogen, particularly in IA, and initiat-
ing targeted therapy more often outweigh the risks [17-19]. It
is, of course, acknowledged that there will be instances when a
child is too severely unwell to undergo invasive sampling and
alternative means of diagnosis must be sought.

More innovative approaches to obtaining samples for cul-
ture are emerging. Fujita et al. report on a 2-month-old boy
with chronic granulomatous disease (CGD) who was diag-
nosed with Rasamsonia piperina fungal pneumonia using
gastric aspirate culture, a relatively non-invasive procedure
[20+]. Although only a single case report, the authors suggest
culture of gastric aspirate provides a means of diagnosing
fungal infection in infants with respiratory symptoms and pri-
mary immunodeficiency without the need for bronchoscopy.

Imaging

The role of computed tomography (CT) in the diagnosis of TA, or
indeed any mould that causes infection localised to the lungs, is
well established. The ESCMID-ECMM-ERS guideline advises
‘thin-section’ chest CT as the imaging modality of choice for
patients at risk of IA and with clinical signs suggestive of the
same [12¢¢]. Where this is not feasible, pulmonary MRI has been
suggested as an alternative [21, 22]. Given the atypical presenta-
tion pattern of invasive mould infection in immunodeficient chil-
dren, it would be prudent to also include the paranasal sinuses in
any scheduled chest imaging study [23].

On chest CT, the classical features of halo sign (in the early
phases of infection), reverse halo sign, nodules of > 1 cm
diameter, alveolar consolidation, air-crescent sign, and
centrilobular nodules with tree-in-bud appearance should be
observed in IA and may be observed with other invasive
moulds [24-26]. Unfortunately, in children, many of these
features are not observed and it has long been proposed that

any new CT changes should prompt the clinician to consider
IFD and initiate antifungal treatment [11].

For select patient groups in whom IFD is considered probable
rather than possible, for example those with a severe inherited
primary immunodeficiency (CGD or severe combined immuno-
deficiency SCID), clinical features of IFD and/or who meet spe-
cific mycological criteria such as positive biomarkers, it might
also be reasonable to consider CT or MRI brain [10¢]. This is
particularly important in the setting of mould-active prophylaxis
which can encourage the emergence of indolent and atypical
fungal pathogens [27-29]. Mould-active prophylaxis has be-
come increasingly commonplace in the management of children
with primary immunodeficiency, specifically CGD. Haidar et al.
describe a young man with X-linked CGD, taking prophylactic
posaconazole, who presented with disseminated Phellinus
tropicalis of the lungs and brain [29]. De Ravin et al. outline a
similar case involving a 10-year-old boy with CGD, prescribed
prophylactic itraconazole, who subsequently developed a
paraspinal fungal mass attributed to Phellinus spp. [30¢]. Thus,
whilst central nervous system (CNS) imaging is not mandated in
any published guideline, unless localising signs are present, it is
important to remember that CNS manifestations of fungal dis-
ease occur more frequently in vulnerable patients. Early diagno-
sis improves outcome and clinicians should remain vigilant in
their diagnostic efforts to exclude fungal CNS disease.

Selective imaging is important for invasive yeast infections
too. According to the Infectious Diseases Society of America,
the diagnostic work-up for neonates with invasive candidiasis
should include ultrasound or CT imaging of the GI tract, liver,
and spleen, particularly in cases with persistent blood culture
positivity [31].

Both the ESCMID and the European Conference on
Infections in Leukaemia (ECIL-4) guidelines advise all paediatric
patients, not exclusively neonates, with proven candidaemia
should be imaged looking for deep sites of infection [15¢, 32e,
33e]. Their preferred imaging modality is not stated. Whilst the
ECIL-4 guideline considers children with an underlying malig-
nancy, not a primary immunodeficiency, the degree of concor-
dance across published European mycology guidelines is impor-
tant to highlight. It reflects clinician awareness that difficult to
treat, deep-seated, Candida infections are more common in chil-
dren. Most paediatricians would consider, in line with ESCMID,
that deep site infection should be actively excluded in children
with candidiasis, by employing appropriate imaging modalities
such as CT, MRI, or ultrasound.

Novel Diagnostic Tools

The advantage of these tools is that they require minimally
invasive procedures to obtain a test specimen. Most can be
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measured on peripheral blood and are routinely incorporated
into clinical practice in adult medicine. They are promising
adjuncts in the field of paediatric mycology.

Biomarkers

Table 2 outlines the fungal pathogens that can be detected
using the current armoury of biomarkers.

B-p-glucan

1,3-3-D-glucan is present as a cell-wall component in most
clinically relevant, pathogenic fungi including Prneumocystis
Jiroveci, Aspergillus spp., and Candida spp [10e, 39]. It
should, however, be remembered that it is not present in the
cell wall of certain, more uncommon but equally pathogenic,
fungal species such as Cryptococcus spp. or zygomycetes.

In adult patients, there is consensus opinion that detection
of (3-D-glucan in the serum is an effective screening test for
IFD. The EORTC recommends its use in immunodeficient
adults [10°]. Conversely, paediatric guidelines regarding 3-
D-glucan are lacking and opinions on the usefulness of the test
are varied [10e, 31, 40]. There are no published guidelines
which advocate the use of 3-D-glucan as a screening or diag-
nostic tool for fungal infection in children with primary im-
munodeficiency. The ECIL-4 guideline mentions (3-D-glucan
but suggests one should not base clinical decisions upon
the test result [33¢].

The appropriate cutoff for a positive assay is also debated.
The adult cutoff of 80 pg/ml is considered inappropriate for
paediatric patients as children unaffected by IFD have base-
line serum 3-D-glucan levels up to one-third higher than adults
[41].

Calitri et al. evaluated (3-D-glucan performance in a tertiary
paediatric Italian hospital [42¢¢]. All screened patients had risk
factors for IFD, including primary immunodeficiency, and
clinical features suggestive of IFD, although decision to
screen was at the discretion of the consulting clinician. A total
of 1577 samples from 255 patients were analysed. The authors
found that 3-D-glucan sensitivity was always < 0.80 and that

Table 2.

specificity only reached > 0.90 if higher cutoff values for
positivity, a level of > 200 pg/ml, were employed [42¢¢]. A
corresponding increase in specificity with an increase in the
pg/ml cutoff for positivity has been observed in previous stud-
ies [43¢]. This highlights the importance of interpreting posi-
tive (3-D-glucan results in the context of the cutoff value cho-
sen by local laboratories.

In the Calitri study, negative predictive value was high at >
0.90 but positive predictive value was only 0.50. It is reason-
able, therefore, to suggest that a negative 3-D-glucan test is of
value, caution surrounds this statement as low overall inci-
dence of IFD impacts the relevance of high negative predic-
tive values, but that a positive test is of lesser significance
[42¢e].

Dependent on the 3-D-glucan assay employed, false-
positive results may be observed due to blood product trans-
fusion, haemodialysis, ™ antibiotics including piperacillin-
tazobactam, mucositis, and surgical gauze [7, 43°].
Further, the time frame in which (3-D-glucan levels may fall
after treatment of IFD is largely unknown and studies have
reported elevated levels despite evidenced clearance of infec-
tion [44].

The reported difficulties surrounding the interpretation of
[3-D-glucan should not be ignored but it must be stressed that
much of the data to date has arisen from single-centre studies
and case reports. Multicentre studies are ongoing and will give
further insight into the performance of 3-p-glucan on a wider
scale: the Fungal Biomarkers for Diagnosis and Response to
Therapy for Paediatric Candidemia (BIOPIC) is one such
study. Due to the current lack of available evidence, it is not
possible to recommend the use of (3-D-glucan as a marker of
IFD in children with a primary immunodeficiency.

Galactomannan and Aspergillus Antigen

The galactomannan (GM) immunoassay was designed to fa-
cilitate early diagnosis of IA and is considered to be more
sensitive than culture. It is not as broadly useful at detecting
other fungi as [3-D-glucan but can be elevated, to a degree, in
the presence of specific pathogens such as Histoplasma and
Cryptococcus spp. [45]. Threshold for a positive result in

Relevant fungi that can be detected by each molecular test and the advised cutoff value for positivity

Fungal biomarker Fungi detected

Cutoff advised for
positive result

1,3-3-p-glucan Candida spp., [34+] Aspergillus spp., [34+, 35] Fusarium spp., [36] Pneumocystis jirovecii, > 200 pg/ml
[35] Histoplasma capsulatum, [36] Trichosporon spp., [34¢] Blastomyces dermayidis, [36]
Coccidioides immitis [36]

Galactomannan Aspergillus spp., [37] Histoplasma capsulatum, [34+] Cryptococcus spp., Optical density > 0.5
[34¢] Paracoccidiodes spp. [34¢]

Candida Candida albicans, [38) Candida tropicalis, [38] Candida glabrata [34¢] > 0.5 ng/ml for

mannan/anti-mannan

Candida mannan
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paediatric patients is an optical density of >0.5, similar to that
in adults [10e, 45, 46].

Specificity of serum GM is > 87% and sensitivity can be >
90% if use is limited to neutropenic children with proven or
probable IA [47¢]. In children with a primary immunodefi-
ciency the GM assay is unvalidated as, for reasons that are
unclear, GM is less sensitive in this patient population [46,
48]. Walsh et al. considered 16 children with CGD or hyper-
IgE syndrome and proven/probable TA and found that only
25% of these children had a detectable serum GM [48].

Until recently, all published guidelines that directed GM use,
and bore relevance to paediatric patients, were written specifical-
ly for children with malignancy or post-haematopoietic stem cell
transplant [32, 49]. The 2019 ESCMIDD-ECMM guideline con-
siders the usefulness of GM for diagnosis of 1A in all paediatric
patients [S0e¢]. The authors acknowledge that GM is not validat-
ed in non-neutropenic patients but do not dismiss its usefulness
altogether, they suggest GM testing be reserved for patients at
high-risk for IA or for those with imaging findings and clinical
signs suggestive of evolving A [50ee].

Adult studies have found that GM assay results from BAL
specimens perform more reliably, with sensitivity increased
relative to serum testing, even in non-neutropenic patients
[12e, 51]. Limited paediatric studies would suggest this might
also be true for BAL samples from children [50e°].

It is worth mentioning that the use of GM as a serial screen-
ing tool for IA, in patients on mould-active prophylaxis, is not
advised by any published study or guideline [52].

The Aspergillus antigen lateral flow device is discussed
briefly here because, although promising, there is a limited
amount of clinical experience using the technology to date,
particularly in paediatric practice. It is a device designed to
allow rapid, bed-side diagnosis of IA by employing a mono-
clonal antibody specific for an antigen released by Aspergillus
spp. during phases of growth and invasion [53]. Small retro-
spective studies in adults have yielded some encouraging re-
sults: if Aspergillus antigen testing is used in conjunction with
GM on BAL fluid, then sensitivity for IA has been shown to
reach 94% [54]. If Aspergillus antigen testing is used along-
side an Aspergillus-specific PCR, on serum samples, a sensi-
tivity and specificity of 100% have been achieved in a single
adult study which used this combinatorial approach to differ-
entiate probable IA from non-IA [55]. Similar data for paedi-
atric patients is not yet available.

Essentially, GM is a biomarker which remains unvalidated for
use in children with primary immunodeficiency. If employed, it
is best reserved for children in whom IA is probable and not as a
screening tool for all children, with primary immunodeficiency,
in whom uncharacterized fungal infection is possible. The clini-
cal specimen sent for GM assay should be carefully considered
and, based on available data, it is suggested that a BAL sample
is preferable. The Aspergillus antigen lateral flow device should
prove a valuable diagnostic tool in the future but, as yet, is not

widely commercially available or validated for use in paediatric
patients with primary immunodeficiencies.

Candida Mannan Antigen and Anti-mannan Antibody

Mannan antigen circulates during infection with Candida
spp., mannan being a small component of the Candida cell
wall. In adult studies, mannan antigen and anti-mannan anti-
body are analysed in combination. This results in sensitivity
and specificity, for invasive candidiasis, of 83% and 86%
respectively [56].

In paediatric medicine, most interest in the utility of man-
nan assays has emerged from the neonatal community. As a
result, it is difficult to find studies which do not exclusively
focus on preterm infants, the majority of whom do not have a
primary immunodeficiency. These neonatal-focused studies
suggest mannan assays perform relatively well. Oliveri et al.
considered 184 neonates, employing a cutoff mannan level of
> 0.5 ng/ml for a positive result, and demonstrated mannan
assay sensitivity of 92% [57]. The authors also determined
that a positive result was available between 4 and 18 days
ahead of blood cultures [57].

One could be tempted to infer that similar findings might
be observed in large-scale studies of older children but this has
not been evidenced to date. Certainly, in 63 paediatric oncol-
ogy patients known to be colonized with Candida spp., con-
firmed on culture of rectal/groin/oropharyngeal swabs,
Candida mannan was not significantly elevated relative to
non-colonized patients [58¢]. Further, of two patients who
subsequently developed candidaemia, only one developed a
positive mannan result [58¢].

There have also been concerns that, as the assay was orig-
inally derived against C. albicans, it does not detect other
Candida species [59]. This is most probably due to the re-
duced amount of mannan produced by these species [59].

Currently, there are no studies considering the use of
Candida mannan or anti-mannan in children with a primary
immunodeficiency but, given the poor performance of the
assays in oncology patients rendered immunodeficient sec-
ondary to anti-cancer treatment, caution is advised. It is not
possible, in view of the available literature, to be certain of the
contribution mannan assays bring to the field of paediatric
fungal diagnostics.

Fungal PCR

PCR-based methods identify species-specific or pan-fungal
ribosomal DNA sequences and can help in the diagnosis of
a wide range of fungal pathogens. Broadly speaking, fungal
PCR can be performed on serum, BAL, CSF, and deep-site
tissue samples. For certain fungi, sensitivity and specificity are
known to be affected by sample type; many commercially
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available Aspergillus PCR tests, for example, demonstrate
greater specificity with BAL samples but greater sensitivity
with serum [60].

A significant benefit of PCR is that it can yield results
within 24 h, a time gain of up to 5 days compared with mi-
croscopy and culture [61]. This inevitably results in earlier
initiation of targeted treatment, crucial when managing immu-
nodeficient paediatric patients. Limitations and challenges are,
as one might expect, that the high degree of homology be-
tween human and fungal DNA can complicate interpretation
of results, that differentiating between patient colonisation and
invasive infection is not always possible, and that risk of en-
vironmental contamination of the sample is greater than with
conventional diagnostic tools [62, 63].

For Aspergillus infection, the 2017 ESCMID-ECMM-ERS
guideline proposes that, at present, Aspergillus-specific PCR
be employed only in combination with another fungal bio-
marker, namely GM, to improve diagnostic accuracy and not
as a standalone investigation [12¢¢]. This combinatorial ap-
proach is associated with earlier diagnosis of IA and enhanced
diagnostic certainty: in adults, the specificity, sensitivity, and
positive predictive value of GM and Aspergillus PCR is 97%,
85%, and 94% respectively [12¢, 64¢]. Considering paediatric
patients, studies have shown conflicting results regarding the
specificity and sensitivity of Aspergillus-specific PCR but,
similar to in adults, the test is thought to have a role alongside
GM [65, 66]. Vrioni et al. considered 156 children with pos-
sible IA, admitted to a tertiary hospital in Greece, their cohort
included patients with primary immunodeficiency [67¢]. The
authors concluded that the combination of GM and
Aspergillus-specific PCR heightened diagnostic accuracy for
IA, across the entire study population, and that agreement
between the two tests was 97.5% in the subgroup with primary
immunodeficiency [67¢].

Data supporting the use of Candida PCRs in children is
scarce. Taira et al. considered a multiplex nested PCR ap-
proach to detect Candida species in the bloodstream
of critically ill children in an intensive care setting, none of
whom suffered from a confirmed primary immunodeficiency
[68]. Their sample size was small (54 patients) and, whilst
results showed that PCR sensitivity was 24% compared with
culture sensitivity of 14.8%, this difference was not
statistically significant [68]. Septifast is a commercially avail-
able multiplex Candida PCR assay with a 61% sensitivity and
99% specificity for Candida spp. [69]. Septifast has been
shown to yield a statistically significant (due to a large number
of study participants) increase in positive results compared
with culture: 14.6% vs 10.3% respectively, but, one should
consider that a 4.3% difference, whilst statistically significant,
is of debatable clinical significance [69]. Again, all partici-
pants in this study appeared to be absent of a primary immu-
nodeficiency, although such patients were not actively
excluded.

@ Springer

The T2Candida panel combines PCR techniques with mag-
netic resonance—based biosensing to detect, to species level
within 3-5 h, five pathogenic Candida spp. [70¢]. Multicentre
trials have recently assessed performance of this technology in
adult patients: the 2015 DIRECT trial determined T2Candida
panel sensitivity and specificity to be 91% and 98% respec-
tively [71]. Further, from a clinical standpoint, studies have
shown a reduction in the mean duration of empirical antifun-
gal treatment when T2Candida testing is combined with blood
culture and both are negative [72]. Only one study, designed
by Humala et al., has attempted T2Candida testing, using
smaller samples than those advised by the T2Candida instru-
ment, on a cohort of paediatric patients [73]. Fifteen children
at the Children’s Hospital of Philadelphia, all of whom also
had blood drawn for culture, participated; the authors found
100% concordance with blood culture results and advised that
subsequent, large-scale, paediatric studies be designed to con-
firm their findings [73]. As the underlying diagnoses of the
patient cohort were not disclosed within the paper, it is unclear
if any suffered from a primary immunodeficiency [73].

Based on currently available data, the view of the mycolo-
gy community as a whole, is that PCR-based methods of iden-
tifying Candida spp. cannot offer species-specific information
reliably or rapidly enough to offset the cost of routinely
employing these techniques [69, 74, 75].

Further research, principally more multicentre trials,
are needed before the use of species-specific/pan-fungal
PCR can be advised, as routine practice, in paediatric patients
with a primary immunodeficiency, although the promising
nature of studies to date is acknowledged.

What Might the Future of Fungal Diagnostics
Look Like?

Pan-fungal/fungi-specific PCRs and rapid diagnostic test kits,
such as the Aspergillus antigen lateral flow device and the
T2Candida panel, are exciting novel tools which, once vali-
dated for paediatric patients, could dramatically alter the land-
scape of fungal diagnostics. Given the importance of early
diagnosis of fungal infection in children with primary immu-
nodeficiency tests such as these, with a rapid turnaround time,
are appealing.

New imaging modalities are in development, such as 18F-
FDG positron emission tomography (PET)/CT. Leroy-
Freschini et al. considered 51 immunocompromised patients
with a diagnosis of IFD and performed 18F-FDG PET/CTs on
29/51 patients, all of whom were treatment-naive [76¢]. They
found that sensitivity, specificity, and positive and negative
predictive values for IFD were 93%, 81%, 95%, and 72%
respectively. Also, as there was enhanced definition of extent
of infection in scanned patients, they noted that treatment in-
creases, treatment withdrawal, and any other diagnostic
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procedures were more appropriately scheduled [76¢]. An iden-
tifiable weakness of 18F-FDG PET/CT is that it is not specific
for any single fungal organism, nor can it differentiate be-
tween them. Our proficiency in differentiating between fungal
species, using labelled radionuclides for example, is evolving
as our understanding of fungal pathogen survival within the
human host advances. Whilst not yet commercially available,
labelled siderophores have been proposed by Petrik et al. as a
means of positively identifying IA on PET scan, providing
clinicians with a differentiating imaging tool [77].

Conclusion

The field of fungal diagnostics is rapidly evolving but there
are many challenges to be overcome. This is particularly true
when it comes to our knowledge of how novel fungal diag-
nostic tools perform in immunodeficient paediatric patients.
All children are dissimilar to adults in terms of the epidemiol-
ogy of IFD. An additional layer of complexity is added when
one considers the heterogeneity of disease within the small
paediatric cohort classed as having primary immunodeficien-
cy. At present, we do not have the evidence base to direct the
use of many fungal diagnostic tests, excepting histopathology,
microscopy, and culture and diagnostic imaging, in this vul-
nerable cohort.

Of the limited number of studies available for review, many
were weakened by their small sample sizes, exclusion of po-
tentially relevant patient groups, and variability of specimens
chosen for testing, both in type (serum vs BAL) and in sam-
pling nature (repeat testing vs single specimen analysis).

From the relevant body of literature that was available, we
could determine that, when IFD is suspected, samples should
be obtained for microscopy, culture, and/or histopathology. It
is also advised that imaging be carefully considered, with due
thought to the extent of imaging and appropriateness of mo-
dality, acknowledging the potential for deep site infection and/
or CNS involvement in children, especially in those with a
primary immunodeficiency.

Galactomannan remains unvalidated in paediatric patients
with a primary immunodeficiency but, on review of studies
performed to date, it is evident that an increasing number are
supportive of the GM assay provided this test is employed
judiciously, i.e., only to assist in the diagnosis of TA for ap-
propriately selected high-risk patients. GM assays are partic-
ularly encouraged when a BAL sample is available for testing
following bronchoscopy.

In light of the currently published literature, Candida man-
nan assays and 3-D-glucan are not routinely advised.
Recommendations as to how clinicians should interpret results
of'these tests, if they are run, cannot be given due to the lack of
supporting evidence. Fungal PCRs, specifically Aspergillus
PCRs with their relatively high positive predictive value, are

promising but, a poor evidence base means they should
be used and interpreted with caution, unless as a component
of an ongoing clinical trial.

One of the most significant challenges in the diagnostic
work-up of children with a primary immunodeficiency may
be the increasing use of mould-active prophylaxis.
Prophylaxis not only encourages growth of atypical fungal
pathogens but also complicates the interpretation of many
diagnostic tests, including GM. This should be considered
when evaluating any immunodeficient child for IFD.

This review has identified that our knowledge of fungal
diagnostic test performance in immunodeficient children is
suboptimal. Moving forward, children with primary immuno-
deficiency should be actively included in multicentre trials
evaluating non-culture-based fungal diagnostic tools. It is im-
portant that communication and collaborative working is fos-
tered between tertiary centres in order to best facilitate this.
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