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Abstract: Opportunistic fungal pneumonias (OFP) are the main cause of death in AIDS patients
worldwide. Diagnosis of these infections is often late as tuberculosis (TB) is frequently the first suspi-
cion. In addition, diagnostic tools have limitations and are unavailable in disadvantaged regions.
To perform the differential diagnosis of the main fungi causing OFP in AIDS patients (Histoplasma
capsulatum, Cryptococcus neoformans/C. gattii and Pneumocystis jirovecii) vs. the Mycobacterium tubercu-
losis complex (MTBC), two new assays were developed: (i) a multiplex real-time PCR (MRT-PCR)
and (ii) a simple and cost-effective method based on real-time PCR and the analysis of melting
curves after amplification (MC-PCR). Both of the techniques were optimized and standardized
“in vitro”, showing a suitable reproducibility (CV ranged between 1.84 and 3.81% and 1.41 and
4.83%, respectively), a 100% specificity and detection limits between 20 and 2 fg of genomic DNA per
20 µL of reaction. A validation study was performed by retrospectively using 42 clinical samples
from 37 patients with proven fungal infection or TB, and 33 controls. The overall sensitivity for the
MRT-PCR assay and the MC-PCR assay was 88% and 90.4%, respectively. Both techniques were fast,
sensitive and reproducible, allowing for the detection of these pathogens and the performance of a
differential diagnosis.

Keywords: differential diagnosis; tuberculosis; fungal pneumonia

1. Introduction

According to most recent data from the WHO, around 38 million people worldwide
live with HIV (http://www.who.int/hiv/data/en/ accessed on 30 March 2021). Oppor-
tunistic pneumonias are one of the most important complications in AIDS patients. It has
been reported that almost 70% of people infected with HIV suffer lung disease during the
course of the infection. Especially when the number of T-CD4 cells decreases, pneumonia
causes high morbidity and mortality [1]. Tuberculosis (TB) is one of the diseases most
often described in these patients, but opportunistic pneumonias caused by fungi are also a
very frequent cause of mortality [2–4]. In fact, it has been reported that in one year, fungal
infection deaths in AIDS patients represented 47% compared to 24% for TB and the most
common causes of fungal pneumonia-associated deaths were cryptococcosis, Pneumocystis
jirovecci pneumonia (PCP) and disseminated histoplasmosis (in endemic regions) [5].

Opportunistic fungal pneumonias (OFP) such as those caused by C. neoformans/C.
gatii, P. jirovecii and H. capsulatum are clinically and radiologically similar to each other,
and also to TB, which is usually the first clinical suspicion [6,7]. This fact delays the
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correct diagnosis with a great impact on the outcome of the patient [8,9]. Moreover,
these mycoses occur mainly in developing countries where adequate diagnostic tools are
not always available [5,10]. It has been reported that around 26% of HIV patients with
disseminated histoplasmosis also had mixed infections, TB being the most commonly
associated infection [11,12]. Several cohorts of patients with histoplasmosis/TB coinfection
and advanced HIV were reviewed by Caceres et al. [13]. Other coinfections involving
TB and these fungal pathogens have also been reported [14–16]. Therefore, even if TB is
detected, mixed infections with fungal pathogens should be ruled out, hence the importance
of diagnostic techniques that allow performing a simultaneous detection.

Differential diagnosis of these mycoses with TB is complex as classical methods
such as direct visualization and culture exhibit several limitations. Fungal cultures are
frequently slow-growing and have low sensitivity, and visualization of fungal structures
requires skilled personnel. Serological techniques have variable sensitivity depending on
the patient’s immune status and clinical picture [17,18]. Molecular techniques are very
promising tools but not always available in resource-limited regions due to the complexity
of the assays and the cost of the reagents. To date, no molecular method has been described
to be implemented for the differential diagnosis of these mycoses with TB in a single tube.

For the detection of TB, several methods based on qPCR have been reported target-
ing different genetic regions: the ITS region of the rDNA, the 16S RNA gene, insertion
sequences such as IS6110 and drug-resistant genes such as the rpoB gene [19–21]. As-
says based on the detection of M. tuberculosis IS6110 in an open polyvalent PCR platform
have been recently reported, such as Abbott RealTime MTB (Abbott, Chicago, IL, USA),
and the use of this target has been described as a valuable option for routine molecular
diagnosis [22]. Commercial methods are also available, some of them approved by the
FDA [23,24].

Recently, the PCR techniques for the detection of P. jirovecii have been included in the
guidelines of the European Conference on Infections in Leukaemia (ECIL), for PCP diagno-
sis in non-HIV patients due to their higher sensitivity regarding immunofluorescence-based
methods [25]. For the diagnosis of histoplasmosis, molecular techniques are scarce. Some
methods based on conventional and real-time PCR have been developed in reference
laboratories [26–28]. These assays target multicopy regions of rDNA such as the ITS,
unicopy genes coding the 100-kDa-like protein and the M antigen. Although results are
very promising, no commercial methods are available to date. Finally, for the diagnosis
of cryptococcosis, the scenario is similar: few molecular methods have been developed.
Recently, the detection of Cryptococcus ssp. has been included in the FilmArray Meningi-
tis/Encephalitis panel (BioFire Diagnostics, LLC, Salt Lake City, UT, USA), but the results
with these pathogens seem to be weak and have a high proportion of false negatives [29].
Detection of capsular polysaccharide antigen (CPA) is very useful for the diagnosis of
cryptococcosis in AIDS patients with cryptococcal meningitis; however, the performance is
reduced in patients with only pulmonary involvement [30].

In this work, two new methods for the differential diagnosis of OFP vs. TB were
developed with the purpose of achieving a rapid and accurate diagnosis in patients at risk of
acquiring these infections. The detection of the Mycobacterium tuberculosis complex (MTBC)
targeting the IS6110 insertion sequence has been included in a previously developed
multiplex real-time PCR assay (MRT-PCR) [31] in order to simultaneously detect four
fungal pathogens (Histoplasma capsulatum, P. jirovecii and Cryptocccus neoformans/C. gattii)
and the species included in the MTBC. Moreover, a second method based on the generation
of melting curves after PCR (MC-PCR) was also developed as a cost-effective alternative
for resource-limited laboratories. Both methods were validated with a limited number of
clinical samples from patients with proven infection (histoplasmosis, PCP, cryptococcosis
and TB), as well as control samples, to assess their usefulness.
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2. Materials and Methods
2.1. Control Strains and Plasmids

DNA from different strains and plasmids was used to standardize both assays
(Table 1). All the strains belonged to the Collections of the Mycology Reference Labo-
ratory and the Mycobacteria unit, Spanish National Center of Microbiology. Plasmids were
constructed in the Mycology Reference Laboratory. In addition, we used genomic human
DNA (Promega, Madrid, Spain) to test specificity.

Table 1. Clinical strains and plasmids used for the standardization of the techniques.

Clinical Strains

Name Species Origin Use in This Work

CNM-CM6019 Histoplasma capsulatum MRL (ISCIII) Standardization
CNM-CM2721 Histoplasma capsulatum MRL (ISCIII) Standardization
CNM-CM5659 Histoplasma capsulatum MRL (ISCIII) Standardization
CNM-CM7057 Histoplasma capsulatum MRL (ISCIII) Standardization
CNM-CL 2132 Cryptococcus neoformans MRL (ISCIII) Standardization
CNM-CLH99 Cryptococcus neoformans MRL (ISCIII) Standardization

CNM-CLWN99 Cryptococcus neoformans MRL (ISCIII) Standardization
CNM-UM 405 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 495 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 76 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 77 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM78 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 81 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 82 Mycobacterium tuberculosis complex MU (ISCIII) Standardization

CNM-UM 102 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 1596 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-UM 1689 Mycobacterium tuberculosis complex MU (ISCIII) Standardization
CNM-CL 5719 Candida albicans MRL (ISCIII) Specificity
CNM-CL 5683 Candida parapsilosis MRL (ISCIII) Specificity
CNM-CL5742 Candida tropicalis MRL (ISCIII) Specificity
CNM-CL3505 Aspergillus terreus MRL (ISCIII) Specificity

CNM-CMAF237 Aspergillus fumigatus MRL (ISCIII) Specificity
CNM-CM 3509 Aspergillus flavus MRL (ISCIII) Specificity
CNM-CM 1627 Scedosporium prolificans MRL (ISCIII) Specificity
CNM-CM 3035 Fusarium solani MRL (ISCIII) Specificity
CNM-CM 3020 Rhizopus oryzae MRL (ISCIII) Specificity
CNM-CM 4244 Rhizopus microsporus MRL (ISCIII) Specificity
CNM-CM 2908 Paracoccidioides brasiliensis MRL (ISCIII) Specificity
CNM-CM 2437 Mucor spp. MRL (ISCIII) Specificity
CNM-UM 406 Mycobacterium kansasii MU (ISCIII) Specificity
CNM-UM 407 Mycobacterium avium MU (ISCIII) Specificity
CNM-UM 408 Mycobacterium abscessus MU (ISCIII) Specificity
CNM-UM 409 Mycobacterium gordonae MU (ISCIII) Specificity
CNM-UM 410 Mycobacterium interjectum MU (ISCIII) Specificity

Plasmids

Name Construction Origin Use in this work

pICJF * PGEM-Easy
plasmid+jellyfishderivedsequence [32] MRL (ISCIII) Standardization

pSG4 * pGEMT-Easy plasmid+ mtLSU target
region MRL (ISCIII) Standardization

CNM-CM: Centre National Microbiology, Collection mycelium; CNM-CL: Centre National Microbiology, Col-
lection yeast; CNM-UM: Centre National Microbiology, Unit Mycobacteries; MRL (ISCIII): Mycology Reference
Laboratory (Instituto de Salud Carlos III); MU (ISCIII): Mycobacteries Unit (Instituto de Salud Carlos III). * plas-
mids constructed.

2.2. Primer and Probe Design

MRT-PCR assay: For the detection of H. capsulatum and C. neoformans/gatii, primers
and molecular beacon probes used in this work were described previously in Gago et al. [31]
and targeted the ITS 2 and ITS 1 regions of rDNA, respectively. New primers and molecular
beacon probes targeting the mtLSU gene for the detection of P. jirovecii and the IS1160 region
for the detection of the species belonging to the M. tuberculosis complex were designed using
the Beacon Designer v.7.0 software (Premier Biosoft, Palo Alto, CA, USA) and synthesized
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by Sigma-Aldrich (Madrid, Spain). An “in silico” study was performed previously to
optimize the selection of the most appropriate regions for primer and probe design.

MC-PCR assay: The same set of primers as the one described above was used. How-
ever, we modified the forward primer for the amplification of H. capsulatum (ITS region)
with the purpose of obtaining a PCR amplicon with a suitable melting temperature that
allowed for differentiating all pathogens. The new primers and probes designed in this
work are listed in Table 2.

Table 2. Sequences of primers and probes designed for P. jirovecii and M. tuberculosis complex detection.

Primer or Probe Sequence

OliPJMitoc1 (f) 5′-CAGAAGAATTGTGGTAAGTA-3′

OliPJMitoc2 (r) 5′-CGAGATATTCAGTGCTATAC-3′

PJmitocMB 5′-HEXCGCGATCCGGACTAGGATATAGCTGGTTGATCGCGBHQ1-3′

Oli MTB IS6110 1 (f) 5′-TAGTGCATTGTCATAGG-3′

Oli MTB IS6110 2 (r) 5′-GATCTCAGTACACATCGA-3′

MTBIS6110MB 5′-CY5.5CGCGATCATTACGCCGGGCTGACAGGTAATCAGATCGCG BHQ2-3′

a f, forward; r, reverse; BHQ1, black hole quencher 1; BHQ2, black hole quencher 2.

To ensure their specificity, the designed primers and probes were subjected to a BLAST
search within the GenBank sequence database (http://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 1 February 2017) and the database of the Mycology Reference Laboratory of
the Spanish National Center for Microbiology (which contains more than 10,000 distinct
sequences). Primers and probes for the amplification of the internal control were previously
described [32].

2.3. PCR Assay

MRT-PCR assay: The amplification was carried out in a Bio-Rad CFX96 system (Bio-
Rad, Madrid, Spain). The fluorophores used to label the molecular beacon probes were:
FAM for H. capsulatum, HEX for P.jirovecci, CY5 for C. neoformans/gatii, CY5.5 for the M.
tuberculosis complex and ROX for the probe detecting the internal control. PCR reactions
were performed in 20 µL of final volume containing: 2× SensiMix Probe no ROX (Bioline,
Ecogen, Madrid, Spain), 0.5 µM of each primer for each of the four pathogens, 0.25 µM of
each internal control primer, 0.4 µM of P. jirovecii and M. tuberculosis probes, 0.2 µM of H.
capsulatum and C. neoformans/C. gattii probes and 0.1 µM internal control probe. MgCl2
was added at a final concentration of 4.5 mM. An amount of 2 fg of the internal control
plasmid (pICJF) was also added. As a template, 2 µL of genomic DNA or 4 µL of DNA
extracted from the clinical samples was used. The PCR conditions were as follows: an
initial step of 95 ◦C for 10 min, followed by 50 cycles of 95 ◦C for 25 s, 52 ◦C for 30 s and
72 ◦C for 30 s. Each experiment was performed in duplicate and included quantification
standards as well as negative controls.

MC-PCR assay: The amplification was carried out in a Bio-Rad CFX96 system (Bio-
Rad, Madrid, Spain). One individual mix reaction was performed for each pathogen and
the internal control. The reactions were performed in 20 µL of final volume containing a
pair of primers (0.5 µM), 2× SensiMix Probe no ROX (Bioline, Ecogen, Madrid, Spain) and
1 µl of ResoLight High Resolution Melting Dye (Roche Diagnostics, Madrid, Spain). As
a template, 2 µL of genomic DNA or 4 µL of DNA from clinical samples was used. The
PCR conditions were as follows: an initial step of 95 ◦C for 10 min, followed by 50 cycles of
95 ◦C for 25 s, 59 ◦C for 30 s and 72 ◦C for 30 s, and a melt curve was generated by heating
from 65 to 98 ◦C. Fluorescence data were measured every 5 s at 0.5 ◦C increments. Both
assays are summarized in Figure 1.

2.4. Standardization of Both Techniques

Standard curves for C. neoformans, H. capsulatum and MTBC using both MRT-PCR
and MC-PCR methods were constructed based on the results of at least five repetitions
with dilutions of genomic DNA ranging from 20 ng to 2 fg in 20 µL of final volume. The
strains or plasmids used to construct the standard curves are listed in the Control Strains

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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and Plasmids section. For P. jirovecii, a fragment of 124 pb containing the mtLSU target
region was cloned into a pGEMT-Easy plasmid (Promega, Madrid, Spain) according to
the manufacturer’s instructions. A 10-fold serial dilution of this plasmid clone (pSG4),
from 20 ng (29.2 log109 copies/20 µL reaction mixture) to 2 fg (29.2 copies/20 µL reaction
mixture), was used to construct the standard curve.

Regression lines were constructed by plotting the logarithm of the initial template
concentration vs. the corresponding Cq value. If the coefficient value was >0.980, the
standard curve was then used to determine the detection limit and the reproducibility of
the assay by calculating the coefficient of variation (CV). In order to evaluate specificity,
2 ng of DNA/20 µL of reaction mixture from other mold, yeast and non-tuberculosis
Mycobacterium species, as well as human genomic DNA, was included in the PCR assay
(Control Strains section).

J. Fungi 2021, 7, x FOR PEER REVIEW 5 of 14 
 

 

template, 2 µL of genomic DNA or 4 µL of DNA from clinical samples was used. The PCR 
conditions were as follows: an initial step of 95 °C for 10 min, followed by 50 cycles of 95 
°C for 25 s, 59 °C for 30 s and 72 °C for 30 s, and a melt curve was generated by heating 
from 65 to 98 °C. Fluorescence data were measured every 5 s at 0.5 °C increments. Both 
assays are summarized in Figure 1.  

 
Figure 1. Concept of each assay, pointing out the differences between them. MRT-PCR, multiplex 
real-time PCR; MC-PCR, melting curve PCR. 

2.4. Standardization of Both Techniques 
Standard curves for C. neoformans, H. capsulatum and MTBC using both MRT-PCR 

and MC-PCR methods were constructed based on the results of at least five repetitions 
with dilutions of genomic DNA ranging from 20 ng to 2 fg in 20 µL of final volume. The 
strains or plasmids used to construct the standard curves are listed in the Control Strains 
and Plasmids section. For P. jirovecii, a fragment of 124 pb containing the mtLSU target 
region was cloned into a pGEMT-Easy plasmid (Promega, Madrid, Spain) according to 
the manufacturer’s instructions. A 10-fold serial dilution of this plasmid clone (pSG4), 
from 20 ng (29.2 log109 copies/20 µL reaction mixture) to 2 fg (29.2 copies/20 µL reaction 
mixture), was used to construct the standard curve.  

Regression lines were constructed by plotting the logarithm of the initial template 
concentration vs. the corresponding Cq value. If the coefficient value was >0.980, the 
standard curve was then used to determine the detection limit and the reproducibility of 
the assay by calculating the coefficient of variation (CV). In order to evaluate specificity, 
2 ng of DNA/20 µL of reaction mixture from other mold, yeast and non-tuberculosis My-
cobacterium species, as well as human genomic DNA, was included in the PCR assay (Con-
trol Strains section). 

2.5. DNA Extraction 
DNA extraction from cultures of H. capsulatum and M. tuberculosis was performed 

under biosafety level 3 conditions in compliance with Spanish law (Real Decreto 

Figure 1. Concept of each assay, pointing out the differences between them. MRT-PCR, multiplex
real-time PCR; MC-PCR, melting curve PCR.

2.5. DNA Extraction

DNA extraction from cultures of H. capsulatum and M. tuberculosis was performed
under biosafety level 3 conditions in compliance with Spanish law (Real Decreto 664/1997).
For H. capsulatum, the method described by Buitrago et al. [33] was used. For M. tuberculosis,
a suspension of cells was incubated at 95 ◦C for twenty minutes and the supernatant was
recovered. DNA extraction from C. neoformans was performed using a phenol–chloroform
method [34].

DNA extraction from clinical samples was performed by using the QIAamp DNA
minikit (Qiagen, Werfen, Madrid Spain) according to the manufacturer’s instructions
without any preprocessing step. Elution was performed in 50 µL of elution buffer. Biopsy
samples embedded in paraffin were deparaffinized by lavage with 1.5 mL of xylene (100%)
followed by two lavages with 1.2 mL of ethanol (96 to 100%) and an incubation at 37 ◦C to
evaporate the remains of the ethanol. Four µL of DNA extracted from each sample was
used for each PCR assay.
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In three samples from patients with proven TB, a centrifugation at 10,000 rpm for
10 min was performed, the supernatant was discharged and then the pellet was diluted
in 200 µL of supernatant, due to the large volume of saline solution involved. After that,
DNA was extracted using the Qiamp DNA minikit (Qiagen) as mentioned above.

2.6. Validation with Clinical Samples

The usefulness of both assays was assessed by retrospectively using 75 clinical samples
from 70 patients. These samples arrived at our institution to perform diagnostic tests and
were stored in a biobank at−20 ◦C after anonymization (Comité de Ética de la Investigación
del Instituto de Salud Carlos III; number CEI PI38_2019-v.2.; date of approval 10 June 2019).
The period until their use in this work was variable with a maximum of five years.

A total of 42 out of these 75 samples belonged to 37 patients with proven infection
according to the criteria of EORTC/MSG for histoplasmosis, pneumocystosis and crypto-
coccosis (35). Patients with TB were confirmed by culture or by direct visualization using
Ziehl Neelsen staining. Regarding underlying diseases of patients, 40% were AIDS patients,
8% had another kind of immunosuppression, 5% were immunocompetent and no data for
the rest were available (47%).

Samples from 33 patients with pneumonia caused by other fungal species, viruses or
bacteria were used as controls: 11 control samples were used for the MRT-PCR validation
and 22 additional control samples were included for the MC-PCR testing. In total, 33 control
samples were tested with this MC-PCR method. The reason for using a larger number of
samples for MC-PCR was due to the characteristics of the technique (use of an intercalating
agent instead of specific probes) that makes it less specific. It was necessary to increase the
number of control samples for the validation process with this technique.

Regarding the kind of samples, due to the lack of respiratory samples for some
diseases, other kinds of samples were used for the validation of the technique. A total
of 23 bronchoalveolar lavages (BAL), 21 biopsies, 7 sputa, 12 bronchoaspirates (BAS),
3 adenopathies, 2 abscesses, 3 cerebrospinal fluids (CSFs), 2 fine needle aspiration punc-
tions (FNAP), 1 exudate and 1 blood sample were used. Samples from the same patient
corresponded to the same date of sampling.

Results for each of the five fluorescence channels were analyzed in the MRT-PCR
assay. When MC-PCR assay was tested, melting curves were checked and an agarose gel
electrophoresis (2%) was performed to confirm the size of the PCR amplicons.

The time required to obtain results with both techniques is presented in Figure 2.
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3. Results
3.1. Standardization of MRT-PCR Assay

The technique specifically and simultaneously detected the four fungal pathogens H.
capsulatum, P. jirovecii, C. neoformans/C. gatii, the MTBC and an internal control (Figure 3).
Each species was detected in its corresponding fluorescence channel (Figure 1). The sizes
of the amplicons generated were 124 bp for P. jirovecii, 106 bp for H. capsulatum, 139 bp for
C. neoformans/C. gatii and 98 bp for the MTBC. The detection limit for H. capsulatum, C.
neoforman/C. gatti and M. tuberculosis was 2 fg of genomic DNA/20 µL of reaction mixture.
For P. jirovecii, the technique detected up to 29.2 copies/2 µL of reaction mixture. No
cross-reactivity to DNA from other fungi or non-Mycobacterium tuberculosis species or
human DNA (control strains section) was detected. Quantification was linear for the four
pathogens included in the assay. The standard curves generated showed a coefficient of
determination between 0.94 and 0.99. The reproducibility was suitable as the CV obtained
ranged between 1.84 and 3.81%.
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Figure 3. Representative MRT-PCR (multiplex real-time PCR) assay including different positive
clinical samples and positive controls. (A) Histoplasma capsulatum detection, FAM fluorophore;
(B) Pneumocystis jirovecci detection, HEX fluorophore; (C) Cryptococcus neoformans/gatti detection, Cy5
fluorophore.; (D) Mycobacterium tuberculosis complex detection, Cy5.5 fluorophore (corresponding to
Quasar 705 dye).

3.2. Standardization of MC-PCR Assay

The technique specifically amplified the four pathogens and the internal control in five
tubes. The amplicons generated had the same size as mentioned above (standardization of
MRT-PCR), except for H. capsulatum whose amplicon generated by PCR had a size of 398 bp
(Figure 4A). Each PCR product generated a different melting curve that was automatically
plotted by representing the first negative derivative melting curve (df/dt) vs. temperature.
The center of the melting peak corresponded to the point of inflection of the melting curve
and the melting temperature (Tm) of the PCR product.

The Tms of the PCR products for the different pathogens were: 77.86 ◦C ± 0.63
(P. jirovecii); 85.60 ◦C ± 0.89 (C. neoformans/C. gatti); 88.13 ◦C ± 0.11 (M. tuberculosis);
90.16 ◦C ± 0.58 SD (H. capsulatum) (Figure 4B).

The detection limit for H. capsulatum, C. neoformans/C. gattii and the MTBC was
2 fg of genomic DNA per 20 µL of reaction. For P. jirovecii, the technique detected up to
2.92 copies/20 µL of reaction mixture. No cross-reactivity to DNA from other fungi or
non-Mycobacterium tuberculosis spp. or human DNA (Control Strains section) was detected.
The average of the CVs for each pathogen ranged from 1.41 to 4.83%.
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3.3. Validation of MRT-PCR Assay with Clinical Samples

A total of 42 clinical samples from 37 patients and 11 control samples were tested.
Thirty-seven samples were positive for the pathogen involved in the disease, with a
sensitivity of 88.1%, 95% CI, 74.37% to 96.02%. By patients, the assay successfully detected
the disease causative agent in 89% (33/37) of them. All samples from patients included as
the control population showed negative PCR results, with a specificity of 100%, 95% CI,
71.51% to 100% (Tables 3 and 4). One histoplasmosis patient and four tuberculosis patients
provided a negative result. By samples, the technique was positive in 96% of respiratory
samples (23/24), 100% of biopsies (9/9), 67% (2/3) of adenopathies, 50% of FNA (1/2),
50% of abscesses (1/2), one CSF (1/1) and one exudate (1/1).

3.4. Validation of MC-PCR Assay with Clinical Samples

A total of 42 clinical samples from 37 patients and 33 controls were tested.
The technique generated the correct melting curve for 38 samples, showing a sensi-

tivity of 90.48%, 95% CI, 77.38% to 97.34% (Table 3). By patients, the assay was positive
in 33 out 37 (89.1%). By samples, 92% of respiratory samples (22/24), 100% of biopsy
samples (9/9), 67% of adenopathies (2/3) and 50% of abscesses (1/2) were positive. The
melting results were confirmed by analyzing the size of the amplicons generated after
electrophoresis in agarose gel. Regarding control patients, some unspecific products were
amplified with high Cts, but in these cases, the Tm generated served to rule out these
products. Gel electrophoresis was also performed for all controls. In five cases, the Tm
and the size of the amplicon provided false positive results. Three cases of patients with
other respiratory diseases were identified as having PCP (2) and tuberculosis (1), and two
cases of patients with invasive aspergillosis were identified as having tuberculosis. All of
them were respiratory samples (BAL and BAS). Based on these results, the specificity of
the technique was 84.85%, 95% CI, 68.10% to 94.89% (Table 5).
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Table 3. MRT-PCR (multiplex real-time PCR) and MC-PCR (melting curves PCR) results for clinical
samples from patients with fungal opportunistic pneumonia and TB.

Disease (N◦ Samples) Samples MRT-PCR
Positive Results

MC-PCR
Positive Results

Histoplasmosis (9) Respiratory samples (3) 2 3
Biopsy (6) 6 6

Total 9 8 (88.8%) 9 (100%)

Pneumocystosis (11) BAL a (11) 11 11

Total 11 11 (100%) 11 (100%)

Cryptococcosis (5)
BAL b (1) 1 1
CSF c (1) 1 1

Biopsy (3) 3 3

Total 5 5 (100%) 5 (100%)

Tuberculosis (17)

Respiratory samples (9) 8 8
Adenopathy (3) 2 2

Abscess (2) 1 1
FNAP d (2) 1 1
Exudate (1) 1 1

Total 17 13 (76.4%) 13 (76.4%)

TOTAL 42 37 (88.1%) 38 (90.4%)
a bronchoalveolar lavage, b bronchoaspirate, c cerebrospinal fluid and d fine needle aspiration punction.

Table 4. MRT-PCR (multiplex real-time PCR) results for control samples.

Disease (Number of Samples) Samples MRT-PCR Results
(Negatives/Total)

Aspergillosis (1) BAS b (1) 1/1
Mucormycosis (2) Biopsy (2) 2/2

Candidiasis (3) Blood (1), CSF c (1), Biopsy (1) 3/3
Paracoccidioidomycosis (1) Biopsy (1) 1/1

Negative a (4) BAL d (3) BAS (1) 4/4

Total 11 11/11 (100%)
a bronchoalveolar lavage, b bronchoaspirate, c cerebrospinal fluid and d fine needle aspiration punction.

Table 5. MC-PCR (melting curves PCR) results for control samples.

Disease (Number of Samples) Samples MC-PCR Results
(Negatives/Total)

Aspergillosis (8) BAS b (5), BALc (1), Biopsy (2) 6/8
Mucormycosis (6) Biopsy (5), CSF d (1) 6/6

Candidiasis (4) Biopsy (2), CSF d (1), Blood (1) 4/4
Paracoccidioidomycosis (1) Biopsy (1) 1/1

Negative a (14) BAL c (9), BAS b (5) 12/14
Total 33 28/33 (85%)

a samples from patients with other respiratory diseases, b bronchoaspirate, c bronchoalveolar lavage and d cere-
brospinal fluid.

4. Discussion

The main fungal pathogens causing opportunistic pneumonia in HIV/AIDS patients
are: H. capsulatum, C. neoformans/C. gattii and P. jirovecii [3,4]. These infections have
a similar clinical picture, mimicking tuberculosis, which is generally the first clinical
suspicion, delaying diagnosis and correct treatment [7,9]. In this work, two methods for
performing a differential diagnosis of these with TB were developed: (i) an MRT-PCR assay
able to detect the aforementioned fungal pathogens and (ii) a simple and cost-effective
method based on the analysis of melting curves (MC-PCR). The reason for developing this
last method was to offer a simpler alternative to laboratories with low resources.

The MRT-PCR technique developed was based on another previously published work
that showed a good performance for the detection of the four fungal pathogens in clinical
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samples [31]. In order to optimize the performance of this technique, some modifications
were implemented. The target for the detection of P. jirovecii (ITS region from ribosomal
DNA) was replaced by the mtLSU gene. New primers and a probe were designed for that
purpose. By using this new target, the detection limit was improved (data not shown). For
the detection of the MTBC, a pair of primers and a molecular beacon probe targeting the
IS6110 region were designed. This region is specific to the MTBC and is the most abundant
multicopy insertion sequence of its genome [35], making it a valuable tool in the diagnosis
of TB in biological samples [36]. This region has been used as a target in several commercial
and “in-house” PCR assays [36,37]. However, it should be taken into account that it is an
insertion region, and its number is variable among strains, affecting the sensitivity of the
assay [38].

In the MC-PCR assay, in order to generate an amplicon with a Tm different from the
rest, a primer for the amplification of H. capsulatum was replaced (Table 1). Therefore, the
four pathogens could be clearly distinguished.

As the results of the “in vitro” standardization, both developed methods had a good
sensitivity and reproducibility, and cross-reaction with other fungi or mycobacteria tested
was not detected. The techniques were able to simultaneously detect the pathogens in
an “in vitro” assay (Supplementary Figure S1). Both techniques were validated by using
75 samples: 42 samples from 37 patients with proven histoplasmosis, cryptococcosis, PCP
or TB and 33 control samples. Overall sensitivity in samples from patients with proven
infection was 88% for the MRT-PCR assay and 90.4% for the MC-PCR assay. Respiratory
samples and biopsies provided an excellent sensitivity in both assays. A total of 100% of
biopsies were positives in both assays as were 96% of respiratory samples using MRT-PCR
and 92% of respiratory samples using MC-PCR. Regarding specificity, control samples
used to validate the MRT-PCR assay were all negative (100% specificity). In the MC-PCR,
5 samples out of 33 controls gave false positive results (84, 85% specificity): two negative
samples were positive for P. jirovecii and one negative sample and two samples from
patients with aspergillosis were positive for the MTBC. In all these false positive results, the
analysis of the amplification bands by electrophoresis was useless to rule out an unspecific
product. This was expected since the use of an intercalating agent has the disadvantage of
decreasing specificity compared to the use of probes; however, this fact should be taken
into account as false positives could imply unappropriated treatment. Testing each sample
in duplicate could help to confirm the diagnosis.

False negative results were obtained in four samples from patients with TB by using
both techniques; however, samples were not the same in both assays: a sputum and an
abscess were negative in both techniques, but one sputum, two adenopathies and one BAL
obtained discrepant results (Table 3). The MRT-PCR technique provided a negative result
in a respiratory sample from a patient with histoplasmosis. A possible explanation is that
the pathogen load was near the detection limit of the techniques in these samples.

Using different kinds of samples for the validation can also affect the overall sensitivity.
Respiratory and biopsy samples provided the best results, but other types of samples were
not so suitable for the detection of the pathogens. Future studies should be conducted
focusing on analyzing sensitivity in different kinds of samples.

To our knowledge, this is the first molecular assay that performed a differential di-
agnosis of fungal opportunistic pneumonias vs. TB. Although molecular methods for the
detection of fungal pathogens have shown their usefulness and have been included in the
new guidelines for the diagnosis of invasive fungal diseases [39], there is a shortage of
techniques for the detection of species such as Histoplasma capsulatum and C. neoformans/C.
gattii and an even greater shortage in the multiplex format including TB detection. The
techniques developed are targeted to patients with AIDS from endemic regions with low
resources, in which these opportunistic infections have a high incidence and associated
mortality. In the context of non-endemic regions, they are also very useful due to the in-
crease in imported mycoses in recent years [40–42]. The advantage of these techniques over
other techniques, such as LFD for Cryptococcus detection or Genexpert for M. tuberculosis, is
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the possibility of detecting the four fungal species and TB simultaneously (coinfections)
(FS1) or individually in less than four hours (Figure 2). The main limitation of the MRT-PCR
assay is the need for equipment able to detect five different fluorophores and the use of
labeled probes, which render this technique more sophisticated and expensive than the
MC-PCR assay. On the other hand, the technique could be adapted to the needs of each
region and the equipment available just by taking out of the assay those less frequent or
interesting pathogens in the epidemiological context. The MC-PCR technique could be
easily adapted to laboratories with different capacities, as it requires basic real-time PCR
equipment and an intercalant agent, which makes it simple and cost-effective. Although
the cost can vary in different regions, it can be estimated that the cost in equipment and
reagents would be cut to half compared to MRT-PCR. Moreover, highly qualified personnel
are not required as the analysis of results is easy. Finally, the notion of carrying out the
detection of each pathogen in a different tube makes it versatile and easily adaptable to
the suspicion in each case. However, the use of an intercalant agent decreases specificity.
In this work, unspecific amplifications were detected in some negative controls. Analysis
of melting curves served to rule out a positive result. Electrophoresis in agarose was also
performed to check the product generated. Regardless, in five cases, false positive results
were obtained.

5. Conclusions

In conclusion, the techniques developed are fast, sensitive and specific to the differ-
ential diagnosis of tuberculosis vs. fungal pneumonias, and they could be adapted to
resource-limited laboratories and even be fine-tuned in a point-of-care format by using
small and portable PCR systems. Deeper validation work with a higher number of samples
is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7050336/s1, Figure S1: In vitro co-infections assay results.
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