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Background: Chagas is a neglected tropical disease caused by the protozoan parasite
Trypanosoma cruzi. On the order of seven million people are infected worldwide and
current therapies are limited, highlighting the urgent need for new interventions. T. cruzi
trypomastigotes can infect a variety of mammalian cells, recognition and adhesion to the
host cell being critical for parasite entry. This study focuses on trypomastigote surface
ligands involved in cell invasion.

Methods: Three selection rounds of a phage peptide display library for
isolation of phages that bind to trypomastigotes, resulted in the identification
of the N3 dodecapeptide. N3 peptide binding to T. cruzi developmental forms
(trypomastigotes, amastigotes and epimastigotes) was evaluated by flow cytometry
and immunofluorescence assays. Parasite invasion of Vero cells was assessed by flow
cytometry and immunofluorescence assays.

Results: Phage display screening identified the N3 peptide that binds preferentially
to the surface of the trypomastigote and amastigote infective forms as opposed to
non-infective epimastigotes. Importantly, the N3 peptide, but not a control scrambled
peptide, inhibits trypomastigote invasion of Vero cells by 50%.

Conclusion: The N3 peptide specifically binds to T. cruzi, and by doing so, inhibits
Vero cell infection. Follow-up studies will identify the molecule on the parasite surface to
which the N3 peptide binds. This putative T. cruzi ligand may advance chemotherapy
design and vaccine development.

Keywords: Trypanosoma cruzi, phage display, peptide library, infection, trypomastigote
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INTRODUCTION

The protozoan parasite T. cruzi is the causative agent of Chagas
disease, also known as American trypanosomiasis. Currently,
about 6 to 7 million people are infected worldwide, most cases
occurring in Latin America (World Health Organization [WHO],
2021). Chagas disease is endemic in Latin America but because
of migration, the disease has spread beyond endemic regions to
become a worldwide health problem (Schmunis and Yadon, 2010;
Requena-Méndez et al., 2015; Nguyen and Waseem, 2021).

The T. cruzi life cycle involves two hosts, mammals and the
insect vector. There are four main developmental stages: the
replicative epimastigote and amastigote forms, and the non-
replicative infective metacyclic and bloodstream trypomastigote
forms (Rassi et al., 2010). Amastigotes can infect vertebrate
cells (Fernandes et al., 2013). Trypomastigotes can invade
most nucleated cells of the vertebrate host and are crucial to
establish intracellular infection (Burleigh and Andrews, 1995).
The infection process is complex and involves a large repertoire
of molecules on the parasite surface, including trans-sialidases
and glycoproteins such as gp82 and gp85 (De Pablos and Osuna,
2012; Cortez et al., 2014; San Francisco et al., 2017; Campetella
et al., 2020). Identification of parasite ligand(s) required for cell
infection may lead to the development of new drugs and a vaccine
against Chagas disease.

Despite the unsuccessful attempts of new treatments, such as
posaconazole and the prodrug of ravuconazole, the treatment of
Chagas disease is still restricted to two drugs, benznidazole and
nifurtimox, both having safety and efficacy profiles that are far
from ideal (Pérez-Molina and Molina, 2018). The discovery of
new treatment alternatives is urgently needed. Molecules on the
surface of the parasite can serve as targets for the development
of new drugs or vaccines. In this context, the use of phage
peptide display screening is a simple and efficient approach
for identifying peptides that target parasite infection, which in
turn may lead to the development of new drugs and vaccines
(Rahbarnia et al., 2017; Bao et al., 2019).

Here we report on the screening of a phage display library
for peptides that bind to the surface of T. cruzi trypomastigotes.
This led to the identification of the N3 peptide that selectively
binds to T. cruzi trypomastigotes and by doing so, inhibits
host cell infection.

MATERIALS AND METHODS

Trypanosoma cruzi and Mammalian Host
Cell Culture
Trypanosoma cruzi epimastigotes (strain Y) were grown in Brain
Heart infusion (BHI) with 10% fetal calf serum (FCS) in the
presence of hemin (30 µM) at 28◦C for 7 day.

Tissue-derived T. cruzi trypomastigotes (strain Y) were
obtained from the supernatant of infected Vero cells 6 days after
infection. The infected Vero cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with penicillin
(100 units/ml), streptomycin (100 mg/ml), sodium bicarbonate
plus 5% FCS at 37◦C in a humidified atmosphere with 5% CO2.

Extracellular amastigotes were obtained from the 15th day post
infection without change of medium from the supernatant of
infected Vero cells.

Vero cells (ATCC R©CCL-81TM) were cultured in DMEM plus
10% FCS at 37◦C in a humidified atmosphere with 5% CO2.

Phage Selection
A phage library displaying 12-amino acid peptides fused to
the N terminal of the pVIII coat protein on the surface of
M13 filamentous phage f88.4 (Cha et al., 2015) was used. The
composition of the peptides is random, except for fixed cysteines
at positions 2 and 11, which form a disulfide bond resulting in
an eight-amino acid loop. The phage library has a complexity
of 1.5 × 109 different peptides. The recombinant phages were
amplified in K91 Escherichia coli grown in LB media plus
10 µg/ml tetracycline. The selection was initiated by incubating
1011 phages with 109 trypomastigotes for 30 min on ice in DMEM
without FBS. The trypomastigotes were then washed six times
with PBS to remove unbound and weakly bound phages from
the parasites. Bound phages were amplified in the host E. coli
and precipitated from the culture supernatant by adding an
equal volume of 16% polyethylene glycol 8000 (PEG8000, Fisher
Scientific). The amplified phages were tittered and used for a new
selection as described previously (Cha et al., 2015) performed to
enrich for strong binders (Figure 1). At the end of three rounds of
selections, 41 random phage colonies were picked for sequencing
of the DNA coding for the peptide inserts (Table 1).

Peptide Synthesis and 3D Conformation
Peptide 2.0 Inc., synthesized an N-terminal biotinylated N3
peptide, circularized via a disulfide bridge between the two
cysteines. A control scrambled peptide, having the same
amino acid composition but different sequence, was also
synthesized (Figure 2A).

Peptide three-dimensional structures (Figure 2B)
were predicted with the ACD/Labs 2018.2.1 (Advanced
Chemistry Development, Inc.) ACD/ChemSketch and
ACD/3D view softwares.

Binding Assays
Flow Cytometry for N3 Peptide Binding to
Trypanosoma cruzi
Trypanosoma cruzi developmental forms, trypomastigotes,
amastigotes and epimastigotes, or Vero cells were fixed with
4% paraformaldehyde for 1 h and blocked with 4% bovine
serum albumin for 1 h. Next, parasites or Vero cells were
incubated overnight with 0.15 mg/ml of biotinylated peptide
(N3 or scrambled). After triple washes with PBS, bound peptides
were visualized with Alexa fluor 594-conjugated streptavidin
(excitation 591 nm and emission 620 nm). Fluorescence
intensity was determined using a Gallios Flow Cytometer
(Beckman Coulter).

Fluorescence Assays for N3 Peptide Binding to
Trypanosoma cruzi Trypomastigotes
Peptide binding assays to trypomastigotes followed the same
procedures as for the flow cytometry assays. Parasites were
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FIGURE 1 | Strategy for the screening of a phage display library. Trypanosoma cruzi trypomastigotes were incubated with a phage display library followed by
washing to remove the loosely bound phages. After three rounds of selection, phages that bound to the trypomastigotes were plated and the DNA from random
colonies coding for the displayed peptides was sequenced.

attached to coverslips precoated with 0.01% poly-L-lysine
(Sigma-Aldrich), mounted in ProLong R©Gold antifade with
4′,6-diamidino-2-phenylindole (DAPI) reagent (Invitrogen) and
analyzed with an Olympus BX51 fluorescence microscope.

Host Cell Invasion
Trypomastigotes were incubated with 0.15 mg/ml peptide (N3 or
scrambled) for 15 min on ice, and then fluorescently labeled with
succinimidyl ester of carboxyfluorescein (CFSE) according to the
manufacturer’s instructions (Thermo Fisher Scientific; catalog
number C34554). After labeling, parasites were used to infect
Vero cells (10:1, parasites: Vero) for 3 h and followed by flow
cytometry and immunofluorescence assays.

Flow Cytometry
Infected Vero cells in a 6-well plate were trypsinized, washed with
PBS and fixed in 1% paraformaldehyde. Vero cell intracellular
fluorescence was quantified with Gallios (Beckman Coulter)
and analyzed with the Kaluza 1.2 software (Beckman Coulter).
The invasion intensity was determined by CFSE fluorescence
intensity. The cytometer was adjusted for zero fluorescence with
non-infected Vero cells (negative control).

Immunofluorescence Assay
Vero cells were plated and infected in an 8-well chamber
slide (Lab-Tek II). After 3 h of interaction, free parasites were

removed, and cells were fixed in 1% paraformaldehyde followed
by visualization and quantification of intracellular parasites with
a fluorescence microscope. Invasion intensity was determined by
measuring the average number of parasites per 100 cells.

Statistical Analysis
Data were analyzed using the GraphPad Prism program. For
all results, the One-way ANOVA post Tukey or Dunnet
test was applied.

RESULTS

Screening for Peptides With High Affinity
to Trypomastigotes’ Surface
Trypomastigotes, the infective T. cruzi form, can invade a large
variety of cell types of its vertebrate host. We screened a
phage peptide display library to identify peptides that bind with
high affinity to the surface of trypomastigotes (Figure 1). The
estimated complexity of the library is 1.5 × 109 different 12-
amino acid peptides. To select peptides that have high affinity
for trypomastigotes, 1011 library phages were incubated with 109

trypomastigotes (∼100 phages per parasite) and weakly bound
phages were removed by washing. Bound phages were amplified
by adding host E. coli cells and used for the next round of
selection. After the third round, 41 random phage colonies from
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TABLE 1 | Sequence analysis of 41 random phage clones after the third round of selection.

Phage Frequency Nucleotide sequence Predicted peptide sequence

N1 7/41 (17%) CAGTGTATTGATTTTAAGGTGTATACTTGGTGTCCG QCIDFKVYTWCP

N2 1/41 (2.5%) GGGTGTGAGGCTTGGTGGTGGTGGAAGCCTTGTAAT GCEAWWWWKPCN

N3 12/41 (29%) CAGTGTATTCAGTTTCCTCAGTTTCTGTGGTGTCCT QCIQFPQFLWCP

N4 1/41 (2.5%) ATTTGTCATAGGGATATGTGGTAGTATTCGTGTATG ICHRDMW*YSCM

N5 1/41 (2.5%) GCATGTGGTTCACTGGTGAGTATAATGCGCTGTATC ACGSLVSIMRCI

N6 1/41 (2.5%) GAGTGTGAGTGGGTTTAGCATCTGAGTTTTTGTCCT ECEWV*HLSFCP

N7 1/41 (2.5%) CATTGTGGGGAGGTGGATAGTCATGCTGAGTGTCCG HCGEVDSHAECP

N8 1/41 (2.5%) CCTTGTACTGGGAGGTAGAATGTGACTCAGTGTCTG PCTGR*NVTQCL

N9 1/41 (2.5%) GGGTGTCCGATGCTAAGCAGAAGCTTACTTTGTCTG GCPMLSRSLLCL

N10 1/41 (2.5%) CTTTGTCATTAGTCTTCTTGTGCTGCGTTGTGTGAG LCH*SSCAALCE

N11 1/41 (2.5%) ATGGGTAAGCCTTCTTATGCGGGTACTGCTTGTACT MGKPSYAGTACT

N12 1/41 (2.5%) CAGTGTAATCAGTGGCCTCAGTTTCATCGGTGTCAG QCNQWPQFHRCQ

N13 1/41 (2.5%) GATTGTAGAGGGGCGTGTTGTTCGTATGATTGTCCT DCRGACCSYDCP

N14 1/41 (2.5%) ATGAGTCAGGCGCCTAATCCTAAGCGGTGTTGTATG MSQAPNPKRCCM

N15 1/41 (2.5%) AGGTGTACGAAGCGTGTTTTTCTGGTTAATTGTGGG RCTKRVFLVNCG

N16 1/41 (2.5%) TTGTGTACGCTGCCTTCTATTACTAATACTTGTAAT LCTLPSITNTCN

N17 2/41 (5.0%) ATGGGTCCGCATCCTTCTGATGTGCCTAAGTGTGCG MGPHPSDVPKCA

N18 1/41 (2.5%) CAGTGTCCGAAGCGCGAGTCTGCCGTGGTCTGTTTG QCPKRESAVVCL

N19 1/41 (2.5%) GCTTGTAGTTTGCTTACTTATAAAGGCTAATGTGTA ACSLLTYKG*CV

N20 1/41 (2.5%) GATTGTAGGAAGGTTTGGATTCGTAGTAAGTGTGTG DCRKVWIRSKCV

N21 1/41 (2.5%) GATTGTAGGAAGGTTTGGATTCGTAGTAAGTGTGTG GCLEEGSWFFCK

N22 1/41 (2.5%) CATTGTCAGACTCTTTTGGCTGTTGATGGTTGTACT HCQTLLAVDGCT

N23 1/41 (2.5%) ATGAGTCAGGCGCCTAATCCTAAGCGGTGTTGTATG QCKKAWRITPCL

Times/chamber for statistical analysis.
*Indicates a stop codon.

two independent experiments were picked for sequencing of the
DNA encoding the displayed peptide. About 30% of the phages
(12/41)–termed N3–displayed the same peptide, and 17% (7/41)–
termed N1–displayed the second most frequent peptide. The
remaining phages displayed peptides represented only once or
twice (Table 1). Considering the high complexity of the initial
phage library, the high proportion of phages displaying the same
peptide suggests that they specifically bind to trypomastigotes.
For further experiments, we had two peptides synthesized: the
N3 peptide and a scrambled peptide with the same amino acid
composition but different sequence, to be used as a specificity
control (Figure 2).

The N3 Peptide Binds Specifically to
Infective Parasite Forms
To test the specificity of the N3 peptide interaction with T. cruzi,
we incubated biotinylated N3 and scrambled peptides with
trypomastigotes, amastigotes, epimastigotes and with host Vero
cells, and assayed for peptide binding using flow cytometry
(Figure 3). The median fluorescence of the N3 peptide binding
to trypomastigotes and amastigotes forms that can infect
mammalian host cells is 1.7 and 2.5-fold higher than the
control, respectively. N3 peptide binding to epimastigotes is
1.2-fold higher than control, and no significant binding to
the Vero cells was detected. The control scrambled peptide
bound neither to parasites nor to host cells. These results were
confirmed by fluorescence microscopy. As shown in Figure 4,

the N3 peptide, but not its scrambled counterpart, binds to
trypomastigotes.

The N3 Peptide Inhibits Trypomastigote Infection of
Vero Cells
The specific binding of the N3 peptide to the infective
T. cruzi forms raises two possible interpretations: (1) N3
binds to a T. cruzi surface molecule involved in host
cell infection or (2) N3 binds to a molecule unrelated
to infection. To distinguish between the two possibilities,
trypomastigotes were fluorescently labeled by incubation with
CFSE (carboxyfluorescein diacetate succinimidyl ester) and
incubated with peptide (N3 or scrambled) before Vero cell
interaction assays. Free parasites were then removed by washing
and infection intensity was analyzed by fluorescence microscopy
and flow cytometry. Microscopic counting found that N3
peptide treatment reduced infection rate (% Vero cells infected)
by 20% compared to no peptide control (Figure 5A), and
infection intensity (number of parasites per host cell) was
reduced by 60% (Figure 5B). The scrambled peptide had
no significant effect. These results were confirmed when
evaluated by flow cytometry. Figures 5C,D shows that N3
peptide treatment decreases fluorescence, indicating a reduction
of parasite infection. This was confirmed by comparison
of median fluorescence intensities: N3 peptide treatment
reduced fluorescence intensity by 55% compared to the no-
peptide control.
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FIGURE 2 | Peptide sequence and predicted structure. (A) Peptide primary
sequences. (B) 3D predicted structures.

DISCUSSION

Peptides identified with the phage display approach have been
used clinically to treat diseases. For instance, Ecallantide is a
serine protease inhibitor that has been used to treat hereditary
angioedema (Markland et al., 1996; Ladner et al., 2007; Farkas
and Varga, 2011; MacGinnitie et al., 2012). Another example
is Romiplostim (Nplate R©), a thrombopoietin receptor agonist
used to treat thrombocytopenia (Cwirla et al., 1997; Keating,
2012; Tarantino et al., 2019). The phage display approach
led to the identification of a peptide that structurally mimics

FIGURE 4 | Assay of N3 peptide binding to trypomastigotes using
fluorescence microscopy. Trypomastigotes were fixed with paraformaldehyde
and incubated overnight with biotinylated N3 or scrambled peptides. Bound
peptides were detected with fluorescently labeled streptavidin and cells were
viewed with fluorescence microscopy. No fluorescence was detected when
trypomastigotes were incubated with the biotinylated scrambled peptide.

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) on the
surface of Plasmodium sporozoites; this peptide became a new
vaccine candidate for targeting malaria liver invasion (Cha
et al., 2016, 2018). The phage display approach was used
to search for mimotopes of the Trypanosoma brucei variant
surface glycoprotein (VSG). These mimotopes are important for
diagnosing the disease using an antibody detection test (van
Nieuwenhove et al., 2011, 2012). In Leishmania, the technique
was used for vaccine development. The serum of patients with
cutaneous (L. amazonensis infection) or visceral (L. infantum
infection) leishmaniasis was used for biopanning. The selected
peptides were immunogenic, inducing specific T helper 1 (Th-
1) response (Ramos et al., 2017; Carvalho et al., 2019). Phage
display is also being used to diagnose canine leishmaniasis and
as a marker for human visceral leishmaniasis (Costa et al., 2019;
Machado et al., 2019).

FIGURE 3 | Assay of N3 peptide binding to different Trypanosoma cruzi forms and host cells using flow cytometry. Trypomastigotes (A) Amastigotes
(B) Epimastigotes (C), and Vero cells (D) were fixed with paraformaldehyde and incubated overnight with biotinylated N3 or scrambled peptides. Bound peptides
were detected with fluorescently labeled streptavidin and fluorescence intensity was quantified by flow cytometry. The insert shows median fluorescence from three
independent experiments. *P < 0.05 relative to control by one-way ANOVA pos-test Tukey.
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FIGURE 5 | Trypanosoma cruzi infection of Vero cell is impaired by the N3
peptide. Trypomastigotes were fluorescently labeled by incubation with CFSE,
followed by incubation with N3 or scrambled peptides and then used to infect
Vero cells. Percent cells infected (A) and the number of parasites inside Vero
cells (B) was quantified by counting fluorescent parasites by fluorescence
microscopy. Data are representative of three independent experiments.
Infection was also assayed by flow cytometry. A representative profile is
shown in (C) and mean fluorescence combined from three independent
experiments is shown in (D). ∗p < 0.05 relative to control by one-way Anova
pos-test Tukey.

In T. cruzi, the phage display contributed to elucidate
the interaction of glycoproteins from the trans-sialidase/gp85
family with mammalian host cells. In this context, the use of
phages expressing FLY (a trans-sialidase/gp85 motif peptide)
demonstrated the participation of the enzyme in the interaction
with endothelial cells. In addition, an important new motif of
trans-sialidase/gp85 (TS9) and the receptor on the host cell that
binds to gp85, the prokineticin-2 receptor (PKR2), has been
identified (Tonelli et al., 2010; Khusal et al., 2015; Teixeira
et al., 2015). Recently, phage display has been used to study
immune response in order to find new epitopes and antigens or
to understanding pathological manifestation in Chagas Disease
(Niborski et al., 2021; Teixeira et al., 2021). Furthermore, phage
display screening led to the identification of a peptide (named
EPI18) that binds to the surface of the non-infective epimastigote
form (Sáenz-Garcia et al., 2020).

The trypomastigote is the classical infectious form of T. cruzi,
although invasion of vertebrate host cells by amastigotes has also
been described. T. cruzi uses several mechanisms and surface
molecules to enter the host cell (Caradonna and Burleigh, 2011;
Nagajyothi et al., 2011; Leiria Campo et al., 2016). Entry of
the host cell is essential to complete the parasite’s life cycle

and infection spread, thus this is a promising target for the
development of new therapeutic strategies (Walker et al., 2013).
In this work, we used the same phage library that was used to
identify a GAPDH ligand molecule on the surface of the invasive
Plasmodium sporozoite (Cha et al., 2016, 2018). Here we showed
that the N3 peptide binds to the T. cruzi invasive forms (Lima
et al., 2010; Salassa and Romano, 2018) and importantly, by doing
so, inhibits target cell infection. Our results also suggest that N3 is
relevant for other stages of infection besides the interaction itself,
as the load significantly decreases within the infected cell. As N3
did not bind to the non-infective forms, the possibility arises that
the infective trypomastigotes and amastigotes display on their
surface a common ligand that is recognized by N3. Investigation
of this possibility is under way.

CONCLUSION

A phage display screen led to the identification of the N3 peptide
that binds to the surface of trypomastigotes and inhibits host
mammalian cell infection. Future identification of the target
molecule may lead to the development of a new vaccine antigen
and therapeutic target.
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Mycoplasma pneumoniae (MP) is a one of most common pathogen in causing
respiratory infection in children and adolescents. Rapid and efficient diagnostic methods
are crucial for control and treatment of MP infections. Herein, we present an
operationally simple, rapid and efficient molecular method for MP identification, which
eliminates expensive instruments and specialized personnel. The method combines
recombinase polymerase amplification (RPA) with clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR associated proteins (Cas) 12a-based detection,
with an optimal procedure less than 1 h from sample to result including DNA extraction
(25 min), RPA reaction (39◦C for 15-20 min), CRISPR/Cas12a detection (37◦C for
10 min) and visual detection by naked eyes (2 min). This diagnostic method shows
high sensitivity (two copies per reaction) and no cross-reactivity against other common
pathogenic bacteria. Preliminary evaluation using 201 clinical samples shows sensitivity
of 99.1% (107/108), specificity of 100% (93/93) and consistency of 99.5% (200/201),
compared with real-time PCR method. The above data demonstrate that our developed
method is reliable for rapid diagnosis of MP. In conclusion, the RPA-CRISPR/Cas12a has
a great potential to be as a useful tool for reliable and quick diagnosis of MP infection,
especially in primary hospitals with limited conditions.

Keywords: Mycoplasma pneumoniae, recombinase polymerase amplification, RPA, CRISPR/Cas12a, visual
detection

INTRODUCTION

Mycoplasma pneumoniae (MP) is a major causative agent of community-acquired pneumonia in
humans, especially children and adolescents, accounting for up to 40% of cases (Leal et al., 2020;
Xue et al., 2020; Kakiuchi et al., 2021). MP infections occur throughout the year with epidemic
peaks at intervals of 3-7 years (Atkinson et al., 2008; Rivaya et al., 2020; Jiang et al., 2021). The
clinical manifestations of MP infection lack specificity, and the course is ordinarily mild and self-
limiting, however, up to 25% of patients can develop severe pneumonia or even extra-pulmonary
complications (Wang et al., 2019b,c; Chen Y. C. et al., 2020; Meyer Sauteur et al., 2021a).
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The diagnostic methods of MP infection include culture-based
method, serological test and molecular diagnosis (Waites et al.,
2017). Culture-based method offers an irrefutable evidence for
MP infection, serological test is most commonly used to detect
MP in primary hospitals for its convenience, and molecular
approaches, especially real-time PCR, are currently considered
as powerful diagnosis tools in clinical laboratories due to its
obvious advantages such as high sensitivity and specificity.
The high morbidity of MP infections reinforces the need for
timely diagnosis. While culturing of MP is time-consuming
and relatively insensitive due to its slow growth and fastidious
nature (Leal et al., 2020). Reliable results of serological test
rely on a single high antibody titer, or ≥ 4-fold increase in
antibody titers of paired acute-phase and convalescent-phase
serums, nevertheless, the former often exhibits false-negative
result in the early stages of MP infection due to multiple factors,
and the later requires 2-4 weeks of monitoring, which delays
diagnosis and complicates the clinical course (She et al., 2010;
Kishaba, 2016). Molecular diagnostic tests such as real-time
PCR (Zhao et al., 2012) are generally performed in the central
laboratories with specific equipment and skilled operators, which
remain difficult to implement in grass-root laboratories and
point-of-care detection (Schmitt et al., 2013; Yuan et al., 2018).
Due to the unmet clinical needs, it is urgent to develop rapid,
reliable, easy-to-use and low-cost diagnostic technologies for
MP detection. In recent years, many isothermal amplification
techniques are developed for on-site, point-of-care and in
situ assay applications (Reid et al., 2018), like loop-mediated
isothermal amplification (LAMP; Cai et al., 2019), multiple cross
displacement amplification (MCDA; Wang et al., 2020), dual-
priming isothermal amplification (DAMP; Ding et al., 2019) and
recombinase polymerase amplification (RPA; Fan et al., 2020).

RPA technology was developed in 2006 by Piepenburg et al.
(2006), and generally performed within less than 30 min at 22-
45◦C (with optimum temperature 37-42◦C; Silva et al., 2015;
Clarke et al., 2016; Tu et al., 2017; Lobato and O’Sullivan, 2018).
Therefore, RPA eliminates thermal cycles and reduces equipment
requirements, which enables detection in low-resource settings.
RPA assay has been demonstrated to tolerate certain inhibitors
and show high sensitivity and specificity (Lobato and O’Sullivan,
2018). Currently, RPA assay has been widely applied for target
amplification in many fields, including pathogen diagnosis, food
safety test, synthetic biology and mutagenesis (Li J. et al., 2018).

Recently, clustered regularly interspaced short palindromic
repeats (CRISPR)/associated proteins (Cas) systems provide a
new and promising approach for nucleic acid diagnostics, as
the class II type V and VI Cas proteins, such as Cas12a,
Cas12b, Cas13a, and Cas14, are discovered with the collateral
cleavage activity (Shmakov et al., 2015; Peng et al., 2020). Cas12a
(previously called Cpf1) is a RNA-guided endonuclease with cis-
and trans-cleavage DNase activities (Zetsche et al., 2015; Li S.
Y. et al., 2018). After recognizing targeted DNA sequences that
are complementary to the single CRISPR RNA (crRNA) and
juxtaposed with a protospacer adjacent motif (PAM), Cas12a
produces cis-cleavage activity and cleaves targeted double-
stranded DNA (dsDNA) (Swarts, 2019). Upon releasing the
PAM-distal ends of cleaved dsDNA targets and generating sticky

ends, the ternary complex of Cas12a/crRNA/targeted dsDNA
yields collateral trans-cleavage activity and indiscriminately
degrades nearby non-targeted single-stranded DNA (ssDNA)
with thousands of turnovers per second (Swarts and Jinek,
2019). Due to PAM-dependent target DNA recognition and
effective amplification of signals, CRISPR/Cas12a detection has
high specificity and sensitivity. Additionally, cleavage results
of CRISPR/Cas12a system can be visualized using lateral flow
biosensor (LFB) or fluorescence reader by introducing ssDNA
reporter labeled with fluorophore and biotin or alternatively with
fluorophore and quencher into an in vitro reaction (Xiong et al.,
2020; Zhu et al., 2021).

Now, CRISPR/Cas12a detection integrated with RPA has
been successfully applied in rapid and accurate detection of
various pathogens including viral pathogens (such as SARS-CoV-
2, human metapneumovirus, human papillomavirus and African
swine fever; Bai et al., 2019; Yin et al., 2020; Qian et al., 2021;
Sun et al., 2021; Talwar et al., 2021), fungal pathogens (for
example Elsinoë fawcettii; Shin et al., 2021), Bacterial pathogens
(such as Escherichia coli, Listeria monocytogenes, Staphylococcus
aureus, Vibrio parahaemolyticus, Salmonella sp., Xanthomonas
arboricola and Pseudomonas aeruginosa; Chen Y. et al., 2020;
Cai et al., 2021; Liu et al., 2021; Luo et al., 2021). In this study,
RPA coupled with CRISPR/Cas12a (RPA-CRISPR/Cas12a) has
been developed for MP detection. This two-step method includes
amplification of the P1 gene using RPA within 15-20 min at
39◦C and CRISPR/Cas12a detection within 10 min at 37◦C.
Detection results can be observed by naked eyes under blue light,
and this assay eliminates the requirements of special technical
expertise and sophisticated instruments. Except for the analytical
sensitivity and specificity, the feasibility of this method has been
evaluated using 201 clinical samples. Our developed assay brings
a rapid, reliable, sensitive and affordable diagnostic tool for
detection of MP, which is suitable for use in primary hospitals.

MATERIALS AND METHODS

Materials
Recombinase polymerase amplification Kits used for isothermal
amplification were purchased from Lesunbio Co., Ltd. (Wuxi,
China). Primers for RPA reaction, crRNA and double distilled
water were ordered from Sangon Biotech Co., Ltd. (Shanghai,
China). The ssDNA was synthesized by TianyiHuiyuan
Biotechnology Co., Ltd. (Beijing, China). The 100 bp DNA
ladder was obtained from TransGene Biotech Co., Ltd. (Beijing,
China). EnGen R© Lba Cas12a (Cpf1) and NEBufferTM r2.1 were
purchased from New England BioLabs (Beijing, China). QIAamp
DNA Mini Kits used for DNA extraction were obtained from
Qiagen GmbH (Hilden, Germany).

Bacterial Strains and Clinical Specimens
The MP reference strain (M129), five clinical isolates of MP
and 14 strains of common pathogenic bacteria were obtained
from American Type Culture Collection (ATCC) and Beijing
Children’s Hospital (BCH; Table 1). After incubation with
20 µL proteinase K and 200 µL buffer AL at 56◦C for
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TABLE 1 | Bacterial strains used in this study.

Bacteria Strain No. (source of strains)a No. of strains Diagnostic results of RPA-CRISPR/Cas12a assayb

Mycoplasma pneumoniae M129 (ATCC) 1 P

Isolated strains (BCH) 5 P

Klebsiella pneumoniae ATCC 10031 1 N

ATCC 700603 1 N

Isolated strain (BCH) 1 N

Haemophilus influenzae Isolated strain (BCH) 1 N

Acinetobacter baumannii ATCC 19606 1 N

Isolated strain (BCH) 1 N

Streptococcus pneumoniae Isolated strain (BCH) 1 N

Staphylococcus aureus Isolated strain (BCH) 2 N

Pseudomonas aeruginosa Isolated strain (BCH) 1 N

Group B Streptococcus Isolated strain (BCH) 1 N

Carbapenem-resistant Enterobacter sp. Isolated strain (BCH) 1 N

Escherichia coli ATCC 25922 1 N

Enterococcus faecalis ATCC 29212 1 N

aATCC, American type culture collection; BCH, Beijing children’s hospital. bP, positive; N, negative.

10 min, genomic DNA was extracted and purified from those
strains using the QIAamp DNA Mini Kits according to the
commercial instruction. A total of 201 clinical samples (128
were oropharyngeal swab, 40 were bronchoalveolar lavage fluid
and 33 were sputum) were collected from suspected cases of
MP infection at BCH. These respiratory samples were tested by
real-time PCR with commercially available diagnostic kits (Mole
Bio-Science Co., Ltd., Jiangsu, China) on the Agilent Mx3005P
platform. Among them, 108 clinical samples were tested positive
for MP infection. After clinical and laboratory diagnoses, DNA
templates were extracted from respiratory samples using the
method described above. The extracted DNA samples were stored
at−20◦C before use.

Primers and CRISPR RNA Design
The P1 gene sequences available for MP strains were downloaded
from NCBI database1 to obtain conserved regions. The primers
were designed to amplify a fragment of 100-200 bp within the
conserved region according to the principle of RPA primer
(Piepenburg et al., 2006; Liu et al., 2016). The primer hairpin and
dimer were analyzed based on OligoEvaluator online software2.
The specificity of the RPA primers was analyzed using the Primer-
BLAST of NCBI. The DNA template of M129 was used for
primer confirmation.

The PAM recognition and targeted DNA binding were
indispensable for Cas12a activation. The crRNA for Cas12a was
design to target the region adjacent to the PAM site in amplified
fragment following the design principle.

The Standard Recombinase Polymerase
Amplification Reaction
The RPA assay was carried out in 25 µL volumes using a
commercial RPA kit at the recommended temperature of 39◦C.

1https://www.ncbi.nlm.nih.gov/nuccore
2http://www.oligoevaluator.com

Briefly, the reaction mixture consisting of 12.5 µL reaction
buffer, 1 µL forward primer (10 µM), 1 µL reverse primer
(10 µM) and 8 uL double distilled water, was added to a tube
containing lyophilized RPA enzyme mix to fully dissolve the
contents. Then 1 µL template and 1.5 µL magnesium acetate
were added before incubated at 39◦C for 20 min. The RPA
products were verified by electrophoresis on a 2.5% agarose gel.
Images were taken using an Imaging System (Gel Doc XR +,
Bio-Rad, America).

Clustered Regularly Interspaced Short
Palindromic Repeats/Cas12a Detection
The CRISPR/Cas12a trans-cleavage system contained 2 µL
10 × NEBuffer r2.1, 0.5 µL Cas12a (10 µM), 1 µL crRNA
(10 µM), 0.5 µL ssDNA reporter (5′-FAM-TATTATTATTATTT-
BHQ1-3′, 10 µM), 14 µL double distilled water and 2 µL RPA
product in a final volume of 20 µL. The reaction was performed
at 37◦C for 20 min, and then the fluorescent signal was examined
by Real-Time PCR System (AriaMx, Agilent, America) or naked
eyes under blue light using the Imager System.

Sensitivity and Specificity of the
Recombinase Polymerase
Amplification-Clustered Regularly
Interspaced Short Palindromic
Repeats/Cas12a Assay
To determine the sensitivity of the RPA-CRISPR/Cas12a assay,
genomic DNA of M129 was subjected to 10-fold serial
dilutions to perform the RPA reaction. The DNA copy
number was calculated using the following equation: DNA
copy number (copy number/µL) = [6.02 × 1023

× genomic
DNA concentration (ng/µL) × 10−9]/[genomic DNA length
(nt) × 660]. The specificity of the assay was evaluated using
the DNA templates extracted from 5 clinical isolates of MP and
14 strains of common pathogenic bacteria. Subsequently, the
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CRISPR/Cas12a detection assay was performed against the above
RPA products. Each reaction process was repeated three times.

Feasibility of Recombinase Polymerase
Amplification-Clustered Regularly
Interspaced Short Palindromic
Repeats/Cas12a Assay Using Clinical
Samples
Two hundred and one clinical samples were used to evaluate
the performance of RPA-CRISPR/Cas12a assay for MP detection.
Five µL DNA templates of each clinical sample were added to
RPA reaction system. Double distilled water and DNA template
of M129 were used as negative control and positive control,
respectively. The performance of RPA-CRISPR/Cas12a assay
was compared with that of a commercial real-time PCR assay
for MP detection.

Statistical Analysis
The kappa and P values between real-time PCR and RPA-
CRISPR/Cas12a assay were calculated using the chi-square test.
SPSS 16.0 software was utilized for statistical analysis, kappa
value > 0.75 indicated good consistency, and P value < 0.05 was
considered to be statistically significant.

RESULTS

Confirmation and Detection of
Mycoplasma pneumoniae-Recombinase
Polymerase Amplification Reaction
The sequences of forward primers (F1-F4) and reverse primers
(R1-R4) were shown in Table 2, and six sets of primers were used
for amplifying a 100-200 bp fragment of P1 gene (Supplementary
Table 1). The primers were screened according to the brightness
and sharpness of target band on gel electrophoresis. As shown in
Supplementary Figure 1, the second set of primers resulted in
a strong target band and showed excellent amplification effect.
Thus, F1 and R2 were used for RPA reaction (Supplementary
Figure 2A), and the target product was 129 bp in length.

TABLE 2 | Primers and crRNA designed in this study.

Primer/crRNA Sequence Length

F1 CTACTGTAACTGGTTGACCATATGCCTTACT 31 nt

F2 CTTTAACAATAACCGCTGGTTTGAATATGT 30 nt

F3 CCTTTAACAATAACCGCTGGTTTGAATATGT 31 nt

F4 CAACAAACAAACTGACGGGTTAAAGGATCTA 32 nt

R1 CAAACCAGCGGTTATTGTTAAAGGGTAGAT 30 nt

R2 CAGCAACTGCCATCCGTGGTACATATTCAAAC 32 nt

R3 GCGCTACTAAGTTCAGGTTGCTTTCAAGTT 30 nt

R4 TAAGTTCAGGTTGCTTTCAAGTTCATCGTA 30 nt

crRNA UAAUUUCUACUAAGUGUAGAUACAAUAACCG
CUGGUUUGAA

41 nt

Visualization of the Clustered Regularly
Interspaced Short Palindromic
Repeats/Cas12a Detection Results
The crRNA sequence was shown in Table 2, and its target site
in RPA product was shown in Supplementary Figure 3. To
visualize the non-specifically cleavage activity of CRISPR/Cas12a
detection, the ssDNA reporter tagged with FAM and BHQ1
was added to the reaction system and served as the source
of fluorescence. When the Cas12a/crRNA complex recognized
the amplified target, the ssDNA reporter was cleaved and then
generated fluorescence (Supplementary Figures 2B, 4).

Optimization Conditions for
Recombinase Polymerase
Amplification-Clustered Regularly
Interspaced Short Palindromic
Repeats/Cas12a Assay
The RPA-CRISPR/Cas12a assay was used for detection of
MP, and the schematic illustration was shown in Figure 1.
To determine the optimal reaction time of CRISPR/Cas12a
detection, RPA products amplified from 2 copies genome were
performed CRISPR/Cas12a assay with varying incubation time
from 5 to 20 min (interval of 5 min). To reduce the use
of expensive equipment, fluorescence signals were observed
directly by the naked eye under blue light. According to
fluorescence intensity at different incubation time, a reaction
time of 10 min was recommended for the CRISPR/Cas12a trans-
cleavage assay (Figure 2).

Sensitivity of the Recombinase
Polymerase Amplification-Clustered
Regularly Interspaced Short Palindromic
Repeats/Cas12a Assay
The sensitivity of RPA-CRISPR/Cas12a assay was determined
using M129 genome at various dilutions (ranging from 2 × 106

to 2 × 10−1 copies/µL). As shown in Figure 3A, the
limit of detection of the RPA-CRISPR/Cas12a assay was 2
copies per reaction. Compared with agarose gel electrophoresis
(Figure 3B), CRISPR/Cas12a detection was more sensitive and
more convenient to interpret results.

Specificity of the Recombinase
Polymerase Amplification-Clustered
Regularly Interspaced Short Palindromic
Repeats/Cas12a Assay
The specificity of the RPA-CRISPR/Cas12a assay was evaluated
by using templates extracted from 5 MP isolates and 14 non-MP
strains. The results of visual detection indicated that 5 MP isolates
produced fluorescence signals, whereas negative results were
obtained from 14 non-MP strains (Figure 4). Therefore, RPA-
CRISPR/Cas12a assay showed no cross-reactions against other
common pathogenic bacteria of respiratory infection, suggesting
its high specificity (100%).
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FIGURE 1 | Schematic illustration of RPA-CRISPR/Cas12a assay for detection of MP. RT, room temperature.

Validation of the Recombinase
Polymerase Amplification-Clustered
Regularly Interspaced Short Palindromic
Repeats/Cas12a Assay for Mycoplasma
pneumoniae Detection Using Clinical
Samples
The feasibility of RPA-CRISPR/Cas12a assay for MP detection
was assessed using the templates extracted from 201 respiratory
samples, and the obtained results were compared with those of
real-time PCR as the reference method. Of 108 samples detected
positive by real-time PCR, 107 samples were detected positive
by RPA-CRISPR/Cas12a assay. Meanwhile, 93 samples detected
negative by real-time PCR, were also diagnosed negative by
RPA-CRISPR/Cas12a assay. Compared with real-time PCR, the
analytical sensitivity and specificity of RPA-CRISPR/Cas12a assay
for MP detection were 99.1 and 100%, respectively, and the
agreement between these two methods was 99.5%. The kappa
value was more than 0.75 and P value was more than 0.05
(Table 3). Therefore, there was no significant difference between
the detection results of RPA-CRISPR/Cas12a and real-time PCR.

FIGURE 2 | Time optimization for CRISPR/Cas12a assay. CRISPR/Cas12a
assay is performed at varying times from 5 to 20 min, and the fluorescence
signals are directly observed by naked eyes under blue light. The RPA
products are obtained from 2 copies genome. NC, negative control.

DISCUSSION

Mycoplasma pneumoniae is an important etiologic agent causing
respiratory infections in children and adolescents (Wang et al.,
2021). The traditional diagnostic methods for MP detection are
underused due to their cost, insensitivity, time-intensive nature
or requirements for specialized instruments and significant
expertise (Petrone et al., 2015). There is an increasing demand
for efficient, portable and affordable diagnostic methods.

In this study, a robust and rapid MP detection method
combining CRISPR/Cas12a based detection and the RPA reaction
has been established as follow: first, the target sequence is
enriched by RPA reaction at one temperature; second, trans-
cleavage activity of CRISPR/Cas12a is activated in presence of the
target RPA product; Finally, the diagnostic result is judged on the
basis of its fluorescence intensity observed by naked eyes under
blue light. With the above processes, rapid detection of MP can
be effectively achieved.

MP strains harbor multiple genotypes (Xiao et al., 2015;
Meyer Sauteur et al., 2021b), and genetic variants within the
target region may lead to false negative results for molecular
diagnosis (Unckless et al., 2017; Merida-Vieyra et al., 2019; Xue
et al., 2020). In previous studies, P1, CARDS toxin, ATPase, 16S
rRNA, 23S rRNA, RepMp1 and RepMP4 have been reported as
target sequence (Dumke et al., 2007; Winchell et al., 2008; Zhou
et al., 2015; Leal et al., 2020). Among them, P1 gene has been
demonstrated to be high selective and efficient for sequence
detection (Merida-Vieyra et al., 2019; Xue et al., 2020). P1 gene
encodes an important 170-kDa protein as the major adhesion
protein, which is essential for MP infection and successful
colonization. The P1 adhesion protein is a major immunogen
of MP, which could be used as a target for development of
clinical diagnostic reagents and as a vaccine candidate (Inamine
et al., 1988; Kenri et al., 1999). Although similar genes are found
in other Mycoplasma species, highly conserved regions of this
gene are unique to MP (Su et al., 1987; Pitcher et al., 2006).
Notably, two-thirds of the P1 gene sequence is present in multiple
copies (Su et al., 1988), thus, P1 gene is an attractive molecular
target. Therefore, the RPA primers are designed for the conserved
region of P1 gene in the present study, and the assay shows no
cross-reactivity with common pathogenic bacteria (Figure 4).
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FIGURE 3 | Sensitivity confirmation of RPA-CRISPR/Cas12a assay for MP detection. (A) Direct observation by naked eyes under blue light. (B) Visualization of RPA
products by agarose gel electrophoresis. (C) Real-time fluorescence applied for further confirming the results. Tube/signal 1-8 represent template level (genomic
DNA of M129) of 2 × 106, 2 × 105, 2 × 104, 2 × 103, 2 × 102, 2 × 101, 2 × 100, 2 × 10−1 copies per reaction. NC, negative control.

FIGURE 4 | Analytical specificity of RPA-CRISPR/Cas12a assay for MP detection. The RPA-CRISPR/Cas12a assay is conducted using genomic DNA extracted
from 19 pathogens. Tube 1-5, clinical isolates of MP; Tube 6-19, Klebsiella pneumonia ATCC 10031, Klebsiella pneumonia ATCC 700603, Klebsiella pneumonia
isolated strain, Haemophilus influenzae isolated strain, Acinetobacter baumannii ATCC 19606, Acinetobacter baumannii isolated strain, Streptococcus pneumoniae
isolated strain, Staphylococcus aureus isolated strain, Staphylococcus aureus isolated strain, Pseudomonas aeruginosa isolated strain, Group B Streptococcus
isolated strain, isolated strain of carbapenem-resistant Enterobacter sp., Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212; PC, positive control;
NC, negative control.

TABLE 3 | The clinical performance of RPA-CRISPR/Cas12a assay for MP detection compared with real-time PCR as the reference method.

Real-time PCR RPA-CRISPR/Cas12a Total Performance of RPA-CRISPR/Cas12a compared with real-time PCR

Positive Negative Sensitivity (%) Specificity (%) Accordance rate (%) Kappa value P value

Positive 107 1 108 99.1 100 99.5 0.99 1.00

Negative 0 93 93 – – – – –

Total 107 94 201 – – – – –

Currently, most commercial molecularly based tests generally
require more than 60 min to detect MP (Leal et al., 2020). In
the present report, RPA reaction could be completed within 15-
20 min at 39◦C. What’s more, the RPA reaction is performed with
commercial kits, and the RPA enzymes are mixed in lyophilized

form and stored in reaction tubes, which is convenient to storage
and prepare reaction system. Also, previous studies have reported
that the RPA can amplify target nucleic acids in the presence of
PCR inhibitors (Kersting et al., 2014; Li J. et al., 2018; Lobato
and O’Sullivan, 2018). Therefore, the robust RPA assay can
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be performed efficiently in relatively short time and resource-
limited settings.

Clustered Regularly Interspaced Short Palindromic
Repeats/Cas is an emerging technology for biological analysis and
molecular diagnostics (Hendriks et al., 2020; Xiang et al., 2020).
The trans cleavage activity of CRISPR/Cas (such as Cas12a) can
be activated specifically by target sequences, which can efficiently
cleave ssDNA reporters (thousands of turnovers per second)
for further signal amplification (Wang et al., 2019a; Peng et al.,
2020). It has been demonstrated that CRISPR/Cas12a-based
assay shows a superior sensitivity than the RPA-only detection in
general (Xiong et al., 2020). Thus, CRISPR/Cas12a can not only
compensate for the non-specific amplification of RPA reaction,
but can also improve the sensitivity and efficiency of molecular
diagnosis. More notably, the CRISPR/Cas12a assay does not
require cumbersome primer design or excessively rigorous
experimental operations (Gong et al., 2021), and has emerged as
an ideal molecular diagnostic tool. In this study, CRISPR/Cas12a
combined with RPA reaction has been successfully established
to rapidly detect nucleic acids of MP strains, and this diagnostic
approach has single-copy sensitivity (Figure 3) and high
specificity (Table 1 and Figure 4).

Visual detection is crucial for molecular diagnostics, especially
in the absence of instruments (Xiong et al., 2020). In this report,
a fluorescence reporter molecule labeled with a fluorescent dye
(FAM) on the 5′ end and a fluorescent quencher (BHQ1) on
the 3′ end to visualize the CRISPR/Cas12a detection results.
When optimizing the detection conditions, we observe the
fluorescence intensity of CRISPR/Cas12a system at different time
under blue light, after adding the target products amplified
from 2 copies template. When incubation time exceeds 10 min,
detection systems produce significant fluorescence (Figure 2).
The direct observation enables simple and rapid interpretation of
CRISPR/Cas12a detection results with an accuracy comparable to
the instrument detection (Figure 3C).

Aside from the high sensitivity and specificity, RPA-
CRISPR/Cas12a assay also has good efficiency. The whole process
of RPA-CRISPR/Cas12a assay merely requires less than 1 h,
including 25 min for rapid template preparation, 15-20 min
for RPA reaction, 10 min for CRISPR/Cas12a assay and 2 min
for visual detection by naked eyes (Figure 1). Of note, the
detection is performed at relatively low constant temperature and

does not need sophisticated instruments or skilled personnel,
which could significantly improve the detection efficiency and
reduce the diagnostic costs. Hence, the RPA-CRISPR/Cas12a
assay developed here has great potential for application.

Finally, templates extracted from 201 respiratory samples
are used to validate the clinical application of the RPA-
CRISPR/Cas12a assay. Consistency analysis (consistency of
99.5%, kappa = 0.99) and difference analysis (P = 1.00)
demonstrate RPA-CRISPR/Cas12a assay has equal ability with
real-time PCR in MP detection (Table 3), which indicates that
the RPA-CRISPR/Cas12a assay developed in this study is reliable
for detection of MP infections in children.

Until now, many new isothermal amplification methods
combined with various visualization tools, such as LAMP-
LFB (Wang et al., 2019b), MCDA-LFB (Wang et al., 2019c)
and real-time RPA assay (Xue et al., 2020), have been
applied to detect MP. As summarized in Table 4, RPA
just demands a single pair of primers, whereas LAMP
and MCDA require 6 and 10 primers, respectively, which
illustrates that RPA is more convenient and economical than
LAMP and MCDA. Notably, RPA-CRISPR/Cas12a assay can
be performed at relatively low temperature even in closed
hands or with a hand warmer (Moreno-Mateos et al., 2017;
Lobato and O’Sullivan, 2018). Another advantage of RPA-
CRISPR/Cas12a assay over MCDA-LFB and LAMP-LFB is its
higher sensitivity. In this study, the analytical sensitivity of
our established assay is two copies per reaction, while the
sensitivity of MCDA-LFB and LAMP-LFB are about 50 and
600 copies per reaction, respectively. Although recombinase-
aided amplification (RAA) assay is comparable to RPA-
CRISPR/Cas12a assay at the level of sensitivity and efficiency,
RPA-CRISPR/Cas12a assay has incomparable advantages over
RAA assay in application and promotion, as it eliminates
the requirement of special instruments in comparison to
fluorescence ration PCR instrument needed for RAA assay. It
is noteworthy that RPA-CRISPR/Cas12a assay is available to
detect variety of respiratory samples (Table 4). As an assay, our
developed approach shows advances in simplicity, sensitivity,
efficiency and low-cost.

We should note that RPA-CRISPR/Cas12a assay has some
limitations. Using CRISPR/Cas12a detection increases the
risk of cross-contamination due to the necessity to open

TABLE 4 | Comparison of the current approach with other isothermal amplification methods for MP detection.

Approach No. of
primers

Temperature
(◦C)

Reaction time
(min)

Sensitivity
(copies per reaction)

Clinical samplea References

RPA-CRISPR/Cas12a assay 2 37/39 27-32 2 201 respiratory specimens (128
swab samples, 40 BALF
samples and 33 sputum
samples)

This study

RAA assay (fluorescent
probe-based method)

2 39 15-30 2.23 311 respiratory specimens (213
BALF samples, 90 sputum
samples and 8 swab samples)

Xue et al., 2020

MCDA-LFB assay 10 65 32 ∼50
(50 fg)

197 swab specimens Wang et al., 2019c

LAMP-LFB assay 6 65 62 ∼600
(600 fg)

209 swab specimens Wang et al., 2019b

aBALF, bronchoalveolar lavage fluid.
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reaction tubes after the RPA reaction. To avoid false-positive
results, CRISPR/Cas12a detection system should be prepared in a
separate clean area, and the tube lid should be closed immediately
after adding the RPA products. Another smart strategy is
developing the two-step method in a single-pot reaction.

CONCLUSION

We have selected a suitable target, designed RPA primers and
crRNA to successfully establish a reliable RPA-CRISPR/Cas12a
assay for detection of MP, and then preliminary validated the
feasibility of the proposed method in this study. The obtained
data indicate that the developed assay exhibits high sensitivity,
specificity and efficiency, and provides a rapid, facile, accurate
and affordable method for MP detection. This method is suitable
for detection of MP in various respiratory specimens, especially
for point-of-care detection in resource-limited areas, which may
contribute, to some extent, to control of MP infection.
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Background: The protozoan parasites including Entamoeba histolytica, Giardia lamblia,
and Cryptosporidium parvum can infect the human intestinal tract and cause serious
diseases. In this study, we aimed to develop a triplex real-time quantitative PCR (qPCR)
for the simultaneous differential detection of these three intestinal protozoa.

Methods: Specific primers and TaqMan probes were designed for the 16S-like SSU
rRNA sequence of E. histolytica, the gdh sequence of G. lamblia, and the 18srRNA
sequence of C. parvum. A triplex qPCR assay was developed based on single-
duplicate experiments to evaluate its limit of detection (LOD), specificity, stability, and
reproducibility. Additionally, 163 fecal samples from patients with diarrhea who tested
positive for copro-antigen were tested to verify the practicality of the assay.

Results: The triplex qPCR assay could specifically detect E. histolytica, G. lamblia,
and C. parvum without cross-reactivity amongst the target-specific TaqMan probes
of these three intestinal protozoan parasites and did not produce amplification curves
for any other non-target species, and had good specificity. Amplification of serial
dilutions showed that the triplex qPCR detected as little as 500 copies/µL of standard
plasmid DNA. The standard curve displayed good linearity between 5 × 102 and
5 × 108 copies/µL; qPCR assays were performed with an efficiency of more than 95%
and R2 values were greater than 0.99. The triplex qPCR assay had good repeatability
with intra- and inter-assay coefficients of variation less than 1.92%. Among the 163
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fecal samples, four samples were confirmed to be positive for C. parvum using the
triplex qPCR assay.

Conclusion: The triplex qPCR established in this study not only provides a rapid,
sensitive, specific tool for the simultaneous detection of E. histolytica, G. lamblia, and
C. parvum, but also has good practical application value.

Keywords: triplex real-time quantitative PCR assay, Entamoeba histolytica, Giardia lamblia, Cryptosporidium
parvum, application

INTRODUCTION

The protozoan parasites Entamoeba histolytica, Giardia lamblia,
and Cryptosporidium spp. are the causative agents of amebiasis,
giardiasis, and cryptosporidiosis, respectively. From 2005 to
2019, a total of 28,229 cases of amoebic dysentery and seven
resulting deaths were reported in China (Huang et al., 2020).
Annually, 280 million people worldwide are estimated to have
clinically diagnosable giardiasis (Feng and Xiao, 2011; Ryan and
Cacciò, 2013; Einarsson et al., 2016; Squire and Ryan, 2017). And
approximately 28.5 million giardiasis cases are estimated to occur
in humans per year in China (Feng and Xiao, 2011; Li et al.,
2017). The weighted infection rate of Entamoeba histolytica and
Giardia lamblia was 0.06 and 0.60%, respectively (Zhou, 2018). In
China, an average prevalence of 2.97% involving at least 200,054
people from 27 provinces has been revealed in a retrospective
epidemiological analysis of human Cryptosporidium infections
(1987–2018); the burden of disease caused by Cryptosporidium
varies between and within areas (Liu et al., 2020). The three
intestinal protozoa discussed in this article have very simple
biological cycles without intermediate hosts. Infection occurs
via the fecal-oral route and these agents can infect the human
intestinal tract, causing serious disease (Ghenghesh et al., 2016;
Li et al., 2017; Xu et al., 2018).

E. histolytica is an internationally recognized pathogenic
entamoeba that is invasive in animals and humans and is
found in the human colon. It can cause intestinal amoebiasis
(e.g., amoebic dysentery) and extraintestinal amoebiasis (e.g.,
amoebic liver abscess). E. histolytica is one of the main pathogens
causing diarrhea in patients. Amebiasis is still a major cause of
morbidity and mortality in developing countries, and it remains
an important public health problem (Smith, 1997; Li et al., 2021).

G. lamblia is one of the most common intestinal parasites in
the world, affecting approximately 200 million people annually.
Giardia is transmitted via the fecal to oral route, most often
by ingestion of contaminated food or water (Einarsson et al.,
2016). Symptoms of Giardia infection include foul-smelling
diarrhea, abdominal cramping, bloating, gas, and nausea.
Immunocompromised individuals and undernourished children
from developing countries are more susceptible to serious
manifestations of untreated Giardia infection (Júlio et al., 2012;
Bartelt and Sartor, 2015).

C. parvum is a specialized intracellular protozoan parasite
that has a monoxenous life cycle (Zhu and Su, 2018). Infection
takes place via oral ingestion of oocysts containing invasive
sporozoites. These sporozoites enter intestinal epithelial

cells and form a parasitophorous vacuole that is located at
the apical part of the host cell, just underneath the brush
border (Hemphill et al., 2019). This infection may cause
diarrhea and abdominal pain in the host; the course of the
disease is mostly self-limiting. Patients with immunodeficiency
are more prone to developing severe symptoms and are
more often complicated by extraintestinal cryptosporidiosis.
Cryptosporidiosis is considered one of the original AIDS-
defining illnesses and a major risk factor for mortality,
especially compared with other AIDS-defining illnesses
(Ahmadpour et al., 2020).

Currently, microscopic examination of stool specimens
remains the primary method for diagnosing intestinal protozoan
parasites, especially in developing countries. Light microscopy is
its most commonly used detection method. However, microscopy
can lead to incorrect results, with harmless parasites being
interpreted as disease-causing, or life-threatening parasites being
missed (Halligan et al., 2014). Many protists are only present
in small quantities in fecal samples. Additionally, the quality
of the microscopic examination is highly dependent on the
skills of the laboratory technician (Khare et al., 2014). There
are several PCR-based methods that are used in the diagnosis
of E. histolytica, G. lamblia, and C. parvum (Friesen et al.,
2018; Tsui et al., 2018; Jerez Puebla et al., 2020; Robinson
et al., 2020; Shahbazi et al., 2020; Cai et al., 2021; Calle-
Pacheco et al., 2022). Among the PCR methods developed for
better diagnostics, real-time quantitative PCR (qPCR) methods
are considered the leading ones as they are highly sensitive
and specific. To the best of the authors’ knowledge, a few
studies refer to use of multiplex qPCR commercial kits for
these three protozoan parasites (Laude et al., 2016; Argy et al.,
2022). However, these kits have national or regional limitations
and are not available in some countries, including China.
However, some key parameters, such as sequences of the specific
primers and probes or reaction conditions, cannot be disclosed
due to commercial confidentiality. Thus, the purpose of this
study was to establish a TaqMan-based triplex qPCR assay for
the simultaneous detection of E. histolytica, G. lamblia, and
C. parvum.

MATERIALS AND METHODS

Parasite Samples and Patient Samples
Parasite samples of E. histolytica, G. lamblia, C. parvum,
C. baileyi, Taenia saginata, T. solium, Clonorchis sinensis,
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Paragonimus westermani, Ascaris lumbricoides, Plasmodium
ovale, Leishmania infantum, Toxoplasma gondii and Entamoeba
coli were obtained during routine testing and stored in the
Shanghai Municipal Center for Disease Control and Prevention
parasite laboratory.

In total, 163 stool specimens of clinical patients with
positive results in immunological assays were collected
from the assigned intestinal protozoan-monitoring hospital
during the period from 2016 to 2020. The presence of
antigens of E. histolytica, C. parvum, and G. lamblia in
stool samples from these patients was determined using
the RIDA R©QUICK Cryptosporidium/Giardia Combi test (R-
Biopharm AG, Germany) and RIDA R©QUICK Entamoeba test
(R-Biopharm AG).

Design of Primers and Probes
Three pairs of specific primers and corresponding TaqMan
probes were designed targeting the E. histolytica 16S-like SSrRNA
gene (GenBank Accession number X56991.1), G. lamblia gdh
gene (GenBank Accession number KM190761.1), and C. parvum
18SrRNA gene (GenBank Accession number NC_006987.1).
The probes and primers were designed by using Primer
Express 3.0.1 software, Applied Biosystems, United States. The
specificity of the probes and primers to their target DNA region
was confirmed in silico by performing BLAST and Primer-
BLAST searches. Nucleotide sequences for the primers and
probes described in this study are shown in Table 1. The
primers and probes were synthesized by Shanghai BioGerm,
Shanghai, China.

DNA Extractions
DNA extractions were performed using the QIAamp DNA Mini
Kit and QIAamp DNA Fast Stool Mini Kit (Qiagen, Germany),
according to the manufacturer’s instructions. The extracted DNA
was stored at−20◦C until needed.

TABLE 1 | Primers and TaqMan probes for quantitative PCR (qPCR).

Target
species

Gene Primer/
probe

Sequence(5’-3’) Length/
bp

Entamoeba
histolytica

16S Emh-F GGAAGCATTCAGCAATAACA
GGTC

149

Emh-R TCGGTACACCACTCACTATC
CTTA

Emh-FamP TTAGACATCTTGGGCCGCAC
GCGC

Giardia lamblia GDH Gla-F GGACAGTACAAGCGCC
TGAG

135

Gla-R GTCCTTGCACATCTCCT
CCAG

Gla-vicP AGTTCACAGGCGTCCTCAC
AGGCAAGA

Cryptosporidium
parvum

18S CryP-F CGGGGAATTAGGGTT
CGATTC

102

CryP-R CCTCCCTGTATTAGGATT
GGGTAA

CryP-1cy5P ACGGCTACCACATCTAAGGA
AGGCAGC

Construction of Standard Plasmids and
Validation
The target fragments of the E. histolytica 16S-like SSrRNA gene,
G. lamblia gdh gene, and C. parvum 18SrRNA gene were cloned
into the PUC19 vector and three plasmids were constructed by
a commercial company (Shanghai BioGerm, Shanghai, China).
After validation with sequencing (Sangon Biotech, Shanghai,
China), the plasmids were, respectively, named Emh, Gla,
and CryP. The copy number of the recombinant plasmids
was calculated according to the following formula: Copy
Number (Copies/µl) = Concentration (g/µl)/(660 × DNA
length) × NA (NA: Avogadro’s constant). The concentrations of
the recombinant plasmids Emh, Gla, and CryP were adjusted to
5 × 108 copies/µL using sterile distilled water. Plasmids were
stored at−20◦C until being used as the standard plasmids.

Optimization of Reaction Parameters of
Triplex Quantitative PCR
To optimize the reaction parameters of the triplex qPCR, we
changed not only the concentrations of the primers and probes
but also the annealing temperature. The triplex qPCR reaction
mixture with a total volume of 25 µL included Premix Ex Taq
(Probe qPCR) 12.5 µL, 2 µL of a mixture of three standard
plasmids (with 5 × 105 copies/µL of each plasmid), three mixed
pairs of primers, three probes of different volumes, and sterile
distilled water to a final volume of 25 µL. The triplex qPCR
conditions were as follows: 5 min at 95◦C (initial denaturation),
40 cycles at 95◦C for 10 s (denaturation), and 55◦C for 40 s
(annealing and extension). Using a variety of combinations to test
the reaction conditions, we obtained the following parameters:
the annealing temperature ranged from 55 to 60◦C; the volume
of primers (with 20 µmol/L of each primer) was, respectively,
0.25, 0.5, 0.75, 1.00, 1.25, and 1.5 µL; the volume of probes
(with 10 µmol/L of each probe) was, respectively, 0.25, 0.5,
0.75, 1.00, 1.25, and 1.5 µL. The final concentrations of the
primers, probes, and the amplification conditions were optimized
to obtain the maximum 1Rn and minimal cycle threshold
(Ct) using the standard plasmids at different dilutions as a
template. With the three mixed standard plasmids as templates,
the final concentrations of primers and probes and amplification
conditions were optimized to obtain the maximum 1Rn and
minimum Ct value.

Construction of Standard Curves of
Singleplex and Triplex Quantitative PCR
Standard curves were performed using the recombinant plasmids
Emh, Gla, and CryP (5× 102 to 5× 108 copies/µL), respectively.
The amplifications were carried out with optimized reaction
conditions. The assays were repeated three times within the study.

Limit of Detection of Singleplex and
Triplex Quantitative PCR Assays
The standard plasmids Emh, Gla, and CryP with a final
concentration of 5 × 108 copies/µL for each plasmid were
serially diluted (10-fold dilutions) and then used to determine the
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LOD of singleplex and triplex qPCR assays. Amplifications were
performed with the optimized reaction conditions.

Specificity Testing of Triplex Quantitative
PCR
To validate the specificity of the developed triplex qPCR
assay, we used DNA of E. histolytica, G. lamblia, C. parvum,
C. baileyi, T. saginata, T. solium, Clonorchis sinensis, Paragonimus
westermani, Ascaris lumbricoides, Plasmodium ovale, Leishmania
infantum, Toxoplasma gondii, and Entamoeba coli for
amplification as templates. In the specificity test, sterile distilled
water was used as the blank control, normal human fecal DNA
as the negative control, and a mixture of three standard plasmids
(with 5× 106 copies/µL of each plasmid) as the positive control.

Repeatability Testing of Triplex
Quantitative PCR
We conducted successive 10-fold serial dilutions of the Emh,
Gla, and CryP standard plasmids from 103 to 105 copies/µL to
calculate the intra- and inter-assay coefficients of variation (CV)
in Ct values for the triplex qPCR assay.

Co-infection Models Detection of Triplex
Quantitative PCR
We mixed two or three standard plasmids in different
proportions for co-infection models detection.

Testing Patients Samples Using Triplex
Quantitative PCR
Fecal samples of patients with diarrhea were collected
from designated hospitals in Shanghai from 2016 to 2020
and tested for copro-antigen using the RIDA R©QUICK
Cryptosporidium/Giardia Combi test and RIDA R©QUICK
Entamoeba test (R-Biopharm AG). A total of 163 samples
with positive copro-antigen test results were initially screened
and numbered. Nucleic acid from the fecal samples was then
extracted separately as templates and tested using the triple qPCR
assay developed in this study to evaluate the practical application
value of this method.

Statistical Analysis
PCR amplification efficiencies (%) were calculated using the

following formula: E = [10−
1

slope − 1] × 100. The parameters
of standard curves (slope, linearity, and efficiency), standard
deviation, and coefficient of variation were calculated by
Microsoft Excel 2019.

RESULTS

Optimal Reaction System and Conditions
of Triplex Quantitative PCR
After optimization, the reaction system with a total volume of
25 µL for the triplex qPCR was as follows: Premix Ex Taq (Probe
qPCR) 12.5 µL, 2 µL of template, 0.60 µL each of Emh-F/R

and Gla-F/R (20 µmol/L) and 0.5 µL each of the corresponding
probes (10 µmol/L), 1.25 µL each of CryP-F/R (20 µmol/L)
and 1.25 µL of the probe (10 µmol/L), and sterile distilled
water 3.35 µL. The triplex qPCR conditions were as follows:
5 min at 95◦C (initial denaturation), 40 cycles at 95◦C for 10 s
(denaturation), and 55◦C for 40 s (annealing and extension).

Standard Curves of Singleplex and
Triplex Quantitative PCR Assays
Standard curves of singleplex and triplex qPCR generated
for the three standard plasmids under triplex conditions
showed perfect linearity (R2 > 0.99, Figure 1 and Table 2).
Amplification efficiencies for Emh, Gla, and CryP of singleplex
qPCR were 94.38, 94.30, and 101.44%, respectively. Amplification
efficiencies for Emh, Gla, and CryP of triplex qPCR were
95.94, 96.51, and 98.60%, respectively (Table 2). The results
revealed that singleplex and triplex qPCR could efficiently detect
the target genes of the three intestinal protozoan parasites.
All standard curves had good correlation coefficients and
amplification efficiencies, which indicated that the developed
qPCR assays were effective.

Limit of Detection of Singleplex and
Triplex Quantitative PCR Assays
The LODs of singleplex and triplex qPCR were all
5 × 102 copies/µL for these three intestinal protozoa (Figure 1
and Table 2). The standard deviation (SD) values were analyzed
in triplicate by singleplex and triplex qPCR, which showed that
the results of the assays were reliable and accurate (Table 3).

Specificity of Triplex Quantitative PCR
The results were positive for E. histolytica, G. lamblia, C. parvum
samples, the standard plasmid, and negative for the blank control,
negative control, and other parasite samples (Figure 2) indicating
that the developed triplex qPCR assay was sufficiently specific to
satisfy the detection requirements.

Repeatability of Triplex Quantitative PCR
The results of the triplex qPCR intra- and inter-assay showed that
the CV of Ct values for each dilution of Emh, Gla, and CryP was
less than 2% (Table 4). This indicated that the triplex qPCR had
good reproducibility.

Co-infection Models Detection of the
Triplex Quantitative PCR
As shown in Table 5, the method could detect two or
three protozoan parasites at the combinations of different
concentrations. Furthermore, the SD of the co-infection
was less than 1%.

Practical Application of Triplex
Quantitative PCR
Practical application of the triplex qPCR assay was evaluated in a
total of 163 fecal samples. The results showed that four samples
were positive forC. parvum; the results of the copro-antigen assay
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FIGURE 1 | Comparison of the standard curves of the singleplex and triplex Quantitative PCR (qPCR) assays. Ct, cycle threshold.

for these four samples were also positive for Cryptosporidium.
The rest of the samples were negative, despite the results of the
copro-antigen assay being positive.

DISCUSSION

Amebiasis, giardiasis, and cryptosporidiosis are difficult to
prevent and control because of their zoonotic characteristic

and large number of reservoir hosts (Ghenghesh et al.,
2016; Li et al., 2017, 2021; Xu et al., 2018). The ability to
rapidly detect E. histolytica, G. lamblia, and C. parvum is
important in laboratory diagnosis because these pathogens cause
serious diseases (Helmy et al., 2014; Hemphill et al., 2019;
Li et al., 2020). PCR-based molecular diagnostic techniques
have obvious advantages in the accurate identification of
intestinal protozoan species and detection of mixed infections of
multiple intestinal protozoa. These techniques can compensate

Frontiers in Microbiology | www.frontiersin.org 5 April 2022 | Volume 13 | Article 88852928

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-888529 April 23, 2022 Time: 14:0 # 6

Zhang et al. A Triplex qPCR Assay

TABLE 2 | Parameters of the standard curves of the singleplex and triplex
Quantitative PCR (qPCR) assays.

Parameter Singleplex Triplex

Emh Gla CryP Emh Gla CryP

Slope −3.4645 −3.4086 −3.3560 −3.4438 −3.4666 −3.2879

Linearity (R2) 0.9981 0.9975 0.9993 0.9968 0.9983 0.9997

Efficiency (%) 94.38 94.30 101.44 95.94 96.51 98.60

Limit of detection
(copies/µl)

500 500 500 500 500 500

for the lack of sensitivity and high skill requirements of
microscopic examination (Friesen et al., 2018; Tsui et al., 2018;
Jerez Puebla et al., 2020; Robinson et al., 2020; Shahbazi
et al., 2020; Cai et al., 2021; Calle-Pacheco et al., 2022). In
particular, the qPCR method does not require electrophoresis
and the results can be analyzed directly using images and
data such as amplification curves and Ct values, making it

ideal for use in a variety of medical settings where specialist
parasitological microscopy staff are scarce. With the current
global COVID-19 pandemic and the need for nucleic acid
detection, the coverage of qPCR instruments is increasing at all
levels in medical institutions throughout China and worldwide.
Therefore, the acceptance of qPCR assays at these institutions is
likely to be high.

A number of single or duplex qPCR assays have also been
established for E. histolytica, G. lamblia, or C. parvum (Helmy
et al., 2014; Tsui et al., 2018; Li et al., 2020; Robinson et al.,
2020; Cai et al., 2021; Calle-Pacheco et al., 2022). In this study,
a triplex qPCR assay was developed that allows amplification
of three target sequences in one reaction using three pairs of
primers and probes to simultaneously identify these three target
sequences. The sensitivity and specificity of the triplex qPCR
assays are determined by the primers and probes. So, it is
particularly important to find the optimal primers and probes.
We designed the primers and probes in the conservative region
of each three intestinal protozoa (Table 1), the specificity of the

TABLE 3 | Limit of detection (LOD) and standard curves of singleplex and triplex quantitative PCR (qPCR) assays.

Number of DNA
copies (copies/µL)

Singleplex qPCR Ct value (mean ± SD) Triplex qPCR Ct value (mean ± SD)

Emh Gla CryP Emh Gla CryP

5 × 108 15.33 ± 0.04 14.81 ± 0.04 15.73 ± 0.81 15.46 ± 0.02 15.51 ± 0.01 15.51 ± 0.20

5 × 107 17.87 ± 0.11 17.23 ± 0.04 18.96 ± 0.19 17.91 ± 0.05 18.15 ± 0.06 18.95 ± 0.13

5 × 106 21.42 ± 0.14 20.65 ± 0.07 22.44 ± 0.18 21.48 ± 0.09 21.59 ± 0.01 22.32 ± 0.17

5 × 105 24.80 ± 0.18 24.39 ± 0.02 26.10 ± 0.25 24.89 ± 0.07 25.16 ± 0.02 25.63 ± 0.17

5 × 104 28.44 ± 0.34 28.10 ± 0.31 28.84 ± 0.13 28.54 ± 0.09 28.77 ± 0.05 28.96 ± 0.21

5 × 103 32.47 ± 0.34 31.56 ± 0.83 32.59 ± 0.18 32.68 ± 0.25 32.49 ± 0.33 32.02 ± 0.24

5 × 102 35.45 ± 0.75 34.58 ± 1.46 35.83 ± 1.16 35.39 ± 0.97 35.91 ± 0.98 35.27 ± 0.40

SD, standard deviation.

FIGURE 2 | Specificity analysis of triplex quantitative PCR (qPCR). (1) E. histolytica positive control(plasmid DNA Emh); (2) G. lamblia positive control(plasmid DNA
Gla); (3) C. parvum positive control(plasmid DNA CryP); (4) E. histolytica positive control (genomic DNA); (5) G. lamblia positive control(genomic DNA); (6) C. parvum
positive control(genomic DNA); (7–18) blank control, negative control, Cryptosporidium baileyi, Toxoplasma gondii, Clonorchis sinensis, Leishmania infantum, Ascaris
lumbricoides, Paragonimus westermani, Taenia saginata, Taenia solium, Plasmodium ovale, Entamoeba coli.
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TABLE 4 | Repeatability analysis of triplex quantitative PCR (qPCR).

Species Copies/µL Ct values of
intra-assay

Ct values of
inter-assay

Sx ± s CV(%) Sx ± s CV(%)

E. histolytica 1 × 105 29.65 ± 0.09 0.31 30.20 ± 0.33 1.09

1 × 104 33.09 ± 0.45 1.36 33.51 ± 0.50 1.48

1 × 103 36.36 ± 0.62 1.72 36.63 ± 0.43 1.16

G. lamblia 1 × 105 25.85 ± 0.08 0.29 26.63 ± 0.27 1.00

1 × 104 29.19 ± 0.12 0.40 29.76 ± 0.34 1.15

1 × 103 31.87 ± 0.19 0.60 32.56 ± 0.62 1.92

C. parvum 1 × 105 28.59 ± 0.24 0.83 28.62 ± 0.34 1.18

1 × 104 31.78 ± 0.27 0.86 31.67 ± 0.40 1.25

1 × 103 34.49 ± 0.17 0.48 34.63 ± 0.59 1.69

SD, standard deviation; CV, coefficient of variation.

primers and probes were verified by BLAST and Primer-BLAST.
We optimized the annealing temperature, primer and probe
concentration to make sure that the developed assay had the
greatest amplification efficiency and the lowest Ct value.

In this study, the specificity of each of the Emh, Gla, and
CryP triplex qPCRs was evaluated individually against the DNAs
from other two protozoa species. In addition, the specificity
of each of the three triple qPCRs was evaluated in triplex
formats against the DNAs from other intestinal parasites such as
C. baileyi, T. saginata, T. solium, Clonorchis sinensis, Paragonimus
westermani, Ascaris lumbricoides, and Entamoeba coli (Clonorchis
sinensis and Paragonimus westermani are not intestinal parasites,
but pathogens can be detected in human fecal samples). The
specific primers and probes for these three intestinal protozoa
parasites did not exhibit cross-reactivity among them or among
any of the seven human parasite species described above.

That is to say, the developed assay has good specificity. The
standard curves showed good linear correlation between the Ct
values and logarithm of concentrations of the three standard
plasmids. According to the results, the LOD of the triplex
qPCR for the detection of Emh, Gla, and CryP was up to
500 copies/µL.

The results of the repeatability testing of the triplex qPCR
revealed that the intra-assay CV and inter-assay CV were both
below 2%. Consequently, this may indicate that the triplex assay
has a high repeatability (intra-assay) and reproducibility (inter-
assay) within the range of detection (Table 4). Noteworthy, in
clinical practice, there exists the possibility of mixed infections
of different parasites at different concentrations in fecal samples
(Hemphill et al., 2019). Thus, the co-infection models detection
was used for the determination of the detection efficiency of
mixed infection. The result showed that these three intestinal
protozoa at different concentrations with different combination
could be determined, and the standard deviation of the co-
infection detection was less than 1% (Table 5). Therefore, the
developed triplex qPCR assay is highly reliable and accurate, and
it can also increase throughput while reducing reaction costs
by detecting these three intestinal protozoan parasites in just
one amplification.

Clinical fecal samples were tested using the triplex qPCR
assay developed in this study, and the results were positive for
C. parvum in four samples and positive for Cryptosporidium
in the copro-antigen assays. The PCR results of the remaining
159 fecal samples were negative. According to some scholars
(Weitzel et al., 2006; Helmy et al., 2014; Uppal et al., 2014;
Jerez Puebla et al., 2020), the results of immunological methods
are not always accurate. It has also been pointed out that the
reliability and reproducibility of results from only immunological
assays are controversial (Danišová et al., 2018). Few commercial

TABLE 5 | The detection of the co-infection models by triplex quantitative PCR (qPCR).

Co-infection proportiona Number of DNA copies (copies/µL) Co-infection real-time PCR Ct Value (mean ± SD)

Emh Gla CryP Emh Gla CryP

Emh: Gla: CryP = 100:1:1 1 × 108 1 × 106 1 × 106 14.45 ± 0.13 20.51 ± 0.09 20.64 ± 0.93

Emh: Gla: CryP = 10:100:1 1 × 107 1 × 108 1 × 106 17.51 ± 0.57 17.61 ± 0.18 21.09 ± 0.64

Emh: Gla: CryP = 10:1:1 1 × 108 1 × 107 1 × 107 14.04 ± 0.30 21.15 ± 0.50 20.88 ± 0.10

Emh: Gla: CryP = 1:1:10 1 × 107 1 × 107 1 × 108 17.28 ± 0.37 20.57 ± 0.11 16.85 ± 0.48

Emh: Gla: CryP = 1:10:100 1 × 106 1 × 107 1 × 108 20.77 ± 0.37 19.82 ± 0.08 16.73 ± 0.71

Emh: Gla: CryP = 1:1:1 1 × 105 1 × 105 1 × 105 29.65 ± 0.09 25.85 ± 0.08 28.59 ± 0.24

Emh: Gla: CryP = 10:100:1 5 × 103 5 × 104 5 × 102 30.30 ± 0.28 27.33 ± 0.49 36.10 ± 0.28

Emh: Gla = 100:1 1 × 108 1 × 106 – 14.87 ± 0.34 20.02 ± 0.03 –

Gla: CryP = 1:100 – 1 × 106 1 × 108 – 19.89 ± 0.09 17.39 ± 0.27

Emh: CryP = 1:100 1 × 106 – 1 × 108 21.08 ± 0.50 – 17.23 ± 0.63

Emh: CryP = 10:1 1 × 107 – 1 × 106 17.24 ± 0.25 – 20.19 ± 0.28

Emh: Gla = 1:10 1 × 106 1 × 107 – 21.03 ± 0.99 20.70 ± 0.12 –

Gla: CryP = 10:1 – 5 × 103 5 × 102 – 30.54 ± 0.27 36.03 ± 1.00

Emh: CryP = 10:1 5 × 103 – 5 × 102 31.10 ± 0.50 – 35.98 ± 0.74

Emh: Gla = 1:1 5 × 102 5 × 102 – 35.05 ± 0.96 33.25 ± 0.70 –

aThere were two kinds of co-infection models included: the triplex co-infection and duplex co-infection.
SD, standard deviation.
–: represents no design in the corresponding system.
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kits for the diagnosis of intestinal protozoan copro-antigens
have been reported in China (Chen et al., 2012; Wang et al.,
2021). Furthermore, the results of copro-antigen testing are
susceptible to many factors, such as the length of time the samples
are left after collection, storage, and transportation conditions.
Thus, the role of the copro-antigen assays in this study was to
initially screen fecal samples from individuals with suspected
intestinal protozoan infections, to appropriately narrow the scope
of nucleic acid detection, and to reasonably lessen the workload of
laboratory staff. However, the triplex qPCR assay simultaneously
amplified well one sample of E. histolytica, G. lamblia, and
C. parvum (Figure 2), and the amplification curves of these
samples showed significant exponential growth, indicating that
the method can be initially applied for the laboratory detection of
intestinal protozoa.

In summary, the triplex qPCR assay established in this
study is highly sensitive, specific, stable, and repeatable, and
it can be used for rapid, specific, and accurate quantitative
detection of three important human intestinal protozoa,
providing technical support for disease control and medical
institutions. In future research, we will strengthen the
combined application of molecular biologic, immunologic, and
pathogenetic diagnostic methods for these three protozoa, which
will help to improve the detection rate and epidemiological
surveillance of intestinal protozoa to promote the prevention
and control of intestinal protozoiasis.
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Clostridium botulinum is the causative pathogen of botulism. Laboratory detection of

C. botulinum is essential for clinical therapy treatment of botulism due to the difficulty

in diagnosis, especially in infant botulism. The extreme toxicity of botulinum neurotoxin

(BoNT) requires a sensitive detection method. Due to the detection limit of real-time

quantitative PCR (q-PCR), a more sensitive detection method, micro-drop digital PCR

(ddPCR) was applied inC. botulinummain serotypes A and B. The following performance

criteria were evaluated by ddPCR: analytical sensitivity; repeatability; and diagnostic

specificity. The limit of detection (LOD) was 0.84 and 0.88 copies/µl for BoNT A and

B genes, respectively, by ddPCR with high specificity, compared to 5.04×102 and

6.91×102 copies/µl by q-PCR. It was increased 10 times compared with q-PCR in

spiked stool samples. This improvement in sensitivity was especially important in clinical

samples as more positive samples were detected by digital PCR compared with q-PCR.

Meanwhile, enrichment time for low bacteria content samples was shortened by four

hours both in serotypes A and B C. botulinum by ddPCR compared with q-PCR, which

are important for laboratory diagnosis and epidemiology work.

Keywords: Clostridium botulinum, droplet digital PCR, rapid clinical diagnosis, neurotoxin, q-PCR

INTRODUCTION

Botulism is a life-threatening disease caused by the action of BoNTs produced by Clostridium
botulinum (C. botulinum) (Weigand et al., 2015). The lethal amount of botulinum toxin in mice
is 0.5∼5 ng/kg, and about 1 ng/kg in humans, which is the strongest natural biological toxin
known (Gill, 1982; Arnon et al., 2001). In recent years, many cases of botulism including infant
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botulism and food-related botulism have been diagnosed in
China (Zhang et al., 2020; Lu et al., 2021; Zhu and Fu, 2021).
The high mortality of botulism makes rapid diagnosis critical
for treatment. Apart from the clinical symptoms and toxin
exposure history, positive laboratory results are essential for
clinical diagnosis. Laboratory detection of botulinum toxin and
C. botulinum is also a growing concern due to the increasing
cases of botulism in China (Xin et al., 2019). The only currently
admissive standard method for detection and identification of
botulinum neurotoxin is the mouse bioassays (MBAs) which
cause animal ethics issue and are time-consuming (Ferreira et al.,
2004). At present, the detection methods for toxin-producing
species mainly include isolation and culture (CfDCaP (CDC),
2016), PCR methods (Cordoba et al., 2001; Akbulut and Grant,
2004; Heffron and Poxton, 2007; Kasai et al., 2007; Dahlsten et al.,
2008; Joshy et al., 2008; Fach et al., 2009; Hill et al., 2010; Kirchner
et al., 2010; Lindberg et al., 2010; Peck et al., 2010; Satterfield
et al., 2010; Anniballi et al., 2013; Fohler et al., 2016; Le Marechal
et al., 2018; Masters and Palmer, 2021), sequencing (Gonzalez-
Escalona et al., 2018; Gonzalez-Escalona and Sharma, 2020), and
matrix-assisted laser desorption ionization-time-of-flight mass
spectroscopy (MALDI-TOF MS) based bacterial identification
(Kalb et al., 2015; Bano et al., 2017; Xin et al., 2019; Drigo
et al., 2020; Tevell Aberg et al., 2021). Most of these are time-
consuming, labor-intensive, and not sensitive enough. LOD of
q-PCR which is popularly used is normally between 101 and 102

copies in C. botulinum (Hill et al., 2010; Kirchner et al., 2010;
Huang et al., 2019). However, clinical samples mostly contain
low number of DNA molecules and below the LOD of q-PCR
that can lead to false negative results by q-PCR. The highly toxic
characterization of BoNT requires a more sensitive laboratory
approach. Although ddPCR is widely used in many pathogens,
there is no application in BoNT gene detection.

Micro-drop digital PCR is a fundamentally different method
to quantifying the number of DNA compared with q-PCR
(Gutierrez-Aguirre et al., 2015; Kuypers and Jerome, 2017;
Maheshwari et al., 2017; Sun et al., 2018; Wang et al., 2018;
Dupas et al., 2019; Capobianco et al., 2020; Cho et al., 2020;
Liu et al., 2020; Xie et al., 2020; Yang et al., 2020). In ddPCR,
the amplification reaction is compartmentalized into millions of
independent partitions. Each partition as an individual reaction
mixture contains either a single target molecule or none. The
partitioned reactions are then amplified to the endpoint, which
displays a positive or negative result. The absolute concentration
of the target copies in the initial sample is gained from the
number of positive and negative partitions (Kuypers and Jerome,
2017). Apart from the absolute quantification without reliance
on a calibration curve, ddPCR has advantages not only in being
less affected by sample inhibitors but also in better detection of
low-copy-number samples and more precision (Morley, 2014).

Here, we aim to apply the ddPCR approach in detection of
BoNT A and B genes, which are the main toxin serotypes in the
clinical botulism. ddPCR assay was compared with q-PCR both
in the clinical and spiked contaminated samples first revealing
ddPCR assay was more sensitive than q-PCR in both neurotoxin
A and B genes. Sensitivity of ddPCR was tested in 59 clinical stool
samples which are positive by MBA. In total, 100% detection rate

was found in ddPCR. The enrichment time for samples with low
colony number of C. botulinum was also shortened.

MATERIALS AND METHODS

Bacterial Strains and Plasmids
Bacterial strains and plasmids used in this study are listed
in Table 1. C. botulinum, Clostridioides difficile (C. difficile),
and Clostridium perfringens (C. perfringens) strains were grown
anaerobically at 37 ◦C in TPGY media (Xin et al., 2019).
Escherichia coli (E. coli), Shigella flexneri (S. flexneri), and
Shigella sonnei (S. sonnei) strains were grown at 37 ◦C in
lysogeny broth (LB) media. Enterococcus faecium (E. faecium),
Enterococcus faecalis (E. faecalis), and Listeria monocytogenes (L.
monocytogenes) were grown at 37 ◦C in brain heart infusion
(BHI) broth. For accurate calculating of gene copy numbers, two
plasmids containing part of BoNTA and B genes were designated
as CTA PMD18-T and CTB PMD18-T with primer pair AF and
AR and BF and BR, respectively (Huang et al., 2019).

Clinical Specimens
In total, 51 stool samples from hospitals or local Centers for
Disease Control and Prevention confirmed by culture were used
in this study. In total, 47 samples contain botulinum toxin B. The
other seven are positive with botulinum toxin A. DNA extraction
followed by qPCR and ddPCR were routinely immediately
carried out after sample reception. Genomic DNA was extracted
using QIAamp PowerFecal DNA Kit (catalog no. 51106; Qiagen,
Germantown, MD) and stored at−20 ◦C until use. MBA and
enrichment culture were usually performed in 1–2 days when the
materials are prepared.

Reference Testing
MBA and culture isolation of C. botulinum were both used
as reference testing. MBA were carried out as mentioned by
Wenwen Xin et al (Xin et al., 2019). Briefly, stool samples
were diluted in GelPhos buffer (30mM sodium phosphate (pH
6.2) and 0.2 % gelatin) in 1:50 and injected into 15–17 g ICR
mouse intraperitoneally after centrifugation. Positive samples
with classical symptoms were confirmed by antitoxins (Lanzhou
Institute of Biological Products co., LTD). Stool samples were also
cultured in cooked meat medium and TPGY media as described
by Wenwen Xin et al. Identification was confirmed by Gram
staining, MBA, and MALDI-TOF MS.

Real-Time Quantitative PCR and Droplet
Digital PCR
ddPCR is compatible with TaqMan hydrolysis probes as reported
(Schaumann et al., 2018). So, same primers and probes were
used for q-PCR and ddPCR (Table 1). Primer A–F, A–R,
and probe A–P were used for BoNT A genes. Primers B–
F, B–R, and probe B–P were used for BoNT B gene. q-PCR
was performed as described earlier (Huang et al., 2019). If
Ct value ≤35 is considered positive. ddPCR was carried out
with QX200TM Droplet Generator, QX200TM Droplet Reader,
C1000 TouchTMThermal Cycle, PX1TM PCR Plate sealer (Bio-
Rad, USA), Microdrop Digital PCR Quantification Kit (Bole
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TABLE 1 | Strains, plasmids, and primers used in this study.

Strains/plasmids/primers Description Source

CTA PMD18-T A 121 bp fragment containing part of toxin A gene was

inserted into the vector PMD18-T

This study

CTB PMD18-T A 130 bp fragment containing part of toxin B gene was

inserted into the vector PMD18-T

This study

C. botulinum type A Clinically isolated strain This study, from a foodborne botulism in 2019 from

Xinjiang Province

C. botulinum type B Clinically isolated strain This study, from an infant botulism in 2015 from Hebei

Province

C. botulinum type E Clinically isolated strain This study, from a foodborne botulism in 2019 from

Hebei Province

E. faecalis ATCC strain ATCC35667

E. faecium Clinically isolated strain This study

Enterotoxigenic E. coli Clinically isolated strains This study

S. flexneri Clinically isolated strains This study

S. sonnei ATCC strain ATCC25931

C. perfringens Clinically isolated strains This study

L. monocytogenes Clinically isolated strains This study

Enteroinvasive E. coli Clinically isolated strains This study

A-F taataaaatatgggttattccagaaagag 3316560-3316589 in C. botulinum CDC 69094 (Huang

et al., 2019)

A-R tgttgaatcataatatgaaactggaact 3316644-3316671 in C. botulinum CDC 69094 (Huang

et al., 2019)

A-P 5’-FAM-tcctgaagaaggagatttaaatccaccaccag-BHQ1-3’ 3316602-3316633 in C. botulinum CDC 69094 (Huang

et al., 2019)

B-F cacaaacattgctagtgtaactgttaataa 3369988-3370017 in C. botulinum CDC 69094 (Huang

et al., 2019)

B-R ctatagtctcattttcatttaaaactggc 3370090-3370118 in C. botulinum CDC 69094 (Huang

et al., 2019)

B-P 5’-JOE-cagtaatccaggagaagtggagcgaaaaaagg-BHQ2-3’ 3370024-3370053 in C. botulinum CDC 69094 (Huang

et al., 2019)

Corporation, USA), and ddPCR Super mix (Bio-Rad, USA). The
annealing temperature and experimental components of ddPCR
for C. botulinum types A and B gene were optimized. For both
C. botulinum types A and B gene primers, a series of 100, 200, 300,
400, 500, 600, 700, 800, 900, and 1,000 nmol/L were tested with
a probe concentration of 800 nmol/L and 60 ◦C for annealing
temperature. A series of 100, 150, 200, 250, 300, 350, 400, and
450 nmol/L were tested for probes with selected concentration
primers and 60◦C for annealing temperature. Twelve gradients
including 46.0, 47.1, 48.6, 50.4, 52.6, 54.8, 57.3, 59.4, 61.6, 63.4,
64.9, and 66.0 ◦C were examined with selected concentration of
primers and probes.

Simulation of Stool Samples
C. botulinum types A or B strains were inoculated into TPGY
medium and incubated for 3 days in anaerobic cabinet at 37 ◦C.
Colony-forming units (CFUs) were calculated on plates. Each
0.25 g of stool suspended in 1ml gelatin phosphate buffer from
healthy infants was added to 6 tubes containing 15ml TPGY
medium. In total, 100 µl C. botulinum types A or B strains of six
diluted culture (from 106 to 101) were inoculated to 6 tubes. The
blank control was added with 100 µl distilled water. Genomic

DNA was extracted as described earlier. ddPCR and q-PCR were
both performed in triplicate.

Evaluation of Culture Time of Low
Concentration DNA Samples in Enrichment
Medium
C. botulinum types A and B strains were anaerobically inoculated
into TPGY medium at 30 ◦C for 7 days until 99 % vegetative
cells turn into spore-bearing vegetative sporangia. The harvested
spores were washed by distilled water. The suspension was heated
at 60 ◦C for 15min to kill the vegetative cells. A spore suspension
containing 106 cfu/ml was obtained. The suspensions were
serially diluted 10-fold with sterile saline. The spore numbers
were calculated on plates after culture and 10 and 100 CFU/ml
were used for inoculation. Since inoculation in TPGY medium,
sampling for ddPCR and q-PCRwas carried out every 4 h till 72 h.

RESULTS

Optimization of DdPCR
Each ddPCR experiment should contain at least 10,000
droplets. To optimize the primer and probe concentrations,
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FIGURE 1 | Optimization of ddPCR parameters including concentrations of primers and probes and annealing temperature. The pink line is the threshold. Blue dots

represent positive droplets and gray dots represent negative droplets. (A,B) Demonstrated that ddPCR in C. botulinum serotype A with different concentrations of

primers and probe. (C,D) Demonstrated that ddPCR in C. botulinum serotype B with different concentrations of primers and probes. (E,F) Demonstrated that ddPCR

in C. botulinum serotypes A and B with different annealing temperature.
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a series of each content was set as shown in Figure 1.
For C. botulinum type A BoNT gene amplification, the
optimal concentrations of primer and probe are 900 nmol/L
and 250 nmol/L, respectively (Figures 1A,B). The optimized
primer and probe concentrations for C. botulinum type B
BoNT gene are 800 nmol/L and 450 nmol/L (Figures 1C,D).
With the optimized concentrations of primers and probes,
reactions at 57.3 ◦C gave a highest positive droplet proportion
(Figures 1E,F).

Evaluation of Specificity of DdPCR and
Sensitivity of q-PCR and DdPCR
To test the specificity of ddPCR in C. botulinum types A and
B BoNT genes, 2 C. botulinum and 10 other strains were used
(Table 1). The target DNA from C. botulinum types A and B
strains has been amplified successfully (Figure 2A), while no
amplification was detected for the other nine control bacterial
strains tested including C. botulinum serotype E (Figure 2A),
indicating that primers and probes were specific for C. botulinum
types A and B BoNT genes. The sensitivities of q-PCR and ddPCR
were compared using constructed plasmid DNA as standard.
Serial dilutions of CTA PMD18-T from 8.4×105-8.4×10−1 and
CTB PMD18-T from 8.8×105-8.8×10−1 with triplicate were
tested. The lowest concentration detected by ddPCRwas 0.84 and
0.88 copies/µl for toxins A and B, respectively (Figures 2B,C).
The LOD of q-PCR in serotypes A and B using same primers
and probes were 5.04×102 and 6.91×102 copies/µl, respectively
(Huang et al., 2019).

Sensitivity in Spiked Stool and Clinical
Stool Samples With q-PCR and DdPCR
Serial dilutions of C. botulinum types A or B strain cultures
were added to normal children’s stool to mimic the clinical
stool samples for sensitivity evaluation. The concentrations of
C. botulinum type A strain were 8.1× 103-8.1× 100 CFU/100µl.
The diluted concentrations ofC. botulinum type A strain were 9.7
× 103-9.7×100 CFU/100 µl. The LOD of C. botulinum types A
or B in spiked stool is 81 and 97 CFU/µl, respectively, by ddPCR
(Tables 2, 3). Consistently, 8.1 × 102 and 9.7 × 102 CFU/µl was
the LOD with q-PCR of C. botulinum types A or B, respectively
(Tables 2, 3).

All 59 suspected clinical stool samples were tested with MBA,
culture isolation, ddPCR, and q-PCR (Supplementary Table S1).
In these 59 stool samples, 47 were positive by MBA with 32
isolated strains, 21 are positive by q-PCR and 49 are positive
by ddPCR. Among them, four stools were identified toxin A,
isolated serotype A strains and confirmed by ddPCR with none
was detected by q-PCR. In total, 43 stool samples were detected
with toxin B by MBA in which 28 serotype B strains were
isolated, 19 were positive by q-PCR and 45 were verified by
ddPCR. Interestingly, two stools which are negative byMBAwere
detected by ddPCR.

Repeatability Verification
The intra-batch reproducibility experiment is to repeat the
same sample in the same reaction system for three times. The

FIGURE 2 | (A) The first two reactions were C. botulinum toxins A and B,

respectively. (B) The 18 reactions were serial dilutions of CTA PMD18-T from

8.4×105 to 8.4×10−1 with triplicate. (C) The 18 reactions were serial dilutions

of CTB PMD18-T from 8.8 × 105 to 8.8 × 10−1 with triplicate.
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TABLE 2 | Comparison of q-PCR and ddPCR using spiked stool samples with C. botulinum type A strain.

Colony number (CFU/ul) ddPCR q-PCR

Number of copies (per ul specimen) Average CV Ct Average

8.1 × 103 241 256 259 252 3.8% 29.41 29.27 29.23 29.30

8.1 × 102 24 22 23.1 23 4.3% 33.64 34.06 33.97 33.89

8.1 × 10 1.6 1.7 1.9 1.73 8.8% - - -

8.1 0 0 0 0 - - -

TABLE 3 | Comparison of q-PCR and ddPCR using spiked stool samples with C. botulinum type B strain.

Colony number (CFU/ul) ddPCR q-PCR

Number of copies (per ul specimen) Average CV Ct Average

9.7 × 103 147 155 152 151.3 2.6% 30.25 30.33 30.30 30.29

9.7 × 102 18 16 17.1 17.03 5.9% 34.89 34.83 34.76 34.83

9.7 × 10 1.41 1.5 1.43 1.45 3.3% - - -

9.7 - - - - - - -

results showed that the number of positive droplets between the
reactions of the same concentration template is similar, and the
coefficient of variation of the botulinum toxin type A plasmid is
4.2% and 2.4%, 5.9%; the coefficient of variation of botulinum
toxin type B plasmids were 4.5%, 4.9%, and 5.4%, both of which
were <6%. It showed that the established ddPCR detection
system has good repeatability.

Culture Time of Low Concentration DNA
Samples in Enrichment Medium
To test the enrichment time of low concentration DNA samples
which are below the LOD with q-PCR, two samples containing
10 and 100 spores were cultured in TPGYT medium. In
total, 44 and 28 h were the shortest enrichment time for
samples containing 10 and 100 spores of C. botulinum type A,
respectively, by ddPCR (Tables 4, 5). Consistently, the shortest
enrichment time were 48 and 32 h by q-PCR. For C. botulinum
type B spores, 48 and 32 h were required for detection by
ddPCR (Tables 4, 5) for 10 and 100 spores, respectively.
Similarly, 52 and 36 h enrichment time were at least required
by q-PCR.

DISCUSSION

C. botulinum serotypes A and B are the two main serotype
causing botulism in China. As the difficulty in diagnosis, many
cases of botulism are misdiagnosed which can be life-threatening
(Arnon et al., 2001; CfDCaP (CDC), 2016). So, it is critically
important to develop a rapid and sensitive method for the
detection of botulinum toxin or BoNT-producing bacteria.
Many methods have been developed to detect C. botulinum.
MALDI-TOFMS-based bacterial identification is a rapid method
providing robust accuracy in C. botulinum identification (Fenicia
et al., 2007; Xin et al., 2019). However, MALDI-TOF MS-
based bacterial identification requires enrichment and isolation
of bacteria, which commonly takes days to complete, and

this method cannot identify all BoNT-producing species or
discriminate them from the related species (Xin et al., 2019).
High-throughput sequencing and single molecule real-time
sequencing could provide excellent phylogenetic information for
typing and tracing the source of C. botulinum. Nevertheless,
they are not used widely in clinical due to the requirements of
highly trained staff and expensive instruments. q-PCR of toxin
genes can serotype strains of C. botulinum and are widely used
in clinical settings due to robustness, low cost, and simplicity.
Kirchner et al. reported an LOD of 7–287 genomes by q-
PCR in BoNT A–F in 95% possibilities (Kirchner et al., 2010).
However, the detection probability in single PCR raised above
10 times in 100% possibilities. Fenicia et al. showed a LOD of
60 copies of C. botulinum type A by SYBR green real-time PCR
(Barker et al., 2016). The other researchers demonstrated an
LOD between 16–200 copies for BoNT gene by q-PCR (Akbulut
and Grant, 2004; Kasai et al., 2007; Fach et al., 2009; Takahashi
et al., 2010; Malakar et al., 2013). A minimum of 100 copies
BoNT Agene was detected in spiked rice (Sedlak et al., 2014).
In the laboratory, stool samples are more likely to produce
a higher positive rate than serum. The gene copy number in
the clinical stool DNA samples very likely below the LOD of
q-PCR. Furthermore, inhibitors in stool samples can affect q-
PCR efficiency (Mazaika and Homsy, 2014; Morley, 2014; Wang
et al., 2016). ddPCR is an assay that combines state-of-the-art
microfluidics technology with TaqMan-based PCR to achieve
precise target DNA quantification at high levels of sensitivity and
specificity. Because quantification is achieved without the need
for standard assays in an easy to interpret, unambiguous digital
readout, ddPCR is far simpler, faster, and less error prone than
real-time qPCR (Mazaika and Homsy, 2014). In this study, we
evaluated ddPCR in detection of C. botulinum toxin A and toxin
B genes by comparing with q-PCR. It is seen that ddPCR not only
can raise the sensitivity and shorten the enrichment time with
high specificity, but also can increase the positive rate of spiked
stool samples and clinical stool samples.
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TABLE 4 | The growth of serotypes A and B strains in enrichment culture with 10 spores inoculation detected by ddPCR and q-PCR.

Culture time (h) 44 48 52 56 60 64 68

Serotype A 1.4 10.2 54 266 4,486 6,845 7,047

by ddPCR 1.3 11 56 251 4,521 6,914 7,086

(Copies/µl) 1.6 12 60 271 4,398 6,628 7,035

CV 10.7% 8.2% 5.4% 4.0% 1.4% 2.2% 0.4%

Serotype A 34.36 30.17 26.25 21.03 17.42 13.39

by q-PCR - 34.77 30.26 26.38 21.35 17.51 13.22

(Ct value) - 35.04 30.10 26.13 21.24 17.23 13.44

CV - 1.0% 0.3% 0.5% 0.8% 0.8% 0.9%

Serotype B - 1.2 4.5 19.2 174 6,856 -

by ddPCR - 1.1 4.6 19.4 185 6,921 -

(Copies/µl) - 1.4 4.9 19.7 192 6,847 -

CV - 12.4% 4.5% 1.3% 4.9% 0.6% -

Serotype B - - 35.27 28.25 25.43 21.42 -

by q-PCR - - 35.06 28.38 25.35 21.51 -

(Ct value) - 35.34 28.13 25.24 21.23

CV 0.4% 0.4% 0.4% 0.7%

TABLE 5 | The growth of serotypes A and B strains in enrichment culture with 100 spores inoculation detected by ddPCR and q-PCR.

Culture Time(h) 28 32 36 40 44 48 52

Serotype A 2.7 28 150 3,640 6,052 7,082 7,049

by ddPCR 2.6 25.3 162 3,570 6,668 7,017 7,026

(Copies/µl) 2.9 27 173 3,527 6,324 7,074 7,033

CV 5.6% 5.1% 7.1% 1.6% 4.9% 0.5% 0.2%

Serotype A - 32.98 27.86 22.12 18.11 12.14 10.08

by q-PCR - 32.80 27.63 21.92 18.12 12.34 10.11

(Ct value) - 61.96 27.76 21.89 18.11 12.18 10.15

CV - 39.4% 0.4% 0.6% 0.03% 0.9% 0.4%

Serotype B - 1.6 7.6 30 330 7,082 -

by ddPCR - 1.7 8.7 33 342 7,017 -

(Copies/µl) - 1.8 7.5 35 350 7.34 -

CV - 5.9% 8.4% 7.7% 3.0% 86.5%

Serotype B - - 34.30 27.23 24.70 19.96

by q-PCR - 34.28 27.70 24.55 20.19

(Ct value) - 34.95 27.89 24.38 20.22

CV 1.1% 1.2% 0.7% 0.7%

With optimized ddPCR, the sensitivity was increased by
nearly 100 times with high specificity in constructed plasmids
containing C. botulinum toxins A and B genes by comparing
with q-PCR. In addition, the LOD was increased in spiked
stool samples both in toxins A and B genes by ddPCR. This
sensitivity increase remained by comparing with q-PCR and
was quite critical in the clinical stool samples as proved. All
47 clinical stool samples were detected by MBA assay and were
confirmed by ddPCR. Two suspected stool samples negative with
MBA were identified by ddPCR indicating that ddPCR was more
sensitive than MBA or none active toxin was absent in the two
samples whereas toxin genes were present. Another possibility is
the false positive or potential contamination in ddPCR in these
two stool samples. However, as blank controls were included

in every trial, this possibility is very low. Only 32 strains were
isolated from 32 stool samples showing a low-isolation ratio or
no live spores were existed in the other samples. Interestingly,
only 21 samples were positive by qPCR suggesting a low-
positive rate. This might due to the low sensitivity of qPCR and
inhibitors factors in stool samples (Mazaika and Homsy, 2014;
Morley, 2014; Wang et al., 2016). These results indicated that
ddPCR can be used as a potential alternative diagnostic method
for MBA.

Enrichment time for low colony number samples were
evaluated here. Briefly, the earliest detection time was shortened
by 4 h both in 10 and 100 spores samples in C. botulinum
serotypes A and B strains with ddPCR. By sampling every 4 h
since inoculation, samples containing 10 and 100 C. botulinum
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serotype A spores can be detected as early as 44 and 28 h,
respectively, by ddPCR. This detection time was delayed by
4 h in C. botulinum serotype B spores. This indicated that
growth rate differs in C. botulinum serotypes A and B strains
with low-colony samples. An important consideration is the
use of ddPCR in the isolation of C. botulinum. The good
aspect is the sensitivity in the earlier detection from enrichment
culture. As most enrichment cultures will be tested by qPCR
or ddPCR and only positive cultures will be streaked in
the plate. ddPCR shows the potential ability in detecting
samples with few cells by its sensitivity. However, lack of DNA
standards hinders the application of ddPCR in the clinical and
laboratory tests.

In conclusion, here dd-PCR was demonstrated it can be used
as a more accurate detection method in the clinical diagnosis by
increasing sensitivity in stool samples and culture isolation by
shortening enrichment time.
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The pandemic caused by SARS-CoV-2 (SCoV-2) has impacted the world in many

ways and the virus continues to evolve and produce novel variants with the ability

to cause frequent global outbreaks. Although the advent of the vaccines abated

the global burden, they were not effective against all the variants of SCoV-2. This

trend warrants shifting the focus on the development of small molecules targeting

the crucial proteins of the viral replication machinery as effective therapeutic solutions.

The PLpro is a crucial enzyme having multiple roles during the viral life cycle and

is a well-established drug target. In this study, we identified 12 potential inhibitors

of PLpro through virtual screening of the FDA-approved drug library. Docking and

molecular dynamics simulation studies suggested that these molecules bind to the

PLpro through multiple interactions. Further, IC50 values obtained from enzyme-inhibition

assays affirm the stronger affinities of the identified molecules for the PLpro. Also,

we demonstrated high structural conservation in the catalytic site of PLpro between

SCoV-2 and Human Coronavirus 229E (HCoV-229E) through molecular modelling

studies. Based on these similarities in PLpro structures and the resemblance in various

signalling pathways for the two viruses, we propose that HCoV-229E is a suitable

surrogate for SCoV-2 in drug-discovery studies. Validating our hypothesis, Mefloquine,

which was effective against HCoV-229E, was found to be effective against SCoV-

2 as well in cell-based assays. Overall, the present study demonstrated Mefloquine

as a potential inhibitor of SCoV-2 PLpro and its antiviral activity against SCoV-2.

Corroborating our findings, based on the in vitro virus inhibition assays, a recent
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study reported a prophylactic role for Mefloquine against SCoV-2. Accordingly,

Mefloquine may further be investigated for its potential as a drug candidate for the

treatment of COVID.

Keywords: COVID-19, SCoV-2, Papain-like protease, FDA drug, virtual screening, enzymatic assays, HCoV-229E,

antiviral assays

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2/SCoV-2), a member of human beta coronaviruses, is
responsible for the ongoing COVID pandemic and is accountable
for high morbidity and mortality. Infections with SCoV-2
have been majorly asymptomatic with about 15% of infections
resulting in symptomatic clinical cases, and a minor percentage
succumbing to the disease. To this date, the world has recorded
about 3.7 billion clinical cases and 5.7 million deaths, and the
occurrence of clinical cases continues to rise due to frequent
outbreaks caused by new variants of SCoV-2. Besides, the
pandemic has impacted the world socially and economically.
Compared to SCoV-1 and MERS-CoV, the COVID-19 pandemic
has demonstrated high transmissibility and therefore remains
highly challenging to contain.

The genome of SCoV-2 is an ∼30 kb long single-stranded
positive sense RNA molecule. The viral genome codes for
4 structural proteins and 16 non-structural proteins (nsp1
to nsp16), which include two viral proteases, Papain-like
protease (PLpro/nsp3) and the 3-chymotrypsin-like protease
(3CLpro/nsp5). These proteases help in the processing of the
polyprotein into functional proteins. Similarly, the genome also
codes for proteins of the viral replicase complex consisting
of RNA-dependent RNA polymerase (RdRp/nsp12) and other
auxiliary proteins that are essential in viral replication (Anand
et al., 2003; Harcourt et al., 2004). Interfering with any of these
crucial protein functions can affect the viral replication, thereby
the production of viral progeny and finally the disease outcome.
The SCoV-2 PLpro recognizes the LXGG motifs located at the
junctions of nsp1/2, nsp2/3, and nsp3/4 in the polyprotein and
hydrolyses them to produce functionally active proteins. Another
crucial function of the PLpro is the cleavage of host ubiquitin
and ISG15 (regulators of host innate immune pathways), which
trigger host immune responses, and thereby helps the virus
to spread effectively inside the infected host (Devaraj et al.,
2007; Klemm et al., 2020; Maiti, 2020; Shin et al., 2020). Due
to its multifunctional and indispensable roles during the viral
life cycle, PLpro has become a crucial target for anti-SCoV-2
drug discovery.

The medical emergency due to the COVID pandemic has
prompted researchers from various disciplines across the globe to

Abbreviations: AMC, 7-Amino-4-methylcoumarin; COVID-19, Coronavirus

Disease 2019; CPE, Cytopathic Effects; FDA, Food and Drug Administration;

GRL0617, (R)-5-amino-2-methyl-N-(1-(naphthalen-1-yl)ethyl) benzamide (3);

HCoV-229E, Human Coronavirus 229E strain; MERS-CoV, Middle East

Respiratory Syndrome Coronavirus; MD, Molecular Dynamics; MM-PBSA,

Molecular Mechanics Poisson–Boltzmann Surface Area; PLpro, Papain-Like

protease; RMSD, Root Mean Square Deviation; SARS-CoV-2/SCoV-2, Severe

Acute Respiratory Syndrome Corona Virus 2.

prioritise their research focus in quickly understanding various
aspects of SCoV-2 biology. Accordingly, there is an abundance
of experimental data available on the biochemical and structural
aspects of SCoV-2 PLpro that can be very handy in finding
potential antivirals and/or designing novel molecules targeting
this important viral component. The SCoV-2 PLpro shares 83%
similarity with SCoV-1 PLpro, while it shares 31% and 53%
similarity with the MERS-CoV and HCoV-229E, respectively
(Huang et al., 2020; Lu et al., 2020). The PLpro consists of
four domains: N-terminal Ubiquitin like domain (Ub1), thumb
domain, finger domain, and the palm domain. The catalytic triad
contains the Cys111, His272, and Asp286, which are crucial in
polyprotein processing. The catalytic site has a zinc binding site,
which plays a crucial role in dictating the enzymatic activity
of PLpro. The zinc binds to the four cysteine residues (Cys189,
Cys192, Cys224, and Cys226) in a tetrahedral arrangement and is
responsible for facilitating the structural integrity and correct
protein folding. Due to this reason, the zinc binding site has
become a druggable site using Zn-ejector-based drugs (Sargsyan
et al., 2020a,b).

Recent drug-discovery research targeting the SCoV-2 PLpro
proposed GRL0617 and its selected analogues as potential
inhibitors of viral protease in vitro and inhibitors of SCoV-
2 replication in cell-based assays (Ratia et al., 2008; Freitas
et al., 2020; Rut et al., 2020; Shin et al., 2020; Fu et al.,
2021; Osipiuk et al., 2021). Similarly, Delre et al. performed
in silico screening of phase III and IV tested and clinically
approved drugs against SCoV-2 PLpro, and proposed a total of 24
drugs (22 non-covalent and 2 covalent) as promising inhibitors
of SCoV-2 PLpro (Delre et al., 2020). While majority of the
drugs proposed in the recent reports are yet to be tested in
preclinical and clinical studies, currently there is no specific
clinically approved effective therapy to contain the ongoing
pandemic and hence, there is a need to identify/design novel
antivirals against SCoV-2. In this study, virtual screening of
FDA-approved drug library (for repurposing) against SCoV-
2 PLpro has been employed to identify molecules potentially
capable of inhibiting SCoV-2 replication. The retrospective
analysis of per-residue decomposition of the binding free energy
calculations revealed the role of individual residues in the
inhibition by selected molecules. Next, inhibitory activity of
the identified molecules using GRL0617, as a known reference
against SCoV-2 PLpro, was demonstrated biochemically by
PLpro enzyme assays. Here, we found that FAD and Mefloquine
have IC50 values in the micromolar range similar to GRL0617.
The molecules, Glutathione disulphide, Lopinavir, Darunavir,
and Ritonavir exhibited moderate IC50 values against SCoV-
2 PLpro. Further, through cell-based antiviral assays, we have
demonstrated superior antiviral activities for Lopinavir and
Mefloquine against HCoV-229E, which was used as a surrogate
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for SCoV-2 (Ma et al., 2020; Butot et al., 2021; Owen et al.,
2021; Pasquereau et al., 2021). We further validated the antiviral
activity of Mefloquine against SCoV-2 in Vero E6 cells. Further
validating the anti-SCoV-2 activity of Mefloquine, a recent study
by Shionoya et al. proposed a prophylactic role for Mefloquine
based on the findings in vitro in SCoV-2-infected Vero E6 cells
(Shionoya et al., 2021). Therefore, we propose Mefloquine as a
SCoV-2 PLpro inhibitor for further development in preclinical
and clinical studies for drug repurposing.

MATERIALS AND METHODS

In silico Screening of FDA-Approved Drugs
Against SCoV-2 PLpro
PLpro Protein Receptor and Ligand Preparation
The 3D-coordinates of SCoV-2 PLpro were obtained from the
protein database (PDB ID:6WX4; Rut et al., 2020) for in silico
studies. The PLpro structure with the Zn2+ atom using the
Maestro v1 protein preparation wizard (Friesner et al., 2004) at
the physiological pH 7.4 and by allowing modeling of missing
loop residues. All the water molecules were removed from the
PLpro protein followed by the addition of hydrogen atoms. The
optimised protein was subjected to energy minimization using
the liquid simulation (OPLS-3) force fields for all atoms in the
structure. The receptor grid box was generated using Glide v7.1
at the centre of the active site residues (Trp93, Trp106, Asp108,
Asn110, Cys111, His272, Asp286; Ratia et al., 2006) of the PLpro
protein. The library of FDA-approved drugs was retrieved from
Drug bank v5.0 in the SDF file format. The retrieved ligands
were prepared using the Ligprep module for ligand preparation
(Friesner et al., 2004). Hydrogen atoms were added to the
ligand library followed by energy minimization using the OPLS-
3 force field to obtain low energy molecules for virtual screening
(Friesner et al., 2004).

Virtual Screening
High-throughput Virtual Screening (HTVS) was carried out by
molecular docking analysis using Glide v7.1 and employing the
defined receptor grid against the set of prepared ligand libraries.
A total of 2,467 FDA-approved drugs from the Drug bank
database were screened against SCoV-2 PLpro in HTVS mode
and the top 10% hits were further docked using the Standard
Precision (SP) mode. Further, the top 10% ligands were selected
and subjected to docking with Extra Precision (XP) mode in
Glide. The best 12 (Rut et al., 2020) docked ligands were selected
for MD simulations based on the glide energy, docking score,
and the interactions with active site residues of PLpro protein for
further refinement (Table 1).

Molecular Dynamics (MD) Simulations
The binding stability of the selected hits obtained from screening
was assessed by MD simulations of their docked complexes using
GROMACS software suite (version 2018.7). The simulations
were performed using GROMOS 54A7 force field parameters
for protein atoms and the PRODRG server was used for
building topological parameters of the ligand molecules since
it also included chemical scaffolds which were similar to our

ligands (Schüttelkopf, 2004). Each complex was solvated in a
dodecahedron box with a minimum 1nm distance from protein
atoms using Simple Point-Charge (SPC) water model. Solvated
complexes were neutralised with Cl− ions and energy minimised
using the steepest descent algorithm until maximum force was
<1,000 kJmol−1 nm−1. The energy minimised electroneutral
system was equilibrated under a canonical ensemble (NVT)
followed by an isothermal-isobaric (NPT) ensemble for 100
ps each. The temperature and pressure of the system were
maintained at 300K and 1 bar, respectively, using a modified
Berendsen thermostat and Parrinello-Rahman barostat. Bond
lengths were constrained using the P-LINCS algorithm while
Particle Mesh Ewald (PME) was used for handling the long-
range component of the non-bonded interactions with standard
parameters. The Leapfrog algorithm was used to integrate
Newton’s equation of motion with a step size of 2 fs. The
production simulation was performed for a time duration of
100 ns for all the 12 complexes along with unliganded protein.
Position restraints were applied to zinc atoms during the
simulation. Periodic boundary conditions were considered in all
three dimensions throughout. The output trajectory was analysed
using GROMACS modules and in-house python scripts.

Free Energy Estimation Using MMPBSA
The binding interaction was quantified by estimation of binding
free energy for each of the MD refined complexes using
Molecular Mechanics Poisson–Boltzmann Surface Area (MM-
PBSA) method employing the g_mmpbsa tool (Kumari and
Kumar, 2014). The g_mmpbsa uses Assisted Poisson Boltzmann
Solver (APBS) program for computing polar solvation energy
and Solvent Accessible Surface Area (SASA) model for polar
solvation energy (Miller et al., 2012). MM-PBSA calculations
were performed for the last 25 ns of the simulation trajectory
after convergence (Chaudhary andAparoy, 2020). Based onMM-
PBSA calculations and interaction profile, nine molecules were
selected for inhibition assays and were procured from Sigma.
Further, in a retrospective analysis, per-residue decomposition of
the binding free energy was done to dissect the role of individual
residues in inhibition of Mefloquine and Lopinavir.

HCoV-229E PLpro Homology Modelling
The HCoV-229E PLpro protein sequence was retrieved from
previously reported sources (Loyola eCommons, 2014; Ye et al.,
2021). The three-dimensional structure of HCoV-229E PLpro
was modelled using I-TASSER followed by refinement using
GalaxyRefine web server (Heo et al., 2013). Molprobity server
(Williams et al., 2018) was used for validation of the modelled
HCoV-229E PLpro and was subsequently used to dock all
selected molecules for comparative studies with SCoV-2 PLpro.

Computational Analysis of Signalling Pathways

Between SCoV-2 and HCoV-229E
To explore HCoV-229E as a surrogate virus for drug-discovery
studies (Ma et al., 2020; Butot et al., 2021; Owen et al., 2021;
Pasquereau et al., 2021) in a BSL-3 laboratory, we compared the
similarities and dissimilarities of signalling pathways involved
in disease pathogenesis between HCoV-229E and SCoV-2.
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TABLE 1 | List of FDA approved drugs screened against SARS-CoV-2 PLpro by in silico screening.

S. No. Database ID Generic name 2D structures Docking score Glide energy H-bond

interactions

Ionic

interactions

Hydrophobic

interactions

1. DB00284 Acarbose −11.578 −52.918 Asn109, Trp106,

His272, Ala 288

- -

2. DB03310 Glutathione

Disulphide

−8.143 −50.076 Trp106, Cys111,

His272, Thr265,

Lys274, Asp286,

Ala 288

His272, Lys274 Trp106

3. DB06796 Mangafodipir −9.656 −70.955 Ile104, Asn109,

Asn110, Thr265,

His 272

His272, Lys274,

Asp286

Ala106, His 272

(Pi-stacking)

4. DB03147 FAD −9.836 −68.170 Lys92, Lys94, Trp

106, Asp108,

Asp286, Ala288

- -
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TABLE 1 | Continued

S. No. Database ID Generic name 2D structures Docking score Glide energy H-bond

interactions

Ionic

interactions

Hydrophobic

interactions

5. DB09156 Iopromide −8.306 −55.399 Trp106, Asn109,

Asn110, Thr265,

His272, Asp286

- His272

(Pi-stacking)

6. DB01698 Rutin −8.604 −50.725 Trp106, Asn109,

His272, Gly 271,

Asp286, Ala288

- Trp106, His272

7. DB012434 Steviolbioside −8.289 −43.118 Trp106, Cys270,

Gly271

- Trp106

8. DB012942 Lactitol −7.995 −33.789 Trp106, Asn109,

Cys270, Gly271,

His272,

- -

(Continued)
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TABLE 1 | Continued

S. No. Database ID Generic name 2D structures Docking score Glide energy H-bond

interactions

Ionic

interactions

Hydrophobic

interactions

9. DB01601 Lopinavir −2.882 −45.604 Trp106, Asp286,

Ala288

- Trp106

10. DB00358 Mefloquine −1.48 −27.074 Trp106, Asp286,

Ala288

- Trp106

11. DB01264 Darunavir −3.261 −39.824 Trp106 - Trp106 (Two

hydrophobic and

one Pi-stacking)

12. DB00503 Ritonavir −4.151 −49.703 Lys274 - Trp108, Ala114
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Genomic sequences of HCoV-229E (NC_002645) and SCoV-
2 (NC_045512) were retrieved from the National Center for
Biotechnology Information (NCBI) and aligned using Geneious
software to find a similarity between the two genomes.

Cloning, Expression, and Purification of
PLpro Protein in a Bacterial Expression
System
The cDNA sequence coding for SCoV-2 PLpro was codon-
optimised for bacterial expression and was custom-synthesised
in pET22b vector backbone by GeneScript, USA. The expression
cassette consists of the N-terminal 6X-His tag followed by SUMO
tag with PLpro cleavage site for autocleavage during protein
expression and a 2nd 6xHis tag at the C-terminus for purification
as shown in Figure 1 and Supplementary Information 8. The
PLpro plasmid construct was transformed into C43 cells and
the recombinant bacterial clones grown at 18◦C were induced
with 1mM ZnCl2 and 0.5mM IPTG to allow overexpression
of recombinant PLpro. Expression of the recombinant PLpro
was confirmed by SDS-PAGE analysis as well as by immunoblot
analysis using anti-his antibody using standard methods. For
large scale production and purification of the recombinant
PLpro, selected recombinant bacterial clone grown in 2x YT
broth broth was induced at OD600 ∼0.6 under previously
optimised conditions. Induced bacterial culture was harvested
by centrifugation, cell pellet was lysed by sonication in the lysis
buffer (50mM Tris-HCl, 150mM NaCl, 10mM Imidazole,.1%
Triton X-100, and 2mM BME, pH 8.5) and then centrifuged at
20,000× g for 1 h to obtain a clear supernatant. The supernatant
was passed through pre-equilibrated HisTrap FF column (5ml,
Cytiva) with the lysis buffer and the bound protein was eluted
(50mM Tris-HCl, 150mM NaCl, 250mM Imidazole, and 2mM
BME, pH 8.5). The eluted PLpro protein fractions were further
purified by size-exclusion chromatography using HiLoad 26/600
Superdex 200 pg column equilibrated with storage buffer (50mM
Tris, 150mM NaCl, 2mM DTT pH 8.5). The purified fractions
were concentrated using 10 kDa molecular cut-off Amicon
tube (Amicon Ultra, Merck Millipore) and stored in a buffer
containing 20% glycerol at−80◦C for further experiments.

Optimization of SCoV-2 PLpro Assay
The fluorescence-based enzymatic activity of PLpro was analysed
using the peptide-AMC substrate (Z-Arg-Leu-Arg-Gly-Gly-
AMC, Cat. # 79997, Bachem Bioscience, USA) in a 96-well plate.
In principle, PLpro recognizes the consensus cleavage motif,
LXGG (X = any amino acid, L = Leucine, and G = Glycine),
in the peptide substrate and hydrolyses it to allow fluorescence
emission (excitation λ: 380 nm; emission λ: 460 nm). In order
to determine the optimal enzyme concentration, 25µM PLpro-
substrate was incubated with increasing concentrations of
recombinant PLpro (0-10µM) in the assay buffer (20mM Tris
pH 8.5, 100mM NaCl, and 2mM DTT) at 37◦C for 45 mins in a
50 µL reaction volume. The fluorescence emission was measured
at 460 nm after excitation at 360 nm using the Tecan/Spectramax
multimode plate reader. Similarly, to determine the Km of the

substrate, assays were set up using increasing concentrations (0-
150µM) of substrate in the presence of optimum concentration
of the recombinant SCoV-2 PLpro at 37◦C for 45min and the
fluorescence signals were recorded. Initial velocities of AMC
release were normalized to a standard curve and the velocity vs.
substrate concentration plot was further analysed by Michaelis-
Menten equation (Sargsyan et al., 2020b; Fu et al., 2021; Osipiuk
et al., 2021; Zhao et al., 2021).

Synthesis of GRL0617 Reference Drug
GRL0617 [(R)-5-amino-2-methyl-N-(1-(naphthalen-1-yl)ethyl)
benzamide (Harcourt et al., 2004)] is an allosteric inhibitor of
the PLpro and, as shown in Figure 2, the same was synthesised
in-house for use as a reference control in enzyme-inhibition
assays. For this preparation of 3: To a cooled (0◦C) and
stirred solution of 5-amino-2-methylbenzoic acid 2 (25mg, 0.16
mmol) in dry CH2Cl2 (10mL), N, N-dicyclohexylcarbodiimide
(31 µL, 0.20 mmol), and N-hydroxysuccinimide (22mg, 0.20
mmol) were added in sequence. After stirring the reaction
mixture for 10min at the same temperature, (R)-(+)-1-(1-
Naphthyl)ethylamine 1 (32 µL, 0.20 mmol) was added to the
reaction mixture. The reaction mixture was stirred for 30min
at 0◦C and then slowly warmed to room temperature. The
progress of reaction was monitored by TLC and after the reaction
was complete (12 h), the reaction mixture was filtered through
the pad of celite. The celite pad was washed with CH2Cl2
(5ml × 3), and the combined filtrate was washed sequentially
with 1N HCl (15ml), aqueous sodium bicarbonate solution
(15ml), and distilled water (15ml). The combined organics
was dried over Na2SO4, filtered, and evaporated to afford a
crude residue. The crude residue obtained was purified by silica
gel column chromatography (eluting with 40% ethyl acetate
in hexane) furnished (R)-5-amino-2-methyl-N-(1-(naphthalen-
1-yl)ethyl)benzamide 3 (39.26mg, 78%) as a white solid. Rf =

0.29 in 50% ethyl acetate solution. 1H NMR and 13C-NMR
chemical shifts has been reported per million (ppm) relative to
the peak of residual proton signals of (R)-5-amino-2-methyl-N-
(1-(naphthalen-1-yl)ethyl)benzamide 3 (400 MHz, CDCl3 and
100 MHz, CDCl3) shown in Supplementary Figures 5, 6.

SCoV-2 PLpro Inhibition Assay
The test compounds and the reference control, GRL0671, were
serially diluted starting from a maximum concentration of
10mM and each dilution was mixed with 100 nM concentration
of recombinant SCoV-2 PLpro in 96-well plates and incubated
at 37◦C for 45min. After the 45min incubation, reaction
was initiated by adding the peptide-AMC substrate to a final
concentration of 60µM per well at 37◦C for a further 45min.
Finally, the AMC release is measured by the fluorescence
at 460 nm using the microplate reader. The 50% inhibitory
concentration (IC50) of each drug was calculated by the dose-
response inhibition function and curve-fitting using Graphpad
Prism 8.0.1 with inhibitor vs normalised response equation. All
inhibition assays were performed in duplicates (Sargsyan et al.,
2020b; Fu et al., 2021; Osipiuk et al., 2021; Zhao et al., 2021).
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FIGURE 1 | Depicts the strategy used to clone the cDNA coding for SARS-CoV-2 PLpro in pET22b vector system for bacterial expression. The PLpro gene codons

were optimized, synthesized, and subcloned into the pET22b vector with MscI and BIpI restriction site. N-terminal end of the clone having a 6X His tag followed by

SUMO tag consisting of PLpro autocleavage site. On the other hand, C-terminals end up having 6x His tag for purification. *Autocleavable.

FIGURE 2 | Chemical synthesis of GRL0617 inhibitor, a known inhibitor of SARS-CoV-2 PLpro activity. DCC, N, N-dicyclohexylcarbodiimide; NHS,

N-hydroxysuccinimide; rt, room temperature. The figure is self-explanatory; the reagents and reaction conditions, i.e., experimental procedure is already mentioned on

the arrow).

Antiviral Assays
Cell Cultures and Virus Strain
Human Lung Fibroblast (MRC-5, Cat # ATCC R© CCL-
171TM) cell line was purchased from American Type
Culture Collection (ATCC, USA). The MRC-5 cell line
was maintained in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 10% heat-inactivated Fetal
Bovine Serum (FBS), 2mM L-Glutamine and 0.1% Antibiotic-
Antimycotic (ABAM) at 37◦C in an incubator maintained
to have 5% CO2. The assay medium consisted of EMEM
supplemented with 2% FBS along with all other components
of the growth medium. Human Coronavirus strain 229E
(HCoV-229E, ATCC R©VR-740TM) was purchased from ATCC
and propagated in MRC-5 cells. The stock virus was titrated
by a plaque assay on MRC-5 cell monolayers using the
standard protocol.

MTT Assay
Cytotoxicity and the antiviral activities of the selected drugs were
estimated by MTT [(3-(4,5-dimethylthioazol-2-yl)-2,5-diphenyl
tetrazolium bromide)]-based quantitative colorimetric assay in
MRC-5 cell line in 96-well tissue culture plates. Briefly, cells
were seeded at a density of 2 × 104 cells/well in a 96-well
tissue culture plate and grown to ≥80% confluency. At this
stage, growth medium was replaced with 2-fold serial dilutions
of the test compound prepared in the assay medium with

each dilution added to six replicate wells at 50 µL/well of
the 6 replicate wells, and three wells each were used for the
estimation of cytotoxicity and the antiviral activity. Accordingly,
wells meant for cytotoxicity estimation received 100 µl/well
of assay medium, whereas those meant for estimation of
antiviral activity received 100 µl/well of HCoV-229E (∼500
PFU/well). Each assay plate included medium-only controls,
cell controls and virus-infected cell controls, and the plates
were incubated for 6 days, at which time point ≥90% cells
in the virus control wells demonstrated CPE. Post incubation,
culture supernatants from wells meant for the estimation of
antiviral activity were collected for qPCR-based estimation of
viral loads, while those from wells meant for the estimation
of cytotoxicity were discarded, followed by replacing all the
wells with 100 µl/well of MTT solution (0.5 mg/well) in
assay medium. The plates were incubated for 4 h at 37◦C to
allow MTT-formazan formation and then supplemented with
100 µl/well formazan-solubilisation solution (10% SDS in.01M
HCl solution) and the plates were further incubated for 4 h
at 37◦C. The optical densities were recorded using a TECAN
microplate reader at dual wavelengths of 570 and 690 nm,
and the OD570-OD690 data values were calculated. For data
analyses, the background-corrected optical densities in sample
wells were obtained by subtracting the mean OD570-OD690 of
medium controls in each plate from test samples (OD570-OD690

of Sample well - Mean OD570-OD690 of Medium control). The
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percent cytotoxicity and percent antiviral activity were calculated
as follows:

% Cytotoxicity =
OD570−690 Sample Well × 100

Mean OD570−690 Untreated Cell Control

% Antiviral Activity =

(OD570−690Sample Well

−Mean OD570−690 Virus Control) × 100

(Mean OD570–690 Untreated Cell Control

−Mean OD570–690 Virus Control)

The data were plotted using Origin 6 (MicrocalTM Origin R©

version 6.0, Microcal Software Inc.) software and the
50% cytotoxicity concentration (CC50) and 50% effective
concentration (EC50) for each compound at various
concentrations were determined. Finally, the selectivity
index (SI) for the test compound was determined from
CC50/EC50 values.

Quantitative PCR
Cell-free culture supernatants were collected from virus-infected
and drug-treated wells and were used to estimate the viral
loads using SYBRGreen-based qRT-PCR targeting a 70-base
region in the cDNA coding for the viral membrane protein.
For this, 200 µl virus sample was processed to prepare
the viral genomic RNA using HiPureTM Viral Nucleic Acid
extraction kit (Cat # 11858874001; Roche Diagnostics, India).
One-third of the viral genomic RNA preparation was reverse-
transcribed as per manufacturer’s instructions to synthesise
the cDNA using ImProm-II Reverse Transcriptase (Cat #
A3802, Promega Corporation, India). One-fourth of the cDNA
preparation and the primer set, MBA134 (Forward) 5′-
TTCCGACGTGCTCGAACTTT-3′ and MBA135 (Reverse) - 5′-
CCAACACGGTTGTGA CAGTGA-3′, were used in quantitative
PCR(qPCR) using TB Green R© Premix Ex TaqTM II (TliRNaseH
Plus) (Cat # RR820A, DSS-TAKARA) according to the
manufacturer’s recommendations. Recombinant plasmid DNA
carrying the target sequence was generated for use in qPCRs as
reference standard and its copy number was determined using
URI Genomics and Sequencing Center’s online tool. Serial 10-
fold dilutions of the recombinant plasmid were used as templates
in qPCRs and the Ct-values were used to generate the standard
curve. A Ct value ≥ 30 was considered negative and the viral
loads in test samples were derived from the standard curve.
Viral loads in the test samples, represented as the viral genome
equivalents (GE), were plotted against the drug concentrations
tested in the assays. Similarly, viral loads in the test samples were
compared with the virus controls to calculate percent reduction
and Log10 reduction in the viral load.

SARS-CoV2 Antiviral Testing
Cytotoxicity Assay
A test compound that demonstrated activities in PLpro protease-
inhibition assays as well as in cell-based antiviral assays against
HCoV-229E inMRC-5 cells was selected to demonstrate antiviral
effects against SCoV-2 in Vero E6 cells in vitro. Because we had
no physical access to a BSL-3 facility to carry out the antiviral

assays against SCoV-2, this part of the work was outsourced
to the Regional Center for Biotechnology (RCB), Faridabad,
India. Initially, to determine the cytotoxicity of the selected
compound, ∼104 Vero E6 cells were seeded per well of a 96-
well plate and grown to ≥80% confluency. At this stage, cells
were incubated for 30 h with dilutions of the test compound in
replicate wells and these assays included uninfected cells, DMSO
and Remdesivir (reference anti-SCoV-2 control)-treated wells
as known negative and positive controls. Post-30 h incubation,
cells were stained with the fluorescent (Hoechst 33342 and
Sytox orange) dyes. The microscopic images were captured at
10× magnification (16 images/well) using ImageXpress Micro
Confocal (Molecular Devices).

Immunofluorescence Antiviral Screening Assay
The antiviral activity of the selected compound against SCoV-2
was analysed by immunofluorescent assay in a 96-well plate. For
this,∼104 Vero E6 cells per well were seeded and grown to≥80%
confluency. At this stage, cells in replicate wells were treated
with a safe dose (identified from the cytotoxicity studies) of
the selected compound or with 10µM Remdesivir. These assays
also included the necessary negative controls for comparison.
The cells were infected with SCoV-2 at 0.1 MOI and, post-
30 h incubation, fixed in 4% paraformaldehyde, permeabilized
with 0.3% Tween-20 and stained with anti-mouse mAb specific
to SCoV-2 Nucleocapsid (primary) followed by staining with
Alexafluor 568-labelled anti-mouse antibody (secondary). Prior
to mounting, monolayers were treated with Hoechst 33342 to
stain the nuclei and the images were captured using ImageXpress
Micro Confocal (Molecular devices) at 10× magnification (16
images/well). The data was analysed in MetaXpress software
using a multi-wavelength cell scoring module and the cells
double-positive for the viral nucleocapsid as well as nuclei were
counted and compared with that in the controls.

Statistical Analysis
All the experiments were performed in triplicates and the
numerical data from these experiments was represented as
Data Mean ± Standard Deviation (SD). The 50% cytotoxic
concentrations (CC50) and 50% effective concentrations (EC50)
of the compounds were calculated by modelling the data sets
using logistic regression model, while the R-values and the
statistical significance among data sets were derived from linear
regression curves and the one-way ANOVA, respectively. A
statistical significance of p < 0.05 was considered significant in
all the experiments.

RESULTS

Virtual Screening and Characterization of
FDA-Approved Drugs Against SCoV-2
PLpro
Virtual Screening
A library of 2,467 FDA-approved compounds from the Drug
bank database was virtually screened in HTVS mode against the
modelled SCoV-2 PLpro. After following the criteria described
in the Materials and methods section, a total of 12 potential
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compounds were selected for further characterization. These
molecules were selected based on docking score, glide energy,
and interactions with the active site residues of PLpro which were
further subjected to MD simulations to assess the stability of the
drug-receptor complex, and for the estimation of binding energy.
The docking score, glide energy, and the interactions of the 12
selected molecules are provided in Table 1.

Molecular Dynamics (MD) Simulation Studies
The interactions of the 12 selected molecules with the active site
residues of SCoV-2 PLpro were analysed under physiological
conditions through MD simulation. The conformational
changes associated with the protein-ligand interactions were
depicted through Root-mean-square deviation (RMSD)
plots as shown in Supplementary Figure 1. The backbone
RMSD in the presence of different ligands showed negligible
deviation from control indicating minimal influence of
the bound molecules on the global structure of PLpro
which is also evident from the radius of gyration plots
(Supplementary Figure 2). The ligand RMSD variations are
provided in Supplementary Table 1.

The MD trajectory analysis of the 12 enzyme-drug complexes
showed differential binding interactions of hits. Acarbose
formed extensive hydrogen bonds with various active site
residues including Trp106 and Asp286 owing to the high
number of hydrogen bond donors and acceptors. But the
molecule was significantly solvent-exposed due to its high
polarity and absence of hydrophobic interactions. Similarly,
in the case of Flavin adenine dinucleotide (FAD), hydrogen
bonds were observed with residues like Trp106 and Asp286
among others. Also, the flavin group and the adenyl ring
allowed the formation of π-stacking interactions with Trp106
and other hydrophobic interactions with Trp93 and Ala107
as shown in Figures 3B,E. Although the phosphate group
formed ionic interaction with Lys92, the hydrophilic sugar and
phosphate of FAD were predominantly solvent-exposed during
the simulation. Glutathione disulphide was bound to the protein
by forming extensive hydrogen bonds with various residues
including Asp108 and His272 and these interactions were
retained throughout the simulation. The molecule was anchored
to the binding site by virtue of hydrophobic interactions
between the disulfide of glutathione and residues Trp106 and
His272. Although this molecule resided in the active site
during the simulation, it fluctuated due to the high number of
rotatable bonds.

Among the 12 selected hits, Mangafodipir displayed the
best interaction with SCoV-2 PLpro with greater penetration
into the active site. Besides forming hydrogen bonds with
Asp286 and Cys111, it also formed π-stacking interactions with
His272 and Trp106 in addition to van der Waal’s contacts
with several non-polar residues in the binding site and retained
them throughout the 100 ns simulation. Rutin was decently
stable in the binding site as the flavenone group formed π-
stacking interactions with Trp106 and His272 while the polar
sugar moiety formed hydrogen bonds with Asp286 and others
as shown in the interaction table. The binding of Ritonavir
was stable in the active site through π-stacking interactions

between its thiazole ring and residues Trp106 and His272. Its
interactions with the enzyme were further stabilised through
hydrophilic interactions with residues Asp108 and Asn109 along
with hydrophobic interactions with Ala107, Tyr112, and other
residues. Steviolbioside showed intermediate interactions with
the protein-forming hydrogen bonds with residues Asp286 and
Trp106. The steviol group maintained hydrophobic interactions
with residues Leu289, Pro96, Ala107, and Ala288. The binding
of Darunavir with PLpro was unsteady due to high solvent
exposure. It formed meagerly stable interactions which included
hydrogen bonds with Gln289, Cys270, and hydrophobic
interactions with Leu162.

Lopinavir and Mefloquine occupied the hydrophobic pocket
formed between β11 loop and α7 loop. While Lopinavir showed
a relatively variable binding position, Mefloquine was quite stable
in the pocket. Along with hydrogen bonds, both molecules
majorly formed hydrophobic interactions with binding pocket
residues including stacking interactions with Trp106. Detailed
interactions of Lopinavir and Mefloquine are depicted in
Figure 3. The molecules Iopromide and Lactitol were highly
unstable in the binding site in the absence of specific interactions
with the protein. Although Iopromoide was anchored by
hydrogen bond with Asp108, Lactitol got completely dissociated
from the active site after initial 30 ns of simulation. The
interacting residues observed throughout the 100 ns simulations
for all the molecules are listed in Supplementary Table 2.

Binding Free Energy Analysis by MM-PBSA Method
The binding free energy values were computed from the last 25
ns trajectory using the MM-PBSA approach. The binding energy
values were in coherence with the interactions observed and
therefore gave a plausible binding affinity of the hits. The lowest
binding free energy values were observed for Mangafodipir
and Glutathione followed by Ritonavir, FAD, Lopinavir, and
Mefloquine. These molecules also displayed significant hydrogen
bonds and hydrophobic interactions and the majority of them
were retained throughout the 100 ns simulations. The molecules
Acarbose, Iopromide, Steviolbioside, and Darunavir were more
solvent-exposed and therefore exhibited higher binding free
energies. Although some of them displayed decent hydrogen
bonding, the higher binding free energy values were due to the
lack of effective hydrophobic interactions. Binding free energy
could not be computed for Lactitol and binding energy of all the
molecules listed in Supplementary Table 3.

HCoV-229E and SCoV-2 PLpro Are Structurally

Similar
Due to lack of physical access to a functional BSL-3 facility, we
wanted to use HCoV-229E as a model coronavirus to investigate
the antiviral potential of the selected molecules in a cell-based
assay system. Accordingly, HCoV-229E PLpro was modelled to
study the structural similarity with the SCoV-2PLpro. Although
the HCoV-229E PLpro shares lesser sequence identity (∼22%)
with SCoV-1 and SCoV-2 PLpro at the nucleotide level, it exhibits
∼53% similarity with SCoV-2 PLpro at the amino acid level.
The 3D structure of HCoV-229E PLpro was modelled using I-
TASSER (threading-based structure prediction). Validation of
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FIGURE 3 | The interactions of the molecules with PLpro observed throughout the 100 ns simulations are depicted. The interactions were estimated by geometric

criteria and visual inspection. (I) 2-D Interaction diagram of (A) Mefloquine, (B) FAD, and (C) Lopinavir with PLpro of SARS-CoV-2. (II) 3D-binding pose of (D)

Mefloquine, (E) FAD, and (F) Lopinavir with PLpro of SARS-CoV-2.

the models was done based on stereochemical parameters of
the model (MolProbity). Comparison of the SCoV-2 PLpro
and HCoV-229E PLpro shows that the two structures are
significantly similar with RMSD of ∼1.7 Å, but deviated in
the C-terminal tail region (Supplementary Figure 4A). Also,
most of the catalytic residues are conserved or similar in both
the structures except tryptophan to threonine at residue 106
(Supplementary Figure 4B). The 12 identified molecules were
also docked into HCoV-229E PLpro and they showed similar
binding conformation as observed with SCoV-2 PLpro, and their
docking score, glide energy andmolecular interactions are shown
in Supplementary Table 4.

Signalling Pathways/Molecular Mechanisms Between

HCoV-229E and SCoV-2 Are Similar
The sequence analysis of the two genomes suggested 55.3%
identity between the two with a GC content of 38%. Except for
some short genomic regions, the majority of the genomic regions
demonstrated pairwise identity between 30 and 100% (van der
Hoek et al., 2004;Woo et al., 2005). Although SCoV-2 andHCoV-
229E enter into host cells via different receptors, ACE2 and APN
respectively, they both require type II transmembrane for the
activation of Spike protein. Moreover, the available literature
distinctly demonstrates the similarities in various pathways
between the two viruses including the unfolded protein response,
the MAPK pathway and the proinflammatory response pathways

(Tyrrell, 1965;Weiss, 2005). From the literature survey, we found
that the signalling pathways involved in disease pathogenesis and
host immune response are mostly similar (Siddell et al., 1983;
Masters, 2006; Weiss and Leibowitz, 2011). The host immune
response proteins IFITMs (interferon inducible transmembrane
proteins) implicated in the attachment and entry of SCoV-2
and HCoV-229E are conserved. Also, SCoV-2 and HCoV-229E
induce ER stress/unfolded protein response, MAPK signalling
pathways and the activation of innate immune responses through
similar molecular mechanisms (Fung and Liu, 2019). Interferons
(IFNs) secreted by the infected cells play a major role in antiviral
innate immune defence mechanisms through the expression
of IFN-stimulated genes (ISGs) which restrict viral replication
in a well-coordinated manner. Accordingly, Pfaender et al.
found that ISGs inhibited the infection of both SCoV-2 and
HCoV-229E, though the efficiencies varied (Pfaender et al.,
2020). It was observed that several ISGs, like APOL2, RAB27A,
FAM46A, and FAM46C that inhibited SCoV-2 replication, also
inhibited HCoV-229E replication. However, other ISGs like
SQLE, SLC1A1, and STARD5, which were found to potentially
inhibit HCoV-229E, were not found to inhibit SCoV-2 (Zhao
et al., 2022). These studies demonstrated overlap in ISG-
mediated inhibition mechanisms of SCoV-2 and HCoV-229E
replication. Overall, the available literature provides enough
evidence suggesting the existence of similarities in viral and
host pathways involved in HCoV-229E and SCoV-2 replication
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cycles, and therefore support the use of HCoV-229E as a suitable
surrogate in drug-discovery studies (Ma et al., 2020; Butot et al.,
2021; Owen et al., 2021; Pasquereau et al., 2021).

Bacterially Expressed SCoV-2 PLpro Was
Proteolytically Active in vitro
The cDNA coding for SCoV-2 PLpro (∼1,286 bp) in
pET22b was codon-optimised and custom-synthesised at
GeneScript, USA. The bacterially expressed and purified
PLpro protein had a molecular weight of ∼36 kDa on 12%
SDS-PAGE and the same was confirmed by western blot
assay using anti-His antibody (Figure 4). The enzymatic
activity of purified SCoV-2 PLpro was assayed as described
(Materials and Methods section). The recombinant enzyme
demonstrated significant activity at 100 nM and therefore,
this concentration was used for further experiments. To
determine the optimum amount of the substrate for enzyme
assay, we carried out substrate optimization by varying
its concentration (0-150µM) in the reaction with 100 nM
PLpro and the calculated Km of the peptide-AMC substrate
was found to be 60µM (Figure 5). Accordingly, a substrate
concentration of 60µMof the peptide-AMC and a concentration
of 100 nM of the SCoV-2 PLpro were chosen for use in
protease-inhibition assays to estimate the IC50 of the selected
FDA-approved compounds.

FAD Hydrate and Mefloquine Effectively
Inhibited SCoV-2 PLpro Activity
Of the 12 molecules selected from the FDA-approved drug
library, Iopromide, Steviolbioside, and Mangafodipir were not
considered for further testing based on the computational
output and logistic issues. The GRL0617, an established
SCoV-2 PLpro inhibitor, was synthesised in-house (Figure 6J).
1H NMR of (R)-5-amino-2-methyl-N-(1-(naphthalen-1-
yl)ethyl)benzamide 3 (400 MHz, CDCl3): δ 8.17 (d, J =

8.4Hz, 1H), 7.87 (d, J = 7.6Hz, 1H), 7.82 (d, J = 8.0Hz, 1H),
7.63 (d, J = 8.0Hz, 2H), 7.59 (d, J = 7.2Hz, 1H), 7.54–7.45
(m, 3H), 7.17 (d, J= 8.0Hz, 2H), 6.39 (d, J = 7.2Hz, 1H),
6.12 (quintet, J = 6.8Hz, 1H), 2.36 (s, 3H), 1.77 (d, J =

6.8Hz, 3H) (Supplementary Figure 5). 13C NMR of (R)-5-
amino-2-methyl-N-(1-(naphthalen- 1-yl)ethyl)benzamide 3
(100 MHz, CDCl3): δ 166.3, 141.8, 138.3, 133.9, 131.6, 131.2,
129.1, 128.7, 128.4, 126.9, 126.8, 126.6, 125.9, 125.2, 123.5,
122.6, 45.1, 21.4, 20.7 (Supplementary Figure 6). The 1H-1H
COSY spectra (400 MHz, CDCl3)of (R)-5-amino-2-methyl-
N-(1-(naphthalen−1-yl)ethyl) -benzamide 3 are shown in
Supplementary Figure 7.

The SCoV-2 PLpro inhibition assays were performed using
100 nM of the purified recombinant SCoV-2 PLpro and 60µMof
the peptide-AMC in the presence of 0-10mM of the nine selected
FDA-approved drugs, which were commercially procured, and
screened in 12-point titration experiments. All the selected drugs
and the reference molecule inhibited SCoV-2 PLpro activity in
a dose-dependent manner. As shown in Figure 6, the reference
drug, GRL0617, effectively inhibited SCoV-2 PLpro activity with
an IC50 value of 198µM. Among the 9 test compounds, FAD

hydrate demonstrated higher inhibitory activity on SCoV-2
PLpro with an IC50 value of 127 ± 1.4µM (Figure 6C) followed
by Mefloquine with an IC50 value of 459± 1µM (Figure 6E). All
other drugs demonstrated moderate to poor inhibitory activities
in themillimolar range with Lactitol (IC50 = 8.8± 0.5mM) being
the least effective, which failed to inhibit the protease activity even
at higher concentrations and the same is in agreement with our in
silico data. Among those that demonstrated moderate inhibitory
activities were in the order of Lopinavir (IC50 = 1 ± 0.1mM) >

Ritonavir (IC50 = 1± 0.32mM) > Glutathione disulphide (IC50

= 1.27 ± 0.2mM) >Darunavir (IC50 = 1.32 ± 0.2mM), while
Rutin trihydrate (IC50 = 2.5 ± 0.5mM) were poor inhibitors of
SCoV-2 PLpro (Figure 6).

Antiviral Activities Against a Model Human
Coronavirus
All the 9 compounds that were assayed in the protease-inhibition
assay were tested in cell-based assays for antiviral potential
against the human coronavirus, HCoV-229E. Similarly, along
with GRL0617, Favipiravir, a known antiviral drug having target
specificity to the viral RdRp and that has been shown to be
clinically effective in mild-to-moderate COVID-19 patients, was
included as a known reference in these antiviral assays (Wang
et al., 2020; Driouich et al., 2021; Manabe et al., 2021).

Cytotoxicity of the Selected Compounds
Cytotoxicity, represented as 50% cytotoxic concentration (CC50),
of the selected drugs was analysed in quantitative colorimetric
MTT assays. As shown in Figure 7A, Favipiravir exerted dose-
dependent cytotoxicity in MRC-5 cells and its calculated CC50

was 665µM. Negative and higher R-value (R = −0.9375)
along with higher score of statistical significance (p = 0.0018)
supported statistical fitness of the regression model used for
analysis, and the existence of statistically significant dose-
dependent cytotoxicity. With regard to the test compounds,
some of the compounds like, Acarbose, FAD hydrate, Lactitol,
and Oxidized L-Glutathione, were largely non-toxic (maximum
cytotoxicity<15%) across the tested concentrations, while others
like Darunavir, GRL0617, Lopinavir, Mefloquine, Ritonavir,
and Rutintrihydrate demonstrated distinct dose-dependent
cytotoxicity in MRC-5 cells (Figures 7B–K). Though dose-
dependent cytotoxicity by Acarbose, FAD hydrate, Lactitol, and
Oxidized L-Glutathione was not obvious to the naked eye,
negativeR-values obtained for these compounds in the regression
analyses suggested existence of an inverse relation between the
dose of the compound and its cytotoxicity, thereby the existence
of dose-dependent cytotoxic effects (Supplementary Table 5).
Lower R-values and statistically weaker significance scores
for these compounds, though reflected weaker relation, were
expected as they exerted very little cytotoxicity, which fluctuated
greatly within the smaller window of toxicity.

Mefloquine and Lopinavir Demonstrated Significant

Antiviral Activity
The antiviral activity, represented as 50% effective concentration
(EC50), is defined as the concentration of a drug that resulted
in 50% protection of virus-infected cells from virus-induced
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FIGURE 4 | (A) SDS-PAGE analysis of purified PLpro after size exclusion chromatography and (B) chemiluminescent detection of the recombinant PLpro using

anti-His IgG (6x) antibody in a western blot. Synthesized PLpro clones were transformed, expressed in 2X YT media at 18◦C with 0.5mM IPTG and 1mM ZnCl2 for

20 h. The harvested pellet was lysed, sonicated, and centrifuged at 19,496 g for 1 h. The cell supernatant was passed through HisTrap FF column and protein eluted

with linear gradient imidazole. The eluted fractions were analysed by SDS and western blot followed by the protein that was loaded into HiLoad 26/600 Superdex 200

pg column for further purification. The purity of the protein was analysed using 12% SDS-PAGE and confirmed by western blot (∼36 kDa).

cytopathic effects (CPE) and the same were derived from the
quantitative colorimetric MTT assays performed in HCoV-229E-
infected MRC-5 cells in the presence of reference controls
or the test compounds. Overall, all the test compounds
and the reference controls exerted dose-dependent antiviral
activities and the positive R-values derived from the regression
analysis suggested a direct relation between the dose of the
drug and the antiviral activities. In these assays, Favipiravir
was able to inhibit virus-induced CPE in about 17% of
cells at a relatively safe concentration of 500µM, but failed
to show any obvious protection when treated with 2-fold
lesser (250µM) concentration suggesting a narrow range of
antiviral activity, at least against HCoV-229E. One-way ANOVA
analysis of the data suggested that the antiviral effects induced
by the drug were statistically significant (R = 0.7933; p
= 0.0333).

Similar to Favipiravir, Acarbose, FAD hydrate, Lactitol, and
Oxidized L-Glutathione offered very little or no protection from
virus-induced CPE within the safe concentrations tested in
the study (Supplementary Table 5). Accordingly, the maximum
antiviral effect exerted by these compounds was only about
8%. In contrast, Darunavir, Lopinavir, Mefloquine, Ritonavir,
and Rutin trihydrate demonstrated significant dose-dependent
antiviral activities against HCoV-229E in MRC-5 cells (Figure 8
and Supplementary Table 5). However, it should be noted that
Darunavir and Ritonavir exerted their maximum antiviral effects
of 33.6 and 34.5%, where the average cell viability was only 44.5
and 30.5%, respectively. Among others, treatment with Lopinavir
(maximum ∼71% at 40µM) and Mefloquine (maximum ∼62%
at 120µM) resulted in higher protection from virus-induced
effects (Figures 8F,H and Supplementary Table 5). Calculated
SI values for Lopinavir and Mefloquine were 2.03 and 1.6,
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FIGURE 5 | Optimization of PLpro activity assay using Michaelis-Menten equation. PLpro enzymatic activity assay was performed using the fluorescence substrate

peptide-AMC in 50 µL reaction volume in 20mM Tris pH 7.5, 100mM NaCl, and 2mM DTT buffer conditions at 25◦C. The PLpro protein reaction was kept with

increasing concentrations of PLpro substrate and incubated at 37◦C for 45min in biological replicates. After incubation, the fluorescence signals were monitored at

460 nm (excitation at 360 nm) and graphs were plotted in GraphPad prism software.

respectively. Our data suggested that Lopinavir, with a higher SI
value, is relatively safe and more potent compared to Mefloquine
against HCoV-229E.

Mefloquine and Lopinavir Treatment Lead to

Reduction in Viral Loads
Viral loads in infected culture supernatant samples were
measured by SYBR Green-based quantitative PCR using the
primer pair targeting a 70-base region within the cDNA coding
for the viral membrane protein. Ten-fold serial dilutions of a
recombinant plasmid carrying this 70-base target region was
used to generate the standard curve and the same was used
to derive the number of virus particles, represented as genome
equivalents (GE), in the assay samples. In this study, Favipiravir
exhibited dose-dependent downregulation of HCoV229E titers,
as can be inferred from the negative R value (R = −0.9257)
in the regression analysis, and reduced the viral loads by
0.75 log10 at a dose of 0.5mM (Figure 9A). The observed
dose-dependent reduction in viral titers due to Favipiravir
treatment was also statistically highly significant (p = 0.0028)
(Figures 9B,C).

Among the test compounds, Darunavir, Lopinavir,
Mefloquine, Ritonavir, and Rutintrihydrate have demonstrated
significant reduction in viral titers in a dose-dependent

manner and the same is also evident from the negative R-
values obtained in the regression analyses (Figures 9D,G
and Supplementary Table 5). Accordingly, treatment with
40µM Lopinavir or 365µM Darunavir each resulted in
about 96% reduction in viral titers, which translated into 1.42
log10 inhibition (Figures 9H,I and Supplementary Table 5).
However, attributable to some fluctuations in estimated viral
counts, dose dependency of Darunavir on HCoV-229E titers
was only marginally significant (R = −0.8192, p = 0.0461),
whereas the dose-dependent effects exerted by Lopinavir
were statistically more significant (R = −0.8629, p = 0.0269).
Similarly, treatment with 120µM Mefloquine or 70µM
Ritonavir or 300µM Rutin trihydrate lead to 84.7, 73.3, and
38.44% reduction in viral titers, which roughly translated into
0.8, 0.6, and 0.2 log10 inhibition, respectively (Figures 9E,F
and Supplementary Table 5). However, statistically, dose
dependent effects of Mefloquine were not significant (R =

−0.7659, p = 0.0758), whereas those of Ritonavir (R = −0.9476,
p = 0.0012) and Rutin trihydrate (R = −0.9452, p = 0.0044)
were highly significant. With regard to GRL0617, a known
inhibitor of coronavirus PLpro protease and a reference
control in our PLpro enzyme assays, though demonstrated
notable dose-dependent antiviral effects in the form of
protection from virus-induced CPE in the MTT-based
colorimetric assay (Figure 8E), the same was not found to
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FIGURE 6 | In vitro inhibitory activity of the drugs identified through the virtual screen of the FDA-approved drug library along with GRL0617 inhibitor, a known

antagonist of SARS-CoV-2 PLpro. (A) Acarbose, (B) Darunavir, (C) FAD hydrate, (D) Oxidized L-Glutathione disulphide, (E) Mefloquine-HCl, (F) Lactitol, (G) Lopinavir,

(H) Ritonavir, (I) RutinTrihydrate, and (J) GRL0617 (5-amino-2-methyl-N-[(1R)-1-naphthalen-1-ylethyl]benzamide). The identified nine molecules with GRL0617

molecules were diluted (10-0 mM) and incubated with PLpro at 37◦C for 45min. After incubation, peptide-AMC substrate reaction was added at 37◦C for 45min to

initiate the reaction. Finally, release of the AMC was measured by excitation λ: 364 nm; emission λ: 440 nm using a microplate reader. The IC50 values were calculated

by the dose-response-inhibition function by GraphPad prism software. The assay experiments were performed in biological duplicatives.

have translated into dose-dependent reduction in viral titers
(Supplementary Table 5). Accordingly, regression analysis too
yielded a poor R-value (R = −0.0712), suggesting a larger
variation in viral loads between samples treated with different
doses of the drug. Further supporting lack of dose-dependent
antiviral responses, one-way ANOVA of experimental data
sets yielded highly insignificant (p = 0.8845) relation between
the viral titers and the dose of GRL0617. Similar data was
consistently obtained for GRL0617 against HCoV-229E in
repeat experiments.

Mefloquine Potentially Inhibits SCoV-2
Viral Replication in Live Cells
Among the nine selected FDA-approved inhibitors and those
having SCoV-2 PLpro as their target, Mefloquine has shown
promise as a potential drug both in PLpro-inhibition assays
as well as against HCoV-229E in cell-based antiviral assays,
which makes it a drug of choice for testing against SCoV-
2.The optimised protocol to test the cytotoxicity and antiviral
activity of a potential compound involves the use of Hoechst
33342, a blue fluorescent dye used to stain the nuclei of living
or fixed cells, and the Sytox orange, an orange stain used to
stain nucleic acids in cells with compromised membranes, an
indicator of cell death. Further, Remdesivir at 10µM was used
as a reference control, at which concentration it is >99% safe in
Vero E6 cells and also protects >99% cells from SCoV-2-induced
CPE. In these experiments, Mefloquine demonstrated about
45% cytotoxicity at 5µM concentration, but was largely safe

(7% cytotoxicity) at a 10-fold diluted concentration of 0.5µM
(Supplementary Table 6).

The antiviral activity of a compound against SCoV-2 is
measured in an immunofluorescence assay involving staining of
virus-infected and drug-treated cells with SCoV-2 nucleocapsid
(N)-specific mouse monoclonal antibody followed by incubation
with Anti-mouse alexafluor 568 secondary antibody and then
quantifying the fluorescence as a measure of SCoV-2 replication
in Vero E6 cells. In these experiments, Remdesivir added
at 10µM concentration to SCoV-2-infected VeroE6 cells
reduces SCoV-2 N-specific staining in >99% cells. Under these
conditions, Mefloquine at 0.5µM concentration was able to
reduce the N-positivity in∼31% of SCoV-2 infected VeroE6 cells
(Figure 10 and Supplementary Table 6). These results validated
our claims about the antiviral properties of Mefloquine in HCoV-
229E infected MRC-5 cells and also suggested it as a potential
anti-SCoV-2 PLpro inhibitor drug for detailed investigations in
future experiments.

DISCUSSION

In silico Screening of FDA-Approved Drug
Library
The pandemic nature and continuous evolution of the virus to
produce new variants of SCoV-2 with the ability to cause frequent
outbreaks across the globe and the absence of effective vaccines
against the new variants has necessitated the development
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FIGURE 7 | Cytotoxicity profiles of the selected compounds in MRC-5 cells in vitro. (A) Favipiravir (used as known reference control), (B) Acarbose, (C) Darunavir, (D)

FAD hydrate, (E) GRL0617, (F) Lactitol, (G) Lopinavir, (H) Mefloquine, (I) Oxidized L-Glutathione, (J) Ritonavir, and (K) Rutintrihydrate were incubated with MRC-5

cells at the indicated concentrations for 6 days at 37◦C in a CO2 incubator and the cell viability was analysed quantitatively by the colorimetric MTT assay as

described in Methods. The raw data were converted to % cell viability and plotted against the indicated doses. Experimental data sets were modelled using a logistic

regression model and the 50% cytotoxic concentrations (CC50) were derived.

of repurposed/novel anti-COVID therapeutics to contain the
spread of existing SCoV-2 variants as well as to counter future
variants. The PLpro of SCoV-2 is a crucial and multifunctional
enzyme in the viral life cycle and is a well-established drug target.
In the present study, we considered screening the FDA-approved
drug library consisting of about 2,500 molecules to identify
SCoV-2 PLpro inhibitors for drug-repurposing. Virtual screening
was done using the SCoV-2 PLpro crystal structure (PDB ID:
6WX4), and through this screen a total of 12 potential hits
were identified based on their binding energies and interactions
with PLpro active site residues. Previous studies on SCoV-1 and
MERS-CoV as well as the recent studies on SCoV-2 identified
GRL0617 as a potential inhibitor of the PLpro. This drug has
been shown to interact with the BL2 loop and occupy the S4
site blocking the entry of the substrate into the PLpro active site
(Figure 11; Ratia et al., 2008). All the identified hits from the
screening were docked into the PLpro, and were found to be
bound with the catalytic site of the enzyme and many of them
were interacting with the residues of the S1 subsite. A 100 ns
MD simulation of the selected molecules with the SCoV-2 PLpro
provided a vivid description of the protein-ligand interactions
and their inhibition potential.

During the simulation, Mangafodipir, Glutathione disulfide,
Ritonavir, FAD, Lopinavir, Mefloquine, and Rutin have shown

interactions with the SCoV-2 PLpro active site residues through
both polar and nonpolar interactions. Although binding to the
catalytic site residues can directly interfere with the cleavage
reaction, interaction with residues located elsewhere too can
interfere with the catalytic cleavage by altering the conformation
of the catalytic triad. All the selected molecules formed hydrogen
bonds with the catalytic triad (Cys111, His272, and Asp286)
and also formed stacking interactions with the His272 residue.
Importantly, π-stacking interactions with Trp106 residue was
a major contributor in the interactome for all these molecules.
The Trp106 stabilizes the oxyanion hole formed in the transition
state, therefore interaction with this residue can inhibit the
catalytic efficiency of the enzyme (Ratia et al., 2008, 2014).
Since the bicyclic rings of flavonoids and aromatic rings in
the drugs effectively mediated the stacking interactions with
the Trp106 residue, they may be considered essential while
designing novel PLpro inhibitors. On the contrary, the polar
regions of the molecules having a high number of hydrogen bond
donors and acceptors were exposed to solvent as observed with
Acarbose, Rutin, Darunavir, and Steviolbioside. The hydrogen
bond between His272 and Asp286 is crucial for the functional
positioning of His272 as it acts as a base for deprotonation of
Cys111 during the catalytic cleavage (Ratia et al., 2008). The
interaction of various drugs with PLpro lead to disruption of this
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FIGURE 8 | Antiviral activities of selected compounds in MRC-5 cells in vitro. (A) Favipiravir (used as known reference control), (B) Acarbose, (C) Darunavir, (D) FAD

hydrate, (E) GRL0617, (F) Lactitol, (G) Lopinavir, (H) Mefloquine, (I) Oxidized L-Glutathione, (J) Ritonavir, and (K) Rutintrihydrate were incubated with MRC-5 cells at

the indicated concentrations for 6 days at 37◦C in a CO2 incubator and the antiviral activities of the compounds represented as the percentage of cells protected from

virus-induced CPE was analysed quantitatively by the colorimetric MTT assay as described in Methods. The raw data was converted to % cell viability and plotted

against the indicated doses. Experimental data sets were modeled using a logistic regression model and the 50% effective concentrations (EC50) were derived

(Supplementary Table 4).

hydrogen bond either by directly interacting with these residues
or indirectly influencing the active site as observed in the case
of FAD and Lopinavir. Steviolbioside, Iopromide, and Darunavir
were unable to influence the native interaction between Asp286
and His272. Decomposition of the binding free energy was
performed to identify the region of protein which energetically
favours binding of Mefloquine (Supplementary Figure 3). The
energy contributions highlight the residues Pro96, Ala288,
Leu290, Ile285, Trp106, and Leu289. This shows the dominance
of hydrophobic interactions in the stabilisation of Mefloquine
and the nature of the pocket formed between the β11 loop
and α7 loop. Interestingly, Mefloquine having the lowest TPSA
value (45.15 Å2) had the most stable RMSD due to minimal
interactions with solvent in contrast to drugs with higher TPSA
values. Similar interactome was found for Lopinavir which had
the second lowest TPSA value (120 Å2).

In vitro PLpro-Inhibitory Activities of the
Selected Compounds
We used recombinant bacterially expressed and
chromatographically purified SCoV-2 PLpro in our protease-
inhibition assays. In these assays, GRL0617 was found to

inhibit PLpro activity with an IC50 value of ∼198µM, which
is ∼100-fold higher compared to the reported value (2µM).
While it is apparent that the difference in IC50 values between
the two studies is huge, this may be attributed to differences in
assay conditions, like the enzyme-to-substrate concentrations,
the quality, thereby the activity, of the recombinant enzyme,
variations in buffer concentrations, etc. Normalisation of the
IC50 data for the investigational drugs with that of GRL0617
suggested that they inhibited the PLpro activity at a relatively
lower concentration range. However, here, we only reported
the actual IC50 values without any normalizations for all the
investigational drugs and GRL0617. Of the 9 compounds
selected from the virtual screen, FAD hydrate and Mefloquine
demonstrated satisfactory SCoV-2 PLpro inhibitory activity
with IC50 values falling in the micromolar range. Flavin adenine
dinucleotide (FAD) is a redox cofactor of several important
reactions in the body metabolism (Schnekenburger and
Diederich, 2015). Although there is no record of a direct antiviral
role, it has been previously reported to potentiate the antiviral
activity of interferons and other antiviral molecules (Jamison
et al., 1990; Saito et al., 1996). On the other hand, Mefloquine
is an anti-malarial drug with an established activity against the
malarial parasite during its life cycle in human red blood cells.
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FIGURE 9 | Effect of the selected compounds on virus titers. (A–C) Favipiravir, (D–F) Mefloquine, and (G–I) Lopinavir were incubated with HCoV-229E-infected (@1.0

MOI) MRC-5 cells at the indicated concentrations for 6 days, virus-infected culture supernatants from triplicate wells were individually processed to extract viral

genomic RNAs and quantified by SYBR Green-based qPCR using primer pair targeting a 70-base region in the cDNA coding for the viral membrane protein. Ten-fold

serial dilutions of the recombinant plasmid carrying the target 70-base region were used to generate the standard curve, titers of virus particles (A,D,G), represented

as genome equivalents (GE), were derived from the standard curve as detailed in methods and the data was used to calculate % inhibition (B,E,H), and log10
inhibition (C,F,I) in viral titers.

With regard to its antiviral activities, Mefloquine has been shown
to be effective against Feline calicivirus and Feline coronavirus,
and more recently it has also been shown to be effective against
SCoV-2, where it was found to target the viral spike protein
and act as an entry inhibitor in a prophylactic role (McDonagh
et al., 2015; Izes et al., 2020; Shionoya et al., 2021). On the other
hand, Mefloquine, an anti-malarial drug, only moderately (IC50

= 459µM) inhibited the SCoV-2 PLpro activity in vitro in our
enzyme-inhibition assays.

Lopinavir and Ritonavir are protease inhibitors and are used
in combination in the treatment of AIDS to inhibit HIV protease
activity. Supporting the role of these drugs in COVID-19, some
of the studies demonstrated binding of Lopinavir/Ritonavir with
SCoV-2 3CLpro through in-silico studies. Notably, these studies
demonstrated higher affinity of Ritonavir for the SCoV-2 3CLpro
compared to Lopinavir (Nutho et al., 2020). However, there is
no evidence to suggest the inhibitory role of Lopinavir/Ritonavir
against SCoV-2 PLpro. In the present study, Lopinavir and
Ritonavir demonstrated moderate to weak inhibitory activity
against SCoV-2 PLpro with an IC50 value of 1.0 ±.1mM and 1.0

±.32mM, respectively, probably suggesting weaker interaction
with the SCoV-2 PLpro.

Antiviral Activity of Mefloquine
Among the 9 investigational drugs, Mefloquine and Lopinavir
(please refer to Section Antiviral Activities of Other
Investigational Drugs Against HCoV-229E) demonstrated
superior antiviral activities against HCoV-229E in MRC-5 cells.
Accordingly, Mefloquine was able to protect ∼60% of HCoV-
229E-infected MRC-5 cells from virus-induced CPE when
treated with 120µM Mefloquine. Though both Mefloquine
and Lopinavir demonstrated superior activities against HCoV-
229E, we chose only Mefloquine to further investigate its
anti-SCoV-2 activity because of logistical reasons as well as
due to the prior availability of clinical data on Lopinavir in
COVID patients (Cao et al., 2020a,b). Accordingly, we tested
the antiviral activity of Mefloquine against SCoV-2 in Vero E6
cells. Validating our hypothesis that the PLpro inhibitors against
one coronavirus would also inhibit that of other coronaviruses
in a similar manner, Mefloquine that demonstrated maximum
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FIGURE 10 | Antiviral testing of Mefloquine against SARS-CoV-2 in VeroE6 cells. (i) The ∼104 VeroE6 cells were pre-treated with Mefloquine and Remdesivir drug for

30 h at 37◦C. Post-incubation, cells were stained with Hoechst 33342 and Sytox orange fluorescent dyes. The drug and control molecule treated cells were counted

through stained Hoechst and Sytox image by using MetaXpress software. From raw images, the % average cell viability with control cells were calculated and the bar

diagram highlighted in blue colour was plotted. (ii) 1 MOI of SARS-CoV-2 virus infected Vero E6 cells were treated with mefloquine drugs. The cells were fixed,

permeabilized, and stained with mAb specific to SARS-CoV-2 nucleocapsid (primary) followed by alexafluor 568-labeled antibody (secondary) and all the cells were

stained with Hoechst 33342 stain. The nucleocapsid positive and total nuclei cells were counted from the stained image and the % average cell inhibition with all the

controls were calculated and the bar diagram highlighted in brown colour. All these assays were performed in triplicate wells.

FIGURE 11 | Crystal structure of SARS-CoV-2 PLpro and substrates pocket. (A) SARS-CoV-2 PLpro crystal structure (PDB ID:6WX4) highlighting the subdomains

Ubl, Thumb, Zinc finger, and Palm domain highlighted in yellow colour. Active site loops are indicated by arrows. (B) P1-P4 positions of the peptide LRGG (PDB

ID:4M0W) superimposed on SARS-CoV-2 PLpro (PDB ID:6WX4) are shown with mesh model and active site residues of these residues are shown with stick model.
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antiviral activity (60% inhibition) against HCoV-229E at 120µM
concentration in infected MRC-5 cells also inhibited SCoV-2
replication (30% inhibition) at the only assayed concentration of
500 nM in infected Vero E6 cells.

Corroborating our finding with Mefloquine in a therapeutic
role, other recent studies demonstrated similar antiviral activity
of Mefloquine against SCoV-2 (Fan et al., 2020; Gendrot et al.,
2020; Jeon et al., 2020; Weston et al., 2020; Shionoya et al.,
2021). But, it should be noted that none of these studies
investigated the mechanism of action or the molecular target
for Mefloquine. While Shionoya et al. found a prophylactic
role for Mefloquine against SCoV-2, we have demonstrated a
therapeutic role for Mefloquine possibly through its protease
inhibitory activity against viral PLpro (Shionoya et al., 2021).
Further, by targeting PLpro, Mefloquine is not only hindering
the polyprotein hydrolysis but is also helping in host antiviral
responses by inhibiting PLpro-mediated suppression of host
immune responses (Rut et al., 2020). Mefloquine is an anti-
malarial drug with an established activity against the malarial
parasite during its life cycle in human red blood cells. This drug is
contraindicated in persons with a history of psychiatric disorders
and in those who are hypersensitive to the drug. While a few
adverse events are reported among Mefloquine users, these are
rare and the risk stratification for these events can be performed
based on medical history, physical examination, and with the
available investigations. A recent study opined that a cumulative
dose of 24 mg/kg given over a period of 3 days at 8 mg/kg is well
tolerated and effective against malaria (Lee et al., 2017).

Nevertheless, as an antiviral candidate, Mefloquine has been
shown to be effective against feline calicivirus and feline
coronavirus, and more recently it has also been shown to be
effective against SCoV-2, where it was found to target the viral
spike protein and act as an entry inhibitor in a prophylactic
role (McDonagh et al., 2015; Izes et al., 2020; Shionoya et al.,
2021). Based on the findings in our study and from other studies,
we opine that Mefloquine is a potential interventional drug and
therefore needs to be studied in more detail in future preclinical
and clinical studies. If found to be effective both as a prophylactic
and as a therapeutic intervention, due to relatively fewer and
rare adverse events, ease of risk stratification and monitoring,
Mefloquine will have its uses both during the early stages of
COVID as a prophylactic as well as in hospitalized patients with
severe COVID in a therapeutic role.

Antiviral Activities of Other Investigational
Drugs Against HCoV-229E
Besides Mefloquine, Lopinavir demonstrated superior antiviral
activities against HCoV-229E in MRC-5 cells. Accordingly,
treatment with 40µM Lopinavir resulted in superior antiviral
activity against HCoV-229E in cell-based assays protecting∼75%
of HCoV-229E-infected MRC-5 cells from virus-induced CPE,
which effectively translated into ∼1.4 log10 reduction in viral
load (R = −0.8629, p = 0.0269), whereas treatment with 70µM
Ritonavir imparted only about 35% protection from virus-
induced CPE in MRC-5 cells, which resulted in ∼0.6 log10
reduction in viral load (R = −0.9476, p = 0.0012). So, together,

we hypothesize that the antiviral activities observed for Lopinavir
and Ritonavir were actually due to their inhibitory activity against
HCoV-229E PLpro rather than against the HCoV-229E 3CLpro.

Though both Ritonavir and Lopinavir are protease inhibitors,
Ritonavir is generally used to inhibit cytochrome P450 3A4
so as to increase the plasma availability of Lopinavir during
antiretroviral therapy in HIV patients. With regard to their
role in COVID-19 treatment, encouraged by their activity
against SCoV-1 in earlier trials, the combination was tested
in a randomized, controlled, open-label trial involving 199
adult patients hospitalized for severe confirmed COVID-19,
where the study authors concluded them ineffective (Cao et al.,
2020a). However, after several research groups contested the
methodology used and the way the data was analysed, authors
of the clinical trial reconsidered their original conclusions on
the study outcome and declared the combination treatment
could potentially offer clinical benefit against COVID-19 (Cao
et al., 2020a). In our in vitro study, treatment with 40µM
Lopinavir protected ∼75% of HCoV-229E-infected MRC-5 cells
from virus-induced CPE, which effectively translated into ∼1.4
log10 reduction in viral load (R = −0.8629, p = 0.0269),
whereas treatment with 70µM Ritonavir imparted only about
35% protection from virus-induced CPE in MRC-5 cells and
resulted in ∼0.6 log10 reduction in viral load (R = −0.9476, p
= 0.0012).

Antiviral activity demonstrated by Darunavir, another
antiretroviral drug, against the HCoV-229E was similar (∼35%
of virus-infected cells protected from virus-induced CPE) to
that was achieved with Ritonavir, but it translated into a higher
(1.42 log10 for Darunavir) reduction in viral load. Interestingly,
a recent in vitro study found that Darunavir was completely
ineffective against SCoV-2 at clinically relevant concentrations
(Meyer et al., 2020). Though the drug interacted with SCoV-2
PLpro, the interactions with the active site were weak and
insignificant (Cao et al., 2020a). Similar to Ritonavir and
Darunavir, Rutin trihydrate was able to protect about 37% of
virus-infected cells from virus-induced CPE, but this effect
translated into only about 0.2 log10 reduction in viral titers. Rutin
is a dietary flavonoid and has received a great attention due to
its range of pharmacological attributes, including antimicrobial
properties. Notably, Rutin has been shown to interfere with
the cell entry of Hepatitis C virus into hepatoma cells (Bose
et al., 2017). Here, in the present study, Rutin was tested in
a therapeutic mode, which may be the reason for its weaker
effects on viral load. Accordingly, future studies should aim at
investigating the prophylactic activity of Rutin to exploit its true
anti-CoV potential.

On the other hand, though FAD hydrate demonstrated
superior inhibitory activity against SCoV-2 PLpro with an IC50

value of 127µM, which was better than that of GRL0617, FAD
hydrate failed to show any significant antiviral activity against
HCoV-229E when tested in virus-infected cell culture model,
while GRL0617 was found to be only moderately effective.
This can be explained by differences in the drug uptake and
its intracellular kinetics. Accordingly, it is possible that FAD
hydrate was poorly taken up by MRC-5 cells and/or very little
concentration of the drug was available at the site of action during
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viral replication, which probably contributed for the poor in vitro
effects of FAD hydrate in virus-infected MRC-5 cells.

HCoV-229E as a Suitable Surrogate for
SCoV-2 Drug Discovery
In the present study, we used HCoV-229E as a surrogate virus
for SCoV-2 to demonstrate the antiviral effects of the selected
FDA-approved compounds. Though the PLpro of HCoV-229E
and SCoV-2 shared only about 22% identity and about 53%
similarity at the amino acid level, they are very similar at the
structural level. Importantly, in silico analysis showed five out
of six amino acids in the catalytic site of PLpro are conserved,
except for the Tryptophan-to-Threonine at residue 106 (W106T),
with total ∼86% similarity (Supplementary Figure 4). Further,
docking of the drugs against HCoV-229E PLpro suggested
similarities in binding patterns and drug-protein interactions
with those observed with the SCoV-2 PLpro. Probably validating
these findings, Mefloquine that inhibited HCoV-229E replication
in vitro in infectedMRC-5 cells also inhibited SCoV-2 replication
in infected Vero E6 cells. To further demonstrate the similarities
between the two viruses, we compared their genomes and
the signalling pathways involved in disease pathogenesis and
host immune responses. We found a comparable level of
similarity between the two genomes as well as in various
pathways involved in pathogenesis and antiviral responses.
Accordingly, the published literature suggests that the IFN-
stimulated genes (ISGs) inhibit the infections with the two
viruses in a similar fashion through overlapping pathways (Zhao
et al., 2022). Supporting our hypothesis, some of the recent
studies demonstrated the similarities in antiviral activities of
pharmaceutical compounds against HCoV-229E and SCoV-
2 (Siddell et al., 1983; Masters, 2006; Weiss and Leibowitz,
2011). Further, the molecular mechanisms involved in disease
pathogenesis, particularly those involved in cytokine storm,
inflammation, and stress from a cell biology point of view
are mostly similar. Overall, the overlap in antiviral networks
and signalling pathways involved in disease pathogenesis
together with the demonstration of overlapping in silico data
for the selected compounds with PLpro from SCoV-2 and
the HCoV-229E, and of the antiviral activities of Mefloquine
in cell culture models of HCoV-229E and SCoV-2 justify
the use of HCoV-229E as a surrogate for SCoV-2 in the
present study.

CONCLUSION

Virtual screening is an effective approach to identify potential
drugs for further development through laboratory and clinical
investigations. Since, FDA-approved clinical drugs are field-
tested for safety and effectiveness, they are well-suited for
expedited clinical development in a cost effective manner
as repurposed drugs for COVID-19 treatment. Due to its
critical roles during viral replication, we screened the FDA-
approved drug library, and identified 12 potential molecules.
Further, using MM-PBSAmethod we established their molecular
interactions with SCoV-2 PLpro through MD simulation studies

and also estimated their binding free energy. From these
in-silico studies, we further shortlisted 9 drugs for in vitro
biochemical and cell culture-based studies. Their affinity for
SCoV-2 PLpro was investigated using bacterially expressed PLpro
in a biochemical protease-inhibition assay using single peptide-
AMC fluorogenic probe as a substrate. Validating the conformity
of our assay system with the published work, GRL0617, a well-
established inhibitor of SCoV-2 PLpro activity and a reference
control in our assays, demonstrated PLpro-inhibitory activity
with an IC50 value of ∼198µM. Among the selected FDA-
approved drugs, we identified FAD (IC50 value ∼127µM)
and Mefloquine (IC50 value∼459µM) as potential inhibitors
of SCoV-2 PLpro. Attributable to their structural similarities
in the catalytic core of PLpro and similarities in post-entry
replication mechanisms, we used HCoV-229E as a surrogate
model for SCoV-2 and tested the 9 selectedmolecules for antiviral
activities in cell culture systems. Consistent with our in vitro
protease-inhibition assays using SCoV-2 PLpro, Mefloquine
demonstrated superior antiviral effects against HCoV-229E
compared to GRL0617. Though Lopinavir moderately inhibited
PLpro activity compared to Mefloquine and GRL0617 in
protease-inhibition experiments, its antiviral activity against
HCoV-229E was better than that of other selected FDA-
approved drugs. Since the focus of the present study was
to identify a suitable PLpro inhibitor which will inhibit the
SCoV2 replication, we tested Mefloquine against the SCoV-
2 in Vero E6 cells, where it was found to be potent against
SCoV-2 as well. While we could not investigate dose-dependent
effects of Mefloquine on SCoV-2 majorly due to logistic issues,
we propose Mefloquine as a potential PLpro inhibitor for
further development in preclinical studies and, if found to
be effective, in clinical studies as well. Together, based on
the reported similarities in disease pathogenesis and antiviral
pathways combined with the demonstration of similar inhibitory
effects of potential antiviral compounds on both HCoV-229E
and SCoV-2 across studies, we propose HCoV-229E as a suitable
surrogate for SCoV-2 in drug-discovery studies, particularly
aimed at identifying potential inhibitors of post-entry events
during virus replication.
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Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is the leading lethal
infectious disease with 1.3 million deaths in 2020. Despite significant advances have
been made in detection techniques and therapeutic approaches for tuberculosis, no
suitable diagnostic tools are available for early and precise screening. Many studies have
reported that Long non-coding RNAs (lncRNAs) play a regulatory role in gene expression
in the host immune response against Mtb. Dysregulation of lncRNAs expression
patterns associated with immunoregulatory pathways arose in mycobacterial infection.
Meanwhile, host-induced lncRNAs regulate antibacterial processes such as apoptosis
and autophagy to limit bacterial proliferation. In this review, we try to summarize
the latest reports on how dysregulated expressed lncRNAs influence host immune
response in tuberculosis infection. We also discuss their potential clinical prospects for
tuberculosis diagnosis and development as molecular biomarkers.

Keywords: tuberculosis, lncRNA, immune response, diagnosis, biomarker

INTRODUCTION

LncRNAs, frequently defined as non-protein-coding transcripts greater than 200 nucleotides in
length (McFadden and Hargrove, 2016), were initially thought to be "transcriptional noise" (Ulitsky
and Bartel, 2013). Recent studies have unraveled the biogenesis of lncRNAs, which are distinct
from that of mRNAs. Those lncRNAs, generally display lower sequence conservation (Pang et al.,
2006) and contain fewer exons (Washietl et al., 2014; Guo et al., 2020), and their functions are
typically linked to their specific subcellular localizations (Statello et al., 2021). In addition, lncRNAs
have been reported to include small open reading frames (SMORFs) encoding short functional
peptides (Kim et al., 2014; Huang et al., 2017; Fathizadeh et al., 2020; Zhu et al., 2020). Accumulated
evidence demonstrates that they are emerging as essential regulators in gene regulation, such
as chromatin modification, mRNA stability, transcriptional, translation and post-translation
activation/inhibition (Quinn and Chang, 2016; Yao et al., 2019). Meanwhile, lncRNAs have various
regulatory functions in biological processes, including apoptosis (Heydarnezhad Asl et al., 2022).

Tuberculosis, one of the leading lethal infectious diseases worldwide caused by Mtb, has been
considered a public health emergency that concerns the world. According to the WHO global
TB report, there were 5.8 million newly sick and 1.5 million TB-related deaths in 2021 (WHO,
2021, no date). Approximately one-third of the world’s population has a latent TB infection (LTBI),
and about 10% can develop active tuberculosis (ATB) with impairment in the immune system (Pai
et al., 2016). In the host-pathogen interactions, intracellular survival and replication of Mtb after
macrophage phagocytosis leads to an immune response that converges on granuloma formation
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and/or disease (McCaffrey et al., 2022; Medley et al., 2022).
The host cells have adopted a series of clearance mechanisms
to facilitate intracellular bacterial killing, such as apoptosis,
autophagy, inflammation, and macrophage polarization. Mtb
has also evolved with a set of almost perfect immune escape
mechanisms to evade the host immune system (Stanley and
Cox, 2013). Growing evidence has delineated that the expression
of many lncRNAs is involved in TB with a definitive role in
orchestrating the biological processes from immune response
to host-pathogen interactions. In addition, tissue-specific and
condition-specific expression patterns suggest that lncRNAs
provide potential biomarkers (Statello et al., 2021). Therefore,
in-depth elucidation of the effect and mechanism of lncRNAs
may develop clinical prospects for precise TB diagnosis and
treatments (Lyu et al., 2021; Wei et al., 2021). In this paper,
we review the progress of lncRNA roles in Mtb infection
from host immunity to biomarkers and discuss its potential in
clinical diagnosis.

REGULATORY MECHANISMS OF LONG
NON-CODING RNAs

Depending on specific interactions with DNA, RNA, and
proteins, lncRNAs can modulate diverse biological processes
through complex and diverse mechanisms, such as execute-as
signals, decoys, guides, scaffolds to regulate target genes (Wang
and Chang, 2011; Kazemzadeh et al., 2015; Statello et al., 2021).

DNA Level Regulation
A feature of lncRNAs is that they can generate a hybrid structure
with DNA to influence gene expression. They mediate DNA
methylation and transcriptional inhibition by complementary
pairing with unstranded DNA bases. In addition, lncRNAs
can inhibit the recruitment of Pol II or alter the binding of
transcription factors at the promoter sequences whose function
is blocked, modulating downstream target genes transcription
(Figure 1A; Hainer and Martens, 2011; Schmitz et al., 2016).
Recent findings suggest that the DNA-mediated innate immune
response underpins antibacterial defense. In this regard, an
investigation identified a multi-subunit complex built around
HEXIM1 and lncRNA NEAT1, containing DNA-PK subunits and
paraspeckle proteins, as a key nuclear regulator of DNA-mediated
activation of innate immune response (Morchikh et al., 2017).
Also, RNA–DNA complex formation has been proposed as an
example of lncRNA–DNA interplay in mediating gene silencing
or activation (Mondal et al., 2015; O’Leary et al., 2015). For
instance, lncRNA PARTICLE, forming a DNA-lncRNA triplex,
repress the tumor suppressor methionine adenosyltransferase
(MAT2A) via methylation in response to irradiation, implicating
it as a recruitment platform for gene-silencing machinery
(O’Leary et al., 2015).

RNA Level Regulation
At the RNA level, lncRNAs often function as lncRNA-miRNA-
mRNA competing endogenous RNAs (ceRNAs) that serve as
miRNA sponges and inhibit their regulatory effect on the target

gene (Figure 1B; Salmena et al., 2011; Wang M. et al., 2019;
Wang et al., 2020). For example, a ceRNA network constructed
from pulmonary tuberculosis (PTB) patients suggested that
lncRNAs regulate mRNAs expression may mediate by acting as
sponged miRNAs (Zhang et al., 2020). Furthermore, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), pandemic
H1N1, and H7N9 infection induced upregulation of lncRNA-
34087.27, which could serve as ceRNA, competitively binding
with miR-302b-3p to stabilize IRF1 mRNA (Yang et al., 2022).
Additionally, mRNA splicing is one of the biological functions
that can be affected by lncRNAs through forming complementary
double strands with transcripts (Figure 1B; De Troyer et al., 2020,
p. 3). For instance, lncRNA MALAT1 can modulate the levels of
serine/arginine (SR) proteins, thereby regulating the alternative
splicing (AS) of pre-mRNA (Tripathi et al., 2010). Moreover,
with lncRNA-mRNA dimer formation, lncRNAs can also inhibit
RNase degradation and alter the stability and translation of
cytoplasmic mRNAs (Figure 1B; Statello et al., 2021).

Protein Level Regulation
Numerous lncRNAs localize on chromatin, interacting with
proteins to facilitate or inhibit their binding and activity at
targeted DNA regions. On the one hand, it can participate
in protein phosphorylation by protein kinase or ubiquitin
modification of a protein by ubiquitin-modified enzymes
(Statello et al., 2021). For instance, HOTAIR is known to act
at the posttranslational level by serving as an assembly scaffold
for protein ubiquitination (Figure 1C). In addition, lncRNAs
could regulate histone modification and chromatin accessibility,
thereby regulating transcription (Figure 1C). A well-described
example is the X chromosome dosage compensation process. The
X-inactive-specific transcript (Xist) recruits polycomb repressive
complex 2 (PRC2) and triggers large numbers of histones
methylated as well as a cascade of events that entails chromosome
remodeling to achieve stable silencing (Creamer and Lawrence,
2017; Jégu et al., 2017). Similarly, HOTAIR interacts with PRC2
favors epigenetic silencing through Enhance of Zeste2 (EZH2)
catalyzed deposition of H3K27me3, facilitating the survival of
virulent Mtb (Table 1; Subuddhi et al., 2020). Moreover, lncRNAs
can be used as a protein structural component to affect protein
spatial conformation.

THE ROLE OF LONG NON-CODING
RNAs IN ANTI-TUBERCULOSIS
IMMUNITY

Different expression patterns of lncRNAs are emerging as critical
regulators to control the function of innate and adaptive immune
cell types and initiate effective defense mechanisms in TB
(Figure 2 and Table 1; Chen Y. G. et al., 2017; Wei et al., 2021).

The Role of Long Non-coding RNAs in
Macrophages
Accumulating lines of evidence have revealed that lncRNAs play
an important role in regulating the innate immune response of
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FIGURE 1 | Schematic overview of lncRNAs’ molecular mechanisms. (A) lncRNAs regulate downstream gene transcription by binding to transcription factors,
repression of RNA Pol II, complementary pairing with unstranded DNA bases, and DNA methylation. (B) lncRNAs serve as miRNA sponges to competitively bind
with miRNA. lncRNAs regulate mRNA transcription by modulating mRNA stability and pre-mRNA splicing. lncRNAs can inhibit RNase degradation and promote
mRNA stability. (C) lncRNAs can serve as a scaffold for protein phosphorylation and ubiquitination and regulate chromatin modification by employing
histone-modifying complex.

host macrophages, which are the sentinels to phagocytose and
eliminate Mtb (Figure 2A,B). For one thing, lncRNAs participate
in macrophage-mediated immune-inflammatory responses that
an inducible program of inflammatory gene expression is central
to anti-microbial defenses. For example, lincRNA-Cox2 mediates
the activation/repression of immune genes that may activate
NF-κB and STAT3 to regulate inflammatory responses for
resistance of Mtb infection (Figure 2A; Carpenter et al., 2013;
Li D. et al., 2020). In addition, lncRNA-PACER (also known
as lncRNA-Cox2) was induced in Mtb infected macrophages,
acting as a positive regulator of its proximal pro-inflammatory
gene Ptgs-2 (also known as Cox2). Via mechanisms involving
the sequestration of repressive NF-κB subunit p50 away from
Ptgs-2 promoter (Krawczyk and Emerson, 2014; Tamgue et al.,
2021). LncRNA-Cox2 can promote the activation of macrophages
toward the pro-inflammatory M1 phenotype known to be
efficient in killing Mtb (Figure 2A; Ye et al., 2018; Tamgue et al.,
2021). Recently, some studies have found that in Mtb infected
macrophages, the down-regulated lncRNA GAS5 might facilitate
the cell vitality and the inflammatory response by sponging miR-
18a-5p (Figure 2A; Li et al., 2021), and NEAT1 participates in
inflammatory response through targeted regulation of miR-377-
3p (Figure 2A; Sun et al., 2021).

For another, previous studies indicated that massive lncRNAs
could regulate Mtb-induced apoptosis and autophagy of
macrophages, playing a vital role in the pathogenesis of
TB (Behar et al., 2011; Kim et al., 2019). For example,
the Bacillus Calmette-Guerin (BCG)-infected macrophages
induced apoptosis with upregulated lincRNA-Cox2 expression.
Knockdown of Cox2 aggravated reactive oxygen species
(ROS) accumulation and initiated apoptosis by activating
the PERK-eIF-2α-CHOP signaling pathway (Figure 2B;
Xu et al., 2021). A similar mechanism has been described
for lncRNA-EPS, modulating apoptosis and autophagy by
activating the JNK/MAPK signaling pathway in macrophages
(Figure 2B; Ke et al., 2020). Additionally, down-regulation of
lncRNA-MEG3 in infected macrophages induced autophagy
and enhanced eradication of intracellular Mycobacterium
Bovis BCG (Pawar et al., 2016). Recent studies have revealed
that several lncRNAs act as ceRNAs to regulate apoptosis and
autophagy. For example, lncRNA PCED1B-AS1 decreased in
ATB patients compared to healthy individuals. The suppression
of PCED1B-AS1 significantly attenuated apoptosis and enhanced
autophagy in macrophages by sponging the miR-155 and
inhibiting its targets FOXO3/Rheb (Figure 2B; Li et al.,
2019). Moreover, lncRNA MIAT modulated macrophage

Frontiers in Microbiology | www.frontiersin.org 3 May 2022 | Volume 13 | Article 88351367

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-883513 May 5, 2022 Time: 14:21 # 4

Zhang et al. lncRNAs in Tuberculosis

TABLE 1 | The regulatory role of lncRNAs in anti-TB immunity.

LncRNAs Expression lever Targets Sample Mtb strains Effect References

NEAT1 Up miR-377-3p Macrophages H37Ra Promote the expression of
IL-6 and inhibit apoptosis

Sun et al., 2021

HOTAIR Down EZH2 Macrophages H37Rv Promote the SATB1 and
DUSP4 transcript and
inhibit the production of
ROS

Subuddhi et al.,
2020

Cox2 Up NF-κB and Stat3 Macrophages H37Ra activate NF-κB and Stat3 to
regulate inflammatory
responses

Li D. et al., 2020

Cox2 Up PERK/eIF2α/CHOP Macrophages BCG Inhibit apoptosis and the
accumulation of ROS

Xu et al., 2021

PACER Up Ptgs-2 Monocyte-
Derived
Macrophages

HN878 (clinical
hypervirulent
strain)

Promote ptgs2
transcription.

Tamgue et al., 2021

GAS5 Down miR-18a-5p Macrophages H37Rv Promote the cell viability
and inflammatory response

Li et al., 2021

MEG3 Down Not known Macrophages M. bovis BCG Promote autophagy Pawar et al., 2016

EPS Down JNK/MAPK Macrophages BCG Attenuate apoptosis and
promote autophagy

Ke et al., 2020

PCED1B-AS1 Down miR-155 Macrophages / Attenuate apoptosis and
promote autophagy

Li et al., 2019

MIAT Up miR-665 Macrophages BCG Attenuate autophagy and
promote apoptosis

Jiang et al., 2021

CD244 Up EZH2 CD8(+) T cells / Inhibit IFN-γ/TNF-α
expression and promote
Mtb proliferation

Wang et al., 2015

Lnc AC145676.2.1-6 Down miR-29a Whole blood / Interference with
cytokine–cytokine receptor
interactions and TLR
signaling pathways.

Bai et al., 2019

Lnc-TGS1-1 Down MiR-143 Whole blood / Thrombocytopenia and
interference with the TLR
signaling

Bai et al., 2019

apoptosis and autophagy upon BCG infection through
the miR-665/ULK1 crosstalk (Figure 2A; Jiang et al.,
2021).

The Role of Long Non-coding RNAs in T
Cells
Once the innate immune system is breached, the "human
guardians," including T and B cells, immediately enter a fighting
state and initiate adaptive immunity. LncRNAs also regulate T
cell-mediated immune regulation in TB (Figure 2C). CD4 + T
cells play a dominant role in the host immune response of TB
(Jasenosky et al., 2015). The study analyzed the lncRNA profile
in CD4 + T cells and revealed that compared with healthy
controls, lncRNAs showed abnormal expression in ATB and LTBI
(Yi et al., 2014). In addition, significantly enriched signaling
pathways based on deregulated mRNAs were cytokine-cytokine
receptor interaction, mitogen-activated protein kinase (MAPK),
and TLR signaling pathway (Yi et al., 2014).

In general, CD8 + T cells were previously thought to be less
critical than CD4 + T cells in the immune response to TB. It
has been newly stated its non-redundant role with a specific
CD8 + T cell response (Lin and Flynn, 2015). A recent study

confirmed that lncRNA-CD244 epigenetically repressed the IFN-
γ and TNF-α expression in CD8+T cells (Figure 2C; Wang et al.,
2015). Adoptive transfer of CD244–depressed CD8 + T cells to
Mtb-infected mice reduced infection and pathology compared to
mice transplanted with wild-type CD8+ cells (Wang et al., 2015).
Moreover, Heme Oxygenase 1 (HMOX1) was increased after Mtb
infection and can distinguish LTBI from ATB in the previous
research (Costa et al., 2016). Also, 328 differentially expressed
lncRNAs were found in CD8 + T cells’ response to ATB. Among
them, lincRNA XLOC_014219 was upregulated, while its nearby
protein-coding gene HMOX1 was significantly decreased. It is
essential to uncover why HMOX1 is downregulated and whether
lincRNA XLOC_014219 relates to it, which is ultimately involved
in the dysfunction of CD8+ T cells (Fu et al., 2017a).

The Role of Long Non-coding RNAs in B
Cells
It has come to light that lncRNAs can influence antibodies
produced by B cells and impact B cell biology by regulating
survival signals during activation (Zeni and Mraz, 2021). For
instance, a study reported that 844 lncRNAs differentially
expressed in B cell samples. Additionally, SOCS3 is an essential
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FIGURE 2 | Schematic representation of the role of lncRNAs in host immune system during Mtb infection. (A) TB infection causes upregulation of lncRNAs
modulating the immune system of macrophages. lncRNA MIAT modulates apoptosis and autophagy through the miR-665/ULK1 crosstalk. COX-2 modulates
inflammatory response by activating NF-κb/STAT3, associating with p50 (a repressive subunit of NF-κb), and M1 macrophage polarization, and induces apoptosis by
activating the PERK-eIF-2α-CHOP signaling pathway. NEAT1 modulates inflammatory response and apoptosis through targeting miR-377-3p. (B) TB infection
causes downregulation of lncRNAs modulating the immune system of macrophages. LincRNA-EPS inhibited apoptosis and enhanced autophagy by activating the
JNK/MAPK signaling pathway. GAS5 promotes the cell vitality and inflammatory response by sponging miR-18a-5p. PCED1B-AS1 can directly bind to miR-155 to
inhibit apoptosis and induce autophagy. (C) TB infection causes upregulation of lncRNA-CD244 to interact with EZH2 and mediates H3K27 trimethylation at ifng/tnfa
loci, thereby suppressing IFN-γ/TNF-α expression and increasing bacterial proliferation in T cells.

negative regulator of cytokine response to Mtb infection, and
its upstream lncRNA XLOC_012582 highly increased in B
cells of ATB. Whether upregulation of XLOC_012582 leads
to overexpression of SOCS3 and ultimately participates in the
progression of TB needs in-depth investigation (Fu et al.,

2017b). Findings provided new insight into the pathogenesis
of TB. However, discoveries related to B cells are like a
tip of an iceberg.

In summary, the immune protection mechanism of TB
is complex and comprehensive. Although there have been
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preliminary studies on the role of lncRNAs in different
host cells to Mtb, their specific functions in immunity are
mainly unexplored.

LONG NON-CODING RNAs AS
DIAGNOSIS BIOMARKERS IN
TUBERCULOSIS

So far, most clinical diagnosis methods have inherent limitations
(Pai et al., 2016). Methods like smear microscopy and
mycobacterium culture have insufficient sensitivity and
timeliness and have a poor detection rate of smear-negative
PTB (Walzl et al., 2011; Fang et al., 2021; Mirzaei et al.,
2021), while interferon-gamma release assays (IGRA) unable
to discriminate between LTBI and ATB (Walzl et al., 2018).
The recent recommendations of the WHO include non-
pathogen-based detection to improve the identification of
clinically diagnosed TB with rapid and universal methods
(Martinez and Andrews, 2019). Therefore, biomarkers of
the host immune responses might provide critical insights
to solve this problem. Some ncRNAs are considered to be
biomarkers (Beermann et al., 2016), such as miR-889 targets
that can be manipulated for antimycobacterial therapeutic
purposes and candidate biomarkers for LTBI (Chen et al.,
2020). Relative to investigated in high detail miRNAs,
the roles of lncRNAs remain largely elusive (Lee, 2012).
Nevertheless, a rising number of dysregulation processes
indicate that lncRNAs are highly promising as biomarkers of
TB (Table 2).

Biomarkers in Peripheral Blood
Mononuclear Cells
Accumulating lines of studies have revealed the abnormally
expressed lncRNAs in peripheral blood mononuclear cells
(PBMCs) of TB patients (Table 2). A study reported that two
significantly aberrantly expressed lncRNA (MIR3945HG V1
and MIR3945HG V2) in PBMCs samples from active PTB
patients have the potential to be novel diagnostic biomarkers
(Yang et al., 2016). Furthermore, the expression of NEAT1
(both NEAT1_1 and NEAT1_2) in TB patients was higher
than healthy control, declined gradually with treatment, and
was restored to the normal level. This dynamic change could
reflect the efficacy of anti-TB therapy. Therefore, NEAT1 may
serve as a potential indicator for patient prognosis of TB
(Huang et al., 2018). Additionally, the study suggested that
downregulated PCED1B-AS1 in PBMCs and THP-1 show
promise as a new early diagnostic biomarker for ATB (Li et al.,
2019). Nevertheless, little information has been done on the
underlying mechanisms of lncRNAs above. To enhance the
PTB identification, lncRNA n344917 was confirmed down-
regulated in PBMC of PTB. Hence, a web-based prediction
model combining the molecular biomarker n344917, laboratory,
and EHR variables was constructed and could serve as a user-
friendly, accurate platform to improve the clinical diagnosis of
PTB (Meng et al., 2021).

Biomarkers in Plasma or Serum
Differentially expressed lncRNAs in the plasma or serum of
TB patients have also been explored as potential diagnostic
biomarkers (Table 2). For instance, expression levels of
ENST00000354432 and ENST00000427151 were suggested to
act as biomarkers for the early detection of TB (He et al.,
2017). LOC152742 in plasma had higher specificity in ATB
and gradually downregulated in the treatment. Hence it could
serve as a novel biomarker for the diagnosis and therapy of
ATB (Wang L. et al., 2019). Also, plasma lncRNAs might act
as potential biomarkers to evaluate TB cure in an efficient and
precise manner. LncRNAs uc.48 + and NR_105053 may serve
as biomarkers to distinguish between untreated TB patients and
cured TB subjects (Li Z.-B. et al., 2020). Recently, studies reported
some lncRNA sets with high diagnostic sensitivity and specificity.
For example, ceRNA analysis of four differentially expressed
lncRNAs (NR_038221, NR_003142, ENST00000570366, and
ENST00000422183) was demonstrated to discriminate PTB from
healthy individuals. The results showed that NR_038221 was
the most significantly associated with TB (Chen Z.-L. et al.,
2017). Their previous study had verified hsa-miR-378a-3p as
a potential biomarker for PTB, which was associated with
NR_038221, indicating that NR_038221 and hsa-miR-378a-3p
might play a similar function during the biological process of
PTB (Zhang et al., 2013; Chen Z.-L. et al., 2017). At present,
the development of high-throughput experimental technologies
has led to a rapid expansion of lncRNA research. For example,
an integrated analysis of the GEO dataset and the NON-
CODE database identified four significantly downregulated
lncRNAs (NON-HSAT101518.2, NON-HSAT067134.2, NON-
HSAT148822.1, and NON-HSAT078957.2) in serum exosomes
of ATB patients. ROC curve analysis suggests that these four
lncRNAs can discriminate ATB from healthy individuals with
high specificity and sensitivity (Fang et al., 2021).

Biomarkers in Bacteria-Negative
Tuberculosis
Accurate diagnosis of complete inactivation of TB lesions
remains a challenge concerning sputum-negative TB, one
of the significant factors for the development and spread
of ATB (Horsburgh, 2004). Clinically diagnosed PTB
patients without microbiological evidence of Mtb often
lead to misdiagnosis or delayed diagnosis. Therefore, A study
validated the lncRNAs and corresponding predictive models
to effectively diagnose these patients, finding differentially
expressed lncRNAs (ENST00000497872, n333737, n335265)
between PTB patients and the healthy group. These lncRNAs
might be used as putative biomarkers to facilitate the early
identification of PTB cases among suspected patients with
negative microbiological evidence (Table 2; Hu et al., 2020). In
addition, lncRNAs (ENST00000429730.1 and MSTRG.93125.4)
were upregulated in lung tissues with high metabolic activity
demonstrated by fluorine-18-fluorodeoxyglucose positron
emission tomography/computed tomography from sputum-
negative TB patients compared with low metabolic activity.
Two lncRNAs might be considered potential metabolic activity
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TABLE 2 | Overview of the candidate lncRNA biomarkers in TB.

Analysis Candidates of lncRNA
biomarkers

Sample Effect References

PBMCs Upregulated (MIR3945HG V1
and MIR3945HG V2) in PTB
patients

Active PTB patients and healthy
donors vaccinated with BCG

Promising candidate diagnostic
markers for TB

Yang et al., 2016

PBMCs NEAT1 (both NEAT1_1 and
NEAT1_2) declined gradually
with treatment

TB patients and healthy group Potential indicator for patient
prognosis of TB

Huang et al., 2018

PBMCs Downregulated (PCED1B-AS1)
in ATB patients

ATB patients and healthy
individuals

May represent a novel early
diagnostic marker of ATB

Li et al., 2019

PBMCs Downregulated (n344917) in
clinically diagnosed PTB

clinically diagnosed PTB, PTB
with an etiological evidence and
non-TB disease controls

Potential molecular biomarker for
the clinically diagnosed PTB

Meng et al., 2021

Plasma Upregulated
(ENST00000354432,
ENST00000427151) in TB
patients

TB patients, community
acquired pneumonia and
healthy individuals

Potential molecular biomarkers for
the rapid diagnosis of TB

He et al., 2017

Sputum and plasma Upregulated LOC152742 in
ATB patients

ATB patients, obsolete TB
patients, individuals affected
with BCG, and normal
individuals,

Potential biomarker for diagnosis
and therapy of ATB

Wang L. et al.,
2019

Plasma Differently expressed (lncRNAs
uc.48 + and NR_105053)
between the untreated and the
cured TB

Untreated TB and cured TB
subjects

Potential biomarkers to distinguish
between untreated and cured TB,
provide an experimental basis to
evaluate the effect of TB treatment

Li Z.-B. et al., 2020

Plasma Upregulated (NR_038221,
NR_003142, and
ENST00000570366),
downregulated
(ENST00000422183)

ATB patients and healthy
control

Potential biomarkers for early
diagnosis of TB

Chen Z.-L. et al.,
2017

Serum exosomes Downregulated
(NON-HSAT101518.2,
NON-HSAT067134.2,
NON-HSAT148822.1
NON-HSAT078957.2) in ATB
patients

ATB patients and healthy
individuals

Discriminate ATB from healthy
individuals

Fang et al., 2021

PBMC Differently expressed
(ENST00000497872, n333737,
and n335265) in PTB and
healthy control

Clinically diagnosed PTB,
microbiologically confirmed
PTB cases, non-TB disease
controls, healthy subjects

Facilitate the early identification of
PTB cases among suspected
patients with negative Mtb
microbiological evidence

Hu et al., 2020

Lung tissue Upregulated
(ENST00000429730.1 and
MSTRG.93125.4)

sputum-negative pulmonary TB
patients

Potential indicators of metabolic
activity in TB lesions for
sputum-negative tuberculosis

Wang et al., 2021

Whole blood AC079767.4 TB patients and healthy
individuals

AC079767.4 polymorphisms may
potentially act as biomarkers for TB
diagnostic and even as therapeutic
targets

Zhao et al., 2017

Whole blood Downregulated
(AC145676.2.1-6 and TGS1-1)
in TB patients

TB patients and healthy
individuals

TGS1-1 and its variants 4737420
may be predictive indicators of
anti-TB drug-induced adverse drug
reactions

Bai et al., 2019

Whole blood RIPK2 TB patients and healthy control Might serve as a hazard for TB in
this Western Chinese Han
population

Song et al., 2019a

Peripheral blood HNF1B-3:1 TB cases and healthy subjects May influence the clinical
manifestations of TB

Wu et al., 2020

Whole blood RP11-37B2.1 TB cases and healthy subjects Potential biosignatures for
thrombocytopenia during anti-TB
treatment

Song et al., 2019b

Whole blood CASC8 TB patients and healthy
individuals

Biomarker for the progression of
clinical TB

Liu et al., 2020
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indicators in TB lesions for sputum-negative TB (Table 2; Wang
et al., 2021).

Long Non-coding RNA Polymorphism
and Tuberculosis Susceptibility
Abundant evidence from the investigations suggests that
host genetic factors contribute to determine susceptibility to
TB disease (Möller and Hoal, 2010). Recent advances in
lncRNA research have preliminarily explored the relationship
between lncRNA single nucleotide polymorphisms (SNPs), TB
susceptibility, and clinical manifestations in TB patients of
the western Chinese Han population (Table 2). For example,
a study uncovered that the lncRNA AC079767.4 might be
involved in the progression of TB infection. In addition, the
C allele of SNP rs12477677 in AC079767.4 was associated with
reduced susceptibility to PTB (Zhao et al., 2017). Moreover,
the SNPs (rs12477677 and rs1055229) may influence clinical
TB disease. Conceivably, AC079767.4 polymorphisms may serve
as novel biomarkers for TB diagnostic and even as therapeutic
targets (Zhao et al., 2017). Similarly, the potential TB-associated
promoting effects were identified for the decreased expression
levels of lnc-AC145676.2.1-6 and lnc-TGS-1 (Bai et al., 2019).
Recently, the SNPs of rs39509 G allele in PIPK2 Near gene-
3 region, lncRNA - HNF1B - 3:1, lncRNA - RP11-37 b2. 1,
lncRNA - CASC8 has also been proved to be associated with TB
susceptibility (Song et al., 2019a,b; Liu et al., 2020; Wu et al.,
2020). These lncRNA polymorphisms are promising molecular
biomarkers for clinical TB infection and/or efficacy evaluation.
However, there are some questions need to be answered, such
as are there sex and ethnic differences in differentially expressed
lncRNAs?

DISCUSSION

Overall, the advancement of sequencing technology has
facilitated the discovery of lncRNAs with unknown functions.
These lncRNAs can thwart disease or lead to disease progression.
Importantly, lncRNAs have presented a diverse perspective on
the regulation of TB, especially complicated immune regulation
for multiple biomolecular interactions. By high-throughput
sequencing and deepening validation, lncRNAs have been found
as potential biomarkers for diagnosis, monitoring progression,
and clinical efficacy of TB. However, the complexity of the
lncRNAs themselves and the lack of accurate databases for
the lncRNAs discovered are restricting research to the single
analysis of differences in gene expression. We are still far from
completely understanding how lncRNAs influence complex
physiopathological processes of TB, and several aspects of

lncRNA remain enigmatic. For instance, whether lncRNA
regulates Mtb infection as an infection phenomenon or a specific
bacterial infection phenomenon under certain conditions. In
addition, there is a lack of using lncRNAs as biomarkers to
indicate progression from latent infections to clinical disease.
Despite the questions, lncRNAs are highly ideal biomarkers.
Further validation studies on different ethnic populations and
function experiments in a large-scale cohort help to confirm the
roles of the lncRNAs, and may also help identify biomarkers for
latent infections. Most of the research on ncRNAs mainly focuses
on miRNA, but understanding the lncRNA function can only be
achieved from more studies on a case-by-case basis.

Several new biotechnologies such as Xpert MTB/RIF Ultra
have been developed in this context. It has increased sensitivity
for diagnosis but is sophisticated. More accurate, rapid, and
cost-effective tests are needed to improve TB detection. Various
platforms have explored other possible biomarkers, such as host
marker signatures, including host gene expression, protein, and
metabolites. Some have combined omics techniques which have
made some progress in distinguishing LTBI from ATB to explore
progression to TB. However, such measurement of expression
of markers requires substantial laboratory infrastructure and is
time-consuming. Additionally, the most work done so far has
been small case-control studies, and the diagnostic potential
of these markers still has to be confirmed. The continued
study of TB-associated lncRNAs will reveal more unanticipated
biomarkers for predicting progression, response to treatment,
and relapse. Moreover, the personalized lncRNA-targeted drugs
in host-directed therapy (HDTS) are under development.
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Malaria is an acute febrile disease caused by a protozoan of the genus Plasmodium.

Light microscopy (LM) is the gold standard for the diagnosis of malaria. Despite this

method being rapid and inexpensive, it has a low limit of detection, which hampers

the identification of low parasitemia infections. By using multicopy targets and highly

sensitive molecular techniques, it is possible to change this scenario. In this study, we

evaluated the performance of droplet digital PCR (ddPCR) to detect Plasmodium DNA

obtained from saliva samples (whole saliva and buccal swab) of 157 individuals exposed

to malaria transmission from the Brazilian Amazon region. We used the highly sensitive

ddPCR method with non-ribosomal multicopy targets for Plasmodium vivax (Pvr47) and

Plasmodium falciparum (Pfr364). There was good concordance between the quantitative

real-time PCR (qPCR) results from the saliva and blood, except for mixed-species

infections. The sensitivity of qPCR was 93% for blood, 77% for saliva, and 47% for

swabs. Parasite DNA was not detected in saliva samples in low-density infections

compared with the detection in blood samples. ddPCR showed increased sensitivity for

detecting Plasmodium in the blood and swabs (99% in blood, 73% in saliva, and 59% in

swabs). Notably, ddPCR detected more mixed infections in the blood (15%), saliva (9%),

and swabs (18%) than qPCR. Our data showed that the differences between ddPCR

and qPCR were the result of a higher number of P. falciparum infections detected by

ddPCR. Overall, there was a moderate correlation between parasite densities estimated

by the different methods in the blood. Our findings highlight the possibility of using

non-invasive sample collection methods for malaria diagnosis by targeting multicopy

sequences combined with highly sensitive molecular methods.

Keywords: malaria, molecular diagnosis, droplet digital PCR, saliva, Plasmodium falciparum, Plasmodium vivax
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INTRODUCTION

Malaria is an acute febrile parasitic disease with major lethality.
In 2020, there were an estimated 241 million malaria cases
worldwide, representing an additional 14 million cases compared
to those in 2019 (World Health Organization, 2021). These
estimates include the impact of the COVID-19 pandemic on
malaria prevention and treatment. However, in South America,
the number of cases decreased from 894,000 in 2019 to 653,000 in
2020. In Brazil, the incidence decreased by approximately 10.5%
during the same period (totaling approximately 141,000 cases
in 2020, with 84% caused by Plasmodium vivax infection), even
though almost 77% of all the cases reported in the Americas were
from Brazil, along with Venezuela and Colombia (World Health
Organization, 2020; BRASIL Ministério da Saúde, 2021).

The accurate diagnosis of malaria is fundamental for the

adequate treatment of patients, prevention of mortality, and

disease control. The gold standard for the diagnosis of malaria

is parasite identification in Giemsa-stained thick blood smears
via light microscopy (LM); however, this method has a moderate
detection limit of ∼50–100 parasites/µL under field conditions
and could lead to a misdiagnosis of mixed infections (Kilian
et al., 2000; Zimmerman and Howes, 2015). A cornerstone of
malaria diagnosis and its elimination is the identification of
submicroscopic infections of the twomajor species, P. falciparum
and P. vivax, which act as reservoirs of the disease and are
only detected with highly sensitive methods (Okell et al.,
2012; Lindblade et al., 2013; Wampfler et al., 2013; Bousema
et al., 2014; Vallejo et al., 2016). Molecular diagnostic methods
are the most promising tools for detecting submicroscopic
Plasmodium infections and for distinguishing mixed infections
(Costa et al., 2014; Britton et al., 2016). To accomplish this,
different PCR-based methods have been developed for the
diagnosis of malaria, including PCR-restriction fragment length
polymorphism, multiplex PCR, Nested-PCR, loop-mediated
isothermal amplification, quantitative real-time PCR (qPCR),
and more recently, droplet digital PCR (ddPCR) (Snounou et al.,
1993; Perandin et al., 2004; Mangold et al., 2005; Han et al., 2007;
Lucchi et al., 2010; Koepfli et al., 2016; Srisutham et al., 2017).
Furthermore, there are many efforts for the development of
molecular diagnostic methods for detection of other Plasmodium
species that presents a challenge for species identification by LM,
such as P. malariae, P. ovale, and the zoonotic malaria parasites,
P. knowlesi and P. simium (Piera et al., 2017; Srisutham et al.,
2017; de Alvarenga et al., 2018).

The small subunit of the ribosomal RNA gene (18S rRNA),
which has 4–8 copies in the genome, is the most commonly used
target for malaria diagnosis (Mercereau-Puijalon et al., 2002). In
recent years, increasingly sensitive PCR methods have emerged
targeting multicopy genes in the parasite genome (Lucchi et al.,
2013; Hofmann et al., 2015; Lloyd et al., 2018). Studies on malaria
diagnosis have shown that mitochondrial DNA amplification
(mtDNA) results in high sensitivity due to the large number of
copies of mtDNA (≈20 copies) (Polley et al., 2010; Gruenberg
et al., 2018). Although mtDNA is a sensitive target, there is
90% conservation between P. vivax and P. falciparum, which
hampers the design of specific distinguishing assays (McIntosh

et al., 1998). In 2011, Demas and colleagues identified two new
multicopy targets in the subtelomeric regions of P. vivax and
P. falciparum: Pvr47 (14 copies) and Pfr364 (41 copies) (Demas
et al., 2011). First, the protocol published by Demas was based
on conventional PCR, but we recently adapted it for qPCR,
which showed good sensitivity in the detection of co-infections in
samples with low parasite densities and submicroscopic malaria
among asymptomatic patients (Amaral et al., 2019).

Blood sampling for the diagnosis of malaria offers few risks to
the patient if performed by experienced professionals following
the standard criteria for collection. However, certain groups,
such as indigenous people, devotees of some religions, infants,
children, and pregnant womenmay have restrictions to collecting
blood, particularly when repeated blood sample collections are
required, such as for treatment control follow-up. A less invasive
type of sampling, such as saliva collection, has been an option
for point-of-care diagnostic methods, which are considered to be
important tools for molecular diagnosis (Malamud, 2011). The
use of saliva is ideal because of its practicality in the collection,
transportation, and storage, in addition to being collected using
buccal swabs (Virkler and Lednev, 2009; Köhnemann and
Pfeiffer, 2011; Pfaffe et al., 2011). Some studies have assessed
the use of saliva for molecular diagnosis by detecting 18S rRNA,
mtDNA, and varATS targets (Buppan et al., 2010; Putaporntip
et al., 2011; Ghayour Najafabadi et al., 2014; Mfuh et al.,
2017; Lloyd et al., 2018). The sensitivity of saliva testing varied
according to the species, molecular target, PCR method, and
reference standard used, ranging from 74 to 84%.

To overcome the low sensitivity of molecular methods due
to the low amount of parasite DNA in saliva, we developed
a new method based on ddPCR for the diagnosis of malaria
by using multicopy Pvr47 and Pfr364 targets. The proposed
method may improve the diagnosis of malaria in endemic
regions by allowing the detection of a greater number of
infections characterized by low parasitemia, as well as co-
infection with different Plasmodium species. Additionally, it has
other potential applications, such as its use in reference centers
for the diagnosis of malaria, especially in regions that lack
experienced microscopists, and as a tool for the epidemiologic
surveillance of malaria.

MATERIALS AND METHODS

Subjects and Sample Collection
The samples assessed here were collected from two Brazilian
states, Rondônia (RO) and Roraima (RR), from 2017 to 2020.
Samples were colleted in the state capital, Boa Vista (RR) and
Porto Velho (RO). Both cities are in the Amazon area, with a
humid tropical climate, including two major seasons: a rainy
season between April and November, with high rainfall indices
during June and July, and a dry season between December
and March.

Enrolled patients sought public health services with malaria
symptoms and provided informed consent to participate in
the study. The majority of the study population were adults
with a median age of 36 years (interquartile range, 26.5–45
years) and a female:male ratio of 1:3. Plasmodium spp. infection

Frontiers in Microbiology | www.frontiersin.org 2 May 2022 | Volume 13 | Article 88253077

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Costa et al. Advances in Malaria Diagnosis

was confirmed via optical microscopy based on Giemsa-stained
thick blood smears evaluated by well-trained microscopists, in
accordance with the malaria diagnosis guidelines of the Brazilian
Ministry of Health. Parasite density was determined as the
number of asexual parasites observed per 200 white blood cells on
a thick smear and was estimated by assuming a leukocyte count
of 8,000 perµL. A total of 471 samples were included in this study
(157 each of blood, saliva, and buccal swab samples). Because
we had limited amounts of DNA of each sample, many samples
could not be assessed using the two amplification methods
(qPCR and ddPCR). Additionally, 30 healthy uninfected human
volunteers from a malaria-free area (Belo Horizonte, Minas
Gerais, Brazil) served as negative controls. For saliva and buccal
swab sample collection, patients were required not to ingest any
kind of food or drink 30min before the procedure. At least 1mL
of saliva was collected from each patient. For swab collection, the
brush was inserted into one side of the mouth and repeatedly
twisted against the inner cheek until saturation. Both samples
were collected without preservatives and stored at −20◦C until
they were transferred to the René Rachou Institute, where they
were maintained at−80◦C until DNA extraction.

The ethical and methodological aspects of this study
were approved by the Ethical Committee of Research
on Human Beings of the René Rachou Institute (CAAE
70755617.8.0000.5091) according to the Brazilian National
Council of Health (Resolutions 196/96 and 466/12). All adult
participants signed written informed consent forms, whereas
next of kin, caretakers, or guardians signed on behalf of the
minors/children enrolled in the study. All methods were carried
out following the approved guidelines.

Extraction of Genomic DNA
DNA samples were extracted from 300 µL of peripheral
blood collected in EDTA-containing tubes and from 1mL of
saliva for parasite genomic analysis using the Gentra Puregene
Blood Kit (QIAGEN, Chatsworth, CA, USA) according to the
manufacturer’s instructions. Extracted DNA from the blood and
saliva was resuspended in 50µL of hydration solution. DNA from
swabs was extracted using the Purelink Genomic DNA mini kit
(Thermo Fisher Scientific,Waltham,MA, USA) and resuspended
in 30 µL elution buffer. In the preparation of swab lysates, the
following modifications were made: 200 µL of 1X phosphate
buffered saline was added to each sample during the first step
of the protocol and was incubated at 55◦C for 30min instead of
10 min.

Standard Curves to Estimate qPCR
Efficiency, Limit of Detection, and
Quantification of Parasitemia
Standard curves were generated with linearized plasmids by
restriction digestion containing the target sequences, and the
efficiency of the qPCRwas calculated (Supplementary Material).
To generate standard curves, five-fold serial dilutions were
prepared ranging from 2.0 × 104 to 5.12 × 10−2 copies/µL and
run in triplicate.

Clinical blood samples from P. vivax- and P. falciparum-
infected patients with parasite densities confirmed by an expert
microscopist were used to determine the limit of detection
of assays as well as estimate parasite densities using qPCR
and ddPCR. For each species, three-fold serial dilutions were
prepared, ranging from 220 to 0.3 parasites/µL. qPCR was
performed in triplicate (for high concentrations) or quintuplicate
(for low concentrations), whereas ddPCR was performed in
triplicate for all concentrations. For the quantification of
parasitemia via qPCR (in parasites/µL), parasite densities were
adjusted according to the concentration factor (1.2-fold) of the
DNA template based on the blood volume equivalent of 12 µL
used in PCR reactions. The blood volume equivalent considers
the concentration factor of the DNA 6-fold during nucleic acid
extraction, that is, resuspension of the DNA in 50 from 300 µL
of blood multiplied by the volume of DNA (2 µL) added to
the reactions.

Plasmodium vivax and P. falciparum

Amplification via qPCR
The amplification of the Pvr47 and Pfr364 genes was conducted
using a previously described protocol (Amaral et al., 2019). To
increase the signal detection and sensitivity of the P. falciparum
assay, modifications were introduced in the length of the
probe and both primers. The set of oligonucleotides for Pvr47
was 5′ TCCGCAGCTCACAAATGTTC 3′ (forward), 5′ ACA
TGGGGATTCTAAGCCAATTTA 3′ (reverse), and 5′- FAM-
TCCGCGAGG-ZEN-GCTGCAA-Iowa Black FQ 3 (probe). The
primers used for Pfr364 were 5′ CTCGCAATAACGCTGCAT
3′ (forward), 5′ TTCCCTGCCCAAAAACG 3′ (reverse), and 5′

FAM-TGGTGCCGG-ZEN-GGGTTTCTACGC-Iowa Black FQ
3′ (probe). The reactions were performed in 10 µL volumes
containing 2 µL of DNA (approximately 50 ng) and 5 µL of
TaqMan Universal PCR Master Mix (Thermo Fisher Scientific).
For the Pvr47 amplification, 50 nM of forward primer, 900 nM
of reverse primer, and 250 nM of probe were used; for Pfr364,
900 nM of forward primer, 300 nM of reverse primer, and 150 nM
of probe were used. The qPCR assays were performed using
the ViiA7 Real-Time PCR System (Thermo Fisher Scientific),
with the following cycling parameters: pre-incubation and initial
denaturation at 50◦C for 2min and 95◦C for 10min, followed by
40 cycles of denaturation at 95◦C for 15 s, primer annealing at
52◦C for 1min, and extension at 60◦C for 1min. Fluorescence
was verified at the end of each extension step. qPCR was repeated
whenever discordant results were obtained among blood, saliva,
and swab samples.

Development and Validation of the Droplet
Digital PCR Assays
The ddPCR assays were prepared using the same primers and
probes used in qPCR, with a total of 22 µL per reaction
containing ddPCR reagents (10 µL of the Bio-Rad 1X ddPCR
Super Mix [no dUTP], 900 nM of forward and reverse primers,
and 250 nM of the probe), and 2 µL of the DNA template.
Initially ddPCR was carried out in a Bio-Rad QX200TM Droplet
Generator. Later, a QX200 AutoDG Droplet Digital PCR System
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FIGURE 1 | Comparison of quantitative real-time PCR (qPCR) results among 146 paired samples of blood, saliva, and buccal swabs. (A) Venn diagram showing the

agreement (in absolute number) among blood, saliva, and swab samples. (B) Heatmap for the results of light microscopy (LM) and qPCR of blood, saliva, and swab

samples: Plasmodium vivax, in green; P. falciparum, in red; mixed-species infections, in orange; negative samples, in blue.

FIGURE 2 | Forest plot of accuracy measures of diagnostic tests. Sensitivity and specificity of quantitative real-time PCR (chart in blue) and droplet digital PCR (chart

in orange) results of blood, saliva, and swab samples.

was used to automatically generate droplets. To optimize the
PCR annealing temperature, a temperature gradient of 57–59◦C
was used. An annealing temperature of 58◦C provided better
separation between the positive and negative droplets for both
P. vivax and P. falciparum (data not shown). Endpoint PCR
assays were performed using the following cycling parameters:
enzyme activation at 95◦C for 5min, followed by 40 cycles of
denaturation at 94◦C for 30 s, and primer annealing at 58◦C
for 1min. The results were analyzed using a Bio-Rad QX200TM
Droplet Reader. Additionally, a false-positive cutoff for ddPCR

assays was established by calculating the limit of blank (LoB). To
do so, we used negative controls for both Plasmodium species,
that is, all the reactions without the DNA template for the
independent assays. A threshold to promote a better separation of
low fluorescence amplitude droplets was determined to be 3,000
and 4,000 RFU, respectively, for P. vivax and P. falciparum assays.
ddPCR was repeated whenever discordant results were obtained
among blood, saliva, and swab samples. Target quantification was
expressed as copies/µL of the ddPCR reaction, that is, without
any conversion. Wherever indicated, the results were expressed
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as copies/µL of blood following the formula: target copies/µL of
blood = [(copies/µL from ddPCR × 22 (total volume of ddPCR
in µL)]/[2 (total loaded DNA in µL) × 6 (6X concentrated
DNA)] (Srisutham et al., 2017). All samples that were negative
for the diagnostic reactions (qPCR and ddPCR) were subjected
to a PCR assay for the amplification of a constitutive gene (ABO
blood group) using primers that we previously described and
adapted for qPCR (Olsson et al., 1998; Robortella et al., 2020).

Statistical Analysis
Continuous variables were compared using the Mann–Whitney
test or Kruskal–Wallis test with Dunn’s post-hoc test, as
appropriate. Proportions are given with 95% confidence intervals
and were compared using the χ

2 test, Fisher’s exact test, or
McNemar’s test (paired data). Statistical analysis was performed
using the R v.4.1.1 package, STATA v.14 software, and GraphPad
Prism version 8.0.2 (GraphPad Software, San Diego, California,
USA). Accuracy measures of diagnostic tests (sensitivity and
specificity) were estimated using the Forest function available
in the R package DTAplots. To estimate the sensitivity and
specificity of each protocol, we defined the combined results of
all qPCR (or ddPCRs) runs as a reference, excluding those from
the protocol under evaluation (Hofmann et al., 2018).

RESULTS

Performance of qPCR With Different
Sources of DNA
To evaluate the performance of qPCR in detecting parasite DNA
in the different DNA sources, 146 paired samples from blood,
saliva, and buccal swabs were analyzed. qPCR of saliva from
those with blood-positive samples amplified 71% of P. vivax
and 82% of P. falciparum (Supplementary Table 2). Identical
results were obtained for 93 (64%) blood and saliva samples,
62 (42%) blood and swab samples, and 78 (53%) saliva and
swab samples (Figure 1A). Most swab samples failed to show
DNA amplification via qPCR, even though all swab samples
with negative results successfully amplified the control in the
human chromosome (ABO blood group). Many mixed-species
infections were exclusively detected in the blood and saliva using
qPCR (Figure 1B).

Next, we estimated the accuracy measures of the diagnostic
tests for the subset of 146 paired samples. The reference method
for each protocol was defined by combining the results of all
qPCR and excluding the protocol under evaluation. Thus, the
sensitivity of qPCR in blood was 93%, followed by 77% in saliva,
and 47% in swabs (Figure 2; Supplementary Table 3). qPCR
in blood had low specificity, as expected, indicating that the
method has a lower detection threshold (higher positivity). None
of the healthy uninfected human blood samples showed any
amplification of Plasmodium via qPCR.

There was a tendency for qPCR-positive saliva samples to
show higher Cq values than blood (Figure 3A). Notably, the
mean Cq value of saliva samples did not differ, regardless of the
storage time of the saliva (Supplementary Table 4). Considering
only the samples with known parasitemia by LM, 82 out of 354
(23%) samples from different sources of DNA (1 sample of blood,

24 of saliva, and 57 of swab) failed to amplify the parasite target
via qPCR. Among them, saliva did not amplify parasite DNA,
mostly in samples from patients with low-grade infections (67%,
<1,500 parasites/µL) (Figure 3B). For swabs, a lower proportion
of negative results (45%) could be explained by low parasitemia.

Performance of ddPCR With Different
Sources of DNA
In ddPCR, the limit of detection of the Pvr47 and Pfr364
assays was estimated using clinical samples with known
parasitemia. The limit of detection in blood samples fluctuated
for both assays but was consistently below 1 parasite/µL
for P. falciparum (0.1–0.9 parasites/µL for P. falciparum and
0.9–2.7 parasites/µL for P. vivax) (Supplementary Table 5). In
addition, a positive droplet cutoff (LoB) was established, that
is, the results were considered positive for three positive
droplets. The reproducibility and repeatability of ddPCR
quantification were high, even at low parasite densities
(Supplementary Figures 1C,D).

We evaluated the performance of ddPCR formalaria detection
in 86 paired blood, saliva, and swab samples. ddPCR of
saliva amplified 57% of P. vivax and 76% of P. falciparum
in ddPCR-positive blood samples (Supplementary Table 6).
Overall, concordant results were obtained for 52% (n = 45) of
blood and saliva samples, 31% (n = 27) of blood and swab
samples, and 43% (n = 37) of saliva and swab samples via
ddPCR (Figure 4A). The sensitivity of ddPCR in blood was
99%, whereas saliva and swabs showed sensitivities of 73%
and 59%, respectively (Figure 2; Supplementary Table 7). Here,
the specificity of ddPCR should be interpreted with caution
because of the small number of true-negative samples analyzed.
Notably, 30 healthy uninfected human blood samples were tested,
and none showed amplification when assessed via ddPCR with
either assay.

Among all samples that showed no amplification via ddPCR
and had known parasitemia via LM, only a portion (39%, 20
out of 51) were from patients with low-grade infections (<1,500
parasites/µL). There was no significant association between the
storage time of the samples and the number of copies/µL
estimated in saliva via ddPCR (Supplementary Table 8).

Comparison of Molecular Diagnostic
Methods: qPCR and ddPCR
A subset of 76 samples was evaluated using two molecular tests
with different sources of DNA. Overall, a similar proportion
of Plasmodium infection was detected via qPCR and ddPCR
in the blood (73 and 75, respectively) and saliva (55 and 57,
respectively). However, ddPCR detected 16% more infections in
swabs (n = 46, 61%) than qPCR (n = 34, 45%) (P = 0.045
by McNemar’s test) (Table 1; Figure 4B). Moreover, a higher
number of mixed infections were detected via ddPCR in the
blood (22 and 11 by ddPCR and qPCR, respectively, P = 0.0098
by McNemar’s test), saliva (9 by ddPCR and 2 by qPCR, P =

0.0233 by McNemar’s test), and swabs (14 by ddPCR and 0
by qPCR, P = 0.0005 by McNemar’s test). In other words, the
proportions of mixed infections not detected by qPCR were 15%,
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FIGURE 3 | Analysis of quantitative cycles (Cq) and parasitemia for samples analyzed via quantitative real-time PCR (qPCR). (A) Scatter plot of Cq measured via

qPCR for individual samples (small circles) of blood and saliva. Delimited regions in the plots indicate where Plasmodium falciparum (red line), P. vivax (green line),

mixed-species infections (orange line), and negative samples (blue line) should be located. (B) Density plot showing the distribution of log10 of parasite density

estimated through microscopy for 82 samples which were not amplified (PCR -) and 272 samples which were amplified (PCR +) via qPCR in the blood (purple

curves), saliva (blue curves), and buccal swab (yellow curves) samples. The dotted line indicates a parasite density of 1,500 parasites/µL (Log10 = 3.18). This analysis

was performed for 118 paired samples with known parasitemia.

9%, and 18% in the blood, saliva, and swab samples, respectively.
In general, the differences between the two molecular tests
were due to the detection of a higher number of P. falciparum
infections using ddPCR (Figure 4C).

Agreement Between Parasite Density
Estimates
We evaluated the level of agreement of density estimates
between the different methods in blood, which is the major
site of infection. Initially, the Cq values obtained via qPCR
were compared to the density estimates obtained via LM
(parasites/µL) and ddPCR (copies/µL). Overall, there was a
moderate correlation between parasite densities estimated by
different methods in the blood. For P. vivax, a significant
correlation was observed for all three analyses (Figures 5A–C).
For P. falciparum, the density estimates obtained via ddPCR and
LM did not correlate with each other (Figure 5B). The geometric
mean densities estimated via ddPCR was 11.5 copies/µL (95%
CI, 6.1–21.8 copies/µL) and 4.1 copies/µL (95% CI, 1.8–9.4
copies/µL), respectively, for P. vivax and P. falciparum. By
converting in copies/µL of blood, the geometric mean density
was 21.0 copies/µL (95% CI, 11.1–40.0 copies/µL) of blood for
P. vivax and 7.6 copies/µL (95% CI, 3.4–17.3 copies/µL) of blood
for P. falciparum.

Considering that there was a significant correlation between
qPCR and LM for both species, we obtained the parasite densities
via qPCR, as estimated through microscopy (parasite/µL).

Parasite densities were determined for 44 clinical samples of
P. vivax and 52 samples of P. falciparum by applying a linear
regression equation (Supplementary Material). Concordance
analysis was performed to evaluate the degree of agreement of
parasite density estimates between LM and qPCR in the blood.
The differences between estimates obtained via LM and qPCR
in blood were evenly scattered, showing similar agreements
across the whole range of parasitemia levels (Figures 6A,B).
The mean difference was positive and statistically significant
for both species, 0.99 log units (95% IC, 0.70–1.29, P <

0.001 by paired t-test) for P. vivax and 0.78 log units (95%
CI, 0.46–1.09, P < 0.001 by paired t-test) for P. falciparum,
implying that the estimates of parasite density via LM are
higher than qPCR estimates. Hence, these values can be used
to adjust blood parasitemia estimates assessed via qPCR. The
Bland–Altman plot for P. falciparum demonstrated a higher
dispersion in estimates obtained via LM and qPCR, as observed
by the distance between the two limits of agreement (2.98,
−1.39), indicating less agreement with microscopy counts for
this species.

DISCUSSION

One of the priorities of malaria research is the development
of alternative assays for the diagnosis of Plasmodium spp.
infections that are highly sensitive, specific, and minimally
invasive. It is estimated that more than 50% of malaria
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FIGURE 4 | Comparison of quantitative real-time PCR (qPCR) and droplet digital PCR (ddPCR) results for paired samples of blood, saliva, and buccal swabs. (A)

Venn diagram showing the agreement (in absolute number) in ddPCR for 86 paired samples of blood, saliva, and swabs. (B) Heatmaps for qPCR and ddPCR results

of 76 paired-samples of blood, saliva, and swabs: Plasmodium vivax, in green; P. falciparum, in red; mixed-species infections, in orange; negative samples, in blue.

Data were grouped based on light microscopy (LM) results (37 P. vivax infections, 28 P. falciparum infections, and 11 mixed or negative infections). (C) The proportion

of P. falciparum infections (single or mixed infections) detected via qPCR (light red) and ddPCR (dark red). Differences in proportions are indicated above bars.

TABLE 1 | Summary of results of quantitative real-time PCR (qPCR) and droplet digital PCR (ddPCR) for 76 paired samples of blood, saliva, and swab.

N◦ of samples (%)

qPCR Blood ddPCR Blood qPCR Saliva ddPCR Saliva qPCR Swab ddPCR Swab

P. vivax 40 (52.6) 25 (32.9) 29 (38.2) 19 (25.0) 24 (31.6) 16 (21.1)

P. falciparum 22 (28.9) 28 (36.8) 24 (31.6) 29 (38.2) 10 (13.1) 16 (21.1)

Mixeda 11 (14.5) 22 (29.0) 2 (2.6) 9 (11.8) 0 (0.0) 14 (18.4)

Negative 3 (4.0) 1 (1.3) 21 (27.6) 19 (25.0) 42 (55.3) 30 (39.5)

Total Positivity 73 (96.0) 75 (98.7) 55 (72.4) 57 (75.0) 34 (44.7) 46 (60.5)

aMixed-species infection (P. vivax/P. falciparum).

cases are not detected using microscopy (Okell et al., 2009).
Thus, it is essential to develop new diagnostic methods
that can detect low-density infections for successful malaria
control and elimination. Additionally, the use of non-invasive
specimens as the DNA source offers many advantages for
patients who have some restriction for blood collection or who
require repeated sampling or testing for Plasmodium infection
(Wright et al., 2009).

Here, we evaluated the performance of molecular diagnostic
assays based on qPCR and ddPCR amplification of multicopy
targets (Pvr47/Pfr364) in the Plasmodium genome to detect
malarial parasites in saliva and buccal swabs. Except for mixed-
species infections, there was good concordance between qPCR
results in saliva and blood. A higher concordance was observed
for P. falciparum detection in saliva, which amplified 82% of
P. falciparum and 71% of P. vivax qPCR-positive samples in the
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FIGURE 5 | Correlation analysis between parasite densities estimated via light microscopy (LM) and molecular diagnostic methods. (A) Parasitemia levels determined

via LM (parasites/µL) vs. quantitative cycles (Cq) measured using quantitative real-time PCR (qPCR). (B) Parasitemia levels determined through LM and droplet digital

PCR (ddPCR) (copies/µL). (C) Cq measured through qPCR vs. parasitemia levels determined via ddPCR. Spearman correlation coefficient was calculated

independently for Plasmodium vivax-positive (green) and P. falciparum-positive samples (red). P values of <0.05 are shown in boldface. Parasitemia levels estimated

via LM and ddPCR are presented as log10. The shaded area around the regression line represents the 95% confidence interval (CI).

FIGURE 6 | Agreement between parasite densities estimated via microscopy (LM) and quantitative real-time PCR (qPCR). Bland–Altman plots of agreement between

parasite density in blood estimated via LM and qPCR for Plasmodium vivax (A) and P. falciparum samples (B). The dotted middle line and two-outer dotted lines

represent the 95% region of agreement.

blood. The P. falciparum assay targeting a higher number of
gene copies in the parasite genome (Demas et al., 2011) could
explain the higher sensitivity of the method to detect this species
via qPCR in saliva. In contrast to saliva, in swabs and blood,
the concordance between qPCR results was fairly low. While the
sensitivity of qPCR in saliva was 77%, it was only 47% for swabs.
As previously shown, the sensitivity of malaria parasite detection
depends on the volume of the sample analyzed (Hofmann et al.,
2018). Our protocol included the screening of 1mL of saliva,
which may significantly improve the sensitivity of the method
over swabs. Our analysis showed that parasite DNA could not

be detected in saliva, mainly in low-density infections (<1,500
parasites/µL). The association between the level of parasitemia
and parasite detection was less clear for swabs. We also raised
the possibility that the storage conditions of the samples could
interfere with the performance of diagnostic tests. Indeed, studies
have shown that the quality of genomic DNA obtained from
saliva can be affected by the collection, storage conditions, and
DNA extraction protocol (Buppan et al., 2010; Garbieri et al.,
2017). The samples analyzed were frozen (−20 and −80◦C) for
different periods (1–32 months) until they were processed for
DNA extraction. However, our analysis suggests that storage
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time did not significantly interfere with the diagnostic test
results. Furthermore, it has been demonstrated that the use
of commercially available kits with reagents that stabilize the
saliva sample before DNA extraction may increase the overall
sensitivity of the method (Garbieri et al., 2017). The evaluation
of different protocols of collection/storage was beyond the scope
of the present study, but we consider that some adjustments in
the procedure of sample collectionmay improve the performance
of our tests, particularly for buccal swabs. Further studies should
consider the impact of oral health on the accuracy of malaria
diagnostic tests because conditions that cause gingival bleeding
or oral inflammation could contribute to an increase in blood
derivatives in saliva.

To explore amplification protocols that use alternative sources
of parasite DNA, we developed a new diagnostic method based
on ddPCR. In general, ddPCR showed increased sensitivity for
detecting Plasmodium (99% in blood, 73% in saliva, and 59% in
swabs) compared with qPCR. Because of the limited number of
negative paired samples of blood, saliva, and swabs, specificity
should be interpreted with caution, and it remains to be estimated
in a larger study. Interestingly, the ddPCR diagnostic test results
were less concordant between the sources of parasite DNA
assessed. This discrepancy could be explained in part by the
misdiagnosis of P. vivax as a mono- or mixed infection, probably
due to the lower number of Pvr47 copies. Although the total
positivity did not differ between ddPCR and qPCR in the blood
and saliva, ddPCR detected a higher number of infections in
swabs. ddPCR also revealed a significantly higher number of
P. vivax/P. falciparum mixed infections from different DNA
sources. Surprisingly, we found a higher proportion of mixed
infections in swabs than in saliva using ddPCR. Our data suggest
that the differences between ddPCR and qPCR were the result of
a higher number of P. falciparum infections detected via ddPCR.
We have raised some possibilities to explain these findings. First,
it follows that the higher number of gene copies targeted by the
P. falciparum assay has a greater impact on assay sensitivity in
ddPCR than in qPCR. Second, some studies described ddPCR as
more resistant to PCR inhibitors frequently present in some types
of samples, such as blood (Dingle et al., 2013; Taylor et al., 2017).
In addition, ddPCR is more likely to detect low-concentration
targets with high reproducibility when compared to qPCR, and
this feature remains even in different types of samples, as recently
shown for the detection of P. falciparum in serum (Hindson
et al., 2013; Pomari et al., 2020). We believe that ddPCR features
contributed to better performances in saliva and swabs. Finally,
a large proportion of P. falciparum is sequestered in the deep
vasculature of internal organs, and its density in the blood can
be often underestimated (Franke-Fayard et al., 2010). Here, we
cannot exclude the possibility that parasite DNA could reach
other fluids in the body without a direct correlation with what
is found in the blood (Buppan et al., 2010; Mfuh et al., 2017).

Molecular diagnostic approaches can also readily provide
a robust quantification of malarial parasites, overcoming the
limitations of LM in detecting and quantifying low-density
infections. Quantitative real-time PCR can be easily employed
to estimate parasite densities; thus, we compared the estimates
obtained via LM and qPCR in the blood. There was a

moderate correlation between LM counts and qPCR parasite
density estimates, with LM providing higher parasite count
estimates. An overestimation of parasite counts using LM has
also been observed in previous reports (Rougemont et al.,
2004; Nwakanma et al., 2009). In the present study, the
analysis of the Bland–Altman plot showed an agreement for
parasite density estimates between LM and qPCR in blood. This
agreement was slightly higher for parasite densities obtained
for P. vivax. Similarly, there was no correlation between the
estimates of parasitemia for P. falciparum obtained via LM
and ddPCR in the blood. In principle, we believe that the
significant difference in sensitivity between these methods may
have influenced our results. We cannot exclude the possibility
of inaccurate parasite density estimates using LM. Furthermore,
the sequestration of P. falciparum in the deep capillaries, or
even the loss of DNA during the extraction procedure, could
lead to an underestimation of parasite density. An interesting
result was obtained by Koepfli et al. (2016), who reported
more than 50% loss of DNA during extraction. Despite the
loss of DNA, there was a correspondence between copies/µL
obtained via ddPCR by targeting the 18S RNA gene and
parasites/µL counted via LM. In contrast, we found that the
parasitemia estimates via ddPCR and qPCRwere more correlated
with each other for both species. Likewise, a high correlation
in quantification by ddPCR and qPCR but only a moderate
correlation between ddPCR and LM have been previously
described (Koepfli et al., 2016). Because DNA quantification
by qPCR depends on a standard curve, which is costly and
time-consuming and may not be reliable in common situations
when the amplification product is above 30 cycles, ready-to-
go quantification through ddPCR may be crucial for malaria
treatment with parasite DNA measurement as an indicator
of the disease outcome (Karlen et al., 2007; Imwong et al.,
2015).

Altogether, our findings on submicroscopic P. falciparum
and mixed infections may significantly affect efforts to eliminate
malaria in the Amazon region. This is particularly important
in Brazil, where the proportion of P. falciparum cases has
increased by 32.6% in 2020 compared to 2019 (BRASIL.
BRASIL Ministério da Saúde 2021). Malaria treatment depends
on the correct identification of Plasmodium species and
misdiagnosis may pose a risk to individual health. However,
control measures should consider the parasite species
that circulate in the area. Recently, a systematic review
showed a high risk of P. vivax malaria recurrence due to
hypnozoite reactivation after P. falciparum malaria treatment
(Commons et al., 2019). The commonly recommended
therapy for P. falciparum malaria includes artemisinin-based
combination therapies (ACTs), which have high efficacy against
malarial blood stages but not against liver hypnozoites. This
highlights the importance of identifying parasite species for the
appropriate clinical management of malaria. One limitation
of the present study is that the patients were not followed
up; thus, data on malaria recurrence after treatment were
not available. These data could provide a better picture of
the consequences of misdiagnosing low-density infections.
An important issue addressed recently was the diagnostic
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sensitivity necessary to guide malaria interventions (Hofmann
et al., 2018). This study analyzed large blood volumes via
ultra-sensitive qPCR (us-qPCR) and found a large pool
of ultra-low-density P. vivax and P. falciparum infections
(Hofmann et al., 2018). The performance of us-qPCR was
assessed in areas of low to moderate transmission intensity,
showing substantial gains in the detection of P. vivax and
P. falciparum over the standard qPCR (Gruenberg et al.,
2020). Whether these infections are infective remains to be
determined, as gametocyte densities were found to be very low
(Kiattibutr et al., 2017).

CONCLUSIONS

The molecular diagnosis of malaria using the multicopy
targets Pvr47 and Pfr364 through highly sensitive detection
methods, such as ddPCR, proved to be useful for the
detection of P. falciparum and P. vivax infections. We found
that ddPCR outperformed qPCR for the differentiation
between P. falciparum mono-infections and mixed-species
infections. This result reinforces our previous finding
that qPCR assays targeting Pvr47/Pfr364 are sensitive
in detecting low levels of P. vivax/P. falciparum mixed
infections (Amaral et al., 2019). This improvement in
the diagnostic method has a direct impact on treatment
and disease outcomes. Furthermore, the detection of
parasite DNA in saliva reinforces its potential use in
malaria diagnosis.
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Objectives: Condyloma acuminatum (CA) is a common sexually transmitted disease

caused by human papillomavirus (HPV) infection. We established a high-throughput,

simple, low-cost, and accurate HPV-typing assay (polymerase chain reaction-melting

temperature [PCR-Tm] analysis) to detect HPV in CA.

Materials and Methods: We detected 280 cervical scraping samples, including

positive samples of HPV-6 (26), HPV-11 (12), HPV-16 (22), HPV-42 (18), HPV-43 (25),

HPV-multiple (19), HPV- other type (58), and HPV-negative samples (100). All samples

were compared by PCR-Tm analysis and a flow fluorescence hybridization assay.

Sequencing was used to confirm the results of the PCR-Tm analysis.

Results: PCR-Tm analysis was specific for each genotype (HPV-6, HPV-11, HPV-16,

HPV-42, and HPV-43). The sensitivity of the PCR-Tm analysis assay for each genotype

was 103, 103, 103, 103, and 102 copies/reaction, respectively. Most of the 158 samples,

including 58 HPV-other type positive and 100 HPV-negative samples tested by the flow

fluorescence hybridization assay, were tested negative by PCR-Tm analysis. For the 122

remaining samples, 26 HPV-6, 12 HPV-11, 22 HPV-16, 18 HPV-42, 25 HPV-43, and

19 multiple HPV infections were detected through PCR-Tm analysis. In total, 25 HPV-6,

12 HPV-11, 21 HPV-16, 18 HPV-42, 25 HPV-43, and only 10 multiple HPV infections

were detected by the flow fluorescence hybridization assay. The kappa coefficient for

the analysis of PCR-Tm analysis and flow fluorescence hybridization assay was 0.940 (P

< 0.0001), and the 95% confidence interval of the kappa coefficient was 90.3–97.7%.

Conclusion: PCR-Tm analysis enabled the detection of HPV-6, HPV-11, HPV-16,

HPV-42, and HPV-43, including single and multiple infections.

Keywords: human papillomavirus (HPV), melting temperature (Tm), polymerase chain reaction (PCR), condyloma

acuminatum (CA), genetic testing technology
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INTRODUCTION

Human papillomavirus (HPV) is a small, double-stranded,
circular DNA virus. It is classified into high-risk HPV and low-
risk (LR) types based on HPV-mediated carcinogenesis (Zengin
et al., 2019). Infection with high-risk HPV is highly associated
with the development of cervical cancer in women, and persistent
infection leads to more than 99% of cervical cancers (Jones
et al., 2017). Warts are benign epithelial growths caused by HPV.
Condyloma acuminatum (CA), also known as an anogenital
wart, is among the most common sexually transmitted infections
caused by HPV infection, especially persistent infection with
LR HPV genotypes (Martinez-Mendez et al., 2018; Short et al.,
2019). A two-faceted classification system for HPV-driven
anogenital lesions has been established: (i) low-grade squamous
intraepithelial lesions (LSILs) and (ii) high-grade squamous
intraepithelial lesions (HSILs) (Darragh et al., 2013). Clavero
et al. reported a good concordance between the histological
diagnosis of anal HSIL and the detection of oncogenic HPV types.
However, anogenital LSILs may carry foci of HSIL. Clinically
diagnosed anal warts cannot be assumed to be limited to LSIL
but also exist in HSIL, indicating that anal warts are susceptible
to neoplastic progression (Clavero et al., 2017). Although at
least 40 HPV genotypes are known to cause CA- like HPV- 6,
HPV-11, HPV-16, HPV-42, HPV-43, and others (Jaworek et al.,
2018), most CAs were associated with persistent infection by
low-risk HPV-6 and HPV-11 (Rositch et al., 2013). The HPV
infection may persist even after visible warts subside. Mechanical
stimulation, injury, immunosuppression, inflammation, and
other extracellular factors will affect the virus copy number in
the latently infected cells, which may lead to the recurrence of
warts (Doorbar, 2013). Screening for HPV infections is not able
to prevent condyloma acuminata but provides the diagnosis of
disease and detection of recurrence (Jaworek et al., 2018), while
human papillomavirus (HPV) genotyping also has important
clinical implications for the treatment of CA.

Polymerase chain reaction (PCR)-based techniques are most
commonly used to detect HPV infection and determine the
genotype, including conventional PCR (Jacobs et al., 1995),
nested PCR (Moussavou-Boundzanga et al., 2017; Nilyanimit
et al., 2018), real-time PCR (Harlé et al., 2018), multiplex PCR
assays, and other PCR assays. Although nested PCR and real-time
PCR offer a number of advantages over conventional PCR, such
as high sensitivity and improved accuracy, these methods suffer
from the same drawbacks of low throughput and being time-
consuming for large-scale and multigene tests. Multiplex PCR
has many advantages such as low cost, saving time, and higher
throughput. Different methods are used to detect PCR products,
and these methods can be divided into open-tube detection and
closed-tube detection. The open-tube detection assay identifies
the PCR products by electrophoresis (Caméléna et al., 2019),
mass spectrometry (Ashley et al., 2018; Fernandez Asensio et al.,
2018), liquid chip (hui Xu et al., 2017), sequencing (Nilyanimit
et al., 2018), and dot blot hybridization (Kang et al., 2019). After
opening the tube and removing the product, the disadvantages
of these assays include complex equipment and procedures,
high cost, and a higher false-positive rate due to laboratory

contamination caused by having an open tube. Closed-tube
detection assays include high-resolution melting curve analysis
(Sirous et al., 2018), fluorescencemelting curve analysis (Amorim
et al., 2018), and fluorogenic PCR (TaqMan) assay (Troskie
et al., 2019; Van der Heyden et al., 2019), all of which have the
shortcoming of having low- flux detection in a single tube.

PCR-melting temperature (PCR-Tm) analysis is a single
closed-tube multiplex PCR assay combining PCR and melting
curve analysis. This assay needs to design some different
fluorescent probes based on the base-quenched probe technology
(Luo et al., 2009; Qin et al., 2014; Mao et al., 2018a,b), and design
and synthesize a tag complement sequence that is complementary
to the fluorescent probe. To allow a fluorescent probe to identify a
series of homologous tag complements with different Tm values,
we created several single -nucleotide polymorphism (SNP) sites
by altering some bases in the original tag complement sequence
(Wang et al., 2005). Subsequently, a series of homologous tags,
which are complementary to the tag complements that were
added to the upstream primer of different target genes, and
finally, the target genes are amplified by PCR and detected by
Tm values (Mao et al., 2018a). Thus, multiple target genes can
be determined simultaneously by a single closed-tube test using
one fluorescent channel, and the detection flux can be further
increased by adding more tags and using additional fluorescent
channels. By using PCR-Tm analysis, each target gene was
identified by Tm values. The PCR-Tm analysis technique not only
enables closed-tube operation but also improves the throughput
and simplifies product identification. Previous research by Zhan
et al. reported that the PCR-Tm analysis is believed to have the
capability to identify concurrently more than 30 genes in one
closed tube (Zhan et al., 2020). Therefore, we chose PCR-Tm
analysis as a method for research and anticipate that it will be
of great help in clinical work.

We developed a PCR-Tm analysis method to detect HPV
genotypes and assess the interrater agreement with the flow
fluorescence hybridization assay. Our aim was to validate the
PCR-Tm analysis technique as a high-throughput, simple-
operation, low-cost, and accurate method for the detection
and identification of HPV-6, HPV-11, HPV-16, HPV-42,
and HPV-43.

MATERIALS AND METHODS

Study Design, Setting, and Population
We collected 280 cervical scrape samples and selected 5 HPV
types, namely, HPV-6, HPV-11, HPV-16, HPV-42, and HPV-43.
Hemoglobin subunit beta (HBB) and hemoglobin subunit delta
(HBD) genes were selected as reference genes. One fluorescence
detection channel (FAM) was deployed for PCR-Tm analysis,
such that HPV-6, HPV-11, HPV-16, HPV-42, HPV-43, and
HBB/D genes would be all detected in the FAM channel.
Meanwhile, we designed a probe for the FAM fluorescence
channel based on the base-quenched probe technology. When
constructing and optimizing the PCR-Tm analysis systems for
five HPV subtypes, we used plasmids cloned with five HPV
DNA segments and human genome DNA samples extracted
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from whole blood. While using PCR-Tm analysis for clinical
HPV screening, we collected cervical scrape samples that had
already been tested by the flow fluorescence hybridization assay,
which included single and multiple positive samples of five HPV
subtypes, positive samples of other subtypes, and HPV-negative
samples. To evaluate PCR-Tm analysis, we assessed the interrater
agreement of the two methods.

Clinical Sample Collection and Analysis
All 280 cervical scrape samples were collected from June
2019 to November 2021 and had already been tested by the
flow fluorescence hybridization assay (Shanghai Tenth People’s
Hospital and Shanghai Skin Disease Hospital). To guarantee
the sample quality, we performed extraction and detection as
soon as possible after collecting the samples to prevent DNA
degradation. Ultimately, a panel of 280 cervical scrape samples
was selected, including positive samples of HPV-6 (n= 25), HPV-
11 (n = 12), HPV-16 (n = 21), HPV-42 (n = 18), HPV-43 (n
= 25), HPV-multiple (n = 19), HPV-other type positive (n =

60), and HPV-negative samples (n = 100). Then, we detected
all clinical samples through PCR-Tm analysis and compared
the results with the flow fluorescence hybridization assay. Data
from flow fluorescence hybridization assays may be unreliable
as there is the potential for false-positive findings due to open-
tube detection. Since Sanger sequencing still represents the gold
standard for molecular diagnosis, all the positively tested samples
by PCR-Tm analysis were validated using Sanger sequencing
(Tsingke Biological Technology, Shanghai, China). We assessed
the interrater agreement of the PCR-Tm analysis assay and the
flow fluorescence hybridization assay.

DNA Extraction
Cervical exfoliated cell samples were collected by gynecologists
using a specialized soft brush according to the standard operating
procedure. Cervical exfoliated cells were placed in a 3-ml
sample preservation medium (Tiangen Life Science, Shanghai,
China) and kept frozen at −80◦C until analysis. To determine
the sensitivity and specificity of the PCR-Tm analysis assay,
HPV DNA was extracted from all collected cervical exfoliated
cell samples using the TIANamp Genomic DNA Kit (Tiangen
Biotech, Beijing, China). After extraction, DNA was eluted in
50 µl of distilled water and stored at −20◦C for later PCR-Tm
analysis. Extracted DNA was quantified using Nanodrop 2000.
The range of the nucleic acid concentration after quantifying was
from 7.0 to 197.2 ng/µl.

Primer and Probe Design for HPV
Genotypes
We designed relevant primers and probes with reference to the
first publication by Manos et al. (Manos et al., 1989), describing
the detection and genotyping of HPV using PCR primers and
probes. The HPV genome includes the early transcription region
(E region, including genes E1–E7), the late transcription region
(L region, including genes L1 and L2), and the non-coding
region (also known as the long control region, located between
the L1 and E6 open reading frames). Specifically, HPV-6 and
HPV-11 primers are located in the E6 region, HPV-16 primers

TABLE 1 | Summary of Tm of pre-tag sequences in the FAM fluorescence

detection channel.

Name Pre-tag (5’ → 3’) Tm (◦C)

F1 GGGGGGTGGAAATGTATAAGCTAGGTAATGG 42

F2 GGGGGGTGGAAGTGCTTAAGGTTCGTAATGG 47

F3 GGGGGGTGGAAGTGTATAAGCAAGGTAATGG 51

F4 GGGGGGTGGAAGTCATTAAGGTTGGTAATGG 52

F5 GGGGGGTGGAAGTGTATAAGGCAGGTAATGG 55

F6 GGGGGGTGGAAGTGTATAAGGTAGGTAATGG 57

F7 GGGGGGTGGAAGTGTATAAAGTTGGTAATGG 55

F8 GGGGGGTGGAAATGTATAAGGTTGGTAATGG 55

F9 GGGGGGTGGAAGTGTATAAGGTTGGTATTGG 58

F10 GGGGGGTGGAAGTGTATAAGGTTGGTAATGG 62

F11 GGGGGGTGGAAGTGTATAAGGTTGGTCATGG 54

F12 GGGGGGTGGCAGTGTATAAGGTTGGTCATGG 53

F13 GGGGGGTGGCAGTGTATGAGGTTGGTCATGG 49

F14 GGGGGGTGGCAGTGCATGAGGTTGGTCATGG 44

F15 GGGGGGTGGCAGCGCATGAGGTTGGTCATGG 37

are in the E1 gene, and HPV-42 and HPV-43 are in the L1
region. The lengths of the amplification are between 98 and
233 bp. Type-specific primers were designed based on conserved
sequences among eachHPV type with Primer Premier 5 software,
and the tag and the phosphate groups were added to the
5′ and 3′ ends of the upstream primer, respectively. A FAM
fluorescent channel probe based on substrate quenching probe
technology was designed, which was homologous to the tag
sequence. A total of 15 tag complement sequences homologous
to the designed tags were evaluated using melting curve analysis
(Table 1), and the appropriate tag sequences were screened
and added to the 5′ end of the upstream primer of HPV to
form the final tagged primers. All the primers, probes, and tag
complement sequences were synthesized by Sangong Biotech
Co., Ltd. (Shanghai, China). The specificity of all primers and
sequences was verified using the NCBI BLAST program (http://
www.ncbi.nlm.nih.gov/BLAST/). The crucial information about
the match/mismatch of the universal probe to each of the PCR
amplified targets on the primers is shown in Table 2. More details
on the specific genomic positions of the five pairs of HPV forward
and reverse primers and the length of the amplimers are shown
in Supplementary Table 1.

Construction and Optimization of PCR-Tm
Analysis Systems
We set up two sets of PCR reaction systems. The first PCR
reaction system mix contained 10 × PCR buffer without Mg2+

plus (9151AM, Takara), 25mM MgCl2 (9151AM, Takara), 4
× 2.5mM dNTPs (R001A, Takara), and Taq DNA polymerase
(R001A, Takara), which was used to determine the Tm values
of the tag complement. The second PCR reaction used a hot-
start PCR kit, including 10× PCR buffer without Mg2+ plus
(9151AM, Takara), 25mM MgCl2 (9151AM, Takara), hot-start
Taq DNA Polymerase (R007A, Takara), and 4 × 2.5mM dNTPs
(R007A, Takara). Quantitative real-time PCRwas conducted on a
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TABLE 2 | Universal probe and mismatched targets.

Pre-tag Mismatched targets Tm (◦C) Gene

5’-CCATTACCAACCTTATACACTTCCAC-3’ Universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’ (inverted to reflect base pairing polarity with tags)

F1 5’-GGGGGGTGGAAATGTATAAGCTAGGTAATGG-3’ 42 HPV 6: 3 mismatches to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

F2 5’-GGGGGGTGGAAGTGCTTAAGGTTCGTAATGG-3’ 47 HPV 11: 3 mismatches to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

F3 5’-GGGGGGTGGAAGTGTATAAGCAAGGTAATGG-3’ 51 HPV 42: 3 mismatches to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

F7 5’-GGGGGGTGGAAGTGTATAAAGTTGGTAATGG-3’ 55 HBB/D: 1 mismatch to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

F10 5’-GGGGGGTGGAAGTGTATAAGGTTGGTAATGG-3’ 62 HPV 43: 0 mismatches to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

F15 5’-GGGGGGTGGCAGCGCATGAGGTTGGTCATGG-3’ 37 HPV 16: 5 mismatches to universal probe

3’-CACCTTCACATATTCCAACCATTACC-5’

The crucial information about the match/mismatch of the universal probe to each of the PCR-amplified targets on the primers was demonstrated.

Roche LightCycler 480 real-time PCR system (Roche Diagnostics
GmbH, Switzerland).

The procedures for the PCR-Tm analysis were comprised of
two parts: PCR and melting curve analysis. The PCR procedure
consisted of an initial heating step at 95◦C for 10min, followed
by 40 cycles of 95◦C for 10 s, and 60◦C for 30 s. At the end of each
complete PCR run, a melting curve analysis was performed to
reveal the Tm values of the PCR product. Melting curve analysis
comprises an initial fluorescence acquisition step of heating at
30◦C for 4min. The temperature was subsequently increased
from 30 to 80◦C (ramp rate of 0.1◦C/s), and the fluorescence
signal was collected continuously, finally followed by a cooling
step at 40◦C for 30 s.

The PCR-Tm analysis system was optimized and modified
based on four parts: the concentration of each untagged primer,
each tagged primer, FAM probe, and Mg2+. To optimize the
untagged primer concentration of each HPV type, different
concentrations (0.08, 0.12, 0.20, 0.24, and 0.28µM) were tested,
while the other reaction systems remained unchanged. We used
different concentrations of each tagged primer (0.02, 0.04, 0.06,
and 0.08µM) for the optimization test. We changed the probe
concentrations (0.08, 0.12, 0.16, and 0.20µM) to optimize the
FAM probe concentration. Ultimately, optimization of the Mg2+

was performed by varying the concentrations (1.0, 1.5, 2.0, and
2.5mM) and finally determining the PCR-Tm analysis system for
the following experiments.

Specificity and Sensitivity of PCR-Tm
Analysis
All plasmids, including HPV-6 plasmid, HPV-11 plasmid, HPV-
16 plasmid, HPV-42 plasmid, HPV-43 plasmid, and HBB/D
plasmid, were constructed by inserting the HPV DNA amplicons
of each HPV type and HBB/D DNA amplicons into pUC57
(JinsiruiBio, Nanjing, China). The concentration of all the
original plasmid solutions was 1012 copies/µl. The original
plasmids were serially diluted 10-fold (1012 copies/µl to

102copies/µl) and stored at −20◦C. Serial 10-fold dilutions of
the plasmids were used to help validate the sensitivity and
specificity of the PCR-Tm analysis assay. Specificity experiments
used HPV-6, HPV-11, HPV-16, HPV-42, HPV-43, and HBB/D
plasmids and amultiple-mixture comprised equal concentrations
(106 copies/µl) of six plasmids as templates to confirm that
PCR-Tm analysis was HPV type-specific and did not cross-
react. To assess the sensitivity of the PCR-Tm analysis assay,
10-fold serial dilutions of each plasmid (107 copies/µl to 102

copies/µl) standard were prepared as templates. Each experiment
was performed in triplicate to ensure consistency.

Statistical Analysis
To assess the interrater agreement between the PCR-Tm analysis
assay and the flow fluorescence hybridization assay, we calculated
the agreement ratio, 95% confidence interval, and Cohen’s kappa
coefficient using SPSS version 24.0 (IBM Corporation, USA).

RESULTS

Testing the PCR-Tm Analysis System
We designed a probe for a FAM fluorescence channel and 15
tag complement sequences. The Tm of each tag complement
sequence was confirmed by a melting curve analysis. When
the difference in Tm between two adjacent tag complement
sequences is small, it is difficult for non-professionals to judge
whether there is a dual infection in PCR-Tm analysis responses.
When taking into consideration the clinical infections by
multiple genotypes, based on the principle that the difference in
Tm is more than 3◦C, we chose six tag complements, including
F1, F2, F3, F7, F10, and F15 used in the PCR-Tm analysis system,
with Tm of 42, 47, 51, 55, 62, and 37◦C, respectively (Table 1,
Figure 1). We added the reverse complementary sequences of
F1, F2, F15, F3, F10, and F7 to the upstream primer of HPV-6,
HPV-11, HPV-16, HPV-42, HPV-43, and HBB/D, respectively.
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FIGURE 1 | The melting curves of the chosen five pre-tag sequences in the FAM channel. Melting temperatures of F1, F2, F3, F7, F10, and F15 were 42◦C, 47◦C,

51◦C, 55◦C, 62◦C, and 37◦C, respectively. All the melting curves obtained in the FAM channel were distinguishable when presented together in one picture.

Optimization of PCR-Tm Analysis Systems
As all the homologous tags and the matching FAM-labeled
probe will compete for the reverse complementary sequences
of the tags, this kind of competition may interfere with the
melting curve analysis and potentially be more prone to false
positives. To reduce the interference of competition, untagged
primersmust have higher concentrations than the tagged primers
in the reaction. We tested different concentrations of each
untagged primer including 0.08, 0.12, 0.20, 0.24, and 0.28µM
to optimize the reaction system. We altered the tagged primer
concentration of each HPV type including 0.02, 0.04, 0.06, and
0.08µM. According to the optimization results, the optimum
concentrations of each tagged primer and untagged primer were
HPV-6 (0.04 and 0.24µM), HPV-11 (0.04 and 0.24µM), HPV-16
(0.08 and 0.24µM), HPV-42 (0.04 and 0.24µM), HPV-43 (0.04
and 0.28µM), and HBB/D (0.04 and 0.24µM) (Figures 2A–D).

We varied the FAM-labeled probe concentration (0.08,
0.12, 0.16, and 0.20µM) to look for a suitable concentration.
We increased the number of probes to reduce competition
and distraction from the high fluorescent background. The
FAM-labeled probe concentration optimization experiment
determined that the optimal amount of FAM-labeled probe is
0.16µM (Figures 2E,F).

Increasing Mg2+ concentration resulted in increased
specificity of PCR. However, an overly high Mg2+ concentration
might have caused lowered enzyme activity, which may have
reduced the PCR amplification efficiency. Finally, we varied
the Mg2+ concentrations (1.0, 1.5, 2.0, and 2.5mM) to find the

optimal reaction system, and the most suitable concentration
of Mg2+ was 1.5mM (Figures 2G,H). The final optimized and
modified PCR-Tm analysis system contained 1 × PCR buffer
without Mg2+ plus, 1.5mM MgCl2, 0.28mM dNTPs, 2.5U
hot-start Taq DNA polymerase, 0.16µM FAM probe, 0.24µM
of each untagged primer (0.28µM for HPV-43), 0.04µM of
each tagged primer (0.08µM for HPV-16), 2 µl of the sample
DNA, and finally made up to a total volume of 25 µl with
deionized-distilled water.

Specificity and Sensitivity Evaluation of the
PCR-Tm Analysis System
The experiments performed were designed to validate the
specificity of the PCR-Tm analysis assay and consisted of two
parts. First, to verify the specificity of PCR primers, single HPV-
6, HPV-11, HPV-16, HPV-42, HPV-43, and HBB/D plasmids
were used as DNA templates. The results revealed high specificity
and no cross-reactivity (Figure 3). The Tm of HPV-6, HPV-11,
HPV-16, HPV-42, HPV-43, and HBB/D plasmids were 44, 49,
36, 53, 64, and 56◦C, respectively. Second, a mixture of six HPV
plasmids was used as a DNA template to evaluate the ability of
PCR-Tm analysis assays to detect multiple infections. The PCR-
Tm analysis detected a 6 fold infection when a mixture of six
HPV plasmids was used as a template, but we observed that the
depths of the melting curves were different from single infections
(Figure 4). The sensitivity of the PCR-Tm analysis assay was
evaluated using 102 to 107 plasmid copies of each HPV type. The
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FIGURE 2 | The HPV-6 and HPV-43 optimization results of a PCR-Tm analysis reaction system. (A) The optimum concentration of HPV-6 untagged primer was

0.24mM (purple). (B) The optimum concentration of HPV-43 untagged primer was 0.28mM (orange). (C) The optimum concentration of HPV-6 tagged primer was

0.04mM (orange). (D) The optimum concentration of HPV-43 tagged primer was 0.04mM (red). (E,F) Optimization of the concentration of FAM probe for the

detection of HPV-6 and HPV-43. The optimum concentration of the FAM probe was 0.16mM (E: gray; F: purple). (G,H) Optimization of the concentration of Mg2+ for

the detection of HPV-6 and HPV-43. The optimum concentration of Mg2+ was 1.5mM (G: brown red; H: orange).
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FIGURE 3 | Specificity test of PCR-Tm analysis. We observed only one melting curve and no cross-reaction, and all the melting curves of HPV-6, HPV-11, HPV-42,

HPV-16, HPV-43, and HBB/D were distinguishable.

cutoff sensitivities of HPV-6 (Figure 5A), HPV-11 (Figure 5B),
HPV-16 (Figure 5C), HPV-42 (Figure 5D), HPV-43 (Figure 5E),
and HBB/D (Figure 5F) were 103, 103, 104, 103, 102, and 102

copies/reaction, respectively.

Detection of Clinical Samples Using the
PCR-Tm Analysis System
All 280 samples were tested using the PCR-Tm analysis technique
and a flow fluorescence hybridization assay. All the positive
samples by PCR-Tm analysis were validated using Sanger

sequencing. Most of the 160 samples, including 60 HPV-other
type positive and 100 HPV-negative samples tested by flow
fluorescence hybridization assay, were negative by PCR-Tm
analysis, except for the two HPV-other type positive samples by
flow fluorescence hybridization assay; one was HPV-6 positive
and one was HPV-16 positive, both by PCR-Tm analysis
(Table 3). For the 120 remaining samples, we detected 25 HPV-6,
12 HPV-11, 21 HPV-16, 18 HPV-42, 25 HPV-43, and 19 multiple
HPV infections by PCR-Tm analysis (Figure 6). We did Sanger
sequencing for all the same samples as we analyzed with 2D-PCR.
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FIGURE 4 | The melting curve of a multi-HPV infection test. The PCR-Tm analysis detected a 6 fold infection when a mixture of five HPV plasmids and HBB/D was

used as a template.

Our evaluation showed 92.6% sensitivity and 94.6% specificity
for the 2D-PCR method compared to the Sanger Sequencing
among the whole 280-sample dataset. However, for the flow
fluorescence hybridization assay, there were only 10 multiple
HPV infections detected, and the other nine multiple HPV
infections positive by PCR-Tm analysis were only detected as
single HPV infections (Table 3). In the agreementmeasurements,
the kappa coefficient for analysis of PCR-Tm analysis and flow
fluorescence hybridization assay was 0.940 (P < 0.0001), and the
95% confidence interval of the kappa coefficient was 90.3–97.7%
(Table 4). The observed agreement is higher than the expected
agreement, which indicates the good agreement between PCR-
Tm analysis and the flow fluorescence hybridization assay.

DISCUSSION

A previous study by Zhong et al. reported the rapid detection
and subtyping of HPVs (HPV-6, HPV-11, HPV-16, HPV-
42, HPV-43, and HPV-44) in CA using a loop-mediated
isothermal amplification assay (Zhong et al., 2018). Another
study by Noriyuki et al. determined the prevalence of HPV
genotypes in genital warts among women in Harare, Zimbabwe
(Manyere et al., 2020). Low-risk genotypes predominated at
86% prevalence, and the most prevalent genotypes were HPV-
11 (47%), HPV-6 (42%), and HPV-16 (14%). We chose to detect
HPV-6, HPV-11, HPV-16, HPV-42, and HPV-43 through PCR-
Tm analysis.

We established a PCR-Tm analysis method to detect five HPV
genotypes (HPV-6, HPV-11, HPV-16, HPV-42, and HPV-43)
and HBB/D in a single closed-tube test. We designed a FAM-
labeled base-quenched probe and 15 tag complement sequences,

and to confirm the Tm values of each tag complement
sequence, a melting curve analysis was performed. Considering
the difficulty for non-professionals to judge whether there is
dual infection when the Tm values between two adjacent tag
complement sequences are only slightly different, we chose six
tag complements, including F1 (42◦C), F2 (47◦C), F15 (37◦C),
F3 (51◦C), F10 (62◦C), and F7 (55◦C), and then added these tags
to the upstream primers of HPV-6, HPV-11, HPV-16, HPV-42,
HPV-43, and HBB/D, respectively.

We optimized the PCR-Tm analysis system, including four

parts, namely, the concentration of untagged primer, tagged
primer, FAM probe, and Mg2+. To reduce the interference of

competition, untagged primers must have a higher concentration
than the tagged primers in the reaction. This is because all the

homologous tags and the matching FAM probe will compete

for the reverse complementary sequences of the tags and, thus,
may interfere with the melting curve analysis and can be more

prone to false positive (Zhan et al., 2020). Furthermore, since

a suitable amount of probe is important for the melting curve
analysis and the detection of low-concentration samples, we
increased the amounts of probe to reduce competitions caused
by the reverse complementary sequences of the different tags and
the distraction of a highly fluorescent background. Optimization
of the Mg2+ concentration increased the specificity of the
reaction and enzyme activity, which may have increased the PCR
amplification efficiency.

We validated the PCR-Tm analysis detection by assessing its
sensitivity and specificity with the plasmids as templates. This
method has high specificity and no cross-reactivity across the
five HPV genotypes and HBB/D. The PCR-Tm analysis results
detected a 6-fold infection when a mixture of five HPV plasmids
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FIGURE 5 | Sensitivity test of PCR-Tm analysis. (A) The sensitivity of HPV-6 was 103 copies/reaction. (B) The sensitivity of HPV-11 was 103 copies/reaction. (C) The

sensitivity of HPV-16 was 104 copies/reaction. (D) The sensitivity of HPV-42 was 103 copies/reaction. (E) The sensitivity of HPV-43 was 102 copies/reaction. (F) The

sensitivity of HBB/D was 102 copies/reaction.

and HBB/D were used as templates. The results indicated that
one single closed-tube test was able to detect multiple HPV
infections. Simultaneously, we observed that the depth of the
melting curves differed from that of single infections, possibly
due to the competition between the reverse complementary
sequences of the different tags and probes. We found that
the cutoff sensitivities of HPV-6, HPV-11, HPV-16, HPV-42,
HPV-43, and HBB/D were 103, 103, 104, 103, 102, and 102

copies/reaction, respectively.
All 280 clinical samples were tested using PCR-Tm analysis

and a flow fluorescence hybridization assay, and all samples
testing positive by PCR-Tm analysis and/or flow fluorescence

hybridization assay were validated by Sanger sequencing. We
assessed the interrater agreement between the PCR-Tm analysis
assay and the flow fluorescence hybridization assay, with good
agreement between PCR-Tm analysis and the flow fluorescence
hybridization assay. Out of a total of 280 clinical samples, 122
were positive by PCR-Tm analysis, while 120 were positive
by flow fluorescence hybridization assay. Two samples tested
positive for HPV-other type positive by flow fluorescence
hybridization assay, but one was HPV-6 positive and the other
was HPV-16 positive by PCR-Tm analysis. For the 120 samples
that yielded positive results by both methods, some differences
were observed among the detection results of multiple HPV
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infections. A total of 19 multiple HPV infection samples were
positive by PCR-Tm analysis, but only 10 multiple HPV infection
samples were positive by flow fluorescence hybridization assay,
and the other nine samples were only detected as single HPV
infections. For example, Patient 21 was positive for HPV-43

TABLE 3 | Analysis of all clinical samples by PCR-Tm and flow fluorescence

hybridization assay.

HPV types samples PCR-Tm

analysis

flow fluorescence

hybridization assay

Total samples

tested

Positive

samples

Positive samples

HPV 6 26 26 25 26

HPV 11 12 12 12 12

HPV 42 18 18 18 18

HPV 43 25 25 25 25

HPV 16 22 22 21 22

Multiple infection 19 19 10 19

HPV-other-positive 58 0 0 58

HPV-negative 100 0 0 100

and HPV-16 by PCR-Tm analysis, while that patient was only
positive for HPV-43 by flow fluorescence hybridization assay.
These results indicate that compared to the flow fluorescence
hybridization assay, PCR-Tm analysis is more accurate in
detecting single HPV infections in clinical samples.

The PCR-Tm analysis is a single closed-tube multiplex PCR
assay that combines PCR and melting curve analysis. We only
reported a PCR-Tm analysis method to detect six target genes
by the FAM fluorescence channel, but the detection flux can be
further increased by addingmore tags and usingmore fluorescent
channels. It is expected to achieve the goal of detecting 30 target
genes in a single closed-tube test using the PCR-Tm analysis assay
(Zhan et al., 2020). The study by Luo et al. reported that the
total approximate cost for one reaction of quantitative real-time
PCR (Q-PCR) is US$0.055, including costs of primers, probe,
buffer, dNTPs, and Taq DNA polymerase (Luo et al., 2009).
Compared with Q-PCR, the cost of PCR-Tm analysis in forward
and reverse primers is significantly higher. It was found that 5
OD of primer can detect approximately 2,000 DNA samples.
If calculated according to 30 pairs of HPV primers, it costs
approximately US$1.42 per sample. However, the cost of the
flow fluorescence hybridization assay (Shanghai Topview Life
Technology Co., Ltd.) is approximately US$21.52 per sample.

FIGURE 6 | Melting curves of some clinical samples by PCR-Tm analysis. Single positive sample of HPV-6 was detected in Patient 1; single positive sample of HPV-11

was detected in Patient 2; single positive sample of HPV-16 was detected in Patient 3; single positive sample of HPV-42 was detected in Patient 4; single positive

sample of HPV-43 was detected in Patient 5; negative sample was detected in Patient 6; multiple positive samples of HPV-16 and HPV-11 were detected in Patient 7;

multiple positive samples of HPV-6 and HPV-42 were detected in Patient 8; and multiple positive samples of HPV-16 and HPV-42 were detected in Patient 9.
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TABLE 4 | Agreement analysis for all samples.

Methods Agreement Expected agreement Kappa Std. Err. Z Prob>Z 95% CI

PCR-Tm analysis and flow fluorescence hybridization assay 96.8% 46.7% 0.940 0.019 18.064 <0.001 (90.3%,97.7%)

Therefore, PCR-Tm analysis is more economical than the flow
fluorescence hybridization assay.

Currently, a large number of tools are available for genotyping
a greater diversity of HPV types and their variants. Among
them, the second-generation hybrid capture method (HC2) is
easy to operate, suitable for large-scale population screening,
and the results are objective and stable, but it cannot perform
HPV individual genotyping (Munoz et al., 2004). Gene chip
technology detects quickly and can perform genotyping, but
it also has the disadvantages of high testing costs and high
requirements for testing equipment and personnel (Clifford
et al., 2003). The SPF10-INNO-LiPA assay can amplify up
to 43 different genotypes and provide type-specific genotype
information for 25 different HPV genotypes simultaneously
by PCR amplification of a 65 bp region of the conserved L1
gene and reverse line blot hybridization to identify specific
HPV types (van Hamont et al., 2006). However, this assay
is an open-tube PCR method that has contamination risks,
which could lead to false results, and require additional product
identification equipment and complex processing procedures.
Luminex suspension array technology, which combines PCR
with hybridization to fluorescence-labeled polystyrene bead
microarrays, has also been used for the clinical detection of
HPV genotypes (Syrjanen et al., 2012). The flow fluorescence
hybridization assay is based on the Luminex100 technology
platform and the Luminex100 multifunctional flow analyzer.
Both methods, PCR-Tm analysis and the flow fluorescence
hybridization assay, have no need for significant technical skills
and could detect and identify a variety of target genes with high
throughput (Chen et al., 2009; Zhan et al., 2020). However, some
disadvantages of the flow fluorescence hybridization assay are
that it requires additional equipment, the steps are cumbersome,
the tube needs to be open during the process, the detection time
is long, and it is easy to incur laboratory contamination. This
PCR-Tm analysis assay is simple in operation because it is just
an assay combining PCR and melting curve analysis. Moreover,
since PCR-Tm analysis can detect and identify a variety of target
genes with high throughput in a single tube and under closed-
tube conditions, it can avoid laboratory contamination and does
not require any additional instrumentation to identify PCR
products. It is suitable for large-scale CA screening and diagnosis,
and it is also very suitable for various grassroot hospitals to
carry out. It has strong clinical application value and potential
for diagnostic transformation and reduces the time and stress
burden on patients. PCR-Tm analysis has the primary advantages
of high-throughput, low running cost, simple equipment and
operation, and allows early screening and prevention of CA. For
clinical laboratories, this technique could be valuable.

There were some limitations to our study. First, the number
of clinical samples was small, and it is necessary to expand
the sample size for further research. Second, we only detected
five HPV genotypes, which do not have much value for clinical
application. However, this method can detect more genotypes by
increasing the number of fluorescent channels.

CONCLUSION

The PCR-Tm analysis assay enabled the detection of five HPV
genotypes (HPV-6, HPV-11, HPV-16, HPV-42, and HPV-43),
including single andmultiple infections, with a single closed-tube
test combining PCR and melting curve, thus allowing for early
screening of CA.
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Background: Hand-foot-mouth disease (HFMD) is caused by a group of enteroviruses

(EVs) and has a high incidence in children; some subtypes had high mortalities in

children. The subtypes of HFMD had a different incidence across seasons. Thereby,

we suspect that the infection of HFMD is varied by meteorological factors. However,

studies examining serotype-specific associations between meteorological factors and

HFMD incidence were rare.

Methods: We obtained all HFMD cases that occurred from 1 January 2010 to 31

December 2018 in Zhejiang province from the China Information System for Disease

Control and Prevention (CISDCP). Daily meteorological data for Zhejiang province were

provided by the China Methodological Data Sharing Service System and linked to HFMD

cases based on residential addresses and dates of onset. The associations between

meteorological factors and HFMDs were examined using distributed lag non-linear

models (DLNMs) for each serotype.

Results: Overall, the incidences of all HFMD cases were increasing in study years, while

the number of severe and fatality cases were decreasing. The dominant serotypes varied

by study year. The association between temperature and incidence of both CVA16 and

EV71 serotypes showed an inverted U shape. The risk ratio for CVA16 was increasing

when temperature is 11–25◦C, reaching the maximum RR at 18◦C and humidity above

77% can promote the occurrence with CVA16, and temperature between 11 and 32◦C

with the maximum RR at 21◦C and relative humidity above 77% are risk conditions of

the occurrence of HFMD associated with EV71. For other enteroviruses causing HFMD,

temperature above 11◦C and humidity above 76% have a risk effect. CVA16, EV71, and

all enteroviruses of HFMD have a maximum effect on lag day 0, and temperature is 35,

34, and 33◦C respectively, while the enteroviruses of HFMD other than EV71 and CVA16

has a maximum effect when the temperature is 33◦C and the lag time is 7 days.
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Conclusion: This study shows that meteorological factors have an effect on the

occurrence of different HFMD serotypes. Local control strategies for public health should

be taken in time to prevent and reduce the risk of HFMD while the weather is getting

warmer and wetter.

Keywords: HFMD prediction, serotype, Zhejiang province, meteorological factors, seasonality

INTRODUCTION

Hand-foot-mouth disease (HFMD) is an infectious disease that
predominantly affects young children, especially those under
5 years old. HFMD can be caused by infection of several
types of viruses such as Enterovirus 71 (EV71), Coxsackie
virus A16 (CVA16), and other gastrointestinal viruses. Since
May 2008, HFMD has been added into China’s nationwide
infectious disease surveillance and classified as a “Class C”
infectious disease because of high incidence and fatalities of
several subtypes. That is, any new case of HFMD is required
to be reported to the surveillance system managed by China
Center for Disease Control and Prevention (CDC). Until now,
the total number of HFMD cases in China is around 2 million
per year.

Majority of HFMD cases had mild symptoms and self-
recovered in less than 2 weeks. However, the HFMD cases
caused by specific types of virus (e.g., EV71) may result in severe
complications affecting the central nervous and cardiopulmonary
systems (Xu et al., 2012). Cases and deaths caused by a specific
HFMD-related virus have resulted in great economic loss and
social upheaval. For example, an outbreak of HFMD mainly
caused by EV71 in the northern part of Anhui province in 2008
resulted in severe pediatric pneumonia pandemic (Zhang et al.,
2010). Therefore, understanding the serotype-related risk factors
for HFMD can aid in disease prevention and reduce the impact
on public health.

Several bodies of evidence suggested a possible association
between weather and the incidence of HFMD. First of all,
we observed a seasonality of HFMD during our surveillance
(Zi-Ping et al., 2012). Second, previous studies have reported
that the incidence of HFMD was significantly influenced by
meteorological factors, such as temperature, precipitation, and
relative humidity (Ma et al., 2010; Zhao et al., 2018; Yu et al.,
2019). Nevertheless, there is a research gap, because although
the seasonality of HFMD is varied by the type of virus (Xie
et al., 2020), research studies on the association between different
HFMD serotypes and meteorology are very limited.

In this study, we aimed to investigate the association
between multiple weather characteristics and the incidence of
HFMD in Zhejiang province of China. Additionally, since we
have obtained laboratory-confirmed results for a proportion
of HFMD cases, we were able to examine the associations
of interests by each type of HFMD virus. We hypothesized
that meteorological conditions play a role in the incidence
of HFMD, but that their importance was varied by different
viruses. We expected to provide reference for the prevention
of specific types of HFMD in order to reduce the risks
of outbreaks.

METHODS

Study Site
Zhejiang is a province located in the southeastern coast of China
and had a population of ∼56.7 million people in 2018. It lies
between latitudes 27.05◦N and 31.19◦N and longitudes 118.03◦E
and 122.95◦E. It is divided into 11 cites, which are further
subdivided into 90 administrative units. It has four distinct
seasons and a subtropical monsoon climate (Figure 1).

Data Sources
HFMD cases in Zhejiang Province from 1 January 2010 to
31 December 2018 were extracted from the China Information
System for Disease Control and Prevention (CISDCP), where
all HFMD cases in China were required to report within 24 h
of diagnosis. For the purpose of etiological monitoring, CDCs
in all counties of Zhejiang province were required to collect 40
blood samples every month for laboratory testing. We obtained
comprehensive data from CISDCP, including HFMD cases’
demographic characteristics, clinic medical records, laboratory
testing results, and residential addresses.

Daily meteorological data for the Zhejiang province were
provided by the China Methodological Data Sharing Service
System (https://data.cma.cn/). The meteorological variables
include daily temperature, relative humidity, rainfall, air
pressure, wind velocity, and sunshine hours. We matched the
residential address of each case to the nearest meteorological
station using ArcGIS Pro, and the meteorological and HFMD
data were linked.

Statistical Analysis
A descriptive analysis was conducted to examine the
characteristics of HFMD cases and meteorological variables.
The mean value and standard deviation were calculated
for continuous variables. Percentage heatmaps were drawn
to represent the change in the composition ratio of serotype
classification of HFMD, and each grid represented the proportion
of the number of cases of a genotype in the total number of cases
of HFMD for that month and year.

The association between meteorological variables and the
daily count of HFMD cases was examined based on a distributed
lag non-linear model (DLNM). Daily counts of HFMD cases
were assumed to have a Poisson distribution to account for over-
dispersion. Daily average temperature, average relative humidity,
and cumulative rainfall were incorporated in the model in
the form of a “cross-basis” to account for a possible complex
association among temperature, relative humidity, and HFMD
incidence. Each model contains two elements: the cross-basis
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FIGURE 1 | Location of Zhejiang province in China.

of the non-linear exposure-response association and the natural
cubic spline of the covariant variables.

To analyze the lag-response effect of meteorological factors,

temperature and relative humidity were applied to the cross-
basis function of DLMN. When one factor was included in the

function, the other one was set as a covariate variable in ns()

function. Given that the longest incubation period of HFMD is
approximately 14 days, we set the longest lag phase to 14.

log [E (Yt)] = β +

14
∑

p=0

α Tempt−p + ns (RHt)

+ns
(

Prept
)

+ ns
(

Holidayt
)

.

(1)

Here, (Yt) means the estimated daily count of HFMD on day t,
E(Yt) denotes the expectation of Yt. β stands for the intercept
of the whole equation. Tempt−p is a matrix obtained by DLNM
to model non-linear and distributed lag effects of temperature
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FIGURE 2 | Total number of hand-foot-mouth disease (HFMD) cases and serotype-specific cases from 2010 to 2018 in Zhejiang province.

over the t day to lag p days, and α is the vector of coefficients
for Tempt−p. ns() represents the natural spline. The relative risk
(RR) and 95% confidence interval (CI) of HFMD associated with
each 1-degree of 1-percent increases in temperature or relative
humidity were calculated. The optimal degrees of freedom (df)
for the spline function were estimated by generalized cross-
validation (GCV) criteria.

All the analyses in our study were performed using the “dlnm,”
“mgcv,” and “pheatmap” packages in the R software (version
3.6.1). The CI of all two-sided statistical tests in the study was
set to 95%, and P < 0.05 was considered statistically significant.

RESULTS

Prevalence and Etiological Characteristics
of HFMD in Zhejiang Province
From 2010 to 2018, a total of 1,284,821 HFMD cases in
Zhejiang were reported to China’s nationwide infectious disease
surveillance. Among them, 42,104 cases were laboratory-
confirmed, including 12,785 (30.37%) EV71 cases, 8,517 (20.23%)
CVA16 cases, and 20,802 (49.41%) other enterovirus cases that
were reported in the Zhejiang province (Supplementary Table 1;
Figure 2).

Time Trends and Seasonality Effects
The weekly summary of HFMD cases and linked meteorological
factors are presented in Table 1. The average number of HFMD
cases was 88.27 (range from 0 to 423) per week. During the study
period, the mean weekly values of temperature, humidity, and
cumulative precipitation were 17.51◦C, 75.25%, and 27.67mm,
respectively (Table 1).

Figure 3 displays the time series distribution of the weekly
number of HFMD cases of total and three categories of CVA16,

TABLE 1 | Weekly summary of hand-foot-mouth disease (HFMD) cases and

meteorological factors in Zhejiang province, China, 2010–2018.

Variable Mean S.D. Min 25% 50% 75% Max

Number of cases 88.27 62.59 0 44 78 121.5 423

Temperature (◦C) 17.51 8.43 0.53 9.94 18.00 24.66 32.75

Relative humidity (%) 75.25 8.38 31.89 70.51 76.01 80.90 93.54

Precipitation (mm) 29.67 31.71 0.00 7.41 21.47 39.40 251.52

SD, standard deviation; Min, minimum; Max, maximum.

EV71, and other enteroviruses causing HFMD, weekly average
temperature, weekly average relative humidity, and weekly total
precipitation during our study period in Zhejiang, China. The
long-term trend of the number of HFMD cases was seasonality,
with peaking in spring (the 15–30 weeks of the year).

Figure 4 shows t the proportion (%) of each serotype among
all laboratory-confirmed cases. The leading serotype varied
between seasons and between our study years. Specifically, EV71
was the leading serotype in late spring to early fall in the first 2
years of our study (2010–2011). CVA16 was the leading serotype
for the winter of 2010. However, the cases of both serotypes were
decreased in recent study years. Since 2013, other enteroviruses
have been predominantly leading the cases of HFMD in Zhejiang.

Temperature, Relative Humidity, and EV71
Infection Activity
Figure 5 shows the associations between serotype-specific
HFMD and meteorological factors (i.e., temperature or
humidity) estimated using a case-crossover design. In our results,
the all serotypes (i.e., EV71, CVA16, and other enteroviruses
of HFMD) have a significant association with meteorological
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FIGURE 3 | Distributions of the three categories of HFMD and meteorological factors from 2010 to 2018.
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FIGURE 4 | Relationships between different enteroviruses of HFMD cases and temperature and humidity in Zhejiang province, China from 2010 to 2018.

factors. The association between temperature and CVA16 shows
an inverted U shape. That is, when temperature ranged between
11 and 25◦C (RR25◦C = 1.169; 95% CI: 1.076–1.271), temperature
is positively associated with the occurrence of HFMD, and its
effect reaches maximum at 18◦C (RR18◦C = 1.642; 95% CI:
1.542–1.749). When temperature is higher than 28◦C (RR28◦C =

0.864; 95% CI: 0.776–0.962), the association becomes negative.
Humidity higher than 77% (RR77% = 1.013; 95%CI: 1.009–1.016)
was a condition of promoting the occurrence of HFMD.

Similarly, when temperature is between 11 and 32◦C, its
association with the occurrence of EV71 is positive (RR32◦C =

1.213; 95% CI: 1.065–1.382), with the maximum effect at 21◦C
(RR21◦C = 2.335; 95% CI: 2.169–2.513). Relative humidity higher
than 77% (RR77% = 1.01; 95%CI: 1.006–1.013) represents the risk
condition of the occurrence of HFMD.

There was a positive correlation between the other
enteroviruses and the two meteorological factors (temperature
and humidity). However, the associations are inversed when
temperature reaches 11◦C and humidity reaches 76%. Before
that, the increase in temperature or humidity is associated
with lower risk of HFMD cases caused by other enteroviruses.
When temperature or humidity becomes higher, the association
becomes positive (RR11◦C = 1.056; 95% CI: 1.049–1.063), and
humidity higher than 76% (RR76% = 1; 95% CI: 1) has a risk
effect with other enteroviruses of HFMD and can promote the
occurrence of HFMD related with other enteroviruses of HFMD.

All enteroviruses of HFMD have a significant risk effect when
temperature value was between 11 and 33◦C (RR33◦C = 1.307;
95% CI: 1.197–1.427). When temperature reaches 22◦C, the

effect of temperature on HFMD reaches maximum (RR22◦C =

1.91; 95% CI: 1.83–1.993). Humidity higher than 77% (RR77%

= 1.022; 95%CI: 1.019–1.025) has a risk effect on HFMD on
the whole.

The three-dimensional plot of the associations between
serotype-specific HFMD cases and temperatures at lag 0–lag 14
days is shown in Figure 6. When the lag time of CVA16 is 0
and the temperature is 35◦C, the RR value of CVA16 reaches
its maximum (2.047; 95% CI: 1.437–2.916). Similarly, for EV71,
the RR value reaches its maximum (3.286; 95% CI: 2.475–4.361)
when temperature is 34◦C (lag= 0). The maximum of RR (1.196;
95% CI: 1.094–1.308) for other serotypes of HFMDwas observed
at 33◦C and lag= 7. The maximum of RR (1.596; 95% CI: 1.335–
1.909) for all the HFMD cases was observed at 33◦C and lag
= 0.

DISCUSSION

HFMD remains the most common infectious disease among
infants and young children in almost all provinces of China.
From 2008 to 2015, ∼13.8 million HFMD cases were reported
in mainland China, including 130,000 serious cases and 3,300
deaths, while during the same period, a total of 875,945
HFMD cases ranking among the top five of notifiable
diseases were identified in Zhejiang province (Chen et al.,
2016).

In this study, we characterized HFMD cases using the data
extracted from the national surveillance for 10 years (2008–
2018). Overall, the incidence of HFMD in Zhejiang province
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FIGURE 5 | Associations between incidence of HFMD and meteorological factors estimated using a case-crossover design by serotype.
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FIGURE 6 | Relative risks of daily HFMD by daily mean temperature along 14 lag days in Zhejiang province, China from 2010 to 2018.

was increasing during our study years, but the numbers of
severe cases and mortality were both decreasing. This pattern
was consistent to those reported in Zhang (2019). It should be
noted that over the study years, the leading serotypes shifted
from time to time. In the early years of this study, EV71 was the
dominant serotype for all-type HFMD incidence and severe or

fatal cases. Also, CVA16 had a relatively high incidence and was
a major reason of HFMD-related herpetic pharyngitis. However,
the composition of HFMD serotypes has changed since 2013.
Serotypes and variants related to the epidemic cycles appeared
more diverse, especially Coxsackie virus. The virus group A type
6 (CV-A6) and type 10 (CV-A10) brought different epidemic
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trends and atypical clinical manifestations, and the composition
of other enteroviruses with severe outcomes increased gradually
from 2009 to 2011 (Lu et al., 2012).

The associations between meteorological factors (e.g.,
temperatures, relative humidity, wind velocity, sunshine
duration, and precipitation) and HFMD have been investigated
in different Chinese cities by previous studies (Tian et al.,
2018; Fu et al., 2019; Yan et al., 2019; Yu et al., 2019; Wang
and Li, 2020). Most of the studies have focused on total
HFMD cases. However for different predominant viruses, the
suitable temperature conditions for growth, multiplication, and
spread are not alike, nor is their tolerance for thermal effect
(Gopalkrishna et al., 2012). We found that only one study in
Taiwan, China compared the relationship between one pathogen
of HFMD and meteorological factors, and reported that the
rate of EV71 infection increased significantly with increase in
daily temperature and relative humidity (Chang et al., 2012).
According to our knowledge, this is the first study to investigate
the association between meteorological factors and HFMD risk
by different serotypes.

Most of the above-mentioned studies reported that the
association between ambient temperature and total HFMD
incidence showed an inverted U shape. Our study found that
the association between temperature and CVA16 and between
temperature and EV71 also showed a similar inverted U shape.
The corresponding temperature of the maximum RR was higher
for EV71 than CVA16, indicating that EV71 can tolerate higher
ambient temperature than CVA16, therefore outbreaks of EV71
are more likely to occur in the summer-time. For other serotypes
of HFMD, they showed a consistent positive association with
temperature when it was above 11◦C. The associations between
humidity and all the studiedHFMD serotypes had a similar linear
trend, indicating an increased risk of HFMD when humidity
was above 75%. It is important to point out that the types of
non-EV71 and non-CVA16 enteroviruses in our study mainly
refer to CVA6 and CVA10, which account for most of the other
enteroviruses according to the literature (Lu et al., 2012; Xie et al.,
2020).

Several limitations merit consideration. In China’s
nationwide surveillance system, HFMD cases are reported

by healthcare providers. Thus, only patients who visited a
clinic or received treatment were included. Therefore, the
number of HFMD cases in this study may be underestimated.
In addition, while all samples were examined PCR by pan-
enterovirus detection kit which is a preliminary screening
test, we only have the laboratory-confirmed data for EV71,
CVA16, and others without further identification, and
classification of other serotypes into the same group might
lead to bias for the composition of pathogens various in
different years. Future studies with more detailed serotypes
are recommended.
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Tuberculosis (TB) is a life-threatening infectious disease caused by Mycobacterium 
tuberculosis (M. tuberculosis). Timely diagnosis and effective treatment are essential in 
the control of TB. Conventional smear microscopy still has low sensitivity and is unable 
to reveal the drug resistance of this bacterium. The traditional culture-based diagnosis is 
time-consuming, since usually the results are available after 3–4 weeks. Molecular biology 
methods fail to differentiate live from dead M. tuberculosis, while diagnostic immunology 
methods fail to distinguish active from latent TB. In view of these limitations of the existing 
detection techniques, in addition to the continuous emergence of multidrug-resistant and 
extensively drug-resistant TB, in recent years there has been an increase in the demand 
for simple, rapid, accurate and economical point-of-care approaches. This review 
describes the development, evaluation, and implementation of conventional diagnostic 
methods for TB and the rapid new approaches for the detection of M. tuberculosis.

Keywords: tuberculosis, Mycobacterium tuberculosis, early detection, diagnostic approaches, improved 
conventional methods

INTRODUCTION

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis. Delayed 
TB diagnosis causes the infected individuals to act as a reservoir for M. tuberculosis with the 
potential to infect other individuals. Early and rapid diagnosis of TB is essential to improve 
the efficacy of the treatment and effectively block the interpersonal transmission. However, 
many suspected TB patients cannot be  diagnosed immediately, especially when patients face 
a variety of problems, such as the economic burden of transportation, which further exacerbates 
the lack of diagnosis (Lönnroth et  al., 2010). The gap between traditional diagnostic methods 
for TB and the actual clinical needs requires the development of new diagnostic methods that 
should be accurate, rapid and cost-effective. This review not only incorporates the improvement 
and optimization of conventional methods, but also describes the creation and development 
of new diagnostic approaches (Figure  1).
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IMPROVEMENT AND OPTIMIZATION OF 
CURRENT DIAGNOSTIC TECHNIQUES

Etiological Diagnostic Techniques
Sputum Smear Microscopy
SSM is the preferred method in the diagnosis of pulmonary 
TB. SSM is actually the only approach for TB diagnosis in 
some remote areas of developing countries (Ben-Selma et  al., 
2009). The commonly used staining methods are Ziehl-Neelsen 
(ZN) staining and fluorescent staining (Auramine-O / Auramine-
rhodamine). SSM is easy to perform and cost-effective, but it 
lacks sensitivity (>104 bacilli•mL-1 of sputum to get positive) 
and has a high false negative rate, which is prone to cause 
misdiagnosis. In recent years, the operator-independent SSM 
based on the ZEISS Axio Scan has been developed and evaluated 
to automatically detect and count acid-fast bacilli with a sensitivity 
of 97.06% and a specificity of 86.44% (Zingue et  al., 2018). 
This method improves the detection efficiency and saves valuable 
time for the laboratory staff. The specific fluorescent antibody 
labeling with laser confocal microscopy has been developed to 
improve the efficiency of M. tuberculosis detection in lung tissue 
samples, especially when these bacteria have weak ZN staining 
(Erokhina et al., 2019). The Pat-Scan program constructed using 
digital pathology has been developed to detect and quantify 
the bacteria in the paraffin-embedded ZN-stained tissue, thus 
being helpful in reducing the diagnostic time (Sua et  al., 2021). 

It is worth noting that SSM can neither distinguish dead and 
live bacteria, nor distinguish M. tuberculosis from nontuberculosis 
mycobacteria. However, ZN staining can provide information 
on the acid-fastness of bacilli existing in the patients samples. 
This information is sometimes critical in the samples of the 
patients who had already been treated with anti-TB drugs. 
Furthermore, this information can be obtained from only Ziehl-
Neelsen staining, not from fluorescent SSM methods.

Mycobacterial Culture
The clinical samples can be  used for mycobacterial culture 
(102 bacilli•mL-1 of sputum); cultivation is still the gold standard 
for TB diagnosis. M. tuberculosis is usually cultured on a 
solid medium, where it can be  further identified and tested 
for drug sensitivity, providing to clinicians an effective 
antibacterial treatment guidance (Kenaope et  al., 2020). The 
liquid culture systems such as BACTEC MGIT 960, VersaTREK, 
and MB/BacT Alert 3D allow the detection of M. tuberculosis 
in a few days. The BACTEC MGIT 960 automated culture 
system monitors the oxygen quenching fluorescence, and the 
signal is detected once the mycobacteria grow in the tube. 
Hasan et  al. found that MGIT 960 is effective in the quick 
detection of mycobacteria and early TB diagnosis than L-J 
solid medium (Hasan et  al., 2013). The VersaTREK system 
is sensitive to pressure variation; thus, it detects the growth 
of the inoculated specimen by measuring the pressure change 

FIGURE 1 | Various diagnostic tools for TB point-of-care testing.
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above the broth medium (Espasa et  al., 2012). The MB / 
BacT Alert 3D system uses a colorimetric carbon dioxide 
sensor to detect the growth of M. tuberculosis (Piersimoni 
et al., 2001). Considering the slow growth of the M. tuberculosis 
complex (MTBC), most cultures positive for MTCB occur at 
least in 1 week, while a culture negative for MTCB occurs in 
8 weeks (Lee et  al., 2003).

Molecular Biology Diagnostic Techniques
Xpert MTB/RIF
GeneXpert MTB/RIF is the most widely used detection method 
in molecular diagnostics. It is a semi-nested real-time fluorescent 
PCR for the detection of M. tuberculosis and rifampin resistance 
simultaneously. The Xpert MTB/RIF Ultra developed based on 
Xpert MTB/RIF increases two different multi-copy amplification 
targets and a larger DNA reaction chamber (World Health 
Organization, 2017). The limit for Xpert Ultra is increased to 
15.6 CFU/ml compared to the detection limit of 112.6 CFU/
ml of Xpert MTB/RIF (Chakravorty et al., 2017). This technology 
directly detects MTBC DNA in sputum or concentrated sputum 
deposits as well as rifampin resistance, producing results within 
2 hours (Bodmer and Ströhle, 2012). In December 2010, the 
World Health Organization recommended Xpert MTB/RIF in 
the diagnosis of TB and drug resistance, especially in HIV 
patients and suspected patients with multidrug-resistant TB 
(WHO Guidelines Approved by the Guidelines Review 
Committee, 2011). In consideration of high demands for 
professional testing personnel and supporting infrastructure, 
the primary medical institutions have difficulties to meet the 
above requirements for Xpert MTB/RIF and ensure the quality 
of test results (Gidado et  al., 2019).

Loop-Mediated Isothermal Amplification
Loop-mediated isothermal amplification is a type of Nucleic 
Acid Amplification Test that employs DNA polymerase and a 
set of specially designed primers to detect the presence of 
pathogenic DNA from a patient sample. The SS-LAMP is 
specially designed with a set of six specific primers to identify 
eight different regions on the MTBC-specific repeat insertion 
sequence 6,110 (IS6110), which is qualified to directly detect 
the DNA of MTBC from liquefied sputum samples (Bentaleb 
et  al., 2016). A validation study of the method was performed 
using 157 liquefied sputum specimens from Moroccan suspected 
TB patients. SS-LAMP analysis is faster, with a specificity of 
99.14% and a sensitivity of 82.93% compared with the 
conventional L-J solid culture method. LAMP method is suitable 
for areas where medical resources are relatively scarce.

Digital PCR
Digital PCR (dPCR) is a new type of nucleic acid quantification 
technology that requires very small amounts of target molecules, 
and it performs the absolute quantification without the need 
for a standard curve (Kuypers and Jerome, 2017). Therefore, 
dPCR is precise and sensitive, and most importantly, it detects 
single copies of DNA (Nyaruaba et al., 2019). The dPCR samples 
can be sputum, blood, formalin fixed paraffin embedded tissue, 

and exhaled breath. The drug sensitivity testing can also 
be  performed by this method (Surat et  al., 2014; Ushio et  al., 
2016; Patterson et  al., 2017; Yang et  al., 2017a; Luo et  al., 
2019; Cao et  al., 2020; Cho et  al., 2020). IS6110 is a common 
target for dPCR amplification, but when combined with IS1081 
and IS6110, the dPCR sensitivity is higher than IS6110 qPCR, 
thus improving the diagnosis of smear-negative TB (Lyu et  al., 
2020). This method has been demonstrated as useful for studying 
in the case of lung, extrapulmonary, latent TB infection, and 
active TB, though more prone to error in the hands of 
inexperienced users (Nyaruaba et  al., 2019).

Immunological Diagnostic Techniques
Tuberculin Skin Test and Interferon-γ Release 
Assay
The tuberculin skin test and the subsequent widely used tuberculin 
protein derivative test play an important role in the auxiliary 
diagnosis of TB, especially in pediatrics TB. However, these 
approaches are neither able to effectively distinguish the positive 
results due to BCG vaccination or M. tuberculosis infection, 
nor provide reliable results for potential immunocompromised 
TB patients. The most widely studied antigens in M. tuberculosis 
include CFP-10, ESAT-6, Ag85A, Ag85B, CFP-7, and PPE18 
(Fan et  al., 2017; Ren et  al., 2018). The interferon-γ release 
assay helps in the diagnosis of TB by detecting the secretion 
of IFN-γ by sampled lymphocytes after stimulation with ESAT-6 
and CFP-10 antigens, which are quite specific for M. tuberculosis. 
Although the analytical performance of the two commercial 
kits is different, they have quite similar sensitivity in diagnosing 
latent and active TB infection. The immunological methods 
have certain limitations when dealing with HIV patients, 
immunocompromised adults, as well as children (Ayubi et  al., 
2016; Benachinmardi et  al., 2019), and it requires professional 
knowledge and certain equipment.

Immuno-PCR
The Immuno-PCR (I-PCR) assay detects potential mycobacterial 
antigens and circulating antibodies in the body fluids of TB 
patients, thus, it can be  used as a new diagnostic approach 
for TB. I-PCR based on magnetic beads (MBs)/ gold nanoparticles 
(GNPs) in liquid form produces a reduced background signal, 
and the automated one-step I-PCR also shortens the detection 
time (Mehta et  al., 2017). Singh et  al. designed an I-PCR 
(MB-GNP-I-PCR) detection kit based on MBs coupled with 
GNP to detect the early secreted antigen ESAT-6 (Singh et  al., 
2018). Dahiya et  al. designed a GNP-RT-I-PCR analysis based 
on GNPs to detect the CFP-10 protein of M. tuberculosis in 
clinical samples of TB patients (Dahiya et  al., 2020a). The 
sensitivity was 83.7 and 76.2%, and the specificity was 93.5 
and 93.8% in 49 cases of pulmonary TB and 42 cases of 
extrapulmonary TB, respectively (n = 63). The MB coupled 
AuNP-based I-PCR (MB-AuNP-I-PCR) method has been 
designed to detect M. tuberculosis MPT64 and CFP-10 proteins 
in the body fluids of TB patients, and the results showed that 
the sensitivity of MB-AuNP-I-PCR in smear-negative pulmonary 
TB and extrapulmonary TB patients was significantly higher 
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than that of Magneto-ELISA and GeneXpert analysis (Dahiya 
et  al., 2020b).

The PCR-ELISA developed by Zhou et al. detects mutations 
in the rpoB, katG, and inhA genes caused by rifampicin and 
isoniazid resistance and predicts the drug susceptibility of 
clinical isolates of M. tuberculosis (Zhou et  al., 2020). 
Ultrasensitive ELISA combines ELISA with a thionicotinamide-
adenine dinucleotide cycling method, which rapidly achieves 
high sensitivity for diagnosing TB without M. tuberculosis 
culture (Watabe et  al., 2014). MPT64 protein is specifically 
secreted only from live M. tuberculosis when the bacteria are 
heated (46°C); thus, ultrasensitive ELISA only detects the 
MPT64 protein secreted by live M. tuberculosis (Wang et  al., 
2020; Cao et  al., 2021), and the sensitivity is almost the same 
as that of smear microscopy and Xpert MTB/RIF.

Lateral Flow Urine Lipoarabinomannan Assay
Lipoarabinomannan is a key lipopolysaccharide and pathogenic 
factor present in the cell wall of mycobacteria, with a 
representative structural epitope of M. tuberculosis (Sarkar et al., 
2014). LF-LAM has high sensitivity in the diagnosis of TB in 
patients co-infected with HIV, especially those with low CD4 
counts. WHO recommends the use of LF-LAM to diagnose 
and screen active TB in HIV-infected patients (World Health 
Organization, 2015). However, the sensitivity and specificity 
of LAM-based tests still need further population-scale studies 
to confirm the diagnostic potential (Sigal et  al., 2018).

NEW PROMISING DIAGNOSTIC 
TECHNIQUES

Chemical Probe Methods
The chemical probes using radiology or optical imaging possess 
the ability of real-time quantification of bacteria and other infectious 
agents, providing an alternative method to culture (Heuts et  al., 
2009; Andreu et  al., 2012). Multiple options are available for 
chemical probes, including fluorescence, chemiluminescence, light 
scattering, and radioactivity. Fluorescence is the most popular 
approach, since it is easily captured by fluorescence scanners/
plate readers, time-lapse fluorescence microscopes, ultra-high-
resolution microscopes, and flow cytometers (Hira et  al., 2020).

Cell Envelope-Dependent Probes
Mycobacteria possess a distinct extracellular structure. The 
arabinogalactan, long-chain mycolic acid, and trehalose-enriched 
glycolipid contribute to form the unique membrane layer. The 
trehalose mycosyl esterase located on the cell membrane possesses 
conservative substrate specificity, which allows the exogenous 
addition of synthetic probes (FITC-trehalose) for a specific 
incorporation into bacteria. This specific incorporation is the 
key in the detection of bacterial growth through fluorescent 
labeling. The FITC-trehalose sensitively detects M. tuberculosis 
in a macrophage infection model (Backus et  al., 2011). The 
4-N,N-dimethylamino-1,8-naphthalimide conjugated trehalose 
probe (DMN-Tre) sensitively detects M. tuberculosis in sputum 

samples of TB patients; the fluorescence intensity is significantly 
enhanced (fluorescence intensity increase >700 fold) when the 
transition from aqueous to hydrophobic environment occurs. 
DMN-Tre labeling enabled the rapid, no-wash visualization of 
mycobacterial and corynebacterial species (<1 h) (Kamariza 
et  al., 2018). DMN-Tre specifically detects metabolically active 
mycobacteria and corynebacteria, which is useful for investigating 
the drug response after treatment.

DLF-1 is a high affinity stoichiometric probe for the D-Ala-
D-Ala motif of bacterial peptidoglycan. The fluorescent probe 
directly labels the cell wall components of M. tuberculosis, 
representing an alternative approach for a rapid quantitative 
analysis of active and dormant M. tuberculosis in  vitro and in 
vivo (Yang et  al., 2016). The D-Ala-D-Ala motif is also present 
in other bacterial strains besides M. tuberculosis; thus, DLF-1 
cannot be  specifically used to label M. tuberculosis.

BlaC-Specific Fluorogenic Probes
BlaC is an Ambler Class A β-lactamase, highly conserved 
among clinical isolates of M. tuberculosis, which effectively 
hydrolyzes β-lactam antibiotics (Kwon et al., 1995). The crystal 
structure of BlaC indicates the presence of an unusual glycines 
within the BlaC active site, which makes M. tuberculosis 
β-lactamase unique (Wang et  al., 2006), thus becoming a 
biomarker for M. tuberculosis detection.

Xie et  al. developed a fluorescent probe for M. tuberculosis 
using the flexible substrate-specific loop of BlaC enzyme and 
introducing a methoxyl substituent at the position 7 of the 
lactam ring, which made it 1,000 times more selective for 
BlaC than TEM-1 β-lactamase (Xie et al., 2012). The fluorescence 
intensity is enhanced 100–200 fold when BlaC is activated, 
which is useful for reducing false positives. The green fluorescent 
probe CDG-OME was developed for the sensitivity and specificity 
of detecting an extremely small number of live pathogens in 
the sputum of patients within 10 min, even in unprocessed 
sputum, making it a rapid, low-cost diagnostic tool for TB. On 
the basis of this work, Cheng et  al. designed a CDG-3 probe 
with the substitution of the cyclopropane ring at the position 
2  in addition to the substitution of the methoxide ring at the 
position 7, and its selectivity to BlaC is 120,000 times greater 
than TEM-1 β-lactamase (Cheng et al., 2014). CDG-3 detected 
M. tuberculosis within 1 h in a trial with 50 clinical samples, 
with a sensitivity and specificity of 90 and 73%, respectively. 
It is worth noting that signal diffusion problems compromised 
single M. tuberculosis labeling if the fluorescent probes only 
recognized BlaC; the ability of BlaC labeling to detect cell 
viability or drug sensitivity has not yet been reported. Cheng 
et al. further developed a dual-target fluorescent probe CDG-DNB 
targeting BlaC and DprE1; BlaC hydrolyzes the lactam ring 
to activate the fluorophore, while DprE1 covalently bind to 
an anchor element for fluorescence fixation (Cheng et al., 2018). 
The combination of BlaC and DprE1 facilitates M. tuberculosis 
fluorescent labeling. The dual targeting probe CDG-DNB 
specifically and accurately labels the single live M. tuberculosis 
in less than 1 h, and the specificity of CDG-DNB probe has 
been demonstrated, since it only selectively labels M. tuberculosis 
among other bacterial species (including 43 NTM).
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Sule et al. synthesized CDG-3, which is a fluorescent reporter 
enzyme substrate specific for BlaC (REF) and developed a TB 
diagnostic method used in sputum specimens (Sule et  al., 
2016). This method detects M. tuberculosis also in clinical 
samples that are contaminated by other bacteria. The CDG-3 
probe has high selectivity to BlaC, and is used to measure 
the levels of enzymes and M. tuberculosis in sputum. The 
sensitivity and specificity for CDG-3 according to the ROC 
curve were 88.1 and 86.1% in 160 clinical specimens from 
potential TB patients, with a negative predictive value of 93%; 
thus, it could be  used to predict potential TB patients (Sule 
et  al., 2019). BlaC is secreted by the Tat secretion system in 
live M. tuberculosis (McDonough et  al., 2005); thus, the BlaC-
specific reporter enzyme fluorescence test is suitable for the 
evaluation of the treatment results and phenotypic drug 
susceptibility. Yang et  al. synthesized a novel REF substrate 
CNIR800 with the near-infrared (NIR) fluorescent dye IRDye 
800CW (Yang et  al., 2017b). The quenching agent of IRDye 
800CW is bond to a lactam ring, which is hydrolyzed by 
BlaC. The emission wavelength of CNIR800 is 795 nm, which 
significantly improves the signal to noise ratio for M. tuberculosis 
detection. The detection threshold of CNIR800 is ~100 CFU 
in vitro and < 1,000 CFU in the lungs of mice. The fluorescence 
signal of CNIR800 produced by cleavage reaches its maximum 
level 4–6 h after its administration in live animals, allowing 
the accurate assessment of the efficacy of antituberculosis drugs.

Probes Dependent on Sulfatase, Esterase, 
Protease, and Nitroreductase
Beatty et al. developed a sulfate activation probe (7-hydroxy-9H 
-(1, 3-dichloro-9, 9-dimethylacridin-2-ketone)-sulfate targeting 
mycobacterial sulfotransferases (Beatty et al., 2013) and conserved 
sulfatases (Mougous et  al., 2002). Mycobacteria have unique 
sulfatase fingerprints, which can be  used to determine 
mycobacterial species and lineage, and this probe has the potential 
to detect TB. Recently, the highly conserved esterase activity 
of the MTBC has been discovered (Tallman and Beatty, 2015). 
Tallman et  al. synthesized new C4- and C8-masked probes 
using four-carbon (C4) and eight-carbon (C8) acylloxymethyl 
ether derivatives of long-chain fluorescent substrates to analyze 
the lysates of macrophages infected with M. tuberculosis, and 
identified the patterns of M. tuberculosis esterase and lipase 
bands (Tallman et  al., 2016).

Babin et al. developed a rapid and economical chemiluminescent 
protease Hip1 probe (FLASH) (Babin et  al., 2021). The FLASH 
probe is cleaved by M. tuberculosis protease Hip1; then, the 
aniline linker undergoes spontaneous elimination, releasing the 
activated phenoxy-dioxetane luminophore. FLASH allows the 
quantification of active Hip1, thus detecting and quantifying 
M. tuberculosis in 1 h, useful in the analysis of clinical sputum 
samples. FLASH also distinguish live from dead cells, allowing 
the monitoring the drug susceptibility of clinical M. tuberculosis 
isolates. Mu et  al. developed a nitrooxidoreductase Rv2466c-
dependent fluorescent probe (Mu et al., 2019). The small molecule 
mycothiol (MSH) of M. tuberculosis binds to Rv2466c; its 
sulfhydryl group forms a disulfide bond with the Cys19 to 
activate Rv2466c, allowing the entrance of the coumarin-based 

nitrofuranyl calanolides (NFCs) into Rv2466c and interact with 
W21, N51, and Y61 of Rv2466c to form the Rv2466c-
mycothiol-NFC ternary complex. Rv2466c reduces the nitro 
group of NFCs to an amino group, generating high level of 
fluorescence, thus potentially useful for a rapid diagnosis and 
drug sensitivity test of clinical sputum samples.

Clustered Regularly Interspaced Short 
Palindromic Repeats
CRISPR-Cas acts in a sequence-specific manner by recognizing 
and cleaving DNA or RNA, allowing an improved identification 
and validation of the target. The sensitivity and specificity of 
CRISPR-Cas are comparable to conventional PCR, but it does 
not require complicated equipment as PCR and is very cost-
effective. The CRISPR-MTB detection system uses Cas12a 
endonuclease that recognizes double-stranded DNA and cuts 
it into single-stranded DNA and combines isothermal 
amplification technology to achieve nearly single copy level 
sensitivity, with the additional benefit of only requiring 500 μl 
of sample (Ai et al., 2019). However, these amplifications based 
on molecular biology diagnostic methods have high false positive 
rates and are unable to distinguish dead from live bacteria.

Mass Spectrometry
Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI-TOF) is used to identify tuberculous 
complex and most atypical mycobacteria from cultures (Lotz 
et  al., 2010; El Khéchine et  al., 2011). The identification of 
M. tuberculosis from a L-J solid culture is superior to that 
from liquid culture, probably due to the interference exerted 
by certain components of the liquid medium. The combination 
of exhaled breath collected by a bioaerosol sampling system 
and high-resolution mass spectrometry is used to identify 
M. tuberculosis (Chen et al., 2020). Currently, the FDA-approved 
two MALDI-TOF platforms (namely MALDI Biotyper and 
Vitek MS, BioMérieux) are used to identify mycobacteria and 
a few other bacteria. The mass spectrometry approach can 
be  performed in a routine clinical laboratory by the operator 
within a few minutes (Seng et  al., 2010), although it requires 
expensive laboratory infrastructure and specialized staff, as well 
as shorts for an available extensive library for data alignment.

Immunosensors
Immunosensors are often used to detect and quantify disease-
related substances in clinical diagnosis due to their increased 
affinity to the antigen and antibody complex with great selectivity. 
Electrochemical immunosensors used in TB diagnosis are based 
on the use of monoclonal antibodies to detect specific proteins 
secreted by M. tuberculosis (Montoya et al., 2017; Mohd Bakhori 
et  al., 2019; Peláez et  al., 2020). they quantitatively monitor 
the electrical signals generated by the binding between antibodies 
and target molecules or antigens of M. tuberculosis. Moreover, 
the current nanomaterial immunosensor relies on the specific 
chemical, physical and electronic properties of the nanomaterials 
themselves to improve the performance of the sensing device 
and diagnose TB in real-time (Mohd Bakhori et  al., 2019; 
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Hatami et  al., 2020; Kahng et  al., 2020). Although biosensors 
are promising, portable, easy to operate, with no amplification 
steps, immunosensors did not achieve the same success as 
immunoassays(Shin et  al., 2015). This is probably due to the 
detection limit of 103 copies to diagnose M. tuberculosis 
(Jaroenram et al., 2020). In addition, problems occur to identify 
latent infections, as well as pediatric and immunocompromised 
HIV patients(MacGregor-Fairlie et al., 2020). Therefore, further 
efforts are needed to develop immunosensors that are effective 
in diagnosing TB.

Next-Generation Sequencing Technology
Next-generation massively parallel sequencing allows to sequence 
millions of fragments simultaneously in each run and has been 
recently proposed to provide profiles of drug resistance within 
a single analysis of drug-resistant TB (Tafess et  al., 2020). 
Drug susceptibility testing is achieved through targeted or 
whole genome sequencing methods (Papaventsis et  al., 2017). 
The traditional whole genome sequencing of M. tuberculosis 
depends on bacterial culture (Iketleng et  al., 2018), but the 
direct whole genome sequencing of the sputum developed by 
Doyle et  al. bypasses the process of bacterial culture (Doyle 
et  al., 2018), thus saving detection time, and significantly 
improving the speed of detecting drug resistance compared 
with the whole genome sequencing of MGIT or culture-based 
drug resistance phenotype test in clinical practice. However, 
the effective and convenient manufacturing of more DNA 
isolation devices, the cost of throughput sequencing, good 
databases, the high requirements of the laboratory infrastructure, 
and the need for specialized staff remain the main obstacles 
to the clinical application of next-generation sequencing 
technology (Smith et  al., 2020).

CONCLUSION

TB represented and still represents a continuous challenge 
to the global public health. In the last years, significant 

progress has been made in the development of TB diagnostics 
platforms However, TB is still diagnosed late or misdiagnosed, 
as well as properly monitored and treated, since the emergence 
of multidrug-resistant strains has further worsened the 
situation. In recent years, traditional methods for detecting 
mycobacteria have been continuously improved, and 
considerable efforts have been made for the development of 
new methods. Nevertheless, several key factors need to 
be  further addressed to obtain techniques allowing a rapid 
TB diagnosis: (1) Diagnosis of extrapulmonary TB, TB in 
children, people with TB and HIV, and TB in pregnant 
women. (2) Tests for drug response or drug resistant TB. (3) 
Effective and affordable test materials. (4) Sensitive and 
specific methods of becoming positive for M. tuberculosis 
other than BCG vaccination. Therefore, more accurate, rapid, 
sensitive, selective, cost-effective diagnostic techniques and 
tools are needed for the recognition of positive cases and 
the detection of drug-resistant TB. The development, evaluation, 
and improvement of new diagnostic methods would 
be  especially successful in clinical application. Thus, all the 
above continues to be  a necessary area of research.
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Changzhou Wujin People’s Hospital, Changzhou, China

Plastic bronchitis (PB) is a rare respiratory condition which can result in severe respiratory

complications such as respiratory failure and death. Mycoplasma pneumoniae infection

is a main etiology cause of plastic bronchitis. However, the pathogenesis of plastic

bronchitis complicated by Mycoplasma pneumoniae pneumonia (MPP) has not yet

been fully elucidated. Our article aims to explore biomarkers for early prediction of

MPP cases complicated with plastic bronchitis. We utilized a protein chip to screen

for significantly different proteins among the groups of healthy, general Mycoplasma

pneumoniae pneumonia (GMPP) and refractory Mycoplasma pneumoniae pneumonia

(RMPP) patients, where layilin exhibited a potent change across biology information

technology. Next, we demonstrated the high expression of MUC5AC, MUC5B, and

layilin in bronchoalveolar lavage fluid (BALF) of MPP cases complicated with plastic

bronchitis. Further study suggested that the level of layilin had a positive correlation

with both MUC5AC and MUC5B. A receiver operating characteristic (ROC) analysis

was performed to assess the diagnostic values of MUC5AC, MUC5B, and layilin in

MPP cases with PB. Data show that the three indicators have similar diagnostic ability

for MPP children with plastic bronchitis. Then, we used different concentrations of

community-acquired respiratory distress syndrome (CARDS) toxin or lipid-associated

membrane proteins (LAMPs) to simulate an in vitro experiment. The in vitro assay

revealed that CARDS toxin or LAMPs induced A549 cells to secrete MUC5AC, MUC5B,

layilin, and proinflammatory factors. These findings suggest that MUC5AC, MUC5B, and

layilin are correlated with MPP. The high expression of MUC5AC, MUC5B, and layilin

play an essential role in prediction in the development of plastic bronchitis caused by

MPP. The high expression of MUC5AC, MUC5B, and layilin may be relevant to the

severity of illness.

Keywords: Mycoplasma pneumoniae pneumonia (MPP), plastic bronchitis (PB), MUC5AC, MUC5B, layilin
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INTRODUCTION

Mycoplasma pneumoniae (M. pneumoniae) is an important cause
of respiratory tract infections in children as well as adults which
can induce both upper and lower respiratory infections and
occur both endemically and epidemically worldwide (Waites
et al., 2017). While Mycoplasma pneumoniae is one of the
most common pathogens of community-acquired pneumonia in
children, in general,Mycoplasma pneumoniae pneumonia (MPP)
is considered as a benign and self-limiting disease (Chen et al.,
2015; Jain et al., 2015). Nevertheless, because of drug-resistant
strains, some children infected with MP who are treated with
macrolide antibiotics still progressed to refractory Mycoplasma
pneumoniae pneumonia (RMPP) (Zhou et al., 2015; Zhu et al.,
2021). Studies have shown that if flexible bronchoscopy is
undertaken as early as possible, the symptoms of the children
who were diagnosed with MPP or RMPP can be alleviated more
quickly and the disease can be controlled (Shah et al., 2008; Efrati
et al., 2009).

Plastic bronchitis (PB) is a disease characterized by bronchial
casts which can lead to pulmonary necrosis and pleural effusion
that are difficult to treat and costly (Rubin, 2016). The common
causes of PB are pathogen infections. Previous studies have
demonstrated that influenza viruses (A and B) are common
pathogen causes of PB. At present, there are some domestic
clinical reports on MP plastic bronchitis (Huang et al., 2019;
Wang et al., 2020). However, the pathogenesis of plastic
bronchitis complicated by MPP has not yet been fully elucidated.

It has been reported that the casts of PB often contain an
abundance of mucin in normal mucus, which are linearly linked
(Rubin et al., 2014). Over-secretion and a clearance disorder
of mucus are important pathogenic mechanisms. Hao et al.
(2014) demonstrated that MP induced the expression of mucins
MUC5AC and MUC5B by activating the STAT6-STAT3 and
epidermal growth factor receptor (EGFR) signal pathways, which
in turn downregulated FOXA2. The level of MUC5AC and
MUC5B has been found increased in respiratory diseases like
asthma and COPD (Caramori et al., 2009; Wu et al., 2017).
The high secretion of mucus is relevant to pathogenesis of
MPP complicated with plastic bronchitis. All this basic research
suggested that MUC5AC and MUC5B may play an important
role in MPP complicated with plastic bronchitis.

Inflammation and lymphatic anomalies are important
pathogenic mechanisms of plastic bronchitis. Layilin as a HA
receptor has some similarities to CD44 which plays a role in the
pathogenesis of mucus hypersecretion (Yu et al., 2011). Bronchial
cast expectoration through bronchopulmonary lymphatics with
fistula formation into the airways is a rare clinical symptom in
patients with PB (Orliaguet et al., 2002). Studies showed that
layilin is related to lymphatic metastasis, adhesion, migration,
and invasion in lung cancer (Pan et al., 2019). However, the
role of layilin in MPP complicated with plastic bronchitis is still
unknown. And the relationship between layilin and MUC5AC
and MUC5B has not been reported.

Therefore, this study aimed to investigate the clinical
significance of MUC5AC, MUC5B, and layilin in
bronchoalveolar lavage fluid (BALF) and explored predicting

factors of MPP complicated with plastic bronchitis in children.
In addition, we explored whether the potential mechanism of
layilin upregulation was associated with MUC5AC and MUC5B.

MATERIALS AND METHODS

Patients and Study Design
From June 2019 toOctober 2020, cases withMPP fromChildren’s
Hospital of Soochow University confirmed by MP-DNA-PCR >

1.0 × 104 copies/ml in nasopharyngeal aspirates and BALF or
MP-IgM ≥ 1.1COL or IgG titers four-fold or greater increase in
serum were enrolled (N = 70). All patients were from 8 month to
8 years old who had fever, cough, tachypnea, chest retractions,
abnormal auscultatory findings, and radiologic evidence of
CAP and underwent flexible fiber optic bronchoscopy. Or the
disease progression showed signs of obstruction, which suspected
airway mucosal damage and airway secretions were abundant,
mucus plugs was formed, and suspect developed in Bronchiolitis
obliterans (An et al., 2011; Zhang et al., 2014; Yan et al.,
2017). To exclude co-infection, seven respiratory virus antigen
tests (influenza A and B; parainfluenza 1, 2, and 3; respiratory
syncytial virus; and adenovirus) were conducted, of which HBoV,
HRV, Hmpv, and CP were negative. Sputum, NPA, and BALF
bacteria culture was also negative. Cases were not included if they
had chronic lung disease, immunodeficiency, bronchopulmonary
malformation, or co-infection.

Among these 70 children with MPP, 30 were diagnosed with
MPP with plastic bronchitis and 40 with non-plastic bronchitis.
The MPP children with plastic bronchitis were defined as under
bronchoscopy where secretions could be seen to block the
lumen and were confirmed by removing branching casts at
first-time bronchoscopy (Figure 1). The cohesive and branching
casts which filled the airways were removed by lavage, suction,
and biopsy forceps. Other children who had blocked lumens
without plastic secretions were defined as MPP with non-
plastic bronchitis.

A total of 18 children with bronchial foreign bodies who
underwent foreign body removal in our hospital at the same time
were selected as the control group. The inclusion criteria of the
control group were: (1) a clear history of foreign body inhalation
and a history of an irritating cough; (2) no inflammatory changes
suggested by chest radiographs; (3) no respiratory tract infection
within 32 months; and (4) no history of application of hormones
and immunosuppressive agents.

The study was approved by the Ethics Committee of the
Children’s Hospital of Soochow University (2019LW014).
Informed consent was obtained from parents or guardians
of the children. And the data from patients were
analyzed anonymously.

In both MPP or control groups, the information
of age and sex was needed. However, clinical data
including laboratory test data, the duration of hospital
stay and fever, fever peak, lavage times, pleural effusion,
atelectasis, and anhelation upon hospital admission
and at patient discharge were only collected in MPP
children (Table 1). From MPP subjects, peripheral
blood samples were obtained within 24 h of admission
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FIGURE 1 | Bronchoscopic findings of a plastic bronchitis patient with mucus plug formation.

and used to measure the complete blood count, C-
reactive protein (CRP), fibrinogen (Fib), immunoglobulin
(IgA/IgG/IgM), subpopulations of lymphocytes, lactate
dehydrogenase (LDH), alanine transaminase (ALT),
and specific antibody to M. pneumoniae and other
tests (Tables 1, 2).

Protein Chip
Peripheral blood samples from the GMPP (general Mycoplasma
pneumoniae pneumonia), refractory Mycoplasma pneumoniae
pneumonia (RMPP), and control groups were collected. We
separately selected three children’s serum samples from the
groups of healthy, GMPP, and RMPP patients. The criterion of
GMPP and RMPP was used as previously described (Li et al.,
2019). Protein was isolated and extracted from supernatants of
peripheral blood samples using a kit for total protein. Protein
concentration was determined using the BCA Protein Assay
Kit. According to the producer, the process included these
steps: pretreatment of slides, spotting of antigens, washing and
blocking, hybridization, scanning of the microarray, and analysis
of results.

Real-Time Fluorescent Quantitation PCR
for M. pneumoniae in NPA and BALF
Samples (NPA/BALF) were centrifuged and RNAiso
Plus was used for nucleic acid extraction from NPA
and BALF according to the procedure of PCR for M.
pneumoniae. The primers of M. pneumoniae were as

follows: forward: 5
′

GCAAGGGTTCGTTATTTG3
′

; reverse:
5
′

CGCCTGCGCTTGCTTTAC-3
′

. The detailed protocol about
RNA extraction and procedure of PCR for M. pneumoniae 16S
rRNA detection was performed as described previously (Ding
et al., 2018; Li et al., 2019).

Detection of MUC5AC, MUC5B, and Layilin
by ELISA
According to pathogenetic conditions, BALF was acquired
through flexible fiber optic bronchoscopy (Wang et al., 2017).
The BALF was collected and centrifuged for detection of M.
pneumoniae DNA, MUC5AC, MUC5B, and layilin. Commercial
ELISA kits were used to detect the expression of MUC5AC,
MUC5B, and layilin in the supernatants of BALF. MUC5AC
(BP-E15089h), MUC5B (BP-E15086h), and layilin (BP-E15370h)

ELISA kits were purchased from Hushang Technology Co.
Ltd., Shanghai. All ELISA kits operated in accordance with the
manufacturer’s instructions.

Construction of Recombinant
Community-Acquired Respiratory Distress
Syndrome Toxin
From the NCBI database, we obtained the full-length gene
sequence and protein sequence of MPN372. TGA was used
to encode tryptophan in M. pneumoniae and TGA was
a termination codon in most other species. Eight codon
TGAs encoding tryptophan were mutated into TGG. The
optimized MPN372 gene sequence was cloned into the pFastBac
donor plasmid vector for virus packaging. High-Five cells in
the logarithmic growth phase were infected with high titer
recombinant virus to express the target protein, which was
further purified by a nickel column.

Construction of Lipid-Associated
Membrane Proteins From M. pneumoniae
M. pneumoniae strain M129 was purchased from the Institute
of Pathogen Biology (Medical College of University of South
China). M. pneumoniae was grown in SP4 broth for 72 h at 37◦C,
centrifuged at 10,000 × g for 20min, resuspended in saline to
yield 1 × 108 CFU/50 µl, and frozen at −80◦C until extraction
of LAMPs. For detailed experimental procedures, please refer to
our previous research (Ding et al., 2018).

A549 Cell Stimulation by CARDS Toxin or
LAMPs in vitro
A549 cells were gifted by Professor Jinping Zhang (Soochow
University, China). A549 cells were cultured in MEM
medium, supplemented with 10% heat-inactivated FCS,
2mM L-glutamine, 100 U/mL penicillin, and 100µg/mL
streptomycin, at 37◦C under 5% CO2. The cell density was
adjusted to 2 × 105 cells/ml in 12-well plates. The cells
were then cultured to the concentration of 5/10/20/30µg/ml
CARDS toxin for 48 h or the cells were then cultured to
the concentration of 0/2/6/8/10µg/ml LAMPs for 16 h. The
cells were harvested and immediately stored at −80◦C until
further analysis.
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TABLE 1 | Demographic data and clinical and laboratory characteristics of MPP children with plastic bronchitis and non-plastic bronchitis.

Clinical parameters Con (n = 18) MPP (n = 70) P MPP without PB (n = 30) MPP with PB (n = 40) P

Age, years 2.1 (1.9, 5.4) 5.0 (3.2, 6.2) 0.052 4.3 ± 2.1 5.2 ± 1.7 0.064

Male, n% 12, 66.7% 39, 55.7% 0.404 23, 57.5% 16, 53.3% 0.728

WBC, 109/L NA 8.1 ± 3.0 7.9 ± 2.7 9.0 ± 3.3 0.121

PLT, 109/L NA 306.1 ± 105.4 305.9 ± 107.0 318.1 ± 101.0 0.649

CRP, mg/L NA 9.5 (2.7, 22.2) 5.6 (1.4, 17.3) 20.9 (6.0, 36.5) <0.001

Fib, g/L NA 4.0 ± 0.8 4.0 (3.4, 4.5) 4.2 (3.5, 4.8) 0.426

IgA, g/L NA 1.1 ± 0.6 1.0 ± 0.5 1.2 ± 0.6 0.064

IgG, g/L NA 8.5 ± 2.2 8.6 ± 2.3 8.3 ± 2.5 0.663

IgM, g/L NA 1.4 (1.1, 2.1) 1.4 (1.0, 2.1) 1.4 (1.1,1.8) 0.817

CD3, % NA 62.9 (58.4, 72.1) 63.2 ± 10.7 62.2 ± 12.7 0.749

CD3CD4, % NA 34.1 ± 9.5 34.7 ± 8.4 32.8 ± 10.1 0.413

CD3CD8, % NA 26.6 ± 8.3 25.5 ± 8.4 27.9 ± 8.1 0.268

CD3CD (15+56), % NA 10.4 ± 6.0 10.4 (6.1, 13.3) 7.4 (5.1, 14.3) 0.389

CD3CD19, % NA 25.7 ± 12.3 24.7 (18.0, 28.9) 23.2 (16.4, 35.6) 0.578

CD3CD8, % NA 25.9 (20.9, 33.8) 1.4 (1.0,1.9) 1.2 (0.9, 1.5) 0.076

LDH, U/L NA 420.9 (319.1, 505.6) 340.2 (300.6, 435.4) 479.6 (409.2, 639.3) <0.001

ALT, U/L NA 14.9 (20.0, 20.5) 13.5 (10.0, 17.6) 17.4 (10.4, 29.6) 0.068

Duration of fever, days NA 7.3 ± 3.1 4.8 ± 3.3 9.3 ± 3.2 <0.001

Fever peak NA 39.6 (39.1, 40.0) 39.4 (39.0, 40.0) 40.0 (39.4, 40.1) 0.004

Hospital stays, days NA 9.0 (7.0, 12.0) 7.5 (6.0, 10.0) 11.0 (8.0, 13.3) <0.001

Lavage times, >1, n% NA 28, 40.0% 3, 7.5% 25, 83.3% <0.001

Pleural effusion, n% NA 17, 24.3% 4, 10.0% 13, 43.3% 0.001

Atelectasis, n% NA 21, 30% 7, 17.5% 14, 46.7% 0.008

Anhelation, n% NA 6, 8.6% 1, 2.5% 5, 16.7% 0.036

MMP, Mycoplasma pneumoniae pneumonia; PB, plastic bronchitis; WBC, white blood cells; PLT, Platelets; CRP, C-reactive protein; Fib, fibrinogen; IgA/G/M, immunoglobulin A/G/M;

CD, cluster of differentiation; LDH, lactate dehydrogenase; ALT, Alanine transaminase.

TABLE 2 | Correlations between expression of MUC5AC, MUC5B, layilin, and clinical parameters.

MUC5AC MUC5B Layilin

Clinical parameters r P r P r P

WBC, 109/L −0.23 0.221 −0.093 0.626 −0.153 0.42

PLT, 109/L −0.158 0.442 −0.035 0.867 −0.162 0.429

CRP, mg/L 0.412 0.024 0.441 0.015 0.628 <0.001

Fib, g/L <0.001 0.999 −0.017 0.928 0.107 0.575

IgA, g/L 0.366 0.047 0.222 0.239 0.175 0.355

IgG, g/L −0.082 0.668 −0.029 0.88 −0.075 0.692

IgM, g/L −0.215 0.253 −0.066 0.729 −0.194 0.303

CD3, % 0.294 0.137 0.452 0.018 0.132 0.512

CD3CD4, % 0.111 0.582 0.128 0.526 −0.01 0.961

CD3CD8, % 0.381 0.05 0.543 0.003 0.315 0.109

CD3CD (15 + 56), % −0.259 0.192 −0.392 0.043 −0.216 0.278

CD3CD19, % −0.208 0.299 −0.314 0.111 −0.11 0.585

CD3CD8, % −0.185 0.356 −0.208 0.298 −0.232 0.244

LDH, U/L 0.506 0.004 0.574 0.001 0.483 0.007

ALT, U/L 0.002 0.992 0.16 0.397 0.088 0.644

Duration of fever, days 0.513 0.004 0.596 0.001 0.432 0.019

Fever peak 0.362 0.049 0.217 0.25 0.321 0.083

Hospital stay, days 0.511 0.004 0.476 0.008 0.442 0.014
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MUC5AC, MUC5B, Layilin, IL-6, TNF-α, and
IL-1β Detection by Real-Time PCR
The expression of MUC5AC, MUC5B, layilin, IL-6, TNF-α,
and IL-1β in the A549 cells which were stimulated by CARDS
toxin or LAMPs was measured using real-time PCR. Total
RNA was isolated from cells using Trizol (Invitrogen, Carlsbad,
CA, USA) reagent and subject to quantitative PCR analysis
to measure the expression of mRNA. The Eppendorf Real-
Time PCR system was used for quantitative PCR. The PCR
conditions were as follows: 40 cycles of 95◦C for 5min, 95◦C
for 30 s, 60◦C for 25 s, and 60◦C for 20 s. Data were determined
by normalization of expression of β-actin in each sample and
presented as means ± SEM. Gene-specific primer sequences are
listed in Table 3.

Data Analysis and Statistical Analysis
All data were analyzed by SPSS for windows. Categorical data
were determined using the Chi-square test. Continuous
variables that had a normal distribution were analyzed
using Student’s t-test or the Mann Whitney U-test.
Statistical significance was determined using one-way
ANOVA. Correlations between layilin and MUC5AC or
MUC5B were evaluated by Spearman’s rank correlation.
Figures were generated using GraphPad Prism software
and SPSS.

RESULTS

The Protein Expression of Layilin Is Altered
in the Groups of Children Diagnosed With
GMPP and RMPP
In order to identify differential protein expression on
Mycoplasma pneumoniae infection cases, we selected three
children’s serum samples from the groups of healthy, general
Mycoplasma pneumoniae pneumonia (GMPP), and refractory
Mycoplasma pneumoniae pneumonia (RMPP) patients, then

TABLE 3 | List of primers used in experiments.

Gene Primer

Human-GAPDH F: CATGTACGTTGCTATCCAGGC

R: CTCCTTAATGTCACGCACGAT

Human-MUC5AC F: TGTGGCGGGAAAGACAGC

R: CCTTCCTATGGCTTAGCTTCAGC

Human-MUC5B F: AGTTTCCGTCCTTGTCGTAGC

R: CTGCCCCTTGTTCTGTGACTT

Human-layilin F: CACAGCCTGCCAGGACCTTTA

R: TGCACCGGTCATCATTCCA

Human-IL-6 F: ACTCACCTCTTCAGAACGAATTG

R: CCATCTTTGGAAGGTTCAGGTTG

Human-TNFα F: CTAATGGTGGAAACCCACAACG

Human-IL-1β R: TATCGCCAGGAATTGTTGCTG

F: ACAGATGAAGTGCTCCTTCCA

R: GTCGGAGATTCGTAGCTGGAT

analyzed the results of the protein chip. Focusing on the
molecules that were distinctively expressed, the level of layilin
changed among the three groups (Figure 2A). And we also found
that no matter which groups were compared, the expression
of layilin was significantly different (P < 0.05; Figures 2A–C).
Then we used KEGG analysis to predict which signal pathways
would involve layilin in the pathogenesis of GMPP or RMPP.
Protein enrichment showed that the cytokine-cytokine receptor
interaction pathway played an important role and had a more
obvious difference then other pathways (P < 0.01; Figure 2D).
Previous research had demonstrated secretion of inflammatory
factors from chondrocytes by layilin signaling in rheumatoid
arthritis (RA), they also found that TNF-α upregulated
expression levels of layilin in the chondrocytes. However, our
team research found TNF-α also had a higher expression in
RMPP cases (Li et al., 2019). All of the analyses suggested that
layilin may play a role afterMycoplasma pneumoniae infection.

Demographic Data and Clinical and
Laboratory Characteristics of MPP
Children With Plastic Bronchitis and
Non-Plastic Bronchitis
As described in Table 1, there was no significant difference in
mean age and gender between control and MPP children. C-
reactive protein and LDH in serum were significantly higher
in MPP children with plastic bronchitis compared with non-
plastic bronchitis cases. Other laboratory test data had no
significant difference (Table 1). The occurrences of lavage times,
pleural effusion, atelectasis, and anhelationweremore frequent in
MPP children with plastic bronchitis compared with non-plastic
bronchitis cases (all P < 0.05). Furthermore, the fever peak was
higher in MPP children with plastic bronchitis than non-plastic
bronchitis cases. MPP children with plastic bronchitis had longer
hospital stays and duration of fever than children with non-
plastic bronchitis (P < 0.05). The clinical data for MPP children
with plastic bronchitis and non-plastic bronchitis are shown
in Table 1.

High Expression of MUC5AC, MUC5B, and
Layilin in BALF Between MPP Children
With Plastic Bronchitis and Non-Plastic
Bronchitis
Previous data (Figure 2) demonstrated that the expression of
layilin had a significant difference when comparing any group.
Firstly, to explore the level of MUC5AC, MUC5B, and layilin
between control and MPP patients, we measured them using
ELISA. The results showed that MUC5AC, MUC5B, and layilin
were higher in MPP patients (Figures 3A–C). Secondly, to
further determine whether patients who had plastic bronchitis
could influence the expression ofMUC5AC,MUC5B, and layilin,
an ELISA was performed to test it. It was shown that the
levels of MUC5AC, MUC5B, and layilin significantly increased
(Figures 3D–F). All above data suggested that MUC5AC,
MUC5B, and layilin may play essential roles in the development
of MPP with plastic bronchitis.

Frontiers in Microbiology | www.frontiersin.org 5 June 2022 | Volume 13 | Article 911228124

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Ma et al. Plastic Bronchitis Biomarker

FIGURE 2 | The protein expression of layilin had the most significant difference in each group. (A) Heatmap of protein expression abundances among the groups of

control, GMPP, and RMPP patients. (B) Volcano plot of significantly differentially expressed proteins (P < 0.05; FALSE: P > 0.05, TRUE: P < 0.05) (GMPP vs. CON: n

= 17; 8 downregulated, 9 upregulated; RMPP vs. CON: n = 34; 26 downregulated, 8 upregulated; RMPP vs. GPMM: n = 29; 7 downregulated, 22 upregulated). (C)

Scatter plot of differential protein expression among the groups of control, GMPP, and RMPP patients. Each dot represents one protein. (D) KEGG analysis of proteins

found enrichment in the cytokine-cytokine receptor interaction pathway among the groups of control, GMPP, and RMPP patients. GMPP, general Mycoplasma

pneumoniae pneumonia; RMPP, refractory Mycoplasma pneumoniae pneumonia.

Correlation Between the Levels of
MUC5AC, MUC5B, Layilin, and Clinical
Parameters in MPP Children With Plastic
Bronchitis
To identify the correlation between the levels of MUC5AC,

MUC5B, layilin, and clinical parameters in MPP children

with plastic bronchitis, we analyzed data by Spearman’s rank

correlation. As shown in Table 2, the level of MUC5AC was

positively correlated with CRP, IgA, LDH, fever peak, duration
of fever or hospital stay, and lavage time (P < 0.05). The level
of MUC5B was positively correlated with CRP, CD3, CD3CD8,
CD3CD (15 + 56), LDH, duration of fever, hospital stay, and
lavage time (P < 0.05). The level of layilin was positively
correlated with CRP, LDH, duration of fever or hospital stay, and
lavage time (P < 0.05). Furthermore, we analyzed the correlation
between layilin and MUC5AC/MUC5B, and found that the level
of layilin had a positive correlation with both MUC5AC and
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FIGURE 3 | Comparison of MUC5AC, MUC5B, and layilin expression among healthy, MPP, or MPP with PB cases. (A–C) The expression of MUC5AC, MUC5B, and

layilin in bronchoalveolar lavage fluid (BALF) in the groups of healthy children and MPP cases was measured. ***P < 0.001. (D–F) The expression of MUC5AC,

MUC5B, and layilin in bronchoalveolar lavage fluid (BALF) in the groups of MPP without plastic bronchitis and MPP with plastic bronchitis was measured. Children with

MPP were divided into MPP with plastic bronchitis (N = 30) and MPP without plastic bronchitis (N = 40). Con, healthy children; MMP, Mycoplasma pneumoniae

pneumonia; PB, plastic bronchitis. ***P < 0.001.

FIGURE 4 | Layilin was positively correlated with MUC5AC and MUC5B level

in BALF. (A) The positive correlation between layilin and MUC5AC in BALF

from MPP children with plastic bronchitis. (B) The positive correlation between

layilin and MUC5B in BALF from MPP children with plastic bronchitis.

MUC5B (Figures 4A,B). Thus, the level of MUC5AC, MUC5B,
and layilin may be relevant to the severity of illness.

Diagnostic Values of MUC5AC, MUC5B,
and Layilin in MPP Children With Plastic
Bronchitis
To estimate the diagnostic abilities of MUC5AC, MUC5B,
and layilin in MPP children with plastic bronchitis, a receiver
operating characteristic (ROC) analysis was performed.
As shown in Figure 5, MUC5AC, MUC5B, and layilin
had similar diagnostic ability for differentiating MPP with
plastic bronchitis. The cut-off of MUC5AC, MUC5B, and

layilin was 7.0 U/ml, 90.3 ng/ml, and 182.7 ng/ml. The
AUC of MUC5AC, MUC5B, and layilin was 0.755, 0.787,
and 0.723. Therefore, MUC5AC, MUC5B, and layilin
have similar diagnostic ability for MPP children with
plastic bronchitis.

Expression of MUC5AC, MUC5B, Layilin,
IL-6, and TNF-α in A549 Cells Stimulated
by CARDS Toxin or LAMPs
The levels of MUC5AC, MUC5B, layilin, IL-6, TNF-α, and
IL-1β in the A549 cells which were stimulated by different
concentrations of CARDS toxin or LAMPs were measured
using real-time PCR. Data revealed that the levels of MUC5AC,
MUC5B, and layilin were increased by CARDS toxin in a
dose-dependent manner between 0-30 ug/ml, particularly in
the concentration at 30 ug/ml (P < 0.05; Figures 6A–C). IL-
6, TNF-α, and IL-1β expression was also significantly increased
by CARDS toxin stimulated in the concentration at 30 ug/ml
(Figures 6D–F). When A549 cells were stimulated by LAMPs,
the levels of MUC5AC and MUC5B were not increased in a
concentration-dependent manner between 0 and 10 ug/ml, but
at a 6 ug/ml concentration of LAMPs stimulation, the level
of MUC5AC significantly increased. As shown in Figure 6G,
the expression of MUC5B significantly increased at a 8 ug/ml
concentration. While the expression of IL-6 decreased by the
stimulation of LAMPs. At a 2 ug/ml concentration of LAMPs
stimulation, levels of TNF-α significantly increased. These data
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FIGURE 5 | Diagnostic values of MUC5AC, MUC5B, and layilin in MPP children with plastic bronchitis. The cut-off of MUC5AC, MUC5B, and layilin was 7.0 U/ml,

90.3 ng/ml, and 182.7 ng/ml. The AUC of MUC5AC, MUC5B, and layilin was 0.755, 0.787, and 0.723.

confirmed that with the increase of CARDS toxin or LAMPs
concentration, MUC5AC, MUC5B, and TNF-α mRNA levels in
A549 cells were notably upregulated. The results were consistent
with the clinical data of earlyMycoplasma pneumoniae infection.
Combined with in vitro data and in vivo data, it demonstrated
that MUC5AC, MUC5B, and layilin play an essential role
for prediction in the development of plastic bronchitis caused
by MPP.

DISCUSSION

Plastic bronchitis refers to the local or widespread obstruction
of the bronchus by an endogenic foreign body, which
results in partial or total ventilation dysfunction of the lung.
Plastic bronchitis is generally believed to be related to some
bronchial and pulmonary diseases, such as bronchial asthma,
bronchiectasis, and other diseases secondary to respiratory
infections caused by bacteria, viruses, mycoplasma, and fungi
(Efrati et al., 2009; Huang et al., 2019). It has been verified that
respiratory infections lead to excessive secretion of airway
mucus, and the sticky secretions cannot be effectively removed,
which may be an important mechanism of pulmonary diseases
accompanied by plastic bronchitis (Eberlein et al., 2008). While
the specific pathogenesis of MPP complicated with plastic
bronchitis is not fully understood.

In our study, we used a protein chip to identify differential
protein expression in Mycoplasma pneumoniae infection cases.
The level of layilin was distinctively expressed among the
three groups and the expression of layilin was significantly
different no matter which two groups were compared. KEGG

analysis showed that layilin was involved in the pathogenesis
of GMPP or RMPP. Protein enrichment analysis also showed
that the cytokine-cytokine receptor interaction pathway played
an important role and had a more obvious difference than
others pathways. Layilin signaling could regulate inflammatory
factors in rheumatoid arthritis. Combined with our data, we
hypothesized that layilin could, through the cytokine-cytokine
receptor interaction pathway, participate in the pathogenesis of
GMPP or RMPP. Previous research demonstrated that TNF-α
upregulated the expression levels of layilin in the chondrocytes
(Asano et al., 2014). Meanwhile, our team found that TNF-α
also had a higher expression in RMPP cases (Li et al., 2019).
All of the analysis suggested that layilin may play a role after
Mycoplasma pneumoniae infection. Recently, mucin plugs were
the high point in the progress of RMPP. However, MUC5AC
and MUC5B played an important role in the formation of mucin
plugs (Welsh et al., 2017). Therefore, it is extremely important to
understand the role of layilin, MUC5AC, and MUC5B in MPP.

In our research, we found that laboratory test data like CRP,
LDH, and the fever peak were significant higher in the group of
plastic bronchitis infected by Mycoplasma pneumoniae. We also
observed that the occurrences of lavage times, pleural effusion,
atelectasis, and anhelation were more frequent in MPP children
with plastic bronchitis. MPP children with plastic bronchitis
had longer hospital stays and duration of fever than children
with non-plastic bronchitis. Through a cohort of MP infection
patients who underwent bronchoscopy intervention, Xu et al.
(2020) found that MPP children with bronchial mucus plugs
had longer duration of fever, higher neutrophil percentage,
higher CRP level, and higher IL-6 levels compared with those
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FIGURE 6 | CARDS toxin or LAMPs induced A549 cells to secrete MUC5AC, MUC5B, layilin, IL-6, TNF-α, and IL-1β in A549 cells. Real-time PCR to detect the (A)

MUC5AC, (B) MUC5B, (C) layilin, (D) IL-6, (E) TNF-α, and (F) IL-1β mRNA levels in A549 cells which were co-cultured with different concentrations of CARDS toxin

(0, 5, 10, 20, and 30µg/mL) for 48 h. (G) Real-time PCR to detect the MUC5AC, MUC5B, IL-6, and TNF-α mRNA levels in A549 cells which were co-cultured with

different concentrations of LAMPs (0, 2, 4, 6,8 and 10µg/mL) for 16 h. NS, no significance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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without mucus plugs. Previous studies had shown that CRP, LDH
levels, and fever times are related risk factors for Mycoplasma
pneumoniae pneumonia complicated with plastic bronchitis (Xu
et al., 2017). And longer hospital stays, duration of fever, or other
symptoms are obviously observed in MPP or PB children (Zheng
et al., 2020; Zhang et al., 2021). In summary of previous studies
and our study, it was demonstrated thatMycoplasma pneumoniae
infection combined with plastic bronchitis can significantly
aggravate the clinical symptoms of children and the presence of
mucus plugs resulted in poor clinical prognosis in children with
MPP. Therefore, it is essential to clarify the pathogenesis of MPP
complicated with plastic bronchitis.

Mucus plays a vital role in protecting the lungs from
environmental factors, but conversely, in some respiratory
infection diseases, mucus accumulates in the airways causing
obstructions which result in infection and inflammation, and
mucus becomes pathologic (Ridley and Thornton, 2018).
Previous studies showed that both MUC5AC and MUC5B are
increased in COPD sputum (Kirkham et al., 2002). Evans et al.
(2015), through a mice model, verified that overproduction
of MUC5AC is an effector of allergic inflammation, which
participated in the mechanisms of airway mucus plugging and
was strongly associated with the development of asthma. Mucus
hypersecretion with elevated MUC5B mucin production is a
pathologic feature in many airway diseases associated with
oxidative stress. It was reported that elevated concentrations
of MUC5B leads to mucociliary clearance dysfunction and
enhances lung fibrosis in mice (Hancock et al., 2018). Roy
et al. (2014), through MUC5B deficient or transgenic mice,
found that MUC5B variants may regulate airway homeostasis,
disease pathogenesis, and mucosal immune function in humans
broadly. In this study, a significant increase in MUC5AC and
MUC5B expression from serum was observed in both MPP
cases compared with control cases. Furthermore, MUC5AC and
MUC5B were significantly higher in serum from children with
MPP companied by plastic bronchitis than that in children
with MPP without plastic bronchitis. Our data reinforce the
pathogenic role of MUC5AC and MUC5B in MPP, especially in
MPP with plastic bronchitis. Next, we observed the correlation
between the expression of MUC5AC, MUC5B, and clinical
parameters in MPP children with plastic bronchitis. In our study,
MUC5AC was positively correlated with CRP, IgA, LDH, fever
peak, duration of fever, or hospital stay and lavage time. MUC5B
was positively correlated with CRP, CD3, CD3CD8, CD3CD (15
+ 56), LDH, duration of fever or hospital stay, and lavage time.
As mentioned earlier, all those clinical parameters had significant
differences in MPP, RMPP, or MPP with plastic bronchitis(Xu
et al., 2017; Ding et al., 2018; Li et al., 2019; Zheng et al., 2020;
Zhang et al., 2021). Therefore, the clinical parameters and the
expression of MUC5AC and MUC5B had suggestive importance
to the severity of disease.

A wide array of studies confirms that inflammatory responses
play important roles in MPP or plastic bronchitis (Chaudhry
et al., 2016; Shimizu, 2016; Yuan et al., 2020; Kim et al., 2021).
Layilin, as a member of the hyaluronan (HA) receptors, is widely
studied in tumors. To our knowledge, there are almost no
articles reporting that layilin is associated with M. pneumoniae

infection or plastic bronchitis. However, Adachi et al. (2015)
found that administration of TNF-α increased the expression of
layilin in renal tubular epithelia in mice, and layilin may play
roles in the generation of renal interstitial fibrosis in GN via
TNF-α-induced EMT (Asano et al., 2014). Our team’s previous
research verified that TNF-α was significantly high in RMPP
children, which is a good predictor for refractory Mycoplasma
pneumoniae pneumonia (Li et al., 2019). Furthermore, layilin is
speculated to exacerbate inflammation in rheumatoid arthritis
(RA) (Murata et al., 2013). All those studies indicated that
layilin plays pathological roles. In this study, we used a protein
chip to find that layilin had a significant difference among the
groups of healthy, GMPP, and RMPP children. Meanwhile, we
used an ELISA to detect the expression of layilin, then found
that children with MPP had higher layilin levels than healthy
children. Importantly, layilin was significantly higher in serum
from children with MPP with plastic bronchitis than that in
children with MPP without plastic bronchitis.

Pan et al. (2019), through a lung cancer model, found that
the function of layilin is involved in lymphatic metastasis,
adhesion, and migration. Yu et al. (2011) also confirmed
that CD44 plays a role in the pathogenesis of mucus
hypersecretion. Casalino-Matsuda et al. (2006) previously
showed that ROS-induced MUC5AC expression in NHBE
cells is dependent on HA depolymerization and epidermal
growth factor receptor (EGFR)/mitogen-activated protein kinase
(MAPK) activation. In addition, they also provide evidence
that hyaluronan fragments are sufficient to induce CD44/EGFR
interaction and downstream signaling that result in MUC5B
upregulation, suggesting that hyaluronan depolymerization
during inflammatory responses could be directly involved in
the induction of mucus hypersecretion (Casalino-Matsuda et al.,
2009). Considering that layilin, as a HA receptor, has some
similarities to CD44, it may play a role in the pathogenesis of
mucus hypersecretion. Therefore, we explored the correlation
between layilin and MUC5AC/MUC5B in serum to further
confirm whether layilin had an effect on mucus hypersecretion.
Here, we observed layilin was positively correlated with
MUC5AC and MUC5B from MPP children with plastic
bronchitis. Importantly, we evaluated the diagnostic values of
layilin, MUC5AC, and MUC5B in MPP children with plastic
bronchitis. Our ROC analysis showed that layilin, MUC5AC,
and MUC5B had similar diagnostic ability for occurrence of
MPP with plastic bronchitis. Altogether, these data indicated that
MUC5AC, MUC5B, and layilin had a certain diagnostic value for
the occurrence of MPP complicated with plastic bronchitis, and
the increase of MUC5AC, MUC5B, and layilin can predict the
formation of plastic bronchitis in children with MPP.

Community-acquired respiratory distress syndrome
(CARDS) toxin is the only exotoxin produced byM. pneumoniae
(Su et al., 2021). Kannan et al. (2011) reported that the role
of CARDS toxin in infected cells was similar to the cytopathic
pathology induced by M. pneumoniae, which can independently
result in cilia stagnation, vacuolization, nuclear fragmentation,
and the release of inflammatory factors. LAMPs were extracted
from Mycoplasma pneumoniae strains to investigate whether
CARDS toxin or LAMPs could induce the expression of
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MUC5AC, MUC5B, layilin, and inflammatory factors. Data
show that recombinant CARDS toxin induced A549 cells to
secrete MUC5AC, MUC5B, layilin, IL-6, TNF-α, and IL-1β in a
dose-dependent manner caused by a concentration between 0
and 30 ug/ml. Our early findings showed the high expression
of MUC5AC, MUC5B, and layilin in BALF from MPP children
with or without plastic bronchitis. And our team’s previous data
indicated that CARDS toxin could induce TNF-α expression
and thereby was involved in enhancing lung inflammatory
cell infiltration and mucus secretion (Li et al., 2019). These
results indicate that CARDS toxin can induce inflammation and
mucus secretion. All results indicated that a high concentration
of CARDS toxin can cause high secretion of mucus and high
release of inflammatory factors. High concentration of LAMPs
could stimulate A549 cells to secrete MUC5AC and MUC5B.
TNF-α was increased by the stimulation of LAMPs. There are
no reports on the expression of MUC5AC and MUC5B and
its association with other inflammatory factors in A549 cells
after stimulation with LAMPs. A previous study showed that
LAMPs could stimulate TNF-α increase (Ding et al., 2018). In
the present study, it was demonstrated that LAMPs from M.
pneumoniae could induce MUC5AC and MUC5B expression.
Meanwhile, MUC5AC and MUC5B may induce inflammation
and mucus secretion through a TNF-α-associated pathway. This
deserves further research. All those results demonstrated that
MUC5AC, MUC5B, and layilin were related to Mycoplasma
pneumoniae infection.

Our data also showed a high expression of MUC5AC,
MUC5B, and layilin in BALF from MPP children with plastic
bronchitis. While, the level of inflammation factors like IL-
6, TNF-α, and IL-1β also increased gradually in a certain
range of CARDS toxin concentration. Studies showed that IL-
1β significantly suppressed the expression of LAYN in human
articular chondrocytes and synoviocytes. TNF-α upregulated
expression levels of LAYN in the chondrocytes (Asano et al.,
2014). These results indicated the expression of layilin may
influence the expression of IL-6, TNF-α, and IL-1β.

In conclusion, the expression of layilin, MUC5AC, and
MUC5B was increased in MPP children with plastic bronchitis,
which are good diagnostic biomarkers for predicting the
formation of plastic bronchitis in children with MPP. The high
level of MUC5AC andMUC5Bmay be induced by layilin. Layilin
may, through regulate inflammatory factors, affect the outcome
of MPP cases. Further exploration of the specific mechanism is
needed. This study provides a new basis for the early recognition
and diagnosis of MPP complicated with plastic bronchitis.
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Background: The short-term mortality of hypostatic pneumonia (HP) is very high, and
the treatment outcome is poor. The clinical diagnosis and treatment are primarily focused
on bacterial and viral infection, ignoring the role of fungal infection at present. This study
aims to validate the relationship between Invasive Fungal Infections (IFI) and HP.

Methods: In the cross-sectional study, a total of 11,371 participants have been enrolled.
In the prospective cohort study, 4,441 individuals have been included at baseline and
followed up from 2015 to 2019 with a total person years of 8,484.65. The standard
procedures were used to assess questionnaire investigations, laboratory testing, and
anthropometric indicators. For data analysis, logistic regression, restricted cubic spline,
log-rank regression, Cox regression, and linear mixed effects model were applied to
assess the relationship between IFI and HP risk longitudinally.

Results: In the cross-sectional study, elevated β-D-Glucan (BDG) concentrations are
associated with a higher risk of HP prevalence in the total population, men, and
women (ORT 3 vs. T 1 [95% CIs]: 2.12 [1.55, 2.91]; 2.01 [1.35, 2.99]; 2.34 [1.39, 3.94]),
which were verified by a dose–effect relationship in the restricted cubic spline model.
In the cohort study, Cox and Log-rank regression showed that the elevated BDG
concentrations are associated with a significantly higher risk of HP incidence than
participants with lower BDG concentrations (HRT 3 vs.T 1 [95% CIs]: 2.72 [1.36, 5.43],
pLog−rank = 0.0086). During 5 years, the globulin (GLB) and C-reactive protein (CRP)
were always on the top in the highest category of BDG concentrations. Between low
and high BDG concentration, the total trend of GLB concentration was falling and
the total trend of CRP concentration was rising with the increase of years (all the
p-values < 0.0001).

Conclusion: In this study, IFI is associated with a higher risk of HP, with time sequence
and related mechanisms requiring further investigation in the future.

Keywords: invasive fungal infection, hypostatic pneumonia, 1,3-β-D-glucan, prospective cohort study, globulin,
C-reactive protein
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INTRODUCTION

Hypostatic pneumonia (HP) is a slow-developing chronic
pulmonary disorder. It is primarily inflamed by chronic
congestion, blood stasis, and edema at the bottom of the lungs
of long-term bed-ridden patients (Capel, 1976). At present, few
studies have been undertaken to investigate the comprehensive
classification of HP. A central HP incidence density in elderly
bed-ridden patients can reach 13.9/1,000 person-days (Jiao et al.,
2019). Without timely and appropriate treatment, patients with
HP will die of multiple organ failure (Traver, 1974). It was
reported that pneumonia causes 68.1% of deaths in bed-ridden
patients within half a year, and the 3-month mortality of bed-
ridden patients with merely one of the leading HP was 16.56%
(Kosaka et al., 2012; Jiao et al., 2021). According to current
standard practice, pathology specimens of patients with HP
are assessed for the presence of bacteria or viruses, paying
little attention to other pathogens (Koechlin et al., 2014; Song
et al., 2021). However, the effect of prevention and treatment
is poor, so whether there are other risk factors or dominant
causes is unclear and needs to be studied (Shi et al., 2019;
Chen et al., 2021).

Invasive fungal infection (IFI) refers to the invasion of
organ tissue, blood, or other sterile body sites by fungi
(Webb et al., 2018). Lung is one of the main target organs
of IFIs (Luo et al., 2010), with symptoms such as cough,
fever, hemoptysis, and dyspnea, similar to bacterial pneumonia
(Luo et al., 2010; Dion and Ashurst, 2021; Njovu et al.,
2021). Pulmonary mycosis is self-limiting generally, but several
patients will evolve to develop acute or chronic infection
(Di Mango et al., 2019). Until now, most clinicians have
focused on bacterial and viral causes of HP. However, fungal
pathogens are often ignored (Koechlin et al., 2014; Song et al.,
2021). Fungi and bacteria interact with different mechanisms
when linked with HP development. Recently, fungi have been
reported to increase bacteria pneumonia prevalence in rats
by hindering reactive oxygen species (ROS) production in
alveolar macrophages (Roux et al., 2009). In contrast, the
biofilm formed by fungi can increase the number of bacteria
contributing to the development of pneumonia (Luo et al.,
2021). In addition, the prolonged-time bed-ridden increases the
probability of pulmonary fungal infection (Yuan et al., 2021).
Although reports of the interaction between fungi and bacteria
have been conflicted within in vitro and in vivo experiments
(Dhamgaye et al., 2016), it is unknown whether fungal infection
contributes to HP and the coinfection mechanism in humans.
Therefore, fundamental questions need to be addressed to
develop an optimized treatment scheme for HP and reduce
mortality if IFI plays an important role. Whether IFI leads to
an increased risk of HP incidence with time sequence-verified
by epidemiological evidence, mainly previously considered a
bacterial or viral infection (Koechlin et al., 2014; Song et al.,
2021)?

In this study, a cross-sectional study was initially performed
with a large sample size, combined with a longitudinal study
to analyze the time sequence between IFI and the risk
of HP incidence.

MATERIALS AND METHODS

Cross-Sectional and Prospective Cohort
Study
Subjects
All the participants were recruited from “A Multi-Center Cohort
Study for Nutrition, Metabolism, and Diabetic angiopathies
in the Chinese population by Multi-omics method (CNMDC)
ChiCTR1800018631.” The screening process is detailed in
Figure 1. For the cross-sectional study, a total of 11,371 subjects
have been enrolled, and all the participants included were tested
by a β-D-Glucan (BDG) Assay for IFI. The exclusion criteria
were as follows: Participants with cancer (407, 4.25%) and data
missing. After screening, the total number of the final target
population is 9,178. In the 5-years dynamic cohort study, a total
of 4,441 participants with results on BDG Assay for IFI have
been included from 2015. Exclusion criteria were as follows:
Participants with cancer (137, 4.74%), with HP at baseline (44,
1.60%) and data missing. The total number of the final target
population in the cohort study is 2,708. This study was approved
by the ethics committee of Xinhua Hospital Chongming Branch,
affiliated with Shanghai Jiao Tong University School of Medicine.

Data Collection
The demographic information was collected using questionnaire.
Body mass index (BMI) was calculated by height and weight
which were measured by physicians. Systolic blood pressure
(SBP) and diastolic blood pressure (DBP) were measured
after sitting for 10 min. Blood samples were collected after
fasting for 12 h. The concentrations of BDG, serum uric
acid (SUA), creatinine (Cr), total cholesterol (TC), triglyceride
(TG), low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), Apolipoprotein A1 (Apo A1),
Apolipoprotein B (Apo B), total protein (TP), globulin (GLB),
C-reactive protein (CRP), and fasting blood glucose (FBG) were
determined using standard laboratory procedures. All assays were
conducted using an AU5800 clinical chemistry analyzer (Corp.
Beckman Coulter, United States). The diagnoses of HP were
according to the criteria as follows by clinicians: a white blood
cell count > 10× 109/L or < 4× 109/L; clinical symptoms and a
chest X-ray examination (Song et al., 2021).

Statistical Analyses
In the cross-sectional and cohort studies, participants were
divided into three groups according to BDG concentration tertile
and presented as T1, T2, and T3. The descriptive data were
expressed as mean (X̄) and standard deviation (SD) or numbers
and percentages (%). One-way analysis of variance was used
to ascertain the significance of differences between continuous
variables (Ntaios et al., 2012). The chi-square test was used
to test for differences in categorical variables (Ntaios et al.,
2012). A logistic regression model (Wu et al., 2022) was used to
assess the odds ratio (OR) and 95% confidence interval (CI) of
HP among BDG tertiles. A restricted cubic spline (Greenland,
1995) was used to estimate the possible relationship between
the OR and BDG concentration with three knots located at
the distributions’ 25th, 50th, and 75th percentiles. Log-rank
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FIGURE 1 | Flow chart for the cross-sectional and prospective cohort study. IFI, invasive fungal infection; HP, hypostatic pneumonia.

regression and Cox regression (Schober and Vetter, 2021) were
used to test the effect of IFI on HP risk. Linear mixed effects
model was used to analyze the slope of variables with repeated
observations (Roy, 2006). All statistical tests were performed
using a two-sided test using SAS 9.4, and a p-value < 0.05 was
considered statistically significant.

RESULTS

The Cross-Sectional Study
The Baseline Clinical Characteristics of the Study
Population With or Without Hypostatic Pneumonia in
the Cross-Sectional Study
The total participant population was 11,371. After excluding
those subjects with missing data (1,786, 15.71%) and then
eliminating participants who had cancer (407, 4.25%), a total
of 9,178 individuals were retained in the study, comprising
5,337 men and 3,841 women. The proportion of IFI in
HP patients (41.21%) was much greater than that of the
control population (27.96%). The BDG tertiles’ cut-off value
was the same as previous research of IFI on coronary
heart disease (CHD).

Table 1 shows the baseline clinical characteristics of the
subjects with or without HP in the cross-sectional study. The
two groups have significant differences in gender proportion, age,
SBP, DBP, TC, LDL-C, HDL-C, Apo A1, Apo B, TP, GLB, and

TABLE 1 | Characteristics of hypostatic pneumonia (HP) and non-HP participants
in the cross-sectional study.

HP Non-HP P-value

N, % 313 (3.41) 8,865 (96.59)

Male, % 199 (3.73) 5,138 (96.27) 0.0476

Age (years) 78.97 ± 10.55 73.71 ± 13.46 < 0.0001

BMI (kg/m2) 24.88 ± 0.68 25.17 ± 10.86 0.6355

SBP (mmHg) 131.36 ± 17.68 134.88 ± 15.71 0.0001

DBP (mmHg) 76.23 ± 7.84 77.87 ± 8.48 0.0007

FBG (mmol/L) 6.95 ± 3.07 6.92 ± 2.86 0.8790

TC (mmol/L) 3.77 ± 1.23 4.31 ± 1.15 < 0.0001

TG (mmol/L) 1.04 ± 0.68 1.00 ± 0.60 0.3206

LDL-C (mmol/L) 1.95 ± 0.88 2.28 ± 0.83 < 0.0001

HDL-C (mmol/L) 1.28 ± 0.45 1.62 ± 0.55 < 0.0001

Apo A1 (g/L) 0.85 ± 0.23 1.08 ± 0.30 < 0.0001

Apo B (g/L) 0.71 ± 0.28 0.76 ± 0.24 0.0002

TP (g/L) 60.26 ± 7.53 64.54 ± 7.11 < 0.0001

GLB (g/L) 30.67 ± 6.53 29.29 ± 5.67 < 0.0001

UA (µmol/L) 260.03 ± 136.41 288.74 ± 113.51 < 0.0001

Cr (µmol/L) 83.88 ± 71.29 107.83 ± 453.21 0.3500

SUA. Men were more likely to be diagnosed with HP, and age and
GLB were higher in HP. Meanwhile, SBP, DBP, TC, LDL-C, HDL-
C, Apo A1, Apo B, TP, and SUA were lower in HP. There were no
significant differences in BMI, TG, and Cr.
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The Association Between β-D-Glucan Concentration
and Hypostatic Pneumonia Risk in the
Cross-Sectional Study
The logistic regression model revealed that high BDG
concentration was independently associated with HP risk
in all participants, men, and women (Figures 2A–C). In the
restricted cubic spline analysis, a significant J-shape relationship
was shown in Figures 2D–F, with a greater risk of HP at
higher BDG concentrations referenced to lower ones in all
participants, men, and women. The confounding factors of
the above two models included age, gender (only in total
population), BMI, SBP, DBP, FBG, TC, TG, LDL-C, HDL-C,
Apo-A1, Apo-B, TP, UA, and Cr.

The Prospective Cohort Study
The Baseline Clinical Characteristics of the Study
Population Categorized According to the Serum
β-D-Glucan Concentration in the Cohort Study
Four thousand four hundred forty-one individuals of
the total population were followed up for 5 years. After
excluding the subjects with missing data (1,552, 34.95%),
then eliminating those participants also diagnosed with

cancer (137, 4.74%), and screening out who had HP
at the time of enrollment (44, 1.60%), a total of 2,708
individuals (total person year 8,484.65, January 2015 to
December 2019) were analyzed, including 77 with newly diagn
osed HP.

Table 2 shows the baseline clinical characteristics of the
subjects categorized according to their BDG concentrations in
the cohort study. Among the three tertiles, there are significant
differences in FBG, TP, GLB, and SUA. The higher the BDG
concentration, the lower the SUA concentration, with opposite
trends for TP and GLB. FBG was the lowest in the moderate
BDG group. There are no significant differences in gender
proportion, age, BMI, SBP, DBP, TC, TG, LDL-C, HDL-C, Apo
A1, Apo B, and Cr.

The Association Between β-D-Glucan Concentration
and Hypostatic Pneumonia Risk in the Cohort Study
The overall population in the highest and moderate categories
of BDG concentration had the lowest HP survival probabilities
(p = 0.0086) (Figure 3B). The Cox regression model showed
that the high BDG concentrations are independently associated
with HP in all participants (Figure 3A). Subgroup analysis
by gender was not performed due to the limited number of

FIGURE 2 | Invasive fungal infection (IFI) on hypostatic pneumonia (HP) risk in cross-sectional study. (A) The odds ratio (OR) and 95% CIs of IFI on HP risk in total
population. (B) The OR and 95% CIs of IFI on HP risk in men. (C) The OR and 95% CIs of IFI on HP risk in women. (D) Restricted cubic spline of association
between β-D-Glucan (BDG) concentration and OR (95% CIs) of IFI on HP risk in total population. (E) Restricted cubic spline of association between BDG
concentration and OR (95% CIs) of IFI on HP risk in men. (F) Restricted cubic spline of association between BDG concentration and OR (95% CIs) of IFI on HP risk
in women. In (A–F), Model 1: adjusted by age and gender (only in total population); Model 2: adjusted by age, gender (only in total population), BMI, SBP, diastolic
blood pressure (DBP), FBG, TC, TG, HDL-C, Apo-B, UA, and Cr; Model 3: adjusted by age (only in total population), gender, BMI, SBP, DBP, FBG, TC, TG, HDL-C,
Apo-B, UA, Cr, LDL-C, Apo-A1, and TP. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; TC, total
cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Apo B, Apolipoprotein B; UA, uric acid; Cr, creatinine; LDL-C, low-density lipoprotein
cholesterol; Apo A1, Apolipoprotein A1; TP, total protein; OR, odds ratio; CIs, confidence intervals, IFI, invasive fungal infection; HP, hypostatic pneumonia.
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TABLE 2 | Characteristics of participants according to β-D-Glucan (BDG) concentration at baseline in the prospective cohort study.

BDG concentration (pg/mL)

T 1
< 38.0

T 2
38.0–72.5

T 3
≥ 72.5

P-value

N, % 893 (32.98) 919 (33.94) 896 (33.09)

Male, % 508 (32.09) 545 (34.43) 530 (33.48) 0.3315

Age (years) 74.94 ± 11.37 75.32 ± 11.19 75.22 ± 10.47 0.7435

BMI (kg/m2) 25.19 ± 9.58 24.87 ± 2.42 24.97 ± 7.93 0.6321

SBP (mmHg) 137.25 ± 16.98 136.85 ± 18.32 136.24 ± 17.37 0.4708

DBP (mmHg) 78.34 ± 9.16 78.10 ± 9.08 77.34 ± 9.31 0.0564

FBG (mmol/L) 7.05 ± 2.84 7.01 ± 2.80 7.33 ± 3.11 0.0416

TC (mmol/L) 4.19 ± 1.14 4.23 ± 1.14 4.27 ± 1.20 0.2847

TG (mmol/L) 1.00 ± 0.59 0.99 ± 0.64 0.94 ± 0.53 0.0782

LDL-C (mmol/L) 2.20 ± 0.83 2.23 ± 0.83 2.24 ± 0.86 0.4425

HDL-C (mmol/L) 1.66 ± 0.56 1.64 ± 0.56 1.63 ± 0.57 0.3539

Apo A1 (g/L) 1.10 ± 0.29 1.08 ± 0.31 1.08 ± 0.33 0.2376

Apo B (g/L) 0.74 ± 0.28 0.73 ± 0.22 0.75 ± 0.24 0.1108

TP (g/L) 64.01 ± 6.74 64.81 ± 7.20 65.45 ± 7.71 0.0001

GLB (g/L) 28.21 ± 5.08 29.28 ± 5.56 31.26 ± 6.15 < 0.0001

UA (µmol/L) 302.06 ± 117.29 292.54 ± 118.05 288.16 ± 118.38 0.0389

Cr (µmol/L) 100.32 ± 266.93 88.75 ± 185.69 106.76 ± 292.87 0.3041

FIGURE 3 | The IFI on HP risk in prospective cohort study. (A) Hazard ratio and 95% CIs of IFI on HP risk in total population. Model 1: adjusted by age and gender;
Model 2: adjusted by age, gender, BMI, SBP, DBP, FBG, TC, TG, HDL-C, Apo-B, UA, and Cr; Model 3: adjusted by age, gender, BMI, SBP, DBP, FBG, TC, TG,
HDL-C, Apo-B, UA, Cr, LDL-C, Apo-A1, and TP. BMI, body mass index; SBP, Systolic blood pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose;
TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; Apo B, Apolipoprotein B; UA, uric acid; Cr, creatinine; LDL-C, low-density
lipoprotein cholesterol; Apo A1, Apolipoprotein A1; TP, total protein; OR, odds ratio. (B) Survival probability curve of HP among BDG concentration analyzed by
log-rank regression. CIs, confidence intervals; IFI, invasive fungal infection; HP, hypostatic pneumonia. The meaning of “*” is P-value < 0.05.

HP cases. The GLB and CRP were always on the top in the
highest category of BDG concentrations during 5 years (Table 3).
There were significant differences in the changing trends of GLB
concentration between the low and high BDG concentration
groups (Slope control,elevated: −0.67 vs. −0.685, p < 0.0001)
and CRP concentration (Slope control,elevated: 1.771 vs. 1.835,
p< 0.0001) with increasing years. The confounding factors of the
Cox models included age, gender, BMI, SBP, DBP, FBG, TC, TG,
LDL-C, HDL-C, Apo-A1, Apo-B, TP, UA, and Cr.

DISCUSSION

In this study, the dose–effect relationship was confirmed using
restricted cubic spline analysis in the cross-sectional study.
Elevated BDG concentrations increased the risk of HP incidence
with the time sequence in the prospective cohort study. This
study is the first and largest population study focusing on
the relationship between IFI and the development of HP
incidence in humans.
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TABLE 3 | The changes of globulin (GLB) and C-reactive protein (CRP) concentration between the follow-up years according to BDG concentration.

Indexes BDG 2015 2016 2017 2018 2019 #P-value

GLB (g/L) T1 31.68 ± 4.12 28.78 ± 5.30 26.98 ± 5.25 26.79 ± 4.95 29.48 ± 4.97 < 0.0001

T2 31.71 ± 5.23 30.46 ± 6.32 28.39 ± 5.42 28.50 ± 5.68 29.47 ± 4.79 < 0.0001

T3 33.63 ± 6.06 32.66 ± 6.89 28.39 ± 5.43 30.49 ± 6.59 31.29 ± 6.25 < 0.0001

*P -value 0.1122 <0.0001 0.0023 <0.0001 0.0002

CRP (mg/L) T1 14.92 ± 20.22 33.34 ± 47.12 29.80 ± 44.76 20.92 ± 30.19 27.06 ± 35.41 0.0277

T2 18.09 ± 3.00 28.78 ± 37.76 26.63 ± 33.64 25.32 ± 31.32 32.86 ± 39.97 0.0504

T3 30.98 ± 41.99 40.07 ± 46.38 47.24 ± 50.09 40.46 ± 45.23 39.96 ± 47.06 0.0262

*P -value 0.1163 0.0212 < 0.0001 <0.0001 0.0013

Data were indicated as X̄ ± SD.
*P-value: the difference between BDG tertile groups in the same year by Analysis of Variance (ANOVA) tests.
#P-value: the difference between years in the same BDG tertile groups by ANOVA tests.

Previously, it was considered that HP was primarily due
to bacteria and viruses. However, the current study is first
analyzed the effect of IFI on the development of HP in a
cross-sectional and prospective cohort study. Serum BDG
concentration in humans is a biomarker for detecting IFI and
is a mycological criterion in the European Organization for
Research and Treatment of Cancer/Mycoses Study Group
(EORTC/MSG) (De Pauw et al., 2008; Karageorgopoulos et al.,
2011). Using the continuous variable of BDG concentrations
is better than IFI to analyze whether IFI is associated with
the elevated HP risk with time sequences. In the cross-
sectional study, the odds ratios are raised with increasing
BDG concentrations, indicating that IFI increased the risk of
HP prevalence, consistently observed separately in men and
women. Moreover, the restricted cubic spline showed that
the association between BDG concentrations and HP risk
was likely to be J-shaped generally, indicating a significant
dose–effect relationship before BDG levels of 72 pg/ml and a
stable high risk in the population with a slight increase after
the threshold. A prospective cohort study was performed
considering a confusing sequence of bacterial and fungal
infections in HP to verify the relationship in the cross-
sectional study. Participants with HP at the baseline were
excluded in the prospective cohort study. Within 8,484.65
total person-years, HP risk was higher in the population with
elevated BDG concentrations at baseline than those with
low BDG concentrations. The association was confirmed
with time sequence through the Cox regression model
and log-rank regression. Therefore, these data suggest a
relationship between elevated BDG concentrations and an
increased risk of HP.

The GLB and CRP levels collected at multiple time points
during the 5-year follow-up were dynamically analyzed in this
prospective cohort study. The results showed that concentrations
of GLB and CRP increased significantly with increasing BDG
concentrations due to the inflammatory response over 5 years.
The immune negative feedback regulation in response to
IFI occurs because not only GLB protects humans from
fungal infections, but also CRP as a routine biomarker
for clinical infections rises during infection (Elluru et al.,
2015; Rhedin et al., 2021). Between low and high BDG

concentration, the total trend of GLB concentration was
falling and the total trend of CRP concentration was rising
with the increase of years. However, the changes of GLB
and CRP concentration is slight during 5 years, and all
above hits, which immunoregulation has undergone hidden
changes after primary infection to maintain the immune
homeostasis. Significantly, there were differences in the indexes
such as age, TC, LDL-C, HDL-C, Apo A1, TP, GLB, and UA
concentration between participants with or without HP (all
p-value < 0.0001). The related mechanism needs to be studied
on in the further.

This study has several advantages. Firstly, this is the
first human-based evidence showing that the elevated BDG
concentration increases the risk of HP incidence with significant
dose–effect relationship no matter in men and women. Beyond
of the results from cross-sectional study with a large sample
size, the prospective cohort study provided longitudinal evidence
which tips a potential causal relationship by time sequence.
Lastly, the annual trends of GLB and CRP changes supported
the conclusion above. However, there are also several limitations.
Firstly, the impact of the kind of fungi on HP was not
distinguished in the prospective cohort study. Secondly, the
causal relationship between IFI and the elevated incidence of
HP is still needed to be verified by series of method such
as Mendelian analysis and so on. Besides, the relationship
between IFI and the increased risk of HP was only found in
Chinese in this study, and it should be further verified by
ethnics in future studies. Lastly, differences in HP diagnosis
rates between male and female have been found in this study,
which has been not found in previous studies. And no related
evidences on mechanism have been observed in vitro and
in vivo, which should be verified in the future to exclude
the cause of bias.

CONCLUSION

In conclusion, IFI is found to increase the HP risk in population
with time sequence, which hints antifungal scheme and related
mechanism needed to be studied in the future as a potential
prevention and treatment.

Frontiers in Microbiology | www.frontiersin.org 6 June 2022 | Volume 13 | Article 859359138

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-859359 June 17, 2022 Time: 12:52 # 7

Liu et al. Invasive Fungal Infection and Hypostatic Pneumonia

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article, further inquiries can be directed to the
corresponding author/s.

ETHICS STATEMENT

This study was approved by the Ethics Committee of Xinhua
Hospital Chongming Branch, affiliated with Shanghai Jiao Tong
University School of Medicine. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

XL and LL designed the study and revised the manuscript. LL,
CL, and JRC cleaned the data and analyzed the data. LL wrote the

draft of the manuscript. LL, CL, JRC, JYC, XL, and HW reviewed
and edited the manuscript. JC, YYF, and KXY downloaded the
original text of references. LL, CL, JRC, JYC, JC, YYF, KXY,
HW, and XL have read and approved the final draft. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by grants from the Scientific
Research Project of Shanghai Health Committee (201940188),
the 3-year Action Program of Shanghai Municipality for
Strengthening the Construction of Public Health System (GWV-
10.2-YQ34, GWV-10.1-XK05), the National Natural Science
Foundation of China (82030099), the National Key R&D
Program of China (2018YFC2000700), SJTU Public Health
School Local High-level University Achievement-oriented Top-
notch Cultivation Programme for Undergraduate Students
(18ZYGW06), and Innovative Research Team of High-Level
Local Universities in Shanghai.

REFERENCES
Capel, L. H. (1976). Hypostatic pneumonia. Nurs. Times 72:485.
Chen, Z., Song, T., Li, Y., Luo, L., Li, Z., and Zhao, Q. (2021). The pulmonary

infection risk factors in long-term bedridden patients: a meta-analysis. Am. J.
Transl. Res. 13, 11014–11025.

De Pauw, B., Walsh, T. J., Donnelly, J. P., Stevens, D. A., Edwards, J. E., Calandra,
T., et al. (2008). Revised definitions of invasive fungal disease from the
European Organization for Research and Treatment of Cancer/Invasive
Fungal Infections Cooperative Group and the National Institute of
Allergy and Infectious Diseases Mycoses Study Group (EORTC/MSG)
Consensus Group. Clin. Infect. Dis. 46, 1813–1821. doi: 10.1086/58
8660

Dhamgaye, S., Qu, Y., and Peleg, A. Y. (2016). Polymicrobial infections involving
clinically relevant Gram-negative bacteria and fungi. Cell. Microbiol. 18, 1716–
1722. doi: 10.1111/cmi.12674

Di Mango, A. L., Zanetti, G., Penha, D., Menna Barreto, M., and Marchiori, E.
(2019). Endemic pulmonary fungal diseases in immunocompetent patients:
an emphasis on thoracic imaging. Expert Rev. Respir. Med. 13, 263–277. doi:
10.1080/17476348.2019.1571914

Dion, C. F., and Ashurst, J. V. (2021). Streptococcus Pneumoniae. Treasure Island,
FL: StatPearls.

Elluru, S. R., Kaveri, S. V., and Bayry, J. (2015). The protective
role of immunoglobulins in fungal infections and inflammation.
Semin. Immunopathol. 37, 187–197. doi: 10.1007/s00281-014-0
466-0

Greenland, S. (1995). Dose-response and trend analysis in epidemiology:
alternatives to categorical analysis. Epidemiology 6, 356–365. doi: 10.1097/
00001648-199507000-00005

Jiao, J., Li, Z., Wu, X., Cao, J., Liu, G., Liu, Y., et al. (2021). Risk factors for 3-
month mortality in bedridden patients with hospital-acquired pneumonia: a
multicentre prospective study. PLoS One 16:e0249198. doi: 10.1371/journal.
pone.0249198

Jiao, J., Yang, X.-Y., Li, Z., Zhao, Y.-W., Cao, J., Li, F.-F., et al. (2019).
Incidence and Related Factors for Hospital-Acquired Pneumonia Among
Older Bedridden Patients in China: a Hospital-Based Multicenter Registry
Data Based Study. Front. Public Health 7:221. doi: 10.3389/fpubh.2019.0
0221

Karageorgopoulos, D. E., Vouloumanou, E. K., Ntziora, F., Michalopoulos, A.,
Rafailidis, P. I., and Falagas, M. E. (2011). β-D-glucan assay for the diagnosis
of invasive fungal infections: a meta-analysis. Clin. Infect. Dis. 52, 750–770.
doi: 10.1093/cid/ciq206

Koechlin, F., Konijn, P., Lorenzoni, L., and Schreyer, P. (2014). Comparing Hospital
and Health Prices and Volumes Internationally Results of a Eurostat/ OECD
Project”, OECD Health Working Papers, No. 75. Paris: OECD Publishing.

Kosaka, Y., Nakagawa-Satoh, T., Ohrui, T., Fujii, M., Arai, H., and Sasaki, H.
(2012). Survival period after tube feeding in bedridden older patients. Geriatr.
Gerontol. Int. 12, 317–321. doi: 10.1111/j.1447-0594.2011.00805.x

Luo, J. M., Peng, M., and Xiao, Y. (2010). Clinical analysis of invasive pulmonary
fungal infections. Zhongguo yi xue ke xue yuan xue bao Acta Acad. Med. Sinicae
32, 141–146.

Luo, Y., McAuley, D. F., Fulton, C. R., Sá, Pessoa J, McMullan, R.,
and Lundy, F. T. (2021). Targeting Candida albicans in dual-species
biofilms with antifungal treatment reduces Staphylococcus aureus and
MRSA in vitro. PLoS One 16:e0249547. doi: 10.1371/journal.pone.024
9547

Njovu, I. K., Musinguzi, B., Mwesigye, J., Kassaza, K., Turigurwa, J., Nuwagira, E.,
et al. (2021). Status of pulmonary fungal pathogens among individuals with
clinical features of pulmonary tuberculosis at Mbarara University Teaching
Hospital in Southwestern Uganda. Ther. Adv. Infect. Dis. 8:20499361211042477.
doi: 10.1177/20499361211042477

Ntaios, G., Gurer, O., Faouzi, M., Aubert, C., and Michel, P. (2012). Red cell
distribution width does not predict stroke severity or functional outcome. Int.
J. Stroke 7, 2–6. doi: 10.1111/j.1747-4949.2011.00609.x

Rhedin, S., Elfving, K., and Berggren, A. (2021). Novel Biomarkers Differentiating
Viral from Bacterial Infection in Febrile Children: future Perspectives for
Management in Clinical Praxis. Children 8:1070. doi: 10.3390/children811
1070

Roux, D., Gaudry, S., Dreyfuss, D., El-Benna, J., de Prost, N., Denamur, E.,
et al. (2009). Candida albicans impairs macrophage function and facilitates
Pseudomonas aeruginosa pneumonia in rat. Crit. Care Med. 37, 1062–1067. doi:
10.1097/CCM.0b013e31819629d2

Roy, A. (2006). Estimating correlation coefficient between two variables with
repeated observations using mixed effects model. Biom. J. Biom. Zeitschrift 48,
286–301. doi: 10.1002/bimj.200510192

Schober, P., and Vetter, T. R. (2021). Kaplan-Meier Curves, Log-Rank Tests, and
Cox Regression for Time-to-Event Data. Anesth. Analg. 132, 969–970. doi:
10.1213/ANE.0000000000005358

Shi, Y., Huang, Y., Zhang, T. T., Cao, B., Wang, H., Zhuo, C., et al. (2019). Chinese
guidelines for the diagnosis and treatment of hospital-acquired pneumonia and
ventilator-associated pneumonia in adults (2018 Edition). J. Thorac. Dis. 11,
2581–2616. doi: 10.21037/jtd.2019.06.09

Song, Y., Zhang, J., Xing, J., Wang, N., and Wang, J. (2021). Comparison of high-
flow nasal oxygen cannula therapy versus a standard oxygen face mask in

Frontiers in Microbiology | www.frontiersin.org 7 June 2022 | Volume 13 | Article 859359139

https://doi.org/10.1086/588660
https://doi.org/10.1086/588660
https://doi.org/10.1111/cmi.12674
https://doi.org/10.1080/17476348.2019.1571914
https://doi.org/10.1080/17476348.2019.1571914
https://doi.org/10.1007/s00281-014-0466-0
https://doi.org/10.1007/s00281-014-0466-0
https://doi.org/10.1097/00001648-199507000-00005
https://doi.org/10.1097/00001648-199507000-00005
https://doi.org/10.1371/journal.pone.0249198
https://doi.org/10.1371/journal.pone.0249198
https://doi.org/10.3389/fpubh.2019.00221
https://doi.org/10.3389/fpubh.2019.00221
https://doi.org/10.1093/cid/ciq206
https://doi.org/10.1111/j.1447-0594.2011.00805.x
https://doi.org/10.1371/journal.pone.0249547
https://doi.org/10.1371/journal.pone.0249547
https://doi.org/10.1177/20499361211042477
https://doi.org/10.1111/j.1747-4949.2011.00609.x
https://doi.org/10.3390/children8111070
https://doi.org/10.3390/children8111070
https://doi.org/10.1097/CCM.0b013e31819629d2
https://doi.org/10.1097/CCM.0b013e31819629d2
https://doi.org/10.1002/bimj.200510192
https://doi.org/10.1213/ANE.0000000000005358
https://doi.org/10.1213/ANE.0000000000005358
https://doi.org/10.21037/jtd.2019.06.09
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-859359 June 17, 2022 Time: 12:52 # 8

Liu et al. Invasive Fungal Infection and Hypostatic Pneumonia

patients with hypostatic pneumonia. J. Int. Med. Res. 49:3000605211022279.
doi: 10.1177/03000605211022279

Traver, G. A. (1974). The danger of hypostatic pneumonia. Nursing 4,
66–67.

Webb, B. J., Ferraro, J. P., Rea, S., Kaufusi, S., Goodman, B. E., and Spalding, J.
(2018). Epidemiology and Clinical Features of Invasive Fungal Infection in a
US Health Care Network. Open Forum. Infect. Dis. 5:ofy187. doi: 10.1093/ofid/
ofy187

Wu, L., Zhang, Y., Zhao, H., Rong, G., Huang, P., Wang, F., et al.
(2022). Dissecting the Association of Apolipoprotein E Gene
Polymorphisms With Type 2 Diabetes Mellitus and Coronary Artery
Disease. Front. Endocrinol. 13:838547. doi: 10.3389/fendo.2022.83
8547

Yuan, Y., Tian, W., Deng, X., Yue, R., Ge, X., Wu, X., et al. (2021). Elderly
patients with concurrent hip fracture and lower respiratory tract infection: the
pathogens and prognosis over different bedridden periods. J. Orthop. Surg. Res.
16:246. doi: 10.1186/s13018-021-02399-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Liu, Cai, Chen, Chen, Fu, Yi, Wang and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 8 June 2022 | Volume 13 | Article 859359140

https://doi.org/10.1177/03000605211022279
https://doi.org/10.1093/ofid/ofy187
https://doi.org/10.1093/ofid/ofy187
https://doi.org/10.3389/fendo.2022.838547
https://doi.org/10.3389/fendo.2022.838547
https://doi.org/10.1186/s13018-021-02399-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-926240 June 29, 2022 Time: 14:41 # 1

REVIEW
published: 05 July 2022

doi: 10.3389/fmicb.2022.926240

Edited by:
Tianmu Chen,

Xiamen University, China

Reviewed by:
Peter Michael Keller,

University of Bern, Switzerland
Ana Valero-Rello,

University of Valencia, Spain

*Correspondence:
Michel Drancourt

michel.drancourt@univ-amu.fr

Specialty section:
This article was submitted to

Infectious Agents and Disease,
a section of the journal

Frontiers in Microbiology

Received: 22 April 2022
Accepted: 06 June 2022
Published: 05 July 2022

Citation:
Morsli M, Lavigne JP and

Drancourt M (2022) Direct
Metagenomic Diagnosis

of Community-Acquired Meningitis:
State of the Art.

Front. Microbiol. 13:926240.
doi: 10.3389/fmicb.2022.926240

Direct Metagenomic Diagnosis of
Community-Acquired Meningitis:
State of the Art
Madjid Morsli1,2, Jean Philippe Lavigne3 and Michel Drancourt1,2,4*

1 IHU Méditerranée Infection, Marseille, France, 2 Aix-Marseille Université, IRD, MEPHI, IHU Méditerranée Infection, Marseille,
France, 3 VBIC, INSERM U1047, Université de Montpellier, Service de Microbiologie et Hygiène Hospitalière, CHU Nîmes,
Nîmes, France, 4 Laboratoire de Microbiologie, Assistance Publique-Hôpitaux de Marseille, IHU Méditerranée Infection,
Marseille, France

Current routine diagnosis of community-acquired meningitis (CAM) by multiplex real-time
polymerase chain reaction (RT-PCR) is limited in the number of tested pathogens and
their full characterisation, requiring additional in vitro investigations to disclose genotype
and antimicrobial susceptibility. We reviewed 51 studies published through December
2021 reporting metagenomic next generation sequencing (mNGS) directly applied to the
cerebrospinal fluid (CSF). This approach, potentially circumventing the above-mentioned
limitations, indicated 1,248 investigated patients, and 617 patients dually investigated
by routine diagnosis and mNGS, in whom 116 microbes were detected, including 50 by
mNGS only, nine by routine methods only, and 57 by both routine methods and mNGS.
Of 217 discordant CSF findings, 103 CSF samples were documented by mNGS only,
87 CSF samples by routine methods only, and 27 CSF samples in which the pathogen
identified by mNGS was different than that found using routine methods. Overall,
mNGS allowed for diagnosis and genomic surveillance of CAM causative pathogens
in real-time, with a cost which is competitive with current routine multiplex RT-PCR.
mNGS could be implemented at point-of-care (POC) laboratories as a part of routine
investigations to improve the diagnosis and molecular epidemiology of CAM, particularly
in the event of failure of routine assays.

Keywords: metagenomic next generation sequencing, diagnosis, point-of-care laboratory, multiplex RT-PCR,
culture, pathogen genome, antibiotic resistance, genotyping

INTRODUCTION

Community-acquired meningitis (CAM), a life-threatening condition with 40% mortality
(Beaman, 2018), warrants a rapid diagnosis, possibly within 2 h at a point-of-care (POC) laboratory,
providing identification of the causative pathogen among a repertoire of fewer than 20 pathogens
(Leber et al., 2016; Launes et al., 2017; Soucek et al., 2019; Vincent et al., 2020), those most
frequently encountered in the general population of patients, and supporting the initial medical
decisions for hospitalisation and antibiotic treatment (Leber et al., 2016; Soucek et al., 2019; Tansarli
and Chapin, 2020). Such a POC diagnosis, which is routinely made using nested or semi-nested
polymerase chain reactions (PCRs), is prone to cross-contamination resulting in false-positive
diagnoses (Boudet et al., 2019; Vincent et al., 2020). Current POC diagnosis also relies on the
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detection of a limited number of pathogens, and may thus
miss microorganisms acting as life-threatening pathogens in
selected populations, such as Cryptococcus in HIV-infected
patients, in whom Cryptococcus most frequently causes fungal
meningitis, with 223,000 new cases each year and 81%
mortality (Ahn et al., 2017; Xing et al., 2019) and amoebas,
such as Acanthamoeba (Greninger et al., 2015; Behera et al.,
2016). The precise characterisation of such detected pathogens,
including genotyping and anti-infectious susceptibility profiling,
are pieces of medical information which are relevant for
the immediate medical management of patients and contacts,
and source tracing.

Metagenomic next generation sequencing (mNGS) directly
applied to cerebrospinal fluid (CSF) emerged less than 10 years
ago, in the specific context of healthcare-associated meningitis
(Naccache et al., 2015), as an alternative to the laboratory
diagnosis of CAM, potentially surpassing above-mentioned
limitations of the current multiplex PCR approach, as discussed
below (Table 1). However, no review papers have been
published including recommendations and the routine diagnostic
implications of this approach. To update existing knowledge
about the direct diagnosis of CAM by metagenomics, we
conducted a literature search for studies applying mNGS directly
to CSF for the diagnosis of CAM.

METHODS

Literature Search
This study was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al., 2015). A systematic
bibliography search was conducted on PubMed, Google Scholar,
Web of Science, Microsoft Academic, Crossref and Semantic
Scholar databases for studies published in English between
January 1, 2015 and December 31, 2021 and related to the
diagnosis of CAM by metagenomic NGS. Duplicate studies
were removed in a first screening and the remaining papers
were further screened based on title and abstract, according
to the eligibility criteria. After full-text screening, only studies
that met the inclusion criteria were included in this review,
using the keywords: "metagenomic," “diagnosis,” "meningitis,"
“encephalitis," “next generation sequencing,” and “cerebrospinal
fluid.” These keywords were used in combination to perform an
exhaustive search, as presented in Figure 1.

Eligibility and Data
Studies with the following criteria were included in this
review: Studies using mNGS-CSF for: (1) case reports; (2)
prospective series; (3) retrospective series for non-routinely
detected pathogens” (Table 1 and Supplementary Data). Review
articles, studies performed on animals, non-clinical studies,
and benchmarking studies were not included. Data extracted
from selected studies included: first author name and year of
publication, authors’ country, nucleic acid extraction method
including commercially available kits, mNGS platform and
sequencer instrument, pipeline data analysis and software, and

reference database used for pathogen genome detection of
identified microorganisms. Included were the total number and
discordance/agreement of mNGS data with data yielded by
routinely used methods, including molecular tests and culture.
These data were reviewed and extracted after validation of the
inclusion criteria by the authors.

RESULTS

Included Studies
Bibliographic searches identified 3,341 articles and, following
the Prisma diagram (Figure 1), 2,080 articles were removed
after deduplication and 1,199 additional articles were removed
by title and abstract screening. From the 62 remaining articles,
11 articles were removed after full-text reading, including four
review articles and seven non-relevant articles, resulting in 51
articles analysed in this review.

Study Characteristics
Participants
In 2015, the first reported application of mNGS directly on
CSF (and brain biopsy) enabled the post-mortem diagnosis
of Astrovirus-related encephalitis in an immunocompromised
patient (Naccache et al., 2015). A 7-year review of publications
indicated only nine studies published between 2015 and 2018, ten
in 2019 and 42/51 (82%) publications between 2019 and 2021,
including 22 (43%) publications in 2021 (Figure 2). As for the
geographic origin of published studies, 28 (56%) were published
in Asia, including 25 (49%) from Chinese laboratories (Table 1),
one each from Saudi Arabia (Guan et al., 2021), Bangladesh (Saha
et al., 2019), and Japan (Kawada et al., 2016) (6.1%); nine in
the United States (Table 1); one in Mexico (Joanna María et al.,
2016); five in France (10%) (Tabel 1); two in Netherlands (Edridge
et al., 2019; Carbo et al., 2020); and one each in Switzerland, the
United Kingdom, and Spain (Tschumi et al., 2019; Leon et al.,
2020; Manso et al., 2020). One study was also published in Guinea
and another in Australia (Eibach et al., 2019; Li et al., 2021;
Figure 2).

Workflow
Nucleic Acid Procedures
Only CSF investigations [apart from one post-mortem brain
biopsy in the founding study (Naccache et al., 2015)] were
reviewed in this study. Depending on the prospective or
retrospective nature of the investigations, fresh CSF was
used in 63% of studies and frozen CFS in 37% of studies.
DNA and RNA were manually extracted in 44% of studies,
automatic extraction was performed in 20%, and 36% of studies
did not report on the nucleic acid extraction method. The
sample pre-treatment reported in 18/51 (35%) studies included
centrifugation (∼15,000 g), filtration and vortexing in 12 studies,
DNase treatment in four studies (Piantadosi et al., 2018; Edridge
et al., 2019; Manso et al., 2020; Morsli et al., 2021d) and
proteinase K treatment in five studies (Table 1; Guan et al.,
2015; Miller et al., 2019; Carbo et al., 2020; Manso et al.,
2020; Morsli et al., 2021a,c; Piantadosi et al., 2021), while
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TABLE 1 | Metagenomics pipelines.

References Country Category Sample type Total
patient

Sample
preparation

DNA/RNA
extraction

Microbial
genome
enrichment

Library
preparation

Instrument Software Database

(Greninger et al.,
2015)

California,
United States

Case report Fresh CSF 1 No EZ1 Viral kit
(Qiagen)

Turbo DNase
(Ambion)

Nextera XT
protocol (Illumina)

Illumina MiSeq SURPI pipeline NCBI GeneBank
database

(Guan et al.,
2015)

Tianjin, China Prospective study Frozen CSF 4 No TIANamp Micro
DNA Kit
(TIANGEN
BIOTECH)

Sigma-Aldrich
WGA4 Kit (WGA)

Not available BGISEQ-100
platform

Burrows-Wheeler
Alignment,
SoapCoverage
software

Microbial
Genome
Databases

(Yao et al., 2016) Beijing, China retrospective
study

Frozen CSF 3 No TIANamp Micro
DNA Kit (Tiangen
Biotech)

No Not available BGISEQ-100 Burrows-Wheeler
Alignment

Microbial
Genome
Database

(Joanna María
et al., 2016)

Mexico Case report Frozen CSF 1 No MagNA Pure LC
2.0 instrument,
Total Nucleic Acid
isolation kit
(Roche)

TransPlex Whole
Transcriptome
Amplification kit
WTA,
(Sigma-Aldrich)
and GenomiPhi
V2 (Healthcare
Life Sciences)

Roche 454 GS
FLX single-end
library

454 GS FLX
Titanium system
(Roche)

GS de novo
Assembler
version 2.6,

NCBI GenBank

(Kawada et al.,
2016)

Nagoya, Japan Prospective study Fresh CSF 18 0.45-µm filter
(Merck-Millipore,
Temecula, CA)

QIAamp Viral
RNA Mini kit
(Qiagen)

Turbo DNase
(Ambion,
Darmstadt,
Germany)

Nextera XT DNA
Sample
preparation kit
and ScriptSeq v2
(Illumina)

Illumina MiSeq,
Illumina HiSeq
2500

MEGAN5, CLC
workbench

MEGABLAST

(Chiu et al., 2017) California,
United States

Case report Fresh CSF 1 Not available Not available Not available Not available Illumina Miseq SURPI+
computational
pipeline

Microbial genome
database

(Piantadosi et al.,
2017)

Boston,
United States

Case report Fresh CSF 1 centrifugation
90 min/18,000
xg/4◦C

QIAamp Viral Mini
Kit (Qiagen)

TURBO DNase
(Thermo Fisher)

Nextera XT Illumina MiSeq Kraken, de novo
assembly

published
computational
pipeline viral-NGS

(Hu et al., 2018) Nanjing, China Case report Fresh CSF 1 No TIANamp Micro
DNA Kit
(TIANGEN BIO-
TECH)

Sonication
(Bioruptor Pico
protocols)

end-repaired
adaptation and
PCR amplification
(BGI, Tianjin,
China)

BGISEQ-50
platform

Burrows-Wheeler
Alignment

Microbial genome
database

(Piantadosi et al.,
2018)

Boston,
United States

Case report Fresh CSF 1 TURBO DNase
(Thermo Fisher)

QIAamp Viral Mini
Kit (Qiagen)

TURBO DNase
(Thermo Fisher)

Nextera XT
(Illumina)

Illumina MiSeq,
HiSeq 2500

Kraken, Geneious
version 8.1.7

NCBI GenBank
Database

(Xing et al., 2019) Beijing, China Prospective study Frozen CSF 12 Not available Not available Not available Not available BGISEQ-500/50
platform

Burrows-Wheeler
Alignment

Microbial genome
Database

(Tschumi et al.,
2019)

Zurich,
Switzerland

Case report Fresh CSF 1 centrifugation and
filtration

Not available DNase treatment Nextera XT
(Illumina)

MiSeq VirMet pipeline NCBI GenBank
database

(Saha et al.,
2019)

Bangladesh Retrospective
study

Frozen CSF 91 Not available Not available Not available Nextera XT
(Illumina)

Illumina NovaSeq IDseq
bioinformatics
pipeline

NCBI GenBank
database

(Wang et al.,
2019)

Beijing, China Retrospective
study

Frozen CSF 23 glass beads,
vortexed 20 min,
centrifuged at
8000 rcf

TIANamp Micro
DNA Kit
(TIANGEN
BIOTECH)

No end-repaired
adaptation and
PCR amplification
(BGI, Tianjin,
China)

BGISEQ-100 Mapping with
WBA, BLAST

Microbial genome
database
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Frontiers
in

M
icrobiology

|w
w

w
.frontiersin.org

3
July

2022
|Volum

e
13

|A
rticle

926240

143

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fm
icb-13-926240

June
29,2022

Tim
e:14:41

#
4

M
orslietal.

D
irectM

etagenom
ic

D
iagnosis

ofC
om

m
unity-A

cquired
M

eningitis

TABLE 1 | (Continued)

References Country Category Sample type Total
patient

Sample
preparation

DNA/RNA
extraction

Microbial
genome
enrichment

Library
preparation

Instrument Software Database

(Wilson et al.,
2019)

California,
United States

Retrospective
study

Fresh CSF 204 Not available Not available Not available Nextera XT
(Illumina)

Illumina HiSeq SURPI+ pipeline NCBI GenBank
database

(Zhang Y. et al.,
2019)

Hebei, China Case report Fresh CSF 1 No TIANamp Micro
DNA Kit (Tiangen
Biotech)

No end-repaired
adaptation and
PCR amplification
(BGI, Tianjin,
China)

BGISEQ-100 Burrows-Wheeler
Alignment

Microbial genome
database

(Edridge et al.,
2019)

Amsterdam,
Netherlands

Retrospective
study

Frozen CSF 45 Centrifugation
TURBO DNase
(Thermo Fisher)

Manually
extracted Boom
method

MseI (T?TAA;
New England
Biolabs)

VIDISCA library
preparation

Ion PGM System Taxonomer,
CodonCode
Aligner (version
6.0.2)

UBLAST

(Zhang X. X.
et al., 2019)

Beijing, China Retrospective
study

Fresh CSF 135 No TIANamp Micro
DNA Kit (DP316,
Tiangen Biotech,
Beijing, China).

No BGISEQ-500
standard protocol

BGISEQ-500
sequencing

Burrows-Wheeler
Alignment

Microbial genome
database

(Miller et al.,
2019)

California,
United States

Retrospective
study

Fresh CSF 95 FastPrep-24
bead beater (MP
Biomedicals)

EZ1 Virus Mini Kit
v2.0 (Qiagen)

NEB Microbiome
Enrichment Kit
(New England
Biolabs) Turbo
DNAse
(Thermo-fisher)

Nextera XT DNA
Library Prep Kit
(Illumina)

Illumina HiSeq SURPI+ pipeline GenBank
reference
database

(Eibach et al.,
2019)

Agogo, Ghana Retrospective
study

Frozen CSF 70 No MagMAX Viral
RNA Isolation Kit
(Life
Technologies)

No BGISEQ-500
standard protocol

Illumina MiSeq CLC workbench,
Trinity v2.6.6,
Geneious v11,
DIAMOND v0.9.6

NCBI GenBank
database

(Chen et al.,
2020)

Yangzhou, China Case report Fresh CSF 4 Centrifugation TIANamp Micro
DNA Kit (TianGen
Biotech)

Ultrasonicator
(Covaris)

VAHTS Universal
DNA Library Prep
Kit for Illumina V3
kit

Illumina
NextSeq500

Burrows-Wheeler
Alignment

Microbial genome
database

(Lan et al., 2020) Hunan, China Case report Fresh CSF 1 No TIANGEN DNA
Mini kit DP316
(Tiangen Biotech,
Beijing, China)

No Not available Illumina NextSeq Burrows-Wheeler
Alignment

Microbial genome
database

(Zhang et al.,
2020)

Hunan, China Case report Fresh CSF 1 Not available Not available Not available Not available Not available Not available Not available

(Xing X. W. et al.,
2020)

China Prospective study Frozen CSF 213 Glass beads,
vortex

Not available Not available Not available BGISEQ-500 Burrows-Wheeler
Alignment

Microbial genome
database

(Yan et al., 2020) Shanghai, China Prospective study Frozen CSF 51 Glass beads,
vortex
2800-3200RPM
for 30 min

TIANamp Micro
DNA Kit
(TIANGEN
BIOTECH)

No end-repaired
adaptation and
PCR amplification
(BGI)

BGISEQ-50
platform

Burrows–Wheeler
Alignmen

Microbial
Genome
Databases

(Wang et al.,
2020)

Wenzhou, China Case report Fresh CSF 1 Not available Not available Not available Not available BGISEQ platform Burrows-Wheeler
Alignment

Microbial
Genome
Databases

(Wu et al., 2020) Shanghai, China Case report Fresh CSF 1 Not available Not available Not available Not available BGISEQ platform Burrows-Wheeler
Alignment

Microbial
Genome
Databases
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TABLE 1 | (Continued)

References Country Category Sample type Total
patient

Sample
preparation

DNA/RNA
extraction

Microbial
genome
enrichment

Library
preparation

Instrument Software Database

(Manso et al.,
2020)

London,
United Kingdom

Prospective study Fresh CSF 12 Filtration and
Turbo DNAse
treatment

PureLink Viral
RNA/DNA Mini
Kit (Invitrogen)

No Nextera XT DNA
library prep kit
(Illumina)

Illumina MiSeq Trimmomatic
v0.39, PRINSEQ,
mapping with
PALADIN, BWA
MEM

In-house
database
comprising the
RefSeq viral
protein
sequences from
NCBI

(Carbo et al.,
2020)

Leiden,
Netherlands

Prospective study Frozen CSF 41 No MagNApure 96
DNA and Viral NA
Small volume
extraction kit
(ROCHE)

SpeedVac
vacuum con-
centrator
(Eppendorf),
SeqCap EZ
Hypercap probes
(Roche)

NEBNext Ultra II
Directional RNA
Library prep kit
(New England
Biolabs)

Illumina
NovaSeq6000

Illumina data
analysis pipeline
RTA3.4.4 and
bcl2fastq v2.20,
Genome
Detective version
1.111

An index
database
constructed from
NCBI

(Leon et al., 2020) Barcelona, Spain Retrospective
study

Frozen CSF 20 No Direct-zol RNA
MicroPrep with
TRI reagent
(Zymo Research)

Depletion of
Abundant
Sequences by
Hybridization
(DASH)

NEBNext Ultra II
Directional RNA
Library prep kit
(New England
Biolabs)

Illumina HiSeq
4000 instrument

Geneious version
10.2.3, SPAdes
version 3.10.0,
MUSCLE,
MAFFT.

Local database

(Solomon et al.,
2021)

Boston,
United States

Case report Frozen CSF 1 Not available Not available Not available Not available Illumina HiSeq
2500

SURPI+ pipeline NCBI GenBank
database

(Li et al., 2021) Sydney, Australia Prospective study Frozen CSF 18 No RNeasy plus
universal kit
(QIAGEN)

No Trio RNA-Seq kit
(NuGEN
Technologies,
United States)
was

Illumina NovaSeq
platform

Blastn, Blastx,
Diamond,
Megahit

NCBI GenBank
databases,

(Zhan et al., 2021) Hangzhou, China Case report Fresh CSF 1 Not available Not available Not available Not available BGISEQ-500
sequencing

Not available Not available

(Zhou et al.,
2021)

Hunan, China Case report Fresh CSF 1 No Not available No Nexter XT NextSeq 550 Kraken In-house
database

(Mao et al., 2021) Guangzhou,
China

Case report Frozen CSF 1 Not available TIANamp
Magnetic DNA Kit
(Tiangen)

Not available PACEseq mNGS
(Hugobiotech)

NextSeq 550 Burrows-Wheeler
Alignment

Microbial genome
database

(Zhang et al.,
2021a)

Hunan, China Case report Fresh CSF 1 Not available Not available Not available Not available Not available Not available Not available

(Huang et al.,
2021)

Guangzhou,
China

Case report Fresh CSF 1 centrifugation
5 min at 15,000
rpm

magnetic beads
[Sagene,
Guangzhou,
CHINA]

No Nexter XT Illumina NextSeq
550 DX

Not available Not available

(Xing N. et al.,
2021)

Hebei, China Retrospective
study

Fresh CSF 7 Not available Not available Not available Not available BGISEQ-500
sequencing

Burrows-Wheeler
Alignment

Microbial genome
database

(Erdem et al.,
2021)

Ohio,
United States

Prospective study Frozen CSF 37 No QIAamp Viral
RNA Mini Kit
(Qiagen)

No TruSeq Universal
kit (Illumina)

Illumina
HiSeq4000

FastQC,
Cutadpat and
PRINSEQ tools,
Bowtie2 mapper
2.0.6, CDHIT
tool. de novo
assembled using
MIRA (v 4.0),
MegaBLAST

NCBI GeneBank
database

(Xing X.-W. et al.,
2021)

China Case report Frozen CSF 1 Not available Not available Not available BGISEQ-500
standard protocol

BGISEQ 50 MGI
DNBSEQ

Burrows-Wheeler
Alignment

Microbial genome
database

(Continued)
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TABLE 1 | (Continued)

References Country Category Sample type Total
patient

Sample
preparation

DNA/RNA
extraction

Microbial
genome
enrichment

Library
preparation

Instrument Software Database

(Yin et al., 2021) Jiangsu, China Retrospective
study

Frozen CSF 1 No TIANamp
Magnetic DNA Kit
(Tiangen)

No KAPA Hyper Prep
Kit (KAPA
Biosystems)
according

Illumina NextSeq
550Dx

Trimmomatic
v.0.36 software,
Bowtie2
software. Kraken
2 software

Microbial genome
database

(Zeng et al.,
2021)

Changsha, China Case report Fresh CSF 1 Not available Not available Not available PACEseq mNGS
test
(Hugobiotech)

Illumina NextSeq
550

Not available Not available

(Guan et al.,
2021)

Riyadh,
Saudi Arabia

Case report Frozen CSF 1 No DNeasy Blood
and Tissue Kits
(QIAGEN)

No NuGEN Ovation
Ultralow Library
System V2
(NuGEN)

Illumina HiSeq
4000, Illumina
iSeq 100

MEGAHIT
assembler
v1·1 ·4, BBmap
with 0 ·98,
Metabat
v2 ·12 ·1, Spades

NCBI GenBank
database

(Zhang et al.,
2021b)

Zhejiang, China Case report Fresh CSF 1 Not available Not available Not available Nexter XT Illumina NextSeq Kraken Kraken microbial
database

(Piantadosi et al.,
2021)

Boston,
United States

Prospective study Fresh CSF 68 No QIAamp viral RNA
minikit (Qiagen)

NEBNext
microbiome DNA
enrichment kit
(New England
BioLabs)

Nextera XT DNA
library prep kit
(Illumina)

Illumina MiSeq KrakenUniq,
BLAST

NCBI GenBank
database

(Morsli et al.,
2021d)

Marseille, France Case report Fresh CSF 1 Proteinase K
20 min

QIAamp Viral
RNA Mini Kit
solutions (Qiagen)

Turbo DNase
(Thermo Fisher)
and

Nextera XT V2 Illumina iSeq 100 Spade, BLAST,
CLC workbench

NCBI GenBank
database

(Fan et al., 2021) Guangzhou,
China

Retrospective
study

Frozen CSF 11 Not available Not available Not available Not available BGISEQ platform Burrows-Wheeler
Alignment

Microbial
Genome
Databases

(Morsli et al.,
2021c)

Marseille, France Case report Fresh CSF 1 Proteinase K
20 min

Virus Mini Kit v2.0
(Qiagen)

Spiked primer
enrichment

Nextera XT V2 Illumina Miseq,
iSeq 100

Spade, BLAST,
CLC workbench

NCBI GenBank
database

(Morsli et al.,
2021b)

Marseille, France Case report Fresh CSF 1 Proteinase K
20 min

EZ1 DNA Kit
(Qiagen)

No Oxford Nanopore
MinION library
preparation

Oxford Nanopore
MinION

EPI2ME,
Kraken-2, Pavian

NCBI GenBank
database

(Morsli et al.,
2021a)

Marseille, France Case report Fresh CSF 1 Proteinase K
20 min

EZ1 DNA Kit
(Qiagen)

No Oxford Nanopore
MinION library
preparation

Oxford nanopore
MinION, Illumina
iSeq

EPI2M2, Spades,
CLC genomic
workbench

NCBI GenBank
database

(Gao et al., 2021) Beijing, China Prospective study Fresh CSF 38 centrifugation
10 min at
13,000 rpm

QIAamp DNA
Microbiome Kit
(Qiagen)

NEBNext
microbiome DNA
enrichment kit
(New England
BioLabs)

Nextera XT kit v2
Ion Torrent
end-repair library

Illumina MiSeq,
Ion Torrent Proton

Burrows-Wheeler
alignment was

Microbial genome
databases

(Morsli et al.,
2022)

Marseille, France Case report Fresh CSF 1 Proteinase K
20 min

EZ1 DNA Kit
(Qiagen)

No Oxford Nanopore
MinION library
preparation

Oxford Nanopore
MinION

EPI2ME and CLC
Genomics
Workbench,
software

NCBI GenBank
database
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FIGURE 1 | Prisma diagram of eligible articles recorded after removing duplications. Six bibliographic databases were reviewed using the following key words:
"metagenomic," “diagnosis,” “meningitis,” “encephalitis,” “next generation sequencing,” and “cerebrospinal fluid,” used alone and/or in combination. Only 51 articles
were eligible for this review, after screening according to the inclusion criteria described above.

FIGURE 2 | (A) Number and geographical distribution of publication records after duplication removed. (B) Publication chronology according to the used
sequencing technologies.

no pre-treatment was performed in 15 studies and no such
information was provided in 16 studies (Table 1). Extracted
nucleic acids (retro-transcribed RNA and DNA) were always
quantified using either a Qubit fluorometer and a Qubit DNA and
RNA High Sensitivity Assay Kit (Life Technology, United States)

(Table 1; Guan et al., 2015; Miller et al., 2019; Carbo et al.,
2020; Manso et al., 2020; Morsli et al., 2021a,c; Piantadosi
et al., 2021), or NanoDrop spectrophotometer (Thermo Fisher
Scientific, United States) (Li et al., 2021). Optimisation in the
human-to-microbial ratio of DNA was achieved by intermediate
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microbial genome enrichment or human genome depletion
(Table 1). DNase treatment was used to reduce human DNA
in extracted RNA for mNGS investigations of RNA-viruses
(Table 1; Guan et al., 2015; Miller et al., 2019; Carbo et al.,
2020; Manso et al., 2020; Morsli et al., 2021a,c; Piantadosi
et al., 2021), and bead-based capture kits were also used to
remove human DNA (Miller et al., 2019; Leon et al., 2020; Gao
et al., 2021; Piantadosi et al., 2021). Further, microbial genomes
could be enriched by specific primer amplification for whole
genome investigations (Table 1). cDNA and double-stranded
synthesis were needed prior to library preparation when RNA
was investigated (Table 1), and in the case of RNA genome
enrichment, an RT-one-step protocol was followed by reverse-
transcription and pathogen genome amplification (Morsli et al.,
2021c). In two studies, DNA was mechanically broken prior
to library construction (Hu et al., 2018; Zhang X. X. et al.,
2019).

Next Generation Sequencing Library Preparation and
Sequencing
Three main protocols were used for mNGS library preparation
(Table 1 and Figure 3). Illumina pair-end protocols and reagents
were used for mNGS library preparation in 19/51 (37%) studies,
including Nextera XT DNA Library Prep Kit in 16/51 (31%)
and one each with the TruSeq Universal kit (Erdem et al.,
2021) and VAHTS Universal DNA Library Prep Kit (Chen
et al., 2020). Standard BGISEQ pair-end protocols were used
in 6/51 studies. Two studies used the PACEseq mNGS test
(Hugobiotech, Beijing, China) (Mao et al., 2021; Zeng et al.,
2021), two studies used VIDISCA and Ion Torrent end-repair
library (Edridge et al., 2019; Gao et al., 2021), and one study
each used the NEBNext Ultra II Directional RNA Library prep
kit (New England Biolabs, Ipswich, MA, United States) (Carbo
et al., 2020; Leon et al., 2020), the KAPA Hyper Prep Kit
(Kapa Biosystem, Potters Bar, United Kingdom) (Yin et al.,
2021), the NuGEN Ovation Ultralow Library System V2 kit
(NuGEN Technologies, United States) (Guan et al., 2015) the
Trio RNA-Seq kit (NuGEN Technologies) (Li et al., 2021), and
the Roche 454 GS FLX single-end library (Roche Diagnostics,
Branford, CT, United States) (Joanna María et al., 2016). In
three studies, the mNGS library was constructed following
the single-end Oxford Nanopore library preparation protocol
(Morsli et al., 2021a,b, 2022). Finally, the library preparation
protocol and kits were not reported in 14 studies (Table 1
and Figure 3). mNGS libraries were sequenced using Illumina
sequencers in 30/51 (59%) studies, MiSeq platform in 11/30,
HiSeq platform in 8/30, Nextseq platform in 6/30, iSeq 100
platform in 4/30, and 3/30 studies used the NovaSeq platform.
BGISEQ platforms were used in 12/51 (24%) of studies (Table 1),
including BGISEQ-50, 100, and 500 platforms, while three studies
used the Roche 454 GS FLX Titanium system platform, Ion
PGM System platforms and Ion Torrent Proton Sequencer (Life
Technologies, United States), respectively (Joanna María et al.,
2016; Edridge et al., 2019; Gao et al., 2021). Real-time sequencing
with the Oxford Nanopore MinION sequencer was used in
three studies (Morsli et al., 2021a,b, 2022) and no information
about the sequencer was reported in five studies (Table 1). The

use of Nanopore technologies, i.e., single-long-read sequencing
platforms combined with direct read blasting against the NCBI
GenBank database using EPI2ME online software1 or against an
internal database using in-house pipelines, allowed for pathogen
identification within the first minutes of sequencing (Morsli et al.,
2021a). Furthermore, all additional pieces of information such as
bacteria profiling and genotyping, was obtained in less than 6 h
(Morsli et al., 2021a,b, 2022).

Sequence Data Analysis
Next generation sequencing data quality was controlled using
FastQC (Erdem et al., 2021; Yin et al., 2021), and the human
genome could be removed by mNGS reads mapping to the
Homo sapiens reference genome (hg19) using Burrows-Wheeler
Alignment (BWA) in 40% of studies. Non-mapped reads
could be assembled using Spades and de novo assembly or
directly against the reference genome using the BWA and CLC
Genomic workbench (Table 1). For an exhaustive pathogen
genome investigation, mNGS data were blasted [BLAST: Basic
Local Alignment Search Tool (nih.gov)] against the NCBI
GenBank database or against an in-house microbial genome
database, regardless of the sequencing technology, yet with
different timing as for Illumina and Nanopore technologies,
as mentioned above (Table 1). The sequence-based ultra-rapid
pathogen identification computational pipeline (SURPI) was a
powerful method for pathogen identification, combining blast
and mapping of both pathogen genome and protein encoding
sequences directly from mNGS outputs (Greninger et al., 2015;
Miller et al., 2019). When only one specific aetiology was
investigated, a reference database constructed with such specific
pathogen genomes and proteins could be used for its accurate
identification (Piantadosi et al., 2017; Manso et al., 2020).
Depending on the previous pathogen identification, a specific
pathogen genome was extracted directly as consensus sequences
in FASTA files, after mapping to the reference genome directly
from CLC and BWA software for further analysis (Table 1 and
Figure 3). Virus genotyping based on hit-blast identified strains
could be confirmed by phylogenetic analysis based on sequence
similarity level, while bacteria genotyping could be predicted
online by Multi-Locus Sequence Typing online platform
(Figure 3). Also, the in silico antibiotic resistance pattern could
be predicted by aligning bacterial genome sequences against
online databases of antibiotic-resistance encoding genes (Table 1;
Guan et al., 2015; Miller et al., 2019; Carbo et al., 2020; Manso
et al., 2020; Morsli et al., 2021a,c; Piantadosi et al., 2021),
mostly represented by ResFinder on the Centre for Genomic
Epidemiology server (Bortolaia et al., 2020; Morsli et al., 2021a,b,
2022).

Pathogen Detection and Characterisation
Of the 51 studies analysed, a total of 1,248 CSF samples
collected from CAM patients were investigated in parallel by
mNGS reference and routine molecular diagnosis and culture.
Routine methods and mNGS yielded concordant results in 1,031
(82.6%) CSF samples, including no pathogen documentation

1https://epi2me.nanoporetech.com/

Frontiers in Microbiology | www.frontiersin.org 8 July 2022 | Volume 13 | Article 926240148

https://epi2me.nanoporetech.com/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-926240 June 29, 2022 Time: 14:41 # 9

Morsli et al. Direct Metagenomic Diagnosis of Community-Acquired Meningitis

FIGURE 3 | Metagenomic next generation sequencing (mNGS) workflow. Upon reception of the cerebrospinal fluid (CSF), mechanical and enzymatic sample
pre-treatment was performed before manual or automatic DNA/RNA extraction. Before mNGS library preparation, the human genome was removed with or without
microbial genome enrichment, then mNGS libraries were prepared following pair-end or single-end long read protocol, depending on the sequencing platform.
Pathogen genome identified directly by blast against NCBI GenBank and/or local microbial genome database downloaded from GenBank, using in-house pipelines.
In-silico antibiogram and genotyping were performed depending on the nature of the identified pathogenic agent.

in 566 CSF samples and concordant identification in 465 CSF
samples. Discordant results were observed in 217 (17.4%) CSF
samples, including 87 CSF samples documented by routine
methods only, 103 CSF samples documented by mNGS only,
and 27 CSF samples in which documented microorganisms
differed from routine methods and mNGS. Altogether, the
116 detected microorganisms included 63 bacteria, 38 viruses,
10 fungi, and five parasites. mNGS detected 106/116 (91.4%)
different microorganisms, including 50 (43.1%) detected by
mNGS only, whereas 56 microorganisms were detected by both
routine methods and mNGS. In addition, five microorganisms
were detected by routine molecular diagnosis only, four
microorganisms by culture only and one Enterococcus gallinarum
strain was diagnosed by routine molecular diagnosis and culture
(Figure 4). Further, there was concordant documentation of
56 different pathogens, including 30 bacterial pathogens, 19
viral pathogens, six fungi and one Balamuthia mandrillaris
(B. mandrillaris) as the only amoeba detected in a CSF sample
(Table 1 and Figure 4). Of the 217 CSF samples in which
mNGS investigation yielded results discordant with the routine
method, mNGS conclusively found a pathogen in 38/103 CSF
samples in which routine investigations found no pathogen, as
reported in 25/51 studies: mNGS over-detected RNA viruses,
including Human rhinovirus and Human coronavirus (Li et al.,
2021), Coxsackievirus 9 and Mumps virus (Kawada et al., 2016),
Saint-Louis Encephalitis virus (Chiu et al., 2017), Powassan Virus
(Piantadosi et al., 2018), Toscana virus (Tschumi et al., 2019),
Jamestown Canyon virus (Solomon et al., 2021), Enterovirus
A71 (Leon et al., 2020), and Hepatitis E virus (Carbo et al.,
2020), while only HSV-1, HHV-6, and EBV were identified
as DNA viruses (Zhang Y. et al., 2019; Carbo et al., 2020).
Bacterial pathogens documented in 11% of these cases included
Listeria monocytogenes in four cases (Yao et al., 2016; Lan et al.,
2020), Ureaplasma parvum in three cases (Wang et al., 2020;

Xing X.-W. et al., 2021; Zhan et al., 2021) and one case
each was detected of Klebsiella pneumoniae (Zeng et al., 2021),
Pasteurella multocida (Morsli et al., 2022), Enterococcus faecalis
(Zhang et al., 2021a), Nocardia farcinica (Zhang et al., 2021b),
Streptococcus suis (Zhang et al., 2020), and Psychrobacter sp.
(Joanna María et al., 2016). Toxoplasma gondii, B. mandrillaris,
and Naegleria fowleri parasite species were identified in four
patients (N. fowleri in two patients) in whom routine diagnostic
methods completely missed N. fowleri (Hu et al., 2018; Wu
et al., 2020; Guan et al., 2021; Huang et al., 2021), while
Coccidioides posadasii was the single fungal infection exclusively
detected by mNGS in one patient with no previously documented
infectious meningitis (Mao et al., 2021; Supplementary Data;
Figure 4).

Limitations
A review of published data indicated that in 4/217 cases, mNGS
failed to detect a pathogen when the pathogen had been detected
by real-time polymerase chain reaction (RT-PCR) with a Ct > 37,
mainly due to a low pathogen inoculum (Miller et al., 2019), as
well as for a pathogen detected by immunodetection assay (Xing
X.-W. et al., 2021). These limitations could be due to:

1) Storage conditions: storage of the CSF at temperature
above -80◦C may cause nucleic acid molecule damage.
Moreover, lack of proper storage in the presence of RNase
inhibitors, will likely result in RNA viruses undergoing
some degradation.

2) Limited CSF volume affecting the DNA quantity used for
NGS library preparation (Miller et al., 2019), especially for
the Oxford Nanopore libraries, which require 1 µg of DNA
(Morsli et al., 2021a,b).

3) A CSF leukocyte count (>103/mL) increasing the ratio
of human genome, which required microbial genome
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FIGURE 4 | SAM pathogens identified by routine molecular diagnosis, culture, and metagenomic next generation sequencing (mNGS). A total of 116 different
microorganisms were identified, including 50 (43.1%) only by mNGS, 43 by both routine molecular diagnosis and mNGS, 12 by culture, mNGS and routine
molecular diagnosis, 10 by culture and mNGS, five only by routine molecular diagnosis, four only by culture, and one only by culture and routine molecular diagnosis.

enrichment (Guan et al., 2015; Miller et al., 2019;
Carbo et al., 2020; Manso et al., 2020; Morsli et al.,
2021a,c; Piantadosi et al., 2021), and human genome
depletion (Table 1). DNase treatment usually used to
reduce human DNA in the extracted CSF can, therefore,
generate false negative results, due to the degradation of
the DNA pathogens (Edridge et al., 2019). Alternatively,
one limitation is related to the elimination of human
DNA prior tosequencing, such as CSF pathogens whose
genome is partially or totally integrated into the human
genome, such as the case of HHV-6 (Edridge et al., 2019).
Library preparation and cross-contamination removal
during sample preparation is essential to avoid any
confusion of detection and interpretation, especially when
working on several samples in the same run (Table 1; Guan
et al., 2015; Miller et al., 2019; Carbo et al., 2020; Manso
et al., 2020; Morsli et al., 2021a,c; Piantadosi et al., 2021).
Depth, coverage, and sequence quality may be influenced
by the sequencing platforms, as well as the kit used for
library preparation, which is relative to the initial pathogen
load in the CSF (Table 1; Guan et al., 2015; Miller et al.,
2019; Carbo et al., 2020; Manso et al., 2020; Morsli et al.,
2021a,c; Piantadosi et al., 2021), depending on the number
of sequencing cycles for paired-end sequencing and the
read size for single-end long read sequencing. Assembly
and data analysis mainly depend on the quantity and
quality of reads generated by sequencers (Morsli et al.,

2021a,c,d). Pathogen identification is mainly based on in-
house databases constructed with a limited number of
pathogen genomes and species downloaded from the NCBI
GenBank (Table 1) used for blast and mapping, which
needs regular updating for the exhaustive identification of
all possible microbial genomes detected in the CSF sample
(Table 1). Performance analysis requires powerful software
and pipelines to blast all mNGS data against the GenBank
database, which is limited by cost and accessibility, such
as the EPI2ME software used for real-time analysis of
sequencing data generated by Nanopore Platforms (Morsli
et al., 2021a,b, 2022).

DISCUSSION

Direct mNGS appears to be a relevant alternative diagnostic
approach to simplex and multiplex RT-PCRs for the POC
diagnosis of CAM. mNGS adds one-shot pieces of medically
relevant information, including genotyping and antimicrobial
susceptibility profile, in comparison to current PCR-based
methods (Morsli et al., 2021a,b; Zhou et al., 2021). The
suitability of this new approach should be evaluated in all
laboratories already providing molecular detection of pathogen-
genome sequences in the CSF of patients with meningitis,
and as a new technique in new POC laboratories bypassing
previous multiplex RT-PCR (Boudet et al., 2019; Vincent et al.,
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2020; Morsli et al., 2022). The basis for such an evaluation
includes the flow of samples and cost of mNGS relative to
multiplex PCR. Indeed, mNGS also provides an antimicrobial
susceptibility profile to guide medical management of the
patient (Morsli et al., 2021a,b, 2022) and genotyping to detect
outbreaks and to guide source tracing compared to multiplex
PCRs (Broberg et al., 2018). Such genotyping information
may be medically relevant and associated with a particular
prognosis of CAM (case of a few Enteroviruses) and certainly
relevant to source tracing in the context of clustered cases and
outbreaks. Compared to the limited number of the pathogens
investigated by routine multiplex RT-PCR, mNGS identified 106
different microorganisms in CSFs from patients with meningitis,
i.e., covering 91.4% of total microorganisms identified here.
This allowed the detection of pathogen genomes in 38 non-
routinely documented CSFs. In addition, mNGS can operate
within infinitely greater open databases than those currently
supporting available multiplex RT-PCR assays, which rely on
fewer than 30 such entries, whereas genome sequence databases
such as NCBI consist of more than 83,124 complete microbial
genomes (including bacteria, viruses, fungi, and parasites),
offering opportunities for the diagnosis of rare pathogens, as
reviewed in this study.

Finally, a few current limitations of the mNGS approach are
opportunities for improvements from the perspective of routine
use. Most enzymes used in the above-described sequencing
protocols were issued from cloning in competent bacteria such as
Escherichia coli (E. coli) (Morsli et al., 2021a), meaning potential
contamination by E. coli DNA and a risk of a false-positive
diagnosis of E. coli meningitis. As an illustration, Nanopore
sequencing results regularly consisted of E. coli DNA resulting
from the recommended internal library control, and Shigella and
T4 phage reads issued from repair and ligation enzymes (Morsli
et al., 2021a,b, 2022). This limit could be overcome by replacing
the E. coli control and using the human genome as an internal
control, in line with our own practice. The quantity of data
generated by sequencing was sometimes insufficient to support
an accurate interpretation, requiring additional enrichment and
human genome depletion steps to improve the sensitivity and
specificity of detection of CAM causative agents (Miller et al.,
2019; Carbo et al., 2020; Gao et al., 2021; Morsli et al., 2021c;
Piantadosi et al., 2021). Moreover, sequence variation linked to
high mutational levels, as observed in RNA viruses including
Enterovirus (Piantadosi et al., 2017; Morsli et al., 2021d,c), with
more than 300 genotypes (Isaacs et al., 2018), and obscuring
the identification capability of the mNGS approach, further
indicates the necessity for pathogen genome enrichment to
achieve appropriate sequencing depth. This is usually limited by
the CSF volume which makes it not possible to extract the DNA
and RNA separately (Li et al., 2021). The sensitivity of mNGS
depended on the nature of the causative pathogen, being lower
than routine techniques for bacterial and fungal meningitis, at
73.3% and <85%, respectively (Xing X. W. et al., 2020; 2021).
In contrast, mNGS appeared to be highly sensitive (>90%) in
cases of mycobacterial and viral meningitis (Kawada et al., 2016;
Miller et al., 2019; Xing X. W. et al., 2020; Zhang et al., 2021b).
However, human genome depletion by DNase treatment can

produce false-negative results in the case of RNA investigation, by
degrading the pathogen DNA (Edridge et al., 2019; Wilson et al.,
2019).

The mNGS approach is not currently standardised and
remains in its infancy. Microbiologists may, therefore, wish to
develop different strategies to investigate RNA and/or DNA
pathogens, relying on available mNGS materials and reagents
as well as mNGS platform, and in-house pipelines using
local epidemiology-driven, specific pathogen genome databases
(Figure 3). Finally, because this identification is database-
dependent, attention should be given to curating and updating
local databases (Ji et al., 2020; Carbo et al., 2021; Xing X.-W.
et al., 2021). In contrast to routine tests based on nested and
semi-nested PCRs generating up to 25% false-positive results
(Boudet et al., 2019), the mNGS approach does not involve any
prior amplification and no specific pathogen target, thus limiting
the opportunity for such false-positives. Additional information
about genotyping and in silico antibiotic susceptibility testing was
added, even in cases of uncultured bacteria.

As a time and cost-effective approach, real-time mNGS could
be implemented in POC laboratories for the diagnosis of CAM,
especially with regards to undocumented meningeal disease
(Morsli et al., 2022).
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Ying Du 1†, Henan Xin 1†, Xuefang Cao 1, Zisen Liu 2, Yijun He 1, Bin Zhang 2, Jiaoxia Yan 2,

Dakuan Wang 2, Ling Guan 3, Fei Shen 3, Boxuan Feng 1, Yongpeng He 1, Jianmin Liu 3,

Qi Jin 1, Shouguo Pan 2*, Haoran Zhang 1* and Lei Gao 1*

1National Health Commission of the People’s Republic of China (NHC) Key Laboratory of Systems Biology of Pathogens,

Center for Tuberculosis Research, Institute of Pathogen Biology, Chinese Academy of Medical Sciences and Peking Union

Medical College, Beijing, China, 2Center for Diseases Control and Prevention of Zhongmu, Zhengzhou, China, 3 The Sixth

People’s Hospital of Zhengzhou, Zhengzhou, China

Background: Identifying host plasma exosome proteins associated with host response

to latent tuberculosis infection (LTBI) treatment might promote our understanding

of tuberculosis (TB) pathogenesis and provide useful tools for implementing the

precise intervention.

Methods: Based on an open-label randomized controlled trial (RCT) aiming to

evaluate the short-course regimens for LTBI treatment, plasma exosomes from pre- and

post-LTBI treatment were retrospectively detected by label-free quantitative protein mass

spectrometry and validated by a parallel reaction monitoring method for participants with

changed or not changed infection testing results after LTBI treatment. Eligible participants

for both screening and verification sets were randomly selected from the based-RCT in

a 1:1 ratio by age and gender. Reversion was defined as a decrease in IFN-γ levels from

>0.70 IU/ml prior to treatment to 0.20 IU/ml within 1 week of treatment. The predictive

ability of the candidate proteins was evaluated by receiver operating characteristic

(ROC) analysis.

Results: Totally, two sample sets for screening (n = 40) and validation (n = 60)

were included. Each of them included an equal number of subjects with persistent

positive or reversed QuantiFERON-TB Gold In-Tube (QFT) results after LTBI. A total

of 2,321 exosome proteins were detected and 102 differentially expressed proteins

were identified to be associated with QFT reversion. Proteins with high confidence

and original values intact were selected to be further verified. Totally, 9 downregulated

proteins met the criteria and were validated. After verification, C4BPA and S100A9

were confirmed to be still significantly downregulated (fold change < 0.67, p <

0.05). The respective areas under the ROC curve were 0.73 (95% CI: 0.57–0.89)

and 0.69 (95% CI: 0.52–0.86) for C4BPA and S100A9, with a combined value of

0.78 (95% CI: 0.63–0.93). The positive and negative predictive values for combined

markers were 70.10% (95% CI: 50.22–86.30%) and 55.63% (95% CI: 29.17–61.00%).
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Conclusion: Our findings suggest that downregulated C4BPA and S100A9 in plasma

exosomes might be associated with a host positive response to LTBI treatment. Further

studies are warranted to verify the findings and potential underlying mechanisms in varied

populations with a larger sample size.

Keywords: latent tuberculosis infection, exosome, proteomic analysis, reversion, preventive treatment

INTRODUCTION

About one-fourth of the world’s population is estimated to be
infected with Mycobacterium tuberculosis (MTB), and 5–10%
of them might develop active tuberculosis (TB) during their
lifetime (Houben and Dodd, 2016; World Health Organization,
2020). In the absence of an effective vaccine, except for early
diagnosis and standardized treatment of active TB patients,
strengthening latent tuberculosis infection (LTBI) testing and
treatment among individuals at high-risk of developing the active
disease is a critical tool for achieving the goals of the END TB
strategy. Currently, the protective effect of preventive treatment
is mainly evaluated by the reduction of the incidence. However,
it usually requires a long follow-up period and high cost.
Immunological methods such as interferon-gamma release assays
(IGRAs) and tuberculin skin tests (TSTs) were recommended for
detecting MTB infections (World Health Organization, 2015),
but they have the inability of predicting the development of active
diseases and treatment effects (Sia andWieland, 2011). IGRAwas
frequently studied to monitor the treatment efficacy of active TB
(Carrara et al., 2004; Lee et al., 2010; Chiappini et al., 2012). Our
previous study found QuantiFERON-TB Gold In-Tube (QFT)
reversion also occurred in the untreated group, however, it was
indeed related to a low risk of TB development as compared with
QFT persistent positives (Xin et al., 2020). Additionally, although
some studies have been engaged in exploring the potential
biomarkers for reflecting LTBI treatment efficacy, very few have
been well-validated and further used in practice. Therefore, it is
warranted to further explore potential biomarkers to evaluate the
performance of LTBI treatment.

Exosomes are 30–100 nm membrane-bound vesicles, which
are constitutively released from most eukaryotic cell types into
the lymphatic system and blood to facilitate systemic and local
intercellular communication (Johnstone et al., 1987). Their
contents were attributed to the cell of origin, reflecting cellular
abnormalities and disease states (Borges et al., 2013). Previous
studies suggest that exosomes might be associated with immune
regulation and the pathogenic progression of MTB (Diaz et al.,
2016). Another study using proteomics analysis has reported
that exosomes were released from the bacillus and infected cells
in TB patients, and MTB infection significantly influenced the
host protein composition of circulating exosomes (Biadglegne
et al., 2022). In addition, some related MTB proteins were
also found to be carried by exosomes (Giri et al., 2010), and
some of them were related to MTB toxicity (Lee et al., 2015).
These studies suggest that if we could identify the dynamic
changes and mediated pathways of the exosome proteins during
TB progression, it could provide new insights into developing

host-directed therapy and improving TB control. However, few
studies have been conducted to explore circulating exosomes for
evaluating LTBI treatment. Therefore, the aim of this pilot study
was to explore and validate the differentially expressed exosome
proteins associated with LTBI treatment and to explore potential
markers that could be used for reflecting host response to LTBI
treatment using quantitative proteomic techniques and parallel
reaction monitoring (PRM).

MATERIALS AND METHODS

Study Participants
The present study was a nested case-control study design based
on an open-label randomized controlled trial (RCT) between 20
October 2018 and 30 November 2018. This RCT was initially
designed to evaluate the effect of an ultra-short regimen among
prior TB patients in rural Chinese residents (this RCT was
registered at the Chinese Clinical Trial Registry with identifier
ChiCTR-1800018224). At baseline, eligible participants were
those without current active TB and with an QFT (Qiagen,
United States) positive result (TB Ag-Nil ≥ 0.35 IU/ml). Active
TB cases were defined according to the National Guideline for
the Diagnosis of Pulmonary Tuberculosis (WS 288-2017). To
ensure the included subjects were stable prior TB, repeated
chest radiographs were performed at intervals of 3–6 months
to exclude the participants in stages of subclinical TB or
early TB. In addition, to minimize the potential influence of
basic health conditions among study participants, individuals
with underlying diseases such as cancer (which was not
specified in this study, including all malignant tumors), liver
dysfunction or impairment, renal insufficiency or degeneration,
HIV infection or AIDS patients were excluded. During treatment,
the intervention group received a 6 weeks regimen of twice-
weekly rifapentine (RPT) plus isoniazid (INH), with a maximum
dose of 600mg for each. The control group comprised untreated
controls. In the current study, eligible participants for both
screening and verification sets were randomly selected from the
based-RCT in a 1:1 ratio by age and gender. Eligibility for the
current study required (1) completion of the assigned regimens
and (2) a baseline IFN-value of 0.70 IU/ml. Reversion might
be increasingly occurred in subjects with original testing results
close to the diagnostic cut-off value, especially within a borderline
zone between 0.2 and 0.7 IU/ml (Rafiza and Rampal, 2012).
Therefore, we used a much stricter definition of reversion: the
IFN-γ level of TB antigen-Nil (TB Ag-Nil) decreased from >0.70
IU/ml before the start of LTBI treatment to <0.20 IU/ml at a
1-week post-LTBI treatment.
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Exosomes and Protein Measurements
Blood samples before and after LTBI treatment have been
collected and retained. The isolated exosomes were measured
by nanoparticle tracking analysis (NTA) (Kreutel and Linz,
2018) using the ZetaVIEW R© (Particle Metrix, Germany)
equipment. The morphological characteristics were observed
by transmission electron microscope (TEM, FEI, Tecnai G2
Spirit BioTwin). The identified proteins were quantified with
the Bicinchoninic Acid Assay (BCA). A mass spectrometry (MS)
analysis was conducted and a sequent HT search algorithm
in Proteome Discoverer Software 2.4 was used for protein
identification and quantification (Thermo Fisher, Waltham,
MA, USA) (Eng et al., 1994). A 1.5-fold change (FC) (or
0.67) and p < 0.05 were adopted to identify differentially
expressed proteins between groups. Only proteins that met
all the following criteria were further selected as candidate
proteins: First, exosome proteins showed significant differences
before and after preventive treatment in the QFT reversion
group. Second, there was no difference before and after
treatment in the persistent positive group. Third, there was
no difference between the two groups before preventive
treatment. A PRM analysis was performed to validate the
differentially expressed proteins. Detailed procedures are shown
in Supplementary File 1.

Statistical Analysis
Statistical analyses were performed using SAS 9.4 version (SAS
Institute Inc., NC, USA) and GraphPad Prism 9 (GraphPad
Software, San Diego, CA). The numerical variables were
presented with a median (Q25–Q75). A Wilcoxon rank sum
test was used to compare quantitative differences across groups.
The Chi-square test was used to compare the distribution of
categorical variables across groups.

Volcano plots and cluster analysis were conducted to explore
themost significantly differential proteins. In order to analyze the
bioinformatics function of differential proteins, Gene Ontology
(GO) (database version: go_201504.obo) analysis with molecular
function (MF), cellular component (CC) and biological process
(BP) for functional annotation was used. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway database was then
mapped to explore the pathways of the proteins. Using the String
database to predict the interaction of candidate proteins (http://
string-db.org/, ver. 10.5).

To assess the predictive ability of the candidate proteins, a
receiver operating characteristic (ROC) analysis was conducted
and the area under the ROC curve (AUC) was calculated using
the trapezoidal rule (Rosner, 2005). Sensitivities [probability
of being test “positive” when reversion present = true
reversion/(true reversion + falsely persistent positive)] and
specificities [probability of being test “negative” when reversion
absent = truly unreversed/(truly unreversed + false reversion)]
were also calculated using the highest Youden Index (YI =

sensitivity+specificity-1, also called as diagnostic accuracy index)
value as the cut-off. In addition, positive predictive value [PPV,
percentage of participants with a “positive” test whose QFT
results were actually reversed = true reversion/(true reversion
+ false reversion)], negative predictive value [NPV, percentage

of participants with a “negative” test whose QFT results were
not reversed = truly persistent positive/(truly persistent positive
+ falsely persistent positive)], positive likelihood ratio [+LR =

sensitivity/(1–specificity)], and negative likelihood ratio [–LR =

(1–sensitivity)/specificity] were all calculated. If there were two
or more eligible candidate proteins after verification, general
discriminant analysis (GDA) with the Bayes posterior probability
method would be used to evaluate the combined performance
of single candidate proteins using SPSS software version 20.0
(SPSS, Chicago, IL). A two-tailed p < 0.05 was considered
statistically significant.

RESULTS

Characteristics of the Study Participants
Sample selection and screening process of proteins are shown
in Figure 1 and Supplementary Figure 1. Totally, for the
preliminary screening sample set, 20 subjects with reversed QFT
results after LTBI treatment and 20 controls with persistent
positive QFT results after LTBI treatment were included.
For each of them, circulating exosomes were collected for
proteomic analysis from plasma pre- and post-LTBI treatment,
respectively. For the verification set, 30 QFT persistent positive
and 30 reversion participants were randomly selected using
the same criteria as the preliminary screening set in the
same cohort. A total of 120 plasma samples collected before
and after LTBI treatment, respectively, were tested with
the PRMmethod.

Table 1 shows the major characteristics of the study
participants. For the proteomic set, no significant differences
were found between the QFT reversion group and the QFT
persistent positive group with respect to gender, age, median
bodymass index (BMI) level, smoking, alcohol drinking, baseline
INF-γ levels, history of type II diabetes, HBsAg positive status,
history of silicosis and other pulmonary diseases. For the
validation set, significant differences were found between the two
groups in alcohol drinking (p = 0.024) and INF-γ levels after
LTBI treatment (p < 0.001). Additionally, there were no history
of organ transplantation, autoimmune diseases, or undergoing
treatment with immunosuppressive agents as self-reported for
the two sample sets.

Isolation and Identification of Plasma
Exosomes
As shown in Supplementary Figure 2, tunable resistive pulse
sensing (TRPS) results showed the exosome diameter was
concentrated. The average size of isolated exosomes was found
to be 99–123 nm, which was consistent with the theoretical
exosomes’ diameter. TEM results showed they have a disc shape
and the purity was perfect.

MS Identification of Proteins
The distribution of the molecular weights (Mr) of the identified
proteins was depicted in Supplementary Figure 2. A total
of 2,321 proteins were identified by searching the Uniprot
database. The Mr ranged from 1.4 to 3,813.7 kDa, and nearly
half (1,129 of 2,321) were between 20 and 60 kDa. The
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FIGURE 1 | Sample selection and screening process of candidate proteins. Totally, 20 subjects with reversed QFT results after LTBI treatment and 20 age and

gender-matched controls with persistent positive QFT results after LTBI treatment were included in the screening set. For each of them, circulating exosomes were

collected for proteomic analysis from serums pre- (T0, before LTBI treatment) and post- (T1, after LTBI treatment) LTBI treatment respectively. A total of 102

differentially expressed proteins were identified to be associated with QFT reversion. Among them, 9 downregulated proteins were validated in the verification set (n =

60, with 120 samples), including CLU, LGALS3BP, PROS1, C4BPA, S100A9, VTN, C1QA, C1R, and COLEC10. Finally, C4BPA and S100A9 were confirmed to be still

differentially downregulated (FC < 0.67, p < 0.05). FC, fold change; LTBI, latent tuberculosis infection; QFT, QuantiFERON-TB Gold In-Tube.

proportion of the proteins with ≥ 2 unique peptides was
65.32% (1,516/2,321). The maximum peptide length was 9 and
the average length was 12.59, which was in line with the
reasonable range of peptide length. The protein identification
was filtered to a high peptide confidence value and <1%
(0.62%, 7/1,129) cumulative false discovery rate (FDR) at the
peptide level.

Identification of Candidate Proteins
A total of 102 differentially expressed proteins were identified
to be associated with QFT reversion. Among them, we selected
proteins with high confidence and original values intact to
be further verified. Totally, nine downregulated proteins met
the criteria and were validated in an independent sample (n
= 60), including CLU, LGALS3BP, PROS1, C4BPA, S100A9,
VTN, C1QA, C1R, and COLEC10 (Table 2). Based on the GO
analysis aiming to explore their potential biological function, the

results indicated that the differentially downregulated proteins
were mostly enriched in innate or humoral immune response
and defense response. KEGG pathway analysis suggested that
they were mainly enriched in bacterial infectious diseases
(Figures 2A,B).

Validation of Candidate Proteins
After PRM verification, 8 out of 9 proteins were captured (CLU,
LGALS3BP, PROS1, C4BPA, S100A9, VTN, C1QA, and C1R) and
PROS1 exhibited a converse regulation direction. C4BPA and
S100A9 were confirmed to be differentially downregulated after
LTBI treatment. The levels of these two proteins before and after
LTBI treatment were shown in Supplementary Figure 3.

After searching the STRING database for predicted functional
partners (string-db.org), however, no close interactions were
found between C4BPA and S100A9 or with other identified
differential proteins (Figure 2C).
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TABLE 1 | Characteristics of the participants included in the study.

Variables Proteomic set Validation set

QFT persistent

positive

QFT reversion P QFT persistent

positive

QFT reversion P

Median age

(Q25–Q75) (years)

61.5 (51.5–67.5) 62.0 (52.5–68.0) 1.000† 56.7 (51.7–62.3) 57.3 (51.8–61.6) 0.796

Gender, n (%)

Male 12 (60.00) 12 (60.00) 1.000# 20 (66.67) 16 (53.33) 0.292

Female 8 (40.00) 8 (40.00) 10 (33.33) 14 (46.67)

BMI (median,

Q25–Q75) (Kg/m2)

23.50 (21.33–26.25) 24.75 (22.75–27.07) 0.344† 25.26 (23.53–27.16) 25.27 (23.88–27.23) 0.980#

Smoking status

Yes 13 (65.00) 15 (75.00) 0.490# 10 (33.33) 11 (36.67) 0.787#

No 7 (35.00) 5 (25.00) 20 (66.67) 19 (63.33)

Alcohol drinking

Yes 6 (30.00) 4 (20.00) 0.465 13 (43.33) 5 (16.67) 0.024#

No 14 (70.00) 16 (80.00) 17 (56.67) 25 (83.33)

Median INF-γ release of QFT (Q25–Q75) (IU/ml)

T0 1.57 (0.89–4.76) 1.26 (0.95–2.39) 0.946† 1.98 (1.49–2.91) 2.08 (1.30–2.98) 0.991

T1 1.62 (0.87–4.96) 0.06 (0.00–0.13) <0.001† 1.60 (1.11–3.00) 0.05 (−0.01–0.16) <0.001†

P-Value 0.636¶
<0.001† 0.982 <0.001†

History of type II diabetes*

Yes 0 (0) 1 (5.00) 1.000§ 1 (3.33) 2 (6.67) 1.000§

No 20 (100.00) 19 (95.00) 29 (96.67) 28 (93.33)

HBsAg positive

Yes 0 (0) 0 (0) – 0 (0) 1 (3.33) 1.000§

No 20 (100.00) 20 (100.00) 30 (100.00) 29 (96.67)

History of silicosis

Yes 10 (50.00) 9 (45.00) 0.752# 9 (30.00) 14 (46.67) 0.184#

No 10 (50.00) 11 (55.00) 21 (70.00) 16 (53.33)

History of other pulmonary diseases‡

Yes 0 (0) 1 (5.00) 1.000§ 0 (0) 0 (0) –

No 20 (100.00) 19 (95.00) 30 (100.00) 30 (100.00)

†
Wilcoxon rank sum test.

#Chi-square test.
§Fisher exact test.
¶Comparison of baseline INF-γ release of QFT between persistent positivity and reversion.

*History of self-report type II diabetes or fasting blood glucose ≥7 mmol·L−1.
‡History of other pulmonary diseases referred to asthma, chronic bronchitis, chronic obstructive pulmonary disease, emphysema, and lung abscess. Autoimmune diseases in this

study include hyperthyroidism, systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, ulcerative colitis, systemic vasculitis, and myasthenia gravis. However, no

participants with organ transplantation, autoimmune diseases or undergoing treatment with immunosuppressive agents as self-reported for two sample sets were found, therefore,

related data are not shown in Table 1.

BMI, Body mass index; QFT, QuantiFERON-TB Gold In-Tube; Q25, Quartile 25; Q75, Quartile 75.

Predictive Performance of Candidate
Proteins
To further evaluate the predictive capability, GDA was applied
to combine the C4BPA and S100A9 (Wilks’ lambda: 0.376, p
< 0.001), and ROC analyses were performed among the QFT
reversion group before LTBI treatment using the preliminary
screening samples. Figure 3 showed the detailed performance
parameters of ROC analysis. The respective AUC values were
0.73 (95% CI: 0.57–0.89) and 0.69 (95% CI: 0.52–0.86) for C4BPA

and S100A9 with a combined AUC value of 0.78 (95% CI: 0.63–
0.93). The two combined biomarkers resulted in the accurately

predicted 55.00% of QFT reversion with 95.00% (95% CI: 75.13–
99.87%) sensitivity and 60.00% specificities (60.00%, 95% CI:

36.05–80.88%). PPV and NPV were also calculated to reflect the
proportion of negative or positive results after treatment that
were relatively true negatives or positives. It was found to be
70.10% (95% CI: 50.22–86.30%) and 55.63% (95% CI: 29.17–
61.00%) of PPV and NPV for combination, respectively. The
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+LR and –LR were 2.71 (95% CI: 1.08–4.31) and 0.68 (95%
CI: 0.32–0.70).

DISCUSSION

In this pilot study, nine downregulated proteins were found
to be significantly expressed with QFT reversion after LTBI
treatment. After validation, C4BPA and S100A9 were confirmed
to be differentially downregulated post preventive treatment.
Moderate predictive performance was observed with a combined
AUC value of 0.78. It suggested that downregulated C4BPA
and S100A9 in plasma exosomes might play a potential role in
reflecting the host immune response to LTBI treatment.

To our knowledge, there are few studies focused on
the association between plasma exosome proteins and the
performance of LTBI treatment. There are some advantages to
our study. The first is plasma-derived exosomes were used in
this study, in which the relatively simple composition might be
greatly beneficial in discovering potential markers, as compared
with serum or plasma specimens. Because the interferences
with high abundance of proteins in plasma and self-contained
vesicles in the serum were frequent. On the other hand, a total
of 2,321 proteins were identified using label-free quantitation
in the current study. More importantly, we identified a list
of vesicular proteins derived from the cell membrane, cell or
cell part, or extracellular regions. Proteins located at these sites
might contribute to the MTB pathogenesis (Bhatnagar et al.,
2007; Lee et al., 2015; Mehaffy et al., 2017). Therefore, using the
PRM validation method with a high resolution and high mass
accuracy mode (Bourmaud et al., 2016), differentially expressed
proteins in our findings may provide more evidence to explore
promising biomarkers associated with the host immune response
post-LTBI treatment.

Our study showed that the expression of S100A9 was
differentially downregulated after preventive treatment in the
QFT reversion group. But such a trend was not found among
the QFT persistent positive group. The mediating role of S100A9
has been widely studied in diseases’ pathogenesis. The S100A9-
RAGE-NF-κB-JunB pathway in brain metastasis has been
identified as a potential mediator of brain radiotherapy resistance
in the organ (Monteiro et al., 2022). S100A9-CXCL12 signaling
with an αPD-1 antibody could be effectively suppressed by the
treatment of inhibitors for breast cancer (Li et al., 2022). S100A9
overexpression in obesity impaired macrophage differentiation
via TLR4-NFkB signaling, worsening inflammation and wound
healing (Franz et al., 2022). S100A9-ALDH1A1-RA signaling
pathway that drives lethal brain relapse and could be targeted
by pan-RAR antagonists to prevent cancer progression (Biswas
et al., 2022). A microRNA-21-mediated SATB1/S100A9/NF-κB
axis has been reported to promote chronic obstructive pulmonary
disease pathogenesis (Kim et al., 2021). Of note, S100A9 was up-
regulated in TB patients, which suggested its damage-associated
molecular-pattern features (Kuipers et al., 2013; Scott et al.,
2020). Currently, the potential role of varied S100A9 expression
as a diagnostic biomarker for TB has been gradually reported (Xu
et al., 2015; Kundu et al., 2020; Robak et al., 2022). The high
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FIGURE 2 | Proteomic analysis of nine identified differentially expressed proteins. For the two analyses of (A,B), selecting no more than 30 items with the smallest

p-value to draw the bar plot and dot plot, respectively. (A) Go enrichment analysis by biological process, cell component, and molecular function for 9 identified

differentially expressed proteins. Bar chart showing the significant proteins involved in the distribution of biological process (BP), cellular component (CC), and

(Continued)
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FIGURE 2 | molecular function (MF). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) classification and pathway analysis of 9 identified differentially

expressed proteins. Bar chart representing the classification of enriched KEGG pathways. The scattered plot showed the top 30 of pathway enrichment. The X-axis

indicates the rich factor; Y-axis indicates the name of the KEGG pathway. The dot size means the protein number and the dot color indicates the p-value. (C)

String.org protein–protein interaction network for C4BPA and S100A9. Light blue line, known interaction from curated database, pink line, known interaction

experimentally tested; dark blue line, gene co-occurrence; dark green line, predicted gene neighborhood; light green line, text mining interaction source; black line,

co-expression interaction source; light purple line, protein homology interaction source. BP, biological process; CC, cellular component; GO, gene ontology; KEGG,

Kyoto encyclopedia of genes and genomes; MF, molecular function.

FIGURE 3 | The ROC analysis for C4BPA and S100A9 using proteomic set. The ROC analyses were performed for baseline levels of C4BPA and S100A9 among the

QFT reversion group, respectively. Their respective AUCs were 0.73 (95% CI: 0.57–0.89) and 0.69 (95% CI: 0.52–0.86). The combined AUC of C4BPA and S100A9

increased to 0.78 (95% CI: 0.63–0.93). AUC, area under ROC curve; CI, confidence interval; +LR, positive likelihood ratio; –LR, negative likelihood ratio; NPV,

negative predictive value; PPV, positive predictive value; QFT, QuantiFERON-TB Gold In-Tube; ROC, receiver operating characteristic.

expression of plasma S100A9 was also found to be associated
with the death risk of severe TB patients (Liu et al., 2021).
S100A9 could also play a key role in granuloma formation
(Yoshioka et al., 2016). These studies consistently suggested that
S100A9 might exert potential effects during disease progression.
The mechanism of S100A9 in TB pathogenesis may operate

by regulating the expression of the integrin CD11b, which is
required for neutrophil accumulation in the lung (Scott et al.,
2020). Conversely, the phenomenon of inflammatory disease
was trending toward decreased inflammation when S100A9
deficiency, to some extent, was consistent with our results of
an association between the downregulated S100A9 and QFT
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reversion. Our results might suggest that S100A9 can be used
as a potential marker to reflect the instant host immune
response to LTBI treatment through related inflammatory
reactions. Nevertheless, studies with large sample sizes and
related pathogenesis are needed to verify the current results.

C4BPA was another differentially downregulated protein after
validation in the present study. C4BPA, a gene controlling
the canonical pathway of complement activation, was usually
thought to form part of the extracellular complement regulator
C4b-binding protein (C4BP) (Antoniades et al., 2009). C4BPA
has binding sites for many ligands, such as C-reactive protein
and heparin, which are key molecules involved in inflammatory
and coagulation pathways (Brodeur et al., 2003). C4BPA was also
found to be a risk factor for venous thrombosis via an unknown
protein S-independent mechanism (Buil et al., 2010). C4BP-IgM
could be used as a conventional antibacterial agent to assist
in the treatment of Neisseria gonorrhoeae infection (Bettoni
et al., 2019). Group A streptococci could block the lethality of
phagocytes by binding to C4BP and this points out the way for
vaccine design (Buil et al., 2010; Buffalo et al., 2017). In our
KEGGpathway analysis, “complement and coagulation cascades”
were more significantly enriched. The complement system is
a key player in innate immunity, which provides protection
against pathogens without the need for previous exposure and/or
immunization, in addition to potentiating adaptive immunity
(Carroll and Sim, 2011). Additionally, MTB was known to
interact with components of the innate immunity such as toll-
like receptors, complement, surfactant proteins SP-A, and SP-
D (Ferguson et al., 2004; Tsolaki, 2009) and could exploit
complement proteins to enter into macrophages (Schlesinger
et al., 1990). C4BPA could compete with complement factor
H to bind MTB, which interferes with the entry of BCG into
macrophages and regulates the response of pro-inflammatory
cytokines (Abdul-Aziz et al., 2016). These findings provide
further evidence to support the function of C4BPA in facilitating
MTB interactions with macrophages during the host-pathogen
interaction. Consistent with the down-regulated expression
of C4BPA in complement alternative pathway activation,
our findings showed C4BPA was downregulated after LTBI
treatment, which might add further evidence to consider
its value as a related marker for evaluating LTBI treatment
performance. A more mechanistic understanding of the role
of C4BPA in TB pathogenesis among different cohorts would
be warranted.

The combination of candidate markers is a way to improve
the efficiency of diagnosis and prognosis, especially for markers
that work in different pathways. Our results showed that no
close interactions were found between C4BPA and S100A9,
therefore, we tentatively combined them to reflect the capability
of joint prediction. Although our results suggested that
combined proteins could improve the predictive ability as
compared to a single protein, no optimum potential could
be achieved in this study, including inadequate PPV value.
It was important to appreciate predictive values that should
be interpreted with caution as they were strongly influenced
by disease prevalence. When used in low TB burden settings,
even using a test with a high sensitivity and specificity

could have poor predictive value and therefore be of limited
utility. Hence, the most potential for our combined markers
in this pilot study requires a further evaluation in a large-
scale investigation.

The limitations of the present study should be kept in mind.
First, as shown in Supplementary Figure 3, different exosome
extraction methods were used for proteomic and verified sets,
which led to different levels of proteins being obtained. We
could not exclude the possibility that it might influence the
identification of the differently expressed proteins. Second, to
explore the most promising markers, much stricter criteria were
used to screen differentially expressed proteins. Some relevant
proteins might be excluded. Third, IGRAs are immunological
tests to identify infections, but the testing results using a single
cut-off value are unstable due to the influence of the host
immune level (Xin et al., 2019, 2020). Although we used a
more strict definition of QFT reversion to evaluate the effect of
preventive treatment, misclassification of infection status could
not be comprehensively excluded. Fourth, given the present
study mainly aimed to identify the instant host marker to
LTBI treatment for the timely evaluation and optimization of
the regimens, our results based before and 1-week post-LTBI
treatment might not reflect the long-term performance of C4BPA
and S100A9 in host immune response to LTBI treatment. In
addition, both candidate protein testing and even correlation
analysis with TB incidence after a longer follow-up are of great
significance, which would be the study direction to be further
explored and improved in the future. Fifth, because the based
RCT targeted a population with prior TB, individuals with
severe diseases such as cancer were excluded, but other chronic
diseases such as diabetes, which had equilibrium comparability
between the two groups, were not ruled out. Therefore, our
findings could not be simply extrapolated to other populations.
In addition, due to the potential heterogenicity that existed in
the detection of exosome proteins and our small sample size
in this study, the generalization of the study results should
be cautious.

In conclusion, our results indicated the expression of
C4BPA and S100A9 were significantly downregulated in
plasma exosomes post-LTBI treatment. It provided new clues
for using circulating exosomes as biomarkers to assess the
performance of LTBI treatment. However, the findings need
further validation by studies with larger sample sizes in
varied populations, including studies on animals or cells
addressing mechanisms.
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Coronavirus disease (COVID-19), caused by SARS-CoV-2 infection and its

mutations, has spread rapidly all over the world and still requires sensitive

detection to distinguishmutations. CRISPR-based diagnosis has been regarded

as a next-generation detection method; however, it has some limitations,

such as the need for specific recognition sequences and multiple enzymes for

multiplex detection. Therefore, research on the exploration and development

of novel nucleases helps to promote specific and sensitive diagnoses.

Prokaryotic Argonaute (Ago) proteins exert directed nuclease activity that can

target any sequence. Recently, thermophilic Agos have been developed as

new detection techniques achieving multiplexity for multiple targets using

a single enzyme, as well as accurate recognition of single-base di�erential

sequences. In this study, to overcome the requirement for high reaction

temperature of thermophilic Ago-based methods, we expanded the mining

of mesophilic Agos to achieve CRISPR-like isothermal detection, named

mesophilic Ago-based isothermal detection method (MAIDEN). The principle

of MAIDEN usesmesophilic Ago cleavage combinedwith reverse transcription,

which can provide single-strand DNA as a substrate and allow cleavage

of fluorescence probes to sense SARS-CoV-2 at moderate temperature.

We first mined and optimized the mesophilic Ago and the fluorescence

reporter system and then selected a compatible reverse transcription reaction.

Furthermore, we optimized MAIDEN into a one-step reaction that can

detect SARS-CoV-2 RNA at the nanomolar concentration at a constant

temperature of 42◦C within 60min. Therefore, MAIDEN shows advantageous

portability and easy-to-implement operation, avoiding the possibility of open-

lid contamination. Our study was the first attempt to demonstrate that

mesophilic Agos can be harnessed as diagnostic tools, and MAIDEN was easily

extended to detect other pathogens in a rapid and e�cient manner.
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mesophilic Ago, RNA viruses, isothermal detection, one-step method, SARS-CoV-2
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Introduction

Since 2020, coronavirus disease (COVID-19), caused by

SARS-CoV-2, has spread rapidly across the globe, seriously

affecting public health and economic development (Dhama

et al., 2020; Standl et al., 2021). SARS-CoV-2 is an RNA

coronavirus, which exhibits high-frequency gene mutation that

is closely related to virus virulence and transmissibility (Korber

et al., 2020; Ali et al., 2021; Wang et al., 2021b). Due to its rapid

infectivity, developing a nucleic acid method that accurately

identifies virus variants for point-of-care testing (POCT) is

of great importance. Currently, nucleic acid detection based

on qRT-PCR is the gold standard for SARS-CoV-2 diagnosis

(Oliveira et al., 2020); however, the requirements for specialized

instruments and technicians limit its application in POCT

diagnosis (Cevik et al., 2020).

The discovery and application of programmable nucleases

have revolutionized their use in the field of diagnostics

with improved sensitivity and feasible on-site analysis

(Chandrasegaran and Carroll, 2016; Batista and Pacheco, 2018).

In particular, the recently reported diagnostic technology

based on the CRISPR/Cas system is acknowledged as one of

the “seven technologies to watch in 2022” (Eisenstein, 2022).

CRISPR-based diagnostics mainly rely on PAM-dependent

cleavage of Cas9 or collateral cleavage of Cas12/13/14 to

generate a detectable fluorescence signal (Gootenberg et al.,

2017; Harrington et al., 2018; Li et al., 2018; Chen et al., 2021).

Consequently, the target nucleic acid leaves a strong signature

that allows detection through a fluorescence instrument or

paper test. For example, several reports have demonstrated a

rapid, portable CRISPR-based test for SARS-CoV-2 detection

(Aman et al., 2020; Broughton et al., 2020; Ding et al., 2020; Liu

et al., 2021b). According to these reports, there are still some

limitations, such as PAM/PFS sequence restriction of the target

sequence, potential degradation and high cost of long RNA

guides, and multiplex detection requiring multiple Cas enzymes

(Li et al., 2019). Therefore, there has been much interest in the

mining of novel nucleases for the specific detection of target

nucleic acids.

The prokaryotic Argonaute (Ago) protein shows nuclease

activity for target nucleic acids directed by short nucleic acids

as a guide DNA (gDNA; Hegge et al., 2018). Benefiting from its

cleavage activity does not require specific recognition sequences,

Ago can target arbitrary sequences with gDNAs that are easy

to design and synthesize at a low cost (Swarts et al., 2015;

Enghiad and Zhao, 2017). In recent years, thermophilic Agos

have stimulated the development of novel detection techniques

(Hegge et al., 2019; Song et al., 2020; Brandolini et al., 2021;

Liu et al., 2021a; Wang et al., 2021a; Xun et al., 2021a,b;

Qin et al., 2022; Ye et al., 2022). Compared with CRISPR-

Cas enzymes, thermophilic Agos present distinct advantages in

accurate recognition of single-nucleotide differential sequences

and the orthogonal capability of a single enzyme to achieve

multiplex detection for multiple targets (Wang et al., 2021a;

Xun et al., 2021b; Ye et al., 2022). Nevertheless, the existing

detection methods based on thermophilic Agos still require

heating equipment to maintain Ago activity, which restricts

POCT application (Qin et al., 2022). To support a more

portable solution, mesophilic Agos that can cleave targets at

a normal temperature would provide a promising option to

develop CRISPR-like isothermal detection. As far as we know,

mesophilic Agos have been biochemistry characterized since

2019 (Hegge et al., 2019; Kuzmenko et al., 2019; Liu et al.,

2021c), but their application for gene detection still requires

further investigation.

To address the shortcomings of CRISPR and thermophilic

Agos, we designed a one-step mesophilic Ago-based isothermal

detection method (MAIDEN) based on the systematic study

of mesophilic Agos and their compatibility with reverse

transcription, which can provide a single-stranded DNA

(ssDNA) target for optimal Ago cleavage of a fluorescent signal

at moderate temperature for SARS-CoV-2 detection. On this

basis, our study is the first to demonstrate that mesophilic Agos

can be used as a promising diagnostic tool. As they exhibit

specific cleavage that distinguishes targets with single-nucleotide

differences, further use of mesophilic Agos is expected in the

identification of SARS-CoV-2 and its mutants and can be easily

extended to POCT applications in the future.

Materials and methods

Protein purification and activity assay

Mesophilic Ago proteins were expressed and purified

as previously described by Dong et al. (2021) and Liu

et al. (2021c). The DNA-guided DNA-cleaving activity was

then compared, and the cleavage system was as described

by Dong et al. (2021).

To verify the mesophilic Ago stepwise cleavage ability,

a 10 µl system containing 1× reaction buffer [containing

15mM Tris-HCl (pH 8.0), 2M NaCl], 2mM MnCl2, 6µM

Ago, 0.1µM 76 nt ssDNA, 0.25µM of each primary gDNA,

and 0.2µM fluorescent reporter was mixed and centrifuged,

and the reaction was carried out at 37◦C for 60min. Finally,

10 µl of 2× miRNA deionized formamide gel loading buffer

was added to terminate the reaction. The cleavage products

were analyzed via electrophoresis with 16% TBE-urea PAGE

gel and stained with GelRed nucleic acid dye, and the

results were observed using a gel imaging system (Tanon,

Shanghai, China). The nucleic acid sequences are summarized

in Supplementary Table 1. All the used oligos were synthesized

by Sangon Biotech (Shanghai, China); 2× miRNA deionized

formamide gel loading buffer was obtained from Sangon Biotech

(Shanghai, China).
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RNA template preparation

To obtain the RNA target for the assay reaction, first, a

T7 RNA polymerase recognition sequence and a gene fragment

of the SARS-CoV-2 1b RdRP gene of about 200 bp were

synthesized into the pUC19 plasmid. Then, amplification and

preservation were performed through plasmid transformation,

followed by amplification of the corresponding target fragment

through PCR, and finally, transcription using a HiScribe T7

Quick High Yield RNA Synthesis Kit (New England Biolabs,

MA, United States) to obtain the target RNA template fragment.

The amplification region sequence of the RdRP gene of

SARS-CoV-2 and the PCR primer sequences are summarized

in Supplementary Table 1. All plasmids and primers were

synthesized by Sangon Biotech (Shanghai, China).

Reverse transcription and RNase H
digestion

The sequences of the reverse-transcribed region

of the RdRp gene of SARS-CoV-2 and the reverse

transcription primer sequences are summarized in

Supplementary Table 1.

Briefly, 20 µl of reverse transcription reaction solution

contained 0.5mM deoxynucleotides (Sangon Biotech, Shanghai,

China), 1× ProtoScript
R©
II reverse transcriptase reaction buffer

(New England Biolabs, MA, United States), 0.2µM reverse

transcription primer, 10mM DTT, 8 units of RNase inhibitor

(New England Biolabs, MA, United States), 200 units of

ProtoScript
R©

II reverse transcriptase (New England Biolabs,

MA, United States), and 1 µl of RNA sample or nuclease-free

water (as a negative control). Reverse transcription reactions

were performed at 42◦C for 1 h. To the above reaction system, 5

units of RNase H (New England Biolabs, MA, United States) was

added and incubated at 37◦C for 20min to degrade the RNA in

the DNA-RNA hybrid strand.

Mesophilic Ago-mediated fluorescence
detection

The sequences of the fluorescent reporter and gDNAs

that recognize specific complementary DNA (cDNA)

sequences are shown in Supplementary Table 1. For the

purpose of fluorescence detection, the stepwise cleavage

reaction of Ago was performed at 37◦C for 1 h. To the above

reaction system, a final concentration of 0.267µM ssDNA

reporter, MgCl2, primary gDNAs, and Ago were added

with nuclease-free water to make up a 30 µl system. In the

case of the PbAgo detection system, target DNA (tDNA),

PbAgo, and gDNA were diluted at a final concentration

ratio of 40:324:5, respectively, and the final concentration

of MgCl2 was 0.33mM. In the case of the KmAgo detection

system, tDNA, KmAgo, and gDNA were diluted at ration

of 40:540:1, respectively, and MgCl2 concentration was

1.00mM. The system was placed on a fluorescence PCR

instrument for detection (the fluorescence signal was detected

every minute).

One-step method for SARS-CoV-2
detection

The reverse transcription reaction reagents and the Ago

stepwise cleavage reaction solution were added simultaneously.

Briefly, the 30 µl reaction system contained 0.33mM

deoxynucleotides, ProtoScript
R©

II reverse transcriptase

reaction buffer, 0.13µM reverse transcription primer, 6.67mM

DTT, 8 units of RNase inhibitor, 200 units of ProtoScript
R©

II reverse transcriptase, 0.267µM ssDNA reporter, MgCl2,

primary gDNAs, mesophilic Ago, and 1 µl of RNA sample or

nuclease-free water. The concentration conditions of tDNA,

Ago, gDNA, and MgCl2 are the same as those described in

the fluorescence detection reaction in the “Mesophilic Ago-

mediated fluorescence detection” section. One-step reactions

were performed in qPCR at 42◦C for 1 h, with fluorescence

collected every minute.

Statistical analysis

All experimental results were shown as mean ± SD unless

stated otherwise. Statistical significance for comparisons of

more than two groups was determined using one-way ANOVA.

Significance was considered as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p

< 0.001. Statistical analyses were carried out with GraphPad

Prism 8.0.2.

Results

Principles and operation of reverse
transcription and mesophilic
Ago-mediated SARS-CoV-2 detection

The MAIDEN principle and operation that incorporate

mesophilic Ago-mediated detection with reverse transcription

are shown in Figure 1A. Briefly, specific sequences of the

orf1a/b gene from SARS-CoV-2 (Supplementary Table 1)

were reverse transcribed using reverse transcriptase. RNA

in the DNA-RNA hybrid strand resulting from reverse

transcription was hydrolyzed using RNase H. Then, the

target sequence of the resulting ssDNA could be recognized
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FIGURE 1

Workflow of the MAIDEN system. (A) Schematic illustration of the enzymatic process of mesophilic Ago-based diagnostics for RNA viruses. (B)

Schematic diagram of the procedure for the two-step operation and the one-step operation.

by a designed primary gDNA and interacted with the Ago-

gDNA ribonucleoprotein complex. Ago proteins cleave target

sequences separately under the specific guidance of the

primary gDNAs, producing short ssDNAs as secondary gDNAs.

Consequently, the Ago-secondary gDNA complex recognizes

and cleaves the designed ssDNA reporter with fluorophores and

quenchers labeled at both ends. Cleavage of the reporter allows

fluorescence release. The combination of reverse transcription

with Ago takes advantage of Ago sequence recognition and

enzyme activity at moderate temperature, resulting in specific

RNA detection.

In practice, it is technically feasible to perform both reverse

transcription and mesophilic Ago secondary cleavage in a one-

pot reaction, since the temperature ranges of the two reactions

are similar. At the same time, it was found that neither the

reverse transcription primer nor the RNA template had a

secondary structure, and there was no need to specifically

incorporate a high-low temperature denaturation process. Since

the reverse transcriptase used is a recombinant M-MuLV reverse

transcriptase with its own RNase H activity, further addition

of RNase H and its digestion and denaturation steps could be

eliminated. Based on the above analysis, we further optimized

the two-step assay as a simplified single reaction by adding both

a reverse transcription system and an Ago stepwise lysis system

(Figure 1B). This assay is the first case using mesophilic Ago

compatible with reverse transcription in a one-pot isothermal

system to detect SARS-CoV-2.

Mining for mesophilic Agos as detection
tools

Since mesophilic Ago activity determines the detection limit,

we screened and investigated for the optimal enzyme. We

collected all reported mesophilic Agos and classified them into

two groups, including the DNA-targeted Ago representative

CbAgo and universal Ago representative KmAgo (Hegge et al.,

2019; Kuzmenko et al., 2019; Liu et al., 2021c). Then, we searched

the two Ago sequences in the NCBI database, and 82 bacterial

Agos were aligned as candidates to generate a phylogenetic

tree (Supplementary Figure 1). We also analyzed for conserved

DEDX motif as a catalytically active Ago. Finally, we selected
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FIGURE 2

Validation of the stepwise cleavage activity of mesophilic Ago. (A) Schematic diagram of Ago stepwise cleavage. (B) Gel image of PbAgo

stepwise cleavage. (C) Fluorescent result of KmAgo stepwise cleavage. Data were collected from three independent experiments and are

presented as the mean ± SD.

four Ago candidates in each of the two groups, as highlighted

in Supplementary Figure 1.

To identify the Ago with the highest activity and lowest

binding affinity at 37◦C, we purified and characterized all

candidates; eight Agos, except BsfAgo, showed high soluble

expression (Supplementary Figure 2). For the group of DNA-

targeted Agos, 76 nt ssDNA target and 19 nt 5′-P gDNA were

used for cleavage experiments at 37◦C. We found that BlAgo

and CbAgo showed the highest cleavage activity, but the binding

effect was also strong. Considering its moderate activity and

weak binding affinity, PbAgo was chosen as the tool of the

detection system (Supplementary Figure 3). For the group of

universal Agos, we used varying forms of identical DNA and

RNA sequences as targets and guide strands. All four Agos

displayed similarly universal cleavage activity to KmAgo. Since

KmAgo and PoAgo showed stronger activity, and PoAgo showed

lower expression, KmAgo was used for target cleavage in the

detection systems (Supplementary Figure 4).

Reporter system design based on
stepwise cleavage activity of mesophilic
Agos

In this study, we aimed to establish an isothermal assay based

on the stepwise cleavage activity of mesophilic Ago. To design a

fluorescent reporter system, we investigated whether mesophilic

Ago possesses this activity. Using SARS-CoV-2 1b ssDNA as

target, we used PbAgo as an example with a designed primary

guide and fluorescent reporter at 37◦C. Figure 2A shows a

schematic and sequence diagram of Ago stepwise cleavage. The
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cleavage system was verified using electrophoresis (Figure 2B).

We observed that PbAgo cleaved the target ssDNA under the

guidance of the primary gDNA and produced 16 nt of secondary

gDNA, as expected. Then, the fluorescent reporter was further

cleaved to yield the product. This process of fluorescent release

was also monitored in real-time using KmAgo (Figure 2C).

Collectively, it was determined that mesophilic Ago exerts

stepwise cleavage activity and can act as a detection system.

Screening enzymes for reverse
transcription

As mesophilic Ago cleaves ssDNA as a substrate, we applied

reverse transcription to transform the target RNA into a

cleavage substrate. The efficiency of reverse transcriptase and

the cleavage efficiency of Ago in this reaction buffer play a

key role in this assay. Therefore, it is crucial to screen for

an efficient reverse transcriptase as well as a suitable buffer

compatible with the mesophilic cleavage reaction. We selected

five reverse transcriptases and their commonly used buffers. As

shown in Supplementary Figure 5A, four reverse transcriptases

showed similarly stable reverse transcription efficiencies, except

for reverse transcriptase No.3. After the reverse transcription

reaction, we used RNase H to digest the RNA in the DNA-

RNA hybrid strand and subsequently added PbAgo and gDNA

for the initial cleavage. As shown in Supplementary Figure 5B,

a clear cleavage fragment was observed in the reaction

containing reverse transcriptase No.5. Therefore, we established

a reverse transcription reaction compatible with the subsequent

mesophilic Ago cleavage.

Optimization of an isothermal reaction of
mesophilic Agos

To improve assay sensitivity, a series of optimizations were

performed for the mesophilic Ago stepwise cleavage-mediated

RNA detection system (Figure 3A). We evaluated the effect of

different Mg2+ concentrations on the efficiency of the assay

system. An additional 0.33mM Mg2+ was added to the PbAgo

detection system (Supplementary Figure 6A), and an additional

1.00mM Mg2+ was added to the KmAgo detection system

(Supplementary Figure 6B). We also conducted concentration

gradient experiments for Ago, gDNA, and tDNA in the system.

The final molar concentration ratio of PbAgo:gDNA:tDNA was

confirmed to be 324:5:40 (Figures 3B–D), respectively. The final

molar concentration ratio of KmAgo:gDNA:tDNA was 540:1:40

(Supplementary Figures 7A–C), respectively. Therefore, the

above conditions were used for the reaction in the following

assay system.

Establishment and evaluation of
mesophilic Ago-based detection method

The currently reported nucleic acid assays for SARS-CoV-2

mainly target its E, N, or orf1a/b genes. Therefore, we manually

prepared the SARS-CoV-2 1b gene using the plasmid carrying

200 bp fragment of SARS-CoV-2 1b with a commercial RNA

synthesis kit (Supplementary Figure 8). This RNA template

was then subjected to a mesophilic Ago stepwise assay

(Figure 1B). Thus, reverse transcription, RNase H digestion, and

mesophilic Ago stepwise cleavage were performed sequentially.

To overcome the problem of open-lib contamination that may

lead to false-positive assays, we simplified the operation steps

into a single reaction. By omitting the RNase H digestion

step and adding the reverse transcription system and the Ago

stepwise cleavage reaction system simultaneously at the same

temperature, a one-step assay was established (Figure 1B). This

assay allowed for the rapid detection of SARS-CoV-2 at a

constant temperature of 42◦C.

To evaluate the sensitivity of the mesophilic Ago isothermal

method for SARS-CoV-2 detection, we diluted in vitro

transcribed SARS-CoV-2 1b RNA in a gradient to nanomolar

concentrations and assayed these diluted RNAs with optimized

detection conditions to measure fluorescence in real time. Our

results showed that two-step assays based on PbAgo and KmAgo

could detect viral RNA around 12.5 and 4.0 nM, respectively,

and the modified one-step assays were also able to reach the

same detection limits (Figures 4A–D). The results proved that

Ago stepwise cleavage can compatible with reverse transcription

process. We also suggested that a combination of additional

isothermal amplification method was required to effectively

detect lower concentrations of viral RNA.

Discussion

In this study, we first established a one-pot method based

on mesophilic Ago for simple, specific, and reliable detection of

SARS-CoV-2 RNA. After systematically mining the mesophilic

Agos, two KmAgo and PbAgo candidates with optimal activity

were chosen for the design of the fluorescence reporter system.

Combined with the reverse transcription process, the ssDNA

target could be served as a substrate for KmAgo and PbAgo

to generate a detectable fluorescence signal. Furthermore, the

optimized one-pot assay could perform an operation without

lid-opening to detect target RNA at the nM level in an hour.

This method introduces mesophilic Agos to the diagnostic

toolbox, presenting easy implementation and user-friendly

POCT application and reducing contamination risk.

Programmable nucleic acid-binding proteins can target

specific sequences and further cleave the target precisely,

which would be a feasible tool to improve nucleic acid

detection technology (Chandrasegaran and Carroll, 2016;
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FIGURE 3

Optimization of an isothermal detection reaction of mesophilic Agos. (A) Schematic and sequence diagram of stepwise clevage in the isothermal

detection system. (B–D) Fluorescence values of PbAgo stepwise cleavage under di�erent concentrations of gDNA (B), PbAgo (C), and tDNA (D).

Batista and Pacheco, 2018). In recent years, the gene-editing

tool CRISPR has demonstrated applicability for viral diagnostics

(Rahimi et al., 2021). Recently, CRISPR-based SARS-CoV-

2 detection was accomplished with improved sensitivity and

specificity (Supplementary Table 2). For instance, the CRISPR-

FDS method developed by Huang et al. provided more reliable

results than those reported in a clinical setting when the RT-

qPCR assay was used (Huang et al., 2020; Rahimi et al.,

2021). The STOPCovid method established by Zhang et al.

is comparable in sensitivity to RT-qPCR-based techniques

and is suitable for POCT diagnostic systems (Joung et al.,

2020; Rahimi et al., 2021). However, CRISPR-based methods

have some limitations as well. In Cas12b-based SARS-CoV-

2 detection, a 111-nt guide RNA is required, leading to a

risk of partial overlap between the guide RNA and one of

the loop-mediated isothermal amplification (LAMP) primers

(Broughton et al., 2020). Moreover, the target sequences are

restricted to those with a PAM/PFS motif; for example, target

N1 and N3 regions could not be designed due to the lack of

suitable PAM sites for the Cas12 guide RNA (Broughton et al.,

2020). Even though the one-pot reaction was achieved with

decreased sensitivity, the amplification and Cas-based detection

steps are operated separately in most CRISPR-based SARS-CoV-

2 detection methods (Kellner et al., 2019). For easier use and

reduced risk of contamination caused by lid-opening, attempts

have been made to perform the reaction in closed cartridges,

which has currently been accomplished using microfluidic

reactors (Ramachandran et al., 2020; Rahimi et al., 2021).

The Ago system is generally involved in nucleic acid-

guided host defense against invading nucleic acids in

bacteria (Lisitskaya et al., 2018). Thermophilic Agos were

first biochemically demonstrated to cleave ssDNA or RNA

sequences that are complementary to the guide (Hegge et al.,

2018). Owing to their programmable and specific nuclease

nature similar to CRISPR, thermophilic Agos have been

developed for applications in diagnosis. Thus far, several

detection methods have been developed using thermophilic

Agos (Supplementary Table 2). In particular, our group

elucidated the stepwise activity of PfAgo, which can uniquely

exert double-stranded DNA (dsDNA) cleavage directed by a
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FIGURE 4

Sensitivity evaluation of the MAIDEN system. (A) Schematic diagram of the two-step operation. (B) Sensitivity of the PbAgo and

KmAgo-mediated two-step assay. (C) Schematic diagram of the one-step operation. (D) Sensitivity of the PbAgo and KmAgo-mediated

one-step assay. Data were collected from three independent experiments and are presented as the mean ± SD, and significance was considered

as ns ≥ 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
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single gDNA rather than a pair of gDNAs that target each of the

two strands (Xun et al., 2021a). Inspired by the stepwise PfAgo

activity, we then developed the renewed gDNA-assisted DNA

cleavage with Argonaute (RADAR) method that demonstrated

rapid and sensitive multiplex virus detection, enabling efficient

genotype diagnosis at a single-nucleotide resolution (Xun

et al., 2021a). The multiplex Ago-based nucleic acid detection

system (MULAN) method integrated with LAMP and RADAR

allowed simultaneous detection of SARS-CoV-2 and influenza

viruses (Ye et al., 2022). Zhao et al. have developed PfAgo-

mediated nucleic acid detection (PAND) for SARS-CoV-2

detection based on a similar principle, which integrated

PfAgo cleavage and LAMP with prefabricated capillaries to

enable a single-tube reaction (Xun et al., 2021b). Although

these methods provide good sensitivity, they are limited by

the need for a heating procedure and lack of compatibility

with POCT application (Qin et al., 2022). As a consequence,

mesophilic Agos as programmable nucleases at moderate

reaction conditions have attracted great interest in nucleic

acid detection.

This study successfully expanded mesophilic Ago

applications in the diagnosis toolbox (Supplementary Table 2).

First, mesophilic Agos were screened and evaluated, and

KmAgo and PbAgo were selected based on their higher cleavage

activity, compared with other candidates. Similar to the

reported thermophilic Agos, KmAgo, and PbAgo exhibited

stepwise activity, which is the basis for a fluorescent sensing

system. Since mesophilic Agos only target single-strand

nucleic acids as their substrate, and reverse transcription is a

well-established process that produces ssDNA products from

RNA viruses, we evaluated the compatibility of mesophilic

Ago cleavage and reverse transcription. After screening for

the optimal reverse transcription system, we optimized the

reaction system components, including the concentration

of divalent metal ions (Mg2+), primer selection, and

Ago-to-guide ratio. Under optimal conditions, 60min was

sufficient for detection. In addition, we could even integrate

the two separate reactions into a one-pot system without

lid-opening, preventing contamination risk. Notably, the

detection sensitivity of the one-pot reaction was similar

to that of the two-step reaction, implying that mesophilic

Agos can adapt to the selected reverse transcription reaction.

Moreover, the one-pot reaction ensured completion within

1 h in a simple operation, exhibiting important application

potential for on-site testing. The comparisons of our method

with other reported CRISPR-based and thermophilic Ago-

based methods for SARS-CoV-2 detection are listed in

Supplementary Table 2.

In our previous study, PfAgo was able to cleave the

target sequence with a gDNA carrying a single-nucleotide

mismatch (Liu et al., 2021a; Xun et al., 2021a; Ye et al.,

2022). We then introduced an extra mismatch in the

gDNA that yielded two contiguous mismatches to the target,

which significantly decreased cleavage activity. Therefore, the

MULAN method was developed to discriminate targets at

single-base resolution, such as SARS-CoV-2 and its D614G

mutant (Ye et al., 2022). Considering that both KmAgo and

PbAgo can distinguish targets with mismatches at certain

positions (Dong et al., 2021; Liu et al., 2021c), we could

introduce a mismatch in the reporter that resulted in a

single-nucleotide mismatch with the target DNA, but two

consecutive mismatches with the mutant DNA. This design

enables the discrimination between wild-type and mutant in

a single reaction. Consequently, we proposed that mesophilic

Agos are also a powerful discrimination tool for emerging

viral mutations.

The mesophilic Ago-based assay in this study is an

encouraging attempt to detect SARS-CoV-2 RNA; however, the

detection sensitivity can be further improved, compared with

reported methods. We think that the selected mesophilic

Agos used in combination with reverse transcriptase,

which indicates an amplification-free process, may limit

detection sensitivity. We propose a further combination

with isothermal amplification methods, such as reverse

transcription-recombinase aided amplification (RT-RAA),

that would efficiently detect targets at a lower concentration.

In addition, the cleavage activity of mesophilic Ago is much

lower than that of thermophilic Ago that we previously

used. We reasoned that the high temperature accelerates the

enzymatic rate from a thermodynamic aspect. Therefore,

we are planning to apply a protein engineering strategy to

generate an evolved Ago with higher activity at moderate

temperature, in order to improve the sensitivity of mesophilic

Ago-based detection.
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Background: Metagenomic next-generation sequencing (mNGS) has become

a valuable diagnostic tool in clinical etiology detection due to its rapidity,

accuracy, and high throughput. However, the role of this technology in the

diagnosis and treatment of infants with severe pneumonia after congenital

heart surgery is still unclear.

Methods: We conducted a retrospective cohort study of infants

with severe pneumonia after congenital heart surgery. Samples

were collected from infants in the hospital’s cardiac intensive care

unit between January 2010 and January 2022. The conventional

microbiological test (CMT) group consisted of patients who

underwent routine microbiological examination, and the infants’

bronchoalveolar lavage fluid was examined. The mNGS group consisted

of patients who underwent mNGS and routine microbiological

examinations.

Results: The overall positive rate of mNGS was significantly higher

than that of CMT (88.4 vs. 62.5%, P = 0.009). After receipt of the

microbiological results, 30/43 (70%) patients in the mNGS group had a

change in antibiotic use compared with 14/40 (35%) in the CMT group

(P = 0.002). Subsequently, after adjusting the treatment plan according

to the microbiological test results, the number of people with improved

pulmonary infection in the mNGS group was significantly higher than that

in the CMT group (63 vs. 28%, P < 0.05). In addition, the duration of

invasive ventilation, length of CICU stay and total hospital length of stay

in the mNGS group were significantly lower than those in the CMT group

(P < 0.05).
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Conclusion: mNGS is a valuable tool to determine the etiology of infants with

severe pneumonia after congenital heart disease surgery. It can significantly

improve the sensitivity of pathogen detection, which can help determine

appropriate antimicrobial drugs, improve the diagnostic accuracy of the

disease, and improve outcomes.

KEYWORDS

metagenomics next-generation sequencing, bronchoalveolar lavage fluid,
pneumonia, infection, congenital heart surgery

Introduction

Pneumonia is one of the main causes of postoperative
morbidity and mortality in infants with congenital heart disease
(CHD). They are at high risk of infection for a variety
of reasons including malnutrition, pulmonary congestion,
ischemia–reperfusion injury after cardiopulmonary bypass, and
congenital immunodeficiencies such as DiGeorge syndrome
(Murni et al., 2017). Early and appropriate antimicrobial therapy
against the pathogen is a major component of pneumonia
treatment while preventing the overuse of antibiotics and
the emergence of resistance (Bradley et al., 2011; Vaughn
et al., 2019). Accurate pathogen detection is a prerequisite for
precise antimicrobial treatment. Infants with severe pneumonia
after congenital heart surgery (CHS) often require tracheal
intubation, and bronchoalveolar lavage fluid (BALF) has
become a relatively easy-to-obtain clinical specimen with high
diagnostic value. Conventional microbiological tests (CMTs)
of BALF, such as bacterial and fungal smears and cultures,
do not meet the diagnostic needs of critically ill patients due
to long detection cycles and low sensitivity (Jain et al., 2015;
Zhou et al., 2019). Culture-independent assays (serological
assays and nucleic acid amplification assays) have been shown
to be effective methods for determining etiology. However,
polymerase chain reaction kits are not comprehensive in terms
of breadth and resolution due to their limited detection range.
Recently, metagenomic next-generation sequencing (mNGS)
has been widely used in the diagnosis and treatment of
infectious diseases, and studies have found that it is helpful
to improve prognosis and reduce mortality (Miao et al., 2018;
Xie et al., 2019; Cai et al., 2020; Qian et al., 2020; van
Boheemen et al., 2020). Furthermore, an increasing number
of rare pathogens have been detected by mNGS methods,
providing strong evidence for the diagnosis and treatment of
some difficult and critically ill patients (Zhang et al., 2019;
Wang et al., 2020). However, there are no application studies
of mNGS in cardiac intensive care unit (CICU) patients
with severe pneumonia. This study summarizes clinical data
through retrospective analysis and explores the clinical value of

mNGS in detecting pathogens in BALF of patients with severe
pneumonia after CHS.

Materials and methods

Population and study criteria

Infants with severe pneumonia after CHD admitted to the
CICU of Fujian Maternal and Child Health Hospital and Fujian
Children’s Hospital from January 2020 to January 2022 were
retrospectively analyzed. The inclusion criteria were as follows:
(1) The diagnosis of severe pneumonia was based on the criteria
established by the Paediatric Infectious Diseases Society and the
Infectious Diseases Society of America; (2) BALF was obtained
via bedside bronchoscopy; (3) BALF was sent for at least 1
mNGS examination; (4) BALF was simultaneously detected by
the CMT method, including at least bacterial and fungal smears
and cultures; (5) Routine blood and inflammatory markers,
including CRP, PCT, (1,3)-β-D-glucan and galactomannan
antigens, were detected before and 24 h after BALF collection.
The exclusion criteria were as follows: (1) BALF samples that
failed mNGS quality control, e.g., sequences of human origin
exceeded 99%; (2) sample leakage and contamination; and (3)
incomplete clinical history. Patients were included in the mNGS
group when informed consent was provided for testing while
those who were not tested by mNGS were grouped into the
CMT group.

Sample processing and conventional
microbiological test

Bedside bronchoscopy was performed by the attending
physicians after the patient’s written informed consent.
Physicians followed standard procedures to collect 3–5 mL
of BALF samples from the infant. Each sample was placed
in a sterile sputum container and then separately sent to
the microbiology laboratory for routine examination such as
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bacterial and fungal smears and cultures, acid-fast staining, and
polymerase chain reaction testing of specimens from patients
with suspected viral infection.

Metagenomic next-generation
sequencing procedure

Samples of 3–5 mL were collected from infants following
standard procedures. A 1.5 mL microcentrifuge tube containing
0.5 mL BALF sample and 1 g 0.5 mm glass bead was connected
to the horizontal platform of the vortex mixer. Then, the
mixture was stirred vigorously at 3,000 RPM for approximately
30 min. The 0.3 mL sample was transferred into a new
1.5 mL microcentrifuge tube using a TIANamp microtubule
and DNA extraction DNA kit (DP316, Tiangen Biotechnology)
according to the manufacturer’s recommendations. After
that, DNA libraries were constructed by the methods of
DNA fragmentation, end repair, adapter ligation, and PCR
amplification. An Agilent 2100 was used for DNA library quality
control. Qualified libraries were sequenced by the BGISEQ-50
platform (Fang et al., 2018).

Bioinformatics analysis

Quality control of raw sequencing data, including removal
of low-quality, low-complexity, short reads (<35 bp) and
adapter trimming followed by alignment of the human
reference genome (hg38) using Burrows–Wheeler alignment,
was performed and reads obtained in the human genome were
discarded. Microbial classification was performed by mapping
the remaining sequenced fragments to a reference microbial
database consisting of the genomes of archaea, bacteria, fungi,
protozoa, viruses, and parasites from the NCBI Genome
Database (Benson et al., 2013). The number of unique alignment
reads was calculated and standardized to obtain the number of
reads stringently mapped to pathogen species and the number
of reads stringently mapped to pathogen genera. The workflow
and timeline for mNGS and CMT are shown in Figure 1.

Statistical analysis

Data were analyzed using SPSS software version 25.0
for Windows (IBM SPSS Inc., Chicago, IL, United States).
Independent continuous variables were presented as the
mean ± standard deviation (SD) and were analyzed by t-tests.
Counts and percentages describe the enumeration data. Means
were compared using Student’s t-test, and Fisher’s exact test
was used for categorical data. The Mann–Whitney U test was
applied for non-normally distributed data. A two-sided P-value
of < 0.05 was regarded as statistically significant.

Results

Demographic characteristics

A total of 88 infants with ARDS caused by severe pneumonia
were screened in this study, and 5 patients were excluded
according to the exclusion criteria. Among them, 2 patients had
incomplete clinical history data, 2 failed mNGS quality control,
and 1 had BALF sample contamination. Forty-three infants were
included in the NGS group, and 40 were included in the CMT
group. The clinical characteristics of the NGS group and CMT
group, including demographic characteristics, incidence of
pulmonary hypertension and preoperative respiratory infection,
type of CHD, surgical information, postoperative bronchoscopy
time, laboratory test results, ventilator parameters, etc., are
shown in Tables 1, 2, with no statistically significant differences
between the two groups (P > 0.05). In this study, all patients
were treated with empirical antibiotics. Bronchoscopy was
used for diagnosis or treatment, and BALF examination was
performed. There was no statistically significant difference
in the time of bronchoscopy after surgery, but the time of
sample submission to results feedback in the mNGS group
was significantly shorter than that in the CMT group, and
the difference was statistically significant (25.6 ± 3.5 h vs.
78.5 ± 5.5 h, P < 0.05). All enrolled patients received only one
mNGS test. There were no statistically significant differences in
laboratory data or ventilator parameters between the two groups
during the study period (Table 2).

Comparison of metagenomic
next-generation sequencing and
conventional microbiological test
pathogen detection methods

Figure 2 lists the distribution of all detected major bacteria,
fungi, viruses, and other atypical pathogens. There was no
significant difference in the proportion of each species between
the two groups. In terms of bacteria, the mNGS group had
a significantly higher detection rate than the CMT group (93
vs. 45%; P < 0.001). The most common pathogens in both
groups were Klebsiella pneumoniae (mNGS vs. CMT: 26 vs.
24%; P = 0.732), followed by Acinetobacter baumannii (9 vs.
10%; P = 0.393), and Stenotrophomonas maltophilia (9 vs. 10%;
P = 1.000). In terms of fungi, the detection rate of the mNGS
group was also higher than that of the CMT group (30 vs. 15%;
P = 0.121), but the difference was not statistically significant.
Fungus was detected in 13 patients in the mNGS group, with
the most common fungi being Candida albicans in 6 cases,
Pneumocystis jirovecii in 4 cases, and Candida parapsilosis in
3 cases. The most common fungi in the CMT group were
Candida albicans in 3 cases and Candida parapsilosis in 1 case.
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FIGURE 1

Workflow and timeline for metagenomic next-generation sequencing (mNGS) and conventional microbiological test (CMT).

In terms of viruses, there was no significant difference in the
detection rate between the mNGS group and the CMT group
(53 vs. 33%; P = 0.076). Viruses were detected in 23 patients
in the mNGS group, and the most frequently detected viruses
were respiratory syncytial virus in 7 cases, cytomegalovirus in
5 cases, and Epstein–Barr virus in 4 cases. In the CMT group,
only 25 patients with suspected viral infection were tested for
viruses. A total of 13 patients tested positive for the virus, of
which the top three viruses were respiratory syncytial virus (4
cases), cytomegalovirus (3 cases), and Epstein–Barr virus (3
cases). In terms of atypical pathogens, there was no significant
difference in the detection rate between the mNGS group and

the CMT group (12 vs. 3%; P = 0.203). mNGS detected 1 case
of Mycoplasma pneumoniae, 2 cases of Legionella pneumophila,
and 1 case of Ureaplasma urealyticum, while only 1 case of
Mycoplasma pneumoniae was detected by CMT. The overall
positive rate of mNGS (38/43, 88.4%) was significantly higher
than that of CMT (25/40, 62.5%, P = 0.009). In the mNGS
group, 14 cases (32.6%) were copositive for both methods (CMT
and mNGS). In addition, 60% of infants in both groups had
mixed infections, and multiple microbial infections were found
more frequently in the mNGS group than in the CMT group
(88% vs. 30%, P < 0.001). The percentage of coinfection with
various pathogens in the two groups is shown in Figure 3.
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Among them, bacterial-fungal-viral coinfection was the most
common (17 and 20%), followed by bacterial-fungal (14 and
17%), bacterial-viral (9 and 11%), fungal-viral (5 and 6%), and
bacterial-atypical pathogens (5 and 6%) in the mNGS and CMT
groups, respectively.

Treatment and prognosis

After obtaining the mNGS results, we adjusted the antibiotic
regimen according to the following principles: (1) The original
anti-infection regimen was maintained. (2) The anti-infection
regimen was changed according to the clinical characteristics
of the patients and the detection results of pathogenic bacteria:
a. When there was a new infectious pathogen, we added
or changed antibiotic therapy. b. When there were no new
infections and the disease was stable, we reduced or de-escalated
the antibiotics. In this study, 30/43 (70%) patients in the mNGS
group had antimicrobial adjustments: in 45% of cases, new
antibiotics were added or the current antibiotics were upgraded

TABLE 1 Clinical characteristics of included patientsa.

Characteristics NGS
(n = 43)

CMT
(n = 40)

P-value

Sex (Male/Female) 23/20 18/22 0.512

Age (months; mean± SD) 2.8± 1.1 3.0± 0.9 0.175

Weight (kg; mean± SD) 5.5± 0.6 5.3± 0.9 0.436

Pulmonary hypertension, n (%) 31 (72) 26 (65) 0.636

Preoperative respiratory infection, n
(%)

25 (58) 19 (48) 0.383

Congenital heart disease

VSD 9 9

VSD+ ASD 9 8

TAPVC 7 6 1.000

COA 5 4

TOF 4 4

DORV 3 3

IAA 2 3

PDA 2 2

TGA 2 1

CPB time (minutes; mean± SD) 115.7± 25.8 116.1± 29.2 0.960

Aortic cross-clamp time (minutes;
mean± SD)

57.1± 19.1 54.4± 21.0 0.536

Postoperative bronchoscopy time
(days; mean± SD)

3.8± 0.9 4.1± 1.1 0.075

Time of sample submission to results
feedback (hours; mean± SD)

30.6± 3.5 78.5± 5.5 < 0.001

mNGS, metagenomic next-generation metagenomic sequencing; CMT, conventional
microbiological test; VSD, ventricular septal defect; ASD, atrial septal defect; TAPVC,
total anomalous pulmonary venous connection; COA, coarctation of the aorta; TOF,
tetralogy of Fallot; DORV, double outlet of right ventricle; IAA, interrupted aortic
arch; PDA, patent ductus arteriosus; TGA, transposition of the great arteries; CPB,
cardiopulmonary bypass.
aData reported as number and percentage or mean± standard deviation.

and in 25% of cases, the current antibiotics were reduced or
de-escalated. In the CMT group, 14/40 (35%) had antibiotic
adjustments: in 21% of cases, new antibiotics were added or
the current antibiotics were upgraded and in 14% of cases, the
current antibiotics were reduced or de-escalated (Figure 4).

After receiving microbiological test results and adjusting
for antibiotics, pulmonary infection improved in 27/43 patients
(63%) in the mNGS group compared with 11/40 patients
(28%) in the CMT group in the ensuing 7 days (P = 0.032)
(Table 3). For example, in an infant after CHS, computed
tomography showed diffuse changes in both lungs, and mNGS
detected Pneumocystis jirovecii. According to the patient’s
clinical manifestations, the clinician prescribed caspofungin
and compound sulfamethoxazole tablets for the treatment of
pneumonia. After antimicrobial treatment, the condition of the
infant improved quickly, and he was cured and discharged.
The time required for mechanical ventilation was shorter in
the mNGS group than in the CMT group (3.6 ± 1.9 vs.
4.6 ± 2.2 days; P = 0.030). In addition, the duration of ICU
stay and total hospital length of stay were shorter in the mNGS
group than in the CMT group (5.8± 3.3 days vs. 7.5± 3.0 days,
P = 0.010 and 15.3 ± 4.1 days vs. 17.1 ± 3.5 days, P = 0.033,
respectively). Finally, in-hospital death occurred in 1 patient in
the mNGS group and 3 patients in the CMT group after the
diagnosis of severe pneumonia (P = 0.348).

TABLE 2 Laboratory data and ventilator parameters during the study
perioda.

Variable mNGS (n = 43) CMT (n = 40) P-value

WBC (109/L) 11.5 (6.9, 19.4) 13.3 (7.3, 17.5) 0.185

Percentage of
neutrophils (%)

70.5 (63.1, 80.7) 63.6 (57.3, 75.5) 0.275

CRP (mg/L) 21.5 (15.1, 47.8) 25.3 (18.3, 51.2) 0.776

PCT (ng/mL) 7.5 (2.7, 17.6) 8.1 (3.4, 18.3) 0.605

Scr (mmol/L) 76 (64, 203) 97 (67, 134) 0.512

ALT (IU/L) 31 (25, 51) 27 (25, 55) 0.602

Lactate (mmol/L) 1.4 (1.1, 2.9) 1.7 (1.0, 2.5) 0.761

NT-proBNP (pg/mL) 882 (575, 3563) 905 (477, 3866) 0.488

FiO2 0.8 (0.6, 1.0) 0.6 (0.5, 0.8) 0.932

PEEP 6 (4, 10) 5 (4, 8) 0.275

MAP 7 (5, 15) 8 (6, 15) 0.853

OI at inclusion 9 (6, 15) 8 (6, 17) 0.686

mNGS, metagenomic next-generation sequencing; CMT, conventional microbiological
test; WBC, White blood cell; CRP, C-reactive protein; PCT, Procalcitonin; Scr,
Serum creatinine; ALT, Alanine aminotransferase; NT-proBNP, N-terminal Pro-Brain
Natriuretic Peptide; FiO2 , Fraction of inspiration O2 ; PEEP, positive end-expiratory
pressure; MAP, mean airway pressure; OI, Oxygenation Index.
The hospital reference ranges: WBC (109/L): 4.5–9.5; percentage of neutrophils (%): 45–
75, CRP (mg/L): 0–10; PCT (ng/mL): < 0.05, Scr (mmol/L):13–33, ALT (IU/L): 20–40;
lactate (mmol/l):0.1–1; NT-proBNP (pg/mL): 0–125.
There were no differences in laboratory examination, ventilator parameters before
treatment between two groups (P > 0.05).
aThe measured data of patients’ physiological indicators in the above table were shown
by median (interquartile range).

Frontiers in Microbiology 05 frontiersin.org

180

https://doi.org/10.3389/fmicb.2022.954538
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-954538 August 1, 2022 Time: 15:45 # 6

Zheng et al. 10.3389/fmicb.2022.954538

FIGURE 2

Pathogen distribution detected by metagenomic next-generation sequencing (mNGS) and conventional microbiological test (CMT).

FIGURE 3

Percentage of patients with mixed infection.

Discussion

Pulmonary infection is a common infectious disease after
CHS, especially for infants with high morbidity and high
mortality. The main reasons for the poor efficacy of empirical
treatment of pneumonia are uncertain pathogens and mixed
infections. Rapid and accurate detection of the pathogen
is critical for the treatment and prognosis of patients with
pulmonary infections. mNGS is a highly sensitive assay for
the simultaneous detection of numerous pathogens in clinical
samples (Kawada et al., 2016). In this study, mNGS and
CMTs were performed on the BALF of 83 infants with severe
pneumonia after CHS. The results showed that mNGS was
significantly more sensitive than CMT for BALF detection,
shortened the time to diagnose pathogens, and promoted the

target. There are considerable advantages of mNGS over CMT
in terms of determining appropriate antibiotic therapies and
improving patient outcomes.

The sensitivity, timeliness, and specificity of CMT
techniques are not ideal, and they are easily affected by
antimicrobial drugs (Nath, 2015). Due to factors such as the
limitation of culture conditions, many pathogens cannot be
cultured under existing laboratory conditions. Furthermore,
pulmonary infection after CHS is often mixed infection,
making it more difficult to culture. mNGS can overcome the
limitations of CMT and perform broad-spectrum detection
of pathogens, including bacteria, viruses, fungi and parasites.
This study found that mNGS is more time-sensitive than the
CMT method for detecting pathogenic microorganisms. It takes
only 1–2 days on average from sending samples to receiving
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FIGURE 4

Adjustment of antibiotics based on metagenomic next-generation sequencing (mNGS) and conventional microbiological test (CMT) results.

reports, while conventional culture takes at least 3–5 days. In
addition, for bacteria, fungi, and viruses, the positive rates of the
mNGS group were significantly higher than those of the CMT
group. Relevant studies have found that mNGS technology can
identify pathogens in patients with severe pneumonia early and
guide the use of antibiotics, thereby significantly reducing the
mortality rate of children with severe pneumonia (Xie et al.,
2019). At present, mNGS has been widely used in the detection
of pathogenic microorganisms in body fluids, such as sputum
and BALF, in respiratory infectious diseases and has good
diagnostic value (Li et al., 2018).

Severe pneumonia after CHS often requires mechanical
ventilation, samples are easy to obtain by bronchoalveolar
lavage, and it is well tolerated. mNGS is suitable for the

TABLE 3 Comparison of outcomes between mNGS and CMT groupsa.

Variable mNGS (n = 43) CMT (n = 40) P-value

Pulmonary infections
improved, n (%)

27 (63) 11 (28) 0.002

In-hospital mortality, n (%) 1 (2) 3 (8) 0.348

ECMO, n (%) 1 (2) 2 (5) 0.607

CRRT, n (%) 5 (12) 3 (8) 0.713

Duration of invasive
ventilation (days;
mean± SD)

3.6± 1.9 4.6± 2.2 0.030

CICU length of stay (days;
mean± SD)

5.8± 3.3 7.5± 3.0 0.010

Total hospital length of stay
(days; mean± SD)

15.3± 4.1 17.1± 3.5 0.033

mNGS, metagenomic next-generation metagenomic sequencing; CMT, conventional
microbiological test; ECMO, extracorporeal membrane oxygenation; CRRT, continuous
renal replacement therapy; CICU, cardiac intensive care unit.
aData reported as number and percentage or mean± standard deviation. Values in bold
indicated statistical differences between the two groups.

detection of pathogens that other conventional techniques
cannot identify and in cases where patients do not respond
to standardized antimicrobial therapy. Overuse of antibiotics
can lead to drug resistance and wasted health care resources
(Ramirez et al., 2020). Because mNGS can provide faster
and more pathogenic bacteria detection information, it
can help clinicians adjust antibiotics in a timelier manner,
including addition and subtraction of antibiotics, upgrading and
escalation of antibiotics, and initiation of targeted anti-infection
therapy. In this study, the number of antibiotic adjustments in
the mNGS group was significantly higher than that in the CMT
group (70 vs. 35%, P < 0.05), and the proportion of pulmonary
infections that improved after adjustment was also significantly
higher (63 vs. 28%, P < 0.05). Apparently, patients in the
mNGS group received more targeted treatment after obtaining
the aetiological report. However, it should be noted that mNGS
results should be combined with the relative abundance of the
assay and epidemiological and clinical characteristics to identify
the causative microorganism.

We found that the proportion of mixed infections after
CHD was high (60%). In addition, the detection rate of mNGS
mixed infection (48.9%) was significantly higher than that of
conventional pathogen detection methods (4.3%), suggesting
that mNGS has a strong advantage in the diagnosis of
mixed infectious pathogenic microorganisms (Parize et al.,
2017). Previous studies have reported that identification of
unsuspected rare pathogens is a major advantage of mNGS (Gu
et al., 2020). In our study, mNGS detected specific pathogens
that are difficult to culture in children with severe pneumonia
after CHS, including Bordetella pertussis, Pneumocystis jirovecii,
and cytomegalovirus. Because these pathogens often require
special growth conditions, they are difficult to identify by
traditional methods. Fortunately, the advantage of mNGS is
that it can sequence hundreds of thousands to millions of DNA

Frontiers in Microbiology 07 frontiersin.org

182

https://doi.org/10.3389/fmicb.2022.954538
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-954538 August 1, 2022 Time: 15:45 # 8

Zheng et al. 10.3389/fmicb.2022.954538

molecules simultaneously and enables comprehensive analysis
of the transcriptome and genome of the same species. After
that, it compares and intelligently analyzes the detection results
with the reference pathogenic microorganism sequences in the
database to calculate the sequence number of various pathogenic
microorganisms and avoid missed detection (Barlow et al., 2007;
Pan et al., 2008). For example, in this study, a patient with
a double outlet right ventricle developed severe pneumonia
after surgery. The white blood cells in the routine blood tests
increased to 38 × 109/L at one time, and the effect was poor
after conventional antimicrobial treatment. The mNGS results
identified Bordetella pertussis. The infection improved quickly
after adjusting to azithromycin antimicrobial treatment.

Previous studies have suggested that treatment decisions
based on mNGS results may have better clinical outcomes
than routine examinations in intensive care unit patients with
severe pneumonia (Xie et al., 2019). We also found that
mNGS technology can significantly shorten the CICU stay and
the duration of mechanical ventilation in infants with severe
pneumonia after CHS. From the perspective of economics and
clinical prognosis, children with CHD complicated with severe
pneumonia are more suitable for the early clinical application
of mNGS technology to assist in clinical diagnosis and drug
decision-making. Although the number of in-hospital deaths
in the mNGS group was lower than that in the CMT group,
the difference was not statistically significant (2.3 vs. 7.5%,
P = 0.348), which may be related to the small sample size.

This study is the first mNGS study of BALF in infants with
pulmonary infection after CHS. Pathogens were identified by
the DNA levels of microorganisms in BALF samples and their
relative abundance levels. This method significantly improves
the sensitivity of pathogenic detection and shortens the time
to diagnose pathogens, which provides an important reference
for clinical anti-infection practice. However, this study also
has certain limitations. The sample size of this study was
small, and the infants with CHD showed a diverse distribution.
Moreover, mNGS cannot provide the drug susceptibility results
of pathogens, so the antimicrobial regimen can only be adjusted
empirically after receiving the results. Additionally, as a new
pathogenic microorganism detection technology, mNGS is
more expensive than traditional pathogenic microorganism
detection technology ($500 vs. $30), and; thus it is difficult
to perform multiple tests. Although mNGS has been widely
accepted and used in critically ill infected patients, mNGS results
should be combined with epidemiological and clinical features
to identify causative microorganisms for technical reasons (e.g.,
methods to eliminate the influence of host genes). There is
no uniform standard for the modification and guidance of
clinical treatment strategies by mNGS results, especially for
some refractory cases, which limits its application in clinical
research. Finally, most of the infants in this study were given
antimicrobial treatment before sampling, which may reduce the
positive rate of CMT and the sensitivity of mNGS.

Conclusion

The sensitivity of mNGS technology for the detection of the
pathogen in severe pneumonia after CHS has been significantly
improved. This can help to target and adjust antimicrobial
drugs and improve the prognosis of infants. In the future, large
sample, multicenter, prospective studies should be carried out
to better understand the application of mNGS detection in
CHD complicated with infection and improve the prognosis of
children with CHD.
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Hepatic alveolar echinococcosis (HAE) is a zoonotic parasitic disease caused 

by the larvae of Echinococcus multilocularis. Because of its characteristics 

of diffuse infiltration and growth similar to tumors, the disability rate 

and mortality rate are high among patients. Although surgery (including 

hepatectomy, liver transplantation, and autologous liver transplantation) 

is the first choice for the treatment of hepatic alveolar echinococcosis 

in clinic, drug treatment still plays an important and irreplaceable role in 

patients with end-stage echinococcosis, including patients with multiple 

organ metastasis, patients with inferior vena cava invasion, or patients 

with surgical contraindications, etc. However, Albendazole is the only 

recommended clinical drug which could exhibit a parasitostatic rather 

than a parasitocidal effect. Novel drugs are needed but few investment was 

made in the field because the rarity of the cases. Drug repurposing might 

be  a solution. In this review, FDA-approved drugs that have a potential 

curative effect on hepatic alveolar echinococcosis in animal models are 

summarized. Further, nano drug delivery systems boosting the therapeutic 

effect on hepatic alveolar echinococcosis are also reviewed. Taken together, 

these might contribute to the development of novel strategy for advanced 

hepatic alveolar echinococcosis.
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hepatic alveolar echinococcosis, drug repurposing, antibiotic drug, protease 
inhibitor, immune checkpoint inhibitor
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Introduction

Hepatic echinococcosis (HE) is a zoonotic parasitic disease 
that seriously endangers people’s health and socio-economic 
development worldwide, especially in some rural area of China 
(McManus et al., 2003; Yang et al., 2017). The annual treatment 
costs and livestock losses associated with the disease are expected 
to be $3 billion (Kern et al., 2017), which has become a major 
global public health problem. In 2010, the World Health 
Organization listed it as one of the 17 neglected diseases that 
should be controlled or eliminated by 2050. 91% of the new cases 
in the world come from China each year (Qian et al., 2017).

There are mainly two kinds of echinococcosis: hepatic cystic 
echinococcosis (HCE) and hepatic alveolar echinococcosis (HAE). 
HE is caused by the parasite passing through the intestinal mucosa 
and then entering in the liver through the portal vein system. HAE 
only accounts for 5–10% of the overall incidence rate of 
echinococcosis (Akbulut et al., 2014; Akbulut, 2018). Although it is 
a benign disease, its growth mode is like a malignant disease (Parsak 
et al., 2007). HAE could not only infiltrate into surrounding tissues 
such as gallbladder, blood vessels, or biliary system, but also distal 
organs, such as kidney, lung, brain, bone, etc. (Hatipoglu et al., 2013; 
Joliat et al., 2015). Although surgery is the ideal treatment for HAE, 
patients are constantly diagnosed at the advanced stage of the 
disease as the initial symptoms can be sub-clinical. Also, lack of 
health knowledge and medical resources makes the problem worse. 
As a result, many HAE patients lose the opportunity for surgery, 
leaving medication the only option for these patients.

Mebendazole and Albendazole are mainly used to treat 
advanced HAE. Study (Davis et al., 1989; El-On, 2003) showed that 
albendazole is more efficient than mebendazole in the treatment of 
HAE. Albendazole can inhibit the uptake of glucose, deplete the 
glycogen of the germinal layer cells, denature the endoplasmic 
reticulum bodies and mitochondria, increase the lysosomes, and 
finally lead to the death of the parasite. However, albendazole 
exhibit a parasitostatic rather than a parasitocidal effect. The plasma 
concentration of albendazole was only (1.86 ± 0.88) mg/L, while the 
drug concentration in hydatid lesions was only 1/100 of the plasma 
concentration, which was far lower than the concentration required 
to kill multilocular Echinococcus multilocularis. Further, advanced 
HAE cases must undergo long-term chemotherapy (often life-
long), which could result in adverse complications such as 
abnormal liver function, leukopenia, and hair loss (Meilinger et al., 
2013). Therefore, recurrence rates after interruption of therapy are 
relatively high (Reuter et al., 2004). In addition, long-term drug use 
is easy to cause drug resistance of parasites (Pawluk et al., 2015), 
also resulting in the progression of the disease. As a result, effective 
novel drugs are needed for the disease.

Dilemma

For many years, the pharmaceutical industry has not been 
compelled to develop novel drugs against HAE due to its relatively 

rare abundance, investments in the development of new drugs 
against AE will not result in a high market return, resulting in Low 
investment of the area. Also, the rarity of the cases would make it 
almost impossible to conduct clinical trials like randomized 
control trial, or cohort study, etc. So, even there is a new drug for 
HAE, it would take years to investigate its efficiency and safety in 
HAE patients. Up to date, Mebendazole and Albendazole are still 
the only options for these patients.

Drug repurposing or studying existing drugs for potential 
therapeutic utility in newer indications has been identified as an 
attractive option for treating a number of diseases (Polamreddy 
and Gattu, 2019), which might be a solution for this problem. 
Drug repurposing offers manifold advantages over de novo drug 
discovery and development process such as expedited and 
economical drug development process (Breckenridge and Jacob, 
2019), curtailing the development risks as safety of the compound, 
a major reason for high attrition rates in drug development 
process, is already well established (Gupta et al., 2013). Due to 
huge promise offered by drug repurposing compared to 
conventional drug development process, this strategy is being 
adopted by many pharmaceutical companies to redevelop their 
approved and shelved molecules as novel therapeutic options in a 
wide range of indications (Neuberger and Oraiopoulos, 2019). 
Four pillars were identified to assure the success rate in drug 
repurposing programs (Mittal and Mittal, 2021). Pillar 1: drug 
pharmacology – sound knowledge of the repurposed drug’s 
pharmacological characteristics; pillar 2: drug formulation – drug 
formulation considerations in new indication; pillar 3: evaluation 
in biological assays – evaluation in representative biological assays 
with translational potential; pillar 4: clinical evaluation – robust 
clinical trial methodologies including biomarker-driven approach 
to provide conclusive evidence of repurposed drug’s efficacy in 
new indication.

Excitingly, lab experiments have showed that many 
FDA-approved drugs might have therapeutic effects on 
HAE. Many of the studies have provided Pillar 1, 2, or 3 evidence 
for drug repurposing, which might bring new opportunity for 
advanced HAE patients. In addition, these drugs could be used 
with Albendazole simultaneously in HAE patients. With these 
evidence, clinical trials could be enrolling advanced HAE patients 
for experimental treatment to improve outcome of these patients. 
In this review, the details of these potential drugs are being 
reviewed and summarized.

Recent advances in drugs from 
lab

Antibiotic drugs

Mefloquine, the famous antimalarial drug (Lundström-
Stadelmann et al., 2020), showed a significant effect on reduction 
in parasite growth in mice infected with multilocular 
Echinococcus intraperitoneally compared with the standard 
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treatment with albendazole (to assess the viability of the parasite, 
mefloquine-treated metacestodes from in vitro cultures were 
injected into Balb/c mice. No parasite growth was observed  
after 5 months of incubation), although its exact role as a drug 
target remains to be clarified. Consider that HAE is not only a 
parasitic disease, but also a infectious disease. It is reported that 
(Mai et al., 2011) broad-spectrum anti-infective drug - nitazonit 
(nitazoxanide) also showed its effect in killing the parasites. In 
vitro experiment, no regrowth of cysts was observed even after 
3 weeks, 3 months, or 6 months of nitazoxanide and albendazole 
administration. In vivo test, no metacestodes of the hydatid were 
found in mice treated by nitazoxanide. In addition, amphotericin 
B has been proved to effectively inhibit the growth of Echinococcus 
by using the in vitro culture model. When amphotericin B was 
added to metacestode tissue after 10 weeks of culture, destruction 
of vesicles was observed as soon as 1 day after the start of 
treatment, and all vesicles were disrupted after 8 days (Reuter 
et al., 2003). The antifungal drug amphotericin B has been applied 
to patients as a remedial treatment, but it is not an insecticidal 
drug, and long-term use will cause nephrotoxicity.

Protease inhibitor

Hepatic alveolar echinococcosis, similar to tumors, proliferates 
by budding or infiltrating into tissues, and constantly promoting 
angiogenesis. It has been suggested that the unlimited proliferation 
ability of Echinococcus may be related to some signal transduction 
protein kinase molecules (Siles-Lucas et  al., 2001). As a 
phosphoserine/phosphothreonine binding module, 14-3-3 protein 
is involved in the process of DNA damage checkpoint and 
prevention of apoptosis (Wilker and Yaffe, 2004). In fact, the 14-3-3 
cDNA sequence of Echinococcus was compared with the 14-3-3 
isomer of other organisms, and the parasite sequence was classified 
as the isomer related to tumor growth (Spiliotis et al., 2005). Britta 
Stadelmann et al. screened a library containing 426 FDA-approved 
drugs (Stadelmann et al., 2014). The study showed that bortezomib 
(BTZ), a proteasome inhibitor, could cause parasite death in vitro 
model. The animal model also showed that the parasite weight was 
reduced by an average of 2 g under a BTZ dosage of 0.5 mg/kg 
combined with ABZ, proving that bortezomib can be used as a 
drug target in multilocular Echinococcus. Moreover, GTPases Ras 
and RAF, and genes encoding epidermal growth factor receptors, 
were found in Echinococcus Taenia (Spiliotis et al., 2003). RhoA, a 
protein with GTPase activity in Ras superfamily, activates target 
proteins by binding to GTP. RhoA could activate RAF, which is an 
upstream protein of MAPK signaling pathway (Kontaridis et al., 
2008). Activated Raf further activates MEK, which is responsible 
for ERK and JNK phosphorylation (Ke et al., 2019). Activated ERK 
and JNK induce macrophage polarization by activating certain 
transcription factors (Weiss et al., 2018). MAPK signaling pathway 
is crucial for parasitic infection (Zhao et al., 2019). Shigui Chong 
et  al. found that soluble antigen of Echinococcus multilocularis 
induces macrophage polarization after alveolar echinococcosis 

infection through RhoA MAPK signal pathway (Chong et  al., 
2022). Emmpk1, a host extracellular signal regulated kinase  
(ERK), could activate parasitic MAPK cascade as it could 
be phosphorylated by multilocular Echinococcus cysts in vitro 
(Hemphill et  al., 2002; Spiliotis et  al., 2006). MAPK signaling 
pathways, including c-Jun N-terminal kinase (JNK), p38 MAPK 
and ERK, play an important role in signal transduction from cell 
membrane to nuclear transcription factors, balancing cell survival 
and death in liver injury (Ballif and Blenis, 2001). Ren Yong Lin 
et al. reported multilocular echinococcosis could directly affect 
hepatocyte proliferation via MAPK pathway (Lin et al., 2009). The 
team also reported that MAPK signaling pathway was upregulated 
by microarray analysis in mice infected with Echinococcus 
multilocularis (Lin et al., 2011). According to these findings, MAPK 
pathway could be a therapeutic target for HAE.

MAPK pathway inhibitors have been applied in clinic for 
decades. Sorafenib is a small molecule anticancer drug targeting 
RAF in Raf/ERK signaling pathway to inhibit tumor cell 
proliferation and angiogenesis by targeting tyrosine kinases, such as 
intravascular growth factor receptors VEGFR-2 and VEGFR-3 and 
platelet-derived growth factor receptor (PDGFR). Xiao explored the 
efficacy of different concentrations of anti-cancer drug sorafenib in 
multilocular echinococcosis through animal models. The results 
showed that sorafenib showed strong cyst inhibition effect and was 
a potential drug for the treatment of echinococcosis (the cyst 
inhibitory rate of sorafenib was 6.6, 42.4, 68.5, 77.4, 84.0 and 89.5% 
at 10 μmol/l, while the cyst inhibitory rate of albendazole was 3.8, 
12.7, 27.0, 51.4, 54.0, and 73.0% at 30 μmol/l after 48, 72, 96, 120, 
144, and 168 h of administration; Xiao, 2021).

Hemer and Brehm also focused on parasite signaling pathways 
when looking for new drug targets. It was found that imatinib, a 
TKI tyrosine kinase inhibitor, has the ability to efficiently kill the 
protoscolex of Echinococcus in vitro. In addition, imatinib could 
significantly inhibit the formation of prototapeworm vesicles by 
parasitic stem cells at concentrations as low as 10 m. After 7 days 
of treatment, 50% of the vesicles lose activity and induce 
morphological changes of tapeworm. Therefore, imatinib might 
become a promising alternative to albendazole in anti-
echinococcosis chemotherapy (Hemer and Brehm, 2012). 
Although little is known about the signal transduction pathway, 
growth factors and tyrosine kinase signaling molecules might play 
a vital role in the process of worm differentiation and reproductive 
activity, which might be potential targets for new drug treatment 
of echinococcosis. Recent progress in the characterization of TKI 
and signals confirms the importance of tyrosine kinase activation 
pathway in larvae (Brehm et al., 2006). Based on these facts, TKI 
inhibitors could be potential strategies for treating echinococcosis 
(Dissous et al., 2007).

Immune checkpoint inhibitor

Echinococcus can parasitize in the host for a long time 
without being cleared by the body’s immune system is because the 
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antigen produced by Echinococcus after entering the host can 
regulate the body’s immune microenvironment through a variety 
of ways (Zhang et al., 2016), including escaping the attack of host 
immune cells, and inducing the immunosuppression environment. 
It is found that the immune microenvironment is of great 
significance in the occurrence and development of a variety of 
diseases, and the change of immune environment also provides a 
suitable environment for the survival and reproduction of 
multilocular Echinococcus (Bakhtiar et  al., 2020). Multiple 
evidence show that the hepatic inflammatory microenvironment 
is crucial in the development of hepatic echinococcosis (Gottstein 
et al., 2017).

The early stage of animal infection is characterized by Th1/
Th2 mixed immune response, which is accompanied with an 
increase in interferon-γ (IFN-γ), interleukin-4 (IL-4), and related 
chemokines. In human HAE, CD4+/CD25+ regulatory cells 
(Tregs) play a major role in regulating immune response and seem 
to be upregulated in the time course of the disease, which might 
be related to the suppression of the immune response to specific 
antigens and promotion of the secretion of anti-inflammatory 
cytokines like interleukin-10 (IL-10), transforming growth factor 
β (TGF- β), etc. (Vuitton et  al., 2006). Studies showed that 
prolonged exposure to IL-10 could lead to T cell dysfunction 
(Monaghan et al., 2012). Similarly, TGF-β also could reduce the 
intensity of T cell response and induce T cell apoptosis, which is 
related to PD-1 signaling pathway (Ma et al., 2013). Xiaolin La 
et al. explored the relationship between PD-1 / PD-L1 pathway 
and Tregs in different stages of multilocular Echinococcus 
infection. The expression of PD-1 and PD-L1 increased with the 
development of HAE erosion. The results also indicated that high 
expression of PD-1/PD-L1 might play an important role in 
stimulating CD4+/CD25+ T cells, maintaining peripheral 
tolerance and immune escape during chronic infection of 
Echinococcus (La et al., 2015). Junhua Wang et al. evaluated the 
effect of regulatory T cell (Treg) deficiency on the growth of 
Taenia saginata. After Treg deficiency was induced by diphtheria 
toxin (DT), the parasitic lesions (>4 mm) in the liver of mice 
infected with multilocular bacteria were significantly smaller than 
those (<2 mm) in the corresponding control group (Wang 
et al., 2018).

Anne Pauline Bellanger et al. analyzed the cells and serum of 
22 healthy blood donors. After blood samples were stimulated 
with multilocular Echinococcus, a significant increase in PD-L1 
and CTLA-4 was observed (Bellanger et al., 2020), suggesting that 
PD-L1 pathway plays an important role in the infection of 
multilocular Echinococcus multilocularis (Wang et al., 2018). Fadi 
jebbawi et al. started immunotherapy 6 weeks after multilocular 
E. coli infection and maintained it for 8 weeks (Jebbawi et  al., 
2021). Mice were treated with albendazole (orally for 5 days / 
week) and PD-L1 (twice a week intraperitoneally). The results 
showed that PD-L1 blocker can significantly reduce the size and 
weight of parasitic lesions by increasing CD4/CD8 effector T cells 
and reducing Treg, which indicates that PD-1/PD-L1 pathway 
blocking has great potential in the treatment and control of 

multilocular Echinococcus infection. Chuanshan Zhang et  al. 
found that TIGIT might also be a potential therapeutic target for 
HAE as liver weight, lesion weight, lesion area, and confluent 
lesion numbers were significantly lower in TIGIT blocked mice as 
compared with control mice (Zhang et al., 2020). Natural killer 
(NK) cells are active members of innate immunity. More and more 
studies have proved their importance in liver immunity (Kubes 
and Jenne, 2018). Although the mechanism of NK cell in HAE is 
not fully understood, Hao Wen and colleagues explored TIGIT as 
an important potential biomarker in HAE patients and 
E. multilocular-infected mice. The lack or blocking of TIGIT 
partially inhibits the growth of E. multilocular by reversing the 
damaged function of NK cells. The results suggest that targeting 
TIGIT may be a potential immunotherapeutic strategy for the 
treatment of patients with AE (Zhang et al., 2021; Table 1).

Chinese herbal medicine

Previous studies have reported the efficacy of Chinese herbal 
medicine in the treatment of echinococcosis. Liu et al. (2021) have 
tested the anthelmintic effect of saffron on the pathogenic scolex 
of Echinococcus both in vitro and in vivo. They found that saffron 
inhibits the expression of matrix metalloproteinases (MMPs), 
particularly MMP2 and MMP9, in the host tissue around the 
tapeworm, which could promote the deposition of collagen in the 
protoscolex. The results showed that saffron could be developed 
as a new drug for the treatment of HAE.

Artemisinins have been found to have antiparasitic effect via 
various mechanisms, such as ROS-dependent depolarization of 

TABLE 1 Recent advances in drugs for hepatic echinococcosis.

Country 
or 
territory

Drug 
type

In 
vivo

In 
vitro

Anticancer 
ingredient

References

Switzerland Antibiotic √ Mefloquine Lundström-

Stadelmann 

et al. (2020)

China Antibiotic √ √ Nitazoxanide Mai et al. 

(2011)

Germany Antibiotic √ Amphotericin 

B

Reuter et al. 

(2003)

Switzerland Proteasome 

inhibitor

√ BTZ Stadelmann 

et al. (2014)

China Multikinase 

inhibitor

√ Sorafenib Xiao (2021)

Germany PTKI √ Imatinib Hemer and 

Brehm (2012)

Switzerland PD-1 

inhibitor

√ √ PD-1 inhibitor Jebbawi et al. 

(2021)

China TIGIT 

inhibitor

√ √ TIGIT inhibitor Zhang et al. 

(2021)

BTZ, Bortezomib. PTKI, Protein tyrosine kinase inhibitor.
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the membrane (Antoine et al., 2014), or reactive oxygen species 
mediated DNA damage (Gopalakrishnan and Kumar, 2015), etc. 
Artesunate is a semi-synthetic derivative of artemisinin. Its water 
solubility determines its good absorption, high bioavailability, and 
long half-life in vivo. Meanwhile, it could be prepared into oral, 
rectal, intramuscular, and intravenous dosage forms, which is 
convenient for clinical administration. Xiao et al. (2008) proved 
the inhibitory effect of artesunate on adult Clonorchis sinensis 
in vivo through a rat model as significant worm burden reductions 
was observed after artesunate was administrated. Jiraungkoorskul 
et al. (Jiraungkoorskul et al., 2005) observed, in vitro, that the 
surface layer of the artesunate-treated Schistosoma japonicum was 
seriously damaged and its activity decreased. These findings 
suggested that artemisinins might have an important role in 
treating HAE through further validation would be needed.

Jiang C et al. have created a self-made pure traditional Chinese 
medicine “Xiaobao Decoction” to treat hydatidosis in mice. The 
inhibition rate of alveolar hydatidosis was 65.7% ~ 80.6% (Jiang, 
1995), indicating that the traditional Chinese medicine Xiaobao 
Decoction might be a promising alternative or adjuvant therapy 
for HAE (Jiang, 1998). The main ingredients of Xiaobao Decoction 
are areca, Begonia, snake slough, ground beetle, honeycomb, and 
scales. In order to achieve better anti-echinococcosis effect, 
various dosage forms of Xiaobao Decoction were also produced, 
such as Xiaobao capsule, Xiaobao tablet, etc. Jiang CP et al. further 
explored the therapeutic effect of Xiaobao pill combined with 
albendazole in the treatment of hydatidosis, founding that the 
combination caused more serious damage to the ultrastructure of 
hepatic multilocular echinococcosis than albendazole alone 
(Jiang, 1991). Clinical data also showed that Xiaobao pill has a 
good therapeutic effect on hydatidosis (Jiang, 1986; Jiang and Liu, 
1994). However, multi-center clinical study with large sample size 
is still needed to evaluate its antiparasitic effect.

Nano drug delivery system

Although the traditional tablet albendazole (t-abz) has curative 
effect on hydatid, its clinical cure rate is low. The reason for this is 
that ABZ is poorly and erratically absorbed following oral 
administration resulting in low drug levels in plasma and liver 
distribution. Therefore, there is an urgent need for designing new 
formulations of ABZ with increased bioavailability to improve the 
pharmacokinetic effects of drugs. Liposomal chemotherapy are 
applied in clinics as they could gather in the targeted tissues and 
release the drug continuously (Yue and Dai, 2018), which could 
solve the limitation of traditional tablet albendazole. Thus, drug 
repositioning combined with nanotechnology to improve drug 
bioavailability becomes a useful, fast, and inexpensive tool for the 
treatment of neglected diseases. To elevate the low water solubility, 
poor absorption, and low bioavailability of Albendazole, Rodrigues 
et al. (1995) established poly (D, L-lactide) nanoparticles loading 
with ABZ to investigate this new drug delivery system against 
E. multilocularis using a mouse model of hepatic alveolar 

echinococcosis. These treatments significantly reduced parasite 
node surface size as well as peritoneal metastatic burden compared 
to untreated mice as the concentration of drug was higher at the 
focus of infection compared with that of the controlled group. 
Nayer Mehdizad Bakhtiar et  al. also showed that ABZ-loaded 
polymeric nanoparticles (NPs) had a tendency to increase the 
mortality rate against protoscoleces and microcysts compared with 
traditional albendazole (Bakhtiar et al., 2019). Pensel et al. suggest 
that ABZ nanocrystals (ABZ-NCs) seem to be  a useful tool to 
increase bioavailability (Pensel et al., 2018). The preventive efficacy 
of the ABZ-NC preparation in mice infected with Echinococcus 
multilocularis was studied, and it was found that the mean weight 
of vesicles recovered in the ABZ-NC group was 50% lower than in 
the untreated mice. The survival rate of protospores isolated from 
ABZ-NC-treated mice was significantly lower than that of the 
control group (p < 0.05). After treatment with ABZ-NCs, the  
cyst weight was reduced by 77%, and the survival rate of its 
pronuclei was reduced to 34%, which is due to the increased  
oral bioavailability. Chunhui Hu et  al. established a novel 
nanocrystalline (NC) formulation of ABZ by spray drying ABZ 
with a triblock copolymer poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (Poloxamer 188), and its physical 
structure was confirmed by scanning electron microscopy (SEM; 
Hu et al., 2020). The significant reduction in ABZ crystallite size 
coupled with the prolonged ABZ supersaturation greatly improved 
the dissolution properties of the drug compared to the commercial 
ABZ oral product (Albenda), and in a pharmacokinetic comparison, 
the NC formulation showed an approximately 4.2-fold higher AUC 
than Albenda, as measured by the plasma concentration of the 
active antiparasitic metabolite albendazole. More encouragingly, 
after 30 days of oral administration of NC and Albenda formulations 
once a day in SD rats with hepatic alveolar echinococcosis, the NC 
formulation exhibited 3.7 times more vesicle-inhibitory effect than 
Albenda. Therefore, NC formulations have the potential to 
be developed as an improved anti-AE drug therapy (Table 2).

As nano vehicle could increase local drug concentration and 
bioavailability, other anti-HE might also be  loaded in these 
vehicles to achieve better therapeutic effects. Recently, single- 
dose liposomal amphotericin B combined with flucytosine  
and fluconazole was proved to be  noninferior to the WHO- 
recommended treatment for HIV-associated cryptococcal 
meningitis and was associated with fewer adverse events (Jarvis 
et al., 2022), showing its merit in regional drug concentration and 
persistence. As amphotericin B was shown to be  effective in 
inhibiting the growth of Echinococcus, and the antifungal drug 
amphotericin B was applied to patients as a remedial treatment. 
The liposomal amphotericin B might be a potential drug for HAE 
although it needs further validation.

Summary

Albendazole is the only recommended clinical drug for 
advanced hepatic alveolar echinococcosis. However, its 
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therapeutic efficiency is not optimal. It is reported that antibiotic 
(Mefloquine, nitazoxanide, and amphotericin B), protease 
inhibitor (bortezomib, Sorafenib, and imatinib), and immune 
checkpoint inhibitor (anti-PD-1/PD-L1 drugs, anti-TIGIT drugs) 
have anti-echinococcosis effect in animal models. Clinical trails 
investigating these drugs could be  considered to achieve a 
parasitocidal effect rather than a parasitostatic effect. Moreover, 
nanoparticles loading Albendazole or other potential drugs could 
increase local drug concentration to treat echinococcosis 
efficiently. As there are already many nanoparticle could be applied 
in clinics, such as liposome, it could also be a strategy to develop 
novel drugs for HAE. Drug repurposing and nano drug delivery 

system might be  promising in novel treatment for advanced 
alveolar echinococcosis.
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Recently, acute hepatitis of unknown etiology in children has gained great

concern since March 2022. The disease was first reported by Public Health

Scotland. Cases increased rapidly and are now reported in 33 countries

worldwide. All cases are predominantly aged under 5 years old. Most patients

presented with jaundice, and remarkably, some cases progress to acute liver

failure. Until now, the etiology is not fully elucidated, and the investigations

are ongoing. Adenovirus infection seems to be an important factor. Several

hypotheses on the etiology have been proposed. This review aims to

summarize current research progress and put forward some suggestions.

KEYWORDS

acute hepatitis of unknown etiology, SARS-CoV-2, adenovirus, working hypotheses,
multisystem inflammatory syndrome

Introduction

On 31 March 2022, Public Health Scotland was first alerted to five children aged 3–
5 years admitted to the Royal hospital with severe acute hepatitis of unknown etiology
within 3 weeks (Marsh et al., 2022). In the following weeks, more cases were reported
in the United Kingdom, the United States, and European countries (Baker et al.,
2022; European Centre for Disease Prevention and Control, 2022a; UK Health Security
Agency, 2022a). Most cases are aged under 5 years old. Jaundice and gastrointestinal
symptoms are the main clinical manifestations. All cases presented with markedly
elevated transaminases, and remarkably, some cases progress to acute liver failure and
even die. So far, common hepatotropic viruses have been ruled out and no definite
cause has been identified. In epidemiological terms, cases are almost sporadic but widely
distributed (World Health Organization, 2022a). Given the severity of the disease and
the unascertained pathogenesis, this is an urgent issue that should be paid more attention
to worldwide. Here, we would like to discuss what we know about acute hepatitis of
unknown etiology so far and what we can do next.

Frontiers in Microbiology 01 frontiersin.org

193

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.956887
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.956887&domain=pdf&date_stamp=2022-08-08
https://doi.org/10.3389/fmicb.2022.956887
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.956887/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-956887 August 2, 2022 Time: 21:45 # 2

Zhu and Chen 10.3389/fmicb.2022.956887

What do we know?

Epidemiology

Since mid-April 2022, the UK Health Security Agency
(UKHSA), the European Centre for Disease Prevention and
Control (ECDC), and the World Health Organization (WHO)
are closely monitoring cases of hepatitis of unknown etiology
and to define the criteria for diagnosis in different countries
and territories to report cases and to investigate potential
causes. As of 26 May 2022, the total number of cases
reported worldwide is approximately 650, including at least
14 deaths (European Centre for Disease Prevention and
Control, 2022b; World Health Organization, 2022b). A total
of 222 cases have been identified in the United Kingdom, and
approximately 430 cases have been identified in 18 EU/EEA
countries (Austria (<5), Belgium (14), Bulgaria (<5), Cyprus
(<5), Denmark (7), France (<5), Greece (<5), Ireland (7),
Italy (27), Netherlands (14), Norway (<5), Poland (<5),
Portugal (11), Romania (<5), Slovakia (<5), Slovenia (<5),
Spain (29), Sweden (9), and 14 other countries (Argentina
(<5), Canada (10), Indonesia (<5), Israel (12), Japan (31),
Maldives (<5), Mexico (10), the Republic of Moldova (<5),
Occupied Palestinian Territories (<5), Panama (<5), the
Republic of Korea (<5), Serbia (<5), Singapore (<5), and the
United States of America (216) (World Health Organization,
2022b; Figure 1). From the report of Scotland, two children
were in close contact with two other cases and, so far, no
epidemiological links have been reported except for two pairs
of cases (Marsh et al., 2022), and no related cases have been
reported in China.

Clinical characteristics

The definition of acute hepatitis in children of unknown
etiology has changed as investigations have progressed. All the
definitions in different regions and periods were summarized
in Table 1 (UK Health Security Agency, 2022a). Most of the
initial cases reported in Scotland were presented with serum
levels of transaminase greater than 2,000 international units
per liter (IU/L) and hepatitis virus infection (A to E) has been
excluded (Marsh et al., 2022). So far, from the investigation of
trawling questionnaires, no common environmental exposures
in travel, family structure, parental occupation, diet, water
source, or potential exposures to toxicants have been found
(UK Health Security Agency, 2022b). The etiology needs further
investigation. Coincidentally, clinicians had noticed similar
cases from October to November 2021 in Alabama, and the
report on these cases was published in April 2022 (Baker et al.,
2022). Due to uneven medical conditions in different countries
around the world, we can speculate that such cases may have

occurred earlier than October 2021, but these have not been
taken seriously or recognized.

In the description of the technical briefing 3 published by
the UKHSA, 50% of England cases are female and the majority
are of white ethnicity (86.3%). They are predominantly aged
between 3 and 5 years old (53.5%), with a median age of 3 years
(interquartile range 2–4 years). The main symptoms in these
children are shown in Table 2. Notably, they were reported to be
immunocompetent before this admission (UK Health Security
Agency, 2022b). As of 26 May 2022, 14 cases have undergone
liver transplantation (World Health Organization, 2022b).

Histopathologic characteristics

The hepatotropic viruses (hepatitis A, B, C, D, and
E viruses) have been excluded and, therefore, the non-
hepatotropic viruses, such as cytomegalovirus (CMV),
Epstein-Barr virus (EBV), herpes simplex virus (HSV),
human herpesvirus-6 (HHV-6), adenovirus, echovirus, etc.,
should be considered. Generally, the histological features
of acute hepatitis in children mainly manifested as lobular
hepatocellular injury, inflammatory infiltrate with lobular
predominance, and portal or periportal infiltrate, and
viral inclusions are specific features of non-hepatotropic
viruses related to hepatitis (White and Dehner, 2004).
Certain histologic characteristics of liver injury may be
suspicious for a specific agent. For instance, for CMV
hepatitis, a paucity of bile ducts may be present. Nonzonal
confluent necrosis and nuclear target-like inclusions in
hepatocytes are biopsy features of adenovirus-related hepatitis
(White and Dehner, 2004).

To further clarify the etiology, some patients received a
hepatic histopathologic assessment. In the UK, liver specimens
included 8 biopsies and 6 liver tissue samples obtained from
the children receiving liver transplantation. Variable severity
ranging from mild hepatocellular injury to massive hepatic
necrosis was found in the histopathologic evaluation. The
histopathologic pattern showed non-specific changes (UK
Health Security Agency, 2022a). In Alabama, United States, liver
biopsies from six children presented various degrees of hepatitis.
Moreover, immunohistochemical (IHC) evidence of adenovirus
cannot be observed and viral particles cannot be identified
by electron microscopy (Baker et al., 2022). However, viral
inclusions may not be obvious in all cases. At present, laboratory
tests and histological examination cannot ascertain the etiology.

Etiological findings

Considering the epidemiological and clinical features, an
infectious etiology may be the most possible cause, then
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FIGURE 1

Distribution of probable cases of acute hepatitis of unknown etiology by country, as of 26 May 2022.

all patients were tested for pathogens at or around the
time of admission. The possible infection-causing factors
were presented in Table 3. The adenovirus is the most
frequent pathogen detected in various samples. Among 197
UK cases, 68% (116 of 179 cases with available results) of
cases have tested positive for adenovirus (UK Health Security
Agency, 2022b). Adenovirus viral loads in blood or serum
samples in those who received liver transplantation were
approximately 12-fold higher than in those who did not (UK
Health Security Agency, 2022b). In the study, Adenovirus
was detected more frequently in blood or serum samples
(79.4%) than in stool (43.9%) or respiratory (27.3%) samples
(UK Health Security Agency, 2022b). So, cases that were not
tested on whole blood or serum samples showed negative
results, which may lead to an underestimation of positivity
for adenovirus. By partial Hexon gene sequencing, 35 cases
have been successfully subtyped, of which 27 (77%) cases are
adenovirus type 41 (UK Health Security Agency, 2022b). Among
9 American cases, adenovirus type 41 was detected in all patients
(Baker et al., 2022).

The SARS-CoV-2 was also frequently detected in reported
cases. In the United Kingdom, SARS-CoV-2 has been detected in
25 cases of 169 with available results (15%) (UK Health Security
Agency, 2022b). From the report of Israel, 11 of 12 patients had
SARS-CoV-2 infection in recent months (Haaretz, 2022). From
the WGS of SARS-CoV-2 in England cases, 5 sequences are
classified as VOC-22JAN-01 (lineage BA.2) (UK Health Security
Agency, 2022a). Seven cases were co-infected with adenovirus

and SARS-CoV-2 (PCR or lateral flow device) and serological
testing is underway (UK Health Security Agency, 2022a).

Other pathogens, such as enterovirus, parechovirus, human
herpesvirus 6 and 7 (HHV-6, HHV-7), and varicella-zoster
virus, have been detected in some UK cases (UK Health
Security Agency, 2022a). Of 9 Alabama cases, 6 cases showed
positive test results for EBV by PCR but negative results
for EBV immunoglobulin M (IgM) antibodies, suggesting
low-level reactivation of previous infections rather than
acute infection. Enterovirus/Rhinovirus, metapneumovirus,
respiratory syncytial virus, and human coronavirus OC43 have
also been detected (Baker et al., 2022). In addition, preliminary
metagenomics findings that Adeno-associated virus 2 (AAV2),
Adeno-associated dependoparvovirus A, Human Herpes Virus,
and Human Polyomavirus detected in samples from cases in
England and Scotland were published on 19 May 2022 (UK
Health Security Agency, 2022b).

Possible mechanisms

Based on the working hypotheses put forward by the
UKHSA and the views of experts, we summarize the possible
mechanisms as follows.

Human adenovirus infection
Adenoviruses are a group of double-stranded non-

enveloped DNA viruses. They consist of 7 species (A–G) and
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are currently classified into 51 serologically distinct types
(Lynch and Kajon, 2016). Different types of adenoviruses
show various tissue tropisms, and a certain type is often
associated with a particular clinical manifestation. Acute
respiratory symptoms are the most common manifestations
(serotypes 1–5, 7, 14, and 21). Besides, keratoconjunctivitis
(serotypes 8, 19, and 37), urethritis (serotypes 11, 34, 35,
3, 7, and 21), and gastroenteritis (serotype 40 and 41) are
also important symptoms (Ronan et al., 2014; Lynch and
Kajon, 2016). Type 41 adenovirus infection often presents
with gastrointestinal disease, for example, vomiting and
diarrhea, and it is a common cause of pediatric acute
gastroenteritis (Lynch and Kajon, 2016). Acute hepatitis is
an uncommon manifestation of adenovirus infection. However,
a few cases were reported in both immunocompetent and
immunosuppressed individuals (Lion, 2014). In addition,

adenovirus infection was identified as the causing factor of
acute liver failure in several case reports (Ozbay Hosnut et al.,
2008; Gu et al., 2021).

In previous studies, pediatric acute liver failure (PALF) is
a rare but rapidly progressive and life-threatening disorder,
and approximately 22–49% of cases were diagnosed with
indeterminate etiology (Squires et al., 2006; Berardi et al., 2020).
The PALF study is a multicenter, observational cohort study
and it demonstrated that 46% of cases with acute liver failure
of unknown etiology undergo liver transplantation, which is
higher than the group with definite etiology (Squires et al.,
2006). As of 26 May 2022, 14 (2%) cases have undergone liver
transplantation and at least 24 (4%) cases are waiting for liver
transplantation in recently reported acute hepatitis of unknown
etiology (World Health Organization, 2022b). Acute hepatitis
of unknown etiology in children is not a newly emerging

TABLE 1 The definition of acute hepatitis in children of unknown etiology.

Case definition Description

Scotland (in the technical briefing 1 on 23 April 2022)

Confirmed A person presenting with a serum transaminase greater than 500 IU/L (AST or ALT) without any known cause, who is 10 years
of age and under or a contact of any age of a possible or confirmed case, since 1 January 2022.

Possible A person presenting with jaundice without any known cause, who is 10 years and under or contact of any age to a possible or
confirmed case, since 1 January 2022.

England, Wales, Northern Ireland (in the technical briefing 1 on 23 April 2022)

Confirmed A person presenting with an acute hepatitis (non-hep A-E*) with serum transaminase > 500 IU/L (Aspartate
Transaminase-AST or Alanine Transaminase -ALT), who is 10 years old and under, since 1 January 2022.

Possible A person presenting with an acute hepatitis (non-hep A-E*) with serum transaminase > 500 IU/L (AST or ALT), who is
11–16 years old, since 1 January 2022.

Epi-linked A person presenting with an acute hepatitis (non-hep A-E*) of any age who is a close contact of a confirmed case, since 1
January 2022.

Scotland (in the technical briefing 2 on 6 May 2022)

Confirmed A person presenting with a serum transaminase greater than 500 IU/L (AST or ALT) without any known cause (excluding
hepatitis A-E, Cytomegalovirus and Epstein-Barr Virus), who is 10 years of age and under or a contact of any age of a confirmed
case, since 1 January 2022.

England, Wales, Northern Ireland (in the technical briefing 2 on 6 May 2022)

Confirmed A person presenting since 1 January 2022 with an acute hepatitis which is not due to hepatitis A-E viruses, or an expected
presentation of metabolic, inherited or genetic, congenital or mechanical cause** with serum transaminase greater than 500
IU/L (AST or ALT), who is 10 years old and under.

Possible A person presenting with an acute hepatitis since 1 January 2022 with an acute hepatitis which is not due to hepatitis A-E viruses
or an expected presentation of metabolic, inherited or genetic, congenital or mechanical cause** with serum transaminase
greater than 500 IU/L (AST or ALT), who is 11–15 years old.

Epi-linked A person presenting since 1 January 2022 with an acute hepatitis (non-hepatitis A-E) who is a close contact of a confirmed case.
(A person who is epi-linked but also meets the confirmed or possible case definition will be recorded as a confirmed or possible
case and their epi-link noted in their record. This prevents double-counting of cases).

WHO and ECDC

Confirmed N/A

Probable A person presenting with an acute hepatitis (non-hepatitis viruses A, B, C, D, and E*) with aspartate transaminase (AST) or
alanine transaminase (ALT) over 500 IU/L, who is 16 years old or younger, since 1 October 2021.

Epi-linked A person presenting with an acute hepatitis (non-hepatitis viruses A, B, C, D, and E*) of any age who is a close contact of a
probable case since 1 October 2021.

*If hepatitis A-E serology results are awaited, but other criteria were met, these are classified as “pending classification.”
**Confirmed and possible cases should be reported based on clinical judgment if some hepatitis A-E virus results are awaited, or if there is an acute on chronic hepatic presentation with
a metabolic, inherited or genetic, congenital, mechanical, or other underlying cause. If hepatitis A-E serology results are awaited, but other criteria were met, these will be classified as
“pending classification.”
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disease. However, the higher-than-expected numbers in 2022
require more attention, especially during the current COVID-
19 pandemic worldwide. COVID-19 prevention and control
measures, such as physical distancing restrictions, could result
in the lack of opportunity for exposure to pathogens for younger
children. These children may be relatively immunologically
naïve and more susceptible to adenovirus infection and,
unexpectedly, severe effects may occur (Samarasekera, 2022).
With the decline of pandemic restrictions, more social mixing
leads to children’s first exposure to pathogens, allowing a rarer
outcome of adenovirus infection to be detected. Retrospective
analysis of the trends of adenovirus infection in England from
1 January 2017 to 1 May 2022 showed a reduction in the
number of adenovirus cases between March 2020 and May 2021
(COVID-19 pandemic period) and a remarkable exceedance
of adenovirus infection in children under 10 years old since
the end of 2021 (UK Health Security Agency, 2022a). After
a period of a low prevalence of adenovirus infections during
the previous 2 years of the COVID-19 pandemic, a massive
wave of adenovirus infections may emerge in a short time
and a serious outbreak may happen. According to the clinical
manifestations and outcomes of the present cases, although
most of the cases recovered after supportive treatment, the
level of transaminases in reported cases was higher than
that in general hepatitis. Moreover, approximately 6 percent
of cases progress to acute liver failure (Marsh et al., 2022).
In addition, re-infection with adenovirus after SARS-CoV-
2 infection, or coinfection of SARS-CoV-2 and adenovirus,
may make the clinical outcome worse (The Lancet Infectious
Diseases, 2022). However, only seven cases (5.6%, 7/125) were
co-infected with adenovirus and SARS-CoV-2 in England,
and the proportion is not high. This hypothesis needs to be
further verified.

Another hypothesis is adenovirus mutation. The molecular
evolution of Adenovirus by homologous recombination can
result in novel viruses showing various tissue tropisms and
increased virulence (Lion, 2014; Tian et al., 2019). Whole-
genome sequencing (WGS) of adenovirus facilitates the
discovery of viral recombinants. The virulence and clinical

TABLE 2 The main symptoms in UK cases with acute hepatitis of
unknown etiology.

Symptoms Number of patients (%)

Jaundice
Vomiting
Lethargy
Diarrhea
Pale stools
Abdominal pain
Fever
Nausea
Respiratory
symptoms

68.8
57.6
48.6
43.1
42.7
36.1
28.5
25.7
18.1

manifestations of the novel recombinant virus may differ
significantly from those of adenoviruses previously reported.
Thus, firm conclusions can be drawn after WGS. Noteworthy,
the low level of adenovirus present in blood samples suggests
that the data quality may affect the results of WGS. The
investigation is ongoing.

However, the evidence, of which adenovirus seems to be
a decisive causative factor, was still limited. Firstly, the viral
load of adenovirus present in blood samples is not high (UK
Health Security Agency, 2022a). Secondly, viral inclusions, IHC
evidence of adenovirus, or viral particles were not identified
in the liver biopsies of related cases until now. One case
successfully underwent adenovirus PCR of liver tissue, but the
result was negative (Baker et al., 2022; UK Health Security
Agency, 2022a). It seems uncertain whether adenoviruses are
incidental concomitant or play important role in acute hepatitis.

SARS-CoV-2 infection or multisystem
inflammatory syndrome

Firstly, acute hepatitis in children may be the post-infectious
sequelae of SARS-CoV-2 infection. Studies in adults showed that
elevated serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels during SARS-CoV-2 infection are
common manifestations (Marjot et al., 2021). The level of ALT
and AST varies in different patients. The underlying causes of
elevated liver enzymes in SARS-CoV-2 infection is temporarily
not clear. Direct infection of hepatocytes and immune-mediated
inflammatory response may be both vital in the progress of the
liver injury. After SARS-CoV-2 infection, the SARS-CoV-2 spike
protein will bind to the human angiotensin-converting enzyme
2 (ACE2) receptor for entry into the target cell, then trigger
an immune response in the host. The innate immune system
will work together with T and B cells to control SARS-CoV-
2. Patients exhibit enhanced pro-inflammatory responses and
corresponding organ dysfunction and symptoms. Differences
in antibodies, CD4+ and CD8+ T cell populations, genetic
polymorphism in MHC, and cytokine production will result
in different clinical outcomes (Shah et al., 2020; Fergie and
Srivastava, 2021). In a recent study preprinted in medRxiv,
Kendall et al. (2022) reported that children infected with SARS-
CoV-2 are at significantly increased risk for elevated AST or
ALT (hazard ratio or HR:2.52, 95% confidence interval or CI:
2.03–3.12) and total bilirubin (HR: 3.35, 95% CI: 2.16–5.18),
compared to children infected with other respiratory infections.
Liver manifestations and pathophysiological aspects related
to SARS-CoV-2 infection in patients without liver diseases
have been summarized in a recently published review. Even
though transaminase elevation is common during COVID-19,
severe acute liver injury is relatively rare. A “cytokine storm,”
which is characterized by the release of a large number of
inflammatory factors, plays a vital part in the pathophysiological
of SARS-CoV-2 infection (Dufour et al., 2022). With a deeper
investigation and understanding of COVID-19, several studies
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TABLE 3 Summary of the possible infectious causing factors observed in cases of hepatitis of unknown etiology in different countries.

Country Adenovirus (%, cases) SARS-CoV-2 (%, cases) Other positive results (cases or samples)

The United Kingdom 68% (116/179)
77% (27/35) Type 41

15% (25/169) HHV-6 20/(60–70)
HHV-7 (10–20)/(50–60)
EBV (10–20)/(130–140)

Enterovirus (10–20)/(70–80)
CMV (5–10)/(130–140)

RSV (<5)/(70–80)
adeno-associated dependoparvovirus A (13 samples),

Human Polyomavirus (4 samples)
AAV2 (9 samples)**

The United States of America* 100% (9/9), all Type 41 0/9 EBV 6/9
Enterovirus/rhinovirus 4/8

Metapneumovirus 1/8
Respiratory syncytial virus 1/8
Human coronavirus OC43 1/8

Israel NA 91.7% (11/12) NA

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; HHV, human herpesvirus; EBV, Epstein-Barr virus; CMV,: Cytomegalovirus; RSV, Respiratory Syncytial Virus NA, no
available data at the time of publication; AAV2, adeno-associated virus 2.
*These results are available in the study of Alabama, but there is no information on the reported cases later in other regions of America.
**HHV-6, HHV-7, EBV, Enterovirus, CMV, and RSV are represented by the number range of cases because we cannot obtain the exact number in the reports of UKHSA. Associated
dependoparvovirus A, Human Polyomavirus, and AAV2 are represented by the samples because these viruses are detected by metagenomic sequencing.

found that the activation and proliferation of a memory T-cell
pool against SARS-CoV-2 contribute to rapid viral clearance
during viral reinfection (Shah et al., 2020; Jung et al., 2021;
Wang et al., 2021). SARS-CoV-2-specific CD4+ and CD8+

memory T-cell immunity can be detected not only in patients
who recovered from COVID-19 but also in close contacts, who
are SARS-CoV-2-exposed but are negative in nucleic acid and
antibody screening (Wang et al., 2021). Moreover, SARS-CoV-
2-specific memory T cell response would persist up to 10 months
after infection (Jung et al., 2021). In the indeterminate PALF
patients, IHC staining for liver tissue sections showed that
the tissue-resident memory CD8+ T-cells are predominantly
infiltrated leukocytes, which were responsible for the aberrant
immune activation during liver failure (Chapin et al., 2018).
Therefore, we can speculate that the children with acute hepatitis
of unknown etiology may be in close contact with SARS-Cov-
2 infection cases resulting in the generating of memory T cells
response. At the reinfection of SARS-CoV-2, dysregulation of
immune response can cause rapid liver damage, even acute
liver failure (Bogunovic and Merad, 2021). Additionally, Osborn
et al. (2022) reported a previously healthy 3-year-old female
who develop acute liver failure secondary to type 2 autoimmune
hepatitis (AIH) preceded by mild infection with SARS-CoV-
2. This case showed a possible association between SARS-
CoV-2 infection and subsequent development of autoimmune
liver disease presenting with acute liver failure (Osborn et al.,
2022). Although the mechanisms of AIH and acute hepatitis of
unknown origin may be different, SARS-CoV-2 infection may
play an important role in both cases.

Secondly, Staphylococcal enterotoxin B (SEB) is one of
the most severe and typical bacterial superantigens that
stimulate non-specific T cells and result in the release of
large amounts of cytokines, leading to multi-organ system

failure and death (Fries and Varshney, 2013). Yarovinsky et al.
(2005) reported that the exposure of SEB to adenovirus-
infected mice increases the severity of liver injury, in which
the IFN-γ signaling and apoptosis may play important roles.
Interestingly, structure-based computational models showed
that the epitope of the SARS-CoV-2 spike protein has a
sequence motif unique to SARS-CoV-2, which highly resembles
the sequence and structure of SEB (Cheng et al., 2020).
Therefore, Brodin (2022) recently proposed a hypothesis about
SARS-CoV-2 superantigens that SARS-CoV-2 infection can
cause viral reservoir formation. When SARS-CoV-2 continues
to stimulate the gastrointestinal tract, a superantigen motif
within the SARS-CoV-2 spike protein that resembles SEB
will mediate the immune activation. This immune activation
may result in multisystem inflammatory syndrome in children
(MIS-C) (Cheng et al., 2020; Porritt et al., 2021; Brodin,
2022). Exposure to adenovirus after SARS-CoV-2 infection will
lead to a broad and non-specific T-cell activation, resulting
in apoptosis of hepatocytes. Immunomodulatory therapies
would be suggested when superantigen-mediated immune
activation is verified. Furthermore, several cases reported in
Israel were treated with steroids and recovered (Haaretz,
2022), which indirectly suggested the role of immune-mediated
inflammatory response.

Meanwhile, whether SARS-CoV-2 infection is vital in the
progress of hepatitis remains controversial. The number of
cases with SARS-CoV-2 coinfection is relatively less, while most
cases have no history of SARS-CoV-2 infection. Serological
investigations are ongoing to explore prior infection. Otherwise,
in the report of Alabama, two of the cases that developed acute
liver failure were treated with steroids, and medical treatment
efficiency was limited (Baker et al., 2022). The hypothesis of
SARS-CoV-2 mediated MIS-C is hard to explain in these cases.
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There is no evidence of any correlation between hepatitis
and the COVID-19 vaccine because the COVID-19 vaccine is
not recommended for children under 5 years old, and nearly
75% of children with acute hepatitis of unknown etiology are
under 5 years old and are too young to receive the vaccination
(UK Health Security Agency, 2022a).

Host immune deficiency
In general, despite the increasing number of new cases,

the prevalence of unknown hepatitis is relatively low. All
cases presented with liver injury, but most of the cases
recovered through supportive treatment, and only a small
proportion of cases progressed to acute liver failure or death.
Professor Kelly put forward a hypothesis that there may be
genetic or immunologic differences, which make individuals
more susceptible to a certain pathogen or activate a more
potent immune response, between patients and healthy
children (Samarasekera, 2022). Pathogen investigations
are ongoing, and the immune state of the host is also
of great importance. In the investigation planning of the
UKHSA, the research on host characterization, including
harmonized clinical data collation and analysis, host
genetic characterization, immunological characterization
including T cell activation studies, and transcriptomics will be
launched. These studies will lead to a deeper understanding
of the etiology.

What we can do

Diagnosis

The diagnosis of acute hepatitis of unknown etiology
in children includes early recognition of symptoms and
performing laboratory testing. In most cases, the onset of
jaundice was preceded by gastrointestinal manifestations, such
as diarrhea, nausea, and vomiting. Parents should strengthen
the awareness of the children with corresponding symptoms
and general practitioners, or other medical specialists should
raise the awareness of this hepatitis of unknown etiology among
young children. A person presenting with acute hepatitis with
AST or ALT of over 500 IU/L, who is under 16 years old, needs
further investigation. Clinical and epidemiologic characteristics
of cases should be surveyed. The history of potential exposures
to toxicants and drugs, food and water consumption, and the
history of SARS-Cov-2 and other pathogen infections should be
collected. Routine laboratory tests, including blood cell analysis,
biochemical test, coagulation test, and plasma ammonia, the
hepatotropic viruses (hepatitis A, B, C, D, and E viruses)
and abdominal imaging examination should be performed.
According to the definition of acute hepatitis in children of
unknown etiology, a probable or epidemiologically linked (epi-
linked) case can be identified.

Monitoring and testing

A panel of tests is suggested to conduct when a probable
or epi-linked case is identified. Adenovirus, enteroviruses,
CMV, EBV, HSV, HHV6, HHV 7, and parechovirus should
be tested in the blood. Respiratory virus (including influenza,
adenovirus, parainfluenza, rhinovirus, respiratory syncytial
virus, and human bocavirus 1–3), SARS-CoV-2, enteroviruses,
and human metapneumovirus (hMPV) should be tested in
throat swab specimens. Enteric viruses (including, norovirus,
enteroviruses, rotavirus, astrovirus, and sapovirus) should be
screened in the stool specimens. Also, according to the advice
of ECDC, the serology of Brucella spp., Bartonella henselae, and
Borrelia burgdorferi (if epidemiologically appropriate) should
be tested. The culture of bacterial pathogens and viruses is an
alternative valuable tool. Metagenomic analysis (blood and liver
specimen) should be performed, and it is useful and meaningful.
Other non-infectious causes (autoimmune hepatitis, Wilson
disease, bacteremia, etc.) should also be considerably excluded.
If necessary, a liver biopsy is required.

Treatment

Treatment of hepatitis depends on the underlying etiology.
Unfortunately, the etiology of the novel hepatitis remains
unknown. Hence, supportive treatment is the foundation.
Current research suggests that adenovirus infection appears to
be an important factor, but there is no specific and proven
effective treatment for adenovirus hepatitis. In terms of anti-
viral therapy, cidofovir (CDV) may be a preferred agent. It
is a cytosine nucleotide analog that inhibits DNA polymerase,
and it works well in vitro but efficiency varies in clinical
use (Cheng et al., 2020; Porritt et al., 2021; Brodin, 2022).
In the report of Alabama, two of the cases that developed
acute liver failure were treated with CDV and the clinical
effect is unsatisfactory (Baker et al., 2022). The efficiency of
CDV is unclear. In addition, corticosteroid therapy has been
studied in indeterminate PALF. Some cases improved. But
the survival may be relatively low (Molleston et al., 2008;
Devictor et al., 2011; Chapin et al., 2019). Glucocorticoids
produce broad anti-inflammatory effects and suppress the
excess immune activation, which is considered to be the
key disorder in acute severe hepatitis of unknown etiology.
Therefore, glucocorticoids may be useful in certain patients,
particularly in those who deteriorate rapidly. However, the
risks and benefits of corticosteroid therapy should be balanced.
Moreover, studies in pediatrics have shown plasmapheresis, and
at times, in combination with other therapies, may serve as a
bridge to liver transplantation (Squires et al., 2022). Finally, liver
transplantation should be considered for patients with a poor
prognosis. Nevertheless, different countries and regions have
discrepant capacities for liver transplantation. Thus, identifying
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the etiology early and specific treatment for the pathogen is
crucial, which may improve the survival rate and reduce the
need for liver transplantation.

Prevention

The infection of adenovirus or other pathogens cannot
be excluded nowadays. Considering that adenovirus transmits
through fecal-oral and respiratory routes, good hygienic
practices (including careful hand hygiene, cleaning, and
disinfection of surfaces) and social distancing among children
will contribute to reducing the spread of the disease. Attention
to food and water hygiene is also very effective and necessary.

Conclusion

The etiology of acute hepatitis in children remains
unknown. Infection markers of viruses have not been detected
in any of the cases over the world. Adenovirus was detected
in most cases and was regarded as one of the candidates’
underlying causes. Several hypotheses, including multisystem
inflammatory syndrome and superantigen activation, have
been proposed. An immune deficiency in children resulting
from lack of exposure to pathogens because of the social
distancing has rendered them more susceptible to normal
adenovirus infection. An exceptionally large wave of normal
adenovirus infections or a novel variant of adenovirus will
cause rarer and more severe outcomes. Other infectious causes,
including SARS-CoV-2, are being investigated. Acute hepatitis
in children may be the post-infectious sequelae of SARS-CoV-
2. Metagenomics sequencing analysis from cases in England
and Scotland showed that other pathogens, such as AAV2,
HHV6, HHV7, and human polyomavirus, have been detected.
However, the relevant significance is under investigation. There
are some limitations in the prior case reports all over the
world. Firstly, the different definitions used at the beginning
led to some bias in the diagnosis of patients. Secondly, due to
uneven medical conditions in different countries, some tests
cannot be launched in some countries, and the determination
of the etiology is challenging. Although there is no case reported

in several countries, precautions should be prepared ahead of
time. Clinicians should be trained to raise awareness of this
severe hepatitis of unknown etiology among young children.
The reports of these cases prompt to perform syndrome-based
surveillance at a local or a country scale and can obtain a
more precise and continuous picture of the epidemiological and
clinical features of infectious diseases. So far, there is no specific
and effective treatment as the underlying cause is unclear. The
priority is to identify the etiology of the novel epidemic and to
further refine control and prevention measures of the syndrome.
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Although considerable interest in metagenomic next-generation sequencing 

(mNGS) has been attracted in recent years, limited data are available regarding 

the performance of mNGS in HIV-associated central nervous system (CNS) 

infection. Here, we conducted a retrospectively analyzing of the cerebrospinal 

fluid (CSF) mNGS reports and other clinical data from 80 HIV-infected patients 

admitted to the Second Hospital of Nanjing, China from March, 2018 to March, 

2022. In our study, CSF mNGS reported negative result, mono-infection, and 

mixed infection in 8.8, 36.2, and 55% of the patients, respectively. Epstein–Barr 

virus (EBV), positive in 52.5% of samples, was the most commonly reported 

pathogen, followed by cytomegalovirus (CMV), John Cunningham virus (JCV), 

torque teno virus (TTV), cryptococcus neoformans (CN), toxoplasma Gondii 

(TE), and mycobacterium tuberculosis (MTB). 76.2% of the EBV identification 

and 54.2% of the CMV identification were not considered clinically important, 

and relative less sequence reads were reported in the clinical unimportant 

identifications. The clinical importance of the presence of TTV in CSF was 

not clear. Detection of JCV, CN, or TE was 100% suggestive of specific CNS 

infection, however, 60% of the MTB reports were considered contamination. 

Moreover, of the 44 (55%) mixed infections reported by mNGS, only 4 (5%) 

were considered clinical important, and mNGS failed to identify one mixed 

infection. Additionally, except for MTB, CSF mNGS tended to have high 

sensitivity to identify the above-mentioned pathogens (almost with 100% 

sensitivity). Even all the diagnostic strategies were evaluated, the cause of 

neurological symptoms remained undetermined in 6 (7.5%) patients. Overall, 

our results suggest that mNGS is a very sensitive tool for detecting common 

opportunistic CNS pathogen in HIV-infected patients, although its performance 

in CNS tuberculosis is unsatisfactory. EBV and CMV are commonly detected by 
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CSF mNGS, however, the threshold of a clinical important detection remains 

to be defined.

KEYWORDS

metagenomic next-generation sequencing, central nervous system, HIV, 
opportunistic infections, cerebrospinal fluid

Introduction

Central nervous system (CNS) opportunistic infection 
remains an important cause of morbidity and mortality in 
HIV-infected severely immunocompromised patients (Tan et al., 
2012; Bowen et al., 2016; Thakur, 2020). Timely and accurately 
etiological diagnosis is crucial for improving the prognosis of CNS 
opportunistic infections. However, for many reasons, this goal is 
difficult to be reached. One of the diagnostic challenges is that 
more than 100 pathogens could cause CNS infections with the 
initial neurological manifestations being indistinguishable (Tunkel 
et al., 2008; Granerod et al., 2010; He et al., 2016). Due to sample 
volume restriction, it is unpractical to detect all the pathogens 
through traditional diagnostic methods, which are generally 
target-dependent and require a prior knowledge of the causative 
agents. Stepwise targeting the most possible causative pathogens 
may be an acceptable strategy. Nevertheless, the performance of 
this strategy strongly relies on the clinical experience of the 
treating physician. Even the most qualified physician may miss the 
diagnosis when the clinical features are atypical or when the 
patient is infected with a rare pathogen. Finally, shortage of 
commercial diagnostic kits for many opportunistic pathogens 
would further compromise the investigation of CNS infections in 
HIV-infected patients.

Fortunately, the limitations of traditional microbiological tests 
may be  overcome by recently developed metagenomic next-
generation sequencing (mNGS). This novel strategy identifies 
nucleic acids from clinical samples in a target-independent way, 
and thus could theoretically detect all the pathogens in a single 
run (Simner et al., 2018b; Gu et al., 2019). The clinical application 
of mNGS has attracted great research interest. Accumulating 
evidences have demonstrated that mNGS could assist with 
etiological diagnosis including but not limited to CNS infections, 
pulmonary infections, bloodstream infections, and bone 
infections(Wilson et al., 2019; Huang et al., 2020; Zhang et al., 
2020; Chen et al., 2020b; Hogan et al., 2021; Jing et al., 2021; Zhu 
et al., 2022). Most of studies revealed that mNGS has sensitivity 
similar to or even better than specific PCR tests, however, the 
specificity varies depending on the samples used and the quality 
control for avoiding contamination (Miller and Chiu, 2021; Jin 
et al., 2022). Favorable specificity has been demonstrated in sterile 
samples, such as mNGS of the CSF, blood, and bone tissue samples 
(Jing et al., 2021; Miller and Chiu, 2021). However, the specificity 
for diagnosing pulmonary infections by mNGS of bronchoalveolar 

lavage fluid was poor (Wang et al., 2019; Chen Y. et al., 2021), 
probably due to the contamination of oral flora and the difficult in 
differentiation between colonization and invasive infection. The 
unbiased mNGS is especially useful for identification of rare 
pathogens, infections with atypical manifestations, and mixed 
infections (Hu et al., 2018; Wang et al., 2019; Fang et al., 2020; 
Chen et al., 2020a). Together, it is reasonable to hypothesize that 
mNGS would substantially improve the microbiological diagnosis 
of CNS infections in HIV-infected patients. Currently, the utility 
of mNGS in this field is still incompletely understood.

A recently study suggested that CSF mNGS may be a useful 
tool for the diagnosis of CNS infection among HIV-infected 
patients (Chen J. et al., 2021). The study focused on the impact of 
CSF mNGS results on the subsequent management decisions of 
the treating physicians (Chen J. et al., 2021). In our study on a 
population with more advanced immunodeficiency compared to 
the former study (Chen J. et al., 2021), we aimed to explore the 
diagnostic performance of mNGS for assisting etiological 
diagnosis of specific HIV-associated CNS infection. We would 
focus on the following questions: (1) which microorganisms were 
reported by the CSF mNGS in HIV-infected patients; (2) was the 
detection of the microorganisms a reflection of cross-
contamination? (3) did those reported microorganisms lead to the 
neurological symptoms; and (4) did CSF mNGS miss clinical 
important etiological agents?

Patients and method

Patients

This study included 80 HIV-infected patients hospitalized 
at the department of infectious diseases in the second hospital 
of Nanjing, China from March 2018 to March 2022. The setting 
is a tertiary referral hospital and is a designated hospital that 
provides HIV care. The inclusion criteria for this study were 
hospitalized HIV patients: (1) with neurological symptoms; (2) 
CD4 count less than 200 cells/μl; and (3) having CSF mNGS 
reports. The patients were given conventional microbiological 
tests. In addition, CSF samples were sent for PMSeq-DNA, 
which is a commercial mNGS service targeting pathogens’ DNA 
sequences offered by BGI-Shenzhen (BGI, 2016; Hu et al., 2018; 
Zhu et al., 2022). Fresh CSF samples were transferred to the lab 
with dry ice. If immediate sample transportation was not 

203

https://doi.org/10.3389/fmicb.2022.1055996
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhu et al. 10.3389/fmicb.2022.1055996

Frontiers in Microbiology 03 frontiersin.org

possible, CSF samples were stored transiently at −80°C in a 
refrigerator until transportation. CSF samples were generally 
analyzed within 24 h of sample collection. For each CSF sample, 
BGI was blinded to the CSF laboratory tests, and gave a 
diagnostic mNGS report containing a list of pathogens detected 
as well as their corresponding sequence reads. Written informed 
consents, regarding the commercial mNGS service, were 
obtained from patients or their guardians. Retrospective 
analysis of those patients’ data was approved by the ethics 
committee of the second hospital of Nanjing (2020-LY-kt061).

Metagenomic next-generation 
sequencing

Before nuclear acid extraction, CSF sample was mixed 
with enzyme and glass beads, and was vortexed vigorously at 
2,800–3,200 rpm for 30 min. Then, total DNA was extracted 
from 300 μl CSF sample using TIANamp Micro DNA Kit 
(DP316, Tiangen Biotech). DNA libraries were constructed by 
DNA-fragmentation, end-repair, adapter-ligation, and PCR 
amplification. After quality control with Agilent 2100, libraries 
were sequenced by BGISEQ-50 platform. Low-quality 
sequence reads and sequence reads mapped to the human 
reference genome (hg19) were removed. The remaining data 
were classified by aligning to microbial genome databases 
covering bacteria, fungi, viruses, and parasites. The reference 
databases could be downloaded from NCBI1 containing 4,945 
whole genome sequences of viral taxa, 6,350 bacterial genomes 
or scaffolds, 1,064 pathogenic fungi genomes, and sequences 
of 234 parasites associated with human diseases (Zhu 
et al., 2022).

Data extraction and clinical 
interpretation

We collected the demographic, clinical, laboratory, and 
imaging data of the patients from an electronic health record 
system. The electronic report of CSF mNGS was provided by 
BGI-Shenzhen, and pathogen list and the sequence reads were 
extracted from each CSF mNGS report. The final diagnosis was 
made by the expert panel through evaluation of the all-available 
clinical data, including clinical features, conventional 
microbiological tests, mNGS result, and the response to treatment. 
The clinical interpretation of the mNGS report focused on: (1) did 
a positive detection necessitates antimicrobial treatment? and (2) 
did a negative report guaranteed the excluding of specific 
CNS infection?

1 ftp://ftp.ncbi.nlm.nih.gov/genomes/

Statistical analysis

Categorical variables were described as frequencies and 
proportions. Continuous variables were expressed by medians 
with interquartile ranges (IQR). Comparisons among different 
groups were done using Mann–Whitney U test or Jonckheere-
Terpstra test, when appropriate. 95% CIs for sensitivity, specificity, 
positive predictive value, and negative predictive value were 
calculated according to the Wilson intervals method described by 
Lawrence D. Brown in 2001 (Brown et  al., 2001). Statistical 
analysis was done by using GraphPad Prism version 8.0 or R 
version 4.1.3.2 All reported p values were two-sided and the 
significance level was set at 0.05.

Results

Characteristics of the patients

The clinical, laboratory, and imaging characteristics of the 
patients were summarized in Table 1. The medium age of the 80 
patients was 37 (IQR:31–49.0) yeas and the majority (90%) of the 
patients were male. The enrolled patients were severely 
immunocompromised with a median CD4 cell count of 29 
(IQR:7–72) cells/μl and a medium HIV viral load of 94,500 
(IQR:1,848–203,000) copies/ml. Thirty (37.7%) patients were on 
antiretroviral therapy, and viral suppression (<50 copies/ml) was 
achieved in nine of those patients. Three quarters of the patients 
had fever. 76 (95%) patients presented with at least one CNS 
symptom, whereas three patients underwent lumbar puncture for 
abnormalities on brain imaging screening, and one was examined 
for suspected brain metastases. The most common neurological 
symptom was headache, occurring in 41 (51.2%) patients, 
followed by confusion, decrease of muscle strength, and nausea. 
Most of the patients (62/80, 77.5%) had abnormal brain images.

Pathogens detected by CSF mNGS

Of the 80 CSF mNGS tests, 7 (8.8%) gave negative report and 
73 (91.2%) reported at least one pathogen. The presence of mixed 
pathogens was identified in 42(52.5%) patients (Figure  1A). 
Overall, 145 records of pathogen identification (from 28 
pathogens) were reported by 80 mNGS reports. Of the 145 
pathogen records, 108 (72.4%) belonged to the virus species 
(Figure 1B). Epstein–Barr virus (EBV) was the most common 
pathogen detected by CSF mNGS, being positive in 42 (52.5%) of 
the 80 CSF samples. The next six common pathogens were 
cytomegalovirus (CMV), John Cunningham virus (JCV), Torque 
teno virus (TTV), Cryptococcus neoformans (CN), Toxoplasma 
Gondii (TE), and Mycobacterium tuberculosis (MTB), which were 

2 www.r-project.org
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detected in 24 (30.0%), 13 (16.3%), 12 (15.0%), 8 (10.0%), 6 
(7.5%), and 5 (6.3%) of the 80 CSF samples, respectively 
(Figure 1C).

Variable numbers of sequence reads were reported by CSF 
mNGS, and seemed likely to be associated with the type of the 
pathogen (Figure 1D). Although EBV was the most common virus 
in the evaluated samples, it had much lower number of sequence 
reads as compared with CMV [median (IQR) of 18 (6–66) vs. 75 
(8–17,756), p = 0.041] or JCV [median (IQR) of 18 (6–66) vs. 75 
(8–17,756), p = 0.002]. The number of sequence reads was similar 
between EBV and TTV (p = 0.914; Figure  1D). As shown in 
Figure 1C, the fifth to seventh most common pathogens in the 
evaluated CSF samples were CN, TE, and MTB. Very low number 
of sequence reads of MTB [median (IQR) of 1 (1–9)] could 
be detected from CSF samples using mNGS. In contrast, much 
higher numbers of CN and TE sequence reads were detected from 
CSF samples, with median sequence numbers of 82,977 (IQR: 

15,341–278,386) and 3,183 (IQR: 1,231–18,859; p = 0.002 and 
p = 0.004, respectively). Finally, although VZV was only detected 
in two patients, high numbers of VZV sequence reads were 
detected in both patients.

Clinical evaluation of the detected 
pathogens in the mNGS reports

Detection of EBV and TTV
Of the 42 patients tested positive for EBV DNA, 5 (11.9%) had 

CNS lymphoma (two histologically confirmed; three clinically 
suspected), 5 (11.9%) may possibly have EBV encephalitis (EBV 
was the only pathogen reported by mNGS), and 32 (76.2%) were 
not considered to have CNS diseases related to EBV infection. 
There was a trend of decreasing number of EBV sequence reads 
among patients with CNS lymphoma, EBV encephalitis, and 
clinically unimportant EBV detections (Jonckheere-Terpstra test, 
p = 0.001, Figure 2A). Of these 12 patients tested positive for TTV 
DNA, seven had co-existing CNS actively opportunistic infections 
(four CMV encephalitis, one PML, one cryptococcal meningitis, 
and one CNS tuberculosis) and one was considered as 
cryptococcal immune reconstitution syndrome. The clinical 
importance of the presence of TTV in CSF of HIV patients was 
not clear.

Detection of typical CNS opportunistic 
pathogens

Among the seven most common pathogens detected by CSF 
mNGS, CMV, JCV, CN, TE, and MTB were all typical CNS 
opportunistic pathogens (Bowen et al., 2016). Of the 24 patients 
tested positive for CMV DNA, 11 (45.8%) had CMV encephalitis 
(all had consistent clinical features; all CSF CMV PCR positive), 
and 13 (54.2%) were not consider to have CMV encephalitis. 
CMV sequence reads were much higher in patients with CMV 
encephalitis compared with those without CMV encephalitis 
[median (IQR) of 18,621(6,484–53,081) vs. 12 (5–25), p < 0.001, 
Figure 2B]. Of note, CSF mNGS falsely detected high number of 
CMV sequence reads (4,776) in a patient with transient headache. 
Since neurological symptom of this patient resolved without 
specific antiviral therapy, and CMV PCR tests of the plasma and 
CSF samples were both blow the limit of detection (<500 copies/
ml), the detection of CMV sequences by mNGS was considered a 
false positive.

Unlike the detections of CMV and EBV, of which the clinical 
importance was associated with the number of sequences reads, 
all positive detections of JCV, CN or TE by CSF mNGS were 
clinically important. All 13 patients with JCV sequence reads and 
six patients with TE sequence reads have characteristic brain 
image abnormalities. Ten out of the 13 CSF samples with JCV 
sequence reads were sent for detection of JCV by PCR, of which 8 
(80%) were detected positive. Serum anti-Toxoplasma IgG 
antibody was positive for the six patients with Toxoplasma Gondii 
sequence reads. All the eight patients with Cryptococcus 

TABLE 1 Clinical, laboratory and imaging characteristics of the 
patients.

Variables Characteristics1

Age, years 37 (30.5–49.0)

Sex

  Male 72 (90.0)

  Female 8 (10.0)

ART status

  Naive 50 (62.5)

  ART ≤ 12 w 11 (13.8)

  ART > 12 w 19 (23.8)

Fever 60 (75.0)

Headache 41 (51.2)

Confusion 24 (30.0)

Seizure 11 (13.7)

Dysuria 5 (6.2)

Nausea 22 (27.5)

Vomiting 20 (25.0)

Decrease of muscle strength 35 (43.7)

Neck stiffness 2 (2.5)

CD4 cell count, cells/μl 29 (7.0–72.0)

  ≤50 53 (66.3)

  >50,and < 100 9 (11.3)

  ≥100 18 (22.5)

HIV viral load, copies/ml 94,500 (1848–203,000)

  <50 10 (12.5)

Cerebrospinal fluid analysis

  White blood cell count, 106/L 3 (1.0–15.0)

  Proteins, mg/L 538 (405.0–900.0)

  Glucose, mmol/L 2.5 (2.2–3.2)

  Lactate dehydrogenase, IU/L 26.5 (17.0–42.3)

  Adenosine deaminase, IU/L 3 (1.2–4.0)

Abnormal brain imaging 62 (77.5)

1Categorized variables were expressed as n (%) and continuous variables were described 
as medians (interquartile ranges).
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neoformans sequence reads were confirmed to have cryptococcal 
meningitis using CSF cryptococcal antigen lateral flow assay.

Molecular detection of MTB in the CSF is an important 
strategy for diagnosing tuberculosis meningitis. The presence of 
MTB DNA in CSF samples is suggestive of CNS tuberculosis 
(Wilkinson et al., 2017). In the present study, five patients were 
tested positive for MTB by using mNGS with number of 

sequence reads ranged from 1 to 13. Only 2 (40%) cases were 
true CNS tuberculosis. The remaining three cases were not 
considered CNS tuberculosis because those patients did not 
have other evidences supporting MTB infection and the clinical 
condition resolved without anti-tuberculosis treatment. All 
those three patients had only trace MTB (one sequence read) 
reported by mNGS.

A

C

D

B

FIGURE 1

Pathogens detected by metagenomic next-generation sequencing. (A) The total number of pathogens presented per metagenomic next-
generation sequencing (mNGS) report. (B) The proportions of every species reported by mNGS. The “Others” category included Chlamydia 
psittaci, Parachlamydia acan thamoebae, and Treponema pallidum (four positive identifications). (C) The proportion of each pathogen reported by 
mNGS. (D) The numbers of sequence reads reported by mNGS in different pathogens.
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Detection of other pathogens
The remaining 21 pathogens account for 35 positive 

identifications in 22 patients (Figure 1C). Only five pathogens 
(HSV-1, VZV, Treponema pallidum, Nocardia spp., and 
Chlamydophila psittaci) had ever been considered the etiological 
agents of CNS infections with 11 positive identifications in total. 
Among these, only one of the two positive identifications of 
Nocardia spp. was considered contamination. The other 16 
pathogens were either considered as non-CNS pathogens (such as 
HBV) or environmental pathogens.

Interpretation of mixed infections
As above-mentioned, CSF mNGS identified at least two 

pathogens in 44 (55%) samples. Of the seven most common 

pathogens detected by CSF mNGS, the presence of 4 (JCV, 
Cryptococcus neoformans, Toxoplasma Gondii, and MTB) in the 
CSF, regardless of the number of the sequence reads, were 
generally considered as clinically important, if not contaminated 
by other samples. Interpretation of the identification of EBV, 
CMV, and TTV was more complicated, since those viruses could 
persist in healthy individuals (Strassl et al., 2018; Wen et al., 2018).
In our study, 58 (72.5%) CSF samples were positive for at least one 
of these three viruses and mixed infection of these viruses were 
detected in 17 (21.3%) CSF samples (Figure 2C). However, as 
described before, detection of those viruses in the CSF did not 
prove that they were the causes of neurological diseases. Mixed 
infections were only considered in 5 samples through final clinical 
diagnosis by experts panel, among which 1 was CMV and HSV-1 

A B

C

FIGURE 2

The difference of sequence reads between different clinical evaluation and mixed infection of EBV, CMV, and TTV. (A) The difference of EBV 
sequence reads among patients with CNS lymphoma, EBV encephalitis, and clinically unimportant EBV detections (p = 0.001). (B) The difference of 
CMV sequence reads among patients with CMV encephalitis and CMV detections without clinically unimportance (p < 0.001). (C) Mixed infection of 
EBV, CMV, and TTV. EBV denotes Epstein–Barr virus; CMV, cytomegalovirus; TTV, Torque teno virus.
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mixed infection, 1 was JCV, Chlamydophila psittaci and HSV-1 
mixed infection, 1 was Cryptococcus neoformans and CMV mixed 
infection, 1 was Toxoplasma Gondii and HSV-1 mixed infection, 
and 1 was JCV and CMV mixed infection (Figure  3). mNGS 
correctly identified four of those five mixed infections, however, 
mNGS failed to detection JCV sequences in one patient deemed 
to have JCV and CMV mixed infection.

Clinically important pathogens not in the 
mNGS report

In clinical practice, the question that, to what extent, a 
negative report could exclude a specific infection is also important. 
In our study, even though mNGS was introduced as complement 
of the traditional microbiological methods, the causes of 
neurological symptoms remained undetermined in 6 (7.5%) 
patients. The finial composite diagnoses for the patients were 
shown in Figures  3, 4, and the corresponding biological 
parameters were listed in Table 2. Overall, CSF mNGS failed to 
identify the etiological agent in six patients, in which two were 
neurosyphilis, one was JCV infection, and three were CNS 
tuberculosis. Consequently, the calculated sensitivities of CSF 
mNGS for diagnosing of neurosyphilis, PML, and CNS 
tuberculosis were 50% (2/4), 92.9% (13/14), and 40% (2/5), 
respectively (Table 3; Supplemental Table 1). CSF mNGS was able 
to identify all the cases of clinical important EBV and CMV 
infection, toxoplasma encephalitis, and cryptococcal meningitis, 
which equal to a sensitivity of 100%.

Discussion

HIV-infected patients are vulnerable to CNS opportunistic 
infections, the most common disease among which are cerebral 

toxoplasmosis, progressive multifocal leukoencephalopathy, 
tuberculous meningitis, cryptococcal meningitis, and 
cytomegalovirus encephalitis (Tan et al., 2012; Bowen et al., 2016; 
Thakur, 2020). CNS lymphoma, although not an infectious 
disease, has been associated with CNS EBV infection (Bossolasco 
et  al., 2002; Wang et  al., 2022). In the present study, those 
pathogens were also the major contributors to CNS disorders, 
suggesting that priority should be given to those pathogens when 
making a differential diagnosis. Importantly, the sensitivity of 
mNGS for identifying CNS virus infections (such as EBV, CMV, 
and JCV) was very high in our study. It is possible that, with 
continuing improvement of the methodology of mNGS, 
traditional viral detection tests may not be needed for a diagnostic 
purpose when mNGS has already been used for CSF pathogen 
detection. However, detection of viral sequences from CSF sample 
does not always confirm that the virus leads to CNS disorder. In 
our study, the clinical important detection of CMV and EBV was 
associated with the number of sequences reads reported by 
CSF mNGS.

Asymptomatic carry of TTV is very common in healthy 
individuals. Human pathogenicity of TTV has not been fully 
established (Takahashi et  al., 1998; Hino and Miyata, 2007; 
Vasilyev et al., 2009; Focosi et al., 2020). The titer of TTV DNA 
load is inversely correlated with CD4 cell count in HIV-infected 
patients, and therefore could be a potential marker reflecting the 
degree of immune impairment (Shibayama et al., 2001; Schmidt 
et al., 2021). This virus has been identified in CSF samples from a 
proportion of patients with variable neurological complications, 
including HIV-infected patient with other coexisting CNS 
opportunistic infections (Pou et al., 2018; Simner et al., 2018a; 
Eibach et al., 2019; Neri et al., 2020; Perlejewski et al., 2020). In 
our study, seven out of the 12 patients test positive for TTV DNA 
had co-existing CNS opportunistic infections. It is difficult to 
prove whether TTV directly contribute to the neurological 
disorder or is just a mark of immune disturbance.

FIGURE 3

Final composite diagnoses of the study patients. EBV, Epstein–Barr virus; CMV, cytomegalovirus; PML, progressive multifocal 
leukoencephalopathy; CNS, central nervous system; JCV, John Cunningham virus; and HSV-1, herpes simplex virus 1.
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For a clinical perspective, detection of MTB, CN, and TE 
sequences in the CSF samples is generally regarded as etiological 
confirmation. In the present study, the sensitivity and specificity 
of CSF mNGS for diagnosing CNS CN and TE diseases both reach 
100%. However, diagnostic performance of CSF mNGS for CNS 
TB was poor. The false positive detection of MTB sequences in 
CSF samples implies that mNGS could be also subjected to cross-
contamination, a drawback that also has been encountered by 
traditional molecular diagnostic tests. In HIV-seronegative 
patients, the sensitivity of CSF mNGS for diagnosing tuberculosis 
meningitis ranges from 58.8 to 84.44% (Wang et al., 1993; Yan 
et al., 2020; Lin et al., 2021). Since MTB infection in HIV-infected 
patients generally leads to more disseminated diseases (Lee et al., 
2000), the low sensitivity of mNGS for diagnosing HIV-associated 
CNS TB in our study is a little counter-intuitive. Future study is 
necessary to address whether this phenomenon is a reflection of 
less severe meningeal involvement in HIV-associated CNS 
tuberculosis. As a molecular diagnostic method, the sensitivity of 
mNGS for pathogen identification is expected to be closely related 
to the burden of that pathogen in clinical samples. Although CSF 
mNGS detected Treponema pallidum in two patients with 
neurological syphilis, the sensitivity for diagnosing neurological 
syphilis was not satisfactory. Taken together, although mNGS may 
be able to detect all kinds of pathogens from clinical samples, it 
has variable sensitivity for pathogen identification depending on 
the categories of the causative agents and the severity of 
the diseases.

Several reasons could explain why the detection of JCV, VN, 
and TE from CSF samples was much reliable for diagnosing the 
related CNS diseases compared with that of the CMV and EBV. It 
is well known that CMV and EBV could establish life-long 
persistence and replicate at low subclinical levels in reservoirs 
(Faulkner et al., 2000; Young et al., 2007; Goodrum, 2016). They 
may even be detected in peripheral blood mononuclear cells of the 
healthy blood donors (Larsson et al., 1998; Kanakry et al., 2016). 

The related clinical disorders tend to occur in patients with higher 
blood viral loads (Spector et al., 1998; Kanakry et al., 2016). In 
HIV-infected patients, detection of EBV DNA in CSF sample 
doses not prove EBV associated neurological diseases, although 
high CSF EBV DNA level is associated with CNS lymphoma 
(Wang et al., 2022). The low number of sequences CMV or EBV 
reads reported by CSF mNGS, in our study, may be a reflection of 
CMV or EBV persistence other than active diseases. Moreover, 
since both of the CMV and EBV are common human pathogens, 
the risk of cross contamination should not be underestimated. on 
the contrary, none of the JCV, VN, and TE have been thought to 
persist in healthy individuals, and the detection of pathogen DNA 
from sterile material generally proves clinical diseases (Luft and 
Chua, 2000; Lewinsohn et al., 2017; Donnelly et al., 2020). In 
addition, active infection with JCV, VN, or TE is relatively 
uncommon disease in China. The mNGS platform handle only 
limited samples in one run, and therefore the risk of cross 
contamination by JCV, VN, or TE is low.

Unbiased mNGS enables the detection of unexpected 
pathogens; however, it also detects environmental microbes 
contaminating the clinical samples. In our study, 28 pathogens 
were reported from 80 CSF samples. Most of the pathogens were 
not considered clinically important, and detection of those 
pathogens would complicate the clinical interpretation of the 
mNGS reports. In our study, if all the detected pathogens were 
considered clinically important, about half of our patients could 
be  interpretated as CNS mixed infections. However, after 
discussion by the expert panel through which clinically 
unimportant detection and microbial contamination were 
evaluated, CNS disorders were considered to be related to mixed 

FIGURE 4

The proportion of final composite diagnoses. PML, progressive 
multifocal leukoencephalopathy; EBV, Epstein–Barr virus; CMV, 
cytomegalovirus; and CNS, central nervous system.

TABLE 2 Microbiological parameters of final composite diagnosis.

1. EBV-associated disorder (10 patients)
Etiological diagnosis: two histologically confirmed CNS lymphoma
Clinical diagnosis: three clinical suspected CNS lymphoma and five EBV 
encephalitis.
Five CSF EBV PCR positive1

2. CMV encephalitis (11 patients)
Etiological diagnosis: all 11 patients CSF CMV PCR positive.

3. Progressive multifocal leukoencephalopathy (14 patients)
Etiological diagnosis: nine patients CSF JCV PCR positive2

Clinical diagnosis: five patients had typical clinical manifestation and 
consistent brain MRI features

4. Toxoplasma encephalitis (six patients)
Clinical diagnosis: all six patients had positive serum anti-Toxoplasma IgG and 
consistent brain MRI features.

5. Cryptococcal meningitis (eight patients)
Etiological diagnosis: all CSF cryptococcal antigen positive.

6. CNS tuberculous (five patients)
Etiological diagnosis: two CSF GeneXpert MTB/RIF positive3

Clinical diagnosis: three had confirmed tuberculosis in other organs and 
consistent brain MRI features that responded to antituberculosis treatment.

EBV, Epstein–Barr virus; CMV, cytomegalovirus; CNS, central nervous system; 
PCR，polymerase chain reaction. 1CSF EBV PCR was performed in six patients. 2CSF 
JCV PCR was performed in 11 patients. 3CSF GeneXpert MTB/RIF was performed in 
five patients.
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infection only in 5 (6.25%) patients. At present, there is no 
consensus standard for clinical interpretation of mNGS results. 
This process is not always objective and would inevitably introduce 
bias. For example, a recent study unexpectedly identified 
Aspergillus spp. from CSF samples in two HIV-infected patients 
(Chen J. et al., 2021). Although the two patients also had CNS VZV 
and TBM infections, respectively, both of the positive detection of 
Aspergillus spp. was considered clinically important (Chen J. et al., 
2021). The authors did not provide additional microbiological 
evidence to support CNS Aspergillus spp. infection, and therefore 
whether Aspergillus spp. truly caused CNS disorder was unclear. At 
this point, it is difficult to completely avoid the risk of involving 
additional unnecessary diagnostic investigations and unnecessary 
treatment associated with the application of mNGS.

Our study was limited by retrospective design and relatively 
low sample size for specific CNS infection. The calculated 
sensitivity and specificity of CSF mNGS for diagnosing CNS 
infection should be  interpreted with prudence. Due to the 
shortage of commercial diagnostic kits and the CSF sample 
volume restriction, it was not possible for us to validate every 
mNGS report with pathogen-specific PCR or other certified 
traditional microbiological tests. For those reasons, interpretation 
of the mNGS results is still challenging. Finally, the unbiased 
mNGS in our study only targeted the DNA elements mainly due 
to the high cost of mNGS, and therefore it may miss the 

identification of some RNA virus in the CSF samples. Whether 
adding RNA sequencing (for example, the commercially available 
PMseq-RNA) to improve the diagnostic performance needs to 
be further explored. Despite those limitations, the finial diagnoses 
were clear for the vast majority (> 90%) of the cases when CSF 
mNGS was integrated into diagnostic panel. This finding suggests 
that CSF mNGS is a promising microbiological diagnostic test for 
CNS infections in HIV-infected patients.

Metagenomics sequencing analysis is a “finding the needle in 
a haystack” screening technique and may be the most complex 
among all known laboratory-developed tests. It is a long road to 
standardization in a real clinical context, but to achieve better 
quality and higher reproducibility, efforts could be made in simple 
and easy wet-lab manipulations, for example, using library prep/
PCR in one-tube techniques. Barcoding the library samples with 
unique dual-index combinations to minimize cross-talking, 
especially to protect those uncertain samples from reads generated 
by significant infectious samples. Make sure process controls are 
always included to further examine “kitome,” and “splashome” 
contamination batch by batch. It is recommended to monitor the 
variations of lab environmental microbiomes (air, water, surface, 
etc.) in the mid or long-term. Additionally, to improve the test’s 
predictive value, a well-curated clinical microbe’s database and 
joint interpretation by an expert panel (lab technicians, 
bioinformaticians, microbiologists, pathologists, and clinical 
physicians) are also needed.

In conclusion, CSF mNGS is a very sensitive tool for detecting 
common opportunistic CNS pathogen in HIV-infected patients; 
however, its performance in CNS tuberculosis is unsatisfactory. 
CMV and EBV are commonly detected by CSF mNGS from CSF 
samples in HIV-infected patients, the clinical importance of which 
is likely to be associated with the burden of the viruses. Clinical 
interpretation of CSF mNGS results is still challenging because of 
sample cross-contamination, environmental microbial 
contamination and lack of consensus standard for distinguishing 
carrier state/colonization and infection. Those obstacles need to 
be addressed in future studies.
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TABLE 3 Diagnostic performance of CSF mNGS for common 
opportunistic CNS diseases1.

Sensitivity Specificity PPV NPV
(95%CI) (95%CI) (95%CI) (95%CI)

EBV-

associated 

CNS disorder2

100 NA3 NA 100

(72.25-100) (90.11–100)

CMV 

encephalitis

100 NA NA 100

(74.12–100) (92.87–100)

PML 92.86 100 100 98.36

(68.53–98.73) (93.98–100) (77.19–100) (91.28–

99.71)

CNS 

tuberculosis

40 97.1 50 95.71

(11.76–76.93) (90.03–99.20) (15.00–

85.00)

(88.14–

98.53)

Toxoplasma 

encephalitis

100 100 100 100

(60.97–100) (94.65–100) (60.97–100) (94.65–100)

Cryptococcal 

meningitis

100 100 100 100

(67.56–100) (94.50–100) (67.56–100) (94.50–100)

CSF, cerebrospinal fluid; mNGS, metagenomic next-generation sequencing; PPV, 
positive predictive value; NPV, negative predictive value; EBV, Epstein–Barr virus; CMV, 
cytomegalovirus; PML, progressive multifocal leukoencephalopathy; and CNS, central 
nervous system. 1For the purpose of illustration, all six patients with undetermined 
causes of neurological symptoms had been excluded from analysis. Finally, diagnostic 
performance of CSF mNGS was calculated from 74 samples. 2CNS lymphoma or EBV 
encephalitis. 3EBV and CMV were commonly detected by CSF mNGS. Some of the 
positive detections were not associated with CNS disorder, and also could not 
be considered as false positive either. Therefore, the specificity and PPV were not 
calculated.
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Malaria is an infectious disease caused by parasites of the genus Plasmodium 

spp. It is transmitted to humans by the bite of an infected female Anopheles 

mosquito. It is the most common disease in resource-poor settings, 

with 241 million malaria cases reported in 2020 according to the World 

Health Organization. Optical microscopy examination of blood smears 

is the gold standard technique for malaria diagnosis; however, it is a time-

consuming method and a well-trained microscopist is needed to perform 

the microbiological diagnosis. New techniques based on digital imaging 

analysis by deep learning and artificial intelligence methods are a challenging 

alternative tool for the diagnosis of infectious diseases. In particular, systems 

based on Convolutional Neural Networks for image detection of the malaria 

parasites emulate the microscopy visualization of an expert. Microscope 

automation provides a fast and low-cost diagnosis, requiring less supervision. 

Smartphones are a suitable option for microscopic diagnosis, allowing image 

capture and software identification of parasites. In addition, image analysis 

techniques could be a fast and optimal solution for the diagnosis of malaria, 

tuberculosis, or Neglected Tropical Diseases in endemic areas with low 

resources. The implementation of automated diagnosis by using smartphone 

applications and new digital imaging technologies in low-income areas is a 

challenge to achieve. Moreover, automating the movement of the microscope 

slide and image autofocusing of the samples by hardware implementation 

would systemize the procedure. These new diagnostic tools would join the 
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global effort to fight against pandemic malaria and other infectious and 

poverty-related diseases.
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malaria diagnosis, digital imaging techniques, deep learning, artificial intelligence, 
microscopic examination, smartphone application, malaria

Introduction

Malaria is one of the most common infectious diseases 
worldwide. It is caused by Plasmodium parasites and transmitted 
to humans by the bite of an infected female mosquito of the 
Anopheles genus. Over 241 million malaria cases were estimated 
in 2020, an increase from the 227 million of 2019 according to the 
World Health Organization (WHO) (World Malaria Report WHO 
2021). Malaria is endemic in 85 countries and caused 627,000 
deaths in 2020. Africa is the most affected continent with 95% of 
all malaria cases reported and 96% of all deaths (Talapko et al., 
2019; World Malaria Report WHO 2021). Low-income countries 
with non-accessible healthcare resources are the most affected 
regions and malaria-related mortality has a high correlation with 
poverty rates (Ren, 2019). Socioeconomic data were collected in 
several studies to demonstrate the aforementioned correlation, 
describing the global health situation of malaria in low-income 
countries (Ricci, 2012; Konishi et al., 2016). An early diagnosis, 
suitable treatment, and prevention strategies such as vaccination 
or mosquito net control are crucial to fighting the infection. Due 
to its high global health impact, this infectious disease is still a 
global issue. In addition, the COVID-19 pandemic has increased 
the number of malaria deaths and cases from previous years, due 
to the high impact of this pandemic on the administration of 
healthcare resources worldwide (Heuschen et al., 2021).

Plasmodium infection is produced by several protozoan 
parasites of the genus Plasmodium spp. (Tangpukdee et al., 2009). 
Five species of malaria cause infection in humans: P. falciparum, 
P. vivax, P. ovale, P. malariae, and P. knowlesi. P. falciparum is the 
most virulent species and produces the vast majority of deaths 
from severe malaria (Heide et  al., 2019). The life cycle of 
Plasmodium parasites is represented in Figure  1. The life and 
infective cycle of the five species are similar, and their morphology 
and biology are analogous (Talapko et al., 2019).

Malaria treatment is crucial to reducing mortality. Prompt 
treatment is recommended, within 24 h of the onset of fever, and 
is fundamental for the reduction of mortality among children 
<5 years of age (Simba et  al., 2018). After confirmation of 
Plasmodium infection by laboratory diagnostic techniques, such 
as Rapid Diagnostic Tests (RDT) or microscopy, anti-malarial 
drugs are administered. The treatment used should be determined 
by Plasmodium species, parasitaemia density, drug-resistant 
pattern where the infection was acquired, signs of severe malaria, 
and patient tolerance of oral medication (Griffith et al., 2007).

The implementation of early detection systems for malaria 
epidemics is a high priority in Sub-Saharan African regions 
(Guintran et  al., 2006). New advances in the regulation and 
development of malaria vaccines, such as the RTS, S/ASO1 
vaccine recommendation by the WHO, can reinvigorate the fight 
against malaria (WHO recommends groundbreaking malaria 
vaccine for children at risk, 2021). Laboratory techniques for 
malaria diagnosis by detecting Plasmodium parasites are 
extensively used worldwide; microscopic visualization of thin and 
thick blood smears is the gold standard technique for malaria 
diagnosis. RDTs are also used as recommended diagnostic tools 
and could be an affordable complement for a precise diagnosis due 
to their rapidness and easy handling. Both microscopic 
visualization and RDTs have their limitations and new diagnostic 
techniques are emerging to complement the tools used nowadays. 
As a breakthrough, new image analysis techniques based on deep 
learning, a subfield in artificial intelligence (AI), are being 
developed for the automated diagnosis of blood slides. 
Distinguishing between erythrocytes infected or uninfected with 
malaria parasites is possible with deep learning detection-based 
models. Image analysis techniques allow the detection of malaria 
parasites in digital images by pre-trained deep learning models 
with large image datasets. This process would emulate the optical 
microscope visualization of thick and thin blood smear samples 
and automate the procedure. Smartphone applications could 
integrate image analysis technology based on AI and would be an 
affordable option for resource-poor environments in 
endemic areas.

Identification of the different parasite morphologies in the 
whole Plasmodium life cycle is crucial to perform a correct 
diagnosis by microscopic examination of blood smears. The life 
cycle must be considered when experts perform manual labelling 
of digital images. Immature P. falciparum trophozoites (ring 
stage), White Blood Cells (WBCs), and erythrocytes are 
commonly labelled in malaria thick and thin blood smear digital 
images (Manescu et al., 2020). The labelled data would be used to 
train deep neural network models and create AI algorithms 
capable of detecting parasites and cells.

Malaria diagnosis

Malaria diagnosis is crucial to treat and eradicate Plasmodium 
infections. An early diagnosis is determinant in effectively fighting 
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against infection. Laboratory diagnosis is accepted worldwide and 
recommended for malaria detection (Tangpukdee et  al. 2009; 
World Malaria Report WHO, 2021). Diagnostic methods for 
infectious diseases should be fast, accurate, simple, and affordable 
(Vila et al., 2017). Several techniques are available and used to 
directly or indirectly detect the presence of malaria parasites in 
blood. Table 1 shows the advantages and disadvantages of the 
most important diagnostic methods for malaria parasite detection.

Clinical diagnosis

Clinical diagnosis is the least expensive option for malaria 
diagnosis (Wongsrichanalai et al., 2007), although the non-specific 
symptomatology and possible confusion with other infections or 
diseases with similar manifestations could overlap with the final 
diagnosis. Patient origin, malaria season, and age group are 
important aspects to consider. Clinical symptomatology could 
vary depending on the phase of the disease and the Plasmodium 
parasite species producing the infection. Plasmodium infection 
could produce asymptomatic, placental, uncomplicated, and 
severe malaria depending on the symptomatology and infection 
phase (Molyneux, 1989; Bartoloni and Zammarchi, 2012; Phillips 
et al., 2017).

Clinical symptomatology should be  complemented with 
laboratory diagnostic techniques to confirm the presence of 
Plasmodium parasites. Blood smear samples are used in the vast 
majority of diagnostic techniques.

Microscopic examination of blood 
smears

Direct microscopic examination of blood smears to observe 
malaria parasites is the gold standard technique for malaria 
diagnosis (Guintran et al., 2006; Collins and Jeffery, 2007; Heide 
et al., 2019). Prior to examination, the specimen is mostly stained 
with Giemsa or Leishman staining (Bejon et al., 2014), to afford 
the parasites a distinctive appearance (Malaria diagnosis and 
treatment CDC, 2019). The protocol for Giemsa staining of 
malaria blood films is a simple and fast technique to visualize the 
active form of parasites in blood (Turrientes and López, 2016). 
Malaria microscopy standard operating procedure is the protocol 
recommended by the WHO (Giemsa staining of malaria blood 
films WHO, 2016). The blood smear examination procedure is 
shown in Figure 2.

Knowing the life cycle of Plasmodium parasites (Figure 1) is 
important to perform a correct identification of the different 

FIGURE 1

Life cycle of the Plasmodium parasite. Mosquito, human liver, and human blood stages are represented. (1) Mosquito injects sporozoites; (2) 
Infected hepatocyte; (3) Ruptured exo-erytrocytic schizont; (4) Merozoites in peripheral blood; (5) Immature trophozoites in peripheral blood; (6) 
Ruptured schizont; (7) Some immature trophozoites develop into sexual precursor cells named gametocytes; (9) Ookinete (motile zygote).
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developmental stages of the parasites and the species for diagnosis. 
P. falciparum usually causes higher parasite levels and produces 
most malaria deaths in Africa (World Malaria Report WHO, 
2021). Maurer dots, poly-infected erythrocytes, and the 
characteristic banana shape of gametocytes are distinctive traits of 
P. falciparum infection (Zekar and Sharman, 2021). P. vivax and 
P. ovale are species sharing some similarities in the shape of 
parasites and quiescent liver forms. Both species infect young 
erythrocytes, have Schüffner’s dots, tend not to have multiple rings 
per cell, and contain malarial pigment. P. malariae usually causes 
lower parasite levels, due to its 72-h development cycle (24 h 
longer than P. falciparum and P. vivax), the lower production of 
merozoites per erythrocytic cycle, the predilection of parasites to 
develop inside old erythrocytes and the earlier development of 
immunity due to the combination of the previous factors (Collins 
and Jeffery, 2007). P. knowlesi is mostly present in Southeast Asia 
and was originally known as simian malaria. Due to its 24-h 

development asexual cycle, P. knowlesi infection can rapidly 
progress into severe malaria. Ring stage forms of P. knowlesi 
resemble P. falciparum and mature trophozoites and schizonts are 
similar to P. malariae forms (Amir et al., 2018). Gametocytes, the 
sexual stage of the parasite, are not responsible for clinical 
symptoms (Treatment of malaria CDC, 2013).

Microscopic visualization of thin blood smears allows the 
Plasmodium species identification from erythrocyte morphology 
and the distinctive features depending on the type of specimen 
infection. Thick blood smears are more efficient and provide 
higher sensitivity than thin blood smears (Wangai et al., 2011). The 
combination of both methods allows experts to determine the type 
and severity of the infection with a precise diagnosis. Parasite level 
calculations are performed manually in both types of samples. 
Direct microscopy observation is a tedious and time-consuming 
technique that requires experience and training. Continuous 
visualization of blood smears could trigger diagnostic errors due 

TABLE 1 Advantages and disadvantages of malaria diagnostic techniques.

Diagnostic technique Advantages Disadvantages References

Microscopic examination (i) Availability

(ii) Low-cost diagnosis

(iii) Parasite level calculations

(iv) Species identification

(i) Requires expert personnel

(ii) Results are expert-dependent

Dowling and Shute (1966), Collins and Jeffery, 

(2007), Guintran et al. (2006), Wangai et al. (2011), 

Poostchi et al. (2018), Heide et al. (2019), Malaria 

diagnosis and treatment  CDC, 2019

Quantitative Buffy Coat (QBC) (i) Fast preparation and diagnosis 

results

(ii) High sensitivity

(i) Requires expert personnel

(ii) Requires fluorescent microscopy

(iii) Specialized instrumentation

QBC Malaria Test, 2007, Tangpukdee et al. (2009), 

Siciliano and Alano (2015), About Malaria  

CDC, 2019, Shujatullah et al., 2006

Rapid Diagnostic Tests (RDTs) (i) Fast preparation and diagnosis 

results

(ii) Easy handling

(iii) Low-cost diagnosis

(iv) Species identification (usually 

P. falciparum from non-P. 

falciparum species)

(i) pfHRP2/3 gene deletions

(ii) Low sensitivity with low parasite levels

(iii) Low sensitivity with P. ovale and P. 

malariae species.

(iv) Cross-reactivity

(v) Prozone effect

Wongsrichanalai et al. (2007), Gillet et al. (2009), 

Murray and Bennett (2009), Tangpukdee et al. 

(2009), Bejon et al. (2014), Nima et al. (2017), 

Orish et al. (2018), Cunningham et al. (2019), 

Response plan to phrp2 gene deletions (WHO, 2019), 

Ajakaye and Ibukunoluwa (2020), Kavanaugh et al. 

(2021), Kavanaugh et al. (2021)

PCR (i) High sensitivity and specificity

(ii) Species identification

(iii) Reference tool for comparative 

studies

(i) Specialized instrumentation

(ii) Difficult implementation in endemic areas

(iii) Expensive diagnosis

Johnston et al. (2006), Li et al. (2014), Poostchi 

et al. (2018), Siwal et al. (2018), Haanshuus et al. 

(2019), Eshag et al. (2020), Leski et al. (2020), 

Feufack-Donfack et al. (2021), Mwenda et al. 

(2021)

LAMP (i) High sensitivity and specificity

(ii) Species identification

(iii) No thermocyclers needed

(i) Specialized instrumentation

(ii) Expensive diagnosis

Ocker et al. (2016), Selvarajah et al. (2020), Morris 

and Aydin-Schmidt (2021)

Serology (i) Seroprevalence

(ii) Malaria transmission

(i) Non-reliable diagnostic technique

(ii) Not indicative of active infection

Tangpukdee et al. (2009), Oviedo et al. (2020)

Flow cytometry (i) Quantification of infected 

erythrocytes

(ii) Automated parasite level 

calculations

(i) Low sensitivity

(ii) Specialized instrumentation

(iii) Difficult implementation in endemic areas

Poostchi et al. (2018), Khartabil et al. (2022)

Biomarkers (i) High diagnostic potential

(ii) Easy handling

(i) Specialized instrumentation Jain et al. (2014), Krampa et al. (2017))

QBC: Quantitative Buffy Coat, RDTs: Rapid Diagnostic Tests, PCR: Polymerase Chain Reaction, LAMP: Loop-Mediated Isothermal Amplification, Serology, Flow cytometry, and 
biomarkers.
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to the difficulty of the procedure (Dowling and Shute, 1966). The 
quality of the microscope and the staining reagents are also 
limiting factors (Malaria diagnosis and treatment CDC, 2019). 
False-negative cases lead to the unnecessary use of antibiotics, 
other consultations and, in some cases, progression to severe 
malaria. False-positive cases imply a misdiagnosis, unnecessary use 
of anti-malaria drugs, and suffering their potential side effects 
(Poostchi et al., 2018). However, microscopic examination of thin 
and thick blood smears is commonly used in endemic areas and 
resource-poor settings, due to its availability and easy handling. 
Other diagnostic techniques could complement and improve 
traditional microscopic examination and resolve its limitations.

Quantitative Buffy Coat

The Quantitative Buffy Coat (QBC) test is a qualitative 
screening method for rapidly detecting the presence of malaria 
parasites in centrifuged capillary and venous blood (QBC Malaria 
Test, 2007). Blood is centrifuged in specially coated QBC tubes 
and visualized by optical fluorescence microscopy. The technique 
is based on a density gradient that separates the blood cells and 
allows the identification of parasitic forms by fluorescent 
microscopic observation of the capillary tube. The dye commonly 
used is acridine orange, which allows the identification of parasites 
between the erythrocyte and leukocyte areas. The QBC tubes also 
have an anticoagulant for the correct visualization of the sample 
and to avoid artefacts due to blood clotting (QBC Malaria Test, 
2007). QBC presents higher sensitivity and specificity than 
conventional thick blood smear diagnosis due to the additional 

concentration of parasites in the narrow zone of the blood tubes 
(Siciliano and Alano, 2015; About Malaria CDC, 2019). This 
technique requires well-trained personnel, specialized 
instrumentation, is costlier than conventional light microscopy, 
and is difficult to determine the species and number of parasites 
(Tangpukdee et al., 2009).

Rapid diagnostic tests

Rapid Diagnostic Tests (RDTs) are a suitable option and 
complement for detecting Plasmodium infection. RDTs are 
lateral-flow immunoassays that allow visualization of specific 
antigen–antibody recognition events (Response plan to phrp2 
gene deletions WHO, 2019). They confer a qualitative diagnosis 
with a fast response time of less than 30 min (Cunningham et al., 
2019). RDTs depend on the observation of a visible band on a 
nitrocellulose strip produced by the capture of dye-labelled 
antibodies. A drop of peripheral blood and a buffer solution are 
usually used to perform the diagnosis on the RDT device by 
detecting specific Plasmodium antigens. The majority of RDTs 
are based on the detection of the P. falciparum-specific protein 
histidine-rich protein II (HRP2) or universal antigen target for 
all malaria parasites, such as Plasmodium lactate dehydrogenase 
(p-LDH) or aldolase (Tangpukdee et  al., 2009). HRP2 is 
localized in the cytoplasm of P. falciparum and on the surface 
membrane of infected erythrocytes (Murray and Bennett, 2009). 
Gene deletions of the parasite target gene pfhrp2 are observed in 
several studies in endemic areas such as Ethiopia and Bangladesh 
(Wongsrichanalai et al., 2007; Bejon et al., 2014; Giemsa staining 

FIGURE 2

Blood smear microscopic examination procedure. Thick blood smear is first examined to determine the presence of malaria parasites. If the 
sample is positive, a thin blood smear is examined to determine Plasmodium species identification. Parasite quantification is performed to 
determine severity of the infection.
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of malaria blood films WHO, 2016; Treatment of malaria CDC, 
2013; Nima et al. 2017). False-negative results due to pfhrp2/3 
gene mutation could trigger an incorrect diagnosis. Low parasite 
density, incorrect interpretation of results, or P. malariae and 
P. ovale infections are also causes of false-negative results and 
reasons for an incorrect diagnosis by RDTs (Kavanaugh et al., 
2021). A prozone effect due to excess antigen could trigger an 
incorrect diagnosis, although it is not a common event (Gillet 
et al., 2009). False-positive results are less common and can also 
trigger an incorrect diagnosis. Cross-reactivity due to high 
parasite levels or the presence of other disease antigens are the 
main causes of false-positive results (Orish et  al., 2018; 
Kavanaugh et  al., 2021; Pyle-Eilola et  al., 2021). RDTs are a 
useful diagnostic support feature for conventional diagnosis, 
however, they cannot substitute microscopy examination 
(Ajakaye and Ibukunoluwa, 2020).

Polymerase chain reaction

Polymerase Chain Reaction (PCR) diagnosis is a suitable 
alternative to conventional techniques. It is based on the 
amplification of Plasmodium DNA, and has high sensitivity, 
specificity and relatively low complexity (Leski et al., 2020). It is 
more sensitive than microscopy and capable of identifying malaria 
parasites at the species level when conventional methods are not 
able to detect the parasite (Johnston et al., 2006). In addition, the 
determination of Plasmodium species by PCR assay allows the 
unequivocal diagnosis in mixed species infection (Siwal et al., 
2018) or low parasite levels (Haanshuus et al., 2019), which are 
difficult to detect by microscopic examination. Some of the main 
disadvantages of PCR diagnosis are the implementation of a 
non-routine technique in remote areas, the long-time (2–3 h) 
needed for diagnosis, and the high cost of the technology 
(Poostchi et al., 2018). Nowadays, PCR is being implemented as a 
diagnostic technique for malaria, although it is not the gold 
standard procedure and is not more widely used in endemic 
countries. Molecular techniques are useful to detect asymptomatic 
patients or those with very low parasite levels; their performance 
with this casuistry is considerably better than the other diagnostic 
techniques employed (Mwenda et  al., 2021). This molecular 
diagnosis technique is commonly used in high-income countries 
or regions to perform epidemiological studies (Li et  al., 2014; 
Eshag et al., 2020; Feufack-Donfack et al., 2021). As an example, 
novel PCR assay, such as MC004 RT-PCR, is demonstrated to be a 
useful tool for clinical settings and has a high degree of sensitivity 
and specificity (Beyene et al., 2022).

Loop-mediated isothermal  
amplification

Loop-Mediated Isothermal Amplification (LAMP) is a 
molecular technique based on the amplification of nucleic acids 

employing Bacillus stearothermophilus DNA polymerase (Morris 
and Aydin-Schmidt, 2021). It has a 99% sensitivity and 93% 
specificity for malaria parasite detection compared with 
microscopy and does not require thermocyclers (Ocker et  al., 
2016). A fluorescence spectrophotometer is usually needed to 
read-out diagnostic results, which restricts the applicability in 
rural areas. However, new LAMP assays are designed with a 
fluorescence readout unit in order to detect P. falciparum parasites 
(Puri et al., 2022). It is not widely implemented as a diagnostic 
method, although it is postulated as an interesting alternative to 
conventional PCR methods and could be  progressively 
implemented in resource-poor settings (Selvarajah et al., 2020).

Other diagnostic techniques

Serology is based on the detection of antibodies against 
blood-stage malaria parasites. It is not commonly used for a rapid 
malaria diagnosis, although it is mainly used to perform 
seroprevalence studies of the disease. As an example, 
Immunofluorescence Antibody Testing (IFA) uses specific 
antigens for the quantification of IgG and IgM antibodies in serum 
samples (Tangpukdee et  al., 2009). Combined strategies using 
serological, antigen detection, and DNA data are used to estimate 
malaria transmission and perform epidemiological studies 
(Oviedo et al., 2020).

Flow cytometry is a laser-based cell counting method that 
allows the quantification of erythrocytes infected by malaria 
parasites. It offers automated parasite level counts and has a low 
sensitivity (Poostchi et  al., 2018). New advances based on 
fluorescence flow cytometry have shown that the Sysmex XN-31 
device can determine the Plasmodium species and quantify 
parasites in blood. However, it can generate false positive results 
in case of abnormal erythrocytes cell morphology and the device 
was tested in a non-endemic region (Khartabil et al., 2022).

Biomarkers are cellular, biochemical, or molecular alterations 
that indicate the presence of biological, pathogenic, or therapeutic 
responses, with a high potential for diagnosis (Jain et al., 2014). 
The development of malaria biomarker detection, multiplex 
biomarkers for multiple Plasmodium parasite infections, and 
biosensors are new improvements to be considered as diagnostic 
tools (Krampa et al., 2017).

Diagnostic methods comparison

To perform a comparison between the different diagnostic 
methods for malaria parasite detection it is important to 
consider the parasite levels. Low parasite levels are related to 
lower sensitivity values due to the less number of parasites in 
blood. Higher parasite levels are easier to detect with all the 
aforementioned techniques, although in some specific cases, a 
prozone effect could trigger antigen detection issues by RDTs 
(Gillet et al., 2009). The commercial brand of the techniques 
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(QBC, RDTs, and PCR), RDT storage conditions, and response 
time are crucial for the correct interpretation of diagnostic 
results and could affect the final outcome. In the case of thick 
and thin blood smears, the expertise of the microscopist is 
determinant. The reference technique used as the standard 
against which others are compared to evaluate the quality of the 
method is also decisive (Feleke et al., 2021). Table 2 shows the 
diagnostic methods most commonly used for malaria parasite 
detection in terms of sensitivity and specificity. In some cases, 
no differentiation between thick and thin blood smear samples 
was observed in comparative studies and meta-analyses to 
determine sensitivity and specificity. However, thick blood 
smears provide a higher sensitivity than thin blood smear 
samples (Wangai et al., 2011). PCR is considered to have 100% 
sensitivity and specificity and is usually used as the 
reference method.

Novel diagnostic tools by using 
image analysis techniques

The global health impact of malaria has accelerated the 
development and implementation of novel diagnostic strategies to 
fight against the disease. Novel diagnostic techniques based on 
image analysis and AI are being developed for malaria parasite 
detection; an emulation of microscopic visualization by image 
capturing and processing could be a fast and efficient alternative 
to performing the diagnosis. In the last years, computational 
microscopic imaging methods for object detection have held 

higher importance in medical and biomedical studies (Das et al., 
2015). Several software applications and tools are being developed 
to detect malaria parasites in thick and thin blood smear sample 
images using conventional light microscopy (Luengo-Oroz et al., 
2012; Dallet et al., 2014; Das et al., 2015; Pirnstill and Coté, 2015; 
Bashir et al., 2017; Oliveira et al., 2017; Laketa, 2018; Manescu 
et al., 2020; Yang et al., 2020; Yu et al., 2020).

Deep learning is a set of computational AI processes and 
methodologies that allow automated learning and the generation 
of algorithms by emulating the human brain. It is based on 
databases information, and uses artificial neural networks with 
multiple layers to train and generate AI algorithms (Alzubaidi 
et al., 2021). Deep learning has, in many aspects, boosted and 
improved the procedure for traditional computer vision imaging 
techniques (M K. Georgieff, 2016). Convolutional Neural 
Networks (CNN) are artificial neural networks widely used as 
trained classifier models to detect objects in images or videos by 
deep learning algorithms. Specifically, CNN classification is 
applied in medical diagnosis to analyse and extract efficient 
features from images as an AI healthcare tool (Sarvamangala and 
Kulkarni, 2021). Imaging radiology techniques for early 
diagnosis and treatment of emerging infectious diseases such as 
Zika, Ebola, or Chikungunya are other image analysis 
applications (Jardon et al., 2019). Microscope image analysis 
using a U-Net (convolutional network architecture) to segment 
and detect Leishmaniosis (Górriz et al., 2018) is a representative 
study of the wide variety of possibilities of CNNs. The high 
computing capacity achieved over the past years and the 
increased amount of training data for CNNs have boosted the 

TABLE 2 Sensitivity and specificity of malaria diagnostic methods.

Diagnostic methods Sensitivity Specificity Specifications References

Microscopy 75.20% 97.12% Comparative study.Thick blood films are 

20–40 times more sensitive than thin 

blood films. Parasite density interferes 

with the final result and is crucial to 

obtain a reliable conclusion.

Bejon et al. (2006),  

Wangai et al. (2011),  

Feleke et al. (2021)

QBC 55.9% 88.8% Lagos State University Teaching Hospital. Adeoye and Nga (2007)

70.5% 92.1% University College Hospital, Ibadan, Oyo 

State, Nigeria.

Ifeorah et al. (2017)

RDTs 84.2% 99.8% BinaxNOW test. DiMaio et al. (2012)

63.4–100% 53.4–99.9% Mixed brands (Comparative study). Boyce and O’Meara (2017)

84.2% 95.2% University College Hospital, Ibadan, Oyo 

State, Nigeria / pLDH RDT Optimal.

Ifeorah et al. (2017)

37–88% (37 and 51% in asympt.) 93–100% (28% in one outlier) Mixed brands (Comparative study). Feleke et al. (2021)

LAMP 100% 86–99% LAMP compared with PCR. Feleke et al. (2021),  

Puri et al. (2022)

95–98% 91–99% LAMP compared with PCR. Morris and Aydin-Schmidt 

(2021)

PCR Considered 100% Considered 100% Used as a reference to be compared with 

other techniques.

Feleke et al. (2021),  

Mwenda et al. (2021)

QBC: Quantitative Buffy Coat, RDTs: Rapid Diagnostic Tests, pLDH: Plasmodium lactose dehydrogenase, LAMP: Loop-Mediated Isothermal Amplification, PCR: Polymerase Chain 
Reaction, asympt: Asymptomatic.
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TABLE 3 Visual image differences between thick and thin blood smear samples to distinguish malaria forms by artificial intelligence techniques.  
(A) Thick blood smear sample 1,000x Giemsa staining. WBC nuclei and immature trophozoites (T) are distinguished with an arrow. (B) Thin blood 
smear sample 1,000x Giemsa staining. Erythrocytes infected with young trophozoites (T) of P. falciparum and uninfected erythrocytes (RBC) 
distinguished with an arrow. Maurer dots are present in infected erythrocyte morphology.

Thick blood smear sample Thin blood smear sample

(A) (B)

Main features Main features

– Positive/Negative diagnosis.

– Possible to distinguish all development stages of the blood life cycle of the parasites.

– Non-species identification (except in the case of P. falciparum gametocytes).

– Haemolysis of erythrocyte cells.

– Amorphous morphology of immature Plasmodium trophozoite cytoplasm.

– High sensitivity.

– Common appearance of Giemsa artefacts.

– Plasmodium species identification by parasite and erythrocyte morphology.

– Parasite development stages identification inside erythrocytes.

– High specificity.

– Fewer artefacts and confusion forms.

– Fixing sample with methanol in Giemsa staining technique.

– Erythrocyte and staining artefacts.

– Thick blood smear malaria parasite detection by artificial intelligence imaging tools 

(Rosado et al., 2016; Xiong et al., 2019; Manescu et al., 2020; Yang et al., 2020; Yu 

et al., 2020).

– Thin blood smear malaria parasite detection by artificial intelligence imaging tools 

(Ross et al., 2006; Tek et al., 2010; Dallet et al., 2014; Kareem et al., 2012; Mushabe 

et al., 2013; Oliveira et al., 2017; Rosado et al., 2017; Sankaran et al., 2017; Dantas 

Oliveira et al., 2018; Pillay et al., 2019; Pardede et al., 2020; Yu et al., 2020; Abubakar 

et al., 2021; Davidson et al., 2021).

use of this technology for medical applications (O’Mahony 
et al., 2020).

In particular, automated microscopy imaging analysis could 
also be an alternative to conventional microscopy examination for 
malaria diagnosis. The preparation and type of sample are 
important facts to consider to perform the correct identification of 
biological features. Table 3 summarizes the visual image differences 
between thick and thin blood smears and their analysis by AI 
techniques (Ross et al., 2006; Mushabe et al., 2013; Dallet et al., 
2014; Oliveira et al., 2017; Sankaran et al., 2017; Dantas Oliveira 
et al., 2018). Thick blood smear examination is crucial for a correct 
diagnosis of malaria, allowing the consequent visualization of thin 
blood smears for species identification (Figure 2). Thick blood 
smears are more sensitive and appropriate for low malaria parasite 
levels (Dowling and Shute, 1966). Nevertheless, the frequency of 
artefacts observed in this type of sample is higher in comparison 
with thin blood smears (Prairie, 2012).

CNNs for the detection of malaria parasites in thick blood 
smears are less used in comparison with thin blood smears. New 
automated parasite detection in thick blood smears based on deep 
learning and neural networks is an optimal alternative to 

traditional parasite microscopy visualization, as demonstrated in 
several studies (Xiong et al., 2019; Manescu et al., 2020; Yang et al., 
2020). Other important factors for the visualization of thick blood 
smears are erythrocyte haemolysis, WBC cytoplasm rupture, and 
the variable shapes of ring-stage trophozoites. Most of the 
methods published for malaria parasite identification are based on 
supervised procedures that require a previous manual labelling 
procedure of microscopic images. Malaria digital images of thick 
and thin blood smears need to be labelled to create a dataset large 
enough to allow the generation of an optimal detection model 
(Shambhu et al., 2022). This process requires to manually define 
the bounding box of each parasite of a set of images to train the 
neural network model.

Image acquisition

Image capturing/acquisition is the first step towards generating 
an image database for future analysis and identification. Acquisition 
depends on the equipment and infrastructure of the laboratories. 
Microscope-integrated cameras are often used to acquire digital 
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images with conventional light microscopy. However, smartphone 
cameras with an adapter bracket are an affordable alternative for 
automated malaria diagnosis applications (Srikanth et al., 2008; 
Dallet et al., 2014; Rosado et al., 2016, 2017; Oliveira et al., 2017; 
Yu et  al., 2020). Thus, in low-income countries, smartphone 
cameras would be a useful tool for acquiring digital images and 
replacing integrated microscope cameras, which are usually more 
expensive. The quality and resolution of the digital image, pixel 
morphology and density would determine future image processing 
and analysis. Other types of techniques for acquiring malaria 
parasite images with different microscopes are also used, such as 
fluorescent microscopy, binocular microscopy, or polarized 
microscopy (Poostchi et al., 2018). Nevertheless, image acquisition 
with conventional light microscopy is the most similar procedure 
to emulate conventional microscopic malaria diagnosis in endemic 
countries. Image acquisition is the first step for both traditional 
image processing techniques and deep learning methods (Hegde 
et al., 2019).

Traditional image processing techniques 
for malaria parasite detection

Image pre-processing is used in traditional computer vision 
techniques to automatically detect parasites and allows the 
preparation of acquired images to improve further analysis. Most 
studies perform noise reduction, enhancement of image contrast, 
and image resizing. These modifications would facilitate future 
procedures of feature extraction. As an example, Gaussian average 
filters or low-pass filters are used to reduce the noise of malaria 
microscopy images (Fatima and Farid, 2020). Moreover, background 
image assumption and colour normalization and correction to 
reduce the effects of illumination is an affordable solution to reduce 
image errors (Tek et  al., 2016). Colour normalization and grey 
world-based colour normalization are pre-processing methods to 
minimise sample staining issues that could trigger image artefacts. 
Pre-processing imaging methods for smartphone image acquisition 
by colour normalization and background removal are useful tools 
to prepare images for the automated diagnosis of leishmaniasis or 
bartonellosis in remote locations (Cesario et  al., 2012). Image 
resolution and quality are decisive to perform a correct and precise 
diagnosis via imaging methods.

Image segmentation is very often required to extract features. 
Segmentation consists of classifying each pixel as part of the 
objects in the original image. Morphological operations, Hough 
transform, K-means clustering, watershed algorithm, edge-based 
segmentation algorithms, rule-based segmentation, template 
matching, and marker-controlled watershed are segmentation 
techniques used for thin and thick blood smear images, among 
other applications (Poostchi et  al., 2018). Many of these are 
complemented with thresholding techniques as a final step to 
extract and define the different segmented regions.

Feature extraction is the next procedure. The characterization 
of thin and thick blood smear images by features such as staining 

colours, cell texture, and morphology are carefully chosen 
(Poostchi et  al., 2018). For example, erythrocyte feature 
calculations in thin blood smear images are performed by open-
source platforms such as PyRadiomics 2.2.0 (Savkare and Narote, 
2015). Feature extraction facilitates the subsequent learning and 
classification steps by providing quantitative information on 
certain image parameters.

Machine learning or pattern recognition is the final step of the 
image analysis procedure before identification. Classification 
methods are used for the identification of parasites and WBCs in 
thick blood smear samples, or infected and uninfected erythrocytes 
in thin blood smears. It is important to distinguish between the 
parasite identification procedures for the two sample types. In both 
cases, the performance of the technology developed should 
be  optimized in terms of accuracy, sensitivity, and specificity 
(Poostchi et al., 2018). Most articles published on the identification 
of malaria parasites in thick blood smears are for P. falciparum 
infections (Yang et  al., 2020). Thin blood smear parasite 
identification is used to distinguish between erythrocytes infected 
or uninfected with malaria parasites. In addition, parasite species 
identification and the development stage of the parasite in thin 
blood smears are detected by using traditional pattern recognition 
techniques that include, for example, Support Vector Machine 
(SVM) or logistic regression classifiers (Tek et al., 2010). Response 
time depends on the computational complexity of the predictive 
model. Complexity increases the time of response, although an 
evaluation between complexity and time is crucial to perform a 
correct and sufficiently fast identification (Freire et al., 2021).

Convolutional neural networks for 
malaria parasite detection

Convolutional neural networks are computational systems 
inspired by biological neurons designed to process data (Anwar 
et al., 2018). Image input is analysed to recognize visual patterns 
and complete the future identification of objects as an output. 
Neurons in deep networks are controlled by an activation 
function, which is responsible for controlling the output. 
Operations such as pooling and regularizers, with L1, L2 norms, 
batch normalization, or dropout are key elements to make the 
predictive models learn better and faster (Goodfellow et al., 2016; 
Anwar et al., 2018). Overfitting issue due to a memorization of 
data instead of learning could interfere in the final training 
outcome and obtaining of robust final predictions (Demšar and 
Zupan, 2021).

An important fact to consider when training CNNs is to have 
sufficient representative data. Data is commonly distributed into 
three sets: training, validation, and testing. The prediction model 
learns from the multiple examples of the dataset and the same 
training data is fed into the CNN repeatedly in an iterative 
procedure. During training, the validation dataset allows 
hyperparameter tuning and model evaluation by a continuous 
optimization. Finally, a test dataset is used to assess the model 
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after completing the training process with unseen data (Xu and 
Goodacre, 2018).

Object detection deep learning models are able to identify and 
locate objects of a certain class in images and videos (Jiao et al., 
2019). During the last few years, object detection models have 
been improved and most of the state-of-the-art object detectors 
use deep learning networks. Usually, raw images need a simple 
pre-processing to resize them and fed them into the network. The 
model itself decides and computes the appropriate features and 
provides an output that leads to the identification and location of 
objects. Among other uses, medical imaging may benefit from 
object detection techniques, in particular, it could be a useful 
alternative to malaria parasite detection (Jiao et al., 2019).

Object detectors are classified as two-stage or one-stage. 
Two-stage detectors have high localization and object recognition 
accuracy, whereas one-stage detectors achieve high inference 
speed (Jiao et  al., 2019). The most representative two-stage 
detector is Faster R-CNN (Ren et al., 2017) and one-stage object 
characteristic detectors are YOLO (Redmon et al., 2016) and SSD 
(Konishi et al., 2016).

In most cases, manually labelled data is required to perform 
all the aforementioned processes. Unsupervised training is an 
alternative, although most medical imaging studies are performed 
with supervised training data. Supervised learning based on image 
annotation is diverse and several strategies have been described 
(Sarangi, 2014). Whole-image classification is the annotation of 
the whole image as a type or class. Non-discerning objects are 
detected in the image, so the whole image is classified as a type. 
Object detection using bounding boxes within each image is 
another option when solving classification tasks. It requires a more 
time-consuming supervised annotation procedure of the different 
objects in the image. CNNs use the dataset and identify every 
bounding box as an object class (Ibrahem et al., 2022).

In the case of image segmentation, the identification of objects 
is based on a pixel-by-level classification. Each pixel is classified as 
a class object with its own value and annotations are manually 
added to images. However, it is an even higher time-consuming 
task for large databases, therefore automatic annotation 
procedures are being developed. Thus, other conventional 
machine learning methods and deep learning procedures are used 
to automatically annotate images (Murthy et  al., 2015; Cao 
et al., 2020).

Furthermore, CNNs need large datasets with annotated data. 
ImageNet is one of the largest available datasets of universal 
images for researchers and non-commercial use (ImageNet, 2021). 
In the particular case of malaria, a sufficiently large dataset of 
malaria annotated images is needed to train CNN models and 
perform an automated identification of parasites. Malaria thick 
blood smears from the Institute of Electrical and Electronics 
Engineers (IEEE) DataPort is an open-source image dataset 
(Malaria Thick Blood Smears | IEEE DataPort, 2021). Strikingly, 
there are not many publicly available datasets of malaria thick and 
thin blood smear images. Data augmentation techniques, to 
artificially enlarge image datasets and obtain better performances, 

is nowadays used with promising results as DACNN model 
demonstrates (Oyewola et al., 2022).

CNNs have been shown to have optimum performance with 
computer-aided image diagnosis applications in specific fields of 
study and can be generalised for other medical imaging tasks 
(Shin et al., 2016). Object detection models, such as YOLOv3, 
YOLOv4 and YOLOv5 are used for malaria parasite detection 
(Abdurahman et al., 2021; Rocha et al., 2022). Feature scale and 
addition of detection layers are modifications that provide better 
performances than state-of-the-art articles. Moreover, Faster 
R-CNN (Hung and Carpenter, 2017; Ren et al., 2017) and SPPnet 
(Zhou et al., 2018) are optimized neural networks used to speed 
up and enhance identification time. Recent studies demonstrate 
the potential of CNNs for malaria parasite detection with 
promising results, such as VGG-19 model by transfer learning 
mechanism (Alnussairi and İbrahim, 2022; Jameela et al., 2022) or 
transformer-based models to obtain optimized performance 
parameters (Islam et al., 2022). The general procedure for malaria 
parasite detection using deep learning imaging methods is 
represented in the bottom part of Figure 3. Nowadays, CNNs have 
improved and replaced the use of traditional methods.

Automated malaria parasite level 
calculations using deep learning 
methods

Automated parasitaemia counting by image analysis is a useful 
tool that could overcome and provide support to manual parasite 
level quantification. Conventional malaria parasite level calculations 
by microscopy visualization of thick and thin blood smears are not 
precise and difficult to reproduce. An estimation is usually 
performed and, when parasite levels are high, is tedious and time-
consuming. Thick blood smear parasite level quantification is 
routinely performed by counting the number of parasites and 
leukocytes in a blood smear sample (WHO and Regional Office for 
the Western Pacific, 2016). Thin blood smear quantification is based 
on the counting of infected erythrocyte cells in each microscopy 
field (WHO and Regional Office for the Western Pacific, 2016). 
Quantification of parasite levels via digital image analysis techniques 
would require the shortest period of time. An image analysis 
software was developed to perform this function automatically with 
thick blood smear images (Arco et al., 2015). For thin blood smear 
automated parasitaemia calculations there are image analysis tools 
available to improve conventional manual counting. Determination 
of malaria P. vivax parasite concentration is possible using image 
processing techniques (Prasad et al., 2020). Plasmodium AutoCount 
is a digital image analysis tool to perform an automatic count of 
parasites in Giemsa-stained thin blood smears (Ma et al., 2010). 
Other image processing tools based on OpenCV software libraries 
were satisfactory in determining parasite levels in thin blood smear 
samples (Swain et al., 2018). Previously mentioned methods used 
image processing techniques, such as noise reduction with filters 
and binary transformations, to determine the presence of malaria 
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parasites inside erythrocytes and perform a final parasite 
level calculation.

Mobile phone applications for malaria 
parasite detection

Mobile phone applications are being developed for the 
automatic detection of malaria parasites (Cesario et  al., 2012; 
Rosado et al., 2016, 2017; Oliveira et al., 2017; Yu et al., 2020; Zhao 
et al., 2020). Smartphone image capturing is a suitable and easy 
alternative for the acquisition of blood smear images through the 
microscope lens. Only an optical microscope, a mobile adapter, 
and a conventional smartphone are needed to perform an imaging 
diagnosis. Mobile phone cameras could substitute integrated or 
external microscopy cameras and perform an optimum diagnosis 
by image analysis.

The integration of CNN predictive models in a smartphone 
software application is possible. Adapted CNN models perform 
the entire diagnosis in a single device. The coalescence between 
malaria automated diagnosis and smartphone software is a 
milestone and challenge for future implementation in worldwide 
laboratories. Image analysis and deep learning procedures allow 
smartphones to be  one of the best alternatives for the 
implementation of automated malaria parasite detection. Even in 
resource-poor settings, smartphones are an available and relatively 
cheap option. One of the main problems of smartphone cameras 

was image quality and adaptation to microscopy lenses. Nowadays, 
smartphone cameras provide high image quality, although 
adaptation to the microscope is not as good as expected. Images 
could be disturbed by light microscopy issues, lens adaptation to 
smartphone cameras, or image quality downgrades related to 
image focus. Microscope image auto-focus is also an issue to solve. 
The technology to fully automate the entire procedure of image 
focusing, image acquisition, and parasite identification by an 
independent device is still required.

As an example, Malaria Screener is an affordable and effective 
solution for automatic malaria parasite detection by a mobile 
phone application (Yu et al., 2020). It combines image acquisition, 
smear image analysis, and result visualization. It is a semi-
automated system based on digital images and CNN models to 
predict the presence of malaria P. falciparum parasites in thin and 
thick blood smears. Other applications were developed to combine 
automatic detection of malaria parasites via an optical 
magnification prototype with a smartphone device that performs 
image processing and analysis (Rosado et  al., 2016). VGG16 
classification CNN, or other CNN models, were integrated into 
smartphone applications to automatically detect the presence of 
malaria parasites inside erythrocytes in thin blood smear samples 
(Zhao et al., 2020).

Gamification of the technology for the identification of 
malaria parasites in digital images is also an innovative application. 
As an example, a web-based game where online volunteers analyse 
thick blood smear images to detect malaria parasites was 

FIGURE 3

Representation of the different procedures using Traditional Computer Vision Imaging methods or Deep Learning methods (Convolutional Neural 
Networks) for malaria parasite identification in thick and thin blood smear samples.
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developed for the creation of an annotated image database 
(Luengo-Oroz et al., 2012).

To sum up, smartphone applications might be the future for 
autonomous image acquisition and analysis by AI technologies, 
and a suitable alternative for malaria and Neglected Tropical 
Disease (NTDs) diagnosis. The possibility to integrate predictive 
models and image acquisition in a single device confers a wide 
range of applications in the field of image analysis for diagnostics.

Microscopy automation linked to 
smartphone software technology

Microscopy automation to move blood smear samples and 
capture focused images automatically is a challenging approach. 
Automation would solve the limitations related to the non-fully 
autonomous diagnosis procedure performed. Image processing 
methods allow automation of the diagnosis, although a person is 
still needed to move the X-Y axis and issue focus of the 
microscope. A few studies have implemented automatic 
hardware devices to solve this problem and optimise the 
automation of malaria diagnosis (Kaewkamnerd et  al., 2012; 
Gopakumar et al., 2018; Muthumbi et al., 2019). Microscopy 
adaptation is crucial to fully implement the aforementioned 
technology in real clinical and diagnosis practices. Low-cost 
hardware optimization with 3D printing models to manufacture 
specific parts or pieces of the microscope would be a suitable 
option in resource-poor settings with endemic malaria. A 
3D-Printed portable robotic mobile-based microscope for the 
diagnosis of global health diseases is an example of the potential 
of this technology (García-Villena et al., 2021). As mentioned 
before, some studies present the possibility of developing an 
optical device that emulates or substitutes an optical microscope. 
An optical prototype with 1,000x magnification adapts to the 
smartphone camera and avoids possible light issues (Rosado 
et  al., 2016). Nevertheless, conventional optical microscopy 
adaptation is the most suitable technique for image acquisition 
and analysis by smartphone applications.

Implementation of malaria digital 
microscope imaging diagnosis in 
resource-poor settings

More than 90% of severe malaria produced by P. falciparum is 
estimated to affect young children under 5 years old in 
Sub-Saharan Africa, in areas with resource-poor settings 
(Schumacher and Spinelli, 2012; Gitta and Kilian, 2020). The gold 
standard method for malaria diagnosis by the WHO is still 
microscopy, although this is dependent on laboratory resources 
and could result in diagnostic errors due to a lack of 
instrumentation, medical devices, or well-trained laboratory staff. 
Microscopic examination of blood smears and RDTs are the 
techniques most used for malaria diagnosis and improvements 

aimed at the development of new and better diagnostic techniques 
are being implemented in endemic areas (Gitta and Kilian, 2020). 
The increase of RDT usage in malaria-endemic areas is replacing 
microscopic examination of blood smears due to the lack of 
resources and well-trained personnel. In addition, the biosocial 
situation of mothers and children in resource-poor regions, such 
as Imo State in south-eastern Nigeria, has an impact on the 
increased appearance of complicated malaria cases (Iloh et al., 
2013). A non-precise diagnosis or treatment due to the low 
availability of resources is a serious issue in endemic areas. 
Consequently, the implementation of new and affordable 
diagnostic imaging techniques could help solve this problem.

Smartphones are a portable and suitable alternative for 
malaria diagnosis via imaging techniques, which could 
be implemented in resource-poor settings and remote endemic 
areas. They could improve and automate malaria diagnosis with 
less need for resources and personnel. CNN models could 
be  integrated inside smartphone software and an internet 
connection would not be required. The provision of health centres 
with mobile devices by governmental organisations and national 
programs against malaria would be a determinant factor for the 
correct implementation of this novel technology for malaria 
diagnosis. However, due to the constraints specific to many 
malaria endemic areas, this may be  a major problem to 
be addressed in the coming years by political willingness. The 
benefits of smartphones for diagnostics can be of significant value, 
not only for malaria, but also for the diagnosis of many other 
tropical diseases or NTDs (Vasiman et al., 2019). Due to that, 
implementation in regional hospitals or small healthcare centres 
would be a challenge for future studies. New object detection 
models trained with smartphone camera images are suitable for 
malaria diagnosis deployment in resource-poor settings 
(Abdurahman et al., 2021).

Diagnostic performance studies to validate the technology are 
a must for the future implementation of a tool. The performance 
evaluation should be carried out under ideal and resource-poor 
conditions to determine its effectiveness in different environments. 
There are many barriers to overcome in order to transition a 
product or technology from development to introduction and 
implementation. Some of the main barriers are the adjustment to 
the health and laboratory systems necessary to ensure effective 
adoption and implementation, demonstration of the technology’s 
value, evaluation of operational viability, policy and regulatory 
requirements of government organizations, operation research to 
evaluate the net effect of the technology in the field, distribution, 
service and repair, and quality assurance and control 
(Palamountain et al., 2012).

The implementation of new diagnostic techniques in 
laboratory environments has to be regulated and controlled by the 
Food and Drug Administration and WHO protocols 
(Palamountain et al., 2012). The technology should be validated 
and accepted by international and national authorities as 
described (Mugambi et al., 2018). Most efforts to implement new 
diagnostic tools in resource-poor settings are focused on 
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infectious diseases such as HIV, Tuberculosis, and Malaria. Deep 
understanding and coordination of the stakeholders involved in 
the diagnostic development and implementation are milestones 
for the success of diagnostic interventions (Mugambi et al., 2018).

Discussion and concluding 
remarks

Epidemic malaria is very prevalent in Sub-Saharan Africa and 
tropical regions with low resources. It is still a global health issue 
that should be solved by mosquito control strategies, rapid and 
accurate diagnosis, and correct treatment (World Malaria Report 
WHO, 2021). Therefore, diagnosis is crucial for the eradication of 
the disease and to reduce mortality in prevalent regions. However, 
the recurrent problems in these environments with conventional 
microscopic examination due to lack of resources and 
experimented microscopists (Ngasala and Bushukatale, 2019), and 
the increasing failure of RDTs mainly due to gene mutations 
(Golassa et al., 2020), reinforces the necessity of developing new, 
affordable, and accessible diagnostic methods for 
Plasmodium infection.

Advances in image analysis and processing allow and 
postulate the implementation of automated malaria diagnosis as 
a new diagnostic tool. Thick and thin blood smears would be the 
samples analysed by the new technology. Traditional image 
analysis techniques were used to automatically detect malaria 
parasites in thin and thick blood smears (Turrientes and López, 
2016), as demonstrated in several studies (Tek et al., 2010). The 
irruption of deep learning methodologies with CNNs has boosted 
and improved the results for the identification of malaria parasites 
in comparison with traditional computer vision techniques. For 
CNN models and, specifically medical image processing and 
analysis, it is crucial to have a large image dataset to obtain reliable 
results. Unfortunately, open-source image datasets are not globally 
available and are usually used for individual CNN training.

Open image availability would be a beneficial resource for the 
scientific community. The ImageNet (ImageNet, 2021), parasite 
image (Li and Zhang, 2020), and malaria thick blood smear 
(Malaria Thick Blood Smears | IEEE DataPort, 2021) databases are 
representative examples. Neural networks such as YOLO are used 
as CNN models to detect malaria parasites in blood smears 
(Abdurahman et al., 2021).

In addition, the integration of CNN models into 
smartphone software is possible. Thus, the implementation of 
digital image analysis-based diagnostic tools in endemic areas 
with smartphone applications could improve and automate 
malaria diagnosis by the emulation of the gold standard 
microscopy examination technique. As an example, fully 
automated systems, such as the slide screening microscope 
EasyScan GO, evaluate their performance against WHO slide 
samples with promising results (Horning et  al., 2021). 
CNN-based models are widely used as predictive models with 
the capacity to distinguish parasite forms and blood cells and 

could be implemented in low-resource settings (Zhao et al., 
2020). Automated parasite detection, parasite level calculations, 
and faster diagnosis are some of the main advantages of image 
analysis for malaria diagnosis. This technology could be used 
as a fast and precise tool to perform parasite level calculations 
(Ma et al., 2010). Overall, the use of smartphones and artificial 
intelligence techniques for diagnosis might help the global goal 
of malaria eradication in the coming years. The support and 
enhancement of traditional microscopy-based diagnostic 
techniques through the use of AI, the upgrading of laboratory 
infrastructures in malaria endemic areas and the improvement 
of computer technology over the years may help to implement 
such techniques in most remote areas. Integrating innovations 
into the current microscopy method would reinforce malaria 
elimination (Nema et al., 2022).

Hardware automation is still in the process of optimization to 
complete the goal of independent predictive and mechanized 
diagnostics. Other limitations such as image quality dependence, 
laboratory infrastructure requirement, local regulatory 
organization permissions, or the necessity to create a standardized 
protocol for the final diagnosis should be addressed. Nevertheless, 
several studies are improving predictive models, pre-processing 
techniques, microscope automation, and faster detections 
(Sriporn et al., 2020; Masud et al., 2020). Artificial intelligence 
improvements and better predictive algorithms due to computing 
power evolution could be an advance in terms of automatic image 
diagnosis with optimized predictive results in the following years. 
In conclusion, with diagnostic techniques based on image analysis, 
the samples used are the same (thick and thin blood smear) and 
the procedure of sample preparation, parasite observation and 
interpretation would be very similar to conventional microscopy. 
In addition, it would provide technical support to health 
professionals and help to automate the process in order to increase 
its efficiency.

In this review, we have summarised the main advances, 
challenges, and limitations in the automation of malaria 
diagnosis using digital image analysis by AI tools. Smartphone 
applications are a suitable option to integrate diagnosis 
technology into a single device and confer laboratories a new 
tool for malaria and other disease diagnoses. New advances 
and improvements in AI would be the final milestone for the 
optimisation and implementation of the technology worldwide. 
In conclusion, we are ever closer to developing a fast, efficient, 
and optimum new diagnosis tool for malaria parasite detection 
available for laboratories located in malaria-endemic 
regions worldwide.
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Cyclophilin A causes severe fever 
with thrombocytopenia syndrome 
virus-induced cytokine storm by 
regulating mitogen-activated 
protein kinase pathway
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Introduction: Severe fever with thrombocytopenia syndrome (SFTS) has 

become a global threat to public health since its first report in China in 2009. 

However, the pathogenesis of SFTS virus (SFTSV) in humans remains unclear. 

Also, there are no effective therapeutics for SFTS. Cyclophilin A (CyPA) regulates 

protein folding and trafficking involved in various viral infectious diseases, but 

its role in SFTSV infection has not been elucidated.

Methods: We detected plasma CyPA levels in 29 healthy subjects and 30 

SFTS patients by ELISA. In THP-1 cells and normal human peripheral blood 

mononuclear cells (PBMCs), SFTSV-induced extracellular CyPA (eCyPA) was 

also detected by ELISA. In THP-1, the effects of CyPA on Mitogen-activated 

protein kinase (MAPK) pathway and NF-κB were determined by Western blot. We 

validated the interaction between CypA and CD147 by human recombinant CyPA 

(hrCyPA) and the CD147 inhibitor. Effects of CyPA inhibitor Cyclosporine A (CsA) 

on cytokines and SFTSV replication in THP-1 cells was also detected. 8-week-old 

Interferon-α/β Receptor (IFNAR) knockout (IFNAR-/-) C57BL/6 mice were divided 

into mock group, 106TCID50 SFTSV (Untreated) group and 106TCID50 SFTSV+CsA 

(CsA-treated) group. The changes of body weight, animal behavior and survival 

time of each group were recorded. Blood samples were collected from tail vein 

regularly. After death, the liver, spleen, lung, kidney and brain were collected for 

pathological HE staining and SFTSV-NP immunohistochemical staining.

Results: Compared to healthy subjects and SFTS patients in the febrile 

phase of the disease, plasma CyPA levels in SFTS patients at the multi-organ 

dysfunction (MOD) phase showed significantly elevated (P < 0.01). Extracellular 

CyPA activates the MAPK pathway by binding to CD147 in THP-1 infected with 

SFTSV. CsA inhibits the pro-inflammatory and promoting replication effects of 

CyPA after SFTSV infection in vitro. In vivo, CsA can prolong the survival time 

and delay the weight loss of SFTSV mice. CsA reduces multi-organ dysfunction 

in IFNAR−/− mice infected with SFTSV.
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Discussion: Our results indicate that CyPA is associated with SFTSV-induced 

cytokine storm, which can be a potential target for SFTS therapy.

KEYWORDS

severe fever with thrombocytopenia syndrome, Cyclophilin A, Cyclosporine A, 
mitogen-activated protein kinase, infection

Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an 
emerging acute infectious disease first reported in China in 2009. 
Subsequent cases were also reported in South Korea, Japan, and 
Vietnam, with high mortality rates ranging from 6 to 30% 
(Shimojima et al., 2013; Kim et al., 2017; Tran et al., 2019; Liu and 
Gao, 2020). SFTSV poses a great public health threat globally due 
to its worldwide spread, high mortality, and human infectivity of 
the virus. The pathogenesis of the SFTS virus in humans is poorly 
understood, and effective treatments and vaccines for the virus are 
not yet available.

Previous case series reports indicate increased levels of some 
cytokines and chemokines such as IL-6, IL-10, IP-10, IFN-γ, 
TNF-α, and MCP-1 during the acute phase of SFTS (Deng et al., 
2012; Cui et al., 2014; Ding et al., 2014; Liu et al., 2017; Song et al., 
2017). On the contrary, other studies report the elevation of other 
cytokines and chemokines such as IL-1β, IL-8, MIP-1α, and 
MIP-1β during the acute phase of disease in fatal cases and the 
convalescent phase of non-fatal cases (Sun et al., 2012; Kwon et al., 
2018). There is an association between the levels of 
pro-inflammatory cytokines and chemokines and disease severity 
(Deng et al., 2012). In addition, studies have shown that high viral 
load at hospitalization is a predictor of poor outcomes in SFTS 
patients (Zhang et al., 2012; Li et al., 2014; Hwang et al., 2017; Kwon 
et al., 2018). Therefore, there is a critical need for therapies targeting 
the inhibition of SFTS cytokine storm and SFTSV replication.

There are no prospective randomized trials of treatment 
strategies that have proven to be effective against SFTS. Ribavirin 
is the only drug approved for the treatment of respiratory syncytial 
virus and is also often used to study the therapeutic effects of other 
viral infections. Clinical studies of ribavirin use for the treatment 
of SFTS have shown conflicting results (Liu et al., 2013a; Cui et al., 
2014; Li et al., 2018). Thus, ribavirin is not currently considered as 
an effective treatment option. Favipiravir (T-705) is a pyrazine 
derivative and broad-spectrum antiviral drug developed in Japan. 
The efficacy and safety of Favipiravir in the treatment of SFTS have 
been previously demonstrated (Suemori et al., 2021). However, 
more evidence is needed for further verification. Therefore, there 
is an urgent need to explore new anti-SFTS therapies.

CyPA was first isolated from bovine thymocytes as a cytoplasmic 
protein that primarily binds to CsA (Handschumacher et al., 1984). 
During infection, oxidative stress, and hypoxia, CyPA is secreted 
extracellularly by mononuclear macrophages, vascular endothelial 
cells, and vascular smooth muscle cells (Sherry et al., 1992; Jin et al., 
2000; Cao et  al., 2019). eCyPA plays a regulatory role during 

inflammation in various diseases, such as periodontitis, infection, 
atherosclerosis, diabetes, and cancer proliferation and metastasis (Jin 
et al., 2000; Li et al., 2006; Ohtsuki et al., 2017; Wang et al., 2019; Cao 
et al., 2020; Koh et al., 2021). MAPK modulates signaling cascades and 
transmits extracellular signals to intracellular targets. Therefore, 
MAPK cascades are central signaling elements that regulate basic 
processes, including cell proliferation, differentiation, and stress 
responses (Keshet and Seger, 2010; Plotnikov et al., 2011). Activation 
of ERK1/2, NF-κB, JNK, and p38 MAPK pathways have been 
observed in different cell types after stimulation with CyPA 
(Yurchenko et al., 2002; Jin et al., 2004). In viral infections, CyPA 
promotes or inhibits viral replication. CyPA plays a vital role in the 
propagation of viruses such as Hepatitis B virus (HBV), Hepatitis C 
virus (HCV), Vaccinia virus (VV), Human immunodeficiency virus 
type 1 (HIV-1), and coronavirus (CoV; Dawar et al., 2017). Conversely, 
CyPA can inhibit the replication of influenza virus and rotavirus (RV) 
by interacting with viral proteins (He et al., 2013; Liu et al., 2013b).

The role of CyPA in the regulation of inflammation and viral 
replication after SFTSV infection has not been reported. In this 
study, we observed high detection of CyPA in the plasma of SFTS 
patients. The pro-inflammatory and pro-replicative effects of CyPA 
in SFTSV-infected THP-1 cells and the inhibitory effect of CsA were 
investigated. In addition, we explored the efficacy of CsA in the 
treatment of SFTSV infection using a lethal mouse model of SFTS.

Results

Expression pattern of CyPA in the plasma 
of SFTS patients

Analysis of plasma CyPA detection levels in 29 healthy subjects 
and 30 SFTS patients showed significantly elevated plasma CyPA 
levels in SFTS patients at the multi-organ dysfunction (MOD) phase 
compared to healthy subjects and SFTS patients in the febrile phase 
of the disease (Figure 1A). Paired analysis of SFTS patients in the 
febrile and MOD stages showed an increasing trend of plasma CyPA 
levels during the MOD phase (Figure 1B).

Cyclosporine A inhibits the 
pro-inflammatory effect of CyPA after 
SFTSV infection in vitro

Studies have shown that PBMCs are the target cells of SFTSV 
infection (Qu et al., 2012; Peng et al., 2016). Therefore, we selected 
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THP-1 cells and normal human PBMCs for use in our 
experiments. The toxicity of CsA on THP-1 cells was first 
investigated using a cell proliferation kit (CCK8) and the results 
showed no difference in the toxicities of CsA between 0 μM and 
8μΜ concentrations (Supplementary Figure S1). To investigate 
the expression of eCyPA in normal human PBMCs and THP-1 
cells after an SFTSV infection, CyPA levels in cell supernatants 
were quantified by ELISA after SFTSV infection (multiplicity of 
infection [MOI] = 0.5) for 12 h. The expression levels of eCyPA in 
both PBMCs (Figure  2A) and THP-1 cells (Figure  2B) were 
significantly increased after SFTSV infection. However, 
we noticed that the expression levels of eCyPA in both PBMCs 
(Figure  2A) and THP-1cells (Figure  2B) were significantly 
reduced when cells pretreated with CsA at 4 μM for 12 h were 
infected with SFTSV (MOI = 0.5) for another 12 h.

Studies have shown that eCyPA modulates disease 
development by regulating the MAPK pathway (Li et al., 2006; 
Xiao et al., 2016; Guo et al., 2018; Li et al., 2020). To determine 
whether extracellular CyPA could activate the intracellular 
MAPK pathway after SFTSV infection, we divided THP-1 cells 
into three different groups: blank group, SFTSV-infected 12 h 
group, and SFTSV-infected 12 h group after pretreatment with 
different concentrations of CsA. We  observed differential 
regulation of the phosphorylation levels of P38, ERK1/2, JNK, 
and NF-κB after SFTSV infection, while CsA pretreatment 
inhibited MAPK pathway phosphorylation (Figure  2C). The 
corresponding gray value analysis is shown in 
Supplementary Figure S2A.

We further quantified the expression levels of inflammatory 
cytokines in intracellular and cell supernatants of the different 
subgroups. The results showed a significant increase in both 
mRNA and protein levels of IL-6, IL-1β, and TNF-α in PBMCs 
(Figures 2D, F–H) and THP-1 cells (Figures 2E, I–K) after SFTSV 
infection. Conversely, the mRNA and protein expression levels of 
these inflammatory cytokines were significantly decreased after 
CsA pretreatment.

Extracellular CyPA activates the MAPK 
pathway by binding to CD147 in THP-1 
cells infected with SFTSV

To confirm the role of CyPA in SFTSV infection, we knocked 
down the expression of CyPA in THP-1 cells using the short hairpin 
RNA (shRNA) technique. The knockdown efficiency was verified by 
qRT-PCR (Figure 3A) and WB (Figures 3B,C). Infection of THP-1 
cells with SFTSV (MOI = 0.5) at different time points showed that the 
increase in MAPK pathway phosphorylation was most evident after 
0.5 h of infection (Figure 3D). The corresponding gray value analysis 
is shown in Supplementary Figure S2B.

CyPA knockdown (sh-CyPA) and negative control (NC) 
THP-1 cells were then infected with SFTSV at different times. 
We observed that compared with NC, the phosphorylation of the 
MAPK pathway in sh-CyPA was significantly inhibited after 
SFTSV infection (Figure  3E). The corresponding gray value 
analysis is shown in Supplementary Figures S2C–F.

Since there was a relationship between extracellular CyPA 
expression and activation of the MAPK pathway, we  further 
investigated whether this correlation depended on the membrane 
receptor CD147 of CyPA. The toxicities of hrCyPA and CD147 
inhibitor AC-73 on THP-1 cells were studied using CCK8. The 
results demonstrated no differences between the toxicities of 
hrCyPA at 0 and 200 ng/ml and between the toxicities of AC-73 at 
0 and 10 μM (Supplementary Figure S1). The MAPK pathway was 
activated when THP-1 cells were treated with hrCyPA or infected 
with SFTSV for 0.5 h; however, pretreatment with AC-73 for 4 h 
significantly inhibited MAPK pathway activation (Figure 3F).

Cyclophilin A promotes SFTSV replication 
in THP-1 cells

The expression levels of SFTSV in THP-1 cell supernatant 
(Figures 4A,C) and intracellular (Figures 4B,D) were higher in the 

A B

FIGURE 1

Expression pattern of Cyclophilin A (CyPA) in the plasma of SFTS patients. (A) Plasma CyPA detection levels as measured by ELISA in 29 healthy subjects and 
30 SFTS patients. (B) Paired analysis of changes in the expression of CyPA in the plasma of 16 SFTS patients between the febrile and MOD phases. **p < 0.01.
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hrCyPA-treated group than in the hrCyPA-untreated group 
irrespective of whether hrCyPA was added 2 h before 
(Figures 4A,B) or 2 h after SFTSV infection (Figures 4C,D). On 
the contrary, the expression levels of SFTSV in THP-1 cell 
supernatants (Figures 4E,G) and intracellular (Figures 4F,H) were 
lower in the CsA-treated group than in CsA-untreated group, 
regardless of whether CsA was added 2 h before (Figures 4E,F) or 
2 h after SFTSV infection (Figures 4G,H).

Cyclosporine A effectively inhibits SFTSV 
infection in vivo

We have preliminarily demonstrated in in vitro experiments 
that: 1. eCyPA binds to CD147 to activate the MAPK pathway 
involved in SFTSV-induced cytokine secretion. 2. CyPA enhances 
SFTSV replication. 3. CsA inhibits the pro-inflammatory and viral 
replication effects of CyPA. We  further explored whether 
inhibition of CyPA in vivo could also impede SFTSV-induced 
pro-inflammatory cytokine release and SFTSV viral replication.

We had previously constructed a lethal model of IFNAR−/− 
mice using JS14 strain of SFTSV and successfully determined that 
10 mg/kg/day of CsA has no significant toxic effect on IFNAR−/− 
mice (Supplementary Figure S3). The untreated IFNAR−/− mice 
were subcutaneously (s.c.) injected with 1.0 × 106 50% tissue 

culture infective doses (TCID50) of SFTSV on day 0. The 
CsA-treated mice were intraperitoneally (i.p.) injected with CsA 
at the dose of 10 mg/kg/day for five consecutive days starting 1 h 
post-infection.

The body weight of mice in the untreated group decreased 
significantly from the second day post-infection, and all mice 
died on day 7 after infection. The body weight of mice in 
CsA-treated group decreased from day 4 after infection and 
died on days 7, 8, and 9 after infection (Figures  5A,B). A 
quantitative RT-PCR assay was used to quantify the SFTSV 
viral copies in the blood of different mice. Compared with the 
untreated mice, there was a decline in the number of SFTSV 
virus copies in the plasma of CsA-treated mice on day 3 post-
infection, and the degree of decrease on day 5 after infection 
was statistically significant (Figure  5C). In addition, 
we determined the expression of plasma CyPA in each group 
of mice (Mock, Untreated, and CsA-treated mice; Figure 5D). 
The expression levels of plasma CyPA in the CsA-treated 
group began to decline on day 3 post-infection, and the 
degree of reduction on day 5 after infection was significantly 
lower compared to the untreated group of mice (Figure 5D).

We also compared the expression levels of plasma 
inflammatory cytokines between the groups of mice. The plasma 
levels of IL-6, IL-1β, and TNF-α were higher in the untreated 
group than in the mock group on days 1, 3, and 5 post-infection. 

A

C F G H

I J K

B D E

FIGURE 2

CsA inhibits the pro-inflammatory effects of CyPA after severe SFTSV infection. Normal human PBMCs (A) and THP-1 cells (B) were divided into blank 
group, SFTSV-infected (MOI = 0.5) 12 h group, 4 μM CsA pretreatment for 12 h, and SFTSV-infected 12 h (MOI = 0.5) group. The expression of CyPA in the 
supernatant of cells in each group was measured by ELISA. (C) THP-1 cells were divided into blank group, SFTSV-infected (MOI = 0.5) 12 h group, CsA 
pretreatment at different concentrations for 12 h, and SFTSV-infected 12 h (MOI = 0.5) group. The total protein in each group of cells was extracted to 
detect MAPK pathway activation by Western blot. The mRNA levels of IL-6, IL-1β, and TNF-α were measured by qRT-PCR in PBMCs (D) and THP-1 (E). 
The protein levels of IL-6, IL-1β, and TNF-α in the supernatants of PBMCS (F–H) and THP-1 (I–K) were correspondingly collected and measured by 
ELISA. (A,B,D–K). The values shown represent the mean ± standard error of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. (C) One 
representative experiment is shown.
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However, the levels of these plasma cytokines in the CsA-treated 
group were lower than in the untreated mice and the levels of 
decline varied with each cytokine (Figures 5E–G). IL-6 levels were 
the most significantly different between CsA-treated and untreated 
mice (Figures 5E–G).

Cyclosporine A reduces multi-organ 
dysfunction in IFNAR−/− mice infected 
with SFTSV

Immunohistochemical analysis of liver, spleen, lung, 
kidney, and brain tissues showed significant upregulation of 
SFTSV nucleoprotein (NP) in untreated mice, while positive 
expression of SFTSV NP was only occasionally observed in the 
CsA-treated group (Figure 6 left). Histopathological analyses 
performed in each group of mice revealed differences between 
untreated and CsA-treated mice. For instance, analysis of the 
liver showed extensive necrosis and vascular stasis in the liver 
of untreated mice compared to the CsA-treated mice that 
exhibited only slight vascular stasis. Analysis of the white 
marrow portion of the spleens showed evidence of lymphocyte 
deficiency and sequestration in the untreated group, and the 
degree of these changes was remarkably reduced in the 
CsA-treated group. In the untreated group, the lung exhibited 
widening of alveolar septum and hyperemia of superior septal 
capillaries, the kidney showed interstitial congestion and 

partial renal tubular protein type, the brain showed neuronal 
edema and vascular congestion, while the above lesions were 
alleviated in the corresponding organs of CsA-treated 
group(Figure 6 right).

Discussion

Cytokine storm and high viral load are the two major 
prognostic indicators of SFTS disease. Therefore, there is a need to 
explore the mechanisms for countering these syndromes. Previous 
studies have established that CyPA modulates inflammation in 
various diseases and also facilitates the propagation of viruses. 
However, the role of CyPA in the pathogenesis and viral replication 
of SFTSV has not been elucidated. Here, we found that plasma 
CyPA levels in SFTS patients were significantly correlated with 
disease severity. Thus, we hypothesized that CyPA is involved in 
cytokine storm induction following SFTSV infection. MAPK 
cascades are key signaling pathways that regulate diverse cellular 
processes, including proliferation, differentiation, apoptosis, and 
stress responses. Studies in different types of cells show that eCyPA 
activates MAPK pathway. In this study, it was verified that eCyPA 
interacts with CD147 in SFTSV-infected THP-1 cells to regulate 
MAPK pathway, which then upregulate the expression of IL-6, 
TNF-α, and IL-1β.

Many studies have shown that CyPA is a crucial facilitator of 
viral infection and that CyPA can embed viral proteins to enhance 

A

D E F

B C

FIGURE 3

Extracellular CyPA binds to CD147 to activate the MAPK pathway in SFTSV-infected THP-1 cells. (A) The expression of CyPA mRNA as detected by 
qRT-PCR in THP-1 cells transfected with the sh-CyPA, compared with NC cells. (B) The CyPA protein level as detected by Western blot in sh-CyPA 
compared with NC cells. (C) The gray value analysis of (B). (D) Western blot analysis of the indicated proteins in SFTSV-infected THP-1 lysates. 
(E) WB analysis of the indicated proteins in SFTSV-infected sh-CyPA and NC cell lysates at different times. (F) THP-1 cells were divided into blank 
group, AC-73 treated 4 h group, SFTSV or hrCyPA treated 0.5 h group, and co-treatment groups. Total cell lysates of each group were extracted for 
WB. (A,C) The values shown indicate the mean ± standard error of three independent experiments. **p < 0.01. (D–F) One representative experiment 
is shown.
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replication of various viruses (Liao et  al., 2021). Here, 
we  demonstrated that the expression of extracellular and 
intracellular SFTSV was significantly elevated by the addition of 
hrCyPA in THP-1 cells compared to controls, both before and 
after SFTSV infection. In contrast, the addition of the CyPA 
inhibitor CsA, before and after SFTSV infection, significantly 
decreased SFTSV copy numbers in culture supernatants and in 
THP-1 cells compared to the control group. These results indicate 
that CyPA can promote SFTSV replication; however, the specific 
mechanisms by which CyPA fosters SFTSV replication need to 
be explored further.

The current mouse models for studying the fatal SFTSV 
disease are IFNAR−/− mice, newborn mice, and mitomycin-
treated mice (Liu et al., 2014; Gowen et al., 2016; Xiao-Ping 
et  al., 2020). Since the hematological manifestations of 
IFNAR−/− mice, such as lymphopenia and thrombocytopenia, 
are similar to those of humans (Keita et al., 2017), these mice 
are an ideal animal model for studying the pathogenesis of 
SFTSV infection. In this study, we randomly grouped IFNAR−/− 
C57BL/6 mice and then infected them with 106TCID50 SFTSV 
based on previous results (Tani et al., 2016). Compared to the 
untreated group, the CsA-treated mice showed prolonged 
survival and delayed weight loss. Reduced organ inflammatory 
lesions and SFTSV NP expression indicate that CsA could 
attenuate SFTSV-induced cytokine storm and prevent viral 
replication in vivo. In conclusion, this is the first study to 
demonstrate the correlation between CyPA and SFTS cytokine 
storm in vitro and in vivo. Our findings suggest that CyPA is a 
potential new therapeutic target for SFTS treatment.

However, this study has the following shortcomings: 1. The 
sample size of SFTS patients was small, thus should be expanded to 

supplement the data. 2. IL-6 and TNF-α were significantly elevated on 
day one after infection, and the expression trends of plasma cytokines 
in mice on days 1, 3, and 5 of the experiment were inconsistent and 
did not correspond completely to the elevated plasma levels of 
CyPA. This implies that other inflammatory pathways were activated 
at the early stage of pathogenesis, which deserve further exploration. 
3. The prolonged survival and the improvement of inflammatory 
organ infiltration in the CsA-treated mice were not apparent enough 
compared with the untreated group. This could be due to the following 
three reasons: First, IFNAR−/− mice lack immune components that 
may largely influence the innate and adaptive immune responses after 
viral infection, and this could complicate the interpretation of the 
study results. Second, although we had previously shown that there 
was no significant change in the survival time and weight of mice in 
the 10 mg/kg CsA group, it is important to note that CsA is an 
immunosuppressant and the potential effects may be greater. Third, 
the SFTSV lethal model used in this study could result in insignificant 
efficacy in the CsA-treated group.

This study discussed the feasibility of CyPA inhibitor CsA as 
a treatment for SFTS. Other CyPA inhibitors with better efficacy 
and fewer side effects need to be explored as SFTS candidate drugs 
or therapies.

Materials and methods

Ethics statement

This study followed the principles of the Helsinki Declaration. 
Thirty SFTS patients diagnosed with SFTSV by a Nucleic Acid 
Quantitative Assay Kit (DAAN GENE, Guangzhou, China) were 

A B C D
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FIGURE 4

CyPA promotes the replication of SFTSV in THP-1 cells. In the experimental group, THP-1 cells were pretreated with hr-CyPA for 2 h and then 
infected with SFTSV for 48 h, after which the expression of SFTSV in the supernatant (A) and intracellular fluid (B) was determined. In the 
experimental group, THP-1 cells were infected with SFTSV for 2 h and then treated with hr-CyPA for 48 h, and the expression of SFTSV in the 
supernatant (C) and cells (D) was measured. In the experimental group, THP-1 cells were infected with SFTSV for 48 h after 2 h CsA pretreatment, 
and the expression of SFTSV in the supernatant (E) and intracellular fluid (F) was determined. In the experimental group, THP-1 cells were treated 
with CsA for 48 h after 2 h of SFTSV infection, and the expression of SFTSV in the supernatant (G) and cells (H) was measured. The values represent 
the mean ± standard error of three independent experiments. **p < 0.01, ***p < 0.001.
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enrolled from the Department of Infectious Disease, First Affiliated 
Hospital of Nanjing Medical University, Nanjing, China, between 
October 2020 and November 2021. Twenty-nine healthy volunteers 
were also recruited into the study to serve as controls. Written 
informed consent was obtained from all participants, and the study 
was approved by the Institutional Review Board at First Affiliated 
Hospital of Nanjing Medical University. All animal-related 
experiments were conducted in animal biological safety level 2+ 
(BSL-2+) containment laboratories of Huadong Medical Institute 
of Biotechniques (HMIB), Nanjing, China. Mice experiments were 
approved by the HMIB ethics committee and conducted as per 
HMIB the ethical regulations for mice experiments.

Cells and viruses

Vero and THP-1 cells were obtained from the cell bank of 
Chinese Academy of Sciences. Vero cells were maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 
10% fetal bovine serum (FBS; Gibco) and 1% antibiotics (penicillin 
and streptomycin; Gibco) in a humidified 5% CO2 atmosphere at 
37°C. THP-1 cells were cultured in RPMI 1640 medium 
supplemented with 10% FBS and 1% antibiotics in a humidified 5% 
CO2 atmosphere at 37°C. PBMCs were derived from human 
peripheral blood isolated using Ficoll (Cytiva, Sweden). The isolated 

PBMCs were resuspended in DMEM medium supplemented with 
antibiotics and transferred into six-well plates (Corning, 
United  States) at a density of 2 × 107 cells/well. After 4 h, the 
supernatant was discarded, and PBMCs were cultured in RPMI1640 
medium containing 10% FBS and 1% penicillin and streptomycin.

The Chinese SFTSV strain JS14 was provided by the Center 
for Diseases Prevention and Control of Jiangsu Province. All SFTS 
viruses were propagated in Vero cells and stored at −80°C until 
use. The infectious doses of SFTSV in plasma and supernatants 
were determined by the DAAN SFTSV Nucleic Acid Quantitative 
Assay Kit (DA 0340). Experiments involving infectious SFTSV 
were performed in BSL-2+ containment laboratories of HMIB, 
and operations followed institutional biosafety procedures.

Compounds

CsA (HY-B0579), hrCyPA (HY-P70047), AC-73 (HY-122214), 
PEG 300 (HY-Y0873), and Tween 80 (HY-Y1891) were purchased 
from MedChemExpress compound library (MCE). CsA, hrCyPA, 
and AC-73 were dissolved in phosphate-buffered saline (PBS) and 
used for in vitro experiments. Ten milligrams of CsA powder was 
dissolved in 200 μl dimethyl sulfoxide (DMSO) and then diluted 
with 40% PEG 300, 5% Tween 80, and 53% PBS to a working 
solution of 1 mg/ml for in vivo experiments.

A
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FIGURE 5

Treatment of SFTSV-infected IFNAR−/− mice with CsA. (A) Mice in untreated and CsA-treated groups were inoculated s.c. with 1.0 × 106 TCID50 of 
SFTSV, while the mock mice were inoculated s.c. with 100 μl DMEM. In the CsA-treated group, three mice were treated with 10 mg/kg/day CsA for 
five consecutive days. Survival curves were determined using GraphPad Prism7. (B) The relative weight is shown as means with standard 
deviations. (C) SFTSV RNA levels in plasma samples collected at 1,3, or 5 days post-infection as determined by qRT-PCR. (D) The levels of CyPA in 
plasma samples were detected by ELISA. (E–G) The protein levels of proinflammatory cytokines in plasma samples as detected by ELISA. 
Significance was determined relative to the untreated group: *p < 0.05, **p < 0.01, ***p < 0.001, NS, no significance.
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Lentiviral construct

The shRNA lentiviral vector for CyPA was synthesized by 
Hanbio Biotechnology (Shanghai, China) using the following 
sequence: CGTTTGAGT-TAAGAGTGTTGATGTA. In THP-1 
cells, sh-CyPA cells were successfully constructed according to the 
manufacturer’s instructions.

RNA extraction and reverse 
transcription-quantitative PCR (qRT-PCR)

Total RNA was isolated using the TRIzol method (Invitrogen, 
United States) and first-strand cDNA synthesis was performed 

using PrimeScript RT Master Mix (Takara, Japan). Real-time PCR 
was performed on an ABI QuantStudio 5 sequence detection 
system using TB Green Premix Ex Taq (Takara, Japan). The qPCR 
primers are shown in Table 1. GAPDH was used as an endogenous 
control for mRNA relative expression.

Western Blot

Total cellular protein extraction was done according to the 
manufacturer’s instructions (BestBio, China). The proteins 
were denatured at 95°C for 5 min, separated by SDS-PAGE 
using 12% polyacrylamide gels, and then transferred to a 
nitrocellulose membrane (Sangon Biotech, China). After 

FIGURE 6

Pathology of IFNAR−/− mice infected with SFTSV. Immunohistochemical (left) and histopathological (right) examinations of the tissues collected 
from the mock, untreated and CsA-treated mice. Tissues were collected from mice on day 7 (untreated mice) or day 9 (mock and CsA-treated 
mice). Bars, 200 μm. The black arrows indicate hyperemia, yellow arrows indicate necrosis, red arrows indicate protein cast, blue arrows indicate 
lymphocyte pyknosis, green arrows indicate lymphoid nucleus deletion, while orange arrows indicate neuronal edema.
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blocking with 5% Bovine Serum Albumin (BSA; Roche) in 
Tris-buffered Saline (TBS), the membranes were examined 
with primary antibodies and the corresponding horseradish 
peroxidase-conjugated secondary antibodies. Washing was 
done thoroughly between each step using TBS-T (TBS 
supplemented with 0.1% Tween 20, pH 7.4). Protein signals 
were detected with enhanced chemiluminescence kit (ECL; 
Tanon) and visualized using the chemiluminescent imaging 
system (Tanon 5,200, China). Target bands were blotted with 
various primary antibodies (CyPA and CD147, ProteinTech 
Group; phospho-ERK1/2, phospho-p38, phospho-JNK, 
phospho-NF-κB, ERK1/2, p38, JNK, and NF-κB, Cell Signaling 
Technology; GAPDH, Affinity). The anti-rabbit and anti-
mouse IgG antibodies (Cell Signaling Technology; 
United  States) were used as the secondary antibodies. The 
intensities of specific protein bands were quantified using 
ImageJ analysis software and corrected for the intensity of the 
respective GAPDH band.

Enzyme-linked immunosorbent assay

The levels of CyPA (CUSABIO, China) and pro-inflammatory 
cytokines (IL6, IL-1β, and TNFα; R&D systems, United States) 
in plasma and cell supernatants were determined using  
ELISA.

Animal experiments

IFNAR−/− C57BL/6 mice were identified and purchased from 
Cyagen (Cyagen Biosciences Inc.). All mice were bred and 
maintained in an environmentally controlled and specific-
pathogen-free (SPF) animal facility at HMIB.

Six-to eight-week-old mice were randomly divided into 
three groups of three mice each. On day 0, the untreated and 
CsA-treated mice were subcutaneously inoculated with 100 μl 
of 1.0 × 106 TCID50/ml virus solution, while the mock mice were 
injected subcutaneously with 100 μl of DMEM. For the 

CsA-treated mice group, 10 mg/ml CsA was given 1 h, 1 day, 2 
days, 3 days, 4 days, and 5 days post-infection and continued 
for 5 days. Blood samples were obtained by tail vein puncture 
on days 1, 3, and 5 of the experiment to measure viral RNA, 
CyPA, and pro-inflammatory cytokines in plasma.

Histopathology and 
immunohistochemistry

Liver, spleen, lung, kidney, and brain tissues were collected 
from each group of mice, embedded in paraffin, sectioned, 
and stained with hematoxylin and eosin (H&E). 
Immunohistochemistry (IHC) was used to detect the location 
and expression of SFTSV nucleoprotein (NP) in the paraffin-
embedded sections. A monoclonal antibody against SFTSV 
NP derived from mice (Cambridge biologics, USA) was used 
as the primary antibody for IHC. After deparaffinization in 
dimethylbenzene and rehydration in the gradient ethanol, 
10 mM citric acid (pH 6.0) was added, and the sections were 
heated in a microwave oven for antigen retrieval. Staining was 
performed according to the manufacturer’s instructions: 
sections were incubated with the primary antibody overnight 
at 4°C and then incubated with the secondary antibody.  
Color development was performed using avidin–biotin 
complex (ABC; Vector Laboratories, United  States) and 
3,3-N-Diaminobenzidine Tetrahydrochloride (DAB; 
Beyotime, China). Sections were counterstained with  
hematoxylin.

Statistical analysis

An unpaired two-tailed Student’s t-test was used to assess 
differences between the two groups. Data sets involving more than 
two groups were evaluated using the Newman–Keuls test. A value 
of p of 0.05 was considered statistically significant.

Data availability statement

The original contributions presented in the study are included 
in the article/Supplementary material, further inquiries can 
be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and 
approved by Ethics Committee of Jiangsu Provincial People's 
Hospital. The patients/participants provided their written 
informed consent to participate in this study. The animal study 
was reviewed and approved by the Huadong Medical Institute 
of Biotechniques.

TABLE 1 Real-time PCR primer pairs.

Primer pair Sequence (5′ to 3′)

SFTSV F:5′-TGGAATGCAGACCTTGTGGG-3′

R:5′-GCCTGTCATGCAAGAATAACATC-3′

IL-6 F:5′-ACCCCCAGGAGAAGATTCCA-3′

R:5′-TCACCAGGCAAGTCTCCTCA-3′

IL-1β F:5′-ATGATGGCTTATTACAGTGGCAA-3′

R:5′-GTCGGAGATTCGTAGCTGGA-3′

TNF-α F:5′-GCTGCACTTTGGAGTGATCG-3′

R:5′-TATCTCTCAGCTCCACGCCA-3′

GAPDH F:5′-ACAACTTTGGTATCGTGGAAGG-3′

R:5′-GCCATCACGCCACAGTTTC-3′

F, forward; R, reverse.
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Background: Intra-abdominal candidiasis (IAC) is the predominant type 

of invasive candidiasis with high mortality in critically ill patients. This study 

aimed to investigate whether the polymerase chain reaction (PCR) assay for 

detecting Candida DNA in peritoneal fluids (PF) is useful in diagnosing and 

management of IAC in high-risk patients in intensive care unit (ICU).

Methods: A prospective single-center cohort study of surgical patients at high 

risk for IAC was conducted in the ICU. PF was collected from the abdominal 

drainage tubes (within 24 h) or by percutaneous puncture. Direct PF smear 

microscopy, PF culture, blood culture, and serum (1–3)-β-D-glucan were 

performed in all patients. For Candida PCR assay, the ITS1/ITS4 primers that 

targeted the ITS1-5.8 s-ITS2 regions were used for PCR, and sequencing 

analysis was used to identify the pathogen at the species level. IAC was defined 

according to the 2013 European consensus criteria.

Results: Among 83 patients at high risk for IAC, the IAC criteria were 

present in 17 (20.5%). The sensitivity and specificity of the Candida PCR 

assay were 64.7 and 89.4%, respectively, and the area under the receiver 

operating characteristic curve was 0.77 (95% CI: 0.63–0.91). In this cohort, 

the positive predictive value and negative predictive value were 90.8% (95% 

CI: 80.3–96.2%) and 61.1% (95% CI: 36.1–81.7%), respectively. Diagnostic 

consistency was moderate (kappa 0.529, p  < 0.001) according to the 2013 

European consensus criteria.
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Conclusion: Detection of Candida DNA in PF using PCR can be considered an 

adjunct to existing routine diagnostic tools which may optimize the diagnosis 

and antifungal treatment of IAC in high-risk patients in the ICU.

KEYWORDS

intra-abdominal candidiasis, PCR assay, Candida spp., intensive care unit, peritoneal 
fluid

1. Introduction

Intra-abdominal candidiasis (IAC) is the predominant type of 
invasive candidiasis (IC) accounting for 34–59% of IC (Leroy 
et al., 2009; Aguilar et al., 2015) with the high mortality rate is 
between 25 and 60% among critically ill patients (Delaloye and 
Calandra, 2014; Bassetti et al., 2015). The high mortality rate may 
be associated with the difficulty in early diagnosis of IAC (Pemán 
et al., 2017). Early diagnosis may lead to earlier antifungal therapy 
and therapeutic outcome improvement (Lagunes et al., 2017; Yan 
et al., 2020). However, appropriate tools for the early diagnosis of 
IAC are still lacking in critically ill patients. Traditional 
microbiological culture technology is time-consuming and has 
low sensitivity (Nguyen et al., 2012; Clancy and Nguyen, 2013; 
Fortún et al., 2014; Clancy and Nguyen, 2018). In comparison 
with microbiological cultures, non-culture-based technology 
(NCBT) could be considered a valuable tool for early diagnosis of 
IAC in recent years. However, most studies on NCBT have focused 
on bloodstream infections (candidemia). At the same time, very 
limited data are available on the clinical utility of NCBT targeting 
Candida DNA in peritoneal fluids (PF) in IAC. Existing experience 
mainly draws from Candida polymerase chain reaction (PCR) in 
blood samples in IC (Avni et al., 2011; Nguyen et al., 2012; Clancy 
and Nguyen, 2018). However, in a population with a low 
proportion of candidemia, especially for IAC without candidemia, 
the performance of Candida PCR using blood samples is still 
controversial (León et al., 2016; Fortún et al., 2020). Corrales et al. 
(2015) explored the utility of Candida PCR in PF of patients with 
peritonitis. This study compared the accuracy of a PCR DNA 
low-density microarray system (CLART STIs B) with the BACTEC 
FX automated culture method for detecting Candida spp. in 161 
PF samples. The overall agreement between the PCR assay and 
culture method was good, which demonstrated the potential 
clinical utility of Candida PCR in PF for diagnosing IAC. However, 
this study did not compare the agreement between Candida PCR 
in PF and current diagnostic criteria for IAC.

The European Society of Intensive Care Medicine and European 
Society of Clinical Microbiology and Infectious Diseases (ESICM/
ESCMID) task force defined treatments using different terminology 
such as preventive therapies, preemptive therapies, empirical 
therapies, and target therapies according to the timing and the basis 
of initiation of antifungal treatment in the practical management of 
IC in critically ill patients (Martin-Loeches et  al., 2019). The 
targeted therapies are treatments based on microbiological 

confirmation of invasive infection due to Candida species (e.g., a 
positive blood culture for Candida species), limited by the low 
sensitivity and long-term cost of traditional microbiological culture 
technology. Assuming that Candida PCR positivity could 
be included in the definition of microbiological confirmation, it is 
expected to optimize the antifungal treatment of IAC.

To complete these analyses, we  conducted a prospective 
cohort study in critically ill surgical patients with a high risk of 
IAC to evaluate the clinical utility of Candida PCR in PF for IAC 
diagnosis and treatment.

2. Materials and methods

This was a single-center prospective cohort study. The study 
protocol was approved by the Clinical Research Ethics Committee 
of Peking University First Hospital (2018-153) and registered with 
China Clinical Trial Registration Center identifier 
(CHiCTR190022695). Written informed consent was obtained 
from the next of kin or legal representative of each participant.

2.1. Patients recruitment

All consecutive critically ill patients were screened at ICU 
admission. The inclusion criteria were adult patients (age 18 years 
or older); a diagnosis of secondary peritonitis; tertiary peritonitis 
or abdominal abscess; high risk of IAC; and an available abdominal 
drainage tube placed by surgery or percutaneous puncture. High 
risk of IAC was defined as either of the following conditions 
(Bassetti et al., 2013; Hall et al., 2013; Rhodes et al., 2017): (1) 
Recurrent gastrointestinal perforations, perforations untreated for 
more than 24 h, or both, (2) Recurrent abdominal surgery within 
30 days, (3) Postoperative suspected or confirmed gastrointestinal 
anastomosis leakage, (4) Multifocal colonization of Candida spp., 
(5) Severe acute pancreatitis, and (6) Septic shock. Patients who 
met any of the following criteria were excluded: refused to 
participate; neutropenia (defined as total leukocyte count <1,000/
mm3); human immunodeficiency virus (HIV) infection; receiving 
immunosuppressants or systemic steroids (prednisone equivalent 
≥20 mg/day) within 7 days before ICU admission; Abdominal 
drainage tube placed more than 24 h prior; The patient had been 
enrolled within the ICU admission; and incomplete 
data collection.
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2.2. Baseline and perioperative data

After obtaining written consent with trained researchers, 
data for each patient were collected through the electronic 
medical record system of the Peking University First Hospital. 
The baseline data included sociodemographic parameters, 
preoperative comorbidities, surgical diagnoses, and surgical 
type. The severity of comorbid diseases and general status was 
evaluated using age-adjusted Charlson comorbidity index 
(ACCI) and the American Society of Anesthesiology (ASA) 
physical status classification. Postoperative data included the 
Acute Physiology and Chronic Health Evaluation (APACHE) 
II score and sepsis-related organ failure assessment (SOFA) 
score, calculated for each patient within 24 h of ICU 
admission. Data on infection status included risk factors for 
IAC, main laboratory test results at ICU admission, and 
initial antifungal treatment. The infection characteristics in 
patients with IAC included anatomical location (source of 
IAC), initial and duration of antifungal therapy. The outcomes 
included length of stay (LOS) in the ICU and hospital, 
duration of mechanical ventilation, all-cause ICU mortality, 
28-day mortality, and hospital mortality.

2.3. Microbiological cultures

The PF sample (10 ml) was extracted using a drainage tube 
placed for less than 24 h or by direct percutaneous puncture on the 
day of enrollment. The PF samples were divided into two equal 
parts and immediately sent to the laboratory, one of which was 
used for DNA extraction and molecular identification by PCR, 
and the other was kept at 4°C for microbiological studies.

Direct smear microscopy (PRE-V1 automatic Gram dyeing 
machine, Bio-Meriere, France) and microbiological culture (LRH-
250A biochemical incubator, Taihong Medical Device Co., Ltd., 
China, culture period: seven days) in PF were performed within 
24 h. Venous blood samples (20 ml) were extracted from at least two 
different puncture sites and added into both aerobic and anaerobic 
blood culture bottles (two bottles for each type, BD BACTECTM, 
United States) and immediately sent to the laboratory for blood 
culture (BACTEC FX Automatic blood culture instrument, BD 
BACTECTM, United States, culture period: seven days).

2.4. Quantitation of serum (1–3)-β-D-
glucan

After participants enrollment, venous blood (4 ml) was extracted 
on the latest available date (Monday and Thursday) and immediately 
sent to the laboratory for centrifugation (3,000 rpm, 15 min) to 
separate the serum, which was stored at 4°C. BDG (GKT5M 
Dynamic Fungal Detection Kit, Beijing Jin Shan Chuan Science and 
Technology Development Co., Ltd., China) was assayed within 2 h 
and a serum BDG result >100 pg/ml was considered positive.

2.5. PCR assay

The DNA of the PF samples was extracted using the 
operation method of QIAamp DNA Mini Kit (QIAGE Company, 
Germany) according to the manufacturer’s instructions. The 
general primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and 
ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) were used for the 
PCR amplification (Paul and Kannan, 2019). The PCR products 
were sent to Sangon Biotech Co., Ltd. (Shanghai, China) for 
Sanger sequencing. The sequencing primers were the same as 
those used for amplification. All sequences were blasted against 
the National Center for Biotechnology Information (NCBI) 
database (https://blast.ncbi.nlm.nih.gov/Blast.cgi. Accessed 
January 31, 2021), and a similarity cutoff value of ≥99% was 
identified at the species level.

2.6. Definition criteria of IAC

The clinical physician diagnosed the patient with secondary 
peritonitis, tertiary peritonitis, or an abdominal abscess. IAC was 
defined according to the 2013 European Consensus criteria 
(Bassetti et al., 2013): (1) yeast detection by direct microscopy 
examination or growth in culture from purulent or necrotic intra-
abdominal specimens obtained during surgery or by percutaneous 
aspiration; (2) Candida species (spp.) are cultured from bile, intra-
biliary duct devices, and biopsy of intra-abdominal organs; (3) 
Candida spp. growth from blood cultures in the clinical setting of 
secondary and tertiary peritonitis in the absence of any other 
pathogen; and (4) Candida spp. growth from drainage tubes if 
placed less than 24 h before the cultures.

2.7. Antifungal treatment

The ESICM/ESCMID task force (Martin-Loeches et al., 2019) 
defined treatments using different terminologies such as 
preventive therapies, empirical therapies, preemptive therapies, 
and target therapies according to the timing and basis of initiation 
of antifungal treatment. Preventive therapies are antifungal 
therapies for critically ill patients with risk factors (such as 
immunosuppression), risk factors linked to the reason for ICU 
admission, or both. Empirical therapies refer to the administration 
of antifungal agents in patients with infection signs and symptoms 
along with specific risk factors for IC, irrespective of biomarkers. 
Preemptive therapies are antifungal treatments administered to 
patients at risk for IC, with a diagnosis based on fungal biomarkers. 
In this trial, the fungal biomarker tested positive for serum BDG 
levels. Targeted therapies are treatments based on microbiological 
confirmation of an invasive infection caused by Candida spp. In 
this study, microbiological confirmation refers to at least one 
positive result in the blood culture for Candida spp., PF direct 
microscopy examination for yeast or yeast-like fungal elements, 
and PF culture for Candida spp. Two independent researchers 
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FIGURE 1

Flow chart. IAC, intra abdominal candidiasis.

judged the diagnosis of IAC and classification of the initial 
antifungal treatment. Differences between the two researchers 
should be  thoroughly discussed with the clinical physician to 
reach a final agreement.

2.8. Statistical analysis

Continuous variables were evaluated for normality using the 
Shapiro–Wilk test and are presented as the mean ± SD or median 
(interquartile range). Differences between means were compared 
using the Student’s t-test (normal distribution) or Mann–Whitney 
U test (non-normal distribution). The mean or median difference 
between the groups and the 95% CI of the difference were 
calculated. Categorical variables are presented as n (%) and were 
analyzed using the chi-squared test or Fisher’s exact test. The 
chi-squared test was used to compare sensitivity, specificity, 
negative predictive value (NPV), and positive predictive value 
(PPV) between Candida PCR assay and the 2013 European 
Consensus criteria as the gold standard. The area under the 

receiver operating characteristic curve (AUC ROC) analysis was 
used to evaluate the utility of Candida PCR for diagnosing IAC, 
and the kappa coefficient was used to evaluate the consistency 
between Candida PCR and the gold standard. After excluding the 
variables with collinearity, variables with a p < 0.15 in univariate 
analyses were included in a multivariate logistic model (backward) 
to identify IAC risk factors. All tests were two-sided. p < 0.05 were 
considered statistically significant. Statistical analysis was 
performed with the SPSSw Statistics 25.0 software package (IBMw 
Inc., Chicago, United States).

3. Results

A total of 98 patients were assessed for inclusion in the study 
from January 1, 2019, to January 31, 2021. The flowchart for 
recruiting patients was shown in Figure 1. Eighty-three patients at 
high risk of IAC were finally enrolled (Figure 1). A total of 17 
patients were determined to have IAC. The incidence of IAC was 
20.5% (17/83). There was no difference between the IAC and 
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NIAC groups regarding baseline characteristics and high-risk 
factors for IAC (Table 1). Of the patients in the IAC group, 94.1% 
(16/17) received antifungal treatment, which was significantly 
higher than that of the NIAC group (56.1%, 37/56, p = 0.004, 
Table 2). Multivariate logistic regression showed that the surgical 
site involved in the upper gastrointestinal tract (OR 6.119, 95% CI: 
1.635–22.896, p = 0.007) and the percentage of neutrophils >90% 
on ICU admission (OR 6.665, 95% CI: 1.612–27.412, p = 0.009) 
were independent risk factors for IAC in this cohort of patients 
(Table 3). No new high-risk factors for IAC were identified in 
upper and non-upper gastrointestinal tract subgroup (for details, 
see Supplementary Table 1).

The sensitivity of Candida PCR in PF was 64.7% (95% CI: 
38.6–84.7%), the specificity was 89.4% (95% CI: 78.8–95.3%), and 
the AUC of ROC was 0.77 (95% CI: 0.63–0.91; Figure 2). In high-
risk patients with IAC, the NPV of Candida PCR in PF was 90.8% 
(95% CI: 80.3–96.2%) and the PPV was 61.1% (95% CI: 36.1–
81.7%). The positive Candida PCR results in PF were moderately 
consistent with the 2013 European Consensus IAC diagnostic 
criteria (kappa 0.529, p < 0.001). Serum BDG has high specificity 
and a good NPV, but its sensitivity is low. The PPV of BDG only 
increased to 66.7% (95% CI: 12.5–98.2%) after two consecutive 
positive BDG results (Table  4). The consistency between the 

serum BDG test and the IAC diagnostic criteria was poor (kappa 
0.098). Combining Candida PCR with the serum BDG test 
improved the PPV (from 40.0% [7.3–83.0%] to 50.0% [26.7–
97.3%]); however, it did not help optimize the sensitivity and NPV 
(from 80.8% [70.0–88.5%] to 80.2% [69.6–88.0%]) or improve the 
consistency (kappa from 0.098 to 0.065) with the gold standard.

Candida albicans was the most frequent isolated species in the 
PF culture [8(47.1%)]. Other Candida spp. mainly included 
C. glabrata (3 [17.6%]), C. tropicalis (3 [17.6%]), and C. krusei (1 
[5.9%]). In 17 PF samples from the IAC group, Candida PCR was 
positive in 11 cases (64.7%), including 4 of C. albicans (23.5%), 4 of 
C. glabrata (23.5%), 2 of C. tropicalis (11.8%), and 1 of C. krusei 
(5.9%); 6 cases were negative. A total of 7 cases were positive for 
PCR in PF, but negative for PF direct microscopy examination, PF 
culture, and blood culture. Of these, 5 patients received antifungal 
therapy with echinocandins (Caspofungin in 4 cases and 
Micafungin in 1 case). In one patient, the clinician initiated 
antifungal treatment on the basis of positive BDG, which was 
preemptive therapy. The remaining 4 cases were empirical therapies. 
The results of DNA identification by PCR and culture were 
consistent in 10 of 11 samples with positive PCR results (Table 5). 
In the inconsistent sample, DNA identification by PCR was 
identified as C. glabrata but cultured as C. glabrata and C. tropicalis. 

TABLE 1 Baseline characteristics and high-risk factors for IAC.

Total 
(N = 83)

NIAC 
(N = 66)

IAC 
(N = 17)

Value of p

Age (years) 71.2 ± 13.8 70.5 ± 14.5 74.1 ± 10.6 0.34

Male sex 50 (60.2) 36 (54.5) 14 (82.7) 0.051

Body mass index (kg/m2) 27.9 ± 5.4 28.5 ± 5.2 25.7 ± 5.6 0.056

Preoperative comorbidity

Solid tumor 50 (60.2) 41 (62.1) 9 (52.9) 0.49

Diabetes mellitus 21 (25.3) 17 (25.8) 4 (23.5) 1

COPD 5 (6.0) 4 (6.1) 1 (5.9) 1

Hypertension 40 (48.2) 30 (45.5) 10 (58.8) 0.325

Coronary heart disease 13 (15.7) 10 (15.2) 3 (17.6) 0.724

Congestive heart failure 3 (3.6) 2 (3.0) 1 (5.9) 0.502

Arrhythmia 12 (14.5) 7 (10.6) 5 (29.4) 0.063

Abnormal renal functiona 2 (2.4) 2 (3.0) 0 (0.0) NA

Cerebrovascular disease 7 (8.4) 5 (7.6) 2 (11.8) 0.628

High-risk factors for IAC, n (%)

Recurrent gastrointestinal perforations, perforations untreated for more than 24 h, or both 39 (47.0) 28 (42.4) 11 (64.7) 0.101

Recurrent abdominal surgery within 30 days 20 (24.1) 17 (25.8) 3 (17.6) 0.751

Postoperative suspected or confirmed gastrointestinal anastomosis leakage 21 (25.3) 16 (24.2) 5 (29.4) 0.756

Multifocal colonization by Candida spp. 1 (1.2) 1 (1.5) 0 (0.0) /

Severe acute pancreatitis 2 (2.4) 2 (3.0) 0 (0.0) /

Septic shock 46 (55.4) 38 (57.6) 8 (47.1) 0.437

ACCI 5 (4–6) 5 (4–6) 5 (3–6.5) 0.802

Results are presented as mean ± SD or median (interquartile range), or n (%). aSerum creatinine >177 μmol/l. COPD, chronic obstructive pulmonary diseases; ACCI, age-adjusted 
Charlson comorbidity index.
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In addition, two cases with negative PF cultures showed positive 
PCR results (one case each of C. albicans and C. glabrata).

The clinical characteristics of the 18 patients with positive 
PCR results for PF are presented in Table 6. The positive rate of 
PCR for PF was 21.7% (18/83), while the positive rate of current 
IAC diagnostic methods was 20.5% (17/83). If positive PCR results 
for PF were included in the confirmed diagnostic criteria, the 
number of confirmed diagnoses of IAC in 83 patients would 
increase to 24, and the incidence of IAC would increase from 20.5 
to 28.9% (p < 0.001). Assuming that the positive PCR in PF was 
one of the microbiologically confirmed types of evidence of 
targeted therapies, the classification of initial antifungal treatment 
would change in some patients receiving antifungal treatment. The 
number of patients receiving targeted therapies would increase 
from 6 to 17, and the proportion of targeted therapies in the initial 

antifungal treatment would increase from 11.3 to 32.1% (p < 0.001; 
Table 7).

There was no significant difference between the two groups 
except ICU LOS regarding the short-term outcomes of the two 
groups of patients (Table 8). The median ICU LOS in the IAC 
group was 16 days (5–23 days), which was significantly longer than 
that in the NIAC group (5 days [3–10.3 days]; p = 0.003).

4. Discussion

Our study found that the incidence of IAC accounted for 20.5% 
(17/83) of the high-risk population. Previous studies by Senn et al. 
(2009) showed that 30 to 40% of patients in a more specific high-risk 
population of IAC (recurrent gastrointestinal perforation/

TABLE 2 Perioperative variables and infection status.

Total (N = 83) NIAC (N = 66) IAC (N = 17) Value of p

Surgical diagnosis 0.462

Tumor 37(44.6) 30(45.5) 7(41.2)

Gastrointestinal perforation without tumor 19(22.9) 13(19.4) 6(35.3)

Postoperative gastrointestinal anastomosis leakage 12(14.5) 9(13.6) 3(17.6)

Intestinal obstruction without tumor 5(6.0) 5(7.6) 0(0.0)

Othersa 10(12.0) 9(13.6) 1(5.9)

Site of abdominal surgery 0.001

Upper gastrointestinal tract 23 (27.7) 13 (19.7) 10 (58.8)

Non-upper gastrointestinal tract 60 (72.3) 53 (80.3) 7 (41.2)

Surgery type 1.000

Emergency 64 (77.1) 51 (77.3) 13 (76.5)

Elective 19 (22.9) 15 (22.7) 4 (22.9)

ASA classification IV or V 34 (41.0) 29 (43.9) 5 (29.4) 0.277

ICU admission

APACHE II score 15 (11–19) 15 (11–19) 17 (12–20) 0.432

SOFA score 6 (4–9) 6.5 (4–9) 6 (4–8.5) 0.75

Temperature, °C 37.4 (36.7–37.9) 37.4 (36.7–37.9) 37.5 (36.8–38.0) 0.631

WBC (×109/L) 9.8 (6.8–14.1) 10.1 (8.0–14.1) 8.4 (4.4–14.4) 0.147

NE, % 89.5 (85.2–93.1) 88.2 (84.6–92.6) 92.0 (89.0–94.3) 0.037

PCT (ng/ml)b 3.8 (1.0–15.1) 4.0 (0.6–15.9) 3.2 (1.4–7.4) 0.909

CRP (ng/ml)c 133.3 (80.2–193.7) 142.0 (84.8–196.0) 69.3 (57.1–159.5) 0.088

Antifungal treatment 53 (63.9) 37 (56.1) 16 (94.1) 0.004

Initial antifungal treatmentd 0.001

Preventive therapies 2/53 (3.8) 2/37 (5.4) 0/16 (0.0)

Empirical therapies 42/53 (79.2) 33/37 (89.2) 9/16 (56.3)

Preemptive therapies 3/53 (5.7) 2/37 (5.4) 1/16 (33.3)

Target therapies 6/53 (11.3) 0/37 (0.0) 6/16 (37.5)

Results are presented as mean ± SD or median (interquartile range), or n (%). aOthers include intestinal ischemia, acute pancreatitis, choledocholithiasis, acute appendicitis, intra-
abdominal hemorrhage, and postoperative intra-abdominal infection; bN = 80; cN = 62; dTwo patients began antifungal treatment before percutaneous drainage, and one patient began 
antifungal treatment before ICU admission. ASA, American Society of Anesthesiology; APACHE, acute physiology and chronic health evaluation; SOFA, sepsis-related organ failure 
assessment; WBC, white blood cell, NE neutrophils; CRP, C-reaction protein; PCT, procalcitonin.
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anastomotic leakage or acute necrotizing pancreatitis) developed 
IAC. Physicians should pay attention to patients at a high risk of IAC.

The multivariate logistic regression analysis demonstrated that 
surgical site involvement in the upper gastrointestinal tract and 
neutrophil percentage >90% at ICU admission were independent 
risk factors for IAC in the high-risk population. Hence, the risk of 
IAC is higher when the surgical site is the upper gastrointestinal 
tract. In addition, this study suggests that a neutrophil percentage 
>90% at ICU admission is a risk factor for IAC. Therefore, ICU 
staff should pay more attention to patients whose neutrophil 
percentage is >90% upon ICU admission.

In previous studies, PCR assay of blood samples for the 
diagnosis of IC had a sensitivity of 80–96.3% and specificity of 
70–97.3% (Avni et al., 2011; Nguyen et al., 2012; Fortún et al., 2014). 
However, León et al. (2016) used PCR alone to detect Candida 
DNA in blood samples from ICU patients with severe abdominal 
disease, with a sensitivity of 84.0% and specificity of 32.9%. In the 
high-risk cohort of IAC in our study, only 11.8% (2/17) of IAC were 

diagnosed as IAC with candidemia, and IAC with candidemia 
accounted for 2.4% (2/83) of the high-risk population. This low 
proportion suggests that physicians should consider the feasibility 
of PCR in non-blood samples to avoid misdiagnosis IAC without 
candidemia. The significance of the blood PCR assay in patients 
without candidemia has been questioned. In the presence of IAC, 
PF reflects the local reality of the infectious site more directly. The 
process of Candida spp. entering the blood circulation is 
intermittent rather than continuous (Nguyen et al., 2012; Fortún 
et al., 2020), so it is more difficult to intercept Candida spp. in the 
blood than in PF. In addition, some studies have shown that fluid 
overload and hemodilution also reduce the sensitivity of PCR in 
blood samples (Nguyen et al., 2012; Fortún et al., 2020) but might 
have little effect on PF samples. In this study, the sensitivity and 
specificity of positive PCR for PF were 64.9 and 89.4%, respectively. 
Compared with the study by Fortún et al. (2020) in 2020, it was 
superior to the sensitivity of 25% in blood PCR, and the specificity 
was equivalent (89.4% vs. 90.9%). In a study by Fortún et al. (2020), 

TABLE 3 Risk factors of IAC.

Univariate logistics Multivariate logistics

OR (95% CI) Value of p OR (95% CI) Value of p

Age ≥75 years 1.004 (0.345–2.920) / / 0.995

Male 3.889 (1.012–14.819) 0.071 4.504 (0.877–23.117) 0.047

BMI >25 kg/m2 0.331 (0.109–1.007) 0.667 1.410 (0.295–6.735) 0.051

Upper gastrointestinal surgery 5.824 (1.862–18.221) 0.007 6.119 (1.635–22.896) 0.002

Emergency 0.956 (0.271–3.369) / / 0.944

ASA IV or V 0.532 (0.168–1.681) / / 0.282

Underlying diseases

Solid tumor 0.686 (0234–2.009) / / 0.492

Diabetes mellitus 0.887 (0.254–3.093) / / 0.851

COPD 0.969 (0.101–9.276) / / 0.978

Hypertension 1.714 (0.582–5.051) / / 0.328

Coronary heart disease 1.200 (0.291–4.949) / / 0.801

Congestive heart failure 2.000 (0.170–23.461) / / 0.581

Arrhythmia 3.512 (0.953–12.947) 0.063 4.739 (0.920–24.416) 0.059

Cerebrovascular disease 1.627 (0.287–9.216) / / 0.582

APACHE IIa 1.034 (0.943–1.135) / / 0.474

SOFAa 0.968 (0.812–1.155) / / 0.721

Temperaturea, °C 1.083 (0.579–2.027) / / 0.803

WBCa, ×109/L 0.939 (0.848–1.041) / / 0.231

NE% > 90% a 3.692 (1.164–11.710) 0.009 6.665 (1.612–27.412) 0.027

PCTa,b, ng/ml 0.979 (0.925–1.036) / / 0.462

Recurrent gastrointestinal perforations, 

perforations untreated for more than 24 h, or both

2.488 (0.822–7.535) 0.26 2.144 (0.568–8.085) 0.107

Recurrent abdominal surgery within 30 days 0.618 (0.158–2.415) / / 0.489

Postoperative suspected or confirmed 

gastrointestinal anastomosis leakage

1.302 (0.398–4.261) / / 0.663

Septic shock 0.655 (0.225–1.910) / / 0.438
aAt ICU admission; bN = 80; BMI, body mass index; ASA, American Society of Anesthesiology; COPD, chronic obstructive pulmonary diseases; SOFA, sepsis-related organ failure 
assessment; APACHE, acute physiology and chronic health evaluation; WBC, white blood cell; NE, neutrophils; CRP, C-reaction protein; PCT, procalcitonin.
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FIGURE 2

AUC ROC of positive Candida PCR in PF for IAC diagnosis. AUC 
ROC: 0.77(95%CI: 0.063–0.91). AUC ROC, area under the 
receiver operating characteristic curve; PCR polymerase chain 
reaction; IAC, intra abdominal candidiasis.

TABLE 4 Performances of Candida PCR and BDG used alone and combined for IAC diagnosis.

Sensitivity% 
(95%CI)

Specificity% 
(95%CI)

NPV% 
(95%CI)

PPV% 
(95%CI)

Kappa Value of p

Positive Candida PCR 64.7 (38.6–84.7) 89.4 (78.8–95.3) 90.8 (80.3–96.2) 61.1 (36.1–81.7) 0.529 <0.001

First positive BDGa 11.8 (2.1–37.7) 95.5 (86.4–98.8) 80.8 (70.0–88.5) 40.0 (7.3–83.0) 0.098 0.264

Two consecutive positive BDGa,b 18.2 (3.2–52.2) 96.2 (78.4–99.8) 73.5 (55.3–86.5) 66.7 (12.5–98.2) 0.181 0.144

Positive Candida PCR combining with 

first positive BDGa

5.9 (0.3–30.8) 98.5 (90.7–99.9) 80.2 (69.6–88.0) 50.0 (26.7–97.3) 0.065 0.295

Positive Candida PCR combining with 

two consecutive positive BDGa,b

9.1 (0.5–42.9) 100.0 (84.0–

100.0)

72.2 (54.6–85.2) 100.0 (5.5–100.0) 0.123 0.119

Results are presented as n (%). PCR, polymerase chain reaction; BDG, (1–3)-ß-D-glucan; IAC, intra-abdominal candidiasis. aBDG >100 pg/ml was considered positive; b37 patients 
underwent two consecutive BDG tests.

a PCR assay was also performed on PF samples, which showed a 
false negative PCR result in 9 of the 17 cases with IAC; however, the 
specificity was high. The results of our trial also suggest that the 
specificity and negative predictive value of Candida PCR for PF had 
better performance in high-risk patients with IAC, providing a basis 
for the exclusion of IAC diagnosis. Candida PCR of PF in high-risk 
patients has important clinical significance; however, the lack of 
standardization and large sample size precludes its clinical use. This 
aspect deserves further investigation.

In this study, seven cases were positive for PCR in PF, but 
negative for PF direct microscopy examination, PF culture, and 
blood culture. 71.4% (5/7) patients received antifungal therapies, 
which were empirical and preemptive therapies. According to the 
current diagnostic gold standard (Bassetti et al., 2013), this group 
of patients was judged to have NIAC. Interpretation of the clinical 
significance of these patients remains controversial. The 

TABLE 5 Characteristics of infection in patients with IAC (N = 17).

N (%) or median 
(interquartile range)

Candidemia 2 (11.8)

Candida albicans 1 (5.9)

Candida glabrata 1 (5.9)

Bacteremia 1 (5.9)

Bacterial culture in PF

Gram-negative bacilli 6 (35.3)

Gram-positive cocci 6 (35.3)

No bacterial isolation 7 (41.2)

Broad-spectrum antibiotic therapy 17 (100.0)

Fungal culture in PFa

Candida albicans 8 (47.1)

Candida glabrata 3 (17.6)

Candida tropicalis 3 (17.6)

Candida krusei 1 (5.9)

No fungal isolation 3 (17.6)

Fungal smear microscopy in PF

Positive 2 (11.8)

Negative 15 (88.2)

Candida spp. identification by PCR in PF

Candida albicans 4 (23.5)

Candida glabrata 4 (23.5)

Candida tropicalis 2 (11.8)

Candida krusei 1 (5.9)

No fungal isolation 6 (35.3)

Initial antifungal drugsb

Micafungin 7 (41.2)

Caspofungin 7 (41.2)

Voriconazole 1 (5.9)

Fluconazole 1 (5.9)

Duration of antifungal therapy (days) 4 (0–10)

Results are presented as n (%) or median (interquartile range). IAC, intra-abdominal 
candidiasis; PF, peritoneal fluids. aBoth Candida glabrata and Candida tropicalis were 
reported in fungal culture in one IAC patient; bOne patient with IAC died before 
antifungal therapy was initiated.
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TABLE 6 The clinical characteristics of the patients with positive PCR results for PF (n = 18).

No.a Age Sex Group Candidemia
Direct smear 
microscopy in PF

PF culture
Candida DNA 
identification by 
PCR in PFb

Serum BDG 
(pg/ml)

Initial 
antifungal 

drugs

Survival in 
ICU

Bacteria Fungi

1 78 F NIAC No NF NF NF Candida albicans 189.7 Caspofungin

2 89 M IAC No NF NF Candida albicans Candida albicans <10 Caspofungin

3 71 M IAC NP NF Enterococcus faecalis Candida albicans Candida albicans <10 Caspofungin

4 78 F NIAC No NF Acinetobacter baumanii NF Candida parapsilosis <10 Caspofungin

5 71 M NIAC No GPC Pseudomonas aeruginosa, 

Enterococcus faecalis

NF Candida lusitaniae <10 Micafungin

6 83 M IAC No NF Klebsiella pneumoniae Candida glabrata Candida glabrata 59.9 Micafungin

7 64 M NIAC No NF Escherichia Coli, 

Pseudomonas aeruginosa, 

Enterococcus faecalis

NF Candida parapsilosis <10 Caspofungin

8 72 M IAC No Fungal spores, GNB, GPC NF Candida krusei Candida krusei <10 Caspofungin

9 48 M NIAC No NF Escherichia Coli NF Candida albicans 28.8 Caspofungin

10 87 M NIAC NP NF NF NF Candida tropicalis 43.3 No

11 79 M IAC No NF NF Candida glabrata, 

Candida tropicalis

Candida glabrata <10 No

12 82 M IAC No GPC Staphylococcus aureus Candida albicans Candida albicans 135.2 Micafungin

13 74 F IAC No NF NF Candida tropicalis Candida tropicalis <10 Caspofungin

14 89 F NIAC No NF Klebsiella pneumoniae NF Candida albicans <10 No

15 66 M IAC No NF NF Candida glabrata Candida glabrata <10 Micafungin

16 63 M IAC Yes GPC Enterococcus faecalis, 

Staphylococcus aureus

NF Candida glabrata <10 Caspofungin

17 78 M IAC No GBN, GPC Enterococcus avium, 

Citrobacter freundii

Candida tropicalis Candida tropicalis 26.6 Caspofungin, 

AmB

18 74 F IAC NP Fungal spores, GNB Enterobacter cloacae NF Candida albicans <10 Caspofungin

aIn this table, No. 1.4.5.7.9.10 and 14 patients with positive Candida PCR were in NIAC group; No. 16 patient was in IAC group because of candidemia; No. 18 patient was in IAC group because of fungal spores in direct smear microscopy in PF. bGenBank 
accession numbers for the nucleotide sequences were OP418489-OP418506. PCR, polymerase chain reaction; PF, peritoneal fluids; IAC, intra-abdominal candidiasis; BDG, (1–3)-ß-D-glucan; GPC, Gram-positive cocci; GNB, Gram-negative bacilli; NF, not 
found; NP, not performed; AmB, amphotericin B.
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significance of positive PCR results in blood has been recognized 
(Soulountsi et  al., 2021). PCR kits, such as the Light-Cycler 
SeptiFast and the IRIDA BAC BSI assay, have been used to detect 
microorganisms, including Candida spp., in blood to improve the 
early diagnosis of IC. However, the applicability of this method to 
PF samples remains uncertain. In Corrales et al. (2015) showed 
that the results of the PCR assay in PF were consistent with those 
of the automatic culture method and had potential clinical 
applications. The ESICM/ESCMID task force on the practical 
management of invasive candidiasis in critically ill patients 
(Martin-Loeches et al., 2019) recognized the excellent performance 
of PCR assay technology and suggested that NCBT, including PCR, 
should be  combined with traditional culture technology as a 
diagnostic strategy. The present study assumed that positive PCR 
in samples would be included in the diagnostic criteria for IAC, 
which increased the incidence of IAC in high-risk groups from 
20.5 to 28.9%, and that the proportion of initial target antifungal 
therapies would increase. Because the PCR assay takes less time, if 
this result is accepted, it would lead to earlier diagnosis and drive 
earlier targeted antifungal therapies, which may have clinical 
benefits. Therefore, large-sample multicenter prospective studies, 
including confirmed IAC cases, are needed to verify the diagnostic 
value of Candida PCR in PF for IAC and its driving effect on 
treatment. We  have designed multiple detection primers of 
different Candida species genes, and hope to use them in the other 
study. We hope that we will be able to achieve rapid detection in 
the in-hospital laboratory in the future. This study also found that 
the early diagnostic efficacy of serum BDG alone was 
unsatisfactory, and the combination of PCR in PF and serum BDG 

improved the PPV. The combination of NCBT, such as BDG and 
PCR in PF for the early diagnosis of IAC requires further 
exploration in the future.

There were some limitations to this prospective trial. First, the 
PCR assay in this study used first-generation sequencing 
technology, which has its limitations. The Candida spectrum was 
narrow and did not cover all possible pathogenic Candida species. 
With the improvement of PCR technology, multiple real-time 
PCR technologies will be applied to PF samples. Second, to avoid 
the interference of colonization, the PF was collected within 24 h 
after placing the tube. The copy number of DNA might still be low 
at the time of sampling, which is not sufficient for detection. Third, 
this study was completed in a single center with a limited number 
of samples. Prospective multicenter studies are needed to confirm 
the efficiency of PCR assays in PF in the future.

In conclusion, this study suggests that PCR assay of Candida 
DNA in PF could be considered as an adjunct to existing routine 
diagnostic tools and optimize antifungal treatment of IAC in high-
risk ICU patients. However, further multicenter research should 
be conducted to evaluate the performance of multiple real-time 
PCR in PF in IAC diagnosis, improve the sensitivity of PCR assays, 
and explore the effect of positive PCR on the antifungal treatment 
and prognosis of patients in high-risk populations.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and 

TABLE 7 Incidence and initial antifungal treatment before PCR and after PCR test.

Before PCR test After PCR test Value of p

IAC 17/83 (20.5) 24a/83 (28.9) <0.001

Antifungal initial treatment <0.001

Preventive therapies 2/53 (3.8) 2/53 (3.8)

Empirical therapies 42/53 (79.2) 33/53 (62.3)

Preemptive therapies 3/53 (5.7) 1/53 (1.9)

Target therapies 6/53 (11.3) 17/53 (32.1)

Results are presented as n (%). aSeven patients were assumed to be IAC because of positive Candida PCR in PF. PCR, polymerase chain reaction; IAC, intra-abdominal candidiasis.

TABLE 8 Outcomes analyses.

Total (N = 83) NIAC (N = 66) IAC (N = 17) Value of p

Overall mortality in ICU 10 (12.0) 7 (10.6) 3 (17.6) 0.42

Overall mortality in 28 days 11 (13.3) 9 (13.6) 2 (11.8) 1

Overall mortality in hospital 18 (21.7) 13 (19.7) 5 (29.4) 0.386

ICU LOS (d) 5 (3–13) 5 (3–10.3) 16 (5–23) 0.003

Hospital LOS (d) 27 (14–46) 25.5 (14–46) 38 (23–45.5) 0.153

Duration of mechanical 

ventilation (h)

66 (11–204) 65 (9–145.8) 114 (12.5–389) 0.196

Results are presented as n (%) and median (interquartile range). IAC, intra-abdominal candidiasis; LOS, length of stay.
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accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/genbank/, OP418489 https://www.ncbi.nlm.nih.gov/genbank/, 
OP418490 https://www.ncbi.nlm.nih.gov/genbank/, OP418491 
https://www.ncbi.nlm.nih.gov/genbank/, OP418492 https://www.
ncbi.nlm.nih.gov/genbank/, OP418493 https://www.ncbi.nlm.nih.
gov/genbank/, OP418494 https://www.ncbi.nlm.nih.gov/genbank/, 
OP418495 https://www.ncbi.nlm.nih.gov/genbank/, OP418496 
https://www.ncbi.nlm.nih.gov/genbank/, OP418497 https://www.
ncbi.nlm.nih.gov/genbank/, OP418498 https://www.ncbi.nlm.nih.
gov/genbank/, OP418499 https://www.ncbi.nlm.nih.gov/genbank/, 
OP418500 https://www.ncbi.nlm.nih.gov/genbank/, OP418501 
https://www.ncbi.nlm.nih.gov/genbank/, OP418502 https://www.
ncbi.nlm.nih.gov/genbank/, OP418503 https://www.ncbi.nlm.nih.
gov/genbank/, OP418504 https://www.ncbi.nlm.nih.gov/genbank/, 
OP418505 https://www.ncbi.nlm.nih.gov/genbank/, OP418506.
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In southern France, cases of community-acquired meningitis syndrome (CAM) are 
typically clustered as outbreaks with determinants which remain unknown. This 
61-month retrospective investigation in Nîmes and Marseille university hospital 
laboratories, yielded 2,209/20,779 (10.63%) documented CAM cases caused by 
62 different micro-organisms, represented by seasonal viral etiologies (78.8%), 
including Enterovirus, Herpes Simplex Virus (HSV), and Varicella-Zoster Virus (VZV; 
1,620/2,209 = 73.4%). Multi correspondence analysis revealed an association of 
infection with age and sex, with the risk of infection being relatively higher in young 
men, as confirmed by Fisher’s exact test (p < 10−3). Bacterial meningitis accounted for 
20% of cases, mostly caused by Streptococcus pneumoniae (27.4% of cases), Neisseria 
meningitidis (12.5%), and Haemophilus influenzae (9.5%) with bacteria/virus coinfection 
(0.9%), and only six cases of documented fungal meningitis. In total, 62.6% of cases, of 
which 88.7% were undocumented, arose from 10 outbreaks. 33.2% of undocumented 
cases were aged >60 years compared to 19.2% of documented cases (p < 0.001), and 
viral infection was more common in the summer (87.5%) compared to other seasons 
(72.3%; p < 0.001). Outbreaks most often started in Nîmes and moved eastward toward 
Marseille at a speed of ~9 km/day, and these dynamics significantly correlated with 
atmospheric temperature, especially during summer outbreaks. In particular, the 
incidence of Enterovirus-driven outbreaks correlated with temperature, revealing 
correlation coefficients of 0.64  in Nîmes and 0.72  in Marseille, and its occurrence 
in Marseille lagged that in Nîmes by 1–2 weeks. Tracing the dynamics of CAM 
outbreak during this retrospective investigation in southern France yielded a speed of 
displacement that correlated with the variation in temperature between both cities, 
and these results provide clues for the next occurrence of undocumented outbreaks.

KEYWORDS

community-acquired meningitis, cerebrospinal fluid, etiology, outbreak, nondocumented 
meningitis, season, dynamics

Introduction

Community-acquired infectious meningitis (CAM) affects more than 1.3 million patients every 
year worldwide, and has a 40% lethality rate, partially depending on the causative pathogen 
(Bijlsma et al., 2016; Sulaiman et al., 2017; Broberg et al., 2018). RNA viruses, chiefly Enterovirus, 
are the most frequently documented pathogens and are most responsible for benign meningitis, 
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but rarely cause disability and life-threatening cases following 
progression of the infection to encephalitis (Broberg et al., 2018). DNA 
viruses are mainly responsible for disability and life-threatening 
infections (Guan et  al., 2015; Bradshaw and Venkatesan, 2016). 
Bacterial meningitis is a deadly form of meningitis, causing more than 
50% of annual deaths from all-cause meningitis (290,000) and leaving 
one in five people who recover with a chronic neurological disorder 
(Rodgers et al., 2020). However, 40–60% of CNS-infecting cases had an 
unknown etiology (Sigfrid et al., 2019). While CAM may evolve as 
sporadic cases, CAM outbreaks have been well described for specific 
pathogens over a well-defined period of time (Polage and Cohen, 2016; 
van de Beek et  al., 2016; Shukla et  al., 2017; Broberg et  al., 2018; 
Matulyte et al., 2020). In Europe, Enterovirus outbreaks are recorded 
annually in the summer (Harvala et al., 2017; Broberg et al., 2018), 
causing 4,537 meningitis cases in 15 European countries in 2018 and 
primarily infecting young people (Broberg et  al., 2018), while the 
incidence of herpes encephalitis is estimated at 2–4 cases/1,000,000 
people worldwide, mainly infecting older people aged >50 years 
(Bradshaw and Venkatesan, 2016). Bacterial outbreaks are usually 
associated with Haemophilus influenzae (H. influenzae), Streptococcus 
pneumoniae (S. pneumoniae), and Neisseria meningitidis 
(N. meningitidis) infections, causing 16 million cases between 1990 and 
2013, with a high incidence in sub-Saharan Africa (Global Burden, 
2015; Van de Beek et al., 2016). Sporadic cases of infection with other 
bacteria with low infectious prevalence can be associated with CAM, 
depending on the region and population (Van de Beek et al., 2016).

Here, investigating a large retrospective series of data from CAM 
syndrome patients diagnosed in two university hospitals in southern 
France provided a unique opportunity to describe the temporal and 
spatial dynamics of outbreaks of CAM syndrome in this region, yielding 
a previously unreported finding regarding the climate-driven eastward 
movement of CAM outbreaks in which documented cases masked 
undocumented ones. These results provide some analogical clues to the 
next occurrence of undocumented outbreaks.

Patients and methods

Ethical statement

This retrospective study (December 2014 to December 2019) only 
collected anonymous data issued from routinely diagnosed cases 
originating from the University Hospital Institute (IHU) Méditerranée 
Infection Laboratory, Marseille, and the Department of Microbiology 
and Hospital Hygiene, Nîmes, located approximately 120 km apart in 
southern France. This study was retrospective and anonymous and 
required no specific intervention for any patient and no specific clinical 
samples. Accordingly, this study was approved by the Ethics Committee 
of the Institut Méditerranée Infection under numbers 2021-004 (Ethics 
Committee of the IHU Méditerranée Infection, Marseille) and 21.03.11 
(Interface Recherche Bioéthique Institutional Review Board Ethics 
Committee, CHU, Nîmes).

Data selection and setting

For each year, approximately 3,500 cerebrospinal fluid (CSF) 
samples from the Assistance Publique-Hôpitaux de Marseille 
(APHM) were received at the point-of-care (POC) laboratory of the 

IHU Méditerranée Infection in Marseille, and between 900 and 
1,500 CSF samples were investigated at the Department of 
Microbiology and Hospital Hygiene at Nîmes University Hospital. 
Only CSF samples from patients clinically suspected of having 
community-acquired meningitis (infections contracted outside the 
hospital and diagnosed within 48 h of admission) were included in 
this study, and all CSF samples from patients undergoing 
neurosurgery, transplantation, or dialysis, and who were 
hospitalized for more than 48 h were excluded from the final 
database. Additionally, only data from patients with complete 
clinical records, including age, sex, sampling date, and final 
diagnosis, were analyzed (Appendix 1).

Routine laboratory diagnosis

Cerebrospinal fluid (CSF) specimens routinely submitted to the 
POC laboratory of the two hospitals were examined to measure 
leukocytes and red blood cells using the NucleoCounter® NC-3000™ 
apparatus and NucleoView™ software (ChemoMetec Inc., Allerod, 
Denmark). At the same time, CSF was incorporated into the 
FilmArray® ME Panel assay (bioMérieux, Marcy-l’Etoile, France) for 
the multiplex PCR-based detection of 14 pathogens, as previously 
described (Boudet et al., 2019; Vincent et al., 2020). Then, depending 
on the POC primarily diagnostic test, real-time PCR (RT–PCR) and 
culture were routinely performed to confirm and complete the POC 
diagnosis, as well as to remove false-positives generated by the 
commercial PCRs (Naccache et al., 2018; Boudet et al., 2019). For any 
further molecular diagnosis, nucleic acids were extracted from 200 μl 
of CSF using the EZ1 DNA Kit and the EZ1 Virus Mini Kit v2.0 
(Qiagen, Courtaboeuf, France), and any remaining extracted DNA was 
stored at −80°C. Target amplification using 43 cycles of RT–PCR was 
performed in the LightCycler® 480 thermal cycler (Roche, Meylan, 
France) using a specific program for each targeted pathogen and 
incorporating 5 μl of RNA and LC480 Probes MasterMix 2X (Roche) 
or 5 μl of DNA and Takyon No Roxe Probe MasterMix (Eurogentec, 
Angers, France) in a 20-μl final reaction volume. CSF culture was 
systematically performed using both Chocolate agar PolyViteX 
(bioMérieux) and Columbia agar enriched with 5% sheep blood 
(bioMérieux) media incubated at 37°C under 5% CO2 for 5 days 
(Société Française de Microbiologie, 2018). In addition, Columbia agar 
enriched with 5% sheep blood (bioMérieux) was inoculated with CSF 
and incubated in anaerobic conditions for 10 days at 37°C to select for 
anaerobic pathogens. Cultured microorganisms were identified by 
using matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry as previously described (Seng et al., 2009), spectra were 
compared against an enriched Biotyper identification database (Bruker 
Daltonics, Bremen, Germany) in Marseille and against a VITEK® MS 
(version 3.2) database (bioMérieux) in Nimes. In addition to a routine 
pathogen panel, arthropod-borne viruses, including West-Nile-Virus, 
Toscana Virus, and Usutu Virus, were systematically investigated every 
year between May 1 and November 30, according to the French regional 
health agency surveillance program, and outside this period according 
to the recommendations of clinicians.1

1 https://www.paca.ars.sante.fr/

surveillance-epidemiologique-des-infections-virus
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Outbreak definition

The time series of incidence was first smoothed with a moving 
average using a 9-week window. Then, to make the data across cities 
comparable, the smoothed time series were standardized (centering 
and scaling). An outbreak period was defined when the maximum 
standardized value of incidence was equal to or greater than 0.5 in 
each period in at least one of the two cities’ series. The outbreak 
start-point was defined as the date when the standardized value of 
incidence rose above baseline (0), and the outbreak stop-point was 
defined as the date when the standardized value of incidence fell 
below baseline. For cases of complex outbreaks featuring different 
behaviors (e.g., outbreaks 6 and 8), the period was set manually. 
Finally, climatic data recovered from the French national weather 
registry,2 including temperature, humidity, and wind, were 
superimposed over the epidemiological data to test for any significant 
correlation with outbreak patterns.

Statistical analyses

R software version (3.6.1; R Development Core Team, 2019) was 
used for all the statistical analyses in this work. All statistical tests 
were two sided, and the type one error rate was set to 0.05. The 
quantitative variables are reported as the mean ± SD, and qualitative 
variables are reported as N (%). For two-group comparisons (e.g., 
across the two hospitals), Mann–Whitney or Student’s t-tests were 
used (as appropriate) for quantitative variables, and Chi-squared or 
Fisher’s exact tests were used (as appropriate) for qualitative 
variables. The test results were first considered as binary (positive 
or documented/negative or undocumented) and were evaluated 
according to location (Nîmes, Marseille), season of outbreak, and 
the patients’ sex and age. To compare the positivity status using a 
multivariate analysis (age, sex, and season city), a logistical 
regression model was used, and the adjusted odds ratio (AOR) was 
reported. The test results were then considered within the context 
of the identified pathogens. Multiple correspondence analysis 
(MCA) was performed with the FactoMineR package (Jombart, 
2008) to explore the relationships between the incidence of specific 
pathogens with the patients’ age group and sex and the location, 
season, and period of the outbreak. To track the outbreak patterns 
of documented cases, cases of documented etiologies were placed 
into three major groups: DNA viruses, RNA viruses, and bacteria. 
The observations obtained with MCA were confirmed by Fisher’s 
exact test when necessary. In a subsequent analysis, to track the 
outbreak patterns of documented cases, cases of documented 
etiologies were placed into three major groups: DNA viruses, RNA 
viruses, and bacteria. To better explore the trends and seasonality 
of the series, data were then managed as time series using the stats 
and forecast packages in R (Hyndman and Khandakar, 2008) in 
particular to define the outbreak periods (as previously mentioned) 
and to compute the average time period between infections 
occurring in Nîmes and Marseille regarding the occurrence of 
outbreaks and temperatures.

2 https://www.historique-meteo.net/france/

Results

General data

Based on the inclusion criteria, 20,779/28,495 (72.9%) of CSF 
samples (one CSF sample per patient presenting with a meningitis 
syndrome) investigated between December 2014 and December 2019 at 
the IHU Méditerranée Infection, Marseille (15,246 CSFs) and CHU 
Nîmes (5,533 CSFs) laboratories were retrospectively included over this 
61-month study held between December 1, 2014 and December 31, 
2019. There was a general upward trend in the number of documented 
cases since 2017 in both cities, although we observed a difference in the 
behavior of the two cities regarding the number of undocumented cases, 
which strongly decreased in 2016 and returned to baseline in 2017 in 
Nîmes but increased from mid-2018 onwards in Marseille. Overall, 
males formed a marginal majority (52.77%; 54.3% in Marseille, 48.6% 
in Nîmes; p < 10−4), while females were the majority specifically among 
documented cases (49.4% male patients; 54.5% in Marseille and 42.8% 
in Nîmes; p < 10−4; Table 1). Additionally, the CAM population was 
younger in Marseille than in Nîmes (mean age: 40.7 ± 27.2 years vs. 
47.2 ± 25.6, respectively; p < 0.001; Table 1), but this difference did not 
have any detectably significant influence on the fact that the overall 
prevalence of documented CAM cases significantly decreased with age 
for each age group when compared to the prevalence of the reference 
age group of (0–2) years, except in the patients in the 2–16 years age 
group, which presented a higher prevalence (adjusted odds ratio, 
AOR = 0.85, p = 0.0461; Figure 1). Logistical regression results showed 
that the number of documented cases was significantly higher in Nîmes 
that in Marseille (AOR = 2.8, p < 0.001), in females than in males 
(AOR = 1.13, p = 0.01), and in the 0–2 and 2–16 years age groups than in 
the other age groups (AOR = 1.38, 2.18, 3.69, p < 0.001). The most 
exhaustively diagnosed age group was that aged 2–16 years (AOR = 0.85, 
p = 0.11; Figure 1). This observation was confirmed by the Chi-squared 
test, highlighting a significant difference in the distribution of ages 
between total (documented plus nondocumented) CAM cases and 
documented CAM cases (p < 0.001).

General epidemiology

A total of 2,209 (10.63%) patients were documented in both 
centers after laboratory investigations, as reported above. 1,762 
(78.8%) patients had viral meningitis, including 17 coinfections with 
virus/virus (0.8%), 18 coinfections with virus/bacteria (0.8%), one 
coinfection with virus/bacteria/bacteria (0.04%), and two coinfections 
with virus/virus/bacteria (0.09%). 461 patients had bacterial 
meningitis (20.9%), including nine coinfections with bacteria/
bacteria (0.4%), one coinfection with virus/bacteria/bacteria (0.04%), 
and 18 coinfections with virus/bacteria (0.8%). Six patients had 
fungal meningitis (0.3%; Table 2; Appendix 1). CAM was caused by a 
total of 62 different microorganisms, including 49 bacteria (79%), 12 
viruses (19%, seven DNA and five RNA viruses), and one fungal 
pathogen (Cryptococcus 2%), each with variable contributions to 
CAMs (Figure 2; Table 2). Viruses were the main causative pathogens, 
and 12 viral species were identified in 79.8% of documented CSFs, 
mainly Enteroviruses (797, 36.1%), HSV-1 (395, 17.9%), HSV-2 (205, 
9.3%), and VZV (223, 10.1%; Figure 2; Table 2). Dengue and BK 
viruses, JC virus, Toscana virus, and West Nile virus were detected at 
a very low frequency in the studied population (Table 2). Streptococcus 
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pneumoniae (129, 5.8%), N. meningitidis (59, 2.7%), and H. influenzae 
(45, 2%) were the most prevalent bacteria, followed by Escherichia coli 
(34, 1.5%), Cutibacterium acnes (31, 1.4%), Staphylococcus epidermidis 
(30, 1.4%), and Streptococcus agalactiae (S. agalactiae; 25, 1.1%). 
Tropheryma whipplei, Staphylococcus aureus, and Listeria 
monocytogenes were detected in rare cases. Additionally, only six 
cases of Cryptococcus meningitis were detected, all in 
immunocompromised patients (Table 2).

Relationships were noted between age and pathogen type. 
Enterovirus was prevalent in patients aged <16 years (59.8%); 
HHV-6 in patients aged 0–16 and > 60 years (71.6%); HSV1, HSV-2, 
and VZV in patients aged 16–31 and > 60 years (60.2, 61.5, and 60.5%, 
respectively); H. influenzae in patients aged 0–2 and > 60 years 
(68.9%); S. pneumoniae in patients aged >45 years (67.4%); 
N. meningitidis in patients aged <30 years (64.4%); and Human 
parechovirus and S. agalactiae in patients aged 0–2 years (97 and 64%, 
respectively; Table  2; Figures  2, 3). Moreover, MCA indicated a 
preferential association between sex and the causative pathogen, as 
HSV-1 and HSV-2 were mainly documented in older female patients 
(73.7 and 57.7% and p < 10−13 and p < 10−4, respectively), whereas 
Enterovirus infection was mostly identified among young male 
patients (55.7%, p = 0.12).

Finally, some seasonal infections, as illustrated by MCA 
investigation and confirmed by statistical analyses for significance, 
were observed during the study period for some pathogens (p < 0.001), 
including Enterovirus and Human parechovirus, which were mainly 
documented in summer and autumn, and N. meningitidis, 
S. pneumoniae, S. agalactiae, HSV-1, HSV-2, VZV, and 
Cytomegalovirus, which were mainly documented in winter and 
spring (Figure 3, Appendix 3).

Outbreaks

Ten outbreaks as defined by the criteria above, comprising 
12,919/20,779 (62.2%) patients and 1,438/2,209 (65.1%) 
documented cases, were observed over 61 months (Figure  4A). 
There was a trend toward an increasing frequency of outbreak 
occurrence over these 61 months. Notably, outbreaks mainly started 
in Nîmes and emerged eastward in Marseille with an average lag of 
1–2 weeks (~13 days). This observation was confirmed with the use 
of time series decomposition (using the decompose function of the 
stats package in R) and the use of a cross-correlation function 
performed on the seasonal regions of the decompositions of the 

TABLE 1 Summary statistics for the age and gender variables, comparisons according to city and positive/negative status.

Global tested population Positive result population

Total Marseille Nimes p-value
(Nimes vs 
Marseille)

Total Marseille Nimes p-value
(Nimes vs 
Marseille)

p-value
(Global vs 
Positives)

N 20,779 (100%) 15,246 (73.4%) 5,533 (26.6%) - 2,209 1,238 971 - <0.001

Gender (Men) 10,966 (52.77%) 8,274 (54.27%) 2,692 (48.65%) <0.001 1,091 (49.39%) 675 (54.52%) 416 (42.84%) <0.001 <0.001

Age 42.46 ± 26.94 40.75 ± 27.22 47.19 ± 25.57 <0.001 31.43 ± 27.56 27.4 ± 2 6.84 36.57 ± 27.62 <0.001 <0.001

Bacteria - - - - 471 (21.32%) 376 (30.37%) 95 (9.78%) <0.001 -

DNA Viruses - - - - 934 (42.28%) 296 (23.91%) 638 (65.70%)

Fungi - - - - 6 (0.27%) 6 (0.48%) 0 (0%)

RNA Viruses - - - - 847 (38.34%) 599 (48.38%) 248 (25.54%)

A B

FIGURE 1

Distribution of meningitis cases according to patient age. (A) Boxplot of total negative (undocumented) and positive (documented) meningitis cases 
according to patient age. (B) Bar plot of meningitis cases and positive diagnoses according to patient age groups.
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TABLE 2 Prevalence of pathogens by age for the period spanning from December 2014 to December 2019 (Data gathered from Nîmes and Marseille).

[0,2] [2,16] [16,31] [31,46] [46,60] >60 Total

Enterovirus 291 (36.5%) 186 (23.3%) 170 (21.3%) 141 (17.7%) 5 (0.6%) 4 (0.5%) 797

Herpes Simplex Virus 1 17 (4.3%) 28 (7.1%) 99 (25.1%) 58 (14.7%) 54 (13.7%) 139 (35.2%) 395

Varicella Zoster Virus 12 (5.4%) 28 (12.6%) 37 (16.6%) 23 (10.3%) 25 (11.2%) 98 (43.9%) 223

Herpes Simplex Virus 2 6 (2.9%) 6 (2.9%) 67 (32.7%) 39 (19%) 28 (13.7%) 59 (28.8%) 205

Streptococcus pneumoniae 17 (13.2%) 18 (14%) 7 (5.4%) 15 (11.6%) 27 (20.9%) 45 (34.9%) 129

Human Herpesvirus Virus 6 30 (37%) 10 (12.3%) 7 (8.6%) 7 (8.6%) 9 (11.1%) 18 (22.2%) 81

Neisseria meningitidis 12 (20.3%) 9 (15.3%) 17 (28.8%) 7 (11.9%) 8 (13.6%) 6 (10.2%) 59

Haemophilus influenzae 11 (24.4%) 2 (4.4%) 6 (13.3%) 5 (11.1%) 1 (2.2%) 20 (44.4%) 45

Escherichia coli 16 (47.1%) 0 (0%) 3 (8.8%) 4 (11.8%) 1 (2.9%) 10 (29.4%) 34

Human parechovirus 33 (97.1%) 1 (2.9%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 34

Cutibacterium acnes 1 (3.2%) 2 (6.5%) 9 (29%) 3 (9.7%) 6 (19.4%) 10 (32.3%) 31

Staphylococcus epidermidis 6 (20%) 1 (3.3%) 5 (16.7%) 1 (3.3%) 10 (33.3%) 7 (23.3%) 30

Streptococcus agalactiae 16 (64%) 0 (0%) 1 (4%) 1 (4%) 4 (16%) 3 (12%) 25

Tropheryma whipplei 0 (0%) 0 (0%) 2 (10%) 2 (10%) 8 (40%) 8 (40%) 20

Staphylococcus aureus 3 (21.4%) 1 (7.1%) 0 (0%) 1 (7.1%) 2 (14.3%) 7 (50%) 14

JC Virus 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4 (33.3%) 8 (66.7%) 12

Cytomegalovirus 2 (18.2%) 1 (9.1%) 2 (18.2%) 2 (18.2%) 2 (18.2%) 2 (18.2%) 11

Dengue virus 0 (0%) 1 (10%) 4 (40%) 2 (20%) 3 (30%) 0 (0%) 10

Staphylococcus hominis 2 (22.2%) 0 (0%) 1 (11.1%) 2 (22.2%) 1 (11.1%) 3 (33.3%) 9

BK Virus 0 (0%) 1 (14.3%) 0 (0%) 1 (14.3%) 2 (28.6%) 3 (42.9%) 7

Listeria monocytogenes 0 (0%) 0 (0%) 0 (0%) 1 (14.3%) 2 (28.6%) 4 (57.1%) 7

Cryptococcus meoformans/gattii 0 (0%) 0 (0%) 2 (33.3%) 2 (33.3%) 1 (16.7%) 1 (16.7%) 6

Klebsiella pneumoniae 0 (0%) 0 (0%) 0 (0%) 1 (20%) 2 (40%) 2 (40%) 5

Staphylococcus capitis 2 (40%) 0 (0%) 1 (20%) 0 (0%) 2 (40%) 0 (0%) 5

Toscana virus 0 (0%) 0 (0%) 2 (40%) 0 (0%) 2 (40%) 1 (20%) 5

Treponema pallidum 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (100%) 0 (0%) 5

Borrelia sp. 0 (0%) 1 (25%) 0 (0%) 1 (25%) 0 (0%) 2 (50%) 4

Streptococcus pyogenes 0 (0%) 3 (75%) 0 (0%) 0 (0%) 1 (25%) 0 (0%) 4

Enterococcus faecalis 0 (0%) 1 (33.3%) 0 (0%) 0 (0%) 2 (66.7%) 0 (0%) 3

Pseudomonas aeruginosa 1 (33.3%) 1 (33.3%) 0 (0%) 0 (0%) 0 (0%) 1 (33.3%) 3

Staphylococcus haemolyticus 0 (0%) 0 (0%) 0 (0%) 1 (33.3%) 1 (33.3%) 1 (33.3%) 3

Streptococcus oralis 1 (33.3%) 1 (33.3%) 0 (0%) 1 (33.3%) 0 (0%) 0 (0%) 3

Acinetobacter baumannii 0 (0%) 0 (0%) 1 (50%) 1 (50%) 0 (0%) 0 (0%) 2

Enterobacter cloacae 0 (0%) 0 (0%) 1 (50%) 0 (0%) 1 (50%) 0 (0%) 2

Propionibacterium avidum 0 (0%) 0 (0%) 0 (0%) 1 (50%) 0 (0%) 1 (50%) 2

Ureaplasma urealyticum 2 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2

Acinetobacter lwoffii 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Acinetobacter radioresistens 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1

Bacillus fragilis 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1

Bacillus megaterium 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1

Bacillus simplex 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Chlamydophila pneumoniae 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 1

Citrobacter freundii 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1

Citrobacter koseri 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1

Kocuria rhizophila 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 1

(Continued)
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Nîmes and Marseille series. Given that the two cities are 120 km 
apart, we  measured an average eastward displacement speed of 
~0.9 km/day (Figure 4A).

Each outbreak included 991–1,834 (median, 1,289) patients, of 
whom only 100–310 (median, 125) were documented; this ratio of 
11.3% was significantly higher than the 10.1% ratio found in outside 
outbreaks (p = 0.01; Figure  4). Specifically, outbreak-1 (January to 

Mid-March 2015) included 100/1,292 (7.7%) documented patients 
infected by HSV-1 (29%), HSV-2 (8%), VZV (12%), S. pneumoniae 
(9%), N. meningitidis (5%), and Enterovirus (8%); outbreak-2 (April to 
July 2015) included 141/1,103 (12.8%) documented patients mainly 
infected by Enterovirus (64.5%), HSV-1 (10.6%), and VZV (9.9%), 
which affected children aged <16 years old in 45.4% of cases; outbreak-3 
(January to mid-March 2016) included 102/1,212 (8.4%) documented 

TABLE 2 (Continued)

[0,2] [2,16] [16,31] [31,46] [46,60] >60 Total

Mycobacterium tuberculosis 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Pantoea sp. 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Parvimonas micra 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Pasteurella multocida 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 1

Proteus mirabilis 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1

Proteus vulgaris 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Roseomonas sp 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Streptococcus anginosus 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Staphylococcus intermedius 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1

Staphylococcus lugdunensis 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Serratia marcescens 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 1

Streptococcus mitis 1 (100%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1

Streptococcus parasanguinis 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 0 (0%) 1

Staphylococcus pasteuri 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1

Streptococcus salivarius 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (100%) 1

Staphylococcus warneri 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1

Virus West Nile 0 (0%) 0 (0%) 0 (0%) 1 (100%) 0 (0%) 0 (0%) 1

Total 483 (21.4%) 302 (13.4%) 448 (19.8%) 328 (14.5%) 229 (10.1%) 468 (20.7%) 2,258 (100%)

FIGURE 2

Comparison of the microbial diversity of community-acquired meningitis. Patient age-dependent pathogen diversity: patients aged 0–2 and 2–16 were 
mostly diagnosed as positive for Enterovirus, the majority of patients aged 16–46 years old were positive for Enterovirus, HSV-1 and HSV-2, patients 
>46 years were positive for HSV-1, HSV-2, VZV, and bacterial infections. The legend shows the total abundance of each pathogen. Pathogens with global 
abundance less than 1% are gathered in group “Other.” Evs, Enterovirus; HSV-1, Herpes Simplex Virus 1; HSV-2, Herpes Simplex Virus 2; VZV, Varicella Zoster 
Virus; and HHV-6, Human Herpes Virus 6.
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patients mainly infected by HSV-1 (27.4%), Enterovirus (21.6%), VZV 
(14.7%), S. pneumoniae (8.8%), N. meningitidis (4.9%), and HHV-6 
(4.9%); outbreak-4 (March to July 2016) included 118/1,321 (8.94%) 
documented patients, of which 44.1% of infections were caused by 
Enterovirus; outbreak-5 (March to July 2017) included 205/1,399 
(14.6%) documented patients, of which 70% of infections were caused 
by Enterovirus; outbreak-6 (November 2017 to February 2018) included 
132/1366 (9.7%) documented patients with infections caused by HSV-1 
(27.3%), HSV-2 (10.6%), VZV (11.4%), S. pneumoniae (9.1%), 
Enterovirus (9.1%), HHV-6 (8.3%), N. meningitidis (5.3%), and 
S. agalactiae (3.8%); outbreak-7 (May to September 2018) included 
310/1,834 (16.9%) documented patients with infections caused by 
Enterovirus (50.6%), and VZV (10%), HSV-1 (8.4%), and Human 
parechovirus (7.1%); outbreak-8 (November 2018 to February 2019) 

included 117/1,286 (9.11%) documented patients infected by HSV-1 
(31.6%), VZV (8.5%), S. pneumoniae (12%), Enterovirus (9.4%), and 
H. influenza (7.7%); and outbreak-9 (May to July 2019) included 
137/991 (13.8%) documented patients mainly infected by Enterovirus 
(42.3%). Finally, outbreak-10 (August to October 2019) was the least 
documented outbreak, with only 109/1,245 (8.7%) documented patients 
infected, and > 70% of these cases were caused by one of several 
neurotropic viruses (Figure 4). In summary, winter outbreaks 1, 3, 6 and 
8 included infections by HSV-1 (28.8%), HSV-2 (7.3%), VZV (11.5%), 
S. pneumoniae (9.7%), HHV-6 (6.2%), N. meningitidis (3.9%), 
S. agalactiae (2.2%), and Tropheryma whipplei (2%), leaving 91.2% of 
cases undocumented, while summer outbreaks 2, 4, 5, 7, and 9 included 
infections by Enterovirus and Human parechovirus (specifically in 
2018) and left 86.48% of cases undocumented (Figures  3, 4). 

FIGURE 3

Multiple correspondence analysis of positive/negative (documented/undocumented) cases, pathogens, and season according to the different outbreaks. 
Infections in Marseille were more closely associated with summer outbreaks and younger patients, whereas infections in Nîmes were more associated with 
winter outbreaks and older patients, mostly HSV-1, HSV-2, VZV, and Haemophilus influenzae. There was no notable difference concerning sex.
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Incorporating the incidence of documented vs. undocumented cases, 
patient age, outbreak period, and season as variables, MCA clustered the 
occurrence of summer undocumented cases with patients aged <31 years 
old and infection with Enterovirus and Human parechovirus, and MCA 
clustered winter undocumented cases with patients aged >45 years old 
and infection with N. meningitidis, S. pneumoniae, HSV, VZV, and 
Cytomegalovirus (Figure 3). Outside outbreak periods, we observed a 
persistence of infection with HSV-2, HHV-6, and some bacteria, such 
as H. influenzae, and with other infrequent bacteria without any detected 
association with sex (Appendix 2). After etiologies were grouped, 
reanalysis of the data indicated that RNA viruses occurred significantly 
more frequently in summer, with a rapid and strong increase (61%, 
p < 10−4) and with 52.8% of outbreaks occurring in summer. DNA 
viruses were identified significantly more frequently in the winter/spring 
season (54%, p < 10−4), while no specific relationship between bacterial 
infection and season was observed, despite the significant increase in the 
frequency of bacterial infection during winter outbreaks (30.5%, 
p < 10−4; Figure 5). However, for outbreaks 7, 8, and 9, which occurred 
at the same time as outbreaks of RNA viruses in summer and autumn 
2018 and summer 2019, there was no clear association between patient 
age and sex. The same pattern of a ~1 week displacement moving in the 
same direction was observed by superimposing temperature data. The 
one-week delay in temperature displacement from Nîmes to Marseille 
was significantly correlated (p < 0.001) with the 1-week delay in CAM 

outbreak displacement, whereas no such significant shift was observed 
for the “humidity” and “wind” variables (Figure 4B).

Discussion

Retrospective investigation of a large series of CAMs in southern 
France yielded a complex, dynamic epidemiological pattern 
combining seemingly sporadic cases and clustered cases, later 
forming a total of 10 outbreaks occurring over 61 months of 
investigation (Broberg et  al., 2018; Sigfrid et  al., 2019). The 
investigation cases from two university hospitals in cities separated 
by 120 km but located in the same region, in which CAM cases were 
investigated using the same laboratory protocols, allowing for the 
unprecedented observation of CAM outbreak temporal and spatial 
dynamics, which were characterized in this region by an eastward 
displacement at an average of ~9 km/day. The same displacement 
pattern was observed with temperature records and correlated with 
outbreaks consistently originating in Nîmes before moving to 
Marseille, and these data provided the basis for an analysis of the 
influence of atmospheric temperature and geography on the dynamics 
of CAM outbreaks. Temperature was found to be  significantly 
associated with the displacement dynamics of CAM outbreaks 
(Depaquit et al., 2010; Beauté et al., 2018; Broberg et al., 2018).

A B

FIGURE 4

Synchronization of outbreaks and weather data between Marseille and Nîmes by time series analysis. (A) The time series for temperatures, humidity, and 
wind force (in Marignane and Montpellier, two cities close to Marseille and Nimes), undocumented and documented cases are represented for both 
Marseille (in blue) and Nimes (in red). Each time series is represented in its real values (thin lines) and smoothed with moving average using a window size of 
9 weeks (thick lines). To the right of each time series graphic, the associated cross-correlation function plot comparing Nîmes and Marseille at different lags 
is shown. A high correlation at a negative lag should be interpreted as an event occurring first in Nîmes and then in Marseille. (B) Time series were first 
smoothed using moving average with a window size of 9 weeks. Then, in order to make the cities and different variables more comparable, a 
standardization was applied (cantering and scaling). The 10 periods of the outbreaks were defined based on undocumented cases (graphic on the top). The 
standardized and smoothed time series of undocumented cases, documented cases and specifically RNA virus cases are shown in the three graphics (thick 
red and blue lines) along with standardized and smoothed temperatures in Nîmes and Marseille (red and blue thin dotted lines). To the right each time series 
graphic, the associated cross-correlation function plot comparing temperature and undocumented, documented and RNA virus, respectively (from top to 
bottom), are shown in red for Nîmes and in blue for Marseille.
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Whether temperature was just a marker for certain changing 
biological conditions in populations, pathogens, and vectors, or 
whether it was a direct biological determinant remains uncertain in 
this study. One unanticipated observation was that eight CAM 
syndrome outbreaks varied in the proportion of documented and 
nondocumented cases, while two outbreaks overwhelming comprised 
undocumented cases (Figure 4). Documented Enterovirus cases were 
responsible for six seasonal outbreaks among the 10 outbreaks 
observed here and affected young patient populations, as previously 
described (Faustini et al., 2006; Broberg et al., 2018; Reusken et al., 

2019; Tschumi et al., 2019; Hobday et al., 2020; Nkosi et al., 2021; Zhan 
et al., 2021). Accordingly, in 2018 (Broberg et al., 2018), the unusual 
persistence of mixed Enterovirus and Human parechovirus outbreaks 
infecting new-borns and children until the autumn correlated with a 
notable 2°C increase in autumn temperatures in October/November 
2018 compared to seasonal norms (Cabrerizo et  al., 2015). Most 
intriguing was the observation that DNA viruses also adopted an 
outbreak pattern, with HSV-1 CAM being observed in elderly male 
patients in January–March, probably due to the HSV-1 reactivation 
(Dudgeon, 1969; Taylor et al., 2002), which is potentially prompted by 

FIGURE 5

Multiple correspondence analysis (MCA) of the variables of seasons, outbreak number, identified pathogens gathered by microorganisms’ groups (RNA 
virus, DNA virus, Bacteria, and Fungi), gender, and age. In summer, five outbreaks caused by RNA viruses infecting young patients (61%), represented 52.8% 
(p < 10−4) of summer outbreaks. DNA viruses occurred in all seasons with a more equal distribution but accounted for ~54% (p < 10−4) of both spring and 
winter outbreaks. Although bacteria were less season-specific, they were nevertheless more frequent in winter (30% of bacteria were detected in winter) 
and accounted for 30.5% of winter epidemics (p < 10−4). According to the ACM, RNA viruses are the furthest from the center of the benchmark and are 
associated with summer. Bacteria and DNA viruses are closer to the center, so less season-specific, but still closer to winter and spring. Undocumented 
cases mainly clustered with bacteria and DNA viruses in winter and with all etiologies in summer, notably with RNA viruses, especially for young patients. 
*Fisher’s Exact Test for Count Data with simulated p value (based on 2,000 replicates), (p value = 0.0004998).

261

https://doi.org/10.3389/fmicb.2022.1102130
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Morsli et al. 10.3389/fmicb.2022.1102130

Frontiers in Microbiology 10 frontiersin.org

vitamin D deficiency related to low sun exposure in winter, especially 
in people >70 years old, as previously reported (Lin et al., 2019, 2020; 
Cristian Ilie and Stefanescu, 2020). Accordingly, significant 
correlations between pathogen, gender and age differentially observed 
in Nimes and Marseille may simply reflect differences in the population 
structure in these two different cities.

By superimposing the characteristics of undocumented patients 
with documented ones, MCA shed light on at least two seasonal 
patterns for such undocumented outbreaks, opening up avenues for 
future research. In summer, undocumented cases closely clustered 
with the incidence of RNA viruses, whereas in fall and winter, they 
clustered with that of DNA viruses and bacteria. This trend could 
clarify that the increase in hospital admissions in the summer may 
be due to infection with RNA viruses, and the high admission of 
older patients in the autumn/winter season is probably due to 
infection with DNA viruses and/or bacteria which are not routinely 
investigated at the POC laboratories (Vincent et al., 2020). With the 
exception of some skin flora contaminants following either lumbar 
puncture or CSF tube manipulation, such as Cutibacterium acnes 
and Staphylococcus epidermidis, not all causative pathogens were 
routinely targeted at POC laboratories in this study, including 
emerging genotypes and arthropod-borne viruses escaping routine 
detection (Global Burden, 2015; Lin et al., 2019; Morsli et al., 2022). 
We propose that Enteroviruses and arthropod-borne viruses are 
two groups of candidate pathogens to be  further examined to 
account for remaining undocumented cases. Furthermore, future 
studies may associate this dynamic with genomic data, particularly 
Enterovirus genotypes (Broberg et  al., 2018), to determine the 
genotypes circulating in our region which are mainly involved in 
the outbreaks.

Conclusion

This retrospective study shed light on the significant correlation 
between temperature and the occurrence of CAM outbreaks in 
southern France, indicating the need to develop new laboratory tools 
to search for probable RNA viruses responsible for the majority of 
currently undocumented cases of CAMs in summer and autumn in this 
region. Real-time metagenomics based on pathogen genome detection 
performed directly from CSF could be part of this new strategy, with 
the aim of reducing the number of undocumented CAMs (Morsli 
et al., 2022).
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Introduction: We conducted this study to compare the risk of pneumonia between 
thiazolidinedione (TZD) use and nonuse in persons with type 2 diabetes (T2D).

Methods: We identified 46,763 propensity-score matched TZD users and nonusers 
from Taiwan’s National Health Insurance Research Database between January 1, 
2000, and December 31, 2017. The Cox proportional hazards models were used for 
comparing the risk of morbidity and mortality associated with pneumonias.

Results: Compared with the nonuse of TZDs, the adjusted hazard ratios (95% CI) for 
TZD use in hospitalization for all-cause pneumonia, bacterial pneumonia, invasive 
mechanical ventilation, and death due to pneumonia were 0.92 (0.88–0.95), 0.95 
(0.91–0.99), 0.80 (0.77–0.83), and 0.73 (0.64–0.82), respectively. The subgroup analysis 
revealed that pioglitazone, not rosiglitazone, was associated with a significantly lower 
risk of hospitalization for all-cause pneumonia [0.85 (0.82–0.89)]. Longer cumulative 
duration and higher cumulative dose of pioglitazone were associated with further 
lower adjusted hazard ratios in these outcomes compared to no-use of TZDs.

Discussion: This cohort study demonstrated that TZD use was associated with 
significantly lower risks of hospitalization for pneumonia, invasive mechanical ventilation, 
and death due to pneumonia in patients with T2D. Higher cumulative duration and 
dose of pioglitazone were associated with a further lower risk of outcomes.

KEYWORDS

all-cause pneumonia, bacterial pneumonia, death, invasive mechanical ventilation, 
pioglitazone

1. Introduction

The Institute for Health Metrics and Evaluation showed that cases of lower respiratory tract 
infections worldwide increased from 414.3 million to 488.9 million between 1990 and 2019s (The 
Institute for Health Metrics and Evaluation (IHME), Global Health data exchange, GBD results tool, 
2019). Due to the potential impact of accumulated hyperglycemia and oxidative stress, persons with 
diabetes showed reduced lung function and impaired neutrophil capability (Kornum et al., 2008; Gan, 
2013). Studies have shown that persons with diabetes have a 1.2-to 2.6-fold higher risk of pneumonia 
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than those without diabetes (Kornum et al., 2008; Harding et al., 2020). 
Recently, the incidence of macrovascular and microvascular 
complications in persons with type 2 diabetes (T2D) has decreased in 
many countries, possibly attributable to the aggressive control of blood 
pressure, lipids, and glucose levels. However, the occurrence of 
pneumonia is still on the rise (Wang et al., 2019; Pearson-Stuttard et al., 
2022). The Taiwan Diabetes Atlas reported that the risks of hospitalization 
and mortality from pneumonia significantly increased from 2005 to 
2014 in persons with T2D (Li et al., 2019; Wang et al., 2019). However, 
the diabetes guidelines for pneumonia management are limited 
(American Diabetes Association, 2021).

Peroxisome proliferator-activated receptors (PPARs) belong to a large 
superfamily of nuclear hormone receptors for retinoid, glucocorticoid, 
and thyroid hormones. PPARs are ligand-activated transcription factors 
crucial for regulating glucose homeostasis, adipocyte proliferation, 
atherosclerosis, cell cycle control, and inflammation (Zingarelli and Cook, 
2005). Thiazolidinediones (TZDs) are the synthetic ligands of PPARs. 
Studies have demonstrated that in addition to improving insulin 
resistance, TZDs have anti-inflammatory and immunomodulatory 
properties. Preclinical studies have shown that TZDs can decrease 
neutrophil recruitment, downregulate inflammatory cytokines, and 
attenuate inflammation in acute lung injury (Zingarelli and Cook, 2005; 
Grommes et al., 2012). Thus, TZDs can influence the development or 
progression of pneumonia. One meta-analysis of 13 randomized clinical 
trials revealed that TZDs could moderately increase the risk of pneumonia 
in patients with T2D (Singh et al., 2011). However, pneumonias were 
adverse events of these trials, and most trials had low event rates. Without 
individual patient data, the pooled results may be worrying. Therefore, 
we  conducted this nationwide cohort study to compare the risk of 
pneumonia between TZD users and nonusers to assess the impact of 
TZDs on pneumonia development or progression in persons with T2D.

2. Materials and methods

2.1. Study population

The Bureau of National Health Insurance implemented Taiwan’s 
National Health Insurance (NHI) program in 1995. The NHI program is 
a compulsory insurance system. The government and customers pay most 
of the premium, and the public only pays a small percentage. Approximately 
99% of Taiwan’s 23 million persons joined the NHI program in 2000 
(Cheng, 2003). All personal information of the insured, including sex, age, 
area of residence, insurance premium, diagnoses, medical procedures, and 
prescriptions, are recorded in the NHI Research Database (NHIRD). The 
diagnosis was based on the International Classification of Diseases, Ninth 
and Tenth Revision, Clinical Modification (ICD-9/10-CM). The NHIRD 
linked to the National Death Registry to verify mortality information. This 
study was approved by the Research Ethics Committee of China Medical 
University and Hospital [CMUH110-REC1-038 (CR-1)]. The identifiable 
information of the participants and caregivers was scrambled and 
encrypted before release to protect individual privacy. Informed consent 
was waived by the Research Ethics Committee.

2.2. Study design

We identified participants who were newly diagnosed with T2D 
between January 1, 2000, and December 31, 2017, and followed them 

until December 31, 2018. The diagnosis of T2D was based on ICD 
codings (ICD-9-CM codes: 250, except 250.1x; ICD-10-CM: E11) for at 
least 2 outpatient visits or one hospitalization. The algorithm for using 
ICD codes to define T2D was validated by a study in Taiwan with an 
accuracy of 74.6% (Lin et  al., 2005). Participants were excluded 
(Supplementary Figure 1) under the following conditions: (The Institute 
for Health Metrics and Evaluation (IHME), Global Health data 
exchange, GBD results tool, 2019) age, below 20 or above 80 years; (Gan, 
2013) missing age or sex information; (Kornum et al., 2008) diagnosis 
of type 1 diabetes (Supplementary Table 1), heart failure, or hepatic 
failure; (Harding et  al., 2020) diagnosis of T2D established before 
January 1, 2000, to exclude prevalent cases.

2.3. Procedures

We defined the first date of TZD use as the index date. Participants 
who never received TZD treatment served as controls. We recorded the 
same period from the diagnosis of T2D to the use of TZDs as the index 
date for the control cases. Some related variables, checked and matched 
between TZD users and nonusers, were as follows: age (20–40, 41–60, 
60–79 years), sex, obesity, smoking status; comorbidities, including 
alcohol-related disorders, hypertension, dyslipidemia, coronary artery 
disease (CAD), stroke, peripheral arterial occlusive disease (PAOD), 
chronic kidney disease (CKD), pneumonia, chronic obstructive 
pulmonary disease (COPD), liver cirrhosis, psychosis, depression, 
diagnosed within 1 year before the index date; medications, including 
oral antidiabetic drugs (OAD), insulin, statin, aspirin, corticosteroid, 
and immunosuppressants, used during the follow-up period. 
We  calculated the Charlson Comorbidity Index (CCI), Diabetes 
Complication Severity Index (DCSI) score (Meduru et al., 2007; Young 
et al., 2008), and the number of oral antidiabetic drugs to evaluate the 
severity of T2D.

2.4. Main outcomes

The observed main outcomes of this study were hospitalization 
for all-cause pneumonia, hospitalization for bacterial pneumonia, 
invasive mechanical ventilation (IMV) use, and death due to 
pneumonia. One study in Taiwan validated the algorithm of using 
ICD codes to define pneumonia, with a sensitivity of 92.3–94.7% 
(Su et  al., 2014). We  calculated the events, person-years, and 
incidence rates for these outcomes during the follow-up period. 
We  compared the cumulative incidences of the main outcomes 
between TZD users and nonusers.

2.5. Statistical analysis

We used propensity-score matching to optimize the relevant 
covariates between TZD users and nonusers (D’Agostino, 1998). The 
propensity score for each participant was estimated using 
non-parsimonious multivariable logistic regression, with TZD use as the 
dependent variable. We  included 35 clinically related covariates as 
independent variables (Table 1). The nearest-neighbor algorithm was 
adopted to construct matched pairs, assuming the standardized mean 
difference (SMD) value <0.1 to be a negligible difference between the 
study and comparison cohorts.
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TABLE 1 Baseline characteristics of participants with T2D with and without TZD use.

Variables

Before PSM After PSM

Non-TZD TZD

p-value

Non-TZD TZD

SMD(N = 159,103) (N = 52,147) (N = 46,763) (N = 46,763)

n % n % n % n %

Sex 0.066 0.018

Female 76,944 48.36 24,977 47.90 21,458 45.89 21,877 46.78

Male 82,159 51.64 27,170 52.10 25,305 54.11 24,886 53.22

Age <0.001

20–40 13,712 8.62 3,297 6.32 2,982 6.38 2,980 6.37 <0.001

41–60 70,402 44.25 25,677 49.24 22,407 47.92 22,391 47.88 0.001

60–79 74,989 47.13 23,173 44.44 21,374 45.71 21,392 45.75 0.001

Mean, (SD)a 58.75 (12.4) 58.54 (11.33) 0.0003 58.8 (11.47) 58.81 (11.45) <0.001

Obesity 5,043 3.17 1,551 2.97 0.026 1,333 2.85 1,368 2.93 0.004

Smoking status 4,322 2.72 1,133 2.17 <0.001 983 2.10 1,074 2.30 0.013

Comorbidities

Alcohol-related disorders 5,711 3.59 1,674 3.21 <0.001 1,443 3.09 1,556 3.33 0.014

Hypertension 99,983 62.84 36,511 70.02 <0.001 32,518 69.54 32,527 69.56 0.000

Dyslipidemia 102,868 64.66 36,847 70.66 <0.001 32,197 68.85 32,589 69.69 0.018

Coronary artery disease 42,226 26.54 15,247 29.24 <0.001 13,194 28.21 13,323 28.49 0.006

Stroke 25,722 16.17 9,101 17.45 <0.001 7,921 16.94 8,170 17.47 0.014

PAOD 7,208 4.53 2,587 4.96 <0.001 2081 4.45 2,268 4.85 0.019

Chronic kidney disease 24,415 15.35 8,598 16.49 <0.001 7,151 15.29 7,515 16.07 0.021

Pneumonia 11,050 6.95 2,891 5.54 <0.001 2,860 6.12 2,572 5.50 0.026

COPD 28,464 17.89 8,322 15.96 <0.001 7,125 15.24 7,473 15.98 0.021

Liver cirrhosis 11,620 7.30 3,705 7.10 0.129 3,194 6.83 3,394 7.26 0.017

Psychosis 15,496 9.74 3,947 7.57 <0.001 3,466 7.41 3,658 7.82 0.015

Depression 10,012 6.29 2,449 4.70 <0.001 2,143 4.58 2,293 4.90 0.015

CCI <0.001

0 106,918 67.20 30,950 59.35 28,447 60.83 27,970 59.81 0.021

1 22,496 14.14 9,778 18.75 8,356 17.87 8,457 18.08 0.006

≥2 29,689 18.66 11,419 21.90 9,960 21.30 10,336 22.10 0.020

DCSI <0.001

0 53,217 33.45 12,882 24.70 12,738 27.24 12,161 26.01 0.028

1 32,721 20.57 10,181 19.52 9,187 19.65 9,221 19.72 0.002

≥2 73,165 45.99 29,084 55.77 24,838 53.11 25,381 54.28 0.023

Medication

Metformin 80,512 50.60 46,852 89.85 <0.001 41,426 88.59 41,468 88.68 0.003

Sulfonylurea 65,753 41.33 46,520 89.21 <0.001 41,136 87.97 41,136 87.97 <0.001

DPP-4 inhibitor 13,848 8.70 8,191 15.71 <0.001 7,311 15.63 7,305 15.62 <0.001

AGI 12,992 8.17 15,344 29.42 <0.001 10,061 21.51 10,097 21.59 0.002

SGLT2 inhibitors 473 0.30 311 0.60 <0.001 275 0.59 275 0.59 <0.001

OAD numbers <0.001

0–1 98,921 62.17 6,790 13.02 7,081 15.14 6,790 14.52 0.018

2–3 56,985 35.82 41,848 80.25 36,634 78.34 37,354 79.88 0.038

>3 3,197 2.01 3,509 6.73 3,048 6.52 2,619 5.60 0.038

Insulin 66,868 42.03 25,883 49.63 <0.001 22,240 47.56 22,674 48.49 0.019

Statin 66,777 41.97 27,411 52.56 <0.001 23,951 51.22 24,196 51.74 0.010

Aspirin 73,517 46.21 28,309 54.29 <0.001 24,474 52.34 24,889 53.22 0.018

Corticosteroid 36,234 22.77 10,480 20.10 <0.001 9,632 20.60 9,735 20.82 0.005

Immunosuppressants 474 0.30 109 0.21 <0.001 111 0.24 105 0.22 0.003

SMD, standardized mean difference, SD, standard deviation, PAOD, peripheral arterial occlusive disease, COPD, chronic obstructive pulmonary disease, CCI, Charlson Comorbidity Index, DCSI, 
Diabetes Complication Severity Index, TZD, thiazolidinedione, DPP-4, dipeptidyl peptidase-4, AGI, alpha-glucosidase inhibitor, SGLT2, sodium-glucose cotransporter 2, OAD, oral antidiabetic 
drugs. Data shown as n (%) or mean ± SD. 
aStudent’s t-test. The SMD value < 0.1 indicates a negligible difference between the study and control groups.
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TABLE 2 Incidence rate and hazard ratio of main outcomes between TZD use and no-use in patients with T2D.

Outcomes
Non-TZD TZD

cHR (95% CI)
  p-

value
aHRa

(95% CI)
  p-

valueN PY IR N PY IR

Hospitalization for all-cause pneumonia 239,195 21.82 7,753 355,791 21.79 0.93 (0.90, 0.97) <0.001 0.92 (0.88, 0.95) <0.001

Hospitalization for bacterial pneumonia 3,738 241,514 15.48 5,448 360,389 15.12 0.96 (0.92, 1.00) 0.065 0.95 (0.91, 0.99) 0.014

Invasive mechanical ventilation 4,405 244,067 18.05 5,468 367,239 14.89 0.81 (0.78, 0.85) <0.001 0.80 (0.77, 0.83) <0.001

Death due to pneumonia 469 248,600 1.89 638 376,022 1.70 0.74 (0.65, 0.83) <0.001 0.73 (0.64, 0.82) <0.001

PY, person-years, IR, incidence rate, per 1,000 person-years, cHR, crude hazard ratio, aHR, adjusted hazard ratio. 
aHRa, multivariable analysis adjusted for sex, age, comorbidities, CCI, DCSI scores, insulin, statin, aspirin, item, and number of oral antidiabetic drugs.

We used crude and multivariable-adjusted Cox proportional hazards 
models to compare outcomes between TZD users and nonusers. The 
results were presented as hazard ratios (HRs) and 95% confidence 
intervals (CIs) for TZD users compared with nonusers. This study is based 
on the intention-to-treat hypothesis. To calculate the observed risks, 
we censored the participants until the date of respective outcomes, death, 
or at the end of follow-up on December 31, 2018, whichever came first. 
The Kaplan–Meier method and log-rank tests were used to compare the 
cumulative incidences of hospitalization for all-cause pneumonia, 
bacterial pneumonia, IMV, and death due to pneumonia during the 
follow-up time between TZD users and nonusers. We compared the risk 
of hospitalization for all-cause pneumonia among different subgroups of 
age, sex, comorbidities, medications (rosiglitazone, pioglitazone, and 
others) for clinical applicability of results. We also assessed the cumulative 
duration (<153, 153–549, ≧550 days) and dose (<2,940, 2,940–10,009, 
≧10,110 mg) of pioglitazone for the risks of hospitalization for all-cause 
pneumonia, bacterial pneumonia, IMV, and death due to pneumonia 
compared with no-use of TZDs to explore the dose relationship. 
We performed a stratified analysis to see the effect of TZD vs. non-TZD 
in the risk of all-cause pneumonia stratified by the subgroups of 
metformin use vs. no-use, SU use vs. no-use, DPP-4 inhibitor use-vs. 
no-use trying to determine whether other hypoglycemic agents have effect 
on pneumonia risk; stratified by patient’s resident areas of the Northern, 
Central, Southern, and Eastern Taiwan trying to see whether the different 
environmental exposures have different effect on pneumonia risk.

A two-tailed value of p <0.05 was considered significant. SAS 
(version 9.4; SAS Institute, Cary, NC, United  States) was used for 
statistical analysis.

3. Results

3.1. Participants

From January 1, 2000, to December 31, 2017, we identified 338,361 
participants with newly diagnosed T2D. Of these, 52,147 were TZD users, 
and 159,103 were nonusers (Supplementary Figure 1). After excluding 
unsuitable participants, 1: 1 propensity-score matching was used to 
construct 46,763 pairs of TZD users and nonusers. In the matched 
cohorts (Table 1), 46.34% of the participants were female; the mean (SD) 
age was 58.81 (11.46) years. The mean follow-up time for TZD users and 
nonusers was 7.80 (4.65) years and 5.21 (3.79) years, respectively.

3.2. Main outcomes

In the matched cohorts (Table 2), 7,753 (16.57%) TZD users and 
5,220 (11.16%) nonusers were hospitalized for all-cause pneumonia 

during the follow-up time (incidence rate: 21.79 vs. 21.82 per 1,000 
person-years). In the multivariable model, TZD users showed a 
significantly lower risk of hospitalization for all-cause pneumonia than 
nonusers (aHR = 0.92, 95% CI = 0.88–0.95). Compared with nonusers, 
TZD users also showed significantly lower risks of hospitalization for 
bacterial pneumonia (aHR 0.95, 95%CI 0.91–0.99), IMV (aHR 0.80, 
95% CI 0.77–0.83), and death due to pneumonia (aHR 0.73, 95% CI 
0.64–0.82).

The Kaplan–Meier analysis showed that the cumulative incidences 
of hospitalization for all-cause pneumonia, IMV use, and death due to 
pneumonia were significantly lower in TZD users than nonusers (Log-
rank test value of p<0.001). However, the cumulative incidence of 
hospitalization for bacterial pneumonia was non-significantly lower in 
TZD users than in nonusers (Log-rank test value of p = 0.066) 
(Supplementary Figure 2).

3.3. Subgroup analysis

We assessed the variables associated with the risk of 
hospitalization for all-cause pneumonia and found a significantly 
lower risk among participants using pioglitazone and statin. 
However, males, older age, participants with alcohol-related 
disorders, chronic kidney disease, COPD, depression, higher 
numbers of oral antidiabetic drugs, insulin, and aspirin use had a 
significantly higher risk of hospitalization for all-cause pneumonia 
(Table 3).

3.4. Cumulative duration and dose of 
pioglitazone

We investigated the association between the cumulative 
duration of pioglitazone use and the risks of hospitalization for 
all-cause pneumonia, bacterial pneumonia, IMV, and death due to 
pneumonia (Table 4). A longer cumulative duration of pioglitazone 
use was associated with further lower risks of hospitalization for 
all-cause pneumonia, bacterial pneumonia, IMV, and death due to 
pneumonia compared with no-use of TZDs. The value of ps for the 
trend were all significant (Table 4).

We also observed an association between the cumulative dose 
of pioglitazone and the risks of hospitalization for all-cause 
pneumonia, bacterial pneumonia, IMV, and death due to 
pneumonia (Table 4). The higher cumulative dose of pioglitazone 
use was associated with further lower risks of hospitalization for 
all-cause pneumonia, bacterial pneumonia, IMV, and death due to 
pneumonia compared with no-use of TZDs; the value of ps for the 
trend were all significant (Table 5).
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3.5. Additional analyses

The stratified analysis of different 4 regions of Taiwan on all-cause 
pneumonia risk between TZD users vs. nonusers seems to be consistent 
(Supplementary Table  2). But among other hypoglycemic agents, 
combined use of DPP-4 inhibitor and TZD seems to have a higher risk 
of hospitalization for all-cause pneumonia (Supplementary Table 2).

4. Discussion

This study demonstrated that TZD use was associated with 
significantly lower risks of hospitalization for pneumonia, IMV, and 
death due to pneumonia than TZD no-use in persons with T2D. The 
subgroup analysis revealed that the reduced risk of pneumonia by TZDs 
could be due to pioglitazone use. The dose–response analysis showed 
that longer cumulative duration and a higher cumulative dose of 
pioglitazone were associated with further lower risks of these outcomes.

Studies have shown that patients with diabetes have a higher risk of 
pneumonia than those without diabetes (Kornum et al., 2008; Harding 
et al., 2020). Patients with suboptimal glycemic control showed a higher 
risk of pneumonia (Kornum et al., 2008). Our study also revealed that 
older people, persons with comorbidities, using more oral antidiabetic 
drugs, insulin, and aspirin had a higher risk of pneumonia. However, 

patients using TZDs, especially pioglitazone and statin, had a lower risk 
of hospitalization for all-cause pneumonia. Reports show that statin use 
is associated with a lower risk of pneumonia due to its potential anti-
inflammatory effect (Macedo et al., 2014). However, a systemic review 
and meta-analysis by Sigh et al. revealed that TZD use was associated 
with a modestly elevated risk of pneumonia [relative risk (RR) 1.4(1.08–
1.82)] (Singh et al., 2011). Gorricho et al. conducted a nested case–
control study comparing the use of oral antidiabetic drugs and the risk 
of community-acquired pneumonia. They showed that TZDs combined 
with other antidiabetic drugs were associated with an increased risk of 
pneumonia compared to metformin plus sulfonylureas (Gorricho et al., 
2017). The different results obtained from the three studies could be due 
to differences in the methodology and the study population. Moreover, 
Shih et al. conducted a case–control study and showed that TZD use was 
associated with a modest reduction of sepsis risk compared to TZD 
no-use in persons with T2D (Shih et al., 2015). To our knowledge, our 
research is the first study designed to compare the risk of pneumonia 
between TZD users and nonusers and suggest that TZD use may 
attenuate the risk of hospitalization for all-cause [aHR 0.92 (0.88, 0.95)] 
and bacterial pneumonia [aHR 0.95 (0.91, 0.99)]. This result may not 
be affected by the different resident environment of Taiwan. Bu if the 
patient is combined use of DPP-4 inhibitor and TZD seems to make the 
TZD lose their protective effect against all-cause pneumonia for reasons 
that are unclear. This study also showed that pioglitazone, not 

TABLE 3 Risk of hospitalization for all-cause pneumonia in patients with T2D stratified by variables.

Variables n PY IR cHR 95% CI p-value aHRa 95% CI p-value

TZD nonusers 5,220 239,195 21.82 1.00 (Reference) – 1.00 (Reference) –

Rosiglitazone users 4,254 170,791 24.91 1.02 (0.97, 1.06) 0.4463 1.01 (0.96, 1.05) 0.7614

Pioglitazone users 3,499 185,000 18.91 0.86 (0.82, 0.9) <0.001 0.85 (0.82, 0.89) <0.001

Sex . . . –

Female 5,591 289,164 19.34 1.00 (Reference) – 1.00 (Reference) –

Male 7,382 305,823 24.14 1.27 (1.22, 1.31) <0.001 1.50 (1.45, 1.55) <0.001

Age . . . –

20–40 322 40,716 7.91 1.00 (Reference) – 1.00 (Reference) –

41–60 3,830 307,283 12.46 1.58 (1.41, 1.77) <0.001 1.49 (1.33, 1.67) <0.001

60–79 8,821 246,988 35.71 4.70 (4.2, 5.25) <0.001 3.98 (3.55, 4.46) <0.001

Mean, (SD) 1.07 (1.06,1.07) <0.001 1.06 (1.05,1.06) <0.001

Comorbidities

Alcohol-related disorders 427 14,985 28.50 1.38 (1.25, 1.52) <0.001 1.32 (1.19, 1.45) <0.001

Chronic kidney disease 2,891 78,044 37.04 1.97 (1.89, 2.05) <0.001 1.50 (1.43, 1.56) <0.001

COPD 3,062 86,663 35.33 1.85 (1.77, 1.92) <0.001 1.33 (1.27, 1.38) <0.001

Depression 825 22,424 36.79 1.81 (1.68, 1.94) <0.001 1.54 (1.43, 1.65) <0.001

Medication

OAD numbers

0–1 1,590 98,589 16.13 1.00 (Reference) – 1.00 (Reference) –

2–3 10,976 477,738 22.97 1.46 (1.38, 1.54) <0.001 1.30 (1.24, 1.38) <0.001

>3 407 18,660 21.81 1.58 (1.41, 1.76) <0.001 1.23 (1.10, 1.37) <0.001

Insulin 7,432 261,655 28.40 1.76 (1.70, 1.82) <0.001 1.49 (1.44, 1.55) <0.001

Statin 5,574 274,591 20.30 0.92 (0.89, 0.95) <0.001 0.77 (0.75, 0.80) <0.001

Aspirin 8,482 297,047 28.55 1.95 (1.88, 2.03) <0.001 1.36 (1.31, 1.41) <0.001

PY, person-years, IR, incidence rate, per 1,000 person-years, cHR, crude hazard ratio, aHR, adjusted hazard ratio, COPD, chronic obstructive pulmonary disease, OAD, oral antidiabetic drugs. 
aHRa, multivariable analysis adjusted for sex, age, comorbidities, CCI, DCSI scores, insulin, statin, aspirin, item, and number of oral antidiabetic drugs.
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rosiglitazone, could reduce the risk of pneumonia. Rosiglitazone is a 
PPARγ agonist, but pioglitazone has both α and γ effects. Each TZD has 
different patterns of effects on the regulation of gene transcription (Kung 
and Henry, 2012). Previous studies have shown that the impact of 
pioglitazone and rosiglitazone on cardiovascular diseases was different 
(Kung and Henry, 2012). Preclinical studies have also found that the 
effect of pioglitazone and rosiglitazone on inflammation may 
be  dissimilar (Zingarelli and Cook, 2005; Singh et  al., 2011). More 
research is needed to determine any difference in the effectiveness of 
pioglitazone and rosiglitazone in the risk of pneumonia.

Diabetes may reduce lung function and pulmonary diffusion 
capacity due to microangiopathic changes in the lungs (Pitocco et al., 
2012). Animal studies have demonstrated that pioglitazone can attenuate 
endotoxin-induced acute lung injury and pulmonary edema (Grommes 
et al., 2012). Kim et al. have shown that insulin sensitizers (metformin 
or TZDs) were independently associated with improvements in forced 
vital capacity (FVC) in persons with T2D and COPD (Kim et al., 2010). 
Our study demonstrated that TZDs were significantly associated with a 

lower risk of invasive mechanical ventilation than non-TZDs in persons 
with T2D [aHR 0.80 (0.77, 0.83)]. More studies are needed to explore 
the effect of TZDs on respiratory function, pulmonary microangiopathy, 
and inflammation.

Although the availability of excellent antibiotics has resulted in 
a significant reduction in mortality from pneumonia, the reduction 
in mortality within 7 days of the onset of pneumonia is not 
prominent. This finding may be due to the inability of antibiotics 
to rapidly reduce inflammatory events in the lungs (Corrales-
Medina and Musher, 2011). Pneumonia may also be an important 
factor in accelerating premature death in persons with T2D and 
multimorbidity (Fine et al., 1996; Li et al., 2019; Pearson-Stuttard 
et  al., 2022). Notably, this study showed that TZDs were 
significantly associated with a lower risk of death due to pneumonia 
[aHR 0.73 (0.64, 0.82)]. This finding may be attributable to the 
reduced risk of hospitalization for pneumonia and IMV support by 
TZD use. This study also showed that TZDs were more effective in 
protecting against hospitalization for all-cause pneumonia, IMV 

TABLE 4 Hazard ratios and 95% confidence intervals for outcomes with the cumulative duration of pioglitazone use.

Variables Event PY IR cHR (95% CI) p value aHRa (95% CI) p-value

Hospitalization for all-cause pneumonia

No-use of TZDs 5,220 239,195 21.82 1 (Reference) – 1 (Reference) –

Cumulative days of pioglitazone use (days)

<153 1,417 53,467 26.50 1.22 (1.15, 1.3) <0.001 1.18 (1.11, 1.25) <0.001

153–549 1,228 60,978 20.14 0.93 (0.87, 0.99) 0.02 0.96 (0.90, 1.02) 0.19

≧550 854 70,555 12.10 0.54 (0.5, 0.58) <0.001 0.56 (0.52, 0.60) <0.001

P for trend <0.001

Hospitalization for bacterial pneumonia

no-use of TZDs 3,738 241,514 15.48 1 (Reference) – 1 (Reference) –

Cumulative days of pioglitazone use (days)

<153 913 54,273 16.82 1.09 (1.01, 1.17) 0.027 1.09 (1.02, 1.17) 0.02

153–549 766 61,815 12.40 0.8 (0.74, 0.86) <0.001 0.88 (0.81, 0.95) 0.001

≧550 502 71,142 7.06 0.45 (0.41, 0.5) <0.001 0.49 (0.44, 0.54) <0.001

P for trend <0.001

Invasive mechanical ventilation

No-use of TZDs 4,405 244,067 18.05 1 (Reference) – 1 (Reference) –

Cumulative days of pioglitazone use (days)

<153 987 55,155 17.90 0.99 (0.93, 1.07) 0.88 1.01 (0.93, 1.07) 0.98

153–549 749 62,609 11.96 0.67 (0.62, 0.72) <0.001 0.71 (0.66, 0.77) <0.001

≧550 463 71,979 6.43 0.36 (0.32, 0.39) <0.001 0.38 (0.35, 0.42) <0.001

P for trend <0.001

Death due to pneumonia

No-use of TZDs 469 248,600 1.89 1 (Reference) – 1 (Reference) –

Cumulative days of pioglitazone use (days)

<153 113 56,537 2.00 1.09 (0.89, 1.34) 0.41 1.06 (0.86, 1.31) 0.57

153–550 90 63,878 1.41 0.76 (0.61, 0.96) 0.02 0.83 (0.66, 1.04) 0.11

>550 59 72,706 0.81 0.4 (0.3, 0.52) <0.001 0.44 (0.33, 0.57) <0.001

P for trend <0.001

PY, person-years, IR, incidence rate, per 1,000 person-years, cHR, crude hazard ratio, aHR, adjusted hazard ratio. 
aHRa, multivariable analysis adjusted for sex, age, comorbidities, CCI, DCSI scores, insulin, statin, aspirin, item, and number of oral antidiabetic drugs.
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use, and death due to pneumonia than against hospitalization for 
bacterial pneumonia (Table 2), which may indicate that the anti-
inflammatory effect of TZDs on protection against pneumonia may 
be greater than their antibacterial effect.

The possible grounds for TZDs to decrease the development and 
progression of pneumonia in persons with T2D are as follows: (The 
Institute for Health Metrics and Evaluation (IHME), Global Health data 
exchange, GBD results tool, 2019) pharmacological activation of PPARγ 
by TZDs can inhibit proinflammatory gene expression and reduce the 
production of C-reactive protein (CRP), tumor necrosis factor (TNF)-α, 
interleukin (IL)- 1β, IL-6, inducible nitric oxide synthase (iNOS), 
inducible cyclooxygenase (COX)-2, matrix metalloproteinase (MMP)-9, 
macrophage chemoattractant protein (MCP)-1, and plasminogen 
activator inhibitor (PAI)-1 (Zingarelli and Cook, 2005; Hanefeld et al., 
2007; Gan, 2013). The induction of heat shock proteins by PPARγ 
ligands may alter the activation of nuclear factor-kB (NF-kB) and 
regulate inflammation (Zingarelli and Cook, 2005; Kornum et al., 2008). 
TZDs may augment CD36 expression, tether apoptotic cells to 

macrophages to promote efferocytosis, and evoke an anti-inflammatory 
response with the resolution of tissue injury (Zingarelli and Cook, 2005; 
Lea et al., 2014; Harding et al., 2020). Studies also showed that TZDs 
could increase IL-10 levels, enhance neutrophil recruitment to the 
infection foci, raise fibroblast growth factor (FGF) 21 levels, and improve 
survival in animals with sepsis (Trevelin et al., 2017; Pearson-Stuttard 
et al., 2022). PPARγ may play a role in the differentiation of naive T cells 
to effector T cells and improve adaptive immunity (Daynes and Jones, 
2002; Wang et al., 2019). Preclinical studies demonstrated that TZDs 
could have direct antibacterial activity (Stegenga et al., 2009; Masadeh 
et al., 2011; Li et  al., 2019). In animal models of lung injury, TZDs 
decreased pulmonary edema, fibrosis, inflammation, and mortality 
(Belvisi and Mitchell, 2009; Grommes et al., 2012).

This study has some limitations. First, this NHI dataset lacks 
complete information on dietary patterns, smoking habits, alcohol 
drinking, nutritional state, physical activity, vaccination status, and 
family history. It does not contain data on glucose, hemoglobin 
A1C, biochemical and microbiological tests, immune condition, 

TABLE 5 Hazard ratios and 95% confidence intervals for outcomes with the cumulative dose of pioglitazone use.

Variables Event PY IR cHR (95% CI) p value aHRa (95% CI) p-value

Hospitalization for all-cause pneumonia

No-use of TZDs 5,220 239,195 21.82 1 (Reference) – 1 (Reference) –

Cumulative dose of pioglitazone (mg)

<2,940 1,627 50,547 32.19 1.49 (1.41, 1.58) <0.001 1.39 (1.31, 1.47) <0.001

2,940–10,009 1,091 54,383 20.06 0.93 (0.87, 0.99) 0.024 0.94 (0.88, 1) 0.07

≧10,110 781 80,071 9.75 0.43 (0.4, 0.47) <0.001 0.46 (0.43, 0.5) <0.001

P for trend <0.001

Hospitalization for bacterial pneumonia

No-use of tzds 3,738 241,514 15.48 1 (Reference) – 1 (Reference) –

Cumulative dose of pioglitazone (mg)

<2,940 1,057 51,329 20.59 1.33 (1.24, 1.42) <0.001 1.3 (1.21, 1.39) <0.001

2,940–10,009 671 55,094 12.18 0.79 (0.72, 0.85) <0.001 0.85 (0.78, 0.92) <0.001

≧10,110 453 80,808 5.61 0.36 (0.32, 0.39) <0.001 0.4 (0.36, 0.44) <0.001

P for trend <0.001

Invasive mechanical ventilation

No-use of TZDs 4,405 244,067 18.05 1 (Reference) – 1 (Reference) –

Cumulative dose of pioglitazone (mg)

<2,940 1,050 52,109 20.15 1.12 (1.05, 1.2) <0.001 1.1 (1.02, 1.17) 0.009

2,940–10,009 654 55,845 11.71 0.65 (0.6, 0.71) <0.001 0.69 (0.64, 0.75) <0.001

≧10,110 495 81,789 6.05 0.34 (0.31, 0.37) <0.001 0.37 (0.34, 0.4) <0.001

P for trend <0.001

Death due to pneumonia

No-use of TZDs 469 248,600 1.89 1 (Reference) – 1 (Reference) –

Cumulative dose of pioglitazone (mg)

<2,940 114 53,431 2.13 1.18 (0.96, 1.44) 0.12 1.1 (0.89, 1.35) 0.37

2,940–10,009 93 56,936 1.63 0.89 (0.71, 1.11) 0.30 0.94 (0.75, 1.17) 0.58

≧10,110 55 82,752 0.66 0.33 (0.25, 0.43) <0.001 0.38 (0.28, 0.5) <0.001

P for trend <0.001

PY, person-years, IR, incidence rate, per 1,000 person-years, cHR, crude hazard ratio, aHR, adjusted hazard ratio. 
aHRa, multivariable analysis adjusted for sex, age, comorbidities, CCI, DCSI scores, insulin, statin, aspirin, item, and number of oral antidiabetic drugs.
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pulmonary function tests, and imaging studies, which prevents a 
better understanding of the patient’s health status and the severity 
of diabetes. However, we matched the demographic information on 
sex and age to achieve a balance between the study and control 
groups. We also matched the items and number of oral antidiabetic 
drugs, insulin use, and DCSI scores to balance the severity of 
diabetes and increase the comparability between the study and 
comparison groups. Second, we had information on prescriptions, 
but patient compliance with medications was unknown. We could 
not obtain clues to the doctor’s preference for prescribing and the 
patient’s choice of medications from this database. Third, almost 
all the participants in this study were Chinese, and hence, the 
results may not be  generalizable to other races. Fourth, cohort 
studies are usually associated with few unknown or unobserved 
confounding factors; therefore, randomized controlled trials are 
needed to verify our results. Finally, because TZDs have the 
concern of heart failure risk, if we want to use TZDs to reduce the 
risk of hospitalization for pneumonia, we must pay close attention 
to patients for signs and symptoms of heart failure to avoid 
unexpected harm to patients.

Persons with diabetes are more likely to contract and die from 
pneumonia than those without diabetes. Although the incidence of 
vascular complications has decreased, the occurrence of pneumonia is 
still rising. In addition to recommending persons with diabetes to 
receive influenza and pneumococcal vaccinations, perhaps TZD use 
may be  an option to attenuate the morbidity and mortality of 
pneumonia. Additional studies are warranted to clarify all the effects of 
TZDs potentially linked to pneumonia.
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albicans enolase1 with a one-step 
double monoclonal antibody 
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Invasive candidiasis (IC) is often a cause of severe concern for the hospitalized 
patients, particularly those who are critically sick. However management of this 
disease is challenging due to a lack of effective laboratory diagnostic techniques. 
Hence, we  have developed a one-step double antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) using a pair of specific monoclonal 
antibodies (mAbs) for the quantitative detection of Candida albicans enolase1 
(CaEno1), which is considered as an important diagnostic biomarker for IC. The 
diagnostic efficiency of the DAS-ELISA was evaluated by using a rabbit model 
of systemic candidiasis and compared with other assays. The method validation 
results demonstrated that the developed method was sensitive, reliable, and 
feasible. The findings of the rabbit model plasma analysis indicated that the 
diagnostic efficiency of the CaEno1 detection assay was better in comparison 
to the (1,3)-β-D-glucan detection and blood culture. CaEno1 is present in the 
blood of infected rabbits for a brief period and at relatively low levels and thus 
the combination of CaEno1 antigen and IgG antibodies detection could aid to 
increase diagnostic efficiency. However, to improve the clinical application of 
CaEno1 detection in the future, efforts should be made to increase the detection 
limit of the test by promoting technical developments and by optimizing the 
protocol for the clinical serial determinations.

KEYWORDS

invasive candidiasis, laboratory diagnosis, Candida albicans enolase1, double antibody 
sandwich enzyme-linked immunosorbent assay, rabbit model

Introduction

Over the last few decades, the prevalence of nosocomial fungal infections, including invasive 
candidiasis (IC), has increased significantly. For critically ill patients, IC is frequently associated 
with high mortality rates and high medical costs (Antinori et al., 2016; Pappas et al., 2018). 
Epidemiological studies have revealed that five distinct species can cause over 90% of Candida 
invasive infections: Candida albicans, Nakaseomyces (Candida) glabrata, Candida tropicalis, 
Candida parapsilosis, and Candida krusei (Pichia kudriavzevii). Candida albicans is the most 
common cause of bloodstream infections, though infections caused by the non-albicans species 
are becoming more common (Kullberg and Arendrup, 2015).
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Early diagnosis and prompt antifungal therapy are critical for 
markedly improving the outcome of patients with IC (Pappas et al., 
2016). However, the lack of robust diagnostic assays remains a major 
challenge in facilitating an accurate diagnosis of IC. Currently, 
Candida detection techniques used in the clinical laboratories have 
various fundamental methodological flaws. For example, the microbial 
cultures suffer from limited sensitivity and long sample turnaround 
times; (1,3)-β-D-glucan tests have limitations in that they cannot 
effectively discriminate between the fungal species and are prone to 
give false positives (Ito et al., 2018; Tschopp et al., 2022).

Nucleic acid detection assays have been found to be more sensitive 
than the traditional microbial culture and could be  used as a 
complementary diagnostic technique to diagnose IC (Ramos et al., 
2017). Although several commercial Candida molecular detection 
systems are available, their clinical utility is largely limited due to a 
lack of assay standardization and low nucleic acid extraction efficiency 
(Fuchs et al., 2019; Hayette et al., 2019). T2Candida is a United States 
Food and Drug Administration (FDA)-approved nanodiagnostic 
panel that can detect the five most commonly isolated Candida species 
directly from the whole blood in about 5 h (Hamula et  al., 2016; 
Lamoth et  al., 2020; Zurl et  al., 2020). This robust test has been 
available for years and is still being refined; yet is often inaccessible to 
the routine laboratories and the patient populations they serve due to 
a lack of widespread availability.

Another important strategy for IC diagnosis is the rapid detection 
of Candida antigenic proteins or their antibodies, providing a simple, 
time-saving, and efficient option. A number of proteins have been 
identified as the potential diagnostic markers, including the C. albicans 
enolase1 (CaEno1; Li et al., 2013; He et al., 2015, 2016; Pitarch et al., 
2018). As early as in 1991, Walsh et al. reported Candida enolase 
antigenemia in cancer patients with IC (Walsh et al., 1991). Despite 
significant advances in immunological techniques for the laboratory 
diagnosis in recent years, a mature and stable method for the detection 
of CaEno1 has yet to be  reported. In a previous study, we  have 
generated two CaEno1-specific monoclonal antibodies (mAbs): 9H8 
and 10H8, and their specificities were validated using the liquid 
chromatography with tandem mass spectrometry (LC–MS/MS) and 
Western blotting (He et al., 2022). Here, we have further developed 
and tested a one-step double antibody sandwich enzyme-linked 
immunosorbent assay (DAS-ELISA) for the quantitative detection of 
CaEno1 antigen using the two mAbs. Furthermore, the diagnostic 
efficiency of the DAS-ELISA was evaluated by employing a rabbit 
model of systemic candidiasis and compared with other assays.

Materials and methods

Organism and growth conditions

In this study, C. albicans strain SC5314 was used (He et al., 2015). 
C. tropicalis ATCC1369, N. glabrata ATCC15126, C. parapsilosis 
ATCC22019, and C. krusei (P. kudriavzevii) ATCC6258 were obtained 
from the American Type Culture Collection (ATCC). The cells were 
subcultured on sabouraud dextrose agar (SDA) and incubated for 24 h 
at 35°C for all experiments. An inoculum from SDA plates was 
resuspended in the yeast extract peptone dextrose medium (YPD, 1% 
yeast extract, 2% peptone, and 2% dextrose) and incubated at 35°C for 
48 h. The yeast cells were centrifuged, washed twice with the phosphate 

buffered saline (PBS; pH7.4, 0.01 M), and densities were determined 
by plate counting or measuring optical density values at 600 nm 
(OD600).

Whole cell ELISA

Whole cell ELISA was used to determine the specificity of mAbs 
9H8 and 10H8 across different clinically important pathogens. The 
production of 9H8 and 10H8 mAbs has been described previously 
(He et al., 2022).

Candida albicans cells were adjusted to an OD600 of 0.5  in a 
0.05  M carbonate buffer solution (CBS) that contained 15 mM 
Na2CO3 and 35 mM NaHCO3 at pH9.6. The prepared suspensions 
were then used to coat the ELISA plates (100 μl/well) overnight at 
4°C. As the negative controls, a panel of clinically relevant organisms 
including Escherichia coli, Klebsiella pneumoniae, Pseudomonas 
aeruginosa, Acinetobacter baumannii, Enterococcus faecium, 
Enterococcus faecalis, Streptococcus pneumoniae, Staphylococcus 
aureus, Staphylococcus epidermis, Cryptococcus neoformans, 
C. tropicalis, N. glabrata, C. parapsilosis, C. krusei (P. kudriavzevii), 
Saccharomyces cerevisiae, and Candida dublinensis were used. These 
strains were grown, resuspended in CBS (OD600 = 0.5) and then 
coated onto ELISA plates. The plates were washed three times with 
PBS containing 0.05% Tween 20 (PBST), blocked with 100 μl of PBST 
plus 3% (w/v) bovine serum albumin (BSA), and incubated for 2 h at 
37°C. The plates were treated for 1 h at 37°C with 10H8 or 9H8 that 
were diluted to 1 μg/ml by PBST plus 1% (w/v) BSA, followed by 
addition of 1:5,000 diluted horseradish peroxidase conjugated (HRP) 
goat anti-mouse IgG (Solarbio, Beijing China). After washing, 100 μl 
of the 3,3′,5,5′-tetramethylbenzedine (TMB) solution (Beyotime, 
Shanghai, China) was added to each well and incubated at 37°C for 
10 min. The reaction was stopped with 50 μl of 2 N H2SO4, and the 
OD450 values were finally measured with the VersaMax plate reader 
(Molecular Devices, CA, United States).

The one-step DAS-ELISA

The recombinant CaEno1 was used as a standard (He et al., 2015). 
The ELISA assay uses the Sandwich-ELISA principle and checker-
board analyses were performed to determine the optimal 
concentrations of both the capture and detection antibodies.

Figure 1 depicts the protocol scheme for the DAS-ELISA. Briefly, 
mAb 9H8 (3 μg/ml in CBS, pH 9.6, 100 μl) was coated overnight at 4°C 
in each well of a 96-well microplate. After washing trice with PBST, 
the wells were blocked with 100 μl of PBST plus 3% (w/v) BSA, and 
incubated for 30 min at 37°C. The plasma samples (or diluted 
standards, 50 μl/well) and 50 μl of an optimized dilution (1:2,000) of 
HRP-10H8 were thereafter added to the wells and incubated at 37°C 
for 45 min. After washing, TMB substrate was applied to each well and 
incubated for 15 min at room temperature. The reaction was 
terminated, and the OD450 values were measured. The results were 
analyzed by using the software of ELISACalc V0.2.

The calibration curves were generated by calculating the ratios 
between the OD450 values and the corresponding standard 
concentration. The linearity was determined by serial dilution of a 
mock plasma sample with high CaEno1 concentration. The limitation 
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of detection (LOD) was calculated by signal blank ± 3SD  
(Dixit et al., 2011). The recovery tests were conducted to evaluate the 
accuracy of the DAS-ELISA (Shen et al., 2020).

Rabbit model of systemic candidiasis

Three female New Zealand white rabbits weighing approximately 
2.5 kg were procured from Hebei Medical University’s Experimental 
Animal Center (Shijiazhuang, China). The Bethune International 
Peace Hospital’s Ethics Committee authorized the animal care and use 
methods (No.2019-KY-23), and all the applicable institutional and 
governmental standards regulating the ethical use of animals 
were followed.

Each rabbit was inoculated with 1.5 × 106 CFU of C. albicans 
SC5314 blastospores suspended in PBS intravenously through the 
marginal ear vein to cause the systemic candidiasis. Both the body 
temperature and weight of the rabbits were measured before the 
inoculation and on the 1st, 2nd, 4th, 7th, 10th, 15th, 20th, and 27th 
days post inoculation. Approximately 3.0 ml of anticoagulant blood 
was obtained from the model rabbits at each time point for different 
tests. Among them, 100 μl of whole blood was used for the blood 
hematology that was carried out with Sysmex 2100 (Sysmex 
Corporation, Kobe, Japan). The platelet rich plasma was obtained 
from 400 μl of blood and used to analyze the (1,3)-β-D-glucan 
concentration with a commercial kit by using the kinetic turbidimetry 
method (Xiamen Bioendo Technology Co., Ltd., Xiamen, China). The 
remaining 2.5 ml of blood was thereafter centrifuged to separate the 
plasma and blood cells. The plasma was utilized for biochemical 
analysis, as well as the detection of CaEno1 antigen and antibodies. 
Blood biochemistry analysis was performed by an Olympus AU5400 
system (Olympus, Shinjuku, Japan). Six biochemical tests were used 
to assess the liver, kidney, and heart function of the rabbits: total 
protein (TP), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), plasma blood urea nitrogen (BUN), and 
phosphocreatine kinase (CK). The residual blood cells were 
resuspended in the normal saline to 2.5 ml and injected into the 

children’s blood culture bottles, where they were cultivated by using 
the BacT/ALERT 3D automated system (bioM é rieux, Craponne, 
France). The positive samples were subcultured on the standard media 
by using the routine microbiological techniques.

CaEno IgG antibody detection

Candida albicans enolase1 IgG antibody in rabbit plasma was 
measured by indirect ELISA, as previously described (He et al., 2015). 
Recombinant CaEno1 was then coated onto each well of blank ELISA 
plates for overnight at 4°C after being diluted to 1 μg/ml in CBS. After 
washing trice with PBST, the plates were then blocked with PBST plus 
3% (w/v) BSA solution, and incubated for 2 h at 37°C. After washing, 
rabbit plasma samples with a 1:500 dilution by PBST plus 1% (w/v) 
BSA were added and incubated at 37°C for 1 h. After three washes 
with PBST, 1:5,000 diluted HRP-conjugated goat anti-mouse IgG 
(Solarbio, Beijing, China) was added and incubated for 1 h at 
37°C. After another round of washing, 100 μl of TMB substrate 
solution was applied to each well and incubated for 10 min at 
37°C. Thereafter, the reaction was terminated and the OD450 values 
were determined.

Results

Specificity of the mAbs and DAS-ELISA

We have previously demonstrated that 9H8 and 10H8 can 
specifically recognize CaEno1 in total lysate from C. albicans. We have 
also developed whole-cell ELISA assays to determine the response 
specificity of the 9H8, 10H8 mAbs against the different clinically 
important pathogens including a panel of Candida spp. and 
non-Candida organisms. The specificity of the DAS-ELISA was 
determined by detecting CaEno1  in the supernatant of various 
Candida spp. and grown for 48 h in YPD medium. The other negative 
control organisms were grown in enrichment broth and the 
supernatant was applied to the DAS-ELISA test as well. Table 1 depicts 
that 9H8 mAb can react specifically with C. albicans, with no cross 
interaction with other organisms that were evaluated. Remarkably, 
10H8 mAb exhibited distinct response characteristics and could cross-
react with all the Candida spp. and S. cerevisiae. The two mAbs’ 
DAS-ELISA could specifically react with the C. albicans 
culture supernatant.

Performance of the DAS-ELISA

Figure  2A depicts a standard curve generated with the 
recombinant CaEno1 as the standard. Normal rabbit plasma serial 
dilution of the recombinant CaEno1 was used as mock clinical 
samples, and the result indicated good linearity of DAS-ELISA across 
the range that we have investigated (top limit was close to 50 ng/ml, 
bottom limit was about 1 ng/ml, Figure 2B). The LOD of CaEno1 
detection by this method was 0.33 ng/ml. The recovery test was 
conducted by addition of a high value standard sample into a  
low value matrix sample, with the volume ratio of 1:9. The recovery 
rate was determined by using the following formula: Recovery  

FIGURE 1

Schematic representation of the one-step double monoclonal 
antibody sandwich ELISA assay.
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(in %) = [(amount detected − amount sample)/amount standard 
spiked] × 100. The recovery experiment was repeated trice, with an 
average recovery rate of 103.26% (95% CI = 85–115%).

Rabbit model of the systemic candidiasis

All the rabbits displayed infection symptoms after being 
inoculated with C. albicans SC5314, such as loss of appetite and 
reduced activity. The body weight decreased significantly after 
infection (Figure  3A), and the body temperature increased 
dramatically on the first day, then gradually recovered to normal 
(Figure 3B). The number of peripheral white blood cells (WBC) 
rose steadily beginning on the first day after the injection and 
peaked on the seventh day. The dynamics of the neutrophil 
lymphocyte ratio (NLR) were remarkably comparable to the 
dynamics of the body temperature. It increased rapidly on the first 
day and then was gradually restored to the normal value 
(Figure 3C). The biochemical tests showed that once rabbits were 
infected with C. albicans, the heart, liver, and kidney functions were 
impaired. The peak of ALT emerged on the second day after 
Candida inoculation, the peak of AST level was reached on the 
seventh day, whereas the peaks of both CK and BUN level appeared 
on the fourth day (Figures 3D,E).

Diagnostic efficiency of CaEno1 detection 
was better in comparison to the other tests

Candida albicans enolase1 and (1,3)-β-D-glucan were analyzed in 
rabbit plasma samples, and their dynamics have been depicted in 
Figure 4A. CaEno1 and (1,3)-β-D-glucan were found in the peripheral 
blood of rabbit following fungal inoculation. Both the levels in the 
blood steadily declined over time. On the seventh day after 
inoculation, (1,3)-β-D-glucan could not be  detected in the rabbit 
model’s blood, and only one rabbit assessed positive for CaEno1. The 
blood culture findings revealed that all the rabbits had positive results 
after fungal inoculation. One rabbit remained positive for 24 h, 
whereas the two others remained positive for 48 h. In addition, upon 
microscopic analysis, blastospores and hyphal Candida could 
be observed in all blood positive cultures that were recognized as 
C. albicans by CHROMagar.

We next compared the diagnostic efficiency CaEno1, G-test, and 
blood culture. Each rabbit was assigned a value of 1 for each positive 
result and a value of 0 for each negative result, yielding the heat map 
as displayed in Figure 4B. On the first day after inoculation, all the 
tests performed identically to diagnose IC; on the second day, the 
CaEno1 detection and the G-test still diagnosed all rabbits, and better 
than the blood cultures; on the fourth and seventh days, CaEno1 
detection diagnostic efficiency was slightly better than the G-test, 
while the blood culture diagnostic efficiency was 0.

Combined CaEno1 antigen antibody 
detection improved the diagnostic 
efficiency

All rabbits generated anti-CaEno1 IgG after being inoculated with 
C. albicans. The antibodies began to appear around day 7 after 
inoculation and steadily rose subsequently, and continued to grow 
until the experiment ended on day 27 (Figure 5A).

Indirect ELISA exhibited a significant background when detecting 
anti-CaEno1 IgG antibodies in rabbit plasma samples. We used rabbit 
plasma before inoculation as a control and tested it 20 times, with the 

TABLE 1 Reaction specificity of 9H8, 10H8 mAbs, and the DAS-ELISA.

Species Source 
of straina

Cross reactivity

9H8 10H8 DAS-
ELISAb

Candida albicans 

strain SC5314

Standard 

strain

Positive Positive Positive

Candida 

tropicalis 

ATCC1369

Standard 

strain

Negative Positive Negative

Nakaseomyces 

(Candida) 

glabrata 

ATCC15126

Standard 

strain

Negative Positive Negative

Candida 

parapsilosis 

ATCC22019

Standard 

strain

Negative Positive Negative

Candida krusei 

(Pichia 

kudriavzevii) 

ATCC6258

Standard 

strain

Negative Positive Negative

Saccharomyces 

cerevisiae 

ATCC9763

Standard 

strain

Negative Positive Negative

Candida 

dublinensis (n = 3)

Clinical 

isolates

Negative Positive Negative

Cryptococcus 

neoformans 

(n = 3)

Clinical 

isolates

Negative Negative Negative

Escherichia coli 

(n = 3)

Clinical 

isolates

Negative Negative Negative

Klebsiella 

pneumoniae 

(n = 3)

Clinical 

isolates

Negative Negative Negative

Pseudomonas 

aeruginosa (n = 3)

Clinical 

isolates

Negative Negative Negative

Acinetobacter 

baumannii (n = 3)

Clinical 

isolates

Negative Negative Negative

Enterococcus 

faecium (n = 3)

Clinical 

isolates

Negative Negative Negative

Enterococcus 

faecalis (n = 3)

Clinical 

isolates

Negative Negative Negative

Streptococcus 

pneumoniae 

(n = 3)

Clinical 

isolates

Negative Negative Negative

Staphylococcus 

aureus (n = 3)

Clinical 

isolates

Negative Negative Negative

Staphylococcus 

epidermis (n = 3)

Clinical 

isolates

Negative Negative Negative

aAll the clinical isolates have been identified by an ISO9000 certified microbiological clinical 
laboratory.
bDAS-ELISA, dual antibody sandwich enzyme-linked immunosorbent assay.

276

https://doi.org/10.3389/fmicb.2023.1078709
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Piao et al. 10.3389/fmicb.2023.1078709

Frontiers in Microbiology 05 frontiersin.org

OD450 > mean OD450control + 2SDcontrol set as the threshold for 
determining positive samples. The heat map in Figure  5B was 
produced by assigning a value of one to each positive result and a 
value of zero to each negative result for each rabbit. The results 
demonstrated that the CaEno1 antigen and antibody test exhibited 
high complementarily for the diagnosis of Candida infection. The 
positive antigen findings were mostly found in the initial stages, 
whereas the positive antibody results were mostly observed in the late 
stages of infection. The combined antigen–antibody tests resulted in 
the successful diagnosis in all rabbits from days 1 to 4 and 20 to 27 
after Candida inoculation, as well as in a portion of rabbits from days 
4 to 15.

Discussion

Since IC is subtle and indistinguishable from the bacterial 
infections, it presents a major challenge in clinical diagnosis. 
However, in recent years, researchers have investigated a 
combination of various culture and non-culture techniques, as well 
as tested the combined use of different non-culture techniques,  
for enhancing the diagnostic efficiency (Posteraro et  al., 2011; 
Barantsevich and Barantsevich, 2022; Fisher et al., 2022). At the 
same time, novel diagnostic technologies are constantly being 
developed and clinically tested. Here, we have developed a one-step 
double antibody sandwich ELISA for CaEno1 detection by using a 
pair of previously generated mAbs (He et al., 2022), lowering the 
detection time to less than 2 h. Conversely, it takes 2–5 days for the 
culture procedure to achieve conclusive results (Pitarch et al., 2018). 
The long sample turnaround time of the culture frequently 
postpones the optimal time for IC management. Furthermore, the 
ELISA test is easy to perform in the routine labs. Since few 
extremely sensitive diagnostic techniques, such as T2Candida, are 
not widely available, the IC diagnostic technique based on ELISA 
could be used as a complement to them.

Antigen testing is a powerful technique for screening and 
diagnosing the different infectious diseases, and it has been found to 
play a crucial role in the management and control of the infectious 
diseases such as the COVID-19 epidemic (Charton et al., 2020; Ciotti 
et al., 2021; Peeling et al., 2021). When compared to other commonly 
employed techniques such as culture and nucleic acid testing, antigen 
testing is faster and less expensive, thus allowing for larger-scale 
screening and dynamic surveillance. Despite the fact that a variety of 
Candida proteins, such as Eno1 (Walsh et al., 1991), Sap1/2(Shukla 
et al., 2021), and Mp65 (Gomez et al., 2000), have been identified as 
potential biomarkers for the diagnosis of IC, commercial diagnostic 
kits for the detection of Candida antigens are scarce. CAND-TEC™ 
is an approved kit for the latex agglutination detection of unknown 
heat-stable Candida proteins; nevertheless, the test has a limited 
diagnostic sensitivity for IC (Held et al., 2013). CaEno1 is a highly 
conserved protein that C. albicans actively secretes or releases 
exclusively during the process of invasive infections (Sundstrom and 
Aliaga, 1992). Since commercial kits for CaEno1 detection have been 
seldom reported, development of innovative one-step DAS-ELISA 
that can detect CaEno1 at concentrations over 0.33 ng/ml has the 
potential to be converted into a commercial kit once the detection 
technology has been enhanced and optimized.

A rabbit model of systemic candidiasis was established to assess 
the ability of DAS-ELISA to detect CaEno1 and diagnose IC. The 
plasma samples obtained from infected rabbit models were analyzed 
using the one-step DAS-ELISA, and the concentrations of CaEno1 
and (1,3)-β-D-glucan decreased as the infection time was increased. 
The fundamental explanation, we believe, could be attributed to the 
fact that immunocompetent rabbits have a high resistance to Candida 
infection, and the injected C. albicans is rapidly cleared from the 
bloodstream. In the clinical circumstances, however, especially in the 
critically sick patients with compromised immune systems, the host-
Candida pathogen conflict may be  prolonged. For example, the 
findings from an epidemiological study in the neonatal ward has 
indicated that the median duration of candidaemia in neonates was 

A B

FIGURE 2

Standard curve (A) and linear range (B) of the one-step DAS-ELISA assay for the quantitative detection of CaEno1 in rabbit plasma.
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6 days and that 52% of neonates with Candida bloodstream infections 
suffered from persistent candidaemia (Levy et al., 2006). Therefore, it 
is clinically possible that the CaEno1 antigen in immune-compromise 
IC patients could continue to remain at an elevated level, thereby 
rending the detection of CaEno1 more convenient and valuable.

The detection of CaEno1 has distinct advantages over the other 
diagnostic techniques. It can specifically confirm C. albicans infection 
in comparison to the G-test and is simpler, faster, and more sensitive 
when compared to the blood cultures. In addition, various prior 
studies have confirmed that CaEno1 IgG antibody detection can play 
a significant role in IC diagnosis (Philip et al., 2005; Laín et al., 2007; 
Clancy et al., 2008; Li et al., 2013; Pitarch et al., 2014; He et al., 2015, 
2016). Antigen–antibody combination testing has also been shown to 
increase the diagnostic efficiency in infections caused by several 
organisms (Mikulska et al., 2010; Fry et al., 2011; Bloch et al., 2018; 
Veyrenche et  al., 2021). Furthermore, analyses of the various 
physiological and biochemical markers revealed that the inflammatory 

response cycle in the rabbit infection model lasted around 7 days, with 
detectable CaEno1 in the plasma lasting 4–7 days and anti-CaEno1 
IgG antibodies appearing substantially on day 7. In the rabbit Candida 
infection model, CaEno1 antigen and antibody detection can provide 
complementary advantages and successfully boost the diagnostic 
efficiency. It is important to point out that the disadvantages associated 
with indirect ELISA detection of CaEno1 IgG antibodies include 
presence of high background and the necessity to dilute the samples, 
both of which need to be addressed in the future.

The study’s conclusions should be  viewed considering some 
limitations. First, we  have used preclinical model to illustrate the 
importance of CaEno1 antigen detection in the diagnosis of IC, and 
the full application of these findings in humans will need to 
be validated in future research. Second, this study only includes the 
data obtained from a small number of animals. Although we have 
objectively demonstrated the dynamic changes in the physiological 
and biochemical markers, CaEno1 and (1,3)-β-D-glucan in model 

A B

C

E

D

FIGURE 3

Dynamic changes in both the physiological and biochemical indicators after Candida albicans SC5314 inoculation in rabbits. (A) Body weight; (B) Body 
temperature; (C) White blood cell (WBC) count and neutrophil lymphocyte ratio (NLR); (D) Plasma alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST); (E) Plasma blood urea nitrogen (BUN), and phosphocreatine kinase (CK).
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animals, the small number of animals preclude the use of robust 
statistical analysis in this work.

The one-step DAS-ELISA assay was able to trace amounts of 
CaEno1 (ng level) in the plasma of the rabbit model, which was 
only slightly above the LOD of the method, thus suggesting that 
the sensitivity of this method needs further improvement. 
Furthermore, CaEno1 detection might be impeded, as with the 

other protein antigens, by rapid clearance from the bloodstream, 
the formation of immunological complexes with the associated 
antibodies, and existence of low amount in circulation (Ellepola 
and Morrison, 2005). In the future, robust technical advancements 
will allow us to solve some of these limitations by improving the 
LOD of the test technique and optimizing the protocol for the 
clinical serial determinations.

A B

FIGURE 4

Dynamics of CaEno1 and its diagnostic efficiency in comparison to the G-test and blood culture. (A) Dynamics of CaEno1 and (1,3)-β-D-glucan (cut-
off, 10 pg./ml) in rabbit blood after Candida albicans inoculation; (B) Diagnostic efficiency of CaEno1 detection, G-test, and the blood culture.

A B

FIGURE 5

Combined CaEno1 antigen–antibody detection enhanced diagnostic efficiency in rabbits inoculated with C.albicans. (A) Anti-CaEno1 IgG dynamics in 
rabbit plasma; (B) Diagnostic efficiency of anti-CaEno1 IgG, CaEno1 detection, and their combined application.
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