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Evaluation of the Performance Characteristics of a New POC Multiplex PCR Assay for the
Diagnosis of Viral and Bacterial Neuromeningeal Infections
Reprinted from: Diagnostics 2023, 13, 1110, doi:10.3390/diagnostics13061110 . . . . . . . . . . . . 46

Tolulope Alade, Thuy-Huong Ta-Tang, Sulaiman Adebayo Nassar,

Akeem Abiodun Akindele, Raquel Capote-Morales, Tosin Blessing Omobami

and Pedro Berzosa

Prevalence of Schistosoma haematobium and Intestinal Helminth Infections among Nigerian
School Children
Reprinted from: Diagnostics 2023, 13, 759, doi:10.3390/diagnostics13040759 . . . . . . . . . . . . . 56

Mariana B. Cartuliares, Helene Skjøt-Arkil, Christian B. Mogensen, Thor A. Skovsted,

L. Andersen, Andreas K. Pedersen and Flemming S. Rosenvinge

Gram Stain and Culture of Sputum Samples Detect Only Few Pathogens in
Community-Acquired Lower Respiratory Tract Infections: Secondary Analysis of
a Randomized Controlled Trial
Reprinted from: Diagnostics 2023, 13, 628, doi:10.3390/diagnostics13040628 . . . . . . . . . . . . . 65

Mariano Rodrı́guez-Mateos, Javier Jaso, Paula Martı́nez de Aguirre, Silvia Carlos,
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Abstract: Gallstone disease (GD) is one of the most common gastrointestinal diseases worldwide.
Nowadays, intestinal microbiota are thought to play important roles in the formation of gallstones.
In our study, human fecal samples were extracted for metagenomic next-generation sequencing
(mNGS) on the Illumina HiSeq platform, followed by bioinformatics analyses. Our results showed
that there was a particular intestinal micro-ecosystem in GD patients. In contrast to healthy people,
the sequences of Bacteroidetes, Bacteroides and Thetaiotaomicron were obviously more abundant in GD
patients at phylum, genus and species levels, respectively. On the other hand, the glycan metabolism
and drug resistance, especially for the β-lactams, were the most profound functions of gut microbes
in GD patients compared to those in normal subjects. Furthermore, a correlation analysis drew out
that there existed a significant relationship between the serum levels of biochemical indicators and
abundances of intestinal microbes in GD patients. Our results illuminate both the composition and
functions of intestinal microbiota in GD patients. All in all, our study can broaden the insight into the
potential mechanism of how gut microbes affect the progression of gallstones to some extent, which
may provide potential targets for the prevention, diagnosis or treatment of GD.

Keywords: intestinal microbial community; gallstone disease (GD); species composition;
microbial function

1. Introduction

Gallstone disease (GD), also known as cholelithiasis, is a common disease which
can stimulate the gallbladder mucosa and result in acute/chronic cholecystitis or even
gallbladder carcinoma [1]. The cholesterol gallstone is the most familiar type of GD in
cholecystectomy [2]. The prevalence of GD is extremely high in Western countries with the
rate of about 10~20% [3]. Nowadays, GD has become more and more prevalent in China,
ranging from 10 to 15% [4]. The majority of the population with the disease are women and
elderly people. Generally, the morbidity of GD can be impacted by a great deal of factors,
including heredity, lifestyle, dyslipidemia and especially a high-cholesterol diet [5,6]. The
abnormal metabolism or supersaturated secretion of cholesterol and bile acids is commonly
believed to induce the formation of gallstones [7,8].

It is universally acknowledged that intestinal microbial communities participate in
regulating the endocrine and biological metabolism in human bodies [9–11], which are
intimately associated with various diseases, such as adiposity, diabetes, inflammation,
depression or even some kinds of tumors [12–15]. In recent years, several researchers
have suggested that intestinal microbiota may play a vitally important role in gallstone
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pathogenesis [16,17]. Wang et al. supposed that a lithogenic diet could lead to dramatic
alteration in the abundance and composition of gut microbiota, which might contribute to
the metabolic disorders of cholesterol and bile acid [17]. Wu et al. found an overgrowth of
the bacterial phylum Proteobacteria within the gut of GD patients, while three gut bacterial
genera, including Faecalibacterium, Lachnospira and Roseburia, significantly decreased [18].
Interestingly, Keren et al. pointed out that the intestinal genus Roseburia and the species
Bacteroides were reduced, but the family Ruminococcaceae and the genus Oscillospira increased
in GD patients [19]. However, the pathogenesis of GD affected by intestinal microbiota
still remained unclear up until now. The most common hypothesis could be concluded
that bile acids’ metabolism is mediated by intestinal bacteria via the activation of bile salt
hydrolases (BSH), existing in genera Bifidobacterium, Lactobacillus, Clostridium, etc. BSH
might further dissociate both 7α-dehydroxylase and bile acids, thereby turning primary
bile acids into secondary bile acids. The high level of secondary bile acids is considered to
cause an increased secretion of biliary cholesterol and formation of gallstones [20–22]. On
the whole, the available studies usually focused on the description of species in cholelithic
gut microbiota with 16S rRNA sequencing. Very few of them laid emphasis on the detailed
function of those differential microbes. In view of the intestinal microbial community being
a complex and crucial ecosystem, more and more research should be conducted to reveal
the intrinsic effect of gut microbiota on the occurrence and development of GD.

In our study, metagenomic next-generation sequencing (mNGS) was performed on
the Illumina HiSeq platform so as to undertake a relatively comprehensive analysis of
the relationship between intestinal microbiota and GD. In summary, we attempted to
draw a clear illustration of four important and key issues: (1) The characteristics of the
intestinal microbial community in GD patients compared with those in healthy individuals.
(2) The functions of differential gut microbiota in GD patients. (3) The relationship between
intestinal microbiota and traditional biochemical markers in patients with cholelithiasis.
(4) The potential mechanism of how the intestinal microbial community affects the forma-
tion of gallstones.

2. Materials and Methods

2.1. Patient Cohorts

GD patients and healthy individuals in our study were all recruited from Huadong
Hospital affiliated with Fudan University. The criteria used for the selection of patients
were as follows: (1) The diagnostic criteria were according to the European Association
for the Study of the Liver (EASL) guidelines. (2) None of the patients indicated they
had suffered gastrointestinal diseases except GD. (3) All the patients were excluded from
chronic diseases, such as cirrhosis, diabetes, cardiovascular disease, etc. (4) None of the
patients had taken antibiotics or probiotics within the previous 3 months prior to this study.
(5) None of the patients underwent surgery prior to this study.

In all selected cases, the characteristics of healthy individuals were as follows:
(1) None of the healthy individuals had suffered any diseases of the gastrointestinal tract
or other chronic diseases. (2) None of them had been subjected to surgical procedures for
several years prior to this study. (3) None of them had taken antibiotics or probiotics within
the previous 3 months prior to this study.

Our study was approved by the committee for ethical review of research involving
human subjects (Ethical Project No. 2018k045), Huadong Hospital affiliated with Fudan
University, Shanghai, China. All participants signed informed consent forms.

2.2. Fecal Samples’ Collection

Fresh fecal samples were obtained from the GD patients or healthy individuals. The
collection procedures were followed by our previously published methods [23,24]. All
the fecal samples were placed in cryovials without a preservative, then immediately snap-
frozen in liquid nitrogen and stored at −80 ◦C. Afterwards, the samples were kept on dry
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ice for the subsequent sequencing analysis. All samples were stored in their original tubes
at −80 ◦C until further processing.

2.3. DNA Extraction and Sequencing

A DNeasy PowerSoil Kit (QIAGEN, Inc., Dusseldorf, Germany) was used for ex-
tracting the total microbial genomic DNA from fecal samples. The extraction procedure
was conducted under the guidance of the manufacturer’s instructions. Then, the quality
and quantity of extracted DNA were estimated with agarose gel electrophoresis and a
NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific, Waltham, MA, USA), re-
spectively. After that, an Illumina TruSeq Nano DNA LT Library Preparation Kit (Illumina,
San Diego, CA, USA) was used to set up metagenome shotgun sequencing libraries with
insert sizes of 400 bp using extracted microbial DNA. Finally, the sequencing processes of
constructed libraries were performed on the Illumina HiSeq X-ten platform (Illumina, USA)
with a PE150 strategy at Personal Biotechnology Co., Ltd. (Shanghai, China).

2.4. Sequence Analysis

Raw sequencing reads were processed to obtain quality-filtered reads for the further
analysis. First of all, Cutadapt (v1.2.1) was used to eliminate sequencing adapters from
sequencing reads [25]. Then, low-quality reads were cleaned up with a sliding-window al-
gorithm. Thirdly, qualified reads were aligned to the host genome with a Burrows Wheeler
Alignment (BWA) Tool (http://bio-bwa.sourceforge.net/) (accessed on 18 April 2022) to
clear host contamination [26]. The reads were further applied to construct the metagenome
for each sample when they were de novo assembled with an iterative De Bruijn graph
assembler for sequencing data with a highly uneven depth (IDBA-UD) [27]. Finally, the
coding regions (CDS) of metagenomic scaffolds (>300 bp) were predicted with MetaGene-
Mark (http://exon.gatech.edu/GeneMark/metagenome) (accessed on 18 April 2022) [28],
followed by CDS sequence clustering so as to obtain a non-redundant gene catalog [29].

The sequence data analyses were mainly performed using R packages (v3.2.0). Oper-
ational Taxonomic Units (OTU)-level alpha diversity indices, such as the Chao1 richness
estimator, abundance-based coverage estimator metric (ACE), Shannon diversity index and
Simpson index, were calculated using the OTU table in Quantitative Insights Into Microbial
Ecology (QIIME). Meanwhile, a beta diversity analysis was performed to investigate the
compositional and functional variation of microbial communities of all samples using
Bray–Curtis distance metrics and visualized via a principal coordinate analysis (PCoA) [30],
nonmetric multidimensional scaling (NMDS) and the unweighted pair-group method with
arithmetic means (UPGMA) hierarchical clustering [31]. Additionally, the functional pro-
files of the non-redundant genes were obtained by annotating against the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Evolutionary genealogy of
genes: Non-supervised Orthologous Groups (EggNOG) and Carbohydrate-Active enzymes
(CAZy) databases, respectively, by using the double index alignment of next-generation
sequencing data (DIAMOND) alignment algorithm [32]. Based on the taxonomic and
functional profiles of non-redundant genes, linear discriminant analysis effect size (LEfSe)
was used to detect differentially abundant taxa and functions across groups using the
default parameters [33]. Moreover, a random forest analysis was applied for discriminating
different samples using the R package “random Forest” with 1000 trees and all default
settings [34,35]. The generalization error was estimated using 10-fold cross-validation. The
expected “baseline” error was also included, which was obtained with a classifier that
simply predicted the most common category label.

2.5. Data Access

All raw sequences were deposited in the NCBI Sequence Read Archive (SRA) under
the accession number PRJNA999028.
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2.6. Statistical Analysis

Statistical analyses were performed with R packages (v3.2.0) and SPSS version 20.0
(SPSS, Chicago, IL, USA). The comparisons of species and related functions between groups
were displayed with the LEfSe method. Differences of clinical features between groups were
analyzed with a one-way ANOVA or Chi-square test. Correlation analyses were conducted
with a Pearson’s correlation test. The degree of correlation was evaluated with the Pearson
correlation coefficient. In all cases, p < 0.05 was considered to be statistically significant.

3. Results

3.1. Analysis of Intestinal Microbial Community in GD Patients

A total of 62 fecal samples from 42 GD patients (16 males/26 females) and 20 healthy
individuals (12 males/8 females) were included in our study. The values of serum bio-
chemical markers and parameter distribution of all samples are shown in Table 1. The
Scaffolds/Scaftigs of each sample were aligned using BLASTN with the sequences of
Bacteria, Archaea, Fungi and Viruses in the NCBI-NT database (Nucleotide collection,
ftp://ftp.ncbi.nih.gov/blast/db/) (accessed on 21 February 2023), followed by an analysis
of species classification from phylum to species on the MEtaGenome Analyzer platform
(http://ab.inf.uni-tuebingen.de/software/megan5) (accessed on 21 February 2023) accord-
ing to the lowest common ancestor (LCA) algorithm [36,37].

Table 1. Clinical features of the samples.

GD Patients Healthy People p-Value

Age (years) 49.69 ± 7.37 46.10 ± 6.32 0.066
Gender

Male 16 12
0.105Female 26 8

Glutamate Dehydrogenase (μmol/L) 3.39 ± 2.10 - -
Total Protein/Albumin 1.62 ± 0.46 - -
Total Protein (μmol/L) 71.89 ± 5.00 - -

Albumin (μmol/L) 45.08 ± 3.52 - -
Prealbumin (μmol/L) 233.37 ± 41.85 - -

Alanine Aminotransferase (μmol/L) 25.16 ± 18.51 - -
Aspartate Aminotransferase (μmol/L) 22.73 ± 18.64 - -

Lactate Dehydrogenase (μmol/L) 168.81 ± 25.12 - -
Total Bile Acid (μmol/L) 4.10 ± 3.10 - -

γ-Glutamyl Transpeptidase (μmol/L) 45.69 ± 23.96 - -
Direct Bilirubin (μmol/L) 4.49 ± 2.40 - -
Total Bilirubin (μmol/L) 11.45 ± 5.01 - -

Alpha-l-fucosidase (μmol/L) 19.85 ± 5.47 - -
Cystatin C (μmol/L) 0.73 ± 0.18 - -

In general, the intestinal microbial composition of GD patients was described with
taxonomic profiling. At the phylum level, we noticed Firmicutes (36.13%), Bacteroidetes
(31.85%), Proteobacteria (10.71%) and Actinobacteria (1.66%) accounted for the majority of
the sequences (Figure 1A). When it comes to the genus level, Bacteroides (26.17%), Faecal-
ibacterium (6.99%), Escherichia (5.12%), Blautia (2.30%) and Lachnoclostridium (2.44%) were
found to be the main gut genera for GD patients (Figure 1B). Furthermore, Faecalibacterium
prausnitzii (6.9%), Escherichia coli (5.1%), Bacteroides vulgatus (3.5%), Bacteroides thetaiotaomi-
cron (2.7%), Bacteroides dorei (2.5%), Bacteroides fragilis (2.3%), Roseburia intestinalis (1.5%)
and Bacteroides cellulosilyticus (1.4%) were the dominant gut microbes (>1% of all sequences)
at the species level (Figure 1C). Additionally, no matter in the GD patients or in the healthy
individuals, there are no newly identified microbes.
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Figure 1. The composition of intestinal microbiota in GD patients and healthy individuals. (A) The
composition of intestinal microbiota at the phylum level. (B) The composition of intestinal microbiota
at the genus level. (C) The composition of intestinal microbiota at the species level. Note: N: healthy
individuals, D: GD patients.

Moreover, the beta diversity of species composition was estimated with Bray–Curtis-
distance-based PCoA. The result revealed the fecal samples from GD patients were grouped
together showing obviously less similarities to each other than to those samples from
healthy individuals (Figure 2).

3.2. The Intestinal Microbiota in GD Patients Were Extraordinarily Different from Those in
Healthy Individuals

To elucidate the specific gut microbiota of GD patients, the LEfSe method was con-
ducted on the Galaxy online analysis platform (http://huttenhower.sph.harvard.edu/
galaxy/) (accessed on 21 February 2023) according to the species composition spectra.
The results showed that there were several kinds of intestinal microbes with a significant
difference in the patient group compared to those in healthy individuals at the phylum,
genus and species levels, respectively. To be specific, the member of phylum Bacteroidetes
(logarithm value: 5.515, p = 0.001) was the only differential species in GD patients. At the
genus level, Bacteroides (5.418, p = 0.004), Prevotella (4.075, p < 0.001), Odoribacter (3.636,
p = 0.027), Barnesiella (3.091, p = 0.003), Tannerella (2.557, p < 0.001), etc., were more fre-
quently detected in GD patients. In addition, the main bacterial species were represented
by Thetaiotaomicron (4.430, p < 0.01), Dorei (4.407, p < 0.05), Fragilis (4.359, p < 0.01), Cellulosi-
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lyticus (4.167, p < 0.05), Salanitronis (3.761, p < 0.01), etc., in the fecal microecosystem of the
patients (Figure 3).

Figure 2. Bray–Curtis-distance-based PCoA of species composition dissimilarity between GD patients
and healthy people. The percentages in the axes represent the proportion of differences in the original
data, which the corresponding principal coordinates can explain. Each point represents a sample and
points of different colors belong to different groups. Note: N: healthy individuals, D: GD patients.

3.3. The Functions of Intestinal Microbiota in GD Patients Varied from Those in Healthy
Individuals

The LEfSe method was used to further explore the functions of differential gut mi-
crobes in GD patients according to the abundance spectra of basic functional groups of all
samples annotated in the KEGG database [38]. The results revealed that the gut microbial
function could be divided into several sections, including metabolism, human diseases,
cellular processes and organismal systems.

In the GD group, within the metabolism section, glycan biosynthesis (logarithm
value: 4.554, p < 0.001), amino sugar and nucleotide sugar metabolism (4.348, p = 0.023),
sphingolipid metabolism (3.777, p = 0.004), folate biosynthesis (3.775, p = 0.008) and gly-
cosaminoglycan degradation (3.479, p = 0.004), etc., showed a remarkably higher proportion
compared with those in healthy individuals. When it comes to the human diseases section,
only the antimicrobial resistance class exhibited an obviously higher representation in GD
patients. Moreover, the β-lactam resistance (3.884, p < 0.014) and cationic antimicrobial
peptide (CAMP) resistance (3.727, p = 0.007) were the two sub-classes with significant differ-
ences. When it comes to the cellular processes section, the cholelithic gut microbiota were
involved in cell growth and death (4.109, p = 0.008), lysosome transport and catabolism
(3.520, p < 0.002), peroxisome transport and catabolism (3.366, p < 0.001), ferroptosis (3.170,
p = 0.008) and apoptosis (2.909, p < 0.001). Finally, within the organismal systems section,
the intestinal microbial community in GD patients was found to participate in regulating
the environmental adaptation, endocrine system and digestive system function, especially
the adipocytokine signaling pathway (3.109, p = 0.030), thermogenesis (3.097, p = 0.024)
and protein digestion and absorption (2.777, p = 0.002) (Figure 4).
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Figure 3. Analysis of the specific intestinal microbes in GD patients compared with those in healthy
individuals with the LEfSe method. (A) The taxonomic rank shows the subordination of the species
in turn from the inner circle to the outer circle. The node size corresponds to the average relative
abundances of species. The node color indicates the species with significant dissimilarities between
groups. The names of different species are identified using letters. (B–K) Intestinal microbes with
the most significant difference in the patient group compared to those in healthy people. Note: N:
healthy individuals, D: GD patients.
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Figure 4. Analysis of the key function of intestinal microbiota in GD patients compared to that in
healthy people with the LEfSe method. (A) The taxonomic rank shows the subordination of the
functional taxa in turn from the inner circle to the outer circle. The node size corresponds to the
average relative abundance of functional taxa. The node color indicates the functional taxa with
significant dissimilarities between groups. The names of different functional taxa are identified using
letters. (B–M) Microbial functions with the most significant differences in the patient group compared
to those in healthy individuals. Note: N: healthy individuals, D: GD patients.

8



Diagnostics 2023, 13, 2712

3.4. The Species and Functions with the Highest Discriminatory Power of Intestinal Microbiota in
GD Patients

The random forest analysis was performed to figure out the species and functions with
the highest discriminatory power of intestinal microbiota in GD patients [39]. Our results
showed that Sphingobacterium sp. G1-14, uncultured Agaricomycetes, uncultured Agaricales,
Exiguobacterium sp. 11–28, Gymnopus sp. VC-2017f, Eubacterium ramulus, Faecalibacterium
sp., Rhizomucor miehei, Acinetobacter nosocomialis and Enterobacter sp. Crenshaw were the top
10 species in the patient group (Table 2). On the other hand, the secondary metabolites’
biosynthesis, defense mechanisms, transcription, amino acid transport and metabolism,
inorganic ion transport and metabolism, intracellular trafficking, secretion and vesicular
transport, coenzyme transport and metabolism, cell cycle control, cell division and chromo-
some partitioning, energy production and conversion, post-translational modification and
protein turnover were the top 10 biological functions of the gut microbes (Table 3).

Table 2. Species with the highest discriminatory power (top 10) of intestinal microbiota in GD patients.

Feature ID
Mean Decrease in

Accuracy
Standard Deviation

k__Bacteria; p__Bacteroidetes;
c__Sphingobacteriia; o__Sphingobacteriales;

f__Sphingobacteriaceae; g__Sphingobacterium;
s__Sphingobacterium sp. G1-14

0.001162928 0.000606256

k__Eukaryota; p__Basidiomycota;
c__Agaricomycetes; o__uc_Agaricomycetes;

f__uc_Agaricomycetes; g__uc_Agaricomycetes;
s__uc_Agaricomycetes

0.001031263 0.000604338

k__Eukaryota; p__Basidiomycota;
c__Agaricomycetes; o__Agaricales;

f__uc_Agaricales; g__uc_Agaricales;
s__uc_Agaricales

0.000936848 0.00046726

k__Bacteria; p__Firmicutes; c__Bacilli;
o__Bacillales; f__unknown;

g__Exiguobacterium; s__Exiguobacterium sp.
11–28

0.000832036 0.000560922

k__Eukaryota; p__Basidiomycota;
c__Agaricomycetes; o__Agaricales;
f__Omphalotaceae; g__Gymnopus;

s__Gymnopus sp. VC-2017f

0.000810951 0.000455266

k__Bacteria; p__Firmicutes; c__Clostridia;
o__Clostridiales; f__Eubacteriaceae;

g__Eubacterium; s__Eubacterium ramulus
0.000759662 0.000347172

k__Bacteria; p__Firmicutes; c__Clostridia;
o__Clostridiales; f__Ruminococcaceae;

g__Faecalibacterium; s__Faecalibacterium sp.
0.000712143 0.000622133

k__Eukaryota; p__Mucoromycota;
c__Mucoromycetes; o__Mucorales;

f__Lichtheimiaceae; g__Rhizomucor;
s__Rhizomucor miehei

0.000711614 0.000220115

k__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria;

o__Pseudomonadales; f__Moraxellaceae;
g__Acinetobacter; s__Acinetobacter

nosocomialis

0.000686536 0.000425183

k__Bacteria; p__Proteobacteria;
c__Gammaproteobacteria; o__Enterobacterales;

f__Enterobacteriaceae; g__Enterobacter;
s__Enterobacter sp. Crenshaw

0.000654157 0.000538885
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Table 3. Microbial functions with the highest discriminatory power (top 10) of intestinal microbiota
in GD patients.

Feature ID Mean Decrease in Accuracy Standard Deviation

S Function unknown;
ENOG4107YKV 0.000523052 0.000482557

Q Secondary metabolites
biosynthesis, transport and
catabolism; ENOG4107VZP

0.000514268 0.000594528

S Function unknown;
ENOG4106UH8 0.000445652 0.000245257

V Defense mechanisms;
ENOG4107RKB 0.000408646 0.000340324

K Transcription;
ENOG4105S4D 0.00038124 0.000329398

E Amino acid transport and
metabolism; arCOG05229 0.000348469 0.000414534

S Function unknown;
ENOG4108QVM 0.000348453 0.00046618

P Inorganic ion transport and
metabolism; ENOG4105DH3 0.000347117 0.000180151

S Function unknown;
ENOG4105V0F 0.000328789 0.000247238

S Function unknown;
ENOG4108S9K 0.000307536 0.00033249

3.5. The Levels of Serum Biochemical Indicators Were Correlated with the Abundances of Intestinal
Microbes in GD Patients

The serological detection is usually an adjunctive method for diagnosing cholelithiasis.
In order to explore whether the serum biochemical indicators are related to the abundances
of intestinal microbes in cholelithiasis subjects, the relevant information of such indicators
including total bilirubin, direct bilirubin, total bile acid, alkaline phosphatase, γ-glutamyl
transpeptidase, cystatin C, prealbumin, lactate dehydrogenase, glutamate dehydrogenase,
etc., was collected. In addition, only the top 10 differential species screened out by LEfSe
were subsumed for the analysis. A Spearman’s rank correlation analysis showed that there
was a positive correlation between the abundance of Thetaiotaomicron and the concentration
of serum prealbumin (r = 0.483, p = 0.027). However, the concentration of serum total
bilirubin was negatively correlated with the abundance of both Dorei (r = −0.395, p = 0.017)
and Cellulosilyticus (r = −0.416, p = 0.012), and the abundance of Fragilis was negatively
correlated with the concentration of serum cystatin C (r = −0.402, p = 0.027) (Table 4).

Table 4. The relationship between differential species and traditional biomarkers in GD patients.

uc_Bacteroide Thetaiotaomicron Dorei Fragilis Cellulosilyticus

r p-Value r p-Value r p-Value r p-Value r p-Value

Total bile acid 0.062 0.735 0.299 0.096 −0.041 0.822 0.208 0.253 0.169 0.356
Alkaline phosphatase 0.005 0.771 0.245 0.149 0.042 0.806 0.126 0.464 −0.080 0.645

γ-Glutamyl
transpeptidase −0.232 0.174 0.021 0.904 −0.067 0.700 0.040 0.819 −0.225 0.188

Direct bilirubin −0.197 0.250 −0.021 0.903 −0.304 0.071 −0.113 0.513 −0.325 0.053
Total bilirubin −0.256 0.131 −0.105 0.543 −0.395 0.017 −0.200 0.243 −0.416 0.012

Alpha-l-fucosidase 0.154 0.493 −0.098 0.665 0.296 0.181 −0.186 0.406 −0.197 0.379
Urea nitrogen 0.125 0.475 0.021 0.906 0.104 0.551 −0.156 0.370 0.086 0.624

Creatinine 0.151 0.386 0.282 0.101 0.180 0.301 −0.075 0.671 −0.044 0.803
Uric acid 0.030 0.863 0.248 0.151 0.047 0.788 −0.256 0.138 −0.116 0.506

Cystatin C −0.264 0.158 −0.016 0.935 −0.307 0.099 −0.402 0.027 −0.065 0.734
Glutamate

dehydrogenase 0.115 0.601 0.399 0.060 0.158 0.472 0.058 0.791 −0.001 0.995
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Table 4. Cont.

uc_Bacteroide Thetaiotaomicron Dorei Fragilis Cellulosilyticus

r p-Value r p-Value r p-Value r p-Value r p-Value

Fibronectin −0.290 0.203 −0.269 0.239 0.040 0.862 −0.113 0.626 0.047 0.841
Cholyglycine 0.015 0.937 0.238 0.198 −0.042 0.823 0.222 0.230 0.047 0.802

Total protein/albumin 0.301 0.066 0.162 0.331 0.102 0.544 0.150 0.368 0.014 0.934
Total protein −0.024 0.889 −0.004 0.983 0.133 0.440 0.182 0.288 −0.089 0.606

Albumin 0.210 0.218 0.204 0.233 0.282 0.096 0.248 0.145 0.041 0.810
Globulin −0.137 0.440 0.006 0.974 −0.056 0.755 0.053 0.767 −0.098 0.582

Prealbumin 0.077 0.741 0.483 0.027 0.288 0.205 0.336 0.136 −0.022 0.924
Alanine

aminotransferase 0.024 0.887 0.096 0.572 0.113 0.507 −0.124 0.466 0.108 0.524
Aspartate

aminotransferase 0.003 0.988 −0.068 0.688 −0.039 0.821 0.025 0.884 0.040 0.812

Lactate dehydrogenase −0.108 0.642 −0.006 0.978 0.009 0.969 0.083 0.722 −0.029 0.900

4. Discussion

GD is recognized as a significant global health problem. At present, the prevalence of
cholelithiasis keeps a constantly rising tendency, accompanied by the tremendous growing
financial burden. It was reported that a great many intrinsic or extrinsic factors could
contribute to GD [5,6]. The metabolic disturbances of cholesterol and bile acid are consid-
ered to be the key factors among them. However, the potential pathogenic mechanisms of
gallstone formation still need to be illuminated.

To date, the microecosystem of the human intestinal tract has been widely studied.
In recent years, some studies have explored the gut microbial community of GD patients
with 16S rRNA amplicon sequencing [18,40]. However, the majority of them usually lay
emphasis on the species composition or biological diversity of the microbiota. In our
study, mNGS was used to describe the characteristics of cholelithic gut microbiota with GD
patients. We not only focused on the composition and diversity of the microbes, but also
explored their functions in the human intestinal ecosystem.

Additionally, we found that the intestinal tract of GD patients harbored a particular
microbial community using bioinformatic analyses. In general, the intestinal microbiota
were composed of four kinds of phyla including Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria, and one absolutely predominant genus Bacteroides and several species that
shared analogous abundances like Faecalibacterium prausnitzii, Escherichia coli, Bacteroides
thetaiotaomicron, etc. Such findings are similar to the studies of Keren et al. [19]. Interestingly,
some researchers pointed out that the biliary microbiota in patients with gallbladder
gallstones were represented by Bacteroidetes, Firmicutes and Proteobacteria at the phyla
level and Bacteroides at the genera level, respectively, which indicated the biliary microbial
distribution was almost in accordance with that in the intestine [41,42]. In view of a
gut pathogen infection as one of the most significant factors to induce the occurrence
and development of GD, we hypothesized that the microbes colonizing in gallbladders
of GD patients might practically immigrate from the human intestinal tract. Obviously,
there is a great deal of difference between the intestinal and biliary tract structures. Some
microbes have to change their characteristics or metabolic activities so as to adapt to the
new environment after the immigration. In this way, they might produce a few pathogenic
or invasive metabolites, which can result in the disturbance of biliary functions.

Moreover, a random forest analysis was used to explore the intestinal species with
the highest discriminatory power in GD patients. After sorting them according to the
importance of the species, we found that Sphingobacterium sp. G1-14, uncultured Agari-
comycetes and uncultured Agaricales were the three most vitally important microbes, which
could be considered as the markers of the intestinal microbial community in GD patients.
Additionally, the PCoA analysis distinguished the microbial similarity between two groups,
showing a notably higher dispersion among the samples from GD patients. In particular,
the microbial communities significantly differed from each other even among GD patients,
which indicated that the composition of intestinal microbes in GD patients was quite vari-
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ous and complex. On the contrary, the microbes in the intestinal tract of healthy people
were relatively stable and homogeneous.

Since the composition of intestinal microbiota was different between two groups, it
was rather essential to figure out the exact microbes. Thus, the LEfSe method was applied
for the further identification. In addition to the sequences matching the phylum Bacteroidetes
and the genera Bacteroides, Prevotella, Odoribacter, etc., we observed that some particular
species including Bacteroides thetaiotaomicron, Bacteroides Fragilis, Bacteroides Cellulosilyticus,
etc., were remarkably more abundant in GD patients. Hence, we supposed that such species
could be closely associated with the pathological conditions of cholelithiasis. For instance,
Bacteroides fragilis belongs to bile-tolerant microbes as well as opportunistic pathogens. An
opportunistic pathogen is an infectious pathogen that is normally commensal in the body
but can colonize elsewhere and cause an infectious disease by taking advantage of the
weakened immunity of the host or gut dysbacteriosis. Bacteroides fragilis can migrate from
the gut to the biliary tract or gallbladder when the body suffers from impaired immunity or
gut dysbacteriosis, which is caused by various internal and external factors. Thanks to its
tolerance to bile, Bacteroides fragilis can stably inhabit in the biliary tract or gallbladder and
may even induce the infection of the biliary system, promoting the formation of gallstones.

Furthermore, we also figured out that the glycan metabolism and the β-lactam resis-
tance were two predominant functions of the intestinal microbiota in GD patients analyzed
with the LEfSe method. Bacteroides thetaiotaomicron is a gut commensal that mainly de-
grades carbohydrates and promotes the absorption of bile and cholesterol, contributing to
gut physiology. The overgrowth of Bacteroides thetaiotaomicron can undoubtedly affect the
balance of intestinal bile metabolism, resulting in bile acid dysmetabolism. Although the
mechanism of bile acids affecting glycometabolism in the development of cholelithiasis
still remains unclear, there was evidence that bile acids could inhibit the transcription
of gluconeogenesis-related genes in a Farnesoid-X-receptor–Small-Heterodimer-Partner
(FXR-SHP)-dependent manner [43]. In addition, researchers showed that bile acids could
stimulate the expression of TGR5 as its ligand, and further lead to the activation of adeny-
late cyclase and protein kinase A, thus regulating the carbohydrate metabolism [44]. To
sum up, Bacteroides thetaiotaomicron might participate in the formation of gallstones due
to its role in bile acid dysmetabolism. On the other hand, it has come to light that the
β-lactams are the commonly used antibiotics for the treatment of gallstone disease caused
by pathogenic bacteria infection. Thus, we predict that one of the most important reasons
for the difficulty in eradicating GD is probably the antibiotic resistance resulting from
intestinal microbial disorders.

In addition, the correlation between the abundances of differential intestinal microbes
and serum biochemical markers in GD patients was far more important for investigation.
We observed that there was a positive correlation between the abundance of Thetaiotaomicron
and the concentration of serum prealbumin. Most GD patients often suffer from malnu-
trition and some of them may have abnormal serum prealbumin levels. Thetaiotaomicron
can decompose polysaccharides so as to provide energy for the biological metabolism [45].
Theoretically, both the Thetaiotaomicron abundance and serum prealbumin level can reflect
whether the body is in a normal physiological state to a certain extent. Apart from that, we
also found that the concentration of serum total bilirubin was negatively correlated with
the abundances of Dorei and Cellulosilyticus, while the abundance of Fragilis was negatively
correlated with the serum cystatin C level. However, more studies should be conducted
to reveal the underlying mechanism regarding how these correlations were formed. We
suppose that such microbes may participate in the oxidation and epimerization of bile acids,
thus disrupting the enterohepatic circulation and leading to the formation of gallstones.

Finally, although we recruited normal individuals and patients according to the enroll-
ment criteria, the limited number of healthy controls might be a limitation of our present
research. It would be better to recruit more healthy people to enrich our findings. In our
further study, we will attempt to expand the number of healthy subjects to validate our
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results, which will achieve a far more comprehensive assessment of the intestinal microbial
community in GD progression.

To sum up, our research elucidated the characteristics of the intestinal microbial
community in GD patients and found the closely related species for them. Using a compar-
ison with the healthy individuals, we discovered the differential intestinal microbes and
the corresponding functions in cholelithiasis subjects. Meanwhile, we identified that the
cholelithic intestinal microbiota were correlated with the traditional serum biochemical
markers. All in all, our study opened up new strategies for drawing out the role of the
intestinal microbial community in the progression of GD. Additionally, our results might
reveal the underlying mechanisms of the occurrence or development of GD.

5. Conclusions

Our study revealed that the intestinal microbial community of GD patients was unique
from that of healthy individuals. By means of the mNGS, we not only figured out the
differential microbes of cholelithiasis but their functions as well. Moreover, the lithic
species and corresponding functions with the highest discriminatory power were identified
with a random forest analysis. Furthermore, the abundances of intestinal microbes were
determined to be related to serum biochemical markers in GD patients. In conclusion, our
study can broaden the insight into the potential mechanism of how gut microbes affect
the progression of gallstones to some extent, which may provide potential targets for the
prevention, diagnosis or treatment of GD.
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Abstract: Hemodialysis (HD) patients should be screened for latent tuberculosis (TB) infection.
We aimed to determine the frequency of latent TB infection in HD patients and to compare the
effectiveness of the tests used. The files of 56 HD patients followed between 1 January 2021 and
1 October 2022 were retrospectively analyzed. Demographic data, the presence of the Bacillus
Calmette-Guerin (BCG) vaccine, whether or not the patients had previously received treatment for
TB before, the status of encountering a patient with active TB of patients over 18 years of age, without
active tuberculosis and who had a T-SPOT.TB test or a Tuberculin Skin Test (TST) were obtained
from the patient files. The presence of previous TB in a posterior–anterior (PA) chest X-ray was
obtained by evaluating PA chest X-rays taken routinely. Of the patients, 60.7% (n = 34) were male and
their mean age was 60.18 ± 14.85 years. The mean duration of dialysis was 6.43 ± 6.03 years, and
76.8% (n = 43) had 2 BCG scars. The T-SPOT.TB test was positive in 32.1% (n = 18). Only 20 patients
(35.7%) had a TST and all had negative results. While the mean age of those with positive T-SPOT.TB
results was higher (p = 0.003), the time taken to enter HD was shorter (p = 0.029). T-SPOT.TB test
positivity was higher in the group that had encountered active TB patients (p = 0.033). However,
no significant difference was found between T-SPOT.TB results according to BCG vaccine, albumin,
urea and lymphocyte levels. Although T-SPOT.TB test positivity was higher in patients with a
previous TB finding in a PA chest X-ray, there was no statistically significant difference (p = 0.093).
The applicability of the TST in the diagnosis of latent TB infection in HD patients is difficult and it
is likely to give false-negative results. The T-SPOT.TB test is not affected by the BCG vaccine and
immunosuppression. Therefore, using the T-SPOT.TB test would be a more appropriate and practical
approach in the diagnosis of latent TB in HD patients.

Keywords: hemodialysis; latent tuberculosis; TST; T-SPOT.TB

1. Introduction

Tuberculosis (TB) continues to be one of the main causes of death due to infectious
diseases all over the world. The World Health Organization (WHO) has implemented the
‘End tuberculosis’ strategy and in relation to this, it recommends screening and treating
latent TB infection (LTBI) [1]. According to the Turkish Ministry of Health’s Tuberculosis
Diagnosis and Treatment Guidelines, it is recommended that patients with a high risk of
latent TB reactivation, such as hemodialysis (HD) patients, should be screened. Since the
risk of transmission will be high in hemodialysis units, the development of tuberculosis
disease in this patient group must be prevented [2]. When prior studies are examined, in the
systematic reviews conducted by Alemu et al., LTBI and active tuberculosis infection were
found to be more common in dialysis patients [3,4]. In the study of Xia et al., it was found
that the rate of development of active tuberculosis was higher in hemodialysis patients
with LTBI. In the same study, in which patients were followed up about three years, LTBI
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was also shown to be associated with major adverse cardiovascular events [5]. In the study
of Park et al., it was shown that active tuberculosis is more common in dialysis patients
and kidney transplant recipients compared to the general population and causes higher
mortality rates [6]. In the study of Romanowski et al., it was found that active tuberculosis
was seen less frequently in patients who were treated for LTBI [7].

Interferon Gamma Release Assays (IGRA) and the Tuberculin Skin Test (TST) are used
in LTBI screening, and it is recommended that IGRA should be performed in immuno-
compromised groups such as hemodialysis patients when the TST is negative or cannot
be performed. Among the IGRA tests, the T-SPOT.TB, QuantiFERON-TB Gold In Tube
(QFT-GIT) or QuantiFERON-TB gold plus test are used [2,8–12]. When studies comparing
the diagnostic tests are examined, there is no gold standard test. In the study of Akbar et al.,
the QuantiFERON-TB gold plus test was shown to be superior to the TST. However, the
small sample size was determined as a limitation of the study [13]. On the other hand, in the
study of Setyawati et al., the use of the TST was recommended in the diagnosis of LTBI [14].
However, although it is stated that IGRA tests are not affected by immunosuppression,
studies in patients with chronic kidney disease have shown that, as the time of dialysis
increases, IGRA tests are more likely to give false-negative results. In this context, it is
recommended that patients with chronic kidney disease be screened for LTBI at an early
stage [15–18]. Considering the systematic reviews carried out in recent years, it has been
shown that IGRA tests are superior to the TST [11,19,20].

The aim of this study is to determine the frequency of latent TB infection in patients
undergoing hemodialysis in our hospital and to compare the effectiveness of tests used in
the diagnosis of latent TB infection. At the same time, the aim is to investigate the reasons
for the inconsistency between the tests by determining the factors affecting the tests.

2. Materials and Methods

2.1. Study Design and Population

This study was planned as a retrospective, cross-sectional study and was conducted
with the approval of Erzincan Binali Yildirim University Clinical Research Ethics Committee
(Date: 10 November 2022/Decision No: 05/09).

Latent TB infection screening is routinely performed in the hemodialysis unit of our
institution. Patients are regularly referred to a tuberculosis dispensary for a TST to be
performed. The T-SPOT.TB test is performed simultaneously with a hemogram, biochemical
examinations and a posterior–anterior (PA) chest X-ray taken during routine dialysis, for
patients who cannot undergo a TST or whose results are negative.

So, the files of HD patients who were followed up in the hemodialysis unit of a tertiary
research and training hospital between 1 January 2021 and 1 October 2022 were reviewed
retrospectively. Demographic data of the patients (age, gender, comorbidities, duration
of hemodialysis admission, etc.) and data on the presence of Bacillus Calmette-Guerin
(BCG) vaccine, whether or not they had previously received treatment for active TB, and
their prior encounters with a patient with active TB were obtained from patient files. The
presence of previous TB in a PA chest X-ray was obtained by evaluating the PA chest X-rays
taken routinely.

The inclusion criteria were:

1. To have regular hemodialysis;
2. To be over 18 years old;
3. To have T-SPOT.TB or TST results;
4. To not have a concurrent active TB diagnosis.

Accordingly, out of a total of 67 patients, 56 patients who met the inclusion criteria
were included in the study. Since the number of patients who did not undergo a TST was
high, a comparison of both tests could not be made. Therefore, the factors affecting the
results of the T-SPOT.TB test and the TST were evaluated separately.
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2.2. Methodology

After blood samples were taken using special tubes for the T-SPOT.TB test (Oxford
Immunotec, Oxford, UK), T-Cell Xtend reagent was added to the blood samples and sent to
the laboratory. Mononuclear cells were obtained by centrifugation from the blood taken for
the T-SPOT.TB test. The resulting mononuclear cells were added to wells previously coated
with IFN-γ antibodies. Then, the TB antigens ESAT-6 and CFP-10 and Phytohemagglutinin
were added for positive control. The negative control was determined as the well without
antigens. These wells were incubated overnight at 37 ◦C with 5% CO2. After incubation,
the wells were washed and secondary conjugated antibodies were added to measure the
IFN-γ response. Spots that formed in the wells in which the IFN-γ response was observed
were measured by an automated ELISPOT reader (AID systems, Strassberg, Germany). The
result was considered positive if the test wells contained at least five more spot-forming
cells than the average of the negative control wells [21].

The TST was applied intradermally to the upper inner 2/3 of the left forearm of the
patients, in a hairless area away from the veins, with an insulin injector, with 0.1 mL of 5 TU
PPD containing tuberculin solution. The transverse diameter of the formed induration was
measured in mm after 48–72 h. Results with an induration diameter of 5 mm or more were
considered positive [22].

The hemogram test of the patients was performed using the Sysmex XN-1000 Hema-
tology System (Sysmex Corporation, Kobe, Japan); biochemical tests were performed with
AU 5800 (Beckman Coulter, Brea, CA, USA).

2.3. Statistical Analysis

The NCSS (Number Cruncher Statistical System) 2007 (NCSS LLC, Kaysville, UT, USA)
program was used for statistical analysis. Descriptive statistical methods (mean, standard
deviation, median, frequency, ratio, minimum, maximum) were used while evaluating the
study data. The conformity of quantitative data to normal distribution, the Shapiro–Wilk
test and graphical evaluations were used.

Student’s t-test was used for comparisons of normally distributed quantitative vari-
ables between two groups, and the Mann–Whitney U test was used for comparisons of
non-normally distributed variables.

Pearson’s chi-squared test, the Fisher–Freeman–Halton test and Fisher’s exact test
were used to compare qualitative data. Logistic regression analysis was used in multivariate
evaluations of the risk factors affecting T-SPOT.TB positivity.

Significance was evaluated at the p < 0.05 level.

3. Results

The study was carried out at a research and training hospital between 1 January 2021
and 1 October 2022. It was carried out with 56 HD patients, of whom 39.3% (n = 22) were
female and 60.7% (n = 34) were male. The ages of the patients ranged from 20 to 81, with a
mean of 60.18 ± 14.85 years. The duration of HD ranged from 1 to 27 years, with a mean of
6.43 ± 6.03 years. In total, 66.1% (n = 37) of the cases had comorbidities. When the types
of comorbidities were examined, it was observed that 32.4% (n = 12) had type 2 Diabetes
Mellitus (DM), 78.4% (n = 29) had essential hypertension (HT) and 45.9% (n = 17) had
other diseases.

Of the patients, 3.6% (n = 2) had a prior history of active TB. The patients stated that
they had completed their treatment. The number of patients who had encountered active
tuberculosis patients was 8.9% (n = 5).

In addition, 8.9% (n = 5) of the patients had no BCG vaccine scar, 14.3% (n = 8) had
one scar and 76.8% (n = 43) had two scars (Table 1).
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Table 1. Demographic Characteristics and Distribution of Laboratory and Imaging Results of the Pa-
tients.

Min-Max (Median) Mean ± Sd

Age (year) 20–81 (63) 60.18 ± 14.85
Time of dialysis (years) 1–27 (4) 6.43 ± 6.03

n %

Gender
Female 22 39.3
Male 34 60.7

Presence of Comorbidity Yes 37 66.1
No 19 33.9

Type of comorbidities
Type 2 DM 12 32.4

Hypertension 29 78.4
Other * 17 45.9

History of active tuberculosis Yes 2 3.6
No 54 96.4

Encounter with active
tuberculosis patient

Yes 5 8.9
No 51 91.1

BCG scar
0 5 8.9
1 8 14.3
2 43 76.8

Leukocyte count (mm3) 2800–25,400 (6250) 6992.86 ± 3842.15
Lymphocyte count (mm3) 440–21,020 (1185) 1981.43 ± 3533.68

Albumin (g/dL) 2.1–41 (3.8) 17.42 ± 16.16
Urea (mg/dL) 85–238 (147.5) 149.18 ± 28.91

n %

Previous TB finding on PA
chest X-ray

Yes 4 7.1
No 52 92.9

T-SPOT.TB test
Negative 38 67.9
Positive 18 32.1

TST
Negative 20 35.7
Unknown 36 64.3

* Chronic Obstructive Pulmonary Disease, Alport Syndrome, Chronic Lymphoproliferative Leukemia, Coronary
Artery Disease, Rheumatoid Arthritis.

Mean leukocyte counts were 6992.86 ± 3842.15/mm3; mean lymphocyte counts were
1981.43 ± 3533.68/mm3; mean albumin level was 17.42 ± 16.16 g/dL; and mean urea level
was 149.18 ± 28.91 mg/dL.

Overall, 7.1% (n = 4) of the patients had previous tuberculosis findings on a chest
X-ray.

The T-SPOT.TB test results were negative in 67.9% (n = 38) and positive in 32.1%
(n = 18). A TST was performed in 35.7% (n = 20) of the patients and all of them were
negative (Table 1).

3.1. Assessment of T-SPOT.TB Results

A statistically significant correlation was found between age and the T-SPOT.TB test
result (p = 0.003; p < 0.01). The mean age of the group with positive results was found to be
higher than the group with negative results.

A statistically significant correlation was found between the time on HD and the
T-SPOT.TB test result (p = 0.029; p < 0.05). The HD time in the group with positive results
was found to be shorter than in the group with negative results.
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While the T-SPOT.TB test results did not show a statistically significant difference by
gender (p = 0.072; p > 0.05), it is noteworthy that the rate of positive results in men was
higher than that in women.

There was no statistically significant correlation between the presence of comorbidities
and the T-SPOT.TB test results (p > 0.05).

A statistically significant correlation was found between encountering a patient with
active tuberculosis and the T-SPOT.TB test results (p = 0.033; p < 0.05). The rate of positive
results in the group that encountered a tuberculosis patient was higher than the group that
had not.

No statistically significant correlation was found between the number of BCG scars
and the T-SPOT.TB test results (p > 0.05) (Table 2).

Table 2. Relationship between Descriptive Characteristics and T-SPOT.TB Results.

T-SPOT.TB Test
p

Negative (n = 38) Positive (n = 18)

Age (year) Min-Max (Median) 20–80 (57) 38–81 (71) a 0.003 *Mean ± Sd 56.26 ± 15.08 68.44 ± 10.6

Time of dialysis (year) Min-Max (Median) 1–27 (5) 1–20 (3) b 0.029 *Mean ± Sd 7.45 ± 6.37 4.28 ± 4.71

Gender
Female 18 (81.8) 4 (18.2) c 0.072Male 20 (58.8) 14 (41.2)

Presence of Comorbidity Yes 27 (73) 10 (27) c 0.253No 11 (57.9) 8 (42.1)

Type of comorbidities (n = 37)

Type 2 DM Yes 8 (66.7) 4 (33.3) d 0.696No 19 (76) 6 (24)

Essential HT
Yes 20 (69) 9 (31) d 0.404No 7 (87.5) 1 (12.5)

Other *
Yes 13 (76.5) 4 (23.5) d 0.725No 14 (70) 6 (30)

Encounter with active
tuberculosis patient

Yes 1 (20) 4 (80) d 0.033 *No 37 (72.5) 14 (27.5)

BCG scar
0 3 (60) 2 (40)

e 1.0001 6 (75) 2 (25)
2 29 (67.4) 14 (32.6)

a Student’s t-Test; b Mann–Whitney U Test; c Pearson’s Chi-Squared Test; d Fisher’s Exact Test; e Fisher–Freeman–
Halton Test; * Chronic Obstructive Pulmonary Disease, Alport Syndrome, Chronic Lymphoproliferative Leukemia,
Coronary Artery Disease, Rheumatoid Arthritis.

No statistically significant correlation was found between leukocyte count, lymphocyte
count, albumin level and urea level and the T-SPOT.TB test results (p > 0.05).

While no statistically significant correlation was found between previous TB findings
on PA chest X-rays and the T-SPOT.TB test results (p = 0.093; p > 0.05), it is noteworthy that
the rate of positive results was higher in the group with a previous TB finding in a PA chest
X-ray (Table 3).
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Table 3. Relationship between Laboratory and Imaging Results and T-SPOT.TB Test Results.

T-SPOT.TB
p

Negative (n = 38) Positive (n = 18)

Leukocyte (mm3)
Min-Max (Median) 2800–13,300 (6350) 4000–25,400 (5400) b 0.352Mean ± Sd 6602.63 ± 2108.09 7816.67 ± 6085.11

Lymphocyte (mm3)
Min-Max (Median) 440–2710 (1165) 660–21,020 (1275) b 0.516Mean ± Sd 1322.11 ± 562.14 3373.33 ± 6057.06

Albumin (g/dL) Min-Max (Median) 2.9–41 (3.8) 2.1–39 (17.9) b 0.853Mean ± Sd 16.46 ± 16.06 19.46 ± 16.65

Urea (mg/dL) Min-Max (Median) 85–238 (152) 103–180 (142.5) a 0.230Mean ± Sd 152.39 ± 31.85 142.39 ± 20.61

Previous TB finding on PA
chest X-ray

Yes 1 (25) 3 (75) d 0.093No 37 (71.2) 15 (28.8)
a Student’s t-Test; b Mann–Whitney U Test; d Fisher’s Exact Test.

When we evaluated the risk factors affecting the T-SPOT.TB test, such as age, gender,
a previous TB finding on a PA chest X-ray, time of dialysis and encountering an active
tuberculosis patient with Enter Logistic Regression Analysis, the model was found to be
significant and the explanatory coefficient of the model (76.8%) was found to be at a good
level. It is seen that the effect of a unit increase in age on T-SPOT.TB positivity increases
the ODDS ratio 1.101 (95% CI: 1.016–1.192) times. The effect of encountering an active
tuberculosis patient has an effect on T-SPOT.TB positivity with an ODDS value of 59.762
(95% CI:1.59–2233.42) times. The effects of gender, a previous TB finding on a PA chest
X-ray and time of dialysis were not significant in the multivariate evaluation (p > 0.05)
(Table 4).

Table 4. Logistic Regression Results of Factors Affecting T-SPOT.TB Test.

p ODDS
95% C.I.ODDS

Lower Upper

Age 0.018 * 1.101 1.016 1.192
Gender (F) 0.128 3.937 0.674 23.003

Previous TB finding on PA chest X-ray (+) 0.311 3.766 0.290 48.857
Time of dialysis (year) 0.827 1.017 0.875 1.182

Encounter with active tuberculosis patient (+) 0.027 * 59.762 1.599 2233.422

* p < 0.05,

3.2. Results of Patients with Known History of TST

A TST was performed in 35.7% (n = 20) of the patients and it was found that all of them
had negative results. Of these cases, 30% (n = 6) were female and 70% (n = 14) were male.
Their ages ranged from 20 to 81 years, with a mean of 61.85 ± 17.1 years. The duration of
HD ranged from 1 to 20 years, with a mean of 6.40 ± 6.08 years.

In total, 50% (n = 10) of the cases who underwent a TST had comorbidities. When the
types of comorbidities were examined, it was observed that 20% (n = 2) had type 2 DM,
90% (n = 9) had essential hypertension and 50% (n = 5) had other diseases.

The rate of having had tuberculosis previously was found to be 5% (n = 1), while 20%
(n = 4) of the patients who underwent a TST stated that they had previously encountered
an active tuberculosis patient.

When the BCG scars of the tested participants were examined, 10% (n = 2) had no scar,
15% (n = 3) had one scar and 75% (n = 15) had two scars (Table 5).
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Table 5. Distribution of the Descriptive Characteristics of the Patients who had TST.

N = 20 Min-Max (Median) Mean ± Sd

Age (year) 20–81 (64) 61.85 ± 17.10
Time of dialysis (year) 1–20 (3.5) 6.40 ± 6.08

n %

Gender
Female 6 30
Male 14 70

Presence of
Comorbidity

Yes 10 50
No 10 50

Type of comorbidities
(n = 10)

Type 2 DM 2 20
HT 9 90

Other * 5 50

History of active
tuberculosis

Yes 1 5
No 19 95

Encounter with active
tuberculosis patient

Yes 4 20
No 16 80

BCG scar
0 2 10
1 3 15
2 15 75

* Chronic Obstructive Pulmonary Disease, Alport Syndrome, Chronic Lymphoproliferative Leukemia, Coronary
Artery Disease, Rheumatoid Arthritis.

Mean leukocyte counts were 7000 ± 4336.87 mm3; mean lymphocyte counts were
2209 ± 3951.76 mm3; the mean albumin level was 16.39 ± 16.41 g/dL; and the mean urea
level was calculated as 141.95 ± 22.97 mg/dL. There was no significant difference between
leukocyte and lymphocyte count according to the positive and negative T-SPOT.TB test.

In 10% (n = 2) of the patients who underwent a TST, previous TB was found in a PA
chest X-ray.

The T-SPOT.TB test results of the patients who underwent a TST and all had negative
results were found to be 20% (n = 4) negative and 80% (n = 16) positive (Table 6).

Table 6. Distribution of Laboratory and Imaging Results of the Patients who had TST.

N = 20 Min-Max (Median) Mean ± Sd

Leukocyte (mm3) 2800–21,900 (5400) 7000 ± 4336.87
Lymphocyte (mm3) 660–18,850 (1285) 2209 ± 3951.76

Albumin (g/dL) 2.1–39 (3.7) 16.39 ± 16.41
Urea (mg/dL) 100–180 (142.5) 141.95 ± 22.97

n %

Previous TB finding
on PA chest X-ray

Yes 2 10

No 18 90

T-SPOT.TB test
Negative 4 20

Positive 16 80

T-SPOT.TB test
p

Negative (n = 4) Positive (n = 16)

Leukocyte (mm3)
2800–13,300 (6350) 4200–21,900(5400) b 0.8927175.0 ± 4593.7 6956.3 ± 4426.4

Lymphocyte (mm3)
800–2210 (1285) 660–18,850 (1275) b 0.9631395.0 ± 590.6 2412.5 ± 4414.7

b Mann–Whitney U Test.
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4. Discussion

The frequency of latent TB infection and the probability of TB reactivation in hemodial-
ysis patients are higher than in the normal population [1,2,23–25]. Therefore, HD patients
should be screened for latent TB infection [1,2]. The TST and IGRA are used in screening,
and in a study investigating the frequency of latent TB infection in HD patients in low- and
high-risk groups for latent TB infection, IGRA were shown to be superior to the TST [26]. In
our study, the rate of latent TB infection was 32.1% and was similar to the study of Bandiara
et al. that was conducted in HD patients (39.1%) [27]. In another study conducted in Thai-
land, the frequency of latent TB infection in dialysis patients was found to be 25% [28]. In
the study of Lemrabott et al., 25% of latent TB infection was found in Senegal [29]. Similar
rates of latent TB infection were found in the study of Putri et al. [17]. The frequency of
latent TB infection in our study was as high as in Rheumatoid Arthritis and Ankylosing
Spondylitis patients in the other immunosuppressive patient group [30].

The rate of latent TB infection in our study could be determined with the T-SPOT.TB
test because only 35.7% (20) of the patients had a TST and all of them had negative results.
Most of the patients (64.3%) refused to go to the tuberculosis dispensary for a TST. This
shows that the applicability of the TST in hemodialysis patients is difficult. At the same
time, in the study of Say et al., in which the QFT-GIT and TST were compared for the
diagnosis of latent TB infection, there was no concordance between the two tests [31]. In
the study of Southern et al., there was a high degree of discordance between IGRA and
the TST in hemodialysis patients [15]. In a study conducted with HIV-infected individuals,
another group of immunosuppressive patients, moderate concordance was found between
T-SPOT.TB and the TST, and it was stated that the discordance might be due to false-
positive and -negative results of the TST [32]. The disadvantages of the test are that the TST
gives false positive results in the presence of the BCG vaccine and atypical mycobacterial
infection, and false-negative results in the presence of immunosuppression [33,34]. In our
study, T-SPOT.TB positivity was found in 16 (80%) of 20 patients whose TST results were
negative. This result shows that the TST gives false-negative results. On the other hand,
the expensiveness of IGRA is the disadvantage of the tests, while the advantages are that
they are not affected by the presence of the BCG vaccine, atypical mycobacterial infection
and immunosuppression [34,35]. In the study of Sargın et al., which was conducted in a
rheumatologic patient group, the sensitivity and specificity of IGRA tests were shown to
be superior to the TST [36]. In our study, no significant correlation was found between
T-SPOT.TB test results according to BCG vaccine status, and this shows that the test is not
affected by the BCG vaccine. The BCG vaccine is in the routine childhood vaccination
schedule in our country and is administered at the end of the 2nd month [2]. It is important
for our country that the T-SPOT.TB test is not affected by the BCG vaccine. Although the
number of patients is small, the positive T-SPOT.TB test in patients with a TB finding on
a PA chest X-ray indicates that the probability of a false-negative result is low. However,
false-negative results should be investigated in HD patients, including in many patients
with a history of microbiologically proven tuberculosis.

In our study, T-SPOT.TB test positivity was statistically higher in patients who had
encountered active TB patients. In the study of Park et al., QFT GIT positivity, which is
one of the IGRA tests, was higher in HD patients who had a history of TB [37]. In a study,
T-SPOT.TB test positivity in patients with high risk factors, such as encountering an active
TB patient, shows that the probability of developing active TB is higher [38]. In this case,
it is important to initiate latent TB treatment without delay in high-risk patients with a
positive T-SPOT.TB test.

It has been shown that advanced age, active smoking and close contact with someone
who has previously had TB are among the risk factors for latent TB infection in HD patients.
In the same study, it was stated that high albumin levels and short HD duration facilitate
the detection of latent TB infection [39]. In a study conducted in Japan in hemodialysis
patients, the frequency of LTBI was found to be higher, especially in people aged 60
and over [40] and in other studies conducted in China and Lebanon, advanced age was
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found among the risk factors for latent TB infection [5,41]. In our study, the high mean
age of the patients with a positive T-SPOT.TB test and the shorter time to enter HD in
patients with a positive T-SPOT.TB test support the literature. The incidence of TB in our
country has been decreasing over the years, so that the incidence of TB, which was 29.8%
in 2005, decreased to 14.4% in 2018 [42]. This may be the reason why the T-SPOT.TB test
gives high positive results in older age groups. In our study, there was no significant
difference between positive/negative results in terms of albumin, urea and lymphocyte
levels, while the average albumin levels of patients with a T-SPOT.TB positive result were
higher. However, the fact that there was no significant correlation between the T-SPOT.TB
test results according to the urea levels and lymphocyte counts of the patients suggests that
the test is not affected by immunosuppression.

The small number of patients and the fact that many patients did not have a TST are
the limitations of the study.

In conclusion, HD patients should be screened for latent TB infection as soon as
possible. Although it is recommended to perform a TST first in screening, the applicability
of the test is not easy and the possibility of false-negative results is high, which limits
its use. The most important advantage of the T-SPOT.TB test is that it is not affected by
immunosuppression and it is studied with a single measurement from blood. Therefore,
the use of the T-SPOT.TB test would be a more practical and accurate approach to screen
for latent TB infection in HD patients.
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Abstract: Chikungunya (CHIK) is a debilitating mosquito-borne disease with an epidemiology and
early clinical symptoms similar to those of other arboviruses-triggered diseases such as dengue or
Zika. Accurate and rapid diagnosis of CHIK virus (CHIKV) infection is therefore challenging. This
international study evaluated the performance of the automated VIDAS® anti-CHIKV IgM and IgG
assays compared to that of manual competitor IgM and IgG ELISA for the detection of anti-CHIKV
IgM and IgG antibodies in 660 patients with suspected CHIKV infection. Positive and negative
agreements of the VIDAS® CHIKV assays with ELISA ranged from 97.5% to 100.0%. The sensitivity
of the VIDAS® CHIKV assays evaluated in patients with a proven CHIKV infection confirmed
reported kinetics of anti-CHIKV IgM and IgG response, with a positive detection of 88.2–100.0% for
IgM ≥ 5 days post symptom onset and of 100.0% for IgG ≥ 11 days post symptom onset. Our study
also demonstrated the superiority of ELISA and VIDAS® assays over rapid diagnostic IgM/IgG
tests. The analytical performance of VIDAS® anti-CHIKV IgM and IgG assays was excellent, with a
high precision (coefficients of variation ≤ 7.4%) and high specificity (cross-reactivity rate ≤ 2.9%).
This study demonstrates the suitability of the automated VIDAS® anti-CHIKV IgM and IgG assays
to diagnose CHIKV infections and supports its applicability for epidemiological surveillance and
differential diagnosis in regions endemic for CHIKV.

Keywords: chikungunya virus; CHIKV; VIDAS; enzyme-linked immunosorbent assay; ELISA; IgM;
IgG; capture immunoassay; enzyme-linked fluorescent assay; ELFA
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1. Introduction

Chikungunya (CHIK) is a debilitating disease caused by the chikungunya virus
(CHIKV) and transmitted to humans by Aedes spp. mosquitoes [1]. CHIKV was first
identified in 1952 in Tanzania [2] and has now spread to over 100 countries across Africa,
Asia, Europe, and the Americas, with multiple outbreaks affecting millions of people [1,3–6].
This alarming increase in CHIKV spread is likely of multifactorial origin, including virus
and vector adaptation to changes in the environment and human behaviour, and enhanced
global dissemination due to increased urbanisation and international travel [1,7]. Phyloge-
netic studies identified four main CHIKV genotypes, namely the (i) ‘East Central South
African’ (ECSA), (ii) ‘West African’ (WA), (iii) ‘Asian’, and (iv) the recently emerged, ECSA-
diverged ‘India Ocean’ lineage (IOL) [1,3,5,6]. Although studies directly comparing the
virulence of these geographic genotypes are scarce, a few investigations have suggested that
CHIKV lineages present differences in their transmission cycles and that some genotypes
might be preferentially associated with a higher prevalence of self-reported long-term
chronic CHIKV symptoms [1,3,6].

Like dengue virus (DENV) and Zika virus (ZIKV), CHIKV is a single-stranded RNA ar-
bovirus with similar epidemiology and transmission cycles [8]. Accordingly, co-circulation
of these arboviruses in overlapping endemic regions and co-infection cases have been
described [7–11]. Moreover, following infection by these arboviruses, clinical symptoms
at disease onset are often similar and clinically non-specific, including fever, headache,
myalgia, arthralgia, and maculopapular rash [7,8,12,13]. This raises the challenge of CHIKV
diagnosis and emphasises the need for efficient strategies of epidemiological surveillance
and differential diagnosis [7,8,10,11,13,14].

Following CHIKV infection, the incubation period ranges from 1 to 12 days. The
early acute phase of infection is usually characterised by a sudden onset of high fever
(in 85% of patients), correlating with the presence of elevated CHIK viral load in the
blood. The onset of fever is followed by intense polyarthralgia, which can last two to three
weeks, and a rash (in 40–75% of patients). In the post-acute phase (>3 weeks to 3 months),
clinical manifestations, notably joint pain, persist in more than half of the patients. When
symptoms have not subsided after 3 months, the patient enters the chronic phase of the
disease (>3 months to several years, affecting 40–80% of patients). The chronic disease
can progress to (i) cure without sequelae, upon treatment or spontaneously, (ii) further
persistence of joint and/or other symptoms, or (iii) aggravation because of exacerbation of
inflammatory and/or degenerative processes [1,5,6,15,16].

In addition to these typical clinical manifestations, atypical features and complications
might occur, such as neurologic disorders, notably in infected individuals with comor-
bidities, and according to age (the elderly and infants) [1,7,12]. Altogether, despite a low
mortality rate, the morbidity associated with CHIKV infection is high, and CHIK illness
can be severe and durably debilitating [1].

No specific antiviral therapy exists for acute CHIKV infection, and patient manage-
ment relies mainly on supportive care to treat pain and inflammatory symptoms [1,7,12,16,17].
Despite sharing similar clinical manifestations at illness onset, which is associated with a
risk of misdiagnosis, the course of disease following infection by distinct arboviruses such
as CHIKV, DENV, and ZIKV varies greatly. Therefore, a reliable and accurate early diag-
nosis is essential to ensure proper patient management, while adopting timely preventive
measures and implementing suitable epidemiologic surveillance [7,8,10,11,13,14].

Current recommendations [13,15,17,18] for the confirmation of CHIKV infection in a
suspected case (i.e., with the characteristic triad of fever, rash, and joint manifestations)
are based on the kinetics of CHIKV viremia and of the host immune response, with the
detection of CHIKV RNA by means of real-time reverse transcription-polymerase chain
reaction (rRT-PCR) within the first week (≤7 days) of symptom onset, and detection of
anti-CHIKV immunoglobulin M (IgM) and/or IgG thereafter (>7 days). rRT-PCR alone is
usually recommended between day 0 and 5 post symptom onset, rRT-PCR and anti-CHIKV
IgM serology between day 5 and 7, and serology only after day 7. A positive rRT-PCR
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is confirmatory of an acute CHIKV infection, while a positive anti-CHIKV IgM test is
presumptive of a CHIKV infection. Seroconversion or a 4-fold rise in anti-CHIKV IgG
measured in paired serum samples collected in the acute and post-acute (convalescent)
phases (two to three weeks apart) also indicates an active CHIKV infection. Given that
CHIKV-specific IgG can be detected several years after the initial infection, seroconver-
sion/antibody rise also allows us to rule out a past infection. In the chronic phase, as
for the post-acute phase, CHIKV serology should confirm the diagnosis together with a
biological evaluation of inflammatory rheumatism. Finally, in the case of negative rRT-PCR
and serology in acute samples, serology should be repeated on convalescent-phase samples
to definitively rule out CHIKV diagnosis [1,5–7,13,15,17–20].

rRT-PCR assays, both as singleplex (CHIKV RNA) or multiplex (e.g., differential
screening of CHIKV, DENV, and ZIKV RNAs), have proven to be highly sensitive and spe-
cific, although no molecular gold standard exists to date [5,10,14,19]. rRT-PCR tests present,
however, the potential caveat that not all existing assays detect all known CHIKV geno-
types [6,19], an issue not shared by existing anti-CHIKV antibody detection tests due to the
demonstrated cross-reactivity against heterogenous CHIKV genotypes [6,21]. Numerous
serological tests detecting CHIKV-specific IgM and IgG antibodies have been developed
and commercialised [5,6,10,11,19,20,22–24]. Enzyme-linked immunosorbent assays (ELISA)
have demonstrated acceptable performance for the detection of anti-CHIKV IgM and IgG.
In comparison, rapid diagnostic tests (RDT) showed very low sensitivity and specificity for
the detection of CHIKV-specific IgM and IgG antibodies [5,6,10–12,19,20,22–24]. Despite
demonstrating good performance, ELISAs are manual and time-consuming (about 1.5–2 h
per test) methods, which might represent a burden for testing laboratories at times of
epidemic outbreaks. The implementation of an automated system allowing rapid execution
and interpretation of results would be of clear benefit.

VIDAS® anti-CHIKV IgM and IgG assays are fully automated CE-marked enzyme-
linked fluorescence assays (ELFA) intended as an aid in the diagnosis of patients with
clinical symptoms consistent with CHIKV infection. VIDAS® anti-CHIKV IgM and IgG
assays are qualitative immunocapture assays detecting CHIKV-specific IgM and IgG an-
tibodies, respectively. They can be tested in parallel or independently, are rapid (40 min
to result), easy to use, and easy to interpret (positive or negative) with no equivocal zone.
The performance of these automated assays has not yet been directly compared to that
of conventional manual assays. The aim of this international study was to evaluate for
the first time the clinical performance of the VIDAS® anti-CHIKV IgM and IgG assays in
samples from patients with a suspected CHIKV infection, enrolled from multiple CHIK-
endemic regions of the world (Asia, Latin America). The clinical performance of the
VIDAS® anti-CHIKV assays was compared to that of existing manual competitor ELISA
and RDT assays.

2. Materials and Methods

2.1. Patients and Samples

A total of 660 sera were collected at three sites in patients with a suspected CHIKV
infection and from several CHIKV-endemic regions, including Asia (India) and Latin
America (Brazil, Colombia, Dominican Republic, Honduras, Peru) (Table 1). Retrospective
and prospective cohorts of samples collected between January 2016 and September 2021
were used for this study. For retrospective biobanked samples, a suspicion of CHIKV
infection was established based on the documented presence of one or more of the following
symptoms at the time of sampling: fever, joint pain or arthritis, tenosynovitis, bursitis,
headache, back pain, rash, myalgia, cutaneous pruritus, polyadenopathy, oedema of the face
and extremities. For prospective samples, a suspicion of CHIKV infection was established
during a routine medical procedure based on the presence of fever and joint pain or arthritis
within 3 months of sampling, associated with one or more of the following symptoms:
headache, back pain, rash, myalgia, cutaneous pruritus, polyadenopathy, oedema of the
face and extremities.
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Table 1. Study samples.

Site Collection Site Samples Collection Time Testing Site

1
National Institute of Infectious

Diseases-Fiocruz, Rio de
Janeiro, Brazil

Retrospective,
follow-up cohort

18 April 2019–1
November 2019

Tropical Medicine Institute,
Faculty of Medicine of the

University of São Paulo, Brazil

2
Biospecimen Solutions Pvt

Ltd., Sampigehalli, Bangalore,
Karnataka, India

Prospective
cohort

24 July 2021–
20 September 2021

Clinical Affairs
Laboratory, bioMérieux,
Marcy l’Etoile, France

3
Colombia, Dominican

Republic, Honduras, and Peru
Retrospective

cohort 1
28 January 2016–8
September 2020

Clinical Affairs
Laboratory, bioMérieux,
Marcy l’Etoile, France

1 Samples purchased from Boca Biolistics (Pompano Beach, FL, USA), Trans-Hit Bio/Azenta Life Sciences
(Chelmsford, MA, USA), and ABO Pharmaceuticals (San Diego, CA, USA).

All collected sera (≥1.0 to 1.5 mL) were aliquoted to allow testing with the different
assays on the same freeze/thaw cycle. Aliquots were stored frozen at −80 ◦C until testing.
When applicable (collection sites 2 and 3), frozen samples or aliquots were transported to
the testing site under controlled conditions.

Samples were tested at two central laboratories: the Tropical Medicine Institute of the
University of São Paulo, Brazil for retrospective longitudinal samples collected in Brazil
(site 1; Table 1), and the Clinical Affairs Laboratory of bioMérieux, Marcy l’Etoile, France
for samples collected prospectively in India (site 2; Table 1) and for retrospective biobanked
samples collected in Latin America and purchased from commercial providers (site 3;
Table 1).

This study was conducted in adherence to the Declaration of Helsinki and approved
by the institutional ethics committee (CEP) of the Faculty of Medicine of the University of
São Paulo, Brazil (approval number 4.692.542, dated 5 May 2021), and by the independent
ethics committee Namaste Integrated Services, Lanka, Varanasi, India (approval number BS-
IND-001, dated 7 August 2021). Purchased samples were collected and approved for use for
research purposes by the respective commercial providers (Boca Biolistics, Pompano Beach,
FL, USA; Trans-Hit Bio/Azenta Life Sciences, Burlington, MA, USA; ABO Pharmaceuticals,
San Diego, CA, USA). All participants, or a parent or legal guardian in the case of children,
provided informed consent before the start of the study.

Precision experiments were conducted using characterised negative and positive
samples (bioMérieux collection). Negative samples were provided by the French blood bank
(Etablissement Français du Sang [EFS], La Plaine Saint-Denis, France). Each volunteer donor
signed a written informed consent form for the use of blood for research purposes. EFS
obtained authorisation from the French Ministry of Research to collect and transfer samples
to partners (Ministère de l’Enseignement Supérieur, de la Recherche et de l’Innovation,
reference AC-2017-2958).

Cross-reactivity experiments were performed using native samples collected from
patients with other potentially interfering infections who tested positive for antibodies
against the respective pathogens (bioMérieux collection).

2.2. Study Design and Definitions

The aim of this performance evaluation study was to compare the performance of
the automated VIDAS® anti-CHIKV IgM and IgG assays with that of manual competitor
ELISA for the detection of anti-CHIKV IgM and IgG antibodies in patients with a suspected
CHIKV infection.

Three distinct analyses were performed. First, an agreement analysis was conducted
on the whole cohort, comparing the results of the VIDAS® CHIKV IgM and IgG assays
to those of competitor ELISA, which was used as a comparative method (Table 2). To
consolidate the detection of anti-CHIKV IgM antibodies, two competitor IgM ELISA meth-
ods were used (Table 2). This choice was motivated by the acknowledged non-negligible
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rate of false-positive and false-negative results of IgM serology assays in general [25,26],
and of CHIKV IgM serology assays in particular [23,27]. To limit the bias that could be
introduced in the agreement analysis by false-positive and/or false-negative results of
the comparative method, the results of two well-validated commercial IgM ELISAs were
taken into consideration. An IgM result by the competitor ELISA was defined as positive
when both IgM ELISA tests were positive, and negative when both IgM ELISA tests were
negative (Table 3). Discordant results were excluded from the analysis (Figure 1).

Table 2. Competitor ELISA used for the agreement analysis with the VIDAS® CHIKV IgM and
IgG assays.

Competitor ELISA Name of Assay Manufacturer

IgM 1

CHIKjj DetectTM IgM ELISA
(CHKM-R)

InBios International,
Seattle, WA, USA

NovaLisa Chikungunya Virus IgM μ-capture,
ELISA Kit (NOVCHIM0590)

NovaTec Immundiagnostica,
Dietzenbach, Germany

IgG
Chikungunya virus (CHIKV)

(EI 293a-9601 G)
Euroimmun,

Lübeck, Germany
1 The results of both IgM ELISAs were used to interpret the competitor IgM ELISA results (considered positive
when both were positive, negative when both were negative, and undetermined when at least one was discordant).
Sensitivity and specificity of the respective competitor ELISA, as reported in the package insert by the respective
manufacturers, were: 100% sensitivity and specificity for both IgM ELISA, >96.8% sensitivity and 98.0% specificity
for the IgG ELISA.

Table 3. Definitions of samples used for agreement analysis (PPA, NPA) according to results of
competitor ELISA.

Sample
Definition

IgM Competitor ELISA Results 1 IgG Competitor
ELISA Result 2 CHIKV IgM

Agreement Study
CHIKV IgG

Agreement Study
InBios NovaTec Euroimmun

IgM+/IgG− positive positive negative PPA N/A

IgM+/IgG+ positive positive positive PPA PPA

IgM−/IgG+ negative negative positive N/A PPA

IgM−/IgG− negative negative negative NPA 3 NPA 3

1 Anti-CHIKV IgM competitor ELISA, as described in Table 2; both IgM assays must be concordant (negative or
positive); samples with discordant competitor IgM ELISA results were excluded from the analysis (see Figure 1).
2 Anti-CHIKV IgG competitor ELISA, as described in Table 2. 3 Only samples negative for both IgM and IgG were
included in the NPA analyses. Abbreviations: N/A, not applicable (samples excluded from the respective NPA
analyses); NPA, negative percent agreement; PPA, positive percent agreement.

Positive percent agreement (PPA) analyses for anti-CHIKV IgM assays were conducted
on samples positive with the competitor IgM ELISA (regardless of the IgG status). Similarly,
PPA analyses for anti-CHIKV IgG assays were conducted on samples positive with the
competitor IgG ELISA (regardless of the IgM status) (Table 3). For a more robust negative
agreement (NPA) analysis, only samples negative for both IgM and IgG (with competitor
ELISA) were included in the test comparison (Table 3). Only one sample per patient was
included in the agreement analysis. In the case of multiple samples per patient, the first
sample available chronologically was analysed.

This agreement analysis on the whole population was completed by an agreement
analysis on the same samples but according to the time from symptom onset. The five peri-
ods investigated were defined according to the documented time intervals post symptom
onset: 0–6 days, 7–10 days, 11–21 days, 22 days–3 months, and >3 months.
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Figure 1. Study flow diagram. Three analyses were conducted: (I) an agreement analysis assessed
the performance of the VIDAS® CHIKV IgM and IgG assays in comparison to commercial competitor
ELISA; (II) the sensitivity of the VIDAS® CHIKV IgM and IgG assays was evaluated in patients with
a confirmed CHIKV infection (defined as an rRT-PCR-positive within 7 days of symptom onset);
(III) the agreements of VIDAS® CHIKV IgM and IgG assays or of RDT IgM/IgG with competitor
ELISA were evaluated on a common set of samples and compared to each other.

A second analysis was conducted on the follow-up retrospective samples collected at
site 1 (Brazil; Table 1) to evaluate the sensitivity of the VIDAS® anti-CHIKV IgM and IgG
assays at different time points following a confirmed CHIKV infection. A CHIKV infection
was defined as confirmed when positive for CHIKV RNA by rRT-PCR, set as the gold
standard. Patients with a positive rRT-PCR at ≤7 days post symptom onset and at least
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one follow-up sample were included in this analysis (Figure 1). Five periods following
symptom onset were investigated according to the documented days post symptom onset:
0–4 days, 5–10 days, 11–21 days (acute phase of CHIKV infection), 22–89 days (post-acute
phase of CHIKV infection), and >89 days (chronic phase of CHIKV infection). Only one
sample per patient per period was included in the analysis. In the case of multiple samples
per patient per period, the first sample collected chronologically was used. The sensitivity
of the VIDAS® IgM and IgG assays was defined as the percentage of positive test results in
patients confirmed positive for CHIKV infection.

A third analysis was conducted on backup samples from sites 2 and 3 (Table 1) to
evaluate the performance of VIDAS® anti-CHIKV IgM and IgG assays vs. that of an RDT
(Standard Q Chikungunya IgM/IgG, SD Biosensor, Gurugram, Haryana, India). To that aim,
the concordance of the VIDAS® anti-CHIKV IgM and IgG assays to competitor ELISA was
compared to the concordance of the RDT to the same competitor ELISA (as a comparative
method). This agreement sub-analysis was conducted following the same rules as those of
the agreement analysis applied to the whole cohort (see above and Tables 2 and 3). One
sample per patient was included in the analysis (Figure 1). Clinical agreement (PPA, NPA)
of each method (VIDAS® or RDT) with competitor ELISA was assessed independently and
compared with a statistical method.

2.3. VIDAS® Assays

VIDAS® Anti-CHIKUNGUNYA IgM (CHKM; 423229) and VIDAS® Anti-CHIKUNGUNYA
IgG (CHKG; 423230) (bioMérieux SA, Marcy-l’Étoile, France) are automated qualitative
two-step immunocapture assays combined with enzyme-linked fluorescent assay (ELFA)
detection, developed for the VIDAS® family of instruments. They are intended as an aid
in the diagnosis of patients with clinical symptoms consistent with CHIKV infection. The
Solid Phase Receptacle (SPR®) serves as the solid phase as well as the pipetting device.
Reagents for the assay are ready-to-use and pre-dispensed in the sealed reagent strip. All
steps are performed automatically by the instrument and completed within approximately
40 min. The reagents used for assay development and for this performance evaluation
study are identical to those included in the commercialised CE-marked assays.

For the VIDAS® Anti-CHIKUNGUNYA IgM assay (hereafter referred to as the VIDAS®

anti-CHIKV IgM assay), total IgM is captured by a monoclonal antibody specific for
human IgM coated on the interior of the SPR. In the second step, anti-CHIKV IgM is
specifically detected by a CHIKV-specific antigen and anti-CHIKV antibodies conjugated
to alkaline phosphatase.

For the VIDAS® Anti-CHIKUNGUNYA IgG assay (hereafter referred to as the VIDAS®

anti-CHIKV IgG assay), anti-CHIKV IgG is captured by the CHIKV-specific antigen coated
on the interior of the SPR. In the second step, the captured anti-CHIKV IgG is detected by
an antibody specific for human IgG conjugated to alkaline phosphatase.

The CHIKV-specific antigen used in both VIDAS® anti-CHIKV assays is a virus-
like particle (VLP) produced by transient transfection of HEK293 cells with a eukaryotic
expression plasmid encoding the CHIKV capsid and envelope structural polyproteins
C-E3-E2-6K-E1 (from strain 37997 of the West African lineage) [28,29]. CHIKV VLPs are
composed of 240 copies of capsid proteins surrounded by the host cell plasma membrane
and an outermost layer of 240 heterodimers of the immunogenic envelope proteins E1-E2,
assembled into 80 glycoprotein spikes [28,29]. CHIKV-specific VLPs secreted in the culture
medium were purified by ion exchange chromatography and on a multimodal resin using
proprietary protocols.

During the final detection step of both VIDAS® anti-CHIKV immunoassays, the
substrate (4-Methyl-umbelliferyl phosphate) is cycled in and out of the SPR. The conjugate
enzyme catalyzes the hydrolysis of the substrate into a fluorescent product (4-Methyl-
umbelliferone). Fluorescence is measured at 450 nm and a relative fluorescence value
(RFV) is generated (background reading subtracted from the final fluorescence reading).
The results are automatically calculated by the instrument, according to a standard (S1),
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and an index value (i) is obtained (where i = RFVsample/RFVS1). The test is interpreted
as negative when i < 1.0 and positive when i ≥ 1.0. The positivity cut-off values for
the VIDAS® CHIKM and CHKG assays were determined based on the area under the
receiver operating characteristic (ROC) curve and Youden index analyses, using clinically
characterised positive and negative human samples.

For the study, VIDAS® anti-CHIKV IgM and IgG assays were performed and in-
terpreted according to the instructions for use (056847-01 and 055960-01, respectively).
VIDAS® assays were repeated in the event of invalid calibration, established human error,
or absence of results delivered by the device. Only valid repeated results were taken into
account for data analysis. Two lots of VIDAS® anti-CHIKV IgM and IgG assays were used,
and the same lots were used at both testing sites (Brazil and France; Table 1). At the testing
site in Brazil (Table 1), samples were evaluated on one VIDAS® instrument and in parallel
by ELISA on a Mustikan FC reader (ThermoFisher Scientific, Waltham, MA, USA) between
4 October 2021, and 18 October 2021. At the testing site in France (Table 1), two VIDAS
instruments were employed, one for the VIDAS® anti-CHIKV IgM assays and one for the
VIDAS® anti-CHIKV IgG assays. Samples were evaluated in parallel on VIDAS® and by
ELISA on an ELISA reader BioTek 800TS (Agilent, Santa Clara, CA, USA) between 26 July
2021, and 7 October 2021.

2.4. Competitor Enzyme-Linked Immunosorbent Assays (ELISAs)

Competitor ELISAs (Table 2) were conducted and interpreted according to the man-
ufacturers’ recommendations. Competitor ELISA tests were repeated in the event of
established human error or in the absence of results delivered by the ELISA reader. Only
valid repeated results were taken into account for data analysis.

IgM ELISA (InBios) was interpreted as negative for result values (Immune Status
Ratio [ISR]) < 0.9, positive for ISR > 1.1, and equivocal for ISR of 0.9–1.1. IgM ELISA
(NovaTec) was interpreted as negative for result values (NovaTec Units [NTU]) < 9, positive
for NTU > 11, and equivocal for NTU of 9–11. Equivocal IgM assays were repeated in
duplicate (inBios) or singlicate (NovaTec). The repeated result (mean of duplicate for InBios,
singlicate value for NovaTec) was interpreted as either negative (<1.0 for InBios, ≤11 for
NovaTec) or positive (≥1.0 for InBios, >11 for NovaTec). Thus, the final interpretation of
IgM competitor ELISA was either negative or positive. Discordant IgM ELISA test results
were excluded from the analysis (Figure 1).

IgG ELISA (Euroimmun) was interpreted as negative for result values (Ratio) < 0.8,
positive for a ratio ≥ 1.1, and equivocal for a ratio of 0.8 to <1.1. Equivocal IgG ELISA test
results were excluded from the analysis (Figure 1).

2.5. Rapid Diagnostic Test (RDT)

The Standard Q Chikungunya IgM/IgG Rapid Kit (SD Biosensor, Gurugram, Haryana,
India) was applied to backup samples of sites 2 and 3 (Table 1). The test was performed and
interpreted according to the manufacturer’s instructions. In case of an invalid RDT result,
the test was repeated. In the event of a repeated invalid test result, the test was confirmed
as invalid and excluded from the analysis. Only valid repeated results were taken into
account for data analysis.

2.6. Real-Time RT-PCR Assays

At the collection and testing site in Brazil (Table 1), rRT-PCR was performed on
samples with a time from symptom onset ≤ 7 days using the ZDC kit (Zika, dengue,
and chikungunya) from Bio-Manguinhos, a unit of Fiocruz (Institute of Technology in
Immunobiologicals) approved by the National Agency for Health Surveillance ANVISA
(register number 80142170032). Samples with a positive rRT-PCR result and with at least
one follow-up sample were included in the sensitivity analysis.

At the testing site in France for samples collected at sites 2 and 3 (Table 1), rRT-PCR
was performed on samples with a time from symptom onset ≤ 14 days for information
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purposes only, using the CE-approved RealStar Chikungunya RT-PCR Kit 2.0 (Altona
diagnostics GmbH, Hamburg, Germany). The testing was outsourced to BIOMEX GmbH
(Heidelberg, Germany).

2.7. Precision Experiments

Precision experiments were conducted at bioMérieux (Marcy l’Etoile, France). Assay
precision was evaluated according to the CLSI EP05-A3 guideline [30] using characterised
high negative, low positive, and moderate positive human serum samples, as determined
by VIDAS® anti-CHIKV IgM and IgG assays. Samples were prepared from negative native
EFS samples spiked with a high positive native sample to obtain the expected index value
levels. Samples were stored at −20 ◦C/−30 ◦C until use.

Within-run precision (repeatability) and within-laboratory precision (between-lot
reproducibility) of the VIDAS® anti-CHIKV IgM and IgG assays were determined on
samples run in triplicate twice a day for 10 days (equivalent to a 20-day precision), using
two lots of VIDAS® assays on one VIDAS® instrument calibrated every second day, thus
generating 120 measurements per sample. A visual data integrity check was performed
to identify possible outliers. Visually discordant results were confirmed to be statistical
outliers using the Generalized Extreme Studentized Deviate (ESD) test with a 1% α risk. In
case of confirmed outliers, data analysis was performed on both the full dataset and on the
dataset without statistical outliers. Only statistical outliers with an impact on the precision
estimates were considered outliers. Variance was expressed as standard deviation (SD) and
coefficient of variation (CV).

2.8. Cross-Reactivity Experiments

The analytical specificity of the VIDAS® anti-CHIKV IgM and IgG assays was evalu-
ated at bioMérieux (Marcy l’Etoile, France) on samples containing potentially interfering
antibodies directed against other pathogens. Cross-reactivity experiments were performed
using native samples collected from patients who tested positive for antibodies against
related or unrelated pathogens, as follows. Samples used for evaluating the cross-reactivity
with VIDAS® anti-CHIKV IgM were positive for pathogen-specific IgM, except for HAV,
HBV, HCV, HIV, IAV/IBV, and Plasmodium falciparum samples, which were positive for
pathogen-specific total antibodies. Samples used for evaluating the cross-reactivity with
anti-CHIKV IgG were positive for pathogen-specific IgG, except for HAV, HBV, HCV, HIV,
IAV/IBV, YFV, and Plasmodium falciparum samples, which were positive for pathogen-
specific total antibodies.

In addition, samples tested with VIDAS® anti-CHIKV IgM were previously char-
acterized as negative using a competitor anti-CHIKV IgM ELISA (Euroimmun Anti-
Chikungunya Virus ELISA (IgM), Inbios CHIKjj Detect™ IgM ELISA or NovaLisa® Chikun-
gunya Virus IgM μ-capture). Samples tested with VIDAS® anti-CHIKV IgG were previously
characterized as negative using the Euroimmun Anti-Chikungunya Virus ELISA (IgG).

All samples were stored at −80 ◦C until use, except for samples of SARS-CoV-2-
infected patients, which were stored at −30 ◦C. Samples were tested in singlicate, using one
kit lot each (IgM, IgG) on either five VIDAS® instruments (IgM) or two VIDAS® instruments
(IgG). A total of 210 and 205 samples with other potentially interfering infections were
tested on the VIDAS® anti-CHIKV IgM and IgG assays, respectively.

2.9. Statistical Analyses

Agreement analyses were conducted between the VIDAS® assays and competitor
ELISA used as a comparative method. Agreement analyses (PPA, NPA, and overall percent
agreement) were performed in adherence to the CLSI EP12-A2 guideline [31]. The 95%
confidence intervals (95% CI) were computed, either as Wilson Score Confidence Interval
if the percentage agreement was in the range ]5%, 95%[ or as Exact Binomial Confidence
Interval otherwise, using the SAS Enterprise Guide 7.12 software.
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The sensitivity of the VIDAS® IgM and IgG assays was evaluated by determining the
percentage of positive VIDAS® results on follow-up samples of patients with a CHIKV rRT-
PCR-positive status established between day 0 and 7 post symptom onset. The respective
95% CIs were computed as above. The sensitivity of the competitor IgM and IgG ELISA was
evaluated in parallel and compared to that of the VIDAS® assays in a pairwise comparison
using a McNemar’s test with Bonferroni correction (correction for three tests for IgM assays,
and for two tests for IgG assays).

Agreement of the VIDAS® and RDT assays with competitor ELISA was compared
according to the CLSI EP12-A2 guidelines [31], using the 95% CI of the differences of these
two concordance values; if 0 belonged to the 95% CI then both concordance values were not
considered significantly different, while if 0 was outside the 95% CI then both concordance
values were considered significantly different.

The assay precision was assessed in adherence to the CLSI EP05-A3 guideline [30]
by a component-of-variance analysis for nested design (Restricted Maximum Likelihood)
using the SAS Enterprise Guide 7.12 software.

VIDAS® CHIK IgM and IgG index values of longitudinal study samples used for the
sensitivity analysis (i.e., in patients with a confirmed CHIKV infection) were displayed as
Tukey box plots according to the time post symptom onset, using GraphPad Prism 5.04
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Patients’ Characteristics

A total of 660 serum samples were collected, of which 656 were analysed (Figure 1).
The 656 included samples were from 490 patients with suspected CHIKV infection, as
described in Table 4. The whole study population was composed of 340 (69.4%) females
and presented a median (range) age of 37 (15–92) years (Table 4). Out of the 490 included
patients, 184 (37.5%) were from Brazil, 165 (33.7%) from Colombia, 72 (14.7%) from Peru, 47
(9.6%) from India, 16 (3.3%) from the Dominican Republic, and 6 (1.2%) from Honduras
(Table 4).

Table 4. Patients’ and samples’ characteristics.

Characteristics Total Site 1 Site 2 Site 3

Centre - Brazil India France

Study population, N (%) 490 (100.0%) 184 (37.5%) 47 (9.6%) 259 (52.9%) 1

Age in years, median (range) 37.0 (15–92) 41.0 (19–83) 43.0 (20–83) 33.0 (15–92)

Sex, N (%)
Female 340 (69.4%) 124 (67.4%) 19 (40.4%) 197 (76.1%)
Male 150 (30.6%) 60 (32.6%) 28 (59.6%) 62 (23.9%)

Study samples, N (%) 656 (100.0%) 350 (53.3%) 47 (7.2%) 259 (39.5%)
1 Out of the 259 purchased samples, 165 (63.7%) were from Colombia, 72 (27.8%) from Peru, 16 (6.2%) from the
Dominican Republic, and 6 (2.3%) from Honduras.

A total of 490 samples were included in the agreement analysis comparing the VIDAS®

anti-CHIKV IgM and IgG assays to competitor ELISA (Figure 1, analysis I), 265 follow-up
samples of patients confirmed positive for CHIKV infection were included in the sensitivity
analysis (Table S1 and Figure 1, analysis II), and 306 samples were part of the agreement
sub-analysis comparing VIDAS® assays to ELISA vs. RDT to ELISA (Figure 1, analysis III).

3.2. Clinical Performance of the VIDAS® Anti-CHIKV IgM and IgG Assays
3.2.1. Clinical Sensitivity

The sensitivity of the VIDAS® assays was evaluated in patients confirmed positive for
CHIKV infection (as determined by a positive CHIKV rRT-PCR at ≤7 days post symptom
onset; Table S1). Clinical sensitivity was defined as the percentage of positive test results
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and was evaluated at different time intervals following the onset of symptoms. Sensitivity
of the competitor ELISA was evaluated in parallel (Table 5 and Figure S1).

Table 5. Percentage of positive test results with VIDAS® assays and competitor ELISA in patients
confirmed positive for CHIKV infection according to the time post symptom onset (n = 265 samples
from 101 patients; see Figure 1 and Table 4).

Assay

Time from Symptom Onset

Acute Phase Post-Acute Phase Chronic Phase

0–4 Days
(n = 75)

5–10 Days
(n = 34)

11–21 Days
(n = 69)

22–89 Days
(n = 31)

>89 Days
(n = 56)

VIDAS®

CHIKV IgM
n/N 1 (%) 11/75 (14.7%) 30/34 (88.2%) 69/69 (100.0%) 30/31 (96.8%) 53/56 (94.6%)
[95% CI] [8.4–24.4] [73.4–95.3] [94.8–100.0] [83.3–99.9] [85.4–98.2]

InBios
ELISA IgM

n/N 1 (%) 12/75 (16.0%) 31/34 (91.2%) 69/69 (100.0%) 29/31 (93.5%) 55/56 (98.2%)
[95% CI] [9.4–25.9] [77.0–97.0] [94.8–100.0] [79.3–98.2] [90.4–100.0]

NovaTec
ELISA IgM

n/N 1 (%) 18/75 (24.0%) 31/34 (91.2%) 69/69 (100.0%) 31/31 (100.0%) 56/56 (100.0%)
[95% CI] [15.8–34.8] [77.0–97.0] [94.8–100.0] [88.8–100.0] [93.6–100.0]

VIDAS®

CHIKV IgG
n/N 1 (%) 2/75 (2.7%) 9/34 (26.5%) 69/69 (100.0%) 31/31 (100.0%) 56/56 (100.0%)
[95% CI] [0.3–9.3] [14.6–43.1] [94.8–100.0] [88.8–100.0] [93.6–100.0]

Euroimmun
ELISA IgG

n/N 1 (%) 1/75 (1.3%) 6/33 (18.2%) 2 69/69 (100.0%) 31/31 (100.0%) 56/56 (100.0%)
[95% CI] [0.0–7.2] [8.6–34.4] [94.8–100.0] [88.8–100.0] [93.6–100.0]

1 n/N is the ratio of the number of samples positive for the respective immunoassays to the number of rRT-PCR-
positive samples. 2 One sample with an equivocal result with the Euroimmun IgG ELISA assay was excluded from
the calculation. An exact McNemar’s test with Bonferroni correction showed a significant difference in sensitivity
between the VIDAS® CHIK IgM and the NovaTec ELISA IgM assays for the 0–4 days samples (p = 0.047). All other
pairwise comparisons of the 0–4 days (IgM, IgG) and 5–10 days (IgG) samples were not statistically significant.
The percentage of positive test results according to the time post symptom onset shown in this Table are depicted
in Figure S1. Abbreviations: CHIK, chikungunya; CI, confidence interval.

All evaluated anti-CHIKV IgM assays demonstrated high sensitivity (88.2–100.0%)
from day 5 post symptom onset, while all anti-CHIKV IgG assays showed 100.0% sensitivity
from day 11 post symptom onset (Table 5 and Figure S1). Anti-CHIKV IgM and IgG assays
presented a lower sensitivity at earlier time points after the onset of symptoms (≤24.0% for
CHIKV IgM assays at 0–4 days, and ≤26.5% for CHIKV IgG assays at 0–10 days; Table 5
and Figure S1), as predicted from the reported kinetics of antibody response following a
CHIKV infection [5,6,19,20].

Altogether, over the whole evaluated period, few differences in sensitivity were
observed between the compared assays, with differences of 1.9% (5/265) between VIDAS®

CHIKV IgM and inBios IgM ELISA, 4.5% (12/265) between VIDAS® CHIKV IgM and
NovaTec IGM ELISA, and 1.5% (4/265) between VIDAS® CHIKV IgG and Euroimmun
IgG ELISA (Table 5). Pairwise differences in sensitivity were evaluated in case of apparent
differences in proportions at earlier time points (0–4 days for IgM assays, 0–4 days and
5–10 days for IgG assays; Table 5) using an exact McNemar’s test with Bonferroni correction.
All pairwise differences in sensitivity were not statistically significant (p = 1.000 for VIDAS®

CHIKV IgM vs. InBios IgM ELISA at 0–4 days, p = 0.094 for NovaTec IgM ELISA vs. InBios
IgM ELISA at 0–4 days, p = 1.000 for VIDAS® CHIKV IgG vs. Euroimmun IgG ELISA at
both 0–4 and 5–10 days), except for the comparison of VIDAS® CHIKV IgM vs. NovaTec
IgM ELISA at 0–4 days (p = 0.047). However, a closer evaluation of the result values of
the 12 apparent discordant VIDAS® CHIKV IgM test results vs. NovaTec IgM ELISA
(corresponding to samples negative for VIDAS® and positive for NovaTec ELISA; Table 5)
revealed low positive test results for the NovaTec IgM ELISA (with a median [IQR] of 14.4
[13.6–14.9], close to the positivity cutoff of 11.0), indicating no major discordance between
test results, and thus no great differences in sensitivity.

In agreement with these qualitative test results, index values of the VIDAS® CHIKV
IgM and IgG assays showed the expected kinetics of the antibody response [5,6,19,20], with
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significant detection of anti-CHIKV IgM from day 5 after onset of symptoms, peaking at
11–21 days, subsiding afterward (Figure 2a and Table S2), while anti-CHIKV IgG strongly
increased from day 11 after onset of symptoms and remained high over the evaluated
period (Figure 2b and Table S2).

 

Figure 2. Distribution of VIDAS® CHIKV IgM (a) and IgG (b) index values in patients confirmed
positive for CHIKV infection according to the time post symptom onset. VIDAS® CHIKV IgM and
IgG index values of 265 samples from 101 CHIKV-positive patients (as determined by rRT-PCR within
7 days of symptom onset) are displayed as Tukey box plots according to the time from symptom
onset. No more than one patient’s sample is included per period. The dashed horizontal line shows
the positivity cut-off of both assays (i = 1.0). The median and interquartile range of the respective
index values are shown in Table S2.

3.2.2. Concordance of the VIDAS® CHIKV IgM and IgG Assays with Competitor ELISA in
the Total Study Population

Agreement analysis comparing the performance of the VIDAS® CHIKV IgM and
IgG assays to that of the competitor ELISA demonstrated very high positive and negative
percent agreements (PPA and NPA between 97.5% and 100.0%; Table 6). The PPA (95% CI)
of the comparison of anti-CHIKV IgM assays was the lowest, with 97.5% (93.8–99.3%).

Table 6. Concordance of the VIDAS® CHIKV assays with the respective competitor ELISA (n = 355
for anti-IgM assays, n = 398 for anti-IgG assays; see Figure 1).

VIDAS® CHIKV Assay
Positive Percent

Agreement (PPA)
Negative Percent
Agreement (NPA)

Overall Percent
Agreement (OPA)

IgM
n/N 1 (%) 157/161 (97.5%) 194/194 (100.0%) 351/355 (98.9%)
[95% CI] [93.8–99.3] [98.1–100.0] [97.1–99.7]

IgG
n/N 1 (%) 203/204 (99.5%) 193/194 (99.5%) 396/398 (99.5%)
[95% CI] [97.3–100.0] [97.2–100.0] [98.2–99.9]

1 n/N is the ratio of the number of samples for which VIDAS® assays are in agreement (positive, negative, and
overall) with the competitor ELISA (comparative method) to the number of samples that tested either positive or
negative (and overall) with the competitor ELISA. Positive and negative agreement with competitor ELISA was
calculated according to the rules described in Table 3. Abbreviations: CI, confidence interval.

Altogether, very few test results were discordant between the VIDAS® CHIKV assays
and the comparative methods, with 4/355 (1.1%) discordant anti-CHIKV IgM assays and
2/398 (0.5%) anti-CHIKV IgG assays (Table 6). For IgM assays, evaluation of the four discor-
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dant samples (negative for VIDAS® CHIKV IgM and positive for the competitor IgM ELISA;
Table 6) revealed inBios IgM test results close to the positivity cutoff of 1.0 and NovaTec
IgM test results that were moderately positive (median [IQR] of 17.95 [14.96–21.81]). These
four discordant samples were collected early after symptom onset (0–6 days; Table S3).
For IgG assays, the two discordant samples (one in the PPA analysis and one in the NPA
analysis; Table 6) revealed test results close to the respective positivity cutoff, thus not
strongly discordant. As for IgM assays, the one discordant PPA result (negative for VIDAS®

CHIKV IgG and positive for the competitor IgG ELISA) was from a sample collected within
0–6 days of symptom onset (Table S3), when the antibody response starts to mount (see
Figure 2). The one discordant NPA result in the anti-CHIKV IgG assay comparison (positive
for VIDAS® CHIKV IgG and negative for the competitor IgG ELISA) was collected in the
post-acute phase (22 days–3 months post symptom onset; Table S3).

3.2.3. Comparison of Assay Concordance of the VIDAS® CHIKV Assays and RDT with
Competitor ELISA

An agreement sub-analysis was conducted aiming to compare on common samples
the agreement of VIDAS® assays with the competitor ELISA to that of lateral flow RDT
with the same competitor ELISA (Figure 1). In this sub-cohort, VIDAS® CHIKV IgM and
IgG assays showed PPA and NPA with the competitor ELISA close to 100.0% (ranging from
99.2% to 100.0%; Table 7). By contrast, the PPA of RDT IgM/IgG with the competitor ELISA
was moderate (68.4% and 67.4% for IgM and IgG, respectively), together with an NPA of
100.0% (Table 7).

Table 7. Concordance of the VIDAS® CHIKV assays and of the RDT IgM/IgG assay with competitor
ELISA (n = 176 for IgM, n = 286 for IgG; see Figure 1).

Assay
Positive Percent

Agreement (PPA)
Negative Percent
Agreement (NPA)

Overall Percent
Agreement (OPA)

VIDAS®

CHIKVIgM

n/N 1 (%) 19/19 (100.0%) 157/157 (100.0%) 176/176 (100.0%)
[95% CI] [82.4–100.0] [97.7–100.0] [97.9–100.0]

RDT
IgM/IgG 2

n/N 1 (%) 13/19 (68.4%) 157/157 (100.0%) 170/176 (96.6%)
[95% CI] [46.0–84.6] [97.7–100.0] [92.7–98.7]

VIDAS®

CHIKVIgG

n/N 1 (%) 128/129 (99.2%) 156/157 (99.4%) 284/286 (99.3%)
[95% CI] [95.8–100.0] [96.5–100.0] [97.5–100.0]

RDT
IgM/IgG 2

n/N 1 (%) 87/129 (67.4%) 157/157 (100.0%) 244/286 (85.3%)
[95% CI] [59.0–74.9] [97.7–100.0] [80.7–88.9]

1 n/N is the ratio of the number of samples for which VIDAS® or RDT assays are in agreement (positive, negative,
and overall) with the competitor ELISA (reference test) to the number of samples that tested either positive or
negative (and overall) with the competitor ELISA. 2 Standard Q Chikungunya IgM/IgG (SD Biosensor). Positive
and negative agreement with competitor ELISA was calculated according to the rules described in Table 3.
Abbreviations: CI, confidence interval; RDT, rapid diagnostic test.

Differences in agreement to ELISA of the VIDAS® and RDT assays were tested using
the 95% CI of the differences of both concordance values, as described in the Materials
and Methods (Section 2.9). For anti-CHIKV IgM assays, the NPA of VIDAS® and RDT
assays were both in perfect concordance with the comparative method (100.0%; Table 7).
By contrast, the difference (95% CI) of the PPA of the VIDAS® and RDT assays was 31.6%
(7.61–53.99), indicating that the PPA of VIDAS® CHIKV IgM to ELISA was significantly
higher than that of the RDT IgM. Similarly, for anti-CHIKV IgG assays, the difference (95%
CI) of the NPA of the VIDAS® and RDT assays was −0.6% (−3.50–1.77), inferring that the
NPA of VIDAS® CHIKV IgG to ELISA was not significantly different from that of RDT IgG.
As for IgM assays, the PPA of VIDAS® CHIKV IgG (99.2%) was significantly higher than
that of the RDT IgG (67.4%), with a difference (95% CI) in the PPA of VIDAS® and RDT
assays of 31.8% (23.54–40.31). Therefore, while the NPA of the VIDAS® anti-CHIKV IgM
and IgG assays were comparable to that of the rapid test STANDARDTM Q IgM/IgG (both
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close to 100.0%), the PPA of VIDAS® anti-CHIKV IgM and IgG assays were significantly
higher than that of the RDT.

A closer evaluation of the discordant RDT test results in the PPA analysis (i.e., negative
for RDT and positive for the competitor ELISA) showed that the 6/19 (31.6%) samples
with negative RDT IgM results (Table 7) were moderately positive with the NovaTec IgM
ELISA (median NTU of 24.6), the inBios IgM ELISA (median ISR of 7.7), and the VIDAS®

CHIKV IgM (median index of 14.3). Similarly, 42/129 (32.6%) samples with negative RDT
IgG results (Table 7) were moderately positive with the Euroimmun IgG ELISA (median
ratio of 4.28), and 41/42 of those were moderately positive with the VIDAS® CHIKV IgG
(median index of 14.2). Altogether, these results demonstrate that the RDT IgM/IgG assay
is less sensitive than ELISA, but also less sensitive than the VIDAS® CHIKV assays.

3.3. Analytical Performance of the VIDAS® CHIKV IgM and IgG Assays
3.3.1. Assay Precision

The assay precision of the VIDAS® anti-CHIKV IgM and IgG assays was evaluated on
high negative, low positive, and moderate positive samples. No outliers were identified
and a total of 120 measurements were included in the precision calculation. The coefficient
of variation (CV) across both assays did not exceed 5.0% for repeatability (within-run
precision) and 7.4% for within-laboratory (between-lot) precision (Table 8).

Table 8. Precision of the VIDAS® CHIKV IgM and IgG assays.

VIDAS®

CHIKV
Assay

Sample
Measurements

(N)
Mean
Index

Repeatability
(Within-Run Precision)

Within-Laboratory
Precision 1

SD CV (%) SD CV (%)

IgM
High negative 120 0.84 0.02 2.2 0.04 5.1
Low positive 120 1.39 0.03 2.5 0.06 4.6

Moderate positive 120 3.68 0.07 1.9 0.11 3.0

IgG
High negative 120 0.92 0.05 5.0 0.07 7.4
Low positive 120 1.32 0.06 4.6 0.07 5.6

Moderate positive 120 5.82 0.22 3.7 0.34 5.9
1 Between-lot reproducibility. Abbreviations: SD, standard deviation; CV, coefficient of variation.

3.3.2. Assay Cross-Reactivity

The analytical specificity of the VIDAS® anti-CHIKV IgM and IgG assays was evalu-
ated using samples from patients with other proven infections and who had tested positive
for the respective pathogen-specific IgM, IgG, or total antibodies, and tested negative with
the respective competitor ELISA. The potentially interfering pathogens evaluated were
those responsible for febrile infections that could be misdiagnosed as CHIKV, such as
other alphaviruses (Barmah Forest virus, Ross River virus), flaviviruses (dengue virus,
West Nile virus, yellow fever virus, Zika virus, Japanese encephalitis virus), or other
pathogens (Plasmodium falciparum, leptospira, severe acute respiratory syndrome coron-
avirus 2 [SARS-CoV-2], . . . ). Cross-reactivity was measured as the proportion of positive
VIDAS® anti-CHIKV IgM and IgG test results among these samples (Table 9).

Overall cross-reactivity with the VIDAS® anti-CHIKV IgM and IgG assays was very
low (1/210 [0.5%] for VIDAS® anti-CHIKV IgM and 6/205 [2.9%] for VIDAS® anti-CHIKV
IgG; Table 9). The VIDAS® anti-CHIKV IgM assay showed one cross-reactivity with a native
sample positive for Toxoplasma gondii-specific IgM. The VIDAS® anti-CHIKV IgG assay
was cross-reactive with one native sample positive for herpes simplex virus (HSV)-specific
IgG, and with five samples positive for IgG against mosquito-borne viruses, including
West Nile virus (two cross-reactive samples out of ten tested) and Ross River virus (three
cross-reactive samples out of ten tested). No VIDAS® anti-CHIKV IgG cross-reactivity
was observed with IgG-positive samples of patients infected with other flaviviruses such
as dengue, yellow fever, and Zika viruses. Similarly, the VIDAS® anti-CHIKV IgM assay
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showed no cross-reactivity with samples of patients who tested IgM-positive for any of
the investigated alphaviruses (Barmah Forest virus, Ross River virus) and flaviviruses
(dengue virus, West Nile virus, yellow fever virus, Zika virus, Japanese encephalitis virus).
Moreover, VIDAS® anti-CHIKV IgM and IgG assays demonstrated no cross-reactivity with
samples positive for SARS-CoV-2 IgM and IgG antibodies, respectively (Table 9).

Table 9. Cross-reactivity of human native samples from patients with other infections potentially
interfering with the VIDAS® CHIKV IgM and IgG assays.

Potentially Interfering Infections
Proportion of Cross-Reactions with VIDAS® CHIKV Assays

IgM IgG

Herpes simplex virus (HSV1/2) 0/10 1/10

Varicella zoster virus (VZV) 0/10 0/10

Cytomegalovirus (CMV) 0/11 0/10

Epstein-Barr virus (EBV) 0/9 0/10

Influenza virus (IAV/IBV) 0/12 0/12

Hepatitis A virus (HAV) 0/10 0/10

Hepatitis B virus (HBV) 0/10 0/10

Hepatitis C Virus (HCV) 0/10 0/10

Parvovirus B19 0/6 0/10

Human immunodeficiency virus (HIV) 0/10 0/10

Borrelia burgdorferi 0/10 0/10

Plasmodium falciparum 0/10 0/10

Toxoplasma gondii 1/12 0/10

Leptospira 0/11 0/10

Dengue virus (DENV) 0/10 0/10

West Nile virus (WNV) 0/10 2/10

Yellow fever virus (YFV) 0/10 0/10

Zika virus (ZIKV) 0/11 0/10

Japanese encephalitis virus (JEV) 0/5 n.d.

Barmah Forest virus (BFV) 0/2 0/3

Ross River virus (RRV) 0/10 3/10

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 0/11 0/10

Total, n/N (%) 1/210 (0.48%) 6/205 (2.93%)

Abbreviation: n.d., not determined.

4. Discussion

This international study assessed the clinical performance of the automated VIDAS®

anti-CHIKV IgM and IgG assays in comparison to a manual competitor ELISA used
as a comparative method and evaluated assay sensitivity in patients with a confirmed
CHIKV infection.

In this first performance evaluation study, VIDAS® anti-CHIKV IgM and IgG re-
sults were comparable to those of competitor IgM and IgG ELISAs, with positive and
negative agreements between 97.5% and 100.0%. Given that existing commercial anti-
CHIKV IgM and IgG ELISA are recognised for their ability to accurately detect anti-
CHIKV antibodies [5,6,10,11,19,20,22–24], our study, therefore, demonstrates the good
clinical performance of the VIDAS® anti-CHIKV IgM and IgG assays. Our study also
confirmed the superior performance of ELISA over RDT, in accordance with the existing
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literature [5,6,10,11,19,20,22–24]. Moreover, the significant difference between the PPA of
VIDAS® and RDT assays (each compared to competitor ELISA) demonstrates for the first
time the superior performance of VIDAS® anti-CHIKV assays over that of RDT. On the
other hand, both VIDAS® and RDT assays showed NPA near or equal to 100.0%, suggesting
a clinical specificity comparable to that of ELISA.

Sensitivity of the VIDAS® anti-CHIKV IgM and IgG assays, assessed as the percentage
of positive test results in patients with a proven CHIKV infection, confirmed reports
from the literature as to the kinetics of the anti-CHIKV antibody response [5,6,19,20],
with >88% IgM detection at ≥5 days and 100% IgG detection at ≥11 days after symptom
onset. Our results, therefore, support the current guidelines for CHIKV infection diagnosis,
recommending the detection of CHIKV RNA by real-time RT-PCR within the first week of
symptom onset, and detection of anti-CHIKV IgM and/or IgG thereafter [13,15,17,18].

In addition to their strong clinical performance, VIDAS® anti-CHIKV IgM and IgG
assays demonstrated excellent analytical performance with high precision (CV < 8%) and
analytical specificity (cross-reactivities < 3%). Few cross-reactivities were identified using
samples of patients with related or unrelated infections. Nonetheless, five samples that
were positive for IgG against mosquito-borne arboviruses (2/10 West Nile virus and 3/10
Ross River virus), but negative with the competitor IgG ELISA, were positive with the
VIDAS® anti-CHIKV IgG assay. Cross-reactivity with samples of patients with a past
alphavirus infection, such as Ross River virus, was expected given the close homology of
alphaviruses [32–34] and previous reports of immune cross-reactivities between sera of
patients infected with CHIKV and other alphaviruses, including O’nyong-nyong, Mayaro,
and Ross River viruses [27,34–37]. These potentially cross-reactive viruses, together with
CHIKV, are endemic in partly overlapping regions and are responsible for diseases present-
ing similar symptoms [1,38,39]. This emphasizes the potential risk of misdiagnosis, even
with good-performing assays, and the importance of conducting differential diagnosis and
combining rRT-PCR, IgM, and/or IgG testing, depending on the time after symptom onset,
to confirm a CHIKV infection, as recommended [13,15,17,18].

The major strengths of this study include the enrolment of a large number of samples
(n = 660) covering multiple endemic regions of the world, including Asia (India) and Latin
America (Brazil, Colombia, Peru, Dominican Republic, Honduras), the large number of
samples included in the cross-reactivity analysis, the parallel evaluation of samples with
VIDAS® and competitor assays, and the use of a unique rRT-PCR test in one central lab for
the confirmation of a CHIKV infection for the sensitivity analysis.

Our study presents, nevertheless, a few limitations. First, the choice of considering two
competitor IgM ELISAs as comparators to the VIDAS® anti-CHIKV IgM assay led to the
exclusion of 35 samples (out of 490 [7.1%]) from the IgM analysis (because of discordance
between the two competitor IgM ELISAs), which might have introduced a bias in the
analysis. In the absence of a gold standard anti-CHIKV IgM assay, this strategy, however,
allowed a more robust agreement analysis of the VIDAS® anti-CHIKV IgM assay. A
second possible limitation is the selection of samples negative for both IgM and IgG (with
competitor ELISAs) for NPA analyses, which led to the exclusion of 187 ‘mismatched’
IgM/IgG samples and might have introduced a bias in the analysis. This is, however,
unlikely, since an analysis including all samples yielded comparable results. Third, given
the heterogeneity in the number of recruited samples per site (ranging from 47 to 350;
Table 4), no analysis per site was conducted. However, a preliminary analysis indicated
comparable performance of the VIDAS® anti-CHIKV assays per site and in the pooled
cohort. A future multicentre study enrolling sufficient participants per site should fill this
gap. Finally, although we tested the potential cross-reactivity of the VIDAS® anti-CHIKV
assays with some alphaviruses (Ross River virus, Barmah Forest virus), the difficulty to
acquire alphavirus-specific sera prevented us from testing further cross-reactivities with
other related alphaviruses, notably O’nyong-nyong and Mayaro viruses, known to cross-
react in competitor ELISA assays [27,34–37]. Additional investigations will be needed to
address this question.

42



Diagnostics 2023, 13, 2306

5. Conclusions

This international performance evaluation study, conducted on a large number of sam-
ples representative of several chikungunya-endemic regions, demonstrated the excellent
analytical and clinical performances of the VIDAS® anti-CHIKV assays for the detection of
CHIKV-specific IgM and IgG following CHIKV infection. The VIDAS® anti-CHIKV assays,
therefore, fulfil the requirements of the current guidelines for the diagnosis of a CHIKV
infection. Furthermore, they present the advantage over conventional ELISA to be executed
and interpreted automatically within 40 min, which is a clear clinical and epidemiological
benefit in CHIKV endemic regions and at the time of outbreaks. They also offer more
testing flexibility over ELISA (single testing vs. batch testing), and are as easy to perform
as RDT, while offering a higher clinical performance than these rapid tests.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/diagnostics13132306/s1, Table S1: Description of the follow-up samples of
patients confirmed positive for CHIKV infection and included in the sensitivity analysis (Figure 1,
analysis II); Table S2: Median and interquartile range (IQR) of VIDAS®CHIK IgM and IgG results
depicted in Figure 2, according to the time from symptom onset (n = 265); Table S3: Concordance
of the VIDAS®CHIKV assays with the respective competitor ELISA according to the time from
symptom onset (n = 355 samples for anti-IgM assays, n = 398 samples for anti-IgG assays [Figure 1];
see Table 6 for the concordance in the whole study population); Figure S1: Sensitivity of the VIDAS
and competitor ELISA CHIK IgM (a) and IgG (b) assays.
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Abstract: Point-of-care syndromic PCR (POC SPCR) assays are useful tools for the rapid detection
of the most common causative agents of community-acquired infections responsible for meningitis
and encephalitis infections. We evaluated the performance characteristics of the new QIAstat-Dx®

Meningitis/Encephalitis panel (QS) compared to the laboratory reference methods and the POC
SPCR Biofire® FilmArray® Meningitis Encephalitis Panel (FA). Viral (Enterovirus, Parechovirus,
HSV-1, HSV-2, HHV-6, VZV) and bacterial (E. coli K1, H. influenzae, L. monocytogenes, encapsulated N.
meningitidis, M. pneumoniae, S. agalactiae, S. pneumoniae, S. pyogenes) pathogens were suspended at
low concentrations and tested with the POC SPCR systems. The reproducibility, analytical specificity,
carryover contamination, interferences and clinical samples were evaluated. All samples tested
positive with both QS and FA except for those containing the lowest concentrations of Enterovirus-
D68-B3, Echovirus-30 and S. agalactiae which were only detected by FA. In terms of analytical
specificity, we observed 3 false positive results out of 48 QS tests versus 1 out of 37 FA tests. For
the other studied criteria, both QS and FA performed as expected. Our results suggest that the
performance characteristics of QS are close to those of FA. A prospective multicenter study would be
useful to complete the performances evaluation of QS.

Keywords: point of care; syndromic; PCR; cerebrospinal fluid; meningitis; encephalitis; bacteria; virus

1. Introduction

Point-of-care syndromic PCR (POC SPCR) assays are useful tools for the detec-
tion of the most common causative agents of community acquired infectious meningi-
tis/encephalitis in cerebrospinal fluid (CSF) within less than 2 h. Such a rapid diagnosis
is of clinical importance to improve the medical care of the patients suffering from these
life-threatening infections [1,2]. Indeed, a rapid initiation of appropriate treatment based
on the causative pathogen (e.g., amoxycillin and gentamicin in cases of Listeria) is necessary
to improve patient outcomes [3]. POC SPCR may be complementary of direct microbi-
ological examination following Gram staining which is less sensitive in cases with low
bacterial inoculum and/or antibiotic intake prior to lumbar puncture [3]. Furthermore,
in those cases of prior antibiotic intake to lumbar puncture, POC SPCR may be the only
way to identify the causative agent since the sensitivity of culture greatly decreases in
these cases [3]. POC SPCR may also enable to give a rapid diagnosis of viral meningitis
(Enterovirus, Parechovirus) therefore reducing inappropriate antibiotic use [4]. In addition,
POC SPCR assays target a large number of pathogens in 200 μL of CSF, thus enabling to
spare some of this precious biological matrix. Finally, diagnosis algorithms may be useful
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to determine when POC SPCR should be used in the laboratory in order to optimize their
clinical relevance [5].

In 2022, the new POC SPCR QIAstat-Dx® Meningitis/Encephalitis panel (QS) assay,
run-on the QIAstat-Dx analyzer system, allows detection of 15 bacteria, virus and fungal
that cause meningitis/encephalitis became available.

In this investigation, we evaluated the performance characteristics of this panel com-
pared to the laboratory reference methods and the previously commercialized POC SPCR
BioFire® FilmArray® Meningitis Encephalitis Panel (FA), for the detection of viral and
bacterial nucleic acids in CSF. Fungal pathogens were not evaluated in this study.

2. Materials and Methods

2.1. POC Syndromic PCR Meningitis/Encephalitis Panel

The QS panel (Qiagen, Germany) has the capacity to detect 15 pathogens including
6 viral targets (Herpes simplex HSV-1, HSV-2, Varicella-zoster VZV, enterovirus (EV),
parechovirus (PeV), herpesvirus human 6 (HHV-6)), 8 bacterial targets (Escherichia coli
K1 (Ec), Haemophilus influenzae (Hi), Listeria monocytogenes (Lm), encapsulated Neisseria
meningitidis (Nm), Streptococcus agalactiae (GBS), Streptococcus pneumoniae (Sp), Streptococcus
pyogenes (GAS) and Mycoplasma pneumoniae (Mp)), 2 fungal pathogens (Cryptococcus gat-
tii/Cryptococcus neoformans both detected but not differentiated) and an internal control (IC).
QS provides semi-quantitative results by providing access to amplification curves and cycle
threshold (Ct) values for all pathogens and the internal control. The FA panel (bioMérieux,
Marcy l’Etoile, France) is an FDA-cleared test since 2015. FA contains 14 targets and are the
same as those found on QS except for Streptococcus pyogenes and Mycoplasma pneumoniae
which are not included. On the other hand, cytomegalovirus is an additional target present
in FA and not found in QS. Reported results with FA are only qualitative. It takes around
1 h to obtain test results for both POC SPCR assays.

2.2. CSF Pool Preparation

We used a pool of CSF samples from 100 patients. Each of these CSF samples had the
following features: less than 10 leukocytes and 10 red blood cells per μL and no bacterial
growth. The pool was also tested to confirm the absence of HSV-1, HSV-2, VZV, HHV-6 and
Mp DNA and EV and PeV RNA with specific real-time PCR assays (R-GENE®, bioMérieux,
France). This negative CSF pool was then spiked with virus or bacteria to evaluate the
different parameters of the study. The pool dilution in the matrix containing the virus
(Universal transport medium UTM) or bacteria (Phosphate buffered solution PBS) was 10%
maximum. Spiked CSF aliquots were then kept at −80 ◦C until analysis.

2.3. Virus

We used 4 strains of EV: Enterovirus-A71-C1 (EV-A71-C1), Enterovirus-D68-B3 (Ev-
D68-B3), Echovirus-30 (E-30), Echovirus-6 (E-6), and 2 strains of PeV: parechovirus 1
(PeV-1) and 3 (PeV-3). EV-A71-C1, E-30 and PeV-1 were kindly provided by the National
Reference Center for enteroviruses (National Reference Center for enteroviruses, Lyon,
France). The other EV and PeV strains correspond to external quality controls provided by
the international external quality assessment organization Quality Control for Molecular
Diagnostics (QCMD). We used clinical strains of HSV-1, HSV-2 and VZV isolated in our
laboratory and the World Health Organization international standard for HHV-6B (NIBSC
code 15/266).

2.4. Bacteria

The bacterial strains used in this study and their origin are described in Table 1. They
were either standard reference strains from ATCC and DSMZ or clinical strain isolated in the
teaching hospital of Brest (France) and further confirmed by the French national reference
centers. Mycoplasma pneumoniae M129 was obtained from the laboratory of bacteriology of
the university hospital of Bordeaux (France).
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Table 1. Bacterial strains used in the study.

Species Origin Description

Escherichia coli K1 Clinical strain isolated from CSF
Haemophilus influenzae Type e Clinical strain isolated from CSF
Listeria monocytogenes Type 4b Clinical strain isolated from blood culture

Neisseria meningitidis Serotype B Clinical strain isolated from CSF
Mycoplasma pneumoniae M129

Streptococcus agalactiae ST17 clone Clinical strain isolated from CSF
Streptococcus mitis DSM 12643
Streptococcus oralis DSM 20627

Streptococcus pneumoniae ATCC 49619
Streptococcus pseudopneumoniae DSM 18670

Streptococcus pyogenes Serotype M77 Clinical strain isolated from blood culture

2.5. Assessed Parameters
2.5.1. Detection of Low Viral and Mycoplasma pneumoniae Loads

Our reference method was a specific real-time PCR assay (R-GENE®, bioMérieux)
for HSV-1, HSV-2, VZV, HHV-6, EV, PeV and Mp. Ten-fold serial dilutions were prepared
in CSF pool for each virus and Mp and aliquots of each dilution were stored at −80 ◦C.
Then, one aliquot of each dilution was thawed at room temperature, nucleic acids were
extracted with the eMAG® (bioMérieux, France) and the eluate was tested 5 times with
R-GENE® PCR assays. The lowest concentration of viral or Mp nucleic acids amplified
with R-GENE® PCR assay in 5 cases out of the 5 replicates was chosen for testing once with
QS and FA, using a new thawed aliquot. If the QS and FA result was positive, no further
testing was performed. If QS or FA result was negative, the previous diluted sample, i.e.,
10 times more concentrated, was tested once. In case of a negative result at this dilution,
no further testing was performed. In case of positivity, 5 new replicates were tested at the
lowest concentration of viral nucleic acids amplified in 100% of cases with the R-GENE®

PCR assay. A schematic diagram of this strategy is shown in Figure 1.

2.5.2. Detection of Low Bacterial Concentrations

We evaluated the detection of low bacterial concentrations with QS and FA by testing
samples prepared by spiking the CSF pool with CFU/mL quantified suspensions of bac-
teria to reach the limit of detection (LoD) announced by the manufacturer of the already
commercialized FA (1000 CFU/mL for Escherichia coli, Haemophilus influenzae, Listeria mono-
cytogenes, Streptococcus agalactiae and 100 CFU/mL for encapsulated Neisseria meningitidis
and Streptococcus pneumoniae). For Streptococcus pyogenes, which is only included in the QS
panel, a 1000 CFU/mL suspension was analyzed.

2.5.3. False Positive Results

We observed that no pathogen was detected with QS and FA in addition to the spiked
pathogen in the CSF pool. We also tested high concentrated (106 CFU/mL) suspensions of
three closely related species of Streptococcus pneumoniae: Streptococcus mitis, Streptococcus
oralis and Streptococcus pseudopneumoniae (Table 1).

2.5.4. Reproducibility and Carryover Contamination

We spiked the CSF pool with HSV-1, PeV-1, Nm and Sp (Ct values between 28 and 32).
Reproducibility was evaluated by performing 3 QS and 3 FA assays with this spiked CSF
pool. Carryover contamination was studied by testing 2 cartridges of non-spiked CSF pool
between them.
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Figure 1. Strategy for assessing the detection of low viral and Mp loads, from step 1 to 3, using CSF
diluted pool with positive results with R-GENE® in 5 replicates and tested by two point-of-care
syndromic PCR QIAstat Dx® (QS) and FilmArray® (FA).

2.5.5. Interferences

We spiked the CSF pool with HSV-1 alone, or both HSV-1 and a potentially in-
terfering agent: 10% of whole blood, 5 g/L of bovine serum albumin (Ambion®) or
1500 leukocytes/μL. Whole blood was tested with a specific real-time PCR assay (R-GENE®)
to confirm the absence of HSV-1, HSV-2, VZV and HHV-6 DNA. The leukocytes were iso-
lated from a urine sample. For the QS assay, we considered interference if the HSV-1 Ct
value in the CSF pool with an interfering agent was more than 3 compared to the HSV-1 Ct
value in the CSF pool without an interfering agent. For the FA assay, which does not pro-
vide Ct values, we considered interference if HSV-1 result in the CSF pool with interfering
agent was negative.

2.5.6. Clinical CSF Samples

We tested QS and FA retrospectively with 3 clinical CSF samples known to be positive
for HSV-2 (Ct value at 37.2 with BioGX® Viral Meningitis HSV/VZV assay), VZV (Ct value
at 33.7 with R-GENE® PCR assay) and PeV (Ct value at 34.3 with R-GENE® PCR assay)
and 2 clinical CSF samples which had previously grown Nm or Sp. For HSV and VZV, these
fluids had been stored at −80 ◦C. For bacteria, CSF samples had been stored at 4 ◦C and
tested less than 48 h after collection.
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3. Results

3.1. Detection of Low Viral and Mycoplasma pneumoniae Loads

R-GENE® PCR assays, QS and FA results and Ct values when available are described
in Table 2. The dilution chosen to be tested with QS and FA in the first place is the 1/10
dilution because it was the lowest one that generates 5 out of 5 positive results with
R-GENE® PCR assays.

Table 2. Detections of low viral and Mp loads with R-GENE® PCR assays, QS and FA.

Target Dilution
Detected by
R-GENE®

R-GENE®

Median Ct
Value

R-GENE®

Median Titer
(copies/mL)

Detected
by FA

Detected
by QS

QS
Ct Value

EV-A71-C1
1 5/5 34.99 ND ND 1/1 36.0

1/10 5/5 37.7 ND 1/1 3/6 38.5/38.7/38.5
1/100 3/5 38.22 ND ND ND ND

EV-D68-B3
1 5/5 32.71 ND 1/1 0/1 ND

1/10 5/5 35.57 ND 5/6 0/1 ND
1/100 4/5 40 ND ND ND ND

E-30
1 5/5 34.52 ND ND 1/1 37.5

1/10 5/5 37.49 ND 1/1 0/6 ND
1/100 3/5 40 ND ND ND ND

E-6
1/10 5/5 38.58 ND 1/1 1/1 38.5

1/100 3/5 40 ND ND ND ND

PeV-1
1/10 5/5 38.41 ND 1/1 1/1 33.4

1/100 3/5 40 ND ND ND ND

PeV-3
1/10 5/5 37.52 ND 1/1 1/1 35.0

1/100 3/5 40 ND ND ND ND

HSV-1
1/10 5/5 36.41 1280 1/1 1/1 35.4

1/100 2/5 39.03 <250 ND ND ND

HSV-2
1/10 5/5 35.39 277 1/1 1/1 36.5

1/100 3/5 37.61 <100 ND ND ND

HHV-6
1/10 5/5 35.83 534 1/1 1/1 37.2

1/100 1/5 39.28 <200 ND ND ND

VZV
1/10 5/5 37.25 <300 1/1 1/1 35.6

1/100 3/5 40 <300 ND ND ND

Mp 1/10 5/5 36.21 ND ND 1/1 34.8
1/100 2/5 39.32 ND ND ND ND

Ct: cycle threshold; EV: Enterovirus; E: Echovirus; PeV: Parechovirus; HSV: Herpes simplex virus; HHV-6: Human
herpesvirus 6; VZV: Varicella-zoster virus; Mp: Mycoplasma pneumoniae. ND: Not determined.

Of the 10 viral targets tested once at 1/10 dilution with QS, all were positive except
3 EV strains. Of these 3 strains, E-30 was positive without dilution and positive in 3 of
the 5 new replicates at 1/10 dilution. EV-A71-C1 was only positive without dilution and
EV-D68-B3 was not positive at either 1/10 or without dilution. FA detected all viral targets
at 1/10 dilution except for EV-D68-B3 which was positive without dilution and positive in
5 of 5 new replicates at 1/10 dilution.

3.2. Detection of Low Bacterial Concentrations

For each bacterial target, suspensions at the FA announced LoD were tested. They
were all detected by both QS and FA except for GBS which was only detected by FA. With
QS, 3000 CFU/mL was the lowest concentration of GBS which tested positive (Table 3).
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Table 3. Results of the detection of low bacterial concentrations with QS and FA.

Bacterial Target Concentration (CFU/mL) Detected by QS QS Ct Value Detected by FA

E. coli (Ec) 1000 1/1 34.7 1/1
L. monocytogenes (Lm) 1000 1/1 36 1/1

H. influenzae (Hi) 1000 1/1 30 1/1
N. meningitidis (Nm) 100 1/1 34.1 1/1

S. pneumoniae (Sp) 100 1/1 35.6 1/1
200 1/1 34.7 1/1

S. agalactiae (GBS)
1000 0/1 ND 1/1
1750 0/1 ND ND
3000 1/1 35.9 ND

S. pyogenes (GAS) 1000 1/1 38.2 ND

ND: Not determined.

3.3. Analytical Specificity

We performed 48 QS assays and 37 FA assays. False positive results for QS and FA are
described in Table 4.

Table 4. QS and FA false positive results.

Assays (n) False Positive Assays (n)

QS 48 3

FA 37 1

We found four false positive results. In the CSF pool spiked with 200 CFU/mL of
Sp, HSV-1 was unexpectedly detected by both QS (Ct 35.6) and FA. Furthermore, QS
unexpectedly detected Hi (Ct 37.5) in the CSF pool spiked with Lm and HHV-6 (Ct 37.3) in
the HSV-1 spiked CSF pool with 10% whole blood used in the interference’s tests.

No cross reactivity was observed on FA and QS between Streptococcus mitis, Streptococ-
cus oralis, Streptococcus pseudopneumoniae and the detection of Streptococcus pneumoniae.

3.4. Reproducibility and Carryover Contamination

The four pathogen targets were 100% positive with both POC SPCR assays for the
three cartridges. QS Ct values were very close to each other (below 1 Ct). The two cartridges
tested with the negative CSF pool did not detect any viral or bacterial targets.

3.5. Interferences

HSV-1 DNA was detected by both QS and FA POC SPCR assays in all four cases and
the addition of potentially interfering agents did not significantly shift the QS Ct values
(below 3 Ct, from 0.3 to 1 Ct).

3.6. Clinical CSF Samples

The five viral and bacterial targets (HSV-2, VZV, PeV, Nm, Sp) detected in the clinical
CSF samples were all found positive with QS and FA (Table 5).

Table 5. Clinical CSF samples results with QS and FA.

Routinely-Used
PCR Ct Value

Detected
by QS

QS Ct Value
Detected

by FA

CSF + N. meningitidis ND 1/1 31.3 1/1
CSF + S. pneumoniae ND 1/1 19.8 1/1

CSF + HSV-2 37.2 1/1 36.5 1/1
CSF + VZV 33.7 1/1 33.0 1/1
CSF + PeV 34.3 1/1 31.9 1/1

ND: Not determined.
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3.7. Internal Control Reproducibility

The maximum differences of the internal control Ct values in 2 series of 5 cartridges
loaded with the same sample were 3 (E-30 at 1/10 dilution) and 3.8 (EV-A71-C1 at
1/10 dilution).

4. Discussion

This study was designed to provide the first analytical assessment of the POC SPCR
assay QIAstat Dx® (QS) which has recently been developed by Qiagen for the detection of
pathogens that potentially cause central nervous system (CNS) infections.

For HSV-1, HSV-2, VZV, HHV-6, PeV-1, PeV-3, E-6 and Mycoplasma pneumoniae, both
QS and FA correctly detected the lowest loads included in the study. Prior studies noticed
low HSV-1, HSV-2 and VZV DNA concentrations in CSF in cases of encephalitis and menin-
gitis [6–10]. A cut-off of approximately 200 copies/mL is considered to be necessary for
accurate diagnostics [11]. In our study, DNA quantification of HSV-1, HSV-2, and VZV
in 1/10 dilutions CSF was 1280 copies/mL, 277 copies/mL and <300 copies/mL with
R-GENE® PCR assays, respectively. These concentrations are close to the 200 copies/mL
cut-off. As a comparison, the 95% LoD of the R-GENE® PCR assays have been determined
at 250 copies/mL, 100 copies/mL and 300 copies/mL for HSV-1, HSV-2 and VZV, respec-
tively (bioMérieux’s manufacturing data). Those for FA were recently recalculated by
bioMérieux’s research and development department and evaluated at 500 copies/mL for
HSV-1 and HSV-2, and 1000 copies/mL for VZV (bioMérieux’s manufacturing data). A
recent report with the analysis of 1334 pediatric and 336 adult CSF samples tested with FA
describes a sensitivity of 75% for HSV-1 compared to a virus-specific PCR [12]. Of note, QS
95% LoD were expressed in TCID50/mL (supplier’s technical data sheets), so they were
not appropriate for molecular biology. Use of an absolute quantification tool to calibrate the
quantification standards, such as digital PCR [13] and comparison of replicates results on
limit dilutions would allow for a reliable determination of the LoD and relative sensitivity
of the two POC SPCR assays. For EV detection PCR assays, the challenge is to include as
many genotypes as possible [14]. Indeed, the sensitivity of EV PCR assays depends on the
genotypes [15]. Moreover, CSF viral loads vary according to the genotype [16]. In our study,
QS did not detect the lowest loads of E-30 and EV-D68-B3 in contrast to the R-GENE® PCR
assay and FA. As EV-D68 genotype is mostly detected in peripheral samples and not in CSF
samples in case of neuromeningeal symptoms [17], this may not constitute an important
pitfall. However, additional testing including a larger number of genotypes would be
necessary for a more accurate assessment of EV inclusivity. The study of Schnuriger et al.
describes a FA sensitivity of 89% for enterovirus detection compared to a virus-specific
PCR [12].

Concerning the Detection of low bacterial concentrations, all the analyzed sam-
ples were correctly detected by both QS and FA except GBS. The sample containing
1000 CFU/mL of GBS tested positive with FA only. These results are consistent with
the LoD announced by both manufacturers. Previous studies have found false negative
results to be very uncommon with FA [18] meaning that in the vast majority of bacterial
meningitis, the bacterial loads are higher than FA’s LoD. The LoD announced for both QS
and FA are lower for Sp and Nm than for other targets, which is clinically relevant since
Sp and Nm are the two main species isolated as causative agents of community-acquired
bacterial meningitis in France, representing more than 70% of the cases [3]. For GBS, our
results suggest a slightly better detection of low concentrations with FA since it was solely
able to detect 1000 CFU/mL. However, a 3000 CFU/mL suspension of GBS tested positive
with QS which does not seem very far from FA and such a tiny difference may not be
clinically relevant for the detection of most GBS meningitis cases since most CSF samples
contains more than 1000 CFU/mL in clinical cases [19].

Concerning cross reactivity between close species, Streptococcus mitis, Streptococcus
oralis and Streptococcus pseudopneumoniae were not detected as S. pneumoniae as it is specified
in the producer’s data. QS and FA producer’s data both report cross reactivity between
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Haemophilus haemolyticus and Haemophilus influenzae. Given our results and the producers’
data, the specificity of these two POC SPCR seems equivalent.

Among all CSF samples tests performed with QS (n = 48) and FA (n = 37), 3 false
positive results were obtained with QS and 1 with FA, corresponding to a specificity of
93.8% and 97.3%, respectively. The QS false positives results for Hi with a 37.5 Ct value
and HSV-1 with a 35.6 Ct value and the FA false positive result for HSV-1 would probably
be due to contaminations during handling. Indeed, suspensions of Hi and HSV-1 had
been prepared near the POC SPCR assays preparation site shortly before. These results
are a reminder of the vulnerability of POC SPCR assays to contaminations, due to their
implementation in a not dedicated area to molecular biology [20,21]. A reserved cabinet
was used for the following assays. The QS uses a one-step cartridge and FA a two-step.
Thus, a one-step may help to reduce sample contamination and hence false positive results.
The QS false positive result for HHV-6 with a 37.3 Ct value may be due to the presence
a very small amount of HHV-6 DNA in the whole blood added for the interference test,
below the positivity threshold of the R-GENE® PCR assay, or a false positive due to the use
of RUO cartridges. In fact, the production lines of RUO cartridges would be less controlled
than those of CE-IVD ones. In daily practice, the availability of Ct values in the QS system,
indicating a high Ct value can likely be alerted of possible false positive results. This is
an important advantage over FA, which provides only qualitative results. Of note, the QS
raw data is not available and replaced by curves improved by the manufacturer. Previous
studies of POC PCR have shown the interest of having access to the raw curves [22]. The
2 viral targets (HSV-1 and PeV) and the 2 bacterial targets (Nm and Sp) were tested positive
with 3 cartridges of the 2 SPCR POC assays. QS Ct values were very close (Ct value variation
below 2) which is in favor of a high reproducibility of this POC SPCR assay. Surprisingly,
internal control Ct values obtained with series of cartridges loaded with same content were
sometimes significantly scattered (Ct value variation below 2). This can be inconvenient
to evaluate a mild inhibition, which could mask a low positive viral or bacterial target.
The potentially interfering substances tested (leukocytes, whole blood, proteins) did not
significantly impact the HSV-1 Ct values compared to the reference Ct value. This suggests
a robustness of the QS POC SPCR assay towards interfering substances found in CSF
samples. FA results were in agreement with what was expected for reproducibility and
absence of interferences, but a detailed analysis could not be performed on these qualitative
results (no Ct values available).

Only QS allows for the detection of GAS Meningitis which are uncommon among
cases of meningitis [3,23].

The main strength of this study is to provide a detailed analysis of the performance
characteristics of QS for the detection of both viruses and bacteria, thus giving a global
vision of QS performance from a point of view independent of that of the manufacturer.
This work has several limitations such as the small number of clinical samples included
due to the limited number of cartridges available for this study. The absence of Cryptococ-
cus neoformans/gattii among the included strains is another limitation of this work which
should be completed by the study of QS performances for the detection of these pathogenic
yeasts. As it has been done before with FA, further prospective and retrospective stud-
ies are needed to accurately study the clinical performances of QS for the diagnosis of
meningitis/encephalitis infections.

Nosocomial bacterial meningitis are common events in hospitals within a neurosurgi-
cal unit, but they are mostly due to bacterial species which are different from those causing
community-acquired meningitis [24] and therefore neither QS nor FA are prepared for their
diagnosis. Such a “nosocomial” panel which would include most of the corresponding
species could be a really forthcoming tool for physicians in this context.

5. Conclusions

QIAstat-Dx® Meningitis/Encephalitis panel gave the expected results in terms of
assays reproducibility, carryover contamination and interferences as well as with the
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clinical CSF samples included in this study. Concerning the low concentration samples,
the QIAstat-Dx® Meningitis/Encephalitis panel correctly detected all the targets except
for S. agalactiae (detected at 3000 CFU/mL instead of 1000 CFU/mL), Enterovirus-D68-B3
(not detected) but this may not be of clinical significance, and Echovirus-30 (not detected at
the 1/10 dilution). It will be interesting to follow the data concerning these pathogens in
future clinical studies with QIAstat-Dx® system and QIAstat-Dx® Meningitis/Encephalitis
panel for the diagnosis of meningitis/encephalitis infections. Overall, our results suggest a
good performance of QS which could constitute a suitable tool for laboratories provided
that it is used with caution to reduce the rate of false positive results. Defining a diagnosis
algorithm may also optimize its usefulness. This recently developed POC SPCR assay
has the advantage of availability of Ct values and amplification curves from a one-step
cartridge and also proposes original and interesting targets (M. pneumoniae and S. pyogenes)
for the bacterial panel.
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Abstract: Schistosomiasis and soil-transmitted helminthiases (STH) are two parasitic diseases mainly
affecting school children. The purpose of this study was to estimate the current prevalence and
infection intensity, in addition to the associations of these infections with age and sex, in children aged
4–17 years living in Osun State, Nigeria. From each participant (250 children), one urine and one stool
sample were taken for the study, for the microscopic detection of eggs or larvae in faeces by means of
the Kato–Katz method and eggs in filtrated urine. The overall prevalence of urinary schistosomiasis
was 15.20%, with light infection. The intestinal helminthic species identified (and their prevalence)
were S. stercoralis (10.80%), S. mansoni (8%), A. lumbricoides (7.20%), hookworm (1.20%), and T. trichiura
(0.4%), all of them being classified as light infections. Single infections (67.95%) are more frequent
than multiple infections (32.05%). With this study, schistosomiasis and STH are still endemic in
Osun State, but with a light to moderate prevalence and light infection intensity. Urinary infection
was the most prevalent, with higher prevalence in children over 10 years. The >10 years age group
had the highest prevalence for all of the intestinal helminths. There were no statistically significant
associations between gender and age and urogenital or intestinal parasites.

Keywords: Schistosoma mansoni; Schistosoma haematobium; soil-transmitted helminths; neglected
tropical diseases; Kato-Katz; Nigeria

1. Introduction

Schistosomiasis is a parasitic disease caused by infection with Schistosoma spp. trema-
todes. The disease affects poor rural communities but has spread to urban areas and to
tourists visiting endemic areas [1]. There are two main types of the disease: (i) intestinal
schistosomiasis, caused by S. mansoni, S. japonicum, S. mekongi, S. guineensis, and S. inter-
calatum; and (ii) urogenital schistosomiasis, caused only by S. haematobium [2]. Human
transmission occurs through contact with water (e.g., bathing, swimming, washing clothes
in water containing the infective cercariae) infested with larval forms (cercariae) that de-
velop in freshwater snails, the intermediate host; inadequate sanitation increases the risk of
transmission [1–3].

As of January 2020, schistosomiasis is endemic in 78 tropical and subtropical coun-
tries, of which 51 countries have moderate to severe transmission and require preventive
chemotherapy with praziquantel. Approximately 236 million are people infected world-
wide, with more than 90% living in Africa, causing about 24,000 deaths in 2016 and 2.5 mil-
lion disability-adjusted life years (DALYs). Deaths and DALYs are likely underestimated
due to underreporting, the methods used to assess disability and other factors [4,5].
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Soil-transmitted helminthiases (STH) are caused by infection with intestinal parasites
(Ascaris lumbricoides and Trichuris trichiura), hookworms (Necator americanus and Ancylostoma
duodenale) and roundworms (Strongyloides stercoralis). Human transmission occurs through
eggs or larvae in faeces, which contaminate soil in areas with poor sanitation. S. stercoralis
is transmitted similarly to other STH, requires a different diagnostic method and can cause
hyper-infection syndrome leading to death [4,6,7].

In 2019, 92 countries were endemic for A. lumbricoides, T. trichiura, and hookworm,
and required mass drug administration (MDA) with albendazole or mebendazol. Ap-
proximately 1.5 billion people estimated to be infected with STH, about 6300 deaths and
3.5 million DALYs in 2016. The burden of S. stercoralis should be quantified precisely [4,5].

In Nigeria, only two Schistosoma species cause human schistosomiasis, S. mansoni,
which causes intestinal schistosomiasis, and S. haematobium, which causes urinary schisto-
somiasis. In Nigeria, schistosomiasis is a disease of considerable and growing importance,
mainly affecting rural areas and vulnerable age groups. School children are the major
victims of this disease [8].

Nigeria is among the countries with the highest burden of STH disease in Africa. STH
mainly affects children, causing anemia, Vitamin A deficiency, malnutrition, loss of appetite,
retarded growth, reduced ability to learn, etc., in them. The prevalence of this disease is
moderate (<50%)–high (≥50%).

The World Health Organization (WHO) classifies schistosomiasis and STH as neglected
tropical diseases (NTDs), but not S. stercoralis [5,9]. These NTDs in Nigeria are targeted
to for their control, elimination, and eradication by the Federal Ministry of Health and
Government of Nigeria, in collaboration with various stakeholders and partners. The
National Schistosomiasis Control Programme was initiated in 1988, and the goal of the
programme is to control/eliminate schistosomiasis in the region through MDA, delivering
regular praziquantel tablets, donated by Merck KGaA Germany since 2009, to at least 75%
of school-age children in endemic areas in the country in line with WHO recommendation.
The STH control programme was initiated in 2007. In line with WHO recommendations,
the programme has set a target of regular administration of mebendazole tablets, donation
from Johnson and Johnson, to at least 75% of school-age children in endemic areas in the
country at risk of morbidity. Regarding strongyloidiasis, in those areas where MDA with
ivermectin has been used to control onchocerciasis or lymphatic filariasis, the prevalence of
strongyloidiasis seems to have reduced, but further investigation is needed.

The purpose of this study was to estimate the current prevalence and infection inten-
sity of Schistosoma and intestinal parasitic infections in a group of school children (aged
4–17 years) living in a recognized endemic area at Ore community in Odo-Otin Local Gov-
ernment of Osun State, Nigeria. We also evaluated the associations between the acquisition
of these infections and age and sex.

2. Materials and Methods

2.1. The Study Area

This study was carried out in the Ore community in Odo-Otin Local Government of
Osun State, Nigeria (Figure 1). Osun State has an estimated population of 4,275,526 people
(Nigeria Population Census 2006). The community is in stable malaria transmission zone.
Malaria is present during all months of the year, with a marked increase in the wet season,
which normally runs from April to October. The soil in the communities can be described
as well drained, moderately leached, and with moderate humus content. Farming and
petty trading are the major occupations. The study was executed from September 2021 to
December 2021, which spanned the dry and rainy months.
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Figure 1. Map of Osun State (yellow in left map), Nigeria showing Ore community in Odo-Otin Local
Government (red in right map) where the study was carried out. This community belongs to Osun
Central Senatorial District (green in right map).

2.2. Ethical Considerations

Ethical clearance for the study was given by the Research and Ethics Committee of
Osun State, Ministry of Health, Osogbo, Nigeria (ref no: OSHREC/PRS/569T/131). Before
sample collection, meetings were held with community leaders, teachers, and community
members. The aim of the study, the study procedures, types of specimens required, and
benefits of the study to individuals and to the community as a whole and risks involved
were included in the informed consent letters and fully explained to parents and children.
Parents and legal guardians were asked to give their verbal consent for the children who
were willing to be sampled after being given proper information about the study. The
ethical committee allowed the use of oral consent because majority of the parents were
not educated.

2.3. Study Population and Sampling

School children (one primary and one secondary school) were recruited into the
study. A total of 250 children aged between 4 and 17 years old were selected and from
each participant, one urine sample and one stool sample were taken for S. haematobium,
S. mansoni, S. stercoralis, A. lumbricoides, A. duodenale (hookworm), and T. trichiura studies,
using microscopic detection of eggs in faeces by means of the Kato–Katz (KK) method and
eggs in urine using urine filtration. Both stool and urine samples were collected separately
from each pupil using two sterile, leak-proof, and transparent wide-mouthed containers.
The sample containers were pre-labelled with the participant’s identification number. The
collected samples were transported within 2 h of collection to the laboratory for analysis.

Furthermore, a blood sample was also taken to determine the packed cell volume
(PCV). Of the three schools in the community, only two participated in the study. The
association of parents of the third school refused to participate.

2.4. Study Design and Eligibility Criteria

This cross-sectional study was conducted on school children in the community. All
of the school children who were willing to be part of the study and reside in the study
area, and who had not taken anti-helminth drugs within six months before the study, were
recruited into the study. Children whose parents gave consent to participate in the study
and those without a severe medical condition were recruited into the study. The exclusion
criteria included anyone who was too sick to participate or who could not provide informed
consent or obtain it from a parent or guardian.
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2.5. Determination of Packed Cell Volume (PCV)

Anticoagulated blood with heparin was centrifuged in a sealed capillary tube at
10,000× g for 5 min. The tubes were placed in the micro-haematocrit reader and children
with PCV values < 31% were considered as anaemic, which was further classified as mild
(21–30%), moderate (15–20%), or severe (≤15%) [10].

2.6. Microscopic Examination

Microscopy was performed on one KK slide per fecal sample by a skilled, well-
trained research microscopist who is an expert in detecting helminth eggs. In total, 20%
of prepared (previously examined) Kato–Katz slides were randomly selected for quality
control and examined by a second experienced microscopist who was blinded to the
previous test results.

2.7. Urine Filtration Analysis

The presence of S. haematobium eggs was assessed using the urine filtration technique,
the standard for the diagnosis of urogenital schistosomiasis recommended by WHO, as
previously described [11]. Briefly, 10 mL of the freshly passed urine sample was filtered
through a micro-filter membrane with a pore size of 10–12 μm (MF, Whatman, NJ, USA) using
a syringe. The micro-filter membrane was then carefully placed on a glass slide, mounted on a
microscope, and examined using a light microscope’s low-power objective (10×). Schistosoma
eggs were counted and recorded as the number of eggs/10 mL of urine. Infection intensity
was classified as light (<50 eggs/10 mL of urine) or heavy (≥50 eggs/10 mL of urine), as
previously described by Atalabi et al. [12].

2.8. Detection and Quantification of Intestinal Helminths

The KK thick smear technique, the standard method for STH according to the WHO,
was used for the quantitative determination of helminth ova on one KK slide per sample.
The intensity of infection was expressed as the number of eggs per gram (epg) of faeces.
The number of helminth eggs were counted and multiplied by 24 in order to quantify the
number of epg of faeces. To ensure consistency of the result and as a form of quality control,
20% of the slides were randomly selected and read again. The epg was classified according
to the WHO classification as light infection (epg < 100), moderate infection (epg 100–399),
and heavy infection (epg ≥ 400) [13].

2.9. Statistical Analysis

Data obtained from microscopic examinations were entered in Microsoft Excel prior
to statistical analyses (mean, range, percentage, and estimated prevalence) for urinary
schistosomiasis and intestinal helminths, calculated using the free software WinEpi: Work-
ing in Epidemiology [14]. The confidence intervals (CI) were established at 95%. Graphs
and tables were created with Microsoft Excel. Results were compared and associations
between qualitative variables were determined using a Chi-square test (χ2), included in
the free software WinEpi. p-values were also calculated, considering p-values < 0.05 to be
statistically significant.

3. Results

3.1. Study Population

A total of 250 children aged 4–17 years were screened using microscopy test for
schistosomiasis and STH evaluation. The mean age of the 250 recruited children was
9.72 years, 135 out of 250 were boys (54%) and 115 out of 250 were girls (46%). The mean
age for the boys was 9.91 and that for the girls was 9.50. Children were distributed in three
age groups: <5 years (2/250, 0.8%); 5–10 years (157/250, 62.8%); >10 years (91/250, 36.4%).
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3.2. Packed Cell Volume and Anaemia

From the 250 children tested for anaemia, according to PCV values, 99 (39.6%) were
found to be anaemic (PCV < 31%), with most of them displaying mild anaemia (95/99,
95.96%). Prevalence of anaemia was higher in males (54, 54.55%) than in females (45,
45.45%), although it was not statistically significant (χ2 = 0.020, p = 0.8886). The age group
most affected was 5–10-year-olds (52, 52.53%). Anaemia prevalence was significantly higher
in 5–10-year-old children compared with other age groups (χ2 = 9.590, p = 0.0083).

In this study, considering Schistosoma and STH as a risk factor for anaemia, there
was a significant positive correlation between parasite-infected children and anaemia
(χ2 = 38.093, p < 0.0001). The most prevalent parasite in the anaemic children group was
S. haematobium, and there was a significant association between urinary schistosomiasis
and anaemia (χ2 = 40.680, p < 0.0001).

3.3. Microscopic Examination

Overall, 172 (68.8%) participants were found to be negative for Schistosoma spp. and
intestinal helminths by means of the methods used in the present study, and 78 (31.2%)
participants were found to be positive for at least one of the parasites studied. Out of the
78 positive children, 41 (52.56%) were boys and 37 (47.44%) were girls.

Overall, 53 out of 78 (67.95%) of the children had a single infection and 25 out of 78
(32.05%) had more than one parasite (Table 1). The most frequent combinations for multiple
parasitism can be visualized in Table 1. The maximum number of parasites found in the
same child was three. All of the children with multiple parasites were boys (8–14 years),
and the intensity of infection was light.

Table 1. Distribution of urogenital and intestinal schistosomiasis and intestinal helminths in the
population studied and the most frequent combination of parasites.

Parasites Boys Girls Subtotal Total

Si
ng

le
in

fe
ct

io
n SH 14 13 27

53

SM 3 3 6
SS 6 5 11
AL 3 6 9

HOOKWORM 0 0 0
TT 0 0 0

Total 26 27 53

M
ul

ti
pl

e
pa

ra
si

ti
sm

AL + TT 0 1 1

25

SM + SS + AL 2 0 2
SS +

HOOKWORM 1 2 3

SM + SS 3 1 4
SS + AL 1 0 1
SM + AL 0 3 3
SH + SS 3 1 4
SH + SM 1 2 3

SH + SM + SS 2 0 2
SH + AL 2 0 2

Total 15 10 25 78
SH: Schistosoma haematobium; SM: Schistosoma mansoni; SS: Strongyloides stercoralis; AL: Ascaris lumbricoides;
TT: Trichuris trichiura.

3.4. Prevalence and Intensity of Schistosomiasis Infection

The overall prevalence of urinary schistosomiasis among the children tested was 15.20%,
38 out of 250 (95% CI: 10.75%, 19.65%); 57.89% (22 out of 38) were boys and 42.11% (16 out
of 38) were girls (Table 2). Most of them had a light infection with <50 eggs/10 mL of urine,
and only in four out of 38 (10.53%) participants was the infection heavy (>50 eggs/10 mL
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of urine). Urogenital schistosomiasis was the most prevalent parasitic infection in the
population studied, with a higher prevalence in children over 10 years (19.78%).

Table 2. Total number of positive infections based on the species of parasite according to sex.

SH SM SS AL HOOKWORM TT TOTAL

P N P N P N P N P N P N N◦

BOYS 22 113 11 124 18 117 8 127 1 134 0 135 135
GIRLS 16 99 9 106 9 106 10 105 2 113 1 114 115
TOTAL 38 212 20 230 27 223 18 232 3 247 1 249 250

P: Positive; N: Negative; SH: Schistosoma haematobium; SM: Schistosoma mansoni; SS: Strongyloides stercoralis; AL:
Ascaris lumbricoides; TT: Trichuris trichiura.

Regarding intestinal schistosomiasis, the overall prevalence was 8.00% (20 out of 250;
95% CI: 4.64%, 11.36%); 55% (11 out of 20) were boys and 45% (nine out of 20) were girls
(Table 2). From the 20 KK positive cases, the epg range observed was from 48 to 2256, with
a mean of 304.8 epg, giving in all cases moderate infection.

3.5. Prevalence and Intensity of STH Infection

The intestinal helminthic species identified and their prevalence, from highest to
lowest, were S. stercoralis (10.80%; 27 cases; 95% CI: 6.95%, 14.65%), A. lumbricoides (7.20%;
18 cases; 95% CI: 4.00%, 10.40%), hookworm (1.20%, three cases; 95% CI: 0.00%, 2.55%),
and T. trichiura (0.4%; one case; 95% CI: 0.000%, 1.182%) (Table 3). The gender-related
prevalence of the intestinal helminths in the study area is shown in Table 2, and the age-
related prevalence is summarized in Table 3. Among boys and girls, S. stercoralis revealed
the highest difference, with 18 and nine positive cases, respectively, although the bivariate
analysis did not confirm a significant association between gender and infection with S.
stercoralis, (p = 0.1626; 95% CI, χ2: 1.955). Regarding the intensity of infection, A. lumbricoides
had the statistically highest mean intensity (3958.67 epg), followed by S. stercoralis (387.56
larvae/g), T. trichiura (192 epg), and hookworm (64 epg).

Table 3. Urogenital and intestinal infections classified by age group.

Age Group SH SM SS AL HOOKWORM TT TOTAL

P N % P N % P N % P N % P N % P N % N◦

<5 YEARS OLD 0 2 0.00 0 2 0.00 0 2 0.00 0 2 0.00 0 2 0.00 0 2 0 2
5–10 YEARS OLD 20 137 12.74 11 146 7.01 15 142 9.55 10 147 6.37 1 156 0.64 0 157 0.00 157
>10 YEARS OLD 18 73 19.78 9 82 9.89 12 79 13.19 8 83 8.79 2 89 2.20 1 90 1.10 91

TOTAL 38 212 15.20 20 230 8.00 27 223 10.80 18 232 7.20 3 247 1.20 1 249 0.4 250

P: Positive; N: Negative; SH: Schistosoma haematobium; SM: Schistosoma mansoni; SS: Strongyloides stercoralis; AL:
Ascaris lumbricoides; TT: Trichuris trichiura.

The >10 years age group had the highest prevalence in any of the intestinal helminths.
However, we cannot affirm that age and intestinal helminth infection are significatively
associated.

4. Discussion

This study intended to determine the prevalence and intensity of urinary schistoso-
miasis and intestinal parasitic infections in school children in Osun State, Nigeria. Prior
to this study, three similar reports existed on intestinal parasitic infections in the same
State, but not on urinary schistosomiasis involving school children [15–17]. Ten years after
Adefioye et al. and Sowemimo and Asaolu’s studies [15,17], whose authors reported an
overall prevalence of 52.0% and 34.4%, respectively, our study reported an overall decreased
prevalence of 27.60%, which is consistent with the rate of intestinal parasitic infection (24%)
in a recent study conducted by Olopade et al., 2022 [16]. This indicates that in Osun State,
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the Federal Ministry of Health and Government of Nigeria’s interventions have made great
achievements in the control of intestinal parasitic infections, and consequently there has
been a prevalence reduction of these intestinal parasites [18]. In the past, the prevalence of
STH in Osun State, Nigeria has been reported to be between moderate and high among
children, and nowadays the prevalence is moderate [18].

Adefioye et al. and Olopade et al. recorded A. lumbricoides as the most prevalent
intestinal parasite, at 36.2% and 22.1%, respectively, and the least prevalent parasites were
S. stercoralis (0.7%) and Hymenolepis nana (0.3%), respectively [15,16]. In another study
conducted by Aribodor et al. in Enugu State (Nigeria), they also found A. lumbricoides as the
most prevalent STH, with a prevalence rate of 40.3%, followed by T. trichiura (15.3%) and
hookworm (8.9%) [19]. Otherwise, in the present study, the most prevalent parasite was
S. stercoralis (10.80%, 27 out of 250) and the least prevalent was T. trichiura (0.4%, one out of
250). Therefore, our study is not in congruence with most of the recent reports regarding
intestinal parasites’ prevalence [15,16,19–21]. The true reason for these discrepant results
in the area studied is not fully clear. It might have been due to the different diagnostic
methods used, the amount of faeces utilized, or the number of stool samples used for
the KK.

It should be noted that the KK technique presents a great variability in the considerable
diagnostic results, due to the irregular distribution of eggs in the faeces depending on the
samples. This explains the poorer performance of the KK technique and the low sensitivity
of fecal examinations by microscopy [1,13,22,23].

In contrast, this study does agree with some previous reports in that none of the
parasitic helminths were statistically gender-dependent or age-dependent, while this study
also demonstrates that the parasitic intensity was light–moderate in all cases, except for
A. lumbricoides, which had a high intensity [15,16,21].

Currently, the anthelminthic drugs recommended by the WHO for use in public health
interventions to control STH infections are albendazole, levamisole, mebendazole and
pyrantel [24]. The control of schistosomiasis and STH in Nigeria has employed preventive
chemotherapy which involves the mass distribution of praziquantel and albendazole to
school-aged children across endemic local government areas [18]. However, less than half
(50%) of the treated endemic local government areas met the 75% effective coverage target
in the last eight years. The unavailability of drugs and the logistics required to drive mass
treatment campaigns are amongst the issues limiting coverage. These challenges were
particularly worsened during the COVID-19 pandemic. Our study revealed the presence
of schistosomiasis infection with a prevalence rate of 15.20% for S. haematobium and 8%
for S. mansoni, indicating a moderate and low prevalence, respectively. Both Schistosoma
species had, in general, light parasitic intensity, but unexpectedly 10.53% of the urinary
schistosomiasis had a high infection rate (>50 eggs/10 mL of urine). These results are similar
to others obtained in a study conducted in 2019, in which S. haematobium was detected in
13.6% of the students, while S. mansoni infection prevalence was 7.2% [19]. On the other
hand, lower prevalence of S. haematobium (0.6%) and S. mansoni (2.3%) was recorded by
Agbolade et al. compared to the present study [21,25]. Differences in geographical location,
snail distribution, local endemicity of the parasites, and laboratory techniques used could
explain the differing prevalence. The highest schistosomiasis prevalence was recorded
among children over 10 years old compared to other age groups, but, as shown by this
survey, age was not significantly associated with urinary and/or intestinal schistosomiasis.

The presence of human schistosomiasis is often related to sanitary deficiencies, con-
taminated water sources for domestic chores, bathing, and insufficient health education in
the population or a deficiency in the control of the intermediate snail host. Temperature
is also an important determinant of transmission of schistosomiasis, influencing parasite
development and the lifecycle of snail intermediate hosts [1,13,23]. When praziquantel
became available in the 1980s, given as oral tablets at a dose of 40 mg/kg body weight in
Africa, MDA campaigns against schistosomiasis were slowly adopted as the major control
strategy [26]. In Nigeria, MDA for schistosomiasis was first carried out in 2009 and aimed
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at reducing infection and morbidity [4,18]. The results presented here could be important
not only to assess the control programs’ success and the prevalence reduction, but also to
observe any changes in the incidence, distribution, and control of schistosomiasis disease
and other factors relating to health resulting from schistosomiasis MDA.

The occurrence of anemia was statistically significantly associated with age. Children
between five and 10 years old have a higher risk of developing anemia than other groups,
and there is likely a considerable connection between anemia, intestinal helminth infections,
and urinary schistosomiasis, with these parasites affecting hemoglobin levels in different
ways, and this anemia is exacerbated when there is co-infection with P. falciparum [10,27,28].
Unfortunately, data regarding malaria parasites were not obtained in this study. This study
shows that there was a significant association between anemia and helminth infection,
especially with S. haematobium. A prevalence of 39.6% for anemia in our study reveals a
worrying public health issue in Osun State. Fortunately, most of these cases were not severe
anemia. Anemia is very common in developing countries, and it is generally a serious
problem in school children [20].

5. Conclusions

In this study, it is observed that schistosomiasis and STH are still endemic in Osun
State, but with a mild to moderate prevalence. Moreover, the intensity of infection has been
found to be mild. Urinary infection was the most prevalent among the children recruited,
with a higher prevalence in children over 10 years. The >10 years age group had the highest
prevalence for all of the intestinal helminths. The association between gender and age and
urogenital or intestinal parasites was not statistically significant.
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Abstract: Identification of the bacterial etiology of lower respiratory tract infections (LRTI) is crucial
to ensure a narrow-spectrum, targeted antibiotic treatment. However, Gram stain and culture results
are often difficult to interpret as they depend strongly on sputum sample quality. We aimed to
investigate the diagnostic yield of Gram stain and culture from respiratory samples collected by
tracheal suction and expiratory technique from adults admitted with suspected community-acquired
LRTI (CA-LRTI). In this secondary analysis of a randomized controlled trial, 177 (62%) samples were
collected by tracheal suction, and 108 (38%) by expiratory technique. We detected few pathogenic
microorganisms, and regardless of sputum quality, there were no significant differences between the
sample types. Common pathogens of CA-LRTI were identified by culture in 19 (7%) samples, with a
significant difference between patients with or without prior antibiotic treatment (p = 0.007). The
clinical value of sputum Gram stain and culture in CA-LRTI is therefore questionable, especially in
patients treated with antibiotics.

Keywords: lower respiratory tract infection; emergency department; sputum; Gram stain; culture;
microbiology; tracheal suction; expiratory technique; antibiotic treatment

1. Introduction

The diagnostic value of sputum samples in lower respiratory tract infection (LRTI) has
been questioned for many years. In clinical practice, microbiological analysis of sputum by
Gram stain and culture can determine the etiological agent of LRTI and enable targeted
antibiotic treatment [1–3].

Sputum samples can be collected by tracheal suctioning, induction with saline inhala-
tion, self-expectoration using expiratory techniques, or other methods [4–7]. A randomized
controlled trial (RCT) identified tracheal suction (TS) as the best method to obtain sputum
samples of good quality compared to forced expiratory technique combined with induced
sputum (FETIS) [8]. This leaves a question of whether good quality sputum samples ob-
tained by TS are better than FETIS for detecting pathogenic microorganisms by Gram stain
and culture.

American clinical guidelines recommend that laboratories only culture samples of
acceptable quality [9]. Gram stain is used to assess sputum quality, but there is no gold
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standard and different criteria and thresholds have been suggested. Commonly, quality
is defined by the number of squamous epithelial cells (SEC) indicating contamination by
oropharyngeal microbiota and polymorphonuclear leukocytes (PMNL) indicating inflamma-
tion. In addition, some studies assess quality by calculating the ratio of PMNL/SEC [10–16].

Community-acquired LRTI (CA-LRTI) is usually caused by common pathogens such
as Streptococcus pneumoniae and Haemophilus influenzae. Enteric and non-fermenting Gram-
negative bacilli are notable pathogens in selected patients but are infrequent causes of CA-
LRTI, and detection often reflects upper airway colonization [17]. Gram stain is reported
to be highly specific for diagnosing S.pneumoniae, H. influenzae, and other Gram-negative
bacilli and can therefore contribute to clinical decisions before pathogens are verified by
culture [2,18]. However, the reliability of sputum analysis decreases if the patient has
been treated with antibiotics before admission, reducing the clinical usefulness of the
results [13,19,20].

It is unknown and therefore important to investigate how sample type (TS and FETIS),
different sputum quality criteria, and recent antibiotic treatment affect the detection of
pathogenic bacteria in CA-LRTI.

We hypothesized that good quality sputum samples collected by TS would detect
more potential pathogens of CA-LRTI than samples collected by FETIS. The objectives were
(i) to investigate if there was a difference in microorganisms detected by Gram stain and
culture from good quality sputum samples obtained by TS and FETIS and (ii) to investigate
the impact of prior antibiotic treatment on sputum culture results.

2. Materials and Methods

This study is a secondary analysis of a RCT, and for detailed information about
the primary trial, we refer to the statistical analysis plan [21] and the primary study [8].
The trial was conducted from 9 November 2020 to 5 July 2021 at 2 Danish emergency
departments (EDs) at Hospital Sønderjylland, with a catchment area of approximately
225,000 inhabitants. Microbiological analyses were performed at the hospital’s Department
of Clinical Microbiology.

Processing of personal data was approved by the Region of Southern Denmark
(20/41767) in accordance with the EU General Data Protection Regulation. Furthermore,
the study was registered by clinicaltrials.org (NCT04595526 20 October 2020 and completed
5 July 2021) and was approved by the Regional Committee for Health Research Ethics in
Southern Denmark (S-20200133).

2.1. Participants

Adults (>18 years of age) admitted to the ED with suspected CA-LRTI were invited by
ED project assistants and enrolled in the study, if they gave verbal and written consent, and
if the attending physician identified at least one of the following pulmonary symptoms:
dyspnea, cough, expectoration, chest pain, or fever. Patients were excluded if participation
delayed urgent treatment, transfer to an intensive care unit, or if the patient had severe
immunodeficiency [21].

2.2. Randomization

Patients were randomly assigned (1:1) to either tracheal suction (TS) (usual care) or
forced expiratory technique (FET) combined with sputum induction (FETIS) (intervention).
Randomization was computer generated [22] and performed by the project assistants before
collecting the sputum sample [21].

2.3. Sampling Methods

Respiratory samples (tracheal secretions and expectorated sputa) were collected after
the initial clinical assessment or within 24 h of admission. TS was performed according
to local guidelines. The patient was placed in Fowler’s position and encouraged to clear
the airways with a deep cough. The suction catheter (EXTRUDAN Surgery Aps, Denmark,
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CH12, 530 mm) tip was lubricated with Xylocaine (lidocaine HCl) 2% jelly, inserted into
the nares during inhalation, and gently advanced about 40 cm without applying suction.
Suction was performed at 200–400 mmHg negative pressure before withdrawing the
catheter. FETIS was performed according to a standardized protocol [21] and was based on
the patients’ attempts to deliver a sputum sample. It included ng FET alone and induced
sputum (IS) combined with FET [5,23]. The patient was placed in a 90◦ sitting position, the
mouth was cleared with water to minimize oropharyngeal contamination, and the sample
was obtained by forced exhalation and coughing [5]. Using the same procedure, a second
sputum sample was obtained after inhalation of nebulized isotonic saline (Unomedical
Opti-Mist TM, 2.1 m, ref. 93–772 mm) [23]. Hence, each patient in the intervention group
(FETIS) could deliver two samples. Participants in the intervention group who could not
deliver a sputum sample by FETIS underwent tracheal suction (TS-IG); these samples were
also included in the secondary analysis [21].

2.4. Gram Stain and Culture

A part of the sputum specimen was placed on a microscope slide with a cotton swab,
and a second slide was used to distribute the material on the surface. The smear was then
heat fixed and Gram stained. For each sputum sample, the number of SEC and PMNL per
field of view (10× objective) were recorded. Sputum samples were classified as good quality
by three different criteria: (i) <10 SEC, (ii) <10 SEC and >25 PMNL, or (iii) PMNL/SEC
ratio > 5. Samples with SEC < 10 and PMNL > 25 were defined as purulent.

Microorganisms were classified as Gram-positive or Gram-negative and by morphol-
ogy (rods, cocci (pairs, chains, clusters), yeast) (×100 objective).

The remaining part of the sputum sample was transferred to a 5% sheep blood agar
plate (Beckton Dickinson, BD, Sparks, MD, USA) and a Chrom Orientation agar plate (BD)
and streaked over the agar surface with a sterile inoculation loop. Blood agar plates were
inoculated with a Staphylococcus aureus streak to allow growth of H. influenzae. Agar plates
were incubated at 35 ◦C in normal atmospheric conditions (Chrom-agar Orientation) and
in a 5% CO2 atmosphere (5% blood agar).

After 1–2 days of incubation, pathogens were identified by matrix-assisted laser
desorption/ionization–time of flight. In addition, “no growth of pathogens” and “up-
per airway microbiota” were reported. If culture and microscopy were incongruous,
microscopy was re-evaluated, and the agar plates were incubated for two more days.

Microscopy and culture results were registered in the microbiological laboratory
information system (MADS, Aarhus University Hospital, Aarhus, Denmark) and were
accessible from the patient’s medical chart.

2.5. Group of Pathogens

Detected microorganisms were classified into four groups:

(1). Common pathogens of CA-LRTI (S. pneumoniae, H. influenzae, and Moraxella catarrhalis);
(2). Possible pathogens of CA-LRTI (Pseudomonas aeruginosa and S. aureus);
(3). Unlikely pathogens of CA-LRTI (Enterobacterales, Enterococcus sp., Neisseria meningi-

tidis, S. maltophila, Streptococcus agalactiae, and yeast);
(4). Upper airway microbiota.

Respiratory pathogens classified as ‘common pathogens’ represent the most predomi-
nant etiologies of CA-LRTI [24–28]. ‘Possible pathogens’ may cause CA-LRTI, especially in
patients with underlying respiratory diseases, but more often represent colonization [29].
‘Unlikely pathogens’ represents pathogens that rarely cause CA-LRTI and usually originate
from upper airway colonization [17,28].

2.6. Statistical Analysis

The secondary analyses included specimens collected from patients randomized to TS
and FETIS. Tracheal secretions from patients randomized to the FETIS group who could
not deliver a sample by self-expectoration and therefore underwent tracheal suction were
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also included. Hence, two groups were analyzed: TS (included TS-SG from standard care
group and TS-IG from intervention group) and FETIS (FET and IS). Sensitivity analyses
were performed for the four sampling methods (TS-SG, TS-IG, FET, and IS).

Fisher’s exact test was performed to compare the yield of microorganisms identified
by Gram stain and culture from (1) TS and FETIS and (2) TS and FETIS stratified on the
different quality criteria (<10 SEC, <10 SEC and ≥25 PML, >5 PMNL/SEC).

The impact of antibiotic treatment on the yield of pathogens from culture was pre-
sented descriptively and using the Chi-Square test based on the defined pathogen groups.

The analysis was based on complete cases and no multiple imputation was performed.
A p-value less than 0.05 was considered statistically significant, and no adjustments for
multiple testing were utilized. Statistical analyses were performed using STATA 17.0
(TX, USA).

3. Results

In total, 285 specimens were collected from 280 patients between 10 November 2020
and 5 July 2021. We included 177 (62%) tracheal secretions (120 TS-SG and 57 TS-IG) and
108 (38%) sputum samples (50 FET and 58 IS) (Figure 1).

 

Figure 1. Trial profile and description of the collection of samples. FET: forced expiratory technique;
IS: induced sputum; FETIS: forced expiratory technique and induced sputum; TS-SG: tracheal suction
standard care group; TS-IG: tracheal suction intervention group.

Gram stains and culture results from samples collected by TS and FETIS are presented
in Table 1. Sensitivity analysis from Gram stains and culture results from samples collected by
TS and FET and TS and IS are presented in the Supplementary Materials (Tables S1 and S2).

Gram stain detected possible pathogens in 59 samples (21%). A total of 2 or more
different possible pathogens were detected by Gram stain in 16 (6%) samples: 8 (6%) from
TS and 8 (7%) from FETIS. There was no significant difference between detected pathogens
from TS and FETIS (p = 0.384). TS samples were less contaminated with upper airway
microbiota 57 (32%) compared to FETIS 60 (55%) (p = 0.001).
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Table 1. Findings from Gram stain and culture from tracheal secretions (TS) and sputum samples
collected by FET and IS (FETIS).

Sampling Method Total p-Value

Total n (%) TS
177 (62%)

FETIS
108 (38%) n = 285

Gram stain

Number of positive samples 31 (18%) 28 (26%) 59 (21%) *

All potential pathogens 39 (22%) 36 (33%) 75 (26%) * 0.384

Gram-positive cocci
chains/pairs 15 (38%) 10 (28%) 25 (33%) #

Gram-positive cocci clusters 3 (8%) 3 (8%) 6 (8%) #

Gram-negative rods 5 (13%) 12 (33%) 17 (23%) #

Gram-positive rods 2 (5%) 1 (3%) 3 (4%) #

Gram-positive single 5 (13%) 4 (11%) 9 (12%) #

Gram-negative diplococci 3 (8%) 4 (11%) 7 (9%) #

Yeast 6 (15%) 2 (6%) 8 (11%) #

Upper airway microbiota 57 (32%) 60 (56%) 117 (41%) * 0.001

Culture

Number of positive samples * 63 (36%) 42 (39%) 105 (37%) *

All potential pathogens * 72 (41%) 48 (44%) 120 (42%) * 0.325

Streptococcus pneumoniae 4 (6%) 2 (4%) 6 (5%) #

Enterococcus sp. 2 (3%) 0 (0%) 2 (1%) #

Staphylococcus aureus 19 (26%) 4 (8%) 23 (19%) #

Haemophilus influenzae 3 (4%) 4 (8%) 7 (6%) #

Enterobacterales 25 (35%) 20 (42%) 45 (38%) #

Moraxella catarrhalis 3 (4%) 3 (6%) 6 (5%) #

Pseudomonas aeruginosa 1 (1%) 1 (2%) 2 (1%) #

Other 1 (1%) 2 (4%) 3 (3%) #

Yeast 14 (19%) 12 (25%) 26 (22%) #

Upper airway microbiota * 27 (15%) 15 (14%) 42 (15%) * 0.765

No growth of pathogens 67 (38%) 31 (29%) 98 (34%) * 0.174

* percentage of total; # percentage of all potential pathogens.

We identified microorganisms by culture in 105 samples (37%). In 15 (6%) samples,
more than 1 microorganism was identified. Overall, there was no significant difference
between culture results when comparing TS and FETIS in relation to identified microor-
ganisms (p = 0.325), “upper airway microbiota” (p = 0.765), and “no growth of pathogens”
(p = 0.174).

Culture results for TS and FETIS stratified on the three different quality criteria are
presented in Table 2.

In good quality sputa (<10 SEC), we identified more microorganisms in TS samples
(49 (28%)) than in FETIS samples (23 (21%)); however, the difference between the groups
was not statistically significant (p = 0.096). In purulent samples and in samples with a
PMNL/SEC ratio ≥ 5, culture results from TS and FETIS were similar (p = 0.955 and
p = 0.457, respectively). Results stratified in the three quality criteria showed no statistical
difference between TS and FETIS in relation to “upper airway microbiota” (p = 0.561,
p = 0.500, p = 0.195) and “no growth of pathogens” (p = 0.053, p = 0.306, p = 0.124).

The 260 culture results were categorized as ‘Common pathogens of CA-LRTI’ [19
(7.3%): H. influenzae (7 (2.7%)), S. pneumoniae (6 (2. 3%)), M. catarrhalis (6 (2.3%))], ‘Possible
pathogens of CA-LRTI’ [25 (9.6%): S. aureus (23 (8.8%)), P. aeruginosa (2 (0.8%))], ‘Unlikely
pathogens of CA-LRTI’ [76 (29.2%): Enterobacterales (45 (17.3%)), yeast (26 (10%)), other (5
(2%))], ‘Upper airway microbiota’ (42 (16%)), and ‘No growth of pathogens’ (98 (37.7%)).
The associations between the pathogen group, sampling method, Gram stain quality
criteria, and prior antibiotic treatment are shown in Figure 2. Most samples of good quality
(<10 SEC) were obtained by TS and ‘Common pathogens of CA-LRT’ were most often
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identified in good quality samples (14 (5.4%)), where 8 (3%) were from purulent samples
(<10 SEC and >25 PMNL). Most purulent samples (2/3) were obtained by FETIS.

Table 2. Culture results for TS and FETIS stratified on different quality criteria.

Quality Criteria Sampling Method Total p-Value

Total n (%) TS
177 (62%)

FETIS
108 (38%) n = 285

<10 SEC †

Number of positive samples 45 (25%) 21 (19%) 66 (23%) *

All potential pathogens 49 (28%) 23 (21%) 72 (25%) * 0.096

Streptococcus pneumoniae 3 (6%) 2 (9%) 5 (7%) #

Haemophilus influenzae 1 (2%) 2 (9%) 3 (4%) #

Pseudomonas aeruginosa 1 (2%) 0 (0%) 1 (1%) #

Moraxella catarrhalis 3 (6%) 3 (13%) 6 (8%) #

Staphylococcus aureus 13 (27%) 1 (4%) 14 (19%) #

Enterobacterales 17 (35%) 8 (34%) 25 (35%) #

Enterococcus sp. 1 (2%) 0 (0%) 1 (1%) #

Yeast 10 (20%) 5 (22%) 15 (21%) #

Other * 0 (0%) 2 (9%) 2 (3%) #

Upper airway microbiota 11 (6%) 3 (3%) 14 (5%) * 0.561

No growth of pathogens 43 (24%) 7 (6%) 50 (17%) * 0.053

<10 SEC and >25 PMNL ††

Number of positive samples 5 (3%) 8 (7%) 13 (5%) *

All potential pathogens 6 (3%) 10 (9%) 16 (6%) * 0.955

Streptococcus pneumoniae 1 (17%) 1 (10%) 2 (12%) #

Haemophilus influenzae 1 (17%) 2 (20%) 3 (19%) #

Moraxella catarrhalis 1 (17%) 2 (20%) 3 (19%) #

Staphylococcus aureus 1 (17%) 0 (0%) 1 (6%) #

Enterobacteriaceae 2 (33%) 4 (40%) 6 (38%) #

Other ** 0 (0%) 1 (10%) 1 (6%) #

Upper airway microbiota 2 (1%) 1 (1%) 3 (1%) * 0.500

No growth of pathogens 3 (2%) 1 (1%) 4 (1%) * 0.306

≥5 PMNL/SEC

Number ofpositive samples 9 (5%) 9 (8%) 18 (6%) *

All potential pathogens 11 (6%) 11 (10%) 22 (8%) * 0.457

Streptococcus pneumoniae 1 (9%) 1 (9%) 2 (9%) #

Haemophilus influenzae 1 (9%) 2 (18%) 3 (14%) #

Moraxella catarrhalis 1 (9%) 2 (18%) 3 (14%) #

Staphylococcus aureus 3 (27%) 0 (0%) 3 (14%) #

Enterobacterales 4 (36%) 4 (36%) 8 (36%) #

Yeast 1 (9%) 0 (0%) 1 (4%) #

Other *** 0 (0%) 2 (18%) 2 (9%) #

Upper airway microbiota 1 (<1%) 3 (3%) 4 (1%) * 0.195

No growth of pathogens 10 (6%) 3 (3%) 13 (5%) * 0.124

* percentage of total; # percentage of all potential pathogens; † SEC: squamous epithelial cells; †† PMNL: polymorph
nuclear leucocytes; * Other: N. meningitidis and S. maltophila; ** Other: S. maltophila; *** Other: N. meningitidis and
S. maltophila. A total of 43 and 44 samples were missing from the <10 SEC and >25 PMNL and ≥PMNL/SEC
group, respectively.
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Figure 2. Samples collected by TS and FETIS distributed according to Gram stain quality criteria,
culture results (a), and samples without and with prior antibiotic treatment (b,c). Sampling methods:
TS blue, FETIS red. Culture results are presented in four groups: �: common pathogens of CA-LRTI
(S. pneumoniae, H. influenzae, and M. catarrhalis), ♦: possible pathogens of CA-LRTI (P. aeruginosa
and S. aureus), Δ: unlikely pathogens of CA-LRTI (Enterobacterales, Enterococcus sp., N. meningitidis,
S. maltophila, S. agalactiae, and yeast), and �: upper airway microbiota. A total of 9 culture results
were missing: � 1 FETIS (<10 SEC), ♦ 1 TS (<10 SEC), Δ 6 TS (<10 SEC), � 1 TS (<10 SEC).

Compared to patients without prior antibiotic treatment, samples from patients treated
with antibiotics within one month before admission yielded significantly fewer common
pathogens (p = 0.007), possible pathogens (p = 0.018), and significantly more unlikely
pathogens (p < 0.001) of CA-LRTI (Table 3). Sensitivity analysis of detected pathogens
(common, possible, and unlikely) stratified by sampling methods (TS and FET, TS and
IS) did not change the overall results and are presented in the Supplementary Materials
(Table S3). Identified microorganisms from patients untreated and treated with antibiotics
are presented in the Supplementary Materials (Table S4).

Table 3. Detected pathogens: relation to antibiotic treatment within one month before admission.

Antibiotics (NO) Antibiotic (YES) Total p-Value

n = 128 (45%) n = 157 (55%) n = 285

Number of positive samples 40 (31%) 65 (41%) 105 (37%) *

Common pathogens of CA-LRTI 12 (9%) 7 (4%) 19 (7%) * 0.007
Possible pathogens of CA-LRTI 14 (11%) 11 (7%) 25 (9%) * 0.018
Unlikely pathogens of CA-LRTI 17 (13%) 59 (38%) 76 (27%) * <0.001

Upper airway microbiota 18 (14%) 24 (15%) 42 (15%) * 0.784

* percentage of total. Culture results of four groups of pathogens: (1) common pathogens of CA-LRT (S. pneumoniae,
H. influenzae, and M. catarrhalis), (2) possible pathogens of CA-LRTI (P. aeruginosa and S. aureus), (3) unlikely
pathogens of CA-LRT (Enterobacterales, Enterococcus sp. N. meningitidis, S. maltophila, S. agalactiae, and yeast).
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4. Discussion

In this study, we described the Gram stain and culture findings in 285 sputum samples
collected by TS and FETIS from CA-LRTI patients. Regardless of different quality criteria,
there was no statistically significant difference in culture results between TS and FETIS.
Samples obtained by TS were assessed to be less contaminated with upper airway micro-
biota by Gram stain. This result indicates that TS is better than FETIS for obtaining samples
from the lower airways. Few common pathogens of CA-LRTI (H. influenzae, S. pneumoniae,
and M. catarrhalis) were identified by culture. Not surprisingly, samples from patients not
treated with antibiotics before admission yielded almost twice as many common pathogens
of CA-LRTI compared to samples from patients treated with antibiotics.

A retrospective multicenter study from 2022 reported a different result, concluding
that the diagnostic yield was higher for expectorated and induced sputum compared to
tracheal secretions [24]. However, the study included very few patients in the TS group (21
(1.6%)), indicating sample bias.

We identified common pathogens of CA-LRTI in 19 (7.3%) of the 260 culture results—almost
all 14 (5.4%) from good quality samples with <10 SEC and over half were from purulent
samples (<10 SEC and >25 PMNL). These findings, in accordance with earlier observa-
tions, showed that good quality sputum with <10 SEC and >25 PMNL was 3.8 times
more likely to grow pathogenic bacteria compared to poor quality sputum [30]. A recent
systematic review found an increased diagnostic yield of the Gram stain in identifying
bacterial etiologies of CAP when samples of good quality were obtained [2]. It indicates that
quality classification by Gram stain is important and contributes to accurate diagnostics of
CAP pathogens.

No pathogen was detected by culture in 140 (49%) samples. There are several possible
explanations for the low yield of the Gram stain and culture. An explanation could be that
the pathogens of LRTI generally are difficult to detect. A study with a high level of patient
participation (95%) failed to determine the etiology for 47% of the patients [26]. Meanwhile,
another study comparing paired sputa and transtracheal aspirated samples revealed that if
a specimen of good quality (<10 SEC and >25 PMNL) did not identify a pathogen, there
was still a 45% chance that a pathogen was detected in the paired transtracheal aspirate [10].
These findings suggest that bacterial culture has a low sensitivity in detecting causative
pathogens of CA-LRTI.

Patients were enrolled in this study based on clinical symptoms (dyspnea, cough,
expectoration, chest pain, or fever), and before results from chest X-rays, blood tests, and
urine tests were available. These symptoms are common in patients with bacterial CA-
LRTI but also in patients with viral infections [31]. Therefore, another explanation for
the low number of culture-positive sputa could be that a high number of patients in our
study was admitted with viral infections. Unfortunately, the only registered viral agent
was SARS-CoV-2 as data were prospectively collected with pre-specified variables. Forty
(14%) patients were infected with SARS-CoV-2 [8]. On the other hand, surveillance data
show that there was a very low transmission in Denmark of other common respiratory
viruses during the SARS-CoV-2 pandemic [29]. This might have reduced the number of
admissions caused by viral infections and may also have reduced the risk of secondary
bacterial pneumonia—possibly in part explaining the low detection of bacterial pathogens
in our study.

Finally, another probable explanation is that patients with chronic obstructive pul-
monary disease (COPD) might have been included in the study with acute exacerbation
rather than CA-LRTI as they are often admitted with similar clinical symptoms, e.g., in-
creased sputum production, sputum purulence, and dyspnea. There is an etiological
overlap, but acute exacerbations in COPD are often caused by non-bacterial etiologies (e.g.,
viral infections and environmental factors) [27,28,32].

In line with the literature, many samples in our study, 157 (55%), were analyzed
from patients receiving antibiotics within one month before admission [26]. It is well
recognized that consumption of antibiotics decreases the diagnostic yield of Gram stain
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and culture [13,19,33]. A previous study reported an association between prior antibiotic
treatment and a four-fold reduction in diagnostic yield [33]. Furthermore, the detection of
causative pathogens of LRTI is significantly reduced if antibiotics are consumed within 24 h
before collecting a sputum sample [13,19]. Our study correlates well with these studies,
with a statistically significant difference in culture results from patients with or without
previous antibiotic treatment. Our study also supports the observation from other studies
that more unlikely pathogens of CA-LRTI, such as Enterobacterales, are detected in patients
previously treated with antibiotics [13,19]. Enterobacterales rarely cause pneumonia in a
community setting and the detection is probably a result of antibiotic selective pressure and
oropharyngeal overgrowth [25]. Albeit an infrequent cause, the bacteria may cause severe
LRTI, highlighting the importance of separating etiology and colonization [17]. Antibiotic
therapy may also explain the observation that in this study almost half of TS samples,
despite good quality, had no growth of pathogens. The question remaining is: “Do samples
from patients previously treated with antibiotics add value to clinical practice?”

The major strengths of this study are the high rate of obtained specimens (88%) from
patients with suspected CA-LRTI and the randomized prospective design of the primary
study minimizing sampling bias. In addition, samples were collected, Gram stained, and
cultured by standardized and closely monitored procedures. A major limitation is, similar to
other studies, the low number of microorganisms identified, especially common pathogens
of CA-LRTI. If significantly more samples had been included, we may have detected
a difference in diagnostic yield, but the study size was fixed by the primary study [8].
Another limitation was not including patient discharge diagnosis, viral test results, and
blood culture results, which may have confirmed or supplemented our results. Many
samples were from patients who received antibiotics before admission (55%). However,
this is not regarded as a limitation as this prospective study gives insights into real-world
practice and challenges in managing acutely admitted patients with suspected CA-LRTI.

5. Conclusions

We detected very few relevant pathogens of CA-LRTI regardless of sample type
(TS/FETIS), sample quality, and microbiological test (Gram stain/culture), especially in
patients treated with antibiotics. Future research should focus on methods to mitigate
this problem. It is possible that molecular methods, e.g., syndromic test panels, will have
a higher diagnostic sensitivity, will be less sensitive to prior antibiotic treatment, and in
addition, allow the detection of both viral and bacterial pathogens. Regardless of the
method, it will still be essential to ensure specimens of optimal quality as most bacterial
pathogens also are commensals of the upper airways.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/diagnostics13040628/s1, Table S1: Sensitivity analysis
of Gram stain and culture from samples obtained by TS (TS-SG, TS-IG) and FET. Table S2: Sensitivity
analysis of Gram stain and culture from samples obtained by TS (TS-SG, TS-IG) and IS. Table S3: Sen-
sitivity analysis of the detected pathogens in relation to antibiotic treatment stratified by the collected
methods TS (TS-SG, TS-IG) and FET, TS (TS-SG, TS-IG) and IS. Table S4: Identified microorganisms
in samples from patients untreated and treated with antibiotics.
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Abstract: Dried blood spots (DBSs) are an economical and convenient alternative to serum/plasma,
which allow for the serological and molecular study of different pathogens. Sixty-four blood samples
were collected by venipuncture and spotted onto Whatman™ 903 cards to evaluate the utility of DBSs
and the effect of the storage temperature for 120 days after sample collection to carry out serological
diagnosis. Mumps, measles and rubella IgG were investigated from DBSs and plasma using an
automated chemiluminescent immunoassay. Using a calculated optimal cut-off value, the serological
evaluation of mumps, measles and rubella using DBSs achieved high sensitivity (100%, 100% and
82.5%, respectively) and specificity (100%, 87.5% and 100%, respectively). The correlation observed
between the plasma and the DBSs processed after sample collection was high (0.914–0.953) for all
antibodies studied, both considering hematocrit before sample elution or not. For the different storage
conditions, the correlation with plasma was high at 4 ◦C (0.889–0.925) and at −20 ◦C (0.878–0.951)
but lower at room temperature (0.762–0.872). Measles IgG results were more affected than other
markers when DBSs were stored at any temperature for 120 days. To summarize, hematocrit does
not affect the processing of DBSs in the study of serological markers of mumps, measles and rubella.
DBS stability for serological diagnosis of mumps and rubella is adequate when samples are stored at
−20 ◦C or 4 ◦C, but not at room temperature, for a period of 4 months.

Keywords: dried blood spots (DBSs); serology; chemiluminescence; immunoassay; measles; rubella;
mumps

1. Introduction

Dried blood spots (DBSs) are a form of sampling in which a few drops of blood are
placed on filter paper, which are then allowed to dry at room temperature for several
hours and can be easily stored. Ivar Christian Bang is credited for the development of
the idea of using blood collected on a paper for analysis when he determined glucose
levels from DBSs eluates in 1913 [1]. In 1963, Robert Guthrie began to use DBSs to detect
phenylketonuria in newborns using the heel prick test [2]. Since then, several investigators
have reported the use of DBSs for serological testing, and it has been used in the surveillance
of numerous diseases such as HIV, hepatitis, syphilis and measles [3]. Several studies have
demonstrated that antibodies can be detected using DBSs and that the diagnostic accuracy
of DBSs is high compared to serum/plasma, indicating that DBSs are a useful alternative
to serum [4,5]. In addition, DBSs can also be a reliable sample for molecular testing, as
previously reported [3–8].
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DBSs are an inexpensive, non-invasive and convenient alternative to serum/plasma,
easily obtained without the necessary equipment for venipuncture or the qualified health-
care personnel. Furthermore, a low blood volume is required, which can be important
in pediatric diagnosis. Its use can be beneficial in low- and middle-income countries
where it is difficult to obtain and test serum/plasma samples due to a lack of laboratory
resources [9,10]; and also in high-income countries to reach patients not linked to the
healthcare system, as those attending Substance Abuse and Mental Health Services, where
fingerstick whole-blood samples for DBSs allow the carrying out of serological and molecu-
lar diagnosis [7,11,12]. Consequently, this type of sample is well accepted by patients and
study participants and may improve the linkage to care [11].

Moreover, the storage and shipment of DBSs are easier than serum/plasma as these
cards require less space than a blood tube, are lighter in weight and are not considered
infectious material [13]. Due to these advantages, the World Health Organization (WHO)
supports the use of DBSs as an alternative to venipuncture [14].

Regardless of the broad use of DBSs for a wide range of serologic studies, there is still
not enough evidence for the reliability of DBSs for the analysis of additional biomarkers,
such as vaccine-preventable diseases, such as measles, mumps and rubella. This tool, if
valid, may facilitate the diagnosis and surveillance of these infectious diseases. Furthermore,
differences in the correlation between the serum/plasma and DBSs results have been
reported for different pathogens, suggesting that antibodies against certain microorganisms
in DBSs may be less stable than others [15]. In addition, there are still no guidelines on how
DBSs should be stored to preserve the stability of the different antibodies to be investigated.
Therefore, there is a need to guarantee the conditions of DBSs processing and storage to
carry out these analyses.

The aim of our study was to evaluate the ability of DBSs to detect serological indicators
of three infectious diseases (measles, mumps and rubella) using an indirect chemilumi-
nescent immunoassay (CLIA) and to test the effects of different storage temperatures of
DBSs on the stability of these serological markers. In addition, we evaluated the effect of
hematocrit on the serological diagnosis of these infections.

2. Materials and Methods

2.1. Study Design and Participants

A cross-sectional study of 64 adult patients who attended Clínica Universidad de
Navarra (Pamplona, Spain) between October and December 2019 was carried out. All of
the patients were >18 years old and were selected while taking into account that there
was a proportional distribution of men and women, as well as the different age groups
and hematocrit levels of the participants. Pregnant women and patients with autoimmune
diseases or infectious mononucleosis were excluded due to the higher probability of false
positives in the serological analysis. Patients’ names were codified at sampling to maintain
confidentiality.

2.2. Sample Collection and Storage

For each patient, a blood sample anticoagulated with EDTA was obtained by venipunc-
ture to carry out a complete blood count analysis, including hematocrit value. These
samples were collected for routine analysis, and once it was finished, they were selected
and used for the research. From this specimen, five DBSs were prepared by spotting 70 μL
of whole blood per DBSs on a Whatman™ 903 card (GE Healthcare) that was allowed to
dry for 24 h at room temperature. The remaining volume of blood was centrifuged for ten
minutes at 2000× g to obtain the plasma. After drying, all five DBSs were cut with sterile
scissors and inserted into individual Eppendorf microtubes. Of the five spots collected, two
dots were processed following sample collection (DBS-A and DBS-B), and the remaining
three dots were stored at different temperatures to evaluate stability (at −20 ◦C (DBS-C),
at 4 ◦C (DBS-D) and at room temperature (DBS-E)) for 4 months before carrying out the
analysis.
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2.3. DBS Elution

Immediately after sample collection (time 0), one dot (DBS-A) was eluted with an
adjusted volume of phosphate-buffered saline (PBS), taking into account the hematocrit, to
achieve an exact equivalence with the plasma volume used in standard tests (5 μL/assay).
The remaining dots were universally eluted (DBS-B, DBS-C, DBS-D and DBS-E) with 1 mL
of PBS without considering the hematocrit (Figure 1); all of the dots were incubated at 37 ◦C
for 1 h. To improve elution, the tubes were shaken in a vortex every 15 min. When the
elution was finished, the remaining paper was removed from the tube to avoid obstructions
in the instrument.

Figure 1. DBS/plasma storage conditions and processing for serological diagnosis. PBS: phosphate-
buffered saline; DBS-A: DBSs processed without delay and eluted with an adjusted volume of PBS
considering the hematocrit value; DBS-B: DBSs without delay and eluted universally with 1 mL of
PBS; DBS-C: DBSs stored at −20 ◦C for 4 months; DBS-D: DBSs stored at 4 ◦C for 4 months; DBS-E:
DBSs stored at room temperature for 4 months.

2.4. Serological Testing

The detection of IgG against measles, mumps and rubella was performed by indirect
chemiluminescent immunoassay (CLIA) using the VirClia® automated system (Vircell),
both in DBSs and plasma. Two VirClia® protocols developed by the manufacturer were
used, one for plasma with a sample volume of 5 μL and another for eluted DBSs with a
volume of 105 μL. The interpretation of the results was carried out following the manufac-
turer’s instructions considering as gold standard the cut-off values provided for the three
pathogens in the plasma/serum, which provides a sensitivity of 96–100% and specificity of
100% according to the manufacturer.

2.5. Statistical Analysis

Descriptive statistics were calculated using Excel for Microsoft 365, version 2208. The
differences between subpopulations were calculated using a Chi-square test. The assay
results for the plasma and DBSs were compared, and correlation was evaluated using
Spearman’s test due to the lack of a normal distribution in the samples. To assess the degree
of agreement between the two DBS elution methods, the kappa coefficient was calculated.
To optimize the use of DBSs for IgG measurements, sensitivity, specificity, positive (PPV)
and negative (NPV) predictive values of the tests were calculated for each of the three
parameters, considering as gold standard, the results obtained with the plasma. An optimal
cut-off index for the interpretation of the DBS results for each parameter was obtained by
calculating the area under the curve (AUC) of the receiver operating characteristics (ROC)
curves.
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3. Results

The median age of the 64 participants in the study was 42.6 years, 52% were female,
and 90.6% were born in Spain. The general characteristics of the study population can be
seen in Table 1.

Table 1. Characteristics of the study population according to age groups.

Male Female Total

n (%) 31 (48%) 33 (52%) 64

Median age at sampling [IQR] 42.8 [37.6–58.3] 41.8 [31.6–56.7] 42.6 [36.5–58.1]

Age Groups, n (%)
<30 5 (16%) 7 (21%) 12 (18.8%)

30–45 12 (39%) 12 (36%) 24 (37.5%)
45–60 7 (23%) 8 (24%) 15 (23.4%)
>60 7 (23%) 6 (18%) 13 (20.3%)

Hematocrit, median [IQR] 42.7 [38.9–45.7] 39.8 [37.2–41.7] 41.0 [37.8–43.6]
Age groups

<30 42.7% 40.5% 41.9%
30–45 44.8% 41.0% 42.1%
45–60 43.2% 38.6% 41.0%
>60 38.2% 38.1% 38.2%

Pathogen immunity (plasma)
Measles IgG (%) 71.0% 87.9% 79.7%

Age groups
<30 40.0% 85.7% 66.7%

30–45 58.3% 91.7% 75.0%
45–60 100% 87.5% 93.3%
>60 85.7% 83.3% 84.6%

Mumps IgG (%) 80.6% 87.9% 84.4%
Age groups

<30 100% 85.7% 91.7%
30–45 75.0% 91.7% 83.3%
45–60 71.4% 87.5% 80.0%
>60 85.7% 83.3% 84.6%

Rubella IgG (%) 87.1% 90.9% 89.1%
Age groups

<30 80.0% 85.7% 83.3%
30–45 91.7% 91.7% 91.7%
45–60 71.4% 100% 86.7%
>60 100% 83.3% 92.3%

IQR: interquartile range; Age in years; Hematocrit in %.

3.1. Immunization Levels in Plasma

Protective IgG levels varied for each disease in the study cohort. We found that
protection against measles, mumps and rubella was high, being >75% in all cases (Table 1).
The protection coverage rate was higher in women than in men, but the differences were
not statistically significant (p > 0.05). The percentage of patients with indeterminate plasma
results was low (7.8% measles, 1.6% mumps, and 3.1% rubella).

3.2. Correlation between DBS and Plasma

The results obtained with the DBS samples showed a strong correlation with those
from the plasma samples (Figure 2, Table 2). However, the quantitative results in the
immunoassay using DBS samples were slightly higher than those of plasma samples,
leading to decreased specificity if the interpretation of the DBS results was performed using
the manufacturer’s cut-off values for plasma (1.1). When this cut-off was applied to the
interpretation of the DBS results, the percentage of immunized patients for all pathogens
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was higher than when the plasma results were analyzed, and the specificity was reduced
to 60% for measles, 88.5% for mumps and 60% for rubella. Therefore, a new optimized
DBS cut-off was calculated for each target using ROC curves to achieve optimal sensitivity
and/or specificity in the detection of IgG using DBSs. These values were 1.569, 2.791 and
1.450 for the detection of IgG against mumps, measles and rubella, respectively (Table 3,
Figure 3). When the optimized DBS cut-off was applied, the percentage of immunized
patients was lower than using plasma for measles (−6.9%), mumps (−1.8%) and rubella
(−23%). The use of this new DBS cut-off increased the specificity, PPV and NPV of the tests
(Table 3).

Figure 2. Comparison of DBSs and plasma results for measles, mumps and rubella processed after
sample collection. DBS-A: DBSs eluted with a volume of PBS adjusted by hematocrit; DBS-B: DBSs
eluted with 1 mL of PBS.

Table 2. Spearman’s correlation coefficient between plasma and DBSs results.

Plasma/DBS-
A

Plasma/DBS-
B

Plasma/DBS-
C

Plasma/DBS-
D

Plasma/DBS-
E

MEASLES 0.939 0.948 0.878 0.889 0.762
MUMPS 0.914 0.928 0.905 0.917 0.882

RUBELLA 0.953 0.940 0.951 0.925 0.872
DBS-A: DBSs processed without delay and eluted with an adjusted volume of PBS, taking into account the
hematocrit; DBS-B: DBSs without delay and eluted with 1 mL of PBS; DBS-C: DBSs stored at −20 ◦C for 4 months;
DBS-D: DBSs stored at 4 ◦C for 4 months; DBS-E: DBSs stored at room temperature for 4 months.

Table 3. Results of VirClia®-IgG test for the detection of protective IgG against measles, mumps and
rubella.

MEASLES * MUMPS ** RUBELLA ***

Sen Spe PPV NPV Sen Spe PPV NPV Sen Spe PPV NPV

DBS-A
Plasma cut-off 100% 57.1% 94.4% 100% 100% 87.5% 98.2% 100% 100% 60% 96.6% 100%
DBS cut-off ** 100% 87.5% 98.1% 100% 98.1% 100% 100% 90% 84.2% 80% 98% 30.8%

DBS-B
Plasma cut-off 100% 60% 96.2% 100% 100% 88.9% 98.2% 100% 100% 60% 96.6% 100

DBS cut-off 100% 87.5% 98.1% 100% 100% 100% 100% 100% 82.5% 100% 100% 33.3%
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Table 3. Cont.

MEASLES * MUMPS ** RUBELLA ***

Sen Spe PPV NPV Sen Spe PPV NPV Sen Spe PPV NPV

DBS-C
Plasma cut-off 96.1% 50% 94.2% 60% 100% 87.5% 98.2% 100% 98.2% 60% 96.6% 75%

DBS cut-off 92.2% 87.5% 97.9% 63.3% 98.1% 100% 100% 90% 80.7% 100% 100% 31.3%

DBS-D
Plasma cut-off 98% 42.9% 92.6% 75% 100% 62.5% 94.7% 100% 100% 60% 96.6% 100%

DBS cut-off 94.1% 62.5% 94.1% 62.5% 98.1% 88.9% 98.1% 88.9% 84.2% 100% 100% 35.7%

DBS-E
Plasma cut-off 96% 0% 88.9% 0% 100% 28.6% 91.5% 100% 100% 40% 95% 100%

DBS cut-off 94.1% 50% 92.3% 57.1% 98.1% 55.6% 93% 83.3% 80.7% 80% 97.9% 26.7%

* Measles cut-off, plasma: 1.1; DBS: 1.569; ** Mumps cut-off, plasma: 1.1; DBS: 2.791; *** Rubella cut-off, plasma:
1.1; DBS: 1.450. Sen: Sensitivity; Spe: Specificity; PPV: Positive predictive value; NPV: Negative predictive value.
DBS-A: DBSs processed without delay and eluted with an adjusted volume of PBS, taking into account the
hematocrit; DBS-B: DBSs without delay and eluted with 1 mL of PBS; DBS-C: DBSs stored at −20 ◦C for 4 months;
DBS-D: DBSs stored at 4 ◦C for 4 months; DBS-E: DBSs stored at room temperature for 4 months.
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Figure 3. Pathogen immunity against measles, mumps and rubella in our study population consider-
ing the manufacturer cut-off for plasma and the optimized DBSs cut-off for all DBSs analysis. DBS-A:
DBSs processed without delay and eluted with an adjusted volume of PBS, taking into account the
hematocrit; DBS-B: DBSs without delay and eluted with 1 mL of PBS; DBS-C: DBSs stored at −20 ◦C
for 4 months; DBS-D: DBSs stored at 4 ◦C for 4 months; DBS-E: DBSs stored at room temperature for
4 months.

3.2.1. Effect of the Hematocrit

When the DBSs were eluted with an adjusted volume of PBS, considering the hemat-
ocrit value to analyze exactly the equivalent volume of plasma in standard tests (DBS-A),
the results were similar to those obtained when the DBSs were universally eluted with
1 mL of PBS for the three serological markers evaluated (DBS-B) (Figure 2). Both methods
obtained excellent concordance between them, with kappa values of 1.0, 0.924 and 1.0 for
measles, mumps and rubella, respectively.

3.2.2. DBS Stability

The serological values obtained from the DBSs stored at room temperature for 4 months
(DBS-E) differed from those obtained with the DBSs stored at −20 ◦C (DBS-C) or 4 ◦C (DBS-
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D), compared to the results obtained from plasma processed immediately after sample
collection (reference result). In addition, DBS-C and DBS-D yielded results comparable
to those obtained with DBSs processed without delay (DBS-A and DBS-B), except for the
investigation of IgG against measles, where the storage caused a negative effect at any
temperature (Table 2). The 4-month processing delay of DBSs reduced the correlation with
plasma in 2.43–7.46% when the DBSs were stored at −20 ◦C, 1.20–6.28% when the DBSs
were stored at 4 ◦C and 4.91–19.61% when the DBSs were stored at room temperature.
This drop in the correlation of the DBS samples processed after storage caused a marked
reduction in the specificity of the three serological markers. However, since the serological
values obtained from DBSs tend to be higher than those from the plasma, the sensitivity of
the assays was not affected, except for the evaluation of measles (Table 3). As mentioned
above, measles serology results were more affected than mumps or rubella values when
the DBSs were preserved for 4 months, with drops in the correlation with the plasma of
7.46%, 6.28% and 19.61% after storage at −20 ◦C, 4 ◦C and room temperature, respectively.

4. Discussion

The use of DBSs is becoming more and more popular as it is a convenient and suitable
sample to carry out different laboratory tests. This study demonstrated equivalent detection
of antibodies against measles, mumps and rubella using DBSs compared to plasma. In
addition, a universal procedure of DBSs elution independent of hematocrit data has been
able to obtain excellent results for antibody detection. Moreover, we observed that the
storage of DBSs up to 4 months at low temperatures was adequate to preserve these
samples.

Our results demonstrate that DBS samples are valid to verify prior exposure or immu-
nization against some infections, such as measles, mumps and rubella, using an automated
chemiluminescent immunoassay. This procedure may also allow the study of the sero-
prevalence against these vaccinable-preventable diseases and provide useful information to
check whether herd immunity has been achieved within a community or target vaccination
campaigns. We also report the optimal cut-off values when DBSs specimens are used in the
VirClia® automated platform (Vircell) to obtain high sensitivity and specificity when these
IgG antibodies are investigated.

The correlation of the quantitative index results obtained from the plasma and DBSs
processed immediately after sample collection was excellent, reaching coefficients of
0.914–0.953. Both DBS-A and DBS-B, blood spot specimens processed considering hema-
tocrit level (DBS-A) or not (DBS-B), showed results comparable to those obtained from
the plasma. Therefore, it is demonstrated that DBSs elution for serological diagnosis can
be performed with a universal elution volume, not exactly adjusted to the hematocrit,
thus facilitating the lab work when the patient’s hematocrit data are unknown. This good
linearity of the DBSs matrix and plasma with no effect of physiological hematocrit levels
on assay performance has been reported previously to measure antibodies against Epstein–
Barr or hepatitis E [16,17]; however, the hematocrit may adversely affect the accuracy of
therapeutic drug monitoring results where DBSs are a popular sample [18]. Nevertheless,
new devices for DBSs collection have recently been proposed to overcome the heterogeneity
and hematocrit issues and allow more efficient quantitation [19].

The procedure used with DBSs to carry out the chemiluminescence tests was slightly
different to that used with the plasma, as a different sample volume was used to improve
the sensitivity and specificity of the analysis. Then, for DBS testing, 105 microlitres of
the eluted DBSs were inoculated in the sample well, while the diagnosis from the plasma
sample was conducted using 5 microlitres of a sample with 100 microlitres of diluent (1/21
dilution). The optimal cut-off values for the evaluation of the chemiluminescence results of
each parameter were calculated by constructing ROC curves. These values were higher
than the cut-off index applied to plasma samples (1.1) and allowed for the improvement
of the interpretation of the results obtained from the DBSs when compared to those from
the plasma. In this way, the procedure for the serological evaluation of measles, mumps
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and rubella using DBSs achieved high sensitivity (100%, 81% and 100%) and specificity
(88%, 100% and 100%), respectively, as previously reported to study infants samples from
resource-limited settings [20].

To assess the stability of the DBS samples for serological analysis after a long storage
(120 days), three different conditions were evaluated (−20 ◦C, 4 ◦C and room temperature).
For the different storage conditions, the correlation with the plasma results was high at
4 ◦C (0.888–0.925) and at −20 ◦C (0.878–0.951) but lower at room temperature (0.762–0.882).
Hence, the storage of DBS samples at room temperature may be suboptimal to carry out
serological analysis four months after sample collection, but a shorter period (15–20 days)
has not been evaluated and should be validated in the future. Therefore, the long-term
storage of DBSs intended for subsequent testing should be undertaken at low temperatures,
as previously reported for anti-HIV, HBsAg, anti-HBc, anti-HCV or anti-HEV [21–23], as a
marked loss of Western blot positivity and low titer antibody signals have been observed if
cold storage is not carried out [24].

The negative effect on DBS preservation of storage above 4 ◦C was observed for the
three different antibodies investigated, but, in particular, the values of measles serology
were more affected than the other markers. Then, for measles investigation, the diagnosis
can be made using DBS since the correlation obtained immediately after collection was
high (0.948), but it should be made without delay. The effect of storage may be variable
for different biomarkers, as has been observed with different types of antibodies or drug
monitoring [25–27].

The validation of a commercially available chemiluminescence assay using DBSs
for the detection of mumps, measles, and rubella IgG may facilitate the investigation of
these markers in low- and middle-income countries where nursing facilities or equipment
are not available for sample collection. In addition, the availability of DBSs in high-
income countries may be very convenient as a minimally invasive sample, allowing for
self-sampling and direct shipment to a clinical laboratory using regular mail. This procedure
allows for the investigation of these antibodies, either to study the population that does not
regularly attend healthcare services or those in which sample collection may be challenging.
Surveillance studies to verify protection against these pathogens are regularly conducted in
different situations, especially in occupational safety and health services, and also during
pregnancy, after exposure, or previous to international travelling.

Multiple determinants have been identified for lower vaccination uptake among
migrants for routine and COVID-19 targets. A tailored, culture-sensitive and evidence-
informed strategy has been suggested to strengthen vaccination programmes in high-
income countries [28]. The collection of DBSs may enable testing vulnerable people to
propose catch-up vaccination campaigns, particularly among populations at greater risk,
such as migrants or those born years before universal vaccination against these three
pathogens was implemented, mainly between 1960 and 1980 in most high-income coun-
tries [29]. However, several authors have highlighted the need for additional validation
studies of these techniques to carry out serological surveillance from DBSs as a lack of
standardization has been observed in the collection, storage and testing methods [30].

Our study is subject to a number of potential limitations. The first is that the vaccina-
tion history of participants was unknown, so no information on the expected biomarkers
could be obtained. Second, the pre-infection rate was also not available; however, the high
vaccination coverage within our population could reassure the possibility of assessing
these antibodies. The results are given by subgrouping the data according to age group
and hematocrit, although the study was performed after making a homogeneous selection
of the participants in terms of age, sex and hematocrit. The study has several notable
strengths, including the use of standardized, commercial and validated robust serological
platforms to measure values of interest for the study.

In conclusion, this study confirms the validity of DBS samples for the study of serolog-
ical markers of mumps, measles and rubella. Moreover, the hematocrit does not affect the
processing of DBSs to carry out chemiluminescent immunoassays. DBS stability for use in
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antibody detection against mumps and rubella is adequate when the samples are stored at
−20 ◦C or 4 ◦C, but not at room temperature, for a period of 4 months.
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Abstract: Loop-mediated isothermal amplification is a promising candidate for the rapid detection
of Mycobacterium tuberculosis. However, the high potential for carry-over contamination is the main
obstacle to its routine use. Here, a closed tube LAMP was intended for the visual detection of Mtb
to compare turbidimetric and two more favorable colorimetric methods using calcein and hydroxy
naphthol blue (HNB). Additionally, a less studied dye (i.e., eriochrome black T (EBT)) was optimized
in detail in the reaction for the first time. Mtb purified DNA and 30 clinical specimens were used to
respectively determine the analytical and diagnostic sensitivities of each method. The turbidimetric
method resulted in the best analytical sensitivity (100 fg DNA/reaction), diagnostic sensitivity and
specificity (100%), and time-to-positivity of the test (15 min). However, this method is highly prone to
subjective error in reading the results. Moreover, HNB-, calcein-, and EBT-LAMP could respectively
detect 100 fg, 1 pg, and 1 pg DNA/reaction (the analytical sensitivities) in 30, 15, and 30 min, while
the diagnostic sensitivity and specificity were respectively 93.3% and 100% for them all. Interestingly,
EBT-LAMP showed the lowest potential for subjective error in reading the results. This report helps
judiciously choose the most appropriate visual method, taking a step forward toward the field
applicability of LAMP for the detection of Mtb, particularly in resource-limited settings.

Keywords: LAMP; Mycobacterium tuberculosis; visual detection; EBT; calcein; HNB

1. Introduction

Tuberculosis (TB) has been a human disease since the beginning of the Neolithic
period, as studies on bones dating back over 6000 years suggest that some prehistoric
people also had TB [1–3]. TB is caused by the acid-fast bacillus Mycobacterium tuberculosis,
spreading via respiratory aerosols during the active pulmonary form of the disease [4].
According to the World Health Organization’s (WHO) latest annual TB report, there has
been an increase in the global TB deaths between 2019 and 2021. In 2021, nearly 10.6 million
new cases of TB and 1.6 million TB-related deaths were reported worldwide [5]. Treatment
of TB requires a prolonged course of multiple drugs. The prompt and effective treatment of
TB is crucial for controlling and preventing the emergence of potentially lethal resistant
strains of Mycobacterium tuberculosis. To avoid delayed appropriate treatment of TB, which
may facilitate disease transmission, it is crucial to diagnose infectious TB cases promptly
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and effectively [6]. Despite modern medical advances, the diagnosis and treatment of TB
remain a formidable challenge, rendering an ancient disease a contemporary problem [7,8].

Although conventional methods such as smear microscopy and mycobacterial culture
remain the major diagnostic tests for TB in resource-limited settings and most developing
countries, these tests suffer from certain limitations [9,10]. As an example, smear mi-
croscopy has low sensitivity for the detection of acid-fast bacilli (AFB) in clinical specimens
(5–10 × 104 AFB/mL), and mycobacterial culture is a time-consuming method, taking
3–8 weeks to conclude [11].

On the other hand, a pathogen’s genome is a diagnostic biomarker for accurately
identifying the causative agent of an infectious disease, and polymerase chain reaction
(PCR) is the gold standard for identifying nucleic acids. To this end, PCR-based molecular
methods have been widely studied to detect Mycobacterium tuberculosis (Mtb) with promis-
ing results [6,12–14]. Despite being highly sensitive and specific, these diagnostic methods
have failed to replace smear and culture methods according to a report by the U.S. Centers
for Disease Control and Prevention (CDC) [15].

Loop-mediated isothermal amplification (LAMP) is an attractive alternative technique
for nucleic acid amplification [16] that has a promising prospect for the diagnosis of TB and
has been recommended by the WHO for this purpose [17]. LAMP has several advantages
over the conventional PCR-based assays: (i) it does not require DNA denaturation to
amplify the target gene; (ii) the reaction is performed at a constant temperature obviating
the need for expensive equipment; (iii) it is a highly specific reaction due to the use of
six primers including two chimeric ones, recognizing eight distinct regions on the target
sequence; (iv) the reaction is very efficient and rapid so it can generate more than 109 copies
of the target gene within 15–60 min of incubation at 60–65 ◦C; and (v) it is less affected by
the presence of inhibitor substances in clinical specimens [16,18].

Consequently, LAMP can be considered as an invaluable diagnostic method for vari-
ous infectious diseases [18–20], demonstrating a high potential for being a point-of-care
test [21,22]. However, LAMP is highly prone to carry-over contamination and the am-
plicons of the reaction can frequently lead to false-positive results, an issue of immense
practical importance [23,24]. To this end, a closed tube LAMP assay has been proposed to
address this concern via different approaches [25–28]. In fact, false-positive LAMP results
can be avoided by visually reading the results with the naked eye, which is considered as
a primary benefit of LAMP, which eliminates the requirement to open the reaction tube.
Among the various methods for detecting LAMP products, visual endpoint evaluation of
the reaction based on a color change or the presence of turbidity is preferred [22].

Fluorescence or metal ion indicator dyes such as calcein or hydroxy naphthol blue
(HNB) are added to the LAMP reaction mixture in colorimetric approaches, and the test
result is determined by changing the color of the reaction. Among all of the colorimetric
methods studied to date, calcein and HNB are the most frequently used indicator dyes
in LAMP assays [20,22,26,28]. Calcein is a fluorescence dye added along with MnCl2
to the LAMP pre-reaction mixture. The primary color of the reaction is orange, since
the combination of calcein with Mn2+ ions quenches calcein fluorescence. Manganese
ions are replaced by Mg2+ ions as the LAMP products are produced due to an increased
concentration of pyrophosphate ions in the reaction, which deprives the calcein of Mn2+

ions. The reaction turns yellow under visible light at this point [29]. Alternatively, HNB is a
metal indicator whose color is determined by the concentration of Mg2+. When magnesium
ions are present, it turns violet; however, as the LAMP reaction proceeds, pyrophosphate
ions are produced and combined with magnesium to form a magnesium pyrophosphate
precipitate. The color of the reaction changes from violet to sky blue as the Mg2+ level
decreases [26].

In the turbidimetric method, the white turbidity or precipitate of magnesium py-
rophosphate as a LAMP by-product of the LAMP reaction indicates the reaction’s positivity,
which can be determined visually or with an optical instrument [27]. Both colorimetric and
turbidimetric methods are observable with the naked eye [26–28,30].
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Occasionally, DNA amplification may occur due to the formation of primer dimers,
producing turbidity as a non-specific positive signal. Therefore, designing valid LAMP
primers is critical when the turbidity method is used [22].

Obviously, the colorimetric detection of amplification products through the naked eye
could increase the popularity of a molecular diagnostic tool, making it suitable for field
application. Among all colorimetric detection methods, using a metal ion indicator dye
is highly sensitive, straightforward, economical, and efficient. This kind of indicator is
readily available and can be incorporated into the pre-reaction mixture [22,25]. However,
the transition from violet to sky blue is too subtle in the HNB-mediated LAMP reaction,
allowing for a subjective error in result interpretation [31]. This is also a problem with
calcein as a fluorescence dye, whose color changes from orange to yellow under visible
light. Therefore, as a major disadvantage, an “experienced eye” is needed to read the LAMP
results while using these two colorimetric methods.

As a result, we screened other compounds to identify an alternative indicator for
possible improvements in the detection of the LAMP reaction for TB diagnosis through
the naked eye. In this regard, an alternative metal indicator with the same mechanism of
action as HNB was identified and evaluated to detect Mtb. Eriochrome black T (EBT) is
a newer and less studied magnesium ion indicator dye that can be directly added to the
LAMP mixture to interpret the reaction result visually. Only one brief report on using EBT
for the visual detection of Mtb by LAMP assay exists [32]. In this prototype study, however,
the practical conditions of the optimal reaction and its performance on clinical specimens
compared to the most frequently employed LAMP monitoring methods were not clarified.

Considering these facts, the present study aims to determine the optimal conditions of
the EBT-mediated LAMP reaction and its diagnostic performance for visually detecting Mtb
through naked eye observations. This study was conducted to determine whether EBT is an
appropriate alternative to HNB/calcein to be applied in LAMP. In addition, we designed a
closed tube LAMP assay to eliminate carry-over contamination from previous LAMP assays.
This is the first report to our knowledge that compares the diagnostic performance of EBT-,
HNB-, calcein-, and turbidity-based LAMP assays for the diagnosis of TB. The results may
pave the way for the field application of LAMP technology for the rapid, dependable, and
cost-effective detection of Mtb, particularly in settings with limited resources.

2. Materials and Methods

A flow chart representing the experimental approach of this study is shown in Figure 1.
In detail, a primary step for LAMP reaction optimization is to prepare a template DNA
after choosing the appropriate primer sets. Purified and crude DNA were obtained from
Mtb cells and clinical specimens, respectively. LAMP primers can be newly designed using
PrimerExplorer V4 software (Eiken Chemical Co. LTD, Tokyo, Japan) freely available from
the Eiken Chemical Co. (https://primerexplorer.jp/e/, accessed on 21 December 2022),
or obtained from previous studies, as conducted in this study [33]. Six primers were used
in the LAMP reaction including two inner (FIP and BIP), two outer (F3 and B3), and two
loop primers (FLP and BLP). Other necessary components of the pre-reaction mixture, in
addition to the primer sets, are deoxyribonucleotides (dNTPs), Bst DNA polymerase, and a
reaction buffer containing MgSO4, used for the turbidimetric method. Additionally, HNB,
calcein, and EBT were each individually added to the pre-reaction solution of the relevant
LAMP assays to be monitored via colorimetric methods. In particular, EBT was optimized
in the relevant reaction by utilizing different concentrations. Furthermore, various amounts
of dNTPs and magnesium were individually added to the reaction of each method to
determine their optimal levels. The optimal reaction time and limit of detection were
identified for each detection method, respectively, by applying different duration times
and Mtb DNA concentrations to each reaction. All reactions were performed at a constant
temperature of 64 ◦C without requiring denaturation and annealing temperatures. Finally,
each monitoring method was independently applied to the clinical specimens to evaluate
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their clinical performance and analyzed by StatsDirect version 3 (StatsDirect Ltd., Wirral,
UK) and the McNemar’s chi-square test.

Samples DNA 
extraction 

LAMP 
pre-reaction

mixture

Monitoring 
method

Comparative
analysis 

M. tuberculosis 
H37Rv

reference strain

Clinical 
specimens

Purified
DNA
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Bst DNA polymerae, 
dNTPs, Mg2+, primer 
sets, reaction buffer

Bst DNA polymerae, 
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detection using
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Colorimetric 
detection using 
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Limit of 
detection 
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performance 

of the 
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Figure 1. Flowchart representing the experimental approach including stages and methods utilized
for comparative closed tube TB-LAMP using the four naked eye methodology for amplification
detection. LAMP: loop-mediated isothermal amplification; HNB: hydroxy naphthol blue; EBT:
eriochrome black T.

2.1. DNA Extraction

Genomic DNA used in the present study was extracted and purified from the M.
tuberculosis H37Rv reference strain to optimize the LAMP reactions and determine the
limit of detection (LOD) of each method. For this purpose, mycobacterial colonies were
suspended in TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) and heat killed at
80 ◦C for one hour. The mixture was incubated overnight at 37 ◦C in the presence of
1 mg/mL lysozyme (Sigma-Aldrich, St. Louis, MO, USA) while shaking. Bacterial lysis
was performed by the addition of 1.5% SDS and 100 μg/mL proteinase K (Fermentas Life
Sciences, Vilnius, Lithuania), followed by incubation at 65 ◦C for 10 min. Then, the suspen-
sion was treated by 5 M NaCl and CTAB-NaCl solution (10% CTAB plus 0.7 M NaCl) at
65 ◦C for another 10 min. Genomic DNA was purified and precipitated, respectively, using
chloroform–isoamyl alcohol (24:1) and isopropanol. Finally, the pellet was washed with
70% ethanol and dissolved in 50 μL of TE buffer for use in the subsequent experiments [34].

To determine the clinical performance of each assay, clinical specimens were initially
processed by Petroff’s method [35]. Then, DNA was extracted from the clinical specimens
by a simple boiling method described by Afghani and Stutman [36]. Briefly, after washing
each specimen with TE buffer twice, the pellet was boiled for 5–10 min followed by a quick
spin down of the tube. The supernatant was kept at −20 ◦C before use as the template
DNA in the subsequent experiments.

2.2. LAMP Primers and Assays

The LAMP reactions were carried out using six primers targeting the M. tuberculosis
16S rRNA gene as previously described by Pandey et al. [33]. The primer sequences
were as follows: F3, 5′-CTGGCTCAGGACGAACG-3′; B3, 5′-GCTCATCCCACACCGC-3′;
FIP, 5′-CACCCACGTGTTACTCATGCCAGTCGAACGGAAAGGTCT-3′; BIP, 5′-TCGGGA-
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TAAGCCTGGACCACCAGACATGCATCCCGT-3′; FLP, 5′- GTTCGCCACTCGAGTAT-
CTCCG-3′; and BLP, 5′-GAAACTGGGTCTAAATACCGG-3′.

LAMP assays were performed in a total volume of 25 μL containing 1.6 μM each of
the inner primers (FIP and BIP), 0.2 μM each of the outer primers (F3 and B3), 0.8 μM each
of the loop primers (FLP and BLP), 0.8 M betaine (Sigma-Aldrich, St. Louis, MO, USA),
1X ThermoPol reaction buffer (New England Biolabs, Ipswich, MA, USA), 8 U Bst DNA
polymerase (New England Biolabs), and 1 ng purified DNA from M. tuberculosis H37Rv.
To determine the optimal condition leading to the most distinct visual result, various
concentrations of MgSO4 (Figure 2) and dNTPs (Figure 3) were also applied to the LAMP
reactions of each monitoring method.

 

Figure 2. Optimization of Mg2+ concentration in HNB-LAMP (a), Calcein-LAMP (b), EBT-LAMP (c),
and turbidity-LAMP (d) for the detection of M. tuberculosis. (a,c) 2.5 mM (tubes 1 and 2), 3.5 mM
(tubes 3 and 4), 4.5 mM (tubes 5 and 6), and 5.5 mM (tubes 7 and 8) MgSO4. (b) 4 mM (tubes 1 and 2),
6 mM (tubes 3 and 4), 8 mM (tubes 5 and 6), and 10 mM (tubes 7 and 8) MgSO4. Tubes with even and
odd numbers, respectively, represent negative and positive reactions. In (d), tubes 1 to 7 are positive
reactions, respectively, containing 2, 3, 4, 5, 6, 8, and 10 mM MgSO4, and tube 8 is the negative control.
The image on the bottom shows the close-up view of (d) focused on the pellets of pyrophosphate
magnesium. The asterisks indicate the optimal concentration of Mg2+.

For colorimetric LAMP reactions, 25 μM calcein (Sigma-Aldrich) plus 0.5 mM MnCl2
(Sigma-Aldrich), and 9 mM HNB (Sigma-Aldrich) were also added to calcein- and HNB-
LAMP assays, respectively.

Due to the limited studies, the EBT concentration was additionally optimized in the
relevant reaction (Table 1). For this purpose, 40, 60, 80, 100, and 120 mM EBT (Sigma-Aldrich)
were individually applied to the LAMP reaction along with a negative control for each
concentration. The negative controls contained all components of the reaction except the
template DNA, which was replaced by sterile distilled water. The optimal concentration of
EBT was determined by visually inspecting the reaction tubes every 15 min up to 180 min to
obtain the most distinct color change between the test tube and its relevant negative control.
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Figure 3. Optimization of the dNTP concentration in HNB-LAMP (a), Calcein-LAMP (b), EBT-LAMP (c),
and turbidity-LAMP (d) for the detection of M. tuberculosis. (a–c) 0.5 mM (tubes 1 and 2), 1 mM (tubes 3
and 4), and 1.4 mM (tubes 5 and 6) dNTPs. Tubes with even and odd numbers, respectively, represent
negative and positive reactions. In (d), tubes 1 to 6 are positive reactions, respectively, containing 0.5, 1,
1.4, 2, 2.5, and 3 mM dNTPs, and tube 7 is the negative control. The image on the bottom shows the
close-up view of (d) focused on the pellets of pyrophosphate magnesium. The asterisks indicate the
optimal concentration of Mg2+.

Table 1. Determination of the optimal concentration of EBT in the LAMP assay by applying different
duration times to the reactions.

LAMP Reaction
Time (min)

EBT Concentrations (μM)

40 60 80 100 120

15 − − − − −
30 + + − − −
45 + + − − −
60 + + − − −
75 + + − − −
90 + + − − −

105 + + − − −
120 + + − − −
135 + + − − −
150 + + + − −
180 + + + − −

Note. The most distinct color change was observed at 60 μM EBT between the positive and negative reactions
after 30 min (pink-colored column). Although the reactions were positive at 40 and 80 μM EBT, respectively,
after 30 and 150 min, the color change between the positive and negative reactions were less distinctive at these
concentrations (grey-colored column). +, positive LAMP reaction; −, negative LAMP reaction; EBT, eriochrome
black T.
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The color changes in the reactions from orange to yellow in calcein-LAMP, violet to sky
blue in HNB-LAMP, and purple to sky blue in EBT-LAMP were considered as a positive result.

For turbidity-LAMP, the presence and the size of a white pellet at the bottom of the
reaction tube following a quick spin-down were respectively considered as a positive and
an optimal result (Figures 2d and 3d).

All the reactions were incubated at 64 ◦C and the results were monitored by the naked
eye. To prevent accidental opening of the reaction tubes, the tubes’ caps were kept in
a sealed position by the use of Parafilm® (Bemis Inc., Neenah, WI, USA). To evaluate
reproducibility of the results, each assay was performed three times.

2.3. Limit of Detection and Optimal Reaction Time

First, the concentration of a solution containing purified DNA from M. tuberculosis
H37Rv was measured three times at 260 nm by a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies Inc., Rockland, DE, USA). Afterward, the average of these values
was considered as the true concentration to prepare a 10-fold serial dilution of Mtb DNA
in 10 mM Tris-HCl (pH 8.8), ranging from 100 ng/μL to 1 fg/μL. To determine the limit
of detection (LOD) of the LAMP assays, 1 μL of each dilution was applied to the optimal
reactions of each monitoring method as the template DNA. For all of the monitoring
methods, the LOD was determined in a single day using the same serial dilution to ensure
comparability of the results. To precisely determine the LOD of the LAMP monitoring
methods, 20 replicates of the minimum detectable concentration of Mtb DNA were tested by
each method, and this concentration was confirmed as the LOD for the respective method,
if positive results were obtained in ≥95% of all 20 replicates.

To determine the optimal reaction time, the results were visually inspected and
recorded every 15 min for each method. The experiment was performed on two dif-
ferent days using two distinct set of serial dilutions to assess the intra-day reproducibility
of the results.

2.4. Clinical Evaluation of LAMP Assays

To evaluate the clinical performance for each monitoring method of LAMP, 30 clini-
cal specimens including 17 sputum and 13 bronchoalveolar lavage (BAL) samples were
collected from TB-confirmed patients referred to the Laboratory of Tuberculosis, Ghaem
University Hospital, Mashhad, Iran. All of the specimens were smear- and culture-positive
for AFB and Mtb, respectively. Mycobacterial culture was used as the gold standard for
laboratory confirmation of TB cases. Clinical specimens were included in our study after
completion of their routine requested tests and subjected to discard.

Five microliters of crude DNA from each clinical specimen was individually applied
to the optimal reaction of each monitoring method of LAMP. Then, the results of the four
monitoring methods were compared. Negative and positive controls were always included
in each run of the experiment. The negative control contained all reactants minus the target
DNA and the positive control contained M. tuberculosis H37Rv purified DNA in place of
the clinical specimens’ DNA.

3. Results

3.1. Optimal Concentration

As can be deduced from Table 1, both LAMP reactions containing 40 and 60 μM EBT
were positive after 30 min and remained unchanged by extending the reaction time. In the
presence of higher concentrations of EBT, however, LAMP was either positive after 150 min
(80 μM EBT) or totally negative (100 and 120 μM EBT), probably due to the inhibitory effect of
the indicator dye (Table 1). Because the presence of 60 μM EBT in the LAMP reaction yielded
the most distinct color change from purple to sky blue between the negative and positive
assays, it was considered as the optimal concentration of EBT in subsequent LAMP assays.
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3.2. Optimal Concentrations of Mg2+

As demonstrated in Figure 2a,c, 4.5 and 3.5 mM MgSO4 yielded the most distinctive
visual results, respectively, for the HNB-, and EBT-LAMP assays. In the same way, the
optimal concentration of MgSO4 for the calcein-LAMP assay was determined as 8 mM
(Figure 2b), while both 6 mM and 8 mM MgSO4 resulted in the same pellet size of mag-
nesium pyrophosphate at the bottom of the reaction tubes for the turbidity-LAMP assay
(Figure 2d, tubes 6 and 7).

3.3. Optimal Concentrations of dNTPs

As shown in Figure 3a–c, 0.5 and 1.4 mM dNTPs were yielded the most distinct color
change between positive and negative reactions respectively for HNB-/EBT- and calcein-
LAMP assays. Additionally, the optimal concentration of dNTPs for turbidity-LAMP was 1
or 1.4 mM, as both concentrations resulted in the largest size of magnesium pyrophosphate
pellet at the bottom of the reaction tubes (Figure 3d, tubes 2 & 3).

3.4. LOD and Optimal Time of the Reactions

HNB- and turbidity-LAMP assays were able to detect up to 100 fg purified DNA of
M. tuberculosis H37Rv per reaction (Figure 4a,d). This was achieved through an optimal
reaction time of 15 and 30 min, respectively, for the turbidity and HNB-LAMP assays and
remained unchanged by extending the duration time of the reactions (Table 2). Moreover,
the LOD was 1 pg DNA/reaction for the calcein- and EBT-LAMP assays (Figure 4b,c).
The optimal time to positivity of the reactions for the detection of this amount of DNA
was 15 and 30 min, respectively, for the calcein- and EBT-LAMP assays. Additionally, no
change was observed with extra reaction time (Table 2). In fact, calcein and EBT led to a
one-log reduction in the LOD of the relevant LAMP assays compared to the turbidity- and
HNB-LAMP assays.

 

Figure 4. Comparison of the LOD of HNB-LAMP (a), Calcein-LAMP (b), EBT-LAMP (c), and
turbidity-LAMP (d) for the diagnosis of TB. Tubes 1 to 10, respectively, contain 100 ng, 10 ng, 1 ng,
100 pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg, and zero amount of Mtb DNA/reaction. The lower part of the
figure shows the close-up view of (d) focused on the bottom of the tubes. The asterisks indicate the
LOD of each method.
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Table 2. LAMP monitoring methods performed on various DNA concentrations/reaction with
different duration times of reaction for the determination of the optimal reaction time capable of
detecting the lowest amount of the Mtb DNA/reaction.

Reaction Time a Method
Mtb Purified DNA/Reaction (25 μL)

100 ng 10 ng 1 ng 100 pg 10 pg 1 pg 100 fg 10 fg 1 fg 0

15 min

HNB-LAMP − − − − − − − − − −
Calcein-LAMP + + + + + + − − − −
EBT-LAMP − − − − − − − − − −
Turbidity-LAMP + + + + + + + − − −

30 min

HNB-LAMP + + + + + + + − − −
Calcein-LAMP + + + + + + − − − −
EBT-LAMP + + + + + + − − − −
Turbidity-LAMP + + + + + + + − − −

45 min

HNB-LAMP + + + + + + + − − −
Calcein-LAMP + + + + + + − − − −
EBT-LAMP + + + + + + − − − −
Turbidity-LAMP + + + + + + + − − −

+, positive LAMP reaction; −, negative LAMP reaction; Mtb, Mycobacterium tuberculosis. a By extending the
reaction time to 120 min, no change was achieved in the results of any monitoring methods of LAMP compared to
those obtained in the thirtieth minute of the reactions.

In contrast to the calcein- and turbidity LAMP assays, no positive signal was achieved
for HNB- and EBT-LAMP within the first 15 min of the amplification process, even at the
higher concentrations of DNA (Table 2). By performing the experiment on two different
days and on separate sets of serial dilutions of Mtb DNA, the results were shown to be
reproducible. Moreover, all 20 replicates containing 100 fg/μL and 1 pg/μL Mtb DNA (the
lowest detectable concentrations) were individually positive with turbidity-/HNB-LAMP
and calcein-/EBT-LAMP, respectively.

3.5. Clinical Evaluation

In the present study, all the clinical specimens from TB-confirmed patients were posi-
tive by the turbidity-LAMP assay, with a diagnostic sensitivity of 100% (95% CI, 78.2–100%)
for this method and perfect agreement between the turbidity-LAMP and mycobacterial
culture as the gold standard for TB diagnosis. Only two out of thirty TB-confirmed spu-
tum specimens were negative by the HNB-, calcein-, and EBT-LAMP. Interestingly, these
two negative samples belonged to two particular TB patients whose disease could not
be detected by all these colorimetric methods. Therefore, diagnostic sensitivity for the
HNB-, calcein-, and EBT-LAMP assays was 93.3% (95% CI, 77.9–99.2%). Moreover, all
negative controls applied to each run of the experiments were negative, indicating no
false-positive result for all the LAMP detection methods evaluated in this study (specificity
100%). Finally, positive and negative predictive values were 100% and 88.2%, respectively,
for the colorimetric LAMP methods.

According to the comparative analysis, the HNB-, calcein-, and EBT-LAMP assays
each showed an agreement of 95.6% with a Cohen’s kappa of 0.91 with turbidity-LAMP,
indicating almost complete similarity of the four monitoring methods. However, more
distinct color change was observed between the positive and negative EBT-LAMP reactions,
proving the lowest error due to subjectivity for this method.

4. Discussion

Although LAMP is superior to conventional nucleic acid amplification techniques in
terms of speed and cost, it is more susceptible to carry-over contamination with secondary
LAMP products, preventing widespread application [23–25]. This is due to the high
efficiency of the reaction, which produces about 100–1000 times more amplicons than other
methods such as PCR [37].
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Observing the ladder-like pattern of the amplicons during agarose gel electrophoresis
of LAMP products stained with a DNA intercalating dye can be used as a reference method
for evaluating the assay result [16]. However, it cannot be used as the monitoring method
of choice for LAMP because of the need to open the reaction tube cap and subsequent
laboratory contamination with LAMP products. Frequently, the contamination problem is
so severe that replacing micropipettes, pipette tips, reagents, and tubes and even relocating
the testing area is essential [24]. Obviously, this will add some costs to an intrinsically
inexpensive technique.

Therefore, improving LAMP monitoring methods is a research priority to facilitate the
field application of this invaluable technology. However, care must be taken not to sacrifice
LAMP’s advantageous characteristics such as its simplicity and cost-effectiveness.

In order to introduce a reliable monitoring method for LAMP, we employed a closed
tube system to prevent the contamination of subsequent experiments with amplicons.
Consequently, gel electrophoresis analysis was not the method of choice to monitor LAMP
products in the current study.

To date, several strategies have been proposed to address the contamination problem
utilizing a closed tube system such as the LAMP monitoring method [25,26,28,38]. This
system does not allow for the opening of the reaction tube cap for the reasons above-
mentioned. Instead, the result of the LAMP assay was determined through the inspection
of turbidity or the color change of the reaction. This approach will certainly prevent
obtaining false-positive results in downstream LAMP assays [25,38].

Mori et al. introduced this method to improve LAMP-based assays practically for the
first time. They interpreted the LAMP results using the turbidity caused by the formation
of magnesium pyrophosphate in the reaction. According to reports, this turbidimetric
method can be used with the naked eye or, for greater accuracy, a real-time turbidimeter
device. Additionally, Mori et al. suggested centrifuging the LAMP tubes at 6000 rpm for
several seconds at the end of the reaction [27]. This would aid in a more straightforward
visual judgment of the LAMP results by inspecting the white pellet of the magnesium
pyrophosphate precipitate at the bottom of the reaction tube. In the current study, this
method was also used for the turbidimetric LAMP method. As reported by others [19,39],
we concluded that the interpretation of LAMP results based solely on the visual monitoring
of the reaction turbidity is a subjective and error-prone judgment, especially while dealing
with weak-positive results. We examined the white pellet at the bottom of an illuminated
reaction tube with a loupe magnifier to improve this monitoring method. Our findings
revealed that the visual monitoring of the reaction turbidity by this modified approach was
one of the most sensitive monitoring methods of LAMP evaluated in the present study.
Accordingly, this approach found the LOD of the LAMP assay to be 100 fg of the purified
Mtb DNA/reaction.

Global efforts to develop a reliable method for monitoring the production of LAMP
amplicons in a closed system resulted in an innovation in LAMP technology by employing
calcein (plus MnCl2) in the reaction mixture. This metal ion indicator was initially reported
in the LAMP reaction by Boehme et al. [29], and Tomita et al. [28] who published a detailed
protocol. In this method, calcein is deprived of Mn2+ by pyrophosphate ions accumulated in
the reaction during the amplification of target DNA, and instead, it binds to magnesium ions.
This will result in a more intense bright green fluorescent emission of the reaction under UV
light or a visible color change from orange to yellow of the reaction under visible light [28].

Further studies have shown that adding calcein and MnCl2 in the LAMP reaction
would reduce the test’s sensitivity [40,41]. Yang et al. determined the sensitivity of the
LAMP assay targeting IS1081 for the diagnosis of tuberculous pleurisy [41]. The sensitivity
was determined to be 100 fg and 1 pg of purified Mtb DNA using gel electrophoresis
and the calcein visual inspection method, respectively. They achieved these results by
applying both 60 and 90 min incubation times to the reactions [41]. In our study where
the visual turbidimetric method was used instead of gel electrophoresis analysis, calcein-
LAMP showed a 10-fold reduction in sensitivity for the detection of Mtb compared to the
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turbidimetric method (Figure 4b,d). This result is consistent with the findings of Yang
et al. and other researchers [40,41], as we previously reported equal detection sensitivity
for the turbidimetric and gel electrophoresis methods [18,24]. Two reasons have been pro-
posed for the reduced sensitivity of the calcein-LAMP reaction: (i) the inhibition of LAMP
reaction by Mn2+ [26,40]; and (ii) the direct interaction between calcein and dsDNA [42].
Nevertheless, calcein is widely used in various LAMP assays [37,41,43], even in the only
WHO-recommended LAMP for TB (LoopampTM MTBC Detection Kit, Eiken Chemical
Co., Ltd., Tokyo, Japan) [17].

HNB is an additional metal ion indicator dye initially described by Goto et al. for
visually detecting lambda phage DNA using the LAMP technique [26]. This indicator turns
violet in the presence of Mg2+ when added to the LAMP reaction. During the amplification
process, a significant amount of magnesium is used to produce insoluble magnesium
pyrophosphate as the main by-product of the reaction. As a result of the decrease in
magnesium concentration, the reaction color transforms from violet to sky blue, signifying
a positive test result.

Our findings demonstrated that HNB-LAMP was ten times more sensitive than calcein-
LAMP for Mtb detection (Figure 4a,b). This is consistent with the lambda phage DNA
results reported by Goto et al. [26].

In recent years, EBT’s usefulness in the LAMP process for visualizing the reaction’s
result has garnered increased attention [32,44,45]. The mechanism of action for this metal
ion indicator dye is comparable to that of HNB; however, EBT produces distinctive color
changes between negative and positive reactions. Briefly, the addition of EBT causes the
reaction solution to turn purple because it binds to magnesium ions. As the target DNA
is amplified by LAMP, magnesium ions are depleted from EBT due to the production of
magnesium pyrophosphate and a decrease in the level of magnesium ions. This leads to
the color change of the reaction from purple to sky blue, indicating a positive LAMP assay.

Wang utilized the same set of LAMP primers as Yang et al. in the sole brief report on
the use of EBT for the visual detection of Mtb via the LAMP assay [32,41]. Surprisingly,
Wang reported a sensitivity of 8 fg Mtb genomic DNA for the EBT-LAMP assay using a
45-min reaction [32]. However, the study lacked an explanation for why a LAMP reaction
containing the same set of primers achieved 100-fold higher sensitivity than that reported
by Yang et al. More interestingly, this result was obtained with a shorter EBT-LAMP
reaction time [32,41]. This is inconsistent with our findings, in which EBT-LAMP showed a
10-fold reduction in sensitivity compared to the turbidimetric LAMP assay. Additionally,
we demonstrated that the shorter the reaction time, the lower the test sensitivity (Table 2).
In addition, we utilized the identical set of LAMP primers as Pandey et al. In contrast
to Wang’s findings, the sensitivity of turbidimetric- and HNB-LAMP in our study was
comparable to that of real-time turbidimetric-LAMP (100 fg purified Mtb DNA/reaction),
as determined by Pandey et al. [33].

Although EBT-LAMP was 10-fold less sensitive than turbidimetric- and HNB-LAMP
in the present study, its analytical sensitivity was equivalent to that of the widely used
calcein-LAMP method. In addition, reading the results of the EBT-LAMP assay was less
susceptible to subjective error than the calcein- and HNB-LAMP assays (Table 3) due to
the more distinct color change between its negative and positive reactions (Figure 4). This
is of the utmost importance when LAMP is performed by an inexperienced individual,
given that one of the primary goals of health organizations is to simplify diagnostic tests, so
that they can be utilized in remote and resource-poor settings [46]. Although color change
between negative and positive reactions of calcein-LAMP is more distinctive under UV
light than visible light, it should be noted that the need for a UV transilluminator device
would add an extra cost to the test.
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Table 3. A brief comparison among the four monitoring methods of LAMP used in this study for
Mtb detection.

LAMP Monitoring Methods a

T-LAMP C-LAMP H-LAMP E-LAMP

Principle Turbidimetry Colorimetry Colorimetry Colorimetry

Mechanism

Mg2PPi precipitation
results in the formation
of white turbidity in
the reaction

Sequestering of Mn2+

from calcein results in
the color change of this
metal ion indicator dye

Sequestering of Mg2+

from hydroxynaphtol
Blue leads to a color
change of the indicator

Sequestering of Mg2+

from eriochrome black
T leads to a color
change of the indicator

LAMP results
(negative/positive) Clear/Turbid Orange/Yellow Violet/Sky blue Purple/Sky blue

Visual inspection
of results Yes Yes Yes Yes

Performing in closed
system Yes Yes Yes Yes

Potential for subjective
error in reading the
result

High High High Low

LOD b 100 fg 1 pg 100 fg 1 pg
Diagnostic sensitivity
(%) 100 93.3 93.3 93.3

Additional cost c None ++ ++++ +
O.C. of each
indicator/reaction d - 25 μM 4.5 mM 60 μM

Time-to-positivity of
LAMP (min.) 15 15 30 30

Inhibitory effect
on LAMP reaction None

Yes, a 10-fold reduction
in LOD
at optimal
concentration

No inhibitory effect at
optimal concentration

Yes, a 10-fold reduction
in LOD at optimal
concentration

a T; turbidity, C; calcein, H; HNB (hydroxynaphtol blue), E; EBT (eriochrome black T). b LOD; limit of detection.
c The colorimetric LAMP reactions are slightly more costly to perform compared to the T-LAMP assay because of
the additional usage of a metal ion indicator dye in each reaction. Although the extra cost was much less than a
dollar, the amount varied among different colorimetric methods. d O.C., optimal concentration.

Moreover, our results showed that calcein-LAMP could provide a positive result
15 min earlier than the HNB- and EBT-LAMP assays at the lowest detectable concentration
of Mtb DNA (Table 2). We hypothesized that any delay in the positivity of the colorimetric
LAMP assays could be attributed to the concentration of each indicator dye in the related
reaction. Since the lowest concentration of indicator dye (25 μM) was applied to the
calcein-LAMP assay with a time-to-positivity similar to turbidity-LAMP where no indicator
dye was used (Table 3), we believe that the 10-fold lower sensitivity of the calcein- and
EBT-LAMP assays in comparison to the HNB-LAMP assay may have distinct causes.

First, as previously stated, the functional calcein-LAMP assay depends on the reaction’s
simultaneous use of MnCl2 and calcein. Thus, based on our findings, the 10-fold less sensitivity
of calcein-LAMP appears more likely to be due to the inhibition of the reaction by Mn2+ ions
than to the calcein itself since (in contrast to HNB and EBT) calcein did not cause any delay
in the time-to-positivity of the LAMP reaction at the optimal concentration used in this
study (Table 2). This is consistent with the explanations provided by Goto et al. [26] and
Wastling et al. [40], in contrast to the earlier-mentioned study by Zhang et al. [42].

Second, EBT and HNB have similar chemical structures except that they contain one
and three sulfur trioxide groups (SO3), respectively. In other words, the negative charge of
HNB is twice that of EBT. This means that the possible interaction between EBT and the
negatively charged backbone of DNA is more likely to occur in the LAMP reaction than
between HNB and DNA. This appears to be the possible reason for our research’s 10-fold
less sensitivity of EBT-LAMP compared to HNB-LAMP.
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Superior to Wang’s study, a comparative evaluation of four monitoring methods of
LAMP on the clinical specimens was also performed in the current research [32]. We
showed that the clinical performance of turbidity-LAMP, lacking any indicator dye in
the reaction, was perfect in the TB-confirmed cases (100% positivity rate). However, the
LAMP positivity rate was slightly lower (93.3%, 28/30) for all of the colorimetric methods.
In fact, two clinical specimens produced false-negative results for all of the colorimetric
methods in contrast to the turbidimetric LAMP. We hypothesized that these two samples
contained inhibitory substances that interacted synergistically with the indicator dyes or
Mn2+ ions, in the case of calcein-LAMP, to inhibit the colorimetric reactions. Since these
two false-negative results were associated with two specific clinical specimens, our opinion
is more probable. Practically, the sensitivity of colorimetric LAMP could be enhanced by
adding substances such as guanidine chloride to the reaction, as reported elsewhere [31].
Finally, it should be noted that the clinical performance of a diagnostic tool might be lower
for extrapulmonary TB specimens than the pulmonary specimens used in our study. This
is due to the paucibacillary nature of the extrapulmonary TB specimens [13]. Therefore,
future study needs to be performed to reveal the diagnostic performance of the mentioned
LAMP monitoring methods for the extrapulmonary TB specimens.

5. Conclusions

Overall, among the four LAMP monitoring methods evaluated in this study, the
following conclusions can be drawn. (1) The visual turbidimetric method provided the
best analytical (100 fg) and diagnostic (100%) sensitivities as well as the quickest time-to-
positivity (15 min). However, it is highly prone to subjective error while interpreting the
results. (2) The HNB method resulted in the highest analytical sensitivity (100 fg) among
the visual colorimetric methods, although its diagnostic sensitivity (93.3%) was identical to
those of calcein- and EBT-LAMP. (3) Similar to the turbidimetric method, calcein-LAMP
demonstrated the shortest time-to-positivity (15 min) compared to the other two colori-
metric methods (30 min). (4) The EBT method showed the lowest potential for subjective
error while interpreting the results by generating the most distinct color change between
negative and positive reactions under visible light. (5) EBT and HNB colorimetric methods
for LAMP were performed at the lowest and highest costs, respectively (Table 3). Finally,
the findings of this study may contribute to the field applicability of LAMP technology.
Nonetheless, it is possible to find other chemical compounds with comparable properties
such as murexide, which will need to be investigated in future studies.
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Abstract: In this study, we evaluated the performance of the in-house developed rRT-PCR assay
for SARS-CoV-2 RNA targeting the envelope (E) and nucleocapsid (N) genes with internal control
as human RNase P. A total of 50 positive samples and 50 negative samples of SARS-CoV-2 were
tested by a reference kit at site 1 and a subset (30 positives and 16 negatives) of these samples are
tested blindly at site 2. The limit of detection (LoD) was calculated by using a replication-deficient
complete SARS-CoV-2 genome and known copy numbers, where Pseudo-virus samples were used to
evaluate accuracy. On site 1, among the 50 SARS-CoV-2 positive samples 24, 18, and eight samples
showed high (Ct < 26), moderate (26 < Ct ≤ 32), and low (32 < Ct ≤ 38) viral load, respectively,
whereas in site 2, out of 30 SARS-CoV-2 positive samples, high, moderate, and low viral loads were
found in each of the 10 samples. However, SARS-CoV-2 was not detected in the negative sample. So,
in-house assays at both sites showed 100% sensitivity and specificity with no difference observed
between RT PCR machines. The Ct values of the in-house kit had a very good correlation with the
reference kits. LoD was determined as 100 copies/mL. It also displayed 100% accuracy in mutant and
wild-type SARS-CoV-2 virus. This Bangasure™ RT-PCR kit shows excellent performance in detecting
SARS-CoV-2 viral RNA compared to commercially imported CE-IVD marked FDA authorized kits.

Keywords: Bangasure™; rRT-PCR; SARS-CoV-2; Nucleocapsid; LoD

1. Introduction

The coronavirus pandemic caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is redefining global public health. The disease was first reported in Wuhan,
China in December 2019 [1] and since then it has spread throughout the globe. Till now,
the world has lost almost 6.2 million lives to this virus. Bangladesh has reported its first
COVID-19 case in March 2020. Since then, the number of positive cases has increased at an
exponential rate. As of 13 April 2022, the country observed nearly 1.9 million positive cases
of COVID-19 with a cumulative death toll of nearly 30,000 [2,3]. Although vaccination
started throughout the country, the pandemic might be far away from over. Moreover,
the rise of new variants of concerns of SARS-CoV-2 with a higher transmissibility rate
is developing a critical challenge to the response strategy. With the continuous threat of
contagion, response measures need to evolve. Diagnostic testing is an important pillar of the
response measures in this fight against the COVID- 19 pandemic. Clinical symptoms cannot
exclusively define COVID-19 diagnosis. Moreover, 40–50% of the confirmed population
with COVID-19 are asymptomatic but can easily infect others [4]. Thus, testing will continue
to be important for identifying infected individuals and implementing quarantine and
treatment measures. It will also become increasingly more important for surveillance and

Diagnostics 2022, 12, 2617. https://doi.org/10.3390/diagnostics12112617 https://www.mdpi.com/journal/diagnostics
101



Diagnostics 2022, 12, 2617

screening efforts to monitor the effectiveness of control measures and carry out informed
public health and economic decisions.

Reverse transcriptase-polymerase chain reaction (rRT-PCR) is the gold standard in
the detection of SARS-CoV-2. Distinct rRT-PCR testing protocols were swiftly established
and made publicly available by the WHO [5] and by the Centre for Disease Control (CDC),
USA [6]. To date, Food and Drug Administration (FDA), USA issued over 200 Emergency
Use Authorization (EUA) COVID-19 molecular diagnostic kits. However, many of these
rRT-PCR kits have a varying range of lower limit of detection (LoD). Therefore, it is
necessary to lower the detection limit to ensure the accuracy and reliability of the test
results. Many factors might lead to false-negative results, especially low viral loads [7–9].
Further, the specificity of the confirmatory test relies on the probe-target sequence. The
commercially available rRT-PCR kits generally target nucleocapsid (N), envelope (E) or
RNA- dependent RNA polymerase (RdRp) gene of SARS-CoV-2 already published by
WHO. However, various mutations have been observed within these regions which might
hamper sensitivity [10,11]. Dorp et al. found that about 80% of SARS-CoV-2 genome
mutations occur in the spike (S) protein, and a large number of mutations are expressed in
the Orf1ab [12]. Besides that, Neha Kaushal et. al., studied that no mutational frequency
was found at E-gene of SARS-CoV-2 genome during the beginning months of the outbreak
in the USA [13]. An in-silico study was conducted by Changtai Wang, available from the
NCBI and GISAID database, and found that SARS-CoV-2 is relatively conserved, especially
in the E, 6, 7b regions where no mutation was found. Hotspot mutations in ORFs 1a, S, 8,
and the N region will cause changes in the amino acid sequences of these proteins, and
the effects of these mutations on viral replication, transmission, and the induced immune
responses need to be further investigated [14]. Moreover, several types of commercial
kits have been developed such as singleplex, duplex, or multiplex. The limitation of the
singleplex PCR protocol is the requirement to run three or more PCR reactions per sample
because all of the probes are labeled with the same dye. Besides that, singleplex uses
large amounts of reagents and reduces the laboratory testing capacity, especially in small-
scale facilities, which are crucial during the ongoing COVID-19 pandemic, particularly in
developing countries. To improve sensitivity, generally, in commercial kits, multiple probes
and primers are used in a multi-step PCR workflow.

Bangladesh, a country in Southeast Asia is a densely populated country with a devel-
oping economy. The public health of this country is severely challenged due to the limited
number of testing facilities and limited access to locally manufactured rapid diagnostic
tests [15]. The country is currently highly dependent on imported test kits which are a
major concern for the sustainability of response measures. Globally, there is a scarcity of the
resources required for the accurate diagnosis of SARS-CoV-2 and dependence on imported
kits develops a critical limiting factor for public health measures mainly due to limited
assurance for a continued supply. Further, it is difficult to ensure the high quality and
quantity of imported kits. Thus, local manufacturing of high-quality test kits might create
assurance of supply with self-reliance for diagnostic testing and offer the potential for price
rationalization and expanded access to diagnostics.

In this study, we have developed an in-house multiplex assay against SARS-CoV-
2 by targeting two viral gene targets from E and N2 genes named Bangasure™. The
primer and probe sequence for SARS-CoV-2 E and N2 gene was previously described
by Charité—Universitätsmedizin Berlin Institute of Virology, Berlin, Germany [16] and
CDC, USA [17] respectively. The Human RNase P gene was included as the internal
control [18]. This study determines the performance efficiency of this in-house assay at two
sites against two commercially imported CE-FDA approved rRT-PCR kits in determining
the SARS-CoV-2 among clinical specimens.
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2. Methods

2.1. Ethical Approval

Bangladesh Reference Institute for Chemical Measurements (BRiCM) in collaboration
with DNA Solution Ltd. (DNAS) carried out a subsequent comparative study of Banga-
sure™ rRT-PCR assay at two sites, DNAS as site-1 and BRiCM as site-2. All procedures
in the study were according to ethical standards of the Helsinki Declaration of 1975, as
revised in 2010 [19]. Clinical specimens were collected along with case record forms (CRF)
of participants were constructed as per Institute of Epidemiology, Diseases Control and
Research (IEDCR) from site 1 by DNAS as they have authorization for COVID-19 test by
the Government of Bangladesh. This is only a performance evaluation study of Banga-
sure™ RT-PCR kit in comparison with a CE-FDA marked reference kit by using secondary
data and without disclosing or using demographical data of a participant anywhere, so
there was no direct subject enrollment, but written consent was obtained from partici-
pants during completion of the CRF. Moreover, the study protocol was approved by the
institutional ethics review committee (Ref No#BRiCM2206). The Bangasure™ multiplex
rRT-PCR efficacy protocol was also accepted and published on the Clinicaltrials.gov site as
an NCT05190016 identification number.

2.2. Primer and Probes

Primer and probe sequences for SARS-CoV-2 viral target genes previously published
by CDC, USA (N1 and N2) [17] and Charité—Universitätsmedizin Berlin Institute of
Virology, Berlin, Germany (E and RdRP) [16] were considered for this study. Through
literature review, a multiplex combination of E, N2 along with internal control gene RNase
P was considered for the study [18]. The primer and probe were ordered from Integrated
DNA Technologies-IDT (Coralville, IA, USA). In this article, the N2 primer and probe will
be read as N only for future references.

2.3. Sample Collection and Preparation

In this study, Oro-pharyngeal swabs from suspected patients were collected in Govern-
ment approved virus transport medium (VTM) (Sansure Biotech. Inc., Changsha, China)
at the outdoor patient department (OPD) of the DNA Solution Ltd. (DNAS), Dhaka,
Bangladesh, and transported in a cool box to the laboratory for further processing. RNA
extraction was carried out using QIAamp® DSP Virus Spin Kit (Qiagen, Hilden, Germany)
according to the instruction manual. Briefly, 200 μL of VTM containing the oropharyngeal
swab was employed as starting material for viral RNA extraction using Silica-membrane
technology. The samples were lysed, binding to the silica-membrane column, washed
to remove contaminants, and eluted with RNase-free elution buffer. Fifty (50) positive
and fifty (50) negative SARS-CoV-2 RNA samples were selected by using as reference
commercial one-step real-time COVID-19 PCR kit, Novel Coronavirus (2019-nCoV) Nucleic
Acid Diagnostic Kit (Sansure Biotech Inc., Changsha, China) following manufacturer’s
instruction. The commercial real-time PCR kit uses PCR-Fluorescence probing technology
and targets two genes, ORF 1 ab and conserved coding regions of the nucleocapsid protein
N gene by Sansure Biotech kit. Positive internal control of human RNase P, along with
positive and negative control was used to nullify the presence of PCR inhibitors.

2.4. Optimization of Bangasure™ rRT-PCR Assay

Optimization of rRT-PCR reactions of the in-house assay was carried out using four
different Real-Time PCR instruments QuantStudio5 (Applied Biosystems, California, USA),
BioRad CFX96, and CFX Opus 96 (Bio-Rad Laboratories, Foster City, CA, USA). The
in-house assay was optimized via targeting E and N gene primer/probe published by
Charité—Universitätsmedizin Berlin Institute of Virology, Berlin, Germany and CDC, USA
respectively along with RNase P gene as an internal control [18]. The probes of E, N, and
RNase P were labeled with FAM, VIC, and Cy5 to improve multiplexing efficiency. The
cycling program was set according to the manufacturer’s instruction of commercial one-step
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master mix (New England Biolabs, Ipswich, MA, USA). Our optimized protocol consisted
of 20 μL reaction mixture containing 5 μL of 4× master mix (New England Biolabs, Ipswich,
MA, USA), 2 μL of primers/probes mix, 7 μL extracted RNA or template for positive
material (Integrated DNA Technologies-IDT, Coralville, IA, USA), and 6 μL of nuclease-free
water (New England Biolabs, Ipswich, MA, USA) with a filter combination of FAM (E), VIC
(N), and Cy5 (RNase P).

2.5. Limit of Detection (LoD) Determination

To determine LoD, AccuPlex™ SARS-CoV-2 Verification Panel containing replication-
deficient recombinant alphaviruses incorporating the full genome of SARS-CoV-2 in known
concentrations were ordered from Sera Care (Sera Care Life Sciences, Inc., Milford, MA,
USA). The reference materials contained a known concentration of virus particles which
were serially diluted starting from 105 Copies/mL to 1 Copy/mL. 5 replications of each
dilution series were tested at site 1. These positive materials undergo RNA extraction in the
same way as clinical specimens according to the previously described method. The LoD
was determined at the lowest concentration at which assay target specific for SARS-CoV-2
was positive for all 5 replicates.

2.6. Performance Evaluation of the In-House Assay

Performance evaluation between singleplex and multiplex assay was carried out using
synthetic positive control plasmids for E, N, and RNase P gene from IDT. The starting stock
for each plasmid control was 2 × 105 copies/μL. They were serially diluted to 2000, 200, 20,
and 2 copy copies/μL. Both singleplex and multiplex reactions of our E, N, and RNase P
gene-based assay were carried out against these synthetic positive plasmids. To perform
clinical evaluation, a total of 100 clinical oropharyngeal specimens were selected containing
an equal number of COVID-19 positive and negative samples. The samples (positive = 50
and negative = 50) were analyzed at site 1 using an in-house assay and a commercial
multiplex 1copy (1drop Inc., Gyeonggi-do, 13217, Republic of Korea) by a separate analyst
and Quant StudioTM 5 real-time PCR detection system (Applied Biosystems, Foster City,
CA, USA) where as a subset of those samples (positive = 30 and negative = 16) was
reanalyzed using the in-house assay at site 2 by CFX OPUS 96 (Biorad, Hercules, CA,
USA). In addition, the efficiency of the in-house one step SARS-CoV-2 real-time PCR
assay to detect the SARS-CoV-2 variants of concerns was determined using pseudo virus
specimens representing three prominent variants of concerns, i.e., B.1.1.7 (UK variant),
B.1.351 (South African variant), and P.1. (Brazilian variant), along with wild type (Wuhan)
variant (NC 045512) (Sera Care Life Sciences, Inc., Milford, MA, USA.) and a clinical
specimen (OM574617) containing the B.1.1.529 (Omicron variant) of concern.

2.7. Accelerated Stability Testing

According to the Arrhenius equation [20], accelerated testing was done to predict
stability at both sites independently. The in-house kit which includes Master mix, primers,
probes, controls were stored at 4 ± 2 ◦C both sites and additionally −20 ◦C for 5 weeks at
site 2 which were tested according to previously determined time points. Kits stored at
4 ± 2 ◦C were used to estimate the shelf life (Table S1) and kits stored at −20 ◦C were used
to evaluate the efficiency of the kit at the actual stored temperature. A panel of specimens
positive and negative for COVID-19 was stored as single separate aliquots and analyzed
at each time point to determine the in-house assay efficiency. Then results of the kit at
4 ± 2 ◦C at both sites were compared to the results obtained for the same lot of the kit
stored at −20 ◦C for 5 weeks in site 2.

2.8. Data Analysis

Samples were considered positive when the signal detected for E and/or N genes were
detected at Ct < 40. Samples were considered negative when viral target genes had a Ct > 40
or were not detected at all along with the amplified RP had Ct < 40. Specimens were labeled
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as invalid when both E and N genes along with RP signals were undetermined. Nuclease-
free water was also used as a no template control (NTC). Data analysis for the commercial
kits was performed according to the manufacturer’s instructions. The assay’s sensitivity,
specificity, positive predictive value, and negative predictive values were determined using
the online version 20.115 of MedCalc statistical software [21].

3. Results

3.1. Multiplexing of E, N, and RP Genes for Detection of SARS-CoV-2 RNA

Various rRT-PCR reactions with different combinations and concentrations of primer
and probes were carried out. Finally, an optimized multiplexing strategy targeting envelops
(E) and nucleocapsid (N) gene of SARS-CoV-2 along with a primer/probe set targeting the
human RNase P (RP) as the internal control was selected. The sequences of the primer/probe
considered for the in-house assay are summarized in Table 1.

Table 1. Primers and probes used for in-house assay of SARS-CoV-2.

Target Gene Primer/Probe Oligonucleotide Sequence (5′–3′)

E gene
E_SarbecoF_primer ACAGGTACGTTAATAGTTAATAGCGT
E_SarbecoR_Primer ATATTGCAGCAGTACGCACACA

Probe_E FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1

N gene
N_cdcF_Primer TTACAAACATTGGCCGCAAA

N_cdcFR_Primer GCGCGACATTCCGAAGAA
Probe_N VIC-ACAATTTGCCCCCAGCGCTTCAG-BHQ1

RNase P
RP_F_Primer AGATTTGGACCTGCGAGCG
RP_R_Primer GAGCGGCTGTCTCCACAAGT

Probe_RNase P CY5-TTCTGACCTGAAGGCTCTGCGCG-BHQ-1

The optimized combination showed noteworthy amplification for each of the target
genes with the commercial one-step master mix (New England Biolabs, Ipswich, MA, USA)
in both singleplex and multiplex assay. Ct values from multiplex assay were found to be
increased by almost two units when compared with the singleplex assay (Figure 1). An
ideal baseline along with the optimum cycle of threshold and minimum background noise
was obtained in the following reaction protocol: 25 ◦C (30 s), 55 ◦C (10 min), 95 ◦C (1 min)
followed by 45 cycles of 95 ◦C (10 s), 60 ◦C (30 s). This optimized protocol and the multiplex
assay were compatible in Qunatstudio 5, BioRad CFX96, CFX Opus 96.

Figure 1. Amplification curves for each of the target genes in singleplex: (A) E gene, (B) N gene,
(C) RNase P gene and (D) Multiplex assay with the optimized combination of primer-probes.
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3.2. Limit of Detection (LoD) Determination of the In-House Multiplex Assay

Replication deficient alphavirus incorporating the whole genome of SARS-CoV-2 was
used as reference material to determine LoD. The concentration of starting stock specimen
was 105 copies/mL which was serially diluted to 104, 103, 102, 10, and 1 copy/mL. Each
dilution series was replicated 5 times and tested against the in-house assay as well as the
two commercial rRT-PCR COVID-19 kits considered in this study. The LoD was defined
as the lowest concentration at which all replicates (five out of five) were positive for all
viral assay targets. The in-house assay showed LoD at 100 copy/mL which is similar to
the commercial rRT-PCR kit by Sansure Biotech Inc. However, the other commercial kit by
1drop Inc. (1copy) showed LoD at 1000 copy/mL. The data are summarized in Table 2.

Table 2. Determining the Limit of Detection (LoD) for the BangasureTM in-house assay and the two
commercial kits using specimens with known copies of replication-deficient alphaviruses incorporat-
ing the whole SARS-CoV-2 genome.

Virus
Copy/mL

BangasureTM Sansure Biotec. 1copy

Detection
Rate, %

Target Gene

Detection
Rate, %

Target Gene

Detection
Rate, %

Target Gene

E N ORF1ab N E N RdRp

Ct Value Ct Value Ct Value Ct Value Ct Value Ct Value Ct Value

Mean %CV Mean %CV Mean %CV Mean %CV Mean %CV Mean %CV Mean %CV

100,000 100 26.35 2.87 26.83 1.22 100 27.64 0.48 26.46 0.24 100 28.31 0.83 27.77 0.27 28.99 0.34
10,000 100 30.01 0.65 30.21 0.62 100 30.81 0.21 29.56 0.45 100 31.54 0.87 31.34 1.07 32.35 0.81
1000 100 33.52 1.29 34.48 2.40 100 34.77 0.81 33.65 1.97 100 34.99 0.82 34.90 1.63 35.43 0.96
100 100 37.49 1.34 37.71 1.59 100 38.38 1.57 37.11 1.34 0 UND UND UND UND UND UND
10 0 UND UND UND UND 0 UND UND UND UND 0 UND UND UND UND UND UND
1 0 UND UND UND UND 0 UND UND UND UND 0 UND UND UND UND UND UND

UND = undetected.

3.3. Efficiency of In-House Multiplex rRT-PCR Assay

Both the singleplex and multiplex reaction of all the assay targets of the in-house assay
was carried out against a 10-fold serial dilution of synthetic positive control starting from
2000 copies/μL to 2 copies/μL. The results between singleplex and multiplex showed
concordant results with R2 > 0.99 (Figure 2). Next, replication-deficient enveloped viruses
harboring the mutation of three SARS-CoV-2 variants of concerns (B.1.1.7, B.1.351, and P.1)
along with the wild type (Wuhan) variant (NC_045512) were tested with the in-house assay.
A clinical specimen (OM574617) containing the variant of concern B.1.1.529 was also tested
with the in-house assay. All the viral assay targets were positive against the variants of
concerns, including the wild type (Figure 3).

Figure 2. Cont.
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Figure 2. Calculation of calibration curves through singleplex and multiplex rRT-PCR for different
copies of positive controls of E, N2 and RNase P. (A) Standard curve for E, (B) Standard curve for N
and (C) Standard curve for RNase P.

  

Figure 3. Cont.
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Figure 3. Detection of the SARS-CoV-2 variants of concerns by BangasureTM multiplex rRT-PCR
kit. (A) Wuhan variant (wild type), (B) UK Variant (B.1.1.7), (C) South African Variant (B.1.351),
(D) Brazilian variant (P.1) and (E) Omicron Variant (B.1.1.529) from clinical specimen (OM574617).

3.4. Performance Evaluation of In-House Assay Using Clinical Specimens

A total of 100 (positive = 50 and negative = 50) clinical specimens (oropharyngeal swab)
were considered using the Sansure Biotech PCR kit as a reference kit for the performance
evaluation. Among those, at site 1 within the positive samples, 24 samples had high SARS-
CoV-2 viral load (Ct < 26) while 18 and eight samples had moderate (26 < Ct ≤ 32) and low
viral (32 < Ct ≤ 38) load respectively according to the Sansure COVID-19 rRT-PCR kit. At
site 2, within the positive samples, 10 samples had high (Ct < 26), moderate (26 < Ct ≤ 32),
and low (32 < Ct ≤ 38) viral load in each group. Besides that, the COVID-19 status of all the
samples was blinded and was reanalyzed by the Bangasure™ in-house multiplex kit and
1copy COVID-19 rRT-PCR kits at site 1. The results were then compared with the Sansure
data. Both the in-house assays and the 1copy kit accurately identified all the positive and
negative samples for COVID-19 at both sites. Thus, in comparison to Sansure kit, the
in-house assay has 100% sensitivity, specificity, accuracy, positive prediction value, and
negative prediction value (Table 3A,B). The Pearson correlation analysis of E, N, and RNase
P gene individually for both positive and negative samples at two sites with the reference
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kits also indicated a good relationship (Figure 4). Additionally, when compared between
the two different RT PCR machines used at two different sites, we found 100% concordance,
though the Ct value for each gene at site 2 was found slightly increased (Figure 5).

Table 3. Validation and performance determination of the BangasureTM RT-PCR kit against two
commercially available CE-IVD and FDA approved COVID-19 qPCR diagnostic kits (A) in site 1 and
(B) in site 2.

(A)

Information of Clinical Samples
Number of

Samples

Tested by
BangasureTM

RT-PCR Kit

Tested by Sansure
COVID-19

rRT-PCR Kit

Tested by
1copy 4plex Kit

Samples Tested
positive, n = 50

High (Ct < 26) 24 24 24 24

Moderate (26 < Ct ≤ 32) 18 18 18 18

Low (32 < Ct ≤ 38) 8 8 8 8

Total 50 50 50 50

Samples tested negative, n = 50 50 50 50 50

Sensitivity,%(95% CI) 100 (92.89–100) 100 (92.89–100) 100 (92.89–100)

Specificity,%(95% CI) 100 (92.89–100) 100 (92.89–100) 100 (92.89–100)

PPV,% 100 100 100

NPV,% 100 100 100

Accuracy,% (95% CI) 100 (96.38–100) 100 (96.38–100) 100 (96.38–100)

(B)

Information of Clinical Samples
Number of

Samples

Tested by
BangasureTM

RT-PCR Kit

Tested by Sansure
COVID-19

rRT-PCR Kit

Sample Tested
positive, n = 30

High (Ct < 26) 10 10 10

Moderate (26 < Ct ≤ 32) 10 10 10

Low (32 < Ct ≤ 38) 10 10 10

Total 30 30 30

Sample tested negative,
n = 16

16 16 16

Sensitivity, % (95% CI) 100 (88.4–100) 100 (88.4–100)

Specificity, % (95% CI) 100 (79.4–100) 100 (79.4–100)

PPV, % 100 100

NPV, % 100 100

Accuracy, % (95%CL) 100 (92.29–100) 100 (92.29–100)
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Figure 4. Pearson correlation analysis of Ct values of E, N, RNase P between in house kit and reference
kits. (A) Pearson correlation between N, RNase P, E gene between In house and Sansure kit at site 1
(Sansure has ORF1ab gene instead of E gene), (B) Pearson correlation between N, RNase P, E gene
between In house and One copy kit at site 1, (C) Pearson correlation between N, RNase P, E gene
between In house and Sansure kit at site 1 (Sansure has ORF1ab gene instead of E gene).

Figure 5. Ct values of individual genes included in in-house kit on two different RT machines used
at two sites.

3.5. Determination of Assay Reproducibility and Stability

To determine the in-house assay reproducibility and stability, 10 clinical specimens
containing five positive and five negative samples for COVID-19 were used. The specimens
were aliquoted and kept at −80 ◦C to avoid repeated freezing and thawing. The in-
house assay was kept in 4 ± 2 ◦C for the accelerated stability testing in both the sites and
additionally −20 ± 5 ◦C in site 2 to mimic the practical scenario. The samples were tested
for five consecutive weeks and each time the tests were replicated five times. Each time, the
samples were detected with high precision with minimal deviation from the mean. Further,
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the coefficients of variation of the precision Ct were less than 5% in site 1 and less than 7%
in site 2 at all the storage temperatures for five consecutive weeks. Further from this study,
it can be predicted the in-house assay has a stability of at least five months at −20 ◦C. The
data are summarized in Table 4.

Table 4. Reproducibility of the BangasureTM multiplex RT-PCR kit in site 1 and site 2 over 5 week.

Site 1 Site 2

Ct Values for Multiplex PCR at 4 ◦C Ct Values for Multiplex PCR at 4 ◦C Ct Values for Multiplex PCR at −20 ◦C

E N RNase P E N RNase P E N RNase P

Week 1 21.91 22.75 23.99 23.96 21.52 27.24 25.61 21.52 23.73
Week 2 21.44 23.73 24.42 25.068 25.35 25.54 25.35 25.35 25.63
Week 3 23.50 23.66 24.76 25.938 24.77 25.94 25.96 24.78 25.84
Week 4 22.96 24.35 23.74 26.17 25.13 25.73 26.25 24.89 25.95
Week 5 23.44 24.31 23.71 27.256 25.37 26.23 26.89 25.12 25.75

Mean (SD) 22.65 (0.93) 23.76 (0.65) 24.12 (0.45) 25.68 (1.24) 24.43 (1.64) 26.14 (0.67) 26.01(0.59) 24.33 (1.58) 25.38 (0.93)
CV (%) 4.11 2.73 1.88 4.82 6.73 2.56 2.29 6.52 3.66

4. Discussion

Since the beginning of SARS-CoV-2 pandemic, laboratories around the globe faced
difficulty to expedite diagnostic tests due to a shortage of resources [22]. This was critical
for developing countries that were dependent on imports for diagnostic kits and reagents.
Bangladesh, a developing country in south-east Asia, is a densely populated county and
was able to cover only 0.66 per 1000 of its citizen under COVID-19 diagnosis [23]. One of
the major limiting factors for this poor diagnosis rate is the lack of control over the import
supply chain and the quality as well the quantity of the diagnostic kits. As diagnosis is
not the most important pillar of COVID-19 pandemic response, it is a critical priority to
develop domestically manufactured high volume quality kits. Around the globe, various
efforts are ongoing to develop accurate, reliable, and sustainable SARS-CoV-2 detection
methods with good sensitivity and specificity [24].

In this study, we have reported the development of a Bangasure™ in-house multiplex
rRT-PCR kit for SARS-CoV-2. Two groups of primer-probe sets (Charité/Berlin and CDC
designed Primer probe sets) which are recognized globally and used in many diagnostic
assays was primarily chosen to be evaluated. Evaluation of these primer probes to find
an optimum combination was conducted by thoroughly reviewing the literature [25–30].
WHO recommended the Charité/Berlin assay which detects two viral targets E and RdRp
gene [16]. Among these two targets, different studies revealed the sensitivity of the E primer-
probe is much higher than the RdRp primer-probe set [28,30]. Ct values of amplification
curves were found to be significantly higher when the RdRp primer-probe set was used
compared to other recognized primer-probe sets used in the study [30]. On the other hand,
comparing the Ct values and analytical sensitivity of N1 and N2 primer-probe sets, N2
performed slightly better than the N1 primer-probe set [28]. Moreover, the N1 probe has
a single nucleotide mismatch in more than 98% of Omicron variants which is a variant
of concern and the most predominant SARS-CoV-2 variant in the world right now [26].
After analyzing all these facts and following the recommendation of Nalla et al., 2020, the
E primer-probe of Charité/Berlin and N2 primer-probe designed by CDC was chosen for
in-house assay [28].

During the SARS-CoV-2 pandemic, testing demand increased exponentially. Single-
plex reactions using various target genes demand more thermal cycler, controls, reagents,
and labor which are a limiting factor in resource-poor countries. Studies showed that multi-
plexing through a single-tube reaction causes a negligible decrease in sensitivity compared
to singleplex reaction [31]. Further, mutations are a common possibility of false-negative
results. By targeting multiple SARS-CoV-2 viral assay targets, we might have reduced the
possibility of false-negative results that might have been raised through any polymorphism
within the primer binding site and template region. Thus, the development of a multiplex
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assay with high sensitivity and specificity will save time, simplify diagnosis, require less
reagent, and offer increased test volume which is critical for pandemic response.

In this study, the in-house assay showed great sensitivity and specificity in detecting
SARS- Cov-2 efficiently compared to two FDA-approved commercial nucleic acid amplifica-
tion kits for COVID-19 at both site trials. Though the Ct values for each gene in CFX Opus
96 RT PCR machine at site 2 was found slightly increased when compared with site 1 which
used Quantstudio 5 RT PCR machine this might be due to the time gap of analysis between
two sites (1 week interval). However, in terms of detection, there was no discordance
observed. Analytical sensitivity of the in-house kit was found to be 100 copy/mL, which
indicates that samples with low viral loads can be detected efficiently by the in-house kit.
The other two commercial RT-PCR kits named Sansure and 1copy showed analytical sensi-
tivity 100 copy/mL and 1000 copy/mL respectively. The nucleic acid extraction method,
primer-probe, and other reagents used in reaction might impact the sensitivity of real-time
PCR, and thus optimization of an assay is necessary [32]. The linearity (R2 > 0.99) we
observed in the standard curve and low LoD indicates that the reaction condition used
for the in-house assay might have achieved the required optimized condition. Further, all
commercial RT-PCR kits along with in-house assay showed amplification in all target genes
in both high and low positive samples, which demonstrates the high sensitivity of these
kits in a clinical set-up.

In this study, the same set of samples was tested to be compared against all kits, and
the initial volume of sample and elution volume were kept concordant for all the samples
in the nucleic acid extraction procedure. The extracted RNA was allocated and stored
at −80 ◦C to mitigate the fridge thaw cycle and prevent RNA degradation which might
influence the result. These executed procedures enabled us to evaluate the performance of
all kits more precisely.

The rise of various variants of concerns has increased the length of this pandemic.
These variants contain different mutations in their genome, for example, the “UK Variant”
B.1.1.7 contains 23 mutations in N, ORF1ab, ORF8, and S genes [33]. These genetic variations
can affect the sensitivity of diagnostic kits by affecting primer binding sites [34]. The in-
house assay was tested against different variants to evaluate the efficiency and found it
100% sensitive in detecting different variants, including B.1.1.7, B.1.351, P.1., and B.1.1.529.

As SARS-CoV-2 is a novel virus, the diagnosis is still in a developing phase and
different kits show fluctuation in performance. One major aspect of the diagnostic kit is
consistency [35]. To evaluate the consistency in a clinical set up, we performed an assay
reproducibility and kit stability test where the in-house kit exhibited identical results for
five consecutive weeks using a set of ten known samples for evaluation. The kit also
showed evidence of stability at 4 ◦C for the five-week time period in this study, which
indicates a sustainable performance of the in-house assay.

The principal feature of our developed in-house assay is that it can be performed in
different real-time PCR platforms at different sites. Therefore, this kit can be used in most
molecular laboratories for the diagnosis of SARS-CoV-2. Another aspect of the in-house kit
is that the master mix used in this assay contains Uracil-DNA glycosylase (UDG) which
contributes to eliminating carryover contamination [36]. The primer-probe used in this
study is well proven to be used against SARS-CoV-2 virus assay. Hence, we might conclude
that the in-house assay will be very specific with minimal chance of a false-positive result.

5. Conclusions

We developed an rRT-PCR kit to detect SARS-CoV-2 efficiently compared to kits that
are recognized globally. The assay developed in our study can provide a cost-effective
solution to support the mass diagnosis of SARS-CoV-2 and reduce the dependency on
foreign kits which will make the health care system of Bangladesh more sustainable in
during the COVID-19 pandemic.

112



Diagnostics 2022, 12, 2617

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12112617/s1.

Author Contributions: M.H.R. developed the research design, conducted validation study, analyzed
the samples, data curation, monitored the study progress, review and edit the manuscript. Z.B.A.,
M.I.H., M.R.K., M.R.N. and M.A.H. optimized the method, conducted validation and stability study,
analyzed the samples and review the manuscript. G.K.P. contributed to data curation. M.F.A.R.
developed the research design, data curation, monitored the study progress, and wrote the original
manuscript. M.M. and P.K. monitored the study progress and review the manuscript. M.K. developed
the research concept and supervised the study, was a major contributor to writing the manuscript,
and monitored the progress of the entire study. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Research Ethics Committee of Bangladesh Reference
Institute for Chemical Measurements (Ref No#BRiCM2206; date of approval: 5 May 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All raw data are provided as Supplementary Materials.

Acknowledgments: We specially thank Honorable Minister Arct. Yeafesh Osman, Ministry of Science
and Technology for his encouragement and support to develop this in-house assay kit during the
pandemic situation. We also thank Rabindranath Roy Chowdhury, Additional Secretary (Rtd.),
Ministry of Science and Technology and Advisor of Bangladesh Reference Institute for Chemical
Measurements for his valuable suggestion and guidance to conduct this study.

Conflicts of Interest: The authors declare that RT-PCR kit production and distribution would be
done by BRiCM, a statutory body under the Ministry of Science and Technology, Government of the
People’s Republic of Bangladesh at production cost. Hence all the authors do not have any personal
competing interest.

Abbreviations

rRT-PCR (real Time Reverse Transcriptase Polymerase Chain Reaction); SARS-CoV-2 (Severe
Actute Repiratory Syndrome Corona Virus-2); FDA (Food & Drug Administration); LoD (Lower
limit of Detection); DNAS (DNA Solution Ltd.); BRiCM (Bangladesh Reference Institute for Chemical
Measurements); Ct (Cycle Threshold); CE-IVD (Certified In Vitro Diagnosis).

References

1. Du, W.; Han, S.; Li, Q.; Zhang, Z. Epidemic update of COVID-19 in Hubei Province compared with other regions in China. Int. J.
Infect. Dis. 2020, 95, 321–325. [CrossRef]

2. COVID Live Coronavirus Statistics—Worldometer n.d. Available online: https://www.worldometers.info/coronavirus/ (ac-
cessed on 19 January 2022).

3. COVID-19 Dynamic Dashboard for Bangladesh. Available online: https://dghs-dashboard.com/pages/covid19.php (accessed
on 19 January 2022).

4. Ma, Q.; Liu, J.; Liu, Q.; Kang, L.; Liu, R.; Jing, W.; Wu, Y.; Liu, M. Global percentage of asymptomatic SARS-CoV-2 infections
among the tested population and individuals with confirmed COVID-19 diagnosis: A systematic review and meta-analysis.
JAMA Netw. Open 2021, 4, e2137257. [CrossRef] [PubMed]

5. Eis-Hübinger, A.M.; Hönemann, M.; Wenzel, J.J.; Berger, A.; Widera, M.; Schmidt, B.; Aldabbagh, S.; Marx, B.; Streeck, H.; Ciesek,
S.; et al. Ad hoc laboratory-based surveillance of SARS-CoV-2 by real-time RT-PCR using minipools of RNA prepared from
routine respiratory samples. J. Clin. Virol. 2020, 127, 104381. [CrossRef] [PubMed]

6. Hatcher, E.L.; Zhdanov, S.A.; Bao, Y.; Blinkova, O.; Nawrocki, E.P.; Ostapchuck, Y.; Schäffer, A.A.; Brister, J.R. Virus Variation
Resource—Improved response to emergent viral outbreaks. Nucleic Acids Res. 2017, 45, D482–D490. [CrossRef] [PubMed]

7. Kucirka, L.M.; Lauer, S.A.; Laeyendecker, O.; Boon, D.; Lessler, J. Variation in false-negative rate of reverse transcriptase polymerase
chain reaction–based SARS-CoV-2 tests by time since exposure. Ann. Intern. Med. 2020, 173, 262–267. [CrossRef] [PubMed]

8. Wikramaratna, P.S.; Paton, R.S.; Ghafari, M.; Lourenço, J. Estimating the false-negative test probability of SARS-CoV-2 by RT-PCR.
Eurosurveillance 2020, 25, 2000568. [CrossRef] [PubMed]

113



Diagnostics 2022, 12, 2617

9. Yu, F.; Yan, L.; Wang, N.; Yang, S.; Wang, L.; Tang, Y.; Gao, G.; Wang, S.; Ma, C.; Xie, R.; et al. Quantitative detection and viral load
analysis of SARS-CoV-2 in infected patients. Clin. Infect. Dis. 2020, 71, 793–798. [CrossRef]

10. Hasan, M.M.; Rocha, I.C.N.; Ramos, K.G.; Cedeño, T.D.D.; dos Santos Costa, A.C.; Tsagkaris, C.; Billah, M.M.; Ahmad, S.; Essar,
M.Y. Emergence of highly infectious SARS-CoV-2 variants in Bangladesh: The need for systematic genetic surveillance as a public
health strategy. Trop. Med. Health 2021, 49, 69. [CrossRef]

11. Rahman, M.; Shirin, T.; Rahman, S.; Rahman, M.M.; Hossain, M.E.; Khan, M.H.; Rahman, M.Z.; el Arifeen, S.; Ahmed, T. The
emergence of SARS-CoV-2 variants in Dhaka city, Bangladesh. Transbound. Emerg. Dis. 2021, 68, 3000–3001. [CrossRef]

12. van Dorp, L.; Acman, M.; Richard, D.; Shaw, L.P.; Ford, C.E.; Ormond, L.; Owen, C.J.; Pang, J.; Tan, C.C.S.; Boshier, F.A.T.; et al.
Emergence of genomic diversity and recurrent mutations in SARS-CoV-2. Infect. Genet. Evol. 2020, 83, 104351. [CrossRef]

13. Kaushal, N.; Gupta, Y.; Goyal, M.; Khaiboullina, S.F.; Baranwal, M.; Verma, S.C. Mutational frequencies of SARS-CoV-2 genome
during the beginning months of the outbreak in USA. Pathogens 2020, 9, 565. [CrossRef] [PubMed]

14. Wang, C.; Liu, Z.; Chen, Z.; Huang, X.; Xu, M.; He, T.; Zhang, Z. The establishment of reference sequence for SARS-CoV-2 and
variation analysis. J. Med. Virol. 2020, 92, 667–674. [CrossRef] [PubMed]

15. Anwar, S.; Nasrullah, M.; Hosen, M.J. COVID-19 and Bangladesh: Challenges and how to address them. Front. Public Health 2020,
8, 154. [CrossRef]

16. Corman, V.M.; Landt, O.; Kaiser, M.; Molenkamp, R.; Meijer, A.; Chu, D.K.; Bleicker, T.; Brünink, S.; Schneider, J.; Schmidt, M.L.; et al.
Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Eurosurveillance 2020, 25, 2000045. [CrossRef]

17. CDC. Real-Time RT- PCR Primers and Probes for COVID-19. Available online: https://www.cdc.gov/coronavirus/2019-ncov/
lab/rt-pcr-panel-primer-probes.html (accessed on 21 January 2022).

18. Zhen, W.; Berry, G.J. Design of a novel multiplex real time RT-PCR assay for SARS-CoV-2 detection. bioRxiv 2020. [CrossRef]
19. Cook, R.J.; Dickens, B.M.; Fathalla, M.F. World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research

Involving Human Subjects. In Reproductive Health and Human Rights; Oxford University Press: Oxford, UK, 2003. [CrossRef]
20. Bajaj, S.; Singla, D.; Sakhuja, N. Stability testing of pharmaceutical products. J. Appl. Pharm. Sci. 2012, 30, 129–138.
21. MedCalc’s Diagnostic Test Evaluation Calculator. Available online: https://www.medcalc.org/calc/diagnostic_test.php (accessed

on 11 February 2022).
22. Eberle, U.; Wimmer, C.; Huber, I.; Neubauer-Juric, A.; Valenza, G.; Ackermann, N.; Sing, A. Comparison of nine different commercially

available molecular assays for detection of SARS-CoV-2 RNA. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 1303–1308. [CrossRef]
23. Total COVID-19 Tests Per 1000 People. Available online: https://ourworldindata.org/grapher/full-list-cumulative-total-tests-

per-thousand?tab=table (accessed on 11 February 2022).
24. Tombuloglu, H.; Sabit, H.; Al-Suhaimi, E.; Al Jindan, R.; Alkharsah, K.R. Development of multiplex real-time RT-PCR assay for

the detection of SARS-CoV-2. PLoS ONE 2021, 16, e0250942. [CrossRef]
25. Anantharajah, A.; Helaers, R.; Defour, J.-P.; Olive, N.; Kabera, F.; Croonen, L.; Deldime, F.; Vaerman, J.; Barbée, C.; Bodéus, M.;

et al. How to choose the right real-time RT-PCR primer sets for the SARS-CoV-2 genome detection? J. Virol. Methods 2021, 295,
114197. [CrossRef]

26. Cao, L.; Xu, T.; Liu, X.; Ji, Y.; Huang, S.; Peng, H.; Li, C.; Guo, D. The Impact of Accumulated Mutations in SARS-CoV-2 Variants
on the qPCR Detection Efficiency. Front. Cell. Infect. Microbiol. 2022, 12. [CrossRef]

27. Freire-Paspuel, B.; Garcia-Bereguiain, M.A. Analytical sensitivity and clinical performance of a triplex RT-qPCR assay using CDC
N1, N2, and RP targets for SARS-CoV-2 diagnosis. Int. J. Infect. Dis. 2021, 102, 14–16. [CrossRef] [PubMed]

28. Nalla, A.K.; Casto, A.M.; Huang, M.-L.W.; Perchetti, G.A.; Sampoleo, R.; Shrestha, L.; Wei, Y.; Zhu, H.; Jerome, K.R.; Greninger,
A.L.; et al. Comparative performance of SARS-CoV-2 detection assays using seven different primer-probe sets and one assay kit.
J. Clin. Microbiol. 2020, 58, e00557-20. [CrossRef] [PubMed]

29. Park, M.; Won, J.; Choi, B.Y.; Lee, C.J. Optimization of primer sets and detection protocols for SARS-CoV-2 of coronavirus disease
2019 (COVID-19) using PCR and real-time PCR. Exp. Mol. Med. 2020, 52, 963–977. [CrossRef]

30. Vogels, C.B.; Brito, A.F.; Wyllie, A.L.; Fauver, J.R.; Ott, I.M.; Kalinich, C.C.; Petrone, M.E.; Casanovas-Massana, A.M.; Muenker, C.;
Moore, A.J.; et al. Analytical sensitivity and efficiency comparisons of SARS-CoV-2 RT–qPCR primer–probe sets. Nat. Microbiol.
2020, 5, 1299–1305. [CrossRef] [PubMed]

31. Noor, F.A.; Safain, K.S.; Hossain, M.W.; Arafath, K.; Mannoor, K.; Kabir, M. Development and performance evaluation of the first
in-house multiplex rRT-PCR assay in Bangladesh for highly sensitive detection of SARS-CoV-2. J. Virol. Methods 2021, 293, 114147.
[CrossRef] [PubMed]

32. Ishige, T.; Murata, S.; Taniguchi, T.; Miyabe, A.; Kitamura, K.; Kawasaki, K.; Nishimura, M.; Igari, H.; Matsushita, K. Highly
sensitive detection of SARS-CoV-2 RNA by multiplex rRT-PCR for molecular diagnosis of COVID-19 by clinical laboratories. Clin.
Chim. Acta 2020, 507, 139–142. [CrossRef]

33. Banko, A.; Petrovic, G.; Miljanovic, D.; Loncar, A.; Vukcevic, M.; Despot, D.; Cirkovic, A. Comparison and sensitivity evaluation
of three different commercial real-time quantitative PCR kits for SARS-CoV-2 detection. Viruses 2021, 13, 1321. [CrossRef]

34. Wu, S.; Shi, X.; Chen, Q.; Jiang, Y.; Zuo, L.; Wang, L.; Jiang, M.; Lin, Y.; Fang, S.; Peng, B.; et al. Comparative evaluation of six
nucleic acid amplification kits for SARS-CoV-2 RNA detection. Ann. Clin. Microbiol. Antimicrob. 2021, 20, 38. [CrossRef]

35. Onwuamah, C.K.; Okwuraiwe, A.P.; Salu, O.B.; Shaibu, J.O.; Ndodo, N.; Amoo, S.O.; Okoli, L.C.; Ige, F.A.; Ahmed, R.A.; Bankole,
M.A.; et al. Comparative performance of SARS-CoV-2 real-time PCR diagnostic assays on samples from Lagos, Nigeria. PLoS
ONE 2021, 16, e0246637. [CrossRef]

114



Diagnostics 2022, 12, 2617

36. Tetzner, R.; Dietrich, D.; Distler, J. Control of carry-over contamination for PCR-based DNA methylation quantification using
bisulfite treated DNA. Nucleic Acids Res. 2007, 35, e4. [CrossRef]

115



Citation: Simonova, M.A.; Melnikov,

V.G.; Lakhtina, O.E.; Komaleva, R.L.;

Berger, A.; Sing, A.; Zavriev, S.K.

Determination of Diphtheria Toxin in

Bacterial Cultures by Enzyme

Immunoassay. Diagnostics 2022, 12,

2204. https://doi.org/10.3390/

diagnostics12092204

Academic Editor: Hsin-Yao Wang

Received: 13 August 2022

Accepted: 8 September 2022

Published: 11 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Article

Determination of Diphtheria Toxin in Bacterial Cultures by
Enzyme Immunoassay

Maria A. Simonova 1,†, Vyacheslav G. Melnikov 2,*,†, Olga E. Lakhtina 1, Ravilya L. Komaleva 1, Anja Berger 2,3,

Andreas Sing 2,3,‡ and Sergey K. Zavriev 1,‡

1 Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of Russian Academy of Sciences,
Miklukho-Maklaya 16/10, 117997 Moscow, Russia

2 National Conciliary Laboratory on Diphtheria, Veterinaerstrasse 2, 85764 Oberschleissheim, Germany
3 Department of Public Health Microbiology, Bavarian Health and Food Safety Authority, Veterinaerstrasse 2,

85764 Oberschleissheim, Germany
* Correspondence: slavawho1@gmail.com
† These authors contributed equally to this work.
‡ These authors contributed equally to this work.

Abstract: Since diphtheria toxin (DT) is the main virulence factor of Corynebacterium diphtheriae and
C. ulcerans, the detection of DT in corynebacterial cultures is of utmost importance in the laboratory
diagnosis of diphtheria. The need to measure the level of DT production (LTP) arises when studying
the virulence of a strain for the purpose of diphtheria agent monitoring. To determine the LTP of
diphtheria agents, an immunoassay based on monoclonal antibodies (mAbs) has been developed.
A pair of mAbs specific to the fragment B of DT was selected, which makes it possible to detect
DT in a sandwich ELISA with a detection limit of DT less than 1 ng/mL. Sandwich ELISA was
used to analyze 218 liquid culture supernatants of high-, low- and non-toxigenic strains of various
corynebacteria. It was shown that the results of ELISA are in good agreement with the results of PCR
and the Elek test for the tox gene and DT detection, respectively. The diagnostic sensitivity of the
assay was approximately 99%, and specificity was 100%. It has been found that strains of C. ulcerans,
on average, produce 10 times less DT than C. diphtheriae. The mAbs used in the ELISA proved to be
quite discriminatory and could be further used for the design of the LFIA, a method that can reduce
the labor and cost of laboratory diagnosis of diphtheria.

Keywords: Corynebacterium diphtheriae; Corynebacterium ulcerans; diphtheria toxin; ELISA; monoclonal
antibodies; level of toxin production

1. Introduction

It is easy to get to the bottom of diphtheria—the disease is all about the diphtheria
toxin (DT). DT is a potent exotoxin of Corynebacterium diphtheriae and C. ulcerans, which kills
susceptible cells by inhibiting protein synthesis. Specifically, DT transfers the ADP-ribose
moiety of NAD to elongation factor EF-2, inactivating it. The ADP-ribosylation activity
of DT is determined by the A fragment, and B fragment is required for eukaryotic cell
receptor-binding. The toxin repressor (DtxR), a chromosomal regulatory protein, inhibits
DT production and derepresses it when Fe2+ corepressor is depleted. The phage-encoded
DT is the main virulence-associated factor in the disease, responsible for causing diphtheria
symptoms, i.e., fever, headache, general malaise, acute tonsillitis with a pseudomembrane
over the tonsils, nasopharynx, or even larynx, inflammation and swelling of the cervical
lymph nodes (“bull neck”), and systemic complications, including toxin-derived damage
to the myocardium, nervous system, and kidneys. Specific prevention of the disease
is the vaccination of children with diphtheria toxoid, and the main route of therapy is
the administration of hyperimmune equine antitoxic serum (antitoxin). Only toxigenic
strains of C. diphtheriae and C. ulcerans can cause classical respiratory diphtheria, while
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non-toxigenic strains are not able to do so [1]. Therefore, the accelerated indication of
toxin-forming corynebacteria in clinical material is of utmost importance in diphtheria
laboratory-based diagnosis, both for managing the individual patient as well as for public
health measures.

Laboratory diagnostic tests for toxigenicity of C. diphtheriae/C. ulcerans are based on
qualitative immunological methods [1]. We set ourselves the goal of developing a sensitive
and specific test to determine not only the presence, but also the amount of DT produced by
the corynebacterial culture. The need to measure the concentration of DT arises when, for
instance, studying a relationship between the level of toxin production (LTP) of strains of
diphtheria agent, which until recently included only C. diphtheriae, and now also includes
C. ulcerans, and the virulence of the strain. Thus, we found that the C. diphtheriae var.
gravis, ribotype ‘Sankt-Peterburg/Rossija’, MLST type ST8, the diphtheria epidemic clone
in Russia and other countries of the former USSR in the 1990s, caused more severe forms
of infection in unvaccinated children, compared with the 1980s, when the C. diphtheriae
var. mitis, ribotype ‘Otchakov’, MLST type ST5 was common, and also had a higher LTP.
LTP studies were performed using an indirect hemagglutination test with a diagnosticum
on sheep erythrocytes sensitized with diphtheria antitoxin, and the result was estimated
as the maximum dilution of the liquid bacterial culture, in which hemagglutination still
occurred [2]. The high level of DT production in the C. diphtheriae ST8 strains was explained
by the fact that this epidemic clone had the GCC-> GTC (A147V) mutation in the dtxR
gene, that, as shown by chemical mutagenesis studies, modified the regulatory functions of
the DtxR protein [3], which, in turn, could lead to an increase in DT expression. However,
another research group using the same LTP detection method found that the population
of the C. diphtheriae ST8 clone was heterogeneous, containing both strongly and weakly
toxigenic strains [4]. As can be seen from this example, studies devoted to the development
of a reliable method for the determination of LTPs are of importance in assessing the
pathogenic potential of corynebacteria.

ELISA remains a very robust and reliable method for the detection of various pro-
tein analytes. Previously, enzyme-linked immunosorbent and immunochromatographic
methods for detecting DT were developed, the sensitivity of which varied from 0.1 to
4 ng/mL [5–7]. These tests were based on a sandwich immunoassay with equine poly-
clonal antibodies as binding antibodies, and mouse monoclonal antibodies (mAbs) as
detecting antibodies. For the determination of LTP, we developed a sensitive immunoassay
based only on mAbs, since they have constant properties and, therefore, such a test is easier
to standardize.

In addition, we set out to determine whether the mAbs used in ELISA are discrimina-
tory enough to be used in the Lateral Flow Immunoassay (LFIA), a method that can reduce
labour and cost of laboratory diagnosis of diphtheria.

2. Materials and Methods

2.1. Bacterial Strains

A total of 218 strains of corynebacteria for this study (listed in Table S1 in Supplementary
Materials) were obtained from the German Conciliary Laboratory on Diphtheria (GCLoD)
culture collection. They were both of human and animal origin and isolated in Germany in
2011–2022. The presence of the toxin gene and the DT production were detected by RT-PCR
and the Elek test, respectively [8]. The bacterial strains were grown on Columbia Blood
Agar (Oxoid, Basingstoke, UK) for 24 h prior to testing.

2.2. Sample Preparation

ELISA testing was performed between February 2021 and January 2022. For ELISA
testing bacterial strains were cultured on Elek broth [6,7] for 6 h at 37 ◦C, after which the
bacterial cells were removed by filtration through a 0.22-μm-pore-size membrane (Merck
Millipore, Burlington, MA, USA). The culture supernatants were stored at −20 ◦C prior to
analysis in the ELISA.
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2.3. mAb Production and Purification

Cells of mAb-producing hybridomas were used to generate mAbs [9]. Briefly, the
producing cells were introduced into BALB/C mice, and preparative amounts of the
antibodies were isolated from the ascitic fluids of these mice. The mAbs from the ascitic
fluids were purified by affinity chromatography on protein-A-Sepharose (GE Healthcare,
Chicago, IL, USA). The ascitic fluid was diluted by four times with the starting buffer
(1.5 M glycine and 3 M NaCl, pH 8.9) and applied onto a column that was filled with the
affinity sorbent and equilibrated with the same buffer. The mAbs were eluted with a 0.1 M
citrate buffer with pH 4.0. The mAb-containing fractions were dialyzed against phosphate
buffered saline (PBS). The purity of the mAbs was defined by SDS-PAGE. The mAbs
antigen-binding activity was confirmed by indirect ELISA as described previously [9].

2.4. Sandwich ELISA

Purified mAbs were biotinylated using the EZ-Link Sulfo-NHS-LC-Biotin reagent
(ThermoFisher, Waltham, MA, USA) according to the manufacturer’s instructions. For
ELISA, binding antibodies (10 μg/mL in PBS) were adsorbed overnight at 4 ◦C in the wells
(100 μL per well) of a 96-well polystyrene high-binding plate (Costar-Corning, NY, USA).
Next, the plate washed 3 times with PBS with 0.05% tween-20 (PBST). Solutions of DT
(Sigma-Aldrich, St. Louis, MO, USA) were prepared in PBST with 1% BSA (PBST-BSA) or
in Elek broth at various concentrations and added by 100 μL to the wells of the plate with
adsorbed antibodies. PBST-BSA or Elek broth without the addition of toxin were used as
negative controls. The plate was incubated for 1 h at room temperature on a shaker. Then,
the plate was washed 3 times with PBST, 100 μL of a solution of detecting biotinylated mAbs
(1 μg/mL in PBST-BSA) was added to each well and incubated for 1 h at room temperature
on a shaker. After washing the plate 3 times with PBST, a solution of horseradish peroxidase-
labeled streptavidin (BD Biosciences, Franklin Lakes, NJ, USA) in PBST-BSA at a working
dilution of 100 μL per well was added and incubated 1 h at room temperature on a shaker.
At the end of the incubation, the plate was washed as described above, and 100 μL of the
peroxidase substrate, ortho-phenylenediamine (Sigma-Aldrich, St. Louis, MO, USA), was
added to each well at a concentration of 1 mg/mL in 1% citrate buffer, pH 4.5, containing
0.05% hydrogen peroxide. The reaction was stopped by adding 50 μL of 2 M sulfuric acid to
each well and the color intensity recorded spectrophotometrically (>Packard SpectraCount
BS10000, PerkinElmer, Waltham, MA, USA) by determining the optical absorbance at
490 nm.

For detection of DT production in cultures of corynebacteria, culture supernatants
were added to the wells of the plate with adsorbed binding antibodies, 100 μL per well. To
quantify DT in culture supernatants, samples were diluted 2–100 times with PBST-BSA. The
analysis was then carried out as described above. Each sample of the culture supernatant
was analyzed in at least duplicates.

2.5. Statistical Analysis

Statistical data processing was carried out using the R software environment [10]
and specialized packages. The drc extension package was used to construct calibration
curves and determine DT concentration in culture supernatants [11]. The limit of detection
of DT was calculated using the calibration curves and was defined as the concentration
of DT corresponding to an optical absorbance value two times higher than the average
optical absorbance value of the repeated (at least 10 times) negative control. Differences
between samples were tested using the Mann–Whitney U-test and considered statistically
significant at p < 0.05. ROC analysis by the pROC and ROCR packages was used for the
assessment of the accuracy of the method for detecting the toxin, as well as the determi-
nation of the threshold of sensitivity of the toxin in bacterial cultures [12,13]. Accuracy,
sensitivity, and specificity of qualitative test at each threshold was defined by the formulas:
(TP+TN)/(P+N), TP/P, and TN/N, respectively, where P—positive samples, N—negative
samples, TP—true positives, TN—true negatives [12].
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3. Results

3.1. Selection of Diagnostic Pair of mAbs

Purified anti-DT mAbs for this study were obtained using hybridoma-producing mAb
cells. The purity of mAbs preparations was at least 95% according to the data of SDS-PAGE
electrophoresis, and all the mAbs were active in indirect ELISA (data not shown).

The search of diagnostic pairs of mAbs for detection of DT in the sandwich ELISA
was carried out. For this, all mAbs were biotinylated and used as detecting antibodies
(labeled “biot”). Purified DT manufactured by Sigma was used as a standard. Only mAbs
C2G5 and E6B9 worked as a diagnostic pair in the sandwich ELISA. In the C2G5-E6B9biot
configuration, the detection limit for DT was 0.4 ± 0.1 ng/mL, so this pair of diagnostic
antibodies was used in further studies. It should be noted that both mAbs included in the
diagnostic pair were specific for the receptor-binding (B) fragment of DT (Table 1).

Table 1. Characteristics of monoclonal antibodies to diphtheria toxin (DT).

mAb ID Isotype DT Fragment Specificity

C2G5 IgG1 B
C12E5 IgG2b A
E4C4 IgG2a A
E6B9 IgG1 B
G2D9 IgG2a A
H10B3 n/d A

n/d—not determined.

3.2. Detection of DT in Elek Broth

Since the purpose of this work was to determine the DT in liquid bacterial culture, we
further studied the effect of the cultivation medium on the results of the analysis of DT. The
purified DT was diluted in a standard buffer and Elek broth, and the dose–response curves
were analyzed (Figure 1). The detection limit of DT in Elek broth was 0.3 ± 0.1 ng/mL.
Background signals in the buffer and Elek medium were not statistically different (p = 0.22).
Thus, Elek broth did not significantly affect the analysis parameters compared to the buffer.

Figure 1. Dose–response curves obtained as results of sandwich ELISA of DT in buffer (circles, solid
line) and Elek broth (triangles, dashed line). Model-based standard errors are also shown.
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3.3. Sandwich ELISA for Determination of the DT in Bacterial Cultures

Further, we performed the ELISA for detection of the DT in liquid corynebacterial
cultures (Table S1 in Supplementary Materials). To determine the background value of the
optical absorbance, the average value of the optical absorbance in the samples of the non-
inoculated Elek broth was calculated (at least eight replications for each analyzed plate). Next,
the ratios of the optical absorbance in the analyzed samples to the background value of the
optical absorbance were calculated. Based on the calculated values, as well as the presence
of the DT gene and the Elek test results, ROC analysis was performed to determine the
predictive ability of the assay, as well as the optimal threshold value of the signal/background
ratio. The calculated AUC value was 0.99 (95% confidence interval (CI): 0.97–1.00), which
indicates a high predictive ability of the test (Figure S1A in Supplementary Materials). The
maximum signal/background ratio, which provides more than 99% accuracy of the qualitative
determination of the toxin, was 2.3 (Figure S1B in Supplementary Materials). Thus, the
samples for which the signal/background ratio was less than 2.3 were classified as negative,
the rest of the samples were classified as positive. For positive samples, a quantitative
analysis of DT was performed using calibration curves similar to the curve on Figure 1
(Table S1 in Supplementary Materials).

As can be seen from Table 2, the developed enzyme immunoassay made it possible
to detect DT with high accuracy in 218 corynebacterial cultures. At threshold 2.3, the
diagnostic sensitivity of the assay was approximately 99%, and specificity was 100%. For all
strains, except for one (C. ulcerans KL 1902, Table S1 in Supplementary Materials), the results
of the ELISA coincided with the results of PCR and the Elek test. All strains producing DT
in the Elek test, except for C. ulcerans KL 1902 (Table S1 in Supplementary Materials), were
ELISA-positive. The KL 1902 strain was tox+ and DT-positive, but ELISA-negative. DT-
gene-negative C. diphtheriae, C. ulcerans, and C. pseudotuberculosis (diphtheria clade), along
with cultures of non-diphtheria corynebacteria, as expected, were found ELISA-negative.
Non-toxigenic tox-gene positive (NTTB) C. diphtheriae and C. silvaticum strains were also
ELISA-negative.

Table 2. Confusion matrix for the results of qualitative DT detection by sandwich ELISA in corynebac-
terial cultures.

Total Samples: 218 ELISA: Negative ELISA: Positive

Negative samples *: TN = 114 FP = 0 Total: 114
Positive samples **: FN = 1 TP = 103 Total: 104

Total: 115 Total: 103
FN—false negative; FP—false positive; TN—true negative; TP—true positive. The evaluation was carried out at
a threshold signal/background ratio of 2.3. Note: the presence of the toxin gene was detected by RT-PCR; in the
absence of the tox gene, DT production in most cases was not determined, and strain was considered as negative
(*). In the presence of the tox gene, DT production was confirmed by the Elek test (**), and if toxin production was
not detected in the Elek test, then the strain was considered as negative (*).

The average concentrations of DT determined in ELISA-positive C. ulcerans cultures
(excluding a strain C. ulcerans M06-759) were significantly (10 times) lower than the concen-
trations of DT in cultures of C. diphtheriae: 85.0 and 894.0 ng/mL, respectively (p < 0.001).
C. ulcerans M06-759, compared to other strains of C. ulcerans, is unique in that it produces
an increased amount of DT (2514.8 ng/mL). The reasons for this phenomenon require
further study.

4. Discussion

The results of this study indicate the high efficiency of the developed ELISA. The only
discrepancy was the strain C. ulcerans KL 1902, which was producing DT by the Elek test
but not by the ELISA. This strain needs to be studied in detail, including by performing
whole genome sequencing. It might be speculated that there are some mutations in the
toxin gene that disrupt the folding of the toxin molecule and thereby prevent mAbs from
binding to the toxin.
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Among the 218 strains from GCLoD culture collection used in our study, 21 strains
of C. ulcerans were tox gene positive but initially negative in the Elek test and therefore
classified as NTTBs, which are known to circulate worldwide [1,2,4,8,14]. At the same
time, all of these 21 strains appeared weakly positive in ELISA. It has been suggested
that the current Elek test may not detect the toxin in low-toxigenic strains of C. ulcerans.
Such observations were first made about 20 years ago [15] by the author of this study
(A.S.). The clinical isolate C. ulcerans A6361 possessed the DT gene and was Elek test
negative. However, the ability of the isolate A6361 to express DT was disclosed using
a highly sensitive immunochromatographic strip (ICS) test, which was developed to replace
the Elek test [7]. As shown by external quality assessments of the European Diphtheria
Surveillance Network (EDSN), most of the laboratories participating in the study also
had difficulty testing low-toxigenic strains of C. ulcerans with the Elek method [16]. We
have made some changes to the immunoprecipitation Elek method (namely, type and
concentration of antitoxin, inoculum distance from the antitoxin disk, shape of the bacterial
plaques, and position of control strains) and developed a protocol for the optimised Elek
test with the capacity to detect all the toxigenic corynebacteria in our study, including those
21 strains with low toxin production [17]. It should be noted that using the previous (less
sensitive) modification of the Elek test [8], it was possible to detect every single toxigenic
strain of C. diphtheriae, even the weakly toxigenic reference strain NCTC 3984. Our study
makes this result understandable. The “weakly toxigenic” reference strain of C. diphtheriae
NCTC 3984 expresses only 4 times less toxin than the control toxigenic strain C. diphtheriae
NCTC 10648 (878.4 vs. 3370.0 ng/mL), while 21 true weakly toxigenic strains of C. ulcerans
have average level of toxin production 110 times (!) lower than that of C. diphtheriae NCTC
10648 (30.5 vs. 3370.0 ng/mL). It can be concluded that some strains of C. ulcerans produce
low levels of DT, which were not previously detected by the Elek test and therefore were
erroneously classified as non-toxigenic. Hence, ELISA can be used as a reference method to
identify isolates with questionable toxin production.

C. silvaticum (a recently described species of the diphtheria corynebacteria [18] with
a non-expressing DT gene) strains were ELISA-negative. Since the toxigenicity of these
GCLoD collection’s C. silvaticum cultures was assessed using the previous modification of
the Elek test, and that the genetic reason for the non-expression of the DT gene was not
revealed even by sequencing, the results of our study proved to be very useful, confirming
the lack of ability of C. silvaticum to produce a DT. It should be remembered that both ELISA
and Elek testing are in vitro methods, therefore, labeling C. ulcerans and C. silvaticum strains
as “poorly toxigenic” or “non-toxigenic” reflects only in vitro data; it cannot be excluded,
however, that they are able to produce a significant amount of DT when grown in vivo.

Given that toxigenic C. ulcerans were recently recognized as an emerging zoonotic
pathogen causing diphtheria-like infections in humans [1,8], the use of sensitive methods
for assessing DT production in weakly toxigenic C. ulcerans is now of importance. Despite
the fact that at present C. ulcerans do not cause either severe forms of infection or diphtheria
outbreaks, the pathogenetic role of corynebacteria with a low level of toxin production
should not be underestimated. The toxin is lethal for susceptible animals as well as
unvaccinated humans at doses of 100 ng/kg or less [19].

Moreover, in our recent study 18 allelic variants of the tox gene were found across the
291 tox+ C. diphtheriae isolates. Of these 18 allelic types, 8 contained non-synonymous SNP
changes, estimated to be of medium to high structural impact [20]. C. ulcerans have a much
higher level of tox gene variability. They carry about 30 non-synonymous mutations [15]
that significantly affect the molecular structure of C. ulcerans DT (data not shown). The
continually increasing toxin diversity does forecast a real possibility of vaccine escape
and antitoxin treatment failure in future. Thus, even if C. ulcerans strains are weak toxin
producers, mutated strains may become capable of causing disease in people vaccinated
against diphtheria.

To conclude, the ELISA is a suitable method for monitoring diphtheria agents by
determining LTP. However, using this method in routine practice to detect DT is quite
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laborious. Thus, there is an urgent need for a simple and reliable test for the rapid indication
of toxigenic corynebacteria that can be used in the conventional laboratory. This will
significantly reduce the diagnostic time, since it will no longer be necessary to send the
clinical specimen or cultures isolated from the patient to the diphtheria reference laboratory.
Such a method, for example, can be LFIA based on a pair of mAbs that performed well in
this ELISA study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12092204/s1, Figure S1: ROC-curve (A) and threshold-
accuracy dependence curve (B) obtained as results of ROC analysis of ELISA results. AUC, 95% CI
for AUC, as well as the signal/background ratio threshold at maximal accuracy are shown. CI—
confidence interval. Table S1: The results of the detection of diphtheria toxin by sandwich ELISA in
corynebacterial cultures.
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Abstract: Antibiotic resistance has emerged as an imminent pandemic. Rapid diagnostic assays
distinguish bacterial infections from other diseases and aid antimicrobial stewardship, therapy
optimization, and epidemiological surveillance. Traditional methods typically have longer turn-
around times for definitive results. On the other hand, proteomic studies have progressed constantly
and improved both in qualitative and quantitative analysis. With a wide range of data sets made
available in the public domain, the ability to interpret the data has considerably reduced the error
rates. This review gives an insight on state-of-the-art proteomic techniques in diagnosing antibiotic
resistance in ESKAPE pathogens with a future outlook for evading the “imminent pandemic”.

Keywords: antibiotic resistance; bacterial resistance; ESKAPE; MALDI-TOF; mass spectrome-
try; proteomics

1. Introduction

Bacterial antimicrobial resistance (AMR) has emerged as a leading public health haz-
ard, and the World Health Organization (WHO) has acknowledged an estimated 10 million
people being killed annually by 2050 [1]. A synchronized action plan is needed to address
the “imminent pandemic” of AMR. The US Centers for Disease Control and Prevention
(CDC) reported 18 AMR threats, and the European Union and the European Economic
Area reported 16 AMR threats in the estimated burden of eight pathogens. The foremost
challenge is the multidrug resistance burden of six pathogens [2] prioritized by the WHO,
namely Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter (ESKAPE), that contribute to the burden of
AMR [3]. The ESKAPE pathogens are also listed by the Global Action Plan on AMR, the UN
Interagency Coordination Group, and the One Health Global Leaders Group [4]. More atten-
tion is needed in funding research and development in understanding the drug resistance
in each of the ESKAPE pathogens. Limitations in developing new and effective antibiotic
treatments arise from the lack of a coordinated global assessment of bacterial AMR.

Bacterial AMR burden increases with increased antibiotic usage in high-resource set-
tings and is a function of bacterial resistance and acute infections. Other factors include the
lack of microbiological testing to prevent inappropriate antibiotic use, inadequate guide-
lines, and the easy procurement of antibiotics [5]. The AMR burden increases primarily
from the inadequate availability of second- and third-line antibiotics, the availability of
fake or inferior antibiotic drugs [6–8], and the lack of sanitation and hygiene [9–11]. The
AMR pattern varies globally, with the existence of pathogen variants and variations in
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pathogen–drug interactions. Antibiotic stewardship is an integrated approach in control-
ling the spread of AMR. Limiting access to antibiotics is not viable in life-saving situations
particularly when second-line antibiotics are unavailable [7].

Several innovative approaches are available to improve antibiotic use [12]. Logically
the most effective way would be to allow the choice of narrow-spectrum antibiotics, re-
ducing the intensity of the selection of a broad spectrum of antibiotics and reserving them
for situations that are in real need which can be accomplished by the early detection of
bacterial susceptibility [13]. Resistance diagnosis enables the “search and destroy” tactics
to combat potentially dangerous pathogen strains [14–16]. A targeted infection control
measure such as “search and destroy” may be possible from a rapid and accurate identifica-
tion. This review comprehensively describes the proteomic profile of resistance diagnosis
with a special focus on ESKAPE pathogens AST including the state-of-the-art techniques
available, their roles ranging from typing to drug selection, and their advantages despite
their limitations.

2. Antibiotic Resistance and Resilience

Antibiotic resistance is the clinical stance resulting from the insensitivity to an antibi-
otic drug and is categorized in terms of the minimum inhibitory concentration (MIC) in
μg/mL, which is the lowest concentration of the drug that inhibits bacterial growth [17].
Microorganisms with an MIC beyond the normal distribution are resistant. According
to EUCAST, a Susceptible (S) organism has therapeutic success with a standard dosing
regimen, a Susceptible (I) organism has therapeutic success requiring increased exposure,
and a Resistant (R) organism has therapeutic failure even with increased exposure.

Antibiotic resilience is the ability of the organism to recover from antibiotic stress and
is expressed as the minimum duration for killing (MDK). By definition, it is the time needed
for 50% of the total biomass to recover after antibiotic treatment. Resilience is described
by a range of aspects such as bacterial tolerance, persistence, recalcitrance, adaptation,
etc. These aspects reflect the diverse machinery prevailing in the bacteria to withstand
antibiotic treatments and any of the related disturbances [18]. Identifying the determinants
of bacterial resistance and resilience is crucial for understanding the response and strategy
development. For instance, the resistance–resilience analysis framework has helped in
the identification of the phenotypic signatures of extended-spectrum β-lactamase (ESBL)
bacteria and has been used as a guide in combination treatments [19].

3. Methods of Resistance Profiling and Diagnosis

Many mechanisms are involved in bacterial antibiotic resistance [20]. Antibiotic re-
sistance is exhibited on a genetic or mechanistic basis. Genetic basis includes mutational
resistance that modifies antimicrobial targets such as decreasing drug uptake, activating
drug efflux, or modulating regulatory networks. Mutations in genes arise from the acquisi-
tion of antibiotic resistance genes by horizontal gene transfer by a variety of mechanisms
chiefly involving conjugation in which mobile genetic elements (MGEs) notably plasmids
and transposons are mobilized. MGEs are crucial in the development and dissemination of
antimicrobial resistance among clinically relevant organisms.

Mechanistically, bacteria acquire resistance by modifications of the antibiotic (chemical
alteration or destruction), decreased penetration and efflux of the antibiotic, change in the
target site (modification/mutation/bypass), and resistance due to global cell adaptations.
Resistance is also induced by virulence factors such as biofilm formation associated with
desiccation [21,22].

Profiling microbial resistance has come a long way. Primarily, microbial-culture-based
methods identify the bacterial phenotype, whereas bacterial strain and species identification
requires biochemical assays [23]. The evaluation of antimicrobial resistance based on the
disk diffusion or broth dilution methods quantitatively evaluates resistance in terms of
MICs [24] based on the protocols prescribed by the Clinical and Laboratory Standards
Institute (CLSI) and the European Committee on Antimicrobial Susceptibility Testing
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(EUCAST) as the “gold standard” [25]. These growth-based tests have limitations of longer
turn-around times of 12 to 72 h [25,26]. The bacterial cultivation adds further 18 to 24 h
for biochemical characterization [27]. The disadvantages of culturing methods include
collection conditions and specific growth media requirements that generate errors leading to
a lack of sensitivity [28,29]. In addition, routine bacterial culture methods are not practically
applicable to non-cultivable pathogens [30,31]. Automated AST systems such as the Vitek 2,
Phoenix, and MicroScan WalkAway perform in a simplified workflow and reduced time to
results compared to traditional methods but still need bacterial culturing [32]. Therefore, the
highly specific and sensitive molecule-based approach has also been used in the bacterial
identification of resistance [33].

Molecular-based approaches amplify or hybridize genetic sequences encoding specific
resistance determinants using conventional polymerase chain reactions (PCRs), quanti-
tative real-time polymerase chain reactions (RT-PCRs), or DNA-micro-arrays with more
sensitivity, specificity, and shorter turn-around times [23,34,35] which is not possible in
culture-based methods [36]. However, these methods require detectable levels of DNA
in conditions of low-abundance genes and heteroresistance [25]. Culture-independent
methods are limited with variable clinical sensitivities [37]. Digital PCR systems detect
low-abundance targets and heteroresistance analysis immediately without requiring prior
culture enrichment [38]. Pitfalls with the molecular-based techniques are results with
false-positive outcomes due to the amplification of silent genes or pseudogenes and false-
negative outcomes due to mutations in the primer binding sites. Conventional PCRs also
fail to detect hypervariable organisms and rapidly changing mechanisms, particularly in
the detection of Gram-negative bacteria, including ESBL strains and carbapenem-resistant
Enterobacteriaceae (CREs) with single-nucleotide polymorphisms (SNPs) [39]. Certain resis-
tance markers detected by the PCR do not correlate with phenotypic resistance [40].

Culture-independent techniques termed nucleic acid testing (NAT) perform quicker
diagnosis with higher sensitivity [41] but require prior information on the pathogen under
test and its nucleic acid sequences [26]. The methods include molecular methods such as
the PCR, RT-PCR, loop-mediated isothermal amplification (LAMP), nucleic acid sequence-
based amplification (NASNBA), transcription-mediated amplification (TMA), and strand
displacement amplification (SDA) [42]. Highly multiplexed PCR panels simultaneously
detect bacterial pathogens that commonly cause specific clinical syndromes [37]. The
other non-targeted methods that do not require prior nucleic acid information include
next-generation sequencing (NGS) technologies [43,44] which in combination with bioin-
formatics provide accurate detection and characterization of pathogens and predict the
strains evading vaccines [36]. Metagenomics NGS (mNGS) provides accurate data on the
composition of microbial communities that are impossible to culture [45].

Clinical microbiology has also focused on applying genomics for AST. Whole-genome
sequencing (WGS) is the primary genomic approach that predicts strains of all prevalent
resistant phenotypes accurately and consistently. It ascertains the simultaneous identifi-
cation of antibiotic-resistant phenotypes from the entire genome by screening multiple
loci. The data from the genome sequence are stored digitally and are independent of
primer specificity reducing false-negative results [46]. With a huge availability of data
in the public domain, antimicrobial resistance determinants are readily identifiable with
both the whole-genome and NGS technologies [39]. As a primer-independent method, it
detects antibiotic resistance rapidly but is capable of detecting only previously documented
mechanisms [47,48].

Around the mid-2000s, innovations in sequencing technology helped develop second-
generation instruments based on Illumina sequencing that provided short-sequence (≤300 bp)
reads and paired ends at reduced costs. From about 2010, third-generation sequencing
innovations helped develop Oxford Nanopore Technologies (ONT) and Pacific Biosciences
(PacBio) technologies that produce longer reads > 2 Mb [13] with fewer gaps allowing tan-
dem repeats and nested insertions [49], but they have higher error rates than Illumina [50].
Hybrid assemblies achieve accurate results by combining the accuracy of Illumina as well as
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using the longer reads of ONT/PacBio to overcome the shortcomings of both technologies.
As new approaches emerge, clinical sequencing constantly shifts for cost effectiveness. The
minimum cost is around 80 USD/genome which is expensive for routine use in clinical
laboratories, although results are obtained within less than 24 h. Although the ONT Flongle
disposable flow cells are less expensive, sequencing problems prevail in prediction as
false positives are introduced from sequencing errors and DNA contamination from other
organisms [46].

4. Proteomic Tools in Antibiotic Resistance

Proteomic analysis provides more functionally or clinically relevant information than
genetic/genomic testing as protein levels indicate the actual functional status of the cell.
Proteomic studies are capable of analyzing the protein—expression, post-translational
modifications, and turnover rates [51]. Bacterial proteomics utilize both gel-based and non-
gel-based techniques. Preliminary analysis involves a two-dimensional gel electrophoresis
(2-DE) followed by the analysis of the gel image. The differential expression of protein
is analyzed by a differential-in-gel electrophoresis (DIGE) technique using a fluorescent
dye [52]. With the advancement of technologies, mass spectrometric analysis directly
quantifies the protein as well as its functional status [53]. The bacterial proteomics have
emerged on par with the proteomic tools developed (Figure 1).

Figure 1. Emergence of bacterial proteomics in line with proteomics milestone. The figure shows the
application of proteomic tools in bacterial testing.

Mass spectrometry (MS) analyzes ionized samples separated on the basis of the
mass-to-charge (m/z) ratio and detects as a mass spectrum. Ionization techniques namely
electrospray (ESI) and matrix-assisted laser desorption/ionization (MALDI) ionize analytes
in a solution and a dry, crystalline matrix, respectively. Mass analyzers are of four types: ion
trap, time-of-flight (TOF), quadrupole, and Fourier transform ion cyclotron (FT-MS). Time-
of-flight (TOF) instruments analyze complex peptide mixtures [54], with a high acquisition
rate permitting coupling with ion mobility spectrometry (IMS) [55]. In IMS, ion separation
is size- and shape-based or based on the collisional cross section (CCS) [56]. TOF analyzes
the emerging ions in a ms or sub-ms time frame. IMS nested between LC and MS or any
additional dimension of separation is referred to as IMS-MS [57,58]; it increases the speed of
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analysis and selectivity [59] in highly complex proteomics samples and adds to the fourth
dimension of proteomic analysis [60,61].

Relative quantification in MS is of two types: label and label-free methods. Label-free
quantification uses MS signal intensity or spectral counting which is directly proportional
to the peptide concentration. In the label method, the protein/peptide is labeled with a
stable isotope tag chemically, metabolically, or enzymatically. Stable isotopes exhibit slight
mass differences compared to their unlabeled counterparts that produce distinguishable
signals in MS. In vivo protein is labeled by growing the cells in isotopically labeled amino
acids—13C or 15N—referred to as the stable isotope labeling by amino acids in cell culture
(SILAC) method [62].

Proteins/peptides are also tagged chemically with isobaric mass tags known as tandem
mass tags (TMTs), which on fragmentation yield reporter ions of differing mass that
is quantified. The isobaric tags for relative and absolute quantitation (iTRAQ) method
quantitates the relative protein levels from different sources in a single experiment. The
workflow is that the isobaric label is covalently attached to peptides after protein digestion,
and samples are pooled, fractionated by LC, and analyzed in a tandem mass spectrometer
(MS/MS). The relative quantification of the protein is obtained from the combined ratios
of proteins/peptides. iTRAQ combined with MALDI or ESI-MS/MS provides accurate
information on the relative protein concentration.

In the absolute quantification (AQUA) method, internal standard peptides are labeled
and added to the sample during proteolytic digestion. The relative protein concentration
is quantitated from both isotope-labeled AQUA peptides and unlabeled native peptides
and measured by selected reaction monitoring (LC-SRM). From the known amount of
the internal standard, the MS determines the ratio between the internal standard and
analyte [63]. It provides the relative quantity of protein and information on the post-
translational modifications.

In trapped ion mobility spectrometry (TIMS), the ions are rested in an ion tunnel
device and balanced in a stream of gas at a low electrical potential [64]. The time-
resolved ions are released into the mass analyzer downstream [65]. Another MS-based
approach is parallel accumulation–serial fragmentation (PASEF) [66] which synchronizes
the MS/MS precursor selection with TIMS separation. TIMS scan acquires more than
one precursor, and peptides are continually selected for sequencing. Typical DDA
measurements are performed after a survey scan, and the N-highest abundant precursor
ions are targeted for MS/MS analysis [67]. The MS/MS spectrum quality is improved
from the fast acquisition speed (50–200 ms for a full scan) and the repeated re-targeting
of low-abundance precursors.

In the bio-orthogonal noncanonical amino acid tagging (BONCAT) method, non-
canonical amino acid (ncAA) is incorporated into protein, conjugated to an affinity tag,
and enriched. The enriched proteins are identified and quantified by LC-MS/MS [68,69].
Its advantage is that labeled proteins are separated physically from the remaining pro-
teome [70]. The ncAA pulse time is only a few minutes in bacteria and thus quantifies
dynamic processes. Extended pulse times identify proteins synthesized at extremely low
rates under anaerobic conditions such as in the survival of Pseudomonas aeruginosa [71].
ncAA incorporation uses a mutant aminoacyl-tRNA synthetase and is expressed according
to the target cell [72] or specific cell state condition [73].

Raman spectroscopy is an optical technique, where the sample is irradiated, and the
scattered light is analyzed. The shift between the frequency of incident and scattered light
is the Raman effect. This shift is induced by molecular vibrations in the sample which
are distinct for a bacterial cell based on protein, lipids, and DNA and are the “chemical
fingerprint”. Based on Raman spectroscopy, a single-cell Raman spectrum (SCRS) is used
in the identification of microbes at a single-cell level as it provides a spatial resolution
of <1 μm3. Like FACS, a laser beam is applied on a single cell, and the Raman spectrum
is obtained. On the basis of a shift in the spectra, cell type and phenotypic changes in
bacteria are characterized [74,75]. When labeling with stable isotopes such as 13C, 15N, and

128



Diagnostics 2023, 13, 1014

2 H(D), bacteria also display a characteristic Raman spectrum shift due to heavy isotopic
atom replacement with biomolecules. For instance, labeling with D2O incorporates D into
biomolecules forming carbon-deuterium (C-D) bonds that show a distinguishable Raman
band (2000–2300 cm−1) shifted from C-H vibration [76].

Raman-based bacterial identification distinguishes bacteria susceptibility from the
absence of a Raman band in resistant bacteria which is referred to as an “antibiotic effect
signature” [77–80]. Employing the same principle, the fast Raman-assisted antibiotic
susceptibility test (FRAST) method was developed. The clinical protocol includes steps
of Raman-based single-cell GS classification, two-step antibiotic inhibition, D2O labeling,
SCRS acquisition, and data analysis [81–83] from subtle variations in SCRS.

Raman spectroscopy distinguishes bacterial strains [84–86]. Surface-enhanced Raman
spectroscopy (SERS) analysis of bacteria discriminates Gram-positive and Gram-negative
strains, and the classification is based on linear discriminant analysis (LDA) [87]. Classical
Gram staining requires 16–24 h, delaying the rapid diagnosis. However, in the FRAST, Gram
classification is obtained within a few hours, and its accuracy reaches 100% when >90%
of single cells have been Gram classified. The dual-mode detection—Gram classification
antibiotic susceptibly detection by the FRAST—makes a stand-alone automatic Raman
infection diagnostic system possible.

In another latest development, the direct-on-target microdroplet growth assay (DOT-
MGA) measures bacterial growth on the MALDI-TOF MS directly by incubating with
and without the indicator antibiotic in the microdroplet nutrient broth. It is based on the
principle of the broth microdilution method, with a modification in which the bacteria are
incubated on the MS target plate, and bacterial growth is determined at the breakpoint
concentration based on MS identification scores. By assessing the growth in the presence of
various antibiotics, the potential sensitivity mechanisms of drug resistance are analyzed.
It is superior to the broth microdilution method and the direct-from-blood-culture disk-
diffusion method in terms of speed and easy operation. Nix et al., 2020 employed the
DOT-MGA in the rapid detection of pathogens in the blood culture of methicillin-resistant
Staphylococcus aureus (MRSA) patients [88] producing reliable results within 4 h incubation
in determining carbapenemase resistance in K. pneumoniae, E. cloacae, E. aerogenes, P. mirabilis,
and K. aerogenes [89].

The emergence of bacterial proteomics on par with the proteomic technologies is
illustrated in Figure 1.

Top-Down versus Bottom-Up Proteomics

Proteomics has evolved from simple gel-based (2-DE or 1-DE gel-LC-MS/MS) to
gel-free methods. Proteomic analysis is categorized as “top-down” and “bottom-up”. “Top-
down” proteomic analysis encompasses intact proteins, whereas “bottom-up” analyses
involving proteolytically digested protein are categorized into three types: “shotgun”
or untargeted proteomics that is MS-operated in a data-dependent acquisition (DDA)
mode; targeted proteomics carried out by multiple reaction monitoring (MRM); and the
data-independent acquisition (DIA) method [90].

In top-down proteomics, intact protein analysis enables the analysis of protein iso-
forms and the stoichiometry of post-translational modifications (PTM). In the bottom-up
approach, digested proteins are separated by LC and ionized and mass-analyzed with a
mass spectrometer in full scans (MS), and fragments are selected in N consecutive MS/MS
scans. Targeted proteomics detect and quantify a predetermined set of peptides by se-
lected reaction monitoring (SRM) which is multiple reaction monitoring (MRM) from a set
comprehensive protein database [62].

The “data-independent acquisition” (DIA) method is unbiased and involves cyclic
recording in the entire LC time range and the fragment ion spectra contained in predeter-
mined isolation windows. A combination of the DIA method with a targeted data extraction
strategy is the “sequential isolation window acquisition theoretical mass spectra” (SWATH

129



Diagnostics 2023, 13, 1014

MS) in which the user-defined m/z window is fragmented and correlated to previously
generated query parameters and scored [91].

The advantages of a gel-free/label-free proteomic technique with the potential ap-
plication of proteomics in bacterial pathogen studies including comparative proteomics
and differential protein expression in response to antibiotic treatment clearly explain the
superiority of proteomic technologies (Figure 2).

Figure 2. Summary of the advantages for various proteomic tools in AMR detection. The (left) panel
indicates the techniques. The (right) panel indicates the application and its advantage.

5. ESKAPE Pathogens

Recently, an extensive review described the antibiotic resistance mechanisms iden-
tified in pathogens given priority status, i.e., ESKAPE (Enterococcus spp., Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter spp.) [92]. In ESKAPE pathogens, resistance develops through genetic mutations
and the acquisition of MGEs [93]. ESKAPE pathogens are resistant to oxazolidinones,
lipopeptides, macrolides, fluoroquinolones, tetracyclines, β-lactams, β-lactam–β-lactamase
inhibitor combinations, and last-line antibiotics including carbapenems, glycopeptides, and
polymyxins [94]. Therefore, preclinical and clinical trials encompassed many treatment
options including vaccine development to control the burden. Unfortunately, no vaccines
are available for ESKAPE infections [5].

Both in clinical settings and at the community level, ESKAPE pathogens serve as the
model organism for resistance. Despite their heterogeneity, the overall mechanisms in-
volved in the emergence and persistence are shared by all ESKAPE pathogens individually.
ESKAPE pathogens are highly prevalent in the clinical setting due to their ability to form a
biofilm on abiotic and biotic surfaces. Apart from drug development, inappropriate use of
antibiotics, and sustained stewardship, improved diagnosis is essential to control ESKAPE
AMR burden.

One Health Approach in ESKAPE Management

In 2017, the European Union implemented the “One Health” approach to combat
antibiotic resistance [95] recognizing the need for safeguarding human health by protecting
animal and environmental health as well as related fields [96]. ESKAPE bacteria with
AMR are widely distributed into the environment and ecosystem [97]. Among the ESKAPE
pathogens, Pseudomonas and Acinetobacter are enteric bacteria and soil commensals that are
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ubiquitous in livestock animals and slaughterhouse wastewater discharges. Outbreaks in
veterinary hospitals are relevant to the isolation of MRSA, vancomycin-resistant Entero-
coccus (VRE), and ESBL, producing Escherichia coli, Klebsiella pneumoniae, and Acinetobacter
baumannii strains from humans, livestock, and contaminated food [98]. Most ESKAPE
isolates are multidrug-resistant (MDR) with the highest risk of mortality. The consequences
of AMR-related infections are related to iatrogenic disease states in which treatment of the
infection results in co-morbidities [99]. Therefore, the key aspect of the One Health concept
may be addressed from the early and rapid diagnosis of resistance.

6. Proteomic Studies on ESKAPE Resistance

6.1. Enterococcus spp.

Enterococci are Gram-positive cocci, facultatively anaerobic, inhabiting the gastroin-
testinal tract, and cause a variety of infections including urinary tract infections, bacteremia,
intra-abdominal infections, and endocarditis [100]. Enterococci develop antibiotic resistance
both intrinsically and by acquisition. They develop resistance to cephalosporins, amino-
glycosides, lincosamides, and streptogramins intrinsically [101] and thus acquire added
resistance from MGEs [102]. The malleability of genomes and the disseminating determi-
nants are attributed to their adaptation to harsh environments. Thus, both the microbial
and host factors convert the second-rate pathogen into a first-rate clinical problem [103].

Aminoglycoside resistance in Enterococci is acquired from the plasmid-borne resistance
factor [104] and also by aminoglycoside-modifying enzymes from the mobile elements [105].
β-lactamase activity in Enterococci compromises combination therapy [106]. A comprehen-
sive proteomic study on vancomycin-resistant the Enterococci faecalis strain revealed the
proteins vital for antibiotic resistance [107]. It included the pheromone-binding proteins
involved in the conjugative plasmid transfer [108], the detection of which could aid in
antibiotic cross selection. An LC-ESI/MS-based proteomic study predicted the functions
of pheromone precursors, pheromone/peptide-binding components of ABC transporters,
and basic membrane proteins [109].

MALDI-TOF MS spectra with artificial intelligence (AI) discriminated the proteomic
patterns of VRE from the vancomycin-susceptible Enterococci faecium (VSE) [110,111]. The
proteomic profile of VRE revealed the elongation factor EF-Tu in the cytoplasm and elonga-
tion factor G (EF-G) in the membrane [107] that moonlights the link with target receptors
from host cell membranes and paves the way for colonization [112]. These data predict the
timing of the introduction of prodrugs affecting Ef-Tu and regulating bacterial elongation.

Of the several stress factors in Enterococci faecalis [113], the antiphagocytic factor
Cold shock protein A (CspA) encoded by the csp operon is the virulence factor induced
by temperature changes [114,115] which was involved in bacterial evasion [107]. The
identification of CspA sheds light on its involvement in the regulation of bile resistance in
Enterococci faecalis.

Another MALDI-TOF-MS-based proteomic study of E. faecalis reported the upregu-
lation of proteins involved in biofilm formation such as LutC, RsmH, and RRF protein
and the downregulation of RepN, ScpA, PrsA, and PurM after antibiotic treatment indi-
cating a decrease in proteins associated with cell division and metabolism during biofilm
formation [116].

A nano-LC/MSE (at elevated energy)/(Q/TOF-MS) study reported the upregulation
of protein related to glycolysis, amino acid biosynthesis, and biofilm formation. Besides the
basic survival pathways, LuxS-mediated quorum sensing, arginine metabolism, rhamnose
biosynthesis, and pheromone- and adhesion-associated proteins were upregulated during
biofilm formation [117]. Various oxidative stress response proteins and transcriptional
regulators correlating with oxidative stress are involved in the pathogenesis of enterococcal
infections [107]. The most significant was the identification of peroxide regulator PerR as a
ferric uptake regulator-like protein involved in iron homeostasis and OhrR, a transcriptional
repressor that senses oxidants [107]. This provides insights into oxidative sensitive targets
in E. faecalis death with antimicrobial drug intervention.

131



Diagnostics 2023, 13, 1014

In Enterococci, the expression of Opu, the osmoprotectant uptake transport system,
correlates to better survival of bacteria and confers responses to heat shock or other stress
factors [118]. This shows that the salt-stress adaptation of E. faecalis rather than general
stress protection contributes to E. faecalis resistance.

The MDR in Enterococci is acquired by plasmid pCF10 with pheromone-inducible
genes that mediate adhesion and virulence functions through surface proteins amongst
which PrgA, B, and C are the main contributor. PrgB is an aggregation factor in biofilm
development and virulence enhancement, whereas PrgA is required for Enterococci in order
to bind to abiotic surfaces, and PrgC’s presence facilitates PrgA function [119].

Raman spectroscopy was also used to analyze the interaction between vancomycin
and vancomycin-sensitive Enterococcus faecalis strains within a span of 90 min. The effect of
the drug was evident from characteristic spectral changes visualized and analyzed with
a multivariate statistical model that predicted the impact of vancomycin treatment. The
robustness was evident from classification accuracies of >90% at lower concentrations of
vancomycin. The Raman spectroscopy methods characterized the drug–pathogen interac-
tions in a label-free and fast method [81]. Vancomycin sensitivity could be noted on the
basis of spectral changes with accuracies >90% marking it as a potential tool in diagnosis.

The cellular changes in E. faecalis alter the central metabolism and membrane perme-
ability at a low pH. The integration of quantitative proteomic data with a genomic model
from SWATH-MS was useful to contextualize these proteomic data [120]. This finding
suggests that E. faecalis survival is reduced at alkalinity by the blockage of the proton pump.

6.2. Staphylococcus aureus

Staphylococcus aureus is a Gram-positive cocci, a normal human flora inhabitant, and a
nosocomial and community-associated pathogen, causing diverse infections ranging from
superficial skin and soft tissue infections to life-threatening infections [121]. Methicillin-
resistant Staphylococcus aureus (MRSA) strain infections are associated with high morbidity
and mortality. Therefore, identifying MRSA is important in targeted hospital infection
control measures and the detection of outbreaks [122]. Staphylococcus aureus protein A
(Spa) typing, multilocus sequence typing (MLST), and pulsed-field gel electrophoresis
(PFGE) [123] are the commonly used methods in the detection.

From a proteomics approach, the MALDI-TOF-based MRSA typing scheme has dif-
ferentiated the major MRSA clonal complexes. It validated a hospital-acquired MRSA
(HA-MRSA) typing scheme requiring an average of 2.5 h compared to 3–6 days for the
PFGE typing method [124]. The whole-cell MALDI-TOF is also useful in MRSA strain
typing [125,126].

An LC-MS/MS study based on iTRAQ reported changes both in the upregulation
and downregulation of proteins involved in antimicrobial resistance, stress response, mis-
match repair, and cell-wall synthesis. The immunodominant antigen B (IsaB) protein for
binding [127] was upregulated in MRSA compared to MSSA. The upregulation of cell-
wall-associated fibronectin-binding protein Ebh (for ECM-binding protein homologue)
complements resistance in MRSA by altering cell size [128].

However, in one MALDI-TOF-MS-based study, the MRSA and MSSA strains failed to
identify a reproducible diagnostic peak but yielded a high discriminative peak with the
deployment of artificial intelligence [129,130]. In situations of limited sample availability,
the coupling of MALDI-TOF with PBP2a latex agglutination offers a solution for the MRSA
assay [131].

The Raman approach discriminated MRSA and MSSA strains in an SCRS at 532 nm
excitation and achieved 87.5% accuracy in differentiation. Excitation directly on the bacterial
colonies at 785 nm differentiated MRSA and MSSA based on prominent staphyloxanthin
bands. A high-intensity band is noted in MRSA strains compared to MSSA, although
staphyloxanthin is not linked to antimicrobial resistance mechanisms [132]. The direct
application of Raman spectroscopy on bacterial colonies grown on a Mueller–Hinton agar

132



Diagnostics 2023, 13, 1014

plate yielded 100% accuracy in MRSA detection confirming its potential use in routine
clinical diagnostics [133].

The cell size and biochemical features of Staphylococcus aureus pose several challenges
in their detection. The antibiotic effect signature by SCRS analysis in three cefoxitin-resistant
Staphylococcus aureus strains and two susceptible strains revealed a weaker Staphylococcus
aureus spectrum than that previously detected with bacteria–drug combinations and was
highly variable. The phenotype correlated with the spectra confirming SCRS can be
extended to Staphylococcus aureus and introduced into the diagnostic system [134].

Raman microspectroscopy, where Raman spectrometry is coupled to a microscope,
had the ability to distinguish between Streptococcus agalactiae and Staphylococcus aureus.
Isogenic variants of Staphylococcus aureus strains lacking or expressing antibiotic resistance
determinants were also identified and marked as spectral biomarkers. Raman microspec-
troscopy has the ability to distinguish distinct forms of a single bacterial species in situ and
thus in detecting antibiotic-resistant strains of bacteria [132].

In addition, a SWATH-based quantitative study in combination with scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM) validated resistance
mechanisms in MRSA [135].

6.3. Klebsiella pneumoniae

Klebsiella are Gram-negative, encapsulated, non-motile, rod-shaped, and oxidase-
negative bacteria [136] classified under the Enterobacteriaceae family with a wide diver-
sity of species, including K. pneumoniae and others—K. indica, K. terrigena, K. spallanzanii,
K. huaxiensis, K. oxytoca, K. grimontii, K. pasteurii, and K. michiganensis. K. pneumoniae ac-
counts for both community- and hospital-acquired infections [137]. K. pneumoniae are resis-
tant to third-generation cephalosporins and ESBL strains and are susceptible to carbapen-
ems but account for significant mortality and morbidity [138] as well for the dramatic surge
of pan resistance of Klebsiella pneumoniae [139,140]. However, recent studies have shown
emerging resistance to carbapenems [141].

A high-throughput mass spectrometric analysis of ESBL strains and non-ESBL strains
of Klebsiella pneumoniae unraveled the pathogenicity determinants. The proteomic anal-
ysis identified fimbrial adhesins type 1 and type 3 related to cell invasion [142] and that
type 1 fimbrial adhesive proteins facilitate adherence and biofilm formation on abiotic
surfaces [143]. The detection of these adhesive structures has paved the way for the devel-
opment of alternative non-antibiotic strategies targeting the adhesive factors. A shotgun
proteomic analysis identified a capsule assembly of Wzi family protein and a capsule in
Klebsiella pneumoniae, which are critical in bacterial resistance [144] and induce the capac-
ity of the bacteria to enter the bloodstream causing bacteremia and pneumonia in the
host [145].

The study by Enany et al., 2020, identified with nano LC-MS different stress response
proteins such as the ElaB protein, Lon protease, and universal stress proteins G and A.
ESBL strains exhibited unique stress proteins—oxidative stress defense proteins and EntB
proteins—with isochorismatase activity, whereas non-ESBL strains had general stress
proteins. These proteins facilitate the bacteria to acquire iron and adapt to variable ranges
of oxygen levels, for example, hypoxia in the human colon, microoxia at different sites, and
hyperoxia in external media. The exploitation of siderophores by bacteria in exhibiting
resistance has led to siderophore–drug conjugates and synthetic analogues with therapeutic
potential in treatment.

Other unique proteins solely identified in the ESBL-producing Klebsiella pneumoniae
proteome were the OsmC and general stress protein. OsmC has a critical role in peroxide
metabolism and against oxidative stress [146] and general stress protein in the stress
resistance response [147].

Clinical studies show that carbapenem-resistant Klebsiella pneumoniae (CRKP) account
for 70–90% of carbapenem-resistant Enterobacteriaceae (CRE) and usually are multidrug-
resistant (MDR) [148] with a mortality rate > 50% even after appropriate antibiotic treat-
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ment [141]. Colistin is the “last resort” for CRKP infections, and the suboptimal use of
it has given rise to colistin-resistant CRKP which are extensively drug-resistant (XDR)
strains [149]. A TMT-labeled proteomic technique on both MDR and XDR strains identified
DEPs related to drug resistance namely ArnT, ArnD, ArnA, ArnC, ArnB, PmrD, YddW,
and OmpK36 in both strains. Notable among them were four β-lactamases, namely, KPC-2,
CTX-M-14, SHV-11, and TEM-1, in all the resistant strains. A distinct upregulation of efflux
pumps—KexD and AcrA—was noted. The enrichment of WecH, Bm3R1, OppC, OppA,
and OppF had the same DEPs in the MDR and XDR strains.

The colistin-resistant XDR strains have a robust biofilm-forming ability and are more
resistant [150]. Defects in porins OmpK35 and OmpK36 reduce sensitivity to carbapen-
ems [151,152]. Proteomic analysis detected decreases in the expression of OmpK36 in XDR
strains and OmpN in colistin-resistant XDR strains, and the sensitivity to several antibiotics
was enhanced with the overexpression of OmpN [153]. The DEPs between the MDR and
XDR strains were mainly enriched in cationic antimicrobial peptide (CAMP) resistance and
the two-component system—PhoP/PhoQ and PmrA/PmrB [154]. In the CAMP resistance
pathway, ArnBCADT, PmrD, and YddW were highly expressed in the colistin-resistant
XDR strains, which indicated that lipid A modification persisted as the primary mechanism
of colistin resistance in Klebsiella pneumoniae.

The two-component system comprises a sensor kinase and a response regulator that
maintains bacterial homeostasis including nutrition and antibiotic exposure [155]. The
proteomic analysis identified KdpB, OmpK36, PfeA, NasR, NarJ, and ArnB in the two-
component system pathway with KdpB being a subunit of K+ transporting ATPase. Among
these, Omp 36 is a porin protein important for iron homeostasis [156], PfeA is a ferric
enterobactin receptor [157], NasR is a regulator of nitrate/nitrite respiration and assimi-
lation [158], and NarJ is a system-specific chaperone for the respiratory nitrate reductase
complex [159].

A comparative proteomic study introduced MICs of a single antibiotic and revealed
the role of nutrient modulation in reducing resistance in single-antibiotic-resistant Klebsiella
pneumoniae [160,161] with a total of nine metabolic pathway proteins (Gar K, UxaC, ExuT,
HpaB, FhuA, KPN_01492, FumA, HisC, AroE) being differentially expressed. Similarly,
a comprehensive investigation of the proteomes of polymyxin-resistant and polymyxin-
susceptible strains of Klebsiella pneumoniae revealed that bacterial metabolism plays a
crucial role in mediating resistance. For example, the upregulation of the arginine biosyn-
thesis flux after colistin treatment increases the arginine-biosynthetic enzymes ArgABCDE,
ArgI, ArgG, and ArgH in colistin-treated Acinetobacter baumannii [162] and in gentamicin-
treated Staphylococcus aureus [163]. Arginine metabolism in Klebsiella pneumoniae moderates
hydroxyl-radical-induced damage via ammonia production [164].

One study reported the impact of colistin in decreasing the expression of the mal-
tose transporter LamB, a porin involved in the influx of antibiotics and the class A β

lactamases—TEM, SHV-11, and SHV-4 [165]. Comparative proteomic analysis of polymyxin-
susceptible Klebsiella pneumoniae validated the role of crrB-mediated colistin resistance in
which lipid A profiles presented the addition of one or two L-Ara4N molecules and palmi-
toylation with elevations in CrrAB, PmrAB, and ArnBCADT levels. The multidrug efflux
pump KexD and the GNAT family N-acetyltransferase were highly expressed in the crrB
mutant. Thus, the proteomic study confirmed the role of crrB mutation in colistin resis-
tance [164].

UV resonance Raman (UVRR) spectroscopy applied for the differentiation of Kleb-
siella pneumoniae outperformed Raman microspectroscopy with 92% accuracy in species
classification [166].

6.4. Acinetobacter baumannii

Acinetobacter baumannii are Gram-negative, round, rod-shaped bacteria (coccobacillus)
that predominantly cause nosocomial infections primarily, such as ventilator-associated
pneumonia (VAP) [21,167]. Carbapenem-resistant Acinetobacter baumannii (CRAB) is ranked
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as a number-one-priority organism by the WHO. For multidrug-resistant strains of Acineto-
bacter baumannii (MDR-AB), carbapenem is the preferred treatment drug [168]. However,
prior use of carbapenem increases resistance to carbapenem [169]. The alternate treatment
options for MDR-AB are polymyxins [170,171]. Acinetobacter baumannii strains resistant to
three or more classes of antimicrobials (penicillins and cephalosporins—including inhibitor
combinations, fluoroquinolones, aminoglycosides, and carbapenems) are classified as ex-
tensive drug-resistant strains (XDR-AB), and XDR-AB strains resistant to polymyxins and
tigecycline are pandrug-resistant (PDR-AB) [172,173].

In the MDR strain, the upregulation of antibiotic-resistant proteins β-lactamases
(AmpC, Oxa-23 carbapenemase, and TEM), outer membrane proteins (OmpA, a CarO
homolog, OmpW, NlpE homolog involved in copper resistance), drug-modifying enzymes
(aminoglycoside acetyltransferases, aminoglycoside 3′, phosphotransferase, nitroreductase
DrgA), and drug transporters (a homolog of the ABC transporter HlyD; the AcrB-AdelJK
cation/multidrug efflux pump) were noted. Host defense proteins, CRISPR-associated
proteins (Csy3 and Csy1), LexA-like regulator (SOS response), and cell surface porin
DcaP-like protein for biofilm formation, have been noted.

A TMT labeling and label-free proteomic study identified metal-dependent hydrolase-
related proteins andβ-lactamase-related proteins upregulated in MDR strains. Aminoglycoside-
modifying AphA1b was uniquely expressed in MDR strains. Antibiotic-resistant protein
DacD (D-alanyl-D-alanine carboxypeptidase), a PBP6b, and cell division protein ZapA,
involved in β-lactam resistance, were also upregulated. The ABC transporter, MFS trans-
porter, and RND transporter were upregulated. Stress-response-related proteins—Trigger
factor (TF), Heavy-metal-associated (HMA), Rhodanese-Like Domain (RHD), Universal
stress protein (Usp), AldA, and CysK—were upregulated.

A 2D-DIGE, MALDI-TOF/TOF, and iTRAQ/SCX-LC-MS/MS study identified the
unique biofilm capability of Acinetobacter baumannii [174]. A 2DE and LC-MS/MS study
noted the overexpression of proteins involved in iron storage, the metabolic process,
and lipid biosynthesis while an iron-deficient condition leads to the overexpression of
proteins involved in iron acquisition [175]. Quantitative phosphoproteomics identified the
phosphorylation sites in Acinetobacter baumannii by LTQ-Orbitrap MS enriched by SCX-TiO2
chromatography [176].

A comparison of the spectral difference in Acinetobacter strains by Raman spectroscopy
emphasizes its advantages and the rapidity of the discriminative power compared to MS.
Further, the performance of Raman spectroscopy was superior in Acinetobacter baumannii
strain differentiation as it contained whole-cell information [177].

6.5. Pseudomonas aeruginosa

Pseudomonas aeruginosa are Gram-negative, aerobic–facultatively anaerobic, rod-shaped
bacteria that frequently establish bacteremia in neutropenic patients causing high morbidity
and mortality rates [178,179]. It is a model organism in understanding biofilm physiology
and antibiotic tolerance. It is the primary causative organism of chronic infections in chronic
cystic fibrotic lungs by forming biofilms that are refractory to the host immune system
and antimicrobial therapies [180]. Pseudomonas aeruginosa accounts for >5% of infectious
exacerbations in chronic obstructive pulmonary disease (COPD) patients and associated
mortality [181].

The resistance mechanisms exhibited by Pseudomonas aeruginosa are intrinsic, acquired,
and adaptive. Intrinsic resistance results from low outer membrane permeability and
expression of the efflux pump. It acquires resistance either by horizontal gene transfer or
from mutations in resistance genes [182]. Adaptive resistance is marked by the formation
of a biofilm that serves as a diffusion barrier [183]. In addition, multidrug-tolerant cells
form a biofilm as is the case with cystic fibrosis patients [184].

Virulence factors are not expressed constitutively but are cell-density-dependent and
sensed by a diffusible molecule such as N-acyl homoserine lactone (AHL), in a process
known as quorum sensing [185–187]. In Pseudomonas aeruginosa, quorum sensing is regu-
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lated by the las and rhl system that is interrelated. las mediates transcriptional activator
LasR and LasI and an AHL synthase to synthesize N-3-oxo-dodecanoyl-homoserine lactone
(3-oxo-C12-HSL). The rhl system mediates RhlR and RhlI for the synthesis of N-butanoyl
homoserine lactone (C4-HSL). The las system is an activator of rhlR and rhlI. Mutations
in the quorum sensing circuitry lower virulence [188–190]. Proteomic analysis of post-
translational modifications in Pseudomonas aeruginosa PAO1 quorum-sensing (QS) system
revealed differentially expressed proteins partly rescued only by a medium containing
AHL signal molecules [191]. Another study also revealed that the inactivation of the QS
system termed “quorum quenching” results in the reduced expression of many extracellular
virulence factors, including proteases, chitinase, and lipases [192,193] and the downreg-
ulation of the type II Xcp secretion system [194]. The outer membrane hemin-binding
receptor PhuR was positively regulated by AHL, demonstrating that the has system (haem
acquisition system) and the Phu Haem acquisition system are regulated by the lasI rhlI
QS circuitry.

The LC-ESI MS/MS study identified DEPs that correspond with porins OprD, OprE,
OprF, OprH, and Opr86, LPS assembly protein, and A-type flagellin. Significant downreg-
ulation of flagellin A protein, OprF, and OprD and the upregulation and modification of
OprH, OprE, Opr86, and LptD are noted in tolerant strains reflecting the adaptability of
bacteria in conditions in which porins play an important role.

Proteomic studies by iTRAQ revealed the involvement of biofilm formation in antibi-
otic resistance mediated by proteins ArcA and IscU. Antibiotic resistance alterations by
drugs also showed changes in the expression of the proteins PhzA, PhzB, PhzM, MetQ1,
ArcA, IscU, lpsJ, and PilA involved individually or synergistically in the regulation of PA
quorum sensing, the bacterial secretion system, bacterial biofilm formation, and CAMP
resistance [195].

Detection of carbapenemases activity is challenging which has been simplified by a
modified MALDI-TOF MS assay that detects the β-lactam ring and its degradation products.
B-lactamases disrupt the central β-lactam ring of drugs by hydrolysis, and this hydrolysis
corresponds to a mass shift of +18 Da that is easily detected by MALDI-TOF MS. This
method has validated β-lactamase activity in Acinetobacter baumannii [196]. In the case of
assays involving meropenem, the visualization of degradation products by MALDI-TOF
MS is difficult due to their binding to cell lysate components. The modified method detects
degradation products and has been validated with NDM-1-, VIM-1-, KPC-2-, KPC-3-,
and OXA-48/-162-producing members of the Enterobacteriaceae and NDM-1-producing
Acinetobacter baumannii isolates [197–199].

By convention, carbapenemase strains are identified by phenotypic methods such
as the modified Hodge test. Carbapenems in combination with different inhibitors (e.g.,
cloxacillin, EDTA, or 3-aminophenyl boronic acid (APB)) are used to differentiate among
AmpC, metallo-β-lactamases (MBLs), and Klebsiella pneumoniae carbapenemase (KPC). The
MBLs are identified by inhibition with EDTA, for differentiating between MBL and other
carbapenemases in Enterobacteriaceae and Pseudomonas spp. in a MALDI-TOF platform [200].

Pseudomonas aeruginosa adapt to low-oxygen environments, and the protein involved
in this adaptation was investigated by both SWATH MS and data-dependent SPS-MS3
of TMT-labeled peptides. Under hypoxic stress (O2 < 1%), both aerobic (Cbb3-1 and
Cbb3-2 terminal oxidases) and anaerobic denitrification and arginine fermentation proteins
were increased [201]. Another proteomic analysis using iTRAQ technology identified DEPs
associated with resistance mechanisms such as quorum sensing, bacterial biofilm formation,
and active pumping [195].

6.6. Enterobacter spp.

Enterobacter are Gram-negative, rod-shaped bacteria in the Enterobacteriaceae fam-
ily. Enterobacter aerogenes and Enterobacter cloacae are clinically significant species that
are opportunistic, nosocomial pathogens originating from intensive care units especially
on mechanical ventilation [202]. Colistin, a cationic lipopeptide, is administered to treat
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multidrug-resistant (MDR) Enterobacter infections [203], including ESBL strains and/or
resistant to carbapenems [173]. Cell membrane electronegativity is lowered by modifying
lipid A, which decreases the binding affinity of colistin [204]. The classical methods of
testing colistin susceptibility are challenging [205], due to the lack of reproducibility, incon-
sistencies [206], and limitations and due to inaccurate MICs resulting from the adherence of
colistin to the testing wells [207]. Moreover, limitations exist in the protein-based MALDI-
TOF MS detection of Enterobacter infections and a modified lipid-based MS platform [208].

The lipid-based MS is the fast lipid analysis technique (FLAT) on a MALDI-TOF/MS
platform that rapidly identifies Gram-negative and Gram-positive bacteria [209,210]. FLAT-
MS is a highly sensitive method in identifying CRE and K. aerogenes [211]. The modifications
in the terminal phosphates of lipid A with phosphoethanolamine, L-amino-4-arabinose
(Ara4N), or galactosamine confer colistin resistance [212] but are detected by MALDI-TOF.

MALDI-TOF clustering confirmed the existence of a preferential way of transmission
for Gram-negative bacteria from the invasive procedure employed. LC-MS/MS identified
potentially pathogenic factor OmpX as the most abundant protein in Enterobacter cloacae
OMVs with hydrolase enzymes, that cause cell interaction [213] and enhance immune
tolerance [214] and the passage of microbial molecules through the tight junction of the
gut [215]. The OMVs assist in the formation of biofilm, as indicated by the presence
of OmpX.

Finally, a specific robust method to comprehensively detect ESKAPE pathogens at a
single-cell level uses Raman microspectroscopy. The spectral features were distinct for each
of the pathogenic bacteria and thus facilitated the identification [216]. Raman scattering
microscopy was also useful for the rapid identification and AST of pathogens in urine [217]
and notable in its ability to classify on a Gram-staining basis and AST results within ~3 h
drawing attention for clinical applications.

7. Summary and Perspective on the Role of Proteomics in Microbial Resistance Diagnosis

A number of proteomic tools have been used in the detection of AMR for ESKAPE
pathogens. To be practical and useful in the routine practice of clinical microbiology labs,
the proteomic tool should be accurate, rapid, and cost-effective. Modern microbiology
has attempted to introduce technology into laboratories that includes MALDI-TOF MS
“profiling” or “biotyping” as the first-line identification method as it involves a very simple
sample preparation. The workflow illustrates the direct smearing of a bacterial sample
onto the MALDI target, a short chemical extraction classically after overnight cultivation,
covered by a simple layer of one of the standard matrices, which is followed by the
acquisition of a suitable number of profile spectra from randomly chosen locations of the
sample spot. In “fingerprinting”, the peak list extracted from an averaged profile spectrum
is compared to the reference spectra peak lists. This has developed into a routine tool for
microbial identification transforming clinical microbiology. The rapid success of MALDI-
TOF-MS is attributable to the accuracy of identification, speed of analysis enabling earlier
implementation of therapy, and significant cost effectiveness, thus outperforming earlier
clinical routine tests based on biochemical reactions. Further, it has excellent performance
data on the accuracy of identification including those difficult to analyze by traditional
methods as in the case of Gram-negative non-fermenting bacteria.

MALDI-TOF profiling has comparative accuracy comparable to DNA-based methods.
For instance, in cystic fibrotic patients, biotyping for the identification of Gram-negative,
non-fermenting bacilli improves treatment outcomes, as they are life-threatening organisms.
It has also been useful in identifying anaerobic bacteria which are generally difficult to
identify by traditional clinical microbiological methods such as Clostridium, Bacteroides,
Prevotella, etc. A simple MALDI-TOF profiling approach has a chance of identifying bacteria
that are rare and difficult to culture and highly pathogenic bacteria, such as Francisella
tularensis, Brucella spp., Burkholderia mallei, and Burkholderia pseudomallei.

Prior inactivation has to be applied to highly pathogenic microorganisms before
analyzing them in a MALDI-TOF mass spectrometer to prevent any contamination of the
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instrument and avoid health risks for the users. A comparison with partial 16S rRNA
gene sequencing for difficult-to-analyze bacteria revealed correct identification (85.9%) in
the MALDI-TOF MS profiling, with the misidentification resulting from laboratory errors
rather than the failure of method.

The MALDI-TOF-MS-based species identification of bacteria provides results repro-
ducible within 10 min without any substantial costs for consumables. The MALDI protocol
is able to identify 1.45 days earlier on average. Incorporation of the MALDI protocol
significantly reduces reagent and labor costs together with a remarkable decrease in waste
disposal as well. In ESKAPE pathogens, proteomic antibiotic resistance detection has been
noted predominantly involving MALDI-based technologies.

The proteomic profiling of ESKAPE pathogens involving various technologies and
their relevance to antibiotic resistance is summarized in Table 1.

Table 1. Proteomic techniques for ESKAPE resistance.

Pathogen Proteomic Technique Physiological Effect Reference

Enterococcus

2DE/MALDI-TOF/MS
Resistance—VanA, VanB,

[107]Heat shock response—CspA

LC-MS Peptidoglycan synthesis—
d-Ala-d-Ala [218]

TIMS-TOF Multidrug resistance—EfrA, EfrB [219]

Nano-LC MS

OptrA protein, Esp protein

[220]
Surface exclusion protein—Sea1
Conjugal transfer protein—TraB

Replication protein—RepA
XRE—transcription regulator protein

MALDI-TOF Typing VanB positive [116,221]

MS/MS
LPxTG—Ace, Acm, Scm

[222]Pili—Ebp, PilA, PilB

iTRAQ Biofilm formation—strong and weak biofilm forming [223]

Raman spectroscopy Vancomycin resistance detection [81]

SWATH-MS PFL, LDH1 [120]

Staphylococcus
aureus

MALDI-TOF PBP2a [129,224]

Tandem MS β-lactam resistance, BORSA, MODSA [225,226]

SWATH-MS MRSA mechanism [135]

Raman spectroscopy Coagulase strain identification [227,228]

MALDI-TOF/MS Typing MRSA vs. MSSA [125,229,230]

LC-MS Endogenous peptides for differentiation [231]

2DE
Alkali shock protein 23—Asp23,

[232]Cold-shock protein—CspABC
Virulence regulator—SarA

iTRAQ-LC-MS/MS
iTRAQ/MS

Ftsh, AtpA, AtpC, AtpD, AtpH, GlyA

[233,234]

β-lactam resistance—PBP2′,
bifunctional autolysin—Atl, FmtA, PBP2,
peptidoglycan elongation protein MurA2,

transglycosylase domain protein—Mgt, teicoplanin
resistance TcaA,

LCP domain-containing proteins—MsrR
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Table 1. Cont.

Pathogen Proteomic Technique Physiological Effect Reference

Klebsiella
pneumoniae

1D-LC MS/MS Porins—LamB, CirA, FepA, OmpC [235]

iTRAQ/LC-MS/MS
Colistin resistance—CrrAB, PmrAB, PhoPQ,

[164]ArnBCADT, PagP
Multidrug efflux pump—KexD

iTRAQ
Capsule production proteins—Wza, Wzb, Wzc, Wzi,

Gnd, Ugd, Wca, CpsB, CpsG, GalF in ESBL+ [236]
TreA, Wza, Gnd, RmlA, RmlC, RmlD, GalE, AceE, SucD

Porins—OmpK35, OmpK36

LC-MS Carbapenemase activity [237]

MALDI-TOF
Differentiates carbapenemase vs. metallo β lactamases

[238–240]Carbapenemase
Carbapenemases—KPC-1, GES-5, NDM-1, VIM-1,
VIM-2, IMP-1, GIM-1, SPM-1, OXA-48, OXA-162

SILAC CRKP outer membrane [241]

Raman Spectroscopy Differentiate K. pneumoniae strains [166]

Acinetobacter
baumannii

2DE/MS-MS
1D/LC/MS-MS

Antibiotic stress proteins—
OmpA38, CarO, OmpW [242]

2DE AmpC, Cpn60 chaperonin, ATP synthase, OmpA [243]

2DIGE
Omp A, CarO, CsuA/B [244]

Inner membrane fraction [245]

TMT-LC-MS B-lactamase—Oxa23 [246]

MALDI-TOF
MDR—biotyping [247]

Carbapenemase detection [248,249]

Raman spectroscopy Epidemiological analysis [250]

MALDI-TOF/MS
MDR proteins [251]

Quorum sensing—AHL [252]

iTRAQ OmpW [253,254]

TRAQ/SCX-LC-MS/MS Biofilm—CsuABABCDE chaperone [174]

Pseudomonas
aeruginosa

MALDI-TOF
Quorum sensing [255]

Antibiotic resistance proteins—OprG, OprF, MexA,
OprD, OmpH [256]

MALDI-TOF/MS Metallo β lactamases [238,257]

LC-ESI MS/MS OprE, OprH, Opr86 [258]

BONCAT Biofilm [70]

2DGE/MALDI TOF Quorum sensing protein—PhuR, HasAp [259]

2DGE/XCT MS Adaptive resistance—porins (OprF and OprG) and
lipoproteins (OprL and OprI) [260]

SWATH-MS
Cbb3-1, Cbb3-2 terminal oxidases

[201]NarG, NarH, NarI nitrate oxidases
ArcA, ArcB, ArcC, PchA-G, FpvA, FpvB, FptA, PhuR,

HasR, PutA, KatG, KatE, Dps

Raman Spectroscopy Quorum sensing [261]

iTRAQ Biofilm—ArcA, IscU [195]

Enterobacter spp.

DIGE/LC-MS/MS ESBL [262]

LC-MS OMPV [263]

MALDI-TOF-MS MDR—carbapenem resistance [264]
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8. Pros and Cons of Proteomics in AMR

Antibiotic resistance is a serious problem. Proteomic studies in their detection has
provided vital information as it provides the entire protein profile after exposure of the
resistant, intermediate, and susceptible bacteria to sublethal antibiotic concentrations. The
response to antibiotics involves proteins related to almost the entire metabolic processes
such as energy, nitrogen metabolism, nucleic acid synthesis, glucan biosynthesis, and
stress response. Usually, proteomic expression profiles are confirmed with a genomic
and/or transcriptome analysis including post-transcriptional modifications. The major
pros are that the proteomic tools are more functionally and phenotypically relevant than
genetic/genomic assays. In the era of massive nucleic acid sequencing, proteomic tools are
promising to mitigate the gap between nucleic acid sequencing and AMR. The advantage
of providing more phenotypically relevant information in AMR is crucial because there is
still a considerable discrepancy between nucleic acid sequencing and AMR. Harnessing
proteomic tools in AMR is needed in the investigation of AMR.

The major cons are that most proteomic tools are expensive, labor-intensive, and
time-consuming. While the cost of nucleic acid sequencing has dropped significantly over
the past two years and will continue to drop in the near future, the cost of proteomics
tools does not appear to be decreasing in the near term. More importantly, most proteomic
tools are labor-intensive and lack automation. This would have a significant impact on
their widespread use in clinical microbiology while addressing the massive clinical testing
demands. Due to a lot of manual processes, proteomic tools are relatively time-consuming.
When the flaws are not significantly improved, proteomic tools can be used only for research
but are not possible to be widely used in clinical microbiology.

Proteomic tools are more functionally and phenotypically relevant than genetic/genomic
assays. Among the proteomic tools, MALDI-TOF MS is only one proteomic tool that is
rapid and accurate. Thus, easy sample preparation and short turn-around time make
MALDI-TOF a practical tool that has been widely used in clinical microbiology labs. Some
studies have reported successful AMR detection based on the MALDI-TOF MS spectra.
However, the wide application of MALDI-TOF MS in AMR detection has not met a general
agreement yet. The reason could be that results reported from various countries and teams
were still significantly different.

The difference in prevailing local strains can be the possible mechanism explaining the
performance discordance. One of the possible solutions is using a more sophisticated AI
algorithm to build a more robust MALDI-TOF AI model, so the AI model can be generalized
to every local region. By contrast, another solution is to train a locally useful MALDI-TOF
AI model based on locally relevant MS data. In the methodology, the idea of one-fits-all
generalization is abandoned. Instead, a locally tailored MALDI-TOF AI model is the focus.
Further investigations addressing the issue are still on the way.

9. Conclusions

In conclusion, proteomics plays a critical role in providing functionally relevant
information in the study of bacterial resistance diagnostics. From simple two-dimensional
gel electrophoresis to mass spectrometry, current proteomics methods used for microbial
studies are reliable. With the combined capabilities of top-down and bottom-up approaches,
proteomics can pursue studies ranging from the quantification of gene expression to
host–pathogen interactions. As evidenced by the recent pandemic, it is noteworthy that
proteomic advances can aid in the diagnosis of ESKAPE resistance and prevent the next
impending pandemic of antibiotic resistance. Moreover, the cost of proteomic techniques
is effective when considering the laborious bacterial culture techniques. Together with
genomics, advances in proteomic tools promise to provide a more comprehensive view of
antibiotic resistance mechanisms and diagnostics.
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