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Editorial

Diagnosis, Characterization, and Treatment of Emerging
Pathogens, Second Edition

Shengxi Chen

Biodesign Center for Bioenergetics, Arizona State University, Tempe, AZ 85287, USA; shengxi.chen.1@asu.edu

Emerging and re-emerging pathogens continue to pose significant challenges to global
health, because of the limits of current diagnostic, therapeutic, and preventive strategies [1–5].
Building upon the success of the first collection on this topic (contribution 1), the second vol-
ume of the Special Issue, “Diagnosis, Characterization, and Treatment of Emerging Pathogens,
Second Edition” presents a comprehensive selection of original studies and case reports that
advance our understanding of pathogenic mechanisms, molecular characterization, innovative
diagnostic approaches, and the clinical management of infectious diseases. In summary, these
contributions underscore the ongoing need for interdisciplinary collaboration that bridges
microbiology, molecular biology, clinical medicine, and public health to effectively confront
the evolving landscape of infectious threats.

In this Special Issue, tuberculosis (TB) remains a central focus, reflecting its ongoing
significance as a leading cause of infectious mortality worldwide. Wumaier et al. investigate
the role of G-protein-coupled receptor 84 (GPR84) in the interaction between Mycobacterium
tuberculosis (Mtb) and macrophages (contribution 2). Their findings reveal that GPR84
modulates pro-inflammatory cytokine expression and promotes lipid droplet accumulation,
thereby facilitating bacterial persistence within host cells. This work provides new insight
into host–pathogen interactions and identifies GPR84 as a potential therapeutic target
for host-directed TB treatment strategies. Complementing this, Cuthbert et al. report
the structural characterization of the Mtb encapsulin in complex with dye-decolorizing
peroxidase (DyP) (contribution 3). The study presents high-resolution crystallographic
data that elucidate the structural features of this encapsulated complex and its relevance
to oxidative stress resistance, adding an important layer to our understanding of Mtb’s
adaptive mechanisms within macrophages.

Technological advancements in microbial diagnostics are also well represented. Hand-
igund and Lee evaluate the Novaplex™ multiplex real-time PCR assay for the detection
of Streptococcus agalactiae serotypes, demonstrating its accuracy, efficiency, and potential
utility for routine clinical use in serotype identification (contribution 4). Chen et al. further
contribute to diagnostic innovation through the integration of artificial intelligence and
machine learning into an automated microscopy platform for acid-fast bacilli detection in
sputum smears (contribution 5). Their results show that this intelligent microscopy system
achieves high sensitivity and specificity, offering a promising approach for improving
diagnostic throughput in TB laboratories, particularly in high-burden settings.

Viral and fungal pathogens are also addressed through molecular and epidemiological
investigations. Tikute et al. describe the emergence of the recombinant Coxsackievirus A6
subclade D3/Y during a hand–foot–and–mouth disease outbreak in India, underscoring the
rapid genomic evolution and epidemiological dynamics of enteroviruses (contribution 6).
Similarly, van Steen et al. present a fatal case of necrotizing pneumonia caused by exfoliative
toxin etE2-producing Staphylococcus aureus belonging to sequence type ST152, highlighting
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the pathogenic potential of emerging S. aureus lineages harboring novel virulence factors
(contribution 7). In a parallel line of inquiry, Stolfa et al. report the first case of Candida auris
sepsis in Southern Italy, integrating antifungal susceptibility testing and whole-genome
sequencing to characterize this multidrug-resistant yeast (contribution 8). Their findings
emphasize the importance of genomic surveillance and stringent infection control measures
in preventing nosocomial transmission.

In the field of pediatric infectious diseases, Di Meglio et al. provide two case reports
and a systematic review of Streptococcus pyogenes meningitis, a rare but severe condition
(contribution 9). Their analysis identifies key prognostic indicators, including bacteremia
and a high Phoenix Sepsis Score, which are associated with poor outcomes. This work
contributes valuable clinical evidence to guide management and prognosis in pediatric
patients. Lastly, Cheng and Chen review the application of in vitro models for studying the
complex interactions between environmental exposures and the human microbiota (contri-
bution 10). Their review highlights how these systems can serve as ethically viable and
mechanistically informative tools to investigate exposure–microbiota dynamics, offering
an important framework for future research on environmental determinants of microbial
ecology and human health.

Collectively, the studies presented in this Special Issue illustrate the multidimensional
progress being made in pathogen diagnosis, molecular characterization, and treatment
innovation. From molecular insights into host–pathogen interactions to the development
of advanced diagnostic platforms and genomic surveillance tools, these contributions
underscore the importance of cross-disciplinary collaboration in addressing the ongoing
and emerging challenges posed by infectious diseases.
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Abstract

Tuberculosis (TB) remains the major cause of mortality and morbidity, causing approxi-
mately 1.3 million deaths annually. As a highly successful pathogen, Mycobacterium tuber-
culosis (Mtb) has evolved numerous strategies to evade host immune responses, making
it essential to understand the interactions between Mtb and host cells. G-protein-coupled
receptor 84 (GPR84), a member of the G-protein-coupled receptor family, contributes to the
regulation of pro-inflammatory reactions and the migration of innate immune cells, such
as macrophages. Its role in mycobacterial infection, however, has not yet been explored.
We found that GPR84 is induced in whole blood samples from tuberculosis patients and
Mycobacterium marinum (Mm)-infected macrophage models. Using a Mm-wasabi infection
model in mouse tails, we found that GPR84 is an important determinant of the extent of
tissue damage. Furthermore, from our studies in an in vitro macrophage Mm infection
model, it appears that GPR84 inhibits pro-inflammatory cytokines expression and increases
intracellular lipid droplet (LD) accumulation, thereby promoting intracellular bacterial
survival. Our findings suggest that GPR84 could be a potential therapeutic target for
host-directed anti-TB therapeutics.

Keywords: tuberculosis (TB); G-protein-coupled receptors 84 (GPR84); pro-inflammatory
cytokines

1. Introduction

Tuberculosis (TB), caused by the Mycobacterium tuberculosis (Mtb), has re-emerged
as the leading cause of death from infectious diseases worldwide, posing a significant
public health threat [1]. Because Mtb can develop resistance to all currently used drugs, and
because of the current scarcity of new candidate anti-TB drugs, there is increasing interest in
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host-directed therapy (HDT) to target components of the host’s immune response [2,3]. Sev-
eral innovative host-directed agents target the membrane receptors that are characterized
by high specificity for ligands and mediate signal recognition and transduction [4,5].

The G-protein-coupled receptors (GPCRs), as transmembrane proteins, include
chemokine receptors, bioactive lipid receptors, and orphan receptors and play signifi-
cant roles in the progression of mycobacterial infection [6–8]. The expression of chemokine
receptor CCR5 is upregulated in Mtb-infected mouse bone marrow-derived macrophages
(BMDMs) and activates the kinases Lyn and ERK to promote IL-10 production [6]. Similarly,
the anti-lipolytic receptor GPR109A leads to a reduction in cyclic adenosine monophosphate
(cAMP), which decreases perilipin phosphorylation. This process results in the formation
of a protective layer around LDs that prevents lipolysis and facilitates the retention of
Mtb within macrophages [7]. In contrast, certain GPCRs act against mycobacterial growth.
The oxysterol-sensing receptor GPR183 inhibit Mtb and BCG proliferation by negatively
regulating type I IFN production [9]. Additionally, in a peritoneal macrophage model of
BCG infection, the deficiency of GPR160 impedes ERK signaling, reducing BCG entry and
enhancing resistance in mice [8]. Collectively, these studies demonstrate that GPCRs modu-
late host immune pathways to either facilitate or inhibit mycobacterial growth. Moreover,
a screening of host-targeted small molecules identified that 32% (41/133) of compounds
that limit mycobacterial growth in macrophages are GPCR modulators [10]. This highlights
the potential of GPCRs as therapeutic targets for tuberculosis treatment.

GPR84 falls within the rhodopsin-like branch of the GPCR family (Class A) and
is expressed in various innate immune cell types, including neutrophils, monocytes,
macrophages, and microglia [11,12]. It has been reported that GPR84 contributes to in-
flammatory disease processes including ulcerative colitis, acute lung injury, diabetes, and
atherosclerosis [13–15]. In a dextran sulfate sodium (DSS)-induced acute colitis mouse
model, lowered protein levels of pro-inflammatory cytokines, including IL-1β, IL-6, and
TNF-α in colon tissue in Gpr84−/− mice at later stages and mitigated mucosal damage [13],
were observed. Similarly, in an LPS-induced acute lung injury (ALI) model, Yin et al. ob-
served that alveolar macrophages transitioned from a CD11blo to a CD11bhi inflammatory
state at later stages, whereas Gpr84−/− alveolar macrophages (AMs) reduced the mRNA
expression of inflammatory cytokines such as IL-6, TNF, and IL-12β [14], ultimately leading
to milder tissue damage. These studies indicate that GPR84 exacerbates inflammation-
induced tissue damage and enhances the expression of pro-inflammatory cytokines in
the later stages of disease. Furthermore, GPR84 has been implicated in the immune re-
sponses to both bacterial and viral infections [16]. For instance, BMDMs pretreated with
a GPR84 agonist (6-OAU) demonstrated increased phagocytic activity against E. coli [15].
In a zebrafish–Shigella model, Torraca et al. illustrated that gpr84 remained differentially
expressed during both early (4 h) and late (24 h) stages of infection, with gpr84-deficient
zebrafish exhibiting heightened susceptibility to Shigella infection [17]. In the context of
viral infection, GPR84 expression was upregulated in neutrophils from COVID-19 patients,
as revealed by the RNA sequencing of bronchoalveolar lavage fluid [18]. Collectively,
these findings underscore the complex role of GPR84 in immune responses to pathogenic
infections. GPCRs are important targets for drug development, and identifying the spe-
cific GPCR targets involved in the progression of TB is crucial for drug development [10].
Through the analysis of publicly available RNA-seq datasets, we found that GPR84 is
upregulated in the very early stages of mycobacteria infection (2h or 4h), suggesting that
GPR84 may play a key role in the establishment of mycobacteria infection [19,20]. How-
ever, no studies have yet reported on the function of GPR84 in mycobacterium infection.
Therefore, we conducted an initial exploration of the role and mechanism of GPR84 in
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mycobacterium infection, providing new insights into the host–pathogen interaction in
mycobacterium infection.

We report that GPR84 expression is markedly upregulated during mycobacterial infec-
tions. Utilizing Mm infections in both an in vivo mouse model and an in vitro macrophage
model, we show an association between GPR84 and mycobacterial proliferation, infection-
induced tissue damage, and the expression of pro-inflammatory cytokines. These find-
ings suggest that GPR84 is integral to the pathophysiology of mycobacterial infection
and represents a potential target for host-directed therapeutic strategies in the treatment
of tuberculosis.

2. Materials and Methods

2.1. Collection of Blood Samples from TB Patients

Blood samples were obtained from 45 healthy controls (HC) and 48 TB patients (TB),
through the Tuberculosis Department and the Physical Examination Center of Shanghai
Public Health Clinical Center. Whole blood samples were collected in EDTA anticoagu-
lant tubes, and RNA was extracted using Qiagen kit (QIAGEN, Dusseldorf, Germany).
Furthermore, 1 μL of the RNA samples was used to determine the concentration and
purity with the Nanodrop 2000, which was subsequently utilized for subsequent qRT-PCR
analysis. The sample collection was approved and followed ethical guidelines by Shanghai
Public Health Clinical Center Ethics Committee, Fudan University (Number: 2019-S009-02).
Informed consent was obtained during the collection process.

2.2. Bacteria Strain

The Mm-wasabi and Mm-tdTomato were generously provided by Lalita Ramakrishnan
from the University of Washington [21] and Professor Stefan H. Oehlers [22], respectively.
The Mm-wasabi and Mm-tdTomato strains were cultivated in 7H9 medium supplemented
with 10% OADC and 50 μg/mL hygromycin (Hyg) at a temperature of 32 ◦C. Upon reaching
the logarithmic growth phase, indicated by an OD600 of 0.6 to 0.8, the bacterial cultures
were subjected to sonication using a disperser. The ultrasound parameters employed
included sonication for 15 s, separated by a 10 s pause, with a total treatment duration of 1
min [23].

2.3. Cell Culture

In this study, three distinct types of macrophages were utilized: the mouse macrophage
cell line RAW264.7, the human macrophage cell line THP-1, and mouse bone marrow-
derived macrophages (BMDMs). RAW264.7 cells were cultured in a DMEM medium
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). THP-1
cells were maintained in 1640 medium, also supplemented with 10% FBS and 1% P/S, and
were differentiated with PMA for 48 h prior to experimentation. All cell cultures were
incubated at 37 ◦C in a 5% CO2 atmosphere [24].

BMDMs were isolated from the tibias and femurs of 6- to 8-week-old female C57BL/6
WT and Gpr84−/− mice. In brief, fresh bone marrow cells were extracted and cultured in
the DMEM medium containing 10% FBS, 1% P/S, and 100 ng/mL M-CSF for a duration
of 7 days. Following this incubation period, the mature BMDMs were harvested and
subsequently seeded into various culture dishes or plates as required for the experimental
procedures [25].

2.4. Infection of Macrophages

The bacterial inoculum for the infection of macrophages was determined according
to the specific experimental design [26]. For the collection of RNA samples, macrophages
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were seeded 6 × 105 cells/well in a 12-well plate and infected with Mm-wasabi at a MOI
of 10. For intracellular bacterial proliferation, BMDMs were seeded 6 × 105 cells/well in
a 12-well plate and infected at an MOI of 1. Following infection, BMDMs were treated with
200 μg/mL of gentamicin at 4 hpi to eliminate extracellular bacteria. BMDMs were then
lysed with 0.1% Triton X-100 at 6 hpi, 24 hpi, and 48 hpi, respectively. The released bacteria
were plated onto 7H10 agar plates and were counted for 2 weeks.

2.5. qRT-PCR Detection of GPR84 mRNA Expression

Total RNA was isolated using TRIzol reagent [24], and RNA concentration was mea-
sured using a Nanodrop spectrophotometer. The RNA was then stored at −80 ◦C. Reverse
transcription was performed using a reverse transcription kit according to the manufac-
turer’s instructions to convert RNA into cDNA. Quantitative RT-PCR was then performed
using SYBR Green Supermix on the CFX96 Real-Time System (BioRad, Hercules, CA, USA).
The sequences of the primers used are shown in Table 1.

Table 1. Primers used for qPCR. Related to Figure 1.

Gene Name GeneBank (No.) Forward and Reverse Primer Sequence (5′-3′)

Human GPR84 MT536737.1 F: TGAAGCCTAACTGTCCACCAG
R: CCACATGATAGAGGCTGAGT

Human β-actin PQ040393.1 F: TCACCATGGATGATGATATCGC
R: ATAGGAATCCTTCTGACCCATGC

Mouse Gpr84 AF272948.1 F: CCACCGCTTTTGCAAGGATGT
R: AACGGTAGCCCTCAACAGAG

Mouse β-actin BC138611.1 F: GCCGGGACCTGACAGACTAC
R: TGGCCA TCTCCTGCTCGAAG

The relative expression of the target gene was calculated using the comparative
threshold cycle (CT) method, specifically the 2−ΔΔCT method. The formula is as follows [24]:

ΔΔCT = Experimental sample (CTtarget gene − CTβ-actin) − Control sample (CTtarget gene − CTβ-actin).

2.6. Animals

Female wild-type (WT) mice were purchased from Shanghai Jihui Co., Ltd. (Shanghai,
China). The Gpr84 knockout (Gpr84−/−) mice were kindly provided by Professor Hua
Ren from East China Normal University [27]. Mice were maintained under standard
specific pathogen-free (SPF) conditions, with a temperature of 24 ◦C, humidity levels
ranging from 45% to 55%, and a 12 h light/dark cycle, allowing for ad libitum access to
food and water. All female mice utilized in the experiments were aged between 6 and
8 weeks and were randomly selected and maintained into different mouse cages. Three
experiment members joined the mouse tail vein infection process, and Member A randomly
selected a mouse, Member B numbered the group “WT group” and “Gpr84−/− group”,
and Member C conducted tail veins injection. The animal infection experiments were
approved by Shanghai Public Health Clinical Center Laboratory Animal Welfare & Ethics
Committee, Fudan University (Number: 2021-A051-01).

2.7. Mouse Infected with Mm-Wasabi, Histopathological Analysis, Nile-Red Staining, and
Acid-Fast Staining
2.7.1. Mouse Infected with Mm-Wasabi

The tail veins of 6 to 8-week-old mice were injected with 4 × 107 colony-forming
units (CFU) of Mm-wasabi, with phosphate-buffered saline (PBS) as a negative control.
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Tissue damage in the tails of the mice was evaluated visually every other day over
a total of 14 days, after which the mice were euthanized and the tails were harvested
and examined for tissue pathology. The total area of tail ulcers (mm2) was calculated as
length (mm) × width (mm) [24].

2.7.2. Histopathological Analysis

The collected mouse tail samples were fixed in 4% paraformaldehyde and embedded
in paraffin. Then, 5 μm thick sections were stained with hematoxylin and eosin (H&E) and
examined by light microscopy [24]. The Mm burdens in the mouse tail were calculated by
acid-fast staining according to standard Ziehl–Neelsen method, and they were visualized
by light microscopy [28].

2.7.3. Nile Red Staining

The collected mouse tail samples were fixed in 4% paraformaldehyde and subse-
quently embedded in paraffin. Tissue sections were deparaffinized in xylene for 10 min,
repeated three times, and then rehydrated using a gradient of ethanol (100%, 85%, and 75%)
with each concentration maintained for 5 min, followed by a wash with distilled water.
The sections were then incubated with Nile Red dye (1 μg/mL) (AbMole, M5118) (37 ◦C,
30 min), and the nuclei were stained with DAPI (RT, 10 min) [29,30]. Fluorescent images
were acquired using a Nikon inverted fluorescence microscope.

2.7.4. Immunofluorescence Assay

Mouse tail sections, deparaffinized and rehydrated as above, were treated with
an EDTA antigen retrieval solution for 30 min at 100 ◦C and at a pH of 9.0. Follow-
ing this, the sections were blocked with 3% BSA, incubated with primary antibodies (5
μg/mL, overnight), and incubated with secondary antibodies. Finally, DAPI was applied
for nuclei stained [31]. Fluorescent images were observed and captured using a Nikon
inverted fluorescence microscope.

2.8. Immunofluorescence Microscopy Imaging

For immunofluorescence assays, cells were seeded into glass-bottom dish (Thermo
Scientific™, Waltham, MA, USA, 150682). After completion of the infection assay, the dishes
were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and then
blocked with 5% goat serum in PBS. The dishes were then incubated with BODIPY and
counterstained with DAPI. Images were visualized using a Leica SP8 confocal microscope
(Laica, Wetzlar, Germany).

2.9. Flow Cytometry

Mm-tdTomato (MOI = 10) were added to BMDM for 4 h, and non-infected bacteria
were eliminated with 200 μg/mL of gentamicin for 2 h. The BMDM were then treated
with 1 mg/mL BODIPY 493/503 (Invitrogen D3922, Carlsbad, CA, USA) (RT, 15 min) and
stained with a dead/live dye (FVD eFluor 780, Invitrogen 65-0865) (1:1000, RT, 10 min).
Subsequently, BMDM were washed and fixed with 3% paraformaldehyde (RT, 30 min),
resuspended in 100 μL PBS, and further analyzed for LDs accumulation using the BD
LSRFortessa flow cytometer (BD, Franklin Lakes, NJ, USA) [32].

2.10. RNA Sequencing and Transcriptome Analysis

WT-BMDM and Gpr84−/− BMDM infected with Mm-wasabi were collected at 4 hpi
and 36 hpi, and RNA extracted using TRIzol reagent. Transcriptome sequencing and
analysis were performed by Shanghai OE Biotechnology Co., Ltd. (Shanghai, China). In
brief, libraries were sequenced on the Illumina Novaseq 6000 platform (Illumina, San Diego,
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CA, USA), and the principal component analysis (PCA) of gene counts was conducted
using R (v3.2.0) to assess biological replication across samples.

HISAT2 software (v2.1.0) was used for alignment to the reference genome
(NCBI_GRCm39) [33]. Differentially expressed genes (DEGs) were identified using DESeq2
(v1.22.2) with a q-value < 0.05 and fold change > 2 or <0.5 [34]. Gene Ontology (GO) [35] and
Kyoto Encyclopedia of Genes and Genomes (KEGG) [36] pathway analyses were performed
using hypergeometric distributions to identify significantly enriched functional categories.
Gene Set Enrichment Analysis (GSEA) [37] was conducted using predefined gene sets, and
genes were ranked based on their differential expression between sample groups.

2.11. Data Analysis

GraphPad Prism 9 software was used to analyze the data, presented as Mean ± SEM.
Image J (v1.8.0) software was used to analyze the fluorescence images. Student’s t-test
(two-tailed), one-way ANOVA with Tukey’s multiple comparisons test, and two-way
ANOVA with multiple comparisons were performed to test the statistical significance.
p < 0.05 was considered significant.

3. Results

3.1. Mycobacterial Infection Induces Upregulation of GPR84 Expression

To investigate the role of GPR84 in TB, we compared the amino acid sequence of the
GPR84 homolog in mice with that of human GPR84. The results showed that the amino
acid sequences of the seven transmembrane regions are highly conserved among these
species (Figure 1A). Next, we explored GPR transcript changes during Mtb infections with
publicly available data, and GPR84 is significantly upregulated among RAW264.7 infected
with different MOIs [19] and H37Rv-infected AM [20] at early time points of infection (4 h
or 2 h). Subsequently, we assessed the expression of GPR84 mRNA in whole blood samples
obtained from patients diagnosed with tuberculosis. The results indicated a significant
upregulation of GPR84 mRNA in the blood of these patients (Figure 1B), suggesting the
potential involvement of GPR84 in the progression of mycobacterial infection. Following
this, we validated these results in vitro using mice and human macrophage cell lines in-
fected with Mm-wasabi, which similarly demonstrated a significant increase in Gpr84 mRNA
expression post-infection (Figure 1C,D). These findings corroborate that the upregulation
of GPR84 is positively correlated with mycobacterial infection, implying that GPR84 may
play a critical role in the mycobacterial infection process within the host.

Figure 1. Mycobacterial infection induces a significant increase in GPR84 mRNA expression.
(A): comparison of mouse GPR84 homologous proteins with human GPR84. The differential amino
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acid is marked in blue, and the seven transmembrane sequences are marked in the black box.
(B): GPR84 mRNA expression in the blood of 48 tuberculosis patients (TB, n = 48) and 45 healthy
controls (HC, n = 45). (C): GPR84 mRNA expression in PMA-differentiated THP- 1 macrophages
infected with Mm-wasabi (MOI = 10) compared to non-infected controls at 6 hpi. Total RNA was
isolated and subjected to RT-PCR. (D): Gpr84 mRNA expression in RAW264.7 macrophages infected
with Mm-wasabi (MOI = 10) compared to non-infected controls at 6hpi. Total RNA was isolated
and subjected to RT-PCR. Values were normalized to β-actin. Data were analyzed with GraphPad
Prism 9 software and are presented as mean ± SEM. Data are representative of three independent
experiments. Statistical analysis was conducted using Student’s t-test for (B–D). **: p < 0.01.

3.2. GPR84 Aggravates Mycobacterium-Induced Tissue Damage

We subsequently employed an in vivo mouse tail vein infection model to evaluate
the effects of Gpr84−/− mice on tissue pathology following Mm-wasabi injection into the
tail vein (Figure 2A) [24]. Ulceration was observed on the tails of all mice at 14 dpi;
however, overall, tail lesions on Gpr84−/− mice were significantly reduced in comparison
to the tail lesions of WT mice (Figure 2B,C). WT mice displayed elongated and continuous
lesions with swelling, extensive skin ulceration, and white nodules. In contrast, Gpr84−/−

mice exhibited only mild skin damage characterized by sparsely distributed lesions and
minimal ulceration, resulting in significantly smaller areas of ulceration (Figure 2B,C). The
histological analysis of tail tissue sections, along with counts of immune cells, indicated
a decreased level of immune cell infiltration in Gpr84−/− mice (Figure 2D,E). Moreover,
Gpr84−/− mice infected with Mm-wasabi exhibited lower Mm loads in their tails examined
by acid-fast staining (Figure 2F,G). These results suggest that GPR84 plays an important
role in mediating tissue damage and promoting infection.

3.3. GPR84 Promotes Intracellular Proliferation of Mm-Wasabi and LD Accumulation

BMDMs from Gpr84−/− and WT mice were infected with Mm-tdTomato at an MOI of 1,
and intracellular bacterial proliferation was assessed at 6, 24, and 48 hpi. Gpr84−/− BMDMs
demonstrated significantly lower bacterial loads in comparison to WT BMDMs (Figure 3A).
Because LD accumulation can influence mycobacterial growth within macrophages [38],
we hypothesized that GPR84 deficiency might also affect LD accumulation in macrophages.
Using BODIPY staining to visualize LD accumulation in BMDMs, we found that following
Mm-tdTomato infection induced the formation of LDs, which co-localized with Mm-tdTomato.
Compared to WT BMDM, Gpr84−/− BMDMs exhibited less co-localization of bacteria
with LDs (Figure 3B) and a reduced BODIPY fluorescence intensity, indicating fewer LDs
(Figure 3C). Furthermore, flow cytometry analysis confirmed a significant reduction in
the number of BODIPY+ macrophages within the Gpr84−/− group (Figure 3D). Similarly,
the histological examination of sections from the tail lesions revealed significantly less LD
accumulation in the lesions of Gpr84−/− mice (Figure 3E,F) compared to WT mice.

3.4. Gpr84−/− BMDMs Promotes the Expression of Pro-Inflammatory Cytokine

To further explore the factors contributing to the limited proliferation of mycobac-
terium in Gpr84−/− BMDMs, we conducted a systematic analysis of differentially expressed
genes (DEGs) in Mm-infected WT and Gpr84−/− BMDMs using RNA-seq technology. WT
and Gpr84−/− BMDM samples were effectively differentiated through multidimensional
scaling (Figure 4A,B). Compared to WT BMDMs, 25 genes were significantly upregulated
in Gpr84−/− BMDMs at both 4 hpi and 36 hpi. Among these, Adamts1 [39], Bex1 [40],
Col5a3 [41], Mid1 [42], and Tie1 [43] have previously shown to be highly expressed during
inflammatory responses and exhibit pro-inflammatory characteristics, which are closely
associated with an enhanced host bactericidal function. Additionally, the genes Mgll [44],
Dgat2 [45], Slc27a6 [45], and Stard10 [45] have been implicated in lipid metabolism, indicat-
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ing that lipid metabolism may be disrupted in Gpr84−/− BMDMs during mycobacterial
infection. Notably, among the 66 upregulated genes identified in Gpr84−/− BMDMs at
36 hpi, there were genes associated with the NF-kappaB signaling pathway, including
Ccl4, Cxcl1, and Bcl2a1a [46–48]. Other genes related to the macrophage inflammatory
response, such as Il6 and Il12b, also exhibited upregulation at 36 hpi but not 4 hpi. These
findings suggest that Gpr84−/− BMDMs at 36 hpi may enhance the inflammatory re-
sponse in macrophages, thereby facilitating the control of mycobacterium proliferation
(Figures 2G and 4D). Subsequently, we utilized the KEGG database to categorize the func-
tions of DEGs and conducted a further analysis of the variations in downstream signaling
pathways. Compared to 4 hpi, BMDMs at 36 hpi exhibited enhanced enrichment in genes
related to pathways seen in diseases (such as Amoebiasis, alcoholic liver disease, and
COVID-19), receptor signaling (such as RIG-I-like receptor signaling pathway and C-type
lectin receptor signaling pathway), IL-17 signaling pathway, and the positive regulation of
nitric oxide biosynthetic pathway (Figure 4E). Genes such as Il12b, Il6, Cxcl10, Tnf, and Cxcl1
are involved in multiple pathways, suggesting that the genes upregulated in Gpr84−/−

BMDMs at 36 hpi may help to control mycobacterium proliferation. Furthermore, the
gene expression analysis of cytokines associated with bactericidal activity found that the
mRNA expression of pro-inflammatory cytokines Tnf, Il6, Il12b, Cxcl10, and Cxcl1 were
significantly upregulated compared to WT BMDMs at 4 hpi (Figure 5A–E).

Figure 2. Tail pathology in mice following Mm-wasabi infection. (A): Schematic of the experimental
procedure for tail vein infection with Mm-wasabi in mice. Gpr84−/− (n = 8) and WT (n = 5) mice
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were infected via tail vein injection with 4 × 107 CFU of Mm-wasabi. Tail lesions were monitored
and photographed every other day, with comprehensive tail images of the entire tail captured at
14 dpi. (B): Three representative images of tails of WT and Gpr84−/− mice at 14 dpi. Black arrows
indicate nodules and red arrows indicate denote ulcerations. (C): Quantification of area of tail
lesions, calculated by length (mm) × width (mm), as shown in panel (B). Each data point represents
an individual mouse tail. (D): Representative histopathological images of H & E stained tail tissue
from WT and Gpr84−/− mice at 14 dpi. The analysis was performed using five mice per group,
with three sections examined per mice. Black arrows indicate infiltrated immune cells. Scale bar:
100 μm. (E): Quantification of immune cell infiltration in tail tissue sections. The analysis includes
five mice per group, with three tissue sections examined per mice. (F): Representative images of
acid-fast staining of Mm-wasabi. The analysis was performed using three mice per group, with three
sections examined per mice. Red arrows indicate bacteria. Scale bar, 100 μm. (G): Quantification of
area of red-marked bacteria by ImageJ (v1.8.0) software. Data were analyzed with GraphPad Prism 9
software and are presented as mean ± SEM. Statistical analysis was performed using Student’s t-test
for (C,E,G). ** p < 0.01, **** p < 0.0001.

Figure 3. GPR84 deficiency reduces LDs accumulation in macrophages. (A): Colony-forming unit
(CFU) counts of WT and Gpr84−/− BMDM infected Mm-wasabi at an MOI of 1, lysed at 6 hpi,
24 hpi, and 48 hpi; CFU were counted on plates. Data are representative of three independent
experiments. (B): Confocal microscopy images of lipid content in WT and Gpr84−/− BMDMs
at 6 hpi with
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Mm-tdTomato (MOI = 10). Mm-tdTomato is shown in red, BODIPY-stained lipids in green, and DAPI-
stained nuclei in blue. The images were representative of three independent experiments. Scale Bar:
5 μm. (C): Quantification of LDs in macrophages based on green BODIPY fluorescence intensity,
analyzed by ImageJ (v1.8.0) software. (D): Flow cytometry analysis of LDs in macrophages 6 hpi
with Mm-tdTomato (MOI = 10). The left panel shows the percentage of BODIPY-positive macrophages,
and the right panel shows BODIPY-positive fluorescence intensity. (E): Representative multi-color
immunofluorescence staining of tail tissue sections from mice at 14 dpi. LDs were stained with Nile
Red (red) and cell nuclei with DAPI (blue). The images were representative of three independent
experiments. Scale Bar: 100 μm. (F): Quantification of red fluorescence intensity of Nile Red-stained
LDs by ImageJ (v1.8.0) software. Data were analyzed with GraphPad Prism 9 software and are
presented as mean ± SEM. Statistical significance was determined by two-way ANOVA for (A) and
Student’s t-test for (C,D,F). * p < 0.05, ** p < 0.01, **** p < 0.0001.

Figure 4. Cont.
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Figure 4. Results of RNA-seq analysis, differentially expressed genes and pathways. (A,B): Multi-
dimensional scaling between Gpr84−/− BMDM and WT BMDM at 4 hpi (A) and 36 hpi (B). Each
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group has three biological replicates. (C,D): Volcano plot of differentially expressed genes (DEGs).
Genes with significant expression differences (p < 0.05) are listed, while red dots and blue dots are
up- or downregulated genes in Gpr84−/− BMDM, respectively, compared to WT BMDM at 4 hpi
(C) and 36 hpi (D). The x axis represents log2 of fold change and the y axis represents the log10 of
p values. (E): KEGG pathway enrichment analysis of significant DEGs in uninfected and Mm-infected
BMDM at 4 hpi and 36 hpi. KEGG pathway enrichment analysis of significant DEGs in datasets
from uninfected BMDM, Mm-infected BMDM at 4 hpi and 36 hpi. Set size represents the number of
DEGs. Normalized enrichment score (NES) represents the gene enriched degree, and higher |NES|
represent more up- or downregulated genes in a given pathway.

Figure 5. Gpr84−/− BMDMs promotes the expression of pro-inflammatory cytokines. (A–E): Tnf, Il6,
Il12b, Cxcl10, and Cxcl1 mRNA expression. Based on the RNA-seq analysis results, the expression
of Tnf (A), Il6 (B), Il12b (C), Cxcl10 (D), and Cxcl1 (E) mRNA was quantitated in WT and Gpr84−/−

BMDM. Data were analyzed with GraphPad Prism 9 software and are presented as mean ± SEM.
Statistical analysis was performed using two-way ANOVA for (A–E). * p < 0.05, *** p < 0.001,
**** p < 0.0001, ns, not significant.
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4. Discussion

In this study, we found that GPR84 plays a harmful role for hosts in mycobacterial
infections. In both BMDM and mouse tail models, Gpr84 deficiency was associated with the
reduced accumulation of the intra-cellular LDs that facilitate bacterial survival within host
cells. And GPR84 deficiency is beneficial to increase the expression of pro-inflammatory
cytokines during mycobacterium infection.

Previous research has demonstrated that the deficiency of GPR84 mitigates host
inflammatory responses [13,49–51]. For example, in a mouse model of ALI, Gpr84−/−

mice significantly reduced pulmonary inflammation by decreasing neutrophil recruitment
and the production of reactive oxygen species (ROS) [13]. Additionally, in a DSS-induced
colitis model, Gpr84−/− mice reduced the infiltration of inflammatory cells and damage
to the colonic mucosa [51]. These results are similar to our observation of decreased
inflammatory cell infiltration and tissue damage in Mm-wasabi infected tails of Gpr84−/−

mice (Figure 2) [13,51].
Our RNA-seq results indicate that in Gpr84−/− BMDMs following Mm-wasabi infec-

tion, the expression of pro-inflammatory cytokines such as Tnf, Il12b, Il6, Cxcl10, and Cxcl1
is significantly elevated (Figure 5A–E). It is possible that the increased cytokines production
enhances the ability of Gpr84−/− BMDMs to control bacterial proliferation (Figure 3A).
However, this observation appears to contradict the previous notion that GPR84 promotes
the M1 polarization of macrophages and increases the expression of pro-inflammatory
cytokines, including TNF-α and IL-6 [13,14]. We propose several possible explanations
for this discrepancy. First, the mechanisms by which GPR84 functions following infection
may differ depending on the diseases being studied. In acute lung injury, acute colitis,
or LPS-induced acute inflammation, GPR84 acts as a pro-inflammatory receptor that in-
creases the release of late-stage pro-inflammatory cytokines, exacerbating pathological
damage [13,14,51]. However, in chronic diseases such as osteoarthritis, non-alcoholic steato-
hepatitis, and Brucella abortus infection, GPR84 plays a role in modulating inflammation by
reducing the expression of pro-inflammatory factors (such as TNF-α), thereby alleviating
disease progression or promoting infection [16,52,53]. Consistent with the findings on the
aforementioned Brucella abortus infection [16], we also observed that GPR84 negatively
regulates the inflammatory response to promote infection. Therefore, our results further
emphasize the importance of disease models when studying GPR84’s function, as GPR84
may play distinctly opposite roles in different disease models. Additionally, the timing of
the expression of inflammatory cytokines may differ depending on the disease models. In
acute inflammatory models, the role of GPR84 in promoting pro-inflammatory functions
typically manifests at later stages, where cytokine expression may indicate a secondary
response in the progression of the disease [13,51]. We observed that at an early time point
post infection, Gpr84−/− mice showed an increased expression of pro-inflammatory cy-
tokines, suggesting that GPR84 may inhibit their expression in the early stages of infection
(Figure 5A–E). Although variations in cytokine expression are noted at different time
points, GPR84 consistently facilitates disease progression (Figure 2B) [13,51]. Furthermore,
differences in cellular models may significantly influence the role of GPR84 in the produc-
tion of pro-inflammatory cytokines. For example, GPR84-mediated signaling in microglia
promotes cell migration through the Gi/o pathway, but does not elicit a pro-inflammatory
response [54]. Consequently, while it appears that GPR84 plays an important role in the
immune response to infections, its functions are complex and may vary depending on the
pathogen [15,16], the disease model [13,53], the time of the response, and the specific cell
type examined [51,54].

One way by which mycobacteria appear to evade the host immune response is by
promoting the accumulation of LDs within macrophages [55,56]. In macrophages infected
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with Mtb, a reduction in the accumulation of LDs restores the macrophage antibacterial
capacity, leading to a reduction in the intracellular burden of Mtb [56–58]. In our study,
we observed that Gpr84−/− mice decreased LD accumulation in both BMDM and mouse
tails with lower Mm loads (Figure 3). Similarly, previous studies have reported that the
overexpression of GPR84 in RAW264.7 can promote LD formation [59]. Further analysis of
our RNA-seq results revealed an upregulation of lipid metabolism-related genes, Mgll [44]
and Dgat2 [45], at both 4 hpi and 36 hpi (Figure 4C,D), suggesting that macrophages may
attempt to compensate for lipid synthesis by upregulating the expression of Mgll and
Dgat2 to restore lipid homeostasis in infected Gpr84−/− macrophages. This compensatory
mechanism could provide an energy reserve for the antimicrobial activity of macrophages.
Meanwhile, the LD accumulation reduction in macrophages prevents the differentiation
of foam cells (FM), allowing macrophages to maintain their original bactericidal function
and release pro-inflammatory cytokines such as TNF-α and IL-6 to reduce intracellular
bacterial load [60].

In conclusion, our study demonstrates that GPR84 exacerbates the progression of
mycobacterial infection. Both in vivo findings from mouse models and in vitro results
from macrophage infections indicate that the Gpr84−/− BMDM lead to an increased ex-
pression of inflammatory cytokines, accompanied by a decrease in LD accumulation,
ultimately limiting the intracellular and in vivo proliferation of mycobacteria. Further
exploration of the regulatory mechanisms by which GPR84 influences the host response
to mycobacterial infection may offer novel avenues for the development of host-directed
anti-tuberculosis therapeutics.

5. Limitations

Our study found that GPR84 deficiency restricts the progression of mycobacterial
infection, but the delineation of the downstream signaling pathways activated by GPR84
during mycobacterial infections will require subsequent investigation. Furthermore, the
ligand for GPR84 and whether mycobacterium harbors GPR84-specific pathogen-associated
molecular patterns (PAMPs), like PDIM and Sulfolipids, or other virulence factors that
may affect lipid metabolism pathways or macrophage polarization to promote infection
remains to be determined. Moreover, using macrophage-specific Cre driver mice with the
conditional knock out of GPR84 is necessary to eliminate changes in other cells, such as
neutrophils and epithelial cells.
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Abstract: Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, the world’s deadliest
infectious disease. Mtb uses a variety of mechanisms to evade the human host’s defenses and survive
intracellularly. Mtb’s oxidative stress response enables Mtb to survive within activated macrophages,
an environment with reactive oxygen species and low pH. Dye-decolorizing peroxidase (DyP),
an enzyme involved in Mtb’s oxidative stress response, is encapsulated in a nanocompartment,
encapsulin (Enc), and is important for Mtb’s survival in macrophages. Encs are homologs of viral
capsids and encapsulate cargo proteins of diverse function, including those involved in iron storage
and stress responses. DyP contains a targeting peptide (TP) at its C-terminus that recognizes and
binds to the interior of the Enc nanocompartment. Here, we present the crystal structure of the Mtb-
Enc•DyP complex and compare it to cryogenic-electron microscopy (cryo-EM) Mtb-Enc structures.
Investigation into the canonical pores formed at symmetrical interfaces reveals that the five-fold pore
for the Mtb-Enc crystal structure is strikingly different from that observed in cryo-EM structures.
We also observe DyP-TP electron density within the Mtb-Enc shell. Finally, investigation into
crystallographic small-molecule binding sites gives insight into potential novel avenues by which
substrates could enter Mtb-Enc to react with Mtb-DyP.

Keywords: Mycobacterium tuberculosis/pathogenicity; Mycobacterium tuberculosis/enzymology;
bacterial proteins; crystallography; X-ray; peroxidase

1. Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), is the dead-
liest infectious killer of humans. In 2023, TB resulted in an estimated 1.3 million deaths
and 10.6 million new infections [1]. While TB is treatable, the currently used drug regimens
require 4–5 antibiotics, are long in duration, and have numerous side effects [2]. Due to
these issues, treatment noncompliance is common, fueling the emergence of multi-drug and
extensively drug-resistant Mtb strains [2]. The discovery of novel anti-TB drug targets is an
important step in the development of desperately needed new anti-TB therapeutics [3,4].
Deciphering how Mtb interacts with and evades its host is one approach to revealing novel
drug targets.

Mtb encapsulin (Enc) has been implicated in the Mtb oxidative stress response, which
is critical for Mtb’s survival in the host [5,6]. Enc nanocompartments have also been impli-
cated in a number of metabolic pathways in other bacteria, including iron mineralization
and storage [7–12], anaerobic ammonium oxidation [13], and sulfur metabolism [14–16], in
addition to the oxidative stress response [5,6,17,18]. Enc nanocompartments self-assemble
to form a protein shell with icosahedral symmetry. The Enc protein is a homolog of a
single subunit viral capsid protein and adopts a HK97 (bacteriophage Hong Kong 97)-
like fold [19]. Enc nanocompartments are formed from 60 (Triangulation (T) number =
1 [7,9,11,12,17–23], 180 (T = 3, [7,10,24,25]), or 240 (T = 4, [8,26]) subunits, resulting in
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protein shells from 21 to 42 nm in diameter [27]. Each Enc has a dedicated protein cargo
encapsulated within the Enc shell, where the cargo protein dictates the function of the
complex.

To date, a number of different cargo proteins have been identified, including dye-
decolorizing peroxidase (DyP), ferritin-like protein (FLP), iron-mineralizing Enc-associated
firmicute (IMEF), hemerythrin and rubrerythrin [8,13,16,19,28]. At the N- or C-terminus of
the cargo protein there is a targeting domain or targeting peptide (TP) which is between
10 to 40 residues in length and is required for cargo loading [16,19,27]. Cargo loading
is generally believed to rely on efficient coexpression and cotranslation of the cargo and
encapsulin proteins, where the TP localizes its cargo to the interior of the Enc shell as the
nanocompartment assembles [27].

Enc systems have remarkable promise for biotechnology and for drug design and
delivery [29,30]. Several characteristics make Enc uniquely attractive for these purposes:
(1) the simplicity of the system and potential for genetic engineering, (2) Enc systems can
be utilized to encapsulates highly diverse cargo, and (3) the system self-assembles in both
prokaryotic and eukaryotic cells [29,30]. Ultimately, Enc can be engineered to deliver non-
native enzymes to specific targets. Thus, furthering our understanding of these systems
could empower the design of therapeutics.

In Mtb, the operon encoding Enc (Rv0798c) also encodes for DyP (Rv0799c) [5], with
the stop codon for Rv0799c overlapping the start codon for Rv0798c. DyP is a heme-
containing enzyme that oxidizes and degrades a wide range of synthetic dyes and, impor-
tantly, reduces hydrogen peroxide (H2O2) to water [5]. It has been shown that Mtb-DyP
is a hexamer [6], where the C-terminus of Mtb-DyP contains the TP sequence that targets
Mtb-DyP to the interior of the Mtb-Enc 60-mer shell [5].

Mtb-Enc•DyP is critical for resisting oxidative stress at low pH, as a Mtb enc-dyp dele-
tion strain (MtbΔenc-dyp) exhibits diminished survival at pH 4.5 in the presence of H2O2 [6].
Mtb requires the expression of both Enc and DyP for full protection against oxidative
stress [6], allowing for Mtb’s survival in human macrophages. Notably, MtbΔenc-dyp also
shows increased susceptibility to the antibiotic pyrazinamide (PZA) [6], indicating that
Mtb-Enc may be a good combination drug target. Despite the clear biological importance
of the Mtb-Enc•DyP complex, the biologically relevant substrate of Mtb-DyP has not yet
been identified nor has its point of entry into the nanocompartment nor its mechanism
of delivery to Mtb-DyP. However, as discussed above, Enc nanocompartments have vast
promise for therapeutics and drug delivery, and thus understanding Mtb-Enc•DyP could
empower novel mechanisms for therapeutic delivery to Mtb.

Here, we have solved the crystallographic structure of the Mtb-Enc•DyP complex
to 3.15 Å resolution. A comparison of the Mtb-Enc crystal structure (PDB ID 9BKX) with
previously determined Mtb-Enc cryogenic electron microscopy (cryo-EM) structures (PDB
IDs 7PHM, 7P1T, 8IKA, 8PYS) reveals dramatic differences in the pores formed at and
around the five-fold symmetry point. While DyP was cocrystallized with Enc, there is
only observable electron density for Mtb-DyP-TP. In addition to Mtb-DyP-TP, we also
observed density across the Mtb-Enc shell for glycerol, polyethylene glycol (PEG), and
nickel ions; small molecules that were introduced to the complex during purification and
crystallization. Notably, the observed symmetric pores with bound solvent molecules that
traverse the shell may indicate channels by which Mtb-DyP substrate/product(s) could
enter or exit the Mtb-Enc interior.

2. Materials and Methods

Mtb-EncHis and Mtb-DyP were coexpressed and copurified in BL21 Gold (DE3) cells
(Agilent, Santa Clara, CA, USA) as described previously [5]; however, neither the cat-
alytic activity nor the heme content was determined for the crystallized complex. Purified
Mtb-Enc•DyP was concentrated to ~11 mg/mL and screened against 600 sparse matrix
crystallization conditions using a Mosquito nanoliter dispensing robot (SPT Labtech, Cov-
ina, CA, USA) and hanging-drop vapor diffusion techniques. Initial crystals were grown in
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Qiagen PEGs Suite condition 24: 0.1 M TRIS-HCl pH 8.5, 25% PEG 2000 MME (German-
town, MD, USA). Crystals were further optimized using the Hampton Research additive
screen (Aliso Viejo, CA, USA) and crystallization was aided by 3% Trimethlyamine N-oxide
(TMN). Diffraction data from a single, diffracting crystal grown in 0.1 M TMN, 0.1 M
Tris-HCl pH 8.5, and 20% PEG MME 2000 were collected at Stanford Synchrotron Radiation
Laboratory (SSRL) beamline 7-1. No cryoprotectant was used.

Diffraction data were processed in iMosflm 7.2.2 to 3.15 Å resolution (Table 1) [31].
Phases were provided by an Enc structure from Thermatoga maritima (PDB ID 3DKT, [19])
and solved by molecular replacement (MR) in Phaser (PHENIX 1.9-1692) [32]. The initial
model was improved by PHENIX 1.21-5207 AutoBuild [33]. Reiterative rounds of manual
refinement in coot (0.8.9.1-1.10.08) and phenix.refine (PHENIX 1.21-5207) resulted in a final
Rwork/Rfree of 20.2/23.3 [34,35]. Electron density maps were produced in Polder (PHENIX
1.21-5207) (Figure S1) [36].

Table 1. Data collection and refinement statistics for Mtb-Enc•DyP crystal structure.

Wavelength of collection 1 Å

Data collection SSRL 7-1
Space group P 21 3

Cell dimensions
a, b, c (Å) 313.5, 313.5, 313.5
α, β, γ (◦) 90, 90, 90

Resolution (Å) 54.56–3.15 (3.20–3.15) 1

Rmerge
2 0.284 (0.887)

I/σI 7.4 (1.4)
Completeness (%) 99.4 (99.8)

Redundancy 4.5 (4.5)
Refinement

Resolution (Å) 49.0–3.15 (3.26–3.15)
Total reflections 790,230 (38,895)

Unique reflections 174,711 (8661)
Rwork/Rfree

3 20.2/23.3 (28.2/32.8)
Ramachandran favored (%) 96.8
Ramachandran outliers (%) 0.2

Enc subunits in ASU 20
DyP peptides in ASU 9

No. atoms 42,837
Protein 41,266
Ligands 1179
Water 392

B-factors (Å2)
Protein 41.9
Ligands 61.3
Water 26.3

Root mean square deviations
Bond lengths (Å) 0.003
Bond angles (◦) 0.6

PDB ID 9BKX
1 Values within parentheses refer to the highest resolution shell; 2 Rmerge = ∑∑|Ihkl − Ihkl(j)|/∑Ihkl, where Ihkl(j)
is observed intensity and Ihkl is the final average value of intensity. 3 Rwork = ∑||Fobs| − |Fcalc||/∑|Fobs| and
Rfree = ∑||Fobs| − |Fcalc||/∑|Fobs|, where all reflections belong to a test set of 5% data randomly selected
in Phenix 1.21-5207.

3. Results and Discussion

3.1. Crystallographic Structure of Mtb-Enc in Complex with DyP

Despite several available cryo-EM structures of Mtb-Enc alone and in complex with
DyP, many questions remain regarding the interactions between the two proteins and the
Mtb-Enc•DyP system more generally. To address some of these questions, Mtb-Enc was
coexpressed and copurified with Mtb-DyP and the Mtb-Enc•DyP complex was crystallized.
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The crystal structure of the Mtb-Enc•DyP complex was solved by MR to 3.15 Å resolution
and refined to a final Rwork/Rfree of 20.2/23.3 (Table 1).

The resulting structure of Mtb-Enc•DyP (PDB ID 9BKX) contains 20 Mtb-Enc subunits
in the asymmetric unit (ASU) (Figure S1A). Application of crystallographic symmetry
generated an intact 60-subunit capsule with T1 icosahedral symmetry (Figure 1A). The
Mtb-Enc subunit adopts the HK97 phage-like fold consisting of the canonical axial domain
(A-domain), peripheral domain (P-domain), and extended loop (E-loop) (Figure 1B). A
structural homology search using the Dali server [37] unsurprisingly yielded mycobacteria
Enc structures as the top closest structural homologs to Mtb-Enc (Table S1). These included
Mycobacterium hassiacum (PDB ID 6I9G, 0.4 Å root mean square deviation (rmsd)) and
Mycobacterium smegmatis (Msm; PDB ID 7BOJ, 0.9 Å rmsd) Enc•DyP structures as the
closest matches, both of which have upwards of 80% amino acid sequence similarity to
Mtb-Enc, along with the cryo-EM Mtb-Enc structures (PDB IDs 7PHM, 8IKA, and 8PYS,
and lastly 7P1T, which was solved in situ and will not be discussed due to unknown cargo,
with 0.8–0.9 Å rmsd) (Table S1). The closest non-mycobacteria Mtb-Enc structural homologs
were an Enc•DyP complex and apo-Enc from Klebsiella pneumoniae (Kpn; PDB ID 8U51
and 8U50, 0.9 Å rmsd) and apo-Enc from Brevibacterium linens (PDB ID 7BCV, 1.0 Å rmsd)
(Table S1). Notably, the diameters of the mycobacteria and Kpn Enc structures did not vary
drastically between DyP-loaded and unloaded structures, in contrast to the biophysical
study of Rhodococcus jostii Enc [38].

Figure 1. Crystallographic structure of Mtb-Enc•DyP. (A) The encapsulin shell generated by crystallo-
graphic symmetry is shown in cartoon representation and colored to highlight the five-fold axis. The
nanocompartment has a diameter of ~24 nm as measured with Draw Protein Dimensions script [39].
(B) Structure of a single subunit of Mtb-Enc in cartoon representation colored by secondary structure:
α-helices are in cyan, β-sheets in pink, and loops are wheat-colored. A- and P-domains, and E-loop
are labelled, as are N- and C-termini and secondary structure elements. (C) Pores formed by two-fold,
three-fold, and five-fold symmetry in the Mtb-Enc shell. The molecular surface of the protein is
colored as in A. The two-fold, three-fold, and five-fold pores are indicated by diamond, triangle
and pentamer symbols, respectively. A closer view of each pore is provided. Figures generated in
PyMOL [39].

While the compact domain of Mtb-DyP (residues 1-314 based on the AlphaFold Mtb-
DyP predicted structure [40]) lacks a corresponding electron density in the interior of the
Mtb-Enc shell and cannot be modeled, the electron density for Mtb-DyP-TP was observed
(Figure S1C). In the ASU, nine DyP-TPs were modeled (Figure S1). These peptides were
bound to the interior of subunits D, G, H, I, P, Q, R, S, and T, and are referred to as d, g, h, i, p,
q, r, s, and t, respectively. As is the case for other characterized Enc•DyP complexes [17–19],
only residues near the conserved TP sequence could be modeled. Overall, the Mtb-DyP-
TPs had electron density sufficient to build nine residues on average; however, a range of
6–12 residues were modeled for the Mtb-DyP-TPs (Figure S1D). Natively loaded DyP in
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the Enc shell generally results in one or two DyP hexamers per icosahedral unit [17–19,22];
thus, the nine bound DyP-TP per 20 Enc subunits are not biologically relevant. Instead, we
are likely observing an averaging of DyP-TP sites across the entire unit cell. Notably, the
Thermatoga maritima Enc•FLP crystal structure (PDB ID 3DKT) has a FLP-TP modeled at
every Enc subunit in the ASU [19].

In addition to the Mtb-DyP-TPs, the Mtb-Enc•DyP structure displayed excess electron
density that we modeled with molecules from the purification and crystallization process:
glycerol, nickel (Ni2+) ions, and PEG molecules (Figure S1A). Ni2+ ions were modeled
when waters did not sufficiently fulfill the electron density. When the 20 subunits are
superimposed, several locations with a high occurrence of small-molecule binding become
apparent (Figure S1B). Notably, one of these locations occurs near the N-terminal region
of the modeled DyP-TP (Figure S1E). The proximity of these molecules to bound DyP-TP
indicates that these small molecules may be fulfilling poorly resolved electron density
for DyP interacting with the interior Enc shell. Notably, a few other small-molecule
“clustering” locations extend into and sometimes traverse the Enc shell (Figure S1A,B) and
could represent solvent or ligand channels in Mtb-Enc.

3.2. Variability of the Five-Fold Pore Across Species

The Enc icosahedral structure has locations at the Enc subunit interfaces with five-fold,
three-fold, and two-fold symmetry (Figure 1), and at these interfaces, we observe five-fold,
three-fold, and two-fold pores, respectively (Figure 1C). While investigating these pores
in the Mtb-Enc•DyP structure (PDB ID 9BKX), we found that the three-fold and two-fold
pores were minimally open to solvent and that the five-fold pore is only slightly open
(Figure 1C). In contrast, the five-fold pores in cryo-EM structures of Mtb-Enc (PDB IDs
7PHM, 8IKA, and 8PYS) are significantly more open (Figure 2A).
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Figure 2. Five-fold major pore and surrounding exterior surface of Mtb-Enc shell. (A) The electrostatic
exterior surfaces of the five-fold point of symmetry at pH 4.5 and pH 7.5, generated by pdb2qr and
APBS [41,42]. Surfaces are colored according to charge, ranging from red (negatively charged) to
blue (positively charged). Pore diameter determined by CAVER [43]. (B) Stick representation of the
charged residues that line the central pore as viewed from the exterior. For comparison with cryo-EM
structures, the crystal structure is shown in white.
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We further investigated these features using MOLE (v. online) [44] and CAVER (v. 3.0
PyMOL plugin) [43], tools that allow for the characterization of channels, tunnels, and
pores in macromolecular structures. Specifically, we compared the smallest diameter or
bottleneck, hydropathy, and polarity of various pores in the different Enc structures. We
used CAVER to determine the smallest diameter of each Enc pore [43] and found that Mtb-
Enc structures solved without DyP cargo (PDB ID 7PHM and 8IKA) have bottlenecks in
the pore with a diameter of 6.8 and 8.5 Å, respectively (Figure 2A). The Mtb-Enc structures
solved with DyP cargo (PDB ID 9BKX and 8PYS) have bottleneck diameters of 3.6 Å and
7.3 Å, respectively, while the Msm-Enc•DyP structure (PDB ID 7BOJ) has a bottleneck 6.9 Å
in diameter (Figure 2A). Interestingly, the Haliangium ochraceum Enc has been shown to
adopt both closed and open five-fold pores in the presence of its native cargo, ferritin [11],
and apo-Enc from Acidipropionibacterium acidipropionici Enc can also adopt both open and
closed five-fold pore conformations [26]. For H. ochraceum Enc•ferritin, the five-fold pore
expands from a closed conformation diameter of 5 Å to the open conformation diameter
of 15 Å [11], and for A. acidipropionici Enc, the closed 5 Å diameter conformation opens to
20 Å in diameter [26]. While the five-fold pore of mycobacterial Enc has been captured in a
variety of conformations, we do not know if mycobacterial Enc opens to a similar extent
to H. ochraceum Enc•ferritin or apo A. acidipropionici Enc. Notably, the crystal structure of
Mtb-Enc•DyP described here has the smallest mycobacterial five-fold pore described to
date at 3.6 A (Figure 2A).

When investigating the five-fold pore, we also found that there are only two polar
residues that face into the pore: His187 and Tyr189 (Figures 2B and S2). Strikingly, there is
little variation in the position of these residues in the three cryo-EM Mtb-Enc structures
(PDB IDs: 7PHM, 8IKA, and 8PYS). However, in our crystal structure we found a dramatic
difference in the loop bearing these residues (Figure S3B). In the cryo-EM structures, His187
and Tyr189 are stacked on top of each other, symmetrically presenting His187-Nε2 and
Tyr189-OH into the pore (Figure 2B). In the crystal structure, the Cα of His187 is translated
~5–6 Å upwards, resulting in the orientation of its carbonyl oxygen directly into the pore,
and Tyr189 is angled ~45–50◦ along the pore and translated such that the hydroxyl group
is ~6–7 Å away from its cryo-EM position. The result is a significant increase in polarity
around the pore (25.5 vs. 3.9–18.6 as described by the Zimmerman scale, where the most
polar amino acids have the highest value) for the crystal structure relative to the cryo-EM
structures [44].

Recently, structures of Kpn-Enc were solved with and without non-native DyP-TP
cargo (PDB IDs 8U50 and 8U51 [17]). As mentioned above, these structures represent
some of the closest structural homologs of the Mtb-Enc•DyP crystal structure. When
investigating the Kpn-Enc five-fold pores, we focused on the positions of their five-fold
pore inward-facing polar residues, Asp187 and Tyr189 (Figures 2B and S2). The sidechains
of Asp187 and Tyr189 are both directed up and out of the pore, similar to His187 from the
Mtb-Enc crystal structure (Figure 2B). Thus, it appears the Mtb-Enc•DyP crystal structure
has captured an intermediary state in between the cryo-EM structures of Mtb- and Kpn-Enc.
It is likely that the five-fold pore can sample these three conformations in both species
depending on the environment.

Notably, the positions of the two polar residues appear to be independent of cargo
protein internalization, as we note similar positions for DyP-bound and apo cryo-EM Enc
structures from Mtb and Kpn. Interestingly, MOLE analysis [44] revealed that the Kpn-Enc
five-fold pore is dramatically less polar (2.7–2.8) than the Mtb five-fold pores (3.9–25.5),
likely due to the orientation of Asp187 and Tyr189, which point away from the center
of the five-fold pore in the Kpn-Enc structure. The structures of Kpn-Enc also show a
change in the bottleneck diameter, from 6.6 Å to 6.3 Å, with non-native DyP-TP bound
(Figure 2A) [43].

To date, the native substrate(s) for DyP-type Enc nanocompartments has not been
identified, and questions remain about how DyP substrate(s) is delivered. Previous ex-
periments have shown that the Enc shell is permeable to specific ligands such as H2O2,
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2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 7,8-dihydroneopterin, and
ferrous ammonium sulfate, but is impermeable to guaiacol [5]. It is intriguing that the
large molecule, ABTS (515 g/mol and 9 × 4 Å), can enter the nanocompartment, but
guaiacol (124 g/mol and 6 × 2 Å) cannot. Neither ABTS nor guaiacol could fit through the
five-fold pore in any of the Mtb-, Msm- or Kpn-Enc structures, but could easily traverse the
open five-fold pores of H. ochraceum or A. acidipropionici Enc discussed above [11,26]. One
potential reason behind the inability of guaiacol to enter Enc is the presence of a greasy
surface on its central phenol ring that has no polar groups. In contrast, both ABTS and
7,8-dihydroneopterin are well decorated with hydrophilic chemical groups. Thus, it is
likely that the native substrate will present a more polar surface than guaiacol, but also that
the pore responsible for substrate entry has not been captured in an open state in any of
the Mtb-Enc structures.

3.3. Minor Pores Surrounding the Five-Fold Central Pore May Allow Small Molecules to
Enter Enc

Others have previously noted the presence of small pores on the surface of Enc beyond
the pores formed along symmetry axes [22]. Indeed, while investigating the surface of the
crystal structure of Mtb-Enc•DyP, we found small pores at numerous places across the
surface of the nanocompartment. For example, near the three-fold and two-fold pores, small
pores are present along the three-fold symmetry axis or internal to individual subunits at
the two-fold axis (Figure 1C). Further, when investigating areas where small molecules
from the purification buffer or crystallographic condition colocalize, we noted intriguing
small pores formed at the interface of neighboring subunits along the five-fold symmetry
axis, which will be referred to as five-fold minor pores, while the pore formed at the five-
fold symmetry axis will be referred to as the five-fold major pore. Notably, all five minor
pores surrounding each five-fold major pore in the ASU are occupied by solvent molecules
(Figure 3A).

The five-fold minor pores in the Mtb crystal structure are formed by a vast array of
residues at the interface between two subunits. Residues that are involved in every pore are
Glu18, Leu21, Glu22, Arg25, Lys97, Asp98, Ser99, Asp100, Trp101, Gly220, Tyr255, Thr256,
Ala257, and Glu258 (Figures 3B–D and S2). In addition to these residues, several pores
also comprise Glu102, Lys105, and Ser136. The resulting pore has, on average, a bottleneck
diameter of 3.4 ± 0.8 Å, with −1.8 ± 0.4 hydropathy and 26.6 ± 4.1 polarity (Table 2) [44].
DyP has peroxidase activity, converting H2O2 to water, when it degrades dye-colorizing-
like substrates. H2O2 has a mean diameter of 2.5–2.8 Å and is able to traverse aquaporin
through a pore with a diameter of 3 Å [45]. This suggests that these five-fold minor pores
would allow for the passage of H2O2 through Enc to its cargo protein, DyP.

Table 2. Characteristic measurements for the five-fold minor pore—bottleneck diameter, hydropathy,
and polarity—as calculated by MOLE for several Enc structures [44].

Structure PDB ID Bottleneck Diameter (Å) Hydropathy [46] Polarity [47]

Mtb-Enc with DyP 9BKX 3.4 ± 0.8 −1.8 ± 0.4 26.6 ± 4.1
Mtb-Enc with DyP 8PYS 2.8 ± 0.3 −2.3 ± 0.3 30.5 ± 2.9

Mtb-Enc 7PHM 3.4 ± 0.6 −2.2 ± 0.3 29.2 ± 3.9
Mtb-Enc 8IKA 3.5 ± 0.7 −0.6 ± 1.0 15.7 ± 11.8

Msm-Enc with DyP 7BOJ 2.2 ± 0 −0.7 ± 0.0 14.5 ± 0.0
Kpn-Enc 8U50 4.0 ± 0.8 −2.5 ± 0.9 20.0 ± 5.7

Kpn-Enc with SUMO-DyP-TP 8U51 4.0 ± 1.4 −2.3 ± 1.2 14.8 ± 1.5
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Figure 3. The five-fold minor pore is formed between Mtb-Enc subunits along the five-fold symmetry
axis. (A) Mtb-Enc is shown as a cyan cartoon, and ligand occupying the minor pores are shown
in sphere representation with yellow carbon and red oxygen atoms. (B–D) The minor pore at the
interface of the C (cyan) and F (white) subunits. Protein is shown in cartoon and residues that line the
pore are shown as sticks. The PEG molecule occupying the pore is shown as stick representation with
wheat-colored carbons in (B), while a depiction of the pore generated in MOLE is shown in (C,D).
The pore is viewed from the side in (B), from the interior in (C), and from the exterior in (D).

Indeed, five-fold minor pores are present in each Mtb-, Msm-, and Kpn-Enc structure
(Figure 4, Table 2). In each, we see similar features in terms of diameter, hydropathy, and
polarity, indicating these five-fold minor pores could also accommodate the passage of
H2O2. Further, the majority of residues that line the minor five-fold pores are conserved
across species; these include Glu22, Arg25, Asp98, Ser99, Asp100, Trp101, Gly220, Thr256,
and Glu258 (Figure S2).
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Figure 4. The five-fold minor pores across Enc structures. Shown here is the interior (A) and exterior
(B) electrostatic surface of various Mtb, Msm, and Kpn cryo-EM structures in addition to the Mtb
crystal structure at the five-fold minor pores. Notably, in the crystal structure the minor pores are
occupied by small molecules (shown as spheres with yellow carbons). The green inset box indicates
the region depicted below for comparison with the other structures. Surfaces are colored as in
Figure 2A.

3.4. Biologically Relevant Electrostatic Surfaces Show Differences at the Five-Fold Major Pore
Across Species

Previous discussions of the molecular surface of Enc predominately highlight surface
electrostatics at neutral pH [7,8,15–20,24]. However, studies have shown that DyP is most
active at low pH [48–50] and Mtb-Enc•DyP is part of the oxidative stress response and is
also most active at low pH [5,6]. Thus, we decided to examine the electrostatic surface of
Mtb-Enc at pH 4.5, which likely mimics physiological pH when Mtb encounters oxidative
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stress, as well as at neutral pH. Protein surfaces were modeled at pH 4.5 and 7 using
PDB2PQR and the electrostatic surface was calculated in APBS [41,42].

When comparing mycobacterial Enc•DyP nanocompartments at pH 4.5 and pH 7, we
observe an overall change around the five-fold major pore (Figures 2A and S3A). At pH
4.5, the exterior surface of the pore is positively charged for all available mycobacterial
structures. Similarly, the interior surface of the pore is positively charged for the majority of
structures, excluding the crystal structure, which has a neutral to slight negatively charged
ring at the interior of the pore (Figure S3A). At pH 7, however, the exterior surface of
the pore varies quite widely across mycobacterial species, presenting a strongly negative
charge for the crystal structure, a neutral to negative surface for the cryo-EM Mtb structure,
and a positively charged surface for the Msm structure (Figure 2A). In contrast to the
exterior, the interior surface of the pore in the mycobacterial structures at pH 7 is strongly
negatively charged or neutral (Figure S3A). The difference in His187 and Tyr189 orientation
between the crystal and cryo-EM structures described above likely explains the altered
electrostatic surface charge observed for the crystallographic five-fold major pore relative
to the cryo-EM pores (Figures 2 and S3A).

Interestingly, when comparing the electrostatic surfaces between mycobacterial Enc
structures and Kpn-Enc, we note marked differences (Figures 2A and S3A). Strikingly, in
Kpn-Enc (PDB ID 8U50/8U51), the exterior surface of the pore is strongly negative at pH
7 and negative to neutrally charged at pH 4.5, while the interior surface of the pore is
positively charged at both pHs (Figure S3A). Again, the varied charges at the electrostatic
surfaces are likely a reflection of the differences in loop orientation (Figure S3B) and polar
residues (Kpn-Asp187 vs. Mtb-His187) at the five-fold pore (Figure 2A). The species
variation in the presented charge at the five-fold major pore likely indicates differences
in the types of molecules that can traverse the five-fold major pore and could indicate
that a common substrate such as H2O2 does not utilize the five-fold major pore across
bacterial species.

If we compare the electrostatic surface at the five-fold minor pores amongst a series of
Enc nanocompartment structures, we find that at pH 7, the mycobacterial structures all
show strong negatively charged surfaces on the exterior and interior of the shell (Figure 4).
Interestingly, for Kpn-Enc structures, we see a strong negatively charged surface at the
interior, but a mixture of negatively charged and neutral surfaces on the exterior of the
shell. However, at pH 4.5, the five-fold minor pores are more neutral; in some cases, the
surface of the five-fold minor pore displays mixed charges (e.g., PDB IDs 7PHM, 7BOJ, and
8U50) and in others it is slightly negative (e.g., PDB IDs 9BKX and 8U51). Interestingly,
this difference does not follow species or sequence variation, but rather DyP loading: the
mixed-charge five-fold minor pores are found in apo Mtb- and Kpn-Enc structures, and the
slightly negative five-fold minor pores are found in DyP-loaded Mtb-, Msm-, and Kpn-Enc
structures. This difference could indicate the presence of the cargo protein signaling for, or
directing, the internalization of the DyP substrate (i.e., H2O2) through the five-fold pore.

3.5. Recognition of Mtb-DyP-TP by Mtb-Enc

As mentioned above, nine Mtb-DyP-TPs were modeled in the ASU of the Mtb-
Enc•DyP structure (Figure S1). On average, Mtb-Enc stabilizes bound Mtb-DyP-TP through
2.6 H-bonds. These H-bonds typically involve the carbonyl of Mtb-Enc-Arg34 with the
backbone nitrogen of Mtb-DyP-TP-Leu330 (78% occurrence), the sidechain NH2 nitrogen
of Mtb-Enc-Arg34 with the carbonyl of Mtb-DyP-TP-Ile327 or Mtb-DyP-TP-Leu330 (78%),
and the carbonyl of Mtb-Enc-Val230 with the backbone nitrogen of Mtb-DyP-TP-Leu325 or
Mtb-DyP-TP-Ser326 (44%) (Figures 5A and S2).

H-bond coordination of Mtb-DyP-TP involves a peptide sidechain in only one occur-
rence, where the terminal nitrogen of Lys331 in peptide s is coordinated by a carboxyl
oxygen of Mtb-Enc-Asp202. Notably, peptide s is the only peptide where electron den-
sity of the Lys331 sidechain is observed. Thus, apart from Mtb-DyP-TP-Lys331, it seems
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unlikely there is much sequence-specific recognition of the DyP-TP by Mtb-Enc through
polar interactions.

Figure 5. Enc recognition of the C-terminal targeting peptide (TP) of DyP. (A) Enc residues that
coordinate the TP (subunit i, yellow stick) are shown. Enc (subunit I) is displayed as a cyan cartoon
with residues involved in TP binding shown as sticks. H-bond contacts are highlighted as dashed
black lines between Enc residues and DyP-TP. (B) A sequence alignment of the C-terminus of DyP for
Mtb, Msm, and Kpn was generated by Clustal Omega [51]. A cartoon representation of the secondary
structure elements for characterized DyP proteins is shown above the alignment, and a yellow line
indicates the sequence modelled for DyP-TP-i (shown in (A)). Mtb-DyP is missing residues upstream
of the DyP-TP when compared to DyP from other species. Symbols below the alignment indicate
the degree of sequence conservation, where * denotes fully conserved residues, : strongly similar
residues, and . weakly similar residues.

Mtb-Enc does, however, coordinate the Mtb-DyP-TP sequence through sidechain
interactions. The terminal nitrogen atoms (NH1/NH2) of Mtb-Enc-Arg34 are involved
in coordinating five of the nine peptides, while the Nε atom coordinates the carbonyl of
Mtb-DyP-TP-Gly328 in another two peptides (Figure 5A). A carboxyl oxygen atom of Mtb-
Enc-Asp229 coordinates the backbone nitrogen of Mtb-DyP-TP-Gly328 and, as mentioned
above, a carboxyl oxygen atom of Mtb-Enc-Asp202 coordinates Mtb-DyP-TP-Lys331-Nζ.

While there are few H-bonds formed between Mtb-DyP-TP and Mtb-Enc, there is a vast
network of nonbonded contacts, including hydrophobic and van der Waals interactions,
ranging from 33 nonbonded contacts for peptide r to 87 for peptide i (the longest peptide
modeled). Consistent nonbonded contacts are provided by Mtb-Enc Ala24, Phe27, Lys28,
Ile31, Arg34, Arg35, Val39, Asp229, and Val230 (Figures 5A and S2).

Overall, the DyP-TPs bound in the Kpn- and Mtb-Enc structures align well. Specifically,
Mtb-DyP-TP-g, i, p, r, s, and t all align quite closely to the Kpn-DyP-TPs (Figure S1D,E). As
mentioned above, Mtb-DyP-TP-i extends past most of the peptides at its N-terminal end.
A few Mtb-DyP-TPs diverge from the others in their conformation: peptides d, h and q.
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Mtb-DyP-d diverges at the peptide’s C-terminus, while h and q are quite similar but diverge
at their N-terminal end (Figure S1B,D). In summary, the majority of the Mtb-DyP-TPs are
observed in a similar binding state to Kpn-DyP-TP; however, Mtb-DyP-TP-d, -h, and -q
show alternative binding states.

The DyP-TP sequence is almost entirely conserved between Mtb-, Msm-, and Kpn-DyP,
except for Mtb-DyP Ser326, which is a glycine (Gly335) in Msm, and an asparagine (Asn341)
residue in Kpn (Figure 5B). A mutation analysis was carried out to test the residues required
for recognition of the Kpn-DyP-TP (S337GSLNIGSLKK347) [17]. The results showed that
the Kpn-DyP-TP bulky, hydrophobic residues (Leu340, Ile342, and Leu345), the C-terminal
lysine residue (Lys346), the internal glycine residue (Gly343), and the serine residues
(Ser339/Ser344 double mutant), when mutated to alanine, completely ablated binding of
Kpn-DyP-TP to Kpn-Enc [17]. Notably, all these residues are conserved across Mtb-, Msm-,
and Kpn-DyP (Figure 5); thus, we predict that these residues are important for DyP cargo
loading in mycobacterial species as well.

Interestingly, Kpn-DyP-TP Asn341—the only nonconserved residue—is not an es-
sential determinant of Kpn-DyP/Enc recognition, as Asn341Ala-DyP displayed only a
38% reduction in Kpn-Enc binding [17]. Mutations of Kpn-Enc residues within the Kpn-
Dyp-TP recognition pocket were also evaluated [17]. It was observed that Kpn-Enc-Arg34
was essential, while Asp229 and Ile230 were important for Kpn-DyP-TP recognition. No-
tably, these Enc residues are conserved across species, although Kpn-Enc-Ile230 is a valine
(Val230) residue in mycobacterial species, and are implicated in DyP-TP recognition in the
crystal structure of Mtb-Enc•DyP (Figure S2). Thus, we would expect similar interaction
impairments with the mutation of these three Enc residues in mycobacterial species.

Downstream of DyP-TP, there is no homology in the number or sequence of the final
few residues (Figure 5B), suggesting that they are not important in Enc recognition. When
comparing the amino acid sequence upstream of DyP-TP, there is a substantial gap in the
alignment before Mtb-DyP-Thr317 (Kpn-Gly332). Here, Kpn-DyP has a string of charged
and aromatic residues and Msm-DyP has a proline/alanine/serine-rich region which are
absent from Mtb-DyP. Prior to this break in sequence similarity, the DyP proteins have
high sequence conservation (Figure 5B). Notably, published structures of Enc-associated
DyP do not extend to the C-terminal TP sequence nor do they contain the extra sequence
present in Kpn- and Msm-DyP that is absent in Mtb-DyP: the Kpn-DyP structure ends
at Pro315 (PDB ID 8U4Z; [17]) and Msm-DyP ends at Pro311 (PDB ID 7BOK; [18]). Thus,
we do not know if sequence differences beyond the DyP compact domain will result in
any differences in secondary structure. However, it is most likely that this region of DyP
(downstream of Kpn-Pro315 and Msm-Pro311) is an unstructured loop. These differences in
length and charge in these disparate stretches of the loop region between the DyP compact
domain and the DyP-TP recognition sequence could be important for DyP/Enc interactions
across species.

Interestingly, cryo-EM studies of Msm- and B. linens Enc with DyP cargo show local-
ization of the DyP cargo to the Enc three-fold axis [22,52]. The authors of these papers
speculate that the three-fold pore could be responsible for delivering substrate directly to
DyP. It is interesting to speculate if such colocalization occurs in Mtb; however, it does not
appear to as we do not see the colocalization of TP binding restricted to the three-fold Enc
axis. Indeed, as the linker between the DyP compact domain and its TP is significantly
shorter in Mtb (Figure 5B) than in other DyP proteins, we might hypothesize that this
truncated linker prevents the tri-peptide interaction between the Enc three-fold axis and
DyP-TP described for Msm and B. linens Enc [22,52].

4. Conclusions

Several structures of DyP-type Enc nanocompartments have been investigated to date,
but many questions remain unanswered. The crystal structure of Mtb-Enc•DyP discussed
herein represents the first mycobacterial structure of a native DyP-loaded compartment
where DyP residues are resolved. Exactly how DyP is recognized by the nanocompartment
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will require further exploration. Intriguingly, the native substrate of DyP remains a mystery.
Additionally, how this unknown substrate enters the Enc shell—using the five-fold major
or three-fold pore, through the five-fold minor pores highlighted here, or using one of
the uncharacterized pores in the surface of the shell—and how it is delivered to the DyP
cargo also warrant further investigation. The crystal structure of Mtb-Enc•DyP presented
here provides useful direction for these future research efforts. As Enc proteins represent
attractive biotechnology systems for drug design and drug delivery [29,30], furthering our
understanding of Enc proteins is important and ultimately may provide future avenues
towards anti-mycobacterial therapeutics.
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Abstract: Streptococcus agalactiae, or group B streptococcus (GBS), is a Gram-positive pathogen with
an extended track record of colonization in the gastrointestinal and genitourinary tracts. GBS can
induce disease in individuals across all age demographics, yet it predominantly triggers infections in
neonates and the elderly. Identification of the serotype is vital for effective management of the disease
as it provides critical information for clinicians on the cause of the disease. In this study, we evaluated
the rapid, simple, and easy-to-adopt multiplex real-time PCR technique, NovaplexTM (NovaPCR).
A total of 131 clinical isolates of different serotypes were tested using NovaPCR. Observations
revealed that 129 isolates showed the same observations as LA and conventional mPCR. NovaPCR
accurately identified serotypes IV and V, which were first classified as serotype Ia in the LA test and
mPCR, and the difference between the traditional (LA test and mPCR) and NovaPCR methods is
only 1.52%. Accurate serotype identification is helpful for monitoring the epidemics and achieving
optimal clinical outcomes, and NovaPCR showed a reliable, fast, easy-to-interpret, and cost-efficient
performance in GBS serotyping.

Keywords: group B streptococcus; multiplex PCR; Streptococcus agalactiae; serotype; NovaPCR

1. Introduction

Streptococcus agalactiae, or group B streptococcus (GBS), is a long-familiar Gram-
positive pathogen that frequently colonizes gastrointestinal and genitourinary tracts [1].
GBS can cause illness in individuals of all age groups but primarily causes infections in
neonates and the elderly [2,3]. Moreover, it is an emerging infectious disease in adults with
pre-existing medical conditions or immunocompromised conditions [4,5]. Hence, GBS is
now considered an important pathogen among immunosuppressed individuals. Thus, it
is crucial to perform screening tests to identify group B streptococcus (GBS) in pregnant
women, as it poses a significant threat to both newborns and the elderly. GBS virulence
ability is believed to be associated with its capsular polysaccharide. The genes in the cps
locus determine the serotype of a GBS. Until now, 10 serotype variants that differ in their
virulence patterns have been recognized. The serotypes Ia, Ib, II, III, IV, V, VI, VII, VIII, and
IX are identified depending on the capsular polysaccharide [6]. Generally, these serotypes
demonstrate varying prevalence, geographic distribution, and virulence. For instance,
serotype III is linked to neonatal invasive diseases [7,8]. In contrast, serotype V is linked to
various infections, particularly in older patients with skin and soft tissue infections [9,10].
Thus, detection and understanding of the distribution of serotypes may assist clinicians
in identifying the risk factors and help them to treat patients accordingly. Furthermore,
monitoring the serotype is crucial for vaccine development and clinical epidemic research.
For example, immunization with capsular polysaccharide (CPS)-protein conjugates is one
of the possible solutions to decrease the GBS infection, and GBS conjugate vaccines cov-
ering the majority of serotypes are at the developmental stage [11]. Notably, it is widely
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recognized that serotypes can vary in their virulence characteristics, affecting the degree of
the infection and the clinical outcomes [12–14]. Therefore, the identification of serotypes
becomes clinically significant for clinicians for potential treatment.

Traditionally, the Lancefield precipitation test (LP test) has long been regarded as the
standard method for GBS serotyping. In this method, specific antigens from the surface of
GBS are extracted and allowed to react with serotype-specific antisera to detect the serotype.
However, the extraction of specific antigens is a laborious process, which makes it imprac-
tical to analyze a large number of samples [15]. Also, the LP test can yield false-negative
or false-positive results due to cross-reactivity or weak antigen-antibody interactions [16].
Additionally, the LP test has been rendered obsolete with the development of the latex
agglutination test (LA test), flow cytometry [17], and PCR-based assay [3,18]. The flow cy-
tometric technique uses fluorescent antibodies to identify the GBS serotypes. This method
offers high sensitivity, specificity, multiplexing, and quantitative analysis. However, it
requires technical expertise and involves complex sample preparation procedures. In
contrast, the LA test is a rapid and less expensive technique, but it is laborious when
analyzing a large number of samples. Thus, the high cost of consumables and equipment
and the need for specialized technicians make both methods less applicable for large-scale
testing. Therefore, rapid, economical, and precision-oriented methods are essential for the
identification of GBS serotypes. Further, PCR-based techniques look promising, as they
offer rapid results and adaptability for detecting multiple or emerging serotypes, as well
as the simultaneous analysis of multiple samples, which enables short turnaround times.
Still, several PCR assays demonstrated inconsistent results with the LA test, complicating
the interpretation. Multiplex PCR, a technique that allows the simultaneous amplification
of multiple target DNA sequences, is the preferred method by the Centers for Disease
Control and Prevention (CDC) [19]. Precise design and optimization of primers are crucial
for the performance of traditional multiplex PCR methods in detecting serotypes, but
these steps also add variability. Additionally, the interpretation of multiplex PCR results
is complex. In contrast, multiplex PCR kits deliver standardized and readily available
reagents for the simultaneous detection of multiple targets, assuring consistent outcomes
and user-friendly application. Thus, evaluation of newly developed rapid multiplex PCR
kits is crucial for ensuring their accuracy, reliability, and clinical applicability. However, to
our knowledge, there were no commercially available assays for simultaneous detection of
the GBS serotypes. Even if such assays are available, they were intended for research pur-
pose only. Herein, we evaluated the rapid, simple, and easy-to-adopt multiplex real-time
PCR technique called NovaplexTM (NovaPCR, Seegene Inc., Seoul, Republic of Korea) for
clinically relevant serotypes.

2. Materials and Methods

2.1. Sample Collection

A total of 131 GBS isolates collected from clinical samples in the Department of
Laboratory Medicine, JBNU hospital, between 2008 and 2018 were enrolled in this study to
identify GBS serotypes using NovaPCR. These 131 samples were collected from various
locations: urine (33), blood (26), spot urine (15), vaginal discharge (13), pus (12), tissues (6),
closed pus (4), open pus (3), cerebrospinal fluid (2), NCT urine (2), urine catheter (2),
eye discharge (1), sputum (1), and others (7). The collected samples were identified with
automated culture systems Vitek 2 System (BioMérieux Inc., Hazelwood, MO, USA) and
VitekMS (BioMérieux Inc., Marcy L’Étoile, France), and all the isolates were stored in
skim milk at −80 ◦C. Subsequently, collected samples were cultured in blood agar plates
(BAP) and incubated at 35 ◦C for 16–24 h before experiments. The bacterial strains used
in this investigation were collected after clinical practice for diagnosis or for surveillance.
Additionally, the samples used for the investigation are entirely de-identified, ensuring the
non-traceability of their origin. All bacterial isolate collection and storage procedures were
performed in accordance with the Micro Bank at Jeonbuk National University Hospital
(JBUH) and the department of laboratory medicine in JBUH.
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2.2. Serotyping bt Latex Agglutination (LA)

The S. agalactiae strains were cultured on BAP. All the selected GBS isolates were
serotyped by LA test (ImmuLexTM Streptococcus-B kit, SSI Diagnostica, Hillerød, Denmark)
according to the manufacturer’s instructions. Briefly, 10 μL of RNase-free water and a
single bacterial colony were applied to a reaction card provided by manufacturers and
mixed thoroughly with a drop (2 μL) of latex suspension. Then, the reaction card was
rotated slowly and observed for agglutination. A positive reaction was noted when distinct
and visible agglutination occurred within a time frame of 30 s.

2.3. Extraction of Nucleic Acid and Multiplex Polymerase Chain Reaction (mPCR)

Total DNA was extracted by the modified boiling method [20]. Briefly, two to three
colonies from BAP were transferred to an Eppendorf tube containing 1 mL of distilled
water. Then, samples were mixed thoroughly by vertexing and centrifuged at 13,000 rpm
for 10 min to collect the pellet. Then, 100 μL of DNA extraction buffer (Seegene Inc., Seoul,
Republic of Korea) was added, and the suspension was boiled at 95 ◦C for 20 min and
centrifuged for 10 min. The supernatant was used as the template for PCR to detect the
GBS serotype. Extracted DNA was stored at −80 ◦C or used immediately.

We performed the conventional multiplex PCR (mPCR) with extracted DNA using
the same set of primers as described previously [21]. Briefly, samples were amplified by an
initial denaturation step at 95 ◦C for 5 min. Then, the PCR protocol; 15 cycles of 95 ◦C for
60 s, 54 ◦C for 60 s, and 72 ◦C for 2 min, and following this, an additional 25 cycles of 95 ◦C
for 60 s, 56 ◦C for 60 s, and 72 ◦C for 2 min were used. The final extension was performed
at 72 ◦C for 10 min. All the products were evaluated using 1.5% agarose gel. All the primer
sequences used in the study are listed in Table 1.

Table 1. List of primer sequences used for multiplex conventional PCR.

Primer Sense (5′-3′)
cpsI-Ia-6-7-F GAATTGATAACTTTTGTGGATTGCGATGA

cpsI-6-R CAATTCTGTCGGACTATCCTGATG

cpsI-7-R TGTCGCTTCCACACTGAGTGTTGA

cpsL-F CAATCCTAAGTATTTTCGGTTCATT

cpsL-R TAGGAACATGTTCATTAACATAGC

cpsG-F ACATGAACAGCAGTTCAACGGT

cpsG-R ATGCTCTCCAAACTGTTCTTGT

cpsG-2-3-6-R TCCATCTACATCTTCAATCCAAGC

cpsN-5-F ATGCAACCAAGTGATTATCATGTA

cpsN-5-R CTCTTCACTCTTTAGTGTAGGTAT

cpsJ-8-F TATTTGGGAGGTAATCAAGAGACA

cpsJ-8-R GTTTGGAGCATTCAAGATAACTCT

cpsJ-2-4-F CATTTATTGATTCAGACGATTACATTGA

cpsJ-2-R CCTCTTTCTCTAAAATATTCCAACC

cpsJ-4-R CCTCAGGATATTTACGAATTCTGTA

cpsI-7-9-F CTGTAATTGGAGGAATGTGGATCG

cpsI-9-R AATCATCTTCATAATTTATCTCCCATT

cpsJ-Ib-F GCAATTCTTAACAGAATATTCAGTTG

cpsJ-Ib-R GCGTTTCTTTATCACATACTCTTG
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2.4. Multiplex Real-Time PCR

Nucleic acids were extracted from using 330 μL of diluted samples from two to three
colonies using Microlab NIMBUS IVD platform (Seegene Inc., Seoul, Republic of Korea)
with STARMag 96X4 Universal Cartridge kit (Seegene Inc., Seoul, Republic of Korea).
All the extraction procedures were carried out in accordance with the manufacturer’s
instructions. The final elution volume was 100 μL. The multiplex real-time PCR was done
with a NovaplexTM multiplex real-time PCR kit (NovaPCR, Seegene) according to the
manufacturer’s instructions. The samples were amplified with a step for 15 min at 95 ◦C,
followed by 45 cycles of 95 ◦C for 10 s, 60 ◦C for 15 s, and 72 ◦C for 10 s. Fluorescence was
detected at 60 ◦C and 72 ◦C. All real-time PCR runs were performed on CFX96TM (Bio-Rad
Laboratories, Hercules, CA, USA). GBS type Ia and Ib were recognized by fluorophore FAM
(Fluorescein amidite), GBS type II and VI by fluorophore HEX (Hexachlorofluorescein), GBS
type III and V by fluorophore Cal Red 610, GBS type IV, VII, VIII, and IX by fluorophore
Quasar 705, fluorophore Quasar 670 identified internal control (IC), and common GBS
region. All the samples were done on 8-strip tubes and 96-well plates. All the data
were analyzed by Seegene Viewer (Seegene Inc., Seoul, Republic of Korea), an automated
data analysis application for multiplex real-time PCR. Primers/probes for NovaplexTM

multiplex PCR reactions are withheld, as this method is deemed a commercial product.

2.5. Sensitivity and Specificity of NovaPCR

In this study, 1000-fold diluted DNA was used to evaluate the sensitivity of the No-
vaPCR. Generally, DNA may exist in various concentrations and can degrade during
storage. Thus, testing the NovaPCR performance with such diluted DNA indicates its
robustness across different sample concentrations. Here, the study used LA and conven-
tional multiplex PCR as reference methods to confirm the efficiency of NovaPCR. Also, for
the analytical specificity, Bacillus cereus, Enterobacter cloacae, Enterobacter hormaechei, E coli,
Lactobacillus salivarius, Lactococcus garvieae, Staphylococcus epidermidis, Staphylococcus gordonii,
and Streptococcus pneumoniae isolates were tested, and those strains were received from
Jeonbuk National University Hospital Culture collection for pathogens to verify the po-
tential interferences by non-target species. This step was performed with the same primer
and probe set under the conditions mentioned in NovaPCR with DNA from non-target
clinical isolates.

2.6. Interpretation and Statistical Analysis

The observations acquired with mPCR were compared to those obtained from the
LA test to validate the accuracy of the serotype identification. A comparison between the
two methods assisted in obtaining consistent, accurate, and reliable serotype identification.
A true serotype was considered when the isolates showed positive for a specific serotype
in both methods. Next, we analyzed the sensitivity, specificity, and agreement of NovaPCR
based on the true serotypes. When there were discrepancies between the mPCR, latex
agglutination test, and NovaPCR, the strains were sequenced, and the serotypes were
confirmed based on the sequence results. All statistical analyses were conducted with
MedCalc Statistical Software ver.19.2.1. (MedCalc Software Ltd., Ostend, Belgium).

3. Results

3.1. Serotype Distribution by LA Test

The LA test is considered an efficient and standardized technique used for serotyping
GBS. It has been demonstrated to be serotype-specific and can effectively detect most GBS
strains. In this study, the LA test identified 8 serotypes. The distribution of the serotypes
was as follows: Ia, 15.26% (20/131); Ib, 15.26% (20/131); II, 7.63% (10/131); III, 15.26%
(20/131); V, 16.03% (21/131); VI, 15.26% (20/131); VIII, 15.26% (20/131); IX, 0.76% (1/131).
However, we could not acquire serotypes IV and VII through the LA test because their
incidences are extremely low. Figure 1 demonstrates a visible clumping (agglutination) in
the respective serotype within 30 sec of beginning the card rotation. Specifically, serotypes
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III, V, and VIII exhibited strong agglutination, while others demonstrated moderate aggluti-
nation. All the images were captured within the manufacturer’s interpretation time frame.
All the identified serotypes from different samples are listed in Table 2.

Figure 1. Representative images showing positive LA tests for specific serotypes.

Table 2. The latex agglutination test (LA test) observations on group B Streptococcus serotypes
present in isolates.

Serotype/Specimen Blood Urine
Vaginal

Discharge
Pus Others Total

Ia 2 4 4 4 6 20

Ib 1 7 1 4 7 20

II 2 4 2 0 2 10

III 7 7 3 0 3 20

IV 0 0 0 0 0 0

V 4 7 2 2 6 21

VI 1 9 2 5 3 20

VII 0 0 0 0 0 0

VIII 8 6 3 3 0 20

IX 0 1 0 0 0 1

The Table 2 observations demonstrate the distribution of various serotypes across
different specimen types, with Serotypes V and VI being the most frequent (21 and
20 occurrences, respectively). At the same time, serotypes IV and VII are absent. Serotype
V is found across all specimens, mainly in urine samples, while Serotype IX is the least
frequent, with just 1 occurrence in urine. Serotypes Ia, Ib, and V are widely distributed,
but their distribution is not even among samples. These observations suggest uneven
distribution across multiple specimens.

3.2. Serotype Distribution by Conventional mPCR

mPCR was performed to validate its efficacy against the observations of the LA test.
Here, we identified the same number of serotypes as identified in the LA test and observed
100% concordance between the mPCR and LA methods. The strong agreement between the
two methods suggests their comparable reliability for serotype identification. Furthermore,
these observations indicate that any of these approaches can be used based on the clinical
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needs. The perfect concordance also implies that there were no discrepancies or false results
in either test, highlighting the accuracy and reliability of these techniques used by most
diagnostic laboratories to detect serotypes.

3.3. Serotype Identification by NovaPCR

NovaPCR detected 9 serotypes. The distribution of the serotypes was as follows; Ia,
13.74% (18/131); Ib, 15.26% (20/131); II, 7.63% (10/131); III, 15.26% (20/131); IV, 0.76%
(1/131); V, 16.79% (22/131); VI, 15.26% (20/131); VIII, 15.26% (20/131); IX, 0.76% (1/131).
Interestingly, serotype IV was detected in one isolate from the urine sample, which was
serotype Ia in both LA and mPCR. Thus, the total number of serotypes observed in the
NovaPCR screening is 9. Furthermore, one isolate from the pus samples screened by
NovaPCR revealed serotype V, whereas the LA test and mPCR identified the same sample
as serotype Ia. Statistically, NovaPCR observations agree with the LA and mPCR tests,
with a PPA (positive percent agreement) value of 1 and a kappa value of 1 in most samples.
However, serotype Ia is the exceptional serotype, with a PPA of 0.94 and a kappa value
of 0.98. Comparative observations of serotypes identified using different methods are
presented in Table 3. In addition, positive percent agreement (PPA) values are shown in
Table 3 to substantiate the efficacy of NovaPCR.

Table 3. Comparative observations of serotypes identified using different methods along with
positive percentage agreement (PPA) and kappa value.

Serotype LA Test mPCR NovaPCR

Kappa Value Agreement

Observed Kappa
(95% CI)

Positive (%)
(95% CI)

Negative (%)
(95% CI)

Ia 20 20 18 0.983 94 99

Ib 20 20 20 1 100 100

II 10 10 10 1 100 100

III 20 20 20 1 100 100

IV 0 0 1 NA NA NA

V 21 21 22 1 100 100

VI 20 20 20 1 100 100

VII 0 0 0 NA NA NA

VIII 20 20 20 1 100 100

IX 1 1 1 1 100 100

NovaPCR observation showed two discrepancies out of 131 samples compared to LA
or mPCR serotyping. Specifically, the two samples were detected as serotype Ia in LA and
mPCR tests. However, NovaPCR detected those samples as serotypes IV and V. To validate
the NovaPCR observations, sequencing was performed. The sequencing results confirm
those samples as serotypes IV and V, clearly indicating the efficiency of NovaPCR.

3.4. Sensitivity and Specificity of NovaPCR

To assess the sensitivity of the NovaPCR method, samples were serially diluted up
to 1000-fold, and all dilutions across all serotypes and samples showed positive results.
NovaPCR clearly detected serotypes in all the diluted samples, indicating its efficacy at
lower concentrations. In a specificity test using bacteria other than GBS to verify the
interference by non-target strains, NovaPCR results were observed to be negative for all
the non-target strains.
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4. Discussion

GBS is considered an asymptotic colonizer in healthy adults but can cause severe
invasive infections in pregnant women, neonates, and immunosuppressed adults. The oc-
currence of GBS disease has seen a rise in incidence among nonpregnant adults, increasing
from 3.6 to 7.3 cases per 100,000 people between 1990 and 2007 in the United States [22].
Interestingly, most affected adults have comorbidities such as heart disease, neurological
disorders, diabetes, and immunocompromising conditions [23]. It is estimated to have
a 2–10% fatality rate in premature neonates [24]. Also, GBS causes significant maternal
morbidity and is responsible for severe infections in elderly individuals, diabetic patients,
and immunocompromised individuals. The World Health Organization (WHO)-funded
systematic review and meta-analysis revealed that, globally, 48.9% of invasive GBS disease
was due to serotype III in neonates, followed by serotype Ia (22.9%), Ib (7%), II (6.2%), and
V 9.1% [25]. Moreover, several reports suggest a correlation between different serotypes
and diseases caused [26–28]. For instance, serotype III is frequently associated with invasive
illnesses in newborns, such as sepsis and meningitis [29,30]. Furthermore, serotypes Ia,
Ib, II, III, and V have been implicated with severe invasive illness. Interestingly, previous
reports suggest that serotypes V, III, and Ia collectively constitute 67% of the prevalent
serotypes responsible for invasive soft tissue infections [10]. Each serotype, with its unique
characteristics, seemed to play a crucial role in determining and exhibiting distinct char-
acteristics in its virulence, prevalence, and the populations it affects. The reliability and
accuracy of detecting serotypes are essential for developing effective vaccines, guiding
antibiotic prophylaxis, and understanding the association of serotypes with transmission
patterns of specific pathogens. Accurate serotype detection becomes particularly crucial
when considering epidemics. Thus, the accuracy of detection is crucial in understanding
the pathogenesis and prevention of GBS infections. In this study, efforts were made to
validate the novel mPCR called NovaPCR for rapid and reliable detection of GBS serotypes.

Despite advances in molecular techniques, and in the era of whole-genome sequenc-
ing [31], the diagnosis and serotyping of GBS continue to rely heavily on traditional
methods such as LA and mPCR, which can be time-consuming and labor-intensive [32,33].
Although LA is widely used and considered the standard method for serotyping, it has
significant limitations. The major limitations include cross-reactivity between serotypes,
subjective interpretation, and the inability to type certain isolates, resulting in a substantial
proportion of non-typeable strains [33,34]. Slotved et al. reported that 12.5% of isolates
could not be serotyped using LA [35]. Also, LA is unsuitable for processing large volumes,
it cannot be used directly with clinical samples, and its reagents are expensive, adding to the
burden of detection [15]. Multiplex PCR offers improved accuracy but requires specialized
equipment, expertise, and complex workflows, making it less accessible for routine clinical
use. While mPCR has been developed to address some limitations of LA, it still involves
labor-intensive tasks such as gel loading and aliquoting of multiple tubes, which can lead to
human error and reduced cost-efficiency [36–39]. The tedious nature of these methods can
delay appropriate treatment and epidemiological surveillance [40]. Breeding et al. reported
that serotyping by LA can take up to 24 h, while PCR-based methods, though faster, still
require several hours for results. Furthermore, discrepancies between phenotypic and
genotypic methods complicate interpretation. Imperi et al. found only 71.1% agreement
between LA- and PCR-based serotyping [41]. Some GBS strains show weak reactions in
LA assays, leading to incorrect identification despite mPCR confirmation, possibly due to
cross-reactivity or weak antigen expression among serotypes. Consequently, the analysis of
LA test results may require substantial knowledge of potential cross-reactions. These chal-
lenges underscore the growing demand for streamlined, high-throughput, and automated
methods to improve the speed and accuracy of GBS detection and serotyping in clinical
diagnostics, particularly when rapid diagnosis is crucial for neonatal and maternal health.
Real-time multiplex PCR emerges as a promising alternative, offering a straightforward,
rapid, and reliable strategy to detect GBS serotypes in an easy, simple, and effective manner.
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In this study, a total of 131 clinical isolates of different serotypes were tested using
NovaPCR. Observations revealed that 129 isolates showed the same observations as LA
and conventional mPCR. However, the two isolates in NovaPCR are distinctively different
from LA and conventional mPCR. Specifically, two isolates in serotype Ia were detected
as serotype IV and V in NovaPCR. To solve the discrepancies, sequencing was performed,
and the results of two isolates revealed the same serotype by sequencing as observed in
NovaPCR. These observations suggest that there could be potential ambiguity issues with
the LA test and conventional mPCR. The serotype Ia is one of the most common and widely
distributed GBS serotypes. It is frequently associated with neonatal GBS early-onset disease
(EOD), which occurs within the first week of life and often leads to severe conditions such
as sepsis, pneumonia, and meningitis [42–44]. The difference between the traditional (LA
test and mPCR) and NovaPCR methods is only 1.52%, but clinically, we cannot define or
measure its clinical impact on treatment and its outcome. Thus, further clinical studies
are necessary to assess the clinical impact of NovaPCR’s improved efficacy in detecting
GBS serotypes.

In NovaPCR, specific probes are labeled with different fluorescence dyes: FAM, HEX,
Quasar 705, and Quasar 670, and employ TOCE technology. This technology streamlines
the PCR process for serotyping and effectively addresses the limitations associated with
target-based probe real-time PCR methods. Furthermore, all the DNA extraction and
PCR preparation steps were fully automated using the Microlab NIMBUS IVD platform,
ensuring fast and reliable PCR preparation. The use of advanced knowledge-based technol-
ogy in NovaPCR enhances the accuracy and reliability of GBS serotype detection. In this
study, NovaPCR demonstrated higher accuracy in identifying serotypes compared to LA,
particularly in distinguishing serotype IV and serotype V from serotype Ia. Additionally,
NovaPCR includes a dedicated viewer that allows for easy and precise interpretation of the
results. These unique features make NovaPCR a dependable tool for serotyping, minimiz-
ing intra- and inter-observer variability in data interpretation. Moreover, the introduction
of NovaPCR has contributed to reducing assay costs.

The NovaPCR can be helpful for detecting GBS in newborns, particularly those at risk
of early-onset disease (EOD) or late-onset disease (LOD), though we did not perform the
tests with clinical samples. EOD occurs within the first week of life, often within the first
24 h, and can lead to severe conditions such as sepsis, pneumonia, and meningitis. LOD
typically occurs between one week and three months of age. It also presents serious health
risks, including meningitis and long-term neurological complications. In this context, the
ability of NovaPCR to provide rapid and accurate detection of GBS is especially critical.
During labor, time is of the essence; the prompt identification of GBS colonization in the
mother or the presence of GBS in the newborn can significantly influence the timing and
type of interventions administered. For instance, if GBS is detected in the mother during
labor, appropriate antibiotic prophylaxis can be initiated to prevent vertical transmission of
the bacteria to the newborn during delivery. This timely intervention is crucial for reducing
the risk of EOD. Furthermore, in cases where a newborn is suspected of having LOD,
rapid GBS detection allows for swift initiation of targeted antibiotic therapy, which can be
lifesaving. Delayed or inaccurate diagnosis could result in inadequate treatment, increasing
the risk of severe outcomes or complications. Thus, the NovaPCR’s ability to deliver
precise and fast results is essential for optimizing treatment strategies and improving
clinical outcomes for both mothers and newborns.

Understanding the relationships between GBS serotypes, virulence genes, and an-
timicrobial resistance is critical for elucidating disease behavior and guiding treatment
strategies. Specific combinations of serotypes and antimicrobial resistance patterns may
enhance GBS invasiveness, complicating infection management and treatment. Previous
reports suggest that a specific combination of virulence factors was predominant in inva-
sive infection-related GBS (iGBS) [45,46]. These observations strongly indicate that these
combinations may be major drivers in developing severe disease outcomes. Therefore,
future investigations should target the specific combination to understand the relationship
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between disease and serotypes. Also, these investigations should be performed using
clinical samples as they represent the actual clinical condition. However, in order to achieve
success in these investigations, it is crucial to identify the serotype. NovaPCR has the
ability to help with the precise identification of serotypes in various clinical samples. Col-
lectively, NovaPCR offers a rapid, high-throughput, and reliable screening system for GBS.
We acknowledge that our analysis is constrained to 131 samples and is obtained from a
single hospital. Also, it needs representative clinical samples for serotypes IV, VII, and IX.
Although it has shown promising results in clinical isolates, more validation utilizing clini-
cal samples, particularly vaginal discharge or pus, is necessary before direct application.

5. Conclusions

NovaPCR is an advanced technique to detect GBS serotypes. It employs TOCE
technology, which assists in navigating the existing technical constraints of target-based
probe real-time PCR technology. Additionally, it maximizes the capabilities of real-time PCR
in analyzing high multiplex data by utilizing novel components for melting temperature
analysis and generating distinct signals. In this study, NovaPCR accurately identified
serotypes IV and V, which were first classified as serotype Ia in the LA test and mPCR. This
distinction in identification is crucial for achieving optimal clinical outcomes. Together,
NovaPCR showed a reliable, fast, easy-to-interpret, and cost-efficient performance in
GBS serotyping.
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Abstract: Microscopic examination of acid-fast mycobacterial bacilli (AFB) in sputum smears remains
the most economical and readily available method for laboratory diagnosis of pulmonary tuberculosis
(TB). However, this conventional approach is low in sensitivity and labor-intensive. An automated
microscopy system incorporating artificial intelligence and machine learning for AFB identification
was evaluated. The study was conducted at an infectious disease hospital in Jiangsu Province, China,
utilizing an intelligent microscope system. A total of 1000 sputum smears were included in the study,
with the system capturing digital microscopic images and employing an image recognition model
to automatically identify and classify AFBs. Referee technicians served as the gold standard for
discrepant results. The automated system demonstrated an overall accuracy of 96.70% (967/1000),
sensitivity of 91.94% (194/211), specificity of 97.97% (773/789), and negative predictive value (NPV)
of 97.85% (773/790) at a prevalence of 21.1% (211/1000). Incorporating AI and machine learning
into an automated microscopy system demonstrated the potential to enhance the sensitivity and
efficiency of AFB detection in sputum smears compared to conventional manual microscopy. This
approach holds promise for widespread application in TB diagnostics and potentially other fields
requiring labor-intensive microscopic examination.

Keywords: TB smear; AI; machine learning; TB diagnosis

1. Introduction

Tuberculosis is treatable, preventable, and curable. Sustained declines in tuberculosis
deaths in many countries during the past 50 years provide evidence that ending the
pandemic is foreseeable [1]. However, tuberculosis, which has plagued humanity and has
killed hundreds of millions of people over the past two centuries, remains a global public
health threat. In 2023, 1.3 million people died from tuberculosis (95% UI: 1.18–1.43 m),
including 167,000 people with HIV, representing more deaths than any other infectious
disease [2]. World leaders in the most recent United Nations High-Level Meeting (UNHLM)
on TB made commitments and requests to address the global tuberculosis crisis [1], which
included providing comprehensive care to all people with TB, addressing the crisis of drug-
resistant TB, strengthening the engagement of civil society and communities affected by
TB, and enabling and strengthening TB research. It highlights the need for comprehensive
care, addressing drug-resistant TB, engaging civil society and communities, and promoting
TB research. The commitments made during the meeting provide a strong impetus to
accelerate the TB response and work towards ending TB.

The World Health Organization (WHO) recommends the acid-fast stain method of
sputum smears as the most robust and economical method for the first line of laboratory
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diagnosis of pulmonary tuberculosis. This method relies on the microscopic examination of
sputum samples for acid-fast mycobacteria bacilli (AFB). However, it is important to note
that the sensitivity and specificity of smear microscopy are poor, as it only detects 10 to
75% of pulmonary TB cases. Additionally, smear microscopy is labor-intensive and tedious.
While new molecular-based methods like Xpert MTB/RIF have become available, they have
not been widely deployed in rural areas due to substantially higher costs and infrastructure
constraints, which may not be affordable in many countries with high TB burden in the
foreseeable future [3,4]. Thus, despite advancements in molecular diagnostics, the acid-fast
stain method remains the recommended first-line laboratory diagnosis for pulmonary
tuberculosis due to its robustness and cost-effectiveness [5–7]. The WHO suggests the
availability of 1.1 microscopy laboratories per every 100 thousand population to enhance
the diagnostic capacity for tuberculosis [2].

The situation of unsatisfactory TB smear accuracy (sensitivity and specificity) seems
to be the same scenario as pathology. For more than 100 years, pathologists have relied
on manual microscopy, the same as microbiologists, for laboratory diagnosis. It seemed
unsolvable until the development of artificial intelligence (AI), image recognition, and
machine learning algorithms in the late 1990s. Machine learning (ML) is based on artificial
neural networks, which mimic human brain processes by passing data through hidden
layers by connected neurons, with the output layer providing the estimation or prediction.
The key advantage of ML is its ability to automatically extract features of the input informa-
tion from the iteration of calculation back and forth among input layers, the hidden layers,
and the output layer(s). These developments have motivated several large clinical trials to
use ML technologies in pathology. Digital pathology has become a trending movement
in the so-called “Smart Hospitals”, where pathology specimens can be digitalized, elec-
tronically transferred, diagnosed, reviewed, and the report issued. However, no “Digital
Microbiology” products and services have been developed accordingly.

Recently, some automated TB smear microscopy systems have been developed that
take advantage of artificial intelligence (AI) and big data analysis, which may significantly
increase the sensitivity of TB smear microscopy [8–21]. However, most of the research
focused on algorithms and deep learning model building, with less focus on system
integration (e.g., evaluation of hardware and software together). Such an integrated system
may include a motorized stage to load the smear slides into a bright-field microscope
(hardware). Then, the system performs auto-focus, digitally captures the smear images,
analyzes the images, and classifies smear slides as positive or negative (software). Although
all these studies reported better performance than human examination, most are still in
development or just “proof-of-concept” systems. Until 2022, an integrated microscopic
system was commercialized for automatic detection of AFB, which has received medical
device registration in several countries [22,23]. This is a continuation study to describe the
performance characteristics and medical technician’s workload of a diagnostic algorithm
for the identification of AFB under a microscope using image recognition technology.

2. Materials and Methods

Study Hospital: The Study Hospital was formerly an infectious diseases specialty
hospital located in Southern Jiangsu, China. The hospital has 900 beds, of which, 210
are in the respiratory department. An average of 80 smears are tested for mycobacteria
in the laboratory. At least three technicians are on duty daily to perform TB smear mi-
croscopy. All specimens in the study were processed by liquid-base culture method for
MTB identification.

Specimen: This study initially included 1150 smears. One hundred fifty smears were
rejected due to incomplete stain removal (n = 60), smear location shift (n = 8), smear being
too thick (n = 3), smear being too thin (14), smear dropped off (n = 4), and slide size too big
or too small for the system (n = 21). The remaining 1000 smears were enrolled.

Smear Stain: We followed the standardized protocol for the modified Kinyoun acid-fast
stain of smears. All specimens were processed with N-acetyl-L-cysteine-sodium hydroxide
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for decontamination. A smear was then made by spreading a thin layer of the processed
sputum sample onto a glass slide and allowing it to air dry, followed by heat fixation 2
to 3 times. Then, the slide was flooded with Kinyoun carbolfuchsin stain for 5 min after
1 min with absolute methanol for 1 min. The slide was rinsed briefly (3 to 5 s) with 50%
ethanol, followed by water rinsing. Moreover, the slide was decolorized with 1% sulfuric
acid for 2 min or until no more color runs from the slide. Afterward, the slide was rinsed
with water, counterstained with methylene blue for 1 min, and rinsed to air dry. After the
technicians examined the smears with a manual microscope and issued the test results
in the laboratory report, the same set of slides was transferred to another technician for
comparison by the automated system.

Image Recognition Model for TB Bacillus: The machine learning model applied in
this study for TB bacilli detection utilizes a hybrid approach, combining supervised and
unsupervised learning algorithms. The model building started with supervised learning,
where the system is trained to identify candidate TB objectives based on their morphological
characteristics. The convolutional neural network (CNN), a class of deep learning models
particularly effective in image recognition tasks, was trained on more than 100,000 TB
smears, learning to distinguish the distinctive bacillus-shaped morphology of acid-fast
bacilli (AFB) from other cellular debris and artifacts in the sputum smear, similar to
approaches used in other medical imaging applications [24]. Once potential bacilli were
identified, the model transitions to an unsupervised learning phase. This stage employed
another CNN model to refine the classification. The unsupervised model is exposed to
a diverse set of image objects containing TB-positive and TB-negative bacilli with labels
by medical technicians. Through this process, the model learns to identify subtle features
and patterns that distinguish positive TB bacilli from other similar-looking objects. This
unsupervised approach is particularly valuable as it allows the model to discover complex,
non-linear relationships in the data that might not be apparent to human observers or
easily codified in rule-based systems. Following the unsupervised learning phase, the
model undergoes a refinement step where the image objects classified as TB-negative by
the unsupervised model are removed from further consideration. This step effectively
prunes the candidate pool, leaving only the objects that the model considers highly likely
to be TB bacilli. This refinement process significantly enhances the model’s precision,
reducing the likelihood of false positives in the final output, a technique that has shown
promise in other medical imaging applications [25]. The overall architecture of this hybrid
model allows for continuous improvement and adaptation. As new data become available,
both the supervised and unsupervised components can be fine-tuned, enhancing the
model’s performance over time. The use of deep learning techniques, particularly in the
unsupervised phase, enables the model to capture complex, high-dimensional features
that may not be apparent to human observers, potentially leading to improved sensitivity
compared to traditional manual microscopy.

Procedures for a Parallel Study: An automated intelligent medical microscope system
(“system”) (TB-Scan, Wellgen Medical, Kaohsiung, Taiwan) was installed in a negative
pressured isolation laboratory. The system consists of two components: (1) microscopic
imaging acquisition hardware with auto-focusing and slide-scanning capability to cover
the 1 cm by 2 cm specimen area based on WHO recommendation (300 fields @1000× oil
lens); (2) an image recognition algorithm for detection and classification of positive AFBs.
The image acquisition hardware is designed to refocus every field of view to overcome
the inconsistency of smear thickness. This procedure ensures that each image acquired is
on focus, though the total acquisition time could be longer. After the microscopic images
were digitally acquired and stored, candidate AFBs were detected and marked, and the
marked bacilli were differentiated from other substances and tissues in the smear based
on color and morphological features, as mentioned previously. Such a CNN model was
pre-trained with a diverse set of specimen samples, more than 100,000 TB smears from
across Asia, mostly coming from Taiwan and partially from China, India, and Japan, to
minimize the potential overfitting problem [22,23]. The results were recorded as positive
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if any AFB was identified in the image of the slide. The laboratory technician supervisor
served as the Gold Standard in evaluating the system’s performance. The whole system
was powered and controlled by a custom-made internal personal computer (CPU: Intel
Gen10 Core i7-10700TE w/16 GB RAM and an Nvidia GTX 1650 GPU w/4 GB DDR5, Santa
Clara, CA, USA).

Quality Control: All positive smears detected by TB-Scan were re-examined by a mi-
croscope (Olympus CX-21) under a 1000× oil lens for verification, and microscopic images
were captured and stored by a cellphone (iPhone 13, Apple Inc., Cupertino, CA, USA).

Data Interpretation: Test performance evaluation is based on sensitivity and specificity.
Sensitivity (also called the true positive rate) measures the proportion of positives correctly
identified as such (e.g., the percentage of positive TB smears correctly identified from the
true positives). Specificity (also called the true negative rate) measures the proportion of
actual negatives correctly identified as such (e.g., the percentage of negative TB smears
correctly identified as not having the condition). Negative predictive value (NPV) measures
the ratio of true negative to all those identified as negative. NPV is an effective indicator for
a screening test because its characteristics can predict how likely it is truly negative (e.g.,
healthy) in case of a negative test result.

3. Results

Specimen Characteristics: Of the 1150 smears for this study, 150 were rejected due to
incomplete stain removal (n = 60), smear location shift (n = 8, see Figure 1), smear being
too thick (n = 3), smear being too thin (14), smear dropped off (n = 4), and slide size too big
or too small for the system (n = 21).

 
Figure 1. Examples of smear characteristics: #1 through #3 were acceptable. The #4 smear was too
thin, and #5 had incomplete stain removal. The #6 smear was too thick, and both #5 and #6 smears
were outside of the valid scanning target area.

Initial Results from the Automated System: The original hospital clinical records on
acid-fast stains indicated that there were 194 AFB-positive smears and 806 AFB-negative
smears. Based on TB-Scan’s results, there were 210 AFB-positive smears and 790 AFB-
negative smears. Of the 210 AFB-positive smears by TB-Scan, 198 smears contained AFB
under microscope examination, and AFB was not found in the remaining 12 smears. Based
on the results mentioned above, the confusion matrix is as follows in Table 1.

Table 1. Performance of automation system and manual smear microscopy to detect AFBs (before
discrepancy resolution by gold standard).

Test Performance
AFB Record by Technicians

Positive Negative

TB-Scan Positive 177 33

Negative 17 773
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The accuracy was 95.00% (950/1000), with a sensitivity of 91.24% (177/194), specificity
of 95.91% (773/806), false negative rate of 8.76% (17/194), and false positive rate of 4.09%
(33/806). However, 21 smears that were previously reported as negative were found
positive by TB-Scan. The microscopic images demonstrated scanty AFBs (Figure 2).

Figure 2. Examples of scanty AFBs detected by the automation system (each image is in 2448 × 2048
resolution with a pixel size of 0.173 μm).

Discrepancy Resolution and Updated Performance: After presenting the images to the
medical technician in the study hospital (our gold standard), the technician ruled out four
smears and maintained her judgment as negative, agreeing that the remaining 17 smears
should have been recorded as positive. Therefore, the confusion matrix was re-calculated
as follows in Table 2.
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Table 2. Performance of the automation system and manual smear microscopy to detect AFBs (after
discrepancy resolution by the gold standard).

Test Performance
Gold Standard

Positive Negative

TB-Scan Positive 194 16

Negative 17 773

The accuracy was recalculated as 96.70% (967/1000), with a sensitivity of 91.94%
(194/211), specificity of 97.97% (773/789), false negative rate of 8.06% (17/211), and false
positive rate of 2.03% (16/789). The negative predictive value (NPV) was 97.8% at a
prevalence of 21.1% (211/1000).

Among the 17 smears originally found negative, there were 8 recorded as scanty, 7 as
1+, 1 smear as 2+, and 1 smear as 3+.

User Feedback and Efficiency: During the study, we also interviewed the three labora-
tory technicians about the system’s user-friendliness and the key benefit to them if they
decide to apply such a system in their routine procedures. The technicians’ reports ranged
from “above average” (4 points) to “excellent” (5 points), yielding an average of 4.67 points
in user-friendliness. The first key comment from the technicians was that the system can
help them to eliminate more than 85% of negative smears and only focus on reviewing the
remaining 15% of slides. Their average time spent in the manual microscopic examination
per smear per person was reduced from 5 min to around 2 min if using the automated
system based on a 100-smear workload every day. This is equivalent to a time saving of
5 person-hr per day that the technicians can work on other important laboratory errands
while the automated system reads the smears in parallel. Secondly, the technicians were
surprised how the image recognition software could detect scanty acid-fast bacilli (Figure 2),
which was too difficult for human eyes. Lastly, reading TB smears under microscopy for 4
to 5 h per day is unhealthy for human eyes. The automated system can significantly reduce
the eye fatigue associated with manual microscope examination.

One of the key obstacles to applying digital solutions in microscopic systems is the
image/data size, which could be a major cost concern. In this study, images generated
for each smear covering 300 fields @1000× oil lens is about 60 MB on average, which is
significantly smaller than the images generated from the whole slide scanner (WSI), which
could be as big as 4 to 6 GB.

4. Discussion

The most economical, rapid, and readily available method for laboratory diagnosis of
TB is acid-fast staining of sputum smear to identify mycobacterial acid-fast bacilli (AFB).
However, the sensitivity of smear microscopy is highly variable [26] due to less experienced
or trained staff, long hours of workload, and no presence of quality assurance [27–31]. New
technologies, such as the Xpert and TB-LAMP, based on molecular methods, are becoming
available. In addition, the fluorescence in situ hybridization (FISH) tests were also used for
directly detecting mycobacteria in sputum, which has been successfully implemented in
India [32–34]. However, it is unlikely that these technologies will be affordable replacements
for smear microscopy in many high-burden countries without subsidy from the WHO or
Gates Foundations. Thus, if automation, AI, and machine learning can be applied to TB
smears, such a system may significantly increase the sensitivity of TB smear microscopy.
Then, one may re-evaluate the pros and cons of TB smear microscopy and TB molecular
methods, given the trial data that the test sensitivity and specificity are equivalent between
TB smear microscopy and TB molecular methods.

In this on-site test, the test system achieved an accuracy of 96.70% (967/1000), sen-
sitivity of 91.94% (194/211), specificity of 97.97% (773/789), false negative rate of 8.06%
(17/211), and false positive rate of 2.03% (16/789). The system performed more than 90%
in both test sensitivity and specificity, well above previous studies. Due to more consistent
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specimen preparation, the overall detection performance was better than the previous
two studies [22,23]. This is competitive with Xpert, which has a sensitivity of around 90%
as well [2]. In addition, regardless of the costs and resource issues with molecular methods,
TB smear microscopy continues to play a role in TB diagnosis in monitoring the treatment
of TB cases [2,6,7]. It is noteworthy that 17 smears were false negatives based on TB-Scan
analysis. After carefully examining each scanned image, both technicians in this study
could not find images with AFB. A smear that contains AFB may be outside of the scan
area. Thus, to minimize such false negative results, smear preparation should follow a
standardized procedure, and the specimen area should be in accordance with TB-Scan’s
scan area.

One of the important pieces of feedback from the medical technicians in the study
hospitals is that they spent significantly less time, an average reduction of 5 person-hour per
work day, in reading the microscope. The literature has documented the health hazards of
prolonged microscopic work [35–37]. In a study with 450 enrolled study pathologists, 84.8%
complained of musculoskeletal disorders (MSD), with the neck being the most common
location of pain [35]. Furthermore, 74.8% reported visual refractive errors, among which
myopia took the highest place [36]. Another study, with 163 pathologists participating in the
study, showed that 40% of responders reported musculoskeletal problems in the previous
month [37]. Almost 90% of pathologists had visual refraction errors, mainly myopia [37].
Using the automated system in our study may save three-fifths of the time spent reading
smears on the microscope, improving the medical technicians’ work morale. Furthermore,
the medical technicians in the study hospital reported that the system usability ranged
from “above average” to “excellent”. We would like to credit the company that hired our
in-house medical technicians who participated in the user interface design process. It is
important that our user interface is compatible with the laboratory’s existing workflow and
standard operating procedures as closely as possible, so no ambiguity and confusion occur.

Current guidelines and recommendations state that smear microscopy alone can-
not differentiate Mycobacterium tuberculosis complex and non-tuberculous mycobacteria
(NTM) [2,30,38]. While culture is considered the gold standard diagnostic method for TB
due to its high specificity and sensitivity, it is not commonly used due to cost, infrastructure
requirements, and the long turnaround time for results [39–41]. Huang et al. hypothesized
that for performance evaluation of smear microscopy automation systems, the gold stan-
dard should be the consensus of expert technicians rather than culture [22]. The rationale
behind this hypothesis is that smear microscopy inherently cannot distinguish between M.
tuberculosis and NTM. Using culture as the gold standard for evaluating smear microscopy
automation systems may lead to false negatives when NTM is present, which would be
detected as positive by the automation system. Therefore, we support the hypothesis that
the performance evaluation of smear microscopy automation systems should use a panel
of experienced medical technicians as the reference standard rather than culture. This
approach would provide a more accurate and fair assessment of the system’s ability to
detect TB bacilli in smear microscopy images, as it aligns with the inherent limitations of
smear microscopy in differentiating between M. tuberculosis and NTM.

Lastly, when considering the field deployment of an automated microscope system for
clinical laboratories, several issues are noteworthy and could be considered as weaknesses:
(a) Slide size compatibility: While the slide tray design of the automated system can
accommodate most commercial slides, some slides may be too large to fit into the tray
slots or too small and prone to falling out of the slide tray. This could impact the system’s
ability to process certain slide formats effectively. (b) Stain quality: The quality of the
manual staining technique can influence the performance of the automated system, as
the recognition software relies on color as an important parameter for detecting acid-fast
bacilli (AFB). Inconsistent or suboptimal staining may compromise the system’s ability
to accurately identify AFB. We suggest that the use of commercially available automatic
stain systems may well resolve the problems. (c) Image size: Most studies use whole slide
scanners (WSIs) from digital pathology trying to capture mycobacteria at 400×. Regardless
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of whether the image quality is acceptable for detecting mycobacteria, the image size could
be an issue. The large image size of a WSI, ranging from 4 to 6 GB for the whole 1 cm
by 2 cm area, could be costly in data storage and network transfer. In this study, the test
system takes each field of view into a compressed image file (i.e., JPEG), and the total data
size for one smear is only 60 MB on average, which is a cost advantage for users when
considering the digital solution.

5. Conclusions

This study demonstrated the potential of an automated intelligent microscopy system
incorporating deep learning to improve the diagnosis of pulmonary tuberculosis through
the detection of acid-fast bacilli (AFB) in sputum smears. The system achieved an overall
accuracy of 96.70%, with a sensitivity of 91.94% and specificity of 97.97%. These results
indicate a significant improvement over conventional manual microscopy, particularly in
detecting scanty AFB that may be missed by human observers. In addition, the negative
predictive value (NPV) of 97.85% at a prevalence of 21.1% is particularly noteworthy. This
suggests that the system could be an effective tool for screening, as it reliably identifies
negative samples. In resource-limited settings with high TB burdens, this could reduce
the workload on laboratory technicians by allowing them to focus their attention on the
smaller number of potentially positive samples. The system’s ability to detect previously
missed positive cases (17 out of 211 total positives) highlights its potential to improve case
detection rates. This is crucial in the global fight against TB, where early and accurate
laboratory diagnosis is key to effective treatment and prevention of transmission.

From an operational perspective, the feedback from laboratory technicians regarding
the system’s user-friendliness and efficiency improvement is encouraging. The reported
time savings of approximately 5 person-hours per day for a 100-smear workload represent
a significant improvement in laboratory efficiency. This could allow for increased testing
capacity or reallocation of human resources to other critical tasks. Moreover, the reduction
in eye strain and fatigue for technicians is an important occupational health benefit that
should not be overlooked. Prolonged microscopy work can lead to various health issues,
and any system that can alleviate this burden is valuable. Furthermore, the relatively
small file size of the digital images (average 60 MB per smear) compared to whole slide
imaging (WSI) systems is another advantage. This makes the system more feasible for
implementation in resource-limited settings where data storage and transfer capabilities
may be constrained.

However, it is important to note this study’s limitations. The rejection of 150 smears
due to various quality issues highlights the need for standardized sample preparation and
potential training requirements for optimal system use. Future studies should address
these issues and explore ways to minimize sample rejection rates.

While the performance of this system is promising, it is crucial to consider its place
within the broader context of TB diagnostics. Molecular methods like Xpert MTB/RIF and
TB-LAMP offer rapid results and can detect drug resistance, which this system cannot.
However, the cost and infrastructure requirements of these molecular methods may limit
their widespread adoption in high-burden, low-resource settings. Thus, this automated
system could potentially bridge the gap between conventional microscopy and molecular
methods. It offers improved sensitivity over manual microscopy while being more cost-
effective and easier to implement than molecular tests. In a tiered diagnostic approach, this
system could serve as an enhanced initial screening tool, with positive or uncertain results
then confirmed by molecular methods.

Looking forward, further research is needed to validate these results in diverse settings
and populations. Multi-center studies comparing this system directly with both manual
microscopy and molecular methods in terms of diagnostic accuracy, cost-effectiveness, and
operational feasibility would be valuable. Additionally, exploring the potential of this
technology for other diseases requiring microscopic examination could broaden its impact
on global health.
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Lastly, this automated intelligent microscopy system represents a significant advance-
ment in TB diagnostics. By combining the traditional method of sputum smear microscopy
with cutting-edge AI and deep learning technologies, it offers a promising solution to
enhance TB detection, particularly in high-burden, resource-limited settings. As we strive
to meet the ambitious goals set by the UN High-Level Meeting on TB, innovations like this
may play a crucial role in improving TB case detection, reducing diagnostic delays and
ultimately assisting in our global efforts to end the TB epidemic.
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Abstract: Coxsackievirus-A6 (CV-A6) is responsible for more severe dermatological manifestations
compared to other enteroviruses such as CV-A10, CV-A16, and EV-A71, causing HFMD in children
and adults. Between 2005 and 2007, the recombinant subclade D3/RF-A started to expand globally,
and a CV-A6 pandemic started. The study aimed to conduct whole-genome sequencing (WGS) of
an isolated CV-A6 strain from currently circulating HFMD cases from India in 2022. Gene-specific
RT-PCR and sequencing were used to perform molecular characterization of the isolated virus.
Confirmation of these isolates was also performed by transmission electron microscopy and WGS.
Among eleven positive clinical enterovirus specimens, eight CV-A6 strains were successfully isolated
in the RD cell line. Isolates confirmed the presence of the CV-A6 strain based on VP1 and VP2 gene-
specific RT-PCR. Sequences of isolates were clustered and identified as the novel CV-A6 strain of the
D3/Y sub-genotype in India. The studies revealed that the D3/Y sub-genotype is being introduced
into Indian circulation. The predicted putative functional loops found in VP1 of CV-A6 showed that
the nucleotide sequences of the amino acid were a remarkably conserved loop prediction compatible
with neutralizing linear epitopes. Therefore, this strain represents a potential candidate for vaccine
development and antiviral studies.

Keywords: HFMD; enteroviruses; CV-A6; RD cell line; TEM; nonsynonymous mutation

1. Introduction

HFMD is a common viral disease that infects young children below the age of five.
The disease can be defined as an enterovirus (EV)-associated exanthem rash characterized
by a febrile illness, oropharyngeal ulcers, and vesicular rashes on the hands, feet, palms,
buttocks, knees, and soles [1]. In some cases, the disease may progress to cause neuro-
logical complications such as encephalomyelitis [2]; also, it may develop to cause aseptic
meningitis, acute flaccid paralysis, and brainstem encephalitis.

Since 2008, atypical HFMD outbreaks have been primarily associated with the CV-A6
variant [3–7]. Contemporary surveillance data have demonstrated the potential of the
CV-A6 virus for epidemic spread around the world, particularly in Brazil [8], China [9],
France [10], Hong Kong [11], India [12], Japan [13], and Turkey [14]. CV-A6 has been
associated with severe clinical symptoms in both children and adults in several nations,
including Argentina [15], Brazil [16], China [17], Israel [18], Italy [19], and Japan [20]. These
symptoms include a rash that resembles vasculitis and vesiculobullous exanthema.

CV-A6 is a non-enveloped positive-sense RNA virus and belongs to the genus En-
terovirus, family Picornaviridae. It is a 7.4 kb long genome that contains one polyprotein,
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which viral proteases break to create suitable proteins. Structural proteins are essential for
viral entry into host cells and immune evasion; the capsid protects the viral genome and
makes it easier for the virus to attach to host cells during infection [21]. CV-A6 is spread by
contact with respiratory or fecal fluids or other body fluids such as saliva, nasal mucus, blis-
ter fluid, and vesicles of infected individuals. Clinical manifestations of CV-A6-associated
HFMD differ from traditional HFMD caused by EV-A71 or CV-A16. Atypical herpes and
onychoptosis are the most common clinical symptoms of CV-A6-associated HFMD [22]. In
some cases of patients with CV-A6, the symptom of Beau’s lines occurs [23].

Due to limited data on the molecular characterization and whole-genome sequencing
of CV-A6 strains from India, it is necessary to study the circulating lineages/clades of
CV-A6 strains in the Indian population. By determining the circulating genotypes and
recombinant strains of CV-A6 in India during the 2022 HFMD outbreak, we were able to
investigate the evolutionary history of the disease. Using VP1/VP2 sequence analysis,
we compared and analyzed the genetic characteristics of these recently sequenced CV-A6
variations as well as their evolutionary connections to other known worldwide strains.
To better understand the prevalence of these recombinant strains, we also sequenced and
characterized the almost complete genomes of eight typical CV-A6 strains circulating
in India.

2. Materials and Methods

2.1. Sample Collection and Detection of EV RNA

Vesicular swabs (n = 225), throat swabs (n = 135), oral lesion swabs (n = 06), serum
(n = 16), stool (n = 03), and urine (n = 40) specimens are among the 425 specimens,
which were collected from symptomatic patients with HFMD from the referred hospi-
tals and dispensaries.

All patients ranged in age from less than a year to more than twenty-one years, and
their symptoms included fever; blisters on their hands, feet, and buttocks; and even mouth
ulcers. One patient also had blisters in the genital region. The patient age distribution
revealed that 23.9% of patients were between the ages of 11 and 35, and the male-to-female
ratio was 1.92:1. Of the patients, 76.1% were under the age of 10.

Details about the patient including symptomatic conditions, type of clinical specimens,
and a consent letter from the parents were obtained. All specimens were initially screened
for pan-enterovirus qRT-PCR, followed by semi-nested RT-PCR targeting the VP1 region
for typing. Among these characterized specimens, CV-A6-positive specimens were further
selected for virus isolation based on the Ct values of qRT-PCR.

2.2. Virus Isolation

Throat swabs, serum, and vesicle swabs (vesicular fluid) were taken from HFMD
patients. Those molecularly characterized as CV-A6 were selected for virus isolation.
The procedure was carried out in a susceptible RD cell line. A total of eleven clinical
specimens such as throat swabs, vesicular swabs, and serum were selected to attempt virus
isolation. RD cells were prepared in Twenty-four-well plates using minimum essential
medium (MEM Hi-Media, Thane, India) containing 10% fetal bovine serum, 100 μg/mL
streptomycin, 100 U/mL penicillin, and a 37 ◦C incubation temperature with a supply
of 5% CO2. Clinical specimens were taken as undiluted (neat) and in a 1:10 dilution and
inoculated onto the RD cell line, along with cell controls. At least twice a day, the cells were
observed for morphological changes. The infected cells showing cytopathic effects (CPEs)
were harvested and blind passages were carried out further.

2.3. Virus Propagation and Estimation of TCID50

Among eight CV-A6 isolates passaged in the RD cell line using 24-well plates, one
of the representative isolates was selected for propagation on a large scale. Scale-up was
performed in T25, T75, and finally in T225 cm2 tissue culture flasks. TCID50 of the harvested
isolate was further carried out in 96-well plates of the RD cell line by tenfold dilution. Cell
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sheet clearing indicated CPE, which represents cell death due to viruses. The Reed and
Muench method was used for the calculation of titer.

2.4. Transmission Electron Microscopy (TEM)

Visualization of virus particles from virus isolates was acquired by transmission elec-
tron microscopy (TEM). For TEM analysis, negative staining of the sample was carried
out with phosphotungstic acid as described earlier [24]. Samples were prefixed with 1%
glutaraldehyde and negatively stained and a grid was examined under 100 KV in trans-
mission electron microscopy (Tecnai 12 BioTwin TM (FEI, Eindhoven, The Netherlands)).
Images were captured with a side-mounted 2 k × 2 k CCD camera (Megaview III, Olympus,
Tokyo, Japan).

2.5. Confirmation of Enterovirus by Real-Time q-PCR from Isolates

RNA was extracted using QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany)
from the passaged viral lysate and subjected to real-time PCR (CFX96TM Real-Time Sys-
tem, Bio-RAD, Hercules, CA, USA) to confirm enterovirus positivity. Sanger sequencing
was performed to determine the sequences of nucleotide bases. Reverse transcription
polymerase chain reaction (RT-PCR) was performed to amplify the whole VP1 and VP2
genes using specific primers (Table 1) [25]. Cycle sequencing PCR was carried out using a
BigDye direct cycle sequencing kit using specific primers for VP1 and VP2 genes. Using
the BLAST search tool (http://www.ncbi.nlm.nih.gov/blast (accessed on 3 April 2023)),
the sequence identity of the EV strains was determined. Molecular Evolutionary Genetics
Analysis Version 6.0 (MEGA6) provided 1000 bootstrapping replicates for the phylogenetic
analysis, which was conducted using the Maximum Likelihood approach.

Table 1. Primers used for VP1 and VP2 gene-specific RT-PCR and sequencing.

Primers Sequences (5′–3′) Region Nucleotide Positions (Range)

224 Forward GCIATGYTIGGIACICAYRT VP1 1977–1996

222 Reverse CICCIGGIGGIAYRWACAT VP1 2969–2951

89 Forward CCAGCACTGACAGCAGYNGARAYNGG VP1 2602–2627

88 Reverse TACTGGACCACCTGGNGGNAYRWACAT VP1 2977–2951

12 Forward ATGTAYGTICCICCIGGIGG VP2 2917–2936

22 Forward GCICCIGAYTGITGICCRAA VP2 3408–3389

32 Reverse GTYTGCCA VP2 3009–3002

2.6. Whole-Genome Sequencing by Next-Generation Sequencing (NGS)

Whole-genome sequencing of the CV-A6 isolates was carried out using next-generation
sequencing on the Illumina Miniseq platform. Using the Qubit RNA High Sensitivity (HS)
kit (Thermo Fisher Scientific, Waltham, MA, USA), the concentration of extracted RNA
was quantified using the Qubit® 2.0 Fluorometer (Invitrogen, Life Technologies, Carlsbad,
CA, USA) and then kept at −80 ◦C until needed. Using the NEB/Next rRNA depletion kit
(New England Biolabs, Ipswich, MA, USA) (human/mouse/rat), the host’s ribosomal RNA
was suppressed. Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) were
used to further purify this RNA. The Qubit RNA High Sensitivity (HS) kit was used to
quantify the depleted RNA. As recommended by the manufacturer for the depleted RNA,
an RNA library was generated using the TruSeq Stranded mRNA LT Library preparation
kit (llumina, San Diego, CA, USA). The Illumina Miniseq platform was loaded with the
normalized library. After completion of the run, CLC Genomics. Workbench software
Version 20 (CLC, Qiagen, Aarhus, Denmark) was used to import and analyze FASTQ data.
A de novo method and reference mapping were both used to obtain the whole sequences
of the etiological agent. Using MEGA software version 11, a Maximum Likelihood tree was
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constructed for the VP1 gene and the whole genome. A 1000-replication bootstrap was
carried out. The reference-based assembly method in the workbench was used to retrieve
the Coxsackievirus A6 sequences. OP896720.1 was used as the reference for CV-A6 strains.

Nucleotide substitution patterns and rates were estimated under the Tamura–Nei
model (+G). A discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories, [+G]). The mean evolutionary rates in these categories were 0.00,
0.03, 0.20, 0.82, and 3.95 substitutions per site. The nucleotide frequencies are A = 27.81%,
T/U = 24.93%, C = 23.52%, and G = 23.74%.

Each entry shows the probability of substitution (r) from one base (row) to another
base (column). For simplicity, the sum of r values is made equal to 100. Rates of different
transitional substitutions are shown in bold and those of transversion substitutions are
shown in italics (Table 2). These evolutionary analyses were conducted in MEGA software
version 11.

Table 2. The pattern of nucleotide substitution.

A T C G

A - 2.12 2.1 15.01

T 2.44 - 24.91 2.1

C 2.44 25.14 - 2.1

G 17.43 2.12 2.1 -

2.7. Nucleotide Sequence Accession Numbers

All newly generated complete CV-A6 genome sequences obtained in this study have
GenBank accession numbers from OR734733 to OR734740.

3. Results

3.1. Molecular Characterization of Enterovirus

A total of 425 clinical samples from 196 patients who had been diagnosed with HFMD
were screened for pan-enterovirus using qRT-PCR. By using qRT-PCR, only 54.6% [107/196]
of these patients showed evidence of EV RNA. Out of the patients who tested positive for
human enterovirus, 42.0% [45/107] tested positive for CV-A16 and 28.97% [31/107] tested
positive for CV-A6.

3.2. Virus Isolation

Based on Ct values (<25), eleven CV-A6-positive specimens (in duplicates) were
inoculated onto a confluent monolayer of rhabdomyosarcoma (RD) cells. The infected
cell lines were monitored daily for 5 to 6 days. The cells showed cytopathic effect (CPE)
on day 4 postinfection. After 24 h of incubation, the cells begin to show morphological
changes (Figure 1B). Virus-infected cells were harvested after showing CPE of 90 to 95%
(Figure 1D). Another freeze–thaw process was performed and the inoculum was used for
the next passage. The cells showed morphological changes from passage stage 3 (P-3) and
a further blank passage was performed until passage stage 6 (P-6) and confirmed for the
presence of CV-A6 using the VP1 and VP2 gene-specific RT-PCR cycle sequencing. Among
eleven CV-A6-positive specimens, eight CV-A6 strains were successfully isolated in RD cell
lines. A TCID50 assay was performed on RD cells to estimate the viral titer of CV-A6. Cell
sheet clearing indicates CPE, which represents cell death due to viral infectivity. From the
experiment, 50% of wells showed CPE at the 10−10 dilution, which implies the titer is 1010.
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Figure 1. Microscopic images (40×) of RD cell line on day 4 of passage level 6. (A) Normal cells,
(B) initiation of CPE, (C) 70% CPE, (D) 90% CPE (magnification 40×, EVOS XL core). Red circle
indicates the CPE.

3.3. Confirmation of Virus Particles from Isolate by Transmission Electron Microscopy

TEM imaging of cleared and negatively stained isolates from individuals with CV-A6
(n = 05) revealed the various virus-like particles belonging to the picornaviridae family with
a diameter of 30 nm (Figure 2). All HFMD patients were between 1 and 3.6 years old and
had rashes on their hands and feet. Fever and mouth ulceration have been reported.

3.4. Confirmation of Isolates by q-Real-Time PCR and VP-1/VP-2 Sequencing

The data and Ct (cycle threshold) values generated from the CFX96TM Real-Time Sys-
tem are arranged in ascending order. Ct values of CV-A6 isolates (783, 035, 722, 726, 273, 051,
064, 087, 274, and 085) were obtained by performing a real-time PCR assay for enterovirus
and viral passages were confirmed. The Ct value of the isolates ranged between 11 and 27.
Analysis of obtained data was further used for whole-genome sequencing experiments.

Molecular studies were conducted for the identification of CV-A6 strains and compar-
ative analysis of the confirmed CV-A6 strains with other CV-A6 strains. Virus serotypes
were identified using the BLASTn program from GenBank. The VP1 region of th con-
firmed strains CV-A6/087, CV-A6/051, CV-A6/722, CV-A6/726, CV-A6/274, and CV-
A6/273 showed percentages of identity of 100%, 98.04%, 96.54%, 92.76%, 78%, 68.79%
with OK635720.1, LC481419.1, OK635720.1, OP896720.1, MN233825.1, and OK635720.1,
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respectively. The VP2 region of the confirmed strains CV-A6/087, CV-A6/035, CV-A6/064,
CV-A6/274, CV-A6/051, CV-A6/273, and CV-A6/783 showed percentages of identity of
98.19%, 97.46%, 96.52%, 96.04%, 95.27%, 94.41%, 85.80% with OP896719.1, OP896719.1,
OP896719.1, MZ491032.1, MN845889.1, OL830040.1, and MN845859.1, respectively.

Figure 2. TEM imaging from the virus isolates from HFMD patients. Red arrows showing the 30 nm
virus like particles.

3.5. Whole-Genome Sequencing by Next-Generation Sequencing (NGS)

To obtain new insights into the genetic diversity of CV-A6, we sequenced the whole
genomes of eight isolates of CV-A6 strains with good CPE that were collected in 2022
(Table 3). All eight isolate sequences were derived from eight different patients. These
sequences were then compared to GenBank reference sequences. The CV-A6 strains in
this study had a nearly complete genome of 7435 nt, which included an ORF encoding a
polyprotein precursor with 2201 amino acids and a portion of the 5′ UTR.

The whole genome of study isolates was aligned along with full whole-genome se-
quences of reference strains (OP896720, MN845848, OP896719, KM114057, MH780756,
AB779614, JN203517, AY421764, JQ364886, KP143074, MN845781, MT814422, OL830039).
All eight CV-A6 strains grouped together to form a clade, which was confirmed by the 5′
UTR, P1, and P2 regions having high bootstrap values (96–100%). Within the structural
protein of the investigated strains, a strain belonging to subclade D3 that was identified
in Thailand in 2022 had the most significant identity (97.7–99.5% nt identity). To elu-
cidate the mutation in the VP1 gene (914 bp) of the D3/Y strains of CV-A6 compared
the amino acid and nucleotide variation between the VP1 sequences of representative
isolated strains and reference D3/Y strains, sequence alignment was performed and ana-
lyzed with reference CV-A6 strain (OP896720.1) by Needleman–Wunsch alignment and
MEGA software version 11.
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Table 3. Data was obtained from NGS with the percentage of identity and genome coverage as well
as genomic length of all CV-A6 isolates. All isolates were mapped with OP896720.1 as aligned in the
NCBI server, and it is taken as a reference strain.

Isolate ID Percentage of Identity Reference Strain Consensus Length Genome Coverage

CV-A6/726/NIV/IND/2023 98.25%

CV-A6 Isolate
Thailand/2022
(OP896720.1)

7435 99%

CV-A6/274/NIV/IND/2023 98.20% 7435 99%

CV-A6/064/NIV/IND/2023 98.12% 7435 100%

CV-A6/035/NIV/IND/2023 97.87% 7435 100%

CV-A6/087/NIV/IND/2023 97.85% 7435 100%

CV-A6/783/NIV/IND/2023 97.82% 7435 100%

CV-A6/723/NIV/IND/2023 97.74% 7435 100%

CV-A6/051/NIV/IND/2023 97.00% 7435 99%

All CV-A6 isolates showed 97% to 98% identity with the reference strain with 2% to
3% nucleotide substitution in the VP1 region. The VP1-encoding gene of EVs is crucial
in preventing the host immune response from being triggered. This study found 33 sites
of nonsynonymous mutations in the VP1 gene of the isolates. Among them, 2456 (Q 578
P), 2465 (V 581 A), 2531 (L 603 P), 2657 (R 656 Q), 2666 (N 648 S), 2783 (V 687 A), 2813
(L 697 S), 2858 (R 712 H), 2870 (C 716 Y), 2888 (Y 722 C), 2897 (G 725 E), 2900 (L 726 P),
2906 (N 728 S), 2975 (I 751 T), 3077 (I 785 T), 3083 (N 787 S), 3164 (M 814 T), 3218 (S 832 F),
3221 (A 833 D), 3230 (L 836 P), 3272 (P 850 L), and 3290 (V 856 A) were present and more
frequently seen in the isolates as compared to the reference strain from the D3/Y subclade
(Supplementary Table S1).

The VP1 region sequences were categorized into clades A–D, and clade D was further
subdivided into the D1–D3 subclades based on established classification criteria. This
study found 33 types of non-synonymous mutations in the VP1 gene of the isolates. Based
on the whole genomes of CV-A6 isolates and other reference strains, a phylogenetic tree
was built using NGS data. Every significant functional area of the genome was analyzed
separately. The evolutionary history was determined by the Neighbor-Joining method. The
percentage of replicate trees with clustered taxa in the bootstrap test (1000 repetitions) is
indicated above the branches (Figure 3). With branch lengths matching the evolutionary
distances used to build the phylogenetic tree. The evolutionary distances are reported
in base substitutions per site and have been derived using the Maximum Composite
Likelihood method. The final dataset comprised 7439 locations. MEGA11 was used to carry
out evolutionary analysis, with branch lengths matching the evolutionary distances used to
build the phylogenetic tree. The evolutionary distances are reported in base substitutions
per site and have been derived using the Maximum Composite Likelihood method.

Sequences of the isolates were clustered and identified to the new D3/Y sub-genotype,
which exist in the dominant CV-A6 genotype that is currently in circulation in Thailand [26].
Most of the global outbreaks that have occurred were due to sub-genotype D3. The findings
suggest that the persistent international circulation of CV-A6 may be due to the high
transmission, infectivity, and virulence of sub-genotype D3 strains [27]. It can be suspected
that the D3/Y sub-genotype has now been introduced into Indian circulation.
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D3-H 

D3-Y 

D2 

C2 

A 

B1 

C1 

D3-A 

 MH361015|United_Kingdom|2015
 MK510082|USA|2016
 MH111051|Australia|2017

 KX212502|Thailand|2015
 KX212395|Thailand|2014_Clade_1
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Figure 3. Time-scaled phylogenetic tree of sequences of coxsackievirus (CV)-A6 variants. The phylo-
genetic tree was generated using CV-A6 sequences characterized in this study (blue) and previously
published sequences. Clades described in previous studies (A, B1, C1, C2, D2, and D3) are shown.
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4. Discussion

Infection due to CV-A6 causes HFMD in both children and adults. Despite the major
risk that CV-A6 illnesses represent to public health, our knowledge of the mechanisms
by which new CV-A6 strains originate remains restricted [26]. Since 2008, CV-A6 strains
have become the main genotype responsible for global epidemics of atypical HFMD [3].
Several sporadic cases of HFMD with high morbidity and death have occurred, mainly in
Southeast Asian nations since 1997 and India after 2003 [23]. Multiple enterovirus serotypes
were found to circulate simultaneously in HFMD patients from Bhubaneswar, Odisha,
in 2009, southern and eastern India in 2009–2010 [22], and northern Kerala in 2015–2016.
CV-A6 was the leading cause of HFMD in India from 2015 to 2017, followed by CV-A16
and CV-A10 [28]. Co-circulation of CV-A6 and CV-A16 was reported to cause HFMD in
Mumbai in May–June 2018 [29]. It is essential to study the CV-A6 strains causing HFMD
that are currently circulating in India. Due to limited data on the isolation of recent CV-A6
strains, its molecular characterizations and whole-genome sequencing will emphasize the
genetic changes that occurred during this period. This study aimed to isolate, characterize,
and perform whole-genome sequencing of the viral isolates causing HFMD in India. The
study was based on three different research parameters, which comprise the isolation of
the viral agents causing HFMD in the RD cell line. Molecular studies were conducted
for identification, comparative analysis, and whole-genome sequencing by using next-
generation sequencing using the Illumina platform for comparative studies. It provides
knowledge of the genetic organization of the currently circulating CV-A6 viral strains. The
study also provides information on the molecular characterizations of etiological agents and
the evolutionary pattern of different CV-A6 isolates from various geographical locations
in India.

Isolation of the clinically positive specimens was carried out in susceptible RD cell
lines. The cell line was infected with the positive enterovirus samples. After 4 to 5 days
of incubation, the cell line showed morphological changes in the form of cytopathic effect
(CPE). Viral-infected cells with 90% CPE were collected, freeze–thawed, and utilized as an
inoculum for subsequent passages. The cells showed morphological changes from passage
level 3 (P-3) and further blind passaging was performed till passage level 6 (P-6) to get the
best viral titer and confirm the presence of CV-A6 based on VP1 and VP2 gene-specific
RT-PCR and cycle sequencing. Among eleven positive enterovirus specimens, eight CV-A6
strains were successfully isolated in RD cell lines. The representative viral agent was
propagated on a large scale and further processed for virus titration. Virus titration was
performed using tenfold dilutions of viral lysate and the titer was estimated in TCID50.
Isolated virus showed a 50% infectivity dose at a 1010 titer. VP1 and VP2 typing enables us
to determine the sub-genotype of the viral strain. Sequences of isolates were clustered and
identified to the new CV-A6 D3/Y sub-genotype, which existed in the dominant CV-A6
genotype circulating in Thailand [27]. Most of the global outbreaks that occurred thereafter
were due to sub-genotype D3. The data show that ongoing international circulation of CV-
A6 might be attributed to the high transmission, infectivity, and virulence of sub-genotype
D3 viruses. It is suspected that the D3/Y sub-genotype is now emerging in India.

The phylogenetic tree was constructed using NGS data, and the whole genome of the
study isolates was aligned along with whole genome sequences of reference strains. This
study provided essential data, which will be useful for further studies. However, the VP1
gene is regarded as the most informative and sturdy region in evolutionary studies because
of its wide range of diversity and lack of involvement in recombination. [29]. Human
enteroviruses evolve by genetic drift and, over considerably longer periods, antigenic
diversity in the structural gene region encoding the viral capsid, which includes VP1 [30].
When comparing strains with the reference strain (OP896720.1), nucleotide alterations and
amino acid substitutions in the VP1 gene (914 bp) of representative isolates (CV-A6/087,
CV-A6/274, CV-A6/051, CV-A6/783) were observed from the same subclade of isolates.
All isolates showed 97% to 98% identity with the reference strain (OP896720.1) with 2%
to 3% nucleotide substitution in the VP1 region. The VP1-encoding gene of EVs is crucial
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in preventing the host immune response from being triggered. This study found 33 sites
of nonsynonymous mutations in the VP1 gene of the isolates. Among them, 22 mutations
were at high frequencies in the isolates as compared to the reference strain (OP896720.1)
from the D3/Y sub-genotype.

In previous studies, the amino acid changes between the four virus strains and the
subclade D3/A strains from Thailand were compared to mutations in the subclade D3/Y
strains from Thailand. There were fewer nonsynonymous mutations in the structural
proteins (at the fifth position) than in the non-structural proteins. A crucial part of EVs’
ability to elude the host immune response is their VP1-encoding gene. The VP1 gene of the
sub-genotype CV-A6 D3/Y strains showed nine locations with nonsynonymous alterations.
Among these, three mutations were present more frequently in the D3/Y sub-genotype [26].
The whole genome was analyzed using previous CV-A6 reference strains. Sequences of
the isolates were clustered and identified to the new CV-A6 D3/Y sub-genotype, which
was the predominant CV-A6 genotype circulating in Thailand. It can be suspected that
the CV-A6 D3/Y sub-genotype is now in Indian circulation. Analysis of the complete VP1
gene revealed multiple nucleotide changes and amino acid substitutions and found 33 sites
of nonsynonymous mutations in the VP1 gene of the isolates. Studies have shown that
multiple protruding loops, such as the BC loop (residues 97–105), the EF loop (residues
163–177), and the GH loop (residues 208–225), and proximity of the C-terminus (residues
253–267) in VP1 have been identified as the significant antigenic proteins exposed on
the viral surface. The host cell receptor for CV-A6 was found to be Kringle-Containing
Transmembrane Protein 1 (KREMEN1). The BC, DE, EF, and HI loops on the surface of VP1
are the preferred binding sites for many short RNA viral receptors. Mutations in the 712th,
716th, 722nd, 725th, 751st, 785th, and 833rd amino acid positions of the VP1 region can
change the structural characteristics of the capsid and alter the virus’ ability to bind to the
KREMEN1. Further studies can be conducted on how these amino acids alter the structural
changes in the viral capsid and whether they help to bind the KREMEN1 receptor and the
role of amino acids in causing infectivity. Predicted putative functional loops found in the
VP1 of CV-A6 showed that the nucleotide sequences of the amino acid were remarkably
conserved loops; this prediction is compatible with neutralizing linear epitopes. As a result,
the D3/Y strains further represent a potential candidate for the development of a CV-A6
vaccine and antiviral studies.

5. Conclusions

This study provides further information on the molecular aspects and evolution-
ary patterns of different CV-A6 isolates from different geographical regions, revealing
the importance of evolutionary relationships, as well as the genetic organization of the
current circulating CV-A6 viral strains. The data will facilitate the development of effec-
tive diagnostic tools, antiviral therapies, and vaccines for the prevention and control of
CV-A6-associated HFMD.
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Abstract: Research has demonstrated a close correlation between human microbiota and
overall health, highlighting their intimate connection. Exposure to environmental factors,
such as chemical contaminants and biological agents, has the potential to alter the com-
position and function of microbiota, thereby influencing health outcomes. Meanwhile,
microbiota may contribute to host protection by degrading, or rendering harmless, expo-
sures. Environmental exposures demonstrate significant diversity and dynamism; however,
conventional methods for exposure–microbiota research, such as animal and epidemiologi-
cal studies, are often both time-consuming and costly. Additionally, they may raise ethical
concerns. This review aimed to examine the existing understanding of employing in vitro
models to investigate the interactions between environmental exposures and human micro-
biota, particularly those located outside the large intestine. A comprehensive search was
conducted across the Web of Science, PubMed, and Scopus databases, employing a range
of keywords related to microbiota, exposures, and in vitro models. A total of 58 studies
fulfilled the search criteria, revealing instances of microbial modulation of exposures and
vice versa. It was observed that, although considerable research has been conducted on
these interactions in vitro, there remains a pressing need for enhanced model designs and
application contexts.

Keywords: human microbiota; in vitro models; environmental exposures; exposure-
microbiota interactions

1. Introduction

Human microbiota, comprising trillions of microorganisms such as bacteria, archaea,
fungi, and viruses, inhabit various body regions [1]. These microbial communities play crit-
ical roles in human health and disease. Gastrointestinal (GI) tract microbiota, particularly
those in the large intestine, are crucial for nutrient metabolism, immune system develop-
ment, and mental health [2,3]. Oral microbiota directly impact oral health and have been
linked to conditions such as dental caries, periodontal diseases, and oral cancer [4]. Skin
microbiota provide a defense against infections and inflammatory skin conditions, includ-
ing acne, eczema, and psoriasis [5]. Vaginal microbiota create an acidic environment that
inhibits the proliferation of opportunistic pathogens and prevents vaginal infections [6].

Imbalances within these microbial communities, often termed dysbiosis, can arise
from environmental exposures. These exposures encompass chemical, biological, or phys-
ical agents that interact with humans and potentially lead to adverse health effects [7].
Exposure to chemical substances, such as heavy metals, pesticides, and antibiotics, can
reduce microbial diversity, promote pathogen growth, and contribute to gut inflammation,
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increased intestinal permeability, and neurodevelopmental impairments [8–13]. Exposure
to airborne pollutants, such as particulate matter, nitrogen dioxide, and ozone, can alter the
composition and function of both respiratory and gut microbiota, increasing the risk of sys-
temic inflammation and respiratory diseases [14,15]. Furthermore, contact with pathogens
can interfere with microbial function, leading to either acute diseases or long-term health
effects [1]. Despite these challenges, human microbiota possess remarkable defense mecha-
nisms. Certain microorganisms can transform chemical toxins into less harmful forms, or
bind and neutralize these toxins [16,17]. In addition, human microbiota can outcompete
pathogens for nutrients and space, and create inhospitable environments by producing
toxins or altering environmental pH [18,19]. Human microbiota can also modulate host
immune responses, strengthen epithelial barrier integrity, and limit oxygen availability for
facultative pathogens [18].

The continuous introduction of novel chemicals and the emergence of new pathogens
underscore the importance of understanding the complex interactions between environ-
mental exposures and human microbiota. Animal models, such as germ-free mice and
traditional laboratory animals (e.g., rats), have played a crucial role in elucidating these
interactions [20]. These models provide valuable insights into microbial and physiolog-
ical responses to external stressors. Furthermore, genetically modified animal models
enable researchers to explore specific host–microbiota interactions and the influence of
host genetics on microbiota composition and function [21]. Nonetheless, the microbiota
of laboratory animals may exhibit significant differences when compared to those of hu-
mans. For instance, animal vaginas lack key characteristics that are fundamental to the
human vaginal environment, such as low pH and Lactobacillus dominance [22,23]. Such
disparities can result in findings that may not be entirely applicable to human biology.
Additionally, the ethical implications surrounding the treatment of animals in research,
particularly in studies focusing on harmful exposures, raise important concerns that must
be addressed [24–26]. Epidemiological studies offer another approach to directly investi-
gating exposure–microbiota interactions in humans. Large-scale cohort studies can identify
associations between exposures and health outcomes across diverse populations [27,28].
However, epidemiological studies often struggle to establish causal relationships, and it
remains unclear whether changes in microbiota are a cause or consequence of disease.
Additionally, human studies are subject to confounding factors like genetics, lifestyle, and
socioeconomic status, which can complicate the interpretation of results.

To address these challenges, in vitro models have emerged as a valuable complemen-
tary approach. By enabling researchers to investigate exposure–microbiota interactions
under controlled conditions, in vitro models circumvent the ethical and practical limitations
of animal and human studies [24–26]. These models offer flexibility for high-throughput
screening of individual or combined exposures, making them ideal for toxicity testing.
Moreover, in vitro systems provide a stable and reproducible environment, facilitating the
observation of sustained interactions without the complexities of animal or human studies.
This review aimed to explore the role of in vitro models in elucidating the relationship
between environmental exposures and human microbiota, with a particular focus on mi-
crobiota located outside the large intestine, an area that has received limited attention. An
examination of the current in vitro models and the interactions between exposures and
microbiota studied within these frameworks was conducted. Following this, the distinct
advantages and drawbacks of existing research were analyzed, and recommendations
for future efforts to enhance model application and tackle essential research inquiries
were presented.
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2. Methods

2.1. Search Strategy

The literature search was performed on 31 December 2024 across the Web of Science,
PubMed, and Scopus databases, using a selection of keywords associated with oral, gastric,
small intestinal, respiratory, skin, and vaginal microbiota, as well as exposures and in vitro
models, in the abstract or title. A comprehensive list of query strings can be found in
Table S1.

2.2. Eligibility Criteria

The inclusion criteria comprised: (1) original research articles, theses, and dissertations;
(2) in vitro studies examining exposure–microbiota interactions, which include changes
in microbial growth, abundance, and activity due to exposure, as well as modulation of
exposure chemical structure and availability by microbiota; and (3) publications written in
English and Chinese.

The exclusion criteria were as follows: (1) studies not involving human microbiota
(e.g., animal microbiota); (2) studies not related to environmental exposures (e.g., nutrients,
drugs), with the exception of antibiotic drugs, due to the significant number of reports
regarding unintended dietary exposure to antibiotic residues [29–32]; (3) studies not utiliz-
ing in vitro models; (4) non-original research (e.g., review articles, perspectives, awarded
grants, errata, patents); (5) preprints; and (6) studies published in languages other than
English and Chinese.

2.3. Data Extraction and Synthesis

The two authors independently assessed each study for eligibility. Subsequently, one
author (Q.C.) extracted descriptive information from the full text of each eligible study, and
synthesized exposure type(s), in vitro model type(s), key findings on exposure–microbiota
interactions (including alterations in microbiota and/or exposures), and methods to identify
key findings. The other author (S.C.) independently verified the accuracy of the results to
reduce the risk of bias, and discussed any discrepancies with Q.C.

3. Results

A total of 2147 records were retrieved from the three databases, with 1302 duplicate
entries eliminated. The full texts of 16 out of the remaining 845 records were inaccessible
and were therefore excluded from this review. Following the application of the inclusion
and exclusion criteria, 58 studies were selected, which included 25 studies focusing on
oral microbiota, one on gastric microbiota, one on small intestinal microbiota, seven on
respiratory microbiota, 11 on skin microbiota, and 13 on vaginal microbiota (Table S1).
These studies were subsequently categorized into “gastrointestinal tract microbiota” and
“extraintestinal microbiota” according to their respective locations, and are discussed in the
following sections. In addition to these studies, other research was referenced mainly to
establish a foundational context and to suggest potential avenues for future investigation,
offering essential insights for comprehending this review.

3.1. Gastrointestinal Tract Microbiota

The microbiota in the human GI tract, including bacteria, archaea, fungi, and viruses,
play a crucial role in human health [1–3]. These microorganisms inhabit various regions
of the GI tract, from the oral cavity to the colon, and their composition and function
can be influenced by factors such as environmental exposures. Research into GI tract
microbiota has increasingly turned to in vitro models, which offer controlled environments
for studying microbial dynamics and their interactions with exposures. The various large
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intestinal models and the types of exposures examined in vitro have been thoroughly
reviewed in other literature; therefore, this work focuses primarily on non-large intestinal
microbiota (i.e., microorganisms living in the oral cavity, stomach, and small intestine). For
a comprehensive overview of large intestinal microbiota research, readers are referred to
specialized reviews [8–13,20,24–26,33–38] (Table 1).

3.1.1. Oral Microbiota

Oral microbiota, comprising over 1000 microbial species, are second in complexity
only to the large intestinal microbiota [4,39]. Balanced oral microbiota contribute to dental
health by preventing the overgrowth of pathogenic species that cause dental caries and
periodontal diseases [4]. Multiple oral bacteria have also been linked to an increased risk
of oral squamous cell carcinoma. Emerging research indicates a connection between oral
microbiota and systemic health conditions, including cardiovascular diseases, diabetes,
and respiratory infections [40]. A comprehensive understanding of oral microbiota can
help inform strategies for maintaining oral and overall health, emphasizing the importance
of good oral hygiene practices and regular dental care.

In vitro models designed to simulate oral microbiota range from simple single-species
cultures to complex systems that closely resemble the physiological environment of the
oral cavity. These models can be inoculated with either defined microbial species or actual
samples obtained from human oral cavities, such as saliva, oral swabs, dental crowns, oral
rinses, and toothbrushes [41–51]. Previous models aimed at investigating the interactions
between oral microbiota and environmental factors encompass several innovative designs,
including (1) the toothbrush model, which fosters biofilm development on nylon fibers
(i.e., representative toothbrush material) [52]; (2) the hydroxyapatite disc biofilm reactor,
which supports microbial biofilm growth on hydroxyapatite discs, effectively representing
early supra-gingival plaques [42,53–55]; (3) the drip flow biofilm reactor, which allows
a continuous drop-wise flow of medium over hydroxyapatite-coated slides, facilitating
biofilms similar to supra-gingival plaques [42]; (4) the multiple sorbarod device, which
enables the formation of biofilms similar to sub-gingival plaques [42]; and (5) the constant
depth film fermenter, which simulates the oral environment by continuously supplying
microbial media in a thin film of liquid flowing over the biofilm surface [43]. The last three
models exhibit dynamic characteristics and are valuable for investigating the impact of
mechanical forces on biofilms.

Previous research utilizing these models has primarily focused on examining the
impact of oral hygiene products on microbial composition. For instance, fluoride, which
is commonly utilized as an anti-caries agent in dental care products, showed minimal
antimicrobial activity against biofilms consisting of Candida albicans, Actinomyces oris, Fu-
sobacterium nucleatum, Streptococcus oralis, Streptococcus sobrinus, and Veillonella dispar, but
decreased the formation of microbial extracellular polysaccharide (EPS) and the production
of acids [54]. In a separate study, fluoride hindered the growth of Streptococcus mutans
and Streptococcus sanguinis [44]. When used in conjunction with arginine, fluoride en-
hanced the growth of S. sanguinis and suppressed that of S. mutans, significantly reducing
the demineralizing potential of oral biofilms derived from saliva. Other oral hygiene
agents, including triclosan, chlorhexidine, traditional Chinese medicine, essential oils,
and hypochlorite nanobubbles, could significantly reduce bacterial pathogens, including
Enterobacter, Streptococcus, Staphylococcus, Porphyromona, and Enterococcus, as well as C.
albicans in vitro [42,48,49,51,56–60]. However, it is important to note that certain agents
might also hinder the growth of probiotics such as Lactobacillus salivarius and Streptococcus
salivarius [51].
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In addition to oral care products, previous in vitro research has linked oral microbiota
to antibiotics and nanoparticles, two antimicrobial agents that can be unintentionally
ingested. Studies on three antibiotics, namely, tetracycline, ampicillin, and amoxicillin,
suggested that low concentrations of these antibiotics (e.g., less than 1 mg/L) had no
impact or even a beneficial impact on the viability of oral biofilms, whereas elevated
concentrations exhibited detrimental effects [43,45,46]. Furthermore, antibiotic resistance
patterns within oral microbiota underwent significant changes following the introduction
of antibiotics; however, the extent of these changes differed depending on the antibiotic
types and concentrations, as well as the oral microbiota donors. Similar to antibiotics,
nanoparticles possess the capability to modulate oral biofilm development. For instance,
copper and zinc oxide nanoparticles could significantly reduce oral bacterial proliferation,
EPS production, and biofilm formation [41].

Cigarette smoke and nonnutritive sweeteners are two additional chemical exposures
linked to oral microbiota alterations in vitro. Cigarette smoking, associated with microbiota
dysbiosis and periodontitis, could directly impact the abundance and function of Fusobac-
terium, a key player in oral biofilm development and disease progression [53]. Cigarette
smoke could also enhance S. mutans biofilm formation [61]. Electronic cigarette vapor was
capable of upregulating quorum sensing, enhancing oral biofilm surface area, increasing
microbial alpha diversity, shifting metabolic pathways, and altering host response [55,62].
Nonnutritive sweeteners like acesulfame-K, aspartame, saccharin, and sucralose, were able
to inhibit S. mutans and S. sanguinis biofilm development, reduce EPS production, lower
S. mutans/S. sanguinis ratio, decrease acid production, and thereby lessen the cariogenic
potential of oral biofilms [50].

Chemical factors are not the sole influences on oral microbiota; physical factors like
radiation can also induce changes, as demonstrated in in vitro studies. For instance, low-
dose gamma radiation (10 Gy) could reduce Klebsiella oxytoca biofilm formation, an effect
potentially mitigated by the addition of mucins [63]. Additionally, heavy ion radiation
could markedly reduce oral microbiota diversity, increase the relative abundance of Strepto-
coccus, and upregulate gtfC and gtfD gene expression in S. mutans, indicative of enhanced
cariogenic virulence [47].

The modulation of viral infections by oral microbiota is a burgeoning field of research.
An in vitro assay for SARS-CoV-2 pseudovirus infection demonstrated that Porphyromonas
gingivalis could significantly inhibit viral infection. This effect was mediated by P. gingi-
valis-related compounds, such as phosphoglycerol dihydroceramide and gingipains [64].
Similarly, in vitro studies involving S. sanguinis and Akata cells with Epstein-Barr virus
(EBV) infection revealed that the metabolite of S. sanguinis, hydrogen peroxide, could
induce EBV lytic activation [65].

3.1.2. Gastric and Small Intestinal Microbiota

Despite its acidic environment, the stomach harbors a unique microbial community,
though significantly less diverse than that in the oral cavity. Acid-resistant bacteria such as
Helicobacter pylori and Lactobacillus species can colonize the stomach [66]. H. pylori infection
can lead to gastritis, peptic ulcers, and even gastric cancer, while Lactobacillus can contribute
to a healthy stomach by lowering pH, aiding digestion, and supporting the immune
system [67,68]. Based on the literature search, continuous fermenters are the primary tools
used to simulate the gastric environment [66,68], with pH as the only factor investigated
in vitro [66]. It was found that when inoculated with gastric and duodenal aspirates and
subjected to pH changes from 6.0 to 3.0, Candida and Lactobacillus species exhibited acid
tolerance [66]. Escherichia and Klebsiella populations decreased with decreasing pH, though
they persisted at significant levels at pH 3.0.
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Relative to the acidic gastric environment, the small intestine’s more neutral pH fa-
cilitates diverse microbiota, composed of genera including Lactobacillus, Bifidobacterium,
Streptococcus, Enterococcus, and Escherichia [69–75]. These bacteria aid digestion and nutrient
absorption, regulate intestinal motility, and enhance mucosal immune function. Addition-
ally, they may contribute to the gut–brain axis by producing metabolites like short-chain
fatty acids (SCFAs), influencing mood and cognition [76]. Several recent investigations
have sought to simulate small intestinal microbiota using batch cultures and in continuous
reactors, the latter of which can function independently or be integrated into large intestinal
models such as the Simulator of the Human Intestinal Microbial Ecosystem (SHIME) [69–
74]. In one study, a dynamic in vitro model with four compartments, simulating the
stomach, duodenum, jejunum, and ileum, was used to investigate and compare the impact
of a bacteriophage cocktail and the antibiotic ampicillin on seven representative ileal micro-
bial species and the foodborne pathogen Listeria monocytogenes [75]. While both treatments
effectively inhibited L. monocytogenes, the bacteriophage cocktail demonstrated superior
specificity, avoiding the microbiota dysbiosis-inducing effects associated with ampicillin.

Table 1. Interactions between intestinal microbiota and environmental exposures using in vitro methods.

Exposure In Vitro Model Key Findings 1 Methodology 3 Reference

Oral cavity microbiota

Sodium fluoride
Six-species biofilm on sintered
hydroxyapatite disks Total bacteria (-) Viable cell counting [54]

Sodium fluoride
Saliva-derived mixed-species
biofilm on saliva-coated
human enamel discs

Streptococcus mutans (↓)
Streptococcus sanguinis (↓) qPCR [44]

Stannous fluoride, triclosan +
sodium fluoride

Saliva-derived
mixed-species culture

Uncultured Veillonella sp. (↑)
Bulleidia extructa (↑)
Veillonella atypica and three
Veillonella sp. (↓)

DGGE [48]

Sodium fluoride + arginine
Saliva-derived mixed-species
biofilm on saliva-coated
human enamel discs

Streptococcus mutans (↓)
Streptococcus sanguinis (↑) qPCR [44]

Sodium fluoride + stannous
chloride

Oral isolate single-
species culture

Enterobacter hormaechei (↓)
Streptococcus salivarius (↓)
Staphylococcus aureus (↓)
Enterobacter cloacae (↓)
Enterococcus faecalis (↓)
Lactobacillus salivarius (↓)
Candida albicans (↓)

Viable cell counting [51]

Stannous fluoride + zinc lactate
Saliva-derived mixed-species
biofilm in hydroxyapatite
disc reactors

Total facultative anaerobes (↓)
Total anaerobes (-)
Total streptococci (-)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]

Stannous fluoride + zinc lactate
Saliva-derived mixed-species
biofilm in drip-flow
biofilm reactors

Total facultative anaerobes (↓)
Total anaerobes (↓)
Total streptococci (↓)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]

Stannous fluoride + zinc lactate
Saliva-derived mixed-species
biofilm in multiple
sorbarod devices

Total facultative anaerobes (-)
Total anaerobes (-)
Total streptococci (-)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]

Triclosan
Saliva-derived mixed-species
biofilm in hydroxyapatite
disc reactors

Total facultative anaerobes (↓)
Total anaerobes (↓)
Total streptococci (↓)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]

Triclosan
Saliva-derived mixed-species
biofilm in drip-flow
biofilm reactors

Total facultative anaerobes (↓)
Total anaerobes (↓)
Total streptococci (↓)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]
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Table 1. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 3 Reference

Triclosan
Saliva-derived mixed-species
biofilm in multiple
sorbarod devices

Total facultative anaerobes (-)
Total anaerobes (-)
Total streptococci (↓)
Total Gram-negative anaerobes (↓)

Viable cell counting [42]

Traditional Chinese
medicinal toothpaste

Oral cavity-derived isolate
single-species culture

Enterobacter hormaechei (↓)
Streptococcus salivarius (-)
Staphylococcus aureus (↓)
Enterobacter cloacae (-)
Enterococcus faecalis (↓)
Lactobacillus salivarius (-)
Candida albicans (↓)

Viable cell counting [51]

Chlorhexidine

Single-species culture and
biofilm in culture plates;
dual-species culture and
biofilm in culture plates

Streptococcus mutans (↓)
Candida albicans (↓)
Staphylococcus aureus (↓)
Pseudomonas aeruginosa (↓)

Viable cell counting [57]

Chlorhexidine gluconate
Oral cavity-derived Candida
albicans isolate single-
species culture

Candida albicans (↓)
Cell counting,
optical density
measurement

[56]

Clove, oregano, thyme
essential oils

Mixed-species biofilm in
culture plates, and plates
supplemented with
nylon fibers

Mixtures of 5–6 species selected
from Actinomyces viscosus,
Enterococcus faecalis, Streptococcus
mutans, Streptococcus oralis,
Streptococcus sanguinis, and
Streptococcus salivarius (↓)

Visual turbidity,
viable cell counting,
crystal violet
staining

[52]

Two tulsi essential oils
Single-species culture on
agar plates

Porphyromonas gingivalis (↓)
Prevotella intermedia (↓)
Fusobacterium nucleatum (↓)
Staphylococcus aureus (↓)
Streptococcus mutans (↓)

Agar well diffusion
assay [58]

Eleven essential oils from plant
rhizome, leaf and bark

Single-species culture on
agar plates

Streptococcus mutans (↓)
Streptococcus sanguinis (↓)
Staphylococcus aureus (↓)
Candida albicans (↓)

Disc diffusion assay [59]

Hypochlorite nanobubbles
Saliva-derived
mixed-species culture Porphyromonas pasteri (↓) 16S rRNA gene

sequencing [49]

Denture cleanser
Nine-species biofilm on
polymethylmethacrylate discs

Total aerobes (↓)
Total anaerobes (↓)
Candida (↓)

qPCR [60]

Copper oxide nanoparticles, zinc
oxide nanoparticles

Teeth crown surface-derived
mixed-species culture Total bacterial counts (↓) Viable cell counting [41]

Tetracycline
Saliva-derived mixed-species
biofilm in Constant Depth
Film Fermenters

Total anaerobic count (↓)
Lactobacillus (-)
Streptococcus (↓)
Actinomyces (↓)

Viable cell counting [43]

Ampicillin
Saliva-derived mixed-species
biofilm in culture plates
pre-coated with saliva pellicle

Veillonella atypica (↑)
Veillonella infantium (↑)
Veillonella dispar (↑)
Veillonella parvula (↓)
Prevotella jejuni (↑)
Prevotella histicola (↑)
Prevotella salivae (↑)
Prevotella melaninogenica (↑)
Streptococcus oralis (↓)
Streptococcus mitis (↓)
Streptococcus parasanguinis (↓)
Streptococcus sanguinis (↓)
Streptococcus salivarius (↑)
Streptococcus pneumoniae (-)
Staphylococcus aureus (-)

Metagenomic
shotgun sequencing [45]
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Table 1. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 3 Reference

Amoxicillin
Saliva-derived mixed-species
biofilm in culture plates

Total viable cells (-)
Streptococcus salivarius (↑)
Streptococcus pneumoniae (↑)
Lactobacillus fermentum (↓)

Viable cell counting,
metagenomic
shotgun sequencing

[46]

Cigarette smoke
Mixed-species biofilm in
sintered hydroxyapatite
disc reactors

Fusobacterium nucleatum was
associated with carbohydrate
metabolism (↑), cofactors,
vitamins, prosthetic groups and
pigments (↑), amino acid
metabolism (↑), virulence
mechanisms (↑), respiration (↓)

Metatranscriptomic
sequencing [53]

Cigarette smoke
Single-species biofilm in
culture plates Streptococcus mutans biofilm (↑) Crystal violet

staining [61]

Electronic cigarette vapor

Mixed-species biofilm on
sintered hydroxyapatite disks,
with or without organoid
tissue overlay

Without overlay: quorum-sensing
regulated gene expression (↑),
biofilm surface area (↑)
With overlay: keratin thickness (↑),
host response to pathogen-rich
biofilms (↓)

NMR spectroscopy,
TIMS-TOF, CLSM [55]

Electronic cigarette vapor
Saliva-derived mixed species
culture in 3D oral
mucosa models

Alpha diversity (↑)
Clostridium (↑)
Prevotella (↑)
Veillonellaceae (↑)
Bacteroides (↑)
Multiple glucose and energy
metabolic pathways (↑)

16S rRNA gene
sequecning, GC-MS [62]

Nonnutritive sweeteners
including acesulfame-K,
aspartame, saccharin,
and sucralose

Single-species culture and
biofilm in culture plates;
dual-species biofilm on glass
coverslips pre-coated with
saliva; saliva-derived
mixed-species biofilm on glass
coverslips pre-coated
with saliva

Streptococcus sanguinis (↓)
Streptococcus mutans (↓)
Streptococcus mutans/Streptococcus
sanguinis ratio (↓)

Optical density
meansurement,
FISH, EPS staining

[50]

Gamma radiation

Candida albicans, Candida
glabrata, Streptococcus salivarius,
and Klebsiella oxytoca
single-species culture and
biofilm in culture plates

Planktonic cell growth (-)
Klebsiella oxytoca and Candida
glabrata biofilms exhibited varying
responses to different
culture conditions

Optical density
meansurement,
crystal violet
staining, calcofluor
white staining

[63]

Heavy ion radiation
Single-, dual-, and
saliva-derived
mixed-species culture

Streptococcus (↑)
Streptococcus mutans/Streptococcus
sanguinis ratio (↑)

Viable cell counting,
qPCR, FISH, MTT
assay, crystal violet
staining, EPS
staining, RNA
sequencing

[47]

SARS-CoV-2

Porphyromonas gingivalis,
Actinobacillus
actinomycetemcomitans,
Actinomyces odontilyticus
single-species culture
supernatant, co-cultured with
ACE2 + 293 T cells

SARS-CoV-2 pseudoviral infection
(↓)

Luciferase activity
measurement [64]

Epstein-Barr virus (EBV)
Streptococcus sanguinis and
Akata cell co-culture EBV lytic activation (↑) Flow cytometry,

qPCR [65]

Gastric microbiota

pH (6.0 to 3.0)
Eleven-species culture in
chemostats

Candida (-)
Lactobacillus (-)
Escherichia (↓)
Klebsiella (↓)

Viable cell counting [66]
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Table 1. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 3 Reference

Small intestinal microbiota

Bacteriophage cocktail

Seven-species culture in the
Smallest Intestine (TSI) model
inoculated with Listeria
monocytogenes

Streptococcus (-)
Enterococcus faecalis (-)
Listeria monocytogenes (↓)
Escherichia coli (-)

Viable cell counting [75]

Ampicillin

Seven-species culture in the
Smallest Intestine (TSI) model
inoculated with Listeria
monocytogenes

Streptococcus (-)
Enterococcus faecalis (↓)
Listeria monocytogenes (-)
Escherichia coli (↓)

Viable cell counting [75]

Large intestinal microbiota 2

Reviews on types of in vitro
models

[24–26,33]

Reviews including exposure-
microbiota interactions using
in vitro models:

Heavy metals [8,9]

Antibiotics [10,11]

Nanomaterials [34,35]

Persistent organic pollutants [12,13]

Food additives [36,37]

Pathogens [20,38]

1 The symbols (↑), (↓) and (-) represent significant increases, decreases, and no significant changes in microbial
growth, abundance, or activity, respectively, as observed after exposure. 2 Numerous reviews on large intestinal
microbiota are already available, and a selection of these reviews is listed in this table. 3 qPCR: quantitative poly-
merase chain reaction; DGGE: denaturing gradient gel electrophoresis; FISH: fluorescence in situ hybridization;
EPS: extracellular polysaccharide; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NMR:
nuclear magnetic resonance; TIMS-TOF: trapped ion mobility spectrometry time-of-flight mass spectrometry;
CLSM: confocal laser scanning microscopy; GC-MS: gas chromatography coupled to mass spectrometry.

3.2. Extraintestinal Microbiota

Beyond the GI tract, microbial communities reside in diverse body sites, including the
respiratory tract, skin, and vagina, where they play critical roles in maintaining health and
influencing disease outcomes. In vitro models have become a valuable tool for advancing
the understanding of extraintestinal microbiota, a field that remains less explored compared
to the well-studied intestinal microbiota. The literature search yielded only 31 studies inves-
tigating in vitro interactions between extraintestinal microbiota, including the respiratory
tract, skin, and vaginal microbiota, and various environmental exposures (Tables 2 and S1).
In contrast, 25 studies focused solely on oral microbiota, while hundreds examined the
large intestinal microbiota. Therefore, a comprehensive overview of current research on
extraintestinal microbiota and their interactions with exposures in vitro is presented, along
with the identification of research domains that necessitate further exploration.

3.2.1. Respiratory Microbiota

The respiratory tract harbors a diverse community of microorganisms, collectively
known as respiratory microbiota. Key bacterial genera found in this ecosystem include
Staphylococcus, Corynebacterium, Streptococcus, Haemophilus, and Prevotella [77–79]. These
microorganisms play a crucial role in respiratory health by influencing immune responses
and pulmonary function. Disruptions to this delicate balance can lead to various respiratory
conditions, such as pneumonia, chronic obstructive pulmonary disease, and asthma [77,80].
Additionally, interactions between the gut and respiratory microbiota, often referred to as
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the gut–lung axis, can influence systemic immune responses and inflammation, impacting
respiratory health [80].

Despite its importance, research into respiratory microbiota is still emerging. Current
in vitro studies often rely on conventional culturing methods to investigate specific bacterial
isolates, but a few more complicated models have been developed. For example, the simul-
taneous utilization of a filter plate alongside a standard multi-well plate (receiver) facilitates
the examination of the effects of soluble microbial metabolites that can transfer from the
filter plate to the receiver [81]. The nasal epithelial cell model allows microbial colonization
of a cultured host mucosa in vitro, providing a platform for investigating the intricate
dynamics of host–microbe and microbe–microbe interactions [82]. The three-dimensional
(3D) lung epithelial model demonstrates the ability to replicate bacterial invasion and
host pro-inflammatory response [82]. The air-liquid interface (ALI) culture model, often
using cell lines like Calu-3, simulates the respiratory tract by creating an interface between
air and liquid, allowing for the differentiation of cells into a functional, mucus-secreting
epithelium, which can then be co-cultured with various respiratory microbiota [77].

Using microbial cultures, previous studies have isolated Staphylococcus [78,83],
Haemophilus [84], Prevotella [79], Moraxella catarrhalis [85], and Streptococcus pneumoniae [85]
from nasal or throat swabs and examined their antibiotic susceptibility on agar plates.
Furthermore, one study cultured sputum microbiota in a batch model and investigated the
impact of excessive oxygen on microbiota composition and function [86]. Results from this
study indicated that hyperoxia reduced the overall microbial load and diversity, as well as
the abundance of specific bacteria, including Rothia mucilaginosa and various Streptococcus
species. In contrast, Pseudomonas aeruginosa and Staphylococcus aureus, which are commonly
associated with cystic fibrosis, were minimally affected. In addition, the ALI model was
used to study the impact of microbial changes in response to human rhinovirus (HRV) infec-
tion, and it was discovered that a combination of Corynebacterium pseudodiphtheriticum and
Haemophilus influenzae significantly reduced HRV copy number, highlighting the potential
protective role of these bacteria against viral infections [77].

3.2.2. Skin Microbiota

Skin microbiota are a diverse community of microorganisms, including bacteria, fungi,
viruses, and archaea, that reside on and within the skin. Common inhabitants include
Staphylococcus, Cutibacterium, Micrococcus, Propionibacterium, Corynebacterium, and Malassezia
species [5,87]. These microorganisms play a vital role in maintaining skin health by protect-
ing against pathogens, regulating the immune response, and contributing to overall skin
homeostasis. Balanced skin microbiota support wound healing, prevents infections, and
reduces inflammation, while dysbiosis has been associated with dermatological conditions
such as acne, eczema, psoriasis, and atopic dermatitis [5].

Currently, the majority of in vitro studies on skin microbiota rely on traditional cultur-
ing techniques, whereas advanced models designed to replicate the physical architecture
and function of the skin do not typically integrate the microbial ecosystem. According
to our knowledge, a limited number of studies have attempted to inoculate skin microor-
ganisms into skin models, with a maximum of two species being introduced simultane-
ously [87,88]. One of these models, the microbially competent 3D skin model, was utilized
to study the impact of polycyclic aromatic hydrocarbons, such as benzo[a]pyrene (B[a]P),
on skin microorganisms Micrococcus luteus and Pseudomonas oleovorans [87]. This research
demonstrated that B[a]P had the potential to function as the exclusive carbon and energy
source for the two microorganisms, with its metabolites experiencing modified rates of
skin penetration and diffusion.
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In single-species cultures, the most-studied environmental factor affecting skin mi-
crobiota is the use of skincare and cosmetic products. The presence of diverse ferments
and plant extracts in cosmetics could influence the production of SCFAs by Staphylococcus
epidermidis [89]. Additionally, certain sunscreen components, including butyl methoxy-
dibenzoylmethane, ethylhexyl salicylate, and octocrylene, along with their combinations,
were able to enhance the viability of the probiotic Lactobacillus crispatus while diminishing
the presence of the pathogenic Cutibacterium acnes upon UV exposure [90]. Conversely, skin
microorganisms such as Deinococcus grandis and the genus Stenotrophomonas were capable
of metabolizing some of these ingredients [91]. In addition to chemical products, ultravi-
olet radiation (UVR) is a common skin exposure. Under UVR, Sphingomonas mucosissima
demonstrated significant resistance and the ability to lower reactive oxygen species levels
in human keratinocyte cell lines, suggesting its potential role in safeguarding human skin
from UV-induced damage [92]. In addition, UVA strongly inhibited the growth of M. luteus,
Corynebacterium stearicum, Moraxella osloensis, and a few Staphylococcus species, while UVB
only delayed the exponential phase or showed insignificant impact [93]. In a separate study,
UVB substantially inhibited the proliferation of C. acnes and Lactobacillus fermentum [94].

Other forms of exposure have also been explored in vitro. Mycolactones produced by
Mycobacterium ulcerans, the causative agent of Buruli ulcer, could significantly stimulate
spore germination of Aspergillus flavus and Aspergillus niger while inhibiting Penicillium
rubens, highlighting intricate interactions between mycobacteria and fungi [95]. Moreover,
two types of azo dyes, namely methyl red and orange II, were effectively reduced by
skin bacteria such as Staphylococcus, Micrococcus, and Kocuria [96]. Finally, antimicrobial
agents, such as antibiotics and green tea extracts, were co-cultured with prevalent skin
microorganisms to determine their inhibitory effects [97,98].

3.2.3. Vaginal Microbiota

Vaginal microbiota are essential for sustaining both vaginal and reproductive health,
serving as a defense against infections and impacting a range of health outcomes [99,100].
Healthy vaginal microbiota are predominantly composed of Lactobacillus species, which
foster an acidic environment via production of lactic acid, thereby inhibiting the prolif-
eration of pathogens. Key species within this group include L. crispatus, L. jensenii, and
L. gasseri, though the dominance of these species can vary among individuals [100,101].
An imbalance in vaginal microbiota has been linked to conditions like bacterial vaginosis
(BV) and an increased risk of sexually transmitted infections [99,102–104], highlighting the
importance of this microbial community in maintaining health.

In vitro investigations concerning vaginal microbiota primarily depend on microbial
cultures, with a few models established within more intricate systems. For instance, in an
ALI culture model, vaginal bacteria and vaginal epithelial cells were co-cultured to mimic
the morphological and functional characteristics of the vaginal mucosa and the production
of microbial metabolites, as well as viral infection [100,102,105]. In a vagina-on-a-chip
microfluidic model, the probiotic L. crispatus and disease-associated Gardnerella vaginalis
were able to colonize the vagina chip, leading to alterations in epithelial cell viability,
pH, lactic acid accumulation and pro-inflammatory cytokine levels [101]. A key area of
research utilizing these models is dedicated to exploring the intricate interplay between
invasive pathogens and vaginal microbiota. For instance, research has discovered that
microbiota dominated by Lactobacillus iners and group B Streptococcus could significantly
suppress the replication of human immunodeficiency virus type 1 (HIV-1) in the ALI model,
while microbiota containing Ruminococcaceae sp., Aerococcus sp., Sneathia sanguinegens, and
Atopobium vaginae could potentially enhance HIV-1 replication [102]. Similarly, vaginal
microbiota were found to significantly alter the replication of Zika virus (ZIKV) and
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Herpes Simplex Virus type 2 (HSV-2), with higher levels of S. epidermidis associated with
significantly decreased titers of both viruses [105].

Culture-based studies also provide valuable insights into pathogen–microbiota inter-
actions. For instance, multiple strains of L. crispatus exhibited antibacterial activity against
11 human vaginal pathogens through the production of bacteriocins and other antimicrobial
agents like lactic acid [106]. Lactobacillus strains isolated from vaginal swabs hindered the
growth of Escherichia coli, S. aureus, Enterococcus species, and Candida species [107]. Addition-
ally, in one study, the protozoan parasite Trichomonas vaginalis (TV) inhibited the growth of
L. iners and promoted the growth of Streptococcus agalactiae upon initial exposure [108]. The
same study also suggested that L. iners was capable of surviving from TV after prolonged
exposure. In addition to Lactobacillus species, the probiotic Lacticaseibacillus rhamnosus, iso-
lated from vaginal fluid, suppressed the growth of Mycobacterium tuberculosis in co-culture
experiments, suggesting its anti-tuberculosis effect [109]. Beyond single-species isolates,
cultured cervicovaginal secretions from healthy donors have shown the ability to inhibit
the growth of dysbiosis-associated Gardnerella, making them a promising source for vaginal
microbiota transplantation [110].

Other exposures studied in vitro include antibiotics, tea tree oil, and vaginal hygiene
products, all of which possess antimicrobial properties. For instance, the antibiotic metron-
idazole effectively targeted bacterial vaginosis-associated pathogens like G. vaginalis and
Prevotella bivia, but had limited impact on A. vaginae [103]. Moreover, the efficacy of metron-
idazole against G. vaginalis could be compromised by L. iners, which potentially sequestered
this antibiotic [99]. Antibiotic susceptibility testing of vaginal microbiota isolates, including
multiple Lactobacillus and Bifidobacterium species and G. vaginalis, revealed species-specific
resistance traits [104,107,111]. In addition to antibiotics, tea tree oil, a potent antimicro-
bial compound, demonstrated fungicidal activity against multiple Candida strains at low
concentrations (1% v/v), while minimally affecting beneficial vaginal species like Lacto-
bacillus [112]. This offers a potential strategy to combat chronic vaginal Candida infections.
However, vaginal douche products, which can suppress the growth of Lactobacillus, should
be used with caution [113].

Table 2. Interactions between extraintestinal microbiota and environmental exposures using in vitro
methods.

Exposure In Vitro Model Key Findings 1 Methodology 2 Reference

Respiratory tract microbiota

Fluoroquinolone, meticillin,
penicillin, oxacillin, kanamycin,
tobramycin, gentamicin,
erythromycin, lincomycin,
tetracycline, fusidic acid,
fosfomycin, rifampicin,
trimethoprim/
sulfamethoxazole

Nose-derived
Staphylococcus isolates on
agar plates

87 out of 88 fluoroquinolone- resistant
staphylococci carried co-resistance,
and 75 carried co-resistance specifically
to meticillin

Disc diffusion
assay [78]

Penicillin, cefoxitin
Nose-derived
Staphylococcus isolates on
agar plates

24 out of 27 Staphylococcus carried
resistance to penicillin and/or cefoxitin

Viable cell
counting [83]

Ampicillin, amoxicillin/
clavulanate, ampicillin/sulbactam,
cefuroxime, cefotaxime, imipenem,
meropenem, azithromycin,
tetracycline, chloramphenicol,
thrimetoprim/sulfametoxazole

Throat- and nose-derived
Haemophilus parainfluenzae
isolates on agar plates

Isolates showed different resistance
patterns based on two different
guidelines

Disc diffusion
assay [84]
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Table 2. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 2 Reference

Ceftazidime, amoxicillin,
cefotaxime, ceftazidime

Respiratory tract-derived
Prevotella isolates on agar
plates

38 out of 50 Prevotella isolates
produced extended-spectrum
β-lactamases and had higher resistance
to amoxicillin and ceftazidime

Disc diffusion
assay, Etest [79]

Amoxicillin, amoxicillin/
clavulanate, azithromycin,
trimethoprim/sulfamethoxazole
(TMP/SMX), ceftriaxone,
levofloxacin

Nose-derived
single-species isolates on
agar plates

6 out of 8 Moraxella catarrhalis isolates
carried resistance to amoxicillin and
TMP/SMX, 2 of these 6 exhibited
ceftriaxone resistance, and 1 exhibited
azithromycin resistance
12 our of 45 Streptococcus pneumoniae
isolates demonstrated azithromycin
resistance, and 14 showed resistance to
TMP/SMX

Etest [85]

Supplemental oxygen
Sputum-derived
mixed-species culture

Candida albicans (↓)
Aspergillus fumigatus (↓)
Actinomyces oris (↓)
Schaalia odontolytica (↓)
Rothia mucilaginosa (↓)
Multiple Streptococcus species (↓)
Pseudomonas aeruginosa (-)
Staphylococcus aureus (-)

Metagenomic
shotgun
sequencing

[86]

Human rhinovirus (HRV)

Corynebacterium,
Haemophilus influenzae,
Calu-3 cell co-culture in
the air-liquid interface
(ALI) model

HRV copy number (↓) by
Corynebacterium pseudodiphtheriticum +
Haemophilus influenzae

qRT-PCR [77]

Skin microbiota

Nine cosmetics
Staphylococcus epidermidis
single-species culture

Yields of short-chain fatty acids
depended on different cosmetics HPLC [89]

Ultraviolet (UV) filters
in sunscreens

Lactobacillus crispatus,
Staphylococcus epidermidis,
and Cutibacterium acnes
single-species culture in a
culture plate exposed to
UV light

Lactobacillus crispatus (↑)
Cutibacterium acnes (↓)

Viable cell
counting [90]

Octocrylene
Skin-derived
single-species culture

Deinococcus grandis and
Stenotrophomonas grew by metabolizing
octocrylene

Optical density
measurement [91]

Ultraviolet radiation (UVR) at
254 nm or 312 nm

Sphingomonas mucosissima
single-species culture on
agar plates

Sphingomonas mucosissima was resistant
to UVR at both wavelengths

Visual
observation [92]

Ultraviolet A (UVA), ultraviolet B
(UVB), or combination

Skin-derived
Staphylococcus aureus,
Staphylococcus epidermidis,
Staphylococcus hominis,
Micrococcus luteus,
Corynebacterium stearicum,
and Moraxella osloensis
single-species culture

UVA: complete inhibition of all
microorganisms
UVB: strain-dependent inhibition
Combination: similar to UVA

Optical density
measurement [93]

Ultraviolet B (UVB)
Cutibacterium acnes and
Lactobacillus fermentum
single-species culture

Both microorganisms (↓) Viable cell
counting [94]

Mycolactones
Skin-derived
single-species fungal
spores on agar plates

Aspergillus flavus (↑)
Aspergillus niger (↑)
Penicillium rubens (↓)

Germinated spore
quantification [95]

Benzo[a]pyrene

Skin-derived Micrococcus
luteus and Pseudomonas
oleovorans co-culture in a
microbially competent 3D
skin model

Benzo[a]pyrene degradation to
various metabolites GC-MS [87]
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Table 2. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 2 Reference

Methyl Red, Orange II Single-species culture

Staphylococcus, Corynebacterium,
Micrococcus, Dermacoccus, and Kocuria
species metabolized Methyl Red with
various rates, and all but
Corynebacterium xerosis metabolized
Orange II

Spectrophotometry [96]

Doxycycline, ciprofloxacin,
erythromycin, cefalexin,
amoxicillin, trimethoprim,
clarithromycin, linezolid,
metronidazole, azithromycin,
co-amoxiclav

Staphylococcus epidermidis
single-species culture on
agar plates

Staphylococcus epidermidis exhibited
resistance to various antibiotics, and
antibiotic-adapted strains showed
cross-resistance

Disc diffusion
assay [97]

Green tea extracts
Single-species culture on
agar plates

Micrococcus luteus (↓)
Staphylococcus epidermidis (↓)
Clostridium xerosis (↓)
Bacillus subtilis (↓)

Optical density
measurement [98]

Vaginal microbiota

Human immunodeficiency virus
type 1 (HIV-1)

Vagina-derived single
species or mixed species
co-cultured with vaginal
epithelial cells and
HIV-1-susceptible cells in
the air-liquid interface
(ALI) model

HIV-1 replication (↓) by Lactobacillus
iners and group B
streptococcus-dominated culture

qRT-PCR [102]

Zika virus (ZIKV), Herpes Simplex
Virus type 2 (HSV-2)

Vagina-derived single
species or mixed species
co-cultured with vaginal
epithelial cells in the
air-liquid interface
(ALI) model

ZIKV titers (↓) by Staphylococcus
epidermidis-dominated culture
ZIKV titers (↑) by Lactobacillus
crispatus-dominated culture
HSV- HSV-2 (↑) by Lactobacillus
jensenii-dominated, Mobiluncus
mulieris-containing culture

qPCR [105]

Human vaginal pathogens
including Enterococcus faecalis,
Staphylococcus aureus,
Staphylococcus epidermidis,
Streptococcus agalactiae, Escherichia
coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Gardnerella
vaginalis, and Mobiluncus curtisii

Lactobacillus single-species
culture on agar plates

Pathogens (↓) by Lactobacillus species
except for L. iners, with strain-specific
differences

Zone of inhibition
surrounding
Lactobacillus

[106]

Human vaginal pathogens
including Escherichia coli,
Staphylococcus aureus, Enterococcus,
and Candida albicans

Vagina-derived
Lactobacillus single-species
culture on agar plates

Pathogens (↓), with strain-specific
differences

Spots-on-lawn
test [107]

Trichomonas vaginalis (TV)
Streptococcus agalactiae and
Lactobacillus iners
single-species culture

Lactobacillus iners (↓) upon TV
exposure, and (-) six hours later
Streptococcus agalactiae (↑)

Viable cell
counting [108]

Mycobacterium tuberculosis
Vagina-derived
Lacticaseibacillus rhamnosus
single-species culture

Mycobacterium tuberculosis (↓) Viable cell
counting [109]

Gardnerella
Vagina-derived
mixed-species culture on
agar plates

Gardnerella (↓)

Zone of inhibition
surrounding
mixed-species
culture

[110]

Metronidazole

Lactobacillus crispatus,
Lactobacillus iners,
Gardnerella vaginalis,
Prevotella bivia, and
Atopobium vaginae
co-culture

Gardnerella vaginalis (↓)
Prevotella bivia (↓)
Atopobium vaginae (↓)
Lactobacillus crispatus (-)
Lactobacillus iners (-)

Optical density
measurement [103]
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Table 2. Cont.

Exposure In Vitro Model Key Findings 1 Methodology 2 Reference

Metronidazole
Gardnerella vaginalis and
Lactobacillus iners
co-culture

Gardnerella vaginalis (-) due to
metronidazole sequestration by
Lactobacillus iners

Viable cell
counting [99]

Metronidazole, clindamycin

Vagina-derived
Bifidobacterium
single-species culture on
agar plates

Bifidobacterium exhibited different
susceptibility to metronidazole and
clindamycin, with species-specific
patterns

Etest [104]

β-lactamines, aminoglycosides,
tetracyclines, macrolides,
glycopeptides, sulfamides,
diaminopyrimidine,
rifamycines, aminosides

Vagina-derived
Lactobacillus single-species
culture on agar plates

Lactobacillus showed species- and
strain-dependent antibiotic resistance
patterns

Disc diffusion
assay [107]

Clindamycin, erythromycin,
metronidazole, tinidazole,
dequalinium

Gardnerella vaginalis
single-species culture

Gardnerella vaginalis showed
strain-dependent antibiotic
resistance patterns

Optical density
measurement [111]

Tea tree oil
Vagina-derived
single-species culture

Candida (↓) at low oil concentration
Bifidobacterium (↓) at intermediate
concentration
Lactobacillus (↓) at high concentration

Agar well
diffusion assay [112]

Three vaginal douche products
Lactobacillus single-
species culture Lactobacillus (↓)

Minimal
inhibiting
concentration
measurement

[113]

1 The symbols (↑), (↓) and (-) represent significant increases, decreases, and no significant changes in microbial
growth, abundance, or activity, respectively, as observed after exposure. 2 qRT-PCR: quantitative reverse transcrip-
tion polymerase chain reaction; HPLC: high-performance liquid chromatography; GC-MS: gas chromatography
coupled to mass spectrometry; qPCR: quantitative polymerase chain reaction.

4. Discussion

One benefit of current in vitro models lies in their ability to support the estab-
lishment of accurate dose–response relationships between various exposures and mi-
crobiota. This functionality can aid in clarifying the molecular mechanisms through
which microorganisms influence exposures and vice versa. Such insights are particu-
larly valuable for investigating microbial susceptibility and resistance to antimicrobial
agents [43,78,79,83,84,97,98,104,107,111]. In contrast, in animal models or human subjects,
exposures are frequently altered by the host prior to or during interaction with the micro-
biota, complicating the control of this process due to the intricate nature of host interactions.
By gaining a deeper understanding of the molecular mechanisms, researchers can enhance
their ability to forecast health outcomes linked to environmental exposures and devise
targeted strategies to preserve healthy microbiota.

Moreover, in vitro models serve as valuable tools for screening and expanding poten-
tial probiotics aimed at reducing risks associated with various exposures. For example,
Bifidobacterium strains isolated from healthy vaginal microbiota, traditionally thought to
be predominantly composed of Lactobacillus, possessed the ability to produce lactic acid
and withstand low pH levels, thus providing a protective role similar to that of Lactobacil-
lus [104]. L. rhamnosus, also obtained from vaginal microbiota, could inhibit the growth of
M. tuberculosis, thereby presenting itself as a potential candidate for anti-tuberculosis drug
development [109].

Additionally, in vitro models can be personalized to rapidly investigate the unique
microbiota of each individual and their responses to environmental exposures, as shown
in previous studies [42,45,49]. This capability is particularly useful for precision medicine,
as it enables predictions of individual reactions before clinical interventions or treatments,
and eliminates concerns regarding interpersonal variability. A possible application lies
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within the domain of microbiota transplantation, wherein microbiota from prospective
donors may be tested against pathogens obtained from particular patients to identify the
most appropriate donor [110].

Finally, in vitro, lab-based models can yield data that either support or validate com-
putational models simulating the interactions between microbiota and various exposures,
as well as interactions between microorganisms. For instance, one multispecies computa-
tional model was created to simulate the transitions between BV-associated bacteria and
Lactobacillus species following exposure to metronidazole, and the association was later
validated in an in vitro co-culture setting [99].

In vitro studies have provided valuable insights into the interactions between envi-
ronmental exposures and the human microbiota. However, these models often overlook
the host’s role in modifying exposures before they reach the microbiota, especially those in
the lower GI tract. While models like SHIME simulate digestion and enzymatic reactions,
they cannot fully replicate host-mediated processes like absorption in the small intestine,
limiting their ability to accurately mimic real-world exposure scenarios. Furthermore, these
models do not adequately consider the metabolic interactions between the host and micro-
biota, nor do they incorporate other host-related elements such as immune responses and
systemic feedback mechanisms. Additionally, many in vitro systems tend to oversimply
conditions for microbial growth, disregarding factors such as nutrient flow, mechanical
forces, and oxygen gradients that influence microbial behavior in vivo. Organ-on-a-chip
technology, which integrates various cell types and microenvironments, shows promise for
addressing these limitations [114]. By replicating the complex physiology of target organs,
including the epithelium, immune cells, and microbiota, this technology can enable more
comprehensive investigations into the interplay between host cells, microorganisms, and
environmental exposures, ultimately leading to a more comprehensive understanding of
exposure outcomes and effects. Nevertheless, it can be challenging to simulate long-term
microbial adaptation patterns and host systemic responses on chips, which is crucial for
comprehending the effects of chronic exposures.

Another limitation of current studies is the lack of research on how multiple exposures
combine to affect the microbiota. In real-world scenarios, individuals encounter complex
mixtures of chemicals and conditions. In vitro models are ideal for studying these combined
effects, including potential interactions between exposures and their overall impact on the
microbiota. Additionally, such models can generate data for developing computational
tools that predict how the microbiota respond to new exposure combinations. Nevertheless,
this review found very limited studies of this nature. This type of research is crucial
for informing regulations and risk assessments, allowing the prioritization of the most
concerning mixtures for further investigation in vivo and in clinical trials.

Furthermore, a significant number of existing studies are primarily observational or
merely indicate associations, without thoroughly elucidating the mechanisms underlying
microbial alterations induced by exposure. To address this gap, omics methodologies offer
a comprehensive approach to investigating the intricate microbiota. Whole-genome se-
quencing can facilitate the identification of genetic factors influencing exposure metabolism,
while RNA sequencing can be employed to examine gene expression patterns in relation
to varying exposure levels. Although these techniques have been effectively applied in
certain studies [45,46,53], there is a necessity for broader implementation for a deeper
understanding of the complex interplay between exposure and microbiota.

Finally, in-depth in vitro studies of the stomach and small intestinal microbiota are
lacking. A significant challenge is their relative inaccessibility. Unlike the colon, oral cavity,
skin and vagina, which can be sampled non-invasively through swabs, the stomach and
small intestine typically require invasive procedures like endoscopy or ileostomy [73,74].
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These methods are costly, uncomfortable for patients, and carry a risk of contamination.
A potentially less invasive approach is to adapt capsule endoscopy for collecting fluid or
tissue samples for more comprehensive analysis [115,116].

5. Conclusions

In vitro models have emerged as valuable tools for studying the intricate interactions
between environmental exposures and human microbiota. These models offer advantages
over conventional animal and epidemiological studies by providing a controlled, repro-
ducible, and ethically sound environment to investigate exposure–microbiota dynamics.
While research has predominantly focused on large intestinal microbiota, growing attention
to microbiota in other body regions, such as oral, gastric, small intestinal, skin, respiratory,
and vaginal microbiota, has revealed promising findings. However, current limitations, in-
cluding a lack of clarity surrounding host–microbiota interactions, insufficient exploration
of multi-exposure effects, and a deficiency in mechanistic studies, highlight opportunities
for improvement. Future advancements in organ-on-a-chip technologies, multi-exposure
studies, and omics approaches will be crucial in bridging existing knowledge gaps. Ulti-
mately, the continued development and application of in vitro models will enhance the
understanding of microbiota-mediated health outcomes, paving the way for precision
medicine strategies and improved risk assessment frameworks.
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Abstract: We present a case of fatal necrotizing Staphylococcus aureus pneumonia with
underlying influenza A (H3) infection. Next-generation-sequencing-based analysis re-
vealed that the S. aureus isolate harbored the newly recognized exfoliative toxin etE2 gene.
Molecular epidemiologic analysis showed that the isolate belonged to the MSSA ST152
lineage, harboring PVL genes and edinB co-located to etE2 as distinctive virulence factors.
The etE2 gene is present in all isolates of this lineage co-located to the exotoxin gene edinB,
both implicated in the destruction of tissue integrity. We alert as to the global emergence of
this lineage causing serious infections in patients.

Keywords: Staphylococcus aureus; PVL; exfoliative toxin; molecular epidemiology; surveillance

1. Introduction

This study illustrates the case of a previously healthy young adult who was hospital-
ized in the Netherlands for the treatment of a community-acquired necrotizing Staphylococ-
cus aureus (MSSA) pneumonia with an underlying influenza A (H3) infection. Necrotizing
pneumonia is a disease entity with a high mortality rate that is characterized by a rapidly
deteriorating clinical course, leukopenia, airway hemorrhages, severe respiratory failure,
and the necrotic destruction of wide areas of the lung [1]. The course of disease was fulmi-
nant, and the patient deceased on the second day of hospitalization on the intensive care
unit. Molecular evaluation revealed that the isolate belonged to Multi-Locus Sequencing
Type (MLST) ST152 and was positive for an extensive repertoire of virulence genes, includ-
ing genes encoding for the cytotoxin Panton–Valentine leukocidine (PVL; lukS PV and lukF
PV), the exotoxin edinB, and the recently identified exfoliative toxin E allelic variant etE2,
identified in a case of severe necrotizing fasciitis [2].

This communication should raise awareness of the emergence of the MSSA ST152
lineage, which is associated with severe necrotizing pneumonia accompanied by bacteremia,
and deep-seated soft-tissue infections as frequent presentations. In all isolates of this lineage,
the newly identified exfoliative toxin gene etE2 is present. The global dissemination of this
high-risk PVL-positive community lineage, which harbors the exotoxin genes edinB and
etE2 implicated in the destruction of tissue integrity, is a potential threat to public health
and warrants monitoring.
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2. Case Description

A 25-year-old previously healthy male presented with tachypnea and hypoxemia to
the emergency department of a regional hospital in the Netherlands in 2024. The patient
had been experiencing malaise for one week prior to presentation and had been prescribed
amoxicillin for a respiratory infection one day prior to admission. Upon admission, he was
diagnosed with pneumosepsis and bilateral severe pneumonia, necessitating high-flow
nasal cannula oxygen therapy in the intensive care unit. A nasopharyngeal swab and PCR
tested positive for influenza A. Later subtyping showed that the virus belonged to H3.
Blood tests revealed no leucocytosis but showed an elevated C-reactive protein level of
108 mg/L (normal range: <5 mg/L) and an arterial lactate of 6.4 mmol/L (normal range:
<2 mmol/L) on admission. Given the suspicion of bacterial superinfection, empirical
antibiotic therapy with cefuroxime (1.5 g three-times daily) and ciprofloxacin (400 mg twice
daily) was initiated after obtaining blood and sputum cultures.

Despite treatment, the patient’s condition deteriorated rapidly, requiring endotracheal
intubation and mechanical ventilation in the prone position. Hemodynamic support with
escalating doses of norepinephrine and vasopressin were started, along with continuous
hydrocortisone (200 mg once daily) due to the severity of septic shock.

The following day, the patient was transferred to our tertiary intensive care unit.
Shortly after arrival, he suffered cardiac arrest, prompting cardiopulmonary resuscitation
for approximately 20 min. During resuscitation, large amounts of pink, watery sputum
were drained from the lungs. After achieving the return of spontaneous circulation, veno-
venous extracorporeal membrane oxygenation and continuous renal replacement therapy
were initiated. The antibiotic regimen was escalated to cefotaxime (4 g continuous daily),
levofloxacin (500 mg twice daily, and clindamycin (900 mg three-times daily). Despite these
interventions, the patient’s condition continued to deteriorate, with the development of
liver failure, coagulopathy, refractory hyperlactatemia, heart failure, pericardial effusion,
and loss of brain function, with dilated non-reactive pupils. Bronchoscopy revealed dif-
fusely swollen bronchial mucosa and significant watery secretions. Extensive transfusions
led to worsening pulmonary edema.

Given the lack of clinical stabilization, the medical team concluded that recovery was
unlikely. The best supportive care was initiated, and the patient passed away later that day.
Post mortem, the blood and sputum cultures identified S. aureus.

Isolate Characterization

The S. aureus isolate UMCG-ST152-2024-1 grew from a blood culture and in pure cul-
ture from sputum samples. Analysis of short-read sequencing (MiSeq, Ilumina, San Diego,
CA, USA), as described previously [3], revealed that the isolate belonged to MLST ST152.
The isolate was susceptible to all antibiotics tested by Vitek2 (Biomerieux, Marcy l’Etoile,
France) except for trimethoprim and penicillin G, interpreted by EUCAST v.13.1. The resis-
tance was confirmed by agar diffusion disk testing with a zone of 6 mm to trimethoprim
and 10 mm to penicillin, and the associated resistance genes blaZ and dfrG were detected
by sequencing. In Table 1, we present the repertoire of virulence genes identified by Seq-
Sphere [4]. The list of virulence factors is extensive. However, we emphasize the presence of
PVL-encoding genes (lukS PV and lukF PV), edinB, and etE2 since they are epidemiologically
important molecular markers. Figure 1 shows that the toxin genes etE2 and edinB were
detected in a co-located position on a previously described genomic island [2]. The lukF-PV
and lukS-PV genes were located on the ΦSa2 phage. In Figure 2, the phylogenetic relation
of the isolate is presented using public sequencing data of isolates from clonal complex
(CC) 152 [5]. The clinical isolate is in a clade that consists mostly of MSSA strains. The
MSSA isolate ERR3861662 obtained from the Democratic Republic of the Congo is the most
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recent common ancestor of UMCG-ST152-2024-1, and it clusters with isolates that have
been isolated from Nigeria (n = 3), Gabon (n = 2), Reunion, France (n = 2), and one isolate
from Denmark which was identified as MRSA. The co-located virulence genes etE2 and
edinB were present in the same nucleotide composition in all isolates of the CC152 lineage.

Table 1. Major virulence genes in isolate S. aureus UMCG-ST152-2024-1.

Gene Virulence Factor
aur ACME

cap5H capsule

cap5J capsule

cap5K capsule

ebpS adhesion

edinB exotoxin

etE2 exfoliative toxin

eno adhesion

hla hemolysin

hlb-intact hemolysin

hlgA hemolysin

hlgB hemolysin

hlIII hemolysin

icaA adhesion

icaD biofilm

isaB immunodominant antigen

isdA MSCRAMM

lukF-PV leukotoxin (PVL)

lukS-PV leukotoxin (PVL)

sak immune-evasion

scn immune-evasion

setB1 superantigen-like

setB3 superantigen-like

ssl01 superantigen-like

ssl02 superantigen-like

ssl10 superantigen-like

sspA serine protease

sspB cystein protease

sspP cystein protease
Virulence genes were detected using SeqSphere+ v9.0.8. The exfoliative toxin etE2 was manually detected and
submitted to the Virulence Factor Database. ACME: arginine catabolic mobile element; MSCRAMM: Microbial
Surface Components Recognizing Adhesive Matrix Molecules; PVL: Panton–Valentine leukocidine. Superantigen-
like: A family of virulence factors with homology to superantigens, associated with host–pathogen interactions
and immune evasion.
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Figure 1. A genetic map of the part of the genomic island which integrates etE2 and edinB in the
chromosome of S. aureus UMCG-ST152-2024-1. Figure legend: The genetic map was visualized using
Snapgene V 5.1.7.

Figure 2. The phylogeny of the S. aureus isolate UMCG-ST152-2024-1 in the CC152 lineage. Figure
legend: The radial neighbor-joining tree of S. aureus was generated by SeqSphere+ v9.0.8, analyzing
140 genomes. In this analysis, 1861 genes were compared using published schema. The red dot
represents isolate UMCG-ST152-2024-1, the white dots are MSSA isolates, and the blue dots are
MRSA isolates.
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3. Discussion

We present the case of a fatal community-acquired necrotizing pneumoniae caused by
S. aureus in a young adult with underlying influenza A infection. At the University Medical
Center Groningen (UMCG), severe necrotizing S aureus infections had sporadically been
seen before. When we encounter such infections, we sequence the isolates to determine the
sequence type of the S aureus isolate and explore if (exo-)toxins are present that could have
contributed to the severity of the infection. Although disease presentation and severity of
infection generally depend on combinations of virulence and host factors, some specific
well-characterized virulence factors are associated with typical disease presentations.

Remarkably, when comparing the genomic data in the UMCG database, we found a
closest match with a case of severe necrotizing S. aureus infection by MSSA ST152 presenting
in 2022 [2]. This patient had been admitted to the intensive care suffering from severe
necrotizing cellulitis. The isolate in that study showed a similar virulence factor profile to
the present case. In that study, we reported the identification of a genomic island encoding
the exotoxins edinB and etE2 in the isolate’s genome. Both toxins encoded by these genes
are directly associated with tissue destruction. The gene etE2 is a novel exfoliative toxin
encoding gene variant of etE. The etE gene has been detected in ovine S. aureus isolates,
whereas we have exclusively detected etE2 in human S. aureus isolates [6]. Degradation
experiments of epidermal cells have shown the host-specificity of etE, which may explain
why the toxin variants have consistently been detected in different species. Exfoliative
toxins, in general, are very specific serine proteases, causing lesions in tissue by cutting
desmosomes, which are cell-adherence molecules. The typical presentations of disease
are bullous impetigo and staphylococcal scalded skin syndrome [7]. Future experimental
studies are required to gain more insight into the contribution of the ETE2 exotoxin to the
virulence of the MSSA ST152 lineage.

Our study shows that edinB and the co-located etE2 are consistently present in the
CC152 lineage. EDIN-B is a C3-like ADP-ribosyltransferase that catalyzes the ribosylation
of Rho GTPases. The inhibition of Rho GTPases results in the modification of the actin
cytoskeleton of the host cells and devastates stress fibers, which are involved in cell
contractility [8]. The exposure of cells to EDIN-B results in the loss of tissue integrity
through the formation of large transcellular tunnels by this exotoxin [9]. In a mouse
model of S aureus pneumonia, the role of EDIN-B was identified as an important factor
in the translocation of S aureus to the bloodstream by comparing wildtype and knock-out
strains [10]. Also, clinical reports suggest that EDIN-B is a virulence factor associated with
invasive infection. In diabetic ulcers, edinB-positive S aureus is prevalent at a much higher
rate in deep-seated ulcer infections compared to low-grade infections. In addition, several
studies have reported increased percentages of edinB-positive S aureus in deep-seated
or bloodstream infection [11]. However, since edinB is co-located on a genomic island
with exfoliative exotoxins, as we and others have shown [12], it is unclear if EDIN-B acts
independently as a causative factor in deep-seated infections.

The PVL-positive MSSA ST152 is a hyperepidemic lineage, predominantly circulating
in Africa and the Caribbean. Reports of MSSA ST152 in Europe are uncommon so far, in
contrast to the MRSA clade of ST152, which is most prevalent in Europe [5]. This MRSA
clade probably emerged from a common ancestor in the 1990s. This clonal expansion is sim-
ilar to other hyperepidemic MRSA lineages in the community, such as CC80 and USA300.
In addition, numerous sporadic acquisitions of methicillin resistance have occurred in
MSSA ST152, without clonal expansion, as shown in Figure 2. The MSSA ST152 lineage
is commonly associated with wound infections [13,14]. In our study, we show that MSSA
ST152 is also associated with necrotizing pneumoniae.
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Necrotizing pneumonia is often caused by a S. aureus superinfection upon a viral
airway infection, most prominently influenza A and B. If the infection is caused by PVL
positive isolates, the course of disease can be severe, even in young, otherwise healthy
adults [1,15]. In 2022, two cases of severe necrotizing pneumonia PVL-positive MSSA ST152
requiring intensive care treatment were reported in the Indian Ocean region [16]. In both
cases, an underlying SARS-CoV-2 respiratory infection had been detected, but no other
immuno-compromising disease. Like our case, both the patients had concurrent bacteremia
with S. aureus. In 2021, in a case of severe necrotizing pneumonia and bloodstream infection
from the Faroe Islands, PVL-positive MSSA ST152, was reported as causative pathogen.
This patient had an underlying influenza B infection, was 47 years old, and was previously
healthy [17].

The pathological association between preceding influenza infection and PVL-positive
S. aureus causing necrotizing pneumonia has already been proposed, in 2014. The proposed
theory for this association is that the lungs are infiltrated by inflammatory cells during
viral infection. Subsequently, PVL produced by S. aureus forms membrane pores, causing
massive destruction of leukocytes with the subsequent release of neutrophile serine pro-
teases that destroy human tissue [18]. While experimental data supports this theory, there
are other membrane-active toxins, such as the family of small membrane-active peptides
(phenol-soluble modulins, PSMs) that are pathogenetically relevant in severe soft-tissue
infections, and pore-forming toxins, such as alpha-toxin, that cause the lysis of leukocytes
and red blood cells [19]. Furthermore, the synergistic effect of S. aureus alpha-toxin Hla and
PVL was shown in the pathogenesis of necrotizing pneumonia [20]. PVL could be one factor
in a multifactorial etiology of disease contributed to by the numerous virulence factors
that are produced by S. aureus implicated in the lysis of leukocytes, tissue destruction, and
immune evasion. While the exact contribution to the severity of disease of each virulence
factor separately is difficult to establish in humans, it is certain that the PVL-positive MSSA
ST152 lineage is outstanding in its plentitude of virulence factors.

In conclusion, severe infections caused by MSSA ST152 positive for an extensive
repertoire of virulence factors including PVL, edinB, and etE2 appear to be an emerging
issue in Europe and other regions. The presented cases and other recent casuistic studies
report that isolates of this lineage cause life-threatening necrotizing pneumonia with
concurrent bacteremia in previously healthy persons suffering from underlying influenza
or SARS-CoV2 infections. In future surveillance projects, the typing of MSSA isolated from
blood cultures could be considered for the risk assessment of this lineage. On our request,
the characterized exfoliative toxin gene etE, which had thus far been exclusively detected
in animals, and its allelic variant etE2, have been included in the Virulence Factor Database
so that they can be detected by NGS-based analysis tools.
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Abstract: Streptococcus pyogenes meningitis is a rare invasive disease, accounting for less
than 2% of bacterial meningitis. We presented two case reports and conducted a systematic
review using PUBMED, covering the database from its inception up to 31 December 2024,
of pediatric cases of Streptococcus pyogenes meningitis. Only case reports and case series
were included. Differences in clinical and laboratory parameters were compared between
uneventful course and complicated admissions. A total of 57 cases were included. The
median age at diagnosis was 4 years. A primary infection focus outside the brain was
identified in 61.39% of cases. S. pyogenes was identified from cerebrospinal fluid in 66.66%
of cases and from blood in 15.79%. Septic shock occurred in 24.56% of cases, and 36.84%
had brain anatomical anomalies. All patients received broad-spectrum empiric antibiotics,
while protein-synthesis inhibitors were administered in 26.31% of cases. A total of 17%
of patients died, and 28.07% experienced sequelae. The identification of S. pyogenes from
blood and a Phoenix Sepsis Score ≥ 2 were significantly associated with a complicated
clinical course. Our findings may offer useful insights for the clinical management of
Streptococcus pyogenes meningitis.

Keywords: Streptococcus pyogenes; meningitis; children; pediatrics; group A streptococcus;
GAS

1. Introduction

Group A streptococcus (GAS), also known as Streptococcus pyogenes, is a Gram-
positive bacterium and one of the leading human-restricted pathogens affecting children
worldwide [1]. This pathogen can cause both non-invasive disease—pharyngitis, scarlet
fever, impetigo—as well as life-threatening invasive diseases [1–3]. The most common
invasive GAS (iGAS) infections are toxic shock syndrome and necrotizing fasciitis [1–3].
The main virulence factors of S. pyogenes are the M protein and secreted pyogenic exotoxins
(SPE). The M protein is the pivotal virulence factor, functioning as an epithelial adhesion
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factor and inhibiting bacterial phagocytosis. It is encoded by the emm gene, with more than
180 M protein variants detected to date. In iGAS infections, an association with emm 1,
emm 3, SPE A, and SPE B has been described [1–4]. S. pyogenes meningitis is a rare invasive
disease, accounting for less than 2% of iGAS cases [5]. Since 2022, an increase in iGAS
infections has been reported in many European countries, with a subsequent rise in GAS
meningitis cases [6]. We present two case reports and a systematic review to:

- highlight the key clinical features, common complications, and outcomes of
GAS meningitis;

- identify factors associated with a complicated course of disease.

2. Case Reports

Case 1:
A fully immunized 4 years and 8 months old girl presented to our Pediatric Emer-

gency Department (ED) with fever, left earache within the previous 48 h, and incoercible
vomiting over the preceding 24 h. Her past medical history was unremarkable. On physical
examination, she was alert and reactive but appeared unwell with meningeal signs. Vital
parameters showed normal blood pressure 108/83 mmHg, mild tachycardia 105 bpm, and
mild tachypnea 40/min. Otoscopy showed left acute otitis media (AOM), while the rest
of the examination was normal. Therapy with ceftriaxone and acyclovir was initiated,
and blood tests, a head CT, and a lumbar puncture were performed (Table 1). Blood tests
revealed neutrophilic leukocytosis and elevated C-reactive protein (CRP). Cerebrospinal
fluid (CSF) analysis was compatible with bacterial meningitis (Table 1), and the head CT
revealed left mastoiditis with a hypodense fluid collection (maximum thickness: 5 mm),
involving the temporal and occipital lobes. Blood and CSF cultures were collected, and
a rapid multiplex PCR panel for viruses and bacteria on CSF was negative. Seven hours
later, the patient developed focal seizures and worsening neurological status. On examina-
tion, she was unresponsive, presenting with anisocoria, right fixed mydriasis, decerebrate
posturing, and a positive Babinski sign. The patient was intubated, and an emergent head
CT revealed cerebral edema. Dexamethasone and mannitol were administered, and an
urgent decompressive craniotomy was performed. Vital parameters showed hypotension
(80/50 mmHg), tachycardia 170, and tachypnea 40/min. The CSF culture became positive
for Streptococcus pyogenes after 10 h, and therapy was adjusted with the addition of line-
zolid, while acyclovir was discontinued. Despite those interventions, the patient developed
hypotensive shock, and an electroencephalogram (EEG) showed the absence of electrical
activity. The patient was declared brain dead 48 h after admission.

Table 1. Clinical and laboratory features of the two case reports.

Case One Case Two

Age
Sex

4 years and 8 months
Female

5 years and 9 months
Female

Comorbidities No No

Local infection AOM No

Blood exams

White blood cells 32,280/m3 18,370/m3

Neutrophils 95.54% 94%

Lymphocytes 1.1% 3.0%

Hemoglobin 11.5 g/dL 9.7 g/dL
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Table 1. Cont.

Case One Case Two

Platelets 450,000/m3 137,000/m3

CRP 16.76 mg/dL 26.74 mg/dL

Procalcitonin 28.6 ng/mL 24.3 ng/mL

Glucose 95 mg/dL 140 mg/dL

Cerebrospinal fluid

Appearance turbid turbid

Color xanthochrome xanthochrome

White blood cells 296/m3 49/m3

Glucose 2 mg/dL 58 mg/dL

Proteins 511 mg/dL 125 mg/dL

Treatment and Outcome

Therapy Ceftriaxone, Linezolid Ceftriaxone, Vancomycin, Linezolid, Immunoglobulins

Surgery Craniectomy Craniectomy

Length of stay 2 days 21 days

Outcome Death Full recovery

Case 2:
A fully immunized 5 year and 9 months old girl presented to a peripheral ED with

a 48 h history of fever and lethargy. On examination, she exhibited meningeal signs.
Therapy with ceftriaxone and vancomycin was initiated, and the girl was transferred to
our pediatric intensive care unit. Upon arrival, she was lethargic with meningeal signs,
but no evidence of localized infection was detected. Vital parameters showed normal
blood pressure 105/70 mmHg, tachycardia 112 bpm, and mild tachypnea 42/min. Blood
tests revealed neutrophilic leukocytosis and elevated CRP. Blood and CSF cultures were
collected. CSF analysis was consistent with bacterial meningitis (Table 1). An initial head
CT showed a fluid collection (maximum thickness: 4 mm) in the right frontal and parietal
regions. BIOFIRE® FILMARRAY® Meningitis/Encephalitis Panel for viruses and bacteria
on CSF was negative. After consultation with microbiologists, given the strong suspicion
of bacterial meningitis, the Biofire Blood Culture Identification (BCID) Panel designed for
blood—which includes a larger number of bacterial targets—was performed on the CSF,
yielding a positive result for Streptococcus pyogenes. Therapy with dexamethasone was
initiated and therapy with immunoglobulin for 3 days at 400 mg/kg was implemented,
while vancomycin was discontinued. After five days, the patient was afebrile but continued
to exhibit meningeal signs and developed left hemiparesis; BP was stable 98/75 mmHg,
and at lower limit the heart rate was 60 bpm. An EEG revealed asymmetrical brain activity,
and a brain MRI showed an enlargement of the fluid collection, now involving the entire
right hemisphere with a thickness of 6 mm. Antibiotic treatment was remodulated with
addition of linezolid, and an urgent decompressive craniotomy was performed. From
that moment, the patient showed a slow but progressive improvement. Physiotherapy
was started, and after 10 days, the neurological examination was normal. Audiometry
performed prior to discharge was also normal. The patient was discharged home after
21 days in good clinical condition, continuing a tapering of steroid therapy at home.
Two years after the event, she remains in good health, with no neurological sequelae.
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3. Materials and Methods

A systematic review following the PRISMA 2020 statement was conducted from the
inception of the database up to 31 December 2024, using PUBMED. The following keywords
were used: Streptococcus pyogenes meningitis, Group A Streptococcus meningitis, and
invasive Streptococcus pyogenes disease. The inclusion criteria were as follows: a diagnosis
of bacterial meningitis based on CSF features and clinical conditions, along with culture
or PCR (from either CSF or blood) positive for S. pyogenes, and patients aged < 18 years.
Only case reports and case series were included. Cases from all selected studies were
evaluated and analyzed. Study selection followed the PRISMA flow diagram (Figure 1).
Two researchers independently assessed the eligibility of the studies. Data extraction from
individual studies was performed in duplicate. Any discrepancies in data extraction were
discussed and resolved among the authors.

Figure 1. Prima flowchart.

A total of 306 manuscripts were initially identified. After reviewing titles and abstracts
and eliminating duplicates, 238 full-text articles were assessed. Ultimately, 39 papers were
selected and included in the review. We analyzed each of the retained studies, as well as
our two case reports, to create our own database. The following variables were collected:
age, sex, medical history (both past and present), prior S. pyogenes localized infections,
laboratory results, CT/MRI findings, treatment regimens, and clinical outcomes. In each
study, all categories and variables were analyzed. Data were entered into a dedicated
database. Categorical data are presented as frequencies and percentages, while continuous
data are expressed as means/medians with ranges, depending on the statistical distribution.

Patients were classified into two groups: those with a uneventful meningitis course,
defined as patients who did not experience septic shock, neurological deterioration, or
brain involvement on CT/MRI, and those with a complicated course, defined as patients
who developed septic shock, neurological instability, brain involvement on CT/MRI, se-
quelae (including nerve palsy, deafness, neurological impairment), or death. The following
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variables were compared between the two groups: age, female sex, focus of infection
outside the brain, CSF white blood cell (WBC) count, CSF protein levels, CSF glucose levels,
WBC blood count, identification of S. pyogenes on blood, Phoenix Sepsis Score ≥ 2 [7],
use of antibiotics with activity on protein synthesis inhibition, dexamethasone therapy,
and length of hospital stay. A univariate analysis was initially performed to assess the
associations between each independent variable and the outcome. The Chi-square (χ2) test
was used for nominal variables, with a significance threshold set at 0.05. For independent
numerical variables following a normal distribution, comparisons between the two groups
were made using a one-tailed t-test, with a significance level of 0.05. Subsequently, a
multivariate analysis using logistic regression was conducted, adjusted for age and sex,
accounting for potential confounding factors. Odds ratios (OR) were calculated, along
with 95% confidence intervals (CI), to assess the strength of the associations. All statistical
analyses were performed using Jamovi version 2.6.44.

4. Results

Here, we report the results of a systematic review of the literature and the description
of two cases of S. pyogenes meningitis. In total, 39 papers reporting a total of 55 cases were
included in the analysis, and we also added 2 cases admitted to our hospital for a total of
57 cases (Figure 1) [8–46]. Results are summarized in Table 2 and Figure 2.

Table 2. Characteristics of the two patients admitted to our hospital and of the patients derived from
the systematic review.

Variable
Variable

Subclassification
Results Variable

Variable
Subclassification

Results

Predisposing
conditions

HIV
VPS
Cochlear implant
Prematurity

1.75% (1/57)
1.75% (1/57)
1.75% (1/57)
1.75% (1/57)

Cerebral TC/RMN
findings

Cerebral collection
Hydrocephalus
Cerebral edema
Vasculopathy
Necrosis
Ventriculitis
Myelitis

21.04% (12/57)
5.26% (3/57)
8.77% (12/57)
21.04% (12/57)
8.77% (5/57)
7.01% (4/57)
1.75% (1/57)

Empiric
antibiotic
therapy

Cephalosporin
Cephalosporin plus
glycopeptides
Other regimes
Overall use of
protein-synthesis inhibitors

66.66% (38/57)
17.54% (10/57)
15.78 (9/57)
26.31% (15/57)

Additional
treatment/
therapies

Steroids
Immunoglobulins
Surgery

33.33% (19/57)
5.26% (3/57)
22.80% (13/57)

Overall
complications

Status epilepticus
Nerve involvement
Hydrocephalus
Brain collection
Vasculopathy
Hygroma
Cerebral edema
Coma
Phoenix Sepsis Score ≥ 2

21.04% (12/57)
7.01% (4/57)
5.26% (3/57)
21.04% (12/57)
12.28% (7/57)
7.01% (4/57)
24.56% (14/57)
33.33% (19/57)
45.61% (26/57)

Outcome

Full recovery
Death
Sequelae:
-NSHL
-Third nerve palsy
-Moderate disability
-Severe disability

62.39% (31/57)
17.54% (10/57)
28.07% (16/57)
5.26% (3/57)
1.75% (1/57)
5.26% (3/57)
15.80% (9/57)

VPS: ventricular peritoneal shunt, NSHL: sensorineural hearing loss.
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Figure 2. Initial presentation, primary focus of infection and clinical outcome. AOM: acute otitis
media; URTI: upper respiratory tract infections.

The median age at diagnosis was 4 years (range: 1 day–15 years); 54.38% (31/57) were
female. Seven percent (4/57) of the cases reported previous predisposing conditions for
bacterial meningitis, such as medical devices, HIV infection, and prematurity [10,15,17,28].
A primary focus of infection outside the brain was identified in 61.39% (35/57) of cases,
with otitis and skin infections being the most common. Six patients (10.52%) had received
a course of S. pyogenes sensitive antibiotics for at least 48 h before admission, including
azithromycin, amoxicillin, and cephalexin [14,17,32,37,38,40]. All patients presented with
fever and meningeal signs, including altered mental status. Most of them also had vomiting,
headache, and seizures. The diagnosis was confirmed by CSF features (turbid CSF, low
glucose, high protein, high white blood cells) in all cases. GAS was identified from CSF
in 66.66% (38/57) of cases, and in three of those cases, only by PCR. In 15.79% (9/57),
S. pyogenes was isolated from blood, while in 17.55% (10/57), S. pyogenes was detected from
both CSF and blood. In nine cases, S. pyogenes was detected in other tissues, including ear
cultures in patients with otitis, skin vesicles in patients with skin infections, and tonsillar
exudates in patients with tonsillitis. In one case, S. pyogenes was detected on the cervix of
the newborn’s mother [45].

Forty-seven percent (27/57) of patients were admitted to the pediatric intensive care
unit (PICU). Forty-five percent (26/57) had a Phenix sepsis score > 2. The clinical course
was uneventful in 38.59% (22/57). However, 24.56% (14/57) experienced septic shock
requiring inotropic support, 33.33% (19/57) entered a coma, 21.05% (12/57) experienced
status epilepticus, 8.7% (5/57) had cranial nerve impairments, and 36.84% (24/57) had
brain anatomical anomalies detected by cerebral imaging.

A cerebral CT was performed during admission or later in 56.14% (32/57) of cases, with
negative results in 25% (8/32) of patients. Brain involvement was detected in 75% (24/32),
including 12 cases with an intracranial fluid collection (extra-axial collection n = 8, intra-
axial collection n = 4), 7 cases with vascular involvement, 12 cases of brain edema, 5 cases
of brain tissue necrosis, 3 cases of ventriculomegaly, 4 cases of cerebritis/ventriculitis, and
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1 case of myelitis [9,12–14,16–20,23–27,30,32,35–37,39,42,46]. All patients received a broad-
spectrum empiric antibiotic therapy with third-generation cephalosporins alone in 66.66%
(38/57) of cases. Seventeen percent (10/57) received third-generation cephalosporins plus
a glycopeptide, mainly vancomycin. The remaining cases received different antibiotic
regimens, including meropenem alone or in combination with linezolid, third-generation
cephalosporins plus clindamycin, or cephalosporins/penicillin combined with rifampicin
or linezolid. In 50.87% (29/57) of cases, therapy was targeted after GAS identification.
In 31.67% (18/57) of cases, therapy was de-escalated to intravenous penicillin based on
susceptibility testing. Other regimens included the addition of clindamycin, rifampicin,
or linezolid to cephalosporins/penicillin or the substitution of the previous therapy with
meropenem. Overall, protein-synthesis inhibitors (clindamycin, linezolid, or rifampicin)
were used in 26.31% (15/57) of cases. The median length of therapy was 18 days (range:
10–42 days, n = 36). Dexamethasone with or without mannitol was used in 33.33% (19/57) of
cases [9,12,17,23,25,27,30–33,35,36,39]. Other treatments included anticonvulsant therapy
for patients with seizures, heparin for those with thrombosis, and supportive care for
patients in critical conditions. Immunoglobulins were used in three patients (3.50%) [30,36].

Surgical procedures were performed in 13 patients (22.80%). In particular, three pa-
tients had a liquor derivation, two underwent myringotomy/tympanostomy, two had
mastoidectomy, two required abscess drainage, two had craniectomy, one had both mas-
tectomy and abscess drainage, and one patient had a combination of mastoidectomy,
myringotomy, and craniectomy [9,11,12,16,17,27,32,35,37,42,46].

Seventeen percent (10/57) of patients died, all within the first 48 h of hospitalization,
while 28.07% (16/57) had sequelae, including hearing loss, nerve palsy, and varying de-
grees of neurological impairment defined according to Pediatric Cerebral Performance
Category [9–14,16,17,19,20,27,28,33–37,39,41–43,46]. Sixty-two percent (31/57) had a com-
plete recovery. Table 3 shows the univariate analysis of the comparisons between patients
with an uneventful course versus those with a complicated course. Age, sex, presence of
predisposing conditions, the primary non-invasive S. pyogenes focus, use of dexamethasone,
and antibiotics that interfere with protein synthesis were not statistically significantly dif-
ferent between the comparison groups in the statistical analysis. The presence of S. pyogenes
on blood and a Phoenix Sepsis Score ≥ 2 were significantly associated with a complicated
course. Regarding laboratory exams, patients with a complicated course had significantly
higher levels of WBC and proteins in the CSF. CSF glucose and blood WBC were not
statistically different between the groups. Table 4 reports the logistic regression analysis
conducted to identify factors associated with a complicated course adjusted for age and
sex: the presence of S. pyogenes on blood was significantly associated with a complicated
course (OR: 6.101, p = 0.01), indicating a more than 6-fold increase in the likelihood of a
complicated course in patients with GAS bacteremia. Similarly, a Phoenix Sepsis Score ≥ 2
was strongly associated with a complicated course (OR: 68.570, p < 0.001), suggesting that
this subset of patients have an higher risk of sequelae and/or death.

Table 3. Comparison between patients with uneventful and complicated course of disease.

Variable
Uneventful Course

N = 22
Complicated Course

N = 35
p-Value

Age (y) 5.5 5.21 0.41

Age below 1 y 4/22 11/35 0.26

Female sex 12/22 19/35 0.98

Predisposing
conditions 2/22 2/35 0.62
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Table 3. Cont.

Variable
Uneventful Course

N = 22
Complicated Course

N = 35
p-Value

Other focus of
infection beside the brain 13/22 22/35 0.77

CSF WBC (mg/dL) 1350.3 2586 0.03

CSF proteins
(mg/dL) 126.26 252.42 0.02

CSF glucose
(mg/dL) 29.25 20.33 0.12

WBC on blood
(mmc) 18,836.36 20,216.4 0.35

S. pyogenes on blood 3/22 18/35 <0.01

Phoenix Sepsis Score ≥ 2 1/22 25/35 <0.01

Use of
protein-synthesis inhibitors 3/22 12/35 0.064

Dexamethasone therapy 4/22 15/35 0.054

Length of stay (d) 17 24 0.02
WBC: white blood cells: CSF: cerebrospinal fluid.

Table 4. Logistic regression between patients with uneventful and complicated course of disease
adjusted for age and sex.

Variable p-Value Odds Ratio CI 95%

Predisposing
conditions 0.618 0.595 0.0771–4.59

Other focus of
infection beside the brain 0.712 1.247 0.386–4.02

S. pyogenes on blood 0.01 6.101 1.512–24.62

Phoenix Sepsis Score ≥ 2 <0.001 68.570 7.3733–637.68

Use of protein-synthesis inhibitors 0.06 3.846 0.915–16.16

Dexamethasone therapy 0.05 3.763 0.999–14.18

5. Discussion

Bacterial meningitis is a life-threatening condition that causes high morbidity and
mortality in children. The most common pathogens involved are Streptococcus pneumoniae,
Neisseria meningitidis, and Haemophilus influenzae type B [47]. GAS is responsible for fewer
than 2% of bacterial meningitis [5].

Since 2022, the WHO has reported an increase in iGAS infections in at least
five European countries, particularly in the age group from 0 to 5 years old [6,48–53].
In our tertiary pediatric hospital, between April 2023 and July 2024, we recorded 2 cases of
GAS meningitis out of 34 cases of iGAS infections.

S. pyogenes meningitis exhibits peculiar features. According to our study and previous
reports, in half of the patients, the primary focus of infection was not the brain, with otitis
and skin infections being the most common sources of bacterial spread. Meningitis may
occur through brain invasion via the hematogenous route or by direct spread through
continuity. The hematogenous route could be responsible for dissemination from the
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skin and the nasopharyngeal mucosa, while direct spread seems to be involved in GAS
infections of the ear and mastoid bone [5,9,16,23,54].

The main S. pyogenes virulence factors involved in adhesion and bacterial dissemina-
tion are the M protein, Streptolysin O, streptococcal DNases, and the IL-8 protease SpyCEP.
So far, studies have failed to demonstrate differential expression of these factors in pa-
tients with GAS meningitis compared with those with otitis or oropharyngeal colonization.
Therefore, host characteristics may represent the key discriminant in this process [55].

To better define the pathogenesis and risk factors for local infection spreading, more
studies are advocated [54,55].

Based on our findings and those of previous studies, we recommend some specific
diagnostic and therapeutic steps in cases of S. pyogenes meningitis.

The initial approach is the same for all bacterial meningitis. In case of suspicion of
meningitis, a thorough examination is mandatory, especially to recognize meningeal signs
and any source of peripheral infection [47,56–58]. It is crucial to collect blood samples
and cultures, as well as perform lumbar puncture for the CSF analysis and culture. Broad-
spectrum antibiotics should be initiated as soon as cultures are collected; however, the
execution of head CT/MRI, blood tests, and lumbar puncture should not delay the admin-
istration of antibiotics [47,56–58]. If possible, we recommend using molecular techniques,
especially in patients who received antibiotics before blood and CSF collection [59]. The
most common rapid multiplex PCR panel does not include GAS, but in cases of high
suspicion—such as concomitant tonsillitis, otitis, or skin impetigo—a more comprehensive
panel should be considered [16]. At our center, when rapid multiplex PCR results on CSF
are negative and bacterial meningitis is highly suspected, a more comprehensive panel
designed for blood testing on cerebrospinal fluid is performed. This approach has also
been suggested in other studies [60,61].

Empiric therapy typically involves ceftriaxone plus vancomycin, depending on lo-
cal resistance patterns [47,56–58]. Once S. pyogenes is isolated, the approach should be
personalized for each case and involve a multidisciplinary team, including pediatricians, in-
tensivists, neurosurgeons, and infectious disease specialists. The antibiotic regimen should
be targeted based on the antibiogram. Penicillin G is usually the antibiotic of choice [56].
S. pyogenes meningitis has been associated with specific M types and exotoxin production,
particularly SPEA, SPEB, and SPEC. Based on these virulence features, there is a growing
trend of using protein-synthesis inhibitors (such as linezolid, rifampicin, and clindamycin)
in combination with penicillin or cephalosporins [4,16,20,35,62,63]. In both our patients,
we decided to add linezolid, an oxazolidinone that inhibits bacterial protein synthesis by
binding to the bacterial 23S ribosomial RNA of the 50S subunit, based on its good cerebral
penetration, more favorable pharmacokinetic properties compared to vancomycin, and
a theoretical activity against the production of pyrogenic exotoxins A and B [64]. In our
study, 26% of patients were treated with this approach. Clindamycin has been reported
to have poor CSF penetration, and therefore its role in the management of CNS infections
is debated [65,66]. Nowadays, no comparative studies have been conducted comparing
beta-lactam monotherapy with beta-lactam plus protein-synthesis inhibitors in S. pyogenes
meningitis, and further research is needed to define the most effective strategy [67,68].

Dexamethasone may play a positive role in reducing brain edema and the inflamma-
tory cascade. The results of its use in Streptococcus pneumoniae meningitis encourage its
administration in S. pyogenes meningitis as well. In a 2015 Cochrane meta-analysis and
systematic review regarding corticosteroid use for acute bacterial meningitis, the use of
steroids in Streptococcus pneumoniae meningitis was proven to be protective against death
but it had no significant beneficial effect on hearing loss sequelae [69]. In our analysis,
steroid use was not statistically different between patients with an uneventful course and
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those with a complicated course [35,70–72]. Of note, our results cannot define the efficacy
of steroids in this setting, primary because of the small sample size and secondly because
in many cases, steroids were introduced only after the evidence of brain edema at the
MRI, rather than immediately after the detection of the bacteria. Additionally, the efficacy
demonstrated in Streptococcus pneumoniae is not enough to advise its use in S. pyogenes
meningitis. Even if they belong to the same genus (Streptococcus), they are distinct species
with different pathogenic profiles. Based on the current literature, GAS meningitis exhibits
a higher rate of brain anomalies on brain CT/MRI (17% vs. 36.84%), death (13% vs. 17.54%),
and sequelae (23% vs. 28.07%) compared to S. pneumoniae meningitis [41,42]. Our results
align with previous studies [5,9,29,35,38,72–74].

We recommend continuous monitoring of the patient during the first 48–72 h, par-
ticularly for those with elevated WBC or protein levels in the CSF, as well as those with
GAS bacteremia or signs of sepsis, as these factors have been associated with a complicated
course, sequelae, or death in our study. Fatal complications occurred in 17% of our cohort,
all of them within the first 48 h; thus an intensive setting should be considered at the time
of admission. In the event of worsening of the clinical condition or lack of improvement,
we recommend performing additional tests based on the clinical presentation, includ-
ing imaging, as cerebral parenchyma involvement or vascular alterations are common in
S. pyogenes meningitis [4,16,20,35,45,73,74]. Surgical intervention should be considered,
especially in cases of brain anomalies (e.g., hydrocephalus or fluid collections) or when
otitis or mastoiditis is the source of infection. In cases of thrombosis, the use of heparin and
high doses of steroids has been proposed [12,37].

Looking to the future, some considerations need to be done in terms of possible
concerns in the management of S. pyogenes meningitis. In the last three years, studies in
the Netherlands have reported a concerning increase not only in iGAS infections but also
specifically in GAS meningitis. Moreover, while molecular studies before 2022 showed that
approximately 35% of isolated strains belonged to the emm1 subtype, after 2022, nearly
90% of cases were associated with the emm1 subtype, and of these, 80% were identified as
the toxigenic M1uk variant, known to be associated with more severe clinical courses [75].

Interestingly, the current concern is not limited to the emergence of S. pyogenes strains
with additional virulence factors but also includes the rise in antibiotic resistance. Penicillin
remains the antibiotic of choice; however, over the last 20 years, there has been a troubling
trend of reduced penicillin susceptibility, not yet a case of resistance [76]. Several mecha-
nisms have been proposed for this phenomenon: (1) intracellular persistence of S. pyogenes
within tonsillar tissues, where poor antibiotic penetration reduces treatment efficacy, and
(2) beta-lactamase-mediated inactivation, where co-infecting bacteria produce extracellular
beta-lactamase that degrades penicillin in the absence of an inhibitor. One of the latest dis-
coveries as mechanisms of resistance involves mutations in the pbp2x gene, which encodes
a key enzyme in peptidoglycan synthesis [76,77]. These mutations have been linked to
reduced susceptibility to penicillins and cephalosporins and are associated with multiple
emm types exhibiting high mortality rates. Even more concerning is the growing resistance
to macrolides. Over the past decade, the incidence of macrolide resistance has increased
dramatically, reaching rates as high as 20–40%. The mechanisms behind this resistance
typically involves the methylation of the 23S rRNA target by erm (erythromycin ribosomal
methylase) genes (ermA and ermB) [76–78].

Finally, despite global advances, a reliable vaccination is still not yet available, but a
number of vaccine candidates are in early human trials [79].

The limitations of our study include, primarily, the small sample size, mainly due to
the rarity of the disease. Another significant limitation is that the data were derived from
retrospective studies, each focusing on different aspects of the disease. As a result, some
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data may have been omitted by the original authors based on the focus they chose for their
paper. Additionally, it is important to consider that severe cases may be overrepresented,
as they might have been more likely to be published compared to milder cases, introducing
a significant bias. Furthermore, the length of follow-up varied across case reports which
could have influenced the reporting of sequelae.

6. Conclusions

Our study reviewed the management of S. pyogenes meningitis. No guidelines or
unique approaches to this invasive infection are available yet. Our study may help clinicians
quickly identify high-risk patients with S. pyogenes meningitis who require more intensive
monitoring during hospitalization to reduce morbidity and mortality associated with
this infection. Further studies are needed to enhance knowledge for the management of
iGAS infections.
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Abstract: Candida auris is an emerging yeast considered a serious threat to global health. We
report the first case of C. auris candidemia in Southern Italy, characterized using whole genome
sequencing (WGS), and compared with a second strain isolated from a patient who presented
as C. auris-colonized following screening. The C. auris strain was isolated from clinical samples,
identified via MALDI-TOF, and subjected to WGS. Antifungal susceptibility testing was performed
using commercial broth microdilution plates, and resistance protein sequences were evaluated with
TBLASTN-2.15.0. Following the initial C. auris isolation from patient A, active surveillance and
environmental investigations were implemented for all ICU patients. Of the 26 ICU surfaces sampled,
46.1% tested positive for C. auris via real-time PCR. Screening identified a second patient (patient
B) as C. auris-colonized. The phylogenetic characterization of strains from patients A and B, based
on the D1/D2 region of the 28s rDNA and the internal transcribed spacer (ITS) region, showed
high similarity with strains from Lebanon. SNP analysis revealed high clonality, assigning both
strains to clade I, indicating a significant similarity with Lebanese strains. This case confirms the
alarming spread of C. auris infections and highlights the need for stringent infection control measures
to manage outbreaks.

Keywords: Candida auris; whole-genome sequencing; infection control; phylogenesis

1. Introduction

Candida auris is a multidrug-resistant (MDR) yeast of public health concern. Hospital-
acquired infections (HAI) across five continents have been reported [1]. C. auris causes
invasive infections particularly in immunocompromised patients, with high mortality rates

Microorganisms 2024, 12, 1962. https://doi.org/10.3390/microorganisms12101962 https://www.mdpi.com/journal/microorganisms
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mainly attributed to laboratory misidentification and MDR profiles. Furthermore, hospital
outbreaks have been reported, probably due to its ability to create biofilms, making it
resistant to antiseptics and persistent on environmental surfaces [2]. In 2019–2021, a large
outbreak was reported in northern Italy with at least 277 cases [3] and a case fatality rate of
40.4% [4].

Six distinct clades of C auris have recently been reported [5]. These clades were distin-
guished on the basis of the analyses of whole genome sequencing (WGS) data and single
nucleotide polymorphism (SNP) variation. Furthermore, these clades diverged in terms of
antifungal susceptibility profiles, epidemic potential, and clinical manifestations [5].

We report the first case of C. auris candidemia in a critically ill patient admitted to a
Intensive Care Unit (ICU) of southern Italy. The patient had not travelled abroad or had
any other recent hospitalizations.

In April 2024, a critically ill patient was admitted to the ICU of the University Hospital
Policlinico of Bari (patient A). One week later, he developed a bloodstream infection by
New Delhi metallo-beta-lactamase (NDM) Klebsiella pneumoniae carbapenemase (KPC) and,
despite prompt active antimicrobial treatment, refractory septic shock ensued. Daptomycin
and caspofungin were empirically added but, unfortunately, the patient died within 48 h.
Two days later, C. auris was isolated from their blood cultures.

Immediately, active surveillance of patients and ICU environmental surfaces was
started, and infection control measures were strongly implemented. One of the sixteen
screened patients (patient B) turned out to be colonized by C. auris in endotracheal aspirate,
skin, and rectal swabs. He was admitted 2 weeks before patient A from an Albanian ICU
and remained in good clinical condition until his last clinical evaluation in June 2024.

2. Materials and Methods

Blood cultures from patient A were performed as part of standard procedure for
patients with sepsis. C. auris strain was isolated from blood culture after incubation on
Sabouraud Dextrose agar (Biomerieux Inc., Lyon, France) for 48 h at 37 ◦C. Skin surveillance
swabs (particularly of the axilla and groin) were collected by vigorously rubbing the tip of
the swab over the indicated site at least 3–5 times. Skin, rectal swabs, and tracheobronchial
aspirate (TBA) were inoculated on Sabouraud dextrose agar and incubated at 37 ◦C for
72 h. The identification of C. auris was performed through MALDI-TOF. Isolates of C. auris
from patient A and patient B were subjected to WGS (whole genome sequencing) using the
MiniSeq platform (Illumina Inc., San Diego, CA, USA). DNA was extracted and purified
with QIAamp DNA Mini kit, according to the recommendations of the manufacturer.
Purified DNA was measured with a Qubit 4.0 Fluorometer (Invitrogen by ThermoFisher
Scientific, Waltham, MA; USA) using the double-stranded DNA (dsDNA). Nextera XT
paired-end sequencing with a paired-end run of 2 × 150 bp was performed for library
preparation. FastQC V0.12.1 software was used to perform quality control checks on the
raw sequence data [6,7].

Read data were aligned against the reference genome of C. auris B8441 (GenBank
assembly accession GCA_002759435.2) using BWA-MEM [8]. The consensus was generated
using Samtools (version 1.20) and consensus was generated from BAM file based on the
contents of the alignment records. The consensus was written as FASTA file [9]. BLAST
was used to retrieve sequences with >90% identity from NCBI database, which were then
added to the background genomic dataset after manual curation. The alignment of the
core genome, the detection of recombination events, and the detection of single nucleotide
polymorphisms (SNPs) were performed using Parsnp v1.2 [10]. Phylogenetic analysis was
performed using RaxML8 and the TVM evolutionary model [11]. The phylogenetic tree
was constructed using Mega 11.0.13 software with the neighbor-joining algorithm and
annotated in iTOL [12].

Antifungal susceptibility testing was performed using commercial broth microdilution
plates (Sensititre YeastOne, ThermoScientific, Waltham, MA, USA) according to the manu-
facturer’s instructions. As there are currently no established C. auris-specific susceptibility

117



Microorganisms 2024, 12, 1962

breakpoints, tentative breakpoints proposed by the CDC [13] were selected to define the
clinical category of susceptibility.

A total of 26 surfaces in the ICU were sampled. Specifically, high-touch patient-area
surfaces (multi-parameter touch screen monitors, assisted ventilation touch screen monitors,
bed rails, infusion pumps, bed keypad, drug preparation shelf) and common ward surfaces
(computer keyboards, ultrasound probes, telephone) were evaluated. The surfaces were
sampled using sterile swabs soaked in distilled water. All swabs were transported to
the laboratory in refrigerated containers at a temperature of +4 ◦C and were analyzed
immediately upon arrival.

3. Results

C. auris strains from patient A (BA02) and patient B (BA03) were phylogenetically
characterized on the basis of the D1/D2 region of the 28s rDNA and the internal transcribed
spacer (ITS) region (Figures 1 and 2).

The analysis showed a high degree of similarity of BA02 and BA03 with strains isolated
in Lebanon (Bioproject PRJNA736600). Single nucleotide polymorphism (SNP) analysis
showed that BA02 and BA03 had a high degree of clonality showing only 125 SNPs and
were assigned to clade I, confirming a high rate of similarity with the strains collected in
Lebanon (Figure 3). The difference in the number of SNPs between the BA03 strain of the
present study and the Lebanon strain GCA019039495 was 381.

Figure 1. Neighbor-joining phylogenetic tree (max. seq. difference 0.75) on the partial D1/D2 large
subunit (LSU) rDNA sequence of C. auris was constructed using 101 sequences. Sequences BA02
(from patient A) and BA03 (from patient B) are shown in red.

The sequences of the original clinical specimens described here have been deposited
in the Genebank sequence database (accession number: SAMN41379019, SAMN41379020).

The isolates were both resistant to fluconazole and amphotericin B and susceptible to
caspofungin, anidulafungin and, micafungin.

The evaluation of resistance protein sequences was performed using TBLASTN-
2.15.0 [14]. Compared with the reference genome, the isolates BA02 and BA03 harbored
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Y132F azole resistance-associated mutation in ERG11 and mutations M192I in ERG4, K74E
in CIS2, K52N in SNQ2, and S70R in FCY1. Finally, A583S in TAC1b and K719N in STE6
were detected (Table 1). Both isolates also expressed flucytosine resistance harboring, a
single mutation in the FCY1 gene [14].

Figure 2. Neighbor-joining phylogenetic tree (max. seq. difference 0.75) on the internal transcribed
spacer (ITS) sequence of C. auris was constructed using 101 sequences. Sequences BA02 (from patient
A) and BA03 (from patient B) are shown in red.

Table 1. Antifungal susceptibility testing of the two C. auris isolates (upper part) and the mutations
detected (lower part). * N/A: data not available.

MIC Patient A Patient B
CDC’s Tentative MIC

Breakpoints

Amphotericin B 2 R 4 R ≥2

Anidulafungin 0.12 S 0.12 S ≥4

Caspofungin 0.12 S 0.12 S ≥2

Fluconazole 128 R 256 R ≥32

Isavuconazole 0.06 N/A * 0.12 N/A N/A

Itraconazole 0.12 N/A 0.25 N/A N/A

Micafungin 0.12 S 0.12 S ≥4

Posaconazole 0.06 N/A 0.06 N/A N/A

Voriconazole 0.5 N/A 0.5 N/A N/A

Mutations

Gene Gene ID Substitution

CIS2 B9J08_01093 K74E

ERG4 B9J08_00711 M192I

SNQ2 B9J08_03375 K52N

STE6 B9J08_05399 K719N

ERG11 B9J08_03698 Y132F+

TAC1B B9J08_04780 A583S

FCY1 PIS48695.1 S70R+
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Figure 3. Six-clade population structure of C. auris using 139 genomes represented in the phylogenetic
tree. The tree was generated by the maximum-likelihood method and annotated in iTOL. Numbers
above branches are bootstrap values (only values >80 are shown). The strains of the present study
are indicated in red.

The detection of C. auris from surfaces was performed by the commercial Auris ID
detection real-time PCR kit according to the instructions for use (Olm Diagnostics, Braintree,
UK, distributed by LionDx, Pordenone, Italy). Samples were considered positive when
they showed a ct value ≤ 40. Of the 26 environmental samples, 12 (46.1%) were positive
for C. auris, in particular, swabs from multi-parameter monitors, infusion pumps, bed rails,
and telephones.

4. Discussion

C. auris infections represent a major challenge due to its unfavorable antifungal resis-
tance profile, with more than 40% expressing combined resistance to two or more classes
of antifungals, severely limiting therapeutic options [15]. This characteristic may com-
plicate the management of invasive C. auris infections such as candidemia, potentially
contributing to high mortality and transmissibility. C. auris candidemia usually follows
colonization; therefore, the early identification of colonized patients is critical to prevent
invasive infection through interventions on modifiable predictors.
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To our knowledge, this is the first isolation of C. auris in the whole of southern Italy.
Similar cases of C. auris importation into Italy have been described previously [16], but this
result confirms its alarming spread, especially in hospital settings worldwide. The cases of
C. auris importation are united by prolonged hospitalization in countries with a high rate
of multi-resistant organisms and the need for invasive medical procedures (central venous
catheter, urinary catheter recent surgical procedure, mechanical ventilation).

The high rate of similarity of the two analyzed strains, showing only 125 SNPS, clearly
suggests an epidemiological link between patient A and patient B. On the other hand, it
was not possible to establish an epidemiological link between the strains of the present
study and the Lebanese strains, with which the strains of the present study showed a high
degree of similarity, nor to identify the source of patient B colonization. In fact, the spread
of C. auris in Albania is not known, nor are the sequences of the strains isolated in that
country available. It also remains undefined through which routes strains of Lebanese
origin may have caused the fatal case and the colonization of the patient admitted from
the Albanian ICU. It is of note that Y132F in the Erg11 gene was detected in both isolates,
reflecting the resistance to azoles. Y132F is commonly detected among South Asian isolates,
particularly Indian, Pakistani, and Chinese, and it is considered a clade-I-specific marker of
resistance against fluconazole as well as in other Candida species, such as C. parapsilosis
strains, which have the same Y132F mutation in the ERG 11 gene [15,17,18].

The mutations in ERG4 may be linked to reduced susceptibility to amphotericin B
in C. auris, although their impact on structural changes and gene expression has not been
investigated [14].

K74E was reported in all susceptible and resistant isolates, suggesting this may repre-
sent a polymorphism not connected with resistance and may not be under selective pressure
from antifungals. TAC1b is a transcription factor controlling CDR1 expression in Candida
species. Mutations in TAC1b were associated with increased azole resistance [19,20]. Finally,
STE6 is an a-pheromone ABC family transporter that showed antimycotic responses [21].

Antifungal susceptibility testing confirmed resistance to fluconazole and amphotericin
B, as well as susceptibility to echinocandins, which are still the first choice of treatment.
This demonstrates that the combination of molecular characterization and antimycotic
susceptibility testing represents the best possible strategy to address the challenge of
diagnosis and the treatment of both symptomatic infections and asymptomatic colonization.

5. Conclusions

In conclusion, our data suggest the hypothesis of a strain imported from Alba-
nia/Lebanon. It is notable that the strain has different characteristics from the Greek
one collected by Rimoldi et al. since the common mutations detected are S70R on gene
FCY1 and Y132F on gene ERG11 [16]. This suggests the likely different origins and dy-
namics of the strains. The high transmissibility, the ability of C. auris to cause outbreaks,
and the high frequency of antifungal resistance among clinical isolates highlight the need
for the early identification and implementation of global surveillance programs. Moni-
toring resistance, coordinating local and international antifungal surveillance protocols,
and developing novel diagnostic tests and antifungal drugs may play a crucial role in
improving the clinical outcome of ICU patients. After the first C. auris isolation, immediate
and accurate environmental investigation and disinfection, in combination with timely
clinical surveillance and updated HAI prevention bundles, controlled the spread of C. auris
and quickly extinguished the epidemic outbreak.
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