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Abstract

Rotavirus (RV) is one of the main etiologic agents associated with diarrheal diseases (DDs),
being responsible for approximately 200 thousand deaths annually. Currently, there are still
many aspects regarding the virus biology, cell cycle, and pathophysiology of RV that need
further elucidation. Therefore, the present work aimed to investigate whether the triggering
receptor expressed on myeloid cells 1 (TREM-1) might be associated with RV infection.
This immune receptor has been observed as an amplifier of inflammatory responses in
different infectious and non-infectious diseases, including inflammatory bowel disease
and celiac disease. Initially, we searched for public transcriptomic data regarding RV
infection and the expression of TREM-1 and its associated genes, which were significantly
upregulated in infected mice and children. Then, we infected monocytes with the virus,
with or without a TREM-1 inhibitor. The inhibition of the receptor’s activity resulted in
a significant decrease in IL-1β production. We also observed a reduction in cytopathic
effects when MA104 cells were treated with TREM-1 inhibitors and then infected with
simian RV. To further elucidate the interactions between the virus and TREM-1, in silico
tools were used to simulate interactions between the receptor and RV proteins. These
simulations suggested the occurrence of interactions between TREM-1 and VP5*, a protein
involved in viral attachment to target cells, and also between the receptor and NSP4, a viral
enterotoxin with immunostimulant properties. Hence, our results indicate that TREM-1 is
involved in RV infection, both as a mediator of inflammatory responses and as a player in
the host–virus relationship.
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1. Introduction
Diarrheal diseases (DD) are a major public health concern worldwide, causing over

1 million deaths in 2021, especially in low- and middle-income countries [1,2]. Character-
ized by frequent loose or liquid stools, usually accompanied by abdominal pain, vomiting,
and fever, this condition is caused by several pathogens, including viruses from the Ro-
tavirus (RV) genus [3]. Although vaccination has drastically decreased the number of deaths
and hospitalizations associated with RV [4,5], this pathogen is still considered a pathogen
of concern: in 2021, it was considered the main cause of diarrheal deaths across all ages,
predominantly in children younger than 5 years, accounting for approximately 176,000
(131,000–230,000) deaths globally [1].

RV is a non-enveloped, double-stranded RNA virus belonging to the Sedoreoviridae
family. Currently, there are nine RV species accepted by the International Committee on
Taxonomy of Viruses (ICTV), with Rotavirus alphagastroenteritidis (RVA) accounting for over
95% of the infections in humans and animals [6–8]. Structurally, the virus is composed of
a icosahedral triple-layered capsid formed by six structural proteins: VP7 and VP4 form
the outer layer and VP6, the middle layer, while VP2 forms the viral core, anchoring the
segmented viral genome and the VP1 and VP3 proteins, which are associated with viral
replication [7,9–13]. Besides the triple-layered particle (TLP), RV can also be found as
a double-layered particle (DLP), which is formed after the internalization of the TLPs, when
the VP7/VP4 layer is lost in phagosomes [7].

RV transmission mainly occurs through the fecal–oral route and targets mature en-
terocytes from the intestinal villi as its main replication target [3]. During the infectious
process, the VP4 protein, which constitutes the viral spike, is proteolytically cleaved into
two domains: VP8*, which recognizes glucans on the cells surface, and VP5*, which acts
posteriorly to VP8* and interacts with proteins, such as integrins and the 70 kilodalton heat
shock protein (Hsp70) [14–23]. RV infection leads to serious damage of the intestinal tissues,
resulting in profuse aqueous diarrhea [7,24]. Nonetheless, the systemic nature of the RV
infection has recently been explored, and it has been associated with the occurrence of
seizures, encephalitis, pneumonia, and myocarditis, among other symptoms [25]. Another
important feature of the infection is the activity of the non-structural protein NSP4, which
can be found in a secreted form and act as an enterotoxin, being able to trigger diarrhea [26].
Currently, RV-induced diarrhea is mainly treated by rehydration, probiotics, and treatment
of symptoms, with no specific antiviral being licensed against it yet. Nonetheless, many
candidate drugs and natural compounds have been tested, and the antiparasitic drug
nitazoxanide has been suggested as effective in the control of the virus [27–31].

So far, the innate immune response to RV has been mainly associated with the intra-
cellular receptors RIG-I (retinoic acid-inducible gene I protein) and MDA-5 (melanoma
differentiation-associated protein 5) [32]. These receptors detect the viral genome and sig-
nalize through MAVS (mitochondrial antiviral-signaling protein) for the expression of type
I and III interferons (IFN) and IFN-stimulated genes (ISGs), which will induce apoptosis of
infected cells and the antiviral state [33–36]. In addition, other immune receptors such as
TLR3 (toll-like receptor 3), NLRP9 (NACHT, LRR, and PYD domain-containing protein 9)
and NLRC4 (NLR family CARD domain-containing protein 4), have also been implicated
in the immune response against RV, but these processes are still elusive [37,38].

Among the immune receptors, the triggering receptor expressed on myeloid cells-1
(TREM-1) has been increasingly explored in infectious diseases, including viral infections,
due to its role in the amplification of inflammatory responses, and is now considered as
a promising therapeutic target and diagnostic/prognostic biomarker in different scenar-
ios [39–41]. Although mainly explored in bacterial infections, TREM-1 signaling has been
implicated in exacerbated immune responses to viruses, such as HIV, influenza, enterovirus
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A71, West Nile fever, and Marburg virus [42–48]. Therefore, the receptor seems to play
a significant, yet underexplored, role in the immunopathology of several viral diseases.

TREM-1 can be observed on the surface of neutrophils, monocytes, dendritic cells,
besides epithelial and endothelial cells of different organs, including the gastrointestinal
tract [49–55]. Following its activation, the receptor signals through the adaptor protein,
DAP12, leading to the expression of inflammatory cytokines and chemokines (including
TNF-α, IL-1β, IL-6, IL-8, CCL2, CCL3 and CCL7), the release of NETs and reactive oxygen
species (ROS) from neutrophils, among other features [50,56–62]. The recognition and
activation processes of TREM-1 still demand further clarification, including the nature
of its ligands and the elucidation of how they interact with each other. So far, only four
ligands have been confirmed: extracellular actin and extracellular cold-inducible mRNA
binding protein (eCIRP), the peptidoglycan recognition protein 1 (PGLYRP1) and high
mobility group protein B1 (HMGB1) [63–66], although others, from infectious origins, have
been proposed. In this scenario, a putative interaction between TREM-1 and RV has never
been explored before. Therefore, we combined in vitro assays and bioinformatics tools to
investigate whether TREM-1 is involved in host–virus interactions with RV and what is the
impact of its activation for the infection outcome.

2. Materials and Methods
2.1. Analysis of Public Transcriptomic Data

Data regarding gene expression during RV infection was obtained from the public
database Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/ (accessed
on 15 September 2025)—National Institutes of Health, Bethesda, MD, USA). The datasets
were selected based on the following criteria: availability of expression values, a minimum
number of three samples/individuals (N) per group, the inclusion of the TREM-1 gene
(formal nomenclature: TREM1 for the human gene and Trem1 for the murine gene) in
the searched genes and the availability of the GEO2R tool within the dataset. Next, the
groups were selected, and the differentially expressed genes (DEGs) were defined using
the Benjamini–Hochberg method. The list of DEGs was retrieved and used to generate
Volcano plots (log2 fold change [log2FC] cutoff of 1 and p < 0.05) in the SRPLOT server
(https://www.bioinformatics.com.cn/srplot (accessed on 15 September 2025)—Changsha,
Hunan, China) [67]. The expression values of TREM-1 and the genes associated with its
signaling pathway were searched (based on the QIAGEN’s TREM-1 signaling gene list,
https://geneglobe.qiagen.com/us/knowledge/pathways/trem1-signaling (accessed on
15 September 2025)—QIAGEN, Germantown, MD, USA) and used for subsequent analysis.
Principal components analysis (PCA) of the TREM-1 pathway during RV infection was
performed in SRPLOT and, for the generation of heatmaps, the expression values were
submitted to a min–max normalization, and the maps were created with the GraphPad
Prism version 9.0 (GraphPad Prism Software, Boston, MA, USA).

2.2. Cell and Virus Cultivation

MA104 cells (simian renal epithelial lineage) were acquired from the Instituto Adolfo
Lutz cell bank (São Paulo, SP, Brazil) while THP-1 cells (human monocyte cell lineage)
were kindly provided by Dr. Artur Christian Garcia da Silva (Laboratório de Ensino e
Pesquisa em Toxicologia In Vitro, Universidade Federal de Goiás, Goiânia, GO, Brazil).
MA104 cells were cultivated in Dulbecco’s Modified Eagle’s Medium with high glucose
(DMEM-HG) (D6429, Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal
bovine serum (F7524, Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin-streptomycin
(10.000 units/mL of penicillin and 10,000 µg/mL of streptomycin, P0781, Sigma-Aldrich,
St. Louis, MO, USA). Subculture was performed when a 90% confluence was reached,
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using trypsin-EDTA (2.5 g/mL, Vitrocell, Campinas, SP, Brazil) to detach the cells from the
culture flasks. THP-1 cells were cultivated in RPMI Medium 1640 (31800022, Gibco, Grand
Island, NY, USA, containing 1.5 g/L of sodium bicarbonate and 1 mM of sodium pyruvate),
supplemented with 2 mM of L-glutamine (200 mM, G7513, Sigma-Aldrich, St. Louis, MO,
USA), 1% penicillin-streptomycin (10,000 units/mL of penicillin and 10,000 µg/mL of
streptomycin, P0781, Sigma-Aldrich, St. Louis, MO, USA), and 10% fetal bovine serum
(F7524, Sigma-Aldrich, St. Louis, MO, USA). The cells were maintained in a CO2 incubator
at 37 ◦C and 5% CO2.

The RRV (rhesus rotavirus, passage #13) strain of RV was provided by Dr. Adriana
Luchs (Instituto Adolfo Lutz) and was expanded in MA104 cells. In this regard, RV was
activated (with trypsin at 10 µg/mL for 30 min at 37 ◦C) and added to the MA104 cell
monolayer in 75 cm2 flasks, at a multiplicity of infection (MOI) of 0.1, in incomplete
medium (DMEM-HG with 1% penicillin-streptomycin). After the complete lysis of the
cells (approximately 72 h of infection followed by 3 freezing/thawing cycles), the cell
lysate was centrifuged (2000 rpm, 25 ◦C for 10 min) and filtered (Millipore Syringe Filter,
0.22 µm—EMD Millipore Corporation, Burlington, MS, USA) to remove debris, and the
aliquots were stored in a −20 ◦C freezer until use.

2.3. Viral Titration

To quantify the viral load, the 50% tissue culture infectious dose (TCID50) was calcu-
lated. In this process, MA104 cells were plated in 96-well plates (4 × 104 cells/well) and
infected with 10 different dilutions of the viral stock (10−1 to 10−10) in incomplete medium
supplemented with 0.5 µg/mL of trypsin-EDTA. After 5 days in the CO2 incubator, the
cells were analyzed under an optical microscope to observe cytopathic effects due to RV
infection, and the number of wells with cytopathic effect per dilution was used to calculate
the TCID50, using the Reed–Muench method [68]. Later, we converted the TCID50 value
to PFU (plaque-forming units), using the following formula PFU = TCID50 × 0.7 [69].

2.4. Cytokine Production in THP-1 Cells

To assess the production of pro-inflammatory cytokines, we used undifferentiated
THP-1 cells either treated or not treated with the TREM-1 inhibitor VJDT (HY-157122,
98.96% purity, MedChemExpress, Monmouth Junction, NJ, USA), either in the presence or
not in the presence of RV infection. In this process, 1 × 105 cells/well were plated in 48-well
plates with complete RPMI medium, either supplemented or not supplemented with 25 µM
of the TREM-1 inhibitor, VJDT. After one hour of incubation with VJDT, RV was added to
the cells at a MOI of 5, followed by a 24-h incubation period. Lipopolysaccharide (LPS,
L4516, Sigma-Aldrich, St. Louis, MO, USA) at 1 µg/mL was used as a positive control. The
plates were then centrifuged (1500 rpm, 7 min, 25 ◦C) and the supernatants were collected
and stored in an −80 ◦C freezer until use. All assays were conducted in two independent
experiments with four replicates per group.

2.5. Cytokine Production

The levels of TNF-α and IL-1β were quantified in the cell culture supernatants by
enzyme-linked immunosorbent assays (ELISA), using BD OptEIA™ kits (TNF-α: 555212,
IL-1β: 557953, BD Biosciences, San Diego, CA, USA) according to the manufacturer’s
instructions. The plates were read by an Agilent BioTek 800 TS microplate reader (Agilent
Technologies, Inc., Santa Clara, CA, USA) at 450 nm, with a correction at 570 nm.

2.6. Analysis of Cytopathic Effects

To observe whether TREM-1 inhibition impacted RV infection, we used two different
inhibitors: VJDT and the LR12 peptide (LQEEDAGEYGCM, 95.84% purity, purchased from
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Biomatik, Kitchener, ON, Canada). For these experiments, MA104 cells were cultivated in
96-well plates (4 × 104 cells/well) for 24 h and treated with the inhibitors for 1 h (LR12 at
concentrations of 25, 50, and 100 µg/mL, and VJDT at 12.5, 25, and 50 µM, in incomplete
DMEM-HG medium). Later, activated RV diluted in incomplete medium was added to the
cells at MOI 0.1 and was incubated for 1 h to allow viral adhesion.

For the LR12 experiments, the activated viral stock was treated for 30 min with
a protease inhibitor cocktail (P8340, Sigma-Aldrich, St. Louis, MO, USA) to inhibit the
trypsin used to activate RV. The cocktail was added in volumes that resulted in 1 mM of
the AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride) inhibitor in the final viral solution.
After the 1-h incubation, the supernatants were removed, and fresh incomplete medium
containing 0.5 µg/mL of trypsin was added to the cells. For the experiments with VJDT,
the TREM-1 inhibitor was also included in the fresh incomplete medium, with 0.5 µg/mL
of trypsin added after 1 h of incubation, at the same concentrations previously described
(12.5, 25, and 50 µM).

For both experiments with LR12 and VJDT, the plates were maintained in a CO2

incubator and, after 5 days, the supernatant was collected, the cells were washed twice
with PBS, and incomplete medium containing 10% of a 5 mg/mL MTT solution (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, Exodo Científica, Sumaré, São
Paulo, Brazil) was added to the wells. Following a 3-h incubation, the supernatant was
collected, DMSO was added to solubilize Formazan crystals, and the plates were analyzed
in a Agilent BioTek 800 TS microplate reader (Agilent Technologies, Inc., Santa Clara, CA,
USA) at 570 nm wavelength.

2.7. Statistical Analysis

The GraphPad Prism 9.0 software (GraphPad Software, Boston, MA, USA) was used
for the statistical analysis of transcriptomic and in vitro data. The Shapiro–Wilk test was
used to verify the normality of the data, and the following tests were used to search for
significant differences (p < 0.05) between the groups: for comparison of two groups we used
Student’s t-test (parametric data) or Mann–Whitney’s test (non-parametric data), while
for the comparison of 3 or more groups we used a one-way ANOVA (parametric data) or
Kruskal–Wallis test (non-parametric data), with Turkey’s test and Dunn’s test as post hoc
tests, respectively.

2.8. In Silico Analysis of Putative Interactions Between TREM-1 and RV Proteins

We searched on the RCS PDB website (https://www.rcsb.org/ (accessed on 15 Septem-
ber 2025)) [70] for PDB files corresponding to TREM-1, RVA TLP, and RVA DLP capsomeres,
besides VP5* and NSP4 proteins from different RVA genotypes (P[4], P[6], P[8], P[9], E1, E2,
and E3). The selected genotypes are representative of the three human RVA genogroups
(Wa-like, DS-1-like, and AU-1-like), and are also the most epidemiologically prevalent
genotypes of RVA. We also searched for the structures of VP5* and NSP4 proteins from
the SA-11 and UK bovine strains, respectively, and the integrin alpha-4 (ITGA4) and TLR2
human proteins to act as positive controls [71,72]. Protein structures that could not be
retrieved from the RCS PDB or the AlphaFold database were predicted, and the putative in-
teractions between TREM-1 and RV were observed with molecular docking and molecular
dynamics simulations.

2.9. Protein Modeling

The VP5* structures (from P[4], P[6], P[8], and P[9] genotypes and from the SA-11
strain) and NSP4 (from E1, E2, and E3 genotypes and from the UK bovine strain) were
not found in PDB, so they were predicted with an artificial-intelligence-based method,
AlphaFold2, via ColabFold [73], with amino acid sequences retrieved from NCBI’s Virus
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(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/ (accessed on 15 September 2025)) and
Genbank (https://www.ncbi.nlm.nih.gov/genbank/ (accessed on 15 September 2025)).
For the modeling process, we chose to search for template models in the pdb100* database
and to conduct post-prediction relaxation of the five generated models with the Amber
force-field. The best ranked models were selected and analyzed regarding their structural
parameters with the Molprobity webserver [74], which was also used to generate the
Ramachandran plots. The structure of human HSPA8 was retrieved from the AlphaFold
database (https://alphafold.ebi.ac.uk (accessed on 15 September 2025)), while the structure
of TLR2 was obtained from RCS PDB.

2.10. Molecular Docking

Rigid molecular docking simulations were conducted with the Cluspro webserver [75–77].
The 10 best ranked poses in the “balanced” coefficient were then re-ranked according to the
“lowest energy” score, and the one with the most negative value was selected for molecular
dynamics (MD) simulations for each protein complex.

2.11. Molecular Dynamics (MD)

To assess the stability of the predicted complexes, MD simulations were conducted
with the selected docked poses using the WebGRO webserver, which is based on GROMACs
2025.3 software (GROMACS, Groningen, The Netherlands) [78]. The simulations were
conducted in triplicates, with the GROMOS 43a1 forcefield in an octahedron box type with
a SPC water model neutralized with 0.15 M of NaCl. For the minimization parameters,
a steepest descent integrator with 5000 steps was used. The NVT/NPT equilibration type
was used and the simulation ran in 310 K, at 1 bar for 50 ns, with approximately 1000 frames
per simulation. The root mean square deviation (RMSD) graphs were generated in the
GraphPad Prism 9.0 software, with the output data from WebGro.

2.12. Interaction Interfaces and Energetic Parameters of Protein–Protein Complexes

The interaction interfaces of the protein–protein complexes were determined with
the combined results of analysis with the PPCheck [79] and PDBsum Generate [80] web-
servers, in addition to the DIMPLOT software (LigPlot+ v.2.2 suite—https://www.ebi.ac.
uk/thornton-srv/software/LigPlus/manual2/manual.html (accessed on 15 September
2025)) [81]. The energetic parameters of the complexes were analyzed with the HawkDock
(binding free energy calculation through the MM/GBSA method) [82], Prodigy (dissocia-
tion constant [Kd] at 36.5 ◦C) [83], CCharPPI [84] (using the PYDOCK_TOT [total binding
energy], FA_ATR [attractive van der Waals energy], DESOLV [desolvation energy], ELE
[total electrostatic energy], VDW [van der Waals energy], HBOND [hydrogen bonding
potential] descriptors), and PIZSA [85] (8 Å threshold) webservers.

3. Results
3.1. TREM-1 Pathway Is Upregulated in Mice and Children Infected with RV

Following our selection criteria, three studies were selected for the transcriptomics
analysis: GSE41594 [86], GSE50628 [87] and GSE69529 [88]. GSE41594 was conducted
with newborn BALB/c mice that were intraperitoneally (i.p.) infected with the rhesus
monkey RVA strain (RRV) or inoculated with a saline solution (control animals). They were
divided into six experimental groups with three animals each (control, CT, and infected,
RV, in three time periods—3, 7, and 14 days post-infection [p.i.]), and gene expression was
analyzed in samples from the gallbladder and extrahepatic bile ducts by microarray [86].
Both GSE69529 and GSE50628 were clinical studies conducted with children. The first,
enrolled children (<10 years) with confirmed DD induced by RV (n = 55) and healthy
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controls (n = 31) [88]. The gene expression analysis was performed by RNAseq, with whole
blood samples collected from one to eight days after disease onset [88]. GSE50628 included
six children (<three years) with confirmed RV infection who were divided into two groups:
with uncomplicated DD (RV CT) or DD with complex febrile seizures (RV SE) [87]. Whole
blood samples were collected in the acute (AG—two and four days after symptom onset)
and recovery phases (RE—seven to eleven days after symptom onset) of the disease, with
the expression profiles determined by microarray [87].

In the GSE69529 dataset, TREM1 was among the upregulated genes in infected children
when compared to healthy controls (log2FC of 1.013, p = 0.00021) (Figure 1a). When the
groups’ medians were compared by Mann–Whitney’s test, a significant difference between
the healthy and infected groups (p = 0.0083) was observed (Figure 1d). The receptor’s
expression also varied according to the day of infection (Kruskal–Wallis test p < 0.0001),
with significant differences being observed between the healthy group and children with
DD on days 1 to 3 of disease onset (Dunn’s test p < 0.0003), but not on days 4 to 8 (Figure 1e).
The samples from days 4 to 8 had significantly lower values of TREM1 expression (Dunn’s
test p = 0.0001) compared to those from days 1 to 3 (Figure 1e) and were similar to the
control group (Dunn’s test p > 0.999). Indeed, with only data obtained on days 1–3 of
disease onset, compared to the control group, a log2FC of 1.367 (p = 0.000000023, Figure 1b)
was observed in the Volcano plot, thus indicating a 2.6 increase in the expression of TREM1
in infected individuals in comparison to healthy children.

Regarding disease severity, the expression of the receptor did not significantly vary
with the comparison of mild, moderate, and severe cases from the GSE69529 study
(Figure 1f). Similarly, analysis of the GSE50628 dataset did not indicate TREM1 as an up-
regulated gene when comparing children with standard DD compared to those with DD
accompanied by seizures, either during the acute or recovery phases (Figure 1g).

Regarding the murine dataset (GSE41594), Trem1 was among the upregulated genes
in infected mice in comparison to their non-infected counterparts (control) after three
days of infection (log2FC of 1.842, p = 2.53513E-09, Figure 1c). The expression values of
Trem1 were compared by one-way ANOVA between control and infected animals on each
day of infection, with significant differences observed in the three different timepoints
(Turkey’s test p < 0.0001, 0.0075, and 0.0005, for days 3, 7, and 14, respectively, Figure 1h).
Nonetheless, a time-dependent decrease in the expression of the receptor was observed in
the comparison of the RV group on days 3 and 7 post-infection (Turkey’s test p < 0.0001,
Figure 1h), as was observed in the dataset on children (Figure 1e). No differences were
observed when data from the RV group on days 7 and 14 post-infection were compared
(p > 0.9999, Figure 1h).

The differences regarding the expression of all the genes associated with the TREM-1
pathway were also investigated with the GSE41594 and GSE69529 datasets. Initially, the
expression values of the genes were used to generate heatmaps. As seen in Figure 1i,j,
different patterns of gene expressions were observed between healthy and infected indi-
viduals. For the child dataset, the pattern was more subtle, but there were several genes
notably increased in children on days 1–3 post-infection (RV days 1–3), including TREM1
and its adaptor protein, DAP12 (TYROBP gene), many pattern recognition receptors, tran-
scription factors, pro-inflammatory cytokines, and caspases (highlighted in red, Figure 1i).
On the other hand, in mice, the different patterns were very noticeable, with an overall
peak in the TREM-1 pathway appearing on day 7, especially for caspases, chemokines,
co-stimulatory proteins, integrins, and TLR genes, although Trem1 itself peaked on day 3
(Figure 1j). The expression values of these genes were also used to generate PCA graphs.
For the children’s dataset, we observed the overlap of the healthy and “RV 4–8” group
(patients on days 4–8 after disease onset) but an overall distance between the “RV 1–3”
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group and both the healthy and “RV 4–8” groups, indicating that TREM1 expression is time
dependent and predominantly higher during the first three days of infection (Figure 1k).
For the murine dataset, the clustering was very noticeable, indicating that the expression
pattern of TREM-1 pathway genes was very different for each of the six groups (controls
on days 3, 7, and 14, and RV-infected individuals on days 3, 7, and 14) (Figure 1l).

Figure 1. Analyses of publicly available transcriptomic data from children and mice infected with
rotavirus (RV). Volcano plots comparing gene expression of children with RV and healthy controls
from the GSE69529 dataset (a), children with RV infection on days 13 of disease and healthy controls
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from the GSE69529 dataset (b), and mice experimentally infected with RV on day 3 post-infection
from the GSE41594 dataset (c). (d) Comparison of TREM1 expression in healthy and infected children
(GSE69529) with Mann–Whitney’s test. (e) Comparison of TREM1 expression in children with RV
on days 1–3 and 4–8 of disease onset and in healthy controls (GSE69529) with the Kruskal–Wallis
test (Dunn’s test as a post hoc test). (f) Comparison of TREM1 expression in healthy controls and in
children with mild, moderate, and severe forms of RV-induced DD (GSE69529), with the Kruskal–
Wallis test. (g) Comparison of TREM1 expression in children with RV-induced DD, with (RV SE)
or without seizures (RV CT), during the acute (AG) and recovery (RE) stages (GSE50628), with
the Kruskal–Wallis test. (h) Comparison of Trem1 expression in RV-infected or control mice after
3, 7, or 14 days post-infection (GSE41594) with one-way ANOVA (Turkey’s test as a post hoc test).
**** p < 0.0001, *** p < 0.001, ** p < 0.01, ns = non-significant. Heatmaps showing the expression of
genes associated with TREM1 expression from the human dataset (GSE69529) (i) and murine dataset
(GSE41594) (j). Genes with the most expressive difference between groups are highlighted in red.
Principal component analysis (PCA) for the TREM1 signaling pathway genes from the human dataset
(GSE69529) (k) and murine dataset (GSE41594) (l).

In summary, the transcriptomic data showed an increased expression of TREM1/Trem1
and the genes associated with its activation during RV infection, regardless of the host’s na-
ture (murine or human). Therefore, the receptor is likely activated and performs a biological
response in this viral infection.

3.2. TREM-1 Inhibition Decreases the Production of Pro-Inflammatory Cytokines

To test whether TREM-1 could contribute to RV-related inflammatory responses, THP-
1 monocytes were pre-treated for an hour with 25 µM of the TREM-1 inhibitor VJDT. This
concentration was previously assessed by cell viability assays (Figure S1a). Then, THP-1
cells were infected with RV at a MOI of 5. After 24h of incubation, the supernatants were
collected and the levels of IL-1β and TNF-α were measured by ELISA. RV infection induced
the production of significant levels of IL-1β, with a 5-fold reduction observed with the
use of the TREM-1 inhibitor (Turkey’s test p < 0.0001) (Figure 2a). THP-1 stimulated with
LPS, a known TREM-1 activator, was used as a positive control (Figure S1b). Likewise,
the receptor’s inhibition reduced the production of IL-1β (Turkey’s test p < 0.0001, Figure
S1b). However, regarding TNF-α RV did not elicit the production of this cytokine to levels
that were statistically different to the control, although the effect of VJDT in the drastic
decrease in cytokine production was observed (Figure S1c). Therefore, our results suggest
a contribution of TREM-1 to RV-related IL-1β-induced inflammation.

3.3. TREM-1 Inhibition Decreases RV-Induced Cytopathic Effects

To test whether TREM-1 might impact the course of RV infection, the cytopathic effect
was assessed through an MTT assay. For this analysis, MA104 cells were infected with RV
at MOI 0.1, with a pre- and post-treatment with different concentrations of the TREM-1
inhibitor VJDT (Figure 2c,d). All the concentrations used were previously assessed by an
MTT assay, which indicated their non-toxicity (Figure S2a). After 5 days of infection, the
MTT assay was performed and indicated an increased cell viability when TREM-1 was
inhibited with VJDT at 25 µM (pre- and post-treatment with 12.5 µM) (Figure 2c). Then,
a different TREM-1 inhibitor, the LR12 peptide, was used for the same analysis, although
this time we only conducted a pre-treatment (Figure 2d). Once again, after 5 days of
incubation, the MTT assay indicated an increased cell viability when LR12 was used at
100 µg/mL (previously shown as non-toxic, Figure S2b) prior to the RV infection (Figure 2e).
The positive effects of TREM-1 inhibition towards cytopathic effects (i.e., decreased cell
lysis), independent of inhibition strategy, was also observed by optical microscopical
analysis (Figure 2c,e), reinforcing the likely contribution of the receptor to RV infection and
pathogenesis and to the host–virus relationship.
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Figure 2. TREM-1 inhibition in vitro reduces the production of IL-1β and cytopathic effect during
RVA infection. (a) IL-1β concentrations were assessed in the cell culture supernatant of THP-1 cells,
with or without pre-treatment for 1 h with the TREM-1 inhibitor VJDT at 25 µM, followed by infection
with RV at MOI 5, for 24 h. Concentrations (pg/mL) were assessed by ELISA. (b) Viability of MA104
cells (MTT assay) with or without treatment with VJDT at different concentrations (25 [pre-treatment
plus post-treatment with 12.5 µM], 50 [pre-treatment plus post-treatment with 25 µM], and 100 µM
[pre-treatment plus post-treatment with 50 µM]), followed by infection with RV at MOI 0.1, for 5 days
(120 h). (c) Optical microscopy of MA104 cells after 5 days of incubation without RV infection (left),
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with RV infection at MOI 0.1 (middle), and with treatment with VJDT at 25 µM followed by RV
infection (MOI 0.1, right). (d) Viability of MA104 cells (MTT assay) with or without pre-treatment
with LR12 at different concentrations (25, 50, and 100 µg/mL), followed by infection with RV at MOI
0.1, for 5 days (120 h). DMSO at 50% was used as positive control of cell death. (e) Optical microscopy
of MA104 cells after 5 days of incubation without RV infection (left), with RV infection at MOI 0.1
(middle), and with 1-h pre-treatment with LR12 at 100 µg/mL followed by RV infection (MOI 0.1,
right). Statistical analyses conducted with one-way ANOVA followed by Turkey’s test (cytokine
concentration) and Student’s t-test (cell viability). The column bar graphs depict mean values with
the standard error of the mean (SEM), **** p < 0.0001, * p < 0.05.

3.4. In Silico Simulations of the Interactions Between TREM-1 and RV Structural Proteins

As TREM-1 seemed to play a crucial role in RV infection, we used in silico tools to
further investigate which viral structures could be recognized by the receptor. The PDB
files corresponding to the IgV-like portion of human TREM-1, in addition to the capsomeres
of RV TLP and DLP, were retrieved from the RCSB PDB database (1SMO, 4V7Q, and 3KZ4,
respectively). The 1SMO structure was obtained by X-ray diffraction and had a resolution
of 1.47 Å [89], while both 4V7Q (simian RRV strain) and 3KZ4 (bovine UK/G6 strain) were
obtained by electron microscopy and had resolutions of 3.8 Å [11,12].

The molecular docking simulations were conducted in the ClusPro webserver and,
comparing the 10 best ranked poses, TREM-1 did not interact with the surface portions
of DLPs (formed by VP6 proteins), only the innermost part, which was not exposed in
the viral particle for putative interactions with cell surface receptors (Figure 3a), thus
suggesting that an interaction between TREM-1 and DLP proteins is unlikely to occur. On
the other hand, with TLPs, the interactions occurred only with the stalk portion of the spike
protein (corresponding to the VP5Ag domain of the VP5* subunit) (Figure 3b). Notably, the
best ranked pose from the docking between TREM-1 and the TLP capsomere (Figure 3b,
TREM-1 in red) showed an interaction with the receptor and the VP5Ag portions of the
spike, suggesting that an interaction between TREM-1 and VP5*, specifically the VP5Ag
domains, might occur.

To further explore the putative interaction between TREM-1 and VP5*, we conducted
molecular docking simulations between TREM-1 and the VP5Ag domain from four different
RV genotypes (P[4], P[8], and P[9]). The VP5* proteins were modeled with AlphaFold2 (via
ColabFold) with sequences retrieved from GenBank (IDs: BBA27072.1 (P[4]), BBE28644.1
(P[8]), ATI14959.1 (P[9]), and ABH10616.1 (SA-11), aa 248–479 of VP4). The predicted
structures (Figure S3a) were assessed with the Molprobity web server, which indicated that
they had structural quality, represented by Molprobity score values lower than 2, and the
majority of residues presented at energetically favorable regions (Table 1, Figure S3b–e).
The known interaction [72] between VP5* (from the SA-11 RV strain) and ITGA4 (from the
AlphaFold database, ID: AF-P13612-F1-v4) was used as a positive control (Figure S4a).

After the selection of the poses (Figure 4a–c), based on the “lowest energy” score of
Cluspro, MD simulations were conducted for 50 ns. The RMSD values of all the three
TREM-1/VP5Ag complexes remained stable throughout time, without the presence of
large peaks, presenting the following RMSD means: 0.4895nm for TREM-1/P[4], 0.3569 nm
for TREM-1/P[8], and 0.3598nm for TREM-1/P[9] (Figure 4d–f). These results indicate
the stability of the predicted interactions between TREM-1 and the different genotypes
of VP5*. In addition, analysis with the PIZSA web server also indicated the binding of
VP5Ag to TREM-1, as Z-score values representing stable interactions (>1.000) were found
for all complexes (1.802, 1.442, and 1.757 for P[4], P[8], and P[9], respectively) (Table 1). The
VP5Ag/ITGA4 pose also showed stability in the MD simulations (RMSD mean: 0.5916 nm)
(Figure S3a) and a high Z-score (1.547), indicating binding between the two proteins, thus
validating our in silico protocol.
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Figure 3. Molecular dockings between TREM-1 and capsomers of rotavirus (RV) double-layered
particles and triple-layered particles. (a) Representations of the 10 best-ranked TREM-1/DLPs docked
complexes. DLPs capsomere in gray (VP6 and VP2) with TREM-1 appearing in different colors
(each color representing the position of TREM-1 in a different complex). (b) Representations of the
10 best-ranked TREM-1/TLPs docked complexes. TLPs capsomere in gray (only showing VP6, VP7,
VP5*, and VP8*) with TREM-1 appearing in different colors (each color representing the position of
TREM-1 in a different complex).
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Figure 4. Molecular docking and molecular dynamics simulations between TREM-1 and rotavirus
(RV) proteins. Selected docked poses of TREM-1 with the VP5Ag domain of P[4] (a), P[8] (b), and P[9]
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(c) genotypes of the VP5* protein. TREM-1 is depicted in green, with interacting residues in yellow,
while VP5* is depicted in gray, with interacting residues in blue. Graphs displaying the root mean
square deviation (RMSD) values throughout the 50-nanosecond (ns) molecular dynamics simulations
between TREM-1 and P[4] (d), P[8] (e), and P[9] (f) genotypes of the VP5* protein. Each blue, green,
and gray line represents a replicate. (g) Venn diagram for the VP5* residues from the P[4] (green),
P[8] (blue), P[9] (red), and SA-11 (yellow) genotypes which are recognized by TREM-1. (h) Amino
acid sequences of the VP5* structures used in the molecular docking and dynamics simulations,
with TREM-1-interacting residues highlighted in cyan, and those mediating hydrogen bonds in bold
and underlined. (i) Amino acid sequences of the TREM-1 structure used in the simulations, with
VP5*-interacting residues highlighted in yellow, and those mediating hydrogen bonds in bold and
underlined. Selected docked poses of TREM-1 with the NSP4 proteins from the E1 (j), E2 (k), and
E3 (l) genotypes. TREM-1 is depicted in green, with interacting residues in yellow, while NSP4 is
depicted in lilac, with interacting residues in blue. Graphs displaying the root mean square deviation
(RMSD) values throughout the 50-nanosecond (ns) molecular dynamics simulations between TREM-1
and the E1 (m), E2 (n), and E3 (o) genotypes of the NSP4 protein. Each blue, green, and gray line
represents a replicate. (p) Venn diagram for the NSP4 residues from the E1, E2, E3, and bovine
genotypes recognized by TREM-1. (q) Amino acid sequences of the NSP4 structures used in the
molecular docking and dynamics simulations, with TREM-1-interacting residues highlighted in
cyan, and those mediating hydrogen bonds in bold and underlined. (r) Amino acid sequences of the
TREM-1 structure used in the simulations, with NSP4 interacting residues highlighted in yellow, and
those mediating hydrogen bonds in bold and underlined.

Table 1. Interaction of different genotypes of VP5 with TREM-1 and HSPA8.

Protein Modeling

Genotypes P[4] P[8] P[9] SA-11

Genbank ID BBA27072.1 BBE28644.1 ATI14959.1 ABH10616.1
Amino acids 248–479 248–479 248–479 247–479

Molprobity score 0.87 1.0 1.24 1.15
Clashscore 1.37 2.2 4.14 2.47

Poor rotamers 0.49% 0.49% 0.98% 0.99%
Favored rotamers 99.02% 99.02% 98.53% 97.03%

Ramachandran outliers 0.43% 0.43% 0.43% 0.43%
Ramachandran favored 98.27% 98.27% 97.84% 97.39%

Bad bonds 0% 0% 0% 0%
Bad angles 0.19% 0.23% 0.16% 0.27%

Molecular Docking

Complex P[4]/TREM-1 P[8]/TREM-1 P[9]/TREM-1 SA-11/ITGA4

∆G (kcal/mol) −46.2 −67.8 −73.0 −112.0
Kd (M) (36.5 ◦C) 2.3 × 10−7 2.3 × 10−7 2.8 × 10−8 4 × 10−15

PYDOCK_TOT (−60 a −5) −47.957 −42.631 −36.571 −66.499
ELE (−60 a 0) −13.13 −16.422 −16.433 −15.808

HBOND (−15 a −1) −4.37 −8.55 −5.03 0.0
VDW (−200 a −50) −78.941 −89.175 −104.721 −185.153

FA_ATR (−100 a −20) −43.377 −56.54 −62.045 −125.133
DESOLV (−30 a 20) −26.932 −17.291 −9.666 −32.176

Z-score (binder: >1.000) 1.802 1.442 1.757 1.547
∆G—Gibbs free energy; Kd—dissociation constant; PYDOCK_TOT—total energy; HBOND—hydrogen bond
potential; VDW—van der Waals energy; ELE—total electrostatic energy; FA_ATR—attractive van der Waals forces;
DESOLV—desolvation energy.

The energetic parameters of the TREM-1/VP5Ag complexes were further assessed
(Table 1). Analysis conducted in the CCharPPI webserver resulted in values within the
range observed for other protein–protein complexes, thus reinforcing the likelihood of such
complexes to occur in vivo. We also predicted the binding free energy and dissociation



Pathogens 2025, 14, 1029 15 of 27

constants of the complexes, observing that TREM-1/P[9] had the highest values for these
parameters amongst the TREM-1/VP5 complexes, suggesting a genotype-based difference
regarding the affinity of interactions with TREM-1.

The interaction interfaces of the VP5Ag/TREM-1 complexes were defined with the
combination of results obtained with analyses on PPCheck, PDBSum, and DIMPLOT,
and are depicted in 4a to 4c (interacting residues are highlighted in blue [VP5Ag] and
yellow [TREM-1]). We found a remarkable similarity regarding the VP5* residues and
the different genotypes which were recognized by TREM-1, which can be observed in
Figure 4h (highlighted in cyan) and in the Venn diagram (Figure 4g). In addition, most
of the recognized VP5* regions were conserved between the three genotypes; therefore,
our results are in accordance with the pattern expected from interactions between a viral
protein and its coreceptor. Furthermore, TREM-1 interacted with the viral residues mostly
at its C and C’ β-strands, in addition to the CDR1 (complementarity determining region)
and CDR3 regions, which are known as the main antigen recognition sites within the
receptor [90]. Altogether, our data suggests that TREM-1 might recognize RV TLPs at the
VP5Ag domain of the viral spike, probably acting as a coreceptor for viral entry, which may
explain the findings observed in vitro, with the inhibition of the receptor resulting in a less
cytopathic effect.

3.5. In Silico Simulations of Interactions Between TREM-1 and the RV Enterotoxin

Considering the importance of RV NSP4 as an enterotoxin and its description as
a pathogen-associated molecular pattern (PAMP) binding to TLR2 [71], we further in-
vestigated whether an interaction between this protein and TREM-1 would also occur.
Therefore, we predicted the structure of NSP4 proteins from three different genotypes
(E1, E2, and E3) using AlphaFold2. The interaction between NSP4 and TLR2 was used
as a control in accordance with the experiments conducted by Ge et al. (2013) [71]. The
NSP4 structure was modeled by AlphaFold2 as well (with the sequence obtained from
a UK bovine strain, Genbank ID: K03384.1) (Figure S3f), while TLR2 was retrieved from
the RCS PDB (ID: 2Z7X) [91]. Molprobity analysis indicated the structural quality of the
viral proteins, with values close to 2 being observed (Table 2) and with the presence of the
majority of the residues within energetically favorable regions in the Ramachandran plot
(Figure S3g–j).

Following the molecular docking simulations on Cluspro, the poses were selected
(Figure 4j–l) and submitted to molecular dynamics to assess their stability. For these simula-
tions, we only maintained the NSP4 amino acids close to the interaction interface (aa 26–134)
in an attempt to minimize the contribution of flexible regions outside the recognized do-
main to the final RMSD value. In general, an absence of peaks was observed (Figure 4m–o),
indicating the stability of the complex, although the overall RMSD values were considered
high: the RMSD means for TREM-1/E1, TREM-1/E2, and TREM-1/E3 were 1.26 nm,
0.8651 nm, and 0.8182 nm, respectively. However, when the RMSF values were analyzed
(Figure S5d–f), we found that the residues predicted to be part of the interaction interfaces
had lower values (close to 0.5 nm), thus it is likely that the highly flexible structure of
NSP4 might have contributed to the higher values of the RMSDs. Regarding the control
interaction between NSP4 and TLR2 (Figure S5a–c), a similar pattern to the NSP4/TREM-1
interactions was observed in the molecular dynamics simulations, with an absence of peaks
in the 50 ns simulations but an RMSD of 0.9347 nm. The protein complexes were then
analyzed in the PIZSA webserver, which indicated that all the NSP4/TREM-1 complexes
had stable interactions, as well as the NSP4/TLR2 complex, which validates our protocol
(Table 2). A genotype-dependent difference was, once again, observed, with the TREM-
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1/E2 complex showing the highest Z-score, 1.950, while TREM-1/E1 had the lowest value
of 1.162 (Table 2).

Table 2. Interaction of different genotypes of NSP4 with TREM-1.

Protein Modeling

Genotypes E1 E2 E3 BOV

Genbank ID AYJ18795.1 AWH62678.1 ALJ03222.1 K03384.1
Molprobity score 2.17 1.86 2.00 2.17

Clashscore 3.46 2.07 3.77 2.4
Poor rotamers 4.24% 3.09% 3.03% 5.49%

Favored rotamers 90.91% 90.12% 92.12% 90.85%
Ramachandran outliers 2.89% 2.31% 2.89% 3.47%
Ramachandran favored 89.60% 91.33% 92.49% 88.44%

Bad bonds 0% 0% 0% 0%
Bad angles 0.36% 0.57% 0.41% 0.26%

Molecular Docking

Complex E1/TREM-1 E2/TREM-1 E3/TREM-1 BOV/TLR2

∆G (kcal/mol) −76.66 −74.79 −59.38 −42.15
Kd (M) (36.5 ◦C) 1.4 × 10−8 2.4 × 10−9 9.6 × 10−8 3.8 × 10−11

PYDOCK_TOT (−60 a −5) −45.782 −48.499 −60.849 −54.45
ELE (−60 a 0) −17.75 −16.016 −7.766 −6.262

HBOND (−15 a −1) −3.83 −5.38 −1.81 −6.0
VDW (−200 a −50) −114.961 −119.72 −97.915 −128.306

FA_ATR (−100 a −20) −70.462 −75.283 −51.673 −71.156
DESOLV (−30 a 20) −16.536 −20.511 −43.291 −35.358

Z-score (binder > 1.000) 1.162 1.950 1.750 1.900
∆G—Gibbs free energy; Kd—dissociation constant; PYDOCK_TOT—total energy; HBOND—hydrogen bond
potential; VDW—van der Waals energy; ELE—total electrostatic energy; FA_ATR—attractive van der Waals forces;
DESOLV—desolvation energy.

Further energetic analyses were conducted with the TREM-1/NSP4 complexes
(Table 2). Reinforcing the likelihood of these complexes existing, the results were within
the range shown by other protein–protein complexes. Comparing binding free energy
and dissociation constants, the values varied from −76.66 kcal/mol (TREM-1/E1) to
−59.38 kcal/mol (TREM-1/E3) and from 2.4 × 10−9 (TREM-1/E2) to 1.4 × 10−8 (TREM-
1/E1), respectively. Taken together with the PIZSA score, these results suggest that TREM-1
might have a higher affinity for the E2 NSP4 protein, which could lead to different infection
outcomes or virulence, although in vitro analysis conducted with different viral strains is
required to fully investigate this.

The interaction interfaces of the TREM-1/NSP4 complexes were also defined with the
combination of results from PPCheck, PDBSum generate, and DIMPLOT. The 3D structures
of the complexes are shown in Figure 4j–l, with the interacting residues highlighted in
blue (NSP4) and yellow (TREM-1). A remarkable similarity regarding the recognized
regions in NSP4 was observed, which can also be seen in the Venn graph at Figure 4p–r,
where the protein sequences are displayed. The NSP4 residues recognized by TREM-1
are concentrated in the 28–99 region, which encompasses the hydrophobic and viroporin
domains of this protein, as well as the beginning of the coiled domain [26]. The same
regions were also recognized by TLR2 (Figure 4q), a pattern that reinforces the likelihood
that TREM-1 acts as a pattern recognition receptor (PRR) in RV infection. In addition, the
main regions of TREM-1 mediating this interaction (C and C’ strands, CDR1, CDR2, and
CDR3) have already been described as important for antigen recognition [90].
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4. Discussion
In the present study, we used different approaches to investigate the involvement of

TREM-1 in RV infection and pathogenesis, which has not been addressed before. Initially,
we searched for public transcriptomic data to observe whether the TREM-1 pathway was
activated in RV infection. TREM-1 and its associated genes were upregulated in infected
mice and humans, mainly during the early stages of infection, although the receptor was not
associated with the disease severity. Next, we investigated cytokine production by a human
monocyte lineage exposed to RV with or without TREM-1 inhibition. The abrogation of the
receptor’s activity resulted in reduced production of pro-inflammatory cytokines. Also, this
inhibition was associated with reduced cytopathic effects in infected MA104 cells. To predict
which viral proteins were recognized by TREM-1, we used different in silico tools, which
suggested interactions between the receptor with the VP5* protein. This result could at
least partly explain the reduction in cytopathic effects observed in vitro when the receptor’s
activity was abrogated. In addition, our in silico analysis also suggested an interaction
between TREM-1 and NSP4, an enterotoxin with immunostimulant properties, which
might be involved in the cytokine production process.

TREM-1 was initially described as an amplifier of inflammatory responses in the
2000s [50]. Its activation has been described in a variety of diseases, where the receptor has
been associated with cytokine and chemokine production, including IL-1β, TNF-α, IL-6,
IL-8, CCL2, CCL7, and CCL3 [50,56,59–62], and as an inducer of neutrophil degranulation,
respiratory burst, and NETosis [61,92,93]. Within viral infections, TREM-1 has been asso-
ciated with the production of pro-inflammatory cytokines [44,46,94–96], the inhibition of
apoptosis in macrophages and microglia infected with HIV [43,48]; severe outcomes in
hand, foot, and mouth disease (caused by enterovirus A71) [42]; progressive liver damage
and cirrhosis onset in hepatitis B infection [96,97]; and hyperinflammation and severity of
COVID-19 [98–101], among others. Recently, our group investigated the role of the receptor
in norovirus (NV) infection, another etiologic agent of DD [102]. Using transcriptomic data
analysis, we observed the increased expression of the receptor in murine macrophages
exposed to the murine strain of norovirus (MNoV), as well as the coexpression of TREM-
1, cytokines, and PRRs (including IL-1β, TNF-α, TLR2, TLR4, and TRL8), in addition
to pyroptosis-associated genes, suggesting the involvement of the receptor in the viral
pathogenesis. Additionally, molecular dockings and dynamics simulations indicated stable
interactions between TREM-1 and the viral protein VP1, suggesting a role for the receptor
in the host–pathogen relationship, possibly as a coreceptor [102].

Considering the role of TREM-1 in gastroenteric inflammatory diseases, such as in
inflammatory bowel disease [103], celiac disease [104], and NV infection, we hypothesized
that the receptor might play a role in RV infection. With the analysis of transcriptomic
data, we found the receptor significantly increased in two different studies, using data from
experimentally infected mice and children with DD. TREM-1 seems to be associated with
the early stages of RV infection, with its expression decreasing throughout time, which is
in accordance with previous studies conducted on viral infections (dengue and Crimean–
Congo hemorrhagic fever) [105,106]. This finding can be at least partially explained by
TREM-1 expression and activation kinetics: with the activation of a PRR, such as TLRs, the
expression of TREM-1 is upregulated and the receptor recognizes its ligands, resulting in
the activation of its signaling pathway [107]. However, a hallmark of TREM-1 activation
is the expression of matrix metalloproteinases (MMP), which promotes the cleavage of
the membrane-associated form of the receptor, resulting in the release of sTREM-1 (solu-
ble TREM-1), which acts as a decoy molecule, blocking the signaling process associated
with membrane-associated TREM-1 [108,109]. The peak of TREM-1 expression in mono-
cytes, following LPS administration, has been reported to occur between the first and
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second hours after exposure, with an increased presence on the membrane at 6 h, followed
by a progressive decrease, concomitant to sTREM-1 accumulation, up to 24 h (maximum
time assessed in the study) [110]. Thus, the progressive cleavage of the receptor on the
cell membrane following its activation could explain the involvement of TREM-1 at the
early stages of infections, as we observed in the present study. Furthermore, our data
indicated no association between TREM-1 expression and disease severity, which has been
reported in other infections [95,100,111–113]. However, this association cannot be ruled out,
as methodological aspects might have influenced this result, such as number of samples,
cell/tissue type, and the time of infection.

Besides the TREM-1 gene, we also investigated the expression of its entire signaling
pathway (as used in QIAGEN Ingenuity Pathway Analysis software). Our results showed
a clear difference regarding the expression pattern of the healthy/control groups compared
to the infected mice and children. Notably, we found the concomitant upregulation of dif-
ferent TLRs and NLRs, chemokines, and cytokines with TREM1/Trem1, which is expected
for an amplifier of pro-inflammatory responses. Amongst the upregulated cytokines are
TNF-α and IL-1β. These two pro-inflammatory molecules are commonly associated with
TREM-1 activation [50,56,59,62], and have been detected in association with RV infection in
clinical, in vivo, and in vitro studies, with TNF-α being correlated to the occurrence of fever
and higher frequency of diarrhea, but also to anti-viral activity against RV [114–122]. In our
in vitro experiments with THP-1 cells, which are cells from a human monocyte cell lineage,
we observed the production of IL-1β in response to RV infection, with the inhibition of
TREM-1 resulting in reductions in this cytokine to similar levels as those observed in unin-
fected controls. Although the precise roles of IL-1β and TNF-α in RV infection have not
been fully investigated, they are (together with IL-6) the traditional cytokines associated
with acute inflammation, promoting the stimulation of T and B cells, the production of ROS
and NO, neutrophilia, and the secretion of chemokines and acute-phase proteins in the
liver [123,124]. They can also lead to tissue damage, being commonly associated with the
pathology of several chronic inflammatory diseases, such as IBD [125,126]. Furthermore,
IL-1β and TNF-α are known to cause fever, and TNF-α is associated with the development
of secretory diarrhea, which are two hallmarks of RV pathology [127–130]. Therefore, as
TREM-1 seems crucial for the production of a pro-inflammatory cytokine, it is possible that
the receptor might be implicated in the physiopathology of RV infection.

We also investigated how the inhibition of TREM-1 would impact the development of
the RV infection in an epithelial cell lineage, MA104, which is highly susceptible to the RRV
infection. Surprisingly, the inhibition of TREM-1 resulted in decreased cytopathic effects,
which is directly associated with viral replication. This result indicates that TREM-1 might
be important to the viral infection, possibly acting as a coreceptor for RV entry. RV adhesion
to target cells is mainly mediated by the VP4 protein, which is proteolytically cleaved into
two sub-domains, VP5* and VP8*. VP8* mediates the initial interaction with the host cells
through binding to different glycans, such as sialic acid and human histo-blood group
antigen (HBGA) [131,132]. VP5* and VP7 are thought to act after VP8*, interacting with
different protein targets, such as integrins and the heat shock cognate 71 kDa protein
(Hsc70) to promote viral entry [131,133]. Whether these interactions occur sequentially is
not well known, but it has been shown that not all viral strains require integrins for binding,
but they all require Hsc70, dynamin, and cholesterol for efficient infection [133,134].

In an attempt to predict whether TREM-1 could act as a coreceptor, which could
justify the findings regarding the cytopathic effects, we performed molecular docking and
dynamics simulations. Initially, we simulated interactions among TREM-1 and capsomers
from the TLP and DLP RV structures. This approach indicated an interaction between
TREM-1 and the VP5Ag domain of VP5*, which led us to simulate the interaction of the
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receptor to different viral genotypes of VP5*. The complexes were predicted as stable,
sharing not only considerable similarities regarding the interaction interfaces between
themselves but also to the known VP5/ITGA4 interaction, reinforcing the likelihood of the
TREM-1/VP5* interaction ocurring in nature. Heightening the possibility of TREM-1 being
a coreceptor in RV infection is the fact that, upon its activation, TREM-1 has been detected
in ganglioside M1-lipid rafts [92], which are important structures for the entry and exit of
RV from host cells [135–137]. Lipid rafts are ordered structures within cellular membranes
that are detergent insoluble and rich in phospholipids and cholesterol where different
proteins can be clustered, facilitating signaling processes [138]. Initial studies showed
that the depletion of cholesterol in cell membranes significantly reduced the infectivity of
RV, with further analyses showing the co-localization of ganglioside GM1, integrins, and
Hsc70 in detergent-resistant domains from MA104 cells [16,139,140]. Importantly, when the
known cellular targets of RV were blocked by different approaches, the infectivity of the
virus was not completely abolished, indicating that undescribed RV coreceptors are likely
to exist. Here, we hypothesize that TREM-1 might play a role as a coreceptor, possibly
being recruited into lipid rafts, where it can work together with Hsc70 and integrins in the
promotion of RV entry.

Finally, we investigated whether TREM-1 could interact with NSP4. This protein
has multiple roles during RV infection, being important for viroplasm formation and
viral assembly, but also acting as an enterotoxin, being directly implicated in diarrhea
induction [7,26]. Previous studies showed that peptides derived from the 114–135 domain
of NSP4 were able to induce diarrhea in young mice [141]. Later, NSP4 has been described
as an immunogenic protein [26,71]. In this context, TLR2 has been associated with NSP4
recognition, resulting in the release of IL-6 and TNF-α [71]. Considering the importance
of TREM-1 to the production of inflammatory cytokines during RV infection, including
TNF-α, which we observed here, beyond the known collaboration between TREM-1 and
TLR2 [56,61,142], interactions between TREM-1 and different genotypes of NSP4 were
simulated. Our results indicated an interaction between these proteins and TREM-1,
occurring mainly in the viroporin domain of NSP4, which is highly conserved in the
RVA genotypes [26]. Although studies have shown the 114–135 region as the secreted
enterotoxic domain [141,143], mutations in residue 37 (present in the interactions observed
in our results) were associated with virus virulence and development of diarrhea [144].
Due to limitations regarding the obtention of viable viruses with NSP4 mutations and in the
production of recombinant NSP4 proteins, there are still many gaps to be filled regarding
the regions associated with the biological function of this protein. Nonetheless, our in silico
and in vitro results indicate TREM-1 as a possible receptor for NSP4.

Our study has some limitations, including the use of a non-purified viral stock, which
might have contained proteins that can act as TREM-1 ligands as well, and the use of in
silico simulations, which are unable to fully replicate the dynamic processes of protein–
protein and virion–coreceptor interactions. Future studies conducted with purified RV
particles and proteins using different in vitro and in vivo strategies could confirm our
predicted interactions between RV proteins and TREM-1. Nevertheless, the combination
of the transcriptomic, in vitro, and in silico results presented here strongly suggest that
TREM-1 might be an important player in RV infection and pathogenesis, possibly acting in
the physiopathology of this infection through the recognition of viral proteins, like the NSP4
enterotoxin, and as a coreceptor for the cell entry process, thus being a promising biomarker
candidate for infection diagnosis and prognosis and a target for therapeutic interventions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens14101029/s1, Figure S1: TREM-1 inhibition
impact in cytokine production. Figure S2: evaluation of the toxicity of TREM-1 inhibitors in MA104
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cells. Figure S3: structure prediction of VP5* and NSP4 proteins. Figure S4: interaction between
SA-11 VP5* and integrin alpha 4 (ITGA4). Figure S5: interaction between bovine NSP4 and toll-like
receptor 2 (TLR2).
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
PCA Principal component analysis
PFU Plaque-forming units
PYDOCK_TOT Total energy
RE Recovery
RMSD Root mean square deviation
RV Rotavirus
RVA Rotavirus A
SE Seizure
sTREM-1 Soluble triggering receptor expressed on myeloid cells 1
TCID50 50% tissue culture infectious dose
TLP Triple-layered particle
TREM-1 Triggering receptor expressed on myeloid cells 1
VDW Van der Waals energy
∆G Gibbs free energy
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