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Abstract: The human body is a superorganism that harbors trillions of microbes, most of which
inhabit the gut. To colonize our bodies, these microbes have evolved strategies to regulate the immune
system and maintain intestinal immune homeostasis by secreting chemical mediators. There is much
interest in deciphering these chemicals and furthering their development as novel therapeutics. In
this work, we present a combined experimental and computational approach to identifying functional
immunomodulatory molecules from the gut microbiome. Based on this approach, we report the
discovery of lactomodulin, a unique peptide from Lactobacillus rhamnosus that exhibits dual anti-
inflammatory and antibiotic activities and minimal cytotoxicity in human cell lines. Lactomodulin
reduces several secreted proinflammatory cytokines, including IL-8, IL-6, IL-1$3, and TNF-x. As
an antibiotic, lactomodulin is effective against a range of human pathogens, and is most potent
against antibiotic-resistant strains such as methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus faecium (VRE). The multifunctional activity of lactomodulin affirms
that the microbiome encodes evolved functional molecules with promising therapeutic potential.
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1. Introduction

The human body is colonized by trillions of microbial species collectively known
as the human microbiota [1]. Gut microbes exceed 95% of the entire microbiota, and are
considered the most diverse microbial ecosystem on earth [2,3]. The proximity of the
commensal gut microbes to the local immune cells in the gut enabled them to undergo
co-evolution [4,5], leading to the development of multiple strategies to regulate the immune
system [6-10]. These strategies involve the modulation of gut permeability [11], the secre-
tion of specialized molecules [12], and the control of host gene expression [13]. For example,
Lactobacillus species modulate the immune system through the production of lactic acid,
which suppresses the expression of NF-«kB, TNF-«, and other cytokines [14,15]. L. salivarius
and L. fermentum modulate the expression of miRNA-155 and 233 to increase the integrity
of mucosa, thus preventing leaky gut [16]. L. casei maintains TH17/Treg balance, leading to
a reduction in proinflammatory cytokines such as IL-6 [17]. L. rhamnosus produces Lectin-
GR-1, a surface protein that upregulates anti-inflammatory cytokines while simultaneously
mediating proper adhesion of Lactobacilli to the epithelial cells, which block pathogen
entry and colonization [18]. In addition, L. rhamnosus upregulates the genes responsible
for mucin production, and thus improves intestinal barrier function, preventing leaky gut
and decreasing inflammation [19]. L. acidophilus regulates TH17 / Treg balance, leading to
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the suppression of proinflammatory mediators, such as IL-12, IL-6, IL-17, and IL-22, and
the induction of the anti-inflammatory cytokine IL-10 [20,21]. In addition, Lactobacillus
species also promote the growth of other immunomodulatory microbes, including Rosburia
and Ruminococcus [22]. In addition to their immunomodulatory role, many species of
Lactobacilli produce a wide range of antimicrobial metabolites, such as acids, hydrogen
peroxides, and antimicrobial peptides, as previously reviewed [23]. Figure 1 illustrates
some of the immunomodulatory mechanisms of Lactobacillus species.
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Figure 1. Graphical illustration to summarize some of the mechanisms employed by Lactobacillus
species to modulate the immune system. (1) Regulation of miRNAs that affect cytokine gene ex-
pression and production of lactic acid, which affects the transcriptional regulator NF-«B, where
both effects downregulate the production of proinflammatory mediators such as IL8 and TNF-a.
(2) Upregulation of the tight junction’s (T]) expression enhances the gut barrier and prevents leakage
of metabolites that can cause inflammation. (3) Enhancement of the differentiation of naive T cells
into Treg cells, subsequently leading to higher production of the anti-inflammatory cytokine IL-10.
(4) Expression of lectin-GR-1, which is a surface protein that binds to glycoprotein (gp), increasing
adherence to the mucosa and leading to better protection and less inflammation. (5) Enhancement of
other commensal microbes, such as those that produce anti-inflammatory molecules or short-chain
fatty acids (SCFAs).

The increase in data linking Lactobacillus depletion to the onset and progression of
several inflammatory diseases has fueled interest in their potential use as probiotics to
supply missing functions and restore a healthy balance to microbial communities. However,
there are possible adverse reactions to the use of probiotics, including interactions with
existing microbes, such as via horizontal gene transfer [24]. Probiotics can also result in
unexpected interactions with the host. For example, E. coli Nissle 1917, one of the first
probiotics, encodes a gene cluster for the synthesis of colibactin, which has been linked to
colorectal cancer [25]. Moreover, probiotics might fail to establish long-term colonization
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due to competition with indigenous bacteria [26]. Another promising approach involves
fecal transplantation to control infectious and inflammatory conditions, such as pseu-
domembranous colitis, which results from recurrent infection with C. difficile. However,
this approach is not without challenges, especially regarding safety concerns related to
retracting antibiotic-resistant bugs and the unexpected long-term impacts [27]. Alterna-
tively, identifying the chemical mediators of microbiome function is an appealing strategy
that could impact the development of microbiome-based therapeutics and could be fully
evaluated, tested, and optimized.

The aim of this study was to identify functional secreted molecules from the gut microbiota
that have the potential for development as drugs for the treatment of inflammatory and/or
infectious diseases. This study also aimed to develop a strategy to identify these chemical
mediators based on computational and experimental protocols. We report the discovery of
lactomodulin, a unique peptide produced by the L. casei subspecies rhamnosus. Lactomodulin
exhibits a potent anti-inflammatory effect in suppressing proinflammatory mediators, including
IL-8, IL-6, IL-1B, and TNF-« in the Caco-2 cell line, with minimal cytotoxicity. Further inves-
tigation of lactomodulin reveals its antimicrobial activity against several human pathogens,
including the antibiotic-resistant strains methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus faecium (VRE). Our findings highlight the microbiome’s
potential in the advancement of drug discovery and development.

2. Results
2.1. Immunomodulatory Potential of Live Lactobacillus Strains

We selected six Lactobacillus strains (L1-L6) for an in-depth investigation of their
immunomodulatory activities based on previous disease-association studies [28]. To assess
the activity of the selected strains, we designed a co-culture experiment in which we
incubated each strain with colon carcinoma cells, Caco-2, followed by a challenge with the
pathogen C. difficile, which represented gut pathogens known to induce strong inflammatory
conditions in the colon. The Caco-2 cell line, either alone or in a co-culture with other cells,
is widely used in the screening of immunomodulatory drugs, and some reports suggest
that this cell model might be predictive of in vivo behavior [29-31]. We conducted the
initial screening of live probiotics using a pre-treatment design in which the live strains
were incubated first, followed by the pathogen challenge; this design mimics the natural
ecological setting in a balanced microbiome in which the beneficial strains are already
established before pathogen colonization. Thereafter, we used the cells’ supernatant to
measure the secreted amount of IL-8, IL-6, IL-13, TNF-«, and IL-10 via ELISA (Figure 2A).

Infection with C. difficile alone (P) resulted in a significant increase in proinflammatory
cytokines, although we were not able to detect IL-10. The most induced cytokine was
IL-8, with levels 24-fold those of the untreated cells and the media-only control (C1 and
C2, respectively) (Figure 2B). This finding is consistent with previously published data
that show that C. difficile induces inflammation via potent upregulation of IL-8, IL-1f3, and
IL-6 [32]. Inoculation with five Lactobacillus strains resulted in a one- to five-fold increase
in IL-8 compared to the untreated cells, except for L4. These data are consistent with
previous reports showing that some Lactobacillus strains can result in initial stimulation of
the immune response through the induction of IL-8 and IL-1f secretion and the generation
of reactive oxygen species [33,34]. Cells incubated with L1-L8 strains prior to the pathogen
challenge showed a 50-90% drop in IL-8 secretion. The secreted amounts of the other tested
cytokines followed a similar pattern to IL-8. IL-6 secretion increased 11-fold following the
pathogen challenge, and dropped to 20%, 25%, 40%, 0%, 40%, and 30% of its augmented
value with L1-L6, respectively. IL-1f3 secretion increased 12-fold with the pathogen, de-
creased by 60% with L5 and L6, and decreased by 73% with L2 and L3. L1 and L4 resulted
in the most significant reduction in IL-1(3 of 87% (Figure 2D). TNF-« secretion showed
a 12-fold increase following the pathogen-only challenge, no difference with L1, and a one-
fold increase with the L2-L6 strains (Figure 2E). With Lactobacillus treatments, the secreted
amount of TNF-« dropped to 70-84%, with the most intense reduction observed with L4
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(Figure 2E). Taken together, our data show that all the tested strains resulted in a significant
decrease in the measured cytokines following the pathogen challenge; therefore, it is worth
further investigating this activity’s mechanism of action to identify whether it occurs due to
secreted molecules or whether it is attributed to simple competition between the live strains
and C. difficile. Previous reports show that some Lactobacillus strains reduce the adhesion
rate of C. difficile and hinder its efficient colonization [35]. Our data also support the idea
that not all bacteria can reduce inflammation. For example, E. coli and Enterococcus faecalis
increased the inflammation caused by C. difficile when tested using the same experimental
design (data are not shown), suggesting that the observed anti-inflammatory activity of the

tested strains might be a unique feature.
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Figure 2. Inmunomodulatory activity of 6 Lactobacillus strains from different species in a co-culture
experimental model using Caco-2 cell lines. (A). Graphical illustration demonstrating the co-culture
experimental design, which consists of three steps: (1) obtaining a confluent monolayer of Caco-2
cells, (2) incubation with each Lactobacillus strain, and (3) challenge with the pathogen to mimic the
natural protective mechanism. (B-E). Graphs show the concentration of secreted cytokines in the
cell supernatant with each treatment, as measured using ELISA kits for IL-8, IL-6, IL-13, and TNF-«,
respectively. In each graph, black bars represent the controls, where C1 represents untreated cells, C2
represents MRS medium used in bacterial culture, P represents the pathogen only, light gray bars
represent inoculation with each strain without a further challenge with the pathogen (strains are
labeled L1 to L6), and dark gray bars represent the co-incubation of each strain and the pathogen.
Each measurement was performed in triplicate, and results are shown as mean =+ SD. Different letters
indicate significant differences at p < 0.05.
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2.2. Combined Experimental/Computational Approach to Identifying the Functional
Chemical Mediators

In our co-culture experiment, the L4 strain showed the most significant activity in
suppressing the release of all measured proinflammatory cytokines; this neutralized the
inflammatory effect of the pathogen at the basal level of untreated cells for IL-8, IL-6, and
IL-183, and resulted in the most significant decrease in TNF-« occurring in L4 compared to
all the other strains. Moreover, incubation with L4 did not result in an initial increase in
the measured proinflammatory cytokines, in contrast to the other strains, which showed
at least a one-fold increase in at least one cytokine secretion compared to the untreated
control cells or media only. For these reasons, we selected L4 for further investigation
of the chemistry behind this activity. First, to verify whether the observed activity was
mediated by a secreted metabolite, we tested the activity of the cell-free extracts using the
same experimental design, followed by measuring the amount of secreted IL-8. The data
showed that the cell-free extract of L4 reduced IL-8 secretion by 84% of its induced level
with C. difficile. Notably, the cell-free extracts of all the other strains were not shown to
significantly reduce IL-8 compared to the corresponding live strains.

For a more in-depth investigation, we scaled up the culturing of L4 (L. rhamnosus). We
cultured L. rhamnosus in 3 L of MRS medium for 24 h at 37 °C, and collected the metabolites
in a mixture of HP20, XAD?7, and XAD16 resins. The crude extract was fractionated on a
reverse phase C18 column. The generated fractions were tested for immunomodulatory
activity using the same experimental procedure, and IL-8 was measured as an indicator
of activity. Out of the twelve fractions, three showed a significant reduction in IL-8 pro-
duction, with one fraction resulting in 100% neutralization of IL-8 by the pathogen alone.
Further LC/MS-MS examination of this fraction revealed a major compound with an MW
of 5515 Da and a fragmentation pattern corresponding to the peptide compound (Figure 3).
To predict the sequence of the peptide, we analyzed the genome of L4 (Lactobacillus casei
subsp. rhamnosus, ATCC 7469) using DeepRipp software [36], a deep learning tool that we
previously developed to predict unmodified and post-translationally modified peptides
from genomic or metagenomic data. DeepRipp generates a confidence score and struc-
ture prediction of the encoded peptides and links the computational prediction from the
genome to the possible corresponding mass in LC/MS-MS data. Our investigation led
to the identification of the sequence of an unmodified peptide with a theoretical MW of
5516.32 Da, matching the observed MW for the candidate active molecule in the extract.
The sequence for this encoded peptide is MNKLNEVELSKISGGIGPLVMNKLNEVEL-
SKISGGIGPLVIPVAAILGFLATDAWNHADELVAGVKQGWERS. Our investigation of the
genome and cell-free extracts of the other strains did not show evidence of the presence
of this unique metabolite. To further investigate the biological activity of the identified
peptide, we synthesized it through Genscript and named it lactomodulin.
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Figure 3. Identification of a potential molecule from L4 driving its anti-inflammatory potential.
(A,B) HPLC and MS-MS spectra of the peptide, respectively.

2.3. Lactomodulin Is a Unique Multifunctional Molecule with Minimal Toxicity in Cell Lines

Before evaluating the anti-inflammatory activity of lactomodulin, we first tested the
cytotoxicity of the peptide on two different GIT-derived cell lines (Caco-2 and HT-29) using
an MTT assay. The ICs5 of lactomodulin against Caco-2 was 60 pmol, compared to 40 pmol
for HT-29 (Figure 4A), indicating that lactomodulin toxicity is minimal. Our data suggest
that lactomodulin exerts higher toxicity in HT-29, which is consistent with a previous
suggestion of elevated sensitivity in HT-29 to toxins compared to Caco-2 [37]. To further
investigate the anti-inflammatory activity of the pure molecule, we first tested the ability
of four different concentrations of lactomodulin below the ICs; value in Caco-2 (50, 10, 1,
and 0.5 umol) to decrease IL-8 secretion using the pre-treatment experimental model. We
experimentally determined the tested concentration using a panel of serial dilutions and the
range of effective concentrations that matched the live strain inhibition level. The results
showed that lactomodulin at a 50 pmol concentration increased inflammation up to 12-fold
compared to the untreated cells, while 10 pmol resulted in a 0.74-fold increase. Neither the 1
nor the 0.5 umol concentration of lactomodulin showed a significant difference compared to
untreated cells (Figure 4B). When challenged with the pathogen, all concentrations resulted
in a significant drop in IL-8 secretion. The 50 pmol concentration showed the lowest level
of activity, decreasing IL-8 to 32%, followed by concentrations of both 10 and 0.5 umol,
which decreased IL-8 to ~85%. The 1 umol concentration of lactomodulin neutralized the
IL-8 level to a baseline of untreated cells without any initial increase in inflammation and
was thus selected for further experiments (Figure 4B).
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Figure 4. Minimal cytotoxicity of lactomodulin against two colon cell lines and reduction in IL-8
secretion. (A) determination of ICsg of lactomodulin in HT-29 and Caco-2 cell lines. (B) Determina-
tion of the most effective dose of lactomodulin in reducing IL-8 secretion, where X1-X4 represent
lactomodulin at different concentrations of 50, 10, 1, and 0.5 umol, respectively. Each measurement
was performed in triplicate, and results are shown as mean =+ SD. Different letters indicate significant
differences at p < 0.05.

For a more in-depth understanding of the anti-inflammatory activity of lactomodulin,
we tested the compound using two different models: (1) a pre-treatment model in which 1
umol of lactomodulin was added 6 h before stimulation with different inducers, followed
by incubation for a total of 18 h, and (2) a post-treatment model in which the cells were
first stimulated for 2 h with inducers, followed by the addition of lactomodulin at the
same concentration and a total incubation time of 18 h (Figure 5A). To rule out an indirect
effect of lactomodulin on the pathogen, we used three different inducers of inflammation:
(1) C. difficile (P), (2) TNF-« (I-1), and (3) purified toxin A from C. difficile (I-2). Thereafter,
we measured the amount of secreted IL-8, IL-6, IL-1§3, and TNF-« using ELISA. Overall,
lactomodulin inhibited or significantly decreased all the tested cytokines in both models
and with all the inducers used. The induced cells showed a 24- to 27-fold increase in IL-8
production with different inducers (Figure 5B). Both pre-treatment and post-treatment with
lactomodulin neutralized IL-8 to a baseline of untreated cells. We observed a similar trend
with IL-6, IL-13, and TNF-«, and noted that lactomodulin is more effective at neutralizing
the effect of the pathogen or TNF- compared to toxin A, with a minor (~6-7% less activity)
but statistically different value of p < 0.05 (Figure 5C-E). For example, the reduction in
IL-1$3 secretion with lactomodulin was 94% in both models when the cells were challenged
with toxin A, compared to 100% when the cells were induced with the pathogen or TNF-ox.
We did not detect IL-10 in the supernatant in cells treated with lactomodulin alone or with
the inducers. Although we did not detect an increase in IL-10 upon treatment with the live
strains or the pure peptide, a previous study claimed strong anti-inflammatory activity of
a protein fraction from L. plantarum in murine cells [38].
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Figure 5. Potent anti-inflammatory activity of lactomodulin in Caco-2 cell line model system.
(A) Graphical illustration shows the two different experimental designs: the pre-treatment model in
which the cells are first treated with the compound and then the pathogen, and the post-treatment
model in which the cells are first challenged with the pathogen or inducers and then treated with the
compound. (B-E) Graphs showing the effect of lactomodulin on the 4 measured cytokines. Each graph
shows 4 groups of data: (1) black bars: cells without inducers; (2) dark gray bars: cells challenged
with the pathogen (P), TNF-« (I-1, 20 ng/mL), and Toxin A (I-2, 10 ng/mL); (3) light gray bars: pre-
treatment; and (4) whitish bars: post-treatment data. Each measurement was performed in triplicate,
and results are shown as mean + SD. Different letters indicate significant differences at p < 0.05.

Given the nature of lactomodulin and how it compares to similar peptides, we tested
whether the compound exerts antibiotic-like activity against C. difficile. We tested the
inhibitory activity of the compound against C. difficile using the agar diffusion method,
in which it showed strong antibacterial activity (Figure 6A). We then conducted a broth
microdilution assay to determine the minimal inhibitory concentration (MIC). The data
showed that MICs( of lactomodulin was 0.4 umol (Figure 6B), which is comparable to
previously characterized antimicrobial peptides [39]. To understand the mode of action
of lactomodulin, we determined its minimal bactericidal concentration in C. difficile. We
observed no growth on agar plates with 0.9 umol of lactomodulin, suggesting that it has
a bactericidal nature. To identify the spectrum of activity, we tested the compound on
different human pathogens, including methicillin-resistant Staphylococcus aureus (MRSA),
Pseudomonas aeruginosa, E. coli, vancomycin-resistant Enterococcus faecium (VRE), Listeria
monocytogenes, and Salmonella enterica. The results suggest that lactomodulin exerted potent
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antibiotic activity, mostly against Gram-positive bacteria, and was highly effective against
the antibiotic-resistant strain (MRSA) (Figure 6C). The highest MICs, of lactomodulin was
observed in MRSA with a value equal to 0.2 umol, followed by C. difficile and VRE, with
values of 0.4 umol, and then B. cereus and L. monocytogenes at 0.5 umol. Lactomodulin did
not show activity against Gram-negative bacteria, including P. aeruginosa and S. enterica, but
it showed activity against E. coli at a high concentration, 14 times its MIC5p in MRSA. The
positive control antibiotics used in this study were metronidazole, daptomycin, amoxycillin,
and ciprofloxacin at concentrations of 1-5 ug/mL. We tested lactomodulin for inhibitory
activity against fungi, including Candida albicans and Saccharomyces cerevisiae, but it lacked
antifungal activity, even at high concentrations of up to 20 times its average MICs, against
Gram-positive bacteria.
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Figure 6. Lactomodulin exerts antibiotic-like action against a broad range of human pathogens.
(A) MICsq of lactomodulin in C. difficile with % of growth inhibition at different concentrations.
(B) The activity spectrum of lactomodulin in some human pathogens with broad activity against Gram-
positive bacteria, including antibiotic-resistant strains. All data shown are averages of 3 replicated
independent experiments.

3. Discussion

The microbiome encodes millions of cryptic small molecules that have evolved to
recognize specific cellular targets and mediate health or disease [40,41]. Mining these
microbiome-derived molecules will lead to the discovery of unique therapeutics and
diagnostic biomarkers [42,43]. Here, we report the discovery of lactomodulin, a new
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microbiome-derived molecule with dual activity as a potent anti-inflammatory and an-
timicrobial agent that exhibits minimal cytotoxicity in contrast to conventional antibiotics.
Given this unique functionality, we hypothesize that lactomodulin has an evolutionary
role in enhancing the ecological fitness of the producer and enabling host colonization.
Suppressing host inflammation is a prerequisite to creating tolerance and maintaining
long-term symbiosis, while antibiotic function enhances competitiveness and allows the
producer to exert control over the microbial population in the gut and/or to kill invad-
ing pathogens. Several examples have been reported that highlight these strategies in
microbe-host interactions [44].

3.1. Lactomodulin Is a Promising Drug Lead for Further Development

Our investigation of lactomodulin activity shows that it can suppress proinflammatory
cytokines regardless of the etiology of inflammation. In our experimental design, we in-
duced inflammation using co-infection with a pathogen or its purified toxin, in addition to
TNF-«, which is known to stimulate a wide inflammatory cascade through activation of the
NF-«B signaling pathway [45]. The level of TNF-« in the body increases in response to vari-
ous inflammatory triggers, such as autoimmune diseases, trauma, and infection/sepsis [46].
These findings suggest that lactomodulin could have wide application in a variety of inflam-
matory conditions, such as inflammatory bowel diseases, autoimmune conditions, gastritis,
pseudomembranous colitis, and other infection-induced inflammation [47]. The antibiotic
activity of lactomodulin against resistant strains, such as MRSA and VRE, is interesting,
given that the current antibiotic resistance crisis is projected to kill 10 million by 2050, with
the depletion of effective antibiotics and an increase in multidrug-resistant bacteria. MRSA
and VRE are classified by the World Health Organization as priority pathogens [48]. MRSA
is a public health threat; with the recent expansion in infection rates and the increased
burden on healthcare, at least 80,000 infections have occurred in the US alone, and mortality
rates are escalating [49]. Its dual functionality, combined with its lack of intense cytotoxicity,
makes lactomodulin interesting for further development. We plan to further investigate
lactomodulin, including studying its mechanism of action, developing a computational
design of its shorter fragments, carrying out testing for maintaining/enhancing its activity
or its cytotoxicity profile, and studying the probability of developing resistance.

3.2. Microbiome-Derived Peptides Are Often Multifunctional with a Unique Mode of Action

The few examples of functional peptides identified from the human microbiota show
their unique functionality and their apparent evolved role in the recognition of specific
cellular targets or combating host pathogens. For example, lugdunin is produced from
commensal Staphylococcus lugdunensis in the nose and kills Staphylococcus aureus with a low
probability of developing cross resistance due to the high selectivity of the discovered
self-resistance mechanism [50]. In addition to its antibiotic activity, lugdunin increases
immune stimulation by upregulating IL-37 and CXCL8/MIP-2 in human keratinocytes
and recruiting monocytes and neutrophils in vivo [51]. Lugdunin exerts its antibacterial
action without forming pores in the cell membranes, in contrast to the common mode of
action of antimicrobial peptides. Specifically, it breaks down the electrical potential of the
cell membrane through the translocation of protons across the membrane [52]. However,
it is still not known whether lugdunin itself acts as an ion transporter. Another example
of microbiome-derived peptides includes the identification of two peptides (HG2 and
HG4) with potent anti-inflammatory and antimicrobial activity against MRSA infection
in vitro and in a Galleria mellonella model [53]. HG2 and HG4 exhibited their activity
by selectively binding to bacterial lipids, thus affecting membrane permeability and, in
parallel, decreasing the concentration of ATP inside the cell [53]. However, this action is
selective toward bacterial lipids over human lipids. Another proline-rich antimicrobial
peptide derived from insects, named Apil37, exerts antimicrobial activity by trapping
the ribosomal release factors RF1 or RF2 in E. coli, which prevents ribosomal termination
and, consequently, inhibits protein synthesis [54]. Following a computational drug design
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approach, a group of researchers developed antimicrobial peptides with broad activity
against multidrug-resistant pathogens. Interestingly, these peptides not only disrupted
cell membranes, but also modulated microbial gene expression by upregulating genes,
such as those related to stress response proteins, virulence, or membrane integrity, while
downregulating others, such as genes that encode transporter proteins [55].

3.3. Microbiome Peptides Are a Promising Approach to Drug Development

Microbial peptides are a promising avenue for drug discovery and development be-
cause of their highly specific cellular targets, complex mode of action, multi-functionality,
and pharmacodynamic properties, which decrease the rate of resistance against them [56-59]
compared to conventional antibiotics. Additionally, microbial peptides have the added
advantage of exhibiting a synergistic effect when combined with other antibiotics. There is
interest in developing microbiome-derived peptides as antibiotics because of their varied
and complex mode of action, which decreases their rate of resistance [60,61]. However, the
applications of these peptides extend beyond antibiotics to include many functionalities,
such as antiviral, antifungal, and anticancer agents [62]. This wave of renewed interest
is accompanied by the accelerated development of computational tools to compute the
discovery of these peptides from microbial genomes [63-66], and to further optimize their
formulation to decrease toxicity and increase their stability as drug leads [67] through chem-
ical modification, novel designs, and new delivery systems [55-68]. Other studies have
developed mathematical models to predict the antimicrobial activity and structure-activity
relationships of peptides from their tertiary structures [69]. A study computationally iden-
tified 2349 putative peptides and synthesized 216 individual sequences, and reported that
83% of these peptides exhibit antimicrobial activity, including against antibiotic-resistant
pathogens [70]. Identifying the secreted chemicals that mediate the diverse functions of the
microbiome is an appealing strategy that could impact the development of microbiome-
based therapeutics and could be fully evaluated, tested, and optimized.

4. Materials and Methods
4.1. Microorganisms and Culture Conditions

We used 6 Lactobacillus strains in this study based on their beneficial effects, as reported
in previous studies [71]. These strains were L. acidophilus (ATCC 4356), L. plantarum (ATCC
14917), L. brevis (ATCC 14869), L. casei, subspecies rhamnosus (ATCC 7469), L. casei (ATCC
334), and L. gasseri (ATCC 19992). Lactobacillus strains were purchased from Microbiologics,
St. Cloud, MN, USA. All strains were grown in de Man, Rogosa, and Sharpe broth (MRS
media) for 24 h at 37 °C under anaerobic conditions. To obtain a cell-free supernatant,
the culture was centrifuged at 16,000 rpm for 5 min, followed by filtration using a sterile
bacterial filter (Merck Millipore, Darmstadt, Germany). We cultured C. difficile (ATCC
43602) in meat extract media under anaerobic conditions, while fungi, including C. albicans
(ATCC18804) and Saccharomyces cerevisiae (ATCC 18824), were grown in Sabouraud dextrose
broth under aerobic conditions. The pathogens used in this study, in addition to C. difficile,
included methicillin-resistant Staphylococcus aureus (MRSA, BAA-2313), Pseudomonas aerug-
inosa (BAA-1744), E. coli (ATCC 33694), vancomycin-resistant Enterococcus faecalis (VRE,
BAA-2317), Listeria monocytogenes (ATCC 15313), and Salmonella enterica (ATCC 13314). Each
pathogen was cultured in the recommended medium. For long-term storage, an aliquot of
each culture was maintained in 50% glycerol and stored at —80 °C.

4.2. Cell Lines and Culture Conditions

The cell lines used in this study were human colorectal adenocarcinoma Caco-2
(cancer coli-2) and colorectal adenocarcinoma cells HT-29. All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with the following: (1) 10%
fetal bovine serum, (2) antibiotics (100 U/mL penicillin and 100 mL/mL streptomycin), and
(3) 25 ug/mL amphotericin B at 37 °C in an atmosphere of 5% CO, (Eppendorf, Hamburg,
Germany). Cells were incubated inside a 5% CO, incubator at 37 °C for 5 days until they
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reached 90% confluence. Thereafter, we used PBS buffer to wash cells 2-3 times to get rid
of the culture media or non-adherent cells. Before each assay, cells were seeded in 48-well
tissue-culture plates (BD Falcon, Becton, NJ, USA) and incubated for 24 h inside a 5% CO,
incubator at 37 °C (at a density of 50,000 cells per well).

4.3. Large-Scale Culturing and Metabolite Extraction of L. rhamnosus

To test whether the strain that exhibited the most anti-inflammatory activity mediated
this action through secreted molecules, we tested the activity of the bacterial extract using
the same experimental design. Three liters of the L. rhamnosus strain was grown in MRS
media for 48 h without shaking; then, the produced metabolites were collected in a mixture
of synthetic resin, including HP20, XAD7, and XAD16 (Sigma-Aldrich, St. Louis, MO,
USA), with 60 g of resin per liter of the culture, and shaken for 2 h. Resin was collected via
filtration, washed twice with water, and then eluted with methanol. The methanol extract
was then concentrated to dryness, and the residue was redissolved in water/acetonitrile
and fractionated using a Biotage automated chromatography system on reversed phase
C18 silica using water/acetonitrile as a mobile phase (20:100%); this generated 10 fractions.
In parallel, we created two other preparations via precipitation of the cell-free supernatant
using ammonium sulfate to enrich the proteins. All 12 fractions were then tested for
immunomodulatory activity.

4.4. Computational Prediction of the Active Metabolite

The analysis of the most active fraction using LC/MS-MS revealed a major peak with
an MWT of 5515 Da and MS-MS data indicative of a peptide compound. To predict the
possible sequence of this peptide, we used DeepRipp software (https://openebench.bsc.
es/tool/deepripp accessed on 3 January 2022). DeepRipp is a deep learning algorithm
that predicts modified and unmodified microbial peptides from genomic or metagenomic
sequences. After the genome has been uploaded to the software, the results are displayed
as a list of predicted sequences, confidence scores, and similarity scores compared to previ-
ously known peptides. Thereafter, the software links the predicted sequences to potential
ions in the LC/MS-MS data. Using the whole genome sequence of the L. rhamnosus strain,
DeepRipp revealed a possible peptide with a sequence of MNKLNEVELSKISGGIGPLVIP-
VAAILGFLATDAWNHADELVAGVKQGWERS. To confirm the identity of the peptide, we
synthesized the compound using Genscript Inc. (Piscataway, NJ, USA), and then performed
a detailed biological evaluation of the peptide, including immunomodulatory, antibiotic
activity, and cytotoxicity test.

4.5. Co-Culture Experimental Design

To test the immunomodulatory effects of the tested strains, we designed a preventive
model co-culture experiment. First, for the live strains, we centrifuged the bacterial cultures
(all strains used in this study, including the pathogens) at 12,000 x g for 2 min, washed them
twice with PBS buffer, and finally, suspended the pellets in MRS medium for Lactobacillus
strains and in meat broth for C. difficile. We used 1 pL of 0.5 ODgg culture for each 300 pL
culture medium in each well of the 12-well plate. For the extract fractions, we used 1 puL of
10 pg/uL. We incubated Caco-2 cells with the live Lactobacilli for a total of 18 h. For the
pure peptide, we paired this design with another curative model in which incubation with
the peptide was allowed after a 2 h challenge with the pathogen, or 1 puL of recombinant
TNF-« (20 ng/mL, Sigma-Aldrich, St. Louis, MO, USA) or toxin A (10 ng/mL, Sigma-
Aldrich, St. Louis, MO, USA). The experiment was conducted using antibiotic-free medium.
The negative control experiments included untreated cells or cells treated with media
blanks for the strains, or with DMSO for the fractions, while the positive control comprised
cells treated with the inducers only. The choice of the duration of each incubation was
based on prior optimization experiments and previous reports on the optimum timing for
cytokine release and measurement in Caco-2.
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4.6. Determination of Cytokines Concentration in the Supernatant of Caco-2 Cells

To determine cytokine release in Caco-2 cells after co-incubation, we used an enzyme-
linked immunosorbent assay (ELISA) for IL-6, IL8, IL-1B, IL-10, and TNF-« on the collected
supernatant. We used commercial kits from Invitrogen, Carlsbad, CA, USA (catalogue #
BMS213HS, BMS204-3, KHC001, BMS215-2, and BMS223-4 for IL-6, IL8, IL-1B, IL-10, and
TNFa, respectively). The released cytokines were measured according to the described
protocol. We performed each analysis in three independent replicates.

4.7. Cytotoxicity Assay

To assess the cytotoxic effects of the Lactobacillus strains and the active peptide, we
used an MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide) assay on
Caco-2 and HT-29 cell lines. Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and antibiotics (100 U/mL penicillin
and 100 mL/mL streptomycin) in a humidified incubator (5% CO, in air at 37 °C). Each
cell line was plated in 96-well plates (30,000 cells/200 uL in each well) and placed in a CO,
incubator for 24 h. After removing the supernatant and washing twice with PBS1X, 20 uL
of MTT solution was added to the medium and incubated for 3 h. Finally, the absorbance
intensity was measured via spectrophotometry using a microplate reader at an absorbance
level of 570 nm (Thermo Fisher Scientific, Waltham, MA, USA). We used DMSO as a
negative control.

4.8. Assessment of Antimicrobial Activity

To test whether the peptide possessed antibiotic activity against C. difficile and other
human pathogens, we performed an agar diffusion test. Briefly, 10 uL of culture of each
pathogen, grown actively overnight, was plated on the top of agar plates (using different
media that support the growth of each pathogen tested); then, holes were punctured in
the agar using a sterile glass pipette, and 20 pL of 1-5 uM lactomodulin was applied
into the holes. The plates were incubated anaerobically or aerobically, depending on the
required growth conditions of each pathogen, at 37 °C for 24 h. Thereafter, the plates were
screened for the presence of any zones of inhibition. To determine the minimum inhibitory
concentration (MICsp) of lactomodulin, we conducted a broth microdilution antimicrobial
assay in a 96-well microtiter plate. Briefly, a single colony of each pathogen was grown for
24 h in its respective broth medium, and then diluted with the same medium in a 1:10,000
ratio (following the McFarland Standards). Thereafter, 196 uL of this inoculated medium
was added to each well, and 4 uL of the different serial dilutions of lactomodulin were
added to the well, resulting in a final concentration range of 100 uM to 100 nM. The blank
control wells contained 196 pL non-inoculated medium and 4 uL. DMSO (solvent used to
solubilize lactomodulin). Fidaxomicin (1 pM), amoxicillin (5 pM), and ciprofloxacin (2 pM)
were used as positive controls. The plates were incubated anaerobically at 37 °C. After
24 h, the ODgqp of each well was measured using a microplate reader. Thereafter, MICs,
defined as the lowest concentration of the peptide that results in 50% growth inhibition,
was measured for each pathogen. Each concentration was tested in triplicate, and the entire
assay was independently duplicated. The percentage of growth inhibition was determined
according to the following equation:

% of inhibition=1 — [(ODgqg test — ODgp blank medium)/(ODggy pathogen
only — OD600 blank medium)] x 100

To determine the minimal bactericidal concentration of lactomodulin in C. difficile, we
spotted 10 pL of the inhibitory concentrations from the broth microdilution experiment (in
which we observed no growth) on meat agar supplemented with 5% defibrinated sheep
blood, incubated anaerobically for 48 h at 37 °C; then, we observed the plates for the
presence of any colonies. The controls included a culture treated with Fidaxomicin (1 uM)
and an untreated culture.
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4.9. Statistical Analysis

To analyze the data and construct graphs, we conducted a one-way ANOVA using
GraphPad Prism V9 (GraphPad Software, La Jolla, CA, USA). All experiments were con-
ducted in triplicate, and the data were presented as means + standard deviation (SD).
Results with p < 0.05 were considered statistically significant. Different letters indicate
significant differences at p < 0.05.

5. Conclusions

We report the discovery of lactomodulin, a unique functional peptide from the L. rham-
nosus bacterium. Lactomodulin exhibited a potent anti-inflammatory effect in suppressing
the proinflammatory mediators of the Caco-2 cell line, both as a preventive and treatment
intervention, with minimal cytotoxicity. Further investigation of lactomodulin revealed
its antimicrobial activity against several human pathogens, including methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecium (VRE). Our
findings highlight the microbiome’s potential in advancing drug discovery.

Author Contributions: All authors contributed equally to the experimental work and the analysis of
the results. WK.M. designed this study and wrote the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by a grant from Al Ain University (Ph2022-3-100), UAE.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No other supporting data have been generated in this study.

Acknowledgments: The authors would like to express their gratitude to Emilia Oueis (Khalifa
University, UAE) for her valuable input, comments, and suggestions, which improved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Leviatan, S.; Shoer, S.; Rothschild, D.; Gorodetski, M.; Segal, E. An expanded reference map of the human gut microbiome reveals
hundreds of previously unknown species. Nat. Commun. 2022, 13, 3863. [CrossRef] [PubMed]

2. McGuinness, A.]; Davis, ].A,; Dawson, S.L.; Loughman, A.; Collier, E; O'Hely, M.; Simpson, C.A.; Green, J.; Marx, W.;
Hair, C.; et al. A systematic review of gut microbiota composition in observational studies of major depressive disorder, bipolar
disorder and schizophrenia. Mol. Psychiatry 2022, 27, 1920-1935. [CrossRef]

3. Hornung, B.; Dos Santos, V.A.P.M.; Smidt, H.; Schaap, P. Studying microbial functionality within the gut ecosystem by systems
biology. Genes Nutr. 2018, 13, 1-19. [CrossRef] [PubMed]

4. Devkota, S. Bacterial and immune cell co-evolution in the gut. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 676. [CrossRef] [PubMed]

5. Jiao, Y.; Wu, L.; Huntington, N.D.; Zhang, X. Crosstalk Between Gut Microbiota and Innate Immunity and Its Implication in
Autoimmune Diseases. Front. Immunol. 2020, 11, 282. [CrossRef]

6. Wiertsema, S.P.; van Bergenhenegouwen, J.; Garssen, J.; Knippels, L.M.]. The Interplay between the Gut Microbiome and the
Immune System in the Context of Infectious Diseases throughout Life and the Role of Nutrition in Optimizing Treatment
Strategies. Nutrients 2021, 13, 886. [CrossRef]

7.  Belkaid, Y,; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121-141. [CrossRef]

8.  Afzaal, M,; Saeed, F,; Shah, Y.A.; Hussain, M.; Rabail, R.; Socol, C.T.; Hassoun, A.; Pateiro, M.; Lorenzo, ].M.; Rusu, A.V.; et al.
Human gut microbiota in health and disease: Unveiling the relationship. Front. Microbiol. 2022, 13, 999001. [CrossRef]

9.  Zheng, D.; Liwinski, T,; Elinav, E. Interaction between microbiota and immunity in health and disease. Cell Res. 2020, 30, 492-506.
[CrossRef]

10.  Wu, H.J.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4-14. [CrossRef]

11. Chakaroun, R.M.; Massier, L.; Kovacs, P. Gut Microbiome, Intestinal Permeability, and Tissue Bacteria in Metabolic Disease:
Perpetrators or Bystanders? Nutrients 2020, 12, 1082. [CrossRef]

12.  Gasaly, N.; de Vos, P.; Hermoso, M.A. Impact of Bacterial Metabolites on Gut Barrier Function and Host Immunity: A Focus on
Bacterial Metabolism and Its Relevance for Intestinal Inflammation. Front. Immunol. 2021, 12, 658354. [CrossRef]

13. Li, M.; Chen, W.-D.; Wang, Y.-D. The roles of the gut microbiota—-miRNA interaction in the host pathophysiology. Mol. Med. 2020,

26, 101. [CrossRef]


http://doi.org/10.1038/s41467-022-31502-1
http://www.ncbi.nlm.nih.gov/pubmed/35790781
http://doi.org/10.1038/s41380-022-01456-3
http://doi.org/10.1186/s12263-018-0594-6
http://www.ncbi.nlm.nih.gov/pubmed/29556373
http://doi.org/10.1038/s41575-021-00505-6
http://www.ncbi.nlm.nih.gov/pubmed/34316059
http://doi.org/10.3389/fimmu.2020.00282
http://doi.org/10.3390/nu13030886
http://doi.org/10.1016/j.cell.2014.03.011
http://doi.org/10.3389/fmicb.2022.999001
http://doi.org/10.1038/s41422-020-0332-7
http://doi.org/10.4161/gmic.19320
http://doi.org/10.3390/nu12041082
http://doi.org/10.3389/fimmu.2021.658354
http://doi.org/10.1186/s10020-020-00234-7

Int. ]. Mol. Sci. 2023, 24, 6901 15 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhou, H.-C; Yan, X.-Y,; Yu, W.-W,; Liang, X.-Q.; Du, X.-Y,; Liu, Z.-C.; Long, J.-P.; Zhao, G.-H.; Liu, H.-B. Lactic acid in macrophage
polarization: The significant role in inflammation and cancer. Int. Rev. Immunol. 2021, 41, 4-18. [CrossRef]

Manosalva, C.; Quiroga, J.; Hidalgo, A.L; Alarcén, P.; Anseoleaga, N.; Hidalgo, M.A.; Burgos, R.A. Role of Lactate in Inflammatory
Processes: Friend or Foe. Front. Immunol. 2022, 12, 808799. [CrossRef]

Rodriguez-Nogales, A.; Algieri, F; Garrido-Mesa, ].; Vezza, T.; Utrilla, M.P.; Chueca, N.; Garcia, F,; Olivares, M.; Rodriguez-
Cabezas, M.E.; Galvez, ]. Differential intestinal anti-inflammatory effects of Lactobacillus fermentum and Lactobacillus salivarius
in DSS mouse colitis: Impact on microRNAs expression and microbiota composition. Mol. Nutr. Food Res. 2017, 61, 1700144.
[CrossRef]

Wang, K.; Dong, H.; Qi, Y,; Pei, Z.; Yi, S.; Yang, X.; Zhao, Y.; Meng, F; Yu, S.; Zhou, T,; et al. Lactobacillus casei regulates
differentiation of Th17/Treg cells to reduce intestinal inflammation in mice. Can. J. Vet. Res. 2017, 81, 122-128.

Petrova, M.1; Lievens, E.; Verhoeven, T.L.; Macklaim, J.M.; Gloor, G.; Schols, D.; Vanderleyden, J.; Reid, G.; Lebeer, S. The
lectin-like protein 1 in Lactobacillus rhamnosus GR-1 mediates tissue-specific adherence to vaginal epithelium and inhibits
urogenital pathogens. Sci. Rep. 2016, 6, 37437. [CrossRef]

Mack, D.R.; Michalil, S.; Wei, S.; McDougall, L.; Hollingsworth, M.A. Probiotics inhibit enteropathogenic E. coliadherence in vitro
by inducing intestinal mucin gene expression. Am. J. Physiol.-Gastrointest. Liver Physiol. 1999, 276, G941-G950. [CrossRef]

Park, J.-S.; Choi, ].W,; Jhun, J.; Kwon, ].Y.; Lee, B.-L; Yang, C.W,; Park, S.-H.; Cho, M.-L. Lactobacillus acidophilus Improves
Intestinal Inflammation in an Acute Colitis Mouse Model by Regulation of Th17 and Treg Cell Balance and Fibrosis Development.
J. Med. Food 2018, 21, 215-224. [CrossRef]

Asha, B,; Leena, S.; Bhupendra, V.; Rupesh, K.S. Inmunomodulatory Potential of Lactobacillus acidophilus: Implications in Bone
Health. In Acidophiles; Lin, ]., Chen, L., Eds.; IntechOpen: Rijeka, Croatia, 2021; Chapter 6.

Yang, Y.; Yan, G.; Meng, X.; Wang, X.; Zhao, Z.; Zhou, S; Li, G.; Zhang, Q.; Wei, X. Effects of Lactobacillus plantarum and
Pediococcus acidilactici co-fermented feed on growth performance and gut microbiota of nursery pigs. Front. Veter. Sci. 2022,
9, 1076906. [CrossRef] [PubMed]

Rastogi, S.; Singh, A. Gut microbiome and human health: Exploring how the probiotic genus Lactobacillus modulate immune
responses. Front. Pharmacol. 2022, 13, 1042189. [CrossRef] [PubMed]

Lerner, A.; Shoenfeld, Y.; Matthias, T. Probiotics: If It Does Not Help It Does Not Do Any Harm. Really? Microorganisms 2019,
7,104. [CrossRef] [PubMed]

Wilson, M.R,; Jiang, Y.; Villalta, PW.; Stornetta, A.; Boudreau, P.D.; Carra, A.; Brennan, C.A.; Chun, E.; Ngo, L.; Samson, L.D.; et al.
The human gut bacterial genotoxin colibactin alkylates DNA. Science 2019, 363, 6428. [CrossRef] [PubMed]

Han, S.; Lu, Y; Xie, J.; Fei, Y,; Zheng, G.; Wang, Z; Liu, J.; Lv, L.; Ling, Z.; Berglund, B.; et al. Probiotic Gastrointestinal Transit and
Colonization After Oral Administration: A Long Journey. Front. Cell. Infect. Microbiol. 2021, 11, 609722. [CrossRef]

Park, S.Y.; Seo, G.S. Fecal Microbiota Transplantation: Is It Safe? Clin. Endosc. 2021, 54, 157-160. [CrossRef]

Hou, K,; Wu, Z.-X,; Chen, X.-Y,; Wang, ].-Q.; Zhang, D.; Xiao, C.; Zhu, D.; Koya, ].B.; Wei, L.; Li, J.; et al. Microbiota in health and
diseases. Signal Transduct. Target. Ther. 2022, 7, 135. [CrossRef]

Rizza, L.; Frasca, G.; Nicholls, M.; Puglia, C.; Cardile, V. Caco-2 cell line as a model to evaluate mucoprotective proprieties. Int. J.
Pharm. 2012, 422, 318-322. [CrossRef]

Sambuy, Y.; De Angelis, I.; Ranaldi, G.; Scarino, M.L.; Stammati, A.; Zucco, F. The Caco-2 cell line as a model of the intestinal
barrier: Influence of cell and culture-related factors on Caco-2 cell functional characteristics. Cell Biol. Toxicol. 2005, 21, 1-26.
[CrossRef]

Schnur, S.; Wahl, V.; Metz, ].K.; Gillmann, J.; Hans, F.; Rotermund, K.; Zih, R.-K.; Briick, D.A.; Schneider, M.; Hittinger, M.
Inflammatory bowel disease addressed by Caco-2 and monocyte-derived macrophages: An opportunity for an in vitro drug
screening assay. Vitr. Model. 2022, 1, 365-383. [CrossRef]

Yu, H.; Chen, K;; Sun, Y.; Carter, M.; Garey, KW.; Savidge, T.C.; Devaraj, S.; Tessier, M.E.; von Rosenvinge, E.C.; Kelly, C.P; et al.
Cytokines Are Markers of the Clostridium difficile-Induced Inflammatory Response and Predict Disease Severity. Clin. Vaccine
Immunol. 2017, 24, €00037-17. [CrossRef]

Rocha-Ramirez, L.M.; Pérez-Solano, R.A.; Castafion-Alonso, S.L.; Moreno Guerrero, S.S.; Ramirez Pacheco, A.; Garcia Garibay, M.;
Eslava, C. Probiotic Lactobacillus Strains Stimulate the Inflammatory Response and Activate Human Macrophages. J. Immunol.
Res. 2017, 2017, 4607491. [CrossRef]

Foey, A.; Habil, N.; Strachan, A.; Beal, . Lacticaseibacillus casei Strain Shirota Modulates Macrophage-Intestinal Epithelial Cell
Co-Culture Barrier Integrity, Bacterial Sensing and Inflammatory Cytokines. Microorganisms 2022, 10, 2087. [CrossRef]

Alp, D.; Kuleasan, H. Determination of competition and adhesion abilities of lactic acid bacteria against gut pathogens in
a whole-tissue model. Biosci. Microbiota Food Health 2020, 39, 250-258. [CrossRef]

Merwin, N.J.; Mousa, W.K.; Dejong, C.A.; Skinnider, M.A.; Cannon, M.].; Li, H.; Dial, K.; Gunabalasingam, M.; Johnston, C.;
Magarvey, N.A. DeepRiPP integrates multiomics data to automate discovery of novel ribosomally synthesized natural products.
Proc. Natl. Acad. Sci. USA 2020, 117, 371-380. [CrossRef]

Reale, O.; Huguet, A.; Fessard, V. Co-culture model of Caco-2/HT29-MTX cells: A promising tool for investigation of phycotoxins
toxicity on the intestinal barrier. Chemosphere 2021, 273, 128497. [CrossRef]


http://doi.org/10.1080/08830185.2021.1955876
http://doi.org/10.3389/fimmu.2021.808799
http://doi.org/10.1002/mnfr.201700144
http://doi.org/10.1038/srep37437
http://doi.org/10.1152/ajpgi.1999.276.4.G941
http://doi.org/10.1089/jmf.2017.3990
http://doi.org/10.3389/fvets.2022.1076906
http://www.ncbi.nlm.nih.gov/pubmed/36578437
http://doi.org/10.3389/fphar.2022.1042189
http://www.ncbi.nlm.nih.gov/pubmed/36353491
http://doi.org/10.3390/microorganisms7040104
http://www.ncbi.nlm.nih.gov/pubmed/30979072
http://doi.org/10.1126/science.aar7785
http://www.ncbi.nlm.nih.gov/pubmed/30765538
http://doi.org/10.3389/fcimb.2021.609722
http://doi.org/10.5946/ce.2021.072
http://doi.org/10.1038/s41392-022-00974-4
http://doi.org/10.1016/j.ijpharm.2011.11.019
http://doi.org/10.1007/s10565-005-0085-6
http://doi.org/10.1007/s44164-022-00035-8
http://doi.org/10.1128/CVI.00037-17
http://doi.org/10.1155/2017/4607491
http://doi.org/10.3390/microorganisms10102087
http://doi.org/10.12938/bmfh.2020-033
http://doi.org/10.1073/pnas.1901493116
http://doi.org/10.1016/j.chemosphere.2020.128497

Int. J. Mol. Sci. 2023, 24, 6901 16 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chon, H.; Choi, B.; Jeong, G.; Lee, E.; Lee, S. Suppression of proinflammatory cytokine production by specific metabolites of
Lactobacillus plantarum 10hk?2 via inhibiting NF-«B and p38 MAPK expressions. Comp. Immunol. Microbiol. Infect. Dis. 2010, 33,
e41-e49. [CrossRef]

Mousavi, S.J.S.; Sardari, S.; Kiasari, R.E.; Niabati, S.; Madanchi, H. Design and synthesis of short antimicrobial peptide derivatives
based on human cathelicidin. Health Biotechnol. Biopharma 2020, 3, 21-34.

Henry, L.P;; Bruijning, M.; Forsberg, S.K.G.; Ayroles, ].F. The microbiome extends host evolutionary potential. Nat. Commun. 2021,
12, 5141. [CrossRef]

Foster, K.R.; Schluter, ].; Coyte, K.Z.; Rakoff-Nahoum, S. The evolution of the host microbiome as an ecosystem on a leash. Nature
2017, 548, 43-51. [CrossRef]

Yadav, M.; Chauhan, N.S. Microbiome therapeutics: Exploring the present scenario and challenges. Gastroenterol. Rep. 2022,
10, goab046. [CrossRef] [PubMed]

Hajjo, R.; Sabbah, D.A.; Al Bawab, A.Q. Unlocking the Potential of the Human Microbiome for Identifying Disease Diagnostic
Biomarkers. Diagnostics 2022, 12, 1742. [CrossRef] [PubMed]

Tsolis, R.M.; Baumler, A.J. Gastrointestinal host-pathogen interaction in the age of microbiome research. Curr. Opin. Microbiol.
2020, 53, 78-89. [CrossRef] [PubMed]

Hayden, M.S.; Ghosh, S. Regulation of NF-kB by TNF family cytokines. Semin. Immunol. 2014, 26, 253-266. [CrossRef]

van Loo, G.; Bertrand, M.].M. Death by TNF: A road to inflammation. Nat. Rev. Immunol. 2022, 15, 1-15. [CrossRef]

Popa, C.; Netea, M.G.; van Riel, P.L.; van der Meer, ].W.; Stalenhoef, A.F. The role of TNF-alpha in chronic inflammatory conditions,
intermediary metabolism, and cardiovascular risk. J. Lipid Res. 2007, 48, 751-762. [CrossRef]

Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.;
Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 2018, 18, 318-327. [CrossRef]

Hindy, ].R.; Quintero-Martinez, J.A.; Lee, A.T.; Scott, C.G.; Gerberi, D.].; Mahmood, M.; DeSimone, D.C.; Baddour, L.M. Incidence
Trends and Epidemiology of Staphylococcus aureus Bacteremia: A Systematic Review of Population-Based Studies. Cureus 2022,
14, €25460. [CrossRef]

Krauss, S.; Zipperer, A.; Wirtz, S.; Saur, J.; Konnerth, M.C.; Heilbronner, S.; Salazar, B.O.T.; Grond, S.; Krismer, B.; Peschel, A.
Secretion of and Self-Resistance to the Novel Fibupeptide Antimicrobial Lugdunin by Distinct ABC Transporters in Staphylococcus
lugdunensis. Antimicrob. Agents Chemother. 2020, 65, €01734-20. [CrossRef]

Bitschar, K.; Sauer, B.; Focken, J.; Dehmer, H.; Moos, S.; Konnerth, M.; Schilling, N.A.; Grond, S.; Kalbacher, H.; Kurschus, E.C.; et al.
Lugdunin amplifies innate immune responses in the skin in synergy with host- and microbiota-derived factors. Nat. Commun.
2019, 10, 2730. [CrossRef]

Schilling, N.A.; Berscheid, A.; Schumacher, J.; Saur, J.S.; Konnerth, M.C.; Wirtz, S.N.; Beltran-Belefia, ].M.; Zipperer, A,;
Krismer, B.; Peschel, A.; et al. Synthetic Lugdunin Analogues Reveal Essential Structural Motifs for Antimicrobial Action and
Proton Translocation Capability. Angew. Chem. Int. Ed. 2019, 58, 9234-9238. [CrossRef]

Oyama, L.B.; Olleik, H.; Teixeira, A.C.N.; Guidini, M.M.; Pickup, J.A.; Hui, B.Y.P; Vidal, N.; Cookson, A.R.; Vallin, H;
Wilkinson, T.; et al. In silico identification of two peptides with antibacterial activity against multidrug-resistant Staphylococcus
aureus. NPJ Biofilms Microbiomes 2022, 8, 58. [CrossRef]

Florin, T.; Maracci, C.; Graf, M.; Karki, P.; Klepacki, D.; Berninghausen, O.; Beckmann, R.; Vazquez-Laslop, N.; Wilson, D.;
Rodnina, M.V,; et al. An antimicrobial peptide that inhibits translation by trapping release factors on the ribosome. Nat. Struct.
Mol. Biol. 2017, 24, 752-757. [CrossRef]

Nagarajan, D.; Nagarajan, T.; Roy, N.; Kulkarni, O.; Ravichandran, S.; Mishra, M.; Chakravortty, D.; Chandra, N. Computational
antimicrobial peptide design and evaluation against multidrug-resistant clinical isolates of bacteria. J. Biol. Chem. 2018, 293,
3492-3509. [CrossRef]

Ryu, M.; Park, J.; Yeom, J.-H.; Joo, M.; Lee, K. Rediscovery of antimicrobial peptides as therapeutic agents. J. Microbiol. 2021, 59,
113-123. [CrossRef]

Yu, G.; Baeder, D.Y.; Regoes, R.R.; Rolff, J. Predicting drug resistance evolution: Insights from antimicrobial peptides and
antibiotics. Proc. R. Soc. B Biol. Sci. 2018, 285, 20172687. [CrossRef]

Lazzaro, B.P.; Zasloff, M.; Rolff, J. Antimicrobial peptides: Application informed by evolution. Science 2020, 368, eaau5480.
[CrossRef]

Kim, S5.G.; Becattini, S.; Moody, T.U.; Shliaha, P.V,; Littmann, E.R.; Seok, R.; Gjonbalaj, M.; Eaton, V.; Fontana, E.; Amoretti, L.; et al.
Microbiota-derived lantibiotic restores resistance against vancomycin-resistant Enterococcus. Nature 2019, 572, 665-669. [Cross-
Ref]

Garcia-Gutierrez, E.; Mayer, M.].; Cotter, P.D.; Narbad, A. Gut microbiota as a source of novel antimicrobials. Gut Microbes 2018,
10, 1-21. [CrossRef]

Upert, G.; Luther, A.; Obrecht, D.; Ermert, P. Emerging peptide antibiotics with therapeutic potential. Med. Drug Discov. 2021,
9, 100078. [CrossRef]

Spénig, S.; Heider, D. Encodings and models for antimicrobial peptide classification for multi-resistant pathogens. BioData Min.
2019, 12, 7. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cimid.2009.11.002
http://doi.org/10.1038/s41467-021-25315-x
http://doi.org/10.1038/nature23292
http://doi.org/10.1093/gastro/goab046
http://www.ncbi.nlm.nih.gov/pubmed/35382166
http://doi.org/10.3390/diagnostics12071742
http://www.ncbi.nlm.nih.gov/pubmed/35885645
http://doi.org/10.1016/j.mib.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32344325
http://doi.org/10.1016/j.smim.2014.05.004
http://doi.org/10.1038/s41577-022-00792-3
http://doi.org/10.1194/jlr.R600021-JLR200
http://doi.org/10.1016/S1473-3099(17)30753-3
http://doi.org/10.7759/cureus.25460
http://doi.org/10.1128/AAC.01734-20
http://doi.org/10.1038/s41467-019-10646-7
http://doi.org/10.1002/anie.201901589
http://doi.org/10.1038/s41522-022-00320-0
http://doi.org/10.1038/nsmb.3439
http://doi.org/10.1074/jbc.M117.805499
http://doi.org/10.1007/s12275-021-0649-z
http://doi.org/10.1098/rspb.2017.2687
http://doi.org/10.1126/science.aau5480
http://doi.org/10.1038/s41586-019-1501-z
http://doi.org/10.1038/s41586-019-1501-z
http://doi.org/10.1080/19490976.2018.1455790
http://doi.org/10.1016/j.medidd.2020.100078
http://doi.org/10.1186/s13040-019-0196-x
http://www.ncbi.nlm.nih.gov/pubmed/30867681

Int. ]. Mol. Sci. 2023, 24, 6901 17 of 17

63.

64.

65.

66.

67.

68.

69.

70.

71.

Wang, C.; Garlick, S.; Zloh, M. Deep Learning for Novel Antimicrobial Peptide Design. Biomolecules 2021, 11, 471. [CrossRef]
[PubMed]

Santos-Junior, C.D.; Pan, S.; Zhao, X.M.; Coelho, L.P. Macrel: Antimicrobial peptide screening in genomes and metagenomes.
Peer] 2020, 8, €10555. [CrossRef] [PubMed]

Van Oort, C.M,; Ferrell, ].B.; Remington, ].M.; Wshah, S.; Li, ]. AMPGAN v2: Machine Learning-Guided Design of Antimicrobial
Peptides. |. Chem. Inf. Model. 2021, 61, 2198-2207. [CrossRef]

Veltri, D.; Kamath, U.; Shehu, A. Deep learning improves antimicrobial peptide recognition. Bioinformatics 2018, 34, 2740-2747.
[CrossRef]

Mourtada, R.; Herce, H.D.; Yin, D.].; Moroco, J.A.; Wales, T.E.; Engen, ].R.; Walensky, L.D. Design of stapled antimicrobial peptides
that are stable, nontoxic and kill antibiotic-resistant bacteria in mice. Nat. Biotechnol. 2019, 37, 1186-1197. [CrossRef]

Kumar, P; Kizhakkedathu, ].N.; Straus, S.K. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve
the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. [CrossRef]

Agrawal, P.; Raghava, G.P.S. Prediction of Antimicrobial Potential of a Chemically Modified Peptide from Its Tertiary Structure.
Front. Microbiol. 2018, 9, 2551. [CrossRef]

Ma, Y;; Guo, Z,; Xia, B.; Zhang, Y.; Liu, X,; Yu, Y;; Tang, N.; Tong, X.; Wang, M.; Ye, X,; et al. Identification of antimicrobial peptides
from the human gut microbiome using deep learning. Nat. Biotechnol. 2022, 40, 921-931. [CrossRef]

Dempsey, E.; Corr, S.C. Lactobacillus spp. for Gastrointestinal Health: Current and Future Perspectives. Front. Immunol. 2022,
13, 840245. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/biom11030471
http://www.ncbi.nlm.nih.gov/pubmed/33810011
http://doi.org/10.7717/peerj.10555
http://www.ncbi.nlm.nih.gov/pubmed/33384902
http://doi.org/10.1021/acs.jcim.0c01441
http://doi.org/10.1093/bioinformatics/bty179
http://doi.org/10.1038/s41587-019-0222-z
http://doi.org/10.3390/biom8010004
http://doi.org/10.3389/fmicb.2018.02551
http://doi.org/10.1038/s41587-022-01226-0
http://doi.org/10.3389/fimmu.2022.840245

	Introduction 
	Results 
	Immunomodulatory Potential of Live Lactobacillus Strains 
	Combined Experimental/Computational Approach to Identifying the Functional Chemical Mediators 
	Lactomodulin Is a Unique Multifunctional Molecule with Minimal Toxicity in Cell Lines 

	Discussion 
	Lactomodulin Is a Promising Drug Lead for Further Development 
	Microbiome-Derived Peptides Are Often Multifunctional with a Unique Mode of Action 
	Microbiome Peptides Are a Promising Approach to Drug Development 

	Materials and Methods 
	Microorganisms and Culture Conditions 
	Cell Lines and Culture Conditions 
	Large-Scale Culturing and Metabolite Extraction of L. rhamnosus 
	Computational Prediction of the Active Metabolite 
	Co-Culture Experimental Design 
	Determination of Cytokines Concentration in the Supernatant of Caco-2 Cells 
	Cytotoxicity Assay 
	Assessment of Antimicrobial Activity 
	Statistical Analysis 

	Conclusions 
	References

