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Abstract

Background A complex community of microorganisms in the gastrointestinal (GI) tract, known as the gut microbiota, exerts
major effects on gene expression and cytokine profile. Extracellular vesicles (EVs) which are produced by bacteria could be
sensed by Toll like receptors (TLRs). The interaction between gut microbiota and TLRs affects homeostasis and immune
responses. In this study, we evaluated TLR9 gene expression and cytokines level in Caco-2 cell line treated with
Lactobacillus casei as one of the gut microbiota and its EVs.

Methods In the present study, L. casei derived EVs was extracted via ultracentrifugation. The quality control assessment included
the evaluation of physicochemical characteristics of EVs. For the treatment of Caco-2 cell line, L. casei and its EVs (100 and
150 pg/mL) were used. In addition, qRT-PCR assay was carried out to evaluate the mRNA expression of 7LR9 gene. ELISA
assay was also performed to determine the levels of IFN,,, TNF-o,, GM-CSF, IL-1, IL-13, IL-2, IL-4, IL-6, IL-8, IL-12, IL-17A,
and IL-10 cytokines.

Results The results showed that L. casei slightly increased TLR9 gene expression in the Caco-2 cell line. It was also found that
EVs at concentrations of 100 and 150 pg/mL could significantly decrease TLRY gene expression. Furthermore, L. casei signif-
icantly increased IL-10 and IFN,, levels. Based on the findings, the level of IL-17A, as a proinflammatory cytokine, decreased by
L. casei. Both concentrations of EVs decreased the level of IFN,, while increasing the concentrations of IL-4 and IL-10. EVs
from L. casei could modulate immune responses in the Caco-2 cell line. Both EVs and L. casei activated the expression and
secretion of several cytokines.

Conclusions L. casei and its EVs have pivotal role in the cross talk between gut microbiota and the host especially in the
modulation of the immune system. This study shows for the first time the increasing level of anti-inflammatory cytokines by
EVs released by L. casei. Based on the last studies on immunomodulatory effect of EVs on immune cells and our results in cell
line level, we postulate that L. casei derived EVs could be possible candidates for the reduction of immune responses.
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and development, and protection against pathogens. Besides
digestion, microbiota also has various other essential functions,
including vitamin production, immune system modulation,
and gastrointestinal communication [1]. Gut microbiota is rec-
ognized as a regulatory immune system, given the presence of
a variety of immunogenic molecules, such as extracellular ves-
icles (EVs), lipopolysaccharides, and peptidoglycans [2, 3].

The gut barrier, as the first line of defense in the gut innate
immunity, is composed of intestinal epithelial cells (IEPCs),
mucus membranes produced by goblet cells, and innate and
adaptive immune factors (e.g., immunoglobulins and antimi-
crobial peptides). The gut barrier characterizes the gut micro-
biota and its interactions with the host [4, 5]. The function of
GI tract is monitored by pattern recognition receptors (PRRs)
[6], including toll-like receptors (TLRs). PRRs comprise a
group of proteins, which respond to small molecular se-
quences in the microorganism. These sequences are known
as microbe-associated molecular patterns (MAMPs) [7].

Different cells, such as IEPCs, express 7LR genes [8]. TLRs
are expressed by IEPCs which has regulating effect on the
immune system [9]. On the other hand, dysbiosis is caused
by an imbalance between the intestinal microbiota and the
immune system. In fact, changes in the gut microbial ecosys-
tem result in many metabolic disorders, such as leaky gut syn-
drome, where excessive TLR activation occurs in IEPCs [10].
This situation that is characterized by impaired permeability of
gut barrier, known as leaky gut syndrome, result in a great
activation of TLRs in intestinal epithelial cells (IEPCs). As a
result, increased cytokines and chemokines lead to low grade
inflammation. Increased inflammatory cytokines disrupt insu-
lin signaling cascade and may cause insulin resistance (IR),
ultimately stimulate metabolic syndrome and obesity [11].

A promising therapeutic strategy is to use probiotics.
Bacteria from the genus Lactobacillus are among the most
common probiotics. Lactobacillus casei, as one of the most
common Lactobacillus species, is a probiotic with different
industrial applications. The beneficial effects of this species on
immunity [12], allergies [13], and cholesterol level [13] have
been confirmed in previous studies. Also, according to some
studies, L. casei improves the gut microbiota pattern [14].

The food industry has widely used lactic acid bacteria in its
products. Therefore, it is important to identify the advantages
of these bacteria in order to propose new bacterial components.
EVs are identified as molecular components, which are pro-
duced by bacteria. They are spherical bilayer lipid structures
(diameter, 20-500 nm), which normally have a varied cargo
including nucleic acids, lipoproteins, and toxins; they also play
important roles in metabolic and immune systems [15].

No study has yet evaluated the characteristics of EVs,
which are derived from L. casei and trigger innate inflamma-
tory responses. In this study, we selected L. casei, as an out-
standing probiotic strain in the GI tract, due to its therapeutic
advantages, such as modulation of immune responses [16].
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Since EVs also contain bacterial MAMPs, it was assumed that
they play a significant role in modulating innate immune re-
sponses. The current study aimed at evaluating the effects of
these nanostructures on 7LR9 gene expression and cytokine
profile in the Caco-2 cell line as an [EPC model.

Materials and methods
Strains and cultures

After L. casei (ATCC 393 strain) was prepared, a single col-
ony of L. casei was inoculated and cultured on the MRS me-
dium (Sigma-Aldrich, USA). Bacteria were inoculated in
MRS broth for 24 h at 37 °C to collect more biomasses [17].

Isolation of EVs

EVs were extracted from culture supernatants. The superna-
tants were extracted from cultures, which were centrifuged
(Beckman, USA) at 20000xg for one hour at 4 °C. Next,
ultracentrifugation (Beckman, USA) was conducted for two
hours at 125000xg (4 °C) in duplicate. Particle-free sucrose
3% was also used to resuspend the samples. To remove large
particles and possible contaminants, the supernatants were
passed through a filter (0.22 um). For further analyses, the
sample subsets were stored in a freezer (—80 °C) for long-
term storage [18]. The absorbance of EVs was determined
using a NanoDrop technique, which could indicate the protein
concentration after ultracentrifugation. Also, protein bands of
EVs were identified using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Scanning electron microscopy (SEM)

After fixing and washing the EVs in PBS, consisting of 2%
paraformaldehyde and 2.5% glutaraldehyde, the samples were
air-dried and gold-coated with using a sputter coating system
(KYKY Technology, China), based on physical vapor depo-
sition. Finally, the samples were evaluated in a SEM system
(KYKY Technology, China) [19].

Measurement of EV size via dynamic light scattering
(DLS) and zeta potential measurements

The size distribution and diameter of the isolated EVs, which
were resuspended in a sucrose solution, were determined
using DLS in a particle size analyzer (Nano-ZS, ZEN3600,
Malvern Instruments, UK). The L. casei-derived EVs were
prepared via sonication at 35 kHz for 3 min in a Bandelin
ultrasonic bath. The zeta potential of EVs in 3% sucrose so-
lution was evaluated using the Malvern Zetasizer (Nano
ZEN3600, Malvern Instrument, Malvern, UK) [20].
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Zeta potential measurements

A zeta potential analyzer (Nano-ZS, ZEN3600, Malvern
Instruments, UK) was used to determine the zeta potential of
EVs in 3% sucrose solution [20].

Cell culture and EV treatment

The human colon carcinoma cell line, IBRC C10094 Caco-2,
was provided by the Biological Resource Center (Tehran,
Iran). It was then cultured in DMEM/high glucose medium
(Gibco, USA), which was supplemented with 1% penicillin/
streptomycin (Gibco, USA) and 10% fetal bovine serum
(FBS, Gibco, USA) at 37 °C in a 5% CO, atmosphere [21].
The confluent cells were harvested and seeded into the wells
of six-well plates. EVs (100 and 150 pug/mL), L. casei with a
multiplicity of infection (MOI) of ~100:1 (100 bacteria:cells)
[22], and control samples including sucrose and PBS were
added to each well, followed by overnight incubation until
further assays.

RNA extraction and cDNA preparation

The RNX-Plus kit (CinnaGen Co., Tehran, Iran) was used to
extract total RNA from studied samples, according to manu-
facturer’s protocols. The quality and quantity of extracted
RNA was evaluated by using electrophoresis on 1% agaros
gel and spectrophotometery (NanoDrop 2000, Thermo Fisher
Scientific, USA), respectively. For reverse-transcribing RNA
to cDNA, oligo (dT) primers were used in a RevertAid first-
strand cDNA synthesis kit (Thermo Scientific, USA) in accor-
dance with the manufacturer’s protocols.

Gene expression analysis

In order to characterize the effect of L. casei and its EVs on the
expression level of 7LR9 gene and the housekeeping gene,
GAPDH, quantitative reverse transcription-PCR (qRT-PCR)
was carried out in a LightCycler® 96 SW 1.1 system
(Roche, Germany). The reaction mixture contained 1 pL of
DNA template (50 ng), 8 uL of nuclease-free water, 10 pL of
SYBR Green PCR Master Mix (Takara, Japan), and 0.5 uL of
each primer (10 pmoL). Specific primers for 7LR9 gene were
applied to amplify TLR9 and GAPDH genes, based on the
gRT-PCR assay. The used primers and their sequences were
as follows: TLR9 gene (F, 5’-CTGCCACATGACCATCGAG
and R, 5’GGACAGGGATATGAGGGATTTGG) and
GAPDH gene (F, 5’-GGAGCGAGATCCCTCCAAAAT and
R, 5" GGCTGTTGTCATACTTCTCATGG) [23, 24]. The
gPCR thermal cycling was first incubation at 95 °C for 60 s,
followed by 40 cycles of including 95 °C for 5 s, 55 °C
(annealing) for 30 s, 72 °C for 30 s, and melting curve was
drawn by gradual increasing of temperature from 55 to 95 °C.

To draw the standard curve and calculating the amplification
efficiency, a 10-fold serial dilution was prepared from tem-
plate cDNA, so that the 6th sample had concentration of 10°.

Each sample was run in triplicate to ensure the reliability of
the results. Also, a non-template control (NTC) was included
in each run. Gene expression was normalized to GAPDH
transcript in each sample, and fold changs was calculated
using the 272" method [25].

ELISA assay

After 24 h of incubating the cells with L. casei and its EVs, the
supernatants were stored at —80 °C. Cytokine production
(IFN,, TNF-«, GM-CSF, IL-1«, IL-1f3, IL-2, IL-4, IL-6, IL-
8, IL-12, IL-17A, and IL-10) was analyzed using an ELISA
kit (Multi-Analyte ELISArray Kit; Qiagen, Germany). The
Multi-Analyte ELISArray Kit allows us to obtain relative
qualitative profiling results from the samples. The levels of
12 cytokines in the samples were determined by comparing
their optical densities. All analyses were performed in
duplicate.

Data analysis

For comparisons between the test and control groups, inde-
pendent sample t test and one- way ANOVA was performed in
GraphPad Prism 7.04 (GraphPad, La Jolla, CA, USA). The
significance levels were set as follows: *P < 0.05, **P < 0.01,
and ***P < 0.001.

Results
Characteristics of L. casei-derived EVs

L. casei produced EVs in the MRS broth. SEM was used to
determine the morphology and size of EVs. Based on the
findings, the spherical EVs diameter ranged from 100 nm to
200 nm (Fig. 1). Mean dimension of EVs was 140.7
20.3 nm.

SDS-PAGE assay

The SDS-PAGE assay on 12% gel was applied to determine
the protein patterns. The protein content was measured to be
2.4 mg/mL. Also, the EVs protein bands were in the range of
10-180 kD, based on this technique (Fig. 2).

Physical characterization of L. casei-derived EVs
and zeta potential measurements

EVs from L. casei cultures were studied using dynamic light
scattering (DLS) to determine the approximate size of the
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Fig. 1 L. case-derived EVs with
an average diameter of 100—
200 nm (magnification, x20 K)
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vesicles. DLS revealed two populations of approximately
227.3 and 38.19 nm from L. casei collected via ultracentrifu-
gation (Fig. 3). In this study, the zeta potential of the isolated
EVs was determined. Based on the findings, the zeta potential
measurements were negative. The zeta potential of EVs, ex-
tracted via ultracentrifugation, was —0.5 mV, as shown in
Fig. 4.

TLR9 gene expression

The effects of L. casei and its EVs on TLRY gene expres-
sion in the human Caco-2 cell line were investigated using
the qRT-PCR assay. L. casei slightly increased the gene
expression in comparison with the control group (PBS)
(Fig. 5a). The cell line was treated with L. casei-derived
EVs at two concentrations of 100 and 150 pg/mL. The
mRNA level of TLR9 gene significantly decreased at both
concentrations of EVs (Fig. 5b).

Cytokine profiles

In order to investigate the effects of L. casei and its EVs on
cytokine profile in the Caco-2 cell line, the Multi-Analyte
ELISArray Kit was used. After overnight stimulation of the
cell line with L. casei, the levels of IL-10, IFN,,, and GM-CSF
cytokines increased significantly, whereas the concentrations
of IL-17a and IL-2 decreased. However, the level of other
cytokines did not change significantly (Fig. 6a).

The levels of IL-10 and IL-4 significantly increased by
using 100 and 150 pg/mL of EVs (Fig. 6b, c). On the other
hand, the level of IFN,, decreased at both concentrations of
EVs. Following treatment with EVs at 100 pg/mL, the levels
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of IL-6 and GM-CSF slightly increased; however, other cyto-
kines did not change significantly. On the other hand, insig-
nificant changes occurred in the levels of IL-1b and IL-2 fol-
lowing treatment with EVs at 150 pug/mL.

Discussion

No study has yet evaluated the characteristics of EVs,
which are derived from L. casei and trigger innate inflam-
matory responses so this experimental study aimed to de-
termine the physicochemical characteristics of EVs derived
from L. casei, and to compare the effects of L. casei and its
EVs on TLRY gene expression and cytokine profile in the
Caco-2 cell line.

Based on the findings, L. casei could secrete EVs with
specific properties. L. casei-derived EVs, which were iso-
lated via ultracentrifugation, indicated two peaks. The re-
sults showed the nanoscale size of L. casei EVs, as 90% of
particles exhibited an average size below 400 nm. This
method is considered suitable for studying particle size in
suspensions and calculating the differential size distribu-
tion of EV populations. Differences in the average size of
L. casei-derived EVs may suggest the potential cargo-
sorting effect of molecules, resulting in the nano-structure
of EVs. The results of DLS analysis were confirmed via
electron microscopy.

In order to determine the stability of EVs in terms of ag-
gregation, flocculation, or dispersion, the zeta potential of
nanoparticles was measured. EVs, extracted via ultracentrifu-
gation, were negatively charged, based on the zeta potential
measurements. The zeta potential in this study resembled that
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Fig. 2 Protein profiles of L. casei-derived EVs (EVs were isolated from
the supernatant via ultracentrifugation)

of EVsreported by Dean et al. [26]. The small zeta potential of
EVs represents their instability in solutions and indicates the
need for caution in storing and handling EVs at temperatures
other than —80 °C.

In addition, TLR9 gene was evaluated in this experimen-
tal study. Generally, TLRs contribute to immune responses,
and L. casei is known to affect the immune system and
homeostasis [12]. Evidence suggests that administration
of L. casei (CRL 431) increases the expression of 7LR9
genes and improves TNF-«, IFN-,, and IL-10 production
[27]. In addition, maintenance of intestinal homeostasis is
dependent on TLR signaling [28]. Therefore, identification

Size {d.nm)

Fig. 3 Physicochemical characteristics of L. casei-derived EVs based on
DLS. Size distribution is determined based on the intensity of EVs in the
ultracentrifugation technique. The DLS histogram indicates the bimodal
distribution of nanovesicles

of compounds released by bacteria and their receptors is
very important.

TLR signaling is involved in the proliferation and dif-
ferentiation of intestinal epithelial cells and can induce the
production of inflammatory and anti-inflammatory cyto-
kines. In this study, it was shown that bacteria can stim-
ulate 7LR9 genes, while TLR9 mRNA level decreased
significantly by L. casei-derived EVs. A remarkable find-
ing of this experiment was that EVs might contain cargos,
which reduce the expression of this gene. EVs at a con-
centration of 150 pg/mL showed the greatest reducing
effect on TLRY gene expression versus L. casei and EVs
at 100 pg/mL. Considering the importance of appropriate
immune responses, our findings revealed a new mecha-
nism regulating 7LR9 expression by L. casei through
EVs.

GI bacteria, such as L. casei, can mediate cytokine secre-
tion. Chiba et al. found that L. casei, as an important probiotic,
can induce a high concentration of IL-12 and stimulate the
immune system. It was also found that L. casei could have
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Fig. 4 The zeta potential measurements of EVs extracted via
ultracentrifugation
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Fig. 5 The qRT-PCR analysis of L. casei and its EVs regarding 7LR9
gene expression. A) The cells were serum-deprived and treated with
L. casei (MOI~100:1) or PBS overnight. B) Under similar conditions,

the other group of cells was treated with L. casei-derived EVs (100 and
150 pg/mL) or sucrose overnight. *P < 0.05 was statistically significant

modulating effects on the immune system by inhibiting IL-17
production [29]. Wang et al. demonstrated that probiotic
L. casei Zhang reduces pro-inflammatory cytokine production
and hepatic inflammation in a rat model of acute liver failure
[30]. Nunez et al. showed that L. casei CRL 431 administra-
tion decreases inflammatory cytokines in mouse model [31].
The present results showed that L. casei and its EVs could
alter the cytokine profile in the Caco-2 cell line. Also, the
effect of L. casei on IL-10 and IFN,, production was particu-
larly significant in the Caco-2 cell line. Overall, the main
characteristic of L. casei is to induce the production of IL-10
and IFN,,. It is known that IL-10 and IFN,, production is an
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important immunoregulatory effect of probiotics. Therefore,
L. casei can be characterized as a probiotic with an immuno-
regulatory potential via reduction of IL-17a and induction of
IL-10 and IFN,, production.

Ahmadi Badi S et al. demonstrated that outer mem-
brane vesicles (OMVs) of Bacteroides fragilis, had stim-
ulatory effect on anti-inflammatory cytokines (IL-4 and
IL-10) while it decreased IFN, concentration as a pro-
inflammatory cytokine in Caco-2 cell line [32]. Shen Y
et al. showed that OMVs of a human commensal mediate
immune regulation and disease protection [33]. Maerz J.K
et al. proved that OMVs blebbing contributes to
B. vulgatus mpk-mediated immune response silencing
[34]. Fabrega MJ et al. showed anti-inflammatory
Effects of OMVs from Escherichia coli Nissle 1917 in
DSS-Experimental Colitis in Mice [35]. Kang C.-S et al.
showed that EVs derived from gut microbiota, especially
Akkermansia muciniphila, protect the progression of dex-
tran sulfate sodium-induced colitis [36]. Seo M.K et al.
showed Therapeutic effects of kefir grain Lactobacillus
derived EVs in mice with 2,4,6-trinitrobenzene sulfonic
acid-induced inflammatory bowel disease [37]. Al-
Nedawi K et al. showed that Lactobacillus rhamnosus
increase the gut DC content and enhanced IL-10 secretion
[38]. Kim JH proved that EVs derived protein from
Bifidobacterium longum alleviates food allergy through
mast cell suppression [18]. Aghasadeghi MR et al.
showed that OMVs of Neisseria meningitidis serogroup
B induce strongly Thl-oriented responses [39].

In this study, the Caco-2 cell line, treated with EVs, showed
significant upregulation of IL-4 and IL-10. On the other hand,
the level of IFN,, as the main proinflammatory cytokine se-
creted by Th1 cells, significantly decreased by EVs. It can be
concluded that EVs exert beneficial effects by increasing the
production of IL-4 and IL-10 and decreasing the production of
IFN,,. Overall, EVs seem to be more effective in modulating
immune responses, compared to L. casei. In the present study,
after extracting and evaluating the physicochemical character-
istics of L. casei-derived EVs, their effects on TLR9 gene ex-
pression, as well as proinflammatory and anti-inflammatory
cytokines, were evaluated. Based on the present findings,
EVs may be proper suitable for modulation of inflammatory
responses. It is speculated that EVs carry a small amount of
microorganism cargo. For this reason, it has been more effec-
tive in modulating the immune system than the bacteria
themselves.

We believe that this is the first study reporting the ef-
fects of L.casei derived EVs on TLR9 gene expression, as
well as the concentration of IFN,,, IL-10 and IL-4 on Caco-
2 cell line. Interestingly, L.casei derived EVs had stimula-
tory effect on anti-inflammatory cytokines (IL-4 and IL-
10) while it decreased IFN, concentration as a pro-
inflammatory cytokine.
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Fig. 6 The ELISA assay of L. casei and its EVs regarding the cytokine
profile. A) The cells were serum-deprived and treated with either L. casei
at a MOI ~ 100:1 or PBS overnight. B) Under similar conditions, the
other group was treated with L. casei-derived EVs (100 pg/mL) or

Given the protein diversity of EVs, it is suggested that
further studies of the exact protein composition of this nano-
structure should be determined. The small zeta potential indi-
cates the instability of vesicles in solution. Therefore, the ex-
tracted EVs require storage at —80 °C and further studies on
stability should be carried out on the stability of EVs.

Contrary to the roles described for the application of EVs in
numerous articles, however, the production pathway and mech-
anism of regulation and selection of materials within EVs and
what factors are involved in the production and secretion of
these nanostructures not fully understood. Successful separation
and purification and proper production of these nanostructures

sucrose overnight. C) Under similar conditions, the final group of cells
was treated with either L. casei-derived EVs (150 pg/mL) or sucrose. *P
<0.05 and **P <0.01 were considered statistically significant. All anal-
yses were performed in duplicate

and other signals which regulate the pathway for the production
or biogenesis of EVs is a critical step for further analysis.
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