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Abstract: Kefir has been associated with beneficial effects on its host’s health. The previous works
examining the impact of kefir on the immune system focused on milk kefir or the exopolysaccharides
and bacterial strains derived from it, while water kefir has not been evaluated. Furthermore, studies
have focused on kefir’s ability to modulate immune system hemostasis and exert anti-inflammatory
effects, while its specific action on antiviral immunity has not been investigated. Thus, the aim of
this work was to examine the potential immunomodulatory effects of water kefir on the intestinal
innate antiviral immunity mediated by Toll-like receptor-3 (TLR3). Adult BALB/c mice fed water
kefir ad libitum, diluted 1:5, 1:10, or 1:20 in the drinking water, for 6 consecutive days. On day 7,
the treated groups and the untreated control mice received an intraperitoneal injection of the TLR3
agonist poly(I:C). Two days after the TLR3 activation, the intestinal damage and the innate immune
response were studied. The intraperitoneal administration of poly(I:C) induced inflammatory-
mediated intestinal tissue damage, characterized by the upregulation of interferons (IFNs), pro-
inflammatory mediators (TNF-«, IL-15, IL-6), and factors involved in epithelial destruction (RAE-1
and NKG2D). The histological analysis of small intestinal samples showed that mice receiving water
kefir 1:5 exhibited reduced edema and a lower inflammatory cell infiltration. Kefir-treated mice
had significantly lower levels of serum LDH, AST, and ALT as well as intestinal TNF-«, IL-15, IL-6,
RAE-1, and NKG2D. This group also showed higher concentrations of intestinal IFN-f, IFN-y, and
IL-10. The treatment with 1:10 of water kefir reduced intestinal damage and modulated cytokines but
its effect was significantly lower than the 1:5 treatment, while the water kefir 1:20 did not modify
the parameters evaluated compared to control mice. The results indicate that water kefir exerts its
immunomodulatory effects in a dose-dependent manner. The in vivo studies allow us to speculate
that water kefir can induce two beneficial effects on the intestinal TLR3-mediated immune response:
the enhancement of antiviral defenses and the protection against the inflammatory-mediated tissue
damage. These protective effects of water kefir require further exploration to understand how water
kefir, or its specific molecules/strains, can influence the immune response and to determine the extent
of its protection against a real viral challenge.
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1. Introduction

The pattern recognition receptors (PRRs) expressed in the intestinal mucosa, such as
Toll-like receptors (TLRs), can recognize different microbial antigens inducing the activation
of innate immunity that is essential for the protection of the host [1]. Among PRRs,
TLR3 specifically recognizes genomic double-stranded RNA (dsRNA) from viruses or
dsRNA synthesized during viral replication. Studies using purified genomic dsRNA, the
synthetic dsRNA analog polyinosinic:polycytidylic acid [poly(I:C)] and TLR3 knockout
mice have highlighted the crucial role of this receptor in intestinal antiviral immunity [2,3].
TLRS3 activation in the gut occurs in response to viral challenges, enabling cells to detect
viruses and develop resistance. Gut TLR3 has been shown to exert both beneficial and
detrimental effects. On the one hand, the induction of interferons (IFNs), cytokines, and
chemokines production by TLR3 activation enhances antiviral mechanisms and coordinates
immune responses that help to eliminate the virus and infected cells [1]. On the other
hand, it was shown that both poly(I:C) and purified rotavirus dsRNA can cause severe
mucosal damage in the gut via TLR3-dependent pathways, which involve the injury of the
intestinal epithelium through the interaction of the retinoic acid early inducible-1 (RAE-1),
expressed on intestinal epithelial cells (IECs), with the NKG2D receptor, expressed on
intestinal intraepithelial lymphocytes (IELs) [2,3]. Then, an efficient modulation of TLR3-
mediated immunity is important to protect the host against virus without damaging the
intestinal mucosa.

Probiotics have seen a significant increase in use in the food industry and consumers
over the past few decades [4,5]. This is due to the wide range of beneficial properties
they have, including their capacity to increase the resistance to infections. In fact, several
research works described the ability of certain probiotic strains to modulate host defenses
and improve the resistance to viral infections (reviewed in [6,7]). In this sense, we have
reported that the immunomodulatory probiotic strains Lacticaseibacillus rhamnosus CRL1505,
Lactiplantibacillus plantarum CRL1506, and Lactobacillus delbrueckii TUA4408L modulate the
intestinal innate antiviral immune response increasing protection against gastrointestinal
viruses [8-11]. We showed that these strains are capable of modulating the innate immune
response triggered by the activation of TLR3 in the gut, enhancing the production of IFNs
(IFN-c, IFN-B, and IFN-y) and antiviral factors, and at the same time beneficially regulating
the balance of proinflammatory (TNF-c, IL-1§3, and IL-6), regulatory cytokines (IL-10 and
IL-27) and intestinal RAE-1/NKG2D expressions. The influence of the probiotic strains on
the response to TLR3 signaling activation is translated into a more efficient elimination of
viruses by IECs as well as in the protection of the intestinal tissue against the inflammatory
damage mediated by IELs [8,10,11].

Kefir is a microbial symbiont mixture that produces jelly-like grains as it grows. It
contains both lactic acid bacteria (LAB) (Lactobacillus, Lactococcus, Leuconostoc, Acetobacter,
and Streptococcus spp.) and yeasts (Kluyveromyces, Torula, Candida, and Saccharomyces spp.),
which are surrounded by a polysaccharide matrix called kefiran [12,13]. Kefir can be
classified into two main types: dairy kefir, made from milk, and non-dairy kefir, which
is prepared with water and sucrose, honey, or sugar cane. Kefir is fermented using either
commercial lyophilized starter cultures, traditional kefir grains, or the remaining product
after kefir grains are removed [12,13]. Comparative studies of milk kefir and water kefir
described differences in microbiological, dry matter, protein, ash, and mineral contents, as
well as differences in the intrinsic structures of the grains as revealed by scanning electron
microscopy [14]. In addition, the microbial and chemical composition of water kefir appears
to be dependent on the geographical origin of the grains and the fermentation substrate
and conditions [12]. Traditionally, water kefir is produced on a small scale, and it is not
common to use defined starter cultures in its preparation. However, as water kefir increases
in popularity as a healthy beverage, it is important to gain insight into its composition and
define its health-beneficial properties.

The regular consumption of kefir is linked to several health benefits such as improved
lactose digestion and tolerance, antibacterial, hypocholesterolemic, and anti-hypertensive



Microbiol. Res. 2024, 15

1241

effects, as well as antioxidant, anti-carcinogenic, and immunomodulatory activities [15-17].
Kefir, specific LAB strains isolated from kefir, and kefiran have been reported to possess
immunomodulatory effects. It was shown that the feeding of mice with milk kefir increased
levels of IL-4, IL-6, and IL-10 in the lamina propria of the small intestine, as well as the
concentrations of IgA [18]. Similarly, feeding milk kefir to rats with metabolic syndromes
reduced the expression of IL-1f3 and increased IL-10 in adipose tissue [19]. The oral
administration of the exopolysaccharide produced by Lactobacillus kefiranofaciens, a strain
isolated from kefir, increased the numbers of IgA*, IL-6%, and IL-10* cells in the small
and large intestine lamina propria [20]. In line with this report, it was shown that kefiran
diminished the expression of IL-13 and TNF-«, as well as nuclear factor kappa B (NF-kB)
activation in monocytes and was able to reduce and enhance the levels of IL-1 and IL-10,
respectively, in dendritic cells (DCs) [21]. The administration of Lentilactobacillus kefiri
CIDCA 8348 to mice increased IgA in feces, reduced expression of the proinflammatory
mediators IFN-y, GM-CSFE and IL-1§3 in Peyer’s patches, and increased intestinal IL-10 [22].
More recently, the effect of kefir milk and the strain Lacticaseibacillus paracasei Z2, isolated
from kefir grains, on the immune response was comparatively evaluated in mice [23]. The
work demonstrated that both treatments were able to significantly increase intestinal mucin
gene (muc-1 and muc-2) expressions, as well as intestinal IgA production, being the isolated
strain more efficient than kefir to induce the immunomodulatory effects.

These previous works examining the impact of kefir on the immune system focused
on milk kefir or the exopolysaccharides and LAB strains derived from it, while water kefir
has not been evaluated. Furthermore, studies have focused on kefir’s ability to modulate
immune system hemostasis and exert anti-inflammatory effects, while its specific action on
antiviral immunity has not been investigated. Thus, the aim of this work was to examine
the potential immunomodulatory effects of water kefir on the intestinal innate antiviral
immunity. For this purpose, mice were fed water kefir in different dilutions and then
challenged with an intraperitoneal injection of the TLR3 agonist poly(I:C). The intestinal
innate antiviral immune response and the gut damage were evaluated.

2. Materials and Methods
2.1. Water Kefir Elaboration

Water kefir was produced by adding kefir grains and mascabo sugar in sterile water
5% w/v, with the addition of raisins. The fermentation was performed at room temperature
for 24 h in plastic bottles covered with canvas scrap adjusted with a rubber band. The end
of fermentation was established by measuring pH. After 24 h, acidification dropped two
pH points compared to the initial value (pH = 6.5-6.0). Then, the grains were recovered by
sieving, conserved in a plastic recipient and stored at 4 °C for the next fermentations. The
filtered liquid was collected in glass bottles for further dilutions and determinations. Once
the bottles were collected, they were closed hermetically and stored in the refrigerator at
4 °C until use.

2.2. Animals, Feeding Procedures, and Administration of Poly(I:C)

Male 5-week-old BALB/c mice were obtained from the closed colony kept at the animal
facilities of the Reference Center for Lactobacilli (CERELA-CONICET, Tucuman, Argentina).
Animals were housed in plastic cages in a controlled atmosphere (22 & 2 °C temperature,
55 + 2% humidity) with a 12 h light/dark cycle. All experiments were carried out in compli-
ance with the Guide for Care and Use of Laboratory Animals and approved by the Ethical
Committee of Animal Care at CERELA, Argentina (protocol number BIOT-CRL/14).

Mice were allocated randomly to groups and each group consisted of 5 animals.
Mice were fed water kefir ad libitum, diluted 1:5, 1:10, or 1:20 in the drinking water, for
6 consecutive days. Mice without water kefir treatment were used as controls. The treated
groups and the untreated control mice were fed a conventional balanced diet ad libitum.
On day 7, mice were injected intraperitoneally with 100 uL of PBS containing 30 pg of
poly(I:C) (high molecular weight polyinosine-polycytidylic acid, InvivoGene, San Diego,
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CA, USA) according to our previous publications [8,10]. This route and dose of poly(I:C)
administration induce TLR3-mediated intestinal inflammation and damage [8,10]. Two
days after the activation of TLR3 by poly(I:C) administration, mice were anaesthetized to
obtain samples of blood and small intestine. Blood samples were obtained from the cardiac
puncture. Intestinal tissue and fluid were obtained as described before [8]. Briefly, the
small intestine was flushed with 5 mL of PBS and the fluid was centrifuged (10,000x g,
4 °C 10 min) to separate particulate material. The supernatant was kept frozen at —80 °C
until use.

2.3. Histological Studies of Small Intestine Injury

Small intestines were removed and processed for paraffin inclusion following the
Sainte-Marie technique as previously described [8]. Serial paraffin sections (4 pm) were
stained with hematoxylin-eosin followed by light microscopy examination. The analysis
was performed blindly in 10-12 fields of vision for each sample. Photomicrographs were
captured and the images were then cropped and corrected for brightness and contrast, but
otherwise were not manipulated. The presence and extent of the edema, inflammatory
infiltration, and mucosal erosion were evaluated according to previous publications [8].

2.4. Serum Enzymes Activities

Blood samples obtained by cardiac puncture were collected in tubes without the use of
anticoagulants to obtain serum. Lactate dehydrogenase (LDH), alanine transaminase (ALT),
and aspartate transaminase (AST) activities were determined in the serum to evaluate
general and hepatic toxicity, according to our previous publications [8], by measuring the
formation of the reduced form of nicotinamide adenine dinucleotide (NAD) using the
Wiener reagents and procedures (Wiener Lab, Buenos Aires, Argentina). LDH, ALT, and
AST activities were expressed as units per liter of serum.

2.5. Intestinal and Serum Cytokines

Cytokine concentrations in serum and intestinal fluid samples were measured with
commercially available enzyme-linked immunosorbent assay (ELISA) technique kits fol-
lowing the manufacturer’s recommendations (R&D Systems, Minnneapolis, MN, USA).
IFN-f3 (Mouse IFN-beta ELISA Kit, sensitivity: 15.5 pg/mL), IFN-y (Mouse IFN-gamma
Quantikine ELISA Kit, sensitivity: 2 pg/mL), IL-6 (Mouse IL-6 Quantikine ELISA Kit, sensi-
tivity: 1.8 pg/mL), IL-10 (Mouse IL-10 Quantikine ELISA Kit, sensitivity: 5.2 pg/mL), IL-15
(Mouse IL-15 DuoSet ELISA kit, sensitivity: 0.125 ng/mL), and TNF-« (Mouse TNF-alpha
ELISA Kit—Quantikine, sensitivity: 7.21 pg/mL) were used.

2.6. Quantitative Expression Analysis by Real-Time PCR

Two-step real-time quantitative PCR was performed to characterize the expression
of TLR3, RIG-I, RAE-1, and NKG2D in intestinal samples following the methodology
previously described [8]. Briefly, total RNA was isolated from small intestinal tissue
samples using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNA was synthesized
with a Quantitect reverse transcription (RT) kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s recommendations. Real-time quantitative PCR was carried out with a 7300
real-time PCR system (Applied Biosystems, Warrington, UK) and the Platinum SYBR green
gqPCR SuperMix (Invitrogen). The primers and the PCR cycling conditions were described
previously [8]. The expression of 3-actin was used to normalize cDNA levels for differences
in total cDNA levels in the samples. Results are shown as relative index related to the
expression of factors in basal conditions set as 1.

2.7. Statistical Analysis

The experiments were conducted in 5 mice per group (n = 5 for each assessed param-
eter). The data were presented as mean =+ standard deviation (SD). After verification of
the normal distribution of data, a two-way ANOVA was used. Tukey’s test (for pairwise
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comparisons of the means) was used to test for differences between the groups, with
significance set at p < 0.05 or p < 0.01.

3. Results
3.1. Water Kefir Reduces Poly(I:C)-Induced Damage

The potential protective effect of water kefir on TLR3-induced damage was first
evaluated by measuring the percentage of body weight loss and the biochemical markers
LDH, ALT, and AST in serum samples. Poly(I:C) challenge induced a 10 &+ 2% of body
weight loss in the control group while animals fed water kefir showed values of 3 £+ 1,
4 £ 1, and 7 £ 2% for 1:5, 1:10, and 1:20 dilutions, respectively. Healthy mice without
inflammatory challenges had values of LDH, ALT, and AST of approximately 400, 30,
and 40 UI/L, respectively. Water kefir administration did not modify the levels of serum
LDH, ALT, and AST in basal conditions. The intraperitoneal administration of poly(I:C)
significantly increased the levels of serum LDH, ALT, and AST in the four experimental
groups compared to basal levels (Figure 1).
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Figure 1. Effect of water kefir on serum biochemical markers. Mice were fed water kefir in different
dilutions (1:5, 1:10 and 1:20) for 6 days and challenged on day 7 with an intraperitoneal injection of
the viral pathogen-associated molecular pattern poly(I:C). Mice without water kefir treatment and
challenged with poly(I:C) were used as control. The activities of serum enzymes alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) were determined
2 days after TLR3 activation. The dotted lines indicate the parameter values under basal condi-
tions. The results are expressed as mean =+ SD. Significant differences were shown compared to the
poly(I:C)-treated control group at p < 0.05 (*) or p < 0.01 (**). Significant differences were shown
between the indicated groups at p < 0.05 (1).

However, mice receiving water kefir has significantly lower serum AST than poly(I:C)
controls. Of note, the activities of serum LDH and ALT were lower than controls only in
mice treated with water kefir diluted in 1:5 and 1:10 (Figure 1). Serum LDH was also lower
in water kefir 1:20 than controls. For all the serum enzymes, the lowest values of activities
were found in mice treated with water kefir 1:5 while the highest were found in the water
kefir 1:20 group, suggesting a dose-dependent effect.

Histopathological analysis of small intestinal tissue samples was also performed to
corroborate the protective effect of water kefir against TLR3-induced damage (Figure 2).
Control mice showed intestinal histological alterations characterized mainly by edema,
inflammatory infiltration, and mild mucosal erosion. Water kefir treatment significantly
reduced intestinal damage (Figure 2). The effect was more notorious in mice receiving
water kefir diluted in 1:5, which showed significantly lower edema and inflammatory
infiltration. In contrast, the water kefir 1:20 group had slight improvements compared to
the control group.
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Figure 2. Effect of water kefir on intestinal damage. Mice were fed water kefir in different dilutions
(1:5, 1:10 and 1:20) for 6 days and challenged on day 7 with an intraperitoneal injection of the
viral pathogen-associated molecular pattern poly(I:C). Mice without water kefir treatment and
challenged with poly(I:C) were used as control. The histopathological analysis of small intestine
was performed 2 days after TLR3 activation. Hematoxylin-eosin stain of histological slices of small
intestine, micrographs at 10x and 40 x are shown. E: edema, I: inflammatory infiltration.

3.2. Water Kefir Differentially Modulates Cytokine Response to Poly(I:C)

We and others reported previously that the intraperitoneal administration of poly(I:C)
induces changes in intestinal and serum cytokines characterized by alterations in the
levels of type I IFNs, inflammatory cytokines, and chemokines, as well as in regulatory
cytokines [2,3,8,10,24]. Among the cytokines differentially regulated by poly(I:C) are IFN-f3,
IFN-y, TNF-«, IL-15, IL-6, and IL-10. Thus, we next assessed the effect of water kefir
administration on the levels of these six cytokines in intestinal fluid samples before and
after the activation of TLR3. The study of intestinal cytokines in basal conditions before
the challenge with poly(I:C) showed that water kefir did not modify the levels of TNF-c,
IL-15, IL-6, or IL-10 for all the dilutions evaluated. It was observed slight but significant
increases in the levels of IFN-f3 and IFN-y when mice treated with water kefir 1:5 and the
control group were compared: 91.4 & 2.3 (control) vs. 145.6 £ 3.4 pg/mL (water kefir 1:5)
for IFN-3, and 47.5 £ 2.1 (control) vs. 71.8 = 4.5 pg/mL (water kefir 1:5) for IFN-y.

Poly(I:C) administration significantly increased the levels of the proinflammatory
factors TNF-«, IL-15, and IL-6 as well as IFN-f and IFN-y in the intestine of all the
experimental groups (Figure 3). However, the levels of IFN-f3 and IFN-y were higher while
concentration of the proinflammatory cytokines were lower in mice treated with water kefir
1:5 than poly(I:C) controls. In addition, animals receiving water kefir 1:5 had significantly
higher levels of intestinal IL-10 than controls (Figure 3). The administration of water kefir
1:10 increased intestinal IFN-f3 and IL-10 and reduced TNF-«, IL-15, and IL-6 although the
concentrations of these factors did not reach the levels found in water kefir 1:5. Of note,
water kefir 1:20 only reduced the levels of intestinal TNF-« (Figure 3).

We also evaluated the levels of the same six immunological factors in serum samples.
Before the challenge with poly(I:C), none of the doses of water kefir studied induced
changes in the levels of the cytokines evaluated. Enhanced concentrations of serum IFN-f3,
IFN-vy, TNF-«, IL-15, IL-6, and IL-10 were found in all the experimental groups after the
challenge with poly(I:C) in comparison with basal conditions (Figure 4). Like the results
described for intestinal cytokines, in mice treated with water kefir 1:5 the levels of TNF-«,
IL-15, and IL-6 were lower and the concentrations of IL-10 and IFN-f3 were higher than
control mice (Figure 4). Of note, water kefir 1:5 did not increase serum IFN-y levels as it did
in the intestine. The administration of water kefir 1:10 increased serum IFN-3 and IL-10
and reduced TNF-«, IL-15, and IL-6 although the concentrations of these factors did not
reach the levels found in water kefir 1:5. On the other hand, water kefir 1:20 only reduced
the levels of serum TNF-« (Figure 4).
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Figure 3. Effect of water kefir on intestinal cytokines. Mice were fed water kefir in different dilutions
(1:5, 1:10, and 1:20) for 6 days and challenged on day 7 with an intraperitoneal injection of the viral
pathogen-associated molecular pattern poly(I:C). Mice without water kefir treatment and challenged
with poly(I:C) were used as control. The concentration of intestinal IFN-3, IFN-y, TNF-c, IL-15, IL-6,
and IL-10 were determined 2 days after TLR3 activation. The dotted lines indicate the parameter
values under basal conditions. The results are expressed as mean =+ SD. Significant differences were

shown compared to the poly(I:C)-treated control group at p < 0.05 (*) or p < 0.01 (**). Significant
differences were shown between the indicated groups at p < 0.05 ().
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Figure 4. Effect of water kefir on serum cytokines. Mice were fed water kefir in different dilutions
(1:5, 1:10, and 1:20) for 6 days and challenged on day 7 with an intraperitoneal injection of the viral
pathogen-associated molecular pattern poly(I:C). Mice without water kefir treatment and challenged
with poly(I:C) were used as control. The concentration of serum IFN-(3, IFN-y, TNF-«, IL-15, IL-6,
and IL-10 were determined 2 days after TLR3 activation. The dotted lines indicate the parameter
values under basal conditions. The results are expressed as mean + SD. Significant differences were
shown compared to the poly(I:C)-treated control group at p < 0.05 (*) or p < 0.01 (**). Significant
differences were shown between the indicated groups at p < 0.05 ().
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Finally, we evaluated the expression of the antiviral factors RNAseL, Mx1, the PRRs
TLR3, and RIG-I, as well as the factors RAE-1 and NKG2D that are involved in the interac-
tion of IECs and IELs, in the intestine of mice. For these experiments, we selected water
kefir 1:5. As shown in Figure 5, the challenge with poly(I:C) increased the expression of
the six factors evaluated compared to basal levels in both experimental groups. However,
the levels of RNAseL and Mx1 were higher in water kefir-treated mice than in controls. In
addition, expression levels of TLR3, RAE-1, and NKG2D were significantly lower in mice
treated with water kefir 1:5 than controls (Figure 5). No differences were found between
the two groups when RIG-I was analyzed.
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Figure 5. Effect of water kefir on intestinal immune factors expression. Mice were fed water kefir
in a dilution of 1:5 for 6 days and challenged on day 7 with an intraperitoneal injection of the viral
pathogen-associated molecular pattern poly(I:C). Mice without water kefir treatment and challenged
with poly(I:C) were used as control. The expressions of RNAseL, Mx1, TLR3, RIG-I, RAE-1, and
NKG2D were determined 2 days after TLR3 activation. The dotted lines indicate the parameter
values under basal conditions. The results are expressed as mean + SD. Significant differences were
shown compared to the poly(I:C)-treated control group at p < 0.05 (*) or p < 0.01 (**).

4. Discussion

The immunomodulatory effects of milk kefir, specific LAB strains isolated from kefir,
and kefiran have been reported previously [19-23]. Those studies demonstrated that milk
kefir has the potential to regulate intestinal immune hemostasis and modulate inflam-
matory responses. In contrast, the immunomodulatory effects of water kefir were not
investigated. The potential beneficial effect of water kefir should be studied considering
that the immunoregulatory activities of milk kefir cannot be automatically extrapolated
to water kefir because of the chemical and microbiological differences between the two
foods [14]. In addition, the influence of kefir on mucosal antiviral immune response was
not investigated before. The present study demonstrated for the first time the immunomod-
ulatory effects of water kefir on the TLR3-mediated intestinal antiviral innate immune
response in a murine model.

Using IEC and DC in vitro cultures as well as a murine model in which TLR3-mediated
intestinal immune response is triggered by the intraperitoneal administration of poly(I:C),
we demonstrated that L. delbrueckii TUA4408L, L. rhamnosus CRL1505, and L. plantarum
CRL1506 differentially modulated the intestinal cytokine profile, conducting to an enhanced
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production of antiviral factors as well as to a protection against tissue damage [8,10,11].
The detailed immunological studies carried out in our previous works allowed us to select
parameters for a rapid and accurate evaluation of the immunomodulatory potential of
foods and LAB strains, including the determination of serum enzymes, the concentration
of intestinal and blood IFN-f3, IFN-y, TNF-«, IL-15, IL-6, and IL-10, and the expression of
RNAseL, Mx1, RAE-1, NKG2D, RIG-I, and TLR3. Using the mice model of TLR3-mediated
intestinal damage and the selected biomarkers, we demonstrated here that water kefir
administration can improve antiviral innate immunity and reduce inflammatory damage
in a dose dependent manner.

(a) Modulation of the intestinal innate antiviral immune response by water kefir. The produc-
tion of IFN-f3 and IFN-vy in response to viral infections in the intestinal mucosa trigger the
expression of several antiviral genes that improve the protective response of epithelial cells
by restricting the replication of the pathogens [25,26]. IFNs also help to coordinate the cel-
lular antiviral response by activating macrophages and T cells that eliminate virus-infected
cells [25,26]. Considering that water kefir, particularly the 1:5 dilution, was able to enhance
the production of IFN-3 and IFN-y in response to TLR3 activation, it is tempting to specu-
late that it could play a protective role in response to an intestinal virus infection. In fact, the
treatment of mice with water kefir 1:5 significantly augmented the expression of RNAseL
and Mx1, antiviral factors involved in the protection of the intestinal mucosa against
viruses such as rotavirus and porcine epidemic diarrhea virus [27]. The 2’-5"-oligoadenylate
synthetase (OAS)-RNAseL pathway is activated by dsRNA viral molecules inducing the
enzyme degrading activities of RNAseL, restricting viral infection [28]. Furthermore, the
products obtained by the RNAseL degradation activities amplify innate immune mech-
anisms through their recognition of the PRRs, RIG-I, and MDAS5. On the other hand,
Mx1, also called MxA, inhibits a wide range of RNA and DNA viruses replicating in the
cytoplasm [29]. In support of the hypothesis that water kefir could be effective in reducing
viral replication in the intestinal epithelium, our previous in vitro studies using porcine
IECs showed that the immunomodulatory bifidobacteria strains differentially regulated
gene expression after poly(I:C) stimulation inducing enhancements of IFNs, Mx1, OAS1,
and RNAseL [30]. The changes induced in IECs by bifidobacteria significantly reduced
rotavirus replication.

Previous transcriptomic studies performed in IECs with immunomodulatory lacto-
bacilli and bifidobacteria strains showed that the mechanism by which antiviral defenses
are upregulated would be mediated by a differential modulation of the negative regulator
of the TLR signaling A20 [8,10,11]. It was shown that the challenge of HT29 cells, which
are human colon epithelial cells, with rotavirus increased the expression of several IFN
inducible genes, including OAS1, Mx1, IL-18, and IITP3 [31]. Of note, the co-stimulation of
HT?29 cells with poly(I:C) and probiotic strains significantly reduced A20 expression levels
and augmented IFNs and antiviral factors [32]. In line with these findings, we observed that
immunomodulatory bacteria can reduce A20 expression in IECs leading to an improved
activation of the interferon regulatory factor 3 (IRF3) and NF-«B signaling pathways, which
increase the expression of not only IFNs, Mx1, and RNAseL, but also several other antiviral
factors, including OASL, Mx2, OAS2, RNAse4, IFIT1, and IFIT3 [10]. Then, further in vitro
studies in IEC cultures are necessary to determine if water kefir has a similar mechanism of
action to improve antiviral defenses. In addition, studying the effect of water kefir on the
response to a real viral intestinal infection, such as that caused by rotavirus, is an important
point for future research.

(b) Modulation of the intestinal TLR3-mediated inflammatory damage by water kefir. The
balance of pro- and anti-inflammatory cytokines in the mucosal tissues during the course
of viral infections has to be tightly regulated to allow an efficient clearance of the pathogen
with minimal tissue damage [33,34]. As described in previous studies [2,3] and here, the
intraperitoneal administration of poly(I:C) induced inflammatory-mediated intestinal tissue
damage in mice, characterized by increased inflammatory cell infiltration, enhancement
of TNF-« and IL-6, and reduction in the immunoregulatory cytokine IL-10. In addition,
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enhanced levels of IL-15, RAE-1, and NKG2D are found in the gut after poly(I:C) challenge,
which are important mediators of TLR3-induced small intestinal injury. IL-15 is produced by
IECs after the abnormal TLR3 activation, and this cytokine participates in epithelial damage
through the recruitment of IELs that eliminate IECs and produce mucosal erosion [2,3]. IL-
15 stimulates the cytotoxic activity of CD3*NK1.1* IELs and makes them more potent killers
of virus-infected IECs [35]. RAE-1, which is a high-affinity ligand for NKG2D, is minimally
detected on the healthy intestinal tissues of mice [36]. However, the TLR3 activation
increases intestinal RAE-1 expression, particularly in IECs, allowing their destruction by
NKG2D-expressing IELs [2,3]. In fact, the obstruction of the RAE-1-NKG2D interaction
significantly reduces the cytotoxic effect of IELs on IECs and diminishes intestinal injury
in mice stimulated with purified rotaviral dsRNA [2,3]. Of note, mice receiving water
kefir 1:5 exhibited significantly reduced intestinal damage after poly(I:C) exposure. Water
kefir-treated mice had attenuated levels of the proinflammatory cytokines TNF-«, IL-15,
and IL-6, and expression of RAE-1 and NKG2D while the levels of IL-10, which is a key anti-
inflammatory cytokine in the gut [33,34], were higher than in the controls. Thus, the changes
in the balance of intestinal TNF-o/IL-10 as well as the IL-15/RAE-1/NKG2D interactions
would be involved in the protection of water kefir against intestinal damage. How water
kefir can induce this differential balance of inflammatory and anti-inflammatory factors
in the context of the TLR3-mediated innate response is a topic that must be investigated
to provide the scientific basis to allow water kefir to be proposed as a modulator of the
intestinal damage induced by viral inflammation.

Another important point for future research is to determine which factors present
in water kefir are responsible for the immunomodulatory effect observed in the context
of TLR3-mediated intestinal immunity, considering that different metabolites including
kefiran, as well as different types of bacteria and yeasts, can be found in this food. It is also
necessary to investigate whether it is a synergistic effect of all the factors. A detailed study
of the concentrations of the metabolic products as well as the microbiological composition
could help to establish not only which components would have the biological effect but
also to elucidate why a dose-dependent effect was observed. Furthermore, it would be
important to establish if this specific composition is related to the immunomodulatory effect
and if it is possible to modulate antiviral intestinal immunity with water kefir obtained
in other regions and in different ways. Metagenomic analysis and studies of chemical
composition of water kefir produced in different conditions or in the same conditions at
different moments coupled with in vivo studies such as the one carried out in this work,
could provide some clues in this regard.

In conclusion, although kefir has been extensively studied for its beneficial effects on
health, no specific scientific research has been conducted so far on its impact in antiviral
immunity. Our in vivo studies allowed us to speculate that water kefir can induce two
beneficial effects on the intestinal TLR3-mediated immune response: the enhancement of
antiviral defenses and the protection against inflammatory-mediated tissue damage. These
protective effects of water kefir require further exploration to understand how water kefir,
or its specific molecules/strains, can influence the immune response, and to determine
the extent of its protection against a real viral challenge. Comparative experiments of
milk kefir and water kefir are also necessary to determine whether the ability to modulate
TLR3-mediated antiviral immunity is an effect achieved only by the latter or not. This work
represents a first step to propose water kefir as a dietary intervention for managing and
preventing gastrointestinal disorders associated with viral infections.
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