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ABSTRACT

The probiotic bacterial strain Enterococcus faecium SF68 has been shown to alleviate symptoms of
intestinal inflammation in human clinical trials and animal feed supplementation studies. To
identify factors involved in immunomodulatory effects on host cells, E. faecium SF68 and other
commensal and clinical Enterococcus isolates were screened using intestinal epithelial cell lines
harboring reporter fusions for NF-kB and JNK(AP-1) activation to determine the responses of host
cell innate immune signaling pathways when challenged with bacterial protein and cell compo-
nents. Cell-free, whole-cell lysates of E. faecium SF68 showed a reversible, inhibitory effect on both
NF-kB and JNK(AP-1) signaling pathway activation in intestinal epithelial cells and abrogated the
response to bacterial and other Toll-like receptor (TLR) ligands. The inhibitory effect was species-
specific, and was not observed for E. avium, E. gallinarum, or E. casseliflavus. Screening of protein
fractions of E. faecium SF68 lysates yielded an active fraction containing a prominent protein
identified as arginine deiminase (ADI). The E. faecium SF68 arcA gene encoding arginine deiminase
was cloned and introduced into E. avium where it conferred the same NF-B inhibitory effects on
intestinal epithelial cells as seen for E. faecium SF68. Our results indicate that the arginine deiminase
of E. faecium SF68 is responsible for inhibition of host cell NF-kB and JNK(AP-1) pathway activation,
and is likely to be responsible for the anti-inflammatory and immunomodulatory effects observed in
prior clinical human and animal trials. The implications for the use of this probiotic strain for
preventive and therapeutic purposes are discussed.
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Introduction . . . . .
beneficial microorganisms, exclusion of potential

pathogens, stimulation or inhibition of the immune
system, and dampening of pro-inflammatory proper-

The alarming increase in bacterial antibiotic resistance
worldwide has lead to a fundamental reassessment of

the use of antibiotics in both therapeutic and prophy-
lactic applications.' Increased restrictions in the ther-
apeutic application of antibiotics in human and
veterinary medicine, and the ban of antibiotics as
growth promoters in livestock, have heightened the
need for alternatives to antibiotics in both human and
animal health and the food industry.>> As a result of
these developments, increased interest and research
has focused on the use of beneficial microbes as both
prophylactics and therapeutics in human and animal
health.*” Probiotic microorganisms have been found
to confer health benefits to the host through modifica-
tion and modulation of microbiota, alleviation of dys-
biosis, niche shifts in favor of colonization by

ties of altered, damaged, or infected cells.®” Likewise,
both natural and engineered probiotic microbes have
been reported to enhance absorption and digestion in
the gut, increase antibacterial activities and elimina-
tion of pathogens, and have been used for the preven-
tion and treatment of diarrhea and reduction of
inflammatory responses in chronic inflammatory dis-
eases, e.g. inflammatory bowel disease, Crohn’s dis-
ease, cancers, and enteric infections.>’

Enterococcus faecium SF68 (NCIMB 10415), is an
endogenous, intestinal commensal isolate, and a well-
characterized member of the lactic acid bacteria
(LAB), which has been authorized for use as
a probiotic in pharmaceutical preparations and food
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supplements in humans and animals.'®"> As with
many other LAB, the strain metabolizes carbon
sources through fermentation and substrate level
phosphorylation reactions rather than oxidative phos-
phorylation for generation of ATP.**'* Glycolysis and
fermentation of sugars generates acetate and lactic
acid, providing a growth advantage for LAB which
are generally resistant to low pH.*'®> Furthermore,
production of ATP through catabolism of arginine
by the arginine deiminase pathway (ADI) generates
ammonia as an end-product contributing to survival
in acidified environments, although E. faecium is gen-
erally not thought to use arginine as a source of ATP.®

E. faecium strain SF68 has been shown to miti-
gate symptoms of human and animal intestinal
inflammation. In humans, it is wused as
a treatment for diarrhea, particularly in cases of
antibiotic-associated diarrhea. Positive effects of
E. faecium SF68 on the reduction and duration
of diarrhea have also been demonstrated in
animals.'>"* Despite the generally positive effects
reported for E. faecium SF68, there are conflicting
reports concerning the beneficial effects of this
probiotic strain. Results of some in vivo trials in
different host species supplemented with
E. faecium SF68 found no significant beneficial
effects or even adverse effects, such as a higher
bacterial loads and shedding of enteric pathogens
including Salmonella serovar Typhimurium in
animal infection studies.'®"*°

In a number of in vivo studies in post-weaning
piglets treated with E. faecium SF68, we and others
observed an apparent immune dysregulation in
intestinal tissues, including lower serum total IgG
and fecal IgA, and an attenuation of CD8" intrae-
pithelial lymphocyte populations.'>'”  Post-
weaning piglets supplemented with E. faecium
SF68 followed by a challenge with Salmonella
Typhimurium aggravated the course of infection,
characterized by higher rates of dissemination and
colonization of the pathogen in host organs, ele-
vated fecal shedding of Salmonella, and reduced or
delayed proliferative responses to Salmonella anti-
gens by peripheral blood mononuclear cells.'**!
Furthermore, in an animal feeding trial, we
observed significantly reduced expression of
immune-associated genes of intestinal and asso-
ciated lymphoid tissues in post-weaning piglets
supplemented with this strain.*!

As the factors and mechanism(s) involved in the
probiotic effects of E. faecium SF68 are not very
well known, the aim of this study was the identifi-
cation and characterization of possible immuno-
modulatory factors involved in the observed
effects on immune-associated gene expression in
previous animal trials in post-weaning piglets,
with the larger goal of explaining prior clinical
studies reporting beneficial, probiotic effects on
recovery from intestinal inflammation and diarrhea
in humans and animals.

Results

E. faecium SF68 inhibits NF-kB activity of intestinal
epithelial cells

As our previous in vivo studies indicated an inhi-
bitory effect on both pro- and anti-inflammatory
immune-associated gene expression by E. faecium
SF68,”" we focused on the activation status of
nuclear factor-xB (NF-kB), a central host cell tran-
scription factor involved in regulation of genes
involved in growth and metabolism, as well as
innate immune responses of many cell types,
including intestinal epithelial cells.”*** The NF-k
B signaling pathway consists of the NF-«kB proteins
NF-«kB1(p50), RelA(p65), and c-Rel, among others.
In resting cells, NF-«xB is retained in an inactive
form in the cytosol bound by the inhibitor of kB (I}
B), which must first be phosphorylated followed by
ubiquitylation and degradation by the proteosome,
resulting in release (activation) of NF-kB which
then translocates to the nucleus to activate NF-x
B-dependent gene expression.”>**

To determine the possible effects of E. faecium
SF68 on NF-kB activation, we initially performed
co-incubation experiments with various concentra-
tions of E. faecium SF68 and a porcine, intestinal
epithelial cell line (IPEC-J2/K6) harboring an NF-k
B transcriptional reporter responsive to NF-x
B activation. In preliminary studies, it was not
possible to treat cells with viable E. faecium SF68
for times longer than 4 h, due to the rapid acidifica-
tion of the cell culture media as a result of bacterial
metabolism. To avoid this complication, we first
treated E. faecium SF68 with gentamicin at concen-
trations resulting in bacterial killing, but which left
the bacteria intact. As shown in Figure 1(a),
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Figure 1. The probiotic E. faecium SF68 inhibits NF-kB activity in intestinal epithelial cells. (a) The porcine, intestinal epithelial cell line
IPEC-J2 harboring an NF-kB responsive luciferase reporter fusion (IPEC-J2/K6) was incubated for the times indicated in the presence of
gentamicin-killed, intact E. faecium SF68 at a multiplicity of infection (MOI) of 100:1 bacteria: host cells. The basal levels of NF-kB
activity are indicated by open bars, and the treated cells with filled bars. (b) Cytotoxicity assays performed in parallel to the NF-kk
B assays shown in panel A. The results shown are representative of at least three, independent assays.

treatment of host cells with killed but intact bacteria
resulted in an initial activation of NF-kB, as
expected, but longer incubations showed an inhibi-
tion of NF-kB activity to levels below the basal
levels of control, untreated cells. Notably, the multi-
plicity of infection (MOI) of bacterial cells:host cells
in these assays (100:1) are at the lower range
observed for E. faecalis microcolonies adherent to
the intestinal wall in vivo studies in mice.*
Furthermore, we observed no acidification of the
cell culture medium using killed E. faecium SF68,
indicating that the NF-kB inhibition was not the
result of accumulation of acidic metabolites derived
from glycolysis such as acetate or lactate. Likewise,
incubation of host cells with the killed but intact
bacteria did not show indications of host cell
cytoxicity (Figure 1(b)).

The results shown in Figure 1 indicated that
some factor(s) present in killed but otherwise intact
E. faecium SF68 was capable of inhibition of NF-«xB
activity. Due to the long incubation times in the
presence of gentamicin required in order to achieve
sufficient bacterial killing (=4 h), it was possible
that protein turnover/degradation during the treat-
ment resulted in low levels of the putative inhibi-
tory factor of NF-kB activity. In order to avoid the
complication of bacterial metabolism of the cell
culture medium and possible loss of putative

protein factors due to degradation, we therefore
chose to treat the host cells with cell-free, bacterial
lysates of E. faecium SF68. In order to standardize
the assays, the total protein concentrations of the
bacterial lysates were determined, and corrected for
the efficiency of lysis to yield CFU equivalents/pg
lysate (see Materials and Methods). In all assays,
5 ug of these cell-free, bacterial lysates were used in
the cell culture co-incubation assays, correspond-
ing to an approximate MOI of 300:1 bacterial CFU
equivalents:host cells, a ratio within the same range
of E. faecalis microcolonies to enterocytes observed
in vivo.”

As shown in Figure 2(a), treatment of host cells
with bacterial lysates of E. faecium SF68 showed the
same time-dependent reduction in NF-«xB activa-
tion, to levels below that of untreated, cells within
24 h of incubation. To determine whether this effect
was specific for E. faecium SF68 or a general feature
of enterococcal strains, we also performed the same
treatments using cell-free, bacterial lysates of a well-
characterized pathogenic strain of E. faecium,
TX0016. As seen in Figure 2(b), we observed the
same time-dependent inhibition of NF-kB activity.
In contrast, treatment of host cells with bacterial
lysates of other genera including Staphylococcus
aureus ATCC 29213 or Escherichia coli K-12
MG1655 showed an initial increase in NF-kB
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Figure 2. The probiotic E. faecium SF68 and pathogenic E. faecium TX0016 strains show severe inhibition of NF-kB activity in intestinal
epithelial cells. The IPEC-J2/K6 cell line was incubated for the times indicated in the presence of cell-free, whole cell bacterial lysates of
(a) E. faecium SF68, (b) E. faecium TX0016, (c) S. aureus ATCC 29213, or (d) E. coli K-12 strain MG1655. In all panels, the basal levels of NF-
KB activity are indicated by open bars, and the treated cells with filled bars. The results shown are representative of at least three,

independent assays.

activation 4 h post-treatment, but which declined to
the basal levels of NF-kB activity at later time points
(Figure 2 (c) and (d), resp.).

E. faecium SF68 treatment inhibits host cell
proliferation but is not cytotoxic

Despite no obvious cytotoxic effects on the host
cells such as rounding-up or detachment of mono-
layers during treatment with the bacterial lysates,

a possible explanation for the loss of NF-kB activity
could have been cytotoxic effects not immediately
visible during the course of the treatments. We
therefore examined the treated cell cultures by
microscopy and after staining cells with antibodies
targeting the cell proliferation marker Ki67.>*” In
addition to its role in regulation of immune
responses, NF-kB also regulates genes involved in
epithelial cell homeostasis and proliferation, exam-
ples of which can be found at http://www.bu.edu/


http://www.bu.edu/nf-kb/gene-resources/target-genes

nf-kb/gene-resources/target-genes.”*>° Cultures of
untreated cells showed intact monolayers with iso-
lated cells in various stages of proliferation, as
judged by the degree of staining with Ki67. In
contrast, cells challenged with E. faecium SF68 cell
lysates clearly showed intact monolayers, but only
rare cells showed staining with anti-Ki67 antibo-
dies, indicating the majority of cells had ceased to
proliferate (see supplementary Figure S1).

While visual and microscopic inspection of the
cell monolayers showed intact monolayers with no
obvious morphological changes suggestive of cell
death, it remained possible the E. faecium SF68 cell
lysates induced cytotoxic effects not immediately
obvious by visual inspection. We therefore per-
formed a number of cell cytotoxicity and viability
assays with cell cultures treated with the cell-free
bacterial lysates. Cell viability assays comparing
cells treated with the E. faecium SF68 lysates and
untreated cells, indicated no major effects on cell
viability during the first 24 h of incubation (supple-
mentary Figure S2A). An approximately 30%
reduction in viability of host cells was observed
after 48 h of co-incubation with the E. faecium
SF68 lysates, but which was attributable to the
severely reduced NF-xB basal activity to only
around 10% that of untreated, resting cells as seen
in Figures 1 and 2. In addition, cells treated with
E. faecium SF68 lysates showed no increase in lac-
tate dehydrogenase (LDH) release into the cell cul-
ture media, indicating no loss of cell membrane
integrity, an indicator of cell cytotoxicity (supple-
mentary Figure S2B). Furthermore, co-treatment of
cells with the caspase inhibitor Z-VAD-FMK did
not improve the NF-kB activation levels (supple-
mentary Figure S2C), indicating that the E. faecium
SF68 lysates were not involved in activation of
apoptosis, as previously reported for other
E. faecium and E. faecalis isolates.”>* Finally, it
has previously been reported that E. faecium and
Streptococcus spp. isolates produce cytotoxic levels
of hydrogen peroxide leading to an oxidative stress-
associated death of host cells.”>>” We therefore
also determined the NF-kB activation levels of
cells treated with E. faecium SF68 lysates in the
presence of catalase, which would detoxify any
hydrogen peroxide present in the medium. The
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presence of catalase did not affect the NF-«B inhi-
bition by the E. faecium lysates (supplementary
Figure S2D), indicating that the inhibitory effects
on NF-kB activation was not due to production of
hydrogen peroxide by the bacterial lysates.

Enterococcal inhibition of NF-kB activity is species-
specific

The inhibitory effects of bacterial lysates on NF-kB
activation shown in Figure 2 appeared to be bacter-
ial genera-specific, characteristic only for the
Enterococcus faecium isolates tested, and not
a general response of the cell line to treatments
with bacterial cell lysates. To explore this
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Figure 3. Inhibition of NF-kB activity is Enterococcus species-specific.
Confluent monolayers of the IPEC-J2/K6 NF-kB reporter cell line was
incubated in the presence of 5 pg of cell-free, bacterial lysate of
either E. faecium SF68 (blue bar) or other representative Enterococcus
species (gray bars) as indicated below the graph for 24 h followed by
determination of NF-kB (luciferase) activity. The dotted line indicates
the basal NF-kB activity of untreated cells determined in parallel.
SF68, E. faecium SF68; Efm, E. faecium TX1310; Efs, E. faecalis ATCC
29212; Ed, E. durans IMT38978; Eh, E. hirae ATCC 9790; Er,
E. raffinosus IMT23827; Ecm, E. cecorum IMT19051; Ea, E. avium
IMT39925; Ecs, E. casseliflavus IMT39928; Eg, E. gallinarum
IMT12257. The results shown are the averages of at least three,
independent assays for each Enterococcus strain, and are reported as
the relative NF-kB activity of treated cells compared to untreated,
control cells from the same experiment. See supplementary Figure.
S3 for additional isolates of all species and Table S1 for additional
strain information.


http://www.bu.edu/nf-kb/gene-resources/target-genes

€2106105-6 F. GHAZISAEEDI ET AL.

observation further, we screened additional clinical
and commensal isolates of E. faecium as well as
isolates of other Enterococcus species to determine
whether the inhibitory effects were a general char-
acteristic of the genus Enterococcus. We tested
a total of 48 isolates of E. faecium, E. avium,
E. casseliflavus, E. cecorum, E. durans, E. faecalis,
E. gallinarum, E. hirae, and E. raffinosus. As shown
in Figure 3, cell-free lysates of representative iso-
lates of E. faecium, E. faecalis, E. durans and E. hirae
isolates showed the same inhibitory effects on NF-
kB activation of intestinal epithelial cells, whereas
isolates of E. avium, E. casseliflavus, E. cecorum,
E. gallinarum, and E. raffinosus showed either
unchanged or elevated NF-xB activity. Similar
results were found for additional isolates of these
Enterococcus species (supplementary Figure S3 and
Table S2). These results indicated that the inhibi-
tion of NF-kB activation was a characteristic which
the probiotic E. faecium SF68 strain shared with
other Enterococcus species, including both com-
mensal and pathogenic strains, but which was not
a general feature of all Enterococcus species.
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The inhibitory effect of E. faecium SF68 on NF-kB
activation levels is independent of the host cell
background

To exclude the possibility that the apparent inhibi-
tory effects of the cell-free, bacterial lysates on NF-
kB activation was a characteristic of the IPEC-J2
porcine intestinal epithelial cell line, we also con-
structed cell lines harboring the same NF-«B luci-
ferase reporter in intestinal epithelial cell lines of
both human (Caco-2) and murine (MODE-K) ori-
gin, and performed the same assays using cell-free
lysates of both E. faecium SF68 and E. avium. As
shown in Figure 4(a), although the degree of inhi-
bition for the E. faecium SF68 treatments were
slightly different in the different host cell back-
grounds, in all three host cell lines there was
a clear inhibition of NF-kB activity relative to
untreated cells. In contrast, treatments with lysates
of E. avium showed either unchanged (IPEC-]2), or
higher levels of NF-kB activity (Caco-2, MODE-K).
Notably, the relative degree of NF-kB activity in all
three host cell backgrounds comparing the effects
of E. avium to E. faecium SF68 lysates were within
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Figure 4. E. faecium SF68 inhibition of NF-kB activity is independent of the host species origin of intestinal epithelial cells. (a) Confluent
monolayers of NF-kB-luciferase reporter cell lines of porcine IPEC-J2 (open bars), human Caco-2 (gray bars) or murine MODE-K (black
bars) intestinal epithelial cells were treated with 5 pg of total protein of cell-free, bacterial lysates of either E. faecium SF68 or E. avium
IMT39925, for 24 h prior to determination of NF-kB activity. The results shown are reported as the averages of the ratios of NF-kB
activity of treated/untreated cells from at least three, independent assays. The dotted line indicates the normalized, average basal NF-
KB activity determined for untreated cells. (b) Cytotoxicity assays performed in the IPEC-J2 cell line treated with 5 ug of total protein of
cell-free, bacterial lysates of either E. faecium SF68 (blue bar) or E. avium IMT39925 (red bar) for 24 h prior to the assays. Controls
included untreated cells (open bar) or cells treated with lysis buffer to determine the maximum LDH release (LDH-max). The results

shown are the averages of at least three, independent assays.



the same range, six- to eightfold, indicating the
elevated levels of NF-kB activity in the Caco-2 and
MODE-K cells lines were likely a characteristic of
the cancerous or transformed nature of the two cell
lines, but which were similarly inhibited by the
E. faecium SF68 bacterial lysates. These results sup-
ported the conclusion that the inhibitory effects on
NF-«B activation were neither host cell background
nor NF-«B reporter-dependent. Likewise, consis-
tent with the results shown in Figure 4(a), neither
the E. faecium SF68 nor the E. avium lysate treat-
ments showed signs of increased host cell cytotoxi-
city (Figure 4(b)).
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Figure 5. The inhibitory effect of E. faecium SF68 on NF-kB
activation is reversible. Wells containing confluent monolayers
of the IPEC-J2/K6 reporter cell line were treated with 5 pg of total
protein of whole-cell, bacterial lysates of E. faecium SF68 (red
circles) 48 h prior to determination of NF-kB activity (L24 and
L48, red circles), or left untreated (M24, open circles). 24 h post-
challenge, the cell culture medium was removed and replaced
with either cell culture medium alone (L24/M24), or medium
containing 5 ug of protein of E. faecium SF68 lysate (L24/L24),
and incubated an additional 24 h. Controls included wells with
no change of medium (L48), untreated cells (M24/M24), or cells
left untreated for the first 24 h, followed by addition of 5 pg of
lysate protein for the remaining 24 h (M24/L24). At 48 h, the NF-
KB activity for all combinations were determined. The results
shown are the relative NF-kB activities (ratio RLU treated/
untreated cells) compared to untreated cells (M24/M24; dotted
line). The results shown are representative of at least two,
independent assays.
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The inhibitory effect of E. faecium SF68 on NF-kB
activation levels is reversible

To determine whether the inhibitory effects of
E. faecium SF68 lysates on NF-kB activity was
reversible, cells were pre-treated with the lysates
for 24 h followed by replacement of the cell culture
medium with either fresh medium alone or con-
taining bacterial lysates again for an additional
24 h. As shown in (Figure 5), replacement of the
cell culture medium without lysate resulted in full
recovery of NF-kB activity, whereas replacement
and incubation with fresh medium containing
E. faecium SF68 bacterial lysates continued to sup-
press NF-kB activity below the basal levels of activ-
ity seen in untreated, control cells. The observation
that NF-«B activity fully recoverd after replacement
of the media without E. faecium SF68 lysates
further supported the conclusion that the observed
NF-kB inhibition was not due to host cell killing
effects, at least not for the duration of the experi-
ments (48 h).

Arginine deiminase (ADI) is the immuno-modulatory
factor of E. faecium SF68

To determine the nature of the NF-«kB inhibitory
factor(s), we subjected the cell-free bacterial lysates
to either proteinase K treatment or heat-treatment at
100°C for 10 min. prior to performing the NF-«xB
activation assays. In both cases, we observed
a complete loss of inhibitory activity by the lysates,
indicating that the immuno-modulatory factor was
likely proteinaceous in nature (see supplementary
Figure $4).

As both heat inactivation and proteinase
K digestions suggested the NF-«B inhibitory factor(s)
was likely a protein, total protein of the E. faecium
SE68 lysates were subsequently fractionated by ammo-
nium sulfate (AS) precipitation, followed by assays of
the various protein fractions for NF-kB inhibitory
activities. As shown in Figure 6(a), only proteins pre-
sent in the 100% saturated AS fraction of E. faecium
SF68 showed the same inhibition of NF-kB activation
as the whole-cell lysates. Ammonium sulfate fractio-
nation of lysates of E. avium performed in the same
manner showed no inhibitory effects for any of the AS
fractions, consistent with the absence of inhibitory
effects on NF-kB activation seen with whole cell-free



21061058 (&) F.GHAZISAEEDI ET AL.

(V)
(op

57 . 5- .
W E. faecium ’1‘8 su&plemgntanon | -
0 E. avium & B 10 mM arginine supplementation
8 kK ns ns *E 3 .. s -
o
o 4 B 4]
T -
3 ©
£ g
€ -
5 (=
7 3
= ®
) - 3 ]
o 3 3 3
B °
2 2
3 ©
£ g
= -
3 2 3 2
< z
2 >
£ £
2 >
g 5
b ©
a m
¥ ")
: O
. [T
N z

L Hm

whole lysate  30% AS 60% AS 100% AS
fraction fraction fraction

E. avium 100% AS-fraction

o
o

10000- wax 54
*kk
e —
— 0
- °
S 8000 ~
3 ]
g g 4
o 3
o =
£ 5 ns
3 6000 2 ok
s o 3
% O *kk
£ 3
3 3
S
£ 4000-] =
L 3 2
g z
= >
£ £
2 2
g 2000 g T T
m 1 E PRI O IIl™™ 9 ''''''hsh'o''oyyysy
¥
[T
_ _ z
- T T T
SF68 E. avium E. avium E. avium ——
- m— : : .
PMGS100 pMGS100-arcA SF68 E. avium E. avium E. avium

pMGS100 pMGS100-arcA

Figure 6. Protein fractions of E. faecium SF68 lysates containing arginine deiminase (ADI) inhibit NF-kB activity. (a) Total protein of cell-
free, bacterial lysates or ammonium sulfate protein fractions lysates of E. faecium SF68 (blue bars) or E. avium (gray bars) were screened
for effects on NF-kB activity in the IPEC-J2/K6 cell line. A total of 5 pg of total protein from either whole lysates, or the ammonium
sulfate fractions as indicated in the figure, were added to confluent monolayers and incubated for 24 h prior to determination of NF-kB
activity. The values shown are the relative ratios of treated cells normalized to the values for untreated, control cells (dotted line). The
results shown are the averages of at least three, independent assays, and at least two, independent ammonium sulfate preparations.
(b) NF-KB activity was determined for cells treated for 24 h with either cell-free, bacterial lysates of E. faecium SF68, E. avium IMT39925,
or the 100% AS fractions of E. faecium SF68 lysates in the absence (gray bars) or presence of 10 mM L-arginine in the cell culture
medium (black bars). The dotted line indicates the normalized NF-kB activity of untreated, control cells. (c) Arginine deiminase (ADI)
activity determined for equivalent total protein (50 pg) of bacterial lysates of E. faecium SF68, E. avium IMT39925 (UW11197), E. avium
harboring the vector plasmid pMGS100 (vector), or E. avium harboring the cloned E. faecium SF68 arcA gene in plasmid pMGS100-
arcAsrest (arcA™). Assays were performed in reaction buffer containing 10 mM L-arginine for 2 h. (d) Total protein samples (5 pg) of
bacterial lysates of E. faecium SF68, E. avium IMT39925, and E. avium harboring either the vector plasmid pMGS100 (vector) or the
cloned E. faecium SF68 arcA gene in plasmid pMGS100-arcAsres” (arcA*) were used to treat IPEC-J2/K6 cells for 24 h prior to
determination of NF-kB activities. Shown are the relative ratios of NF-kB activity of treated cells normalized to the values for untreated,
control cells (dotted line). The results shown in all panels are the averages of at least three, independent assays.

lysates of E. avium (Figures 3 and 4). Furthermore, the  responsible for the reduced NF-kB activity seen for
observations with the E. avium AS fractions indicated ~ the E. faecium SF68 AS fractions (Figure 6(a)).
that the addition of ammonium sulfate was not Interestingly, both the 30% and 60% E. faecium SF68



AS fractions had a stimulatory effect on NF-«B activity
in these assays, but this effect was not significantly
different from fractions of the E. avium whole-cell
lysates.

In an effort to identify proteins specific for
E. faecium SF68, we compared the protein banding
patterns of the 100% AS fractions of E. faecium SF68
and E. avium after separation on denaturing gels.
A total of 12 prominent proteins appeared to be pre-
sent in the 100% AS fraction of E. faecium SF68 but
which were not present in E. avium 100% AS fractions
(data not shown). Samples of these proteins were
excised from SDS-PAGE gels and subjected to protein
identification by MALDI-TOF. Interestingly,
a number of the proteins identified in the active frac-
tion of E. faecium SF68 lysates which were not present
in E. avium are involved in arginine metabolism,
including arginine deiminase and ornithine carba-
moyltransferase. These results were of particular inter-
est as arginine deiminase, and arginine catabolism in
general, has previously been shown to play a role in the
inhibition of human peripheral blood mononuclear
cell proliferation and in the virulence of Streptococcus
pyogenes,”®*° and arginine deiminase of E. faecium
GR7 has been found to inhibit the proliferation of
various cancer-derived cell lines.*' Indeed, arginine
deprivation of cancer cells by recombinant and mod-
ified arginine deiminase of Mycoplasma arginini has
long been considered as a potential means of inhibit-
ing cancer cell growth and proliferation.***’

Arginine deiminase is responsible for NF-kB
inhibition by E. faecium SF68 lysates

To determine whether arginine catabolism and
subsequent arginine depletion of the cell culture
medium was responsible for the inhibitory effects
on NF-kB activation levels, we performed the NF-
kB assays with the E. faecium SF68 lysates, the 100%
AS-fractions, or E. avium lysates in the presence or
absence of excess arginine in the cell culture med-
ium. As seen in Figure 6(b), excess arginine abol-
ished the inhibition of NF-kB activation of cells
treated with both the E. faecium SF68 lysates and
the 100% AS fractions. Control treatments using
E. avium lysates showed no significant changes in
NF-xB activity, indicating that arginine supple-
mentation alone did not have an intrinsic stimula-
tory effect on NF-«kB activity that might have
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obscured the inhibition due to the E. faecium
SF68 lysate treatment. These results suggested the
active factor present in the 100% AS fractions was
indeed the arginine deiminase.

Repeated attempts to inactivate the arcA
gene encoding arginine deiminase in
E. faecium SF68 were unsuccessful, owing in
part to an endogenous erythromycin resistance
that prevented the use of a number of common
streptococcal suicide vectors. In order to verify
the role of the E. faecium SF68 arginine deimi-
nase in NF-xB inhibition, the arcA gene,
encoding arginine deiminase (ADI) of
E. faecium SF68, was therefore cloned into the
E. coli-Enterococcus shuttle vector pMGS100,
and introduced into E. avium by electropora-
tion. As shown in Figure 6(c, e). avium harbor-
ing the pMGS100 plasmid vector showed no
ADI activity, whereas E. avium harboring the
cloned arcA gene of E. faecium SF68 exhibited
high, constitutive ADI activity. Furthermore, as
shown in Figure 6(d), cell-free lysates of the
transformed E. avium isolate were also found
to inhibit NF-kB activation in IPEC-J2/K6 cells
to the same degree as E. faecium SF68 lysates.
In contrast, lysates derived from E. avium har-
boring the empty pMGS100 vector showed no
inhibitory effects on NF-kB activation.

These results indicated that the inhibition of
NF-xB activity by E. faecium SF68 and other
Enterococcus strains and isolates was likely due
to ADI expression. To determine whether there
was a correlation between arginine deiminase
activity and NF-xB inhibition, we screened all
enterococcal isolates that showed inhibition of
NF-kB activity, both commensal and clinical
isolates, for ADI activity. All isolates that
showed NF-kB inhibition also tested positive
for ADI activity. In contrast, enterococcal iso-
lates with no inhibitory effects on NF-«B activ-
ity were also found to be negative for ADI
activity, except for isolates of E. gallinarum
and E. casseliflavus, which were positive for
ADI activity (supplementary Table S2).
Notably, E. gallinarum and E. casseliflavus are
exceptional among the Enterococci, as both are
flagellated and motile.** As E. gallinarum fla-
gellin is a strong stimulator of NF-kB
activation,® the apparent lack of NF-k
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B inhibition was likely due to the presence of
flagella in these isolates, which could lead to
rapid, high levels of activation, masking the
inhibition observed in our standard 24 h
assays. These results therefore indicated that

10 10

flagellin

flagellin

E. faecium SF68 arginine deiminase was most
likely responsible for the observed NF-kB inhi-
bition in both the cell-free bacterial lysates, and
the 100% AS fractions of E. faecium SF68 con-
taining ADI. In other experiments, we also
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Figure 7. E. faecium SF68 inhibits host cell responses to TLR and NOD protein ligands. (a) Confluent monolayers of the IPEC-J2/K6
reporter cell line were treated with either 5 pg of total protein from bacterial lysates of E. faecium SF68 (blue line) or purified Salmonella
flagellin (1.5 ug), and at the times indicated, replicate wells were sampled for NF-kB activity starting at 30 min. post-challenge. In
panels B-H, cells were pre-treated for 24 h with 5 pg of E. faecium SF68 cell-free lysate (blue line) or left untreated (red line) prior to
addition of the indicated TLR or NOD agonists, and NF-kB activity was determined for replicate wells at the times indicated in the
figures. (b) TLR5 ligand, flagellin (1.5 pg). (c) TLR4 ligand, purified E. coli LPS (50 pg). (d) TLR2 ligand, Pam2CSK4 (1 ug). (e) TLR1/TLR2
ligand, Pam3CSK4 (1 pg). () 10 pg of the TLR3 ligand, poly(l:C). (g) 10 pg of the NOD2 ligand, muramyl dipeptide, (MDP). (h) 50 ug of
the NOD1 ligand, acylated iE-DAP (C12-iE-DAP). In all panels, the dotted line indicates the normalized NF-kB activity of untreated,
control cells. The results shown in all panels are the averages of at least two, independent assays.



verified  that  gentamicin-killed, intact
E. faecium SF68 which also showed NF-xB
inhibition (Figure 1(a)) also retained ADI
activity (data not shown).

E. faecium SF68 inhibits NF-,B activation by TLR
and NOD ligands

A challenge of host cells with total bacterial lysates
would be expected to result in activation of intestinal
epithelial innate immune responses through the
NF-kB signaling pathway via Toll-like receptor
(TLR) or other receptor pathways.*”** While the
earliest time point (4 h post-treatment) in Figure 2
(a) suggested the host cells were capable of respond-
ing with increased NF-«B activation for a short time
post-challenge with the E. faecium lysates, we were
interested to know how treatment of cells with
E. faecium SF68 would compare to NF-k
B activation in response to other, non-E. faecium
related ligands. As seen in Figure 7(a), when chal-
lenged with E. faecium SF68 lysates, cells responded
with a peak in NF-kB activation within the first 4 h
post-challenge. However, rather than returning to
either the basal level or a new, elevated activation
level, NF-kB activity continued to decline over the
entire 24 h period of the assay to around only 10% of
the basal, pre-challenge level of activation seen in
untreated cells, consistent with the results shown in
Figure 2(a). Whereas a decline in NF-kB activity
following an initial stimulation would be expected
due to the NF-kB-dependent expression of its own
inhibitors,*>*° the reduction in activity to levels
below the basal, maintenance activity was unlikely
to be a normal response. NF-kB is known to regulate
the expression of a large number of genes involved in
host cell growth, metabolism, and proliferation in
addition to its role as a central regulator of immune
and inflammatory responses.”>** The regulation of
metabolic, house-keeping gene expression explains
the low, but non-zero levels of activation seen in
even resting cells.”’

To determine whether these results were a result of
the treatment or a characteristic of the IPEC-J2/K6
reporter cell line, we performed the same experiment
using the TLRS5 ligand, flagellin. As seen in Figure 7(a),
there was a rapid activation of NF-«B at early times
post-challenge, with a peak around 4 h post-challenge,
similar to the kinetics observed for the E. faecium SF68
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cell lysates. However, the kinetics of the decline phase
of NF-kB activation were very different, remaining at
all times above the pre-challenge basal level, with an
apparent slow decline toward the basal level of NF-k
B activity present in untreated, resting cells. Similar
results for flagellin were observed for incubation times
of up to 48 h (data not shown), suggesting that the
lower levels of NF-kB activity seen in E. faecium SF68
treated cells was not simply a matter of the initial
magnitude of activation. The final levels of NF-k
B activity were below that of both untreated cells and
at late times post-challenge of TLR ligand-activated
cells, both of which showed a plateau representing
NF-«kB activity consistent with levels required for
growth, proliferation, and host cell maintenance.
This is also supported by the NF-kB activation kinetics
for the TLR2 ligand, Pam2CSK4, which showed
a comparable magnitude of NF-kB activation 4 h to
6 h post-challenge as the E. faecium SF68 treatment
(compare Figure 7 (a) and (d)), yet the TLR2-
mediated activation declined to normal, basal levels
by 24 h post-challenge, whereas the E. faecium SF68
treated cells showed only 10% the basal NF-«B activity
at the same time post-challenge. These results indi-
cated that the severe inhibition of NF-«B activity was
a phenomenon beyond the normal, self-regulatory,
down-regulation of NF-kB on its own activity.
Furthermore, the results indicated this effect was
a characteristic of the E. faecium SF68 lysates, and
not a peculiarity of either the host cell line or the
NF-kB reporter fusion.

To determine whether the inhibitory effects of
E. faecium SF68 on NF-kB activation would interfere
with host cell responses to other immunostimulatory
ligands, we also performed challenge studies with host
cells pre-treated with lysates followed 24 h later by
a challenge with different TLR- and NOD protein-
ligands. As shown in Figure 7(b), pre-treatment of the
host cells with E. faecium SF68 severely reduced the
ability of host cells to respond with NF-«kB activation
to flagellin, the TLR5 ligand. While there appeared to
be a low-level capacity for NF-kB activation in such
pre-treated cells, the peak of NF-kB activation did not
rise above the basal level of activity of untreated cells.
Similar results were observed for the TLR4, TLR2/
TLR6, and TLR1/TLR2 ligands LPS, Pam2CSK4, and
Pam3CSK4, respectively (Figure 7(c—e)). Interestingly,
poly(I:C), a TLR3 ligand, also showed a severely
reduced NF-xB activation response in cells pre-
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treated with E. faecium SF68 (figure 7(f)). Cells pre-
treated with E. faecium SF68 cell-free lysates showed
no response to the NOD2 ligand, muramyldipeptide
(MurNAc-L-Ala-D-isoGln, MDP); however, the
IPEC-J2/K6 cell line also showed only a minimal
response to MDP alone (Figure 7(g)). In contrast,
the IPEC-J2/K6 cell line responded strongly to
a challenge with the NOD1 agonist, acylated y-
D-glutamyl-meso-DAP (C12-iE-DAP), and cells pre-
treated wth E. faecium SF68 remained partially capable
of NF-«B activation in response to C12-iE-DAP,
although far below the levels of NF-kB activation
seen for untreated cells (Figure 7(h)).

E. faecium SF68 treatment interferes with
phosphorylation of NF-kB-p65 at serine 536

The preceding results indicated that host cells chal-
lenged with E. faecium SF68 lysates were severely
compromised in their ability to respond with activa-
tion of NF-kB to immunostimulatory signals. As
noted above, the activation of NF-kB in the cytosol
requires phosphorylation of the inhibitor, IkBa, to
release NF-kB for translocation into the cell nucleus.
However, phosphorylation is also known to be impor-
tant for the regulation and selectivity of gene expres-
sion by NF-kB itself, and the RelA(p65) subunit is one
of the most studied NF-kB phosphorylation targets.*®
We were therefore interested to know the phosphor-
ylation status of NF-kB, in particular phosphorylation
at serine residue 536 (S536), located in the transactiva-
tion domain of RelA(p65), a modification known to
play a role in both the turnover and activity of RelA
(p65) as well as providing an alternative means of
activation independent of IkBa.*®>*~>*

A Western blot analysis of cells treated with
E. faecium SF68 lysates (Figure 8(a)) showed similar
levels of total NF-kB(p65) compared to untreated,
control cells, but reduced levels of phospho-NF-«xB
(p65) (Figure 8(b)). In contrast, host cells treated
with E. avium lysates contained similar total NF-«xB
(p65) and phospho-NF-kB(p65) levels compared to
untreated cells, as expected. Immunofluorescence
microscopy images of IPEC-J2 cells stained for total
NF-xB(p65) indicated qualitatively higher levels of
NF-kB present in the cytoplasm of cells treated with
E. faecium SF68 lysates compared to untreated cells
and cells treated with flagellin for 4 h (Figure 8(c)).

Furthermore, NF-kB(p65) of cells treated with
E. faecium SF68 lysates appeared to accumulate in
the cytoplasm as aggregates, obscuring the cell
nucleus. In contrast, in flagellin-treated cells, there
was a clear, nuclear accumulation of NF-«B visible as
puncta within the nucleus in treated cells compared to
untreated cells.

E. faecium SF68 inhibits activation of the JNK
(AP-1) pathway and inflammatory gene
expression

In addition to NF-kB, the c-Jun-N-terminal kinase
(JNK) signaling pathway is also involved in host cell
responses to a large variety of signals, including TLR
ligands and bacterial pathogens.” The JNK pathway
itself is activated by phosphorylation from any of
a number of different MAP kinases, including
TAKI1, an MAP kinase kinase (MAP3K) also involved
in the signaling pathway leading to NF-kB activation.
However, the downstream activation of gene expres-
sion following JNK activation is mediated by the tran-
scription factor activator protein-1 family of proteins,
AP-1."> The observation that the NF-kB response to
the TLR3 agonist, poly(I:C), was also inhibited (figure
7(f)) was not necessarily unexpected, as TLR3 signal-
ing activates the JNK(AP-1) pathway in addition to
NE-«B, therefore NF-kB activation may not have been
expected. On the other hand, LPS is generally known
to lead to NF-«B activation through TLR4 signaling,
but can also activate the INK(AP-1) pathway.46 It was
therefore possible that the severely reduced NF-kB
activation in response to the TLR4 and TLR3 agonists
LPS and poly(I:C) seen in Figure 7 (c) and (d), respec-
tively, may have nevertheless resulted in activation of
the INK(AP-1) pathway.

To determine whether additional host cell signaling
pathways might be affected by E. faecium SF68, IPEC-]2
cells harboring a JNK(AP-1) luciferase reporter fusion
(IPEC-J2/D6) were treated with either E. faecium SF68
lysates or the 100% AS-fraction of the E. faecium lysates
in the same manner as in the NF-«B assays. As shown
in Figure 9(a), host cells treated for 24 h showed a sig-
nificant reduction in JNK activation levels with the
E. faecium SF68 cell-free lysates and clear reductions
with the 100% AS-fractions, similar to the inhibition
observed for NF-kB activity. In contrast, no inhibition
was observed for whole-cell lysates of the E. avium
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Figure 8. E. faecium SF68 inhibits NF-kB phosphorylation at Serine 536. (a) Western blot analyses of total NF-kB(p65) (t. NF-kB-p65) and
its Ser536 phosphorylated form (ph.-NF-kB-p65) in IPEC-J2 cells either untreated or treated with 5 pg of total protein of cell-free lysates
of either E. faecium SF68 or E. avium IMT39925 for 24 h as indicated above the blots. The results shown are representative of two,
independent determinations. (b) B-actin (upper row in A, beta-actin) was used as a normalization housekeeping protein for
determination of the relative levels of NF-kB(p65) and phospho-NF-kB(p65) levels in cells treated with 5 ug of total protein of cells pre-
treated with either E. faecium SF68 (blue bars) or E. avium IMT39925 (gray bars). The dotted line indicates the normalized expression
level of the same genes in untreated, control cells. (c) Immunofluorescence micrographs of IPEC-J2 cells after 24 h of incubation either
untreated (upper row), in the presence of flagellin (1.5 pg, middle row), or 5 ug of total lysate protein of E. faecium SF68. After 24 h
incubation, cells were fixed, and stained for total NF-kB(p65) with primary anti-NF-kB(p65) antibody and secondary Cy5-labeled
antibody (red fluorescence) and DAPI for cell nuclei (blue fluorescence). The focus depth of the micrographs were chosen to allow
visualization of the cell nucleus. The results shown are representative immunofluorescence micrographs from at least two, indepen-
dent experiments.
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Figure 9. E. faecium SF68 inhibits the host cell INK(AP-1) signaling pathway and gene expression responses to flagellin. (a) Confluent
monolayers of the IPEC-J2/D6 cell line harboring a JNK(AP-1) luciferase reporter were treated with 5 pg of protein of either E. faecium
SF68 or E. avium IMT39925 bacterial lysates, or 5 pg of total protein of the 100% AS fraction of E. faecium SF68 in the presence (filled
bars) or absence (gray bars) of 10 mM arginine. After treatment for 24 h, the JNK(AP-1) activity was determined relative to untreated,
control cells (dotted line) determined in parallel and for the same incubation times. (b) Gene expression levels for the pro-inflammatory
cytokine IL-6, chemokine IL-8 (CXCL8), and apoptosis regulatory protein Bax genes in IPEC-J2 cells treated with (blue bars) or without
(red bars) pre-treatment of E. faecium SF68 lysate for 24 h followed by a challenge with flagellin for 4 h. Differential expression was

determined using the 274
fold-change relative to untreated cells.

strain. Supplementation of the cell cultures with excess
arginine also restored the JNK activity in treated cells in
the same manner as for NF-«B, indicating that inhibi-
tion of the JNK(AP-1) signaling pathway was also due
to the ADI activity of the E. faecium SF68 bacterial
lysates and 100% AS fractions.

To confirm that the inhibition of NF-xB
activity of cells treated with E. faecium SF68
lysates would also interfere with downstream
responses of immune-associated gene expres-
sion, we also determined the effects of pre-
treatment with E. faecium SF68 lysates on NEF-
kB-dependent genes. As shown in Figure 9(b),
we observed a significantly attenuated upregu-
lation in gene expression levels in response to
flagellin for the pro-inflammatory cytokine IL-6
and the neutrophil chemoattractant chemokine
IL-8 genes in IPEC-J2 cells pre-treated with
E. faecium SF68 compared to untreated cells.
Notably, little or no change in gene expression
was observed for the pro-apoptotic Bcl-2 homo-
logue Bax gene, consistent with the observa-
tions shown in supplementary Figure S2C,
indicating no activation of apoptosis pathways
in cells treated with E. faecium SF68 lysates.

method. The data shown are the averages of three, independent assays and are expressed as the mean

Discussion

E. faecium SF68 is a probiotic, bacterial strain pri-
marily used in therapeutic applications for acute
diarrhea and enteritis in humans and animals.'*""
As noted in the introduction, we had previously
observed an apparent general reduction in immune-
associated gene expression in intestinal and asso-
ciated lymphoid tissues in in vivo feeding trials with
E. faecium SF68 in otherwise healthy, weaning pig-
lets as well as infection challenge studies.”" These
findings led to the suggestion that E. faecium SF68
has a direct anti-inflammatory or immune-
suppression effect on local innate immune
responses of intestinal epithelial and lymphoid tis-
sues. Here, we show that the prior observations of
immuno-modulatory effects of E. faecium SF68 are
most likely due to expression of arginine deiminase
(ADI), resulting in arginine deprivation of host cells
with subsequent loss of NF-kB and JNK(AP-1) sig-
naling pathway functions.

Arginine metabolism has become an increasingly
important focus of research in the fields of cancer
therapy, innate immune responses, and bacterial
pathogenesis. A wide variety of human cancers are



known to be auxotrophic for arginine, which
explained the strong inhibition of tumor growth by
the arginine deiminase (ADI) of Mycoplasma argi-
nini and led to clinical trials using ADI as an anti-
cancer therapy.*>**"* Arginine also plays a key role
as a signal regulating the activity of mTORCI
(mechanistic target of rapamycin complex 1),
a central regulator of host cell metabolism and
autophagy.®®~® The arginine pools are also involved
in host cell innate immune responses where they can
serve as a source of antimicrobial reactive nitrogen
species. On the other hand, ADI has also been shown
to play a large role in the pathogenesis of various
bacterial species, supporting their survival within the
host.*® %% Interestingly, mTORCI is also
a target for a number of bacterial pathogens as
a means of immune evasion.”””!

In this study, we show that the arginine deiminase
(ADI) of the probiotic strain E. faecium SF68 inhibits
the activation of the NF-kB pathway in intestinal
epithelial cells of human, porcine, and murine origins,
as well as the JNK(AP-1) pathway in the IPEC-]2 cell
line background. The inhibition results in severe
reductions in innate immune signaling responses to
a variety of TLR and NOD agonists, as shown in
Figure 7. Previous studies have also reported effects
on NF-kB, MAPK, and JNK(AP-1) signaling path-
ways by Enterococcus spp. or their products.
However, the reported effects have ranged from acti-
vation to attenuation, required either contact with
host cells or involved secreted bacterial products.”*
7® Here, we show that all E. faecium and E. faecalis
isolates, regardless of the source, show the same NF-
kB inhibition, correlating with the presence of ADI,
a part of the core genome of these and other
Enterococcus spp. (Figures 2 and 3, and supplementary
Figure S3). We suggest that a possible explanation for
the often contradictory results of the in vitro studies is
likely due to the duration of the treatments. As shown
in Figures 1, 2 and 7, there is clearly an initial host cell
response to E. faecium SF68 treatments 4 h post-
treatment, as expected, but the basal activity levels of
both NF-kB and JNK(AP-1) in resting cells is inhib-
ited up to 90% by 24 h post-treatment. While a given
isolate may express additional, variable cell-wall-
bound or secreted products affecting host cell signal-
ing pathways, our results indicate that all Enterococcus
spp. capable of ADI expression will show long-term
inhibition of NF-kB and JNK(AP-1) activation.
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This suggestion has implications for observations
from prior in vivo studies. As noted in the introduc-
tion, clinical trials in humans and animal studies
have shown significant, anti-inflammatory effects of
E. faecium SF68 treatments in vivo.'>"> However, in
two, independent Salmonella challenge studies with
weaned piglets, higher pathogen loads were found at
systemic sites in piglets treated with E. faecium SF68
compared to the control groups.'”* In addition, we
found significantly delayed immune cell proliferative
responses to both mitogen and UV-killed Salmonella
antigens in the E. faecium SF68-treated animal
groups,”’ an observation consistent with an earlier
report with purified Streptococcus pyogenes ADI and
human PBMC preparations.”® In our previous ani-
mal study, we found significant reductions in
immune-associated gene expression in intestinal tis-
sues, mesenteric lymph nodes and spleen. Whereas
reductions in pro-inflammatory gene expression (IL-
8) was expected based on previous clinical studies on
the anti-inflammatory effects of E. faecium SF68 in
human and animal trials, there were also significant
reductions in expression of IL-10, and T-cell co-
activator CD86(B7.2) genes as well, i.e. reductions
in both anti-inflammatory and adaptive immune
response gene expression, suggesting a general sup-
pression of immune-associated genes.”' As all of
these genes have been shown to be NF-
kB-dependent,* the results of the current study sug-
gest an explanation for the prior in vivo studies.

The arginine deiminase of E. faecium SF68 is
clearly not secreted, as the ADI activity was not
reproducibly apparent in bacterial culture superna-
tants (data not shown), although it may be surface
bound as is the case in Streptococcus pyogenes and
S. suis.’®*>”7 This raises the question as to how ADI
activity is able to affect host cell signaling pathways
in intestinal epithelial and gut-associated lymphoid
tissues in vivo when present as either a bacterial
cytosolic or cell wall-bound protein factor. The
observation that the ADI activity is present in killed,
intact bacteria and cell-free, whole bacterial lysates of
E. faecium SF68 as well as ammonium sulfate protein
fractions indicates that ADI does not require active
bacterial metabolism for activity. In addition, ADI
from a number of bacterial species is known to be
active under highly acidic conditions, which has led
to it being regarded as a virulence factor, involved in
bacterial survival in low pH environments, including
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the lysosome/phagolysosome when internalized by
host cells.”®*>°® These observations suggest that
E. faecium SF68 need not be present in vivo as
a viable, probiotic strain in order to show the effects
on host cell signaling we have demonstrated here.
Internalization by host cells could well result in
bacterial killing within the lysosome/phagolysosome,
but the presence of cell wall-bound or intracellular
ADI in killed bacteria, or release of internal ADI by
lysozyme digestion within the lysosome would allow
ADI to deplete the lysosome of arginine, and raise
the pH of the lysosome/phagolysosome through
release of ammonia, inactivating many of the hydro-
Iytic, proteolytic, and lipolytic enzymes of the lyso-
some. In other words, even if the probiotic
E. faecium SF68 is killed by the host cells, the activity
or release of ADI would nevertheless lead to arginine
depletion and neutralization of the acidic pH of the
lysosomal compartments, the latter effect of which
would eliminate an important antimicrobial defense
mechanism of host cells.

In addition to neutralization of the lysosomal pH,
we suggest an additional effect of internalized
E. faecium SF68 and/or ADI which would explain
the severe inhibition of NF-kB and JNK(AP-1) sig-
naling pathways observed in this study. The observa-
tion that both signaling pathways showed severe
reductions in activation was somewhat unexpected,
as the pathways are largely independent of one
another, although they share a number of upstream
regulators, such as TAK1, involved in recruitment of
IKK kinase.”” As noted above, mnTORCI is a central
regulator of host cell metabolism, growth, and
autophagy, and the activity of mTORCI is depen-
dent on arginine, among other signals. Furthermore,
the lysosomal arginine pools play a key role in the
regulation (activation) of mTORC1.°>7”® An early
study found that mTORCI is involved in the regula-
tion of NF-«kB through interaction with the IKK
complex which in turn is responsible for phosphor-
ylation and initiation of degradation of the NF-«xB
inhibitor, IkB, explaining how arginine depletion
would affect NF-«B activity.*® Likewise, defects in
lysosome function and mTORCI activation have
been reported to be essential for the phosphorylation
(activation) of INK.®! More recently, innate immune
signaling through TLR4, the LPS receptor, has also
been found to involve mTORC1/2 and the JNK and
MAPK pathways.®” We suggest that all of the

observations from both this study and prior in vitro
and in vivo studies can be explained by ADI-
dependent depletion of arginine pools and inactiva-
tion of mTORCI1 of host cells, with the possible
qualification that it would likely be a localized effect
in vivo, i.e. affecting intestinal epithelia and gut-
associated immune cell populations, rather than sys-
temic effects. This would be consistent with the
results from our own®' and other studies.

Finally, the results of our study raises serious
questions regarding the use of Enterococcus strains
as probiotics for therapeutic purposes. While the
use of E. faecium SF68 as a therapy for symptoms of
intestinal inflammation has yielded encouraging
results in the past,'”"" if one of the major mechan-
isms of action is a general inhibition of innate
immune signaling by ADI in intestinal tissues,
including immune cell populations, this would be
expected to have consequences in the event of sec-
ondary bacterial infections during the treatment
period, particularly for invasive pathogens. That
ADI alone can inhibit the proliferation of host
cells in vivo has been the basis for clinical trials in
humans for certain forms of cancers. Our group
and others have also noted deleterious effects in
challenge experiments with Salmonella in animal
studies with post-weaning piglets, where pre-
treatment with E. faecium SF68 resulted in higher
bacterial loads at systemic organ sites such as ton-
sils and spleen.'”*' We suggest the latter observa-
tions reflected a dampened, intestinal innate
immune response which led to elevated rates of
intestinal tissue invasion by the facultative intracel-
lular pathogen S. Typhimurium and subsequent
spread to systemic sites. Notably, in those studies
the humoral immune response reflected in
Salmonella-specific antibody titers showed eleva-
tions; however, the antibody titers were consistent
with the higher bacterial loads at systemic sites.'>**
Whereas Enterococcal probiotics such as E. faecium
SF68 clearly have applications in alleviating intest-
inal inflammation, we suggest that where the clin-
ical benefits are based on what is arguably
a bacterial virulence factor with such wide-
ranging inhibitory effects on innate immune
responses, the decision for administration of
E. faecium SF68 and other Enterococcal probiotics
for prophylactic and therapeutic purposes should
be made cautiously.



Materials and methods
Bacterial strains, plasmids, and growth conditions

The probiotic Enterococcus faecium SF68 (NCIMB
10415, Cernelle SF68, Cylactin) strain was chosen
as a representative, probiotic E. faecium strain as it
is well-characterized, and has been used in
a number of prior human and animal clinical
trials.'®"* E. faecium SF68 was obtained directly
from the proprietary company, Cerbios-Pharma
SA, Lugano, Switzerland. Additional clinical and
commensal strains of E. faecium, E. avium,
E. casseliflavus, E. cecorum, E. durans, E. faecalis,
E. gallinarum, E. hirae, and E. raffinosus are listed
in supplementary Tables S1 and S2. The E. avium
strain IMT39925 (UW11197) used as a host for the
heterologous expression of the E. faecium SF68
arginine deiminase was provided by Dr. Guido
Werner, National Reference Laboratory (NRZ) for
Staphylococcus and Enterococcus, Robert Koch
Institute, Wernigerode, Germany. Enterococcal
isolates were grown on blood agar plates overnight
at 37°C. E. coli strain DH5a harboring the vector
pMGS100, was generously provided by Dr. Shuhei
Fujimoto, Department of Microbiology, Gunma
University School of Medicine, Maebashi, Japan.
E. coli strains were grown in Luria-Bertani broth
at 37°C and subcultured on Luria-Bertani agar
plates. Enterococcus strains were routinely grown
on brain heart infusion (BHI) or Todd Hewitt agar
plates and liquid cultures. Where appropriate,
ampicillin (100 pg/ml), kanamycin (25 pg/ml), or
chloramphenicol (20 pg/ml) were added to the
plates for selection. Additional references and
source information regarding the bacterial strains
and plasmids are found in supplementary Tables S1
and S2.

Cell lines and cell culture conditions

The IPEC-J2 cell line is a well-characterized, non-
transformed, intestinal epithelial cell line derived
from jejunal epithelia of a neonatal piglet. Cells were
maintained in Dulbecco’s modified Eagle medium
(DMEM)/Ham’s F-12 medium (1:1) (Biochrom) sup-
plemented with 10% inactivated fetal bovine serum
(Biochrom). Cells were grown at 37°C in a humidified
incubator, at 5% CO,. Cell lines harboring NF-«B or
JNK(AP-1) chromosomal reporter fusions received
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5 ug/ml puromycin (Carl Roth, Germany) as a selective
agent in the medium. One day prior to experiments,
the cell culture medium was removed, replaced with
1X PBS, and subsequently replaced with full medium
without puromycin. The Caco-2 cell line is a human
epithelial intestinal cell line, derived from a colorectal
adenocarcinoma. The murine intestinal epithelial
MODE-K cell line, was derived by transformation of
intestinal epithelial cells of C3H/He] mice with the
SV40 large T antigen. All cell lines were maintained
under the same conditions as described for IPEC-]2
cell line. Additional references and source information
regarding the cell lines are found in supplementary
Table S1.

Construction of NF-kB and JNK/AP-1 luciferase
reporter cell lines

NF-kB-luciferase reporter derivatives of porcine
(IPEC-J2/K6), human (Caco-2/C6), and mouse
(MODE-K/HS) intestinal epithelial and IPEC-]2
MAPK/JNK(AP-1)-luciferase cell lines (IPEC-]2
/D6) were constructed by infection of the cell
lines with prepackaged, lentiviral vectors harboring
either NF-kB- or JNK(AP-1)-luciferase reporter
fusions with selection for puromycin resistance
according to the manufactuerer’s instructions
(Cignal Lenti Reporters, SA Biosciences, CLS-
013 L and CLS-011 L, resp.). These luciferase fusion
constructs encode a minimal promoter element
(TATA box) preceded by a transcriptional response
element specific for either NF-kB or AP-1. The
luciferase is a mammalian codon-optimized, non-
secreted form of the firefly luciferase gene, carrying
a protein-destabilizing sequence to minimize long-
term accumulation of the luciferase. After removal
of dead, non-adherent cells, puromycin-resistant
cells were allowed to form microcolonies, then
pooled and diluted in fresh cell culture medium
containing puromycin to a concentration of
approximately ten cells/ml, and 100 ul of the sus-
pension was used to seed each well of a 96-well
plate. Clones derived from single cells under selec-
tion with puromycin were grown to monolayers,
harvested and used to seed 25 cm? flasks (Corning).
All clones isolated in this manner were screened for
their responses to TLR ligands and those showing
the best background/induction ratios and dose
responses were retained for further assays.
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Preparation of killed, intact bacteria and cell-free,
bacterial lysates for co-culture assays

For preparation of killed but intact E. faecium SF68,
the strain was grown overnight on blood or BHI
agar plates at 37°C, followed by resuspension of
colonies in phosphate-buffered saline (PBS) which
was then adjusted to an optical density at 600 nm
(ODggp) of 1 (approximately 10° CFU/ml). The
bacterial suspension was then diluted 1:100 in cell
culture medium containing 500 pg/ml gentamicin
and incubated at 37°C for 4 h. The total killed
bacterial suspensions were subsequently collected
by centrifugation and concentrated by resuspen-
sion in a final total volume of 0.5 ml of cell culture
medium containing 100 pg/ml gentamicin and
100 pg/ml streptomycin. The optical density was
again determined and adjusted to an ODgg of 1.
Appropriate dilutions of the bacterial suspensions
were then performed to yield different multiplici-
ties of infection (MOI) in a final volume of 0.1 ml to
96-well plates containing confluent monolayers of
host cells (approximately 10° cells/well). Controls
included plating of different dilutions of the initial
and post-gentamicin treatment suspensions to
determine the input CFU/ml and efficiency of gen-
tamicin killing.

Cell-free, whole-cell lysates of bacterial isolates
were prepared using a FastPrep 24 homogenizer
and 0.1 mm silica beads for lysis of Gram-positive
and -negative bacteria in 2 ml tubes (Lysing Matrix
B, MP Biomedicals). Approximately 10°/ml bac-
teria in 1 ml of deionized, distilled water were
added to the lysis tubes, and lysed by homogeniza-
tion (shaking) using a setting of 6 m/s at three
bursts of 40s duration each run. The resulting
lysates were sterile-filtered by passage through
a 0.22 um PVDF filter (Carl Roth, Germany) to
remove debris and non-lysed bacteria. Controls
for the efficiency of lysis was generally around 70-
80%, indicating the lysates represented an average
total protein content of 7.5 x 10® CFU/lysate. The
total protein concentration of the filtered lysates
was determined using a bicinchoninic acid (BCA)
assay, with BSA determinations in parallel for gen-
eration of standard curves, as per the manufacturer
’s instructions (Thermo Scientific). The total pro-
tein concentration of these lysates, and the average

total protein concentration of the lysates was
between 100 and 150 pg, corresponding to total
protein concentrations equivalent to that of about
6 x 10° bacteria/pug. As indicated in the Figure
legends, 5 pg of total protein of the cell-free lysates
were used in the cell culture assays, corresponding
to approximately 3 x 10’ CFU equivalents of total
bacterial protein.

NF- B and JNK(AP-1) activation assays

The NF-kB- and JNK(AP-1)-luciferase reporter
assays were performed with cells seeded onto
white, flat-bottom, 96-well plates (Corning),
grown to near confluency (approximately
3.2 x 10* cells per well) at 37°C, and 5% CO,. The
standard assays consisted of addition of 5 pg of total
protein of the cell-free, bacterial lysates to replicate
wells, and further incubation of the cells for the
times indicated in the figures. Additional wells
with no additions served as background (negative)
controls. In co-incubation studies for host cell
responses to different TLR- and NOD protein-
ligands, cells were first pre-treated by addition of
5 ug of E. faecium SF68 cell-free lysate for 24 h,
followed by addition of the TLR-ligands
Pam2CSK4, Pam3CSK4, LPS, Poly (I:C) and flagel-
lin (InvivoGen) at final concentrations of 500 ng/
ml, 500 ng/ml, 5 ug/ml, 1 pug/ml and 100-150 ng/
ml, respectively, unless otherwise indicated. The
NOD protein ligands MDP and CI12-iE-DAP
(InvivoGen) were used at concentrations of 1 pg/
ml and 5 pg/ml, respectively. At the times indicated
in the figures, the luciferase activity was determined
by addition of Bright-Glo™ Luciferase Assay System
reagents (Promega) and luminescence was deter-
mined using a Synergy HT microplate reader
(BioTek). In kinetics experiments, after the lucifer-
ase determinations, the plates were placed in the
cell culture incubator and further incubated until
the next time-point determinations.

Where indicated, cell culture medium was sup-
plemented with an additional 10 mM L-arginine
(standard concentration of arginine in DMEM:
Ham's F12 is approx. 850 pM). In other assays,
the bacterial lysates of E. faecium SF68 strain were
inactivated by either pre-heating the bacterial lysate



for 10 min at 90°C or pre-treating the lysates with
1.25 pug of proteinase K (Qiagen) at 37°C for 60 min.
prior to addition to the wells of growing cells. At the
end of the experiment, the NF-kB or JNK(AP-1)
activities were determined by addition of the Bright-
Glo™ Luciferase reagent and luciferase activities
determined as above (see supplementary Figure S4).

Cytotoxicity and viability assays

Determination of the effects of cell-free, bacterial
lysates and recombinant arginine deiminase on cell
cytotoxicity was performed using CytoTox-ONE™
Homogeneous Membrane Integrity assays, per-
formed according to the manufacturer’s instruc-
tions (Promega). Where indicated, catalase
(C1345, Sigma-Aldrich) was included at 2500 U.
The cell permeable, pan-caspase inhibitor carbo-
benzoxy-valyl-alanyl-aspartyl-(O-methyl)-
fluoromethylketone in DMSO (Z-VAD-FMK;
InvivoGen) was included at a concentration of
10 pg/ml, with DMSO at the same final concentra-
tion serving as a control.

Heterologous expression of E. faecium SF68
arginine deiminase in E. avium

The arcA gene of E. faecium SF68 was amplified by PCR
from chromosomal DNA using primers containing
restriction sites (underlined) for Eagl, primer arcAEagl
(5"-TTTTTCGGCCGAACATGGATAAACCTATTC
ACGTTTTC-3") and Nrul, primer arcANrul (5'-
ATTTTTCGCGAGAGGAAATCCTGACGACAGC-3
"). The PCR product was digested with Eagl and
Nrul (Promega) and ligated with plasmid pMGS100
also digested with Eagl and Nrul. The resulting ligation
reactions were used to transform electrocompetent
E. coli K-12 strain DH5a by electroporation, with selec-
tion for chloramphenicol resistance. Plasmid prepara-
tions of putative clones were performed using QIAprep
Spin Miniprep kits (Qiagen), and positive clones were
verified by PCR and sequencing using the primers
Bapro-for-01 (5'-AAAATAGTCGACTGATTGAAAC
TCAAGAT-3") and Nrul-seq-rev-01 (5'-GCAACGC
GGGCATCCCGAT-3"). The resulting plasmid, (pMG
S100-arcAggeg), harboring the E. faecium SF68 arcA gene
under transcriptional control of the constitutive
E. faecalis bacteriocin 21 bacA gene promoter, and the
vector plasmid, pMGS100, were introduced into
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E. avium by electroporation with selecton for chlor-
amphnicol resistance. Transformants were verified by
PCR amplification and re-sequencing of putative
PMGS100-arcAsges clones, as above, and screening for
arginine deiminase (ADI) activity. For additional infor-
mation regarding the electroporation of E. avium, and
ADI assays, see supplementary Methods.

Ammonium sulfate protein fractionation

Ammonium sulfate precipitation/fractionation of
E. faecium SF68 and E. avium bacterial lysates were
performed with strains grown in duplicate, 300 ml
BHI broth cultures at 37°C with aeration, using
standard protocols. Bacteria were collected and con-
centrated in two centrifugations with resuspension
both times in 1X phosphate buffered saline (PBS).
The concentrated bacterial suspensions were lysed
using a French press at 18000 psi, with five passages.
The resulting bacterial cell lysates were then cleared
by centrifugation for 30 min at 4°C, 11000 x g. The
supernatants were collected, and 10 ml was subjected
to ammonium sulfate (AS) fractionation in steps of
30%, 60% and 100% (w/v) ammonium sulfate solu-
tions by addition of the appropriate amounts of solid
ammonium sulfate with stirring on ice for approxi-
mately 30 min., followed by an additional 90 min. on
ice. Precipitated proteins from each fractionation
step were collected by centrifugation for 30 min., at
4°C, at 11000 x g, and resuspended in 1X PBS.
Protein concentrations of the initial French press
lysates and subsequent supernatant and pellet resus-
pensions were performed using Micro BCA assays
(Interchim). Initial characterization of the AS frac-
tions was performed by screening a total of 5 pg of
total protein present in the 30%, 60% and 100% AS
fractions of E. faecium or E. avium in luminescence
assays after treatment of the IPEC-J2/K6 NF-
kB-luciferase reporter cell line for 24 h, as described
above. For additional detailed protocols and refer-
ences, see supplementary Methods.

Determination of arginine deiminase (ADI)
activity

Arginine deiminase (ADI) activities in the AS
fractions of E. faecium SF68, E. avium, and
E. avium transformants harboring plasmids



€210610520 (&) F.GHAZISAEEDI ET AL.

pPMGS100 or pMGS100-arcAspes, were deter-
mined from 1:5 dilutions of protein prepara-
tions in water in a total of 100 ul added to
400 ul of 0.1 M potassium phosphate buffer,
pH 6.5, and 10 mM L-arginine, and the reac-
tions were incubated at 37°C for 2 h. At the
end of the incubation, the reactions were ter-
minated by addition of 250 ul of a sulfuric
acid/orthophosphoric acid stop solution and
31.3 pL of 3% diacetyl monoxime, and the
samples were boiled for 15 min. at 100°C in
the dark. Reactions were allowed to cool to
room temperature in the dark for 10 min.
and the absorption at 440 nm was determined.
Reactions without addition of bacterial lysate
or AS fractions served as negative (back-
ground) controls. The ADI activity of the sam-
ples was determined from a standard curve of
0 to 100 pg of citrulline performed in parallel.
The final ADI activity was calculated as the as
nmol citrulline/h/mg protein. For addtional
details of the ADI enzymatic assays and refer-
ences, see the supplementary Methods.

Screening for ADI activity of additional
Enterococcus isolates also determined
using arginine dihydrolase (ADI or ADH)
tablets ~ (Rosco  Diagnostica,  Taastrup,
Denmark). Bacterial suspensions were adjusted
to 4.0 McFarland in 250 pl of 0.85% NaCl
solution. An ADH diagnostic tablet was added
to the suspension, and 3 drops of sterile paraf-
fin oil were overlayed to provide anaerobic
conditions. The tubes were incubated at 37°C
and the results were recorded at 4 h and 24 h
after incubation. Positive results are indicated
by a strong red color resulting from ammonia
production and an alkalinization of the med-
ium in the presence of a pH indicator, methyl
red. Negative results showed either a yellow to
light orange color change.

was

MALDI-TOF identification of ammonium sulfate
fraction proteins

Proteins present in the different AS fractions of
E. faecium and E. avium lysates were separated
using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by silver
staining. The protein bands present in the active,

100% ammonium sulfate (AS) fraction of
E. faecium SF68 lysate, which were not present in
other fractions of the E. faecium SF68 lysate or the
same AS fraction of E. avium lysates, were excised
from the gel, destained and digested with sequencing
grade trypsin at 100 pg/ml (Promega). Digested pep-
tides were spotted onto a ground steel MTP 384
MALDI target plate (Bruker Daltonics, Germany),
using the dried-droplet technique and a-Cyano
-4-hydroxycinnamicacid (HCCA) (Sigma-Aldrich,
Germany) matrix. Protein identification was carried
out using matrix-assisted laser desorption ionization
with a time-of-flight mass spectrometer (MALDI-
TOF MS) (Ultraflex II TOF/TOF, Bruker
Daltonics). For additional information and refer-
ences regarding protein preparation and analysis
for MALDI-TOF, see the supplementary Methods.

Western blot analysis

Confluent monolayers of IPEC-]2 cells were treated
with either E. faecium SF68 cell-free lysates, flagel-
lin at 100 ng/ml, or cell culture medium only
(untreated) for 24 h. Cells were washed with ice-
cold PBS and directly lysed with Laemmli sodium
dodecyl sulfate sample buffer and 1% phosphatase
inhibitor cocktail 3 (Sigma-Aldrich, USA). Western
blotting was performed using standard protocols.
NF-kB p65 antibody was used at a dilution of
1:2000 (10745-1-AP, Proteintech Group), p-NF-
kB p65 antibody (27.Ser536) at 1:300 (sc-136548,
Santa Cruz Biotechnology), p-actin antibody at
1:5000  (66009-1-Ig,  Proteintech  Group).
Secondary antibodies included goat anti-mouse
IgG coupled to horseradish peroxidase (HRP) at
1:2000 (ab97040, Abcam) and goat anti-rabbit IgG
(HRP) antibody at 1:1000 (A0545, Sigma-Aldrich).
Quantification of the images was performed using
ECL-visualizing kit (GE Healthcare Life Sciences)
and Image Lab Touch software.

Immunofiuorescence (IF) staining

Immunofluorescent staining for the proliferation
marker Ki67 was performed with IPEC-]2 cells seeded
onto 12 mm glass cover slips (Carl Roth) and grown to
semi-confluency, and either treated with 5 ug of total
protein of E. faecium SF68 cell-free, bacterial lysates,



or left untreated. The following day, cells were washed
with 1X PBS, and fixed with ice-cold methanol for
10 min., followed by a wash with cold 1X PBS. Cells
were permeabilized with 1% digitonin in PBS for
10 min., followed by two to three washes with cold,
1X PBS. The fixed cells were then incubated with
mouse, monoclonal IgGlk anti-human Ki67 antibo-
dies (M7240, Dako Omnis) in 1% BSA overnight at
4°C. The following day, the cells were washed three
times with 1X PBS, and incubated with AlexaFluor-
568 labeled, goat anti-mouse IgG secondary antibo-
dies (A11004, Invitrogen) diluted 1:1000 in 1% BSA
for 30 min. at room temperature in the dark. The
cover slips were washed again, twice with 1X PBS,
and visualized using a Leica TCS SP-2 confocal laser
scanning microscope.

For immunofluorescent staining of NF-kB,
IPEC-]2 cells were treated with either 5 pg of total
protein of cell-free lysates of E. faecium SF68 or
100 ng/ml of flagellin for 4 and 24 h. At the end of
incubation, cells were fixed with 4% PFA (Carl
Roth), and permeabilized for 10 min at RT with
0.1% Triton X-100 (Carl Roth). Permeabilized cells
were blocked with 5% donkey serum in PBS for 1 h
at room temperature. Immunostaining was con-
ducted overnight using primary NF-kB p65 anti-
body at 1:300 (10745-1-AP; Proteintech) followed
by a 1 h incubation with a 1:50 dilution of MFP-DY
-490-Phalloidin (MFP-D490-33; MoBiTec) to label
actin, and a 1:1000 dilution of donkey, anti-rabbit
antibodies conjugated with the fluorophore Cy5
(711-175-152, Jackson ImmunoResearch). Cover
slides were incubated with DAPI (H-1200, Vector
Laboratories) for 5 min and mounted with mount-
ing medium (P36961, Thermo Fisher) and visua-
lized using a Leica SP8 confocal laser scanning
microscope.

Quantitative real-time PCR

Cells were seeded onto 6-well plates and grown to
a confluency of approximately 90% and treated
with E. faecium SF68 lysates or cell culture medium
for 24 h followed by a 4 h treatment with flagellin at
100 ng/ml. Cells treated with only E. faecium SF68
lysates or cell culture medium (untreated) served as
controls. RNA extraction was performed with
a combination of TRIzol (Ambion, USA) and
RNeasy Plus Mini Kit (Qiagen) standard extraction
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protocols and RNase-free DNase treatment
(Promega) according to the manufacturer’s recom-
mendations. RNA concentrations and purity were
determined using NanoDrop Spectrophotemeter
(Thermo Fisher) with the criteria of A,gy/Azg0
> 1.9, Ayso/Azs0 = 1.9 and by gel electrophoresis
for the absence of RNA degradation.
Complementary DNA (cDNA) was synthetized
using 5 pg of purified total RNA, Revert Aid reverse
transcriptase and Oligo(dT)18 primers according
to the manufacturer’s instructions (Thermo
Fisher).

Real-time PCRs for cytokine/chemokine (IL-6,
IL-8), and apoptosis regulatory (Bax) gene expres-
sion were performed using SYBR Green SensiFAST
Probe Lo-ROX Master Mix (Bioline, UK) and a -
StepOnePlus™ Real-time PCR System (Applied
Biosystems). 20 pL of final volume including 2 pL
of cDNA (1:10 dilution) template was added for
each sample to a MicroAmp ™ 96-Well Reaction
Plate (Thermo Fisher) and amplified in duplicate
using gene-specific primer pairs for porcine (-
actin, IL-6, IL-8, and Bax. Results were normalized
to the housekeeping gene for B-actin. The relative
changes in gene expression was determined using
the 27" method, with relative gene expression
indicated as -fold change. For additional informa-
tion and oligonucleotide sequences, see supplemen-
tary Methods and supplementary Table S3.

Statistical analyses

Statistical analyses were performed using the SPSS
software, version 25.0 (IBM). The normal distribu-
tion of data was evaluated by a 1-sample
Kolmogorov-Smirnov test. Significance between
the two groups were calculated by an independent,
unpaired Student’s t-test. P values of < 0.05 were
considered statistically significant (95% confidence
intervals). In the figures, statistical significance is
indicated as: n.s., P > .05; %, P <.05; **, P < .01; ***,
P <.001.
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