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Macrophage cytokine responses
to commensal Gram-positive
Lactobacillus salivarius

strains are TLR2-independent
and Myd88-dependent

Sreeram Udayan2®, Ludovica F. Butté>, Valerio Rossinit, Janaki Velmurugan?,
Maria Martinez-Lopez?, David Sancho?, Silvia Melgar', Paul W. O'Toole'* & Ken Nally%2*

The mechanisms through which cells of the host innate immune system distinguish commensal
bacteria from pathogens are currently unclear. Toll-like receptors (TLRs) are a class of pattern
recognition receptors (PRRs) expressed by host cells which recognize microbe-associated molecular
patterns (MAMPs) common to both commensal and pathogenic bacteria. Of the different TLRs,
TLR2/6 recognize bacterial lipopeptides and trigger cytokines responses, especially to Gram-

positive and Gram-negative pathogens. We report here that TLR2 is dispensable for triggering
macrophage cytokine responses to different strains of the Gram-positive commensal bacterial species
Lactobacillus salivarius. The L. salivarius UCC118 strain strongly upregulated expression of the

PRRs, Mincle (Clec4e), TLR1 and TLR2 in macrophages while downregulating other TLR pathways.
Cytokine responses triggered by L. salivarius UCC118 were predominantly TLR2-independent but
MyD88-dependent. However, macrophage cytokine responses triggered by another Gram-positive
commensal bacteria, Bifidobacterium breve UCC2003 were predominantly TLR2-dependent. Thus, we
report a differential requirement for TLR2-dependency in triggering macrophage cytokine responses
to different commensal Gram-positive bacteria. Furthermore, TNF-a responses to the TLR2 ligand
FSL-1 and L. salivarius UCC118 were partially Mincle-dependent suggesting that PRR pathways such
as Mincle contribute to the recognition of MAMPs on distinct Gram-positive commensal bacteria.
Ultimately, integration of signals from these different PRR pathways and other MyD88-dependent
pathways may determine immune responses to commensal bacteria at the host-microbe interface.

Lactobacillus salivarius (L. salivarius) is a widely studied Gram-positive commensal bacteria of the phylum Firmi-
cutes, one of the dominant phyla of the human gut microbiome"2 Recent research has focused on understanding
the beneficial effects of L. salivarius as a candidate probiotic because of its ability to induce tolerogenic T cell
responses™*, ameliorate colitis®, translocate from the maternal gut to breast milk®, modulate immune-related
functions of host intestinal epithelial cells”?, induce antimicrobial activity”'?, induce anti-tumour activity'!,
maintain gastro-intestinal barrier integrity'> and induce anti-inflammatory activity”'>. While some of these
properties have been attributed to the production of a well characterized bacteriocin Abp118 (an antibacte-
rial peptide), the host signaling pathways required for mediating recognition and responses to L. salivarius are
poorly characterised!®*!°. The interaction and effects of L. salivarius on intestinal epithelial cells were previously
reported by our group’®, but little is known about the mechanisms underpinning L. salivarius recognition by
cells of the innate immune system such as macrophages. MAMPs (microbe-associated molecular patterns) on
bacteria are recognized by pattern recognition receptors (PRRs) on host cells and this interaction plays a criti-
cal role in shaping microbe-specific innate and adaptive immune responses!”!'8. TLRs are an important class of
PRRs which are involved in bacterial recognition. Upon binding their respective ligands, TLRs (such as TLRI,
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2, 4 and 6) interact with adaptor molecule MAL (myelin and lymphocyte protein). TLRs (such as TLR1, 2, 4,
5, 6,7 and 9) interact with MyD88 (myeloid differentiation primary response 88). TLR4 interacts with TRAM
(translocating chain associated membrane protein) and other TLRs (such as TLR3 and TLR4) interact with
TRIF (TIR-domain-containing adapter-inducing interferon-f). The interaction of TLRs with these different
adaptor molecules ultimately initiate signaling cascades culminating in the activation of transcription factors
such as NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells), AP-1 (activator protein 1) and
IRFs (interferon regulatory factors)'. These in turn induce transcription of pro-inflammatory cytokines such as
interleukin 6 (IL-6), tumour necrosis factor alpha (TNF-a), IL-12, IL-1, anti-inflammatory cytokines such as
IL-10 and chemokines like KC, type I interferons (IFNs), anti-microbial and anti-viral genes'”*.

The consequences of MAMP-PRR recognition are diverse and largely dependent on the molecular and bio-
chemical characteristics of both the bacterial and host cells which interact with one another*'. When hosts are
infected with pathogens such as Listeria monocytogenes, Porphyromonas gingivalis and Brucella microti, recogni-
tion of their respective MAMPs by TLRs trigger inflammatory responses that aid in their clearance and are thus
protective to the host**2%. However, other pathogens such as Salmonella typhimurium require initial MAMP-TLR
recognition for inducing production of specific virulence factors that provide them with a survival benefit by
evading host immune surveillance?®. However, the vast number of commensal symbiotic bacteria that reside in
the mammalian gastrointestinal tract also share common molecular signatures with pathogens and some of these
commensals are recognized by TLRs and trigger complex physiological effects on the host?. For example, the
interaction of TLR5 with flagellated gut commensals is a determinant of obesity in animal models?”. Microbial
recognition of some of these commensal bacteria by host PRRs are required for the long-term establishment of
microbial colonization in neonates, to prevent bacterial translocation in mice and for the activation of host pro-
tective regulatory T cell responses*°. Separately, excessive production of pro-inflammatory mediators following
activation of TLRs by these bacteria can also lead to immunopathology. Multiple redundant mechanisms there-
fore exist to both positively and negatively regulate the activation of these PRR-initiated signaling pathways®2.

Since MAMP-PRR interactions contribute to the establishment and regulation of commensal-host homeosta-
sis, it is important to identify PRRs involved in recognition of commensal strains with purported immunomodu-
latory properties such as L. salivarius UCC118. To address this question we screened a panel of well characterised
Gram-positive L. salivarius strains isolated from different environmental sources for their effects on macrophage
cytokine and chemokine responses. In addition, we investigated the specific contribution of TLR2, a PRR widely
involved in recognition of ligands produced by Gram-positive bacteria such as di-acyl lipopeptide FSL-1 (rec-
ognised by TLR2/6), in addition to Gram-negative tri-acyl lipopeptide Pam3-csk4 (recognised by TLR1/2) to
these responses®. Surprisingly, we found that L. salivarius induced cytokine responses from macrophages were
largely independent of TLR2 but were dependent on MyD88 signaling. In addition, macrophages co-cultured
with L. salivarius upregulated the expression of Clec4e/Mincle, a C-type lectin receptor widely associated with
recognition of glycolipids on Mycobacterium tuberculosis and Candida albicans*.

Results

Lactobacillus salivarius strains induce cytokine responses that are TLR2 independent but
MyD88 dependent in macrophages. We investigated the role of TLR2 and MyD88 in the recognition
and response by murine macrophages to the Gram-positive bacterium L. salivarius. Live cells of thirty-three
L. salivarius strains from different environmental sources (Table 1), control probiotic and pathogenic bacteria
and individual TLR ligands were screened using MSD multi-plex cytokine assays for their ability to stimulate
WT, TLR2™~ and MyD88~/~ BMDM:s to produce a panel of cytokines (TNF-a, IL-6, IL-10, IL-12p70, IL-1f and
IFN-y) and the chemokine KC/GRO. TLR2 agonists (Pam3csk4 and FSL-1) did not trigger TNF-a responses
in TLR27~ BMDM:s, but TLR4 agonist (LPS) triggered cytokine response at equal magnitude in both WT and
TLR2"- BMDMs (Supplementary Fig. S1), thus confirming the phenotype of the TLR2”~ macrophages used in
this screen.

Irrespective of the environmental source of the L. salivarius strains, cytokine responses triggered by these
bacterial strains were not reduced in TLR27~ BMDMs in comparison to WT BMDMs (Fig. 1). Indeed, we
observed an increased cytokine response from TLR2”/~ BMDMs in these initial screens. The TLR2 independ-
ent cytokine responses triggered by L. salivarius did not correlate with the host species or tissue of origin of
the strains (Table 1). The human commensal strain, L. salivarius UCC118 induced highest levels of cytokines,
whereas L. salivarius CCUG44481 and the probiotic L. rhamnosus GG (LGG) induced the lowest, in WT and
TLR2~- BMDMs (Fig. 1).

However, MyD88~'~ macrophages did not produce cytokines or chemokines in response to stimulation with
L. salivarius strains, while exposure to two intracellular pathogens (Gram-negative Salmonella typhimurium
SJW1103 and Gram-positive Listeria monocytogenes EDGe) resulted in production of TNF-a, IL-10 and KC/
GRO, at fourfold lower levels compared to WT macrophages (Fig. 1). In addition, L. salivarius UCC118 was
unable to induce NF-«B driven reporter activity (Fig. 2a) and TNF-a secretion (Fig. 2b) in MyD88~/~ THP-1
human monocyte-like cells thus confirming the requirement of MyD88 signaling for L. salivarius induced
cytokine responses in macrophages. TriDAP (a NOD1 agonist), activated NF-«kB driven reporter activity at
comparable levels in WT and MyD88~/~ THP-1 cells thus confirming the capacity for MyD88-independent acti-
vation of NF-kB in these cell lines (Fig. 2a). Since TLR2 was dispensable for inducing cytokine responses by L.
salivarius UCC118, we investigated if the ability to trigger TLR2-independent cytokine responses was a general
feature of Gram-positive commensal bacteria by measuring cytokine responses triggered by Bifidobacterium
breve UCC2003 (B. breve) in WT and TLR2~- BMDMs. B. breve is another sub-dominant member of the adult
human gut microbiota and one of the first colonizers of the human gastrointestinal tract*>*® which has been

Scientific Reports |

(2021) 11:5896 | https://doi.org/10.1038/s41598-021-85347-7 nature portfolio



www.nature.com/scientificreports/

Bacteria/ligand Strain/ligand details Origin/supplier

TLR4 agonist LPS B5 (E. coli B5) Invivogen

TLR2/6 agonist FSL-1 Invivogen

TLR1/2 agonist Pam3csk4 Invivogen

NODI1 agonist TriDAP Invivogen

TLR2 agonist Heat killed Listeria monocytogenes Invivogen

Mincle + TLR2 agonist | Heat killed Mycobacterium tuberculosis | Invivogen

L. salivarius* UCC118 Human ileal-cecal region
L. salivarius UCCI119 Chicken caecum

L. salivarius AH4231 Human ileal-cecal region
L. salivarius AHA4331 Human ileal-cecal region
L. salivarius AH43310 Human ileal-cecal region
L. salivarius AHA43324 Human ileal-cecal region
L. salivarius AHA43348 Human ileal-cecal region
L. salivarius DSM20492 Human saliva

L. salivarius DSM20554 Human saliva

L. salivarius DSM20555 Human saliva

L. salivarius NCIMBS8816 Italian human saliva

L. salivarius NCIMBS8817 Turkey feces

L. salivarius NCIMB8818 St. Ivel cheese

L. salivarius NCIMB702343 Unknown

L. salivarius CCUG27530B Human abdomen, abscess
L. salivarius CCUG38008 Human gall, 73-year-old
L. salivarius CCUG43299 Human blood

L. salivarius CCUG45725 Human blood

L. salivarius CCUG47825 Human blood, 55-year-old
L. salivarius CCUG44481 Bird

L. salivarius CCUG47171 Human tooth plaque

L. salivarius CCUG47826 Human blood, 55 year old
L. salivarius JCM1040 Human intestine

L. salivarius JCM1042 Human intestine

L. salivarius JCM1044 Human intestine

L. salivarius JCM 1045 Human intestine

L. salivarius JCM1046 Swine intestine

L. salivarius JCM1047 Swine intestine

L. salivarius JCM1230 Chicken intestine

L. salivarius 01M14315 Human gall bladder pus
L. salivarius LMG14476 Cat with myocarditis

L. salivarius LMG14477 Parakeet with sepsis

B. breve* UCC2003 NCIMB8807

E. coli* EC101 Law et al.

S. typhimurium* SJW1103 Mirelles et al®

L. monocytogenes* EDGe NCTC7973

L. rhamnosus GG ATCC 53103

Table 1. List of bacterial strains and ligands used in this study. The table details Toll Like Receptor (TLR)
ligands and their source of origin as well as bacteria species, strains and their source of origin, where known.
*L. salivarius- Lactobacillus salivarius, B. breve- Bifidobacterium breve, E. coli- Escherichia coli, L. rhamnosus-
Lactobacillus rhamnosus, S. typhimurium- Salmonella typhimurium, L. monocytogenes- Listeria monocytogenes.
“Law et al. 1995. ®Mireles et al. 2001.

shown to have immunomodulatory and other probiotic properties owing to the presence of an exopolysaccharide
(EPS) on its cell surface®.

In contrast to the TLR2-independent nature of macrophage responses induced by L. salivarius UCC118, B.
breve responses were completely dependent on TLR2 (Fig. 3a—f). Thus, L. salivarius UCC118 induced cytokine
responses in macrophages are TLR2- independent but MyD88 dependent. Notably, L. salivarius UCC118 induced
IL-12p70 responses were ~ eightfold higher in TLR27~ macrophages compared to the response seen in WT mac-
rophages (Fig. 3e). TLR2 agonists (Pam3csk4 and FSL-1) were used as positive controls and TLR4 agonists (LPS
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Figure 1. L. salivarius induced TLR2 independent but MyD88 dependent cytokine responses in mouse
BMDMs in a strain independent manner. The heat map represents TNF-a, IL-10, IL-12p70, IL-6, IFN-y,

IL-1p and mKC responses in WT, MyD88~/~ and TLR2™'~ BMDMs treated with Listeria monocytogenes EDGe,
Lactobacillus rhamnosus GG, Salmonella typhimurium SJW1103 and L. salivarius strains isolated from human
ileal caecal region (hc), saliva (hs), blood (hb), gall bladder (hg) animals (a), food (f) or unknown sources

(un). BMDMs were treated with the respective ligands or bacteria at MOI of 10 for 20 h followed by cytokine
expression analysis using MSD 7-plex assay. The gradient of the heat maps generated represent log of median of
cytokine concentration (pg/ml) and goes from blue to red (on a range of — 5 to + 15). Data shown are the average
of 3 independent experiments (n=3).

and E. coli) were used as negative controls to confirm the TLR27/~ phenotype of these macrophages. Cytokine
responses to LPS and E. coli (TLR4 agonists) were TLR2-independent, cytokine responses to Pam3csk4 and
FSL-1 (TLR2 agonists) were TLR2-dependent but cytokine responses to HKLM (TLR2 agonist) was TLR2-
independent (Fig. 3a-f)*®.

L. salivarius UCC118 cytokine responses are TLR4 independent in murine BMDMs. TLR4isa
PRR required for recognition of the Gram-negative bacterial cell-envelope component, LPS. However, recent
studies suggest that TLR4 also contributes to the recognition of Gram-positive bacteria such as Streptococcus
pneumoniae®. 1t is also required for triggering protective host responses in response to exopolysaccharide (EPS)
from Gram-positive Lactobacillus spp. and Bacillus spp. and from Gram-negative bacteria like Bordetella spp.**~+.
Since EPS production is an important characteristic of Lactobacillus spp.****, we assessed if TLR4 was required
for recognition of L. salivarius UCC118 and L. salivarius UCC118 mediated cytokine responses in BMDMs. Nei-
ther TLR27/~, TLR4~~ nor TLR2/4~'~ BMDMs elicited differential cytokine responses compared to WT BMDMs
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Figure 2. L. salivarius UCC118 stimulated NF-«B activity and cytokine responses were MyD88 dependent

in THP-1 monocytes. (a) NF-kB transcriptional activity and (b) TNF-a cytokine secretion was measured in
WT and MyD88~'~ THPI cell lines that were non treated (NT) or treated with NOD1 agonist (TriDAP), TLR2
agonist (HKLM- heat-killed Listeria monocytogenes), TLR1/2 agonist (Pam3csk4), TLR2/6 agonist (FSL-1),
TLR4 agonist (LPS) or co-cultured with L. salivarius UCC118 at MOI of 10 for 20 h. NF-«B transcriptional
activity was measured indirectly by quantifying the activity of an NF-«B regulated reporter protein: secreted
embryonic alkaline phosphatase, by using QUANTI-Blue (Invivogen) whose colour changes from blue to pink
at 630 nm (Ag;) in THP1-XBlue and THP1-XBlue-defMyD cell lines upon addition of substrate to the cells.
TNF-a cytokine secretion in THP1-XBlue and THP1-XBlue-defMyD cell lines were quantified by ELISA.
Data shown are the average of triplicate wells of three independent experiments (n=3). Statistical analysis
was performed with two-tailed t-test in GraphPad Prism. p <0.05 (denoted by *) is considered statistically
significant. ns nonsignificant.

after co-culture with L. salivarius UCC118 (Fig. 4a—f). Blocking TLR4 receptor activation in WT BMDMs using
the TLR4 selective inhibitor Tak242% prevented induction of TNF-a responses by LPS but not by L. salivarius
UCCI118 (Fig. 5). This suggested that L. salivarius UCC118 induced cytokine responses in BMDMs were TLR2
and TLR4 independent.

Because of the surprising TLR2-independent nature of the cytokine responses to L. salivarius UCC118 from
BMDMs derived from TLR2”~ mice purchased from Jackson labs* (Fig. 3a-f), we also compared cytokine
responses to L. salivarius UCC118 from BMDMs generated from different TLR2™~ mice purchased from Ori-
ental Bioservice® (Fig. 4a—f) in order to exclude confounding variables such as effects from different genetic
backgrounds, vendors or methods used to generate the targeted KOs (knockout). Cytokine responses to LPS
and E. coli (TLR4 agonists) were TLR2-independent, but TLR4-dependent (Fig. 4a-f). Cytokine responses to
Pam3csk4, FSL-1 were TLR2-dependent as observed in mice from Jackson labs (Fig. 3) but cytokine responses
to HKLM (TLR2 agonist) were TLR2-dependent in BMDM:s from mice purchased from Oriental Bioservice
(Fig. 4a-f) as opposed to BMDM:s from mice sourced from Jackson labs (Fig. 3a-f). Interestingly, in BMDM:s
generated from mice sourced from Oriental Bioservice, increased production of KC in response to L. salivarius
UCC118 was abrogated in TLR27/~ and TLR2/47~ compared to WT BMDMs (Fig. 4d) while this effect was not
observed in the BMDM s generated from TLR2”~ mice purchased from Jackson labs (Fig. 3d). Another major
difference was the increased I112-p70 response from TLR2~/~ BMDMs generated from mice purchased from
Jackson labs (Fig. 3e) and the increased TNF-a response (Fig. 4c) in mice purchased from Oriental Bioservice.
All these BMDMs expressed classic macrophage markers, CD11b and F4/80 at identical levels as assessed by
FACS, while as expected all TLR2~'~ BMDM s did not express TLR2 (Fig. 6). Thus, the TLR2-independent nature
of the BMDM cytokine response to L. salivarius UCC118 was confirmed in BMDMs from two different strains
of TLR27~ mice. However, we did observe different TLR2-independent responses which is suggestive of possible
genetic differences between the different KO mice strains on the C57BL/6 background.

L. salivarius UCC118 induced TNF-a response is partially Mincle receptor dependent. Since
neither TLR2 nor TLR4 were required for L. salivarius UCC118 induced cytokine responses, we analysed the
expression of 75 PRR pathway-associated genes in WT BMDMs co-cultured with L. salivarius UCC118 for
20 h, in an attempt to identify PRRs involved in the recognition of L. salivarius UCC118. Most of the cytokine
and chemokine genes (116, Il1a, Il1b, Tnfa, Cxcl10, Csf3) were significantly upregulated in BMDMs co-cultured
with L. salivarius UCC118 in comparison to NT (non-treated) BMDMs (Fig. 7a). Among the PRR genes whose
expression was upregulated, Clec4e coding for Mincle showed the greatest increased fold change, followed in
rank order by the PRRs- Tlr1 and Tlr2 in L. salivarius UCC118 co-cultured with BMDMs. Expression of all the
other TLRs (Tlr3, Tlr4, Tlr7, Tlr8 and Tir9) were downregulated while TIr6 expression did not vary between the
groups in these BMDMs (Fig. 7a). Upregulation of Tlr1, Tir2, Clec4e, 116, Tnfa and I11b was confirmed separately
at 4, 8, 12 and 20 h by separate RT-qPCR experiments (Fig. 7b). Because Clec4e was the most upregulated PRR
in BMDMs co-cultured with L. salivarius UCC118 we then investigated L. salivarius UCC118 induced cytokine
responses in BMDMs from WT and Clecd4e™~ mice. Absence of Clec4e expression in Clecde™~ BMDMs was
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Figure 3. L. salivarius triggered cytokine responses are TLR2 independent but B. breve triggered cytokine
responses are TLR2 dependent in BMDMs. (a) IL-6, (b) IL-10, (c) TNF-q, (d) KC, (e) IL-12p70 and (f) IL-1p
cytokine secretion (pg/ml) was quantified by MSD-7 plex assay from WT and TLR2”~ BMDMs that were

non treated (NT) or treated with TLR2 agonist (HKLM- heat-killed Listeria monocytogenes), TLR1/2 agonist
(Pam3csk4), TLR2/6 agonist (FSL-1), TLR4 agonist (LPS) or with E. coli, L. salivarius UCC118, and B. breve at
MOI of 10 for 20 h. Data shown are the average of triplicate of three independent experiments (n=3). Statistical
analysis was performed with 2 tailed student t test in GraphPad Prism, p <0.05 (denoted by *) was considered
statistically significant. ns nonsignificant.
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Figure 4. L. salivarius induced cytokine responses are TLR4 independent in murine BMDMs. (a) 11-6, (b) 11-10,
(c) TNF-q, (d) KC, (e) II-12p70 and (f) I11-B cytokine secretion (pg/ml) was quantified by MSD-7 plex from WT
and TLR27~, TLR4™~, TLR2/4”- BMDMs that were non treated (NT) or treated with TLR2 agonist (HKLM-
heat-killed Listeria monocytogenes), TLR1/2 agonist (Pam3csk4), TLR2/6 agonist (FSL-1), TLR4 agonist (LPS-
B5 from E. coli B5) or co-cultured with E. coli and L. salivarius UCC118 at MOI of 10 for 20 h. Data shown

are the average of triplicate of three independent experiments (n=3). Cytokine response triggered by TLR27/",
TLR4™~ and TLR2/47~- BMDM:s were compared relative to the cytokine response triggered by WT BMDMs.
Statistical analysis was performed with 2 tailed student t test in GraphPad Prism, p <0.05 (denoted by *) was
considered statistically significant. ns nonsignificant.

confirmed by RT-qPCR (Fig. 8a). Heat-killed Mycobacterium tuberculosis (HKMT), a reported Mincle and TLR2
agonist*>*, was used a positive control for TNF-a response triggered by Clec4e/Mincle in BMDMs. TNF-a
response to HKMT was reduced in Clec4de™~ macrophages as expected (Fig. 8b). TNF-a responses triggered by L.
salivarius UCC118 were also partially reduced in Clec4e”’~ BMDMs in comparison to BMDMs from co-housed
WT littermates (Fig. 8b). LPS (TLR4 agonist) and B. breve showed no difference in TNF-a responses between
WT and Clec4e”~ BMDMs (Fig. 8b). Interestingly, FSL1 (TLR2 agonist) also had reduced TNF-a responses in
Clec4e”- BMDMs (Fig. 8b), suggesting a possible role for Mincle in the regulation of TLR2 induced cytokine
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Figure 5. L. salivarius induced cytokine responses are TLR4 independent in Tak242 treated murine WT
BMDMs. WT BMDMs were either treated with TLR4 inhibitor (Tak242) alone (inhibitor only) at the indicated
concentrations or Tak242 was co-treated with TLR2/6 agonist (FSL-1), TLR4 agonist (LPS) or co- cultured with
B. breve and L. salivarius UCC118 at MOI 10 for 20 h. TNF-a concentration (pg/ml) was analysed post 20 h
using TNF-a ELISA duosets. Data shown are the average of triplicate wells of three independent experiments
(n=3).

responses. To identify if Mincle (Clec4e) is functionally associated with TLR2 via direct/indirect protein—pro-
tein interactions (PPI) in mice or humans, we used “Search Tool for Retrieval of Interacting Genes/Proteins”
(STRING), an interactome database widely used to predict PPI¥’. STRING PPI network revealed that TLR2 and
Mincle are co-expressed in both mouse and humans (Supplementary Fig. S2) supporting our observation of
upregulated expression of TIr2 and Clec4e in L. salivarius UCC118 co-cultured BMDMs (Fig. 7). However, there
was no evidence for a direct functional association between Mincle and TLR2 in either humans or mice, but
putative homologs of Mincle (like CLEC18A, CLEC4M, CLEC7A) were found to interact with TLR2 in humans
(Supplementary Fig. S2). Overall, these results suggested that Clec4e or its downstream sigalling components
may be potentially important contributors to TLR2 mediated induction of cytokine responses by TLR2 agonist
ligands (like FSL-1 and HKLM) and to responses to L. salivarius UCC118.

Discussion

In this study we investigated the mechanisms underpinning the recognition of Gram-positive commensal bacte-
rial species Lactobacillus salivarius by mouse macrophages and a human monocyte-like cell line. We found that
macrophage cytokine responses to these bacteria were TLR2 independent yet completely MyD88 dependent
and associated with the upregulation of TIrl, TIr2 and Clec4e PRR genes in these cells. Since MyD88 signal-
ling was required for triggering of macrophage cytokine responses to L. salivarius, it is possible that other
MyD88-dependent pathways such as TLR7 and TLR9 and/or the IL-1R signalling pathway might be important
contributors to L. salivarius recognition and response by these cells*. In fact, it is known that other commensal
Lactobacillus species such as L. reuteri can activate IFN signalling through TLR7 in plasmacytoid dendritic cells*
and L. plantarum can induce elafin secretion via TLR9 in CaCO2 cells*. The involvement of MyD88 independ-
ent PRRs such as TLR3*! or NLRs (NOD like receptors)*? as the predominant players in transducing cytokine
responses by these bacteria can be excluded given that L. salivarius trigger macrophage cytokine responses in a
MyD88 dependent manner. In support of these observations, we found that while the stimulation of BMDMs
with L. salivarius UCC118 downregulated the expression of Tlr3, Tlr4, Tlr7, Tlr8 and TIr9, it upregulated Tir1,
TIr2 and Ilr1 which signal in a MyD88 dependent manner. Interleukin-1 receptor (IL-1R) mediated signaling
might be another contributing factor involved in L. salivarius induced cytokine responses. L. salivarius induced
the expression of Il1a, Il1b and Ilr1 genes (Fig. 7) and secretion of IL1p cytokine when they were co-cultured with
bone-marrow derived macrophages. MyD88 acts as an adaptor component in the IL-1R signaling pathway>->>.
Thus, it is possible that IL-1a or/and IL1p secreted upon initial recognition and internalization of L. salivarius
by macrophages might participate in the further induction of cytokine responses in an autocrine and paracrine
manner by signalling through IL-1R in a Myd88 dependent manner. This would explain the reduced cytokine
response observed in Myd88~'~ macrophages. In addition, stimulation of BMDMSs with L. salivarius UCC118 was
also able to induce an unexpected hyper-inflammatory cytokine response in TLR2”/~ BMDMs. This suggests a
possible immunoregulatory role of TLR2 in modulating macrophage responses to L. salivarius. It is possible that
in addition to its importance in host cells for the initiation of a protective inflammatory response against invad-
ing pathogens TLR2 might also have evolved an alternative immunoregulatory role or other protective function
in the context of host-commensal interactions®®. Indeed, bacterial components of the microbiota are able to
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Figure 6. Characterisation and validation of in vitro generated mouse BMDMs. BMDMs were stained with
CD11b-PECy7, F4/80-FITC and TLR2-PE and analysed by flow-cytometry. CD11b vs F4/80 and CD11b vs
TLR2 dot plots were obtained by gating on cells with CD45 expression. Numbers in the quadrants indicate
the percentage of CD11b*F4/80" cells and the CD11b*TLR2* cell in the respective quadrant. BMDMs were
generated from WT mice, TLR2”/~ mice purchased from Oriental Bioservice (generated by Osam u Takeuchi
et al*®) and TLR2™"~ mice from Jackson laboratories (generated by R. Mark Wooten et al*) as indicated.
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Figure 7. Clec4e is the most upregulated PRR in L. salivarius UCC118 co-cultured BMDMs. (a) Heat map represents log values

of the relative fold difference in gene expression (log 2722%) of genes encoding pattern recognition receptors (green), cytokines and
chemokine and cytokine receptors (blue), TLR interacting protein, signaling adaptors and downstream effectors (pink). WT BMDMs
were either non-treated (NT) or cocultured with L. salivarius UCC118 at MOI of 10 for 20 h. (b) Relative fold expression of PRRs TIr1,
TIr2 and Clec4e and cytokines 116, Tnfa and Il1b at 4, 8, 12 and 24 h in BMDMs that were either non-treated (NT) or cocultured with L.
salivarius UCCI118. Relative gene expression data of genes in both (a) and (b) are the average of three independent experiments (n=3)
normalised to relative expression of housekeeping gene Actb (beta- actin).
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Figure 8. TNF-a response triggered by L. salivarius UCC118 and TLR2 agonist (FSL-1) is partially dependent
on Clec4e (Mincle) receptor expression in BMDMs. (a) Relative gene expression of Clec4e was analysed in total
RNA harvested from WT and Clec4e”’~- BMDMs that were either left untreated (WT-NT and Clec4e"NT)

or treated with L. salivarius UCC118 (WT-UCC118 and Clec4e-UCC118) at MOI of 10 for 20 h co-culture.
Data are the average of three independent experiments (n=3) normalised to relative expression of the gene
Actb (beta-actin). (b) TNF-a secretion (pg/ml) was measured in WT and Clecde™~ BMDM s that were either
non treated (NT) or treated with TLR2/6 agonist (FSL1), TLR4 agonist (LPS), Mincle agonist (HKMT- heat
killed Mycobacterium tuberculosis) or co-cultured with L. salivarius UCC118 and B. breve at MOI of 10 for 20 h.
TNF-a secretion was quantified by mouse TNF-a ELISA duosets. Data are the average of three independent
experiments (n=3). Statistical analysis for both (a) and (b) was performed with 2 tailed student t test in
GraphPad Prism, p <0.05 (denoted by *) was considered statistically significant. ns nonsignificant.

directly downregulate some downstream MyD88 effector genes in zebra fish at steady-state through TLR2%. An
immunoregulatory role for TLR2 has also been previously suggested in disease contexts such as in mouse models
of arthritis®® and colitis®*®. Although addressing the mechanistic basis and significance of this observed pheno-
type in TLR27~ BMDMs is beyond the scope of this study, this aspect should be further explored in the future.

The purity of BMDMs and TLR2 status were validated by flow cytometry. The TLR2 function of BMDMs
used in this study were validated using selective TLR2 agonists-Pam3csk4, FSL1 and HKLM. We observed
some notable differences in cytokine responses to stimulation with whole bacteria versus individual MAMPs
between BMDM:s generated from TLR2 KO mice sourced from two different suppliers used in this study. These
included, a diminished cytokine response against HKLM and abrogated KC responses against all treatments in
TLR2~ BMDM:s derived from the mice purchased from Oriental Bioservices, which could not be observed in
BMDMs from the mice purchased from Jackson Labs. Nonetheless, the TLR2-dependent nature of the responses
to individual TLR2-selective MAMPs, and to the commensal bacteria B. breve and the TLR2-independent
nature of cytokine responses to L. salivarius UCC118 was consistently observed in BMDMs generated from
both TLR2™/~ mouse strains sourced from these suppliers. This highlights the importance of carrying out similar
in vitro and in vivo experiments in mice of different genetic backgrounds, breeding facilities, suppliers and/or
vendors before making major conclusions of a particular phenotype as the observed effects may be affected by
these confounding factors®"2,

The host has evolved multiple primary and secondary protective barrier-associated mechanisms to contain
commensal bacteria within the gut lumen. Despite this, exposure of host innate immune cells to members of
the microbiota through various combinations of MAMP-PRR interactions might still occur in the gut lamina
propria or in systemic compartments in the context of pathologies such as inflammatory bowel disease (IBD).
In this context, certain members of the gut microbiota may take advantage of the compromised gut barrier to
translocate from the intestinal tract into the systemic circulation®. Defective TLR1 signaling by intestinal epi-
thelial cells has been associated with disruption of intestinal homeostasis and increased inflammatory responses
against microbiota® and defective MyD88 signaling is linked to reduced antibacterial responses and enhanced
adherence and translocation of gut-associated bacteria from lumen to epithelial cells**®. In this study we chose
a widely studied gut-associated commensal bacteria: L. salivarius in order to understand the relative contribution
of TLR2 to their recognition and subsequent triggering of NF-kB dependent cytokine responses in macrophages.
The expression of Clec4e, Tlr1 and Tlr2 were significantly upregulated in BMDM:s co-cultured with L. salivarius
UCC118. Clec4e (also known as Mincle) is a C-type lectin receptor that is broadly known to recognize mannosyl
fatty acids ligands associated with Mycobacterium tuberculosis bacteria and Candida albicans fungus and triggers
intracellular signaling through its adaptor Syk (spleen tyrosine kinase)***¢”. Clec4e PPI network retrieved from
STRING database suggested co-expression of Clec4e and TLR2 as well as functional association between Clec4e
homologs and TLR2 in both mice and humans. However, a recent study has reported direct interaction of Clec4e
itself with TLR2%. Lipomannan and Lipoarabinomannan from Corynebacterium have been shown to upregulate
cell surface Clec4e expression in macrophages through a TLR2- MyD88 pathway and Clec4e consequentially
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binds to Corynebacterium glycolipids to induce NF-kB activation and induction of inflammatory responses
including nitrite and granulocyte colony stimulating factor (G-CSF) secretion thus supporting a co-operation
between TLR2 and Clec4e to sense bacterial glycolipids®. Glycolipids derived from L. plantarum are also able
to trigger transcription factor nuclear factor of activated T-cells (NFAT) in reporter cell lines through human
and mouse mincle®. A recent study also shows that microbial interaction with Clec4e is important in triggering
cytokine production by DCs (dendritic cells), for the promotion of intestinal barrier integrity and prevention of
translocation of gut bacteria to systemic tissues at steady-state’’. In addition, Lactobacillus sps. were recognised
as having the highest binding affinity to Clec4e amongst other commensal bacteria reported in this study’. Our
study also supports the possibility of Lactobacillus derived ligands binding to Clec4e since macrophage TNF-a
responses to L. salivarius UCC118 were partially dependent on Clec4e. Clec4e has been recently reported to
contribute to phagocytic function and to control intracellular growth of Mycobacterium tuberculosis by trigger-
ing autophagy’'. Clec4e expression increased steadily from 4 to 24 h in BMDMs co-cultured with L. salivarius.
Thus, it is also possible that Clec4e may act as phagocytic receptor to trigger internalization of L. salivarius by
macrophages. In the future, it would be of interest to identify if there are glycolipids in L. salivarius similar
to that in L. plantarum which could mediate cytokine responses directly through Clec4e and to investigate if
Clec4e might have a role in the internalization of L. salivarius in addition to its importance in the induction of
cytokine responses.

Our study also provides evidence of the differential requirements for individual PRR pathways in macrophage
cytokine responses to Gram-positive commensal bacteria since B. breve required TLR2 to induce cytokine
responses in macrophages but L. salivarius UCC118 did not even though both of these bacteria were Gram-pos-
itive. The difference in the induction of macrophage cytokine responses by these two bacteria maybe attributed
to differences in L. salivarius cell surface architecture’>”>. Collectively, our data supports a model whereby the
response of host macrophages to L. salivarius is TLR2 and TLR4 independent but MyD88-dependent. Our data
also suggests Mincle (Clec4e) as an important contributor to TLR2-dependent responses against TLR2 ligands
as well as to TLR2-independent responses to bacteria like L. salivarius. These observations support a model
whereby the integration of signals from different PRR pathways and MyD88-dependent pathways may ultimately
determine immune responses to commensal bacteria at the host-microbe interface.

Materials and methods

Mice. All mice used in this study were 8-12 week old male mice from a C57BL/6 background. TLR27",
TLR4™~, TLR2/47/~ mice and WT (wildtype) controls were obtained from Oriental BioService (Kyoto, Japan)
and TLR27-, MyD88~~ and WT controls were purchased from Jackson Laboratories (Bar Harbor, USA). All
these animals were housed in the Biological Service Unit animal housing facility at University College Cork
(UCC) under specific pathogen-free (SPF) conditions using individually ventilated cages (IVC). Standard hous-
ing and environmental conditions were maintained (temperature 21 °C, 12 h light and 12 h darkness with 50%
humidity). Animals were fed regular chow food (purchased from Envigo (Cambridgeshire, UK). Animals were
also given water ad libitum. WT and Clec4e™~ mice were littermates born from heterozygous parents and housed
in the animal housing facility at Centro Nacional de Investigaciones Cardiovasculares Carlos IIT (CNIC) until
taken for bone-marrow isolation. Mice at CNIC were housed under SPF conditions using IVC. Standard hous-
ing and environmental conditions were maintained (temperature 21 °C, 12 h light and 12 h darkness with 50%
humidity). Animals were fed with chow diet (LASQC diet, Altromin international, Lage, Germany). Animals
were also given water ad libitum. For in vitro analysis of cytokine responses bone-marrow derived macrophages
(BMDMs) were generated from WT, TLR2™-, TLR4™~, TLR2/47"~ and Clecde™ mice (n =3, age: 8-12 weeks, all
males), and experiments were repeated a total of three times (n=3) in technical triplicates per experiment. For
gene expression analysis, RNA was harvested from WT or Clec4e™~ (n=3) BMDMs that were either nontreated
(NT) or L. salivarius UCC118 co-cultured and experiments were repeated a total of three times (n=3) with
technical duplicates per experiment. All animal work in CNIC was approved by the local animal ethics commit-
tee. All animal procedures in CNIC conformed to EU Directive 2010/63EU and Recommendation 2007/526/
EC regarding the protection of animals used for experimental and other scientific purposes, enforced in Span-
ish law under Real Decreto 1201/2005. All animal work in UCC was approved by the Animal Experimentation
Ethics Committee (AEEC) of University College Cork, License B100/4104 and Euthanasia Only—Application
ID 2018/009. All animal work and procedures in UCC were performed in accordance with EU legislation, in
accordance with EU Directives 86/609/EEC and 2010/63/EU, for the protection of animals used for scientific
purposes.

Bacterial strains and culture conditions. Lactobacillus salivarius and other bacterial strains used in
this study and their sources are listed in Table 1. Lactobacillus strains were routinely cultured at 37 °C under
micro-aerobic conditions (5% CO2) in de Man Rogosa-Sharpe medium (MRS, Difco). Bifidobacterium breve
UCC2003 was cultured in reinforced clostridium medium (RCM, Sigma-Aldrich) for 10 h, and subcultured
in MRS supplemented with 1% cysteine overnight at 37 °C in anaerobic conditions. E. coli EC101 was grown
aerobically in Luria-Bertani broth (LB, Sigma-Aldrich) at 37 °C and 200 rpm. Multiplicity of infection (MOI)
values of these bacteria for co-culture experiments were calculated by measuring their cell numbers correspond-
ing to their optical density values at 600 nm (ODg,) after overnight (16 h) incubation. OD 1 of 16 h culture of L.
salivarius UCC118 corresponded to 2 x 108 cells/ml while OD 1 of overnight culture of B. breve UCC2003 and E.
coli EC101 corresponded to 10° cells/ml.

Cell lines and culture conditions. THP1-XBlue cells (thpx-sp) and THP1-XBlue-defMyD cells (thpx-
dmyd) were purchased from Invivogen and routinely cultured in Roswell Park Memorial Institute medium
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Primer Sequence UPL* probe no.
Il6_forward 5'-gctaccaaactggatataatcagga-3' | P6
116_reverse 5'-ccaggtagctatggtactccagaa-3' P6
Tnfa_forward 5'-tcttctcattectgettgtgg-3' P60
Tnfa_reverse 5'-ggtctgggecatagaactga-3' P60
111B_forward 5'-agttgacggaccccaaaag-3’ P78
I11f_reverse 5'-agctggatgctctcatcagg-3' P78
Tlr1_forward 5'-ccagtggaagagactggactgt-3' P2
TIr1_reverse 5'-caactgcattcacaaacactca-3' P2
Tlr2_forward 5'-ggggcttcacttctctgett-3 P50
TIr2_reverse 5'-agcatcctctgagatttgacg-3' P50
Clec4e_forward | 5'-gcctecatcctgtttctcag-3' P9
Clecde_reverse 5'-ctgtaagttctgcccggaaa-3' P9

Table 2. List of primers used in gRTPCR. UPL universal probe library.

(RPMI 1640, Sigma) supplemented with 10% foetal calf serum (Sigma-Aldrich) at 37¢in 5% CO,. BMDMs were
prepared as described elsewhere’ with the following modification, 7 days post differentiation cells were dissoci-
ated using StemproAccutase (Thermofisher Scientific).

Cytokine bioassay. MAMP ligand treatments and bacterial co-culture experiments were carried out on
THP1 cell lines or BMDMs, in 100 pl total volume of RPMI or Dulbeccos Minimal Essential Media (DMEM,
Sigma) supplemented with 10% FCS respectively. List of ligands used in this study and their targets are listed
in Table 1. Macrophage cells were seeded at 50,000 cells per well in flat bottom 96 well plates and co-cultured
or stimulated for 20 h with (a) L. salivarius strains (b) B. breve UCC2003 (c) E. coli EC101 at a MOI of 10 bac-
teria per macrophage and (d) HKLM (heat killed Listeria monocytogenes) (tlrl-hklm, Invivogen)—108® cells/ml,
(e) LPS from E. coli B5 (tlrl-b5lps, Invivogen)- 100 ng/ml, (g) Pam3csk4 (tlrl-pms, Invivogen)- 300 ng/ml, (h)
FSL-1—(tlrl-fsl, Invivogen) 100 ng/ml (i) TriDAP (tlrl-tdap, Invivogen)- 100 ng/ml (j) HKMT (heat killed Myco-
bacterium tuberculosis) (tlrl-hkmt-5, Invivogen)—100 pug/ml. HKMT is a Mincle and TLR2 agonist. Invivogen
recommend the following working concentrations; 10-100 pig/ml when used as a Mincle ligand or 100 ng-10 pg/
ml when used as a TLR2 ligand. Cells were incubated at 37 °C in 5% CO, at specified concentrations for 20 h
after which supernatants were collected for analysis of secreted TNF-a, IL-10, IL-12p70, IL-1p, IFN-y and mKC
using 7-plex MSD assays (MesoScale Discovery Gaithersburg, MD) or ELISA Duosets for TNF-a (DY410-05,
R&D Biosystems) and IL-10 (DY417-05, R&D Biosystems) in accordance with the manufacturer’s instructions.
NF-kB transcriptional activity in THP1 reporter cell lines was assayed using Quanti-blue (rep-qb1, Invivogen),
in accordance with the manufacturers instructions.

Quantitative real-time PCR. Murine BMDMs were harvested at various time points from the NT (non-
treated) BMDM group or post-stimulation with L. salivarius UCC118 at MOI (multiplicity of infection) of 10:1.
Total RNA was extracted using the RNeasy Mini Kit (74104, Qiagen) followed by DNAse treatment using RNA
Clean and Concentrator (R1015, ZYMO RESEARCH). cDNA was synthesized from total RNA as per manufac-
turers protocol using RT? First Strand kit (330404, Qiagen). Expression profiling (RT-qPCR) of TLR pathway-
associated genes was performed using RT? Profiler PCR Array for Mouse TLR Signaling Pathway (PAMM- 018Z,
Qiagen) at 20 h time point. Heatmaps were used to compare log2=24 values of L. salivarius UCC118 co-cultured
BMDMs relative to NT. R library ggplot2 function was used to visualize the data in the form of heatmap. The
data values ranges from — 1.69 to 4.53 and colored accordingly from blue to red. Separately, qRT-PCR (quantita-
tive real-time PCR) for Tlr1, Tlr2, Clec4e, 116, Tnfa and Il11b was performed at 4, 8, 12 and 20 h with primers and
probes listed at Table 2. Data were normalized to average Ct values of Actb (beta-actin) and expressed as fold
change (2724¢),

Flow cytometry analysis. BMDM cells were washed twice in PBS supplemented with 1% bovine serum
albumin (BSA) and 0.1% sodium azide. Nonspecific binding of antibodies (Abs) to Fc receptors was blocked by
pre-incubation of cells with monoclonal Abs (mAb) 2.4G2 directed against the FcgRIII/II CD16/CD32 (0.5 ng
mAD per 10° cells). 1x 10° cells were incubated with 0.5 ng of the relevant mAb for 20 min at 4 °C, and washed
again twice. The following mAbs from ebiosicence were used: APC-conjugated mAb binding CD45, PECy-
7-conjugated mAb binding CD11b, FITC-conjugated mAb binding F4/80 and PE-conjugated mAb binding
TLR2. Cells were analysed using BD Accuri C6 or BD FACSCalibur. Data were analysed using FCS Express V5
Flow Cytometry software (Copyright De Novo Software 2017).

Heat map generation of cytokine responses against bacterial strains. The log of the median of
cytokine concentration (pg/ml) from three independent experiments for different bacterial strains was visual-
ized in the form of heatmap (Fig. 1). The heatmap was generated using ComplexHeatMap R package”. The gra-
dient of the heat maps generated goes from blue to red (on a range of — 5 to + 15) to depict the low, intermediate,
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or high cytokine secretion elicited by the test strains. Different environmental origins of L. salivarius strains are
denoted by: a, animal; hb, human blood; hc, human intestine; hs, human saliva; un, unknown.

Statistical analysis. Cytokine (IL-6, IL-10, IL-1f, IL-12p70, TNF-a and KC) responses from WT BMDMs
treated with different ligands or co-cultured with different bacteria were compared with the cytokine response
from TLR27~, TLR4~/~, TLR2/4/~ or Clec4e™’~ BMDM:s. TNF-a response and NF-kB reporter activity of THP1-
XBlue cells (thpx-sp) were compared with THP1-XBlue- defMyD cells (thpx-dmyd). All experiments were
repeated three times (n=3) in triplicate wells per experiment. Statistical analysis were performed using 2 tailed
Student T test in GraphPad Prism. p <0.05 was considered as statistically significant.
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