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Taenia crassiceps-Excreted/Secreted Products Induce a Defined
MicroRNA Profile that Modulates Inflammatory

Properties of Macrophages
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Helminth parasites modulate immune responses in their host to prevent their elimination and to establish chronic infections. Our
previous studies indicate that Taenia crassiceps-excreted/secreted antigens (TcES) downregulate inflammatory responses in rodent
models of autoimmune diseases, by promoting the generation of alternatively activated-like macrophages (M2) in vivo. However,
the molecular mechanisms triggered by TcES that modulate macrophage polarization and inflammatory response remain unclear.
Here, we found that, while TcES reduced the production of inflammatory cytokines (IL-6, IL-12, and TNFa), they increased the
release of IL-10 in LPS-induced bone marrow-derived macrophages (BMDM). However, TcES alone or in combination with
LPS or IL-4 failed to increase the production of the canonical M1 or M2 markers in BMDM. To further define the anti-
inflammatory effect of TcES in the response of LPS-stimulated macrophages, we performed transcriptomic array analyses of
mRNA and microRNA to evaluate their levels. Although the addition of TcES to LPS-stimulated BMDM induced modest
changes in the inflammatory mRNA profile, it induced the production of mRNAs associated with the activation of different
receptors, phagocytosis, and M2-like phenotype. Moreover, we found that TcES induced upregulation of specific microRNAs,
including miR-125a-5p, miR-762, and miR-484, which are predicted to target canonical inflammatory molecules and pathways
in LPS-induced BMDM. These results suggest that TcES can modulate proinflammatory responses in macrophages by inducing
regulatory posttranscriptional mechanisms and hence reduce detrimental outcomes in hosts running with inflammatory diseases.

the immunomodulatory mechanisms evoked by these patho-
gens. Previous studies in our laboratory, using a murine

Helminth infections induce polarized T 2-type biased
immune responses that play a role in parasite expulsion,
tissue repair, and regulation of unrelated inflammatory and
autoimmune responses in the host [1-3]. The striking ability
of helminth parasites in conferring protection from diseases
of immune dysregulation has increased the attention into

model of cysticercosis, demonstrated that chronic infection
with the helminth Taenia crassiceps or administration of its
excreted/secreted products (TcES) ameliorates the develop-
ment of experimental ulcerative colitis, autoimmune enceph-
alomyelitis (EAE), and type 1 diabetes [4-8]. The ability of T.
crassiceps and TcES to counteract these inflammatory
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responses was demonstrated to be dependent on a popula-
tion of macrophages that produced markers of alternative
activation (M2), such as PD-L2, IL-4Ra, MR, IL-10, ARGI,
YMI, and FIZZ1 [9].

Macrophages can be activated towards an M2 phenotype
after being stimulated with IL-4 produced by T2 lympho-
cytes during parasitic infections or exposure to allergens
[10, 11]. In contrast, released IFN-y and pathogen or
danger-associated molecular patterns (PAMPs or DAMPs)
during infections or tissue injury, respectively, promote clas-
sical (M1) activation in macrophages [1, 12]. Although a cru-
cial role for T. crassiceps-induced M2 macrophages in
regulating detrimental autoimmune and inflammatory
responses has been demonstrated [3], the transcriptional
events elicited by TcES that modulate macrophage activation
have not been elucidated.

Helminth infections and/or their antigens can trigger
the levels of microRNAs to modulate inflammatory
responses in the host [13-15]. MicroRNAs are small non-
coding RNAs that regulate cell functions posttranscription-
ally through direct binding to the 3'-UTR (untranslated
region) of target messenger RNAs (mRNAs), resulting in
the destabilization of mRNAs and repression of translation
[16]. Recently, microRNAs have been associated with
helminth-induced M2 macrophages in vitro and in vivo.
For instance, Riickerl et al. reported that macrophages
obtained during acute (3 weeks) Brugia malayi infection
induced microRNAs associated with M2 macrophages,
such as miR-199-5p, miR-378-3p, and miR-125b-5p [15].
In addition, Guo and Zheng identified distinct micro-
RNAs, including miR-146a-5p, miR-155-5p, miR-21a-5p,
miR-146b-5p, miR-99b-3p, miR-125a-5p, and miR-378,
in RAW 264.7 macrophages cocultured with metacestodes
of Echinococcus multilocularis. In these studies, the authors
suggested a role for these microRNAs in targeting impor-
tant inflammatory mRNAs (Tnf, Illa, Il6, 1l12a, II120b,
Ccl22, and Ccl18 mRNA) [14]. Thus, microRNAs may be
a key mechanism elicited by helminths in the regulation
of inflammatory responses in the host.

Although we have previously demonstrated a role for the
TcES in preventing STAT1 phosphorylation in inflammatory
macrophages [17], the influence of TcES in macrophage
polarization and the transcriptional pathways regulating this
process remain unknown. Here, we determined the effect of
TcES alone or in combination with LPS or IL-4, in the regu-
lation of multiple mRNA transcripts and microRNAs
induced in macrophages. Our results indicate that TcES
decreased the production of inflammatory cytokines (IL-12,
TNFa, and IL-6) in LPS-induced macrophages but has a lim-
ited role in inducing directly the production of M1- and/or
M2-associated molecules. The immune-modulatory ability
of TcES was further associated with increased levels of spe-
cific microRNAs, which are predicted to target, according
to our bioinformatic analysis, numerous inflammatory
mRNAs involved in the TNF and NF-«B signaling pathways.
These findings suggest a role for TcES in modulating the
transcriptional profile of macrophages via altering their
microRNA profile and, consequently, the inflammatory
properties of these immune cells.
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2. Materials and Methods

2.1. Ethics Statement. All experiments in this study were per-
formed according to the guidelines for the Care and Use of
Laboratory Animals adopted by the US National Institutes
of Health. The Institutional Animal Care and Use Committee
(TACUQC) at the Research Institute at Nationwide Children’s
Hospital and the Ohio State University approved all
protocols.

2.2. Mice. Adult 6- to 8-week female BALB/c mice were
purchased from The Jackson Laboratory. All animals were
maintained in a pathogen-free environment and estab-
lished as breeding colonies in the Transgenic Mouse Facil-
ity at the Research Institute at Nationwide Children’s
Hospital or in specific pathogen-free conditions at the
Ohio State University Laboratory Animal Resources. The
mice were housed in sterilized polycarbonate cages with
basic filter top caging containing pine wood shavings and
were offered mouse ration and water ad libitum. The cages
were held in Isolation and Containment cubicles (Britz
and Co., Wheatland, WY).

2.3. Parasites and TcES. Metacestodes of T. crassiceps (ORF
strain) were harvested under sterile conditions from the
peritoneal cavity of female BALB/c mice after 8-10 weeks of
intraperitoneal (i.p.) infection. The cysticerci were washed
four times in physiological saline solution prior to maintain-
ing them in culture with a sterile saline solution at 37°C for
24h. The supernatant was recovered and centrifuged for
10min at 1000 g. The heavy fraction of TcES was concen-
trated using the 50kDa Amicon Ultra Filter (Millipore),
30min at 1000 g. Protease inhibitors were added to the
>50kDa fraction, and samples were stored at -70°C until
further use.

2.4. Bone Marrow-Derived Macrophages (BMDM). To gen-
erate bone marrow-derived macrophages (BMDM), we
followed the protocol previously described [18]. Briefly,
bone marrow cells were obtained by flushing femurs and
tibias from BALB/c mice with a sterile saline solution.
The isolated cells were plated in 100 mm Petri dishes at
1x10° cells/mL in Dulbecco’s modified Eagle’s media
(DMEM, Mediatech, Herndon, VA), supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Life Tech-
nologies, Grand Island, NY), 1% penicillin/streptomycin,
1% glutamine, and 20ng/mL of macrophage colony-
stimulating factor (M-CSF, BioLegend). On day 7, the cells
were harvested, washed, counted, and replated in culture
media (without M-CSF) at a density of 2x 10° cells/well
(12-well plate, Falcon polystyrene). BMDM were incubated
with either TcES (25ug/mL), Escherichia coli LPS
(Img/mL, Sigma-Aldrich), interleukin-4 (20ng/mL),
TcES+LPS or TcES+IL-4. After 4 and 24h poststimula-
tion, BMDM were harvested for flow cytometric and
transcriptomic analysis. The supernatants were recovered
for cytokine detection by ELISA.

2.5. Flow Cytometric Analysis. Flow cytometric analysis was
performed as previously described [19]. Briefly, harvested
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BMDM were incubated in 1 yg/mL of anti-mouse Fc receptor
antibody in 100 mL PBS containing 0.5% BSA plus 0.02%
NaN; (FACS buffer) for 15min on ice. Subsequently,
single-cell suspensions were stained for 15min at 4°C with
blue-fluorescent reactive dye, L23105 (Life Technologies) to
discriminate dead cells. After washing, 1-3 x 10° cells were
surface-stained in FACS buffer for 15 min at 4°C with anti-
bodies recognizing CD11b (Alexa Fluor 700, BioLegend),
F4/80 (Brilliant Violet 785, BioLegend), CD86 (Brilliant Vio-
let 421, BioLegend), PD-L1 (PE-Cy7, BioLegend), and PD-L2
(PE, BioLegend). Surface-stained cells were washed three
times with FACS buffer and treated with Fix/Perm reagent
according to the protocol of the cytofix/cytoperm kit (BD
Biosciences, San Jose, CA, USA). The cells were intracellu-
larly stained in FACS buffer containing anti-Nos2 (PE,
eBiosciences) and anti-h/m arginase 1 (APC, R&D sys-
tems) for 30 min at 4°C and further collected on an LSR
II cytofluorometer (BD, Franklin Lakes, NJ). Stained cells
were gated according to size (SSC-A) and forward scatter
(FSC-A) to eliminate debris. Doublets were excluded from
the analysis by using forward scatter height (FSC-H) and
FSC-A. Data analysis was performed using FlowJo Software
(FlowJo, LLC).

2.6. Cytokine Assay. Supernatants from cell cultures of stim-
ulated macrophages were recovered at 4 and 24 h poststimu-
lation, and the levels of the cytokines IL-10, IL-6, TNFa, and
IL-12 were measured by ELISA according to the manufac-
turer’s instructions (PeproTech).

2.7. RNA Extraction and Arrays. Total RNA was extracted
from BMDM stimulated with LPS (M, pg), T¢ES (Mycgs)s
LPS+TCcES (Mg, Lps)> Or culture media (M,) using QIAzol
reagent (QIAGEN), according to the manufacturer’s
specifications, and stored at -80°C. Next, RNA was purified
following the miRNeasy kit protocol (QIAGEN). RNA
concentration and integrity were determined using a Nano-
Drop™ spectrophotometer (Thermo Scientific, Wilmington,
DE) and Agilent Bioanalyzer 2100, respectively. For
transcriptomic analysis, 50 ng/uL of RNA was used for the
nCounter Inflammation Panel (NanoString mRNAs) and
the nCounter miRNA Assay set (microRNAs). Both mRNA
and microRNA arrays were performed following the manu-
facturer’s instructions at the Genomics Shared Resource,
OSU. Data analysis for the nCounter Inflammatory Panel
(mRNA) and for the nCounter miRNA Assay set was con-
ducted using the nSolver™ Analysis Software according to
the manufacturer. For the nCounter Inflammatory Panel
(mRNA), we normalized using the normalization factor
and subtracted the background (mean of negative
controls + 2 standard deviations). Next, we normalized
using the geometric mean of housekeeping genes as reported
[20]. Then, using the normalized counts, we calculated the
fold change (FC) by comparing Mg, Mycpsirps and My pg
to M,,. For the nCounter miRNA Assay set, we first normal-
ized using the normalization factor. The background was
subtracted from the data using the mean of negative
controls + 2 standard deviations. Finally, we used the top 75
microRNAs [21]. The normalized counts were used to

calculate the FC by comparing M zss Mycps,ps and M pg
to M,. Of the 566 total probes measured in the assay, 183
and 236 microRNAs for 4h and 24h, respectively, were
identified and used for analyzing significant changes in
microRNA levels among samples. MultiExperiment Viewer
(MeV) was used to generate heat maps, which represent
log,-transformed data.

2.8. Real-Time PCR. TagMan gene expression assays
(Applied Biosystems) were used to quantify and/or validate
the levels of mRNAs and microRNA transcripts. cDNA was
generated from mRNAs, using a 15 4L RT reaction consisting
of 2.0 yuL of Buffer (10x), 0.8 uL 100 mM dNTPs (100 mM),
1.0 uL reverse transcriptase, 2.0 uL of mRNA primer, and
1 ug of total RNA. RT reaction was incubated for 30 min at
16°C, 30 min at 42°C, and 5min at 85°C. For microRNA
levels, a 15 pL reaction was prepared with 2.0 uL of buffer
(10x), 0.2uL 100mM dNTPs (100mM), 1.0uL reverse
transcriptase, 0.2 uL RNAse inhibitor (20 U/uL), 3.0 uL of
microRNA primer, and 100ng of total RNA. RT reaction
was incubated as mentioned before. For both mRNA and
microRNAs, quadruplicate real-time PCR reactions were
performed in the 7500 Real-Time PCR system. The amplifi-
cation reaction mix was composed of 10 uL of TagMan Uni-
versal PCR Master Mix (2x), 1 4L of the specific mRNA or
microRNA probe, and 1uL of specific microRNA c¢cDNA.
The reactions were preincubated for 10 minutes at 95°C
and amplified with 40 cycles consisting of 10sec at 95°C,
40 sec at 60°C, and 5sec at 72°C (fluorescence acquisition).
To assess possible bias for reference RNA, we used 18S
RNA, Actb, and Gapdh mRNAs. Relative quantification was
calculated by 2"**“", All mMRNA and microRNA assays were
tested for reproducibility and linearity (PCR efliciency was
between 1.9 and 2.0 for all assays). All primers were pur-
chased from Applied Biosystems. The primer sequences are
shown in Table S1.

2.9. mRNA and MicroRNA Target Gene Prediction and
Bioinformatics Analysis. Target mRNAs of differentially
produced microRNAs were predicted using DIANA-
TarBase database v6.0, which includes experimentally vali-
dated targets from the literature. To explore the potential bio-
logical function of the microRNAs’ profile and their targets,
DIANA-mirPath v2.0 (http://snf-515788.vm.okeanos.grnet
.gr/) was used to perform enrichment analysis of micro-
RNA’s target mRNAs in the KEGG pathway and in GO
terms [22].

2.10. Statistical Analysis. Data analyses were performed using
GraphPad Prism 6 software. Statistical comparisons were
performed by using Student’s t-test. p values less than 0.05
were considered significant. Graphed data are presented as
mean + SD or SEM.

3. Results

3.1. TcES Reduces the Inflammatory Response of LPS-Induced
BMDM. Previously, we demonstrated the ability of TcES in
reducing the development of inflammatory and autoimmune
diseases in rodent models [4-8]. The effect of TcES in
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counteracting detrimental inflammatory responses in vivo is
associated with the emergence of polarized macrophages
towards an M2 phenotype [4, 5, 11]. Although studies in
our laboratory indicate a role for TcES in blocking the IFN-
p/STAT]1 signaling pathway in macrophages [17], the effect
of TcES in inducing directly M2 macrophages remains to
be elucidated. To define the macrophage profile elicited by
TcES, we first determined the levels of the inflammatory
cytokines IL-12, IL-6, TNF«, and IL-10 in cultures from
BMDM. The cells were stimulated (Figure 1(a)) for 4h or
24 h with T¢ES (henceforth M. i), E. coli lipopolysaccharide
(M;pg), interleukin-4 (My_,), TcES+LPS (Mycgs ips)
TCES+IL-4  (Mrypgsia)» or PBS (Mg). Supernatants
obtained from My ¢ displayed higher levels of IL-10
and deficient levels of inflammatory cytokines (IL-6 and
TNF«) compared to all the groups at 4h poststimulus
(Figures 1(b) and 1(e)). However, IL-10 production by
My s did not continue at 24h. Interestingly, we found
that exposure of macrophages to TcES and stimulated
with LPS (Mypg,1ps) significantly reduced the production
of IL-12, IL-6, and TNF«a compared to those in M, ¢ at
24h (Figures 1(c) and 1(e)). Increased IL-10 levels were
observed in supernatants from My pq,;ps compared with
all groups at 24h (Figure 1(b)). A similar trend was iden-
tified in the levels of the mRNA for Tnf at 24h poststim-
ulus (Figure 1(f)), whereas levels of Il10 mRNA were
similar between all groups at 24h (Figure 1(g)). Our
results suggest that TcES play a role in downregulating the
production of proinflammatory cytokines in LPS-induced
BMDM, by increasing the production of a regulatory
cytokine.

To gain insight in the phenotypic profile induced by TcES
in macrophages, we used flow cytometry technique to
determine the production of intracellular nitric oxide syn-
thase (NOS2), and arginase-1 (ARGL1), as the conventional
markers for M1 and M2 profiles, respectively, in BMDM.
Our results showed that while M, , and M;; , presented
increased percentages of NOS2* and ARG1™ macrophages,
respectively, My g displayed limited production of these
molecules (Figures 2(a) and 2(d)). Additionally, similar per-
centages of NOS2* BMDM were found between M g, ps
and M, ps, and comparable ARG1™ BMDM were observed
when analyzing M gq 1.4 Versus My , (Figures 2(a) and
2(d)). Levels of mRNA Argl by RT-qPCR showed similar
trends as the flow cytometric analysis (Figure 2(f)). While
the levels of Nos2 mRNA were upregulated in M gq.1ps
compared to M, but significantly reduced compared to M pg
(Figure 2(e)). These data suggest that the stimulus with TcES,
either alone or in combination with LPS or IL-4, has a limited
role in inducing the production of canonical M1 or M2
markers. Nevertheless, these antigens play a role in downreg-
ulating the proinflammatory response to LPS in BMDM.

3.2. TcES Modify the Proinflammatory mRNA Profile of LPS-
Induced BMDM. Because our data suggest a novel role for
TCES in attenuating the proinflammatory response of LPS-
induced BMDM, and the current M1/M2 paradigm scarcely
describes the influence of TcES in the transcriptional profile
of macrophages, we performed a proinflammatory mRNA
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array screen (see “mRNA array” for details) on M,, M pg,
Migs and Mygepss at 4 and 24h  poststimulus
(Figure 3). Commonly produced mRNAs among the groups
of M;pg Mryepe and My g, ps are displayed in Table S2.
As expected, our results indicate increased levels of multiple
proinflammatory mRNAs in M, with respect to M,
(Table 1 and Table S3), including Il1a, Il6, Il12a, 1112b, Tnf,
and Nos2, among other mRNAs, at 4 and 24h
poststimulus. These molecules correspond to previously
reported markers for LPS-stimulated macrophages [1]. In
contrast, Mg downregulated the levels, with respect to
M,, of cytokines, chemokines, and transcriptional factors
distinctive of M1-activated macrophages, while displaying
upregulated levels mainly associated with enzymes, as
MAPK pathway, at 4 and 24h poststimulus (Table 1 and
Table S4). Noticeably, although My pg,;1ps presented 132
and 96 upregulated mRNAs (Table S5), these macrophages
only shared 6 and 3 upregulated mRNAs with M ¢ at 4
and 24h poststimulus, respectively. However, My pq,1ps
shared 89 and 65 upregulated mRNAs with M ¢ at 4 and
24h poststimulus, respectively, including transcripts for
cytokines, chemokines, receptors, and transcriptional
factors as Illa, 1l1b, Il6, 1l12a, I112b, Ccl3, Ccl5, Ccl2, Ccl7,
Cds6, Tir2, Statl, Stat3, and Nfkbl mRNA. The
differentially induced mRNAs between M g, 1 ps and M| pg
are shown in Table S6. Next, we validated 7 mRNAs
associated with M1 (Il1b, Statl, Cd86, 116, and 1112b) and
M2 (Stat6 and Chi3I3) macrophages by RT-qPCR. The
levels of these mRNAs were comparable to those observed
in the mRNA array (Figure 4), which attest for the high
quality of our array, supporting that a posttranscriptional
mechanism induced by TcES may have a role in
macrophage’s response to LPS. Interestingly, although the
levels of IL-6 and IL-12 in supernatants from M gs.1ps
were significantly reduced respect to M, ¢ (Figures 1(a) and
1(b)), the levels of their mRNAs of these cytokines were
comparable between My gs,ips and M;ps. These data
suggest that posttranscriptional mechanisms triggered by
TcES may have a role in modulating the production of
specific inflammatory cytokines.

3.3. TcES Modulate the Profile of MicroRNAs in LPS-
Stimulated BMDM. MicroRNAs participate in diverse bio-
logical processes at the posttranscriptional regulatory level.
The complementary binding of microRNAs to mRNAs
reduces either transcription or translation of mRNA tran-
scripts [16]. Recently, a handful of studies indicate a role
for helminth parasites and their antigens in inducing micro-
RNAs to modulate host immune responses [14, 15, 23]. To
determine whether the ability of TcES in attenuating the
inflammatory response of BMDM is associated with the pro-
duction of specific microRNAs, we performed a microRNA
array (see “microRNA array” in Materials and Methods for
details) in My, M;pg, Mg and My gs,1ps> at 4 and 24h
poststimulus. As a result, we identified 7 and 89 upregulated
microRNAs in M, pq at 4h and 24 h, respectively. Mg dis-
played 13 (4h) and 3 (24h), and Mg, ps Showed 19 (4h)
and 28 (24h) upregulated microRNAs (Figure 5). The top
10 up- and downregulated microRNAs in M; ¢, Mg, and
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FIGURE 1: TCES regulates the production of inflammatory cytokines in LPS-induced macrophages. (a) Flow diagram of general experimental
design. For differentiation of macrophages, bone marrow progenitor cells were cultured with rM-CSF at 37°C 5% CO, for 7 days. On
completion day, BMDM were washed and stimulated with the following stimuli: LPS (1 ug/mL), TcES (25ng/mL), or both for 4 or 24
hours. The supernatants, total RNA or cells were harvested for later procedures. (b) Kinetics levels of IL-10, (c) IL-6, (d) IL-12, and (e)
TNFa« in supernatants from stimulated BMDM. Evaluation of the levels of (f) Tnf and (g) IlI0 mRNA by RT-qPCR in groups of
stimulated macrophages mentioned above (1 =6, 3 replicates condition). mRNA levels are represented as mean relative (+SD). Data are
representative of 3 independent experiments using 3 replicates per stimuli. Significance was calculated using ¢-test. *p <0.01, **p < 0.05,

and ***p < 0.001.

M gss1ps are shown in Table 2. The complete lists of micro-
RNAs are shown in Table S7-S9. Additionally, we found 4
and 2 microRNAs shared among the groups of stimulated
BMDM at 4 and 24h, respectively (Table S10).
Interestingly, M gq,1ps shared 6 upregulated microRNAs
with My and only 3 with M, at 4h poststimulus.
However, M gs.1ps did not share microRNAs with M gg
and shared 22 with M;,q at 24h poststimulus. Finally,
Mepsiips differentially induced 3 and 20 microRNAs
compared to M;pq at 4 and 24h poststimulation,
respectively (Table S11). These data suggest that TcES
induce the early production (4h) of microRNAs, followed
by the stimulus with LPS (24h), in My g, ps- This
phenomenon is associated with an increased number of
upregulated microRNAs in My g compared to M pg (13 vs.
7 microRNAs, Figure 5) at 4h poststimulation.

To assess the potential biological relevance of the upreg-
ulated microRNAs in the transcriptional profile of activated
macrophages, we conducted bioinformatic analysis as GO
terms and KEGG pathway analysis by comparing My g
My psiips OF M| pg vs. M, at both 4 and 24 h poststimulus.
The GO terms in My g and My gg, 1 ps Were mainly enriched
for the biological process associated with anatomical struc-
ture development, cell differentiation, and cellular protein
differentiation process at 4h poststimulus (Figures 6(a) and
6(b)). Anatomical structure development, cell differentiation,
and chromosome organization were predicted to be a target
by microRNAs in My gg, while organelle, anatomical struc-
ture, and cell differentiation were enriched in M gq,ps at
24 h poststimulus (Figures 6(d) and 6(e)). Lastly, GO terms
enriched for M, 4 are chromosome organization, biosyn-
thetic process, and protein complex as well as organelle,

anatomical structure, and cell differentiation at 4 and 24h
poststimulus, respectively (Figures 6(c) and 6(f)). The KEGG
pathway enrichment analysis revealed that at 4h stimulus,
upregulated microRNAs were regulating glioma, chronic
myeloid leukemia, and TGF-f signaling pathway in My _gg
(Figure 6(a)); ubiquitin-mediated proteolysis, p53, and
GhRH signaling pathway in My, ps (Figure 6(b)); and
prostate cancer, steroid biosynthesis, and FoxO signaling
pathway in M g (Figure 6(c)). In contrast, the KEGG enrich-
ment pathways at 24h poststimulus were axon guidance,
insulin signaling pathway, and HTLV-I infection in My g
+Lps (Figure 6(e)) and inositol phosphate metabolism, path-
ways in cancer, and insulin signaling pathway in M| pq
(Figure 6(f)). For more details of GO enrichment analysis
and KEGG pathways, refer to Table S12 and Table S13.
These data suggest a role for TcES in inducing microRNAs
that regulate important metabolic, cell signaling, and
inflammatory pathways in LPS-stimulated BMDM.

Next, we selected and validated by RT-qPCR four micro-
RNAs (miR-125a-5p, miR-762, miR-155-5p, and miR-484),
which are potentially involved in the regulation of inflamma-
tory mRNAs, as indicated by previous studies and our bioin-
formatics analysis. We found that both M, g and My
showed increased levels of miR-125a-5p (Figure 7(a)), a
microRNA reported to reduce the production of inflamma-
tory cytokines (IL-6, IL-12, and TNFa) [24]. The levels of
miR-125a-5p were sustained in M;pq and My gg,ps until
24h poststimulus (Figure 7(b)). The combined stimuli of
TcES and LPS induced an additive effect in the levels of this
microRNA at 4 h poststimulation (Figure 7(a)). Furthermore,
M s and My g1 ps showed increased levels of miR-762, a
microRNA  known to directly target the mRNA of
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FIGURE 2: TcES do not modify the production of canonical M1/M2 macrophage markers. Representative dot plots, obtained by flow
cytometry, of (a) F4/80"NOS2"* and (b) F4/80*ARG1* BMDM, after 24 h poststimulus with one of the following stimuli: LPS (1 gg/mL),
TCcES (25ng/mL), IL-4 (20 ng/mL), TcES+LPS, TcES+IL-4, or PBS. Bar graphs representing the percentage of (c) F4/80"NOS2" and (d)
F4/80"ARG1" BMDM at 24 h poststimulus. (e) Evaluation of the levels of Nos2 and (f) Argl mRNA by RT-qPCR in BMDM stimulated
for 24h (n =6, 3 replicates condition). mRNA levels are represented as mean relative (+SD). Data are shown as a representative of two
independent experiments. Significance was calculated using t-test. *p < 0.01, **p < 0.05, and ***p < 0.001.

inflammatory transcription factor Irf7 [25], at 4 h poststimu-
lus (Figure 7(c)). This microRNA was later produced in M, pq
at 24 h poststimulation (Figure 7(d)). In addition, miR-484
was highly produced in My g compared to both My gs.1ps
and M, at 4 and 24h poststimulus (Figures 7(e)-7(f)).
Our bioinformatic analysis suggests that miR-484 can poten-
tially target Nfkb, Stat5a, Irfl, Myd88, Statl, and Il12a
mRNAs. Finally, miR-155-5p, a well-defined microRNA in
M1 macrophages, was upregulated in M;pq and My gs,ps
compared to My at 4 and 24h poststimulation
(Figures 7(g)-7(h)). The profile of these miRNAs was com-
parable to those observed in the microRNA array. Alto-
gether, our findings suggest a role for miR-125a-5p, miR-
762, and miR-484 in the immunomodulatory effect of TcES
in BMDM.

4. Discussion

Helminth parasites and their antigens can counteract pro-
inflammatory responses generated during autoimmune
diseases [3]. In our laboratory, we have previously demon-
strated that infection with the helminth parasite T. crassi-
ceps or the administration of TcES reduced the symptoms
of EAE, type I diabetes, and ulcerative colitis, in part due
to the polarization of macrophages in vivo towards an M2
phenotype [4-8, 26]. However, the functional role of TcES
in regulating the activation and inflammatory response of
macrophages remains unknown. In this study, we evalu-
ated the effect of TcES on the polarization towards an
M2 profile, inflammatory immune response, and transcrip-
tomic profile of macrophages in vitro.
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We first measure the production of the cytokines IL-6,
IL-10, IL-12, and TNFa in BMDM-stimulated with TcES
alone or in combination with LPS and observed that TcES
increased the levels of the regulatory cytokine IL-10 and
reduced the release of the inflammatory cytokines IL-6,
IL-12, and TNFa« in supernatants from LPS-stimulated
BMDM. TcES alone did not increase the production of
inflammatory cytokines but induced the release of IL-10
in BMDM. The levels of both mRNAs of Il10 and Tnf
measured by RT-qPCR showed similar trends when com-
pared to the levels of cytokines obtained by ELISA assay, sug-
gesting a consistent role for TcES in regulating cytokine
production by inhibition of their transcripts.

Here, we evaluated the production of NOS2 and ARG1 in
BMDM stimulated with TcES alone or in combination with
IL-4 or LPS. M1 macrophages normally produce NOS2,
which metabolizes L-arginine to nitric oxide (NO), while
M2 macrophages produce ARGI, which metabolizes L-
arginine to produce prolines and polyamines [2, 27]. We
found that whereas BMDM stimulated with IL-4 or LPS
alone showed increased levels of ARG1 and NOS2, respec-
tively, TcES did not alter the production of both NOS2 and
ARG, after 24 h poststimulation. Our data are in agreement
with previous studies using Fasciola hepatica tegumental
antigens, which also failed to directly induce the production
of molecules associated with M2 macrophages in vitro but
not in vivo [28]. The production of M2 canonical molecules
such as ARGI has been reported to be IL-4-dependent, which
is produced by T;2 T cells, natural killer T cells, and baso-
phils but not macrophages [29-31]. Therefore, helminth
antigen stimulation alone is not enough to induce functional
polarization of BMDM towards M2; however, they influence

the inflammatory properties of these cells. Therefore, TcES
do not induce the production of M2-associated molecules
but counteract inflammatory response in macrophages
in vitro.

Recent studies indicate a regulatory role for helminth
antigens obtained from Trichinella spiralis, Spirometra
erinaceieuropaei, Schistosoma mansoni, and Hymenolepis
diminuta in reducing cytokine production and subsequent
inflammation [32-41]. However, the analysis of a small num-
ber of inflammatory products and/or conventional M1 and
M2 markers poorly describes the effect of these antigens in
the proinflammatory profile of macrophages. Therefore,
using array approaches (nCounter Inflammation Panel,
NanoString mRNAs), we determined the levels of multiple
mRNAs involved in macrophage inflammatory response.
As expected, Mg displayed a lower number of upregulated
inflammatory mRNAs, when compared to M g at 4 (42 vs.
120 mRNAs) and 24h poststimulus (36 vs. 104 mRNAs).
M s induced mRNAs associated with phagocytosis, M2
macrophage, and anti-inflammatory response. For instance,
Mg showed increased levels of Pkca mRNA necessary for
the biogenesis of phagolysosomes [42]. In addition, My gg
increased levels of Irf3, Cls, and Ptgs mRNAs which have
been previously associated with anti-inflammatory microen-
vironments and identified in M2 macrophages [43-53].
Although our results suggest that TcES induce mRNAs asso-
ciated with M2 macrophages, the stimulus with these
helminth-derived molecules is not enough to induce a full
expression of all M2 markers in macrophages as observed
in previously reported studies [28].

In contrast, M gg,1ps and M, g shared more than 60
proinflammatory mRNAs at both 4 and 24h
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and 24 h poststimulation.

poststimulation. Interestingly, we observed reduced levels
of different inflammatory mRNAs, e.g, Noxl, Ccl2la,
Ccr4, and Cxcr2, in Mys.ips With respect to M, pg at
24h poststimulus. Noteworthily, although the levels of
Il6, 1l12a, and Il112b mRNAs were similar between My pq
+ps and Mo, reduced levels of these cytokines were
detected in supernatants from My gg,1ps With respect to
M;ps. A similar phenomenon has been reported for
Acanthocheilonema viteae antigens, in decreasing TNFa
production in macrophages without altering Tnf tran-
scripts  [35], suggesting the participation of other

posttranscriptional mechanisms. Additionally, M and
My gssips shared levels of the mRNAs for Irf3, Defal,
Clsl, and Ifnal at 4h, and Hspbl, Maft, and Map2ké
at 24h post stimulus. While levels of Irf3 and Clsl
mRNAs suggest an M2-like profile, levels of Ifnal mRNA
suggest that TcES could be recognized through TLR3,
TLR7/8, or TLRY [54, 55]. To note, Defal mRNA codifies
protein HNP1 (human neutrophil-« defensin), which
inhibits macrophage-driven inflammation through targeting
proinflammatory cytokines and NO [56, 57]. Lastly, we
noted that TIr2 mRNA was upregulated in My pq,1ps
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at 24h post stimulus, which could be attributed to TcES’s microRNAs, small noncoding RNA molecules, have
own recognition, as previously have been reported to  emerged as a key component of macrophage posttranscrip-
recognize TcES [58]. These data suggest that posttran-  tional regulation [59]. These molecules can silence the trans-

scriptional events may be involved in the regulatory  lation of mRNAs via base-pairing with complementary
mechanism triggered by TcES in regulating macrophage  sequences within the RNA molecules. Hence, we further
inflammatory responses. analyzed the microRNA profile in BMDM stimulated with
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treated BMDM (FC + SD). Data shown are representative of two independent experiments. Significance was calculated using ¢-test. *p < 0.01,

**p<0.05,and ***p < 0.001.

TcES alone or in combination with LPS. Our analysis
demonstrated that My, ps shared regulatory micro-
RNAs with M, ps. For example, miR-146a-5p was upregu-
lated in My gq,1ps and M, pg at 4h and only in My gq.1ps
at 24h poststimulus. This microRNA has been reported to
dampen proinflammatory responses in macrophages
through the inhibition of TLRs, NF-«B, and STAT signaling
pathways by targeting the mRNAs of Traf6, Irakl, Irak2,
Nfxb, Statl, and Apl [60-63]. This evidence is supported
by our KEGG enrichment analysis, which indicates that over-
produced microRNAs in My g, ps target mRNAs involved
in NF-«B, TNF, and MAPK signaling pathways. Of note,
these data also confirm our hypothesis that TcES target pro-
inflammatory pathways and support our previous findings
indicating a role for TcES in blocking the IFN-y/STAT1 sig-
naling pathway in macrophages in vitro [17].

Mipgsips also overproduced microRNAs previously
reported to target inflammatory mRNAs; for instance, let-7i
and let-7e target Tlr4 mRNA, which causes a drop in the rec-
ognition of proinflammatory antigens [64-66]. Moreover,
miR-24-3p production in macrophages has been reported
to significantly decrease the production of IL-6 and TNF«
[67]. Furthermore, M gs,1ps and Mz shared upregulated
microRNAs previously reported to be elicited in macro-
phages exposed to E. multilocularis antigens (e.g., miR-
146a-5p) and S. japonicum (miR-365 and miR-24) [14, 68].
These data suggest the presence of conserved antigens among
helminths that could trigger similar posttranscriptional
mechanisms to modulate immune responses in the host.

Finally, we selected four upregulated microRNAs to vali-
date their levels by RT-qPCR and confirm the high quality of
our array. We observed increased levels of miR-125a-5p in
Mg and M pg, as early as 4 h poststimulus. The combined
stimulus with TcES and LPS induced an additive effect in the
levels of this microRNA. miR-125a-5p has been reported to

increase after TLR2/4 signaling and has a key role in reducing
the production of inflammatory cytokines (IL-6, IL-12, and
TNFa) by targeting NF-xB and KFL4 signaling pathways
[24, 69-71]. These data are associated with our previous
studies suggesting that TcES is a ligand of TLR2 in phago-
cytic cells [58, 72]. In addition, miR-762 was selectively
induced in My g and My gs,1ps at 4h poststimulus. miR-
762 has been demonstrated to increase in ovarian and breast
cancer and ocular tissue [73-75] where macrophages nor-
mally acquire an M2-like phenotype [76, 77]. Furthermore,
by using bioinformatic tools, we found 1112b, 1l6, Tnf, Nfkb,
and Cd86 mRNAs as possible targets of miR-762 in My g
and My g, ps- The microRNA miR-484 was found to be
upregulated in all the groups of stimulated BMDM at 4h;
however, its levels were only sustained in Mg at 24 h post-
stimulation. miR-484 has been previously identified in multi-
ple types of cancers [78-82] and the cerebral cortex [83];
such microenvironments are known to promote an anti-
inflammatory phenotype in macrophages. Our bioinformatic
analysis shows that I1b, Nfkb, Stat5a, Irfl, Myd88, Stat1, and
IL-12a mRNAs are possible targets for miR-484, which sug-
gest a possible role for miR-484 in immune tolerance.
Lastly, we observed that miR-155-5p was upregulated in
M, pg at 4h and My gs,1ps and M, pg at 24 h poststimulus.
miR-155-5p is a well-defined microRNA induced by LPS in
macrophages, which enhances the proinflammatory
response by targeting the immunomodulatory mRNAs
Shipl, Socsl, Il13ra, and Clebpf3 and increasing the half-life
of Tnf [64, 84-88]. However, antigens of another helminth,
Angiostrongylus cantonensis, also upregulated miR-155-5p
[89]. Therefore, it would be of interest to further study the
role of miR-155-5p during exposure to helminth antigens.
In summary, our study demonstrates a role for TcES in
regulating the production of key inflammatory cytokines,
possibly by inducing microRNAs that target inflammatory
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transcripts and promoting the release of IL-10 in macro-
phages. This phenomenon shapes the transcriptomic profile
of macrophages and consequently the outcome of the
immune response. Although we found clear associations
between TcES-induced microRNAs and mRNAs involved
in multiple inflammatory pathways as their targets, our study
has the limitation that we did not prove a direct interaction
between microRNAs and mRNAs. Therefore, future studies
in our laboratory will focus on elucidating the functional
roles and significance of the different microRNAs described
here. These findings increase our understanding of how
released molecules from helminths regulate inflammation
and may offer new approaches for the treatment of autoim-
mune and inflammatory diseases.
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