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Abstract: TGF-f is a pleiotropic cytokine with both stimulatory and inhibitory effects on
immune cells, depending on the microenvironmental context. It targets mast cells (MCs)
in different physio-pathological conditions, such as inflammation and cancer. Besides
acting as a potent chemoattractant for MCs, TGF-f3 regulates many other aspects of MCs’
physiology, including the secretion of many regulatory molecules. MCs secrete a variety of
mediators, either pre-formed or newly synthesized, upon appropriate stimulation. CCL-2
chemokine and TNF cytokine act as potent chemoattractants for several immune cells and
participate in the initiation of inflammatory responses by recruiting them to injured tissues.
TGF-f regulates CCL-2 and TNF secretion in different cell types and under distinct cellular
contexts. Here, we report that the treatment with TGF-f3 alone induces the secretion of both
pre-formed and newly synthesized CCL-2 in the rat RBL-2H3 mast cells but not in mouse
bone marrow-derived mast cells (BMMCs). TGF-f3-induced CCL-2 secretion depends on
rapid rearrangements of the actin cytoskeleton and, remarkably, on the early secretion of
soluble TNF that triggers an autocrine TNF signaling. In conclusion, we found cooperation
between TGF-f3 and TNF signaling pathways to promote the secretion of CCL-2 chemokine
by MCs in a cell-context specific manner.

Keywords: TGF-f3; mast cells; secretion; CCL-2; TNF; RBL-2H3

1. Introduction

Transforming Growth Factor 3 (TGF-f3) is a widely expressed cytokine. It is also the
prototype of a superfamily of growth factors with pleiotropic actions on cell proliferation,
differentiation, survival, death, and migration. Its actions are important to regulate multiple
biological processes, including tissue homeostasis, organ development, wound healing, and
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immune responses [1,2]. TGF-3 exerts its actions by binding to a complex of transmembrane
serine/threonine kinase receptors, TBRII and TRRI/ALKS (Activin receptor-Like Kinase
5), to trigger the activation of Smad-dependent (canonical) and Smad-independent (non-
canonical) signaling pathways. Activations of Mitogen-Activated Protein Kinases (MAPKs),
Phosphatidyl-Inositol-3-Kinase (PI3K)/AKT, and Rho-GTPases are important processes
involved in the non-canonical TGF-f3 signaling cascade. In the canonical pathway, activated
Smad transcription factor complexes, including Smad2, Smad3, and/or Smad4, translocate
to the nucleus and associate with other transcription factors or cofactors to regulate the
expression of more than 500 different genes, in a cellular context-dependent manner [1-3].

TGEF-f is an important regulatory cytokine that exerts both stimulatory and inhibitory
effects on immune cells. TGF-f maintains immune tolerance via the regulation of lym-
phocyte function and also controls the initiation and resolution of inflammatory responses
by regulating chemotaxis, activation, and survival of most leukocytes [4-6]. TGF-f3 also
regulates leukocytes’ function in autoimmune diseases, where immunological tolerance to
self-antigens is lost [7]. Intriguingly, TGF-{3 actions depend on the immune cell differentia-
tion state and also on the presence of other cytokines.

Mast cells (MCs) are innate immune cells located in tissues that arise from the yolk
sac during embryonic development and, in adults, are mostly derived from bone marrow
precursors that migrate to all vascularized tissues of the body and finish their differentiation
under the influence of locally produced mediators. Evidence shows that their origin and
the signals from the tissue microenvironment determine MCs’ phenotype. Murine MCs are
subclassified into two main subsets based on their tissue distribution and granule content:
Connective tissue mast cells (CTMCs) originate from yolk sac-erythro-myeloid progenitors
(EMPs), express tryptase, present high levels of the Mas-related G-protein receptor B2
(MRGPRB2), and are located around venules and nerve endings in most connective tissues
(i.e., skin, adipose, trachea, tongue, esophagus, peritoneal cavity, and pleural cavity); and
mucosal mast cells (MMCs) originate from fetal hematopoietic stem cells (HSCs), lack
tryptase, and are located inside the epithelia of the gut and respiratory mucosa [8-10].
MCs secrete a variety of active compounds, either pre-formed or newly synthesized, that
are liberated into their surrounding microenvironments upon appropriate stimulation.
They include a wide range of biologically active cytokines, chemokines, lipid mediators,
proteases, and biogenic amines [11,12]. MCs are an important source of cytokines, such as
Tumor Necrosis Factor or TNF-« (TNF), interleukins such as IL-6, and also secrete certain
chemokines, such as CCL-1, CCL-2, CCL-3, and CCL-4 [11,13].

MCs display a striking heterogeneity, generated by a complex interplay between
different local microenvironmental signals and a differentiation program that decides their
identity [9]. Depending on their tissue localization, MCs display differences in granule
contents, cytokine expression patterns, and receptors; two hypothetical phenotypes called
MC1 and MC2, related to pro-inflammatory and anti-inflammatory secretory profiles,
respectively, have been described in a single population of MCs and are supported by MCs’
transcriptomic evidence [9,12,13]. Moreover, MCs display a trained memory that helps
shape their function in their specific tissue microenvironment [14]. The content of MCs’
granules and the timing of their release, as well as their synthesis/replenishment, are key
to determining MCs’ role in chronic tissue remodeling, allergic inflammation, fibrosis, and
cancer progression. Therefore, it is important to investigate the molecular mechanisms
that trigger each type of MCs degranulation/secretion pathway to direct pharmacological
research toward disease-specific therapeutic targets, where MCs are involved [15].

TGF-p plays a multifaceted role in MCs’ development and survival depending on
developmental stage, cytokine dose, and MCs’ subsets [16]. Many reports indicate that the
TGF-p1 isoform can suppress the functions of diverse immune cells, including MCs, and it
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has been proposed that MC-derived TGE-f31 suppresses MCs’ functions in an autocrine
or paracrine manner [17]. TGF-3 is a potent chemoattractant for MCs and also regulates
different aspects of MCs’ physiology, including the secretion of cytokines [13,16-18]. In
the context of cancer, MCs seem to foster tumor progression by recruiting regulatory
T lymphocytes (Tregs) through TGF-f3 signaling [13,16,19]. Furthermore, MCs-secreted
TGF-$ can reshape the tumor microenvironment, fostering fibrosis or desmoplasia by
stimulating the proliferation and collagen production of fibroblasts, differentiating them
into cancer-associated fibroblasts (CAFs), a critical event for metastasis, as well as it can
promote local secretion of diverse cytokines and chemokines [13,20]. Thus, TGF-3 regulates
many aspects of MCs’ physiology and pathology by differentially regulating the behavior
of MCs in a microenvironment context-dependent manner, and recently, it was reported
that TGF-{3 is suitable to induce a mucosal gene signature [10]. Given that the primary
culture of BMMCs usually consists of a population of heterogeneous cells not completely
differentiated, whereas RBL-2H3 cells are considered as fully differentiated mucosal MCs,
it would be interesting to investigate whether the TGF-f-induced cytokine secretion in
RBL-2H3 cells also occurs in BMMCs (bone marrow-derived mast cells).

The secretion of pre-formed and newly formed mediators from MCs is a process
that depends on multiple signaling pathways and also on MCs’ phenotype and context.
TGEF- has an important role in human MCs development, mainly directing their differenti-
ation and also maintaining their phenotype across tissues and diseases. TGF-f3 selectively
reshapes MCs’ proinflammatory cytokine, chemokine, and growth factor production fol-
lowing immunoglobulin E (IgE) cross-linking. Furthermore, TGF-3 enhances MCs’ lipid
mediator production and regulates CCL-2 expression in a context-dependent manner [21].
Therefore, it would be important to investigate how TGF-f3 can impact differentially the
behavior of each MC subtype, and whether the mechanisms involved include direct effects
on genetic regulation, or whether, indirectly, TGF-3 can cross-talk with other signaling
pathways to modulate MCs’ physiology.

CCL-2 is a member of the CC chemokine family; it was identified as a potent chemo-
tactic factor for monocytes, macrophages, natural killer cells, and MCs’ progenitors [22,23].
CCL-2 participates in the initiation of inflammatory responses by recruiting several immune
cells to the allergic inflammation site or to the tumor microenvironment [24]. Recently,
our group reported that tumor hypoxia induces CCL-2 secretion by primary BMMCs in
a calcium-dependent manner [25]. Also, current evidence indicates that TNF can also
stimulate the expression and secretion of CCL-2 [26,27]. TNF is a relevant mediator in
regulating the inflammatory response, and MCs are an important source of TNF [11,13].
Intriguingly, TGF-{ inhibits the secretion of TNF in IgE-sensitized BMMCs [28,29], whereas
TGF-f is able to positively regulate CCL-2 production in different cell types, such as vascu-
lar smooth muscle cells [30,31], vascular endothelial cells [31,32], mesangial cells [33], and
breast cancer cells [34].

The aim of this study was to investigate the production of CCL-2 by MCs in response
to immunosuppressive cytokines such as TGF-f3. To do this, we evaluated CCL-2 secretion
by Enzyme-Linked ImmunoSorbent Assay (ELISA) in primary cultured BMMCs and in the
RBL-2H3 mast cell line, and we also determined the TGF-f3 signaling pathways involved by
using specific inhibitors of its canonical and non-canonical signaling pathways, as well as
inhibitors of actin cytoskeleton remodeling. We observed that TGF-f3 induced secretion of
CCL-2 and TNF in RBL-2H3 cells but, surprisingly, did not have the same effect in BMMCs.
We revealed a TNF autocrine signaling loop generated by TGF- signaling that promotes
CCL-2 secretion in a MCs context-specific manner.
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2. Results

2.1. TGF-B Stimulates the Secretion of Pre-Formed and de Novo-Synthesized CCL-2 Chemokine in
RBL-2H3 Mast Cells

MCs secrete diverse mediators and cytokines in response to the cross-linking of the
high-affinity IgE receptor (FceRI) by IgE/antigen (IgE/Ag) complexes [17], as well as in
response to many other stimuli [11]. RBL-2H3 cells are commonly used as a model of MMCs,
employed to analyze secretory events and cytokine production after FceRI activation. To
evaluate CCL-2 secretion after activation of the FceRI receptor, BMMCs and RBL-2H3 cells
were IgE-sensitized overnight and then stimulated for 1 h with 27 ng/mL dinitrophenol-
coupled human serum albumin (DNP-HAS) as an Ag. As shown in Figure 1A, BMMCs
showed a 3.7-fold increase, and RBL-2H3 cells showed a 4.4-fold increase in secreted CCL-2
in response to IgE/Ag/FceRI axis activation.
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Figure 1. TGF-f3 stimulates the secretion of pre-formed and de novo synthesized CCL-2 chemokine
in RBL-2H3 cells. (A) BMMCs and RBL-2H3 cells were sensitized overnight with 100 ng/mL IgE
and then stimulated for 1 h with 27 ng/mL DNP-HAS (Ag), and CCL-2 secretion was evaluated
in cell media by ELISA. Graphs show the mean + SEM (n = 3, where n = number of data points),
**p <0.01 vs. control. (B) RBL-2H3 cells and IgE-sensitized BMMCs were stimulated with different
concentrations of TGF-f as indicated. Conditioned media were collected, and CCL-2 levels were
quantified by ELISA. Graphs show the mean £ SEM (n = 3), * p < 0.05 vs. basal. (C) Time course of
CCL-2 secretion after the addition of TGF-f3. RBL-2H3 cells were stimulated with 100 pM TGF-f3, and
supernatants were collected at different times, and CCL-2 was detected by ELISA (n = 3), * p < 0.05
vs. basal. (D) RBL-2H3 cells were pre-incubated for 30 min with 2 pg/mL ActD or 10 ug/ mL CHX
before the stimulation for 1 h with 100 pM TGF-f3. Media were collected, and CCL-2 secretion was
evaluated by ELISA, * p < 0.05, ** p < 0.01 vs. TGF-f3 stimulated cells. Graphs show the mean 4+ SEM
(n=4).

We previously reported that TGF-f neither promotes MCs’ degranulation nor affects
IgE/Ag-induced degranulation in BMMCs [35]; a similar result was observed in RBL-2H3
(Supplementary Figure S1). Nevertheless, TGF-3 differentially influences the secretion of
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a variety of cytokines in MCs [36,37]; for instance, we observed that TGE-f3 primes MCs
for higher VEGF production in response to IgE/Ag in BMMCs [35]. Thus, to test whether
TGEF- regulates the secretion of CCL-2 chemokine in distinct context-dependent models
of MCs, we first performed a dose-response curve using IgE-sensitized BMMCs. As it is
shown in Figure 1B, we did not observe any significant effect on CCL-2 secretion when
BMMCs were stimulated for 1 h with the indicated doses of TGF-3. In sharp contrast
with BMMCs, stimulation of RBL-2H3 cells with 100 pM TGEF-f3 increased CCL-2 release
(5.6-fold over basal) (Figure 1B).

We then measured the secretion of this chemokine in time-course experiments in RBL-
2H3 cells. We observed a 6.6-fold increase in CCL-2 release over the first hour of stimulation
with 100 pM TGF-3, and interestingly, an accumulation of 7.1-fold over basal levels of CCL-
2 was observed at 12 h, which was sustained until 24 h after the stimulation with TGF-f
(Figure 1C). Remarkably, we observed a decrease in CCL-2 secretion between 1 and 3 h. To
analyze whether this could be related to the endocytosis of the CCL-2/CCR2 complex, we
performed the time-course experiment in the presence of the CCR2 receptor antagonist
BMS CCR2 22, but that compound had no effect on CCL-2 secretion (Supplementary
Figure S2). This suggests that secreted CCL-2 could be temporarily degraded extracellularly
or endocytosed by an unknown mechanism before being secreted again between 6 and
12 h after TGF- addition.

In MCs, cytokines are secreted mainly from two different intracellular pools, either
pre-formed or newly synthesized. Secretion from both pools can be evaluated by adding
actinomycin D (ActD) to inhibit de novo transcription or cycloheximide (CHX) to block
de novo protein synthesis. Pretreatment of MCs with ActD or CHX diminished TGF-f3-
induced CCL-2 production detected after 1 h, but not that observed after 30 min of TGF-f3
addition (Figure 1D), suggesting that RBL-2H3 cells have a pool of pre-formed CCL-2 that
is secreted shortly after stimulation (0.5 h). Intriguingly, de novo protein synthesis appears
to be required to maintain continuous CCL-2 exocytosis (Figure 1D).

2.2. TGF-B/ALKS5 Activates Canonical and Non-Canonical Pathways Implicated in CCL-2
Secretion in RBL-2H3 Cells

TGF-f3 cytokine activates Smad-dependent (canonical) and Smad-independent (non-
canonical) signaling cascades [1,2]. To analyze the canonical signaling pathways activated
by TGF-f3 in RBL-2H3 cells, we evaluated the phosphorylation of Smad2 in the C-terminal
SXS motif (p-52C) and in the linker region (p-S2L) by Western blot (WB), as well as the
association of Smad2 with Smad4 by co-immunoprecipitation (co-IP) and WB. We observed
that TGF-3 induced the phosphorylation of Smad2 (p-S2C and p-S2L) in a time-dependent
manner and promoted an association of Smad2 and Smad4 proteins as early as 5 min; this
association continued until 12-24 h after TGF-f3 stimulation (Figure 2A). Analyzing the
TGF-f non-canonical signaling pathways, we observed that this cytokine caused an early
phosphorylation of AKT (5473) at 5 min and a second pronounced peak at 6 h that lasted
up to 24 h (Figure 2B). Likewise, we investigated the ERK1 and ERK2 phosphorylation and
observed a sharp phosphorylation of ERK1/2 at 5 min after TGF-{3 treatment. Finally, we
detected the phosphorylation of p38 at 5 min after TGF-§3 treatment and then returned to
basal levels (Figure 2B).
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Figure 2. TGF-f} activates canonical and non-canonical pathways to promote CCL-2 secretion in
RBL-2H3 cells. (A,B) RBL-2H3 cells were stimulated with 100 pM TGF-f for the indicated times.
Phosphorylation of representative proteins of the canonical (Smad2) (A) and non-canonical (AKT,
ERK, p38) (B) signaling pathways was detected by WB (1 = 3). RBL-2H3 cells were pre-incubated
for 30 min with (C) 10 uM SB431542 (ALKS5 inhibitor), (D) 3 nM Wortmannin (PI3K inhibitor),
(E) 10 M U0126 (MEK inhibitor), (F) 10 uM FR180204 (ERK1/2 inhibitor), or (G) 10 uM SB203580
(p38 inhibitor), and then cells were treated for 15 min and 1 h with 100 pM TGEF-f3. Cell media were
collected at different times, and CCL-2 concentration was determined by ELISA. Graphs show the
mean + SEM of 3-5 experiments performed independently, *** p < 0.001 vs. TGF-3 stimulated cells.

To characterize the TGF-f3 signaling pathways involved in CCL-2 secretion, RBL-2H3
cells were pre-treated with different inhibitors before the treatment with TGF-3. Then,
conditioned media were collected, and CCL-2 concentration was determined by ELISA.
First, we tested the participation of the TGF-3 receptor ALKS5 in CCL-2 secretion by pre-
treating RBL-2H3 cells with SB431542 (an inhibitor of Ser/Thr kinase activity of ALK5
receptor). In those conditions, the secretion of the pre-formed CCL-2 in response to TGF-f3
treatment for 1 h was decreased (Figure 2C). To analyze the role of the non-canonical
pathways in CCL-2 secretion, cells were pre-incubated for 30 min with the inhibitors
Wortmannin (PI3K), U0126 (MEK), FR180204 (ERK1/2), or SB203580 (p38) before the
addition of TGF- for 1 h, but those inhibitors had no effect on TGF--induced CCL-2
production (Figure 2D-G). Together, these results suggest that TGF-3-induced CCL-2
secretion observed in RBL-2H3 depends on ALKS receptor, but it is independent of those
non-canonical pathways.

Changes in the reorganization of the actin cytoskeleton are critical for a variety of
cell activities, including secretion, and the inhibitors of actin polymerization can modulate
mast cell degranulation [38]. Since we previously reported that the stimulation of MCs
with TGF-f induces rapid actin polymerization/depolymerization cycles [39], we decided
to also explore the participation of the Rho/Rho-associated kinase (ROCK)/F-actin axis, a
non-canonical pathway that control the actin cytoskeleton dynamics that could be involved
in TGF-B-induced CCL-2 secretion in RBL-2H3 cells.

2.3. TGF-PB Induces Dynamic Re-Arrangements of the Actin Cytoskeleton Associated with CCL-2
Secretion in RBL-2H3 Cells

We analyzed the effect of TGF- on actin cytoskeleton arrangements in RBL-2H3
cells. G-actin and F-actin pools were analyzed by immunofluorescence in RBL-2H3 cells
(Figure 3A); then, the G-actin/F-actin ratio was measured (Figure 3B). TGF-3 increased
the G/F-actin ratio in RBL-2H3 cells (3.4-fold over basal), while the pretreatment with
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SB431542 (ALKS inhibitor) prevented the F-actin depolymerization in response to TGFf3
(Figure 3B). As a positive control, we used latrunculin B (LatB) that binds to monomeric
actin, preventing actin polymerization. As expected, the G/F-actin ratio increased 4.9-fold
in cells treated with LatB (Figure 3B). Furthermore, LatB increased G-actin levels, while
it did not significantly affect the total amount of actin (Figure 3C). A lower proportion
of F-actin was observed in cells stimulated for 5 min with TGF-f3 compared to 60 min
(Figure 3C). In RBL-2H3 cells, ROCK has been described to be involved in actin remodeling
downstream of TGF-f signaling [40]. Thus, we evaluated the involvement of the ROCK/F-
actin axis in CCL-2 secretion and found that pre-incubation of RBL-2H3 cells with Y27632
(ROCK inhibitor) partially decreased TGF-f-induced CCL-2 secretion (Figure 3D). Then,
we tested the participation of F-actin assembly in secretion. Cells were pre-treated with
LatB and showed a reduced CCL-2 production in response to TGF-{3 (Figure 3E). This
suggests that the exocytosis of CCL-2 regulated by TGF-f3 in RBL-2H3 also depends on the
activation of the ROCK/F-actin axis.
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Figure 3. TGF-B-induced CCL-2 secretion is dependent on dynamic rearrangements of the actin-
cytoskeleton in RBL-2H3 cells. (A,B) Fluorescence images from RBL-2H3 cells. Cells were incubated
for 30 min in the absence (—) or presence (+) of 1 uM LatB or with 10 uM SB431542 before the
stimulation for 5 min with 100 pM TGF-f3. After treatment, cells were fixed and stained with Alexa-
Fluor 594 conjugated Dnase I (G-actin) and FITC-phalloidin (F-actin). The scale bar represents 10 pm.
(B) Quantification of G-actin/F-actin ratio in RBL-2H3 cells (1 = 25 cells). *** p < 0.001 vs. basal;
### p < 0.001 vs. TGF-f stimulated cells. (C) RBL-2H3 cells were pre-incubated for 30 min with
1 uM LatB or treated with 100 pM TGEF-f for the indicated times. F-actin and G-actin fractions were
obtained by centrifugation and analyzed by WB. Graphs show G-actin/F-actin ratio by densitometric
analysis of WB data. RBL-2H3 cells were pre-incubated for 30 min with (D) 10 uM Y27632 (ROCK
inhibitor) or (E) 1 uM LatB and then stimulated with 100 pM TGF-§3 for the indicated times. Cell
media were collected at different times, and CCL-2 secretion was determined by ELISA. (D,E) Graphs
show the mean + SEM of 3—4 experiments performed independently, * p < 0.05 (D), *** p < 0.001 vs.
TGF- stimulated cells (E).
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2.4. TGF-B Stimulates the Secretion of Pre-Formed TNF via ERK1/2 Activation in RBL-2H3
Mast Cells

In some cells, there is evidence that CCL-2 secretion may depend on the action of
distinct secreted mediators, such as TNF [26,27]. To analyze whether secreted TNF could
play a role in CCL-2 production in MCs, we first determined the production of TNF after
FceRI receptor cross-linking in BMMCs and RBL-2H3 (Figure 4A). FceRlI triggered an
increase in TNF secretion in both IgE-sensitized BMMCs (7.7-fold over control) and IgE-
sensitized RBL-2H3 cells (6.8-fold over control), when cells were stimulated with 27 ng/mL
DNP-HAS (Figure 4A).
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Figure 4. TGF-f3 stimulates the secretion of pre-formed TNF via ERK1/2 activation in RBL-2H3
mast cells. (A) BMMCs and RBL-2H3 mast cells were sensitized overnight with 100 ng/mL IgE and
then stimulated for 1 h with 27 ng/mL DNP-HAS (Ag); TNF secretion was evaluated in cell media
by ELISA. Graphs show the mean + SEM of 3 experiments performed independently, *** p < 0.01
vs. control. (B) RBL-2H3 cells and IgE-sensitized BMMCs were stimulated for 1 h with different
concentrations of TGF-3. Conditioned media were collected, and TNF levels were quantified by
ELISA. Graphs show the mean + SEM of 3 experiments performed independently, * p < 0.05 and
*** p < 0.001 vs. basal. (C) Time course of TNF secretion after the addition of TGF-3. RBL-2H3 cells
were stimulated with 100 pM TGE-f for the indicated times, media were collected at different times,
and TNF was detected by ELISA (n = 4), * p < 0.05 and ** p < 0.01 vs. basal. (D) RBL-2H3 cells were
pre-incubated for 30 min with 10 uM U0126 (MEK inhibitor) or 10 uM FR180204 (ERK1/2 inhibitor),
and then, cells were treated with 100 pM TGEF-p for the indicated times. Cell media were collected at
different times, and CCL-2 concentration was determined by ELISA. Graphs show the mean + SEM
of 3-5 experiments performed independently, *** p < 0.001 vs. TGF-f stimulated cells. (E) BMMCs
were sensitized overnight with 100 ng/mL IgE and then stimulated for 1 h with 100 pM TGE-f3 for the
indicated times; LPS (500 ng/mL) treatment for 30 min was used as a control. Levels of p-Smad2(C),
p-ERK1/2, and ERK1/2 were detected by Western blot (1 = 2).

Then, we decided to study the effect of TGF-f on TNF secretion from BMMCs and
RBL-2H3. As expected, we observed that TGF-f did not induce TNF secretion from IgE-
sensitized BMMCs (Figure 4B), but surprisingly, RBL-2H3 cells treated for 1 h with 100 pM
TGF-f increased TNF release by 3.7-fold (Figure 4B). Next, we performed time-course
experiments and measured TNF concentration in conditioned media of RBL-2H3 cells. As
observed in Figure 4C, TNF release (2.5-fold over basal) occurred within the first hour of
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TGEF-3 stimulation; we then observed a second peak of TNF secretion at 12 h (3.8-fold) that
lasted up to 24 h (Figure 4C).

Some studies indicate that ERK1/2 phosphorylation is required for the activation of
the ADAM17/TACE protease, an enzyme responsible for the cleavage of pro-TNF and the
release of mature TNF [41,42]. To evaluate the participation of ERK1/2 in TNF production
in response to TGF-f3, the inhibitors U0126 (MEK1) or FR180204 (ERK1/2) were added to
the cells prior to TGF-3 stimulus, and their effect on TGF-3-induced TNF secretion was
evaluated. Figure 4D shows that U0126 and FR180204 compounds blocked soluble TNF
secretion in response to TGF-3, whereas these inhibitors had no effect on early TGF-f3-
induced CCL-2 production (Figure 2F,G). Interestingly, although TGF-f3 signaling was able
to induce a transient ERK1/2 phosphorylation in RBL-2H3 cells (Figure 2B), surprisingly,
this was not observed in BMMCs (Figure 4E). These data demonstrate that TGF-3-induced
TNF secretion in RBL-2H3 requires the activation of the ERK1/2 non-canonical pathway.

2.5. An Autocrine Regulator Loop Involving TNF Is Activated by TGF-B to Promote Late CCL-2
Secretion in RBL-2H3 Cells

Next, we tested the possible involvement of TNF in TGF-f3-induced CCL-2 secretion
in RBL-2H3 cells. First, we stimulated RBL-2H3 cells with increasing concentrations of
exogenous recombinant TNF and detected a dose-dependent increase in CCL-2 secretion
(Figure 5A). Since endogenous TNF is initially produced as a transmembrane precursor
that is released by proteolytic cleavage catalyzed by ADAM17/TACE, we stimulated the
cells with TGF-$ in the absence or presence of TAPI-1 (TACE inhibitor). As expected,
pre-incubation of cells with TAPI-1 partially blocked TGF-f3-induced secretion of soluble
TNF (Figure 5B) and CCL-2 (Figure 5C). These findings suggest that TGF-3-induced
CCL-2 secretion may depend on autocrine TNF signals. We decided to further evaluate
this hypothesis.

To corroborate the participation of TNF in TGF-f3-induced CCL-2 secretion in RBL-2H3,
we used Etanercept (ET), a TNF-blocking agent, which is a recombinant protein formed
by part of the human TNF receptor coupled with the Fc portion of human IgG [43,44].
Considering that ET acts like a TNF decoy receptor, we decided to evaluate the capability of
ET to inhibit TNF signaling. We measured CCL-2 secretion in RBL-2H3 cells pre-incubated
with ET. CCL-2 secretion was partially suppressed by ET, when cells were treated with
TGEF-p or TNE, respectively (Figure 5D). We also observed that ET treatment enhances the
basal levels of CCL-2, although it does not seem to interfere with TNF quantification by
ELISA (Figure 5D).

Next, we analyzed the combination of TGF-3 and TNF on CCL-2 secretion to determine
whether both stimuli could be additive or synergistic. Stimulation with a suboptimal dose
of 65 pM TGF-3 induced a 4.3-fold increase in CCL-2 secretion, whereas a suboptimal
dose of 3 ng/mL TNF induced a 5.7-fold increase in CCL-2 secretion. When cells were
stimulated with both TGF- plus TNF, there was a higher secretion of CCL-2 (8.1-fold),
supporting an additive effect (Figure 5E). When TNF-treated cells were pre-incubated
with SB431542, no differences in CCL-2 secretion were observed; meanwhile, when TGF-f
plus TNF-stimulated cells were pre-incubated with SB431542, a slight decrease in CCL-2
secretion was observed (Figure 5E). These data support our previous conclusions regarding
the effect of TGF-f3 on CCL-2 secretion, which was found to be partially dependent on
soluble TNF secretion and autocrine TNF signaling. Finally, to analyze whether proper
TNF receptors are expressed in MCs, expression of TNF receptor type 1 (TNFR1) and type
2 (TNFR2) was determined by RT-qPCR. Figure 5F shows that TNFR1 is expressed in both
BMMCs and RBL-2H3 cells.
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Figure 5. TGF-p-induced secreted TNF is required to promote full CCL-2 secretion in RBL-2H3
cells. (A) Dose-dependent secretion of CCL-2 induced by TNF. RBL-2H3 cells were stimulated with
different concentrations of TNF for 1 h, media were collected at different times, and CCL-2 was
detected by ELISA (n = 4), ** p < 0.01 vs. basal; *** p < 0.001 vs. basal. (B,C) RBL-2H3 cells were
pre-incubated for 3 h in the absence (—) or presence (+) of 50 uM TAPI-1 before the addition of
100 pM TGEF-f for 1 h, and then, the cell media were collected, and the concentrations of TNF (B) and
CCL-2 (C) were detected by ELISA. Graphs show the mean £ SEM of 6-7 experiments performed
independently, ** p < 0.01; *** p < 0.001. (D) RBL-2H3 cells were pre-incubated for 30 min with
Etanercept and then stimulated for 1 h with 100 pM TGF-f3 or 3 ng/mL TNEF. Cell-conditioned media
were used to quantify CCL-2 levels by ELISA. Graphs show the mean + SEM of 3 experiments
performed independently, ** p < 0.01 and ** p < 0.001 vs. basal; * p < 0.01 TGF-p vs. TGF-B
plus Etanercept; ## 1 < 0.01 TNF vs. TNF plus Etanercept. (E) RBL-2H3 cells were pre-incubated
for 30 min in the absence or presence of 10 uM SB431542 and then stimulated for 1 h with 65 pM
TGF-B, 3 ng/mL TNEF, or TGF-3 + TNE. Then, cell media were collected, and CCL-2 secretion was
quantified by ELISA. Graphs show the mean £ SEM of 3 experiments performed independently,
*p < 0.05; ** p < 0.01; *** p **1an + S. basal; * p #asaln 4= SEM of. TGF-p plus SB431542. (F) Total
RNA was isolated from RBL-2H3, IgE-sensitized BMMCs, and from mouse spleen (as a control) to
evaluate the presence of TNFR1 and TNFR2 mRNAs by RT-qPCR (n = 3).

2.6. The Diversity of MCs” Contexts Contributes to the Differential Secretion of Mediators in
Response to TGF-8

To further determine whether secreted TNF might have any involvement in TGF-[3-
induced CCL-2 secretion, we evaluated the effect of UCB-9260, an inhibitor of TNF signaling,
on TGF-B-induced CCL-2 and TNF secretion in RBL-2H3 cells (Figure 6). Cells were pre-
incubated for 30 min with 10 uM UCB-9260 to inhibit TNF signaling, and then, TGF-f3-
induced secretion of CCL-2 (Figure 6A) and TNF (Figure 6C) was measured in time-course
experiments. The data showed that the UCB-9260 compound mainly inhibited the late
secretion of CCL-2 (Figure 6A,C) and TNF (Figure 6D,F) induced by TGF-f (Figure 6A,D)
or TNF (Figure 6C,F). In addition, higher doses of UCB-9260 (50-100 pM) partially inhibited
the early CCL-2 secretion induced by TGF-3 (Supplementary Figure S3). Data suggest that
TGF-B-induced CCL-2 secretion clearly depends on the generation of an autocrine TNF
signaling loop in RBL-2H3 cells.
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Figure 6. The late secretion of CCL-2 induced by TGF-f3 depends on the generation of an autocrine
TNF loop and also on the MCs’ context. RBL-2H3 cells were pre-incubated for 30 min with 10 uM
UCB-9260 (TNER inhibitor) or 1 uM midostaurin (Mid) (KIT inhibitor), and then, cells were treated
with 100 pM TGEF-$ (A,B,D,E) or 3 ng/mL TNF (C,F) for the indicated times. Cell media were
collected at different times, and CCL-2 (A-C) and TNF (D-F) concentrations were determined by
ELISA. Graphs show the mean + SEM (n = 4).

Finally, it has been shown that RBL-2H3 cells, unlike BMMCs, express a mutant version
of the KIT receptor that is constitutively active [45]. To elucidate a possible role of KIT
receptor on the capacity of TGF- to induce CCL-2 secretion, we evaluated the early CCL-2
secretion (1 to 6 h) induced by TGF-f in the presence of midostaurin (KIT inhibitor). As
observed in Figure 6B, TGF-3-dependent early CCL-2 secretion was not affected by the
pre-treatment for 30 min with 1 pM midostaurin; whereas, unexpectedly, the second wave
of CCL-2 secretion (12 to 24 h) induced by TGF-§3 was inhibited by midostaurin treatment.
Furthermore, we observed that 30 min pre-treatment with midostaurin only blocked TGF-
-induced late TNF secretion but not early TNF secretion (Figure 6E). However, long-term
treatment of RBL-2H3 mast cells (1 to 24 h) with 10 uM midostaurin also blocked TGF-
B-induced early TNF secretion (Supplementary Figure S4). Data clearly suggest that
the phenotypic and functional diversity of MCs appears to explain why MCs respond
differentially to TGF-f3 signaling pathways.

3. Discussion

TGF-p is a pleiotropic cytokine that controls distinct aspects of the immune system,
acting as a pro- or anti-inflammatory cytokine in a context-dependent manner [4-6]. The
TGE-f signaling pathway has an important role as a modulator of immune cells’ behavior
in pathologies such as inflammation, fibrosis, and carcinogenesis. In cancer, TGF-f can
remodel TME and promote immune-evasive and pro-tumorigenic surroundings; thus, TGF-
B is an attractive target for therapeutic intervention. Interestingly, some recent therapies
are not designed to directly kill cancer cells but rather to limit their plasticity induced
by signals such as TGF-f3; hence, combinatorial approaches, such as immune checkpoint
blockade therapy or chemotherapy, are now being combined with TGF-f inhibitors [46].

MCs are involved in immunological and non-immunological mechanisms in health
and disease, in multiple organs and systems. The pathophysiology of MC-driven dis-
orders is diverse, ranging from localized reactions to systemic disorders, such as in-
flammation, allergies, autoimmune diseases, and cancer [47]. In MCs, TGF-f3 has pos-
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itive or negative effects on their physiology and survival, depending on the cellular
microenvironment [13,16-18,48-50]. Also, TGF-f3 seems to inhibit late-stage MCs mat-
uration [29]. However, recently, Meurer et al. [10] reported that TGF-$1/ALK5/SMAD?2
and IL-3/ERK1/2 pathways converge to balance differentiation and proliferation of MCs.
Intriguingly, TGF-f1 promotes MCs differentiation by the expression of several genes asso-
ciated with a mucosal MC gene signature, whereas IL-3/ERK1/2 axis induces proliferation
and an immature phenotype in BMMCs and also blocks TGF-f31 signaling to prevent late
gene responses and differentiation [10].

MCs are a group of heterogeneous cells with different tissue localization and granule
content; there is also species-specific variability, as human and murine MCs exhibit clear
phenotypic and functional differences. Furthermore, mastocytosis is a disease where MCs
can become transformed and may express mutant proteins, such as the tyrosine kinase
receptor KIT, whose mutations produce a constitutively active protein. Some MC lines that
express active mutant KIT receptors behave as MMCs and also exhibit a different physiology
from primary MCs. Therefore, it becomes relevant to investigate whether each MC subtype
responds differently to the same stimulus, such as the immunoregulatory cytokine TGF-{.
Here, we analyzed the cytokine and chemokine secretion by MCs in response to TGE-f3. We
observed a differential secretion of CCL-2 and TNF between primary BMMCs and RBL-2H3
mucosal MCs. We observed that the stimulation of IgE-sensitized BMMCs with TGF-f3
did not induce CCL-2 or TNF secretion, but, surprisingly, TGF-f3 induced the secretion of
CCL-2 and TNF in RBL-2H3 cells.

CCL-2 is a critical chemokine for the recruitment of immune cells to the sites of
inflammation. The regulation of CCL-2 expression in response to TGF-f3, through Smad-
dependent and Smad-independent pathways, has been previously studied in other cell
types; for instance, TGF-3 induces CCL-2 production through Smad3 and PKC5? signaling
in vascular endothelial cells [31,32]. In mesangial cells, TGF-B1 increases CCL-2 mRNA
and protein in a time- and dose-dependent manner through pathways involving activation
of ERK, p38, and ROS generation [33]. There is also evidence that CCL-2 gene expression
can be upregulated in tumor cells by inflammatory mediators, such as TNF or TGF-3. The
promoter region of the CCL-2 gene contains multiple cis-elements for different transcription
factors. Specificity protein 1 (Sp1) regulates basal transcription of the CCL-2 gene by binding
to a GC-box located in the proximal region of the 5'-untranslated region, whereas there are
two NF-«B sites located in the distal region [51]. Additionally, TGF-f3 can induce CCL-2
gene expression by increasing the association of Smad3, EGR1, and RXRA transcription
factors to the CCL-2 promoter region in human metastatic breast cancer cells [34]. Given that
the regulation of TGF-f3 target genes is usually cell-type and cellular-context specific, we
can hypothesize that, in the case of MCs, TGF-3 may induce CCL-2 gene expression directly
through Smad3 binding sites or via Smad3 recruitment by SP1 or indirectly through TNF
secretion that can activate NF-«kB to induce CCL-2 gene expression and de novo synthesis,
and as a result, this may contribute to the late secretion of CCL-2. However, this hypothesis
remains to be evaluated.

Here, we report that the TGF-p-induced CCL-2 secretion in RBL-2H3 cell line is regu-
lated mainly by ALKS5 receptor-dependent signaling pathways, with the contribution of a
non-canonical pathway that involves the dynamic re-organization of actin cytoskeleton and
the Rho/ROCK signaling axis, which are essential events in CCL-2 secretion in response to
TGE-p (Figure 7A). In support, we previously reported that TGF-f3 induces rapid actin poly-
merization/depolymerization cycles in BMMCs to promote migration [39]. Others have
reported that TGF-f can induce a rapid actin reorganization via Rho GTPase-dependent
pathways in RBL-2H3 cells, whereas long-term effects require the cooperation between the
ALK5/Smad canonical and Rho GTPase signaling pathways [40].
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Figure 7. Model depicting the molecular mechanisms involved in the TGF-f-induced early and
late secretion of CCL-2 in RBL-2H3 cells. (A) TGF-f activates ALK5-dependent canonical (Smads)
and also non-canonical (AKT, ERK, p38, ROCK) pathways, causing rapid remodeling of the actin
cytoskeleton, and, as a result, promotes the secretion of soluble TNF and CCL-2 from pre-formed
pools. (B) Then, TGF-3 cooperates with the soluble TNF to generate an autocrine TNF signaling loop
involved in the late CCL-2 secretion from de novo-synthesized pools. The question marks (?) indicate
unknown mechanisms.

We also found that RBL-2H3 cells secrete an important fraction of CCL-2 from a pool of
pre-formed chemokine that is rapidly released after TGF-{3 stimulation (during the first 0.5
to 1 h), which overlaps in time with a late CCL-2 secretion from a de novo-synthesized pool
that appears to depend on gene transcription and de novo protein synthesis; however, the
specific molecular mechanisms involved may be varied and remain to be investigated. For
instance, previous reports showed that TGF-f31 stimulated CCL-2 expression in mesangial
cells, in part, by increasing mRNA stability [33], whereas it enhanced the binding of
Smad4 to the CCL-2 promoter in endothelial cells [31]. Interestingly, TGF-f3 was able to
inhibit CCL-2 expression in macrophages through an antagonistic effect of Smad3 on AP-1
activity [52]. All these evidences suggest that the mechanism of TGF-f to regulate CCL-2
gene expression is cell type-dependent.

Regarding TNF secretion in IgE-sensitized BMMCs, TGF-{3 inhibits the secretion of this
cytokine, as reported previously [28]. However, unexpectedly, we observed here that TGF-{3
induces the secretion of TNF in RBL-2H3 cells, and this soluble TNF partially mediates TGF-
B-induced CCL-2 secretion (Figure 7B). In support, emerging evidence has demonstrated
that TNF is able to induce the expression and secretion of CCL-2. For example, TNF was
shown to increase CCL-2 mRNA and protein secretion in endothelial cells [53], and the
blockage of TNF actions reduces CCL-2 levels in patients with rheumatoid arthritis [26,54].
Here, we showed that TNF-induced CCL-2 secretion was dependent on dose in RBL-2H3.
Furthermore, suboptimal doses of both stimuli, i.e., TGF-f3 plus TNF, seem to cooperate
to regulate CCL-2 chemokine secretion. Our group and others have shown that TNF is
secreted from two different intracellular pools in BMMCs: a preformed pool and a de novo-
synthesized pool. Secretion of pre-formed TNF depends on IKK and ERK1/2 activation,
whereas secretion of de novo-synthesized TNF relies on the participation of NF-kB and
TNF mRNA stabilization [55-58]. The synergistic effect of TGF-f3 and TNF has also been
previously observed in astrocytes, as their co-stimulation with TGF-3 and TNF increased
the expression of NOS-2 [59]. Likewise, TGF-f3 and TNF acted synergistically to increase
the secretion of IL-6 in an intestinal epithelial cell line [60]. Our results suggest that TNF
and CCL-2 secretion are intimately related and collaborate in the process connecting tissue
damage to immune cell attraction. For example, in human skin-derived MCs and human
freshly isolated MCs, activation of MRGPRX2 receptor (the human homologous of the
murine MRGPRB?2) leads to the production of TNF and CCL-2, indicating that synergistic
actions of those cytokines are present in inflammation associated with pseudoallergic
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reactions [61]. Also, TNF leads to the secretion of CCL-2 by mesenchymal stem/stromal
cells (MSCs) in invasive ductal carcinoma, and this was related to an important migration
of monocytic cells [62]. In that study, the authors suggested that this TNF/CCL-2 axis could
yield pro-cancerous myeloid infiltrates in breast tumors.

RBL-2H3 cells have been widely used as a MCs’ model, as they are easily grown in cul-
ture, are responsive to FceRI-mediated cross-linking, can be genetically manipulated, and
provide advantages over primary MCs, particularly for molecular studies [45]. Numerous
studies indicate similar mechanisms of exocytosis of BMMCs and RBL-2H3 cells. Not only
are the fusion machineries used by BMMCs and RBL-2H3 similar, but also the accessory
proteins that regulate SNARE function, secretory granules motility, or secretory granules
size. Moreover, FceRlI-activated BMMCs and RBL-2H3 cells revealed similar actin cytoskele-
ton remodeling linked with BMMCs- or RBL-2H3-stimulated exocytosis [45]. Furthermore,
immortalized human or murine MCs’ lines have been widely used in research to study the
molecular and cellular mechanisms involved in allergic diseases and also to develop effec-
tive allergy therapy. However, their use has its drawbacks, since every MC line can show
some differences in their phenotypes and also behave differently from each other and from
primary cells [63]. Therefore, it becomes important to carry out comparative experiments
in both MCs’ lines and primary cells and, when possible, also use in vivo models.

Here, we observed that both BMMCs and RBL-2H3 cells express TNFR1 receptor but
not TNFR2 (Figure 5F), as shown previously [64]. Interestingly, our data show that TGF-f3
induces the secretion of pre-formed CCL-2 and TNF mediators in RBL-2H3 cells but not
in BMMCs; also, TGF-3 promotes CCL-2 de novo synthesis for late secretion. In addition,
TGEF- induces the secretion of TNF in RBL-2H3, and probably also its de novo synthesis.
Strikingly, this secreted TNF induced by TGF-f3 was able to activate an autocrine TNF sig-
naling and cooperate with the TGF-f3 pathway to promote full CCL-2 secretion (see model
in Figure 7). TAPI inhibits TNF processing by blocking ADAM17/TACE activity, but this
shedding protease may also lead to different cytokine release from cell membrane-precursor
proteins, as for example, EGF and IL-6 [65,66]. This suggests a potential participation of
other cytokines besides TNF in the observed CCL-2 secretion; however, the use of UCB-
9260, a selective TNF signaling inhibitor that binds and stabilizes an asymmetric form of
the TNF trimer, confirms the participation of TNF signaling downstream of the TGF-f3
pathway. Therefore, it is clear that TGF-f3 activates an autocrine TNF regulator loop linking
TNF and CCL-2 secretion in RBL-2H3 mast cells (see model in Figure 7). Altogether, our
results strongly suggest that maximal TGF-B-induced CCL-2 secretion involves several
overlapping mechanisms that remain to be elucidated in detail.

Alterations in the immune system homeostasis lead to the development of multiple
diseases, including inflammation, autoimmune diseases, and even carcinogenesis. MCs
are implicated in resolving tissue inflammation, reshaping tissue microenvironments, and
influencing host behavior [67]. In such conditions, the production of immunoregulatory
cytokines is increased, such as TGF-f3, whose actions and molecular mechanisms may
vary according to cell context and tissue microenvironment. It is common that TGF-f3 acts
directly or through a cross-talk with other signaling pathways to regulate immune cells,
mainly in pathological conditions, such as inflammation, fibrosis, and cancer [68]. For
instance, there is evidence that once MCs are recruited to TME, they can enhance some
fibroblast functions, such as contracting collagen networks, through activation of SCF/c-Kit,
IL-1e, and TNF signaling pathways. MCs may also secrete diverse compounds to foster
tumor fibrosis, such as histamine, tryptase, and TGF-f3, which activate fibroblasts to produce
collagen. CCL-2 attracts fibrocytes to distinct injuries, and interestingly, the interplay among
TGF-B, CCL-2, and IL-13 has been observed in pulmonary fibrosis, suggesting that it may
also play a role in tumor fibrosis [13,69].
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BMMCs and RBL-2H3 possess similar and different phenotypic characteristics, which
could explain their differential responses to TGF-3. Moreover, it is important to consider
that RBL-2H3 cells were generated from an RBL cell clone obtained from a rat with chem-
ically induced leukemia, and they express a mutant version of the KIT receptor that is
constitutively active [45]. Interestingly, only the late CCL-2 secretion induced by TGF-3
was inhibited by midostaurin, a KIT inhibitor. In addition, the cancer context adds com-
plexity as the leukemic mast cells respond differentially to TGF-3. Therefore, the evidence
provided here opens the possibility of studying in detail how the diversity of MCs’ contexts
determines the secretion of particular mediators in response to diverse stimuli, including
cytokines such as TGF-f3.

4. Materials and Methods
4.1. Reagents and Antibodies

Recombinant human TGF-B1 (TGF-$) and recombinant murine TNF-« (TNF) were
purchased from PeproTech/ThermoFisher Scientific (Rocky Hill, NJ, USA). Culture reagents
and media were obtained from Gibco/Life Technologies/ThermoFisher Scientific (Rocky
Hill, NJ, USA), and Fetal Bovine Serum (FBS) was from BioWest (Bradenton, FL, USA).
Etanercept (Enbrel®) was from Pfizer (New York, NY, USA). The inhibitors Wortman-
nin, ActD, and CHX were obtained from Merck/MilliporeSigma (Burlington, MA, USA);
SB431542, SB202580, U0126, FR180204, and BMSCCR2 were obtained from Tocris Bioscience
(Bristol, UK); Y27632 and LatB were from Calbiochem-Merck/Millipore (Burlington, MA,
USA); UCB-9260 and Midostaurin were from MedChemExpress (Monmount Junction, NJ,
USA). TAPI-1 and anti-(3-actin antibodies were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Lipopolysaccharide (LPS) (L8274) was from Merck/MilliporeSigma
(Burlington, MA, USA). FITC-conjugated phalloidin and Alexa-Fluor™ 594 Dnase I were
from Molecular Probes/ThermoFisher Scientific (Rocky Hill, NJ, USA). The following pri-
mary antibodies were from Cell Signaling Technology (Danvers, MA, USA): anti-pERK1/2,
anti-p-Smad?2, anti-p-AKT, anti-p-p38, anti-ERK1/2, anti-AKT, anti-p38, anti-Smad2/3,
and anti-Smad4. The Alexa Fluor 488-conjugated anti-goat secondary antibody and both
HRP-conjugated anti-rabbit and anti-mouse secondary antibodies were from Thermo Fisher
Scientific (Rocky Hill, NJ, USA).

4.2. Cell Culture

RBL-2H3 cells were obtained from ATCC (CRL-2256) (Manassas, VA, USA) and were
cultured at pH 7.4 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 3.5 mg/mL sodium bicarbonate, ImM of sodium pyruvate, 100 IU/mL peni-
cillin, 100 pg/mL streptomycin, and 1X non-essential amino acids (NEAAs). Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO,. For experiments, cells were
dissociated with 0.25% Trypsin and replated, grown to confluence, and used ~24 h after
seeding. Confluent cells were serum-starved for 2 h and then incubated with TGF-3 or
TNF, as indicated.

Primary BMMCs were obtained from bone marrow of C57BL/6] mice (stock
no. 000664) from The Jackson Laboratory (Bar Harbor, ME, USA), as previously de-
scribed [11,39,70]. Mice were euthanized following experimental procedures approved
by our Institutional Committee for the Care and Use of Laboratory Animals (CICUAL
protocols 0137-15; 0074-13) and following the ARRIVE guidelines for animal research.
BMMCs were cultured for four weeks in RPMI 1640 medium at pH 7.4, supplemented
with 10% FBS, 20 ng/mL IL-3, 50 uM -mercaptoethanol, 25 mM HEPES, 1 mM pyruvate,
100 IU/mL penicillin, 100 pg/mL streptomycin, and 1X NEAA. When indicated, BMMCs
and RBL-2H3 were sensitized for 24 h with 100 ng/mL IgE plus anti-Dinitrophenyl (mouse
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monoclonal SPE-7 clone, Merck/Millipore (Burlington, MA, USA), before stimulation for
1 h with 27 ng/mL DNP-HAS (Merck/Millipore (Burlington, MA, USA)), in the absence or
presence of 100 pM TGEF-f3 for the indicated times.

4.3. ELISA

Conditioned media from BMMCs and RBL-2H3 cells were collected after treatment
with TGF-f3 or TNF. Each aliquot was centrifuged for 10 min at 360x g at 4 °C to discard
cells, and then, the samples were used to evaluate CCL-2 or TNF protein levels. In some
cases, prior to TGF-f3 treatment, cells were pre-treated for 30 min with different inhibitors,
such as 2 pg/mL ActD (RNA pol II inhibitor), 10 ng/mL CHX (protein synthesis inhibitor),
10 uM SB431542 (ALKS5 inhibitor), 10 uM Y27632 (ROCK inhibitor), 3 nM Wortmannin
(PI3K inhibitor), 10 uM U0126 (MEK inhibitor), 10 uM FR180204 (ERK1/2 inhibitor),
10 uM SB202190 (p38 inhibitor), 10 uM SP600125 (JNK inhibitor), or 1 uM LatB (actin
cytoskeleton disrupter), whereas cells were pre-incubated for 3 h with 50 pM TAPI-1 (TACE
inhibitor) before treatment for 1 h with 100 pM TGEF-f3. In some experiments, before
cells were treated for 1 h with 3 ng/mL TNF or 100 pM TGF-f3, they were pre-treated for
30 min with 0.1 pg/mL Etanercept that acts as a TNF antagonist [43]. Secreted CCL-2 or
TNF levels were quantified using cytokine-specific ELISA kits (900-K126) and (900-K54),
respectively, and following the manufacturer’s instructions. ELISA kits were obtained from
PeproTech/ThermoFisher Scientific (Rocky Hill, NJ, USA).

4.4. Immunofluorescence

Adherent RBL-2H3 cells were grown on 12 mm glass coverslips. After treatment,
cells were fixed for 20 min with 4% paraformaldehyde in PBS at room temperature (RT)
and washed with PBS. Then, cells were incubated for 10 min with 50 mM NH4Cl at RT
and washed again with PBS. Non-specific binding was blocked with the blocking solution
(3% bovine serum albumin, 5% donkey serum, and 0.01% Tween-20 in PBS). Primary and
secondary antibodies were diluted in blocking solution. Cells were incubated overnight at
4 °C with primary antibody anti-TNF (1:100), with FITC-conjugated phalloidin (1:250) or
with Alexa-Fluor 594 conjugated Dnase I (1:500). Next, nuclei were stained for 5 min with
DAPI at RT. Cell images were acquired using a confocal microscope (Carl-Zeiss LSM-800,
Oberkochen, Germany), and Zen lite V 2.4 software was used for image acquisition. Images
were analyzed with the Image] software (2.0.0-rc-44).

4.5. F-Actin/G-Actin Separation

Total F-actin and G-actin fractions were obtained following a modified version of a
protocol previously described [71]. Briefly, treated cells were washed once with PBS before
cell lysis for 10 min at 37 °C with actin stabilization buffer (50 mM PIPES pH 6.9, 50 mM
NaCl, 5 mM MgCly, 5 mM EGTA, 2 mM ATP, 5% glycerol, 0.1% Nonidet P-40, 0.1% Triton
X-100, 0.1% Tween 20, 0.1% B-mercaptoethanol) and protease and phosphatase inhibitors
(1 mM PMSE, 1 ug/mL leupeptin, 1 ug/mL pepstatin, and 1 mM sodium orthovanadate).
Cells were collected into microtubes and centrifuged for 3 min at 300x g at RT to remove
insoluble particles. Protein concentration was determined using the Bio-Rad protein assay.
Samples with equivalent protein concentration from each cell lysate were centrifuged for
75 min at 16,000 g at 4 °C. Supernatant containing G-actin was recovered, and the pellet
containing F-actin was incubated with 1 uM Lat B in cold distilled water and kept on ice for
45 min to dissolve F-actin. G-actin and F-actin fractions were separated on 12% SDS-PAGE
gels and then analyzed by WB. LatB interacts with G-actin in a 1:1 ratio to inhibit F-actin
polymerization in vitro (ICsy = ~100 nM) [72].
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4.6. Western Blot and Immunoprecipitation

RBL-2H3 cells were washed with ice cold PBS and then lysed in RIPA buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.1% SDS, 0.5% Sodium
Deoxycholate, 1% Nonidet P-40), plus proteases and phosphatases inhibitors (1 mM
NaF, 1 mM sodium orthovanadate, ImM NaPPi, 1 mM PMSF, 1 pug/mL Trypsin in-
hibitor, 1 ug/mL Leupeptin, 1 pg/mL pepstatin A, 1 ug/mL benzamidine, and 10 mM
-glycerophosphate). Protein concentration was determined using the Bio-Rad protein
assay. Equal amounts of protein were separated on an 8% SDS-PAGE gel, transferred
onto polyvinylidene difluoride (PVDF) membrane, and subjected to immunoblotting. For
immunoprecipitation assays, cells were washed with ice cold PBS and then lysed in modi-
fied lysis buffer (1% NP-40, 2 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM sodium
pyrophosphate, 60 mM octyl-p-glucoside, 50 mM NaF, 1 mM sodium orthovanadate,
10 pg/mL of aprotinin, 2 pg/mL pepstatin, and 2 pg/mL leupeptin). After protein quan-
tification, 75 pg of protein was used for loading controls, and 300 ug of protein was used
for the immunoprecipitation (IP) assays. Immunoprecipitated protein complexes were
boiled, resolved in a 10% SDS-PAGE gel, and transferred to a PVDF membrane. Membranes
were blocked for 1 h with 5% non-fat milk and washed twice with TBS-T before the addi-
tion of specific antibodies for WB detection using Immobilon Western Chemiluminescent
HRP substrate (Merck/Millipore, Burlington, MA, USA). For BMMCs, 2 x 100 cells were
lysed in 200 pL of Laemmli sample buffer plus 5 mM sodium orthovanadate and 10%
(3-mercaptoethanol, boiled for 15 min, and stored at —70 °C; for WB, gels were loaded with
30 puL of protein sample per well.

4.7. Total RNA and RT-gPCR

Total RNA was extracted from two million cells (BMMCs or RBL-2H3) using TRI-
reagent (Merck /MilliporeSigma, Burlington, MA, USA) according to the manufacturer’s
instructions, and cDNA was generated using the Superscript First-strand Synthesis System
(Life Technologies/ThermoFisher Scientific, Rocky Hill, NJ, USA). The mRNA levels of
TNFR1 (mouse and rat), TNFR2 (mouse and rat), and GAPDH (control) were evaluated
by qPCR using RealQ Plus 2x Master Mix (Cat. No. A323402) and the Qiagen Rotor Gene
Q Real-Time System. Following primers were used for amplification of mTNFR1 Fw:
5-GCTGTTGCCCCTGGTTATCT-3" and Rv: 5'-ATGGAGTAGACTTCGGGCCT-3’; rTNFR1
Fw: 5'-TCGGGCTTACTGGATACGAGA-3' and Rv: 5'-GGGTGTATCCCCATCAGCAG-3/;
mTNFR2 Fw: 5'-AGGGTCTTTAGCCTCTTGCC-3 and Rv: 5'-TTCACGATGCAGGTGACG
TT-3; 'TNFR2 Fw: 5-CAGGGACGTTCTCTGACACC-3’ and Rv: 5'-AGCAGTTCGCCAGT
CCTAAC-3'; and GAPDH Fw: 5'-ATTGTGGAAGGGCTCATGAC-3' and Rv: 5'-AGTGGAT
GCAGGGATGATGT-3/, and following the program: 95 °C x 2 min; 40 cycles at 95 °C x 5s;
and 60 °C x 30 s. The relative quantification of PCR products (QJPCR) was performed using
the 2-2A¢T method, and data were normalized to GAPDH expression.

4.8. Statistical Analysis

Data were expressed as the mean 4= S.E.M of at least three independent experiments.
Data were analyzed using one-way ANOVA and the Student-Newman-Keuls multiple
comparison as a post hoc test. A p < 0.05 was considered significant. All analyses were
performed with GraphPad Prism v.5.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/1jms26094263 /s1.
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