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44 Abstract

45 Transforming growth factor beta (TGF-B) is a determinant for
46  inflammation and fibrosis in cardiac and skeletal muscle in Chagas disease. To
47  determine its regulatory mechanisms, we investigated the response of T. cruzi-
48 infected cardiomyocytes (CM), cardiac fibroblasts (CF) and L6E9 skeletal
49  myoblasts to TGF-3. Cultures of CM, CF and L6E9 were infected with T. cruzi (Y
50 strain) and treated with TGF-f (1-10 ng/ml, 1h or 48h). Fibronectin (FN)
51 distribution was analyzed by immunofluorescence and Western blot (WB).
52  Phosphorylated SMAD2 (PS2), phospho-p38 (p-p38), and phospho-c-Jun (p-c-
53 Jun) signaling were evaluated by WB. CF and L6E9 showed an increase in FN
54  from 1 ng/ml of TGF-(3, while CM displayed FN modulation only after 10 ng/ml
55 treatment. CF and L6E9 showed higher PS2 levels than CM, while p38 is less
56 stimulated in CF than CM and L6E9. After T. cruzi infection, localized FN
57 disorganization was observed in infected CF and L6E9. T. cruzi induced an
58 increase in FN in CF cultures, mainly in uninfected cells. Infected CF cultures
59 treated with TGF-f3 showed a reduction in PS2 and an increase in p-p38 and p-c-
60  Jun levels. Our data suggest that p38 and c-Jun pathways may be participating
61 in the fibrosis regulatory process mediated by TGF-( after T. cruzi infection.

62
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87 1. Introduction
88 Chagas disease (CD), caused by the flagellated protozoan Trypanosoma
89  cruzi[1], currently affects 6-8 million people worldwide [2]. The disease scenario
90  has shifted to a global threat due to migration of infected individuals to non-
91 endemic areas [3,4]. CD presents in acute and chronic clinical forms. . While the
92 former is typically inapparent or presents only mild manifestations and
93 commonly ignored due to non-specific signs, the latter, although asymptomatic
94  in approximately 70% of cases, may progress to severe damage. Muscular pain
95 and weakness are also frequent symptoms in chagasic patients [5]. Chronic
96 Chagas cardiomyopathy (CCC), estimated to be present in 20-30% of infected
97 individuals [6,7], is the most severe manifestation in CD, with a high morbidity
98 and mortality, has significant economic and social impacts in Latin America [8].
99 In CD, cardiomyopathy is characterized by an intense myocarditis, related
100  to the presence of inflammatory cells reacting to the parasite, resulting in cardiac
101  tissue damage and fibrosis [9]. Skeletal muscle tissue also presents parasitism and
102  inflammation in myofibers [5,10]. Cardiac fibroblasts are the main actors in
103  fibrotic processes acting on the remodeling of extracellular matrix (ECM) in the
104 myocardium [11]. External stimuli, including chemokines and cytokines,
105  regulate fibroblast proliferation and ECM synthesis and secretion [12].
106 Transforming growth factor 3 (TGF-f), a cytokine involved in various
107  biological and physiological processes [13], has been highlighted as a regulator
108  of the fibrotic process in the pathogenesis of Chagas disease [14,15]. The signaling
109  pathway of the TGF-f family occurs through three receptors, type I (TGF{I), II
110 (TGFPII) and I (TGERII). Type III receptors, also called betaglycans or
111 endoglycans, act as co-receptors, presenting the cytokine to its specific receptors.
112 The binding of active TGF-3 to the TGFII propagates the signal via downstream
113 effectors with the phosphorylation of proteins from the TGF-f classical
114 (canonical) signaling pathway and SMAD proteins (SMADS 1-7) [16]. In
115  addition to the classical signaling pathway, TGF-3 also modulates non-canonical
116  signaling pathways, such as p38 mitogen-activated protein kinase (p38MAPK),
117  extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
118  Nuclear factor-kB (NF-kB) and small GTPases [17,18]. INK and p38MAPK are the
119  alternative routes of TGF-f3 signaling best characterized. The JNK and p38 MAPK
120 pathways are activated by MAP kinase (MKKs) MKK4 and MKK 3/6,
121 respectively. TGF-p also triggers the activation of TGF-f31-associated kinases
122 (TAKT1) through the catalytic activation of factor-associated tumor necrosis factor
123 receptor 6 (TRAF®6), crucial processes for the activation of JNK and p38 MAPK
124 [19].
125 TGF-B plays an important role in T. cruzi biology. This cytokine is involved
126  in the host cell invasion process, since T. cruzi requires functional TGF-3
127  receptors and activation of its classical signaling pathway to invade the host cell
128 [20-22]. Also, amastigote forms capture TGF-f3 from the host cell, using it for
129  differentiation into the trypomastigote form, which allows the completion of the
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130  parasite intracellular cycle [23]. Experimental evidence also shows that the
131  parasite induces the synthesis of TGF-f3 in cardiomyocytes and cardiac fibroblasts
132 [24], which may influence the survival of the parasite. Trypomastigote and
133 amastigote forms are able to directly activate latent TGF-f3 through its main
134 cysteine peptidase (CP), cruzipain, [25,26], which may contribute to the invasion
135  process and the genesis of Chagas disease.

136 In addition, the host immune response is controlled by TGF- during T.
137 cruzi infection [27-29]. Elevated TGF-f3 levels were associated with intense
138 myocardial fibrosis detected in T. cruzi-infected a2-macrobulin knockout mice
139  [28] and in patients with CCC [30]. TGF-[3 receptor expression was increased in
140  T. cruzi-infected mouse hearts, in association with increased collagen I and
141  fibronectin expression in myocardium [31]. Recent reports describe that TGF-f3
142 inhibitors reduce infection and prevent cardiac damage and fibrosis during
143 experimental T. cruzi- infection [32-36]. Taken together, these evidences show a
144 key role of TGF-B in T. cruzi infection and in Chagas disease cardiomyopathy.
145 Besides the known enhancement of ECM during fibrosis process in vivo,
146 our group demonstrated that cardiomyocytes highly infected with T. cruzi (72
147 and 96 h of infection) in vitro present low fibronectin expression, while adjacent
148  non-infected cells show an intense network of extracellular matrix component
149  similar to the control [37], even after treatment with TGF-3 [34]. Although TGF-
150 [3 treatment is able to trigger the increase of ECM expression in uninfected
151  cardiomyocytes, the effect is dose dependent, being observed only after the
152 treatment with high concentrations of TGF- (> 10 ng/ml ) [34].

153 Given that cardiac fibroblasts, the main cell type responsible for ECM
154  synthesis in the myocardium, are the effector cells in the cardiac fibrosis process,
155  [38], and that cell lines originated from skeletal muscle (skeletal myoblasts L6E9)
156  respond to TGF-f3 in picomolar concentrations [39], we evaluated the expression
157  of extracellular matrix components in uninfected and T. cruzi-infected cardiac
158  fibroblasts and skeletal muscle cells (L6E9) after treatment with different
159  concentrations of TGF-B, and analyzed the underlying signaling mechanisms of
160  these processes.

161

162 2. Results

163

164  2.1. Modulation of fibronectin spatial distribution in different cell types after TGF-f
165  stimulation.

166 In an attempt to understand the mechanisms underlying cardiac fibrosis
167 evidenced in the pathogenesis of Chagas disease, we evaluated the modulation
168  of extracellular matrix components in cardiomyocytes (CM), cardiac fibroblasts
169  (CFs)and L6E9 skeletal myoblasts stimulated with TGF-f3, an important mediator
170  of the fibrosis process. First, the distribution of fibronectin (FN) fibrils in the ECM
171 of these cell types was analyzed in response to stimulation of TGF-3 (1-10 ng/ml)
172 for 48 h by indirect immunofluorescence. Purified CF cultures were achieved
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173 after the 5% culture passage of cardiomyocyte (CM) cultures as determined by the
174  absence of Western blot reactivity for desmin, intermediate filament proteins
175  specifically expressed in CM (supplemental data S1). Confocal microscopy
176  revealed the arrangement of FN fibrils on the CM surface, evidencing a
177 thickening at the FN network dependent on cytokine stimulus concentration (Fig.
178  1). The profile of FN distribution in the ECM remained similar to the untreated
179  cells (Fig. 1A) even after stimulation with TGF-{ at 1 ng/ml (Fig. 1B). However,
180  CMs stimulated with 10 ng/ml of TGF-B (Fig. 1C) displayed an increase in the
181  thickness of FN fibrils in the ECM, as previously reported (Calvet et al., 2009). In
182  contrast, an increase in FN fibrils was revealed at the surface of L6E9 skeletal
183  myoblasts (Fig. 1E) and CFs (Fig. 1H) after stimulation with 1 ng/ml of TGF-j3, a
184  dose 10 times lower than that required to stimulate CMs. The enhancement of FN
185  deposit occurred in a dose-dependent manner showing thicker FN fibrillar
186  network after treatment of L6E9 skeletal myoblasts (Fig. 1F) and CF (Fig. 1I) with
187 10 ng/ml of the cytokine.

188


https://doi.org/10.20944/preprints201905.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2019 d0i:10.20944/preprints201905.0171.v1

Control

10ng

189
190 Figure 1 — TGF-B differentially modulates FN in cardiomyocytes, skeletal

191  myoblasts L6E9 and cardiac fibroblasts uninfected. (A) Normal cardiomyocytes
192  show FN fibrils on surface. The addition of 1 ng/ml (B) or 10 ng/ml (C) TGF-$
193  does not alter the FN expression in normal cardiomyocytes. Only 10 ng/ml of
194 TGF-B induces the increase of FN expression (D). In contrast, L6E9 skeletal
195 myoblasts (E) and cardiac fibroblasts (H) present the FN matrix stimulation after
196  treatment with 1 ng/ml TGF- when compared to untreated cultures (D and G).
197  The FN increase is still detected in these two cell types with addition of 10 ng/ml
198  (F and I) of TGF-f. Bar =20 uM
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205  2.2. Signaling pathways triggered by TGF-f stimulation.

206 The discrepancy in response to TGF-3 stimulation led us to investigate
207  whether the distinct modulation of FN profile between CFs, L6E9 skeletal
208  myoblasts and CMs could be related to different signaling pathways triggered in
209 the ECM regulation process. Thus, the classic and alternative TGF-3 signaling
210 pathways were evaluated in all cell types after cytokine treatment, using CM
211 cultures as reference. Comparing the baseline response without TGF-3 stimulus,
212 L6E9 SMAD2 phosphorylation (PS2) was 5-fold higher than CM, while CF
213 displayed 1.8-fold the PS2 levels of CM (Fig. 2A). Analysis of SMAD pathway
214  revealed that following stimulation of skeletal myoblasts with 1 and 10 ng/ml of
215 TGF-B, respectively, 2.1- and 2.9-fold increases in levels of PS2 in L6E9 skeletal
216 myoblasts were observed, compared to untreated L6E9 cultures (Fig. 2A). The
217 kinetics of TGF-B treatment of CFs revealed a 40% increase in PS2 levels after
218  stimulation with Ing/ml TGF-, while with 10 ng/ml stimulation a maximum
219  level of 69% increase was attained (Fig. 2A). Interestingly, L6E9 skeletal
220 myoblasts were more susceptible to cytokine stimulation, presenting levels of
221 PS2 10 to 13-fold higher than CM and 4-fold higher than CFs at the TGF-$3
222 concentrations analyzed. CF also presented more PS2 activation than CM,
223 achieving increases of 2.5 and 2.7-fold above CM cultures when stimulated with
224 1 ng/ml and 10 ng/ml of TGF-B, respectively (Fig. 2A). CMs exhibit increase in
225  PS2 level only after high doses of TGF-3 (10 ng/ml) (Fig. 2A).

226 In parallel, we also evaluated the non-canonical p38 MAPK
227  phosphorylation (phospho-p38MAPK, P-p38) pathway in CFs, CMs and L6E9
228  skeletal myoblasts after 1 h treatment with TGF-8 (1-10 ng/ml). L6E9 skeletal
229 myoblasts also showed P-p38 levels 80% higher than CM and 3.7-fold higher than
230  CF at the baseline. L6E9 also showed increased sensitivity to TGF-§ compared to
231  CMsand CFs, reaching 2 and 4.7-fold increases in CM and CF levels, respectively,
232 after TGF-B treatment (Fig. 2B). An increase in phospho-p38MAPK levels was
233 observed in CF cultures stimulated with TGF-§3, reaching a maximum of 45%
234  increase in concentration at 10 ng/ml (Fig. 2B). In contrast, a 37% p38MAPK
235  activation was noticed in CMs stimulated only with 10 ng/ml of TGF-f. In all
236 concentrations of TGF-3 (1-10 ng/ml), the phospho-p38MAPK levels in CF were
237  significantly lower than in CMs and L6E9 (Fig. 2B). The addition of 1 ng/ml of
238  TGF-p to L6E9 skeletal myoblasts resulted in a 1.2-fold increase of phospho-
239 p38MAPK which remained constant after treatment with higher doses of TGF-3
240  (Fig. 2B). In contrast, even though the response of L6E9 and CM to the cytokine
241 stimulus was similar, with a rise in the range of 20-35%, TGF-3-treated CMs did
242 not reach levels of phospho-p38MAPK comparable to the profile of stimulated
243 L6E9 skeletal myoblasts even after high doses of cytokine treatment.
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245  Figure 2 — Phosphorylated SMAD 2 and p38MAPK detection in normal
246 cultures. (A) Comparison of PS2 detection of CM, skeletal myoblasts L6E9 and
247  CF treated with TGF-B (1-10ng/ml) per 1 h. PS2 basal levels in L6E9 skeletal
248  myoblasts and CF were significantly greater than CM. After the addition of TGF-
249 B, PS2 remains significantly higher L6E9 and CF in relative to CM. L6E9 skeletal
250 myoblasts respond to TGF-f stimulus in a dose dependent manner. CF shows a
251 slight level of PS2 increase. * p < 0.05 compared to CM; ** p <0.05 compared with
252 CMin a different concentration; # p <0.05 compared with L6E9 control. N =3 (B)
253  Comparison of p-p38MAPK detection of CM, skeletal myoblasts L6E9 and CF
254  treated with TGF-f3 (1-10ng/ml) per 1 h. L6E9 skeletal myoblasts present a high
255  level of p38MAPK phosphorylation when compared with CM. When CM was
256  compared with CF, a higher p-p38MAPK phosphorylation after stimulation with
257  TGF-B (1-10 ng/ml) was observed. * p<0.05 compared to CM and ** p < 0.05
258  compared with CM in a different concentration. N = 3.

259

260  2.3. Differential fibronectin expression induced by T cruzi infection and TGF-f
261 stimulation.

262 With the knowledge of the differential modulation in FN expression and
263 the distinct activation of TGF-B—dependent signaling pathways (PS2 and p38) in
264 the different cell types, we next sought to evaluate the response of these cells to
265  T. cruziinfection. Thus, we evaluated the levels of FN expression in CFs and L6E9
266  skeletal myoblasts late in T. cruzi infection (72 h). Initially, the FN expression of
267 CFs and L6E9 skeletal myoblasts cultures were analyzed after 48 h-treatment
268  with TGF-B (1-10 ng/ml) by Western blot. Our results showed increased FN
269  expression in both cell cultures at all TGF-$ concentrations analyzed, but CFs
270  were more responsive to cytokine stimulation (Fig. 3). L6E9 skeletal myoblasts
271  showed a dose-dependent response with significant increases in FN expression
272 ranging from 3- to 5.5-fold at different concentrations of TGF-$ (1 to 10 ng/ml)
273 (Fig. 3A). The highest FN increase was observed in CFs, with a 6.9-fold increase
274 at 1 ng/ml, and 9.4-fold increase at 10 ng/ml, while L6E9 skeletal myoblasts
275  reached a maximum of 5.5-fold enhancement at 10 ng/ml (Fig. 3).

276 Next, we analyzed the expression of FN in L6E9 and CFs infected by T.
277 cruzi (72 h). Interestingly, T cruzi infection induced a differential response on FN
278  expression in L6E9 skeletal myoblast and CF cultures (Fig. 3). Infected L6E9
279  skeletal myoblasts showed a significant 82% reduction in FN expression while
280 FCs demonstrated a 5-fold up-regulation in the expression of this ECM
281  component (Fig. 3). Although cytokine treatment stimulated a significant
282 increase in FN expression in T. cruzi-infected L6E9 skeletal myoblasts, as
283 compared to non-stimulated infected cells, FN expression levels were
284  significantly down-regulated in comparison to stimulated control cells (Fig. 3A).
285  Significant reductions of 67% and 45% in FN expression were demonstrated in T
286  cruzi-infected L6E9 stimulated with 1 and 10 ng/ml TGF-§3, respectively,
287  compared to uninfected cultures. In contrast, T. cruzi-infected and stimulated CF
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288
289
290
2901
292
293

cultures were not responsive to TGF- stimulation, even at high concentrations
of the cytokine (10 ng/ml), maintaining FN levels similar to control (Fig. 3B). In
CF cultures with a high degree of infection, even treated with TGF-f3, reductions
of 38% (1 ng/ml) and 48% (10 ng/ml) in FN expression were observed when
compared to their normal treated pairs (Fig. 3B).
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295 Figure 3 — Fibronectin expression in skeletal myoblasts L6E9 and cardiac
296  fibroblasts treated with TGF- p. (A) In normal cultures, treatment with 1 ng/ml
297  TGF-p for 48 h triggers the increase of FN expression in skeletal myoblasts L6E9,
298  in a dose dependent manner after the addition of 1 and 10 ng/ml TGF-B. In L6E9
299  skeletal myoblasts infected with T. cruzi (72h), and treated with TGF-f3 (1 and 10
300 ng/ml) was observed an increase of FN expression when compared with infected
301 untreated but there is a reduction in the FN expression when compared with
302  uninfected cultures even after treatment with TGF-£3 (1 and 10 ng / ml). *p < 0.05
303 compared to uninfected pairs; # p < 0.05 compared to untreated control and
304 uninfected; N = 4. (B) Normal CF was treated with TGF-$ (1 and 10 ng/ml),
305 showed an increase of FN expression according to the dose administered. In CF
306 infected and untreated, there is an increase in the FN expression when compared
307  with their normal counterparts. In CF infected and treated with TGF-$ (1 and 10
308 ng/ml), a reduction of FN expression was observed when compared with their
309 treated pairs. * p < 0.05 compared to uninfected pairs and # p < 0.05 compared
310  with control uninfected and untreated. N = 3.

311
312 2.4. Regulation of fibronectin fibrillar network assembly by T. cruzi infection
313 The FN distribution in the extracellular matrix of L6E9 skeletal myoblasts

314  and CF infected with T. cruzi and treated with TGF-3 per 48h was evaluated by
315  indirect immunofluorescence. Highly infected L6E9 skeletal myoblasts (Fig. 4C-
316 F) and CF (Fig. 5C-F) cultures treated with TGF-f3 (1 and 10 ng/ml) showed a
317  general increase in FN fibrils in the culture compared with the untreated controls
318  (Fig. 4A-B and Fig. 5A-B). However, the FN increase was localized in adjacent
319 non-infected cells, while highly infected cells displayed a reduction in FN
320  distribution even after addition of high doses of TGF- (1-10 ng/ml (Fig. 4C-F and
321  Fig. 5C-F) compared to untreated controls. In both cell types, the remaining FN
322 expression was redistributed, being seen along the borders of the infected cells
323  instead of as the widespread fibrils observed in uninfected controls (Fig. 4 and
324  Fig.5).

325
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326
327  Figure 4 - Distribution of fibronectin in skeletal myoblasts L6E9 infected with

328  T. cruzi and treated with TGF-B. L6E9 skeletal myoblasts (A-B) reduced FN after
329 72hof T. cruziinfection in cells with intracellular parasites (*). The treatment in
330 skeletal myoblasts L6E9 with 1 ng/mL (C-D), 5 ng/mL (E-F) or 10 ng/mL (G-H) of
331  TGF-B induces a FN expression increase only in uninfected areas in this culture.
332  Differential interference contrast (DIC) was used to label the intracellular
333 parasites in the host cells. Bar =20 uM

334
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336
337  Figure 5 - Distribution of fibronectin in cardiac fibroblasts infected with T.

338  cruzi and treated with TGF-f. FN in normal CF (A-B) and infected with T. cruzi
339  (C-D). CF infected with T. cruzi showed a reduction of FN expression after 72 h
340  of T. cruzi. Normal cardiac fibroblasts showed a higher FN expression after
341  treatment with 1 ng/ml (E-F) and 10 ng/ml (I-]) of TGF-f3 in ECM. CF infected and
342 treated with 1 ng/mL (G-H), and 10 ng/mL (K-L) presented a reduction in FN
343 expression in this culture. DAPI (blue) was used to label the nucleus of the host
344  cell and kinetoplast of intracellular parasites. Bar = 20 uM

345

346
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348  2.5. Signaling pathways involved in ECM modulation triggered by T. cruzi cardiac
349  fibroblast infection

350 The association of fibroblasts, the effector cells of fibrosis, with relative
351  down-regulation of FN expression in T. cruzi-infected cells after TGF-B
352 stimulation, led us to evaluate in detail the regulation of the signaling pathways
353  involved in ECM modulation. We analyzed the activation profiles of PS2, p-p38
354 MAPK and p-c-Jun signaling pathways in uninfected and T. cruzi-infected CFs
355 (72 h) subjected or not to stimulation with 10 ng/ml of TGF-3. A 59% reduction
356 in PS2 activation was evidenced in the infected CF cultures when compared to
357  their uninfected counterparts (Fig. 6A). Both uninfected and T. cruzi-infected CF
358  cultures were stimulated by the cytokine treatment. Addition of exogenous TGF-
359 B induced a significant 4.6-fold increase in PS2 activation of T. cruzi-infected FC
360 cultures compared to unstimulated infected cultures (Fig. 6A). However, a 28%
361 reduction in the activation of the SMAD2 pathway was evidenced when
362 compared to PS2 phosphorylation levels of the uninfected and TGF-f3 stimulated
363  culture (Fig. 6A). As expected, an inhibition of PS2 activation was revealed after
364 treatment of cultures with the specific pharmacological inhibitor SB431542
365  (ALKS signaling inhibitor), reaching levels similar to controls (Fig. 6A).

366 Interestingly, high activation of p38 MAPK was revealed in CFs infected
367 with T. cruzi as compared to uninfected cultures, achieving a significant 54%
368 increase in the activation of this pathway. The addition of 10 ng/ml of TGF-f3
369 induced a rise in the p38 MAPK phosphorylation in uninfected and infected CF
370  cultures, but its activation was 78% higher in infected cultures. SB431542
371  treatment prior to TGF-B stimulation led to a reduction of p38 MAPK
372 phosphorylation in both conditions (Fig. 6B).

373 Up-regulation of c-jun signaling pathway was also induced by T. cruzi
374  infection, showing a significant 1.98-fold increase of c-Jun phosphorylation
375  compared to uninfected CFs (Fig. 6C). Although 25% activation of c-Jun pathway
376  was observed in stimulated uninfected cells, the increase in phosphorylated c-
377 Jun levels in stimulated T. cruzi-infected CFs exceeded this value by 35%.
378 SB431542 also prevented c-Jun phosphorylation in uninfected and T. cruzi-
379  infected CF cultures.

380

381
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382
383  Figure 6 - PS2, p-p38 MAPK and p-c-Jun detection in normal and infected

384 cardiac fibroblasts with T. cruzi. (A) PS2 detection. Normal CF showed an
385 increase of SMAD2 phosphorylation when treated with 10 ng/ml of TGF-{.
386 Infected CF were unable to trigger the classical signaling pathway even when
387 was treated with 10 ng/ml, compared to the uninfected pair. The SB431542
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388  inhibitor prevented SMAD 2 phosphorylation in CF cultures after stimulation
389  with TGF-{. (B) Phosphorylated p38 MAPK detection. In normal CF treated
390  with 10 ng/ml of TGF-3 an increase of p38MAPK phosphorylation detection was
391  observed. T. cruzi infection does not result in significant differences in p38 MAPK
392 phosphorylation, although there was a tendency to an increase in this signaling
393  pathway. After addition of 10 ng/ml of TGF-3, the signaling pathway was
394 triggered in CF. The inhibitor SB431542 prevented the p38 MAPK
395  phosphorylation in both normal and infected CF treated with 10 ng/ml TGF-{.
396 (C) Phosphorylated c-Jun detection. Note that infection by T. cruzi leads to an
397 increase c-Jun signaling pathway. The addition of TGF-$ in normal cultures
398  resulted in 25% an increase in c-Jun detection. The increase triggered by the
399  infection remains and is enhanced by treatment with TGF-f3. * p < 0.05 compared
400  their control pairs.

401

402 2.6. Induction of cardiac fibroblast proliferation by T. cruzi infection and TGF-f
403 stimulation

404 To evaluate whether T. cruzi infection and TGF-$ play a role in the
405  proliferation of CF, these cells were infected with T. cruzi and treated for 48 h
406  with different concentrations of TGF-  (1-10 ng/mL). Interestingly, T. cruzi
407  infection augmented CF proliferation by 37% as compared to uninfected cells.
408  Both uninfected and T. cruzi-infected cultures showed similar response in the
409  induction of CFs proliferation after stimulation with TGF-p3. Two-and-a-half-fold
410  higher levels in cell proliferation profiles were revealed from the stimulation of
411 10 ng/ml TGF-f in both uninfected and T. cruzi-infected cultures (Fig. 7).

412
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413
414  Figure 7 - Cardiac fibroblast proliferation treated with TGEF-B. Cardiac

415  fibroblasts treated with different concentrations of TGF-3 (1 and 10 ng/mL)
416  showed a high proliferation of cardiac fibroblasts in a dose dependent manner

417  when compared with CF untreated. *p < 0.05 compared to CF untreated.
418
419


https://doi.org/10.20944/preprints201905.0171.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2019 d0i:10.20944/preprints201905.0171.v1

420 3. Discussion

421 Cardiac fibrosis is a major feature of cardiomyopathy, increasing the
422  deposition and accumulation of extracellular matrix proteins in the myocardium.
423 TGF-f is a pro-fibrogenic cytokine and exerts a significant role in the heart as a
424  regulator of components of ECM and is implicated in the genesis of cardiac
425  fibrosis in Chagas disease [30].

426 In this study, FN expression and its distribution in ECM were analyzed in
427 normal and T. cruzi-infected CF and L6E9 skeletal myoblasts treated with TGF-3
428  (1-10ng/ml). Also, the roles of classical and alternative TGF-[3 signaling pathways
429  in the FN modulation in ECM in CF were investigated. Our data revealed that
430 CF and L6E9 skeletal myoblasts showed an increase of FN starting in low
431  concentrations of TGF-B (1-10 ng/ml). In contrast, normal cardiomyocytes
432 displayed ECM stimulus only when treated with 10 ng/ml, similar to results
433  previously reported by our group [34]. The differences observed in ECM
434  expression in the different cell types could be explained by distinctive expression
435  of TGF-f receptors, such as endoglin, an auxiliary type III TGF-f3 receptor that
436  controls ECM expression in response to TGF-[3 [40]. Skeletal muscle cells do not
437  have endoglin in their surface [41]. In CF, endoglin is constitutively expressed
438  and is critical for TGF-{1 signaling, also modulating type I collagen synthesis in
439  these cells [42]. Expression of endoglins, poorly understood in cardiomyocytes,
440  occurs during the formation of the heart in the embryonic development, mainly
441  in endothelial cells [43].

442 L6E9 skeletal myoblasts infected with T. cruzi showed a reduction of FN
443 expression even after treatment with higher doses of TGF-. In contrast, in CF,
444 the overall measurement of the culture by Western blot showed an increase of
445  FN, while immunofluorescence demonstrates that highly infected cells presented
446  a redistribution of FN to the borders of the cell. In both cases, the parasite may
447  be directly modulating the synthesis, secretion and organization of matrix
448  proteins. In the case of CF, T. cruzi seems to be preventing the cell response to
449  exogenous TGF-f3 stimulus. Evidence from the literature supports this idea, since
450 a secreted/released factor from T. cruzi is capable of repressing CTGF/CCN2
451  expression in response to TGF-f in dermal fibroblasts, an effect also observed in
452 the down-regulation of fibrogenic genes after infection [44]. The localized FN
453  reduction and matrix delocalization in T. cruzi- infected L6E9 myoblasts and CF
454  can also be associated with the actin cytoskeleton breakdown caused by the
455  infection, which prevents both the anchoring of FN to integrins on the cell surface
456  and the organization of FN matrix [45,46]. Previous work from our group has
457 also shown a disorganization of the TGF-B receptor type II cell surface
458  distribution induced by T. cruzi in cardiac fibroblast-containing primary
459  cardiomyocyte cultures, which is associated with a lower global PS2 signaling
460 response to exogenous TGEF-B [47]. Furthermore, T. cruzi infection induced a
461  significant reduction in the global levels of mRNA in the cytoplasm of host cell
462  concomitant with the amastigote proliferation in primary cardiomyocyte cultures
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463  that also contained CF [48], suggesting that the intracellular multiplication of T.
464  cruzi can affect the mRNA stability in the host, an effect that could result in
465 reduced levels of protein synthesis.

466 In cardiac cultures infected with T. cruzi, different cytokines and
467  chemokines such as TNF-a, IL-13 and iNOS are secreted in response of the
468 infection [49]. The increase of FN expression in CF infected cultures suggests that
469  the cellular stress against infection causes a release of cytokines like TNF-«, and
470  that adjacent uninfected cells of the infected culture receive cytokine stimulus
471  together with TGF-B, potentiating and modulating the synthesis and release of
472 FN in the ECM. It was observed that in cardiac fibrosis, TNF-a may be involved
473  in excessive accumulation of ECM in the myocardium [50]. Furthermore, mixed
474  cultures containing cardiomyocytes and CF showed an increase in FN in
475  response to stimulation with TNF-a [34].

476 Our results demonstrated that CF and skeletal L6E9 myoblasts showed
477  higher SMAD2 phosphorylation than CM after TGF-f stimulation. However, p38
478 MAPK levels were higher in CM and skeletal L6E9 myoblasts when compared
479  with CF. The differences in signaling responses can also be caused by differences
480 in TGF-B receptor expression between the different cell types, including
481  endoglins, as discussed above. In addition, in cardiac tissue, p38 MAPK signaling
482 pathway is a dominant response to injury, leading to cardiomyocyte
483  hypertrophy, through further activation of MKK3 and MKKG®6 [51]. Our data show
484  that p38 MAPK detection was higher in cardiomyocytes than CF, suggesting that
485  the p38 MAPK pathway may be resulting in hypertrophy rather than fibrosis in
486  cardiomyocytes.

487 Our data showed that PS2 levels were reduced in T. cruzi-infected CF
488  cultures after the addition of TGF-f3 (10 ng/ml) when compared to uninfected
489  controls. The presence of the intracellular parasite in CF may modulate the
490  classical signaling pathway and prevent the signal transduction to the nucleus.
491  Studies in cardiomyocyte cultures showed that T. cruzi uptakes TGF-f for
492  multiplication and development in the host cell, using it for its own cycle [25].
493 Also, the secreted factor from T. cruzi that inhibits TGF- response in dermal
494  fibroblasts [44] might also be disrupting SMAD signaling in CF.

495 We demonstrated an increase of p38MAPK phosphorylation in CF after T.
496  cruzi infection and treatment with TGF-3. The p38 MAPK phosphorylation can
497  modulate the deposition of ECM proteins in infected CF and might be a
498 candidate for intervention against Chagas disease fibrosis. In T. cruzi-infected
499  macrophage cultures, the exogenous addition of cruzipain, the most abundant
500 cysteine protease of T. cruzi, and the JNK pathway inhibitor, SP600125, induces
501 triggering and amplification of the p38MAPK signal in this cell type, favoring
502  survival and amplification of the parasite in macrophages [52]. In other models
503 of cardiomyopathy, p38 MAPK also was proven to be a critical pathway for
504  fibrosis, since conditional knock-out of the p38o gene, Mapl4k, in cardiac
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505 fibroblasts blocked myofibroblast differentiation after ischemic injury and led to
506 reduced heart fibrosis [53].

507 Our data revealed that T. cruzi infection increases c-Jun phosphorylation
508 in CF. When TGF-f binds to it specific receptor, a rapid c-Jun activation occurs,
509 depending on the cell type, leading to SMAD3 phosphorylation. Therefore, c-Jun
510 signaling may increase the classical signaling pathway through SMAD3
511  phosphorylation [54,55]. In T. cruzi-infected macrophage cultures, an increase in
512 c-Jun phosphorylation was similarly observed [52]. Likewise, significant up-
513  regulation of c-Jun was detected in early T. cruzi infection of primary human
514  colonic epithelial cells by phosphoproteomics and Western blot [56]. In addition,
515 primary cultures of cardiac myocytes displayed an increase in nuclear
516 translocation of JunB up to 2 h after T. cruzi infection [57]. These data demonstrate
517  that the parasite has an important role in the activation of c-Jun in different cell
518 types and also in CF cultures, where an increase in c-Jun phosphorylation
519 triggered by infection is observed independent of TGF-B treatment, suggesting
520 that c-Jun as a candidate target for intervention against Chagas disease fibrosis
521  in the heart.

522 To investigate if FN increase resulting from T. cruzi infection was caused
523 by CF proliferation stimulated by the parasite, we measured BrdU incorporation
524 in T. cruzi-infected CF cultures treated with different concentrations of TGF-f3.
525  Our results showed that T. cruzi infection and TGF-3 promoted the proliferation
526  of cardiac fibroblasts, with TGF-3 response being observed in a dose-dependent
527 manner, an effect consistent with fibrosis development in the myocardium in CD.
528  Different sources of evidence show that T. cruzi-derived molecules can modulate
529  fibroblast proliferation. Conditioned media from T. cruzi-infected cultures and
530 amastigote extracts stimulated [*H]thymidine incorporation in human dermal
531 fibroblasts, although the authors were not able to identify which parasite
532 molecule was responsible for this process [58]. More recently, recombinant T.
533  cruzi calreticulin (TcCRT) was shown to induce fibroblast migration in scratch
534  plate assays and increase proliferation of human dermal fibroblasts three orders
535 of magnitude more efficiently than the recombinant human calreticulin [59].
536  Thus, T. cruzi can potentially modulate cardiac fibroblast proliferation either by
537  direct infection or through a paracrine effect of infected cells over uninfected
538 cells, or possibly via the remaining antigens of dead parasites in the Chagas
539  patient’s cardiac tissue [60] acting through T. cruzi calreticulin. Cardiac
540 fibroblast proliferation can be targeted for treatment, since tetrandrine, a drug
541 used for cancer treatment, can inhibit the proliferation of cardiac fibroblasts
542  induced by TGF-p [61], and potentially could be repurposed for treatment of
543  cardiac fibrosis in Chagas Disease.

544 Altogether, our studies open new perspectives to understand the
545  regulatory mechanisms of TGF- in FN matrix in cardiomyocytes, cardiac
546  fibroblasts and L6E9 myoblasts, and uncover new therapeutic targets against
547  cardiac fibrosis in Chagas Disease.
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548 4. Materials and methods

549

550 Primary cardiomyocyte culture

551  Primary cultures of cardiomyocytes and cardiac fibroblasts were performed
552 using 18-day-old mouse embryos as previously described [62]. Cardiac
553  fragments were dissociated in phosphate buffered saline (PBS; 137 mM NaC(l, 2.7
554 mM K], 0.88 mM KH2POs, 6.4 mM Na:HPOs, pH7.2) containing 0.025% trypsin
555 and 0.01% collagenase (Worthington Co., Lakewood, NJ, USA) and plated into a
556  24-well plate (10° cells/ml) containing glass coverslips coated with 0.01% gelatin.
557  Although cardiomyocytes constitute approximately 80% of the total cells, the
558  culture still displayed myoblasts and fibroblasts. Cultures were cultivated in
559  Dulbecco’s modified Eagle medium (DMEM; Sigma Chemical Co, St. Louis, MO,
560 USA) supplemented with 10% fetal bovine serum (FBS; Sigma), 2.5 mM CaCly, 1
561 mM L-glutamine and 2% chicken embryo extract and kept at 37 °C in an
562  atmosphere of 5% CO:..

563

564  Cardiac fibroblasts and skeletal muscle myoblasts culture

565 Cardiac fibroblast (CF) cultures were purified from successive dissociations of
566 mouse cardiac muscle cells primary cultures. Cells seeded in 25 cm?culture flasks
567  were grown in DMEM supplemented with 10% FBS, 2% chicken embryo extract,
568 2.5 mM CaClz, 1 mM L-glutamine and antibiotics and kept at 37 °C in 5% CO:
569 atmosphere. Fibroblast purification was carried out by differential plating
570 method and successive subculture based on the slower adhesion of
571  cardiomyocytes to substrate and its susceptibility to sequential enzyme activity,
572  respectively. Rat skeletal muscle myoblasts from L6E9 lineage were maintained
573 in DMEM supplemented with 10% FBS, 1 mM L-glutamine. The cells were
574  subcultured by the dissociation of confluent cultures with a solution of 0.025%
575 trypsin and 0.01% EDTA in PBS. After dissociation, the isolated cells were
576  counted and seeded at a density of 5 x 10* cells/well and 5 x 10° cells/dish in 24-
577  well plates and 60 mm dishes, respectively.

578

579  Parasites and cell culture infection

580 Trypomastigotes of T. cruzi, Y strain, derived from Vero culture were used.
581 Cardiac muscle cells, CF and skeletal myoblasts L6E9 were infected at a
582  multiplicity of infection of 10 parasites/host cell (10:1) after 24 h of cultivation.
583  The infection was interrupted after 72 h.

584

585  Treatment of cardiomyocytes, cardiac fibroblasts and skeletal myoblasts L6E9
586  with TGF-B

587  Normal and 24 h-infected cultures were washed with Ringer's solution to remove
588  the FBS contained in the nutritive medium. The treatment was performed with
589  recombinant TGF-B (R &D Systems, Minneapolis, MN, USA) diluted in DMEM
590 supplemented with 0.1% FBS, 2.5 mM CaCl: and 2% L-glutamine. TGF- was
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591 added at concentrations of 1, 5, 10 and 15 ng/ml after 24 h of cultivation. The cells
592  were fixed after 48 h of TGF-{3 treatment and 72 h of T. cruzi infection. For analysis
593  of signaling pathways, the treatment with recombinant TGF-3 was performed for
594 1 hin the same concentrations, in normal and T. cruzi-infected cultures (72 h).
595

596 Indirect Immunofluorescence

597  Cardiomyocytes, CF and skeletal myoblasts L6E9, treated or not with TGF-f3,
598  were fixed for 5 min at room temperature with 4% paraformaldehyde (PFA) in
599  PBS followed by washing in PBS. To block nonspecific reactions, monolayers
600  were washed (3 X 20 min) with PBS containing 4 % bovine serum albumin (BSA).
601  The cells were, then, incubated for 18 h at 4 °C with anti-fibronectin antibody
602  (1:400; Sigma Chemical Co.). After successive washes in PBS, the cultures were
603  incubated for 1 h at 37 °C with secondary anti-rabbit antibody TRICT-conjugated
604  (1:200; Sigma). For visualization of the nucleus, cells were stained with 4,6 -
605 diamidino -2- phenilyndole (DAPI; DNA dye) and, then, the coverslips were
606 mounted in 2.5% 1'4 - Diazabicyclo -(2.2.2)- octane (DABCO, Sigma Chemical
607  Co.) in PBS/ 50% glycerol and sealed with nail polish. The images were acquired
608  at the confocal laser scanning microscope Zeiss LSM 510 Meta.

609

610  Protein extraction

611  Cardiomyocytes, CFs and L6E9 skeletal myoblasts, treated or not with TGF-{,
612  were washed 3 times with cold PBS on ice. Then, the cells were scraped in lysis
613  buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, pH 8.0) containing
614  phosphatase and protease inhibitors (PhosStop Roche Diagnostics), 1 mM EGTA,
615  1mg/ml pepstatin, 100 mg/ml PMSF, 1 pg/ml aprotinin and 2 mg/ml leupeptin).
616  After the lysis, electrophoresis sample buffer 5X was added (0.3 M Tris, 10% SDS,
617  0.125% Bromophenol Blue, 25% [-mercaptoethanol and 50% glycerol) and the
618 samples were heated to 100 °C for 5 min in a dry bath. After the samples cool
619 down to room temperature, the samples were stored at —20 °C. Before adding the
620 sample buffer, an aliquot of each sample was separated to quantify the total
621  protein amount using the Folin-Lowry method.

622

623  Western Blot

624  After the determination of protein concentration, 10 pug or 20 pg of total protein
625  extracts obtained from cardiomyocytes, CFs and skeletal myoblasts L6E9 normal
626  and infected, treated or not with TGF-(3, were subjected to electrophoresis on 10%
627 and 12% of polyacrylamide gel containing SDS (SDS-PAGE). The electrophoretic
628  separated proteins were transferred to nitrocellulose membranes and incubated
629  for 1 h at 4 °C with blocking buffer consisting of 25 mM Tris, 150 mM NaCl and
630  0,05% Tween 20 (TBST), 5% non-fat dry milk (Molico) and 0.1% Tween 20. After
631  blocking, the membranes were incubated with anti-fibronectin antibody (1:5000;
632 Sigma Chemical Co.), anti-phosphorylated SMAD2 (1:2000; Millipore), anti-
633  phosphorylated p38 (1:1000; Cell Signaling) and anti-phosphorylated c-Jun
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634  (1:500; Millipore) for 18 h at 4 °C. Anti-GAPDH (1:50.000; RDI Fitzgerald) was
635 used as internal control. The membranes were then washed with TBST and
636  incubated for 1 h at room temperature with anti-rabbit or anti-mouse peroxidase
637 conjugate (Pierce Biotechnology) diluted 1:20.000 and 1:30.000, respectively, in
638  blocking buffer. The membranes were washed, and the peroxidase was revealed
639 by chemiluminescence using the Super Signal West Pico (Pierce Biotechnology)
640  kit. Densitometry of the resulting bands was performed with the Image ]
641  program (http://rsbweb.nih.gov/ij/).

642

643  Cardiac Fibroblasts Proliferation

644  CFs, plated in a density of 1.5 x 10 cells per well in a 96 well plates, were infected
645  with T. cruzi (Y strain, 10 parasites/host cell), and after 24 h of infection the
646  cultures were treated with 1, 5 and 10 ng/ml of TGF-$ per 48 h. Measurement of
647  proliferation of CFs was performed using BrdU Cell Proliferation Kit (Millipore),
648 according to manufacturer’s instructions. Briefly, after 48 h of treatment with
649  TGF-  and 72 h of T. cruzi infection, the cultures were incubated with 20 pg/ml
650 of 5-bromo-2’-deoxiuridin (BrdU), allowing its incorporation in proliferating
651  cells for 2 h. Cells were fixed and the DNA was denatured with the solution
652  provided by the kit for 30 min at room temperature. After washing, the BrdU-
653  labeled DNA was detected by the monoclonal anti-BrdU antibody for 1 h at room
654  temperature. The plate was washed, and the antigen-antibody complex was
655 revealed by addition of peroxidase-conjugate goat anti-mouse IgG, antibody and
656 TMB as peroxidase substrate. The reaction was stopped with acid Stop Solution
657 and the colorimetric reaction was read in a M2 Spectramax Plate Reader
658  (Molecular devices) at A450 nM.
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