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Abstract

The development of new strategic therapies for multidrug-resistant bacteria, like the use of non-
antimicrobial approaches and/or drugs repurposing to be used as monotherapies or in
combination with clinically relevant antibiotics, has become an urgent need. A therapeutic
alternative for infections by multidrug-resistant Gram-negative bacilli (MDR-GNB) is immune
system modulation to improve the infection clearance. We showed that immunocompetent mice
infected by Acinetobacter baumannii, Pseudomonas aeruginosa or Escherichia coli in peritoneal
sepsis models and treated with tamoxifen at 80 mg/kg/d for three days reduced the release of
MCP-1 and its signalling pathway IL-18 and phosphorylated ERK1/2. This reduction of MCP-1
induced the reduction of migration of inflammatory monocytes and neutrophils from bone
marrow to blood. Indeed, the treatment with tamoxifen in murine peritoneal sepsis models
reduced the bacterial load in tissues and blood; and increased the mice survival from 0% to 60-
100%. Tamoxifen treatment of neutropenic mice infected by these pathogens increased mice
survival up to 20-60%. Furthermore, susceptibility and time-kill assays showed that the
metabolites of tamoxifen, N-desmethyltamoxifen, hydroxytamoxifen and endoxifen, the three
together exhibited MICgq, values of 16 mg/L and were bactericidal against clinical isolates of A.
baumannii and E. coli. This antimicrobial activity of tamoxifen metabolites parallels’ an
increased membrane permeability of A. baumannii and E. coli without affecting their outer
membrane proteins profiles. Together, these data showed that tamoxifen present a therapeutic
efficacy against MDR A. baumannii, P. aeruginosa and E. coli in experimental models of

infections and can be repurposed as new treatment for GNB infections.
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Importance

Antimicrobial resistance in Gram-negative bacilli (GNB) is a global health treat. Drug
repurposing, a novel approach involving the search of new indications for FDA approved drugs
IS gaining interest. Among them, we found the anti-cancer drug tamoxifen, which presents very
promising therapeutic efficacy. The current study showed that tamoxifen presents activity in
animal models of infection with MDR Acinetobacter baumannii, Pseudomonas aeruginosa and
Escherichia coli by modulating the traffic of innate immune system cells and the antibacterial
activity presented by its three major metabolites produced in vivo against these GNB. Our results

offer a new candidate to be repurposed to treat severe infections caused by these pathogens.
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Introduction

Infections caused by Gram-negative bacilli (GNB) such as Acinetobacter baumannii,
Pseudomonas aeruginosa and Escherichia coli represent an increasing worldwide problem. In
2017, the World Health Organization has listed these pathogens as the first antibiotic-resistant
“priority pathogens” that pose the greatest threat to human health. There is, therefore, an urgent
need to find new antimicrobial agents against extensive- and pan-drug-resistant GNB. Two key
approaches can help alleviate the problem of antibiotic resistance, firstly targeting of bacterial
virulence factors without inhibiting bacterial growth, which can slow the development of drug
resistance by reducing the selective pressure on the bacteria (1, 2) and, secondly, by the
modulation/regulation of the immune system response to improve the infection development (3,
4). In this way, some studies were focused on the stimulation of the immune system to treat
bacterial infections using molecules, including lysophosphatidylcoline as monotherapy and as
adjuvant for the antimicrobial treatment (3, 5, 6) or 3’-5’-cyclic diguanylic acid (c-di-GMP)
which increase neutrophils protecting against A. baumannii infection (7).

Inflammatory monocytes and neutrophils derived from bone marrow are important cellular
mediators of innate immune response against bacterial infections. During early stages of
bacterial infection, both cell populations migrate from the bone marrow to the bloodstream and
subsequently to the sites of infection (8, 9). This migration is regulated partially by the monocyte
chemotactic protein-1 (MCP-1), which expression is increased by bone marrow mesenchymal
cells in response to circulating Toll-like receptor ligands and produces the mobilization of
inflammatory monocytes (10). It is well established that MCP-1 release is controlled by IL-18
and ERK1/2 (11), and the levels of MCP-1 are higher in patients with sepsis and septic shock,

and pneumonia (12, 13).
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78 It is well documented that anti-cancer drugs like tamoxifen can modify the immune response by
79  regulating cytokine release (14). Mechanistically, tamoxifen has been reported to reduce MCP-1
80  transcription and expression in human coronary artery endothelial cells and endometrial cancer
81  cells, respectively (15, 16). As MCP-1 is involved in the immune cells migration, it may be
82  hypothesized that an undiscovered connection between MCP-1 release and immune cells
83  migration after bacterial infection and treatment with tamoxifen is present.

84  In prokaryotic cells, tamoxifen is known to present antifungal and antibacterial activities against
85  Mycobacterium tuberculosis and some Gram-positive bacteria in vitro and in vivo (17, 18), but
86  not against Gram-negative bacteria. As with other antimicrobial agent such as colistimethate
87  sodium (19), tamoxifen is a prodrug and converted after liver passage to three major active
88  metabolites, 4-hydroxytamoxifen, endoxifen and N-desmethyltamoxifen (20). However, their
89  antibacterial activities remain unknown.

90 In this study, we report that tamoxifen downregulates the expression of MCP-1, impairing the
91  migration of bone marrow derived cells to the bloodstream induced by A. baumannii, P.
92  aeruginosa and E. coli and, consequently, modulating the inflammatory response. In murine
93  peritoneal sepsis model, we observe that tamoxifen decreases the development of infection by
94  these pathogens, lowering their concentrations in tissues and blood and increasing the mice
95  survival. Although tamoxifen did not present bactericidal nor bacteriostatic effects against A.
96  baumannii, P. aeruginosa and E. coli in vitro, we show that tamoxifen metabolites exhibit high
97  antibacterial activity against A. baumannii and E. coli, suggesting that tamoxifen metabolism is
98 actively involved in the therapeutic efficacy of tamoxifen in vivo.

99

100  Results
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101  Bone marrow immune cells migrates in response to MCP-1 and IL-18 during bacterial
102 infection

103  To determine whether bacterial infection influences circulating immune cells from the bone
104  marrow in response to MCP-1 and IL-18, a MCP-1 controller (11), we administered
105 intraperitoneally A. baumannii, P. aeruginosa and E. coli to mice and measured the proportions
106 of myeloid cells CD1lb+, inflammatory monocytes CD11b+Ly6C™ and neutrophils
107  CD11b+Ly6G+. A. baumannii administration decreased, 24 h after, the myeloid cells,
108 inflammatory monocytes and neutrophils in bone marrow, and increased them in blood (Figures
109 1A, 1B and 1C). Same results were observed when mice were infected with P. aeruginosa and E.
110  coli (Figures 1A, 1B and 1C). The rates of these immune cells in the spleen remained unchanged
111 after infection with A. baumannii, P. aeruginosa and E. coli for 24 h (Figure S1) indicating that
112 the increase of circulating monocytes and neutrophils did not proceed from the splenic reservoir
113 (21, 22).

114 A paradigm widely accepted is the formation of chemokine gradients to guide inflammatory cells
115  to the sites of infection (23). Among them, MCP-1 has been shown to be involved in the
116  migration of immune cells from the bone marrow to the bloodstream after binding to CCR2
117 receptor (24). As it is shown in the figure 1D, mice infected with A. baumannii, P. aeruginosa
118  and E. coli for 6 and 24 h increased significantly and progressively the release of MCP-1 in mice
119 serum (between ~1000 and 4000 pug/mL). It is well known that MCP-1 release is controlled by
120  1L-18 and ERK1/2 (11). Consequently, the levels of IL-18 in mice serum gradually increased 6
121 and 24 h after infection by A. baumannii, P. aeruginosa and E.coli. The IL-18 levels at 24 h were
122 2144 + 408.1 pg/mL, 7286 + 1056 pg/mL and 3124 + 671.3 pg/mL, respectively (Figure 1E).

123 Moreover, ERK1/2 was phosphorylated 2 h after infection of RAW 264.7 macrophages cell line
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124 invitro by A. baumannii, P. aeruginosa and E. coli, defining the activation of kinase response to
125  these pathogens (Figure 1F).

126 To determine whether MCP-1 is involved in the migration of inflammatory monocytes and
127 neutrophils from bone marrow to blood, wild-type (WT) and mice lacking MCP-1 protein (MCP-
128 1 KO mice) were infected by A. baumannii, P. aeruginosa and E. coli. First, we detected MCP-1
129  release only in WT mice (Figure 2A). Importantly, the infection of MCP-1 KO mice by these
130  pathogens showed that the migration of inflammatory monocytes and neutrophils from bone
131 marrow to blood (Figures 2B and 2C) exhibits a reduction of 2.17 + 1.14% and 4.13 + 0.99%,
132 respectively, for A. baumannii infection. Similar results were observed when MCP-1 KO mice
133 were infected with P. aeruginosa and E. coli strains (Figures 2B and 2C).

134  Non-infected WT and MCP-1 KO mice presented similar inflammatory monocytes and
135  neutrophil proportions in bone marrow and blood indicating that the lack of MCP-1 did not
136  affect the migration of these cells from bone marrow in basal conditions (Figures 2B and 2C).
137 These data suggest that MCP-1 is involved in the traffic of immune cells from the bone marrow
138  to blood after infection by A. baumannii, P. aeruginosa and E. coli.

139

140  Tamoxifen impairs the migration of immune cells from bone marrow to blood through MCP-1
141  regulation

142 In order to study whether tamoxifen can modulate inflammation generated by bacterial
143 infections, we treated RAW 264.7 macrophage cell line with tamoxifen during 24 h and infected
144  them with A. baumannii, P. aeruginosa or E. coli for 2 h. After this incubation we determined
145  the secretion of MCP-1 in the macrophage cells supernatant (ELISA assay) and the

146 phosphorylation of ERK in the macrophage cells by Western blot. The treatment with tamoxifen
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147 decreased the release of MCP-1 and the phosphorylation of ERK1/2 in macrophages infected by
148  these pathogens, compared to macrophages without tamoxifen treatment (Figures 3A and 3B).
149  To confirm these data in vivo, mice were treated ip. with 3 doses of 80 mg/kg/d of tamoxifen
150  before the bacterial infection. Serum was collected 6 and 24 h post-bacterial infection. Figure 3C
151  revealed that treatment with tamoxifen reduced MCP-1 levels when compared with A.
152 baumannii, P. aeruginosa or E. coli infected and not treated groups. It is noteworthy to highlight
153  that IL-18 levels were also reduced after tamoxifen treatment of infected mice by A. baumannii,
154  P. aeruginosa and E. coli (Figure 3D). These results suggest that the reduction of IL-18 secretion
155  due to tamoxifen injection may drive a reduction of MCP-1 release through a reduction of ERK
156 phosphorylation. This MCP-1 reduction after tamoxifen injection could produces less migration
157 of monocytes and neutrophils from the bone marrow to the blood.

158  In order to confirm whether tamoxifen treatment reduces the proportions of myeloid cells,
159  inflammatory monocytes and neutrophils in bone marrow and blood, we administer tamoxifen in
160  mice before infection by A. baumannii, P. aeruginosa and E. coli for 24 h. Flow cytometric
161  analysis demonstrated that treatment with tamoxifen reduced the migration of these cells to the
162  blood and the levels in bone marrow were maintained compared with the levels of infected group
163  (Figures 4A, 4B and 4C).

164  MCP-1 KO mice showed an impaired migration of inflammatory monocytes and neutrophils
165  from bone marrow to blood after bacterial infection (Figures 2B and 2C). In order to determine
166 whether tamoxifen is able to reduce this migration in mice deficient in MCP-1 secretion, we
167  treated MCP-1 KO mice with tamoxifen and infected them with A. baumannii, P. aeruginosa
168 and E. coli. As it is showed in the figures 5A and 5B, tamoxifen treated mice presented a

169  reduction in the migration of inflammatory monocytes and neutrophils, despite of the lack of
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170  MCP-1. Both populations were more present in bone marrow and the frequencies in the blood
171 were also reduced when compared with WT mice treated with tamoxifen and infected by these
172 pathogens, indicating that tamoxifen may probably regulate other chemokines and migration
173 pathways involved in this phenomenon (Figure S2, Figure 5).

174

175  Tamoxifen enhances bacterial killing of macrophages and neutrophils in-vitro

176 Recent studies reported that treatment with tamoxifen enhances neutrophil activity by increasing
177 the NETosis and induces changes in macrophages by inhibiting the expression of CD36 and
178  PPARy reducing atherosclerosis (25, 26), but there are no data regarding the immune function of
179  both cells treated with tamoxifen after a bacterial infection. To determine whether tamoxifen can
180 increase the killing activity of macrophages and neutrophils, assays with RAW 246.7 cell line
181  and HL-60 neutrophils cell line pretreated with tamoxifen and infected by A. baumannii, P.
182  aeruginosa and E. coli were performed. We demonstrated that macrophages incubation with
183  tamoxifen (2.5 mg/L) at 2 and 6 h followed by infection with A. baumannii during 2 h decreased
184  the bacterial internalization by 10 and 30%, respectively (Figure S3A), without affecting the
185  amount of A. baumannii in the extracellular medium (Figure S3B). Similar results were observed
186  after treatment with tamoxifen and infection by E. coli, but not by P. aeruginosa (Figure S3A).
187  Regarding neutrophil activity, incubation with 2.5 mg/L of tamoxifen during 2 and 6 h followed
188 by the infection with A. baumannii during 2 h increased bacterial killing by 5 and 25%,
189  respectively. Similar results were observed after treatment with tamoxifen and infection by E.
190  coli, but not by P. aeruginosa (Figure S3A).

191 Accordingly, tamoxifen treatment increases the killing activity of macrophages and neutrophils

192  against A. baumannii and E. coli but not against P. aeruginosa.
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193

194  Tamoxifen increase mice survival and decrease the bacterial burden in a murine sepsis model
195 by A. baumannii, P. aeruginosa and E. coli

196  Our results demonstrated that tamoxifen plays an important role in innate immune cells
197  trafficking after bacterial infection. Going further we wanted to know whether tamoxifen could
198  protect the mice against a lethal bacterial inoculum. We treated mice with tamoxifen (80
199  mg/kg/d) administered intraperitoneally three days before the infection with a minimal lethal
200 dose 100 (MLD100) of A. baumannii, P. aeruginosa and E. coli. Pretreatment with tamoxifen
201 increased mice survival after infection by A. baumannii, P. aeruginosa and E. coli to 100, 66.7
202 and 83.3% (P<0.01), respectively (Figure 6A). Figure 6B shows that treatment with tamoxifen
203  decreased spleen and lung bacterial concentrations of these pathogens by 6.64 and 7.17 logio
204  CFU/g (P<0.015; for A. baumannii), by 3.58 and 5.1 log;p CFU/g (P<0.015; for P. aeruginosa),
205 and by 3.7 and 4.16 log;p CFU/g (P<0.015; for E. coli), compared with the control infected
206  groups. Blood bacterial concentrations presented a decrease compared to control infected groups
207  of 5.53, 5.45 and 4.31 logip CFU/mL (P<0.01) for A. baumannii, P. aeruginosa and E. coli,
208  respectively. Similar efficacy of tamoxifen was observed in murine peritoneal sepsis model by
209  susceptible and MDR clinical isolates of A. baumannii, P. aeruginosa and E. coli. Treatment
210  with tamoxifen increased the mice survival to 66.7, 83.3 and 50% (P<0.01) for the non-MDR A.
211 baumannii, P. aeruginosa and E. coli, respectively, and 83.3, 66.7 and 50% (P<0.01) for the
212 MDR A. baumannii, P. aeruginosa and E. coli harboring mcr-1 gene (Figure 6C). These findings
213 indicate that tamoxifen treatment presents a good therapeutic efficacy against reference and
214  clinical isolates of A. baumannii, P. aeruginosa and E. coli.

215
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216  Immunosuppressed mice respond to tamoxifen treatment

217 Previous studies have demonstrated that infection with A. baumannii, P. aeruginosa and E. coli
218 in immunosuppressed mice is lethal (27-29). To determine whether tamoxifen treatment is still
219  therapeutically effective in immunosuppressed mice, we treated immunocompetent mice with
220 cyclophosphamide to reduce the circulating monocytes and neutrophils (Figure S4). After A.
221 baumannii and E. coli infection in these immunosuppressed mice, tamoxifen treatment increase
222 mice survival in both groups to 66.67 % (Figure 7A); however, with P. aeruginosa the survival
223 was only 16.67% (Figure 7A). Bacterial loads of A. baumannii and E. coli in spleen, lung and
224 Dblood were reduced in immunosuppressed mice after treatment with tamoxifen, likewise in
225  immunocompetent mice. In contrast, bacterial loads of P. aeruginosa in tissues and blood were
226 not reduced in immunosuppressed mice after treatment with tamoxifen (Figure 7B). These
227 findings suggest that tamoxifen help to clear the infection by A. baumannii and E. coli even
228  though mice were immunosuppressed by an additional independent immune response
229  mechanism.

230

231 Tamoxifen metabolites present antibacterial activity targeting the bacterial membrane

232 Despite the fact that tamoxifen has no bactericidal activity in vitro (MIC > 256 mg/L), we
233 reasoned that the in vivo antimicrobial activity of tamoxifen observed in neutropenic mice should
234 result from tamoxifen metabolism in mice organism. Susceptibility assays showed that these
235  tamoxifen metabolites together exhibit MICs, values of 8 and 16 mg/L against 100 and 47
236 clinical isolates of A. baumannii and E. coli, respectively (Figure 8A). These data were
237 confirmed by time-kill assays showing that tamoxifen metabolites had excellent bactericidal

238 activity against MDR A. baumannii and E. coli strains during 8 h of growth (Figure 8B).
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239 In order to determine the mode of action of tamoxifen metabolites, we examined their effect on
240 the membrane permeability. Tamoxifen metabolites strongly increased the membrane
241  permeability time-dependent (Figure 8C), without affecting the outer membrane proteins
242 (OMPs) profile (Figure 8D). This suggests that tamoxifen metabolites affect only the integrity of
243  the bacterial cell wall without changing the expression of the OMPs. Determining the specific
244 mechanism of action of tamoxifen metabolites requires further investigation.

245

246 Discussion

247 The present study provides new data highlighting the antibacterial effect of tamoxifen and its
248  metabolites. Here, we provide the first evidence of an essential role played by tamoxifen in the
249  regulation of immune cells traffic after bacterial infection, in order to reduce the
250  hyperinflammation caused by sepsis, and its antibacterial activity in vivo through the generation
251 of active metabolites presenting bactericidal activity against GNB.

252 This study, as well as previous works (8, 9), showed that the regulation of inflammatory
253  monocytes and neutrophils migration are important in the host defense against bacterial
254 infections. This is consistent with the immune system modulation that improves the bacterial
255  infection clearance (4). Exploiting immunomodulatory drugs, approved by the regulatory
256 agencies for clinical indication different to bacterial infection therapy, has several advantages
257 (30); thus, information of their pharmacological characteristics (toxicity and pharmacokinetics)
258 in preclinical and clinical trials is available. Therefore, the time and the economic costs of the
259  evaluation of these drugs in other therapeutic applications, such as the treatment of bacterial
260 infections, will be reduced (31). Among these immunomodulatory drugs, we found tamoxifen as

261 a promising therapeutic candidate; which has showed antifungal and antibacterial activities
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262  against Mycobacterium tuberculosis and some Gram-positive bacteria in vitro and in vivo (17,
263 18, 25).

264  Here, we showed that tamoxifen reduces the release of MCP-1 and IL-18, and the
265  phosphorylation of ERK, which contributes to efficient reduction of migration of inflammatory
266 monocytes and neutrophils from bone marrow to blood. Recruitment of both immune cells from
267 bone marrow to blood during systemic infection with GNB is probably mediated by multiple
268  pathways dependent or independent to MCP-1 such as MyD88 and MIP-2 (32-34). MyD88 has
269  been reported to induce MCP-1 release of macrophages after their infection by Listeria
270  monocytogenes (32). In contrast, to our knowledge, MIP-2 is not involved in the release of MCP-
271 1 by eukaryotic ells. The presence of pathways independent to MCP-1 has been confirmed in this
272 study in MCP-1 KO mice infected by A. baumannii, P. aeruginosa and E. coli, which
273 inflammatory monocytes and neutrophils still migrate at lower levels from bone marrow to
274 bloodstream. Previous independent work reported that deletion of MCP-1 in mice did not
275  abolished completely the recruitment of monocytes during the infection by L. monocytogenes
276  and this recruitment was diminished by 40-50% (35), suggesting the involvement of MCP-3,
277  another monocyte chemoattractant protein, after binding to CCR2 receptor in the systemic
278  bacterial infection (36). Regarding neutrophils, although is widely accepted that MIP-2
279  stimulates their migration from bone marrow (37, 38), we demonstrated for the first time that in
280 MCP-1 KO mice the migration of neutrophils from bone marrow to bloodstream after GNB
281 infection was diminished, suggesting the involvement of MCP-1 in this process. This result is
282  consistent with previous observation that MCP-1 regulates the recruitment of neutrophils to the
283  lung after E. coli infection (34). Based on these data, MCP-1 plays an important role in the

284  migration of inflammatory monocytes and neutrophils from bone marrow to bloodstream.
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285  However, this migration in MCP-1 KO mice infected by GNB and treated with tamoxifen is
286  reduced but not abolished. A possible explanation could be the involvement of other MCP-1-
287  independent pathways regulated by tamoxifen. In this context, further studies are required to
288  decipher the role of these MCP-1-independent pathways in this process.

289 A consequence of the reduction in monocyte proportions in blood after treatment with tamoxifen
290  would be the reduction of macrophages and dendritic cells in blood and tissues. Although the
291 number of macrophages and neutrophils recruited to the sites of infection in mice treated with
292 tamoxifen would be lower, our in-vitro assays suggested that their killing activity against A.
293  baumannii and E. coli was enhanced by tamoxifen. The inflammatory monocytes are the
294  precursors of a subset of dendritic cells (TipDC), which produce tumor necrosis factor-o (TNF-
295 ) and inducible oxide synthase (iNOS) contributing to the innate defense against L.
296  monocytogenes infection (39, 40). In contrast, other study reported that the reduction of
297  proinflammatory monocytes and TipDC during Trypanosoma brucei infection diminished their
298  pathogenicity (41). These contradictory results in the effect of monocytes and TipDC recruitment
299  on host survival could be explained by the difference in cellular location of each pathogen, L.
300  monocytogenes is intracellular whereas T. brucei remains in plasma (9). Moreover, it is reported
301  that tamoxifen inhibits in vitro the maturation of TipDC, in presence of 17 B-estradiol, which not
302  respond enough to bacterial LPS (42). We suggest that the reduction in the dendritic cells’
303  proportions joined with their less maturation after tamoxifen treatment produced a reduction in
304 TNF-a and iNOS production, minimizing their deleterious effects in sepsis situation. In our
305  study, we found that mice treatment with tamoxifen reduce the release of proinflammatory
306  cytokines such as TNF-o and IL-6 (data not shown). Accordingly, although we previously

307  pointed that A. baumannii could support intracellular lifestyle (43, 44), bacterial species used in
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308 our study are viewed as extracellular pathogens and are present in blood. Consequently, it is
309  possible that in our model of study, reduction of monocyte and TipDC frequencies by tamoxifen
310  treatment, and the reduction of proinflammatory cytokines release may play an important role in
311  the therapeutic efficacy of tamoxifen.

312 It is noteworthy that tamoxifen therapeutic efficacy is not only based in their role regulating the
313  innate immune response, but it is different depending on the type of bacteria. Previous study
314  showed the antibacterial effect of tamoxifen against Staphylococcus aureus (25). In the present
315  study, we demonstrate the excellent therapeutic efficacy of tamoxifen against susceptible and
316 MDR A. baumannii, P. aeruginosa and E. coli, even though this efficacy is slightly lower against
317  P. aeruginosa. However, tamoxifen reduced the migration of immune cells from bone marrow to
318  blood in mice infected by these three pathogens at similar levels. A possible explanation could be
319  the involvement of an additional independent immune response mechanism. This hypothesis is in
320 agreement with the results we obtained in neutropenic mice, in which tamoxifen has a
321  therapeutic efficacy against A. baumannii and E. coli, but not against P. aeruginosa. In addition,
322 the three major active metabolites of tamoxifen, 4-hydroxytamoxifen, endoxifen and N-
323  desmethyltamoxifen, as a consequence of its extensive metabolization by cytochrome P450
324  enzymes (20), present bactericidal activity in monotherapy against A. baumannii and E. coli, but
325  not against P. aeruginosa. These results are consistent with a therapeutic efficacy of tamoxifen
326  depending on antibacterial activity, as addition to the immune response mechanisms.

327  Together, these data indicate that treatment with tamoxifen may be useful for patients with
328 infections by Gram-negative bacilli.

329

330 Materials and Methods
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331  Reagents

332 Tamoxifen, N-desmetyltamoxifen, endoxifen and 4-hydroxytamoxifen, porcine mucin, protease
333  inhibitors were obtained from Sigma, Spain. Cyclophosphamide was obtained from Baxter,
334  Spain.

335

336 Bacterial strains

337  Reference A. baumannii ATCC 17978 (45), P. aeruginosa PAO1 (46) and E. coli ATCC 25922
338 (47) strains were used. We also used 2 clinical susceptible (Ab9) and multidrug-resistant (MDR)
339  (Ab186) A. baumannii from REIPI-GEIH 2010 collection (5), 2 clinical susceptible (Pa39) and
340 MDR (Pa238) P. aeruginosa from REIPI-GEIH 2008 collection (48), and 2 clinical susceptible
341 (C1-7-LE) and MDR (EcMCR?, carrying mcr-1 gene) E. coli (49, 50). We also used a collection
342 of A. baumannii and E. coli clinical strains from REIPI-GEIH 2010 collection and Bact-OmpA
343 collection (51, 52).

344

345  Animals

346 Immunocompetent C57BL/6 female mice (16-18 g) were obtained from the University of Seville
347  facility. MCP-1 KO mice were generated with C57BL/6 background and obtained from Jackson
348  Laboratory, USA. All mice had sanitary status of murine pathogen free and were assessed for
349  genetic authenticity and housed in regulation cages with food and water ad libitum. This study
350 was carried out in strict accordance with the protocol approved by the Committee on the Ethics
351 of Animal Experiments of the University Hospital of Virgen del Rocio, Seville (0704-N-18). All
352 surgery was performed under sodium thiopental anaesthesia and all efforts were made to

353  minimize suffering.
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354

355  Immunosuppressed mice

356  Blood frequencies of monocytes and neutrophils were reduced with cyclophosphamide treatment
357 following the protocol of Zuluaga et al. (29). Immunocompetent C57BL/6 female mice were
358  treated with cyclophosphamide at 100 and 150 mg/kg at day 4 and 1, respectively, before the
359  bacterial infection.

360

361  A. baumannii, P. aeruginosa and E. coli peritoneal sepsis models

362  Murine peritoneal sepsis models with A. baumannii, P. aeruginosa or E. coli strains were
363  established by ip. inoculation of the bacteria in immunocompetent and neutropenic mice (2).
364  Briefly, 6 mice for each group were inoculated with the minimal bacterial lethal dose 100
365 (MLD100) of the bacterial suspensions mixed in a 1:1 ratio with a saline solution containing
366  10% (w/v) porcine mucin. The MLD100 of ATCC 17978, Ab9, Ab186, PAOL, Pa39, Pa238,
367 ATCC 25922, C1-7-LE and ECMCR-1" were 3.2, 5.9, 5.0, 4.9, 3.85, 6.7, 4.7, 2.91 and 6 log
368 CFU/mL, respectively. Mortality was recorded over 3 or 7 days. After the death or sacrifice of
369  the mice at the end of the experimental period, aseptic thoracotomies were performed, and blood
370  samples were obtained by cardiac puncture. The spleen and lungs were aseptically removed and
371 homogenized (Stomacher 80; Tekmar Co., USA) in 2 mL of sterile NaCl 0.9% solution. Ten-fold
372 dilutions of the homogenized spleen, lungs and blood were plated onto Sheep blood agar (Becton
373  Dickinson Microbiology Systems, USA) for quantitative cultures. If no growth was observed
374  after plating the whole residue of the homogenized tissue and blood, a logarithm value
375  corresponding to the limit of detection of the method (1 CFU) is assigned.

376
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377 Therapeutic effect of tamoxifen in immunocompetent murine models of peritoneal sepsis

378  The immunocompetent murine peritoneal sepsis models by A. baumannii (ATCC 17978, Ab9
379 and Ab186), P. aeruginosa (PAOL, Pa39 and Pa238), or E. coli (ATCC 25922, C1-7-LE and
380 ECMCR-1") strains were established by ip. inoculation of the bacteria in immunocompetent
381  mice. Briefly, 6 animals of each group were infected ip. with 0.5 mL of the MLD100 of each
382  strain mixed 1:1 with 10% porcine mucin. Tamoxifen therapy was administered for 3 days at one
383 safe dose of 80 mg/kg/d before bacterial inoculation. Mice were randomly ascribed to the
384  following groups: 1). controls (without treatment), and 2). Tamoxifen administered at
385 80 mg/kg/d ip. for 3 days before bacterial inoculation with each strain. Mortality and bacterial
386  loads in tissues and blood were determined as in “A. baumannii, P. aeruginosa and E. coli
387  peritoneal sepsis models” section.

388

389  Therapeutic effect of tamoxifen in immunosuppressed murine models of peritoneal sepsis

390  The neutropenic murine peritoneal sepsis models by A. baumannii ATCC 17978, P. aeruginosa
391  PAOL or E. coli ATCC 25922 strains were established by ip. inoculation of the bacteria in
392 neutropenic mice. Briefly, animals (6 mice for each group) were infected ip. with 0.5 mL of the
393  MLD100 of each strain mixed 1:1 with 10% porcine mucin. Tamoxifen therapy, mortality and
394  bacterial loads in tissues and blood were determined as in “Therapeutic effect of tamoxifen in
395  immunocompetent murine models of peritoneal sepsis™ section.

396

397  Flow cytometry

398  Expanded details of all methods are given in the supplementary material.

399
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400  Cytokine assays

401  Blood samples were collected from periorbital plexuses of mice infected with DML100 of
402  ATCC 17978, PAO1 and ATCC 25922 and pretreated or not with tamoxifen as previously
403  described (11). Serum levels of murine MCP-1, IL-6, IL-18 and TNF-o were collected 6 and 24
404  h post-bacterial infection without or with tamoxifen treatment. MCP-1, IL-6, IL-18 and TNF-a,
405  levels were determined by ELISA kit (ThermoFisher, for MCP-1) and (Affymetrix eBioscience,
406  for IL-6, IL-18 and TNF-a) in accordance with the manufacturer’s instructions. Furthermore,
407  extracellular medium of RAW 264.7 macrophages cells infected with 8 log CFU/mL of ATCC
408 17978, PAOL and ATCC 25922, and pre-incubated or not with 2.5 mg/L tamoxifen for 24 h
409  previous was collected to determine the MCP-1 levels.

410

411 Cell culture and infection

412 Expanded details of all methods are given in the supplementary material.

413

414 Western blot immunoblotting

415  Expanded details of all methods are given in the supplementary material.

416

417 Macrophages adhesion assay

418  RAW 264.7 cells were pretreated with 2.5 mg/L tamoxifen for 2, 6 and 24 h; and infected with
419  ATCC 17978, PAO1 and ATCC 25922 strains (MOI 1:100) for 2 h with 5% CO2 at 37°C.
420  Subsequently, infected RAW 264.7 macrophages cells were washed five times with prewarmed
421 PBS and lysed with 0.5 % Triton X-100. Diluted lysates were plated onto Sheep blood agar and

422 incubated at 37 °C for 24 h for enumeration of developed colonies and then the determination of


https://doi.org/10.1101/2020.03.30.017475
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.30.017475; this version posted April 1, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

423 the number of bacteria that attached and invaded RAW 264.7 cells. Alternatively, we determined
424 the concentration of the extracellular medium bacteria by plating diluted extracellular medium
425  onto Sheep blood agar.

426  HL-60 neutrophils were pretreated with 2.5 mg/L for 2 and 6 h; and infected with ATCC 17978,
427 PAOL and ATCC 25922 strains (MOI 1:100) for 2 h with 5% CO2 at 37°C. Subsequently, HL-
428 60 neutrophils were washed five times with prewarmed PBS by centrifugation and lysed with 0.5
429 % Triton X-100. Diluted lysates were plated onto Sheep blood agar and incubated at 37 °C for 24
430  h for enumeration of developed colonies and then the determination of the number of bacteria.
431 The neutrophil killing index was calculated according to the formula: [(CFU in the absence of
432 neutrophils — CFU in the presence of neutrophils)/ CFU in the absence of neutrophils] x 100
433 (53).

434

435  Invitro susceptibility testing and time-Kkill experiments

436  The MICs of N-desmetyltamoxifen, endoxifen and 4-hydroxytamoxifen and the mixture of the 3
437  tamoxifen metabolites against A. baumannii and E. coli clinical strains were determined by
438  microdilution assay in two independent experiments, in accordance with CLSI guideline (54).
439 Time-kill kinetic assays of the Ab9 and ECMCR™ strains were conducted in Moeller Hinton
440  Broth in the presence of the mixture of the 3 tamoxifen metabolites at 4xMIC, and were
441  performed in duplicate as previously described (54). Drug-free broth was evaluated in parallel as
442  a control and cultures were incubated at 37°C. Viable counts were determined by serial dilution
443 at0, 2,4 and 8 h after adding the 3 tamoxifen metabolites, and plating 100 pL of control, test
444 cultures or dilutions at the indicated times onto sheep blood agar plates. Plates were incubated

445  for 24 h and, after colony counts, the log10 of viable cells (CFU/mL) was determined.
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446

447 Analysis of outer membrane proteins (OMPs) by SDS-PAGE

448  Bacterial cells of MDR A. baumannii and MDR E. coli were grown in LB broth to the
449  logarithmic phase, incubated with 2 and 16 mg/L of tamoxifen metabolites mixture, respectively,
450 for 4 or 24 h and lysed by sonication. OMPs were extracted with sodium lauroylsarcosinate
451  (Sigma, Spain) and recovered by ultracentrifugation as described previously (43). The OMP
452 profiles were determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
453  PAGE) using 10% SDS gels and 6 ug protein of OMPs, followed by Simply Blue SafeStain gel
454 (Invitrogen, Spain).

455

456  Membrane permeability assays

457  Bacterial suspensions (adjusted to O.Dggo = 0.2) of MDR A. baumannii and MDR E. coli were
458  placed into a 96-well plate, incubated with 2 and 16 mg/L of tamoxifen metabolites mixture,
459  respectively, and mixed in a solution of PBS containing Ethidium Homodimer-1 (EthD-1)
460  (1:500) (Invitrogen, USA). After 10 min of incubation, fluorescence was monitored during 160
461  min using Thyphoon FLA 9000 laser scanner (GE Healthcare Life Sciences, USA) and
462  quantified by ImageQuant TL software (GE Healthcare Life Sciences, USA). Bacterial counts
463  were obtained at the beginning and at the end of the experiment to ensure that metabolites
464  mixture was not presenting bactericidal activity against A. baumannii and E. coli strains.

465

466  Statistical analysis

467  Group data are presented as means + standard errors of the means (SEM). For in vitro studies, the

468  Student t test was used to determine differences between means. Differences in bacterial spleen,
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469  lung and blood concentrations (mean + SEM logig CFU per g or mL) were assessed by analysis
470  of variance (ANOVA) and post-hoc Dunnett’s and Tukey’s tests. Differences in mortality (%)
471 between groups were compared by use of the x2 test. P values of <0.05 were considered
472 significant. The SPSS (version 21.0; SPSS Inc.) statistical package was used.

473
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650

651  Figure 1. Bone marrow immune cells migration to blood in response to MCP-1 and IL-18
652  during bacterial infection. (A) Myeloid cells, (B) inflammatory monocytes and (C) neutrophils
653  were identified as CD11lb+, CD11b+Ly6Chi and CD11b+Ly6G+ by flow cytometry,
654  respectively, in bone marrow and blood of mice infected with MLD100 of A. baumannii
655 ATCC17978, P. aeruginosa PAOL or E. coli ATCC25922 strains for 24h. (D and E) Serum
656 ~ MCP-1 and IL-18 levels (ELISA assays), 6 and 24 h post-infection, in mice infected with
657  minimal lethal dose 100 (MLD100) of A. baumannii ATCC17978, P. aeruginosa PAO1 or E.

658  coli ATCC25922 strains. (F) RAW 264.7 cells were infected with A. baumannii ATCC17978, P.
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659  aeruginosa PAOL or E. coli ATCC25922 strains for 2 h and proteins were collected for
660  Phospho-p44/42 MAPK (Erk1/2) and B-actin immunoblotting. Data are representative of six
661  mice per group, and expressed as mean + SEM. *P<0.05: infected vs. CTL. CTL: non-infected
662  mice.
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666  Figure 2. Role of MCP-1 in the bone marrow immune cells migration to blood during
667  bacterial infection. (A) Wild-type and MCP-1 KO mice were infected with minimal lethal dose
668 100 (MLD100) of A. baumannii ATCC17978, P. aeruginosa PAOL or E. coli ATCC25922
669  strains. Twenty-four hours post-infection, serum was harvested for MCP-1 ELISA assays. (B)
670  Inflammatory monocytes, and (C) neutrophils were identified as CD11b+Ly6Chi and

671 CD11b+Ly6G+ by flow cytometry, respectively, in bone marrow and blood of wild-type and
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MCP-1 KO mice infected with MLD100 of A. baumannii ATCC17978, P. aeruginosa PAOL or
E. coli ATCC25922 strains for 24 h. Data are representative of six mice per group, and expressed
as mean £ SEM. *P<0.05: WT vs. MCP-1 KO. WT: wild-type, MCP-1 KO: mice lacking MCP-

1, CTL: non-infected mice.
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678  Figure 3. Tamoxifen reduces, after bacterial infection, the release of MCP-1 and IL-18 in
679  vitro and in vivo, and the ERK phosphorylation in vitro. (A and B) RAW 264.7 cells were
680  treated with 2.5 mg/L of tamoxifen for 24 h and infected with A. baumannii ATCC17978, P.
681  aeruginosa PAOL or E. coli ATCC25922 strains for 2 h. MCP-1 levels and ERK-phosphrylation
682  were determined by ELISA and immunoblotting assays, respectively. Data are representative of
683  three independent experiments, and expressed as mean + SEM. (C and D) Mice received
684  tamoxifen (80 mg/kg/d, for 3 days) and infected with minimal lethal dose 100 (MLD100) of A.
685  baumannii ATCC17978, P. aeruginosa PAOL or E. coli ATCC25922 strains. Six and twenty-
686  four hours post-infection, serum was harvested for MCP-1 and IL-18 ELISA assays. Data are
687  representative of 6 mice per group and are expressed as mean = SEM. *P<0.05: treated vs. CTL,
688  **P<0.05: treated vs. CTL. CTL: non-infected mice. TAM: tamoxifen.

689
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Figure 4. Tamoxifen impairs, after bacterial infection, the migration of immune cells from

bone marrow to blood through MCP-1 regulation. Mice received tamoxifen (80 mg/kg/d, for

3 days) and infected with minimal lethal dose 100 of A. baumannii ATCC17978, P. aeruginosa

PAOL1 or E. coli ATCC25922 strains. Twenty-four hours post-infection, (A) myeloid cells, (B)

inflammatory monocytes and (C) neutrophils were identified as CD11b+, CD11b+Ly6Chi and

CD11b+Ly6G+ by flow cytometry, respectively, in bone marrow and blood of mice. Data are
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697  representative of 6 mice per group and are expressed as mean £ SEM. *P<0.05: treated vs. CTL.
698  CTL: non-infected mice, TAM: tamoxifen.
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Figure 5. Tamoxifen impairs, after bacterial infection in mice MCP-1-deficient, the

migration of immune cells from bone marrow to blood through MCP-1 regulation. (A) WT

and MCP-1 KO mice received tamoxifen (80 mg/kg/d, for 3 days) and infected with minimal

lethal dose 100 of A. baumannii ATCC17978, P. aeruginosa PAO1 or E. coli ATCC25922

strains. Twenty-four hours post-infection, (A) inflammatory monocytes and (B) neutrophils were

identified as CD11b+, CD11b+Ly6Chi and CD11b+Ly6G+ by flow cytometry, respectively, in

bone marrow and blood of mice. Data are representative of 6 mice per group and are expressed

as mean + SEM. CTL: non-infected mice. *P<0.05: infected WT vs. infected MCP-1 KO,

**P<(.05: infected MCP-1 KO vs. infected MCP-1 KO + TAM, ***P<0.05: infected WT +

TAM vs. infected MCP-1 KO + TAM. CTL: non-infected mice, TAM: tamoxifen.
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Figure 6. Tamoxifen shows therapeutic efficacy in murine sepsis models by GNB. (A) Mice
survival was monitored during 3 days for mice infected with minimal lethal dose 100 (MLDZ100)
of A. baumannii ATCC17978, P. aeruginosa PAOL or E. coli ATCC25922 strains treated or not
with 3 i.p. doses of tamoxifen (80 mg/kg/d, for 3 days). (B) Bacterial burden in spleen, lung and
blood of mice treated or not with 3 ip. doses of tamoxifen (80 mg/kg/d, for 3 days), and infected
with MLD100 of A. baumannii ATCC17978, P. aeruginosa PAO1 or E. coli ATCC25922
strains. (C) Mice survival was monitored during 7 days for 6 mice infected with MLD100 of

non-MDR and MDR A. baumannii (Ab9 and Ab186), P. aeruginosa (Pa39 and Pa238) or E. coli
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(C1-7-LE and EcCMCR+) strains treated or not with 3 i.p. doses of tamoxifen (80 mg/kg/d, for 3
days). *P<0.05: treated vs. untreated, **P<0.05: treated vs. untreated, ***P<0.05: treated vs.

untreated. TAM: tamoxifen, MDR: multidrug-resistant.
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729
730  Figure 7. Immunosuppressed mice respond to TAM treatment. (A) Mice survival was
731 monitored during 3 days for immunocompetent and neutropenic mice, induced by
732 cyclophosphamide, infected with MLD100 of A. baumannii ATCC17978, P. aeruginosa PAO1
733 or E. coli ATCC25922 strains treated or not with 3 ip. doses of tamoxifen (80 mg/kg/d, for 3
734  days). (B) Bacterial burden in tissues and blood of immunocompetent and neutropenic mice
735  treated or not with 3 i.p. doses of tamoxifen (80 mg/kg/d, for 3 days), and infected with MLD100
736 of A. baumannii ATCC17978, P. aeruginosa PAQO1 or E. coli ATCC25922 strains. *P<0.05:
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bacteria vs. bacteria + CPM, **P<0.05: bacteria + TAM vs. bacteria + CPM + TAM, ***P<0.05:
bacteria + CPM vs. bacteria + CPM + TAM. CPM: cyclophosphamide, TAM: tamoxifen. ns:

non-significant.
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Figure 8. Tamoxifen metabolites present antibacterial activity targeting the bacterial

membrane. (A) Histogram distribution of MIC for the three tamoxifen metabolites mixture

against a collection of A. baumannii and E. coli. (B) Time—kill curves of the MDR A. baumannii

Ab186 and E. coli ECMCR+ strains alone and in the presence of metabolites mixture (4xMIC)

for 8 h. (C) Tamoxifen metabolites effect on the bacterial permeability. The membrane

permeabilization of MDR A. baumannii Ab186 and E. coli ECMCR" strains in absence and
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749 presence of tamoxifen metabolites (2 and 16 mg/L, respectively) incubated for 24 h, was
750  quantified by Typhon Scanner. (D) SDS-PAGE of the outer membrane proteins of MDR A.
751 baumannii Ab186 and E. coli ECMCR strains with or without tamoxifen metabolites (2 and 16

752 mg/L, respectively). MET: The three tamoxifen metabolites together. CTL: control.

753
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