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SUMMARY

Although meropenem, colistin, and tigecycline are recognized as the last-line an-
tibiotics for multidrug-resistant Gram-negative bacteria (MDR-GN), the emer-
gence of mobile resistance genes such as blaypy, mcr, and tet(X) severely com-
promises their clinical effectiveness. Developing novel antibiotic adjuvants to
restore the effectiveness of existing antibiotics provides a feasible approach to
address this issue. Herein, we discover that a Food and Drug Administration
(FDA)-approved drug daunorubicin (DNR) drastically potentiates the activity of
last-resort antibiotics against MDR-GN pathogens and biofilm-producing bacte-
ria. Furthermore, DNR effectively inhibits the evolution and spread of colistin
and tigecycline resistance. Mechanistically, DNR and colistin combination exacer-
bates membrane disruption, induces DNA damage and the massive production of
reactive oxygen species (ROS), ultimately leading to bacterial cell death. Impor-
tantly, DNR restores the effectiveness of colistin in Galleria mellonellaand murine
models of infection. Collectively, our findings provide a potential drug combina-
tion strategy for treating severe infections elicited by Gram-negative superbugs.

INTRODUCTION

Antibiotic resistance has become the biggest threat to human health in the 21st century.'” Gram-negative
bacteria (GNB) show higher intrinsic resistance to many Gram-positive bacteria-active antibiotics because
these drugs cannot penetrate the GNB outer membrane.”” Therefore, infectious diseases caused by GNB
are more challenging to treat in clinic.”® Carbapenems are one of the main treatments for severe drug-
resistant GNB infections. However, New Delhi metallo-B-lactamase1 (NDM-1) was discovered in 2009,
and it has spread widely in more than 70 countries around the world, seriously weakening the efficacy of
carbapenems.” To combat the increasingly multidrug-resistant (MDR) GNB, colistin, and tigecycline
have been applied in clinical treatment successively as the last line of defense. In clinical practice, the
cationic cyclic peptide antibiotic colistin can be used for the treatment of various infectious diseases,
including peritonitis, sepsis, and post-burn infections.®” By contrast, complicated skin and skin structure
infections (cSSSI) or complex intra-abdominal infections (clAl) in adults are treated with tigecycline, the first
medication in the glycyltetracycline class approved by FDA in 2005."° In recent years, plasmid-mediated
mer-1"" and tet(X3/X4)"? were discovered in 2015 and 2019, respectively, which can be transferred to Es-
cherichia coli, Klebsiella pneumoniae, and other clinical pathogens, resulting in the widespread of
colistin/tigecycline resistance. Heretofore, there are no effective drugs available to deal with complex
drug-resistant bacterial infections. Therefore, new strategies are urgently needed to counteract the antimi-
crobial resistance (AMR) threat.

Antibiotic therapy is currently the dominant treatment for bacterial infections.'® However, the current
research and development capabilities of new antibiotics are seriously insufficient, and finding new antibi-
otics with distinct targets is getting harder, especially for GNB.'* Besides, high costs and long cycles limit
the development of new medicines.'® Only a small number of novel antibiotics such as daptomycin have
been approved by FDA in recent decades.'® Comparatively, identifying novel antibiotic adjuvants from
previously approved compounds (PACs) offers a viable strategy for preserving antibiotic efficacy.’’~"”

Moreover, the low cost and good safety, as well as the favorable pharmacokinetic properties of PACs,
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Figure 1. Checkerboard assay of the synergistic effect of DNR with various antibiotics against multidrug-resistant (MDR) E. coli B2 or with

tigecycline against tet(X4)-carrying E. coli B3-1

Dark blue areas show greater cell density. The data show the average optical density (OD) of two biological replicates (600 nm). An FIC index of less than 0.5

is used to define synergy.

of antibiotics by inhibiting B-lactamase activity,”” which obtain proven success in the clinic over the past
decades. Additionally, some progress has been achieved in the development of new antibiotic adjuvants
in recent years. For instance, the natural substance aspergillomarasmine A (AMA), which was once an
angiotensin-converting enzyme (ACE) inhibitor, recovers the efficacy of meropenem against NDM-positive
Enterobacteriaceae.’’ Owing to the substitution of bismuth on zinc ions in the active center of NDM-1, bis-
muth nitrate shows excellent synergistic antibacterial action with meropenem.?” Additionally, by removing
bacterial biofilms, triclosan improves the antibacterial action of tobramycin against Pseudomonas aerugi-
nosa.”” Apparently, combining antibiotics with their potentiators screened from PACs offers a new pipeline
to defeat the increasing resistance crisis.

Daunorubicin (DNR) is an FDA-approved antitumor drug for treating acute myeloid or lymphocytic leuke-
mia.””° Several previous studies have partially demonstrated the antibacterial effects of DNR against
Gram-positive and Gram-negative bacteria,”*’ while its therapeutic potential as an antibiotic adjuvant re-
mains elusive. Here, we discovered that DNR significantly enhances the effectiveness of the last-resort an-
tibiotics against MDR GNB. Their combination effectively reduces the bacterial loads of drug-resistant bac-
teria, inhibits the formation of biofilm, and removes mature biofilm bacteria. In addition, DNR remarkably
suppresses the evolution and spread of colistin/tigecycline resistance. Mechanistic studies showed that
DNR assists colistin to destroy the integrity of the cell membrane of drug-resistant bacteria, subsequently
causes DNA damage, induces oxidative damage, and eventually leads to bacterial cell death. Importantly,
DNR improves the in vivo effectiveness of colistin in animal infection models. The identification of DNR as
an antibiotic adjuvant provides a new solution to alleviate the growing crisis of bacterial resistance.

RESULTS

DNR displays excellent synergistic activity with meropenem/colistin/tigecycline

Using checkerboard assays, we first investigated the synergistic action of DNR with eight kinds of antibi-
otics against MDR E. coli B2 (blanpm.s + mcr-1) or tigecycline-resistant E. coli B3-1 (tet(X4)). The results
showed that DNR potentiated the activity of meropenem, rifampicin, colistin and tigecycline (fractional
inhibitory concentration index [FICI]: 0.375, 0.375, 0.125, and 0.188, respectively), of which the synergistic
activity with colistin was the strongest, followed by tigecycline, whereas had only weak synergistic activity or
no activity with the other four antibiotics (FICI > 0.5) (Figure 1). To reveal whether the synergistic activity of
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Figure 2. Potentiating effect of DNR on three clinically important antibiotics against engineered drug-resistant
and sensitive bacteria

Dark blue areas show greater cell density. The data show the average optical density (OD) of two biological replicates
(600 nm). An FIC index of less than 0.5 is used to define synergy.

DNR with meropenem, colistin, or tigecycline was only effective on resistant bacteria, we measured the
potentiating activity of DNR in engineered E. coli DH5a (PUC19-blanpm.s/mer-1/tet(X4)), empty E. coli
DH5a. (PUC19) and two reference strains. Interestingly, we found that DNR and the above three antibiotics
displayed strong synergistic activity against drug-resistant bacteria, while weak or even no synergistic ac-
tivity for sensitive bacteria, implying that the inhibition of specific resistance determinants is related to the
action of DNR (Figures 2 and S1). Furthermore, we evaluated the synergistic effects of DNR and colistin/ti-
gecycline against four clinical isolates of drug-resistant pathogens, including E. coli G92 (mcr-1),
K. pneumoniae D120 (mcr-8), K. pneumoniae YZSH26 (tet(X4)), and Acinetobacter baumannii C222
(tet(X6)). As expected, DNR substantially potentiated colistin/tigecycline activity against these clinical
strains (Figure 3). Of particular note is colistin, whose minimum inhibitory concentrations (MICs) against
mobile colistin resistance (MCR)-positive bacteria were drastically decreased from 4 to 0.004 pg/mL
(1,000-fold) at sub-inhibitory concentrations of DNR. Meanwhile, great potentiation of DNR to colistin/ti-
gecycline was also observed in other tested mcr-1 or tet(X4)-carrying clinical isolates (Figure S2). Consis-
tently, the synergistic effect of DNR and colistin was higher than that of tigecycline, and the antibacterial
activity of colistin was enhanced by more than 16-fold under one-quarter MIC of DNR.

The time-dependent killing curves of individual and combined drugs were performed to investigate their
bactericidal effect. We found that the three drugs alone, including DNR, colistin, and tigecycline, displayed
only slight bacteriostatic activity, while the combination of DNR with colistin/tigecycline greatly reduced
the bacterial loads of mcr/tet(X)-positive strains in the exponential and stationary phase (Figure 4).

It is suggested that biofilms can greatly resist the bactericidal activity of antibiotics, thus leading to clinical
failures.”®?? In light of this, we next investigated the synergistic impact of DNR on the development of bio-
film and the destruction of established biofilm using crystal violet staining. As shown in Figure 5A, we found
that the presence of DNR greatly enhanced the inhibiting effect of antibiotics on biofilm formation
compared to colistin/tigecycline alone. Notably, in the biofilm formation assays, low concentrations of
drug combinations have no direct bactericidal activity, indicating that killing the bacteria was not the cause
of the suppression of biofilm production at these doses. Moreover, the combined use of DNR and colistin/
tigecycline also exhibited a synergistic effect in removing mature biofilms (Figure 5B). Among them, the
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Figure 3. Synergistic activity between DNR with colistin or tigecycline against clinical resistant strains
Dark blue areas show greater cell density. The data show the average OD of two biological replicates (600 nm). An FIC
index of less than 0.5 is used to define synergy.

combination of DNR and the highest concentration of colistin/tigecycline reduced the survival rate of bio-
film bacteria to less than 1%. To sum up, these findings show that DNR effectively enhances the antibacte-
rial activity of multiple last-resort antibiotics, particularly for colistin against MDR Gram-negative patho-
gens and biofilm-producing bacteria.

Stability and safety evaluation of the combined use of DNR with colistin/tigecycline

Many candidate drugs are very active in vitro but work poorly in vivo, and the influence of various factors
under physiological conditions may be an important reason.”’ To investigate the therapeutic potential
of drug combinations,”" we initially assessed the stabilization of DNR and colistin/tigecycline combinations
in the existence of various saltions and serum, which would affect the in vivo efficacy of medicines. After the
addition of 10 mM Na™, K¥, EDTA, 10% serum or 10% DMEM into the Mueller-Hinton Broth (MHB), the
potentiation of DNR to antibiotics retained and more active in the presence of EDTA and serum; however,
divalent ions such as 10 mM Ca®" and Mg?* caused the complete loss of the synergistic activity (FICI = 2.0)
(Table S4). The alteration of activity in the existence of EDTA and divalent ions is closely related to bacterial
membrane permeability,* suggesting that the synergistic effect of DNR with antibiotics may be associated
with the damage of cell membrane.

Since the safety of drugs is of importance for translation application, we next assessed the hemolytic activ-
ity and acute toxicity of the drug combinations. As shown in Figure S3, the combined use of DNR (0-64 pg/
mL) and colistin/tigecycline displayed a negligible hemolytic effect on mammalian RBCs, with a maximum
of only about 2%. In addition, we examined the acute toxicity of DNR and colistin combination in a murine
model. Compared with the colistin group, no significant body weight changes in mice after administration
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Figure 4. DNR and colistin/tigecycline combinations display strong bactericidal activity against drug-resistant
pathogens in exponential phase

(A) and stationary phase (B)Time-kill curves of E. coli G92 (mcr-1), K. pneumoniae D120 (mcr-8), E. coli B3-1 (tet(X4)), and
A. baumannii C222 (tet(Xé)) in Luria-Bertani broth (LB) in the presence of DNR or colistin or tigecycline alone, or their
combination during 24 h. Data were presented as mean + SD from three biological replicates. CFU, colony-forming unit.
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Figure 5. Combined use of DNR and colistin/tigecycline effectively inhibits biofilm formation of drug-resistant
bacteria and eliminates the mature biofilms

Effects of DNR on the biofilm formation (A) and established biofilm eradication (B) of E. coli G92 (mcr-1) or E. coli B3-1
(tet(X4)) in the presence of increasing concentrations of colistin or tigecycline. Survival of biofilm-encased bacteria in
(B) were normalized to blank control. Data were presented as mean + SD from three biological replicates, and statistical
significance was determined by two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) or one-way ANOVA
(colistin plus DNR versus DNR (8 pg/mlL), *o < 0.05, #p < 0.01, #p < 0.001).

with DNR and colistin were observed (Figure S4). Additionally, blood routine and biochemical assays were
also carried out. The blood-related parameters were all within the normal range (Tables S5 and S6é). These
results indicate that the combination of colistin/tigecycline and DNR displays superior antibacterial activity
as well as biocompatibility even under physiological conditions.

DNR suppresses the evolution and spread of mobile colistin/tigecycline resistance

In the long-term struggle with antibiotics, the bacterial resistance would continue to increase after a se-
ries of evolutions.>® Therefore, using resistance development and mutation preventive concentration
(MPC) assays, we investigated DNR’s potential to prevent the evolution of colistin or tigecycline resis-
tance. After 24 days of continuous passages, we found that DNR substantially slowed the increase of
the MICs of colistin/tigecycline against passaged bacteria (Figure 6A). In addition, DNR supplementation
dose-dependently reduced the MPC values of the two antibiotics against the corresponding resistant
bacteria, implying that DNR can impede the emergence and evolution of colistin/tigecycline resistance
(Figure 6B).

Considering that mcr-1 and tet(X4) genes can spread widely by conjugative plasmids, ultimately conferring
resistance to susceptible bacteria, > we next explored the effect of DNR on the conjugation frequency of
colistin/tigecycline resistance plasmids. Interestingly, DNR significantly reduced the conjugation frequency
of mer-1/tet(X4)-harboring plasmids from clinical strains to the recipient bacteria E. coli EC600 in a concen-
tration-dependent manner (Figures 7A and 7B). Furthermore, we evaluated the inhibitory effect of DNR on
conjugal transfer in a murine model (Figure 7C). Consistently, the conjugation transfer frequency was also
significantly reduced in vivo after DNR administration (Figures 7D and 7E). According to these findings, we
conclude that DNR may be able to suppress the emergence and spread of mobile colistin/tigecycline
resistance.
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Figure 6. DNR prevents the development of colistin/tigecycline resistance

(A) Resistance development assays of E. coli G92 (mcr-1) and E. coli B3-1 (tet(X4)) after sequential passages with colistin or
tigecycline alone or in combination with DNR, respectively.

(B) MPC values of colistin or tigecycline in the presence of increasing concentrations of DNR against E. coli G92 (mcr-1)
and E. coli B3-1 (tet(X4)), respectively. Data were obtained from two biological replicates.

Synergistic antibacterial mechanisms of DNR and colistin

Considering that colistin is a membrane-active antibiotic,®® we first evaluated whether DNR could
enhance the destructive activity of colistin on the cell membrane. Bacterial membrane integrity was
determined using the propidium iodide (Pl) probe, which can only cross the damaged membrane.
Expectedly, DNR alone significantly increased the fluorescence value excited by Pl dye in a concentra-
tion-dependent manner, and when it was used in combination with colistin, the fluorescence units
were significantly higher than those of colistin or DNR acting alone (Figures 8A and 8B), indicating the
enhanced membrane permeability under DNR and colistin combination. Consistently, increased B-galac-
tosidase activity exposed to DNR or their combination was observed, demonstrating that B-galactosi-
dase was released extracellularly due to membrane disruption (Figures 8C and 8D). In connection with
the opposite effects of divalent cations and EDTA on the potentiation of DNR to colistin, we reasoned
that the increased membrane permeability and membrane damage by DNR in colistin-resistant bacteria
is of great importance for their synergistic activity. Given that DNR and colistin combination exhibited
superior membrane disruption in mcr-T-positive bacteria, we further investigated the interaction be-
tween DNR and MCR-1 protein using in silico docking analysis. Interestingly, docking analysis using
MCR-1 as receptor and DNR as ligand showed that DNR had a high affinity with MCR-1, with
—11.3 kcal/mol binding energies. Specifically, DNR can bind to MCR-1 protein by Van del Waals
(Gly67, Ser89, Met265, and Asn267), hydrogen bond with Thré8, and pi-cation with Tyr72 (Figure 8E).
In addition, we constructed point mutant strains at key sites and compared the synergy of DNR and
colistin in these strains. The results showed that the synergistic effects of DNR with colistin against
E. coli BL21 (pET28a) harboring the MCR-1 mutants (Ser89Ala, Pro266Ala, and Asn267Ala) were signifi-
cantly reduced (Figure S5), indicating the important roles of these binding sites this interaction.
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Figure 7. DNR blocks the conjugative transfer of mcr-1/tet(X4)-carrying plasmids both in vitro and in murine
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(A and B) Fold change (FC) of conjugative transfer frequency of mcr-1-carrying plasmids (A) or tet(X4)-carrying plasmids
(B) from clinical isolates to the recipient bacteria E. coli EC400 in the presence of increasing concentrations of DNR. Data
were shown as mean =+ SD, and statistical significance was determined by nonparametric one-way ANOVA.

(C) Schematic representation of conjugative transfer infection murine model.

(D and E) Conjugation frequency of mcr-1/tet(X4)-positive plasmids in vivo after treatment with DNR (2 mg/kg). Mann-
Whitney U test was used to calculate p values.

In order to further explore the mechanisms of DNR and colistin synergism, we performed a transcriptomic anal-
ysis of E. coli G92 (mcr-1) after treatment with colistin alone or in combination with DNR. As a consequence, 243
up-regulated genes and 306 down-regulated genes were identified (Figure 9A). Gene ontology (GO) terms and
kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyses were applied to explore the
roles of DEGs. SOS response, nitrate reductase complex, and nitrate reductase activity were the most common
terms in biological process, cellular component, and molecular function enrichment (Figure 9B). Additionally,
those significantly up-regulated genes were mainly involved in phenylalanine metabolism, galactose meta-
bolism, nucleotide excision repair, and purine metabolism (Figure 9C), while the significantly down-regulated
genes were enriched in nitrogen metabolism, quorum sensing, and ATP-binding cassette (ABC) transporter
pathways (Figure 9D). The following RT-gPCR analysis indicated that the expression profiles of these represen-
tative genes in the above pathways were consistent with the transcriptional results (Figure S6A). Furthermore,
DNR was revealed to inhibit the expression level of colistin resistance gene mcr-1in a concentration-dependent
manner (Figure S6B), which further explains why DNR and colistin combination has a stronger synergistic activity
against drug-resistant bacteria than sensitive bacteria.

Notably, the addition of DNR remarkably enhanced the SOS response of damaged bacteria, and the signif-
icantly up-regulated genes, including recN, recA, dinB, dinl, sulA, etc. were all involved in this function,
implying that DNR may induce DNA damage. Thus, we next investigated the effect of DNR on bacterial
DNA. Using RT-qPCR, we found that the expression of recA gene, which encodes a key protein partici-
pating in the homologous DNA repair process, was significantly up-regulated with increasing DNR concen-
tration (Figure 10A). To verify these results, checkerboard assays and killing curves were performed in
ArecA strain. As a result, stronger synergistic activity between DNR and colistin was observed in drecA
strains compared with the parentisolate (Figures 10B-10D), indicating that bacterial DNA damage contrib-
utes to their synergistic effect.

It has been demonstrated that DNA damage increases ROS production, which is critical for the activity
of bactericidal antibiotics. Thus, using the 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) probe,
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Figure 8. DNR exacerbates bacterial membrane damage in together with colistin

(A and B) Bacterial membrane permeability of E. coli G92 (mcr-1) exposed to DNR (A), colistin alone, or colistin plus DNR
(8 ng/ml) (B).

(C and D) B-galactosidase activity in E. coli G92 (mcr-1) after exposure to DNR (C), colistin alone, or colistin plus DNR
(8 png/mL) (D). Data were presented as mean £ SD from three biological replicates. two-way ANOVA was used to evaluate
statistical significance between colistin plus DNR and colistin (****p < 0.0001). Statistical significance of colistin plus DNR
versus DNR (8 ng/mL) was determined by one-way ANOVA, and shown as **p < 0.001, #*p < 0.0001.

(E) Interactions between DNR and the MCR-1 combining location residues.

we assessed the intracellular ROS levels in E. coli G92 treated with DNR or DNR plus colistin. As a result,
we observed that DNR markedly and concentration-dependently boosted the generation of ROS. Higher
ROS levels were also found under combined treatment than colistin or DNR alone (Figures 11A and 11B).
To further demonstrate the roles of ROS generation in the synergism, N-acetyl-L-cysteine (NAC) and
thiourea, two ROS scavengers, were introduced to the subsequent checkerboard experiments and
time-dependent death assays, respectively. Consistently, the ROS scavengers significantly reduced the
potentiation of DNR to colistin (Figures 11C and 11D). Collectively, these findings indicate that the com-
bined use of DNR and colistin increases membrane damage and induces DNA damage and the massive
production of ROS, thereby leading to bacterial cell death.

DNR rescues colistin activity against drug-resistant bacteria in vivo

The effectiveness of this combination in one insect and two mammalian infection models was evaluated.
Firstly, E. coli G92 (mcr-1) and K. pneumoniae D126 (mcr-8) were injected respectively to construct the
infection models of Galleria mellonella, and then the larvae were treated individually or in combination.
Although colistin alone was not effective in protecting G. mellonella larvae, combined treatments with
colistin (1 or 5mg/kg) and DNR (1 mg/kg) remarkably increased larval survival (Figures 12A and 12B). Addi-
tionally, a mouse model of peritonitis-sepsis elicited by E. coli G92 (mcr-1) further revealed the in vivo
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Figure 9. Effect of DNR on mRNA expression in mcr-positive bacteria

(A) Volcano maps of gene expression changes in E. coli G92 (mcr-1) after exposure to colistin plus DNR compared to
colistin alone. Differentially expressed genes (DEGs) were identified by gene-expression-level analysis with p values of <
0.05 and fold change values >2 (log,FC > 1 or log, FC < —1).

(B) Gene ontology (GO) terms of significantly DEGs in E. coli G92 (mcr-1). (C and D) KEEG functional enrichment analysis of
up-regulated (C) and down-regulated (D) genes.

synergy. A single dose of combined treatment increased the survival rate of mice, increasing to 50% and
75% under the action of colistin plus DNR (2 + 0.5 mg/kg, 2 + 1 mg/kg), respectively. By contrast, colistin
or DNR monotherapy was not effective in treating severe infections caused by MCR-1-positive E. coli (Fig-
ure 12C). Finally, a neutropenic mouse infection model was used to evaluate this synergism. The loads of
mecr-1-positive bacteria in the mouse thigh muscles were considerably reduced by two combined admin-
istrations of colistin plus DNR (2 + 0.5 mg/kg, 2 + 1 mg/kg) (p = 0.0022 and p < 0.001, respectively) (Fig-
ure 12D). These data fully demonstrate that DNR restores the therapeutic effectiveness of colistin against
mcr-positive bacterial infections in vivo.

DISCUSSION

The increasing incidence of MDR-GN bacterial infections in the clinical setting has drastically compro-
mised the efficacy of traditional antibiotic treatments. As a result, individuals with severe Gram-negative
infections have limited therapy alternatives, which deepens the need for novel antibacterial strategies.
Repurposing PACs as prospective antibiotic adjuvants is a promising pipeline to enhance the antibacte-
rial activity of current antibiotics, decrease their dosages, and improve their biosafety by restoring the
susceptibility of drug-resistant bacteria to antibiotics.***” In this study, we demonstrated that the
FDA-approved antineoplastic drug DNR is a potent and multifunctional adjuvant for three last-line anti-
biotics, including meropenem, colistin, and tigecycline, in fighting against blanpm/mcr/tet(X)-harboring
pathogens. Notably, the synergistic activity of DNR on colistin is superior to the other two antibiotics,
with an increased activity up to 1,000-fold, indicating that DNR is a super colistin potentiator for MCR-
positive bacteria. Furthermore, DNR significantly reduced the conjugative transfer of mer/tet(X)-plasmids
both in vitro and in a mouse model.

The mechanisms of action responsible for the potentiation of DNR to three antibiotics appear to be
different. With regard to meropenem, we speculated that DNR may be a novel inhibitor of
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Figure 10. DNR-induced DNA damage is critical for its synergistic activity with colistin

(A) The expression levels of recA gene in E. coli G92 (mcr-1) after exposure to increasing concentrations of DNR. Data
were shown as mean + SD, and nonparametric one-way ANOVA was used to assess the statistical significance (**p < 0.01,
**k%n < 0.0001).

(B) Synergistic activity between colistin and DNR against E. coli J53 and its recA knockout bacteria.

(C) The deletion of the recA gene in E. coli enhances the synergistic bactericidal activity between DNR and colistin.

(D) Checkerboard assay between DNR and colistin against E. coli EC600 and its recA knockout bacteria.

metallo-B-lactamase because such synergism was only detected in NDM-positive bacteria. With regard
to tigecycline, we suspect that it may be related to the different effects of DNR on protein because ti-
gecycline exerts its bactericidal activity mainly by destroying protein. Considering the unprecedented
potentiating effect of DNR on colistin, we sought to elucidate the underlying molecular mechanisms.
Colistin is a membrane-disrupting antibiotic, and its antibacterial mechanism is currently known to be
related to membrane damage.’” In particular, colistin can specifically bind to lipopolysaccharides (LPS)
located on the outer cell membrane, thereby resulting in membrane disruption. However, the mcr-1
and its variations encoding phosphoethanolamine transferases decrease the negative charge of lipid
A and enable bacteria resistant to colistin. Consistently, our study revealed that DNR significantly
enhanced cell membrane permeability in MCR-positive bacteria. Heretofore, several compounds have
been reported to restore the susceptibility of resistant bacteria to colistin, such as melatonin,*’ SLAP-
25,2 and PBT2,"® by preventing the modification of lipid A by MCR-1. Our research also discovered
that DNR can decrease the expression of resistance gene mcr-1, which in turn can reduce the modifica-
tion of lipid A that MCR-1 causes. Moreover, docking analysis showed that DNR was a potential inhibitor
of MCR protein. In line with these findings, DNR and colistin exhibited a more synergistic effect against
mcr-positive bacteria than mcr-negative bacteria. In addition, we also found that DNR promoted DNA
damage and massive production of ROS. Consistent with the antitumor mechanism of DNR-induced
DNA double-strand breaks, DNR also caused significant DNA damage in prokaryotic cells. It has been
demonstrated that DNA damage stimulates the creation of ROS and that within 2 h, the level of ROS
in DNA-damaged cells grew dramatically, which can cause a death pathway resembling apoptosis.**
Accordingly, DNA damage can cause the production of ROS through the H2AX-reduced coenzyme Il ox-
idase 1 (Noxl)/Racl channel.*> Of course, DNA damage and oxidative stress caused by ROS can promote
each other, and excess ROS can in turn lead to DNA damage in various forms, such as double-strand
breaks, double-strand aberrations, and site mutations. Nevertheless, the detailed mode of action be-
tween DNR and various antibiotics remains to be studied.
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Figure 11. DNR triggers oxidative damage in mcr-positive bacteria

(A) Reactive oxygen species (ROS) generation in E. coli G92 (mcr-1) treated by varying concentrations of DNR.
Nonparametric one-way ANOVA was used to establish statistical significance (****p < 0.0001).

(B) Combination of DNR (8 pg/mL) and colistin results in higher ROS generation than colistin or DNR alone. Statistical
significance was determined by two-way ANOVA (****p < 0.0001) or one-way ANOVA between colistin plus DNR and
DNR (8 ug/mL) (**p < 0.001).

(C) The synergistic antibacterial effect of colistin and DNR is decreased in the presence of the ROS scavengers NAC or
thiourea (10 mM).

(D) Checkerboard experiments of colistin and DNR against E. coli G92 (mcr-1) in the absence or presence of ROS
scavengers NAC or thiourea (10 mM).

Acute toxicity tests showed that DNR (5 mg/kg) hardly increases the hepatic and renal toxicity of colistin.
Moreover, our animal studies indicated that low doses of DNR (0.5 and 1 mg/kg) combined with colistin
successfully treated drug-resistant bacterial infections, suggesting the therapeutic potential of this combi-
nation in clinical practice. To further improve drug efficacy and reduce the side effects of DNR, targeted
drug delivery”® and chemical structure optimization can be performed. For example, the toxicity of anti-
tumor doxorubicin was significantly reduced when encapsulated in liposomesthe.*’ In addition, deme-
thoxy DNR (idarubicin, IDA) with a removed methoxy group at the C4 position remarkably improved its ef-
ficacy and reduced its toxicity."®

In conclusion, we reveal that DNR resensitizes MDR Gram-negative pathogens to the last-line antibiotics,
and the synergism with colistin is the strongest. DNR significantly enhances membrane permeability of
MCR-positive bacteria and induces DNA damage and oxidative stress. The synergistic effect of DNR
and colistin is further evidenced in multiple animal models of infection. Together, our study provides a
new drug combination strategy for the treatment of increasing MDR Gram-negative bacterial infections.

Limitations of the study

In this study, although we have investigated the effectiveness of DNR and colistin in multiple animal models
of infection, further work is still needed to verify the in vivo efficacy and safety of this combination therapy in
clinical practice.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
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Figure 12. Colistin and DNR combination is effective in one insect and two mammalian infection models

(A and B) Survival rates of G. mellonellalarvae (n = 8 per group) infected by E. coli G92 (mcr-1) (A) or K. pneumoniae (mcr-8)
(B) under the treatment of colistin (1 or 5 mg/kg), DNR (1 mg/kg) alone or in combination. p values were calculated using
log rank (Mantel-Cox) test.

(C) Survival rates of infected mice (n = 8 per group) treated by colistin (2 mg/kg), DNR (1 mg/kg), or their combination
(2 + 0.5 0r 2 + 1 mg/kg). The mice were infected by E. coli G92 (mcr-1). p values between COL and COL + DNR were
calculated using log rank (Mantel-Cox) test.

(D) In comparison to colistin alone, the combination treatment of colistin and DNR considerably decreases bacterial
burdens in the thighs of mice (n = 6 per group). CFU, colony-forming unit. p values were determined by Mann-Whitney
U test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

Ampicillin Yuanye Bio-Technology Cat# S17018

Doxycycline Yuanye Bio-Technology Cat# S27317

Ciprofloxacin Yuanye Bio-Technology Cat# S17013

Vancomycin Yuanye Bio-Technology Cat# Y25829

Rifampicin Yuanye Bio-Technology Cat# B25308
Meropenem Yuanye Bio-Technology Cat# S31659
Colistin Yuanye Bio-Technology Cat# S17057
Tigecycline Yuanye Bio-Technology Cat# S24031
Daunorubicin Yuanye Bio-Technology Cat# S30893
PBS Solarbio Cat# P1020
LB Broth Solarbio Cat# L8291
MHB Solarbio Cat# M8556
LB agar Solarbio Cat# L8290
EDTA Solarbio Cat# E1007
Serum Solarbio Cat# $9040
DMEM Solarbio Cat# 12400024
Glycerol Solarbio Cat# G8192
Triton X-100 Solarbio Cat# T8200
NaCl Sigma Cat# 59888
KClI Sigma Cat# P3911
MgCl, Sigma Cat# M8266
CaCl, Sigma Cat# C1016
N-acetylcysteine Sigma Cat# N7250
Thiourea Sigma Cat# T8656
Methanol Sigma Cati# 34860
Crystal violet Sigma Cat# C0775
Acetic acid Sigma Cat# 1005706
Propidium iodide Sigma Cat# P4170
DCFH-DA Sigma Cat# D6883
ONPG Sigma Cat# N1127
fresh sheep blood cells Biofeng Cat# A332-02
DMSO Solarbio Cat# D8372
Critical commercial assays

EASYspinPlus bacterial RNA extraction kit Vazyme Cat# 201-02
Experimental models: Organisms

G. mellonella larvae Huiyude Biotech Company N/A

BALB/c or ICR mice Comparative Medicine N/A

Center of Yangzhou University

Software and algorithms

Autodock Vina

Prism version 9.0

Autodock Vina software

GraphPad software

https://vina.scripps.edu/
https://www.graphpad.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

RNA-sequencing data NCBI PRINA818073
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yuan Liu (liuyuan2018@yzu.edu.cn).

Materials availability

All unique/stable reagents used or generated in this study will be made available on request.

Data and code availability

® This paper does not report original code.

® RNA-sequencing data have been deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive database (PRINA818073) and are publicly available as of the date of publication.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and reagents

Table ST contains a list of the bacterial strains employed in this study. All tested strains were cultivated in a
liquid medium, such as MHB, LB Broth, or LB agar plates. The strains that needed to be preserved were
placed in 40% glycerol and stored at —80°C.

Mice

Female BALB/c or ICR mice (6-8 weeks old) were purchased from Yangzhou University’s Comparative Med-
icine Center (Jiangsu, China). The applicable regulations of the Jiangsu Laboratory Animal Welfare and
Ethical of Jiangsu Administrative Committee of Laboratory Animals were followed in all mouse-related ex-
periments (permission number, SYXKSU-2007-0005). Jiangsu Association for Science and Technology has
granted SCXK-2017-0044 as the license number for the use of experimental animals.

METHOD DETAILS
Antibacterial test

Micro-broth dilution method, with reference to CLSI 2021,*” was used to ascertain the MICs of drugs. Ina
96-well plate containing cation-adjusted MH broth (MHB), a twofold dilution series of drug was prepared,
and then an equal volume (100 uL/well) of bacterial suspension (1.5 x 10® CFUs/mL) was added. The plates
were then kept at 37°C for 18 h. The MICs were defined as the lowest concentration of compound at which
no bacterial growth could be observed.

Checkerboard assay

Checkerboard experiment was used to investigate the synergistic activity between DNR and antibiotics ac-
cording to our previous studies.”””" Briefly, antibiotics and DNR were diluted into 96-well plates in either
horizontal or vertical coordinates, respectively. A microplate reader was used to measure the OD value at
600 nm following 18 h of culture at 37°C (The OD value greater than 0.1 indicates bacterial growth). FICl was
calculated as the sum of MIC,,/MIC, and MICp./MICy. MICa and MICb are the corresponding MICs of
compounds A and B alone; MIC,,, is the MIC of compound A combined with compound B; MICy, is the
MIC of compound B combined with compound A. Indicative of synergy is FICI < 0.5.

Checkerboard experiments were carried out to assess the impact of metal ions, EDTA, serum, and DMEM

on the stability of the synergistic activity between DNR and colistin/tigecycline. In this process, the MHB
containing 10 mM Na*, K*, Ca®*, Mg®* or EDTA, 10% DMEM, 10% serum was used. To investigate the roles
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of ROS production, ROS scavengers N-acetylcysteine (NAC, 10 mM) or thiourea (10 mM) were added to
MHB. Furthermore, checkerboard assays of colistin and DNR against E. coli J53 and E. coli J53 (drecA)
were also performed.

Time-dependent killing curves

Bactericidal curves of drugs against drug-resistant bacteria in the exponential and stationary phases were
determined resptz.'ctively.52 Overnight E. coli G92 (mcr-1) and E. coli B3-1 (tet(X4)) was diluted 1:100 in MHB.
Bacterial dilutions were cultured for 2 h (to exponential growth phase) and 4 h (to stationary phase), respec-
tively. Subsequently, bacteria cells were treated with DNR (32 pg/mL) or colistin (4 pg/mL)/tigecycline
(32 ng/mL) alone or in combination, and a control group without drugs was set up. At each time point
(0, 4, 8 and 24 h), 100 pL of the bacterial culture was pipetted and continuously diluted 10-fold in PBS.
The suspension was then plated onto LB agar plates and cultured for an overnight period at 37°C. The num-
ber of colonies was counted after 18 h of culture. The time-dependent killing curves of a reference strain
E. coli J53 and E. coli J53 (ArecA) after exposure to the combination of DNR (32 pg/mL) and colistin
(4 pg/mL) were also determined, respectively.

Toxicity analysis

Hemolysis of drugs was measured based on our previous study.’® Briefly, colistin (0 to 16 ug/mL), tigecy-
cline (0 to 128 pg/mL), or the combination of colistin/tigecycline with DNR (0 to 64 pg/mL) were applied
to 8% of fresh sheep blood cells for 1 h at 37°C. Triton X-100 (0.2%) was chosen as a positive control and
PBS was used as blank control. The formula below was used to calculate the hemolysis rate based on
the absorbance of suspension at 576 nm:

Hemolysis (%) = [(ODs76 sample-ODs76 biank) / (ODs76 Triton x-100-0ODs76 biank)] X 100%.

Acute toxicity of colistin combined with DNR in mice was evaluated over 7 days.”* BALB/c mice were
randomly split into two groups (n = 8 per group). A single dose of colistin (10 mg/kg) and a mixture of
colistin and DNR (10 + 5 mg/kg) were intraperitoneally administered into mice. Survival of mice was moni-
tored during 7 consecutive days, and the changes in body weight were recorded. On the 7th day, the mice
blood was collected for following blood routine and biochemical parameters analysis.

Biofilm inhibition assay

Crystal violet method was used to evaluate DNR'’s capacity to prevent the formation of biofilm.>

Colistin (0 to 0.063 ng/mL), tigecycline (0 to 2 pg/mL), or the combination of colistin/tigecycline and DNR
(8 ng/mL) were added to the E. coli G92 and E. coli B3-1 culture, respectively. After 48 h of incubation, cells
were washed three times with 300 uL PBS. Next, 200 uL methanol was added to fix the cells for 15 min. After
air-drying, 100 uL 0.1% crystal violet was used to stain for 15 min. Stained biofilm was then rinsed with PBS
three times and allowed to air dry naturally. Finally, 100 uL of 33% glacial acetic acid was used to dissolve
the stained biofilms. The absorbance of suspension at 570 nm was measured after 30 min of incubation
at 37°C.

Biofilm eradication assay

Overnight E. coli G92 and E. coli B3-1 were diluted 1:100 into LB broth and incubated for 4 h at 37°C. A
96-well flat-bottom plate was filled with an equal volume of MHB and 100 uL of bacterial solution. The
planktonic bacteria were removed after a 48-h incubation period at 37°C. Colistin (0 to 32 pg/mL), tigecy-
cline (0to 256 ng/mL), and 8 ng/mL DNR were used to eliminate the mature biofilms, either alone or in com-
bination. After 2 h incubation at 37°C, the remaining cells were dispersed by sonication for 20 min. The
mixture was then redissolved, diluted and plated on LB agar plates overnight at 37°C. The colonies
were counted after 18 h.

Resistance development study

E. coli G92 and E. coli B3-1 overnight cultures were diluted 1:100 into LB broth containing 0.5 x MIC of
colistin/tigecycline or combined with 0.25 x MIC DNR. After 12 h of incubation, bacterial culture was
diluted 1:100 and added to a new medicated medium to continue the next generation. Every four pas-
sages, the MIC of the cultures was examined. The serial passaging was continued for 24 days.

¢? CellPress

OPEN ACCESS

iScience 26, 106809, June 16, 2023 19




¢? CellPress

OPEN ACCESS

Mutation preventive concentration assay

Colistin/tigecycline or its combination with DNR were present at various concentrations on LB agar plates. On
the corresponding resistant agar plates, 100 pL of E. coli G92 and E. coli B3-1 (1.0 x 10'° CFUs) were plated,
and the plates were then incubated at 37°C. Bacterial growth was monitored after 72 h, and the drug’s MPC
was defined as the lowest concentration that could prevent resistance development (mutant colonies).”

Conjugation assays

Conjugation assays were performed by measuring the conjugation frequency between donor and recipient
in the absence or presence of DNR.®” E. coli LD93-1 and E. coli LD67-1 were the mcr-1 donors, whereas
E. coliRS3-1 and E. coli RF2-1 were the tet(X4) donors. Bacteria were grown at 37°C until their ODggg value
reached 0.5. In a total amount of 2 mL, the donor and recipient were combined in a 1:1 ratio, and then
various concentrations of DNR (0 to 32 ug/mL) was added to the mixture. The mixture was serially diluted
and plated on LB agar plates with single- or double-drug following an 18 h incubation period at 37°C. Ac-
cording to bacterial CFUs, conjugators and conjugation frequencies were calculated.

Referring to the above results, E. coli LD67-1 was chosen as the mcr-1 donor, and E. coli RF2-1 was chosen as
the tet(X4) donor for the following murine models. A 200 pL injection of a mixture of donor and recipient mi-
croorganisms was given to female ICR mice (6-8 weeks old) in the right abdominal cavity. After 30 min infec-
tion, 200 pL PBS or DNR (2 mg/kg) was intraperitoneally delivered (n = 8 per group), respectively. The mice
were slaughtered by cervical dislocation 48 h after infection. To measure CFUs titers, the liver was removed,
homogenized, continuously diluted, and plated on LB agar plates with single- or double-drugs.

Membrane permeability and ROS level measurement

E. coli G92 overnight cultures were centrifuged and resuspended with PBS to obtain an ODggg of 0.5. Then,
fluorescent dyes were incubated with the bacterial suspension for 15 min at dark. 190 pL of probe-labeled
bacterial cells were placed to a 96-well plate after 30 min of incubation, then 10 pL of colistin (0 to 4 pg/mL),
DNR (0 to 16 pg/mL), or a combination of colistin and DNR (8 pg/mL) were added. The fluorescence inten-
sity was recorded after 1 h of incubation using a microplate reader (Tecan, Mannedorf, Switzerland).

Cell membrane integrity

To assess the integrity of the cell membrane, bacterial cells were stained with Pl (0.5 uM).*? At wavelengths
of 535 nm for excitation and 615 nm for emission, the fluorescence intensity was measured.

Total ROS production

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA, 10 uM) was used to measure ROS levels.”® Cells were
rinsed three times with PBS and resuspended in PBS after being treated with ROS probes for 30 min. The
fluorescence intensity was measured at the excitation wavelength of 488 nm and the emission wavelength
of 525 nm.

B-Galactosidase activity assay

100 plL suspension was taken after treatment with colistin (0 to 4 pg/mL), DNR (0 to 16 pg/mL), or a combi-
nation of colistin and DNR (8 pg/mL) for 1 h. After adding 3 mM of O-nitrophenyl B-D-galactopyranoside
(ONPQG), the absorbance of suspension at 420 nm was measured following a 30-min incubation period
at 37°C.

Docking analysis

The crystal structure of the MCR-1 protein (PDB: 5YLF) was used as a template. Using the Autodock Vina
tool, molecular docking between MCR-1 and DNR was carried out without the use of water molecules. Dis-
covery Studio 4.5 displays the interactions of DNR with the residues of the binding sites in MCR-1 as a two-
dimensional graphic. The MCR-1 mutants (Seré69Ala, Pro266Ala and ASN267Ala) were constructed in E. coli
BL21 (pET28a-MCR-1) using optimized primers (Table S7).

Transcriptomic analysis

Overnight E. coli G92 were diluted 1:100 in LB broth and cultured at 37°C for 2 h (until they reached the
exponential phase). Then, cells were treated with colistin (4 pg/mL) alone or in combination with DNR
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(32 ng/mlL) for 8 h. Total RNA was extracted using the EASYspinPlus bacterial RNA extraction kit. Subse-
quently, Hiseq2000 was sequenced with TruseqSBS kit v3HS (200 cycles) with a read length of 2 x 100
(PE100). Filter the original sequencing readings and map the reference genome for E. coli K-12. Using
the FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method, differentially ex-
pressed genes with a P-value < 0.05 and a FC value > 2 (logz FC > 1 or log; FC < —1) were identified.
Genes were then subjected to functional enrichment analysis, including GO enrichment and KEGG
enrichment.

RT-qPCR analysis

RT-qPCR analysis was performed by the SYBR Green | chimeric fluorescence method using the 7500 Fast
Real-Time PCR System under the conditions of pre-denaturation (95°C, 30 s) and 40 cycles (95°C, 10 s;
60°C, 30's). The change of mMRNA expression after combined treatment was determined by 2742t method.

Galleria mellonella infection model

G. mellonella larvae were randomly separated into four groups (n = 8 per group), and subsequently in-
fected with either E. coli G92 or K. pneumoniae suspension (10 pL, 1.0 x 10° CFU per larva, respectively)
at the right caudal foot. PBS, colistin (1 or 5 mg/kg), DNR (1 mg/kg), or colistin and DNR (1 + 1 mg/kg or
5+ 1 mg/kg) (10 plL) were administered to the larva’s left caudal foot at one hour after infection, respec-
tively. The survival rates of larvae were monitored regularly for 7 days.

Mouse peritonitis-sepsis infection model

E. coli G92 suspension (200 uL, 1.0 x 10® CFU per mouse) was intraperitoneally administered into female
BALB/c mice (n = 8 per group). At one-hour post-infection, PBS, colistin (1 mg/kg or 5 mg/kg), DNR (1 mg/
kg), or the combination of colistin and DNR (1 + 1 mg/kg or 5 + 1 mg/kg) were intraperitoneally injected,
respectively. The survival rates of mice were recorded continuously for 7 days.

Neutropenic mouse thigh infection model

Female BALB/c mice (n = 6 per group) were intraperitoneally injected with cyclophosphamide at doses of
150 and 100 mg/kg on days 4 and 1 before infection, respectively. E. coli G92 (100 uL, 1.0 X 10° CFU per
mouse) was then administered intramuscularly to the right thigh of mice. Then, 100 uL of PBS, colistin (2 mg/
kg), DNR (1 mg/kg), or their combinations (2 + 0.5 mg/kg or 2 + 1 mg/kg) were administered intraperito-
neally at one-hour post-infection. At 48 h post-infection, mice were slaughtered by cervical dislocation and
the thigh muscles were removed, diluted and plated on LB agar plates. Following an 18 h incubation period
at 37°C, bacterial colonies were counted accordingly.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 9.0 was used to analyze all data, which is displayed as mean + SD. Unpaired t-test
or one-way ANOVA for multiple comparisons were carried out for the in vitro testing. In animal models,
statistical significance of survival rate and bacterial load were analyzed by log-rank (Mantel-Cox) test or
Mann-Whitney U test, respectively. P < 0.05 was defined as a significant difference.
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