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Abstract

A challenge in the treatment of Staphylococcus aureus infections is the high prevalence of
methicillin-resistant S. aureus (MRSA) strains and the formation of non-growing, dormant
‘persister’ subpopulations that exhibit high levels of tolerance to antibiotics=3 and have a role in
chronic or recurrent infections*°. As conventional antibiotics are not effective in the treatment of
infections caused by such bacteria, novel antibacterial therapeutics are urgently required. Here we
used a Caenorhabditis elegans-MRSA infection screen6 to identify two synthetic retinoids, CD437
and CD1530, which kill both growing and persister MRSA cells by disrupting lipid bilayers.
CDA437 and CD1530 exhibit high killing rates, synergism with gentamicin, and a low probability
of resistance selection. All-atom molecular dynamics simulations demonstrated that the ability of
retinoids to penetrate and embed in lipid bilayers correlates with their bactericidal ability. An
analogue of CD437 was found to retain anti-persister activity and show an improved cytotoxicity
profile. Both CD437 and this analogue, alone or in combination with gentamicin, exhibit
considerable efficacy in a mouse model of chronic MRSA infection. With further development and
optimization, synthetic retinoids have the potential to become a new class of antimicrobials for the
treatment of Gram-positive bacterial infections that are currently difficult to cure.

We used an established automated high-throughput C. efegans-MRSA killing assay in 384-
well plates6 to screen approximately 82,000 small synthetic molecules, and identified 185
compounds that significantly decreased the ability of MRSA to kill the nematodes (Fig. 1a,
Supplementary Table 1, Supplementary Methods). Two of these 185 compounds, the
synthetic retinoids CD437 and CD1530 (vitamin A analogues; Fig. 1b), were selected for
further investigation because they have similar structures and have been studied previously
for their therapeutic potential”-10,

CD437 and CD1530 exhibit potent /n vitro bactericidal activity against MRSA strain MW2;
after two hours, levels of MW2 were below the limit of detection (minimum inhibitory
concentration (MIC) 1 pug mI~%; Fig. 1c, Extended Data Fig. 1a, Supplementary Table 2). /n
vivo, CD437 or CD1530 at concentrations above their /n vitro MICs protected 100% of C.
elegans against MW2-induced death (Fig. 1d). CD437 and CD1530 also exhibited potent
activity against a panel of clinical S. aureusand Enterococcus faecium strains, but not
against Gram-negative species (Supplementary Table 2). In addition, adarotene, a structural
analogue of CD437 and CD1530 and a potential ovarian cancer drug8 (Fig. 1b), also
exhibited significant anti-staphylococcal activity (MIC 2 pug mi~1) and prevented the MRSA-
induced death of C. elegans. However, adapalene, another analogue and a US Food and Drug
Administration (FDA)-approved acne therapeuticll, was ineffective against MRSA (Fig.
la—d, Extended Data Fig. 1a, Supplementary Table 2).

We were unable to obtain retinoid-resistant mutants by plating 1019 colony-forming units
(CFU) of S. aureus MW2 on agar containing 2.5%, 5x or 10x MIC of CD437, CD1530 or
adarotene. Similarly, serial passage of two independent S. aureus MW2 cultures (SP1 and
SP2) for 100 days in sub-MIC levels of CD437 yielded only putative mutants with twofold
greater resistance to CD437, CD1530 or adarotene, whereas serial passage in ciprofloxacin
for 100 days (Fig. 1e) or daptomycin for 15 days (Extended Data Fig. 1b) generated strains
that were 256-fold and tenfold more resistant, respectively. The MW2 cultures that exhibited
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modest retinoid resistance contained mutations in the genes graS, yjbH and manA (Fig. 1f,
Supplementary Tables 3-5, Supplementary Discussion), which encode products related to
membrane physiology2-16. Consistent with this finding, CD437, CD1530 and adarotene—
but not adapalene—induced membrane permeabilization in MW2 (monitored by SYTOX
Green uptake; Fig. 2a), and CD437 and CD1530 caused the formation of mesosome-like
structures (observed by transmission electron microscopy; Fig. 2b), similar to those
observed in S. aureus cells after treatment with antimicrobial peptides17. Moreover, CD437,
CD1530 and adarotene disrupted the integrity of biomembrane-mimicking giant unilamellar
vesicles (Fig. 2c, Supplementary Videos 1-5). These vesicles consist of a DOPC:DOPG
lipid bilayer at a ratio of 7:3 (DOPC/G, 1,2-dioleoyl-sn-glycero-3-phosphocholine/glycerol),
which mimics anionic bacterial membranes, and have been used to elucidate the
mechanisms of action of daptomycin in S. aureus'81°, Notably, however, CD437 and
CD1530 did not lyse bacterial cells directly (Extended Data Fig. 1c).

To elucidate the molecular interactions between retinoids and the membrane lipid bilayers of
S. aureus, we conducted all-atom molecular dynamics simulations using a lipid bilayer
composed of 108 phosphatidylglycerol lipids, 72 lysyl-phosphatidylglycerol (Lys-PG) lipids
and 10 diphosphatidylglycerol (DPG, also known as cardiolipin) lipids, which mimics the
phospholipid compaosition of S. aureus membranes20. These simulations showed that the
carboxylic acid and the phenolic groups of CD437, CD1530 and adarotene anchor these
retinoids to the surface of the membrane bilayer by binding persistently to hydrophilic lipid
heads. As a result, the retinoids penetrate the bilayers and become embedded orthogonally to
the lipid molecules in the outer membrane leaflet, inducing substantial perturbations of the
membrane (Fig. 2d, e, Supplementary Videos 6-9). Similar results were obtained for
molecular dynamics simulations of DOPC:DOPG (7:3) lipid bilayers used in the giant
unilamellar vesicle experiments in Fig. 2c (Extended Data Fig. 2a, b, Supplementary Videos
10-13). In contrast to CD437, CD1530 and adarotene, adapalene does not penetrate the
membrane owing to a high energy barrier (11.22 kg7) and an unfavourable transfer energy
(3.16 kg7) (Fig. 2e, Supplementary Table 6), as the hydrophobic methoxy group does not
bind to lipid heads (Fig. 2d, Supplementary Video 9). CD437-like retinoids can be
metabolized in the liver by glucuronidation at carboxylic or hydroxyl groups21. Molecular
dynamics simulations showed that two CD437 glucuronide metabolites also penetrate into
lipid bilayers, exhibiting a similar penetration mechanism to that of CD437 (Extended Data
Fig. 2a, ¢, Supplementary Videos 14, 15, Supplementary Discussion). In summary, these
molecular dynamics simulations showed that two polar branch groups—a phenol and a
carboxylate—have essential roles in membrane attachment and penetration, and that the
membrane activity of retinoids (Fig. 2) directly correlates with their antibiotic activity (Fig.
1c, Extended Data Fig. 1a).

CDA437 or CD1530—but not adarotene—also induced rapid permeabilization of MRSA-
persister membranes (Extended Data Fig. 3a), and killed MRSA-persister cells (Fig. 3a,
Extended Data Fig. 3b). They also completely eradicated persisters formed by 13 clinical
isolates, including the multi-drug resistant strain VRS1 within 1 to 4 hours at 8-10x MIC
(Fig. 3b, Extended Data Fig. 3c, d). Moreover, CD437 or CD1530 killed around 90% and
100% of persisters formed in MRSA biofilms at 16x MIC and 32x MIC, respectively
(Extended Data Fig. 4). Compared with adarotene, CD437 and CD1530 can penetrate the
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membrane more efficiently owing to lower energy barriers and more favourable transfer
energies (Fig. 2e); this is consistent with the observation that adarotene is inactive against
persister cells. The results suggest that the planar aryl moiety of CD437 and CD1530
(highlighted in blue, Fig. 1b) rigidifies the carboxylic acid, which facilitates penetration into
lipid bilayers, whereas the flexible cinnamoyl moiety of adarotene fails to orient the
carboxylate appropriately, thereby decreasing membrane penetration (Fig. 2e).

CDA437 or CD1530 exhibited significant synergism with gentamicin against both MRSA
growing and persister cells (Fig. 3c, Supplementary Table 7, Extended Data Fig. 4). This is
most probably a consequence of the increased passive diffusion of gentamicin through the
bacterial cell membranes that have been physically damaged by the retinoids, which is
mechanistically distinct from the observed synergism between gentamicin and ionophores22
(Extended Data Fig. 5, Supplementary Discussion).

Although membrane-targeting agents often cause toxicity in mammals23, CD437, CD1530
and adarotene are relatively non-toxic, exhibiting median haemolytic concentrations (HCsp)
of greater than 32 pg ml~1 (Extended Data Fig. 6a). CD437, CD1530 and adarotene were
more toxic to human hepatoma HepG2 cells (median lethal concentration (LCsg) 3-5 ug ml
~1) than to normal human primary hepatocytes (LCsg = 20 pug ml™1), or to primary renal
proximal tubule epithelial cells or adult normal human epidermal keratinocytes at 8 ug mi~1
(Extended Data Fig. 6b), a concentration at which CD437 and CD1530 completely
eradicated MRSA persisters (Fig. 3a). These data are consistent with previous results
showing that CD437 exhibits selective toxicity towards cancer cells10. None of the three
retinoids inhibited the human ether-a-go-go related (hERG) potassium channels that are
critical for cardiac action potential repolarization at 25 pM (Extended Data Fig. 6¢) and did
not show significant genotoxic potential (Supplementary Table 8).

To evaluate the effects of the CD437-like retinoid branch groups on antimicrobial activity
and the possibility of further structural optimization with respect to antimicrobial and
toxicity profiles, we synthesized 16 analogues of CD437 (Extended Data Fig. 7a).
Subsequent analysis of their structure-activity relationships supported the putative mode of
action by which the synthetic retinoids disrupt Gram-positive bacterial membranes, and
demonstrated that the antimicrobial activity and cytotoxicity of synthetic retinoids can be
modulated by the polarity of the branch groups (Extended Data Figs 7-9, Supplementary
Videos 16, 17, Supplementary Discussion). In particular, analogue 2, which has a less polar
primary alcohol instead of the carboxylic acid group, retained bacterial activity against
MRSA persisters (Fig. 4a, b), but showed significantly less haemolytic activity (HCgg > 32
ug mi~1, Extended Data Fig. 8a) and less cytotoxicity in a panel of human cell lines (LCsq =
31 pg mi~1) than did CD437 (Fig. 4c, Extended Data Fig. 6b). Analogue 2 also showed
significantly reduced activity towards human hepatoma HepG2 cells, with LCgq values of
>32 pg ml~1 (Fig. 4c). In addition, molecular dynamics simulations revealed that analogue 2
penetrates membrane lipid bilayers with similar energy profiles to those of CD437
(Extended Data Fig. 8d, e, Supplementary Video 16), further establishing that the extent of
membrane penetration inferred from molecular dynamics simulations correlates with
antimicrobial activity. In summary, the structure-activity relationships verified that persistent
attachment to lipid heads by the two polar branch groups is critical for antimicrobial activity,
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and that antimicrobial activity and lack of cytotoxicity can be optimized by simple
modifications to the polar branch groups. Notably, analogue 2 also exhibited favourable
pharmacokinetic profiles after intraperitoneal administration of a single dose of 20 mg kg1,
with a maximum plasma concentration of around 10 pug ml~1 and an elimination half-life of
4.5 hours (Extended Data Fig. 8f). By contrast, adarotene is excreted rapidly21:24. Analogue
2 showed no detectable hepatic or renal toxicity in mice at intraperitoneal doses of up to 80
mg kg1 (the highest tested dose) every 12 hours for 3 days (Extended Data Fig. 8g).

Finally, we evaluated the efficacy of both analogue 2 and the combination of analogue 2 and
gentamicin in a mouse deep-seated thigh MRSA infection model, which mimics human
deep-seated chronic infections2. Consistent with previous findings2, a combination of
vancomycin and gentamicin did not significantly reduce MRSA abundance (Fig. 4d) even
though MW?2 is sensitive to both antibiotics, which suggests that the bacterial cells in this
infection model are persisters. As shown in Fig. 4d, 80 mg kg~ of analogue 2 alone led to
an approximately fourfold decrease (P <0.001) in MRSA abundance, and 40 or 80 mg kg~!
of analogue 2 in combination with 30 mg kg~! gentamicin resulted in approximately 14-fold
(P<0.001) and approximately 23-fold decreases (P < 0.001) in bacterial burden,
respectively. Similarly, CD437 alone or in combination with gentamicin also exhibited
efficacy in the MRSA mouse deep-seated thigh infection model (Extended Data Fig. 10).
These results suggest that a combination of analogue 2 and gentamicin or CD437 and
gentamicin might be an effective strategy to enhance the efficacy and reduce the toxicity of
aminoglycosides25 in the treatment of chronic Gram-positive infections.

Despite the potential advantages of membrane-active antimicrobials such as the retinoids
described here—including fast killing, low probability of developing resistance, and anti-
persister activity—the major obstacle for developing retinoids as therapeutics is their
potential cytotoxicity, which is a matter of considerable debate?3.26, Nevertheless, we have
identified a specific chemotype of membrane-active synthetic retinoids that are relatively
selective for bacterial membranes and exhibit a high level of activity towards MRSA
persister cells; these findings are notable because the development of appropriate antibiotics
for persisters is an important unmet need. Although a limited analysis of structure-activity
relationships showed that modification of the retinoid branch groups can result in improved
cytotoxicity profiles while retaining anti-persister activity, it is important to acknowledge
that the long term-potential of further chemical optimization of retinoids to develop non-
toxic antimicrobials is currently unknown. However, considering the fact that the bioactivity
of retinoids can be improved by modifying both the backbone and branch groups, and that
approximately 4,000 retinoid analogues have been synthesized so far26, our results warrant
further development of synthetic retinoids as potential therapeutics for hard-to-treat
infectious diseases caused by antibiotic-resistant or persistent Gram-positive pathogens.
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Extended Data Figure 1 |. CD437 and CD1530 show fast-killing kinetics and low probability of
resistance development, and do not cause detectable cell lysis.

a, Exponential-phase MRSA cells (strain MW?2) were treated with 10x MIC CD437,
CD1530, adarotene, vancomycin or 0.1% DMSO (negative control). CFU counts of cells
were measured by serial dilution and plating on agar plates. The data points on the x axis are
below the level of detection (2 x 102 CFU ml~1). Individual data points (77 =3 biologically
independent samples) and mean + s.d. are shown. b, Development of S. aureus MW?2
mutants resistant to CD437 (SPcpa437), CD1530 (SPcp1s530) or daptomycin (SPpj,p) was
attempted by daily serial passage for 15 days. ¢, Exponential-phase S. aureus MW2 bacteria
were treated with 10x MIC CD437, CD1530 or benzalkonium chloride (BAC) for 4 h. The
anti-infective detergent BAC was used as a positive control for cell lysis. ODggg Was
measured in a spectrophotometer every hour. Individual data points (7= 3 biologically
independent samples) and mean + s.d. are shown.
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Extended Data Figure 2 |. All-atom molecular dynamics simulations showing the interactions
between selected retinoids or retinoid metabolites and a DOPC:DOPG (7:3) lipid bilayer.

a, Representative configurations of synthetic retinoids or retinoid metabolites at, left to right,
the onset of simulation, membrane attachment, membrane penetration and equilibrium state
(see Supplementary Methods for atomic rendering). Simulations were repeated five times
with similar results. b, c, Free energy profiles of the four retinoids (b) or CD437-metabolites
(c) penetrating the membrane as a function of the distance between the COM of the retinoids
or the retinoid metabolites and the lipid bilayer. The dot-dashed line marks the membrane
surface, averaged from the COM location of phosphate groups in the outer leaflet. Individual
data points (7 =3 independent simulations) and mean * s.d. are shown. The membrane

Nature. Author manuscript; available in PMC 2019 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kim et al.

CFU/mI

CFU/mlI

Page 8

penetration of CD437, CD1530, adarotene, adapalene, the carboxylic-glucuronide
metabolite and the phenolic hydroxyl-glucuronide metabolite are associated with transfer
energies of —=8.92 kg7, —7.14 kg7, —1.45 kg7, 18.76 kg7, —3.73 kg7, —2.02 kgTand energy
barriers of 1.42 kg7, 1.12 kg7, 2.03 kg7, 26.13 kg7, 5.01 kg7, 7.40 kgT, respectively.
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Extended Data Figure 3 |. CD437 and CD1530 kill MRSA persisters by inducing membrane
per meabilization.

a, S. aureus MW2 persisters were treated with the indicated concentrations of the retinoids.
Membrane permeability was measured spectrophotometrically by monitoring the uptake of
SYTOX Green (Aex = 485 nm, Aegm = 525 nm) over time. Individual data points (7 =2
biologically independent samples) and means are shown; error bars are not shown for clarity.
b-d, Stationary-phase S. aureus MW?2 (b) or stationary-phase cells of 11 clinical S. aureus
isolates were treated with 100x MIC conventional antibiotics (c) or 10x MIC retinoids (d)
for 4 h. Viability was measured by serial dilution and plating on agar plates. The data points
on the xaxis are below the level of detection (2 x 102 CFU mlI~1). b-d, Individual data
points (n= 3 biologically independent samples) and mean * s.d. are shown.
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Extended Data Figure 4 |. CD437 or CD1530 alone or in combination with gentamicin eliminate
persistersformed in MRSA biofilms.
MRSA MW?2 biofilms formed on 13 mm cellulose ester membranes were treated with the

indicated concentrations of retinoids alone or in combination with gentamicin. The number
of viable cells in biofilms was measured by CFU counting. The data points on the x axis are
below the level of detection (2 x 102 CFU mlI™1). Individual data points (77 =3 biologically
independent samples) and mean + s.d. are shown.
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Extended Data Figure 5 |. lonophores do not induce SYTOX Green membrane permeabilization
or kill MRSA MW?2 persisters.

a, Synergism between nigericin and gentamicin was evaluated against S. aureus MW2 by the
fractional inhibitory concentration index (FICI) microdilution checkerboard method. Optical
densities at 600 nm were measured after 18 h incubation at 37 °C. Experiments were
independently repeated twice with similar results. Synergy, FICI < 0.5; no interaction, 0.5 <
FICI < 4; antagonism, FICI > 4. b, Exponential-phase MW?2 cells were treated with the
indicated concentrations of valinomycin, nigericin or monensin. Membrane permeability
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was measured spectrophotometrically by monitoring the uptake of SYTOX Green (Agx =
485 nm, Aem = 525 nm) over time. Individual data points (7 =2 biologically independent
samples) are shown; error bars are not shown for clarity. c-e, Stationary-phase S. aureus
MW?2 was treated with the indicated concentrations of ionophores, alone or combined with
10x MIC gentamicin (Gm), or 0.1% DMSO (control) for 4 h. Viability was measured by
serial dilution and plating on agar plates. Individual data points (= 3 biologically
independent samples) and mean + s.d. are shown.
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Extended Data Figure 6 |. Evaluation of cytotoxic potentials of retinoidsin various cell lines.
a, Measurement of haemolytic activity. 2% human erythrocytes were treated with twofold

serially diluted concentrations of the retinoids for 1 h at 37 °C. A sample treated with 1%
Triton X-100 was used as the control for 100% haemolysis. b, Normal rat, human primary
hepatocytes, human hepatoma (HepG2) cells, normal human primary renal proximal tubule
epithelial cells (RPTEC) or adult normal human epidermal keratinocytes (NHEK) were
treated with a range of concentrations of the synthetic retinoids in chemically defined,
serum-free medium for 24 h. The FDA-approved antineoplastic retinoid bexarotene was
used as a control. Cell viability was calculated on the basis of absorbance readings at 450
nm at 4 h after adding WST-1. a, b, Individual data points (/7= 3 biologically independent
samples) and mean + s.d. are shown. ¢, Three synthetic retinoids and the positive control
quinidine were tested for inhibition of the hERG potassium channel. Individual data points
(n= 4 biologically independent samples) and mean + s.d. are shown. Data are fitted to a
standard inhibition curve.
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Extended Data Figure 7 |. Structure-activity relationships.
a, The chemical structures of newly synthesized CD437 analogues. b, MICs and membrane

permeability were measured for S. aureus strain MW2. Membrane permeability was
evaluated spectrophotometrically by monitoring the uptake of SYTOX Green (Aex = 485
nm, Aem =525 nm) over time. Individual data points (n7 =2 biologically independent
samples) and means are shown; error bars are not shown for clarity.
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Extended Data Figure 8 |. Determination of the biological properties of analogues 2 and 9.
a, b, Human erythrocytes were treated for 1 h (a) and rat primary hepatocytes were treated

for 24 h (b) with analogues 2 and 9. ¢, MRSA MW?2 persisters were treated with analogue 9.
The data points on the X axis are below the level of detection (2 x 102 CFU ml™1). a-c,
Individual data points (7= 3 biologically independent samples) and mean + s.d. are shown.
d, Representative configurations of molecular dynamics simulations of analogue 2
interacting with lipid bilayers (108 phosphatidylglycerol lipids, 72 Lys-PG lipids and 10
DPG lipids; see Supplementary Methods for atomic rendering). Simulations were repeated
five times with similar results. e, Free energy profiles of analogue 2, CD437 and adarotene
penetrating the membrane as a function of the distance between the COM of the retinoids
and the lipid bilayer. The dot-dashed line marks the membrane surface, averaged from the
COM location of phosphate groups in outer leaflet. Individual data points (n = 3 independent
simulations) and mean * s.d. are shown. f, The plasma concentrations of analogue 2 after a
single injection of analogue 2 (20 mg kg™, i.p., 3 mice per time point) were measured using
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LC-MS/MS. Pharmacokinetic analysis was conducted using Phoenix WinNonlin software
version 6.3. Individual data points (/7= 3 biologically independent animals) and mean + s.d.
are shown. The determined pharmacokinetic parameters are 7max (the time taken to reach
the maximum concentration) 0.5 h, Crax (Maximum concentration observed) 16.14 ug ml=1,
AUC; s (area under the curve to last time point) 16.38 h-ug ml~1, AUC;,s (area under the
curve to infinite) 16.54 h-ug ml=1, &, (half-life) 4.49 h, clearance 20.16 ml min~1 kg™1. g,
Six mice per group (7= 6 biologically independent animals) were treated with control (5%
Kolliphor + 5% ethanol, i.p.), vancomycin (25 mg kg1, i.p.) or analogue 2 (10-80 mg kg2,
i.p.) every 12 h for 3 days. At 12 h after the last treatment, alanine aminotransferase (ALT)
and blood urea nitrogen (BUN) were analysed. The concentrations of ALT (in international
units per litre, 1U 17) and BUN (mg dI~1) in each mouse serum sample analysed are plotted
as individual points and the mean + s.d. is shown. Control and antibiotic treatments were
analysed by one-way ANOVA and post hoc Tukey test, which demonstrated a lack of
significant differences (P >0.7 for all ALT and BUN samples).
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Extended Data Figure 9 |. The charges and the number of branch groups affects membrane
activity of CD437-likeretinoids.

a, Comparison of partial atomic charges between CD437 and analogue 3. b, Representative
configurations of molecular dynamics simulations of analogues 3, 11, and 14 interacting
with lipid bilayers (DOPC:DOPG, 7:3). The amide group in analogue 3 is repelled away
from the membrane despite the attachment of the hydroxyl group. Atomic rendering is
described in Supplementary Methods. Simulations were repeated five times with similar
results. c, d, Free energy profiles of analogue 3 penetrating DOPC:DOPG (7:3) lipid bilayers
(c) and CD437 penetrating differently charged lipid bilayers (d). e, Analogues 11 and 14
penetrating DOPC:DOPG (7:3) lipid bilayers as a function of the distance between the COM
of the retinoids and the lipid bilayer. The dot-dashed line marks the membrane surface,
averaged from the COM location of phosphate groups in the outer leaflet. c-, Individual
data points (7 =3 independent simulations) and mean + s.d. are shown.
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Extended Data Figure 10 |. I n vivo efficacy of CD437 alone or in combination with gentamicin in

a deep-seated mouse thigh infection model.

We chose a dose of 20 mg kg~ CD437 to test its /7 vivo efficacy in the MRSA mouse deep-
seated thigh infection model, because a dose of 20 mg kg~ has shown /7 vivo efficacy in
mouse xenograft cancer models?’~2%, Ten MRSA MW2-infected mice per group (/7= 10

biologically independent animals, see Supplementary Methods) were treated with control
(5% Kolliphor + 5% ethanol, i.p.), vancomycin (25 mg kg2, i.p.), gentamicin (30 mg kg1,
s.c.), CD437 (20 mg kg1, i.p.), or a combination of CD437 (20 mg kg2, i.p.) and
gentamicin (30 mg kg1, s.c.) every 12 h for 3 days beginning 24 h after infection. At 12 h
after the last treatment, mice were euthanized and their thighs were excised and
homogenized, and blood was collected and analysed for ALT and BUN. a, CFUs from each

mouse thigh are plotted as individual points and the mean * s.d. for each experimental group

is shown. b, ¢, Concentration of ALT for each mouse serum sample (b) and absorbance of

BUN at 340 nm (c) are plotted as individual points. The mean + s.d. for each experimental
group is shown. Statistical differences between control and antibiotic treatment groups were

analysed by one-way ANOVA and post hoc Tukey test (***P<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1|. Synthetic retinoids protect C. elegans from MRSA infection and inhibit MRSA growth
without detectable mutant development.

a, Images of MRSA-MW?2-infected C. elegans in the presence of 10 ug ml~? retinoids, 10 pg
ml~1 vancomycin, or 1% DMSO as a control (see Supplementary Methods). Only dead
worms stain with SYTOX Orange. Experiments were independently repeated three times
with similar results. b, Chemical structures of synthetic retinoids. ¢, Growth of MW2
exposed to the five indicated compounds at various concentrations after 18 hours in tryptic
soy broth. ODgqg, optical density at 600 nm. d, Survival of C. elegans infected with MW?2 in
the presence of retinoids, normalized to C. elegans treated with DMSO. ¢, d, Individual data
points (7= 3 biologically independent experiments) and mean + s.d. are shown. g,
Appearance of spontaneous CD437- and ciprofloxacin-resistant MW2 mutants over 100
days of serial passage in duplicate (SP1 and SP2) (see Supplementary Methods). f,
Appearance of mutations on specific days in the indicated genes in SP1 and SP2 in e (see
Supplementary Methods). The modest increase in the MIC of CD437 against MRSA during
serial passage was confirmed by remeasuring MICs using three colonies from aliquots of
each passage that had been stored at —80 °C. Mutated genes are indicated on the day at
which the mutations were first detected.

Nature. Author manuscript; available in PMC 2019 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 19

a
CD437 CD1530
z z
£ 600 £ 600
b= E
@ 400 @ 400
Qo [+]
] 3
2 200 & 200
¢ ¢
5 0 5 o
I 0 20 40 60 i 20 40 60
Time (min) Time (min)
2z Adarotene ) Adapalene
[Z] €\
§ 600 g 600
= =
@ 400 @ 400
o o
3 ]
200 200
g ! g e s o e e e e e T ]
R S o
0 20 40 60 i 0 20 40 60
Time (min) Time (min) [
©4pgmi' &2pgmi! -a=1pgmi' s-0pgmi!
T~
[=R)
d 0 rTs 116 ns 246 ns 500 ns ) b
CD437 st 2o
S =3
E©
=
[=]
=6
ons 56 ns 80ns 500 ns e e
CD1530 e €S ES
W ; Y 28
" M e | ST h
o e i:' QW N g Q<
- O
29 €5
; p ~ s 28
i ¢ : SZ2 23
ons 43 ns 103 ns 500 ns N <
Adarotene Srn
) . € 1
3 R % =
‘f LN < —o—CD437
o —&—CD1530
S g —v— Adarotene
3 s q —o— Adapalene
é p:
ons 75ns 330 ns 500 ns E
Adapalene a = i
= !
b YRS A o §-10 i
icall g i
= i

0 1 2 3 a
Distance from bilayer centre (nm)

Figure 2 |. CD437, CD1530 and adarotene disrupt membrane lipid bilayers.
a, Uptake of SYTOX Green (Aex = 485 nm, Ay = 525 nm) by exponential-phase S. aureus

MW?2 cells treated with retinoids. Individual data points (/7 =3 biologically independent
samples) and means are shown. Error bars not shown for clarity. b, Transmission electron
micrographs showing mesosome-like structures (white and red arrows; enlarged in bottom
images) in 10x MIC retinoid-treated cells and DMSO control. Scale bars, 200 nm. c,
Changes in giant unilamellar vesicles (DOPC:DOPG. 7:3) labelled with 18:1 Liss Rhod PE
(0.05%) treated with retinoids or with 0.1% DMSO, monitored using fluorescence
microscopy (40x objective, Agx = 460 nm, Agm = 483 nm). Liss Rhod PE, 1,2-dioleoyl-sr-
glycero-3-phosphoethanolamine- A-(lissamine rhodamine B sulfonyl) (ammonium salt). In
b, ¢, experiments were independently repeated twice with similar results. d, Representative
configurations of molecular dynamics simulations of retinoids at, from left to right, onset,
membrane attachment, membrane penetration and equilibrium interacting with lipid bilayers
(membrane composition: 108 phosphatidylglycerol lipids, 72 Lys-PG lipids, and 10 DPG
lipids; see Supplementary Methods for atomic rendering). Simulations were repeated five
times with similar results. e, Free-energy profiles of retinoids penetrating the membrane as a
function of the distance between the centre-of-mass (COM) of the retinoid and the lipid
bilayer. The dot-dashed line marks the membrane surface, averaged from the COM location
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of phosphate groups in outer leaflet. Individual data points (/7= 3 independent simulations)
and mean * s.d. are shown.
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Figure 3|. CD437 or CD1530 alone or in combination with gentamicin are effective against
persisters.

a, b, Viability of stationary-phase S. aureus MW?2 (a) or S. aureus VRS1 (b) when treated
with the indicated concentrations of each retinoid for 4 hours. ¢, Viability upon treatment of
S. aureus MW?2 persisters with the indicated concentrations of retinoids in combination with
gentamicin (Gm). In a-c, the data points on the x axis are below the level of detection (2 x
102 CFU mi™1). Individual data points (7 =3 biologically independent samples) and mean +

s.d. are shown.
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Figure 4 |. Analogue 2 retains antimicrobial activity against MRSA persisters and hasimproved
cytotoxicity compared with CD437.

a, Chemical structure of analogue 2. b, Viability of S. aureus MW?2 persisters treated with
analogue 2 alone or in combination with gentamicin (Gm). Data points on the x axis were
below the level of detection (2 x 102 CFU mlI™1). ¢, Viability of normal human primary
hepatocytes and human hepatoma (HepG2) cells treated with retinoids in serum-free
medium for 24 hours, based on the absorbance readings at 450 nm taken 4 hours after
adding the tetrazolium dye WST-1. The FDA-approved antineoplastic retinoid bexarotene
was used as a control. b, ¢, Individual data points (n = 3 biologically independent samples)
and mean * s.d. are shown. d, Efficacy of analogue 2 alone or in combination with
gentamicin in a deep-seated mouse thigh infection model. Each group of MW2-infected
neutropenic mice (7= 10 biologically independent animals) was treated with the indicated
doses of analogue 2 intraperitoneally (i.p.) alone or in combination with 30 mg kg1
subcutaneous (s.c.) gentamicin (Gm), a combination of 25 mg kg1 vancomycin (Van, i.p.)
and 30 mg kg~! gentamicin (s.c.) or control (5% Kolliphor + 5% ethanol, i.p.) every 12
hours for 3 days beginning 24 hours after infection. At 12 hours after the last treatment,
mice were euthanized and their thighs were excised and homogenized. CFUs from each
mouse thigh are plotted as individual points. The mean + s.d. is shown. Statistical
differences between control and antibiotic treatment groups were analysed by one-way
ANOVA and post hoc Tukey test (**FP=0.0002, ***P <0.0001).
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