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Abstract

Antibiotics are losing efficacy due to the rapid evolution and spread of resistance.
Treatments targeting bacterial virulence factors have been considered as alternatives
because they target virulence instead of pathogen viability, and should therefore
exert weaker selection for resistance than conventional antibiotics. However,
antivirulence treatments rarely clear infections, which compromises their clinical
applications. Here, we explore the potential of combining antivirulence drugs with
antibiotics against the opportunistic human pathogen Pseudomonas aeruginosa. We
combined two antivirulence compounds (gallium, a siderophore-quencher, and
furanone C-30, a quorum sensing-inhibitor) together with four clinically relevant
antibiotics (ciprofloxacin, colistin, meropenem, tobramycin) in 9x9 drug concentration
matrices. We found that drug-interaction patterns were concentration dependent, with
clinically interesting levels of synergies occurring at intermediate drug concentrations
for certain drug pairs. We then tested whether antivirulence compounds are potent
adjuvants, especially when treating antibiotic resistant clones. We found that the
addition of antivirulence compounds to antibiotics could restore growth inhibition for
most antibiotic resistant clones, and even reverse selection for resistance in three
drug combination cases. Molecular analyses suggest that selection reversal occurs
when resistance mechanisms involve restoration of protein synthesis, but not when
efflux pumps are upregulated. Altogether, our work provides a first systematic
analysis of antivirulence-antibiotic combinatorial treatments and suggests that such
combinations have a high potential to be both effective in treating infections and in

limiting the spread of antibiotic resistance.
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Introduction

Scientists together with the World Health Organization (WHO) forecast that the rapid
evolution and spread of antibiotic resistant bacteria will lead to a world-wide medical
crisis [1-3]. Already today, the effective treatment of an increasing number of
infectious diseases has become difficult in many cases [4,5]. To avert the crisis,
novel innovative approaches that are both effective against pathogens and robust to
the emergence and spread of resistance are urgently needed [6,7]. One such
approach involves the use of compounds that disarm rather than kill bacteria. These
so-called ‘antivirulence’ treatments should exert weaker selection for resistance
compared to classical antibiotics because they simply disable virulence factors but
are not supposed to affect pathogen viability [8—10]. However, a downside of
antivirulence approaches is that the infection will not necessarily be cleared. This
could be particularly problematic for immuno-compromised patients (AIDS, cancer,
cystic fibrosis and intensive-care unit patients), whose immune system is conceivably

too weak to clear even disarmed pathogens.

One way to circumvent this problem is to combine antivirulence compounds with
antibiotics to benefit from both virulence suppression and effective pathogen removal
[6,11]. While a few studies have already considered such combinatorial treatments
[12-18], we currently have no comprehensive understanding of how different types of
antibiotics and antivirulence drugs interact, whether interactions are predominantly
synergistic or antagonistic, and how combinatorial treatments affect the spread of
antibiotic resistance. Here, we tackle these open issues by combining four different

classes of antibiotics with two antivirulence compounds, in 9x9 drug concentration
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matrixes, as treatments against the opportunistic human pathogen Pseudomonas

aeruginosa.

P. aeruginosa is one of the ESKAPE pathogens with multi-drug resistant strains
spreading worldwide and infections becoming increasingly difficult to treat [19,20]. In
addition to its clinical relevance, P. aeruginosa has become a model system for
antivirulence research. Several antivirulence compounds targeting either the species’
quorum sensing (QS) [21-23] or siderophore-mediated iron uptake systems [24-27]
have been proposed. While QS is a cell-to-cell communication system that controls
the expression of multiple virulence factors including exo-proteases, biosurfactants
and toxins, siderophores are secondary metabolites important for the scavenging of
iron from host tissue. For our experiments, we chose antivirulence compounds that
target these two different virulence mechanisms: furanone C-30, an inhibitor of the
LasR QS-system [12,21], and gallium, targeting the iron-scavenging pyoverdine and

iron-metabolism [24,26,28-32].

Furanone C-30 is a synthetic, brominated furanone, which includes the same lactone
ring present in the acylhomoserine lactones (AHL) QS molecules of P. aeruginosa
[33]. As a consequence, it can disrupt QS-based communication by antagonistically
competing with the AHLs molecules for binding to the main QS (LasR) receptor [34].
Gallium is an iron mimic whose ionic radius and coordination chemistry is
comparable to ferric iron, although its redox properties are different. Specifically,
gallium cannot be reduced and thereby irreversibly binds to siderophores and hinders

siderophore-mediated iron uptake [24,26].
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90 We combined the two antivirulence compounds with four clinically relevant antibiotics
91 (ciprofloxacin, colistin, meropenem, and tobramycin), which are widely used against
92 P. aeruginosa [35]. In a first step, we measured treatment effects on bacterial growth
93 and virulence factor production for all eight drug combinations for 81 concentration
94 combinations each. In a second step, we applied the Bliss independence model to
95 calculate the degree of synergy or antagonism to obtain comprehensive interaction
96 maps for all combinations both for growth and virulence factor production. Next, we
97 selected for antibiotic resistant clones and tested whether the addition of
98 antivirulence compounds as adjuvants can re-potentiate antibiotics and reverse
99 selection for resistance. Finally, we sequenced the genomes of the evolved antibiotic
100 resistant clones to examine the genetic basis that drive the observed patterns of
101  cross-resistance and resistance reversal.

102

103 Results

104 PAO1 dose-response curves to antibiotics and antivirulence compounds

105 In a first experiment, we determined the dose-response curve of PAO1 to each of the
106  four antibiotics (Figure 1) and the two anti-virulence compounds (Figure 2) in our
107 experimental media. We found that the dose-response curves for antibiotics followed
108 sigmoid functions (Figure 1), characterised by (i) a low antibiotic concentration range
109 that did not inhibit bacterial growth, (ii) an intermediate antibiotic concentration range
110 that significantly reduced bacterial growth, and (iii) a high antibiotic concentration
111  range that completely stalled bacterial growth.

112

113  Similar dose-response curves were obtained for gallium (quenching pyoverdine) and

114  furanone C-30 (inhibiting protease production) in the respective media where the two


https://doi.org/10.1101/861799
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/861799; this version posted December 5, 2019. 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.

115 virulence factors are important for growth (Figure 2). Crucially, the dose-response
116  curves shifted to the right (extending phase (i)) when we repeated the experiment in
117 media, where the virulence factors are not needed for growth (i.e. iron-rich media for
118 pyoverdine, and protein digest media for proteases). This shows that there is a
119 window of concentrations where growth inhibition is caused by virulence factor
120 quenching alone. Conversely, high concentrations of antivirulence compounds seem
121  to have additional off-target effects curbing growth.

122

123  Interaction maps of antibiotic-antivirulence drug combinations

124  General patterns. From the dose-response curves, we chose 9 concentrations for
125 each drug to cover the entire trajectory, from no to intermediate to high growth
126  inhibition. We then combined antibiotics with antivirulence compounds in a 9x9
127  concentration matrix and measured the dose-response curve for every single drug
128 combination for both growth and virulence factor production (Figure 3). At the
129 qualitative level, independent drug effects would cause a symmetrical downshift of
130 the dose-response curve with higher antivirulence compound concentrations
131  supplemented. We indeed noticed symmetrical downshifts for many dose-response
132 curves (Figure 3), but there were also clear cases of non-symmetrical shifts,
133 indicating synergy or antagonism between drugs. When using the Bliss model to
134  quantify these effects, we found patterns of synergy and antagonism for both growth
135 and virulence factor inhibition across the concentration matrices for all drug
136 combinations (Figure 4).

137

138  Gallium-antibiotic combinations. Gallium combined with ciprofloxacin or colistin had

139  mostly independent effects on bacterial growth (i.e. weak or no synergy/antagonism)
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140 (Figures 4A+B). With regard to the inhibition of pyoverdine production, both drug
141  combinations showed a tendency towards stronger synergy at intermediate drug
142 concentrations (Figure 4E+F). For gallium-meropenem combinations, we observed
143  mostly independent interactions for growth and pyoverdine inhibition, with small
144  hotspots of antagonism (for growth) and synergy (for siderophore inhibition) existing
145  at intermediate drug concentrations (Figure 4C+G). Finally, for gallium-tobramycin
146  combinations there were relatively strong synergistic interactions for both growth
147  (Figure 4D) and pyoverdine inhibition (Figure 4H) at intermediate drug
148  concentrations.

149

150  Furanone-antibiotic combinations. For furanone-ciprofloxacin combinations, we found
151  relatively strong antagonistic interactions with regard to growth inhibition (Figure 4l),
152 whereas effects on protease inhibition were mostly independent (Figure 4M). In
153  contrast, for furanone-colistin combinations we observed strong synergistic drug
154  interactions especially for intermediate and higher concentrations of the antivirulence
155 compound for growth and protease inhibition (Figure 4J+N). Furanone-meropenem,
156 on the other hand, interacted mostly antagonistically with regard to growth and
157  protease inhibition (Figure 4K+QO). Conversely, for furanone-tobramycin combinations
158 there were pervasive patterns of synergy across the entire drug combination range
159  for growth and virulence factor inhibition (Figure 4L+P).

160

161 Do the degrees of synergy for growth and virulence factor inhibition correlate? As the
162 combinatorial treatments affect both growth and virulence factor production, we
163 examined whether the degrees of synergy correlate between the two traits

164  (Supplementary Figure S1). For gallium-antibiotic combinations, we found no
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165 correlations for ciprofloxacin and meropenem, but positive associations for colistin
166  and tobramycin (Pearson correlation coefficient; ciprofloxacin: r = 0.09, t79= 0.85, p =
167 0.394; colistin: r = 0.69, t79 = 8.51, p < 0.001; meropenem: r = 0.17, tzo= 1.53, p =
168 0.130; tobramycin: r = 0.58, tze = 6.39, p < 0.001). For furanone-antibiotic
169 combinations, there were strong positive correlations between the levels of synergy
170 for the two traits for all drug combinations (ciprofloxacin: r = 0.34, t7o = 3.22, p =
171  0.002; colistin: r = 0.96, t79= 32.50, p < 0.001; meropenem: r = 0.87, t79 = 15.48, p <
172 0.001; tobramycin: r = 0.75, t79 = 10.16, p < 0.001).

173

174  Antivirulence compounds can restore growth inhibition of antibiotic resistant
175 strains

176 In a next step, we asked whether antivirulence compounds could be used as
177 adjuvants to suppress the growth of antibiotic resistant clones. To address this
178 question, we first experimentally selected and isolated antibiotic resistant clones
179 (AtbR, see methods for details). We then subjected these AtbR clones to antibiotic
180 and combinatorial treatments and compared their growth relative to the ancestral
181  antibiotic-sensitive wildtype. As expected, AtbR clones grew better than the wildtype
182  under antibiotic treatment alone (two-sample t-tests, -25.9 < t7.16 < -2.27, p < 0.05 for
183  all treatments). When adding anti-virulence compounds to the antibiotics, we found
184  that growth inhibition of the AtbR clones was restored in seven out of eight drug
185 combinations (Figure 5A). Overall, there were four different inhibition patterns: the
186 addition of antivirulence compounds either (i) did not affect the growth of the
187 antibiotic resistant strain (one case: ciprofloxacin-furanone); (ii) only fully restored
188  growth inhibition at higher anti-virulence compound concentration (five cases: all four

189  combinations with gallium and colistin-furanone); (iii) restored growth inhibition at low
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190 but not high anti-virulence compound concentration (one case: meropenem-
191 furanone); or (iv) inhibited growth more than in the antibiotic sensitive wildtype (one
192  case: tobramycin-furanone).

193

194  Specific drug combinations can reverse selection for antibiotic resistance

195 We then investigated whether the addition of an antivirulence compound to an
196 antibiotic treatment can influence the spread of AtbR clones in populations of
197  susceptible cells (Figure 5B). Our competition assays revealed that AtbR clones lost
198 against the susceptible wildtype in the absence of antibiotics, confirming that
199 antibiotic resistance is costly (one sample t-tests, -54.16 < t < -2.36, p < 0.050 for all
200 comparisons). Conversely, AtbR clones always experienced a significant fithness
201 advantage compared to the wildtype under antibiotic treatment (one sample t-test,
202 3.05 £ t7 = 12.80, p < 0.01 for all combinations). The addition of antivirulence
203 compounds to the antibiotic treatment had variable and combination-specific effects
204 on the fitness of AtbR clones, which included: (i) three cases where anti-virulence
205 compound addition did not affect the fitness advantage of the AtbR clones
206  (ciprofloxacin-gallium, ciprofloxacin-furanone and colistin-furanone); (ii) two cases
207 where the antivirulence adjuvant further potentiated the spread of AtbR clones
208 (colistin-gallium and meropenem-furanone); and (iii) three cases where the adjuvant
209 reversed selection for antibiotic resistance and thereby hindered the spread of AtbR
210 clones (meropenem-gallium, tobramycin-gallium and tobramycin-furanone). Detailed
211 information on statistical analysis for Figure 5B is reported in Supplementary Table
212 S1.

213

214  Drug synergy does not predict selection against antibiotic resistance
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215  We examined whether drug interactions, ranging from antagonism to synergy (Figure
216  4) correlate with the relative fithess of the AtbR clones in competition with the
217  antibiotic sensitive wildtype. However, we found no support for such associations
218 (Supplementary Figure S2, ANOVA, growth: F148 = 0.65, p = 0.422; virulence factor:
219  F448 = 3.10, p = 0.082), but instead observed that variation in fithess patterns was
220 explained by specific drug combinations (antivirulence-antibiotic interaction: F34s =
221  15.76, p < 0.0001).

222

223  Genetic bases of experimentally evolved antibiotic resistance

224  The whole-genome sequencing of the experimentally evolved AtbR clones revealed
225 a small number of SNPs and INDELs, which are known to be associated with
226  resistance to the respective antibiotics (Table 1). The AtbR clone resistant to
227  ciprofloxacin had mutations in gyrB, a gene encoding the DNA gyrase subunit B, the
228 direct target of the antibiotic [36]. In addition, we identified an 18-bp deletion in the
229 mexR gene, encoding a multidrug efflux pump repressor [37]. The two AtbR clones
230 resistant to colistin had different mutations in the same target gene phoQ (a non-
231  synonymous SNP in one clone versus a 1-bp insertion in addition to a non-
232 synonymous SNP in the other clone). PhoQ is a regulator of the LPS modification
233 operon and mutations in this gene represent the first step in the development of high-
234  level colistin resistance [38]. One AtbR clone resistant to meropenem had a non-
235 synonymous SNP in the coding sequence of mpl. This gene encodes a murein
236 tripeptide ligase, which contributes to the overexpression of the beta-lactamase
237  precursor gene ampC [39]. The other AtbR clone resistant to meropenem had
238 mutations in three different genes, which can all be linked to antibiotic resistance

239 mechanisms: we found (i) one non-synonymous SNP in parR, which encodes a two

10
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240 component response regulator involved in several resistance mechanisms, including
241  drug efflux, porin loss and LPS modification [40]; (ii) 7 mutations in the PA1874 gene,
242  which encodes an efflux pump [41]; (iii) one non-synonymous SNP in nalD, encoding
243  the transcriptional regulator NalD, which regulates the expression of drug-efflux
244  systems [42,43]. Both AtbR clones resistant to tobramycin had non-synonymous
245 SNPs in fusA1. This gene encodes the elongation factor G, a key component of the
246 translational machinery. Although aminoglycosides do not directly bind to the
247  elongation factor G and the complete resistance mechanisms is still unknown,
248 mutations in fusA1 are associated with high resistance to tobramycin and are often

249 found in clinical isolates [44,45].

250

251 Discussion

252 In this study, we systematically explored the effects of combining antibiotics with
253  antivirulence compounds as a potentially promising strategy to fight susceptible and
254  antibiotic resistant opportunistic human pathogens. Specifically, we combined four
255 different antibiotics (ciprofloxacin, colistin, meropenem, tobramycin) with two
256  antivirulence compounds (gallium targeting siderophore-mediated iron uptake and
257 furanone C-30 targeting the quorum sensing communication system) in 9x9 drug
258 interaction matrices against the bacterium P. aeruginosa as a model pathogen. Our
259 heat maps reveal drug-combination specific interaction patterns. While colistin and
260 tobramycin primarily interacted synergistically with the antivirulence compounds,
261 independent and antagonistic interactions occurred for ciprofloxacin and meropenem
262 in combination with the antivirulence compounds (Figures 3+4). We then used
263 antivirulence compounds as adjuvants and observed that they can restore growth

264  inhibition of antibiotic resistant clones in seven out of eight cases (Figure 5A). Finally,

11
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265 we performed competition assays between antibiotic resistant and susceptible strains
266 under single and combinatorial drug treatments and found that antivirulence
267 compounds can reverse selection for antibiotic resistance in three out of eight cases
268  (Figure 5B). Our results identify antibiotic-antivirulence combinations as a potentially
269  powerful tool to efficiently treat infections of troublesome nosocomial pathogens such
270 as P. aeruginosa. Particularly, tobramycin-antivirulence combinations emerged as
271 the top candidate treatments because: (i) drugs interacted synergistically both with
272 regard to growth and virulence factor inhibition; (ii) the antivirulence compounds re-
273  potentiated tobramycin when treating antibiotic resistant clones; and (iii) antivirulence
274  compounds reversed selection for tobramycin resistance.

275

276  Drug synergy is desirable from a clinical perspective because it allows to use lower
277 drug concentrations, thereby minimizing side effects while maintaining treatment
278  efficacy [46,47]. In this context, a number of studies have examined combinations of
279  antibiotics and antivirulence compounds targeting various virulence factors including
280 quorum sensing, iron uptake, and biofilm formation in P. aeruginosa [12,13,15—-
281 18,22,48-51]. While these studies typically used a handful of concentration
282 combinations and used qualitative measures of synergy, we here present a
283  comprehensive quantitative interaction maps for these two classes of drugs. A key
284  insight of these interaction maps is that specific drug combinations cannot simply be
285 classified as either synergistic or antagonistic. Instead, drug interactions are
286  concentration dependent with most parts of the interaction maps being characterized
287 by independent effects interspersed with hotspots of synergy or antagonism. The

288  strongest effects of synergy and antagonism are often observed at intermediate drug

12
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289  concentrations, which is, in the case of synergy, ideal for developing combinatorial
290 therapies that maximise treatment efficacy while minimizing toxicity for the patient.
291

292 While drug antagonism is considered undesirable from a clinical perspective, work on
293  antibiotic combination therapies has revealed that antagonistic interactions can inhibit
294  the spread of antibiotic resistance [52-54]. The reason behind this phenomenon is
295 that when two drugs antagonize each other, becoming resistant to one drug will
296 remove the antagonistic effect on the second drug, such that the combination
297 treatment will be more effective against the resistant clones [52]. We suspected that
298 such effects might also occur for antagonistic antibiotic-antivirulence treatments.
299 While we indeed observed that combination therapy can reverse selection for
300 resistance in certain cases (Figure 5B), there was no evidence that this effect
301 correlated with the type of drug interaction (Supplementary Figure S2). A possible
302 explanation for the lack of any association is that the antagonism between antibiotics
303 and antivirulence compounds was quite moderate. In contrast, previous work used
304 an extreme case of antagonism, where the effect of one drug was almost completely
305 suppressed in the presence of the second drug [52,54].

306

307 We propose that it is rather the underlying molecular mechanism and not the
308 direction of drug interaction that determines whether selection for antibiotic
309 resistance is reversed or potentiated. For instance, any resistance mechanism that
310 reduces antibiotic entry or increases its efflux could conceivably induce cross-
311 resistance to antivirulence compounds, which should in turn potentiate and not
312 reverse selection for antibiotic resistance. This phenomenon could explain the

313 patterns observed for furanone in combination with ciprofloxacin, colistin and

13
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314 meropenem, where our sequencing analysis revealed mutations in genes regulating
315 efflux pumps, porins and membrane lipopolysaccharide modifications (Table 1).
316  Since furanone needs to enter the cells to become active, these mutations, known to
317 confer resistance to antibiotics [37,38,41], likely also induce resistance to furanone
318 [55].

319

320 Alternatively, competitive interactions between resistant and sensitive pathogens
321 over common resources could compromise the spread of drug resistance, as shown
322 for malaria parasites [56]. In our case, it is plausible to assume that antibiotic
323 resistant clones are healthier than susceptible cells and might therefore produce
324  higher amounts of pyoverdine and proteases under antivirulence treatment. Since
325 these virulence factors are secreted and shared between cells, antibiotic resistant
326 clones take on the role of cooperators: they produce costly virulence factors that are
327 then shared with and exploited by the susceptible cells [26,57,58]. This scenario
328 could apply to tobramycin-gallium/furanone combinations, where resistant clones had
329 mutations in fusA71 known to be associated with the restoration of protein synthesis
330 [44]. Similar social effects could explain selection reversal in the case of meropenem-
331 gallium combination. Here, the meropenem resistant clone has mutation in mpl,
332 which can trigger the overexpression of the (-lactamase ampC resistance
333 mechanism [39]. Since [B-lactamase enzyme secretion and extracellular antibiotic
334 degradation is itself a cooperative behaviour [59], it could together with the virulence
335 factor sharing described above compromise the spread of the resistant clone.
336 Clearly, all these explanations remain speculative and further studies are required to
337 understand the molecular and evolutionary basis of reversed selection for resistance.

338

14


https://doi.org/10.1101/861799
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/861799; this version posted December 5, 2019. 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.

339 In summary, drug combination therapies are gaining increased attention as more
340 sustainable strategies to treat infections, limiting the spread of antibiotic resistance
341 [60-63]. They are already applied to a number of diseases, including cancer [64],
342 HIV [65] and tuberculosis infections [66]. Here we probed the efficacy and
343  evolutionary robustness of antibiotics combined with anti-virulence compounds. This
344 s an interesting combination because antibiotic treatments alone face the problem of
345 rapid resistance evolution, whereas antivirulence drugs are evolutionarily more
346  robust but can only disarm and not eliminate pathogens. Combinatorial treatments
347 seem to bring the strengths of the two approaches together: efficient removal of
348 Dbacteria by the antibiotics combined with disarming and increased evolutionary
349 robustness of the antivirulence compounds. While our findings are promising and
350 could set the stage for a novel class of combinatorial treatments, there are still many
351 steps to take to bring our approach to the clinics. First, it would be important to
352 quantify the rate of resistance evolution directly under the combinatorial treatments to
353 test whether drug combination itself slows down resistance evolution [60]. Second,
354 the various antibiotic-antivirulence combinations must be tested in relevant animal
355 host models, as host conditions including the increased spatial structure inside the
356 body can affect the competitive dynamics between strains, potentially influencing the
357 outcome of the therapy [67,68]. Finally, the observed patterns of drug synergy and
358 reversed selection for resistance are concentration dependent (Figure 4-5), thus
359 requiring detailed research on drug delivery and the pharmacodynamics and
360 pharmacokinetics of combination therapies [54].

361
362 Materials and methods

363 Bacterial strains
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364  For all our experiments, we used P. aeruginosa PAO1 (ATCC 15692). In addition to
365 the wildtype PAO1, we further used two isogenic variants tagged with either a
366  constitutively expressed GFP or mCherry fluorescent protein. Both fluorescently
367 tagged strains were directly obtained from the wildtype PAO1 using the miniTn7-
368 system to chromosomally integrate a single stable copy of the marker gene, under
369 the strong constitutive Ptac promoter, at the atfTn7 site [69]. The gentamycin
370 resistance cassette, required to select for transformed clones, was subsequently
371 removed using the pFLP2-encoded recombinase [69]. Antibiotic resistant clones
372 used for competition assays were generated through experimental evolution and are
373 listed in Table 1 together with their respective mutations.

374

375 Media and growth conditions

376  For all experiments, overnight cultures were grown in 8 ml Lysogeny broth (LB,
377  Sigma Aldrich, Switzerland) in 50 ml Falcon tubes, incubated at 37°C, 220 rpm for 18
378 hours. We washed overnight cultures with 0.8% NaCl solution and adjusted them to
379 ODeoo = 1 (optical density at 600 nm). Bacteria were further diluted to a final starting
380 ODeoo = 1072 for all experiments. We used two different media, where the targeted
381 virulence factors (pyoverdine or protease) are important. For pyoverdine, we used
382 iron-limited CAA (CAA+Tf) [0.5% casamino acids, 5 mM K:HPO4-:3H.0, 1 mM
383 MgSO47H20], buffered at neutral pH with 25 mM HEPES buffer and supplemented
384  with 100 pg/ml human apo-transferrin to chelate iron and 20 mM NaHCOs; as a co-
385 factor. As an iron-rich control medium, we used CAA supplemented with 25 mM
386 HEPES and 20 uM FeCls, but without apo-transferrin and 20 mM NaHCOs to create
387 conditions that do not require pyoverdine for growth [70].

388
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389 For QS-regulated proteases, we used casein medium (CAS) [0.5% casein, 5 mM
390 KoHPO4-3H20, 1 mM MgSO47H20], supplemented with 25 mM HEPES buffer and
391 0.05% CAA. In this medium, proteases are required to digest the casein. A small
392 amount of CAA was added to allow cultures to have a growth kick start prior to
393 protease secretion [71]. As a control, we used CAA supplemented with 25 mM
394 HEPES buffer, a medium in which proteases are not required. All chemicals were
395 purchased from Sigma Aldrich, Switzerland. The CAS medium is intrinsically turbid
396 due to the poor solubility of casein, which can interfere with the growth kinetics
397 measured via optical density (Supplementary Figure S3A). To solve this issue, we
398 used mCherry fluorescence intensity as a reliable proxy for growth in CAS
399 (Supplementary Figure S3B-C).

400

401 Single drug growth and virulence factor inhibition curves

402 To determine the activity range of each antibiotic (ciprofloxacin, colistin, meropenem,
403 tobramycin) and antivirulence drug (gallium as GaNOsz and furanone C-30), we
404  subjected PAO1 bacterial cultures to two different 7-step serial dilutions for each
405 antibacterial. Ciprofloxacin: 0-4 pg/ml; colistin: 0-0.4 pg/ml in CAA+Tf and 0-20 pg/ml
406 in CAS; meropenem: 0-14 ug/ml; tobramycin: 0-8 ug/ml; gallium: 0-200 uM; furanone
407  C-30: 0-390 pM. All antibacterials were purchased from Sigma Aldrich, Switzerland.
408 Overnight cultures were prepared and diluted as explained above and then added
409 into 200 pl of media on 96-well plates with six replicates for each drug concentration.
410 Plates were incubated statically at 37°C and growth was measured either as ODeoo
411  (in CAA+Tf) or mCherry fluorescence (excitation 582 nm, emission 620 nm in CAS)
412  after 48 hours using a Tecan Infinite M-200 plate reader (Tecan Group Ltd.,

413  Switzerland). Control experiments (Supplementary Figure S4) confirmed that
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414  endpoint ODegoo or mCherry measurements showed strong linear correlations (0.858
415 < R?<0.987) with the growth integral (area under the growth curve), which is a good
416  descriptor of the overall inhibitory effects covering the entire growth period [72].

417

418 At this time point, we further quantified pyoverdine production through its natural
419 fluorescence (excitation 400 nm, emission 460 nm) and protease production in the
420 cell-free supernatant using the protease azocasein assay (adapted from [73]
421  shortening incubation time to 30 min). The two metals, gallium and bromine (in
422  Furanone C-30), alter the fluorescence levels of pyoverdine and mCherry in a
423  concentration dependent manner. To account for this effect, we established
424  calibration curves and corrected all fluorescence measures accordingly (as described
425  in Supplementary Figure S5).

426

427  Antibiotic-antivirulence combination assays

428 From the single drug dose-response curves, we chose for each drug nine
429 concentrations (including no drugs) to cover the entire activity range in each medium
430 including no, intermediate and strong inhibitory growth effects on PAO1.
431  (Supplementary Table S2). We then combined these drug concentrations in a 9x9
432  matrix for each of the eight antibiotic-antivirulence pairs, and repeated the growth
433  experiment for all combinations in six-fold replication, exactly as described above.
434  After 48 hours of incubation, we measured growth and virulence factor production
435 following the protocols described above.

436

437  Synergy degree of drug-combinations
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438 We used the Bliss independence model to calculate the degree of synergy (S), for
439  both growth and virulence factor inhibition, for each of the antibiotic-antivirulence
440 combinations [74-76]. We used the formula S = fxo- for — fxy, where fxois the
441  growth (or virulence factor production) level measured under antibiotic exposure at
442  concentration X; foy is the growth (or virulence factor production) level measured
443  under antivirulence exposure at concentration Y; and fxyis the growth (or virulence
444  factor production) level measured under the combinatorial treatment at
445  concentrations X and Y. If S = 0 then the two drugs act independently. Conversely,
446 S <0 indicates antagonistic drug interactions, while S > 0 indicates synergy.

447

448 Experimental evolution under antibiotic treatment

449 To select for antibiotic resistant clones, we exposed overnight cultures of PAO1
450  wildtype (initial ODsoo = 10*) to each of the four antibiotics in LB medium (antibiotic
451  concentrations, ciprofloxacin: 0.15 pg/ml; colistin: 0.5 ug/ml; meropenem: 0.8 ug/ml;
452  tobramycin: 1 pg/ml) in six-fold replication. These antibiotic concentrations initially
453 caused a 70-90% reduction in PAO1 growth compared to untreated cultures,
454  conditions that imposed strong selection for the evolution of resistance. The evolution
455  experiment ran for seven days, whereby we diluted bacterial cultures and transferred
456 them to fresh medium with the respective treatment with a dilution factor of 10,
457  every 24 hours. At the end of each growth cycle, we measured growth (ODeoo) of the
458 evolving lineages using a SpectraMax® Plus 384 plate reader (Molecular Devices,
459  Switzerland).

460

461 Phenotypic and genetic characterization of resistance
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462  Following experimental evolution, we screened the evolved lines for the presence of
463  antibiotic resistant clones. For each antibiotic we plated four evolved lines on LB
464 plates and isolated single clones, which we then exposed in liquid culture to the
465 antibiotic concentration they experienced during experimental evolution. Among
466 those that showed growth restoration (compared to the untreated wildtype), we
467  picked two random clones originating from different lineages per antibiotic for further
468 analysis. We had to adjust our sampling design in two cases. First, only one
469 population survived our ciprofloxacin treatment and thus only one resistant clone
470 could be picked for this antibiotic. Second, clones evolved under colistin treatment
471 grew very poorly in CAS medium and therefore we included an experimentally
472  evolved colistin resistant clone from a previous study, which did not show
473 compromised growth in CAS (see [73] for a description on the experimental
474  evolution). Altogether, we had seven clones for which we re-established the drug-
475 response curves (Supplementary Figure S6) in either CAA+Tf or CAS (one clone per
476  antibiotic was allocated to one of the two media, except for ciprofloxacin).

477

478 We further isolated the genomic DNA of the selected evolved antibiotic resistant
479 clones and sequenced their genomes. We used the GenElute Bacterial Genomic
480 DNA kit (Sigma Aldrich) for DNA isolation. DNA concentrations were assayed using
481  the Quantifluor dsDNA sample kit (Promega, Switzerland). Samples were sent to the
482  Functional Genomics Center Zurich for library preparation (TruSeq DNA Nano) and
483 sequencing on the lllumina MiSeq platform with v2 reagents and pair-end 150 bp
484 reads. In a first step, we mapped the sequences of our ancestral wildtype PAO1
485 strain (ENA accession number: ERS1983671) to the Pseudomonas aeruginosa

486 PAO1 reference genome (NCBI accession number: NC_002516) with snippy
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487  (https://qithub.com/tseemann/snippy) to obtain a list with variants that were already

488 present at the beginning of the experiment. Next, we quality filtered the reads of the
489 evolved clones with trimmomatic [77], mapped them to the reference genome and
490 called variants using snippy. Detected variants were quality filtered and variants
491 present in the ancestor strain were excluded from the dataset using vcftools [78]. The
492 mapping files generated in this study are deposited in the European Nucleotide
493  Archive (ENA) under the study accession number PRJEB32766.

494

495 Competition experiments between sensitive and resistant clones

496 To examine the conditions under which antibiotic resistant clones can spread, we
497 competed the sensitive wildtype PAO1 (tagged with GFP) against the experimentally
498 evolved antibiotic resistant clones (Table 1) under five different conditions: (i) no drug
499 treatment; (ii) antibiotic alone; (iii)-(v) antibiotic combined with three different
500 concentrations of the antivirulence compound. Antibiotic concentrations are listed in
501 the Supplementary Table S3, while antivirulence concentrations were as follows,
502 gallium: 1.56 pM (low), 6.25 pM (medium), 12.5 yM (high); furanone: 6.3 uM (low),
503 22.8 yM (medium), 51.4 yM (high). Bacterial overnight cultures were prepared and
504 diluted as described above. Competitions were initiated with a mixture of 90%
505 sensitive wildtype cells and 10% resistant clones to mimic a situation where
506 resistance is still relatively rare. Mixes alongside with monocultures of all strains were
507 inoculated in either 200 yl of CAA+Tf or CAS under all the five treatment regimes.
508 We used flow cytometry to assess strain frequency prior and after a 24 hours
509 competition period at 37°C static (Supplementary Figure S7). Specifically, bacterial
510 cultures were diluted in 1X phosphate buffer saline (PBS, Gibco, ThermoFisher,

511  Switzerland) and frequencies were measured with a LSRII Fortessa cell analyzer (BD

21


https://doi.org/10.1101/861799
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/861799; this version posted December 5, 2019. 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.

512  Bioscience, Switzerland. GFP channel, laser: 488 nm, mirror: 505LP, filter: 530/30;
513 side and forward scatter: 200 V threshold; events recorded with CS&T settings) at
514  the Cytometry Facility of the University of Zurich. We recorded 50’000 events before
515 competitions and used a high-throughput sampler device (BD Bioscience) to record
516 all events in a 5 pl-volume after competition. Since antibacterials can kill and thereby
517 quench the GFP signal in tagged cells, we quantified dead cells using the propidium
518 iodide (PI) stain (2 ul of 0.5 mg/ml solution) with flow cytometry (for Pl fluorescence:
519 laser: 561 nm, mirror: 600LP, filter: 610/20).

520

521 We used the software FlowJo (BD Bioscience) to analyse data from flow cytometry
522 experiments. We followed a three-step gating strategy: (i) we separated bacterial
523 cells from media and noise background by using forward and side scatter values as a
524  proxy for particle size; (ii) within this gate, we then distinguished live from dead cells
525 based on the PI staining; (iii) finally, we separated live cells into either GFP positive
526 and negative populations. Fluorescence thresholds were set using appropriate
527  control samples: isopropanol-killed cells for Pl positive staining and untagged-PAO1
528 cells for GFP-negative fluorescence. We then calculated the relative fitness of the
529 antibiotic resistant clone as In(v) = In{[a24%(1—ao)]/[ao%(1—a24)]}, where ap and az4 are
530 the frequencies of the resistant clone at the beginning and at the end of the
531 competition, respectively [79]. Values of In(v) < 0 or In(v) > O indicate whether the
532 frequency of antibiotic resistant clones decreased or increased relative to the
533 sensitive PAO1-GFP strain. To check for fitness effects caused by the fluorescent
534 tag, we included a control competition, where we mixed PAO1-GFP with the
535 untagged PAO1 in a 9:1 ratio for all treatment conditions. We noted that high drug

536 concentrations significantly curbed bacterial growth, which reduced the number of
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537 events that could be measured with flow cytometry. This growth reduction increased
538 noise relative to the signal, leading to an overestimation of the GFP-negative
539 population in the mix. To correct for this artefact, we established calibration curves
540 (described by asymptotic functions, Supplementary Table S2) for how the relative
541 fitness of PAO1-untagged varies as a function of cell density in control competitions
542  with PAO1-GFP.

543

544  Statistical analysis

545  All statistical analyses were performed with RStudio v. 3.3.0 [80]. We fitted individual
546 dose response curves with either log-logistic or Weibull functions using the drc
547 package [81], while dose response curves under combination treatment were fitted
548 using spline functions. We used Pearson correlation coefficients to test for significant
549 associations between the degree of synergy in growth and virulence factor inhibition.
550 We used Welch’'s two-sample t-test to compare growth between the sensitive
551 wildtype PAO1 and the resistant clones under antibiotic treatment. To compare the
552 relative fitness of resistant clones to the reference zero line, we used one sample t-
553 tests. Finally, we used analysis of variance (ANOVA) to compare: (a) the growth of
554  sensitive and resistant clones across combination treatments; (b) the relative fitness
555 of evolved clones across treatments, and (c) whether the outcome of the competition
556  experiment is associated with the degree of synergy of the drug combinations. Where
557 necessary, p-values were adjusted for multiple comparisons using the false discovery

558 rate method.
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Figure 1. Antibiotic dose response curves for P. aeruginosa PAO1 populations.
We exposed PAO1 to all four antibiotics in two experimental media: CAA+Tf (iron-
limited casamino acids medium with transferrin) and CAS (casein medium). Except for
meropenem, higher concentrations of antibiotics were required to inhibit PAO1 in CAS
compared to CAA+Tf. Dots show means * standard error across six replicates. All
data are scaled relative to the drug-free treatment. Data stem from two independent
experiments using different dilution series. The red dots indicate the highest
concentration used for the respective experiments, from which 7-serial dilution steps
were tested. Curves were fitted with either log-logistic functions (in CAA+Tf) or with
three-parameter Weibull functions (in CAS).
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Figure 2. Antivirulence dose response curves for P. aeruginosa PAO1
populations (growth and virulence factor production). We exposed PAO1 to the
antivirulence compounds gallium (inhibiting pyoverdine-mediated iron uptake) and
furanone C-30 (blocking quorum sensing response including protease production) both
in media where the targeted virulence factors are expressed and required (iron-limited
CAA+Tf medium for gallium and CAS medium for furanone) and in control media
where the targeted virulence factors are not required (iron-supplemented CAA+Fe
medium for gallium and protein digested CAA for furanone). (A) Dose-response curves
for growth show that both antivirulence compounds reduced bacterial growth, but more
so in media where the targeted virulence factor is expressed. This demonstrates that
there is a concentration window where the antivirulence compounds have no toxic
effects on bacterial cells and just limit growth due to virulence factor quenching. (B)
Dose-response curves for virulence factor production show that gallium and furanone
C-30 effectively inhibit pyoverdine and protease production, respectively, in a
concentration-dependent manner. Dots show means * standard errors across six
replicates. All data are scaled relative to the drug-free treatment. Data stem from two
independent experiments using different dilution series. The red dots indicate the
highest concentration used for the respective experiments, from which 7-serial dilution
steps were tested. Curves were fitted with either log-logistic functions (in CAA+Tf) or

with three-parameter Weibull functions (in CAS).
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897 Figure 3. Dose response curves for P. aeruginosa PAO1 populations under
898 antibiotic-antivirulence combination treatments. Dose-response curves for growth
899 and virulence factor production for PAO1 were assessed for 9x9 drug concentration
900 matrixes involving the four antibiotics combined with either gallium (A) or furanone C-
901 30 (B). Experiments were carried out in media where the corresponding virulence
902 factors are required for growth (pyoverdine: CAA+Tf; protease: CAS). Growth and
903 virulence factor production were measured after 48 hours. All values are scaled
904 relative to the untreated control, and data points show the mean across 12 replicates
905 from two independent experiments. We used spline functions to fit the dose-response
906 curves.
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Figure 4: Drug interaction heatmaps for antibiotic-antivirulence combination

treatments. We used the Bliss independence model to calculate the degree of

synergy for every single drug combination with regard to growth suppression and

virulence factor quenching shown in Figure 3. Heatmaps, depicting variation in drug

interactions ranging from antagonism (blue) to synergy (red), are shown for gallium-

antibiotic combinations (A-D for growth; E-H for pyoverdine production) and furanone-

antibiotic combinations (I-L for growth; M-P for protease production). All calculations

are based on 12 replicates from two independent experiments.
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Figure 5: Effect of combination treatment on the fithess of antibiotic resistant
clones. (A) Test of whether the addition of antivirulence compounds can restore
growth suppression in antibiotic resistant clones (AtbR, in orange) relative to the
susceptible wildtype (WT, in black). Under antibiotic treatment and in the absence of
antivirulence compounds, all AtbR strains grow significantly better than the WT, a
result that holds for both scaled (as shown above) and absolute growth. In the
presence of antivirulence compounds (gray shaded area), growth suppression was
restored in seven out of eight drug combinations (except for the furanone-ciprofloxacin
combo). Antivirulence compound concentrations used for gallium: 1.56 yM (combo
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928 low), 6.25 uyM (combo medium), 12.5 yM (combo high); for furanone C-30: 6.1 yM
929 (combo low), 22.8 yM (combo medium), 51.4 uyM (combo high). Important to note is
930 that all antivirulence compound concentrations do not or only mildly affect pathogen
931 growth when applied as single treatments (Figure 2). All cell density values (measured
932  with flow cytometry as number of events detected in 5 ul of culture, after 24 hours) are
933 scaled relative to the untreated control. (B) Test of whether the addition of
934 antivirulence compounds can revert selection for antibiotic resistance during
935 competition between AtbR and WT, starting at a 1:9 ratio. The dashed lines denote
936 fitness parity, where none of the competing strains has a fitness advantage. With no
937 treatment, all AtbR strains showed a fithess disadvantage (fitness values < 0)
938 compared to the WT. When treated with antibiotics alone, all AtbR strains experienced
939 significant fitness advantages. When antivirulence compounds were added as
940 adjuvants, this fitness advantage was lost for three drug combinations: meropenem-
941  gallium, tobramycin-gallium, tobramycin-furanone C-30, thus showing reversal of AtbR
942  selection. All data are shown as means * standard errors across a minimum of eight
943 replicates from two to three independent experiments. Significance levels are based
944 on ANOVAs: n.s. = non-significant; * p <0.05; ** p <0.01; *** p <0.001. See
945  Supplementary Table S3 for details on statistical analysis.
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946 Table 1. List of mutations in the antibiotic resistant clones

AtbR Combination Mutation .
Gene® Description Reference Variant Position® | Reference
clone®® | with type® arian
Gallium
CpR_1 gyrB DNA gyrase subunit B INDEL CCCAGGAG CG 5671 [36]
Furanone C-30
Multidrug resistance operon ATCAGTGCCT
471547 7,82
mexR repressor INDEL TGTCGCGGCA AA 5 [37.82]
CoR_1 Gallium phoQ Two-component sensor PhoQ | SNP T G 1279140 | [38,83-85]
CoR_2 Furanone C-30 | phoQ Two-component sensor PhoQ | INDEL T TC 1279085 | [38,83-85]
SNP T C 1279089
PA1327 | Probable protease INDEL CA C 1440622

UDP-N-acetylmuramate:L-
MeR_1 Gallium mpl alanyl-gamma-D-glutamyl- SNP T G 4499740 | [39,86]
meso-diaminopimelate ligase

Two-component response

MeR_2 | Furanone C-30 | parR SNP C T 1952257 [40]
regulator, ParR
PA1874 Egra‘;t;‘et'ca' protein (efflux | compLEX | ACCGGG CCCGTC 2039326 | [41]
SNP A G 2039485
SNP C T 2039494
SNP T C 2039512
SNP G A 2039517
SNP T C 2039524

43


https://doi.org/10.1101/861799
http://creativecommons.org/licenses/by-nc-nd/4.0/

COMPLEX | CGGG TGGC 2039530

nalD Transcriptional regulator NalD | SNP A C 4006981 [42,43]
TbR 1 Gallium fusA1 Elongation factor G SNP C T 4769121 [44]
SNP T G 5253694
TbR 2 Furanone C-30 fusA1 Elongation factor G SNP T C 4770785 [44]
pscp | [ranslocation proteinintype lll | |\ ne) TG(TTGGCG)1 | TG(TTGGCG)12 | 1844903
secretion system
PA4132 | Conserved hypothetical protein | SNP A C 4621443

947
948 4The antibiotic resistant strains are referred to as AtbR throughout the text.

949  PAbbreviations: Atb: antibiotic; Cp: ciprofloxacin; Co: colistin; Me: meropenem; Tb: tobramycin; SNP: single nucleotide polymorphism;
950 INDEL: insertion or deletion; COMPLEX: multiple consecutive SNPs .

951 °Mutations in the ancestor wildtype background compared to the reference PAO1 genome are reported in [73].

952  9Position on PAO1 reference genome [87].
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