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Abstract:  29 

Drug repurposing is a novel strategy for the development of new therapies against antibiotic-30 

resistant bacteria. Zidovudine, an antiviral largely used in the HIV-therapy, exerts antibacterial 31 

activity against Gram-negative bacteria. Zidovudine was identified in a previous drug 32 

repurposing synergy screening as fosfomycin enhancer against Klebsiella pneumoniae ATCC 33 

13883. Our aim was to evaluate the antibacterial in vitro activity of zidovudine-based 34 

combinations with last-line antibiotics against MDR/XDR K. pneumoniae isolates. We validated 35 

the zidovudine/fosfomycin combination against a collection of 12 MDR K. pneumoniae isolates 36 

by the checkerboard assay (CBA). In addition, we performed time-kill assays (TKA) to analyze 37 

synergistic and bactericidal activities of zidovudine paired combinations with fosfomycin, 38 

ceftazidime-avibactam, colistin and tigecycline. These were compared with frequent clinical 39 

combinations in the treatment of MDR Enterobacteriaceae. The potential of the triple 40 

zidovudine/fosfomycin/colistin was also assessed by TKA. CBA synergy confirmation rate 41 

between zidovudine/fosfomycin was 83.33%. TKA yielded synergy confirmation rates of 83.3% 42 

for zidovudine/ceftazidime-avibactam, 75% for zidovudine/fosfomycin, 75% for 43 

zidovudine/colistin and 66.6% for zidovudine/tigecycline with potent killing activities. Frequent 44 

clinical combinations displayed synergy rates of 41.6% for meropenem/ertapenem, 33.33% for 45 

meropenem/colistin, 75% for fosfomycin/colistin and 66.6% for fosfomycin/tigecycline with lower 46 

bactericidal efficacy than zidovudine-based combinations. The triple 47 

zidovudine/fosfomycin/colistin combination exhibited activities similar to fosfomycin/colistin and 48 

fosfomycin/zidovudine. As conclusion, zidovudine is an effective partner in in vitro combinations 49 

with existing antibiotics against MDR K. pneumoniae, especially with ceftazidime-avibactam, 50 

fosfomycin or colistin. Further studies are needed to elucidate the clinical potential of zidovudine 51 

as a repurposed drug in the antibacterial therapy.  52 

  53 
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INTRODUCTION 54 

The global prevalence and dissemination of MDR enterobacteria is facilitated by rapid 55 

acquisition of plasmid-mediated resistance mechanisms, including ESBL and carbapenemases 56 

that confer resistance to β-lactams, or the emergent mcr-1 plasmid involved in colistin 57 

resistance (1). Klebsiella pneumoniae is the most concerning pathogen, leading the 58 

carbapenemase producing enterobacteria (CPE) and causing nosocomial infections with high 59 

mortality rates (2). The latest ECDC surveillance reported 7.9% carbapenem resistance and 60 

19.3% combined resistance to traditional first-line antibiotics against K. pneumoniae in the EU 61 

(3), highlighting the complications in the therapeutic management of MDR-related infections.  62 

Recommended treatments involve individualized combinatorial therapies including 63 

carbapenem-saving strategies and combinations of last-line agents such as colistin, tigecycline, 64 

aminoglycosides and fosfomycin (4,5). Few new antibiotics have been marketed lately. Novel 65 

molecules (e.g. cefiderocol, eravacycline) and β-lactam/β-lactamase inhibitor combinations (e.g. 66 

ceftazidime-avibactam, meropenem-vaborbactam) show good activities against MDR 67 

enterobacteria and are currently used in clinical practice (6–8). However, the emergence of 68 

resistant strains has been already reported (9–11), which compromise the use of these new 69 

agents that should be preserved for severe infections. New therapeutic strategies are thus 70 

urgently needed to improve efficacy of MDR-treatments and preserve the antibiotic arsenal. 71 

Drug repurposing is an attractive strategy that allows faster clinical implementation, as 72 

pharmacokinetic and pharmacodynamic (PKPD) parameters and toxicity packages are already 73 

defined in commercialized drugs (12). The search for synergistic interactions has also emerged 74 

as a favorable approach to enhance the activity of drugs in combinatorial therapy. Moreover, 75 

this strategy has the potential to minimize toxicity and resistance emergence derived from 76 

monotherapy (13). 77 
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Zidovudine (3’-azido-3’-deoxythymidine), a thymidine analogue, was the first commercial 78 

antiretroviral agent for HIV/AIDS treatment. The antibacterial activity of zidovudine against 79 

Gram-negative bacteria is known since late 1980s (mainly due to the inhibition of bacterial DNA 80 

replication by targeting thymidine kinase (14)) demonstrating also in vivo efficacy (15,16). 81 

Toxicity and the emergence of resistant strains were the main drawbacks limiting the 82 

development of zidovudine-based antibacterial therapies. More recently, in vitro studies 83 

explored the synergistic activity of zidovudine in combination with known antibiotics (16–20).  84 

In a previous work, we screened the FDA-library and identified zidovudine as a potent 85 

synergistic partner of fosfomycin against K. pneumoniae (unpublished). Here, we evaluated the 86 

synergistic and bactericidal in vitro activities of zidovudine in combination with fosfomycin, 87 

ceftazidime-avibactam, colistin and tigecycline against antibiotic-resistant K. pneumoniae 88 

isolates, and compared them with usual combinatorial treatments for MDR enterobacteria. 89 

  90 
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MATERIALS AND METHODS 91 

Bacterial strains, clinical characterization and growth conditions. 92 

A well-characterized set of 12 MDR/XDR (21) K. pneumoniae isolates (eight from clinical 93 

samples and four from quality assessment exercises) was provided by the Miguel Servet 94 

University Hospital (Zaragoza, Spain), including representative resistance mechanisms (Table 95 

S1). Bacterial identification was performed by MALDI-TOF mass spectrometry (Bruker Daltonik 96 

GmbH, Germany) and antimicrobial susceptibility by an automated broth microdilution method 97 

(Microscan Walkaway®, Beckman Coulter, Spain). Phenotypic detection of ESBL, AmpC, 98 

carbapenemases and colistin resistance was done according to EUCAST guidelines (22). 99 

Genotypic characterization of resistance mechanisms was performed in clinical samples at the 100 

National Microbiology Centre (Majadahonda, Spain). Bacterial LB stocks (15% glycerol) were 101 

preserved at -20ºC. Freeze stocks were thawed and sub-cultured on Mueller Hinton broth for 24 102 

hours at 37°C before each assay. 103 

Drugs susceptibility testing and media conditions.  104 

Zidovudine, fosfomycin disodium salt, glucose-6-phosphate, colistin sulfate, (Sigma–Aldrich, 105 

Darmstadt, Germany), tigecycline, ceftazidime (European Pharmacopoeia, Strasbourg, France), 106 

meropenem (Fresenius Kabi), ertapenem (MSD) and avibactam (AdooQ BioScience, Irvine, 107 

USA) were reconstituted in DMSO or water according to their solubilities. Stock solutions were 108 

prepared fresh on the same day of plate inoculation.  109 

Drug susceptibility testing, checkerboard (CBA) and time-kill assays (TKA) were performed in 110 

CAMHB. MIC determinations were performed by broth microdilution in CAMHB following CLSI 111 

guidelines (23) linked to the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] 112 

assay (24,25). Briefly, two-fold serial dilutions of drugs were inoculated with a bacterial 113 

suspension of 5x105 CFU/mL in 96-well plates (VF= 150 µL) and incubated at 37°C for 18-20 114 

hours. For fosfomycin and ceftazidime-avibactam susceptibility tests, CAMHB was 115 
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supplemented with 25 mg/L of glucose-6-phosphate and 4 mg/L of avibactam, respectively (26). 116 

After incubation, 30 μL/well of a solution mix (MTT/Tween 80; 5 mg/mL/20%) were added and 117 

plates further incubated for 3 hours at 37ºC. MIC values were defined as the lowest 118 

concentration of drug that inhibited 90% of the OD580 MTT colour conversion (IC90) compared to 119 

growth control wells with no drug added. 120 

MBC was also determined in order to discern bacteriostatic or bactericidal activities. Before 121 

MTT addition, 10 μL/well were transferred to 96-well plates containing LB agar and further 122 

incubated at 37ºC for 24 hours before addition of 30 μL/well of resazurin; a change from blue to 123 

pink indicated bacterial growth. The MBC was defined as the lowest concentration of drug that 124 

prevented this colour change. A compound was considered bactericidal when MBC/MIC ≤ 4 125 

(24). 126 

Synergy validation assays. 127 

(i) Checkerboard assays. Pairwise combinations of zidovudine and fosfomycin were assayed in 128 

96-well plates using freshly prepared CAMHB. Each well was inoculated with 100 µl of a freshly 129 

grown bacterial suspension containing 5x105 CFU/mL (VF=200 µL). Plates were incubated for 130 

24 hours at 37°C and bacterial growth was measured using the MTT assay (24,25), as 131 

described above. Fractional Inhibitory Concentration Indexes (FICI) were calculated as the sum 132 

of FICZDV plus FICFOF; where FICZDV is the MIC of zidovudine in the presence of fosfomycin 133 

divided by the MIC of zidovudine alone and, conversely, for FICFOF. Synergy was defined as 134 

FICI ≤0.5, antagonism as FICI >4.0, and no interaction as FICI = 0.5 to 4.0 (27). The Fractional 135 

Bactericidal Concentration Index (FBCI) was similarly calculated based on MBC values, as 136 

described above. 137 

(ii) Time-kill assays. Exponentially growing cultures of K. pneumoniae clinical strains were 138 

inoculated in duplicates in CAMHB 96-well plates (VF= 280 µL/well; 5x105 CFU/mL) containing 139 

increasing concentrations (0.1x, 0.25x, 1x, 4x, 10xMIC values) of compounds alone, and 140 
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incubated at 37ºC. Drug-free wells were used as growth controls and MIC assays were 141 

performed in parallel with the same inoculum to ensure compound activity. Samples were taken 142 

at 0, 2, 5, 8, 24 and 48 hours, and bacterial population was quantified by spot-platting 10-fold 143 

serial dilutions onto MHA plates. Plates were incubated overnight at 37°C and CFU/mL 144 

calculated. The lower limit of detection was 50 CFU/mL. To assess the activity of the 145 

combinations, generated dose-response curves of compounds alone were analyzed to select 146 

appropriate test combo concentrations (up to 300 mg/L if compound was inactive) and TKA 147 

equally performed as described above. Zidovudine combinations were also tested at 148 

concentrations of 1 mg/L for the twelve clinical strains, including those showing high-level 149 

zidovudine resistance, to assess physiological relevant concentrations, i.e. Cmax of zidovudine 150 

observed in human plasma after intravenously administration (1.1 to 1.8 mg/L) (28).  151 

The activity of the four novel zidovudine-based combinations described in this work 152 

(fosfomycin/zidovudine, ceftazidime-avibactam/zidovudine, colistin/zidovudine and 153 

tigecycline/zidovudine) was compared with that of four usual MDR-treatments 154 

(meropenem/ertapenem, meropenem/colistin, fosfomycin/colistin and fosfomycin/tigecycline). 155 

The triple fosfomycin/colistin/zidovudine combination was also tested against eight strains and 156 

compared with the activity of the three drugs alone and in pairwise combinations at matching 157 

concentration (0.25-1xMIC). Synergistic and bactericidal activities were evaluated after 8, 24 158 

and 48 hours of incubation. In TKA, synergy was defined when there was a ≥2 log10 CFU/mL 159 

decrease in bacterial count compared to the most active single agent in the combination at any 160 

time point (8, 24 and 48 hours). Antagonism was defined as a ≥2 log10 increase in CFU/mL 161 

between the combination and the most active single agent. All other degrees of interaction were 162 

defined as indifferent. Bactericidal activity was defined as a ≥3 log10 CFU/mL reduction at 8, 24 163 

and 48 hours compared to the initial inoculum (29). 164 

 165 
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RESULTS 166 

We followed a stepwise approach in order to characterize the potential of zidovudine in the 167 

treatment of infections caused by MDR K. pneumoniae: first, the activity of test compound was 168 

determined by drug susceptibility assays; second, pairwise and triple combinations were tested 169 

by CBA and TKA to identify those most promising synergistic combinations. All these 170 

experiments were performed against a panel of twelve MDR/XDR K. pneumoniae isolates with 171 

representative mechanisms of resistance. 172 

Drug susceptibility characterization. 173 

Zidovudine MIC values ranged from 0.25 to ≥64 mg/L, with nine strains showing low MICZDV 174 

values (0.25 to 2 mg/L) and three other strains showing MIC values ≥16 mg/L; in consequence, 175 

2 mg/L could be a possible cut-off for zidovudine resistance. The number of multidrug-resistant 176 

determinants appeared not to be related with the MICZDV values. The susceptibility profiles 177 

obtained for the drugs tested among the twelve MDR/XDR K. pneumoniae isolates according to 178 

EUCAST breakpoints (26) are also shown Table S1. 179 

Zidovudine/fosfomycin combinations displayed wide coverage synergy against 180 

MDR/XDR K. pneumoniae isolates.  181 

Synergy between fosfomycin and zidovudine was confirmed in 75% (9/12) and 66.6% (8/12) of 182 

the strains by FICI and FBCI, respectively. Interestingly, effective fosfomycin concentrations in 183 

the presence of zidovudine were reduced 2-16-fold, restoring fosfomycin susceptibility below the 184 

EUCAST breakpoint (MIC≤32 mg/L) in all strains. Antimicrobial zidovudine concentrations were 185 

also significantly lower in presence of fosfomycin, with reductions ranging from 2- to 128-fold, 186 

and ≥4-fold reduction in 75% (9/12) and 90.9% (10/11) of the strains by FICI and FBCI, 187 

respectively. No antagonisms were observed. (Table 1). 188 

Zidovudine-based combinations are more potent in vitro than current clinically used 189 

combinations against MDR/XDR K. pneumoniae isolates. 190 
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The use of CBA allows screening of a number of antibiotic combinations in search of synergy, 191 

although it is limited to single-time point read-outs. In order to give robustness to the interaction 192 

analysis of zidovudine-based combinations, we performed TKA that provide more detailed 193 

synergistic information, including bactericidal and sterilizing activities of the combinations over 194 

time (Figure 1). At any time point (8, 24 and 48 hours), synergy rates among currently used 195 

combinations for MDR treatment was observed in several isolates: 41.6% for 196 

meropenem/ertapenem (5/12), 33.33% for meropenem/colistin (4/12), 75% for 197 

fosfomycin/colistin (9/12) and 66.6% for fosfomycin/tigecycline (8/12) (Figure S1). Interestingly, 198 

among all isolates, the highest number of synergistic interactions were obtained with 199 

zidovudine-based combinations, at zidovudine concentrations ranging from 0.004x to 2xMIC 200 

(Figure S2). The combination of ceftazidime-avibactam plus zidovudine was the most active, 201 

showing a synergy rate among the isolates of 83.3% (10/12). In 8 out of 12 strains the killing 202 

activity was below the limit of detection after 24 hours of incubation, preventing bacterial 203 

regrowth (a proxy for sterilizing activity) (Figure S2a). The combination of fosfomycin plus 204 

zidovudine was synergistic in 9 out of 12 strains, showing a potent and rapid initial decrease in 205 

bacterial counts after 8 hours in five strains (E-5, A-6, C-7, CSE-9, CE-10) and bactericidal 206 

activity down to the limit of detection in six strains (E-5, A-6, C-7, CSE-9, CEE-11 and CS-8) 207 

(Figure S2b). The combination of zidovudine plus colistin had 75% (9/12) synergy rates and 208 

33.3% (4/12) killing rates down to the limit of detection (Figure S2c). Finally, the combination of 209 

zidovudine plus tigecycline was the less potent one showing late synergy (48 hours) in 66.6% 210 

(8/12) of the strains with bactericidal activity only against C-7 (Figure S2d). 211 

Notably, the synergistic killing effects of zidovudine-based combinations were observed even at 212 

low zidovudine concentrations (≤1 mg/L), which are below pharmacological serum 213 

concentrations at standard zidovudine oral doses. This effect was observed regardless the 214 

zidovudine susceptibility profile of the strains (A-6, CSE-9 and CE-10 are zidovudine-resistant) 215 

(Figure 3).  216 
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Triple zidovudine-based combination offers limited advantages over already synergistic 217 

pairwise combinations.  218 

We identified that while carbapenem-based combinations had little synergistic interaction 219 

profiles, the combination of two last-line antibiotics (fosfomycin/colistin) had an overall synergy 220 

rate of 75%. Interestingly, zidovudine displayed strong synergy with both drugs. We thus aimed 221 

to characterize whether the addition of zidovudine to the fosfomycin/colistin combination could 222 

further potentiate the synergistic interaction, as previously described (24,30,31). The triple 223 

combination was highly active showing bactericidal activity to the limit of detection in 4 out of 8 224 

strains tested. However, compared to the fosfomycin/zidovudine, colistin/zidovudine and 225 

fosfomycin/colistin combinations, fosfomycin/colistin/zidovudine was more effective at bacterial 226 

eradication than colistin/zidovudine, but added little efficacy when compared to 227 

fosfomycin/zidovudine or fosfomycin/colistin (Figures 2 & 4). 228 

 229 
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DISCUSSION 230 

We evaluated the in vitro efficacy of zidovudine in combination with antibiotics currently 231 

used for the treatment of infections caused by MDR/XDR K. pneumoniae with common 232 

resistance patterns, such as ceftazidime-avibactam, colistin, fosfomycin and tigecycline. For this, 233 

we used a panel of 12 MDR/XDR K. pneumoniae isolates and tested zidovudine at clinically 234 

achievable concentrations. Our TKA data showed high rates of synergistic and killing activities 235 

of zidovudine-based combinations even against strains with concurrent resistance mechanisms 236 

to these and other antimicrobials, suggesting a potential role of zidovudine in combinatorial 237 

therapy (Figures 1, S1 & S2). 238 

We performed extensive TKA and obtained readouts after up to 48 hours of incubation. 239 

We first characterized the activity of the compounds alone in a dose-response manner against 240 

all isolates. Then, we selected subinhibitory/static concentrations that were matched for the 241 

combination assays to allow for a wider dynamic range; using higher/effective concentrations of 242 

the compounds alone would mask the effect of any potential interaction. Our efficacy analysis 243 

then takes into consideration, not only the increased bactericidal activity of the combination 244 

compared to the drugs alone, but also the ability of the combination to completely eradicate 245 

bacteria down to the limit of detection of the assay (a proxy for sterilization of the culture). 246 

Based on these criteria, we tested several zidovudine-based combinations and compared them 247 

with current combinations clinically used to treat MDR/XDR K. pneumoniae infections (Figure 1). 248 

(i) Zidovudine plus ceftazidime-avibactam. This combination showed the highest efficacy 249 

with potent killing activity in all except two strains (CSE-9 and CSEE-12) even at low 250 

concentrations of ceftazidime-avibactam (ranging from 0.125x to 1xMIC) (Figures 1 & S2a). 251 

CSE-9 displayed high MIC values to ceftazidime-avibactam (>64 mg/l) and zidovudine (≥64 252 

mg/L), while for CSEE-12 these were low (MICCAZ-AVI= 0.5 mg/L, MICZDV= 1 mg/L); further 253 

studies are needed to elucidate whether acquired resistance mechanisms might explain this 254 

lack of activity.  255 
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Safety and efficacy of ceftazidime-avibactam against MDR enterobacteria facilitated its 256 

inclusion as first-line therapeutic option for infections caused by CPE. It is administered in 257 

monotherapy against OXA-48 (class D) and KPC (class A) producers or associated to 258 

aztreonam against class B enzymes (β-lactamases refractory to inhibition by avibactam) (32). 259 

Although the potential for resistance selection appears to be low (33), the extensive use of 260 

ceftazidime-avibactam as a savage therapy will contribute to the emergence of resistance. In 261 

fact, resistance linked to mutations in plasmid-borne KPC-3 were reported during ceftazidime-262 

avibactam treatment (34,35), and development of resistance to ceftazidime-avibactam is more 263 

likely after previous exposure with meropenem-vaborbactam (36,37).  264 

To the best of our knowledge, this is the first time that the zidovudine/ceftazidime-265 

avibactam combination is evaluated against MDR K. pneumoniae. Our promising results might 266 

lay the foundations of further studies to support a potential clinical implementation. 267 

(ii) Zidovudine plus fosfomycin. We identified zidovudine/fosfomycin synergy in a 268 

previous screening (unpublished). Our data were in agreement with Antonello et al. describing 269 

such synergy by CBA in 69.4% of Enterobacteriaceae strains, including fosfomycin-resistant 270 

strains, and characterized its killing effects by TKA at 24 hours (17). In our work, we further 271 

validate this synergism (Figure 1); fosfomycin alone showed a fast bactericidal activity followed 272 

by a sharp growth rebound and, although strains in our collection displayed high MICFOF values 273 

(from 8 to ≥64 mg/L), the combination with zidovudine was able to restore fosfomycin activity, 274 

preventing this bacterial regrowth (Figure S2b).  275 

 (iii) Zidovudine plus colistin. Our interaction data is also in agreement with previously 276 

reported (16,19), including K. pneumoniae colistin-resistant strains (20). However, TKA against 277 

our colistin-resistant strains revealed both synergy against CS-8 (MICCST= 16 mg/L) (but a lack 278 

of bactericidal activity) and lack of interaction against CSE-9 and CSEE-12 (MICCST= 16 and 4 279 

mg/L, respectively) with concurrent alternative resistance mechanisms (Figure S2c).   280 
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 (iv) Zidovudine plus tigecycline. This was the least effective combination (similar to 281 

fosfomycin/tigecycline) with just late synergy and bacteriostatic profile at 48 hours. The activities 282 

were also tigecycline dose-dependent for most strains (Figures S1d and S2d). Nevertheless, 283 

TKA were able to revealed important interactions confronting data generated by CBA (18). The 284 

fact that zidovudine/tigecycline showed a lower degree of interaction could be explained 285 

because both drugs have to reach their intracellular targets; however, in other combos, when 286 

zidovudine is used along with extracellular targeting compounds such as fosfomycin, 287 

ceftazidime-avibactam and colistin, the action of the latter drugs could result in an increased 288 

permeability of zidovudine, hence resulting in a higher effectivity (16,19,20,38). Adding to this 289 

hypothesis, the use of glucose-6-phosphate (added in in vitro experiments to mimic 290 

physiological conditions and promote intracellular transport of fosfomycin) might also facilitate 291 

zidovudine entrance to the bacterial cell (17).  292 

(v) Zidovudine plus fosfomycin/colistin. The synergism between two last-line antibiotics 293 

fosfomycin/colistin  against MDR K. pneumoniae was previously reported by TKA and hollow-294 

fiber infection model (39,40), and clinical studies (41,42). We also identified such a positive 295 

interaction between fosfomycin/colistin, two drugs that displayed independently potent activities 296 

in combination with zidovudine (Figure 1). Given that our studies demonstrated that zidovudine-297 

based combinations are more potent than currently clinically used for the treatment of infections 298 

caused by MDR/XDR K. pneumoniae strains, we performed TKA to characterize the potential 299 

impact of zidovudine in a triple combination with fosfomycin and colistin. In mycobacteria, triple 300 

combinations perform better than the sum of the pairwise combinations (24,30,31); however, 301 

this was not the case and the triple combination added little value to fosfomycin/colistin (Figure 302 

2).  303 

For HIV treatment, zidovudine is dosed at 500-600 mg daily oral and 1.5 mg/kg/6h 304 

intravenously. After standard dosage regimens, Cmax ranging from 1.1 to 1.8 mg/L are achieved 305 

(28,43). Previous in vitro and in vivo studies suggested that clinically achievable zidovudine 306 
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concentrations could be effective against MDR enterobacteria when in combination therapy 307 

(16,17,20). Zidovudine toxicity is associated to the dose, disease stage and prolonged HIV-308 

therapy. Safety profiles observed in HIV-patients together with a short plasma half-life (1.1–2.3 309 

hours) (28,43,44) suggest that appearance of zidovudine toxicities are unlikely. Most reported 310 

side effects include headaches, myalgia, nausea and vomiting. Major toxicities (anemia and 311 

neutropenia) are more frequently described at high doses (1.200-1.500 mg/day) after more than 312 

4 weeks of treatment (45,46). A few case reports described oral zidovudine overdoses up to 36 313 

g/daily without abnormalities or with slight and transient side-effects such as lethargy (47).  314 

In our study, MICs of zidovudine ranged from 0.25 to ≥64 mg/L, which are in accordance 315 

with similar studies (16,17,19,20). We observed potent bactericidal activities of the combinations 316 

against most strains at zidovudine concentrations below 1 mg/L with the exception of A-6 strain 317 

for which the effective zidovudine concentration in combinations was 4 mg/ml (Figure S2), 318 

which still would be below Cmax expected at daily doses of 600 mg (17). Pharmacokinetics and 319 

safety of zidovudine plus colistin combination antimicrobial therapy was evaluated in a clinical 320 

trial (48,49). It was found that doses of both synergistic partners, zidovudine and colistin (which 321 

has toxicity issues), could be reduced while retaining their therapeutic efficacy (16). Our data 322 

thus suggests that current zidovudine dosing strategies might suffice to treat bacterial infections 323 

in humans and that zidovudine associated side effects are unlikely to occur during short-term 324 

regimens, as in the context of acute bacterial infections. In addition, zidovudine reduces 325 

transmission of ESBL and carbapenemase containing plasmids, hence supporting zidovudine 326 

use in the prevention of the spread of resistant enterobacteria (50). 327 

 Future directions will include: (i) expanding such studies to a larger panel of clinical 328 

isolates from several locations; (ii) identifying additional resistance mechanisms (i.e. porin loss 329 

or efflux pumps) besides the genotypic characterization of our strain panel that included 330 

standard β-lactam enzymatic resistance; and (iii) investigating for deficiency in thymidine kinase 331 
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genes (which normally phosphorylate inactive zidovudine into the active form (51,52)) in those 332 

strains exhibiting high MICZDV values, since it remains unknown whether the selection of 333 

resistant mutants is responsible for the bacterial rebound observed by TKA in some 334 

combinations (Figure S2).  335 

In conclusion, zidovudine in combination with other antimicrobial drugs is a repurposing option 336 

for MDR/XDR K. pneumoniae; similar repurposing approaches that employ other nucleoside 337 

analogues in combination with antifungals are already in clinical use (53). Based on our studies, 338 

we propose the following priority list of pairwise combinations: zidovudine/ceftazidime-339 

avibactam > zidovudine/fosfomycin > fosfomycin/colistin > zidovudine/colistin > 340 

fosfomycin/tigecycline = zidovudine/tigecycline > meropenem/colistin > meropenem/ertapenem. 341 

Finally, further dynamic PKPD studies would be needed to fully discern the potential of 342 

zidovudine-based combinations in the clinical practice, and future clinical trials would clarify the 343 

impact of zidovudine combination therapy on clinical outcomes. If these studies result in clinical 344 

improvement, future expectations could include individualised therapy in those patients with 345 

severe infections. As part of routine laboratory workflow, synergy testing with zidovudine in 346 

clinical isolates would allow to infer the success of combination therapy. 347 
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FIGURES & TABLES 520 

Table 1. Pairwise interactions of fosfomycin plus zidovudine against K. 521 

pneumoniae isolates. The CBA was used to evaluate the degree of interaction. FICI, 522 

Fractional Inhibitory Concentration Index; FBCI, Fractional Bactericidal Concentration 523 

Index. Values in bold indicate synergy (FICI, FBCI ≤0.5), while values >0.5 indicate no 524 

interaction. FOF, fosfomycin; ZDV, zidovudine. 525 

 
MIC (mg/L) 

alone 
MIC (mg/L) in 
combination  

MBC (mg/L) 
alone 

MBC (mg/L) in 
combination   

Isolate FOF ZDV FOF ZDV  FOF ZDV FOF ZDV FICI  FBCI  
E-1 >64 0.5 16 0.0625  >64 2 32 0.5 0.38 0.75 
E-2 >64 >4 8 1  >64 >4 8 1 0.19 0.19 
E-3 >64 2 32 1  >64 2 32 1 0.75 0.75 
E-4 64 1 16 0.25  64 >2 16 0.5 0.50 0.38 
E-5 >16 2 4 0.25  >16 >2 4 0.25 0.25 0.19 
A-6 >64 16 8 0.5  >64 16 8 1 0.09 0.13 
C-7 >64 1 16 0.125  >64 2 16 0.125 0.25 0.19 

CS-8 64 4 16 1  64 4 32 2 0.5 0.75 
CSE-9 >64 ≥64 16 1  >64 ≥64 16 1 0.13 0.13 
CE-10 >64 64 8 0.5  >64 >64 8 2 0.07 0.08 

CEE-11 >64 1 16 0.5  >64 >4 16 2 0.63 0.38 
CSEE-12 64 8 16 4  128 8 64 0.25 1 0.53 
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Figure 1. Heat map representation of synergy and bactericidal activities in pairwise combinations at different time points ob527 

time-kill assays against K. pneumoniae isolates. When several concentrations were tested for the same drug, the most favourab528 

is displayed. ZDV-based combinations were tested at concentrations ≤1 mg/L, reflecting physiologically achieved concentrat529 

supporting this summary figure is displayed in Figure S1 and Figure S2. CAZ-AVI; ceftazidime-avibactam; CST, colistin; ETP, ertape530 

fosfomycin; MEM, meropenem; TGC, tigecycline; ZDV, zidovudine.  531 

532 
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Figure 2. Heat map representation of synergy and bactericidal activities in triple combination (fosfomycin/colistin/zi535 

compared to those in pairwise combinations at different time points obtained by time-kill assays against eight K. pn536 

isolates. Combo tested concentrations at 0.25-1x MIC. Data supporting this summary figure is displayed in Figure 4. CST, col537 

fosfomycin; ZDV, zidovudine.  538 

 539 

 540 
 541 
 542 

26 

/zidovudine) 

pneumoniae 

colistin; FOF, 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
w

as not certified by peer review
) is the author/funder, w

ho has granted bioR
xiv a license to display the preprint in perpetuity. It is m

ade 
T

he copyright holder for this preprint (w
hich

this version posted M
ay 17, 2022. 

; 
https://doi.org/10.1101/2022.05.17.492182

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2022.05.17.492182
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

Figure 3. Time–kill assays characterization of zidovudine combinations with last-543 

line antibiotics in the treatment of MDR-K. pneumoniae infections. The zidovudine 544 

resistant clinical strain CE-10 (blaOXA-48 + blaCTX-M15) was used for these studies. 545 

Zidovudine enhanced the activities of ceftazidime-avibactam, fosfomycin and colistin 546 

even at low sub-inhibitory concentrations (0.004-0.015x MIC), showing potent 547 

synergistic and bactericidal effects with last-line antibiotics. ZDV concentrations were 1 548 

mg/L, which is below Cmax values (1.1 to 1.8 mg/L) achieve in human plasma after a 549 

recommended ZDV oral dose. MICCAZ-AVI= 0,25 mg/L, MICCST= 1 mg/L, MICFOF= 64 550 

mg/L, MICTGC= 1 mg/L, MICZDV= 64 mg/L. 551 

 552 
 553 
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Figure 4. Time-kill curves of zidovudine, colistin and fosfomycin alone, pairwise 554 

and triple combination against eight K. pneumoniae isolates. 555 
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