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Abstract 39 

Background: novel approaches to treat Klebsiella pneumoniae infections are desperately 40 

needed, such as the use of rationally designed combination therapies. 41 

Objectives: to evaluate the in vitro and in vivo therapeutic potential of lytic phages against K. 42 

pneumoniae in combination with octapeptin, a promising class of lipopeptides with broad 43 

spectrum Gram-negative activity.  44 

Methods: we determined the MICs to twenty-two lipopeptide compounds and chose one 45 

octapeptin (OPX10053) for evaluation of potential synergism in combination with lytic phages 46 

using checkerboard assays, optical density growth curves and time-kill (CFU enumeration). 47 

Toxicity and efficacy in vivo assays were conducted on Galleria mellonella larvae. 48 

Results: this study reports the synergy found in vitro between the octapeptin OPX10053 and 49 

two lytic phages previously characterized by our research group (vB_KpnM-VAC13 and 50 

vB_KpnM-VAC66) against clinical isolates of K. pneumoniae. This synergy was validated by the 51 

FIC index, OD growth curves and time-kill assay when OPX10053 was added following 4 hours 52 

of phage exposure. Preliminary evaluation of toxicity revealed that OPX10053, even at 53 

subinhibitory concentrations and in phage combinations, exerts a toxic effect on larvae, which 54 

requires further investigation.  55 

Conclusions: The in vitro application of lytic phages in combination with octapeptin OPX10053 56 

showed synergistic activity. Exposure of G. mellonella to the lytic phages was well tolerated, 57 

whereas combination treatment with subinhibitory concentrations of OPX10053 did not 58 

attenuate toxicity. Even so, this innovative approach of combining lytic phages could open the 59 

door to some interesting associations between chemically synthesized drugs and biological 60 

entities. Sequential or simultaneous application alongside time, dosing and stewardship 61 

warrants further research. 62 

  63 
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Introduction 64 

Klebsiella pneumoniae is an increasingly worrisome opportunistic pathogen that causes 65 

severe to life-threatening infections in the urinary tract, lungs, blood and soft tissues of 66 

immunocompromised patients 
1, 2

. K. pneumoniae infections are alarming because numerous 67 

strains are resistant to many contemporary antibiotics, creating a scenario reminiscent of the 68 

pre-antibiotic era 
3
. In particular, carbapenem-resistant K. pneumoniae represents a serious 69 

concern and is responsible for 600 deaths and 9000 infections in the United States annually 
4
. 70 

Persistent strains of this species display a plethora of altered mechanisms to overcome 71 

antibiotic treatment by entering a dormant state, leading to chronic and recurrent infections 72 

that are extremely difficult to eradicate 
5
. Furthermore, clinical K. pneumoniae strains easily 73 

acquire antibiotic resistance plasmids, form biofilms and overexpress efflux pumps 
6, 7

. 74 

To combat this looming health threat, novel approaches to antimicrobial treatment are 75 

desperately needed. Antimicrobial peptides (AMPs) are noteworthy as they have shown low 76 

rates of resistance and display activity against many multidrug-resistant (MDR) isolates. One 77 

of the best-studied peptide antibiotics are polymyxins, which have been reserved as a last-78 

resort treatment, albeit suffering from nephrotoxicity and neurotoxicity 
8-10

. Efforts have been 79 

made to generate lipopeptide analogues with improved toxicity profiles 
11, 12

.  80 

One attractive type of lipopeptide class are the octapeptins, which differ from polymyxins by 81 

possessing two fewer amino acids in the exocyclic tail with inverted stereochemistry in the 82 

exocyclic diaminobutyric acid (Dab) residue 
13

. Both classes retain a heptapeptide core, but in 83 

the case of octapeptins this is bound to a lipophilic acyl monopeptide tail (β-hydroxy fatty 84 

acid), exemplified by octapeptin C4, one of 18 congeners within this natural product class 85 

(Figure 1) 
14

. Despite the structural similarities of both classes, octapeptins are of considerable 86 

interest due to their intrinsic in vitro activity against polymyxin-resistant Gram-negative 87 

bacteria 
15, 16

. Moreover, the recent demonstration that repeated exposure of a clinical isolate 88 

of K. pneumoniae to sub-lethal doses of polymyxin or octapeptin C4 over 20 days of daily 89 

passage leads to divergent levels of resistance development (1000-fold increase in MIC for 90 

polymyxin vs 5-fold increase for octapeptin) with no cross-resistance supports the further 91 

development of the octapeptins as a unique class of antibiotics 
17

.  92 

Lipopeptide antibiotics such as polymyxin possess complex structure-activity and structure-93 

toxicity interrelationships, with nephrotoxicity and acute toxicity major contributors to 94 

pipeline attrition. Strategies to ameliorate the toxic liabilities of polymyxin, including 95 
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medicinal chemistry optimisation and the application of truncated versions of polymyxins that 96 

lack intrinsic antibacterial activity but facilitate entry of co-dosed partner antibiotics by 97 

permeabilising the outer bacterial membrane, have identified promising pre-clinical 98 

candidates 
11, 12, 18

. Currently, little is known about the toxicity of octapeptins, although 99 

preliminary reports suggest that, in mice, octapeptin C4 and octapeptin B5 exhibit reduced 100 

nephrotoxicity and/or acute toxicity compared to polymyxin 
16, 19

. In this context, we 101 

considered a strategy in which the co-dosing of octapeptin in combination with lytic phages 102 

might provide a cooperative killing effect against hard-to-treat K. pneumoniae isolates, 103 

characterised by the use of sub-inhibitory concentrations of octapepin as a means to 104 

attenuate potential toxicity 
20-23

 (Figure 1). 105 

Phages (bacteriophages) are self-replicating, biological entities that specifically infect their 106 

bacterial hosts, minimising the dysbiosis of the normal microbiota 
24

. Phages displaying a lytic 107 

cycle are the ones prioritised for therapy, though interesting studies have shown the potential 108 

of re-engineering lysogenic phages to produce novel lytic phages 
25

.  109 

Our group recently characterized and compared two lytic phages (vB_KpnM-VAC13 and 110 

vB_KpnM-VAC66) with a broad lytic spectrum against K. pneumoniae clinical isolates 
26

. These 111 

phages belong to the “old” Tevenvirinae subfamily, proposed to target the deep sugar motifs 112 

in the LPS core as secondary receptors 
27

. With this in mind, we aimed to search for 113 

synergistic interactions between chemically synthesized octapeptins and the lytic phages 114 

vB_KpnM-VAC13 and vB_KpnM-VAC66 in four heterogeneous clinical isolates of K. 115 

pneumoniae and one reference strain (Table 1). Herein, we report the minimal inhibitory 116 

concentrations (MIC) of 21 octapeptin analogues against five strains of K. pneumoniae 117 

(K3320, K3324, K3325, K2534 and ATCC10031). From this pool, we identified the octapeptin 118 

analogue OPX10053, which was further characterised in vitro and in vivo. Reduction in 119 

viability was determined and compared to the monotherapies and the non-treated control, 120 

and efficacy was assessed in Galleria mellonella larvae infection model.  121 

Material and methods 122 

Bacterial strains, lytic phages and growth conditions  123 

Clinical strains of K. pneumoniae K3320, K3324 and K3325 were isolated in the University 124 

Hospital Virgen Macarena (Sevilla, Spain), whereas K2534 was isolated in the National Centre 125 

of Microbiology (Madrid, Spain). The lytic phages vB_KpnM-VAC13 and vB_KpnM-VAC66 were 126 
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isolated from sewage water in Valencia (Spain) and were further characterized and studied in 127 

previous works by our group 
26

. Luria-Bertani (LB) broth was used to grow the overnight 128 

cultures and LB supplemented with 1mM of CaCl2 was used when cultures were infected with 129 

phages, to enhance adsorption 
28

. For visualization of lysis plaques, TA (1% tryptone, 0.5% 130 

NaCl, 1.5% agar) and semi-solid Soft (1% tryptone, 0.5% NaCl, 0.4% agar) media 131 

supplemented with 1mM CaCl2 were used. 132 

Chemically synthesized octapeptins used in this study 133 

A series of 21 lipopeptides, comprising 4 polymyxin and 17 octapeptin analogues, were 134 

obtained from the University of Queensland. The polymyxin compounds included polymyxin 135 

B, SPR-206 
12

, FADDI-287 
29

, and QPX-9003 
11

. Within the octapeptin series, 7 possessed a 3-136 

hydroxydecanoic acid tail, (designated “octapeptins”), 6 possessed different fatty acyl tail 137 

substituents, (designated “tail modified”), and the remaining 4 were capped at the N-138 

terminus with an acyl group (designated “tailless”), combined with various ring modifications 139 

at ring positions P8, P5, P4 and P1 (Figure 1b).  140 

MIC determinations to peptide compounds and lytic phages 141 

The MIC of every peptide compound used in this study was assessed by the broth 142 

microdilution method following the EUCAST guidelines 
30

. Briefly, 2-fold serial dilutions of the 143 

peptides were tested in concentrations ranging from 32 to 0.125µg/mL, and with a starting 144 

inoculum of 5·10
5
CFU/mL. 384-well flat-bottom plates and sterile Cation-Adjusted Muller 145 

Hinton Broth were used, with a final volume of 50µL. 146 

To assess the inundation threshold of the lytic phages (the phage titre required to cause a 147 

decrease in the bacterial population), 10-fold dilutions were performed in SM buffer (20mM 148 

Tris-HCl pH=7.5, 1mM MgSO4 and 10mM NaCl) in 96-well polystyrene plates, based on other 149 

works 
31, 32

. As previously mentioned, we used LB+1mM CaCl2. Every bacterial strain was 150 

inoculated at a final concentration of 5·10
5
 CFU/mL per well. The OD600 nm was measured 151 

every hour to assess at which time-point phage resistance would arise.   152 

In both cases, plates were statically incubated at 37
o
C in the plate reader instrument Infinite® 153 

M1000 i-Tecan
TM

 and the MIC was defined as the minimal concentration of each compound 154 

or lytic bacteriophage in which no growth was visible after 18h of incubation. Every MIC 155 

determination was performed in technical duplicates and repeated in three independent 156 

experiments.  157 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted March 15, 2023. ; https://doi.org/10.1101/2023.03.15.532768doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.15.532768
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

 

 158 

Checkerboard assay 159 

Among all the peptide compounds, OPX10053 was chosen for further experiments. This 160 

peptide was 2-fold serially diluted in 50µL of LB+1mM CaCl2, ranging from 32 to 0.03 µg/mL 161 

along the X-axis of 96-well microtiter plates. 25µL of either vB_KpnM-VAC13 or 162 

vB_KpnM_VAC66 were added to the columns at concentrations ranging from 10
9
 to 10

5
 163 

plaque-forming units (PFU)/mL, 10-fold diluted in SM buffer. Overnight cultures of K. 164 

pneumoniae were diluted 1:100 in LB broth and incubated until OD600 nm =0.5-0.8, then 25µL 165 

were added to the wells at a starting inoculum of 5x10
5
CFU/mL. The fractional inhibitory 166 

concentration (FIC) for octapeptin OPX10053 was calculated using the following formula: 167 

FICOPX10053-Phage = MICOPX10053 in presence of phage / MICOPX10053 alone, as described in other 168 

works 
31

. The plates were statically incubated at 37
o
C then the OD600 nm was checked at 18h 169 

using the Infinite® M1000 i-Tecan
TM

 plate reader. 170 

Resazurin viability assay 171 

Checkerboard plates were incubated with 0.002% of resazurin, a cell-permeable redox 172 

indicator that is reduced to a pink resorufin product within viable, actively metabolic cells. 173 

10µL of water-diluted resazurin were added to each well. Plates were incubated for 2h at 174 

37
o
C until colouration was visible. Blue-coloured wells indicate an absence of metabolically 175 

active cells, whereas pink wells were indicators of bacterial metabolism. 176 

Optical density growth curves in presence of lytic phages and the peptide compound 177 

sequentially applied 178 

Overnight cultures of K. pneumoniae K3324, K2534 and ATCC 10031
TM 

were 1:100 diluted in 179 

LB broth and incubated at 37
o
C for 2h until the culture reached an early exponential phase. 180 

This assay was performed in 96-well microtiter plates, using LB+1mM CaCl2. Phages were 181 

inoculated at 10
9
PFU/mL and, for the first 4h of incubation, cells were exclusively exposed to 182 

them. After that, the octapeptin OPX10053 was added at 2µg/mL final concentration for the 183 

clinical strains K2534 and K3324 and at 1µg/mL for the reference strain ATCC 10031 (1/2 MIC, 184 

respectively), to every well except to the growth controls and the only-bacteriophage control 185 

group. The bacterial inoculum was 5·10
5
CFU/mL per well.  186 

Time-kill assay in presence of lytic phages and the peptide compound sequentially applied 187 
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A spotting assay was performed to elucidate the dilutions in which individual colonies were 188 

accountable. At the desired time-points (0, 4, 6 and 24 hours post-infection -hpi-), 50µL of 189 

each well were transferred from the time-kill plate to the first row of the dilution plate, 190 

containing 50µL of charcoal suspension to inactivate the compound (25mg/mL) in row A, and 191 

90µL of 0.9% sterile saline in rows B-H. After the initial 1:2 dilution, 10µL were serially 192 

transferred with a multichannel pipette, then 10µL of every dilution and condition was 193 

spotted onto large Petri dishes containing LB-agar. The following day, we homogeneously 194 

streaked 10µL in conventional-size LB-agar plates and calculated the CFU/mL considering 195 

dilution factors relating to the charcoal inactivation, the plated dilution and the 10µL volume 196 

streaked onto each plate. 197 

Toxicity and efficacy of combinations between lytic phages and the octapeptin OPX10053 in 198 

the G. mellonella in vivo model 199 

G. mellonella larvae were acquired from DnatEcosistemas®, Spain. Only healthy larvae lacking 200 

dark spots were chosen, randomly allocated into groups (n=15) and kept in dark and 201 

starvation conditions in Petri dishes at 15
o
C for at least 24h prior to use. 10μL of the 202 

inoculum, phage and/or peptide solutions were injected in the last left proleg using a 203 

Hamilton micro-syringe. The inoculum was incubated overnight at 37
o
C at 180rpm, 204 

centrifuged (4000g, 15min) and washed 3 times with saline. Suspensions containing 205 

10
8
CFU/mL (K3324), 10

9
CFU/mL (K2534), the phages or the OPX10053 for the toxicity assay 206 

were inoculated and, 90min after infection, the treatment groups were injected via the last 207 

right proleg with either 10μL of the lytic phages and/or the OPX10053 at ½ MIC (2μg/mL). The 208 

phages were previously purified using an Amicon® Centrifugal Filter Unit, following the 209 

protocol described in 
33

, and inoculated at MOI=1. We were unable to maintain the sequential 210 

approach performed in vitro (in which bacteria were exposed only to phage for 4h and the 211 

peptide was added later), since the larvae injected with sterile saline buffer 3 times showed 212 

high mortality (data not shown). 213 

Results 214 

MIC determination to peptide compounds  215 

The MIC of twenty-two peptide compounds was assessed by the broth microdilution method 216 

and reported in Table 2. Meropenem and polymyxins (Pmx) were included as controls, and 217 

the peptide compounds were categorized into classes according to their chemical structure: 218 
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the tailless compounds are devoid of the fatty acid tail, the octapeptins maintain a highly 219 

similar structure to the natural products, and the tail-modified compounds contain additional 220 

diversity within the fatty acyl tail (Figure 1b). All the strains were susceptible to the 221 

polymyxins (MIC=0.25µg/mL) and to meropenem, except for the clinical isolate K2534, which 222 

harbours a carbapenemase OXA-245 that confers resistance to carbapenems (MIC>2µg/mL). 223 

K3325 is an imipenem-persister strain, which leads to the assumption that other 224 

carbapenems such as meropenem would not be suitable for its treatment 
34

. Among all the 225 

peptide compounds, the tailless were inactive at the highest concentration tested (MIC 226 

values≥16 µg/mL), whereas the remainder of the lipopeptides exhibited variable MIC values 227 

ranging from 1 to 32µg/mL. Of note, octapeptin OPX10053 consistently showed relatively low 228 

MIC values for all the isolates (2-4 µg/mL), warranting further investigation. 229 

Inundation threshold: “MIC” determination to lytic phages 230 

To comprehensively assess the infection kinetics for each K. pneumoniae isolate by both 231 

phages, the OD600 nm was measured every hour to have a better understanding of the precise 232 

time-point at which the bacterial resistance starts. We observed that phages were effective at 233 

cell lysis at the highest titre with no development of resistance until the titre was reduced 234 

from 4 hpi onwards, after which the OD600 increased dramatically (Figure 2).  235 

Checkerboard assays: FIC calculation 236 

Following the standardized guidelines 
35

, a ≥2-fold reduction in the MIC to the combination 237 

compared to the MICOPX10053 alone was considered a significant change in the bacterial strain 238 

susceptibility to the compound (FIC≤0.5). K3324, K2534 and ATCC 10031 exhibited an increase 239 

in susceptibility to the peptide OPX10053 in presence of phages, so they were selected for 240 

further assays. Resazurin staining of a representative checkerboard microtiter plate, and the 241 

plate layout together with the values obtained for each strain are reported in Figure 3. 242 

Optical density growth curves  243 

Considering the checkerboard assays and the FIC calculations, we used clinical isolates K3324 244 

and K2534 together with the reference strain ATCC 10031 to confirm the synergistic effect 245 

between the lytic phages and the peptide OPX10053. According to the infection kinetics 246 

(Figure 2) and the previous determination of a considerably high frequency of resistance 247 

mutants for both phages 
26, 34

, we decided to sequentially apply the phage and lipopeptide 248 
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agents. We first exposed the bacterial cells to each bacteriophage for 4h, as we determined 249 

this time-point to be the earliest in the appearance of resistance, followed by the addition of 250 

OPX10053 at a ½ MIC, providing a final concentration of 2 µg/mL (for K3324 and K2534) or 1 251 

µg/mL (ATCC 10031), with the OD600 nm being measured hourly. The growth of K3324 was 252 

similarly inhibited by the phage vB_KpnM-VAC13 alone compared to the combination of this 253 

phage with OPX10053; the same phenomenon was not true for the phage vB_KpnM-VAC66, 254 

for which a regrowth started from 11 hpi onwards; this was inhibited with the combined 255 

effect of vB_KpnM-VAC66 and OPX10053 (Figure 4a). Similarly, the combination of vB_KpnM-256 

VAC13+OPX10053 inhibited K2534 growth compared to the respective monotherapies (Figure 257 

4a). The combination of vB_KpnM-VAC66+OPX10053 was not effective against K2534 in vitro. 258 

Finally, testing against reference strain ATCC 10031 revealed that both the phages alone and 259 

combined with OPX10053 produced a drastic reduction in the OD600 nm of the population, 260 

suggesting a high susceptibility of this strain towards the lytic activity of vB_KpnM-VAC13 and 261 

vB_KpnM-VAC66 with no generation of resistance (Figure 4a). 262 

Time kill assay 263 

A time-kill assay was performed in order to assess the reduction in the viability of bacterial 264 

cultures in vitro. The bacterial counts (colony forming units per mL, or CFU/mL) were 265 

enumerated at 0, 4, 6 and 24 hpi, and the octapeptin OPX10053 was added after the 4h-266 

enumeration. Regarding the effect of vB_KpnM-VAC13, we observed a 5-log/4-log reduction 267 

in the viability of K3324 and K2534 strains, respectively, after 4 hpi when compared to the 268 

control or the OPX10053 alone (Figure 4b, blue bars); focusing on vB_KpnM-VAC66, a 6-log 269 

reduction in the K3324 CFUs was assessed, in contrast to the absence of a statistically 270 

significant decrease in the case of K2534 (Figure 4, light red bars). Most importantly, 271 

combinations of both phages with OPX10053 reduced the CFU counts of both isolates to as 272 

low as nearly 0 for K3324 (represented by orange and purple arrows in Figure 4b). Moreover, 273 

vB_KpnM-VAC13+OPX10053 produced this same effect on K2534 strain (purple arrow in 274 

Figure 4b), and this synergy was maintained until 24 hpi, as depicted in Figure 4b. The fact 275 

that this decrease lasted until 24 hpi suggests that no resistant mutants could regrow. No 276 

synergistic activity for any bacteriophage in combination with the compound OPX10053 was 277 

observed for the reference isolate ATCC 10031, highlighting the dominant effect of the 278 

phages alone. 279 
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Toxicity and efficacy assay: G. mellonella infection model  280 

To determine if the octapeptin OPX10053 alone and combined with lytic phages at 281 

subinhibitory concentrations was toxic and effective in vivo, G. mellonella larvae were 282 

injected via their last left proleg with this compound and their survival was monitored for 48h 283 

(Figure 5). Interestingly, when injected alone or combined with phages, OPX10053 was found 284 

to be toxic, exhibiting high rates of mortality (Figure 5). In contrast, non-infected larvae 285 

injected with a solution containing exclusively phages exhibited the same mortality rates as 286 

the ones injected with saline, proving absence of toxicity. As shown in Figure 5 b, c, d and e, 287 

the phages alone protected the larvae infected with either K3324 or K2534 in a statistically 288 

significant way compared to the infection control group (p-values 0.019 and 0.0001 with 289 

vB_KpnM-VAC13 and vB_KpnM-VAC66 for K3324, and p-values 0.005 and 0.008 for K2534). 290 

For K3324 isolate, vB_KpnM-VAC13 alone protected against the combined treatment (p-value 291 

0.027), just as vB_KpnM-VAC66 did (p-value 0.0006). This latter also conferred protection 292 

compared to the OPX10053 alone (p-value 0.0006). 293 

Discussion  294 

In the actual crisis of increasing antimicrobial resistance, combinations of two or more 295 

antimicrobial agents could become a good strategy to counteract infections 
23

. The renewed 296 

interest in lytic phages as a possible therapeutic solution has one major drawback, which is 297 

the highly resistant profiles that bacteria display to them.  298 

By combining lytic phages with the octapeptin OPX10053, we observed a synergistic effect 299 

assessed by MIC and FIC calculations, growth curves and time-kill assay. For K3324, both 300 

vB_KpnM-VAC13 and vB_KpnM-VAC66 synergized with the octapeptin OPX10053 in vitro, 301 

whereas for K2534 this synergy was only found for the former bacteriophage, probably due to 302 

its ability to establish a very fast infection of this strain, as previously characterized 
34

. We 303 

hypothesized that the reason for this synergy is that preliminary exposure to phages 304 

drastically reduces bacterial density, with the sequential addition of octapeptin preventing 305 

the rise of resistant mutants. Similar works combining lytic phages (PEV20, an anti-P. 306 

aeruginosa phage) with amikacin, colistin and ciprofloxacin also showed synergism against 307 

highly phage-susceptible isolates whereas no synergistic effect was achieved in the lowest 308 

phage-susceptible strain. Akturk et al. found that the simultaneous addition of gentamicin 309 

and ciprofloxacin with phages resulted in no synergistic effect against a dual biofilm of P. 310 
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aeruginosa and S. aureus, whereas sequential addition led to significant reduction of the 311 

biofilm biomass when the antibiotics were added after 6h of phage exposure 
36

. Other works 312 

have combined a phage-derived product, an endolysin from an Acinetobacter baumannii 313 

phage, with colistin (structurally and mechanistically similar to the OPX10053 reported here), 314 

with a good therapeutic potential both in vitro and in vivo 
37

. In a different study, Han et al. 315 

combined a lytic phage with polymyxin B against K. pneumoniae and found a synergistic killing 316 

in vitro with no cross-resistance events 
28

. 317 

We wanted to assess the efficacy of OPX10053 combined with lytic phages in vivo, so we 318 

inoculated both agents into G. mellonella larvae and monitored their survival. Many articles 319 

report the use of this model to validate the efficacy of phages and peptides in the in vivo 320 

system, as it allows flexibility to test different strains and therapeutic combinations more 321 

easily and cheaply than the murine model 
38-42

. Furthermore, the immune systems of 322 

invertebrates and humans share some elements concerning the primary innate immune 323 

response. In our experiments, the octapeptin OPX10053 did not protect larvae against the 324 

two K. pneumoniae strains tested. We hypothesized that the peptide was exerting a toxic 325 

effect on the larval hemocytes, which could explain the high rates of mortality observed in the 326 

groups treated either with OPX10053 alone or in combination with the phages, comparable to 327 

the infection control group (Figure 5). Nonetheless, when the larvae were treated with 328 

vB_KpnM-VAC13 or vB_KpnM-VAC66 alone, a slight but statistically significant protection was 329 

conferred compared to the infection control group and the groups treated with OPX10053 330 

alone and combined with phages (Figure 5). 331 

The most striking protection was conferred by vB_KpnM-VAC66 in the K3324-infected larvae, 332 

consistent with the 6-log reduction in the CFU enumerated at 4 hpi with vB_KpnM-VAC66, 333 

assessed by the time-kill assay (Figure 4b, light red bars). In contrast, the combination of 334 

vB_KpnM-VAC66 and OPX10053 was ineffective in reducing the viability of K2534 in vivo, 335 

contrary to the drastic synergistic effect between vB_KpnM-VAC13 and OPX10053 in this 336 

isolate (Figure 4b). However, a major limitation in the comparison of these two assays is the 337 

fact that in the in vivo experiment, phages and OPX10053 had to be simultaneously applied, 338 

as three injections were not feasible.  339 

To our knowledge, this is the first time that synergism between lytic phages and chemically 340 

synthesized octapeptins has been demonstrated in vitro and in vivo. This suggests that phages 341 

might increase the susceptibility to octapeptins, which could be used in sub-inhibitory 342 
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concentrations to promote safer dosing. However, our studies did not show a decrease of the 343 

toxicity of octapeptin in combination with phages in G. mellonella model. Even so, this 344 

innovative combination approach could open the door to some effective drug-biological 345 

entity associations.   346 
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Legends of tables and figures: 474 

Table 1: Genomic and epidemiologic characteristics of K. pneumoniae isolates used in this study. 475 

Table 2: MIC values of the peptide compounds tested over the five K. pneumoniae strains, grouped 476 

according to their chemical properties. 477 

 478 

Figure 1: a) Proposed mechanism of action for synergy between this drug-biologic combination. b) 479 

Chemical structures of polymyxins and octapeptins.  480 

Figure 2: Kinetics of infection of K. pneumoniae isolates by the lytic phage vB_KpnM-VAC13 (a) and 481 

vB_KpnM-VAC66 (b) during time. Numbers represent the concentration of each phage in PFU/mL, and 482 

control means absence of phage.  483 

Figure 3: Checkerboard assay in the isolate K2534 (a) and resazurin staining (b) for assessment of 484 

metabolically active cells in presence of phages and the octapeptin OPX10053. A representative plate 485 

is shown. c) Fractional inhibitory concentration (FIC) of OPX10053 in presence of lytic phages 486 

vB_KpnM-VAC13 and vB_KpnM-VAC66. All MIC values are expressed in μg/mL 487 

Figure 4: a) Optical density growth curves after combination with both vB_KpnM-VAC13 and 488 

vB_KpnM-VAC66 phages and the octapeptin OPX10053. B) Time kill assay after combination with both 489 

vB_KpnM-VAC13 and vB_KpnM-VAC66 phages and the octapeptin OPX10053 on K3324, K2534 and 490 

ATCC 10031. The dark red arrow indicates the addition of the compound OPX10053 to the medium. 491 

***: p-value <0.001. All the assays were performed in triplicate and statistically analysed with 492 

GraphPrism 9.0. 493 

Figure 5: Galleria mellonella toxicity and efficacy assays. Kaplan-Meier curves indicate the percentage 494 

of survival; the statistical significance was assessed using the Mantel-Cox test (GraphPrism 9.0), where 495 

* indicates p-value <0.05, ** corresponds to p-value <0.01 and *** p-value <0.001. 496 

 497 

 498 

 499 

 500 

 501 

 502 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted March 15, 2023. ; https://doi.org/10.1101/2023.03.15.532768doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.15.532768
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

 503 

 Table 1. 504 

ST: sequence type; OXA-245: oxacillinase carbapenemase; KL: K-locus505 

K. pneumoniae 

strain 

ST β-lactamase genes 

(bla) 

Hospital Biological 

origin 

Capsular type 

ATCC 10031  - Commercial Commercial No genome publicly available 

K3320 163 SHV-36 Virgen Macarena 

(Spain) 

Blood KL139 

K3324 542 SHV-1 Virgen Macarena 

(Spain) 

Blood KL8 

K3325 42 SHV-1 Virgen Macarena 

(Spain) 

Blood KL64 

K2534 437 OXA-245, CMY2, SHV-

182 

National Centre of 

Microbiology (Spain) 

Rectal KL36 
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Table 2. 506 

Carbapenem

Meropenem 636 9490 10041 9476 8980 9833 10030 9222 6442 631 5561 9295 9292 9628 9630 10050 10049 10057 9872 10053 9908

ATCC 0.23 0.25 0.25 0.25 0.25 16 >32 >32 16 2 4 2 1 1 1 1 1 4 2 1 2 2

K3320 0.23 0.25 0.25 0.25 0.25 >32 >32 >32 32 8 8 8 8 8 8 8 8 16 8 8 4 8

K3324 0.23 0.25 0.25 0.25 0.25 >32 >32 >32 >32 16 16 16 16 16 8 8 32 32 32 16 4 32

K3325 0.23 0.25 0.25 0.25 0.25 32 >32 >32 >32 8 8 8 8 8 8 8 16 16 16 16 4 16

K2534 7.25 0.25 0.25 0.25 0.25 >32 >32 >32 >32 16 16 16 16 8 16 8 8 32 32 8 4 16

Tailless Octapeptins ExoticPmx

507 
 508 

MIC values (μg/mL) of the peptide compounds tested on K. pneumoniae strains. Pmx: polymyxins; tailless compounds: polymyxins derivatives without fatty acid 509 

tail; octapeptins: polymyxins derivatives showing slight amino acid changes; exotic compounds: polymyxins derivatives with other substitutions. 510 
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Figure 1. 512 

513 
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Figure 2. 515 

516 
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Figure 3.  517 
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Figure 4. 518 
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Figure 520 5. 
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