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ABSTRACT Klebsiella pneumoniae is an opportunistic Gram-negative pathogen that
employs different strategies (resistance and persistence) to counteract antibiotic treat-
ments. This study aimed to search for new means of combatting imipenem-resistant and
persister strains of K. pneumoniae by repurposing the anticancer drug mitomycin C as an
antimicrobial agent and by combining the drug and the conventional antibiotic imipe-
nem with the lytic phage vB_KpnM-VAC13. Several clinical K. pneumoniae isolates were
characterized, and an imipenem-resistant isolate (harboring OXA-245 B-lactamase) and a
persister isolate were selected for study. The mitomycin C and imipenem MICs for both
isolates were determined by the broth microdilution method. Time-kill curve data were
obtained by optical density at 600 nm (ODg,,) measurement and CFU enumeration in
the presence of each drug alone and with the phage. The frequency of occurrence of
mutants resistant to each drug and the combinations was also calculated, and the effi-
cacy of the combination treatments was evaluated using an in vivo infection model
(Galleria mellonella). The lytic phage vB_KpnM-VAC13 and mitomycin C had synergistic
effects on imipenem-resistant and persister isolates, both in vitro and in vivo. The phage-
imipenem combination successfully killed the persisters but not the imipenem-resistant
isolate harboring OXA-245 B-lactamase. Interestingly, the combinations decreased the
emergence of in vitro resistant mutants of both isolates. Combinations of the lytic phage
vB_KpnM-VAC13 with mitomycin C and imipenem were effective against the persister
K. pneumoniae isolate. The lytic phage-mitomycin C combination was also effective
against imipenem-resistant K. pneumoniae strains harboring OXA-245 B-lactamase.

KEYWORDS resistance, persistence, bacteriophage therapy, drug repurposing, synergy,
Klebsiella pneumoniae

he emergence of multidrug-resistant (MDR) pathogens that are resistant to the vast
majority of drugs used in clinical practice is a global health problem. Among these
pathogens, Klebsiella pneumoniae is an opportunistic Gram-negative bacterium that
causes severe difficult-to-treat infections, with many isolates displaying resistance to
antimicrobials, especially to carbapenems such as imipenem (1). In recent years, reports
of carbapenemase-producing strains of K. pneumoniae have increased worldwide; the
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increase has been attributed to long periods of hospitalization, the presence of comor-
bidities, inappropriate medical interventions, and overuse or misuse of antibiotics (2, 3).

However, resistance is not the only cause of the failure of antibiotic-based therapies,
and persistence also has a strong impact (4). Persister cells are subpopulations of non-
growing, nonreplicative dormant bacteria that can reestablish infections once the antibi-
otic stress is removed (5). Bacterial persistence therefore plays an essential role in chronic,
recurrent, and recalcitrant infections (6). Persister bacteria counteract antibiotic treatments
without affecting the MIC of the drug (4). Unlike resistance, persistence is not inheritable;
rather, it is thought to be caused by numerous bacterial pathways working together, e.g.,
accumulation of (p)ppGpp (7), activation of toxin-antitoxin modules (8), stress responses,
quorum sensing (9), and ribosome dimerization (10), among others. Although the molecu-
lar mechanisms underlying this state have been extensively studied, there are currently
very few effective treatments against this phenotype (11-13). Indeed, the clinical impor-
tance of persister cells is huge, as there is evidence that persisters contribute to the emer-
gence of new resistant pathogens, constituting infectious reservoirs that are difficult to
eradicate and possibly responsible for chronic infections (14-19).

Taking into consideration the clinical importance of resistant and persister isolates
of K. pneumoniae, the development of new therapeutic strategies against these bacte-
rial phenotypes is urgent. In this postantibiotic era, several strategies can potentially
be used to fight infections, including the following: (i) drug repurposing, i.e., finding
new indications for FDA-approved drugs, such as the use of the anticancerous agent
mitomycin C as an antimicrobial molecule (20, 21), and (ii) combination therapies, i.e.,
the use of two or more drugs to kill pathogenic bacteria (22).

The repurposing or repositioning strategy is currently of great interest, as the discov-
ery and development of new antibiotics are now limited and, in most cases, unsuccess-
ful. The use of nonantibiotic compounds has been shown to reduce the emergence of
cross-resistance, usually because the active molecule affects a target other than the anti-
biotic (12). Here, we used mitomycin C, an anticancer drug, as it has been reported on
numerous occasions that this chemotherapeutic agent possesses antibacterial activity
(23-25) and is effective in killing a broad range of bacterial cells, even those occurring in
biofilms (24, 25).

Regarding the second strategy, numerous studies have reported potentially syner-
gistic activity between bacteriophages and antibiotics in the eradication of MDR bacte-
ria, even in biofilms with limited therapeutic options. Two cases have been reported of
patients with prosthetic graft material colonized by MDR Pseudomonas aeruginosa in
whom a combination of lytic phages and antibiotics resulted in a successful outcome
(26, 27). Moreover, research in the last few decades has demonstrated that phages are
safe to be administered as therapeutics and also have an enormous potential as antibi-
otic adjuvants (28, 29). Some phages may recognize bacterial efflux pumps as recep-
tors, thus resensitizing the bacteria to antibiotics expelled by the pumps (30, 31). In
addition, synergistic reactions between lytic phages and antibiotics can also occur
(32-35).

In this study, mitomycin C and imipenem were combined with the lytic phage
vB_KpnM-VAC13 and tested against two phenotypically and genotypically character-
ized clinical isolates of K. pneumoniae: an imipenem-resistant isolate (K2534) and a per-
sister isolate (K3325). The study findings provide evidence of the therapeutic potential
of a repurposed drug (mitomycin C) and a conventional antibiotic (imipenem) in com-
bination with the lytic phage vB_KpnM-VAC13, both in vitro and in vivo.

RESULTS

Characterization of K2534 and K3325 isolates. Two isolates (K2534 and K3325)
were selected from the 16 clinical strains characterized by several phenotypic and
genomic approaches (Table 1): the first was imipenem resistant (carrying OXA-245
derived from OXA-48, the most common carbapenemase in K. pneumoniae worldwide)
and the second was a highly persistent to imipenem, as indicated by the tolerance disk
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TABLE 1 Collection of clinical isolates of K. pneumoniae, their biological origin, phenotype against imipenem, presence of carbapenemases,

and spot test of vB_KpnM-VAC13

Result of spot
test of vB_KpnM-

Bacterial strain Biological origin GenBank accession ST? Capsular type® Phenotype to IMP< Carbapenemase VAC13
K. pneumoniae ATCC NC_009648 38 KL52 Persister NA +
MGH78578
K2521 Rectal WRXA00000000 340 KL15 NA VIM-1 +
K2522 Axillary smear WRWY00000000 512 KL107 Resistant KPC-3 +
K2523 Urine WRWW00000000 1 KL24 NA OXA-48 -
K2524 Urine WRWV00000000 258 KL107 NA KPC-3 +
K2530 Wound WRXH00000000 1 KL24 Resistant OXA-245 +
K2534 Rectal sample WRXG00000000 437 KL36 Resistant OXA-245 +
K2536 Respiratory sample  WRXC00000000 1 KL24 Resistant VIM-1 +
K2691 Blood SAMEA35389119 1 KL24 NA NA -
K2707 Blood SAMEA3538945¢ 11 KL13 NA KPC-like +
K2794 Blood NGe Tolerant NA +
K2984 Blood SAMEA36494539 405 KL151 Persister NA -
K2986 Blood SAMEA36494549 307 KL102 Tolerant NA +
K2989 Blood SAMEA36494579 661 KL24 Persister NA +
K3325 Blood SAMEA36495259 42 KL64 Persister NA +
K3569 Blood NG Sensitive NA —

aST, sequence type (found in https://bigsdb.pasteur.fr/klebsiella/klebsiella.ntml).
bKL, K-loci for capsule type determination, found in Kaptive.

IMP, imipenem; NA, not applicable (absence of carbapenemase genes of KPC-2, KPC-3, OXA-48, OXA-245 or VIM-1, found in ResFinder).

9BioSample code of complete genomes included in the European BioProject PRJEB10018.
eNG, no genome available.

test (TDtest) and time-kill assays with the antibiotic (36) (see Fig. S1 in the supplemen-
tal material).

In addition, the mitomycin C and imipenem MICs were determined by the microdilu-
tion broth method, showing that K2534 is an imipenem-resistant strain, yielding an MIC,,»
of 8 mg/liter (according to the EUCAST guidelines, 2021). By using ResFinder, we found
that this isolate harbors a gene encoding OXA-245 in its genome. However, for K3325, the
imipenem MIC was 0.5 mg/liter; this isolate does not carry the carbapenemase gene but
exhibits a clear persister phenotype in response to imipenem treatment, as observed by
the time-kill curve (Fig. S1). Mitomycin C MICs of >25mg/liter and 6.25 mg/liter were
obtained for strains K2534 and K3325, respectively. However, in subsequent assays, the
concentrations of mitomycin C used were 6 mg/liter for K2534 and 3 mg/liter for K3325
(one-fourth and one-half the MICs, respectively), as the antibacterial effect of this anti-
cancer drug has been observed at concentrations of around 10 mg/liter (24) and we
wanted to test doses close to the therapeutic doses (37).

Characterization of lytic bacteriophage vB_KpnM-VAC13. The host range of
vB_KpnM-VAC13 was determined by performing a spot test in 16 clinical isolates of
K. pneumoniae (Table 1), showing that the lytic spectrum of this phage covered 75% of
the strains. However, before studying the therapeutic potential, the phage was pheno-
typically characterized by using the K2534 isolate, which exhibited the highest effi-
ciency of plating (EOP) (38). Infection, adsorption, and one-step growth curves were
determined using K2534, and transmission electron microscopy (TEM) revealed the
morphology of vB_KpnM-VAC13, showing a long contractile tail characteristic of the
Myoviridae family (see Fig. S2).

Antimicrobial activity of the repurposed mitomycin C alone and in combination
with the lytic phage vB_KpnM-VAC13. Assays of the antimicrobial activity of mitomy-
cin C by time-kill curves with the K2534 strain revealed a small decrease in the optical
density. In addition, no differences between this treatment and the control were
observed when CFU were measured at 6 and 22 h. Nevertheless, this strain was very sen-
sitive to the lytic phage vB_KpnM-VAC13, and when it was treated with the combination
of the phage (at a multiplicity of infection [MOI] of 10) and mitomycin (one-fourth MIC),
a reduction in growth was observed relative to that with mitomycin C alone and for the
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FIG 1 Optical density of K2534 (a) and K3325 (b) and number of CFU per milliliter of K2534 (c) and K3325 (d)
in the presence of the lytic phage alone at an MOI of 10 (black), mitomycin C alone (dark red), and the
combination of both (dark gray). Light gray symbols/lines represent the control in the absence of any drug. *,
P < 0.05; **, P < 0.01. Absence of asterisk indicates no statistically significant difference.

untreated control (Fig. 1a). Although there were no differences in the number of CFUs
between the treatment with phage alone and the combination at 6h, a significant
reduction in the CFU was observed relative to those obtained with the mitomycin C
(only) treatment (Fig. 1c). Moreover, at 22 h posttreatment, the emergence of phage-re-
sistant mutants was reduced when the combination treatment was applied (Fig. 1a and
). Regarding K3325, the mitomycin treatment (one-half MIC) was effective at 6 and 22 h,
as a significant reduction in growth was observed (Fig. 1b). Moreover, a significant reduc-
tion in CFU of almost 4-log was obtained at 6 h. However, the emergence of mitomycin
resistance was observed at 22 h, although with significant differences relative to the con-
trol (Fig. 1d). Strain K3325 was poorly sensitive to phage vB_KpnM-VAC13, but when it
was treated with the combination of mitomycin C and the phage, the reduction in the
CFU caused by the combination was greater than the sum of the effects of both agents
separately, suggesting a synergistic effect. Furthermore, the emergence of mitomycin C
resistance was prevented (Fig. 1b and d).

Effect of the combination of imipenem and lytic phage vB_KpnM-VAC13. The
antimicrobial effect of imipenem was assessed alone and in combination with phage
vB_KpnM-VAC13 with both clinical isolates. For K2534, as an imipenem-resistant strain,
no differences were observed between treatment with imipenem alone and the con-
trol. However, a significant reduction in growth and in the number of CFU was
observed when K2534 was treated with the phage alone or in combination with the
antibiotic, although no differences were obtained between these treatments at any of
the time points (Fig. 2a and c). Regarding the persister isolate, K3325, a reduction in
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FIG 2 Optical density of K2534 (a) and K3325 (b) and number of CFU per milliliter of K2534 (c) and K3325 (d)
in the presence of the lytic phage alone at an MOI of 10 (black), imipenem alone (dark red), and the
combination of both (dark gray). Light gray represents the control in the absence of any drug. *, P < 0.05; **,
P < 0.01. Absence of asterisk indicates no statistically significant difference.

growth was observed with the combined treatment relative to that with imipenem or
phage alone, especially from 6 h onwards, as verified by the number of CFU (Fig. 2b
and d).

Effect of the combinations mitomycin C-vB_KpnM-VAC13 and imipenem-
vB_KpnM-VAC13 on the emergence of resistant mutants. Regrowth of the K2534
strain in the presence of the imipenem-phage combination was observed at 22 h (Fig. 2).
We therefore decided to determine the frequency of the emergence of resistant mutants in
both strains for each individual treatment and for the combined treatments: vB_KpnM-
VAC13 phage, mitomycin C and imipenem alone, and the combined drug-phage treat-
ments. Statistically significant differences were obtained between the frequency of resistant
mutants in the presence of the individual drugs and in the presence of the combination
treatments for all strains tested (Fig. 3). The results showed a reduction in the emergence of
mutants resistant to the phage and to the drugs alone. The frequency of resistance to the
vB_KpnM-VAC13 phage was 3.96-103/24 h for K2534 and 7.29-107"/24 h for K3325, while
the frequencies of resistance to mitomycin C were 1.18-1072 and 7.28:107°/24 h, respec-
tively, and the frequencies of resistance to imipenem were 1.48-:10~> and 7.15-1075/24 h,
respectively. Regarding mitomycin C-phage and imipenem-phage combinations, differen-
ces in the frequencies of resistant mutants were statistically significant for both isolates
compared with those for the corresponding monotherapies (Fig. 3).

In vivo synergism between vB_KpnM-VAC13 and mitomycin C-imipenem in
Galleria mellonella larvae. A survival assay was carried out with G. mellonella to assess
the efficacy of the repurposed mitomycin C, the treatment with imipenem, and the
combination of each with the lytic phage vB_KpnM-VAC13 in the complex in vivo
system.

September 2021 Volume 65 Issue 9 €00900-21 aacasm.org 5

Downloaded from https://journal s.asm.org/journal/aac on 13 October 2022 by 150.214.182.238.


https://aac.asm.org

Pacios et al.

a K2534 b K3325
J - ok 1 Fok )
1.0-
P 0.015- .
[
S o010 8 0.5
2 @
g g 1 .
1
o~ 0.0054 i S 1.5x104
o o
o 1 o 1.0x10-
o T @
JUXx -
0
Phage MitC Phage+MitC Phage MitC Phage+MitC
C K2534 d K3325
0.008- , ** : ‘o , ok |
& 0.006- P :
% 0.004 - E s
% 0.002- @
7 I
(] - 9 ) 4
- 46 105T = 3.0<105+
5 4.5x10-5] . 5 .
8°3.0105- — 1 gZ.Ox‘]O . .
L 1.5,10- L 1.0x10-54
0- 0
Phage IMP Phage+IMP Phage IMP Phage+IMP

FIG 3 Frequency of mutants of K2534 (a and c) and K3325 (b and d) resistant to the lytic phage vB_KpnM-
VAC13 or the tested drugs (mitomycin C [MitC] and imipenem [IMP]), alone or in combination with the phage
over 24 h. *, P < 0.05; **, P < 0.01. Absence of asterisk indicates the result was not statistically significant.

Regarding isolate K2534, an increase in the survival rate of larvae was promoted by
the combination of mitomycin C and phage relative to the rates by each individual
treatment. Moreover, this combination significantly protected the larvae relative to the
untreated control (Fig. 4a). For isolate K3325, the in vitro results were confirmed in the
in vivo G. mellonella model, in which the combination of mitomycin C and phage
vB_KpnM-VAC13 promoted a significant reduction in the mortality rate of larvae rela-
tive to that of the infection group and the groups treated with mitomycin C only or
with the phage only (Fig. 4b). Interestingly, the imipenem-lytic phage combination
also led to a significant reduction in the mortality rate of larvae relative to that of the
infection control (Fig. 4d), unlike the corresponding monotherapies, which did not sig-
nificantly protect the larvae. Finally, some groups of uninfected larvae were included
to test the strength of the antibacterial agents at the highest concentrations tested:
10" PFU/ml of vB_KpnM-VAC13, 8 mg/liter of imipenem, and 6 mg/liter of mitomycin
C. No differences in the mortality rates were observed relative to that for the group
treated with saline (data not shown).

DISCUSSION

Antibiotic-resistant and persister bacteria constitute important threats in clinics, as
these phenotypes place the success of antibiotic-based therapy at risk. We are currently
facing an extraordinary crisis in which no new antibiotics are being discovered, and the
most common bacteria that appear in clinics are already resistant to the majority of con-
ventional antibiotics available. In this context, the repurposing of FDA-approved drugs
with indications other than antimicrobial use is needed (39-41).

In this study, we combined the repurposed drug mitomycin C and also the conven-
tional carbapenem imipenem with the lytic phage vB_KpnM-VAC13, with the aim of
discovering synergistic relationships that might increase the chances of clearing infec-
tions caused by either imipenem-resistant isolates with B-lactamase OXA-245 (OXA 48
group) or persister isolates of K. pneumoniae in clinical settings. Interestingly, genetic
analyses indicated that the gene encoding the B-lactamase OXA-48 group has the
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ability to spread among the enterobacterial species at a much higher rate than the
KPC and NDM genes (42), which are currently present in 80% of K. pneumoniae isolates
worldwide (43-45). The fact that combination therapies successfully decrease the via-
bility of this strain opens the door to coadministration strategies to combat these
problematic isolates.

To our knowledge, this is the first time that a repurposed drug such as mitomycin C
has been combined with a lytic phage with the aim of enhancing the antibacterial
effects of both compounds. Two antimicrobial agents used together are considered to
display a synergistic relation when the effect of the combination is greater than the
sum of the effects caused by both agents separately (46). Interestingly, for both K2534
(imipenem resistant) and K3325 (persister) strains, we observed synergistic effects of
mitomycin C and the lytic phage, both in vitro and in vivo. Langeveld et al. reviewed
the mechanisms leading to pharmacological synergy and reported three possible sce-
narios: a multitarget effect, in which combined compounds have different bacterial tar-
gets; pharmacokinetic or physicochemical effects, such as the improvement of solubil-
ity or bioavailability; and an effect whereby a specific bacterial resistance mechanism is
targeted (47). Mitomycin C targets the guanosine bases adjacent in two DNA strands,
leading to interstrand cross-linking reactions, whereas the phage vB_KpnM-VAC13 spe-
cifically lyses host cells after recognizing its receptor. Thus, the observed synergism
between mitomycin C and the lytic phage appears to be due to a multitarget effect.

On the other hand, the combination of imipenem and the lytic phage in the K3325
(persister) strain reduced the optical density, and the number of viable CFU observed
with the combination was equivalent to the sum of that for both effects separately (48).
This was consistent with the result of the in vivo assay, in which the lytic phage both
alone and in combination with imipenem significantly protected the larvae, probably
due to the enhanced effect of the phage on the in vivo system; however, imipenem
alone did not increase the survival rate. Although, in the in vitro assays, no drastic effect
of vB_KpnM-VAC13 was achieved for K3325, we observed that combinations of the
phage with mitomycin C and with imipenem prevented the emergence of resistant
mutants to the corresponding monotherapies, thus explaining the success of these com-
binations in increasing the percentage of survival of the larvae in this isolate. However,
we did not observe any synergy for the imipenem-resistant strain K2534 between
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imipenem and the lytic phage either in vitro or in vivo, because (i) the isolate harbors an
OXA-245 B-lactamase able to hydrolyze imipenem and resist the actions of the antibi-
otic, and (i) the difference in the antibacterial activity in vitro and the effect of the phage
alone and in combination with imipenem was not sufficient. Nonetheless, we observed a
statistically significant difference in the in vitro viability of the bacterial cells after expo-
sure to imipenem alone and to the combination, both at 6 and 22 h. These results were
consistent with those of the resistance assay, in which both combinations significantly
decreased the frequency of resistance relative to monotherapies (42).

Overall, these results indicate that the repurposed drug mitomycin C can act as a
potent enhancer of the lytic activity of the bacteriophage, in both imipenem-resistant and
persister isolates of K. pneumoniae and also in an in vivo model. Although synergistic rela-
tionships between lytic phages and carbapenems have been observed in Acinetobacter
baumannii, in which both agents compete for the same receptor (usually an efflux pump),
this was not the case for the K2534 strain, in which the imipenem resistance was due to
the enzymatic action of B-lactamase OXA-245 (31, 49). Therefore, for this isolate, the anti-
biotic was not resensitized by combining imipenem and the lytic phage, although the
combined therapy drastically reduced the emergence of resistant mutants in vitro. It has
very recently been reported that some bacterial strategies that confer phage resistance
(mutation of phagic receptors or in the capsule biosynthesis clusters, production of extrac-
ellular polysaccharides, switch to a mucoid phenotype, etc.) involved the overproduction
of B-lactamases, thus increasing the multidrug resistance of pathogens (50).

In conclusion, the findings of this study show, for the first time, that repurposing
the anticancer drug mitomycin C may be useful for treating infections caused by imi-
penem-resistant and persister isolates of K. pneumoniae. Moreover, the combination of
imipenem and lytic phage may be of interest for treating infections caused by persister
isolates of this pathogen, although it was not effective against imipenem-resistant iso-
lates in which the resistance mechanism was due to B-lactamase. The findings there-
fore indicate that combination therapies involving lytic phages and repurposed drugs
could help to overcome some kinds of infections, suggesting a new way of potentiat-
ing the lytic activity of phages and preventing the development of phage-resistant
mutants.

MATERIALS AND METHODS

Collection of K. pneumoniae clinical strains. A total of 16 clinical strains of K. pneumoniae obtained
from the Virgin Macarena University Hospital (Seville, Spain) and the National Centers for Microbiology
(CNM; Carlos Il Health Institute, Spain) were used (Table 1). The sensitivity of the isolates to imipenem was
assessed by time-kill curve analysis and disk diffusion assay (TDtest), as previously described (36, 51).
Strains K2534 (imipenem resistant with B-lactamase OXA-245) and K3325 (highly imipenem-persistent iso-
late) were selected for further treatment assays.

Determination of the MICs of mitomycin C and imipenem by broth microdilution assay. Mitomycin
C (from Streptomyces caespitosus) and imipenem were purchased from Sigma Aldrich.

Eleven serial double dilutions of each drug were prepared in Muller-Hinton broth (MHB) in 96-well
microtiter plates. The wells were then inoculated with the corresponding K. pneumoniae strains to a final
concentration of 5-10° CFU/ml. Inoculated MHB was included as a growth control, and one noninocu-
lated row was included as a sterility control in each plate. All experiments were performed in triplicates,
and the MIC was determined as the lowest concentration of the antimicrobial agent in which no visible
bacterial growth was observed after incubation for 18 to 24 h at 37°C.

Characterization of lytic phage vB_KpnM-VAC13. (i) Host range and EOP of vB_KpnM-VAC13.
vB_KpnM-VAC13 is a lytic phage of K. pneumoniae isolated from sewage water. Its host range was estab-
lished by performing the spot test with the clinical strains of K. pneumoniae (Table 1), according to the
protocol described by Raya and H'bert (52). The semisolid top agar soft medium (TA-soft medium) was
supplemented with T mM CaCl, and then used to make plates by the top agar method. Each strain was
tested in triplicates, and SM buffer (100 mM NacCl, 10 mM MgSO,, 20 mM Tris-HCl, pH 7.5) was included
as a negative control.

The EOP was calculated as the ratio between the phage titer of the test strain and the titer of the
host strain (K. pneumoniae subsp. pneumoniae ATCC 10031) (38). As the highest titer was obtained with
K2534, further characterization of the lytic bacteriophage vB_KpnM-VAC13 was performed with this
strain.

(ii) Transmission electron microscopy. One milliliter of the lytic phage vB_KpnM-VAC13, diluted in
SM buffer and carrying approximately 10" PFU/ml, was negatively stained with 1% aqueous uranyl ace-
tate before examination under a transmission electron microscope (TEM JEOL 1011).
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(iii) Adsorption curve and one-step growth curve of vB_KpnM-VAC13 phage using K2534. An
overnight culture of clinical isolate K. pneumoniae K2534 was diluted 1:100 in LB broth supplemented
with 1 mM CaCl, and incubated at 37°C at 180 rpm until an early logarithmic phase (optical density at
600 nm [ODg,,] of 0.3). The lytic phage vB_KpnM-VAC13 was then added to the culture at a multiplicity
of infection (MOI) of 0.01 (either for the adsorption curve or the one-step growth curve). For the first
curve, which allowed us to determine the time of adsorption of vB_KpnM-VAC13 to the bacterial surface,
the culture was maintained statically at room temperature (RT), and 1ml of culture medium was
removed for analysis every minute for 10 min. However, for the one-step growth curve, flasks were incu-
bated at 37°C and 180 rpm, and aliquots were removed every 5 or 10 min. For both types of analysis,
duplicate aliquots of culture medium were removed, centrifuged, and serially diluted, with some of
these dilutions plated in TA supplemented with CaCl, by the double-agar method.

Time-kill curves for mitomycin C and imipenem alone and in combination with the lytic phage
vB_KpnM-VAC13. Isolated colonies of K. pneumoniae strains K2534 and K3325 were inoculated in 5ml
of LB broth, incubated overnight at 37°C and 180 rpm, and then diluted 1:100 in LB plus 1 mM CaCl, and
incubated until an ODy,, of 0.3. The phage vB_KpnM-VAC13 at an MOI of 10 (10° PFU/ml) was then
added to the corresponding flasks, along with mitomycin C at one-fourth or one-half the MIC or imipe-
nem at the respective MIC. OD,, was measured at 1-h intervals for 6 h, and bacterial concentrations
(CFU/mI) were determined by counting the colonies present at 0, 6, and 22h on LB agar plates. All
experiments were performed in triplicates, and the data obtained were statistically analyzed with
GraphPad v.6. The proportion of survivors was established in the control without antibacterial agent and
in the presence of vB_KpnM-VAC13 and/or mitomycin C or imipenem.

Frequency of occurrence of resistance to vB_KpnM-VAC13 phage in K2534 and K3325 strains.
The frequency of resistant mutants was calculated as previously described (53). Briefly, overnight cul-
tures of strains K2534 and K3325 were diluted 1:100 in LB and grown to an ODy,, of 0.7. An aliquot of
100 ul of the culture containing 108 CFU/ml was serially diluted, and the corresponding dilutions were
mixed with 100 ul of vB_KpnM-VAC13 at 10° PFU/ml and then plated by the top agar method in TA me-
dium containing imipenem (8 mg/liter for K2534 and 0.5 mg/liter for K3325) or mitomycin C (6 mg/liter
and 3 mg/liter, respectively). The plates were incubated at 37°C for 24 h, and the CFUs were then
counted. The frequency of occurrence of resistant mutants was calculated by dividing the number of re-
sistant bacteria (growing in the presence of the phage alone, mitomycin C or imipenem alone, and the
drug-phage combinations) by the total number of bacteria plated in conventional LB agar.

Toxicity and efficacy of therapeutic combinations of mitomycin C and imipenem with the lytic
phage vB_KpnM-VAC13 in the Galleria mellonella in vivo model. The Galleria mellonella model was an
adapted version of those developed by Gottig et al. (54) and Nath et al. (55), with the following modifica-
tions: healthy G. mellonella larvae acquired from a local pet store (Bichosa, Galicia, Spain) and lacking dark
spots were selected according to their weights and, as previously performed by other research groups
(56-58), allocated into groups ensuring equal representation of weights. Then, 10 larvae per group were
injected in the last left proleg with 10 ul of a suspension containing 10° CFU/ml of K2534 and 10”7 CFU/ml
of K3325, diluted in sterile saline buffer. For preparation of the inoculum, 5 ml of fresh LB broth was incu-
bated overnight, grown at 37°C with shaking at 180 rpm, pelleted by centrifugation (4,000 x g, 15 min), and
washed twice with saline buffer. The treatment groups were infected with K2534 or K3325. After 60 min, ei-
ther 10® or 10'° PFU/ml of the phage (previously purified using an Amicon filter [59]), mitomycin C, or imi-
penem alone or the drugs in combination with the phage were injected via the last right proleg, at the
same concentrations used in the in vitro assays. A control group of infected larvae injected with saline
buffer alone (no treatment, control) was included. The treatment and control groups were placed in petri
dishes and incubated in darkness at 37°C. Larval mortality was monitored regularly for 3 days, and larvae
were considered dead when they did not move in response to touch (60). The survival curves were plotted
using GraphPad Prism v.6, and data were analyzed using the Gehan-Breslow-Wilcoxon test calculating the
P value.
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