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The increasing occurrence of hospital-associated infections, particularly bacteremia, caused by
extensively drug-resistant (XDR) carbapenemase-producing colistin-resistant Klebsiella pneumoniae
highlights a critical requirement to discover new therapeutic alternatives. Bacteriophages having
host-specific bacteriolytic effects are promising alternatives for combating these pathogens. Among
12 phages isolated from public wastewater in Thailand, two phages-vB_kpnM_05 (myovirus) and
vB_kpnP_08 (podovirus) showed broad-host range, producing bacteriolytic activities against 81.3%
(n=26) and 78.1% (n =25) of 32 XDR carbapenemase-producing colistin-resistant K. pneumoniae, with
capsular types—K15, K17, K50, K51, K52/wzi-50 and K2/wzi-2. Both phages showed short replication
times, large burst sizes with rapid adsorptions. They exhibited significant stability under various
environmental conditions. Genomic analysis revealed that both phages are genetically distinct phages
from Myoviridae and Podoviridae family, with the lack of toxin, virulence, lysogeny and antibiotic
resistance genes. These characteristics highlighted their promising potential for utilizing in phage
therapy for combating XDR K. pneumoniae. Although phage cocktail combining vB_kpnM_05 and
vB_kpnP_08 provided significant bacteriolysis for longer duration (8 h) than its monophage (6 h),
bacterial regrowth was observed which suggested an evitable development of phage resistance under
phages’ selection pressures. Future study will be undertaken to elucidate the precise mechanisms

by which these XDR K. pneumoniae developed phage resistance and their associated fitness cost.
Remarkably, combining phage cocktail with amikacin at their sub-inhibitory concentrations produced
potent synergy by completely suppressing bacterial regrowth in vitro. Our study demonstrated the
significant therapeutic and prophylactic effectiveness of a phage cocktail-amikacin combination as a
promising alternative strategy for overcoming bacteremia associated with XDR K. pneumoniae having
carbapenemase and colistin resistance in vivo.
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Klebsiella pneumoniae, a Gram-negative Enterobacteriaceae pathogen, is commonly implicated in hospital-
associated infections, particularly bacteremial. Currently, there is an increasing number of multidrug-resistant
clones among K. pneumoniae, which have become endemic in several countries'=. These high-risk clones,
designated as highly-virulent hypermucoviscous K. pneumoniae (hvKp), were discovered to be frequently
associated with bloodstream infections in clinical settings*. The extensive administration of carbapenem and/
or colistin, combined with the rapid dissemination of plasmid-mediated carbapenemases, mobilized colistin
resistance (mmcr) genes, and mutations in resistance determinants driven by antibiotic selective pressures, have
contributed to the global rise of carbapenem and colistin resistance among K. pneumoniae, resulting in the
emergence of extensively drug-resistant (XDR) pathogens®. The scarcity of efficient treatment options and
limitations in the advancement of new antibiotics, emphasize the urgent requirement to discover a viable
therapeutic strategy for addressing XDR K. pneumoniae-associated bacteremia®®.
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Bacteriophages (phages) are bacterial-infecting viruses abundantly found in environments, including
wastewater” 12, Phages, with their abilities to attach to specific surface receptors and self-replicate within
hosts to initiate host-specific bacteriolysis without disturbing other resident microbiota, have been suggested
as potential therapeutic options for treating infections caused by XDR K. pneumoniae'>. Phages with a broad
host range, which specifically target an extensive number of K. pneumoniae, are preferable for therapeutic
applications compared to K. pneumoniae-specific phages with a narrow host range'®. The combination of K.
pneumoniae-specific phages into a synergistic cocktail offers a feasible approach for addressing the limited host
range of these phages and the emergence of more virulent phage-resistant hypermucoviscous strains following
monophage treatment'>~!7. Nevertheless, a previous study documented the development of bacterial resistance
to the 5-phage cocktail after several days, although such an occurrence was exceptionally uncommon!!!%. This
represents an important challenge that needs to be addressed to facilitate the therapeutic applications of phages
feasible!®.

One further approach to tackle the emergence of phage resistance is the phage-antibiotic synergy (PAS)
generated by the combination of phages with an antibiotic?*22. Complementing phage or phage cocktails
with an antibiotic not only enhanced their combined antibacterial effects, but also restored the efficacy of
antibiotic even against pathogens which are resistant to that antibiotic?’-?2. Earlier case reports have revealed
that phage-antibiotic combination significantly decreased treatment failures, increased microbiological cure,
and improved patients’ survival in clinical settings?»?. To the best of our knowledge, no study has investigated
the potential effectiveness of a phage cocktail-antibiotic combination for tackling bacteremia associated with
XDR K. pneumoniae having carbapenemase and colistin resistance. This pre-clinical study aimed to isolate and
characterize potent K. pneumoniae-specific phages from public wastewater in Thailand, followed by investigating
the synergistic efficacy of the phage cocktail-antibiotic combination for overcoming XDR K. pneumoniae-
associated bacteremia both in vitro and in vivo.

Results

Phages—vB_kpnM_05 and vB_kpnP_08 showed broad-host range, producing bacteriolytic
activities against XDR K. pneumoniae

Among 12 phages isolated from public wastewater, two phages-vB_kpnM_05 and vB_kpnP_08 showed
broad-host range, producing bacteriolytic activities against 81.3% (n=26) and 78.1% (n=25) of 32 XDR
carbapenemase-producing colistin-resistant K. pneumoniae from different clinical sources, particularly those
with ERIC-A profile and capsular types of K15, K17, K50, K51, K52/wzi-50 and K2/wzi-2 (Fig. 1) (Table 1)
(Supplementary Fig. 1) (Supplementary Table 1).

When their bacteriolytic efficiencies were quantified, bacteriolysis of high (EOP>0.5), medium
(0.1<EOP<0.5) and low (0.001 <EOP <0.1) efliciencies were observed in 21, 3 and 2 XDR K. pneumoniae
isolates for vB_kpnM_05; and 20, 3 and 2 XDR K. pneumoniae isolates for vB_kpnP_08, respectively (Table 1).
Both phages showed targeted host specificities, having no bacteriolytic activities against non-target bacteria
(Supplementary Table 2).

On double-layer plates, vB_kpnM_05 produced small, clear plaques of 0.5-1 mm with halo and vB_kpnP_08
possessed large, clear plaques of 3-5 mm with halo (Fig. 2a,b). According to TEM, vB_kpnM_05 was a myovirus
possessing icosahedral head (58.2+0.7 nm), and long contractile tail (96.6+0.8 nm), whereas vB_kpnP_08
was a podovirus having icosahedral head (56.7 +0.4 nm) and short noncontractile tail (14+0.5 nm) (Fig. 2a,b).

Both phages exhibited rapid adsorptions, short latent periods, and large burst sizes with low
optimal MOIs for propagation

The MOI of 0.01 and 0.1 were observed to produce maximum phage titers for vB_kpnM_05 and vB_kpnP_08,
signifying their low optimal MOls for propagation (Fig. 2c).

Approximately 60% of vB_kpnM_05 and 40% of vB_kpnP_08 were adsorbed to their hosts within 5 min
and their adsorption were increased with time (Fig. 2d). Eventually, the adsorption of vB_kpnM_05 and vB_
kpnP_08 to their hosts reached more than 99% by 15 min and 20 min (Fig. 2d). The adsorption rate constant,
k, of vB_kpnM_05 and vB_kpnP_08 were 3.5X 10~% and 2.1 x10~° ml/min, indicating the rapid and efficient
adsorptions of these phages to their hosts (Fig. 2d).

According to one-step growth curves, the latent period—the interval between phage adsorption to its host and
the beginning of the release of new phages from infected host cells, were observed to be short—approximately
35 min for vB_kpnM_05 (Fig. 2e) and 30 min for vB_kpnP_08 (Fig. 2f). The burst size — the number of new
phages released from host lysis, exhibited to be large—104 + 5 PFU/host for vB_kpnM_05, and 220 + 7 PFU/host
for vB_kpnP_08 (Fig. 2e,f).

Phages were stable under different environmental conditions

Both vB_kpnM_05 and vB_kpnP_08 were thermostable between — 20 and 60 °C, but complete inactivation of
their bacteriolytic activities was observed at 80 °C (Fig. 3a). Both phages showed stable bacteriolytic activities
between pH 4-10, however, their activities were completely diminished at pH outside of this range (Fig. 3b).
UV irradiation completely inhibited bacteriolytic activities at 60 min postexposure (Fig. 3c). Both phages were
long-term stable with no significant changes in their activities at 4 °C up until 6 months which was the endpoint
(Fig. 3d). Chemically, both phages were stable in chloroform (10-40%) but their activities were adversely affected
with ethanol (70, 99%) (Fig. 3e).

Genomic characteristics of phages
Both vB_kpnM_05 and vB_kpnP_08 were DNA phages having different banding patterns of RAPD-PCR and
restriction digestions (Supplementary Fig. 2a-b). Whole-genome sequencing analysis revealed that both phages
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Fig. 1. Heatmap illustrating the host range of isolated phages (n=12) by determination of phages bacteriolytic
activities against XDR carbapenemase-producing colistin-resistant K. pneumoniae clinical isolates (n=32)
collected between 2016 and 2021. Blue: Isolates with high sensitivity to phage’s bacteriolytic activities; white:

Isolates with low sensitivity to phage’s bacteriolytic activities.

were double-stranded DNA phages, whereas vB_kpnM_05 was 42,756 bp in length with 52.76% GC content
belonging to Myoviridae family, and vB_kpnP_08 possessed 40,238 bp genome with 52.84% GC content belonging
to Podoviridae family, respectively (Fig. 4a,b) (Accession number: European Nucleotide Archive: PRJEB75204).
The genome annotation analysis indicated that a total of 75 and 70 CDS were identified in vB_kpnM_05 and
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Bacteriolytic efficiency of phage by efficiency of plating (EOP)

Mechanism vB_kpnM_05 vB_kpnP_08
of Low Low
carbapenem Deduced capsular K serotype/ High Medium (0.001 <EOP | High Medium (0.001 <EOP
No | resistance Isolate | Clinical source ERIC | wzi capsular genotype Mechanism of colistin resistance (EOP>0.5) | (0.1<EOP<0.5) | <0.1) (EOP>0.5) | (0.1<EOP<0.5) | <0.1)
1 kp1225 | Pus A | KI5 K17, K50, K51, K52/wzi50 Sg[fgnl 4 integrated chromosomal | | 10
2 |NDM kp396 | Sputum A K15, K17, K50, K51, K52/wziso | 1S Kpnl4- integrated chromosomal | | .
| | (n=4) mgrB
3 kp357 | Endotracheal aspirate | A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 1 0.4
T kp366 Blood A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 100 10
5 8]X=A6_)48 kp946 | Body fluid A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 10 10
6 kp947 | Sputum A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 10 1
77 kp1194 | Sputum E K2/wei2 E;l:]tgeﬂous T157P chromosomal 10 . . }
[ | OXA-48
8 (n=6) kp414 | Endotracheal aspirate | A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 10 1
T kp319 Sputum A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 10 0.4
T kp413 Sputum A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 0.4 0.5
NDM+ Bronchoalveolar ; .
11 (OnX=A8)48 kp921 lavage A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 10 10
12 kp924 Pus A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 10 10
T kp926 Sputum A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 1 1
I NDM + kp104 | Blood A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 1 10
15 | OXA-48 kp122 Urine C K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 0.4 0.09
? (n=8) kp202 Blood C K15, K17, K50, K51, K52/wzi50 Loss of chromosomal mgrB 10 1
117 | kp372 | Urine A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 1 0.08
T kp390 | Endotracheal aspirate | A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 10 1
19 | NDM+VIM kp270 Pus F K15, K17, K50, K51, K52/wzi50 Loss of chromosomal mgrB 0.07 10
20 |(0=2) kp340 | Sputum A K15, K17, K50, K51, K52/wzi50 | IS I-integrated chromosomal mgrB 0.4 0.5
21 kp291 Urine A K15, K17, K50, K51, K52/wzi50 Plasmid-mediated mcr-1.1 10 10
7 kp301 Urine A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 10 10
123 | g)l?g/[ * kp309 | Sputum A K15, K17, K50, K51, K52/wzi50 | Loss of chromosomal mgrB 0.09 0.5
z ‘(‘: :;?M kp375 | Pus A K15, K17, K50, K51, K52/wzi50 | Point mutation in chromosomal mgrB | 1 1
25 kp380 | Urine A K15, K17, K50, K51, K52/wzi50 Point mutation in chromosomal mgrB | 1 10
? kp332 Urine A K15, K17, K50, K51, K52/wzi50 IS I-integrated chromosomal mgrB 1 0.4

Table 1. Bacteriolytic efficiencies of phages-vB_kpnM_05 and vB_kpnP_08 against their target isolates - XDR carbapenemase-producing colistin-resistant K. pneumoniae clinical isolates.
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Fig. 2. Morphological, and biological characteristics of phage. Plaque morphologies and electron micrographs
of (a) vB_kpnM_05 and (b) vB_kpnP_08; (c) optimal MOIs of vB_kpnM_05 and vB_kpnP_08; (d) adsorption
of vB_kpnM_05 and vB_kpnP_08, (e) one-step growth curve of vB_kpnM_05, and (f) one-step growth curve
of vB_kpnP_08.

vB_kpnP_08. Among their CDS, 50 CDS of vB_kpnM_05 and 45 CDS of vB_kpnP_08 had annotated functions,
while the remaining 25 CDS in both vB_kpnM_05 and vB_kpnP_08 were annotated as hypothetical proteins.
The functional proteins of both vB_kpnM_05 and vB_kpnP_08 were classified into three categories: DNA
replication/metabolism, structure/packaging, and host lysis. The genes related to toxin, virulence, lysogeny and
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Fig. 3. Stability of phages under different environmental conditions. (a) Thermostability of vB_kpnM_05 and
vB_kpnP_08; (b) stability of vB_kpnM_05 and vB_kpnP_08 under different pH, (c) stability of vB_kpnM_05
and vB_kpnP_08 under UV exposure; (d) stability of vB_kpnM_05 and vB_kpnP_08 for long-term storage; (e)
stability of vB_kpnM_05 and vB_kpnP_08 under chloroform and ethanol exposure.
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antibiotic resistance were not detected in the genomes of both phages. The phylogenetic analysis of vB_kpnM_05
and vB_kpnP_08 revealed that these phages shared close evolutionary relationships with other Klebsiella phages
(Fig. 4c,d), indicating a shared evolutionary history within the broader landscape of Kiebsiella phages.

Bacterial regrowth was observed with monophage and phage cocktail therapies

When we investigated antibacterial efficacies by giving vB_kpnM_05 or vB_kpnP_08 as monophage at different
MOIs, phage-induced bacteriolysis was observed in dose-dependent manners with most significant effects at
MOI-10 and MOI-100 of each monophage (Fig. 5a,b; p <0.01). Compared to its monophage (MOI-10), phage
cocktail combining vB_kpnM_05 and vB_kpnP_08 (MOI-10 each) suppressed bacterial growth for longer
duration-8 h (Fig. 5¢; p<0.01). Nevertheless, bacterial regrowth was observed after 6 and 8 h of monophage
and cocktail therapies (Fig. 5a-c). Upon our preliminary evaluation, phage cocktails developed by combining
vB_kpnM_05 or vB_kpnP_08 with other phages as 3-12 phage-containing cocktails did not exhibit a better
inhibition of bacterial growth when compared to a 2 phage-containing cocktail. Therefore, a phage cocktail
containing vB_kpnM_05 and vB_kpnP_08 was selected to further investigate its synergistic effects in conjunction
with different antibiotics.

Phage cocktail-amikacin combination exhibited potent synergistic activities, completely
inhibiting bacterial regrowth in vitro
In all tested isolates, MIC for monophage was MOI of > 1000, and MIC for phage cocktail was MOI-100, which
were observed at 8 h of the checkerboard assay (Supplementary Fig. 3-4). Combining vB_kpnM_05 or vB_
kpnP_08 as either monophage with antibiotics (amikacin, colistin, imipenem, ciprofloxacin, ceftazidime) or
phage cocktail with antibiotics (colistin, imipenem, ciprofloxacin, ceftazidime) did not exhibit any synergistic
effects in our preliminary checkerboard screening (Supplementary Fig. 3-4). Meanwhile, combining
subinhibitory concentrations of phage cocktail (MOI-10 each) and amikacin (8 pg/ml) produced the potent
synergistic effects (FICI<0.5) (Fig. 6a), (Supplementary Fig. 5). Bacterial regrowth was observed at 4-8 h after
exposure to phage cocktail or amikacin monotherapies in all tested isolates with varying levels of amikacin
susceptibility, including intermediate susceptibility and resistance (32-128 pg/ml). Meanwhile, a phage cocktail-
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amikacin combination significantly exhibited potent synergistic activities by substantially decreasing their
growth (OD600) and viabilities (CFU/ml) within 2 h, and completely suppressing bacterial regrowth until 24 h
(Fig. 6b,c; p <0.01) (Supplementary Fig. 5).

Phage cocktail-amikacin combination produced significant therapeutic efficacy in murine
bacteraemia in vivo

Investigations on the safety of administering an IP phage cocktail to mice revealed that it was safe, with no
symptoms of toxicity, discomfort, disease development, or death in the animals. Giving an IP phage cocktail
displayed stability for up to 24 h post-administration (Supplementary Fig. 6a-b). We then evaluated an infective
dose to induce bacteremia in mice by delivering different doses of the tested bacteria intraperitoneally (1 x 106,
1x107, 1x10% CFU/ml). All mice died within 48 h following a bacterial challenge with 1x10® CFU/ml,
which was denoted as LD100 (100% lethal dose) (Supplementary Fig. 7a) and utilized to develop bacteremia
in our subsequent experiment. Murine bacteremia developed at 2hpi with LD100, resulting in the progressive
dissemination of bacteria into the bloodstream and internal organs (Supplementary Fig. 7b). The bacteria
recovered from our animal studies was identical to the isolate we used to induce bacteremia, characterized by
the presence of NDM and ISI-integrated mgrB with amikacin resistance.

Afterwards, we assessed the therapeutic efficacy of different treatments using our established bacteremia
model. Compared to PBS and their monotherapies, IP phage cocktail-amikacin combination therapy significantly
reduced bacterial burden in internal organs (Fig. 7a; p <0.01) and improved murine survival to 100% by Day
7 (Fig. 7b; p<0.05). The survival of animals was significantly improved by giving a therapeutic phage cocktail-
amikacin combination at 2hpi, in contrast to administration at 8hpi or 24hpi (Supplementary Fig. 8; p <0.01).
Significant and comparable concentrations of both phages were detected only in mice which received phage
cocktail monotherapy or phage cocktail-amikacin combination (Fig. 7¢), (Supplementary Fig. 9a-b).

Phage cocktail-amikacin combination showed remarkable prophylactic efficacy in murine
bacteraemia in vivo

Prophylactic administration of IP phage cocktail-amikacin combination therapy significantly reduced bacterial
burden in internal organs (Fig. 8a; p<0.01) and protected all treated mice from fatalities, as compared to their
monotherapies (Fig. 8b; p<0.01). Significant and comparable concentrations of both phages were observed
only in animals exposed to the administration of phage cocktail monotherapy or phage cocktail-amikacin
combination (Fig. 8¢c), (Supplementary Fig. 8c-d).

Discussion

Nowadays, XDR K. pneumoniae resistant to carbapenem and colistin, are frequently reported in fatal bacteremia
due to the lack of potent therapeutic alternatives, and limitations in development of new antibiotics. This
highlights the critical need for discovering viable therapeutic approach to overcome bacteremia associated with
this pathogen in clinical settings®. Phages have recently been proposed as potential therapeutic alternatives
for addressing these difficult-to-treat pathogens®. Among 12 phages isolated from public wastewater in
Thailand, vB_kpnM_05 (myovirus) and vB_kpnP_08 (podovirus) demonstrated broad-host range, producing
bacteriolytic activities against 81.3% and 78.1% of XDR K. pneumoniae clinical isolates, particularly those with
ERIC-A profile and capsular types of K15, K17, K50, K51, K52 and K2. Furthermore, vB_kpnM_05 and vB_
kpnP_08 demonstrated host specificities and high bacteriolytic efficiencies in their target XDR K. pneumoniae
isolates. Differences in these phages’ host range therefore suggested the possible differences in their receptors
for recognition, adsorption and lysis while targeting its pathogens®. In accordance with prior studies?*-2,
we discovered short latent periods, large burst sizes with rapid absorption rates, and low optimal MOIs for
propagation of vB_kpnM_05 and vB_kpnP_08, revealing that both phages required short replication times to
generate a significant number of progenies at low MOIs for triggering highly-efficient, targeted antibacterial
effects against XDR K. pneumoniae. These findings highlighted their appealing potential for utilizing in phage
therapy in XDR K. pneumoniae-associated infections™2,

Comparable to prior studies?*~2%, both phages were thermostable between — 20 and 60 °C, but their activities
were completely inactivated at 80 °C, highlighting the detrimental impact of extremely high temperature on their
lytic activities. In agreement with earlier studies?®2%, both phages demonstrated stable bacteriolytic activities
between pH 4-10. Their bacteriolytic activities were dramatically decreased at pH 2, 12, and 14, suggesting that
phages were denaturized in these environmental conditions. Consistent with previous studies?®-2%, both phages
displayed stabilities for long-term storage and chloroform (10-40%), while exposure to UV and 70-90% ethanol
exhibited negative impacts on their viabilities. Both phages were DNA phages belonging to Myoviridae and
Podoviridae families, with the absence of genes related to toxin, virulence, lysogeny and antibiotic resistance,
which further highlighted their safety for therapeutic applications. The phylogenetic analysis of both phages
revealed a shared evolutionary history within the broader landscape of Klebsiella phages. As the stability and
safety of genetically-different phages under various environmental conditions is an important selection criteria
for their usage as ideal therapeutic phages in clinical settings, these phages presented a promising role for
utilizing in phage therapy for combating XDR K. pneumoniae-associated infections®?3.

When we tested bacteriolytic efficacies by giving vB_kpnM_05 or vB_kpnP_08 as monophage, we found dose-
dependent bacteriolysis, with most potent effects at MOI-10 and MOI-100. In agreement with prior studies!*%’,
phage cocktail (MOI-10 each) provided better bacteriolysis that lasted longer duration than their monophage
(MOI-10). It will be necessary to conduct additional research on the target attachment site of each phage because
an enhanced bacteriolysis produced by phage cocktail suggested that each phage could target different receptors
and use distinct antibacterial tactics to effectively limit their target pathogens, rather than competing with one
another for the same antibacterial mechanisms or receptors®. Consistent with earlier studies, bacterial regrowth
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Fig. 7. Therapeutic effectiveness of phage cocktail and amikacin as monotherapy and combination therapy in
bacteremia by determination of (a) bacterial burden in internal organs (blood, kidney, liver, and spleen), (b)
survival of treated mice, and (c) viable titre of phage in internal organs (blood, kidney, liver, and spleen) of
mice receiving different treatments in vivo.

was observed after 6 and 8 h of monophage and phage cocktail treatments, revealing that neither treatment
was effective at preventing phage-resistant bacterial regrowth!39-32 It also suggested that evolution of phage-
resistant bacteria under phages selection pressures is unavoidable challenge that might contribute to limited
therapeutic effectiveness of phages®!™*3. Bacteria develop phage resistance by different mechanisms including
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receiving different treatments in vivo.

altered phage adsorption through surface structures modifications, phage DNA interference by inhibiting its
entry or cleaving phage DNA, and abortive phage infections>. Future investigations will therefore be undertaken
to elucidate the precise mechanisms by which these XDR K. pneumoniae developed phage resistance and their
associated fitness cost.
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Upon screening monophage or phage cocktail in combination with different antibiotics, combining sub-
inhibitory concentrations of phage cocktail (MOI-10 each) with amikacin (8 pg/ml) produced potent synergistic
effects. Interestingly, any potential interference that could jeopardize the therapeutic benefits of this phage
cocktail-amikacin combination triggered by regrowth bacteria was not observed because bacterial growth
was completely suppressed when subjected to a phage cocktail-amikacin combination therapy. These results
were consistent with prior studies which revealed the superior efficacy of phage-antibiotic combinations for
suppressing bacterial regrowth and overcoming the emergence of resistance in different pathogens?>3>3¢. Phage
produces antibacterial activity by binding to its specific receptors on target pathogen, self-proliferating inside
and triggering bacteriolysis®. Amikacin exhibits bactericidal effects by interfering with bacterial protein synthesis
and enhancing cellular respiration®”*%. By exposing XDR K. pneumoniae to these distinct selective pressures,
phage-induced bacterial membrane disintegration could mitigate permeability-associated barriers and increase
amikacin entry into its target, whereas they could interact synergistically to produce potent bactericidal effects
against these pathogens. Furthermore, because of an association between phage exposure and restoration of
bacterial antibiotic susceptibilities from lower virulence as evolutionary trade-offs*~*!, it is suggested that
exposure to phage cocktail in this study could resensitize XDR K. pneumoniae to amikacin, allowing it to produce
potent PAS at sub-inhibitory doses. Future studies will therefore be conducted to determine how phage cocktail
and amikacin interact inside XDR K. pneumoniae to produce potent PAS observed in this study.

In accordance with a prior study42, all mice died within 48 h from bacteremia after IP inoculation with
1x 108 CFU/ml of XDR K. pneumoniae (LD100) which developed 2 h after bacterial challenge. Our findings
demonstrated that giving mice an IP phage cocktail was stable and safe in vivo, with no occurrence of toxicity,
illnesses, or death. Comparable to earlier studies****, therapeutic administration of phage cocktail-amikacin
combination significantly reduced bacterial burden in internal organs and increased murine survival to 100%,
demonstrating its significant in vivo therapeutic effectiveness for overcoming XDR K. pneumoniae-associated
bacteremia. Consistent with other studies***%, giving a phage cocktail-amikacin combination at 2 hpi produced
better survival outcomes than administering at 8 hpi or 24 hpi. This could be attributable to the fact that early
phage cocktail-amikacin administration may encourage the significant reduction of bacterial burden and reduce
the progression of bacteremia when compared to delayed administration**®, Administering prophylactic
phage cocktail-amikacin combination significantly reduced bacterial burdens and prevented fatalities in all
mice, indicating its synergistic prophylactic efficacy against XDR K. pneumoniae-associated bacteremia. The
observation that animals receiving either a therapeutic and prophylactic phage cocktail or a phage cocktail-
amikacin combination showed comparable levels of phages in their internal organs, while mice given PBS or
amikacin exhibited no phages, suggested the lack of endogenous XDR K. pneumoniae-specific phages in the
treated animals*. Despite having viable phages in animals treated with therapeutic and prophylactic phage
cocktail monotherapy, the lack of bacterial load reduction or mortality protection in these animals further
highlighted the synergistic significance of a phage cocktail-amikacin combination in murine bacteremia in
vivo. Recent human studies have reported the clinical applicability of phage-antibiotic combination for eliciting
favorable therapeutic outcomes in K. pneumoniae-infected patients where conventional antibiotics have
consistently failed?**>->0. However, using high dosages of phages were reported to have unfavorable effects due to
accelerated phage-induced bacteriolysis®'. In our study, phage cocktail-amikacin combination at sub-inhibitory
doses demonstrated significant therapeutic and prophylactic efficacies in treated mice without triggering
undesirable effects, suggesting that phage cocktail-amikacin combination at their subinhibitory concentrations
could also prevent the occurrence of adverse effects and evolution of resistance under its dual selection pressures.

Limitation of this study

Owing to discrepancies in animal and human biology, the findings of our pre-clinical study may not be directly
transferable to humans, as they were derived exclusively from in vitro and in vivo mouse studies. Additional
human clinical studies and investigations into the impacts of phages on host immune responses are necessary to
validate the therapeutic applicability of phage cocktail-amikacin combination in XDR K. pneumoniae-associated
bacteremia. Further research is required to assess its efficacy in treating XDR K. pneumoniae-associated
infections, along with its pharmacokinetic and safety characteristics.

Conclusion

Our study demonstrated the remarkable therapeutic and prophylactic effectiveness of a phage cocktail-amikacin
combination as a potential alternative therapy for overcoming bacteremia associated with XDR K. pneumoniae
having carbapenemase and colistin resistance.

Materials and methods

Bacterial strains

The previously characterized XDR K. pneumoniae clinical isolates having carbapenemase and different
mechanisms of colistin resistance (n=32) (Supplementary Table 3)”°? and Escherichia coli, Acinetobacter
baumannii, Proteus mirabilis, Enterobacter cloacae, Pseudomonas aeruginosa, and methicillin-resistant
Staphylococcus aureus (n=6) isolated from routine clinical specimens were used. Bacterial isolates were stored
at —80 °C. For bacterial capsule typing, PCR amplification and sequencing of wzi gene was conducted using
wzi-F (GTG CCG CGA GCG CTT TCT ATC TTG GTA TTC C) and wzi-R (GAG AGC CAC TGG TTC CAG
AA [Cor T] TT [C or G] ACC GC), as published previously>>.
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Phage screening, isolation, and purification

As previously described?”**, public wastewater from 7 different locations in Thailand were firstly collected. Then
the phages in these wastewaters were screened and isolated by using kp924 and kp291 as hosts. These hosts
were XDR K. pneumoniae clinical isolates which exhibited different carbapenemase and distinct mechanisms
of colistin resistance (Supplementary Table 3). Briefly, the wastewater samples were centrifuged at 12,000xg for
10 min and filtered through 0.22 pm syringe filters. Then the filtrates (10 ml) were mixed with TSB (10 ml) and
exponential cultures of host bacteria (200 ul) for phage enrichment by incubating overnight at 37 °C with shaking
(150 rpm). After enrichment, bacteria were harvested by centrifuging at 8000Xg for 30 min, and the supernatant
was filtered using a sterile 0.22 um filter. The filtered supernatant (200 ul) was mixed with exponential-phase
bacterial culture (200 pul). This mixture was then mixed with top agar (3 ml, 0.7% agar in TSB) and it was quickly
overlaid onto TSA to form a double-layer plate. After overnight incubation of these plates at 37 °C, phage activity
in wastewater was screened by the presence of lytic plaque on the double-layer agar plates. For isolation and
purification, a single plaque was then obtained from these double-layer agar plates and mixed in SM buffer,
followed by centrifugation at 6000Xg for 10 min at 4 °C, and filtration. The filtrates were then serially diluted
in SM buffer and mixed with exponential-phase host bacterial culture to conduct double-layer agar method as
above and the phage morphology was observed. This procedure of single-plaque purification was repeated five
times until the purified phages were isolated?”*.

To determine phage titres (PFU/ml), the isolated phages were serially diluted (10° to 107!2) in SM buffer
and mixed with exponential-phase bacterial culture to conduct double-layer agar method. After overnight
incubation at 37 °C, the number of plaques formed by phages in each plate was counted and the phage titers
were calculated by C= 57—, whereas C was the phage titre, n was the number of plaques, d and v represented

the dilution factor and the volume of dilution added.

Host range, specificity, and efficiency of plating (EOP)

To determine phage host range and host specificity, bacteriolytic activities of these newly isolated phages (n=12)
were tested against XDR K. pneumoniae clinical isolates having carbapenemase and different mechanisms of
colistin resistance (n=32) and other pathogenic bacteria (n=6), by using standard spot assay as previously
published?”>. Briefly, 200 pl of exponential culture of tested bacteria (108 CFU/ml) was mixed with 3 ml of
top agar. This mixture was then overlaid onto TSA plates. After cooling at room temperature for 5 min, 10 pl
of purified phages (10° PFU/ml) were spotted onto bacterial lawn of the double-layer plates, each carrying a
different test bacterial strain. The plates were incubated at 37 °C overnight to observe for the presence of clear
Iytic plaques which indicated the susceptibility of this bacterial strain to the tested phage. This experiment was
repeated triplicates. Among 12 phages, the most potent phages -vB_kpnM_05 and vB_kpnP_08 exhibiting
broad-host range were selected for further analysis.

To further quantify their bacteriolytic efficiencies, the efficiency of plating (EOP) was determined as
previously described?”>>36, exponential cultures of host bacteria-kp924 and kp291 and test isolates (103 CFU/
ml) were mixed with each tested phage (10°~10° PFU/ml) and the plaque-forming abilities (PFU/ml) of vB_
kpnM_05 and vB_kpnP_08 in both test isolates and its hosts were evaluated by double-layer agar method. The
EOP was calculated by the ratio of average PFU/ml of phage on the test isolate to average PFU/ml of the same
phage on its host, and interpreted as high (EOP > 0.5), medium (0.1 <EOP <0.5), and low (0.001 <EOP < 0.1)%.

Transmission electron microscopy (TEM)

Morphological characterization of vB_kpnM_05 and vB_kpnP_08 was conducted by spotting 5 pl of phages (10°
PFU/ml) onto a copper grid and negatively stained with 2.5% (v/v) uranyl acid for 30 s, followed by visualization
under TEM (JEM-1400, JEOL, Japan) at 200 kV7. The sizes of vB_kpnM_05 and vB_kpnP_08 were measured
and analyzed using ImageJ”’.

Optimal multiplicity of infection (MOI)

MOI is the ratio of infecting phages to bacterial hosts, and the MOI producing the highest phage titre was
defined as the optimal MOI*”*°. To determine the optimal MO, the exponentially grown hosts and phages
(kp924 for vB_kpnM_05, and kp291 for vB_kpnP_08) were incubated at different MOIs (0.01-100) at 37 °C
with shaking (150 rpm) for 4 h, followed by measuring phage titre (PFU/ml) using double-layer agar method to
determine the optimal MOI of each phage®”>>. The experiments were conducted three times.

Phage adsorption assay

To determine phage adsorption, exponentially grown hosts and phages were mixed at their optimal MOIs (kp924
and vB_kpnM_05 at MOI-0.01, kp291 and vB_kpnP_08 at MOI-0.1) and incubated at 37 °C without shaking
for a total of 25 min. The samples (100 ul) were collected every 5 min and diluted with TSB (0.9 ml), followed by
centrifugation at 13,000Xg for 30 s to remove the bacteria and adsorbed phages. The supernatants were collected
and the titre of unabsorbed free phages in filtered supernatant were determined by double-layer agar method.

The experiments were conducted three times independently?”-*. The adsorption rate constant, k (ml/min), was

then calculated by, k= %2 log PO , whereas P was the number of unabsorbed phages, P was the initial number
t

of phages, B was the bacterial titer, and t was the time after infection®.

One-step growth curve

As previously published?”>*, exponentially grown hosts (kp924, kp291) firstly centrifuged at 6000Xg for 20 min
at 4 °C. The resulting bacterial pellet was then suspended in TSB and then infected with phages at their optimal
MOIs (MOI-0.01 for vB_kpnM_05, MOI-0.1 for vB_kpnP_08). Both phages were allowed to adsorb their hosts
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by incubation at 37 °C with shaking (150 rpm) for 15 min. These mixtures were then centrifuged at 13,000xg
for 10 min to remove the unabsorbed phages. After the supernatants were discarded, and the resulting pellets
containing the mixture of host and phage were resuspended in TSB and incubated at 37 °C with shaking
(150 rpm). Triplicate samples from each phage were collected every 5 min until 90 min, and double-layer agar
method was used to determine phage titre for generation of one-step growth curve and determination of latent
period and burst size of each phage. The experiments were conducted three times independently. Latent period
was the time between phage adsorption to host and the release of phage progeny from the host cell lysis. Burst
size is the number of phage progeny released from its host, and it was calculated as the ratio of phages released
at plateau level to their initial number during latent period?”*.

Stability of phages under different environmental conditions

To determine thermostability and pH stability as previously published?”%, phages (vB_kpnM_05, vB_kpnP_08)
were exposed to different temperatures (— 20, 4, 25, 37, 40, 60 and 80 °C) and pH (2, 4, 6, 7, 8, 10, 12 and 14) for
180 min, and their abilities to form lytic plaques were assessed by double-layer agar method. Stabilities under
UV radiation was assessed by exposing phage suspensions to UV lamp at an intensity of 1.722 +0.112 w/cm?,
followed by taking samples every 10 min for 80 min to determine the presence of lytic plaque by double-layer
agar method?”>>. For assessing stabilities for long-term storage, phages stored at 4 °C were tested for their lytic
activities monthly for 6 months by double-layer agar method?”°. To evaluate phage stability during chemical
exposure, both phages treated with chloroform (10%, 20%, 40%), and ethanol (70%, 99%) for 180 min were
assessed for the presence of lytic plaques using double-layer agar method*”%. All experiments were conducted
triplicates independently.

Molecular analysis of phages

After treating purified phage lysates (500 pl, 10'2 PFU/ml) with 1 uL DNase I (1 U/pl), and 1 ul RNase A (10 mg/
ml) (Thermo Scientific) at 37 °C for 1.5 h, phage genomic DNAs were extracted using the QTAGEN® Blood &
Tissue Kit (QIAGEN, Germany)>*. Phage DNAs (10 ng) were subjected to RAPD-PCR for genetic diversity
assessment using primers—RAPD, RAPD-P1 and RAPD-P2 as previously published!®®’. Phages’ DNAs (0.5 pg)
were also subjected to restriction digestions using enzymes (Ncol, HindIII, EcoRV, EcoRI) as per manufacturer’s
protocol (Thermo Scientific). The digested products were separated with 1% agarose gel electrophoresis at 80 V
for 45 min and visualized under gel documentation system (BioRad). The phage genomes were sequenced using
an Illumina HiSeq2500 and assembled into circular contigs using Unicycler v0.5.061-%%. Both phage genomes
were annotated and visualized using Pharokka v1.7.1%%. Open reading frames (ORFs) were predicted using
GeneMark (http://topaz.gatech.edu/GeneMark/), and the functions of the proteins encoded by the ORFs were
predicted using BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Glimmer 3.02 was used
for gene prediction. The virulence factor database (VFDB), the Comprehensive Antibiotic Research Database
(CARD) and NCBI were used to search and analyze virulence, antibiotic resistance and lysogeny genes. The
nucleotide sequences of both phages were deposited in European Nucleotide Archive (https://www.ebi.ac.uk/)
(Accession number: PRJEB75204). A phylogenetic tree for each phage was constructed based on the comparison
of whole genome sequences using the Molecular Evolutionary Genetic Analysis software (version 7.0).

Bacteriolytic efficacies of phages as monophage or cocktail

In vitro bacteriolytic efficacy of phages as monophage versus phage cocktail were tested as previously
described?”*°. Briefly, the phage cocktail was prepared by combining equal concentrations and volumes of
phages. The exponential culture of test isolates (108 CFU/ml) was mixed with monophage (10!°-107 PFU/
ml, MOI-100-0.01) or phage cocktail (10 PFU/ml each, MOI-10) at 37 °C for 24 h, followed by monitoring
bacterial growth by measuring OD600 every hour using a spectrophotometer.

Evaluating synergistic efficacy of vB_kpnM_05 and vB_kpnP_08 as monophage or phage
cocktail in combination with different antibiotics in vitro
By checkerboard screening assay, the synergistic activities of vB_kpnM_05 and vB_kpnP_08 as either monophage
or phage cocktail in combination with antibiotics having different antibacterial mechanisms (colistin, imipenem,
amikacin, ciprofloxacin, ceftazidime), were firstly screened as previously published®>%>. Briefly, 50 pl of
antibiotics were serially diluted (2-2048 ug/ml) in checkerboard test plates. Subsequently, 50 pl of vB_kpnM_05
and vB_kpnP_08, at different MOIs (0.001-1000), were added to their respective plates, as either monophage
or phage cocktail. The plates were inoculated with 100 pl of test isolates (10> CFU/ml) and incubated at 37 °C.
The antibacterial activities of antibiotics alone, monophage or phage cocktail alone, and untreated bacterial
culture as control were assessed in parallel. Five representative clinical isolates of XDR K. pneumoniae, each
displaying different carbapenemase and distinct mechanisms colistin resistance, were subjected to checkerboard
screening assay in vitro. The synergistic activities were then interpreted by fractional inhibitory concentration
index (FICI)—Synergy:FICI<0.5 and No interaction:0.5<FICI<4%. The checkerboard screening assay
revealed that phage cocktail (MOI-10) in combination with amikacin (8 pg/ml) exhibited significant synergy
(FICI<0.5) across all 5 representative clinical isolates of XDR K. pneumoniae with varying levels of amikacin
susceptibility, including intermediate susceptibility and resistance (32-128 pug/ml) (Supplementary Fig. 3-5). To
further prevent the occurrence of unfavorable effects and development of resistance due to the selection pressure
superimposed by these antimicrobials, we selected the subinhibitory concentrations of both phage cocktail
(MOI-10) and amikacin (8 pg/ml), which demonstrated potent synergy in checkerboard assay, for subsequent
experiments.

Using a time-kill assay, we then confirmed the synergistic activity of a phage cocktail-amikacin combination
in these 5 representative K. pneumoniae clinical isolates with varying levels of amikacin susceptibility, including
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intermediate susceptibility and resistance (32-128 pg/ml), as previously described®>%. Briefly, after adding
amikacin (8 pg/ml) and phage cocktail (MOI-10) as monotherapies and combination therapy, test isolates
(10° CFU/ml) were inoculated and incubated at 37 °C. Bacterial growth (OD600) and viabilities (CFU/ml) were
measured at different timepoints (2, 4, 6, 8, 12, 24 h). The significant synergistic activities were interpreted
with > 2log10-fold decrease in combination as compared to monotherapies®*%°.

Animal study

Animal studies were performed using 6-8-week-old C57BL/6 mice purchased from Nomura Siam International
(Pathumwan, Bangkok, Thailand) and carried out in compliance with ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines!®¢7-%°.

Safety and stability of phage cocktail

Prior to assessing the effect of phage cocktail in vivo, its safety was firstly evaluated by administering phage
cocktail (100 pl, 10° PFU/ml per mouse) intraperitoneally to healthy mice (n=>5), and animals were observed
for a month for toxicities, disease development or death, as previously published'S. After intraperitoneal (IP)
administration of phage cocktail, its titre in murine blood (PFU/ml) at different timepoints (0, 2, 4, 6, 8, 12,24 h)
was investigated by double-layer agar method to assess its stability in vivo'e.

Lethal dose100 (LD100)

Following a previously established murine bacteremia model via IP inoculation®>”°, we induced bacteremia in
vivo using a clinical isolate of XDR K. pneumoniae obtained from the blood of a bacteremia patient. This clinical
strain exhibited carbapenemase-NDM, ISI-integrated mgrB, and resistance to amikacin. Mice were inoculated
intraperitoneally with bacterial suspensions at different doses (1 x 10%, 1x 107, 1x 108 CFU/ml), (n=5 for each
dose). The survival of the animals was monitored to determine LD100, the infective dose that leads to 100%
mortality from bacteremia. The LD100 obtained was subsequently utilized to induce murine bacteremia in our
experiments. The bacteria recovered from our animal studies was assessed for the presence of carbapenemase-
NDM, ISI-integrated mgrB, and amikacin resistance through PCR and broth microdilution. To evaluate the
progression of bacteremia at different hour-post-infection (hpi) following bacterial challenge with LD100,
bacterial burden (CFU/ml) in murine blood and internal organs (kidney, liver, spleen) was quantified by serial
plating at different timepoints (2, 8, 24hpi), as previously published*>°.

Therapeutic efficacy of phage cocktail-amikacin combination in murine bacteraemia

The therapeutic efficacy of phage cocktail-amikacin combination in vivo was evaluated as previously
published®>7°. Briefly, mice were challenged with LD100 intraperitoneally, and bacteraemia was allowed to
establish for 2 h. A single dose of either PBS (control), phage cocktail (MOI-10, 10° PFU/ml), amikacin (15 mg/
kg/day), or phage cocktail-amikacin combination (MOI-10, 10° PFU/ml+ 15 mg/kg/day) was administered
intraperitoneally across four distinct treatment groups, each comprising five animals. All mice were euthanized
at 14hpi to evaluate bacterial burden (CFU/ml) and phage titre (PFU/ml) in their blood and internal organs
(kidney, liver, spleen) through serial plating and the double-layer agar method®*”°. The same treatments were
given once daily at various time points following bacterial challenge (2, 8, 24 hpi), and murine survival was
monitored until either a clinical endpoint or experimental endpoint was reached, as published previously®>7°.
The clinical endpoint was determined using a five-point body condition score including weight loss, decreased
body temperature, respiratory distress, hampered mobility, and hunched posture. The experimental endpoint
was defined as 10 days post-infection for mice the did not reached the clinical endpoint*>%7°,

Prophylactic efficacy of phage cocktail-amikacin combination in murine bacteraemia

The prophylactic efficacies of IP phage cocktail and amikacin, as monotherapy or combination therapy in murine
bacteraemia, were further evaluated by giving the same treatments as above to mice (n=5 in each treatment
group) at 24 h prior to bacteria challenge with LD100. All mice were euthanized at 14hpi to determine bacterial
burden (CFU/ml) and phage titre (PFU/ml) in their blood and internal organs (kidney, liver, spleen) using
serial plating and the double-layer agar method. Using the same treatments, murine survival was evaluated until
clinical endpoint or experimental endpoint was reached 570,

Statistical analysis
All statistical analysis was conducted using GraphPad Prism (9.3.1). Data were compared by two-tailed Student’s
t-test, Mann-Whitney’s U test or Kaplan-Meier test. Statistical significance was accepted at p <0.05.

Ethics statement

The study protocol was approved by Institutional Review Board (IRB) of the Faculty of Medicine, Chulalongkorn
University, Bangkok, Thailand (IRB No0.2865/65), and experiments were conducted in compliance with national
and international ethical guidelines for human research as specified in the Declaration of Helsinki (1964) and its
contemporary (2013) amendments, and comparable ethical standards including The Belmont Report, Council
for International Organizations of Medical Sciences (CIOMS) Guidelines, and International Conference on
Harmonization in Good Clinical Practice (ICH-GCP). For this retrospective study of anonymized clinical
isolates, the requirement for informed consent from patients was waived by the IRB.

All protocols involving animals (C57BL/6 mice) conformed to the revised guidelines of the U.S. Institute of
Laboratory Animal Resources, Commission on Life Sciences, National Research Council Guide for the Care
and Use of Laboratory Animals, Washington, DC: National Academy Press; 1996, and the Animals for Scientific
Purposes Act, 2015 (BE 2558), and experiments were performed following the ethical standards as laid down
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in the Basel Declaration on the use of animals in research. The Institutional Animal Care and Use Committee
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(Certificate No.018/2566, Research Project No.001/2566) and protocols performed by operators licensed by the
Thai Institute for Animals for Scientific Purpose Development and National Research Council of Thailand.
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