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Discovery of Broad-Spectrum Repurposed Drug
Combinations Against Carbapenem-Resistant
Enterobacteriaceae (CRE) Through Artificial Intelligence

(Al)-Driven Platform

Ming Li, Kui You, Peter Wang, Lissa Hooi, Yahua Chen, Angi Siah, Shi-Bei Tan,
Jeanette Teo, Oon-Tek Ng, Kalisvar Marimuthu, Indumathi Venkatachalam,
Agata Blasiak,* Edward Kai-Hua Chow,* Dean Ho,* and Yunn-Hwen Gan*

Antimicrobial resistance challenges the sustainability of healthcare systems
and results in substantial economic losses worldwide. This issue is further
aggravated by paucity of new drugs and treatment options. In this study, an
artificial intelligence (Al)-derived platform termed IDentif.Al is utilized to
accelerate the development of effective therapeutic options for
carbapenem-resistant Enterobacteriaceae (CRE). Twelve Food and Drug
Administration-approved drugs are selected and the in vitro inhibitory efficacy
of 155 combinations consisting of various drugs is determined at different
concentrations against both Klebsiella pneumoniae and Escherichia coli.
Correlating these experimental data via an Al-derived relationship, IDentif.Al
rapidly determines a ranked list of drug combinations in the search space of
over half a million possible combinations. Meropenem is found to strongly
synergize with low doses of the anticancer drug bleomycin, showing

1. Introduction

The extensive spread of resistance to an-
tibiotics across the globe is bringing us
closer to the “post-antibiotic” era where
common and even minor infections may
become deadly.!! If no effective interven-
tion strategies for AMR are implemented
by 2050, we may see the loss of 10 mil-
lion lives per annum.?) Of particular con-
cern is the emerging resistance to carbapen-
ems, which are considered the last-resort
antibiotics for treating multi drug resistant
(MDR) Gram-negative bacterial infections.
In 2017, the WHO issued the Global Pri-
ority List of Antibiotic Resistant Bacteria,

broad-spectrum, bactericidal activity against nine isolates across three CRE
species in rich and minimal media with no synergistic cytotoxicity on
mammalian cells. Synergy is also detected between bleomycin and other key
carbapenems in clinical use (imipenem, ertapenem). Bleomycin/carbapenem
appears to be a promising combination therapy for treating various CRE
infections. IDentif.Al shows profound capability of identifying pan-active drug
combinations against a family of bacteria through surveying strains from

different species in parallel.

among which CRE has been highlighted
as critical priority pathogens demanding an
urgent therapeutic response.®’

CRE infections are primarily acquired
in healthcare settings.! Poor treatment
outcomes and up to 50% mortality rates
have been frequently reported, especially
in patients who are critically ill.>7] De-
spite the absence of a standardized anti-
CRE treatment, reported clinical outcomes
have pointed to the enhanced treatment
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effectiveness of combinatorial therapies when compared to
monotherapies.®9 Furthermore, current combinatorial drug
treatment for CRE infections revolves around the following
strategies: 1) high-dose carbapenem (such as meropenem) in
combination with antibiotics that are active in vitro (such
as colistin, tigecycline), 2) double carbapenems (such as
meropenem/ertapenem), and 3) f-lactam with f-lactam inhibitor
(such as ceftazidime-avibactam).!'%] These strategies, however, re-
sult in variable clinical outcomes and are confronted with resis-
tance issue.

Typically, developing a new drug consists of several in vitro
and in vivo validations and phases of clinical trials, and the time-
line requires 10-15 years. However, such a prolonged timeline is
insufficient to address the rapid emergence of AMR pathogens.
Recently, high-throughput screening and higher-order drug de-
velopment approaches have contributed to designing effective
repurposed drug combinations.[''**) Optimizing drug combina-
tions, especially for AMR infections with the rapid emergence of
mutations and strains, is a challenging task. For instance, design-
ing combinations from a pool of 12 drugs with three dosage levels
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requires the screening of more than half a million (312 = 531 441)
combinations, which is an insurmountable task in the context of
drug development. To address this challenge, we harnessed an
Al-derived platform, IDentif.Al, to pinpoint and design effective
anti-CRE combination therapies. IDentif. Al utilizes a second-
order quadratic relationship to correlate input drug combinations
and their corresponding biological response (e.g., % Inhibition)
to pinpoint effective regimens. This correlation was first discov-
ered via neural network on the relationship between cellular re-
sponse and input therapeutics, and it has been validated in other
in vitro and in vivo studies pertaining to infectious diseases and
cancer.[>3% The second order quadratic relationship was also
confirmed via prospective human studies.*'’] This platform is
mechanism agnostic and does not rely on pre-existing data or in
silico modeling. All results from IDentif. Al are based on prospec-
tively obtained experimental data, and pinpointed combinations
are optimal within the selected pool of drugs.

In this study, 12 FDA-approved drugs were selected and con-
centrations at 5% and 10% C,_, or inhibitory concentration
IC,, and IC,, were tested for combinatorial design. The IDen-
tif. Al workflow pinpointed low concentrations of bleomycin
(BLM) in combination with meropenem (MEM) as the top ef-
fective and synergistic combination across different Enterobac-
teriaceae species and strains. No cytotoxicity or cytotoxic syn-
ergy was seen in mammalian cells with the BLM and MEM
doses used in the combination. BLM/MEM thus appears to be
a promising combinatorial therapy for treating various CRE in-
fections and could be further tested in preclinical models to ex-
amine the potential clinical suitability of the combination (e.g.,
toxicity). This study further demonstrates the potential of us-
ing the IDentif. Al platform as an alternative, rapid approach
to determine novel drug combinatorial designs for CRE-related
infections.

2. Results

2.1. Two Selected CRE Strains, 12 FDA-approved Drugs, and
Drug Concentration Selection for IDentif.Al

We selected K. pneumoniae (ENT646) and E. coli (C31) clinical
isolates as representative multi-drug resistant CRE to determine
novel and effective drug combinations that may be broadly active
against various CRE species (Figure 1). Both ENT646 and C31
carry genes resistant to more than three classes of antibiotics
(Table S1, Supporting Information). ENT646 is a hypervirulent K.
preumoniae (hvKp) isolate,l*® an example of the alarming emer-
gence of “superbugs” due to the increasing convergence of hy-
pervirulence and carbapenem resistance in K. pneumonige.[38-401

The initial pool of 12 drugs was selected from three groups: 1)
mainstay antibiotics essential for treating CRE infections, such
as MEM and polymyxin B (PB);#%*] 2) drug sensitizers, such
as efflux pump inhibitor metformin;!*?! and 3) repurposed drugs
reported with antibacterial activity (Table 1). IDentif. Al assesses
three clinically relevant drug concentrations. Aside from data de-
rived from dose-response curves (Figure S1, Supporting Infor-
mation), C,_.. values obtained from regulatory documents and
clinical trials also served as one of the concentration selection
parameters. Typically, 10% of C_,, is considered the achievable
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Figure 1. Workflow of the IDentif.Al-guided drug combinatorial study against CRE. Two clinical isolates from the most representative CRE species (hvKp
ENT646 and E. coli C31) are investigated by IDentif.Al. The workflow begins by selecting 12 FDA-approved drugs, and they are individually assessed
via dose-response experiment in vitro. Relevant concentration levels are selected. Subsequently, 155 OACD-designed combinations are experimentally
validated, and the respective data are analyzed by IDentif.Al. Top combinations selected by the platform are comprehensively analyzed.

concentration of administered drug in the targeted site.l'%?”] The
three concentration levels are level 0 (absence of the drug in a
combination), level 1, and level 2 concentrations. Level 1 and level
2 concentrations are selected based on the lower of the two values:
5%/10% C,,,., or IC,,/IC,,. The integration of pharmacological
(5%/10% C,,,,,) and potency data (IC,,/IC,,) ensures that identi-
fied therapies are clinically actionable and no single agents are
over-represented. Notably, inactive drugs that have no antibac-
terial activity in vitro are also considered by IDentif.Al as drug
interactions may occur when drugs are properly paired in com-
binations and at the correct concentrations.

2.2. Optimization and Experimental Validation of
IDentif.Al-pinpointed Combinations

The monotherapies for each of the 12 drugs at level 1 and level
2 concentrations generally demonstrated low efficacy (less than
24% Inhibition) against both ENT646 and C31 isolates (N = 3;
Figure S2, Supporting Information). However, pairing them in
combinations may result in enhanced efficacy. IDentif.Al har-
nessed the experimental data of the 155 orthogonal array com-
posite design (OACD) combinations consisting of drugs at three
concentration levels (Table S2, Supporting Information) against

Table 1. 12 FDA-approved clinical-in-use drugs with their selected level 1 and level 2 concentrations.

Pharmacological data [ug mL™"]

HvKp ENT646 [ug mL™"]

E. coli C31 [ug mL™"]

Drug Crnax 5% Cax 10% Cya 1Cqo 1Cy0 1Cso ICqo 1Cy0 1Cso

ARF 0.312[41 0.0156 0.0312 5.334 9.179%) 26.250 4.295 7.291°) 17.590
ATS 3.300144] 0.165 0.330 >100 >100°) >100 13.610 27.020°) 74.060
BLM 1000143 50 100 0.100 0.183%) 0.413 16.370 >100P) >100
CPX 0.2214¢] 0.0111 0.0221 5.267 5.697°) 6.804 6.406 6.613%) 7.079
FUDR 0.25914%1 0.0130 0.0259 0.196 0.286") 0.574 0.197 0.261°) 0.360
LVX 9.300471 0.465 0.930 0.607 0.7682) 1.208 10.060 11.300°) 13.900
MTF 1.301148] 0.0651 0.130 >100 >100°) >100 >100 >100°) >100
MEM 61.6141 3.080 6.160 0.227 1.283%) 3.799 20.010 26.690P) 36.950
PMB 8.53050] 0.427 0.853 0.581 0.649%) 0.849 0.423 0.500%) 0.664
RFB 0.375151 0.0188 0.0375 0.749 1.0310) 2.036 0.0851 0.199) 0.636
STFX 1.0001%21 0.0500 0.100 0.0429 0.05552) 0.0926 0.157 0.206) 0.318
ZDV 1.1001%3 0.0550 0.110 3.17E-3 6.91E-32) 0.0441 6.32E-4 1.97E€-32) 0.0601

¥ Level 1/2 concentrations selected based on 1C;o/1Cy0; ® Level 1/2 concentrations selected based on 5%/10% C, .. Abbreviations: ARF, auranofin; ATS, artesunate; BLM,
bleomycin; CPX, ciclopirox; FUDR, floxuridine; LVX, levofloxacin; MTF, metformin; MEM, meropenem; PMB, polymyxin B; RFB, rifabutin; STFX, sitafloxacin; ZDV, zidovudine.
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both ENT646 and C31 isolates (N = 8) (Figure S2, Supporting
Information). Most of the 155 OACD combinations resulted in
non-inhibitory effects with only a few achieving maximal % In-
hibition. The results suggest that simply pooling drugs in a cock-
tail does not always lead to the desired outcome. IDentif.AI cor-
related the % Inhibition values of all 155 combinations and their
associated monotherapies. Box-Cox transformation evaluated the
experimental data of both ENT646 and C31 isolates, and no trans-
formation was determined. Subsequently, a suite of residual-
based outlier analyses was performed for the % Inhibition data
of each isolate, and no outliers were identified (Figure S3, Sup-
porting Information). All data were included for the IDentif. Al
analysis. IDentif.Al correlated the input combinations and their
corresponding % Inhibition data via a second-order quadratic se-
ries, and the adjusted R? for ENT646 and C31 optimization were
0.853 and 0.726, respectively, indicating a highly correlated rela-
tionship between the input and output data. The resulting coef-
ficients of the step-wise regression are summarized in Table S3
(Supporting Information). The analysis provided a ranked list of
all possible combinations (3'> = 531 441) based on the interpo-
lation of the 155 OACD-designed combinations. The top-ranked
2-, 3-, and 4-drug combinations were selected for subsequent val-
idation studies (Table 2). Interestingly, BLM/MEM combination
consistently showed up as the top-ranked 2-drug combination in
both ENT646 and C31 optimization. Furthermore, IDentif. Al’s
interaction analysis predicted potential strong synergy between
BLM and MEM in both ENT646 and C31 isolates (Figure S4, Sup-
porting Information). Aside from BLM/MEM, IDentif.AI also
pointed to levofloxacin/sitafloxacin (LVX/STFX) as one of the top
combinations against ENT646 isolate (Table 2), and interaction
analysis also suggested synergistic interaction between the two
drugs (Figure S4, Supporting Information).

The efficacies of the selected IDentif.Al-designed combina-
tions were experimentally determined (Table 2). To provide a
benchmark of the effectiveness of IDentif. Al-designed combi-
nations, four standard-of-care (SOC) regimens were also vali-
dated. The concentrations of drugs in SOC regimens were de-
termined in the same workflow as the original pool of 12 drugs
(Figure S1 and Table S4, Supporting Information). All SOC drugs
were tested at level 2 concentrations to ensure maximal efficacies.
Among the four SOC combinations, only ceftazidime-avibactam
(CAZ-AVI)/MEM demonstrated complete growth inhibition
against ENT646 (100.07+0.06%) and C31 (100.02+0.13%), while
the other three exhibited moderate (less than 50%) or min-
imal inhibitory efficacy against both strains (Table 2). No-
tably, IDentif.Al-designed BLM/MEM combination exhibited
92.12+7.77% Inhibition and 100.18+0.11/100.10+0.03% Inhibi-
tion (two different concentration ratios) against ENT646 and C31
isolates, respectively. Additionally, LVX/STFX, which is a double
fluoroquinolone design, also exhibited maximal inhibitory effect
(94.26+18.10/100.0040.25% Inhibition against ENT646). No sta-
tistically significant efficacy difference (p < 0.001) was detected
between CAZ-AVI/MEM and IDentif. Al-designed top combina-
tions in both strains by Kruskal-Wallis and Dunn’s post hoc tests.

Aside from pinpointing effective drug combinations, IDen-
tif. Al also identifies ineffective ones formed by the same pool of
drugs. In Table 2, a list of low-ranked ineffective combinations
was also experimentally validated. In line with the IDentif.AI
results, these combinations exhibited no inhibition. Therefore,
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properly pairing drugs in combinations is critical to achieving
optimal outcomes.

2.3. Synergy Analysis and Activity Spectra Profiling of BLM/MEM
and LVX/STFX

IDentif. Al interaction analysis predicted strong synergistic drug-
drug interactions in BLM/MEM (against ENT646 and C31) and
LVX/STEX (against ENT646) (Figure S4, Supporting Informa-
tion). To validate the predicted synergy and to examine the
activity spectra of the two combinations, checkerboard assays
were performed in MHB against 9 clinical isolates from three
key CRE species (K. pneumoniae ENT646/ENT448/ENT1192,
E. coli C31/C165/C242, and E. hormaechei C36/C52/C254)
(Table S1, Supporting Information). These whole-genome se-
quenced isolates possess genes coding for all three classes
of carbapenemases, including Class A KPC (K. pneumoniae
ENT646/ENT1192), Class B NDM (K. pneumoniae ENT448, E.
coli C31/C242, E. hormaechei C52/C254), and Class C OXA
(K. pneumoniae ENT646/ENT1192/ENT448, E. coli C165/C242,
E. hormaechei C254). Moreover, both hypervirulent (ENT646,
ENT1192) and classical (ENT448) K. pneumoniae isolates were
tested. Drug gradients of BLM, MEM, LVX, and STFX were pre-
pared at 2-fold serial dilutions starting at 20% C,,,. % Inhibition
efficacies were experimentally determined for each checkerboard
assay, and they were fed into SynergyFinder+ for drug interac-
tion analysis based on Bliss independence model. The model pro-
vided Bliss synergy 5-scores for each dose ratio across the checker-
board, and a score of >10 indicates the presence of synergy at the
respective ratio. As shown in Figure 2 and Figure S5 (Supporting
Information), BLM/MEM combination exerted broad-spectrum
antibacterial and strong synergistic effects against all tested iso-
lates within the clinically actionable concentration ratios (<10%
C,nay dotted boxes). Analysis of dose-response curves of drugs in
monotherapies and in combinations revealed potentiating inter-
action between BLM and MEM. For instance, BLM was found
to significantly re-sensitize hvKp ENT646/ENT1192 and E. coli
C165 to the treatment of MEM, where high-level resistance was
initially observed. Whereas in BLM-resistant strains, including
E. coli C242 and E. hormaechei C36/C52/C254, MEM remarkably
potentiated the potency of BLM. Moreover, classical K. pneumo-
niae (cKp) ENT448 and E. coli C31, which showed complete re-
sistance to both drugs when they were administered at indicated
concentrations individually, became susceptible to the combina-
tion due to potentiation in both directions, and manifested Bliss
Synergy 6-Scores of up to 90. In contrast, LVX/STFX combination
only interacted synergistically against two hvKp isolates (ENT646,
ENT1192) (Figure S6, Supporting Information). This synergistic
interaction is due to the potentiating effect of STFX to the activ-
ity of LVX against both strains (Figure S6, Supporting Informa-
tion). Although MHB has been routinely used for antimicrobial
susceptibility testing, it does not recapitulate the in vivo milieu.
To examine BLM/MEM combination in a more clinically relevant
setting, the checkerboard assays were repeated against the 9 CRE
strains in M9 broth supplemented with 0.4% glucose, which has
been reported to mimic the lung environment.*! We found that
BLM/MEM retains its antibacterial activity and strong synergis-
tic interactions against all tested pathogens in M9 media (Figure
S7, Supporting Information).
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Table 2. Experimental validation of IDentif.Al-designed combinations with SOC regimens.

Strains IDentif.Al-designed Combinations [ug mL™"] IDentif.Al Prediction Experimental Validation
Rank % Inhibition % Inhibition
ENT646 Top 2-drug Combinations
BLM (0.183)/MEM (1.283) 306 695 67.67 92.12+7.77
LVX (0.607) /STFX (0.056) 330869 64.04 94.26+18.10
LVX (0.768) /STFX (0.056) 363345 58.88 100.00+0.25
Top 3-drug Combinations
BLM (0.183)/LVX (0.607)/MEM (1.283) 141307 91.10 100.00+0.29
BLM (0.183)/LVX (0.607)/STFX (0.056) 186801 84.49 99.98+0.26
BLM (0.183)/MEM (1.283)/ZDV (0.003) 194073 83.48 88.24+10.68
Top 4-drug Combinations
BLM (0.183)/LVX (0.607)/MEM (1.283)/STFX (0.056) 45425 110.65 99.97+0.24
BLM (0.183)/LVX (0.607)/MEM (1.283)/CPX (0.022) 51713 108.86 99.92+0.18
Low Ranked Ineffective Combinations
RFB (0.019)/STFX (0.043) 528421 0.45 3.75+1.85
ATS (0.165)/BLM (0.183) 525894 5.85 7.10+1.30
FUDR (0.013)/MTF (0.065)/PMB (0.581) 528114 0.80 11.78+1.43
ATS (0.165)/BLM (0.100)/CPX (0.022) 523 666 9.44 0.34+1.84
Standard-of-care (SOC) Combinations
CAZ-AVI (0.35)/MEM (1.283) - - 100.07+0.06
CLT (0.092)/MEM (1.283)/TGC (0.045) - - 33.66+2.06
ETM (3.123)/MEM (1.283) - - 10.95+1.39
CLT (0.092)/ ETM (3.123)/MEM (1.283) - - 7.98+1.4
C31 Top 2-drug Combinations
BLM (50)/MEM (3.080) 151780 74.62 100.18+0.11
BLM (50)/MEM (6.160) 181209 68.70 100.10+0.03
BLM (50)/ZDV (0.002) 197 116 65.63 20.38+2.47
Top 3-drug Combinations
BLM (50)/MEM (3.080)/ZDV (0.002) 51802 99.53 100.02+0.06
BLM (50)/MEM (3.080)/STFX (0.100) 68300 94.50 100.21+0.14
BLM (50)/LVX (0.930)/ZDV (0.002) 78041 91.84 17.96+2.22
Top 4-drug Combinations
BLM (100)/MEM (6.160)/LVX (0.930)/ZDV (0.002) 6400 125.73 100.20+0.08
BLM (100)/MEM (6.160)/PMB (0.500)/STFX (0.100) 11433 119.89 100.100.10
Low Ranked Ineffective Combinations
ATS (0.330)/BLM (100) 526923 1176 7.31+4.26
ATS (0.165)/MEM (6.160) 525117 -9.48 16.14+3.40
BLM (100)/FUDR (0.026)/LVX (0.465) 525751 -10.23 4.62+14.17
ATS (0.165)/RFB (0.019)/ZDV (0.002) 526 224 -10.82 6.46+11.20
Standard-of-care (SOC) Combinations
CAZ-AVI (23.97)/MEM (6.16) - - 100.02+0.13
CLT (0.092)/MEM (6.16)/TGC (0.043) - - 23.0242.4
ETM (15.5)/MEM (6.16) 43594585
CLT (0.092)/ ETM (15.5)/MEM (6.16) - - 18.33+2.43

Data points are presented as mean + propagated SD (ENT646 N = 10, C31 N = 6). Abbreviations: CAZ-AVI, ceftazidime—avibactam; CLT, colistin; ETM, ertapenem; TGC,
tigecycline.
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Figure 2. Drug interaction analysis of BLM/MEM against three clinical isolates from three key CRE species, respectively: A) hvKp ENT646, B) E. coli
C31, and C) E. hormaechei C36 in MHB. Drugs were tested starting from their 20% C,,,, concentrations or lower in 96-well plates. Clinically actionable
concentration combinations (<10% C,,,) in each plate are boxed by dashed lines. Concentration ratios causing no less than 10 000-fold killing after
20 h incubation are boxed by red solid lines. Synergy was evaluated via the Bliss independence model. Synergy scores greater than 10, between —10
and 10, and less than —10 are considered synergistic, additive, and antagonistic, respectively. Statistical significance of the Bliss Synergy é-Scores was

determined by one-sample t-test (*p < 0.05; **p < 0.01; ***p < 0.001). The horizontal, black dotted line in each dose response curve plot represents
absolute ICsy. Data points are presented as mean + SD (N = 2).

2.4. Bactericidal Activity Testing and Spontaneous Resistance 10 000-fold killing were screened and highlighted in red boxes
Propensity Evaluation of BLM/MEM on each interaction map. BLM/MEM at various concentration

ratios potently killed all isolates tested in both rich (Figure 2
To assess the killing capacity of BLM/MEM at different concen-  and Figure S5, Supporting Information) and minimal (Figure
tration ratios, aliquots (100 pL) of cultures from wells of mi-  S7, Supporting Information) media. To profile the killing ki-
crotiter plates that showed 100% Inhibition were plated onto  netic of BLM/MEM, mid-log-phase ENT646 and C31 cultured in
solid agar for colony-forming unit (CFU) enumeration. Concen- ~ MHB were exposed to BLM/MEM combination at different con-
tration ratios in the checkerboard assays inducing more than  centration ratios for 20 h. At each time point, culture aliquots
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were adequately diluted and plated for CFU counting. A range of
BLM/MEM concentration ratios were tested including the mini-
mum concentration ratios defined from the checkerboard assays
showing both synergistic (Bliss Synergy §-Score > 10) and bac-
tericidal (>10 000-fold killing) effects, and the concentration ra-
tios used for IDentif. Al analysis. To provide a benchmark, CAZ-
AVI/MEM, the only effective SOC combination, was also tested
at level 2 concentrations. The positive control CAZ-AVI/MEM
rapidly and thoroughly killed both ENT646 and C31 within 20 h
(Figure S8, Supporting Information). Its killing activity was par-
ticularly robust against E. coli C31 with no viable bacteria de-
tected (CFU < 20) at time point as early as 5 h. In comparison
to CAZ-AVI/MEM, all tested concentration ratios of BLM/MEM
exhibit similar or even better killing kinetics against the treated
cultures. The only exception is BLM (0.183 pg mL™')/MEM
(1.283 pg mL™") against ENT646, which only killed bacteria at
early time points (within 5 h), then the CFU increase to the in-
oculum level by the end of the treatment (20 h). The regrowth
of CFU in the treated culture could be due to the instability and
gradual loss of efficacy of MEM incubated at 37 °C.**] It is un-
likely due to the emergence of resistant bacteria, as the regrown
culture demonstrated similar growth as compared to the initial
culture when treated with BLM/MEM at the same concentra-
tion ratio (0.183 pg mL~!/1.283 pug mL™!) (data not shown). In
fact, we found that BLM/MEM has a low propensity for the se-
lection of spontaneous resistant mutants (<10~°/CFU mutation
frequency).

2.5. Synergistic Interactions of BLM with Other Carbapenems

Carbapenems constitute an essential component in the combi-
natorial regimens against CRE infections. The observed strong
synergism in BLM/MEM prompts us to ask whether synergism
exists between BLM with other carbapenems. Ertapenem (ETM)
and imipenem (IMP) are two commonly administered carbapen-
ems in clinics. Checkerboard assay followed by CFU enumer-
ation was repeated for BLM/ETM and BLM/IMP against both
hvKp ENT646 and E. coli C31 in MHB. As shown in Figure S9
(Supporting Information), the strong synergy of BLM/MEM ob-
served in ENT646 and C31 extended to ETM and IMP. Within
clinically actionable concentrations (<10% C,,,,., dotted boxes),
BLM/ETM and BLM/IMP were also found to be bactericidal
at multiple concentration ratios (red solid boxes). The dose-
response analysis revealed similar drug interaction patterns to
BLM/MEM, where BLM potentiated the efficacy of tested car-
bapenems in ENT646, while against C31 bidirectional potency
enhancements were evidenced. Therefore, BLM may potentially
synergize with most carbapenems. However, BLM/MEM re-
mains the most promising among the three tested (BLM/MEM,
BLM/ETM, BLM/IMP), demonstrating the strongest synergism
and the highest bactericidal activity at lower doses.

2.6. Cytotoxicity Assessment of BLM/MEM Against Two
Different Cell Lines

Anti-cancer drug BLM is notorious for genotoxicity and side
effects.l>®] To investigate whether cytotoxicity in mammalian cells
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was also enhanced due to the drug-drug interplay, the liver
HepG2 and macrophage THP1 cell-lines were cultured and ex-
posed to BLM/MEM treatment. BLM and MEM were both tested
from their 20% C,,, concentrations (BLM: 200 ug mL~!, MEM:
12.32 pg mL™!) and treatments were performed for short (24 h)
and long (72 h) durations (Figure 3). In the first 24 h, no cy-
totoxicity was detected for both cell lines within clinically rele-
vant concentrations (<10% C,,,,,, black dotted boxes). More than
50% cytotoxicity was only seen in HepG2 cells after prolonged
combinatorial treatment (72 h) with BLM administered at higher
concentrations (>25 ug mL™!, 2.5% C,..). Moreover, cytotoxicity-
induced synergistic interaction was not observed in either cell
line throughout the treatment duration, indicating that the po-
tentiating effects between BLM and MEM are only seen in bac-
teria (Figure 3). Even though toxicity is a major concern regard-
ing the use of BLM for treating bacterial infections, the synergis-
tic interactions of BLM/MEM substantially decrease the neces-
sary dose of BLM to achieve maximal antibacterial effects, thus
mitigating toxicity. It is important to note that the BLM/MEM
combination with BLM at 2.5% C,,. (25 ug mL™") synergistically
killed eight pathogens out of the nine tested in MHB (Figure 2
and Figure S5, Supporting Information) and all nine pathogens
in M94-0.4% glucose (Figure S7, Supporting Information). The
only exception is cKp ENT448 in MHB, in which bactericidal dose
ratios were composed of BLM at its 2.5% C,,, or higher concen-
trations (Figure S5, Supporting Information).

3. Discussion

Carbapenem-resistant Enterobacteriaceae causes life-threatening
infections and high mortality due to its resistance to nearly all
antibiotics. Therefore, anti-CRE combinatorial treatments must
move beyond the traditional antibiotics and towards the huge
pool of repurposed drugs already in market. IDentif.Al is posi-
tioned as a novel digital medicine and pandemic readiness plat-
form to meet the challenges of a huge parameter space resulting
from drug and dose selections. It efficiently optimizes regimens
by testing a minimal set of combinations, 155 out of half a mil-
lion combinations (3'2 = 531 441). In this study, through the uti-
lization of IDentif.Al, BLM/MEM was independently identified
against both the hypervirulent K. pneumoniae strain ENT646 as
well as the E. coli C31 strain, demonstrating broad-spectrum syn-
ergism and bactericidal activity. The efficacy is retained in M9
minimal medium that is more reflective of in vivo niches than
rich medium, and no resistance mutants were detected. BLM also
synergized with IMP and ETM, which further unveiled common
synergism that could exist between BLM and other carbapenem
antibiotics. The mechanism underlying this synergy remains to
be investigated. Taken together, our data suggest BLM/MEM as
an alternative drug combination for the treatment of severe CRE
infections. Although BLM toxicity could be a concern hinder-
ing the future clinical use of BLM/MEM, our data on THP1
and HepG2 cell-lines detected no cytotoxicity at clinically rele-
vant concentrations (< 10% C,,,) within 24 h. Higher than 50%
significant cytotoxicity was restricted to HepG2 cells treated for
a prolonged time of 3 days at BLM concentrations higher than
its 2.5% C,,,,.- BLM/MEM with BLM doses lower than 2.5% C_,,
was still synergistically active against 17 culture conditions out
of the 18 tested (9 isolates in two media types), giving a more
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Figure 3. Cytotoxicity analysis of BLM/MEM. A) THP1 after 24 h treatment and B) 72 h treatment. C) HepG2 after 24 h treatment and D) 72 h treatment.
Synergy in cytotoxicity was evaluated by the Bliss independence model, scores greater than 10, between —10 and 10, and less than —10 implicates
synergistic, additive, and antagonistic interaction, respectively. Statistical significance of the Bliss Synergy 6-Scores was determined by one-sample t-test
p < 0.001). The clinically actionable concentration ranges are boxed in black dotted lines (< 10% C,,,,). Data points are
presented as mean = SD (N = 2).

(*p < 0.05;
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than 94% effectiveness coverage. This coverage rate could be fur-
ther defined by exposing more clinical isolates to the treatment
of BLM/MEM under varied conditions. Even though the pairing
of MEM with BLM remarkably enhanced the resultant antibac-
terial potency, no synergism in mammalian cytotoxicity was ob-
served. BLM/MEM could be very useful in treating pneumonia,
one of the most common infections caused by CRE pathogens,
because BLM preferentially accumulates in the lungs.l**) How-
ever, it is important to realize that all results reported in this
study are based on in vitro validations. Further preclinical studies
including animal models are needed to assess the clinical suit-
ability and safety of the combination. BLM/MEM can only be
considered optimal within the tested pool of drugs, and experi-
menting with a different set of drugs may yield other actionable
drug combinations. Nonetheless, we uncovered an unexpected
and novel combination that would not have been discovered
otherwise.

Recently, an outbreak of K. pneumoniae was reported by the
Virginia Mason Franciscan Health. Virginia Mason Medical Cen-
ter detected multiple transmissions of an unknown strain of K.
pneumoniae, and has reported 31 confirmed infections. The most
recent infection was confirmed on April 3, 2023 and importantly,
7 infected patients have passed away since October 2022. The
source of this specific strain is unknown.’} The development
of a diverse range of anti-CRE treatment options should be pri-
oritized. IDentif. Al may play a critical role in future incidences
like the above-mentioned outbreak. The same optimization work-
flow outlined in this study may rapidly determine an appropriate
regimen upon isolating the strain of K. pneumoniae from the in-
fected patients. Moreover, clinical input for the initial selection of
drugs and accounting for pharmacological data in the workflow
of IDentif.Al contributes to the potential success of clinical trans-
lation of IDentif.Al-designed combinations. More importantly,
IDentif. Al may further personalize the optimal regimen for each
infected patient using individually obtained strains of the bac-
teria. In sum, this platform may be a powerful tool that can po-
tentially recommend effective treatment options during a sudden
outbreak as the workflow only requires minimal experimentation
and short timeline. Though IDentif. Al is a versatile, dynamic
platform, it also has some technical limitations. Notably, IDen-
tif. Al relies on the Al-derived second-order quadratic relation-
ship that correlates input combinations with their corresponding
biological response. This relationship therefore limits the num-
ber of drugs for interaction analysis. For example, IDentif.Al in-
teraction analysis including the estimated coefficients (Figure S4
and Table S3, Supporting Information) was mostly limited to 2-
drug combinations. Incorporating higher-order drug optimiza-
tion and/or pairing with high-throughput screening may poten-
tially enable detailed analyses of drug combinations containing
more drugs. Moreover, the OACD utilized in this experiment
only contained three concentration levels. The level 1 and level
2 concentrations may not cover a wide range of concentrations
and as a result, some drug-drug interactions may be missed.
Therefore, an experimental design that can incorporate more
concentration levels while maintaining a manageable experimen-
tal setup may potentially lead to the detection of more drug inter-
actions.

The emergence of digital medicine has led to the application of
artificial intelligence in addressing healthcare challenges includ-
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ing AMR. In a study by Chen et al,, statistical metamodeling was
harnessed to determine synergistic antimicrobial interactions in
E. coli.58] Similar to IDentif.Al, this approach also utilizes frac-
tional factorial followed by stepwise regression for pinpointing
actionable drug combinations. However, IDentif. Al uses OACD,
which includes fractional factorial and orthogonal array, for its
initial drug screening. As a result, both linear and non-linear
(quadratic) effects were considered, while statistical metamodel-
ing explores the two effects separately. In addition, higher-order
drug interactions are also being explored aside from conven-
tional pair-wise drug interactions. A recent study reported that
when more drugs are added to the bacterium’s environment, the
prevalence of higher-order drug interactions increases.l*”! IDen-
tif. Al harnesses a second-order quadratic series that provides in-
sights into interactions between two drugs, as higher-order drug
combinations may not be as clinically relevant as 2- or 3-drug
combinations. The integration of various different drug com-
bination optimization approaches may lead to more actionable
outcomes.

In summary, by harnessing the IDentif. Al platform, we iden-
tified BLM/MEM to be an important combinatorial alternative
should preclinical and clinical testing show favorable safety and
efficacy profiles for use in patients with CRE infections with very
limited therapeutic options. Our work demonstrates the utility
of the IDentif.AI platform and validates the accuracy of its pre-
diction on top-ranked effective combinations. Subjecting strains
from distinct species to the IDentif. Al platform in parallel could
be a feasible strategy for the discovery of pan-active combinations
against a family of bacteria. In the future, integrating IDentif.Al
with current drug development pipeline could be an important
advancement made to shorten regimen composition duration
and to increase treatment success rates.

4, Conclusion

This study presents an alternative approach to accelerate the de-
velopment of CRE-specific treatment strategies and potentially
enrich our arsenal of treatment options in the face of surging
antimicrobial resistance. IDentif. AI-pinpointed BLM/MEM com-
bination demonstrated promising results in vitro against mul-
tiple species of CRE. However, further validations including in
vivo and preclinical studies may be helpful in clinical translation.
Nonetheless, the platform and the combinations may contribute
to future pandemic readiness and the accessibility of treatment
options for the clinical communities.

5. Experimental Section

Bacterial Strains and Culture Conditions: A total of nine carbapenem-
resistant Enterobacteriaceae (CRE) clinical isolates were tested in this
study, namely Klebsiella pneumoniae ENT646/ENT1192/ENT448.138]
Escherichia  coli  C31/C165/C242, and  Enterobacter hormaechei
C36/C52/C254. Hypervirulent (ENT646, ENT1192) and classical
(ENT448) K. pneumoniae strains were obtained from the Carbapenemase-
producing Enterobacteriaceae in Singapore (CaPES).[%0] E. coli and E.
hormaechei strains were from the National University Hospital. Bacterial
cultures were maintained at 37°C in Mueller Hinton Broth (MHB)
(BD Difco). To test drug combinations in minimal media, M9 media
supplemented with 0.4% glucose was prepared by diluting M9 minimal
salts at 5% (Sigma) to 1x in ddH,O containing 2 mm MgSO,, 100 um
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CaCl,, and 0.4% glucose. Genomic DNAs of E. coli and E. hormaechei
strains were extracted following the GenElute Bacterial Genomic DNA
Kit Protocol (Sigma) and sequenced on a NovaSeq PE150 sequencing
platform by NovogeneAIT. Genomic sequences were uploaded to NCBI
with accession numbers indicated in Table S1 (Supporting Information).
To identify resistance genes, bacterial genome sequence data were
uploaded to CARD (The Comprehensive Antibiotic Resistance Database).

Selection and Stock Preparation of Drugs: Twelve FDA-approved drugs
with diverse clinical indications were selected through a comprehen-
sive literature review. Bleomycin (BLM) (SelleckChem S1214), floxuridine
(FUDR) (SelleckChem $1299), metformin (MTF) (SelleckChem S5958),
meropenem (MEM) (SelleckChem S1381), and polymyxin B (PMB) (Sell-
eckChem S1395) were dissolved in sterile ddH,O. Auranofin (ARF) (Sell-
eckChem S4307), artesunate (ATS) (SelleckChem S2265), ciclopirox (CPX)
(SelleckChem S2528), levofloxacin (LVX) (SelleckChem S1940), rifabutin
(RFB) (SelleckChem S1741), sitafloxacin (STFX) (SelleckChem S2152),
and zidovudine (ZDV) (SelleckChem S2579) were prepared in DMSO.
Drugs commonly administered in clinics against CRE infections were
tested as standard-of-care (SOC) agents, including ceftazidime-avibactam
(CAZ-AVI at 4:1 dose ratio) (MedChemExpress HY-B0593/HY-14879A),
colistin (CLT) (SelleckChem S4029), tigecycline (TGC) (MedChemExpress,
HY-B0117), ertapenem (ETM) (MedChemExpress, HY-13625), and MEM.
ETM and TGC were dissolved in DMSO, and the remaining SOC drugs
were prepared in sterile ddH,O. All drug stocks were aliquoted and kept
at —20 °C.

Dose-Response Curve Determination: Minimum inhibitory concentra-
tion (MIC) assay was conducted to profile the dose-response curves of
the 12 selected drugs and SOC drugs against ENT646 and C31, following
the Clinical and Laboratory Standards Institute guidelines (CLSI-M07-A11-
2018). Briefly, 100 pL of bacterial inoculum at 1 x 105 CFU mL~" (ODgq,
0.001) were dispensed into each well of flat-bottomed transparent 96-well
microplates (Greiner) containing 100 uL of twofold serially diluted drug
gradients. ODgq, readings were recorded on a Tecan Infinite M200 PRO
plate reader before and after incubation at 37 °C for 20 h without shak-
ing. Growth of bacteria (ODggg growth) in €ach well of the microplate was
obtained by subtracting the ODg, reading at time zero from that after
incubation. % Inhibition was calculated using Equation (1):

oD in drug treated well
% Inhibition = |1— [ ——ogrowth 17 TTHE x100 (1)
ODgoo growth in drug free well

To construct dose-response curves, the logarithmic scale of drug con-
centration was plotted against the measured % inhibitions on GraphPad
PRISM (GraphPad Software). Based on the plotted dose-response curves,
1Cyg, ICyp, and 1Csq, minimum drug concentrations achieving 10%, 20%,
and 50% inhibition of bacterial growth, respectively, were obtained. Across
all experiments, drug-free (DF) wells were used as negative controls. The
final concentration of DMSO in each well was kept below 0.5%. Exper-
iments were repeated by at least two independent biological replicates,
each of which contains 4 technical replicates.

IDentif. Al Interrogated Drug Combinations and Interactions: A res-
olution 5.5 orthogonal array composite design (OACD)I®"62] consist-
ing of 128-combination two-level fractional factorial and 27-combination
three-level orthogonal array (Table S2, Supporting Information). All 155
OACD combinations were experimentally prepared and validated for both
ENT646 and C31 strains (N = 3). The monotherapies of all 12 drugs in
two concentration levels were also validated. IDentif.Al correlated the in-
put combinations including the monotherapies to their respective mea-
sured % Inhibition via a second-order quadratic series.!'®27-2%] Box-Cox
transformation evaluated the % Inhibition data to determine the most
suitable data transformation that may enhance the goodness-of-fit of the
regression analysis. Residual-based outlier analysis was also performed.
Subsequently, IDentif.Al performed a stepwise regression to interrogate
and pinpoint top combinations from a search space of 12 drugs at three
concentration levels, which consists of (3'2) 531 441 possible combina-
tions. IDentif. Al provided a ranked list of all possible combinations con-
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taining their respective concentrations and IDentif.Al-predicted % Inhibi-
tion. IDentfi.Al was performed on MATLAB (R2020B; MathWorks, Inc).

Checkerboard Assay with Bliss Independence Model Synergy Analysis: ~ Se-
rial twofold dilutions of interested two drugs were prepared and combined
in vertical directions in 96-well plates. One hundred microliters of bacterial
suspension at 1 x 10° CFU mL™' (ODgyq 0.001) was added. Plates were
incubated at 37 °C without shaking for 20 h. ODg readings were recorded
before and after incubation. % Inhibition was determined for each concen-
tration ratio to generate interaction maps. % Inhibition data were subse-
quently uploaded to SynergyFinder+ and analyzed by the Bliss indepen-
dence model.[%0] The resulting synergy scores for all combinations were
plotted. Dose-response curves were also plotted to compare each combi-
nation and corresponding monotherapies. All graphs were generated on
GraphPad PRISM (GraphPad Software). Experiments were done in both
MHB and M9+0.4% glucose media (N = 2).

Bactericidal Activity Determination from 96-Well Checkerboard Mi-
croplates:  To detect the bactericidal activity of combinations (BLM/MEM,
BLM/ETM, BLM/IPM) at different dose ratios, 100 uL of neat bacterial
cultures were aliquoted from wells of microplates showing no detectable
bacterial growth by end of the checkerboard titration assay and plated out
onto LB agar for colony forming unit (CFU) enumeration. Wells inducing
at least 10 000-fold bacterial death as compared to the initial inoculum
CFU were indicated on the plates. The experiment was repeated at least
twice.

Time-Kill Kinetics Analysis:  Bacterial suspensions of ENT646 and C31
at'5 x 10° CFU mL™" (ODgqq 0.0005) were prepared in MHB and treated
with combinations at interested concentrations for 20 h at 37 °C with shak-
ing. At each indicated time point (0, 0.5, 1, 3, 5, and 20 h), cultures were
aliquoted and serially diluted in MHB. Fifty microliters of diluted or neat
bacterial samples were plated onto LB agar. After overnight incubation at
37 °C, colonies on the LB agar were counted and the log,y CFU mL™" was
plotted against the time course to obtain the time-kill kinetic curves. The
experiment was repeated thrice.

Spontaneous Mutant Selection: To evaluate the spontaneous resis-
tance frequency associated with BLM/MEM combination treatment,
E. coli C31 showing resistance to both BLM and MEM when drugs
were administered alone was utilized following a reported method with
modifications.[8"] Briefly, 108 and 10° of C31 cells at mid-log phase
(ODggg 0.4-0.6) in MHB were plated onto LB agar containing BLM/MEM
at varied bactericidal concentrations: 100 ug mL~'/6.16 pug mL™',
50 pug mL"'/3.08 pg mL™', 25 pg mL"'/1.54 pg mL7', and
12.5 ug mL™1/0.77 ug mL™". Plates were incubated at 37 °C overnight
(MEM gradually loses its activity when incubated at 37 °C for a longer
time than 24 h.[>3] Any singly isolated colonies appearing on the agar
were re-streaked onto freshly prepared agar containing the same concen-
tration of combinations. Two independent biological experiments were
performed.

Cytotoxicity Test: Cytotoxicity was measured on macrophage
THP1 and liver HepG2 cell lines following a standard MTT (3-(4,5-
dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide) (Sigma) Cell
Viability Assay.[%2] Briefly, THP1 and HepG2 cells were cultured in
complete Roswell Park Memorial Institute (RPMI) 1640 medium and
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented
with 10% fetal bovine serum (FBS) (HyClone) and 1% penicillin-
streptomycin (100x) (Biowest), respectively. 1x10° THP1 cells treated
with 100 ng mL~! phorbol 12-myristate 13-acetate (PMA) (Sigma) (or
2x10* HepG2 cells) were seeded in each well of flat-bottomed 96-well
microplates (Greiner). After 24 h at 37 °C with 5% CO,, the medium in
each well was replaced with 100 uL RPMI+10% FBS (or DMEM+10%
FBS) containing BLM/MEM at varied concentrations in the checkerboard
format. Both BLM and MEM were tested starting from their 20% C,,,
concentrations. Cells were treated with drug combinations for 24 or 72 h.
After that, medium-containing drugs were removed and 50 L of freshly
prepared MTT solution at T mg mL~" in colorless Minimum Essential
Medium (Gibco) were added into each well of the microplates. Plates
were incubated for 2 h at 37 °C for the generation of formazan which
were eventually dissolved in 100 uL 100% isopropanol (Fisher Chemical)
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and detected at 570 nm on a Tecan Infinite M200 PRO plate reader. %
Cytotoxicity was calculated using Equation (2):

)

ODsq in drug treated well
% Cytotoxicity = ['I —< 570 I UG Trearec we S)] 100

ODsy, in drug free wells

Statistical Analysis:  All in vitro experiments were performed in at least
three biological replicates, except for the checkerboards, which only had
two biological replicates. Experimentally derived data are presented as
mean + propagated SD for data in which biological replicates were per-
formed within the same week (Equation S1, Supporting Information).
However, biological replicates that were performed at different timepoints
due to BLM shortages are presented as mean + SD, arising from the repli-
cates. This was mainly due to MIC shifts in replicates (both treated and
controls) that were performed at different timepoints. The IDentif.Al anal-
ysis and its estimated coefficients were analyzed using sum of square F-
test. The p-values of IDentif.Al-estimated coefficients served as coefficient
exclusion criteria for stepwise regression (Table S3, Supporting Informa-
tion). The distribution of the % Inhibition data for experimentally validated
combinations was tested using the Shapiro-Wilk normality test. For multi-
ple comparison and pairwise comparison, Kruskal-Wallis test and Dunn’s
post hoc test were performed, respectively. The statistical significance of
synergy scores obtained via Bliss independence model was determined
using one-sample t-test.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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