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COMPOSITIONS AND METHODS FOR DETECTING ANTIBIOTIC RESPONRSIVE
mRBRNA EXPRESSION SIGNATURES AND USES THEREOK

CROSS-REFERENCE TO RELATED APPLICATIONS
This application is an International Patent Application which claims the benefit of priority
under 35 U.S.C. § 119(e) to U.S. Provisional Application No: 62/723,417, filed on August 27, 2018,
entitted, “Compositions and Methods for Detecting Antibiotic Responsive mBRNA Expression
Signatures and Uses Thereof”; and to U.S. Provisional Application No: 62/834,786, filed on April
16, 2019, entitled, “Compositions and Methods for Detecting Antibiotic Responsive mRNA

Expression Signatures and Uses Thereof ” The entire contents of these patent applications are hereby

incorporated by reference herein.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
The invention was made with government support under Grant Nos. AI117043 and
Al119157, awarded by the WNational Institutes of Health, and by contract No.

HHSN272200900018C. The government has certain rights in the invention.

FIELD OF THE DISCLOSURE
The present disclosure relates to compositions, methods, and kits for rapid phenotypic

detection of antibiotic resistance/susceptibility.

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been filed electromcally in
ASCII format and is hereby incorporated by reference in its entirety. Said ASCII copy, created on

August 19, 2019, 15 named 52199 534001W0O _BI10397 SL txt and 1s 800 kB in size.

BACKGROUND OF THE BISCLOSURE
Antimicrobial agents such as antibiotics have been used successfully for many decades treat
patients who have infectious diseases related to microbial pathogens. Unfortunately, these
antimicrobial agents have been broadly used for such a long period of time that many microbial
pathogens have become resistant to the antibictics that are designed to kill them, which greatly

reduces the efticacy of the antimicrobial agents that are currently available. This creates a significant
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healthcare issue. For example, each year in the United States at least 2 million people become
infected with antibiotic resistant bacteria, which results in the death of at least 23,000 people each
vear. Accordingly, there is an urgent need for compositions and methods that enable rapid and

accurate detection of antibiotic resistance in microbial pathogens.

BRIEF SUMMARY OF THE BISCLOSURE

The current disclosure relates, at least in part, to compositions, methods, and kits for rapid
phenotypic detection of antibiotic resistance. The techniques herein provide compositions and
methods that provide rapid phenotypic detection of antibiotic resistance/susceptibility in microbial
pathogens, and are faster than the prior art growth-based phenotypic assays that currently comprise
the gold standard for such detection (e g, antibiotic susceptibility testing (AST)). The techniques
herein also provide compositions and methods that enable simultaneous detection of multiple
resistance genes in the same assay. In this manner, the techniques herein enable more accurate
determination of antibiotic resistance, as well as provide: 1) mechanistic explanations for key
antibiotic resistant strains, 2) epidemioclogic tracking of known resistance mechanisms, and 3)
immediate identification of unknown or potentially novel resistance mechanisms (such as, eg.,
discordant cases when a resistant organism does not display a known resistance phenotype).
Currently, detection of antibiotic resistance genes typically requires separate PCR or sequencing
assays, which require different assay infrastructure and often necessitate sending samples out o
reference laboratories.

In one aspect, the disclosure provides a method that includes the following steps: obtaining
a sample including one or more bacterial cells, wherein the sample is obtained from a patient or an
environmental source; processing the sample to eurich the one or more bacterial cells; contacting
the sample with one or more antibictic compounds; lysing the sample to release messenger
ribonucleic acid (mRNA) from the one or more bacterial cells; hybridizing the released mRNA to at
least one set of two nucleic acid probes, wherein each nucleic acid probe inchudes a unique barcode
or tag; detecting the hybridized nucleic acid probes; identifying one or more genetic resistance
determinants; and determining the identity of the one or more bacterial cells and the antibiotic
susceptibility of each of the identified one or more bacterial cells.

In embodiments, the at least one set of two nucleic acid probes includes one or more probes

trom Table 3 and one or more probes from Table 4.
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In embodiments, the at least one set of two nucleic acid probes includes one or more probes
from Table § and one or more probes from Table 6.

In some embodiments, the at least one set of two nucieic acid probes includes a first probe
that possesses a sequence of SEQ ID NOs: 1877-2762 and a second probe that possesses a sequence
of SEQ 1D NOs: 2763-3648. Optionally, the first probe possesses a sequence of SED 1D NO:
{1877+n) and the second probe possesses a sequence of SEQ ID NO: (2763+n), where n= an integer
ranging from 0 to 885 in value. Optionally, one or both probes further includes a tag sequence.

In embodiments, the at least one set of two nucleic acid probes binds to one or more Cre2
target sequences listed in Table 1.

in embodiments, the at least one set of two nucleic acid probes binds to one or more KpMero4
target sequences listed in Table 2.

In embodiments, the hybridizing may occur at a temperature between about 64°C and about
69°C. The hybridizing may occur at a temperature between about 65°C and about 67°C. The
hybridizing may also occur at a temperature of about 65°C or about 66°C or about 67°C. The
hybridizing may occur at a temperature of about 65.0°C, 65.1°C, 65.2°C, 65.3°C, 65.4°C, 65.5°C,
65.6°C, 65.7°C, 65.8°C, 65.9°C. 66.0°C, 66.1°C, 66.2°C, 66.3°C, 66 4°C, 66.5°C. 66.6°C, 66.7°C,
66.8°C, 669°C, 67.0°C, 67.1°C, 67.2°C, 67.3°C, 674°C, 67.5°C, 67.6°C, 67.7°C, 67.8°C, or
67.9°C.

In one aspect, the disclosure provides a composition comprising a set of nucleic acid probes
corresponding to the probes listed in Table 3 and Tabie 4.

In one aspect, the disclosure provides a composition comprising a set of nucleic acid probes
corresponding to the probes listed in Table 5 and Table 6.

In an aspect, the disclosure provides a composttion that includes at least one set of two
nucleic acid probes including a first probe that possesses a sequence of SEQ ID NOs: 1877-2762
and a second probe that possesses a sequence of SEQ 1D NOs: 2763-3648. Optionally, the first probe
possesses a sequence of SED 1D NG: (1877+n) and the second probe possesses a sequence of SEQ
ID NO: (2763+n), where n = an integer ranging from 0 to 885 in value. Optionally, one or both
probes further includes a tag sequence.

In one aspect, the disclosure provides a method of treating a patient that includes the steps

of. obtaining a sample including one or more bacterial cells, wherein the sample is obtained from a
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patient or an environmental source; processing the sample to enrich the one or more bacterial cells;
contacting the sample with one or more antibiotic compounds;

jysing the sample to release messenger ribonucleic actd (mRINA) from the one or more
bactenal cells; hybridizing the released mRNA to at least one set of two nucleic acid probes at 65-
67°C, wherein each nucleic acid probe includes a unique barcode or tag, detecting the hybridized
nucleic acid probes; identifying one or more genetic resistance determinants; determining the
identity of the one or more bacterial cells and the antibiotic susceptibility of each of the 1dentified
one or more bacterial cells; and administering to the patient an appropriate antibiotic based on the
determination of the identity and the antibiotic susceptibility of the one or more bacterial cells.

In embodiments, the processing includes subjecting the sample to centrifugation or
difterential centrifugation.

In embodiments, the one or more antibiotic compounds are at a clinical breakpoint
concentration.

In embodiments, lysing occurs by a method selected from the group counsisting of mechanical
lysis, liquid homogenization lysis, sonication, freeze-thaw lysis, and manmual grinding.

In embodiments, the at least one set of two nucleic acid probes includes one control set and
one responsive set, 3-5 control sets and 3-5 responsive sets, or 8-10 control sets and 8-10 responsive
sets.

In embodiments, the hybridizing may occur at a temperature between about 64°C and about
69°C. The hybridizing may occur at a temperature between about 65°C and about 67°C. The
hybridizing may also occur at a temperature of about 65°C or about 66°C or about 67°C. The
hybridizing may occur at a temperature of about 65.0°C, 65 1°C, 65 2°C, 653°C, 65 4°C, 65.5°C,
65.6°C, 65.7°C, 65.8°C, 65.9°C, 66.0°C, 66.1°C, 66.2°C, 66.3°C, 66.4°C, 66.5°C, 66.6°C, 66.7°C,
66.8°C, 66.9°C, 67.0°C, 67.1°C, 67.2°C, 67.3°C, 674°C, 67.5°C, 67.6°C, 67.7°C, 67.8°C, or
67.9°C.

In one aspect, the disclosure provides a kit, including a set of nucleic acid probes
corresponding to the probes listed in Table 3 and Table 4.

In one aspect, the disclosure provides a kit, comprising a set of nucleic acid probes
corresponding to the probes listed in Table 8 and Tabie 6.

Another aspect of the instant disclosure provides a kit, including at least one set of two

nucleic acid probes including a first probe that possesses a sequence of SEQ 1D NOs: 1877-2762
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and a second probe that possesses a sequence of SEQ ID NOs: 2763-3648, and instructions for its

Use.

Befinitions

Unless specifically stated or obvious from context, as used herein, the term “about” is
understood as within a range of normal tolerance in the art, for example within 2 standard deviations
of the mean. “About” can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%,
0.5%, 0.1%, 0.05%, or 0.01% of the stated value. In certain embodiments, the term “approximately”
or “about” refers to a range of values that fall within 25%, 20%, 19%, 18%, 17%, 16%, 15%, 14%,
13%, 12%, 11%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, or less in either direction {greater
than or less than) of the stated reference value unless otherwise stated or otherwise evident from the
context {(except where such number would exceed 100% of a possible value). Unless otherwise clear
trom context, all numerical values provided herein are moditfied by the term “about.”

The term “administration” refers to introducing a substance into a subject. In general, any
route of administration applicable to antimicrobial agents (e.g., an antibiotic) may be utilized
including, for example, parenteral (e.g., intravenous), oral, topical, subcutaneous, peritoneal, intra-
arterial, inhalation, vaginal, rectal, nasal, introduction into the cerebrospinal fluid, or instillation into
body compartments. fo some embodiments, administration 1s oral. Additionally or alternatively, in
some embodiments, administration is parenteral. In some embodiments, administration is
intravenous.

By “agent” is meant any small compound (e.g., small molecule), antibody, nucleic acid
molecule, or polypeptide, or fragments thereof or cellular therapeutics such as allogeneic
transplantation and/or CART-cell therapy.

As herein, the term “algorithm” refers to any formula, model, mathematical equation,
algorithmic, analytical or programmed process, or statistical technique or classification analysis that
takes one or more inputs or parameters, whether continuous or categorical, and calculates an cutput
value, index, index value or score. Examples of algorithms include but are not Himited to ratios,
sums, regression operators such as exponents or coefficients, biomarker value transtformations and
normalizations {(including, without limitation, normalization schemes that are based on clinical
parameters such as age, gender, ethnicity, etc.), rules and guidelines, statistical classification models,

statistical weights, and neural networks trained on populations or datasets.
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By “alteration” is meant a change (increase or decrease) in the expression levels or activity
of a gene or polypeptide as detected by standard art known methods such as those described herein.
Asused herein, an alteration includes a 10% change in expression levels, preferably a 25% change,
more preferably a 40% change, and most preferably a 50% or greater change in expression levels.

The transitional term “comprising,” which is synonymous with “including,” “containing,”
or “characterized by,” 1s inclusive or open-ended and does not exclude additional, unrecited
elements or method steps. By contrast, the transitional phrase “consisting of” excludes any element,
step, or ingredient not specified in the claim. The transitional phrase “consisting essentially of”
limits the scope of a claim to the specified matenials or steps “and those that do not matenially affect
the basic and novel characteristic(s)” of the claimed disclosure.

By “control” or “reference” is meant a standard of comparison. In one aspect, as used herein,
“changed as compared to a control” sample or subject is understood as having a level that is
statistically different than a sample from a normal, untreated, or control sample. Control samples
include, for example, cells in culture, one or more laboratory test animals, or one or more human
subjects. Methods to select and test control samples are within the ability of those in the art.
Determination of statistical significance 1s within the ability of those skilled 1n the art, e.g., the
number of standard deviations from the mean that constitute a positive result.

“Detect” refers to identifving the presence, absence or amount of the analyte (e.g., tRNA,
mRNA, and the like} to be detected.

By “detectable label” is meant a composition that when linked to a molecule of interest (e.g .
a nucletc acid probe) renders the latter detectable, via spectroscopic, photochemical, biochemical,
immunochemical, or chemical means. For example, useful labels include radioactive isotopes,
magnetic beads, metallic beads, colloidal particles, fluorescent dyes, electron-dense reagents,
enzymes (for example, as commonly used in an ELISA), bictin, digoxigenin, or haptens. As used
herein, the terra “gene” refers to a DNA sequence 1n a chromosome that codes for a product (either
RMA orits translation product, a polypeptide). A gene contains a coding region and includes regions
preceding and following the coding region (termed respectively “leader” and “trailer”). The coding
region is comprised of a plurality of coding segments (“exons™} and intervening sequences
{(“introns”) between individual coding segments.

The disclosure provides a number of specific nucleic acid targets (e.g., mRNA transcripts)

or sets of nucleic acid targets that are usetul for the identifying microbial pathogens (e.g., bacteria}
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that are susceptible or resistant to treatment with specific antibiotics. In addition, the methods of
the disclosure provide a facile means to identify therapies that are safe and efficacious tor use in
subjects that have acquired bacterial infections involving antibiotic resistant strains of bacteria. In
addition, the methods of the disclosure provide a route for analyzing virtually any number of
bacterial strains via antibiotic susceptibility testing (AST) to identify mRNA signature patierns
indicative of antibiotic susceptibility or resistance, which may then be used to rapidly identify such
traits in the clinic, and direct appropriate therapeutic intervention.

By “fragment” is meant a portion of a polypeptide or nucleic acid molecule. This portion
containg, preferably, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the entire
length of the reference nucleic acid molecule or polypeptide. A fragment may contain 10, 20, 30,
40, 50, 60, 70, 80, 90, or 100, 200, 300, 400, 500, 600, 700, $00, 900, or 1000 nucleotides or amino
acids.

“Hybridization” means hydrogen bonding, which may be Watson-Crick, Hoogsteen or
reversed Hoogsteen hydrogen bonding, between complementary nuclecbases. For example,
adenine and thymine are complementary nucleobases that pair through the formation of hydrogen
bonds.

b

“Infecticus diseases,” also known as communicable diseases or transmissible diseases,
coraprise clinically evident illuess (e, characteristic medical signs and/or symptorus of disease)
resulting from the infection, presence, and growth of pathogenic biological agents (e g, bacteria)
in a subject (Ryan and Ray {eds.) (2004). Sherris Medical Microbiology (4th ed.). McGraw Hill).
A diagnosis of an infectious disease can confirmed by a physician through, e.g., diagnostic tests
(e.g., blood tests), chart review, and a review of clinical history. In certain cases, infectious diseases
may be asymptomatic for some or all of their course. Infectious pathogens can include viruses,
bacteria, fungi, protozoa, multicellular parasites, and prions. One of skill in the art would recognize
that transmission of a pathogen can occur through different routes, including without exception
physical contact, contaminated food, body fluids, objects, airborne inhalation, and through vector
organisms. Infectious diseases that are especially infective are sometimes referred to as contagious

and can be transnitted by contact with an 1}l person or their secretions,

The terms “isolated,” “puritied, * or “biclogically pure” refer to material that is free to

varying degrees from components which normally accompany it as found in its native state.
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“Isolate” denotes a degree of separation from original source or surroundings. “Purify” denotes a
degree of separation that is higher than isolation.

By “isolated polynucleotide” 1s meant a nucleic acid (e.g., a DNA) that is free of the genes
which, in the naturally-occurring genome of the organism from which the nucleic acid molecule of
the disclosure is derived, flank the gene. The term therefore includes, for example, a recombinant
DNA that 1s incorporated into a vector; into an autonomously replicating plasmid or virus; or into
the genomic DNA of a prokaryote or eukaryote; or that exists as a separate molecule (for example,
a cDNA or a genomic or cDNA fragment produced by PCR or restriction endonuclease digestion)
independent of other sequences. In addition, the term includes an RNA molecule that 15 transcribed
trom a DNA molecule, as well as a recombinant DNA that is part of a hybrid gene encoding
additional polypeptide sequence.

By “marker” ts meant any protein or polynucleotide having an alteration in expression level
or activity that is associated with a disease or disorder (e.g., increased or decreased expression in a
bacterial strain indicative of antibiotic susceptibility).

As used herein, the term “next-generation sequencing {(NGS)” refers to a variety of high-
throughput sequencing technologies that parallelize the sequencing process, producing thousands
or millions of sequence reads at once. NGS parallelization of sequencing reactions can generate
hundreds of megabases to gigabases of nucleotide sequence reads in a single instrament run. Unlike
conventional sequencing techniques, such as Sanger sequencing, which typically report the average
genotype of an aggregate collection of molecules, NGS technologies typically digitally tabulate the
sequence of numerous individual DNA fragments (sequence reads discussed in detail below), such
that low frequency variants {e.g., variants present at less than about 10%, 5% or 1% frequency in a
heterogeneous population of nucleic acid molecules) can be detected. The term “massively paraliel”
can alsc be used to refer to the simultanecus generation of sequence information from many
difterent template molecules by NGS. NGS sequencing platforms include, but are not hmited to,
the following: Massively Paraliel Signature Sequencing (Lynx Therapeutics); 454 pyro-sequencing
(454 Life Sciences/Roche Diagnostics), solid-phase, reversible dye-terminator sequencing
{Solexa/lllumina);, SOLiD technology (Applied Biosystems), fon semiconductor sequencing {ion
Torrent}; and DNA nanoball sequencing (Complete Genomics). Descriptions of certain NGS
platforms can be found in the following: Shendure, et al, “Next-generation DNA sequencing,”

Nature, 2008, vol. 26, No. 10, 135-1 145; Mardis, “The impact of next-generation sequencing
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technology on genetics,” Trends in Genetics, 2007, vol. 24, No. 3, pp. 133-141 ; Sy, et al., “Next-
generation sequencing and its applications in molecular diagnostics” Expert Rev Mol Dhagn, 2011,
11{3):333-43; and Zhang et al., “The impact of next-generation sequencing on genomics,” I Genet
Genomics, 201, 38(3): 95-109,

Nuclete acid molecules useful in the methods of the disclosure include any nucleic acid
molecule that encodes a polypeptide of the disclosure or a fragment thereof. Such nucleic acid
molecules need not be 100% identical with an endogenous nucleic acid sequence, but will typically
exhibit substantial identity. Polynuclectides having “substantial identity” to an endogencus
sequence are typically capable of hybridizing with at least one strand of a double-stranded nucleic
acid molecule. Nucleic acid molecules useful in the methods of the disclosure include any nucleic
acid molecule that encodes a polypeptide of the disclosure or a fragment thereof. Such nucleic acid
molecules need not be 100% identical with an endogenous nucleic acid sequence, but will typically
exhibit substantial identity. Polynucleotides having “substantial identity” to an endogenous
sequence are typically capable of hybridizing with at least one strand of a double-stranded nucleic
acid molecule. By "hybridize" is meant pair to form a double-siranded molecule between
complementary polynucleotide sequences (e.g., a gene described herein), or portions thereof, under
various conditions of stringency. (See, e.g., Wahl, G. M. and §. L. Berger (1987) Methods Enzymol.
152:399; Kimmel, A. R (1987) Methods Enzyraol. 152:507).

For example, stringent salt concentration will ordinarily be less than about 750 mM Na(l
and 75 mM trisodium citrate, preferably less than about 500 mM NaCl and 50 mM trisodium citrate,
and more preferably less than about 250 mM NaCl and 25 mM trisodium citrate. Low stringency
hybridization can be obtained in the absence of organic solvent, e.g., formamide, while high
stringency hybridization can be obtained in the presence of atleast about 35% formamide, and more
preferably at least about 50% formamide. Stringent temperature conditions will ordinanly inchude
temperatures of at least about 30°C, more preferably of at least about 37°C, and most preferably of
at least about 42°C. Varying additional parameters, such as hybridization time, the concentration
of detergent, e.g., sodium dodecyl sulfate (SDS), and the inclusion or exclusion of carrier DNA, are
well known to those skilled in the art. Various levels of stringency are accomplished by combining
these various conditions as needed. In a preferred: embodiment, hybridization will occur at 30° C
in 750 mM NaCl, 75 mM irisodium citrate, and 1% SDS. In a more preferred embodiment,

hybridization will occur at 37° C in 500 mM NaCl, 50 mM trisodium citrate, 1% SDS, 35%
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formamide, and 100 pg /mi denatured salmon sperm DNA (ssDNA). In a most preferred
embodiment, hybridization will occur at 42° C 10 250 mM Na(l, 25 mM trisodium citrate, 1% SDS,
50% formamide, and 200 ug/ml ssDNA. Useful variations on these conditions will be readily
apparent to those skilled in the art.

For most applications, washing steps that follow hybridization will also vary in stringency.
Wash stringency conditions can be defined by salt concentration and by temperature. As above,
wash stringency can be increased by decreasing salt concentration or by increasing temperature.
For example, stringent salt concentration for the wash steps will preferably be less than about 30
mM Nall and 3 mM trisodium citrate, and most preferably less than about 15 mM Na(l and 1.5
mM trisodium citrate. Stringent temperature conditions for the wash steps will ordinarily include
a temperature of at least about 25°C, more preferably of at least about 42°C, and even more
preferably of at least about 68°C. In a preferred embodiment, wash steps will occur at 25°C in 30
mM NaCl, 3 mM trisodium citrate, and 0.1% SDS. In a more preferred embodiment, wash steps
will occur at 42 Cin 15 mM NaCl, 1.5 mM trisodium citrate, and 0.1% SDS. In a more preferred
embodiment, wash steps will occur at 68°C in 15 mM NaCl, 1.5 mM trisodium citrate, and 0.1%
SDS. Additional variations on these conditions will be readily apparent to those skilled in the art.
Hybridization techniques are well known to those skilled in the art and are described, for example,
in Benton and Davis (Science 196:180, 1977), Grunstein and Hogness {Proc. Natl. Acad. Sci, USA
72:3961, 1975); Ausubel et al. (Current Protocols in Molecular Biology, Wiley Interscience, New
York, 2001); Berger and Kimmel (Guide to Molecular Cloning Techniques, 1987, Academic Press,
New York); and Sambrook et al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor
Laboratory Press, New York.

By "substantially identical” is meant a polypeptide or nucleic acid molecule exhibiting at
least 50% identity to a reference amino acid sequence (for example, any one of the amino acid
sequences described herein) or nucleic acid sequence (for example, any one of the nucleic acid
sequences described herein). Preferably, such a sequence is at least 60%, more preferably 80% or
85%, and more preferably 90%, 95% or even 99% identical at the amino acid level or nucleic acid
to the sequence used for comparison.

Sequence identity is typically measured using sequence analysis software (for example,
Seguence Analysis Software Package of the Genetics Computer Group, University of Wisconsin

Biotechnology Center, 1710 University Avenue, Madison, Wis. 33705, BLAST, BESTFIT, GAP,

10



WO 2020/046801 PCT/US2019/048114

or PILEUP/PRETTYBOX programs). Such software matches identical or similar sequences by
assigning degrees of homology to various substitutions, deletions, and/or other modifications.
Conservative substitutions typically tnclude substitutions within the following groups: glycine,
alanine; valine, isoleucine, leucine; aspartic acid, glutamic acid, asparagine, glutamine; serine,
threonine; lysine, arginine; and phenylalanine, tyrosine. In an exemplary approach to determining
the degree of identity, a BLAST program may be used, with a probability score between ¢-3 and e-
100 indicating a closely related sequence.

Unless specifically stated or obvious from context, as used herein, the term “or” is
understood to be inclusive. Unless specifically stated or obvious from context, as used herein, the
terms “a”, “an”, and “the” are understood to be singular or plural.

The term “probe” as used herein refers to an oligonucleotide that binds specifically to a
target mRINA. A probe can be single stranded at the time of hybridization to a target.

By “reference” is meant a standard or control condition.

A “reference sequence” is a defined sequence used as a basis for sequence comparison. A
reference sequence may be a subset of or the entirety of a specified sequence; for example, a
segroent of a full-length mRNA or ¢DNA or gene sequence, or the complete mRNA or ¢cDNA or
gene sequence. For nucleic acids, the length of the reference nucleic acid sequence will generally
be at least about 25 nucleotides, about SO nuclectides, about 60 nucleotides, about 75 nucleotides,
about 100 nuclectides, or about 300 nucleotides, or any integer thereabout or therebetween.

As used herein, the term “subject” includes humans and mammals (e.g., mice, rats, pigs,
cats, dogs, and horses). In many embodiments, subjecis are mammals, particularly primates,
especially humans. In some embodiments, subjects are livestock such as cattle, sheep, goats, cows,
swing, and the like; poultry such as chickens, ducks, geese, turkeys, and the like; and domesticated
animals particularly pets such as dogs and cats. In some embodiments (e.g., particularly in research
contexis) subject mammals will be, for exarmple, rodents {(e.g., mice, rats, hamsters), rabbits,
primates, or swine such as inbred pigs and the like.

As used herein, the terms “treatment,” “treating,” “treat” and the like, refer to obtaining a
desired pharmacologic and/or physiologic effect {e.g., reduction or elimination of a bacterial
infection). The etfect can be prophylactic in terms of completely or partially preventing a disease
ot infection or symptom thereof and/or can be therapeutic in terms of a partial or complete cure for

a disease or infection and/or adverse effect atiributable to the disease or infection. “Treatment,” as
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used herein, covers any treatment of a disease or condition or infection in a mammal, particularly
in a human, and includes: (a) preveunting the disease or infection from occurring in a subject which
can be predisposed to the disease or infection but has not vet been diagnosed as having it; (b)
inhibiting the disease or infection, e.g., arresting its development; and {(c¢) relieving the disease or
infection, e.g., reducing or eliminating a bacterial infection.

The phrase “pharmaceutically acceptable carrier” is art recognized and includes a
pharmaceutically acceptable material, composition or wvehicle, suitable for administering
compounds of the present disclosure to mammals. The carriers include liquid or solid filler, diluent,
excipient, solvent or encapsulating roaterial, involved in carrying or transporting the subject agent
trom one organ, or portion of the body, to ancther organ, or portion of the body. Each carrier must
be “acceptable” in the sense of being compatible with the other ingredients of the formulation and
not injurious to the patient. Some examples of materials which can serve as pharmaceutically
acceptable carriers include: sugars, such as lactose, glucose and sucrose; starches, such as corn
starch and potato starch; cellulose, and its derivatives, such as sodium carboxymethyl celiulose,
ethy! cellulose and cellulose acetate; powdered tragacanth; malt; gelatin; talc; excipients, such as
cocoa butter and suppository waxes; oils, such as peanut oil, cottonseed oil, safflower oil, sesame
otl, olive cil, corn oil and soybean cil; glycols, such as propylene glycol; polyols, such as glycerin,
sorbitol, manmitol and polyethylene glycol; esters, such as ethyl oleate and ethyl laurate;, agar;
buffering agents, such as magnesium hydroxide and aluminum hydroxide; alginic acid; pyrogen-
tree water; isotonic saline; Ringer’s solution; ethyl alcohol; phosphate buffer solutions; and other
non-toxic compatible substances employed in pharmaceutical formulations.

The term “pharmaceutically acceptable salts, esters, amides, and prodrugs” as used herein
refers to those carboxylate salts, amino acid addition salts, esters, amides, and prodrugs of the
compounds of the present disclosure which are, within the scope of sound medical mdgment,
suitable for use in contact with the tissues of patients without undue toxacity, irritation, allergic
response, and the like, commensurate with a reasonable benefit/risk ratio, and eftective for their
intended use, as well as the zwitterionic forms, where possible, of the compounds of the disclosure.

The term “salts”™ refers to the relatively non-toxic, inorganic and organic acid addition salis
of compounds of the present disclosure. These salts can be prepared in situ during the final isolation
and purification of the compounds or by separately reacting the purified compound in its free base

form with a suitable organic or inorganic acid and isolating the salt thus formed. Representative

12



WO 2020/046801 PCT/US2019/048114

salts include the hydrobromide, hydrochloride, sulfate, bisulfate, nitrate, acetate, oxalate, valerate,
oleate, palmitate, stearate, laurate, borate, benzoate, lactate, phosphate, tosylate, citrate, maleate,
fumarate, succinate, tartrate, naphthyvlate wmesylate, glucoheptonate, lactobionate and
laurylsulphonate salts, and the like. These may include cations based on the alkali and alkaline earth
metals, such as sodium, lithtum, potassium, calcium, magnesium, and the like, as well as non-toxic
ammonium, tetramethylammonium, tetramethylammonium, methlyamine, dimethlyamine,
trimethlyamine, triethlyamine, ethylamine, and the like. (See, for example, 5. M. Barge et al.,
“Pharmaceutical Salts,” J. Pharm. Sci, 1977, 66:1-19 which 1s incorporated herein by reference ).

Ranges can be expressed herein as from “about” one particular value and/or to “about”
another particular value. When such a range is expressed, another aspect includes from the one
particular value and/or to the other particular value Sinularly, when values are expressed as
approximations, by use of the antecedent “about,” it is understood that the particular value forms
another aspect. It 1s further understood that the endpoints of each of the ranges are significant both
in relation to the other endpoint, and independently of the other endpoint. It 1s also understood that
there are a number of values disclosed herein, and that each value is also herein disclosed as “about”
that particular value in addition to the value itself. It 15 also wnderstood that throughout the
application, data are provided in a2 number of different formats and that this data represent endpoints
and starting points and ranges for any corobination of the data points. For example, if a particular
data point “10” and a particular data point “15” are disclosed, it is understood that greater than,
greater than or equal to, less than, less than or equal to, and equal to 10 and 15 are considered
disclosed as well as between 10 and 15, It is also understood that each unit between two particular
units are also disclosed. For example, it 10 and 15 are disclosed, then 11, 12, 13, and 14 are also
disclosed.

Ranges provided herein are understood to be shorthand for all of the values within the range.
For example, a range of 1 to 50 is understood to include any number, combination of numbers, or
sub-range from the group consisting 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21,22, 23, 24, 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47,48, 49, or 50 as well as all intervening decimal values between the aforementioned integers such
as, forexample, 1.1, 1.2, 13

L4, 1.5 16,17 1.8, and 1.9 With respect to sub-ranges, “nested sub-

2

ranges” that extend from either end point of the range are specifically contemplated. For example, a
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nested sub-range of an exemplary range of 1 to 50 may comprise 1 to 10, 1 t0 20, 110 30, and 1 to

40 in one direction, or 30 t0 40, 50 t0 30, 50 to 20, and SO to 10 in the other direction.

N

N

infection). A therapeutically effective amount of an agent means an amount of therapeutic agent,
alone or in combination with other therapies, which provides a therapeutic benefit in the treatment
of the condition. The term “therapeutically effective amount” can encompass an amount that
improves overall therapy, reduces or avoids symptoms, signs, or causes of the condition, and/or
enhances the therapeutic efficacy of ancther therapeutic agent.

By “KpMerod C KPN 00050 nucleic acid molecule” is meant a control polynucleotide
that is 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae (strain
MGH 78578, also known as ATCC 700721, reference genome NC 009648) sequence, excluding
“N” residues, that is part of the KpMero4 probeset.

>KpMerod C KPN Q0050 (3EQ ID NO: 1)
FGAAGARCTGG Afmn(,a(‘r[ GCTTCYCGGETATCGCCATGATCGCGAATACCAGTTTCGE ]

e Tl aTelalautTale ~ T T
GCCCCC STCGTGCTGGARAG

CCAGGETGGETCGATARAGTAGUGECCETCGETCAATAATGE ;
GACG NNNNNNNNNNNNNN F\ N

NI

[CGATGGETT PCJL\lIf GCAATCGGTTAAGCTCAATGCNNNNNMN

NNNNNMNNN l\ NINNNN l\ Du NINNN ‘\fiw Du NNNIN ’\Hw NINNNINNN NI

NIV NDININN
NINNNNNNNNNNNNNNN
NINNNNNNNNNNNNIND

NNNNNN INIYINETN NINNDNNE NN ININNIN
I\I\NNW‘\' NN NN NNNNNNNNNNI INNNNNNNNNNNND
JININNIND

) ! N NN NN NN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCAGAAAGATCGTGCTTACCGCATGCTGA
TGAACCGCAAATTCTCTGAAGAAGCGGCAACCTGGATGCAGGAACAGCGCGCCAGTGCGT
ATGTTAAAATTCTGAGCAACTAAN

By “KpMero4 € KPN 00098 nucleic acid molecule” is meant a control polynucleotide that

is 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae (strain MGH
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78578, also known as ATCC 700721; reference genome NC 009648} sequence, excluding “N”

residues, that 15 part of the KpMero4 probeset.

>Kpherod C _KEN 00098 (3EQ ID NO: 2)
N NN NN NN NN N NN N NN NN NN RN NN NN NN NN N NN NNNNNNNNN R
NN N NN RN NN N N NN NI R NN NN NS NN NN N NN N NN A NN
NN RN NN KN HN NN NN AN NN RN RN RN NN NG T GRARTG
ACAGCGCGCCATCGACCAGGCCGRACTGATGECEGATTGCCAGRT TTCATCAGT TTA T
ACTTTCGGGTAARCATATARGCTGTCAGRATGARRTC GEGATGGTACCGATTTCS
GACGCAGGANNNNNKNNNNN NN NN NNNNN NN NN NN N NN NN NN RN NNN
NKNN INNNNNNGTCCTGCACGTGATTCCGCAGGARTATGCTATCGACTACCAGG
AAGEGATTABARACCCGETAGEGCTGTCCGECETGEGTATGCAGECGAAGGTGCATCTED
TCACCTGCCATAACGATATGGCNNNNNNNNNANNNNNNNNGTGGRACGTTGTGCTCT GAR
AGTTGACCARCTTATTTTCECCGEETTAGCGGCCAGT TATTCGGTAT TAACAGAAGACGA
ACGTGAGCTEGECETCTGOGTTET G ANNNNNNNNN NN NN KN NN NN K NN NN NE NN NN
NN NK NN NN NN '\I\ NNEN NN AT NN NN NN N RN NN N I NN NN SN NN NN N N NN N
N NN NN RN EO N N N NN NN N U N NN N N N R NN N NN N NN
DNN NN N NNNN NN NN NN NN INENR NN NN
INDMN NN N NN NN WA RN N N NN N R NN NN MR RN I NN NN WA RN N N NN
NN NN TN N NI N NN INENR NN NN
NN NN NN RN NN NN NN IMN NN NN NN NN N
NN NN NN N NN NN NN NN NN NNNN NN NN NN N NNNN NN
MNNNE NN NN N K NN NN NN NN NN N NN AN RN NN NN NN RN MM RN NN NN NN R NN
BRI N N NN N R NN DN AT RN I N NN N R N R N IN DN NN N M RN N N R N I N NN
By “KpMero4 C KPN 00100 nucleic acid molecule” is meant a control polynucleotide that

C:AJ.‘

is 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae {strain MGH
78578, also known as ATCC 700721; reference genome NC 009648) sequence, excluding “N”
residues, that is part of the KpMero4 probeset.

>KpMerod C KPN 00100 (SEQ ID NG: 3)
NNNNNNNNNNNNN N \] '\I\ N E\ N N N""\T\] N \’ ]\T N NN NINNNNNNNNNNNNNNNNNNNNNNNNNNNN
NI NN NINDNNNNNNNNNNNNNNNNNNNNN
NINNNN -'ﬁ ] .:' N \IN '\I\Lv \IN '\I\L\
NNNNNNNN
NINENNND

'NNNI‘ 4

NN NN TN N NI N
(GCGATTGATGCCAGCACCCAGCGCTATACGCTGAACTTCTCOGCCGAT
GCGTTCATGCGTCAGATTAGCCGTGUGCGT ACCTTCRGTTTTATGCGCGAT ATCGARTAT
CTGCAGTCCCGCEGCCTETGCCTGEGCGECAGCTTCGATTGTGCCATCGTTE «TTUAL GAT
TATCGCGTACTGAACGARGACGGTCTGCGCTTTGARGACGAATTTGTTCGCCACARRATG
CTGGATGCGATCGETGACCTGTTTATGTGTGGTCACARCATTATCGGCGCATTCACGGCG
TACRARTCGGGTCACGCGTTGRACARCARACTGCTGCAGECGGTNNNNHNNNNN I
NN NN NN NN NN NNNN NN ;
NENN DN NN NN NNNNNR NN
By “KpMero4 C KPN 01276 nucleic acid molecule” is meant a control polynucleotide that

15 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae (strain MGH
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78578, also known as ATCC 700721; reference genome NC 009648} sequence, excluding “N”

7

residues, that 15 part of the KpMero4 probeset.

>KpMercod C KPN 01276 (SEQ ID NO: 4)
ATGCTGGAGTTGT TGTTTCTGCTTTTACCCGTTGOCGCCGCTTACGGCTGETACATGEGE
("(”’3, AGTGCACAACAGTCCARACAGGACGATGCGAGCCGCCTGTCGCGAGATTACGTG

GTTARCTTCCTGCTCAGCAACCAGCAGGAT ARAGCCGTCGACCTGTTCCTTGAT

ATGCTGARAGAGGA [ n(“k (:rq‘ln\‘(“G’l". ‘(‘ZC\CC:CN\I\ NNNNNNNNNNNNNNNNNNNNNNNNN
NIND TINNNNNNN] INTUNAN DN NN NNNNNNNNNNNNNNNNN
N NINNNN NN NI N N N '\I\L\“\]\“ NNNMNNNNNNNNNNNNNNNNNND

NINNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN ]\“E\N N\] NNNNNNNNN I\M\“NN '\I\ NNNN
NNNNNNNNNNNNKNN .:'IE\'H.\]’I\TNI\T?\?NE‘\?N’I\TNI\TNN ! \INNN NNNNRN N
NINNNNNNNNNNNN ]

SINNNNIINK N NN NN N
NRNNNN NN
RN
NN N K N NN N KT
By “KpMero4 C KPN 02846 nucleic acid molecule” is meant a control polynucleotide that

13 95%, 96%, 97%, 98%, or 100% identical to the following Klebsielia pneumoniae (strain MGH

78578, also known as ATCC 700721; reference genome NC 009648} sequence, excluding “N”

residues, that 15 part of the KpMero4 probeset.

‘>K'f)’[v"ero4 _C KFN 0284¢ (3EQ ID NO: 5)

ATGAAT ACTGAAGCCACTCARGATCATCAAGARGCARACACCA JC GGCGCGECETCTGCGET
(‘ ACGCCCGCGAACAACTCGGACTTAGCCAGCAAGCGETGGCCGAACGCT TATGCCTGAAG
GUGTCCACGGTTCETGATAT TGAAGACGATAAGGCCCCCGCC (:ACC’_'.‘ CGCCTCCACCTTC
CTGCGCGGENNND .-',E\INI\TNNNNNNNNL\T}VNE\I.\JI\INL\I}VNE\]\ \IN "\I\]'\f\']\ \INNNNN_ INNNNNNNN
NINNNNNNNNNNNN N \

N PN NNNNNNNNN

NINNNNNNNSND

NNNNNK
NINNNNN NN NN NN RN TN
BN NN _:'t\II\]'\I\L\“\]\‘E\I\]N\]'\I\N INRINRD \IN'\I\L\

N NN INNNNNNNNNNNNNNNNNNN

NN

NRNN NN KN NN NNNNNE NN NN NSNS NN NSNS NN N
BRI N BT NN N NN NN TR RN I NN NN NN NN N N R NN N N I NN N N BN NN N
CGECEECETCCECECACEATCTGETCATCARCTTTTCOGCCCACTCCTCCCTCEAR GTGA
GCGATGCCACCGGTARAARACTGTTCAGCGGCCTGCAGCGTARAGGCGGTAANNNNNNN
DRI DN NN N A N N D N R TN N NN N AT RN N N NN N R NN NN AT RN I NN NN W N RN N N N N
BRI N N N R NN DN O R I N NN N I MR NN DN DN N A N NN N N TR N NN NN N NN DN N R R

By “KpMero4 C KPN 03317 nucleic acid molecule” is meant a control polynucleotide that

is 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae (strain MGH
78578, also known as ATCC 700721, reference genome NC 009648) sequence, excluding “N”
residues, that is part of the KpMero4 probeset.

>KpMerod C KPN 03317 (SEQ ID NG: &)
NN NN NNANN NNNN NSNS NNNN '\I\L\“\]\“P\N N--ATGGCCGGGGAACACGTCATTTTGCTG

GATGAGCAGGATCAGCCTGCCGETATGUTGGAGAAGTATGCCGCCCATACGTTTGATACT
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L/(" K A’” ATCTCGC

GITTTCCTGECTGGECTET T T AANNNNNNNNNNNNNNNNNNNNNNNNN
AARARAAGCCTGGCCCGEGETATGGACCAACTCGGETCT GCEGACAL
ACCTTCGAGCAGGCCETCACGCGCEGCTGTCECTTCGAACTCC >
NN NN NN NN NN NN NN NNNNNNNNNNNNNNNNNNNNNN E\I=\]’\I=\=1\TNN
NNNNMENNNNNNNNNNNNNNNNNNCGCGTGGTAA
TCATGGACTATCAGT TGACCTGGCAACCAT I AAGC “‘-u

GAAGT
s STV Ty f T N S 7 lelee
| TTCAGCCCGET BAAATCGEGE

C (, CAGCAGGE

T

TGGAGATC
NINNNNNNNNNNNN
AGC _PA(“GACGZC\
CGCTGGCCGCCA

ACGCZCCGCCE LJC\LCC’_‘ sACCGAN

By “KpMero4 C KPN 03634 nucleic acid molecule” is meant a control polynucleotide that

AGTE

~ T I T (T ~ o s
CGETGEGEEC SGATGETGCTGGAAGUGE

is 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae {strain MGH
78578, also known as ATCC 700721, reference genome NC 009648) sequence, excluding “N”
residues, that is part of the KpMero4 probeset.

>KpMerod C KPN 03634 (SEQ ID NG: 7)
NNNNNNNNNNNNNNNNNE ’.\*[\?].\.,[\IN,L\I}:J NININNENNNNNNNE
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNENNNNNNNNNNNE
GACG CCCGGCEAGCTATAACGCCGCGETGCGET C:L/(:(JCCJC(“L/(:L“”‘ &
GTCTATAACCGCGCCCTTAACAGCACCAGCCATAAT CAGCTGACGCTTGGT
ATTATGGA x,(JLjC:L”"A] VT CC ”"JA( CAACAAGCATGTTAT JMCGA"I'
ATTATCGET TCTTCGAAGCGECTG (:th;_ i
CTCACNNNNND \ NNNM i ! NNNNNNN
NINNNNNNNNNNN NN NNNNNNNNNNNNNNNNN N
INDNNNNNNNNNNNN sGCGCATTGGCCTCAATCCGA
CGGCCGEC : CAACCACGGTARCTC (‘C;”‘(“b(:lm, c

T ey e S
NCTGEGET uﬁn( 'CC

JNNNNNNNNNNNNNNNN
NNNNNNAACGATACGGCA
GGTGAAC
CAGGG (:J'l' G

N e

-
GCCGAT

TCAGE

|'1r1 I"I ™~ et N
TTATC ACNLj( CAC
GACGCCTCGA

CAGACT
NI Py T
TGATGE

SATTAACACCCTCTCCTTTGACARAGAGCAR

TGACGGCGARARCGCCGGA “C JC'“.TTGGCTTT S CGATCCCGTTCCAGTTAGCGACCARAAAT
TATGGATAAACTGATCCGCGATGGCCGEETGATCCGCLGCTATATCGGCATTAGCGGCCE
ITe o

GGAGATCGCCCCGCTGCACGCGLAGGGCGGAGGGATCGATCAGATTCAGGGGATCGTNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NINNNNNINNNNNNNNNNNNN Iy INNGCGCTGGAGACGATGGATCAGGTGGCCGAG
ATCCGCCCGGGATCGGAAATTCCOGGTGGTCATCATGCGTGATGATAAGAARATCACGCTC
CATATCGCCGTCCAGGAATACCCGGCCACCAACTAAN

BV KpMero4 C KPN 04666 nucleic acid molecule” is meant a control polynucleotide that

i5 95%, 96%, 97%, 98%, or 100% identical to the following Klebsiella pneumoniae (strain MGH

78578, also known as ATCC 700721, reference genome NC 009648} sequence, excluding “IN”

residuc—:s, that 18 part of the KpMem!@ probeset.

TGGCGATCE!
ATCCTCGGCGCCECEETGGAT

MUl ek Gialalals ST s
R L_(j\(ziﬂ\ CC (\CAGA (:r( ( =

h STGATTTT CTTTTGTCAGE AATTAGTC
GGCGATATCCCARCCARTCTGETGCTCTCGCTGT T V:
CAGCTTATC
NN NNMNNMNN
NMNNMNNNNNE
NN NN NN NN N SN N NN N MR N
TGGCGECGOTEECCCAGGECCAGT TCCAGCAGGCCAGCGATGETARCGCGETCATGTTTE
TCCAARGCGTCARCGGCAACCEGCTTCCATCACETCTTCCTTGCCCAGCTGCETCCGAARG
CGETE

(N CINRCING: L
GCRAATGCGCGCCCOTCGETEETEETGGECEGATTCCGGLGAGCTETCGCAGCAGAAAGACG

PGTTCCTT
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alsslal el Va NI

GCTCGCAGGTGETGACCCTCAACAAGGGCACCCGCT TTGARAGGCACCGCGATGCTGCGEEE
ANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NNNNN
NINNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NNNNNNNNNNNNACCGACCG
3@‘GC&CGbCJ“A TGCACTGECGCTTCACGCTGGTGECGACCGTCTTCAT TATGGCGCT
CGCTCAGCGTGETGAACCCGCGT CAGGGCCGNNNNNNNNNNNNNNNNNN
NN NNNNNNNNDNNNNNNNNNNNNNNNNDNNNNNNNDNND NN NNNIN
INNNNNGGCTATCTGGATGTGGGCGAT TAACCTGCTCTATTTTGCGCT G

CCGCGCCCETTTTAAT

i NalalUsu U els ~ SIallalals Tl alalaTlaTalalil
ITRAAACCTETGGEEACACGGETGCCGATECECCECTT

ABAGGAGCGECCTEAN
By “KpMero4 ROlup KPN 01226 nucleic acid molecule” is meant an upregulated

responsive polynuclectide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsielia pneumoniae (strain MGH 78578, also known as ATCC 700721) sequence, excluding “N”
residues, that 15 part of the KpMero4 probeset.

I>KT)'[V"9TL,4 RO1 Ap KPN 01226 {SEQ ID NO: 9)

i.:fE\H.\]i\INL\n., NN NN
NNNND

\]NGA EnCJ > CCC(“Lm -y 1(,?}‘1’:( ”(‘r[ E ]‘(“G(‘LJ’A’ CGi A(“ACL ]‘ [L/C:A”'A'A’
CGGAAGCGCAGATCGATAAGATGGAAGCGCAGCATARAGCGAS
ARACGCAGRACAAGATCTACAACATTCTGACNNNNNNNNNNNNNN N\]'\I“ NN

INDNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NNNNNNNNNNNNNNSN NN NN NN NN NNN M.\“:
NINNNNN

-By “KpMerod4 RO2up KPN 01107 nucleic acid molecule” is meant an upregulated
responsive polynuclectide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsielia pneumoniae (strain MGH 78578, also known as ATCC 700721) sequence, excluding “N”
residues, that 15 part of the KpMero4 probeset.

KPN 01107 (SEQ ID NO: 10)
) 'L\I\J’\*\]\,[\N[\NL\I\I\*[\]\,[\II\JL\I\J’\“\]\.[\I\J[\NL\I\I\*[\N[\NL\I\I\*[\]\,[\H\JL\I\J’\“\]\,[\
INININNNN =]\.[\NNG'T‘HG\”'."CiC(‘G(‘H\I'[ GGEGCGETTGCAGCTGTCGCTGGTCTCAACGTG

TTGGATCGCGGCCCGCAGTATGUGCAAGTGGTCTCCAGTACACCGATTARAGARACCGT G

>}<f>[v ercd4 ROZ Ap

A”ARACGCCGCETH AC:GAAT ’oCC C C l‘:A' ‘Cr. 'CACGGTGACTCATCGTCGETCCGETNNNNNNN
NINNNNNNNNNNNN PN NN NN NN NNNNN NN NNNNNNNNNNNNN
N NINNNN NN N 1 ]\“ N N '\I \] N NNNNNNNNNNNNNNNNNNNNNNND NN NNNIN

NINNNNNNNNNNN NNNMNNNNNNNNNNNNNNNNNNNNNN

N NN '\I\L NININ NN NNNNNNNNNNNN

INDNNNNNNNNNND NN NN NN NN NN NN NN NNNDNNNNNNN NN NN NNNNNNNN
NINN | ININ NNNNNNNNNNNNNNNNNNNNNNNNNNN

NN AN NN NN N N N R NN NN NN NN N
By “KpMerod4 RO3up KPN 02345 nucleic acid molecule” is meant an upregulated

responsive polyoucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”
residues, that is part of the KpMero4 probeset.

>KpMerod RO3up KPN 02345 (SEQ ID NO: 11)
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TR T Tl ataralsslrnlsstanFa ety s ralas] ~ NITIFS e S P T A T TP S T (N AT 4 N T
ATGATGCGAATCGCGCTTTTCCTGCTGACGAACCTGECAGTGATGETCETETTCGGEGECT G

GTGTTAAGCCTCACGGGGATCCANTCCAGCAGCATGACCGGTCTTCTGATTATGGCCCTG
CTGTTCGECTTCGETGGTTCTATCGTTTCGCTGATGATGTCGARGTGGATGGCGCTGARG
TCNNNNNKNE NN NN NN "\I\ NN t\'H\]""\'I\]I\T\'N NN N RINN NN N N R NN NN N NN NN NN RN NN
f NI NN NN KN NN R NN NN NN NN NNN

. NN N N AT NN NN NANNNNN
NN NN NN N KN NN NN NN NN NN AN NN NN N NI NN NN
DN TR AN N NN NN AT MR NN NN N SN RN NN NN N N NN NN AT I
NMNNNNNN “"hl\NN*J\K\\‘l\hNN\m 1
NNNNNNKNNNNNNN
NN NN NN NN
NN AN N NN NN NI
NNNNNK
NNNNNE DN NN N NN NN NN NN NN NN NN NN NN NN NN NN NN RN NN
NRTNIN DN NN NN NN N N R NN N N NN N NN NN NN N NN N NN

By “KpMero4 RO4up KPN 02742 nucleic acid molecule” is meant an upregulated

NN '\N N
NNNNNNN
NINENNND
INDINENNNNNINNIN

NINININN

responsive polynucleotide that 1s 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721) sequence, excluding “N”
residues, that 15 part of the KpMero4 probeset.

>KpMero 4 R o Ap
NINNNNN |

N ! N N N N}A C. AC C C T GC r[ G C CA (, GG r[ AAART 1 : '\JAA'... TAC
GGTAACTACTGGGACGGTGGCAGCTGGCGCGACC!
TGGUGTGATAACCGTTGGCATCGTCATGACAARCGGTE

By “KpMero4 RO5dn KPN 02241 nucleic acid molecule” is meant a downregulated

q?744 (bi)\’) _[]) \O: 17;

AT TACTGGCGTOCTCACT AT 7
{ [ TACTGGCETCG [ CACTATGAA

responsive polyoucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following

Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”

residues, that is part of the KpMero4 probeset.

>KpMerod ROScn KPN 02241 (SEQ ID NO: 13)

PGARACGCARAAACGCTTCGTTACTCGETAACGTACTCATGGEETTAGGCTTGETGGTE

ATGG I GGGGGTAGGT TACTCCATTCTGAACCAGUTTCCGCAGCTTARCCTGCCACAA

TTCTTTGCGCATGGCGCAATCE ]‘An(:k ATCTTCGTTGGECGCAGTGCTCTGGUTEGGCCGET

GCCCETATTGGUGECCACGAGCAGGTCAGCGACCGCTACTGETGGETGCGCCACTACGAT

AARCGCTGCCETCGTAACCAGCATCGTCACAGCTAAN

By “KpMerod RO6up KPN 03358 nucleic acid molecule” is meant an upregulated

responsive polyoucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”
residues, that is part of the KpMero4 probeset.

>KpMerod RO6up KPN 03358 (SEQ ID NO: 14)
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNAACATGGACTCCAACGGTCTGCTCAGCTCAGGCGCCGAAGCCTTC

CAGGCATACTCTCTCAGCGACGCGCAGGTGARAACTTTAAGCGACCAGGCCTGTARAGAG

ATGGACGCCARAGCGAARATCGCCCCGGCCARACAGT GAATACAGCCAGCGGCTGAACAAA
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ATCGCGNCTGCECTGGGCGATAACATCAATGGTCAGCCCGTGAACTACAAGGTCTAT JA\

ACCAAGGAT ‘G' 1(3 AACGCCTTCGCCATGGCCAACGGUTGCATCCGCGETCTACAGCGGGCTG
AT GAACGATAATGAAGTCGAGGCGGNGATCGGCCACGARATGGECCACGTC

ATGGA

ReE \GL/(" C’o TGAAGRAAGGCATGCAGGETCGCCCTGGGETACCAACGUCETGCGETGCG
[CCTCCGCGEGECEENNNNNNNNNAGCCTGTCGCAGTCTCAGTTGEEEG

SAATCGGAAGCGGATGA T

! TATCAATCCG SGACTGGCCACCAGCTTCGAGA

[CCARAGCTGGAAGCCGGELCET CAGAGCTCCATGTTTGACGATCACCCGECATCNN

TN DN NN N N N D N R TN N NN N R RN I N NN N B NN NN MR RN W NN NN NN RN I NN
By “KpMerod4 RO7up KPN 03934 nucleic acid molecule” is meant an upregulated

5 s
GCGGTC

GCGARAAACTGGTGA

ACTCGCAGTTCTCCCH N
ACTCGCAGTTCTCCCAGCETC

responsive polynuclectide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsielia pneumoniae (strain MGH 78578, also known as ATCC 700721) sequence, excluding “N”
residues, that 15 part of the KpMero4 probeset.

>KpMerod
ININNENNN

RO7up KPN 03834 (SEQ ID NO: 13)
NINNNNNNNNNNNNNNNNNENNNNNNNNNNNNNNNNNNNNNNN
INDNNNNNNNDNNNNNNENNNNNNNNNNNNN NN NNNNNNNNNN NN NN NN NN NN NN
NINNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NNNNNNNNNN NN N N i\= ]\“ N
INNNNNNNNDNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NNNNN

NINNNNNNNND ATGCCTTATATTACCAAGCAGAATCAGGCGATTACTGCGGATCGT

AACTGGCTTATTTCCAAGCAGTACGATGE ]"”G(“”(zo [CGCCGACTGAGAS CGCCJL/CJL CTG
ARGGATATCGCTNCCCGTTATAAGGTGAAGTGGT CAGGCAATACGCGTCATGTGCCCTGE

AACGCECTGCTTGAGCGTGTCCGACAT TATTCCGAACAGCATGGETGGCGACCATGGCGEEG
GCGGAAAGTGGT ] sGGTACCTCCAGGUTGGCGCHGCGAGAATAACAACCTETTCGGCATG
AAGTGCGGCGCCEETCECTGCCGCGGCEIGATGAAAGETTACTCGCAGT TTGAGTCNNNN
NINNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNN NN NN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN ININNNNNNNN
NN NN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

By “KpMero4 RO8dn KPN 00868 nucleic acid molecule” is meant a downregulated

responsive polynucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”

residues, that is part of the KpMero4 probeset.

>KpMerod }<0801 KPN 00268 (SEQ ID NO: 1o)
' N ]t\I\]"\T\I\E\]\“t\H\] BN NN NN TN NN NN NN NN NN NN R NN NN NN KN KN NN N
i NNNNNNNGCCARTATCGATATTGACGCCTATCTGECARCTGCGA
BABGGCTACATGTCAGTCAGCGABABTGACC ]‘(‘”(‘cc[(—A.‘Mf‘f[ TETTTGAG
TGCOTECECAGGCGICGCGCCTGCAGARTGUCA' ACCGNNNNNN
INNNNNENKNNNGGCGARTCGETCGCCECCECTCUAC TA ”(:t:f“. 'GATGAGCG
CCGCTATACATCGCTGTTARCCTAGAGARGCTAGARCGCTGTCTGA
CAG&.A.["]?C:nCL;]_ s;hAn‘i‘A’l‘T[‘CA'].‘AmAT‘ BATAAATTGGCGCCAATCACTCATGCCTGAN

By “KpMero4 R0O%up KPN 02342 nucleic acid molecule” is meant an upregulated

responsive polyoucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”

residues, that is part of the KpMero4 probeset.

20



WO 2020/046801 PCT/US2019/048114

>EKpMerod ROSup KPN 0Z34Z2 (SEQ ID NO: 17)

NN NN NN NN NN KN AN NN NN N NN NN NN GT GECTATCT TATGGAT TGECETATTATTG
AGCGET TATGGEGTGTTATTCCACAGTGAGGABARCET CEGCGETCTGEGTCTTAAGTGE
CAATACCTCACCGCCCGUGGAGTCAGCACCGCACTTTATGTTCATTCCGACAGCGGAGTG
ATCGECETCAGCAGTTGOCCTCTGCTGEGTAABAGCACARCCGTGET TGATAACGGCTAR
N

By “KpMerod4 Ri0up KPN 00833 nucleic acid molecule” is meant an upregulated
responsive polyoucleotide that is 95%, 96%, 97%, 98%, or 100% identical to the following
Klebsiella pneumoniae (strain MGH 78578, also known as ATCC 700721 sequence, excluding “N”
residues, that is part of the KpMero4 probeset.
>KpMerod }?’L’up KPN 00833 (SEQ ID NO: 18)
RO N M NN N KON N NN N N M NN N KON NN NN N N M NN KN NN NN N NN NN NN
NN NN N NN N NN N NN NN NN NN NN NN NN NN NN NN NN NN RN NN NNNNNNNATCGGC GTGGTET
CTGCGCAAGGCGCAACCACTTTAGATGCTCTGGAAGCARAACTGGCTGCTARAGCCGRAG
CCGCTGGCGCGACCEGCTACAGCATTACTTCCGCTAACACCARCARCARACTGAGCGGTA
CTGCGGTTATCTATARATAAN

By “CRE2 KPC nucleic acid molecule” is meant a polynuciectide that is 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

_KPC (SEQ ID NO: 19)

TATCGCCGTOTAGTTCTGOTGTCTTGTCTCTCAT GGCCECTGGOTGECTTTTCTGCCACT

GCGCTGACCARACCTCGTCGCGGEAR C CATTCGCTARACTCGAACAGGACTTTGCCGGCTCC
ATCGETETGTACGCGAT ATACCGGCTCAGGCGCAACTGTAAGT TACCGCGCUTGAGGAG

AT T AT L
CGCTTCCCACTGTGCAGCTCATTCAAGGGCTTTCTTGETGCCGCTGTGCTGECTCGIAGC

CAGCAGCAGGCCGGCTTGUTGGACACACCCATCCETTACGGCAARAATGCGCTGGTTCCG
TGGTCACCCATCT cc;umAJ AATATCTGACAACAGGCATGACGETGGCGGAGCTGTCCGLG
GCCGCCGTGUAATACAGTGATAACGCCGCCGCCAAT TTETTGCTGAAGGAGT TGGECEGT
CCGGCCGGGCTGE c:‘;b(‘w'i CATGCGCTCTATCGGCGATACCACGTTCCGTCTGGACCGC
TGGGAGCTGGAGCTGAR :’?C:(:(:"*A’.:? CCAGGCGATGCGCGCGATACCTCATCGCTUGUGT
GCCGTGACGGARAGCTTACARARACT GACACTGEGCTCTGCACTGGCTGCGCCGCAGCEE
CAGCAGTTTGTTGATTGGCT ALAGGGAARC ACGACCEGCAACCACCGOATCCECGUGECE
GTGCCGE ,n(:Af‘i GGGCAGTCGGAGRCARRACCGGAACCTGCEGAGTGTATGGCACGGTA
ﬂhb ACTATGCCGTCGTCTCGCCCACTGEGCGCGCACCTATTGTGTTGGCCGTCTACACT
GGGCGCCTAACARGGATGACARGCACAGCGAGECCGTCATCECCGOTGUGECTAGACTC
GCGCTCGAGGGR
By “CRE2 NDM nucleic acid molecule” is meant a polynucleotide that is 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is past of the Cre2 probeset.

>CREZ NDM (SEQ ID NO: 2 D )

ATGGAATTGCCCAATATTATGCACCCGGETCECGAAGCTGAGCACCGCATTAGCCGCTGCA
TTGATGCTGAGCGEGTGCATGCCC GGTL SARATCCGCCCGACGATTGGCCAGCARATGGAR
ACTGGCGACCAACGETTTGGECEATCTGE r[ TTTCCGCCAGCTCGCACCGAATGTCTGGCAG

CL.Z‘%LC;.‘.\C"]_‘T[" CTATCTCGACATGCCGGGETTTCGGEEGCAGTCGCTTCCAAC EGr[ TTGATCG ]_'C‘-

AGGGATGGCGGCCGCGTGCTEETGETCGATACCGCCTGGACCGATGACCAGACCGCCCA
ATC”‘T“'“T‘F’"‘GGAT\,AAG ‘“GCT—\GAWCan’CTGCLCG CGCGCTGEECGE "'GCT"‘ACm ‘AC
GC

)]

"GCATCAGGACAAGATGGECGETATGGACGCGCTGCATGCGGEEGEEGATTGCGACTTAT
GCCAATGCGTTIGTCGAACCAGCTTGCCCCGCAAGAGGGGAT CGGCECAACACAGC
TGACTTTCGCCGCCAATGGCTGGETCGAACCAGCAACCGCGCCCAACTTTGGCCCECTC

~
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ARGGTATTTTACCCCGGCCCCGECCACACCAGTGACAATATCACCETTGGGATCGACGGTE
ACCGACATC (::L; TTTTGGTGGECTGCCTGATC ‘AnGG/aV, \GCAAGGCCAAGT CGCTCGGCAAT
CTCGETGATGCCGACACTGAGCACTACGCCGCGTCAGCECGCGLGTTTGGETGCGGECETTC
CCCARAGGC 'ZAGCA ]‘C,ATL;GT GATGAGCCATTCCGCCCCCGATAGCCGCGCCECAATCALT

TACGEOCCGOR ~ e NI T
CATACGGEC SCATGGCCGACAAGCTGCGECT

/ “CREQ_OXA48 nucleic acid molecule” is meant a polynuclectide that is 95%, 96%,

97%, 98%, or 100% 1dentical to the following sequence, and is part of the Cre2 probeset.

>CREZ OXA48 (SEQ ID NO: 21)
,’.I.‘G’V-ui- GTATTAGCCTTATCGECTGIGTTTTTGGTGGCATCGATTATCGGAATGCCTGEG
GTAGCARAGGARATGC ‘Cnﬁ GLAM CAARAGTTGGAATGCTCACTTTACTGAACATARRTCA
CAG’CGCC'i‘AG’.I.“l GTGCTCTGGAATGAGAATAAGCAGCAAGGATTTACCAATARTCTTARAR
CGGGCGAACCA LAKJC VITTTTACCCG 'LZAI 'CTACCTTTAAAATTCCCAATAGCTTGATCGCE
CTCGA] [GGTTAAGGATGAACACCAAG [AAGTGGGATGGACS
GATATCGCCACTTGGAATCGCGATCATAATCTAATCACCGCGATGARATATTCAGTTGTC
CCTGTTTATCAAGAL "‘T’“(”" CCGCCAAAT ]" GCGAGGCACGTATGAGCAAGATGCTACAT
GCTTTCGATTAT G" TA? € TTCGGGCAATGTAGACAGTTTCTGGCTCGACGGET
GGTATTCGAATTTCGGC ".ACG#'.G'AC:'CAAATCP\GC"‘mTTTZ—&AG“u AAGCTGTATCACAATAAG
PTACACGTATCGGAGCGCAGCCAGCGTATTGTCAAACARGCCATGCTGACCG _AF'LCmuT
GGTGE -”'TA ATTATTCGGGCTAAAACTGGATACTCGACTAGAATCGAACCTAAGATTGE
T GGGTTGAACTTGATGATAATGTGTGGTTTTTTGCGATGA '-TATGGA
AT GCCCAV’AT CGGATGGTTTAGGGCTGCGCCAAGCCATCACAARAGARAGTGCTCARAACAG
GAAAAAATTATTCCCT

By “CRE2 CTXMI15 nucleic acid molecule” 1s meant a polynucleotide that 18 95%, 96%

al el

TR
[TGGGECE

.
SACGCEC

[k
LA
e
falel
Ao

;_]

)

97%, 98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

SRT D CTPYMT S {am ’s. T N DO

>CREZ CTXM15 (5 ID NO: 223

sl ol et TR o el elsuleriinlelsle N NOCTCACGOTETTE
ATGGETTAAAARAATC Lﬂ\k/ TGCGCCAGTTCACGCTGATGGCGACGGCAACCGTCACECTETTG

TTAGGAAGTGYGCCGCTGTATGEGC AJ WACGGCGGACGTACAGCAAR mﬂk“ TT C CCGAARTTA

GA sCGECAGTCGGEGAGGCAGACTGGGTGTGEGCAT TGATTAACACAGCAGAT ARTT CGCAA
ATACTTTATCGTGCTGATGAGCGCTTTGCGATGTGCAGCACCAGTAAAGTGATGGCCECG
GCCGCGGETGCTGAAGAAAAGTGAAAGCGAACCGAATCTGTTAAATCAGCGAGTTGAGATC
AARAATCTGACCTTGTTAACTATAATCCGATTGCGGARAAGCACGTCAATGGGACGAT G
TCACTGGCTGAGCTTAGCGCGGCCGCGCTACAGTACAGCGATAACGTGGCGATGAATAAG
CTGATTGCTCACGTTGGCEGCCCGGCTAGCGTCACCGEGTTCGCCCGACAGCTGGGAGAC
GARACGTTCCGTCTCGACCGTACCGAGCCGACGTTARACACCGCCATTCCGGEGCGATCCG
CGTGATACCACTTCACCTCGGGCAATGGCGCARACT CTGCGGRAATCTGACGCTGGGTARA
GCATTGGGCGACAGCCAACGGGCGCAGCTGLTGACATGGATGARAGGCAATACCACCGET
GCAGCGAGCATTCAGGCTGGACTGCCTGCTTCCTGGEGETTEGTGGEEGATARAACCGGCAGC
GGTGGCTATGGCACCACCAACGATATCGCGGTGATCTGGCCAARAAGATCGTGCGCCGCTG
ATTCTGGTCACTTACTTCACCCAGCCTCAACCTAAGGCAGAAAGCCGTCGCGATGTATTA
GCGTCGGCEGGCTAAAATCGTCACCGACGETTTGT

By “CRE2 OXA10 nucleic acid molecule” is meant a polynucleotide that 13 95%, 96%,

2

97%, 98%, or 100% identical to the following sequence, and s part of the Cre2 probeset.

ATGAARARC C C CGGCATTAGCTGGET
TCAATTACAGAAAATACGTCTTGGAACAAAGAGTTCTCTGCCGAAGCCGTCAATGGTGTC
TTCGTGCTTTGTAAAAGTAGCAGTAAATCCTGCGCTACCAATGACTTAGCTCGTGCATCA
AAGGAATATCTTCCAGCATCAACATTTAAGATCCCCAACGCAATTAT CGGCCTAGARACT
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GGTGTCATAARGAATGAGCATCAGGT T TTCAAATGGGACGGARAGCCAAGAGCCATGARG
CAATGGGABAGAGACT TGACCTTAAGAGGGGCAATACAAGTT TCAGCTGTTCCCGTATTT
CRACABATCGCCAGAGAAGTTGGCGAAGTARGARTGCAGARATACCTTARARRATTTTCC
TATGGCAACCAGAATATCAGTGETGGCATTGACARAT TCTGETTGGAAGGCCAGCTTAGA
AmmT”CGbﬁhwqﬂ”PCaﬁf--I”Cmmm”]AuAGTU- TATATTTARATARATTGTCAGCA
TCTAAAGARRACCAGCTAATAGTAARAGAGGCTTTGGTARCGGAGGCGGCACCTGAATAT
CTAGTGCATTCARARACTGGT ]"[""”C’l‘; GTGTGGGA \ACTGAGTCRAATCCTGGTGTCGCA
TGGTGGETTGEGTCEGTTGAGARGGAGACAGAGETTTACT TTTTCGCCT TTAACATGGAT

AGACAACGRABGTARGTTECCGCTAAGAARATCCATTCCOACCAAAATCATGGARAGT
SGGCATCATTGGTGGC

“CREZ VIM 1 nucleic acid molecule” 1s meant a polynucleotide that 1s 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

ID NO: 24
AT@TTPCHA""“A[P“”C GCTTTCTGETTGGTATCAGTGCATTCETCATGGCCGTACTT
GGATCAGCAGCATATTCCGCACAGCCTGECEETGAATATCCGACAGTAGAT GACATACCG

FITUR £ T TP OO (R T T S e S A T COT T TEETCCCATATCGORDCTC
GTAGGGGAAGTTCGGCTGETACAAGATTGGCGATGECETTTGETCGCATAY CARCT'CAG

ARACTCGGTGACACGGTGTACTCGTCTAATGGACTTATCGTCCGCGATGCTGATGAGTTG

CTTCTTATTGATACAGCGTGGGLGECGAAGAACACGGTAGCCCTTCTCGCGGAGATTGAA
AAGCAAATTGGACTTCCAGTAACGCGCTCAATTTCTACGCACTTCCATGACGATCGAGTC
GGCTGGAGTTGATGETCCTCCGGGIGGCTGGAGTGGCAACGTACACCTCACCCTTGACACGC
CAGCTGGCCGAAGCGGCGEEEARACGAGGTGCCTGCGCACTCTCTAAAAGCGCTCTCCTCT
AGTGGAGATGTGGETGCGCTTCGGTCCCETAGAGGTTTTCTATCCTGEGTGCTGCGCATTCG
GGCGACAATCTTGTGGTATACGTGCCGGCCLTGCGCGTACTGTTTGGTGGCTETGCAGTT
CATGAGGCGTCACGCGAATCCGLGGETAATGTTGCCGATGCCAATTTGGCAGAATGGCCT
GCTACCATTAAACGAATTCAACAGCGGTATCCGGAAGCAGAGGTCGTCATCCCCGGCCAC
GGTCTACCGGGCGETCTGGAATTGCTCCAACACACAACTAACGTTGTCARAACGCACARA
GLACGCCCGGLCGCCGATT

“CREZ VIM 2 nucleic acid molecule” is meant a polymucleotide that i1s 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

>CRE2 VIM 2 (SEQ ID NO: 25)
CGAGTGGTGAGTATCCGACAGTCARCGARATTCCGGTCGGAGAGGTCCGGCTTTACCAGA
TTGCCGATGGTGTTTGGTCGCATATCGCARCGCAGTCGTTTGATGGCGCGGTCTACCCGT
CCARTGGTCTCATTGTCCGTCATGGTGATGAGTTGCTTTTGATTGATACAGCGTGGGGTG
CGAARAACACAGCGGCACTTCTCGCGGAGATTGAGARGCARATTGGACTTCCCGTAACGC
GTGCAGTCTCCACGCACTTTCATGACGACCGCGTCGECGGCETTGATGTCCTTCGGGCGE
CTGGGGTGGCARCGTACGCATCACCGTCCACACGCCGGCTAGCCGAGS
By “CREZ VIM 3 nucleic acid molecule” is meant a polynucleotide that is 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

>CRE2 VIM 3 (SEQ ID NO: 26)
TACCCETCCARTGGTCTCATTGTCCGTGATGGTGATGAGTTGCTTTTGATTGATACAGCE
TGGGGETGCGRABAACACAGCGGCACTTCTCGCGGAGATTGAGARGCARATTGGACTTCCC
GTAACGCGTGCAGTCTCCACGCACTTTCATGACGACCGCGTCGGCE

“CRE2 IMP 1 nucleic acid molecule” is

MP 1 (SEQ ID NC: 27

B {
EZ
GTLGCCGCTTTGCDTGATTTAAAA.=C SAGAAGCTTGAAGAAGGTGTTTATGTTCATACA
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TCGTTCGARGRAGT TARCGCTTGEGETGTTCT TTCTARACACGETTTGGTGETTCTTGTA
AACACTGACGCCTATCTGATTGACACTCCATTT

By “CREZ IMP 2 nucleic amd m@lecuie” is meant a polynuclectide that is 95%, 96%, 97%,
98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

SCRE2 IMP 2 (SEQ ID NO: 2
ACTGARAAGTTAGTCAATTGGT TTGTGEAGCGCGGCTATARAATCAAAGGCACTATTTCT
TCACATTTCCATAGCGACAGCACAGGNGGARTAGAGTGGCTTARTTCTCAATCTATTCCC
ACGTATGCATCTGAATTAACARATGARCTT
By “CRE2 I“viP 3 nucleic acid molecule” is meant a polynuclectide that 1s 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and 1s part of the Cre2 probeset.

>CREZ IMP 3 (SEQ ID NG: 29)

TCATTTAGCGGAGT TAGT TAT TGGCTAGTTARAAATARAATTGAAGT TTTT TATCCOGGS
CCGGGGCACACTCARGATAACGTAGTGETTTGGT TACCTGARARGAARAT TTTATTCGGT
GTTGTTTTGTT ARACCEGACGETCTTGETARTTTGE

By “CREZ IMP 4 nucleic amd molecule” is meant a polynuciectide that s 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is past of the Cre2 probeset.

>CREZ IMP 4 (SEQ ID NO: 30)
CTGACGCCTATCTGATTGACACTCCATTTACTGCTACAGATACTGARAAGTTAGTCARTT
SGTTTGETG G]HJCGCGGCT’P TAAAATCAAAGGCACTATTTCCTCACATTTCCATAGCGACA
GCACA G(vGG(JP ATAGAGTGGCTTAATTCTC

y “CRE2 IMP 5 nucleic amd meolecule” is meant a polynucleotide that is 95%, 96%, 97%,
98%, or 100% identical to the following sequence, and is part of the CreZ probeset.

>CREZ IMP 5 (SEQ ID NC: 31)
ATGAAARAAATATT TGTGTTATTTGT AT TT TTGTTTTGCAGT ATTACTGCCGCCGGAGAG
TCITTTGCCTGATATARARAAT TGAGARACTTGACGAAGATGTTTATGTTCATACTTCTTTT
GAAARAARAANRACGGCTGGEETGETTATTACTARACA u;k/\"\“-ﬂrﬂc:}’ [GGTTCTTGTARATACT
GATGCCTATATAATTGACACTCCATTTACAGCTAAAGATACTGAAAAATTAGTCCGCTGE
TAAARTCAAAGGCAGTATTTCCTCACATTTTCATAGCGATAGC
GCAGGTGGAATTGAGTGGCTT f‘m""”[”"" \VATCTATCCCCACATATGCATCTAAATTAACA
AATGAGCTTCTTAAARAGRACGGTAATGCGCAAGCCGAARACTCATT TAGT GGCGTTAGC
TATTGGCTAGT TAAACATARAATTGE A"o‘]"[ TTCTATCCAGGACCAGGGCACACTCAGGAT
AATGTAGTGGTTTGETTGCCTGARAAGRARAT TTTATTTGGCGGTTGTTTTAT TAAG 3’; G
GACGGTCTTGGETTATTTGGGAGACGCAAATCTAGAAGCATGGCCTAAGTCCGCAGARACA
TTAATGTCTAAGTATGGTAATGCAARACTGETTGTTTCGAGTCATAGTGAR LA']"['GGG(:GC
GCATCACTATTGAAGCGCACTTGGGAGCAGGCTGTTAAGGGGCTAAAAGAAAGTARRARA
CCATCACAGCCAAACARA

By “CREZ IMP 6 nucleic acid molecule” is meant a polynuclectide that is 95%, 96%, 97%,

TG TCGCECETEETTA

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

>CREZ IMP € (SEQ ID NO: 32
CTGAGGCTTATCTAATTGACACTCCAT TTACGECTAARGATACTGAARAGTTAGTCACTT
GGTTTGETGGA ACG [GGCTATAAARTAARAGGCAGTATTTCCTCTCATTTTCATAGCGACA
GCACGGGECGGAATAGAGTGGCTTAATTCTCARTCTATCCCCACGTATGCATCTGAAT TAA

CARATG
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By “CREZ IMP 7 nucleic acid molecule” is meant a polynuclectide that is 95%, 96%, 97%,

98%, or 100% identical to the following sequence, and is part of the Cre2 probeset.

(SEQ ID NO: 33)
\VTCTGART TARCARATGAACTTCTTAAAAAAGACGGTAAGGTACAAGCTAARART
TCATTTAGCGGAGT TAGCTAT TGGCTAGTT AAGARAAAGATTIGAAGT TTTTTATCCTGET
CCAGGGCACACTCCAGATARCGTAGTGETTTGEC

By “CRE2 IMP 8 nucleic acid molecule” is meant a polynuclieotide that is 95%, 96%, 97%,
98%, or 100% identical to the following sequence, and is part of the CreZ probeset.
_IMP € (SEQ ID NO: 34)
o "CAAGATAACGTAGTGGT TTGETTACCTCGARAAGARARTTTTATTCGGTGET
TGTTT TABACCGGACGGTCTTGETAATTTGGETGACGCABAT TTAGAAGC TTGGCCA
AAGTCCGCCARARTATTARTGTCTARATATS

Other features and advantages of the disclosure will be apparent from the following

description of the preferred embodiments thereof, and from the claims. Unless otherwise defined,
all technical and scientific terms used herein have the same meaning as commonly understood by
one of ordinary skill in the art to which this disclosure belongs. Although methods and materials
similar or equivalent to those described herein can be used in the practice or testing of the present
disclosure, suitable methods and materials are described below. All published foreign patents and
patent applications cited herein are incorporated herein by reference. All other published references,
documents, manuscripts and scientific literature cited herein are incorporated herein by reference.
In addition, the materials, methods, and examples are illustrative only and not ntended to be

limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description, given by way of example, but not intended to limit the
disclosure solely to the specific embodiments described, may best be understood in conjunction with
the accompanying drawings, in which:

FIGS. 1A-1C are diagrams depicting a binding and detection of a bipartite probe structure
including Probe A and Probe B according to an exemplary embodiment of the disclosure. FIG. 1A
shows the bipartite probe bound to an exemplary target nucleic acid. FIG. 1B shows an exemplary
embodiment in which Probe A and Probe B may be detected by tags that are directly coupled to one
or both Probes. FIG. 1C shows an exemplary embodiment in which Probe A and Probe B may be

detected by tags that are in directly coupled to one or both Probes.
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FIGS. 2A-2D depict MA plots showing RNA-Seq data. FIG. 2A demonstrates that RNA-
Seq data upon antibiotic exposure revealed differential gene expression between susceptible and
resistant strains. Susceptible (left panels) or resistant (right panels) clinical isolates of K. preumoniae
(top), L. coli (middle), or A. baumannii {bottom) were treated with meropenem (left, 60 min),
ciprofloxacin (center, 30 min), or gentamicin {right, 60 min) at CLSI breakpoint concentrations.
Data are presented as MA plots, with mean transcript abundance plotted on the x-axis and fold-
induction compared with untreated strains on the y-axis; each axis is log transformed. Transcripts
whose expression was observed as statistically significantly changed upon antibictic exposure are
shown 1n red. FIGS. 2B-2D show that a timecourse of RNA-Seq data upon antibiotic exposure
revealed differential gene expression between susceptible and resistant clinical isolates. Susceptible
(left panels) or resistant (right panels) clinical isolates of K. ppreumoniae (F1G. 2B), F. coli (FIG.
2Cy, or A. baumannii (FIG. 2D) were treated with meropenem (left), ciprotloxacin {(center}), or
gentamicin (right} at CLSI breakpoint concentrations for the indicated times. Data are presented as
MA plots, with mean transcript abundance plotted on the x-axis and fold-induction compared with
untreated strains on the v-axis, each axis is log: transformed. Transcripts whose expression is
statistically significantly changed upon antibiotic exposure are shown in red.

FIG. 3 shows that NanoString® data from dozens of antibiotic-responsive genes
distinguished susceptible from resistant isolates. Heatmaps of normalized, log-transformed fold-
induction of antibiotic-responsive transcripts from 18-24 clinical isolates of K. preumoniae (top), E.
coli {middle), or A. baumannii (bottom) treated at CLSI breakpoint concentrations with meropenem
{left), ciprofloxacin (center), or gentamicin {right), with strains arranged in order of MIC for each
antibiotic. CLSI classifications are shown below. All antibiotic-responsive transcripts chosen as
described from RNA-Seq data are shown here; the subset of these chosen by reliefF as the 10 most
discriminating transcripts are shown in FIG. 6 below. * = strains with large inoculum effects in
meropenem MIC; + = one-dilution errors; x = strains discordant by more than one dilution.

FIGS. 4A and 4B show that a one-dimensional projection of NanoString® data distinguished
susceptible from resistant isolates and reflected MIC. FIG. 4A shows phase 1 NanoString™ data from
FIGS. 2A-2D above (i.e, normalized, log-transtformed fold-induction for each responsive
transcript), analyzed as described to generate squared projected distance (SPD) metrics (y-axes}) for
each strain (see Supplemental Methods below), and binned by CLSI classifications (x-axes), for the

same 18-24 isolates shown in FIGS. 3 above and 6 and 7A below. By defirution, an SPD of 0
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indicates a transcriptional response to antibiotic equivalent to that of an average susceptible strain,
while an SPD of 1 indicates a response equivalent to that of an average resistant strain. See
Supplemental Methods sections below for details. Data are summarized as box-and-whisker plots,
where boxes extend from 25" to 75" percentile for each category, with middle line at median, and
whiskers extending from minimum to maximum, all data points are displayed as well. Note that for
A. baumannii and meropenem, the clustering of the majority of susceptible strains by this simple
metric {aside from one outlier which was misclassified as resistant by GoPhAST-R) underscores the
true differences in transcription between susceptible and resistant isolates, despite the more subtle-
appearing differences in heatmaps for this combination (FIGS. 3 and 6), which 1s largely caused by
one strain exhibiting an exaggerated transcriptional response {seen here as the strain with a markedly
negative SPD) that affects scaling of the heatmap. FIG. 4B shows the same SPD data (y-axes) plotted
against broth microdilution MICs (x-axes), which revealed that the magnitude of the transcriptional
response to antibiotic exposure correlated with MIC. In both FIGS. 4A and 4B, strains with large
inoculum effect upon meropenem treatment have been displayed in red and enlarged. Vertical
dashed line indicates the CLSI breakpoint between susceptible and not susceptible (i.e., intermediate
or resistant},

FIG. 5 depicts a schematic of the data analysis scheme of the instant disclosure, including
the “two-phase” machine learming approach to feature selection and strain classification employed
herein. The schematic representation shows major data analysis steps employed for identitying
antibiotic-responsive transcriptional signatures from RNA-Seq data, validating and optimizing these
signatures using NanoString® in two phases, and using these signatures to classify strains of
unknown MIC, also in two phases. First, candidate antibiotic-responsive and control transcripts were
chosen from RNA-Seq data using custom scripts butlt arcund the DESeq2 package, and conserved
regions of these transcripts were identified for targeting in a hybridization assay. In phase 1
(implemented for all pathogen-antibiotic pairs), these candidate transcripts were quantitated on the
NanoString®™ assay platform, and the resulting data were partitioned by strain into training and testing
cohorts. Ten transcripts that best distinguished susceptible from resistant strains within the training
cohort were then selected {(step 1A} using the reliefF feature selection algorithm (implemented via
the CORElearn package), then used to train an ensemble classifier (step 1B) on the same training
cohort using a random forest algorithm (implemented via the caret package). This trained classifier

was then used to predict susceptibilities of strains in the testing cohort (step 1C), and accuracy was
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assessed by comparing with broth microdilution results (Table 10}). In phase 2 (implemented for K.
preumoniae + meropenem and ciprofloxacing, the same process was repeated, but the phase 1
training and testing cohorts were combined into a single, larger training cohort for feature selection
(step 2A) and classifier training (step 2B), and a new set of strains was obtained as a testing cohort.
The 10 genes selected from the phase 2 training cohort were measured from this phase 2 testing
cohort, and the trained classifier was used for AST on these new strains (step 2C), with accuracy
again assessed by comparison with broth microdilution (Table 10). See Supplemental Methods tor
detailed descriptions of each of these analysis steps.

FIG. 6 shows that NanoString® data for top 10 antibiotic-responsive transcripts distinguished
susceptible from resistant strains. Heatmaps of normalized, log-transtormed fold-induction of top
10 antibiotic-responsive transcripts from 18-24 clinical isolates of K. pmewmoniae (top), £. coli
{middle}, or 4. baumannii (bottom) treated at CLSI breakpoint concentrations with meropenem
(left), ciprofloxacin {center), or gentamicin {right) are shown, with strains arranged in order of MIC
for each antibiotic. Gene identifiers are listed at right, along with gene names if available. CLSI
classifications of each strain based on broth microdilution are shown below. * = strains with large
tnoculum effects in meropenem MIC; + = one-dilution errors; x = strains discordant by more than
one dilution.

FIGS. 7A and 7B show that GoPhAST-R accurately classified clinical isolates. FIG. 7A
shows the probability of resistance obtained from a random forest model trained on NanoString®
data and tested on validation cohort (y-axis), as compared with standard CLSI classification based
on broth mierodiution MIC (x-axis), for the nine indicated pathogen-antibiotic combinations tested
in phase 1. FIG. 7B shows the probability of resistance obtained from a random forest model trained
on NanoString® data and tested on validation cohort (y-axis), as compared with standard CLSI
classification based on broth microdilution MIC (x-axis), for the new K. preumoniae isolates tested
in phase 2 for meropeners and ciprotioxacin susceptibility. Horizontal dashed lines indicate 50%
chance of resistance based on random forest model. Vertical dashed lines indicate CLSI breakpoint
between susceptible and not susceptible (i e. intermediate/resistant); 1solates also colored by CLSI
classification as indicated. Numbers in each quadrant indicate concordant (green) and discordant
{(black) classifications between GoPhAST-R and broth microdilution. Carbapenemase (square

outline} and select ESBL {(diamond outline} gene content as detected by GoPhAST-R are also
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displayed on meropenem plots (none were found in the 4. bawmannii validation cohort). * = strains
with large inoculum effects in meropenem MIC.

FIG. & shows NanoString® data for top 10 antibiotic-responsive transcripts for strains tested
in phase 2. Heatmaps of normalized, log-transformed told-induction of top 10 antibiotic-responsive
transcripts observed from 25-31 chinical isolates of K. preumoniae treated at CLST breakpoint
concentrations with meropenem (left) or ciprofloxacin (right) are shown, with strains arranged in

order of MIC for each antibiotic. CLSI classifications are shown below, *

= strain with large
inoculum effects in meropenem MIC; + = one-dilution error; x = strain discordant by more than one
dilution. Note that the 10 responsive transcripts shown were the only 10 tested for this second phase
of GoPhAST-R implementation.

FIGS. 9A-9C show that GoPhAST-R detected carbapenemase and ESBL gene content from
tested strains. Known carbapenemase and select ESBL transcript content based on WGS data (left
panels) were compared with heatmaps of GoPhAST-R results (right panels) for all K. preumoniae
(FIG. 9A), £ coli (FIG. 9B), and A, baumannii (FIG. 9C) isolates tested for meropenem
susceptibility for which WGS data were available. Heatmap intensity reflects normalized,
background-subtracted, log-transformed NanoString® data from probes for the indicated gene
families. Vertical dashed line separates carbapenemases (left) from ESBL genes (right). Phenotypic
AST classification by broth microdilution and GoPhAST-R s shown at right (“S” = susceptible, “T7
= intermediate, “R” = resistant; “#.” = strain used in training cohort, thus not classified by
GoPhAST-R). * = strains with large inoculum effects in meropenem MIC; x = strain discordant by
more than one dilution.

FIG. 10 shows that GoPhAST-R detected antibiotic-responsive transcripts directly from
positive blood culture bottles. Heatmaps are shown of normalized, log-transformed fold-induction
of the top 10 ciprofloxacin-responsive transcripts from & positive blood culture bottles that grew
either &. cofi (6 strains, A-F) or K. preumoniae (2 bottles, G-H). CLST classifications of isolates,
which were blinded until analysis was complete, are displayed below each heatmap.

FIGS. 11A and 11B show that GoPhAST-R accurately classified AST and detected key
resistance elements directly from simulated positive blood culture bottles in <4 hours. FIG. 11A
shows heatmaps of normalized, log-transformed fold-induction NanoString® data from the top 10
antibiotic-responsive transcripts directly from 12 stmulated positive blood culture bottles for each

indicated pathogen-antibiotic combination, which revealed antibiotic-responsive transcription in
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susceptible but not resistant isolates. For meropenem, results of carbapenemase / ESBL gene
detection are also displayed as a normalized, background-subtracted, log-transtormed heatmap
above. CLSI classifications of isolates, which were blinded until analysis was complete, are
displayed below each heatmap. FIG. 11B shows the probability of resistance from random forest
model trained by leave-one-out cross-validation on NanoString” data from FIG. 11A (y-axis)
compared with standard CLSI classification based on broth microdilution MIC (x-axis} for each
isolate. Horizontal dashed lines indicate 50% chance of resistance based on random forest model.
Vertical dashed lines indicate CLSI breakpoint between susceptible and resistant; isolates have also
been colored by CLSI classification as indicated. Carbapenemase (square outline) and select ESBL
(diamond ocutline} gene content as detected by GoPhAST-R are also displayed on meropenem plots.
See Supplemental Methods for details of spike-in protocol.

FIGS. 12A and 12B show for an exemplary GoPhAST-R workflow that the NanoString®
Hyb & Seq™ platform distinguished phenotypically susceptible from resistant strains and detected
genetic resistance determinants in <4 hours. FIG. 12A shows a schematic of GoPhAST-R workflow
on the Hyb & Seq detection platform. 1t is contemplated that pathogen identification can either be
performed prior to this process, or in parailel by multiplexing mRNA targets from multiple
organisms. FIG. 12B, at left, shows the Hyb & Seq hybridization scheme, in which probe pairs
targeting each RNA transcript are hybndized in crude lysate. Each probe A contains a unique
barcode sequence (green) for detection and a shared 3’ capture sequence; each probe B contains a
biotin group (gray circle) for surface immobilization and a shared 5 capture sequence. At middle,
the Hyb & Seq detection strategy is shown: immobilized, purified ternary probe-target compiexes
undergo sequential cycles of multi-step imaging for spatially resolved single-molecule detection.
Fach cycle consists of reporter probe binding and detection, UV cleavage, a second round of reporter
probe binding and detection, and a low-salt wash to regenerate the unbound probe-target complex.
5 Hyb & Seq cycles were used to generate the data shown. See Supplemental Methods sections
below for details. At right, pilot study results for accelerated meropenem susceptibility testing of 6
clinical K. preumoniae isolates are shown. At right top, heatmaps of normalized, log-transformed
told-induction of top 10 meropenem-responsive transcripts measured using the instant Hyb & Seq
workflow are shown, with straing arranged in order of MIC for each antibiotic. CLSI classifications

are shown immediately below. At right bottom, heatmaps of normalized, background-subtracted,
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log-transformed NanoString® data from carbapenemase (“CPase”) and select ESBL transcripts
measured in the same Hyb & Seq assay are shown,

FIGS. 13A-13D show phylogenetic trees that highlight the diversity of strains used in that
instant disclosure. FIG. 13 A shows phylogenetic trees of all sequenced isolates deposited in NCBI
for Klebsiella pneumonice isolates, with all sequenced isolates used in the instant disclosure
indicated by colored arrowheads around the periphery. FIG. 13B shows phylogenetic trees of all
sequenced isolates deposited in NCBI for Fscherichia coli isolates, with all sequenced isolates used
inn the instant disclosure indicated by colored arrowheads around the periphery. FIG. 13C shows
phylogenetic trees of all sequenced isolates deposited in NCBI for Acinetobacter baumanii isolates
isolates, with all sequenced isolates used in the instant disclosure indicated by colored arrowheads
around the periphery. FIG. 13D shows phylogenetic trees of all sequenced isolates deposited in
NCBI for Pseudomonas aeruginosa isolates, with all sequenced isolates used in the instant
disclosure indicated by colored arrowheads around the periphery (ciprofloxacin sensitive strains are
indicated by blue arrowheads and ciprofloxacin resistant strains are indicated by red arrowheads).
See Supplemental Methods sections below for details.

FIGS. 14A-14F show that RNA-Seq and NanoString® data revealed differential gene
expression that distinguished susceptible from resistant clinical isolates for §. aureus + levofloxacin
and F. geruginosa + ciprofloxacin. FIG. 14A shows RNA-Seq data from susceptible or resistant
clinical isclates of 8. gureus treated with the indicated fluorcquinolone levofloxacin at 1 mg/L for
60 minutes. Data are presented as MA plots, with mean transcript abundance plotted on the x-axis
and fold-induction compared with untreated strains on the y-axis; each axis is log: transformed.
Transcripts whose expression is statistically significantly changed upon antibiotic exposure are
shown in red. FIG. 14B shows heatmaps of normalized, log-transformed fold-induction of antibiotic-
responsive transcripts from 24 clinical isclates of S awreus treated with the indicated
fluoroquinolone levofloxacin at 1 mg/L for 60 minutes. NanoString™ data from all candidate
transcripts are shown at left, and top 10 transcripts selected from Phase 1 testing are shown at right.
(FIG. 14C = 5. aureus + levofloxacin; FIG. 14F = P. aeruginosa + ciprofioxacin) FIG. 14C depicts
the probability of §. aurens resistance to the indicated fluoroquinolone levotloxacin from random
forest model trained on Phase 1 NanoString” data from derivation cohort and tested on validation
cohort (y-axis) compared with standard CLSI classification based on broth microdilution MIC (x-

axis). Horizontal dashed lines indicate 50% chance of resistance based on random forest model.

31



WO 2020/046801 PCT/US2019/048114

Vertical dashed lines indicate CLSI breakpoint between susceptible and not susceptible (ie.
intermediate/resistant); 1solates also colored by CLSI classification as indicated. Numbers in each
quadrant indicate concordant (green) and discordant (black) classifications between GoPhAST-R
and broth microdilution. FIG. 14D shows RINA-Seq data from susceptible or resistant clinical
isolates of F. aeruginosa treated with the indicated fluoroquinolone ciprofloxacin at T mg/L for 60
minutes. Data are presented as MA plots, with mean transcript abundance plotted on the x-axis and
fold-induction compared with untreated strains on the y-axis; each axis is log: transformed.
Transcripts whose expression is statistically significantly changed upon antibiotic exposure are
shown in red. FIG. 14E shows heatmaps of normalized, log-transtformed fold-induction of antibiotic-
responsive transcripts from 24 clinical isolates of P. aeruginosa treated with the indicated
fluoroquinolone ciprofloxacin at 1 mg/L for 60 minutes. NanoString® data from all candidate
transcripts are shown at left, and top 10 transcripts selected from Phase 1 testing are shown at right.
FIG. 14F depicts the probability of P. aeruginosa resistance to the indicated fluoroquinolone
ciprofloxacin from random forest model trained on Phase 1 NanoString® data from derivation cohort
and tested on validation cohort (y-axis} compared with standard CLSI classification based on broth
microdilution MIC (x-axis). Horizontal dashed lines indicate 50% chance of resistance based on
random forest model. Vertical dashed lines indicate CLSI breakpoint between susceptible and not
susceptible (i.e. intermediate/resistant); isolates also colored by CLSI classification as indicated.
Numbers in each quadrant indicate concordant (green) and discordant (black) classifications

between GoPhAST-R and broth microdilution.

DETAILED BESCRIPTION OF THE DISCLOSURE

The present disclosure is based, at least in part, on the discovery of specific mRNA signature
patterns that provide rapid phenotypic detection of single and multiple types of antibioctic
resistance/susceptibility in specific microbial organisms (e g, bacteria). In particular, the techniques
herein relate, at least in part, to compositions, methods, and kits for rapid antibiotic susceptibility
testing (AST) in microbial organisms (e.g., bacteria). The techniques herein provide compositions
and methods that provide rapid phenotypic detection of antibiotic resistance/susceptibility in
microbial pathogens, and are faster than the prior art growth-based phenotypic assays that currently
coraprise the gold standard. The techniques herein also provide compositions and methods that

enable simultaneous detection of multiple resistance genes in the same assay. In this manner, the
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techniques herein enable more accurate determination of antibiotic resistance, as well as providing:
1) mechanistic explanations for key antibiotic resistant strains, 2) epidemiologic tracking of known
resistance mechanisms, and 3) immediate identification of unknown or potentially novel resistance
mechanisms {(such as, e.g., discordant cases when a resistant organism does not display a known
resistance phenotype). Currently, detection of antibiotic resistance genes typically requires separate
PCR or sequencing assays, which require different assay infrastructure and often necessitate sending
saraples out to reference laboratories.

The techniques herein may be used for clinical diagnostics, e.g., to rapidly determine
antibiotic susceptibility profiles on patient samples and easily allow antibiotic susceptibility testing
{AST) to be performed on bacteria from any source, including environmental isolates. The
techniques herein are based on the following steps: sample acquisition, processing to enrich for
bacteria and remove host material (in order to increase signal-to-noise), antibiotic exposure, bacterial
lysis, RMNA measurement (hybridization followed by detection), and data interpretation.
Advantageously, the techniques herein may be implemented within a single reaction that does not
require sample purification.

As mentioned above, current growth-based antibiotic susceptibility testing (AST) is too slow
to inform key clinical decisions. While genotypic assays hold promise, they remain incompletely
predictive of susceptibility. The techniques herein provide rapid assays for combined genotypic and
phenotypic AST through RNA detection (i.e, GoPhAST-R) that classifies strains with >94-99%
accuracy by coupling machine learning analysis of quantitative early transcriptional responses to
antibiotic exposure with simultaneous detection of key genetic resistance determinants. This two-
pronged approach provides phenotypic AST as fast as <4 hours, increases accuracy of resistance
detection, works directly from positive blood cultures, facilitates molecular epidemiology, and

enables early detection of emerging resistance mechanisms.

Antibiotic resistance 1s one of the most pressing medical problems of modern times (Fauci
& Morens, Nathan & Cars). The rise of multidrug resistant organisms {MDROs) has been recognized
as one of the most serious threats to human health (Holdren er o/ ; WHO). Delays in identifving
MBROs can lead to increased mortality (Kumar ef o/, Kadri ef o/ ) and increased use of broad-
spectrum antibiotics to further select for resistant organisms. Rapid antibictic susceptibility testing
{AST) with pathogen identification would transform the care of infected patients while ensuring that

the available antibiotic arsenal is deployed as efficiently as possible.

33



WO 2020/046801 PCT/US2019/048114

The current gold standard AST assays of measuring growth in the presence of an antibiotic,
such as broth microdilution (Wiegand ef al), duectly answer the key question of whether the
antibiotic inhibits pathogen growth; however, their dependence on serial growth requires 2-3 days
from sample collection to results. As an alternative approach, a new generation of assays has
emerged to rapidly detect genotypic resistance determinants, yet these are simply proxies for
antibiotic resistance in select cases with monogenic determinants {e.g, MRSA Xpert, VRE Xpert,
GeneXpert, see Bochme ef o/, Toannidis ef o/, Marlowe ef o/, Marner ef o/, and Wolk ef al), or
limited to a subset of resistance determinants for a specific drug class (McMullen er o/, Smith efal .,
Traczewski ef of., Sullivan er af., Walker et o/ J Clin Microbiol, Walker et af. Clin Chem, and
Salimmnia ef al ). Such approaches fall short of universal AST because of the incomplete knowledge
of the innumerable resistance-causing genes and mutations across a wide range of pathogens and
antibiotics, and the interactions of these genetic factors with the wide diversity of genomic
backgrounds within any given bacterial species (Arzanlou ef al; Cerqueira ef al). Genotypic
resistance detection does, however, have the benefit of facilitating molecular epidenuology by
allowing specific resistance mechanisms to be identified and tracked (Cerqueira ef al ., Woodworth
ef al ). Whole genome sequencing (WGS) coupled with machine learning has promised the
possibility of a more universal genomic approach to AST (Allcock er o/ ; Bradley ef af.; Didelot er
af 14, Y. et of ; and Nguyen ef al ). But while the genomics revolution has undeniably transformed
the microbiology field’s understanding of antibiotic resistance (Burnham ef o/, Gupta, SK. ef a/;
Jia et al ; McArthur ef of ; and Zankari ef af ), as a clinical diagnostic, WGS remains technically
demanding, costly, and slow. Moreover, the complexity and variability of bacterial genomes present
serious challenges to the ability to predict antibiotic susceptibility with sufficient accuracy to direct
patient care {Bhattacharyya ef af ; Milheirico er o/ ; and Ellington ef a/.). Additionally, the inability
to predict the emergence of new resistance mechanisms means that genotypic resistance detection,
whether targeted or comprehensive, is fundamentally reactive as new resistance determinants are
reported {see e.g., Caniaux ef a/. 2017, Ford 2018; Garcia-Alvarez ef of. 2011; Liakopoulos ef af.
2016; Lin et of 2016; Ma ef o/ 2018; Paterson ef al. 2014; Sun ef ol 2018). While certain bacterial
species or antibiotic classes are more amenable to genetic resistance prediction (see e.g., Bradley ef
af. 2015; Consortium ef af. 2018), this approach is not readily generalizable (Bhattacharyvya ef o/ ;
Ellington er af ; Rossen ef ol ; and Tagint & Greub). These gaps in genetic susceptibility prediction

have motivated a number of novel approaches that focus on phenotypic AST but with a more rapid
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result, including rapid automated microscopy (see e.g., Charnot-Katstkas ef o/, 2018; Chot ez al.
2017, Humphries and D1 Martino 2019; Marschal er o/ 2017), ultrafine mass measurements (see
e.g., Cermak er o/ 2016; Longo er al. 2013), and others (see e.g., Barczak ef o/, (Quach er al. 2016;
and van Belkum ef a/. 2017}

Of the current MDROs, carbapenem resistant organisms are the most alarming, as their
resistance to this class of broad-spectrum antibiotics often leaves few to no treatment options
available (Gupta, N. ef o/ Tovieva & Dot ef o/ and Nordmann ef o/ 2012). Yet phenotypic
carbapenem resistance detection can be challenging (Lutgring and Limbago 2016; Miller and
Humphries 2016), as some carbapenemase-producing strains, even those carrying canonical
resistance determinants such as dlaxec, may be mistakenly identified as susceptible by current
phenotypic assays (Anderson ef af. 2007, Arnold ef af. 2011; Centers for Disease and Prevention
2009; Chea et of 2015, Gupta, V. er o/ 2018; Nordmann ef al. 2009; and Chea ef o/} while failing
clinical carbapenem therapy (Weisenberg ef «f. 2009) Rapid genotypic approaches are now
avatlable that use multiplexed PCR assays to detect several common carbapenemases in
carbapenem-resistant fnferobactericeae (CRE) (see e.g., Evans er al 2016; Smith ef af. 2016,
Sullivan ef af. 2014). While one advantage of these assays is that they identify the specific
mechanism of resistance when present, they fail to identify a significant fraction (13-68%) of CRE
isolates with unkunown or non-carbapenemase resistance roechanisms (see e.g., Cerqueiraefal 2017;
Woodworth ef af. 2018; Ye ef of. 2018). For non-Fnterobacteriaceae, this problem is even more
challenging, as unexplained genetic resistance mechanisms account for the vast majority of
resistance. For example; just 1.9% of over 1000 carbapenem-resistant Pseudomonas in the 2017
CDC survey were found to encode known carbapenemases (see e.g., Woodworth ef af. 2018). These
challenges have left clinical microbiology laboratories still seeking consensus on how to best apply
the multiple possible workflows that currently exist for detecting carbapenem resistance (McMullen
et al ; Humphries, R M), including phenotypic (CLSI), genetic (McMullen ef af., Swmith ef af,,
Traczewski ef af., Sullivan ef al , Walker ef ol J Clin Microbiol, Walker ef al. Clin Chem), and
biochemical (Humphries, R M ) assays.

The present disclosure provides a diagnostic approach that has been termed Genotypic and
Phenotypic AST through RNA detection (GoPhAST-R), which addresses the above-mentioned prior
art problems by detecting both genotype and phenctype in a single assay. Advantagecusly, this

allows for integration of all information while simultaneously providing information about both
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resistance prediction and molecular epidemiclogy. mRNA is uniquely informative in this regard, as
it encodes genotypic information in its sequence and phenotypic information in its abundance in
response 1o antibiotic exposure. For example, susceptible cells that are stressed upon antibictic
exposure look transcriptionally distinct from resistant cells that are not (Barczak er af. 2012).
Leveraging this principle for rapid phenotypic AST built upon multiplexed hybridization-based
detection of early transcriptional responses that occur within minutes of antibiotic exposure, the
present disclosure defines a phenotypic measure that distinguishes susceptible (by measuring a
response in susceptible strains) from resistant organisms, agnostic to the mechanism of resistance.
As described in detail below, these techuiques are demonstrated for three major antibiotic classes —
tluoroquinclones, aminoglveosides, and importantly, carbapenems — in Klebsiella preumoniae,
Escherichia coli, Acinetobacter baumanmii, Pseudomonas aeruginosa, and Staphylococcus aureus,
four gram-negative and one gram-positive pathogens that are classified as “critical” or “high
priority” threats by the World Health Organization (Tacconelli ef o/} and have a propensity for
multi-drug resistance through diverse mechanisms that are difficult to determine based sclely on
genotypic determinants.

The working examples herein describe a generalizable process to extend this approach to any
pathogen-antibiotic pair of interest, in certain aspects and without wishing to be bound by theory,
the process requires only that an antibiotic elicit a differential transcriptional respounse in susceptible
versus resistant isolates, a biological phenomenon that to date appears to be universal. An analytical
tramework is described to classify organisms as susceptible or resistant on the basis of 10-transcript
signatures detected in a simple multiplexed fluorescent hybridization-based assay on an RNA
detection platform (NanoString® nCounter™; Geiss e ol)), demonstrating >94-99% categorical
agreement with broth microdilution. For carbapenems, a simultaneous genotypic detection of key
resistance determinants is incorporated into the same assay to improve accuracy of resistance
detection, facilitate molecular epidemiology, and guide antibiotic selection for CRE treatment from
among the newer available agents (Lomovskaya er af. 2017, Marshall ef a/. 2017, van Duin and
Bonomo 2016), which has clearly demonstrated the superiority of GoPhAST-R techniques described
herein over prior art approaches that measure either genotype or phenotype alone. This important
teature shows that several of the discrepant results between GoPhAST-R and broth microdilution
occur in carbapenemase-producing strains likely misclassified as susceptible by the gold standard,

and correctly classified as resistant by GoPhAST-R. In this regard, the GoPhAST-R techniques
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described herein can be deploved directly on a positive blood culture bottle with a simple workflow,
reporting phenotypic AST within hours of a positive culture, thus 24-36 hours faster than gold
standard prior art methods in a head-to-head comparison, yielding AST results with 99% categorical
agreement. Finally, GoPhAST-R can determine antibiotic susceptibilities in under 4 hours, using a
pilot next-generation RNA detection platform (NanoString® Hyb & Seq™). Together, the
techniques herein establish GoPhAST-R as a novel, accurate, rapid approach that can simultaneously

report phenotypic and genotypic data and thus leverages the advantages of both approaches.

Treatment Selection

The methods described herein can be used for selecting, and then optionally administering,
an optimnal treatment (e.g., an antibiotic course) for a subject. Thus the methods described herein
include methods for the treatment of bacterial infections. Generally, the methods include
administering a therapeutically effective amount of a treatment as described herein, to a subject who
is in need of, or who has been determined to be in need of, such treatment.

As used in this context, to “treat” means to ameliorate at least one symptom of the bacterial
infection.

An “effective amount” is an amount sufficient to effect beneficial or desired results. For
example, a therapeutic amount 15 one that achieves the desired therapeutic effect (e.g reduction or
elimination of a bacterial infection). This amount can be the same or different from a
prophylactically effective amount, which is an amount necessary to prevent onset of disease or
disease symptoms. An effective amount can be administered in one or more administrations,
applications or dosages. A therapeutically effective amount of a therapeutic compound (ie, an
effective dosage) depends on the therapeutic compounds selected. The compositions can be
administered from one or more times per day to one or more times per week; including once every
other day. The skilled artisan will appreciate that certain factors may influence the dosage and timing
required to effectively treat a subject, including but not limited to the severity of the bacterial
infection, previous treatments, the general health and/or age of the subject, and other diseases
present. Moreover, treatment of a subject with a therapeutically effective amount of the therapeutic
compounds described herein can include a single treatment or a series of treatments.

Dosage, toxicity and therapeutic efficacy of the therapeutic compounds can be determined

by standard pharmaceutical procedures in cell cultures or experimental animals, e.g , for determining
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the LD50 (the dose lethal to 50% of the population) and the EDS0 (the dose therapeutically effective
in 50% of the population}. The dose ratio between toxic and therapeutic effects is the therapeutic
index and it can be expressed as the ratio LDSWEDS0. Compounds which exhibit high therapeutic
indices are preferred. While compounds that exhibit toxic side effects may be used, care should be
taken to design a delivery system that targets such compounds to the site of atfected tissue in order
to minimize potential damage to uninfected cells and, thereby, reduce side effects.

The data obtained from cell culture assays and animal studies can be used in formulating a
range of dosage for use in humans. The dosage of such compounds lies preferably within a range of
circulating concentrations that include the EDS0 with little or no toxicity. The dosage may vary
within this range depending upon the dosage form employed and the route of administration utilized.
For any compound used in the method of the disclosure, the therapeutically effective dose can be
estimated initially from cell culture assays. A dose may be formulated in animal models to achieve
a circulating plasma concentration range that includes the IC50 (i.e., the concentration of the test
compound which achieves a half-maximal inhibition of symptoms) as determined in cell culture.
Such information can be used to more accurately determine useful doses in humans. Levels in

plasma may be measured, for example, by high performance liquid chromatography.

Combination Treatments

The compositions and methods of the present disclosure may be used two direct the
administration of combination antibiotic therapies to treat particular bacterial infections. In order o
increase the effectiveness of a treatment with the compositions of the present disclosure, e.g., an
antibiotic selected and/or administered as a single agent, or to augment the protection of another
therapy (second therapy}, it may be desirable to combine these compositions and methods with one
another, or with other agents and methods effective in the treatment, amelioration, or prevention of
diseases and pathologic conditions, for example, an antibiotic infection.

Administration of a composition of the present disclosure to a subject will follow general
protocols for the administration described herein, and the general protocols for the administration of
a particular secondary therapy will also be followed, taking into account the toxicity, if any, of the
treatment. It 18 expected that the treatment cycles would be repeated as necessary. It also is
contemplated that various standard therapies may be applied in combination with the described

therapies.
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Pharmaceutical Compositions

Agents of the present disclosure can be incorporated into a variety of formulations for
therapeutic use {(e.g., by administration} or in the manufacture of a medicament (e.g, for treating or
preventing a bacterial infection} by combining the agents with appropriate pharmaceutically
acceptable carriers or diluents, and may be formulated into preparations in solid, semi-solid, liquid
or gaseous forms. Examples of such formulations include, without limitation, tablets, capsules,
powders, granules, ointments, solutions, suppositories, injections, inhalants, gels, microspheres, and
aerosols.

Pharmaceutical composttions can include, depending on the formulation desired,
pharmaceutically-acceptable, non-toxic carriers of diluents, which are vehicles commonly used to
tormulate pharmaceutical compositions for animal or human adnunistration. The diluent is selected
so as not to affect the biological activity of the combination. Examples of such dituents include,
without limitation, distilled water, buffered water, physiological saline, PBS, Ringer's solution,
dextrose solution, and Hank's solution. A pharmaceutical composition or formulation of the present
disclosure can further include other carriers, adjuvants, or non-toxic, nontherapeutic,
nonimmunogenic stabilizers, excipients and the like. The compositions can also include additional
substances to approximate physiclogical conditions, such as pH adjusting and buffering agents,
toxicity adjusting agents, wetting agents and detergents.

Further examples of formulations that are suitable for various types of administration can be
tound in Remington's Pharmaceutical Sciences, Mace Publishing Company, Philadelplia, PA, 17th
ed. (1985). For a brief review of methods for drug delivery, see, Langer, Science 249: 1527-1533
(1990).

For oral administration, the active ingredient can be administered in solid dosage forms, such
as capsules, tablets, and powders, or in liquid dosage forms, such as elixirs, syrups, and suspensions.
The active component(s) can be encapsulated in gelatin capsules together with inactive ingredients
and powdered carriers, such as glucose, lactose, sucrose, mannitol, starch, cellulose or cellulose
derivatives, magnesium stearate, stearic acid, sodium saccharin, talcum, magnesium carbonate.
Examples of additional inactive ingredients that may be added to provide desirable color, taste,
stability, buftering capacity, dispersion or other known desirable features are red iron oxide, silica

gel, sodium lauryl suifate, titanium dioxide, and edible white ink,
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Similar diluents can be used to make compressed tablets. Both tablets and capsules can be
manufactured as sustained release products to provide for continuous release of medication over a
period of hours. Compressed tablets can be sugar coated or {ilm coated to mask any unpleasant taste
and protect the tablet from the atmosphere, or enteric-coated for selective disintegration in the
gastrointestinal tract. Liquid dosage forms for oral administration can contain coloring and flavoring
to increase patient acceptance.

Formulations suitable for parenteral administration include agueous and non-agqueous,
isotonic sterile injection solutions, which can contain antioxidants, buffers, bacteriostats, and solutes
that render the formulation isotonic with the blood of the intended recipient, and aqueous and non-
aqueous sterile suspensions that can include suspending agents, solubilizers, thickening agents,
stabilizers, and preservatives.

As used herein, the term “pharmaceutically acceptable salt” refers to those salts which are,
within the scope of sound medical judgment, suitable for use in contact with the tissues of humans
and lower animals without undue toxicity, irritation, allergic response and the like, and are
commensurate with a reasonable benefit/risk ratio. Pharmaceutically acceptable salts of amines,
carboxylic acids, and other types of compounds, are well known in the art. For example, 3. M. Berge,
et al. describe pharmaceutically acceptable salts in detail in J Pharmaceutical Sciences 66 (1977):1-
19, incorporated herein by reference. The salts can be prepared in situ during the final isolation and
purification of the compounds (e.g., FDA-approved compounds} of the application, or separately by
reacting a free base or free acid function with a suitable reagent, as described generally below. For
example, a free base function can be reacted with a suitable acid. Furthermore, where the compounds
to be administered of the application carry an acidic motety, suitable pharmaceutically acceptable
salts thereof may, include metal salts such as alkali metal salts, e.g. sodium or potassium salts; and
alkaline earth metal salts, eg calcium or magnesium salts. Examples of pharmaceutically
acceptable, nontoxic acid addition salts are salts of an amino group formed with inorganic acids such
as hydrochloric acid, hydrobromic acid, phosphoric acid, sulfuric acid and perchioric acid or with
organi¢ acids such as acetic acid, oxalic acid, maleic acid, tartaric acid, citric acid, succinic acid or
malonic acid or by using other methods used in the art such as ion exchange. Other pharmaceutically
acceptable salis include adipate, alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate,
borate, butyrate, camphorate, camphorsulfonate, citrate, cyclopentanepropionate, digluconate,

dodecylsulfate, ethanesulfonate, formate, fumarate, glucoheptonate, glycerophosphate, gluconate,
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hemisulfate, heptanoate, hexanoate, hydroiodide, 2-hydroxy-ethanesulfonate, lactobionate, lactate,
laurate, lauryl sulfate, malate, maleate, malonate, methanesulfonate, 2-naphthalenesulfonate,
nicotinate, nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenylpropionate,
phosphate, picrate, pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, p-
toluenesulfonate, undecanoate, valerate salts, and the like Representative alkali or alkaline earth
metal salts include sodium, lithium, potassium, calcium, magnesium, and the like. Further
pharmaceutically acceptable salts include, when appropriate, nontoxic ammonium, quaternary
ammeonium, and amine cations formed using counterions such as halide, hydroxide, carboxylate,
sulfate, phosphate, nitrate, loweralkyl sulfonate and aryl sulfonate.

Additionally, as used herein, the term “pharmaceutically acceptable ester” refers to esters
that hydrolyze in vivo and include those that break down readily in the human body to leave the
parent compound {e.g., an FDA-approved compound where administered to a human subject} or a
salt thereof. Suitable ester groups include, for example, those derived from pharmaceutically
acceptable aliphatic carboxylic acids, particularly alkanoic, alkenoic, cycloalkanoic and alkanediotc
acids, in which each alkyl or alkenyl moeity advantageously has not more than 6 carbon atoms.
Examples of particular esters include formates, acetates, propionates, butyrates, acrylates and
ethylsuccinates.

Furthermore, the term “pharmaceutically acceptable prodrugs™ as used heretn refers to those
prodrugs of the certain compounds of the present application which are, within the scope of sound
medical judgment, suitable for use in contact with the issues of humans and lower animals with
undue toxicity, irritation, allergic response, and the like, commensurate with a reasonable
benefit/risk ratio, and effective for their intended use, as well as the zwitterionic forms, where
possible, of the compounds of the application. The term “prodrug” refers to compounds that are
rapidly transformed in vivo to yield the parent compound of an agent of the instant disclosure, for
example by hydrolysis in blood. A thorough discussion 15 provided in T. Higucht and V. Stella, Pro-
drugs as Novel Delivery Systems, Vol .14 of the A.C.S. Sympostum Series, and in Edward B. Roche,
ed., Bioreversible Carriers in Drug Design, American Pharmaceutical Association and Pergamon
Press, {1987}, both of which are incorporated herein by reference.

The components used to formulate the pharmaceutical compositions are preferably of high
purity and are substantially free of potentially harmful contaminants (e g., at least National Food

(NF) grade, generally at least analytical grade, and more typically at least pharmaceutical grade).
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Moreover, compositions intended for in vivo use are usually sterile. To the extent that a given
compound must be synthesized prior to use, the resulting product is typically substantially free of
any potentially toxic agents, particularly any endotoxins, which may be present during the svnthesis
or purification process. Compositions for parental administration are also sterile, substantially
isotonic and made under GMP conditions.

Formulations may be optimized for retention and stabilization in a subject and/or tissue of a
subject, e.g., to prevent rapid clearance of a formulation by the subject. Stabilization techuiques
include cross-linking, multimerizing, or linking to groups such as polyethyvlene glycol,
polyacrylamide, neutral protein carriers, etc. in order to achieve an increase in molecular weight.

Other strategies for increasing retention include the entrapment of the agent in a
biodegradable or bioerodible implant. The rate of release of the therapeutically active agent is
controlled by the rate of transport through the polymeric matrix, and the biodegradation of the
implant. The transport of drug through the polymer barrier will also be affected by compound
solubility, polymer hydrophilicity, extent of polymer cross-linking, expansion of the polymer upon
water absorption so as to make the polymer barrier more permeable to the drug, geometry of the
implant, and the like. The implants are of dimensions commensurate with the size and shape of the
region selected as the site of implantation. Implants may be particles, sheets, patches, plagues, fibers,
microcapsules and the like and may be of any size or shape compatible with the selected site of
insertion.

The implants may be monolithic, 1.e. having the active agent homogenously distributed
through the polymeric matrix, or encapsulated, where a reservoir of active agent is encapsulated by
the polymeric matrix. The selection of the polymeric composition to be emploved will vary with the
site of administration, the desired period of treatment, patient tolerance, the nature of the disease to
be treated and the like. Characteristics of the polymers will include biodegradability at the site of
implantation, compatibility with the agent of interest, ease of encapsulation, a half-life in the
physiological environment.

Biodegradable polymeric compositions which may be employed may be organic esters or
ethers, which when degraded result in physiologically acceptable degradation products, including
the monomers. Anhydrides, amides, orthoesters or the like, by themselves or in combination with
other monomers, may find use. The polymers will be condensation polymers. The polymers may be

cross-linked or non-cross-linked. Of particular interest are polymers of hydroxyaliphatic carboxylic
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acids, either homo- or copolymers, and polysaccharides. Included among the polyesters of interest
are polymers of D-lactic acid, L-lactic acid, racemic lactic acid, glycolic acid, polycaprolactone, and
combinations thereot. By employing the L-lactate or DB- lactate, a slowly biodegrading polymer is
achieved, while degradation is substantially enhanced with the racemate. Copolymers of glycolic
and lactic acid are of particular interest, where the rate of biodegradation is controlled by the ratio
of glycolic to lactic acid. The most rapidly degraded copolymer has roughly equal amounts of
glycolic and lactic acid, where either homopolymer 1s more resistant to degradation. The ratio of
glycolic acid to lactic acid will also affect the brittleness of in the implant, where a more flexible
implant 1s desirable for larger geometries. Among the polysaccharides of interest are calciom
alginate, and functionalized celluloses, particularly carboxymethyicellulose esters characterized by
being water insoluble, a molecular weight of about 5 kD to 500 kD, etc. Biodegradable hydrogels
may also be employed in the implants of the individual instant disclosure. Hydrogels are typically a
copolymer material, characterized by the ability to imbibe a liquid. Exemplary biodegradable
hydrogels which may be employed are described in Heller in: Hydrogels in Medicine and Pharmacy,

N. A Peppes ed., Vol ITl, CRC Press, Boca Raton, Fla., 1987, pp 137-149.

Pharmaceutical Dosages

Pharmaceutical compositions of the present disclosure containing an agent described herein
may be used (e.g., administered to an individual, such as a human individual, in need of treatment
with an antibiotic) in accord with known methods, such as oral admunistration, intravenous
administration as a bolus or by continuous infusion over a period of time, by intramuscular,
intraperitoneal, 1intracerobrospinal, intracranial, intraspinal, subcutaneous, intraarticular,
intrasynovial, intrathecal, topical, or inhalation routes.

Dosages and desired drug concentration of pharmaceutical compositions of the present
disclosure may vary depending on the particular use envisioned. The determination of the
appropriate dosage or route of administration is well within the skill of an ordinary artisan. Animal
experiments provide reliable guidance for the determination of effective doses for human therapy.
Interspecies scaling of effective doses can be performed following the principles described in
Mordenti, J. and Chappell, W. “The Use of Interspecies Scaling in Toxicokinetics,” In
Toxicokinetics and New Drug Development, Yacobi et al., Eds, Pergamon Press, New York 1989,

pp.42-46.
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For in vivo administration of any of the agents of the present disclosure, normal dosage
amounts may vary from about 10 ng/kg up to about 100 mg/kg of an individual’s and/or subject's
body weight or more per day, depending upon the route of administration. In some embodiments,
the dose amount is about 1 mg/kg/day to 10 mg/kg/day. For repeated admunistrations over several
days or longer, depending on the severity of the disease, disorder, or condition to be treated, the
treatment is sustained until a desired suppression of symptoms 1s achieved.

An effective amount of an agent of the instant disclosure may vary, e.g., from about 0.001
mg/kg to about 1000 mg/kg or more in one or more dose administrations for one or several days
(depending on the mode of administration). In certain embodiments, the effective amouunt per dose
varies from about 0.001 mg/kg to about 1000 mg/ke, from about 0.01 mg/kg to about 750 mg/kg,
trom about 0.1 mg/kg to about 500 mg/kg, from about 1.0 mg/kg to about 250 mg/kg, and from
about 10.0 mg/kg to about 150 mg/kg.

An exemplary dosing regimen may include administering an initial dose of an agent of the
disclosure of about 200 pg/kg, followed by a weekly maintenance dose of about 100 ug/kg every
other week. Other dosage regimens may be useful, depending on the pattern of pharmacokinetic
decay that the physician wishes to achieve. For example, dosing an individual from one to twenty-
one times a week is contemplated herein. In certain embodiments, dosing ranging from about 3 pg/kg
to about 2 mg/kg (such as about 3 pglkg, about 10 pg/kg, about 30 pug/ke, about 100 uglkg, about
300 pg/kg, about | mg/kg, or about 2 mg/kg) may beused. In certain embodiments, dosing frequency
is three times per day, twice per day, once per day, once every other day, once weekly, once every
two weeks, once every four weeks, once every five weeks, once every six weeks, once every seven
weeks, once every eight weeks, once every nine weeks, once every ten weeks, or once monthly, once
every two months, once every three months, or longer. Progress of the therapy is easily monttored
by conventional techniques and assays. The dosing regimen, including the agent(s) administered,
can vary over time independently of the dose used.

Pharmaceutical compositions described herein can be prepared by any method known in the
art of pharmacology. Tu general, such preparatory methods include the steps of bringing the agent or
compound described herein (i.¢., the “active ingredient”) into association with a carrier or excipient,
and/or one or more other accessory ingredients, and then, if necessary and/or desirable, shaping,

and/or packaging the product into a desired single- or multi-dose unit.
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Pharmaceutical compositions can be prepared, packaged, and/or sold in bulk, as a single unit
dose, and/or as a plurality of single unit doses. A “unit dose” is a discrete amount of the
pharmaceutical composition comprising a predetermined amount of the active ingredient. The
amount of the active ingredient is generally equal to the dosage of the active ingredient which would
be administered to a subject and/or a convenient fraction of such a dosage such as, for example, one-
half or one-third of such a dosage.

Relative amounts of the active ingredient, the pharmaceutically acceptable excipient, and/or
any additional ingredients in a pharmaceutical composition described herein will vary, depending
upon the identity, size, and/or condition of the subject treated and further depending upon the route
by which the composition is to be administered. The composition may comprise between 0.1% and
100% (w/w) active ingredient.

Pharmaceutically acceptable excipients used 1n the manufacture of provided pharmaceutical
compositions include inert diluents, dispersing and/or granulating agents, surface active agents
and/or emulsifiers, disintegrating agents, binding agents, preservatives, buffering agents, lubricating
agents, and/or oils. Excipients such as cocoa butter and suppository waxes, coloring agents, coating
agents, sweetening, flavoring, and perfuming agents may also be present in the composition.

Exemplary diluents include calcium carbonate, sodium carbonate, calcium phosphate,
dicalcium phosphate, calcium sulfate, calcium hydrogen phosphate, sodium phosphate lactose,
sucrose, cellulose, microcrystalline cellulose, kaolin, mannitol, sorbitol, inositol, sodium chloride,
dry starch, cornstarch, powdered sugar, and mixtures thereof.

Exemplary granulating and/or dispersing agents include potato starch, corn starch, tapioca
starch, sodium starch glycolate, clays, alginic acid, guar gum, citrus pulp, agar, bentonite, cellulose,
and wood products, natural sponge, cation-exchange resins, calcium carbonate, silicates, sodium
carbonate, cross-linked poly(vinyl-pyrrolidone) {(crospovidone}, sodium carboxymethy! starch
(sodium starch glycolate), carboxymethyl cellulose, cross-linked sodium carboxymethyl cellulose
(croscarmellose), methylcetlulose, pregelatinized starch (starch 1500}, microcrystalline starch, water
insoluble starch, calcium carboxymethyl cellulose, magnesium aluminur silicate (Veegum), sodium
lauryl sulfate, quaternary ammonium compounds, and mixtures thereof.

Exemplary surface active agents and/or emulsifiers include natural emulsifiers (e.g., acacia,
agar, alginic acid, sodium alginate, tragacanth, chondrux, cholesterol, xanthan, pectin, gelatin, egg

yolk, casein, wool fat, cholesterol, wax, and lecithin), colloidal clays (e g., bentonite {aluminum
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silicate} and Veegum (magnesium aluminum silicate}), long chain amino acid derivatives, high
molecular weight alcohols (e.g., stearyl alcohol, cetyl alcohol, oleyl alcohol, triacetin monostearate,
ethylene glycol distearate, glyceryl monostearate, and propylene glycol monostearate, polyvinyl
alcohol), carbomers (e.g., carboxy polymethylene, polyacrylic acid, acrvlic acid polymer, and
carboxyvinyl polvmer), carrageenan, cellulosic derivatives (e.g., carboxymethvlcellulose sodium,
powdered cellulose, hydroxymethyl cellulose, hydroxypropyl cellulose, hydroxypropyl
methylcellulose, methylcellulose), sorbitan faity acid esters {(e.g., polyoxyethylene sorbitan
monolaurate (Tween™ 20), polyoxyethylene sorbitan (Tween® 60), polyoxyethylene sorbitan
meonooleate {Tween® 80), sorbitan monopalmitate (Span™ 40), sorbitan monostearate (Span®™ 60),

sorbitan tristearate (Span” 65), glyceryl monooleate, sorbitan monooleate (Span” 80,

R

polyoxyethylene esters (e.g, polyoxyethylene monostearate (Myri® 45), polyoxyethylene
hydrogenated castor oil, polyethoxylated castor oil, polyoxymethylene stearate, and Solutol®),
sucrose fatty acid esters, polyethylene glycol fatty acid esters (e.g., Cremophor™), palyoxyethylene
ethers, (e.g, polyoxyethylene lauryl ether (Brij® 30)), poly(vinyl-pyrrolidone), diethylene glycol
meonolaurate, tricthanolamine oleate, sodium oleate, potassium oleate, ethyl oleate, oleic acid, ethyl

®

laurate, sodium lauryl sulfate, Pluronic™ F-68, Poloxamer P-188, cetrimonium bromide,
cetylpyridinium chioride, benzalkonium chloride, docusate sodium, and/or mixtures thereof.

Exemplary binding agents include starch (e.g., cornstarch and starch paste), gelatin, sugars
(e.g., sucrose, glucese, dextrose, dextrin, molasses, lactose, lactitol, mannitol, etc.), natural and
synthetic gums {(e.g., acacia, sodium alginate, extract of Irish moss, panwar gum, ghatti gum,
mucilage of isapol husks, carboxymethylcellulose, methylcellulose, ethyicellulose,
hydroxyethyleellulose, hydroxypropyl cellulose, hydroxypropyl methyicellulose, microcrystalline
cellulose, cellulose acetate, poly{vinyl-pyrrolidone), magnesium aluminum sificate (Veegum®), and
larch arabogalactan), alginates, polyethyvlene oxide, polyethylene glycol, inorganic calcium salts,
silicic acid, polymethacrylates, waxes, water, alcohol, and/or muxtures thereof.

Exemplary preservatives include antioxidants, chelating agents, antimicrobial preservatives,
antifungal preservatives, antiprotozoan preservatives, alcohol preservatives, acidic preservatives,
and other preservatives. In certain embodiments, the preservative 1s an antioxidant. In other

embodiments, the preservative is a chelating agent.
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Exemplary antioxidants include alpha tocopherol, ascorbic acid, acorbyl palmitate, butylated
hydroxyanisole, butylated hydroxytoluene, monothioglycerol, potassium metabisulfite, propionic
acid, propy! gallate, sodium ascorbate, sodium bisulfite, sodium metabisulfite, and sodium sulfite.

Exemplary chelating agents include ethylenediaminetetraacetic acid (EDTA) and salts and
hydrates thereof {e.g., sodium edetate, disodium edetate, trisodium edetate, calcium disodium
edetate, dipotassium edetate, and the like), citric acid and salts and hydrates thereof (e.g., citric acid
monohydrate), fumaric acid and salts and hydrates thereof, malic acid and salts and hydrates thereof,
phosphoric acid and salts and hydrates thereof, and tartaric acid and salts and hydrates thereof.
Exeroplary antimicrobial preservatives include benzalkonium chloride, benzethonium chloride,
benzyl alcohol, bronopol, cetrimide, cetylpyridinium chloride, chiorhexidine, chiorobutanol,
chiorocresol, chloroxylenol, cresol, ethyl alcohol, glycerin, hexetidine, imidurea, phenol,
phenoxyethanol, phenylethvl alcohol, phenylmercuric nitrate, propylene glycol, and thimerosal.

Exemplary antifungal preservatives include butyl paraben, methyl paraben, ethyl paraben,
propyl paraben, benzoic acid, hydroxybenzoic acid, potassium benzoate, potassium sorbate, sodium
benzoate, sodium propionate, and sorbic acid.

Exemplary alcohol preservatives include ethanol, polyethylene glycol, phenol, phenolic
compounds, bisphenol, chlorobutanol, hydroxybenzoate, and phenylethyl alcohol.

Exemplary acidic preservatives include vitamin A, vitamin C, vitamin E, beta-carotene, citric
acid, acetic acid, dehydroacetic acid, ascorbic acid, sorbic acid, and phytic acid.

Other preservatives inchude tocopherol, tocopherol acetate, deteroxime mesylate, cetrimide,
butylated hydroxyanisol (BHA), butylated hydroxytoluened (BHT), ethylenediamine, sodium lauryi
sulfate (SLS), sodium lauryl ether sulfate (SLES), sodium bisulfite, sodium metabisulfite, potassium
sulfite, potassium metabisulfite, Glydant®™ Plus, Phenonip®, methylparaben, Germall® 115,
Germaben® II, Neolone®, Kathon®, and Euxyl®.

Exemplary buffering agents include citrate buffer solutions, acetate buffer solutions,
phosphate buffer solutions, ammonium chloride, calcium carbonate, calcium chioride, calcium
citrate, calcium glubionate, calcium gluceptate, calcium gluconate, D-gluconic acid, calciom
glycerophosphate, calcium lactate, propanoic acid, calcium levulinate, pentancic acid, dibasic
calcium phosphate, phosphoric acid, tribasic calcium phosphate, calcium hydroxide phosphate,
potassium acetate, potassium chloride, potassium ghaconate, potassium mixtures, dibasic potassium

phosphate, monobasic potassium phosphate, potassium phosphate nuxtures, sodium acetate, sodium
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bicarbonate, sodium chloride, sodium citrate, sodium lactate, dibasic sodium phosphate, monobasic
sodium phosphate, sodium phosphate mixtures, tromethamine, magnesium hydroxide, aluminum
hydroxide, alginic acid, pyrogen-free water, isotonic saline, Ringer's solution, ethyl alcohol, and
mixtures thereof.

Exemplary lubricating agents include magnesium stearate, calcium stearate, stearic acid,
silica, tale, malt, glyceryl behanate, hydrogenated vegetable oils, polyethylene glycol, sodium
benzoate, sodium acetate, sodium chloride, leucine, magnesium lauryl suifate, sodium lauryl sulfate,
and mixtures thereof.

Exemplary natural otls include almond, apricot kernel, avocado, babassu, bergamot, black
current seed, borage, cade, camomile, canola, caraway, carnauba, castor, cinnamon, cocoa butter,
coconut, cod liver, coffee, corn, cotton seed, emu, eucalyptus, evening primrose, fish, flaxseed,
geraniol, gourd, grape seed, hazel nut, hyssop, isopropyl myristate, jojoba, kukuil nut, favandin,
lavender, lemon, litsea cubeba, macademia nut, mallow, mango seed, meadowfoam seed, mink,
nutmeg, olive, orange, orange roughy, palm, palm kernel, peach kernel, peanut, poppy seed,
pumpkin seed, rapeseed, rice bran, rosemary, safflower, sandalwood, sasquana, savoury, sea
buckthorn, sesame, shea butter, silicone, soybean, sunflower, tea tree, thistle, tsubaki, vetiver,
walnut, and wheat germ oils. Exemplary synthetic oils include, but are not limited to, buty! stearate,
caprylic triglyceride, capric triglyceride, cyclomethicone, diethyl sebacate, dimethicone 360,
isopropyl myristate, mineral oil, octyldodecandl, oleyl alcohol, silicone oil, and mixtures thereof.

Liquid dosage forms for oral and parenteral administration include pharmaceutically
acceptable emulsions, microemulsions, solutions, suspensions, syrups and elixirs. In addition to the
active ingredients, the liquid dosage forms may comprise inert diluents commonly used in the art
such as, for example, water or other solvents, solubilizing agents and emulsifiers such as ethyl
alcohol, isopropyl alechol, ethyl carbonate, ethyl acetate, benzyl alcohol, benzyl benzoate, propylene
glycol, 1,3-butylene glycol, dimethylformamide, oils {e.g., cottonseed, groundnut, corn, germ, olive,
castor, and sesame oils), glycerol, tetrahydrofurfuryl alcohol, polyethviene glveols and fatty acid
esters of sorbitan, and mixtures thereof. Besides inert diluents, the oral compositions can include
adjuvants such as wetting agents, emulsifying and suspending agents, sweetening, flavoring, and
perfuming agents. In certain embodiments for parenteral administration, the conjugates described
herein are mixed with solubilizing agents such as Cremophor®, alcohols, oils, modified oils, glycols,

polysorbates, cyclodextrins, polymers, and mixtures thereof.
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Injectable preparations, for example, sterile injectable aqueous or oleaginous suspensions
can be tormulated according to the known art using suitable dispersing or wetting agents and
suspending agents. The sterile injectable preparation can be a sterile injectable solution, suspension,
or emulsion in a nontoxic parenterally acceptable diluent or solvent, tor example, as a solution in
1,3-butanedicl. Among the acceptable vehicles and solvents that can be employed are water, Ringer's
solution, U.SP., and isotonic sodium chloride solution. In addition, sterile, fixed oils are
conventionally employed as a solvent or suspending medium. For this purpose any bland fixed oil
can be employed including synthetic mono- or di-glycerides. In addition, fatty acids such as oleic
acid are used in the preparation of injectables.

The injectable formulations can be sterilized, for example, by filtration through a bacterial-
retaining filter, or by incorporating sterilizing agents in the form of sterile solid compositions which
can be dissolved or dispersed in stertle water or other sterile injectable medium prior to use.

In order to prolong the effect of a drug, it is often desirable to slow the absorption of the drug
from subcutaneous or intramuscular injection. This can be accomplished by the use of a liquid
suspension of crystalline or amorphous material with poor water solubility. The rate of absorption
of the drug then depends upon its rate of dissolution, which, in turn, may depend upon crystal size
and crystalline form. Alternatively, delaved absorption of a parenterally administered drug form may
be accoraplished by dissolving or suspending the drug in an oif vehicle.

Compositions for rectal or vaginal administration are typically suppaositories which can be
prepared by mixing the conjugates described herein with suitable non-irritating excipients or carriers
such as cocoa butter, polyethylene glycol, or a suppository wax which are solid at ambient
temperature but liquid at body temperature and therefore melt in the rectum or vaginal cavity and
release the active ingredient.

Solid dosage forms for oral administration include capsules, tablets, pills, powders, and
granules. In such solid dosage forms, the active ingredient is mixed with at least one ivert,
pharmaceutically acceptable excipient or carrier such as sodium citrate or dicalcium phosphate
and/or (a) fillers or extenders such as starches, lactose, sucrose, glucose, mannitol, and silicic aaid,
{b) binders such as, for example, carboxymethylcellulose, alginates, gelatin, polyvinylpyrrolidinone,
sucrose, and acacia, {¢) humectants such as glycerol, (d) disintegrating agents such as agar, calcium
carbonate, potato or tapioca starch, alginic acid, certain silicates, and sodium carbonate, (e} solution

retarding agents such as paratfin, (f) absorption accelerators such as quaternary ammonium
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compounds, (g} wetting agents such as, for example, cetyl alcohol and glycerol monostearate, (h)
absorbents such as kaolin and bentonite clay, and (1) lubricants such as talc, calcium stearate,
magnesium stearate, solid polyethylene glycols, sodium lauryl sulfate, and mixtures thereof. In the
case of capsules, tablets, and pills, the dosage form may include a buffering agent.

Solid compositions of a similar type can be employed as fillers in soft and hard-filled gelatin
capsules using such excipients as lactose or milk sugar as well as high molecular weight
polyethylene glycols and the like. The solid dosage forms of tablets, dragees, capsules, pills, and
gramues can be prepared with coatings and shells such as enteric coatings and other coatings well
known iu the art of pharmacology. They may optionally comprise opacitying agents and can be of
a composition that they release the active ingredient(s) only, or preferentially, in a certain part of the
intestinal tract, optionally, in a delayed manner. Examples of encapsulating compositions which can
be used include polymeric substances and waxes. Solid compositions of a similar type can be
employed as fillers in soft and hard-filled gelatin capsules using such excipients as lactose or milk
sugar as well as high molecular weight polethylene glycols and the like.

The active ingredient can be in a micro-encapsulated form with one or more excipients as
noted above. The solid dosage forms of tablets, dragees, capsules, pills, and granules can be prepared
with coatings and shells such as enteric coatings, release controlling coatings, and other coatings
well known in the pharmaceutical formulating art. In such solid dosage forms the active ingredient
can be admixed with at least one inert diluent such as sucrose, lactose, or starch. Such dosage forms
may comprise, as 1s normal practice, additional substances other than inert diluents, e g, tableting
lubricants and other tableting aids such a magnesium stearate and microcrystalline cellulose. In the
case of capsules, tablets and pills, the dosage forms may comprise buffering agents. They may
optionally comprise opacifying agents and can be of a composition that they release the active
ingredient(s) only, or preferentially, in a certain part of the intestinal tract, optionally, in a delayed
manner. Examples of encapsulating agents which can be used include polymeric substances and
Waxes.

Dosage forms for topical and/or transdermal adounistration of an agent (e.g., an antibiotic)
described herein may include ointments, pastes, creams, lotions, gels, powders, solutions, sprays,
inhalants, and/or patches. Generally, the active ingredient is admixed under sterile conditions with
a pharmaceutically acceptable carrier or excipient and/or any needed preservatives and/or buffers as

can be required. Additionally, the present disclosure contemplates the use of transdermal patches,
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which often have the added advantage of providing controlled delivery of an active ingredient to the
body. Such dosage forms can be prepared, for example, by dissolving and/or dispensing the active
ingredient tn the proper medium. Alternatively or additionally, the rate can be controlled by either
providing a rate controlling membrane and/or by dispersing the active ingredient in a polymer matrix
and/or gel.

Suitable devices for use in delivering intradermal pharmaceutical compositions described
herein include short needle devices. Intradermual compositions can be administered by devices which
limit the effective penetration length of a needle into the skin. Alternatively or additionally,
conventional syringes can be used in the classical mantoux method of intradermal administration.
Jet injection devices which deliver liquid formulations to the dermis via a liquid jet injector and/or
via a needle which pierces the stratum corneum and produces a jet which reaches the dermis are
suitable. Ballistic powder/particle delivery devices which use compressed gas to accelerate the
compound in powder form through the outer layers of the skin to the dermis are suitable.

Formulations suitable for topical administration include, but are not limited to, hiquid and/or
semi-liquid preparations such as liniments, lotions, oil-in-water and/or water-in-oil emulsions such
as creams, ointruents, and/or pastes, and/or solutions and/or suspensions. Topically administrable
formulations may, for example, comprise from about 1% to about 10% {(w/w) active ingredient,
although the concentration of the active ingredient can be as high as the solubility limit of the active
ingredient in the solvent. Formulations for topical administration may further comprise one or more
of the additional ingredients described herein.

A pharmaceutical composition described herein can be prepared, packaged, and/or sold in a
formulation suitable for pulmonary administration via the buccal cavity. Such a formulation may
comprise dry particles which comprise the active ingredient and which have a diameter in the range
trom about 0.5 to about 7 nanometers, or from about | to about 6 nanometers. Such compositions
are conveniently in the form of dry powders for administration using a device comprising a dry
powder reservoir to which a stream of propeliant can be directed to disperse the powder and/or using
a self-propelling solvent/powder dispensing container such as a device comprising the active
ingredient dissolved and/or suspended in a low-boiling propellant in a sealed container. Such
powders comprise particles wherein at least 98% of the particles by weight have a diameter greater
than 0.5 nanometers and at least 95% of the particles by number have a diameter less than 7

nanometers. Alternatively, at least 95% of the particles by weight have a diameter greater than 1
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nanometer and at least 90% of the particles by number have a diameter less than 6 nanometers. Dry
powder compositions may include a solid fine powder diluent such as sugar and are conveniently
provided in a unit dose form.

Low boiling propeliants generally include liquid propeliants having a boiling point of below
65° F. at atmospheric pressure. Generally the propellant may constitute 50 to 99.9% (w/w) of the
composition, and the active ingredient may constitute 0.1 to 20% (w/w) of the composition. The
propellant may further comprise additional ingredients such as a liquid non-ionic and/or solid
anionic surfactant and/or a solid diluent (which may have a particle size of the same order as particles
coruprising the active ingredient).

Pharmaceutical compositions described herein formulated for pulmonary delivery may
provide the active ingredient in the form of droplets of a solution and/or suspension. Such
formulations can be prepared, packaged, and/or sold as aqueous and/or dilute alcobolic solutions
and/or suspensions, optionally sterile, comprising the active ingredient, and may conveniently be
administered using any nebulization and/or atomization device. Such formulations may further
comprise one or more additional ingredients including, but not limited to, a flavoring agent such as
saccharin sodium, a volatile otl, a buffering agent, a surface active agent, and/or 4 preservative such
as methylhydroxybenzoate. The droplets provided by this route of administration may have an
average diameter in the range from about 0.1 to about 200 nanometers.

Formulations described herein as being useful for pulmonary delivery are useful for
intranasal delivery of a pharmaceutical composition described herein. Another formulation suitable
for intranasal administration is a coarse powder comprising the active ingredient and having an
average particle from about 0.2 to 500 micrometers. Such a formulation is administered by rapid
inhalation through the nasal passage from a container of the powder held close to the nares.

Formulations for nasal administration may, for example, comprise from about as little as
0.1% {w/w) to as much as 100% (w/w) of the active ingredient, and may comprise one or more of
the additional ingredients described herein. A pharmaceutical composition described herein can be
prepared, packaged, and/or sold in a formulation for buccal adnunistration. Such formulations may,
for example, be in the form of tablets and/or lozenges made using conventional methods, and may
contain, for example, 0.1 to 20% (w/w) active ingredient, the balance comprising an orally
dissolvable and/or degradable composition and, optionally, one or more of the additional ingredients

described herein. Alternately, formulations for buccal administration may comprise a powder and/or

52



WO 2020/046801 PCT/US2019/048114

an aerosolized and/or atomized solution and/or suspension comprising the active ingredient. Such
powdered, aerosolized, and/or aerosolized formulations, when dispersed, may have an average
particle and/or droplet size in the range from about 0.1 to about 200 nanometers, and may further
comprise one or more of the additional ingredients described herein.

A pharmaceutical composition described herein can be prepared, packaged, and/or sold in a
tormulation for ophthalmic administration. Such formulations may, for example, be in the form of
eve drops including, for example, a 0.1-1.0% {(w/w) solution and/or suspension of the active
ingredient in an agueous or oily liquid carrier or excipient. Such drops may further comprise
buffering agents, salts, and/or one or more other of the additional ingredients described herein. Other
opthalmically-administrable formulations which are useful include those which comprise the active
ingredient in microcrystalline form and/or in a liposomal preparation. Ear drops and/or eve drops
are also contemplated as being within the scope of this disclosure.

Although the descriptions of pharmaceutical compositions provided herein are principally
directed to pharmaceutical compositions which are suitable for admintstration to humans, it will be
understood by the skilled artisan that such compositions are generally suitable for administration to
animals of all sorts. Modification of pharmaceutical corapositions suitable for administration to
humans in order to render the compositions suitable for administration to various animals 1s well
understood, and the ordinarly skilled veterinary pharmacologist can design and/or perform such
modification with ordinary experimentation.

FDA-approved drugs provided herein are typically formulated in dosage unit form for ease
of admintstration and uniformity of dosage. It will be understood, however, that the total daily usage
of the agents described herein will be decided by a physician within the scope of sound medical
judgment. The specific therapeutically effective dose level for any particular subject or organism
will depend upon a variety of factors including the disease being treated and the severity of the
disorder; the activity of the specific active ingredient employed; the specific composition employed;
the age, body weight, general health, sex, and diet of the subject; the time of administration, route
of administration, and rate of excretion of the specific active ingredient employed; the duration of
the treatment; drugs used in combination or coincidental with the specific active ingredient
emploved; and like factors well known in the medical arts.

The agents and compositions provided herein can be administered by any route, including

enteral {e.g., oral), parenteral, intravenous, intramuscular, intra-arterial, intrameduliary, intrathecal,
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subcutaneous, intraventricular, transdermal, interdermal, rectal, intravaginal, intraperitoneal, topical
{as by powders, ointments, creams, and/or drops), mucosal, nasal, bucal, sublingual; by intratracheal
instillation, bronchial instiliation, and/or inhalation; and/or as an oral spray, nasal spray, and/or
aerosol. Specifically contemplated routes are oral administration, intravenous administration {¢.g.,
systemic intravenous injection), regional administration via blood and/or lymph supply, and/or
direct administration to an affected site. In general, the most appropriate route of administration will
depend upon a variety of factors including the nature of the agent (e.g, its stability mn the
environment of the gastrointestinal tract), and/or the condition of the subject {e.g., whether the
subject is able to tolerate oral administration). In certain ernbodiments, the agent or pharmaceutical
composition described herein is suitable for topical administration to the eye of a subject.

The exact amount of an agent required to achieve an effective amount will vary from subject
to subject, depending, for example, on species, age, and general condition of a subject, severity of
the side effects or disorder, identity of the particular agent, mode of administration, and the hike. An
effective amount may be included in a single dose {e.g., single oral dose} or multiple doses (e.g.,
multiple oral doses). In certain embodiments, when multiple doses are administered to a subject or
applied to a tissue or cell, any two doses of the roultiple doses include different or substantially the
same amounts of an agent (e.g., an antibiotic) described herein.

As noted elsewhere herein, a drug of the instant disclosure may be administered via a number
of routes of administration, including but not limited to: subcutanecus, intravenous, intrathecal,
intramuscular, intranasal, oral, transepidermal, parenteral, by inhalation, or intracerebroventricular,

The term “injection” or “injectable” as used herein refers to a bolus tnjection (administration
of a discrete amount of an agent for raising its concentration in a bodily fluid), slow bolus injection
over several minutes, or prolonged infusion, or several consecutive injections/infusions that are
given at spaced apart intervals.

In some embodiments of the present disclosure, a formulation as herein defined 1s
administered to the subject by bolus administration.

The FDA-approved drug or other therapy is administered to the subject in an amount
sufficient to achieve a desired effect at a desired site (e g, reduction of cancer size, cancer cell
abundance, symptoms, etc.) determined by a skilled clinician to be effective. In some embodiments
of the disclosure, the agent is administered at least once a year. In other embodiments of the

disclosure, the agent is administered at least once a day. In other embodiments of the disclosure,
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the agent is administered at least once a week. In some embodiments of the disclosure, the agent is
administered at least once a month.

Additional exemplary doses for administration of an agent of the disclosure o a subject
include, but are not limited to, the following: 1-20 mg/kg/day, 2-15 mg/kg/day, 5-12 mg/kg/day, 10
mg/ke/day, 1-500 mg/kg/day, 2-250 mg/kg/day, 5-150 mg/kg/day, 20-125 mg/kg/day, 50-120
myg/kg/day, 100 mg/kg/day, at least 10 ug/kg/day, at least 100 pg/kg/day, at least 250 pg/kg/day, at
least 500 pg/kg/day, at least 1 mg/kg/day, at least 2 mg/kg/day, at least 5 mg/kg/day, at least 10
mg/kg/day, at least 20 mg/kg/day, at least 50 mg/kg/day, at least 75 mg/kg/day, at least 100
mg/kg/day, at least 200 mg/kg/day, at least 500 mg/kg/day, at least 1 g/kg/day, and a therapeutically
effective dose that is less than 500 mg/kg/day, less than 200 mg/kg/day, less than 100 mg/kg/day,
less than 50 mg/kg/day, less than 20 mg/kg/day, less than 10 mg/kg/day, less than 5 mg/kg/day, less
than 2 mg/kg/day, less than 1 mg/kg/day, less than 500 pg/kg/day, and less than SO0 pg/kg/day.

In certain embodiments, when multiple doses are administered to a subject or applied to a
tissue or cell, the frequency of administering the multiple doses to the subject or applying the
multiple doses to the tissue or cell is three doses a day, two doses a day, one dose a day, one dose
every other day, one dose every third day, one dose every week, one dose every two weeks, one
dose every three weeks, or one dose every four weeks. In certain embodiments, the frequency of
adrotnistering the roultiple doses to the subject or applying the multiple doses to the tissue or cell 1s
one dose per day. In certain embodiments, the frequency of administering the multiple doses to the
subject or applying the multiple doses to the tissue or cell is two doses per day. In certain
embodiments, the frequency of administering the multiple doses to the subject or applying the
multiple doses to the tissue or cell is three doses per day. In certain embodiments, when multiple
doses are administered to a subject or applied to a tissue or cell, the duration between the first dose
and last dose of the multiple doses is one day, two days, four days, one week, two weeks, three
weeks, one month, two months, three months, four months, six months, nine months, one year, two
years, three years, four years, five years, seven years, ten years, fifteen years, twenty years, or the
lifetime of the subject, tissue, or cell. In certain embodiments, the duration between the first dose
and last dose of the multiple doses ts three months, six months, or one year. In certain embodiments,
the duration between the first dose and last dose of the multiple doses is the lifetime of the subject,
tissue, or cell. In certain embodiments, a dose (e.g, a single dose, or any dose of multiple doses)

described herein includes independently between 0.1 yg and 1 pg, between 0.001 mg and 0.01 mg,
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between 0.01 mg and 0.1 mg, between 0.1 mg and T mg, between | mg and 3 mg, between 3 mg
and 10 mg, between 10 mg and 30 mg, between 30 mg and 100 mg, between 100 mg and 300 mg,
between 300 mg and 1,000 mg, or between 1 g and 10 g, inclusive, of an agent {e.g., an antibiotic)
described herein. In certain embodiments, a dose described herein includes independently between
1 mg and 3 mg, inclusive, of an agent (e.g., an antibiotic) described herein. In certain embodiments,
a dose described herein includes independently between 3 mg and 10 mg, inclusive, of an agent
{e.g., an antibiotic) described herein. In certain embodiments, a dose described herein includes
independently between 10 mg and 30 mg, inclusive, of an agent {e.g., an antibiotic) described
herein. Tn certain embodiments, a dose described herein includes independently between 30 mg and
100 mg, inclusive, of an agent (e.g., an antibiotic} described herein.

It will be appreciated that dose ranges as described herein provide guidance for the
administration of provided pharmaceutical compositions to an adult. The amount to be administered
to, for example, a child or an adolescent can be determined by a medical practitioner or person
skilled in the art and can be lower or the same as that administered to an adult. In certain
embodiments, a dose described herein is a dose to an adult human whose body weight is 70 kg

It will be also appreciated that an agent (e.g., an antibiotic) or composition, as described
herein, can be administered in combination with one or more additional pharmaceutical agents {e.g.,
therapeutically and/or prophylactically active agents), which are different from the agent or
composition and may be useful as, e.g., combination therapies. The agents or compositions can be
administered in combination with additional pharmaceutical agents that improve their activity (e.g.,
activity {e.g., potency and/or efficacy) in treating a disease in a subject in need thereof, in preventing
a disease in a subject in need thereof, in reducing the risk of developing a disease in a subject in
need thereof, 1n inhibiting the replication of a virus, in killing a virus, etc. in a subject or cell. In
certain embodiments, a pharmaceutical composition described herein including an agent (e.g., an
antibiotic) described herein and an additional pharmaceutical agent shows a synergistic effect that
is absent in a pharmaceutical composition including one of the agent and the additional
pharmaceutical ageunt, but not both.

In some embodiments of the disclosure, a therapeutic agent distinct from a first therapeutic
agent of the disclosure is administered prior to, in combination with, at the same time, or after

administration of the agent of the disclosure. In some embodiments, the second therapeutic agent is
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selected from the group consisting of a chemotherapeutic, an antioxidant, an anti-inflammatory
agent, an antimicrobial, a steroid, ete.

The agent or composition can be administered concurrently with, prior {o, or subseguent to
one or more additional pharmaceutical agents, which may be useful as, e g., combination therapies.
Pharmaceutical agents include therapeutically active agents. Pharmaceutical agents also include
prophylactically active agents. Pharmaceutical agents include small organic molecules such as drug
compounds (e.g., compounds approved for human or veterinary use by the U.S. Food and Drug
Administration as provided in the Code of Federal Regulations {CFR)), peptides, proteins,
carbohydrates, monosaccharides, oligosaccharides, polysaccharides, nucleoproteins, mucoproteins,
lipoproteins, synthetic polypeptides or proteins, small molecules linked to proteins, glvcoproteins,
sterotds, nucleic acids, DNAs, RNAs, nucleotides, nucleosides, oligonucleotides, antisense
oligonucleotides, lipids, hormones, vitamins, and cells. In certain embodiments, the additional
pharmaceutical agent is a pharmaceutical agent useful for treating and/or preventing a disease
described herein. Each additional pharmaceutical agent may be administered at a dose and/oron a
time schedule determined for that pharmaceutical agent. The additional pharmaceutical agents may
also be administered together with each other and/or with the agent or composition described herein
inn a single dose or administered separately in different doses. The particular combination to employ
in a regimen will take into account compatibility of the agent described herein with the additional
pharmaceutical agent(s} and/or the desired therapeutic and/or prophylactic effect to be achieved. In
general, 1t is expected that the additional pharmaceutical agent(s) in combination be utilized at levels
that do not exceed the levels at which they are utilized individually. In some embodiments, the
levels utilized in combination will be lower than those utilized individually.

Dosages for a particular agent of the instant disclosure may be determined empirically in
individuals who have been given one or more administrations of the agent.

Administration of an agent of the present disclosure can be continuous or intermittent,
depending, for example, on the recipient's physiological condition, whether the purpose of the
adrotnistration is therapeutic or prophylactic, and other factors knowun to skilled practitioners. The
administration of an agent may be essentially continuous over a preselected period of time or may
be in a series of spaced doses.

Guidance regarding pasticular dosages and methods of delivery is provided in the literature,;

see, for example, U.S. Patent Nos. 4,657,760; 5,206,344, or 5,225,212 1t 1s within the scope of the
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instant disclosure that different formulations will be effective for different treatments and different
disorders, and that admimstration intended to treat a specific organ or fissue rmay necessitate delivery
in a manner different from that to ancther organ or tissue. Moreover, dosages may be administered
by one or more separate administrations, or by continucus infusion. For repeated administrations
over several days or longer, depending on the condition, the treatment is sustained until a desired
suppression of disease symptoms occurs. However, other dosage regimens may be useful. The

progress of this therapy 18 easily monitored by conventional techniques and assays.

Lifs

The instant disclosure also provides kits containing agents of this disclosure for use in the
methods of the present disclosure. Kits of the instant disclosure may include one or more containers
comprising an agent {e.g., a sample preparation reagent} of this disclosure and/or may contain agents
{e.g., oligonucieotide primers, probes, and one or more detectable probes or probe sets etc.) for
identifying a cancer or subject as possessing one of more variant sequences. In some embodiments,
the kits further include instructions for use in accordance with the methods of this disclosure. In
some embodiments, these instructions comprise a description of sample preparation and target
binding/signal detection protocol. In some embodiments, the instructions comprise a description of
how 1o detect antibiotic susceptibility and direct therapeutic intervention accordingly.

The instructions generally include information as to dosage, dosing schedule, and route of
administration for the intended treatment. The containers may be unit doses, bulk packages (e g,
multi-dose packages) or sub-unit doses. Instructions supplied in the kits of the instant disclosure are
typically written instructions on a label or package insert {(e.g., a paper sheet included 10 the kit), but
machine-readable instructions (e.g., instructions carried on a magnetic or optical storage disk) are
also acceptable.

The label or package insert indicates that the composition is used for treating, e g, a class
bacterial infections, in a subject. Instructions may be provided for practicing any of the methods
described herein.

The kits of this disclosure are in suitable packaging. Suitable packaging includes, but is not
limited to, vials, bottles, jars, flexible packaging (e.g., sealed Mylar or plastic bags), and the like. In
certain embodiments, at least one active agent in the composition is one or more by apartheid probe
sets designed for detecting specific mRNAs or mRNA sigoature profiles. The container may further

comprise a second pharmaceutically active agent.
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Kits may optionally provide additional components such as buffers and interpretive
information. Normally, the kit comprises a container and a [abel or package insert{s} on or associated

with the coniainer.

The practice of the present disclosure employs, unless otherwise indicated, conventional
techniques of chemistry, molecular biology, microbioclogy, recombinant DNA, genetics,
immunology, cell biology, cell culture and transgenic biology, which are within the skill of the art.
See, e.g., Maniatis et al., 1982, Molecular Cloning (Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.}); Sambrook et al., 1989, Molecular Cloning, 2nd Ed. (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y .}, Sambrook and Russell, 2001, Molecular Cloning, 3rd
Ed. (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.); Ausubel et al,, 1992),
Current Protocols in Molecular Biology (John Wiley & Sons, including periodic updates), Glover,
1985, DNA Cloning (IRL Press, Oxtord); Anand, 1992; Guthrie and Fink, 1991; Harlow and Lane,
1988, Antibodies, (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y ), Jakoby and
Pastan, 1979; Nucleic Acid Hybnidization (B. D. Hames & 5. J. Higgins eds. 1984); Transcription
Aud Translation (B. B. Hames & S. J. Higgins eds. 1984); Culture Of Animal Cells (R. I. Freshuey,
Alan R, Liss, Inc., 1987}, Immobilized Cells And Enzymes (IRL Press, 1986}, B. Perbal, A Practical
Guide To Molecular Cloning {1984); the treatise, Methods In Enzyrology (Acaderic Press, Inc.,
N.Y .}, Gene Transfer Vectors For Mammalian Cells (J. H. Miller and M. P. Calos eds., 1987, Cold
Spring Harbor Laboratory), Methods In Enzymology, Vols. 154 and 155 (Wu et al. eds),
Immunochemical Methods In Cell And Molecular Biology (Mayer and Walker, eds., Academic
Press, London, 1987); Handbook Of Experimental Immunology, Volumes I- TV (D. M. Weir and C.
C. Blackwell, eds., 1986); Riott, Essential Immunology, 6th Edition, Blackwell Scientific
Publications, Oxford, 1988; Hogan et al , Manipulating the Mouse Embryo, (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y , 1986); Westerfield, M., The zebrafish book. A guide
tor the laboratory use of zebrafish (Danio rerio), (4th Ed., Univ. of Oregon Press, Eugene, 2000).

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure belongs.
Although methods and materials similar or equivalent to those described herein can be used in the
practice or testing of the present disclosure, suitable methods and materials are described below. All

publications, patent applications, patents, and other references mentioned herein are incorporated by
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reference in their entirety. In case of conflict, the present specification, including definitions, will
control. In addition, the materials, methods, and examples are illustrative only and not intended to

be limiting.

Reference will now be made in detail to exemplary embodiments of the disclosure. While
the disclosure will be described in conjunction with the exemplary embodiments, it will be
understood that 1t is not intended to himit the disclosure to those embodiments. To the contrary, it is
intended to cover alternatives, modifications, and equivalents as may be included within the spirit
and scope of the disclosure as defined by the appended claims. Standard techniques well known in

the art or the techniques specifically described below were utilized.

EXAMPLES
Example 1: Rapid Phenotypic Detection of Antibiotic Resistance

The techniques herein allow for rapid phenotypic detection of antibiotic resistance, faster
than growth-based phenotypic assays that currently comprise the gold standard. Advantageously,
the techniques herein provide compositions and methods that allow simultaneous detection of
muliiple resistance genes in the same assay. Additionally, the techniques herein provide more
accurate determination of resistance, as well as mechanistic explanations for key antibiotic resistant
strains, epidemiologic tracking of known resistance mechanisms, and iromediate wdentification of
unknown or potentially novel resistance mechanisms {(e.g., discordant cases when a resistant
orgamism does not display a known resistance phenotype). Currently, detection of antibiotic
resistance genes typically requires separate PCR or sequencing assays, which require different assay
infrastructure and often necessitate sending samples out to reference laboratories.

The phenotypic antibiotic susceptibility testing (AST) portion of the techniques herein relies
on quantitative measurement of the most antibiotic-responsive transcripts in a microbial pathogen
upon antibiotic exposure. According to the techniques herein, RNA-Seq may be used to identity
antibiotic responsive genes that change the most in susceptible, but not resistant, bacterial strains in
response to exposure to an antibiotic. In this way, the nucleic acid targets for use in AST may be
identified.

Once antibiotic responsive nucleic acid targets are identified, they can be assayed with target

spectfic probes or sets of probes. According to the techniques herein, target specific probes may
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include bipartite probes (e.g., Probe A and Probe B) as shown in FIG. 1A, In embodiments, each
such probe may range in length from about 15-100, 25-75, 30-70, 40-60, or 45-55 nucleotides in
length. In embodiments, each such probe may be about 50 nucleotides in length. As shown in FIG.
1A, Probe A and Probe B are oriented in a tail to head configuration {e.g , the 37 end of Probe B i3
positioned proximate to the 57 end of Probe A). In embodiments, the 37 end of Probe B abuts the
5’and of Probe A; however, it is contemplated within the scope of the disclosure that a gap of about
1-50 nucleotides may occur between the 37 end of Probe B and the 57end of Probe A. As shown in
FIGS. 1B-1C, bipartite probes according to the techniques herein may be detected via directly
coupled tags or indirectly coupled tags, respectively.

Current assay conditions: hybridization of the bipartite probe sets at 65-67°C for 1 hour, then
detection on a NanoString® Sprint instrument. Briefly, 3 ul of crude lysate is incubated with

®

unlabeled probe pairs {e.g. probe sets) for each target along with labeled NanoString® Elements
TagSet reagents. Standard hybridization conditions according to the manufacturer’s protocol are
tollowed, except hybridizations are incubated for one hour at 67°C instead of the recommended 16-
24 hours. Hybridizations are then loaded and processed on a Sprint instrument (NanoString®) for
purification and quantitative detection. These methods have been validated on: bacteria in pure

culture; clinical urine samples; clinical blood culture samples.

Example 2: Genetic Basis for Carbapenem Resistance

To test and validate the techniques described herein, the genetic basis for carbapenem
resistance, carbapenemases, was assessed by identifying and measuring the most important,
transmissible cause of resistance to this last-line antibiotic. The techniques herein allowed antibiotic-
responsive transcripts to be detected quantitatively, and 10 a multiplexed fashion in a single assay
from crude lysate, which enhanced the speed of detection while minimizing sample
processing/manipulation. The techniques herein were conducted on the NanoString® assay platform;
however, one of skill in the art will readily comprehend that these techniques are not dependent on
a single detection platform and may be conducted on any of a variety of detection platforms for
quantitative RNA measurement (e g., NanoString®, SHERLOCK, gRT-PCR, microarrays, etc.)
capable of providing the above features.

The analysis herein identified seventeen relevant target sequences to be targeted by the Cre2

probe targets (e.g., probeset), which are shown in Table 1.
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To facilitate identification of CreZ probe targets, bipartite probes comprising a probe A and
a probe B were constructed as shown in Table 3 and Table 4, respectively.
Table 3: Cre2 Probe A Sequences

CRE2 probes:
Target: probe A seguence

ST258 wzi 1 AACACCTTTCAGAGTATCGGCATCAGGGARCGCTTTATTTATTGACTGGTCOTCAR
(SEQID NO: 70}  GACCTAAGCGACAGCGTGACCTTGTTTCR

57258 wzy 1 ARAACTGCTARGCCTGCAATTGCTATTAGCAATATAT AGATTAGT T TTTTCATCCT
(SEQIDNO:71) CTTCTTITCTTGGTGTTGAGARGATGCTC

STSS_WZLZ CooT
{(SEQID NO: 72}  TCTGCGGGTTAGT

]Cz

CCAGAACTACCTGCTCAGAGGAATAGGAAGGTTTCACAAT
7

ARGGTTAGGGAAC
§T258 WZY p COCT ATTCACGTCARACT A ACTTCCCOT T T AT AGCTCAT AAATCTTCCCOTOTTE
— _— CCGTATTCAGGTCARAGTARAGTTECGCTT VTAGCTGATA GTTGGECCTGETTG

(SEQIDNO: 73) AGATTATTGAGCTTCATCATGACCAGAAG

CREZ_KPC_ 085  AcAGCTCCGCCACCGTCATGCCTGTTGTCAGATATCARARGACGCCTATC TTCCAGT
(SEQID NO: 74} TTGATCGGGAAACT

CRE2_NDM_0.9

5 AGCTGGCGGAARACCAGATCGCCARACCGTTGOTCGCCACTTTCCATTTGCGAACC
(SEQIDNO: 75}  TaAACT ATTCCTATTETTTTC

CRE2_OXA48_0.

95 CTCTACATTGCCCGARATCTCCTCATTACCATAATCGARAGCATGTAGCACCAATT
(SEQIDNO:768)  TGGTTTTACTCCCCTC CATTATGCGGAGT

CRE2_CTXM15_

0.95 GATTTTITGATCTCARCTCGUTGAT TTARCAGAT TOGGT TCGCTTTCACTCITICG
(SEQIDNO: 77) GGTTATATCTATCATTTACTTGACACCCT

CREZ IMP 1 O

85 :

CCCCARCCGTTAACTTCTTCGAACCATCTATCAACATAARCACCTTCTTCCAACAG
{SEQID NO: 78}  CCACTTTTTTTCCAAATTTTGCAAGAGCC

CRE2 iMP 3 8

0.95 ACCARACCACTACGTTATCTTCAGCTGTGCCCCOGGGCCEGCATARARAACCACCET
{SEQID NO: 79} CTCGACGGCAACTCAGAGATAACGCATAT

CRE2 IMP 2 4

0.95 GTGCCTTTCATTTTATAGCCGCGCTCCACARACCAATTCACTARCTTTTCCCTGGA
{SEQID NO: 80}  CTTTATGTATTGCCAACGAGTTTGCTCTTT

CREZ iMP 5 0.

g5 CCCCCAPTTT”HCM
(SEQID NO: 81} AGeT
CREZ iMP &6 0.

85 CTGCCTTTTATTTTATAGCCACGTTCCACAAACCAAGTGACTAACT T I TCCTTCCT
(SEQID NQO: 82} TCCTGIGIT c::acju"' \CARACTTAGAAAC

CRE2 iMP 7 0.

L3

ATGACTCGAARCAACCAGTTTTGCATTACCATACTTCAGATA

ITATTGTGGAGE sSTTACTACA

25 GTACCTTACCGTCTTTTTTAAGAAGTTCATTTGTTAATTCAGATGCATACATARA
{SEQID NO: 83} ATTGGTTTTGCCTTTCAGCAATTCARCTT
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CREZ_VIM_1 0.
95
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SAAAACCTCTACGGGACCGAAGCGCACCACATCTCCACTAGAGCTGGETCARGACTT

-
{
e

{SEQ 1D NO: 84} GCATGAGGACCCGCAAATTCCY

0.95(SEQ 1D NO:

85} G

CGCAAGTAGAARAC

OXA10_0.95 TCGECTCTTGGECTTTCCGTCCCATTTGAARAACCTGATGCTCATTCTTTATGCCAGCA
{SEQID NO: 86} GAC TCARAGTTATAAGCGCGT

Table 4: Cre2 Probe B Sequences

CRE2 probes:
Target:

ST258 wzi 1
{SEQ D NO: 87}
$T258 wzy 1
{SECQ 1D NO: 88}
STE8 wzi 2

{SEQ 1D NO: 89)
S5T258 wzy 2
{SEQID NO: 80}
CREZ KPC 085
(SEQ D NO: 91}
CREZ_NDM 0.95
{SECQ 1D NO: 92}
CREZ _OXA48 095
{SEQ 1D NO: 93)
CREZ_CTXM15_0C.
95

{SEQ 1D NO: 84}
CREZ _iMiP_1 095
{SEQ 1D NO: 95}
a5

{SEQ 1D NO: 96)
CREZ IMP_2 4 O.
95

{SEQ 1D NO: 87}
CREZ iMP_5 0.95
{SEQID NO: 98}
CREZ iMP 6 0.95
(SEQ D NO: 99}

probe B sequence

ACTCGAAGTGTTAATTCGAACCGACTGATARAAC

CGARRAGCCATGACCTCCGATCACTCGTTCATATGATGTATAACTATCATGCGAC

T T O T T TR T T A e T
ABGCCTCTCCTGARARATTGCA

CGAAAGCCATGACCTCCGATCACTCCGGETCGAGGTATAGCCGGTGACCCGGARA
TCGGCTTTTAACGCTGACAGT

CGAAAGCCATGACCTCCGATCACTCAAGACTTCCAAATCCCATTGCAACTGCTG

TAACTCTTTTAAGGTCTCCTT

R Ty NalaruilarValailalalak Guartabilalalar P ¥ talalalalalar i alilalay it ey i ry el e e
CGARAGCCATGACCTCCGATCACTCCGAAACCCGGECATGTCGAGATAGGAAGTG

TGCTGCCAGACATTCGGTGEG

CGAAAGCCATGACCTCCGATCACTCCTGATTTGCTCCGTGECCGAARTTCGAAT
ACCACCGTCGAGCCAGARAACT

CGARAGCCATGACCTCCGATCACTCTCGTCCCATTGACGTGCTTTTCCGCARATC

CGAAAGCCATGACCTCCGATCACTCGATAGGCGTCAGTGTTTACAAGARACCACC

ARACCGTGTTTAGAARCARACA

CGARAGCCATGACCTCCGATCACTCTAAGCCACTCTATTCCCCOTGTGCTGETCG
~

ARATA

@]
|._"
D-\) I
~
)]
0
=]
[
—
)
=
0]
N
0
[
s
]
p)

NETTUT T Y T T T T (N T S T (T S N e ITUTI T, T S P T (NI N e S T T (TS S
CGAAAGCCATGACCTCCGATCACTCCCCTTAACAGCCTGCTCCCAAGTGLGCTT

CAATAGTGATGCG
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>

CREZ_IMP_7 0.95 CoaRRAGCCATGRACCTCCGATCACTCTCTTTTTCTTAACTAGCCAATAGCTAACT
{SEQID NO: 100}  CCGCTAARTGARTTTTTAGCT

CREZ VIM_1 085 (cGaraGCOATGACCTCOGATCACTCOGTATACCACARGATTGTCGCCCGAATGE
{SEC 1D NO: 101) GCAGCACCAGGATA

CRE2_VIM_2_3_0.

S5{(SEQLID NO: CGARAGCCATGACCTCCGATCACTCCARTTTGCTTCTCAAT CTCCGUGAGRARGT
102) GOCGOTGTGTTTTT

OXA10_0.85 CGARAGCCATGACCTCCGATCACTCTGARACTTGTATTCCCCCTCTTAAGGTCA
{SEQ 1D NO: 103) AGTCTCTTTCCCATTGCTTCA

Similarly, to facilitate identification of KpMero4 probe targets, bipartite probes comprising

a probe A and a probe B were constructed as shown in Table 5 and Table 6, respectively.

Table 5: KpMero4 Probe A Sequences

KpMerod probes:
Target: probe A seguence

G
CCAATGCACTCGATCTTGTCATTTTITTGCG

0_0.97(SEQ D NO: 104}
KpMerod_C_KPN_0009  cooorancoCeGCarARATARGTTGETCAACTT TCAGACCACAACGTTCCC

Clels O8I EICH AW

8 0.97{SEQID NO: 105} ARRCTGGAGAGAGAAGTGAAGACGATTTAACCCA

KpMerod_C_KPN_0010  AccGToTTCGTTCAGTACGCGATARTCGTCARCAACGATGECACARTCGAC
0 0.97(SEQID NO: 106) GRATTGCTGCATTCCGCTCAACGCTTGAGGARGTA

KpMerod C_KPN_ D127  ~aGeeoTRaRGCGGCEECARCGGGTARARAGCAGARACAACAACTCOAGCATC
6 0.92{SEQID NG: 107) TGAGGCTGTTARAGCTGTAGCRACTCTTCCACGA
KpMerod_C_KPN_0284 croacTTCCAGCCAGCAGTCGGCGEARARGTTCATCACCAGACTAGGACGC
6_0.95{SEQ D NO: 108) ARATCACTTGAAGAAGTGAARGCGAG

KpMerod_C_KPN_0331  coGeroacGoTGATCCTGOTCATCCAGCARAATGACGTGTTCCCOACGCGAT

7 _0.92(SEQID NO: 109} GACGTTCGTCAAGAGTCGCATAATCT

KpMerod_C_KPN_0363  7o0ancGeeATCGCARAGCCAATGCCTTCCEGCGT TTCGCCGCATTTGGAR
4 0.92(SEQID NO: 110) TGATGTGTACTGGGAATAAGACGACG

KpMerod C_KPN_D466  1rGeeaTTCACGOT TTCGATAARCATCACCGCGTTACCATCGCTGGCCTGE

ATLL

A\ V4 b (N ANV NP

{
AT

ST O I CCCT CNR DT o
GCTGAAGGAGGGTCAAAC

.4

6 _0.97{(S3EQ D NG: 111}
KpMerod ROlup KPN

01226_0.97(SEQID NO: cooorTeaCoTTATCGARGGT BT CGCTGECEATCAGATCGTGCTTGACGTA
112} CATTGCTATCAGCTTACGATGACTGC

KpMero4 ROZup KPN

01107_0.97(SEQID NO:  AcTTGCGCATACTGCGGGCCGOG
113) COTGTGCTCATGACTTCCACAGACGT

KpMerod RO3up KPN

02345_0.95(SEQID NO: ancACGACCATCACTGCCAGETTCGTCAGCAGCARAAGCGCGATTCGCATC
114) TTGGAGCAGTTGATACTGGTARARCAACATTAGC
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KpMerod RO4up KPN
02742_0.97{SEQ 1D NO:
115}
KpMerod4 RO5dn KPN
(02241 _0.92{SEQ ID NO:
116)
KpMerod4 RObup KPN
(3358 _0.92{SEQ ID NO:
117}
KpMerod RO7up KPN
03934 _0.92{SEQ ID NO:
118}
KpMerod RO8dn KPN
00868 _0.92{SEQ ID NO:
119}
KpMerod ROSup KPN
02342 _0.97{(SEQ ID NO:
120}
KpMerod RiBup KPN
00833 0.97(3EC ID NOC:
121}

Table 6. KpMerod Probe B

KpMerod probes:
Target:

KpMerod C_KPN_0005
0 _0.97{SEQID NO: 122)
8 0.97{SEQID NO: 123)
KpMerod C_KPN_0010
0_0.97(SEQ.ID NO: 124)
6 0.92{SEQ D NO: 125}
KpMerod C_KPN_0284
6 _0.95{SEQ ID NO: 126)
7 0.92{SEQID NO: 127)
KpMero4 C_KPN_0363
4 0.92(SEQID NO: 128)
KpMerod C_KPN_0466
6_0.97{SEQ D NO: 129)

PCT/US2019/048114

Yt alalilaialartalalautialalah Ve T autnb N alalan Wit sl ar el syt alalal el talau sy
CAGCTGCCACCGTCCCAGTAGTTACCGTAATTGTCACGATCGCCTACGTAT

ATATCCAAGTGGTTATGTCCGAIGEC

TTGTGGCAGGTTAAGCTGCGGAAGCTGGTTCAGAATGGAGTAACCTACCAG
CAAGAAGGAGTATGGAACTTATAGCAAGAGAG

GCARATGGARA

AN CNETTITE T, e Ty L N oS R T TY TFT £ N T Ty T R T T T T T F T T T4 T £ e 9 T
CCAGTTACGATCCGCAGTAATCGCCTGATTCTGCTTGGTAATATAAGGCAC

CCGAAGCAATACTGTCGETCACTCTGTATGTCCET

ATGGTCATTTTCGCTGACTGACATGTAGCCT TTGGCCTTTCGCCGHLGARTC

GGCATTTCGCATTCTTAGGATCTARA

TTAAGACCCAGACCGCCGACGTTTTCCTCACTGTGGAATAACACCCCATAC
CGATCTTCATAACGGACAARCTGAACGGGCCATT

CGGCTTCGGCOTTTAGCAGCCAGTTTTGCTTCCAGACCATCTAAAGCGCTAT
GCAGACGAGCTGGCAGAGGAGAGAARTCA

Sequences

probe B seguence

CGAARGCCATGACCTCCGATCACTCCAGAATTTTAACATACGCA

CTRCCECEoTETT

TR S N T T S T S T
Cits : CCTGCA CAGGTTGE

CGLGEUL LLLULTGELALTOCAS

ekt Y Yalalar il e Yalailalal sk ULl ar el ek N T 1N T e T T
CGAAAGCCATGACCTCCGATCACTCAACGCAGACGCCCAGCTCA
larizning! alanialarizaFainyl T T el T s T T
CGTTCCGTCTTCTGTTAATACCGAATAACTGG
A Rt alala sk Yalahlalalarlaritalilalalalarltialaiah Utlal ey taiay teaill
CGAAAGCCATGACCTCCGATCACTCCCGATCGCATCCAGCATTT

TGTGGCGAACARATTCETCTTCAAAGCGCAG

CGAAAGCCATGACCTCCGATCACTCGTTITGGACTGTTGETGCACT
e ararataial VsVl sVl
TCTGCGCCCCATGTAC
CGRAAGCCATGACCTCCGATCACTCTTACGCTGCAGGUCGCTGA

PTTTTTACCGGETGGCATCE

FGACCTCCGATCACTCCGAGATGTAAAGGGETAT
~

CGARAGCCATGACCT CCGAT CACTCGGAT CACCCGGLCATCGCS

U elalhittrSalinlaralialal el il iVel
STTTATCCATAATTTTGGTCGCTAARC

CGAARGCCATGACCTCCGATCACTCATTGCCTTTCGGACGCAGC
G C

GGGCAAGGAAGACGTCATGGAAGCGG
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KpMerod ROlup KPN

01226_0.97(SEQID NO:  coarAGCCATGACCTCCGAT CACTCCATCECTTTATGCTGCGOT
130} TCCATCTTATCGATCTGCGCTTC

KpMero4 ROZup KPN

01107_0.97(SEQID NO:  cGRAAGCCATGACCTCCGATCACTCCTGACGCGGCGTTTTCACG
131) GTTTCTTTAATCGGETGTACTGGAGACC

KpMerod RO3up KPN
02345_0.95(SEQ ID NO: o
132} GGCTTARCACCE
KpMero4 RO4up KPN
02742_0.97(SEQIDNO: coaRRGCCATGACCTCCGATCACTCARCGGTTATCACGCOATTC
133) ATAGTGACGACGCCAGTARTCACGGTCGCEC

KpMerod ROSBdn KPN

02241_0.32{SEQIDNC: coaRAGCCATGACCTCCGATCR [L/(‘A(:ACCA("‘(:L‘CLCAACGA
134} AGATGCTTAGGATTGCGCCATGCCCARAGAR

KpMerod RO6up KPN

03358_0.92{SEQIDNO: (cAARCGCCATGACCTCCGATCACTCCGACGEATTGATACCECGC
135} TTACGCCAGCAGCTCETAAGACTAGTCATCCG

KpMerod RO7up KPN
03934 0.92{3EQID NO: ceoannccoaTon
136} GC ATCGT
KpMerod RO8dn KPN
00868_0.92(SEQID NO:  coaraGOCATGACOTCCGATCACTCGGLGCCTGCGCACGCATTT
137) CACGGCAAAGCTCARACAAGT TATCACGCAS

KpMerod ROSup KPN

02342_0.97(SEQID NO:  coarAGCCATGACCTCCGATCACTCARTGARCATARAGTGCEGT
138} GOTGACTCCGCGEGUGETGAGETATTGGUAC

KpMerod Rl10up KPN

00833_0.97(SEQID NO:  coarAGCCATGACCTCCGATCACTCTTGETGTTAGCGGAAGTAR

NN

139} TGCTGTAGCCGGTCGEGCCAG
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Antibiotic susceptibility testing is typically done by growth-based assays, including broth
microdilution {may be automated e.g. on VITEK-2), disk diffusion, or E-test. Other approaches to
rapid phenotypic AST include automated microscopy {Accelerate Diagnostics), ultrafine mass
measurements (LifeScale). Genotypic approaches include resistance gene detection by PCR or other
nucleic acid amplification methods, including Cepheid, BioFire, etc. but are limited to cases for

which the genetic basis for resistance is well characterized.

Example 3: AST in ESKAPE pathogens

The techniques herein are currently being used to conduct AST for: FEscherichia coli,
Klebsiella pneumoniae, and Acinetobacter baumanii for three different drug classes (meropenem
ciprofloxacin; gentamicin) along with carbapenemase detection. Additionally, the technigues heren
are you being used to conduct AST on all of the ESKAPE pathogens including: Enterococcu
faecalis, Enterococcus faecium, Staphylococcus aureus, K. pneumoniae, A baumanii, Pseudomona
aeruginosa, B. coli, and Enterobacter cloacae with respect to all major clinically relevant drug classe
(e.g., carbapenems, peuniciiling, cephalosporius, aminoglycosides, fluoroguinolones, rifamycins, an
the like). The techniques herein are also being extended to conduct AST on Mycobacteriun
tuberculosis for all first-line and second-line drugs as well as the newer agents, bedaguiline anc
delamanid.

For example, FIGS. 2A-2D, which are described in further detail below, are MA plot
showing RNA-Seq data upon antibiotic exposure. FIG. 2A shows MA plots of susceptible (lef
panels) or resistant (right panels) Klebsiella pneumonice, Fscherichia coli or Acinefobacte.
baumanii treated with meropenem for 60 min (left column), ciprofloxacin for 30 min (middh
column), or gentamicin for 30-60 min (right colummn). Transcripts whose expression is statistically
significantly changed upon antibiotic exposure are shown in red.

Additionally, FIGS. 4A and 48, which are described in further detail below, depict graph
showing that the squared projected distance (SPD) from transcriptional signatures reflecte
antibiotic susceptibility. Clinical isolates of Klebsiella preumoniae, Fscherichia coli o
Acinetobacter baumanii were treated with meropenem for 60 min (left column}, ciprofloxacin fo

30 rman (middle column), or gentamicin for 30-60 min (right column).
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Example 4: Determining optimal transcriptional signatures to discriminate between
susceptible and resistant bacteria

To identify the optimal transcripts that most robustly distinguish susceptible and resistant
bacteria after brief antibiotic exposure, the transcriptomic responses of two susceptible and two
resistant clinical isolates of K. prenmoniae, E. coli, and A. baumannii (see Table 7 below) treated
with either meropenem {(a carbapenem that inhibits cell wall biosynthesis), ciprofloxacin (a
fluoroquinolone that targets DNA gyrase and topoisomerase), or gentamicin (an aminoglycoside that
inhibits protein synthesis) were compared at clinical breakpoint concentrations (CLSIE 2018} over
time {e.g., 0, 10, 30, 60 minutes) using RNA-Seq. To enable these comparisous, a method optimized
and modified from RNAtag-Seq (Shishkin et al. 2015), now termed RNAtag-Seqv2.0, wa
developed to dramatically decrease the cost and increase the throughput of library construction. Fo
each pathogen, each antibiotic elicited a transcriptional response within 30-60 minutes i1
susceptible, but not in resistant, organisms (FIGS, 24-2D).

To identify transcripts that best distinguish susceptible from resistant strains for eacl
pathogen-antibiotic combination, a large number of candidate antibiotic-responsive transcripts fron
these RNA-Seq datasets was inmtially selected for evaluation in more chinical isolates using
NanoString®™. Complicating transcript selection is the fact that antibiotics arrest growth o
susceptible strains, resulting in the rapid divergence of culture density and growth phase of treate
and untreated cultures, factors that alone affect the transcription of hundreds of genes that cai
mistakenly be interpreted as the direct result of antibiotic exposure but may not generalize acros
growth conditions. To enrich for genes specifically perturbed by antibiotic exposure, DESeq2 (Love
Huber, and Anders 2014) was used to identify transcripts whose abundance changed most robusth
upon antibiotic exposure {Table 9), followed by Fisher’s combined probability test to identift
transcripts whose expression changed more upon antibiotic treatment than under any phase o
growth during the timecourse. Gene ontology enrichment analysis on the resulting geoe lists (Tabl
8) revealed that meropenem affected lipopolysaccharide biosynthesis in both Enferobacteriacea
species, and induced a heat shock response in both . coli and Acinetobacter. Ciprofloxacin induce
the SOS response in all three species. Gentamicin induced the unfolded protein response and quinon:
binding in all three species. The top 60-100 responsive genes (see Methods) were selected a
candidates for inclusion in the inittal transcriptional signature (FEG. 3; Table 9). For normalization

of these responsive genes across samples, DESeq2 was also used to select 10-20 transcripts for eacl
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pathogen-antibictic pair that were most invariant to antibiotic treatment and growth phase (“control

transcripts”; see Methods below).

Example 5: A rapid, multiplexed phenotypic assay to classify sensitive and resistant bacteria

For each of the selected genes for each pathogen-antibictic pair, probes for multiplexed
detection were designed using NanoString™, a simple, quantitative fluorescent hybridization
platform that does not require nucleic acid purification (Barczak ef o/, 2012; Geiss ef al. 2008).
Because diversity among clinical strains in gene content or sequence may hinder probe
hybridization, a homology masking algorithm was devised to identify conserved regions of each
target gene {see Methods below), then designed pairs of 50mer probes to the specified conserved
regions of the remaining responsive and control transcripts for each pathogen-antibiotic pair (Tabl
9). Using an assay protocol that was modified from the standard NanoString® nCounter assay &
accelerate detection (see Methods below), these probes were used to quantify their cognat
transcripts in 18-24 diverse clinical isolates of each species collected from various geographi
locations (Fable 7), spanning the breadth of the known phylogenetic landscape of each specie
(Letunic & Bork) (FIGS. 13A-13DB). Because of the homology screening step in probe design, eacl
probe recognizes the target transcript from its cognate species, thereby enabling simultaneou
species identification through mRNA recognition (see, e.g., Barczak ef o/ ). Normalized expression
signatures of all responsive genes are shown as heatmaps (FIG. 3) and summarized as one
dimensional projections (FIGS. 44-4B). For each pathogen-antibiotic pair tested, the transcriptiona
profile of susceptible strains was distinct from that of resistant strains (FIG. 4A), with the magnitud:
of the transcriptional response reflecting the MIC of the exposed isolate (FIG. 4B).

To further test the generalizability of this approach, the above-described steps from RNA
Seq through NanoString® detection of candidate responsive and control genes were repeated for twi
additional species including a Gram-positive pathogen, S. awreus, a common cause of seriou
infections, and F. aeruginosa, another high-priority and frequently multidrug-resistant Gram
negative pathogen, each treated with a fluoroquinolone, levofloxacin {given iis greater potenc
against Gram positives (Hooper er af)} and ciprofloxacin, respectively (FIGS. 14A-14F). Eacl
showed a robust transcriptional response in susceptible clinical isolates, but no response in resistan
isolates, by both RNA-Seq (FIGS. 14A and 14D) and NanoString® (FIGS. 14B and 14E). Th
overall responses of both pathogens to fluoroquinolones involved up-regulation of the SOS response

as expected (Table 8), including canonical DNA damage-responsive transcripts like fexA, recd,
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recX, uvrA, and invrB, which were generally consistent with the genes identified for the other three
Graro negative pathogens. However, the specific genes selected from the RNA-Seq data to best
distinguish susceptible from resistant isolates included features particular to each species, even for
such a stereotypical response pathway. In fact, recd was the only feature selected as a candidate
responsive gene in all five species; lexd and wvrd emerged 1o four of the five, but no other single
transcript was selected in more than three, underscoring the importance of deriving each antibiotic
response signature individually.

Importantly, the expression signatures alone merely show that reliable differences occur in
the transcriptional respouse in susceptible versus resistant organisrus, while AST requires binarv
classification of a strain as susceptible or resistant. To address this general classification problem
machine-learning algorithms were deploved (FIG. 5, phase 1), first to identity the most informativ:
transcripts, and second to use these select transcripts to classify unknown isolates. To avois
overtraining, the tested strains were partitioned into a training (derivation) cohort for both featur:
selection and classifier training, and a testing (validation} cohort as a naive strain set for assessing
classifier performance. ReliefF (Robnik-Sikonja and Kononenko 2003) was used to identify the 1¢
transcripts whose normalized expression best distinguished susceptible from resistant organism
among the training cohort (FIGS. 6, 148, 14E; Table 9). Although fewer than 10 transcripts wen
required to robustly distinguish between the straiuns thus far tested, more genes were kept in th
optimized signature to lessen the potential impact of unanticipated diversity in gene content
sequence, or regulation among clinical isolates.

Next, an ensemble classifier was trained using the random forest algorithm (Liaw & Wiener
to perform binary classification of isolates in the derivation cohort based solely on these selecte
features. Finally, this trained classifier was tested on the validation cohort. Across all 11 bacteria
antibiotic combinations, 109 isolates were used as derivation strains for training, and 108 isolate
were tested as validation. The ensemble classifier correctly classified 100 of these 108 (93%
categorical agreement, 95% confidence interval [CI] 87-96% by Jetfrey’s interval (Brown er al))
including 51 of 52 resistant isolates {1.9% very major error rate, 95% C1 0.21-8.6%) and 35 of 3!
susceptible tsolates (7.9% wmajor error rate, 95% CI 2.3-20%), compared with standard brotl
microdilution (FIGS. 7A, 14C, 14F; Table 10). Of note, both categorical agreement and rates ¢
very major and major errors are typically reported on a natural distribution of isolates. In contrast

as disclosed herein, a “challenge set” of isolates was deliberately assembled, one that wa
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intentionally overrepresented for isolates near the clinical breakpoints, which will tend to artificially
inflate all errors, since discrepant classifications are more common for strains with MICs vear the
breakpoint — both due to possible errors in the assay and to one-dilution errors inherent tn the gold
standard broth microdilution assay (CLSI). Consistent with this, all major and very major errors in
Phase 1 testing involved strains less than or equal to two dilutions away from the breakpoint "+ in
FIG. 3). Two apparent major errors exhibited large inoculum effects (**” in FIG. 6 and FIG. 3,
discussed below) in carbapenemase-producing strains reported as resistant by GoPhAST-R but
susceptible by standard broth microdiluton. These two likely represent isolates that are misclassified
as susceptible by the gold standard method (Aunderson ef of. 2007, Centers for Disease and
Prevention 2009; Nordmann, Cuzon, and Naas 2009, Weisenberg ef o/ 2009) but correctl:
recognized as resistant by GoPhAST-R.

To assess this approach to classification as it would be deployved on unknown isolates, an
to ensure against overtraining on the initial set of isolates, a second, iterative round of training wa
performed on all strains from the initial phase of classification and tested a new set of Kiebsiell
prneumoniae isolates treated with meropenem and ciprofloxacin (FIG. 5, phase 2). The initia
derivation and validation cohorts were combined into a single, larger training cohort, on whicl
feature selection was repeated and retrained for the ensemble classifier. The top 10 features choses
in phase 2 were very similar to those chosen in phase 1 (Table 9), with 78% mean overlap in gen:
content, mean Jaccard similarity coefficient 0.67, and mean Spearman correlation coefficient 0.5¢
across all pathogen-antibiotic combinations. This refined classifier was then applied to predic
susceptibility in a new test set of 25-30 tsolates for each antibiotic (FIG. 8), this time measuriny
only the top 10 selected responsive transcripts, rather than the 60-100 transcripts measured in phas
1. Here, GoPhAST-R correctly classified 52 of 55 strains (95% categorical agreement, 95% CI 86
98%} (FI1G. 7B), including all 25 resistant isolates (0% very major error rate, 95% CI 0-9.5%) an
25 of 27 susceptible isolates (7.4% wajor error rate, 95% CI 1.6-22%), compared with brotl
micredilution. One of the three discrepant isolates 1s only one dilution from the breakpoint (FIG. 8)
and another exhibits a large tnoculum effect (FIG. 8) in a carbapenemase-producing strain that wa

reported as resistant by GoPhAST-R, likely the same phenomenon described above.

Three isolates classified as meropenem-resisiant by GoPhAST-R but susceptible by brotl

microdilution exhibited a large inoculum effect. These three isolates, a K. preumoniae (BAA2524
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and two £ coli (BAA2523 and ARO104), all had MICs of 0.5-1 mg/L on standard broth
microdilution with an inoculum of 10° c¢fu/mL, but MICs of >32 mg/L. with an inoculum of 107
cfu/mL. Each of these strains carried a carbapenemase gene: BAA2523 and BAA2524 contained
blaoxa-az, and ARO104 contained Slaxec.s, as has been reported for other such strains with large
inoculum effects (Adams-Sapper ef /. 2015, Adler ef al. 2015). While the clinical consequences of
such large inoculum effects are uncertain, they may portend clinical failure (Paterson ef af. 2001),
particularly in the setting of carbapenemase production (Weisenberg ef af. 2009); detection of this
phenomenon is a known gap in standard broth microdilution assays {Humphries, R. M.} because
they are performed at the lower inoculum (Smith and Kuby 2018; Wiegand, Hilpert, and Hancock
2008). GoPhAST-R recognized these strains as resistant, perhaps because the assay was performes
at higher cell density (>107 cfu/mL), whereas conventional methods missed these CREs.
Importantly, the ability of the classifier disclosed herein to accurately call a strain susceptibl
or resistant was independent of resistance mechanism, as exemplified for meropenem resistance. Ir
total, 22 of 47 meropenem-resistant isolates, including 7 of 22 K. puesmoniae, 4 of 12 F. coli, an
11 of 13 A baumanmii, lacked carbapenemases (Table 7, Cerqueira eof al 2017
(wwwicde.gov/ARIsolateBank/), yet 46 of these 47 isolates were correctly recoguized as resistan
by GoPhAST-R. These results underscore the ability of GoPhAST-R to assess phenotypic resistance

agnostic to its genotypic basis.

Example 6: Combining genotypic and phenotypic information in a single assay improve
accuracy in carbapenem resistance detection and enables molecular epidemiology

Since GoPhAST-R involves multiplexed, hybridization-based RNA  detection, the
technigues herein can readily accommodate simultaneous profiling of additional transcripts
including gevetic resistance deterroivants such as carbapenemases. GoPhAST-R can thus provids
valuable epidemiological data as well as resolve discrepancies between phenotype-based detectios
and standard broth dilution methods by providing genotypic information. For example, in the thre
cases with discrepant classifications and prominent inoculum effects, each isolate carried .
carbapenemase gene. By incorporating probes to simultaneously detect resistance determinants sucl
as carbapenemase genes, the genotypic component of GoPhAST-R can provide complementar
evidence to reinforce its phenotypic call of resistance. This can be critical for the complex case o
CRE detection (Anderson ef af. 2007, Amold et o/ 2011, Centers for Disease and Prevention 2009

Gupta ef af. 2018; Nordmann, Cuzon, and Naas 2009; Weisenberg ef a/. 2009): even the Americau
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Type Culture Collection, the source of archived strains BAA2523 and BAA2524, recognized this
discrepancy in AST, noting that these carbapenemase-producing isolates were reported as
susceptible upon deposition but tested resistant by other methods (ref: ATCC pdf comments (see
e.g., World Wide Web at (wwwjatcc.org/~/ps/BAA-2523 ashx).

Indeed, the most common known mechanism for carbapenem resistance among the
Enrerobacteriaceae involves the acquisition of one of several known carbapenemase genes (see e.g.,
Woodworth ef al. 2018), most commonly the KPC, NDM, OXA-48, IMP, and VIM families
{(Martinez-Martinez and Gonzalez-Lopez 2014; Nordmann, Dortet, and Poirel 2012}, Thus, probes
were incorporated for these carbapenemases into the GoPhAST-R assay for meropenem AST, as
well as two extended-spectrum beta-lactamase (ESBL ) gene families that have been associated witl
carbapenem resistance when expressed in the context of porin loss-of-function, CTX-M-15 (Canto
et al., Cubero ef al ) and OXA-10 (Ma ef o/ 2018) (Table 9). Of note, conventional PCR-base:
detection of the IMP and VIM gene families has been challenging because of their genetic diversit
(Kaase et al) and the relative intolerance of PCR to point mutations in primer binding sites
especially towards the 3’ end of the primer (Paterson ef af; Klungthong er a/). In contrast
hybridization 1s more tolerant to point mutations and 1s amenable to a multiplexed tormat that allow
the inclusion of multiple probes to recognize different regions of the same target, and thus identift
targets with greater diversity. For instance, the currently disclosed GoPhAST-R includes 4 separat:
probe pairs to increase robustness of IMP detection (Table 9, see section below on Homolog
Masking).

GoPhAST-R detected all 39 carbapenemase genes across 38 strains known to be present b»
WGS, including at least one member of each of the five targeted classes, and all 29 ESBL gene
across 26 strains; no signal was detected in the 25 meropenem-resistant strains not the 38 susceptibl
isolates known to lack these gene families, across all three species (FIGS. 9A-9C; Table 7). Thi
included detection of OXA-48 or KPC in the three cases of discrepant phenotypic AST classification
and prominent inoculum effects. Thus, in a single assay, GoPhAST-R can provide both phenotypt
AST and genotypic information about resistance mechanism.

Example 7: GoPhAST-R can measure antibiotic susceptibility directly from positive bloo«
culture bottles

Previous work had demonstrated that a simulated positive blood culture bottle contain

sufficient bacteria to permit mRNA detection (Hou er a/. 2015). To demonstrate one clinica.
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application, GoPhAST-R was used to rapidly determine ciprofloxacin susceptibility in blood culture
bottles that grew gram-negative rods from the MGH clinical microbiology laboratory. Ciprofloxacin
was chosen because no rapid genotypic method exists for detection of fluoroquinclone resistance
due to the diversity of genetic alterations that can cause fluoroquinolone resistance, and because of
the relative prevalence of fluoroquinolone resistance, making it feasible to acquire both sensitive
and resistant cases. Six clincal £ cofi and two K. preumoniae positive blood cultures were tested
(FIG. 10) and the techniques herein made it possible to clearly distinguish three susceptible from
three resistant £. coli; both K. preumoniae species were susceptible. Given the relative scarcity of
gentamicin and meropenem resistant isolates available for the instant studies, to test assav
performance in this growth format, simulated positive blood cultures were generated by spiking i
susceptible or resistant isolates of K. pmeumoniae and F. coli. GoPhAST-R detected optimize
transcriptional signatures for each pathogen/antibiotic pair directly from these positive blood cultur
bottles (FIG, 114A), and AST prediction using a random forest model and leave-one-out cross
validation (Efron & Gong) (FIG. 11B) correctly classified 71 of 72 blood cultures (99% categorica
agreement with broth microdilution, 95% C1 94-100%;), including 0% very major error rate (31 o
31 resistant isolates classified correctly; 95% CI 0-7.7%) and 2.6% major error rate (37 of 3!

susceptible isolates classified correctly; 95% CE 0.29-11%).

Example 8: A next-generation NanoString" detection platform, Hyb & Seq™, accelerate
GoPhAST-R to <4 hours

GoPhAST-R was deployed on an exemplary next-generation nucleic detection platform
NanoString® Hyb & Seq™ (J. Beechem, AGBT Precision Health 2017), that features accelerate
detection technology, thus enabling AST in <4 hours (F1G. 12A). Relative to the nCounter detection
platform, Hyb & Seq™ (FIG. 12B, left panel) enables accelerated hybridization by utilizing
unlabeled reporter probes that are far smaller and thus equilibrate far faster than the standar
nCounter probes, which are covalently attached to a bulky set of tlucrophores during hybridization
Accelerated optical scanning enables fluorescent barcoding of these smaller reporter probes vi
sequential cycles of binding, detection, and removal of complementary barcoded fluorophores (FIG
128, middle panel; see Methods). On a prototype Hyb & Seq instrument, GoPhAST-R can measun
expression signatures to determine antibiotic susceptibility in <4 hours, as demonstrated with K
preumonice tor both phenotypic meropenem-responsive transcriptional signatures and detection o

carbapenemase and select beta-lactamase genes (FI1G. 12B, right panel). A head-to-head time tria.
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on simulated blood culture bottles demonstrated GoPhAST-R results in <4 hours from the time of
culture positivity, compared with 28-40 hours in the MGH clinical microbiology laboratory by
standard methods, which entatled subeculture followed by AST determination on a VITEK-2.

As discussed herein, fast, accurate antibiotic susceptibility testing is a critical need in the
battle against escalating antibiotic resistance. Advantageously, the ability of the presently disclosed
AST assays to be conducted in hours instead of days can inform decisions on antibiotic
administration closer to real-time, which may both improve wndividual patient outcomes (Kumar e/
af. 2006) and minimize needless use of broad-spectrum antibiotics for susceptible organisms
(Maurer ef af.}). Growth-based assays are fundamentally limited in speed by the doubling time of the
pathogen, and genotypic assays are limited by the inability to comprehensively define the ever
growing diversity and complexity of bacterial antibiotic resistance mechanisms. At least in part by
quantifving a refined set of transcripts whose antibiotic-induced expression reflects susceptibility
GoPhAST-R provides a conceptually distinct approach to rapid phenotypic antibiotic resistanc
detection, agnostic to resistance mechanism and extendable to any antibiotic class, whik
simultanecusly providing select, complementary genotypic information that can both improve th
accuracy of phenotypic classification and provide valuable epidemiologic data for identifying th
emergence and tracking the spread of resistance. Considering the widespread adoption of rapu
pathogen identification by matrix-associated laser desorption and ionization / time-of-fligh
(MALDI-TOF) mass spectrometry in 2 hours from subcultured colonies streaked from blood cultur
bottles (Florio ef af ; Tanner ef af.; Perez ef al ), this comparatively more informative AST assa
directly from blood culture bottles in <4 hours promises to be transformative. Probes have bees
designed herein to target regions conserved across all sequenced members of their parent species
thereby allowing each probeset to encode species identfity in its reactivity profile. Since the
NanoString® platform described herein can multiplex up to 800 probes in a single assay (Geiss ¢
al ), the actual deployed test is expected to combine all 20 probes used for each pathogen-antibioti
pair {(Table 9) into a single multi-species probeset for each antibiotic, thereby providiny
simultancous pathogen identification along with AST. Alternatively, it is expected that species cas
be identified prior to AST on the same NanoString® platform using a more sensitive rRNA-base
assay {Bhattacharyya ef a/ ). The machine learning approach to strain classification developed fo
GoPhAST-R provides actionable information in excellent categorical agreement with the gol

standard broth microdilution assay and should continue to improve in accuracy as it is trained on as
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increasing number of strains. Taken all together, omitting carbapenemase-producing strains with
ambiguous and hkely errant susceptible classification by the gold standard assay, GoPhAST-R
correctly classified 100 of 106 strains {(94%) in phase 1 and 52 of 54 strains (96%) in phase 2, as
well as 71 of 72 (99%) simulated blood cultures, with 8 of the 9 discrepancies occurring on strains
within two dilutions of the clinical breakpoint.

By integrating genotypic and early phenotypic information in a single rapid, highly
multiplexed RNA detection assay, GoPhAST-R offers several advantages over the current gold
standard that are unique among other raptd AST assays under development. First, like other
phenotypic assays, it determines susceptibility agnostic to mechanism of resistance, a clear
advantage over genotypic AST assays. Second, combining genotypic and phenotypic informatios
enhances AST accuracy over conventional growth-based methods. This combined approach notabl:
improves sensitivity of resistance detection in certain cases such as carbapenemase-producing
Enterobacteriaceae that test susceptible by standard methods but may rapidly eveolve resistance upos
treatment (see e.g., Anderson ef af. 2007, Amold er af. 2011, Centers for Disease and Preventios
2009; Gupta, V. ef al. 2018; Nordmann, Cuzon, and Naas 2009; Weisenberg ef /. 2009). Third, th
identification of carbapenem resistance determinants can guide antibiotic choice for some resistan
isolates, as certain novel beta-lactamase inhibitors like avibactam or vaborbactam will overcom:
some classes of carbapenemases (e.g., KPC) but not others (e g., metallo-beta-lactamases such a
the NDM class} (Lomovskava e7 af ; Marshall ef o/ ; van Duin & Bonomo). Solely phenctypic assay
would currently require additional, serial testing to provide this level of guidance Fourth, the abilit;
to track resistance determinants in conjunction with a phenotypic assay enables molecula
epidemiology without requiring additional testing for use in local, regional, national, or globa
tracking. The techniques herein demonstrate this advantage for one major class of high-valu
resistance determinants, the carbapenemases (Woodworth ef af. 2018); this combined approach cas
be extended readily to other critical emerging resistance determunants, such as mor genes, plasmid
borne colistin resistance determinants recently found in the Enferobacteriaceae (Camaux er al. 2017
Liakopoulos ef af. 2016; Liu ef af 2016; Sun ef af. 2018), or even to detect the presence of ke
bacterial toxins such as Shiga toxin (Rasko ef a/. 2011} in seamless conjunction with a phenotypt:
AST assay. Fifth, strains with unknown mechanism of resistance, such as CREs withou
carbapenemases, can be immediately identified from a single assay; such isolates could be flagge:

for further study such as WGS if desired. Sixth, the graded relationship between transcriptiona
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response and MIC (FIGS, 14B and 14E) underscores the biology that underpins the strategy: the
more susceptible the strain, the greater its transcriptional response to antibiotic exposure. This
relationship allows GoPhAST-R to be informed by clinical breakpoint concentrations, thus
leveraging decades of careful study linking 1n vitro strain behavior to clinical outcomes (CLSI). This
relationship also explains why the majority of discrepancies between GoPhAST-R and broth
microdilution occurred on strains with MICs close to the breakpoint. By contrast, the inability to
map to MIC is considered a hiability of genotypic assays, including WGS (Ellington e7 of). Finally,
as a hybridization-based assay, GoPhAST-R will tolerate mutation in its detection targets more
robustly than PCR-based assays (see e.g., Klungthong ef o/, 2010; Paterson, Harrison, and Holmes
2014). This enables GoPhAST-R to more readily detect resistance determinants with markes
sequence variation such as the IMP family of carbapenemases, which 1s challenging to detect b
PCR (Kaase er a/. 2012). The phenotypic portion of the assay is particularly robust to sequenc
variation, both because it incorporates the behavior of multiple targets to provide redundancy, an
because it measures fold-induction of the target gene by antibiotic, so a target gene that has mutates
beyond recognition would not inform AST classification when registered as absent.

The mnstant disclosure has therefore provided an important proof of principle of a nev
approach to AST, for expected application to clinical practice. Genetic diversity within a specie
poses a fundamental challenge to the generalizability of bacterial molecular diagnostics, including
transcription-based assays (Wadsworth ef o). The instant GoPhAST-R technigue addresses thi
crucial challenge in a number of ways. First, for each pathogen-antibiotic pair, GoPhAST-R 1
trained and tested on a geographically and phylogenetically diverse set of strains: strains in the
instant disclosure were obtained from multiple geographic regions that sample across the entin
phvlogeny of each species (F1GS. 13A-13B), notably including the CBC’s Antibiotic Resistang
Isolate Bank collection ({(wwwjcdc.gov/ARIsolateBank/} that is intended as a test set for nev
diagnostic assays. Additionally, by targeting transcripts atfected by antibiotics, which by definitio
affect core bactertal processes required for bacterial survival and whose transeriptional regulation 1
thus generally conserved (Wadsworth ef af.), GoPhAST-R measures responses that are also likel
to be conserved and therefore generalizable. Indeed, the fact that GoPhAST-R performed well o
test strains that were selected randomly relative to training strains, that the sets of genes selectex
through iterative phase 1 and 2 training were relatively similar, and that the same classes of antibioti

elicit responses in similar pathways (Table §) and even homologous genes (Table 9) across differen

79



WO 2020/046801 PCT/US2019/048114

spectes, all point to the ability of GoPhAST-R to account for the genetic diversity within a species.
In addition to accommodating the potential variable transcriptional responses of strains within a
species, by focusing on the most conserved regions of core transcripts by imposing a homology
screen in the probe design process, GoPhAST-R also takes into account variability in genetic
sequence of conserved genes in different strains. The initial sample set described herein attempted
to capture significant diversity; yet larger numbers of strains will likely improve the current
technigues further. By employing a classification process built on machine-learning algorithms that
can be iteratively refined as more strains are tested, GoPhAST-R is able to incorporate new diversity
to asymptotically improve performance. With wider testing, while the specific classifiers will
improve, the general strategy and approach remains valid. Indeed, the capacity to learn througl
iterative retraining is one of the strengths of this approach as it is used more broadly. Likewise
extending this assay to more pathogen and antibiotic pairs will be advantageous for widesprea
clinical utility.

To extend GoPhAST-R in this manner, the entire pathway described herein for signatur
derivation, from RNA-Seq to iterative phases of NanoString® refinement and validation, ar
employed and advanced towards implementation in a clinical setting. Some antibiotics elici
responses in predictable pathways, exemplified by fluoroguinolones up-regulating SOS-respons:
transcripts, however, it 18 expected that applying the instant diagnostic assay to certain nev
pathogen-antibiotic pairs will be performed with additional rigor to meet clinical performanc:
mandates. For instance, when the instant approach was applied herein to 5. aureus and £. aeruginos:
treated with fluoroquinoclones, it was identified that experimental derivation resulted in refine
transcriptional signatures and control genes that were not predictable from prior assays on relate
pathogen-antibiotic pairs, often involving hypothetical or uncharacterized ORFs. This observes
difficulty in predicting the best-performing responsive and control genes by inference from othe
species highlights the significance, at least ideally, of individualizing the expression signature fo
each pathogen-antibiotic pair, a process that is equivalent to the individualization currenth
employed by CLSI to extend traditional AST assays to new pathogen-antibiotic pairs. Fortunately
the experimental and computational approaches described herein allow for very rapid an
conceptually straightforward extension to all pathogen-antibiotic combinations, and it is furthe
noted that advances in RNA-8Seg library construction and sequencing, described herein and

elsewhere (Shishkin ef a/.), make a full derivation cycle for GoPhAST-R routine. Underscoring th
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ready generalizability of this approach, preliminary RINA-Seg data have been generated for 50
additional pathogen-antibiotic pairs, spanning Gram positive, Gram negative, and mycobacteria, that
demonstrate early differential transcriptional responses to antibiotics in all cases tested (data not
shown) While GoPhAST-R cannot completely overcome the challenge of identifying delayed
inducible resistance {though this would be true for any rapid phenotypic test}, it is noted that
GoPhAST-R is expected to accurately identify at least some of these cases through simultaneous
genotypic detection of induced resistance determinaunts, where known.

Following the approach described herein as a blueprint, it is contemplated that GoPhAST-R
can be extended to all other pathogens and antibiotic classes, inchuding those with novel mechanisms
of action and as-yet-unknown or newly emerging mechanisms of resistance. Because GoPhAST-F
is specifically informed by MIC, it leverages decades of prior studies linking 7 vifro behavior ¢
clinical outcomes (CLSI), thereby facilitating its extension to new pathogens or antibiotics. It 1
further contemplated that the instant approach can be expanded to other clinical specimen types
beyond the instant demonstration performed upon cultured blood. Notably, while the application o
a next-generation nucleic acid detection platform that can yield an answer in <4 hours has bees
described herein, a reliable transcriptional signature of susceptibility has actually been described a
present in <1 hour for each of these key antibiotic classes. Thus, as RNA detection methods becom:
faster and more sensitive, the GoPhAST-R approach is contemplated to offer even more rapu
phenotypic AST on timescales that can inform early antibiotic decisions and thus transforn

infectious disease practice.

Example ¥: Materials and Methods
Strain acguisition and characterization

All strains in this study (Table 7) were obtained from chinical or reference microbiologica
laboratories, including both local hospitals and MDRO strain collections from the Centers fo
Disease Control’s Antibictic Resistance Isolate Bank (see eg, World Wide Web a
(www}.cdec.gov/ARIsolateBank/) and the New York State Department of Health. MICs reporte
from those laboratories were validated by standard broth microdilution assays (Wiegand, Hilpert
and Hancock 2008) in Mueller-Hinton broth; any discrepancies of >1 doubling from reported value

were resolved by repeating in triplicate.

RNA-Seq experimental conditions
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For each bacteria-antibiotic pair, selected clinical isolates (Table 7), two susceptible and two
resistant, were grown at 37°C in Mueller-Hinton broth to early logarithmic phase, then treated with
the relevant antibiotic at breakpoint concentrations set by the Clinical Laboratory Standards Institute
(CLSI): 2 mg/L for meropenem, | mg/L for ciprofioxacin, and 4 mg/L for gentamicin. Total RNA
was harvested from paired treated and untreated samples at 0, 10, 30, and 60 minutes. cDNA hibraries
were made using a variant of the previously described RNAtag-Seq protocol (Shishkin ef af. 2015)
and sequenced on either an Hlumina™ HiSeq or NextSeq. Sequencing reads were aligned using

BWA (Li and Durbin 2009) and tabulated as previously described (Shishkin ef af. 2015).

Differential gene expression analysis and selection of respomnsive and control transcripts
Ditferentially expressed genes were determined using the DESeq2 package (Love, Huber
and Anders 2014), comparing treated vs untreated samples at each timepoint. Fisher’s combines
probability test was used to select only those genes whose expression after antibiotic treatment wa
statistically distinguishable from its expression at any timepoint in the untreated samples. Gen
ontology (GO) terms were assigoned using blast2GO (version 1.4.4), with hypergeometric testing fo
enrichment. For each pathogen-antibiotic pair, the fold-change threshold in DESeq2 used to tes
statistical significance was increased to select 60-100 antibiotic-responsive transcripts with maxima
stringency, a number readily accommodated by the NanoString® assay format. Control transcript
were also determined with DESeq?2 using an inverted hypothesis test as described (Love, Huber, an
Anders 2014} to select genes whose expression was expected to be unaffected by antibiotic exposur
or growth in both susceptible and resistant isclates, at all timepoints and treatment conditions. A
with responsive genes, the fold-change threshold was varied in order to select the top 10-20 contro
transcripts. The resulting control and responsive gene lists for each pathogen-antibiotic pair, and the
fold-change thresholds used to generate them, are shown in Table 9. See Supplemental Method

sections below for further details.

Targeted tramscriptional response to antibiotic exposure

After using BLASTn to identify regions of targeted transcripts with maximal conservatio
across all RefSeq genomes from that species (see Supplemental Methods), NanoString® probes wern
designed per manufacturer’s standard process {Geiss et al. 2008) to these conserved regions. Strain
treated with antibiotic at the CLSI breakpoint concentration, and untreated controls, were lysed vi:

bead-beating at the desired timepoint. The resulting crude lysates were used as input for standar
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NanoString® (Seattle, WA) assays, which were performed on the nCounter™ Sprint platform with
variations on the manufacturer’s protocol to enhance speed, detailed in Supplemental Methods. Raw
counts for each target were extracted and processed as described in Supplemental Methods. Briefly,
for each sample, each responsive gene was normalized by control gene expression as a proxy for
cell loading using a variation on the geNorm algorithm (Vandesompele ef al)), then converted to
fold-induction in treated compared with untreated strains. Pilot NanoString® Hyb & Seq"™ assays
(FIGS. 124 and 12B) were performed on a prototype Hyb&Seq instrument at NanoString”™, with
20 minute hybridization time and § imaging cyclies to detect hybridization probes with two-segment

10~plex barcodes. See Supplemental Methods for more details.

Muchine learning: feature selection and susceptibility classification

For each pathogen-antibiotic pair, the normalized data were first partitioned, grouping hal
the strains 1nto a derivation cohort on which the algorithm was trained, reserving the other half fo
validation (FIGS. 14A-14F), ensuring equivalent representation of susceptible and resistant isolate
in each cohort.

In phase 1, implemented for all pathogen-antibiotic pairs, normalized fold-induction data o
responsive genes from strains in the training cohort, along with CLSI susceptibility classification fo
each training strain, were input to the ReliefF algorithm using the CORElearn package (versio
1.52.0) to rank the top 10 responsive transcripts that best distinguished susceptible from resistan
strains. These 10 features were then used to train a random forest classifier using the caret packag
{version 6.0-78) in R (version 3.3.3) on the same training strains. Performance of this classifier wa
then assessed on the testing cohort, to which the classifier had yet to be exposed.

In phase 2, implemented for K. preumonice + meropenem: and ciprofloxacin, all 18-2:
strains from phase 1 were combined into a single, larger training set. For each antibiotic, Relief]
was again used to select the 10 most informative responsive transcripts, which were then used
train a random forest classifier on the same larger training set. Transcriptional data were thes
collected on a test set of 25-30 new strains using a trimmed NanoString® nCounter” Elements™
probeset containing only probes for these 10 selected transcripts, plus 8-13 control probes
Susceptibility of each strain in this test set was predicted using the trained classifier. Se
Supplemental Methods for further detail on machine learning strategy and implementation.

For classification of simulated blood cultures, NanoString® data were collected for the to)

10 transcripts (selected in phase 1) from 12 strains for each pathogen-antibiotic pair, and analyzeu
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using a leave-one-out cross-validation approach (Efron & Gong), training on 11 strains and
classifying the 12" then repeating with each strain omitted once from training and used for

prediction.

Blood culture processing

Bacteria were isolated from real or simulated blood cultures in a clinical microbiology
laboratory, isolated by differential centrifugation, resuspended in Mueller-Hinton broth, and
immediately split for treatment with the indicated antibiotics. Lysis and targeted RNA detection
were performed as above. Specimens were blinded until all data acquisition and analysis was
complete. See Supplemental Methods for more detail. Samples were collected under waiver o~
patient consent due to experimental focus only on the bacterial isolates, not the patients from whicl

they were derived.

Data availability

All RNA-Seq data generated and analyzed during this study, supporting the analyses it
FIGS. 2A-2D, have been deposited as aligned bam files in the NCBI Sequencing Read Archiw
under study 1D PRINASIR730. AH other datasets obtained herein, including raw and processer

NanoString” data, are available upon reasonable request.
Code availability
Custom scripts for transcript selection from RNA-8Seg data are available at the World Wids

Web at (www)github comv/broadinstitute/gene select v3/. Custom scripts for feature selection an

strain  classification from NanoString® data are available at World Wide Web a

{(www igithub com/broadinstitute/DecisionAnalvsis/.

Example 16: Supplemental Methods
RNA extraction for RNA-Seq:

After antibiotic treatment as described in the above Materials and Methods section, cell
were pelleted, resuspended in 0.5 mL Trizol reagent (ThermoFisher Scientific), transferred to 1.
mL screw-cap tubes containing 0.25 mL of 0.1 mm diameter Zirconia/Silica beads (BioSpe:
Products), and lysed mechanically via bead-beating for 3-5 one-minute cycles on a Minibeadbeater
16 (BioSpec) or one 90-second cycle at 10 m/sec on a FastPrep (MP Bio). After addition of 0.1 mi
chloroform, each sample tube was mixed thoroughly by inversion, incubated for 3 minutes at roon

temperature, and centrifuged at 12,000 xg for 15 minutes at 4°C. The aqueocus phase was mixed wiil
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an equal volume of 100% ethanol, transferred to a Direct-zol spin plate (Zymo Research), and RNA

was extracted according the Direct-zol protocol (Zymo Research).

Library construction and RNA-Seq data generation:

flumina ¢cDNA libraries were generated using a modified version of the RNAtag-Seq
protocol {Shishkin et al. 2015), RNAtag-Seq-TS, developed during the course of work for the instant
disclosure, in which adapters are added to the 37 end of ¢cDNAs by template switching (Zhu et al.
2001) rather than by an overnight ligation, markedly decreasing the time, cost, and minimum input
of library construction. Briefly, 250-500 ng of total RNA was fragmented, DNase treated to remove
genomic DNA, dephosphorylated, and ligated to DNA adapters carrying 57-ANs-37 barcodes o~
known sequence with a 5° phosphate and a 3 blocking group. Barcoded RWNAs were pooled an«
depleted of rRNA using the RiboZero rRNA depletion kit (Epicentre). Pools of barcoded RNA
were converted to Humina ¢cDNA libraries in 2 main steps: with template switching, then libran
amplification. RNA was reverse transcribed using a primer designed to the constant region of th
barcoded adaptor with addition of an adapter to the 37 end of the ¢cDNA by template switching using
SMARTScribe (Clontech). Briefly, two primers were added to the reverse transcription reaction {
tacilitate template switching: primer AR2 (Shishkin ef o/ 2015), which primes SMARTScrib:
reverse transcriptase off of the ligated adapter, and primer 3Tr3 (Shishkin er af. 2015), whicl
containg 3 protected G°s at the 37 terminus to complement the C’s added to the 37 end of newl
synthesized ¢cDNA by SMARTScribe and also contains a 5 blocking group to prevent multipl
template-switching events. These primers were pre-incubated with rRNA-depleted, adapter-ligate
RNA (at 8.33 uM of each primer) at 72°C x 3 min, then 42°C x 2 min, then added directly to a maste
mix containing SMARTScribe buffer (1x), DTT (2.5 mM), dNTPs (1mM each; NEB), SUPERase
In RNage inhibitor (1 unit; Invitrogen), and SMARTScribe reverse transcriptase enzyme (fina
primer concentration in reaction mixfure: 5 uM each). This reaction mixture was incubated at 42°¢
% 60 min, then 70°C x 10 min, followed by addition of Exonuclease [ (1 uL) and incubation at 37°¢
x 30 min. After 1.5x SPRI cleanup, the resulting ¢cDNA library was PCR amplified using primer
whose 57 ends target the constant regions of the higated adapter (37 end of original RNA) and th
template-switching oligo (57 end of original RNA) and whose termini contain the full flumina P
or P7 sequences. cDNA libraries were sequenced on the IHumina NextSeq 2500 or HiSeq 200¢

platform to generate paired end reads.
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RNA-Seq data alignment:

Sequencing reads from each sample in a pool were demultiplexed based on their associated
barcode sequence. Barcode sequences were removed from the first read, as were terminal (37s from
the second read that may have been added by SMARTScribe during template switching. The
resulting reads were aligned to reference sequences using BWA (Li and Durbin 2009), and read
counts were assigned to genes and other genomic features as described {Shishkin e7 o/ 2015). For
each pathogen-antibiotic pair, a single reference genome was chosen for analysis of all four chinical
isolates. This reference genome was selected by aligning a subset of RNA-Seq reads from each of
the four 1solates to all RefSeq genomes from that species and identifying the genome to which the
highest percentage of reads aligned on average across all isolates. Since none of the isolates used fo
RNNA-Seq have reference-quality genome assemblies themselves, and since four different isolate
were used, not all genes in each isolate will be represented in the alignment. Yet for this application
any reads omitted due to the absence of a homologue in the reference genome used for alignmen
{(i.e., accessory genes not shared by the reference) were assumed to be unlikely to be generalizabl
enough for diagnostic use. Using these criteria, the following reference genomes were chosen fo
alignment of RNA-Seq data for each of the following pathogen-antibiotic pairs: K. preumoniae -
NC 016845 for meropenem and ciprofloxacin, and NC 012731 for gentamicin, £. coli -
NC 020163 for meropenem, and NC 008563 for ciprofloxacin and gentamicin; 4. baumannii =
NC 021726 for mercpenem, and NC 017847 for ciprofloxacin and gentamicin. Note that fo
display purposes in FIGS. 5, 6, 10, 12A, 12B and 14A-14F, all responsive genes were namex
according to their homologues in the best-annotated reference available (NC 016845 for K
preumoniae, NC 000913 for F. cofi, and NC 017847 for A. baumannii} in order to convey gemn
names that were as meaningful as possible, instead of simply gene identifiers. Read tables wer
generated, quality control metrics examined, and coverage plots from raw sequencing reads in th
context of genome sequences and gene annotations were visualized using GenomeView (Abeel e
af. 2012). Aligned bam files were deposited to the Sequence Read Archive (SRA) under study I
PRINAS518730.

Selecting candidare responsive genes from RNA-Seq data:
The DESeq2 package (Love, Huber, and Anders 2014} was used to identify differentiall:
expressed genes in treated vs untreated samples at each timepoint, in both susceptible and resistan

strains. Analyses from select timepoints are displayed as MA plots in FIGS. ZA-2D. Since no
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statistically significant changes in transcription were observed in resistant strains, responsive gene
selection was only carried out on susceptible 1solates.

it was expected that the resulting list of differentially expressed genes would represent both
genes that respond primarily to antibiotic exposure, and genes that respond to ongoing growth that
upon antibiotic exposure 18 more a secondary effect. As an example of this type secondary effect,
consider a gene whose expression is repressed by increasing cell density, or nutrient depletion from
the medium, as cells grow. In the presence of antibiotic, cells may never reach that cell density;
therefore, this gene would exhibit higher expression in the antibiotic-treated culture (where it 1s not
repressed) than in the untreated culture {where it is repressed). Without any correction, this gen:
would appear indistinguishable from one whose expression is induced by antibiotic, although thi
may be entirely a secondary effect. Such “secondanly” regulated genes were reasoned to be mon
dependent upon precise growth conditions (media type, temperature, cell density, cell state, etc. — u
other words, transcripts upregulated by progression towards stationary phase in minimal media wil
likely look different than that in rich media, etc ), some of which may vary across clinical samples
By contrast, since antibiotics target core cellular processes, it was hypothesized that the “direct’
transcriptional response to antibiotic exposure would be more likely to be conserved across strains
which 1s critical for their success in a diagnostic assay. Therefore, a focus was placed on transcript
whose expression appeared to be a direct result of antibiotic exposure, rather than this indirect resul
of the effects of an antibiotic on the progression of the strain to different culture densities.

To identity such genes, additional differential expression analyses were carried out using
DESeq? to identify genes whose expression varied in untreated samples over the timecourse of the
experiment. Such genes were very common: >10% of the transcriptome was differentially regulates
at some timepoints compared with others in the timecourses of K. prewmoniae and £. cofi (thougl
considerably fewer 1n A. haumannii cultures). Therefore, the additional requirement that am
candidate responsive gene exhibit a greater degree of differential expression in time-matche
antibiotic-treated vs untreated samples at 21 timepoint, than it did in any untreated timepoint — U
other words, that antibiotics induce a degree of induction or repression that exceeds that which wa
achieved at any timepoint in the absence of antibiotics — was imposed. To implement this, Fisher’
combined probability test was imposed to combine p-values from each pairwise comparison

selecting those genes whose differential expression upon antibiotic treatment at a given timepoin
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exceeds their differential expression between any pair of points in the untreated timecourse, with
adjusted p-value <0.05. As an additional filter for gene selection, in order to be sure to target genes
with sufficient abundance to be readily detected in the hybridization assay, only genes in the upper
50% of expression in each condition were considered.

For most pathogen-antibiotic pairs, this analysis resulted in the identification of hundreds of
candidate antibiotic-responsive genes. This process {differential expression analysis + Fisher’s
method) was repeated using progressively higher thresholds for the told-change threshold used in
the statistical test for differential expression, by increasing the lfcThreshold parameter in DESeq2
(for all coraparisons, 1.¢. antibiotic treatment and each pair of untreated timepoints used 1o Fisher's
method) until the resulting list of candidate responsive genes was 60-100 long, the size that wa
intended to target in phase 1 NanoString®™ assays. Table ¥ shows the fold-change thresholds used t
generate the final candidate responsive transcript list for each pathogen-antibiotic pair. This proces
was  executed using  custom  scripts, available at  World Wide Web a

{(www jgithub.com/broadinstitute/gene select v3/.

Selecting candidate control genes from RNA-Seq dota

To quantitatively compare the transcription of key antibiotic-responsive genes, it is importan
to normalize for cell loading, lysis efficiency, and other experimental factors that may systematicall
affect absolute transcript abundance from a given sample. Such invanant transcripts (often referre
10 as “housekeeping” transcripts tn qPCR) are important for scaling candidate responsive genes fo
comparison across samples, e.g. for comparing treated vs untreated samples. Control transcript
were therefore included in the NanoString® assay in order to normalize for these factors. Candidat
control genes were identified by seeking transcripts whose expression did not change in the RNA
Seq timecourses, either upon antibiotic treatment or with over the untreated timecourse. To find sucl
genes, a statistical test was imposed to find transcripts whose expression did not change by morn
than a certain fold-change threshold in any of the treated or untreated samples by re-running DESeq!
using an inverted hypothesis test (altHypothesis = “lessAbs”™), tuning the fcThreshold paramete
until the 10-20 best control genes were identified. Table 9 shows the fold-change thresholds used

generate the final candidate control transcript list for each pathogen-antibiotic pair.

Gene Ontology (GO) ferm envichment.
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For GO enrichment analysis, the same protocol was followed for responsive gene selection
using DESeq?2 and Fisher’s rmoethod (see “Selecting candidate responsive genes from RNA-Seq data”,
above), with two exceptions. First, the lfcThreshold parameter (log2 fold change threshold) was set
to 0, in order to capture all differentially expressed genes. Second, genes of any expression level
were considered, since sensitivity of detection was not a concern. This process produced a list of all
genes that were differentially expressed upon antibiotic exposure to a greater extent than at any
timepoint in the absence of antibiotic, over the full imecourse tested (0, 10, 30, and 60 min). These
differentially expressed genes were named according to the reference genome that best matched the
four strains used for RNA-Seq, as described (see “RNA-Seq analvsis”, above). GO terms were
assigned to annotated genes from each reference genome by blasting the peptide sequences for eacl
ORF from that reference genome against a local database of ~120 well-annotated reference strain
from NCBI using blast2GO (version 1.4.4; Gotz ef of. 2008). GO terms assoctated with the list o
differentially expressed genes was then compared with all GO terms associated with the genome
and hypergeometric testing was deployed to tdentify GO terms that were enriched to a statistically
significant extent among the differentially expressed genes, using the Benjamini-Hochber;
correction for multiple hypothesis testing. A false discovery rate threshold of 0.05 was used

generate the list of enriched GO terms in Table 8.

Homology masking of selected responsive and control franscripts

Within each candidate responsive or control gene, regions of highest homology to target witl
NanoString” probes were identified. For each species, all complete reference genomes from RefSe
as of January 1, 2016 were compiled, and BLASTn was run to identity the closest homologue o
each desired target from each reference genome, and eliminated targets without an annotate:
homologue o at least 80% of genomes. A multi-sequence alignment was then constructed an
queried each sliding 100mer window to keep only those windows with at least one 100mer regios
of >97% nucleotide identity across all reference genomes; all sequences failing to meet thi
homology threshold were “masked”, i.e., removed from consideration as targets for probe design. 1
no such region was found, the homology threshold was relaxed to >95% identity, then to >92%
identity; if no region with at least 92% 1dentity was found, the transcript was deemed too vanable &
reliably target and thus eliminated from consideration entirely. The window size of 100 nuclectide
was chosen because NanoString® detection involves targeting with two ~50mer probes that bing

consecutive regions (Geiss ef a/. 2008). The resulting homology-masked sequences, retaining only
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those regions of intended target transcripts with sufficient homology, were then provided to

NanoString® for their standard probe design algorithms (Geiss ef @/, 2008).

Design of NanoString® probes for carbapenemase and extended-spectrum betalactamase gene
Sfomilies:

All gene sequences representing each targeted aontibiotic resistance gene family
{(carbapenemases: KPC, NDM, OXA-48, IMP, VIM; ESBLs: CTX-M-15, OXA-10) were collected
trom representatives reported in three databases of antibiotic resistance genes: Resfinder (Zankari ef
al. 2012}, ArDB (Liu and Pop 2009}, and the Lahey Clinic catalog of beta-lactamases on the World
Wide Web at (www)lahey org/Studies. Additional representatives of each fanuly were identified br
homology search {(BLASTp, E-value < 10-10, >80% simtlarity) against the conceptual translatio
of genes identified in the genomes of isolates collected as part a multi-institute analysis o
carbapeneru-resistant Enterobacteriaceae specimens {(Cerqueira ef al. 2017). All other genes in the
pan-genome of that cohort that did not meet the homology search criterion for inclusion as one ¢
the targeted families were consolidated in an outgroup sequence database, which was used to screes
for cross-reactivity. This outgroup contains many other non-targeted beta-lactamases, as well as the
complete genomes of hundreds of Enterobacteriaceae isolates {Cerqueira er ¢f. 2017). For eacl
targeted antibiotic resistance gene family, target regions for NanoString® probe design wer
identified as described above (see above section entitled Homology masking of selected responsivi
and control transcripts) by identifying regions with >95% sequence homology across 15¢
nucleotides in >90% of homologues within that family. In order to minimize risk of cross-reactivity
with undesired targets, these conserved regions of the desired targets were then compared b
BLASTR to the outgroup database, and any regions with E-value < 10 were discarded. For the IMi
gene family, no region of sufficient conservation could be identified due to sequence diversity withu
the family, consistent with reports that it is difficult to uniformly target by PCR (Kaase ef /. 2012}
Four different regions were identified that together were predicted to cover all IMP homologs fron
these databases, 1.e., where each IMP homolog contained a stretch of sufficient homology to one ¢
more of the four regions. These regions were submitted to NanoString® for probe design by thei
standard algorithms (Geiss ef /. 2008), including four separate probe pairs for IMP (Table 9). Signa
trom each of these four IMP probes was combined to yield a single combined total IMP signal (se:

section entitied “NanoString” data processing, normalization, and visualization” below).
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Lysate preparation for NanoString™ transcriptional profiling assays:

Each strain to be tested was grown at 37°C in Mueller-Hinton broth to mid-logarithmic phase,
and split into a treated sample, to which antibiotic was added at the CLS51 breakpoint concentration,
and an untreated control. Both samples were grown for the specified time (30-60 min), then a 100
ul. aliquot of culture was added to 100 ul of RLT buffer ((Jiagen) plus 1% beta-mercaptoethancl
and mechanically lysed using either the MiniBeadBeater-16 (BioSpec) or the FastPrep (MP
Biomedicals). This crude lysate was either used directly for hybridization, or frozen immediately
and stored at -80°C, then thawed on ice prior to use.

NanoString®

nCounter® assays:

All Phase 1 and Phase 2 NanoString® experiments (see FIG. 5) were performed on
NanoString® nCounter® Sprint instrument, with hybridization conditions as per manufacturer’
recommendations, including a 10% final volume of crude lysate as input. Phase 1 experiments use
probesets made with XT barcoded probe pools and were hybridized for 2 hours at 65°C, while Phas
2 experiments used probesets made with nCounter®™ Elements™ probe pools plus cognate barcode
TagSets (ret? ) and were hybridized for 1 hour at 67°C, rather than the 16-24 hour hybridizations a
recommended by the manufacturer’s protocol. Including 30-60 min for antibiotic exposure and thes:
hybridizations, plus a 6 hour run for 12 samples, the total run time was under 8 hours for phase 2
Technical replicates for five strains run on separate days resulted in Pearson correlations of 0.95
0.99 for normalized data, consistent with expectations for this assay platform {Geiss ef af. 2008)

indicating that the shorter hybridization time did not atfect reproducibility.

Phvlogenefic analysis of strains included in this study:

The Genome Tree report was downloaded for each species from the National Center fo
Biotechnology Information (NCBIL ncbinlm nih gov) in Newick file format and uploaded to the
Interactive Tree of Life (iITOL; itol embl de; Letunic ef af. 2019) for visualization and annotation
Strains from the instant disclosure that were available on NCBI were identified using strain name o
other identifying metadata from the NCBI Tree View file, cross-referencing the NCBI ftp serve

(ftp.ncbi.nlm nih. gov/pathogen/Results/) as needed to confirm strain identity.

Rapid transcriptional profiling with pilot NanoString™ Hvb & Seq™ assay platform
For the rapid pilot GoPhAST-R experiment on a prototype Hyb & Seq™ instrument a

NanoString® (FIGS. 12A and 12B), pairs of capture probes (Probe A and Probe B) were constructe
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tor all targets of interest such that each pair could uniquely bind to one target transcript. For Hyb &
Seq™ chemistry (FIG. 12A), each Probe A contained a unique target binding region, a universal
purification sequence, and an affinity tag for surface immobilization. Each Probe B contained
another unique target binding region, a barcoded sequence for downstream signal detection, and a
common purification sequence that was different from that of Probes A. For multiplexed RNA
profiling, crude lysates were mixed with all capture and reporter probes in a single hybridization
reaction and incubated on a thermocycler with heated lid at 65°C for 20 min. This hybridization
reaction enables formation of unique trimeric complexes between target mRNA, Probe A, and Probe
B for each target.

Three sequential steps of post-hybridization purification were then performed to ensur
minimal background signal. Brietly, the hybridization product was first purified over magnetic bead
coupled to oligonucleotides complementary to the universal sequence contained on every Probe B
The hybridization product was first incubated with the beads in 5x SSPE/60% formamide/0.1%
Tween20 at room temperature for 10min in order to bind all target complexes containing Probes B
along with the free (un-hybridized) Probes B, onto the beads. Bead complexes were then washes
with 0.1x SSPE/(.1% Tween20 to remove unbound oligos and complexes without Probes B. The
washed beads were then incubated in 0.1x SSPE/0.1% Tween20 at 45°C for 10 nun to elute the
bound hybridized complexes off the beads. This second purification was carried out pe
manmutacturer's instructions using Agencourt AMPure XP beads (Beckman Coulter} at a2 1.&:
volume ratio of beads to sample, in order to remove oligos shorter than 100 nt. This size-selectiv:
purification recovers the bigger hvbridization complexes while removing smaller free capture Probe
A and B. Eluates from these AMPure beads were purified over a third kind of magnetic bead
coupled to oligonucieotides complementary to the common purification sequence contained o1
every Probe A, similar to the first bead purification, then eluted at 45°C. These triple-purifie
sarnples were driven through a microfluidic flow cell on a readout cartridge by hydrostatic pressur
within 20 min. The flow cell was enclosed by a streptavidin-coated glass slide that can specificall
bind to the affinity tag (biotin) of each Probe B, allowing the immobilization of purified complexe
on the glass surface.

The cartridge with samples loaded was mounted on a Hyb & Seq™ prototype instrumen
equipped with an LED light source, an automated stage, and a fluorescent microscope. The barcode:

region of each Probe A consisted of two short nucleic acid segments, each of which can bind to on
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of ten available fluorescent bi-colored DNA reporter complexes as dictated by complementarity to
the exact segment sequences. To detect each complex captured on the glass surface (FIG. 12B),
photocleavabie fluorescent color-coded reporters were grouped by their target segment location and
introduced into the flow cell one pool at a time. Following each reporter pool introduction, the flow
cell was washed with non-fluorescent imaging buffer to remove unbound reporter complexes and
scanned by the automated Hyb & Seq prototype. Each field of view (FOV) was scanned at different
excitation wavelengths (480, 545, 580 and 622 nm) to generate tour images (one for each
wavelength) and then exposed to UV (375nm) briefly to remove the fluorophore on surface-bound
reporter probes by breaking a photocleavable linker. The flow cell was then subjected to a second
round of probing with a new reporter pool targeting the second segment location on each Probe A
Thus, two rounds of probing, washing, imaging and cleavage completed one Hyb & Seq barcod:
readout cycle (FIG. 12B). In order to improve signal-to-noise ratio, 5 such cycles were completes
for each assay. Between each cycle, the flow cell was incubated with low salt bufter (0.0033:
SSPHE/0. 1% Tween20) to remove all bound reporter complexes without disrupting the ternar
complex between Probe A, target mRNA, and Probe B

A custorn algorithm was implemented to process the raw 1mages for each FOV on a FOV
by-FOV basis. This algorithm can identify fluorescent spots and register images between eacl
wavelengths and readout cycles. A valid feature is defined as a spot showing positive fluorescenc
readout for all barcoded segment locations in the same spatial position of each image after imag
registration. The molecular identity of each valid feature 1s determined by the permutation of colo
codes for individual rounds of barcode segment readout. In this implementation, the maximal degre
of available multiplexing for a single assay using 10-plex reporter pools was 10? = 100 kinds fo
two-segment barcodes, but up to four-segment barcodes are available, permitting up to 10* = 10,00(
distinct barcodes. This algorithm provides tabulated results for the total raw count of each reporte
barcode of interest wdentified in a single assay. These raw counts are used as input for subsequen
data processing, visualization, and further analysis.

NanoString®

data processing, normalization, and visualization:

For each sarmple, read counts from each targeted transcript were extracted using nSolve
Analysis Software (v4.070, NanoString®, Seattle WA). Raw read counts underwent the followin
processing steps, all executed 1n R (version 3.3.3), utilizing the packages dplyr (version 0.7 4), xis:

{version 0.5.7), gplots {version 3.0.1}, and DescTools (version 0.99.23}:
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1. Data aggregation: all data for a given pathogen-antibiotic pair, for a given
phase of analysis {eg phase 1 or phase 2), was read in to a single data object so that all
subsequent data processing steps were done together.

2. Positive control correction: per manutacturer’s protocol, ERCC spike-ins
were included in every hybridization at known concentrations, spanning the range of
expected target RNA concentrations. For each sample, the geometric mean of counts from
positive control probes targeting these ERCC spike-ins was calculated. This geometric mean
was used to scale each remaining probe in the sample, in order to standardize across lanes
for any systematic variation,

3. Negative control subtraction: per mamufacturer’s protocol, for each sample
the mean of negative control probes targeting ERCC spike-ins not present in th
hybridization reaction were subtracted from the raw read counts for each target.

4. Failed probe removal: any control probe with fewer than 10 reads, or an
responsive control with negative reads, after negative control subtraction in any sample wa
removed from all samples for a given pathogen-antibiotic pair, in order to omit transcript
whose content, sequence, or expression was too variable across strains,

5. Selection of optimal control probes: among the set of candidate contro
probes, across all strains in 4 given phase of analysis, the subset of these control probes tha
performed most consistently across samples was selected using a variation on the geNorn
algorithm (Vandesompele er af. 2002). The principle behind this algorithm is that the per
cell expression of ideal control probes will not vary under any experimental conditions, an
therefore, the ratio between expression levels of a set of ideal control probes will be constan
(reflecting only the difference in cell number in each sample). Accordingly, the coefficien
of variation of each control probe with the geometric mean of all control probes wa
calculated. In the ideal case, this coefficient of vanation will be zero. The candidate contro
probe with the highest coefficient of variation is removed, and the process is repeated witl
the remaining countrol probes until the highest coefficient of variation 1s less than a threshold
set to vield an acceptable number of non-operonic control transeripts, typically 4-8. For thes:
experiments, this threshold was adjusted from 0.2 to 0.3 depending on the bacteria-antibioti
pair. Thresholds chosen, and the optimal control probes used at this threshold, are noted 1t

Table 9.
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6. Control transcript normalization: the geometric mean of the optimal control
probes was calculated for each sample and used to normalize all rernaining read counts from
that sample, 1.e. for candidate responsive transcripts, and for carbapenemase or ESBL genes
(if applicable), by dividing these corrected read counts by this geometric mean for each
sample.

7. Calculation of fold-induction of normalized responsive transcripts by
antibiotic: for each candidate responsive transcript, normalized counts from each antibiotic-
treated strain were divided by normalized counts from untreated samples of the same strain.
These fold-inductions of normalized expression for each candidate responsive transcript
were used as input into machine learning algorithms, both relief¥ for feature selection ant
the caret package for random forest classification.

8. Log-transformation of fold-induction data for responsive transcripts: fo
visualization, the natural logarithm of fold-inductions of normalized expression for eacl
candidate responsive transcript was calculated and displayed using the heatmap.2 functios
of the gplots R package (version 3.0.1). For each set of strains, In(fold induction) for eacl
transcript was clustered using the default hclust function, and strains were ordered by MIC.

9. Combination of IMP probes: because of the variability of gene sequences i1
the IMP family, four separate IMP probes were designed, one or more of which was expecte
to recognize all sequenced members of this gene family. Following control gen
normalization, signal from the four separate probes was added together to give a single 1M
SCOTe,

10.  Background subtraction for carbapenemase/ESBL gene detection: For eacl
species, the subset of tested strains was identified for which whole-genome-sequencing
(WS data was available and none of the target beta-lactamase genes was found. From thi
subset, the arithmetic roean plus two standard deviations of the normalized signal from eacl
probe (step 6) was calculated, and this mean + two standard deviations was subtracted fron
the vormalized signal from each probe across all tested saroples. All carbapenemase
identified by WGS were detected above background, though the two 4. banmannii 1solate
expressing blanoy were only detected at very low levels. Background-subtracted data wer

fog-transformed for visualization (any probe with a negative value after background
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subtraction was set to 0.1 normalized counts for all standard nCounter experiments, or {0

0.25 normalized counts for Hyb & Seq experiments, prior to log-transformation).

One-dimensional projection of transcriptional data via squared projected distance (SFD) metric:
Normalized, log-transformed fold-induction data from the ~60-100 responsive were
collapsed into a one-dimensional projection referred to as a squared projected distance (SPD),
essentially as described (Barczak ef af. 2012}, Conceptually, the transcriptional response of a test
strain is placed on a vector in N-dimensional transcriptional space (where N = number of responsive
genes, here ~60-100 per probeset) between the average position (i.e. centroid in transcriptional
space} of a dertvation set of susceptible strains (defined as SPD = 0} and the average position of
derivation set of resistant strains {defined as SPD = 1). All vector math was performed exactly a
described (Barczak er /. 2012) and implemented in R (version 3.3). For each pathogen-antibioti:
pair, the same strains used for RNA-Seq were also used as the derivation set of two susceptible and
two resistant strains, in order to ensure that the resulting projections of the remaining strains wer
not self-determined. In other words, only the strains used to select the transcripts to be used in th
NanoString” experiments (based on RNA-Seq) were used to set the average position of susceptibl
or resistant isolates; any tendency of other isolates to cluster at a similar SPD as these derivation
straings, either susceptible or resistant, is thus due to a similarity in their transcriptional profiles
These derivation strains are labeled in Table 7 as “deriv_§” and “deriv R” for susceptible amn
resistant strains, respectively. SPD data are plotted by CLSI elass (FIG. 4A) and by MIC (FIG. 4B)
showing a proportional relationship between MIC and this summative metric of transcriptiona

response to antibiotic exposure upon treatment at the breakpoint concentration (vertical dashed line)

Approach to strain classification based on NanoSiring®™ data:

In order to select the most distinguishing features and to classify isolates as susceptible o
resistant, machine learning algorithms were utilized and implemented 1o two phases (FIG. 5).

In phase 1, NanoString™ X T probesets were designed targeting dozens (60-100) of antibiotic
responsive transcripts (Table 9) selected from RNA-Seq data as described and used to quantit
target gene expression from 18-24 isolates of varying susceptibility, both treated and untreated witl
the antibiotic in question, from which normalized fold-induction data for each responsive gen
candidate was determined as described above. These isolates are partitioned into 50% training strain

and 50% testing strains, randomly but informed by MIC: isolates are sorted in order of MIC an«
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then alternately assigned to training and testing sets in order to ensure a balanced mix of isolates in
each cohort across the tull range of MICs represented by the strains in question. The only exceptions
to random strain assignments {0 training vs testing sets in Phase 1 were: (1) intermediate isolates
were not used for training, but were assigned to the validation cohort {(and were grouped with
resistant isolates for accuracy reporting, i.e., “not susceptible”), and {2) the two F. cofi isolates with
large meropenem inoculum effects were noted prior to randomization and deliberately assigned to
the validation cohort, given the physiological basis for their discrepant transcriptional response from
that of a conventional susceptible strain. From the training (derivation) cohort, the top 10 features
were first selected using reliefF (see details below, “Feamre selection from NanoString® data”)
then a random forest model was trained on this derivation cohort using the caret package, thes

implemented on the testing (validation) cohort, using only data from these top 10 selected feature

{see details below, “Random forest classification of strains from NanoString® data”). Accuracy o

GoPhAST-R in this phase was assessed by comparing predictions of the random forest model fo

the strains in the testing cohort, which it had never previously seen, with known susceptibility dat:

tor these strains (FIG. 7A; Table 16).

In phase 2, the training and testing cohorts from phase 1 were first combined into a single
larger training set, and selection of the top 10 responsive features were repeated using the samy
algorithms (reliefF). These represent the best-informed prediction of the 10 respounsive probes tha
most robustly discriminate between susceptible and resistant isolates, and are highlighted in Tabl
% for each pathogen-antibiotic combination {column F = either “Phase 27 or “Top feature™). A nev
NanoString® nCounter®™ Elements™ probeset was then designed for each pathogen-antibiotic pais
targeting only these 10 transcripts as well as ~10 control probes that performed best in phase 1 (i.¢
had the fowest coefficients of variation compared with the geometric mean of all control probes
using the variation on the geNorm algorithm described above; also indicated in Table 9, column F}
For K. ppeumoniae + meropenem and ciprofloxacin, an additional 25-30 strains were tested using
these focused phase 2 probesets, again quantifying target gene expression and normalized fold
induction of these responsive genes with and without antibiotic exposure. These data were supplie
to the random forest classifier trained on all data from phase 1, and the resulting classifications o
phase 2 strains were compared with known susceptibility data for these strains (FIG. 7B; Table 10)

Of note, phase 2 deploys GoPhAST-R in exactly the way it was envisioned being deployed on tru
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unknown samples: each of the phase 2 strains was an unknown, considered independently and not
used at any point to train the model, only to assess its performance one strain at a time.

Every strain tested was an independent clinical isolate, with two minor exceptions. First, in
the case of 4. baumannii + ciprofloxacin, there were not sufficient numbers of independent
ciprofloxacin-susceptible 4. bawmannii isolates to train and test a classifier (ounly five out of 22 4.
baumanmii isolates). For this bacteria-antibiotic pair, biological replicates of the two susceptible
strains used for RNA-Seq, RB197 (three replicates) and RB201 {two replicates) were run. These
biclogical replicates were grown from separate colonies in separate cultures, each split into treated
and untreated samples. All three RB197 replicates ended up randomized to the phase 1 training set
while both RB201 replicates were randomized to the phase 1 testing set. Since there was not training
on one biological replicate and testing on another, the reported categorical agreement should not b
confounded by excessive similarity between replicates. One additional linkage between isolates wa
that one A. baumannii 1solate, RB197, exiubited two distinct colony morphotypes upon streaking
onto LB plates: a dominant, larger morphotype, and a less abundant, smaller morphotype. The
smaller morphotype was renamed RB197s and tested in both the meropenem and ciprofloxacis
datasets, randomized to the testing (validation) cohort in both cases.

3

Feature selection from NanoString™ data:

For feature selection in both phase 1 and phase 2, the reliefF algorithm (Robnik-Sikonja an
Kononenko 2003} was employed using the COREleam package (version 1.52.0) in R (version 3.33
to generate a list of features ranked in order of importance in distinguishing susceptible fron
resistant strains within the training set. The woput to the reliefF algorithm was normalized fold
induction data from all responsive probes, and the CLSI classification, for each training isolate. (Fo
this analysis, CLSI classification was simplified into two classes by grouping intermediate strain
with resistant strains, in keeping with common clinical practice to avoid an antibiotic for which as
isolate tests intermediate )

The process by which reliefF generates its ranking has been well-described elsewher
{Robnik-Sikonja and Kononenko 2003). The specific estimator algorithm (IEst parameter
“ReliefFexpRank”, which considers the k nearest hits and misses, was chosen with the weight o
each hit and miss exponentially decreasing with decreasing rank. This was iterated five times (ltime
parameter = 5), with a separate 80% partition of the training data for each iteration, then average

feature weight across each of these five iterations to generate the final ranked list. The output fron.
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this reliefF algorithm is a ranked list of features that best distinguish susceptible from resistant
tsolates; from this list, and the top 10 features (featureCount parameter = 10) were kept. The same
parameter values were chosen for feature selection for both phase 1 (1.e., on the half of the phase 1
data assigned to the training set) and phase 2 (i.e., using all of the phase 1 data, for use in designing

new probesets for de nove data acquisition in phase 2)..

Random forest classification of strains from NanoString® data:

To build a random forest classifier, the caret {classitication and regression fraining) package
(version 6.0-78) in R {version 3.3.3) was employed to classify strains in the testing cohort. Input
data for this algorithm are normalized fold-inductions of the top 10 responsive genes selected by
reliefF for both training and testing strains, and CLSI classifications for each training strain (agai
with intermediate and resistant isolates grouped together). This random forest model 15 a commot
example of an ensemble classifier (Liaw ef /. 2001) that embeds feature selection and weighting 11
building its models, which should mitigate risk for overtraining from including additional feature
from reliefF, since features not required for accurate classification need not be considered. It enact
S-fold cross-validation on the training set, t.e. 80% sampling of the testing data, run 5 times,
optimize parameters including “mtry”, “minnodesize”, and “splitrule”, to build 500 tree
{parameter “ntree” set to 500) based on prediction of the omitted training strains. After thes
hyperparameters are optimized through this cross-validation, an additional 500 trees are built using
all of the training data and used to classify strains from the test set, one strain at a time. The resulting
output is this classifier model that generates predictions for the classification of each test strain
reported as “probability of resistance” {probR) based on what fraction of trees ended up classitying
the strain as resistant. (For instance, a strain with probR of 0.2 was classitied as susceptible in 104
trees and as resistant in 400.) For quantitative assessment of accuracy, the prediction of the mos
likely class as the ultimate classification (1.e., if probR > 0.5, the classifier is predicting resistant; 1
probR < 0.5, the classifier is predicting susceptible) was used. One might ultimately choose to se
this threshold somewhere other than 0.5: since the cost of misclassifying a resistant isolate a
susceptible {a “very major error” in the parlance of the FDA) is greater than the cost o
misclassifying a susceptible isolate as resistant, one might wish to label an isolate resistant if it
probR is, say, 0.3. However, for simplicity, and to avoid overtraining on the relatively limite
number of samples in this manuscript, the default threshold of 0.5 was chosen, accepting the

classifier’s prediction as to which state is more likely.
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Reproducibility of GoPhAST-R classification:

Phase 2 probesets for meropenem susceptibility were combined with probes for
carbapenemase and ESBL gene detection (Table 9). For K. preumoniae + meropenem, in addition
to testing all phase 2 strains simultaneously for phenotypic AST and genotypic resistance
determinants, 23 of 24 phase 1 strains were retested using the phase 2 probeset in order to capture
their carbapenemase and ESBL gene content. This provides a set of effective technical replicates for
assessing the robustness of the classifier, since all phase 2 genes are included as a subset of the phase
1 probeset, but all data were regenerated in a new NanoString®™ experiment using the phase 2
probeset with added genotypic probes.

All 23 retested strains (11 susceptible, 12 resistant) were classified correctly based upon dat:
trom the phase 2 probeset; of these 23 strains, 12 (6 susceptible, 6 resistant) were phase 1 traimng
straings (that were therefore not previously classified in phase 1), and 11 (5 susceptible, 6 resistant
were phase 1 testing straing that were classified the same way based upon data from the phase !
probeset as they had been in phase 1 testing. The probability of resistance (probR) parameters fo
these 23 replicates from phase 1 {Table 18) versus those from “re-classification” using data fron
the phase 2 probeset were highly correlated (Pearson correlation coefficient = 0.95). Note tha
because these same strains were used in training the random forest classifier, the results of re
classification of these retested strains are not included in the accuracy statistics reported elsewher
in this manuscript. The 100% concordance observed for re-classification of these 23 strains is thu

not a reflection of GoPhAST-R’s accuracy, but does speak to its reproducibility.

Blood culture processing:

Under Partners IRB 2015P002215, 1 mL aliquots from blood cultures in the MGH clinica
microbiology laboratory whose Gram stain demonstrated gram-negative rods were removed fo
processing. For simulated blood cultures, conststent with clinical microbiology laboratory protoco
(Clark ef al. 2009), blood culture bottles were inoculated with individual isolates of each pathoger
suspended in fetal bovine serum at <10 cfu/mL to simulate clinical samples and incubated in a B
BacTec FX mnstrument (BD Diagnostics; Sparks, MD) in the clinical microbiology laboratory a
Massachusetts General Hospital, or on a rotating incubator at 37°C 1n the research laboratory at th
Broad Institute. Once the BacTec instrument signaled positive {after 8 5-11.75 hours of growth), o
after an equivalent time to reach the same culture density in the research laboratory {confirmed b

enumeration of colony-forming units), 1 mL aliquots were removed for processing. Bacteria werc
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isolated by differential centrifugation: 100 xg x 10 min to pellet RBCs, followed by 16,000 xgx 5
min to pellet bacteria. The resulting pellet was resuspended in 100 ul. of Mueller-Hinton broth and
immediately split into 5 x 20 ul aliquots for treatment with the indicated antibiotics (three
antibiotics, plus two untreated samples, one for harvesting at 30 min to pair with the ciprofloxacin-
treated aliquot and one at 60 min to pair with both meropenem- and gentamicin-treated aliquots).
After the appropriate treatment time, 80 uL of RLT butter + 1%6 beta-mercaptoethanol was added to
20 uL of treated bacterial sample, and lysis via bead-beating followed by NanoString® detection
were carried out as above (see “Lysate preparation for NanoSwring® transcriptional profiling
assays” section). For real blood cultures, lysates were stored at -80 °C until organisms wera
identified in the laboratory by conventional means; only samples containing £ cofi or K
preumoniae were run on NanoString®. GoPhAST-R results were compared with standard MI(
testing in the MGH clinical microbiology laboratory, which were also run on simulated cultures
Specimens were blinded until all data acquisition and analysis was complete. For head-to-head tim:
trial compared with gold standard AST testing in the MGH clinical microbiclogy laborator
(subculture + VITEK-2), blood culture processing steps were timed in the research laboraton
{(Boston, MA, USA), then frozen and shipped to NanoString™for transcript quantification on th
prototype Hyb & Seq™ platform at NanoString® (Seattle, WA, USA). A timer was restarted whes
lysates were thawed, and the total time at each site was combined to estimate the complete assar

duration.

Blood culture AST classification:

Simulated blood cultures were classified using the same random forest approach as cultures
strains, using the top 10 features selected during Phase 1 for each pathogen-antibiotic pair. This wa
implemented using leave-one-out cross-validation (Efron ef ol 1983) rather than an eves
partitioning into training and testing because (1) feature selection was already complete, aliowiny
multiple rounds of classifier training without requiring one unified model, and (2} given this, leave
one-out cross-validation (i.e., tteratively omit each strain once from training, test on the omiite

strain, repeat with each strain omitted) allowed for training on the maximum number of strains.
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One skilled in the art would readily appreciate that the present disclosure is well adapted to
carry out the objects and obtain the ends and advantages mentioned, as well as those inherent therein.
The methods and compositions described herein as presently representative of preferred
embodiments are exemplary and are not intended as limitations on the scope of the disclosure.
Changes therein and other uses will occur to those skilled in the art, which are encompassed within
the spirit of the disclosure, are defined by the scope of the claims.

In addition, where features or aspects of the disclosure are described n terms of Markush
groups or other grouping of alternatives, those skilled in the art will recognize that the disclosure is
also thereby described in terms of any individual member or subgroup of members of the Markush
group or other group.

The use of the terms “a” and “an” and “the” and similar referents in the context of describing
the disclosure (especially in the context of the following claims) are to be construed to cover both
the singular and the plural, unless otherwise indicated herein or clearly contradicted by context. The
terms “comprising,” “having,” “including,” and “containing” are to be construed as open-ended
terms {(i.e., meaning “including, but not limited t0,”") unless otherwise noted. Recitation of ranges of
values herein are merely intended to serve as a shorthand method of refernng individually to each
separate value falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein.

All methods described herein can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as”} provided herein, is intended merely to better lluminate the
disclosure and does not pose a limitation on the scope of the disclosure unless otherwise claimed.
No language in the specification should be construed as indicating any noo-claimed element as
essential to the practice of the disclosure.

Embodiments of this disclosure are described herein, including the best mode known to the
inventors for carrving out the disclosed disclosure. Variations of those embodiments may become
apparent to those of ordinary skill in the art upon reading the foregoing description.

The disclosure tllustratively described herein suitably can be practiced in the absence of any
clement or elements, limitation or limitations that are not specifically disclosed herein. Thus, for
example, in each instance herein any of the terms “comprising”, “consisting essentially of”, and

“consisting of” may be replaced with either of the other two terms. The terms and expressions which
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have been employed are used as terms of description and not of limitation, and there is no intention
that in the use of such terms and expressions of excluding any equivalents of the features shown and
described or portions thereof, but it ts recognized that various modifications are possible within the
scope of the disclosure claimed. Thus, it should be understood that although the present disclosure
provides preferred embodiments, optional features, modification and variation of the concepts herein
disclosed may be resorted to by those skilled in the art, and that such modifications and variations
are considered to be within the scope of this disclosure as defined by the description and the
appended claims.

It will be readily apparent to one skilled in the art that varying substitutions and roodifications
can be made to the disclosure disclosed herein without departing from the scope and spirit of the
disclosure. Thus, such additional embodiments are within the scope of the present disclosure and the
following claims. The inventors expect skilled artisans to employ such variations as appropriate, and
the inventors intend for the disclosure to be practiced otherwise than as specifically described herein.
Accordingly, this disclosure includes all modifications and equivalents of the subject matter recited
in the claims appended hereto as permitted by applicable law. Moreover, any combination of the
above-described elements tn all possible variations thereof is encompassed by the disclosure unless
otherwise indicated herein or otherwise clearly contradicted by context. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many equivalents to
the specific embodiments of the disclosure described herein. Such equivalents are intended to be

encompassed by the following claims.
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What is claimed is:
1. A method, comprising:

obtaining a sample including one or more bacterial cells, wherein the sample is obtained
from a patient or an environmental source;

processing the sample to enrich the one or more bacterial cells;

contacting the sample with one or more antibiotic compounds;

lysing the sample to release messenger ribonucleic acid (mRNA) from the one or more
bacterial cells;

hybridizing the released mRNA to at least one set of two nucleic acid probes, wherein each
nucleic acid probe includes a unique barcode or tag;

detecting the hybridized nucleic acid probes;

identifying one or more genetic resistance determinants; and

determining the identity of the one or more bacterial cells and the antibiotic susceptibility of

each of the identified one or more bacterial cells.

2. The method of claim 1, wherein the at least one set of two nucleic acid probes includes one

or more probes from Table 3 and one or more probes from Table 4.

~

3. The method of claim 1, wherein the at least one set of two nucleic acid probes includes one

or more probes from Table 8 and one or more probes from Table 6.

4, The method of claim 1, wherein the at least one set of two nucleic acid probes includes a first
probe comprising a sequence selected from the group consisting of SEQ 1D N(Os: 1877-2762 and a
second probe comprising a sequence selected from the group consisting of SEQ 1D NOs: 2763-3648,
optionally wherein the first probe comprises a sequence of SED 1D NGO: (1877+n) and the second
probe comprises a sequence of SEQ ID NO: (2763-+n), wherein n = an integer ranging from 0 to

835, optionally wherein one or both probes further comprises a tag sequence.

5. The method of claim 1, wherein the at least one set of two nucleic acid probes binds to one

or more Cre2 target sequences listed in Table 1.

6. The method of claim 1, wherein the at least one set of two nucleic acid probes binds to one

or more KpMero4 target sequences listed in Tabile 2.
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7. The method of claim 1, wherein the hybridizing occurs at a temperature between about 64°C

and about 69°C.

8. The method of claim 1, wherein the hybridizing occurs at a temperature between about 65°C
and about 67°C.

9. The method of claim 1, wherein the hybridizing occurs at about 65°C or about 66°C or about
67°C.

10. A composition comprising a set of nucleic acid probes corresponding to the probes listed in

Table 3 and Table 4.

i1 A composition comprising a set of nucleic acid probes corresponding to the probes histed in

Table 5 and Table 6.

12, A composition comprising a set of nucleic acid probes that includes a first probe comprising
a sequence selected from the group consisting of SEQ ID NOs: 1877-2762 and a second probe
comprising a sequence selected from the group consisting of SEQ 1D NOs: 2763-3648, optionally
wherein the first probe comprises a sequence of SED ID NOG: (1877+n) and the second probe
coraprises a sequence of SEQ ID NO: (2763+n), wherein n = an nteger ranging from 0 to 885,

optionally wherein one or both of the first and second probes further comprises a tag sequence.

13 A method of treating a patient, comprising:

obtaining a sample including one or more bacterial cells, wherein the sample 1s obtained
from a patient or an environmental source;

processing the sample to enrich the one or more bacterial cells;

contacting the sample with one or more antibiotic compounds;

lysing the sample to release messenger ribonucleic acid (mRNA) from the one or more
bacterial cells;

hybridizing the released mRNA to at least one set of two nucleic acid probes, wherein each
nucleic acid probe includes a unique barcode or tag;

detecting the hybridized nucleic acid probes;

identifying one or more genetic resistance determinants;
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determining the identity of the one or more bacterial cells and the antibictic susceptibility of
each of the identified one or more bacterial cells; and
administering to the patient an appropriate antibiotic based on the determination of the

identity and the antibiotic susceptibility of the one or more bacterial cells.

14, The method of claim 1 or 13, wherein processing includes subjecting the sample to

centrifugation or differential centrifugation.

15. The method of claim 1 or 13, wherein the one or more antibiotic compounds are at a clinical

breakpoint concentration.

16. The method of claim 1 or 13, wherein lysing occurs by a method selected from the group
consisting of mechanical lysis, iquid homogenization lysis, sounication, freeze-thaw lysis, and

manual grinding.

17. The method of claim 1 or 13, wherein the at least one set of two nucleic acid probes includes
one control set and one responsive set, 3-5 control sets and 3-5 responsive sets, or §-10 control sets

and 8-10 responsive sets.

18 The mwethod of claim 13, wherein the hybridizing occurs at a temperature between about

64°C and about 69°C.

19. The method of claim 13, wherein the hybridizing occurs at a temperature between about

65°C and about 67°C.

20. The method of claim 13, wherein the hybridizing occurs at about 65°C or about 66°C or

about 67°C.

21 A kit, comprising a set of nucletc acid probes corresponding to the probes listed in Table 3

and Table 4.

22. A kit, comprising a set of nucleic acid probes corresponding to the probes listed in Table S

and Table 6.
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23. A kit, comprising a set of nucleic acid probes that includes a first probe comprising a
sequence selected from the group counsisting of SEQ 1D NOs: 1877-2762 and a second probe
comprising a sequence selected from the group counsisting of SEQ 1D NOs: 2763-3648, optionally
wherein the first probe comprises a sequence of SED ID NO: (1877+n) and the second probe
comprises a sequence of SEQ ID NO: (2763+u0), wherein n = an integer ranging from 0 to 885,

optionally wherein one or both of the first and second probes further comprises a tag sequence.
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ed) combined with one or more other such documents, such combination

special reason {as speci r ; ther s
being obvious to a person skilled in the art

“O” documentreferring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than  “&” document member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
17 December 2019 (17.12.2019) 0 9 _] AN 2020

Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Shane Thomas

P.0O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300 Telephone No. PCT Helpdesk: 571-272-4300
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17 December 2017]. Retrieved from the internet:
<https://www.ncbi.nim.nih.gov/nucleotide/KR007677.1?report=genbank&log
$=nuclalign&blast_rank=19&RID=2J5BK3RD016>; pp 1-10

sequence: GENBANK ACCESSION KR007677.1; Publication [online]. 08 June 2015 [retrieved
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Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A Kiebsiella pneumoniae strain KpMDU1 cpsC capsular synthesis gene cluster, complete 5
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos..

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-***_please See Supplemental Page-***-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. % No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

1, 2 (in-part), 5 (in-part), 7-9, 10 (in-part), 13-20, and 21 (in-part); SEQ ID NO: 35 (CRE2 probe target); SEQ ID NO: 70 (CRE2
probe A sequence); SEQ ID NO: 87 (CRE2 probe B sequence)

Remark on Protest I____] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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-***-Continued from Box No. |ll Observations where unity of invention is lacking: -***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I+, Claims 1-23, SEQ ID NO: 35 (CRE2 probe target), SEQ ID NO: 70 (CRE2 probe A sequence), and SEQ ID NO: 87 (CRE2
probe B sequence) are directed toward compositions, methods, and kits for rapid phenotypic detection of antibiotic
resistance/susceptibility.

The compositions, methods, and kits will be searched to the extent that they encompass SEQ ID NO: 35 (first exemplary CRE2 probe
target); SEQ ID NO: 70 (first exemplary CRE2 probe A sequence) and SEQ ID NO: 87 (first exemplary CRE2 probe B sequence).
Applicant is invited to elect additional probe target(s) and/or sequence(s), with specified SEQ ID NO: for each, or with specified
substitution(s) at specified site(s) of a SEQ ID NO:, such that the sequence of each elected species is fully specified (i.e. no optional or
variable bases or substituents), and available as an option within at least one searchable claim, to be searched. Additional probe target(s)
and/or sequence(s) will be searched upon the payment of additional fees. It is believed that claims 1, 2 (in-part), 5 (in-part), 7-9, 10
(in-part), 13-20, and 21 (in-part) encompass this first named invention and thus these claims will be searched without fee to the extent
that they encompass SEQ ID NO: 35 (CRE2 probe target), SEQ ID NO: 70 (CRE2 probe A sequence), and SEQ ID NO: 87 (CRE2 probe
B sequence). Applicants must specify the claims that encompass any additionally elected probe target(s) and/or sequence(s). Applicants
must further indicate, if applicable, the claims which encompass the first named invention, if different than what was indicated above for
this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s) will result in only the first
claimed invention to be searched/examined. An exemplary election would be SEQ ID NO: 36 (CRE2 probe target); SEQ ID NO: 71
(CRE2 probe A sequence); SEQ ID NO: 88 (CRE2 probe B sequence).

No technical features are shared between the probe targets and/or sequences of Groups |+ and, accordingly, these groups lack unity a
priori.

Additionally, even if Groups |+ were considered to share the technical features including: a method, comprising: obtaining a sample
including one or more bacterial cells, wherein the sample is obtained from a patient or an environmental source; processing the sample to
enrich the one or more bacterial cells; contacting the sample with one or more antibiotic compounds; lysing the sample to release
messenger ribonucleic acid (mMRNA) from the one or more bacterial cells; hybridizing the released mRNA to at least one set of two nucleic
acid probes, wherein each nucleic acid probe includes a unique barcode or tag; detecting the hybridized nucleic acid probes; identifying
one or more genetic resistance determinants; and determining the identity of the one or more bacterial cells and the antibiotic
susceptibility of each of the identified one or more bacterial cells; a composition comprising a set of nucleic acid probes; a composition
comprising a set of nucleic acid probes that includes a first probe comprising a sequence and a second probe comprising a sequence; a
method of treating a patient, comprising: obtaining a sample including one or more bacterial cells, wherein the sample is obtained from a
patient or an environmental source; processing the sample to enrich the one or more bacterial cells; contacting the sample with one or
more antibiotic compounds; lysing the sample to release messenger ribonucleic acid (mRNA) from the one or more bacterial cells;
hybridizing the released mRNA to at least one set of two nucleic acid probes, wherein each nucleic acid probe includes a unique barcode
or tag; detecting the hybridized nucleic acid probes; identifying one or more genetic resistance determinants; determining the identity of
the one or more bacterial cells and the antibiotic susceptibility of each of the identified one or more bacterial cells; and administering to
the patient an appropriate antibiotic based on the determination of the identity and the antibiotic susceptibility of the one or more bacterial
cells; a kit, comprising a set of nucleic acid probes; a kit, comprising a set of nucleic acid probes that includes a first probe comprising a
sequence and a second probe comprising a sequence; these shared technical features are previously disclosed by US 9,885,088 B2 to
Hung, et al. (hereinafter 'Hung’).

-***_Continued on Next Supplemental Page-***-
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-***-Continued from Previous Supplemental Page-***-:

Hung discloses a method (abstract), comprising: obtaining a sample including one or more bacterial cells (comprising: obtaining a sample
including one or more bacterial cells; column 4, lines 52-53; claim 1), wherein the sample is obtained from a patient (column 4, lines 6-14)
or an environmental source; processing the sample to enrich the one or more bacterial cells (centrifuging the sample (processing the
sample to enrich the one or more bacterial cells); column 18, lines 35-36; column 25, lines 64-66); contacting the sample with one or
more antibiotic compounds (contacting the sample with one or more antibiotic compounds; claim 1); lysing the sample to release
messenger ribonucleic acid (mMRNA) from the one or more bacterial cells (lysing the sample to release messenger ribonucleic acid
(mRNA) from the one or more bacterial cells; column 4, lines 20-21; claim 1); hybridizing the released mRNA to at least one set of two
nucleic acid probes (hybridizing the released mRNA to at least one set of two nucleic acid probes; figure 1A; column 2, lines 54-62;
column 6, lines 25-37; claim 1), wherein each nucleic acid probe includes a unique barcode (column 6, lines 57-58) or tag; detecting the
hybridized nucleic acid probes (complexes are imaged and counted (detecting the hybridized nucleic acid probes), figure 2; column 6,
lines 60-61); identifying one or more genetic resistance determinants (figure 2; column 6, lines 61-64); and determining the identity of the
one or more bacterial cells and the antibiotic susceptibility of each of the identified one or more bacterial cells (determining the identity of
the one or more bacterial cells and the antibiotic susceptibility of each of the identified one or more bacterial cells; abstract; column 2,
lines 38-45; column 28, lines 10-13); a composition comprising a set of nucleic acid probes (column 2, lines 52-61); a composition
comprising a set of nucleic acid probes that includes a first probe comprising a sequence and a second probe comprising a sequence (a
composition comprising a set of nucleic acid probes that includes a first probe comprising a sequence and a second probe comprising a
sequence; column 2, lines 52-61); a method of treating a patient (optimizing treatment based on detection of mRNA; column 2, lines
38-41), comprising: obtaining a sample including one or more bacterial cells (comprising: obtaining a sample including one or more
bacterial cells; column 4, lines 52-53; claim 1), wherein the sample is obtained from a patient (column 4, lines 6-14) or an environmental
source; processing the sample to enrich the one or more bacterial cells {centrifuging the sample (processing the sample to enrich the one
or more bacterial cells); column 18, lines 35-36; column 25, lines 64-66); contacting the sample with one or more antibiotic compounds
(contacting the sample with one or more antibiotic compounds; claim 1); lysing the sample to release messenger ribonucleic acid (mRNA)
from the one or more bacterial cells (lysing the sample to release messenger ribonucleic acid (mRNA) from the one or more bacterial
cells; column 4, lines 20-21; claim 1); hybridizing the released mRNA to at least one set of two nucleic acid probes (hybridizing the
refeased mRNA to at least one set of two nucleic acid probes; figure 1A; column 2, lines 54-62; column 8, lines 25-37; claim 1), wherein
each nucleic acid probe includes a unique barcode (column 6, lines 57-58) or tag; detecting the hybridized nucleic acid probes
(complexes are imaged and counted (detecting the hybridized nucleic acid probes); figure 2; column 6, lines 60-61); identifying one or
more genetic resistance determinants (figure 2; column 6, lines 61-64); determining the identity of the one or more bacterial cells and the
antibiotic susceptibility of each of the identified one or more bacterial cells (determining the identity of the one or more bacterial cells and
the antibiotic susceptibility of each of the identified one or more bacterial cells; abstract; column 2, lines 38-45; column 28, lines 10-13);
and administering to the patient an appropriate antibiotic based on the determination of the identity and the antibiotic susceptibility of the
one or more bacterial cells (administering to the patient an appropriate antibiotic based on the determination of the identity and the
antibiotic susceptibility of the one or more bacterial cells; column 4, lines 35-38); a kit (column 186, lines 1-13), comprising a set of nucleic
acid probes (column 16, lines 1-13); a kit (column 16, lines 1-13), comprising a set of nucleic acid probes that includes a first probe
comprising a sequence and a second probe comprising a sequence (column 2, lines 54-62; column 16, lines 1-13).

Since none of the special technical features of the Groups |+ inventions is found in more than one of the inventions, and since all of the
shared technical features are previously disclosed by the Hung, unity of invention is lacking.
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