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SINGLE POINT AMPLICON FRAGMENT SEQUENCING AND METHODS FOR
DIAGNOSING AND MONITORING DISEASE

CROSS REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 63/515,480
filed July 25, 2023, and U.S. Provisional Application No. 63/549,246 filed February 2, 2024, each

of which is incorporated herein by reference in its entirety.

INCORPORATION BY REFERENCE
[0002] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or
patent application was specifically and individually indicated to be incorporated by reference. To
the extent publications and patents or patent applications incorporated by reference contradict the
disclosure contained in the specification, the specification is intended to supersede and/or take

precedence over any such contradictory material.

TECHNICAL FIELD
[0003] The presently disclosed subject matter relates to a high-throughput, high-resolution

and low-cost method for early detection and monitoring of disease including cancer and IBD.

BACKGROUND

[0004] Liquid biopsy based on circulating cell-free DNA (cfDNA) provides a new prospect
for the diagnosis, monitoring and risk assessment of a range of diseases. cfDNA molecules
circulating in peripheral blood originate from dying human cells as well as from viruses, parasites,
and colonizing or invasive microbes that release their nucleic acids into the blood as they die and
break down (Jahr et al, 2001). Human-derived cfDNA has evolved into an indispensable biomarker
in clinical practice for rapid and noninvasive diagnosis in prenatal screening, organ transplantation,
and oncology (Decker and Sholl, 2020; Liang et al, 2019; Sun et al, 2019; Wu et al, 2020).

[0005] Although early studies did not focus on cfDNA of microbial origin (hereinafter
referred to as mcfDNA), the development of circulating mcfDNA-based tests for infectious
diseases has recently been gaining traction in clinical practice. An increasing number of studies
have demonstrated that mcfDNA detection offers the potential to reliably identify a wide variety of
infections, such as invasive fungal infection, tuberculosis, sepsis, cystic fibrosis (Rassoulian Barrett

et al, 2020) and chorioamnionitis (Witt et al, 2020; for review see Han et al, 2020).
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[0006] In addition to their role in infectious diseases, several studies have shown the
presence of distinct cultivable bacteria in a range of cancers, including lung (Jin et al, 2019),
prostate (Gorelick et al, 1988; Cohen et al, 2005), pancreas (Geller et al, 2017; Riquelme et al,
2019), and colon cancers (Bullman et al, 2019; Castellarin et al, 2012). It was only recently
suggested that cancer types outside of the aerodigestive tract, such as breast (Urbaniak et al, 2016)
or brain cancer (Venkataramani et al. 2019; Zeng et al, 2019), may also harbor microbiota with
distinctive compositions (for review, see Sepich-Poore et al, 2021), including fungi (Narunsky-
Haziza et al, 2022). Both Nejman et al. (2020) and Poore et al. (2020) suggested the existence of
distinct intratumoral microbiomes among >30 cancer types; these microbiomes also vary in
composition at different developmental stages of the tumor, thus providing biomarkers for disease
progression and prognosis for patient outcomes. As for other bacteria that are colonizing or
infecting the body, the tumor associated bacteria will release distinct mcfDNA in the blood stream,
and this let Poore et al (2020) propose the analysis of mcfDNA from the peripheral blood as a tool
to gain valuable information regarding the progression of various types of cancers.

[0007] For inflammatory bowel disease (IBD), existing stool and peripheral blood
inflammatory biomarkers are not informative to monitor patient disease status, medication
performance and treatment outcomes as they fail to address a growing body of evidence that
increased intestinal permeability and gut microbiome dysbiosis are correlated to disease
progression, symptom severity, and patient outcomes. Currently, the lactulose - mannitol test is the
most common and only direct test of a leaky gut. However, this test doesn’t provide insights in
imbalanced gut microbiome bacteria and a dysfunctional gut epithelial barrier. For example,
leakage of microbial material from the gut into the bloodstream can result in an overactive immune
response that underlies multiple inflammatory conditions besides IBD, including rtheumatoid
arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing spondylitis and plaque psoriasis,
and even inflammatory neurological diseases such as Alzheimer’s disease. Therefore, there is an
urgent need for new ways of testing to assess the level of microbial material in the bloodstream as a
surrogate biomarker in IBD and other inflammatory diseases.

[0008] Conventional amplicon-based sequencing approaches are routinely used to determine
microbial community composition in a wide range of biological samples. The most used approach is
amplicon sequencing of the 16S rRNA gene based on its variable regions, such as the V1-V2 and
V3-V4 regions (Gupta et al, 2019). Shahir et al (2020) applied 16S rRNA gene sequencing to identify
region-specific composition and aerotolerance profiles of mucosally adherent bacteria in biopsy
samples taken from the colon and ileum of Crohn’s disease and non-IBD patients. As an alternative

to 16S TRNA gene sequencing, single copy proteins encoding housekeeping genes including the
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genes for the DNA gyrase subunit B (gyrB) (Poirier et al, 2018), RNA polymerase subunit B (rpoB)
(Vos at al, 2012; Ogier et al, 2019), the heat shock protein 60 (hsp60), the superoxide dismutase A
(sodA), the TU elongation factor (fuf) (Ghebremedhin et al, 2008) and the 60 kDa chaperonin protein
(cpn60) (Links et al, 2012) have been proposed as phylogenetic marker genes.

[0009] Liquid biopsy samples, especially peripheral blood, represent unique challenges for
the analysis of microbial signatures. The majority of mcfDNA fragments in blood were found to be
approximately 40 - 100 bp in size (Burnham et al, 2016), as was confirmed by Rassoulian Barrett et
al (2020). Due to the small size of mcfDNA fragments conventional amplicon-based sequencing
approaches that target DNA fragments of several hundred nucleotides (>400) are not suitable for
determining the composition of colonizing or invasive microorganisms using mcfDNA from liquid
biopsy samples. For example, the V1-V2 and the V3-V4 regions of the 16S rRNA gene have an
average length of 437 and 443 nucleotides, respectively. Furthermore, the concentrations of plasma
cfDNA in healthy individuals varies greatly, generally within the range of 0-100 ng per milliliter of
plasma, sometimes exceeding 1500 ng per milliliter. Human ¢fDNA accounts for the vast majority
(>90% or even >99%), while mcfDNA accounts for only a small fraction with 0.08%-4.85% from
bacteria, 0.00%-0.01% from fungi, and 0.00%-0.16% from viruses/phages. However, it should be
noted that elevated levels of mcfDNA can sometimes be observed in certain pathological
conditions, including infection, sepsis, trauma, and autoimmune diseases (Han et al, 2020). Because
the analysis of mcfDNA requires deep next generation sequencing (NGS) of plasma cfDNA to
overcome the limitations of small mcfDNA fragment size and low concentration, this approach is
unsuitable for the testing of large patient cohorts or routine health screening.

[0010] For example, although a lot of progress has been made in reducing the cost and
increasing the throughput of NGS sequencing, it remains very expensive to analyze mcfDNA on a
routine basis for community health screening and disease prognosis / diagnostics, as is routinely
performed for many other health related parameters (blood cell panels, metabolic panels, etc.) or
non-invasive early detection of diseases in at risk populations, such as the screening for colorectal
cancer. Thus, there remains an unmet need for improved methods to accurately determine in a high
throughput and cost-efficient way the presence of colonizing and invasive microbes that contribute
to mcfDNA present in peripheral blood as part of clinical diagnostics, disease monitoring and
community health screening. The presently disclosed subject matter provides such an improved
method for high resolution, high-throughput, and low-cost detection of microorganisms as part of

disease diagnosing and monitoring.

SUMMARY
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[0011] In a first aspect of the invention, a method is provided of amplifying microbial cell
free DNA (mcfDNA), comprising: (a) providing a degenerate primer comprising complementarity
to a conserved region, wherein the conserved region spans at least 18 nucleotides of a microbial
phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the conserved region comprises a hypervariable region, and wherein the degenerate primer is
oriented to prime polymerase extension of the hypervariable region; (b) providing an additional
primer complementary to a repaired version of an adaptor ligated to ends of the mcfDNA; (c)
performing, on a sample comprising the mcfDNA, an enrichment polymerase chain reaction (E-
PCR) using the degenerate primer and the additional primer, thereby generating enriched mcfDNA
fragments; and (d) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments
using (i) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides
relative to the degenerate primer, and (i1) the additional primer, thereby generating enriched
amplified mcfDNA fragments.

[0012] In asecond aspect of the invention, a method is provided of amplifying microbial
cell free DNA (mcfDNA), comprising: (a) performing an enrichment polymerase chain reaction (E-
PCR) on a sample comprising the microbial cell-free DNA (mcfDNA), wherein enriched mcfDNA
fragments are generated using: (i) a degenerate primer comprising complementarity to a conserved
region, wherein the conserved region spans at least 18 nucleotides of a microbial phylogenetic
marker gene, and wherein the degenerate primer comprises an affinity purification group, and (ii)
an additional primer complementary to an end of the mcfDNA, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprises a hypervariable
region, wherein the degenerate primer is oriented to prime polymerase extension of the
hypervariable region; and (b) performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using: (i) a modified degenerate primer comprising a 3’-end extension of at least three
nucleotides relative to the degenerate primer, and (ii) the additional primer, thereby generating
enriched amplified mcfDNA fragments.

[0013] In a third aspect of the invention, a method is provided of diagnosing or monitoring
a disease or disorder, comprising: (a) providing a degenerate primer comprising complementarity to
a conserved region, wherein the conserved region spans at least 18 nucleotides of a microbial
phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the conserved region comprises a hypervariable region, and wherein the degenerate primer is
oriented to prime polymerase extension of the hypervariable region; (b) providing an additional
primer complementary to a repaired version of an adaptor ligated to ends of the mcfDNA; (c)

performing, on a sample comprising the mcfDNA, an enrichment polymerase chain reaction (E-
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PCR) using the degenerate primer and the additional primer, thereby generating enriched mcfDNA
fragments; (d) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments
using (i) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides
relative to the degenerate primer; and (i1) the additional primer, thereby generating enriched
amplified mcfDNA fragments; (e) sequencing or obtaining sequences of the enriched amplified
mcfDNA fragments; (f) assigning one of more of the mcfDNA sequences as belonging to a
particular microbial species, or as comprising a microbial DNA signature, based on the closest
sequence match of the hypervariable region to a reference microbial database; and (g) optionally,
calculating a microbial community composition for the sample, based on a relative abundance of
the mcfDNA sequences assigned to each microbial species, wherein one or a combination of: the
microbial DNA signature; the microbial community composition; or (i) a presence, (ii) an absence,
or (iii) a relative abundance of one or a combination of the microbial species, associated with a
disease or disorder, indicates that the subject has the disease or disorder.

[0014] In a fourth aspect of the invention, a method is provided of diagnosing or monitoring
a disease or disorder, comprising: (a) performing, on a sample comprising microbial cell-free DNA
(mcfDNA), a polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, and (i) an additional primer complementary to a repaired
version of an adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent nucleotides
upstream or downstream of an end of the conserved region comprises a hypervariable region, and
the degenerate primer is oriented to prime polymerase extension of the hypervariable region,
thereby generating amplified mcfDNA fragments; (b) sequencing the amplified mcfDNA fragments
or obtaining the sequences of the amplified mcfDNA fragments; (c¢) assigning one or more of the
mcfDNA sequences as comprising a microbial DNA signature or as belonging to a particular
microbial species, based on the closest sequence match of the hypervariable region to a reference
microbial database; and (d) optionally, calculating a microbial community composition for the
sample, based on the relative abundance of the mcfDNA fragment sequences assigned to each
microbial species, wherein one or a combination of: the microbial DNA signature; the microbial
community composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of one or a
combination of the microbial species, associated with a disease or disorder, indicates that the

subject has the disease or disorder.

[0015] In a fifth aspect of the invention, a set of degenerate oligonucleotides is provided
comprising a mixture of oligonucleotides having a V:-W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-
1.2:1.5-3, wherein V is the sequence 5° to 3> CGRTTDCCNARRTGRTCRATRTCATC, wherein
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W is the sequence 5° to 3> CGRTTDCCNARRTGRTCRATATCATC, wherein X is the sequence
5”10 3> CGRTTDCCNARGTGRTCRATRTCATC, wherein Y is the sequence 5° to 3’
CGRTTDCCNARGTGRTCRATATCATC, and wherein Z is the sequence 5 to 3’
CGGTTRCCNARGTGGTCGATRTCGTC, wherein A = adenine, G = guanidine, C = cytosine, T
= thymine, R = purine (A or G), D =not C (A, T or G), and N = any nucleotide (A, G, C or T), and

wherein D and N can be replaced with inosine.

[0016] In a sixth aspect of the invention, a set of degenerate oligonucleotides is provided
comprising a mixture of oligonucleotides having a V:-W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-
1.2:1.5-3, wherein V is the sequence 5° to 3> GCRCGRTTDCCNARRTGRTCRATRTC, wherein
W is the sequence 5° to 3> GCRCGRTTDCCNARRTGRTCRATATC, wherein X is the sequence
5”10 3> GCRCGRTTDCCNARGTGRTCRATRTC, wherein Y is the sequence 5 to 3’
GCRCGRTTDCCNARGTGRTCRATATC, and wherein Z is the sequence 5° to 3’
GCRCGGTTRCCNARGTGGTCGATRTC, wherein A = adenine, G = guanidine, C = cytosine, T
= thymine, R = purine (A or G), D =not C (A, T or G), and N = any nucleotide (A, G, C or T),
wherein D and N can be replaced with inosine, and wherein the oligonucleotides optionally

comprise an affinity purification group at a 5° terminus.

[0017] In a seventh aspect of the invention, a kit is provided for amplifying microbial cell
free DNA (mcfDNA), comprising: (a) an adaptor for ligating to ends of mcfDNA; (b) a degenerate
primer comprising complementarity to a conserved region, wherein the degenerate primer
comprises an affinity purification group, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region comprises a hypervariable region on the
phylogenetic marker gene, and the degenerate primer is oriented to prime polymerase extension of
the hypervariable region; (¢) an additional primer complementary to a repaired version of the
adaptor; (d) a modified degenerate primer comprising a 3’-end extension of at least three
nucleotides relative to the degenerate primer; and (e) instructions for performing: (i) an enrichment
polymerase chain reaction (E-PCR) on the mcfDNA having the adaptor-ligated ends with the
degenerate primer and the additional primer to generate enriched amplified mcfDNA fragments, (ii)
an affinity purification of the enriched mcfDNA fragments, and (iii) an amplification PCR (A-PCR)
on the enriched mcfDNA fragments using the modified degenerate primer and the additional primer

to generate enriched amplified mcfDNA fragments.

[0018] In an eighth aspect of the invention, a method is provided of diagnosing or

monitoring a disease or disorder, comprising: (a) providing mcfDNA sequences, wherein the

-6 -



WO 2025/024111 PCT/US2024/036971

mcfDNA sequences are derived from a sample, wherein the mcfDNA sequences comprise
sequence corresponding to (i) a conserved region spanning at least 18 nucleotides of a microbial
phylogenetic marker gene and (ii) a hypervariable region at least 25 adjacent nucleotides upstream
or downstream of an end of the conserved region; (b) assigning one or more of the mcfDNA
sequences as comprising a microbial DNA signature or as belonging to a particular microbial
species based on the closest sequence match of the hypervariable region to a reference microbial
database; and (c) optionally, calculating a microbial community composition for the sample, based
on a relative abundance of the mcfDNA sequences assigned to each microbial species, wherein one
or a combination of: the microbial DNA signature; the microbial community composition; or (i) a
presence, (ii) an absence, or (iii) a relative abundance of one or a combination of the microbial

species, associated with a disease or disorder, indicates that the subject has the disease or disorder.

[0019] In a ninth aspect of the invention, a method is provided of diagnosing or monitoring
a disease or disorder, comprising: (a) sequencing amplified mcfDNA fragments derived from a
sample, wherein the amplified mcfDNA fragments comprise sequence corresponding to (i) a
conserved region spanning at least 18 nucleotides of a microbial phylogenetic marker gene and (i1)
a hypervariable region at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region; (b) assigning one or more of the mcfDNA sequences as comprising a microbial
DNA signature or as belonging to a particular microbial species based on the closest sequence
match of the hypervariable region to a reference microbial database; and (c) optionally, calculating
a microbial community composition for the sample, based on a relative abundance of the mcfDNA
sequences assigned to each microbial species, wherein one or a combination of: the microbial DNA
signature; the microbial community composition; or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species, associated with a disease or disorder,

indicates that the subject has the disease or disorder.

[0020] In a tenth aspect of the invention, a method is provided of diagnosing or monitoring
a disease or disorder, comprising: (a) performing, on a sample comprising microbial cell-free DNA
(mcfDNA), a polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, and (i) an additional primer complementary to a repaired
version of an adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent nucleotides
upstream or downstream of an end of the conserved region comprises a hypervariable region, and
the degenerate primer is oriented to prime polymerase extension of the hypervariable region,

thereby generating amplified mcfDNA fragments; and (b) sequencing the amplified mcfDNA
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fragments or obtaining the sequences of the amplified mcfDNA fragments, wherein the closer the
sequence match between the mcfDNA sequences and the nucleic acid sequences in a reference

sample for a disease or disorder the more likely the sample is to have the disease or disorder.

[0021] In an eleventh aspect of the invention, a method is provided of detecting infection or
inflammation, comprising: (a) performing, on a sample comprising mcfDNA from a subject, an
enrichment polymerase chain reaction (E-PCR) using a degenerate primer and an additional primer,
thereby generating enriched mcfDNA fragments, wherein: (i) the degenerate primer comprises
complementarity to a conserved region, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region comprises a hypervariable region, and wherein the
degenerate primer is oriented to prime polymerase extension of the hypervariable region, and (ii)
the additional primer is complementary to a repaired version of an adaptor ligated to ends of the
mcfDNA; (b) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments using
(1) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides relative
to the degenerate primer; and (ii) the additional primer, thereby generating enriched amplified
mcfDNA fragments; (¢) sequencing or obtaining sequences of the enriched amplified mcfDNA
fragments; and (d) assigning one of more of the mcfDNA sequences as belonging to one or more
pathogenic bacterial species based on the closest sequence match of the hypervariable region to a
reference microbial database, wherein the one or more pathogenic bacterial species comprise one or
more of Escherichia species, Escherichia coli, Shigella species, Klebsiella species, Klebsiella
pneumoniae, Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus species,
Salmonella species, Salmonella typhi, Salmonella enterica, Listeria species, Listeria
monocytogenes, Clostridium species, Clostridium difficile, Clostridium perfringens, Clostridium
botulinum, Veillonella species, Veillonella atypica, Veillonella dispar, Veillonella oral,
Pseudomonas species, Pseudomonas aeruginosa, Stenotrophomonas species, Stenotrophomonas
maltophilia, Burkholderia species, Burkholderia cepacia, Staphylococcus species, Staphylococcus
aureus, Porphyromonas species, Fusobacterium species, Fusobacterium nucleatum, or
Fusobacterium varium, and wherein a presence of the mcfDNA sequences from one or more of the
one or more pathogenic bacterial members indicates that the subject has the infection or

inflammation.

[0022] In a twelfth aspect of the invention, a method is provided of detecting infection or
inflammation, comprising: (a) performing, on a sample comprising microbial cell-free DNA

(mcfDNA) from a subject, a polymerase chain reaction (PCR) using: (i) a degenerate primer
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comprising complementarity to a conserved region, wherein the conserved region spans at least 18
nucleotides of a microbial phylogenetic marker gene, and (ii) an additional primer complementary
to arepaired version of an adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprises a hypervariable
region, and the degenerate primer is oriented to prime polymerase extension of the hypervariable
region, thereby generating amplified mcfDNA fragments; (b) sequencing the amplified mcfDNA
fragments or obtaining sequences of the amplified mcfDNA fragments; and (c) assigning one or
more of the mcfDNA sequences as belonging to one or more pathogenic bacterial species based on
the closest sequence match of the hypervariable region to a reference microbial database, wherein
the pathogenic bacterial species comprise one or more of Escherichia species, Escherichia coli,
Shigella species, Klebsiella species, Klebsiella pneumoniae, Klebsiella oxytoca, Kluyvera species,
Erwinia species, Haemophilus species, Salmonella species, Salmonella typhi, Salmonella enterica,
Listeria species, Listeria monocytogenes, Clostridium species, Clostridium difficile, Clostridium
perfringens, Clostridium botulinum, Veillonella species, Veillonella atypica, Veillonella dispar,
Veillonella oral, Pseudomonas species, Pseudomonas aeruginosa, Stenotrophomonas species,
Stenotrophomonas maltophilia, Burkholderia species, Burkholderia cepacia, Staphylococcus
species, Staphylococcus aureus, Porphyromonas species, Fusobacterium species, Fusobacterium
nucleatum, or Fusobacterium varium, and wherein a presence of the mcfDNA sequences from one
or more of the pathogenic bacterial members indicates that the subject has the infection or

inflammation.

[0023] In a thirteenth aspect of the invention, a method is provided of detecting infection or
inflammation, comprising: (a) providing mcfDNA sequences, wherein the mcfDNA sequences are
derived from a sample, wherein the mcfDNA sequences comprise sequence corresponding to (i) a
conserved region spanning at least 18 nucleotides of a microbial phylogenetic marker gene, and (i1)
a hypervariable region at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region; and (b) assigning one or more of the mcfDNA sequences as belonging to a
pathogenic bacterial species based on the closest sequence match of the hypervariable region to a
reference microbial database, wherein the pathogenic bacterial species comprise one or more of
Escherichia species, Escherichia coli, Shigella species, Klebsiella species, Klebsiella pneumoniae,
Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus species, Salmonella species,
Salmonella typhi, Salmonella enterica, Listeria species, Listeria monocytogenes, Clostridium
species, Clostridium difficile, Clostridium perfringens, Clostridium botulinum, Veillonella species,
Veillonella atypica, Veillonella dispar, Veillonella oral, Pseudomonas species, Pseudomonas

aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia, Burkholderia species,
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Burkholderia cepacia, Staphylococcus species, Staphylococcus aureus, Porphyromonas species,
Fusobacterium species, Fusobacterium nucleatum, or Fusobacterium varium, and wherein a
presence of the mcfDNA sequences from one or more of the pathogenic bacterial members

indicates that the subject has the infection or inflammation.

[0024] In a fourteenth aspect of the invention, a system is provided for amplifying
microbial cell free DNA (mcfDNA), comprising: (a) a reaction vessel; (b) a reagent dispensing
module; and (c) software to execute any of the methods provided herein, wherein the method is

executed at least partially robotically.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Fig. 1 is a schematic of SPA fragment generation. The arrow indicates the position
of the SPA primer (5 to 3”). The SPA fragment refers to the mcfDNA fragment region that will be
amplified that is shown in dark shading.

[0026] Fig. 2 is a schematic overview of one embodiment of the protocol for generating
single point amplification (SPA) fragments for sequencing. The various steps are in order of their
successive execution. Once single point amplicon fragments are generated, they are sequenced
using the standard protocol for next generation paired-end Illumina sequencing.

[0027] Fig. 3 is a schematic representation of the ligation and PCR steps that can be
included in the SPA fragment sequencing protocol. Details of the SPA-linker used in the ligation
step, the Linker.v2-amp primer and the 16SV4-R785-Bio primer used in the enrichment (E-PCR)
step, the six phased primers R1-linker.v2 -SPO to SP5 and the 16SV4-R781-Rd2 primer used in the
amplification (A-PCR) step, and the indexing primers used in the indexing (I-PCR) step are shown.
The sequences of the UMI region (with sequence NNTTNN (SEQ ID NO: 1)) and the non-
complementary 3’-end sequence of the shorter SPA-linker fragment (with sequence 3’-ACG) are
indicated via shading. The 3’-end extension to the degenerate primer used in the A-PCR reaction
compared to the degenerate primer used in the E-PCR reaction is highlighted in bold/italics. The
[Mlumina Read-1 and Read-2 sequences for use in multiplex ILLUMINA NEXTERA sequencing
are included in the primers used in the A-PCR and these sequences are shown in bold, with the
linker sequences being underlined. The following nucleotide codes were used: A: adenine; G:
guanidine; C: cytosine; T: thymine; B: not A (T, C, or G); V: not T (A, C, or G); H: not G (A, T or
C); D: not C (A, T or G); N: any nucleotide (A, G, C or T).

[0028] Fig. 4 is an overview of an exemplary method used for SPA primer selection.

[0029] Fig. 5 shows a comparison between SPA fragment sequencing, 16S rRNA V3-V4

amplicon sequencing and 16S rRNA V6 amplicon sequencing to determine the microbial
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community composition in water after a spike in with 2.5 pg/ul MC1 DNA. The 16S rRNA gene
amplicon sequencing results are based on sequencing the 130 bp 5° and 3 ends of the V3-V4
region using the Rd1-16S-V3-F primer and the Rd2-16S-V4-R primer, respectively, and
sequencing of the V6 region using the Rd1-16S-V6-F and Rd2-16S-V6-R primers. Only bacteria
identified with >50% confidence at the genus level are reported. For comparison, the expected
theoretical composition of MC1, after correction for genome size and 16S rRNA gene copy
number, is provided.

[0030] Fig. 6 shows a comparison between SPA fragment sequencing, 16S rRNA V3-V4
amplicon sequencing and 16S rRNA V6 amplicon sequencing to determine the microbial
community composition in blood plasma after a spike in with 2.5 pg/ul MC1 DNA. The 16S rRNA
gene amplicon sequencing results are based on sequencing the 130 bp 5* and 3” ends of the V3-V4
region using the Rd1-16S-V3-F primer and the Rd2-16S-V4-R primer, respectively, and
sequencing of the V6 region using the Rd1-16S-V6-F and Rd2-16S-V6-R primers. Only bacteria
identified with >50% confidence at the genus level are reported. For comparison, the expected
theoretical composition of MC1, after correction for genome size and 16S rRNA gene copy
number, is provided.

[0031] Fig. 7 shows a comparison between SPA fragment sequencing and 16S rRNA V3-
V4 amplicon sequencing to determine the microbial community composition in blood plasma after
a spike in with 5.0 pg/ul MC1 DNA. The 16S rRNA gene amplicon sequencing results are based on
sequencing the 3 end of the V3-V4 region using the Rd2-16S-V4-R primer. Only bacteria
identified at >50% confidence level at the genus level are reported. For comparison, the expected
theoretical composition of MC1, after correction for genome size and 16S rRNA gene copy
number, is provided.

[0032] Fig. 8 shows the successful stratification of colon cancer patients and non-small cell
lung cancer patients using principal component analysis of their mcfDNA microbial signatures
obtained with SPA fragment sequencing of the 16S rRNA gene V4 hypervariable region. The type
of cancer as well as the stage of the cancer are indicated for each patient. The light shading
represents colon cancer and the dark fill represents non-small cell lung cancer.

[0033] Fig. 9 shows the successful stratification of colon cancer patients and breast cancer
patients using principal component analysis of their mcfDNA microbial signatures obtained with
SPA fragment sequencing of the 16S rRNA gene V4 hypervariable region. The type of cancer as
well as the stage of the cancer are indicated for each patient. The light shading represents breast

cancer and the dark fill represents colon cancer.
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[0034] Fig. 10 shows the successful stratification of non-small cell lung cancer patients and
breast cancer patients using principal component analysis of their mcfDNA microbial signatures
obtained with SPA fragment sequencing of the 16S rRNA gene V4 hypervariable region. The type
of cancer as well as the stage of the cancer are indicated for each patient. The dark fill represents
breast cancer and the light shading represents non-small cell lung cancer.

[0035] Fig. 11 shows stratification of colorectal cancer patients and healthy individuals
using principal component analysis of their mcfDNA microbial signatures obtained with SPA
fragment sequencing of the 16S rRNA gene V4 hypervariable region. The stage of colorectal
cancer is indicated for each patient. A healthy individual is defined as an individual not having a
cancer diagnosis and presumably cancer-free. The dark fill represents colorectal cancer and the
light shading represents healthy cancer-free; the water control is represented by a double triangle
shape.

[0036] Fig. 12 shows nucleotide statistics for the 7poB gene region 1327-1355 and
degenerate sequence (GAYGAYATYGAYCAYYTNGGHAAYCGHGC (SEQ ID NO: 2)) which
from position 1327-1352 is the reverse complement sequence of degenerate primer RpoB1-R1327.
The relative abundance of a nucleotide at a specific position was calculated using the nucleotide
sequences of 47,505 aligned unique rpoB genes from the PATRIC database and used to design the
degenerate sequence, which is provided from 5’ to 3” using the following nucleotide codes: A:
adenine; G: guanidine; C: cytosine; T: thymine; R: purine (A or G); Y: pyrimidine (T or C); H: not
G (A, T or C); N: any nucleotide (A, G, C or T); N*: presence of any nucleotide (N) at a specific
rpoB gene position. The percentages of highly conserved nucleotide sequences used to determine
the consensus sequence for the degenerate primer are highlighted. The position of the region is
based on the nucleotide sequence of the Escherichia coli rpoB gene.

[0037] Fig. 13 shows the machine learning informed diagnosis/classification of patients
using their rpoB gene-derived mcfDNA signatures. The SciKitLeam (https://scikit-
learn.org/stable/) package in python was used for stratification.

[0038] Fig. 14A shows box plots of the blood pathogenicity index versus the disease status
for ulcerative colitis. Disease status was determined as being in remission or “not in remission”,
respectively, with “not in remission” being defined as an active disease flair or medication failure —
medication stopped working or serious side effects of the medication were observed. The blood
pathogenicity index, determined for the samples used to create Table 7, was calculated as the
percentage of mcfDNA fragments coming from a defined set of pro-inflammatory bacteria as a
fraction of the total amount of mcfDNA fragments found in a blood plasma sample. The null

hypothesis that the distribution of the blood pathogenicity index values of patients in remission is
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the same as the distribution of patients not in remission is rejected for ulcerative colitis patients
with p-value of 0.0006881 (Mann-Whitney U test). The blood pathogenicity median is shown as a
line inside the box extending from the first quartile (Q1) to the third quartile (Q3). The whiskers
extend from the box to the farthest data point lying within 1.5x the inter-quartile range (IQR) from
the box. Outlier points are those past the end of the whiskers.

[0039] Fig. 14B shows box plots of the blood pathogenicity index versus the disease status
for Crohn’s disease. Disease status was determined as being in remission or “not in remission”,
respectively, with “not in remission” being defined as an active disease flair or medication failure —
medication stopped working or serious side effects of the medication were observed. The blood
pathogenicity index, determined for the samples used to create Table 7, was calculated as the
percentage of mcfDNA fragments coming from a defined set of pro-inflammatory bacteria as a
fraction of the total amount of mcfDNA fragments found in a blood plasma sample. The null
hypothesis that the distribution of the blood pathogenicity index values of patients in remission is
the same as the distribution of patients not in remission is rejected for Crohn’s disease with p-value
of 6.33e-05 (Mann-Whitney U test). The blood pathogenicity median is shown as a line inside the
box extending from the first quartile (Q1) to the third quartile (Q3). The whiskers extend from the
box to the farthest data point lying within 1.5x the inter-quartile range (IQR) from the box. Outlier
points are those past the end of the whiskers.

[0040] Fig. 15A shows box plots of the fecal calprotectin levels versus the disease status for
ulcerative colitis. Disease status was determined as being in remission or “not in remission”,
respectively, with “not in remission” being defined as an active disease flair or medication failure —
medication stopped working or serious side effects of the medication were observed. Calprotectin
levels were determined as pg/g fecal material for the samples used to generate the data for Table 8.
The null hypothesis that the distribution of calprotectin levels of patients in remission is the same as
the distribution of patients not in remission is rejected for ulcerative colitis patients with a p-value
0f 0.0212876 (Mann-Whitney U test). The calprotectin median is shown as a line inside the box
extending from the first quartile (Q1) to the third quartile (Q3). The whiskers extend from the box
to the farthest data point lying within 1.5x the inter-quartile range (IQR) from the box. Outlier
points are those past the end of the whiskers.

[0041] Fig. 15B shows box plots of the fecal calprotectin levels versus the disease status for
Crohn’s disease. Disease status was determined as being in remission or “not in remission”,
respectively, with “not in remission” being defined as an active disease flair or medication failure —
medication stopped working or serious side effects of the medication were observed. Calprotectin

levels were determined as pg/g fecal material for the samples used to generate the data for Table 8.
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The null hypothesis that the distribution of calprotectin levels of patients in remission is the same as
the distribution of patients not in remission is accepted for Crohn’s disease patients with a p-value
0f 0.8428739 (Mann-Whitney U test). The calprotectin median is shown as a line inside the box
extending from the first quartile (Q1) to the third quartile (Q3). The whiskers extend from the box
to the farthest data point lying within 1.5x the inter-quartile range (IQR) from the box. Outlier
points are those past the end of the whiskers.

[0042] Fig. 16 shows a schematic representation of the jouney of Crohn’s disease patient
CD-4 and how the blood-based pathogenicity index (BPI) can be successfully used to influence a
better disease outcome. The patient is in remission (12/2018; 06/2019) on a combination of
azathioprine and adalimumab, the latter being discontinued due to side effects (10/2019). Stopping
this medication results in full remission (01/2020). In retrospect (10/2019), clinical use of the BPI
would have identified inflammatory markers in blood that alter CD-4 patient pathway by changing
medication. The side effects from adalimumab were missed by the calprotectin (Calpr) levels and
the SCDAI score (SCADI). Data points marked by open circles or grey circles indicate remission or
active disease, respectively. Arrows indicate medication is being taken over a certain time period.
A STOP symbol indicates that a medication is being discontinued at a given timepoint.

[0043] Fig. 17 shows a schematic representation of the journey of ulcerative colitis patient
UC-3 and how the blood-based pathogenicity index (BPI) can be successfully used to influence a
better disease outcome. It is assumed that the initial combination of tofacitinib, vedolizumab and
mesalamine is working before 11/2018. Issues are reported for mesalamine, which is removed from
the medication (02/2019). In retrospect (11/2018), clinical use of BPI would have identified
inflammatory markers in blood that alter UC-3 patient pathway by removing mesalamine as
medication, resulting in a decrease of the BPI (03/2019) indicative for remission in line with fecal
urgency. The side effects from mesalamine were missed by the calprotectin levels (Calpr) and the
Mayo-6 score (Mayo0-6). Data points marked by open circles or grey dots indicate remission or
active disease, respectively. A data point marked by a black dot indicates that no sample to
determine the BPI was available. Arrows indicate medication is being taken over a certain time
period. A STOP symbol indicates that a medication is being discontinued at a given timepoint.

[0044] Fig. 18 shows a schematic representation of the journey of ulcerative colitis patient
UC-9 and how the blood-based pathogenicity index (BPI) can be successfully used to influence a
better disease outcome. Initially, mesalamine is working as medication but starts to lose efficiency
(11/2017) based on disease symptoms and calprotectin levels. Adalimumab is added as medication
(12/2017), resulting in remission (11/2019). In retrospect (11/2017), clinical use of the BPI would
have identified inflammatory markers in blood that alter the UC-9 patient pathway by changing

-14 -



WO 2025/024111 PCT/US2024/036971

medication to include adalimumab, resulting in a decrease of the BPI (11/2019). Data points
marked by open circles or grey dots indicate remission or active disease, respectively. A data point
marked by a black dot indicates that no sample to determine the BPI was available. Arrows indicate

medication is being taken over a certain time period.

DETAILED DESCRIPTION

[0045] The presently disclosed subject matter now will be described more fully hereinafter.
The presently disclosed subject matter may be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein; rather, these embodiments are provided so
that this disclosure will satisfy applicable legal requirements. Indeed, many modifications and other
embodiments of the presently disclosed subject matter set forth herein will come to mind to one
skilled in the art to which the presently disclosed subject matter pertains having the benefit of the
teachings presented in the descriptions provided herein. Therefore, it is to be understood that the
presently disclosed subject matter is not to be limited to the specific embodiments disclosed and
that modifications and other embodiments are intended to be included within the scope of the
appended claims.

[0046] Following long-standing patent law convention, the terms “a,” “an,” and “the” refer
to “one or more” when used in this application, including the claims. Thus, for example, reference
to “a degenerate primer” includes more than one degenerate primer, unless the context clearly is to
the contrary, and so forth.

% ¢

[0047] Throughout this specification and the claims, the terms “comprise,” “comprises,”
and “comprising” are used in a non-exclusive sense, except where the context requires otherwise.
Likewise, the terms “having” and “including™ and their grammatical variants are intended to be
non-limiting, such that recitation of items in a list is not to the exclusion of other like items that can
be substituted or added to the listed items.

[0048] For the purposes of this specification and claims, the term “about” when used in
connection with one or more numbers or numerical ranges, should be understood to refer to all such
numbers, including all numbers in a range and modifies that range by extending the boundaries
above and below the numerical values set forth. The recitation of numerical ranges by endpoints
includes all numbers, e.g., whole integers, including fractions thereof, subsumed within that range
(for example, the recitation of 1 to 5 includes 1, 2, 3, 4, and 5, as well as fractions thereof, e.g., 1.5,
2.25,3.75, 4.1, and the like) and any range within that range. In addition, as used herein, the term
"about", when referring to a value can encompass variations of, in some embodiments +/-20%, in

some embodiments +/-10%, in some embodiments +/-5%, 1n some embodiments +/-1%, in some
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embodiments +/-0.5%, and in some embodiments +/-0.1%, from the specified amount, as such
variations are appropriate in the disclosed compositions and methods. Alternatively, particularly
with respect to biological systems or processes, the term can mean within an order of magnitude,
preferably within 5-fold, and more preferably within 2-fold, of a value. Where particular values are
described in the application and claims, unless otherwise stated the term “about” meaning within an
acceptable error range for the particular value should be assumed.

[0049] Throughout this specification and the claims, the term “subject” includes humans
and animals and can be used interchangeably with the term “human” and the term “patient™.

[0050] The terms “SPA fragment” and “SPA fragment sequence” are herein used
interchangeably.

[0051] The term “microbial phylogenetic marker gene™ as used herein means any conserved
gene from any organism, including but not limited to bacteria, fungi, parasites, and viruses, that is
suitable for phylogenetic identification.

[0052] The terms “amplified mcfDNA fragments™ and “amplified mcfDNA fragment
sequences” are used interchangeably herein for the purposes of the specification and claims.

[0053] There are a wide range of diseases where microbial community analysis, especially
of the gut microbiome, provides important information regarding the disease or its treatment
options. This includes conditions such as IBD (Ananthakrishnan et al, 2017), metabolic diseases
(Boulangé et al, 2016), diseases of the central nervous system (Bhattacharjee and Lukiw, 2013),
including Alzheimer’s disease (Ferreiro et al, 2023), and cancer where the interaction of the gut
microbiome can provide clues regarding the response to specific treatments including immune
checkpoint inhibitors (Gopalakrishnan et al, 2020; Sepich-Poore et al, 2021). Deep microbial
metagenome sequencing is the most informative approach when it comes to microbial community
analysis, as it will provide detailed information regarding community composition as well as the
key functions encoded by the community members. Unfortunately, despite major breakthroughs in
metagenome sequencing technologies to reduce its costs, it is currently still too expensive for
routine screening purposes of human associated microbial communities in large population
screenings. Another disadvantage of deep microbial metagenome sequencing is the need for
relatively large amounts of high-quality microbial DNA. This has hindered its application to study
the microbial communities associated with liquid and solid biopsy samples, where only a small
fraction of the total DNA is of microbial origin.

[0054] The amplification and subsequent sequencing of phylogenetic marker genes
provides an alternative, cheaper high throughput method for microbial community analysis. For

example, in tissue biopsy samples where there is sufficient concentration of DNA having average
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fragment length of about 5,000 bp or more, amplification-based sequencing approaches have been
successfully applied to identify differences in microbial communities between healthy individuals
and patients suffering from a wide range of diseases. Advantages of the amplification and
subsequent sequencing method include that it requires significantly less DNA than metagenome
sequencing, and because specific DNA primers are used to amplify phylogenetic target genes, there
is little contamination with host DNA, making this method suitable to analyze the microbial
communities associated with tissue biopsy samples, from which small amounts of high molecular
weight DNA can be obtained. However, analysis of microbial signatures in liquid biopsy samples,
especially peripheral blood samples, results in additional challenges as compared to tissue biopsy
samples, due to the low concentration of mcfDNA having small fragment sizes.

[0055] For example, in plasma, human ¢fDNA accounts for the vast majority of cfDNA
(>90% or even >99%), while mcfDNA accounts for only a small fraction with 0.08%-4.85% from
bacteria, 0.00%-0.01% from fungi, and 0.00%-0.16% from viruses/phages (Han et al, 2020).
However, the percentage of mcfDNA compared to cfDNA should be placed in the context of the
human genome size and the size of an average microbial genome, with sizes of 6.4 billion and
approximately 6 million nucleotides, respectively, therefore providing similar coverage. Thus,
mcfDNA represents an important signal that is largely being ignored in liquid biopsy testing.

[0056] The intrinsic properties of cfDNA and mcfDNA, especially its small fragment sizes,
make its analysis for disease detection and monitoring challenging. More than 70% of plasma
cfDNA is smaller than 300 bp, with an average size of 170 bp (Femandez-Carballo et al, 2019).
However, the average size of mcfDNA fragments was found to be significantly smaller,
approximately 40-100 bp (Burnham et al, 2016), as was confirmed by Rassoulian Barrett et al
(2020). As a result of this size limitation, conventional amplicon-based sequencing approaches
including 16S rRNA gene and rpoB gene amplicon sequencing that target DNA fragments of
several hundred nucleotides, are not suitable for determining the composition of colonizing or
invasive microorganisms using mcfDNA from peripheral blood and other liquid biopsy samples.
The small size of mcfDNA makes it nearly impossible to use mcfDNA in amplicon-based
sequencing protocols, such as 16S rRNA gene sequencing, leaving no other option than high-cost
and low-throughput NGS sequencing.

[0057] To overcome the above-mentioned limitations, the present inventors developed a
single point amplification sequencing approach that exploits the combination of a degenerate
primer for a conserved region of a marker gene located adjacent to a phylogenetic hypervariable
region of the gene for a wide range of microbes. The method is based on the targeted amplification

of high-resolution phylogenetic identifier fragments from mcfDNA, which comprises a fraction of
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the total cfDNA isolated from, for example, biopsy samples. To generate the phylogenetic identifier
fragments, a hypervariable DNA region with high phylogenetic resolution is targeted. The
hypervariable region located next to the highly conserved region that functions as a primer
annealing site as is illustrated in Figure 1. In the methods disclosed herein, the fragments resulting
from specific amplification of the hypervariable DNA regions are referred to as SPA fragments.

[0058] In various embodiments, methods and kits are provided herein for generating the
SPA fragments from a sample, such as a blood sample. The methods and kits provided herein can
be used to determine the presence of one or more microbial species, microbial DNA signatures,
and/or microbial community compositions for the sample. In the methods and kits provided herein,
the microbial phylogenetic marker gene can be eukaryotic, fungal, viral, or bacterial, and
combinations thereof. In one embodiment, the microbial phylogenetic marker gene is a eubacterial
phylogenetic marker gene.

[0059] In the methods of the invention, the length of the SPA fragment is determined by
the distance between the end of the mcfDNA fragment and the 3’-end of the primer annealing site.
Only mcfDNA fragments that contain the primer annealing site will give SPA fragments, which
can be subsequently sequenced and used for high resolution phylogenetic identification of
microbial species and/or microbial signatures. Some embodiments include analysis of microbial
community composition.

[0060] In contrast to commonly used amplicon sequencing, in which regions between two
conserved DNA sequences are targeted for PCR amplification, the methods provided herein use a
single conserved DNA sequence as the primer annealing site to initiate PCR amplification. The
amplification initiated from this single conserved DNA sequence allows for targeted amplification
of the hypervariable region located adjacent to the primer annealing site, independent of the size of
the fragment, followed by sequencing of the amplified fragment. This method may be referred to
herein as Single Point Amplification (SPA) fragment sequencing.

[0061] In one embodiment, a method is provided of amplifying microbial cell free DNA
(mcfDNA), comprising: (a) providing a degenerate primer comprising complementarity to a
conserved region, wherein the conserved region spans at least 18 nucleotides of a microbial
phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the conserved region comprises a hypervariable region, and wherein the degenerate primer is
oriented to prime polymerase extension of the hypervariable region; (b) providing an additional
primer complementary to a repaired version of an adaptor ligated to ends of the mcfDNA; (¢)
performing, on a sample comprising the mcfDNA, an enrichment polymerase chain reaction (E-

PCR) using the degenerate primer and the additional primer, thereby generating enriched mcfDNA
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fragments; and (d) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments
using (i) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides
relative to the degenerate primer, and (i1) the additional primer, thereby generating enriched
amplified mcfDNA fragments.

[0062] In another embodiment, a method is provided of amplifying microbial cell free
DNA (mcfDNA), comprising: (a) performing an enrichment polymerase chain reaction (E-PCR) on
a sample comprising the microbial cell-free DNA (mcfDNA), wherein enriched mcfDNA
fragments are generated using: (i) a degenerate primer comprising complementarity to a conserved
region, wherein the conserved region spans at least 18 nucleotides of a microbial phylogenetic
marker gene, and wherein the degenerate primer comprises an affinity purification group, and (ii)
an additional primer complementary to an end of the mcfDNA, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprises a hypervariable
region, wherein the degenerate primer is oriented to prime polymerase extension of the
hypervariable region; and (b) performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using: (1) a modified degenerate primer comprising a 3’-end extension of at least three
nucleotides relative to the degenerate primer, and (i1) the additional primer, thereby generating
enriched amplified mcfDNA fragments.

[0063] Additional advantages of the present invention include that it enables identification
of microbial species and/or microbial DNA signatures in a sample, such as a blood sample, that
allows for diagnosis and/or stratification of cancer patients by type of cancer, stage of cancer, and
specific tumor subtype driven by the location of the tumor.

[0064] Therefore, in some embodiments, methods are provided for diagnosing a disease or
disorder in a sample, including a blood sample. The methods include assigning one or more
mcfDNA fragment sequences derived from the sample as belonging to a particular microbial
species based on the closest sequence match of the hypervariable region to a reference microbial
database, or as having a microbial DNA signature. Optionally, the method can include calculating a
microbial community composition for the sample, based on the relative abundance of the mcfDNA
fragment sequences assigned to each microbial species. Diagnosing the sample as having a disease
or disorder includes linking the microbial DNA signature, the microbial community composition,
or one or a combination of the presence, the absence, or the relative abundance of the microbial
species to the disease or disorder.

[0065] In one embodiment, a method is provided of diagnosing or monitoring a disease or
disorder, comprising: (a) providing a degenerate primer comprising complementarity to a

conserved region, wherein the conserved region spans at least 18 nucleotides of a microbial
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phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the conserved region comprises a hypervariable region, and wherein the degenerate primer is
oriented to prime polymerase extension of the hypervariable region; (b) providing an additional
primer complementary to a repaired version of an adaptor ligated to ends of the mcfDNA; (¢)
performing, on a sample comprising the mcfDNA, an enrichment polymerase chain reaction (E-
PCR) using the degenerate primer and the additional primer, thereby generating enriched mcfDNA
fragments; (d) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments
using (i) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides
relative to the degenerate primer; and (ii) the additional primer, thereby generating enriched
amplified mcfDNA fragments; (e) sequencing or obtaining sequences of the enriched amplified
mcfDNA fragments; (f) assigning one of more of the mcfDNA sequences as belonging to a
particular microbial species, or as comprising a microbial DNA signature, based on the closest
sequence match of the hypervariable region to a reference microbial database; and (g) optionally,
calculating a microbial community composition for the sample, based on a relative abundance of
the mcfDNA sequences assigned to each microbial species, wherein one or a combination of: the
microbial DNA signature; the microbial community composition; or (i) a presence, (ii) an absence,
or (iii) a relative abundance of one or a combination of the microbial species, associated with a
disease or disorder, indicates that the subject has the disease or disorder.

[0066] In another embodiment, a method is provided of diagnosing or monitoring a disease
or disorder, comprising: (a) performing, on a sample comprising microbial cell-free DNA
(mcfDNA), a polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, and (i1) an additional primer complementary to a repaired
version of an adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent nucleotides
upstream or downstream of an end of the conserved region comprises a hypervariable region, and
the degenerate primer is oriented to prime polymerase extension of the hypervariable region,
thereby generating amplified mcfDNA fragments; (b) sequencing the amplified mcfDNA fragments
or obtaining the sequences of the amplified mcfDNA fragments; (c¢) assigning one or more of the
mcfDNA sequences as comprising a microbial DNA signature or as belonging to a particular
microbial species, based on the closest sequence match of the hypervariable region to a reference
microbial database; and (d) optionally, calculating a microbial community composition for the
sample, based on the relative abundance of the mcfDNA fragment sequences assigned to each
microbial species, wherein one or a combination of: the microbial DNA signature; the microbial

community composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of one or a
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combination of the microbial species, associated with a disease or disorder, indicates that the
subject has the disease or disorder.

[0067] In yet another embodiment, a method is provided of diagnosing or monitoring a
disease or disorder, comprising: (a) providing mcfDNA sequences, wherein the mcfDNA
sequences are derived from a sample, wherein the mcfDNA sequences comprise sequence
corresponding to (i) a conserved region spanning at least 18 nucleotides of a microbial phylogenetic
marker gene and (ii) a hypervariable region at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region; (b) assigning one or more of the mcfDNA
sequences as comprising a microbial DNA signature or as belonging to a particular microbial
species based on the closest sequence match of the hypervariable region to a reference microbial
database; and (c) optionally, calculating a microbial community composition for the sample, based
on a relative abundance of the mcfDNA sequences assigned to each microbial species, wherein one
or a combination of: the microbial DNA signature; the microbial community composition; or (i) a
presence, (ii) an absence, or (iii) a relative abundance of one or a combination of the microbial

species, associated with a disease or disorder, indicates that the subject has the disease or disorder.

[0068] In one aspect, a method is provided of diagnosing or monitoring a disease or
disorder, comprising: (a) sequencing amplified mcfDNA fragments derived from a sample, wherein
the amplified mcfDNA fragments comprise sequence corresponding to (i) a conserved region
spanning at least 18 nucleotides of a microbial phylogenetic marker gene and (ii) a hypervariable
region at least 25 adjacent nucleotides upstream or downstream of an end of the conserved region;
(b) assigning one or more of the mcfDNA sequences as comprising a microbial DNA signature or
as belonging to a particular microbial species based on the closest sequence match of the
hypervariable region to a reference microbial database; and (c) optionally, calculating a microbial
community composition for the sample, based on a relative abundance of the mcfDNA sequences
assigned to each microbial species, wherein one or a combination of: the microbial DNA signature;
the microbial community composition; or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species, associated with a disease or disorder,

indicates that the subject has the disease or disorder.

[0069] In another aspect, a method is provided of diagnosing or monitoring a disease or
disorder, comprising: (a) performing, on a sample comprising microbial cell-free DNA (mcfDNA),
a polymerase chain reaction (PCR) using: (i) a degenerate primer comprising complementarity to a
conserved region, wherein the conserved region spans at least 18 nucleotides of a microbial

phylogenetic marker gene, and (ii) an additional primer complementary to a repaired version of an
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adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region comprises a hypervariable region, and the
degenerate primer is oriented to prime polymerase extension of the hypervariable region, thereby
generating amplified mcfDNA fragments; and (b) sequencing the amplified mcfDNA fragments or
obtaining the sequences of the amplified mcfDNA fragments, wherein the closer the sequence
match between the mcfDNA sequences and the nucleic acid sequences in a reference sample for a
disease or disorder the more likely the sample is to have the disease or disorder.

[0070] In addition to the methods provided above, a blood pathogenicity index (BPI) is
provided as an example of a microbial signature that can be used to monitor disease progression,
medication efficiency and medication side effects in IBD patients or in patients suffering from
other inflammatory conditions. The BPI is calculated as the percentage of mcfDNA fragments
coming from pro-inflammatory bacteria as part of the total amount of mcfDNA fragments found in
a blood plasma sample.

[0071] More specifically, a method is provided of detecting infection or inflammation,
comprising: (a) performing, on a sample comprising mcfDNA from a subject, an enrichment
polymerase chain reaction (E-PCR) using a degenerate primer and an additional primer, thereby
generating enriched mcfDNA fragments, wherein: (i) the degenerate primer comprises
complementarity to a conserved region, wherein the conserved region spans at least 18 nucleotides
of a microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region comprises a hypervariable region, and wherein the
degenerate primer is oriented to prime polymerase extension of the hypervariable region, and (ii)
the additional primer is complementary to a repaired version of an adaptor ligated to ends of the
mcfDNA; (b) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments using
(1) a modified degenerate primer comprising a 3’-end extension of at least three nucleotides relative
to the degenerate primer; and (ii) the additional primer, thereby generating enriched amplified
mcfDNA fragments; (¢) sequencing or obtaining sequences of the enriched amplified mcfDNA
fragments; and (d) assigning one of more of the mcfDNA sequences as belonging to one or more
pathogenic bacterial species based on the closest sequence match of the hypervariable region to a
reference microbial database, wherein the one or more pathogenic bacterial species comprise one or
more of Escherichia species, Escherichia coli, Shigella species, Klebsiella species, Klebsiella
pneumoniae, Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus species,
Salmonella species, Salmonella typhi, Salmonella enterica, Listeria species, Listeria
monocytogenes, Clostridium species, Clostridium difficile, Clostridium perfringens, Clostridium

botulinum, Veillonella species, Veillonella atypica, Veillonella dispar, Veillonella oral,
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Pseudomonas species, Pseudomonas aeruginosa, Stenotrophomonas species, Stenotrophomonas
maltophilia, Burkholderia species, Burkholderia cepacia, Staphylococcus species, Staphylococcus
aureus, Porphyromonas species, Fusobacterium species, Fusobacterium nucleatum, or
Fusobacterium varium, and wherein a presence of the mcfDNA sequences from one or more of the
one or more pathogenic bacterial members indicates that the subject has the infection or

inflammation.

[0072] In another embodiment, a method is provided of detecting infection or
inflammation, comprising: (a) performing, on a sample comprising microbial cell-free DNA
(mcfDNA) from a subject, a polymerase chain reaction (PCR) using: (i) a degenerate primer
comprising complementarity to a conserved region, wherein the conserved region spans at least 18
nucleotides of a microbial phylogenetic marker gene, and (ii) an additional primer complementary
to arepaired version of an adaptor ligated to ends of the mcfDNA, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprises a hypervariable
region, and the degenerate primer is oriented to prime polymerase extension of the hypervariable
region, thereby generating amplified mcfDNA fragments; (b) sequencing the amplified mcfDNA
fragments or obtaining sequences of the amplified mcfDNA fragments; and (c) assigning one or
more of the mcfDNA sequences as belonging to one or more pathogenic bacterial species based on
the closest sequence match of the hypervariable region to a reference microbial database, wherein
the pathogenic bacterial species comprise one or more of Escherichia species, Escherichia coli,
Shigella species, Klebsiella species, Klebsiella pneumoniae, Klebsiella oxytoca, Kluyvera species,
Erwinia species, Haemophilus species, Salmonella species, Salmonella typhi, Salmonella enterica,
Listeria species, Listeria monocytogenes, Clostridium species, Clostridium difficile, Clostridium
perfringens, Clostridium botulinum, Veillonella species, Veillonella atypica, Veillonella dispar,
Veillonella oral, Pseudomonas species, Pseudomonas aeruginosa, Stenotrophomonas species,
Stenotrophomonas maltophilia, Burkholderia species, Burkholderia cepacia, Staphylococcus
species, Staphylococcus aureus, Porphyromonas species, Fusobacterium species, Fusobacterium
nucleatum, or Fusobacterium varium, and wherein a presence of the mcfDNA sequences from one
or more of the pathogenic bacterial members indicates that the subject has the infection or

inflammation.

[0073] In one aspect, a method is provided of detecting infection or inflammation,
comprising: (a) providing mcfDNA sequences, wherein the mcfDNA sequences are derived from a
sample, wherein the mcfDNA sequences comprise sequence corresponding to (i) a conserved

region spanning at least 18 nucleotides of a microbial phylogenetic marker gene, and (ii) a
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hypervariable region at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region; and (b) assigning one or more of the mcfDNA sequences as belonging to a
pathogenic bacterial species based on the closest sequence match of the hypervariable region to a
reference microbial database, wherein the pathogenic bacterial species comprise one or more of
Escherichia species, Escherichia coli, Shigella species, Klebsiella species, Klebsiella pneumoniae,
Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus species, Salmonella species,
Salmonella typhi, Salmonella enterica, Listeria species, Listeria monocytogenes, Clostridium
species, Clostridium difficile, Clostridium perfringens, Clostridium botulinum, Veillonella species,
Veillonella atypica, Veillonella dispar, Veillonella oral, Pseudomonas species, Pseudomonas
aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia, Burkholderia species,
Burkholderia cepacia, Staphylococcus species, Staphylococcus aureus, Porphyromonas species,
Fusobacterium species, Fusobacterium nucleatum, or Fusobacterium varium, and wherein a
presence of the mcfDNA sequences from one or more of the pathogenic bacterial members
indicates that the subject has the infection or inflammation.

[0074] In the methods provided herein, the degenerate primer can be used in combination
with an adaptor, such as, for example, an asymmetric linker cassette which is attached to the ends
of the cfDNA fragments in the sample. A PCR amplification reaction is performed using the
degenerate primer and a primer complementary to the 5° asymmetrical end of the linker cassette.
The degenerate primer is designed to allow for DNA synthesis into the hypervariable region.
However, successful PCR amplification of the hypervariable region occurs only when the
asymmetric linker cassette is repaired. In a PCR reaction, the asymmetric linker cassette will be
repaired only when located downstream from the degenerate primer annealing site, i.e, when the
asymmetric linker cassette has been ligated to a mcfDNA fragment that contains the conserved
region of the phylogenetic marker gene. In this manner, microbial DNA fragments that originate
from the hypervariable region are selectively amplified.

[0075] To allow for enrichment of amplified fragments containing the hypervariable
region, an affinity tagged (e.g., a biotinylated) version of the degenerate primer can be used. After a
limited number of amplification cycles (e.g. less than 10 PCR cycles), the amplified and
biotinylated fragments can be purified using streptavidin coated magnetic beads. This step results in
removal of the background cfDNA, especially human cfDNA, that lacks the annealing site for the
degenerate primer. This step is referred to as “enrichment PCR (E-PCR)” (see Figure 3).

[0076] The purified biotinylated fragments are subsequently used in a second PCR
reaction. The degenerate primer used in this PCR reaction, referred to as the “amplification PCR

(A-PCR) reaction, recognizes the same conserved DNA region as the primer used in the E-PCR
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reaction, except that its annealing site located in the conserved region is shifted towards the 3’-
direction compared to the primer used in the E-PCR reaction (see, e.g., Figure 3). For example, in
one embodiment, the degenerate primer used in the A-PCR comprises a 3’-end extension of at least
three nucleotides relative to the degenerate primer of the E-PCR. This allows for further enrichment
of DNA fragments that contain the conserved DNA region while avoiding the amplification of
DNA fragments that originated from aspecific hybridization of the E-PCR primer.

[0077] To further improve the quality of the sequencing data, phased primers recognizing
the linker sequence can be used for the A-PCR reaction (see, e.g., Figure 3).

[0078] In one example of the invention, to overcome the above-mentioned limitations for
determining microbial profiles from mcfDNA, such as, for example, mcfDNA in liquid biopsy
samples, the present inventors experimentally exemplified the methods provided herein by
exploiting the phylogenetic resolution of a hypervariable region of the V3-V4 hypervariable region
of the 16S TRNA gene, a multi copy gene. In another experimental example, the present inventors
exemplified an approach that exploits the phylogenetic resolution of the rpoB gene, a single copy
housekeeping gene. See EXAMPLES 1-5 herein below.

[0079] Additional embodiments of the invention include use of a conserved DNA sequence
as the primer annealing site for more than one site on a phylogenetic marker gene or for a site on
two or more different phylogenetic marker genes in a single amplification reaction. Specifically,
the methods provided herein can further include providing one or more additional degenerate
primers comprising complementarity to one or more additional conserved regions of the microbial
phylogenetic marker gene or to one or more additional genes. The one or more additional genes can
be one or more additional microbial phylogenetic marker genes. In another example, the one or
more additional genes can encode virulence factors, secondary metabolites, or drug degradation
pathways, and combinations thereof. In one instance, the methods provided herein can include a
degenerate primer for both the 16S rRNA gene and the rpoB gene. The use of two or more
degenerate primers for annealing to two or more conserved regions on a single or two different
phylogenetic marker genes may be referred to herein as “multi-loci SPA fragment sequencing”.

[0080] In the specific EXAMPLES provided herein (i.e., EXAMPLES 1-5 below) the 16S
rRNA gene and the RNA polymerase subunit B (rpoB) gene were used, but the SPA fragment
sequencing method is very broadly applicable to conserved housekeeping genes, including, but not
limited to, the prokaryotic genes coding for the DNA gyrase subunit B (gyrB), the heat shock
protein 60 (Asp60), the superoxide dismutase A protein (sodA), the TU elongation factor (fuf), and
the DNA recombinase proteins (including recA, recE). The SPA fragment sequencing method can

also be applied on the Eukaryotic internal transcribes spacer (ITS) regions ITS1, which is located
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between the 18S and 5.8S rRNA genes, and ITS2, which is located between the 5.8S and 28S
rRNA genes. The SPA fragment sequencing method can also be applied to genes that are unique to
pathogenic fungi including the #7/ gene that encodes for thioredoxin reductase; the rim8 gene that
encodes for a protein involved in the proteolytic activation of a transcriptional factor in response to
alkaline pH; the kre2 gene that encodes for a-1,2-mannosyltransferase; and the erg6 gene that
encodes for A(24)-sterol C-methyltransferase (Abadio et al, 2011); or any conserved gene from any
organism, including bacteria, fungi, parasites, and viruses that is suitable for phylogenetic
identification. This includes conserved genes from the human DNA-based oncoviruses, more
specifically the Epstein-Barr Virus (EBV), Human Papillomavirus (HPV), Hepatitis B virus
(HBV), Human Herpesvirus-8 (HHV-8), and Merkel Cell Polyomavirus (MCPyV) (Mui et al,
2017). One or a combination of any conserved housekeeping gene can be used in the presently
disclosed methods.

[0081] Advantages of the disclosed SPA fragment sequencing methods include an increase
in the diversity of hypervariable regions that can be targeted for amplicon analysis as the method
only requires one neighboring conserved region to bind the primer (compared with the two required
by dual primer approaches). As such, the SPA fragment sequencing method is more adaptable,
flexible, and offers greatly improved resolution over current methods, especially when it comes to
the analysis of short DNA fragments such as mcfDNA.

[0082] In addition to the degenerate primer for the conserved region, an adaptor such as,
for example, an asymmetric linker cassette, can be used to introduce a DNA sequence that is
targeted by an additional primer in the PCR amplification reaction. In one embodiment, to avoid
amplification of any DNA fragment flanked by two adaptors, the adaptors are “defective” or in
other words “asymmetric”. This can be accomplished by designing an adaptor as an asymmetric
linker cassette where the strand that serves as the template for primer annealing is missing. Typical
asymmetric linker cassette configurations include, but are not limited to:

1. A “Y”-shaped linker cassette, where two single stranded DNA fragments that are only
partially complementary are annealed. This results in an asymmetric linker cassette where
one end is double stranded, allowing for ligation, but where the other end is comprised of
two single stranded non-complementary DNA strands.

2. A “single arm” linker cassette, where a shorter single stranded DNA fragment is annealed to
the complementary 3’-end of a longer single stranded DNA fragment. This results in an
asymmetric linker cassette with a single stranded the 5°-end and a double stranded 3’-end.
[0083] The single strands of the asymmetric linker cassette can be complementary over a

stretch of about at least 16 nucleotides with an annealing temperature of approximately 50°C or
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higher, allowing for a linker cassette that is stable at room temperature. The single strand of the
asymmetric linker can also contain 4 to 6 random nucleotides that constitute a Unique Molecular
Identifier (UMI) to correct PCR induced errors including PCR amplification bias, improve
sequencing accuracy, and correct for fragment copy number. To avoid self-ligation, in one
example, the asymmetric linker cassette includes a 3’sticky end. The 3’sticky end can be formed by
a single nucleotide, such as, for example, thymine. To avoid undesirable repair of the asymmetric
linker cassette initiated from the shorter single stranded DNA fragment, the terminal 3’ nucleotide
can be a dideoxy nucleotide that functions as a chain-elongating inhibitor of DNA polymerase.

[0084] The term Unique Molecular Identifier (UMI) is intended to mean a stretch of
random, non-random, or partially random nucleotides that are added as an identifier barcode to a
DNA or RNA fragment before the fragment is amplified. The objective is to aid in distinguishing
between identical copies of a fragment present in a sample. For example, SPA fragment sequences
derived from the same microorganisms are identical except for the length of the sequenced
fragment, which varies as a function of the distance between the gene specific primer annealing site
(e.g., 16SV4-R781-Rd2 primer) and the end of the mcfDNA fragment, to which the UMI is
attached. As such, the uniqueness of a sequenced DNA fragment can be inferred from a
combination of its UMI, the length of the SPA fragment, and the sequence of the SPA fragment. As
a result of this combination of features, the number of UMIs can be smaller than the number of
fragments that cover a specific DNA region from the same microorganism. Given that the pool of
UMTI’s does not have to be in excess of the number of fragments that cover a specific DNA region
from the same microorganism, each of the UMI’s present on the DNA or RNA fragments are not
required to be unique. Therefore, the term “UMI” is not intended to be understood according to the
dictionary definition of “unique”. In one embodiment, the UMIs can range in length from 4 to 6
nucleotides, encoding for 256 or 4096 unique sequences, respectively. In another specific case, a
UMI is used with sequence NNTTNN (SEQ ID NO: 1), where N = any nucleotide (A, G, C or T),
and wherein A = adenine, G = guanidine, C = cytosine and T = thymine. The presence of the two
thymine nucleotides allows for determination of the frequency of errors that occur in the UMI
sequence during PCR amplification.

[0085] In a PCR reaction, the asymmetric linker cassette will only be repaired when
located downstream from the degenerate primer annealing site. For purposes of the specification
and claims, the term "repaired" when used in the context of the asymmetric linker cassette, means
that anew DNA strand is created in the PCR reaction that is complementary at the 5' end of the
asymmetric linker cassette. DNA synthesis initiated from the degenerate primer into the

asymmetric linker cassette will restore the defective DNA strand complementary to the 5’-end of
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the linker and in this manner the asymmetric linker cassette is repaired. In subsequent PCR cycles
this strand is used for primer annealing, allowing for the amplification of the hypervariable region.
[0086] To allow for sample multiplexing and sequencing, the resulting amplicons can be
further amplified in a third PCR reaction to introduce two Unique Dual Indexes (UDI), one at each
end of the amplicons, and, for example, the Illumina sequencing anchors P5 and P7. These indexes
provide distinct barcode sequences for each of the 15 and 17 index reads for a specific sequencing
library, allowing for multiplexing of sequencing libraries. After sequencing, the barcodes are used
to assign each sequenced fragment to its specific library.
[0087] In one embodiment of the invention, the method includes one or more of the
following steps as outlined in Figure 2:
1. Blood plasma collection and isolation of ¢cfDNA using standard protocols. Cell-free
DNA can be extracted from 0.5 ml blood plasma using the typically yielding 0.1 ng to 10 ng
to be used for sequencing. cfDNA can also be isolated from urine, saliva, stool, spinal fluid,
cerebral fluid, and other biopsy samples. For this step many commercial kits are available
that either use columns or magnetic beads for cfDNA isolation from liquid biopsy samples,
including blood and urine. In addition to cfDNA, total DNA that has been fragmented to
smaller sizes via mechanical shearing or enzymatic digestion can be used.
2. End repair and 5’-phosphorylation of cfDNA fragments followed by the 3” addition
of a deoxy-adenine to create a 3’-sticky end formed by a single adenine nucleotide using
standard protocols. A typical protocol to process cfDNA includes end repair (blunting and
5" phosphorylation), 3" A-tailing, followed by adaptor ligation. The fragment ends are
repaired by blunting and 5’ phosphorylation with a mixture of enzymes, such as T4
polynucleotide kinase (PNK) and T4 DNA polymerase (T4 DNA pol). This end repair step
is followed by 3’ A-tailing at 37 °C using a mesophilic polymerase such as Klenow
Fragment 3'-5’ exonuclease minus (Head et al, 2014). Many commercial kits are available to
perform this step.
3. Ligation of the adaptor, which in this case is an asymmetric linker cassette, using T4
DNA ligase. Many commercial kits are available to perform this step and combine it with
the end-repair/A-tailing step, such as the NEBNEXT ULTRA II Ligation kit (NEB) or the
IDT XGEN DNA Lib Prep MC kit. Sequences of asymmetric linker cassettes, referred to as
the SPA-Linker (e.g. SPA-linker-UMI.v1-Y-SP or SPA-Linker-UMI.v2-Y-SP), are
provided in Table 1 along with other primer sequences that can be utilized in the methods
and kits provided herein. Annealing of two partially complementary single stranded DNA

fragments results in a “Y”’-shaped or single arm DNA linker cassette. On one end, the two
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strands of the linker cassette are not complementary. On other end, where the two strands
are complementary, the linker cassette includes a 3’sticky end formed by a single thymine
nucleotide. Due to the sticky ends, the only possible ligation is between cfDNA fragments
and asymmetric linker cassettes, while self-ligation of linker cassettes and repaired cfDNA
fragments is blocked.

4, Single point linker cassette repair as part of the Enrichment PCR step (E-PCR). The
terms “ePCR” and “E-PCR” are herein used interchangeably. PCR is performed on the
ligation product using the following primers: (a) the Linker.v2-amp primer that recognizes
the repaired 5° asymmetrical end of the SPA-Linker-UMI.v2-Y-SP linker cassette; (b) one
or more primers that recognize the primer annealing site specific for the conserved region of
the one or more phylogenetic marker genes. DNA amplification initiated from the gene-
specific SPA primer will result in the repair of the asymmetric linker cassette but only when
this cassette is bound to a cfDNA fragment that contains the primer annealing site on the
conserved region. This will be limited to mcfDNA fragments that contain the targeted
region of the phylogenetic marker gene such as, for example, position 781 - 805 of the 16S
rRNA gene, which is absent in Eukaryotic DNA including human DNA. As such no human
cfDNA fragments flanked by asymmetric linker cassettes will be repaired. In EXAMPLE 1
herein below, the 16SV4-R785-bio primer which recognizes the 16S rRNA gene sequence
between positions 785-805, was used. In addition, due to the direction of the amplification
reaction from the gene specific primer such as, for example, the 16SV4-R785-bio primer,
only linker cassettes that are bound to the region downstream of the targeted region of the
phylogenetic marker gene will be repaired (e.g., position 785 - 805 of the 16S rRNA gene).
Neither primer used in the first step of the enrichment PCR contains the Illumina Read-1/2
extension

5. Once the asymmetric linker cassette has been repaired, the primer (Linker.v2-amp)
that recognizes the repaired 5° asymmetrical end of the linker cassette can anneal, and PCR
amplification is initiated. In the case of the 16SV4-R785-bio primer this will result in the
amplification of DNA sequences located upstream of position 785 of the 16S rRNA gene.
Using a 5’-biotinilated version of the one or more gene specific primers (e.g., 16SV4-R785-
bio primer), followed by capturing the hybridized primer on magnetic streptavidin-coated
beads allows for further enrichment of amplified fragments. Using streptavidin-coated
beads in the subsequent purification step allows for the removal of the non-biotinylated
DNA fragments. The enrichment of the amplified fragments is referred to herein as

performing an “affinity purification™ and the biotin is referred to as an affinity purification
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group or an affinity tag. Affinity purification can be performed using any combination of
steps and types of affinity purification groups known to those of ordinary skill in the art.

6. To further reduce the amplification of non-targeted DNA fragments, an additional
PCR step, referred to as the amplification PCR (A-PCR) step, is used to reduce background
amplification resulting from nonspecific primer annealing to e.g. human DNA fragments.
The terms “aPCR” and “A-PCR” are herein used interchangeably. The A-PCR can use the
Linker.v2-amp primer in combination with one primer annealing to the conserved region
extended at its 3’-end by 3 or more nucleotides (e.g. primer 16SV4-R781-Rd2) compared to
the primer used in the E-PCR step (STEP 4) (e.g. 16SV4-R785-bio; see Figure 3).

Often, sequencing libraries of DNA fragments that share identical sequences, such as linker
fragments, results in loss of sequencing quality. To address this issue, in another
embodiment, a set of primers can be used that are identical except that their sequences are
phased by a single nucleotide, as shown in Figure 3. Therefore, as an alternative for using a
single Linker.v2-amp primer, a set of six primers referred to as Linker-aPCR mix, can be
used (see Table 1 and Figure 3 for their sequences). Furthermore, in some embodiments, the
forward (Linker-aPCR mix) and reverse (e.g. 16SV4-R781-Rd2) primers include an
additional 5° sequence corresponding to the Illumina Read-1 and Read-2 sequences,
respectively, to allow for indexing as part of sequencing library preparation, and these
sequences are shown in bold in Figure 3, with the linker sequence being underlined.

7. In the Indexing PCR reaction (I-PCR), Unique Dual Indexes (UDI) and [llumina
sequencing anchors (P5 and P7) are added to the amplified SPA fragments using P5-15-Rd1
and P7-17-Rd2 primers (see Table 1). The I-PCR reactions are performed using unique sets
of UDI for each sample, subsequently allowing the pooling/multiplexing of the libraries,
after which fragments are paired-end sequenced using NGS Illumina sequencing, e.g. on the
Iumina NEXTSEQ 1000 (Illumina, Inc., San Diego, CA). This approach will result in
sequenced fragments that all share the sequence of the gene specific primer (e.g., 16SV4-
R781-Rd2 primer) followed by sequences that vary in length and nucleotide composition.
Sequences derived from the same microorganisms will be identical except for the length of
the sequenced fragment, which will vary as a function of the distance between the gene
specific primer annealing site (e.g., 16SV4-R781-Rd2 primer) and the end of the mcfDNA

fragment.
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Asymmetric SPA linker cassette-v1 construction, SPA fragment amplification and sequencing
GACAGGGATTTGCTGGTCGNNNNNNAATT
Ordered | CAACTAGGCTTAATCCGAC*G*T (SEQ ID

as NO: 3)
duplex | /5Phos/CGTCGGATTAAGCCTAGTTGAG*C*A
(SEQID NO: 4)

SPA- SPA-linker-
Linker UMI.v1-Y-SP

Linker-
PCR Linker.vl-amp n/a GACAGGGATTTGCTGGTCG (SEQ ID NO: 5)
e
Linker- TCGTCGGCAGCGTCAGATGTGTATAAGAG
Rd1-linker.v1 n/a
aPCR ACAGGGATTTGCTGGTCG (SEQ ID NO: 6)

Asymmetric SPA linker cassette-v2 construction, SPA fragment amplification and sequencing

GCAGATACATAGAGTACCACTCNNTTNNA

Ordered | ATTCAACTAGGCTTAATCCGAC*G*T (SEQ
as ID NO: 7)

duplex | /5Phos/CGTCGGATTAAGCCTAGTTGAG*C*A

(SEQ ID NO: 8)

Linker- ) GCAGATACATAGAGTACCACTC (SEQ ID

PCR Linker.v2-amp n/a NO: 9)

TCGTCGGCAGCGTCAGATGTGTATAAGA

Rd1-linker-SP5 16.7% | GACAGGCATAGCAGATACATAGAGTACCA

CTC (SEQ ID NO: 10)

16.7% | TCGTCGGCAGCGTCAGATGTGTATAAGA

Rd1-linker-SP4 GACAGCATAGCAGATACATAGAGTACCAC

TC (SEQ ID NO: 11)

Linker- 16.7% | TCGTCGGCAGCGTCAGATGTGTATAAGA

aPCR Rd1-linker-SP3 GACAGATAGCAGATACATAGAGTACCACT

mix C (SEQID NO: 12)

16.7% | TCGTCGGCAGCGTCAGATGTGTATAAGA

Rd1-linker-SP2 GACAGTAGCAGATACATAGAGTACCACTC

(SEQID NO: 13)

16.7% | TCGTCGGCAGCGTCAGATGTGTATAAGA

Rd1-linker-SP1 GACAGAGCAGATACATAGAGTACCACTC

(SEQID NO: 14)

SPA- SPA-linker-
Linker UMI.v2-Y-SP
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Rd1-linker-SP0

16.7%

TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGGCAGATACATAGAGTACCACTC
(SEQ ID NO: 15)

SPA fragment sequencing initiated from the 165 rRNA gene region 781-805
165V4- | 16SV4-R785- y /5Biosg/CGTGGACTACHVGGGTATCTA (SEQ
a
ePCR bio ID NO: 16)
165V4- GACTACHVGGGTATCTAATCC (SEQ ID NO:
16SV4-R781 n/a
aPCR 17)
GTCTCGTGGGCTCGGAGATGTGTATAAG
165V4- | 16SV4-R781-
n/a AGACAGGACTACHVGGGTATCTAATCC
aPCR Rd2
(SEQ ID NO: 18)

SPA fragment sequencing initiated from the rpoB gene region 1327-1355
RpoB1-R1330- 12.50% /5bi0sg/ GCRCGRTTDCCNARRTGRTCRATRT
T3Y6Y13-bio o C (SEQID NO: 19)

RpoB1-R1330- 19.50% /5bi0sg/ GCRCGRTTDCCNARRTGRTCRATAT
T3T6Y15-bio o C (SEQ ID NO: 20)
RpoB-
P RpoB1-R1330- /5bi0sg/ GCRCGRTTDCCNARGTGRTCRATRT
ePCR 12.50%
) T3Y6C15-bio C (SEQID NO: 21)
mix
RpoB1-R1330- 12.50% /5bi0sg/ GCRCGRTTDCCNARGTGRTCRATAT
T3T6C15-bio o C (SEQID NO: 22)
RpoB1-R1330- 509 /5bi0sg/ GCRCGGTTRCCNARGTGGTCGATRT
C3-bio ° | c(SEQID NO: 23)
RpoB1-R1327- 12.50% CGRTTDCCNARRTGRTCRATRTCATC (SEQ
T3Y6Y15 o ID NO: 24)
RpoB1-R1327- 12.50% CGRTTDCCNARRTGRTCRATATCATC (SEQ
T3T6Y15 o ID NO: 25)
RpoB1-R1327- 12.50% CGRTTDCCNARGTGRTCRATRTCATC (SEQ
RpoB- | T3Y6C15 o ID NO: 26)
aPCR RpoB1-R1327- 19.50% CGRTTDCCNARGTGRTCRATATCATC (SEQ
mix T3T6C15 7 | IDNO: 27)

RpoB1-R1327-
C3

50%

CGGTTRCCNARGTGGTCGATRTCGTC (SEQ
ID NO: 28)

Rd2-RpoBl1-
R1327-
T3Y6Y15

12.50%

GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGCGRTTDCCNARRTGRTCRATRTCA
TC (SEQ ID NO: 29)

-32-




WO 2025/024111

PCT/US2024/036971

Rd2-RpoBl1- GTCTCGTGGGCTCGGAGATGTGTATAAG
R1327- 12.50% | AGACAGCGRTTDCCNARRTGRTCRATATCA
T3T6Y15 TC (SEQ ID NO: 30)
Rd2-RpoBl1- GTCTCGTGGGCTCGGAGATGTGTATAAG
R1327- 12.50% | AGACAGCGRTTDCCNARGTGRTCRATRTCA
T3Y6C15 TC (SEQID NO: 31)
Rd2-RpoBl1- GTCTCGTGGGCTCGGAGATGTGTATAAG
R1327- 12.50% | AGACAGCGRTTDCCNARGTGRTCRATATCA
T3T6C15 TC (SEQID NO: 32)
Rd2-RpoBI- GTCTCGTGGGCTCGGAGATGTGTATAAG
RI1327-C3 50% AGACAGCGGTTRCCNARGTGGTCGATRTCG
TC (SEQID NO: 33)
1llumina sequence library construction
AATGATACGGCGACCACCGAGATCTACAC/
UDI P5-15-Rd1 50% Index5 (10nt) / TCGTCGGCAGCGTC (SEQ ID
NO: 34)
(001-
384) CAAGCAGAAGACGGCATACGAGAT / Index7
P7-17-Rd2 50% (10nt) / GTCTCGTGGGCTCGG (SEQ ID NO:
35)
165 rRNA gene amplification and Illumina sequence library construction
Rd1-168-V3-F TCGTCGGCAGCGTCAGATGTGTATAA
50% GAGACAG-CCTACGGGNGGCWGCAG
16S V3- (SEQ ID NO: 36)
V4 Rd2-168-V4-R GTCTCGTGGGCTCGGAGATGTGTATA
region 0% AGAGACAG-
GACTACHVGGGTATCTAATCC (SEQID
NO: 37)
Rd1-168-V6-F TCGTCGGCAGCGTCAGATGTGTATAA
50% GAGACAG-CAACGCGAAGAACCTTACC
(SEQ ID NO: 38)
165 Vo6
Rd2-16S8-V6-R GTCTCGTGGGCTCGGAGATGTGTATA

region

50%

AGAGACAG-
CGACAGCCATGCANCACCT (SEQ ID NO:
39)
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Table 1: Overview of primer sequences. The following nucleotide codes were used: A:
adenine; G: guanidine; C: cytosine; T: thymine; R: purine (A or G); V: not T (A, C, or G); H:
not G (A, T or C); D: not C (A, T or G); N: any nucleotide (A, G, C or T). The 3°-end
extension to the degenerate primers used in the A-PCR reaction compared to the degenerate
primers used in the E-PCR reaction are highlighted in bold/italics. The Rd1 and Rd2
sequences plus the standard linker sequences to connect the original primer sequences (i.e.,
linker and degenerate primer sequences) to the Rd1 or Rd2 sequences used for multiplex
ILLUMINA NEXTERA sequencing are included in A-PCR primers and are shown in bold
and underlined, respectively. *: Phosphorothioated modification to protect nucleotide from
nuclease degradation; /5Phos/: 5’-end phosphorylation modification; /5Biosg/: 5’-end biotin
modification. The pooling ratio indicates the ratio of primers combined in a specific primer
mix. n/a: not applicable.

[0088] In some embodiments of the invention, the processing and analysis of the
SPA fragment sequences includes one or more of the following steps:

1. Paired-end reads are filtered based on read quality, expected amplicon siructure,

and length.

2. The UMI (unique molecular identifier) of each read is recorded for downstream
deduplication and denoising.

3. Human-derived and singieton reads are removed.

4. Forward and reverse reads are merged if possible and clustered into bins of similar
sequence.

5. The longest read in each bin is searched against a database of bacterial 168 rRNA
genes or genes corresponding (o the microbial phyvlogenetic marker gene being
targeted to aid the assembly mto consensus sequences.

6. Community composition is determined by consensus sequence classification, and
relative abundances are calculated based on the percent of reads contributing to
each consensus sequence, taking inte consideration the number of deduplicated
reads identified in step 2.

[0089] Additional primers besides those derived from the 16SV4 region can be used
for SPA fragment sequencing. EXAMPLE 4 describes the design and use of 7poB gene
specific primers.

[0090] The utility of the methods of the invention is exemplified in EXAMPLES 1-
5 of the present disclosure. For example, in EXAMPLE 1 of the present disclosure the

inventors describe an improved SPA fragment sequencing protocol targeting the conserved
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region upstream of the hypervariable V4 region of the 16S rRNA gene. Surprisingly, the
improved method resulted in the percentage of 16S rRNA gene derived fragments (as
identified by Blastn) increasing from less than 0.01% to an average of 35%, a 3,500 fold
increase (see Table 2).

[0091] In EXAMPLE 2 of the present disclosure, a comparison between SPA
fragment sequencing and amplicon sequencing targeting the V3-V4 or the V6 regions of the
16S rRNA gene is described using samples that were spiked with DNA of defined microbial
communities. SPA fragments targeting the 16S rRNA gene V4 were superior over amplicon-
based methods, providing a more accurate description of the relative abundances and the
phylogenetic identification of the bacteria present in the samples. SPA fragment sequencing
was also less sensitive to the presence of contaminating DNA (see Figures 5 to 7).

[0092] In EXAMPLE 3 of the present disclosure, the inventors demonstrate that the
mcfDNA in blood plasma of cancer patients can be used to generate SPA fragments targeting
the 16S gene V4 region. These SPA fragments enabled distinguishing between cancer-free
individuals and those with colorectal cancer as well as between patients with lung, breast and
colorectal cancer, including patients with early-stage cancer (see Figures 8 to 11).

[0093] In EXAMPLE 4 of the present disclosure, the inventors demonstrate that the
mcfDNA in blood plasma of cancer patients can be used to generate SPA fragments targeting
the hypervariable region of the rpoB gene located upstream of position 1327. These SPA
fragments allowed, with 85 percent accuracy, to distinguish between healthy individuals and
patients with lung and breast cancer, including patients with early-stage cancer.

[0094] In EXAMPLE 5 of the present disclosure, the inventors demonstrate that the
mcfDNA in blood plasma of IBD patients can be used to monitor disease severity and
progression in IBD patients. SPA fragment sequences were used to determine the blood
pathogenicity index (BPI), which is calculated as the percentage of mcfDNA fragments
coming from pro-inflammatory bacteria as a fraction of the total amount of mcfDNA
fragments found in a blood plasma sample. The BPI was successfully used to monitor disease
progression and medication efficiency and failure in IBD patients (see Figures 14 to 16).

[0095] With the improved SPA fragment sequencing protocol, in one example,
sequencing 300,000 fragments yields approximately 100,000 fragments that can be identified
as 16S rRNA gene sequences. Since 100,000 sequencing reads represent the standard depths
for amplicon-based sequencing for complex microbial community analysis, the latest
IMumina NEXTSEQ instruments allow for an unprecedented number of samples to be

sequenced in parallel. For example, the Illumina NEXTSEQ 6000 allows to theoretically
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collect 20 billion reads with a single run, which would correspond to approximately 65,000
paired-end sequenced samples. This is in sharp contrast to the scalability of deep sequencing
of total cfDNA, where only approximately 200 samples can be processed in a single paired-
end sequencing run (Poore et al, 2020).

[0096] In addition to monitoring of specific diseases, SPA fragment sequencing can
be useful as part of the general health screening. Unlike the stool microbiome, the
microbiome of colonizing and infecting bacteria will be relatively stable, with changes
occurring when the relation between host and microbes is changing. This includes situations
of new invasions by infectious and colonizing microorganisms, such as the formation of
stomach ulcers, the formation of intestinal polyps/adenomas and their progression into
malignancies, gastrointestinal diseases including Irritable Bowel Disease (IBD), various
tumors and their specific microbiomes including pancreatic cancer, lung cancer and cervical
cancer, Central Nervous System (CNS) diseases including multiple sclerosis (MS) and
Alzheimer’s disease, minimal residual disease (MRD) monitoring, and other diseases
characterized by dysbiotic and inflammatory microbiomes such as cystic fibrosis or
tuberculosis, and general risk monitoring of infections in patient populations with a
compromised immune system such as patient taking immune suppressing medications,
positioning SPA fragment sequencing as an ideal tool for risk monitoring, early detection,
prognostics and evaluation of disease progression. Contrary to PCR based detection methods
that monitor for the presence of specific bacteria, SPA fragment sequencing provides an
“open” diagnostics approach to detect any bacterium or fungus based on the presence of its
mcfDNA in peripheral blood.

[0097] SPA fragment sequencing can provide an important non-invasive method for
(early) detection and identification of infectious and colonizing bacteria using mcfDNA from
peripheral blood samples, which can subsequently be linked to a broad range of diseases,
including: screening for tuberculosis and other diseases caused by Mycobacterium species;
determining pulmonary infection risks and causes in cystic fibrosis patients; determining the
risk and onset of sepsis in patients with compromised immune systems; detection of
opportunistic bacterial pathogens originating from the oral cavity that have been linked to
Alzheimer’s disease, pancreatic cancer and other serious conditions such as endocarditis;
women’s health issues including Chlamydia linked to mucopurulent cervicitis, pelvic
inflammatory disease, tubal factor infertility, ectopic pregnancy and cervical cancer;
detection and monitoring of progression of cancer; monitoring of minimal residual disease

after oncology treatments; detection and monitoring of progression and minimal residual
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disease of breast cancer including triple negative breast cancer; detection of esophageal
cancer, precancerous colonic polyps and early stage colorectal cancer, and detection and
monitoring of progression and minimal residual disease of gastrointestinal cancers in general;
detection and monitoring of progression and minimal residual disease in lung cancer; non-
invasive analysis of the microbiome in pancreatic cancer patients to propose treatment
protocols and prognostics for long-term survival; detection of Clostridium difficile infections;
post-transplant bloodstream infections and Graft versus Host Disease (GvHD); detection of
hospital acquired infections by emerging pathogens of clinical concem; detection of an
infection in an immune compromised person; or detection of infection or inflammation of the
gastrointestinal track in Irritable Bowel Disease (Crohn’s disease, Ulcerative colitis);
monitoring the risk of infection of inflammation in patients suffering from rheumatoid
arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing spondylitis, plaque
psoriasis; and combinations thereof. Therefore, SPA fragment sequencing represents a
quantum leap forward to apply mcfDNA sequencing as a high-resolution, high-throughput
and low-cost routine test in disease detection, patient monitoring, risk assessment and large-
scale population screenings using mcfDNA informed biomarkers. For example, the microbial
footprint obtained with SPA fragment sequencing combined with the mutational footprint and
methylation footprint that are currently being used as biomarkers for the detection,
monitoring and prognostics of cancers, can provide a powerful tool for improved early
detection and monitoring of progression of various types of cancer. The term “microbial
footprint™ is used herein interchangeably with the terms “microbial community composition™
and “community composition”.

[0098] In some embodiments, the microbial footprint is used in combination with
altemative tests, such as tests that focus on the analysis of circulating tumor DNA (ctDNA),
for the detection of cancer, guiding tumor-specific treatments, monitoring of cancer
treatment, and monitoring periods of symptom free remission and identifying potential early
recurrence of cancer. Including the microbial footprint can increase the specificity and
sensitivity of these screening tests, e.g. tests for the detection of specific cancers, such as
early stage adenomas and carcinomas in colorectal cancer; or tests for early multi-cancer
detection, such as the GALLERI cancer screening test and the GUARDANT test.
Furthermore, once unique SPA fragments have been identified that correlate with the
detection of specific diseases and monitoring of their progression, their sequences can be

used to develop species-specific PCR-based screening assays as part of diagnostic platforms.
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[0099] The microbial footprint can be used to calculate the blood pathogenicity
index (BPI). Included as pathogenic or pro-inflammatory bacteria in the BPI are the relative
abundances of Enferobacteriaceae including Enterobacter species, Escherichia species (e.g.
E. coli), Shigella species, Klebsiella species (e.g. K. pneumoniae and K. oxytoca), Kluyvera
species, Erwinia species, Haemophilus species, Salmonella species (e.g. S. typhi and S.
enterica), and Listeria species (L. monocytogenes), pathogenic Clostridium species such as C.
difficile, C. perfringens and C. botulinum; Veillonella species such as V. atypica, V. dispar
and V. oral; Pseudomonas species like P. aeruginosa; Stenotrophomonas species like S.
maltophilia; Burkholderia species like B. cepacia; pathogenic Staphylococcus species like S.
aureus, Porphyromonas species; and Fusobacterium species like I. nucleatum and F.
varium.

[00100] The results described in EXAMPLE 5 show that SPA fragment sequencing
of mcfDNA in blood can be successfully used to determine the BPI of patients suffering from
inflammatory diseases such as IBD. The BPI can be used as a surrogate biomarker for both
medication performance and assessing the risk for serious or life-threatening complications,
such as an increased risk of inflammation.

[00101] The increased risk for serious or life-threatening infections has been well
documented for immune suppressing medications and there is a need for biomarkers that allow
for early detection and prevention of this complication. The results of the retrospective study,
described in Tables 7, 9 and 10 of EXAMPLE 5 show that failure or complications due to
immune suppressing medication is accompanied by an increase in the mcfDNA signature of
(opportunistic) pathogenic bacteria in the blood of the patients, as determined by the BPI.
Therefore, the BPI can be used as a surrogate biomarker for diseases where patients are at risk
of serious or life-threatening infections due to treatment with immune repressing drugs,
including rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing
spondylitis, plaque psoriasis, acute Graft versus Host disease.

[00102] Immune suppressing mediations that can benefit from patient monitoring
using the BPI to determine the risk of serious or life-threatening infections include, but are not
limited to, abatacept (Orencia); adalimumab (Humira); infliximab (Remicade); Tofacitinib
(Xeljanz); risankizumab (Skyrizi); anakinra (Kineret); azathioprine (Azasan); certolizumab
(Cimzia); cyclosporine (Gengraf, Neoral, Sandimmune), etanercept (Enbrel); golimumab
(Simponi); infliximab (Remicade); methotrexate (Otrexup, Rasuvo, Trexall); rituximab

(Rituxan); steroids including dexamethasone, methylprednisolone (Medrol), prednisolone
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(Orapred ODT, Prelone), and prednisone (Rayos); tacrolimus (Astagraf, Envarsus XR,
Prograf); and tocilizumab (Actemra).

[00103] The BPI can be used to monitor the performance and possible side effects,
when used for a prolonged period, of immune suppressing medications including
corticosteroids, 5-amine-salicylic acid, inflammatory response modulators, calcineurin
phosphatase inhibitors, purine metabolism antagonists, and biologicals (antibodies) including
a4P7 integrin blockers, antiTNFa, antilL.12/IL23 and JAK-kinase inhibitors.

[00104] In addition, the BPI can be used to monitor the performance and possible
side effects of other medications/treatments that can cause complications of inflammation,
including the gastrointestinal track, or affect the immune response, such as immune
checkpoint inhibitor drugs like Pembrolizumab, Nivolumab, and Cemiplimab as anti-PD-1
antibodies, Ipilimumab as an anti-CTLA-4 antibody, as well as Atezolizumab, Avelumab,
and Durvalumab as anti-PD-L1 antibodies.

[00105] The BPI can be used in combination with altemative tests, such as tests that
focus on the analysis of inflammatory biomarkers in stool and blood, such as the stool
calprotectin levels or C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) and
plasma viscosity (PV) in blood. The BPI can also be used in combination with alternative
microbial biomarkers, such as lipo-polysaccharide (LPS) levels.

[00106] In addition to using mcfDNA from blood, the SPA fragment
sequencing approach provided herein is applicable to analyze microbial DNA compositions
in any sample type, especially when in samples having low amounts of small fragment
microbial DNA. This includes biopsy samples from solid tumors, skin grafts, and other liquid
biopsy samples besides peripheral blood such as spinal and cerebral fluids, urine and saliva,
as well as mcfDNA present in stool samples.

[00107] In the SPA fragment sequencing method, a DNA region is identified in
a suitable microbial phylogenetic marker gene that has the following characteristics:

1. Presence of a highly conserved DNA region to design a degenerate primer for

annealing to the phylogenetic marker gene.

2. Adjacent to the primer annealing site the presence of a highly variable DNA
region with high phylogenetic resolution. This region will become part of the
single point amplicon (SPA) fragment.

[00108]  An overview of an exemplary SPA primer design method is shown in

Figure 4. For each phylogenetic marker gene, such as rpoB, cpn60, 16S rRNA, gyrB, tuf or

other phylogenetic marker gene or conserved housekeeping gene including, but not limited
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to, those used by CheckM (Parks et al, 2015), 50-100 species are initially selected that cover
the prokaryotic diversity, including members of the phylum Proteobacteria (including
representative a-, -, y-, 0- and e-Proteobacteria), the phylum Firmicutes (including
representatives for the classes Bacilli, Clostridia, Erysipelotrichia and Negativicutes), and the
phyla Acinetobacteria and Fusobacteria. Marker genes for these species can be aligned using
a multiple sequence alignment tool like ClustalW. The SPA algorithm can subsequently be
used to identify conserved regions as putative annealing sites for primer candidates by
looking for the highest “average sequence variance™ scores over 25 nucleotide-long DNA
regions among this limited set of sequences. This can be performed as follows:
¢ Determine the percent of nucleotides for each nucleotide (GATC) at each
position.
¢ Calculate the variance of the percentages at each position.
e Calculate region variance as the average of the variances of each position in
the region.

[00109] A completely conserved nucleotide position will have 100% of one
nucleotide and 0% for the other three nucleotides, and a variance of 0.25. A completely non-
conserved region will have 25% of each nucleotide and a variance of 0. Primer candidates are
prioritized based on their “average sequence variance™ scores.

[00110]  Primer candidates are evaluated for key properties including the level of
primer degeneracy and annealing temperature (>50°C). The sequences from the complete
curated marker gene database are aligned to these conserved regions to determine their
nucleotide compositions. The conservation of their 3" nucleotide (must be >99% conserved
among entries) and their “average sequence variance” scores are calculated (highly conserved
regions have the highest score) and used to rank and select primer leads, prioritizing primers
with the highest score.

[00111] In the next step, a curated marker gene database and an algorithm (referred
to as “SPA algorithm™ in Figure 4) are used to determine the “average sequence variance” for
the regions adjacent to the primer annealing site. Primers with adjacent 25 nucleotide-long
and 50 nucleotide-long regions with ideally an average sequence variance of <0.15 and
<0.075, respectively, are prioritized based on the lowest score. The algorithm also identifies
the resolution of phylogenetic identification for the regions adjacent to each primer lead by
determining the number of unique SPA fragments. SPA primers with the highest
phylogenetic resolution are added to the SPA primer repository.
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[00112] The same approach can be used for other organisms, including fungi and
viruses. For fungi, the ITS1 and ITS2 regions can be used as phylogenetic markers.

[00113]  Figure 12 shows nucleotide statistics for the rpoB gene region 1327-1355
and degenerate sequence (GAYGAYATYGAYCAYYTNGGHAAYCGHGC (SEQ ID NO:
2)) which is the reverse complement sequence recognized by the degenerate primers RpoB1-
R1327 and RpoB-R1330. In this specific example, the relative abundance of a nucleotide at a
specific position was calculated using the nucleotide sequences of 47,505 aligned unique
rpoB genes from the PATRIC database and used to design the degenerate sequence, which is
provided from 5° to 3” using the following nucleotide codes: A: adenine; G: guanidine; C:
cytosine; T: thymine; R: purine (A or G); Y: pyrimidine (T or C); H: not G (A, T or C); N:
any nucleotide (A, G, C or T); *: presence of an ambiguous sequence at a specific ¥poB gene
position. The percentages of highly conserved nucleotide sequences used to determine the
consensus sequence for the degenerate primer are highlighted. The position of the region is
based on the nucleotide sequence of the Escherichia coli rpoB gene.

[00114] In the next step, the proposed degenerate primer sequences are matched to
the human genome sequence and the number of hits with increased number of allowed
mismatches is determined. To minimize annealing to human genomic DNA, a primer should
ideally have two or more mismatches with the human genome.

[00115] In one embodiment of the invention, a method is provided for amplifying
microbial cell free DNA (mcfDNA), the method including: (a) providing one or more
degenerate primers that are complementary to one or more conserved regions, wherein the
one or more conserved regions span at least 18 nucleotides of one or more phylogenetic
marker genes designated for a set of reference microbes, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the one or more conserved regions
comprise a hypervariable region, and wherein the one or more degenerate primers are
oriented to prime polymerase extension of the hypervariable region; (b) providing one or
more additional primers that are complementary to a repaired version of an adaptor ligated to
ends of the mcfDNA; (c) performing, on a sample comprising the mcfDNA, an enrichment
polymerase chain reaction (E-PCR) using the one or more degenerate primers and the one or
more additional primers, thereby generating one or more enriched mcfDNA fragments; and
(d) performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments using (i)
a modified degenerate primer, wherein the modified degenerate primer comprises a 3’-end

extension of at least three nucleotides relative to a degenerate primer of the one or more

-4] -



WO 2025/024111 PCT/US2024/036971

degenerate primers; and (i1) the one or more additional primers, thereby generating enriched
amplified mcfDNA fragments.

[00116] In another embodiment of the invention, a method is provided for
amplifying microbial cell free DNA (mcfDNA), that includes: performing an enrichment
polymerase chain reaction (E-PCR) on a sample comprising microbial cell-free DNA
(mcfDNA) wherein enriched mcfDNA fragments are generated using: (i) one or more
degenerate primers comprising complementarity to one or more conserved regions, wherein
the one or more conserved regions span at least 18 nucleotides of one or more phylogenetic
marker genes designated for a set of reference microbes, and wherein at least one of the one
or more degenerate primers comprises an affinity purification group, and (ii) an additional
primer comprising complementarity to an end of the mcfDNA. In the method, at least 25
adjacent nucleotides upstream or downstream of an end of the one or more conserved regions
comprise a hypervariable region, the one or more degenerate primers are oriented to prime
polymerase extension of the hypervariable region, and wherein enriched amplified mcfDNA
fragments are generated in the E-PCR. The method includes performing an amplification
PCR (A-PCR) on the enriched mcfDNA fragments using: (i) a modification of at least one of
the one or more degenerate primers of the E-PCR, wherein the modified degenerate primer
comprises a 3’-end extension of at least three nucleotides relative to a degenerate primer of
the one or more degenerate primers of the E-PCR, and (ii) the additional primer of the E-
PCR, thereby generating enriched amplified mcfDNA fragments.

[00117] The methods of the invention may further include sequencing the enriched
amplified mcfDNA fragments.

[00118]  The methods of the invention may further include performing an affinity
purification reaction on the enriched mcfDNA fragments.

[00119] In one aspect, the methods of the invention include, using a computer
system, a step: (a) aligning the amplified mcfDNA fragment sequences on a sequence of the
one or more degenerate primers and assigning matching sequences from the hypervariable
region as representative of the same microbial species; (b) for the microbial species in part
(a), searching a database of the one or more phylogenetic marker genes against the amplified
mcfDNA fragment sequences and assigning a microbial species based on the closest match;
and (c) optionally, for the one or more phylogenetic marker genes, calculating a microbial
community composition based on the relative abundance of the amplified mcfDNA fragment

sequences assigned to each microbial species.
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[00120]  In the methods of the invention, the phylogenetic marker gene of the one
or more phylogenetic marker genes can be a multicopy gene, in which case the method
includes correcting for copy number variation between each species. In some embodiments,
there are two or more phylogenetic marker genes, and the method includes determining the
microbial community composition by calculating a mathematical mean of the relative
abundance of each microbial species for each of the two or more phylogenetic marker genes.

[00121]  The microbial community composition can include one or more members
of Eukaryotes, bacteria, viruses, or fungi.

[00122] In some instances of the methods of the invention, one or a combination
of: the microbial community composition or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species associated with a disease or
disorder, indicates that the subject has the disease or disorder.

[00123] In one embodiment, a system is provided for amplifying microbial cell
free DNA (mcfDNA), including: a reaction vessel; a reagent dispensing module; and
software to execute the method of any of the methods provided herein, wherein the method is
executed at least partially robotically.

[00124] In another embodiment, a set of degenerate oligonucleotide primers is
provided comprising a mixture of oligonucleotides having a V:-W:X:Y:Z ratio of 1.2:0.8-
1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the sequence 5” to 3’
CGRTTDCCNARRTGRTCRATRTCATC (SEQ ID NO: 24), wherein W is the sequence 5° to
3" CGRTTDCCNARRTGRTCRATATCATC (SEQ ID NO: 25), wherein X is the sequence 5’
10 3> CGRTTDCCNARGTGRTCRATRTCATC (SEQ ID NO: 26), wherein Y is the sequence
5”10 3> CGRTTDCCNARGTGRTCRATATCATC (SEQ ID NO: 27), and wherein Z is the
sequence 5° to 3° CGGTTRCCNARGTGGTCGATRTCGTC (SEQ ID NO: 28), wherein A =
adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or G), D=not C (A, T or
G), and N = any nucleotide (A, G, C or T), and wherein D and N can be replaced with
inosine.

[00125] In another aspect, a set of degenerate oligonucleotide primers is
provided comprising a mixture of oligonucleotides having a V:-W:X:Y:Z ratio of 1.2:0.8-
1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the sequence 5” to 3’
GCRCGRTTDCCNARRTGRTCRATRTC (SEQ ID NO: 19), wherein W is the sequence 5° to
3> GCRCGRTTDCCNARRTGRTCRATATC (SEQ ID NO: 20), wherein X is the sequence 5’
t0 3> GCRCGRTTDCCNARGTGRTCRATRTC (SEQ ID NO: 21), wherein Y is the sequence
5”10 3> GCRCGRTTDCCNARGTGRTCRATATC (SEQ ID NO: 22), and wherein Z is the
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sequence 5° to 3° GCRCGGTTRCCNARGTGGTCGATRTC (SEQ ID NO: 23), wherein A =
adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or G), D=not C (A, T or
G), and N = any nucleotide (A, G, C or T), wherein D and N can be replaced with inosine,
and wherein the primers optionally comprise an affinity purification group at a 5 terminus.

[00126] In the degenerate oligonucleotide primers, one or more nucleotides at
positions represented by D or N can be replaced by inosine.

[00127] A kit is provided for amplifying microbial cell free DNA (mcfDNA).
The kit includes: (a) an adaptor for ligating to ends of mcfDNA; (b) a degenerate primer
comprising complementarity to a conserved region, wherein the degenerate primer comprises
an affinity purification group, wherein the conserved region spans at least 18 nucleotides of a
microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region comprises a hypervariable region, and the
degenerate primer is oriented to prime polymerase extension of the hypervariable region; (c)
an additional primer complementary to a repaired version of the adaptor; (d) a modified
degenerate primer comprising a 3’-end extension of at least three nucleotides relative to the
degenerate primer; and instructions for performing: (i) an enrichment polymerase chain
reaction (E-PCR) on the mcfDNA having the adaptor-ligated ends with the degenerate primer
and the additional primer to generate enriched mcfDNA fragments, an (ii) affinity
purification of the enriched mcfDNA fragments, and (iii) an amplification PCR (A-PCR) on
the enriched mcfDNA fragments using the modified degenerate primer and the additional
primer to generate enriched amplified mcfDNA fragments.

[00128] The kit can further include one or more additional degenerate primers
comprising complementarity to one or more additional conserved regions of the microbial
phylogenetic marker gene or to one or more additional genes. The one or more additional
genes can be one or more additional microbial phylogenetic marker genes. In another
example, the one or more additional genes can encode virulence factors, secondary
metabolites, or drug degradation pathways, and combinations thereof.

[00129] A method is provided for diagnosing or monitoring a disease or
disorder. The method includes (a) providing one or more degenerate primers that are
complementary to one or more conserved regions, wherein the one or more conserved regions
span at least 18 nucleotides of one or more phylogenetic marker genes designated for a set of
reference microbes, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the one or more conserved regions comprise a hypervariable region, and wherein the

one or more degenerate primers are oriented to prime polymerase extension of the
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hypervariable region; (b) providing one or more additional primers that are complementary to
arepaired version of an adaptor ligated to ends of the mcfDNA; (¢) performing, on a sample
comprising the mcfDNA, an enrichment polymerase chain reaction (E-PCR) using the one or
more degenerate primers and the one or more additional primers, thereby generating one or
more enriched mcfDNA fragments; (d) performing an amplification PCR (A-PCR) on the
enriched mcfDNA fragments using (i) a modified degenerate primer, wherein the modified
degenerate primer comprises a 3’-end extension of at least three nucleotides relative to a
degenerate primer of the one or more degenerate primers;, and (ii) the one or more additional
primers, thereby generating enriched amplified mcfDNA fragments; (e) sequencing or
obtaining sequences of the enriched amplified mcfDNA fragments; (f) assigning one of more
of the amplified mcfDNA fragment sequences as belonging to a particular microbial species,
or as comprising a microbial DNA signature, based on the closest sequence match of the
hypervariable region to a reference microbial database; and (g) optionally, calculating a
microbial community composition for the sample, based on the relative abundance of the
mcfDNA fragment sequences assigned to each microbial species, wherein one or a
combination of: the microbial DNA signature; the microbial community composition; or (i) a
presence, (ii) an absence, or (iii) a relative abundance of one or a combination of the
microbial species, associated with a disease or disorder, indicates that the subject has the
disease or disorder.

[00130] In another embodiment, method is provided of diagnosing or monitoring a
disease or disorder, that includes: performing, on a sample comprising microbial cell-free
DNA (mcfDNA), a polymerase chain reaction (PCR) using: (i) one or more degenerate
primers comprising complementarity to one or more conserved regions, wherein the one or
more conserved regions span at least 18 nucleotides of one or more phylogenetic marker
genes designated for a set of reference microbes and (ii) an additional primer comprising
complementarity to a repaired version of an adaptor ligated to ends of the mcfDNA. In the
method, at least 25 adjacent nucleotides upstream or downstream of an end of the one or
more conserved regions comprise a hypervariable region, and the one or more degenerate
primers are oriented to prime polymerase extension of the hypervariable region, wherein
amplified mcfDNA fragments are generated in the PCR. The method includes sequencing the
amplified mcfDNA fragments or obtaining the sequences of the amplified mcfDNA
fragments and assigning one or more of the amplified mcfDNA fragment sequences as
comprising a microbial DNA signature or as belonging to a particular microbial species based

on the closest sequence match of the hypervariable region to a reference microbial database.
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Optionally, the method includes calculating a microbial community composition for the
sample, based on the relative abundance of the mcfDNA fragment sequences assigned to each
microbial species. In the method, one or a combination of: the microbial DNA signature; the
microbial community composition; or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species, associated with a disease or
disorder, indicates that the subject has the disease or disorder.

[00131] In one aspect, a method is provided of diagnosing or monitoring a disease
or disorder that includes: providing mcfDNA sequences, wherein the mcfDNA sequences are
derived from a sample, wherein the mcfDNA sequences comprise sequence corresponding to
(1) a conserved region spanning at least 18 nucleotides of at least one microbial phylogenetic
marker gene and (ii) a hypervariable region at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region. The method includes assigning one or more of
the mcfDNA fragment sequences as comprising a microbial DNA signature or as belonging
to a particular microbial species based on the closest sequence match of the hypervariable
region to a reference microbial database. Optionally, the method may include calculating a
microbial community composition for the sample, based on the relative abundance of the
mcfDNA fragment sequences assigned to each microbial species. In the method, one or a
combination of: the microbial DNA signature; the microbial community composition; or (i) a
presence, (ii) an absence, or (iii) a relative abundance of one or a combination of the
microbial species, associated with a disease or disorder, indicates that the subject has the
disease or disorder.

[00132] In another aspect, a method of diagnosing or monitoring a disease or
disorder is provided, the method including sequencing amplified mcfDNA fragments derived
from a sample, wherein the mcfDNA sequences comprise sequence corresponding to (i) a
conserved region spanning at least 18 nucleotides of at least one microbial phylogenetic
marker gene and (ii) a hypervariable region at least 25 adjacent nucleotides upstream or
downstream of an end of the conserved region. The method includes assigning one or more of
the amplified mcfDNA fragment sequences as comprising a microbial DNA signature or as
belonging to a particular microbial species based on the closest sequence match of the
hypervariable region to a reference microbial database. The method can optionally include
calculating a microbial community composition for the sample, based on the relative
abundance of the mcfDNA fragment sequences assigned to each microbial species. In the
method, one or a combination of: the microbial DNA signature; the microbial community

composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of one or a
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combination of the microbial species, associated with a disease or disorder, indicates that the
subject has the disease or disorder.

[00133] In one embodiment, a method is provided of diagnosing or monitoring
a disease or disorder, that includes: performing, on a sample comprising microbial cell-free
DNA (mcfDNA), a polymerase chain reaction (PCR) using: (i) one or more degenerate
primers comprising complementarity to one or more conserved regions, wherein the one or
more conserved regions span at least 18 nucleotides of one or more phylogenetic marker
genes designated for a set of reference microbes and (i) an additional primer comprising
complementarity to a repaired version of an adaptor ligated to ends of the mcfDNA, wherein
at least 25 adjacent nucleotides upstream or downstream of an end of the one or more
conserved regions comprise a hypervariable region, and the one or more degenerate primers
are oriented to prime polymerase extension of the hypervariable region, wherein amplified
mcfDNA fragments are generated in the PCR. The method includes sequencing the amplified
mcfDNA fragments or obtaining the sequences of the amplified mcfDNA fragments. In the
method, the closer the sequence match between the amplified mcfDNA fragment sequences
and the nucleic acid sequences in a reference sample the more likely the sample is to have the
disease or disorder.

[00134] In some instances of the methods provided herein for diagnosing or
monitoring a disease or disorder, the disease or disorder comprises detection of infection or
inflammation in one or a combination of Irritable Bowel Disease, Crohn’s disease, Ulcerative
colitis, theumatoid arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing
spondylitis, or plaque psoriasis. In these instances of the methods, a presence of the amplified
mcfDNA fragments from one or more pathogenic bacterial members of: Escherichia species,
Escherichia coli, Shigella species, Klebsiella species, Klebsiella pneumoniae, Klebsiella
oxytoca, Kluyvera species, Erwinia species, Haemophilus species, Salmonella species,
Salmonella typhi, Salmonella enterica, Listeria species, Listeria monocytogenes, Clostridium
species, Clostridium difficile, Clostridium perfringens, Clostridium botulinum, Veillonella
species, Veillonella atypica, Veillonella dispar, Veillonella oral, Pseudomonas species,
Pseudomonas aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia,
Burkholderia species, Burkholderia cepacia, Staphylococcus species, Staphylococcus aureus,
Porphyromonas species, Fusobacterium species, Fusobacterium nucleatum, or Fusobacterium
varium, indicates that the subject has the infection or inflammation.

[00135] A method of detecting infection or inflammation is provided, the

method comprising: (a) performing, on a sample comprising mcfDNA from a subject, an
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enrichment polymerase chain reaction (E-PCR) using one or more degenerate primers and
one or more additional primers, thereby generating one or more enriched mcfDNA fragments,
wherein: (i) the one or more degenerate primers are complementary to one or more conserved
regions, wherein the one or more conserved regions span at least 18 nucleotides of one or
more phylogenetic marker genes designated for a set of reference microbes, wherein at least
25 adjacent nucleotides upstream or downstream of an end of the one or more conserved
regions comprise a hypervariable region, and wherein the one or more degenerate primers are
oriented to prime polymerase extension of the hypervariable region, and (ii) the one or more
additional primers are complementary to a repaired version of an adaptor ligated to ends of
the mcfDNA; (b) performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using (i) a modified degenerate primer, wherein the modified degenerate primer
comprises a 3’-end extension of at least three nucleotides relative to a degenerate primer of
the one or more degenerate primers; and (ii) the one or more additional primers, thereby
generating enriched amplified mcfDNA fragments; (c) sequencing or obtaining sequences of
the enriched amplified mcfDNA fragments; and (d) assigning one of more of the amplified
mcfDNA fragment sequences as belonging to one or more pathogenic bacterial species based
on the closest sequence match of the hypervariable region to a reference microbial database,
wherein the one or more pathogenic bacterial species comprise Escherichia species,
Escherichia coli, Shigella species, Klebsiella species, Klebsiella pneumoniae, Klebsiella
oxytoca, Kluyvera species, Erwinia species, Haemophilus species, Salmonella species,
Salmonella typhi, Salmonella enterica, Listeria species, Listeria monocytogenes, Clostridium
species, Clostridium difficile, Clostridium perfringens, Clostridium botulinum, Veillonella
species, Veillonella atypica, Veillonella dispar, Veillonella oral, Pseudomonas species,
Pseudomonas aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia,
Burkholderia species, Burkholderia cepacia, Staphylococcus species, Staphylococcus aureus,
Porphyromonas species, Fusobacterium species, Fusobacterium nucleatum, or Fusobacterium
varium. In this method, a presence of the enriched amplified mcfDNA fragments from one or
more of the one or more pathogenic bacterial members indicates that the subject has the
infection or inflammation.

[00136] In another embodiment, a method of detecting infection or
inflammation is provided, the method comprising: performing, on a sample comprising
microbial cell-free DNA (mcfDNA) from a subject, a polymerase chain reaction (PCR)
using: (i) one or more degenerate primers comprising complementarity to one or more

conserved regions, wherein the one or more conserved regions span at least 18 nucleotides of
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one or more phylogenetic marker genes designated for a set of reference microbes and (ii) an
additional primer comprising complementarity to a repaired version of an adaptor ligated to
ends of the mcfDNA, wherein at least 25 adjacent nucleotides upstream or downstream of an
end of the one or more conserved regions comprise a hypervariable region, and the one or
more degenerate primers are oriented to prime polymerase extension of the hypervariable
region, thereby generating amplified mcfDNA fragments; sequencing the amplified mcfDNA
fragments or obtaining the sequences of the amplified mcfDNA fragments; and assigning one
or more of the amplified mcfDNA fragment sequences as belonging to one or more
pathogenic bacterial species based on the closest sequence match of the hypervariable region
to a reference microbial database, wherein the one or more pathogenic bacterial species
comprise Escherichia species, Escherichia coli, Shigella species, Klebsiella species,
Klebsiella pneumoniae, Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus
species, Salmonella species, Salmonella typhi, Salmonella enterica, Listeria species, Listeria
monocytogenes, Clostridium species, Clostridium difficile, Clostridium perfringens,
Clostridium botulinum, Veillonella species, Veillonella atypica, Veillonella dispar,
Veillonella oral, Pseudomonas species, Pseudomonas aeruginosa, Stenotrophomonas species,
Stenotrophomonas maltophilia, Burkholderia species, Burkholderia cepacia, Staphylococcus
species, Staphylococcus aureus, Porphyromonas species, Fusobacterium species,
Fusobacterium nucleatum, or Fusobacterium varium, In this embodiment, a presence of the
enriched amplified mcfDNA fragments from one or more of the one or more pathogenic
bacterial members indicates that the subject has the infection or inflammation.

[00137] In the methods provided herein, the disease or disorder can include
detection of infection or inflammation in Irritable Bowel Disease and the one or more
pathogenic bacterial members can further include one or more of Rhuminococcus gnavus,
Enterococcus faecium or Enterococcus faecalis.

[00138] The methods provided herein for detecting infection or inflammation
can include calculating a percentage of the amplified mcfDNA fragments coming from the
one or more bacterial pathogenic members as a fraction of a total amount of the amplified
mcfDNA fragments in the sample, wherein the calculated percentage of less than one percent
indicates an absence of infection or inflammation and the calculated percentage of greater
than one percent indicates the presence of infection or inflammation.

[00139] In the methods provided herein for detecting infection or inflammation,

the presence of infection or inflammation can be in the gastrointestinal tract.
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[00140] The methods for detecting infection or inflammation provided herein
can be used in combination with determination of a level of lipo-polysaccharide (LPS) in the
sample.

[00141] In the methods of diagnosing or monitoring the disease or disorder
provided herein, the disease or disorder may include tuberculosis and other diseases caused
by Mycobacterium species; determining pulmonary infection risks and causes in cystic
fibrosis patients; determining the risk and onset of sepsis in patients with compromised
immune systems; detection of opportunistic bacterial pathogens originating from the oral
cavity that have been linked to Alzheimer’s disease, pancreatic cancer and other serious
conditions such as endocarditis; women’s health issues including Chlamydia linked to
mucopurulent cervicitis, pelvic inflammatory disease, tubal factor infertility, ectopic
pregnancy and cervical cancer; detection and monitoring of progression of cancer;
monitoring of minimal residual disease after oncology treatments; detection and monitoring
of progression and minimal residual disease of breast cancer including triple negative breast
cancer; detection of esophageal cancer, precancerous colonic polyps and early stage
colorectal cancer, and detection and monitoring of progression and minimal residual disease
of gastrointestinal cancers in general; detection and monitoring of progression and minimal
residual disease in lung cancer; non-invasive analysis of the microbiome in pancreatic cancer
patients to propose treatment protocols and prognostics for long-term survival; detection of
Clostridium difficile infections; post-transplant bloodstream infections and Graft versus Host
Disease (GvHD); detection of hospital acquired infections by emerging pathogens of clinical
concem; detection of an infection in an immune compromised person; or detection of
infection or inflammation of the gastrointestinal track in Irritable Bowel Disease (Crohn’s
disease, Ulcerative colitis); monitoring the risk of infection of inflammation in patients
suffering from rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic arthritis,
ankylosing spondylitis, plaque psoriasis; and combinations thereof.

[00142] In some instances of methods provided herein, the disease or disorder
can include colon cancer, breast cancer, or non-small cell lung cancer. The disease or
disorder can include a specific type of cancer, an early or later stage cancer, or a specific
tumor subtype driven by the location of the tumor, and combinations thereof.

[00143] In another aspect, including one or a combination of circulating tumor
DNA (ctDNA) signatures, ctDNA methylation pattems, or gene mutations that provide
information on the disease or disorder in the methods provided herein can indicate whether

the sample is likely to have the disease or the disorder.
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[00144] In the methods provided herein, the disease or disorder can include
IBD. The disease or disorder can include Crohn’s disease or ulcerative colitis.

[00145] In one aspect, calculating the blood pathogenicity index (BPI) is used to
monitor disease progression, medication efficiency and medication side effects in IBD
patients.

[00146] In another aspect, the methods provided herein can be used with one or a
combination of inflammatory biomarkers in stool and blood, such as the stool calprotectin
levels or C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) and plasma
viscosity (PV) in blood that provide information on the disease or disorder. In the methods
provided herein, the combination with these inflammatory biomarkers can indicate whether
the sample is likely to have the disease or the disorder.

[00147] In another aspect, the BPI can be used in combination with alternative
microbial biomarkers, such as lipo-polysaccharide (LPS) levels.

[00148] In the methods and kits of the invention, the additional primer in the A-
PCR can be used with a set of at least two phased primers, wherein the phased primers are
identical to the additional primer except that the phased primers are phased by a single
nucleotide. In one instance, the set of phased primers comprises five or more phased primers.

[00149] In the methods and kits provided herein, the conserved region of the
microbial phylogenetic marker gene can have an average sequence variance score of greater
than 0.175. The hypervariable region can have an average sequence variance score of less
than 0.15, 0.1, or 0.075. The conserved region can span 18 to 40 nucleotides, 20 to 30
nucleotides, or 22 to 28 nucleotides of the phylogenetic marker gene.

[00150] In the methods and kits provided herein, the at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region can include less than
150 adjacent nucleotides, less than 75 adjacent nucleotides, or less than 50 adjacent
nucleotides.

[00151] In the methods and kits provided herein, the ends of the mcfDNA can
include an adaptor and the additional primer is complementary to a repaired version of the
adaptor. The adaptor can be a double stranded asymmetric linker cassette comprising a 5’
asymmetrical end and a 3° end where the two strands are complementary. The asymmetric
linker cassette can be a Y-shaped linker cassette or a single arm linker cassette. In one
example, the additional primer is complementary to a repaired 5° end of the asymmetric
linker cassette and, in the E-PCR, polymerase extension from the degenerate primer results in

repair of the asymmetric linker cassette.
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[00152] In the methods and kits provided herein, the mcfDNA can be an
average fragment length of less than about 100 bp. The percentage of the mcfDNA in the
sample can be less than about 0.05%, less than about 0.1%, less than about 1%, less than
about 5%, or less than about 15%.

[00153] In the methods and kits provided herein, the set of reference microbes
can be eubacterial microbes. In other instances, the set of reference microbes are eukaryotic,
fungal, viral, or bacterial.

[00154] The methods and kits provided herein can include performing one or
more reactions to repair the ends of the mcfDNA. The degenerate primer can include one or
more sequencing adaptor sequences. In another embodiment, the method can include adding
one or more sequencing adaptor sequences to the amplified mcfDNA fragments in a second
amplification reaction or to the enriched mcfDNA fragments in the A-PCR.

[00155] In some instances of the methods and kits provided herein,
themicrobial phylogenetic marker gene comprises #poB. In another example, the microbial
phylogenetic marker gene comprises 16S rRNA. In other instances, the microbial
phylogenetic marker gene comprises a combination of two or more of rpoB, cpn60, tuf, or
16S rRNA. The phylogenetic marker gene can include rpoB and the conserved region can
include nucleotide positions 1327 — 1355 based on the Escherichia coli rpoB gene sequence.
In another example, the microbial phylogenetic marker gene comprises 16S rRNA and the
conserved region comprises nucleotide positions 781-805 based on the Escherichia coli 16S
rRNA gene sequence.

[00156] In the methods and kits provided herein, the degenerate primer can
include one or both of RpoB-ePCR mix and RpoB-aPCR mix. In one instance, the degenerate
primer comprises one or both of 16SV4-ePCR and 16SV4-aPCR. In another instance, the
microbial phylogenetic marker gene comprises 16S rRNA and the conserved region
comprises a V1, V2, V3, V4, V5, or V6 region of the 16S rRNA phylogenetic marker gene.
In one example, the degenerate primer can include RpoB-ePCR mix, RpoB-aPCR mix,
16SV4-ePCR, or 16SV4-aPCR, and combinations thereof.

[00157] In the methods and kits provided herein, the microbial phylogenetic
marker gene can include DNA gyrase subunit B (gyrB), heat shock protein 60 (hsp60),
superoxide dismutase A protein (sodA4), TU elongation factor (fuf), DNA recombinase
proteins (including recA, recE), trrl gene that encodes for thioredoxin reductase; rim8 gene

that encodes for a protein involved in the proteolytic activation of a transcriptional factor in
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response to alkaline pH; kre2 gene that encodes for a-1,2-mannosyltransferase; or erg6 gene
that encodes for A(24)-sterol C-methyltransferase.

[00158] In the methods and kits provided herein, the phylogenetic marker gene
can be a fungal phylogenetic marker gene or a human fungal phylogenetic marker gene. In
one instance, the human fungal phylogenetic marker gene comprises nuclear ribosomal
internal transcribed spacer region 1 (ITS1) or nuclear ribosomal internal transcribed spacer
region 2 (ITS2). The amplified mcfDNA fragments or enriched amplified mcfDNA
fragments can include mcfDNA from one or a combination of members of the Ascomycota,
Basidiomycota and Mucoromycota, including Alfernaria species, Aspergillus species,
Blastomyces species, Candida species, Capnodiales species, Cladosporium species,
Malassezia species, Phaeosphaeria species, Pseudozyma species, Saccharomyces species,
Sporobolomyces species, Vishniacozyma species, and Yarrowia species.

[00159] The methods provided herein for amplifying mcfDNA can include
adding, in the PCR or in both the E-PCR and the A-PCR, a primer to a functional gene to
determine the presence of the functional gene in the sample. The functional gene can be a
pathogenicity factor, a PKS gene cluster essential for colibactin synthesis, or a choline
trimethylaminelyase gene.

[00160] In another example, the methods for amplifying mcfDNA can include
adding, in the PCR or in both the E-PCR and the A-PCR a primer to a viral gene to determine
the presence of the viral gene in the sample. The viral gene can include a human DNA- or
RNA-based oncovirus gene. The oncovirus can be one or a combination of Epstein-Barr
Virus (EBV), Human Papillomavirus (HPV), Hepatitis B virus (HBV), Human Herpesvirus-8
(HHV-8), or Merkel Cell Polyomavirus (MCPyV).

[00161] In the methods provided herein for amplifying mcfDNA, the sample
can include a bodily fluid, a tissue, or an extracellular bodily substance. The bodily fluid can
include whole blood, a blood fraction, serum, plasma, or combinations thereof. In some
instances, the sample includes a biopsy sample from a solid tumor, a skin graft, a liquid
biopsy sample other than blood, or combinations thereof. In another example, the sample
includes a stool sample.

[00162] In the methods provided herein, the amplified mcfDNA fragments or
the enriched amplified mcfDNA fragments can include mcfDNA from one or more members
of: Flavobacterium sp., Staphylococcus auricularis, Pseudomonas toyotomiensis,
Rheinheimera sediminis, Finegoldia magna, Parvularcula sp., Pseudomonas stutzeri,

Pseudomonas soyae, Pseudomonas saponiphila, Pseudomonas sp., Peptoniphilus harei,
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Quisquiliibacterium sp., Azoarcus sp., Sphingopyxis terrae, uncultured Clostridiales
bacterium strain UMGS460, Staphylococcus schweitzeri, Flavobacterium erciyesense,
Rhodococcus yananensis, Dietzia massiliensis, Cutibacterium acnes subsp. elongatum,
Angustibacter aerolatus, Aerococcus urinae, Klebsiella quasivariicola, Comamonas fluminis,
Mycobacterium tuberculosis, Mycobacterium abscessus, Mycobacterium avium,
Mycobacterium chimaera, Mycobacterium leprae, Mycobacterium xenopi, Mycobacterium
(parajintracellulare, Mycobacterium kansasii, Mycobacterium gilvum, Mycolicibacterium
gen. nov. (“fortuitum-vaccae” clade), Mycobacterium gen. (“tuberculosis-simiae” clade),
Staphylococcus aureus, Staphylococcus argenteus, Staphylococcus schweitzeri,
Pseudomonas aeruginosa, Burkholderia cepacia complex, Burkholderia ubonensis,
Burkholderia species Nov., Burkholderia multivorans, Burkholderia pseudomultivorans,
Burkholderia pseudomallei, Burkholderia mallei, Trinickia species, Burkholderia
thailandensis, Haemophilus species, Haemophilus influenzae, Haemophilus parainfluenzae,
Streptococcus species at the various group and species levels, Streptococcus dysgalactiae,
Streptococcus pyogenes, Streptococcus mutans, Streptococcus suis, Streptococcus mitis,
Streptococcus pneumoniae, Streptococcus agalactiae, Streptococcus anginosus,
Streptococcus intermedius, Streptococcus constellatus, Streptococcus equi subsp.
zooepidemicus, Streptococcus oralis, Streptococcus gordonii, Streptococcus uberis,
Streptococcus parasanguinis, Streptococcus sanguinis Streptococcus parauberis,
Streptococcus infantarius, Streptococcus iniae, Streptococcus salivarius, Streptococcus
thermophilus, Streptococcus vestibularis, Streptococcus bovis, Streptococcus gallolyticus
subsp. gallolyticus, Streptococcus gallolyticus subsp. macedonicus, Streptococcus
gallolyticus subsp. pasteurianus, Streptococcus equinus, Enterococcus faecalis, Enterococcus
faecium, Porphyromonas gingivalis, Porphyromonas cangingivalis, Porphyromonas uenonis,
Porphyromonas endodontalis, Propionibacterium acidifaciens, Porphyromonas
asaccharolytica, Porphyromonas macacae, Prevotella pallens, Prevotella histicola,
Prevotella melaninogenica, Prevotella copri, Prevotella intermedia, Prevotella oral,
Prevotella nanceiensis, Prevotella salivae, Prevotella nigrescens, Prevotella denticola,
Prevotella buccae, Prevotella stercorea, Prevotella oris, Prevotella disiens, Prevotella
bryantii, Prevotella shahii, Tannerella forsythia, Bacteroides fragilis, Helicobacter pylori,
Chilamydia trachomatis, Neisseria meningitidis, Neisseria gonorrhoeae, Neisseria subflava,
Neisseria perflava, Neisseria flavescens, Neisseria cinerea, Neisseria lactamica, Neisseria
weaver, Neisseria zoodegmatis, Neisseria brasiliensis, Neisseria mucosa, Neisseria

animaloris, Aggregatibacter actinomycetemcomitans, Aggregatibacter aphrophilus,
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Aggregatibacter segnis, Saccharopolyspora species, Bacillus clausii, members of the genera
Pseudoxanthomonas and Streptomyces, Fusobacterium nucleatum subsp. polymorphum,
Fusobacterium hwasookii, Fusobacterium canifelinum, Fusobacterium nucleatum subsp.
animalis, Fusobacterium periodonticum, Fusobacterium necrophorum subsp. funduliforme,
Fusobacterium mortiferum, Fusobacterium varium, Fusobacterium nucleatum subsp.
nucleatum, Fusobacterium ulcerans, Fusobacterium nucleatum subsp. vincentii,
Fusobacterium equinum, Fusobacterium gonidiaformans, Fusobacterium necrogenes,
Fusobacterium naviforme, Peptostreptococcus stomatis, Pseudonocardia asaccharolytica,
Parvimonas species including Parvimonas oral and Parvimonas micra, Gemella species
including Gemella morbillorum, Gemella haemolysans, Gemella palaticanis and Gemella
sanguinis, Clostridium difficile, Clostridium perfringens, Clostridium botulinum,
Acinetobacter baumannii, Acinetobacter lactucae, Acinetobacter pittii, Acinetobacter
calcoaceticus, Acinetobacter oleivorans, Acinetobacter nosocomialis, Acinetobacter
radioresistens, Acinetobacter variabilis, Acinetobacter courvalinii, Acinetobacter ursingii,
Enterobacteriaceae, Enterobacter species, Escherichia species, Escherichia coli, or
Klebsiella species, Klebsiella pneumoniae, Klebsiella oxytoca, Shigella species, Kluyvera
species, Erwinia species, Salmonella species, Salmonella typhi, Salmonella enterica,
Listeria species, Listeria monocytogenes, Veillonella species, Veillonella atypica, Veillonella
dispar, Veillonella oral, Stenotrophomonas species, Stenotrophomonas maltophilia, and
combinations thereof.

[00163] Various modifications and variations of the disclosed methods,
compositions, and uses of the invention will be apparent to the skilled person without
departing from the scope and spirit of the invention. Although the invention has been
disclosed in connection with specific preferred aspects or embodiments, the invention as
claimed should not be unduly limited to such specific aspects or embodiments.

[00164] The present invention may be implemented using hardware, software, or a
combination thereof and may be implemented in one or more computer systems or other
processing systems. In one aspect, the invention is directed toward one or more computer

systems capable of carrying out the functionality described herein.

EXAMPLES
[00165] The following Examples have been included to provide guidance to one of
ordinary skill in the art for practicing representative embodiments of the presently disclosed

subject matter. In light of the present disclosure and the general level of skill in the art, those
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of skill can appreciate that the following Examples are intended to be exemplary only and
that numerous changes, modifications, and alterations can be employed without departing

from the scope of the presently disclosed subject matter.

EXAMPLE 1

SPA fragment sequencing protocol using the V4 region of the 16S rRNA gene as

phvlogenetic marker

[00166] The protocol for SPA fragment amplification and sequencing was targeting
the V4 hypervariable region of the 16S rRNA gene. Several iterations were used for protocol
improvement; for each iteration, blood plasma from the same healthy donor was used. Figure
2 shows the order of the steps for the SPA fragments sequencing protocol.

[00167] cfDNA isolation was performed using the Qiagen QlAamp ccfDNA/RNA
Kit on 1.0 ml blood plasma from a healthy volunteer. To confirm the presence of mcfDNA in
the blood sample, total cfDNA was isolated on 1.0 ml blood plasma and deep sequencing was
used to determine the percentage of mcfDNA. In the case of this healthy donor, the
percentage of mcfDNA was approximately 0.1% to 1.0% of the total cfDNA (data not
shown). This is considerably lower than typically found in blood samples from cancer
patients, where this ranged between approximately 1% to 4% (Poore et al, 2020).

[00168] Subsequently, the SPA fragment sequencing protocol was followed as
detailed below. In the protocol critical steps that resulted in major improvements are
indicated, with the effect of the improved step summarized in Table 2:

1. End-repair and A-tailing, using the IDT: XGEN DNA Lib Prep kit (8 samples)

o Prepare the Reaction according to the table below. First prepare a Premix
containing all reagents in a 1.5 mL LoBind tube on ice and aliquot 12 pl into
8 PCR tubes. Transfer 18 pul of each cfDNA sample into the tubes and mix
by pipetting 5 times.

IDT xGen volume per reaction Premix volume for 8.8
Reagent (ub) reactions (ul)
Low EDTA TE 8.5 74.8

Buffer E1 2.35 20.7

Enzyme E2 0.5 4.4

Enzyme E3 0.5 4.4

Enzyme E4 0.15 1.3

cfDNA 18
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TOTAL 30 105.6

o Place the reactions in the thermocycler and run the following program:

heated lid, 30 min at 20°C, 30 min at 65°C, hold at 4°C.

2. SPA-linker ligation (8 samples)
o The SPA-linker is ordered as duplexed DNA fragments. In Table 1,

examples of two SPA-linkers are provided, SPA-linker-UMI.v1-Y-SP,
which was used in protocol iterations 1 to 7, and SPA-linker-UMI.v1-Y-SP,
which was used for protocol iteration 8.

Prepare the Reaction according to the table below. First prepare a Premix
containing all reagents in a 1.5 mL LOBIND tube on ice. Add 15 pl of the
Premix to each tube containing 30 ul of repaired/A-tailed DNA (from step
1).

IDT xGen Reagent volume per reaction Premix volume for
(ul) 8.8 reactions (ul)

Buffer L1 9 79.2
Enzyme L2 3 26.4
SPA-linker (1 nM) 1 8.8

Low EDTA TE 2 17.6
End-repaired DNA 30

TOTAL 45 132

Place the reactions in the thermocycler and run the following program:
heated lid off, 15 min at 20°C.

3. AMPure bead cleanup at 2X (8 samples)

O

O

Let the AMPure beads equilibrate at RT and vortex to resuspend the beads.
Add 90 pl of beads into each tube from step 2, mix by pipetting 10 times
and incubate at RT for 5 min. The 90 ul of beads is twice the reaction
volume present in the tube.

Place the tubes on a magnetic stand for 1 min. Remove and discard the
supernatant.

Keep the tubes on the magnetic stand and add 200uL of 80% ethanol
(prepared in nuclease-free water). Incubate at RT for 30 seconds. Remove
and discard the ethanol supematant. Repeat step for total two washes.
Remove the tubes from the magnetic stand. Add 13 pL of nuclease-free
water, mix by pipetting 10 times and incubate at RT for 1 min.

Place the tubes on the magnetic stand for 1 min and transfer 11.5 pl of the
eluates into new 0.2 mL PCR tubes.

-57-

PCT/US2024/036971




WO 2025/024111

4. Enrichment PCR (8 samples)

PCT/US2024/036971

The E-PCR reaction was introduced during protocol iteration 3. Together with the A-
PCR reaction it results in enrichment of target fragments and reduces the level of
fragments amplified as the result of non-specific primer hybridization. The E-PCR
reaction was further improved during protocol iteration 7 by using the biotinylated
16S-V4-R785-Bio primer, which targets position 785 - 805 upstream of the V4 region
of the 16S rRNA gene. The linker-ePCR primer is not biotinylated. Non-specific primer
hybridization was further reduced by increasing the E-PCR annealing temperature

from 55°C to 60°C (protocol iteration 4).

o Prepare the Reaction according to the table below. First prepare a Premix
containing all reagents in a 1.5 mL LOBIND tube on ice. Add 13.5 pl of the
Premix to each tube containing 11.5 ul purified ligation product from step

3.

volume per Premix volume for
Reagents

reaction (ul) 8.8 reactions (nl)
2x KAPA HiFi HOTSTART
READYMIX 12.5 110
Linker-ePCR primer (10 uM):
linker.v1-amp or linker.v2-amp 0.5 4.4
16SV4-ePCR primer (10 uM)
Or 0.5 44
RpoB-ePCR primer (10uM)
Ligation Product 11.5
TOTAL 25 118.8

o Place the reactions in the thermocycler and run the following program:
heated lid on, 95°C for 10 min, [98°C for 20 sec, 60°C (for 16SV4) or 58°C
(for RpoB) for 30 sec, 72°C for 15 sec] for 13 cycles, 72°C for 1 min, 4°C

on hold.

- 58 -



WO 2025/024111

5. AMPURE bead cleanup at 2X (8 samples)

This step is essential to remove unincorporated biotinylated primer from the E-PCR
reaction before streptavidin bead purification.

O

O

Letthe AMPURE beads equilibrate at RT and vortex to resuspend the beads.
Add 50 pl of beads into each tube (containing 25 uL. E-PCR reaction from
step 4), mix by pipetting 10 times and incubate at RT for 5 min.

Place the tubes on a magnetic stand for 1 min. Remove and discard the
supernatant.

Keep the tubes on the magnetic stand and add 200uL of 80% ethanol.
Incubate at RT for 30 seconds. Remove and discard the ethanol supernatant.
Repeat step for total of two washes.

Remove the tubes from the magnetic stand. Add 22 pL of nuclease-free
water, mix by pipetting 10 times and incubate at RT for 1 min.

Place the tubes on the magnetic stand for 1 min and transfer 20 pl of the
eluates into new 0.2 mL PCR tubes.

6. MYONE Streptavidin C1 beads purification (8 samples)
This step removes non-biotinylated DNA fragments, especially human cfDNA, not
amplified during the E-PCR reaction and is essential to reduce non-specific PCR
amplification during the A-PCR and I-PCR steps (protocol iteration 7).

O

c 0 O O O O O

Vortex the Streptavidin C1 beads and add 88 pl into a LOBIND.

Add 200 pl of 1X B&W Buffer and mix by pipetting 10 times. Place the
tube on a magnet for 1 min and discard the supernatant.

Remove the tube from the magnet and resuspend the beads in 88 ul of 1X
B&W Buffer by pipetting 10 times. Place the tube on a magnet for 1 min
and discard the supematant. Repeat 2 more times, for a total of 3 washes.

Resuspend washed beads in 176 pl of 2X B&W Buffer

Aliquot 20 pl of beads into 0.2 mL PCR tubes (8 total)

Add 20 pl of purified E-PCR DNA solution (from step 5)

Incubate for 15 min at room temperature using gentle rotation
Separate the biotinylated DNA coated beads with a magnet for 2 min.
Wash the coated beads 3 times with 50 pl of 1X B&W Buffer

Resuspend the beads in 20 pl of nuclease-free water. The bead suspension
is subsequently used as template in the A-PCR reaction (step 7).
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7. Amplification PCR (8 samples)

PCT/US2024/036971

To overcome sequencing quality issues as the result of long stretches of identical
sequences shared between sequencing reads that cover the SPA-linker region, a set of
six phased primers referred to as the Linker-aPCR primer mix can be used in
combination with SPA-linker-UMIL v2-Y-SP for the A-PCR reaction (protocol iteration
8, used in EXAMPLE 4), instead of a single primer in combination with SPA-linker-
UMIvI1-Y-SP (protocol iterations 1 to 7, used in EXAMPLES 2, 3 and 5). A schematic
overview of the ligation, E-PCR, A-PCR and I-PCR steps is presented in Figure 3.

Prepare the Reaction according to the table below. First prepare a Premix containing

all reagents in a 1.5 mL LOBIND tube on ice. Add the 30 ul of the Premix to each

tube containing 20 ul of purified E-PCR product (bead solution from step 6).

Premix volume

Reagents volume per for 8.8 reactions

reaction () (ub)
2x KAPA HiFi HOTSTART
READYMIX 25 220
Nuclease-Free Water 3 26.4
Rd1-linker.v1 primer (10 uM)
or Linker-aPCR primer mix (10
uM) 1 8.8
16SV4-aPCR primer (10 uM) 1 8.8
E-PCR purified product 20
TOTAL 50 264

o Place the reactions in the thermocycler and run the following program:
heated lid on, 95°C for 10 min, [98°C for 20 sec, 60°C (for 16SV4) or 58°C
(for RpoB) for 30 sec, 72°C for 15 sec] for 20 cycles, 72°C for 1 min, 4°C

on hold.

-60 -



WO 2025/024111 PCT/US2024/036971

8. AMPURE bead cleanup at 2X (8 samples)
o Letthe AMPURE beads equilibrate at RT and vortex to resuspend the beads.
o Add 100 pl of beads into each tube (containing 50 pLL A-PCR reaction, with

streptavidin C1 beads, from step 7), mix by pipetting 10 times and incubate
at RT for 5 min.

o Place the tubes on a magnetic stand for 1 min. Remove and discard the
supernatant.

o Keep the tubes on the magnetic stand and add 200 pL of 80% ethanol.
Incubate at RT for 30 seconds. Remove and discard the ethanol supernatant.
Repeat once for a total of two washes.

o Remove the tubes from the magnetic stand. Add 18 pL of nuclease-free
water, mix by pipetting 10 times and incubate at RT for 1 min.

o Place the tubes on the magnetic stand for 1 min and transfer 16-17 pl of the
eluates into new 0.2 mL PCR tubes.

9. QC: Qubit (24 samples)
o Use 1 ul of each A-PCR sample for quantification.

10. Indexing PCR (24 samples)
This step allows for subsequent sequencing and multiplexing of the SPA libraries. To
avoid over amplification of SPA fragments, the total number of amplification cycles for
the E-PCR, A-PCR and I-PCR reaction should not exceed 40 to 45 (protocol iteration
3).
o Prepare the Reaction on ice according to the table below, using a unique set
of NEXTERA UDI primers for each sample from step 8.
o Place the reactions in the thermocycler and run the following program:
heated lid on, 95°C for 10 min, [95°C for 30 sec, 55°C for 30 sec, 72°C for
30 sec] for 7 cycles, 72°C for 5 min, 4°C on hold.
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Reagents volume per reaction (ul)
2x KAPA HiFi HOTSTART READYMIX 25
UDI primers (12.5 pM) 10
A-PCR Product 15
TOTAL 50

11. AMPURE bead size selection at 0.7X, 0.5X, 2X (24 samples)

To improve the quality of the sequencing libraries, it is important to include exclusion
of low molecular weight and high molecular weight DNA fragments (protocol iteration
6). During the first incubation, 0.7x volume of beads is used to capture the DNA
fragments above ~200 bp which are then eluted from the beads. A second incubation is
then performed on this eluate using 0.5x beads volume to capture and remove larger
DNA fragments, above ~600 bp, and keep the supernatant containing DNA fragments
of ~200-600 bp. A third and final incubation is performed using 2x beads volume to
concentrate the DNA in nuclease-free water.

o Letthe AMPURE beads equilibrate at RT and vortex to resuspend the beads.

o Add 35 ul of beads into each tube (containing 50 uL I-PCR reaction from
step 10), mix by pipetting 10 times and incubate at RT for 5 min. DNA
molecules >200 bp bind to the beads and <200 bp will stay in solution.

o Place the tubes on a magnetic stand for 1 min. Remove and discard the
supematant (DNA <200 bp).

o Keep the tubes on the magnetic stand and add 200uL of 80% ethanol.
Incubate at RT for 30 seconds. Remove and discard the ethanol supernatant.
Repeat once for total two washes.

o Remove the tubes from the magnetic stand. Add 42 uL of nuclease-free
water, mix by pipetting 10 times and incubate at RT for 1 min.

o Place the tubes on the magnetic stand for 1 min and transfer 40 ul of the
eluates into new 0.2 mL PCR tubes.

o Add 20 pl of beads into each tube, mix by pipetting 10 times and incubate
at RT for 5 min. DNA molecules >600 bp bind to the beads and <600 bp
will stay in solution.

o Place the tubes on a magnetic stand for 1 min and transfer 60 pl of
supematants, enriched in DNA molecules of 200-600 bp in size, into new
0.2 mL PCR tubes.

o Add 120 ul of beads into each tube, mix by pipetting 10 times and incubate
at RT for 5 min. This last bead purification step will allow to concentrate
the DNA in nuclease-free water.

o Place the tubes on a magnetic stand for 1 min. Remove and discard the
supernatant.
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o Keep the tubes on the magnetic stand and add 200 pL of 80% ethanol.
Incubate at RT for 30 seconds. Remove and discard the ethanol supernatant.
Repeat once for a total of two washes.

o Remove the tubes from the magnetic stand. Add 25 pL of nuclease-free
water, mix by pipetting 10 times and incubate at RT for 1 min.

o Place the tubes on the magnetic stand for 1 min and transfer 24-23 pl of the
eluates into new 0.2 mL PCR tubes.

o Use 1 pl to analyze on the Bioanalyzer and 1 pl to quantify the libraries by
qPCR (see QC protocol section).

o Keep the remaining 21-22 pl of the library at 4°C.

12. Library pooling (24 samples) and sequencing

o Using the library concentration from the gPCR results, dilute each library in
Dilution Buffer (10 mM Tris-HCI, pH 8.0 + 0.05% Tween 20) to pool at
equimolar concentration of 1 nM.

To improve the quality of the sequencing reads, using 20% to 30% PhiX DNA as Spike-IN

instead of 5% was introduced during protocol iteration 2.

o Dilute the library pool to 150 pM including 5-30% PhiX DNA as Spike-IN,
using Dilution Buffer (10 mM Tris-HCI, pH 8.0 + 0.05% Tween 20) in 100
ul final volume.

For the results described in EXAMPLES 2 to 5 herein below, the library pool was subsequently

sequenced following the 150bp paired-end read sequencing protocol from Illumina using the

Mumina iSEQ100 i1 Reagent v2 (300-cycle) kit on an Illumina iSEQ100 instrument according

to the manufacturer’s instructions.

[00169] The analysis of the SPA fragment sequences included the following steps:

L.

v

Adaptors and the primer (16SV4-R781) are trimmed from the sequences.
Sequences are mapped to the human genome (GRCh38.pl4) using Bowtie2
{Langmead et al, 2012). All sequences that map to the human genome are
removed.

Using DADAZ, an open-source software used for fast and accurate sample
inference from amplicon data with single-nucleotide resolution (Callahan et al,
2016}, reads are filtered based on read quality.

The remaining reads of different fengths are deduplicated, while recording the

number of duplicates by sequence for retaining read abundance.
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5.

The deduplicated reads are aligned to thel16S gene database using the basic local
alignment search tool (BLAST, Altschul et al, 1990). Only Blast hits where the
read starts aligning at the first nucleotide, and where the read aligned at 90%
identity over at least 90% of its length are retained along with the taxonomy of the

best hit.

[00170] Table 2 summarizes the improvement steps evaluated and links them to two

important criteria: the percentage of reads that can be identified, based on sequence

homology using Blastn, as 16S rRNA gene derived SPA sequences; and the number of

unique 16S rRNA gene derived SPA sequences.

Protocol Description of step to improve Percentage of Number of
iteration protocol 16S rRNA reads | unique reads (16S
rRNA)
1 Original protocol 0.1% 203
2 Increase PhiX DNA as spike-IN | 0.1% 61
from 5% to 20%-30% during
sequencing
3 Include the E-PCR step 3.3% 336
4 Increase PCR annealing 10.6% 1637
temperature in the E-PCR and A-
PCR steps to 60°C to reduce
background annealing
5 Decrease total PCR cycles (E- 16.9% 3069
PCR, A-PCR, I-PCR reactions
combined) from 55 to 40
6 Include low and high molecular 38% 6724
weight DNA exclusion using
bead purification after the A-PCR
7 Biotinylate the 16SV4-R785 35% 11727
primer for affinity purification of
biotinylated DNA amplicon
fragments after the E-PCR
8 During the A-PCR, replace a This iteration was tested in EXAMPLE
single primer recognizing the 3 in combination with the RpoB-aPCR
SPA-linker sequence by the primer mix.
phased Linker-aPCR primer mix

Table 2: Description of the various changes implemented in chronological order during

subsequent iterations of the SPA fragment sequencing protocol. The effect of each change on

improving the ability to generate unique SPA sequencing fragments was evaluated by

determining the number of unique reads representing SPA fragment sequences obtained from

the 16S rRNA V4 hypervariable region.
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[00171] Surprisingly, the improved method resulted in the percentage of 16S rRNA
gene derived fragments (as identified by Blastn) increasing from less than 0.01% to an
average of 35%, a 3,500-fold increase (see Table 2). Compared to the original protocol, major
improvements were made, especially with the introduction of the enrichment (E-PCR) step
(protocol iteration 3). Protocol improvements included increasing the PCR annealing
temperature (protocol iteration 4), decreasing the total number of PCR cycles to avoid over
amplification of fragments (protocol iteration 5), and use of the biotinylated primer for
affinity purification (protocol iteration 7) as part of the E-PCR step. Although the use of the
biotinylated primer in the E-PCR reaction did not increase the percentage of reads that
identified as derived from the 16S rRNA V4 gene region, it significantly increased the
number of unique reads, thereby improving the sensitivity of the SPA fragment sequencing
method. As described in EXAMPLE 3, the improved SPA fragment sequencing protocol was
successfully used for the stratification of cancer patients.

[00172] The improved SPA fragment sequencing protocol can be fully automated in
a 96-well format, or multiples thereof, starting with the DNA extraction step to the library
quantification step. To facilitate automation the cfDNA isolation step, which us currently
done using the column based Qiagen QlAamp ccfDNA/RNA Kit, should preferably be
performed using a magnetic bead-based extraction kit, such as the Maxwell® HT ccfDNA
Kit (Promega) or the APOSTLE MINIMAX system (Beckman Coulter).

[00173] For full automation, several systems are commercially available such as the
Biomek 17 Hybrid NGS Workstation (Beckman Coulter) or the Fluent® platform from
Tecan. It was determined that automation should allow to reduce the protocol’s time to
approximately 8 hours including all steps from cfDNA isolation to having quantified

sequencing libraries ready to be loaded on the DNA sequencer.

EXAMPLE 2

Community composition analysis using SPA fragment sequencing.

[00174] The current standard for community composition analysis is 16S TRNA
gene-based sequencing. However, this method has several shortcomings, including PCR-
based biases resulting in over and/or underrepresentation of species, or the formation of
chimeric sequences, resulting in misrepresentation of community composition. This can have

major effects when analyzing microbial communities linked to disease, including mcfDNA
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signatures in blood originating from tumor microbiomes or indicative for a leaky gut in the
case of IBD patients, among others.

[00175] To compare the performance of SPA fragment sequencing with 16S TRNA
gene sequencing on low molecular weight DNA fragments with an average size ranging
between 80 bp to 250 bp, such as those represented by mcfDNA, water and plasma samples
were spiked with ZymoBIOMICS Microbial Community DNA standard MC1
(https://www.zymoresearch.com/collections/zymobiomics-microbial-community-standards).
Before spiking, the DNA present in standard MC1 was sheared to an average fragment size of
approximately 150 bp.

[00176] Dilution series (10-fold dilution steps) were made of sheared MC1 DNA to a
final concentration of 250 pg/ul. Subsequently, 10 ul was added to 0.5 ml blood plasma or
0.5 ml water. DNA from the spiked samples was extracted, resuspended in 30 pl water, and
SPA fragment sequencing libraries were prepared using 18 pul DNA solution according to the
protocol described in EXAMPLE 1. In addition, 2 ul DNA solution was used for DNA
amplification and sequencing library construction using the V3-V4 16S rRNA primer pair or
the V6 rRNA primer pair. The primer sequences are shown in Table 1. Libraries were
sequenced on an iISEQ100 instrument using the 150 bp paired-end sequencing protocol from
IMumina as mentioned in EXAMPLE 1.

[00177] The analysis of the sequences included the following steps:

1. Adaptors and the primers are trimmed from the sequences.

Sequences are mapped fo the human genome (GRCh38 pl14) using Bowtiel

[

{Langmead &t al, 2012). All sequences that map to the human genome are removed.
3. For the libraries constructed using the V3-V4 168 fRNA primer pair or the V6 rRNA
privoer pair, DADA2 (Callahan et al, 2016} 15 used to filter reads and create amplicon
sequence varnants {ASVs) with read counts for commmumity composition,
4. For the SPA fragment sequencing libraries, consensus sequences and comnumuity
composition are computed:
a. The UMI (unique molecular identifier) of each read is recorded for
downsiream deduplication and denoising.
b. Forward and reverse reads are merged if possible and clustered into bins
of similar sequence.
c. The longest read n each bin is searched against a database of bacterial 165

rRNA genes 1o aid the assembly info consensus sequences.
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d. Consensus sequence abundances are calculated based on the number of reads
contributing to each consensus sequence, taking into consideration the number
of deduplicated reads ideniified m step 4a.

5. Amplicon sequence varanis (ASV) and consensus sequence genera are assigned with

at least 50Y% confidence.

[00178] It should be noted that for V3-V4 16S amplicon sequencing, after
removal of the sequencing adaptors, fragments of approximately 130 bp are obtained that all
cover the same positions of the V3 and V4 regions, thereby not allowing to in silico build
ASVs beyond 130 bp. In addition, due to their short length, the large majority of mcfDNA
fragments derived from the V3-V4 region will either contain the V3 or the V4 168 tRNA
gene priroer annealing site, but not both. During the PCR amplification step to create the V-
V4 amplicon libraries, incomplete single stranded DNA fragments will be synthesized from
these short mefDNA fragments that in subseqguent PCR cycles can hybridize if they share a
conserved sequence, thereby creating chimeric fragiments or fragments with length shorter
than the expected 460 bp, as was reported for 20 to 50% of the V3-V4 amplicons (results not
shown}. The elevated presence of such fragments significantly impacts the accuracy of the
community composition.

[00179] The results for the three different methods on water or plasma spiked
with 5.0 pg/ul MC1 DNA are shown in Figure 5 and Figure 6. Compared to 16S rRNA gene
amplicon sequencing, SPA fragment sequencing provided a significantly better representation
of the species present in MC1 when spiked into water or blood plasma. For instance, when
MC1 was spiked into blood plasma, bacteria belonging to the genera Enterococcus,
Salmonella, Listeria, Bacillus and Staphylococcus were either underrepresented or could not
be identified at the genus level based on V3 and V4 16S rRNA gene sequences, thus showing
that SPA fragment sequencing has significantly better phylogenetic resolution and
quantification of community composition. In addition, fewer contaminating bacterial genera,
and if present at significantly lower level, were observed for SPA fragment sequencing
compared to V3-V4 amplicon sequencing, showing that SPA fragment sequencing is less
sensitive to signal loss resulting from contaminating DNA fragments. This observation was
made when comparing the SPA fragment sequencing results with those obtained for both the
V3 and the V4 16S rRNA gene sequences. This is likely due to the larger sizes of the
contaminating DNA fragments compared to the MC1 spike in DNA in either water or

plasma, resulting in their preferred amplification and sequencing when targeting the ~460 bp
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V3-V4 region. A comparison that highlights the observations between the results obtained
with SPA fragment sequencing or 130 bp long V4 16S rRNA gene sequences on plasma
spiked with 5.0 pg/ul MC1 DNA is shown in Figure 7.

[00180] It should also be noted that SPA fragment sequencing showed superior
community composition and species identification on blood plasma instead of water. Similar
results were obtained for water or plasma spiked with 0.5 pg/ul MC1 DNA.

[00181] To address the effect of small DNA fragment sizes, which disadvantages
V3-V4 amplicon sequencing that requires the amplification of a ~460 bp fragment, we
compared fragment sequencing with V6 amplicon sequencing, which targets a 97 bp
fragment of the 16S rRNA gene V6 region, which is similar in size to the average 120 bp size
of the SPA fragments we observed for the MC1 spike in. The results are shown in Figures 5
and 6. Surprisingly, SPA fragment sequencing also significantly outperformed V6 amplicon
sequencing, despite both methods targeting DNA fragments with similar sizes. Compared to
the other methods, V6 16S rRNA gene amplicon sequencing gave the highest number of
sequence reads that could not be assigned to a bacterial genus, making it the least suitable
method for the analysis of mcfDNA. It also gave a significant overrepresentation of
Escherichia/Shigella but failed to identify the closely related genera Enterococcus and
Salmonella.

[00182] Despite its superior performance over 16S TRNA gene amplicon
sequencing, a few issues were observed for SPA fragment sequencing. For instance, like for
V3-V4 amplicon sequencing, it underrepresented the percentage of Limosilactobacillus. This
was likely due to a one nucleotide mismatch between the V4R primer sequence and the target
sequence. Interestingly, when MC1 was spiked into water, all methods including SPA
fragment sequencing strongly underrepresented or failed to identify Sa/monella (Figures 5
and 6). This is because the sample with MC1 spiked into water contained shorter DNA
fragments, allowing for the consensus sequence representing Sa/monella that was obtained
using SPA fragment sequencing to be assigned with only 39% confidence to the genus
Salmonella. On the other hand, the MC1 sample spiked into blood plasma contained some
longer DNA fragments, allowing to iz silico construct a larger consensus sequence
representing Salmonella, which could be assigned with 99% confidence to the genus
Salmonella. Since the sequence of the V3-V4 168 rRNA gene region of Salmonella is very
similar to that of other Enferobacteriaceae, only SPA fragment sequencing that allows to

generate longer consensus sequences that go beyond the 130 bp sizes of the V3 and V4
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amplicon sequences can distinguish between Enterobacteriaceae and successfully identify

Salmonella at levels similar to the MC1 spike (see Figure 7).

EXAMPLE 3

SPA fragment sequencing using the 16S rRNA gene as phvlogenetic markers for

cancer detection.

[00183] Despite its superior Several studies have successfully shown the existence of
distinct cancer-specific intra-tumoral microbiomes (Nejman et al. (2020); Poore et al.
(2020)), including lung, prostate, pancreatic, breast and colorectal cancer. The presence of
these tumor microbiomes results in unique mcfDNA signatures in the blood, as was shown by
Poore et al (2020) using deep sequencing of total cfDNA. This prompted us to determine if
SPA fragment sequencing can be used as an altemative method to successfully distinguish
between cancer patients based on the location of the tumor. As target gene the multi-copy
16S rRNA gene was chosen for SPA fragment sequencing.

[00184] Using the protocol from EXAMPLE 1 (protocol iteration 7) and targeting
the 16S rRNA gene V4 hypervariable region, SPA fragment sequencing was performed on
cfDNA isolated from the blood plasma of 8 colorectal cancer (CRC) patients, 12 breast
cancer patients, and 12 non-small cell lung cancer patients. All 32 blood plasma samples
were obtained from the same hospital. Based on their histology the CRC and non-small cell
lung cancers were identified as adenocarcinomas. Metadata for all 32 patients are provided in
Table 3.

[00185] Processing of the SPA fragment sequences was performed as described in
EXAMPLE 1. Principal component analysis was subsequently used to pairwise compare
CRC, breast and lung cancer patients based on their unique SPA fragment sequencing
signatures. The results are presented in Figure 8, Figure 9 and Figure 10 and show that
mcfDNA signatures obtained with SPA fragment sequencing of the 16S rRNA gene V4
hypervariable region can be successfully used to distinguish between colorectal cancer
patients, breast cancer patients and non-small cell lung cancer patients. In pair wise
comparisons, patients could be stratified with approximately 90% accuracy as having either
CRC or non-small cell lung cancer (18 out of 20; p<0.05), or as having either CRC or breast
cancer (18 out of 20; p<0.05).

[00186] The type of cancer as well as the stage of the cancer are indicated in Figures
8 to 10. The figures illustrate that CRC, breast and non-small cell lung cancer patients with

either early or later stage cancer could be correctly stratified. Furthermore, one of the CRC
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patients, although correctly diagnosed based on the PCA analysis, was found to be an outlier
(datapoint located right lower quadrant of Figure 8). It tumed out that the location of the
tumor was rectal instead of in the colon, as was the case for the other CRC patients. Thus, the
mcfDNA signatures obtained by SPA fragment sequencing are specific enough to distinguish
tumor subtypes, e.g. driven by the location of the tumor.

[00187] Analysis of the microbial signatures that drive the PCA-based patient
stratification can be used to identify the microbes that provide the signatures underlying
patient stratification and used to generate further insights into their role in carcinogenesis and
possible treatment strategies. For instance, it was noticed that based on their 16S rRNA gene
derived mcfDNA signatures, CRC patients were more distinct than patients suffering from
breast and non-small cell lung cancer (see Figures 8 and 9 compared to Figure 10). This is
indicative of a distinct tumor microbiome in CRC, as compared to the microbiomes found in
breast and non-small cell lung cancer and can be explained by the preferred colonization of
CRC tumors by gut microbiome associated bacteria.

[00188] Targeting the 16S rRNA gene V4 hypervariable region, SPA fragment
sequencing was performed on ¢fDNA isolated from the blood plasma of 18 colorectal cancer
(CRC) patients and 26 cancer-free healthy individuals. The results, shown in Figure 11, show
that based on PCA analysis of their mcfDNA signature, cancer free healthy individuals
cluster separately from the CRC patients.
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EXAMPLE 4
SPA fragment sequencing using the rpoB gene as phvlogenetic markers for cancer patient
stratification.

[00189] As a representative example for a single copy housekeeping gene, the SPA
sequencing approach was successfully demonstrated for the #poB gene.

[00190] To design a rpoB gene specific SPA primer, the process presented in Figure 4
was followed. A total of 50,569 unique rpoB gene sequences were downloaded from the
PATRIC database (Wattam et al, 2014) using the version available in January 2021. RpoB gene
sequences were identified based on their annotation as “DNA-directed RNA polymerase beta
subunit (EC 2.7.7.6)”. A subset of 50 rpoB gene sequences, representative for a broad range of
phylogenetically distinct eubacterial reference microbes, were initially aligned by clustalW to
identify conserved nucleotide regions of the rpoB gene, resulting in the identification of several
conserved regions as primer candidates. This included the 7poB gene regions 1327-1352, 1528-
1550, 1690-1709, 3766-3788 and 3808-3830, as well as the two regions identified by Ogier et al
(2019), region 1630-1652 and region 2039-2063. The positions of the regions are based on the
nucleotide sequence of the Escherichia coli rpoB gene.

[00191] Using the SPA algorithm, the 50,569 unique rpoB genes sequences were
aligned to these conserved regions to determine their nucleotide compositions. The conserved
nucleotide sequences of the rpoB gene region 1327-1355, which was the most conserved, is
provided in Figure 12. In Table 4, the average sequence variances for the primer candidates are
shown, with all primer candidates having a similar score, making them all primer leads.
Subsequently, the estimate of adjacent region conservation was calculated. For each region,
which represents a putative primer annealing site, the variance is shown for 25, 50, 75, 100 or
200 nucleotides (nt) upstream (5°) or downstream (3°) of the beginning or end of the sequence of
the conserved region. The results are summarized in Table 4 and show that the nucleotide
sequence upstream of the conserved region 1327-1352 is the most variable, as indicated by the
lowest average variance scores of 0.0667 for both the 25 nucleotide-long and 50 nucleotide-long
regions. The identification of a hypervariable DNA region in the rpoB gene upstream of the
conserved region 1327-1352 was unexpected, as it falls outside of the region that has previously
been identified and used for RpoB gene amplicon sequencing (Ogier et al, 2019).

[00192] To select primers with the least risk for nonspecific annealing to human
genomic DNA, the number of putative annealing sites of the proposed degenerate primer
sequences to the human genome sequence (Reference:

GCF_000001405.40 _GRCh38.p14_genomic.fna) with increased number of allowed mismatches
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is determined. Results for the degenerate primers 16SV4-R785 and RpoB-R1327 are shown in
Table 5. A primer should not have zero or one mismatch, and ideally no more than 10 instances
of two mismatches with the human genome. Based on the results from this analysis, both the
16S-V4-R and RpoB-R1327 primers should be suitable for SPA fragment sequencing.

[00193] As the results of two degenerate nucleotides, (H: not G (C, A, T); and V: not T
(C, A, 3)), both the 16SV4-R785-Bio and 16SV4-R781 primers have a degeneracy of 9 possible
combinations. When designing the RpoB-ePCR and RpoB-aPCR primers for the E-PCR and A-
PCR steps we noticed that as a results of the degeneracy the region 1327-1355 had a total of
2,304 possible combinations (see consensus sequence in Figure 12). Using primers that included
all degeneracies combined with an £. coli specific rpoB gene primer (RpoB-coli1247-F) failed
to amplify a target fragment ranging from position 1220 to 1352 of the rpoB gene using . coli
DNA as positive control (results not shown).

[00194] To reduce the number of possible combinations in the primer design and
inprove primer annealing, nucleotide linkage analysis was performed for this region to detect
patterns of nucleotide preference. For instance, if the nucleotide at degenerate position 1329 of
the rpoB gene is a cytosine, what is the frequency for a specific nucleotide at the next degenerate
nucleotide position? This analysis was performed for the sequences of the regions covered by
the degenerate primers RpoB1-R1327 and RpoB1-R1330 with either thymine or cytosine in
position 1329 or position 1332, respectively. The results of this nucleotide linkage study, shown
in Table 6, reveals that rpoB gene sequences with a cytosine in degenerate nucleotide position
1329 also has a strong preference for a cytosine in the nucleotide positions 1335 (87%), 1338
(85%), 1341 (82%) and 1351 (91%) of the rpoB gene. For rpoB gene sequences with a thymine
in degenerate nucleotide position 1329, a preference for a thymine in the nucleotide positions
1332 (73%). 1338 (76%), 1341 (74%), 1351 (77%) and 1354 (78%) of the rpoB gene was
observed. This information was subsequently used to design mixes of degenerate primers to be
used in the E-PCR and A-PCR reactions of the SPA fragment sequencing protocol. The
individual primer sequences for these mixes, referred to as the RpoB-ePCR mix and the RpoB-
aPCR mix, are listed in Table 1. The degeneracy for the primers in these mixes ranged from 64
to 1536 for the RpoB-ePCR mix and 32 to 768 for the RpoB-aPCR mix. Using the RpoB-ePCR
mix and the RpoB-aPCR mix in combination with the £. coli specific rpoB gene primer (RpoB-
coli1l247-F) on E. coli DNA allowed for successful amplification of the target fragment,

confirming the importance of reduced primer degeneracy.

-75 -



PCT/US2024/036971

WO 2025/024111

60L1-0691

9¢80 0 S601°0 | LYTTO | L6ITO| O9IT0| ¥L6T0 | TESLO EPOT0 | 91910 | TO6ST0 | STSTO - cgody

0SST-8CS1

LLYTO 0CSTO | Tovr1'0| OSPI'O| 89EL0| 90610 | 99CL0 P8IT0 | 6EIT0| 65010 | €CITO - zgody

SEI-LTEL

OLTTO 6SIT0 | OFCI'0 | 60€E1°0 | 06ET°0| 9¥8I°0 | L9900 L9900 | SL900 | [LSOO | S6¥00 - Tgody

€907-6€07

- 3S.I9AY

0180 0 LLOTO | €TCL0 | TIETO | TPITO| #961°0 | €LLTO OLST'O | 9LVTO| €6€10| SEOL0 Lgody

7S91-0€91

- pIeMIO

66110 8OVL0| €€91°0 | TL9T0| TO6VLO| OI8LI0O | 9PST O 8ESTO | 8PSTO| €091°0 | 9SE10 ggody

uoIgal

duwas gody

PIzZIUg033.1

Lud [ sowrd | gouwrad | Rund | sowrad Lud | souad | gowrad | adwrad | sowrad —Jureu

BET) 1 J3)Je BET) 1 BET) 1 J3)je | uoIsaax | .10J9q 10J3q | 3I10J9q | A10JIq | 10JIq BEYIIIAR|
Ju 00¢ Ju ool jugL jugs | Jusyg | pullg Ju ey Juos Juss | a0l | Mooc

JouILId Jo weA.SuUMOp UoISNY JOUILLJ Juird jo wedaysdn uoi3oy

UudS gody U0 IUBLIBA JO ITRIIAY

-76 -



PCT/US2024/036971

WO 2025/024111

LTETd
9T 0€ 1 0°0 0°0 -1gody
LY L9 T8 0°0 0°0 A-PA-S91

(pue.ays (pueags (pue.as (pueas Jouitig

- ipueas = tpueays +) - {puens = {puras
+) Sy vUISHU SOIPIBIUSIUL.. +) (PIRUISIUL | &) YI)LSHU
93] M | 0M IJIM SIIY ) oUO IRIM SHIY | 0197 1IRIM Sy

S1Y JO JoquInN Jo.RqunN | jo.JaquinN JO PquINN

QUAS god. 1]00 pIY14Ys5T AY) JO dduNbos opnospnu ayl uo paseq a1e swd o) £q PIZIUF0II SUOIFAI ) JO SAIBUIPIOOD YL,

PAYSIYSTY 218 T°(> 2I0IS JUBLIBA B IIM SUOISNY (UOISaI WN(J PRAIOSUOD 04001 B 1udsa1dar pnom) ¢z ¢ ST UOISAI B 10J 2109S SJUBLIBA [BOTRION)

WNWIXEW Y], "20uanbas y N PoAISSUOD 2IOW B PUR SDUBLIBA SSI[ I0J SATIBIIPUL ST JOQUINU JOYSIY B S[IYM ‘DIUBLIBA 2IOWL I0J SANBOIPUL ST JOqUINU
IOMO[ Y Ud3 god.i a1} Jo uonisod yoesd 1e SUIUAY) PU QUISOIAD “QUIPTUBNS ‘SUIUIPE SIPNOS[ONU A JO 9581uad1dd 9y} JO 2dUBLIRA ) JO dFBIdAL
oY) Se PAJRINOTED SIAI0S ddUBLIA [, "2oudnbas Suresuue rowd o) JO pud I0 SumuIseq ) Jo ( €) weansumop 10 ( ¢) weansdn (Ju) sapnooonu
007 10 00T ‘S “0S ‘ST 10J UMOUS ST UBLIEA ) ‘U0I3a1 1owd o) 01 Judde([pe uoI3a1 yoes 10,4 "sa0udnbas duas gods POAIdOSUOD SUIZTUS0IAI

SUOI3a1 Sureauue Rwd aepIpued Jo WLaNsSuMop 10 weansdn suorsar oyl pue suorsal rowd y) 10J ddurLIRA 20Udnbos 95eIoAy  S[qe L

0€8€-808€
P8ET0 8ESL0| 0T91T0 | 1€910 | PI9LO| ¥60CT0 | 6L81°0 CO81°0 | 8PLIO| SLLTO| €ISTO - sgody
88L€-99L€E
Y8510 98L10| 80810 | TE610| 9P8L0O | 8610 | BIVLO [S9T0 | S991°0 | ¥9ST0 | LLTTO - pgody

-77 -



PCT/US2024/036971

WO 2025/024111

“AQI3 UI PAYSIYSTY 218 94,08 A0
21095 20URIRJId B YIIM SSPTOJ[ONU PALIDJIJ QUSS god. O} JO 9GET — LZET UOISAI Y} 9ZTUF 01 1Y) SOPIIOA[ONU IRISUITIP JOMJ I s1owLd
uS1ISop 01 pash Apjuanbasqns Sem UOTBWLIOJUIL SIY T, "PAIBMI[ED 1M suonisod 91e1auasap IS0 ) 10J sapnod[onu pauyaid ay) yomym 1aye ‘1 . 10 )

B SB POXIJ IR SEM Ze T uonisod e opnodonu oy, duds god.4 oy} JO GSET — LTE] UOISRI ) 10J Sa0u01dJaId opnod[onu uddmlaq 93eyury (9 o[qeL

8L|EI| 6| €T| LL|OV| IV |6l |ST|€e|vT|6T| Ov| 09| 9T| ¥L| vT| 9L | 6T| 1L| €L| LT|00L| O 6TE1 - L
LS|6E| V| 6] 16|LT|L9| S| 60|87 |TI| 8E| TO| 81| T8| ST | S8 €I | L8| 0S| 0S| 0] 00T 6TET - D
L D|V| IL| D]l L|DO|V|L|[D|DO|V| L| D 1| 2 1| D] L| 2| L| 2| 1| D 3pnospnN
() pse1 | (X)) 1S€T | (H) 8P€T (N speT (X) Tre1 | (X) THET | (A) 8€€T | (R) s€€T | (X) Te€T | (R) 6T€T uonIsoq

‘(euyomouds 1d'EYDIID 0F SOFT00000 ADD :9dUSIJSY)
QUWIOSOWOIYD Uewny o) JO (PULIS — PUR +) Spuens YN J10q uo sdduanbes apnodonu o) 0} AS0[0WOY U0 PASEQ PAUNUISP SBAM S)IY JO Joquinu

oy L ‘porussard oI SOUOIBWISTUI OA} IO QUO ‘0I3Z HIM SIIY JO Joquunu ay) ‘Iowtid yoes 10,] "dwouds uewmny oy 0} siowiid 10J siy Jo 1aquiny ;¢ 9[qeL

-78 -



WO 2025/024111 PCT/US2024/036971

[00195] In EXAMPLE 4, protocol iteration 8 was followed, using a set of six phased
primers referred to as the Linker-aPCR primer mix in combination with SP A-linker-UMIL v2-Y -
SP for the A-PCR reaction. Using rpoB — specific primers to target the 7poB gene region 1327 —
1355, SPA fragment sequencing was performed on cfDNA isolated from the blood plasma of 10
breast and 10 lung cancer patients, as well as 4 healthy controls. Twenty blood plasma samples
from cancer patients were obtained from the same hospital, while the healthy control samples
were obtained locally from healthy volunteers.

[00196] Processing of the SPA fragment sequences was performed as described in
EXAMPLE 1. Subsequently, the SciKitLearn (https://scikit-learn.org/stable/) package in python
was used for diagnosis/classification of patients based on their ¥poB gene derived mcfDNA
signatures. Specifically, we compiled a feature matrix for each of our samples, where the
columns represented “samples™ and the rows represented “taxonomical classes at the bacterial
genus level”. All taxonomical genera were computed for each sample based on the best hit when
blasting each rpoB gene-derived SPA fragment sequence in the sample against our database of
reference genome sequences. For classification, bacterial genus features were binary, equal to
"1" if the feature was present in the sample regardless of abundance and “0” otherwise.

[00197] This approach is schematically shown in Figure 13. As can be concluded from
Figure 13, rpoB gene derived SPA fragments allowed, with 85 percent accuracy, to distinguish
between healthy individuals and patients with lung and breast cancer, including patients with
early-stage cancer. Of the 10 breast cancer patient samples, 8 samples were correctly classified;
and of the 4 control samples, 3 were correctly stratified. Two breast cancer patient samples and
1 control sample ended up with the 10 lung cancer patient samples.

[00198] There are notable differences between SPA fragment sequencing of a single
copy housekeeping gene, such as the rpoB gene, and SPA fragment sequencing of the 16S rRNA
gene. In general, the rpoB gene derived SPA fragments provide better phylogenetic resolution
than fragments derived from the 16S rRNA gene. However, the number of unique 16S rRNA
gene derived SP A fragments obtained per sample is more than 300 times higher than what is
observed for single copy housekeeping genes. It is therefore proposed to combine SPA fragment
sequencing on the 16S rRNA gene and a single copy housekeeping gene, exemplified by the
rpoB gene, for improved insights in community composition and phylogenetic identification,
respectively. The use of two or more degenerate primers for annealing to two or more conserved
regions on a single or two different phylogenetic marker genes may be referred to herein as

“multi-loci SPA fragment sequencing”.
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EXAMPLE 5
SPA fragment sequencing to obtain clinical surrogate endpoint markers to assess remission in
IBD

[00199] The therapeutic efficacy of biologics such as antiTNFa, antibodies or JAK-
kinase inhibiting antibodies, the most used anti-inflammatory drugs to treat severe forms of IBD
and other inflammatory diseases like rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic
arthritis, ankylosing spondylitis and plaque psoriasis, has remained around 50% for the last
twenty years. Furthermore, the selection of a biologic therapy for these diseases has been largely
arbitrary. For IBD, stool and peripheral blood inflammatory biomarkers are not informative to
monitor patient disease status, medication performance and treatment outcomes as they fail to
address a growing body of evidence that increased intestinal permeability is correlated to disease
progression, symptom severity, and patient outcomes. Currently, the lactulose - mannitol test is
the most common and only direct test of a leaky gut. However, this test doesn’t provide insights
in imbalanced gut microbiome bacteria and a dysfunctional gut epithelial barrier, with leakage
of microbial material from the gut into the bloodstream resulting in an overactive immune
response that underlies multiple inflammatory conditions, including but not limited to IBD.
Therefore, a need exists for biomarkers that provide this clinically relevant information.

[00200] SPA fragment sequencing was successfully used to evaluate the levels of
mcfDNA in the blood of IBD patients. To further improve it as a diagnostic tool, the Blood
Pathogenicity Index (BPI) was created which focuses on a root cause disease target, the presence
of pro-inflammatory bacteria in the blood stream. As successfully demonstrated below, the BPI
can be integral to clinical decision-making throughout the treatment continuum in IBD patients
and patients suffering from other inflammatory conditions, as it provides a surrogate biomarker
that can successfully measure the effect of a specific treatment and correlate with a real clinical
endpoint: the load of mcfDNA derived from pathogens in blood as an indication for treatment
performance and the risk for medical complications from infections.

[00201] The BPI is calculated as the percentage of mcfDNA fragments coming from
pro-inflammatory bacteria as a fraction of the total amount of mcfDNA fragments found in a
blood plasma sample, and comprises pathogenic members of the following bacterial
genera/species: Enterobacteriaceae including Enterobacter species, Escherichia species (e.g. E.
coli), Shigella species, Klebsiella species (e.g. K. pneumoniae and K. oxytoca), Kluyvera
species, Erwinia species, Haemophilus species, Salmonella species (e.g. S. typhi and S.
enterica), and Listeria species (L. monocytogenes), pathogenic Clostridium species such as C.

difficile, C. perfringens and C. botulinum; Veillonella species such as V. atypica, V. dispar and
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V. oral; Pseudomonas species like P. aeruginosa; Stenotrophomonas species like S. maltophilia,
Burkholderia species like B. cepacia; pathogenic Staphylococcus species like S. aureus;
Porphyromonas species; and Fusobacterium species like F. nucleatum and F. varium. For IBD,
additional bacteria including Rhuminococcus gnavus, Enterococcus faecium and Enterococcus
faecalis can be included in the BPL

[00202] A total of 94 blood plasma samples (0.5 ml aliquots), coming from 18 Crohn’s
disease patients and 18 ulcerative colitis patients, were provided by the Crohn’s and Colitis

Foundation IBD Plexus (https://www.crohnscolitisfoundation.org/research/current-research-

initiatives/ibd-plexus/about), together with the patient metadata. All patients were using immune

response suppressing medication on at least one of the timepoints when blood samples were
collected.

[00203] The samples were processed following the protocol described in EXAMPLE 1
using the MAXWELL HT ccfDNA Kit (Promega) for mcfDNA extraction in a 96-well format
on the KingFisher (Thermo Fisher) platform. The SPA fragment libraries were sequenced on the
1SEQ100 sequencer from [llumina. The analysis of the SPA fragment sequences included the
following steps:

1. Paired-end reads are filtered based on read quality, expected amplicon structure, and

length.

2. The UMI (unique molecular identifier) of each read is recorded for downstream

deduplication and denoising.

3. Human-derived and singleton reads are removed.

4. Forward and reverse reads are merged if possible and clustered into bins of similar

sequence.

5. The longest read in each bin is searched against a database of bacterial 16S rRNA

genes to aid the assembly into consensus sequences.

6. Community composition is determined by consensus sequence classification, and

relative abundances are calculated based on the percent of reads contributing to each
consensus sequence, taking into consideration the number of deduplicated reads

identified in step 2.

[00204] After SPA fragment sequencing, 63 samples passed the Quality Control criteria
that are defined as “at least 1% of the sequencing reads for a sample should align to bacterial
16S rRNA with 90% identity over 90% of the trimmed read length”. Having larger sample

volumes would have overcome this issue. The BPI was calculated for these 63 samples and
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compared to the patients’ metadata including disease severity (stool frequency and urgency,
disease index, endoscopy results) and historical medication data to evaluate how reliable the BPI
was as a biomarker to correctly predict disease activity and clinical events. Clinical events were
defined as an active disease flair or medication failure (i.e., medication stopped working or
serious side effects of the medication were observed). The results are shown in Figures 14A and
14B for UC and CD, respectively. An overall summary of the BPI results is presented in Table
7. For comparison, a similar evaluation was performed using calprotectin levels as biomarker
(see Table 8). Fecal calprotectin levels are currently used as a biomarker for disease activity in
IBD patients. However, no US fecal calprotectin test has FDA claims for monitoring IBD
disease progression or for identifying flares in IBD patients, though it is often used off label for
that purpose. Although fecal calprotectin is a very sensitive marker for inflammation in the
gastrointestinal tract, it is not a specific marker for IBD. Increased levels are also seen in
gastrointestinal malignancies, infections, polyps and with the use of nonsteroidal anti-
inflammatory drugs (Pathirana et al, 2018). Furthermore, patient stool collection and moderate
acceptance among GI physicians are the issue for a broader acceptance of the test.

[00205] From Table 7 it can be concluded that the BPI was approximately 87% accurate
in predicting disease activity status (55 out of 63 samples). This was considerably higher than
~67% accuracy of calprotectin levels (40 out of 60 samples, see Table 8) using the same criteria
to define disease activity status. On this limited dataset the sensitivity of the BPI, calculated as
[active/(active + false negative) x 100%], was 84%, while the BPI's specificity, calculated as
[remission/(remission + false positive) x 100%], was 92%. For calprotectin as a biomarker the
sensitivity calculated as [active/(active + false negative) x 100%] was 67%, while the specificity
calculated as [remission/(remission + false positive) x 100%] was 67% on the same dataset,
respectively.

[00206] Figures 14A and 14B show that UC and CD patients found to be in remission
had very low BPI scores. Similarly, patients with clinical events had significantly elevated BPI
scores at the time of these events. These results show that the BPI provides an excellent
biomarker to monitor disease activity status.

[00207] Fecal calprotectin levels above 150 ug/g are considered indicative for
inflammation of the intestinal epithelial lining. The performance of calprotectin as a biomarker
to monitor disease activity status on the same dataset, as presented in Figures 15A and 15B for
UC and CD patients, respectively, shows that calprotectin is inferior as a biomarker to assess the
activity of CD than that of UC, in line with previous findings (for review, see Sakurai and

Saruta, 2023). It can be concluded that the blood-based pathogenicity index is superior to stool-
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based fecal calprotectin for predicting an IBD patient’s disease activity status, especially for

patients suffering from Crohn’s disease.

PCT/US2024/036971

IBD diagnosis Clinical Event | Remission | False positive False

negative
CD (32) 12 16 2 2
uc 31 19 8 0 4

Table 7: Prediction of an IBD patient’s disease status based on the Blood Pathogenicity Index.
The BPIs of 63 IBD patient samples that passed the QC criteria after SPA fragment sequencing,
including 32 CD and 31 UC patient samples, were determined, and patient metadata were used
to confirm the disease status for each sample. A BPI >1.0 is considered as active disease. A
clinical event refers to an active disease flair or medication failure (i.e., medication stopped
working or serious side effects of the medication were observed). False positive is defined as an
elevated BPI with no recorded clinical event. False negative is defined as a BPI <1.0 while a

clinical event has been recorded.

IBD diagnosis Clinical Event | Remission | False positive False

negative
CD (32) 8 9 7 5
uc 31 16 7 1 7

Table 8: Prediction of an IBD patient’s disease status based on fecal calprotectin levels. The
calprotectin levels were determined on stool samples that were taken around the same time as
the corresponding 63 blood samples that had passed the QC criteria after SPA fragment
sequencing. The samples included 29 CD and 31 UC patient samples where calprotectin results
were available, and patient metadata were used to confirm the disease status for each sample.
Calprotectin levels >150 pg/g fecal material are considered as active disease. Calprotectin levels
were determined on 63 IBD samples that passed QC for SPA fragment sequencing. A clinical
event refers to an active disease flair or medication failure (i.e., medication stopped working or
serious side effects of the medication were observed). False positive is defined as an elevated
BPI with no recorded clinical event. False negative is defined as Calprotectin levels <150 ug/g

fecal while a clinical event has been recorded.
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[00208] Linking the BPI back to the patient journey showed that for many CD and UC
patients an increase in BPI was observed when their medication stopped working, resulting in
active disease, or when a patient on the medication reported undesirable side effects and/or
disease symptoms, showing that the BPI can be successfully used as a surrogate biomarker to
monitor disease severity, treatment efficacy and risk of complications in IBD patients.
Importantly, the BPI would have also correctly predicted remission in CD and UC patients.
Examples of the correlation between the BPI and the patient’s health status are presented in
Table 9 and Table 10 for CD or UC patients, respectively.

[00209] Several scenarios from the study described above, that show the usefulness of
the BPI to monitor the status and progression of Crohn’s disease, are provided in Table 9.

e Patients CD-1 and CD-2, both having a BPI of 0, were in full remission with their current
medication.

e Patient CD-3 was treated with a succession of different antiTNFa medications that were
likely losing efficacy which coincided with an increase in the BPL.

[00210] Patient CD-4 reported side effects while taking the antiTNFo medication
Adalimumab (Humira), which coincided with an increase in the BPI. After the medication was
eliminated, the BPI returned to 0. The side effects from adalimumab were missed by the
calprotectin levels and the SCDAI score. The journey of patient CD-4 is schematically presented
in Figure 16. Specifically, Figure 16 shows a schematic representation of the journey of Crohn’s
disease patient CD-4 and how the BPI can be successfully used to influence a better disease
outcome. The patient is in remission (12/2018; 06/2019) on a combination of azathioprine and
adalimumab, the latter being discontinued due to side effects (10/2019). Stopping this
medication results in full remission (01/2020). In retrospect (10/2019), clinical use of the BPI
would have identified inflammatory markers in blood that alter the CD-4 patient pathway by
changing medication. The side effects from adalimumab were missed by the calprotectin (Calpr)
levels and the SCDAI score (SCADI). Data points marked by open circles or grey circles
indicate remission or active disease, respectively. Arrows indicate medication is being taken
over a certain time. A STOP symbol indicates that a medication is being discontinued at a given
timepoint.

e Patient CD-5 was diagnosed with CD and put on an antiTNF o medication. This medication
was not showing the desired treatment effect, which was confirmed by an elevated BPI.

¢ Patient CD-6 was initially treated with corticosteroids. With disease progression, the patient
was successfully treated with an antiTNFa medication, resulting in remission, which was

supported by a low BPI value <1.0.
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Patient CD-7 was initially treated with Vedolizumab, an o457 integrin blocker. Once this
medication stopped working and was omitted, the BPI went up, indicating the need for
changes to the patient’s treatment regime.

Patient CD-8 initially received Azothioprine, a purine metabolism antagonist, as part of its
medication. After this medication was omitted, the BPI went up, indicating the need for
changes to the patient’s treatment regime.

Patient CD-9 was initially treated with Tacrolimus, a calcineurin phosphatase inhibitor. Once
this medication stopped working, and was omitted, the BPI went up, indicating the need for

changes to the patient’s treatment regime.

-85-



PCT/US2024/036971

WO 2025/024111

gewnuwijepy ‘43H10 T¢-L0-8T0C DiNLIUE gqewnuwljepy 000 8§ 000 T1-610¢ 9-ad
01 TZ-/0-¥00T (110201u3) apluosapng P10431S021340D) x9pluosapng €E€'IT 87T VAT ad /0-810¢ 9-ad
1-€0-Cc0¢ P10J915001110) ‘DN L1Iue [BJO SPI0JIS ‘Lqewixijul | 67°8T S0¢ 05°888T1 €0-0¢0¢ S-ad>
0177-£0-6T0C [BJ0 SPI0J91S ‘YIHLO 6T
-G0-1¢0¢ 03 S0-60-0C0¢ qewnupyaisn
“d43IHLO ZT-60-020C 01 LTI-60-6T0C
(apealway) qewixiyul ‘ST-60-020C
01 0-€0-020¢ (BJ33]3u]) qeWIXIjju| ploJais %840 Sp104a1S 60°6 €0¢ 05°888T1 80-610¢ S-ad
91-¢0-€¢0¢ 91 60-£0-066T 1sluogejue wsijogelaw auund aulidolyrezy 000 144 00's 10-0¢0¢ -ad
aundolyilezy ‘S133443 30IS 0T-0T-6T0C 1sluodejue sundoiyiezy s2'9 87T 000 0T-610¢ v-ad
01 90-£0-610C (BAIWNH) qewnwilepy | wsijogeidw auund + D4N LU ‘ qewnuwijepy
1sluogejue wsijogelaw auund aulidolyiezy 000 8¢1 86'80T 90-610¢ ¥-ad
1sluo8ejue wsijoqelaw aurnd aundoiyiezy 000 e 000 Z1-810¢C v-ad
¢1-T1-0¢0¢ 01T (a1dmniA) PN Lue qewixijuj ‘,qewnuwijepy | 98's 81 SO'SLT 60-610¢ €-as>
-60-6T0C (SIX33Uay) qeWwIXIjju| “YIHLO
TTI-T1T-070T 03 81-£0-6TOT (epe2IWaYy)
qewIxijul ‘YIH10 ZZ-TI-610T DiNLIUE sqewnuwljepy €€°E [474" 8¢96T S0-610¢ €-as>
01 Z0-70-¢10T (eAIWINH) qewnwijepy DiNLlue qewnuwijepy 000 781 'V'N ¢0-8T0¢C €-a
TO-TT-8T0C 031 ¥Z-60-810¢C SEVL Od SUON SUON 000 V'N L8C €0-610¢ ¢-al
OIAl S INOSINATHd 43410 80-60-8T0T
01 80-£0-8T0C [BJO SPI0491S “ISNOJSIY
-NON AYVIAIIY “m_m_I._.O €0-80-810¢ _U_OhwquU_tOU wCOw_C_uwhn_ 000 'V'N YA WA A TT-8T0¢ ¢-ad
0} ¥T1-10-L10T |082d qewnzijona) DiNLNRUE gewnzijoys) 000 1T 65°9¢¢ 70-8T0¢ ¢-al
€1-€0-6T0C 01 9¢-S0-S10¢ 2ed siolenpow SuUlWe[essIN 000 144 7813 £0-0¢0¢ 1-ad>
9|gel |B4Q DIA 7 duojosiupaldjAyiain asuodsaJ Alolewwefjul
€-£0-¢¢0¢ 01 €0-T0-TO0C dUlWeleSa|N slolejnpow auojosiupaidjAyis N 000 [44 T4 €0-610¢ 1-dD
asuodsai AJolewwiejul ‘auiwe|esaln
SjUBWIWOI o|dwes jo 9|dwes jo awi (%) 94035 (8/8rl) (4yruow juaned
pue Aioisiy 98esn uonesipap awil 1e 24049q 3dA) UoIIBIIPI | 1B JO D40J3q UOIIBIIPIN 1dg Ivajs uipaloidie) | -ieah) :ep
g|dwes

- 86 -



PCT/US2024/036971

WO 2025/024111

“Apnis
9AN92dSOIIAI B UT PAUIR)QO 2IOM SINSAI Y], “SULYIOM JOFUO] OU IO PIAOWAI ST (P[Oq UT) UONBIIPIW € 1Y} PAJRIIPUL , SP[OQ UL IR () [< SSN[BA [ BLI0Rq
omagoyed £q UOTIIOJUL JO [SA] PASLAIOUI UR SUUALIdAXS ST uonedIIpaw Y} uo judned © jey) I0/pue “‘SUun{Iom IO3UO[ OU ST UONEBIIPAW B 1Y} SANRIIPUL
ST 1dg Jo osearour uy -odwes vwse[d poo[q € Ul punoj sjudwidelJ v NJOW JO junowe [e101 ) Jo ued se euioeq Arojewrwejul-oid woly Sunuod
SludWISeL YN JOW JO 95rjuadiad oy sk pAemoed sem [dg QUL SIUSWWOd puk AI0ISIY 25esn uonedIpay -o[dwes Jo awn Je 10 210Joq 2dA) pue sureu
UOTIBIIPAA 3UIduUANDbas JUSWISeIJ S BIA PAUTULIDIP St 2INTBUSIS W N(IFOoW ay) urjuasaid sudgoped Jo (9;) 93e1uddiad o) Sunedipul ‘14 91095 ITvADS
s Juaned ([oo1s Swy/dn) spad] undjorde) @req odwes (u-@)) Rqunu jusned (1) pepraocid ST uoneLULIOUT SUIMO[[C] UL “siuened () seasip

S UyoI) ur uonedpaw Jo ddueuojrdd ay pue uorssargord aseasip ‘(1dg) Xpul A1uasoyied poorg oY) uddm)dq UoneR[1100 ay) Jo sofdwexy 6 [qe.L

0T-¢0-610¢ 03 LT-60-LT10¢ snwijoJoe] SUON *9UON 00°s¢ SET L6'V0T 01-0¢0¢ 6-a0
Jouqiyut snwijo.oe| 000 €ec 9C’'LS €0-610¢ 6-a0
asejeydsoyd ulnauio|ed
¥T-T0-¢¢0¢C 91 6¢-70-9T0C plotaisodio) suosiupald ‘qewnup@isn | 0L'8 'V'N 'V'N 01-810¢ 8-ad
19]|9eL [B4O DIA 07 duosiupaid ‘v1-10 ‘DANLRUR + €TTI/TTTINVE ‘91eX210UI9IN ‘qRWIXI|jU|

-7T0T 01 0Z-70-£T0T qewnuni@isn ‘pT
-T0-¢Z0¢ 01 S0-170-LT0C 21EXaJ10Y19|A

‘¥T-10-2C0T 01 90-70-9T0T (spediway) P10421S021110D auoslupald ‘qewnun@isn | 000 i 05'888T 60-£10C 8-ad
gewIXI|yu] ‘ONIIYHOM d3ddOLS ‘DANLIRUR + €TT1/TTIRUR ‘91EX3J10U19|A
7-60-/TOQC O10T-€0-9T0¢ wc_._ao_cumN< + uw_commmucm wisijogelaw wctsa ;U_m_.c_x__upc_ fw::ao_.._u.mNd.
siade] €0 1sluogejue wsljogelaw aurnd sundolylezy 6L°1T ¥'N 000 10-020¢ £-0D
-£0-6T0C 01 £0-£0-066T [240 SP10J31S
~OZ_v_mO>> a3ddolsS /T um_comﬂ_cm wisijogelaw wc_._sn_ w:_._n_o_.._umNd. 069 ‘V'N 000 01-6T0¢C /-0D
$0-610C 0} LT-TT-FTOT qewnzijopap p10.431s ‘4aX20|q les0 000 ¥S¢C LS08L 0T-810C [-aD
‘ASYN0D d3131dINOD 9T-90 uri8aiul £gpo + sioienpow Sp10J431s§ ‘,qewnzijopap
-6T0C 01 LC-TO-LTQ¢C ulwelesa|pn r_”O asuodsal \Coum_.c_.cm_upc_ dc__.cm_mmw_\/_
-€0-€¢0C 01 0Q¢-¢1-L10¢ wc_._ao_cumN< + uw_commmucm wisijogelaw wctsa dctao_sumNd\
4IHLO

G7-G0-6T0C 01 T0-0T-810C (e41wny)

- 87 -



PCT/US2024/036971

WO 2025/024111

ISNOJS3Y 3137dINOD 90 19do|q £gro undaul qewnzijopsA 00°ST | UOISSIwaY €0°09 90-610¢ 7-oN
-60-0¢0¢ 01 £T-80-9T0¢ qewnzijopaA J»Jo0|q Lgvo uladarul gqBWNZIJOPaA 000 uoISSILIDY 9/°S€T 0T-8T0C N
954n0d pa1s|dwo) JoMqglyul eseuny gewnzijopaA ‘qluniaejo] 00°0 | uoissiay LTYY 60-6T0¢C €N
€1-20-6T0T 031 80-90-810C (XANIN AV + 42320]q uH3aiul £gyo
s1a2N) apluosapng ‘6T-1T-810C 03 80
-90-8T0C S9VL Od DIN S INOSINdIHd P10481s0213J07 spluosspng 00°0 | uoissiay 89°'G0¢€ €0-6T0¢ €N
‘6T-TT-8T0C 01 ¥Z-S0-810¢ ‘Jonqiyur aseuny ‘gewnzijopap ‘qiunioejol
SAVL Od DA 0Z INOSINGIYd 'S¢ VT + 49320]q ulIgaiul Zgyo
-€0-020¢ 01 10-70-810¢C qEWNZI|OPSA 1048150213407 spluosspng ¢S'6 | Uoissiuay 6C'9 11-810¢ €on
‘8C-70-€20T 01 90-60-8TOC qluinoejol | 40UgIYul aseud| YT +13X20[q | ‘DUosiupald ‘qewnzijopap
‘ISNOJS3Y TVILYVd ‘S133443 3dIS uLigaiul £gpo + Jole|npow ‘quunejo] ‘y,eulweessiy
€1-20-6T0T 01 80-90-9T0¢ 2UIWE[ES3IA asuodsai Alojewwiefjul
LO-TT-610C 01 TT-90-¥10¢C SUIWE|ESIIA siolg|npow aulwe|esalA ‘aplze|es|eg 8€CS | uoissiway 89°19¢ 80-810¢ aon
£T-S0-T20C 01 £0-CT-LT0T dpize|es|eg asuodsau Aorewweyul
4 p1oe JljAdijesoulwe-g
sJoie|npouwl aulwe|esalA ‘aplze|es|eg ¢6°9¢ | uoissiuay St oret €0-810¢ on
asuodsas Asojewwefjul
4 p1oe JljAdijesoulwe-g
60-¢0-€20C 91 ¥O-TT-¥10¢ Sulwe[ess|y siolg|npow SUIWE|ESSIA €0°6¢ | UoIssiuay v0've 10-0¢0¢ 1-oNn
asuodsas Asojewwefjul
sJ01e|npow SUlWE|ESIIN €€°eT PINAI 1r'1¢9 €0-610¢ 1-oN
asuodsas Asojewwefjul
siole[npow aulwe|esa IT'IT | uoissiway 12°27SE 10-610C 1-9N
asuodsas Asojewwefjul
sJ01e|npow SUIWE|ESSIA 88's PINAI ¢0'9¢6 70-8T0¢ 1-oNn
asuodsaJ Alojewwefjul
SjUBWIWOI 9|dwes jo swi 9|dwes jo swi (%) 1d9 9103s (8/8M) (4yruow juaned
pue Aioisiy a8esn uoiiedipalal 1€ 340}9q 9dA3 uonrealpan 1€ J0 940J3q UO11EIIP3IAl goAepl ui3ealoudie) -1edl)

91ep ajdwes

- 88 -



PCT/US2024/036971

WO 2025/024111

‘ISNOJSIH-NON AYVIAIYC 9T DiNLRUE gewnuwiepy 00°0 'V'N 09°LcC S0-6T0¢ 01-oN
-80-8T0C 031 ¥¢-CT-STOC qeWNZI|OPaA J»Jo0|q Lgvo uladarul gewnzijopaA 000 PINAI 6G6'/78 90-810C 01-2N
1€-0T-220T 01 D4NLIIUE + Si0lB|NpOW gewnuwijepy ‘QuIWe|eS3A | 000 | uoIsSiway 9281 11-610C 6-oN
8¢-CT-ZT0C dulwelesal ‘LT-£0-¢20¢ asuodsal Alorewwepul
01 €2-2T-£10¢ (eAWNnH) gqewnuwijepy sJ01e|npow xOullejessiy €E'¢C 91335 ¥1°609 11-L10¢ 60N
asuodsas Asojewwefjul
70-€0-T¢0¢ ©1 60-L0-610¢C undaiul £dyo spulq qewnzijopsA 00°0 | 1eJISPOIN 6CCre ¢0-0¢0¢ 8-oN
gewnzijopaA :3SNOdS3Y 40 SSO1 slole|jnpow FETTIEITEEETTY 0s'¢T PINA 98°'01¢ £L0-6T0C 8-oN
¢C-0T-6T0C 01 80-C0-VTOT 2ulwelesa|py asuodsal Asolewwiefjul
sJ01e|npow aulwe[esa|p 00°0 | uoissiay £1°0¢9 90-610¢ 8-oN
asuodsas Asojewwefjul
€10 JoMqglyul eseuny qlunidejol 00t PINAI 819 80-610¢ £-ON
0T 01 SZ-7T-9TQC qewnzIjopaA ‘20 VT +4920|q £g¥o uligaul ‘ .qewnzijopan
-£0-7Z0T 01 50-90-6T0T qiunidejol ‘T ‘xoulwelessiy
-70-T¢0¢ 03 90-T0-¥TOC SUIWE[ESIIA 1932019 *qBWNZI|OPIA 00°0T | UoIssiway 8¢C'T €0-6T0¢ £-ON
£gvp ulBalul + s1o0le|npow ‘Ldulweessy
asuodsas Asojewwefjul
1932019 qewNZI|OpaA 00°0 | uoissiay 000 ¢0-6T0¢ £-ON
£gro uldalul + siolejnpow ‘auiwe|esa
asuodsas Asojewwefjul
€1-£L0-6T0C 03 ¢1-T1-810C 19[9EL dUON SUON 00°0 | uoissiay 06°'L¢/T 01-0¢0¢ 9-2Nn
[B40 DIA 0T duosiupaid ‘€T-£0-6T0C
01 G0-€0-8T0T (pEIIWSY) qRuwIXIju|
ISNOdSIHY-NON AYVIAIYd €T-L0-6T0C P104315021140D ‘DN Lue auoslupald ‘xqewixijjul S8°¢ PINAI L6l 90-610¢ 9-2Nn
21 70-T0-810¢ (BJIWNH) qewnuwijepy ‘xqewnwijepy
uoleaipaw se paddoip uayy siole|npow aulwe|esa vI'L | uoissiway 0t's8 70-020¢ S-IN
‘ISNOdS3¥ 3131dINOD 62-90-810¢ asuodsas Alojewweul ‘auniodsoA)
01 67-60-GT0OT qeWINZI|OpaA £0-€0 siolg|npow SUIWE|ESSIA evoc PINAI 'V'N 11-810¢ S-oN
2707 01 TO-€0-/00¢ dulwelesaln ‘OT asuodsai AJolewwiefjul ‘auiodsoA)
T0-ZT0T 01 9T-80-¥ 10T duli0dsopA) 19%20]9 *qBWNZI|OPIA 00°0 | uoissiay 9865 S0-810¢ S-oN

£gvp ulsalul + s10le|npow
asuodsas Asojewwefjul

‘aulwe|esaln
‘aurrodso|aA)

-80 -



PCT/US2024/036971

WO 2025/024111

"Apnys aanoedsoner e
Ul PAUIRIO SI9M SINSI YL, "SUL{IOM JOSUO[ OU JO PAAOWAI ST (P[Oq UI) UOBIIPIW B JBY} PAIBIIPUI , ‘P[0 UL B () [< SON[RA [ BLIORQq drudsoyred
£Q UOT)IAJUL JO [QAJ[ PASLAIOUI UB SUDUSLIAXS ST uonedIpaw o) uo judned e jey) I0o/pue ‘FUDIOM IOSUO] OU ST UOTBIIPAW © IRy} QANRDIPUI ST [dg
Jo aseanur uy ordwes vwse[d poo[q € Ul punoj SIUSWSEI y N(JOW JO Junowe o1 ay Jo jred se vuwioeq Arojewuejur-oid wolj Sunuod sjuowsely
VNFOW Jo a5eiuadiad ayp se pajenoed sem [dg QUL “SIUSWIUIOD puk AI0ISTY 938Sh uonedIpaA rdures Jo swn 18 10 210J2q 2dA) pue SWLU UOUBIIPIAN
‘Suouenbes juowISely YIS BIA poUNUINOD Sk 2IMeuSIs yN(@IOW 3y ur judsard sudSoyed Jo (94) oFeiuaoied oyl SunedIpur g 9I109S 9-OABIN
s Juaned :(Joois Suygn) spael unddjoidie) dreq odwes (u-DN) pqunu juaned D :popracid ST UOUBWIOJUI SUIMO[[0] oyl suaned (D) snioe)d

QATJRID]() UL UOTIBIIPAW JO dduewiof1dd oyl pue uorssaisord aseas1p ‘(Idd) Xpul A1o1uasoyied poord oyl Uddmiaq Uone[R110d o) Jo sojdwexy 0] S[qe.L

GZ-10-020T 01 ¥0-2¢T-610C 19[9eL P10431S0211I0D) ‘DN LIIUE auos|upaid‘,qewnwijepy | 8/°£2 EYETETS 05'888T Z1-610¢ 01-2N
[BJO DIAI OT 3uostupaud ‘8T-20-020T
1 9T-80-810¢ (BJIWNH) qewnwiepy

-90 -



WO 2025/024111 PCT/US2024/036971

[00211] Several scenarios from the study that show the usefulness of the BPI to monitor
the status and progression of ulcerative colitis are provided in Table 10.

¢ Patients UC-1 and UC-2 provide examples where patients indicate remission, but where
the levels of calprotectin and the BPI are elevated, indicating that the medication is not
meeting its primary endpoint of lowering inflammation of the gut epithelium.

e Patient UC-3 was on a combination of medication that included Mesalamine, which started
to have side effects and stopped working. This coincided with an increase in the BPI. After
the medication was eliminated, the BPI returned to 0. The joumey of patient UC-3 is
schematically presented in Figure 17. Specifically, Figure 17 shows a schematic
representation of the journey of ulcerative colitis patient UC-3 and how the BPI can be
successfully used to influence a better disease outcome. It is assumed that the initial
combination of tofacitinib, vedolizumab and mesalamine is working before 11/2018.
Issues are reported for mesalamine, which is removed from the medication (02/2019). In
retrospect (11/2018), clinical use of BPI would have identified inflammatory markers in
blood that alter the UC-3 patient pathway by removing mesalamine as medication,
resulting in a decrease of the BPI (03/2019) indicative for remission in line with fecal
urgency. The side effects from mesalamine were missed by the calprotectin levels (Calpr)
and the May 0-6 score (Mayo0-6). Data points marked by open circles or grey dots indicate
remission or active disease, respectively. A data point marked by a black dot indicates that
no sample to determine the BPI was available. Arrows indicate medication is being taken
over a certain time. A STOP symbol indicates that a medication is being discontinued at a
given timepoint.

e Patient UC-4 is an example of a false positive. An elevated BPI is observed despite no
issues with medication being reported.

e Patient UC-5 was on a combination of medication that included Vedolizumab. Once full
remission was obtained, the patient’s sample had a BPI of 0. After this medication was
omitted, the BPI went up, indicating the need for changes to the patient’s treatment regime.

e Patient UC-6 was on a combination of two antiTNFa medications that stopped working,
which coincided with an increase in the BPI. After the medications were eliminated, the
BPI returned to 0 and the patient reported remission, despite elevated calprotectin levels.

e Patient UC-7 was initially successfully treated with a combination of mesalamine and
vedolizumab. Subsequently, resistance was detected which coincided with an increase in
BPI. Tofacitinib, a JAK kinase inhibitor, was included in the patient’s medication regimen.

Inclusion of the JAK kinase inhibitor correlates with a decrease of the BPI.
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e Patient UC-8 is initially successfully treated with Mesalamine, an inflammatory response
modulator. This medication stopped working, which required an adjustment of the
patient’s medication. The ceasing of the medication working correlates with an increase
in the BPIL.

¢ Patient UC-9 is an example where the initial medication, Mesalamine, did not work. The
BPI determined on a blood sample taken from the patient at this time is elevated.
Subsequent addition of an antiTNFa medication resulted in remission, which correlates
with a decrease in the BPI. The journey of patient UC-9 is schematically presented in
Figure 18. Specifically, Figure 18 shows a schematic representation of the journey of
ulcerative colitis patient UC-9 and how the BPI can be successfully used to influence a
better disease outcome. Initially, mesalamine is working as medication but starts to lose
efficiency (11/2017) based on disease symptoms and calprotectin levels. Adalimumab is
added as medication (12/2017), resulting in remission (11/2019). In retrospect (11/2017),
clinical use of the BPI would have identified inflammatory markers in blood that alter the
UC-9 patient pathway by changing medication to include adalimumab, resulting in a
decrease of the BPI (11/2019). Data points marked by open circles or grey dots indicate
remission or active disease, respectively. A data point marked by a black dot indicates that
no sample to determine the BPI was available. Arrows indicate medication is being taken
over a certain time.

e Patient UC-10 is initially treated with an integrin o7 blocker, which stops working (BPI
not available). Subsequently, the patient is treated with an antiTNFa. This medication
initially results in remission, which correlates with a BPI of <0.0. However, the antiTNFa
medication stopped working, requiring adjustment of the patient’s medication. The BPI is

increased at the time of the antiTNFa medication not working.

[00212] Overall, the results show that SPA fragment sequencing of mcfDNA in blood
can be successfully used to determine the BPI of patients suffering from inflammatory diseases
such as IBD. The BPI was successfully used as a surrogate biomarker for both medication
performance and assessing the risk for serious or life-threatening complications, such as an
increased risk of inflammation.

[00213] The increased risk for serious or life-threatening infections has been well
documented for immune suppressing medications and there is a need for biomarkers that allow
for early detection and prevention of this complication. The results of the retrospective study,

described in Tables 7, 9 and 10, show that failure or complications due to immune suppressing

-02 -



WO 2025/024111 PCT/US2024/036971

medication is accompanied by an increase in the mcfDNA signature of (opportunistic) pathogenic
bacteria in the blood of the patients, as determined by the BPI. Therefore, in addition to IBD, the
BPI can be used as a surrogate biomarker for diseases where patients are at similar risk of serious
or life-threatening infections due to treatment with immune repressing drugs, including
rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing spondylitis, plaque
psoriasis, acute Graft versus Host disease. Immune suppressing mediations that can benefit from
patient monitoring using the BPI to determine the risk of serious or life-threatening infections
include, but are not limited to, abatacept (Orencia); adalimumab (Humira); infliximab
(Remicade); Tofacitinib (Xeljanz); risankizumab (Skyrizi); anakinra (Kineret); azathioprine
(Azasan); certolizumab (Cimzia); cyclosporine (Gengraf, Neoral, Sandimmune), etanercept
(Enbrel); golimumab (Simponi); infliximab (Remicade); methotrexate (Otrexup, Rasuvo,
Trexall); rituximab (Rituxan); steroids including dexamethasone, methylprednisolone (Medrol),
prednisolone (Orapred ODT, Prelone), and prednisone (Rayos); tacrolimus (Astagraf, Envarsus
XR, Prograf); and tocilizumab (Actemra).

[00214] The BPI can also be used to assess the side effects for other
medications/treatments that can cause complications of inflammation, including the
gastrointestinal track, or affect the immune response, such as immune checkpoint inhibitor drugs
like Pembrolizumab, Nivolumab, and Cemiplimab as anti-PD-1 antibodies, Ipilimumab as an anti-
CTLA-4 antibody, as well as Atezolizumab, Avelumab, and Durvalumab as anti-PD-L1

antibodies.
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WHAT IS CLAIMED IS:

1. A method of amplifying microbial cell free DNA (mcfDNA), comprising:

(a) providing a degenerate primer comprising complementarity to a
conserved region, wherein the conserved region spans at least 18 nucleotides of a
microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream
or downstream of an end of the conserved region comprise a hypervariable region, and
wherein the degenerate primer is oriented to prime polymerase extension of the

hypervariable region;

(b) providing an additional primer complementary to a repaired version of an

adaptor ligated to ends of the mcfDNA;

(¢) performing, on a sample comprising the mcfDNA, an enrichment polymerase
chain reaction (E-PCR) using the degenerate primer and the additional primer, thereby

generating one or more enriched mcfDNA fragments; and

(d) performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using (i) a modified degenerate primer, wherein the modified degenerate
primer comprises a 3’-end extension of at least three nucleotides relative to the
degenerate primer; and (i1) the additional primer, thereby generating enriched amplified

mcfDNA fragments.
2. A method of amplifying microbial cell free DNA (mcfDNA), comprising:

performing an enrichment polymerase chain reaction (E-PCR) on a sample
comprising microbial cell-free DNA (mcfDNA), wherein enriched mcfDNA fragments

are generated using:

1) a degenerate primer comprising complementarity to a conserved region,
wherein the conserved region spans at least 18 nucleotides of a microbial
phylogenetic marker gene, and wherein the degenerate primer comprises an
affinity purification group, and

i1) an additional primer complementary to an end of the mcfDNA,

wherein at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region comprise a hypervariable region, wherein the degenerate primer is

oriented to prime polymerase extension of the hypervariable region; and
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performing an amplification PCR (A-PCR) on the enriched mcfDNA fragments
using: (1) a modification of the degenerate primer of the E-PCR, wherein the modified
degenerate primer comprises a 3’-end extension of at least three nucleotides relative to
the degenerate primer of the E-PCR, and (ii) the additional primer of the E-PCR, thereby

generating enriched amplified mcfDNA fragments.

3. The method of claim 1 or 2, further comprising providing one or more additional
degenerate primers comprising complementarity to one or more additional
conserved regions of the microbial phylogenetic marker gene or to one or more

additional genes.

4. The method of claim 3, wherein the one or more additional genes comprises one

or more additional microbial phylogenetic marker genes.

5. The method of claim 3, wherein the one or more additional genes encodes
virulence factors, secondary metabolites, or drug degradation pathways, and

combinations thereof.

6. The method of claim 1 or 2, further comprising sequencing the enriched amplified

mcfDNA fragments.
7. The method of claim 6, further comprising, using a computer system:

a. aligning the amplified mcfDNA fragment sequences on a sequence of the
degenerate primer and assigning matching sequences from the

hypervariable region as representative of the same microbial species;

b. for the microbial species in part (a), searching a database of the
phylogenetic marker gene against the amplified mcfDNA fragment
sequences and assigning a microbial species based on the closest match;

and

c. optionally, calculating a microbial community composition based on a
relative abundance of the amplified mcfDNA fragment sequences

assigned to each microbial species.

8. The method of claim 7, wherein the phylogenetic marker gene is a multicopy
gene, and further comprising correcting for copy number variation between each

microbial species.
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9. The method of claim 7, further comprising providing a second degenerate primer
complementary to a second conserved region of a second phylogenetic marker
gene, and further comprising determining the microbial community composition
by calculating a mathematical mean of the relative abundance of each microbial
species for each of the phylogenetic marker gene and the second phylogenetic

marker gene.

10. The method of claim 7, wherein the microbial community composition comprises

one or more members of Eukaryotes, bacteria, viruses, or fungi.

11. The method of claim 7, wherein one or a combination of: the microbial
community composition or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species associated with a

disease or disorder, indicates that the subject has the disease or disorder.
12. A method of diagnosing or monitoring a disease or disorder, comprising:

(a) providing a degenerate primer comprising complementarity to a
conserved region, wherein the conserved region spans at least 18 nucleotides of a
microbial phylogenetic marker gene, wherein at least 25 adjacent nucleotides upstream
or downstream of an end of the conserved region comprises a hypervariable region, and
wherein the degenerate primer is oriented to prime polymerase extension of the
hypervariable region;

(b providing an additional primer complementary to a repaired version of an
adaptor ligated to ends of the mcfDNA;

© performing, on a sample comprising the mcfDNA, an enrichment
polymerase chain reaction (E-PCR) using the degenerate primer and the additional
primer, thereby generating one or more enriched mcfDNA fragments;

(d performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using (i) a modified degenerate primer, wherein the modified degenerate
primer comprises a 3’-end extension of at least three nucleotides relative to the

degenerate primer; and (ii) the additional primer, thereby generating enriched amplified

mcfDNA fragments;

(e sequencing or obtaining sequences of the enriched amplified mcfDNA
fragments;

® assigning one of more of the amplified mcfDNA fragment sequences as

belonging to a particular microbial species, or as comprising a microbial DNA signature,
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based on the closest sequence match of the hypervariable region to a reference microbial
database; and

(2 optionally, calculating a microbial community composition for the
sample, based on a relative abundance of the mcfDNA fragment sequences assigned to

each microbial species,

wherein one or a combination of: the microbial DNA signature; the microbial
community composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of
one or a combination of the microbial species, associated with a disease or disorder,

indicates that the subject has the disease or disorder.

13. The method of any one of claims 1, 2, or 12, further comprising

performing an affinity purification of the enriched mcfDNA fragments.
14. A method of diagnosing or monitoring a disease or disorder, comprising:

performing, on a sample comprising microbial cell-free DNA (mcfDNA), a
polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18
nucleotides of a microbial phylogenetic marker gene, and (ii) an additional primer
complementary to a repaired version of an adaptor ligated to ends of the mcfDNA,
wherein at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region comprise a hypervariable region, and the degenerate primer is oriented
to prime polymerase extension of the hypervariable region, thereby generating amplified

mcfDNA fragments;

sequencing the amplified mcfDNA fragments or obtaining the sequences of the

amplified mcfDNA fragments;

assigning one or more of the amplified mcfDNA fragment sequences as
comprising a microbial DNA signature or as belonging to a particular microbial species,
based on the closest sequence match of the hypervariable region to a reference microbial

database; and

optionally, calculating a microbial community composition for the sample, based
on the relative abundance of the mcfDNA fragment sequences assigned to each

microbial species,
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wherein one or a combination of: the microbial DNA signature; the microbial
community composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of
one or a combination of the microbial species, associated with a disease or disorder,

indicates that the subject has the disease or disorder.

15. The method of any one of claims 11, 12, or 14, where the disease or
disorder comprises: tuberculosis and other diseases caused by Mycobacterium species;
determining pulmonary infection risks and causes in cystic fibrosis patients; determining
the risk and onset of sepsis in patients with compromised immune systems; detection of
opportunistic bacterial pathogens originating from the oral cavity that have been linked
to Alzheimer’s disease, pancreatic cancer and other serious conditions such as
endocarditis; women’s health issues including Chlamydia linked to mucopurulent
cervicitis, pelvic inflammatory disease, tubal factor infertility, ectopic pregnancy and
cervical cancer; detection and monitoring of progression of cancer; monitoring of
minimal residual disease after oncology treatments; detection and monitoring of
progression and minimal residual disease of breast cancer including triple negative breast
cancer; detection of esophageal cancer, precancerous colonic polyps and early stage
colorectal cancer, and detection and monitoring of progression and minimal residual
disease of gastrointestinal cancers in general; detection and monitoring of progression
and minimal residual disease in lung cancer; non-invasive analysis of the microbiome in
pancreatic cancer patients to propose treatment protocols and prognostics for long-term
survival; detection of Clostridium difficile infections; post-transplant bloodstream
infections and Graft versus Host Disease (GvHD); detection of hospital acquired
infections by emerging pathogens of clinical concern; detection of an infection in an
immune compromised person; or detection of infection or inflammation of the
gastrointestinal track in Irritable Bowel Disease (Crohn’s disease, Ulcerative colitis);
monitoring the risk of infection of inflammation in patients suffering from rheumatoid
arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing spondylitis, plaque

psoriasis; and combinations thereof.

16. The method of any one of claims 11, 12, or 14, wherein the disease or disorder

comprises colon cancer, breast cancer, or non-small cell lung cancer.

17. The method of any one of claims 11, 12, or 14, wherein the disease or disorder

comprises a specific type of cancer, a specific early or later stage of cancer, or a
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18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

specific tumor subtype driven by the location of the tumor, and combinations

thereof.

The method of any one of claims 1, 2, or 12, wherein the additional primer in the
A-PCR is used in combination with a set of at least two phased primers, wherein
the at least two phased primers are identical to the additional primer except for

being phased by a single nucleotide.

The method of claim 18, wherein the set of phased primers comprises five phased

primers.

The method of any one of claims 1, 2, 12, or 14 wherein the conserved region has

an average sequence variance score of greater than 0.175.

. The method of any one of claims 1, 2, 12, or 14 wherein the hypervariable region

has an average sequence variance score of less than 0.15.

The method of any one of claims 1, 2, 12, or 14 wherein the hypervariable region

has an average sequence variance score of less than 0.1.

The method of any one of claims 1, 2, 12, or 14 wherein the hypervariable region

has an average sequence variance score of less than 0.075.

The method of any one of claims 1, 2, 12, or 14 wherein the conserved region
spans 18 to 40 nucleotides, 20 to 30 nucleotides, or 22 to 28 nucleotides of the

phylogenetic marker gene.

The method of claim 2, wherein the ends of the mcfDNA comprise an adaptor and

the additional primer is complementary to a repaired version of the adaptor.

The method of any one of claims 1, 12, or 14, wherein the adaptor is a double
stranded asymmetric linker cassette comprising a 5° asymmetrical end and a 3’

end where the two strands are complementary.

The method of claim 26, wherein the asymmetric linker cassette is a Y-shaped

linker cassette or a single arm linker cassette.

The method of claim 26, wherein the additional primer is complementary to a

repaired 5° end of the asymmetric linker cassette, and wherein in the E-PCR,

-103 -



WO 2025/024111 PCT/US2024/036971

polymerase extension from the degenerate primer results in repair of the

asymmetric linker cassette.

29. The method of any one of claims 1, 2, 12, or 14, comprising performing one or

more reactions to repair the ends of the mcfDNA.

30. The method of any one of claims 1, 2, 12, or 14, wherein the degenerate primer

comprises one or more sequencing adaptor sequences.

31. The method of any one of claims 1, 2, 12, or 14, further comprising adding one or
more sequencing adaptor sequences to the amplified mcfDNA fragments in an
additional amplification reaction or to the enriched mcfDNA fragments in the A-

PCR.

32. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker

gene comprises 7poB.

33. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker

gene comprises 16S TRNA.

34. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker

gene comprises a combination of two or more of rpoB, cpn60, tuf, or 16S rRNA.

35. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker
gene comprises #poB and the conserved region comprises nucleotide positions

1327 — 1355 based on the Escherichia coli rpoB gene sequence.

36. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker
gene comprises 16S rRNA and the conserved region comprises nucleotide

positions 781-805 based on the Escherichia coli 16S rRNA gene sequence.

37. The method of any one of claims 1, 2, 12, or 14, wherein the degenerate primer
comprises a set of degenerate oligonucleotide primers comprising a mixture of
oligonucleotides having a V:W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-1.2:1.5-3,
wherein V is the sequence 5° to 3° GCRCGRTTDCCNARRTGRTCRATRTC,
wherein W is the sequence 5° to 3> GCRCGRTTDCCNARRTGRTCRATATC,
wherein X is the sequence 5° to 3° GCRCGRTTDCCNARGTGRTCRATRTC,
wherein Y is the sequence 5° to 3> GCRCGRTTDCCNARGTGRTCRATATC,

and wherein Z is the sequence 5° to 3°
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GCRCGGTTRCCNARGTGGTCGATRTC, wherein the set of degenerate
oligonucleotide primers comprises an affinity purification group at a 5 terminus,
wherein A = adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or
G), D=not C (A, T or G), and N = any nucleotide (A, G, C or T), and wherein D

and N can be replaced with inosine.

38. The method of any one of claims 1, 2, 12, or 14, wherein the one or more

degenerate primers comprises one or both of 16SV4-ePCR and 16SV4-aPCR.

39. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker
gene comprises 16S rRNA and the conserved region comprises a V1, V2, V3, V4,
V5, or V6 region of the 16S rRNA phylogenetic marker gene.

40. The method of any one of claims 1, 2, 12, or 14, wherein the one or more
degenerate primers comprises RpoB-ePCR mix, RpoB-aPCR mix, 16SV4-ePCR,
or 16SV4-aPCR, and combinations thereof.

41. The method of any one of claims 1, 2, 12, or 14, wherein the phylogenetic marker
gene comprises DNA gyrase subunit B (gyrB), heat shock protein 60 (4sp60),
superoxide dismutase A protein (sodA4), TU elongation factor (fuf), DNA
recombinase proteins (including rec4, reck), trr1 gene that encodes for
thioredoxin reductase; »im8 gene that encodes for a protein involved in the
proteolytic activation of a transcriptional factor in response to alkaline pH; kre?2
gene that encodes for a-1,2-mannosyltransferase; or erg6 gene that encodes for

A(24)-sterol C-methyltransferase.

42. The method of any one of claims 1, 2, 12, or 14, wherein the microbial

phylogenetic marker gene comprises a human fungal phylogenetic marker gene

43. The method of claim 42, wherein the human fungal phylogenetic marker gene
comprises nuclear ribosomal interal transcribed spacer region 1 (ITS1) or nuclear

ribosomal internal transcribed spacer region 2 (ITS2).

44. The method of claim 42, wherein the amplified mcfDNA fragments comprise
mcfDNA from one or a combination of members of the Ascomycota,
Basidiomycota and Mucoromycota, including Alternaria species, Aspergillus
species, Blastomyces species, Candida species, Capnodiales species,

Cladosporium species, Malassezia species, Phaeosphaeria species, Pseudozyma
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species, Saccharomyces species, Sporobolomyces species, Vishniacozyma species,

and Yarrowia species.

45. The method of any one of claims 1, 2, 12, or 14, further comprising including in
the PCR or the E-PCR and the A-PCR a primer to a functional gene to determine a

presence of the functional gene in the sample.

46. The method of claim 45, where the functional gene is a virulence factor, a PKS
gene cluster essential for colibactin synthesis, or a choline trimethylaminelyase

gene.

47. The method of any one of claims 1, 2, 12, or 14, further comprising including in
the PCR or the E-PCR and the A-PCR a primer to a viral gene to determine the

presence of the viral gene in the sample.

48. The method of claim 47, wherein the viral gene comprises a human DNA- or

RNA-based oncovirus gene.

49. The method of claim 48, wherein the oncovirus is one or a combination of
Epstein-Barr Virus (EBV), Human Papillomavirus (HPV), Hepatitis B virus
(HBV), Human Herpesvirus-8 (HHV-8), or Merkel Cell Polyomavirus (MCPyV).

50. The method of any one of claims 1, 2, 12, or 14, wherein the sample comprises a

bodily fluid, a tissue, or an extracellular bodily substance.

51. The method of claim 50, wherein the bodily fluid comprises whole blood, a blood

fraction, serum, plasma, or combinations thereof.

52. The method of claim 50, wherein the sample comprises a biopsy sample from a
solid tumor, a skin graft, a liquid biopsy sample other than blood, or combinations

thereof.
53. The method of claim 50, wherein the sample comprises a stool sample.

54. The method of any one of claims 1, 2, 12, or 14, wherein the mcfDNA comprises

an average fragment length of less than about 100 bp.

55. The method of any one of claims 1, 2, 12, or 14, wherein a percentage of the
mcfDNA in the sample is less than about 0.05%, less than about 0.1%, less than

about 1%, less than about 5%, or less than about 15%.
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56.

57.

58.

59.

60.

61

The method of any one of claims 1, 2, 12, or 14, wherein the at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprising

the hypervariable region comprises less than 150 adjacent nucleotides.

The method of any one of claims 1, 2, 12, or 14, wherein the at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprising

the hypervariable region comprises less than 75 adjacent nucleotides.

The method of any one of claims 1, 2, 12, or 14, wherein the at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved region comprising

the hypervariable region comprises less than 50 adjacent nucleotides.

The method of any one of claims 1, 2, 12, or 14, wherein the microbial

phylogenetic gene is a eubacterial phylogenetic gene.

The method of any one of claims 1, 2, 12, or 14, wherein the microbial

phylogenetic gene is a eukaryotic, fungal, or bacterial phylogenetic gene.

. The method of any of claims 7-10, wherein the calculated microbial community

composition is a screening for one or more of: tuberculosis and other diseases
caused by Mycobacterium species; pulmonary infection risks and causes in cystic
fibrosis patients; the risk and onset of sepsis in patients with compromised
immune systems; detection of opportunistic bacterial pathogens originating from
the oral cavity that have been linked to Alzheimer’s disease, pancreatic cancer and
other conditions such as endocarditis; women’s health issues including Chlamydia
linked to mucopurulent cervicitis, pelvic inflammatory disease, tubal factor
infertility, ectopic pregnancy and cervical cancer; detection and monitoring of
progression in cancer; monitoring of minimal residual disease after oncology
treatments; detection and monitoring of progression and minimal residual disease
of breast cancer including triple negative breast cancer; detection of esophageal
cancer, precancerous colonic polyps and early stage colorectal cancer, and
detection and monitoring of progression and minimal residual disease of
gastrointestinal cancers in general; detection and monitoring of progression and
minimal residual disease in lung cancer; non-invasive analysis of the microbiome
in pancreatic cancer patients to propose treatment protocols and prognostics for
long-term survival; detection of Clostridium difficile infections; post-transplant

bloodstream infections and Graft versus Host Disease (GvHD); detection of
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62.

hospital acquired infections by emerging pathogens of clinical concern; detection
of an infection in an immune compromised person; or detection of infection or
inflammation of the gastrointestinal track in Irritable Bowel Disease (Crohn’s

disease, Ulcerative colitis).

The method of any one of claims 1, 2, 12, or 14, wherein the enriched amplified
mcfDNA fragments or the amplified mcfDNA fragments comprise mcfDNA from
one or more members of: Flavobacterium sp., Staphylococcus auricularis,
Pseudomonas toyotomiensis, Rheinheimera sediminis, Finegoldia magna,
Parvularcula sp., Pseudomonas stutzeri, Pseudomonas soyae, Pseudomonas
saponiphila, Pseudomonas sp., Peptoniphilus harei, Quisquiliibacterium sp.,
Azoarcus sp., Sphingopyxis terrae, uncultured Clostridiales bacterium strain
UMGS460, Staphylococcus schweitzeri, Flavobacterium erciyesense,
Rhodococcus yananensis, Dietzia massiliensis, Cutibacterium acnes subsp.
elongatum, Angustibacter aerolatus, Aerococcus urinae, Klebsiella
quasivariicola, Comamonas fluminis, Mycobacterium tuberculosis,
Mycobacterium abscessus, Mycobacterium avium, Mycobacterium chimaera,
Mycobacterium leprae, Mycobacterium xenopi, Mycobacterium
(para)intracellulare, Mycobacterium kansasii, Mycobacterium gilvum,
Mycolicibacterium gen. nov. (“fortuitum-vaccae” clade), Mycobacterium gen.
(“tuberculosis-simiae” clade), Staphylococcus aureus, Staphylococcus argenteus,
Staphylococcus schweitzeri, Pseudomonas aeruginosa, Burkholderia cepacia
complex, Burkholderia ubonensis, Burkholderia species Nov., Burkholderia
multivorans, Burkholderia pseudomultivorans, Burkholderia pseudomallei,
Burkholderia mallei, Trinickia species, Burkholderia thailandensis, Haemophilus
species, Haemophilus influenzae, Haemophilus parainfluenzae, Streptococcus
species at the various group and species levels, Streptococcus dysgalactiae,
Streptococcus pyogenes, Streptococcus mutans, Streptococcus suis, Streptococcus
mitis, Streptococcus pneumoniae, Streptococcus agalactiae, Streptococcus
anginosus, Streptococcus intermedius, Streptococcus constellatus, Streptococcus
equi subsp. zooepidemicus, Streptococcus oralis, Streptococcus gordonii,
Streptococcus uberis, Streptococcus parasanguinis, Streptococcus sanguinis
Streptococcus parauberis, Streptococcus infantarius, Streptococcus iniae,
Streptococcus salivarius, Streptococcus thermophilus, Streptococcus vestibularis,

Streptococcus bovis, Streptococcus gallolyticus subsp. gallolyticus, Streptococcus
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gallolyticus subsp. macedonicus, Streptococcus gallolyticus subsp. pasteurianus,
Streptococcus equinus, Enterococcus faecalis, Enterococcus faecium,
Porphyromonas gingivalis, Porphyromonas cangingivalis, Porphyromonas
uenonis, Porphyromonas endodontalis, Propionibacterium acidifaciens,
Porphyromonas asaccharolytica, Porphyromonas macacae, Prevotella pallens,
Prevotella histicola, Prevotella melaninogenica, Prevotella copri, Prevotella
intermedia, Prevotella oral, Prevotella nanceiensis, Prevotella salivae, Prevotella
nigrescens, Prevotella denticola, Prevotella buccae, Prevotella stercorea,
Prevotella oris, Prevotella disiens, Prevotella bryantii, Prevotella shahii,
Tannerella forsythia, Bacteroides fragilis, Helicobacter pylori, Chlamydia
trachomatis, Neisseria meningitidis, Neisseria gonorrhoeae, Neisseria subflava,
Neisseria perflava, Neisseria flavescens, Neisseria cinerea, Neisseria lactamica,
Neisseria weaver, Neisseria zoodegmatis, Neisseria brasiliensis, Neisseria
mucosa, Neisseria animaloris, Aggregatibacter actinomycetemcomitans,
Aggregatibacter aphrophilus, Aggregatibacter segnis, Saccharopolyspora species,
Bacillus clausii, members of the genera Pseudoxanthomonas and Streptomyces,
Fusobacterium nucleatum subsp. polymorphum, Fusobacterium hwasookii,
Fusobacterium canifelinum, Fusobacterium nucleatum subsp. animalis,
Fusobacterium periodonticum, Fusobacterium necrophorum subsp. funduliforme,
Fusobacterium mortiferum, Fusobacterium varium, Fusobacterium nucleatum
subsp. nucleatum, Fusobacterium ulcerans, Fusobacterium nucleatum subsp.
vincentii, Fusobacterium equinum, Fusobacterium gonidiaformans,
Fusobacterium necrogenes, Fusobacterium naviforme, Peptostreptococcus
stomatis, Pseudonocardia asaccharolytica, Parvimonas species including
Parvimonas oral and Parvimonas micra, Gemella species including Gemella
morbillorum, Gemella haemolysans, Gemella palaticanis and Gemella sanguinis,
Clostridium difficile, Clostridium perfringens, Clostridium botulinum,
Acinetobacter baumannii, Acinetobacter lactucae, Acinetobacter pittii,
Acinetobacter calcoaceticus, Acinetobacter oleivorans, Acinetobacter
nosocomialis, Acinetobacter radioresistens, Acinetobacter variabilis,
Acinetobacter courvalinii, Acinetobacter ursingii, Enterobacteriaceae,
Enterobacter species, Escherichia species, Escherichia coli, or Klebsiella species,
Klebsiella pneumoniae, Klebsiella oxytoca, Shigella species, Kluyvera species,

Erwinia species, Salmonella species, Salmonella typhi, Salmonella enterica,
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63.

Listeria species, Listeria monocytogenes, Veillonella species, Veillonella atypica,
Veillonella dispar, Veillonella oral, Stenotrophomonas species,

Stenotrophomonas maltophilia, and combinations thereof.

A system for amplifying microbial cell free DNA (mcfDNA), comprising:
a. areaction vessel;
b. areagent dispensing module; and

c. software to execute the method of any of the foregoing claims,

wherein the method is executed at least partially robotically.

64.

65.

A set of degenerate oligonucleotides comprising a mixture of oligonucleotides
having a V:W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the
sequence 5° to 3> CGRTTDCCNARRTGRTCRATRTCATC, wherein W is the
sequence 5° to 3> CGRTTDCCNARRTGRTCRATATCATC, wherein X is the
sequence 5° to 3° CGRTTDCCNARGTGRTCRATRTCATC, wherein Y is the
sequence 5’ to 3° CGRTTDCCNARGTGRTCRATATCATC, and wherein Z is
the sequence 5’ to 3° CGGTTRCCNARGTGGTCGATRTCGTC,

wherein A = adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or
G), D=not C (A, T or G), and N = any nucleotide (A, G, C or T), and wherein D

and N can be replaced with inosine.

A set of degenerate oligonucleotides comprising a mixture of oligonucleotides
having a V:W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the
sequence 5° to 3° GCRCGRTTDCCNARRTGRTCRATRTC, wherein W is the
sequence 5’ to 3> GCRCGRTTDCCNARRTGRTCRATATC, wherein X is the
sequence 5’ to 3° GCRCGRTTDCCNARGTGRTCRATRTC, wherein Y is the
sequence 5’ to 3° GCRCGRTTDCCNARGTGRTCRATATC, and wherein Z is
the sequence 5 to 3° GCRCGGTTRCCNARGTGGTCGATRTC,

wherein A = adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or
G), D=not C (A, T or G), and N = any nucleotide (A, G, C or T), wherein D and
N can be replaced with inosine, and wherein the oligonucleotides optionally

comprise an affinity purification group at a 5° terminus.
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66. The set of degenerate oligonucleotides of claim 64 or 65, wherein one or more

nucleotides at positions represented by D or N are replaced by inosine.
67. A kit for amplifying microbial cell free DNA (mcfDNA), comprising:
a. an adaptor for ligating to ends of mcfDNA;

b. a degenerate primer comprising complementarity to a conserved region,
wherein the degenerate primer comprises an affinity purification group,
wherein the conserved region spans at least 18 nucleotides of a microbial
phylogenetic marker gene, wherein at least 25 adjacent nucleotides
upstream or downstream of an end of the conserved region comprises a
hypervariable region on the microbial phylogenetic marker gene, and the
degenerate primer is oriented to prime polymerase extension of the

hypervariable region;
c. an additional primer complementary to a repaired version of the adaptor;

d. amodified degenerate primer comprising a 3’-end extension of at least

three nucleotides relative to the degenerate primer; and

e. Instructions for performing: (1) an enrichment polymerase chain reaction
(E-PCR) on the mcfDNA having the adaptor-ligated ends with the
degenerate primer and the additional primer to generate enriched
amplified mcfDNA fragments, an (i) affinity purification of the enriched
mcfDNA fragments, and (ii1) an amplification PCR (A-PCR) on the
enriched mcfDNA fragments using the modified degenerate primer and

the additional primer to generate enriched amplified mcfDNA fragments.

68. The kit of claim 67, further comprising one or more additional degenerate primers
comprising complementarity to one or more additional conserved regions of the

microbial phylogenetic marker gene or to one or more additional genes.

69. The kit of claim 68, wherein the one or more additional genes comprises one or

more additional microbial phylogenetic marker genes.

70. The kit of claim 68, wherein the one or more additional genes encodes virulence
factors, secondary metabolites, or drug degradation pathways, and combinations

thereof.
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71. The kit of claim 67, further comprising a set of at least two phased primers,
wherein the set of at least two phased primers are identical to the additional primer
except for being phased by a single nucleotide, and wherein the instructions
comprise instructions to use the additional primer in combination with the set of at

least two phased primers in the A-PCR.

72. The kit of claim 71, wherein the set of phased primers comprises five phased

primers.
73. The kit of claim 67, wherein the adaptor is an asymmetric linker cassette.

74. The kit of claim 67, wherein the degenerate primer comprises the oligonucleotide
sequence 5° to 3° CGTGGACTACHVGGGTATCTA and has an affinity
purification group at the 5° terminus, and wherein the modified degenerate primer
comprises the oligonucleotide sequence 5° to 3’

GACTACHVGGGTATCTAATCC,

wherein A = adenine, G = guanidine, C = cytosine, T = thymine, H=not G(A, T
or C),and V=not T (A, C, or G), and wherein H and V can be replaced with

1nosine

75. The kit of claim 67, wherein the degenerate primer comprises a set of degenerate
oligonucleotide primers comprising a mixture of oligonucleotides having a
V:W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the sequence
5”10 3> GCRCGRTTDCCNARRTGRTCRATRTC, wherein W is the sequence 5’
t0 3> GCRCGRTTDCCNARRTGRTCRATATC, wherein X is the sequence 5’ to
3> GCRCGRTTDCCNARGTGRTCRATRTC, wherein Y is the sequence 57 to 3’
GCRCGRTTDCCNARGTGRTCRATATC, and wherein Z is the sequence 5° to
3> GCRCGGTTRCCNARGTGGTCGATRTC, wherein the set of degenerate
oligonucleotide primers comprises an affinity purification group at a 5° terminus;

and

wherein the modified degenerate primer comprises a set of modified degenerate
oligonucleotides comprising of a mixture of oligonucleotides having a
V:W:X:Y:Z ratio of 1.2:0.8-1.2:0.8-1.2:0.8-1.2:1.5-3, wherein V is the sequence
5”10 3> CGRTTDCCNARRTGRTCRATRTCATC, wherein W is the sequence
5”10 3> CGRTTDCCNARRTGRTCRATATCATC, wherein X is the sequence 5°
10 3> CGRTTDCCNARGTGRTCRATRTCATC, wherein Y is the sequence 5° to
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3> CGRTTDCCNARGTGRTCRATATCATC, and wherein Z is the sequence 5’
to 3> CGGTTRCCNARGTGGTCGATRTCGTC,

wherein A = adenine, G = guanidine, C = cytosine, T = thymine, R = purine (A or
G), D=not C (A, T or G), and N = any nucleotide (A, G, C or T), and wherein D

and N can be replaced with inosine.

76. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises
rpoB.
77. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises

16S rRNA.

78. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises

one or a combination of RpoB or 165 rRNA genes.

79. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises
16S rRNA gene and the conserved region comprises a V1, V2, V3, V4, V5, or V6
region of the 16S rRNA gene.

80. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises
rpoB and the conserved region comprises nucleotide positions 1327 — 1358 based

on Escherichia coli rpoB gene sequence.

81. The kit of claim 67, wherein the microbial phylogenetic marker gene comprises
165 rRNA and the conserved region comprises nucleotide positions 781-805 based

on Escherichia coli 16S rRNA gene sequence.

82. The kit of claim 67, further comprising a primer for a functional gene to determine

a presence of the functional gene in the sample.

83. The kit of claim 82, wherein the functional gene is a virulence factor, a PKS gene
cluster essential for colibactin synthesis, or a choline trimethylaminelyase gene,

and combinations thereof.

84. The kit of claim 67, further comprising a primer for a viral gene to determine a

presence of the viral gene in the sample.

85. The kit of claim 84, wherein the viral gene comprises a human DNA- or RNA-

based oncovirus gene.
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36.

37.

38.

39.

90.

The kit of claim 85, wherein the oncovirus gene is from one or a combination of
Epstein-Barr Virus (EBV), Human Papillomavirus (HPV), Hepatitis B virus
(HBV), Human Herpesvirus-8 (HHV-8), or Merkel Cell Polyomavirus (MCPyV).

The kit of claim 67, wherein the microbial phylogenetic marker gene is a fungal

phylogenetic marker gene.

The kit of claim 87, wherein the fungal phylogenetic marker gene comprises
internal transcribed spacer region 1 (ITS1) or intemal transcribed spacer region 2

(ITS2).

The kit of claim 87, wherein the amplified mcfDNA fragments comprise mcfDNA
from one or a combination of members of the Ascomycota, Basidiomycota and
Mucoromycota, including A/ternaria species, Aspergillus species, Blastomyces
species, Candida species, Capnodiales species, Cladosporium species, Malassezia
species, Phaeosphaeria species, Pseudozyma species, Saccharomyces species,

Sporobolomyces species, Vishniacozyma species, and Yarrowia species.
A method of diagnosing or monitoring a disease or disorder, comprising;

providing mcfDNA sequences, wherein the mcfDNA sequences are
derived from a sample, wherein the mcfDNA sequences comprise sequence
corresponding to (i) a conserved region spanning at least 18 nucleotides of a
microbial phylogenetic marker gene and (i1) a hypervariable region at least 25

adjacent nucleotides upstream or downstream of an end of the conserved region;

assigning one or more of the mcfDNA sequences as comprising a
microbial DNA signature or as belonging to a particular microbial species based
on the closest sequence match of the hypervariable region to a reference

microbial database; and

optionally, calculating a microbial community composition for the
sample, based on a relative abundance of the mcfDNA sequences assigned to

each microbial species,

wherein one or a combination of: the microbial DNA signature; the microbial
community composition; or (i) a presence, (ii) an absence, or (iii) a relative
abundance of one or a combination of the microbial species, associated with a

disease or disorder, indicates that the subject has the disease or disorder.
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91. A method of diagnosing or monitoring a disease or disorder, comprising;

sequencing amplified mcfDNA fragments derived from a sample, wherein the
amplified mcfDNA fragments comprise sequence corresponding to (i) a conserved
region spanning at least 18 nucleotides of a microbial phylogenetic marker gene and (ii)
a hypervariable region at least 25 adjacent nucleotides upstream or downstream of an end

of the conserved region;

assigning one or more of the mcfDNA sequences as comprising a microbial DNA
signature or as belonging to a particular microbial species based on the closest sequence

match of the hypervariable region to a reference microbial database; and

optionally, calculating a microbial community composition for the sample, based
on a relative abundance of the mcfDNA sequences assigned to each particular microbial

species,

wherein one or a combination of: the microbial DNA signature; the microbial
community composition; or (i) a presence, (ii) an absence, or (iii) a relative abundance of
one or a combination of the microbial species, associated with a disease or disorder,

indicates that the subject has the disease or disorder.
92. A method of diagnosing or monitoring a disease or disorder, comprising;

performing, on a sample comprising microbial cell-free DNA (mcfDNA), a
polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18
nucleotides of a microbial phylogenetic marker gene, and (ii) an additional primer
complementary to a repaired version of an adaptor ligated to ends of the mcfDNA,
wherein at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region comprise a hypervariable region, and the degenerate primer is oriented
to prime polymerase extension of the hypervariable region, thereby generating amplified

mcfDNA fragments; and

sequencing the amplified mcfDNA fragments or obtaining the sequences of the

amplified mcfDNA fragments;

wherein the closer the sequence match between the amplified mcfDNA fragment
sequences and the nucleic acid sequences in a reference sample for a disease or disorder

the more likely the sample is to have the disease or disorder.
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93.

94.

95.

96.

The method of any one of claims 90, 91, or 92, wherein the disease or disorder
comprises: tuberculosis and other diseases caused by Mycobacterium species;
determining pulmonary infection risks and causes in cystic fibrosis patients;
determining the risk and onset of sepsis in patients with compromised immune
systems; detection of opportunistic bacterial pathogens originating from the oral
cavity that have been linked to Alzheimer’s disease, pancreatic cancer and other
serious conditions such as endocarditis; women’s health issues including
Chlamydia linked to mucopurulent cervicitis, pelvic inflammatory disease, tubal
factor infertility, ectopic pregnancy and cervical cancer; detection and monitoring
of progression of cancer; monitoring of minimal residual disease after oncology
treatments; detection and monitoring of progression and minimal residual disease
of breast cancer including triple negative breast cancer; detection of esophageal
cancer, precancerous colonic polyps and early stage colorectal cancer, and
detection and monitoring of progression and minimal residual disease of
gastrointestinal cancers in general; detection and monitoring of progression and
minimal residual disease in lung cancer; non-invasive analysis of the microbiome
in pancreatic cancer patients to propose treatment protocols and prognostics for
long-term survival; detection of Clostridium difficile infections; post-transplant
bloodstream infections and Graft versus Host Disease (GvHD); detection of
hospital acquired infections by emerging pathogens of clinical concern; detection
of an infection in an immune compromised person; or detection of infection or
inflammation of the gastrointestinal track in Irritable Bowel Disease (Crohn’s

disease, Ulcerative colitis); and combinations thereof.

The method of any one of claims 90, 91, or 92, wherein the disease or disorder

comprises colon cancer, breast cancer, or non-small cell lung cancer.

The method of claim 94, wherein the disease or disorder comprises a specific type
of cancer, an early or later stage cancer, or a specific tumor subtype driven by the
location of the tumor, and combinations thereof.

The method of claim 95, wherein including one or a combination of circulating

tumor DNA (ctDNA) signatures, ctDNA methylation pattemns, or ctDNA gene
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mutations that provide information on the disease or disorder indicates whether

the sample is likely to have the disease or the disorder.

97. The method of any one of claims 12, 14, 90, 91, or 92, wherein the disease or
disorder comprises detection of infection or inflammation in one or a combination
of Irritable Bowel Disease, Crohn’s disease, Ulcerative colitis, rheumatoid
arthritis, juvenile idiopathic arthritis, psoriatic arthritis, ankylosing spondylitis, or
plaque psoriasis, and wherein a presence of the amplified mcfDNA fragments
from one or more pathogenic bacterial members of: Escherichia species,
Escherichia coli, Shigella species, Klebsiella species, Klebsiella pneumoniae,
Klebsiella oxytoca, Kluyvera species, Erwinia species, Haemophilus species,
Salmonella species, Salmonella typhi, Salmonella enterica, Listeria species,
Listeria monocytogenes, Clostridium species, Clostridium difficile, Clostridium
perfringens, Clostridium botulinum, Veillonella species, Veillonella atypica,
Veillonella dispar, Veillonella oral, Pseudomonas species, Pseudomonas
aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia,
Burkholderia species, Burkholderia cepacia, Staphylococcus species,
Staphylococcus aureus, Porphyromonas species, Fusobacterium species,
Fusobacterium nucleatum, or Fusobacterium varium, indicates that the subject has

the infection or inflammation.

98. The method of claim 97, wherein the disease or disorder comprises detection of
infection or inflammation in Irritable Bowel Disease and the one or more
pathogenic bacterial members further comprise one or more of Rhuminococcus

gnavus, Enterococcus faecium or Enterococcus faecalis.

99. The method of claim 97 or 98, comprising calculating a percentage of the
amplified mcfDNA fragments coming from the one or more bacterial pathogenic
members as a fraction of a total amount of the amplified mcfDNA fragments in
the sample, wherein the calculated percentage of less than one percent indicates an
absence of infection or inflammation and the calculated percentage of greater than

one percent indicates the presence of infection or inflammation.
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100. The method of any one of claims 97-99, wherein the sample is a blood or plasma

sample.

101. The method of any one of claims 97-100, wherein the presence of infection or

inflammation is in the gastrointestinal tract.

102. The method of any one of claims 97-101, wherein the method is used in
combination with determination of a level of lipo-polysaccharide (LPS) in the

sample.

103. A method of detecting infection or inflammation, comprising:

(a) performing, on a sample comprising mcfDNA from a subject, an
enrichment polymerase chain reaction (E-PCR) using a degenerate primer and an
additional primer, thereby generating one or more enriched mcfDNA fragments,
wherein:

i. the degenerate primer comprises complementarity to a conserved
region, wherein the conserved region spans at least 18 nucleotides of a
microbial phylogenetic marker gene, wherein at least 25 adjacent
nucleotides upstream or downstream of an end of the conserved
region comprises a hypervariable region, and wherein the degenerate
primer is oriented to prime polymerase extension of the hypervariable
region, and

ii. the additional primers is complementary to a repaired version of an
adaptor ligated to ends of the mcfDNA;

(b performing an amplification PCR (A-PCR) on the enriched mcfDNA
fragments using (i) a modified degenerate primer comprising a 3’-end extension of at
least three nucleotides relative to the degenerate primer, and (i1) the additional primer,
thereby generating enriched amplified mcfDNA fragments;

© sequencing or obtaining sequences of the enriched amplified mcfDNA
fragments; and

(d assigning one of more of the mcfDNA sequences as belonging to a
pathogenic bacterial species based on the closest sequence match of the hypervariable
region to a reference microbial database, wherein the pathogenic bacterial species

comprise one or more of Escherichia species, Escherichia coli, Shigella species,
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Klebsiella species, Klebsiella pneumoniae, Klebsiella oxytoca, Kluyvera species,
Erwinia species, Haemophilus species, Salmonella species, Salmonella typhi, Salmonella
enterica, Listeria species, Listeria monocytogenes, Clostridium species, Clostridium
difficile, Clostridium perfringens, Clostridium botulinum, Veillonella species,
Veillonella atypica, Veillonella dispar, Veillonella oral, Pseudomonas species,
Pseudomonas aeruginosa, Stenotrophomonas species, Stenotrophomonas maltophilia,
Burkholderia species, Burkholderia cepacia, Staphylococcus species, Staphylococcus
aureus, Porphyromonas species, Fusobacterium species, Fusobacterium nucleatum, or

Fusobacterium varium,

wherein a presence of the mcfDNA sequences from one or more of the pathogenic

bacterial members indicates that the subject has the infection or inflammation.
104. A method of detecting infection or inflammation, comprising:

performing, on a sample comprising microbial cell-free DNA (mcfDNA) from a
subject, a polymerase chain reaction (PCR) using: (i) a degenerate primer comprising
complementarity to a conserved region, wherein the conserved region spans at least 18
nucleotides of a microbial phylogenetic marker gene, and (ii) an additional primer
complementary to a repaired version of an adaptor ligated to ends of the mcfDNA,
wherein at least 25 adjacent nucleotides upstream or downstream of an end of the
conserved region comprises a hypervariable region, and the degenerate primer is oriented
to prime polymerase extension of the hypervariable region, thereby generating amplified

mcfDNA fragments;

sequencing the amplified mcfDNA fragments or obtaining the sequences of the

amplified mcfDNA fragments; and

assigning one or more of the mcfDNA sequences as belonging to a pathogenic
bacterial species based on the closest sequence match of the hypervariable region to a
reference microbial database, wherein the pathogenic bacterial species comprise one or
more of Escherichia species, Escherichia coli, Shigella species, Klebsiella species,
Klebsiella pneumoniae, Klebsiella oxytoca, Kluyvera species, Erwinia species,
Haemophilus species, Salmonella species, Salmonella typhi, Salmonella enterica,
Listeria species, Listeria monocytogenes, Clostridium species, Clostridium difficile,
Clostridium perfringens, Clostridium botulinum, Veillonella species, Veillonella atypica,

Veillonella dispar, Veillonella oral, Pseudomonas species, Pseudomonas aeruginosa,
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Stenotrophomonas species, Stenotrophomonas maltophilia, Burkholderia species,
Burkholderia cepacia, Staphylococcus species, Staphylococcus aureus, Porphyromonas

species, Fusobacterium species, Fusobacterium nucleatum, or Fusobacterium varium,

wherein a presence of the mcfDNA sequences from one or more of the pathogenic

bacterial members indicates that the subject has the infection or inflammation.

105. The method of claim 103 or 104, wherein the pathogenic bacterial members
further comprise one or more of Rhuminococcus gnavus, Enterococcus faecium,

or Enterococcus faecalis.

106. The method of any one or claims 103-105, comprising calculating a percentage of
the mcfDNA sequences coming from the one or more pathogenic bacterial
members as a fraction of a total amount of the mcfDNA sequences in the sample,
wherein the calculated percentage of less than one percent indicates an absence of
infection or inflammation and the calculated percentage of greater than one

percent indicates the presence of infection or inflammation.

107. The method of any one of claims 103-106, wherein the sample is a blood or

plasma sample.

108. The method of any one of claims 103-107, wherein the presence of infection or

inflammation is in the gastrointestinal tract.
109. The method of any one of claims 103-108, wherein the method is used in

combination with determination of a level of lipo-polysaccharide (LPS) in the

sample.
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Absolute count of nucleotides per

Relative count of nucleotides per

position position (percentage)
E. coli RpoB Consensus
gene sequence 5'
position A G C N* ->3
1327 23 5| 47471 5 0% G
1328 | 47432 40 15 17 0% A
1329 29 | 24804 30| 22633 0% Y
1330 106 8| 47367 23 0% G
1331 | 47436 43 18 8 0% A
1332 97 | 29376 68 | 17957 0% Y
1333 | 47092 31 271 111 0% A
1334 39 | 46741 680 45 0% T
1335 2450 | 11027 130 | 33882 0% Y
1336 28 45| 47411 21 0% G
1337 | 47434 21 12 38 0% A
1338 13| 11944 18 | 35522 0% Y
1339 3309 57 109 | 44029 0% C
1340 | 47208 82 81 134 0% A
1341 78 | 11706 154 | 35556 0% Y
1342 56 | 19645 28 | 27771 0% Y
1343 22 | 47451 22 10 0% T
1344 | 10491 6115 | 15012 | 15873 0% N
1345 2270 2327 | 42835 73 0% G
1346 139 71| 44391 2903 0% G
1347 7203 | 15207 1649 | 23431 0% H
1348 | 47286 114 71 34 0% A

FIG. 12
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1349 | 46840 39 475 151 0% 1% 0% | 0% A
1350 89 9265 92| 38054 | 5 0% 20% 0% Y
1351 5226 45 66| 42168 | O 11% 0% 0% C
1352 187 37 | 47276 5] 0 0% 0% 0% G
1353 5303 | 27876 2643 | 11671 | O 6% 11% 0% H
1354 4014 22 58| 43408 | O 0% 8% 0% | 0% G
1355 80 34 | 47323 68 0% 0% | 0% C

FIG. 12 (continued)
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