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METHODS OF DIAGNOSING CANCER AND PREDICTING

RESPONSIVENESS TO THERAPY

RELATED APPLICATIONS

This application claims the benefit of priority of US Provisional Application 63/005,540,

filed on 6 April, 2020, the contents of which are incorporated herein by reference in their entirety.

SEQUENCE LISTING STATEMENT
The ASCII file, entitled 82338 Sequencelisting.txt, created on April 4, 2021, comprising

596,954 bytes, submitted concurrently with the filing of this application is incorporated herein by

reference.

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to methods of diagnosing
cancer and predicting responsiveness to therapy based on tumor microbiome profiles.

More than 16 % of cancer incidence worldwide is estimated to be attributed to infectious
agents. Over the years, intra-tumor bacteria have been reported in many tumor types, but a
comprehensive characterization of these bacteria is still far from complete.

Background art includes US Patent No. 20190365830, Gopalakrishnan V et al, Science.
2018 Jan 5; 359(6371): 97-103; Geller et al., Science, VYol 357, Issue 53536
15 September 2017; Riquelme E et al Cell. 2019 Aug 8;178(4):795-806.e12. doi:
10.1016/j.cell.2019.07.008; Straussman R et al., Nature. 2012 Jul 26;487(7408):500-4. doi:
10.1038/nature11183.

SUMMARY OF THE INVENTION

According to an aspect of the present invention there is provided a method of treating cancer
in a subject in need thereof the method comprising:

(a) analyzing for the abundance of at least one bacteria in the tumor microbiome of the
subject;

(b) administering to the subject a therapeutically effective amount of an immunotherapy
treatment on the basis of the abundance of the at least one bacteria.

According to an aspect of the present invention there is provided a method of determining

whether a subject having been diagnosed with cancer will respond to an immunotherapy treatment
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comprising analyzing the abundance of at least one bacteria set forth in Table 4 in the tumor

microbiome of the subject, wherein the abundance of the at least one bacteria is indicative whether
a subject will respond to the immunotherapy treatment.

According to an aspect of the present invention there is provided a method of diagnosing a
cancer in a subject, comprising analyzing the abundance of a bacteria of at least one family, order,
genus or species set forth in any of Tables 1-3 in a tumor sample of the subject, wherein an
abundance of the bacteria above a predetermined level is indicative of the cancer.

According to an aspect of the present invention there is provided a method of delivering an
agent to a tumor of a subject, the method comprising administering to the subject bacteria which
comprise or are linked to the agent, wherein the bacteria is of a family, order, genus or species set
forth in Tables 1-3, thereby delivering the agent to a tumor of the subject.

According to an aspect of the present invention there is provided a composition of matter
comprising a bacteria of a family, order, genus or species set forth in Tables 1-3 which comprises
a therapeutic or diagnostic agent.

Accordance to embodiments of the present invention, the abundance of a bacteria in the
tumor microbiome set forth in Table 5 is above a predetermined amount, the subject is deemed a
suitable candidate for therapy using the immunotherapy treatment.

Accordance to embodiments of the present invention, when the abundance of a bacteria in
the tumor microbiome set forth in Table 6 is below a predetermined amount, the subject is deemed
a suitable candidate for therapy using the immunotherapy treatment.

Accordance to embodiments of the present invention, the immunotherapy treatment
comprises an immune checkpoint inhibitor.

Accordance to embodiments of the present invention, the cancer is melanoma.

Accordance to embodiments of the present invention, the at least one bacteria is set forth in
Table 4.

Accordance to embodiments of the present invention, the at least one bacteria is set forth in
Table 5, the abundance above a predetermined level is indicative that the subject will respond to
the immune checkpoint inhibitor.

Accordance to embodiments of the present invention, when the at least one bacteria is set
forth in Table 6, the abundance below a predetermined level is indicative that the subject will
respond to the immune checkpoint inhibitor.

Accordance to embodiments of the present invention, the at least one bacteria comprises

each of the bacteria set forth in Table 4.
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Accordance to embodiments of the present invention, the tumor is a metastasized tumor.

Accordance to embodiments of the present invention, the tumor is a non-metastasized
tumor.

Accordance to embodiments of the present invention, the at least one family, order, genus
or species comprises at least three family, order, genus or species.

Accordance to embodiments of the present invention, the cancer is selected from the group
consisting of breast, melanoma, pancreatic cancer, ovarian cancer, bone cancer and brain cancer.

Accordance to embodiments of the present invention, the brain cancer comprises
glioblastoma.

Accordance to embodiments of the present invention, the tumor sample is a non-
metastasized tumor sample.

Accordance to embodiments of the present invention, the tumor sample is a metastasized
tumor sample.

Accordance to embodiments of the present invention, the agent is a therapeutic agent.

Accordance to embodiments of the present invention, the therapeutic agent is a cytotoxic
agent.

Accordance to embodiments of the present invention, the agent is a diagnostic agent.

Accordance to embodiments of the present invention, the bacteria are genetically modified
to express the agent.

Accordance to embodiments of the present invention, the tumor is selected from the group
consisting of a breast tumor, a lung tumor, a skin tumor, a pancreas tumor, an ovarian tumor, a
bone tumor and a brain tumor.

Unless otherwise defined, all technical and/or scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the invention pertains.
Although methods and materials similar or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specification, including definitions, will control. In
addition, the materials, methods, and examples are illustrative only and are not intended to be

necessarily limiting.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Some embodiments of the invention are herein described, by way of example only, with

reference to the accompanying drawings. With specific reference now to the drawings in detail, it
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is stressed that the particulars shown are by way of example and for purposes of illustrative

discussion of embodiments of the invention. In this regard, the description taken with the drawings
makes apparent to those skilled in the art how embodiments of the invention may be practiced.

In the drawings:

FIGs. 1A-D. Bacterial components are detected in human tumors. (A) Number of human
samples analyzed in the study. Normal samples include both normal and normal adjacent to tumor
(NAT) samples as detailed in Table S1. (B) The presence of bacterial DNA in human tumors was
assessed by bacterial 16S rDNA qPCR. A calibration curve, generated by spiking bacterial DNA
into human DNA, was used to estimate bacterial load which was then normalized against batch-
specific qPCR no-template controls (NTC). Negative values were floored to 0.1. Red bars represent
the median. The proportion of samples of each cancer type that had more bacteria than the 99th
percentile of the negative control samples (black bar) is depicted above each cancer type. (C)
Heatmap representing the proportion of tumors that stained positively for 16S rRNA, LPS or LTA.
n= 40 to 101/tumor type. (D) Consecutive slices from four human tumor types were stained with
hematoxylin and eosin (H&E), anti-LPS antibody, or with FISH probes against bacterial 16S
rRNA. Scale bars represent 200pum.

FIGs. 2A-E. Intra-tumor bacteria are found inside both cancer and immune cells. (A)
Summary of the staining patterns of LPS, LTA, and bacterial 16S rRNA in different cell types
across 459, 427 and 354 tumor cores, respectively. CD45+/CD68+ are referred to as macrophages;
CD45+/CD68- cells are referred to as other immune cells. (B-D) Representative cores are shown
demonstrating the different staining patterns in human tumors. (B) Bacterial LPS and 16S rRNA
are demonstrated in breast cancer cells. (C) Bacterial LPS and 16S rRNA are demonstrated in
CD45+/CD68- cells of a highly inflamed breast tumor. (D) A melanoma tumor demonstrating
typical staining of macrophage-associated bacteria (M), with positive LPS and LTA staining, but
no 16S rRNA staining. Nearby tumor cells (T) show the typical LPS and 16S rRNA staining, with
negative LTA staining. Each insert demonstrates a low magnification of the entire core. Asterisks
mark the region that was selected for higher magnification. Scale bar in high magnification images
represent 20pum. (E) Combined light and electron microscopy (CLEM) demonstrates intra-cellular
bacteria in human breast cancer. IF image shows DAPI in blue and LPS in red. Two bacteria are
marked with arrows. TEM images of the same cell are shown in grayscale. High magnification
image of the boxed area is shown on the right. ‘N’ marks the cell nucleus.

FIGs. 3A-G. The microbiome of breast tumors is richer and more diverse than that of other

tumor types. (A) Graphic representation of the bacterial ribosomal 16S tRNA gene with its
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conserved (blue) and variable (yellow) regions. The sequence from E. coli K-12 substrain MG1655

was used as a reference sequence. The five amplicons of the multiplexed SR PCR method are
depicted in gray. (B) Schematic representation of the analysis pipeline applied to 16S rDNA
sequencing data. (C) Rarefaction plots showing the number of bacterial genera that passed all filters
in the different tumor types per number of samples. Light color sleeves represent confidence
intervals based on 100 random sub-sampling for each sample size. (D) Box blot of Shannon
diversity indexes of all samples, segregated by tumor type. (E) Box blot of the numbers of bacterial
species present in each tumor. For (D) and (E) values were calculated on rarefied data of 40 samples
per tumor type, with 10 iterations. For each iteration only bacteria that passed all filters in any of
the tumor types were included in the analysis. (F) Rarefaction plots for the number of bacterial
genera that passed all filters in breast tumor, breast NAT, and breast normal samples. Light color
sleeves represent confidence intervals based on 100 random sub-sampling for each sample size.
(G) Fluorescent images from four human breast tumors that were cultured ex-vivo with
fluorescently labeled D-alanine for 2 hours (blue). Nuclei were stained with DRAQS (orange).
Scale bars represent 10pm.

FIGs. 4A-G. Different tumor types have distinct microbial compositions. (A) Jaccard
similarity indexes were computed based on profiles of bacterial species that passed all filters in
tumors (n=528) between all possible pairs of samples. The heatmap presents the average of all
indexes between sample pairs from any two cancer types. (B) Distribution of order-level
phylotypes across different tumor types. Relative abundances were calculated by summing up the
reads of species that passed all filters in the different tumor types and belong to the same order.
Orders are colored according to their associated phylum. (C) Unsupervised hierarchical clustering
of all bacteria species that were hits in one of the tumor types and are present in 10% or more of
the samples in at least one of the tumor types (n=137). (D) The prevalence of 19 bacteria from
panel C, displayed across the different tumor types. Only bacteria that at a hit in a given tumor type
are represented with colored circles. . Circle size indicates the prevalence level in samples.
US=unknown species. (E) Bacterial taxa with a significant differential prevalence between
different breast tumor subtypes are presented in a bar plot. A two sample proportion z-test was
applied on the prevalences of taxa comparing between HER2+ (n=61) and HER2- (n=247), ER+
(n=270) and ER- (n=49) or triple negative (TNG, n=36) and non-TNG (n=284) breast tumors to
calculate p-values. The direction of the bars indicates the enrichment direction. All bacteria
presented had an FDR corrected g-value <0.25. US=unknown species, UG=unknown genus,

UF=unknown family. (F) Principal Coordinate Analysis (PCoA) biplot on the Jaccard similarity
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indexes between bacterial species profiles of the different tissue types. Only bacteria that passed

all filters for the specific tissue type were considered. Tumor types and their normal tissue are
grouped in circles. (G) Volcano plot demonstrating the differential prevalence of bacteria between
tumors and their NAT in breast, lung and ovary. A two sample proportion z-test was used to
calculate the p-values. Sizes of dots reflect phylotype levels, gradually increasing from species to
phylum. Bacteria are color-filled according to the tumor type (breast-pink, lung-green, ovary-
purple) if they passed significance thresholds (effect size > 5%, p-value < 0.05 and FDR-corrected
g-value<0.25).

FIGs. 5A-G. Predicted bacterial metabolic functions are associated with clinical metadata.
(A) A heat map demonstrating unsupervised hierarchical clustering of the frequencies of 287
MetaCyc pathways across the different tumor types. Only pathways that are abundant (frequency
> 10% in at least one tumor type) and variable (standard deviation/average of frequencies > 0.4)
were included (Table S10). (B,C) Volcano plots demonstrating bacterial MetaCyc pathways (B)
and taxa (C) that are enriched in lung tumors from smokers (n=100) vs. never-smokers (n=43).
Effect size represents the difference in the proportion between the groups. A two sample proportion
z-test was used to calculate the p-values. Green filled circles indicate pathways with FDR-corrected
g-values<0.25. Degrading pathways of smoke chemicals are indicated by blue circles in (B); plant
related metabolic pathways are indicated by red circles in (B). (D) Bacterial species that
contributed to cigarette smoke metabolites degradation functions (blue ring) and to the biosynthesis
of plant metabolites functions (red ring) are indicated on the phylogenetic tree, together with all
bacteria that are hits in lung tumors (green ring). (E) Volcano plot demonstrating enriched bacterial
MetaCyc functions in ER+ vs. ER- breast tumors. A two sample proportion z-test was used to
calculate the p-values. Colored circles indicate pathways with FDR-corrected g-values<0.25. (F)
Volcano plot demonstrating the bacterial taxa enriched in melanoma patients who responded to
immune checkpoint inhibitors (ICI) vs. non-responders. A binomial test was used to calculate the
p-values for the enrichment or depletion of bacterial taxa in the responder cohort vs the non-
responder cohort. The size of dots reflects phylotype levels gradually increasing from species to
phylum. Circles with color indicate taxa with FDR-corrected g-values<0.25. (G) Differentially
prevalent bacterial taxa from panel F (n=46) were used to stratify the melanoma patients cohort
according to the presence or absence of a favorable bacterial signature (supplementary methods).
Progression-free survival is demonstrated for both groups of patients. P-value was calculated using

a log rank test.



10

15

20

25

30

WO 2021/205444 PCT/IL2021/050388

7
FIG. 6. Distribution of family-level phylotypes across the different tumor types. Relative

abundances were calculated by summing up all reads of tumor (including colon tumors) hits species
belonging to the same family. Families are colored according to their associated phylum:
(Proteobacteria, blue; Firmicutes, green; Actinobacteria, yellow; Bacteroidetes, purple;
Fusobacteria, red; and Cyanobacteria, pink).

FIG. 7. Reads frequency and prevalence of specific bacteria across different tumor types.
The reads frequencies of five bacteria in all tumor samples and negative controls are plotted
according to tumor type. The prevalence of the bacteria (% positive samples in each tumor type) is
depicted at the top of the graph for each tumor type. Dots are colored if the bacteria were a hit for
a given tumor type or kept grey if they weren’t a hit for a given tumor. For graphs 1, 3, and 4, data

were clipped at 1%, for graph 2 at 4% and for graph 5 at 10%.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE INVENTION

The present invention, in some embodiments thereof, relates to methods of diagnosing
cancer and predicting responsiveness to therapy based on tumor microbiome profiles.

Before explaining at least one embodiment of the invention in detail, it is to be understood
that the invention is not necessarily limited in its application to the details set forth in the following
description or exemplified by the Examples. The invention is capable of other embodiments or of
being practiced or carried out in various ways.

Despite substantial advances in cancer treatment, resistance to therapy remains a foremost
challenge. Several laboratories have reported that ponmalignant cells in the tamor
microenvironment contribute to anticancer drug resistance. In addition, the present inventors have
previously shown that pancreatic ductal adenocarcinoma PDACs countain bacteria that can
potentially modulate tumor sensitivity to gemcitabine (Geller et al., Science, Vol 357, Issue 6356,
15 Septeraber 2017).

The present inventors have now characterized the microbiome of 1,526 samples from seven
human tumor types (including controls), whilst using multiple measures to minimize and control
for contaminations. The exploration of multiple tumor types with a single platform allowed them
to accurately compare different tumor types and uncover cancer type-specific microbial signatures.
Extending their analysis to the functional level demonstrated that despite a very large variation in
taxa levels, certain tumor environments are enriched for common, relevant bacterial functional

traits.
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Whilst further reducing the present invention to practice, the present inventors used

multiple visualization methods and culturomics in order to validate the presence of bacteria in the
tumors and demonstrate their intra-cellular localization in both cancer and immune cells.

As is illustrated hereinunder and in the examples section which follows, the present
inventors show that it is possible to predict the response to immune checkpoint inhibitors on the
basis of a bacterial signature in the tumor microbiome.

Consequently, the present teachings suggest both diagnosis and treatment selection based
on the turmor microbiome.

Thus, according to a first aspect of the present invention, there is provided a method of
treating cancer in a subject in need thereof the method comprising:

(a) analyzing for the abundance of at least one bacteria in the tumor microbiome of the
subject;

(b) administering to the subject a therapeutically effective amount of an immune
checkpoiont inhibitor on the basis of the abundance of the at least one bacteria.

As used herein, the term “treating” includes abrogating, substantially inhibiting, slowing
or reversing the progression of a condition, substantially ameliorating clinical or aesthetical
symptoms of a condition. According to a particular embodiment, the term treating also refers to
substantially preventing the appearance of clinical or aesthetical symptoms of a condition.

Particular subjects which are treated are mammalian subjects - e.g. humans.

According to a particular embodiment, the subject has been diagnosed as having cancer.

Cancer

The term "cancer" as used herein refers to an uncontrolled, abnormal growth of a host's own
cells which may lead to invasion of surrounding tissue and potentially tissue distal to the initial site
of abnormal cell growth in the host. Major classes include carcinomas which are cancers of the
epithelial tissue (e.g., skin, squamous cells); sarcomas which are cancers of the connective tissue
(e.g., bone, cartilage, fat, muscle, blood vessels, etc.); leukemias which are cancers of blood
forming tissue (e.g., bone marrow tissue); lymphomas and myelomas which are cancers of immune
cells; and central nervous system cancers which include cancers from brain and spinal tissue.

non

"Cancer(s)," "neoplasm(s),” and "tumor(s)" are used herein interchangeably. As used herein,
"cancer" refers to all types of cancer or neoplasm or malignant tumors including leukemias,
carcinomas and sarcomas, whether new or recurring.

Specific examples of cancers that may be treated using the bacteria described herein

include, but are not limited to adrenocortical carcinoma, hereditary; bladder cancer; breast cancer;
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breast cancer, ductal; breast cancer, invasive intraductal; breast cancer, sporadic; breast cancer,

susceptibility to; breast cancer, type 4; breast cancer, type 4; breast cancer-1; breast cancer-3;
breast-ovarian cancer; triple negative breast cancer, Burkitt’s lymphoma; cervical carcinoma;
colorectal adenoma; colorectal cancer; colorectal cancer, hereditary nonpolyposis, type 1;
colorectal cancer, hereditary nonpolyposis, type 2; colorectal cancer, hereditary nonpolyposis, type
3; colorectal cancer, hereditary nonpolyposis, type 6; colorectal cancer, hereditary nonpolyposis,
type 7; dermatofibrosarcoma protuberans; endometrial carcinoma; esophageal cancer; gastric
cancer, fibrosarcoma, glioblastoma multiforme; glomus tumors, multiple; hepatoblastoma;
hepatocellular cancer; hepatocellular carcinoma; leukemia, acute lymphoblastic; leukemia, acute
myeloid; leukemia, acute myeloid, with eosinophilia; leukemia, acute nonlymphocytic; leukemia,
chronic myeloid; Li-Fraumeni syndrome; liposarcoma, lung cancer; lung cancer, small cell;
lymphoma, non-Hodgkin’s; lynch cancer family syndrome II; male germ cell tumor; mast cell
leukemia; medullary thyroid; medulloblastoma; melanoma, malignant melanoma, meningioma;
multiple endocrine neoplasia; multiple myeloma, myeloid malignancy, predisposition to;
myxosarcoma, neuroblastoma; osteosarcoma; osteocarcinoma, ovarian cancer; ovarian cancer,
serous; ovarian carcinoma; ovarian sex cord tumors; pancreatic cancer; pancreatic endocrine
tumors; paraganglioma, familial nonchromaffin; pilomatricoma; pituitary tumor, invasive; prostate
adenocarcinoma; prostate cancer; renal cell carcinoma, papillary, familial and sporadic;
retinoblastoma; rhabdoid predisposition syndrome, familial; rhabdoid tumors; rhabdomyosarcoma;
small-cell cancer of lung; soft tissue sarcoma, squamous cell carcinoma, basal cell carcinoma, head
and neck; T-cell acute lymphoblastic leukemia; Turcot syndrome with glioblastoma; tylosis with
esophageal cancer; uterine cervix carcinoma, Wilms’ tumor, type 2; and Wilms’ tumor, type 1, and
the like.

According to a particular embodiment, the cancer is cancer is selected from the group
consisting of breast, melanoma, pancreatic cancer, ovarian cancer, bone cancer and brain cancer
(e.g. glioblastoma).

According to another embodiment, the cancer is melanoma.

Malignant melanomas are clinically recognized based on the ABCD(E) system, where A
stands for asymmetry, B for border irregularity, C for color variation, D for diameter >5 mm, and
E for evolving. Further, an excision biopsy can be performed in order to corroborate a diagnosis
using microscopic evaluation. Infiltrative malignant melanoma is traditionally divided into four
principal histopathological subgroups: superficial spreading melanoma (SSM), nodular malignant

melanoma (NMM), lentigo maligna melanoma (LMM), and acral lentiginous melanoma (ALM).
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Other rare types also exists, such as desmoplastic malignant melanoma. A substantial subset of

malignant melanomas appear to arise from melanocytic nevi and features of dysplastic nevi are
often found in the vicinity of infiltrative melanomas. Melanoma is thought to arise through stages
of progression from normal melanocytes or nevus cells through a dysplastic nevus stage and further
to an in situ stage before becoming invasive. Some of the subtypes evolve through different phases
of tumor progression, which are called radial growth phase (RGP) and vertical growth phase
(VGP).

In a particualar embodiment, the melanoma resistant to treatment with inhibitors of BRAF
and/or MEK.

The term “tumor microbiome” refers to the totality of microbes (bacteria, fungae, protists),
their genetic elements (genomes) in a defined environment, e.g. within the tumor of a host. In a
particular embodiment, the microbiome refers only to the totality of bacteria in a defined
environment, e.g. within the tumor of a host.

The tumor may be a primary tumor or a secondary tumor (i.e. metastasized tumor).

Methods of quantifying levels (i.e. abundance) of bacteria are described herein below and
in the Example section below. Care should be taken to take a sufficient number of measurements
to minimize and control for contaminations.

In some embodiments, determining a level of one or more bacteria or components or
products thereof comprises determining a level or set of levels of one or more DNA sequences. In
some embodiments, one or more DNA sequences comprises any DNA sequence that can be used
to differentiate between different bacterial types. In certain embodiments, one or more DNA
sequences comprises 16S rRNA gene sequences. In certain embodiments, one or more DNA
sequences comprises 18S rRNA gene sequences. In some embodiments, 1, 2, 3, 4, 5, 10, 15, 20,
25, 50, 100, 1,000, 5,000 or more sequences are amplified.

In some embodiments, a microbiota sample (e.g. tumor sample) is directly assayed for a
level or set of levels of one or more DNA sequences. In some embodiments, DNA is isolated from
a microbiota sample and isolated DNA is assayed for a level or set of levels of one or more DNA
sequences. Methods of isolating microbial DNA are well known in the art. Examples include but
are not limited to phenol-chloroform extraction and a wide variety of commercially available kits,
including QIAamp DNA Stool Mini Kit (Qiagen, Valencia, Calif.).

In some embodiments, a level or set of levels of one or more DNA sequences is determined
by amplifying DNA sequences using PCR (e.g., standard PCR, semi-quantitative, or quantitative

PCR). In some embodiments, a level or set of levels of one or more DNA sequences is determined
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by amplifying DNA sequences using quantitative PCR. These and other basic DNA amplification

procedures are well known to practitioners in the art and are described in Ausebel et al. (Ausubel
F M, Brent R, Kingston R E, Moore D D, Seidman J G, Smith J A, Struhl K (eds). 1998. Current
Protocols in Molecular Biology. Wiley: New York).

In some embodiments, DNA sequences are amplified using primers specific for one or
more sequence that differentiate(s) individual microbial types from other, different microbial types.
In some embodiments, 16S rRNA gene sequences or fragments thereof are amplified using primers
specific for 16S rRNA gene sequences. In some embodiments, 18S DNA sequences are amplified
using primers specific for 185 DNA sequences.

In some embodiments, a level or set of levels of one or more 16S rRNA gene sequences is
determined using phylochip technology. Use of phylochips is well known in the art and is described
in Hazen et al. ("Deep-sea oil plume enriches indigenous oil-degrading bacteria.” Science, 330,
204-208, 2010), the entirety of which is incorporated by reference. Briefly, 16S rRNA genes
sequences are amplified and labeled from DNA extracted from a microbiota sample. Amplified
DNA is then hybridized to an array containing probes for microbial 16S rRNA genes. Level of
binding to each probe is then quantified providing a sample level of microbial type corresponding
to 16S rRNA gene sequence probed. In some embodiments, phylochip analysis is performed by a
commercial vendor. Examples include but are not limited to Second Genome Inc. (San Francisco,
Calif.).

In some embodiments, determining a level or set of levels of one or more types of microbes
or components or products thereof comprises determining a level or set of levels of one or more
microbial RNA molecules (e.g., transcripts). Methods of quantifying levels of RNA transcripts are
well known in the art and include but are not limited to northern analysis, semi-quantitative reverse
transcriptase PCR, quantitative reverse transcriptase PCR, and microarray analysis.

In some embodiments, determining a level or set of levels of one or more types of microbes
or components or products thereof comprises determining a level or set of levels of one or more
microbial polypeptides. Methods of quantifying polypeptide levels are well known in the art and
include but are not limited to Western analysis and mass spectrometry. These and all other basic
polypeptide detection procedures are described in Ausebel et al.

In some embodiments, determining a level or set of levels of one or more types of microbes
or components or products thereof comprises determining a level or set of levels of one or more
microbial metabolites. In some embodiments, levels of metabolites are determined by mass

spectrometry. In some embodiments, levels of metabolites are determined by nuclear magnetic
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resonance spectroscopy. In some embodiments, levels of metabolites are determined by enzyme-

linked immunosorbent assay (ELISA). In some embodiments, levels of metabolites are determined
by colorimetry. In some embodiments, levels of metabolites are determined by spectrophotometry.

According to a specific embodiment, the bacteria which is used to analyze whether a subject
should be treated with an immunotherapy is one which is set forth in Table 4, herein below.

According to another embodiment, the bacteria which is used to analyze whether a subject
should be treated with an immunotherapy is one which is set forth in Table 4.1, herein below.

More specifically, wherein when the abundance of a bacteria in the tumor microbiome set
forth in Table 5 is increased above a predetermined amount, the subject is deemed a suitable
candidate for therapy using the immunotherapy treatment. In a particular embodiment, the
presence of a bacteria set forth in Table 5 is indicative that the candidate is suitable for
immunotherapy treatment.

The term "increase" means a change, such that the difference is at least 5 %, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 2-fold, 4-fold, 10-fold, 100-fold, 10%fold, 10* fold, 10°
fold, 10° fold, and/or 107 fold greater than the amount of bacteria retrieved from the same organ of
a subject who does not have cancer (e.g. a healthy subject).

When the abundance of a bacteria in the tumor microbiome set forth in Table 6 is decreased
below a predetermined amount, the subject is deemed a suitable candidate for therapy using the
immunotherapy treatment. In a particular embodiment, the absence of a bacteria set forth in Table
6 is indicative that the candidate is suitable for immunotherapy treatment.

The term "decrease” means a change, such that the difference is at least 5 %, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 2-fold, 4-fold, 10-fold, 100-fold, 10%fold, 10* fold, 10°
fold, 10° fold, and/or 10 fold less than the amount of bacteria retrieved from the same organ of a
subject who does not have cancer (e.g. a healthy subject).

According to a particular embodiment, at least two of the bacteria from Table 4 are analyzed
and when the level of at least two of the bacteria change (in the direction specified in Tables 5 and
6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at least two
bacteria are the top two bacteria listed in Table 4.

According to a particular embodiment, at least five of the bacteria from Table 4 are analyzed
and when the level of at least two of the bacteria change (in the direction specified in Tables 5 and
6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at least five

bacteria are the top five bacteria listed in Table 4.
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According to a particular embodiment, at least ten of the bacteria from Table 4 are analyzed

and when the level of at least two of the bacteria change (in the direction specified in Tables 5 and
6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at least ten
bacteria are the top ten bacteria listed in Table 4.

According to a particular embodiment, at least fifteen of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 15 bacteria are the top 15 bacteria listed in Table 4.

According to a particular embodiment, at least twenty of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 20 bacteria are the top 20 bacteria listed in Table 4.

According to a particular embodiment, at least twenty five of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 25 bacteria are the top 25 bacteria listed in Table 4.

According to a particular embodiment, at least thirty of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 30 bacteria are the top 30 bacteria listed in Table 4.

According to a particular embodiment, at least thirty five of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 35 bacteria are the top 35 bacteria listed in Table 4.

According to a particular embodiment, at least forty of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at
least 40 bacteria are the top 40 bacteria listed in Table 4.

According to a particular embodiment, at least forty five of the bacteria from Table 4 are
analyzed and when the level of at least two of the bacteria change (in the direction specified in
Tables 5 and 6, the subject is deemed a candidate for immunotherapy. In one embodiment, the at

least two bacteria are the top 45 bacteria listed in Table 4.
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According to a particular embodiment, all of the bacteria from Table 4 are analyzed and

when the level of at least two of the bacteria change (in the direction specified in Tables 5 and 6),
the subject is deemed a candidate for immunotherapy.

When referring to Tables 4, 5 or 6, it will be appreciated that the bacteria which is analysed
is defined by its highest (most specific) taxonomic assignment.

Thus, for example in the case of the first row of Table 4, bacteria of the genus
Mycobacterium are analysed. An enrichment of this genus signifies that the subject may be a
candidate for immunotherapy. In the case of the second row of Table 4, bacteria of the species
Veillonella dispar, having the 16s rRNA sequence as set forth in SEQ ID NO: 311 are analysed. A
depletion of this species signifies that the subject may be a candidate for immunotherapy. In the
case of the third row of Table 4, bacteria of the family Veillonellaceae are analysed. A depletion
of this family signifies that the subject may be a candidate for immunotherapy.

The term "immunotherapy" refers to a treatment that uses a subject's immune system to
treat cancer and includes, for example, checkpoint inhibitors, cancer vaccines, cytokines, cell
therapy, CAR-T cells, and dendritic cell therapy.

According to a particular embodiment, the immunotherapy treatment includes an immune
checkpoint inhibitor.

As used herein, the phrase “immune checkpoint inhibitor” refers to a compound capable
of inhibiting the function of an immune checkpoint protein. Inhibition includes reduction of
function and full blockade. In particular the immune checkpoint protein is a human immune
checkpoint protein. Thus the immune checkpoint protein inhibitor preferably is an inhibitor of a
human immune checkpoint protein. Immune checkpoint proteins are described in the art (see for
instance Pardoll, 2012. Nature Rev. Cancer 12: 252-264). The designation immune checkpoint
includes the experimental demonstration of stimulation of an antigen-receptor triggered T
lymphocyte response by inhibition of the immune checkpoint protein in vitro or in vivo, e.g. mice
deficient in expression of the immune checkpoint protein demonstrate enhanced antigen-specific
T lymphocyte responses or signs of autoimmunity (such as disclosed in Waterhouse et al., 1995.
Science 270:985-988; Nishimura et al., 1999. Immunity 11:141-151). It may also include
demonstration of inhibition of antigen-receptor triggered CD4+ or CD8+ T cell responses due to
deliberate stimulation of the immune checkpoint protein in vitro or in vivo (e.g. Zhu et al., 2005.
Nature Immunol. 6:1245-1252).

Preferred immune checkpoint protein inhibitors are antibodies that specifically recognize

immune checkpoint proteins. A number of CTLA-4, PD1, PDL-1, PD-L2, LAG-3, BTLA, B7H3,
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B7H4, TIM3 and KIR inhibitors are known and in analogy of these known immune checkpoint

protein inhibitors, alternative immune checkpoint inhibitors may be developed in the (near) future.
For example ipilimumab is a fully human CTLA-4 blocking antibody presently marketed under
the name Yervoy (Bristol-Myers Squibb). A second CTLA-4 inhibitor is tremelimumab
(referenced in Ribas et al, 2013, J. Clin. Oncol. 31:616-22).

Examples of PD-1 inhibitors include without limitation humanized antibodies blocking
human PD-1 such as lambrolizumab (e.g. disclosed as hPD109A and its humanized derivatives
h409A11, h409A16 and h409A17 in WO2008/156712; Hamid et al., N. Engl. J. Med. 369: 134-
144 2013,), or pidilizumab (disclosed in Rosenblatt et al., 2011. J. Immunother. 34:409-18), as
well as fully human antibodies such as nivolumab (previously known as MDX-1106 or BMS-
936558, Topalian et al., 2012. N. Eng. J. Med. 366:2443-2454, disclosed in U.S. Pat. No.
8,008,449 B2). Other PD-1 inhibitors may include presentations of soluble PD-1 ligand including
without limitation PD-L2 Fc fusion protein also known as B7-DC-Ig or AMP-244 (disclosed in
Mkrtichyan M, et al. J Immunol. 189:2338-47 2012) and other PD-1 inhibitors presently under
investigation and/or development for use in therapy.

In addition, immune checkpoint inhibitors may include without limitation humanized or
fully human antibodies blocking PD-L such as MEDI-4736 (disclosed in WO2011066389 Al),
MPDL3280A (disclosed in U.S. Pat. No. 8,217,149 B2) and MIH1 (Affymetrix obtainable via
eBioscience (16.5983.82)) and other PD-L1 inhibitors presently under investigation. According to
this invention an immune checkpoint inhibitor is preferably selected from a CTLA-4, PD-1 or PD-
L1 inhibitor, such as selected from the known CTLA-4, PD-1 or PD-L1 inhibitors mentioned
above (ipilimumab, tremelimumab, labrolizumab, nivolumab, pidilizumab, AMP-244, MEDI-
4736, MPDL3280A and MIH1). Known inhibitors of these immune checkpoint proteins may be
used as such or analogues may be used, in particular chimerized, humanized or human forms of
antibodies.

Other agents used in the arsenal of cancer immunotherapy agents include T cell populations
that are capable of binding to the peptide epitopes of the tumor for adoptive cell therapy (ACT).

ACT refers to the transfer of cells, most commonly immune-derived cells, back into the
same patient or into a new recipient host with the goal of transferring the immunologic
functionality and characteristics into the new host. If possible, use of autologous cells helps the
recipient by minimizing GVHD issues. The adoptive transfer of autologous tumor infiltrating
lymphocytes (TIL) (Besser et al., (2010) Clin. Cancer Res 16 (9) 2646-55; Dudley et al., (2002)
Science 298 (5594): 850-4; and Dudley et al., (2005) Journal of Clinical Oncology 23 (10): 2346-
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57.) or genetically re-directed peripheral blood mononuclear cells (Johnson et al., (2009) Blood

114 (3): 535-46; and Morgan et al., (2006) Science 314(5796) 126-9) has been used to successfully
treat patients with advanced solid tumors, including melanoma and colorectal carcinoma, as well
as patients with CD19-expressing hematologic malignancies (Kalos et al., (2011) Science
Translational Medicine 3 (95): 95ra73).In one embodiment TCRs are selected for administering
to a subject based on binding to neoantigens. In one embodiment T cells are expanded using
methods known in the art. Expanded T cells that express tumor specific TCRs may be administered
back to a subject. In another embodiment PBMCs are transduced or transfected with
polynucleotides for expression of TCRs and administered to a subject. T cells expressing TCRs
specific to neoantigens are expanded and administered back to a subject.

Other immunotherapy treatments include T cell populations expressing chimeric
antibodies (CAR-T cells) on the surface thereof that can bind to at least one peptide epitope of the
tumor.

If the subject is found not to be a candidate for immunotherapy, alternative drugs and
treatments may be offered. Such treatments include radiotherapy, chemotherapeutic agents etc.
The other drugs/treatments may be the typical gold standard for that cancer.

According to another aspect of the present invention, there is provided a method of
diagnosing a cancer in a subject, comprising analyzing the abundance of a bacteria of at least one
family, order, genus or species set forth in any of Tables 1-3 in a tumor sample of the subject,
wherein an abundance of said bacteria above a predetermined level is indicative of the cancer.

As used herein, the term “diagnosing” refers to determining presence or absence of the
cancer, classifying the cancer, determining a severity of the cancer, monitoring cancer progression,
forecasting an outcome of a pathology and/or prospects of recovery and/or screening of a subject
for the cancer.

According to some embodiments of the invention, diagnosing of the subject for cancer is
followed by substantiation of the screen results using gold standard methods.

According to some embodiments of the invention, the method further comprising informing
the subject of the diagnosis.

As used herein the phrase “informing the subject” refers to advising the subject that based
on the diagnosis the subject should seek a suitable treatment regimen.

Once the diagnosis is determined, the results can be recorded in the subject’s medical file,
which may assist in selecting a treatment regimen and/or determining prognosis of the subject.

Cancers which may be diagnosed have been disclosed herein above.
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The abundance of bacterial taxa set forth in Tables 1-3 are analyzed.

It will be appreciated that the level of a particular bacteria correlates with a particular
cancer. Thus, particular taxa of bacteria for diagnosing breast cancer are recorded in Table 1.

Particular taxa of bacteria for diagnosing breast, lung and ovarian cancer are disclosed in
Table 2.

Particular taxa of bacteria for diagnosing breast, melanoma, pancreatic cancer, ovarian
cancer, bone cancer and brain cancer are disclosed in Table 3.

Tumor samples are described herein above.

Quantifying levels of bacteria are described herein above.

More specifically, wherein when the abundance of a bacteria in the tumor microbiome set
forth in any of Tables 1-3 is increased/decreased above/below a predetermined amount, the subject
is diagnosed as having cancer. It will be appreciated that the direction of change in Tables 1 and 3
is an increase. The direction of change in Table 2 is marked in the column with the heading E/D
(enriched or depleted).

The term "increase" throughout the application, refers to a change, such that the difference
is at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 2-fold, 4-fold, 10-fold, 100-fold,
10%fold, 10* fold, 10° fold, 10° fold, and/or 107 fold greater than the amount of bacteria retrieved
from the same organ of a subject who does not have cancer (e.g. a healthy subject).

According to a particular embodiment, at least three or at least five of the bacterial taxa
from any of Tables 1-3 are analyzed and when the level of each of the bacterial taxa is altered
above a predetermined amount, the subject is diagnosed as having cancer.

In one embodiment, at least the top 5 bacterial taxa from tables 2 and/or 3 are analysed. In
another embodiment, at least the top 10 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 20 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 30 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 40 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 50 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 60 bacterial taxa from tables 2 and/or 3 are analyzed. In
another embodiment, at least the top 70 bacteria from tables 2 and/or 3 are analyzed.

According to another aspect of the present invention there is provided a method of
delivering an agent to a tumor of a subject, the method comprising administering to the subject
bacteria which comprise or are linked to the agent, wherein the bacteria is of a family, order, genus

or species set forth in Tables 1-3.
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The particular bacteria for the tumor type is specified in Tables 1-3

In some embodiments, the bacteria constitutively express the agent. In some embodiments,
the bacteria conditionally express the agent (e.g., in response to a quorum sensing switch and/or an
environmental change, such as a change in pH, a change in bacterial population density, a change
in the environmental oxygen levels and a change in available sugar sources).

In one embodiment, the agent is an RNA or a protein and is "overexpressed" in the bacteria.
The term “overexpressed in a bacteria” refers to the expression at a higher level in an engineered
bacteria under at least some conditions than it is expressed by a wild-type bacteria of the same
species under the same conditions. Similarly, a gene is "underexpressed" in a bacteria if it is
expressed at a lower level in an engineered bacteria under at least some conditions than it is
expressed by a wild-type bacteria of the same species under the same conditions.

In some embodiments, the conditionally expressed gene is operably linked to a low-pH
induced promoter, such as STM1787. In some embodiments, the conditionally expressed gene is
operably linked to a hypoxia-induced promoter, such as pepT, pflE, ansB, vhb or FF+20*. In some
embodiments, the gene encodes a cancer therapeutic described herein. In some embodiments, the
gene encodes a prodrug enzyme described herein. In some embodiments, the gene encodes a
protein that causes the lysis of the bacteria. In some embodiments, such bacteria comprise a cancer
therapeutic and/or a prodrug enzyme described herein that is released upon lysis of the bacteria.

In some embodiments, the bacteria are quorum-sensing bacteria. Quorum-sensing allows
bacteria to measure the density of their local population and adjust gene expression depending on
the cell density. Thus, in some embodiments, the quorum-sensing bacteria comprise a gene that is
conditionally expressed when by the bacteria described herein when the bacteria are present at a
certain density (e.g., at a tumor). In some embodiments, the conditionally expressed gene is under
the control of the p(luxI) promoter, as described in, for example, Swofford C. A., et al., Proc. Natl.
Acad. Sci. USA, 2015, 112(11):3457-62, which is hereby incorporated by reference in its entirety.
In some embodiments, the gene is expressed when the bacteria reach a cell density of 1 CFU/ml,
10 CFU/ml, 100 CFU/ml, 1x10* CFU/ml, 1x10° CFU/ml, 1x10° CFU/ml, 1x10’ CFU/ml, 1x10®
CFU/ml, 1x10° CFU/ml, or 1x10' CFU/ml.

In some embodiments, the bacteria described herein are modified such that they release
cancer therapeutic agents after a time delay. In some embodiments, the time delay is the result of
an inhibition of a bacterial efflux pump in the bacteria. In some embodiments, the bacteria comprise
a small molecule cancer therapeutic that is capable of being extruded by a bacterial efflux pump.

In some embodiments, the function of the bacterial efflux pumps of the bacteria are inhibited (e.g.,
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using a covalent inhibitor) such that the bacteria are not able to extrude the cancer therapeutic until

new efflux pumps are generated by the bacteria.

In some embodiments, the bacteria described herein are modified such that the release of a
cancer therapeutic by the bacteria is facilitated by the presence of a second modified bacteria. For
example, in some embodiments, a cancer therapeutic (e.g., the anti-cancer drug doxorubicin) is
attached to the bacteria by a double-stranded nucleic acid that comprises a cleavage site (e.g., a
restriction site and/or a zinc finger nuclease target site. The modified bacteria can then be
administered to a subject in conjunction with a second bacteria that localizes to a tumor and that
expresses and/or is bound by a restriction enzyme or zinc finger nuclease that is able to cleave the
nucleic acid linker. When the bacteria described herein and the second bacteria co-localize to the
tumor, the nucleic acid linker is cleaved and the cancer therapeutic is released.

In some embodiments, the bacteria provided herein are bound to a cancer therapeutic by a
cross-linker. As used herein, the term "cross-linker” broadly refers to compositions that can be used
to join various molecules, including proteins, together. Examples of cross-linkers include, but are
not limited to, 1,5-difluoro-2,4-dinitrobenzene, 3,3'-dithiobis(succinimidyl propionate), bis(2-
succinimidooxycarbonyloxy)ethyl)sulfone,  bis(sulfosuccinimidyl)suberate, dimethyl 3,3"-
dithiobispropionimidate, dimethyl adipimidate, dimethyl pimelimidate, dimethyl suberimidate,
disuccinimidyl glutarate, disuccinimidyl suberate, disuccinimidyl tartrate, dithiobis(succinimidyl
propionate), ethylene glycosl bis(succinimidyl succinate), ethylene glycosl bis(sulfosuccinimidyl
succinate), PEGylated  bis(sulfosuccinimidyl)suberate (with  PEGS), PEGylated
bis(sulfosuccinimidyl)suberate (with PEGS) and tris-(succinimidyl)aminotriacetate.

In some embodiments, the bacteria described herein is linked to a cancer therapeutic
through a nucleic acid linker. For example, in some embodiments, the bacteria described herein
display a first single-stranded nucleic acid oligonucleotide (e.g., an oligonucleotide of at least 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 nucleotides in length
and/or no more than 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100 nucleotides in
length) on their surface that can serve binding site for an agent that comprises and/or is linked to
second nucleic acid oligonucleotide (e.g., an oligonucleotide of at least 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 nucleotides in length and/or no more than
30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100 nucleotides in length) that specifically
hybridizes to the first nucleic acid oligonucleotide. Methods for attaching oligonucleotides to the
surface of bacterial cells are known in the art and described in, for example, Twite A. A., et al.,

Adv. Mater., 2012, 24(18):2380-5, which is hereby incorporated by reference. In some
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embodiments, the first oligonucleotide has a sequence that is at least 80%, 85%, 90%, 91%, 92%,

93%, 94%, 95%, 96%, Y7%, 98%, 99% or 100% identical to a sequence of the second
oligonucleotide. Exemplary methods for linking agents to oligonucleotides are provided, for
example, in David A. Rusling & Keith R. Fox, Small Molecule-Oligonucleotide Conjugates, DNA
Conjugates and Sensors, 2012, Ch3, 75-102, which is hereby incorporated by reference. In some
embodiments, a cancer therapeutic is covalently linked to a single-stranded nucleic acid
oligonucleotide that specifically hybridizes to a single-stranded nucleic acid oligonucleotide
displayed on the cell surface of a bacteria described herein. The hybridized oligonucleotides
hybridize and the resulting double-stranded nucleic acid duplex is stable for days. In some
embodiments, the stability of the duplex is improved by incorporating phosphorothioate bonds
(e.g., 1,2,3,4,5, 6, 7 or more phosphorothioate bonds) on the 5' and/or 3' ends of one or both
oligonucleotides.

In some embodiments, the bacteria described herein are linked to a cancer therapeutic
through a biotin/streptavidin interaction. In some embodiments, the bacteria described herein are
linked to biotin or to a cancer therapeutic using amine-reactive N-hydroxysuccinimide (NHS)
esters or N-hydroxysulfosuccinimide (Sulfo-NHS) esters. NHS esters or Sulfo-NHS esters (Life
Technologies can be made of virtually any carboxyl-containing molecule of interest by mixing the
NHS or Sulfo-NHS with the carboxyl-containing molecule of interest and a dehydrating agent such
as the carbodimide EDC using methods available in the art. Exemplary methods of labeling bacteria
using NHS esters are provided in Bradburne J. A., et al., AppL Environ. Microbiol, 1993,
59(3):663-8, which is hereby incorporated by reference.

In some embodiments, the bacteria described herein are linked to a cancer therapeutic
through a sequence-specific DNA hybridization interaction. For example, a molecule of interest is
covalently linked to a single-stranded DNA oligonucleotide and then attached to a bacterial cell
that displays the complementary single-stranded DNA oligonucleotide on its cell surface. The two
complementary oligonucleotides hybridize and the resulting double-stranded DNA duplex is stable
for days. The stability of the DNA duplex and resistance to nucleases is further improved by
incorporating 4 phosphorothioate bonds on the 5" and 3' ends of both oligonucleotides.

In some embodiments, unnatural amino acids containing ketones, azides, alkynes or other
functional groups that are incorporated into surface-expressed proteins of the bacteria described
herein are used to link the bacteria to a cancer therapeutic. Unnatural amino acids containing
ketones, azides, alkynes or other functional groups known to one skilled in the art can be

incorporated into target proteins in a residue-specific manner using, for example, an auxotrophic
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bacterial strain as described in Marquis H., et al, Infect. Immun., 1993, 61(9):3756-60, which is

hereby incorporated by reference. For example, labeling of the bacterial cell surface can be
accomplished by growing a methionine auxotrophic bacterial strain in the presence of the unnatural
amino acid azidohomoalanine, which acts as a methionine surrogate and is incorporated during
protein biosynthesis in place of methionine. Wild-type proteins on the bacterial surface that
normally contain a surface-exposed methionine are now functionalized with a surface-exposed
azide group, which can then modified with a molecule of interest that contains an alkyne group
(e.g., an alkyne-derivatized small-molecule drug or an alkyne-derivatized protein) using Click
Chemistry as described in Link A. J. & Tirrell D. A., Cell surface labeling of Escherichia coli via
copper(I)-catalyzed [3+2] cycloaddition, J. Am. Chem. Soc., 2003, 125(37):11164-5, which is
hereby incorporated by reference. After incorporation into the surface-expressed protein, these
functional groups can serve as attachment points for a small-molecule of interest using, for
example, the methods described in Prescher J. A. & Bertozzi C. R., Nat. Chem. Biol, 2005, 1(1):13-
21, which is hereby incorporated by reference.

In some embodiments, the bacteria described herein is a gram-negative bacteria and the
cancer therapeutic is linked to a surface-associated glycan. Linking a cancer therapeutic to a
surface-associated glycan can be accomplished, for example, using a two-step metabolic/chemical
labeling protocol. First, the surface-associated polymeric sugar is modified by metabolic labeling
of the gram-negative bacterium with a chemically modified monosaccharide, which contains an
azide functional group that is incorporated into the polymeric structure on the bacterial surface.
Second, the cancer therapeutic is selectively ligated to the modified polymer on the bacterial cell
surface using Click chemistry, for example, as described in Dumont A., et al., Angew. Chem. Int.
Ed. Engl., 2012, 51(13):3143-6), which is hereby incorporated by reference.

In some embodiments, the bacteria described herein is a gram-positive bacteria and the
cancer therapeutic is linked to the bacterial cell wall. The cell wall of gram-positive bacteria
comprises of many interconnected layers of peptidoglycan (PG). A two-step metabolic/chemical
labeling approach can be used for attaching an exogenously added molecule of interest to the PG.
The gram-positive bacterial cells are first metabolically labeled by growing the cells in the presence
of an alkyne-functionalized D alanine analog, which is incorporated into nascent PG layers during
cell wall biosynthesis. Incorporation of the alkyne group then allows labeling of the PG with an
azide-functionalized molecule of interest using the copper-catalyzed Click reaction as described
in, for example, Siegrist M. S., et al., ACS Chem. Biol., 2013, 8(3):500-5, which is hereby

incorporated by reference. In some embodiments, the gram-positive bacterial cells are grown in
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medium that contains a cyclooctyne-functionalized D alanine analog (e.g., exobcnDala or

endobcnDala), which is then incorporated into the PG of the growing cells. The cells are washed
with fresh medium and incubated with a cancer therapeutic that is derivatized with an azido-PEG3
group to attach the molecule of interest to the PG in a copper-free reaction as described in, for
example, Shieh P., et al., Proc. Natl. Acad. Sci. USA, 2014, 111(15):5456-61, which is hereby
incorporated by reference. In some embodiments, the gram-positive bacterial cells are grown in
medium that contains an unnatural D-amino acid with a norbornene (NB) group (e.g., D-Lys-NB-
-OH, D-Dap-NB--OH, D-Dap-NB--NH.sub.2). The unnatural amino acid is metabolically
incorporated into the PG of the growing bacterial cells and equips the bacterial cell surface with
alkene functional groups with increased reactivity because of the strained alkene within the ring of
the norbornene. The cells are then incubated with a tetrazine derivative of the cancer therapeutic to
allow ligation of the cancer therapeutic to the PG, as described in Pidgeon S. E. & Pires M. M.,
Chem. Commun. (Camb)., 2015, 51(51):10330-3, which is hereby incorporated by reference.

In some embodiments, a cancer therapeutic is incorporated into the PG layer of a gram-
negative bacterium described herein. Methods for incorporation molecules into the PG layer of a
gram-negative bacterium are provided, for example, in Liechti G. W., et al., Nature, 2014,
506(7489):507-10, which is hereby incorporated by reference. In some embodiments, the gram-
negative bacterium is grown in the presence of the D amino acid dipeptide EDA-DA (ethynyl-D
alanine-D alanine) or DA-EDA (D alanine-ethynyl-D alanine). The EDA-DA, or DA-EDA, is
incorporated into the PG layer of the actively growing bacteria and equips the PG with surface-
exposed alkyne groups. Copper-catalyzed Click chemistry is used to attach a cancer therapeutic
that contains a terminal azide group to the newly introduced alkyne groups of the PG layer. In some
embodiments, a D amino acid derivative of a cancer therapeutic is be incorporated directly into the
PG layer of a growing bacterium using, for example, the method described in Kuru E., et al., Nat.
Protoc., 2015, 10(1):33-52, which is hereby incorporated by reference.

In some embodiments, the bacteria described herein are modified such that an immune
modulatory protein, such as a cytokine is attached to the outside of a bacterium of interest using an
attachment method described herein. Examples of immune modulating proteins include, but are
not limited to, B lymphocyte chemoattractant ("BLC"), C--C motif chemokine 11 ("Eotaxin-1"),
Eosinophil chemotactic protein 2 ("Eotaxin-2"), Granulocyte colony-stimulating factor ("G-CSF"),
Granulocyte macrophage colony-stimulating factor ("GM-CSF"), 1-309, Intercellular Adhesion
Molecule 1 ("ICAM-1"), Interferon gamma ("IFN-gamma"), Interlukin-1 alpha ("IL-1 alpha"),
Interlukin-1 beta ("IL-1 beta"), Interleukin 1 receptor antagonist ("IL-1ra"), Interleukin-2 ("IL-2"),
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Interleukin-4 ("IL-4"), Interleukin-5 ("IL-5"), Interleukin-6 ("IL-6"), Interleukin-6 soluble receptor

("IL-6 sR"), Interleukin-7 ("IL-7"), Interleukin-8 ("IL-8"), Interleukin-10 ("IL-10"), Interleukin-11
("IL-11"), Subunit beta of Interleukin- 12 ("IL-12 p40" or "IL-12 p70"), Interleukin-13 ("IL-13"),
Interleukin-15 ("IL-15"), Interleukin-16 ("IL-16"), Interleukin-17 ("IL-17"), Chemokine (C--C
motif) Ligand 2 ("MCP-1"), Macrophage colony-stimulating factor ("M-CSF"), Monokine induced
by gamma interferon ("MIG"), Chemokine (C--C motif) ligand 2 ("MIP-1 alpha"), Chemokine (C-
-C motif) ligand 4 ("MIP-1 beta"), Macrophage inflammatory protein- 1 -delta ("MIP-1 delta"),
Platelet-derived growth factor subunit B ("PDGF-BB"), Chemokine (C--C motif) ligand 5,
Regulated on Activation, Normal T cell Expressed and Secreted ("RANTES"), TIMP
metallopeptidase inhibitor 1 ("TIMP-1"), TIMP metallopeptidase inhibitor 2 ("TIMP-2"), Tumor
necrosis factor, lymphotoxin-alpha ("TNF alpha"), Tumor necrosis factor, lymphotoxin-beta
("TNF beta"), Soluble TNF receptor type 1 ("sTNFRI"), sSTNFRIIAR, Brain-derived neurotrophic
factor ("BDNF"), Basic fibroblast growth factor ("bFGF"), Bone morphogenetic protein 4 ("BMP-
4"), Bone morphogenetic protein 5 (BMP-5"), Bone morphogenetic protein 7 ("BMP-7"), Nerve
growth factor ("b-NGF"), Epidermal growth factor ("EGF"), Epidermal growth factor receptor
("EGFR"), Endocrine-gland-derived vascular endothelial growth factor ("EG-VEGF"), Fibroblast
growth factor 4 ("FGF-4"), Keratinocyte growth factor ("FGF-7"), Growth differentiation factor
15 ("GDEF-15"), Glial cell-derived neurotrophic factor ("GDNF"), Growth Hormone, Heparin-
binding EGF-like growth factor ("HB-EGF"), Hepatocyte growth factor ("HGF"), Insulin-like
growth factor binding protein 1 ("IGFBP-1"), Insulin-like growth factor binding protein 2
("IGFBP-2"), Insulin-like growth factor binding protein 3 ("IGFBP-3"), Insulin-like growth factor
binding protein 4 ("IGFBP-4"), Insulin-like growth factor binding protein 6 ("IGFBP-6"), Insulin-
like growth factor 1 ("IGF-1"), Insulin, Macrophage colony-stimulating factor ("M-CSFR"), Nerve
growth factor receptor ("NGF R"), Neurotrophin-3 ("NT-3"), Neurotrophin-4 ("NT-4"),
Osteoclastogenesis inhibitory factor ("Osteoprotegerin”), Platelet-derived growth factor receptors
("PDGF-AA"), Phosphatidylinositol-glycan biosynthesis ("PIGF"), Skp, Cullin, F-box containing
comples ("SCF"), Stem cell factor receptor ("SCF R"), Transforming growth factor alpha
("TGFalpha"), Transforming growth factor beta-1 ("TGF beta 1"), Transforming growth factor
beta-3 ("TGF beta 3"), Vascular endothelial growth factor ("VEGF"), Vascular endothelial growth
factor receptor 2 ("VEGFR2"), Vascular endothelial growth factor receptor 3 ("VEGFR3"), VEGF-
D 6Ckine, Tyrosine-protein kinase receptor UFO ("Axl1") , Betacellulin ("BTC"), Mucosae-
associated epithelial chemokine ("CCL28"), Chemokine (C--C motif) ligand 27 ("CTACK"),
Chemokine (C--X--C motif) ligand 16 ("CXCL16"), C--X--C motif chemokine 5 ("ENA-78"),
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Chemokine (C--C motif) ligand 26 ("Eotaxin-3"), Granulocyte chemotactic protein 2 ("GCP-2"),

GRO, Chemokine (C--C motif) ligand 14 ("HCC-1"), Chemokine (C--C motif) ligand 16 ("HCC-
4", Interleukin-9 ("IL-9"), Interleukin-17 F ("IL-17F"), Interleukin-18-binding protein ("IL-18
BPa"), Interleukin-28 A ("IL-28A"), Interleukin 29 ("IL-29"), Interleukin 31 ("IL-31"), C--X--C
motif chemokine 10 ("IP-10"), Chemokine receptor CXCR3 ("I-TAC"), Leukemia inhibitory factor
("LIF"), Light, Chemokine (C motif) ligand ("Lymphotactin"), Monocyte chemoattractant protein
2 ("MCP-2"), Monocyte chemoattractant protein 3 ("MCP-3"), Monocyte chemoattractant protein
4 ("MCP-4"), Macrophage-derived chemokine ("MDC"), Macrophage migration inhibitory factor
("MIF"), Chemokine (C--C motif) ligand 20 ("MIP-3 alpha"), C--C motif chemokine 19 ("MIP-3
beta"), Chemokine (C--C motif) ligand 23 ("MPIF-1"), Macrophage stimulating protein alpha
chain ("MSPalpha"), Nucleosome assembly protein 1-like 4 ("NAP-2"), Secreted phosphoprotein
1 ("Osteopontin"), Pulmonary and activation-regulated cytokine ("PARC"), Platelet factor 4
("PF4"), Stroma cell-derived factor-1 alpha ("SDF-1 alpha"), Chemokine (C--C motif) ligand 17
("TARC"), Thymus-expressed chemokine ("TECK"), Thymic stromal lymphopoietin ("TSLP 4-
IBB"), CD 166 antigen ("ALCAM?"), Cluster of Differentiation 80 ("B7-1"), Tumor necrosis factor
receptor superfamily member 17 ("BCMA"), Cluster of Differentiation 14 ("CD14"), Cluster of
Differentiation 30 ("CD30"), Cluster of Differentiation 40 ("CD40 Ligand"), Carcinoembryonic
antigen-related cell adhesion molecule 1 (biliary glycoprotein) ("CEACAM-1"), Death Receptor 6
("DR6"), Deoxythymidine kinase ("Dtk"), Type 1 membrane glycoprotein ("Endoglin"), Receptor
tyrosine-protein kinase erbB-3 ("ErbB3"), Endothelial-leukocyte adhesion molecule 1 ("E-
Selectin"), Apoptosis antigen 1 ("Fas"), Fms-like tyrosine kinase 3 ("FIt-3L"), Tumor necrosis
factor receptor superfamily member 1 ("GITR"), Tumor necrosis factor receptor superfamily
member 14 ("HVEM"), Intercellular adhesion molecule 3 ("ICAM-3"), IL-1 R4, IL-1 RI, IL-10
Rbeta, IL-17R, IL-2Rgamma, IL-21R, Lysosome membrane protein 2 ("LIMPII"), Neutrophil
gelatinase-associated lipocalin ("Lipocalin-2"), CD62L ("L-Selectin”), Lymphatic endothelium
("LYVE-1"), MEC class I polypeptide-related sequence A ("MICA"), MEC class I polypeptide-
related sequence B ("MICB"), NRGI-betal, Beta-type platelet-derived growth factor receptor
("PDGF Rbeta"), Platelet endothelial cell adhesion molecule ("PECAM-1"), RAGE, Hepatitis A
virus cellular receptor 1 ("TIM-1"), Tumor necrosis factor receptor superfamily member 10C
("TRAIL R3"), Trappin protein transglutaminase binding domain ("Trappin-2"), Urokinase
receptor ("uPAR"), Vascular cell adhesion protein 1 ("VCAM-1"), XEDARActivin A, Agouti-
related protein ("AgRP"), Ribonuclease 5 ("Angiogenin"), Angiopoietin 1, Angiostatin, Catheprin
S, CD40, Cryptic family protein IB ("Cripto-1"), DAN, Dickkopf-related protein 1 ("DKK-1"), E-
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Cadherin, Epithelial cell adhesion molecule ("EpCAM"), Fas Ligand (FasL or CD95L), Fcg

RIIB/C, FoUistatin, Galectin-7, Intercellular adhesion molecule 2 ("ICAM-2"),IL-13 R1,IL-13R2,
IL-17B, IL-2 Ra, IL-2 Rb, 1L-23, LAP, Neuronal cell adhesion molecule ("NrCAM"), Plasminogen
activator inhibitor-1 ("PAI-1"), Platelet derived growth factor receptors ("PDGF-AB"), Resistin,
stromal cell-derived factor 1 ("SDF-1 beta"), sgp130, Secreted {rizzled-related protein 2 ("ShhN"),
Sialic acid-binding immunoglobulin-type lectins ("Siglec-5"), ST2, Transforming growth factor-
beta 2 ("TGF beta 2"), Tie-2, Thrombopoietin ("TPO"), Tumor necrosis factor receptor superfamily
member 10D ("TRAIL R4"), Triggering receptor expressed on myeloid cells 1 ("TREM-1"),
Vascular endothelial growth factor C ("VEGF-C"), VEGFR1Adiponectin, Adipsin ("AND"),
Alpha-fetoprotein ("AFP"), Angiopoietin-like 4 ("ANGPTL4"), Beta-2-microglobulin ("B2M"),
Basal cell adhesion molecule ("BCAM"), Carbohydrate antigen 125 ("CA125"), Cancer Antigen
15-3 ("CA15-3"), Carcinoembryonic antigen ("CEA"), cAMP receptor protein ("CRP"), Human
Epidermal Growth Factor Receptor 2 ("ErbB2"), Follistatin, Follicle-stimulating hormone
("FSH"), Chemokine (C--X--C motif) ligand 1 ("GRO alpha"), human chorionic gonadotropin
("beta HCG"), Insulin-like growth factor 1 receptor ("IGF-1 sR"), IL-1 sRII, IL-3, IL-18 Rb, IL-
21, Leptin, Matrix metalloproteinase-1 ("MMP-1"), Matrix metalloproteinase-2 ("MMP-2"),
Matrix metalloproteinase-3 ("MMP-3"), Matrix metalloproteinase-8 ("MMP-8"), Matrix
metalloproteinase-9  ("MMP-9"), Matrix  metalloproteinase-10  ("MMP-10"),  Matrix
metalloproteinase-13 ("MMP-13"), Neural Cell Adhesion Molecule ("NCAM-1"), Entactin
("Nidogen-1"), Neuron specific enolase ("NSE"), Oncostatin M ("OSM"), Procalcitonin, Prolactin,
Prostate specific antigen ("PSA"), Sialic acid-binding Ig-like lectin 9 ("Siglec-9"), ADAM 17
endopeptidase ("TACE"), Thyroglobulin, Metalloproteinase inhibitor 4 ("TIMP-4"), TSH2B4,
Disintegrin and metalloproteinase domain-containing protein 9 ("ADAM-9"), Angiopoietin 2,
Tumor necrosis factor ligand superfamily member 13/ Acidic leucine-rich nuclear phosphoprotein
32 family member B ("APRIL"), Bone morphogenetic protein 2 ("BMP-2"), Bone morphogenetic
protein 9 ("BMP-9"), Complement component 5a ("C5a"), Cathepsin L, CD200, CD97, Chemerin,
Tumor necrosis factor receptor superfamily member 6B ("DcR3"), Fatty acid-binding protein 2
("FABP2"), Fibroblast activation protein, alpha ("FAP"), Fibroblast growth factor 19 ("FGF-19"),
Galectin-3, Hepatocyte growth factor receptor ("HGF R"), IFN-gammalpha/beta R2, Insulin-like
growth factor 2 ("IGF-2"), Insulin-like growth factor 2 receptor ("IGF-2 R"), Interleukin-1 receptor
6 ("IL-1R6"), Interleukin 24 ("IL-24"), Interleukin 33 ("IL-33", Kallikrein 14, Asparaginyl
endopeptidase ("Legumain”), Oxidized low-density lipoprotein receptor 1 ("LOX-1"), Mannose-
binding lectin ("MBL"), Neprilysin ("NEP"), Notch homolog 1, translocation-associated
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(Drosophila) ("Notch-1"), Nephroblastoma overexpressed ("NOV"), Osteoactivin, Programmed

cell death protein 1 ("PD-1"), N-acetylmuramoyl-L-alanine amidase ("PGRP-5"), Serpin A4,
Secreted frizzled related protein 3 ("sFRP-3"), Thrombomodulin, Tolllike receptor 2 ("TLR2"),
Tumor necrosis factor receptor superfamily member 10A ("TRAIL R1"), Transferrin ("TRF"),
WIF-1ACE-2, Albumin, AMICA, Angiopoietin 4, B-cell activating factor ("BAFF"),
Carbohydrate antigen 19-9 ("CA19-9"), CD 163, Clusterin, CRT AM, Chemokine (C--X--C motif)
ligand 14 ("CXCL14"), Cystatin C, Decorin ("DCN"), Dickkopf-related protein 3 ("Dkk-3"),
Delta-like protein 1 ("DLL1"), Fetuin A, Heparin-binding growth factor 1 ("aFGF"), Folate
receptor alpha ("FOLR1"), Furin, GPCR-associated sorting protein 1 ("GASP-1"), GPCR-
associated sorting protein 2 ("GASP-2"), Granulocyte colony-stimulating factor receptor ("GCSF
R"), Serine protease hepsin ("HAI-2"), Interleukin-17B Receptor ("IL-17B R"), Interleukin 27
("IL-27"), Lymphocyte-activation gene 3 ("LAG-3"), Apolipoprotein A-V ("LDL R"), Pepsinogen
I, Retinol binding protein 4 ("RBP4"), SOST, Heparan sulfate proteoglycan ("Syndecan-1"),
Tumor necrosis factor receptor superfamily member 13B ("TACI"), Tissue factor pathway
inhibitor ("TFPI"), TSP-1, Tumor necrosis factor receptor superfamily, member 10b ("TRAIL
R2"), TRANCE, Troponin I, Urokinase Plasminogen Activator ("uPA"), Cadherin 5, type 2 or VE-
cadherin (vascular endothelial) also known as CD144 ("VE-Cadherin"), WNTI1-inducible-
signaling pathway protein 1 ("WISP-1"), and Receptor Activator of Nuclear Factor .kappa. B
("RANK"). The immune modulatory protein can be made recombinantly using methods known to
one skilled in the art. The immune modulatory protein can be presented on the surface of a
bacterium using bacterial surface display, where the bacterium expresses a genetically engineered
protein-protein fusion of e.g., a membrane protein and the immune modulatory protein.

In some embodiments, the bacteria described herein are engineered to express a peptide
(e.g., an antigen) and/or a protein (e.g., a protein cancer therapeutic), intracellularly and/or on the
bacterial surface (i.e., genetic surface display). For example, in some embodiments, the bacteria
comprises a nucleic acid encoding a peptide or protein cancer therapeutic operably linked to
transcriptional regulatory elements, such as a promotor. In some embodiments, the peptide or
protein is constitutively expressed by the bacteria. In some embodiments, the peptide or protein is
inducibly expressed by the bacteria (e.g., it is expressed upon exposure to a sugar or an
environmental stimulus like low pH or an anaerobic environment). In some embodiments, the
bacteria comprises a plurality of nucleic acid sequences that encode for multiple different

recombinant peptides and/or proteins that can be expressed by the same bacterial cell.
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In some embodiments, the bacteria displays a recombinantly produced peptide or protein

(e.g., a peptide or protein cancer therapeutic) on its surface using a bacterial surface display system.
Examples of bacterial surface display systems include outer membrane protein systems (e.g.,
LamB, FhuA, Ompl, OmpA, OmpC, OmpT, eCPX derived from OmpX, OprF, and PgsA), surface
appendage systems (e.g., F pillin, FimH, FimA, FliC, and FliD), lipoprotein systems (e.g., INP,
Lpp-OmpA, PAL, Tat-dependent, and TraT), and virulence factor-based systems (e.g., AIDA-1,
EaeA, EstA, EspP, MSP1 a, and invasin). Exemplary surface display systems are described, for
example, in van Bloois, E., et al., Trends in Biotechnology, 2011, 29:79-86, which is hereby
incorporated by reference.

In some embodiments, the bacteria display on their surface a peptide or protein of interest
that alters the invasion or adhesion capability of the bacteria. In some embodiments, the protein
that alters the invasion or adhesion capability of the bacteria is a bacterial adhesion, such as FadA
(e.g., as described in Xu M., et al., J. Biol. Chem., 2007, 282(34):25000-9, which is hereby
incorporated by reference) and or a synthetic adhesion (e.g., as described in Pinero-Lambea C., et
al., ACS Synth. Biol., 2015, 4(4):463-73, which is hereby incorporated by reference). In some
embodiments, the peptide or protein that alters the invasion or adhesion capability of the bacteria
is an antibody or antigen binding fragment thereof having binding specificity for a cancer-specific
antigen.

In some embodiments, the bacteria described herein comprise a cancer therapeutic (e.g., the
cancer therapeutic is loaded into the bacteria prior to administration to a subject). In some
embodiments, the cancer therapeutic is loaded into the bacteria by growing the bacteria in a
medium that contains a high concentration (e.g., at least 1 mM) of the cancer therapeutic, which
leads to either uptake of the cancer therapeutic during cell growth or binding of the cancer
therapeutic to the outside of the bacteria. The cancer therapeutic can be taken up passively (e.g. by
diffusion and/or partitioning into the lipophilic cell membrane) or actively through membrane
channels or transporters. In some embodiments, drug loading is improved by adding additional
substances to the growth medium that either increase uptake of the molecule of interest (e.g.,
Pluronic F-127) or prevent extrusion of the molecules after uptake by the bacterium (e.g., efflux
pump inhibitors like Verapamil, Reserpine, Carsonic acid, or Piperine). In some embodiments, the
bacteria is loaded with the cancer therapeutic by mixing the bacteria with the cancer therapeutic
and then subjecting the mixture to electroporation, for example, as described in Sustarsic M., et al.,

Cell Biol., 2014, 142(1):113-24, which is hereby incorporated by reference. In some embodiments,
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the cells can also be treated with an efflux pump inhibitor (see above) after the electroporation to

prevent extrusion of the loaded molecules.

Isolated bacteria which have been modified to comprise agents for targeting to specific
organs may be provided per se or as part of a pharmaceutical composition.

The term "isolated" or "enriched" encompasses bacteria that has been (1) separated from at
least some of the components with which it was associated when initially produced (whether in
nature or in an experimental setting), and/or (2) produced, prepared, purified, and/or manufactured
by the hand of man. Isolated microbes may be separated from at least about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about 80%, about 90%, or more of the other
components with which they were initially associated. In some embodiments, isolated microbes
are more than about 80%, about 85%, about 90%, about 91%, about 92%, about 93%, about 94%,
about 95%, about 96%, about 97%, about 98%, about 99%, or more than about 99% pure. As used
herein, a substance is "pure” if it is substantially free of other components. The terms "purify,"
"purifying" and "purified" refer to a microbe or other material that has been separated from at least
some of the components with which it was associated either when initially produced or generated
(e.g., whether in nature or in an experimental setting), or during any time after its initial production.
A microbe or a microbial population may be considered purified if it is isolated at or after
production, such as from a material or environment containing the microbe or microbial population,
and a purified microbe or microbial population may contain other materials up to about 10%, about
20%, about 30%, about 40%, about 50%, about 60%, about 70%, about 80%, about 90%, or above
about 90% and still be considered "isolated." In some embodiments, purified microbes or microbial
population are more than about 80%, about 85%, about 90%, about 91%, about 92%, about 93%,
about 94%, about 95%, about 96%, about 97%, about 98%, about 99%, or more than about 99%
pure. In the instance of microbial compositions provided herein, the one or more microbial types
present in the composition can be independently purified from one or more other microbes
produced and/or present in the material or environment containing the microbial type. Microbial
compositions and the microbial components thereof are generally purified from residual habitat
products.

In certain embodiments, at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98%, 99% of the bacteria in the bacterial composition are of a genus, species or strain
listed in Tables 1-3.

In certain embodiments, the bacterial composition comprises at least 1x10° colony forming

units (CFUs), 1x10* colony forming units (CFUs), 1x10° colony forming units (CFUs), 1x10°
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colony forming units (CFUs), 1x10 colony forming units (CFUs), 1x10® colony forming units

(CFUs), 1x109 colony forming units (CFUs), 1x10'° colony forming units (CFUs) of bacteria of a
family/genus/species/strain listed in Tables 1-3.

Methods for producing bacteria may include three main processing steps. The steps are:
organism banking, organism production, and preservation.

For banking, the strains included in the bacteria may be (1) isolated directly from a
specimen or taken from a banked stock, (2) optionally cultured on a nutrient agar or broth that
supports growth to generate viable biomass, and (3) the biomass optionally preserved in multiple
aliquots in long-term storage.

In embodiments using a culturing step, the agar or broth may contain nutrients that provide
essential elements and specific factors that enable growth. An example would be a medium
composed of 20 g/L glucose, 10 g/L yeast extract, 10 g/L soy peptone, 2 g/L citric acid, 1.5 g/LL
sodium phosphate monobasic, 100 mg/L ferric ammonium citrate, 80 mg/L. magnesium sulfate, 10
mg/L hemin chloride, 2 mg/L calcium chloride, 1 mg/L menadione. Another examples would be a
medium composed of 10 g/L beef extract, 10 g/L peptone, 5 g/L sodium chloride, 5 g/L dextrose,
3 g/L yeast extract, 3 g/L sodium acetate, 1 g/L soluble starch, and 0.5 g/L. L-cysteine HCI, at pH
6.8. A variety of microbiological media and variations are well known in the art (e.g., R. M. Atlas,
Handbook of Microbiological Media (2010) CRC Press). Culture media can be added to the culture
at the start, may be added during the culture, or may be intermittently/continuously flowed through
the culture. The strains in the bacterial composition may be cultivated alone, as a subset of the
microbial composition, or as an entire collection comprising the microbial composition. As an
example, a first strain may be cultivated together with a second strain in a mixed continuous culture,
at a dilution rate lower than the maximum growth rate of either cell to prevent the culture from
washing out of the cultivation.

The inoculated culture is incubated under favorable conditions for a time sufficient to build
biomass. For microbial compositions for human use this is often at 37 degree C temperature, pH,
and other parameter with values similar to the normal human niche. The environment may be
actively controlled, passively controlled (e.g., via buffers), or allowed to drift. For example, for
anaerobic bacterial compositions, an anoxic/reducing environment may be employed. This can be
accomplished by addition of reducing agents such as cysteine to the broth, and/or stripping it of
oxygen. As an example, a culture of a bacterial composition may be grown at 37 degrees C, pH 7,

in the medium above, pre-reduced with 1 g/L cysteine-HC1.
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When the culture has generated sufficient biomass, it may be preserved for banking. The

organisms may be placed into a chemical milieu that protects from freezing (adding
“cryoprotectants’), drying ("lyoprotectants™), and/or osmotic shock ("osmoprotectants™), dispensing
into multiple (optionally identical) containers to create a uniform bank, and then treating the culture
for preservation. Containers are generally impermeable and have closures that assure isolation from
the environment. Cryopreservation treatment is accomplished by freezing a liquid at ultra-low
temperatures (e.g., at or below -80 degrees C). Dried preservation removes water from the culture
by evaporation (in the case of spray drying or “cool drying’) or by sublimation (e.g., for freeze
drying, spray freeze drying). Removal of water improves long-term microbial composition storage
stability at temperatures elevated above cryogenic. If the microbial composition comprises, for
example, spore forming species and results in the production of spores, the final composition may
be purified by additional means such as density gradient centrifugation preserved using the
techniques described above. Microbial composition banking may be done by culturing and
preserving the strains individually, or by mixing the strains together to create a combined bank. As
an example of cryopreservation, a microbial composition culture may be harvested by
centrifugation to pellet the cells from the culture medium, the supernatant decanted and replaced
with fresh culture broth containing 15% glycerol. The culture can then be aliquoted into 1 mL
cryotubes, sealed, and placed at -80 degrees C for long-term viability retention. This procedure
achieves acceptable viability upon recovery from frozen storage.

Microbial production may be conducted using similar culture steps to banking, including
medium composition and culture conditions. It may be conducted at larger scales of operation,
especially for clinical development or commercial production. At larger scales, there may be
several subcultivations of the microbial composition prior to the final cultivation. At the end of
cultivation, the culture is harvested to enable further formulation into a dosage form for
administration. This can involve concentration, removal of undesirable medium components,
and/or introduction into a chemical milieu that preserves the microbial composition and renders it
acceptable for administration via the chosen route. After drying, the powder may be blended to an
appropriate potency, and mixed with other cultures and/or a filler such as microcrystalline cellulose
for consistency and ease of handling, and the bacterial composition formulated as provided herein.

In certain aspects, provided are bacterial compositions for administration to subjects. In
some embodiments, the bacterial compositions are combined with additional active and/or inactive
materials in order to produce a final product, which may be in single dosage unit or in a multi-dose

format.
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The compositions may be administered using any route such as for example oral

administration, rectal administration, topical administration, inhalation (nasal) or injection.
Administration by injection includes intravenous (IV), intramuscular (IM), intratumoral (IT),
subtumoral (ST), peritumoral (PT), and subcutaneous (SC) administration. The pharmaceutical
compositions described herein can be administered in any form by any effective route, including
but not limited to intratumoral, oral, parenteral, enteral, intravenous, intraperitoneal, topical,
transdermal (e.g., using any standard patch), intradermal, ophthalmic, (intra)nasally, local, non-
oral, such as aerosol, inhalation, subcutaneous, intramuscular, buccal, sublingual, (trans)rectal,
vaginal, intra-arterial, and intrathecal, transmucosal (e.g., sublingual, lingual, (trans)buccal,
(trans)urethral, vaginal (e.g., trans- and perivaginally), intravesical, intrapulmonary, intraduodenal,
intragastrical, and intrabronchial. In preferred embodiments, the pharmaceutical compositions
described herein are administered orally, rectally, intratumorally, topically, intravesically, by
injection into or adjacent to a draining lymph node, intravenously, by inhalation or aerosol, or
subcutaneously.

In some embodiments the composition comprises at least one carbohydrate. A

non

"carbohydrate" refers to a sugar or polymer of sugars. The terms "saccharide," "polysaccharide,"
"carbohydrate,” and "oligosaccharide" may be used interchangeably. Most carbohydrates are
aldehydes or ketones with many hydroxyl groups, usually one on each carbon atom of the molecule.
Carbohydrates generally have the molecular formula C.sub.nH.sub.2nO.sub.n. A carbohydrate
may be a monosaccharide, a disaccharide, trisaccharide, oligosaccharide, or polysaccharide. The
most basic carbohydrate is a monosaccharide, such as glucose, sucrose, galactose, mannose, ribose,
arabinose, xylose, and fructose. Disaccharides are two joined monosaccharides. Exemplary
disaccharides include sucrose, maltose, cellobiose, and lactose. Typically, an oligosaccharide
includes between three and six monosaccharide units (e.g., raffinose, stachyose), and
polysaccharides include six or more monosaccharide units. Exemplary polysaccharides include
starch, glycogen, and cellulose. Carbohydrates may contain modified saccharide units such as 2'-
deoxyribose wherein a hydroxyl group is removed, 2'-fluororibose wherein a hydroxyl group is
replaced with a fluorine, or N-acetylglucosamine, a nitrogen-containing form of glucose (e.g., 2'-
fluororibose, deoxyribose, and hexose). Carbohydrates may exist in many different forms, for
example, conformers, cyclic forms, acyclic forms, stereoisomers, tautomers, anomers, and isomers.

In some embodiments the composition comprises at least one lipid. As used herein a "lipid"
includes fats, oils, triglycerides, cholesterol, phospholipids, fatty acids in any form including free

fatty acids. Fats, oils and fatty acids can be saturated, unsaturated (cis or trans) or partially
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unsaturated (cis or trans). In some embodiments the lipid comprises at least one fatty acid selected

from lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1), margaric
acid (17:0), heptadecenoic acid (17:1), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2),
linolenic acid (18:3), octadecatetraenoic acid (18:4), arachidic acid (20:0), eicosenoic acid (20:1),
eicosadienoic acid (20:2), eicosatetraenoic acid (20:4), eicosapentaenoic acid (20:5) (EPA),
docosanoic acid (22:0), docosenoic acid (22:1), docosapentaenoic acid (22:5), docosahexaenoic
acid (22:6) (DHA), and tetracosanoic acid (24:0). In some embodiments the composition comprises
at least one modified lipid, for example a lipid that has been modified by cooking.

In some embodiments the composition comprises at least one supplemental mineral or
mineral source. Examples of minerals include, without limitation: chloride, sodium, calcium, iron,
chromium, copper, iodine, zinc, magnesium, manganese, molybdenum, phosphorus, potassium,
and selenium. Suitable forms of any of the foregoing minerals include soluble mineral salts, slightly
soluble mineral salts, insoluble mineral salts, chelated minerals, mineral complexes, non-reactive
minerals such as carbonyl minerals, and reduced minerals, and combinations thereof.

In some embodiments the composition comprises at least one supplemental vitamin. The at
least one vitamin can be fat-soluble or water soluble vitamins. Suitable vitamins include but are
not limited to vitamin C, vitamin A, vitamin E, vitamin B12, vitamin K, riboflavin, niacin, vitamin
D, vitamin B6, folic acid, pyridoxine, thiamine, pantothenic acid, and biotin. Suitable forms of any
of the foregoing are salts of the vitamin, derivatives of the vitamin, compounds having the same or
similar activity of the vitamin, and metabolites of the vitamin.

In some embodiments the composition comprises an excipient. Non-limiting examples of
suitable excipients include a buffering agent, a preservative, a stabilizer, a binder, a compaction
agent, a lubricant, a dispersion enhancer, a disintegration agent, a flavoring agent, a sweetener, and
a coloring agent.

In some embodiments the excipient is a buffering agent. Non-limiting examples of suitable
buffering agents include sodium citrate, magnesium carbonate, magnesium bicarbonate, calcium
carbonate, and calcium bicarbonate.

In some embodiments the excipient comprises a preservative. Non-limiting examples of
suitable preservatives include antioxidants, such as alpha-tocopherol and ascorbate, and
antimicrobials, such as parabens, chlorobutanol, and phenol.

In some embodiments the composition comprises a binder as an excipient. Non-limiting
examples of suitable binders include starches, pregelatinized starches, gelatin,

polyvinylpyrolidone, cellulose, methylcellulose, sodium carboxymethylcellulose, ethylcellulose,
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polyacrylamides, polyvinyloxoazolidone, polyvinylalcohols, C.sub.12-C.sub.18 fatty acid alcohol,

polyethylene glycol, polyols, saccharides, oligosaccharides, and combinations thereof.

In some embodiments the composition comprises a lubricant as an excipient. Non-limiting
examples of suitable lubricants include magnesium stearate, calcium stearate, zinc stearate,
hydrogenated vegetable oils, sterotex, polyoxyethylene monostearate, talc, polyethyleneglycol,
sodium benzoate, sodium lauryl sulfate, magnesium lauryl sulfate, and light mineral oil.

In some embodiments the composition comprises a dispersion enhancer as an excipient.
Non-limiting examples of suitable dispersants include starch, alginic acid, polyvinylpyrrolidones,
guar gum, kaolin, bentonite, purified wood cellulose, sodium starch glycolate, isoamorphous
silicate, and microcrystalline cellulose as high HLB emulsifier surfactants.

In some embodiments the composition comprises a disintegrant as an excipient. In some
embodiments the disintegrant is a non-effervescent disintegrant. Non-limiting examples of suitable
non-effervescent disintegrants include starches such as corn starch, potato starch, pregelatinized
and modified starches thereof, sweeteners, clays, such as bentonite, micro-crystalline cellulose,
alginates, sodium starch glycolate, gums such as agar, guar, locust bean, karaya, pectin, and
tragacanth. In some embodiments the disintegrant is an effervescent disintegrant. Non-limiting
examples of suitable effervescent disintegrants include sodium bicarbonate in combination with
citric acid, and sodium bicarbonate in combination with tartaric acid.

In some embodiments, the composition is a food product (e.g., a food or beverage) such as
a health food or beverage, a food or beverage for infants, a food or beverage for pregnant women,
athletes, senior citizens or other specified group, a functional food, a beverage, a food or beverage
for specified health use, a dietary supplement, a food or beverage for patients, or an animal feed.
Specific examples of the foods and beverages include various beverages such as juices, refreshing
beverages, tea beverages, drink preparations, jelly beverages, and functional beverages; alcoholic
beverages such as beers; carbohydrate-containing foods such as rice food products, noodles,
breads, and pastas; paste products such as fish hams, sausages, paste products of seafood; retort
pouch products such as curries, food dressed with a thick starchy sauces, and Chinese soups; soups;
dairy products such as milk, dairy beverages, ice creams, cheeses, and yogurts; fermented products
such as fermented soybean pastes, yogurts, fermented beverages, and pickles; bean products;
various confectionery products, including biscuits, cookies, and the like, candies, chewing gums,
gummies, cold desserts including jellies, cream caramels, and frozen desserts; instant foods such

as instant soups and instant soy-bean soups; microwavable foods; and the like. Further, the
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examples also include health foods and beverages prepared in the forms of powders, granules,

tablets, capsules, liquids, pastes, and jellies.

In certain embodiments, the bacteria disclosed herein are administered in conjunction with
a prebiotic to the subject. Prebiotics are carbohydrates which are generally indigestible by a host
animal and are selectively fermented or metabolized by bacteria. Prebiotics may be short-chain
carbohydrates (e.g., oligosaccharides) and/or simple sugars (e.g., mono- and di-saccharides) and/or
mucins (heavily glycosylated proteins) that alter the composition or metabolism of a microbiome
in the host. The short chain carbohydrates are also referred to as oligosaccharides, and usually
contain from 2 or 3 and up to 8, 9, 10, 15 or more sugar moieties. When prebiotics are introduced
to a host, the prebiotics affect the bacteria within the host and do not directly affect the host. In
certain aspects, a prebiotic composition can selectively stimulate the growth and/or activity of one
of a limited number of bacteria in a host. Prebiotics include oligosaccharides such as
fructooligosaccharides (FOS) (including inulin), galactooligosaccharides (GOS), trans-
galactooligosaccharides, xylooligosaccharides (XOS), chitooligosaccharides (COS), soy
oligosaccharides (e.g., stachyose and raffinose) gentiooligosaccharides, isomaltooligosaccharides,
mannooligosaccharides, maltooligosaccharides and mannanoligosaccharides. Oligosaccharides are
not necessarily single components, and can be mixtures containing oligosaccharides with different
degrees of oligomerization, sometimes including the parent disaccharide and the monomeric
sugars. Various types of oligosaccharides are found as natural components in many common foods,
including fruits, vegetables, milk, and honey. Specific examples of oligosaccharides are lactulose,
lactosucrose, palatinose, glycosyl sucrose, guar gum, gum Arabic, tagalose, amylose, amylopectin,
pectin, xylan, and cyclodextrins. Prebiotics may also be purified or chemically or enzymatically
synthesized.

As used herein the term “about” refers to = 10 %

The terms "comprises"”, "comprising”, "includes", "including", “having” and their
conjugates mean "including but not limited to".

The term “consisting of” means “including and limited to”.

The term "consisting essentially of" means that the composition, method or structure may
include additional ingredients, steps and/or parts, but only if the additional ingredients, steps
and/or parts do not materially alter the basic and novel characteristics of the claimed composition,

method or structure.
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n,n n

As used herein, the singular form "a", "an" and "the" include plural references unless the
context clearly dictates otherwise. For example, the term "a compound” or "at least one
compound" may include a plurality of compounds, including mixtures thereof.

Throughout this application, various embodiments of this invention may be presented in a
range format. It should be understood that the description in range format is merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope of
the invention. Accordingly, the description of a range should be considered to have specifically
disclosed all the possible subranges as well as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should be considered to have specifically
disclosed subranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3
to 6 etc., as well as individual numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This
applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is meant to include any cited numeral
(fractional or integral) within the indicated range. The phrases “ranging/ranges between” a first
indicate number and a second indicate number and “ranging/ranges from” a first indicate number
“to” a second indicate number are used herein interchangeably and are meant to include the first
and second indicated numbers and all the fractional and integral numerals therebetween.

As used herein the term "method" refers to manners, means, techniques and procedures for
accomplishing a given task including, but not limited to, those manners, means, techniques and
procedures either known to, or readily developed from known manners, means, techniques and
procedures by practitioners of the chemical, pharmacological, biological, biochemical and medical
arts.

It is appreciated that certain features of the invention, which are, for clarity, described in
the context of separate embodiments, may also be provided in combination in a single embodiment.
Conversely, various features of the invention, which are, for brevity, described in the context of a
single embodiment, may also be provided separately or in any suitable subcombination or as
suitable in any other described embodiment of the invention. Certain features described in the
context of various embodiments are not to be considered essential features of those embodiments,
unless the embodiment is inoperative without those elements.

Various embodiments and aspects of the present invention as delineated hereinabove and

as claimed in the claims section below find experimental support in the following examples.
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EXAMPLES

Reference is now made to the following examples, which together with the above descriptions
illustrate some embodiments of the invention in a non limiting fashion.

Generally, the nomenclature used herein and the laboratory procedures utilized in the present
invention include molecular, biochemical, microbiological and recombinant DNA techniques.
Such techniques are thoroughly explained in the literature. See, for example, "Molecular Cloning:
A laboratory Manual” Sambrook et al., (1989); "Current Protocols in Molecular Biology"
Volumes I-III Ausubel, R. M., ed. (1994); Ausubel et al., "Current Protocols in Molecular
Biology", John Wiley and Sons, Baltimore, Maryland (1989); Perbal, "A Practical Guide to
Molecular Cloning", John Wiley & Sons, New York (1988); Watson et al., "Recombinant DNA",
Scientific American Books, New York; Birren et al. (eds) "Genome Analysis: A Laboratory
Manual Series", Vols. 1-4, Cold Spring Harbor Laboratory Press, New York (1998);
methodologies as set forth in U.S. Pat. Nos. 4,666,828; 4,683,202; 4,801,531; 5,192,659 and
5,272,057; "Cell Biology: A Laboratory Handbook", Volumes I-III Cellis, J. E., ed. (1994);
"Culture of Animal Cells - A Manual of Basic Technique" by Freshney, Wiley-Liss, N. Y. (1994),
Third Edition; "Current Protocols in Immunology" Volumes I-III Coligan J. E., ed. (1994); Stites
et al. (eds), "Basic and Clinical Immunology" (8th Edition), Appleton & Lange, Norwalk, CT
(1994); Mishell and Shiigi (eds), "Selected Methods in Cellular Immunology”, W. H. Freeman
and Co., New York (1980); available immunoassays are extensively described in the patent and
scientific literature, see, for example, U.S. Pat. Nos. 3,791,932; 3,839,153; 3,850,752; 3,850,578;
3,853,987; 3,867,517; 3,879,262; 3,901,654; 3,935,074; 3,984,533; 3,996,345; 4,034,074;
4,098,876; 4,879,219; 5,011,771 and 5,281,521; "Oligonucleotide Synthesis" Gait, M. J., ed.
(1984); “Nucleic Acid Hybridization" Hames, B. D., and Higgins S. J., eds. (1985); "Transcription
and Translation" Hames, B. D., and Higgins S. J., eds. (1984); "Animal Cell Culture" Freshney,
R. L, ed. (1986); "Immobilized Cells and Enzymes" IRL Press, (1986); "A Practical Guide to
Molecular Cloning" Perbal, B., (1984) and "Methods in Enzymology" Vol. 1-317, Academic
Press; "PCR Protocols: A Guide To Methods And Applications”, Academic Press, San Diego, CA
(1990); Marshak et al., "Strategies for Protein Purification and Characterization - A Laboratory
Course Manual" CSHL Press (1996); all of which are incorporated by reference as if fully set forth
herein. Other general references are provided throughout this document. The procedures therein
are believed to be well known in the art and are provided for the convenience of the reader. All

the information contained therein is incorporated herein by reference.
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Dealing with contaminations in bacterial 16S rDNA profiling of low microbial biomass

samples

The increased sensitivity of next-generation sequencing of the 16S rDNA marker-gene for
microbial discovery, has led to a remarkable bloom of microbiome research. Yet, this same
advantage also yields a higher rate of detection of contaminating microbes in samples. This
phenomena is compounded when exploring samples containing low microbial biomass, where
contaminant species tend to outcompete and dominate the biological signal from the true positive
microbial species in the samples(20-23, 59-62).

Our samples originate from solid tumor resections and are akin to tissue biopsies, predicted to
be of low microbial biomass. Therefore, we have included DNA extraction controls, no-template
PCR amplification controls, sequencing run controls and empty paraffin controls to account for
the various sources of contamination from the hospital and laboratory environments (dust, air,
human commensals), and the different stages of handling and processing of the samples (plastics,
kits, reagents, paraffin, etc...). By comparing the 16S qPCR results of different types of tumor
tissue samples alongside the negative controls in Figures 1A-D, this low biomass quality can be
detected, albeit, qPCR levels of samples are distinguishable from controls indicating a true
biological signal and reinforcing the multiple findings of microbes in solid tumors recently
amassing in the cancer field.

1) Report the experimental design to reduce all types of contamination: DNA from
samples was extracted in a clean room environment, akin to the methodologies of an ancient DNA
lab as this was shown to greatly reduce certain types of contaminations (62). Ultraclean kits and
reagents were used and pre and post PCR experiments were performed in separate designated
areas.

2) Include controls to assess contaminant DNA: As samples of different solid tumor types
were collected from multiple medical centers across the world across several years, a strict and
detailed documentation was carried out of batch sources, such as center origin, DNA extraction
batch and date, PCR amplification batch and sequencing library number. Concomitantly, empty
negative controls were incorporated into each batch type enabling us to detect different types of
batch effects. A total of 811 controls were performed, 801 of them passing our 1000 minimum
reads filter and employed in our statistical approach to in-silico decontamination described in the
next section. This represents an unprecedented ~50% control-to-sample ratio in one of the largest

cohorts of low-microbial-biomass samples (1526 samples).
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3) Determine and mitigate the effect of contaminant DNA: There are several approaches to

remove false-positive contaminating species from further analysis in order to prevent a misleading
characterization of samples’ microbiomes or discovery of false associations between microbes and
clinical phenotypes (67). "Contaminant subtraction”, namely a straightforward removal of all
species detected in control samples, prevents the false-positive rate running rampant in the
microbiome field. However, this approach also runs the risk of losing biological signal resulting
from rare contamination of control samples during their handling and processing with bacteria that
are also genuinely present in the samples. Technical cross-contamination from tumor samples to
control samples can also drive such a contamination of control samples. Our inclusion of over 800
controls enabled us to be highly sensitive to contaminations on the one hand, but to mitigate/reduce
false-negatives errors by recognizing that there is a spectrum of bacterial prevalence across
controls. While the obvious highly prevalent species in control samples could be discounted
altogether, the lower prevalent species could be more appropriately classified as contaminants by
incorporating a statistical comparison of bacterial prevalence in samples to their background
distributions in negative controls. Another possibility for telling apart contaminations from true
signal is by selecting species that are detected concordantly among sample replicates. Technical
replicates of the same sample performed with different DNA extraction kits can tease out kit-
related contaminants, but also run the risk of discounting discordant bacteria due to kit specific
extraction efficiencies. Indeed, by testing several DNA extraction kits and protocols using multiple
mock bacterial mixtures we demonstrated that they harbor different bacterial extraction
efficiencies (data not shown). Therefore, we chose to apply a more biologically-oriented version
of concordance and integrate it with the previous methodologies, implemented as a series of filters
we named the ‘hit calling pipeline’:

- Conversion of relative abundance to read counts and normalization of these read counts per
library to the average read count of all libraries. This reduces the variation introduced by the type
of sequencing platform (e.g. Illumina Hiseq/NextSeq/MiSeq) and the varying read depths of each
library. Note that since many biases can affect the read counts (e.g. the number of 16S rDNA
copies are different between different bacteria) we have mainly used absent/present calls in the
analysis rather then normalized read counts.

- Initial QC: samples that didn't reach the minimum of 1000 normalized reads were removed.
Very few control samples were removed at this stage (10 out of 811), as most negative controls

contain contaminants which are successfully sequenced.
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- Flooring the relative abundance at 10 to reduce the noise variation at the very low abundance

levels. This is a prerequisite to absence/presence calling of species since contaminating species
have a large impact on the lowly abundant species, either by relatively reducing their abundance
or eliminating their detection. This may reduce some rare bacterial species, but enable within-
sample diversity calculations such as sample richness (Figure 3D) and also enable more robust
between-sample diversity calculations (Figure 4A, 4F).

- Removal of global environmental and paraffin contaminants (filter 1). This stage deals with
the highly prevalent contaminations. Here, any species that was prevalent across more than 7.5%
of negative DNA/PCR/Sequencing controls or more than 7.5% of empty paraffin controls was
completely removed. The first set of controls represents our lab environment and the latter
represents the accumulating contamination from the hospital environment, including sample
preparation, storage and block processing. We set the threshold of 7.5% based on the inflection
point in the bimodal distribution of the species abundance percentage in control samples. Several
of the bacterial species exhibiting prevalences higher than this threshold had a clear time and batch
dependant profile.

It is worth mentioning here, that our novel 5-plex bacterial 16S rDNA amplification
sequencing methodology, has greatly increased classification power of 16S sequences at species
resolution. Therefore this global contaminant filtering step was employed on species, enabling a
distinction between contaminating and non-contaminating species even from the same genus. We,
therefore, didn't have to rule out entire genera of bacteria because of one representative
contaminating species.

After removing the highly prevalent contaminations, we could aggregate the species data to
higher taxonomic levels in order to report findings at different taxonomic levels.

- In order to remove the less prevalent contaminations, we compared taxa prevalences in
samples to their prevalences in controls based on the assumption that "even in a low-biomass
regime, the non-contaminants will appear in a larger fraction of true samples that in negative
controls" (22). This type of approach (also implemented in the decontam package in R) has been
demonstrated to be able to discriminate between true positives and contaminations both in high
biomass situations such as the oral cavity and even concurs with the latest literature that extremely
low biomass placental tissue does not contain an indigenous microbiome (22, 23, 63). This
approach veers away from skewed relative abundance data which occur when contaminations are

high and relies more heavily on absent/present calls, which along with flooring by relative
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abundance (see above), reduces the noise variation of presence/absence calling at the very low

abundance levels.

As the RIDE guidelines and additional research indicate, different contamination profiles can
vary across processing batches and time (27, 23, 62). We also took into account that different
tissue types were retrieved from different medical centers and processed at different times using
different batches of kits. We thus shifted to a ‘per-condition' (a combined
tissue+tumor/NAT/normal status) contamination analysis. Therefore, our comparisons between
taxon prevalence in samples and controls were done on a per-condition, per-batch basis, comparing
samples from the same condition to the controls that were processed alongside them. This was
done for the three different processing batch types; DNA extraction batch (filter 2), PCR
amplification batch (filter 3), and sequencing library batch (filter 4). We employed the non-
parametric, exact, binomial test on each taxa's prevalence, x=number of successes in the sample
& n=sample size to the background p= taxa's prevalence in the relevant batch controls. Only taxa
that passed a p-value cutoff of 0.05 in all batch comparisons (filters 2-4) were considered in the
next filtering stage.

- To clear out center-specific contaminations, we compared the prevalence of taxa in all
samples per-condition to their prevalence in a set of empty paraffin controls originating from the
same centers as the samples, requiring a p-value cutoff of 0.05 to pass (filter 5).

- Lastly, in another effort to account for center-specific contamination we applied another filter
demanding that a bacteria in a specific condition be present in samples from at least two medical
centers (filter 6). To this end we compared the prevalence of taxa in samples, again per-condition,
this time per-medical-center to the same-center specific controls (DNA extraction, PCR, library
controls that ran with these specific center samples). This was performed via binomial test (as
described above) on each center per-condition. Only taxa that passed a p-value cutoff of 0.05 in at
least two centers, and a Fisher's combined p-value across all centers, FDR corrected < 0.2, passed
this filter. It is worthy to note, that the two-center requirement is a very harsh one because it
requires "biological concordance” of taxa significantly appearing beyond controls in more than
one medical center. This eliminates hospital-specific contaminants, but also focuses on taxa that
are shared among patients with the same cancer condition, regardless of their country of origin's
environment and bacterial commensals. We were aiming to find a common tumor microbiome
signature for each tumor type.

As in all in-silico analyses, it is always advisable to support and validate findings with

orthogonal experimental methodologies. We included a plethora of visualizing techniques on
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hundreds of tumor samples, including IHC, IF, FISH, electron microscopy and D-alanine

incorporation. We have also used culturomics to provide further evidence for the presence of live
bacteria in human tumors.

MATERIALS AND METHODS

Sample collection. Fresh frozen samples and Formalin-Fixed Paraffin-Embedded (FFPE)
samples were collected from nine medical centers in four countries. All samples were collected
and analyzed according to IRB-approved protocols. In addition, we introduced 643 negative
controls including 437 DNA extraction controls which are empty tubes that were processed
together with the samples, and 206 no-template controls (NTCs) for the 16S amplification for
sequencing (Figure 1A). For 168 FFPE blocks we sliced paraffin from the margins of the block,
sampling paraffin only without tissue. These paraffin negative control samples were generated
from blocks representing all 4 medical centers from which we acquired tissue from FFPE blocks.
Out of the 355 breast tumors, only three were retrieved from patients with breast implants. For 32
of the tumors we have no medical records for the presence or absence of implants.

Bacterial DNA extraction. Frozen tissue (40-70mg) was extracted with the UltraClean Tissue
& Cells DNA Isolation kit (MoBio - #12334) according to the manufacturer’s instructions. A 30
minute proteinase K (15 pl) digestion was done, and bead-beating was performed before (10
minutes) and after (5 minutes) digestion (vortex adapter - Qiagen #13000-V1-24 on Vortex-Genie
2 at maximal speed). Bacterial DNA from paraffin blocks was extracted using the same kit with
some adaptations. Paraffin slices (3-5, 10pum thick) were mixed with TD1 buffer (200ul) and a
paraffin pastille (Histosec pastilles, Merck #111609) and heated at 90°C for 10 min in 1.5ml
microcentrifuge tubes. Tubes were immediately spun in a pre-cooled centrifuge (4°C) for 5 min
(14,000 RPM) followed by 15min incubation on ice to enable easier wax removal. Wax was then
removed with a steel needle followed by the addition of kit TD1 buffer (200ul) and proteinase K
(40ul). Protein digestion was done at 56°C overnight with constant shaking (400RPM). Tubes
were immediately transferred to 90°C for 45 min and then cooled at room temperature for 10min.
Lysates underwent bead beating with 200ul 0.1mm zirconia/silica beads (Biospec - #11079101z)
for 10 minutes at full speed. Ethanol was added (100%, 200 pl) to the tubes followed by a short
vortex mix and the whole mixture (together with beads) was loaded onto the columns in two steps.
Wash and elution steps were done according to manufacturer’s instructions. Pre-heated (70°C)
elution buffer (100ul) was added to the columns. Columns were incubated at 70°C for 4min before

DNA was eluted. All negative controls were processed according to the exact same protocols.
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16S real-time quantitative PCR. The following bacterial primers(24) for the V6 region of the

16S  ribosomal RNA  (tRNA) region were used in  combination:  5’-
CNACGCGAAGAACCTTANC-3" (SEQ ID NO: 1), 5°- ATACGCGARGAACCTTACC-3’
(SEQ ID NO: 2), 5-CTAACCGANGAACCTYACC-3* (SEQ ID NO: 3), 5’-
CAACGCGMARAACCTTACC-3" (SEQ ID NO: 4), 5-CGACRRCCATGCANCACCT-3’
(SEQ ID NO: 5).

Forty ng of DNA was used per reaction. For 1% of the samples in which DNA concentrations
were too low only 10-40ng of DNA was added per reaction. For the 168 paraffin negative controls
we added to the reaction the same volume of eluate that was added for each matched block from
the tissue-containing sample. We also included 209 non-template controls (NTC) for the qPCR
reactions. Note that these 209 negative controls are in addition to the controls reported in Fig 1A.
DNA was combined with 500nM primers, and 1X Kapa SYBR FAST qPCR Master Mix (2X)
(Kapa Biosystems, #KK4605) into a 25 pl reaction. The qPCR reaction was performed on the
Applied Biosystems StepOnePlus™ Real-Time PCR System at 95°C for 3 min, followed by 40
cycles of 95°C for 3 sec and 64°C for 30 sec and completed with a dissociation curve. Amount of
bacteria was estimated by comparing threshold cycles (Ct) values to a bacteria standard curve
produced with Brevibacterium frigoritolerans DNA. Bacterial load was normalized by subtracting
from it the averaged batch-related NTC’s bacterial load.

Immunostaining assays. Human tumor tissue microarrays (TMAs) were purchased from
US Biomax (except for lung tumor TMAs that were a gift from Dr. Dan Raz at City of Hope,
California, USA) and included over 400 cores representing six tumor types. TMAs were stained
for bacterial LPS (Lipopolysaccharide Core, mAb WN1 222-5, HycultBiotech #HM6011, 1:1000
dilution) and LTA (Lipoteichoic acid, mAb 55, HycultBiotech #HM2048, 1:400 dilution) or no
primary antibody (negative control) with the automated slide stainer BOND RX™ (Leica
Biosystems) using the Bond polymer refine detection kit (Leica Biosystems #DS9800), according
to manufacturer’s instructions. Acidic antigen retrieval was done by a 20 min heating step with
the epitope retrieval solution 1 (Leica Biosystems #AR9961). Slides were scanned using the
Pannoramic SCAN II automated slide scanner (3D HISTECH) at 40X.

Analysis was done using two software packages. First, the TMA cores location was
detected and manually corrected using the TMA dearrayer function in QuPath (64). The individual
cores of each slide were then exported to tiff files. Analysis of all the cores was done automatically
using ImagelJ/Fiji (65) macro to produce statistics and quality control images with overlay of the

whole tissue and bacteria detected areas. Segmentation of whole tissue was done by first
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converting the RGB image to grayscale, smoothing it with Gaussian blur, applying a fixed

threshold and discarding small segments (< 100 um?). Finally, small holes in the tissue were closed
(< 1000 um?), while big holes were discarded. Bacteria were segmented by first applying color
deconvolution (66) (www(dot)blog(dot)bham.ac(dot)uk/intellimic/g-landini-software/) with built-
in H-DAB vectors. Candidate bacteria areas were detected by applying fixed threshold to the DAB
“channel”. Soot areas appear darker, thus objects for which the mean intensity in each of the three
color-deconvolved channels is lower than a channel-dependent fixed threshold were discarded.
Elongated and thin objects were also discarded based on their axial ratio and area.

Tumor cores were classified as positive for LPS or LTA according to the proportion of the
total area that was calculated to be positive for DAB (area >0.2% - positive). This threshold was
determined by measuring background signals as detected in control stains of the TMAs (no
primary Ab stain) so that more than 95% of the negative control cores are classified as negative.
The macro correctly distinguishes between bacteria and soot areas in most cases. However, in
some cases they look very similar, so we manually verified all the cores and corrected the
classification as needed. For melanoma, cores were manually corrected as well for melanin signals.

Immunofluorescence assays. Immunofluorescence staining was performed according to
standard staining methods, including a deparaffinization and rehydration step, endogenous
peroxidase quenching (1% H20z, 0.185% HCI), an acidic antigen retrieval step (10 min at 95°C in
Citric acid pH6) and blocking with 1%BSA and 0.2% Triton. Primary antibodies (anti-CD45 -
eBioscience #14-0459-82, anti-CD68 - Invitrogen #MA5-12407) were applied on slides overnight
at 4°C and secondary antibodies (Goat anti-Mouse IgG1 Cross-Adsorbed Secondary Antibody,
Alexa Fluor 555 - Invitrogen #A-21127, Goat anti-Mouse IgG3 Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 - Invitrogen #A-21151) were added for 30 min at room temperature.
Slides were mounted with ProLong Gold Antifade Mountant (Life technologies #P36930). Slides
were scanned using the Pannoramic SCAN II automated slide scanner (3D HISTECH) at 20X.

165 RNA FISH. FFPE tissue slides were deparaffinized, rehydrated and incubated in 70%
ethanol at 4°C for 2 hours. Slides were washed in 2X SSC (Ambion #AM9765) and incubated with
proteinase K (10pg/ml in 2x SSC, Ambion #AM?2546) for 10 minutes. Slides then underwent two
washes with 2XSSC followed by two washes in 2XSSC with 15% formamide (Ambion
#AMO9342). Cy5 labelled Probes (EUB338(27)- GCTGCCTCCCGTAGGAGT (SEQ ID NO: 6)
and non-specific complement probe — CGACGGAGGGCATCCTCA (SEQ ID NO: 7), at
1680nM) were hybridized overnight at 30°C in 2XSSC, 10% Dextran sulfate (Sigma #D8906),
Img/ml E.coli (RNA (Sigma #R4251), 0.02% BSA (Ambion #AMZ2616), 2mM Vanadyl-
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ribonucleoside (New England Biolabs #514025) and 15% formamide. Sections were washed for

30 minutes at 30°C in 2XSSC with 15% formamide followed by a 30 minutes incubation step with
2XSSC, 15% formamide and DAPI at 30°C. Slides were washed in 2XSSC, 10mM TRIS pHS8 and
0.4% glucose and mounted with ProLong Gold Antifade Mountant (Life technologies #P36930).
Staining was visualized with the Pannoramic SCAN II automated slide scanner (3D HISTECH) at
40X. Analysis was done using the same tools and steps as for the IHC slides with some
modifications. Segmentation of whole tissue was done using the DAPI image, smoothing it with
Gaussian blur, applying a fixed threshold and discarding small segments (< 500 pm?2). Finally,
small holes in the tissue were closed (< 5000 pm?2), while big holes were discarded. Bacteria were
segmented by applying median filter on the Cy5 image with an intensity threshold set at 40. Small
Cy5 positive segments (<5 pm?) were discarded. Tumor cores were classified as positive for
bacterial 16S rRNA according to the proportion of the total area that was calculated to be positive
for Cy5 (area >0.799% - positive). This threshold was determined by measuring background
signals as detected in control stains of the TMAs using the non-specific complement probe.
Correlative Light and Electron Microscopy (CLEM). The CLEM imaging was done at
the Moskowitz Center for Nano and Nano-Bio Imaging, Weizmann Institute of Science. Samples
were fixed in 4% paraformaldehyde with 0.1% glutaraldehyde in 0.1M cacodylate buffer (pH=7.4)
for 1 hour at room temperature, and kept overnight at 4 °C. Samples were then soaked overnight
in 2.3M sucrose and rapidly frozen in liquid nitrogen. Frozen ultrathin (70-90 nm) sections were
cut with a diamond knife at —120°C on a Leica EM UC6 ultramicrotome. The sections were
collected on 200-mesh Formvar coated nickel grids. Sections were labeled with DAPI (1 pg/ml
for 20 minutes at RT), primary antibody for LPS (Lipopolysaccharide Core, mAb WN1 222-5,
HycultBiotech #HM6011, 1:300 dilution) and secondary antibody conjugated to AlexaFluor555
(Goat anti-Mouse IgG2a Cross-Adsorbed Secondary Antibody, Alexa Fluor 555, Invitrogen #A-
21137, 1:200 dilution). Wide-field fluorescence images were taken in order to identify bacteria-
AlexaFluore555 using VUTARA SR352 system (Bruker). Contrast staining and embedding of the
sections were performed as previously described (29). The same grids were viewed with an FEI
Tecnai SPIRIT (FEI, Eindhoven, Netherlands) transmission electron microscope operated at 120
kV, and equipped with an EAGLE CCD Camera. LPS channel was used to identify bacteria in the
section and provided a desired region for TEM investigation. The TEM grid mesh was used to
identify the general region of a selected cell, while the nucleus marked with DAPI and easily
identified in the TEM was used as fiducial markers in order to overlay the fluorescence image and

the TEM image in high accuracy.
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Improving Greengenes (GG) taxonomy. While each sequence in the GG database has an

assigned taxonomy, species-level taxonomies are missing for about 80% of the sequences.

Moreover, the taxonomy is sometimes inconsistent or contains typos. We took a few steps to curate

and augment the GG taxonomy.

1.

Detecting general inconsistencies. A taxonomy that was specified at a certain level while
its higher levels were unknown was replaced by the term ‘unknown’.

Detecting inconsistencies at the species level. The GG taxonomy file (May 2013 version)
was validated using the DSMZ nomenclature (www(dot)dsmz(dot)de). GG species that did
not appear in DSMZ although their genus was present in DSMZ were changed to ‘unknown
species’ in the GG database.

Using RDP-based taxonomy to augment GG taxonomy. All GG sequences were classified
via the Ribosomal Database Project (RDP) Sequence Match (SeqMatch) engine recoding
250 matches per query sequence. Each such match provided a tentative taxonomy and a
similarity score, S_ab, between the GG query sequence and the retrieved match. The lowest
taxonomic level for each of these 250 matches was set using a threshold on S_ab: species
- 0.99, genus - 0.97, family - 0.93, order - 0.85, class - 0.75, phylum - 0.65, domain - 0.5.
Each GG sequence was assigned a taxonomy according to the maximal S_ab among the
250 matches. The GG taxonomy was considered as baseline to be augmented by RDP-
based taxonomy only when the latter was consistent with GG and provided more
information.

Assigning missing genus and species names. Novel assignments were first sought at the
genus level. All sequences having an ‘unknown’ genus were divided into groups based on
their known taxonomy (e.g., all sequences belonging to a specific phylum, class, order and
family but lacking a genus, were grouped together). All sequences that share the same
taxonomy but also have a known genus were added to each group (e.g., in case the group’s
family is ‘unknown’ all sequences whose genus is known were added irrespective of their
family). A similarity matrix between all pairs of sequences in a group was calculated using
Mothur [16]. Taxonomy of each sequence having an unknown genus was assigned by a
majority vote over sequences whose genus is known and whose similarity to the query
sequence was higher than 97% (in case of ties, the lexicographically first taxonomy was
selected). The Mothur similarity matrix over sequences whose genus remained unknown
was clustered using the complete linkage agglomerative clustering algorithm and then split

into clusters using a 97% cutoff. Sequences in each cluster were assigned an arbitrary genus
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name (e.g., “unknown genus #57). Subsequent to processing the genus level, the same

procedure was repeated for species.

. 16S amplification and deep sequencing. Five regions of the 16S rRNA gene were

amplified using 100ng DNA as an input and a set of 10 multiplexed primers (0.2uM each
primer, FI-TGGCGAACGGGTGAGTAA (SEQ ID NO: 8), F2-
ACTCCTACGGGAGGCAGC (SEQ ID NO: 9), F3-GTGTAGCGGTGRAATGCG (SEQ
ID NO: 10), F4-GGAGCATGTGGWTTAATTCGA (SEQ ID NO: 11), F5-
GGAGGAAGGTGGGGATGAC (SEQ ID NO: 12), R1-
AGACGTGTGCTCTTCCGATCTCCGTGTCTCAGTCCCARTG (SEQ ID NO: 13), R2-
AGACGTGTGCTCTTCCGATCTGTATTACCGCGGCTGCTG (SEQ ID NO: 14), R3-
AGACGTGTGCTCTTCCGATCTCCCGTCAATTCMTTTGAGTT (SEQ ID NO: 15),
R4-AGACGTGTGCTCTTCCGATCTCGTTGCGGGACTTAACCC (SEQ ID NO: 16),
R5-AGACGTGTGCTCTTCCGATCTAAGGCCCGGGAACGTATT (SEQ ID NO: 17)),
0.2mM dNTPs (Larova GmbH) and 0.02U/ul of Phusion Hot Start II DNA Polymerase
(Thermo Scientific #F549). Amplification was done with an initial heating step of 98°C for
2 min, 30 cycles of 10 seconds at 98°C, 15 seconds at 62°C, 35 seconds at 72°C followed
by a final elongation step of 5 min at 72°C. Barcodes and Illumina adaptors were added to
the amplicon with a second PCR reaction with 5 forward primers (0.2uM each primer,
FF1-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTTGGCGAACGGGTGAGTAA (SEQ ID NO: 18), FF2-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTACTCCTACGGGAGGCAGC (SEQ ID NO: 19), FF3-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTGTGTAGCGGTGRAATGCG (SEQ ID NO: 20), FF4-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTGGAGCATGTGGWTTAATTCGA (SEQ ID NO: 21), FF5-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC
GATCTGGAGGAAGGTGGGGATGAC (SEQ ID NO: 22)) and one 8 nucleotide
barcode-specific reverse primer (0.4uM, RR5-CAAGCAGAAGACGGCATACGAGAT-
NNNNNNNN-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT (SEQ ID NO:
23)). The amplicon was diluted into the reaction (10-fold) and amplified with 6 cycles of
10 seconds at 98°C, 15 seconds at 64°C, 25 seconds at 72°C’. Amplicons were then
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combined into sub-libraries (40-50 amplicons) and each library was purified using

Qiaquick PCR purification kit (Qiagen #28104) according to the manufacturer’s
instructions. Multiple sub-libraries were then combined into the final library (100-430
amplicons) and further purified from primer dimers using Agencourt AMPure XP
(Beckman Coulter #A63881) at a volume ratio of 1:0.85 (library : beads). The library
(7pM) was supplemented with 15% PhiX (8pM) and sequenced on Illumina Hi-seq 2500
v4 (paired end 2x125),Mi-seq v2 (paired-end 2x150) or NextSeq 500 mid output (paired
end 2x150) sequencers.

Reconstruction was performed using the Short MUItiple Regions Framework (SMURF)(34).
SMUREF is a computational method for high-resolution 16S rRNA profiling, that combines
sequencing results from any number of short amplified regions into a coherent solution. In brief,
an ad hoc database is prepared by extracting the k-mers from each 16S rRNA sequence in each
region, for a given set of primer pairs and desired read length (the database used in the current
application of SMURF was Greengenes(35) containing ~1.2M sequences). As preprocessing steps,
low quality reads from the fastq files were filtered out in three cases: (i) A Phred score of less than
30 in more than 25% of the nucleotides; (i1) More than three nucleotides having a Phred score of
less than 10; or (iii)) When containing one or more ambiguous base calling (e.g., ‘N’). Remaining
reads in each region are matched to the ad hoc database of k-mers in each region, and
reconstruction is performed by applying the expectation-maximization algorithm for maximizing
the multinomial likelihood of the observed reads. SMURF’s output comprises a list of ‘groups’
and their relative abundances, where a group is a set of full-length GG 16S rRNA sequences that
share the same sequence over the de facto long amplicon (hence are indistinguishable). In almost
all cases a group contains the same species, and in many cases contains a single 16S rRNA
sequence. Each group is assigned a species-level taxonomy to allow taxonomy-based analysis (for
groups comprising more than one 16S rRNA sequence, taxonomy is assigned by a majority vote).
For pancreatic tumors only and additonal sequencing analysis method was applied as previously
described(16).

16S data analysis. Relative abundances were converted to read counts by multiplying by the
total number of reads. Sample reads were normalized within each sequencing library, by a factor
representing the ratio of the average number of reads/sample in the specific library to the overall
average across libraries. Samples with fewer than 1000 normalized reads (including negative
controls) and species with relative abundances of less than 10* were discounted from further

analysis.
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We then apply a series of six filters to detect and remove contamination:

Filter 1: We removed species that had a high prevalence in negative controls; 113 species
that appeared in over 7.5% (this number represents the inflection point of the bimodal distribution
between most species that appear in very few controls, to species that exhibit a higher range of
prevalences of control samples (n=636) were assumed to come from lab handling procedures,
biological reagents and kits and were removed from further analysis. 139 species that appeared in
over 7.5% of empty paraffin control samples that had more than 1,000 normalized reads (n=165)
were assumed to come from global paraffin processing or represent global hospital environment
contamination. 84 of them overlapped with the previous list so only an additional 55 and were
removed from further analysis. Note that overall 168 species were removed as general
contaminants (113+55) while in figure 3B it looks like only 167 species were removed as general
contaminants (9,190 - 9,023). This difference stems from the fact that one general contaminant
that was found in paraffin did not appear at all in our tumor/normal samples and is thus not
included in the 9,190 species presented on figure 3B. Many of these general contaminant species
corroborate with previously reported lists of contaminating species (21, 23). Next, the relative
abundances and normalized reads values of higher level taxonomies such as genera and families
were calculated based on the sums of those measures in their lower taxonomic members.

Filter 2-4: In order to remove the less prevalent contaminations (that could originate from
rarer contamination events that occur during processing or cross-contaminations between samples)
we compared taxa prevalences in samples to their prevalences in controls. We took into account
that different contamination spectrums can vary across processing batches and time and that
different tissue types may have different microbial biomass levels, efficiencies of DNA extraction
and PCR amplification so we shifted to a 'per-condition’ (a combined tissue+tumor/NAT/normal
status) contamination analysis. Therefore, our comparisons between taxon prevalence in samples
and controls were done on a per-condition, per-batch basis, comparing samples from the same
condition to the controls that were processed alongside them. This was done for the three different
processing batch types; DNA extraction batch (filter 2), PCR amplification batch (filter 3), and
sequencing library batch (filter 4). We employed the non-parametric, exact, one-tailed binomial
test on each taxon’s prevalence, x=number of successes in the sample and n=sample size to the
background p= taxa's prevalence in the relevant batch controls. Only taxa that passed a p-value
cutoff of 0.05 in all batch comparisons were considered for the center filter (filter 6). Specifically
for the colon tumor and NAT conditions, only one center was sampled so an FDR<0.2 was applied

to the p-values of the sequencing library run filter (filter 4) and the center filter was not applied.
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Filter 5: We compared prevalence of taxa in all samples per-condition to their prevalence

in a set of empty paraffin controls originating from the same centers as the samples, requiring a
one-tailed binomial p-value<=0.05 to pass.

Filter 6: To account for a center-specific batch effect, we compared prevalence of taxa in
samples, again per-condition, this time per-medical-center to the same-center specific controls
(DNA extraction, PCR, and library controls that ran with these specific center samples). This was
performed via binomial test (as described above) on each center per-condition. Only taxa with p-
value<=0.05 in at least two centers, and a Fisher's combined p-value across all centers, FDR
corrected < 0.20, passed this filter.

In order to eliminate sample size biases among comparisons between tissue types, this
method was also applied on rarefied data; a range of sub-samplings from each tumor/NAT tissue
across a spectrum of sample sizes. We performed 100 random sub-samplings per sample size.
Averages and confidence intervals of the number of genera that passed all filters per tumor type
per sample size calculated across the 100 randomizations are plotted as lines and sleeves,
respectively (Figures 3C, 3F).

Richness and alpha-diversity measures across tissue types (Figures 3D, 3E) were
calculated on rarefied data of 40 samples per tumor type, with 10 iterations. For each iteration the
full hit calling pipeline was applied per tumor type and only bacterial species that passed all filters
in any of the tumor types (‘hits’) were included in the analysis for all tumor types. For the control
box plots (negative controls and paraffin controls) the presence of any of the ‘hits” was counted in
each of 636 negative controls and 165 paraffin controls.

The relative abundances in Figure 4B were calculated taking into consideration all species
(n=907) that passed all filters in any of the tumor types, including colon tumors.

Binary vectors representing the absence or presence of bacterial species that passed all
filters in any of the tumor/NAT tissue types on the entire dataset were calculated for each
tumor/NAT tissue type. The Jaccard similarity index was used to calculate an unweighted beta-
diversity index amongst the tumor/NAT types, which was then used as the metric of a principal
coordinate analysis. The resulting PCoA1 vs PCoA2 biplot is depicted in Figure 4F.

Clustering in Figures 4C and S5A was done with Morpheus tool
(www(dot)software(dot)broadinstitute(dot)org/morpheus/, one minus Pearson correlation metric
and average linkage method was used).

Comparisons of taxa or functions between clinical cohorts (e.g. smokers and never-

smokers in lung tumors, breast tumor subtypes, tumor versus NAT tissue status) were carried out
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using the two-proportion z-test, comparing the proportion of samples positive for a given bacterial

taxa (or function) in one clinical cohort to its proportion in a second cohort. Taxa or functions were
tested if their prevalence was => 10% in at least one of the clinical cohorts tested. For the
comparison of MetaCyc pathways in smokers vs non-smokers, functions were tested if their
prevalence was => 10% in at least one of the clinical cohorts and not higher than 90% in both
cohorts. The two-tailed p-value is reported for each taxon (or function) and it’s inverse log version
is used as the Y axis of the volcano plot figures. The effect size on the X axis of the volcano plots
is the difference in proportions of a taxon between the two compared cohorts. In addition, the one-
tailed p-values of a non-parametric, hypergeometric test for enrichment of a taxa/function in one
clinical condition (chosen as the condition in which the taxa was more prevalent) versus both and
the one tailed p-values of an exact binomial test comparing the number of samples in which a
taxa/function appear in the first clinical condition to the background of its proportion of positive
samples (p) in the second condition are also included in the supplementary data tables. The latter
test is used in the event of comparison between smaller sample sizes such as response status to
immune-checkpoint inhibitors in melanoma. For this comparison, the relevant binomial test p-
values are used to generate the Y axis of the volcano plot (Figure S5F).

The comparison of bacteria between melanoma patients who responded to ICI treatment
and patients who didn’t respond was carried out per patient. In patients for which multiple biopsies
were analyzed, we have only used the sample that was retrieved at the earliest time point. If more
than one biopsy was available from the same patient at the same earliest time point, these samples
were united to one sample by combining their normalized reads. The cohort represents 79 samples
from 49 non-responding patients and 38 samples from 29 responding patients. One patient was
excluded for these analyses because no PFS data was available for that patient (48 NR and 29 R).
All 46 bacterial taxa that were significantly differentially present in patients who responded to ICI
treatment versus patients who didn’t respond to treatment (Figure SF) were used to further stratify
the patients into two groups (18 taxa in responders and 28 in non-responders). For each patient,
the proportion of response associated bacteria that are present out of 18 and the proportion of non-
response associated bacteria that are present out of 28 was calculated (Table 4). Patients that had
a higher (or equal) proportion of response associated bacteria compared to the proportion of non-
response associated bacteria were assigned to the group of response signature positive patients.
Progression-free survival plots for these two cohorts are shown in Figure 5G.

Culturomics. Tissues were collected from five patients undergoing a scheduled surgery for

the removal of a breast tumor with appropriate written informed consent and used under approval



10

15

20

25

30

WO 2021/205444 PCT/IL2021/050388

51
from the Institutional Review Boards of Tel-Aviv Sourasky Medical Center and Weizmann

Institute of Science. Tumor tissues were collected in a sterile manner during surgery and were
transferred on ice to our lab. Each tissue was dissected into 10 pieces under sterile conditions. One
piece of the tissue was fixed in formalin and then embedded in paraffin, while another piece was
fresh-frozen in liquid nitrogen. For isolation of anaerobic or aerobic bacteria, tissue pieces were
placed in tubes containing one steel bead (3mm) and 0.5ml BHI media with or without 0.05% L-
cystein, respectively. Four tubes were collected for each bacteria isolation condition (aerobic and
anaerobic) and kept on ice until tissue dissociation. In parallel, control tubes for each condition
were prepared in the same working area to account for workspace contaminants. Tubes were
vigorously vortexed for 10 minutes to dissociate the tissue. All steps following tissue dissociation
for anaerobic bacteria isolation were carried out inside an anaerobic chamber. Samples of the same
condition were combined and diluted 1:1 with fresh BHI supplemented with 0.05% L-cystein for
the anaerobic condition. Each dissociated tissue was plated on 35 different growth medium agar
plates (100 pl per plate) and incubated at 37 degrees C for either 3 days in aerobic conditions or 5
days in anaerobic conditions. Control samples were plated and incubated for the same duration.
Single colonies were picked and grown in appropriate liquid growth media and condition for 1-3
days. When multiple colonies with similar morphology grew on a specific plate, only two were
picked for further growth. Plates were then scraped into BHI medium to bulk collect all cultured
bacteria from all 35 plates grown in the same condition.

Bacterial genomic DNA from specific colonies or bulk bacteria populations were isolated
according to the above-mentioned protocol for snap frozen tissues. DNA of each colony was
diluted to 1.5ng, and Illumina libraries were prepared using Nextera DNA library preparation kit,
Ref# 15028211; by Tecan Freedom Evo 200 robot platform. IDT for Illumina Nextera DNA
Unique Dual Indexes Sets A-D were used for library preparation. Library concentration was
measured using iQuantTM dsDNA HS Assay Kit, ABP biosciences (Cat# AP-NO11) and library
size quantified by automated electrophoresis nucleic acid QC -Tape-Station system. Libraries were
sequenced to a minimum depth of 1.3 million reads by NextSeq 500 machine with IlluminaNS
500/550 High Output V2 75 cycle kit, Cat# FC-404-2005.

Culturomics genome assembly and species Identification. First, reads that mapped to
the hg19 human genome assembly were filtered out (GEM mapper(67) version 1.7.1; maximum
of 5 mismatches allowed). Next, genome assembly of the filtered reads for each sample was
performed with the de novo assembler MEGAHIT(68) (version 1.1.2). 16S rRNA sequences were
detected by applying the Barrnap tool (www(dot)github(dot)com/tseemann/barrnap) to assembled
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contigs. Detections of length smaller than 1000nt were discarded and BLAST against the

Greengenes database was applied to the remaining sequences. A match was declared whenever
similarity was higher than 99.5%. In case no such match was found, a threshold of 97.0% similarity
was set and the most prominent genus of matching Greengenes sequences was provided.

Live in-situ bacteria labeling with fluorescent D-alanine. Tumor tissues were collected
from patients undergoing a scheduled surgery for the removal of a breast tumor with appropriate
written informed consent and used under approval from the Institutional Review Boards of Tel-
Aviv Sourasky Medical Center and Weizmann Institute of Science. Freshly-removed tumors were
sliced into 250um thick slices using the Compresstome VF-300 microtome (Precissionary
instruments), and were incubated ex-vivo for 2 hours with DMEM/F12 growth medium (without
antibiotics) containing either blue fluorescently labeled D-alanine (HADA #6647, R&D Systems,
at a final concentration of 1uM) or DMSO control at 370C and 80% oxygen. Slices were then
washed twice with PBS, fixed in 4% PFA for 4 hours at room temperature and paraffin embedded.
Sum histology cuts were deparaffinized, stained with SuM DRAQS (#62251, Thermo Scientific)
for 30 minutes and mounted. Slides were scanned with the Pannoramic SCAN II automated slide
scanner (3D HISTECH) at 40X.

PICRUSt2 analysis. We used PICRUSt2 (version alpha.2) to generate a mapping between
the bacterial 16S sequences found in our samples to a list of functions predicted for them. Two
separate mappings were generated for MetaCyc metabolic pathways and KEGG orthologs. To
facilitate the interpretation of functional results, for the MetaCyc pathways we used the supporting
data from classes.dat and pathways.dat (provided to subscribers of BioCyc) to generate the
hierarchies of each pathway and for KEGG orthologs, we used the KEGG BRITE hierarchy.

Binary tables representing the absence/presence of a function (row) in a bacterium
(column) were matrix multiplied against the tables representing the species normalized reads per
sample. This resulted in a function per sample table, where every cell [1,j] is the sum of normalized
reads of function ‘i’s contributing species per sample ‘j’. Each cell [1,j] was then divided by the
total number of normalized reads per sample ‘j” from the original species table to generate average
read frequencies of functions per sample. For all functional comparison analyses, function tables
were generated from all present bacteria excluding global contaminants.

These read frequency values were used in the unsupervised clustering of 287 MetaCyc
pathways that were most variable between the different tumor types in Figure SA (Morpheus -—
www(dot)software(dot)broadinstitute(dot)org/morpheus/, one minus Pearson correlation metric

and average linkage method was used).
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Binarized versions of these tables were used to calculate percent prevalence of a given

function in a set of samples. Figures 5B and SE represent comparisons between function
prevalences from two different sets of samples. A two-tailed proportion ztest, which takes the
sample sizes into account, was applied on all functions, that had a minimal prevalence of 10% in
at least one group of patients, to assess the significance of the comparisons.

The MetaCyc pathways that were found to be significantly enriched in lung tumors of
smokers when compared to never-smokers, were manually categorized into two classes of
functions: cigarette smoke metabolites degradation functions and the biosynthesis of plant-related
metabolites. The contributing species for each class were determined based on the original
PICRUSt2 mappings between species and function and the presence of the species in the relevant
samples. The normalized reads of each class of species were plotted as color-gradiented spokes in
rings on a modified GraPhlAn(70) plot depicting taxonomic distribution of the bacterial species

hits across the seven tumor types (Figure 5D).

EXAMPLE 1

Bacterial DNA, RNA and lipopolysaccharide are frequently present in human solid tumors
We focused on seven human solid tumor types that represent either common cancer types
or cancer types for which the tumor microbiome has never been reported before like melanoma,
bone, and brain tumors (Figure 1A). To address lab-borne contaminants, we introduced 643
negative controls that were processed together with the samples, including 437 DNA extraction
controls and 206 PCR no-template controls (NTC). To address contamination that might have
occurred before the samples reached our lab, we also included 168 paraffin only samples taken

from the margins of the paraffin blocks (without tissue) that were used in the study (Figure 1A).
Overall, we profiled 1,010 tumor samples and 516 normal samples, including normal
adjacent tissues (NAT) from the same patients (Figure 1A). In the case of ovarian cancer, our
normal samples came from the ovaries or uterus of the patients, or from normal fallopian tube
fimbria of normal unmatched patients. To quantify bacterial DNA, we used a real-time quantitative
PCR (qPCR) assay with universal primers 967F-1064R against the bacterial ribosomal 16S gene
(16S rDNA) (24). Levels of bacterial DNA in all tumor types were significantly higher than in
both DNA extraction and paraffin controls (Fig. 1B, p-value<10™'° for each tumor type, Wilcoxon
rank-sum test). We found that different cancer types vary in the proportion of tumors that are
positive for bacterial DNA, ranging from only 14.3% in melanoma to over 60% in breast, pancreas,

and bone tumors. Bacterial DNA was also detected in solid tumors that have no direct connection



10

15

20

25

30

WO 2021/205444 PCT/IL2021/050388

54
with the external environment, such as ovarian cancer, glioblastoma multiforme (GBM), and bone

cancer.

To further validate the presence of bacteria in human tumors, we stained more than 400
additional tumors (not related to the 1,526 samples described above), representing six of our seven
profiled tumor types, for the presence of bacteria. We conducted immunohistochemistry (IHC)
using antibodies against bacterial lipopolysaccharide (LPS) and lipoteichoic acid (LTA) to detect
Gram-negative and Gram-positive bacteria, respectively (25, 26). We also used RNA fluorescent
in situ hybridization (FISH), with a universal probe against bacterial 16S rRNA, to detect bacterial
RNA in these tumors (27). To control for non-specific staining, IHC negative controls (no primary
antibody) and FISH negative controls (non-specific complement probe) were also applied to the
samples. Overall, bacterial LPS and 16S rRNA were frequently detected in all tumor types (Fig.
1C), and demonstrated a similar spatial distribution (Fig. 1D). LTA was detected mostly in
melanoma tumors, and remained largely absent in other tumor types. In general, more tumors were
found to be positive for bacteria using visualization methods than qPCR. This disparity may be
due to some limitation in the sensitivity of our qPCR assay, as well as our strict cutoff for

confirming a sample as positive.

EXAMPLE 2
Intra-tumor bacteria are mostly intracellular, and can be found in both cancer and immune
cells

Pathological examination of tumor cores indicated that LPS and bacterial 16S rRNA were
detected mostly in cancer and immune cells (Figure 2A). In cancer cells, bacterial 16S rRNA was
detected mostly in the cytoplasm, whereas LPS staining was associated with both the cytoplasm
and the nucleus (Figure 2B). CD45-positive leukocytes generally exhibited a stronger cytoplasmic
bacterial staining by 16S rRNA staining than did cancer cells (Figure 2C). LTA-positive bacteria
were almost exclusively found in macrophages, as detected by H&E staining and verified by
immunofluorescence (IF) for CD68 (Figure 2D). LTA was rarely detected in cancer cells or in
CD45+/CD68- immune cells (Figures 2A-E). While the intensity of bacterial LPS and LTA
staining was very strong in CD45+/CD68+ cells, bacterial 16S rRNA was only rarely found in
macrophages by FISH (Figures 2A and 2D). This discrepancy may reflect macrophage ingestion
of bacterial components rather than live bacteria or may result from the accumulation of LPS and
LTA in macrophages long after the bacteria have been phagocytized and processed by the

macrophages. Indeed, it has been previously demonstrated that processing of bacterial LPS by
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macrophages is very slow, therefore LPS can be found in these cells months after the bacteria were

ingested and processed (28).

To further verify the presence of bacteria inside cancer cells, we performed correlative
light and electron microscopy (CLEM) (29, 30) on four human breast tumors that were positive
for bacterial LPS and 16S rRNA. Combined LPS fluorescence staining and transmission electron
microscopy (TEM) imaging of the same cells clearly demonstrated the intra-cellular localization
of bacteria in all four tumors (Figure 2E). In many cases, the bacteria were found in close proximity
to the nuclear membrane. Since we did not detect intra-nuclear bacteria by TEM, we suspect that
the appearance of LPS nuclear localization in some tumors represents staining of cytoplasmic
perinuclear bacteria.

Whereas bacterial 16S rRNA FISH signals were found to be mostly diffused inside cells,
typical bacterial rods or cocci were only rarely detected (in 3 out of 426 cores). This observation,
together with the fact that no cell wall polymer LTA was detected in cancer cells, despite the
detection of many Gram-positive bacteria in human tumors by 16S rDNA sequencing, suggests
that it is possible that bacteria in tumor cells may have altered their envelope, perhaps leading to
a cell-wall deficient state, akin to L-forms (3/). Indeed, cell wall-deficient bacteria are known to
be found exclusively inside cells, where their morphology transforms into less defined structures
of highly variable sizes and shapes (32, 33). Our TEM images also suggest that many of the intra-

cellular bacteria lack a cell wall (Figure 2E).

EXAMPLE 3
The microbiome of breast tumors is richer and more diverse than that of other tumor types
To characterize the intra-tumor microbiome, we developed a novel multiplexed 16S rDNA
sequencing protocol that amplifies five short regions along the 16S TRNA gene: the “5R” 16S
rDNA sequencing method (Fig. 3A). By amplifying 68% of the bacterial 16S rRNA gene using
short amplicons, this method increases the coverage and resolution of bacterial species detection
compared to the widely used V4 or V3-V4 amplification. Moreover, it can be applied to relatively
degraded DNA, originating from formalin-fixed paraffin-embedded (FFPE) tumors. Reads from
1,526 samples and 811 negative controls (DNA extraction controls, 16S SR PCR controls and
paraffin controls), were computationally combined into long amplicons, using Short MUItiple
Regions Framework (SMURF) (/3), and the Greengenes database as a reference. To improve
taxonomic assignment, we used the Ribosomal Database Project (RDP) classifier to augment the

Greengenes database by assigning a species-level taxonomy to 380,000 bacterial 16S rRNA
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sequences that originally lacked such taxonomy (35). Thirty nine samples and 10 controls that had

less than 1,000 normalized reads were discarded from further analysis.

Overall, we detected 9,190 bacterial species across the different tumor or normal tissue
types (Figure 3B). Because some of these species may represent contamination of the samples, we
applied a strict set of six filters to control for potential sources of contamination. To account for
the most frequent general contaminants, filter 1 removed 167 bacterial species that were detected
in more than 7.5% of our DNA extraction/NTC negative control samples or in the paraffin
controls. This threshold demarcates the transition between the great majority of species that are
mostly absent or very rarely present in controls, and species that appear much more commonly in
controls. We then applied three filters to control for batch effects originating from DNA extraction,
PCR amplification or sequencing lane using hundreds of negative controls as background for lab-
borne contamination (filters 2-4). Filters 5 and 6 were added to control for contamination that
might have been introduced to the samples prior to their processing in the lab. Filter 5 uses paraffin
only samples (without tissue) from the margins of the same paraffin blocks that were used in the
study, to control for contamination in the process of paraffin blocks preparation and storage.
Lastly, to account for other potential sources of medical-center-specific contamination, filter 6
excluded bacteria that were not significantly enriched in a specific tumor type across multiple
medical centers. Only bacteria that passed all six filters in a specific cancer type or its NAT were
considered as ‘hits’ that are present in this cancer or NAT condition (Figure 3B).

We found that breast tumors had a richer and more diverse microbiome than all other tumor
types tested (p-value<10™'* for each tumor type, Wilcoxon rank-sum test, Fig. 3C, 3D). An average
of 16.4 bacterial species were detected in any single breast tumor sample, whereas the average was
lower than 9 in all other tumor types (p-value<10™! for each tumor type, Wilcoxon rank-sum test,
Figure 3E). We also found that bacterial load and richness were higher in breast tumor samples
than in normal breast samples from healthy subjects. Tumor-adjacent normal breast tissue had an
intermediate bacterial load and richness, between those of the breast tumor and normal samples
(Figure 3F). In contrast, we did not find a higher bacterial load in lung and ovarian cancer as
compared to their tumor-adjacent normal tissue.

To determine whether live bacteria are present in human tumors, we collected fresh breast
tumor samples from five women undergoing breast surgery. All tissues were gently dissociated in
sterile conditions, plated on 35 types of agar growth media, and incubated in both aerobic and
anaerobic conditions, representing a broad span of growth conditions to accommodate a high

diversity of bacteria (36). Bacteria and fungi that were identified are presented in Table 1 below.
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Table 1
species SE
king Q
dom | phylum | class order family _genus ID
Bact | Actinob | Actinobacter | Actinomyc | Actinomyce
eria | acteria |ia etales taceae Trueperella 24
Bact | Actinob | Actinobacter | Actinomyc | Bogoriellace
eria |acteria |ia etales ae Georgenia 25
Bact | Actinob | Actinobacter | Actinomyc | Cellulomon | Cellulomon
eria | acteria |ia etales adaceae as 26
Bact | Actinob | Actinobacter | Actinomyc | Cellulomon
eria |acteria |ia etales adaceae Oerskovia 27
Corynebac
terium
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact | tuberculos
eria |acteria |ia etales riaceae erium tearicum 29
Corynebac
terium
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact | tuberculos
eria | acteria |ia etales riaceae erium tearicum 31
Corynebac
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact | terium
eria | acteria |ia etales riaceae erium variabile 32
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact
eria | acteria |ia etales riaceae erium 33
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact
eria |acteria |ia etales riaceae erium 35
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact
eria | acteria |ia etales riaceae erium 36
Bact | Actinob | Actinobacter | Actinomyc | Corynebacte | Corynebact
eria |acteria |ia etales riaceae erium 37
Bact | Actinob | Actinobacter | Actinomyc | Dermabacte | Dermabact
eria | acteria |ia etales raceae er 38
Bact | Actinob | Actinobacter | Actinomyc | Dermacocca | Dermacocc
eria | acteria | ia etales ceae us 39
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Bact | Actinob | Actinobacter | Actinomyc | Dermacocca | Dermacocc
eria |acteria |ia etales ceae us 40
Bact | Actinob | Actinobacter | Actinomyc
eria |acteria |ia etales Dietziaceae | Dietzia 41
Bact | Actinob | Actinobacter | Actinomyc | Geodermato | Blastococc
eria | acteria |ia etales philaceae us 42
Bact | Actinob | Actinobacter | Actinomyc | Intrasporang
eria |acteria |ia etales laceae Janibacter 43
Bact | Actinob | Actinobacter | Actinomyc | Intrasporang | Ornithinimi
eria |acteria |ia etales laceae crobium 44
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Agrococcu
eria | acteria |ia etales laceae S 45
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Agrococcu
eria |acteria |ia etales laceae S 46
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Microbacte
eria | acteria |ia etales iaceae rium 47
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Microbacte
eria |acteria |ia etales laceae rium 48
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Microbacte
eria | acteria |ia etales laceae rium 49
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Microbacte
eria |acteria |ia etales laceae rium 50
Bact | Actinob | Actinobacter | Actinomyc | Microbacter | Microbacte
eria |acteria |ia etales laceae rium 51

Arthrobact
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Arthrobact | er
eria |acteria |ia etales ceae er aurescens 52
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 53
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 54
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 55




WO 2021/205444 PCT/IL2021/050388
59
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 56
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 57
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 58
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 59
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 60
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 61
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 62
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 63
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 64
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 65
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 66
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 67
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 68
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria |acteria |ia etales ceae us us luteus 69
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 70
Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc | Micrococc
eria | acteria |ia etales ceae us us luteus 71
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Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Arthrobact

eria |acteria |ia etales ceae er 72

Bact | Actinob | Actinobacter | Actinomyc | Micrococca

eria |acteria |ia etales ceae Kocuria 73

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Microbispo

eria | acteria |ia etales ceae ra 74

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Microbispo

eria |acteria |ia etales ceae ra 75

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc

eria |acteria |ia etales ceae us 76

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc

eria | acteria |ia etales ceae us 77

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc

eria |acteria |ia etales ceae us 78

Bact | Actinob | Actinobacter | Actinomyc | Micrococca | Micrococc

eria | acteria |ia etales ceae us 79

Bact | Actinob | Actinobacter | Actinomyc | Mycobacteri | Mycobacte

eria |acteria |ia etales aceae rium 80
Rhodococ
cus

Bact | Actinob | Actinobacter | Actinomyc | Nocardiacea | Rhodococc | erythropol

eria | acteria |ia etales e us is 81
Propioniba

Bact | Actinob | Actinobacter | Actinomyc | Propionibact | Propioniba | cterium

eria | acteria |ia etales eriaceae cterium acnes 82
Propioniba

Bact | Actinob | Actinobacter | Actinomyc | Propionibact | Propioniba | cterium

eria |acteria |ia etales eriaceae cterium acnes 83
Propioniba

Bact | Actinob | Actinobacter | Actinomyc | Propionibact | Propioniba | cterium

eria |acteria |ia etales eriaceae cterium acnes 84
Propioniba

Bact | Actinob | Actinobacter | Actinomyc | Propionibact | Propioniba | cterium

eria |acteria |ia etales eriaceae cterium avidum 85
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Propioniba
Bact | Actinob | Actinobacter | Actinomyc | Propionibact | Propioniba | cterium
eria acteria ia etales eriaceae cterium avidum 86
Bact | Firmicut Bacillus
eria €s Bacilli Bacillales | Bacillaceae Bacillus flexus 87
Bact | Firmicut Bacillus
eria €s Bacilli Bacillales | Bacillaceae Bacillus flexus 88
Bact | Firmicut Bacillus
eria €s Bacilli Bacillales | Bacillaceae Bacillus muralis 89
Bact | Firmicut
eria €s Bacilli Bacillales | Bacillaceae | Bacillus 90
Bact | Firmicut Bacillaceae Bacillus
eria €s Bacilli Bacillales | 1 Bacillus subtilis 91
Bact | Firmicut Bacillaceae Bacillus
eria €s Bacilli Bacillales | 1 Bacillus subtilis 92
Bact | Firmicut Bacillaceae Bacillus
eria €s Bacilli Bacillales | 1 Bacillus subtilis 93
Bact | Firmicut Bacillaceae Bacillus
eria €s Bacilli Bacillales | 1 Bacillus foraminis 94
Bact | Firmicut Bacillaceae Bacillus
eria €s Bacilli Bacillales | 1 Bacillus nealsonii 95
Bact | Firmicut Bacillaceae | Terribacillu
eria | es Bacilli Bacillales | 2 S 96
Chryseomi
crobium
Bact | Firmicut Planococcac | Chryseomi | imtechens
eria €s Bacilli Bacillales | eae crobium e 97
Bact | Firmicut Planococcac | Chryseomi
eria €s Bacilli Bacillales | eae crobium 98
Bact | Firmicut Planococcac | Sporosarci
eria | es Bacilli Bacillales | eae na 99
Bact | Firmicut Planococcac | Sporosarci
eria €s Bacilli Bacillales | eae na 100
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Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 101
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 102
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 103
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 104
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 105
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 106
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 107
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 108
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 109

Bact | Firmicut Staphylococ | Staphyloco | Staphyloc

eria | es Bacilli Bacillales | caceae ccus occus 110
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epidermidi
S
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | epidermidi

eria | es Bacilli Bacillales | caceae ccus S 111
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | haemolyti

eria | es Bacilli Bacillales | caceae ccus cus 112
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus hominis 113
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus hominis 114
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus hominis 115
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 116
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 117
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 118
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 119
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 120
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Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 121
Staphyloc
occus

Bact | Firmicut Staphylococ | Staphyloco | lugdunensi

eria | es Bacilli Bacillales | caceae ccus S 122
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus succinus 123
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus succinus 124
Staphyloc

Bact | Firmicut Staphylococ | Staphyloco | occus

eria | es Bacilli Bacillales | caceae ccus succinus 125

Bact | Firmicut Staphylococ | Staphyloco

eria | es Bacilli Bacillales | caceae ccus 126
Exiguobac
terium

Bact | Firmicut Unknown Exiguobact | mexicanu

eria | es Bacilli Bacillales | species erium m 127
Exiguobac
terium

Bact | Firmicut Unknown Exiguobact | profundu

eria | es Bacilli Bacillales | species erium m 128

Bact | Firmicut Unknown Exiguobact

eria | es Bacilli Bacillales | species erium 129

Bact | Firmicut Lactobacill | Aerococcac Aerococcu

eria | es Bacilli ales eae Aerococcus | s viridans 130
Enterococ

Bact | Firmicut Lactobacill | Enterococca | Enterococc | cus

eria | es Bacilli ales ceae us faecalis 131
Streptococ

Bact | Firmicut Lactobacill | Streptococc | Streptococc | cus

eria | es Bacilli ales aceae us infantis 132
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Streptococ

Bact | Firmicut Lactobacill | Streptococc | Streptococc | cus

eria | es Bacilli ales aceae us infantis 133
Streptococ

Bact | Firmicut Lactobacill | Streptococc | Streptococc | cus

eria | es Bacilli ales aceae us infantis 134
Streptococ

Bact | Firmicut Lactobacill | Streptococc | Streptococc | cus

eria | es Bacilli ales aceae us infantis 135

Bact | Firmicut Lactobacill | Streptococc | Streptococc | Streptococ

eria | es Bacilli ales aceae us cus oralis 136
Streptococ
cus

Bact | Firmicut Lactobacill | Streptococc | Streptococc | pneumoni

eria | es Bacilli ales aceae us ae 137
Streptococ
cus

Bact | Firmicut Lactobacill | Streptococc | Streptococc | pneumoni

eria | es Bacilli ales aceae us ae 138
Streptococ

Bact | Firmicut Lactobacill | Streptococc | Streptococc | cus

eria | es Bacilli ales aceae us sanguinis 139
Streptococ
cus

Bact | Firmicut Lactobacill | Streptococc | Streptococc | vestibulari

eria | es Bacilli ales aceae us S 140
Streptococ
cus

Bact | Firmicut Lactobacill | Streptococc | Streptococc | vestibulari

eria | es Bacilli ales aceae us S 141

Assigned

Bact | Firmicut Lactobacill | Streptococc | Streptococc | species179

eria | es Bacilli ales aceae us 1 142
Paracoccu
s

Bact | Proteob | Alphaproteo | Rhodobact | Rhodobacter aminovora

eria | acteria | bacteria erales aceae Paracoccus | ns 143
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Bact | Proteob | Alphaproteo | Rhodobact | Rhodobacter
eria | acteria | bacteria erales aceae Paracoccus 144
Bact | Proteob | Alphaproteo | Rhodospiri | Acetobacter | Roseomona | Roseomon
eria | acteria | bacteria llales aceae S as mucosa | 145
Bact | Proteob | Alphaproteo | Rhodospiri | Acetobacter | Roseomona
eria | acteria | bacteria llales aceae S 146

Sphingom

onas
Bact | Proteob | Alphaproteo | Sphingom | Sphingomon | Sphingomo | desiccabili
eria | acteria | bacteria onadales adaceae nas S 147
Bact | Proteob | Betaproteob | Burkholde | Oxalobacter
eria | acteria acteria riales aceae Massilia 148
Bact | Proteob | Betaproteob | Neisseriale | Neisseriacea Neisseria
eria | acteria acteria S e Neisseria | macacae 149
Bact | Proteob | Betaproteob | Neisseriale | Neisseriacea Neisseria
eria | acteria acteria S e Neisseria | subflava 150
Bact | Proteob | Betaproteob | Neisseriale | Neisseriacea Neisseria
eria | acteria acteria S e Neisseria | subflava 151
Bact | Proteob | Gammaprote | Enterobact | Enterobacter | Enterobact | Enterobact
eria | acteria | obacteria eriales laceae er er cloacae 152
Bact | Proteob | Gammaprote | Enterobact | Enterobacter Proteus
eria | acteria | obacteria eriales iaceae Proteus mirabilis 153
Bact | Proteob | Gammaprote | Enterobact | Enterobacter Proteus
eria | acteria | obacteria eriales laceae Proteus mirabilis 154
Bact | Proteob | Gammaprote | Enterobact | Enterobacter Proteus
eria | acteria | obacteria eriales laceae Proteus mirabilis 155
Bact | Proteob | Gammaprote | Enterobact | Enterobacter
eria | acteria | obacteria eriales iaceae Erwinia 156
Bact | Proteob | Gammaprote | Enterobact | Enterobacter
eria | acteria | obacteria eriales laceae Erwinia 157
Bact | Proteob | Gammaprote | Enterobact | Enterobacter
eria | acteria | obacteria eriales iaceae Erwinia 158
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Bact | Proteob | Gammaprote | Enterobact | Enterobacter

eria | acteria | obacteria eriales laceae Erwinia 159
Acinetoba
cter

Bact | Proteob | Gammaprote | Pseudomo | Moraxellace | Acinetobac | radioresist

eria | acteria | obacteria nadales ae ter ens 160
Enhydroba

Bact | Proteob | Gammaprote | Pseudomo | Moraxellace | Enhydroba | cter

eria | acteria | obacteria nadales ae cter aerosaccus | 161
Enhydroba

Bact | Proteob | Gammaprote | Pseudomo | Moraxellace | Enhydroba | cter

eria | acteria | obacteria nadales ae cter aerosaccus | 162
Enhydroba

Bact | Proteob | Gammaprote | Pseudomo | Moraxellace | Enhydroba | cter

eria | acteria | obacteria nadales ae cter aerosaccus | 163

Bact | Proteob | Gammaprote | Pseudomo | Moraxellace | Enhydroba

eria | acteria | obacteria nadales ae cter 164

Bact | Proteob | Gammaprote | Pseudomo | Pseudomona | Pseudomon

eria | acteria | obacteria nadales daceae as 165

Bact | Proteob | Gammaprote | Pseudomo | Pseudomona | Pseudomon

eria | acteria | obacteria nadales daceae as 166

Fung | Ascomy | Eurotiomyce Trichocoma Aspergillu

1 cota tes Eurotiales | ceae Aspergillus | s kawachii | 167

Fung | Ascomy | Eurotiomyce Trichocoma Aspergillu

1 cota tes Eurotiales | ceae Aspergillus | s niger 168
Aspergillu
s

Fung | Ascomy | Eurotiomyce Trichocoma pseudogla

1 cota tes Eurotiales | ceae Aspergillus | ucus 169
Saccharo

Fung | Ascomy | Saccharomy | Saccharom | Saccharomy | Saccharom | myces

1 cota cetes ycetales cetaceae yces cerevisiae 170

In agreement with the positive staining of these tumors for LPS and 16S rRNA FISH, more
than 1,000 colonies were grown per tumor from four of the tumors, and 37 colonies were grown
from one tumor. In contrast, applying the same steps of tissue dissociation and culturing protocol
to five full sets of negative control plates (350 plates) using PBS only, yielded only five colonies

in total. Whole-genome sequencing of 474 representative colonies from all 5 tumors demonstrated
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that they represented 37 different bacterial species. For 105 of the colonies we could not identify

the bacteria at the species level. Overall, these results support the presence of live bacteria from
the three most predominant phyla of breast tumors - Proteobacteria, Firmicutes and Actinobacteria.

To further validate the presence of live, metabolically active, bacteria in human tumors,
we cultured slices from four freshly resected human breast tumors ex-vivo in the presence of
fluorescently-labeled D-alanine or DMSO control. While D-alanine is used by bacteria to generate
peptidoglycan, an essential component of the bacterial cell wall, it is not used by mammalian cells.
Reassuringly we detected intra-cellular labeling in all four tumors, supporting the presence of live

intra-cellular bacteria in them (Figure 3G).

EXAMPLE 4
Different tumor types have distinct microbial compositions

Using a single sequencing methodology and platform for the characterization of the
microbiome in multiple tumor types enabled us to pioneer a direct comparison of the microbiomes
of these tumors. Comparing the beta-diversity between all pairs of samples within a cancer type
and across different cancer types revealed that microbiomes of tumors belonging to the same
cancer type tend to be more similar than those of different cancer types (Figure 4A). The
distribution of order-level phylotypes revealed marked changes between the bacterial composition
of the different tumor types (Figure 4B, Figure 6). We added 22 colorectal tumors from one
medical center to our cohort to help relate some of our findings to the known colorectal cancer
microbiome (//, 12). Consistent with previous reports, bacteria belonging to the Firmicutes and
Bacteroidetes phyla were the most abundant species in colorectal cancer tumors (Figure 4B) (10).
In contrast, Proteobacteria dominated the microbiome of pancreatic cancer, in a manner similar to
the normal duodenal microbiome makeup (16, 17, 38, 39). This may reflect a retrograde bacterial
migration from the duodenum, to which the pancreatic duct opens, as we have previously reported
(16). Although species belonging to the Proteobacteria and Firmicutes phyla accounted for the
majority of the reads in all cancer types, the Proteobacteria to Firmicutes ratio appears to vary
between tumor types (Figure 4B). We also detected a larger representation of the Actinobacteria
phylum, including the Corynebacteriaceae and Micrococcaceae families, in non-gastrointestinal
tumors (Figure 4B and Figure 6). This is in agreement with previous reports describing the
microbiome of breast, lung, and ovarian cancer (2, 4, 6, 9, 14, 15, 18).

A tumor-type distinctive microbiome composition was also apparent at the species level.

Unsupervised clustering of the most prevalent intra-tumor bacterial species (n=137) demonstrated
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that many of these species are enriched in certain tumor types (Figures 4C and 4D and Figure 7).

Fusobacterium nucleatum, previously reported to be enriched in colorectal tumors, was also a hit
in our breast and pancreas tumor cohorts (Figure 7). We also observed a distinct microbiome across
subtypes of the same tumor type. For example, when comparing different subtypes of breast cancer
according to their estrogen, progesterone and HER?2 receptors’ status, we found multiple bacterial
taxa whose prevalence was different between the subtypes (Figure 4E). Lastly, although the overall
microbial composition of the different tumor types was relatively similar to their normal adjacent
tissue microbiome (Fig. 4F), we detected bacteria with a different prevalence in tumors and in
their normal adjacent tissue (Figure 4G). Consistent with our observation that bacterial load and
richness of breast tumors is higher than in breast NAT (Figure 3F), we found many bacteria that
are significantly enriched in breast tumors compared to their NAT (Figure 4G).

Table 2 includes bacterial taxa that were differentially prevalent in breast, lung or ovarian
cancers as compared to their normal adjacent to tumor (NAT) tissue. Bacteria are sorted according

to their p-values (lowest to highest) for enrichment/depletion per tumor type.

Table 2
bac Tum SEQ
t_ I | phylu or ID
D m class order family genus species type NO:
Proteo Sphingo
128 | bacteri | Alphaprot | monadal | Sphingom | Sphingo | Unknown Breas
73 |a eobacteria | es onadaceae | monas species602 t 171
Proteo
136 | bacteri | Betaprote | Burkhol | Comamon | Tepidim | Unknown Breas
20 |a obacteria | deriales | adaceae onas species11 t 172
Proteo
320 | bacteri | Betaprote | Burkhol | Comamon | Tepidim Breas
80 |a obacteria | deriales | adaceae onas t
Proteo Methylob | Methylo | Methylobacteri
116 | bacteri | Alphaprot | Rhizobia | acteriacea | bacteriu | um Breas
57 |a eobacteria | les e m organophilum t 173
Proteo Methylob | Methylo | Methylobacteri
116 | bacteri | Alphaprot | Rhizobia | acteriacea | bacteriu | um Breas
56 | a eobacteria | les e m mesophilicum t 174
Bacter
303 | oidete | Bacteroidi | Bacteroi | Prevotella | Prevotell Breas
62 |s a dales ceae a t
Bacter
500 | oidete | Bacteroidi | Bacteroi Breas
30 [s a dales t
308 | Firmic Lactoba | Streptoco | Streptoco Breas
67 | utes Bacilli cillales ccaceac ccus t
500 | Firmic Bacillale Breas
75 | utes Bacilli s t
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Proteo | Gammapr | Pseudo
501 | bacteri | oteobacter | monadal Breas
48 | a ia es t
314 | Firmic Clostridi | Tissierella | Finegoldi Breas
77 | utes Clostridia | ales ceae a t
401 | Firmic Clostridi | Tissierella Breas
95 | utes Clostridia | ales ceae t
700 | Firmic Breas
16 | utes t
Cyano Unknow
306 | bacteri | Chloropla | Streptop | Unknown | n Breas
63 |a st hyta family genusl16 t
Cyano Unknow
452 | bacteri | Chloropla | Streptop | Unknown | n Unknown Breas
3 |a st hyta family genus116 | species19 t 175
401 | Firmic Bacillale | Staphyloc Breas
68 | utes Bacilli s occaceae t
990 | Firmic Clostridi | Tissierella | Finegoldi | Unknown Breas
0 | utes Clostridia | ales ceae a species1] t 176
107 | Fusob | Fusobacte | Fusobact | Leptotrich | Leptotric | Leptotrichia Breas
78 | acteria | riia eriales iaceae hia shahii t 177
530 | Firmic Bacillale | Staphyloc | Staphylo | Unknown Breas
2 | utes Bacilli s occaceae | coccus speciesd t 178
532 | Firmic Bacillale | Staphyloc | Staphylo | Staphylococcus | Breas
4 | utes Bacilli S occaceae | coccus haemolyticus t 179
Proteo | Gammapr | Pseudo
153 | bacteri | oteobacter | monadal | Moraxella | Acinetob | Acinetobacter Breas
24 | a ia cs ceae acter ursingii t 180
308 | Firmic Bacillale | Staphyloc | Staphylo Breas
17 | utes Bacilli s occaceae | coccus t
308 | Firmic Lactoba | Lactobaci | Lactobac Breas
58 | utes Bacilli cillales llaceae illus t
Proteo Methylob | Methylo
317 | bacteri | Alphaprot | Rhizobia | acteriacea | bacteriu Breas
99 |a eobacteria | les e m t
Proteo
402 | bacteri | Alphaprot | Rhizobia Breas
45 | a eobacteria | les Methylobacteriaceae t
600 | Firmic Breas
52 | utes Bacilli t
Proteo
600 | bacteri | Betaprote Breas
78 | a obacteria t
Proteo
131 | bacteri | Betaprote | Burkhol | Burkhold Ralstonia Breas
82 |a obacteria | deriales | eriaceae Ralstonia | mannitolilytica t 181
Proteo Hyphomi
317 | bacteri | Alphaprot | Rhizobia | crobiacea Breas
86 | a eobacteria | les e Devosia t
401 | Firmic Lactoba | Streptoco Breas
81 | utes Bacilli cillales ccaceae t
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Proteo | Gammapr | Pseudo
403 | bacteri | oteobacter | monadal Breas
30 | a ia es Pseudomonadaceae t
Actino
bacteri | Actinobac | Actinom | Coryneba | Coryneb | Corynebacteriu | Breas
969 | a teria ycetales | cteriaceae | acterium | m stationis t 182
Proteo | Gammapr | Pseudo
324 | bacteri | oteobacter | monadal | Pseudomo | Pseudom Breas
10 | a ia es nadaceae | onas t
Proteo
402 | bacteri | Alphaprot | Rhizobia | Bradyrhiz Breas
42 | a eobacteria | les obiaceae t
Actino
bacteri | Actinobac | Actinom | Actinomy | Actinom | Actinomyces Breas
230 | a teria ycetales | cetaceae yces oris t 183
568 | Firmic Lactoba | Lactobaci | Lactobac | Lactobacillus Breas
7 | utes Bacilli cillales llaceae illus iners t 184
546 | Firmic Lactoba | Aerococc | Abiotrop | Abiotrophia Breas
6 | utes Bacilli cillales aceae hia defectiva t 185
401 | Firmic Lactoba | Aerococc Breas
76 | utes Bacilli cillales aceae t
500 | Firmic Clostridi Breas
79 | utes Clostridia | ales t
401 | Firmic Lactoba | Lactobaci Breas
79 | utes Bacilli cillales llaceae t
591 | Firmic Lactoba | Streptoco | Streptoco | Unknown Breas
S5 | utes Bacilli cillales ccaceae ccus species1871 t 186
Bacter
394 | oidete | Flavobact | Flavoba | Weeksella | Wautersi | Unknown Breas
1 |s criia cteriales | ceae ella species18 t 187
Actino
301 | bacteri | Actinobac | Actinom | Cellulom | Cellulom Breas
13 |a teria ycetales | onadaceae | onas t
616 | Firmic Lactoba | Streptoco | Streptoco | Streptococcus Breas
6 | utes Bacilli cillales ccaceae ccus cristatus t 188
Proteo | Gammapr
150 | bacteri | oteobacter | Enteroba | Enterobac | Klebsiell | Klebsiella Breas
55 | a ia cteriales | teriaceae | a pneumoniae t 189
308 | Firmic Lactoba | Streptoco | Lactococ Breas
66 | utes Bacilli cillales ccaceae cus t
Cyano
401 | bacteri | Chloropla | Streptop | Unknown Breas
44 | a st hyta family t
Proteo
402 | bacteri | Betaprote | Neisseri | Neisseriac Breas
76 | a obacteria | ales eae t
500 | Fusob | Fusobacte | Fusobact Breas
85 | acteria | riia eriales t
Actino
400 | bacteri | Actinobac | Actinom Breas
46 | a teria ycetales | Propionibacteriaceae t
500 | Firmic Lactoba Breas
77 | utes Bacilli cillales t
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Proteo
600 | bacteri Breas
81 |a Gammaproteobacteria t E
Actino Geoderma
102 | bacteri | Actinobac | Actinom | tophilacea | Blastoco | Unknown Breas
1 |a teria ycetales | e ccus species13 t E 190
471 | Firmic Bacillale | Bacillacea | Anoxyba | Anoxybacillus | Breas
9 | utes Bacilli s e cillus kestanbolensis t E 191
Actino
400 | bacteri | Actinobac | Actinom | Nocardiac Breas
42 | a teria ycetales | eae t E
Proteo | Gammapr
323 | bacteri | oteobacter | Pasteure | Pasteurell | Haemop Breas
93 |a ia llales aceae hilus t D
Bacter
255 | oidete | Bacteroidi | Bacteroi | Paraprevo | Prevotell | Prevotella Breas
6 |s a dales tellaceae | a tannerae t E 192
Proteo
141 | bacteri | Betaprote | Neisseri | Neisseriac Breas
72 | a obacteria | ales eae Neisseria | Neisseria oralis t D 193
Actino
300 | bacteri | Actinobac | Actinom | Actinomy | Actinom Breas
99 |a teria ycetales | cetaceae yces t E
Proteo | Gammapr | Pseudo
154 | bacteri | oteobacter | monadal | Moraxella | Acinetob | Unknown Breas
08 |a ia es ceae acter species422 t D 194
926 | Firmic Clostridi | Ruminoco | Faecaliba | Faecalibacteriu | Breas
1 | utes Clostridia | ales ccaceae cterium | m prausnitzii t E 195
Actino
108 | bacteri | Actinobac | Actinom | Intraspora | Janibacte | Unknown Breas
2 |a teria ycetales | ngiaceae | r species29 t D 196
Proteo
320 | bacteri | Betaprote | Burkhol | Comamon | Limnoha Breas
68 | a obacteria | deriales | adaceae bitans t D
Cyano Unknow
452 | bacteri | Chloropla | Streptop | Unknown | n Unknown Breas
1 |a st hyta family genus116 | species17 t E 197
Actino
301 | bacteri | Actinobac | Actinom | Mycobact | Mycobac Breas
9 |a teria ycetales | eriaceae terium t E
Actino Propionib | Propioni
302 | bacteri | Actinobac | Actinom | acteriacea | bacteriu Breas
25 |a teria ycetales | e m t E
Proteo | Gammapr
323 | bacteri | oteobacter | Enteroba | Enterobac | Enteroba Breas
36 | a ia cteriales | teriaceae | cter t E
Actino
400 | bacteri | Actinobac | Actinom | Actinomy Breas
21 | a teria ycetales | cetaceae t E
Actino
400 | bacteri | Actinobac | Actinom | Micrococ Breas
38 | a teria ycetales | caceae t E
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401 | Firmic Clostridi | Ruminoco Breas
93 | utes Clostridia | ales ccaceae t E
401 | Firmic Clostridi | Veillonell Breas
98 | utes Clostridia | ales aceae t E
Proteo
402 | bacteri | Betaprote | Rhodocy | Rhodocyc Breas
78 | a obacteria | clales laceae t E
308 | Firmic Lactoba | Aerococc | Alloioco Breas
45 | utes Bacilli cillales aceae ccus t E
977 | Firmic Clostridi | Tissierella Breas
1 utes Clostridia | ales ceae 1-68 1-68 Unknown t E 198
568 | Firmic Lactoba | Lactobaci | Lactobac | Lactobacillus
7 | utes Bacilli cillales llaceae illus iners Lung | E 199
307 | Firmic Bacillale | Bacillacea
36 | utes Bacilli s e Bacillus Lung | D
308 | Firmic Lactoba | Enterococ | Enteroco
55 | utes Bacilli cillales caceae ccus Lung | D
Proteo Sphingo
402 | bacteri | Alphaprot | monadal | Erythroba
60 |a eobacteria | es cteraceae Lung | E
Actino
700 | bacteri
02 |a Lung | D
401 | Firmic Lactoba | Enterococ
78 | utes Bacilli cillales caceae Lung | D
Actino
500 | bacteri | Actinobac | Actinom
11 | a teria ycetales Lung | D
Proteo | Gammapr | Pseudo
156 | bacteri | oteobacter | monadal | Pseudomo | Pseudom | Pseudomonas Ovar
57 | a ia es nadaceae | onas aeruginosa y D 200

Table 3 summarizes the different bacterial species that are prevalent in specific tumor types.

Table 3
Tu | ba Prevalence | SEQ
mor | ct_ | phyl in specific ID
type | ID | um class order | family | genus | species tumor type | NO:
Actin Actino | Propion | Propioni | Propionibacte
Brea | 18 | obact | Actinob | myceta | ibacteri | bacteriu | rium
st 24 | eria acteria les aceae m granulosum 38% 201
Actin Actino | Microc
Brea | 13 | obact | Actinob | myceta | occacea Rothia
st 46 | eria acteria les e Rothia mucilaginosa 37% 202
Lactob | Lactoba Lactoba
Brea | 56 | Firmi acillale | cillacea | Lactoba | cillus
st 87 | cutes | Bacilli s e cillus iners 37% 203
Lactob | Strepto
Brea | 61 | Firmi acillale | coccace | Streptoc | Streptococcus
st 75 | cutes | Bacilli s ae occus infantis 36% 204
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10 Veillon
Brea | 54 | Firmi | Clostrid | Clostri | Veillon | Veillone | ella
st 5 [ cutes |ia diales | ellaceae | lla dispar 36% 205
Actin Actino | Microc Rothia
Brea | 13 | obact | Actinob | myceta | occacea dentoca
st 44 | eria acteria les e Rothia riosa 32% 206
Actin Actino | Coryne
Brea | 58 | obact | Actinob | myceta | bacteria | Coryneb | Unknown
st 7 | eria acteria les ceae acterium | species1715 28% 207
Staphyl
Brea | 53 | Firmi Bacilla | ococcac | Staphylo | Staphylococc
st 30 | cutes | Bacilli les eae coccus us pasteuri 28% 208
Bacte Prevotella
Brea | 30 | roide | Bacteroi | Bacter | Prevote | Prevotel | melaninogeni
st 46 | tes dia oidales | llaceae | la ca 27% 209
10 | Fuso Fusoba | Fusoba
Brea | 72 | bacte | Fusobac | cteriale | cteriace | Fusobac | Fusobacteriu
st 6 | ria teriia s ae terium m nucleatum 24% 210
Unknow | Unkno
Cyan Unkno |n wn
Brea | 45 | obact | Chlorop | Strepto | wn genusll | species
st 23 | eria last phyta | family |6 19 23% 211
Unkno
wil
Brea | 99 | Firmi | Clostrid | Clostri | Tissiere | Finegold | species
st 00 | cutes | ia diales | llaceae |ia 11 23% 212

15 | Prote | Gamma | Pseudo
Brea | 32 | obact | proteob | monad | Moraxe | Acineto | Acinetobacter

st 4 | eria acteria ales llaceae | bacter ursingii 23% 213
Lactob | Strepto
Brea | 61 | Firmi acillale | coccace | Streptoc | Streptococcus
st 84 | cutes | Bacilli s ae occus pneumoniae 22% 214
Bacte Parapre
Brea | 25 | roide | Bacteroi | Bacter | votellac | Prevotel | Prevotella
st 55 | tes dia oidales | eae la Unknown 22% 215
Staphyl
Brea | 52 | Firmi Bacilla | ococcac | Staphylo [ Unknown
st 86 | cutes | Bacilli les eae coccus species691 22% 216
10 Veillon
Brea | 54 | Firmi | Clostrid | Clostri | Veillon | Veillone | ella
st 6 [ cutes |ia diales | ellaceae | lla parvula 22% 217

12 | Prote | Alphapr | Rhodo | Rhodob
Brea | 10 | obact | oteobact | bactera | acterace | Paracoc | Paracoccus

st 6 | eria eria les ae cus chinensis 21% 218
13 | Prote | Betaprot | Burkh | Oxalob Massili
Brea | 90 | obact | eobacter | olderia | acterace a
st 4 | eria ia les ae Massilia | timonae 21% 219
Paracoc
12 | Prote | Alphapr | Rhodo | Rhodob cus
Brea | 10 | obact | oteobact | bactera | acterace | Paracoc | marcusi
st 9 | eria eria les ae cus i 20% 220
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Actin Actino | Propion | Propioni | Propionibacte
Lun | 18 | obact | Actinob | myceta | ibacteri | bacteriu | rium
g 24 | eria acteria les aceae m granulosum 19% 221

12 | Prote | Alphapr | Sphing | Sphing
Lun | 55 | obact | oteobact | omona | omonad | Kaistoba | Kaistobacter

g 1| eria cria dales aceae cter Unknown 16% 222
10 Veillon
Lun | 54 | Firmi | Clostrid | Clostri | Veillon | Veillone | ella
g 5 | cutes |ia diales | ellaceae | lla dispar 16% 223
Actin Actino | Coryne
Lun | 58 | obact | Actinob | myceta | bacteria | Coryneb | Unknown
g 7 | eria acteria les ceae acterium | species1715 16% 224
Actin Actino | Microc
Lun | 13 | obact | Actinob | myceta | occacea Rothia
g 46 | eria acteria les e Rothia mucilaginosa 16% 225
Bacte Parapre
Lun | 25 | roide | Bacteroi | Bacter | votellac | Prevotel | Prevotella
g 55 | tes dia oidales | eae la Unknown 14% 226
Lactob | Lactoba Lactoba
Lun | 56 | Firmi acillale | cillacea | Lactoba | cillus
g 87 | cutes | Bacilli s e cillus iners 14% 227

12 | Prote | Alphapr | Sphing | Sphing
Lun | 93 | obact | oteobact | omona | omonad | Sphingo | Sphingomona

g 7 | eria cria dales aceae monas S yunnanensis 13% 228
Unkno
Actin Actino | Propion | Unknow | wn
Lun | 17 | obact | Actinob | myceta | ibacteri | n species
g 66 | eria acteria les aceae genus24 | 1 12% 229
Paracoc
12 | Prote | Alphapr | Rhodo | Rhodob cus
Lun | 10 | obact | oteobact | bactera | acterace | Paracoc | marcusi
g 9 | eria eria les ae cus i 11% 230

12 | Prote | Alphapr | Rhodo | Acetob
Lun | 28 | obact | oteobact | spirilla | acterace | Roseom | Roseomonas
g 9 | eria eria les ae onas mucosa 10% 231

15 | Prote | Gamma | Pseudo | Pseudo
Lun | 66 | obact | proteob | monad | monada | Pseudo | Pseudomonas

g 6 | eria acteria ales ceae monas baetica 9% 232
Unkno
Actin Actino | Propion | Propioni | wn
Lun | 18 | obact | Actinob | myceta | ibacteri | bacteriu | species
g 15 | eria acteria | les aceae m 18 8% 233
Unkno
12 | Prote | Alphapr | Sphing | Sphing wn
Lun | 80 | obact | oteobact | omona | omonad | Sphingo | species
g 8 | eria eria dales aceae monas 45 8% 234
Staphyl
Lun | 53 | Firmi Bacilla | ococcac | Staphylo | Staphylococc
g 38 | cutes | Bacilli les eae coccus us warneri 7% 235
13 | Prote | Betaprot | Burkh Alcalig

Lun | 01 | obact | eobacter | olderia | Alcalig | Alcalige | enes
g 8 | eria ia les enaceae | nes faecalis 7% 236
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13 | Prote | Betaprot | Burkh | Comam
Lun | 19 | obact | eobacter | olderia | onadace | Acidovo | Acidovorax
g 4 | eria ia les ae rax temperans 7% 237
Actin Actino | Coryne
Lun | 54 | obact | Actinob | myceta | bacteria | Coryneb | Unknown
g 5 | eria acteria les ceae acterium | species1626 7% 238
Lactob | Strepto
Lun | 60 | Firmi acillale | coccace | Streptoc | Unknown
g 66 | cutes | Bacilli s ae occus species346 7% 239
Unkno
wil
Lun | 99 | Firmi | Clostrid | Clostri | Tissiere | Finegold | species
g 00 | cutes | ia diales | llaceae |ia 11 7% 240
Paracoc
Mel | 12 | Prote | Alphapr | Rhodo | Rhodob cus
ano | 10 | obact | oteobact | bactera | acterace | Paracoc | marcusi
ma 9 | eria eria les ae cus i 20% 241
Mel Staphyl
ano | 53 | Firmi Bacilla | ococcac | Staphylo | Staphylococc
ma 15 | cutes | Bacilli les eae coccus us aureus 14% 242
Mel Bacte Bactero
ano | 24 | roide | Bacteroi | Bacter | Bactero | Bacteroi | ides
ma | 95 | tes dia oidales | idaceae | des dorei 10% 243
Mel | 15 | Prote | Gamma | Pseudo | Pseudo
ano | 60 | obact | proteob | monad | monada | Pseudo | Unknown
ma 7 | eria acteria ales ceae monas species632 5% 244
Unkno
Mel | 10 wn
ano | 44 | Firmi | Clostrid | Clostri | Veillon | Selenom | species
ma 4 | cutes |ia diales | ellaceae | onas 18 5% 245
Mel | 15 | Prote | Gamma | Pseudo | Pseudo
ano | 73 | obact | proteob | monad | monada | Pseudo | Pseudomonas
ma 3 | eria acteria ales ceae monas viridiflava 4% 246
Mel
ano | 48 | Firmi Bacilla | Bacillac | Geobaci | Unknown
ma 86 | cutes | Bacilli les eae 1lus species208 4% 247
Unkno
Mel | 15| Prote | Gamma | Entero | Enterob wn
ano | 04 | obact | proteob | bacteri | acteriac | Klebsiel | species
ma 3 | eria acteria ales eae la 25 4% 248
Mel | 15 | Prote | Gamma | Pseudo | Pseudo
ano | 60 | obact | proteob | monad | monada | Pseudo | Unknown
ma 8 | eria acteria ales ceae monas species643 4% 249
Unkno
Mel Cyan Unkno | Unknow | wn
ano | 46 | obact | Chlorop | Strepto | wn n species
ma 19 | eria | last phyta | family | genus39 | 8 3% 250
Mel | 15| Prote | Gamma | Xantho | Xantho
ano | 95 | obact | proteob | monad | monada | Xantho | Xanthomonas
ma 6 | eria acteria ales ceae monas arboricola 3% 251
Mel Actin Actino | Coryne
ano | 43 | obact | Actinob | myceta | bacteria | Coryneb | Unknown
ma 6 | eria acteria les ceae acterium | species1061 2% 252
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Unkno
Mel wn
ano | 62 | Firmi | Clostrid | Clostri | Clostrid | Clostridi | species
ma 91 | cutes | ia diales iaceae um 19 2% 253
Unkno
Mel 15 | Prote | Gamma | Pseudo wn
ano | 36 | obact | proteob | monad | Moraxe | Acineto | species
ma 8 | eria acteria ales llaceae | bacter 31 2% 254
Mel | 13 | Prote | Betaprot | Burkh | Oxalob
ano 81 | obact | eobacter | olderia | acterace Unknown
ma 0 | eria ia les ae Massilia | species177 2% 255
Unknow | Unkno
Mel Lachno |n wn
ano | 67 | Firmi | Clostrid | Clostri | spiracea | genus30 | species
ma 03 | cutes | ia diales e 08 1 2% 256
Eikenell
Mel | 14 | Prote | Betaprot a
ano 08 | obact | eobacter | Neisse | Neisseri | Eikenell | corrode
ma 7 | eria ia riales aceae a ns 2% 257
Mel Bacte
ano 24 | roide | Bacteroi | Bacter | Bactero | Bacteroi | Unknown
ma | 37| tes dia oidales | idaceae | des species388 2% 258
Mel | 10
ano 45 | Firmi | Clostrid | Clostri | Veillon | Selenom | Unknown
ma 8 | cutes | ia diales | ellaceae | onas species208 2% 259
Mel Lachno | Lachnoa
ano | 83 | Firmi | Clostrid | Clostri | spiracea | naeroba | Eubacterium
ma 43 | cutes | ia diales e culum saburreum 1% 260
Unkno
Mel 10 wn
ano | 50 | Firmi | Clostrid | Clostri | Veillon | Selenom | species
ma 4 | cutes | ia diales ellaceae | onas 59 1% 261
14 | Prote | Gamma | Entero | Enterob Citroba
Panc | 77 | obact | proteob | bacteri | acteriac | Citrobac | cter
reas 5 | eria acteria ales ecae ter freundii 45% 262
15 | Prote | Gamma | Entero | Enterob
Panc | 05 | obact | proteob | bacteri | acteriac | Klebsiel | Klebsiella
reas 5 | eria acteria ales eae la pneumoniae 42% 263
14 | Prote | Gamma | Entero | Enterob
Panc | 84 | obact | proteob | bacteri | acteriac | Enterob | Enterobacter
reas 7 | eria acteria ales ecae acter asburiae 33% 264
10 Veillon
Panc | 54 | Firmi | Clostrid | Clostri | Veillon | Veillone | ella
reas 5 | cutes |ia diales | ellaceae | lla dispar 19% 265
10 | Fuso Fusoba | Fusoba
Panc | 72 | bacte | Fusobac | cteriale | cteriace | Fusobac | Fusobacteriu
reas 6 | ria teriia S ae terium m nucleatum 18% 266
14 | Prote | Gamma | Entero | Enterob
Panc | 84 | obact | proteob | bacteri | acteriac | Enterob | Enterobacter
reas 9 | eria acteria ales ecae acter cloacae 18% 267
15 | Prote | Gamma | Entero | Enterob Klebsiel
Panc | 05 | obact | proteob | bacteri | acteriac | Klebsiel | la
reas 4 | eria acteria ales eae la oxytoca 15% 268
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14 | Prote | Gamma | Entero | Enterob
Panc | 84 | obact | proteob | bacteri | acteriac | Enterob | Enterobacter
reas 6 | eria acteria ales eae acter aerogenes 13% 269
Lactob | Strepto
Panc | 61 | Firmi acillale | coccace | Streptoc | Streptococcus
reas | 61 | cutes | Bacilli s ae occus anginosus 13% 270
15 | Prote | Gamma | Pseudo | Pseudo
Panc | 69 | obact | proteob | monad | monada | Pseudo | Pseudomonas
reas 5 | eria acteria ales ceae monas mendocina 12% 271
Actin Actino | Microc
Panc | 13 | obact | Actinob | myceta | occacea Rothia
reas | 46 | eria acteria les e Rothia mucilaginosa 10% 272
14 | Prote | Gamma | Altero
Panc | 68 | obact | proteob | monad | Shewan | Shewan | Shewanella
reas 0 | eria acteria ales cllaceae | ella decolorationis 10% 273
Lactob | Enteroc
Panc | 55 | Firmi acillale | occacea | Enteroc | Enterococcus
reas | 83 | cutes | Bacilli s e occus gallinarum 10% 274
Lactob | Carnob
Panc | 55 | Firmi acillale | acteriac | Granulic | Granulicatella
reas | 52 | cutes | Bacilli s eae atella adiacens 9% 275
Brachybacteri
Actin Actino | Dermab um
Panc | 98 | obact | Actinob | myceta | acterace | Brachyb | conglomeratu
reas 6 | eria acteria les ae acterium | m 7% 276
Neisseri
14 | Prote | Betaprot a
Panc | 17 | obact | eobacter | Neisse | Neisseri | Neisseri | subflav
reas 4 | eria ia riales aceae a a 7% 277
Bacte Parapre
Panc | 25 | roide | Bacteroi | Bacter | votellac | Prevotel | Prevotella
reas | 55 | tes dia oidales | eae la Unknown 6% 278
Lactob | Enteroc
Panc | 55 | Firmi acillale | occacea | Enteroc | Enterococcus
reas | 82 | cutes | Bacilli S e occus faecium 6% 279
Actin Actino | Microc Rothia
Panc | 13 | obact | Actinob | myceta | occacea dentoca
reas | 44 | eria acteria les e Rothia riosa 4% 280
10 | Fuso Fusoba | Leptotri
Panc | 75 | bacte | Fusobac | cteriale | chiacea | Leptotri | Unknown
reas 7 | ria teriia s e chia species235 4% 281
12 | Prote | Alphapr | Rhodo | Acetob
Ovar | 28 | obact | oteobact | spirilla | acterace | Roseom | Roseomonas
y 9 | eria eria les ae onas mucosa 20% 282
12 | Prote | Alphapr | Sphing | Sphing
Ovar | 87 | obact | oteobact | omona | omonad | Sphingo | Unknown
y 3 | eria cria dales aceae monas species602 20% 283
Staphyl
Ovar | 53 | Firmi Bacilla | ococcac | Staphylo | Staphylococc
y 19 | cutes | Bacilli les eae coccus us cohnii 9% 284
16 Deinoc
Ovar | 22 | Ther | Deinoco | Deinoc | occacea | Deinoco | Unknown
y 7 | mi cci occales | e ccus species124 7% 285
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Lactob | Lactoba
Ovar | 56 | Firmi acillale | cillacea | Lactoba | Unknown
y 27 | cutes | Bacilli S e cillus species479 5% 286

12 | Prote | Alphapr | Sphing | Sphing
Bon | 67 | obact | oteobact | omona | omonad | Sphingo | Sphingomona

e 4 | eria cria dales aceae bium s yanoikuyae 36% 287
Actin Actino | Propion | Propioni | Propionibacte
Bon | 18 | obact | Actinob | myceta | ibacteri | bacteriu | rium
c 24 | eria acteria les aceae m granulosum 28% 288
Actin Actino | Actino
Bon | 22 | obact | Actinob | myceta | myceta | Actinom | Actinomyces
c 5 | eria acteria les ceae yces massiliensis 18% 289

15 | Prote | Gamma | Pseudo | Pseudo
Bon | 66 | obact | proteob | monad | monada | Pseudo | Pseudomonas
e 2 | eria acteria ales ceae monas argentinensis 13% 290

14 | Prote | Gamma | Entero | Enterob
Bon | 84 | obact | proteob | bacteri | acteriac | Enterob | Enterobacter

e 7 | eria acteria ales eae acter asburiae 10% 291
Unkno
15 | Prote | Gamma | Pseudo | Pseudo wn
Bon | 56 | obact | proteob | monad | monada | Pseudo | species
e 8 | eria acteria ales ceae monas 39 10% 292
Lactob | Strepto
Bon | 59 | Firmi acillale | coccace | Streptoc | Unknown
e 68 | cutes | Bacilli s ae occus species2029 8% 293
Unkno
16 Unkno | Unknow | wn
Bon | 11 CW04 | wn n species
e 91 TM7 | TM7-3 |0 family | genus3 7 5% 294
16 | Spiro Spiroc | Spiroch
Bon | 02 | chaet | Spiroch | haetale | aetacea | Trepone | Treponema
e S5|es aetes s e ma socranskii 5% 295
Bon | 48 | Firmi Bacilla | Bacillac Bacillus
e 68 | cutes | Bacilli les eae Bacillus | clausii 5% 296
Actin Actino | Coryne
Bon | 52 | obact | Actinob | myceta | bacteria | Coryneb | Unknown
e 7 | eria acteria les ceae acterium | species1534 5% 297

14 | Prote | Gamma | Entero | Enterob
GB | 84 | obact | proteob | bacteri | acteriac | Enterob | Enterobacter

M 9 | eria acteria ales ecae acter cloacae 10% 298

Neisseri
14 | Prote | Betaprot a
GB 16 | obact | eobacter | Neisse | Neisseri | Neisseri | macaca
M 9 | eria ia riales aceae a e 8% 299
Actin Actino | Microc
GB 13 | obact | Actinob | myceta | occacea Kocuria
M 11 | eria acteria les e Kocuria | atrinae 8% 300

15 | Prote | Gamma | Pseudo
GB | 40 | obact | proteob | monad | Moraxe | Acineto | Unknown
M 9 | eria acteria ales llaceae | bacter species424 8% 301

14 | Prote | Gamma | Entero | Enterob | Escheric
GB | 93 | obact | proteob | bacteri | acteriac | hia/Shig | Unknown
M 4 | eria acteria ales eae ella species231 8% 302
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14 | Prote | Gamma | Entero | Enterob
GB | 79 | obact | proteob | bacteri | acteriac | Enterob | Unknown

M 5 | eria acteria ales eae acter species196 8% 303
Actin Actino | Microb
GB 11 | obact | Actinob | myceta | acteriac | Agromy | Agromyces
M 29 | eria acteria les eae ces mediolanus 5% 304

11 | Prote | Alphapr
GB | 84 | obact | oteobact | Rhizob | Rhizobi | Agrobac | Unknown

M 2 | eria | eria iales aceae terium species298 5% 305
Unkno
15 | Prote | Gamma | Xantho | Xantho wn
GB | 85| obact | proteob | monad | monada | Luteimo | species
M 3 | eria acteria ales ceae nas 76 5% 306
GB | 51 | Firmi Bacilla | Planoco | Lysiniba | Lysinibacillus
M 06 | cutes | Bacilli les ccacecae | cillus boronitolerans 5% 307
Unkno
Exiguo wn
GB | 50 | Firmi Bacilla | bactera | Exiguob | species
M 09 | cutes | Bacilli les ceae acterium | 29 5% 308

15 | Prote | Gamma | Pseudo
GB | 33| obact | proteob | monad | Moraxe | Acineto | Unknown

M 3 | eria acteria ales llaceae | bacter species127 5% 309
Unkno
15 | Prote | Gamma | Pseudo wn
GB | 49 | obact | proteob | monad | Moraxe | Psychro | species
M 4 | eria acteria ales llaceae | bacter 28 5% 310
EXAMPLE §

Bacterial metabolic functions have strong associations with clinical metadata and are
attributed to large communities of intra-tumor bacteria

Our results demonstrate that intra-tumor bacteria span a wide spectrum of the bacterial
kingdom. To uncover the functional activities of intra-tumor bacteria, we used the PICRUSt2 tool
(40—42) to map the 16S sequences to the genes and pathways that these bacterial species may
harbor via full-genome content data.

Unsupervised clustering of 287 predicted metabolic MetaCyc pathways that showed the
greatest variability between the tumor types, demonstrated a tumor type-distinctive signature of
these microbiome metabolic pathways (Figure SA). We found tumor type-specific enrichment of
bacterial pathways that can degrade metabolites known to be enriched in these same tumor types.
For example, degradation of hydroxyprolines by bacteria (MetaCyc #PWY-5159) was enriched in
bone tumors (effect size 14.6%, p-value < 0.01, proportion test). Bone collagen is a main source
of hydroxyproline, and many bone pathologies, like bone tumors, have been shown to result in
elevated hydroxyproline levels (44). In the case of lung cancer, MetaCyc pathways responsible for

the degradation of cigarette smoke chemicals, like toluene, acrylonitrile, and aminobenzoates
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(#TOLUENE-DEG-2-OH-PWY, #P344-PWY, #PWY-6077), were significantly enriched in

bacteria found in lung tumors compared to other tumor types (effect size 8.4%, 8%, 7.2%, p-
value<0.001 for all, proportion test).

The enrichment for bacteria with the predicted capability to degrade cigarette smoke
metabolites in lung tumors may suggest that high levels of these metabolites create a preferred
niche for bacteria that can utilize these metabolites. To confirm this hypothesis, we compared the
bacterial functions found in non-small cell lung cancer (NSCLC) tumors of 100 current smokers
to 43 people who had never smoked (“never-smokers”). We found that 17 of the 49 MetaCyc
pathways that were significantly enriched in tumors of current smokers, were pathways that
degrade chemicals found in cigarette smoke like nicotine, anthranilate, toluene, and phenol (Figure
5B, blue circles). We also found eight MetaCyc pathways related to the biosynthesis of metabolites
that can be used by plants like the biosynthesis of glycine, a key intermediate in plant
photorespiration (Figure 5B, red circles). We suspect that some plant-associated bacteria, or their
DNA, are present in cigarette tobacco, and are thus enriched in the lung tumors of smokers.

To determine which bacteria contribute to the MetaCyc pathways that are enriched in the
lung tumors of current smokers, we compared the proportion of all bacterial taxa found in lung
tumors of current smokers (n=100) to those in the tumors of never-smokers (n=43). We found that
most of the enriched taxa in lung tumors of smokers belong to the Proteobacteria phylum.
However, none of these bacteria reached significance after correction for multiple-hypothesis
testing (Figure 5C) indicating that there was no homogenous population of species conferring this
functionality across samples. We reasoned that although bacterial ecology differs between tumors,
there is a shared functional signal related to the unique environment within the lungs of smokers.
Indeed, we were able to demonstrate that a very large number of heterogeneous bacteria contribute
to the degradation functions of cigarette smoke metabolites and the biosynthesis of plant
metabolites (Figure 5D). Bacteria expressing these functions are found mainly in the
Proteobacteria, Actinobacteria, and Cyanobacteria phyla, and are depleted from the Firmicutes
phylum (Figure 5D).

We also found enrichment of bacterial functions when comparing different tumor subtypes.
For example, multiple MetaCyc pathways were enriched in bacteria from 270 ER+ compared to
49 ER- human breast tumors (Figure S5E). The most significantly enriched pathways in bacteria of
ER+ breast tumors were arsenate detoxification and mycothiol biosynthesis. Arsenic is a Group 1
carcinogen that can increase the risk of breast cancer (45), and has been shown to induce

expression of the estrogen receptor in human breast cancer (46). Mycothiol is used by bacteria to
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detoxify reactive oxygen species (47). Because ER+ breast tumors are known to have increased

oxidative stress compared to ER- tumors (48), we hypothesize that bacteria with the ability to
synthesize mycothiol can better survive in the ER+ tumor microenvironment. We also found
enrichment of bacterial functions when comparing tumor to NAT samples. For example, enzymes
related to anaerobic respiration were enriched in bacteria from breast cancer vs NAT. Overall,
analysis of MetaCyc pathways suggests a connection between the functions of bacteria present in
the tumor and their tumor microenvironment.

Lastly, as our immunofluorescent staining suggests (Figures 2A-E), bacteria can be found
inside CD45+ immune cells, indicating that they may influence or reflect the immune state of the
tumor microenvironment. To look for an intra-tumor microbial signature that is correlated with
response to immunotherapy, we compared metastatic melanoma tumors that responded to immune
checkpoint inhibitors (ICI) (n=29) to those that did not respond (n=48). While we did not find
significant changes in the load of bacteria between responders and non-responders to ICI, we did
find multiple taxa that were differentially more (n=18) or less (n=28) abundant in melanoma
tumors of responders compared to non-responders (Figures 5F). Taxa that were more abundant in
tumors of responders included Clostridium, whereas Gardnerella vaginalis was more abundant in
tumors of non-responders. Importantly, this is in line with differential abundances of taxa in the
gut microbiome of melanoma patients responding to ICI (49-517). Lastly, we stratified the 77
patients on ICI according to the presence or absence of a favorable tumor-microbiome signature
that was generated using the 46 differentially prevalent bacteria. We found that patients with a
favorable response-associated tumor-microbiome signature had prolonged progression free
survival compared to those without this signature (Fig 5G and Table 4).

Table 4 includes 46 bacterial taxa that were differentially present in melanoma tumors from
responders or non-responders (FDR corrected p-values <0.2).

Taxa are sorted according their p-value (lowest to highest).

Table 4
SEQ | E
Bac ID /
tID | phylum class order family genus species NO: | D
301 | Actinob | Actinobacte | Actinomy | Mycobacte
90 | acteria | ria cetales riaceae Mycobacterium E
105 | Firmicu Clostridial | Veillonella Veillonella
45 | tes Clostridia es ceae Veillonella | dispar 311 D
401 | Firmicu Clostridial
98 | tes Clostridia es Veillonellaceae D
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306 | Cyanob Streptoph | Unknown

63 | acteria | Chloroplast | yta family Unknown genus116
320 | Proteob | Alphaprote | Sphingom | Sphingomo

03 | acteria | obacteria onadales | nadaceae Novosphingobium
600 | Proteob

81 | acteria | Gammaproteobacteria
316 | Firmicu Clostridial | Veillonella

06 | tes Clostridia es ceae Veillonella
400 | Actinob | Actinobacte | Bifidobact

57 | acteria | ria eriales Bifidobacteriaceae
308 | Firmicu Lactobacil | Lactobacill | Lactobacil

58 | tes Bacilli lales aceae lus
306 | Cyanob Streptoph | Unknown

83 | acteria | Chloroplast | yta family Unknown genus39
316 | Fusoba | Fusobacterii | Fusobacte | Leptotrichi | Leptotrichi

35 | cteria a riales aceae a
153 | Proteob | Gammaprot | Pseudomo | Moraxellac | Acinetoba | Unknown

67 | acteria | eobacteria nadales eae cter species300 312
323 | Proteob | Gammaprot | Pseudomo | Moraxellac | Acinetoba

94 | acteria | eobacteria nadales eae cter
521 | Firmicu Staphyloco | Staphyloc | Unknown

6 | tes Bacilli Bacillales | ccaceae occus species270 313

129 | Proteob | Alphaprote | Sphingom | Sphingomo | Sphingom | Sphingomonas

37 | acteria | obacteria onadales | nadaceae onas yunnanensis 314
139 | Proteob | Betaproteob | Burkholde | Oxalobacte Unknown

52 | acteria | acteria riales raceae Ralstonia | species139 315
147 | Proteob | Gammaprot | Enterobac | Enterobact | Unknown | Unknown

24 | acteria | cobacteria teriales eriaceae genus122 | speciesl 316
155 | Proteob | Gammaprot | Pseudomo | Pseudomo | Unknown | Unknown

28 | acteria | eobacteria nadales nadaceae genus86 speciesl 317
156 | Proteob | Gammaprot | Pseudomo | Pseudomo | Pseudomo | Pseudomonas

91 | acteria | eobacteria nadales nadaceae nas libanensis 318
400 | Bactero Cytophag

94 | idetes Cytophagia | ales Cytophagaceae
301 | Actinob | Actinobacte | Actinomy | Corynebact

15 | acteria | ria cetales eriaceae Corynebacterium
700 | Cyanob

10 | acteria
136 | Proteob | Betaproteob | Burkholde | Comamona | Rubriviva | Unknown

08 | acteria | acteria riales daceae X species9s 319
302 | Actinob | Actinobacte | Coriobact | Coriobacte | Atopobiu

83 | acteria | ria eriales riaceae m
308 | Firmicu Clostridial | Clostridiac | Clostridiu

90 | tes Clostridia es cac m
314 | Firmicu Clostridial | Tissierellac | Anaerococ

76 | tes Clostridia es eae cus
320 | Proteob | Betaproteob | Burkholde | Comamona | Rubriviva

77 | acteria | acteria riales daceae X
400 | Actinob | Actinobacte | Coriobact

58 | acteria | ria eriales Coriobacteriaceae
401 | Firmicu Clostridial | Clostridiac

85 | tes Clostridia es cac
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403 | Proteob | Gammaprot | Aeromona
02 | acteria | eobacteria dales Aeromonadaceae D
501 | Proteob | Betaproteob
19 | acteria | acteria Burkholderiales E
461 | Cyanob Streptoph | Unknown | Unknown | Unknown
9 | acteria | Chloroplast | yta family genus39 speciesd 320 D
531 | Firmicu Staphyloco | Staphyloc | Staphylococcus
8 | tes Bacilli Bacillales | ccaceae occus caprae 321 D
618 | Firmicu Lactobacil | Streptococ | Streptococ | Streptococcus
2 | tes Bacilli lales caceae cus parasanguinis 322 D
147 | Proteob | Gammaprot | Enterobac | Enterobact | Unknown | Unknown
27 | acteria | cobacteria teriales eriaceae genus153 | speciesl 323 D
308 | Firmicu Lactobacil | Aerococca | Aerococcu
43 | tes Bacilli lales ceae s D
309 | Firmicu Clostridial | Lachnospir | Ruminoco
39 | tes Clostridia es aceae ccus D
320 | Proteob | Betaproteob | Burkholde | Comamona
56 | acteria | acteria riales daceae Aquabacterium D
323 | Proteob | Gammaprot | Enterobac | Enterobact
58 | acteria | eobacteria teriales eriaceae Unknown genus153 D
402 | Proteob | Alphaprote | Sphingom
60 | acteria | obacteria onadales | Erythrobacteraceae D
317 | Proteob | Alphaprote | Caulobact | Caulobacte | Caulobact
33 | acteria | obacteria erales raceae er D
501 | Proteob | Gammaprot
39 | acteria | eobacteria Alteromonadales D
403 | Proteob | Gammaprot | Pseudomo | Moraxellac
29 | acteria | eobacteria nadales eae D
206 | Actinob | Actinobacte | Bifidobact | Bifidobact | Gardnerell | Gardnerella
1| acteria | ria eriales eriaceae a vaginalis 324 D
121 | Proteob | Alphaprote | Rhodobac | Rhodobact | Paracoccu | Paracoccus
09 | acteria | obacteria terales eraceae s marcusii 325 D
401 | Cyanob Streptoph
44 | acteria | Chloroplast | yta Unknown family D

Table 4.1 includes a subset of bacteria listed in Table 4 that are differentially present in

melanoma tumors from responders or non-responders

Table 4.1
SEQ | E

Bac ID /
tID | phylum class order family genus species NO: | D
306 | Cyanob Streptoph | Unknown

63 | acteria | Chloroplast | yta family Unknown genus116 E
308 | Firmicu Lactobacil | Lactobacill | Lactobacil

58 | tes Bacilli lales aceae lus D
306 | Cyanob Streptoph | Unknown

83 | acteria | Chloroplast | yta family Unknown genus39 D
316 | Fusoba | Fusobacterii | Fusobacte | Leptotrichi | Leptotrichi

35 | cteria a riales aceae a D
153 | Proteob | Gammaprot | Pseudomo | Moraxellac | Acinetoba | Unknown

67 | acteria | eobacteria nadales eae cter species300 312 D
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323 | Proteob | Gammaprot | Pseudomo | Moraxellac | Acinetoba
94 | acteria | eobacteria nadales eae cter
521 | Firmicu Staphyloco | Staphyloc | Unknown
6 | tes Bacilli Bacillales | ccaceae occus species270 313
129 | Proteob | Alphaprote | Sphingom | Sphingomo | Sphingom | Sphingomonas
37 | acteria | obacteria onadales | nadaceae onas yunnanensis 314
139 | Proteob | Betaproteob | Burkholde | Oxalobacte Unknown
52 | acteria | acteria riales raceae Ralstonia | species139 315
147 | Proteob | Gammaprot | Enterobac | Enterobact | Unknown | Unknown
24 | acteria | cobacteria teriales eriaceae genus122 | speciesl 316
155 | Proteob | Gammaprot | Pseudomo | Pseudomo | Unknown | Unknown
28 | acteria | eobacteria nadales nadaceae genus86 speciesl 317
156 | Proteob | Gammaprot | Pseudomo | Pseudomo | Pseudomo | Pseudomonas
91 | acteria | eobacteria nadales nadaceae nas libanensis 318
400 | Bactero Cytophag
94 | idetes Cytophagia | ales Cytophagaceae
301 | Actinob | Actinobacte | Actinomy | Corynebact
15 | acteria | ria cetales eriaceae Corynebacterium
700 | Cyanob
10 | acteria
136 | Proteob | Betaproteob | Burkholde | Comamona | Rubriviva | Unknown
08 | acteria | acteria riales daceae X species9s 319
302 | Actinob | Actinobacte | Coriobact | Coriobacte | Atopobiu
83 | acteria | ria eriales riaceae m
314 | Firmicu Clostridial | Tissierellac | Anaerococ
76 | tes Clostridia es eae cus
320 | Proteob | Betaproteob | Burkholde | Comamona | Rubriviva
77 | acteria | acteria riales daceae X
400 | Actinob | Actinobacte | Coriobact
58 | acteria | ria eriales Coriobacteriaceae
403 | Proteob | Gammaprot | Aeromona
02 | acteria | eobacteria dales Aeromonadaceae
501 | Proteob | Betaproteob
19 | acteria | acteria Burkholderiales
461 | Cyanob Streptoph | Unknown | Unknown | Unknown
9 | acteria | Chloroplast | yta family genus39 speciesd 320
531 | Firmicu Staphyloco | Staphyloc | Staphylococcus
8 | tes Bacilli Bacillales | ccaceae occus caprae 321
618 | Firmicu Lactobacil | Streptococ | Streptococ | Streptococcus
2 | tes Bacilli lales caceae cus parasanguinis 322
147 | Proteob | Gammaprot | Enterobac | Enterobact | Unknown | Unknown
27 | acteria | cobacteria teriales eriaceae genus153 | speciesl 323
308 | Firmicu Lactobacil | Aerococca | Aerococcu
43 | tes Bacilli lales ceae s
309 | Firmicu Clostridial | Lachnospir | Ruminoco
39 | tes Clostridia es aceae ccus
320 | Proteob | Betaproteob | Burkholde | Comamona
56 | acteria | acteria riales daceae Aquabacterium
323 | Proteob | Gammaprot | Enterobac | Enterobact
58 | acteria | eobacteria teriales eriaceae Unknown genus153
402 | Proteob | Alphaprote | Sphingom
60 | acteria | obacteria onadales | Erythrobacteraceae
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317 | Proteob | Alphaprote | Caulobact | Caulobacte | Caulobact
33 | acteria | obacteria erales raceae cr D
501 | Proteob | Gammaprot
39 | acteria | eobacteria Alteromonadales D
403 | Proteob | Gammaprot | Pseudomo | Moraxellac
29 | acteria | eobacteria nadales eae D
121 | Proteob | Alphaprote | Rhodobac | Rhodobact | Paracoccu | Paracoccus
09 | acteria | obacteria terales eraceae s marcusii 325 D
401 | Cyanob Streptoph
44 | acteria | Chloroplast | yta Unknown family D
D/E = depleted/enriched in responders to immune checkpoint inhibitors
Table 5 - bacteria that are enriched in responders
SEQ
Bac | phylu ID
tID m class order family genus species NO:
301 | Actino | Actinobacte | Actinomy | Mycobacte
90 | bacteria | ria cetales riaceae Mycobacterium
306 | Cyanob Streptoph | Unknown
63 | acteria | Chloroplast | yta family Unknown genus116
320 | Proteob | Alphaprote | Sphingom | Sphingom
03 | acteria | obacteria onadales | onadaceae | Novosphingobium
521 | Firmicu Staphyloco | Staphyloc | Unknown
6 | tes Bacilli Bacillales | ccaceae occus species270 313
129 | Proteob | Alphaprote | Sphingom | Sphingom | Sphingom | Sphingomonas
37 | acteria | obacteria onadales | onadaceae | onas yunnanensis 314
139 | Proteob | Betaproteo | Burkhold | Oxalobact Unknown
52 | acteria | bacteria eriales eraceae Ralstonia | species139 315
147 | Proteob | Gammaprot | Enterobac | Enterobact | Unknown | Unknown
24 | acteria | eobacteria | teriales eriaceae genus122 | speciesl 316
155 | Proteob | Gammaprot | Pseudom | Pseudomo | Unknown | Unknown
28 | acteria | eobacteria | onadales | nadaceae | genus86 speciesl 317
156 | Proteob | Gammaprot | Pseudom | Pseudomo | Pseudomo | Pseudomonas
91 | acteria | eobacteria | onadales | nadaceae | nas libanensis 318
400 | Bactero Cytophag
94 | idetes Cytophagia | ales Cytophagaceae
136 | Proteob | Betaproteo | Burkhold | Comamon | Rubriviva | Unknown
08 | acteria | bacteria eriales adaceae X species95 319
302 | Actino | Actinobacte | Coriobact | Coriobacte | Atopobiu
83 | bacteria | ria eriales riaceae m
308 | Firmicu Clostridia | Clostridiac | Clostridiu
90 | tes Clostridia les eae m
314 | Firmicu Clostridia | Tissierella | Anaerococ
76 | tes Clostridia les ceae cus
320 | Proteob | Betaproteo | Burkhold | Comamon | Rubriviva
77 | acteria | bacteria eriales adaceae X
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400 | Actino | Actinobacte | Coriobact
58 | bacteria | ria eriales Coriobacteriaceae
401 | Firmicu Clostridia | Clostridiac
85 | tes Clostridia les eae
501 | Proteob | Betaproteo
19 | acteria | bacteria Burkholderiales
Table 6 - bacteria that are depleted in responders
SEQ
Bac | phylu ID
tID m class order family genus species NO:
105 | Firmicu Clostridia | Veillonell | Veillonell | Veillonella
45 | tes Clostridia les aceae a dispar 311
401 | Firmicu Clostridia
98 | tes Clostridia les Veillonellaceae
600 | Proteob
81 | acteria | Gammaproteobacteria
316 | Firmicu Clostridia | Veillonell | Veillonell
06 | tes Clostridia les aceae a
400 | Actino | Actinobacte | Bifidobac
57 | bacteria | ria teriales Bifidobacteriaceae
308 | Firmicu Lactobaci | Lactobacil | Lactobacil
58 | tes Bacilli llales laceae lus
306 | Cyanob Streptoph | Unknown
83 | acteria | Chloroplast | yta family Unknown genus39
316 | Fusoba | Fusobacteri | Fusobacte | Leptotrich | Leptotrich
35 | cteria ia riales laceae ia
153 | Proteob | Gammaprot | Pseudom | Moraxella | Acinetoba | Unknown
67 | acteria | eobacteria | onadales | ceae cter species300 312
323 | Proteob | Gammaprot | Pseudom | Moraxella | Acinetoba
94 | acteria | eobacteria | onadales | ceae cter
301 | Actino | Actinobacte | Actinomy | Coryneba
15 | bacteria | ria cetales cteriaceae | Corynebacterium
700 | Cyanob
10 | acteria
403 | Proteob | Gammaprot | Aeromon
02 | acteria | eobacteria | adales Aeromonadaceae
461 | Cyanob Streptoph | Unknown | Unknown | Unknown
9 | acteria | Chloroplast | yta family genus39 speciesd 320
531 | Firmicu Staphyloc | Staphyloc | Staphylococcu
8 | tes Bacilli Bacillales | occaceae | occus s caprae 321
618 | Firmicu Lactobaci | Streptococ | Streptococ | Streptococcus
2 | tes Bacilli llales caceae cus parasanguinis 322
147 | Proteob | Gammaprot | Enterobac | Enterobac | Unknown | Unknown
27 | acteria | eobacteria | teriales teriaceae | genus153 | speciesl 323
308 | Firmicu Lactobaci | Aerococca | Aerococcu
43 | tes Bacilli llales ceae S
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309 | Firmicu Clostridia | Lachnospi | Ruminoco
39 | tes Clostridia les raceae ccus
320 | Proteob | Betaproteo | Burkhold | Comamon
56 | acteria | bacteria eriales adaceae Aquabacterium
323 | Proteob | Gammaprot | Enterobac | Enterobac
58 | acteria | eobacteria | teriales teriaceac | Unknown genus153
402 | Proteob | Alphaprote | Sphingom
60 | acteria | obacteria onadales | Erythrobacteraceae
317 | Proteob | Alphaprote | Caulobact | Caulobact | Caulobact
33 | acteria | obacteria erales eraceae er
501 | Proteob | Gammaprot
39 | acteria | eobacteria | Alteromonadales
403 | Proteob | Gammaprot | Pseudom | Moraxella
29 | acteria | eobacteria | onadales | ceae
206 | Actino | Actinobacte | Bifidobac | Bifidobact | Gardnerell | Gardnerella
1 | bacteria | ria teriales eriaceae a vaginalis 324
121 | Proteob | Alphaprote | Rhodobac | Rhodobac | Paracoccu | Paracoccus
09 | acteria | obacteria terales teraceae S marcusii 325
401 | Cyanob Streptoph
44 | acteria | Chloroplast | yta Unknown family

it is evident that many alternatives, modifications and variations will be apparent to those skilled in

the art. Accordingly, it is intended to embrace all such alternatives, modifications and variations that

Although the invention has been described in conjunction with specific embodiments thereof,

fall within the spirit and broad scope of the appended claims.

to in this specification are to be incorporated in their entirety by reference into the specification, as if
each individual publication, patent or patent application was specifically and individually noted when
referenced that it is to be incorporated herein by reference. In addition, citation or identification of
any reference in this application shall not be construed as an admission that such reference is available
as prior art to the present invention. To the extent that section headings are used, they should not be

construed as necessarily limiting. In addition, any priority document(s) of this application is/are

It is the intent of the applicant(s) that all publications, patents and patent applications referred

hereby incorporated herein by reference in its/their entirety.
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WHAT IS CLAIMED IS:

1. A method of treating cancer in a subject in need thereof the method comprising:

(a) analyzing for the abundance of at least one bacteria in the tumor microbiome of the
subject; and

(b) administering to the subject a therapeutically effective amount of an immunotherapy
treatment on the basis of the abundance of said at least one bacteria, thereby treating the cancer in

the subject.

2. A method of determining whether a subject having been diagnosed with cancer will
respond to an immunotherapy treatment comprising analyzing the abundance of at least one
bacteria set forth in Table 4 in the tumor microbiome of the subject, wherein the abundance of said

at least one bacteria is indicative whether a subject will respond to the immunotherapy treatment.

3. The method of claims 1 or 2, wherein when the abundance of a bacteria in the tumor
microbiome set forth in Table 5 is above a predetermined amount, the subject is deemed a suitable

candidate for therapy using said immunotherapy treatment.

4. The method of claims 1 or 2, wherein when the abundance of a bacteria in the tumor
microbiome set forth in Table 6 is below a predetermined amount, the subject is deemed a suitable

candidate for therapy using said immunotherapy treatment.

5. The method of any one of claims 1-4, wherein said immunotherapy treatment

comprises an immune checkpoint inhibitor.

6. The method of any one of claims 1-4, wherein said cancer is melanoma.

7. The method of any one of claims 1 or 6, wherein said at least one bacteria is set
forth in Table 4.

8. The method of claims 1 or 6, wherein when said at least one bacteria is set forth in

Table 5, the abundance above a predetermined level is indicative that the subject will respond to

the immune checkpoint inhibitor.
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9. The method of claims 1 or 6, wherein when said at least one bacteria is set forth in

Table 6, the abundance below a predetermined level is indicative that the subject will respond to

the immune checkpoint inhibitor.

10. The method of any one of claims 1-9, wherein said at least one bacteria comprises

each of the bacteria set forth in Table 4.

11. The method of any one of claims 1-10, wherein said tumor is a metastasized tumor.

12. The method of any one of claims 1-10, wherein said tumor is a non-metastasized
tumor.

13. A method of diagnosing a cancer in a subject, comprising analyzing the abundance

of a bacteria of at least one family, order, genus or species set forth in any of Tables 1-3 in a tumor
sample of the subject, wherein an abundance of said bacteria above a predetermined level is

indicative of the cancer.

14. The method of claim 13, wherein said at least one family, order, genus or species

comprises at least three family, order, genus or species.

15. The method of claim 13, wherein the cancer is selected from the group consisting

of breast, melanoma, pancreatic cancer, ovarian cancer, bone cancer and brain cancer.

16. The method of claim 15, wherein said brain cancer comprises glioblastoma.

17. The method of any one of claims 13-16, wherein said tumor sample is a non-

metastasized tumor sample.

18. The method of any one of claims 13-16, wherein said tumor sample is a metastasized

tumor sample.

19. A method of delivering an agent to a tumor of a subject, the method comprising

administering to the subject bacteria which comprise or are linked to the agent, wherein the bacteria
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is of a family, order, genus or species set forth in Tables 1-3, thereby delivering the agent to a tumor

of the subject.

20. A composition of matter comprising a bacteria of a family, order, genus or species

set forth in Tables 1-3 which comprises a therapeutic or diagnostic agent.

21. The method of claim 19, wherein said agent is a therapeutic agent.

22. The method or composition of matter of claims 20 or 21, wherein said therapeutic

agent is a cytotoxic agent.

23. The method of claim 19, wherein said agent is a diagnostic agent.

24. The method or composition of matter of claims 19 or 20, wherein said bacteria are

genetically modified to express said agent.

25. The method of claim 19, wherein said tumor is selected from the group consisting
of a breast tumor, a lung tumor, a skin tumor, a pancreas tumor, an ovarian tumor, a bone tumor

and a brain tumor.
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