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Multiple basic research and clinical disciplines applied to same problem

Microbiology, immunology, pharmacology, neuroscience, food science, 
nutrition, biochemistry, medical microbiology, pharmacy, physiology

APC Microbiome Ireland Team
300 People…our most important asset 

Gastroenterology, psychiatry, cardiovascular health, rheumatology, radiology, 
oncology, pathology, gerontology, neonatology, metabolic health
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We live in a microbial world & are all different
Definitions

Microbiota –
• The ecological community of microorganisms 

that share an environmental niche
• Virome – The genomes of all the viruses 

inhabiting in and on the human body
• Fungi, protozoa

Microbiome –
• The collective genome of the microbiota
• Refers generally to organisms that exist in 

symbiotic harmony with their host, in normal 
conditions

Some Key Points
• Microbiome is intrinsically linked to human and 

animal health…
• Microbiome is malleable and can be changed
• Age, diet, host and antibiotics shape the 

microbiome but not precisely
• How can we manipulate the microbiome in a 

precise way? 
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Factors Affecting the Microbiome Across the Human Life Cycle 

Adapted from Kostic et al., 2013 Gene Dev & Kostic et al., 2014 Gastroenterology

Pregnancy
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Mining the Microbiome for interventions across the life cycle 

Gestation, breast feeding, 
weaning, missing microbes 

in infants

Precision microbiome 
modulation / 
restoration, 

personalized diets 

Microbiome-
designed food 

products

Fermented foods, 
Global survey, 

Fermented food &d 
health

Exercise-diet-gut 
microbiome-
performance

Constraint-based 
metabolic modelling

Diet-microbiome 
in aging and colon 

cancer
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• Diagnostics
• Antibiotics
• Anti-

inflammatories
• Medical foods
• Functional 

foods

• Faecal 
transplants

• Microbial 
consortia

• Probiotics
• Prebiotics
• Metabolites
• Bacteriophage
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Analysing the Microbiota Composition

Adapted from Fraher et al, 2012 Nat Rev Gastro/Hepatol; Bik E. 2015 YJBM 

Differences in microbiota composition in C57BL/6 mice from 
different commercial vendors
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Microbiota of the Gastrointestinal Tract
Differences between Mouse and Human

• Largest numbers of microbes and greatest variety of species

• Approximately 800-1000 bacterial species in the human gut 

• Four dominant bacterial phyla
o Firmicutes (64%), Bacteroidetes (23%), Proteobacteria (8%) and Actinobacteria (3%)
o Firmicutes – Gram positive bacteria; Clostridia 
o Bacteroidetes – Gram negative bacteria; Bacteroides, Prevotella

Human
Mouse
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Host Barriers Prevent Systemic Dissemination 
of Gut Commensal Bacteria
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Crossing Host Barriers: 
Systemic Dissemination by Pathogens

Known Mechanisms Salmonella typhymurium
Direct uptake through peyers patches and inter-epithelial DCs and 
dissemination to MLN and Spleen
(Rescigno M et al, Nat Immunol. 2001 Apr;2(4):361-7)

Transcytosis (apical to basolateral translocation in epithelial cells)
(Andreas JM et al, Cell Host Microbe. 2012 Jan 19;11(1):19-32)

Self destructive co-operation 
(Martin A et al, Nature 454, 987-990 (21 August 2008))

Destruction of M cells
(Jone BD et al, J Exp Med.1994 Jul 1;180(1):15-23)

Listeria monocytogenes
Transcytosis (apical to basolateral translocation in epithelial cells)
(Andreas JM et al, Cell Host Microbe. 2012 Jan 19;11(1):19-32)

Enteropathogenic E. coli 
Destabilize tight junctions and adherens junctions
(Yarbrough ML et al Science. 2009 Jan 9;323(5911):269-72)

Destruction of M cells
(Jone BD et al, J Exp Med.1994 Jul 1;180(1):15-23)

Shigella flexineri
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Glossary
Antigen mimicry: the sharing of
antigen epitopes between microbes
and host.
Antiphospholipid syndrome:
autoimmune disorder characterized by
increased formation of blood clots often
due to autoantigen β2-GP1 T cell
responses.
Aryl hydrocarbon receptor: ligand-
dependent transcription factor; binds
several exogenous factors such as
microbial tryptophan catabolites; plays
important roles regulating metabolism
and T cell differentiation.
Cytidine deaminase: enzyme
catalyzing the hydrolytic deamination of
cytidine and deoxycytidine to uridine and
deoxyuridine, respectively.
Dextran sulfate sodium: sulfated
polysaccharide, toxic to colonic epithelial
cells causing human ulcerative-colitis-like
diseases when used in mice.
Dysbiosis: any change to the
composition of resident commensal
communities relative to the community
found in healthy individuals; often
associated with disease.
Fecal microbiota transplant: transfer
of donor stool, containing fecal
microbes, to a recipient.
Gnotobiotic: environment/model
organism in which all microorganisms
present are defined.
HPV16-E7: human papilloma viral
oncoprotein expressed in TC-1 lung
tumor cells.
Hyperglycemia: abnormally high
glucose concentrations in the blood.
Imiquimod: stimulates the innate
immune system by activating TLR7.
Immune checkpoint inhibitor
therapy: drugs that block immune
checkpoint proteins (from binding to
their partner ligands), enabling T cell
activation and tumor-cell killing.
Lipopolysaccharide: endotoxin
expressed on the outer membrane of
Gram-negative bacteria with potential
immunostimulatory activity.
Melanoma: form of skin cancer
developed from melanocytes.
Mimotope: peptide sequences which
mimic epitopes of specific antigens and
are therefore capable of eliciting an
antigen-specific immune response.
Murein lipoprotein: outer membrane
lipoprotein found in the cell wall of
Gram-negative bacteria.
Nucleotide-binding oligomerization
domain-containing protein 2:
pathogen recognition receptor

Key Figure

Tissue-Specific Immunoregulatory Effects of Translocated Gut Bacteria
during Extra-intestinal Diseases and Homeostasis in Mice and Humans
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Figure 1. The diagram depicts examples of homeostasis and diseases, including cancers and autoimmune diseases. In solid
malignancies, bacterial translocation to extraintestinal tumors in mice is associated with an increase in interferon (IFN)γ+ CD4+

T cells (Th1 cells) and cytotoxic IFNγ+/Granzyme B+ (GrzmB) CD8+ T cells (Tc1 cells), with a reduction in immunosuppressive
myeloid derived suppressor cells (MDSCs) and regulatory T (Treg) cells [35,52]. Within the pancreas of a pancreatic ductal

(Figure legend continued at the bottom of the next page.)

Trends in Immunology

Trends in Immunology, February 2021, Vol. 42, No. 2 139

CANCER

The human tumor microbiome is composed of tumor
type–specific intracellular bacteria
Deborah Nejman1*, Ilana Livyatan1,2*, Garold Fuks3*, Nancy Gavert1, Yaara Zwang1, Leore T. Geller1,
Aviva Rotter-Maskowitz1, Roi Weiser4,5, Giuseppe Mallel1, Elinor Gigi1, Arnon Meltser1,
Gavin M. Douglas6, Iris Kamer7, Vancheswaran Gopalakrishnan8†, Tali Dadosh9,
Smadar Levin-Zaidman9, Sofia Avnet10, Tehila Atlan11, Zachary A. Cooper12, Reetakshi Arora8,
Alexandria P. Cogdill13, Md Abdul Wadud Khan8, Gabriel Ologun8, Yuval Bussi1,2,14,
Adina Weinberger1,2, Maya Lotan-Pompan1,2, Ofra Golani15, Gili Perry16, Merav Rokah17,
Keren Bahar-Shany16, Elisa A. Rozeman18, Christian U. Blank18, Anat Ronai19, Ron Shaoul19,
Amnon Amit20,21, Tatiana Dorfman22,23, Ran Kremer24, Zvi R. Cohen5,25, Sagi Harnof5,26, Tali Siegal27,
Einav Yehuda-Shnaidman28, Einav Nili Gal-Yam29, Hagit Shapira28, Nicola Baldini10,30,
Morgan G. I. Langille6,31, Alon Ben-Nun5,17, Bella Kaufman5,7, Aviram Nissan32, Talia Golan5,7,
Maya Dadiani16, Keren Levanon5,16, Jair Bar5,7, Shlomit Yust-Katz5,27, Iris Barshack5,33,
Daniel S. Peeper34, Dan J. Raz35, Eran Segal1,2, Jennifer A. Wargo8,13, Judith Sandbank28,
Noam Shental36‡, Ravid Straussman1‡§

Bacteria were first detected in human tumors more than 100 years ago, but the characterization of the
tumor microbiome has remained challenging because of its low biomass. We undertook a comprehensive
analysis of the tumor microbiome, studying 1526 tumors and their adjacent normal tissues across
seven cancer types, including breast, lung, ovary, pancreas, melanoma, bone, and brain tumors. We found
that each tumor type has a distinct microbiome composition and that breast cancer has a particularly
rich and diverse microbiome. The intratumor bacteria are mostly intracellular and are present in both
cancer and immune cells. We also noted correlations between intratumor bacteria or their predicted
functions with tumor types and subtypes, patients’ smoking status, and the response to immunotherapy.

M
ore than 16%of cancer incidenceworld-
wide has been attributed to infectious
agents (1). Intratumor bacteria have
been reported in many tumor types
(2–19), but these bacteria have not been

characterized in a comprehensivemanner (20).
The gut microbiome has been shown to have
multiple effects on tumor biology, such as the
transformation process, tumor progression,
and the response to anticancer therapies in-
cluding immunotherapy (21–29). Thus, charac-
terization of the tumor microbiome may be an
essential step in unraveling the effects that tu-
mor bacteria have ondifferent cancer hallmarks.

Bacterial DNA, RNA, and lipopolysaccharide
are present in many human solid tumors

Because the tumor microbiome has a relative-
ly low biomass, contamination of the tumor

samples with bacteria or bacterial DNA can be
problematic (30, 31). Therefore, it is critical to
include multiple measures to avoid, or at least
detect, any possible contamination in the pro-
cess of profiling the tumor microbiome (sup-
plementary note) (32, 33). For next-generation
sequencing applications, it is also important to
use mechanical tissue shearing in the DNA iso-
lation protocol to ensure the complete recovery
of DNA from within the cell wall of Gram-
positive bacteria—a step not included inmost
standardDNA isolation protocols (6, 7). To char-
acterize and visualize intratumor bacteria, we
applied an extensive combination of methods
to a large cohort of solid human tumor sam-
ples to detect bacterial DNA, RNA, and bacte-
rial outer membrane or cell wall components.
We focused on seven solid tumor types that

represent either common cancer types or cancer

types for which the tumor microbiome is largely
unknown, such as melanoma, bone, and brain
tumors (Fig. 1A). To address laboratory-borne
contaminants, we introduced 643 negative con-
trols that were processed with the samples,
including 437 DNA extraction controls and 206
polymerase chain reaction (PCR) no-template
controls (NTCs). To address contamination that
might have occurred before the samples reached
our laboratory, we also included 168 paraffin-
only samples taken from the margins of the
paraffin blocks (without tissue) that were used
in the study (Fig. 1A).
Overall, we profiled 1010 tumor samples

and 516 normal samples, including normal
adjacent tissues (NATs) from the same pa-
tients (Fig. 1A and table S1). In the case of
ovarian cancer, our normal samples came from
the ovaries or uteruses of the patients or from
normal fallopian tube fimbria of unmatched
healthy subjects (tables S1 and S2). To quan-
tify bacterial DNA,we used a real-time quanti-
tative PCR (qPCR) assaywith universal primers
967F and 1064R specific for the bacterial ribo-
somal 16S gene [16S rDNA (ribosomal DNA)]
(34). Levels of bacterial DNA in all tumor types
were significantly higher than those found
in both DNA extraction and paraffin controls
(Fig. 1B; P value <10−10 for each tumor type,
Wilcoxon rank sum test). We found that differ-
ent cancer types vary in the proportion of tu-
mors that are positive for bacterial DNA, ranging
fromonly 14.3% inmelanoma to >60% in breast,
pancreatic, and bone tumors. Bacterial DNAwas
also detected in solid tumors that have no di-
rect connectionwith the external environment,
such as ovarian cancer, glioblastoma multi-
forme (GBM), and bone cancer.
To validate the presence of bacteria in hu-

man tumors, we stained >400 additional tumors
(not related to the 1526 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 (35, 36). We also used RNA fluo-
rescence in situ hybridization (FISH), with a
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Crossing Host Barriers: 
Systemic Dissemination by Commensal Bacteria

Review

Systemic Immunoregulatory Consequences of
Gut Commensal Translocation
Alex C. McPherson,1,2,3 Surya P. Pandey,1,3 Mackenzie J. Bender,1 and Marlies Meisel1,@,*

One major determinant of systemic immunity during homeostasis and in certain
complex multifactorial diseases (e.g. cancer and autoimmune conditions), is
the gut microbiota. These commensals can shape systemic immune responses
via translocation of metabolites, microbial cell wall components, and viable
microbes. In the last few years, bacterial translocation has revealed itself as playing
a key, and potentially causal role in mediating immunomodulatory processes
in nongastrointestinal diseases. Moreover, recent observations regarding the
presence of complex microbial communities and viable bacteria within gut-distal
tissues during homeostasis challenge the current paradigm that healthy mammals
are entirely sterile at nonmucosal sites. This review discusses our current under-
standing of how the gut microbiota orchestrates systemic immunity during non-
infectious extraintestinal diseases and homeostasis, focusing on the translocation
of viable bacteria to gut-distal sites.

How Do Gut Bacteria Govern Gut-Distal Immunity?
All humans are inhabited by microorganisms; these form a metaorganism comprising a multicel-
lular host and communities of associated microorganisms, which colonize the gastrointestinal
tract and other mucosal sites (including the skin, lungs, and vagina). This inherently symbiotic
coexistence is in part maintained by spatial separation; epithelial, vascular, and lymphatic barriers
serve to avert uncontrolled microbial influx to extraintestinal (systemic) sites [1–3]. Here, the
mesenteric lymph nodes (mLNs) and liver are considered ‘firewalls’ that shield internal organs
from invading pathobionts (see Glossary) that breach the lymphatic or vascular barrier, respec-
tively [4,5]. Although translocation of viable bacteria could potentially occur from other mucosal
sites, this review focuses primarily on the translocation of gut bacteria. Host germline-encoded
disease susceptibility risks and environmental factors, such as diet, age, and dysbiosis, can
lead to loss of intestinal barrier integrity, allowing viable enteric commensal bacteria to escape
to systemic sites, including the mLNs, liver, spleen, and the blood circulatory system. This
process is referred to as bacterial translocation [6]. The mechanisms that trigger gut barrier
dysfunction are beyond the scope of this review and are described in detail elsewhere [5,7].

Over a century ago, the late Nobel Laureate and visionary Elie Metchnikoff theorized, ‘many
diseases which lead to chronic systemic inflammation occur as a result of increased gut bacterial
translocation into peripheral organs’ [8]. Numerous studies have provided the important and
descriptive foundation of a clear association between gut bacterial translocation and a multitude
of gastrointestinal, as well as nongastrointestinal, diseases. In particular, studies that used
complex mechanistic gnotobiotic approaches have highlighted potential causal implications of
specific translocated gut microbes in mediating key immunomodulatory processes in gut-distal
diseases and homeostasis (Table 1, Figure 1, Key Figure). Despite the importance of bacterial
translocation in host physio-pathology, the majority of studies focused their efforts on defining
the mechanisms of how the microbiota modulates systemic immunity via microbial cell wall com-
ponents or their produced metabolites, including lipopolysaccharides (LPS) and short-chain

Highlights
Acomplex tissuemicrobiome, containing
viable bacteria, is present at gut distal
sites during homeostasis.

A crucial, and potentially causal role of
gut bacterial translocation in modulating
systemic immunity during extraintestinal
diseases, such as autoimmunity and
cancer, is emerging.

The systemic immunoregulatory conse-
quences of gut bacterial translocation
are contextual.

Gut-distal tumors and circulatory sys-
tems of cancer patients can harbor
cancer-type-specific microbial commu-
nities of prognostic value.

The efficacy of cancer immunotherapy
can be strongly associated with gut
bacterial translocation.

Bacterial translocation can exacerbate
the severity of certain autoimmune
diseases, potentially through modulating
self-reactivity.

The aberrant immune response in
certain autoimmune diseases may not
be attributable to self-antigen reactivity
alone, but may be a synergistic effect,
including a reaction to gut microbes.

1Department of Immunology, University
of Pittsburgh School of Medicine,
Pittsburgh, PA, USA
2Department of Infectious Diseases and
Microbiology, University of Pittsburgh,
Pittsburgh, PA, USA
3These authors contributed equally

*Correspondence:
marlies@pitt.edu (M. Meisel).
@Twitter: @MeiselLab (M. Meisel).
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Published by Elsevier Ltd.
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Method to Identify and Characterise 
Commensal Bacteria Residing in Mouse Mucosal and Systemic Tissue

Euthanize mice. 

Brain

Heart

Thymus

Lungs Liver

SpleenMLN

Kidney

Colon

Stool

Pancreas

Plate in aerobic and 
anaerobic conditions

- Colony PCR and
identify hits via nBLAST

Homogenize
organs

INITIAL PROTOCOL

All Steps were performed in 
Laminar Flow Hood Using Aseptic Tools

Germ-Free Mice Organ Bacteria (Blast 
hit)

Liver Bacillus cereus

MLN Bacillus cereus

WAT M icrococcus luteus

Kidney M icrococcus luteus

Pancreas Staphylococcus capitis

Caecum M icrococcus sp.

Thymus Staphylococcus capitis

Lungs M icrococcus luteus

Pancreas Bacillus cereus

Pancreas Bacillus species

M LN- M esenteric lymph Nodes, 

WAT- W hite adipose tissue

Bacillus cereus – Environmental contaminant

Micrococcus luteus- Environmental/ Mammalian skin flora

Staphylococcus capitis- Mammalian skin flora

Summary: 
Workflow- Not sufficient to prevent contamination

13

Modification of Workflow- Incorporation of 
Germicidal Bath from Germ Free Mice Generation

14

An Aseptic Culture-based Approach to Identify Bacteria 
in Systemic Tissues of Mice

Euthanize mice. 

Brain

Heart

Thymus

Lungs Liver

SpleenMLN

Kidney

Colon

Stool

Pancreas

Plate in aerobic and 
anaerobic conditions

- Colony PCR and
identify hits via nBLAST

Homogenize organs

All Steps were performed in 
Laminar Flow Hood Using Aseptic Tools

Immerse in 
1% virkon- 5 minutes

Gentamicin wash 
(20µg/ml)- 3 minutes-

PBS rinse
Germ free 

(n=9)

3 colonies of Bacillus sp. 
(possible spore-resistant air 

contaminants)
from 108 tissues total

Summary: 
Workflow- Sufficient to prevent contamination
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Gut bacteria naturally translocate to systemic tissues 
of WT and MyD88-/- Mice

WT C57BL/6 (SPF) (n = 6), 
males: 21-23 weeks

MyD88-/- (n = 6), 
males: 21-23 weeks

HEART

THYMUS

LIVER

SPLEEN

PANCREAS

KIDNEY

WAT

L. johnsonii, B.pseudolongum, 
F. rodentium

L. johnsonii

B.pseudolongum L. johnsonii

L. johnsonii, B.pseudolongum S. danielae, L. johnsonii, 
L. murinus

MLN

L. johnsonii, B.pseudolongum L. reuteri, L. johnsonii

B.pseudolongum L. johnsonii

B.pseudolongum L. johnsonii

L. reuteri, B. pseudolongum-

- Uncharacterized bacteria Lactobacillus johnsonii: The most 
recurring hit in systemic tissues

16

L. johnnsonii colonize intestinal tissues of WT and MyD88-/- mice, 
with higher colonization of MyD88-/- mice

17

Identification of Bacteria in Sorted Cells of Intestinal Tissues
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WT: L. johnsonii, L. murinus
MyD88-/-: L. johnsonii
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MyD88-/-: L. johnsonii

WT: L. reuteri, L. murinus
MyD88-/-: L. johnsonii

Colon WT: L. murinus
MyD88-/-: NONE

WT: F. rodentium
MyD88-/-: L. johnsonii

WT: B. pseudolongum
MyD88-/-: L. johnsonii
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MyD88-/-: L. johnsonii
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Identification of bacteria in sorted cells 
of systemic tissues
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Identification of bacteria in sorted cells of intestinal tissues

Cell Type Mice WT mice
(Bacteria Recovered)

MyD88-/- mice
(Bacteria Recovered)

Epithelial
Small Intestine L. reuteri, B. pseudolongum L. johnsonii

Colon L. murinus, L. reuteri L. johnsonii

Stromal
Small Intestine L. reuteri, L. murinus, C. acnes L. johnsonii

Colon
L. johnsonii, B. pseudolongum, 

E. hirae, F. rodentium L. johnsonii

Macrophage
Small Intestine L. reuteri -

Colon Uncultured bacterium, L. murinus -

Dendritic Cell
Small Intestine L. reuteri, E. hirae, B. pseudolongum L. johnsonii

Colon F. rodentium L. johnsonii

Lymphocytes Small Intestine L. johnsonii, L. murinus, C. acnes L. johnsonii

Colon B. pseudolongum L. johnsonii
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L. johnsonii persist in primary DCs but not macrophages 
or epithelial cells

L. johnsonii

Epithelial cells/ Macrophages/
Dendritic cells

2 hours

20µg/ml 
Gentamicin

Plate supernatant and 
Whole cell lysate

6, 16 and 24 hours

Plate supernatant 
and Whole cell lysate

2 hours
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Orally gavaged L. johnsonii translocate to systemic tissues 
of germ-free mice

Organ L. johnsonii positive 
tissues (n=3) CFU/g 

Intestinal 
tissues 

Stomach 3/3 213333, 200000, 586666 

Small Intestine 3/3 228571, 180000, 97142 
Caecum 3/3 533333, 360000, 400000 
Colon 3/3 260000, 160000, 170000 
Stool 3/3 880000, 1440000, 1920000 

Systemic 
tissues 

Liver 1/3 0, 143, 0 

Pancreas 1/3 0, 5500, 0 

Kidney 1/3 950, 0, 0 

MLN* 2/3 500, 3100, 0 

WAT** 2/3 0, 7200, 100 

*MLN- Mesenteric lymph Nodes, **WAT- White adipose tissue 
 

3 x 108 L. johnsonii

C57BL/6
Germ-free 

Mice

23

• Systemic dissemination of live gut-resident bacteria occurs to varying degrees between co-housed mice.

• L. johnsonii is the most recurring bacteria recoverable from systemic tissues of WT and MyD88-/- mice.

• Systemic dissemination of L. johnsonii in MyD88-/- mice is higher compared to WT mice, due to their higher intestinal 
abundance in these mice.

• L. johnsonii strains are recoverable from multiple cell types of intestinal tissues and persist intracellularly in dendritic 
cells but not macrophages or epithelial cells. 

Summary

24
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Bifidobacterial abundance in the human gut

Prof Tomotari Mitsuoka , 
1973 (classical cultivation)

• High GC-content, anaerobic bacteria
• Bifidobacterium is a deep-branching lineage of the phylum Actinobacteria (now called: Actinomycetota)
• The genus currently consists of approximately 100 taxa (species/subspecies)

25

Bifidobacteria decline as its host ages 

Arboleya et al., 2016

ØTheir absence is linked to stunted growth (Blanton et al., 
Science 2016) and obesity (Le Chatelier et al., Nature 2013)

ØPromote anti-tumour immunity (Sivan et al., Science 2015)

ØPrevent anti-tumour immunity (Spencer et al., Science 2021)

ØProtect from gut infections (Fukuda et al., Nature 2011)

26

Vertical Transfer of Bifidobacteria from Mother to Neonate?

(Pharmacol Res. 2013 Mar;69(1):1-10. doi: 10.1016/j.phrs.2012.09.001. Epub 2012 Sep 10.)

Origin of the bacteria isolated from breast milk: 
is there a bacterial entero-mammary pathway?

27
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B. breve UCC2003 WT B. breve UCC2003 EPS-
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Generation of mCherry expressing B. breve 
UCC2003 to investigate Host-Microbe interactions

• Production of a surface 
exopolysaccharide (EPS), 
which consists of extracellular 
polymerized glycans

• We have previously shown 
that the EPS layer has 
immunomodulatory effects

• B. breve UCC2003 was 
originally isolated from healthy 
infant stool

Fanning et al, 2012 PNAS 109 no.6: 2108-2113
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mCherry expressing B. breve UCC2003
Bright Field mCherry

UCC2003 WT

EPS- WT

UCC2003 WT mCherry+

EPS- mCherry+
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Bacterial EPS and host CX3CR1 are required for the 
translocation of B. breve UCC2003 to systemic tissues
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Uptake of B. breve UCC2003 by colonic dendritic 
cells is EPS dependent
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mCherry positive cells in MLNs and Spleen of 
colonised mice are CX3CR1 negative

A

B

mCherry+ Cell

mCherry+ Cell
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EPS-

EPS+

Similarity score for B. breve UCC2003 strains (mCherry) as indicated within CD45 BM DCs

Imaging flow cytometry analysis of bacterial
phagocytosis by murine dendritic cells cells 

Imaging Flow Cytometry analysis 
Fixed, stained cell samples were analysed with an Amnis ImageStreamX M kII cytometer (NUIG) running INSPIRE software

version 200.1.620.0 and using 405nm (at 30mW ), 561nm (at 200mW ) and 642nm (at 150mW ) lasers for excitation of BV421,
mCherry and APC fluorescent signals respectively.

EPS does not affect phagocytosis of B. breve UCC2003 
by BMDCs

O w en  H u gh es P h D
Im ag in g  F low  C ytom etry Sp ecia list, 
Lu m in ex

Sh irley H an ley
F low  C ytom etry C ore  Facility
N U IG
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fmicb-12-653587 June 10, 2021 Time: 19:50 # 11

Hickey et al. B. breve Exopolysaccharide Blocks T-Cell Activation

FIGURE 6 | EPS protects from antigen presentation of B. breve to OT-II CD4+ T cells by DCs. (A) mCherry expression (pMG-mCherry OVA) in the indicated B. breve
strains by flow cytometry. Histograms were obtained by gating on bacterial cells. Black and gray histograms were obtained from parental B. breve UCC2003 and
JCM7017 wild type or EPS�. Red and blue histograms were obtained from B. breve UCC2003 wt and B. breve UCC2003 EPS� transformed with the plasmid
pMG-mCherry OVA. Purple and green histograms were obtained from B. breve JCM7017 wt and B. breve JCM7017 EPS� transformed with the plasmid
pMG-mCherry OVA. (B) Western blot for OVA protein production by pMG-mCherry-OVA and pMG-mCherry transformed strains of B. breve as indicated. 0.025 µg
of ovalbumin was used as a positive control. (C,D) Growth curves of strains transformed or untransformed with the pMG-mCherry-OVA plasmid over 24 h. Growth
curves are representative of three experiments. (E) Schematic of the antigen presentation assay setup. (F) Sorted BMDCs were co-cultured or not with different
bacterial strains expressing or not OVA (as indicated) for 8 h. OVA protein was used as positive control. mCherry only expressing bacteria were used as negative
controls. Cells were then co-cultured with OT-II CD4+ T cells for 5 days and analyzed by multi-color flow cytometry. T cells were stained for CD4, CD25, and CFSE.
Percentage of proliferated CD4+CD25+ OT-II T cells was quantitated and presented as mean ± SEM. Data is the average of three independent experiments
performed in triplicate wells. Statistical analysis was assessed using the student t-test in GraphPad Prism where *p-value < 0.05 and **p-value < 0.005.
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EPS blocks antigen presentation from B. breve to 
OT-II CD4+ T cells by BMDCs 
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EPS blocks antigen presentation from B. breve to 
OT-II CD4+ T cells by BMDCs 
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PhRACS as a discovery tool for unknown phage-bacterial host 
combinations

Phage RBP-Activated Cell Sorting (PhRACS) - PhRACS

PhRACS workflow. 

• Virome analysis is first performed on a complex sample, and 
putative Phage Receptor Binding Protein (RBP) nucleotide 
sequences are identified. 

• RBP-encoding genes are then cloned on a suitable plasmid and 
expressed. 

• Incubation of GFP-tagged RBPs with the processed sample then 
allows isolation of the phage and its bacterial host from the 
complex sample by FACS.

37

and considering the abundance (Table 3) and relevance of bifidobacteria, internal
transcribed spacer (ITS) region sequence analysis was performed to determine the
composition of the bifidobacterial population in the sample to species and subspe-
cies level. Species belonging to this genus included Bifidobacterium longum subsp.
longum (species abundance within genus, 60.45%) and Bifidobacterium pseudocate-
nulatum (species abundance within genus, 38.51%), with a diverse range of other bifi-
dobacteria also being detected (Table 3).

To obtain corresponding T60III virome data to enable phage RBP identification,
phageome sequencing and analysis of T60III were conducted in parallel. Among 605
(total) phage types whose gene sequences were identified from this analysis was a
phage sequence identical to 423phi1, a previously identified inducible prophage of
Bifidobacterium breve strain 139W4-23 (39, 44). Following this identification, phageome
reads from the T60III fecal sample were mapped against genes encoding 423phi1rv1,
the RBP of 423phi1 at a 99% nucleotide identity stringency level (39). This analysis
yielded 24 mapped reads, representing a small percentage of the overall number of
reads and, indeed, of overall phage diversity in the sample. These results indicated the
presence of a phage closely related to 423phi1 and (presumably) a permissive host for
that phage in the T60III fecal sample (in agreement with the predicted presence of bifi-
dobacteria), and which we endeavoured to retrieve from this complex sample using
PhRACS.

Host retrieval ii: Intestinal niche. For host retrieval, the bifidobacterial component
of sample T60III was cultivated, and the resulting cells were pooled. A GFP-tagged
423phi1Rv1 protein (termed HisGFP-Rv1423phi1) or PB (as control) was then produced
and added to the pooled cells. FACS was then performed in triplicate, and dot plots
were generated for one of these replicates in Fig. 5, panel A2. This plot shows separa-
tion of 1.08% GFP-positive cells from the total community, compared to 0.008% for the
control (Fig. 4, panel A1), enabling sorting of the GFP-positive population. This separa-
tion was consistent across all replicates with an average of 1.1% 6 0.14% GFP-positive
cells (Fig. 5, panel B).

TABLE 3Microbial composition (greater than or equal to 0.01% read abundance) in fecal
sample T60III by phylum, family, genus, and Bifidobacterium species

Analysis Level Taxon Abundance (%)
16S Phylum Actinobacteria 18.78

Bacteroidetes 7.89
Firmicutes 2.26
Proteobacteria 71.05

16S Family Bifidobacteriaceae 18.72
Bacteroidaceae 6.36
Porphyromonadaceae 1.52
Enterobacteriaceae 71.00

16S Genus Bacteroides 6.36
Parabacteroides 1.52
Escherichia-Shigella 70.48
Bifidobacterium 18.72

ITS Bifidobacterium species B. longum subsp. longum 60.45
B. pseudocatenulatum 38.51
B. bifidum 0.89
B. adolescentis 0.05
B. longum subspecies 0.02
B. parmae 0.02
B. longum subsp. infantis 0.01
B. animalis subsp. lactis 0.01
B. asteroides 0.01
B. breve 0.01
B. scardovii 0.01
Other Bifidobacterium species 0.02

Casey et al. ®
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FIG 5 (A) Dot plot analysis of the T60III bifidobacterial community labeled with PB (A1) and HisGFP-Rv1423phi1 (A2). (B) Proportion of GFP-positive events
expressed as a percentage of total events processed. (C) Number of events sorted using gating strategy targeting GFP-positive cells evident in Fig. 4,
panel A. (D) Plate counts (on MRS agar) of populations exhibiting distinct colony morphologies present in sorted population. (E) Confirmation of recovery
of potential host by GFP-RBP labeling of B. pseudocatenulatum cultures derived from isolated colonies (E1 to E9). Unlabeled coisolates (B. longum subsp.
longum) are shown in E10 to E18.
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FIG 5 (A) Dot plot analysis of the T60III bifidobacterial community labeled with PB (A1) and
HisGFP-Rv1423phi1 (A2). (B) Proportion of GFP-positive events expressed as a percentage of
total events processed. (C) Number of events sorted using gating strategy targeting GFP-
positive cells evident in Fig. 4, panel A. (D) Plate counts (on MRS agar) of populations
exhibiting distinct colony morphologies present in sorted population.
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Validation of bacterial host retrieval from the intestinal niche 
using PhRACS

(E) Confirmation of recovery of potential host by GFP-RBP labeling of B. pseudocatenulatum
cultures derived from isolated colonies (E1 to E9). Unlabeled co-isolates (B. longum subsp. 
longum) are shown in E10 to E18.
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Ø EPS is necessary for B. breve UCC2003 to disseminate in the systemic tissues of
microbiota depleted mice

Ø CX3CR1+ cells play a role in the initial colonisation and in the systemic
dissemination of the B. breve UCC2003

Ø EPS is required for B. breve UCC2003 to localize with CD11c+CD103+ dendritic cells
in systemic tissues

Ø PhRACS is a discovery tool for fishing out unknown phage-bacterial host pairs
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Bifidobacterium breve
Exopolysaccharide Blocks Dendritic
Cell Maturation and Activation of
CD4+ T Cells
Ana Hickey1,2, Panagiota Stamou1, Sreeram Udayan1,2, Ana Ramón-Vázquez1,
Maria Esteban-Torres1,3, Francesca Bottacini1,3, Jerzy Adam Woznicki1, Owen Hughes4,
Silvia Melgar1, Marco Ventura5, Douwe Van Sinderen1,3, Valerio Rossini1*† and
Ken Nally1,2*†

1 APC Microbiome Ireland, University College Cork, Cork, Ireland, 2 School of Biochemistry and Cell Biology, University
College Cork, Cork, Ireland, 3 School of Microbiology, University College Cork, Cork, Ireland, 4 Luminex Corporation, Austin,
TX, United States, 5 Life Sciences and Environmental Sustainability, University of Parma, Parma, Italy

Exopolysaccharide (EPS) is a bacterial extracellular carbohydrate moiety which has
been associated with immunomodulatory activity and host protective effects of several
gut commensal bacteria. Bifidobacterium breve are early colonizers of the human
gastrointestinal tract (GIT) but the role of EPS in mediating their effects on the host
has not been investigated for many strains. Here, we characterized EPS production
by a panel of human B. breve isolates and investigated the effect of EPS status on
host immune responses using human and murine cell culture-based assay systems. We
report that B. breve EPS production is heterogenous across strains and that immune
responses in human THP-1 monocytes are strain-specific, but not EPS status-specific.
Using wild type and isogenic EPS deficient mutants of B. breve strains UCC2003 and
JCM7017 we show that EPS had strain-specific divergent effects on cytokine responses
from murine bone marrow derived macrophages (BMDMs) and dendritic cells (BMDCs).
The B. breve UCC2003 EPS negative (EPS�) strain increased expression of cytokine
genes (Tnfa, Il6, Il12a, and Il23a) relative to untreated BMDCs and BMDCs treated with
wild type strain. B. breve UCC2003 and JCM7017 EPS� strains increased expression
of dendritic cell (DC) activation and maturation marker genes (Cd80, Cd83, and Cd86)
relative to untreated BMDCs. Consistent with this, BMDCs co-cultured with B. breve
UCC2003 and JCM7017 EPS� strains engineered to express OVA antigen activated
OVA-specific OT-II CD4+ T-cells in a co-culture antigen-presentation assay while EPS
proficient strains did not. Collectively, these data indicate that B. breve EPS proficient
strains use EPS to prevent maturation of DCs and activation of antigen specific CD4+

T cells responses to B. breve. This study identifies a new immunomodulatory role
for B. breve EPS and suggests it may be important for immune evasion of adaptive
immunity by B. breve and contribute to host-microbe mutualism.

Keywords: Bifidobacterium breve, exopolysaccharides, host immune responses, macrophages, dendritic cells,
antigen presentation
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Needle in a Whey-Stack: PhRACS as a Discovery Tool for
Unknown Phage-Host Combinations

Eoghan Casey,a,b Brian McDonnell,a Kelsey White,a,b Panagiota Stamou,b,c Tadhg Crowley,b,c Ian O’Neill,a,b Katherine Lavelle,a,b

Stephen Hayes,a Gabriele A. Lugli,d Silvia Arboleya,e Kieran James,b Marco Ventura,d Ines Martinez,f Miguel Gueimonde,e
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aSchool of Microbiology, University College Cork, Cork, Ireland
bAPC Microbiome Ireland, University College Cork, Cork, Ireland
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dLaboratory of Probiogenomics, Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, Parma, Italy
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Investigaciones Científicas, Villaviciosa, Spain
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Eoghan Casey, Brian McDonnell, and Kelsey White contributed equally to this work. Author order was determined alphabetically.

ABSTRACT The field of metagenomics has rapidly expanded to become the go-to
method for complex microbial community analyses. However, there is currently no
straightforward route from metagenomics to traditional culture-based methods of
strain isolation, particularly in (bacterio)phage biology, leading to an investigative
bottleneck. Here, we describe a method that exploits specific phage receptor bind-
ing protein (RBP)-host cell surface receptor interaction enabling isolation of phage-
host combinations from an environmental sample. The method was successfully
applied to two complex sample types—a dairy-derived whey sample and an infant
fecal sample, enabling retrieval of specific and culturable phage hosts.

IMPORTANCE PhRACS aims to bridge the current divide between in silico genetic
analyses (i.e., phageomic studies) and traditional culture-based methodology.
Through the labeling of specific bacterial hosts with fluorescently tagged recombi-
nant phage receptor binding proteins and the isolation of tagged cells using flow
cytometry, PhRACS allows the full potential of phageomic data to be realized in the
wet laboratory.

KEYWORDS metagenome, virome, phageome, cytometry, fluorescent, RBP, fecal,
whey, fluorescence

For over a century, culture-dependent methods have been employed as the primary
method for (bacterio)phage detection, isolation, and propagation (1–3). The recent

proliferation of virome/phageome studies (4–7) has supplanted such traditional meth-
ods of phage identification and has led to a vast collection of presumed phage sequen-
ces associated with unknown hosts. However, functional characterization of phages
identified by a virome approach will (in most cases) require identification of a permis-
sive host with subsequent propagation to high virion levels.

Following virome/phageome sequence read generation, bioinformatic approaches
may predict bacterial hosts of putative phages associated with an identified contigu-
ous sequence (contig), though such predictions are not necessarily robust or specific
(8). Host predictions are mainly based on (i) detection of genetic identity with putative
hosts, where phages may have acquired genetic elements from a previous host (suc-
cess rate in host species prediction for 820 phages, ;38.5%) (8), (ii) CRISPR spacer
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