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Interaction 
between genetics, 
immune system 
and environment 
underlies multiple 
diseases
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Sommer & Bäckhed (2013) The gut microbiota — masters of host development 
and physiology, Nature Reviews Microbiology PMID: 23435359

Microbiota (all the microbes)/Microbiome (all the 
genomes) are implicated in human disease



Microbiota, Health, and Cancer
• How to measure the microbiota

• Describe key examples of microbiota regulation of health: colonization resistance, 
immune system development, hematopoiesis, vaccines, barrier repair, breakdown 
of dietary components and drugs

• Describe microbial metabolites (eg SCFA) that regulate host functions

• Describe contribution to disease states:  alteration in community abundance in 
inflammatory disease

• Microbiota and tumors: drivers, dysbiosis, therapies, outcomes

• Keeping the microbiota in mind (more work to be done)





Defining the Microbiota
• Culture-independent system 

based on 16S rRNA to organize 
bacteria species

• Metagenomics: composite 
genomes



Comparing the Microbiota: alpha and beta diversity
Alpha diversity ≈ species diversity WITHIN community (sample)
- Richness: the total number of species in a community. May underestimate as limited by sequencing depth
- Phylogenetic diversity: phylogenetic relationships between species in a community (sample). 
- Evenness: species abundances (diversity normalized to richness)
- Dominance: negatively correlated with diversity. High dominance: one or few species are the majority

Diversity increases with increased richness and evenness. 

Beta diversity ≈  (dis-)similarities BETWEEN communities (samples)

- High alpha diversity : high number of equally abundant species
- High beta diversity : two communities share few species 
- Low beta diversity : two communities share most species

https://microbiome.github.io/OMA/microbiome-diversity.html



4 shared: low beta

Comparing the Microbiota: alpha and beta diversity

In particular, in the study of the human microbiota, alpha diversity is used to describe the compositional complexity of a single sample, whereas beta diversity is used to describe taxonomical differences between samples. To 
simplify diversity indices down to an intuitive, qualitative definition, we can state that a sample has high alpha diversity when it contains a high number of equally abundant species, and low diversity otherwise. When comparing 
two samples, beta diversity is high if they share few species and low if most of their species are in common (Figure 1B).

Where alpha diversity focuses on community variation within a community (sample), beta diversity quantifies (dis-)similarites between communities (samples). Some of the most popular beta diversity measures in microbiome research include Bray-Curtis index 
(for compositional data), Jaccard index (for presence / absence data, ignoring abundance information), Aitchison distance (Euclidean distance for clr transformed abundances, aiming to avoid the compositionality bias), and the Unifrac distances (that take into 
account the phylogenetic tree information). Only some of the commonly used beta diversity measures are actual distances; this is a mathematically well-defined concept and many ecological beta diversity measures, such as Bray-Curtis index, are not proper 
distances. Therefore, the term dissimilarity or beta diversity is commonly used.

Technically, beta diversities are usually represented as dist objects, which contain triangular data describing the distance between each pair of samples. These distances can be further subjected to ordination. Ordination is a common concept in ecology that 
aims to reduce the dimensionsionality of the data for further evaluation or visualization. Ordination techniques aim to capture as much of essential information in the data as possible in a lower dimensional representation. Dimension reduction is bound to loose 
information but the common ordination techniques aim to preserve relevant information of sample similarities in an optimal way, which is defined in different way by different methods. [TODO add references and/or link to ordination chapter instead?]
Some of the most common ordination methods in microbiome research include Principal Component Analysis (PCA), metric and non-metric multi-dimensional scaling (MDS, NMDS), The MDS methods is also known as Principal Coordinates Analysis (PCoA). 
Other recently popular techniques include t-SNE and UMAP.

Brief Bioinform, Volume 19, Issue 4, July 2018, Pages 679–692, https://doi.org/10.1093/bib/bbw119

The content of this slide may be subject to copyright: please see the slide notes for details.

high alpha low alpha high alpha

1 shared: high beta 2 shared: low beta
Adapted from  
Finotello 2018 
PMID: 28025179

https://doi.org/10.1093/bib/bbw119


Principal coordinate 
analysis plot 

Boxplot to display the top 
differential abundant bacteria 

(genus, family, etc)

Alpha Beta

Jacob 2017 PMCID: PMC6159890

Comparing the Microbiota: alpha and beta diversity



Bacteroidetes and Firmicutes Dominate Intestinal Microbiome

Hill DA, Artis D. 2010. Annu. Rev. Immune. 28:623–67



Cultural/Geographic 
Region Affects 
Microbiome
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Significant Interpersonal 
Variation in Microbiota

More 
different

More 
similar

Turnbaugh Nature 2009 PMCID: PMC2677729



Microbiota

Barrier function
 - Epithelial cell
   differentiation
   and proliferation
 - Intestinal repair

Anti-microbial functions
 - Induction of anti 
   microbial peptides
 - Mucus



Colonization Resistance
Microbiota protect through nutrient competition
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Microbiota

Systemic Immunity
 - Immune cell expansion
 - Immune system
   development
   (mucosal and systemic)

Microbiota Specific T cells
 - Pro-Inflammatory
 - Anti-Inflammatory



Microbiota 
Regulation of 
Immune System 
Development and 
Function Mesenteric lymph node 

in conventional mice: 

Numerous B cell follicles

Mesenteric lymph node 
in germ free mice: 

No B cell follicles
Bauer, Horowitz, Levenson, Popper. 
1963.The response of the lymphatic 
tissue to the microbial flora. Studies 
on germfree mice. Am J Pathol. 
42:471-83. PMCID: PMC1949649



Immune Defects in 
germfree Animals

Round & Mazmanian. 2009 
doi:10.1038/nri2515



Microbiota 
Regulation of 
Hematopoiesis

Cell 
number 

(x104)
C

el
l n

um
be

r (
x1

04 )

hematopoietic 
stem cell

multipotential 
progenitors

common 
lymphoid 

progenitors

μg
/m

l

Peptidoglycan (G+ cell wall component)

Nod1 
(AU)

Nod2
(AU)

Iwamura (2017) Blood, 
PMCID: PMC5234217



- Trivalent inactivated influenza vaccine (TIV): subunit 
vaccine, HA from 3 flu strains, unadjuvanted

Microbiota as a Vaccine Adjuvant

- Earlier work: in humans found correlation between higher 
TLR5 expression and flu vaccine responsiveness

- Loss of responses in antibiotic 
treated in inactivated polio but 
not adjuvanted vaccines or 
live-attenuated yellow fever

Oh. 2014. Immunity PMID: 25220212
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Microbiota as a Vaccine Adjuvant

Kim. 2016. Nature Medicine PMID: 27064448

H
S

A
-s

pe
ci

fic
 Ig

G
 

(O
D

45
0n

m
)

Reciprocal plasma 
dilution (x-1)

Reciprocal plasma 
dilution (x-1)

Reciprocal plasma 
dilution (x-1)

- Cholera toxin: mucosal adjuvant (responsible for diarrhea associated with cholera)

MDP=NOD ligand



Microbiota Improves Barrier Repair After Intestinal Injury

Rakoff-Nahoum (2004) 
Cell PMID: 15260992
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Dextran sodium sulfate (DSS): 
- chemical model of colitis

  - causes epithelial damage



- Short-chain fatty acids (SCFAs), primarily acetate, propionate and butyrate: 
product of bacterial fermentation by obligate anaerobes (Firmicutes, Bacteroidetes, and 

Clostridium)
- Energy salvage: breakdown of undigested dietary carbohydrates (fiber) (primarily), mucus, and 
sloughed epithelial cells.

 contribute 5–15% of human total caloric requirements
- Energy source
Butyrate: epithelial cells, 
Acetate: muscle and adipose tissue

-Signal through receptors: GPR109 (butyrate), GPR43 (acetate/proprionate)
Butyrate can activate transcription as a HDAC inhibitor

*Multiple beneficial effects: anti-inflammatory, epithelial barrier, Tregs, macrophage microbial 
killing, satiety (regulates GLP-1), and oxidative stress**

Microbiota Directly Impacts Health of Epithelial Cells



SCFA Butyrate is an Energy Source for Colonic Epithelial Cells

- Specific metabolic defect in defect 
in colon from GF mice

Donohoe et al. (2011) Cell Metabolism. PMID: 21531334

- Butyrate rescues (partially) mitochondria respiration
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SCFA Protect from Inflammatory Disease

Maslowski (2009) Nature PMID: 19865172
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Microbiota Metabolize Xenobiotics

Koppel (2017) Science. PMID: 28642381



Microbiota Metabolize Xenobiotics: Meat-metabolizing bacteria in 
atherosclerosis

Koeth, Nature Med (2013) PMID: 23563705

proatherogenic
Omnivorous humans produced 
more TMAO than vegans/ 
vegetarians following ingestion of 
L-carnitine

Specific bacterial taxa in human 
feces associate with plasma 
TMAO concentration and dietary 
status. 



Changes in 
Microbiota 
Composition 
are Associated 
with Human 
disease

Baptista et al (2020) 
Frontiers in Nutrition. 

https://doi.org/10.3389/f
nut.2020.00017



Changes in Microbiota Composition are Associated with 
Disease

Adapted from Peterson & Round 2014. Cell Microbiol. 

Disease/DysbiosisHealth/Homeostasis

Pathobiont expansion Reduced diversity Lost beneficial microbes



Dysbiosis is Associated 
With Human Disease: IBD

Normal IBD

Peterson Cell Host Microbe 
2008 PMCID: PMC2872787 



Dysbiosis is Associated With Human Disease: RA

%
 o

f T
ot

al
 R

ea
ds

New Onset RA

Prevotella Bacteroides

Healthy
%

 o
f T

ot
al

 R
ea

ds

Scher*, Sczesnak*, Longman* et al 
eLife 2013 PMCID: PMC3816614

Prevotella dominates the intestinal microbiota in Rheumatoid Arthritis (RA)



Dysbiosis in disease:
 - Increased mucosal-associated bacteria

 - Outgrowth of pathobionts eg proteobacteria
 - Loss of anti-inflammatory microbes 
         (Bacteroidetes, Lachnospiraceae and
           Faecalibacterium prausnitzii)

Animal models support both:
 Inflammatory environment 
   supports microbiota shift
 Microbial shifts can cause 
disease 

Does dysbiosis support 
disease or does disease 

support dysbiosis?



What About 
Cancer?

Sepich-Poore (2121) 
Science. PMID: 33766858



Microbiota 
Association 
with Multiple 
Types of Human 
Cancers

Sepich-Poore (2121) 
Science. PMID: 33766858



Microbiota Associated with Colorectal Cancer

Elinav (2013) Nat 
Rev Cancer 
PMID: 24154716



11 microbes are identified by the International Association for Cancer 
Registries as human carcinogens

Microbial Drivers of Cancer

Epstein Barr virus
Hepatitis B virus
Hepatitis C virus
Kaposi Sarcoma 
herpesvirus
HIV-1

Human Papillomaviruses
Human T-cell Lymphotrophic virus type 1
Opisthorchis viverrini and Clonorchis sinensis 
(flatworms)
Schistosoma haematobium
Helicobacter pylori

These account for ~13% of global cancer cases
IARC Monogr Eval Carcinog Risks 

Hum. (2012) PMID: 23189750



Intra-Tumoral 
Microbes

Nejman (2020) Science PMID: 32467386

Bacterial DNA found in normal as well



Intra-Tumoral 
Microbes

Nejman (2020) Science PMID: 32467386



Microbial Signatures in Blood May Reveal Cancer Presence

Poore (2020). Nature. PMID: 32214244 Ajami (2020) Nature. PMID: 32161344



Intratumoral Microbes
• Genotoxins increase mutations

• Activate pro-tumor survival or proliferation

• Suppress anti-tumor immunity

• Drug resistance through microbial metabolism

• As therapies:
- Can we selectively target intratumor specific microbes?
- If there are specific tumor homing microbes, can we target them to tumors to deliver 
drugs (anti-cd47) to avoid systemic toxicity?



Better Outcomes: Microbiota Diversity Supports HSCT
8767 fecal samples obtained from 1362 patients, 4 sites

Peled 2020 NEJM PMID: 32101664

- Diversity decreases before 
engraftment

- Diversity at time of 
engraftment corresponds to 
increased survival



Better Outcomes: Microbiota Diversity Supports HSCT

Schluter (2020) Nature 
PMID: 33239790

- Diversity is good
-Allo-Fecal microbiota transplant (FMT) improves engraftment

How does a diverse microbiota help?
•  Immune stimulatory (including mylo/lymphopoiesis)
•  Nutritional benefits
•  Radiation resistance
•  etc...

 



Predicting Outcomes: Microbiota and Checkpoint Therapy

Jobin (2018) Science, PMID: 29302001
Routy 2018 Science PMID: 29097494

mouse
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Predicting Outcomes: Microbiota and Checkpoint Therapy

Routy 2018 Science PMID: 29097494
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Predicting Outcomes: Microbiota and Checkpoint Therapy



Predicting Outcomes: Microbiota and Checkpoint Therapy
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Fecal Microbiota Transplant Improves Outcomes in Anti-PD1 
Resistant Melanoma Patients

Davar, Dzutsev (2021) Science PMID: 33542131 Baruch (2021) Science PMID: 33303685



How Do Microbes Improve Checkpoint Blockade?

Ansaldo 2021. Science DOI: (10.1126/science.abl3656) Griffin 2021 Science PMID: 34446607

- Identified protective and non-protective enterocci (mice)
- Protective have distinct peptidoglycan with many small non-
crosslinked fragments
- Identified conserved hydrolase (SagA)
- Overexpress SagA, bacteria now improves outcome 
(nod2/MDP)



anti-CTLA4

anti-PD-1 plus anti-CTLA4

anti-PD-1 or anti-PD-L1

PD-1/PD-L1 < CTLA4 < PD-1 + CTLA4

Martins. 2019. Nature Reviews Clinical Oncology PMID: 31092901

Immune related adverse events 



Immune related adverse events: microbiota 
• Colitis is best studied for role of microbiota

• Antibiotics leads to increased incidence of adverse events

• FMT has promising results

• Changes in specific microbes found in people with and without adverse events

Wang JEM 2023 PMID: 36622383



So How Do We Use the Microbiota to Improve Outcomes?

Sepich-Poore 
(2121) Science. 
PMID: 33766858



Questions

Microbiota and 
Human Health:
A Role in Cancer


