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EXECUTIVE SUMMARY

BACKGROUND
The microorganisms that live on and within the 
human body—known as the microbiome—
mediate health and disease though diverse 
mechanisms. The microbiome can affect the 
immune system, contribute to metabolism, 
and modulate physiological function directly 
and indirectly. Recent government and private 
sector support and advances in our ability to 
study the microbiome have catalyzed its growth.

OVERVIEW OF REPORT
Strong government and institutional support 
has driven basic science and translational efforts 
related to the human microbiome. The promise 
of harnessing the power of the microbiome for 
improved disease diagnostics and therapeutics 
has attracted ever growing funding from 
industry. In 2016 alone, $800M of investments 
were made by venture capital in the field.
 Diving deeper into the science, we find that 
a major driver of progress is an advancing ability 
to study the identity, function, and interactions 
of the organisms that comprise the microbiome. 
Drastic improvements in gene sequencing 
now enable genomics, transcriptomics, 
and proteomics at unprecedented scale. 
Advances in isolation and culture techniques 
are expanding the range of strains that can be 
studied. Finally, highly targeted techniques to 
modulate individual strains are now allowing 
function to be understood on a more granular 
level. Research ultimately lays the foundation 
for commercial development of microbiome 
based therapeutics.
 Many companies are pursuing microbiome 
based therapeutics to treat autoimmune 
diseases (i.e. inflammatory bowel diseases, etc.), 
cancers, infectious diseases, obesity/metabolic 
disorders and several others. Some products do 
not require NDA submission and FDA approval, 
substantially decreasing development costs 

and time to market. Among those developing 
regulated therapeutics, two major approaches 
have emerged: The first, more discovery 
oriented approach of isolating existing strains, 
has enabled more rapid progress into the clinic. 
The second, focused on engineering microbes, 
enables more targeted therapies to be 
designed, although this approach may require 
more intensive R&D efforts.
 The regulatory landscape is rapidly evolving 
and many unique regulatory challenges—
such as pharmacokinetics, quality control of 
manufacturing, stability of product before 
and after administration, and toxicity—
will challenge early development efforts in 
microbiome therapeutics. Securing intellectual 
property around naturally occurring organisms 
has proven difficult indicating that combinations 
of or recombinant strains may be the dominant 
strategy.

NEW OPPORTUNITIES
Significant commercial interest in the gut 
microbiome exists today as it has been 
implicated in many unmet medical needs. New 
entrants must demonstrate a novel approach 
towards formulating microbiome therapeutics 
along with expertise in navigating the rapidly 
evolving regulatory landscape.
 The impressive success of fecal transplants 
in treating recurring clostridium difficile 
has strengthened the case for utilizing the 
microbiome as a therapeutic platform. However, 
as we improve our mechanistic understanding of 
the relationship between microbiome variation 
and disease pathology, there is a trend towards 
more refined solutions that directly address the 
underlying cause. These precisely designed 
formulations, consisting of either highly 
defined wild-types or recombinant organisms, 
may reduce the inherent risk in the biological 
systems. Furthermore, as regulatory agencies 
refine their positions, these approaches may 
face lower regulatory hurdles, hastening their 
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path to market.
 Despite the relatively large amount of intel-
lectual property surrounding dermatological 
microbiome products, limited basic science 
research has been conducted. Academic labs 
have yet to dedicate substantial efforts towards 
these domains largely due to lack of basic sci-
ence understanding, funding, and clear unmet 
medical need. However, there is likely abundant 
opportunity for scientific inquiry to improve our 
understanding and motivate the development 
of new therapeutic products.
 Finally, we believe that the delivery 
platform will play a critical role in enabling 
and differentiating therapeutic approaches. 
Delivering microbes to ensure their long term 
survival in the GI tract is crucial to the efficacy 
of the product. This is especially challenging as 
this complicated ecosystem has many survival 
barriers driven by the host immune system, 
the native flora, and the large flux of nutrients. 
Further, as intellectual property can be difficult 
to secure and defend when working with natural 
organisms, a unique approach to delivery may 
be sufficient to secure freedom to operate and 
block potential competitors.

THE HUMAN MICROBIOME: 
ESTABLISHING A NEW FIELD

Microbes are found in almost all habitats on 
Earth and in close association with all living 
organisms. Residential microbes have existed 
for over 500 million years playing important 
roles in defense, metabolism, and reproduction 
in almost all organ systems within the human 
body [1, 2]. The microbiome is broadly defined 
as the microbial community and their activities 
occupying a well-defined habitat within the 
body [3].

ADVANCES AND BREAKTHROUGHS
The discovery of many associations between 

the microbiome and human health has gen-
erated excitement in the field. Several stud-
ies in humans and mice have linked antibiotic 
use, the gut microbiome, and obesity [4, 5]. A 
major clinical success, fecal transplantation to 
treat C. difficile infections, inspired companies 
to attempt development of microbiome thera-
peutics (e.g. Seres Therapeutics). More broadly, 
associations linking the microbiome to immune 
development, such as breastfeeding vs formula 
feeding or C-section vs vaginal delivery, have 
raised many new questions [6-8]. The possibility 
of modulating immune function in adults, espe-
cially controlling autoimmunity, has attracted 
widespread attention, especially among major 
players in the biopharma industry (e.g. BMS, 
Takeda, J&J, Merck, Amgen, Novartis). Through 
a combination of development partnerships, li-
censing deals, and investments in microbiome 
focused venture capital funds, industry leaders 
have indicated their commitment towards sup-
porting microbiome therapeutics.

PUBLIC FUNDING
Government and institutional funding—from 
the National Institutes of Health (NIH) in the US 
and the Metagenomics of the Human Intestinal 
Tract (MetaHIT) Consortium in Europe—
has been critical to supporting the research 
community. The Human Microbiome Project 
(2008-2012, NIH, $115M), laid the foundation by 
establishing reference genomes, bioinformatics 
tools, and shared datasets at an unprecedented 
scale [9]. The MetaHIT initiative (2008-2012, 
21.2M €) focused on how the gut microbiome 
affects obesity and inflammatory bowel disease 
through metagenomic approaches [10].

RAPID GROWTH
The exponentially decreasing cost of seq-
uencing has revolutionized the ability to dis-
cover, identify, characterize, and manipulate 
microbes. This enabled study of a much wider 
range of bacterial strains as culture was no 
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longer a prerequisite to further study. Since the 
introduction of next generation sequencing, 
the field has experienced exponential growth 
in the number of peer-reviewed articles and 
public interest (Figure 1).

PRIVATE INVESTMENT
Private investment is catalyzing growth in the 
field and helping garner support from the me-
dia and general public. Venture capital fund-
ing recently outpaced government support 
with $800M in microbiome investments made 
in 2016. Seres Therapeutics, the first microbi-
ome therapeutics company to go public, raised 
$130M from VCs before a 2015 IPO. Vedanta 

Biosciences backed with $50M, was one of the 
first companies to secure a deal with a major 
biopharma company. Second Genome raised 
nearly $60M as it transitions from providing 
services to developing drugs to modulate the 
microbiome. Synlogic, an MIT spinout engi-
neering microbes to fight metabolic diseases, 
raised $110M before going public through a re-
verse merger in early 2017. Among VCs, Cam-
bridge-based Flagship Pioneering has demon-
strated an exceptional level of commitment, 
having launched four microbiome companies 
(Seres Therapeutics, Indigo Agriculture, Evelo 
Biosciences, and Kaleido Biosciences) in the 
last seven years.

Figure 1. Sequencing costs and microbiome interest analysis. Exponential decreases in the cost 
of genetic sequencing drove rapid growth in both academic and public interest. Next generation 
sequencing was especially pivotal as it offered a highly parallel approach suitable for metagenomics 
studies of microbial phylogenetics.
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SCIENTIFIC ADVANCES

OVERVIEW
A major driver of progress is an advancing ability 
to study the identity, function, and interactions 
of the organisms that comprise the microbiome. 
Early efforts to understand the microbiome 
emphasized surveying, classification, and 
cataloging characteristics of populations across 
species. This brought significant advances 
in awareness of its link to human health and 
disease, sensitivity to external influences, 
diversity, and phylogenetic relationships.
 Today the field is advancing from 
identification and characterization to deeper 
mechanistic understandings, and engineered 
control over function. This is enabled by 1) new 
tools to study the microbiome and 2) a systems-
level approach integrating microbiology, 
bioinformatics, and medicine. Major open 
questions still remain regarding how the 
microbiota, analyzed as a community and as 
individual microbes, persists and evolves over 
time and in response to perturbations [11].

TOOLS TO STUDY THE MICROBIOME
The first tools to study the microbiome such as 
microscopy and bacterial culture only allowed 
for qualitative, population level assessments 
[12]. The first genomic techniques were still 
limited to those bacteria that could be isolated 
and cultured as significant amounts of genetic 
material were needed for analysis [13]. Drastic 
improvements in gene sequencing cost and 
throughput have created a new paradigm 
by which genomics, transcriptomics, and 
proteomics are conducted, with one of the 
most remarkable being the development of 
meta-omics. Meta-omics studies the collective 
genomic content and function of an entire 
microbial community without culturing the 
organisms in the community, thus profiling the 
community in its natural habitat. Furthermore, 
advances in techniques used to isolate and 

culture individual strains of microbes have 
expanded the range of strains that can be 
studied. Finally, highly targeted techniques 
to modulate individual strains within a diverse 
population are now allowing function to be 
understood on a more granular level. Research 
ultimately lays the foundation for microbiome 
therapeutics.

NEXT GENERATION SEQUENCING
Next generation sequencing (NGS) remains 
critical to the rapid growth of genomic analysis 
of the microbiome [14]. Understanding the 
genetic code of an organism or an entire 
microbial community provides insights into 
identify, potential function, and, exposure 
to selective pressures from its environment. 
Compared with traditional sequencing 
approaches, NGS brings significantly higher 
throughput, speed, sensitivity, and more 
exploratory experimentation to the genomics 
workflow enabling unprecedented capabilities. 
Further, techniques that sequence RNA, rather 
than DNA, provide more granular functional 
information.

Metagenomics
Metagenomics is the study of the genetic 
material found in a population of microbes, 
rather than a single isolated strain. The first 
metagenomics studies examined the 16S 
ribosomal RNA (rRNA) gene to characterize the 
taxonomic structure of microbial communities.  
The 16S rRNA contains both highly conserved 
and hypervariable regions, making it greatly 
suitable for use in phylogenetic reconstruction 
and species identification [15]. 
Researchers have since moved on from 
identifying microbial taxa that are associated 
with specific environments and diseases, to 
community functions. Shotgun metagenomics, 
which is the direct sequencing of DNA extracted 
from a bacterial community, allows for direct 
assessment of the functional potential of the 
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community through analysis of the complete 
genomic repertoire of the community.

Metatranscriptomics
Sequencing of mRNA to measure gene 
expression across a microbiome provides 
functional activity of a community. These may 
vary more dynamically than the genome itself 
over space and time [16]. Gene expression 
levels of a population can indicate which strains 
are more active at a given time. Furthermore, 
variation in gene expression levels have effects 
comparable to introducing or removing strains 
into a microbiome [17].

Whole genome sequencing
Whole genome sequencing, made readily 
accessible through NGS, provides a cost-
effective method to characterize the function 
of a bacterial strain and link it to identity. 
Whole genome sequencing, in contrast to 
PCR, provides the complete genetic code of an 
organism which includes both coding and non-
coding regions. 

Single cell sequencing
Despite the best efforts of the field, the vast 
majority of microbial strains cannot be cultured 
limiting our ability to study these bacteria as 
this is a necessary first step for traditional NGS 
approaches. Single-cell sequencing techniques 
overcome this limitation and provide insight into 
the natural diversity of microbial ecosystems 
at a highly granular level. These nascent 
techniques are still limited by their throughput, 
the availability of bioinformatics tools, and the 
lack of un-biased amplification techniques [18-
20].

LIQUID CHROMOTOGRAPHY AND MASS 
SPECTROMETRY
Proteins and metabolites mediate interactions 
within the microbiome and with its host. 
Therefore understanding their production, 

regulation, and effect on microbial function 
under varying environmental conditions 
is essential to guide the development 
of therapeutic perturbations [21]. Liquid 
chromatography–mass spectrometry (LC-MS) is 
one of the primary measurement techniques for 
protein and metabolite analysis.

Metaproteomics
Proteomics helps understand the activity 
of strains in their natural environment and 
gives insights into their function. Proteins are 
inherently stable and can oftentimes be related 
directly back to their origin strain based on its 
genome [22]. Recent improvements in protein 
separation through liquid chromatography and 
highly accurate and sensitive mass spectrometry 
have enabled more high-throughput proteomics 
studies [23]. 

Metabolomics
Metabolites produced by bacteria indicate their 
activity levels and provide one of the primary 
means by which they communicate [2]. Further, 
the metabolic byproducts of many bacteria have 
shown to be capable of triggering immune, 
endocrine, and neurological responses in 
humans [24]. Directly measuring the identity and 
quantity of these metabolites and associating 
them to the species of origin expands our 
understanding of how the microbiome affects 
health.
 Combining community and strain level 
sequencing data along with metaproteomic and 
metabolomic information is key to understand 
the effects of microbe abundance versus 
activity, study the function of unknown genes, 
and understand metabolite regulation.
 
SYSTEMS-LEVEL APPROACH
Systems-level approaches that integrate 
microbiology, bioinformatics, and medicine 
have begun to shed new light on the role of the 
microbiome in human health which is opening 
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new avenues for research and ultimately 
catalyzing the development of new therapeutics 
[17]. 
   Experimental demonstration, beginning with 
in vitro models of isolated strains and ultimately 
moving to animal and human studies, form 
the foundation of new understanding and 
technology in the field. As these experimental 
techniques increase in throughput, massive 
amounts of data are being generated. 
Leveraging bioinformatic tools is critical to 
understanding experiments and relating 
findings to existing knowledge [25]. Figure 2 
outlines four key paradigm shifts accelerating 
progress in the field: 

1. High sensitivity and single-cell sequencing 
techniques alleviate the need to culture 
bacteria for amplification [18-20]. As many 
genomic methods depend on the presence 
of significant amounts of genetic material, 
oftentimes from a single strain, bacterial 
culture is used to increase the number of 
microbes available to study. Many species 
cannot grow in standard laboratory 
conditions, and are therefore often excluded 
or underrepresented in downstream studies 
which first require amplification. Techniques 
exist to correct for these discrepancies, 
but they fall short of fully resolving these 
difficulties. Furthermore, single-cell 
techniques will play an important role in 
characterizing the stability and uniformity 
of isolates during commercial process 
development.

2. Targeted perturbations, enabling 
modulation of a single strain, allow studies 
to deduce interactions between strains [26]. 
Functional and mechanistic insights can be 
gleaned through precise manipulation of the 
activity and abundance of individual strains. 
Studies performed in situ may elucidate the 
role of each strain within highly regulated 
signaling networks. 

3. New transcriptomic, proteomic, and 
metabolomics tools to study the function 
of microbes, combined with traditional 
phylogenetic information, associates 
characteristic microbiome activity to 
specific strains [17]. This is a critical step in 
developing microbiota-based therapeutics.

4. Studying population and functional 
dynamics over time and space in response 
to perturbations is key to understanding 
the microbiome [26]. The distribution of 
microbes is not uniform within a single site 
(e.g. gut, skin, lung) as variations in the local 
environment such as moisture, temperature, 
pH, flow rates, and surface morphology have 
a strong effect on where microbes colonize. 
Furthermore, these populations respond 
dynamically to perturbations as phenomena 
such as interspecies competition and 
density-dependent regulation drive their 
growth [27].

INTELLECTUAL PROPERTY AND 
REGULATORY CONSIDERATIONS

INTRODUCTION
Guidelines around intellectual property and 
regulations for development, manufacturing, 
and clinical trials are evolving. The FDA issued 
the first set of guidelines for clinical trials with 
live biotherapeutic products (LBPs) in 2016. 
[28]. Regulatory agencies and the scientific 
community together are establishing new 
paradigms for microbiome therapeutics.

INTELLECTUAL PROPERTY
Patents around microbiome therapeutics can be 
classified into two categories: non-living agents 
and LBPs (Figure 3). Therapeutics classified as 
non-living agents can be further classified as 
compounds (e.g. small molecules, prebiotics, 
or peptides) that affect the activity of the 
microbiome or metabolites that are secreted, 
modulated or degraded by the microbiome. 
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Detailed explanations and case studies can be 
found in Figure 3.
Therapeutics utilizing LBPs administer one or 
more strains of microbes to achieve therapeutic 
efficacy. These microbes can be naturally 

occurring species or genetically modified strains. 
While a single naturally-occurring species cannot 
be patented, companies can secure intellectual 
property by inventing novel methods of use. 
Alternatively, patent protection is also granted 
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Figure 2. Key advances in the study of the microbiome. Four key advances enabling more precise, 
predictive, and comprehensive study of the composition and function of the microbiome. a) Previously, 
when genetic analysis tools were reliant on bacterial culture for amplification, analysis was biased in favor 
of those strains most amenable to culture. Newer techniques with higher sensitivity, robustness to bias 
introduced by culture, and even single-cell resolution provide a much less biased view of a sample. b) 
Early approaches to perturbing populations, such as nonselective antibiotics, failed to isolate individual 
components of signaling networks, limiting our ability to relate specific strains to their unique function. 
Precise manipulation of strain populations allows researchers to elucidate the role of each strain in a 
network. c) Phylogenetics has played a key role in identifying strains, but falls short of assigning function 
to particular strains. New transcriptomic, proteomic, and metabolomic tools allow function and identity 
to be more easily associated. d) Emphasizing the importance of spatiotemporal relationships is critical 
to fully understanding the complexity of the microbiome.
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to applications using a well-defined composition 
of multiple microbial species. Most companies 
are focusing on administering a composition of 
microbial species with the remainder investing 
in engineering recombinant strains.

CHALLENGES IN CLINICAL DEVELOPMENT 
AND REGULATION
Pre-clinical and clinical regulations of 
microbiome therapeutics are established by 
CBER Office of Vaccines Research and Review 
at the FDA. Safety and efficacy are two major 
components in reviewing investigational 
new drug (IND) applications and assessing 
the outcomes of clinical trials. Many of the 
challenges involved in the development of 
microbiome therapeutics, from animal testing 
to IND application and early clinical trials, are 

unique to live biotherapeutic products (Figure 
4).

PHARMACOLOGY AND EFFICACY IN 
PRECLINICAL ANIMAL MODELS
Measuring PK/PD in LBP
Pharmacokinetics (PK) refers to the movement 
of drugs into and out of the body, whereas 
pharmacodynamics (PD) describes how the drug 
affects the body. Traditionally PK and PD are 
measured from the bloodstream to determine 
the optimal dosage. However, ingested LBPs 
are typically excluded from the bloodstream 
by the intestinal mucosal barrier. Further, the 
mechanisms of action associated with the 
therapeutic benefits of LBPs are often complex, 
which makes defining and measuring PK/PD 
challenging. New approaches in measuring 

MICROBIOME PATENTS

BACTERIAL METABOLITESCOMPOUNDS AFFECTING
MICROBIOME ACTIVITY

COMPOSITION OF STRAINS

METHOD OF USE

RECOMBINANT LBP

Small molecules, prebiotics,
antimicrobial peptides

Genetically engineered bacteria

Multiple strains of bacteria with
well-defined species and

abundance

Natural strains can be patented
with novel method of use

Small molecules, prebiotics, 
and antimicrobial peptides 
benefit from extensive 
development and 
manufacturing knowledge 
and attract more companies 
in the non-LBP category. 
Example: Enterome 
Bioscience identified a small 
molecule drug to inhibit the 
adherent-invasive E.Coli for 
the treatment of Crohn’s 
disease.

The gut microbiota produces 
a diverse metabolite 
repertoire from the anaerobic 
fermentation of undigested 
complex carbohydrates in the 
colon. These metabolites 
provide critical energy 
sources for microbes and 
intestinal epithelial cells, and 
could also a�ect host 
physiology and immunity. 
Vedanta Bioscience is 
focusing on developing a 
composition of bacterial 
metabolites and small 
molecules to treat 
autoimmune diseases.

A patent involving a naturally 
ocurring strain can be 
granted for a novel method of 
use. Example: 4D pharma 
demonstrates a novel finding 
related to the bacterial 
species Roseburia hominis in 
regulating the immune 
system for treating intestinal 
disorders.

Patents leveraging the 
synergistic e�ect of a 
composition of multiple 
bacterial strains can be 
granted. Example: Seres 
Therapeutics was awarded a 
patent using Collinsella 
aerofaciens and 
Clostridiaceae to treat C. Di�, 
the synergistic combination is 
toxic to C. Di�.

Companies in this category 
modified a bacterial organism 
through the addition, 
deletion, or modification of its 
genetic information to create 
new functions. An example of 
a company in this category is 
Synlogic Therapeutics, where 
one of their initial e�orts 
focuses on engineering E. Coli 
Nissle to remove excess 
ammonia from the blood for 
the treatment of urea cycle 
disorder (UCD).

Using live bacteria cells as therapeutic agents
LIVE BIOTHERAPEUTIC PRODUCTS (LBP)NON-LIVING AGENTS

NATURAL LBP

SINGLE STRAIN

Enterome
Vedanta Biosciences

C3 Jian
Ixcela

GlycoSyn

Vedanta Biosciences
Ixcela

4D Pharma
Osel

Synlogic

4D Pharma
Seres Therapeutics
Evelo Biosciences

Rebiotix
Nestec SA

Figure 3. Microbiome company landscape. Categorization of companies in the microbiome therapeutic 
space based on filed patents. Companies are broadly categorized by whether living organisms are used 
as a modality for therapeutics and be further classified thereafter. Patent information acquired from 
Google Patents.
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microbial population levels and activity are in 
development.

Stable engraftment versus flow through
Mechanisms regulating the invasion, resilience 
and succession of microbes are not clearly 
understood at the moment. Species such as 
Lactococcus lactis has been shown incapable 

of colonizing the intestine, whereas E. coli and 
Lactobacillus spp. are able colonize and can 
often be found in the small intestine [26]. The 
desired residence time of LBPs varies based 
on the application. Therefore, investigators 
must carefully examine the outcomes after LBP 
administration to avoid unexpected adverse 
effects and optimize therapeutic efficacy.

LIVE BIOTHERAPEUTIC PRODUCT (LBP) DRUG DEVELOPMENT PROCESS

CONSIDERATIONS FOR
LBP DEVELOPMENT

ADDITIONAL CONSIDERATIONS
FOR RECOMBINANT LBPs

• How will PK/PD be characterized and 
controlled if mechanism of action is 
unknown?

• How will pass through vs. stable 
engraftment be controlled? 

• How will metabolic activity of bacteria 
be endured upon administration?

• How will product identity, stability, 
strength, and purity be demonstrated?

• Which analytical methods will be 
developed and how will they be 
validated? 

• How will contamination from enteric 
pathogen be prevented without a 
selection marker?

• How will variability between individuals 
a�ect e�icacy and risk of dysbiosis?

• Will further animal studies beyond 
rodents be required for toxicity? 

• How will strain identity be measured 
and maintained throughout the process?

• How will dosage be selected based on 
toxicity data from preclinical models?

• What variation in LBP viability will allow 
dosing to be su�iciently well-controlled?

• How will the stability of recombinant 
genetic elements be ensured despite 
the additional metabolic load?

• Are any recombinant genes, such as 
antibiotic resistance, transferable to 
microbial flora?

• What biocontainment systems will be 
used to prevent release and 
proliferation into the environment?

• How will purification to exclude 
endotoxins, residual antibodies, and 
other contaminants be performed?

• Will strains be regulated as a gene 
therapy by the FDA?

PHARMACOLOGY
& EFFICACY IN

ANIMAL MODELS

CHEMISTRY,
MANUFACTURING

& CONTROLS (CMC)

TOXICITY WITH
CLINICAL GRADE

MATERIALS

IND SUBMISSION,
PHASE I

CLINICAL TRIAL

Figure 4. Microbiome therepeutic development considerations. Regulatory and developmental 
challenges for LBPs from pre-clinical to clinical settings. LBPs pose unique challenges for pharmacology 
and manufacturing as the mechanisms of action are not always well understood and the large number 
of species involved in a therapeutic product. While recombinant LBPs can mediate some of the 
challenges using selection markers, the concerns over stability and biocontainment require cautionary 
investigations.
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Fluctuations in bacterial metabolization
Gut flora resides in a very dynamic environment 
and its composition can fluctuate greatly 
from dietary, environmental and genetic 
factors. Ensuring that administered LBPs are 
metabolically active and maintain consistent 
therapeutic efficacy is a challenge unique to 
LBPs. Fluctuations in metabolic function could 
adversely affect efficacy or cause unexpected 
toxicity. Wild type strains are especially 
susceptible as synthetic genetic elements 
cannot be used to control activity, in contrast to 
engineered recombinant LBP.

CHEMISTRY, MANUFACTURING, AND 
CONTROL (CMC)
Potential contamination from enteric pathogens
Species purity is an important concern 
in CMC manufacturing as a non-sterile 
product is susceptible to contamination from 
enteric pathogens with significant potential 
consequences. For example, Solgar ABC 
Dophilus, a dietary supplement for infants 
containing three probiotic species, was 
contaminated with Rhizopus oryzae and led 
to a fatal gastrointestinal mucormycosis in 
an infant [29].  While recombinant LBPs can 
incorporate an antibiotic resistance gene to 
facilitate selection and minimize contamination, 
production of wild type LBP requires extensive 
aseptic techniques.

Consistent identity, purity, and strength 
Bacterial cells have very short doubling time 
compared to mammalian cells (hours versus 
days) and therefore can accumulate mutations 
relatively rapidly. In order to ensure consistency, 
the FDA has recently published new guidelines 
for CMC manufacturing of LBP [28]. LBPs need 
to be carefully characterized by complementary 
methods of identification (e.g. biochemical and 
genetic) and be deposited in a master cell 
bank for future production to ensure product 
quality. Evaluating the purity of a therapeutic 

product consisting of a composition of LBPs 
is inherently difficult due to the large scale 
of manufacturing coupled with the risk of 
contamination. Other biological materials, such 
as cell fragments, aggregates, cell free DNA, 
as well as contaminants such as endotoxin, 
must be removed. In developing new LBPs, 
adherence to the Quality by Design framework 
will help when transitioning to manufacturing at 
scale. 
 
Transferability of antimicrobial resistance genes
Antimicrobial genes can be incorporated into 
recombinant LBPs to facilitate selection and 
purification. However horizontal transfer of 
antimicrobial genes from the product strain 
to pathogenic species is a major risk. Industry 
trends towards development and selection 
without antibiotics will eventually help eliminate 
this risk [30].

Biocontainment of recombinant LBP
Biocontainment systems that ensures 
genetically modified organism cannot be 
released into environment is an important 
concern for recombinant LBPs. One strategy 
to regulate biocontainment is by introducing 
an auxotrophic mutation that makes organism 
survival dependent on an exogenously added 
nutrient such as thymine [31].

TOXICITY OF CLINICAL GRADE MATERIALS
Dysbiosis with host microbiome
Although strains used in natural LBPs are often 
native to the host, high levels of natural LBPs 
can induce toxicity upon ingestion. Shifts in 
microbiome composition have been linked to 
various diseases and ingesting a high amount 
of LBPs could lead to dysbiosis [26].

Proper selection of animal models
Different species of host and its microbiome have 
co-evolved for millions of years, establishing a 
host-specific symbiosis. For example, germ-free 
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mice colonized with zebrafish microbiota ended 
up with a more 'mouse-like' than 'zebrafish-like' 
gut community, and vice versa [32]. Therefore, 
caution is needed when selecting animal models 
to determine whether the host-microbiome 
interaction is clinically relevant.
 
Inter-individual differences in microbiome com-
position
The compositions of the microbiome differ 
greatly among individuals [33]. For example, 
even for the most common bacterial species 
present in most individuals, the relative 
abundance of these species can vary from 12 to 
over 2000 fold [33]. Additionally, diseased (e.g. 
inflammatory bowel disease) and elderly/very 
young patients with compromised or immature 
immune systems can also have significantly 
different microbiomes [34]. These differences 
need to be accounted for during clinical trial 
design to ensure efficacy and minimize toxicity.

Therapeutic dose selection
In contrast to traditional pharmaceuticals, 
standard dosage regimens for LBPs have not 
yet been established [35]. The standard models 
used to extrapolate from animal models are 
unlikely to be well-suited for LBPs to achieve 
the same therapeutic index. The viability and 
potency of the LBP dose may also need to be 
considered when determining dosing regimen. 
There may be variability between individuals 
depending on the background microbiota 
present before administration.

EMERGING AND ESTABLISHED 
MICROBIOME COMPANIES 

Over the past decade, the field has evolved from 
an academic curiosity into a rapidly expanding 
sector of the biotech industry. Currently, there 
are at least 50 companies are conducting at 
least 82 clinical trials in the US. Despite the 

recent high profile Phase II failure from Seres 
Therapeutics which led to some criticisms of 
the future promise of the field, new companies 
are continuing to begin development and raise 
capital from VCs [36].
 Our research into the commercial space 
focused around key metrics to gauge company 
status and progress. Specifically, we examined: 
amount of money invested, competitive 
advantage, anticipated time until potential 
return to investor, regulatory challenges, and 
method of market entry.

DISEASE AREAS
Both established and emerging microbiome 
companies most commonly focus on disease 
therapeutics. Many companies have targeted 
chronic diseases, such as inflammatory bowel 
disease (IBD) and metabolic diseases, likely 
due to ease of localization towards the GI tract, 
where the most well studied microbes reside. 
Additionally, as our understanding of the link 
between the microbiome and the immune 
systems strengthens, many of these companies 
are expanding their product pipeline towards 
chronic inflammation, autoimmune disease, 
cancer, and other immunological diseases. 
Current industry-leading companies, along 
with therapeutic development pipelines and 
disease focus areas are shown in Figure 5.
 In addition to therapeutics, some compa-
nies are pursuing screening and diagnostic 
biomarkers. Though less common, more com-
panies have begun entering the space in re-
cent years. Some therapeutic companies are 
also developing diagnostics as a method to 
track their therapeutic treatments in real-time. 
Many of these businesses may find early com-
mercial success in the less regulated consumer 
health industry following business models sim-
ilar to that of consumer genetic testing compa-
nies.  
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Figure 5. Microbiome 
therapeutic development 
landscape. Companies are 
organized along with their 
various products under 
development. Products 
currently in development or 
clinical trials are shown and 
grouped by disease area. 
Drugs under development 
without official names 
are listed by disease area 
only. Total capital raised 
or market capitalization is 
shown to better understand 
the financing needs of 
companies in various stages 
of development [36-60].
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DEVELOPMENT PIPELINE
A useful metric to categorize companies is the 
pathway by which they develop their product 
(Figure 6). One method exhibited by a major-
ity of the companies was a discovery-oriented 
approach, with the companies prioritizing the 
identification and isolation of existing microbe 
strains. This method focuses the bulk of effort 
on selection platforms, such as novel screening 
techniques and bioinformatics approaches to 
piece together strains which have the highest 
efficacy in treating the target disease. Some 

more advanced bioinformatic tools also utilize 
machine learning to determine a composition 
of the most efficient strains. 
 A second approach focuses much more 
effort on engineered design. One method 
of engineering focuses on designing specific 
combinations of wild type strains, hoping 
to provide different responses based on 
the strain selection. Further along the 
engineering spectrum is engineering the 
strains themselves, mainly through genetic 
modification. Synlogic, for example, designs 
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KEY
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Figure 6. Competitive landscape of selected microbiome companies. Companies were classified 
qualitatively along two metrics: development platform (discovery based or engineered organisms) and 
regulatory status (direct-to-consumer (DTC) or FDA Regulated). Companies were also classified based 
on which microbiome their approach is targeted towards [36-60].
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what they call “synthetic biologics,” which refer 
to genetically engineered bacterial strains they 
have designed to have specific characteristics 
and therapeutic effects. Additionally, some 
companies have aimed to develop species 
capable of outcompeting native strains. 
This approach aims to reengineer the given 
microbiome with the most advantageous 
strains, ideally to provide benefit to chronic 
disease sufferers, such as IBD and metabolic 
disorder patients.

COMMERCIAL PATHWAYS
A major milestone for a therapeutic company 
is their ability to bring a product to market 
and begin sales. Many companies developing 
microbiome therapeutics will need to seek 
FDA approval. Others will be allowed to pursue 
a direct-to-consumer pathway. The second 
metric by which companies were evaluated 
was the regulatory status of their therapeutic: 
regulated or direct-to-consumer (DTC) (Figure 
6). The milestones involved with seeking FDA 
approval can significantly affect the valuation 
of a company due to both capital and time 
requirements associated with running clinical 
studies and filing an NDA. Despite these 
barriers, FDA approval can secure market 
exclusivity, credibility with physicians and 
consumers, and ability to market a product 
that has demonstrated efficacy and safety.
Some companies will be allowed to market 
their products directly to consumers because 
the indications and therapeutic strategy they 
have chosen is less highly regulated. This 
results in substantial savings for and improves 
their ability to reach positive cash flow. While 
many companies can be clearly categorized 
into one of these regulatory categories, some 
companies, such as Axcella, are keeping their 
options open [39].
It remains unclear how the FDA will dictate 
the regulatory requirements for products such 
as microbiome therapeutics. As regulations 

are updated, there is uncertainty as to how 
companies producing topical creams and 
live culture “probiotics” will response to 
increased regulatory burdens. The safety of 
direct-to-consumer products will continue to 
be questioned as companies explore more 
diverse therapeutic strategies and indications. 
It is clear that the field will continue to grow as 
our understanding and technology improves. 
Early movers will be faced with increased 
regulatory and clinical risk, but their successes 
rewarded as they tackle unmet medical needs 
with a new therapeutic modality.
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Microbiology

Genomics

Policy

LEGEND
First visual examination of oral and fecal 
microbiota by Antonie van Leeuwenhoek

First pure bacterial culture when Robert Koch 
isolated and cultured Bacillus anthracis (anthrax)

Bacterial phylogeny first identified 
via 16S rRNA sequencing

The genome of bacteriophage ΦX174 
is the first sequenced genome

Shotgun sequencing first conceived to enable 
highly parallel, large-scale sequencing

Polymerase chain reaction (PCR) is invented 
allowing amplification of DNA

The first fully automated DNA sequencing 
machine is created based on Sanger sequencing

The first generation sequencer, Roche GS20 
454 pyrosequencer, is released

The term microbiome first used to signify its 
relationship with health and disease

The first microbiome study combining next 
generation swquencing and mass spectrometry

European MetaHIT (Metagenomics of the Human Intestinal Tract) Consortium 
established to study and utilize the microbiome to improve human health

White House National Microbiome Initiative commits 
$121M for cross-ecosystem microbiome studies

NIH Common Fund Human Microbiome Project 
(HMP) established to characterize and analyze the 
role of the human microbiome in health & disease

Metagenomics—the study of all genetic 
material sampled from an environment— 
is first appied to human microbiome

The first study linking the 
microbiome to obesity and 
metabolism in humans and mice

First bacterial genome completely sequenced 
Haemophilus influenza using Sanger sequencing

16S rRNA sequenced with PCR amplification allowing 
phylogenic analysis without bacterial culture

First human fecal sample sequenced using 
PCR-based sequencing

The human genome is first 
sequenced

Appendix A. Major milestones in microbiology, relevant genomics, and supporting policy


