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Large-scale sampling of patient microbiomes is giving one
organization the tools to correlate microbiome composition with
immune health, driving the deployment of safe, live biotherapeutic
treatments for cancer and COVID-19.

e role of gut microbes in human health has been
I recognized for decades, but recent advances in tech-
nologies like next-generation sequencing, transcrip-
tomic and proteomic analyses, and metabolic modeling
have expanded our understanding of microbiome population
dynamics, metabolic activity, and functional interactions
with the human body.

As scientists examine microbiome composition across a
broad population of individuals (1), certain microbes have
been found to be associated with the presence or absence
of certain disease states, including diabetes, neurologi-
cal disorders, chronic kidney disease, and various cancers
(2—4). Although the mechanisms of these effects are not well
understood, gut microbes are known to have such diverse
functions as breakdown of complex carbohydrates, conver-
sion of dietary nutrients to bioavailable forms, maintenance
of the integrity of the intestinal barrier, and production of
immunostimulatory molecules (5).

In the past five years, numerous initiatives have been
launched in both academia and industry to investigate the
microbiome and its role. One application where significant
impact has been achieved is in the manipulation of gut flora
to prevent recurring intestinal Clostridium difficile infec-
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tion, first through fecal microbiota transplant (FMT) and

then using specific microbes as live biotherapeutic products
(LBPs), the term for FDA-approved prescription probiotics.
Use of LBPs to address C. difficile infection and several other
gastrointestinal disorders is currently underway in various
clinical trials, and numerous studies for the application of
LBPs to solve more systemic diseases are at various stages.

Although low-cost, high-throughput sequencing has
accelerated microbiome research and development, these
studies tend to lack quantitative rigor. There is an urgent
need for the use of systems biology tools like multi-omics
and metabolic modeling to gain a clear mechanistic under-
standing of the processes by which the gut microbes impact
human health (6). Much as systems and synthetic biology
have revolutionized bioprocess development in the past
two decades, such an engineering approach has the poten-
tial to revolutionize microbiome research and the develop-
ment of LBPs.

This article discusses large-scale patient microbiome
sampling and analysis of these samples in conjunction with
real-world medical data to drive the development of thera-
peutics and diagnostics for a broad population and different
diseases. A specific focus area is the impact of microbiome
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composition and function on immune health and how
this is applied to two different therapeutic areas: cancer
immunotherapy and fighting infectious viral diseases
such as COVID-19.

Immunomodulatory role of the gut microbiome

One of the most important roles the gut microbiome
plays is in mediating and maintaining homeostasis of the
immune system. As the entry point for many pathogenic
species, the intestinal region is guarded by one of the highest
concentrations of immune cells — most notably B cells and
T cells — in the human body. Commensal bacteria interact
with these cells via surface proteins and metabolic products;
such signals maintain the proper balance of activation and
repression, so that the immune cells are armed in case of
pathogen attack but do not produce an unnecessary inflam-
matory response.

For example, microbially produced short-chain fatty
acids (SCFAs) like propionate and butyrate are necessary for
modulation of cytotoxic T cells and maturation of regulatory
T cells (7) and can regulate the production of inflammatory
cytokines (8). However, such immunomodulatory signals,
as well as helpful gut microbes, can be lost due to antibiotic
use, chronic disease, or unhealthy lifestyle choices like poor
diet, tobacco use, and alcohol use. This causes a state of dys-
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A Figure 1. The gut microbiome modulates the immune system. (a) A healthy
individual has a diverse microbiome, which produces metabolic signals to
maintain a strong immune system. (b) Many commensal species are absent from
a dyshiotic microbiome, which can result in a weak immune system or an
inflammatory state.
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biosis, where normal healthy commensal microbes in the gut
are reduced or lost and are often supplanted by opportunistic
or pathogenic microbes that can elicit a general inflamma-
tory response (Figure 1) (9). This can lead to autoimmune
disease, diabetes, obesity, cardiovascular disease, and even
neurodegenerative disorders.

Al-driven drug discovery

Persephone’s technology platform uses metagenomic
sequencing and other -omics tools together with artificial
intelligence (AI) and metabolic modeling to unravel the
complexity of population-scale patient data (Figure 2).
Rather than relying on in vitro or mouse models to identify
targets, this patient-centric approach assures that the targets
found are clinically relevant, and it reduces translation risk.
Analysis of a diverse set of patient samples will provide
confidence that the drugs developed will apply broadly to
the population.

We begin by collecting microbiome (i.e., stool) and
blood samples from large populations of patients suffering
from a particular disease, such as cancer, and analyzing
these samples to determine microbial composition, gene
expression, metabolite profile, and immune cell response.
Extensive metadata, including demographics, medical
history, and most importantly disease progression and
therapeutic outcome, are also collected. Al is applied to
these data to determine signatures of microbes, metabolites,
or gene functions that differentiate a patient’s response
to treatment. This allows scientists to determine the live
biotherapeutics that would help restore missing microbes.
Finally, several key microbial strains (generally four to six)
are isolated from healthy donors and characterized. These
microbes are then cultured individually by fermentation,
lyophilized, and combined to formulate the LBP. The
Persephone team leverages their background in the engi-
neering of industrial bioprocesses to create a scalable
manufacturing process.

One of the biggest challenges of such a large-scale
data-driven approach is the actual procurement of stool
samples from ill patients. While cancer patients are routinely
subjected to urine and blood samplings, they are rarely
asked to produce stool samples in a hospital setting. There
is also a strong reluctance to provide stool samples due to
the inconvenience and unpleasantness that patients associate
with the process. Persephone Biosciences has developed a
stool sample kit that is easy to use and minimizes unpleasant
exposure to the fecal matter. Using this kit, stool is collected
from cancer patients nationwide through an Institutional
Review Board (IRB)-approved Poop for the Cure cam-
paign (www.poopforthecure.us). These samples represent a
broad distribution of geography, cancer types, and treatment
regimens and will have long-term value as the database is
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A Figure 2. Persephone Biosciences' technology platform for microbiome research and development begins by gathering samples from healthy and diseased patient
cohorts along with medical records and metadata. Samples are analyzed with whole-genome sequencing and other -omics techniques, and artificial intelligence is used to

identify microbes important for treatment efficacy.
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A Figure 3. Poop for the Cure registered donors are broadly distributed in
geographic location, as well as cancer types and treatment regimens.

built (Figure 3). Ultimately, the company will apply the stool
collection and technology platform to develop live bio-
therapeutic solutions for various indications, general health,
and disease prevention.

Involvement of the gut microbiome
in cancer treatment

Cancer is the second leading cause of death in the U.S.,
with associated healthcare costs for diagnosis and treatment
exceeding $125 billion per year (10). In recent decades,
immunotherapies that prompt a person’s immune system
to attack cancerous cells have shown great promise for
treating several types of cancers, including melanoma, lung
cancer, and head and neck cancer (70). The most clinically
advanced immunotherapy drugs are checkpoint inhibitors,
which are monoclonal antibody drugs that target and block
inhibitory regulatory pathways in T cells, thereby enabling
antitumor immune responses (117).

Examples of T-cell inhibitory signal targets and their cor-
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responding immunotherapy agents include:

« cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), targeted by, e.g., Yervoy (ipilimumab)

« the programmed cell death protein 1 (PD-1), targeted
by, e.g., Keytruda (pembrolizumab) and Opdivo (nivolumab)

e the ligand PD-L1 on PD-1, targeted by, e.g.,

Tecentriq (atezolizumab), Bavencio (avelumab), and
Imfinzi (durvalumab).

Blockade of these inhibitory signals by checkpoint
inhibitor immunotherapies has been shown to be particularly
effective against advanced melanoma, non-small cell lung
cancer, and renal cell carcinoma, yet more than 50% of can-
cer patients subjected to checkpoint inhibitor therapies fail to
respond to the treatment (72). These treatments are often the
last line of defense, so failed response to checkpoint inhibi-
tors is often terminal. Thus, there is a significant unmet need
for improving the efficacy of immunotherapy drugs.

Overwhelming evidence has shown that non-
responsiveness to immunotherapy can be linked to a
patient’s microbiota. Recently, analysis of cancer patient
samples identified a strong correlation between abun-
dances of certain microbial species in the gut and positive
response to checkpoint inhibitor therapy (7/3—17). As a way
to demonstrate that the gut microbiome impacts response
to checkpoint inhibitor therapy, researchers performed
fecal microbiota transplants (FMTs) from responding and
nonresponding cancer patients into mice to see if the mice
would have a similar response to therapy as the patient
FMT donors. One study found that the mice that received
a FMT from a responding patient experienced more tumor
mass reduction than the mice that received a FMT from a
nonresponding patient (75). These and other studies also
link certain commensal microbes to increases in cytotoxic
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T cells and decreases in T regulatory cells and suppressive
myeloid cells, indicating a more robust antitumor response;
therefore, a healthy and intact gut microbiome is a neces-
sary condition for checkpoint inhibitor function.

Development of LBPs to improve the efficacy of
checkpoint inhibitors is the first application of Persephone’s
technology platform. Through Poop for the Cure and clinical
collaborations, stool samples are collected from immuno-
therapy patients suffering from a variety of different cancers
to identify microbes that can increase a patient’s immuno-
logic ability to respond to checkpoint inhibitor therapy.

As described previously, Al is applied to these data
to determine signatures of microbes, metabolites, or gene
functions that differentiate patients who do well on treat-
ment (responders) from those who show disease progres-
sion (nonresponders). In general, responders have diverse
microbiomes like those of healthy individuals, while
nonresponders have lower diversity and are missing key
microbes (Figure 4).

Analysis of hundreds of samples has confirmed this
general pattern. This forms the basis of a diagnostic method
to predict response in advance, as well as live biotherapeu-
tics that can be introduced to restore the missing microbes.
Use of real-world patient data to generate hypotheses in this
manner will ultimately reduce translational risk for entry
into the clinic.

Nonclinical animal experiments were performed to vali-
date the hypotheses generated from the data-driven approach
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A Figure 5. Tumors in mice receiving a checkpoint inhibitor alone shrank to
about half the size of the tumors in untreated mice. In contrast, mice receiving both
inhibitor and the microbe exhibited a nearly tenfold reduction in average tumor
volumes. Interestingly, the microbe alone also reduced tumor growth.
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<« Figure 4. Patients who do
well on treatment (respond-
ers, center) have diverse
microbiomes like those of
healthy individuals (right).
Each differently shaded wedge
represents the abundance of

a single microbial species.

The nonresponder (left) has a
less-diverse microbiome.
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and to test an initial LBP formulation generated from the
data. Mouse cancer models (CT26, colon cancer) were
administered anti-CTLA-4 checkpoint inhibitor, either alone
or in conjunction with an LBP derived from Persephone’s
data. Mice receiving anti-CTLA-4 alone had a modest
response, reducing the tumor volume on average about 50%
relative to untreated mice. In contrast, mice receiving both
anti-CTLA-4 and the LBP exhibited a nearly tenfold reduc-
tion in average tumor volumes (Figure 5). Interestingly, the
LBP alone reduced tumor growth nearly equal to that of the
checkpoint inhibitor alone.

The combination therapy reduced the variability in
response — all mice tested were classified as responders
based on final tumor volume. Variability is the primary
weakness of immunotherapy; these experiments demonstrate
the potential of a LBP co-therapy to improve the consistency
of treatment outcome.

The gut microbiome and
resistance to viral infections

The COVID-19 global pandemic has driven a race for
treatment options. Current efforts have focused on using
repurposed antiviral drugs, antibodies, and vaccines specific
to the SARS-CoV-2 virus. While these may be short-term
solutions, they alone are not enough to help patients with
severe life-threatening complications.

Incidences of severe COVID-19 disease symptoms such
as acute respiratory distress syndrome (ARDS) and cytokine
storm (a severe immune reaction in which the body releases
too many cytokines into the blood too quickly) have been
more prevalent in individuals who are elderly and those with
underlying health issues, such as diabetes, hypertension,
autoimmune disease, cancer, cardiovascular disease, and
obesity (18). All of these diseases are linked to inflammation
and dysregulation of the immune system.

Studies have demonstrated the important role of the
gut microbiome in maintaining immunological homeo-
stasis, protecting against viral infections, and improving the
efficacy of vaccinations (7/9-21). Recent reports from China
suggest that COVID-19 is strongly linked to the gastrointes-
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tinal tract (22) — patients with a dysbiotic or damaged gut
microbiome cannot mount an effective immune response to
fight the virus, even when vaccinated or treated with anti-
viral medications, and thus are more likely to have longer
lasting disease and severe complications.

Recent work has also suggested that certain genera of
gut microbes are associated with either mild or advanced
COVID-19 disease states (23). This microbiome-mediated
immune stimulation is the same mechanism required by
cancer patients to respond effectively to immunotherapy
drugs. Therefore, we propose using the same LBP formula-
tions described earlier as a prophylactic or adjuvant
therapy against SARS-CoV-2 and other infectious viruses
such as influenza.

Persephone Biosciences proposes a two-pronged
approach to restoring gut microbiome function to enable the
immune system to fight viral infections (Figure 6). The first
is as a vaccine adjuvant (administered several days prior to
the vaccine), aimed at improving the probability of a person
successfully responding to a vaccine. Vaccine efficacy rates
for respiratory viruses, such as influenza and SARS-CoV-2,
have been historically poor, particularly for vulnerable
populations such as the elderly and those with autoimmune
disease, diabetes, or hypertension — the same population
more likely to have a dysbiotic gut microbiome.

Adjuvants are small molecules, proteins, or other
ingredients that help the body produce an immune response
strong enough to protect the person from the disease he or
she is being vaccinated against. These function by boost-
ing the immunogenicity of the vaccine antigen or providing
chemical signals that modulate the immune system. Various
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A Figure 6. A two-pronged approach to microbiome-based therapies could
be effective at fighting viral infections such as COVID-19. (a) A vaccine adjuvant
creates an immune shield that increases the success rate for immunization.
(b) Administering the LBP as a prophylactic will stimulate the immune cells to
respond to and eliminate the virus before serious disease develops.
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adjuvants have been used in conjunction with influenza vac-
cine, though efficacy rates are still low, often less than 40%
(24). Our LBP adjuvant will prime the gut microbiome for
optimal stimulation of the immune system to make anti-
bodies once the vaccine is administered.

At the onset of a new global pandemic such as
COVID-19, vaccines targeting the novel virus have not
yet been developed. Societal response to the outbreak
aims to slow the spread of the virus and to reduce the
severity of the disease. Persephone’s second approach
is to administer the LBP as a probiotic, conditioning the
microbiome to best enable the individual’s immune system
to eliminate the virus rapidly upon infection. This can occur
by various mechanisms, such as increasing the ability of the
immune system to combat infection, stimulate activity of
specific classes of immune cells, provide essential nutrients
that may be depleted or blocked by the virus, or produce
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compounds with antiviral activity.

The LBP would be taken either prophylactically or at the
first sign of infection, much as one might take zinc lozenges,
vitamin C, or Echinacea as an immune booster. This would
allow the patient to clear the virus and recover more quickly
from the infection, reduce the severity of disease, and lessen
the likelihood of morbidity or mortality. Unlike vaccines or
other therapies, which must be modified as the virus mutates
(e.g., influenza vaccines are new every year), this LBP is a
general immune enhancer that does not depend on the nature
of the virus. Thus, use of such a treatment early can signifi-
cantly curtail the spread of future pandemics.

The future of microbiome-based medicines

Persephone’s novel technology platform has the
potential to revolutionize the microbiome field, as well as
the entire approach to drug development. Traditionally, can-
didate drugs are discovered using a reductionist approach.
A mechanism is first demonstrated at the molecular level

in vitro; if it is successful, it is then tested in animal models
and finally in humans. A significant risk is translation —
drugs with binding activity or even with efficacy in mice
often fail in clinical trials. In our approach, the evidence for
activity comes directly from human data, prior to evaluation
in vitro or in animal models, so there is less risk during the
translation from preclinical to clinical studies. Furthermore,
the fact that these microbes are ubiquitous in healthy human
guts significantly reduces safety risk.

Persephone’s stool bank and database were developed
for oncology applications, but the platform is versatile and
can be leveraged to create diagnostics and therapeutics for
any disease. As the database grows with data from patients
with various diseases as well as healthy controls, our overall
understanding of the connection between microbiome
composition and the immune system also improves. As
evidenced by the company’s rapid expansion of its method-
ology from cancer to COVID-19, having access to this data
can greatly accelerate new therapeutic programs. | ceP |
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