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Chapter 1. Introduction

1.1. A brief history of infectious disease

The birth of germ theory

The link between germs and disease seems obvious to us now, but it was actually a
relatively recent (and contentious) development in human knowledge. For most of the
last few thousand years, infectious disease was thought to be spread by miasma, or dirty
air—a hypothesis that helped explain the transmissibility of disease in certain cases, but
failed to translate into effective public health practices. As urbanization spread and
diseases like cholera became more prevalent, water- or sewage-based transmission
patterns played a large role in disease outbreaks. In a now-famous cholera outbreak in
London, a physician named John Snow tracked each disease incident and concluded from
their distribution that they originated from a public water pump. He correctly
hypothesized that the water was contaminated and suggested the agent of contamination
(what he termed “cholera poison”) had a cellular structure and was capable of

reproducing (Snow, 1856).

This hypothesis was part of an emerging “germ theory” of disease based on the
groundbreaking work by Ignaz Semmelweis, Louis Pasteur and others that suggested that
microorganisms, rather than miasma, were the source of infections and infectious disease.
Joseph Lister’s adoption of this theory and promotion of antiseptic practices in surgery

(and the consequent reduction in mortality) showed germ theory’s immediate



applicability to healthcare, but it was not until the work of Dr. Robert Koch that a

conclusive link between a microbe and a human disease was first established.

Establishing the germ-disease link

Koch was the first to demonstrate the causative link between anthrax and Bacillus
anthracis spores by purifying the bacteria from an affected sheep and using it to infect
mice, who developed anthrax symptoms (Koch & Carter, 1987). Similar experiments
using culture and reinfection lead him to uncover the cause of cholera (Vibrio cholerae)
and tuberculosis (Mycobacterium tuberculosis) and conclusively demonstrate a link
between microbes and infectious disease (Koch & Carter, 1987). This work also set the
foundation for modern culture-based microbiology by improving culture and staining
techniques, but most importantly it led to the development of what are now known as

Koch’s postulates.

Koch’s postulates are guidelines for establishing a causal link between an organism and a
disease (Koch, 1876). They require a) the presence of the organism in all affected
subjects and absence in unaffected subjects; b) the organism must be isolated and
cultured from an affected subject; ¢) when introduced to an unaffected subject, the
isolated organism should trigger the disease; and d) the identical organism must be

cultured from the newly-diseased subject.

Successes of Koch’s postulates

The establishment of the germ-disease link and Koch’s postulates led to a revolution in
medical microbiology as the causes of some of humanity’s most troublesome diseases
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were uncovered. In this “Golden Age” of microbiology (Blevins & Bronze, 2010),
bacteria causing diphtheria (1883), tetanus (1884), pneumonia (1886), plague (1894), and
dysentery (1898), as well as many others (Table 1-1), were identified using the principles
behind Koch’s postulates. These discoveries were essential in tracing disease vectors—

often involving fleas, rodents, or sewage—and establishing key elements of modern public

health practices, sanitation, vaccines, and epidemiology. Later, the advent of antibiotics

would provide the means to treat, rather than simply prevent, these diseases.

Year  Disease Organism Discoverer
1877 | Anthrax Bacillus anthracis Koch

1878 | Suppuration Staphylococcus Koch

1879 | Gonorrhea Neisseria gonorrhoeae Neisser

1880 | Typhoid fever Salmonella typhi Eberth

1881 | Suppuration Streptococcus Ogston

1882 | Tuberculosis Mycobacterium tuberculosis Koch

1883 | Cholera Vibrio cholerae Koch

1883 | Diphtheria Corynebacterium diphtheriae Klebs, Loeffler
1884 | Tetanus Clostridium tetani Nicholaier
1885 | Diarrhea Escherichia coli Escherich

1886 | Pneumonia Streptococcus pneumoniae Fraenkel

1887 | Meningitis Neisseria meningitidis Weischselbaum
1888 | Food poisoning Salmonella enteriditidis Gaertner

1892 | Gas gangrene Clostridium perfringens Welch

1894 | Plague Yersinia pestis Kitasato, Yersin
1896 | Botulism Clostridium botulinum van Ermengem
1898 | Dysentery Shigella dysenteriae Shiga

1900 | Paratyphoid Salmonella paratyphi Schottmuller
1903 | Syphilis Treponema pallidum Schaudinn, Hoffmann
1906 | Whooping cough  Bordatella pertussis Bordet, Gengou

Table 1-1 — Discoveries from the ‘golden age’ of bacteriology.
Researchers who discovered the bacterial pathogens behind mankind’s most troubling diseases during the

‘golden age’ of bacteriology. Adapted from Blevins and Bronze (2010).



1.2. Sequencing and its use in infectious disease

Reaching the limits of culture-based investigations

While the principles behind Koch’s postulates remain the gold standard for identifying
pathogens, it became quickly evident that they were not universally applicable. Koch
himself noticed the presence of M. tuberculosis and V. cholerae in subjects who did not
demonstrate symptoms, violating the first postulate (and establishing the concept of an
asymptomatic carrier). Another persistent complication is the fact that many organisms
are not able to be grown in pure culture, and so the experimental design suggested by

Koch (culture and experimental infection in an animal model) is inapplicable.

There are any number of reasons why a pathogen might be unculturable. For instance,
viruses require specific cellular machinery to reproduce, so culturing on cell-free medium
is impossible. In other cases, the parasite may require coinfection with another organism
for viability (Hepatitis D, for instance (Makino et al., 1987)). This lack of cultivability
does not preclude these organisms from being pathogenic, however, so rigid adherence to
Koch’s postulates would preclude investigators from understanding the diseases caused
by these types of microbes. Adaptation around these limitations lead to the discovery of
the viral causes of yellow fever (Sellards & Hindle, 1928), foot-and-mouth disease
(Loeffier & Frosch, 1897), and polio (Landsteiner K, 1909), among many others. These
advancements demonstrated a growing understanding of the range and diversity of

pathogens.



One approach toward the investigation of uncultivable pathogens involves the use of
nucleic acid sequencing. Sequence-based methods provide researchers with ways to
identify pathogens regardless of their cultivability. Approaches such as PCR for specific
marker sequences in target organisms are exquisitely sensitive and do not depend on the
viability of the target organism (Josephson, Gerba, & Pepper, 1993). More complex
methods, including whole-DNA shotgun sequencing, are able to recover the entire
genome of a microbe (Anderson, 1981)-or even the genomes of all the microorganisms
in a sample (Segata et al., 2013). These methods have revolutionized microbiology
because they have allowed us to understand more fully the microbial world outside the
petri dish. They have also advanced infectious disease research because their sensitivity
enables us to uncover broad spectrums of pathogens that are not able to be cultured or

otherwise identified.

To formalize the use of sequencing methods in infectious disease research, Fredericks
and Relman published an update to Koch’s postulates (Fredricks & Relman, 1996). The
new guidelines were specifically crafted to avoid the requirement of cultivability in
suspected microbes, as by the time that review was published, countless diseases had
been linked to microbes that cannot be grown in pure culture, such as Whipple’s disease
(the Tropheryma whippelii bacterium, (Relman, Schmidt, MacDermott, & Falkow,
1992)) and Kaposi’s sarcoma (human herpesvirus 8, (Huichen Feng et al., 2007)).
Notable differences between the Koch’s and Relman’s postulates, besides the de-
emphasis on cultivability, include reframing the presence or absence of the organism as
the enrichment or depletion of nucleic acids from that organism; correlation between
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sequence- and tissue-based methods such as staining or in situ hybridization; and
identification of plausible methods of virulence (e.g. from related species or identified
virulence factors). The Relman guidelines are significantly less rigid in their formulation
than Koch’s postulates as well. For instance, the requirement of enrichment of nucleotide
signals in affected tissues, rather than absolute presence/absence, reflects the
understanding that many factors unrelated to the disease state may affect the appearance
of microbial DNA, including environmental factors, presence as commensals, and
reagent contamination. In total, Fredricks and Relman’s guidelines are given as flexible
measures that should be assessed holistically, much as Koch’s postulates had to be later
interpreted. The violation of multiple guidelines is possible even in established causal

relationships and the authors emphasize that none of the rules are dogmatic.

Successes using sequencing in etiologic agent detection

Despite the incumbent difficulties in establishing microbe-disease links via sequencing,
there have been a number of notable successes. In 1992, David Relman et al. established
that Whipple’s disease was caused by a previously-unknown microbe by recovering 16S
ribosomal RNA sequences from five patients with Whipple’s disease (Relman et al.,
1992). The organism, termed Tropheryma whippelii, had been seen in affected patients
via microscopy since the first description of the disease but had resisted all culture
efforts. Its association with the disease was thus well-known, and the target sequence was
isolated from all five patients and none of the ten healthy controls. This long-term
association of the cryptic microbe and the disease thus simplified the challenge of
establishing causality. While the precise virulence mechanisms were not described in the
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1992 paper, they noted that T. whippelii was related to other Actinomycetes bacteria
including pathogenic mycobacteria, and potentially shared disease-causing

characteristics.

In 2008, Feng et al. (H. Feng, Shuda, Chang, & Moore, 2008) identified the virus that
caused Merkel cell carcinoma (MCC) through the use of digital transcriptome subtraction
(Huichen Feng et al., 2007). This technique uses a reverse transcription step to convert
mMRNA into cDNA prior to sequencing, and subsequently removes all human-related
cDNA after sequencing. The remaining sequences are checked for homology to potential
organisms of interest: in this case, they already suspected a viral etiology based on
similarities between MCC and Kaposi’s sarcoma. The presence of a transcript with
similarities to existing polyomavirus T antigen allowed the researchers to eventually
uncover the complete viral genome using primer walking; this genome was then used to
check transcripts from other MCC libraries and to design PCR assays to check other
MCC samples. The rates of detection for the new polyomavirus (termed Merkel cell
polyomavirus) were 80% in MCC tissue and 8% in healthy; this represents a significant
shift from the strict presence/absence suggested by Koch’s postulates and a concordance

with Fredricks and Relman’s more flexible guidelines.

More recently, modern metagenomic sequencing was used to identify the pathogen in a
case of neuroleptospirosis that had evaded diagnosis via normal methods (Wilson et al.,
2014). A patient that presented with severe but ambiguous symptoms that were initially

suspected to be neurosarcoidosis after no pathogen was detected. Cerebrospinal fluid



(CSF) and serum was then shotgun sequenced and analyzed with SURPI, a rapid
pathogen detection pipeline (Naccache et al., 2014). SURPI detected traces of
Leptospiraceae bacteria in the CSF but not in the serum sample with coverage across
3.8% of a leptospira genome. On this basis, the administering physicians decided to treat
the patient for neuroleptospirosis and the symptoms resolved. Leptospiraceae is normally
detected through a serological test for immune response, but due to peculiarities in the
patient’s condition (severe combined immunodeficiency, immunoglobulin
supplementation, etc), the serological challenge was negative. In many ways, the success
in identifying the causative agent in this study was unusually fortuitous. Leptospira are
uncommon enough in a hospital setting not to be likely environmental contaminants and
pathological enough in nature to be a convincing agent. For diseases where the etiologic
agent is uncharacterized, SURPI is not a valid option because it references existing
databases- a flaw intrinsic to most of the current methods of sequence classification. If
the organism was commonly commensal and pathogenic only by merit of a compromised

immune system, it would also be difficult to discern from background levels of that taxa.

Isolating microbial species for genomic analysis

Identifying the etiologic agents in disease is rarely the final step in treatment and
diagnosis. Virulence and pathogenicity of an agent is often linked to species- or strain-
specific variations that may be difficult to uncover using normal phylogenetic markers
such as the 16S or ITS rRNA gene sequences (a method explained in more detail below).
To fully understand the pathogenesis of an organism, the complete genome is desirable so
that virulence mechanisms can be determined. However, genomes for most microbial
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species are still missing or incomplete (Aggarwala, Liang, & Bushman, 2017; Brown et

al., 2015; Hug et al., 2016).

Traditionally the means to get a precise species- or strain-level genome is to isolate and
culture the organism and sequence the isolate, but as described above, such culture-based
approaches are frequently not applicable (Amann et al., 1990; Ghazanfar, Azim, &
Ghazanfar, 2010; Schmeisser, Steele, & Streit, 2007). In the examples outlined
previously, few of the etiologic agents were cultivable in pure culture. One way around
this is to sequence the sample with sufficient depth to achieve complete coverage of the
target genome (along with a large amount of background DNA) (Forde & O’Toole, 2013;
Mardis, 2008). In cases where the genome is especially small, including viruses,
enrichment using PCR techniques are viable options (Minot et al., 2013), but these

techniques are difficult to scale up to normal prokaryotic and eukaryotic genomes.

There have been significant improvements in the ability of shotgun metagenomic
sequencing to identify strain-level variations in microbial communities (Alneberg et al.,
2014; Olm, Brown, Brooks, & Banfield, 2017; Scholz et al., 2016), but these efforts all
face similar pitfalls. For some methods, the complete strain-level genome must be
captured and added to the relevant databases. For instance, programs like StrainPhlAn
(Truong, Tett, Pasolli, Huttenhower, & Segata, 2017) and PanPhlAn (Scholz et al., 2016)
use strain-level reference genomes or species-wide “pangenomes” to profile
metagenomic communities for those known strains. Other approaches that avoid the need

for reference strains, such as CONCOCT (Alneberg et al., 2014) and MetaBAT (Kang,



Froula, Egan, & Wang, 2015), use pooled metagenomic libraries to construct strain-level
genomes, but face challenges when the organism of interest is especially rare in the

sample and are prone to chimeric misassembly of strain genomes.

Methods such as selective whole-genome amplification (SWGA) (Leichty & Brisson,
2014) allow the enrichment of a target organism in a sample by exploiting differences in
certain sequence motifs along the target and host DNA. By using primers targeted to
sequence motifs more frequently appearing in the target than the background, and a
highly-processive polymerase such as phi29, a researcher can preferentially amplify the
target genome above the background genome. The resulting product is directly
sequenced, but the resulting depth of sequencing required to reach sufficient genome
coverage is substantially reduced. In this way, SWGA makes it easier to get precise
variant-level information about an organism and allows the sequence variants that
underlie its virulence or pathogenicity to be identified. Implementing SWGA for arbitrary
genomes is not trivial, however, as the method described in the original paper for the

selection of effective primer sets is complex and error-prone.

1.3. Metagenomics and the role of the microbiome in disease

The human microbiome

Infectious disease research focuses on the single causative agents of a disease: isolating
and understanding particular pathogens and how to combat them. But it has been known
for some time that the body is home to a vibrant community of microbial life. In 1673,

Antonie Philips van Leeuwenhoek, an acclaimed microscopist, described seeing a variety
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of tiny “animalcules” in samples of pond water and wood—making him the first human to
see a bacteria. In 1861, Joseph Leidy described a flourishing community of microbes
inside the guts of many animals. His work “A flora and fauna within living animals,” is

one of the first descriptions of the microbiome (Leidy, 1861).

We know now that humans share our bodies with trillions of commensal microorganisms,
most of them bacteria and bacteriophage. The exact makeup of these communities vary
by body site and functional characteristics (The Human Microbiome Project, 2012). They
also play key roles in maintaining normal health. For instance, microbes in the gut
facilitate nutrient absorption and digestion (Shreiner, Kao, & Young, 2015), help regulate
the immune system (Arpaia et al., 2013), and may even affect mental state (Rieder,
Wisniewski, Alderman, & Campbell, 2017). Microbes on the skin feed off of shedding
skin cells and help prevent infections (SanMiguel, Meisel, Horwinski, Zheng, & Grice,
2017), and microbes in the genital tract can hinder the acquisition of sexually-transmitted

diseases, such as HIV (Buve, Jespers, Crucitti, & Fichorova, 2014).

The microbiome’s role in maintaining health is also supported by evidence linking
disordered communities to diseases including inflammatory bowel diseases (Gevers et al.,
2014), obesity (Le Chatelier et al., 2013), cardiovascular disease (Z. Wang et al., 2011),
as well as lung and skin disorders (Charlson et al., 2010; Hannigan, Pulos, Grice, &
Mehta, 2015; Kalan et al., 2016; Young et al., 2015). Thus, it is essential to understand
exactly what makes a microbiome “healthy”, what functions they perform in their

respective body sites, and how to alter their composition to prevent or treat disease.
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The advent of metagenomic sequencing

Traditional culture-based techniques are inefficient for metagenomic studies both because
of the relatively small fraction of microbes that are cultivable, and because of the slow,
low-throughput nature of culturing. In addition, phylogenetic characterization using
morphology rather than genetic sequence leads to significant issues: some microbes may
be morphologically identical but separate species, while other microbes may have wildly
different appearances based upon factors such as environment or lifecycle stage— some
fungi belong to two different families depending on their sexual stage due to exactly this

problem (Underhill & lliev, 2014).

The concept of metagenomic sequencing is basically the adaptation of modern
sequencing technologies to perform surveys of all the microbes present in a sample.
Generally, metagenomic sequencing falls into two approaches: tagged marker sequencing
or whole-genome shotgun sequencing. Tagged marker sequencing uses the amplification
of conserved genetic regions in the microbial targets of interest to gather a picture of the
microbial community in a sample. Examples of this include 16S rRNA sequencing for
bacteria (Weisburg, Barns, Pelletier, & Lane, 1991), and internal transcribed spacer (ITS)
rRNA sequencing for fungi (Schoch et al., 2012). These regions, or “markers,” contain
hypervariable loci flanked by conserved sequences; in bacterial 16S rRNA these are
regions V1-V9, and in eukaryotic ITS rRNA they are ITS1 and ITS2. These
hypervariable loci are under significantly less selective pressure than their surroundings,
and thus accumulate mutations at a higher rate (Gray, Sankoff, & Cedergren, 1984). The
similarity of these regions between two taxa can therefore be used as a proxy for how
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related the taxa are to each other. This also enables the cataloging of these regions into
databases, so that microbes can be linked to their respective version of each marker.
Thus, the amplification and sequencing of these marker regions, followed by similarity
searches in databases like GreenGenes for 16S (DeSantis et al., 2006) and UNITE for
fungal ITS (Koljalg et al., 2005), results in a picture of the bacterial or fungal
communities in a sample. Tagged sequencing is generally low-cost and computationally
straightforward. However, the results are limited to the microbial kingdom of choice, and
even the selection of the variable region in the marker sequence can influence how

sensitive the assay is at retrieving certain families of microbes (Meisel et al., 2016).

The alternative approach to tagged sequencing is known as whole-genome shotgun
sequencing. In this approach, the total nucleic acids in a sample are fragmented and
sequenced without an intermediate amplification step, and the sequencing reads are
matched to a database of microbial sequences (Quince, Walker, Simpson, Loman, &
Segata, 2017). The benefits of this approach are that it is markedly less biased as it can
capture DNA from any organism in the sample, and that it allows partial reconstruction
of the genomes of the organisms, enabling functional characterization. Shotgun
sequencing thus provides a more complete picture of the microbiome, but suffers from
both high costs and analytic difficulty. In many shotgun sequencing experiments, a large
fraction of the reads cannot be assigned to an organism due to the true originator of the
read being absent from databases. And while the sequencing itself is relatively less
biased, the databases themselves are not— some microbial orders are much better
characterized than others (e.g. bacteria versus viruses or fungi).
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As well as helping characterize the function and dysfunction of our microbiomes,
metagenomic sequencing provides a key advancement in germ theory and our ability to
associate microbes with disease. Sequencing the total DNA from healthy and diseased
subjects enables detection of differentially-abundant microbial signatures and potentially
illuminates cryptic agents in diseases that had evaded culture-based detection.
Furthermore, the ability to gather the actual genetic sequences from these microbes
provides the means to understand their pathogenic capacity. Genes that influence
virulence, toxicity and resistance to antimicrobial compounds can be recovered from the

metagenome and may one day form the basis of rapid sequencing-based clinical tests.

Successes linking the microbiome to disease state

Because the gut is the most well-characterized component of the human microbiome,
many of the disease links we’ve associated with changes in the microbiome have to do
with intestinal disorders. In particular, inflammatory bowel diseases such as Crohn’s
disease have been closely linked to dysbiosis in the gut (Huttenhower et al., 2014; Lewis
et al., 2015). Crohn’s disease is a complex disorder involving immune-mediated
inflammation of the gut, especially the proximal colon and ileum. Instead of a single
causative bacterium, researchers have found that structural changes, such as the loss of
certain classes of bacteria and outgrowths of others, can be predictors of Crohn’s disease
onset (Gevers et al., 2014; Haberman et al., 2014). Antibiotic usage and a decrease in
bacterial diversity were also associated with disease severity (Lewis et al., 2015).
Correction of dysbiosis through the use of fecal microbiome transplantation has shown
promising results for Crohn’s disease (Ruben J Colman, 2014).
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Perhaps the most classic case of microbiome dysbiosis correlating with disease is in the
case of Clostridium difficile infection. C. difficile is a commensal microbe in infants but
rarely present in asymptomatic adults (Rousseau et al., 2012). Instead, infection is usually
triggered by exposure to antibiotics, especially long-term use in chronic care facilities
(Britton & Young, 2014). The alteration of the endogenous flora through antibiotics
seems to provide an avenue for C. difficile colonization, and indicates that a “healthy”
microbiome provides resistance to this pathogen. The exact mechanism by which the
microbiome changes from being protective to permissive seems to be related to the
production of bile salts and secondary bile metabolites (Britton & Young, 2014) (Britton
2014). Certain bile acids trigger C. difficile spore germination, and their relative
availability in the microbiome can be increased through the use of antibiotics. Thus, in
the case of C. difficile, we observe a traditional infectious disease that is influenced

strongly by the characteristics of the host gut microbiome.

The use of the dysbiosis as a disease marker has also been demonstrated in preterm
infants for necrotizing enterocolitis (NEC) (Pammi et al., 2017). In a systematic meta-
analysis, the authors found that increased levels of Proteobacteria and loss of
Bacteroidetes and Firmicutes characterized a dysbiotic state that was a precursor to NEC.
The correlation between gut bacteria and disease state indicate that microbiome
monitoring and correction through the use of probiotics may be effective treatment for an

otherwise difficult-to-treat disease.
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Figure 4-6.

Virome analysis. A) Heat map summarizing RNA viruses detected. Each column indicates a sample from
the patient indicated at the top of the heatmap, each row indicates a type of virus. The tiles are colored
according to proportion of total viral reads. B) Heat map summarizing DNA viruses detected. Markings as
in A.

4.4. Discussion

We present here a first look at the co-development of the microbiome and immune
system in patients after gene therapy for SCID. We used targeted sequencing of vector
integration sites to model the number of gene-corrected progenitor cells, and TCR
sequencing to capture the development of the T cell repertoire following therapy. The
combination of these data allowed a lower-bound approximation of the number of cell
divisions required to progress from a lymphopoetic stem cell to a circulating T cell, a
measurement uniquely possible thanks to gene marking by integration. We used shotgun

metagenomic sequencing in longitudinal samples to track early-term changes in the gut,
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oral and nasopharyngeal microbiome coincident with therapy. In a subset of these
timepoints, we purified and sequenced RNA and DNA viruses to show clearance of
pathogenic viruses with immune reconstitution and, in some patients, the presence of

viruses not reported in clinical records.

This estimate of cell divisions is limited by wide confidence intervals in the estimators
for unique TCRs and integration site population sizes, but despite that most of the

timepoints indicated roughly nine cell divisions between the progenitor stem cell and a
circulating T cell. This is a minimum value because the amount of cell death during T-
cell ontogeny is unknown and likely high. This helps specify the functional capacity of

the lymphoid precursor cell targeted in initial transduction.

The microbiome analysis provided new evidence on how SCID gene therapy patients
progress to healthier phenotypes after successful therapy. Their immune cell diversity, as
measured by TCR sequencing, consistently moved from the oligoclonal range of older
adults and into a higher diversity range more characteristic of healthy children of that
age. Further, their overall circulating T cell richness showed a similar movement towards
a healthy and age-typical state. This is concordant with the observed results of healthy
immune function in these patients and shows that sequencing metrics of the T cell

repertoire correlate with clinical outcomes.

As in their immune repertoires, the microbiota of these patients changed in ways that
resembled the microbiomes of healthy children. We saw an increase in diversity and
richness of the microbes in the gut and oro- and nasopharygeal compartments and the
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outgrowth of bacteria associated with healthy gut function. In some patients, we were
also able to detect bacteria that may be associated with negative outcomes and antibiotic

resistance, potentially as a result of extended exposure to antibiotics and hospitalization.

An unexpected finding was the consistently low diversity of SCID oral samples, and the
high colonization with Streptococcus. It will be of interest to assess whether this is seen
in other immunodeficient subjects, and target investigations of possible oral pathology

associated with this organism.

In some of these patients, we found viruses known to cause enteropathic conditions in
humans, including astrovirus, bocavirus and adenovirus. In the case of patient B207, the
adenovirus detection was clinically corroborated with a diagnosis of adenoviremia. In
both, the viruses were cleared in later timepoints, likely as a result in part the newly-

functioning immune system.

This study is also limited in a number of important ways. Most importantly, our sample
size was quite small. Moreover, clinical considerations often led to inconsistent
microbiome sampling based on patient and clinician availability, as sample collection
was a secondary concern to patient monitoring. As a result, our ability to make broad

inferences based on this sample set is limited.

Opportunities to study similar systems of immune system/microbiome dynamics are
present in SCID patients who undergo hematopoetic stem cell transplantation (HSCT). A

pilot study looking at the microbiome development in SCID patients after HSCT (Lane,
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2015) was also performed, though with 16S rRNA gene amplicon sequencing rather than

shotgun sequencing, no healthy controls, shorter sampling period, and no concurrent TCR
sequencing. They found inconsistent results in microbiome diversity after transplantation,
possibly due to the limited temporal range of the study, but did note that there were clear

differences in the microbiota before and after transplantation in the four subjects they

studied.

In summary, these data illustrate some of the uses of multi-omic data in assessing
outcome in human gene therapy. As more of these studies are carried out, it will be
possible to more fully assess the utility of such data. Of particular interest will be any
signatures that help forecast outcome and provide new opportunities for initiating specific

interventions.

4.5. Methods

4.5.1. Human subjects

Patients were recruited as described (M. Cavazzana-Calvo et al., 2000; Hacein-Bey-
Abina et al., 2014). We collected the same sample types from six healthy children
between the ages of 21-43 months under IRB 13-010072. We obtained sorted CD3+ T
cells from three anonymous healthy adult donors above the age of 18 from the Human

Immunology Core at the University of Pennsylvania. All samples were stored at -80°C.
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4.5.2. Integration site analytical methods

Integration site sequences were determined using two different methods due to changes in
technology over the period of patient monitoring. In the first, 454/Roche pyrosequencing
was used to determine integration site placement (G. P. Wang et al., 2007). In the
second, Illumina paired end sequencing was used (C. C. Berry et al., 2012; C. C. Berry et
al., 2017; Hacein-Bey Abina et al., 2015; Sherman et al., 2017). In both, DNA was
broken using shearing or restriction enzyme cleavage, then DNA adaptors ligated on to
the broken DNA ends. Nested PCR was then used to amplify from the linker to the
integrated vector, and the intervening segment of human DNA sequenced. All
integration site sequence analysis was be carried out in quadruplicate to minimize PCR
jackpotting. All sample sets were worked up together with human DNA lacking
integrated lentiviral sequences to monitor for PCR contamination, which was typically
undetectable. Different linkers were be used for ligation-mediated PCR for each sample
in a set to block PCR cross over. All samples were bar coded on both ends of the
molecule, and only those with correct bar code pairs analyzed, thereby suppressing
artifactual molecules resulting from PCR recombination. A total of 31 samples were

analyzed, yielding a total of 24,170 integration sites.

4.5.3. TCR sequence analysis

TCR sequencing was performed on whole blood samples that had been fractionated to
yied T cell (CD3+) or PBMC fractions. Genomic DNA was isolated and sequenced at

Adaptive Biotechnologies to determine CDR3 region sequences of the TCR beta locus
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(H. Robins et al., 2012). Data were analyzed using the immunoSeq Analyzer version 3.0.

A total of 40 samples were analyzed, yielding a total of 32 million TCRB sequences.

4.5.4. Microbiome sequencing

DNA was isolated from fecal, oral and nares samples using the following procedures:
Small aliquots of fecal material (<= 1ml) and the tips of each swab (for oral and nares
swabs) were deposited into a PowerSoil bead tube. DNA was extracted using standard the
MoBio PowerSoil DNA extraction protocol, with one or more blank extraction controls
worked up simultaneously with each set of samples. Work spaces were decontaminated
using bleach and UV irradiation. The resulting DNA from all samples and blank controls
was sequenced on an Illumina HiSeq 2500 using NextSeq chemistry and standard

Illumina dual barcoding for each sample.

Due to artifacts in genomic sequences for members of the Apicomplexa family, many
reads from a common water contaminant (Bradyrhizobium) were cross-annotated as
belonging to Apicomplexa. Consequently we removed all Bradyrhizobium and

Apicomplexa reads before further analysis due to their uncertain provenance.

4.5.5. Virome analytical methods

Viral particles were isolated from a subset of the fecal samples using a protocol adapted
from (Minot et al., 2013). Fecal samples were homogenized and filtered through a 0.4

micron filter. The filtered samples were then treated with DNasel and RNAsel to remove
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exogenous nucleic acids. Combined nucleic acids were then purified from the sample

using the Qiagen UltraSens Virus Kit.

To obtain DNA viruses, we amplified viral genomes in an aliquot of the combined
nucleic acids using the Illustra Genomiphi V2 DNA amplification kit. Resulting
amplified DNA was quantified using PicoGreen and stored at -20°C. To obtain RNA
viruses, we treated a separate aliquot of the combined nucleic acids with DNAse+ and
then performed reverse transcription of the RNA to cDNA using the SuperScriptlll First-
Strand Synthesis System from Life Technologies and second strand synthesis using

Sequenase. The resulting cDNA was quantified with PicoGreen and stored at -20°C.

Resulting DNA was prepared and sequenced using NextSeq for library preparation and
an Illumina HiSeq 2500 for sequence acquisition. The same postprocessing pipeline was
used, including all quality-control, host removal, and read annotation steps. For analysis,
we considered only reads that fell under the Virus classification, and removed the
following viral annotations as being reagent contamination (Abbas et al., 2016; Clarke et
al., 2017): Enterobacteria phage M13, Enterobacteria phage T7, Enterobacteria phage
phiX-174 sensu lato, Bacillus phage phi29, and Pseudomonas phage phi6, human

herpesvirus 6 and 7, and Shamonda virus.
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Supp. Figure 4-3. TCRB population characteristics (PBMC).
Stacked bar graphs summarizing characteristics of the TCRB repertoire sequenced from PBMC cells.
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Supp. Figure 4-4. TCRB repertoire similarity (PBMC).
Bray-Curtis dissimilarity measurements for the TCRB repertoires sequenced from PBMC cells.

141



B201 (Tcells)

B203 (PBMC)

B203 (Tcells) B204 (PBMC) B205 (Tcells)

1e+07 1

1e+05

1e+03 1

G (4

12.1

12 18 24 24 30 6 12 24 12 6 12
B205b (Tcells) B207 (Tcells) F101 (PBMC) F102 (Tcells) F106 (PBMC)
3
L qeso74 79 17.0
= -
c : : 1o} o—=0
2 1e+05- : : 9.4 9.5
- o o
8 1e+03 O———0 o6—o
S
5 18 24 6 12 18 24 108 32 180.6 152.3
1%}
©
o
= F107 (PBMC) F107 (Tcells) F110 (PBMC) F110 (Tcells) F201 (PBMC)
g
S 1e+07-
3 o—0
£ 1e+05 ® (9.0] 10.7 °
£ * : : :
= -5.6 m :
B 1e+03- (¢ o— ¢
155 155 12 31 125.7 42
F202 (PBMC) F203 (PBMC)
16407
1e:054  (gyo) ©
O
16403 - o——0
24 40 36

Months since therapy

Supp. Figure 4-5. Lymphocyte progenitor cell divisions.
Population size estimates for progenitors and daughter t cells, with the minimum number of doublings (cell
divisions) required.

142

@ Integration sites

@ Unique TCRBs



(7]
o
@ |
& I
1e+04
Control Healthy SCID Healthy SCID Healthy SCID
Blank Nasopharyngeal Oropharyngeal Stool
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4.7.2. Supplemental Tables

All supplemental tables are attached in the Digital Supplement named

SupplementalTables.xIsx.

Supp. Table 4-1. Subjects in this study.
Supp. Table 4-2. Vector integration site data.
Supp. Table 4-3. TCR-beta repertoire data.

Supp. Table 4-4. Microbiome data
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Chapter 5. Conclusions and Future Directions

In this thesis | describe novel approaches to using metagenomic sequencing in idiopathic
and immune-related diseases. Metagenomics has found fruitful application in studies
involving gastrointestinal disorders and dysbiosis of existing communities. However, the
utility of metagenomics has been less clear in other types of diseases. The heightened
sensitivity of next-generation sequencing at retrieving rare microbes will be key to
uncovering causal pathogens in idiopathic diseases, but standard approaches suffer from
extreme sensitivity to contamination and false-positives (Lauder 2016). Meanwhile, the
interactions between microbiota and the immune system are beginning to be more clearly
understood (Arpaia 2013, Kamada 2014, Atarashi 2013) but their interplay in immune

disorders is less clearly defined.

In Chapter 2, | present a study where we looked for microbial triggers of sarcoidosis, a
granulomatous disease with no known cause. Our effort involved experimental and
statistical methods to rigorously account for environmental contamination. We collected
paired environmental controls for every sample and specific for every sample type: for
formalin-fixed, paraffin-embedded (FFPE) tissue we sampled the surrounding blank
paraffin, while for bronchoalveolar lavage (BAL) we sampled the prewash rinse of the
scope done prior to the procedure. These paired environmental controls were integrated
into the differential abundance testing by the use of a generalized linear mixed model
(GLMM) in which the background level of a taxa was allowed to vary in each sample

pair.
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This approach demonstrated exceptional precision in the face of strong environmental
covariates. We found that in one set of FFPE tissue samples, high levels of Aspergillus
fungi were present in sarcoidosis samples and not in healthy controls. But this same
difference was seen in the paired environmental controls, indicating that Aspergillus was
environmentally derived. (We later traced the source of this contamination back to
difference in storage sites between the two sample groups.) In studies without this
experimental design, we would have been unable to disentangle the environmental
confounder from the study group and spent significant time investigating Aspergillus
fungi as potential sarcoidosis triggers. However, differential abundance testing with the
GLMM did not identify Aspergillus as enriched. Rather, it identified a different fungus in
the Cladosporiaceae family as being enriched in sarcoidosis tissue over both healthy
tissue and the background environment. Cladosporiaceae fungi, while not known to be
pathogenic, are significant allergens and can cause disorders including hypersensitivity
pneumonitis (Chiba et al., 2009; Silva & Ekizlerian, 1985), so this is a biologically

plausible trigger in accordance with Relman’s postulates (Fredricks & Relman, 1996).

This paired environmental control study design and associated model are applicable to
other low-biomass metagenomic studies that aim to find differences between two groups.
While consensus has been reached on the necessity of blank controls in these studies to
characterize the input from reagents (Kim et al., 2017; Salter et al., 2014), those controls
alone are not always sufficient—for instance, they would not have uncovered the
Aspergillus contaminant as described above. There exist other approaches for
determining the source of microbial signatures in a sample (Knights et al., 2011), but this
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is the first able to translate these contaminating sources into terms that affect differential
abundance testing. Many clinical studies would benefit from this approach, especially
those that investigate microbial communities in sources previously considered sterile in
healthy individuals, such as the brain or placenta. In these studies, collection and storage
methods may contribute significant amounts of microbial biomass as a percentage of the
total. Without the controls, researchers may be erroneously reporting the presence of

endogenous or enriched microbiota when in fact they are subtle contaminants.

In Chapter 3 | describe a computational method that efficiently designs primers to
selectively amplify a target’s genome from a complex mixture. This program, swga,
makes the method described in (Leichy 2014) significantly more accessible to a broad
range of researchers. The wet-side method, selective whole-genome amplification
(SWGA), uses a set of phi29 primers that bind more frequently to a target’s genome than
the background to preferentially amplify the target using multiple-displacement
amplification. With the correct primers, the resulting amplicon will have much higher
amounts of target DNA proportionally than the starting mixture. Consequently, less
sequencing effort is required to achieve high depth-of-coverage of the target genome. The
swga program described in this chapter makes it possible to rapidly design primer sets for
this assay, which was originally a manual and error-prone process. The program works
by first identifying all k-mers of a range of lengths in the target and background genome.
It then filters the k-mers for undesirable characteristics including self-complementarity
and suboptimal melting temperature range, or uneven binding on the target genome. It
then assembles a graph representation with primers as vertices, and compatible primers—

146



i.e. those that do not form primer dimers—are linked by edges. Each primer is weighted by
how frequently it binds the background genome. The program then searches for cliques,
or completely-interconnected subgraphs, with the smallest possible weight. These cliques

form the basis for selective primer sets for the SWGA method.

In this chapter, | demonstrated the efficacy of this program and approach on three real-
life host/parasite systems. SWGA, when used with a well-chosen primer set, significantly
reduces the costs associated with repeatedly obtaining high-coverage genomes of a given
target. This is especially critical when retrieving genomes from targets that are difficult or
impossible to culture, especially in the context of pathogen or parasite genomics. In this
sense it is complementary to our efforts in Chapter 2 to identify microbial agents in
sarcoidosis: one possible use for SWGA is the isolation and characterization of the
precise Cladosporiaceae fungi in the sarcoidosis samples to see if there are strain-level

differences that may be causing disease symptoms.

In Chapter 4, | presented our efforts to characterize the interactions between the
microbiome and immune system of SCID patients after gene therapy. The gene therapy
trials for SCID provided a unique opportunity to observe a cohort of humans born
without an immune system, but with colonized microbiomes (normally, the microbiome
and immune systems co-develop in healthy babies). Once the gene therapy was
administered, these patients’ immune systems began to develop, and we were able to
track how the immune system and microbiome in these patients changed in response to

each other. To do this, we used T cell repertoire sequencing and metagenomic shotgun
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sequencing on a longitudinal sample set. We found that patients generally reconstituted a
normal-looking immune system when the therapy worked, which was concordant with
reported positive clinical outcome. We also found that patients’ microbiomes often
started off in a dysbiotic state, frequently characterized by the dominance of certain
bacteria or viruses, but shifted to resemble healthy children as time went on. We also
found that the microbiomes of these patients began to harbor higher levels of antibiotic
resistance genes as time went on, up until around six months post-therapy. This likely
correlates to high exposure levels of antibiotics administered prophylactically until the
patients were no longer immunocompromised (around six months post-therapy). We also
found high levels of adenovirus and astrovirus in these patients, which only occasionally
corresponded to clinical reports. In each case, high viral loads subsided with time,

indicating clearance of the virus.

This chapter demonstrated the potential applications for metagenomics in immune
diseases and gene therapy. Because of established links between the microbiome and
immune system, diseases that affect the immune system like SCID are likely to affect the
immune system (and vice versa). In SCID patients, we were unsure whether immune
system restoration would lead to restoration of a normal microbiome, or if a dysbiotic
state would persist due to a founder-type effect. In the patients for which we had the
longest sampling time course, we did see a normalization of the microbiome and decrease
of antibiotic resistance load after immune reconstitution. While this conclusion is limited
by the small number of patients, it suggests that the immune system acts to maintain a
healthy microbial community in these patients.
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Future directions

The work presented in this thesis center around the use of metagenomic sequencing in a
variety of diseases. | explored the use of sequencing to robustly identify triggers in
sarcoidosis, efficiently isolate difficult-to-culture pathogen genomes such as
Mycobacterium tuberculosis using SWGA, and characterize microbe-immune
interactions in SCID after gene therapy. These works center around short-read
sequencing, the current state-of-the-art sequencing method used today for metagenomics.
However, it seems likely that this will soon be supplanted by rising long-read

technologies, such as those from Pacific Biosciences and Oxford Nanopore.

The essence of nanopore long-read sequencing is a small pore that moves nucleotide
molecules through a few bases at a time and measures changes in the electrical potential
based on the sequence. It avoids issues inherent to lllumina chemistry that lead to high
error rates with longer sequences, and consequently can read tens of kilobases in length
per sequence (under optimal conditions). However, nanopore sequencing comes with its
own drawbacks, including a higher error rate and more difficult-to-model error profile.
Even in the last few years, however, the error rates have decreased substantially and it
seems reasonable to expect them to continue falling. Another key benefit of nanopore
sequencing, specific to the Oxford minlON, is the extremely small size of the sequencer
itself. It is only slightly larger than a thumb drive and connects to a computer using USB.
This small size raises alluring potential for field deployment as part of a portable

sequencing and analysis toolkit.
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Metagenomically, long-read sequencing offers a number of advancements over current
methods. First, the retrieval of long contiguous DNA allows us to fill in the gaps and
reconstruct microbial genomes much more easily (Loman, Quick, & Simpson, 2015;
Quick et al., 2017). More comprehensive microbial genome databases will significantly
improve our ability to classify and functionally annotate microbiomes. Second, long
reads offer the ability to recover strain-level resolution in tagged sequencing experiments.
While we are nominally constrained to tagged sequences smaller than 500bp in Illumina
paired-end sequencing, long reads would enable the recovery of the entire 16S or ITS
region and significantly improve our phylogenetic resolution (Kerkhof, Dillon,
Héaggblom, & McGuinness, 2017). Third, it opens up new opportunities for
biosurveillance. Assuming we could identify a specific sequence unique to a pathogen or
virulence gene of interest, long read sequencers can “read until” detection of that
sequence (Loose, Malla, & Stout, 2016). Paired with a potentially field-deployable
sequencer, this could enable extremely rapid monitoring of an environment for pathogens
and antibiotic resistance capabilities, without the need for culture, extensive

bioinformatics analysis, or data storage.

Even considering our current approaches in short-read sequencing, there remains
significant room for advancement from the techniques outlined in this thesis.
Metagenomic sequencing is exquisitely sensitive, but this can result in a higher level of
false positives and spurious detections. In Chapter 2, I outlined an experimental approach
that helps assuage these problems, but there are situations in which environmental
controls may not be identifiable or obtainable. Approaches that restrict DNA to just those

150



from viable organisms may be worthwhile in certain studies (Emerson et al., 2017) but
often samples are collected and stored in ways that damage or Kill the microbes in them.
Other ways of reducing spurious detections include the use of RNA in conjunction with
DNA, on the premise that RNA is more readily degraded in the environment due to
ubiquitous RNase activity. Making cDNA libraries from RNA and comparing to the
results from gDNA could identify signatures from only authentically-present microbes in

the original sample.

It is likely that metagenomic sequencing will become a core part of diagnostic and
clinical work in time, but it has some way to go before it reaches the necessary level of
affordability, speed and rigor. The promise of rapid, unbiased detection of any microbe or
gene in a sample is one that could revolutionize our ability to track pathogens and disease
outbreaks. Similarly, integration of metagenomic sequencing with new advancements in
immunological sequencing will allow us to more effectively treat and understand
immunological diseases. In total, the work demonstrated in this thesis lays a foundation
for more robust and informative uses of metagenomic sequencing in the study of

idiopathic and immunological disorders.
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